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Abstract

Motivated by thesnlarged design space and additional flexibility offered by the
latest advances in manufacturing techniques, especially Additive Manufacturing
(AM), this thesisinvestigatesa rovel turbine enedwall aerothermal management
method withthe engineered surface structures, through closely coupled experi-
mental and numerical studies

A 90-degree turning ducind a linear turbine cascadest section werem-
ployed for the experimentaesearchn alow-speed wind tunneDuct and turbine
end-wall heat transfer and cooling effectiveness were measyriednsient Infrared
ThermographyPIlV measurememwasconductedo obtainthe exit flow field.

Computational fluid dynamics (CFBJmulatiors were performed usingAN-
SYSFLUENT to compliment thexperimental findingsThe flow solver uses the
finite volume method to solve thareedimensional Reynoldg\weraged Navier
Stokes (RANS) equations. Tlke&shear stress transport (SST) turbulence model
wasvalidated anahosen for all the numerical stedi

Thesecondary flow contrgbrinciple of the engineered surface structiaréhe
simplified ductis revealed througha detailedinvestigationof the flow produced by
multiple smallsurfacestructures The CFD and PIV measuremergsults consist-
ently shav that addition othe engineeredurfacestructure orendwall can effec-
tively reduce the magnitude of streame vorticity associated witthe secondary
flow and alleviate itdift -off motion. For turbine cascadapplicatiors, it canbeob-
served thathestrength of the passage vortex is effectively reducedthenpassage
vortex loss core moves closer to the -evall with the addition othe engineered
surfacestructure

The purge air cooling enhancement by the engineered surface structure is then
studed. The pirge aircoolingflow becomesnoreattached to the endall and co-
vers a larger wall surface areeith the added endvall rib structuresBoth experi-
mental and numerical results rel@aconsistent trend on improvirfgm cooling
effectivenessnd net heat flux reduction (NHFRJhis novel concepivas success-
fully demonstratedh a more realistic turbine cascazise Enhanced cooling effec-
tiveness and net heat flux reductisare obtainedrom both experimental data and
CFD analysis. The additiahsurface featuresereproved to be effective in reduc-
ing the passage vortex and providimgpre coolant coverage without introducing
additional aerodynamic losheoverallNet Heat Load Reduction ftmie90-degree
turning ductandtheturbine cascades increased b§1%and 2% respectively.
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Chapter 1

Introduction

Thisthesisinvestigatesheturbine endwall aerathermal management withe
engineered surface structufde background relevant to this research is first briefly
introduced in Section 1, includingthegas turbinedvantages, application, working
principle andcooling challenge. Section 1.2 gives the motivation of itesis as

well asresearclobjectives. Thethesisoutline is summarized in the final section.

1.1 Background

The @s turbire isdoulilessly one of the most important inventions of the twen-
tieth centuryCompared to other combustion enginthe advantages tfie gas tur-
bine in the industrial application are numerous, suchigis power/weight ratio
high reliability, low mainénance cost and short stapt time to achieve peak output.

The @s turbine aremostwell-knownto the public for its application to aircraft
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propulsion. The gas turbirfer aereengines come in threeffdirent configurations
(Jansohn(2013): turbojet/turbofan, turbopropandturboshaft The urbojet is the
earliestet engineit generates thrust from the kinetic energy of the hot exhaust gas.
For civill commercial aircraft, turbojet has been replaced by turbeféirch hasa

big, single, ducted fan ifront of the engine. Most of the air bypasses the turbine,
only asmall portion of the air passes through the core en@ine.example of the
powerful aereengine product shown in Fig.1.1 is the GE90 which now powers the
longerrange Boeing 77200LR, 777300ER and 777 Freighter aircraBE90has

long held the world record with 127 900 pounds of thrust (GE Avig2@01))
achieved on a test starithe urboprop propulsion system consists of two main parts:
the core engine and the propeller. The corerig sinilar to a basic turbojet instead

of expanding the hot exhaust through the nozzle to create thrust, alirtbsten-
gine's power is used to drive the propeller. Because propellers become less efficient
as the speed of the aircraft increases, turlpspaoe used only féow-speedaircratft.

The urboshaft engine isomposedf two mainassembliesthe power sectioand
the gas generatorhe gas generator is very similarth@ turbojet, whilethe power

section consists @nadditional turbinewvhich conveys mechanical power convert it
into output shaft power.

Combustor 4
Fan Blade

2

11111\

W

Low-Pressure

High-Pressure Toniaom

Spinner Turbine

Low-Pressure
Compressor (Booster)

Figurel.1: GE9G115B Engine(GE Aviation(2001))
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The @s turbine is also widely used for lahdsedpowergeneratiorapplica-
tions. The designsfdhese industrial turbines are closely linked to respective aero
HQJLQH SURGXFWVYGWHKXWDMOLOY®IN G/ XK libiesNrsni /0 VHU
GE (GE Energy, 2031Another application of gas turbine is mechanical drives. The
majority ofgas turbne-poweredmechanicaloaddrive machines are used in the oil
and gas industry for such duties as pumping, injection and compression, as well as
the transportation of oil or gas through a pipeline (Solar Turbines, 2011; MAN Turbo
and Diesel, 2011; Siemer)11).

Figurel.2: Simple gas turbine systeamd Brayton cycle

The gas turbines made up ofthree main componentdiecompressor, combus-
tion chamberand turbine. The basic principle of the gas tuebs well known, the
operation diagranandideal Brayton cycldor a simple gas turbinare shown in
Fig.1.2to explain the working mechanisar is drawninto the compressor artide
pressurés increased isentropically betwestatesl andt” Fuel i injectednto the
combustor wher& mixes with the compressed air and is burriBus process is

assumed to be reversible and isofhdwe highpressure highemperature gas from
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the ignited mixture moves through the turbine blades forcing them tdsiieen

states 3and v Therefore, chemical energy is converted into mechanical erergy.

small part ofthe energy is used to drive the compressor, while the remaining pro-

vides thrustor propulsion of the aircrafAs irreversibility inthereal case, the com-

pressor consumasore work and the turbine produces less work than that of the

ideal Brayton cycle which is depicted by dashed lingsefi-s diagramin addition,

due to the frictional and aerodynamic losses tombustor, total pressure losses

also occur during theombustion process.

2300
2200F Uncooled Cooled ———» Demonstration
turbine turbine capability
21001 blades blades
Take off 20001
turbine 800F % Engine TET
entr 1800 i Frent: it nnies
y 1700 Material capability 3|
temperature * *RB;,*;‘;Z‘E‘L‘—‘?%?’“
1600} RB211-524-B4 A
(K) 1500k X RB211-524-02
100k *SP:RBZH -22¢ Y
o e eramics
1 L
- M \SC cast
1200 R DS cast alloys alloys
1100—/ By %('u“ Avon Convenhonally cast alloys
1000F W) Derwent Wrought alloys
900 | il | | | S
1940 1950 1960 1960 1980 1990 2000 2010
Year

Figurel.3: Evolution of turbine entry temperatuf€umpsty and Heyes (2015))

The efficiency of the ideal Brayton cycle is largely influencedhoge key fac-

tors:the overall presserratio ofthe compressor (OPRjhe single component effi-
cienciesandthe turbine entry temperature (TE(Qumpsty and Heyes (20)5AIt-

houghincreasedDPR can improvethe efficiency ofa gas turbine, the compressor

temperature also increases which hasdverse effect on gas turbine cooling

Incremental gains in individual component efficiencies can add up to significan

savings over the whole engin@ turbomachineryefficiency is probably the most

important performance, a small changéh@efficiency of either component causes

a much larger proportional change in the power oufpemiton (1993jiscussedhe
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origins and effects dbssin turbomachineryanddividedthe losse#nto three com-
ponents: the profile losses, dipakage losses and secondbssesProfile losses

are generateth the blade boundary layeevay from the endvall. The profile
losses are typically measured at midspan where the flofteas assumed &svo-
dimensional. Additional losses from the trailing edge sudden expaastdown-
stream mixing are generally included in the profile los3gsleakage losses are
generated primarily from tHeakageof theflow over thegap between the stationary
casingwall and moving rotor blad&econdary losseme generated within the @n

wall surface boundary layers and through the downstream mixing of theadhd
vortical structuresThevortical structuresalso named asecondary flowis defined

as deviations from primary inviscid flow through the passage, -tlirrensional
boundarylayers, large streamwise vortices, and separated flows present atthe end
wall are collectively referred to secondary flows. It is welbwn that secondary
flows have a significant impact on the aerodynamic efficiency and durability of tur-
bine components $FFRUGLQJ WR 6KDUPD D Q Ghésecah@ar/ U
loss caraccounfor 30%-50% of the totaherodynamitoss.Thereforepne research
filed identified by designers as a source of efficiency improvemeaotresduce the
losses generated frotihe complex flow present at the ewdlls.

Turbine Entry Temperature (TET) also largely influettee efficiency. The
improvement in turbine entry temperature and material capabilities of Rolls Royce
gas turbines is shown in Fig. 1.3. It can be seetrthieal ET increased rapidly since
1961 when cooled blades were first introduced to the Conway elSgrevanamut-
too et al(2001)). Nowadays, the TET can be achieved at 13@@ich is far beyond
the blade melting poinin order b avoid this extreme theosmechanical loads
reducing component lifetimes and decreasing reliability, a lot of gas turbine cooling
techniqueshave been applie®econdary flow alsbasa significant detrimental ef-
fect onendwall cooling efficiency. A 25°C temperature increase & component
operating in a 1500°C environment can reduce half of the componeidifiect al.
(2012)).

ﬂ\
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1.2 Research Motivation and Objectives

The main motivation of thithesisis the increased design space and flexibility
to turbine aerothermal managemeffered bythe latest advances in manufacturing
techniques, especially Additive Manufacturing (AM).

Additive Manufacturing is a process based on the principle of creating or fabri-
cating components or assemblies in a ldyelayer addition of materiallhis is in
direct contrast tohe traditional subtractive manufacturing whéehe material is re-
moved from a block of raw material until the desired final shape is foriédas
threemajor advantagesompared withthe traditional manufacturing methodskie
machining and weldingsubstantidy reduceproduct development timdeave be-
hind little materialwase and improve thdlexibility for manufacturing complex
productswith unique geometriebYan and Gu(1996). Several AM technologies
have emerged ovénepast decadesich as Stereolithograpi{$LA), Selective La-
ser Sintering (SLSFused Deposition Modelling (FDM)aminatedObject Manu-
facturing(LOM), etc.All theseechnologies work on the same basis of layered man-
ufacturing, the differences amotftemrelate to the materials used, the equipment
employed, the fabrication environment, and fabrication process or tecl{Bigas
et al. (2015)) Siemensfirst finishedfull-load engine tests for gas turbine blades
completely producely usingAM technobgy. Multiple 3D- printed turbine blades
were successfully validataeslith a conventional blade design at full engine condi-
tions.With AM techniquethe lead time for prototype development reduces up to 90
percent(Navrotsky et al. (2015))Although themadines and materials used for
metal AM remain expensiyen the reasonably foreseeable futi® could bethe
main procedure to undertake many product enhancements in parts or designs.

Besides using AM techniquénhd engineered surface features could bésaro-
duced bytraditionalmanufacturingechniquesuch as profile grindingdenkena et
al. (2010)) The manufacturing process by baiid mill cutter is shown in Fig. 1.4a.
Upon the compligon of machining, a groove dace structure is left after theqmess.

Detailed groove structure can be observed in an impeller in Fig.Thédbmanufac-
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turing cost would increase greatly for fabricating the impellers asmoother sur-

face. Thidgs based on the conventional wisdom that a smooth surface is always more
aerodynamically efficientt certainly becomes more feasible and less costly to fab-
ricate smalscale engineered surface features compared to removing this residual

roughness.

Ball end

: [
mill cutter

(@) (b)
Figurel.4: (a) manufacture process and (b) an impeller manufactured with differ-

ent wavy grooves

This studyinvestigatedone novel conceptfor turbine enewall aerothermal
managemenivhich can be implemented by thecent advances imanufacturing
techniquesThe engineered surface structucan beoptimally designed and added
to the turbine endavall. There aréwo major potential benefits: (Endwall second-
ary flow control(2) purge aircoolingenhancemenkxploring these potentials is the
major aim of this research.

The research objectives are

1. Exploit thefundamentafflow physics and working principle of the engi-

neered surface structuire a simplified curvedchannel andinderstandhe
influence of different sdace features on the emdhll secondary flow con-
trol.

2. Investigate the potential of engineered surface structure in controlling the

undesired endvall secondary flown areal turbine system.



3. Investigate purge air cooling enhancement through the engthsarface
structure added to the turbine ewdll.

4. Validate numerical models bfjow field information and endvall heat
transfer data obtained throuBlv andtransient thermal measurement tech-

nique.

1.3 ThesisStructure

Chapter Zeviewsliterature releant tothe study of endvall aerothermal man-
agement. The physics of the secondary flow, secondary loss reduction mathods
overview of purge air and endlall coolingareintroduced

Chapter 3 providedetails of the experiment apparatus and procedUnegow-
speedvind tunnel the 90-degree turning duct aridelinear cascade test section are
described first, followed by the PIV and heat transfer experiment Setapexper-
imental techniques: PIV and transient thermal measurement, which are used in aer
optical and cooling experiment respectivale reportedData acquisition system
and flow condition are also describdthe measurement uncertainties are discussed
at the end of this chapter.

Chapter 4describs the numerical setup and procedures fer cbomputational
portion of thisthesis Computational domajmgrid independencgesolver as well as
code validation are discussed.

The numerical and experimental réswdre presented in Chapter 5 an@bap-
ter Sinvestigatsthe effecof theengineeredurface structure in controlling the end
wall secondary flowA 90-degreeturning duct is employed as a simplified model
for the turbine passage without introducing the horseshoe vattex. the concept
is applied to a linear turbine cascade to studefiiesct on secondary flow control.
The working principle of the engineered surface structure is revealed through de-
tailed analysis.

The feasibility of enhancing purge air cooling effectiveness through a series of
smallscale ribs added onto the ewdll is explored inChapter 6The fundamental

working mechanism and cooling performance in al@@ree turning duct afest
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presentedThenthe engineered surface structucesceptis validatedin a more re-
alistic turbine cascade case. Purge air flow strectund endvall heat transfer in
both low andhigh-speedcondition are further discussed.

Lastly, the results and contributions of thedy are summarized in Chaptér

The main conclusianof thisthesisandsuggestions foluture workaregiven
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Chapter 2

L iterature Review

Literature relevant to the study of enall aerothermal management is re-
viewed in this chapteSection2.1 describes the definition and generation of sec-
ondary flow. Different secondary flow models and secondary loss are discussed in
the followed two sections. Secti@¥ reviews three control methods for secondary
loss reduction. The working mechanism of each methodrizducedn detail Sec-
tion 25 reviews the heat transfer performance of-eadl and highlights the signif-
icant infuence orheat loadSome widely used endall cooling techniquearethen
reported.The purge air system, the effect of rim seal geometry, as weleaster-

action between purge air and mainstreaealso described.
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2.1 Fundamental Secondary FlowTheory

Secondary flow occurs whenever viscous fluid turns in a curved pa3dsage.
basic flow configuratiomn aductis show in Fig 2.1 Whentheflow turns through
a curved passage, the flow far away from thewatl can be considered as a two
dimensional flev. This mainstream sets up a pressure gradient noortfa tstream-
lines which balancéhe normal acceleration of the fluid particles moving round the
bend with velocity and streamline radius of curvat@ensider amall element of
fluid of mass @ ] of unit depthand subtending an anglé at the axisasshown
in Fig 2.1a. The element is in radial equilibrium so that the pressure forces balance
the centrifugal force@Dixon and Hall(2005).
LEQLNE@N® & LN G2@E- @A@N@ @ R N 't
Where Ris fluid particle velocity and Nis streamline radius of curvature.
Identifying @ IL é N @ aa®tNe mass per unit depth, and igmgpthe second or-
der termstheradial momentunequation is obtained.
oL éRrR
NN
Near the endvall, the fluid in the boundary layer also experiences the same

-

pressuregradient :0 L 0 N but has a lower velocity. According tBquation2.2,
since the velocity inthe boundary layer is lower than mainstream velocity, the
boundary layer streamlines must have a smaller radius of curvaturadirestream.
Thereforethe boundary layer fluid is swept towards the inmall of the bend. The
two-dimensional flow is termed the primary flow and the thddmensional effect
near the endvall is called secondary flow.

Secondary flow can aldzedescribed in terms of vorticity compons(reitzer
et al. (2007))At the inlet, the mainstreanelocity can be condered uniform in a
direction crossg the channelthe velocity only varies in thepanwisedirection
The vorticity magnitude is given by the velocity gradient, and the directioortf
city follows from the righthand screw rule, as indicated by theoarr # $ in Fig
2.1b. The vorticity directionis normal to thenlet velocityand in a plane parallel to
the endwall.
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As the flowproceedsound the bend, thituid near theinner wall has higher
velocity than that in the inner wall. Fluid particles on tliside wall hadarther to
travel (Greitzer et al. (2007)Because vortex line behaves the same agdlge ma-
terial line,the vortex linds stretchedat the outlet, ends ugs #'$" Thus, the vorti-
city has a streamwise componeuttich leads to aescondary circulatioas indicated
in the channel crossection

The simplst equation fothe streamwisecomponent of vorticity was derived
by Squire (1951)If the deflection angle is not large, the magnitude of therskry
vorticity equds totwice the inlet normal vorticity times the flow turning angle.

Asel FtAs:U F U; Tt a;
where Agds the outlet streamwise vorticity, Ads the inlet normal vorticity,
Uand Usare the inlet and exit yaw angle respectively.

The genaation of secondary flow has also been discussed in some detail by

Horlock (1958), Preston (1@%5 Carter {948 and many otheresearchers

7

d Qs

A

m
N ~atinlet Vortex line
i ~ 1 Q, Q, at outlet
] n
A 5/_\5’

Velocity

(@) (b)
Figure2.1: Generation of secondary flow in a cunahatct(Modified by Greitzer et
al. (2007).

Such secondary flow behavior exists in wide industrial applicationisidiimg
open channel flows (Thoms@h877); Blanckaert and De Vriefd004)) ducts of
ventilating ystems Humphrey et al. ¥981)) piping of pumg and blowers
(Sprenger (1969Berger et al. (1983)), aircraft intakgullerey and Pradeep (2004);
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Paul et al. (2011)Xurboma&hinery passages (Horlock (1978)¢rlock, and Laksh-
minarayana (1973).angston(1980);Langston (2001))etc.Among alltheseappli-

cations, he secondary flow in turbomachinery is the most complictert section
will focus onthis threedimensional secondary flow in turbomachinery.

2.2 Secondary Flow Modelan Turbine System

Seconday flow has beerstudiedover decadebecause its importance to in-
crease the ¥ciency of turtomachines. A number of secondary flow models have
been proposed to show the structure and the development of secondary flow. There
are two general reviews which iiatluce very detailed model theories and back-
ground on secondary flow resear@me was done by Sieverding (1985), he gives a
brief review of prel985 work The other one written by Langston (2001) focuses
on work done from 1985 to 2000. These secondavy ffltmdels are very helpful to
improve the understanding of the origin and development of various vortices and the
loss induced by secondary flow. Among all these models, there are some prominent
features of the secondary flow namely: passage vortex; ceomntx; horseshoe
vortex and counter vortex.

Horseshoe vortex imrmedwhen a boundary layéuid meets any blunt object.

In turbomachinery, the horseshoe vortex is formed around the leading edge of the
blade. Eckerle and Langston (1986) studied thedstuise vortex formation by using
a large cylinder in thliow-speedvind tunnel, as shown in Fig2.The flow outside
the boundary layer has higher stagnation pressure than the flow near-eallend
the pressure gradient leads to a downward flow at tthevail and cylinder junction.
The incoming flow in the boundary layer interaatith the reverse flow and curls
up into the horseshoe vortex. In a turbine system, the twofelge horseshoe vor-
tex are not symmetric. The pressure side leg crosses tteefdasage tihesuction
side and interastwith thepassage vortex. The rotation directioriregpassage vor-
tex and pressure side led the horseshoe vortex is the samderefore,the two
structures are merged and become the dominant secondary &mnefevhile an-
other leg (suction side leg) moves into the adjacent passage and bdwaroester

vortex. It rotates in the opposite sense to the passage.



15

———

e
S GuidiTa e A
4
N

\ ENDWALL

Figure2.2: Horseshoe vortex formatiqickerleand Langston (1985)

Passage vortex is the dominant flow feature of the secondary flow, it caused by
the pitchwise pressure gradient inside the blade pasBageelocity n the bound-
ary layeris low. According to Equatio.2, in order to balance thgtchwise pres-
sure gradient the streamline curvature radius in the boundary layer should be reduced.
Therefore, the boundary layer flow turned more than the main flow in the passage,
so a crosslow from thepressure side tinesuction sideccurs In orcer to preserve
the continuity a vertical flow isformed,andthe passage vortadevelopsrom this
recirculating flow The strength of the passage voneastly depends oihe flow
turning angle, blade loauy, and pitchwise pressure gradient.

Corner vorex, as the name suggestsinguced at the corner of blade edge at
the endwall and much smaller than passage vorteis generated bthe interfer-

ence of the cross flow and the near suction side flow in the baled passage. Corner
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vortex is very difficut to verify experimentally and can onbeobserved in experi-
ments with high turning. The size thfecorner vortex depends on the blade lngd

the higher loaithg is, thestrongercorner vortex becomes.

PASSAGE

INLET VORTICITY
VORTICITY \ ,

TRAILING FILAMENT
VORTICITY

Figure2.3: Secondary flow model of Hawthorne (1955)

The classic secondary flow model wasposedor the first time by Hawthorne
(1955) The vortex system igresentedn Fig. 2.3.The passage vortex presents the
distribution of secondary circulatiomhich occurs due to the stretch of the vortex
line as discussed in Section 2The trailing filament vorticity arise because the
fluid passeshrough the cascade with different velocities between suction and pres-
sure side. However, the formation of hatsee vortex at the leading edge was not
discussed

Oneof the earliest studiewas done by.angston et al(1977) A low-speed
cascade wind tunnel was usadheir work, detailed measuremsateremadeby a
5-hole probe and hot wirgom upstream to dovatream Fig.24 showsthe classic
secondary flow moddrom the resultsThe inlet boundary layer separsig the
blade leading edgendgeneratsthe horseshoe vortex, then one leg of the horseshoe
vortex (pressure side leghovesinto the passage anddmnes the passage vortex
by the cross pressure gradientile the other legtermed theuctionside legenters

into the adjacent passage and becomes the counter vdrielx has an opposite
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sense of rotation to the passage vortex.

Endwall

Passage vortex

Counter vortex

crossflow

Figure2.4: Secondary flow model of Lanston et al. (1980)

Passage vortex

-

———— ——————— ——
_——

H~-Horseshoe vortex

Figure2.5: Secondary flow model @ieverding and Van Den Bosch{&983)

The model ofSieverding and Van Den Bosc(iE983)shows the development
and interaction of the passage vortex and counter vortex bythsioglored smoke

wire techniqueln Fig. 2.5, sream surface S1 is situated in the -evall boundary
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layer, stream surface S2 is situated outside thenatiboundary layer. Both stream
surface areparallel to the endvall. The model shows th#tehorseshoe vortex and
passage vortex do not exist independently, both of them are part of the same vortex
structure.

Sharma and Butler (198@lescribed a secondarip pattern from improved
understanding of others and their own experimental datadéelopment ofead-
ing edge horseshoe vortex, passage vortex and corner aoetstxown in Fig.%.
Different from the other versiosiof secondary flow model, the sumti side leg of
horseshoe vortex wraps around the passage viogad of adhering to the suction
side They used this approach to develop a sempiricalmodel for estimating the
endwall lossesOne of their key findingis thattheinlet boundary layelossesare

convecedthrough the passage without causing additional losses.

FLOW FROM
INNER REGION
OF INLET

SUCTION SIDE
LEG HORSESHOE BOUNDARY LAYER

VORTEX

INLET BOUNDARY

LAYER FLOW \
S

bs” 1
(]
SUCTION SIDE
- LEG HORSESHOE
., // » VORTEX
SUCTION SIDE /" PRESSURE SIDE

LEG HORSESH e
ikt OE LEG HORSESHOE VORTEX

(BECOMES PASSAGE VORTEX)

Figure2.6: Secondary flow model ddharmaandButler. (1985)

Detailed flow visualization study was performedWgng et al. (295) Multi-
ple smoke wires were used to investigate the secondary flow near tinakme-
gion. The wires were positioned parallel to the-armail ahead of the cascade. The
smoketrace generated lifie wires was illuminated by a laser light shéet deel-
opment and evolution dhe horseshoe vortex and passage vortex were clearly re-
solved.In their modelshown in Fig. 2.7more detailed flow structures were ob-

served near the leading edge of the cascade. Because the experimental was run in a
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low Reynoldshumber, for the same inlet boundary layer, the strength of the second-
ary flow is stronger undehis laminar flow condition. flus the vortex structure is
more stable.

There are three maireasos why there areso many djerent secondary flow
models Frstly, the secondary flows much depending on turning aegdi jerent
blade profiles lead to derent resuk Secondy, various studies udeli jerent in-
struments and techniquéhirdly, di jerent experimentsereconductedn di jerent
Reynolds numbers, thus the strength of secondary flow ithasame,and some
small vortex structures are unstallespite the progress achieved in recent years

further work on secondary flow modelssll needed.

@ @ 'ss |58
periodically varying Endwall Endwall
A-A B-B c-C

: Suction side leg of horseshoe vortex system

Von ¢ Pressure side leg of horseshoe vortex system
\L : Passage vortex
Vuip : Wall vortex induced by the passage vortex

Vi : Suction side leading edge corner vortex
VpLc : Pressure side leading edge corner vortex
: Suction side corner vortex
A% : Pressure side corner vortex

Figure2.7: Secondary flow model of Wang et al. (1995)

2.3 Secondary Loss

Secondary flows have a number of undesirable effastdescribed by Gregery
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Smith (1997):

1) It produce extramixing losses.

2) It can change the work output hjteiing the flow angle in the tangential
direction
3) It can provide a neaniform flow atdownstreanof the blade row which
reducsthe efficiency.
4) It canintroducenontuniform heat transfer across the blade andvealtisur-
face.
Among all theseindesirake effects secondary losgceived much attentiatue
to its large effect otthe efficiency of turbomachinerthus his section willmainly
focus on the undesirable secondary IG$®e €condary loss has been investigated
for many years despitiae factthatthe physical origin of much of the loss is still
unknown. People use the term secondary because originally it was thought that the
loss is caused by secondary flow. Fundamentaifs occurs when velocity gradi-
ents between two elements of fluid arghhwhich leads toviscous dissipation of
energy. In the early years of gas turbine development, several correlations of exper-
imental data were produced to attempt to preabitioss.GregorySmith and Graves
(1983) produced a method to estimate secondi@sges Three parts were used to
modelthe physical nature of the flowa:triangular loss core produced from the inlet
boundary layer, a new boundary layer loss calculated fromo-@imensionalcal-
culation and the third component of loss roughly eqoae¢condary kinetic energy
atthe exit. Sharma and Butler (188 presenéd another method to predict the sec-
RQGDU\ ORVVHV 7KH 3SHQHWUDWLRQ KHLJKW™ Rl WKH VHFR
authors quote an accuracy+if0% for this methodDenton (19871993)described
the process of loss production in turbine machines and pa@uotétht most descrip-
tions of loss in the paper are vagthee loss should be defined in terms of entropy
increase. Denton listthe losses found in turbine machimesluding thesecondary
loss In his papersecondary loss combines many factors, about 2/3 of it comes from
theentropy generation in theall boundary layers, another part comes from mixing
loss of inlet boundary layer, the third component is the loss assowiitietthe sec-

ondary kinetic energy.
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2.3.1 Entropy Generation from Secondary Flow

The relationship between entropy generation and lost wodessribed by
Greitzer et al(2007).The firstand secondaw of thermodynamics are given for a

differential process bEquation 24 and Equation 3.

@ L MF @ t;
@D—%ME@BQa tay

Where S is the work done per unit massMs the heat transfeand Ds the
enthalpy CombiningEquation 2.4 and 2t eliminate the heat transfer term yields

an expression for the work extracted a reversible @ 4 ;L r) and norreversible

processgiven by
@sgd FADE6 @ O T
@ L FAQEG6@PO6 @ ga 1y,
The difference betweethesetwo processess the lost work, which is given by
Equation 28. Therefore, entropy generation due to irrevergiobeess is a measure
of total lost work.
@razle Bsgd B L 6@ga ta,
Many researchers ugbe entropy generation rate to investigate the origin of
secondary los®enton and Pulla(2012)studed the sourceof secondary losom
the CFD simulationresultsandanalyzedthe entropy generation rate development
through the cascade detail Zlatinov et al. (2012) developed a consistent frame-
work for interpretingentropy generation as a measurdosk for turbomachinery
applications with secondary air strear@sewe et al(2014)investigated the effect
of endwall geometryvariations on turbine efficiency. Entropy generation rate was
used to determine the lossechanisnassociated with each geotmefeaturesThe
entropy generation rate per unit volum# be derivedin the followingsubsection
The expression for the rate of change of entropy per unit caaske obtained
by splitting the energy equatig@reitzer et al. (2007))
&0 s, 0Q,_soM

6— | — I —
&P é YoT éoTy

g
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&0 s 0Q_s oMJ . 0Qy I\ﬂ, 06 c‘) .
e— L —1i - L-— | F— A e
“epP 6'U%T 60T 6 VoT 5o oTU @%
Further insight into the content of Equati®i0 can be obtained by using the
relation between conduction heat flux and temperature distributemelyFou-

ULHUYY ODZ RI KHDW FRQGXFWLRQ
06, ’ )
ML FG—=4& EL sda t&s
0Ty

Where Edenotes three directions of coordinafésus, Equation2.10 can be
written as

éEOL—S OQJE G o8 E\—b I—G\O—6p tEt

&P 6 oT 6% " oTU 0Ty 60Ty ’

Integrating throughout the interior volun@ ;,;0f a closed surfacé, ; we ob-

tain

$%s 5, Weg S 6@ Go8, @4 tay
> Tepe o UBT, > 86D 6oT, U~ 7
lbap lbap Ipap °pab

The left hand side term is the total entropy change of the fluid patlobefirst
two integrals on the right hand sides always positivethey represent irreversible
entropy productionThe third term represes¥ntropy change due teeat transfer in
and out of the volume can be positive or negative. Thus the entropy of a fluid particle
canonlydecrease if there is heainducted out of the particleloving the third term
of RHS totheleft, it becomes
Go

56 8 '&O&c J@#
. g8 eEP@ OH6TUU

Ipap Ipap pap

L 2, ge. 2% gaisy
- 6'U%Y 65 oty ’

Ipap Ipap
where R , jstheentropy generation rate per unit volurités the sum of two

componentsiscous and thermal dissipation
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For Newtoniarfluids, sheartsess tensor can lveritten as,

0@ Q )
i al‘— E— t&y
ERf ) -E Y,
Combining Equation 28and Equation 2.4 produces
s 0 Q 0Q 0Q e
EQEC!-’?—G O-EE—-EG—O.E &z

t t t
0
nte|£6 EF—QG EF—QG EF—QE QGn
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2.3.2 Pressure Loss Coefficient

The pessue loss coefficient is a commalefinition for aerodynamic loss esti-
mation In the experimentghetotal pressure is always used as a direct measure of
the energy content of theow field. This subsection illustrates the reason why it
could be done. The Gibbs equation for a control volur(téaagel and Boles (2002))

@L6@BOR@ 2 tér,

For an ideal gas@L 7% @,68vhere Ds the enthalpy and? is the specific

heat at constant pressufidnerefore Equation 20 becomes

@0 7% C?%—@2 ‘tds;

Since the linear cascade is opethi atmosphere, and once at steady operating
conditions the wind tunnel does not appreciably raise the temperature of the flow, it
could be assuntfor these experiments that the cascade is adiabatic, l@rier.

Using the equation of state for an idgak (2 RL 4 §, Equation 221 becomes

2
@DF4—% tdt;

The pressure term lBquation 2.2 is defined as total pressuly using total pres-

sure between any two states, the totabpure change in a control volume is obtained.

/e
24:§3|:24zr5|—Af')&E ‘tau;
In Equation 2.3, ¢Orefers to the entropy increase which associated with all loss
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mechanisms acting dhe cascade fluid. The aerodynamic loss can be termed as a re-
duction in total pressure. For this reastmtal pressure measurement is used to deter-

mine the eé4ciency of the turbine.

2.4 Secondary LosReduction Methods

Secondaryosscanaccountor 30%-50%of the totalaerodynamidoss accord-
ing to Sharma and Butl¢t987) In order to increase the¥eiency ofturbomachin-
ery, it is important to take methods to reduce secondary loss. There have been many
efforts to improve performance includinipe endwall contouring, leading edge

modification and endvall fence.
2.4.1 End-wall Contouring

The ron-axisymmetric ed-wall contouring isan effective secondary flow re-
duction method stued by many research groups. The principle of this method is
varying the pressure gieent by changing the ensall profile. Rose(1994) pio-
neered the concept of usiagnoraxisymmetric endvall profile to alterthe static
pressure distributior threedimensiorendwall profile was designed in both axial
and circumferential direction.RE CFD results show that the emall contouring
leads toa 70% reduction of the static pressure aoriformities.Yan et al.(1999)

XV HG 5dasicHfintipleso design the endiall profile. Theendwall usescon-
vex curvature and concave curvatsueface to change the local stapiressureBoth
experimental an@FD resultsindicatea reduction of 20% in pressure loss by using
thethreedimensionendwall contouringmethod.

Harvey et al. 1999 designed the neaxisymmetric endvall by using thdinear
design systenproposedoy Shahpar et a{1999)as shown in Fig. 2.8The CFD
results show thahe exit flow overturning and underturning are largely reduced, the
two legs of the horseshoe vortex are appropriately controlled by the convex and con-
cave proile. Hartland et al. 1999 validated the CFD prediction of Harvey et al.
(1999) by measuring the flow filed and distribution of -evall static pressurd.he
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experimentatiatagenerally agree with theFD resultsCompaedwith the baseline
case the netsecondary loss is reduceg 30% Ingram et al. (2002performed an
experiment in Durham cascade to study the effect cfebhend generatioendwall
profile based on the design of Harvey et al. (199%e secondary loss can be re-
duced by abou24%relaive to the smooth casBrennan et al. (2001) redesigned
the highpressure turbine of the RolRoyce Trent series engine. Secondary loss can
be reduced by about 0.24% and 0.16%Nozzle Guide VanéNGV) and Rotor
respectively. The total stage¢eiency is increased by 0.4% with the addition of-non
axisymmetric endvall. Snedden et al. (2002010) employed the generic end wall
to the rotor blade. The rotoréeiency can be improved by 0.4% due to the influence

of the noraxisymmetric endvall on the secondary flow structure.

Figure2.8: Perspective view of final profiled end wall desigHarvey et al.
(1999)

Different noraxisymmetric endvall design methods were proposed in the later
researchSeha and Acharya (2@) profiled the enévall by combining two curves
which vary in the streamwisand pitchwise directiorrespectively. The numerical
results show that the total pressure loss is lower than that in the smoeilalend
case Praisner et al.2013) usedh gradientbased optimization algorithm to design
the endwall for the low-pressure turbinélhe numerical prediction shows that the
nonaxisymmetric engvall contouring is effective in reducing passage vortex and

pressure lossSchobeiri and L§2014) designed the esdall profile by continuous
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diffusion method which can be applied to both kigessure and lowpressure tur-
bine.The second rotor efficiency can be increased by 0.5% with the addition-of non
axisymmetric endvall.

Another methoddr minimizing secondary flow losses is using axisymmetric
endwall contouring. The earliest study was donéddaych et al. (1960)They tested
the Sshape endvall and found efficiency is improved for the low aspect ratio stages.
Morris and Hoare (1975)wllied the axisymmetric contouring tine vane cascade,
the results show that losses can be successfully reduced especially the low aspect
ratio passage. Kopper et al. (1981) carried out experina¢@thigher outlet Mach
number the massaveraged total gssure loss is reducéy 17% from the experi-
mentl measuremenbossena et a(1999)presented both experimental and numer-
ical results in ANGV with S-shape contoured endall. Compared witthe baseline
case, the secondary losses are reduced by Q€% relevant studies are presented
by Boletis (1985), Moustapha and Williamson (1986), Warner and Tran (1987), Burd
and Simon (2000) and Piggush and Simon (2013).

2.4.2 Leading Edge Modifications

Modification to the ¢ading edge is another approacheiduce seawdary loss
by varyingtheinitial development of thorseshoe vortexSauer et al(2001)de-
signeda bulb geometrat the leading edge of the turbine bladelow-speedvind
tunnel. Thaesults show that the suction side leg of the horseshoe vorteangth-
ered by the bulb geometryAs the passage and counter vortexehiie opposite
rotating directionthe strength othe passage vortex can be weakened. Compared to
the baseline case, the secondary loss is reducdd@%. However, the ovell loss
maybe increased due to this mechanisto.experiment resultsf overall loss and
measurement in the blade passageavailable in the open literature

Another type of airfoil modification that has been successful in reducing the
strength othehorsesho&ortex and the associated losses is leading edge Ziles
and Thole (2002) performetie experimentaktudyon leading edge fillein vane
cascade. The Laser Doppler Velocimeter system (LDV) was usdddmthe flow

field in the vanepassageTheir resultsrevealthat the fillet designs e jectivein
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accelerahg theincomingboundary layer and redung the turbulent kinetic energy
(TKE) andsecondary kinetic energy. As a restlie strength of horseshoe voriex
reduced The CFD predictions in a good agreement with the experimental meas-
urements and verified theenefitsof theleading edgdillet in eliminating the horse-
shoe vortex.

To learn more about these promising geometBesz et al(2003,2004)com-
pared botlSauerbulb and filletconfigurationsin a largescale cascadas shown in
Fig 2.9 Their2003resultsndicatethatthe large bulb geometry does not reduce total
loss, whilethe small bulb and fillet geometriseow equabreaaveraged total loss
redudion of 8%. The 2004 studyneasuredthe massaveraged total pressure loss
coefficient byusingthe multi-hole probe.The experimental results show that the
bulb geometry has no benefit in loss reduction, while the fillet geometry can reduce

overall massaveraged loss by about 7.3%.

e s

Figure2.9: The small bulb, large bulb, and fillet geometrieswh at the air-

foil leading edgeandendwall junction.(Becz et al. (2003

2.4.3 End-wall Fence

The end-wall fenceis a spanwise protrusion on thedewvall that typically ex-

tends from the leading edge to trailing edgehafblade passagéd.he principle of
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theendwall fence is taalterthe cross passage floaway fromthe suction side by
employing a singléenceto the endwall surface

The end-wall fence has been studied extensively for secondary flow control in
a duct.Camci and Rizzo (2002)sed a 9dlegree duct tgtudythe turbine passage
without considering the hgeshoe vortexThe single fence device with several
height and widtls were invedigated to achieve better aerothermal effe€tsey
found the fulllength fencecanweaken the secondary flow the most anmeéduction
in loss coefficient was reportedhe results also indicate that thedevall fence
significantly influences the level @bnvective heat transfer coefficiength thick
and thin fences increase the emdll heat transfer throughout the turning du@io
et al.(2011)carried onCamci and Rizzo (2002)V ZRUN WR RSWLPL]H WKH VLQJC
geometry by using the same-88greaduct.An approximate method wasnployed
to redue thecomputationakesource The optimized designeduced the averaged
total pressure losnd the areaveighted average maximum Nusselt numbes 6o
and2.5%respectively

The single endvall fence conget has also been applied into turbomachinkry.
was originally conceived bigrumper (1972, 197%yho investigated over 400 end
wall fence configurations and found that employing the single fence along the mid-
dle line of the passage produce lower loskasvai(1994)installedthe fencewith
several heights on the emdhll as well as blade suction surface. The most effective
control was achieved when the fence height emgitall/3 of the undisturbed bound-

ary layer thickness and placedthe middle othe bladepassage
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Figure2.10: Cascade with endall fence. Kawai (1994)

Chung et al(1991) andChung and Simon (1993)sedthe flow visualization
method and LDV measurement to study the eftéct triangularshaped fencen
secondary flow controlThe results show that the strength of the vortical motion is
largely reduced by the endall fence, especially for the pressure side leg of the
horse vortex.

Latterly, Govardhan et a[2006)and Zhmg et al.(2008)investigated endvall
fence with different length, height, and pHelse nstallation location. The fence
under investigation waalso found effective in preventing the development of the
horseshoe vortex filament on the pressure surface.

However,the single fence can enhance the heat transfer and bledbyrnt
downdue tothelack of extensiveprotection by the coolanSuchconfiguration is

unrealistic for the real engine condition.
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2.5 End-Wall Heat Transfer and Cooling Tech-

niques

As disawissed irChapter 1the gas turbine engimdficiencycan bamprovedby
increasing the rotor inlet temperature. Therefore, turbine entry temperature has been
continuously increased over the past decades and achieve to Z5U0A- which
is much higher thnthe permissible metal temperatures for the gas turbine engines
nowadaysIn order to obtairthe safe operatioa conditionfor the blade and vane,
additionalcooling methods should be introduced

Forthe bladeleading edge regiorthe high heat loads experienced due to the
hot mainstream stagnatinghus, both internally and externally cooling methods
have to bemployed in thiss region. Thegt impingement is alwayappliedinside
the turbine blade, while film cooling holes are employed to pro&ideoling film
to protect the outside surface. For blade trailing edge, the réyatine region pro-
videsthe limited surface area to dissipate the h&asnerally,the pin-fins are em-
ployed in the trailing edge to increase the heat transfer area andepstructual
support. Inthetip region, the accelerating flow through the narrow clearance gap
between the tip and casing leads to high heat transfer. Extefiiallgooling is
generally used to protect the blageregion

For brevity, the coolindor the blade and tip region, bladeadingandtrailing
edgeare not discussedn this section. Han (2004) summauizéhe cooling tech-
niques for the turbine bladedge regionThe literature review presented in the fol-
lowed subsections willonly focus a the endwall cooling.

Compare with thetip region, bladdeadingandtrailing edgethe endwall re-
gion receives less attention. However, the-emadl has a large area whiahteracts
with the hotgases directlyAs the rotor inlet temperature incresstneheat loadcan
result inpremature failure of the blades or endll. The highly threeimensional
secondary flow in the cascade also underpins the thermal performance. Therefore,
the blade and vane emtll in advanced engines also require specificling strat-
egy. Different endwvall cooling techniquearereviewed by Wright et al. (2014) and
Bogard and Thole (2012) detail
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The followed subsections will first discuss the -evall heat transfeandthen

focus on different engvall cooling technigas.

2.5.1 End-wall Heat Transfer

In order to investigate the cooling schemes to protect the turbineahdde-
guately it is necessary tomprove theunderstanthg of the secondary flow in the
turbine passage. T§complex, threadimensional secondary floneeodynamic has
been introduced in the previous section of this chapter. This subsection will focus on
the heat transfezffect bythesecondary flow

Heat transfer on the endall region is related to the secondary flstsucture
directly. The flow structoes and theimfluenceson film-coolingand heat transfer
werereviewedby Langston et al(1977),Langston (1980, 2001), Chyu (2001), and
Simon and Piggush (201Forthebladeleading edge, high heat transfer coefficient
existencegue to the formationf the horseshoe vortex. In the downstream of the
passage, elevated heat transfer coeffidenaused byhe merging of the pressure
side leg othehorseshoe vorteand the passage vortésor the trailing edge region,
an enhanced heat transfer occdrdeie to the mixing of vortex between adjacent
passages.

A variety of papers havpresentedhe contourof the heat transfer coefficient
by using different methods. Blair (1974) pioneered the investigation efvaldheat
transfer. He usethanythermocoples and heaters to measure the heat transfer co-
efficient in a turbine vane passage. The results show that the large vortex located in
the corner between the emall and the suabin surfacecanproduce largevaria-
tions of heat transfer across the vanp gathe trailing edge region. Graziastial.
(1980)also foundthesevariations in the enavall heat transfer coefficient by using
a similar method athat LQ WKH % ODLU Mith HhipBed BbattatH Q W E X
resolution. The heat transfer coefficiamt the suction surface is influenced by the
passage vortex, while the heat transfer coefficient on the pressure surface is not af-
fected by the secondary flowrork et al.(1984) used thermocouples attached on
each side of the nickel wall to measureltieat flux. The resultsustainthe work of

Blair (1974) and Graziamit al. (1980)similar variations of heat transfer were found.
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Hylton et al. (1983) performed heat transfer measurement in an uncooled linear cas-
cade endvall and found that the Stanton nben near the blade leading edge is about
three times higher than that at apdch of the passage entrance. Goldstaial

Spores (1988gxaminel the local transport coefficients for two different endll
boundary layer thicknesses and two fsteam Reyolds numberdy using the
masdransfer analogyrigure 211 shows the effect of secondary flow on heat trans-

fer. The largest heat transfer enhancement occurs near the leading edge due to the
horseshoe vortex. The other two peaks of heat transfer arstlitsrof passage and

corner vortex.

Figure2.11: Mass(heat)transfercontouron turbineendwall (Goldsteinand
Spores (1988)

Mainstream turbulence effet considered in the later researdtigh turku-
lence intensity and large turbulence scallgays occur when the flow exits the
combustarThis high turbulence leads to an earlier transition of the boundary layer
which increases the endall heat transferThole et al. (2002)measuredhe flow
field and heat transfen a turbine vane with two differetarbulencedevels They
reported that théorseshoevortex ismovedcloseto theleadingedge slightly for
high turbulence levelin general, the highreestream turbulence increasks end
wall heat tansferLee et al. (2002§V UHV HD U F KstbeGahnie tte@dG LFD W H
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2.5.2 End-wall Film Cooling

The basic principle of endall film cooling is using internal coolant air ejected
out through discrete holes to provide a coolant film to protect the outsideesaffac
the endwall from hot combustion gases. As the local areas of high heat transfer
identified, the film cooling holes can be implemented on theveaitito reduce the
heat load in these areas.

Takeishi et al. (198%arried out an experiment tovestgatethe film cooling
andheat transfer on the vane ewdll. Discrete film cooling holesvere employed
at thredifferentlocationsalongthe passage. They foutttke film cooling effective-
nessdecreases while the heat transfer increases near the bldihg ledge due to
the effect of horseshoe vortex. The path of the coolant is largelyeaffegtthe
migration of the passage vortéarasgama and Burton (1991, 198®asured heat
transfer orthe platformof NGV. Film cooling holesvere locate@long anso-Mach
line near thébladeleading edge. The results show that the secondarycmeon-
vect the coolant towards théadesuction side. Thereforéhe coolant cannot protect
the region neahebladepressure side and trailing eddgabbari et al. (199placed
discrete film cooling holes #tedownstream of the turbine blade passage. The result
is similar with the work offakeishi et al. (198%ndHarasgama and Burton (1991,
1992) which indicates thdahe uniform coolant coverage cannot be providedib-
crete film cooling holes due to the cross pressure gradient.

Friedrichs et al(1995, 1997, and 1998)und that evenly spaced rows of film
cooling holes camot provide uniform coolant protectialue to thestrongsecondary
flow. The location of theilin cooling holesshould be designed based on the-end
wall flow structureThey used a new measurement technique to obtain the film cool-
ing effectiveness distribution on therbineendwall. The techniquevasbased on
the reaction betweetheammoniaandthediazo. With their improved desigmore
coolant coverage can be observed in the majority of the passage. However, the region
near the leading edge and blade suction side is still difficult to protect due to the
existenceof the horseshoe and corner teo.

Barigozzi et al. (200G6nproved the shape diefilm cooling hole to investigate

the geometry effect on the aefeermal performance of a nozzle vane cascade. Two
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film cooling hole geometries, cylindrical and fahapedwereemployedo compare

the film cooling effectiveness on a passage-aradl. They foundthat the passage

vortex is weakened and cross flow in the passageducedas the blow ratio in-

creags thereforea more uniforncoolant coverage isbservedcross the passage.

Although fanshaped holebavebettercooling performance than cylindrical holes

the coolingeffectivenesss increased only itheupstream region for both cases.
Endwall film cooling hasalso beeninvestigatedoy Goldman and McLallin

(1977), Sieverding and Wilput{@981) Bario et al. (1989), Har2012. All these

works deliver a consensus that the secondary flow has a strong detrimental impact

on film cooling on the endvall.
2.5.3 Leading Edge Modification and EndWall Contouring

Aerodynamically, éading edge modifiteon canreducethe strength othe
horseshoe vortex, while etwaall contouring can change the pressure gradient cross
the baled passag€he heat transfer and cooling performancenese two methods
have also beestudied.

Han and Goldstein (200@Jacel a fillet geometryat the blade leading edge
studythe mass transfer coefficients on emall. The results showhat the fillet sig-
nificantly reduces the horseshoe vortex and dethg passage vortex migrating to
the suction side-owever, the strengtof the passage vortettas no difference with
the nofillet case. Thenear wallcorner vortices are enhanced by the fillet and gener-
ate a high mass transfer regidahmood et al(2005) measured four different lead-
ing edge fillet profiles in gow-speedinearturbinecascade. They found the fillets
lead tothe passage vorterovescloser to the suctioside of the baleth the passage.
The optimized fillet which has a concave profile can reduce the Nusselt number sig-
nificantly compared to the baselineowever, no reduction of total loss coefficient
is observedLethander et al2003, 2004) optimized a leading edge fillet geometry
to obtainthemaximumthermal benefit. The results indicate that although large fillet
canreduce the strengthf thehorsesbe vortex and increaskethermal benefit, the
total pressure loss slightly increased.

Since he addition of leading edge fillet increaseshiat exchangarea in the
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stagnation regiorsomestudiesfocused orcooling the fillet. The patent okiang
(2006, 2009provided a new approach to cool the leading edge &tldtreduce the
secondary flowFilm cooling and leading edge filletere combinedy adding a
variety of film cooling hole®on the fillet surface Because the additional effort is
neededo cool the fillet, the use of leading edge modification has not become wide-
spread.

Many research groups investigated the effect ofwealll contouring orthere-
duction ofheattransfer ancaerodynamic los Barigozzi et al. (2010%tudied the
effect ofpurge airflow in a nozzle vane. The results indicate that the direct impact
of contouring on coolant coverage depends on the site of coolant ejection related to
the contouringLin et al. (2000)performed anumerical investigationo studythe
endwall hed transfer in a NGV passage with axisymmetric emdall contouring
They found both thesecondary flonandthe heattransfer coefficient iseduced
Thrift et al.(2011)studiedthe axisymmetric endvall contouringeffecton the cool-
ing performance. Filmawnling holes were distributegearthe bladeleading edge
and pressure sidH the passageCompared with the fladurface the enewall con-
touring can increase the coolant coverage from the upstream cooling Woiles
thecooling effectiveness ithedownstream region is decreased with the addition of

endwall contouring.
2.5.4 Purge Air Cooling

Figure 212 shows the secondary air systemaim aviation enginelhe region
between the stator and rotor is called stabbor cavity and the flow restriction lo-
cated at the outer edges of the cavitthisrim seal which is shown in the zoeim
partof Fig. 2.12 (Rolls Royce(2015)).As the turbine discotates the air accelera-
tion causes the pressure inside the statttmr cavity decreasg, the high pressure
in the main gas path forces hot gas into the caMitg.ingestion ohigh-temperature
gases has become an issue, itlead tothe discsoverheatingthermal fatigue and
uncontrolled dilatation rates of the rotor discs and bea(iPgsiagua et al. (200¢4)
In order b avoidthe penaltycaused byot gasesngestion continuously expelling

bypassed compressor purge air is injected through the rim seal between the rotating
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and stationary parts. The goal is to oppose the inward flow of hot gas and to cool
down the disc.
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Figure2.12: Schematic of a secondary air systeman aviation engingRolls
Royce(2015)).

Some early purge air studies focused on the simplified cavity configurations and
the heat transf problems inside the cavitieBunker et al(19%a8 measured the
heat transfer coefficients distribution in rotating and stationary discs by timng
Thermochromic Liquid CrystdITLC) method Hub purge air injection was investi-
gated over a wide rang# the flow control parameters. Thesultsshow thattator
heat transfers sensitive to the mixed fluid temperature, while rotor heat transfer
depends oithe spacing betweethe stator and rotoBunker et al(1992) further
employed three basic candsto investigatethe rotor heat transfer coefficients
more realistic case€omparisons of various radidiktributionsof rotor heat trans-
fer coefficient they found that overall rotor heat transfer is optimized in the present

geometry by either a meath location of radial injection or by hub injection. Wilson
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et al. 1997) performeda Direct NavierStokes (DNS) calculation to predict the
highly unsteady flow within a rotating cavity, simulating the realistic working con-
dition. Owen and Wilson (2001) viewed the recent computational and experi-
mental research on rotetator systems with pure air flolagress of hot mainstream
gases, prswirl coolingair supply systems and cooling air flows in rotating cavities
were summarized to improve the detailedierstanding of the compldbow phe-
nomena.

Achieving the sealing and cooling of the turbine discs using minimal purge air
plays an important role in turbine desigdimere have been a large number of papers
describinghe effect ofdifferentrim seal geomeieson the interaction of purge and
mainstreamDe la Rosa Blanco et g2009)studiedthe effect of a backward and
forward-facing step rim seal geometry atie purge air flow ratio. They founthe
endwall secondary flow is strengthened and the mixoss is increased witfor-
ward-facing stepgeometryMarini and Girgis (2007humericallyanalyzed two rim
seal shapes: recessed and raised leading edge in a transofpeesgyre turbine.
The results show that eswaall passage vortex structure and kbmacan be affected
by the rim seal shape and cavity floihe stage efficiency is increased by using
raised leading edge shapethe real engine conditionSchuleret al. (2010)also
numericallyinvestigated theffectof different rim seal geomeés on the aerody-
namic loss mechanism. A compound geometry which is similar to the leésbdg
edgeshape oMarini and Girgis (2007and a simple axial gageometry wasised
in a turbine rotor. Compared with ax@gdpgeometrythe total pressure loss dbe
cient is reduced due to the thinner boundary layer produced by compound geometry.
Recently SRSRYLU DQG +R@aséh@d numetcal and experimental re-
sults from a linear cascade with purge air injection. The first paper reported the effect
of an upstream overlapping seal geometry Vativard and backward facing annu-
lus stepslt was founl that the rim seal clearance should be reduced in both radial
and axial direction to improve the sealing effectiveness. In the second B&p& R Y L U
and Hodson (2013a@)vestigatedseveral engine realistic rim seals. The simple axial
geometry and overlapmy seals were all considered in this stullye size and the
location of the recirculation zones within the rim ssafound to be the most im-

portantfeaturethat affecs the overall loss and sealing effectivenédse findings
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from above investigatiorghow that the rim seal geometry is an important consider-
ation for not only sealing effectiveness but also mainstream losses.

Besides thgeometry otherim seal, the mainstreapurge air flowinteraction
also received many attentiomMdcLean et al(2001a) presented one of the first stud-
ies of the secondary aerodynamic effects of wheel space coolant mixing with the
mainstream flowThe eperimentwasperformed in a coldlow turbine rig at the
AFTRF. The @it flow surveys with and without cooling injectian the stationary
frameweremeasured using both fiveole and modified Kiel probes. Three different
types of purge air injection configuration (root, radial and impingement injection)
were studiedThe resultsshow that the exit flow condition can bedealy affected
by a small quantity of purge aifhe root shows the strongest changes in-total
total efficiency, the passagweraged efficiency increase is over 1.5 percent due to
affectthe magnitude of oveturning and undeturning. McLean et al(2001b)also
investigated the relative aerodynamic effects associated with purge air injection in
therotating frameThe exit flow anglesand velocity fieldweremeasuredn detail
Theresults indicateéhat the effects of smatlurge airinjection into themainstream
of a highpressure turbine stage can be very significant and should not be neglected
on the aerodynamic analysis. The cooling air is affecting the structure of the three
dimensional secondary flow and inlet rotor boundary layer, which in asm@lerge
effect on the thredimensionakxit flow and stage performance. Girgis et al. (2002)
tested a transonic turbine with various secondary air injection condiGavity
flows with a large tangential component allow an improvement of 10.3%eeitii
compared to the case of flow injected radigflgniagua et a(2004) analyzedhe
interaction of purge flow with the mainstream flow in a kpglassure turbind hree
purge flow ratios (0.5%, 0.6% and 1.5%) were tested under the engine representativ
conditions.They found that the purge air flow reinforces the intensity of the rotor
hub vortex and enhances its migration towardsspian. Reid et al2006)reported
thatincreasing purge flow ratio can reduce the turbine efficiency, while swirleng th
purge flow can diminisithis adverse effecSimilar results have also been found in
the studies bye la Rosa Blanco et d2009) SRSRYLU DQG +R&WRQ
Lynch et al. (2013)Schuepbachkt al. (20D) performed steady and unsteady meas-
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uremens in a turbinestageto examine the effects of purge-amainstream interac-
tion. The results show thatith a 0.9% increasing of purge flow injection, the total
efficiency decreases 0.6%dditionally, similarto Paniagua et al. 1V ZtRdJ N
strengthof the secondary flonand entropy generation through mixing are increased.
As reportedpreviously purge air is introduced to prevent the fgases from
ingestng into the cavityand provide sufficientoolant tocool downthe disc. Blair
(1974) first invetigated the endavall protection form upstream purge air. The results
show that purge air flow is quicklyrossed towardsuction sideof the bladedue to
the passage vortex migration. The similar trend is also found in the wdklbfin
et al.(2002) Hemanson and Thole (20Q2)akil and Thole (2003)Ranson et al.
(2005) Thole and Knost (2005 ardwell et al(2007).Few studies were relat¢a
the potentialof using purge air teool downthe endwall until the investigation of
Roy et al. (2000)Roy measured thedat transfer on the vane ewnall for the cases
with and without purge air injection by usitige Transient Liquid Crysta{TLC)
technique. The experimeatesults indicate that with the injection of purge air, the
heat transfer coefficiemear thebladeleading edge and vane pressure side is re-
duced. The passage vortex is also weakened thus a more uniform coolant distribution
can be observed. Similarly, Dénos and Paniagua (2002) studied the purge air effect
in a highpressure transonic turte stage. They found the purge air effectively re-
duces the heat flux around the rotor leading edge.
Later, the research group of University of Minnes@&tar¢ et al(2000a, 2000b),
Oke et al. (2001), Oke and Simon (2002)) fawlen the study of variousurge air
injection schemes aNGV. They combined the axisymmetric contoured-esad
with purge air andtudiedthe heat transfer. The purge air flow is injected through a
45degree incinedv ORW 6LPLODU WR 5R\ Heaultbi@dicteethat TV VW X (
most of the purge air is moved to the suction side obtadeat a lowpurge flow
ratio, while better cooling coverage and secondary flow effect reduction occur as the
percentage of theurgeflow increases to 3.2%. Zhang and Jaiswal (2001) dwach@
and Moon (2003karried out an experiment tneasure the film cooling effective-
ness with two different injection geometridgscreteholes and slots. They found for
both hole and slot injections, the secondary flow dominates the neavadintbw

field at a lower mass flow, while the cooling flm dominates the near wall flow field
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and the secondary flow is suppressed at a higher mass flow ratio (above 2.0%).
Nicklas (2001) ané&ost and Nicklas (2001) first investigdtthe endwall cool-
ing performane by combining purge air cooling with film cooling hol@$ievane
endwall film cooling effectiveness anceht transfer coefficient were measured. The
results show that higher intensity of the horseshoe vortex due to the coolant ejection
from the slot cases a strong increase of the heat transfer coefficients at tiveadind
Coolant ejected from the holes causes a local increase of the turbulence level directly
downstream and boosts the heat transfer coefficients in that area. Knost and Thole
(2004) desiged twopatterns oendwall film cooling holeandcombinedhemwith
purge air cooling. They found the critical area of the leading edgéhafahction
betweerthe pressure side arttie endwall can be adequately coolég increasing
the purge air flowPurge air ha beerproved to be efficient inprotecing the end
wall in the upstream region of tikadepassage. However, thedownstream area,
the purge air offers minimal coverage as the passage vortex lifts the purge air off the
endwall. Therefore Wright et al.(2007,2008, 20081 only addedseveralfilm
cooling holes at thpassagelownstreanregion The film cooling effectiveness of
different purge slot geometries was measurethb¥ressure Sensitive PaitSP)
technique. The resulisdicatethat the large purge air ratio could not only offer
cooling protection to the rear of the blade passage but also result in a large aerody-
namic penalty. In addition, combining both upstream purge air and downstream film
holes can efficiently increase fileooling effectivenesd.ynch and Thole (2008)
studied the effect of purge air ratio and slot width on vanewaidheat transfer
coefficients and film cooling effectiveness. The results indicate that for a fixed purge
air ratio, the decreasing of slot \ilidcan increase the purge air coverage area. While
for a fixed slot width, the heat transfer coefficients and film cooling effectiveness
areslightly increased as the purge air ratio increasing. Dannhauer (2008) measured
the cooling effectiveness for seaépurge air configurations in NG\he experi-
mental data indicate thais possible to cover the complete emdll with high leak-
DJH IUDFWLRQ DQG XVLQJ DQ DSSURSULDWH LQMHFWLRQ JH
(2010) investigated the purge air cooling in a rotor blade and observed that the purge
air mainly concentrateground the blade suction surface, resulting in a higher heat

transfer coefficient. However, the overall heat load is not reduced.
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Most of theresearchers studied the purge air coolinkini@ar cascades or tur-
bine vanes, while few studiéscused on inveagjating the effect of purge air cooling
in rotating environment. Suryanarayanan et al. (2009, 2010) first investigated purge
air coolingin the first stage rotor undérerotating conditions. Discrete film cooling
holes were alstbcateddownstream of thpassageThey found that the film cooling
effectivenesss largely affectedy the purgeair ratio ancthe rotational speed. For
the downstream discrete film cooling, the film cooling effectivenesspangke air

coveragaearemaximum for the reference sgof 2550 rpm.

2.6 Summary

In this chapterthefundamentasecondary flontheoryis first described in terms
of pressure gradient and vorticity component. Different secondary flow maels
discussed to improve the understanding of this complex flow. Ari@sg models,
three common major flow structures; passage vortex, horseshoe vortex and corner
vortex are well known, although the production of loss from these features is not
currently well understood’he undesirable effects of secondary flow aecbsicry
lossesarethen discussd.Entropy generation rateused to predict secondary losses.
A number of methods of loss reduction using the enhanced knowledge of the flow
field areproposedActually, achieving reliable loss reductionethodss quite dif-
ficult as a large proportion of authors sheala lack of success in reducing the loss.
Threesecondary flow reduction techniques which have been shown to be the effec-
tive methods of loss reduction are introduceddwall contouring, leading edge
modifications, and endvall fence.

The effect of secondary flow on emdll heat transfer and different emdll
cooling techniquearediscussedPurge air systens introduced m order to prevent
the hot mainstrearftom ingestinginto the cavity between tretatorand rotor. The
relatedstudiesare presented in this section, including simplified cavity configura-
tions and the heat transfer problems inside the cavities, the designsafal geom-

etry, andthe interaction between the mainstream and purge air flow.
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Chapter 3

Experimental Facility and Meas-

urement Technigues

The perimentalfacility and measurement techniques are introduced in this
chapter. Section 3.1 presents the facikitgployed in thisstudy,including a low-
speedvind tunnel,a90-degredurning ductalinear cascade test sectiandapurge
air systemTwo measurement techniqua®thenintroducedn detail The principle
and data processing thfe PIV measurement technique are preseirtedkction 3.2
The transient thermameasurementethod is then explained Bection 3.3. The
data acquisition system and flow condition are introducdterfollowed section.

Finally, the uncertainty in the experimental residtdiscussed
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3.1 Experimental Facility

3.1.1 Low-SpeedWind Tunnel

A low-speed wnd tunnel isemployedn the present stugdgs shown in Fig. 3.1
The wind tunnel consistd five parts, which are air blower, flow conditionsetting
chambergcontraction part and test sectidm25kw air blower is connectetb a large
sized flowcondtioner. The ambient air enters the centrifugal fan through a bell
mouth inlet. The flow exits the fan and pasthrough awide-anglediffuserbefore
entering the settling chamber. The diffubass screens to prevent boundiyer
separatiorandreduce e flow velocity.In order toobtaintheuniform inlet flow and
moderate the axial turbulence, fitmv straightener and meshareinstalled inside
the settling chambefThe contraction section is connected to increase the speed of
the airflow from the d#ling duct. The test sections then connected witthe con-
traction It should be noticed that due to the limitationtlé experimental facility,

only low-speed experiments are performed in the present thesis.
.4 - A

Settling

Figure3.1: Low-speedvind tunnel
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3.1.2 90-Degree Turning Duct Test Section

A 90-degree turning duct f&rstly usedin this study to simulate the turbine pas-
sage withoutonsidering the complarteractions betweethehorseshoe vorteand
passage vorie A schematic of the test section is shown in Fig.3.2. Thediraen-
sional radius ratio of the duct is kept the same as tlia¢ iwork ofCamci and Rizzo
(2002).All geometry parameterare normalized with duct width D. The inner and
outer radius ratiogN, & and Iy & are 1.8 and 2.8, respectively.order to avoid
the interaction of the induced passage vortex from the top wall, the duct height H is
set to be 2DThe turning duct is equipped with straight inlet and outlet sections,
whose legths are 2.5D. The coordinate system is also shown at the center point of
the curved duct. The bottom emdall on the duct is designed with interchangeable
blocks. Three types of enwall blocks are employed: one smooth wall, one with
seven smalscale rbs and one with seven wagyoove. The endvall blocks with
the engineered surface structusiee manufactured through 3D printinbhe pro-
cessing precisionf 3D printing is 0.1mm (6% precision levelhe kead blasting
method is used in the finishing pess to remove layer line¥he ribs cover the
angular range from 0° to 45°, namely the first half of the turning drigtire 3.3
shows a sample of thébs fabricated by th&D printingtechnique The measured
rib array geometry ialsosummarized in Takl3.1.

Table3.1: Geometry of rib fence and groove surface structure
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z

Figure3.2: 90-degree turning duct test section

Figure3.3: Interchangeablendwall with smooth and ribbed surface for-88gree

turning duct.
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3.1.3 Linear Turbine Cascade Test Section

A linearturbinecascade test sectionasnnected with the lowgpeed wind tun-
nel. The test section contes four blades and three flow passagsshownin Fig.
3.4. The turbine blade profile is similar to the one studied\ight et al.(2008).
The size of the blade is scaled up by a factor db fo6fit the dimension of the

contractionexit, and the diils of the blade geometigresummarizedn Table 3.2

Boundary Layer
M Bleeds

Movable
Tailboard

Figure3.4: Linear cascade test section

Near the suctioside sidewall, two boundary layer bleedsd two movable
tailboards are designed and adfal to deliver a reasonable flow periodicity. The
inlet test section is a rectangular crgsstion with dimensions of 130 mm (W) by
80 mm (H). The inlet velocity is maintained at 20 na#sd the turbulence intensity
at the test section inlet is about 1%.

Two types of endvall, smooth and ribbed are used in the experiment. On the
ribbed enewall surface, the ribs start from the rim seal exit to 55% chord down-
stream of the blade leading edge. The interchangeable/@ht alsomade by 3D

printing, and tke material has a very low thermal conductivitige cetachable end
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wall sampleswith the smooth and ribbed surface for turbine cascade are shown in

Fig.3.5 andthe rib array geometry is summarized in Table 3.3.

Table3.2: Geometry of the higipressure turbine blade linear cascade

Axial chord 56mm
True chord 75mm
Span 80mm
Pitch 56mm
Inlet flow angle 35°

Mean exit flow angle 72.49°
Test section passage width 80mm
Test section passage height 130mm

Figure3.5: Interchangeablendwall with smooth and ribbed surface for turbine

cascade.
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Table3.3: Geometry of ribs array on the endll.

—-|
h_I_dlw

3.1.4 End-Wall Rim Seal Design

For thermal measuremenipth the 9@degree turning duct and linear cascade
testsection are equipped withsacondaryir system to simulate the purge air injec-
tion through the rim seal. Figure 3.6a shows the rim seal geometry usedegrad
turning duct. An inclined slot on top of the cavity injects the purge air into the turning
duct, thus forming the purge air floWheinclination anglebetween the slot and the
endwall is 30 degreeThe slot spans along the entire duct width and haislih \of
0.06 D. The ratio between the purge air velocity and the freestream is 0.86. The
choice of the slot dimensions and flow conditiesi®ased on the experiment by
Wright et al.(2008a)

/

302 :| 0.12C,

0.62D 0.19 C,

(@) (b)
Figure 3.6: Purge air rim seal configuration for (a)-@86gree turning duct and (b)

linear cascade tesection
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Detailed geometry of the rim seal for lingarbinecascade testection is also
shown in Fig.3.6bThe purge flow enters the wind tunnel through a labiiktn
rim seal. This rim seal desigan effectivelypreventthe hot mainstream flow from
ingestng into the engine cavity and accurately represents the sttwrrim seal
structurein therealengine The rim seal is located 22.7%g upstream of the blade
leading edge and covered a width of 1.5 blade passages. The purge air blowing ratio,
which is the ratio between purge air velocity and mainstream velocsit &0.86.
The slot dimensions and flow conditions #re same ashe experiment oWright
et al.(2008b)

3.1.5 Purge Air Supply System

The purge air supply system is introduced in heat transfer experiment to simu-
late the purge air injection through the rim seal. It is designed to provide steady and
low-temperatur@urge & and independently control the mass flateof the purge
air entering the passage. The schematih@purge air supply system for the heat

transfer experimenih 90-degree turning duds shown in Fig 3.7.

Pitot Probe

—l

=

Mainstream

End-wall Ribs

L

Coolant Air

Figure3.7: Schematic of coolant supply facility and-@6gree turning duct test

section
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Avortex tube (AIRTX International Company, Model 20035) is used to generate
the cold airCompressed ais injectedinto the vortex tube through the nozzleda
acceleratd to aspiratlike rotatingvortex flow in the vortex tube chambdihere
are two exits for a vortex tube, the exit close to the inlet nogzleeicold end, while
the exit onthe other side ithe hot end. When closing theontrol valve of he hot
end, a backward flow will generate and move to the cold end. Theekdatnge
between the forward and backward flow makes the central air cool dtvenol-
umeand temperature of the cold air can be controlled by changing the valve opening.
The cotl end of the tube is then connected to a stabilizing cavity with a steady tem-
perature of 278 K throughout the transient tests. The thickness of the stabilizing cav-
ity is 8mm. In order to inhibit heating up of the cooling flow by surrounding air, the
stabilzing cavity and pipes are wrapped the thermal insulatig material. The
cooling flow is injected into the turning duct through an inclined slot. Detailed ge-
ometry of the rim seal is introduced in SubsectidM3The volumetric flow rate of
the purge & is measured by using a digital flow meter (SMC Company, Model
PF2A75002-27).

The schematic ahepurge air supply system for heat transfer experinmettte
linear cascadis shown in Fig. 3.8. The purge air supply system is similar to the one
used n the turning duct. The compressed air is injected into the vortex tube (AIRTX
International Company, Model 20035) to generate cooling air. The cooling flow of
293K then enters the cascade passage through a laHikenthm sea) asshown in
Fig. 3.8. Tte flow rate is measured by the same digital flow meter (SMC Company,
Model PF2A75602-27). The hermalinsulathg material is also used toaintainthe
temperature of the cooling flow.

The vortex tube can reduce the temperature of the incoming compagésbgd
up to 60 K at its maximum cooling capacity. But the actual temperature decrease is
dependent uporoom temperature. It should be noticed that the heat transfer exper-
iment for duct and cascade is performed in winter and summer respectively. There-
fore, the cooling air temperature in cascade experiment is relatively higher.

In order to check thaniformity of purge air injected through the rim seal, the
endwall surface terperature is firsmeasured without turning on the wind tunnel.

Only compressed iis provided to obtain the cold purge dine overall uniformity
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of the purge air is satisfactoagcording to endavall surface temperature distribution

IR Camera

Pitot Probe IR Window
Y

:)'__

Mainstream

p

End-wall Ribs

Figure3.8: Schematic of coolant supply facilignd linear cascade test section

3.2 PIV Experiment

Particle Image VelocimetrPIV) techniquewas used to measure the velocity
field informationat the exit of the 9@egree turning dudb confirm the effect of
endwall ribs. Different PIV techniques and apgations have been reviewed by
many researchergAdrian (1986, 1991, 2005).auterborn and Vogel (1984bud-
derar et al(1988) Buchhavg1992); Prasad (2000)Ysrant(1997). This section wil
briefly introducethe PIV principle, and presenthe procedw of data processing

and experimental setdpr this research
3.2.1 2D PIV Principle

Particlelmage VelocimetryPIV) is an optical flow visualizatiomethodused
to obtain instantaneoukw field velocity and related properties in fluids. Figure

3.9 briefly shows a typicatchematiof the PIV setupin a wind tunnel. The fluid is
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seeded with small particles which are assumed to follow thefélafully (Raffel
et al.(2018).

The laser beam has the property of being monochromatic, which means that
waves aresent with one single frequency. Then, the laser beam has to be expanded
and diverted by an optical system in order to achieve the desired illuminated geom-
etry. In the case of 2D PIV, the targeted geometry is a vertical plane parallel to the
ductexit. Thelaser sheet illuminates a plane within the flow field twice. The time
delay between two laser pulses depending on the mainstream velocity.

Once the laser system is properly set, the cameras can record PIV images. Since
the frequency of the recording isryehigh (in the order of 1 kHz), a mode called
multi-frame/singleexposure has been us&tlhen the laser emits light pulsethe
camerastartsrecordng one image for each pulse. Two of these images form a frame,
which will have a certain time span betwdsth images.

Two images shortly after each other are used to calculate the distance of indi-
vidual particles moved within this period. Finally, the velocity can be calculated
from the measured distance and the known time difference. This technique thas a lo
of advantages in comparison to other techniques because it allows an accurate visu-

alization of all the targeted particles in the fluid.

Light sheet optics 2=

« First light pulse att
o Second light pulse at ¢

Imaging optics
Flow direction

Image plane

Figure3.9: A schemati®of 2D PIV setupin a wind tunne(Raffel etal. (2018).
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Pictures belonging to the same frame are ecosselated to obtain velocity
fields. The first step of this processdividing eachimageinto many squared sub
areasEach sukarea which contain several pixeddl be individually considere to
build one velocity vector. These areas are called interrogation dtesgost-pro-
cessingsoftwarewill compare the intensity of the pixatseach interrogation area
by following a specific algorithm, the corresponding vecteahich represents the
most repeated displacement of partictas be calculatedrhen ths algorithm is
repeated over the whole bitmap to elaborate the velocity field.

The image at timeis exposed by a light pulse and recorded on one frame of the
camera, the image intensity is

£, L& Li&Viy,3> F(TTTITFT:R2@T (3.1)

Where &'V is the beam intensityi, represergthe exposure of a particle im-
age per uniof beam intensity, andC>T F T; : B, ?is theLagrangan position of each
particle

Then te image from PE ¢ Pis exposed and recorded in a second frame, the
image intensity field for the time of the second expogire

., LE:PECR LI &V F(T,CTF T5:PE¢RgD T (32)

This is called singhkpulsed, doubldrame recording. These two images contain
random patterns of particles that can be used to identify the paunctpsely

Correlation methods can yield instantaneous velocity veatusfif one esti-
mates the crossorrelation betweent and +4 on the basis of spatial averages in-
stead of ensemble averages or time averages. Theamwosekation estimator for a

spot labeled 9 5 is given by,
4:QLiy +::1;%:: EQQ@: (3.3)

This function has a sharp maximum in thplane, located at the displacement
between the recorded imagasshown in Fig:3.10. The maximum occurs when the
second image is shifted with respect to the first by an amOunt,: 5 Then the
integrand contas large peaks at which the particle images overlap, and the integral
of these peaks is o@sponding large. Thd: Qdetermines the image displacement

and, ultimately, the particle displacement.
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Rp

Figure3.10: Correlations of singkpulsed, doubldrame imagegRaffel et al.

(20189).

During its ehboration, a lot of particles wilbse out of the boundaries of inter-
rogation areas (scalled dropout), and to highly avoid this effect, an overlapping
distance is recommended between contiguous interrogation areas. Besides, an inter-
esting option called adaptive correlation has been used to generate more accurate
instant velocity fields without the disadvantages of using smaller interrogation areas
that leadto a higher drogout. This mode analyses initially the bitmap using bigger
interrogation areas to determine an approximate field. Later, an iteration with smaller
interrogation areas allows the identification of smaller structures such as secondary

flows and vorticities.
3.2.2 Data Processing

ThePIV data procesi the present studsonsists of three parts

1) Pre-processing, which is an image treatment for eningrthe quality of the
results

2) PIV analysis A PIV spatial autocorrelation algorithm developed at\bn
Karman Institute (Window Distortion Iterative Multigrid (WIDIM))
(Scarano (2000)as appliedo the pairof imagesn order to track the tracer

particles and creatbéevelocity maps;
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3) Postprocessing The \elocity fields which contain valuable infoation
about the flow at the 96egree plangvasanalyzed taunderstand thé@ow

structuresn theturning ductbetter

Frame A ﬂ Frame B

Figure3.11: Raw pictures recorded layjhigh frame rate camera (top) and en-
hanced gtures (middle) and the final resulting contour plot with velocity vector
(bottom).

Figure 3.11 presentghe chart flowshowingthe data processing in a simplified
way. Before calculating the velocity vector, the raw images need to herpcessed
to reduce the light reflections and homogenize the illuminafidve enhanced pic-
turesareshown in the middle of Fig.3.1Imoreclear anchomogeneous illumination
can be seerA pair of frames always contains a large number of particles, it is im-

possible to &ce and calculate each particle. Thepicturesare divided intanany
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subareas, ashown in the bottom of Fig. 3.1As discussed previouslgach inter-
rogation area will be individually considered to build one velocity vector by-cross
correlation métod. Typically, an interrogation aredimension rangeom 16x16
to 128x128 pixels due wifferentalgorithis. In thisthesis a 32x32 pixels interro-
gation areaimensionis used

The crosscorrelation between two corresponding interrogation areasds-cal
lated by using Fast Fourier Transforms (FFTobbainthe particlesmean displace-
ment. A peak value is usuallgbservedduring the crosgorrelation computation,
which represents the best estimation for particles displacefFignte3.12 shows
the mearcrosscorrelation map. The correlation functions exhibit a clespldce-

ment peak. This allowsbtairing a confident estimate of the velocity.

Figure3.12. Mean crossorrelation map.

3.2.3 PIV Experimental Sygem Setup

A closed recirculating low-speedT2 wind tunnelat City is employedin this
experimentIn all of the test cases, the free stream velocity is segtd. tr m/s.A
transparent test section is designed for this PIV experiment. The geometti and
mension of the test sectianethe same as the geometry used in CFD simulation.

Measurements of the velocity field at the exit of the turning dretcquired

usingthe Particle Image Velocimetr{PIV) technique as illustrated in Fig. 33. A
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typicdly TSI Nd:YAG laser with 532 nm wavelengituminatesthe measurement
plane and the flovis seeded using an oil droplet generator. Particle imagaec-
orded usinga high frame rate camerthefitted lens has0 mm fixed focal an@n
aperture of f5.6The highspeed camera is perpendicularly positioned to the light

sheet to capture the tracer particles.

Figure3.13: PIV experimental setup.

For eachtest a total of 2000 image paieseacquired with ammage pair sepa-
ration time of 15 ps at a rate 00Q0Hz, whichis slow enougtsothat each meas-
urement could be considered independent. Vear @@ & HWHUPLQHG ZLWK 76,V ,QVL
4G software, using window sizes of 8232 pxels. The instantaneous vectoraps

aresubsequently pogirocessed in MATLAB to detminethe mean vector maps.

3.3 Heat Transfer Experiment

3.3.1 Heat Transfer Coefficient and Adiabatic Wall Tempera-

ture

The transient thermal measurement technique was employed in the present ex-
perimental studyFor a short running time, the solid can be considered asiisi@mi
nite, onedimensional conduction if the heat penetration depth is small compared

with the actual thickness of the solid. A les@nductivity material was used in all
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the experiments to valate this assumption.

Convection heat transfer coefficient § %h) was determined experimentally

XVLQJ WKH GHILQLWLRQ IURBergrfba IRQHYP ODZ RI FRRO
ML D6y «<F & ; . (34)

where T figlthesurfaceheat flux (W/(n?)), 6p «is the adiabatic wall tempera-
ture and 6 is the wall temperature

The assumpdn of this equation is that 6 %is predominantly determined by
the aerodynamics, hence the interaction between the solid and fluid part is negligible.
It is acknowledged that when the temperature difference becomes very large, heat
flux may not givelinear independence of wall temperature, as reportédabiylli
and He (2014)However within the temperature range of thieesis the * 6 %can
beconsidered independeot wall temperature.

The adiabatic wall temperature in Equatiod i3. generally asumed to be the
driving temperature on the solid surface to generate convective heat transfer. When
the adiabatic wall temperature equals to the wall temperature, there will be no heat
flux on the solid surface and the wall can be regarded as adiabdsiasé of adia-
batic wall temperature allows 6 %o be constant during the heat transfer process
(independent of wall temperatur®etailed discussion dheuse of adiabatic tem-
perature can be found @oldstein (1971), Moffat (2003ndHarrison and Bogard
(2008)

The selection of adiabatic Waemperature is complicadewhen introducing
pure air. It becomes a three temperature problem: mainstream temp@ratunal|
temperatureTy) and cold purge air temperatufie)( The adiabatic wall temperature
should be a mixture between the mairestngemperature and the cold purge air tem-
peraturgKwak et al. (2003))This problem can be solved by usingansientheat-
ing method. If the inlemainstream temperature and cold purge air temperature are
constant during the transient procdbg, adiabtic wall temperature can be consid-

ered as a constant value.
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Figure3.14: Time histories of the cold purge air, emdll and inlet temperatures.

Figure 3.14oresents time histories of the cold purgeduct endwall and inlet
temperatures during theeat transfer procesall the temperaturdata were acquired
by a LabVIEW program Low-speedwind tunnel and purge air systarerunning
at the same time to reach the stable stdieh essentially guantees the linear re-
lationship between the surface heat flux and temperature differBnee the mesh
is powered and step increase of 24 K is achieved in this testTransient thermal
measurement technique relies on this step heating in the maimse®erature
(red color). The complete heat flux history is then reconstructed from temperature
traces (black color) for each emall pixel byusing the impulse methawhich will
be discussedn detailin the nextSubsection3.3.2 The temperate of colourge air
temperature (blue color) is maintained at a relatively constant value during the tran-
sient experiment.

The heat transfer coefficient and adiabatic wall temperature can be easily de-
rived through a linear regression procdsguation 3.4s nondimensionalized by

dividing 64454 Ntoaccount for the inlet temperature oscillatiomshetests

M| g e g N (35)

A

614 2 a G154 A Gugya

Where & is the air thermal condudtity under theroom temperature (0.026
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W/m-K) and N is the duct inner radius (0.09 m). For the linear cascade heat transfer
experiment, N is replaced by blade axial chorélg(0.056 m).

A sample of linear regression for one selected locaiiothe imaged endall
surface is shown ikig 3.15. The slope of the regression linghe Nusselt number
and is proportional to the heat transfer coefficiantl the adiabatic wall temperature
can also beerivedfrom thex-axis intercept of the regssion line. Figure 33shows
that all data points scatter around the regression line with a good fit.

Figure3.15. Non-dimensional wall heat flux versus wall temperature variations for

one selected endadl location.
3.3.2 Impulse Response Method

In thisthesis the impulse response method is used to reconstruct the surface heat
flux from temperature history for each ewdll pixel locationby IR thermography
The impulse response method is develope@loield et al. (1978)A finite differ-
ence schemeas proposetb calculate heat flux from the discrete temperature data.
Oldfield (2008)then proved the impulse response method is more accurate and faster
than prewus heat flux reconstruction approachBsis method has been adopted in
a wide range of heat transfer research in turbomach(@gégng et al. (2010, 2011)
DQG 2Y'RZG HW DD

The impulse method can be used for amear Time Invarian{LTI) system.
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LTI means thathe relationship between the inputdathe output of the system is
linearand theoutput for a particular input does not change veventhat inputis
applied The response @nLTI system such as heat transfer rat¢P, can becal-
culated from the impulse respond® P, of that system by the convolution integral.
MP L DR 06:R L i), Di;6:PFi;@] (3.6)
To avoid the singularities and difficult evaluation of the integral, dis¢neie
domain is used. The continumsignals 6: P, and M P are sampled at sampling pe-
riod 6g0r sampling frequency.L s 6, The convolution integral can be written
as
MJ?L DX?0637L Algq DGBX F GL
Algq DI F GBG?

In the processing, aflignals and impulse responses are 0 for n<0 and all the

(3.7)

signals have a finite size N. Thus, the convolution integral becomes
MJ?L DJ?20637L A%, DGBIF G2 N «l (3.8)
The discrete impulse response function sequebBeE?can beobtain from a
pair of nonsingular analytical solutions: B and 6;: P, by the convolution of
M>?L DJ?U6;>]? (3.9)

For the seminfinite solid, the heat conduction equation in Laplace transformed

form is
5 5
& Q L¥—T?@N$O : (3.10)
ForastepinM:P, QL s Qso
> 76
QL —==0C"°. (3.19
The inverse Laplace transform of Equatiob(3s:
. 6 oo
&P L —§. (3.12)

Thus, the discrete impulse responBe] ?is obtained by substituting: P, and
6: P, into Equation 3L0. Therefore, for any sampled temperature data, the corre-
sponding heat transfer rate can be determined by Equafiont® numerical error

for the impulse response method is smaller the06*.
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3.3.3 Calibration of Infrared Camera

Whenmeasuringan object, the IR camera receives radiationanly from the
object itself butlso from the surroundings reflected via the objedase. However,
thereis normally no easy way to find accurate values of emittance and atmospheric
transmittance fothe actual case. Although the IR camera has its own-budali-
bration program, an isitu calibration procedursimilar to Schulz (200D is con-
ducted in the present study. A fassponse thermocougkeimbedded in the middle
of the endwall to record temperature variatiohhe endwall is heated to 60K by
using the heater gun. The thermocouple measures the decline of thvalktein-
perature, while the IR camera records the relative grayscale value change during the
natural cooling procesbigure3.16presentshe grayscaleof the IR camera and the
calibrationcurve of temperaturd he calibration relation is used in the experiment.
Note that the same enwall surface materials used in both 9@legree turning duct
ard linear cascade test sectiolus the infrared camera calibration shares the same

in-situ calibration curve.

Figure3.16: IR camera calibration curve.

3.3.4 Transient Thermal Measurement over Ribbed Surface

The semiinfinite 1-D conduction is a poor assumption near all the corners of
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the ribs as lateral conduction (mostly 2D) effects domin2t§ (R Z G H2011) O

and Jiang et a(2015). In the present study, a case study on 2D transient conduction

analysis was conducted to assess the errors for theilneagion if the 1D conduc-

tion is still assumed to process the surface temperature trace. A detailed description
of similar pactice can be found in Jiang et al. (2016igure 3.17 shows the tem-
perature contour within the solid three seconds after the ribbed wall is suddenly ex-
posed to convection with a typical constant heat transfer coefficient value and fluid
driving temperatre (70 w/ntK and 345 K, respectively, in the present experiments).
The Impulse Response method is employed next to calculate the heat flux history
based on the senmfinite 1D assumption and the complete temperature trace during
the transient heating hasty. The percentage differences between the calculated val-
ues and the specified heat s&er coefficient (true value) ashown in Fig. 3.17.

The 1D conduction assumption is proved to be reasetiablocations ithe central

region ofthe rib groove, wich covers about 60% of the ribbed surface area. As
expected, the solution shows an overestimated heat transfer coefficient with an error
over 10 percent near the corner. The s@fmite assumption is absolutely not valid

for rib top surface (over D26 eror). Therefore, data showed the rib top surface

and groove corner regions can only be cautiously examined for the qualitative trend.

Figure3.17: Measurement erredue to 1D seminfinite conduction asumption,

assessed through a 2D transient conduction analysis.
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3.3.5 Transient Thermal MeasurementSetup

The heat transfer experiment facility is shown in Fig83&and Fig 319. The
transient Infrared thermal measuremeasconducted on the enaall surfaceFor
the heat transfer experimemt 90-degree turning duct zinc selenide windowis
fitted into the duct top waland an infrarediR) cameras installed perpendicularly
with respect to the IR window. The distance from IR camera to the wirklad+
justed to ensure the field of view covers an angular region between 45° to 90°,
namely the latter half of the turning duct, as shown inFR For thelinear cascade
experimentthe zinc selenide window is flush mounted into the cascade top wall, so
that tre entire middle passage is within the field of view of the infrared camera. The

location of the IR window is shown in Figd3.

Figure3.18: Transient thermal measurement facility for@&gree turning duct

FLIR A325IR cameras employed in the thermal measuremédntan supply
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16-bit grayscaleémages with theesolution of 320240 pixels The temperature
rangeof the IR cameras from -20( to 120( . Thus,the temperature to grayscale
resolution is 0.002 per grayscale valud@he IR camera is equipped with a lens of
18 mm focal lengthThe frequency of the IR camera is 60.Hz

A heater mesls installed upstream of the test section to provide a step increase
in mainstream flow temperaturéhe heating mesis made of stainless steel with a
sieve mesh number of 20During the experimenthe mesh is powered by a 100
kW DC power and raises the mainstream temperafine mainstreartemperature
of duct and cascade tesgtctionis about314K and345K respectivéy.

Two fastresponse thermocouplageplaced in the inlet section and purge cavity
respectively to monitothe temperatures. The thermocouple has a wire diameter of
76 um and response time of less than 80 ms. The tempeiatemdrded by a Na-

tional Instrument data acquisition system.

Figure3.19: Transient thermal measurement facility for linear cascade.
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3.4 Data Acquisition (DAQ) Systems

Two independent data acquisition chamsreused in the heat traresfexperi-
ments.Both data acquisition systenasecontrolled by a PCGhus thepressure data
the operational conditions, atige endwall surface temperatuian be monitored
at the same tim& he schematic dhedata acquisition system is shown in Bg0.
Two-port differential pressure transducers of the Sensortechnics HCLA Series
areused in the experiments. The range vdres 0 to 2.5 mbar, which is sufficient
for the inlet total pressure and the inlet boundary layer measurement. The transduc-
ersare calibrated individually and recalibrated every time when measurearents
taken. The calibration curve is linear, and its slope is constant. These transducers
ensure a precise measurement with @dliftle noise. The transducers are installed
on a cicuit board and then connected through National Instruments myDAQ to the

computer, where the voltage is converted into pressure.

Figure3.20: Schematic ofthedata acquisition system.

The infrared (IR) camra captures the emdall surface temperature history
through an IR window and transmits the recordings to the computer by an Ethernet

connection cable (R45 Gigabit). Two thermocouples are placethattest section
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inlet and stabilizing cavity respectly. The thermocouple signals are transmitted to
the CompactRIQNI 9219) which has ircircuit cold junction compensation for
accurate measurement of the thermoelectric effect.

LabVIEW program is used on the computer to process the receivedyata
commuricating with the NI CompactRIO and myDAQ. It can easiignitor and
recordthe pressure antemperaturelata. The program panel is also shown in Fig.
3.20.

3.5 Flow Condition

As shown in Fig 31, there are sevepressure tapcated one axial chord up-
streamof the leading edgé&.he inletstatic pressurandtotal pressuraremeasured
by usinga pitot probeplacedatthe middle hole.

At the inlet of the test section, a boundary layerigigmployed to enhance the
secondary flowThe inlet boundary layehicknesss measured by a boundary layer
probethrough each holerhe singlehole probe has a flat tip to minimize potential
errors in total pressure measuremdiite sensing head diameter of the probe is

0.3mm.Detailed geometry of the boundary layer grad shown in Figure 31.

Figure3.21: The boundary layer probe.
The inlet velocity distributioimncluding boundary layer regiaa shown in Fig.
3.22. Note that due to the probe wall interaction no dataeasured within 1mm
height to the endlvall. It can be seen th#e overall uniformity of the velocity dis-

tribution issatisfactoryThe same velocity profile is alssedas the inlet boundary
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condition for the numerical prediction.

Figure3.22: Inlet endwall boundary layer velocity distribution measured one axial

chord upstream of thtestblade

Details of fow conditions are listed ifable 3.4 The inlet mainstream veloc-

ity is 20 m/s, the mainsgtam accelerates through the cascade and exits at 50 m/s.

Table3.4: Flow conditions of the transonic wind tunnel

Inlet velocity 20m/s

Inlet total pressure 102746 Pa

Inlet static pressure 102539 Pa

Inlet Reynolds number (based ofg) y& vHs
Exit velocity 50 m/s

Exit static pressure 101325 Pa

Exit Reynolds number (based otg) s&xHsr®

Mass flow rate (full passage) 0.83 kg/s
Inlet boundary layer thicknesslJ 6 mm
Inlet momentum thicknessa 0.6 mm
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3.6 Uncertainty Analysis

3.6.1 Linear Regression Uncertainty

Heat transfer coefficient and adiabatic wall temperature for a single experiment
areobtained from linear regression, as explained in Se&i@rHence the perfor-
mance of linear regression dictates the uncertainty of heat transfer coefficient and
adiabatic wall temperature in one experiment.

In order toassess the quality of linear regression during the transient data pro-
cessing, 4° is calculatedLinear regressionan determine bestfit line from adata
scatterplotthusthe sum of squared residualsesluced equivalently, ireducethe
error variancef-ora set of n points: T;Al; on a scatterplot and the bdistine UL
= E >Ty The coefficient of determinatiort® is defined by Devore (20)%s,

55"

4% L sF— U
*" 556 us

where 55 'is thesum of square error, whiatan be interpreted asmeasure

of how much variation in y is left unexplained by the model,iamgiven by
a
55'L | (WF G uB v,
lgs
55 @s the total corrected sum of squarkss the sum oksquared deviations

about the sample mean of the observed y valieish is defined as
55@ | a [ WGF @° Lud W
ligs

4%is a measure of the proportion of variability explained byittedfmodel. The
distribution of 4% in the measurement area for the smootht @nciwall case is
shown in Fig. 3.3a. R?is above 0.9 in most of the measurement domain, suggesting
a satisfactory performance in linear regression.disigibutionof 4° in Fig. 3.28b
reveals that the values are higher than 0.9 over the measurement domain and close
to one at far downstream location, whiteslightly lower 48 value is present near
the purge air inlet region. FiguBe23 indicates that the fitted odel predicts the data

variation trend very well.
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(a) (b)
Figure3.23: Contour of 4%in linear regression for (a) 9fegree turning duct and

(b) linearcascade heat transfer experiment.

3.6.2 Overall Uncertainty

To further examine the consistency of the obtained resalisyépeated transi-
ent tests were taken for each type of-amal surface. The 95% confidence level
was used to estimate the uncertaimtyhie transient thermal measurement. dabhe
soluteuncertainty is then defined as

2 L % IT: e

where 0 is the number of individual measurements. The value of t is given by
the t distribution with NA. degrees of freedom, fo® < 31, t=2. 5; isthe standard
deviation for the data ensemble, which is given by

5
5 L Al oF $° ©
OFs

udy,

where $is the arithmetic mean value of the ensenibie relative uncertaty
(U%) can be calculated based on absolute uncertainty and the ensemble mean value.
Figure3.24 shows the contour of relative uncertainty in adiabatic wall temper-
ature for 9@degree turning duct and linear cascade heat transfer experiment. The
relative wncertainty in 6y «is below0.3% for most of the rear 4%f the duct end

wall surface. Fothecascade case, it can be observed that the relative uncertainty in
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6 x IS below0.5% for the majority of the blade passage.

(a) (b)
Figure3.24: Relative uncertaintyy%) in 6y xdistribution for (a) 9edegree turn-

ing duct and (b) linear cascade heat transfer experiment.

Figure 3.5 shows the contour of relative wartainty in heat transfer coefficient
for 90-degree turning duct and linear cascade heat transfer experiment. The uncer-
tainty is also calculatebased on Equation 3.19. It can be seen that the relative un-

certainty in * 6 %is below 10% for both cases.

(a) (b)
Figure3.25: Relative uncertaintyy%) in * 6 %distribution for (a) 9@degree turn-

ing duct and (b) linear cascade heat transfer experiment.

Systematiaincertaintyis also considered to evaludke overall uncertaintyn

the present experimental studlge element systematic error souroegnly come
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from thewall temperaturaneasuement and endall material property measure-
ment The temperature the grayscale resolution of the IR camera is 0.002per
grayscale value, thus the uncertainty of IR camera can be negligibleyStbenatic
uncertainty only comes from the uncertaiofyhe K-type thermocouple (1Kih the
calibration processThe material property (thermal product) uncertainty is 5%. A
jitter analysis described by Moffék988)is used to determine the overall uncertainty.
The contribution of the uncertainty in material properties and thermal couple to
the uncertainty in 65 xand * 6 %s calculated by
c
$e L O 'oi:t $u|o6 sz
@b
where 4 is the experiment resu(t6y, * 6 % calculatedbased onseveral
measurements $¢ is the gstematic error. $is the bias limit for eachariable.

The overall uncertainty is then defined as

7e L 8$2 E 25 LU {;

A summary of uncertainty values for various measurement properties is pre-
sented in Table 3.9he uncertainty values avéathin acceptable level compared to
most heat transfer results in the open literatfsgak et al. (2008 2'RZG HW DO
(2013)).

Table3.5: Measurement uncertainties

Reldive uncertainty

Measurement

95% confidence
Material property 5% (564Gt z 9 ¥M?K)
Measured wall temperature 1K
*6% 9.7%

6o 0.3%
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3.7 Summary

The PIV and transient heat transfer experimental facility and procadeiina-
troduced in this chapteiThree experimental measuremeats performed in the
low-speed windunnel. The lowspeed testing is focused on understanding the flow
physics, lessons learned from the experiment can therefore be applied to the engine
component design philosophy. A transparenti8@ree turning dugs first designed
for both PIV and hedtansfer experiment. Then the geometry of linear cascade test
section which is used foransient thermaheasurements describedn detail The
detachable endall surface structuris manufactured by usintye 3D printing tech-
nique ands easy to chargy The PIV measurement system and heat transfer experi-
mental setumrepresented in the followed section. Also includedn overview of
endwall rim seal geometry, purge air supply system, and hardware instrumentation.
Two experimental measurement teclugs employed in thiesisareintroduced
in this chapter. PIV is theorrintrusive method that does not influence the flow field.
The principle ofthe PIV techniqueis described. Tie whole process that has been
applied from the obtainment of raw imadg®sthe cameras to the creation of files
containing valuable information about the flathen explained. The second meas-
urement techniques used in the heat transfer experiment is thermal measurement
technique. The main assumption of this method is tleatditid can be considered
as seminfinite, onedimensional conduction and a step heating occurs at the origin.
The infrared camera needs to be first calibrated before using it to record the end
wall surface temperaturghich minimizes the uncertaintiessasiated with surface
emissivity, transmissivity and radiation from surroundings. The principle of impulse
response methdddiscussed in the followed section. Ewdll surface heat flux can
be reconstructed from temperature traces, the heat transfécieoeéfind adiabatic
wall temperature can be obtained friinear regressiormwo main independent data
acquisition chains for data recording and monitoergpdescribed. The wind tunnel
flow condition and inlet boundary layer informatiarelisted in tie followed section.
Uncertainty analysis of the experimesidiscussed at the end of this chapiére

linear regressionncertainty and repeatability analysisowthat the experimental
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results are reliable.
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Chapter 4

Computational Approach and

Detalls

The omputational fluid dynamics (CFD) setufor all the numerical studies
are descibed in this bapter. Section .2 introducesthe computational domains,
meshing strategies and boundary conditiédéSYS FLUENT 4.5is used to per-
form the numerical simulationThe introduction of solver, Reynolds/eraged ap-
proach and turbulence modaie presented in Sectioh2. Section4.3 shows the
results of grid impendence study. Finalhgsimulation strategy is validated through

the comparison witkthe experimental data.
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4.1 Computational Domain and Mesh

The computational domain of Qf&gree turning duct is shown in Fgl. The
duct geometrys set the same as the experiment test section described in Subsection
3.1. The fluid flows from the left tdhe right side as shown in Fig.1. Theinlet
boundaryis setasthe velocity inlet while the outlet pressure equates to ambient
pressure. The upper, lower and side boundaries of the danedigfined ashewall.

The construction of the computational domand the meshing done by a
commercial software Pointwise. Fully structured hexahewkahis generated for
different endwall surface structures as can dl@seen in Fig4.1. In order toensure
the accuracy ainodeling small turbulent structuresse to the rib andiavy groove

region the first cell nodes set to achievg+ close tol.

Figure4.1: The90-degree turning ducomputational domain and the meshes
around the enavall structures.

Figure 4.2 shows thdinear turbine cascadsomputational domain which con-

sists of one blade with periodic boundary conditiortse flow field in the wiole
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linear cascade can be méetk with less computational costlet of the computa-

tional domainisone ab O FKRUG XSVWUHDP RI VWaKdtseEEBDGH TV
velocity inlet The aitlet of the domain i4.5axial chords downstream of the blade

trailing edgeFully structured hexahedra mesh employed in this sgidisoshown

in Fig. 4.2. The y+ valuds smaller thanonenear the walllt should be noticed that
thesamegrid distributionwasimplemented for themooth case minimize the grid

effect.

Figure4.2: The linear cascade computational domain aediieshes around the

endwall structures.

Figure 4.3 shows the computational domain of-@8gree turning duct with
purge air injection. The geometry and the duct inlet flow conddr@set the same
as the experimenBressurénlet is used as the inldtoundary condition for both the
mainstream and the cooling air cavity inlet. Ambient pressuget as the duct outlet
boundary condition. Isothermal boundary conditiansset on the endvalls. The
heat transfer coefficient and adiabatic wall tempeeatuie calculated from two
cases with different temperature values (290 K and 300 K).

Figure4.3 presents an enlarged view of the hexahedra mesh around the purge
air slot and wall ribs. The first grid point immediately above the wall has y+ value

close tol.
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Figure4.3: The 90degree turning duct computational domain and the meshes in

the purge cavity and slot and around the-emadl structures.

The computational domaiof linear cascade with purge aireationis shown
in Fig. 4.4, which includes one blade with periodic boundary conditions, rim seal
and purge air cawt The blade profile, flow arlg and inlet boundary conditicare
the same as the experimaingetupwhich introduced in Section Band 35. The
temperatures at cascade inlet and purge air améstet as 348 and 293K respec-
tively, according to the thermocouple measuremeértis duct outlet boundary con-
dition is specified as ambient pressure.

Due to the complex geometry and periodicéguirement of the blade passage,
structured gridarefirst created by sulividing the domain into several blocks. The
block edges and faceseassociated with the nearby curves and surfaces of the do-
main. Three grid sizesire studied to check the grichdependence whicwill be
given in Sectiord.3. The grid of 5 million cells was chosen for further analysis,

considering the heat flux value is not changed with larger grid density.
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Figure4.4: The linear cascade computational domain and the meshes in the purge

cavity and slot and around the ewdll structures.

Figure4.5: Inlet endwall boundary layer velocity profile measured ofgup-

stream othetestblade.

An example velocity profile in the boundary layer is shown in Fig. 4.5. In addi-
tion to experimental data, a boundary layer profile approximated by 1/7 power law

is also illustrated in the same figuihang et al. (201). Good agreemeritetween
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experimental data arid7 power lawprofile can be observed.
R V5

L =
8 U
Where Uis the measureihlet boundary layer thickness8 is the measured

WV,

mainstream velocity Ris the velocity measured along Z directidhen aJser De-
fined Function (UDF) codes programmed to match the inlet velocity profile meas-
ured in the experiment. UDF is a routine written in C language which can be dynam-

ically linked with the solver.

4.2 Solver

All numerical results presented in thiesisare obtained using the commercial
software ANSYS FLUENT 4.5. The FLUENT solver is based on theite volume
methodto solve the governing equations. The general conservation (transport) equa-

tion for mass, momentum, energy in the integral form is
=1 O@Ejl 0 @@L} 0@@EI 3@ V|

In thisthesis the simulations carried out in the doublprecision mode to im-
prove the level of convergencé&he fluid inthe simulationis incompressible gas
with constant physical propertidsie to the low speecbndition The solver type
employed in this study is presstiyased.

ReynoldsAveraged NaviefStokes (RANS) equatias employed to resolvie
turbulent flowin this study Thebasicidea behind the eations is Reynolds decom-
position, whereby an instantaneous quantity is decomposetheiione-averaged
and fluctuating quantitie®RANS equation governs transport equation with averaged
flow quantities and models the turbulence. Therefore, the RB&$®dapproach
largely reduces the computational source and effort.

Thek- &shear stress transport (SST) turbulence misd#iosen for all the nu-
merical studiesMenter (2002) developedthe& 667 PR @é&k@h&kR PRGHO
moreaccurate. In the neavall region, the formulation of SST works from the inner
part to the viscous stlhyer, while in the free stream region, the& PRGHO LV YHU\
sensitive to the turbulence properties, to avoid this problem, the formulation in this
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region switches to al0 E H K.Dhetefore, thek& 667 PRGHO FDQ SUHGLFV
condition near the engineered surface struaaceratelyand obtain precise numer-
ical solutiongNouri et al. (2013); Lei and Lixin (2015); Wang et al. (2016))
Visualization of the CFD results acimomplished by using commercial software
EnSight andTecplot

4.3 Grid Independence Study

Grid independenctor 90-degree turning duct domais checked through three
grids with different density, namely 2 million, 5 million and 8 million nodes. Figure
4.6 compaes the spanwisaveraged total loss coefficierfy at the exit of turning
passage (9degree plane) in single rib case. It is apparent that the grids of 5 million
and 8 million nodes produdkesimilar result, witha maximum difference less than

5%. As a result, the grid of 5 million nodes is chof@ simulation.

Figure4.6: Spanwise distribution of the pitchwisgeraged total pressure lass

efficient %.

Detailed mesh sensitivity study alsocarried out forlinear turbine cascade
casesThe sizeof themeshis setto 3 million, 5 million and 7 milliorrespectively
Using the two points method, bolfeat transfer coefficient(6 Y% and adiabatic

wall temperaturé 65 ) can be easily obtained by solvingystemof linearequation
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(Equation 3.4)The averaged results gf value, * 6 %and 6y ,on endwall sur-
faces are listed ifiable 4.1

The * 6 %lifference distribution between the results from different meshes
shown in Fig.4.7. It can be seen th#lte local * 6 %difference between 5 and 7
million cells is less thatwo percent for the majority of thendwall surface The
areaaverage * 6 %difference between 5 and 7 million cells is 2.25%. Therefore,
thedifference between &d 7 millionmeshesan be negligibleln this thesis the

5 million mesh was selected for the simulations.

Table4.1: Mesh dependence studies

Grid Size 3 million 5 million 7 million
Averagey" on endwall 1.066 0.665 0511
Average EXP 284.708

*6 %
W ®) CFD 293.936 309.039 316.164
Average 6p « EXP 334.866
(K) CFD 337.136 335.506 335.098
(a) 3 and 5 million (b) 5 and 7 million

Figure4.7: * 6 %lifference distribution beteen the results from two meshes.
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4.4 Code Validation

The simulation strateggmployed in this research was validated by experi-
mental data from various sources: (1) a previous experimental study by Camci and
Rizzo (2002), for 9@legree turning duct with a silegfence on the endall, (2) a
previous experimental study Myright et al. (2008b)n a linear cascade, and (3)
thermal measurement for a simplified duct and a linear cascade

In the experimental work b€amci and Rizzo (2002jhe nondimensional
radius ratio of the duct is the same as the geometry shown thiigowever, their
duct has a square cressction with H=D. Thus a separate validation gaset up
to match the experimental setup.

The timeaveraged velocity vector fields in the-88greeplane are compared
in Fig. 4.8. Similar results are predicted by the present simulation. Red and blue
arrows illustrate clockwise and countetating direction respectively. In the case
without the fence installed, both simulation and experiment reliegddir of sym-
metric secondary paage vortices centered at aboudbZ0.3 and 0.7, while in the
case withasingle fence, the lower passagetex becomes lower to arounfiz0.2
due to the countewotating vortex from the fence.

The coefficient of total gssure loss within the same plane is also compared in
Fig. 4.9. The overall agreement can be observed. In the plane wsthglgfence,
the region with larger total pressure loss is associated with the passage vortex pair,
and it features a symmetric siwoomtype due to the interaction of fluids between
the top and bottom walls. Because of the presensenglfefence and the resulted

smaller vortex, the total pressure loss is a@d in the lower half of the mushroom
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Figure4.8: Time-averaged secondary vector field in thed@@ree plane, left col-

umn: no fence, right column: single fence.

Figure4.9: Total pressure loss coefficientq distributions for cases with and

without single fence obtained at-@@gree plane of the duct.
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Figure 4.10 shows tH@m cooling effectivenesdistributions on endvall. The
experimental data is obtained from wdrlt Wright et al. (2008b)Same eperi-
mental boundary conditions and turbine cascade dimension are employed in the CFD
simulation. Both results indicate the purge air is quickly swept to the blade suction
side after injection through the slot and cannot cover the entire passage. lbcan als
be observed that the purge air is more diffuse in the experimental study compared
with CFD result.

Experimental studyright et al. (2008h) CFD

Figure4.10: Film cooling effectivenesdistributiors on enewall.

Figure 4.11shows théheat transfer coefficiemlistributions on the endall ob-
tained from experiments (EXP) and CFD for both smooth and ribbed sufface.
experimental resultspme stripes with high values of heat transfer coefficiant ¢
be observed near the end of the ribs, where the flow is dominant by small vortices
developed earlier in the rib grooves. But there is a significant reduction of heat trans-
fer coefficient for the majority of the afteib region due to the relatively si@r
convection speed of the near wall coolarte CFD simulationhasa consistent
agreement with the experimental data at tHetd®0° region. For the smooth sur-
face case, a low the heat transfer coefficient region frohtd205° can be observed.
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This is related to the lifoff of the passage vortex from the endll. With the addi-
tion of ribs, the heat transfer coefficient is largely increased within the grooves due

to smallvortices

Smooth surface Ribbed surface
Figure4.11: Distributions ofheat transfer coefficiern the enevall of 90-degree
turning duct

Figure 4.1Z%hows a quantitative comparison of the Idial cooling effective-
nessvariation along the radial directicat the angular position of 50°. Solid lines
and dash lines are used to represent the experimental data and CFD result, respec-
tively. A significant increase of film cooling effectiveness can be observed at r/R>0.5
due to the guidance effect of ribs. The endrediction of coolant coverage near the
outer wall region from CFD can also be consistently found for both smooth and
ribbed walls.
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Figure4.12: Film cooling effectiveness variation along the teddirection

For turbine cascade cases, thistributions of heat transfer coefficient ratio
Iy D from numerical prediction is used Yalidate against the experimental data.
Where 0y is heat transfer coefficient measured with purge air flow, &hdepre-
sents heat transfer coefficient without purge air flow for smoothweaid Figure
4.13 shows theheat transfer coefficient ratidistributions forboth smoothand
ribbedsurface case. It can be observed that CFD result shows good agreement with
the experimental dat&or the case without ribkjgh heat transfer coefficient ratio
ocaurs near the exit of the purge air rim seal.dlith the addition of ribsthe local
heat transfer coefficiems increased in the rib regioSection 6.2 will compare the
CFD and experimental resultsdetail.
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Smooth surface Ribbed surface
Figure4.13: Distributions of fim cooling effectivenesen the enewvall of turbine

cascade

As such, the present CFD methodologgugable for studyinghe detailed sec-
ondary flow strutureand enedwall heat transfefor bothsimplified duct and turbine

cascaddlow, with acceptable quantitative accuracy.

4.5 Summary

This chapter introdusghe details of the computational fluid dynamics (CFD)
simulations. The chaptdéregns with a summaryf the computational domain and
mesh. Four different domaimseemployed to study the secondary flow reduction
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and purge air cooling enhancement. The domarasliscretized with fully struc-
tured hexahedra mesh created by usivegPointwise software. Thisoundary con-
dition setting's also described in this section.

Steady Reynoldgveraged NavieStokes (RANS) simulatiois performed by
using ANSYSFLUENT software. Thek& VKHDU VWUHVYV WUDQVSRUW
model is selected to model the turbulencehe RANS equation and turbulence
modelarebriefly introduced in the followed section. Three grid siaesstudied to
check the grid independenaer fbothof the 90-degree turning duct arttie linear
cascade cases. The grid of 5 million calshosen for further analysis, considering
the total pressure loss coefficient and heat flux value is not changed with larger grid
density. Visualization of # CFD resultss accomplished by using a commercial
software Ensight. Finallyhe simulation strategys validated through the compari-

son with the experimental data.
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Chapter 5

Aerodynamic Performance

Endwall secondary flow control by usirtpe engineerd surface structures
investigatedn thischapterThe secondary flow structure asimplified ductis first
shownin Sectionb.1. The control mechanism of the engineered surface is then elab-
orated through the single rib case, after which the flow fieddilted from multiple
small ribs is discussed. The wavy groove result is also presented as a more practical
case fotheengineered surfac&he novel concept is then appliedetiinear turbine
cascade in Sectidn2. Detailed flowstructuras analyzedor cases with and without

ribs.
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5.1 Secondary Flow Control in 9GDegree Turning

Duct

The fundamental flow physics and working principle of the engineered surface
structure for @0-degree turning ducireexplored in this sectiorThis simplified
duct carsimulate the turbine passage without introdu¢h@horseshoe vortexhe
concept is first explained through a single small rib installed on the duatahd
Detailed analysi®f the flow produced by multiple rand grooves structurare
then reported

5.1.1 SecondaryFlow Structure over a Snooth Wall

The generation of secondary flow, namely the passage vortex, in-theg8e
duct can be represented through theupllof the streamliness shown irfFig. 5.1.
Upon the lift motion of the streamlinesgetipassage vortex is formed and accumu-
lated further downstream. The streamlines are releasedtietmundary layer and
colored by dimensionless streamwise vorticity to illustrate the rotating direction.

The streamwise vorticityx,) is defined as

XuL Xg? KQg <E x; O Ely & DWW
where U  «is the relative angle bisveen streamwise direction andaXis in
midspan. x; and x; isthe vorticity component in X and Y direction respectively.

In following results all the streamwise vorticity plotted are nondimensionalized by
dividing by & 8;4The negative vorticity magnitudedicatesthe clockwise direc-
tion from the inlet view and featured with red coloi, is relevantto the passage
vortex.While the positive vorticity (blueolor) representshe vortexwhich rotates
oppositdy with the secondary flow vortex

At the inlet, the vortex lines are normal to the mean flow thustieamwise
vorticity is zero. As the flow travels round the turning passage, the vortex lines begin
stretching and have a namiform convection rate in the direction normal to the

streamline. The streamwise vorticity component is then formed. The figitcisly
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swept fromthe outer wall to inner wall. It can be clearly seen that a strongly clock-
wise rotating passage vortex developed by the secondary motion established by

streamwise component of vorticity.

a b c
Figureb.1: Secondary flow structure in the duct withoiltand contours of

streamwise vorticity in the cross flow planes-@&gree, 67 Slegree, 9alegree).

Dimensionlesstreamwisevorticity distributions in three cyplanesalong the
duct passage are furth@resentd in Fig. 5.1. The three planes are located at 45,
67.5 and 9alegree respectively. As the fluid turning, the passage vortex develops
and lifts up higher while the core of thegative streamwise vorticity reduces. This
result is consistent with the maageraged negative streamwise vorticity alone turn-
ing passage, as shownkig. 5.2. Note that the negative sign only represents rotation
direction,anabsolute value is usedfthis graph. It is also clear that after-8&gree

plane the masaveraged negative streamwise vorticity decreases.



96

Figureb5.2: Massaveragedegative x alone turning passage for cases with and

without singlerib.
5.1.2 Effect of Single Rib

Figure5.3 presents a series of streamlines originated from the same location as
those inFig. 5.1 for comparison. The presence of the singbeblocks the inward
motion of the outer streamlines. These blockedraiteamlines no longer contrib-
XWH WR WKH SDVVDJH YRUWib ¥ RQW H R UPMIKMMERD DW VIKGIO H U
countefrotating direction than the passage vortex. Due to the {datknechanism,
the overall strength of the passage vortex is reduced

The evolution of theib vortex and the passage vortex are also revealEd)in
5.3through the streamwise vorticity contours. It can be seen titavartex is pro-
duced with similar intensity (opposite sign) as the main passage vortex at an early
stage in the 45degree plane. The location of thle vortex stays at the tip of thib
and does not enter the free stream. In comparison with the vorticity magnitude in the
smooth duct, the passage vortex affected byithbas a smaller size and reduced
intensity in the planes shownfig. 5.3.

The weakening effect towards the passage vortex is further illustrated through
the comparison of the maaseraged negative streamwise vorticity for the cases

with and withouttherib, as shown irFig. 5.2. The vorticity in the smooth duct has
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a very steep growth rate till the plane at about 20 degrees, and a maximum intensity
is achieved at the 5@egree plane, after which it is subjextiecay. Different vorti-

city evolution is exhibited in the duct wietsinglerib. The initial steep growth seems

to be not affected by thé. Intensity discrepancy starts to grow after thed2Qree

plane with maximum gap obtained at-8€gree plane. The weakened vorticity is
caused by the singté. As therib vortex is fuly established at thB0-degree plane

the reduction of streamwise vorticity is maintained further downstream. It can so far
conclude that the stboundary layerib structure is able to reduce the passage vor-

tex intensity by shedding vortex with countetation.

a b c
Figure5.3: Secondary flow structure in the duct with singkeand contours of

streamwise vorticity in the cross flow planes-@dgree67.5degree, 9alegree).

5.1.3 Effect of Rib Numbers

Figure5.4 shows dimensionless streamwise vortidtgtributionsobtained at
67.5degree plane of the turning duct for cases with different rib numbers. Bhe rib

divide the duct crossection equally andb number ranges from three to seven.
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Note that the dimensionless streamwise vortidisgributionsfor norib and single

rib have already been presented in Figirégnd5.3respectively. It can be clearly
seen that the multiple ixan break the passagortex into several small vortices.

As therib number increases, the strength and size of streamwise vorticity are largely

reduced and the broken vortices stay at a lower position.

(a) 3 ribs (b) 5 ribs (c) 7 ribs
Figure5.4: Dimensionless streamwise vorticiistributionsobtained at 67 le-

gree plane of the duct for multiple sibases.
5.1.4 Detailed Flow Physics in Multiple Ribs

The flow control mechanism by the multiple neall structures in the form of
ribs and wavy grooves is further discussed in this section. Note that the rib and
groove arrays both are composed of seven units, which are equally spaced in the
duct span.

An overview of the vortical flow generated in the corl&dlturning channel is
provided through the sparsely distributed streamlines within the boundary layer, as
shown inFig. 5.5. According to the visualization in the smooth du€g(5.5a), all
the streamlines shown grows into the passage vortex. Similae ttow behavior
in the singlerib flow, the streamlines lift off after a short development. Upon the
completion of liftoff motion, these streamlines fall into revolution and form the

vortex filaments.



99

(a) Norib (b) 7 ribs (c) 7wavy grooves
Figure5.5: Fluid streamlines near thtict floor for case (a) nab and (b) multiple

ribs (b) wavy grooves

Figure5.6 presents a complete visualization of the vortical stredtarough the
iso-surface of & (Jeong and Hussain (1995), HALLER (2005%;is the second
largest eigenvalue of the sum of the square of the symmetrical arsyicmtietrical
parts of the velocity gradient tensehich can be used tdentify vortices from a
threedimensionafluid velocity field. The undisturbed passage vortex in the clean
channel Fig. 5.6a) lifts away from the flow surface gradually and enters the free
stream. This passage vortex is affected by the rib and gavoag however, with
different level of conwlling behavior. The same value d in the flow field con-
trolled by ribarray illustrates a significantly lower passage vortex together with vor-
tex filaments attached in the close vicinity of the ribsrthe flow control, a lower
passage vortex is desired as its interaction thigiree stream is reduced. The pas-
sage vortex resulted from the groesgay has a height between thatloé uncon-
trolled vortex and the vortex controlled by-abray. The overlaid streamwise vorti-
city distribution in the 9@legree plane again indicateglocation of passage vortex
in the duct. This vortex visualization thus suggests that the wavy grooves array is

slightly less efficient than the rib in consideration of passage vortex control.
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(a) Norib (b) 7 ribs (c) 7 wavygrooves
Figureb.6: Iso-surfaces of & and dimensionless streamwise vorticity distributions

at downstream of the duct passage.

The difference in the controlled passage vortex identified above can be ex-
plained through inspections on the evolution of flow structures produced by the two
surface geometries. Fig. 5.7 andFig. 5.8, four streamwise planes at angles of 15,

45, 60 and 75 degrees are chosen to illustrate the flow development. At the early
stageof the turning flow, namely in the idegree plane, the near wall flow follows

well the subchannels formed by the ribs and wavy grooves. The blockage provided
by the ribs and wavy grooves is sufficient to prevent the dtogsdriven by the

lateral presure gradient gradually builtp after some development. In thedégree

plane, the structure induced vortex filaments can be seen through the focused vorti-
city intensity as well as the overlaid projected streamlines. These small vortex fila-
ments grow inntensity in the sutehannels. The space between the neighboring de-
vices is gradually occupied by these filaments and even smaller vortical structures
are induced in the late stages, namely in thddéfyee plane. The vorticity distribu-

tion is slightly diferent in the 75legree plane, where the space between wavy
grooves is almost filled with positive vorticity while that between the ribs is only
partially filled. The earlier occupation by the vorticity in the hlannel confirms

the earlier liftoff of streamlines in the channels with wavy grooves as observed in

Fig. 5.5. Since the crosow driven by lateral pressure gradient is allowed earlier
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in the case of wavy grooves, it contributes to the passage vortex and results in a

higher position than ribs.

Figure5.7: Dimensionless streamwise vorticity distributions near ribs region along

the duct passage

Figure5.8: Dimensionless streamwise vorticity wisutions near the wavy

grooves region along the duct passage.

The flow angle relative to that in the régan in the same plane also measures
the undetturning or oveiturning caused by the secondary flow, it is defined as be-
low:

AUL UF Q. AL

The positive value of A Usuggests unddurning, while the negative value sug-
gests oveturning. Distributions of the relative flow angle in the outlet plare
compared irfFig. 5.9. A focused region of strong underning is produced within
the free stream centered at about 0.2H with peak tind@ng of 10 degrees. Both
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the rib- and groovearrays are effective in alleviag the undetturning. The region
containing undeturning fluid is diverted away from the free stream and the peak
underturning angle is alleviated to 6 degrees. As a higher passaged vortex is present
in the flow controlled by the wavy grooves, the untlgning region is also slightly

higher.

(a) Norib (b) 7 ribs (c) 7 wavy grooves
Figure5.9: Flow angle distributionsbtainedat 96degree plane.

Distribution of the aerodynamic loss coefficiefg in the 90degree plane is
shown in therig. 5.10. A high concentration of% can be observed over the inner
side wall atheheight of 0.25H for the smooth wall case and it penetrates free stream
with the depth of about 0.2H. This aerodynamic loss is assocvathdthe strong
passage vortex. In the channels wiitbengineered surface structures, as the passage
vortex is controlled effectively, the resulted aerodynamics loss becomes weaker,
which manifests as the smaller area covered by Hglconcentrathtn. However,
due to the presence of the surface structures, there is some additional induced aero-
dynamics lossThe engineered surface structusdl introducefriction loss due to
the enlarged surface area, this effect cannot be avoided. It countezdmtméficial
effect of secondary flow control. Therefore, there is no significant redu&ib#o)
in themassaveraged loss coefficient between cases with and witheahgineered

surfacestructures.
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(a) Norib (b) 7 ribs (c) 7 wavy grooves

Figure5.10: Aerodynamic loss coefficien®g distribution at 90° plane
5.1.5 PIV Measurement

A PIV experiments performedin a low-speed wind tunnegb demonstrate the
engineered steaice structureoncept, detailed experiment facility and procedure can
be found in Section 3. The results from PIV measurement is presented in this sub-
section.

Figure5.11 presents the Y and @mponent of velocity distribution at the-90
degree plane dhe turning duct. The black arrow shows the secondary velocity vec-
tor. Further secondary flow filed can be investigated base& oand §.

Figure 5.12 presents the mean secondary velocity magnitude over the exit plane
of the turning duct. The mean secondary velocity is calculated basédandZ
component of velocity.

CE§° )
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(a) Smooth

(b) 5 ribs

(c) 5 wavy grooves
Figure5.11: Contour of § and § for cases (a) smooth (b) 5 ribs (c) 5 wavy
grooves.
For the smooth case, a green zone with reduced secondary velocity and a red

zone with full strength secondary velocity is apparefign5.12a. Withtheaddition
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of theengineered surface structure, the high mean secondary velocity regions near
the inner vall and enewall cornerare obviously reduced. The surface structure
changed the directioand magnitudef the secondary flow along thiict passage

and interrupted the convection of the high loss fluid from thevesitlboundary

layer by the pressure ghant.

(a) Norib (b) 5 ribs (c) 5 wavy grooves
Figure5.12: Contour of the timenean mean secondary velocity for cases (a)
smooth (b) 5 ribs (c) 5 wavy grooves.
The streamwise vacity, which definition is contained induation5.4, is one
of the most important characteristics of secondary.floeandetect the strength of
each secondary vortex.
A.L %8 F%% Y
The timeaveraged vorticity in the 98egree plane is shown kig. 5.13. In the
smoothwall channel, the vorticity habe peak intensity at the lowéeft corner. It
extends vertically to a height of Z/H=0.25. The vorticity distribution associated with
the passage vortex confirms the simulation resuRig 5.6a. Both types otheen-
gineered surface structures are able to manipulate the vorticity distnibltiis clear
that the high vorticity along the inner wall is successfully removed. However, due to
the presence of the surfasgucturesthe vorticity component starts to be aligned
along the wallThe intensity of the induced vorticity is much weatkhan the vertical

portionof the smooth wall channel.



106

(b) Norib (b) 5 ribs (c) 5 wavy grooves
Figure5.13: Dimensionless streamwise vorticiistributionsobtained at 9@le-

gree plane of the dutir cases (a) smooth (b) 5 ribs (c) 5 wavy grooves.

5.2 Secondary Flow Control in Turbine Cascade

Next, the concept of usintpeengineered surface structure to control secondary
flow is applied toa more realistidinear turbine casade. The ribsalso divide the
passage crossection equally and the detailed geometry of the ribs can be found in
Subsection 31.3.

The prominent features of the secondary fiavthe turbine blade passafye
the smoothand ribbed surfacarevisualized though isesurfaces of &, as shown
in Fig. 5.14. For the smooth surface (Fi§.14a), theinlet boundary layer separate
at the blade leading edge and forms the horseshoe vortex, then the pressure side leg
of thehorseshoe vortex moves into the passage and merges with shgeasrtex
by the cross pressure gradient. While the suction side ldgediorseshoe vortex
enters into the adjacent passage and becomes the counter vortex which has an oppo-
site sense of rotation to the passage voRekribbed surfacéig. 5.14b) it can be
observed thathe pressure side leg of the horseshoe varéemot be stopped com-
pletely, it still climbs over the ribs and migrag¢o the suction side. Howevethe
development of pressure side legtloé horseshoe vortex in the turbine passege
affecedsignificantly. The location where the pressure side leg of the horseshoe vor-
tex meets the suction surface is delayed due to the blockage effect Sindesthe

pressure side leg of the horseshoe vortex and passage vortex have the saige rotati
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direction, the strength of secondary flow can be reduced byetlag effectlt can
alsobe noticed that therie small vortical structures exit in the rsooveswhich is

consistent with the findings ithe 90-degree duct.

(a) Smooth surface

(b) Ribbed surface
Figureb.14: Iso-surfacs of & and pressure distributidor the smooth and ribbed

surface

In order to study the development and evolution of the secondary fiew, t
streamwise vdicity distributionin the tireecrossplanes aR0%, 50% and@0% %
is shown.The streamwise vorticity is calculatbgl Equatiorb.1 and nondimension-
alized by dividing by% §;4For thesmoothendwall surfacethepressure side leg
of the horseshoe vortex apdssage vortex which hasgativestreamwise vorticity
arequickly swept tothe suction side of the bladeassageas the flow turningThe
high strength of streamwise vorticity region can be found irstietion surface and
endwall cornerand can be lifted to the height of 0.12&50% %. While for the

ribbedendwall surface thecross motiorand thestrength othe passage vortex are
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largely reducedby the blockage effect of ribSimilar to the observation in 9@e-
gree turning duct, smaller scale of vortices is also introducetidoyibs with an
opposite sign. It caalsobe noticed that thpositive vorticityis occupied the rib

groovesat 50% % which is earlier than that in the simplified duct.

(a) Smooth surface (b) Ribbed surface
Figure5.15: Streamwise vorticity distributioat threecross sections.
Thelocal entropy generation rata the turbine passage is discussed rExé

detaileddefinition of the entropy generation rafger unit volumecan be found in

Sedion 2.3.The units of atropy generation rate are/M’K, which tends to be a
large number. In the following resultd| the values plotted are nalimensionalised
by dividing by é;. g;gé ¢ %864 ¢ (Figure5.16 shows contours of this quantity at var-
ious locations through the casca#ler the smooth surfacehe entropy generation

rate increasing region is associated with the horseshoe vortex a¥26%pecially
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in the pressure side leg as it crosses the passage towards the blade suc#en side.
the flow turning, the rates become largeb0% % when the vortex starts to interact
with the suction side surfac&.rapidly increasingf entropy geneation ratecan be
observed both on the suction side surface obthdeand the core of the passage
vortex at D% %. With the addition of ribs, the entropy generation essociated

with passage vortex is largely reduced along the turbine passigbesntropy gen-

erationrate region occurs near the rib surface.

Figure5.16: SHistributionsat threecross sections.

Figure5.17 presents theortical structure through the isurface of & The
3¢ value is selectethe samdor the smooth and ribbed surfac&he streamwise
vorticity distribution at0.12 chord downstream of tpassage is also shownitali-
catethe strength and location of passage vortex. Fositheoth surface casthe
pasage vortex idifted from the enewall early and associated with the high red
streamwise vorticity region. With the addition of gbructure thelocation of the

passage vorteis close to the endiall atthedownstreanof theturbinepassage and
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the streamwise vorticityof passage vortex is also reduced.

(a) Smooth surface (b) Ribbed surface
Figure5.17: Iso-surfaces of &and dimensionless streamwise vorticity distribu-

tions at downstream of the turbine blade passage.

Figure5.18 presents the distribution thfe total pressuréoss coefficient % at
0.12 chord downstream of the blailailing edge For thesmoothsurface caseat
can be clearly observed thapassage vortex loss casegenerateat the height of
0.15S.With theaddition oftheengineered surface structutiee passage vortex loss
core isdiminishedsignificantly, and a higher loss regioacursnearthe endwall.
The differencedn overall massaveragedotal pressuréoss coefficienbetween the
smooth and ribbed surfaeee less tha@%, which are within uncertainties in RANS

simulation.
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(a) Smooth surface (b) Ribbedface
Figure5.18: Aerodynamic loss coefficient% distributions obtainedt0.12 chord

downstream of the cascade blade

Considering th@arious operating conditions in the real enginescamdplexity
of secondary flow, the intention of thisesisis not to demonstrate a complete story
about theengineered surface structwancept. Rather, it tries to open a new research
option for enewall secondary flow controMore geometry optimization should be
conductedn the future work Strategywise, the geometrgf theengineered surface
structure shouldbe optimizedaccording to thenlet boundary layer thickness, the

turbulence levelblade loading an&eynolds number.

5.3 Summary

The potential othe engineeed surface structures in controlling the undesired
endwall secondary flows explored inthis chapterDue to the limitation othe ex-
perimental facility, only lowspeed experiment and simulation are perforniée.
Reynolds number, which is based on treximum inlet velocity and the duct width,

is 69000 A simplified 90-degree turning dugs first used tocontrol the seandary
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flow. Studying his simplified flow model is useful in obtainirige physical under-
standingpf the working mechanism of this flowontrol concept without considering

the complex horseshoe vortex developed in the turbine sy#tésnfound that a
single rib installed on the endall can block the crosdow motion driven by the
lateral pressure gradient and result in a weaker passatex. Arrays of rib and
wavy grooves are found to be effective in alleviating passage vortex as well as flow
overturning. The groove array is shown slightly different control result than the rib
array, which is attributed to the earlier formationtd vortex filaments induced by

the wavy grooves.

The engineered surface structure effect on secondary flow contrdineaa
turbine cascades then investigated through numerical study. The comparisons be-
tween smooth and ribbed surface suggest thagndevall ribs greatly reduce the
strength of the passage vortex and alleviate the lift up of the passage vortex.

The physical understanding presented in the present study would the help the
potential implementation of this flow control concept in gasit@laerodynamic
design.



Chapter 6

Purge Air Cooling Enhancement

The concept ofheengineereendwall surface structures appliedto purge air
cooling enhancement ithis clapter Thepurge airflow structure and its interaction
with the secondary flown a 9-degree turning ducrepresentedirst. Thecooling
enhancemernmnechanism with the ribbed surface is thiscussedThecooling ef-
fectiveness and Net Heat Flux Reduction (NHBBfainedfrom experimental data
are presented.he feasibility of enhancingurge air cooling effectiveness through
theengineered surface structurghisnexperimentally and numerically investigated
in a lowspeedurbinecascade. The working mechanism and flow physics associ-
ated with the endvall ribs are discussed based ottatdled CFD analysis. Enhanced
cooling effectiveness and net heat flux reduction are compared and analyzed from
both experimental datnd CFD results in the followed sections. Finally, in order to
represent real engine operating conditions, the purgeoaling effectiveness is

studied in aigh-speediow.
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6.1 Cooling Performance in a 90-Degree Turning

Duct

6.1.1 Purge Air Flow Structure

In order to investigate the effectthieengineered end/all surface structure on
purge air cooling enhancemeat additionad purge air system iadded to the com-
putational domain and experimental seflipe purge air is injected into the turning
duct through an inclined slot. The detailed slot geometryange air blowing ratio
can be found in Section®3.Theendwall ribs only cover the angular range from 0°
to 45°and the latter half of the turning duct is smooth.

The working mechanism of purge air cooling is quite similar to conventional
film cooling technique. A thin layer of low temperature air is expected to cover the
endwall surfaceeffectively To visualize the cold purge air coverage arggure
6.1 shows an issemperature surfacey defined as,

6 F &
6 F&

where @is the cold purge air temperaturé€y; is mainstream temperature and

alL

L r& XS

6is the locatemperatureThe parametera also represent the purge air concentra-
tion (a lower a valueindicates a coldedocal fluid temperaturg

For the smooth endall case, driven bgradial pressure gradient, the t&n-
perature surface associated with cold purge air quickly sweeps towardiscthin-
ner side. Figur®é.1b shows that the ribbed surface effectively extends thterse
perature further downstream from about 45° to about 60°, after which thalithree

mensional vortical motion occurs.
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(a) Smooth surface (b) Ribbed surface

Figure6.1: An isotemperature surface witld L r &

Figure6.2 shows th@ondimensional fluid temperature distributionat three
angularcross sections along the duct passage.cross sections are locate®ex,
45° and 60° of the turning dudh theductwith the smooth endvall surface, tk
low temperature agraduallymovesfrom the outer walto theinner wall as the fluid
travels along the passagé the 60°%lane most ofthe cold aififts off away from
the endwall and the passage vortegntainsamajority of the purge aitn contast,
for the ritbed surface, most purge air can stagar the endavall andfully occupy
the ribgroovesat both 30° and 45€ross sectios, and this is even more apparent at
the 60° sectionCompard with the smooth case, the nesadwall fluid temperatve

with ribs is much lower.
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(a) Smooth surface (b) Ribbed surface
Figure6.2: Non-dimensionatemperaturea distributionat three angulasross sec-

tions.

The secondary flow itheturningduct isassociated witthe streamwise com-
ponent of vorticity.Three typical radial crossectional planes at 30°, 45° and 60°
were extracted to reveal the evolution of the secondary flow. The streamwise vorti-
city ( Xz Is the tangential compent in a cylindrical coordinate system, and it is
calculated as

xeL %5 ? K@y <E x; O By « ‘X4 ;
where U ¢ «is the relative angle beeen streamwise direction andaXis in
midspan. Xz and x; is the vorticity component in X and Y directioespectively

In Figure6.3, the streamwise vorticitg further nondimensionalized by §;. The
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negative vorticity (redolor), is associated with the secondary fleavtex, while
the positive vorticity (blueolor) representthevortexwhich rotate®ppositédy with

the secondary flow vortex

(a) Smooth surface (b) Ribs surface

Figure6.3: Streamwise vortiity distributionsat three angulasross sections.

Figure6.3a shows that, in th#uct withsmoothendwall, the concentration of
negative vorticity gradually builds up at the lower irnerner within the selected
angular range, suggesting the growthhaf secondary flow vortex.

In Fig. 6.3b, theribs on the endwvall surface modify theorticity distribution
throughout the angular range. Apparently, the intensity of negative vorticity associ-
ated with the secondary flow vortex is reduced. In the snmothce duct, the sec-

ondary flow accumulates in the inremdwall corner and gradually extends along
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the inner vertical wall; however, the presence of the ribs eliminates this accumula-

tion of secondary floveffectively The ribs also introduce vorticestivian opposite
sign, which have been revealed as vorticessofaller scale than the secondary flow
vortex. Since the ribs only extend from 0° to 45° in the present design, the array of

positive vorticity associated with these ribs disappears in the £eoten at 60°.

(a) Smooth surface (b) Ribs surface

Figure6.4: SHistributionsat three angulasross sections.

Figure6.4 showdhedimensionless entropy generation rate per unit volume dis-
tributionsat three angulacross sections along the duct passage. details of en-
tropy generation rate per unit volume ¢@nfound in Section 2,3and the rate value
is presented in dimensionless form by dividing &y, @gé ¢ %65 ¢ cForthesmooth
surface, a thick layer with higntropy generation rate can be found on theveaitl

surface. As thélow turning, therate increases rapidly on the inner surface. While
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with the addition of ribsthe entropy generation rate increases when the flow cross

over the rib structures. At éflegree plane, the purge air exits thegibovesand
sweeps towardthe inner surface byhe cross pressure gradieithus high rate oc-
curs due to the mixing process.

In order to consider all the contributions due to viscous effects and heat transfer
between the mainstream and purge flow, the aerodynamics loss coeffidieiim ésl

as(Lakshminarayana (1996))

@A
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Figure 6.5 shows the distribution of aerodynamics loss coefficient at the 90
degree plane in smooth and ribbed cases. It can be observed that the loss core of the
passage vortex is close taedwall with the addition of ribs. In the corner region
between inner wall and endall the loss is increased slightlfhe massaveraged
loss coefficient between smooth and ribbed cases is less thanTh8géfore he

additional aerodynamic penalty inttuced by the small ribs is negligible.

(a) Smooth surface (b) Ribbed surface

Figure6.5: Distributions of Pat the exit plane.



120

6.1.2 Cooling Effectiveness

Film cooling effectiveness measureder the wall after the ribbed and smooth
endwall surfaces (from 45to 90°)is presented and further compared with CFD
analysis in this section.

Thecalculation offilm cooling effectivenesd follows the relation below
& F 6o«

6 F &

where @is the cold purge air temperaturéy; is the mainstream temperature

RL X,

and 6ux is the adiabatic wall temperature.

Figure6.6 presents the contours ok obtained in the experiments for both end
walls. The region of highel, namely1>0.5, can be clearly observed in Fégba. At
the angular position of 45°, the high film cogjiefficiency covers about half of the
duct width, while the highest3is close to the inner side wall. The regihigh
3 quickly shrinks in size further downstream and it fully disappears afteifA6°
rapid decay othe film cooling effectiveness isaused by the sweeping effect of the
secondary flow vortex, which carries the cold purge air flow away from thevelid
towards the inner wall through its vortical motion. In contrast, the ribbed surface has
improved the cooling performance significanfiye region ofi>0.5 covers the en-
tire duct width atheangular position of 45°, whdlthe high 3 region extends fur-
ther downstream till 80° near the inner walhe total area with good cooling air
coverage over the ribbed surface is about twice of that over the lssdace.
Some very high R regions with I>0.7 can still be observed, and they are aligned
with the grooves formed between adjacent ribs. This discreet distribution of high
cooling effectiveness region is due to the near wall small scale vortex array gene
ated by the ribs. It seems that these small vortices are very efficient in maintaining

the purge air flow close to the emdall surface.
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(a) Smooth surface (b) Ribbed surface

Figure6.6: Flm cooling effectivenes@xperimental data).

(a) Smooth surface (b) Ribbed surface

Figure6.7: Film cooling effectiveness (CFD results).

Figure 6.7 showshe film cooling effectiveness calculateg¢ bumerical simu-
lation. The qualitative trend is consistent. The simulation has a reasonably good
agreement with the experimental data in terms of the overall cooling effectiveness
distribution and the enhancement by the ribs is also quite similar in térthe
increased coverage area. Very high cooling performance inside the rib grooves can
be observed by the simulation. Both experiment and CFD results confirm that the
ribbed surface enables cooling enhancement by maintaining the cold purge air at-
tachedto the enewall to a much larger extent. Quantitively, the CFD data are less
diffused than the measurement results. Nearly no cooling flow can be observed from

some of the grooves near the outer wall, while there is more cooling coverage near
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the inner wdlregion. Such discrepancy is a common performance from a standard
RANS solver. The interaction between secondary flow and cooling fluid needs to be

better resolved by CFD solvers with hiidelity.

Figure6.8: Laterally-averaged film cooling effectivenesd&long the duct passage
for both experimental and CFD results.

The cooling performance along the duct passage is further illustrated through
the comparison of thieaterally-averaged film cooling efféiweness for the smooth
(black color) and ribbed surface (red color), as shown inGE8gThe CFD result is
shown as dash lines, while the experimental data is presented as solid lines. After
the 20° location, a rapid decline of thé8/alue can be olesved because the passage
vortex sweeps the purge air fraheouter wall to inner wall. Fatheribbed surface,
the R&tarts from about 0.85 since the purge sinot able to fully cover the o
surface of the rib structure. Due to the blockage efiécetb structure, the early
overturning of the purge air is largely reduced, and more cooling air can stay near
the endwall. Therefore, comparing with the results from the smooth case the value
for the ribbed surface decreases more gradually. The exgrgahdata havavery
good agreement with CFD results both qualitatively and quantitatively in the region

where test data is available.
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6.1.3 Net Heat Flux Reduction (NHFR)

To further examine the cooling performance, a net reduction in heat transfer
relative toan uncooled duct channel is calculated. This quantity is calculated by
using measurements of the film cooling effectiveness and the change in heat transfer

coefficients ([ Dy for the film cooled surface to determine the Net Heat Flux Re-

duction (\HFR), whichis the fractional decrease in heat flux due to film cooling

il 7
0*(4LsFLI\g’ﬁ XA,

Mand M representhe convective heat flux with film coolmand the con-

vective heat flux without film coolingespectivelyand they are represented as be-

low:
ML D65 <F 6 ; X
M D:6 F6&; X
The net heat flux reduction can be further written as:
g,l\,gLsFEJ:sFBT; X,
Dy
The nondimensional metal temperature is definedas:
F ..
T L & % 'X§;
& F 6

where 6; is the mainstream temperatufejs the coolant total temperatui,
is the blade metal temperatufiejs the recovery tengrature A value of 1.6 is used

for typical engine conditionsSgen et al. (1996)).
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(a) Smooth surface (b) Ribbed surface

Figure6.9: Distributions of NHFRexperimental data).

(&) Smodh surface (b) Ribbed surface
Figure6.10: Distributions of NHFR(CFD results).

The NHFR distributions on the smoahdribbed surfaces in the experiments
are shown in Fig6.9. The blue color repsents the region with low heat flux reduc-
tion, while the red color corresponds to the region benefiting from purge air cooling.
Figure6.10 shows a similar patteto the experimental data in Fi§.9. In compar-
ison, the region afeducechet heat flux sbwn in red color takes upemuch larger
area over the ribbed surface. On the rear part of thevaiidthe purge air has al-
ready been largely swept away by secondary #ad/ very low NHFR can be found
(blue region). It can be seen thatiwthe additio of rib structure moreareaof the
endwall region can benefit from purge air cooling.

Then theNHFR at the latter half of the endall is areaweighted averagéor
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both experimental and CFD resul®verall, the ribbed surface provides a 53% in-
creasen areaweightedaverage NHFR from experimerdaad a 60% increase from
CFD study.

6.1.4 Practical Considerations and Design Optimization Strat-

egy

For practical application itheturbine system, the ribbed surface has to be fully
protected by the coolant withbheing exposed to the hot gas. Even with a signifi-
cant improvement in NHFR, the rib design has to be carefully optimized to achieve
a reasonable level of cooling effectiveness near the rib structures for thetietong
survival.

As pointed out in the prious discussions, there is a poor coolant coverage over
the rib top surface near the duct entry region. Thediorensional temperature
distribution near entry region is shown in Bid.1a for the previous ribbed esvdall
design. The purge air injected through the slot blocks the cooling fluid and it cannot
reach the top surfacd the rib. Apparentlythe rib height selected needs toflrther
optimized.

(@) h//=0.25 (b) '#0.15
Figure6.11: Non-dimensional temperature distribution near the purge air entry

region for ribbed surface.

Improved cooling performae is achieved from another optimized CFD case
with a40% reduction of overall rib height, as illustrated in Big.lb andFig. 6.12.
The film cooling effectiveness near the upstream region is significantly enhanced by
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adding ribs with an optimal height.

(@) h//=0.25 (b) K0.15

Figure6.12: Distributions of fim cooling effectiveness.

Another region which deserves further attention is the ribs clotieetouter
wall. The discrete bl stipes showedrom the experimental data Fig. 6.6, as
well as the lowl region near the duct outer wall in F&12, indicate the ribs could
be vulnerable for hot gas. Figusel3presents fluid streamlines colored by temper-
ature which illustratene development of purge air flow within the grooves of the
ribbed enewall. Apparently, the ribs cannot completely stop the radial migration of
the purge air flow, especially near the outer wall regdmtording to many previous
studiesrelated to purgeiacooling (Wright et al. (2007); Knost and Thole (2004);
Nicklas (2001), additional film cooling is always needed to provide sufficient cov-
erage to the endall. The ribbed endavall concept should also be combingdh
conventional film cooling (or effugn cooling) to overcome its limitation. However,
results from the present study indicate that the needs from conventionabknd
cooling design should be greatly reduced.
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(a) Smooth surface (b) Ribbed surfack=0/25 (c) Ribbed surfac
h//=0.15

Figure6.13: Cooling fluid streamlines near the ewdll ribs.

For the endwall region with ribs, the heat load introduced thg additional
surface area needs to be taken into account. To fsflgsa the performancetbe
ribbed structure, it may be more sensible to compare the total heat load rather than
heat flux. A Net Heat Load Reduction (NHLR) can be expressed as,
L D6 F & @ 1, D@ FsA@y

0*.4L sF LsF
L, D6 F&;@# 1, DA FsA@#

XS

where the temperature ratio§; 6 & J @y« 6 can be replaced by typical
values at engine cditions. The NHLR definition can be further simplified as fol-

lows:

I, QsFRT,@#
0*.4L sF— XE S
i, DO@#

Distributions of NHLR along the duct passage is showigrb.14. As expected,

the case with larger rib height (&0.25) does not show an overall improvement in
heat load reduction due to some local poor coolant coverage. However, the case with
reduced rib height (H£0.15) gives consistent improvement for all thuet locations.

An overall 11% improvement in NHLR is obtained.
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Figure6.14: Distributions of Net Heat Load Reduction along the duct passage.

In terms of practical design optimization strategy, theaserfeature should be
determined according to the incoming flow boundary layer characteristics, the purge
air blowing ratio, blade loading, etc. Rib structure with variable heights along the
flow pasage should be able to achidatter performance. Instgaftheprotrusion,
groove structure could also be implemented. It is exciting to know that such addi-
tional design flexibility from the aerothermal perspective are being made feasible by
the advances in Additive Manufacturing.

6.2 Cooling Performancein a Turbine Cascade

6.2.1 Purge Air Flow Structure

The vortices developinm the turbine blade passage with and wittribbed
surface structurare visualized through & as showrin Fig. 6.15. The endwall
surface is colored byée film coolingeffectivenesd? For the smooth surface (Fig.

6.15a), thelow momentunboundary layefluids separatat the blade leading edge
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and develop intdhe horseshoe vortexvhich splits into two legsOneleg of the
horseshoe vortedevelops over the blade suction surface and finailhs the pas-

sage vortexThe purge air injected through the rim seal is merged within the pressure
side ofthe horseshoe vortex and swept to suctste quickly. This is consistent

with the film cooling effectiveness contour time endwall surface. Figuré.15b

shows the horseshoe vortex is greatly modified by the ribbed surface. The strength
of the suction side leg othe horseshoe vortex is muchdiueced, so as the passage
vortex developed further downstream (discussed later)

(a) Smooth surface

(b) Ribbedsurface

Figure6.15: Iso-surfacs of &for smooth and ribbed surface.

To visualize the coolaroverage over the endlall, an isetemperature surface
with non-dimensional fluid temperatureé L r & is shown in Fig6.16. The value
of ais also defined as Equation 6Lbwer a valueindicates a colderocal fluid
temperaturethus a is also an indicatiorof the purge air concentratiorkigure

6.16a clearly shows the injected purge air is swept towards the blade suction side
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due to the strongrosspressure gradient. With the addition of rib structures on the
surface, the purge air cannot be immediately swepnswthe suction side, instead,

it follows the streamlined ribs, and remains close to thenaitsurface for a longer
distance, resulting in a larger coverage over thevead

(a) Smooth surface (b) Ribbed surface

Figure6.16: An isotemperature surface witk L r &

The distribution ofnon-dimensional fluid temperaturex within three cross
sections along thturbine cascadpassage is shown in Fi§.17. The threecross
sectioral planesare located at 20%, 50% ar@b chordfrom the leading edgé\s
revealedn Fig. 6.17, the lowtemperature aitends to accumulate ontbe suction
sidefor both casesAt the 7@ % planeof the smooth endvall casethe cold air
has been lifteaff the wallandare contained ithe passage vortex. For thebdu
surfacecase most purge aiconcentration spreads wider in the pitchwise direction
while stays closer to the emnall and occupy the rigroovesat 20%and50% %
cross section Camparal with the smooth case, the near wall temperature in ribs

surface passage is much lower.
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(a) Smooth surface (b) Ribbed surface

Figure6.17: Non-dimensionatemperaturea distributionsat threecross sections.

The streamwise vorticity in thbreecrossplanes a0%, 50% and0% % are
usedto reveal the evolution of the secondary flow. The streamwise vorticity is cal-
culatedfrom Equation 6.2The streamwise vorticitis further na-dimensionalized
by % §&. The negative vorticity (red color) is associated with the secondary vortex,
while the positive vorticity (blueolor) representshevortexwith anoppositerota-

tion.
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(a) Smooth surface (b) Ribbed suefac

Figure6.18. Streamwise vorticity distributioat threecross sections.

For the casef smoothendwall, as the flows turning, the passage vortex which
hasnegativestreamwise vorticity develo@sd move quickly across the passage. It
accumulates in the suction surface and-watl corner at 70%9%. While in the
ribbedcase, the strength tiie passage vortex is largely reduced by the blockage
effect of ribs.The ribs also introduce vorticity with an aygite sign, which rebeen
revealed as vortices afsmaller scale than the passage vorievo zoonedin pic-
tures are also shown in Fig.18b to illustrate theletailedflow developmenbver
these ribsThe black lines indicate the secondary streamlmegcted to the cross

plane. Due to theccupationof the positive vorticity, the cross flow cannot follow
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the ribscurvaturewell and an earlier lifoff of the streamlines can hEbserved
These flow structures are consistent and similar to previodmfjs by Miao et al.
(2016).

(&) Smooth surface (b) Ribbed surface

Figure6.19: SHistributionsat threecross sections.

Dimensionless entropy generation rate per unit volume distributioriges t
cross sections along the turbine passage is shown G1Bidgl he entropy generation
rate per unit volume isatculated based on Equation 2dnd nordimensionalised
by dividing by ééégegég %65 ¢ ¢ FOr the smooth surfacthe entropygeneration
rate associated with passage vortex increases when the vortex crosses the passage
and rolls up near the suctisidesurface. The highest rate region carséernon the
suction side surface. For the ribbed surface, high engepgationrate is produced
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by the friction of ribs. When the purge air exits thegiboves a higher rate region

occurs due to the mixing loss @% %.

Figure6.20 presents the distributions of aerodynamics loss coefficient at the exit
plane of the bladpassage. The aerodynamics loss coefficient is delfip&atjuation
6.3.The difference between smooth and ribbed cases in aerodynamic loss is within
2%, which is negligible considering the numericalumecy of the CFD calculations.

The further experimentanvestigation is needed to confirm this numerical observa-

tion.

(a) Smooth surface (b) Ribbed surface
Figure6.20: Distributions of pat the exit plane.

6.2.2 Cooling Effectiveness

Film cooling effectivenas 3 measured on themoothsurfaceand ribsurface
are compared in Fig.21. The film cooling éectivenesdgs calculated from Equa-
tion 6.4 It should be mentioned that measuremesilts right on the ribbed surfaces
are not as accurate due to the emissivity issue of infrared measuremetiteover
roughened surface stwce (with varying view factor)However the qualitative

trend could be recognized.
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(a) Smooth surface (b) Ribbed surface

Figure6.21: Distributions of fim cooling effectivenesgexperimental data)

(a) Smooth surface (b) Ribbed surface

Figure6.22: Distributions of fim cooling effectiveness. (CFD results)

For the smooth endall case shown ikig. 6.21a, the film cooling effectiveness
is larger than 0.8lose tothe exit of the rim sealvhile the cooling effedveness
dropsquickly near the blagl pressure sid®ue to the lateral migration of the horse-
shoe vortexand passage vortethe reampart of theblade passagegoesnot receive

any coolingbenefitfrom the purge air injectian
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Adding small ribs to the endall surface improvethe film coling effective-
nessas shown irFig. 6.21b. Clearly, the cooling purge air is allowed to penetrate
further downstream and provide a much large coverage area.

Figure6.22 presents CFD results of thien cooling effectivenessConsistently,

a good qualitave overall agreement can be observed.

Figure6.23. Pitch-wise averaged film cooling effectivene$&long the turbine

passage for both experimental and CFD results.

The pitchwise averaged cooling efftiveness along the axial direction for the
smooth (black color) and ribbed surface (red color) is further illustrated i6.E8).
The CFD result is shown as dash lines, while the experimental data is presented as
solid lines. For the smooth surfacegain be observed that the cooling effectiveness
value falls consistently from 0.76 to 0.05 along the turbine passage because the pas-
sage vortex and pressure sldg of thehorseshoe vortex sweep the purge air from
pressure side to suction sid&s previowsly discussed, the engineered srsakile
surface ribs can align and control the purge air cooling, floare purge air can stay
in the near wall region. Therefore, the value of cooling effectiveneskdoibbed
surface is larger thahe smooth surfaceAfter 50% 9%, the Tvalue decreases rap-
idly because the purge air is quickly swept to the suction side due to the cross pres-

sure gradient when it exits the riggooves The experimental data and CFD results
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have the same trend in the region wheredata is available.
6.2.3 Net Heat Flux Reduction (NHFR)

The Net Heat Flux Reduction (NHFR), which igombin&l outcomeof the
changsin film cooling effectiveness and heat transfer coeffigienturther exam-
ined next in Fig6.24 and Fig.6.25. The NHFRis definedthesameasEquation 6.8
1 is the nondimensional metal temperature, whistdependent on the metal con-
ductivity and internal cooling technologiyor a typical operational film cooled tur-
bine bladea value of 1.6 is used based on the wafr&enet al. (1996).

For the endwall region with ribs, the heat load introduced thg additional
surface area needs to be taken into account. To fully assess the perforntaece of
ribbed structure, a Net Heat Load Reduction (NHLR) is defined as Equation 6.10
and can be further simplified as Equation 6.11.

Due to the experimental errors near the small ribs and lack of information from
the rib side walls, it is not possible to estimate and compare experimental NHLR
values. NHLR data can only be assessed baB&ddata discussed next.

Significant NHFR enhancement by ribbed surface can be observed both exper-
imentally and numerically, as illustratedrig. 6.24 and Fig. 6.8. The improvement
is less significant compared with the results previously reported inoBegtl,
which can be attributed to the limited effect of surface features on the horseshoe
vortex. The overall Net Heat Load Reduction (NHLR) based on all the exposed sur-
face area of the ribbed emdhll only has a marginal 2% improvement over the
smooth ase. Similar to the performance shown in Section 6.1, the RANS CFD re-
sults are less diffused than the measurement data. The complex interactions between
the horseshoe vortex, passagatex, and endvall ribs needo be better resolved
by CFD solvers witlnigh-fidelity (such as LES).
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(a) Smooth surface (b) Ribbed surface

Figure6.24: Distribution of NHFR (experimental data)

(a) Smooth surface (b) Ribbed surface
Figure6.25: Distribution of NHFR (CFD results)

6.2.4 Purge Air Cooling Enhancement inHigh-speedCondi-

tion

In the previous study, the engineered surface structure has been proved to be

effective in reducing the passage voréexd providing a larger area of coolant cov-
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erage inow-speedcondition. In order to investigate the purge air cooling enhance-
ment under real engine operating conditioigh-speedlow cases are numerically
studied. The computational domain and purge lawing ratioarethesame as that

in low-speedcasesThe cascade inleMach number and Reynolds number are 0.2
and 3.06x19 which are representative dal engine conditions. The exit Mach
number and Reynolds number are 0.6 and 7.42XI&inlet turbuence intensity

is approximately 1%.

(a) Smooth surface (b) Ribbed surface
Figure6.26: Distributions of fim cooling effectivenesm high-speedcondition
(CFD results)

Film cooling effectivenass (3 is calculated by using Equation &ésed on nu-
merical simulation. Figuré.26 presents the distribution of? for both thesmooth
surfaceand ribsurface. Similar with the result low-speedcondition, the purge is
quickly swept from pressure side suction side of the blade. Although thienf
cooling effectivenssapproachsthe ideal value and has good unity at the exit of the
slot, the R quickly decreases more than half of the passage is left protected. With
the addition of ribs otheendwall surface, the purge air can travel to the further to
the downstream and pratemore area of blade passagbu3 the film cooling ef-
fectiveness is increased significantly. Compared with the film cooling effectiveness
distribution inlow-speedcondition (sedrig. 6.22), the enewall ribs can provide
better performance inigh-speed

Figure 6.27 shows distributions of pitetvise averaged cooling effectiveness

along the axial direction. It can be observed that Bhis declined rapidly from the
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blade leadingedge to 50% %due to the migration of passage vortex and pressure
side of horseshoe vortex, while the value of averaged film cooling effectiveness de-
creases gradually because more purge air is aligned by theadimibs. The purge

air is quickly migraed tothe suction side of the passage by strong cross pressure
gradent when it exits from the rigroovesat 50% %, thus therfor ribbed surface

drops and hathesame value after 80%g.

Figure6.27: Distribution of pitchwise averaged cooling effectivenessigh-

speeccondition.

(a) Smooth surface (b) Ribbed surface
Figure6.28: Distribution of NHFR inhigh-speeccondition.(CFD restts)
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The numerical predictions of net heat flux reduction on the smooth and ribbed
surface is shown in Fig. 6.28. The NHFR is calculated based on Equation 6.8. The
blue color represents the region with low heat flux reduction, while the red color
correspaods to the region benefiting from purge air cooling. It can be seen that the
NHFR is positive in regions covered by purge air. Similar to the trend kspeed

condition, adding endvall ribs can largely enhance the NHFR.

6.3 Summary

In this chapterthe novel flow control techniqués used for purge air cooling
enhancemenihe engineered sma#icale surface ribs can also be envisaged as the
devices for controlling and aligning the purge air cooling flblae purge air cooling
is investigated in a simplifieductandlinear turbine cascadow through closely
coupled experimental and numerical studies. Studyiagimplified flow model is
useful in obtaininghe fundamental physical understandioigthe working mecha-
nism of this flow control concept withoabnsidering the complex horseshoe vortex
developed in the turbine systeifhe ransient thermal measuremestakenin a
low-speedwind tunnel. Further analysef the detailed flow structuns carried out
by using a commercial CFD code.

For the 9@degee duct, he CFD analysiseveast that a ribbed endwall can
guide the purge air flow further to covdse more enewall surface. Thesecondary
flow vortex can be reducday the ribs blockagefor crossflow migration and the
vortices generateid the rib gooves maintaithe purge aiattached tahe endwall.

The film coolingeffectiveress and\et Heat Flux ReductiorNHFR) obtained in
transient thermal measurement consistently validate the numerical findtds.

the addition of engineered surface stauet the film cooling effectivenesssgynif-
icantly increasedAn over 50% increase in NHFR has been achieved in the present
study without efforts on design optimization

Similar to the findings from the simplified turning duct study, it has been con-
sistently observed that the ribs are able to reduce the horseshoe vortex and passage

vortex and provide favorable alignment to the cooling flow. The purge air flow is
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found to cover a larger area over the turbinewatl. The CFD study indicates that
the additonal aerodynamic penalty introduced by the small ribs is neglidiible.
further experimental evidence is needed to validate this numerical findiadtlm
cooling effectiveress andNHFR is measured by usinthe transient thermal meas-
urement techniquéhe numericatesultshave a good agreement with ta¥P data
Both results show that the ribbed surface can enhandééntheooling effectiveress
andNHFR significantly.

Finally, the effect othe engineered surface structure on purge air cooling en-
han@mentis studied inhigh-speedlow to represent the real engine operating con-
dition. The film coolingeffectiveress andNHFR on both smooth and ribbed surface
arecompared qualitatively and quantitativeBimilarwith the results imlow-speed
condition the ribs can largely increase the film cooleftgctiveress andNHFR.

This novel engineered surfaceustture concept proposed in this chaper-
vides dargeimproved design space and new research dimension in turbitveadind

cooling.



Chapter 7

Summary and Conclusions

This chapter revieathe work performed in thithesis as well as the approach
taken to address thresearch objectives in Section 1The key findingsf the re-
searcharesummarized, and suggestions for future war&given in the followed

sections.

/7.1 Summary

The presenthesisinvestigates the turbine emdhll aerethermal management
with engineered surface structure. The research is motivated atedbeadvaces
in manufacturing techniques, especially Additive Maotifeng (AM). The engi-
neered surface structunasemployed on the erdall to study the effect oturbine
aerothermal management.

The PIV and transient heat transfer experimental facility and procedure were
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introducedin detail All experimental measuramnts were perfored in the low
speed wind tunnel which has the capacity to maintain the inlet velocity at 20m/s.
transparent 9@egree turning duct was first designed for both PIV and heat transfer
experimentto simulate the turbine passage without idtrcing horseshoe vortex.
Then theengineered surface structure was applied to a linear turbine cdecade
transient thermaineasurements he test section consists of four blades and three
flow passages and godldw periodicity was checked. ThESI Nd: YAG laser and
high-speed camenaere used in the PIV experiment to obtain the exit flow fidld.
heater mesprovided a step mainstream temperature change at the inlet while a vor-
tex tube generated the cold purgetarmugh aditional purge air supply fddiy to
simulate the purge air injection through the rim sEat. both test sectionthe de-
tachable endvall surface structure was manufactured by utie@D printing tech-

nique and was easy to changepitot probe and a boundary layer probe were used
to measure the total pressure, static pressure and boundary layer thickness respec-
tively. The pressure and temperature sigmaseinstrumented by the National In-
struments (NI) Data Acquisition (DAQ) system.

The principle of PIV andransient thermal measeement technique was de-
scribed.In PIV experimentiwo imagesvereshot in a short period of time, the dis-
tane of individual particles traved within this timewas calculatedoy analyzing
these two images.hls the velocity fieldvasobtained from theown time differ-
ence and the measured displacem€&he transient thermal measurement assumes
that the solid can be considered as sefimite, onedimensional conduction.
Therefore, endvall surface heat flux can be reconstructed from temperature traces,
the heat transfer coefficient and adiabatic wall temperature then obtaindathfram
regressionLinear regressiomncertainty and repeatability analysis were also dis-
cussed.

The details of the computational fluid dynamics (CFD) simulations were intro-
duced, including theomputational domain, solver and turbulence model selection,
grid independence and code validatiBoundary condition settingas presenteith
detail theinlet velocity profile was the same as that measuréuaeiaxperiment and
progranmed in UDF code. Steady Reynoldseraged NavieStokes (RANS) sim-
ulation was performed by using ANSYS FLUENT software. Th&e kKVKHDU VWUHVV
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transport (SST) turbulence model was selected to model the turbulence. Three dif-
ferent density meshes were chedto study the grid independence. The simulation
strategy was then validated through the comparison with anngxestperimental

data.

Endwall secondary flow control by usinbeenginered surface structure was
studiedin a 93degredurning duct first This simplified duct can be considered as a
basic model for the turbine passage without introducing the horseshoe bftex.
ferent fence number and fence structure were stu@reglworking principle of the
engineered surface structure is revealed tjinaletailed analysig.hen the concept
was applied to a linear turbine cascade. Detailed flow physics were investigated by
comparing the smooth surface and ribbed surface.

The novel flow control techniqusas therused for purge air cooling enhance-
ment The engineered surface structures watdedto the endwall of a 90degree
turning ductto investigate its effect on purge air cooling performance through com-
bined CFD and experimental stuéurge air flow structure and the interaction be-
tween secondarydiv and purge air was analyzed from CFD resilte film cool-
ing effectiveress andNHFR obtained in transient thermal measurenientboth
smooth and ribbed surface were comparedvatidatel the numerical result$he
fundamental working mechanism andbng performance in a 98egree turning
ductwerepresented.

Finally,the engineered surface structureacepivas applied ira more realistic
linear turbine cascade. Purge air flow structure andwall heat transfer in low
speed conditionwere analyed. Atransientthermal experiment was conducted to
validate the CFD result$he numerical study on purge air cooling enhancement by
usingthe engireered surface structure in higheed condition was performékhe

film cooling effectiveress andNHFR werefurther discussed.

7.2 Conclusions

The present section summarizes the significant conclusions of the ¢hesat
One of the main aims of thibesisis to understand the effect of engineered

surface structure on secondary flow control. In order to dpatdGdegree turning
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duct is firstselectedo simulate the turbineascadgassage&vithoutconsidering the
complexhorseshoe vorteX:hen theengineered endvall surface structuris applied
to alinear turbine cascade for secondary flow reduction study

The significant contributions of the work are summarized below:

x  Arrays of rib and wavy grooves are found torbereeffective in alleviat-
ing passage vortex as well as flow cu@ming.The strength athepassage
vortexcan bdargely reducedby multiple engineered surface structure

X  The groove array is showo beslightly less efficientthan the rib array
dueto the earlier formation of the vortex filaments induced by the wavy
grooves

X  The PIV measuremestonducted in this research qualitativelyfion the
numerical finding. Tie multiplerib and wavy groovesan effectively re-
duce the streamwise vorticity thus weaken the strengtiepassage vor-
tex,

X The engineered surface structure introduces additional loss pdfraity
tion and the mixing losBom the smakscale vortices neaibs will accu-
mulate and be convected downstream through the passage. The beneficial
effect of secondary flow control neetiovercome these unavoidable side
effects.

Another major objective of thithesisis to investijate the engineered surface
structure effect on purge air cooling enhancem@milar with the research meth-
odology in the study of secondary flow control, a simplified duct is firstly used to
improve the understanding of thendamental working mechanisimenthe novel
concept is applied to a turbine cascade environniéet keyfindings of this study
are concluded beWw:

X  The iibs employed on thendwall of 90-degree turning duandturbine
cascadean guide the purge air flow further to coedargerarea over the
endwall andkeepthe purge aiattached tdhe endwall surface

X Thesecondary flow vortex can be redudmgdtheribs blockagefor cross
flow migration while the additional aerodynamic penalty introduced by
the small ribs is negligible.
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x  Film coolingeffectiveress anahet heat flux reductioaresignificantlyim-
provedin both experimental and CFD reswitih the addition of engi-
neered surface structure

X  Theoverallimprovemenin Net Heat Load Reduction f@0-degree turn-
ing ductandturbine cascadis 11%and 2% respectively.

In summary, the current research has achieved the primary objectivetlué-the

sisby enhancing the understanding of engineered surface structure effect on second-

ary flow control and purge air cooling performance

7.3 Future Work

In addition to the contributions of the presémsis the current research has
identified a number of possible directions for future w&dverarecommendations
for future workaresummarized in this section.

Increasing the strength of sextary flow can obtain a larger loss reductias.
discussed in Section 2.2ndary flowstrengthis largely affected bymanycas-
cade characteristicsuch asReynolds numberturning angle bladeloading and
blade aspect ratid he casgconsideredn the presenthesishasa high aspect ratio
andlow Reynolds numbethesecondary losses accounted fa@naallproportion of
total loss. Therefore,igher Reynolds number flows recommendedor the future
work.

The presenexperimentsverecompleted in dow-speed testing facility which
cannotrepresent the real engine operating condition. In ordstuiythe effectof
engineered surface structure on secondary flow control and pirrgeoling en-
hancement in higspeed condition, @ansonic optical hear cascade has been man-
ufactured. Detailed PIV artdansienthermalmeasurementshould be performed in
a high-speedcondition.

Steady Reynoldéveraged NavieStokes (RANS) simulation was performed
in thepresent study due to the limitation of compiagtadl capacity. Smakcale vor-
tices in the rib groves can be predicted accurately by using Large Eddy Simulation

(LES) or Direct Numerical Simulation (DNS) approactihe future work
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There will be a largdesign optimizatiospace fothe engineeredusface struc-
ture Present results show that employeiggineered surfacgtructureon turbine
endwall is an effective method to reduce secondary timdsecondarylow loss;
it should be noticed that additional losses are also introduced by thessd®altor-
ticesin theendwall rib grooves The flow structure in the near wall region can be
changed by different geometriand length®f ribs. The detailed geometry should
be determined according to timket boundary layer thicknestheturbulenceanten-
sity, blade loading andReynolds numberTherefore,further design optimization

should be considered in the future work
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