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Qualitatively different heat transfer characteristics betwea a transonic blade tip and a
subsonic one have recently been discovered. High resolution experimental data can be
acquired for blade tip heat transfer research using a high speed linear cascade. A combined
experimental and CFD study on several high pressa turbine blade tip configurations is
conducted to understand the flow physics in both a stationary and moving casing setup.
Extensive tests measuring aerodynamic loss and heat transfer have been performed on a
stationary squealer tip at engine representive aerodynamic conditions. A systematic
validation of the CFD solver (RollsRoyce HYDRA) is introduced, showing good agreement
with the experimental data obtained.Relative casing movement effects are then evaluated
for two tip configurations at three different tip gaps. The moving casing is shown to affect
the aerothermal performance considerably; the trends are consistently captured for the
large and medium tip gaps, both in the stationary and moving casing instances. Presented
results confirm that evenwith a moving casing, the blade tips remain transonic. It is also
shown that the heat transfer is dependent on the tip gap size, but also the tip geometry
configuration. The squealer cavity is subsonic regardless of the tip gap sizéhilst the local

flow state over a flat tip is much more responsive to tip gap size.



Nomenclature

Cpp = Total Pressure bssCoefficient
Cx = Axial Chord(m)
g = Tip Clearance(m)
= SpecificHeatRatio
h = HeatTransferCoefficient(W/nfK)
M = Mach number
P = Pressurg(Pa)or Pitch (m)
M = HeatFlux (W/nf)
R = SpanwiseDirection (m)
¢ = Density(kg/n)
S = BladeSpan(m)
T = TemperaturdK)
\Y = Velocity(m/s)
X = Axial Direction (m)
y+ = NondimensionaWall Distance
y = CircumferentialDirection (m)
(Subscripty
0 = Stagnation/total
ad = Adiabatic
e = Exit
i = Inlet
S = Static
w = Wall/Surface

I.  Introduction
SHROUDLESS high pressure (HP) turbine blade tips are subjected to undesirabtip deakage (OTL) flow

within the gap between the rotor blade tip and casing endwall, and are prone to high heat loads.



Several approaches have been takemitomize the dfects of OTL, for example, tip clearance control and
seal segmenting. Tip design has been studied by many research groups and various tip configurations have been
considered, such as flat, squealer and winglet tips. However, shroudless blade tips toilnaehallenge due to
the level of complexity involved in understanding and prediction of the relevant flow physics, and their impact on
aerothermal performance.

The basic understanding of tip aerothermal behavior has been so far largely based kindswvof
experimental setups: a) stationary cascade, and b) rotating rigs. Further classifications can be made in terms of the
operation flow conditions: a) low speed and b) high speed. The simplest setup is a low speed cascade where detailed
and accuratelata can be relatively easily obtained. On the other hand, the most realistic environment is provided by
a full rotating rig at a transonic condition, costly to build and difficult to instrument. The suitability of using a low
fidelity setup can only beugtified if the data/information gathered can serve the purpose of enhancing
understanding and predictability of the flow physics relevant to the performance of interest. In this context, the
following review should be able to firstly illustrate the extefithe influence that low speed cascades have had on
the conventional wisdom in tip heat transfer. Secondly, attention is drawn to how this low speed flow based wisdom
has been challenged by some recent work in high speed tip heat transfer. Thearalfzie importance of high
speed conditioning naturally underlines the need of these high speed full rotating set ups. It also raises the stake of a
more specific question in relation to the value of a transonic high speed cascade, leading to themuftitra
present work.

Early findings on high pressure turbine blades were presented in a comprehensive review by Bunker [1],
summarizingand outlining the complex aspects with shroudless turbine déimker et al. [2]presentedietailed
tip hed transfer measuremenfBhey observedhat reduced tip clearances can reduce heat transfer and located areas
of high heat transfeilhe work was complimented by a numerical analysi&imeri and Bunker [3].

Practical studies on the squealer design weeredicted by Bunker and Bailey [4]. They showtdt deeper
cavities can reduce tip heat transfer. Azadlet5, 6] also showed the improvements of a attaching a squealer
compared to a flat tip. Furthermore, they discussed different squealer arranganteatglined their effects on tip
heat transfer. A single, rather than a double squealer, was shown to have lower overall heat transfer. Additional

work on squealer tips includes those by Kwak et al. [7], Newton et al. [8], and Nasir et al. [9].



An analysis and interpretation of rotor blade heat transfer was given by Ameri and Steinthorrson [10]. Their
predictions presented high heat transfer near the pressure and suction side edges and explained it by flow entrance
effects. Ameri et al. [11] numerldy studied plain and recessed tips. The inclusion of a casing recess showed
positive signs of reduced tip heat transfer, however, a small effect on the aerodynamic efficiency. Additional
validated numerical studies by Krishnababu et al. [12] and Yaaj Et3, 14] showed noticeable reductions of the
tip leakage vortex and tip heat transfer with the squealer tip.

However, amajor factor missed in a stationary cascade setup for aerothermal tip research is the effect of relative
casing movement. Lowpeedexperimental studies using a moving belt were conducted by Yaras and Sjolander [15]
showing a substantial reduction of tip gap flow. Tallman and Lakshminarayana [16] used simulations showing the
implications of reduced gap flow and its effect on the @gkhge vortex. They noticed reduced tip leakage vortices,
but also enhanced secondary flows. Krishnababu et al. [17] studied flat and squealer tips, showing that moving
casing lowered averaged tip heat transfer on the squealer tips, but their flat tipspdgpded likewise at a smaller
tip gap. The squealer geometry detailed aerothermal improvements over the flat tip. Similar effects were also
recognizedby Yang et al. [18]. Rotating effects acted to reduce averaged heat transfer and the squealergpeoved m
beneficial. Furthermore, Mischo et al. [19] studied a modified squealer under moving casing and noticed aero
thermal improvements over a flat tip. Moving casing effects on a modern winglet were sought by Zhou et al. [20].
They showed moving casing remhd tip gap flow thus reducing the tip heat transfére addition of a scraping
vortex was also shown to alter thew field downstream.

All of the above reviewed research is of a low speed nature and the majority of the tests and computational
validation exercises are conducted in lepeed linear cascades. The data is valuable in helping to understand the
physical flow features, their heat transfer impacts and in validating computational models. In fact these low speed
data, analyses and the observatigather have formed the basis for the conventional wisdom.

High-speed research at engine realistic conditions tends to be difficult and capturing detailed tip heat transfer
measurements is an -going challenge. Dunn and Haldeman [21] measured tip heetsf at engine realistic
conditionsin a transonicrotating rig using film gauges. Thorpe et al. [22] measured heat transfer rates along a
camberline of a transonic rotor blade and althouglina with early linear cascade tests, noticeable differences t
low-speed work were spotted. Molter et al. [23] and Tallman et al. d@djbined numerical and experimental

studies on tip heat transfer, providing some valuable data and predictions. It is recognized that these high speed full



rotating rig tests providéhe highest experimental fidelity in a research environment and they will continue to
provide important basis for validations of new design and computational methods developments. For tip research
though, there remains to be challenging in providingleasicessible data from a high speed rotating rig at least on
two counts: a) the challenge in getting detailed spatially resolved instrumentation and data, and b) providing an
easily definable and adjustable inflow condition for a rotor row so thatreliffefactors (e.g. inflow turbulence,
temperature) for the blade tip can be examined in isolation before putting everything together in a complex unsteady
inflow environment in a full transonic stage. It might be argued that the value of these highrapseaaid rigs may
not be truly appreciated unless the necessity of a transonic flow condition is appreciated. The dominance of those
low speed flow data in influencing the conventional wisdom indicates that the role of a transonic flow played in
blade tipheat transfer had not been quite appreciated.
The appreciation of the transonic flow effect on blade tip heat transfer has been significantly enhanced by

some recent findingsevealingdistinctive aerothermabehaviorin a transonic tip. Wheeler et §25] showed tip
flow to be largely transonic and significantly different to epeed cascade tests; showing almost the opposite in
spatial trends. Experimentally, Zhang et a6][Bustrated that the local heat transfer was directly affected by shock
waves in a striped pattern within the tip gap. Zhang and HeaJ2o explored the differences of low and higpeed
flows noting the difference in flow structures and tip leakage loss. Comparable findings were presented by Shyam et
al. [28]. Furtherhigh-speed work led to similar findings on a flat tip by Zhang et 28], [and awinglet tip by
29'RZG HW. Znéng and He [B furtherillustrated a tipshaping technique that would locally accelerate flow
to reduce the local heat transfégsed a a concept instigated by He et aP].3 Additional tip-shaping trials were
conducted by Shyam and Ameri [33] by trying to manipulate the shoakdary layer interaction.

The recent observations regarding the distinctive high speed tip aerothernaatetistics, where a significant
part of which were based on linear cascade testing, have underlined the need to address the moving casing issue at a
high speed condition. A common limit to the previous moving casing studies is that they were mainlgeddw
conditions. Although there are some preliminary indications of the relative moving casing effects in some recent
SXEOLFDWLRQV RI W H3G XHat& R @ igardlack BfSanalyses for systematic identification and
understanding of thienpactof relative casing movemeand underlined mechanisms.

The present paper aims to address the lack of detailed aerothermal measurements on a squealer tip in a high

speed linear cascade as well as the moving casing issue at a high speed cohgitio. K H xpoWedgelivi§



the first time a squealer tip has been validated using the HYDRA solver under transonic flow cor@itienghe
extensive previous comparative studies in various tip configurations, an emphasis is plazadhimingmoving
casingeffects and its sensitivity to tigeometry configuratian Specifically, a squealer and flat tip are considered in
the present work.
The approach taken is to first carry out experimental measursamtconduct a systematic validation of

the CFD solver adopted, before a computational study of the moving casing effect.

The rest of the paper isrganizedso that the experimental facility, instrumentation and the computational
method is first introduced in Section 2. The validation studyesented in Section 3. The moving casing effects
are examined for the squealer and a flat tip in Sections 4 and 5 respectively. The overall performanedgzack

and compared in Section 6 before the conclusion of the paper.

.  Methodology

A. Experimental Apparatus and Setup
Experiments are conducted in the Oxford University Higleed Linear Cascade (HSLC) testing facility, a

blow-down type wind tunnel. The test section consists of 5 blades and 4 passages with adjustable tip gaps and
boundarylayer bleeds. A moveable tailboard is attached to the sidewall to improve the peridaibity.1 lists the

flow conditions measured for the present study.

Table 1 HSLC flow conditions for present study

Inlet Mach number 0.3
Inlet Reynolds number (based on C 0.6x10
Exit Mach number 1

Exit Reynolds number (based on C 1.3x10

Heat transfer measurements are taken on the tip surface of the centrally located blade. A transient measurement
techniqueLV XVHG WR GHWHUPLQH ORFDO KHDW WUDQVIHU FRHIILFLHQWY 21
of the test section provides a st®jse increase in mainstream flow temperatures of approxinm25s,

Blade tip surfaces are made from an epogginm using a stereolithography technique for its low thermal
FRQGXFWLYLW\ SURSHUW\ % P GLDPHWHU IDVW UH Vs8lRQIdtioVKHUPRFR
of infrared images. Heat transfer is modelled using a -g&inite, solid comluction analysis. A Zinc Selenide
(ZnSe) window is placed within the casing wall and provides optical access to the tip. A FLIR A20M infrared

camera is used to record spatially resolved surface temperature measurements into a digital file simultatfeously wi



tip surface temperature readingsquipped with aireWire 400data cable, the camesapplies an &it greyscale
output at a resolution of 160120 at 30 frames per secondlieartemperature range of®0°C is used.
Thetemperaturdime tracesallow for a complete heat flux recdnsction at each pixel location ankig is done
XVLQJ DQ ,PSXOVH PHWKRG GHYHORSHG E\ 20GILHOG > @ 7KLV UHFRQV
linear relationship between tip heat flux and wall tempeeaduring each blowdown run determines local heat

transfer coefficients (1).

ML D6y« F 6 ; (1)
Aerodynamic measurements are takérd axial chordlownstream of the blade row, paelito the blade metal
exit angle A two-dimensional traverse systeis employed to take total pressure measurements at uniform pitch

wise and spamwise locations. All measurements are taken from the same initiahwisehposition at each radial
position. Measurements at the exit plane are taken aqgRally spacegitch-wise and 6 spawise locations,
covering 77% t®6% of the engine equivalent blade span and one blade pitch. Ahble@robe is used to take
these measurements up to 4 mm from the endimallto the size of the probe

Inlet measurements are takesing a pitotstatic tube and thermocouple. Static pressures on the hub and casing
are also measured at the eAh inlet turbulence grid is installed upstream of the blade Measurements using a
hotwire probeshow that the turbulence intensity randgesn 7-9%. Further details are provided by Zhang et al
[37]. The same turbulence grid has been installed for the present ktslymentatiorused in the present studsy

shown in Figure 1.

FLIR IR
Boundary layer camera InSe IR
bleed window
l_l) Casing wall /
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Figure 1 HSLC Instrumentaion

B. Experimental Uncertainties
MeasWWHPHQW XQFHUWDLQWLHYV IRU WKH KHDW WUDQVIHU WDNHQ XVLQJ

[34]. Since the apparatus and setup are essentially identicgldinéified uncertainties are also valid in the present



study.The overall uncertainty for theeat transfecoefficient is estimated to heithin the range of @.5% andt1.2
K for the adiabatic wall temperaturdhe estimate takes into consideration of the material properties and
measurements of the mainstream gabswsall temperatures.

The uncertainty associated with ther@dynamic lossKk DV EHHQ FR QG XFW H G6EAgdH]'dgec HW DO
the testing facility and apparatus used are identical, the estimated uncertainty is also valid here. They estimate the
uncertaity in the total pressure #2.8%.

The uncertainty for the turbulence has bestimatedby Zhang et al.37] and theygive an uncertaintyf the
turbulence intensitpsapproximately:0.5% and about 1mm for the length scale.

C. Computational Method and Seup

Numerical predications are carried out using the RRtgce HYDRA suite. The core of the software is a
preconditioned, time marching, Reynolalgeraged NavieBtokes equations (RANS) solver. The equations are
discretizedin space using a 2nd order, edge based finite volume scheme and integrated in time usingtageulti
RungeKutta scheme. Steady RANS calculations are performed and the Sjdatatas (SA) turbulence model is
adoptedas the SA model provides the clasagreement with the experimental data. Similar resutt® discussed
by [25]. The computational domain is based on one blade passage with periodic boundary conditions. The squealer
blade definition and tip clearances are kept exactly the same as thanexpal setup How angle, turbulence
intensity, stagnation pressuaadtemperaturere matchedat the inletand the exit static pressuiematchedat the
outlet

Mesh generation is done using Pointwise software. The mesh is of abtoakj structued type with 7.7
million mesh cellswith 50 grid lineswithin the tip gap An additional 4.2 million cells are required to cretite
squealetip in comparison to the flat tip mesh used in this st®lgde surface y+ values are largely between 1 and
3. Isothermal wall boundary conditions are applied to wall surfaces with an exception to the hub, where an inviscid
boundary condition is applietieat transfer coefficient (HTC) distributions are obtained using two solutions with
two different wall temperates and solving (1) fothe HTC using simultaneous equation&rid independence is
established as a further increase in mesh density shows negligible change to surface heat flux values. Visualizations

of the HYDRA solutions are done using Matlab, Paraview and Ensight.



lll.  Validation study (Experiment vs. CFD)

Squealerip heat transfer and exit total pressure measurements obtained from the experiments are presented in
this section for three different tip gaps (0.5%, 1% and 1.5% of the blade 3jp&n)ip gap is defined from the
casing wall to the top of the squesarim. HYDRA predictions follow and are used as part of the validation exercise.
A. Tip Heat Transfer

Tip heat transfer results are presented in Figure 2 (a). Results shown are experimental, spatial distributions of
HTC on the squealer tip for three tip gap$S=0.5%, 1% and 1.5%). The frontal cavity region shows an increase of
HTC as the tip gap is increased:lime with previous higkspeed research. The squealaction sideim show high
levels of heat transfer that increase with larger tip gaps.

HTC contairs from HYDRA predictions are shown in Figure 2 (b). Results are in close agreement with those
experimentally determinedhe main heat transfer patterns are clearly detegtgdin the cavity and on suction
side rim. CFD predictions capture the featusedl, both locally and overall.

Figures 3 (a) and (b) show circumferentigdlyeraged HTCs for the three tip gaps presented. There is a general
reduction of averaged heat transfer as the tip gap reduncesize Notice also, at smaller tip clearances
(experimentally and numerically), a higher averaged heat transfer is observed towards the trailif@vedie.

averagd tip HTCs, measured and predicted, are provided in Table

Table 2 Mean tip heat transfer coefficiens

TioGap('s) HSLC HYDRA
HTC [W/niK] HTC [W/niK]
0.5% 10126 1025.4
1% 1122.0 1107.2
1.5% 1228.0 11366

The trends shown suggest that local heat transfer is largely affected by tip clearance size when the local flow is
subsonic. In this region {80% Cx) HTC decreases with a reduction in tip gap. Where it is transonic, changes are
less obvious. For the netailing edge region, an opposite trend is observed. As such, there is-awog®int in
the HTCtip gap variations around 80% Cx. This is more apparent with the HYDRA data. The change of the gap
dependence behavior is well captured by both the expetiand CFD. Similar cross/er behavior was reported

for a flat tip by Zhang et al. [29].



0.5% /S 1%¢/S 1.5% o/S

2000

1500
% &
) £
=4 1000 E
500
0
(a) Experimental data
0.5% g/S 1% /S 1.5% /S
2000
. K - 1500
v/ i3
4 i " 1000 £
= £
' \ 500
0

02 04 06 8 02 04 06 08
x/Cx x/Cx

(b) HYDRA prediction
Figure 2 Squealer tip HTC contours for tip gaps 0.5%, 1% and 1.5% g/S (HSLC & HYDRA)

HYDRA predictions detect thiecal variations in hat transfer on the squealer tip. Tthends associated with

the tip gap variationsre very consistent andompare well with the experimental datalling within the quoted

uncertainty bounslof £9.5%. In Figure 3, this is largelydltase; bwever, mwticeable differences are identified. The
leading edge heat transfer follows a different trend and HYDRA shows the peak HTC at the leadingl®dge (0

Cx). This discrepancy lies mostly with the smallest tip gap, where experimeatailyatdy positioning the blades

and measuring a tight tip clearance of 0.5% @/S has a significant source of error associated ltieit.

discrepancies argeentowards the trailing edge of the bladbere threedimensional conductioeffects dominate

2000
1800

400 ——05%gS 400 ——05%gS
1% /S 1% ofS
—1.5% g/S —1.5% g/S

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
) X/Cx X/Cx o
(&) Experimental data (b) HYDRA prediction

Figure 3 Squealer tip circumferentially-averaged HTC along axial chord for experimental and numerical
results (HSLC & HYDRA)



B. Aerodynamic Loss

In the present study, the total pressure loss coefficient is ustetdominethe aerodynamic logserformance.
Experimentally, total pressures aobtained by using the thrémle probe at the exit planene axial chord
downstream of the trailing edgehis is also numerically calculated by DRA, at the same exit planand directly

compared to those measured. The total pressure loss coeffipigatdefined by equation (2).

it ST L o2 @

The denominator presents the exit dynamic pressure. This value is determined byawexsging local
dynamic pressure along the rgdan of the cascade at the exit, one axial chord downstream of the blade row. Static
pressures are determined using the isentropic relaipbgtween obtained Mach numbers and total pressures.

Experimentally obtained total pressure loss coefficigpg dstributions are shown in Hige 4 (a) for all
three tip gaps.

The results presented in kig 4 (a) illustrate typical tip leakage flovieatures. In general, as the tip gap
increases, there is an increase in tip leakage flow and therefore, a larger OTL vortex. The results show this trend
occurring at the defined exit plane. Higher loss is created with the growth of these vortices. Aaaibdgnamic
development is the shifting of this vortex as the gap increases. The contour plots show that as the tip gap becomes
larger, the vortex shifts away from the blade suction surfaces.

Numericallypredictedtotal pressure loss coefficient distribans for the three tips gaps determined by HYDRA
are shown in Figuré (b). The comparison with the experimental results shows good agreement, both in terms of the

OTL vortex size as well as the pitchwise shifting of these vortices.
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Figure 4 Squealer tip total pressure loss coefficientSp, for tip gaps: 0.5%, 1% and 1.5% g/S (HSLC &
HYDRA)



Pitchwiseaveraged Cgpplots are presented in Figure 5 for the three tip gaps and Figure 6 shows overall mass
averaged total pressure losses. Ovenalterms of validation exerciséhe experimental and numerical predictions
agree quite well. The eanheat transfer coefficientgive percentage errors between theasured and predicted
results of1.2%, 1.3% and 8.0% for the 0.5%, 1% and 1.5% tip gaps respecillegefall within the estimated
experimental uncertainty rang&he overall aerodynamic legpercentage errors ark3.6%, 4.8%, 2.0%or the
0.5%, 1% and 1.5% tip gaps respectivdle largest discrepancy is observed with the tightest tip clearance and
difficulty in measuring the gap accurately. Also, the measlasszbsfor the two smaller gagindicate the formation

of apassage vortef0.5 < y/P < 1) seen iRigure 4 (a)which is not well detected numerically.
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Figure 5 Squealer tip pitchwise-averaged total pressure los€p, for tip gaps: 0.5%, 1% and 1.5% g/S(HSLC
& HYDRA)
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Figure 6 Mass-averaged total pressure loss variations with tip gap 0.5%, 1% and 1.5% g{&ISLC &
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IV. SquealerTip with Moving Casing

+DYLQJ YDOLGDWHG WKH &)' VROYHUYV FDSDELOLW\ IRU KHDW WUDQVIF
cascade condition, we now examine the moving casing effect. In the HYDRA calculations, the relative casing
motionis simulated by specifying @ngential velocity of the casing wall boundanya direction from the suction

side to pressure side of the blade



A. Tip Heat Transfer

Figure 7 shows heat transfer coefficient maps for the three tip gaps considered under a movingrbashasic
patternsshown in Figure 7 are noticed to be comparable to that with a stationary wall (Figure 2 (b)). In particular,
the cavity region nearest the leading edge, where flow is impingimghermore, the pressure side rim shows

relatively little variation when copared to the case with a stationary casing wall.
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Figure 7 Squealer tip HTC contours for tips gaps (0.5%, 1% and 1.5% g/S) with moving casing employed
(HYDRA)

However, some noteworthy changes are identified. A region of high heat transfer is formed within the cavity
at approximately 40960% Cx. This area follows a pattern similar to the leading edge, subsonic, cavity region,
whereby a decrease in tip gap reduttesheat transfer. This is qualitatively in line with the commonly held view
based on the low speed tests that a reduction of leakage flow at a smaller gap leads to a lower heat transfer.

To illustrate this phenomenon more clearly, streamlines are dfawboth the stationary and moving
endwall scenariosof 1% tip gap shown in Figures(8) and (b). The streamlines give an insight into the newly
formed hot spot within the midavity region. The moving casing wall pulls fluid in the tangential direcfidre
orientation of the cavity slot at the mthord position is such that the friction pulling force seems to help the
formation of the ircavity vortex in two ways: firstly, by promoting a reattachment inside the cavity and secondly,
by enhancing theartex core fluid movement along the cavity, which in turn strengthens the vortex itself. As a
result, the ovetip fluid in this region is wrapped into a strong and compact vortex inside the cavity rather than
continually flowing over the cavity and tlseiction side rim as in the stationary cascade case. The hot spot region in
the md-cavity between 400% Cx (Figure7) is thus identified to be caused by the heat transfer augmentation due
to the impinging flow of the miatavity vortex.

It should be emphé&=ed that a similar vortex impingement with the corresponding heat transfer impact occurs in

the frontal main cavity area. The comparison in tip heat transfer between the stationary casing (Figure 2) and the



moving casing (Figure 7) suggests that the mg\dasing seems to have a much smaller effect on this main frontal

vortex impingement.

Mach Heatflux [W/m?]

0% H %oooo
0 0 4

(a) Stationary (b) Moving casing

Figure 8 Streamlines showing oveitip leakage flowwhere blade and tip surface contoursshowheat flux and
streamlinescolored by Mach number for 1% tip gap case§HYDRA)
Circumferentiallyaveraged HTC for the three moving endwall cases (Figupeoadlysuggest that the local
patterrs of heat transfeare similar to those shown in the stationary case (Figure 3). As the tip gap is reduced, the
reduction in HTC over the subsonic cavity region (10% to 40% Cx) is clear. The transonic pat@Q¥0ex)

shows a wigglindehaviorsimilar toits stationary counteart (Figure3b).
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Figure 9 Squealer tip circumferentially-averaged HTC along axial chord with moving casing (HYDRA)

B. Aerodynamic Loss

Total pressure loss is now considered, as previously studisection Ill, part B Predictions othe loss are
takenat the exit plane, one axial chord away from the blade trailing edge fegtiealer tip. Contour maps of £p
with moving casing for threp gaps are shown in Figure .10

Striking differences can be seen by comparing the pressure loss contoursniovthg casing case (Rige

10) with those for the stationary casing (#igs 4, 5). The casing movement is seen to significantly promote the



passage vortex, which now has a much clearer loss core identifiable beneath that of the OTL loss core. Clearly the
OTL vortex reduces in size and strength when the tip gap is reduced, as expected, while the passage vortex is much
less sensitive to the tip gap size. The loss signatures of the passage vortex for the medium and large side are almost

unchanged

y/P

Figure 10 Numerical predictions of total pressure loss coefficien€p, for squealer tip with moving casing for
tip gaps 0.5%, 1% and 1.5% g/SHYDRA)

Pitchwiseaveraged @, comparisons for the 1% tip gap, stationary and mouagjngcases are shown in Figure
11.

For the stationary cascade configuration, the loss core is dominantly influenced by the peak associated with the
OTL vortex. On the other hand, for the case with the moving casing, there are two clearly identifiable peaks
asseiated with the passage vortex and the OTL vortex respectively. Interestingly, the net contributions of the two
interacting vortical flow structures for the moving icasare largely balanced out in comparissith that from the
dominant OTL vortex for the stationary casicese Further discussions on the net effects on the overall losses will

be presented later in comparison with the performance for a flat tip.
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Figure 11 Pitchwise-averaged total pressure lossoefficients Cp, for the squealer tip with and without moving
casing for the 1% tip gap (HYDRA)



V. Flat Tip with Moving Casing

In order to identify the sensitivity of tigap design to relative casing motjom flat tip isanalyzedwith a
stationary and mowig casing respectively. Aimed at a consistent comparison, the same blading profile and flow
conditions are adopted #®se ofthe squealer case. Itriecognizedhatthe loading near the tip will have to be-tip
configuration dependent. For the preserdesa the hub aerodynamic loading has been checked to be more or less
the same for both tip configurations.

Heat transfer coefficient contour maps for tha fip are presented in Figure, showingthe stationary and
moving casing results respectively.
Figure 2 (a) shows typical results for a flat tip at a transonic flow condition. A flat tip considered by Zhang et al.
[29] showed a similar leading edge hot stripe that reduces with decreasing .ti;m gajlition the trailing edge
beconmesmorethermally vulnerable at smaller tip gaps. These features areckdady identifiedhere. The subsonic
behaviorfor the near leading edge region gives similar trends to the squealer tip where there is a reduction of heat
transfer as tip gap reducé3n the othehand,as the tip gap reduces, there are higher heat loads towards the trailing
edge. It becomes evident that the viscous force from the casing motion enhances this effect, suggesting a much
larger subsonic region when adding the casing motion. To iltastnés further, local Mach number plots for the
mid-gap region are presentefbr(the 3 tip gaps) in Figure 1& confirms that the rear transonic region can be
reduced in size by either a smaller tip gap or by the relatively moving casing.

Circumferenially-averaged heat transfer coefficient plots are shown in Figures 14 (a) and (b). It is clear that the
heat transfer patterns are dependent on the flow regiver the tip.The subsonic flowpart shows a trend of
decreasing heat transfer with small@rgiaps (seen in the squealer case also). However, acx@seegion is seen,
where these trends are rever$adthe transonic parhoticed with bothhe stationary and moving casing cases. The
basic cause for the opposite trends of the HjB depende® for the subsonic and transonic regions is chiefly
linked to the marked reduction of heat transfer in a transonic region, as pointed out by WheelebetTdlis[Zs
also the basis for the owéip shaping to generate a high speed flow to redeegtransfer by Zhang and He [B1
and also reported by Shyam et aB][and Shyam and Ameri [33]. For a transonic region, the local flow will have to
be reverted back to a subsonic state when the gap is small enough (top right of Figure 12), thus leading to a

increase in heat transfer at a small gap.
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Figure 12 Flat tip HTC contours for tips gaps (0.5%, 1% and 1.5% g/S), stationary and moving casing
(HYDRA)

The moving casing does not qualitatively change the overall opposite trends for the two flow regimes.
Nevertheless, for all tip gaps considered, the transonic region over the tip is reduced in size when the moving casing
is employed due to the extra casfrigtion (Figure 13), and hence a slightly more downstream position of the cross

over point from 55% Cx to 60% Cx, as indicated in Figure 14 (b).
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Figure 13 Local Mach number distributions on mid gap plane (solid line indicates Mach=1), flat tip
(HYDRA)

Another interesting feature to note is that the heat transfer is seeminglyromortionally changed at the
small gap (0.5% span). In other words, thera imuch larger difference between 0.5% gap and 1% gap than that
between 1% and 1.5% gap. This soportionality was not observed for the squealer caih,either a moving
casing (Figure9d) or a stationary casing (FiguB). This difference in the HT-@ap dependence between the two
geometry configurations is believed to be due to the fact that for a flat tip, the whole over tip flow is subject to a
shear effect from casing with an equal distams@rywhere in the over tip regio®n the other hand, fa squealer
tip, the bulk of flow in the cavity is much farther from the casing, and hence less affectedhbyidts

In addition to the tip heat transfer, the total pressure loss coefficientsai@mlso calculated and compared
between the madrg and stationary casing cases. The detailed results of the differences between the two casing
boundary condition results (not shown here) are very similar to those for the squealer tip. Namely, with a moving

casing, the ovetip leakage vortex is reduden strength and the passage vortex is strengthened. Overall, it is seen



that a reduced tip gap does reduce the loss and the trend is corisisédintip gaps, with and withouhe casing

motion

(a) Stationary (b) Moving casing
Figure 14 Calculated circumferentially-averaged HTC along axial chord for a flat tip (HYDRA)

VI. Overall Aerothermal Performance

Direct comparisons of the overall aerothermpaiformancebetween the two tip configurations are presented in
this section. For heat transfer, overall tip surface averagdabsof heat transfer coefficient are giveRor
aerodynamic logs the mass averaged entropy rise at the exit plane is considered. Tigueation of interest is:
can the results from a stationary cascade setup rank the performance differences (between different tip gaps and

between different configurations) consistently?

A. Overall Heat Transfer Coefficient

The overall areaveraged tigheat transfer coefficient values for the squealer and flat tips are calculated and
shown in Figure 8.

Firstly, it is noted that for the squealer tgs the tip gap increases, the overall heat transfer increases. The trend
is the same for both the mogirand stationary casincases Although, for the large tip gap, the values with and
without casing movement are almost the same, this is obviously a coincidence as the detailed spatial HTC
distributions for the two cases are largely different (Fé@, Figure7).

On the other hand, the flat tip overall values for the stationary casing do not seem to suggest a clear trend.
However, the results with the casing movement do show an increase in heat transfer with increasing tip gap.
Following the discussion dhe flat tip, the results at 0.5% gap are regarded as being dominantly influenced by the
moving casing effect. Bearing this in mind, it can be seen that the results, at tip gaps of 1.0% and 1.5%, do follow

the same trend for both the moving and statipiasing.



Comparing both tips, it is apparent that the squealer tip has lower overall HTC when compared to the flat tip, per
tip gap. This observation also holds when the moving casing is applied. This suggests that with respect to heat
transfer, the sapaler is thermally advantageous over the flat tip, and based on previous redgjathk [8inglet.

It can be seen that the casing motion also lowers the overall HTC. Again this is consistently observed for all tip
gaps.

Finally a cautionary note shoulik added here when comparing the overall average parameters. It is observed
that the local changes for different configurations and casing conditions appear to be much more contrasting than
those in terms of the averaged HTC. The averaged heat transtergbar is adopted here simply as a compact and
convenient indicator, which should not be over relied on without further examination as presented and discussed

earlier.

Figure 15 Area-averaged tip HTC for squealer and flat tips, with and without casing meement (HYDRA)

B. Overall Aerodynamic Loss/Entropy Rise

Since the moving casing applies work on the fluid, the overall entropyimstead of total pressure lostken
at the exit plane of the computational domain, is used as a measure of flowdossdsrstand the performance of
the two tip configurations at the 3 tip gaps. Results are piexbén Figure 16

The fundamental gap dependence behavior of the loss reduction with smaller tip gaps is clearly shown for both
tip configurations consistentlyith or without the moving casing.

The comparisons between the two configurations are more complex. At the small tip gap (0.5%), the results with
the moving casing still show a performance gain by the squealer over the flat tip, but those with aystatsmgr
do not. This abnormality is again attributable to the dominant influence of the casing movement at the small gap,

which is much larger for the flat tip than for the squealer tip. Table 3 shows the percentage change of entropy rise



when a moving &sing is applied. Focusing exclusively on the two larger tip gaps (1% and 1.5%), it is observed that
adding moving casing provides an additionallBPs rise in terms of the entropy functiongtp¢-dS/R)], consistent

for both cases of the flat tip and saqies.

Figure 16 Overall entropy rise [1-exp(-dS/R)] for squealer and flat tips, with and without casing movement
(HYDRA)

Furthermore,Table 4 showsthe geometryeffects andshows the percentage change tife entropy
functionwhenreplacing dlat tip with a squealetip, bothwith and without casing movement. Rbe two larger tip
gapcases, the improvement of having a squealer tip is betw8éf leetter than having a flat tip.

Table 3 Percentage change of entropy risfunction when casing movement is applied to stationary case
(Reference case is the moving casing)

Tip gap(g/S) Squealer Flat
0.5% 1.4% 11.9%
1% 16.5% 17.8%
1.5% 17.6% 18.1%

Table 4 Improvement of squealer over flat tip (percentage reduction of entropy riséunction)
(Reference case is the squealer tip)

Tip gap Stationary Moving Casing
0.5% 1.9% -9.8%
1% -7.5% -9.2%
1.5% -5.8% -6.4%

C. Further Discussion
As stated in théntroduction part, the main motivation of the present work is to identify, if and how, a stationary
cascade configuration can be used for rotor blade tip design and analysigreShatresults suggestthat the

moving casing effect depends on tgometry



A flat tip seems to be more strongly dependent on the moving céSiggre 14) A simple geometrical
argument relates the influence on the ev@iflow to the uniformly short distance to the casimgll, when the gap
is small. This should, to somatent, explain the neproportionallylarge changes at the small tip gap, when the
moving casing is introduced.

There is another distinctive tigeometry dependent feature to be noted. In relation to the#ffCvariation,
there is a clear crossser pant in the midchord region (50%60% Cx) for the flat tip, with or without the moving
casing (Figire 14). For a squealer tip however, this cras®r point is located much more downstream (Fég,
Figure9). The crossover point effectively separates the two regions with the opposite trends in HTC variation as the
tip gap changes. Consequently, for a squealer tip, the overall trend of heat transfer variation with the tip gaps is
clearer and less influencég other factors includinthe strong shearing effect dthee casingnotion asseen with a
flat tip. The reason fathe contrastingoehaviorwith different tip geometries can be attributed to the differences in
flow regime of the bulk overtip flows betwen the two tip configurations. For a flat tip, the rear part of the
transonic flow at a large tip gap will have to revert back to a subsonic state at a very small tip gap. For a squealer tip
however, the bulk of the owip fluid is trapped inside the iy, and will remain to be subsonic regardless of what
the flow state over the pressure side or suction side rims may be in. This bulk of subsonic flow withairnthe
squealercavity would dictate the overall gap dependebebaviorof the squealetip. It thus results inra more
proportional change of HTC at a small tip gap as we have observedgEjd-igure 9) than its flat tip counterpart.

A linear cascade is able to provide high resolution spatial tip heat transfer data and a detailed map of the
aerodynamic loss. Linking this environment to a rotating one proves to be commddsasing results on a linear
cascadas challengingThe sensitivity of thenoving casingresults not presented here) is not as straightforward as
expectedbut knowing thee is a dependence on the tip geometng that tip flow under both scenarios remains

transonicmay help assist with future research #imeldesign of turbine blade tips a rotating setting.

VII.  Conclusions
The present work starts with an experimental validation for a shroudless blade tip configuration in a linear

cascade set up at engine realistic transonic aerodynamic conditions. Infrared thermography based heat transfer
measurements and aerodynamic loggdrse data have been obtairiBde HYDRA RANS solutions are shown and
compare well with the experimental data. The hot spots and high local gradients over the tip surface as observed in

both the experiment and CFD underline the need for spatially resobatdransfer measurement and prediction.



Extensive CFD analyses are directed to examine the effects of relative casing motiogsuliseshovthat
the relative casing movement affects the detailed-tigaerothermal field considerably. Importanttiie present
results demonstratihat a significant portion of the oveip flow remains transonic, with or without the moving
casing. The gap dependence of the dipeheat transfeclearlyshows opposite trends for the transonic and subsonic
regions resectively.

Furthermore, the moving casing effects are shown to be markedly dependent on both the tip gap size and the
tip geometry configurations. For three tip gaps (0.5%, 1.0%, 1.5% span) considered, the overall heat transfer and
aerclosses for the medim and large gaps are consistently ranked for both the squealer and flat tip, with or without
the moving casing. At the small tip gap, the etiprflow for the flat tip is much more strongly affected by the
moving casing due to the uniformly close proitinto the casingvall. In addition, there is a significant difference
in the flow state, contributing to the different HI@p variationsThe bulkfluid in the squealer cavity is always
subsoniaegardless of the tip gagize;hence the squealer tip ekfits a more proportional variation of heat transfer
with tip gap size than a flat tip.

The overall observation is that a high speed linear cascade setup can certainly serve as useful validation vehicle.
It is also shown to be able to consistently rark dlverall tip aerdhermal performance for medium and large tip

gaps. Caution will have to be exercised for a small tip gap, particularly restrictive for a flat tip.
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