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Abstract

This paper describes an experimental and computationasiigation into the influence of tip
clearance on the blade tip heat load of a high-pressure (itBne stage. Experiments were
performed in the Oxford Rotor facility which is a}]stage, shroudless, transonic, high pressure
turbine. The experiments were conducted at an engine e Mach number and Reynolds
number. Rotating frame instrumentation was used to capttreaerodynamic and heat flux data
within the rotor blade row. Two rotor blade tip clearancesenested (5 % and 10 % of blade
span). The experiments were compared with computationidl dynamics (CFD) predictions
made using a steady Reynolds-averaged Navier—Stokes (Réd&r. The experiments and
computational predictions were in good agreement. Theglipcheat transfer was observed to
increase with reduced tip gap in both the CFD and the expetinide augmentation of tip heat
load at smaller clearances was found to be due to the ingestioigh relative total temperature
fluid near the casing, generated through casing shear.

Keywords: tip leakage flow, heat transfer, transonic turbine

Nomenclature

Cax Axial chord

C: Skin friction codficient

cp Specific heat capacity at constant pressure
g Tip gap height

h Heat transfer cd@icient

M Mach number

m Mass flow rate

P Pressure
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g Surface heat transfer rate per unit area
T Temperature

U Casing velocity

V Tip flow velocity

x Tip gap width

o Density

7w Wall shear stress
Subscripts

LG Large gap

1 Stage inlet

2 NGV exit

aw Adiabatic wall

0 Stagnation quantity
rel Relative quantity
w Wall

1. Introduction

Turbine blade tips are ficult to cool and, due to their immersion in hot gases, they are
susceptible to thermal degradation. A large number of egidave investigated the nature of
heat transfer to turbine blade tips. However only a smalsstibf those studies have performed
experiments at fully engine representative flow conditidne to the complexities of rotating-
frame testing at engine-scale Mach and Reynolds numbeesmiBority of the experiments that
have been reported to date have been performed in statioaacades. At low speed, the heat
transfer distribution is dominated by separation of flumhfrthe pressure side tip gap corner and
its possible subsequent reattachment (see for instan2e3)),

Newton et al. (2006) [1] used a low speed linear cascadepuwittelative casing motion, to
obtain heat transfer céiecient distributions on the flat tip of a generic turbine blade five
blade linear cascade. From the two tip gaps (1.6 % and 2.8 %délkchord) that were tested it
was evident that with the larger clearance gap the regiorpdrstion increased. The maximum
heat transfer cd&cient occurred in the region of reattachment on the blade-tipssentially
along aline parallel to the pressure side corner. This regi@s more extensive for the larger tip
gap, though the peak heat transferfticent values were similar.

Palafox et al. (2006) [2] made similar observations at tgachnces of 1 %, 1.5 % and 3 % of
blade chord in a low speed linear cascade; for each tip gap thees a thin region, between mid-
chord and the trailing edge, of high Nusselt numbers patalléne pressure side tip gap corner.
As the tip gap was reduced, the high Nusselt number regiorethtmwards the pressure surface
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and (in contrast to some other studies, a number of which aeussed below) the Nusselt
numbers increased. This trend was the same both with, ambuwtjtrelative over-tip casing

motion. Blade tip static pressure measurements and twestianal particle image velocimetry
of flow within the tip gap revealed that the high Nusselt numiegion was associated with the
reattachment of the flow that had separatffdiee sharp pressure side tip gap corner.

Several studies have demonstrated that the flow within th@dp of a transonic turbine
is itself transonic [4, 5, 6]. Numerical simulations and esiments that have reproduced such
conditions (by, for instance, using high speed linear cdssphave shown that as well as the
separation and subsequent reattachment observed at led, dgade tip heat transfer distribu-
tions may be significantly altered by changes of adiabatittemperature and by the reflection
of shock waves from the blade tip [7, 8, 9, 10]. Theffe@s may be expected téfact how the
heat transfer distributions change when the tip gap is redluc

Bunker et al. (2000) [11] measured heat transfeiffacient distributions on a flat blade tip
downstream of a casing step in a linear cascade with an exihMamber of 0.75. Decreasing
the tip clearance by 37 % (from the nominal tip clearance 0f%.of blade span) resulted in
approximately a 10 % decrease of heat transfeffaent, while an equivalent increase of tip
clearance resulted in a 10 % increase of heat transféficieat.

Azad et al. (2000) [12, 13] made heat transfer measuremerddlat blade tip and recessed
tip with tip gaps of 1.0 %, 1.5 % and 2.5 % of blade span in a limeacade with an exit Mach
number of 0.59. It was concluded that generally a largerdipr@sulted in a higher heat transfer
codficient.

Similarly, Nasir et al. (2004) [14] detailed heat transfeefficient distributions on the tip
surface of flat and recessed high pressure turbine bladmtgplinear cascade with an exit Mach
number of 0.54. The plain tip exhibited relatively low heairisfer cofficients downstream of
the leading edge for both tip gap sizes (1.0 % and 2.6 % of ghamjo the low pressure gradient
across this area. Flow separation occurred at the presderielade tip corner as the flow entered
the tip gap and then reattached on the tip surface causing ladat transfer region immediately
downstream of the corner and high heat transfer in the cdattant region. Lower heat transfer
codficients were measured for the smaller tip gap height (1.0 %ealidbspan) and this was said
to be due to the fact that there was less leakage flow over &g bip than with the larger tip gap
(2.6 % of blade span). The enhanced heat load for the largaratice gap was also attributed to
the larger tip gap Reynolds number.

There have also been several studies of blade tip heatéransfle using high speed rotating
rigs which more closely simulate the flow conditions foundperational gas turbines [15]. One
such example is the study reported by Metzger et al. (19%])Who measured blade tip heat
transfer rates at five locations that were distributed akbiegtip between about 5 % and 30 %
of chord. The measurements were performed using miniatatepm thin-film gauges at two
different tip gaps (0.38 mm and 0.64 mm) using a high speed,ngtaiingle stage turbine. The
results showed an increase of local heat flux of approxim&®Ps at about 30 % of blade chord
when the tip gap was increased.

Dunn et al. (1984) [17] reported the results of heat flux meaments made on a turbine
blade and casing in a high speed full stage rotating turbifee tip gap was reported to be
0.3 mm when the turbine was operating at 27000 rpm [18]. AmrediSteinthorsson (1996) [19]
modelled the experiment reported in [17] using a code whalkesl the Reynolds-averaged
Navier—Stokes (RANS) equations. This paper is of additiontarest because it was reported
that the casing and tip measurements were actually cortlfmtéwo tip gap heights; 1.11 %
and 1.85 % of span at the location of the blade leading eddeedtub (only results from one
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tip gap height were reported in [17]). A comparison of thediced blade tip Stanton number
contours (based on inlet conditions and therefore progaatito local heat flux) for the two gap
sizes revealed a general decline in levels with increagirggip size. This was in agreement with
the experimental data which, over the first 30 % of the bladal @kord at the tip, also showed
a lower Stanton number when the tip gap was increased. ®rid tontrasts with many of the
cascade based investigations of which some were mentiaeepsly.

Ameri et al. (1999) [20] performed a numerical study (usirReNS solver and a ko turbu-
lence model without wall functions) of thefects of tip gap height and casing recesses on heat
transfer and stagdieciency in a high speed axial turbine. Tip gap heights of 0 %,, 1% %,
and 3 % of the passage height were modelled. For the two latigegap heights considered,
different casing recess depths were studied. The results feopiain casing tests showed that
larger tip gap heights increased the predicted Stanton ats(based on inlet conditions) over
the forward half of the blade tip. The converse was true ferdft half of the blade tip. The
reason for this was concluded to be that as the clearancenwesased the velocity over the
upstream portion of the blade tip increased resulting imaneiase of heat transfer to the blade
tip. The heat transfer to the downstream portion of the btggle/as mostly dominated by the
size and the extent of the separation bubble; as the gap weassed there was a larger portion
of the blade tip over which the flow was unattached. This leshtaller heat transfer rates to the
downstream portion of the blade tip. Nevertheless it watedtthat an increase in the thermal
load on all the heat transfer surfaces considered was adzsdue to enlargement of the tip gap.

The dfects of endwall motion have been studied predominantly eaatipnally, and tend to
show a reduction in over-tip leakage and reduction in head [@1, 22]. Recent work such as
Zhou et al. (2012) [23], showed that both the tip flow aerodyita and heat flux distribution
change significantly with the introduction of a moving entlw&oull and Atkins (2013) [24]
showed recently that the combinefieets of a moving casing, and realistic inlet boundary layers
and secondary flows entering the rotor passage have a muatie girfluence on the tip flow and
heat transfer than would result from a simple addition o&¢éhéfects. That is to say that there
is a strong coupling between the development of the secgrilbavs and the endwall motion
which has a large influence on the blade tip.

The general consensus from cascade experiments is thatmgdip gap size tends to reduce
blade tip heat load. In contrast, those experiments thad baen conducted in high speed or
rotating facilities have not revealed a general trend imgeof the sensitivity of tip heat load
to tip gap size. This paper aims to further improve the unidading of the &ect of the tip
gap size on both blade tip heat transfer rates and stageyaanmits at fully engine scaled flow
conditions. This will be accomplished by reporting the tssof blade tip heat transfer and
aerodynamic measurements made in a transonic turbine atage diferent tip gap sizes and
comparing these data with computational predictions.

2. Experimental setup

2.1. The Oxford Rotor Facility

Experiments were carried out in the Oxford Rotor FacilityRf€) which is a % stage, shroud-
less, high pressure, transonic turbine operating at emgpresentative Mach and Reynolds num-
bers [25, 26]. The working section, figure 1, consists of 3ghhpressure nozzle guide vanes
(NGVs), 60 high pressure rotor blades (HPBs) with a rotatispeed of 8910 rpm, and 21 inter-
mediate pressure vanes (IPVs) which are located in a swekedexit difuser. The geometry
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Figure 1: Schematic showing the stage geometry of the lardesmall gap builds.

is representative of that found in a large civil turbofancaengine. Isentropically compressed
air is provided to the working section for a period of approately 200 ms by means of an
isentropic light piston tunnel (ILPT) [27]. For the expegnts described in this paper, the stage
inlet stagnation pressure and temperature wedd Bar and 374 K. The conditions at NGV
exit were a Mach number of ® and a Reynolds number of72< 10° (based on conditions at
mid-height and vane axial chord). As with previous experitaeonducted using the ORF the
realised relative frame gas-to-wall temperature ratidlierblade was typically.07.

2.1.1. Stage geometry

The geometry of the ORF working section included a backweacisg casing step 20 % of
HPB axial chord upstream of the leading edge of the rotor (&idy). The 12 mm high casing
step was intended to have a height equal to the tip gap [28% ddnfiguration will be referred
to as the ‘large gap’ build.

In this study modifications were made to the working sectioas to provide an extra test
case with a dferent tip gap: the ‘small gap’ build. In contrast to the carienal approach of
grinding down the HPBs to increase the tip gap, in this sthéymean tip gap was reduced from
its initial large value by modifying the over-tip casing. i$twas done without disassembling
the NGV, HPB, or IPV rings so that their throat areas were natlvertently altered nor was the
clocking of the NGV and IPV rings changed.

Figure 2 shows a comparison of the measured tip gap arourahthdus before and after the
over-tip casing abradable seal was modified. Small discoiiges were found at the interfaces
between the blade retaining rings and removable instruastientcassettes (20160, 200 and
34C) and at the interfaces between the removable instrumentaibdule and over-tip casing
instrumentation block (170and 190). A small variation in tip clearance of approximately
+0.25 mm was also found around the annulus. This was greatlycegdwith the modified
casing.

The dfect of the small circumferential non-uniformity was inugated both experimentally
and computationally. Experimentally, the time-resolvatbdwvere conditionally averaged over
two different sectors of the annulus each of which haéi@édént mean tip gaps as a consequence of
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Figure 2: Comparison of axial mean tip gaps between largeagdsmall gap builds. A correction for disc growth has
been included. Circumferential position was measuredamtkwise from the horizontal.

the small circumferential variation shown in figure 2. The ectors each spanned 18 complete,
unique and contiguous NGV passages, and were chosen stitheliiference in mean tip gap
between sectors was maximised. Computationally, a defgymiesh was used to simulate the
radial motion of the casing relative to the tip; these weamdient calculations in which the tip
gap was changing dynamically. Both experimental and coatjmunal results were found to be
consistent with both time-averaged experimental data ezl CFD results. This demonstrates
that the tip boundary layer responds in a quasi-steady widnetimng length scale circumferential
non-uniformity.

Figure 2 also shows a comparison of the mean tip gap for edlch bhe large gap build had
an average measured clearance.bf% span, and the small gap build had a clearance(¥%d
span (based on the HPB span at mid axial chord being equalio#y4

2.2. Measurement techniques

All electrical connections to the rotating frame instrurtaion were made via a 24 channel
slip ring. Both DC and amplified AC coupled signals were sadpib minimise digitisation
error. The signals were sampled by a 12-bit analogue-tiadliconverter at 500 kHz with a
100 kHz anti-aliasing filter being applied prior to sampling

2.2.1. Heat transfer rate instrumentation

Extensive details of the theory of operation of the thin filesistance thermometers used
herein and the signal processing techniques necessaridwrdperation have been reported
previously [29, 30] and only a brief summary is given here.

Thin film resistance thermometers, or thin film gauges (TRGghey will be referred to, op-
erate on the principle that heat transferred through the inkgXhe substrate causes the TFG and
the substrate to change temperature. The relationshipeketthe resistance of the platinum film
and its temperature is known precisely and time-resolveasorements of the TFG resistance
can be used to determine accurately the TFG temperatuoghi$he short duration of measure-
ments in the ORF prevent heat entering through the bladedip being conducted to the other
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Figure 3: Schematic cross section of the two layer subsgatge, adapted from Ainsworth et al. (1989) [30].
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Figure 4: Positions of camber line TFGs. Numbers indicategaositions as a percentage of axial chord.

boundaries of the blade. The metal layer can therefore b&etieas being semi-infinite and the
governing equations solved to yield the time-resolved treatsfer rate at the gauge location. A
cross section of a ‘two layer substrate gauge’, in which thémum film is electrically isolated
from the semi-infinite metal layer by means of an electrinalilator, is shown schematically in
figure 3.

Thorpe et al. (2000, 2004) [31, 32] produced the blade tip medi TFGs using a laser
machining technique. The 1 mm by 0.08 mm TFGs, oriented vhigtir tong axis tangent to
the camber line, each consisted of a O thick platinum film deposited on an insulating layer
of vitreous enamel approximately 128n thick which covered a blade made of Inconel718.
The thermal capacity of the film was extremely small in congmar to that of the substrate.
The locations of the TFGs mounted along the blade tip arstitiled in figure 4. Electrical
connections to each TFG were made by gold plated copperstrsloich had resistances of less
than 1 % of the resistances of the TFGs.



2.2.2. Heat transfer rate measurements

The stage inlet total temperatuigy, and wall temperaturd,,,, varied by several kelvins
between test runs due to smalffdrences in the initial conditions within the ILPT prior townr
and changes in ambient conditions. These chanfjestad the driving temperaturefiirence
between the gas and the metal and thus a correction was @&ppliee measured heat transfer
rates to avoid incurring a systematic error when compariffgreént sets of data. The correction

was as follows: .
ToZ,rel - Tw

T02,rel - Tw+ (Tol - T_ol)

whereT,, and T, were the measured quantities during a run @pd Teore andT,, were the
nominal design-point values (i.e., 344, 328 K and 304 K respectively). The measured wall
temperature was calculated from the sum of the TFG temperatumediately before gas began
to flow through the working section and the temperature riskeeoTFG due to the working fluid.

G =9 (1)

2.2.3. Aerodynamic measurements

A series of aerodynamic measurements were made in comunatith the detailed heat
transfer investigation. Blade-surface mounted Kulitesptee gauges [33] were used to measure
static pressures at three locations on the blade tip (ah1321.7 %, and 55.1 %, respectively)
and relative total pressure on the HPB leading edge at 90 %&f ldading edge span.

2.3. Uncertainty estimates

The measurement uncertainty in heat transfer rate is estinb@be+5 % [34]. The precision
of the measurements is indicated by the error bars showastéimdard error of the mean for the
data obtained using the small gap build (the precision ofitita obtained using the large gap
build would be expected to be similar). Ainsworth et al. (@P[B5] conducted a thorough analy-
sis of the measurement errors incurred when using the Kaditeiconductor pressure transducer
in this application. The calibration uncertainty was potelil to be less than®%. The resis-
tances of the diused resistors which made up the static pressure gauge véatietemperature.
According to [35] the trueness uncertainty in static pressvas 0066 % per kelvin. The blade
tip heat transfer measurements showed that the largesetainpe rise was 11 K on the blade
tip. The overall uncertainty in the static pressure measargs was therefore® % +0.2 %
[truenesst precision], as in keeping with previous experiments thiicspeiessure measurements
made in this study were not compensated for changing gaugssi@tures.

3. Computational set-up

Computational predictions were performed using the ANSOFS¢ 145 solver. Computa-
tional grids of the stage including the NGV and HPB were @éaitsing the ANSYS Turbogrid
software. An example of the grids used is shown in figure 5. Sganwise distribution of 100
mesh lines in the tip gap gave a wall of the first grid point away from the wall of less than
2 over the tip surface. A fillet of.@ mm radius was also included so as to match the geometry
tested in the experiment. Experimentally determined baundonditions were used to match the
experimental operating point. Isothermal walls were setherHPB surface; data was obtained
at two wall temperatures of 304 K and 315 K in order to obtaim lleat transfer cdkcient,

h = AQ/ATy, and adiabatic wall temperaturB,, = §/h + Tw. Thek — wSST turbulence model
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Figure 5: Example of computational mesh used showing deté&jp region.

was used with the — 6 transition model; this choice was based on previous DNSfdara[36]
which showed that thke— wSST model gives a reasonable prediction of reattachment-ipeat
transfer in the case of a transonic tip flow where high levéfsee-stream turbulence are likely.
A mixing-plane between stator and rotor rows was implentitieorder to circumferentially
average the flow entering the rotor, and therefore enablesbef steady-state CFD.

Several diferent computational meshes were tested to determine tokities required for
mesh independence. The tip heat load was not found to vamjfisently for grid sizes above
2 million cells, with 100 spanwise cells in the tip gap (seeifig6). They" of the first grid
point away from the tip was between 1 and 3, with a mean val@endiilst the remainder of the
blade had an average of 3. This was considered icient to ensure resolution of the viscous
sub-layer and is consistent with recent aerodynamic wor&abfabowski et al. (2014) [37] (tip
y* ~ 4) and aerothermal work of Virdi et al. (2015) [38] (iyp largely between 1 and 3) who
demonstrated close agreement between CFD and experiment.

4. Results

Figure 7 shows the experimentally measured tip surfaceflusalong the camber line. Data
is shown for both the large gap.61% span) and small gap.(% span) cases. The results show a
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Figure 7: Experimentally measured heat flux along bladediptzer line.

large increase in the measured heat load at the smalleegpasice, particularly in the aft region
of the tip. The peak heat load rises by around 30 %, and shoftmstream from around®Cyy
to 0.7 Cy, as the clearance is reduced frord b 1.0 % span. The cause of this rise is interesting
since previous work, particularly in subsonic cascades dfen indicated that reducing the tip
gap causes a reduction of heat transfefitcient and by implication heat transfer rate (section 1).
In order to understand further the factors influencing thééat load, it is useful to introduce
the results from the computational simulations and comghese with the experimental data. A
comparison of the predicted loading distributions withvimas experimental data are shown in
figure 8. The peak Mach numbers in the HPB are under predigtedebCFD, while for the
NGV the agreement between CFD and experiment is generadig.githe éect of tip clearance
on the predicted loading can also be observed by comparinigthe gap and small gap results;
these show that the reduction in tip clearance increasdddde loading slightly whilst reducing
the NGV loading. The increased blade loading is consistétfit tie reduction in tip leakage
flow expected for the smaller tip clearance case, since tthecton in over-tip leakage will
increase the overall turning of the flow, and therefore mesatcompanied by an increase in
blade loading. Since the overall total-to-static pressat® across the stage is fixed, this has
the dfect of also reducing the NGV loading. The change in NGV logdifiects the driving
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Figure 8: Comparison of mid-span isentropic Mach numbegdipted by the CFD with experimental data from [39, 40].

temperature dierence which in turnféects the blade heat transfer, and this is discussed in more
detail later.

A comparison of the measured tip surface static pressureggadocamber line with CFD
predictions is shown in figure 9. The predictions compard with measurements, showing a
large drop in static pressure over the aft region of the tipstsient with the large blade loading
in this region (see also figure 8).

Before discussing the tip heat transfer, it is useful to ifigthe Mach number within the tip
gap since previous work shows that the blade tip heat traasfitflow structure of a supersonic
tip flow differ considerably from a subsonic tip flow [7, 9, 10]. Figure hGwgs the isentropic
Mach number in the tip gap (calculated using the tip surfaagcspressure); these data can be
used to determine the extent of supersonic flow in the tip §agmntour line is shown to identify
the M = 1 boundary; fore of this line is the subsonic region (lattthegion A), and aft of this
line is the supersonic region (labelled B). Reducing thegip from 15 to 10 % span has the
effect of both reducing the region of supersonic flow (regioni®) also reducing the peak Mach
number by about 10 %. This is important because the tip Machbeu dfects both the heat
transfer cofficient and adiabatic wall temperature [7].

The predicted tip surface heat flux is shown in figure 11 foldinge gap and small gap cases.
In both cases the subsonic region (A) of the tip flow tends fmeernce higher heat flux levels
compared with the supersonic region (B), consistent widlvipus results [7, 9, 10]. The figure
shows a high heat flux region near the pressure side edgesporrding with the reattachment-
line of the separation bubble in this region. The reductiodéarance also leads to a shift in the
reattachment location towards the pressure side edge. eBu#is show that the reattachment-
point heat flux rises by around 10 %, and the total tip heat i by 5 %, as the tip clearance
is reduced from B to 10 % span. As well as the peaks in heat flux near the pressure side
edge, there is a local minimum in heat flux near the leading €dwrked C), and a region of
elevated heat flux near the suction-side edge marked D, ase thill be discussed later. Also
shown in the figure are the predicted distributions of heatdfer cofficient and adiabatic wall
temperature which will also be discussed later. Beforeglsm it is important to establish the
veracity of the CFD results by comparing with the experiraédata.

A comparison of the predicted tip heat transfer rates withdkperimental data measured
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Figure 9: Comparison of experimental measurements of tifasel static pressure (symbols) with the CFD predictions
along the blade tip camber line.
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Figure 11: Predicted tip surface heat flux, heat transfefficoent and adiabatic wall temperature.

along the camber line is shown in figure 12. For the large gap,dhe agreement over the first
70 % of axial chord is very encouraging considering the cexip} of the flow in this region, and
that the CFD predictions do notodel the unsteady vafretor interaction Over the latter 30 %
of axial chord, the predicted heat flux rises sharply due ¢éostparation bubble reattachment
which crosses the camber line in this region. CFD data is stieevn along a line 30 % of the
local tip width displaced from the camber line toward thesgtee side edge. Data along this
line compares well with the measurements, suggesting ligasize of the pressure side edge
separation bubble is under predicted by the CFD; this isisterg with previous DNS results
(see [36]) which showed that even at engine-scale Reynaldtars the transonic tip flow is
only intermittently turbulent, and consequently RANS petidns of transonic tip flow tend to
under predict the separation bubble length. Experimerti@ tbr the small gap also compares
well with the CFD data extracted along this line, and agreiéis the general trend of increased
heat flux at the smaller clearance.

The convective heat flux equatia="h(T 4 — Tw), Shows that the change in heat flux which
occurs as tip gap is reduced results from either changesiabatit wall temperature or heat
transfer cofficient, or a combination of both. Thé&ect of reducing tip clearance on heat trans-
fer codficient can be seen in figure 11. For the small gap case the heatdr cofficient at the
reattachment point is about 20 % higher as compared to the tpap case. This is consistent
with the reduction in Mach number in the region of the bubklttachment which occurs in the
small gap case since, as previous work shows, a reductiomahMumber tends to increase the
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Figure 12: Comparison of experimentally measured heat #ymbols) with the CFD predictions. CFD data were
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Figure 14: Predicted relative total temperature and stiimarpattern near to the tip with a slip-wall casing.
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Figure 15: Predicted tip surface heat flux, heat transfeffic@nt and adiabatic wall temperature with a slip-wall cgsin
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Figure 16: Predicted change in the area-averaged heat #ax tfansfer cdécient and driving temperatureftérence
over the tip surface with and without a slip-wall casing.

turbulence production which occurs in the reattachmentif@wever, away from the reattach-
ment regions, the heat transfer @odent tends to be lower for the small gap case (by around
30 % on average), particularly in region C, where the heasfa codicient drops by as much
as 50 %.

The dfect of reducing tip clearance on the driving temperatufiedince can also be seen
sin figure 11. There is a global increase in adiabatic wallpemature as the tip gap is reduced,
and this results in an area-averaged change in driving teanpe diference of around 6 %.
Region D is most fiected by the change in clearance, and at this point the |lodahg tem-
perature dierence rises by about 50 %. The changes in adiabatic walleetyse are either
due to changes in Mach number (which therefore change tloweectemperature) or are due
to changes in the relative total temperature. The areaageerisentropic Mach number reduces
from 0.728 at a gap of 5 % span to (21 at a gap of 0 % span, which is a change of less
than 1 % and is not gficient to account for the global increase in adiabatic watigerature
over the tip surface at the reduced clearance. The reseligied an increase in mass-averaged
relative total temperature at the inlet to the rotor of aihQ/25 %, which accounts for a change
in driving temperature dierence of around.3 %; this change in relative total temperature is a
consequence of the reduction in NGV loading which occurfiagip clearance is reduced (see
figure 8). The remaining increase in driving temperatufBedénce arises due to the influence
of casing shear, as indicated in figure 13. This figure shoesdlative total temperature in the
tip region as well as the streamlines over the tip; the flow tleacasing is a region of elevated
relative total temperature which is driven into the tip gapthe frame of reference of the rotor,
the casing boundary layer is subjected to shear work dueetoetlative motion of the casing,
and this raises the relative total temperature of the flow tieacasing. This fluid then migrates
into the tip under the influence of the cross passage pregsadént and the wall shear. At the
smaller clearance, the high temperature casing boundgey srongly influences the adiabatic
wall temperature in region D, thus leading to the locallyated driving temperature in this re-
gion. Further aft of region D, the leakage jet exits the gath \&i higher momentum (because
of the increased pressure ratio across the tip), and thieptgingestion of the casing boundary
layer into the tip.

The increased proximity to the tip surface of the casing flowha reduced clearance is
a significant cause of the increase in driving temperatuferénce for the small gap case, and
therefore also a significant cause of the increased tip badtvhen the tip gap was reduced. This
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was confirmed by performing calculations with a slip-walhddion on the casing, so as to switch
off the casing shear. The relative total temperature in thetjjon for these calculations is shown
in figure 14; this figure clearly shows that the high tempemtasing flow is eliminated when
the casing shear is removed. The corresponding tip surfeaeflux, heat transfer céiicient,
and adiabatic wall temperature are shown in figure 15. Coimgpéigure 15 with figure 11 shows
that casing shear has a profourtteet on the blade tip heat transfer, in particular in the negio
near the leading edge. The removal of casing shear changsmatially the distribution of both
the heat transfer cdigcient and the adiabatic wall temperature; the change togheftux is due
to changes in both of these quantities. The adiabatic walb&xature is changed because of the
removal of the high temperature fluid near the casing, anti¢la¢ transfer caicient is altered
largely due to the change in flow pattern over the tip, nealghding edge, as shown by the
streamline pattern in figures 13 and 14.

The dfect of reducing the tip clearance is changed substantiglthdremoval of the casing
shear in terms of both the distribution of heat load and tlegaye heat load. The area-averaged
changes in heat flux, heat transfer fimgéent and driving temperatureftérence between the
large gap and small gap are shown in figure 16 for the casesawdltwithout casing shear. For
the case with casing shear (no-slip casing) the data iretichat the rise in total heat load at the
reduced tip clearance is largely due to the change in adéaball temperature, and that there is
a small drop in the area-averaged heat transfefficant of just over 1 %. In contrast to this,
the case with no casing shear (slip-wall casing) shows a 5@p ilr heat load at the smaller
clearance, which is primarily due to a reduction in heatdfancodficient of about 6 %. Thus,
the efect of casing shear reverses the sensitivity of the heat@jo clearance. The imposition
of casing shear reduces the change in heat transféiicient between the large gap and small
gap cases, and also introduces the additiofiateof shear work which raises the relative total
temperature of the over-tip flow when the tip clearance isiced.

Finally, it is important to consider to what extent the infige of casing shear mayftir
between high speed and low speed experiments. An energydedlathe frame of reference of
the blade tip shows that the proportional change in drivemggerature dierence due to casing
shear is proportional to the casing skin friction fiéent and the square of the casing Mach
number. This can be deduced with reference to figure 17 intwdajolane parallel to the tip gap
flow is illustrated. Assuming adiabatic walls, the changenergy of fluid flowing through the
tip gap (say between the inlet, A, and exit, B) can be equatéuet shear work done on the fluid
by the casing. For unit distance normal to the plane we thea:ha

m-cp - A(Tozre = Tw) = 7w-X-1-U

C (2)
:?fp(U+V)2-X-1-U

wherem is the mass flow rate through the tip gap,is the specific heat capacity at constant
pressurer,, is the wall shear stress,is the distance between the inlet, A, and exit(B,is the
casing skin friction coicient, andJ andV are respectively the casing and over-tip flow speeds.
The mass flow ratan, on the left hand side of equation 2 can be rewritten as a ptazfithe
density and velocity of the fluid flow, the dimensions of theedap, and a discharge dheient.

By rearranging and cancelling terms we then see that

U X
Vg

A(Tozrs —Tw) _ Ct ((U + V)Z)[1 1 @)

_—
(Toz,rel - TW) 2 T02,re| - TTW
o2rel
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Figure 17:Two-dimensional tip analysis. In the frame of referencehefilade tip the fluid in the tip gap has a velocity
V, and the casing has a velocityJ .

whereg is the height of the tip gap. The second term on the right haael is dfectively a
Mach number scaling; higher Mach numbers will lead to prépoally larger changes in driving
temperature dierence.

5. Conclusions

In this paper the fects of tip clearance on blade tip heat load were investigateerimen-
tally and computationally. Experiments were performechimita transonic turbine, matching
engine-scale non-dimensional conditions. CFD calcutativere also performed and the results
compared favourably with the experimental data; both setkata showed a tendency for heat
load to rise as clearance was reduced frattd 10 % span. A major cause of this was an
increase in driving temperaturefiirence observed at smaller clearances resulting fromgasin
shear which locally raised the relative total temperattithe flow near the casing. At smaller
clearances, the proximity of this high temperature fluidh® blade tip significantly increased
the overall tip heat load. Simulations were performed wakicg shear removed (by using a
slip-wall on the casing) which confirmed thifect, and also showed that the influence of casing
shear greatly modified both the distribution of heat flux abertip, and also the sensitivity of
the tip heat load to tip clearance. Without casing sheayaiad clearance led to a decrease in
heat load, largely due to a drop in heat transfeffitcient. With casing shear, théfects of heat
transfer coéficient on tip heat load were greatly reduced, and the domatgett on the total heat
load was the influence of adiabatic wall temperature. Thalteesuggest that studies of blade tip
heat transfer which do not account for casing shear (i.éhouita moving endwall) may not be
reliably used to determine the sensitivity of heat loadpicctearance at engine conditions.
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