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Abstract

With inlet gas temperatures of high-pressure turbine stages of engines reaching almost 2000 K, shroudless turbine blade tips have
become a performance and life critical component. As temperature distortions have a direct impact on rotor blades heat transfer, there
is a need to gain experimental insights with highly engine representative conditions. This paper presents heat transfer measurements,
scaleable to engine conditions, from a rotating transonic turbine test facility using a novel infrared measurement technique [1]. Exper-
iments were conducted in the Oxford Turbine Research Facility (OTRF), a rotating facility capable of matching engine Mach and
Reynolds numbers, non-dimensional speed and gas-to-wall temperature ratio. The work investigates the effect of a temperature profile
typical of a rich burn combustor in a modern civil engine on the heat transfer in the high-pressure turbine rotor. Two inlet conditions
are investigated: (1) uniform temperature and pressure distribution, and (2) radial temperature and uniform pressure distribution. The
single stage high-pressure turbine includes cooled nozzle guide vanes and uncooled rotor blades with a squealer tip geometry. High-
resolution two-dimensional transient measurements of surface temperature are conducted using infrared thermography, processed to
heat flux and used to determine adiabatic wall temperature and Nusselt number for the blade tip and pressure side, a result not achieved
before. Comparison to thin-film gauge heat transfer measurements on the blade pressure surface highlight the capabilities of the infrared
thermography system. A computational simulation conducted using the Rolls-Royce code HYDRA is used to demonstrate the confi-

dence in the novel experimental measurements.
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1 Introduction

It is well understood that increasing the turbine entry tem-
perature increases thermodynamic efficiency, and conse-
quently a reduction in specific fuel consumption. Since 1950,
the turbine entry temperature has risen from approximately
1000 K to almost 2000 K in current in-service engines [2].
Thus, the high-pressure (HP) turbine stage operates under
heat loads that could compromise the integrity of the compo-
nents, possibly leading to burnout [3]. The heat loads on the
most critical part, the HP blade tip, is further exacerbated by
the presence of a clearance gap (tip clearance) between the
rotating blade and static casing. The tip clearance, typically
less than 1% of the blade span for large engines increasing
to 1.5% for smaller engines [4], is necessary to avoid the
blade rubbing and to allow for blade growth caused by cen-
trifugal forces and temperature expansion. However, this gap
allows fluid to leak over the blade tip from the pressure to
the suction side, driven by the strong pressure gradient across
the tip. This flow, commonly referred to as tip leakage, is the
primary cause of high thermal loading on the blade tip [4] [5]
[6], as well as contributing to turbine aerodynamic losses [7],
[8], [9]. To further complicate things, the blade tip can be
eroded as the engine accumulates flight hours, leading to an
increased effective tip gap and to a higher leakage mass flow
rate compared to a sharp-edge tip at the beginning of the en-
gine’s operational life [10].

One typical strategy to reduce leakage flow, is the use of
squealer tip geometries, including a thin rim that runs around
both pressure and suction sides, that increases the flow
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resistance for a given pressure difference across the tip.

The nature of the leakage flow in a squealer tip geometry,
depicted in Figure 1, is strongly three dimensional with mul-
tiple interacting vortices. First, a separation vortex is gener-
ated as the incoming flow separates from the inner edge of
the pressure-side rim. This vortex follows the pressure sur-
face sidewall and exits near the blade trailing edge. Depend-
ing on the size of the cavity, a reattachment region may form.
A separation vortex also originates from the stagnation re-
gion and extends over the blade suction surface. Other vorti-
ces are generated as the flow exits the suction side rim which
travels down the blade suction surface potentially interacting
with the blade secondary flow vortices.
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Figure 1 — Leakage flow over an unshrouded squealer tip
blade, including: (a) typical flow patterns from [11], and
(b) conceptual representation from [11].

Several authors have demonstrated that grooved tip designs
are beneficial in reducing heat transfer due to leakage flow
compared to a flat tip geometry. Metzger et al. [4] and Chyu
et al. [12] were among the first to study the heat transfer in a
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rectangular cavity as a stationary model of a grooved turbine
blade tip. Both studies showed reduced heat transfer at the
upstream end of the cavity compared to a flat tip. In contrast,
higher heat transfer coefficients were observed at the down-
stream end due to flow reattachment inside the cavity. Addi-
tionally, as the groove depth increased, the heat transfer on
the cavity floor decreased, due to the formation of a whole
recirculation vortex which prevented the reattachment re-
gion. Heyes et al. [13] studied the impact of suction side
squealer and pressure side squealer on leakage flow against
a flat tip, showing the beneficial effect of squealer, particu-
larly the suction side. Azad et al. [14] [15] identified differ-
ent heat transfer region on the cavity surface of a squealer tip
blade compared to a flat tip blade, under varying tip gaps.
Despite a higher heat transfer on the rim surface and local-
ised regions of heat transfer enhancement, the authors over-
all concluded that the squealer tip exhibited a lower heat-
transfer coefficient when compared to the flat tip case. Kwak
et al. [16] drew similar conclusions.

The bulk of experimental studies on tip leakage flow have
been conducted in low speed wind tunnel and linear cas-
cades, primarily due to the challenges of instrumenting rotor
blades in engine-representative facilities. Only a limited
number of studies on tip heat transfer have accurately simu-
lated the engine environment, including high-speed rotation.
Didier et al. [17] at the von Karman Institute investigated the
heat transfer of a flat tip blade in a compression tube test rig
with a full-scale rotating turbine stage. The facility simulated
Reynolds and Mach numbers, as well as gas/wall and
gas/coolant temperature ratios of modern aero engine HP tur-
bines. Dunn and Haldeman [18] at the Ohio State University
examined the heat transfer of a squealer tip blade in a shock-
tunnel, housing a full-scale rotating turbine with transonic
vane exit conditions. Their setup operated at design flow
function, total to static pressure ratio, corrected speed, and
wall to total temperature ratio. Both studies adopted Nusselt
number distributions referenced to a gas temperature rather
than adiabatic wall temperature, not allowing direct non-di-
mensional scaling to engine conditions. Didier et al. [17]
used 24 thin-film gauges around the pressure and suction
sides at the hub and at 15, 50, and 85% span, along with just
five gauges on the tip. Dunn and Haldeman [18] instru-
mented the pressure side, suction side, and platform with suf-
ficient gauge density to reconstruct a spatial Nusselt distri-
bution. However, tip instrumentation was limited, with only
three gauges on the tip cavity, three on the pressure side rim,
and two on the suction side rim. Thorpe et al. [19] at the Uni-
versity of Oxford studied heat transfer on a flat tip in a tran-
sonic turbine stage test facility, improving spatial resolution
by using 17 thin-film gauges on the tip and presented the un-
steady heat transfer rate derived from those measurements.
All of these studies relied on point-based instrumentation.
The first study to produce fully resolved spatial data in a tran-
sonic rotating facility was conducted by Christensen et al.
[20] at Ohio State University. The authors used IR thermog-
raphy to study the heat transfer of a cooled squealer tip blade
and presented data in terms of Stanton number. Measure-
ments covered only a small section of the blade tip at mid
chord, and again referenced Stanton number to a gas temper-
ature rather than adiabatic wall temperature.

To fully understand the heat transfer on the blade tip in real
engine environment, temperature distortions at the inlet to

the HP turbine must also be simulated. The flow exiting the
combustor of a modern engine is characterized by large spa-
tial and temporal temperature distortions [21]. Tip burnout
mechanism is typically worse at the rear half of the rotor tip
particularly towards the pressure side. This could be ex-
plained by considering the presence of temperature distor-
tion, so called “hot streaks” from the combustor, generally
the result of the presence of distinct burners, with a signifi-
cant radial temperature distribution caused as dilution jet
cooling is employed to protect the combustor walls from ex-
treme temperatures. However, very few turbine facilities
have the capability to simulate temperature distortions.

In 2009, Povey and Qureshi [22] discussed the various defi-
nitions used to quantify temperature distortions in literature
and compared six experimental turbine facilities capable of
generating radial and circumferential temperature profiles.
The first measurements of blade surface temperature with in-
let temperature distortion were reported by Shang et al. [23]
using thin film double-sided heat transfer gauges mounted
around the blade pressure and suction sides. The authors also
conducted a simulation for the experiments (Shang and Ep-
stein [24]) to analyse the impact of hot streaks on the blade
heat load. The authors confirmed Butler et al.’s [25] findings,
observing that a radial distortion in temperature distribution
strongly affected the blade heat transfer, particularly for tip
and hub. Affected by buoyancy forces and enhanced rotor
secondary flows, migration of hot gas towards the tip and the
hub regions can significantly increase heat transfer.
Extensive research on turbine stage heat transfer with inlet
temperature distortion has been conducted at the Oxford Tur-
bine Research Facility. Chana and Jones [26] reported meas-
urement of heat transfer on casing and tip of an unshrouded
turbine stage with and without temperature distortion at tur-
bine inlet. Rotor casing Nusselt number was spatially re-
solved from surface temperature measurements using thin
film heat-flux gauges, while just three gauges were mounted
on the tip providing localised measurement of Nusselt num-
ber (referenced to gas temperature). A reduction of casing
heat load was reported with inlet temperature distortion.
Beard et al. [27] measured a turbine efficiency deficit of
-0.28% with the introduction of a more pronounced radial
and circumferential temperature profile, driven by increased
losses in the rotor passage. Qureshi et al. [28] investigated
the effect of the updated inlet distortion on rotor heat trans-
fer. CFD simulations confirmed that heat flux changes were
driven by changes in adiabatic wall temperature rather than
heat transfer coefficient.

It can be concluded that temperature uniformities at the inlet
to the high-pressure turbine, typical of real engine opera-
tions, strongly affect both the aerodynamics and heat transfer
to the rotor blades. Several studies have investigated the
physics of hot-streak migration. However, most heat transfer
experimental data gathered at engine-representative condi-
tions focus on the casing heat transfer, whilst rotor blade heat
transfer has been spatially resolved only in cascade facilities.
The aim of this paper was to investigate the effect of a rich
combustor exit temperature profile on the heat transfer of an
unshrouded high-pressure turbine blade with a squealer tip
geometry at engine representative conditions in a rotating
transonic facility. This paper presents the first experimental
spatially resolved evaluation of adiabatic wall temperature
on a rotor blade in such a facility, used to define a Nusselt



number that can be scaled to engine conditions. The capabil-
ity of such measurements are compared with traditional
point-based thin film measurements. Finally, validated com-
putational results are presented to give confidence to the
measurements. To the best of the authors’ knowledge, such
measurements, acquired with an infrared (IR) camera, have
not been reported before.

2 Experimental Setup

Experiments were conducted in the Oxford Turbine Re-
search Facility (OTRF), a transient rotating facility designed
for engine representative investigations. A review of recent
work conducted in the OTRF can be found in [29]. A sche-
matic of the facility is shown in Figure 2. Prior to a run, the
plug valve is closed, the test section is evacuated to approx-
imately 10 mbar, and the turbine rotor is spun to the design
speed. Simultaneously, the main test gas undergoes isen-
tropic compression within the piston tube, as high-pressure
air is injected into the pump tube behind the piston. When
the desired pressure and temperature are reached, the fast-
acting plug valve is opened, allowing the mainstream to flow
into the test section. Cooling flows, all at ambient tempera-
ture, are initiated prior to the mainstream and metered by in-
dependent sonic venturi nozzles. In this study, the SILOET
single stage high-pressure turbine was installed in the facility
[30], consisting of 40 cooled nozzle guide vanes and 60 un-
cooled transonic rotor blades — see Figure 3. The vane in-
cludes ten rows of film cooling and trailing edge slot ejec-
tion. The rotor blade includes a squealer tip geometry.

Sonic nozzles

Working section
Turbobrake

=

Combustor simulator

_—

T B

\

Exhaust

Hot air
tank

e

]

Piston \— Second throat

Figure 2 — Schematic of the OTRF [31].
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Figure 3 — SILOET turbine
2.1 Radial Temperature Distribution Generator

The Oxford Turbine Research Facility is equipped with a
combustor simulator, which enables simulation of time-av-
erage velocity and temperature profiles typical of both rich
and lean-burn combustors [32].

A sectional view of the combustor simulator configuration
used in the present investigation is shown Figure 4. The setup
enabled simulation of the temperature profile downstream of
a rich burn combustor in a modern civil engine, which shows
a large radial temperature variation with little swirl. In

Coolant
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Figure 4 — Sectional view of combustor simulator showing
coolant and hot mainstream mixing.

this configuration, a swirler plate used to generate vortices
typically of lean-burn systems, is replaced by a turbulence
generation grid of radial rods.

The desired temperature field at NGV inlet is achieved by
injecting ambient temperature air from hub and casing annu-
lar slots upstream of the NGV inlet contraction, allowing the
flow to mix with the hot mainstream flow. Extensive meas-
urements to characterise the Radial Temperature Distortion
Factor (RTDF) used in this study are reported by Singh et al.
[33]. The measured temperature field is shown in Figure 5
in terms of non-dimensional total temperature effectiveness,
defined as Tyerr = (Tor — Toe)/(Ton — Toc). The two-di-
mensional map of the temperature profile shown in
Figure 5(a) was measured at 264 locations on a plane located
1% NGV axial chords upstream of the NGV leading edge
using thermocouple rakes spread across two NGV pitches
and covering approximately 4% to 98% of the radial span.
As desired, the measured profile shows a predominantly ra-
dial variation, with the target and measured circumferentially
averaged RTDF profiles, shown in Figure 5(b), matching
both in magnitude and form.
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Figure 5 — RTDF stage inlet total temperature: (a) Meas-
ured area-survey (thermocouple locations shown as circles);
(b) Radial profile compared to target, both from [33].

The experiments presented in this study were conducted with
two inlet conditions: uniform temperature T,, and pressure
poy distribution, and RTDF (with no swirl) and uniform pres-
sure poq distribution. With uniform inlet conditions, the
combustor simulator has a passive role, with no RTDF cool-
ant being injected, and the hot mainstream gas flowing into
the turbine stage unperturbed.

It is important to note, that although the temperature profile
at NGV inlet includes little circumferential variation, NGV
film cooling and trailing edge slot coolant ejection results in
a significantly larger circumferential variation of total tem-
perature at NGV exit with RTDF compared to uniform inlet
conditions, as shown by the CFD results from the case de-
scribed by Singh et al. [34] in Figure 6.
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Figure 6 — Time-averaged NGV exit total temperature con-
tours with (a) uniform inlet, and (b) RTDF from unsteady
CFD described by Singh et al. [34].

Typical time traces of inlet total pressure and temperature,
rotor exit static pressure, total-to-static pressure ratio and
shaft speed for a OTRF test with the RTDF inlet condition
are shown in Figure 7. Vacuum and ambient temperature
conditions are observed at the beginning of each test. The
vane and RTDF cooling flows are injected prior to the open-
ing of the plug valve, seen in the pressure and temperature
traces by ariseatt = 1.1 sand t = 1.7 s for the RTDF and
NGV cooling respectively. The rise in total temperature is a
result of isentropic compression. The plug valve opens at
t = 2.43 s, and the inlet total pressure and temperature in-
crease, reaching quasi-steady conditions at t = 2.60 s. The
test run ends when the piston reaches the end of the piston
tube att=2.9s. As aresult, the run window is approximately
300 ms. Throughout the run, the inlet total temperature mir-
rors the inlet total pressure almost isentropically.

The total-to-static stage pressure ratio is stable and equal to
nominal value of 2.63 during the run. Similarly, the turbine
rotor speed is approximately flat during the run, with a value
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Figure 7 — Typical traces of stage pressures and tempera-
tures for a OTRF test run with RTDF inlet conditions.

close to the design intent of 8500 rpm. The behaviour of a
test with uniform inlet conditions is identical, omitting the
influence of the RTDF coolant flow.

The NGV inlet total pressure is used to calculate the portion
of the run which is aerodynamically stable. The same ap-
proach is used to find the temperature stable region in the
run, in this case the temperature signal of the hot stream is
used. In Figure 7, the pressure and temperature stable regions
are individuated by dashed and solid vertical lines, respec-
tively, and the start and finish of the run is defined as the
smallest interval of the combination of both the pressure and
temperature stable regions.

2.2 Infrared thermography and thin-film gauges
instrumentation

For the first time, this paper presents complete surface maps
of blade wall temperature, adiabatic wall temperature and
Nusselt number measured in a transonic rotating turbine test
facility such as the OTRF using infrared (IR) thermography.
A detailed description of the measurement methodology is
described by Sisti et al. [1], [35], [36] with further infor-
mation specific to this study given here.

AFLIR A6751 SLS LWIR infrared camera was used to cap-
ture thermal images of the blade tip and pressure surfaces.
The IR camera was synchronised to the blade rotation, cap-
turing one image per revolution, and controlled using an NI
SRIO FPGA digital inputs/outputs system. The block dia-
gram and typical signals used for camera synchronisation
and control are shown in Figure 8.
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Figure 8 — Camera synchronisation and triggering system.
(a) block diagram; (b) rig pressure and camera recording
signals; (c) rotor speed, blade passing, camera sync signals.

The voltage signal from a pressure transducer measuring tur-
bine inlet total pressure was used to create a digital pulse to
trigger camera recording. These two signals are depicted in
Figure 8(b). The camera record pulse, illustrated in red, was
generated when the pressure transducer signal, illustrated in
black, surpassed 4 V. The pre-trigger, necessary to record the
entire time history of the experiment, was controlled through
the camera software. The signals employed in the camera
synchronisation are shown in Figure 8(c). The rotor speed in
a typical run is depicted in blue, the maximum frequency is
approximately 142 Hz, with an amplitude of 0 —5V. The



blade passing signal is depicted in red, the maximum fre-
quency is approximately 8.5 kHz, with an amplitude of
0 — 2.5 V. The rotor speed and blade passing signals are used
to count the blades, and the synchronisation pulse is gener-
ated when the desired blade number is reached.

A photograph of the rotor configuration used in this study,
as well as the schematic of the IR camera setup and typical
field-of-view (FOV) for blade tip measurements are shown
in Figure 9. The camera was mounted on a rail with a rotary
mechanism, enabling the required inclination to focus on the
blade pressure side. Optical access was achieved through a
zinc selenide window, assembled in the overtip region. The
blades allocated to IR measurements were coated with a
semi-crystalline thermoplastic (polyether ether ketone —
PEEK) to create a large surface temperature rise during the
stable portion of the run, thus enabling regression to adia-
batic wall temperature. With a thickness ranging between 2
and 3 mm, the substrate could be considered semi-infinite in
the test time, according to the x = v/at rule [37]. Given its
thermal diffusivity of 0.158 mms™? and a test time of 0.5s, a
minimum depth of 0.28 mm was required.
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Figure 9 — OTRF rotor assembly including photograph of
rotor, setup schematic and photograph of typical FOV for
rotor tip IR thermography measurements.

The coated blades were sprayed with paints characterized by
two opposite emissivity values: a black matt high emissivity
paint, and aluminium low emissivity paint. This was required
to allow the corrections of the reflected temperature in the
infrared data.

Two of the blades in the rotor assembly were instrumented
with single sided platinum thin-film heat transfer gauges.
Gauges were installed at 80% span on blade suction and
pressure surfaces. The gauges manufacturing procedure fol-
lowed the technique presented by Collins et al. [38]. The in-
strumented blades underwent multiple cycles of annealing to
enhance film’s adhesion and to mitigate drift in the resistance
of the platinum thin-film. The temperature coefficients of re-
sistance were calibrated in a water bath. A slip-ring was used
to transmit the signal from the thin-film gauges on the rotor
to an in-shaft data acquisition system. Analogue signal con-
dition is applied to the data prior to in-shaft storage, includ-
ing high-frequency boost as described by Anthony et al. [39].
The in-shaft system also supplied the gauge current and al-
lows data acquisition for approximately 4s at 1 MHz sample
rate.

3 Experimental Results

The infrared data was processed to determine target temper-
ature following the methodology presented by Sisti et al. [1]
[40] [35]. Correction for emissivity of the target, surround-
ings reflectance, and transmittance of the optical path were
applied following the block diagram shown in Figure 10.
Two runs were used, with the camera focusing on a high
emissivity blade in one run and a low emissivity blade in the
other. After calculating the blackbody equivalent tempera-
tures Tygmq and Teqmz, the two datasets were used alongside
the calibrated emissivity values, the optical window cali-
brated transmittance, 7, and temperature, T,,,, to calculate
the corrected target temperature T;.
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Figure 10 — Workflow to process IR data from raw digital
counts to corrected target temperature.

Typical results and correction of blade tip temperature cap-
tured during a run in the OTRF are shown in Figure 11. The
time histories are reported for a pixel on blade tip as marked
with a star. The difference between the blackbody equivalent
temperature of the high emissivity blade, T,,,1, and target
temperature, T;, provides the combined correction magni-
tude as a function of time. The correction increases from al-
most zero at near ambient conditions to approximately +5 K
or +1.23 %, at the end of the main test period when
Team1~400 K.
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Figure 11 — Typical traces of temperature captured with IR
camera in the OTRF and relative corrections.

A typical measurement of blade tip surface temperature for
a single frame (392) with uniform turbine inlet conditions is
shown in Figure 12(a). Data was acquired with a camera in-
tegration time of 5 ps. The tip features are clearly distin-
guishable with minimal blur and target velocity of almost
300 ms. Corresponding data for RTDF inlet conditions are
shown in Figure 13(a), with a similar temperature



distribution and general flow features are observed though
with some differences in level that are considered later. For
both inlet conditions, higher surface temperature along the
pressure side rim, followed by a sharp decrease upon enter-
ing the tip cavity, is evidence that the flow separates on entry
to the squealer cavity and a recirculation zone forms behind
the pressure side rim. In the upstream zone of the squealer
cavity, closer to the blade leading edge, the flow reattaches
leading to high temperature and high heat transfer. Moving
towards the trailing edge, the cavity narrows reducing the
area of flow reattaching, until at the trailing edge the width
of the cavity is so narrow that the flow does not reattach.

The impulse response method [41] was employed to process
the measurement of temperature to heat flux ¢(t), under the
assumption of semi-infinite substrate. Evaluation of heat flux
allowed the regression to adiabatic wall temperature T,,,.

Processed data of adiabatic wall temperature over the blade
tip for uniform and RTDF inlet conditions are shown in Fig-
ure 12(b) and Figure 13(b) respectively, providing interest-
ing insight. Towards the leading edge and within the cavity
gutter a decrease in adiabatic wall temperature is observed
for RTDF inlet condition. Similar behaviour was seen by
Quireshi et al. [28] on the rotor casing, driven by changes in
local gas temperature — see spanwise analysis in Figure
14(b). In contrast, the adiabatic wall temperature is seen to
increase along the pressure side rim. This is likely driven by
hot gas migration on the blade pressure surface transporting
hot gas — with a temperature hotter than the inlet mean — from
nearer mid-span into the tip leakage flow. This behaviour can
have a significant impact on blade life. Once this flow sepa-
rates on entry into the cavity it mixes with colder gas within
the recirculation zone. Finally, the data is presented as
Nusselt number based on a reference length as defined in the

T; frame 392, run 6076 - uniform inlet

—~

Taw run 6076 - uniform inlet

following equation:

_4® cerue

k(Taw - Tt (t))

where ¢, IS the blade true chord used as reference length,
k is the air thermal conductivity, T,,, is the adiabatic wall
temperature, and T, is the surface temperature measured by
the IR camera. To the best of the authors' knowledge, this is
the first instance of fully spatially resolved Nusselt number
measurements on a high-pressure turbine blade tip con-
ducted in an engine-representative rotating facility.
Comparing the determined Nusselt number over the tip for
the two inlet conditions, depicted in Figure 12(c) and
Figure 13(c) respectively, allows comparison of convective
heat transfer coefficients. For both inlet conditions, distribu-
tions are similar with highest heat transfer coefficients in the
reattachment zone. This agrees within past evidence that the
effects of temperature distortion are driven by changes in lo-
cal driving temperature rather than heat transfer coefficient.
However, in this case a significant reduction in Nusselt num-
ber is seen at the leading-edge region of the tip, followed by
asharp increase. This may result from significant off-loading
at the blade leading edge at the tip within the introduction of
the radial temperature. Munk and Prim [42] suggested that
temperature distortion does not affect the aerodynamic flow
field in a static vane, later experimentally demonstrated by
Butler et al. [25]. However, variation in local gas tempera-
ture at vane exit results in changes in local acoustic velocity,
which along with a consistent absolute flow angle at vane
exit results in relative flow angle changes at rotor inlet with
the introduction of RTDF. Based on this behaviour, the in-
fluence of RTDF introduction on the rotor inlet relative flow

NuTaW =

Nu mean over run, run 6076 - uniform inlet
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Figure 12 — Results on the rotor blade tip for uniform inlet condition: (a) single frame surface temperature,
(b) adiabatic wall temperature, and (c) Nusselt number. Camera iteration time — 5 ps.
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Figure 13 — Results on the rotor blade tip for RTDF inlet condition (a) single frame surface temperature,
(b) adiabatic wall temperature, and (c) Nusselt number. Camera iteration time — 5 ps.
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Figure 14 — Predicted spanwise changes in rotor inlet rela-
tive flow angle and total temperature.

angle and total temperature are analysed in Figure 14. To-
wards the blade tip, much reduced local gas temperature re-
duces the vane exit acoustic velocity, and consequently the
absolute flow velocity given constant Mach number, result-
ing in changes to rotor incidence of approximately -10° and
-30° at 95% and 100% radial span respectively. This causes
the rotor stagnation line to move towards the suction side and
the high Nusselt number region in Figure 13(c).

Figure 15 and Figure 16 illustrate the results of the heat trans-
fer experiments over the blade pressure surface at uniform
and RTDF inlet conditions, respectively. Data at uniform in-
let condition was acquired with a camera integration time of
5 us, while data at RTDF conditions is shown at 1 us due to
a corruption of the 5 s dataset. Data at 1 yus was also
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collected to assess effect of iteration time (discussed in [40]).
The shorter integration time results in sharper edges but in-
troduces more noise and higher errors. Ignoring uncertainties
from blur, errors at 5 ps were quantified as 1%, while at 1
s, errors were 1.5% for temperatures of 400 K. With RTDF
inlet, noticeable increases in surface temperature for a par-
ticular time instant are observed, that are also seen in the de-
rived results of adiabatic wall temperature. This agrees with
the measurements of Butler et al. [25] and Qureshi et al. [28]
and can be explained by the hot gas segregation effect. Hot
gas on the pressure surface migrates over the pressure sur-
face, into the tip leakage flow, supporting the proposed
mechanism for the increased adiabatic wall temperature
measured on the pressure side squealer tip rim with RTDF
inlet. The Nusselt number distributions in Figure 15(c) and
Figure 16(c) are comparable, confirming first order changes
in adiabatic wall temperature are driven by changes in driv-
ing gas temperature rather than heat transfer coefficient.

To demonstrate a major advantage of the IR measurement
technique, heat transfer results acquired using traditionally-
used thin film gauges with uniform inlet conditions at 80%
radial span on the blade pressure surface are presented in
Figure 18 for comparison with results using IR thermogra-
phy at the same location shown in Figure 17. Using platinum
thin film gauges sputtered on 50 um Kapton, the thermal
pulse quickly reaches the aluminium blade substrate result-
ing in a temperature trace that remains approximately flat
during the stable portion of the run. This behaviour, com-
monly encountered with thin-film gauges measurements on
rotor blade in transient turbine test facilities, arises from the
inability of the gauge substrate to manifest adequate insula-
tion and precludes the use of the regression technique to cal-
culate the adiabatic wall temperature.
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Figure 15 — Results on the rotor blade pressure surface for uniform inlet condition: (a) single frame surface temperature,
(b) adiabatic wall temperature, and (c) Nusselt number. Camera iteration time — 5 ps.
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Figure 16 — Results on the rotor blade pressure surface for RTDF condition: (a) single frame surface temperature,
(b) adiabatic wall temperature, and (c) Nusselt number. Camera iteration time — 1 ps.
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Figure 17 — Results for one pixel on the blade pressure side for uniform inlet conditions: (a) surface temperature history (b)
heat flux reconstructed from measured temperature; (c) adiabatic wall temperature extrapolation; (d) Nusselt number.
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Figure 18 — Results for uniform inlet condition from gauge 1 on the blade pressure side. Including (a) photograph of blade; (b)
measured temperature; (c) heat flux reconstructed from measured temperature; (d) Nusselt number obtained with relative tem-
perature and blade chord at 80% span.

A common practice (for example Qureshi et al. [28]) is to
process heat flux to Nusselt number assuming the relative
total temperature to equal the local driving temperature for
heat transfer:

CI(t) Ctrue
k(TOZ,rel - Tw(t))
where T, (t) is the wall temperature from the thin-film
gauges, ¢(t) is heat flux deduced from T, (t), and Ty, ,; iS
calculated based on the design angles and velocity triangles
at the specific span. The thermal conductivity of air, k, is
evaluated at Ty, ,.; . Both representations of Nusselt number
are approximately flat during the test window, with an aver-
age value of 1496 from the thin-film gauges and 1250 from
the IR thermography, agreeing to within +16%.
Consequently, thin-film gauge data on the blade surface in
the OTRF has always been limited to validation of CFD, ra-
ther than allowing processing to adiabatic wall temperature
and a Nusselt number that can be scaled to engine conditions.
The developed IR system overcomes this issue and enabled
measurement of adiabatic wall temperature on the rotor, a
ground-breaking accomplishment not previously achieved.

NuToz,rel -

4 Computational Validation

An available unsteady 3D CFD simulation developed using
the Rolls-Royce Hydra solver to explore the effect of effu-
sion cooling in the turbine rotor overtip region (not discussed
in this paper) was used in an attempt to give further confi-
dence to the novel experimental measurements.

4.1 HYDRA CFD Model

The CFD domain, shown in Figure 19, extended from the

rotor inlet to the rotor exit plane, encompassing two rotor
blades and the rotor overtip casing. Full resolution of the cas-
ing effusion holes required the introduction of sliding plane
interface within the rotor tip gap to capture the combined ef-
fect of the moving rotor and the stationary casing. The CFD
domain was therefore divided into two sub-domains: the
HPT rotor and the casing, respectively.

) SLIDING PLANE
casing

I blade I

Figure 19 — Schematic of the computational domain.

The CFD domains were meshed using BOXER, an unstruc-
tured meshing commercial software developed by Cam-
bridge Flow solutions Ltd. The meshing strategy was in-
formed through previous mesh accuracy and grid independ-
ence studies [43] [44].

The computational domain comprised a total of 47.5 million
cells, 32.5 million for the rotor blade domain and 15 million
for the casing domain. Figure 20(a) present a sectional cut of
the mesh showing the refined blade wake. To reduce the do-
main size, refinements were mostly focused on the key re-
gions for the effusion cooling studies, which included the
blade tip, the tip gap, and the overtip casing. This resulted in
a global near wall y+ below 4 as displayed in Figure 20(b).
Consequently, comparison to experiment was limited to the
blade tip where the near wall y+ was approximately unity.
The measured temperature traverse at HP NGV inlet was



implemented in the Rolls-Royce throughflow solver Q263
with mixing factors applied so that the rotor inlet temperature
radial profile could be matched to stage CFD prediction.
Subsequently the throughflow predicted temperature profile
was used in the rotor only unsteady CFD analysis. Radial
profiles of total pressure, temperature, flow angles, and tur-
bulence were used as boundary conditions at the rotor inlet,
whilst a profile of static pressure was used at the rotor exit.
The latter was also matched with the experimentally meas-
ured profile. The different types of boundary conditions used
in the simulation are summarised in Table 1.

The solutions of the CFD simulation were obtained using the
Rolls-Royce density-based in-house solver HYDRA, which
is based on preconditioned time marching of the Reynolds
Averaged Navier-Stokes (RANS) equations [45]. The gov-
erning flow equations are discretised in space using a sec-
ond-order edge-based finite volume scheme-based flux dif-
ferencing algorithm and integrated in time using a 5-stage
Runge—Kutta scheme. The k-o shear stress transport model
was employed for turbulence closure. Wall functions were
imposed on the solid boundaries and perfect gas behaviour
was assumed. The implicit dual time-stepping with a physi-
cal time step of 3.50 ps was used to perform unsteady non-
linear calculations. The unsteady CFD models were initial-
ised with steady state solutions and run with 150-time steps
per rotor passing event, until the time periodic solution was
obtained. Convergence was measured by monitoring local
flow quantities, e.g. static pressure at the tip gap region, on
the blade and the casing until a stable behaviour was reached
throughout every blade passing event.
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Figure 20 — (a) BOXER mesh around blade tip and wake
regions, (b) Contours of wall y+ for the blade surface.

Table 1: Boundary condition types used for CFD simulation.

Station Boundary Condition
Domain inlet Subsonic inflow

All walls Viscous walls
Blade/casing interface Sliding plane

Domain exit Non-reflecting subsonic outflow

4.2 Computational Results

Adiabatic wall temperature predictions on the rotor tip with
uniform inlet conditions obtained from HYDRA CFD simu-
lations are shown in Figure 21(a). The experimental result
are re-plotted in Figure 21(b) for ease of comparison. Like-
wise, simulation and experimental results of adiabatic wall
temperature on the blade tip with RTDF inlet are shown in
Figure 22. In general, an excellent agreement is found

between the flow features observed in the results with both
inlet conditions. Both CFD and experiment depict: (i) higher
adiabatic wall temperature along the pressure side rim, (ii) a
cooler suction side rim, (iii) enhanced pressure side rim tem-
perature with the introduction of RTDF, and (iv) reduced
temperature in the cavity and along suction rim with the in-
troduction of RTDF. Comparing levels, experiment data
show slightly higher values compared to CFD. For instance,
for the uniform inlet conditions case the experimental results
of adiabatic wall temperature range from 387 K to 479 K,
compared to the 372 K to 459 K predicted with CFD. This
discrepancy (~20 K) agrees with that observed between CFD
and thin film experimental data acquired on the stationary
casing wall above the rotor tip with effusion cooling of 15 K.
This data cannot be shown here due to UK Government Se-
curity Classification.
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Figure 21 — Adiabatic wall temperature on blade tip with
uniform inlet condition from: (a) HYDRA CFD,
(b) Experiment (IR thermography).
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Figure 22 — Adiabatic wall temperature on blade tip with
RTDF inlet condition from: (a) HYDRA CFD,
(b) Experiment (IR thermography).

5 Conclusions

The impact of temperature distortions on the heat transfer of
the high-pressure rotor blades have been investigated in the
Oxford Turbine Research Facility at engine matched condi-
tions. Experiments were conducted using a uniform and a ra-
dial temperature profile, focusing on a blade with squealer
tip. The radial temperature profile simulated conditions rep-
resentative of rich-burn combustor in real engine operation.
Infrared thermography was used to detail heat transfer meas-
urements. The significance of the experimental data lies in
having spatially resolved the heat transfer analysis on the ro-
tor blade tip, obtaining two-dimensional maps of adiabatic
wall temperature and Nusselt number, which had not been
achieved in a turbine rotating facility before.



The main experimental findings are as follows:

a) Flow features in the squealer tip
For both uniform and RTDF conditions, higher surface tem-
peratures were observed along the pressure side rim. A sharp
temperature drop at the cavity entrance confirmed flow sep-
aration and the formation of a recirculation vortex behind the
pressure side rim. Flow reattaches in the upstream squealer
cavity near the leading edge but the reattachment region is
reduced as the cavity narrows toward the trailing edge, where
the flow remains fully separated.

b) Blade tip adiabatic wall temperature
In presence of the temperature distortion, a decrease in adia-
batic wall temperature was observed towards the leading
edge and within the cavity, a behaviour driven by changes in
local gas temperature. In contrast, the adiabatic wall temper-
ature was seen to increase along the pressure side rim, driven
by hot gas migration on the blade pressure surface transport-
ing hot gas from nearer mid-span into the tip leakage flow.
This behaviour can have a significant impact on blade life.
Once this flow separates on entry into the cavity it mixes
with colder gas within the recirculation zone.

c) Blade tip Nusselt number
For both inlet conditions, heat transfer was highest in the re-
attachment zone, confirming that effects of temperature dis-
tortion are driven by local driving temperature rather than
heat transfer coefficient changes. A significant reduction in
Nusselt number was seen at the leading-edge region of the
tip, followed by a sharp increase. This can be explained by a
significant off-loading at the blade leading edge at the tip
within the introduction of the radial temperature. The influ-
ence of RTDF introduction on the rotor incidence resulted in
predicted changes of approximately -10° and -30° at 95%
and 100% radial span respectively.

d) Blade pressure surface
With RTDF inlet, noticeable increases in surface tempera-
ture for a particular time instant were observed, that are also
seen in the derived results of adiabatic wall temperature. This
can be explained by the hot gas segregation effect, support-
ing the proposed mechanism for the increased adiabatic wall
temperature measured on the pressure side squealer tip rim
with RTDF inlet. The Nusselt number distributions were
comparable, confirming that first order changes in adiabatic
wall temperature are driven by changes in driving gas tem-
perature rather than heat transfer coefficient.

e) Infrared measurements validation
The comparison between thin-film gauges and infrared ther-
mography measurements on the blade pressure surface
demonstrated the ability of the latter to obtain a Nusselt num-
ber that can be scaled to engine conditions, in contrast to the
one obtained with the former which has always been limited
to validation of CFD. A simulation run with HYDRA gave
further confidence in the measurements, as the distribution
of the blade tip adiabatic wall temperature numerically pre-
dicted was found in agreement with the experimental result.

Nomenclature

Abbreviations

HP High Pressure
NGV Nozzle Guide Vane
OTRF Oxford Turbine Research Facility
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RTDF Radial Temperature Distortion Factor
SILOET Strategic Investment in Low-Carbon
Technology
IR Infrared
FPGA Field Programmable Gate Arrays
PEEK PolyEtherEtherKetone
CFD Computational Fluid Dynamics
PS Pressure surface
SS Suction surface
Romans
T Temperature, K
p Pressure, Pa
N Rotational speed, rpm
x Penetration depth, m
t Time, s
c Chord, m
k Thermal conductivity, W m* K
q Heat flux, W m
Nu Nusselt number
Greek
a Material diffusivity, m? s
€ Emissivity
T Transmissivity
Subscripts
0 Stagnation conditions
1 NGV inlet
2 Rotor inlet
3 Rotor exit
eff Effectiveness
h Hot stream
0 Stagnation conditions
c RTDF cold flow
caml Camera blade 1
cam?2 Camera blade 2
t Target value
opt Optical path
r Reflected value
aw Adiabatic wall
w Wall value
rel Relative value
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