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ABSTRACT mean quantities and the overall performance of the two stages
The design of turbine frames with turning vanes, known for different conditions and to leave the analysis of the time-
as turning mid-turbine frames (TMTF), becomes of great im- resolved results for further investigation. Detailed investiga-
portance for high by-pass ratio engines with counter-rotating tions will start from the data presented in this paper; indeed,
turbines. To achieve a more efficient low-pressure turbine the the use of unsteady measurement techniques is time consum-
overall diffusion and radial offset should be increased. One ing and cannot be performed for such a large amount of flow
goal of the EU project DREAM is to analyse the flow through conditions, radial planes and HP vane - TMTF relative po-
a TMTF and a downstream arranged counter rotating LP ro- sitions. Three operating conditions for different clocking po-
tor. The investigation of these complex interrelationships has sitions have been considered. The variation of the operating
been performed in the unique two-spool continuously operat- conditions has been achieved by varying the HP shaft velocity
ing transonic test turbine facility at Graz University of Tech- and pressure ratio, with a consequence change of pressure ra-
nology. The test setup consists of an unshrouded HP stage,tio in the LP rotor. For this analysis the LP shaft velocity was
the TMTF and a shrouded LP rotor. The shafts of both tur- kept constant. The TMTF performance variations will be anal-
bines are mechanically independent, so the test rig allows a ysed in terms of total pressure loss coefficient and exit flow an-
realistic two shaft turbine operation. The TMTF flow field is gle; the mean interaction between the structures coming from
highly complex. It is a turbulent and unsteady flow dominated the HP stage and the struts will represent the interpretation key
by strong secondary flows and vortex-interactions. The up- to explain these variations. This work is part of the EU project
stream transonic high pressure turbine stage produces a com- DREAM (ValiDation of Radical Engine Architecture SysteMs,
plex inflow with high levels of turbulence, stationary and ro- contract No. ACP7-GA-2008-211861).
tating wakes and vortical structures. Therefore the applica-
tion of advanced measurement techniques is necessary. To de-
scribe the HP-TMTF interaction time-resolved pressure mea-
surements have applied within the project. The TMTF was in- INTRODUCTION
strumented with 10 fast response pressure transducers; static ~ Since the last decade the biggest aircraft engine companies
pressure tap recordings on the strut and on the TMTF end- are interested in reducing fuel consumption, and the political
walls have been also applied. Five hole probe, total pressure Pressure to reduce CO2 has increased considerably. An other
and total temperature rakes have been additionally acquired in important issue is represented by the noise generated in jet en-
the planes just in front of the struts and downstream to evalu- 9ines. Ultra-high-bypass-ratio commercial jet engines chara-
ate the performance of the TMTF. The results of these conven- cterized by large fan diameters and small high pressure ratio
tional techniques are presented in this work and they represent COres is a promising approach to face these problems [1]. These
the necessary starting point for the evaluation and the descrip- €Nngines require a LP turbine rotating at low velocity but with

tion of the flowfield. The idea is to start the study analysing the larger diameter to keep the same load. The connection between
the HP and the LP stages is realized by a transition duct (refer
to Fig. 2). In order to meet the requirement of low weight, it

*Currently affiliated with Dipartimento di Energia, Politecnico di Milano, is desirable to design transition ducts as short as possible, with
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a minimum area ratio (Aout/Ain) of about 0.5 and a large dif- rakes and pressure tap readings an analysis of the indexing was
fusive effect. In several cases a strut is applied in the transition carried out.
duct which has the function to sustain axial or radial loads; Indexing, also known as clocking, was widely studied during
these struts could also allow access for maintenance, like oil the last decades by a large number of authors. In LP turbines
pipes. An experimental and numerical work [2] conducted on clocking is directly linked to the wakes [11], while in tran-
an engine with a representative high radius ratio inter-turbine sonic HP turbines the trailing edge shocks and the secondary
diffuser showed that without the struts the flow separates at flows of the first vane represent a further cause of circumfer-
the casing. Several works were carried out to determine the ential non-uniformity for the downstream vane; wakes have
aerodynamic performance of transition ducts with non-lifting little effects compared to other flow structures [12]. The in-
struts [3], [4]. fluence of the first vane shock on the rotor aerodynamics has
Other authors focused their research on the interaction be- been investigated by a number of authorénbs et al. [13] ob-
tween the HP stage and the downstream struts in a duct. In Served significant rotor load fluctuation as a consequence of the
two different papers Miller et al described the migration and Shock-rotor interaction; Gadea et al [14] showed, in a 1.5 HP
dissipation of wake, shock and potential field interaction in tUrbine, how the optimum clocking position for aerodynamics
a transonic high-pressure turbine stage where a swan-neckeddid not minimize the unsteady force. However, Haldeman et
duct was installed. In thetwork the authors explained the @l [15] observed in a HP turbine a decrease in envelope size of
time-resolved behavior and the three-dimensional migration of the static pressure for the optimum aerodynamic clocking po-
the structures generated by the vane/rotor interaction as theySition. Recently Schennach et al [16] observed that at the first
convect downstream. The authors also observed that the wakeSt2ge exit the rotor hub passage vortex as well as the rotor trail-
at the inlet plane of the LP vane is extremely weak and the g €dge shock are strongly influenced by the first vane shock.
wake has been moved between the mid-height of the passagefinally the interestin this matter become smaller due to the fact
and the casing wall due to the radial pressure gradient [5]. In thatitwas not possible to get, for HP turbines, general conclu-
his 2'¢ work Miller et al [6] studied the interaction between ~Sions. The results seem to be strongly dependent on the de-
a high-pressure rotor and a downstream vane. MeasurementsSign. Moreover the differences observed are often of the same
were conducted at engine-representative Mach and Reynolds°rder of magnitude of the measurement errors. In this work
numbers, and data were acquired using a fast response aerody¢locking was applied with the aim of analyzing the HP-TMTF
namic probe upstream and downstream the vane. It was shownd€sign position. The acquisition of additional data in different
that the presence of the upstream stage significantly changesiNdex positions may provide an additional interpretation key
the structure of the secondary flow in the vane and it causes a ©f the complex phenomena occurring on the TMTF surfaces.
small drop in its performance. In this last work the influence The transition and possible regions of separation could be in-

of the tip leakage flow was studied by a CFD simulation with flueénced by the incoming structures. With clocking it is possi-
zero gap size. ble to control the space position where the flow coming from

At Graz University of Technology the problem was studied in the HP stage impacts the TMTF. In this paper the TMTF pres-
detail by Marn and @ttlich in several works within the EU sure distribution is reported for 30 clocking positions and an
project AIDA. In [7] and [8] the influence of blade tip gap vari- fevaluation of the LP stage performance depending on clocking
ation was analysed and time average and time-resolved results'S &S0 presented.

were presented. Further the same authors studied the applica- ~ The present paper shows the first results of measurements
tion of an integrated concept (IC) in turbine ducts [9]. In [9] obtained on the two spool test rig for three operating conditions
the IC was investigated and compared with a base design. To and for different vane-strut positions. The authors intention is
shorten the intermediate turbine duct length and thus the engine to analyze the TMTF behavior for a wide range of inlet flow
length, the low pressure vane was removed and its function conditions. The objective is to report the overall performance
was integrated into the strutted diffuser leading to turning wide Of this component in terms of total pressure loss, secondary
chord vanes. The intention of the design was to have a similar flows and load and to study the influence in terms of perfor-
duct outflow condition as it has been achieved with the pres- Mmance on the downstream LP rotor. The study was intention-
ence of a LP vane. The results showed that a similar flow field ally focused on overall quantities to provide a valid basis for
can be realised with this IC but that the big secondary struc- further detailed investigations.

tures generated by this large vane have to be taken into account

when a LP rotor is placed further downstream. Lavagnoli et

al [10] investigated the insertion of splitter vanes between turn- EXPERIMENTAL SETUP

ing struts with the intention to control the growth of big sec- Two spool test rig

ondary vortices . It has to be remarked that all these tests were To allow realistic investigations of the flow through dif-
never performed with a downstream LP rotor like in engine ferent turning mid turbine frame configurations at the Institute
conditions. This lack of experimental data, also to compare for Thermal Turbomachinery and Machine Dynamics the tran-
with CFD results, was the reason for adapting the transonic sonic test turbine facility was modified. An overview of the
test turbine facility at Graz University of Technology. Within  whole experimental plant is proposed in Fig. 1 The facility is
the DREAM project a second shaft was placed and a counter- a continuously operating cold-flow open-circuit plant; for the
rotating LP rotor was mounted on it. During the test campaign DREAM project a second separated shaft was realized in order
the relative position between the HP vane and the TMTF was to apply a LP rotor. In the first setup the LP rotor is counter-
kept constant for what concerns FHP measurements while for rotating with respect to the HP rotor.
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FIGURE 1. TEST RIG OVERVIEW.

TABLE 1. MAIN DESIGN PARAMETERS.

HP vane HP rotor TMTF LProtor

vane -blade 24 36 16 72
pitch/chord ratio 0.89 0.8 n.a. n.a.
thickness/chord ratio 0.31 0.19 0.22 0.12
aspect ratid /1 a 1.15 1.37 0.53 2.94
inlet- exit Ma 0.09-1.06  0.47-0.95 n.a. n.a.
Re %1016 2.38 1.1 1.86 0.46
Aa(AB)[deg] 71 106.7 (72.7) n.a. n.a
work parametefh /(? - 1.624 - n.a.
flow parametec,y/u - 0.531 - n.a.
degree of reaction r - 0.338 - n.a.

This unique configuration allows to test rig inserts with  axial lengths. The facility is driven by pressurized air delivered
a diameter up to 800 mm under engine-representative condi- by a separate 3 MW compressor station in the second base-
tions. To ease the investigations of test setups with different ment of the institute. The shaft power of the HP stage drives
axial lengths both turbines are designed with overhung-type a three-stage radial brake compressor. This brake compressor
turbine shafts. Together with the LP turbine, mounted on a delivers additional air mixed to the flow from the compressor
frame which is movable in axial direction, it allows easy disk station and increases the overall mass flow. The air temperature
assembly without dismantling the bearings and the simple ap- at turbine stage inlet can be adjusted by coolers from 313 K to
plication of transition duct and TMTF designs with different 450 K . The maximum shaft speed of the HP stage is limited
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FIGURE 2. TEST SECTION OVERVIEW TOGETHER WITH MEASUREMENT POSITIONS.

to 11550 rpm. Depending on the stage characteristic a maxi- straight profiled support struts of the front bearing shield and
mum coupling power of 2.8 MW at a total mass flow of 22 kg/s the downstream diffuser. The diffuser and the exhaust casing
can be reached. The power of the LP turbine is absorbed by a ware designed in order to maximize the pressure recovery.
water brake with a maximum brake power of 700 kW. Detailed
information on the design and construction of the original one
stage facility can be found in [17] and [18]. For the design of
the LP-stage together with the TMTF see Hubinka et al [19].

Measurement Setup

The rig is instrumented with rakes of Kiel probes to mea-
sure the total magnitude of pressure and temperature in three
axial planes (A, C and F). The Kiel probe head geometry was
Test Setup chosep because it is not sensitive.tq changes in yaw and pitch

] ) ) . angle in the range of30 deg, and it is therefore useful when

The investigated test setup consists of a single stage tran- the probe alignment with the flow direction is variable. These
sonic HP turbine with choked vanes, an s-shaped turning mid \5jyes are basically read to adjust the operating condition. Due
turbine frame followed by a shrouded counter-rotating LP tur- ¢ the rig design rakes could be easily traversed and used to per-
bi_ne. Fig. 1 represents a meridiqnal sect?on of the test fac_ility form easy performance measurements. The HP vanes as well
with the TMTF design. The design of this test configuration 5 the outer casing downstream the TMTF are fully rotatable in
was developed by MTU Aero Engines with the aim of investi-  jrcumferential direction over 360 deg.
gating the flow in a TMTF that replace the vanes of a LP turbine The full description of the time mean flowfield is provided
stage. The rig operated under engine like inlet conditions i.e. py 5 FHP placed in planes C, D, F and E. The probe was tra-
strong turbulence structures generated by the complex shockyersed over one HP stator pitch in plane C and over two strut
system of the transonic HP turbine, three dimensional bound- pitches downstream of the TMTF to gain the full periodicity
ary layer on the TMTF surfaces and endwalls. Little is known  petween the two rows. Radial traverse was realized by a linear
about tran5|t|on_under these conditions, due to the big dla_m- stage driven by a stepping motor. Due to the strong inclination
eter of the leading edge the TMTF chord length, the predic- of the duct downstream the turning struts a probe with an in-
tion of the evolution of secondary structures and vortical flow  ¢jined head of 25 deg relative to the machine axis was applied.
becomes critically important. Table 1 displays the main de-
sign parameters for the two stages. The HP turbine consists of
24 vanes and 36 blades, the stator is choked and it produces alABLE 2. MEASUREMENT UNCERTAINTIES FOR THE FHP
strong shock at the exit. For the LP stage a blade count of 16 MEASUREMENTS.
struts and 72 blades was chosen in order to minimize the risk
of excitation of the LP turbine blades. The resulting machine Mach [1 0005 -0.004
periodicity is 90 deg, the periodicity is two TMTF ( 45 deg ). Yaw  [deg] 0.3 0.3
This blade count leads to a reduced computational cost while Pitch  [deg] 05 04
performing unsteady CFD calculations. The incoming air is
accelerated by the HP vanes in circumferential direction and Pt [mbar] 3 -3
it impinges on the HP rotor designed with a cylindrical outer p [mbar] 5.4 5.1
contour. The flow is turned by the TMTF struts in negative Tt [deg] 0.6 05
direction relative to the rotation of the HP rotor and then the : i
air enters the counter-rotating LP turbine at a larger diameter. T [deg] 0.7 -0.8
Further downstream the flow leaves the test setup through the
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TABLE 3. OPERATING CONDITIONS.

Aero des. point  Off des. point1  Off des. point Il

HP  LP HP  LP  HP LP

pressure ratio - 3 1.3 2.21 1.2 2.6 1.1
pressure ratio [%des] - 100 100 75 92 88 85
reduced speed (Nr) [rpm/A/K] 525 193 420 189 487 193

reduced mass flow (Qr) [kg-vK/s-bar] 81 218 81 165 81 187

Additional information is provided by pressure readingshon t = Tta—Ttc 3)
strut pressure side, suction side and the endwalls of the TMTF. Tta—Ttcis

The acquisition system includes 15 multi channel pressure '
transducers PSI 9016 (240 channels, accuracy of 0.05 % full
_scale) and four National Instruments Field Point FP-TC-120 The next section is devoted to a description of the flow in the
input modules (40 channel J thermocouple, accuracy 0.35 deg duct section with the introduction of a loss coefficient mea-
). Table 2 shows the measurement uncertainties of the quan-¢ .4 across the TMTE. This quantity shows a strong depen-
tities directly measured by the FHP. These values contain the dence of the TMTE loss mechanisms on the inlet conditions.

error due to the approximation of the probe and due to the sys- The consequence on the efficiency of the LP stages is also re-

'fﬁ:nat'c error of the PSI Modules ar]:dr?f the Field Point system. 104 The influence of indexing is finally discussed for the
e measurement uncertainties of the static pressure taps aregresented operating points.

+1 mbar.

Operating Conditions

Three different operating conditions have been tested. For
the design (des) condition the HP stage presents a pressure ratidHP rotor exit
of 3 and the LP turbine has a pressure ratio of 1.3. The Mach
number at the TMTF inlet is about 0.5 and it is representative
for realistic duct inlet conditions of modern jet engines with
a single stage HP turbine at cruise operating conditions. The
two additional operation conditions were applied to provide

The pitchwise mass average value of the yaw angle along
the span (Fig 3) shows the same structures for the three cases.
The tip region dominated by the tip leakage results into an axial
flow direction; also the total pressure coefficient increases for
different flow angles for the TMTF. Table 3 reports detailed the same reason. The lower reglon between thet!p and midspan

shows the biggest differences. This phenomena is observed be-

information of the three tested points in terms of pressure ra- . . :

. ... _cause different pressure ratios across the first nozzle generate

tio, reduced speed and reduced mass flow. The three conditions g
unequal secondary structures and then, afterwards, this flow-

were kept while the HP stator-strut indexing is modified for 30 field encounters a rotor running with a different speed. A high

equi-spaced positions. speed region, placed just above midspan, is associated with a
pronounced underturning. The increase of the flow angle leads
RESULT AND DISCUSSION to a reduction in the work exchange and, hence, high total pres-
In the following paragraphs the results are presented for SUré and temperature are observed in the same area. The effect

the three operating conditions. The flow leaving the HP stage °f underturning is linked with the rotor speed and hence more
is analysed using the results obtained by FHP, an evaluation of détrimental effects éare found for 80%NrHP (off-design condi-
the stage performance is proposed afterwards. Together with tion ) than for 92.7%NrHP (off-design condition I1). The effi-

the yaw angle and the Mach number the following quantities ciency plot confirms the reduction of work exchange; the over-
are presented: all efficiency reveals a reduction of about 4% for 80%NrHP

and 0.5% for 92.7%NrHP.

Cp= P—TPc Q) Moving towards the hub, the change of angle reveals traces
plc—Pc of secondary structures coming from the HP vanes and spread
along the pitch by the rotor. The centre of this vortex is placed
where the lowest Mach number is encountered. The first bend
pt—pc of the duct increases the positive pressure gradient from tip to
pic —Pc ub-
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FIGURE 3. MASS AVERAGED RESULTS HP ROTOR EXIT (PLANE C).

TMTF static pressure distribution

In this paragraph the distribution of the pressure coeffi- 1r
cientCp on the pressure and suction side of the TMTF is pre-
sented for the three operating points. Itis measured along three 0.5 _—
lines, placed respectively at 25%, 50% and at 75% of the blade ! °
height. Based on Fig. 4 - 6 some general considerations about !
the TMTF design can be done. The peak suction on the SS oc- oo
curs at about 75% of the strut axial chord. This is the result of
the aft loaded design commonly used with the intent to reduce 0.5
the growth of large secondary vortices. For the design condi- i
tion the stagnation point is shifted along the whole span on the | L
SS of the TMTF as result of a negative incidence angle. After- 0 K 1
wards the flow is accelerated along the SS up to 75%. At 25%
span the incidence appears even more negative while at 759 IGURE 5. STATIC PRESSURE DISTRIBUTION ALONG THE
the flow approaches the nose of the strut with small incidence TURNING STRUT AT 25% SPAN.
and for 80%NrHP the incidence turn into positive direction.
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FIGURE 4. STATIC PRESSURE DISTRIBUTION ALONG THE
TURNING STRUT AT 50% SPAN.

FIGURE 6. STATIC PRESSURE DISTRIBUTION ALONG THE
TURNING STRUT AT 75% SPAN.
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FIGURE 7. MASS AVERAGED RESULTS TMTF EXIT (PLANE D).

The evolution on the PS is gradual and does not present the performance with respect to the design condition of 24%;
any steep gradients, the results show that the TMTF is more the difference between 92.7%NrHP and 80%NrHP is within
loaded close to the hub where the risk of separation is higher. 2%. This reveals that these two working points far from the
A CFD calculation performed at MTU showed a corner sepa- cruise condition lead to a prominent reduction of the TMFT
ration at 5% span in the rear part of the strut SS; however this aerodynamic performances. Nevertheless the flow approach-
experimental data hasn't captured this feature. The compari- ing the LP rotor appears uniform along the span. It means that
son between the three operating points shows a displacementfor each condition the TMTF was able to replace the LP stator.
of the blade load towards the leading edge, this effect appears This is paid in terms of total pressure losses but an overall esti-
more pronounced for 80%NrHP. Larger secondary vortices are mation of the second stage performance is essential to establish
expected at the TMTF exit for the two off-design conditions the real behavior of the TMTF in the off-design conditions. To

compared with the aero-design condition. comprehend the generation of these important differences the
analysis of the secondary structures in plane D is required,; it
TMTE exit flow field is the author’s opinion that the generation of such remarkable

The flow leaving the TMTF before entering the LP rotor Iosse_s s linked with the dlfferent_ siz€ Of. thg vqrtlces gener
. . L o ated in the duct channels and their evolution inside the TMTF.
is measured in plane D. The endwalls in this position present a . . : o
A . : . In Fig. 8, Fig. 9 and Fig. 10 the yaw angle distribution (left
pronounced inclination with respect to the machine axis. Mea- . . g ; N
. ) i L side) together with the total pressure coefficient (right side) is
surements with FHP were carried out in a plane inclined re- ; . L .
. L . depicted. By using the yaw angle distribution together with the
spect to the turbine shaft to keep the probe within its calibra- . S . : .
. . pitch angle an estimation of the main vortical features is pro-
tion range (see Fig.2). Measurements were repeated along two I .
. . . posed. TheCpt minima traces the position of the loss cores.
complete pitches (45 degrees) for the design condition and over ;
. . : The zone placed at 25% pitch and spread across the whole
one strut pitch for the two off design points. In order to eval- :
: e span is the trace of the TMTF wake that became stronger af-
uate the performance of the TMTF, in addition to the LP stage : . .
- L ter merging with the structures leaving the blade close to the
efficiency, a total pressure loss coefficient is proposed. The to-

. . : endwalls. An example of that is clearly visible in the upper
tal pressure measured in plane D is compared with a reference _. ) .

) . . side of the wake where a counter-clockwise vortical structure
pressure acquired in plane C as follows:

is centered in a loss core; this vortex could be recognized as a
L trace of the Tip Passage Vortex (TPV). A second relevant vor-
y= %_ pto (4) tical structure that covers the lower side of the span could be
plc — pPo instead identified as the Hub Passage Vortex (HPV).The HPV
generated in the TMTF is enforced by the remains of the HP
this quantity is pitchwise mass averaged and is presented in rotor tip leakage vortex and lower passage vortex. These two
Fig. 7 together with the yaw and pitch angle along the span. rotor structures mix out on their way through the TMTF but
The design condition shows a more homogeneous trend alongtheir vorticity diffuses across the passage and result in this
the span than the two off-design conditions. The maximum an- rotating feature. Additional differences were observed in the
gle variation measured along the blade height for both yaw and freejet area wher€ pt shows a maximum in correspondence
pitch is of 5 less for aero-design. The flow results uniform at to the HPV core for the off design conditions. This means that
the LP rotor inlet. The tip area is dominated by strong radial the HPV generated in the TMTF is larger than the one leaving
gradients traces of secondary vortices activities. The region be- the struts for the aero-design point; this is also in accordance
tween 20 and 70% span reveals the big difference between thewith what was observed in the static pressure distribution on
three conditions. The right graph of Fig.7 depicts the afore- the TMTF. The highest magnitude of the HPV is encountered
mentioned loss coefficient over the span. The condition that for off1 where also a displacement of the loading towards the
displays the worst behavior is 80%NrHP with a decrement of leading edge was observed.

7 Copyright © 2011 by ASME



FIGURE 10. YAW ANGLE DISTRIBUTION (LEFT) AND Cpt (RIGHT) TMTF EXIT (PLANE D) FOR 92.7%NrHP.
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LP stage performance

In order to establish the effects of the changing incidence
angle on the overall performance of the second stage the au-
thors propose an analysis of the results acquired by the rakes.

Reference values of pressure and temperature were chosen for

the three operating conditions in plane C. The rakes were tra-
versed in plane F for one strut pitch. The results, not presented
in detail, showed an increase of the performance for 80%NrHP
and 92.7%NrHP with respect to the design contition of 4-5 %.

This is not a surprise because as mentioned before the analy-

sis of the TMTF could not end just with a quantification of the
pressure losses. It was observed how for the three configura-
tions the struts could guide the flow presenting a very uniform
mean flow at the rotor inlet. It is important to consider that
the LP rotor is not changing its velocity in the three proposed
operating points and for similar inflow conditions presents the
same outflow flowfield. Instead, small variations on the inlet
conditions could make the LP rotor work in better conditions.
This interesting observation will be taken under consideration
in future analysis also with the help of unsteady pressure mea-
surements performed downstream the rotor.

Clocking analysis

Before starting the analysis of the different clocking po-
sitions a detailed description of the flow at the HP stage exit
is necessary. Any spatial non-uniformity represents a potential
for clocking. The HP vane-rotor interaction produces a flow
at the rotor exit where the periodicity of the upstream vane is
still visible especially when the nozzle produces strong shocks
(Paradiso at al. [20]). In Fig. 11 and in Fig. 12 the yaw angle
distribution and the total temperature contours are depicted. To
help the discussion regions of high value@pt are marked
with dark-grey lines. If the rotor flow field were steady in the
relative frame a tangentially uniform flow angle would arise
from the time-average of the rotor secondary flows. The pres-
ence of stator-rotor interaction produces a periodic modulation
of the rotor secondary vortices. Two distinct regions of inter-
action could be observed; the first, placed between the hub and

FIGURE 11. YAW ANGLE DISTRIBUTION HP ROTOR EXIT
(PLANE C) FOR DESIGN CONDITION.

FIGURE 12. TOTAL TEMPERATURE DISTRIBUTION HP RO-
TOR EXIT (PLANE C) FOR DESIGN CONDITION.

0.1/ [ yo0000000,, YU e PR SO 1
[ ] A,A,A,’ﬁ*‘ deegis 1-25%
[00600000006830000000000000000

1-75%

4

$00000000000000000000000000000 2

 000000000000000000000006000000 3
1000000000000 0000000000000000¢ 8
i $44000000000 *40000 7
} 000000000000 000000000000000%0 6
R 5

9

4

4

4

FIGURE 13. TMTF SS PRESSURE DISTRIBUTION vs CLOCK-
ING POSITION.

midpan and a second in the upper part of the channel. The
angle distribution and the presence of 16yt and lowTt sug-
gested that a big exchange of work occurred in this area due to
an overturning of the flow. On the other hand the second inter-
action region reveals a reduced exchange of work linked with
underturning. The midspan region appears rather uniform and
it is not expected to induce clocking effects. The tip is domi-
nated by the tip leakage flow with an energized flow that has
not exchanged its energy with the rotor. In Fig.13 the pressure
levels on the SS of the TMTF vs. the clocking position are pre-
sented. The data is presented for the design condition, similar
consideration could be done for the two off-design conditions.
In the graph the position of the pressure tap along the chord is
marked: number one corresponds to the pressure on the TMTF
nose. Just for this position the behavior for three blade height
is also presented. The larger variation of pressure depending
on the clocking position is observed on the leading edge of the
strut. The biggest change is encountered for the first half of the
TMTF while at 75% little fluctuation is found. The changes on

Copyright © 2011 by ASME



CONCLUSION
The first part of a wide research program was concluded
% H=05 . R and the results of the time mean results are presented in this
—®— r/H=0.825 o m paper. The unique test rig realized at Graz University of Tech-
= o L. nology allows the study of modern jet-engine intermediate tur-
- ] bine ducts in realistic two spool conditions. The use of conven-
L o mE » .." tional pressure and temperature measurements techniques to-
[ ¥ =m " o gether with the test rig capability of performing full traversing
= b n - allow the measurement of different flow conditions in several
. measurement planes. Three operating conditions for different
L] w " = HP vanes - struts positions have been considered. A study of
n n } the HP stage aerodynamic performance was proposed and a
gquantitative comparison among the different operating condi-
I i mmg tions was carried out. The flow in the TMTF was then ob-

& r/H=0.125

0.05

i served. The evaluation of the loading along the span was object
- 0 15 20 25 30 of discussion. For the base design an aft-loaded condition cou-
pled with a negative incidence on the strut nose was observed.
The change of HP rotational speed mainly modifies the posi-
tion of the stagnation point and consequently the load is moved
upstream. The off design conditions present a major load in the
front part of TMTF. The same conditions show a different sec-
ondary flow pattern at TMTF outlet, which means a growing
of the hub passage vortex inside the channel. Indeed the mean-
flow quantities remain more uniform and result in a similar LP
rotor performance. The overall performance measured over the
LP stage reports small differences for the three points and the
best performance was found for 92.7%NrHP. A clocking anal-
ysis based on conventional measurements was also proposed.
The results are interesting and they encourage the authors in a
further analysis.

FIGURE 14. LP EFFICIENCY vs CLOCKING POSITIONS.

the PS are not comparable since the results are 20% of what
was observed on the SS. This finding underlines how clock-
ing effects are visible on the struts therefore a future analysis
that will use high response pressure transducers and hot film
technique is planned. The study of the TMTF boundary layer
development must take into account also clocking effects espe-
cially on the SS surface.

The possible effects of clocking on the LP stage effi-
ciency are analysed using the coefficient previously de-
scribed. Again three different channel height position are con-
sidered. The rakes recordings were used to calculate the effi-
ciency at the LP rotor exit. In Fig. 14 the results are depicted. ACKNOWLEDGMENT
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