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ABSTRACT horse-shoe vortex branches were observed on the downstream
) » ] ) and upstream pedestals’ surfaces, respectively.
Internal blade cooling cavities show ever increasing ge- In order to verify the accuracy of typical industrial CFD, a

ometrical complexity. Consequently, a deep insight on the flow ¢omparison of experimental flow field with numerical results ob-
behavior is mandatory for a reliable design, while trustworthy  iained with both a commercial (AnSEFX®) and an in-house

experimental databases are definitely needed to assess the re"a'developed (open source toolbox OpenFGBND RANS solver

bility of numerical prediction tools. o o was performed. The accuracy of the commonly usedkSST
Present contribution provides a detailed investigation of the - ,rlence model to predict the extent of recirculating flows was

flow field inside a modern internal cooling passage for turbine iy estigated and discussed. Both codes provided satisfactory re-

blade trailing edge. The investigation is carried out by coupling - gits showing also good confidence in the prediction of the com-
the results of accurate Particle Image Velocimetry (PIV) mea- plex 3D flow structures inside the inter pedestal passages.
surements and steady state CFD predictions.

The channel is characterized by an high aspect-ratio trape-
zoidal cross section of width and height that reduce progressively
moving from blade hub to tip and trailing edge, respectively. The NOMENCLATURE

flow has a mixed radial-axial direction, it enters the channel at Dy inlet hydraulic diameter [mm]
the blade hub, and it is discharged radially at the tip and along  k turbulent kinetic energy [P /]
the trailing edge. In this latter exhaust section, 7 pedestals guar- P data extraction line

antee structural resistance and enhance the turbulent heat trans- q mass flow rate [kg/s)
fer. Re Reynolds numbeRe= p-Uy-Dp/u [—

The investigation is carried out at an engine representative U X velocity component [m
Reynolds number of 20000 and for two values of the mass flow U,  bulk velocity [m
split between tip and trailing edge exhaust sections. 2D-PIV VY velocity component [m/g]
measurements were performed on several flow planes, carefully vel Velocity magnitude [m
selected to allow a comprehensive reconstruction of the 3D flow W  Z velocity component [m
field inside the passage. Three main aspects have been consid- X  quasi-radial coordinate [
ered. The first one was the characterization of the flow field at Y  axial coordinate [m]

[

the inlet, which represents the boundary condition for the numer- Z  quasi-tangential coordinate m|
ical problem. The second objective was the definition of the mass Greeks

flow distribution along the trailing edge slot and at the blade tip. o  incidence angler = —atan(U /V) [ded
Finally, highly spatially resolved measurements were performed p density [kg/m]
inside the inter-pedestals passages. 3D flow separations and p  dynamic viscosity [kg/mg
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Acronyms measurements of the wall thermal field in axial or axial-radial

AR aspect ratio cooling flow configurations with different turbulence promoters
OF OpenFOAM (pedestals, ribs or pin-fins), placed just upstream of the trailing
PIV Particle Image Velocimetry edge exhaust section. Such technique was later exploited also
RANS Reynolds Averaged Navier-Stokes for extensive pin arrays and enclosed by a numerical campaign
Subscripts and flow field investigations [9]. A parallel analysis oriented at

in relative to the inlet section assessing the heat transfer performance of the same geometry at
RMS Root Mean Square the same condition was performed experimentally by Bonanni et
te relative to the trailing section al. [10] and numerically by Bianchini et al. [11] also including

tip relative to the tip section the effect of rotation.

This paper aims at carefully investigating the flow field in-
side a wedge-shaped converging duct with seven pedestal that
INTRODUCTION guides the coolant towards the trailing edge exit slot. In particu-
Today advances in aero-engine design are mainly driven by lar such relatively simple configuration with respect to previously
the requirement of higher thrust/weight ratios, reduction of fuel studied similar geometries, was chosen as a suitable environment
consumption and pollutant emissions. To achieve these challeng-to obtain a basic characterization of the flow features associated
ing goals, manufacturers have generally increased the operatingto the turbulence promoters also expected in more complex dis-
temperature, i.e. the turbine inlet temperature, that in turn has charge duct designs. Along with the axial redirection of the inlet
prompted them to use efficient cooling systems and thermal bar- radial flow, the present study takes into account the effect of the
rier coatings for the components that are subjected to high ther- tip mass flow rate; for this purpose a closed tip condition was
mal loads. Even if sometimes driven by different requirements, considered together with a blowing tip at ambient pressure. Flow
an efficient blade cooling system is of course a primary design conditions were fixed &Re= 20000 in the feeding channel.
objective also in land-based gas turbines. Detailed two-dimensional PIV measurements of the mean
Among the engine components, the turbine blades trailing velocity distribution were acquired at several horizontal and ver-
edge is one of the most critical, due to quite strict aerodynamic, tical planes. A parallel numerical analysis, involving both the
thermal and structural constraints that oblige to use cooling chan- commercial CFD code CFX11 and the open source toolbox
nels characterized by high aspect-ratio cross sections, multiple OpenFOAM®, was performed with the aim of testing the pre-
exhausts and turbulators of various shapes. In particular, the ex-diction capabilities of steady-state RANS CFD codes against
haust slot at the trailing edge is often provided with elongated such an accurate experimental database. Results are hence com-
pin-fins, usually named pedestals, which enhance the turbulencepared and analysed qualitatively in terms of velocity magnitude
level and guarantee the necessary blade structural solidity. two-dimensional maps and quantitatively on selected profiles ex-
Most of the studies available in literature deal with cooling tracted by such planes. Finally the mass flow rate discharged by
schemes normally used for the blades central body, i.e. squareeach inter-pedestals passage was evaluated.
or rectangular rib-roughened channels, where the coolant flows
along the main channel axis, eventually in multiple passages con-
figuration. A limited number of different studies regarding ad- EXPERIMENTAL APPARATUS AND PROCEDURE
vanced trailing edge cooling channels can be found in literature. Test rig and geometries
Among them, Taslim et al.[1] presented a thermal analysis of the The channel geometry is sketched in[Eig.1-A. The main flow
cooling performances of a ribbed radial channel with axial outlet direction is radial (X axis), the coolant enters the passage at the
through slots. Armellini et al[]2] and Coletti et &l [3] presented blade hub and it is exhausted at both the tip and the trailing edge.
an exhaustive analysis of both the thermal and flow fields and a The inlet section is rectangulddf = 58.18 [mm]) and with high
comparison of the experimental data with RANS numerical so- aspect-ratio (AR=7.25), typical of the most recent cooling pas-
lutions in a channel of geometry comparable to that used in [1]. sages for blade trailing edges. The channel width reduces pro-
More recently, Coletti et all [4] completed the thermal analy- gressively when moving form hub to tip in order to ensure a
sis with conjugate heat-transfer measurements. Geometries withproper flow distribution all along the trailing edge. This latter re-
cut-back have been investigated by Choi etlal. [5] and by Cakan gion, is characterized by a wedge shaped cross section and by the
and Taslim[[6], the latter both experimentally and numerically. presence of seven elongated pedestals installed to promote flow
Experimental investigations, mainly focused on the thermal as- turbulence and ensure structural solidity. At the end of the trail-
pects, conducted on cooling channels with shape and aspect ratiang edge, a short channel with rectangular cross section (having
similar to the one of the present study can be found in Facchini the same height of the channel but AR=3.625) guides the flow
et al. [7]8] and provided with differently shaped ribs and pins. towards the tip exhaust section, which is made of five equally
By means of liquid crystal thermography, they have performed spaced holes of 7 [mm] radius. With the aim of testing the accu-
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FIGURE 1. Schematic of the test section with positions and nomenclature of the measurement planes, dimensions in millimeters

racy of the CFD calculations, experimental tests and numerical oil, which guarantees a very narrow particles size distribution
calculations where also conducted in a closed tip configuration, around a mean diameter of 1.2rj]. Laser pulses time separa-
i.e. allowing the flow to leave the channel only at the trailing- tion and image magnification were carefully chosen in order to
edge exhaust section. guarantee tracers displacement of about 6-10 pixels and particle

The test section, entirely made of transparent plexiglass, is image size of about 2-3 pixels. PIV image pre-processing and
connected to a settling chamber (Elg.1-A) fed through a circu- cross correlation were performed by means of the commercial
lar duct located at the center of the chamber upper wall. A 90 software PIVview?, specific information can be found in J13].
bend turns the air flow towards the wall of the settling chamber In order to reduce the background noise generated by fictitious
opposite to the test section. A polyester fibers filter produces the light reflections from the test section walls, a pre-processing pro-
pressure losses necessary to assure uniform flow conditions at thecedure based on background image generation and subtraction
test section entry. In this latter region, a 3 [mm] honeycombfilter was used. A Multi-grid interrogation method with window dis-
has been installed in order to avoid flow separation which must placement and distortion [14] was chosen for the image cross-
be carefully prevented due to the short entry length of the chan- correlation procedure. The first interrogation window was set
nel. Flexible aluminium tubes connect the settling chamberto a 3 to 64x64 pixels, afterwards a single step of window size refine-
[m]long, 97 [mm] internal diameter steel pipe where a calibrated ment to 32x32 pixels and a 50% of window overlapping were
orifice flow meter is placed. The steel pipe is finally connected to adopted. In the final window distortion step a sub-pixel image
the outlet duct of a 4 [kW] centrifugal compressor. An inverter deformation based on d"7order B-spline interpolation scheme
allows to control the air flow rate by means of a rotational speed was used. Finally, a Gaussian peak fitting was adopted to per-
adjustment. The rig instrumentation allows the flow rate, and form the sub-pixel interpolation. With these settings, a field of
hence the Reynolds number, to be controlled at varying ambient 80x64 displacement vectors was obtained in each measurement
conditions. Following the Kline and McClintock approathi[12], area with a spatial resolution of 1.5 [mm] which corresponds to
the overall uncertainty on the Reynolds number turns out to be animage magnification ratio of 10.5 [pixels/mm]. A higher mag-
less than 1.5% with a confidence level of 20:1. nification (32 [pixels/mm]) was used for the measurements in the
xz planes, leading to a data grid spacing of 0.5 [mm]. Vector val-
idation was performed with tests based on a normalized median
filter and on criteria of primary to secondary correlation peak and
minimum signal to noise ratio. The percentage of invalid vectors
was typically low, less than 3%, and only the valid vectors were
sampled to obtain the time averaged vector fields.

Experimental methodology

A two-dimensional PIV technique has been used for flow
field measurements. The system setup includes a 125 [mJ] dou-
ble cavity Nd:Yag laser with a wavelength of 532 [nm] and op-
erated at a frequency of about 4 [Hz], a 12 bit CCD camera with
a resolution of 1024x1280 pixels and the related synchroniza- The flow planes identified for the investigation have been di-
tion and acquisition systems. The seeding was provided by a vided into several measurement windows acquired successively,
Laskin nozzle type seeding generator operated with vegetablein order to meet the required spatial resolution. For every mea-
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surement window, 1000 samples have been acquired and thenThe dotted lines (Pixy, Pinxz, Ptel..3, and Ptip in F[d.1-B)
ensemble averaged to compute time averaged velocity fields andgive the locations where velocity profiles have been extracted for
the related turbulent statistics. Due to the low acquisition fre- the data analysis reported in the following sections.
quency (4 [Hz]), the samples can be considered as statistically
independent and in a number sufficiently high to guarantee the
convergence of both first and second order statistics. NUMERICAL METHODOLOGY
As PIV is a comparatively complicated experimental tech- Numerical simulations were conducted using both the com-
nique, there is no simple means available to check the accuracymercial solver Ansy8CFX®11.0 and an in-house developed
of PIV measurements. Nevertheless, a careful analysis of the dif- CFD solver based on the open-source toolbox for continuum
ferent sources of PIV errors was already performed by Casarsamechanics called OpenFOARI Steady-state assumption and
and Giannattasi® [15] with reference to a flow field similar to the RANS turbulence modeling were exploited in order to reduce
present one (three-dimensional shearing flow). Following such the cost of a reliable simulation up to an affordable dimension.
analysis, an overall upper bound estimate of the uncertainty in Concerning CFXsimulations the convective terms were
the mean velocities turns out to be less than 2% (95% confidencediscretized following the High Resolution scheme that is a
level) in the most of the flow field, except for limited regions bounded second order upwind scheime [16]. The in-house code
inside the recirculation bubbles affected by very low velocities differs from the previous solver mainly for the treatment of pres-
and high fluctuations. Under the same assumptions, the maxi- sure momentum coupling, the choice of the algorithm however
mum uncertainty in the estimate of the root mean square velocity does not affect accuracy but only influences convergence rate:
fluctuations is 5%. CFX®uses a coupled algorithm while the OpenFOR®H+ li-
brary, implements finite volume discretization aimed at solving
pressure and momentum in a segregated way [17, 18]. The sys-

Measurement planes and test conditions tem of compressible Navier-Stokes Equations is solved using a
The experiments have been performed at Re=20000 defined SIMPLE-like (Semi-Implicit Method for Pressure-Linked Equa-
on both bulk velocity(p) and hydraulic diameteb,) computed tions) algorithm with a convective diffusive equation for the pres-

at the channel entry section. Constant ambient pressure is main-sure correction to impose mass continuity considering density
tained at the channel outlets. It is important to notice that in variation [19]. Convective schemes uses a second order upwind
real engine conditions such devices are subjected to a differentinterpolation scheme based on the NVA (Normalized Variable
pressure distribution (usually increasing from hub to tip) deter- Approach) known in literature as Self Filtered Central Differ-
mined by the blade aerodynamics. In the present case, the choicezncing [20] blended with a first order upwind scheme exploiting
to impose a constant pressure at the channel exhausts, is justi-a deferred approach, in such a manner accuracy of second order
fied by the need to perform the analysis in a condition easy to schemes is achieved maintaining stability properties typical of
be accurately reproduced both numerically and experimentally. upwind schemes.
However, it is reasonable to expect that the pressure boundary Turbulence was modeled in both codes by means of the
condition will not modify substantially the main flow featuresin  k — w SST model. A different near wall treatment is imple-
case of moderate radial gradients. The assessment of the compumented for the two computations: an hybrid near wall treat-
tational techniques under these simplified conditions would also ment in CFX®with square root blending [21] and a purely
provide efficient tools to perform simulations reproducing more Low Reynolds implementation in OpenFOAM At an early
realistic pressure distributions with an equivalent level of confi- stage of this research comparison between such Low-Reynolds
dence in the results. treatment and the exponential blending![22] available for the
The flow planes selected for the PIV measurements are re- OpenFOAMPcode [23] was performed too, giving practically
ported in Fid.]l-B. The collected data allow to describe the global equal results. In the past such different wall function treatments
flow structures and to investigate the mass flow split between proved to affect heat transfer predictions at least for less near wall
the different exhaust sections. Two horizontal planes xy are refined computational grids|[9].
located at half channel height (xyl) and at half height of the All runs were conducted isothermal, assuming perfect gas
trailing edge exhaust section (xy2). To investigate more in de- behaviour and constant thermo-physical properties, the very low
tail the inter-pedestals secondary structures, measurements hav&lach expected permits such simplifications without any signifi-
been acquired also in xy3 and xy4 planes which are parallel to the cant loss of accuracy.
channel surfaces and 2 [mm] distant from them. Measurements The boundary conditions applied followed a classical
along xz planes have been acquired at the channel inlehjxz scheme for incompressible and LowMach number flow simula-
in planes xz1 and xz2 for a more detailed insight on the vortical tions, as sketched in Fig.2 where an overview of the computa-
structures around the pedestals and on the symmetry planes oftional domain is given. A velocity distribution is imposed at the
the 5 jets (xz-F1,..., xz-F5) to investigate the tip exhaust section. inlet surface while ambient static pressure (101325 [Pa]) is main-
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FIGURE 2. Overview of computational domain and local mesh details

tained at the outlets. The inlet velocity map was obtained from 15-20 elements inside the boundary layer on all viscous sur-
the experimental campaign as explained in the following section. faces. An overview of the element size and distribution around

The multiblock structured mesh in use is composed by the pedestal leading edge can be seen iiLFig.2.

6.2-10° hexahedral cells. A grid independence study was per- RESULTS
formed starting from a first trial mesh consisting of 3.5 million
cells. A preliminary run confirmed that the highest disagreement
between computations and experiments was located in the first
inter-pedestal duct and in the structures developing around the
pedestal leading edges. As a consequence efforts were directe
in refining those zones as long as the velocity profile at the en-
trance of the trailing edge duct was mesh independent all through
the radial development.

Inflow conditions

With the aim of providing the correct boundary conditions
for the numerical simulations, the inlet flow was measured along
he two symmetry planes of the entry rectangular section. Pro-
iles of the time-averaged U velocity component have been ex-
tracted along Pirxy and Pinxz and plotted in Figl3. The stream-
wise velocity profile in the xy1 plane (Fg.3[a)) is slightly unbal-
anced due to the blockage effect of the redirecting wall located
Correct near-wall integration is guaranteedyby< 1 and at the leading side of the channel (Y =2.31D=120 [mm]). The
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FIGURE 3. Time-averaged stream-wise velocity profiles extracted in the inlet duct along lines Pixy (a) and Pinxz (b).
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velocity profile along the Z axis is typical of a turbulent bwtn Such values could not be directly imposed for the numerical
fully developed channel flow, in view of the short entry length of calculations since RANS implies turbulence isotropy thus were
channel. As shown by the reported velocity profiles, the honey- converted into a specified turbulent intensity for the CFD runs:
comb at the channel inlet section prevents the flow to separate.

These profiles are the basis to impose the correct inlet 2 U2 1,., ) ) ) o
boundary conditions for the numerical analysis: 2D interpola- =\3 /Up = 3 (Uus +Vaus+Weiws) /UF = 3.33%
tion was performed to reconstruct normal velocity for every inlet 2)
boundary face following Egl1. Dissipation length, necessary to close the boundary conditions
for a two equation model, was instead estimated from the honey-
comb filter spacing at the inlet section to be 4 [mm].
Uin(Y,2) = Upinxz(2) 'UPin_xy(y>/UPin_xy(0)~ (1)
Velocity maps
The resulting bulk velocity is about 5.2 [m/s]. In order to provide_ a first cpmparison between experimen-
Moreover, measurements also provide turbulent fluctuation Fal results_ and numerical prgdlctmns, Figs.4 and 5 report the
levels as shown in T4B.1 with reference to the bulk flow. in-plane time averaged data in terms of streamtracers path and

contour plots of the velocity magnitude on xyl1 and xy2 planes,
respectively. The seeding to generate the experimental and nu-
merical streamtracers is clearly not equivalent, thus these lines
should only be used as a support in the visualization. For sake of
brevity, only data for the open tip configuration are presented.
Urns/Us | Viwis/Up | Wes/U F.ro.m a qualitative point of view, all the main fIQW field char-
RMS/Zb | TRMS/-b MS/—b acteristics are well captured by the CFD computations. The mean
4.2% 2.9% 2.7% velocity of the flow inside the duct reduces gradually along the
radial direction in view of the constant flow discharge along the

TABLE 1. Normalized RMS fluctuating velocity values at Pinyz
y=z=0

vel/u,
1.5

1.0

0.0

EXP CFX OpenFOAM

FIGURE 4. Overview of the velocity field in plane xy1l - open tip case
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FIGURE 5. Trailing Edge detail of the velocity field in plane xy2 - open tip case

trailing edge. Two large recirculation bubbles are clearly evident, gle (a) of the flow with respect to the Y-direction is plotted in
the first one at the tip region just after the end of the redirect- Fig[8. For the open tip case, the flow angle relative to the pedestal
ing wall, the second one in the first discharge passage close tochord decreases moving towards higher radii, according with the
the hub. Smaller recirculation bubbles are present downstreamreduction of the recirculation bubble noticed from the velocity
of each pedestal and show decreasing dimension at increasingmaps. Almost identical values and trend of the incidence angle
radii. With particular reference to Fig.5, both experiments and are found for the closed tip case. In the first inter-pedestals duct
computations show that each discharge passage is characterizethe recirculation bubble is highlighted by the change in sign cor-
by strong velocity gradients in the X-direction with decreasing responding to an inversion of the axial velocity. Its extension
intensity moving from hub to tip. Indeed, as the flow approaches is slightly over-predicted by both the CFD codes for both chan-
the tip region, it becomes more axially oriented (i.e. Y axis di- nel configurations, with OpenFOA®Ipredictions lowering such
rection) and the incidence angle with respect to the obstacles re-gap.
duces. Consequently the separation structures produced at the
pedestal pressure and suction sides are narrower, leading to a  The different trend predicted by OpenFOAMor the closed
more uniform flow. tip condition, i.e. no spikes in changing incidence orientation, is
due to a different orientation of the secondary vortex developing
behind the trailing edge duct corner. From the second to the sixth
Velocity profiles inter-pedestals passage, the agreement among the CFD codes and
To better quantitatively asses the agreement of the CFD pre- the experiments is almost total for both tip conditions. Only for
diction with the experimental results for both open and closed the closed tip case the numerical values result to be slightly in
tip configurations, velocity profiles were extracted on the lines over-prediction for the last two passages, showing less variabil-
Ptel-Pte3 specified in Hig.1-B. ity with the tip condition. The concordance obtained for these
The first line to be investigated is Ptel, corresponding to the data is certainly a key issue to succeed in well predicting the re-
entrance of the trailing edge duct in plane xyl. Incidence an- circulation bubbles on the pedestal suction side, mispredicting
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% flow rate swallowed at lower radii, as confirmed by the air splits
analysis reported in the following section. These differences are
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F \g\ tion and a lower peak velocity. This would suggest a lower mass

_30 £ | more pronounced for the closed tip configuration. For the other
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Y P2 R3 R4 | PS5 P6 R7_| P8 small discrepancies with respect to the experiments can be ob-
Sy - N served for the peak velocities in the central portion of the ducts.
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FIGURE 8. Axial velocity profiles at Pte3
FIGURE 7. Axial velocity profiles at Pte2
the incidence on the leading edge would in fact affect the inter- Looking in Figl® at equivalent profiles extracted along Pte3,
pedestals duct loading conditions. near the pedestal trailing edge, for both the open and closed tip

FigurdT reports the axial velocity values for open and closed cases, a deficiency in predicting the near pressure side pedestal
tip conditions along line Pte2, located around mid-pedestal posi- zone can be highlighted. In these positions, the experiments
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reports a sharp velocity peak, such behaviour is not repro-

duced by computations that predict a more diffused high veloc- 20 ‘ ‘ ‘ :
ity zone with a flatter profile. For the open tip configuration, in A - | | | (A) (?pen Tl‘p
the first inter-pedestals passage OpenFChivkdictions repro- 15[ —i ; ; ; ; ;

duce quite well the extension of the recirculation bubble, whilst .
CFX®sees a more intense flux inversion with respect to experi- =
ments. For closed tip both numerical solutions and experiments i
reveal no recirculation, lower velocity levels are presented by the e

[ ‘Tip flow rate

|
|
|
|
|
|
|
|
|
:
1
PL P2 P3 P4 P5 P6 P7 P8

numerics. 5F | ExP | oF | crx |
It has to be noticed that the differences found in the narrow P a/d,-% | 9.9 |957 | 9.94 |

region of the pedestals’ wake where the numerics in all cases ol . s s s -

predict a velocity inversion (see Hid.8) has to be ascribed to the

spatial resolution of the experimental data, not high enough to 207

resolve such small flow structures.

Air splits S

Even though for numerical predictions the evaluation of S10r
the mass flow fraction discharged at the tip and by each inter- N
pedestals duct can be easily computed by means of surface inte- 5|

grals on selected planes since data are available at any grid point,
this is not the case for the experimental values that are available
only at specific positions. In order to evaluate the mass flow
fraction discharged at the tip with respect to the total amount en-
tering the channel, stream wise velocity profiles were obtained FIGURE 9. Inter-pedestals mass flow rate distribution
also from velocity fields measured in xz-F1,..,xz-F5 planes (see
Fig[d-B) and not reported for brevity. These data, together with
the profile Ptip extracted at X=730 [mm] from plane xyl (see
Fig[1-B), allowed to reconstruct the stream wise velocity maps
over the jets cross section which have been numerically inte-
grated to compute the mass flow fraction discharged at the tip
sectioncgip. Same procedure was applied to the inlet section in
order to evaluatejp.

Concerning the mass flow through the trailing edge, a pre-
cise estimation of this value could be possible only if the V ve-
locity distribution along the Z axis was known. Since this in-
formation is not available in the present experimental data base,
an estimation of the mass flow was obtained as follows. The

V velocity profiles at positions Ptel, Pte2 and Pte3 have been o aqq flow rate elaborated by the first passage is coherent with
integrated along the X coordinate separately over the eightinter- o pigher extension of the recirculation found by the numerics,
pedestals passages and the results have been normalized with réss previously commented

spect to their overall integral values. Only for the open tip case,
a scale factor of 0.901 has been applied to the integrals in or-
der to take into account for the mass flow discharged at the tip
section (which is actually 0.099 @f,). The coherence of the
results obtained by the described procedure once applied to the
three velocity profiles Ptel, Pte2 and Pte3 (i.e at very differentlo- 3D inter-pedestals flow structures

cations inside the channel) suggests that they can be considered This last section provides an analysis of the three-
a reliable estimation of the mass flow split, despite the strong dimensional flow structures that develop inside the inter-
three-dimensional character of the inter-pedestals flow. An av- pedestals passages in order to complete the flow field analy-
eraged value of the air-split was finally extracted and compared sis and check the capability of the tested CFD codes to pre-
with numerical results. dict correctly even such complex flow features. The analysis is

Figure[® reports the air splits for the various inter-pedestals
ducts. Those data demonstrate the correct design of the channel;
the combined effect of redirecting wall and pedestals guarantee
an almost uniform flow along the trailing edge, with a slightly in-
creasing mass of gas discharged at higher radii and a mean value
slightly above 10% ofjir. Only in the first inter-pedestals pas-
sage, because of the blockage effect imposed by the large recir-
culation previously commented, less than half coolant flow rate
is swallowed.

Results of both numerical predictions and measurements
agree well in confirming these findings. The under-prediction of

For the open tip configuration, both experiments and numer-
ics converge to the same value of mass flow rate exhausted from
the tip section, i.e. about 10% qf,.

9 Copyright (© 2011 by ASME



conducted inside passage P4 (se€Fig.1-B) by means of the ex-

The time averaged stream-tracers path in planes xy3 and xy4

perimental data acquired in the xy3, xy4, xz1 and xz2 planes, (Figs[I0-A-B) indicates the existence of horse-shoe vortices on
Figs[I0. In view of the above commented results that show no the upstream face of the 4th pedestal generated by the deviation
significant differences in the flow structures at the two tip mass of the approaching boundary layers. The dimensions of these

flow rates only data about the open tip condition are presented.

P4 PIV velU;0 03 06 09 12 15

FIGURE 10. Detail of the 3D inter-pedestals flow structures - PIV
data - open tip case.

B xy4  vel= (U}

03 06 09 1.2 15

OF vellu,;:0

FIGURE 11. Detail of the 3D inter-pedestals flow structures -
CFD-OF solution - open tip case.

03 06 09 1.2 15

P4 "CEX vellU, 0

FIGURE 12. Detail of the 3D inter-pedestals flow structures -
CFD-CFX solution - open tip case.

10

junction flows can be depicted by the stream-tracers path in plane

xz1 (FiglZ0-C). On the blade suction side, corresponding to the
inclined side of the duct witlZz < 0, the horse-shoe vortex ap-
pears has a single structure that extends approximately over half
of the channel height.

On the contrary, on the blade pressure siie Q) the horse-
shoe is made of two vortex cells with an over-all dimension
smaller with respect to the one on the other channel side. How-
ever, the contour plot of the in-plane velocity in Eig.10-C sug-
gests that the inter-pedestals flow structure can still be considered
fairly symmetric with respect to the X axis. On pedestal suc-
tion side the flow is dominated by the separation bubble and no
clear imprint of the horse-shoe vortex is highlighted, streamlines
show that a motion from pedestal midspan towards the endwalls
is present. Moving towards the channel trailing edge, the time
averaged flow structure (see FFig.10-D) is further complicated by
the flow acceleration imposed by the narrowing of the channel.
The horse-shoe structures appear bigger in size and air exchange
between pedestal pressure and suction sides takes place. Simi-
lar flow features have been observed also in the measurements
conducted in the other trailing edge exhaust ducts, the only dif-
ference consists in a reduction of the separated flow structures
downstream of each pedestal when moving towards the blade tip,
as already commented in Figs.4 and 5.

The comparison with the numerical results presented in
FigslI1 and12 shows that both the tested CFD codes provide
a good prediction of the complex inter-pedestals flow structures.
Both size and position of the main vortical structures are well
captured, the only significant discrepancy can be observed in a
different evolution of the horse-shoe vortices that develop on the
blade pressure sid& (> 0). In particular in plane xz2, located
around mid-pedestal position, both numerical codes predict only
one vortex cell localized around passage centerline.

CONCLUSIONS

The flow field inside a wedge shaped trailing edge cooling
device provided with seven pedestals was investigated. A mixed
axial-radial flow was developed by means of a radial inlet and
a redirecting device. Influence of tip discharge condition was
assessed considering two different geometries: a closed channel
and a five circular hole top. Reference flow conditions were im-
posed at Re = 20000.

Two-dimensional PIV measurements were performed on se-
lected planes in order to analize the overall flow field structure. A
high resolution set of measurements was dedicated to the inves-
tigation of the complex three-dimensional structures in the inter-
pedestals passages. Steady state RANS CFD analysis was also

Copyright (© 2011 by ASME



performed exploiting the commercial code An8@FX®and the
open source toolbox OpenFOAM

Results are reported in terms of velocity maps from which

(4]

data are extracted at selected lines corresponding to the entrance

of the trailing edge duct, the mid pedestal section and the trailing

edge plane. Furthermore the coolant mass flow rate inside each [5]
passage was evaluated to assess the working conditions of each

channel.

A recirculation bubble is developing on the suction side of

each pedestal with decreasing extension at higher radii, vice [6]

versa an accelerating flow is found on the pressure side where
horse-shoe vortices develop in the near wall regions. The out-
flow at the trailing edge is almost completely axial for the inter-
pedestals passage close to the blade hub for which a wide recir-
culation is affecting the discharge. For the open tip condition a
10% mass flow rate discharged at the tip was found. The closed

(7]

tip configuration, revealed almost the same features as the open

one.

Steady state RANS analysis provided, for the investigated [8]

cases, confident predictions of the flow field with a very good
agreement with the experimental data. The main discrepancies
were found in the prediction of the extension of the separation
bubbles on the first inter-pedestals passage. Both the numerical
codes provided also reliable simulations of the complex three-
dimensional flow structure within the inter-pedestals passages.
Key issues in obtaining such concordance with experiments were
found to be the availability of precise boundary conditions and

the grid refinement around the pedestal leading edge.
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