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ABSTRACT

The aero-thermal behavior of the flow field inside 30:1 scaled model reproducing an innovative smooth trailing
edge (TE) of shaped wedge discharge duct with one row of enlarged pedestals have been investigated in order to determine
the effect of rotation, inlet velocity and blowing conditions effects, for Re = 20000 and 40000 and Ro = 0 -0.23. Two
configurations are presented: with and without open tip configurations. Thermo-chromic Liquid Crystals technique is used
to ensure a local measurement of the heat transfer coefficient on the blade suction side under stationary and rotation
conditions. Results are reported in terms of detailed 2D HTC maps on the suction side surface as well as the averaged
Nusselt number inside the pedestal ducts. Two correlations are proposed, for both closed and open tip configurations,
based on the Re, Pr, Ro and a new non-dimensional parameter based on the position along the radial distance, to assess a
reliable estimation of the averaged Nusselt number at the inter-pedestal region. A good agreement is found between
prediction and experimental data with about +10 % to + 12% of uncertaincy, for the simple form correlation, and and
about + 16% using a comple form. The obtained results help to predict the flow field visualization and the evaluation of

the aero-thermal performance of the studied blade cooling system during the design step.
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NOMENCLATURE

Ap Inlet section area [mm?]

Dy, Hydraulic diameter [mm]

D Distance from pedestal’s leading edge to inlet section [mm]
dp Pedestal width [mm]

d; Pedestal thickness [mm]

d Pedestal’s distance in model’s radial direction [mm]

h Heat transfer coefficient [W m 2K ]

H; Initial duct height [mm]

i Line of the matrix

I Turbulence intensity

P A given region

] Column of the matrix

k Thermal conductivity [W m 'K ™]

dl Pedestal length [mm]

Uy Bulk velocity defined at the inlet section [ms ]
Nu Nusselt number [--]

Nug Static Nusselt number [--]
p Static pressure [Pa]
Pr Prandtl number [-]

P,/e Pitchtorib height ratio[--]

q Heat flux density [W m 2]

Re Reynolds number [--]

Ro Local rotation number (Rossby number) [--]

S Blade thickness [mm] or time scale [a second].
T Temperature [°C or® K]

U Velocity [ms ]



X Radial direction[--]
Xr Dimensionaless distance [--]

X/Py Dimensionless position [--]

y* Dimensionless wall distance[--]
y Axial direction[--]

z Rotation axis direction[--]
Greeks

o Wedge angle of the inclined wall [deg]
M viscosity [kg m™ 5]

P Density of coolant [kg.m ]

Q Angular velocity [rad s7]
Acronyms

2D Two dimensions

3D Three dimensions

LE Leading Edge

LO Inlet duct region

L1 Trailing edge region

AR Aspect Ratio

HTC  Heat transfer coefficient
LCT  Liquid crystal thermography
imax  Line ‘s local matrix size
jmax  Column’s local matrix size
TLC  Thermochromic Liquid Crystal
PMMA Poly Methyl Methacrylate
PIV Particles image velocimetry
PS Pressure side

SS Suction side

Subscripts

Avg Average



co Coolant

f Film

for Forced convection
hub The hub region

in Inlet

loss Conduction losses
max  Maximum

nat Natural

sta Stationary

tip The tip region

ro Referred to ambient conditions

w Wall

INTRODUCTION

The modern manufacturing technologies allowed having gas turbines more powerful [1] and effective due to the
enlarged turbine inlet temperature (TIT) thanks to the advanced air cooling systems that allow blades to operate safely
below their material strength limit temperature. The thin trailing edges (TE) are manufactured as a converging ducts in
order to decrease mass and assure a better aero-foil and aerodynamic quality. Subsequently, this part of the blade is the
most critical. The modern design of thin trailing edges arranges for shapes equipped with pedestals in order to increase the
internal heat transfer [2]. Unfortunately, this thin trailing region is subject to great aerodynamic, thermal and structural
stresses, and this is why the local information on heat transfer is critical in order to prevent, modify and optimize the
coolant and to reduce the internal surfaces, and the use of enlarged pedestals have a lengthened shape of the base section
and compared to the circular pin fins, they increase the strength, decrease the pressure losses and increase lowly the heat
transfer. Many experimental and numerical studies vis-a-vis the use of pedestals and circular pin fins report the effects of
shapes and configurations on the heat transfer. Herein is reported many experimental studies vis-a-vis the use of pedestals,
and effects of their configurations on the heat transfer (Fig 1.3). For example, Speziale [3, 4] and Hart [5] gave the main
contributions to analyse the fundamental configuration of a radial channel of rectangular cross-section in an orthogonal
rotation (i.e., with the rotation axis parallel to the channel height) with an outward flow. However, a key finding of the

experimental study by Johnston et al. [6] was that moderate spanwise rotation amplifies and damps turbulent stresses on



the so-called unstable and stable channel side, respectively. The pressure field affects significantly the relative fluid flow
and turns out from the effect of the Coriolis forces that act on both the peripheral and radial directions in a plane
perpendicular to the rotation axis. A first result, secondary flows appeared (i.e., Coriolis vortices) which mainly act on the
channel cross-section moving flow from the channel leading side to the channel trailing side at the channel mid height. On
the other hand, the fluid layers close to the upper and lower wall are deflected towards the channel leading side. The
distribution of the radial velocity component along the channel height is affected by the pressure field. The velocity profile
shape is distorted towards a flattened distribution with the increase of the angular velocity, resulting into a Taylor-
Proudman regime at the highest rotation rates that is, with velocity maxima found close to the walls instead of being at the
channel mid-height. In this regard, to quantify the rotational effects the rotation number, Ro, is introduced. In the open
literature, a significant number of contributions in term of flows in rotating cooling channels can be sited. Conversely, if
trailing edge specific applications are considered, only a limited number of experimental or numerical contributions are
available, and moreover, the majority of the works concerns ducts for nozzle blades.

The effects of accelerating the flow both on the heat transfer and pressure losses in specific trailing edge
geometries using pin fins and enlarged pedestals in a converging duct were experimentally analysed by Metzger and Haley
[7], Metzger and al. [8, 9]. An important experimental survey was given by Wang et al. [10, 11], in which they performed
detailed heat transfer measurements on the endwall surface of pedestals array with the TLC transient technique. With the
same experimental method, Taslim et al. [12, 13] provided two experimental contribution by focussing on the effects of jet
impingement in a channel with an axial outflow. In the analysed geometry, cooling air from an adjacent passage was
impinged on a rib-roughened surface at the PS or at the SS via a series of race-track shape openings and then discharged at
the blade trailing edge. The Liquid Crystal Thermography (LCT) was used to study the effects of jet impingement on a
rib-roughened surface. The experiments were performed for Ro = 30000 to 50000. For what concerns the results, firstly,
the rib-roughened channel showed a significant global HTC augmentation with respect to the baseline smooth case. Beside
analysing the effects of different rib arrangements and height, the race-track shape openings were than tilted such in a way
that the ow impinged on the test section wall in the vicinity of the rib root with more scrubbing action against the test
section ribbed wall. Furthermore, it was proven that the rib arrangement is crucial to maximise the effects of impingement
cooling, which benefits also extend to the opposite internal surface of the duct. More recently this author presented a
numerical investigation on a similar geometry concerning the optimum arrangement of crossover jets. Hwang and Liu [14,
15], evaluated the heat transfer and pressure losses in trailing edge cooling geometries typical of real blades: wedge and

trapezoidal ducts, pin shape and investigated the lateral flow effects. They concluded that the effects of Coriolis and



centrifugal forces on the fluid flow must be taken into account in rotor blade cooling channels. Recently, Facchini et al.
[16] performed an experimental analysis about circular pin fins and enlarged pedestals in a converging duct showing the
effects of accelerating flow both on the heat transfer and pressure losses in specific trailing edge cooling geometries.
Chang and Liu [17], and Rallabandi et al. [18] accomplished experimental thermal analyses in the case of rotor blades
channels, on cooling schemes with an axial outflow. The thermal field investigations were accomplished inside a rotating
channel of trapezoidal cross-section with flow ejection at the trailing edge through holes [17] or slots [18]. Researchers
produced ready-to-use correlations applicable even in complex geometries under rotation.

About the cooling of pin arrays, few attempts could be found that considered the effect of mixed axial-radial
inflow as Kulasekharan and Prasad [19] and by Bianchini et al.[20, 21] for variable cross section ducts. It has been
concluded that the mixed orientation (radial — axial) has an effect on the heat transfer. Later, complete experimental and
numerical analysis of channel geometry similar to the one in [20] was performed by Armellini et al. [22] and Coletti et al.
[23]. In these latter studies, the cooling air from an adjacent passage was impinged on a rib-roughened surface at the
pressure side (PS) or at the suction side (SS) wall via a series of race-track shape openings. Through particle image
velocimetry (PIV) measurements, these authors obtained a deep insight into the flow, characterized by multiple primary
and secondary impingements caused by the mutual arrangement of tilted crossing jets and angled ribs. Liquid crystal
thermography (LCT) measurements showed the great impact of this complex flow field on the heat transfer coefficient
(HTC) distribution, on both channel sides. Moreover, the detailed experimental and numerical aerothermal analysis
pointed out the limits of the numerical solver in predicting the very complex flow field that develops inside the channel
and hence the thermal performances. Later, Coletti et al. [24] completed the thermal analysis on this device by means of
the conjugate heat transfer measurements. In recent times, The turbulent flows inside a rotating channel provided with
transverse ribs along one wall was studied by Coletti et al. [25] by means of 2D time-resolved particle image velocimetry
for a Re = 15 000 and a Ro = 0.38. The measurement set-up was mounted on the same rotating disk with the test section.
As the ribbed wall is heated, both the Coriolis force and the centrifugal force played a role in the fluid dynamics. The mean
velocity fields highlighted the major impact of the rotational buoyancy (Buoyancy number Bo = 0.31) on the flow along
the leading side of the duct, and the near-wall layers experience significant centripetal buoyancy. The recirculation area
behind the obstacles was enlarged to the point of spanning the whole inter-rib space. Also the turbulent fluctuations were
significantly altered, and overall augmented, with respect to the non-buoyant case, resulting in higher turbulence levels far
from the rib. On the other hand, the centrifugal force had little or no impact on the flow along the trailing wall. Vortex

identification, proper orthogonal decomposition, and two-point correlations were used to highlight rotational effects.



Bonnani et al. [26] performed an experimental survey on 30:1 scaled model the heat transfer of a trailing edge
cooling system to study the effects of the rotation Ro varied from 0 to 0.3, in internal cooling ducts, for a Re of 20000, by
testing different configurations: smooth, ribs +60° and ribs -60° with closed tip and open tip. For flat or ribbed plates with
closed tip and open tip, higher peaks of HTC were shown in the stationary case, located near the pedestal leading edge and
along the pedestal surface facing the approaching flow, but were shown to decrease with increasing Ro number for all
configurations. As expected, the presence of ribs induced a global increase in HTC on the wedge section and tests results
show that the ribs +60° of open tip outlet condition reaches the most homogeneous heat transfer distribution all over the
ribbed heated surface.

Recently, Beniaiche et al. [27, 28 and 29] studied the same geometry used by [19-26], by means of detailed TLC
measurements for a Reynolds number in between 10000 and 40000 and stationary conditions [28] and under rotating
conditions [27,29]. They provided two correlations of the averaged Nusselt number estimated at the inter-pedestals regions
as an exponent function by means of the flow parameters for three studied geometries: smooth, ribs +60° and ribs -60°,
with closed and open tip configurations [28] and under rotating conditions only for the case of the ribs +60° geometry[29].
The variant parameters are Re, Pr and a new non-dimensional distance (Xr) based on the radial position of pedestals [28].
However they took into account the Ro number effectin correlations of [29].

This literature survey highlights that the most critical region the inter-pedestals region of a turbine blade trailing
edge. For this purpose, the present contribution aims to give a better assessment for is. Indeed, our present work is based
on the same model and is a continuation of the preceding research carried out by [20-29]. This first part targets studying
experimentally, for stationary and under rotating conditions, the heat transfer performance of the smooth case surface of
the same innovative scheme geometry studied by authors of [20-27].The rotational number is extended to be 0.23 instead
of the stationary case in [28], and the value of 0.15 in [29]. For both two configurations; closed tip and open tip, two forms
of correlations (simple form and complex form) are proposed to estimate of the averaged Nusselt number, at the inter-

pedestal regions. These correlations are very helpful during the design step.

I. CHANNEL GEOMETRY AND TEST CONDITIONS

The investigated geometry reproduces the internal cooling channel of a highly loaded turbine blade, the same
described and analyzed by [20-29]. The experimental procedure conducted by Authors at Department of Industrial
Engineering, University of Florence, Florence, used two geometries: smooth geometry, reproducing an internal cooling

channel of a highly loaded turbine blade (Figure 1).



The discharge duct at the trailing edge region is wedge shaped and includes a row of seven enlarged pedestals.
The cooling air is radialy oriented at the inlet section, then, turned at 90° towards the outlet of the trailing edge. The
channel used to guide the flow from the radial inlet to the tangential outlet is split in two parts: the LO region and the L1
region (Fig 2). The LO region is composed of a constant height channel and a lateral wall of reduced passage area along the
radial direction inclined by 10° to the radialy, used to redirect the flow towards the exit trailing edge. The inlet section,
placed at the hub section, is rectangular with a hydraulic diameter Dh= 58.18 mm and has a high aspect ratio (AR = 7.25).
The L1 (Fig.3) region consists of a converging wedge shaped duct with an angle = 10° and initial height H1 = 33 mm. The
seven (07) pedestals of a length of 84 mm and a diameter of 12 mm are placed inside L1 region and equally spaced with a
radial wise distance Px= 75 mm (Fig.3 (c)). Two different kinds of tip were tested: one with a closed section and one with
5 holes discharging the fluid at an ambient pressure (Fig. 4c). [27]

An over view of the experimental set up is given by Figure 2 which details the different components of the used
experimental set up.

The measurement of the surface temperatures used a wide band Thermo-chromic Liquid Crystals (30C20W
supplied by Hallcrest) steady state technique, active from 30°C to 50°C, calibrated in the same optical condition as a real
test. The model was made of transparent medium (PMMA Plexiglas), and to ensure the optical access, the crystals were
thinned down with water and sprayed with an airbrush. After preparing the scaled 30:1 model, the TLC is carefully painted
on the heated foil. The heating element consists in a 25.4 um thick Inconel Alloy 600 sheet, applied on the test plate with a
double sided tape (Figure 3 (1)). The working conditions are to be fixed by the user (Figure 3 (2)). A digital camera served
to record a colour bitmap image (1024x768 pixels) from the TLC painted surface on the PC (IEEE-1394 standard). The
illuminating system consists in two studio flashes placed in a steady position at the rig (Figure 3 (3)). In the rotating state,
the camera and the flashes are fixed on a stand; hence it was necessary to synchronize the measurement chain as shown by
Figure 4. To record an image when the tested geometry crosses the visual field of the camera, a laser transducer triggers
(electronic device) drives the camera and the flashes based on a trigger circuit. The input signal coming from the laser
transducer is a square wave signal (green line Figure 4) that produces a transition with an adjustable delay (blue line Figure
4), necessary to ensure a correct position of the test section in the visual field of the camera in order to illuminate flashes. A
digital camera was used to record the colour bitmap image (1296x964 pixels with a physical pixel size of 0.5 mm x 0.5
mm) from the TLC painted surface on a PC (IEEE-1394 standard) (Figure 3 (4)). Data acquisitions (Figure 3(5)) of each
single case are used as the entry conditions during the post processing step. A mask picture (Figure 3(6)) is used during the

plotting of the 2D maps of HTC. Without a mask picture, the surfaces down the pedestals are less cooled, and will appear



black surfaces, and taken into account during the post-processing step which might lead to an error. The parameter hue
(Figure 3(7)) is used to quantify the colour of the painted surface, and its calibration has been performed by replicating the
same optical conditions as in real ones, in order to relate the colour of each pixel location to the local wall temperature Tw.
The outputs of the post-processing step are the local temperature distribution over the studied geometry (Figure 3(8)), and
by knowing the heat losses, the 2D maps of HTC values are plotted with a possibility to estimate the local Nusselt number
and an average Nusselt number (Figure 3(9)). [27]

The uncertainty analyses were performed according to the standard of ANSI/ASME PTC 19.1 [30], based on
theKline and Mc. Clintock method [31]. Temperature accuracy is £0.5 K, differential pressure is £6.9 Pa, mass flow rate is
+2 - 3%, and heat losses are varied from 4% in the low temperature areas up to 16% in the high temperature relative to the
maximum heat imposed, and the wall temperature accuracy ( the variation of the temperature for repeated tests) is about +
10%.

1.1 Data reduction

The blade part subject of this study is a component of the first stage of a gas turbine. This component, which
present dimension equal to a few centimeters, is continuously in contact with coolant flows of temperatures from 1200Kup
to 1700Kand pressures vary from 15 to 45 bar[27-29]. Exactly reproducing the effective machine conditions, de facto, is
impossible. High pressure, high temperature and small dimensions do not give a scientific unswerving. Therefore, the will
to obtain less prohibitive conditions imposes a scaling of the problem, using the theory of similitude. Measurements
obtained from scaled models can be reported to the real object through some non-dimensional parameters such as the
Reynolds number, Mach number, Prandtl number,...etc. Therefore, a scaled model can be bigger than the component that
reproduces, allowing detailed measurement. The scale is selected taking into account at the same time the non-dimensional
parameter and requirement for structural strength. The Prandtl number depends only on the considered gas (dry air in our
experiments) and not on temperature. This way, the studied heat transfer phenomenon is not influenced by the scaling of
the real geometry, and results will reproduce those of real gas turbine applications. For which the Reynolds and Nusselt

numbers are monitored.[28]

During the heat transfer tests the surface is heated by a constant heat flux and exposed to a cooling air flow and a
digital image of the investigated surface is acquired. For the data reduction Reynolds number is estimated at the inlet

section of the LO region similarly to Bianchini et al. [20, 21] and Bonnani et al. [26]:

Re = (mDp)/(Antt) @



Where m is the mass flow rate at the inlet section, u the dynamic viscosity of the air evaluated at the film

temperature at the inlet section of the L0 inlet region,D,, the hydraulic diameter and A,, the area of the inlet cross-section.

It has been decided to report the Reynolds number definition to the inlet section area instead of evaluating it at
each slot, in order to avoid the use of intrusive instruments which may hide a part of the studied areas and by the way lead
to losing local information concerning the HTC distribution.

The Heat transfer coefficient is calculated as:

HTC = —4 @3]

Tw—Tco

Where q, T,, and T, are the heat generated by the Inconel heating foil, the wall temperature and the coolant
temperature at the inlet section, respectively. This HTC definition must be corrected by including the thermal losses due to
conduction through the solid body as follows:

H= d—dioss (3)

Tw—Tg

By taking into account the thermal losses g and the heat generated by the Inconel heating foil, the wall

temperature T,,and coolant temperature T,, the local HTC is defined as follows:

HTC = 4=dioss ()

TW_TCO
The heat losses s are 4% in low temperature and 16% in high temperature areas, which are calculated on the
heated side by knowing the thermal conductivity and the PMMA plate thickness, according to Bianchini et al. [20, 21] and

Bonnani et al. [26]:

) _k __TwTro
Qioss = 3~ 1+k/(s.hconv) :

T,, 1S the temperature air before going to the blower.

For the stationary case, the natural convection heat coefficient of the coolanth,,,,is 5-25 W/m’K [65, 66].
However, for rotation cases, h.,y, iS calculated knowing the average Nusselt number between the hub and tip sides, as

follows:

ﬂhub+ﬂtip

2 (6)

Nu =

10



Based on the Reynolds number values, the adequate correlation used to estimate the average Nusselt number at
the hub and the tip is given according to [32, 33]:

Nu = (0.037 Re® — 871)Pr¥/* , for { . %05 Pr <00 1

5.10° < Re < 108 ()

The Reynolds number is estimated at the hub side and the tip side, respectively, as follows:

.U.L
Re = Pco
Hco

: ®)

With L is the flat plate length of the flat plate that has a width equal to 0.630 m, and U is the linear velocity [m.s™].
The air density and the dynamic viscosity are estimated at the film temperature T;(300-317 K).

The calculated Reynolds number values, at the hub and tip positions, are higher than the critical value (5.10°) to
get a turbulent flow.

The forced convection heat coefficient, on the outside geometry, is given by:

_ Nukg

hfor - L (9)

The dimensionless parameter to take into account in order to reproduce the same rotational condition of real

engines is the rotation number, defined as:

_Q-D, _Coriolis Forces

Ro ~ -
U, Inertial Forces

(10)

Where QD and U, are the rotation speed in rd/s; the hydraulic diameter of the inlet section and the Bulk velocity at the

inlet section, respectively.

1.2 Assessment of HTC
A specific Matlab program is used to post-process each 2D HTC map. For a given pixel (i, j) location of the
(L1+L0) regions, an experimental HTC local value heyyij is attributed and the local experimental Nusselt number Nugyy, ;; is

evaluated as follows: [28]

Nu — Nexpij P (11)

expij — kco

To estimate the averaged Nu during the post processing procedure, the equivalent of an IP region is a matrix
composed of inalines by jnaxcolumns, that depends on the region size and the real dimensions of the photographed part of

the studied geometry in terms of length and width. The LO region was considered as a one single matrix. However, L1
1



region was divided into eight regions which are equal to the number of eight inter-pedestals regions. Each region is
represented by an equivalent matrix, and the average Nusselt number of each IP region is the sum of all local Nusselt
numbers divided by the number of the locations of the IP region.

The heat transfer coefficient accuracy (the variation for repeated tests) is about +8% to £12%, using according to

the standard of ANSI/ASME PTC 19.1 [30], based on the Kline and Mc. Clintock method [31].

1. RESULTS AND DISCUSSIONS

The measurements of the heat transfer coefficient correspond to a Reynolds number from 10000 to
40000definedwith respect to the hub inlet section and the Rotation number Ro from 0 to 0.23. Two different configurations
were tested corresponding to two surfaces: a flat plate with a closed tip, and an open tip having approximately 12:5% of
the inlet flow discharged from the tip. The results are reported in terms of detailed 2D maps of heat transfer coefficient on
the suction side spanwise profiles inside the L1 region.

In the 2D HTC maps, the x/Pyis a fraction of the radial distance with the origin located on the mid- span of the L1
region, and y/D is a dimensionless distance with the origin located at the left plan of the inlet section. x, Py, y and D are
respectively, the radial distance, the inter-pedestals distance, the axial distance and the distance from pedestal’s leading
edge to inlet section (D=32 mm).

In order to facilitate the analysis of different phenomena related to the cooling, all the plots have the same color

range and the same scale for HTC.

1.1 Stationary conditions

Figures 5 and 6show the 2D HTC maps for Re = 20000 and 40000, respectively, for closed tip (Figure 5(a) and
Figure 6(a)) and open tip (figure5 (b) and figure 6(b), under stationary conditions. Figures 5 and 6 highlights that the
values HTC are high at the inlet of the LO region but tend to decrease from hub to tip. Same figures show that all the
cooling configurations have some peculiar features, where two regions of low HTC are noticed. The positions of these low
HTC regions are illustrated on Figure 5(a). The first is located in the inter pedestal vane near the hub (region P1) and the
second is situated near the tip along the redirecting wall. This last low HTC zone disappears for the open tip configuration.

For each region, the low value of HTC is attributed to the recirculation zones [20, 21,22, 24, 28 and 29].In fact,
the flow is fully developed after crossing the inlet section of the LO region [22, 23, and 24] and due to the fact that the

region P1 is directly positioned at a turning angle of 90° of the main flow stream, the average velocity in P1 is low. On the

12



other hand, the size of the recirculation zone at the P1 region reduces the flow cross section; as a result, the heat transfer
coefficient is low [24, 28, 34].

For the closed tip configuration, the PIV data provided by Armellini et al. [22] showed the existence of a
recirculation zone at that region, which does not allow the coolant flow reaching that region, and as consequence, the heat
transfer exchange is less efficient.

The comparison of Figures 5 and 6 demonstrates that the increase of the Reynolds number induces a reduction of
the size of these recirculation zones at P1 and near the tip exit. This is related to the increase of the mass flow rate of the
coolant and, consequently, its velocity is increased and improves the efficiency of the heat exchange between the coolant
air and the heated wall.

It is easy to see, on Figure 6, that the efficiency of the coolant is decreasing along the x/P, position, which
confirms well the proposed explanations.

In fact, the distribution of HTC is not uniform along the LO region, as seen on Figures 5 and 6 where the regions
near the hub are better cooled than those near the tip. In fact, the flow is fully developed inside the LO region and, as much
as the coolant flows inside this region, it interacts with the heated plate causing a decrease of the temperature gradient
(coolant - heated wall) and, subsequently, a reduction of the heat transfer efficiency along the radial direction of LO region.
To highlights this explanation, it is interesting to plot the efficiency of the coolant temperature (equation 12), as defined by
Gillespie et al. [36] who and Wu et al. [35] stated, both, that this parameter, describing the efficiency of the heat exchange,

decreases along the radial direction of the flow.

(Tp—Tw)

Ty = The efficiency of the coolent temperature potential (12)

Where Tb the bulk temperature, T,, the wall temperature and T,, the temperature of the coolant at the inlet
section.

Concerning the L1 region, it is possible to see that the high values of HTC are situated at the leading edge of each
pedestal around the stagnation point, especially for the regions from P2 to P7. This is due to turbulence enhancement
which started at the LO region and continues in the L1 region. In fact, the redirecting wall at the LO region reorients and
accelerates the coolant towards the L1 region. At the inlet of the L1 region, the cross section of the flow along the y
direction is contracted about 10° (Figure 1(d)) leading to increasing the velocity and the turbulence of the coolant flow.
After that, when the flow reaches the leading edge of the pedestal, a horse-shoe vortex is created due to the deviation of the
approaching boundary layers over the heated plate and the pedestal surface. The horse-shoe enhances the heat exchanges
between the main coolant flow and the heated plate, by encouraging more fresh coolant to reach the heated side of the

internal geometry, as reported also by Armellini et al. [22] and Wu et al. [35].
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The intensity of the heat exchange decreases along the L1 region going from the region P2 towards P8. In fact, the
studied case is a case where the temperature of the heated plane remains higher than the film temperature of the coolant
which is the common case of the real blades and, as explained before, the cooling capacity of the coolant is reducing as
much as moving towards the tip region along the LO region, due to the interaction with the heated plate and turbulence
disturbances. For that reason, the region P2 is crossed by a flow having a lower film temperature compared to the region
P8 where due to the interaction of the recirculation zone at the tip region with the coolant, as redirected towards the region
P 8, leads to raising more its film temperature and by the way decreases the heat exchange at this region, as reported on
figure 8 illustrating the interaction between the recirculation zone at the tip, for closed tip configuration and the coolant
flow exiting from P8. Concerning the open tip configuration, this interaction is canceled due to the non-existence of the
recirculation zone at the tip region, however, as seen on figure 7, the efficiency of the coolant temperature is lower at
position x/Px =-4, which is the position of the flow before it bifurcates into two flows exiting from the holes of the tip and

slot P8, respectively.

1.2 Rotation effects:

In the following, 2D HTC maps of the obtained experimental data for a smooth surface using two configurations:
closed and open tip are presented, for Re = 20000 and Ro = 0.23. Those of Re = 40000 and Ro = 0.23, will be given in the
next section.

The overall flow behavior under rotation condition compared to stationary cases inside the channel can be
commented by referring to the 2D HTC maps reported in figure 9(a,b) and figure 5 (a,b).

At first sight, the HTC values under stationary conditions are increased. Inversely, for Ro = 0.23, the flow is
deviated much more in the direction of y < 0 of the channel than for stationary conditions. The increase of the effect of the
Coriolis forces with the augmentation of the rotation number explains this upper deviation of the flow in the central part of
the channel towards the exit slots [22,29,34, and 35], and a decrease of the efficiency of the coolant along the radial
direction, as illustrated by figure 9, for Ro = 0.23. Also, it can be seen an extension of the recirculation zone near the
redirecting wall towards the tip region. In fact, in the static condition, the core flow has a higher inertia; however, in the
boundary layers, the flow is slower. Consistently, the former will tend to keep its radial direction while the boundary layer
flow will be easily deviated towards TE [22,29,35] that leads to have a single concavity shape of the vector distributions.
On the other hand, the extension of high HTC values in the radial direction of the LO region, compared to the stationary

case, is related to the fact that the Coriolis forces acting on the faster core flow induce the x component of the pressure
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gradient and, along the radial direction, cause an acceleration of the boundary layer flow. The other explanations regarding
the development of the boundary layer inside the LO region remain valid for the rotation case.

Concerning the L1 region, it is remarkable that the intensity of the HTC values is lower, for Ro = 0.23, than the
stationary case, however, the extension of the cooled surface is larger for Ro = 0.23 compared to Ro = 0. References
[22,34,29 and 37] stated that, for high rotation numbers, and by moving towards the channel trailing edge, the averaged
flow structure is further complicated by the flow acceleration imposed by the narrowing of the channel and the horse-shoe
structures appear larger and there is an air replacement between the pressure and the suction sides of the pedestals of the
L1 region. As reported in [29], there is a reduction in the separated flow structures downstream of each pedestal when
moving towards the blade tip. The outflow, at the inter-pedestal passage trailing edge is almost completely axial close to
the blade hub for which a wide recirculation zone affects the discharge flow, and recirculation zones appearing on the
suction side of each pedestal decreases the passage area of the flow which accelerates the flow over the pressure side, and
results in a better cooling of this side. However, the heat exchange between the flow and the heated plate is lower at the
suction side of the pedestal due to the recirculation zone. The intensity of heat exchange is shown to decrease along the L1
region as going from the region P2 toward the region P8. In fact, as explained before, the cooling capacity is decreasing as
much as the flow moves toward the tip region along the LO region, because of the interaction with the heated plate and
turbulence disturbances in the LO region. For that reason, the region P2 is crossed by a flow having a lower temperature
than the region P8 where the flow is warmer. The recirculation zone at the tip region interacts with the coolant as
redirected towards the region P8 by rising its temperature. As the coolant film temperature is higher, the heat exchange
decreases at this region.

Further information in Part 1l of the present study, based on CFD visualizations, may help to understand the

aerodynamic behavior of the flow inside the studied geometry, which may support the given explanation.

I11. HTC correlations

In the literature of internal heat transfer calculations [32, 33], the common correlations to estimate the averaged
Nusselt number are given in the form of equation 13:

Nu= C Re"Pr" (13)

This form has the disadvantage of not giving a correct value along the flow direction. As see on figure 7, the
efficiency of the coolant is is decreasing along the radial direction of the flow, which supports well the given statement.
For this reason, in the following, two different correlations are developed based on HTC local values for estimating the

averaged Nusselt number at L1 regions in terms of Re, Ro, Pr and fraction of radial distance (Xr), in order to give a
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reliable value of the averaged Nusselt number. A fitting function procedure has been applied to L1 region. For each
studied Reynolds number tests were repeated six times, so that each data point is the average of six measurements. Over
the range of Reynolds numbers all the data points of the two studied geometries (open tip and closed tip) were fitted into a
simple correlation and a complex correlation.
111.1 Simple correlation

First, the average Nusselt number is defined only as a function of the Reynolds number and the rotation number.
The Reynolds number is between 10000 -40000 and Rossby number from O to 0.23. This first simple form of correlation is
proposed for a quick estimation of Nusselt number at each PA inter-pedestals region.

Nu = (a + b.Ro°).Re" (13)

Where a, b, ¢ and d are constants to be determined. In fact, because the stationary states results have been taken into
account to correlate the Nusselt number, the term (a + b. Ro¢)finds its form in order to reproduce both the stationary and
the rotating state. In the stationary conditions Ro is equal to zero but the Nusselt number cannot be equal to zero if the term
(a + b.Ro°) has been instead chosen to be (a Ro¢). [29]

The obtained values of coefficients a,b,cand d of HTC correlations are summarized in Table 1and Table 2, for the
closed tip and open tip, respectively.

Figure 10 illustrates a comparison of the obtained data of the proposed correlations and those obtained experimentally.

A good agreement is found between prediction and experimentation, for a uncertainty of about +10 % to +12 %.

This first proposed correlation of Nusselt number is limited even it allows a quick estimation of the average and
local Nusselt number. As noticed from these results the Nusselt number is varying along the radial distance from hub to tip
region, because of changing in the coolant temperature due to interaction with the heated plate and the turbulence. For this
purpose, ancther correlation that takes into account the effect of Reynolds number, Rossby number, Prandtl number and
the radial hub to tip distance in the L1 region is presented.

111.2 Complex correlation

The average Nusselt number is correlated as a function of Re, Ro, Prin addition to the dimensionless radial
distance Xr . The same procedure has been followed to estimate the average Nusselt number in the pixel matrix of the L1
region, as explained previously.

Nu=(a + b.Ro®).Re® .Pré.Xr/ (14)
With a, b, ¢, d, e and f are the constants to be determined for both closed tip and open tip configurations, considering the

ranges of Reynolds number 10000 - 40000, Rossby 0 - 0.23, and Prandtl number of coolant estimated at the film
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temperature Ty. In fact, the power coefficient of Prandtl number is constrained to be between 0.3 and 0.4 (as used in the

fitting function program), which is according to the value found in the open technical literature for the forced convection.

The radial dimensionless distance (Xr = )is obtained by dividing the radial distance, starting from the hub to the

L1 lenght
tip by the L1 region length. It is to say that Xr is different from the x/Py ratio defined in section 3. After defining the
different parameters of the proposed correlation and their constraints, a nonlinear multiple variables procedure was used to
fit adequate fitting curves defining the actual correlation. The obtained coefficients are presented in Tab. 3.

Figure 11presents the comparison between the proposed correlations and the experimental data for the closed tip
and open tip, respectively. Generally, for each Reynolds number the curves are characterized by a decreasing trend along
the L1 region from hub to tip. Indeed, higher values are found close to the hub at the region P2, but there are lower values
seen at the region P8. This behavior is still valid for all rotations, where it is noticed that the HTC values increase with
Rossby number from 0 to 0.23. All fitted curves of Nusselt number’s correlation are within an acceptable accuracy for
Reynolds number 10000 - 40000, and Rossby number, between 0 — 0.23.

In overall the percentage error is less than 16%. In fact, this good fitting represents a good agreement between the
data and the model and we may conclude that the produced correlations may serve in predicting the average Nusselt
number for different flow regimes along the radial distance from hub to tip, for Reynolds number in between 10000 —

40000 and Rossby number up to 0.23.

CONCLUSION
In this paper a non intrusive TLC technique is used to study the heat transfer of a wedge shaped discharge duct of
an innovative ribbed (smooth surface) gas turbine blade trailing edge cooling system scheme, for two configurations: a
closed tip and an open tip. The working conditions re extended to the range of operating conditions of gas turbine
applications with Reynolds number in between 10000 - 40000 and a Rosbey number in between 0 - 0.23. The following
conclusions can be made:
1. The proposed geometry allowed comparing two different tip configurations deprived of any prodigious modifications
concerning structural changes.
2. The cooling effectiveness is shown to be affected by the tip conditions.
3. From 2D HTC distribution maps, some common features are found: two recirculation zones, for the case of closed tip
configuration, a first appears at P1 region near the hub, and another one at the tip region. For the open tip

configuration, only the one at P1 exists.
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4. The size of the recirculation zonesis inversely proportional to the increase of the Re. However, it is proportional to the
rise ofthe Ro due to combined effect of centrifugal and Coriolis forces.

5. Coriolis force induces an axial acceleration to the fluid towards the trailing edge, and when combined to the centrifugal
forces induces an extension of the low-HTC region near the redirecting wall and produces a global axialization of the
flow.

6. The Reynolds number, Rossbey number, Prandtl number and dimensionless radial distance are considered to be
sufficient parameters to quantify the heat transfer coefficient in order to evaluate the cooling effectiveness at the
pedestals areas.
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List of tables:

Table 1 : Coefficients for the averaged Nusselt number correlation, closed tip.

- Region IP
Coefficient
P1 P2 P3 P4 P5 P6 P7 P8
a 0.0878 0.1686  0.1456  0.1106  0.1005 0.0911  0.1076  0.0883
b 0.0224  0.0158 0.1052 0.2070 0.0183 0.0861  0.0109  0.0224
c 0.6783 0.3345 0.9981 22230 1.0731 14473 0.5222  0.6783
d 0.6428 0.6460 0.6481 0.6705 0.6745 0.6663  0.6402  0.6428
Table 2 : Coefficients for the averaged Nusselt number correlation, open tip.
- Region IP
Coefficient
P1 P2 P3 P4 P5 P6 P7 P8
a 0.2483 0.1601 0.1601  0.1054 0.1031  0.0871 0.0836 0.2323
b 0.1254  0.5466 ~ 0.5466  0.0131  0.0009  0.0082 0.0345 0.0055
c 11222 12929 12929  0.5422 0.8204 0.7323 0.6324 1.9991
d 0.6004 0.6355 0.6399 0.6700 0.6658  0.6686 0.6686 0.5536
Table 3 : Coefficients in Nusselt number correlation
a b c d e f
Closedtip | 0.1390  0.0012 1.6870  0.6182 0.3992 -0.4021
Open tip 0.1630  0.0198  0.1022  0.6002 0.3991 -0.3205
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