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Nomenclature

Tu
Vi
V,
X
\

Hue

Qn

blade axial chord length (12 cm)

wake rod diameter (cm)

local heat transfer coefficient (W/m>-K)

number of rods on wake generator

speed of rotating rods (rpm)

local static pressure

total pressure at inlet (atmospheric pressure)

wake Strouhal number, 2nNdn/(60V))

mainstream temperature

local wall temperature

free-stream mean turbulence intensity at cascade inlet
cascade inlet velocity (m/s)

cascade exit velocity (m/s)

streamwise distance from leading edge to trailing edge along the midchord.
kinematic viscosity of inlet air

Hue of the color

Heat flux on the blade tip

Q"oss Heat flux loss from the blade tip due to conduction and radiation effects

H

A

M

height of test blade
Surface area of the blade tip surface

Mach number

X



Re free stream Reynolds number, pVC/p
S blade spacing
Tw Wall temperature

Vv Voltage Input

I Current Input
Subscripts

o0 mainstream flow
t total

S static



Abstract

A comprehensive investigation of the effect of various tip sealing geometries is
presented on the blade tip leakage flow and associated heat transfer. The linear cascade is
made of four blades scaled up HPT turbine in a low speed wind tunnel facility with the
two corner blades acting as guides. The tip section of a HPT first stage rotor blade is used
to fabricate the 2-D blade. The wind tunnel accommodates an 116° turn in the flow
through the blade cascade. The mainstream Reynolds number based on the axial chord
length at cascade exit is 4.83 x 10°. The center blade has a tip clearance gap of 1.5625%
with respect to the blade span. Static pressure measurements are obtained on the blade
surface, the tip surface, and the shroud. Several tip sealing techniques are investigated in
this study. Crosswise trip strips are used to reduce leakage flow and associated heat
transfer by placing the trip strips in different orientation. Cylindrical pin fins are
investigated and compared to the trip strip geometries. A full and three partial squealers
are investigated. The partial squealers are placed on the suction side, pressure side and
midchord of the blade tip. Detailed heat transfer measurements are obtained using a
steady state HSI-based liquid crystal technique. The upstream wake effect is simulated
with a spoked wheel wake generator placed upstream of the cascade. A turbulence grid
placed even farther upstream generates the required free-stream turbulence of 4.8%. The
effect of periodic unsteady wake effect is investigated by varying the wake Strouhal
number from 0.0 to 0.2, and to 0.4. Results show that the squealers and the trip strips
placed against the leakage flow direction produce the lowest heat transfer on the tips
compared to all the other cases. Results also show that the full squealer has a strongest

effect on the overall reduction of tip heat transfer.

xi



Chapter 1
| ntroduction

1.1 The Description of Leakage Flow with Free Turbulence and
Unsteady Effects

In the axid flow turbines, the blades are fixed on the moving rotor under a
dationary casing (i.e. shroud) as shown in Figure 1.1. As the combustor exhaust ges
flows through the turbine, these turbine blades hdp in converting the energy of the hot
pressurized gases to mechanica energy. In an arcraft engine the mgor part of this energy
is utilized by the compressor and produce thrust. In case of power turbines, the god is

also to produce additional power to generate electricity.

Shroud
P—
—
Direction of
)1 L eakage Flow
Blade
7

Moving x
Rotor

Figure 1.1 Tip Leakage Flow seen from the pressure side (Metzger et.a 1989)



The gap between this dationary casing and the blade tip is cdled clearance gap.
The clearance gap is the region of the lower area of cross-section. The concave side d
the blade is cdled the pressure sde and the convex dde is cdled suction sde  These
leads to high pressure difference across the pressure and suction sides of the blade tip that
causes the flow to accelerate in this gap region as shown in Figure 1.1 and Figure 1.2.
This flow is accompanied by secondary flows, which have the effect of bringing very hot
portion of the mandream to the vicinity of the clearance gep, egpecidly a the
downstream portion of the blade. The portion of the blade tip in contact with this hot ar

is exposed to high convection heet transfer.

CLEARANCE GAP \ Shroud

/I

_ _ Pressure Side
Suction Side

T

e ——.
®

Rotor

Figure. 1.2 Conceptua view of the Leakage Flow through the Clearance
Gap Leakage Flow

The rotor tip leskage flow, dthough undesrable, cannot be diminated. The
leskage flow causes high heat load to the tip region and leads to oxidation and cracking

resulting in blade tip as discussed by Y ang and Diller (1995) as shown in Figure 1.3.



Figure 1.3 Oxidation Heat Damages on the Blade Tip (Yang and Diller, 1995)

This affects both the structurd durability and the stage aerodynamic performance of the
blade. Since it is impossible to diminate the tip leskage flow between the blade and the
dationary shroud, effort is focused on designing the blade tip region to reduce leskage
flow and thus reduce overdl heat load and delay failure initiation processes Mogt of the
research is now focused on designing tip geometries that will reduce the leskage flow and
the associated hest transfer of the tip.

The leskage flow is associaed with many ungeedy effects. Typicdly unsteady
flows that occur naturaly in the flow are for one body in the wake of another. Another
type are those in which the entire flow fidd oscillates are for downsream of a pump. The
third type of unsteadiness in which we are interested is a forced, periodic, and locdized,
disturbance of the flow. This occurs when a moving object cuts across the flow path, as in
turbine sages. The relaive motion of the dternate stationary and rotating annular blade

rows, which comprise each stage, causes the unsteadiness in the flow as shown in Figure



14. The ungteedy flow that occurs in the passage of an axia flow turbomachines strongly

affects the blade s fluid dynamic performance, flow loss and hest trandfer.

; WAKE
- (o i

VALY

Rotor
WER

Figure. 1.4 Conceptua view of the unsteady wake propagation through a rotor blade
row (Mayleet.d., 1991)

Doorly et d. (1985) describes the principa components of unsteadiness as.

1. Wake Passing: At the exit of a given blade row the flow is non-uniform in
the drcumferentiad direction. This is due to the presence of wakes that are
shed a the trailing edge of each blade. The blades of the downstream row are
subjected to a periodicdly varying inlet velocity and turbulence flow fidd,
snce the redive rotation of the rows causes the downstream blades to chop
through the wakes.

2. Shock Wave Passing: For transonic stages only, shock waves generated by a
transonic blade impinge on the blades of downstream row. The blade of the
downstream row consequently chops periodicdly through shock waves, in
addition to wakes.

3. Potential Flow Interaction: The relative motion between a blade and the

blades of the rows immediately upstream and downstream causes the periodic



vaiaions in the potentia flow fidd. If the row spacing is increased, this form
of ungteadiness decays rapidly.

4. Additional High Energy Turbulence: The flame undeadiness in the
combugtion chamber of high —pressure turbine tage may generate high leves
of turbulence. This effect perdsts through the firs and second turbine blade
rows.

The turbulence generated a the exit of the combustor contributes to sgnificant
heat transfer enhancement. The effect of turbulence is not very well understood as yet.
The randomly distributed turbulent spots are formed due to the breskdown of the laminar
boundary layer by the free stream turbulence disturbances. These spots move further
downgream aong with the flow and form new spots, eventudly forming a fully turbulent
boundary layer. This leads to enhancement in the hesat transfer.

1.2 Literature Survey

Bindon (1989) and Morphis and Bindon (1988) studied tip clearance loss, usng a
linear cascade under low-speed conditions, and concluded that the losses varied linearly
with gagp dze Usng datic pressure messurements and flow visudizaion, Bindon
obsarved a separation bubble on the blade pressure edge that mixes with a high-speed
leskage jet induced a the midchord as shown in Figure 1.5. The leskage flow was
defined as snk-like on the pressure side and source-link on the suction Sde of the blade.
Yaas et d. (1989) dso observed the presence of a separation bubble away from the
leading edge and concluded that flow towards the leading edge had little effect on overdl

losses. In Yaras study, a high-speed test rig was used.
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Figure 1.5. Suggested history and effects of clearance gap separation bubble (Bindon).

Yamamoto (1989) dso found that leskage vortices were sendtive to incident
angle and the blade tip gap height. Mayle and Metzger (1982) investigated heat transfer
on a 2-D rectangular tip with rotating and dationary shroud. They established that the
effects of rdative motion between a blade modd and the shroud have negligible effects
on heat transfer data. Dring et. a (1982) and Hodson (1984) used low speed rotating
turbine to show that the wakes shed by the blades of one row induce an unsteady
trangtion of the boundary layer on the blades comprising the downdream blade row.
Doorly (1988) concluded that the effect of wake passing an dready turbulent boundary
layer is farly smdl. Han and Zhang (1993) concluded that unsteady weke causes an
increase of turbine blade heat transfer for a given low or medium incoming free-steam
turbulence. Funazaki (1994) investigated that the blade tip heat transfers enhanced by the
periodic passing wakes from the moving bars and this effect increases as the Strouhd

number of moving bars is increased. Steinthorsson (1996) concluded that the tip heat



trandfer near the leading edge dightly increases when the rotationad speed is varied. The
vaiation in rotationd speed causes the change in the incidence angle, which enhances the
blade tip transfer.

Metzger et d. (1989) and Chyu et d. (1989) investigated the effects of varying the
recess depth on the tip heat transfer of a blade tip mode. It was determined that tip hest
transfer was reduced under the presence of a cavity. The cavity smulated the squeder tip
geometry. Leskage flow was reduced until the depth reached D/W = 0.2. Here, D is the

depth and W is the width of the squedler on the blade tip as shown below.

) -

Squeder

Blade

Fgure 1.6 The schematic layout of the full squeder on the bladetip.

Martin and Nicolas (2000) investigated the influence of the tip's geometry, the
gap Sze, the man flow Mach and Reynolds number and the coolant infection into the
grooved tip section. Kaiser and Bindon (1997) andyzed the effects of tip clearance; tip
geometry and multiple dages on turbine sage efficiency in a rotating turbine rig. They
investigated the pressure and heat transfer distributions on a sationary flat blade cascade
mode and compared these experimental results with CFD predictions.

Metzger et d. (1990) peformed the numericd smulation of leskage flow and
compared the results to the actud turbine and its operating conditions measurements

avalable. The comparison between the modd and the measured heat transfer showed



good agreement. Thus, they proved that the model would be helpful for the early design
edimates. Yang and Diller (1995) used the Heat Flux Microsensor (HFM) to measure
the heat flux in the tip cavity of a blade. These HFM measurements showed that the heat
trander coefficients in the tip gap ae both insengtive of tip ggp height and maindream
flow veocity. Bunker et d. (1999) published the firgt study with detailed blade tip hest
transfer measurements on actua blade tips. Their measurements were made for a firg-
sage power generation blade using steady date liquid crystd technique. They varied the
curvature of the blade tip edges (rounded and sharp) and demonstrated that the blade with
a tip edge radius had a greater leskage flow and a higher heat trandfer coefficient.
Bunker et d. (1999) aso reported that an increase in free stream turbulence intensty
increased the heet transfer coefficient. These authors observed that there exits an area of
low heat transfer located toward the blade leading edge. This is referred to as the sweet
goot. Ameri and Bunker (1999) used CFD sdmulations to reproduce the results for the
same blade geometry shown by Bunker et a. (1999). They concluded that the assumption
of periodic flow was invdid for tip heat transfer caculations because the entire passage
had to be modeled. Their numerica results for the radius edge showed better agreement
with the experimenta data than that of the sharp edge.

Azad e d. (2000) peformed heat trander invesigations on blade tip in which
three different tip clearance gaps (C/H=1, 15, 2.5%) were used. They used a GE-E®
engine blade and a pressure ratio of 1.2 in a five-blade cascade. They measured heat
trander coefficents usng the trangent liquid crystd technique. The results of this
experiment showed that a larger gap causes higher heat trandfer coefficient on the tip. A

second study by Azad et a. (2000) investigated the effects of a recessed tip (D/H=3.77%)



on the heat transfer coefficient. It was determined that the squeder tip produced a lower
overdl heat transfer coefficient compared to the plain tip. The squeder redirected the
arflow over the tip forcing the flow to move from the leading edge pressure sde to the
tralling edge suction sde.

Bunker and Baley (2000a) investigated the effectiveness of chordwise seding
grips to reduce leakage flow and heat transfer. Seding strips increased resistance to
leaskage flow. Seding drips dso reduced flow when the gap between the strip and shroud
was the same as that between the plain tip and shroud. The gtrip location affected the tip
heet load digribution. The present study is based on this study by Bunker and Bailey
(2000a). Bunker and Bailey (2000b) continued the study with more complicated gtrip
geometries such as the circumferentid rub drips and 45° angled rub drips. Ther
experiments showed that circumferentiad and angled strips increase heat loads by 20 —
25% and 10 — 15% respectively. Bunker and Baley (2001) and Azad et d. (2001)
examined the different squeder geometries for reducing tip leskage flow and associated
heat trander, including sngle and double squeders. They found that severd squeder
geometries reduce the overdl heat trandfer to the tip compared to the plain tip. The
midchord squealer produced the best leakage reduction.

There have been severa dudies that have focused on the effect of periodic
unsteady wakes on blade heat transfer in linear cascades. Wittig et d. (1988) and Han et
al. (1993) focused on the blade surface hesat transfer (not on the blade tip) under the effect
of periodic unsteady wakes. Teng et d. (2001) presented detalled heat transfer coefficient
digributions on a lage-scde blade tip with different tip gaps The effect of unsteady

wake on tip heat trandfer was investigated. They concluded that a reduced tip clearance



gap produces lesser effect of the upstream unsteady wake thereby producing lower hesat
trandfer coefficients. However, they did not invedigate the effects of various tip
geometries under ungsteady wake effects. Also, they used the mid-span section of the
blade to smulate the leskage flow and not the tip section. This can produce non-typica
leakage flow over the tip compared to the tip section.

1.3 Objective of the Present Study

The objectives of the present study are:
1. To dudy the effect of upstream freestream turbulence and the periodic unsteady
wake on the blade tip heat transfer.
2. To sudy the effect of different tip geometries to reduce the leskage flow and
associated tip heat transfer.
The experiments were performed in a low speed wind tunnd facility with a four-blade
linear cascade. The steady date liquid crystd technique is used to obtain the blade tip
heat trandfer measurements. The present study focuses on using trip gtrips in different
orientations, different types of squeders and cylindrica pin fins to reduce leskage flow

and heat transfer.
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Chapter 2

Experimental Set-Up

Figure 2.1 shows the overdl layout of the facility and cascade test section. The
test apparatus consists of a low-gpeed wind tunnd with an inlet nozzle, a turbulence grid,
a spooked whed type wake generator, linear turbine blade cascade and a suction blower.
The rig is made of duminum wals, except for the blades and the shroud window cover
plate, which are made from acrylic maerid. The cover plae is 504 cm thick. The

schematic layout of the experimental setup is shown in Figure 2.2,

Figure 2.1. The overdl layout of the facility and cascade test section.

1



Weke Hest Transfer Blade

Flow Exit

Figure 2.2. The schematic layout of the experimenta setup.
The detailed description of dl the different components of the set-up is explained
in the following paragraphs.

2.1 Inlet Nozzle

The inlet nozzle to the facility has a top and bottom surface that is a 4" order
polynomid curve. The nozzle has 3 inlet screens to assgt in bresking up turbulent eddies
of inlet arflow. The inlet dimendons 56 cm by 61 cm of conveging inle nozzle
followed by arectangular channel of dimension 56 cm by 20.32 cm.

2.2 Turbulence Grid

A turbulence-generating grid is placed in this channd 44.67 cm upsream of
cascade leading edge as shown in Figure 2.3. This grid is composed of 6.35 cm diameter

wooden bars arranged in a cross-bar fashion with spacing of 2.54 cm between the rods in



both directions. The width and height of the grid is the same as that of the rectangular

channdl. The open area ratio of the grid is 66.8 percent. The grid was designed to produce

isotropic turbulence intengity of about 5% near the blade leading edge.

Wake
Generator

Figure 2.3.Turbulence Grid and Wake Generator as assembled in test cabinet.

2.3 Wake Generator

In order to smulate the effect of the saors on the arflow that passes over the
turbine blades, the wake generator is ingtdled upstream of the blades. In a red turbine
engine, there is a gap in the arflow after it passes over the trailing edge of a sator. This
is because the ar has to pass on ether sde of the stator, and since the dtator’s trailing
edge is not sharp, the arflow cannot rgoin smoothly. Due to the fact that the disruption
in arflow is caused by te tralling edge, usng rods with the smilar diameter as a gaor's
trailing edge thickness smulates these dators.  The rods pass through the test section

cross-sectiona area to properly mimic the dsators effect. The wake generator rotates
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clockwise, as seen from the inlet, in order to properly recreate the flow conditions in the
actud turbine stage. The wake generator spins in the direction opposite to the spin
direction of the rotor of the rea turbine and the blades are held Stationary.

Pulleys and Bt

Shef Bearings
Bearing
Mounts
Lower Cover
Motor

Hub

Lower Cover

Flange (Behind Hub)

Rod

Figure 2.5. Wake generator hub and rod assembly.
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As shown in the Figures 2.4 and 2.5, the rods are threaded into the hub that is
bolted to a flange. The flange is threaded to accept a shaft, which is driven by a motor
via a bt and pulley sysem. There are 32 hollow rods in it, with each rod having an
outsde diameter of ¥ inch and indde diameter of 1/8 inch. The wake generaor is driven
by 4 hp motor. The wake Stround number is adjusted by using frequency controller for

controlling the motor speed. A DT-36M digitd photo tachometer in the frequency

controller is used to measure rotation speed.

The Stround number is a dimendonless parameter tha represents the wake
shedding frequency. It is the ratio of rotational speed and axid flow velocity. This wake
shedding frequency was used to moded the effect the gtators would have on the airflow.

The following equation was used to calculate the Strouha number:

g 2N (d/12)n
60V

where S= Strouhad Number (dimensionless)
N = Required Rotation Speed of Wake Generator (rpm)
d = Diameter of the Rods (inch)
n = Number of Rods
V = Vdocity of the Cross-How Air (ft/s)

2.4 Test Section

The cascade as shown in Figure 2.6(ab) has four blades. Each blade has an axia
chord length of 12 cm and span of 20.32 cm. The blade spacing (S) at the cascade inlet is
19.06 cm. The rdative flow angles at the blade inlet and exit and the throat aspect ratio
(the span divided by the throat width) are not disclosed due to proprietary requirements.
The two end blades form the outer edge of the cascade guiding the flow through the

middle three passages. One of the middle blades serves as the test blade location. The

15



blade can be interchanged to obtain pressure measurements. All the blades are machined

out of plexiglass. The blade shapes were cut out of 5.04-cm thick plexiglass sheet and

four cuts were stacked up and glued together to obtain one blade for the cascade.

RGB
Camera

Hesat transfer
Blade

Figure 2.6(a). Schemeatic layout of the back view of test section.

Wake Generator

Test Blade

Guide Board

Base Plate

Exit Screen

Figure 2.6(b). Overhead view of test section.
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2.4.1 Test Blade

The heat transfer blade that serves as the test blade is shown in Figure 2.7. The
test blade has a tip ggp clearance of 1.5625% of the blade height, while remaining three
blades do not have a tip gap clearance. The top surface of the plexiglass blade is covered
with kapton. A kapton sheet is used between the plexiglass blade and heeating wire to
provide dectrica insulation and heat trandfer between them. A thin copper-plate heater of
thickness 0.79 cm is placed over the plexiglas blade, which is heated underneath by a
heating wire digributed uniformly. In the traling edge the hedting wire is not dense
because blade is rddively thin in this region. This may ensure the uniform heating of the
blade. A kapton sheet is placed between the copper plate and heating wire to provide
eectrica insulation and increase the heat conduction from the wire to the copper plate.
The 2-D regions dong the blade edges may produce some non-uniformity because most
of the disurbances. A liquid crystd sheet of known color range (R30C5W) with red
beginning a 30°C and a bandwidth of 5°C was then glued to the top of the copper plate.

Figure 2.8 shows the test blade with surface pressure taps. Pressure taps were
placed on the blade surface at 60% span and 90% span to measure the static pressure
digributions on the blade surface at different span locations. There were 154 datic
pressure tgps placed on the shroud of the blade with a tip clearance as shown in the
Figure 2.9. Some of the pressure taps are placed outside the edge of the blade tip to see
how the flow behaves while gpproaching the blade tip. The shroud pressure digtributions
were obtained to characterize the leskage flows with different tip sedling geometries.

Each static pressure tap was connected to a 32-channel NetScanner Pressure Systems.
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Figure 2.7 The complete description of the Heat Transfer Test Blade.
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Figure 2.8. The location of the pressure taps on the blade surface at different span locations.

Figure 2.9. The location of the pressure taps on the shroud surface above the blade
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2.4.2 Guide Board

In order to equaly digtribute the flow in al the three blade passages, guide boards
are placed behind the plates in the test section. These guide boards are made up of wood
and have thickness 1.27 cm and height 20.32 cm and are adjustable.

2.5 Description of Different Proposed Tip Geometries

For the tip sedling geometries, the ribs or trip drips a different orientations,

squeders and cylindricd pin fins are used to reduce the leskage flow over the tip. The

detailed description of dl the ten tip geometry casesis explained in the following secions.

2.5.1 Plain Tip

Case 1 is the plain tip case with the tip clearance a 1.5625% of the blade height.

The leskage flow direction was determined from the pressure digtributions from the plain

tip case.
"'-F_H_—_H-,_,__
L - H""xﬁ Suction Sde
1‘& 3 . '"‘h-x_h_x e
iy,
Pressure side -
N e
— _""‘—--_\_\_\_\_H_-\-H

Figure 2.10. Plain Blade tip configuration.

2.5.2 Ribs

All the trip gtrips are 3.17-mm square in cross-section. Case 2 is for trip strips
placed 25.4-mm gpart with the trip Strips orthogona to the leskage flow direction. Case 3

is for the trip strips a 102° angle to the maindream flow and dightly turned away from
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the leakage flow with a reduced spacing of 18.7-mm. Case 4 is for the trip strips placed a
+9° to the mainstream flow such tha the strips are organized 25.4-cm gpart to be aong
the leskage flow direction. Case 5 is for the trip strips placed a —9° to the mainstream

flow such that the trip gtrips are tilted againgt the flow dightly with a spacing of 25.4-cm.

i Case 2 i Case 3
‘T’: CaseS

Figure 2.11. Blade tip with ribsin different orientations.
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2.5.3 Cylindrical Pin Fins

Case 6 is for the tip with cylindrical pin fins attached to the tip surface only. The
pin fins are 6.35-mm in diameter and 3.68-mm tdl with a spacing of 25.4-mm. The pins
are arranged in a staggered configuration on the tip. The first pin is placed a the leading

edge of bladetip.

Fgure 2.12. Blade tip with cylindricd pinfins.
2.5.4 Squealers
All the squeders are with the width and depth of 3.17 mm. Case 7 is for the tip
with partia squedler on the suction side of the blade tip. Case 7 is for the tip with partid
squeder on the suction sde of the blade tip. Case 8 is for the tip with partid squeder on
the pressure side of the blade tip. Case 9 is for the tip with partial squeder on the edge of
the blade tip. Case 10 is for the tip with full squeder on the suction side of the blade tip.
The tip ggp above the trip drips, pin fins and squeders is maintained at 1.5625% of the
blade span.
The Figure 2.14 shows the top view of dl the tip seding geometries studied. All the

angles are given with respect to the mainstream flow direction.



Case7

Figure 2.13. Blade tip with different kinds of squeders.
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Figure 2.14. Top view of the Bladetip for dl the different configurations tested.
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The experiments were run for the five flow conditions for dl the above ten-blade
tip geometries.

1. Nowakeand no grid (NW-NG).

2. Nowake and with grid (NW-WG).

3. With wake (Strouha Number 0.2) and no grid (S02-NG).

4. With wake (Strouna Number 0.4) and no grid (S04-NG).

5. With wake (Strouha Number 0.4) and with grid (S04-WG).
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Chapter 3

Data Acquisition Systems

3.1 Visual Image Processing System

A schematic layout of the image processng sysem used for this test faecility is
shown in the Figure 3.1. A Plunix RGB camera is placed right above the tip surface of
the heat trandfer blade location as shown in Figure 3.2. Lights are mounted on the frame
that holds the camera in postion. This camera connects to a CFG 24-bit frame grabber
board in a PC. Image processng software (Optimas v6.5) communicates with the frame
grabber board. The camera records the locd RGB value on the heat transfer blade
surface. A macro in Optimas was developed to convert RGB vaues to the hue vaue a

that instant of time when the blade surface achieves steady date.

RGB Camere —»

)
o Heat Transfer

v = Blade
Pressure

Blade
Figure 3.1 A schematic layout of the image processing system.

PC and Frame Grabber
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Figure 3.2 A Plunix RGB camera

3.2 Pressure Data Processing System

A schemdtic layout of the pressure measurement system used for this test facility
is shown in the Figure 3.3. The pressure system, NetScanner, Modd 98RK is used for dl
pressure measurements. Each pressure tap is connected to the 1/8-inch nylon tube thet is
connected to 1/16-inch nylon tube through the reducing connecter. The latter tube is
connected to each channel in the two 16-channel ports on the pressure system. There are
32 channels in the pressure system, S0 in order to take the reading of 154 pressure taps
the experiments are repeated five times to obtan a the each tip location. Before
obtaining the reading, the pressure system is caibrated with respect to the atmospheric
pressure.

3.3 Hot Wire System

A dngle cdibrated hot wire shown in Figure 3.4(a) is used to measure the
indantaneous  velocity from which the time mean turbulence intensty and ensemble-

averaged mean velocity can be caculated. The hot wire sensor is verticdly oriented at the
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inlet of the pressure sde passage of the test blade 15.24 cm downstream of the wake
generator. It is connected to a three-channd TS IFA 300 Congant Temperature
Anemometer (CTA) shown in Figure 34(b). A 250 kHz Data Trandation DT2831G A/D

board ingtdled in the PC to convert the andog sgna from the anemometer.

Pressure System

Yainch tube o
1/8-inch tube \
Blade Cascade

Figure 3.3 A schematic layout of the pressure measurement system.

Figure 3.4(a) A single cdibrated hot wire probe.
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Figure 3.4(b) Hot Wire system.
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Chapter 4

Procedur e and Data Reduction

4.1 Heat Transfer Experiments

The first step in the experimental procedure is to calibrate the liquid crystal color
to temperatures. The calibration was done in-situ with a thermocouple placed on the
liquid crystal sheet. The camera was focused on the region around the thermocouple. The
image-processing system records the Hue of the color and the temperature was measured
using a temperature recorder. The image-processing system using a simple macro in
OPTIMAS software converts local red green blue (RGB) value to Hue Saturation Index
(HS) value.

Hue can be obtained as follows.

é * _ _ u
H, =P A sne 5" (R-G)+(R-B) 4
2 &/((R- G)* +(R- G)* (G- B)) §
H, = H, * 1
p
if H, >180
H, =360- H,

H
Hue(H) = —=* 255
360

The Hue values vary from 0 to 255 (8-hit scale). The macro is written in Optimas V 8.0

to convert RGB values to HSI vaues at each pixel location.
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The liquid crystal sheet was heated by applying known current and voltage to the
heater underneath the sheet. The voltage of heater is varied dowly increase the heater
temperature by about 0.1°C and allowed to come to steady state. This change in the local
temperature and the liquid crystal color change around the thermocouple are recorded
simultaneously. Using the macro, the RGB values (color change) are converted to Hue of
the color. The Hue value was plotted against the temperature to obtain the calibration
curve. Camci et a. (1991) provide a detailed description of Hue-based liquid crystal
measurement technique. A Hue-Temperature relationship is obtained from the curve as

shown in the Figure 4.1.
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Figure 4.1 Hue- Temperature calibration curve.

The linear polynomial relation below is obtained from the plot.

Temperature = 0.047* Hue + 28.619 (4.0)
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The temperature at every location on the entire blade tip surface is obtained using this
relation for the same illuminating conditions. If the illuminating conditions are changed a
new calibration curve is required as the calibration curve could be affected by the change
in the illumination.

The suction blower is turned on to start the mainstream flow through the cascade.
Once the flow is steady, the heater is turned on using the electrical supply and a variac.
The variac is used to control the current and voltage into the heating wire. The heating
wire heats up the copper plate and the copper plate heats up the liquid crystal layer. The
heat flux is increased till most of the blade is either green or red. The Hue cdlibration is
not very reliable in the blue color range, as the curve tends to plateau with increasing
temperature. To avoid this, color changes are limited to red and green. Once the surface is
mostly green, the heat flux is maintained constant until the test surface achieves steady
state. This typically takes about 30-45 minutes. The image is then captured and the local
Hue values are obtained at every pixel on the blade tip surface. The wall surface heat flux
is calculated from the known voltage and current and the blade tip surface area. The local

heat transfer coefficient is calculated from the relation:

h= qgec B ql(c()ss

T 4.2)

where deec 1S the applied electrical power per unit area, and ('ioss IS the losses due
conduction, natural convection, and radiation. This was estimated to be about 6% of the
applied heat flux. The loca wall temperature T, is calculated from the loca hue
measurement and Ty, is the oncoming free-stream temperature measured upstream of the

cascade. A computer code is written in C-language, which converts the Hue to the local
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surface temperature using the equation 4.1, and then calculates the local heat transfer

coefficient using the equation 4.2.

4.2 Hot Wire M easur ements

A TSI hot wire system was used with a probe model 1260A-T15 for the velocity
and turbulence measurements. The hot wire sensor (probe) is first calibrated using a
calibrator, according to the velocity range in which the probe is to be used. In these
experiments, it is calibrated for velocity range of 1250 m/sec. A calibration curve is
obtained. The calibration is repeated until a smooth curve is obtained. After obtaining a
smooth calibration curve, the probe is removed from the calibrator. The probe is
vertically oriented at the inlet of the pressure side passage of the test blade 15.24 cm
downstream of the wake generator to record the flow measurements.

In order to capture the smalles variation in the velocity it is important to increase
the sample rate. But increasing the sample rate increases number of sample points
resulting in a lot of memory allocation on the computer hardware. Hence, the data was
obtained using different sample rates to determine optimum sample rate. The flow
measurements were obtained for al the different flow conditions for the plain blade tip at
a sample rate of 200,000 samples per sec. Then finaly using the Microsoft Excel the
variation of velocity was plotted against the time.

4.3 Pressure M easur ements

Each pressure tap on the blade/shroud is connected to a one channel on the 32-
channel Pressure System. The system is calibrated with respect to atmospheric pressure
before obtaining measurements. After the suction blower is turned on to start the

mainstream flow through the cascade and the flow is steady, the pressure at each tap
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location is measured. Twenty-five readings of each pressure tap are obtained with one sec
intervals. The average of these values is determined and using the Tecplot software the
pressure value of each tap are plotted against the x and y coordinate of that pressure tap
with respect to the blade leading edge location. The turbulence intensity is calculated
from the instantaneous velocity data obtained. The grid produces the isotropic turbulence.

So, the turbulence intensity is given by

Tu =

i
— 4.
n (43)

4.4 Experimental Uncertainty

The experimental uncertainties in the local heat transfer coefficient measurement
are calculated based on Kline and McClintock (1953) with 95% confidence. The
uncertainty in Hue measurement, the Hue-temperature relation, free-stream temperature
measurement, and heat flux input, and loss estimation affect the heat transfer coefficient

measurement. The individual uncertainties are listed below:

Voltage measurements (V): 2.5%
Current measurements (1): 2%
Mainstream Temperature (Ty): 1%
Hue measurements (Hue): 5%
Areameasurements (A): 1%

The procedure to calculate the experimental uncertainty is given below:

The combined uncertainty in the calculating the Q" is



1ae| ﬂQ¢d|0 a8/ 'ﬂerdVo A Q8dAs P}/
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Aswe know,

d|—|—002 dVV—OOZS and df‘-OOl SO we get

Uge = +0.0335

T =0.047* Hue + 28.619
The uncertainty in the calculating the T is
AN 2 .
I aHue T dHuep P%

tr }8 T 9YHue Hue bl\;

& 0
" ‘? 1 dHue
- 1+ 28619  Huex
é 0.047* Hue i}
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u, ==+0.0087
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The combined uncertainty in the calculating the heat transfer coefficient h is
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d?T =0.0087, dTy =0.01, dg@ =0.0335 and with average T and Ty , we get
u, = +0.0478

Therefore, the experimental uncertainties in the measurement of loca heat
transfer coefficient calculated based on Kline and McClintock (1953) is 4.78%. Similarly

the experimental uncertainty in pressure measurement is 0.2% and in the velocity

measurements is 5%.
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Chapter 5
Results: Flow and Pressure M easur ements

5.1 Flow M easur ements

The free-stream velocity at cascade inlet is 23 m/s and 58 m/s at the cascade exit.
The cascade exit Reynolds number based on axia chord length is 4.83 x 10°. Five
different flow conditions were studied for each tip geometry. The no grid and no wake
case has a baseline turbulence intensity of around 1.4% and the upstream grid produces a
turbulence intensity of 4.9% upstream of the cascade. Two different wake generator
rotational geeds produce wake Strouha numbers of 0.2 and 0.4. Figure 5.1 shows the
velocity signature from four flow conditions. The baseline case with no wake no grid
(NW-NG) produced a average turbulence intensity of 1.4%. The turbulence intensity with
the turbulence grid (NW-WG) was 4.8%. With the unsteady wake superimposed on the
grid, the periodicity of the wake passing is clearly evident. For the case with Strouhal
number of 0.2, the wake passing period is 0.007-seconds. The case for the Strouha
number of 0.4 produces half the wake passing period of S=0.2 as expected. The
periodicity for the passing wake is clearly evident from the velocity signatures. Table 5.1

summarizes the flow conditions and the associated turbulence intensity for each case.

Table5.1 List of Flow conditions

Flow Rods Grid | Turbulence | Wake Strouhal
condition Intensity No. (S
NW-NG | No No | 1.4% 0

NW-WG | No Yes | 4.8% 0

S02-NG | Yes No | 1.4% 0.2
S04-NG | Yes No | 1.4% 0.4
S04-WG | Yes Yes | 4.8% 04
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Figure 5.1. Velocity signature for the four flow conditions



5.2 Pressure M easur ements

The flow in al three blade passages was equalized by moving the guide boards
behind the cascade. The tailboards were adjusted till the leading edge velocities were
uniform for all the three passages. Figure 5.2 presents the surface pressure distributions
{(P-Py)/P;} for the test blade a 60% and 90% span locations. The static pressure
measurements were obtained for four different flow conditions. Results show that the
upstream flow condition, whether wake or grid, does not affect the static pressure
distributions on the blade suface significantly. This is true at both span locations. The
pressure side shows almost uniform pressure over the entire surface. The lowest pressure
occurs around 0.45C on the suction surface. The flow accelerates from the leading edge
to 0.45C on the suction surface and then decel erates towards the trailing edge, as shown
by the arrows.

Figure 5.3 shows the comparison of the pressure distributions at the two different
gpan locations. The pressure side pressures are identical but at a span of 90%, the
acceleration on the suction surface is slower than for 60% span location. This may be due
to the tendency of the flow to migrate towards the tip at larger span location.

Figure 5.4 presents the static pressure distributions { (P:-Ps)/P;} on the shroud for
the plain tip with four different flow conditions. The effect of unsteady wake appears to
show little effect on the shroud pressure distributions comparing case 1 and case 3.
However, the presence of grid-generated turbulence appears to reduce the low pressure

region in the middle of the blade and spreading the leakage flow.
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Figure 5.3 Comparison of surface pressure distributions for two different span locations.

Figure 5.5 presents the shroud pressure distributions for various tip geometries.
The pressure distributions clearly show that the lowest velocities are obtained for Case 7,
which is the suction side squealer. Case 10, full squedler, is dso comparable. This shows
that the squealers appear to be effective leakage flow sealing mechanisms. The ribs and
pins do appear to reduce leakage flow over the tip compared to the plain tip but do not
appear to be effective as the squealer geometries. As indicated by the squealers squeal the

flow and reduce the overall leakage.
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Figure 5.4 Static pressure distributions { (P;-Ps)/P} on the shroud for the plain tip under different flow conditions.

42



r-pyr | I T T [ N | |

0.000 0.004 D009 0014 0018 0022 0.027 0.032 0.036 0.041 0.045

ARRAS

CASE1 CASE 2 CASE 3 CASE4 CASES
CASE 6 CASE7 CASE 8 CASE9 CASE 10
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Chapter 6

Results: Heat Transfer M easurements

6.1 Effectsof Flow Condition on the Tip Surface

Comparison of flow condition for Plain Tip (i.e. Basaline) Case

The Figure 6.1 presents heat transfer distributions under baseline conditions for
the plain tip under different flow conditions.

Flow with no wake and no upstream turbulence (NW-NG): The baseline case is
the no wake and no grid with a low turbulence intensity of 1.4%. For this condition, heat
transfer coefficient is highest along the blade tip trailing edge region. The lowest heat
transfer coefficients are obtained in the middle of the leading edge region. Bunker and
Bailey (2000) referred this region of low hesat transfer as the “sweet spot”. From the
pressure distributions on the shroud, it is clear that bulk of the leakage flow will follow
the line along the strongest pressure gradient across the tip which is downstream of the
leading edge region around X/C=0.4-0.5. Further downstream, the heat transfer
coefficient is higher due to highly accelerated flow over the tip. The heat transfer
coefficient is higher aong the pressure side as compared to the suction side because of
entrance flow effect. As the incoming flow separates from the inner edge of the pressure
Side a separation vortex is generated. Ameri et a (1997) and Sjolander and Cao (1995)
observed the separation vortex phenomenon. The lower heat transfer coefficient on the
suction side of the gap is because of the boundary layer develops at the pressure side and

grows towards the suction side.



Effect of Free Stream Turbulence (NW-WG): In the combustion chamber the
turbulence is created during the mixing of fuel and air, which is ssimulated by the
introduction of turbulence grid upstream of the blade cascade, which increases the
turbulence intersity to 4.8%. As the mainstream turbulence increases, it disturbs the
boundary layer and causes increase in the heat transfer coefficients. This is evident in
both the Figure 6.1(a) and Figure 6.1(b), the heat transfer coefficients increases as
compared to baseline case. The sweet spot region sees higher heat transfer coefficients. It
can be summarized that the increase in free-stream turbulence enhances hesat transfer
closer to the leading edge of the tip gap.

Effect of Unsteady Wake (S02-NG and S04-NG): The wakes induced by the
spoked rotor also enhances the heat transfer. The explanation for this phenomenon is that
due to the movement of the blades (hereby simulated by the rotating rods and keeping the
blade fixed) flow gets turned which lead to nonzero incident angle of the inlet flow. This
results in the shift of the actua stagnation line from the geometrical one. There is one
more reason that the rotating rod cut the flow creating a velocity deficit on the blade tip.
This periodic flow deficit causes the unsteadiness in the flow. This unsteadiness causes
an increase in the overal tip heat transfer coefficient. When the wake speed is increased
(i.e. Strouna Number changed from 0.2 to 0.4), the periodicity increases as seen from
Figure 5.1. This aso increases the unsteadiness of the flow leading to higher heat transfer
at the trailing edge as compared to St = 0.2 case as seen in Figure 6.1(a) and the Figure

6.1(b).
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Figure 6.1(a) Detailed heat transfer coefficient distributions on plain tips (Case 1).
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Figure 6.1(b) Effect of upstream flow condition on tip camberline heat transfer coefficient
for baseline case.

Comparison of flow condition for Case 2

Figure 6.2 presents the effect of flow condition on tip heat transfer for the tip geometry,
Case 2. For the no wake and no grid (NW-NG) case, the tip heat transfer coefficients
obtained are lower than plain tip. With the introduction of the grid (i.e. WG-NW) the heat
transfer increases because of the increase in turbulence. Expect for the trailing edge, this
increase in the tip heat transfer coefficient is less as compared to the increase that takes
place in plain tip case. Similarly, with the introduction of the wake (i.e. S02-NG) the
increase in the tip heat transfer coefficient is small compared to the increase seen for

plain tip case.
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Figure 6.2(a) Detailed heat transfer coefficient distributions on tip with  ribs against the flow 3-quarters inch away (Case 2).
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Figure 6.2(b) Effect of upstream flow condition on tip camberline heat transfer coefficient
for Case 2.

Comparison of flow condition for Case 3

Figure 6.3 presents the effect of flow condition on tip heat transfer for tip
geometry, Case 3. For the no wake and no grid (NW-NG) case, the tip heat transfer
coefficients obtained are lower than plain tip. With the introduction of the grid (i.e. WG-
NW), the heat transfer increases because of the increase in turbulence. Expect for the
trailing edge, this increase is less as compared to the increase in plain tip case. Similarly,
with the introduction of the wake (i.e. SO2-NG) the increase in the tip heat transfer
coefficient is small compared to the increase in plain tip case. But for X/C =1.3-1.5, there
is large increase in the heat transfer coefficient with the introduction of grid and wake as
seen in the Figure 6.3(b). Thus in this case, the unsteady effects dominate in the trailing

edge region where most of the leakage flow occurs.
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Figure 6.3(a) Detailed heat transfer coefficient distributions on tip with ribs against the flow one inch away (Case 3).
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Figure 6.3(b) Effect of upstream flow condition on tip camberline heat transfer coefficient
for Case 3.

Comparison of flow condition for Case 4

Figure 6.4 presents the effect of flow condition on tip heat transfer for tip
geometry, Case 4. For case 4 in the middle of the leading edge region, the heat transfer
coefficient in no wake and no grid (i.e. NW-NG) is amost similar with the introduction
of grid (i.e. NW-WG) as seen in the Figure 6.4(a, b). With the introduction of wake, the
heat transfer coefficient increases in this region. But for X/C =1.35-1.5, there is large
increase in the heat transfer coefficient with the introduction of grid and wake as
compared to no wake and no grid. Thus in this case, the unsteady effects dominate in the

trailing edge region where most of the leakage flow occurs.
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Figure 6.4(a) Detailed heat transfer coefficient distributions on tip with ribs along the flow one inch away (Case 4).
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Figure 6.4(b) Effect of upstream flow condition on tip camberline heat transfer coefficient
for Case 4.

Comparison of flow condition for Case 5

Figure 6.5 presents the effect of flow condition on tip heat transfer for tip
geometry, Case 5. For case 5 for al the flow conditions the heat transfer coefficient is
amost similar in the leading edge region as seen in the Figure 6.5(a). But for X/C =1.0-
1.5, there is large increase in the heat transfer coefficient with the introduction of grid and
wake as seen from Figure 6.5(b). As the ribs are parallel b the leakage flow, the flow
gets accelerated within the ribs. The turbulence produced due to the grid along with the

accelerated flow causes higher heat transfer coefficients in the trailing edge region.
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Figure 6.5(a) Detailed heat transfer coefficient distributions on tip with parallel ribs one inch away (Case 5).
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Figure 6.5(b) Effect of upstream flow condition on tip camberline heat transfer coefficient
for Case 5.

Comparison of flow condition for Case 6

Figure 6.6 presents the effect of flow condition on tip heat transfer for tip
geometry, Case 6. In Case 6, the cylindrical pin fins are used. For Case 6 for al the flow
conditions the heat transfer coefficient is almos similar in X/C =0.1-1.0 region as seen in
the Figure 6.6(b). But for X/C =1.3-1.5, there is large increase in the heat transfer
coefficient with the introduction of grid and wake. The turbulence increase created by the
grid enhances the heat transfer in the trailing edge region where most of the leakage flow
occurs. There is a dight increase in the tip heat transfer when the wake is increased (i.e.
Strouhal Number is changed from 0.2 to 0.4). This increase is mostly in the trailing edge

region of the tip.
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Figure 6.6(a) Detailed heat transfer coefficient distributions on tip with pins one inch away (Case 6).
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Figure 6.6(b) Effect of upstream flow condition on tip camberline heat transfer coefficient
for Case 6.

Comparison of flow condition for Case 7

Figure 6.7 presents the effect of flow condition on tip heat transfer for tip
geometry, Case 7. For case 7 for al the flow conditions the heat transfer coefficient is
amost similar in X/C =0.05-0.7 region as seen in Figure 6.7(b). But for X/C =0.75-1.1,
there is large increase in the heat transfer coefficient with the introduction of grid and
wake. In Figure 6.7(c), we see that there is an increase in the tip heat transfer coefficient
over the entire tip with the introduction of grid and wake. Thus in this case, with the
introduction of unsteady effects, there is an increase in the heat transfer coefficient along
the trailing edge region towards the pressure side but on the entire tip towards the suction
side. With the squealer, the flow acceleration above the squealer rim reducing the effect

of the upstream flow condition. Thisis seen clearly in Figure 6.7(b,c).
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Figure 6.7(a) Detailed heat transfer coefficient distributions or tip with Suction

Side Saueder (Case 7).
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Figure 6.7(b) Effect of upstream flow condition on tip heat transfer coefficient towards

pressure side for Case 7.
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Figure 6.7(c) Effect of upstream flow condition on tip heat transfer coefficient towards
suction side for case 7.

Comparison of flow condition for Case 8

Figure 6.8 presents the effect of flow condition on tip heat transfer for tip
geometry, Case 8. For case 8 for all the flow conditions the heat transfer coefficient is
almost similar in X/C =0.05-0.6 region as seen in Figure 6.8(a, b, ¢). But for X/C =0.62-
1.1, thereis large increase in the heat transfer coefficient with the introduction of grid and
wake. Thus in this case, with the introduction of unsteady effects there is increase in the
heat transfer coefficient along the trailing edge region Due the presence of the squealer
on the suction side, there is resistance to the flow. So, the flow tries to move towards the
path of low resistance. As a result, the flow tends to move from the leading edge on
suction side towards the trailing edge. This leads to the dlight increase in the heat transfer

along the trailing edge region.

59



Figure 6.8(a) Detailed heat transfer coefficient distributions on tip with Pressure
side Squealer (Case 8).
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Figure 6.8(b) Effect of upstream flow condition on tip heat trarsfer coefficient towards
pressure side for Case 8.
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Figure 6.8(c) Effect of upstream flow condition on tip heat transfer coefficient towards
suction side for Case 8.

Comparison of flow condition for Case 9

Figure 6.9 presents the effect of flow condition on tip heat transfer for tip
geometry, Case 9. For case 9 with the introduction of grid and wake, there is large
increase in the overdl tip heat transfer coefficient over the entire tip region as seen in
Figure 6.9(a, b, ). Thusin this case, the unsteady effects are dominant over the entire tip
region. Because the squedler is placed on the midchord, the leakage flow entering the
clearance gap through the leading edge is bifurcated aong the pressure side rim and
suction side rims resulting in the even hesat transfer from leading edge to trailing edge on

both sides of the squealer. This can be seen in the color plotsin Figure 6.9(a).
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Figure 6.9(a) Detailed heat transfer coefficient distributions on tip with camberline
Squeder (Case 9).
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Figure 6.9(b) Effect of upstream flow condition on tip heat transfer coefficient towards
pressure side for Case 9.
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Figure 6.9(c) Effect of upstream flow condition on tip heat transfer coefficient towards
suction side for Case 9.

Comparison of flow condition for Case 10

Figure 6.10 presents the effect of flow condition on tip heat transfer for tip
geometry, Case 10. For case 10 with the introduction of grid and wake, there is small
increase in the heat transfer coefficient over the entire tip region the Figure 6.10(a, b, c).
Thus in this case, the unsteady effects are minimized and there is uniform heat transfer
coefficient over the entire tip. The full squealer causes significant acceleration across the
tip for the reduced leakage flow resulting in lesser effect of upstream flow conditions.
With the introduction of the grid, the turbulence in the flow increases which leads to
dight increase in the tip heat transfer. Also with the increase of wake (i.e. Strouhal
Number changed from 0.2 to 0.4) there is dight increase in the tip heat transfer. But due

to the cavity formed, all the unsteady effects are minimized.
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Figure 6.10(a) Detailed heat transfer coefficient distributions on tip with  Full Squealer (Case 7).
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Figure 6.10(b) Effect of upstream flow condition on tip heat transfer coefficient towards
pressure side for case 10.
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Figure 6.10(c) Effect of upstream flow condition on tip heat transfer coefficient towards
suction side for case 10.



6.2 Effectsof Tip Geometry on Heat Transfer

Figure 6.11 compares the heat transfer coefficient distributions on the tip for all
the ten tip geometry configurations for the baseline flow condition (i.e. no wake and no
grid). Comparing Case 2 with the baseline plain tip case, the trip strips placed against the
flow with a spacing of 18- mm appear to reduce the trailing edge heat transfer coefficients
significantly. The trip strips appear to provide some blockage to the leakage flow
resulting in lower hest transfer coefficients over most of the tip surface. In the leading
edge regions, the heat transfer coefficients are similar if not slightly higher than the plain
tip. For Case 3, the leading edge region heat transfer coefficient appears to be reduced but
the trailing edge region appears to produce similar levels as the plain tip. The leakage
flow direction may be moving from the mid-chord towards the trailing edge for this case
resulting in more flow in the rear end of the tip. Case 4 produces dightly higher heat
transfer coefficients in the leading edge region and dightly lower values near the trailing
edge. The trip strips are aligned along the mainstream flow direction. The leakage flow
appears to accelerate between the regions between the trip strips enhancing heat transfer
coefficients. The trailing edge region has lower values due to the reason that bulk of the
leakage flow moves over the blade tip before it reaches the trailing edge. For Case 5, the
heat transfer values are similar to that of Case 4. In this case, the trip strips are aligned
paralel to the leakage flow. In this case aso, the leakage flow accelerates between the
trip strips and there appears to be no blockage effect by the trip strips to reduce the
leakage flow. Case 6 produces higher levels of heat transfer coefficients over the entire
tip surface as the plain tip. The pin fins c not appears to be increasing blockage or

reducing leakage flow. This case increased acceleration of the leakage flow between the



pin fins and thus producing similar levels of heat transfer coefficient as the plain tip. The
vortex shedding behind the pins further enhance the heat transfer. The case 7 produces
lower heat transfer coefficients over the entire tip surface. For the suction side squealer,
the blockage is not affecting the leakage flow till the flow reaches the suction side rim.
This causes the leakage flow to enter the tip gap and move aong the tip towards the
trailing edge causing higher h values at the trailing edge. The case 8 produces dightly
similar heat transfer coefficients on the leading edge as compared to baseline case.
Because of the squealer on the pressure side, the leakage flow finds an obstruction at
starting which causes detachment of this flow over the blade tip. This in turn reduces the
heat transfer coefficient over the tip aong the leading edge. In case 9, due to the preserce
of the squealer at the mean camberline the leakage flow finds an obstruction that causes
bifurcation of leakage flow. This causes even levels of heat transfer coefficients on both
sides of the squealer. Case 10 produces lowest heat transfer coefficients over the entire
tip surface as compared to al the tip geometries proposed. This is because the groove or
cavity acts as a labyrinth seal to increase the resistance to the flow and thus reduces the
leakage flow and the associated heat transfer. There is some flow attachment near the
leading edge but the weaker |eakage flow reduces overall heat transfer.

Overdl, it appears that Case 10 produce the largest reduction in heat transfer

coefficients over the tip surface compared to the plain tip.
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Figure 6.11. Detailed heat transfer coefficient distributions on tip for al the different tip geometries




6.3 Effects of Tip Geometry on Heat Transfer Compared to Basdline
(i.e.Casel)

Comparison of Case 2 with Baseline Case

The trip strips placed against the flow with a spacing of 18-mm appear to reduce
the trailing edge heat transfer coefficients significantly as seen in Figure 6.12. As can be
seen from the Figure 5.5, this configuration produces very low pressure differential
across the tip gap as compared to Case 1. The trip strips appear to provide some form of
blockage or detachment to the leakage flow resulting in lower heat transfer coefficients
over most of the tip surface. In the leading edge regions, the heat transfer coefficients are
similar if not dightly higher than the plain tip. This region is not much of concern as
compared to trailing edge heat transfer where most of the leakage flow occurs. It can be
noticed here that the heat transfer coefficients in Case 2 reduces around 30% towards the

trailing edge region as compared to Case 1.
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Figure 6.12. Comparison of camberline heat transfer coefficient distributions of Case 1
and Case 2.



Comparison of Case 3 with Basaline Case

The leading edge region hesat transfer coefficient appears to be reduced more as
compared to Case 2 as seen in the Figure 6.13. As shown in the Figure 5.5, this
configuration produces dlightly lower pressure differential across the tip gap as compared
to Case 1. Thisleadsto dlightly lower leakage flow across the tip in this case as compared
to the basdine case. The leakage flow direction may be moving from the mid-chord
towards the trailing edge for this case resulting in more flow in the rear end of the tip as
compared to Case 2. The heat transfer coefficient is lower in the trailing edge region for

this case as compared to Case 1 but not as low asin Case 2.
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Figure 6.13 Comparison of camberline heat transfer coefficient distributions of Case 1
and Case 3.
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Comparison of Case 4 with Baseline Case

The case 4 produces dightly higher heat transfer coefficients in the leading edge
region and nearly similar values near the trailing edge to the Case 1 as seen in Figure
6.14. The trip strips are aligned along the flow direction. As can be seen from the Figure
5.5, in this configuration pressure difference between pressure side and suction side is
higher so the leakage flow appears to accelerate between the regions between the trip
strips enhancing heat transfer coefficients. There is no re-circulation or no detachment of

the flow and thus the heat transfer is not reduced.
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Figure 6.14 Comparison of camberline heat transfer coefficient distributions of Case 1
and Case 4.

71



Comparison of Case 5 with Baseline Case

In this case, the trip strips are aligned parallel to the leakage flow. This causes the
leakage flow to accelerate between the trip strips and there appears to be no blockage
effect by the trip strips to reduce the leakage flow. This leads to increased heat transfer on
the blade tip. From Figure 6.15, it is seen that this case produces slightly higher heat
transfer coefficients in the leading edge region and nearly similar values near the trailing

edge to Case 1.
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Figure 6.15 Comparison of camberline heat transfer coefficient distributions of Case 1
and Case 5.

Comparison of Case 6 with Basdline Case

Case 6 produces higher or similar levels of heat transfer coefficients over the
entire tip surface as compared to the plain tip as seen in Figure 6.16. The pin fins do not
appears to ke increasing blockage or reducing leakage flow. The acceleration of the

leakage flow increases between the pin fins and thus producing dlightly higher levels of
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heat transfer coefficient as compared to the plain tip. There also appears to be vortex

shedding behind pins resulting in overall higher heat transfer.
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Figure 6.16 Comparison of camberline heat transfer coefficient distributions of Case 1
and Case 6.

Comparison of Case 7 with Basaline Case

Case 7 produces lower heat transfer coefficients over the entire tip surface as
compared to baseline tip as seen in Figure 6.17. As shown in Figure 5.5, we see that
pressure gradient across the tip is lowest, which indicates that |eakage flow may be
reduced. In this case, flow has ssmilar condition to the plain tip with more clearance gap
until it reaches suction side where it sees the suction side partial squealer. This squealer
causes the detachment of the flow at the suction side of the tip. This reduces the tip heat

transfer coefficient especially in the trailing edge region.
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Figure 6.17 Comparison of camberline heat transfer coefficient distributions of Case 1
and Case 7.

Comparison of Case 8 with Basaline Case

Case 8 produces dlightly similar heat transfer coefficients on the leading edge as
compared to baseline case as seen in Figure 6.18. Because of the squealer on the pressure
side, the leakage flow finds an obstruction on the pressure side rim, which causes
detachment of this flow over the edge of the blade tip. But as the flow reattaches again on
the tip, the flow gets accelerated. As seen from Figure 5.5, the pressure gradient increases
after the pressure side squealer but this is lower compared to baseline case. Large
reductions in the heat transfer coefficients on the trailing edge are seen as compared to

the basdline case.
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Figure 6.18 Comparison of camberline heat transfer coefficient distributions of Case 1
and Case 8.
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Comparison of Case 9 with Baseline Case

Case 9 produces dightly lower heat transfer coefficients on the leading edge as
compared to baseline case as seen in Figure 6.19. Due to the presence of the squeder at
the mean camberline, the leakage flow finds an obstruction that causes detachment and
bifurcation of this flow. But as the flow reattaches, the flow gets accelerated as seen in
Figure 5.5, the pressure gradient increases after the mean camberline squealer but thisis
lower compared to baseline case. This causes the reduction in the heat transfer
coefficients on the trailing edge as compared to the baseline case.

Comparison of Case 10 with Basdline Case

Case 10 produces lowest heat transfer coefficients over the entire tip surface as
compared to all the tip geometries proposed. This is because the groove or cavity acts as
a labyrinth seal to increase the resistance to the flow and thus reduces the |leakage flow

and the associated heat transfer. Because of the flow re-circulation in cavity, the heat
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transfer coefficient reduces 30-40% as compared to the baseline case that can be seen in
Figure 6.20. Overall, it appears that case 10 produces the largest reduction in heat transfer

coefficients over the entire blade tip.
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Figure 6.19 Comparison of camberline heat transfer coefficient distributions of Case 1
and Case 9.
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Figure 6.20 Comparison of camberline heat transfer coefficient distributions of Case 1
and Case 10.

76



Chapter 7

Conclusions

A systematic investigation of various tip leakage flow sealing methods on flow and hesat
transfer over a turbine blade tip in alow speed cascade was performed. Several configurations of
trip strips, squealers and pin fins placed on the tip to reduce leakage flow and associated heat
transfer were tested. Results show that the full squealer configuration produces reduced leakage
flow and the lowest heat transfer coefficient over the entire tip. The other partial squealers aso
helped in reducing leakage flow and associated heat transfer. The trip strips placed in a direction
orthogonal to the leakage flow direction produces the lowest leakage flow and heat transfer
coefficient over the tip among al the trip strip configuration tested. The other configurations
produce similar levels of heat transfer coefficient compared to the plain tip or are higher than the
plain tip. The effect of upstream flow condition with the presence of a grid to generate free-
stream turbulence of 4.8% and to simulate passing wake due to upstream NGV trailing edge were
also investigated. The presence of the wake and free-stream turbulence produced higher heat
transfer coefficients on the plain tip. However, the other tip geometries showed little effect of
upstream flow condition. Overal, the squealer configurations offer reduction in leakage flow and
associated heat transfer. However the usage of trip strips and pin fins as tip sealing mechanisms
do not provide desirable results in significant reduction of tip suface heat transfer coefficients.
The effect of trip strip aignment appears to have strong effect on leakage flow and associated
heat transfer.

Recommendation for future work

There are severd issues that remain to be investigated. Based on the results of the
present study, | recommend

1. A detaled study of squedler depth effect on leskage flow and tip heet transfer.
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. A detaled sudy on the influence of film cooling in the tip gap and the pressure
sde on the leskage flow and hest transfer.

. A detailed study on the near tip region of the blade surface that will be affected by
the leakage flow cross-over over thetip.

. Thetest tip can dso be used to study hub surface heat transfer by using hester

plates and liquid crystals with steedy the steady state technique.
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