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Abstract

In this dudy, heat trandfer coefficient and film effectiveness didributions are
investigated for a film cooling hole configuration that has incdlined holes discharging into
a tangentid dot before interactions with the mangream. The cylindricd holes ae
indined 35° dong the maingream direction. The effect of coolant-to-mainstream blowing
ratio is examined for M=0.5 and M=1.0. Different dot width to hole ratios and dso the
effect of hole exit condition (square edge and triangular edge) is conddered. The
maindream velocity and free-stream turbulence intendty in the low speed wind tunnd
ae 9 m/s and 7% respectively and the maingream Reynolds number based on hole
diameter is around 7,100. The intent is to come up with an optimum hole exit geometry
asociged with low convictive heat transfer coefficient h. Also the adiabatic film
effectiveness h should be as high as possble. For this purpose, different whole exit
geometries were tested for an optimum shape. Heat transfer calculations were made to
obtain the local vaues for h and h. The first case tested were the “norma” 35° with 0.5
inch diameter inclined hole. The second was the “dot” with height to hole diameter ratio
(p/d) is 04 and width to hole diameter ratio (W/d) = 1.75. The third was the right
shoulder with (W/d) = 1.375. The fourth and fifth cases are the “double shoulder” with
(W/d)= 1.0 and the “angled” with a varying raio (W/d). The angled is featured with 18°
inclined right attachment. The results of al cases were referenced to the normal case as a
basdine. The right shoulder case presented the best peformance with a uniform jet
scattering. The right shouder geometry is more likely to protect and cool the blade than

the norma geometry, as its totd adiabatic film effectiveness was better than basdine case



with factor of 1.4 and the totd heat transfer coefficient was less than basdine case with

factor of 0.08. Thismeansit will exchange less heat and provide a better film.



Chapter 1
| ntr oduction

1.1 Turbine Blade Cooling, an Engineered Solution

Over the pagt fifty years, arcraft and power generation gas turbine designers have
endeavored to increase the combustor exit and high-pressure turbine dtage inlet
temperatures. With higher combustor exit temperatures, improved efficiency and reduced
fud oconsumption can be achieved. Smilaly, in arcraft applicaion, the higher
temperatures lead to increased thrust. Unfortunatdly, these higher temperatures have a
negaiive effect on the integrity of the high-pressure turbine components and specificaly
the turbine blades. Therefore, there is a need for an efficient cooling system engineered in
a way such that the maximum blade surface temperature during operation is not more
than the maximum melting point of the blade materid.

To achieve tha, researchers focus on various innovative cooling techniques.

Depending on the nature of the coolant flow, the cooling methods currently implemented

in the turbine industry can be classfied nto two
types internd cooling and externd cooling. In
the firs type cooler ar is bled from the
compressor stage and than passed through

internal  passages  incorporated  into  blade

desgns for this purpose. This is the mogt e

il

Figurel.l typical film cooled turbine blade (Heat Transfer Laboratory,
University of Minnesota)




common technique and is cdled enhanced passage cooling. For maximum hesat
absorption, the ar is dso dlowed to impinge on the internd wal of the blade. This
technique is cdled impingement cooling. In externd cooling, ar is bled from the
compressor stage, ducted through the internd chambers of the turbine blades, and then
discharged through smdl holes dots on the blade outer wadls. This ar provides a thin,
cooler, insulaing film dong the externd surface of the turbine blade, due to which the
method is cdled “film cooling.” That film provides protection and thus increasses the life
of the blade. This life maybe reduced by 50% if the blade's operating temperature was off

the maximum design temperature by 50°F.

Us

L
SZ AN
U /'

Figure 1.2 protective film layer made by coolant injection

1.2 Film Cooling

To better understand film cooling, let's consder a smple case where mainstream
and ar coolant are mixed up as shown in figure 1.2. If there was no coolant, no film,
then the heat transfer will be of a smple convection mode and the rate of heet transfer per
unit areais q¢=h(T - T,), where h is locd hest transfer coefficient and (Tm-Tw) isthe

local temperature difference between the surface of the blade and mainstream. Heet flux



(9) represent the heat exchanged between the hot ar and turbine blade. It should be
obvious that keeping this vaue to a minimum is desrable. For this purpose, the film
introduced creates a protection zone between the hot air and surface of the blade.

The success of designing a good cooling technique with a effective film is measured
manly by two parameters. The first parameter is the local heat transfer coefficient (h). As
discussed above it is desrable to keep (h) as low as possble. The second factor is film
effectiveness (h). Both the film effectiveness (h) and (h) will be discussed in depth in
Chepter 4. However it is imperative, for now, to introduce the film effectiveness as an
indication of the film effectiveness of the protective film. This effectiveness is smply
temperature difference ratio of film-mandream to film-coolant. Thus the mathematica

representation is h =T, - T /T - T, where h = 1 represents perfect film and h =0.0

represents no film.

According to Han et al. (1999), there are other factors researchers consder when
invedtigating a possble desgn. The fird factor is the coolant-to-mainstream pressure
ratio (PJ/Pm). This ratio could be related to the coolant-to-mainstream mass flux ratio or
what is known as the blowing ratio. In typicd ges turbine airfoil, the Pc/Pr,) ratio ranges
from 1.02 to 1.1 while the corresponding blowing retio is within 0.5 to 2.0. The second
factor to be consdered is the coolant-to-mainstream temperature retio (To/Tr). This ratio
is related to the dendty of each flow and its values ranges from 0.85 to 0.5. While fixing
the temperature ratio, increasing pressure ratio results in lower heat transfer to arfoil and
hence better film protection. When switching parameters, the opposite logic applies and

film protection decreases if we fix the pressure ratio while keeping the temperature ratio



high. Yet these trends should be treated as generd indications as the optimum vaue will

vary for each case,

Filim cooling
®

Internal passege T 1_.
cooling LB ?_
®_ e L |
L1 5Es
impingement cooling |} } iLE-

O I’f

&

Figure 1.3 Various types of blade air cooling (Gladden and
Cimoneau 1988)

In an atempt to produce better film cooling design, researchers have performed
extendve heat trander andyds sudying the effect of changing any of the parameters
discussed above. To facilitate producing detaled quantitative data from experimenta
teds, a new technique cdled “trandent liquid crysd technique” was employed by some
rescarchers. This technique provides visuad temperature sendng a areas coated with
thermo-chromic liquid crysas. With the ad of an gppropriate digitd image capturing
system, one can record the temperature profile with respect b time a each point of the
blade surface. The liquid crystals are factory cdibraied a a gspecific temperature to

change color a a certified temperature. Ekkad (1995) published a comprehensive report



for his PhD thess in which he daboraied extensvey on the liquid crystd technology.
This report provide an excdlent reference for technica information regarding the
implementation of this technology in studying film cooling.

It is aways dedrable to keep the blades in the lowest possble range of operaing
temperature, however, there is a hefty price for supplying too much cooling flow. Since
the coolant air is supplied from the compressor stage, only 8-9% of the totd ar exiting
the compressor could be bled. This could be understood knowing the mass flow reate ar
exiting the compressor dffects the compressor efficiency and hence the overdl
performance of the turbine engine. Keeping this lagt fact in mind, researchers had to work
with the available coolant flow rate and investigate possble methods D better handle the
coolant air such tha the film produced provide the maximum protection or effectiveness.
This was bascdly the mativation behind dl gudies on this fidd with the chdlenge of a
limited coolant flow. For this purpose researchers sudied each aspect that could
contribute to better film effectiveness and lower heat transfer coefficient. Following is a

survey of thework done on thisfidd for aflat surface.

1.3 Literature Survey

The first use of liquid crysta was by Cooper et d. (1975) and Smonich and Moffat
(1984). Although the resolution of their measurement was not high, they were able to
successfully study convective heet transfer and obtain local heet transfer coefficient of a
plan plat. Through out their work, they had to rely on visud detection to track the color
change of their test section. Camci et d. (1992) presented a hue-capturing technique to
andyze the liquid cydd images With the use of 24-bit color images, their technique

could apply to both steady and transient heat trandfer measurement.  With the exception



of few, dl researchers conducted their tests on a flat surface. This due to the fact it is
extremdy difficult to run a film cooling experiment under real engine condition. Among
to fird to examine film-cooling in ther research were Goldstein and Taylor (1982). Their
fird results suggested that heat trandfer coefficient downstream of film injection was
enhanced because of the turbulence produced by mixing coolant jet with mainstream
boundary layer. In their study, the holes were a simple 35° inclined dong the mainstream
flow direction. They dso found that, a a lower blowing ratio (M<0.8), the coolant jet
could not divert the forward movement of the mainsream a mixing point or a the hole
Only a large blowing ratio, the coolant jet was able to push maindream back and jet
fromed a sold protective layer in the shape of a rod. Before that, Goldstein et d. (1972)
conducted a pioneer sudy, involving the effect of diverging and dliptica hole exits with
35° angle. The holes were 3D gpat and while the diverging angle was 10° in one case.
Their study was backed up by flow visudization that explained the flow behavior before
and after mixing. Results showed agppreciable increase in centerline film effectiveness for
diverging case over the dlipticd one. This was due to the decrease in velocity of the
secondary flow with the diverging exit shagpe. This, accordingly, caused the jet to Stay
closer to surface of the wal rather than penetrating into the mainstream. The increase in
film effectiveness was independent of the flowing ratio for smdl X/d, where is X/d is the
distance downstream the hole.

Makki and Jakubowski (1986) conducted an experimental study testing the effect of
trapezoidal shaped holes on loca heet transfer coefficient (h). They were able to prove an

improvement of 23% in film effectiveness for the test shape over the circular one. They



predicted the improvement was attributed to the enhancement in the turbulence in three
regions.

() The mixing process dong the mainstream cross flow.

(i)  The penetration of the maindream flow between the coolant jets downstream

the holes.

(@ii)  The mixing process within the coolant jet itsdf with formation of the counter-

rotating vortices.

Tadim e d. (1990) examined the effect of dot exit geometry on film effectiveness
(h) for saverd injection angles. Limiting his case to the traling edge area with a fixed
blowing ratio (M=1.4), Tadim concluded that the optimum angle is 8. In their study for
a leading edge case, Karni and Goldstein (1990) looked at the effect of injecting from
cylindricd holes utilizing the mass trandfer technique. With injection angles ranging from
10° to 37°, the increae in the blowing ratio was obsaved to enhance the film
effectiveness. Ligrani et d (1994) presented heat transfer coefficient for a row of
compound angles holes with sx diameter spacing They compared smple angle holes
with compound angle holes Confirming with previous dudies film effectiveness was
better with the compound angle. Sen et d. (1996) conducted a study similar to Ligrani
experiment with the addition of forward 15° expanding (streamwise) hole and 60° in the
gpanwise direction. For dmost dl blowing ratios, the last case showed the worgt
performance in terms of heat transfer coefficient.

Schmidt et a. (1996) presented locd and spanaveraged adiabatic film cooling
effectiveness (h) digribution measured downstream of three different geometries (i)

round, (ii) round compound angle, and (iii) forward diffused, compound angle. The two



compound angles arangements gave higher effectiveness (h) over lager range of
momentum flux raio than the Imple angles arangement. Differences in effectiveness

meagnitude were gpparent a high momentum flux ratio and X/d<15.

Spanwise directon (¥) =

(=)

Top view

Figure 1.4 The Streamwise directon
direction convention
for streamwise and
sapnwise in a typical
case of compound

angle. The case here Sde view

for a round shape 7
LI

A

x

Ekkad et d. (1997ab) compared two compound-angle holes with smple angle
injection. All holes were incdlined 35° streamwise. The compound angles were 45° and
90° in the sgpnwise direction. Compound angle injection provided higher heat-transfer
coefficent than gmple holes Smple injection causes limited interaction between
maindream and coolant jets. The jet dructures move spanwise dong the hole and
disspate a dower rate compared to that for compound-angle injection. They dso
showed that compound angles provide dgnificantly higher effectiveness over a large area
than the smple angle case.

Grtisch e d. (1997) invedigated three different shagpes (i) round, (i) latterly
diffused, and forward-latterly diffused. The uniqueness of Grtisch's experiment was to

use a high-speed flow. The film effectiveness (h) span-averaged vaues of expanded exit



case were ggnificantly higher than others. At the same time, the heat trandfer coefficient
was high for round shgpe holes. The reason for getting lower (h) for expanded holes is
the spread out of the jets laterally. Chen et a. (1998) tested a new type of expanded holes
usng conicd holes with different compound angle orientations. The best over 4l
performance was obtained from conica holes with 0° compound angle. As expected, the
worst case was with conical holes and 90° compound angle. It was understood the 90°
angle caused a penetration of the jet into the mainstream preventing the formation of an
effective film.

Bunker et a. (2002) tested hole-within-dot cases. The two tested cases were:
radia rounded and radid in dot. The dot was fed by a row of discrete coolant supply
holes oriented in the spanwise direction with inclination angle of 30°. The dot depth to
hole diameter ratio (P/d) was 4 and 0.43. The last case is cdled shalow trench. Bunker
investigated the effect of the dot width aso for width to diameter ratio \W/d) of 1.16, 1.5
and 2.0. Bunker concluded that the best performance is found with the narrowest dot. He
adso predicted an improvement of 50-75% in the film effectiveness for the shdlow trench
case for X/d <40 compared to trench-lessinjection.

Severd agpects of film cooling have been investigated in the past. The potentid of
predicting indicative vaues of the heat trandfer coefficient and film effectiveness for dot-
inhole and angled dot was the motivation for this study based on the sample results
presented by Bunker e d. The present sudy is investigating severd hole-inrdot cases
with varying dot width and shape. The casesare;

() Normal case with 35° angle in the spanewise direction.



(i) Sot case in the 0.5 inch hole is centered in a 1.75 inch dot with (p/d) of 0.4
and (W/d) of 1.75.

(i)  Right shoulder case in which the same dot case is modified with right fixture
meaking the (W/d) equasto 1.375 and hole becomes uncentered inside the dot.

(iv)  Double shoulder case in which the dot case is modified with two identica
fixtures meking (W/d) of 1.0 and hole becomes centered.

(V) The angled caseis case (ji) with danted right fixture with an angle of 18°.

All cases are investigated with the trandent liquid crystd technique.

1.4 Objective of the Present Study

The objectives of the present study are:

1. To study the effect of different hole geometries on film effectiveness (h)

2. To dudy the effect of different hole geometries on loca heat transfer coefficient

(h)

Both objectives are investigated for two blowing ratios, M=0.5 & 1.0.

10



Chapter 2

Experimental Set-Up

All experiments were carried out in a low-speed wind tunnd setup with compressed air
supply for coolant ar. Figure 21 shows a gened layout of the experimentd

arrangement. The test setup congists of:

Computer and
RGB board

Blower
Sereen

Baffles

A

Heater

Temperature

acquisition system
Coolant air Iﬁ

Figure2.1 General layout of the experiment components

2.1 Blower

A vaiable speed blower that can deliver up to 12 m/sec mean velocity indde the tested

section. The blower is driven by %2 horsepower motor with 1725 rpm as a maximum

11



gpeed. As shown in figure 2.2, the blower speed is controlled by variable DC source. The

purpose of the blower isto provide the mainstream flow.

Figure2.2 the variable speed blower

2.1 Heater

The blower is connected to a 12 kW hester that heats up the air to a free-stream
temperature of 58-60°C. The heater is composed of multiple high voltage resistances
capable of reaching a steady State temperature for 9 m/sec flow in less than 12 minutes.
The temperature & the Turbine Heat Trandfer Lab was not congant through out dl the
tests. For that, it was hard to maintain the flow temperature at the same range for dl tests.
This problem was overcome by preheating the ar-feed to the blower, as needed, with

wither a 1500 W or a 3000 W hesater. The temperature of the flow downstream of the



heater is continuoudy monitored by a thermocouple connected to the temperature

acquisition system (see chapter 3).

Figure 2.3 Side view of the wind tunnel

2.3 Bafflesand M ainstream Inlet

In this section the air is routed through a section with baffles then passes through a
41 2-D converging nozzle. This ensures adequate mixing of hot ar and uniform
temperature digtribution throughout the test section. It is true that this experiment uses the

trandent liquid crystd technique yet the flow from both the coolant and the mainstream

' must to be a Steady dtae prior to mixing.
This ensures that dT/dt=0 @ X= -X/d and t=
0 where t is time, -X/d is the any short
distance before the test section. For this

purpose, a by-pass gate (figure 2.4) was

Figure 2.4 The by-pass gate

13



inddled just before the inlet of the mandream. Thus the mandream ar exiting the
nozzle is initidly routed out away from the tes section through the open by-pass gate to
the outsde space. This dlows the main flow to reach the dedred steady State temperature.

When that temperature is reached, the gate is closed forcing the flow into the test section.

2.4 Coolant Section

The coolant air is provided by a 290 ps compressor. Through a manud control
vde (MCV), the coolant flow is adjusted to the dedred vaue that iy the mass flux

ratio M, where M is defined as follows:
M = (ru)e
()

Where (rU)c is the mess flux of the coolant and (r U),, is that mean stream. The
coolant flow passes through a pipe heater. The heater is voltage-controlled and can
provide up to 90° C flow temperature for M=1.5. The purpose of the heater is to maintain
the coolant flow within the desred range for each case. As it was the case for the
maingream, the coolant needs to have a seady Sae temperature just before mixing. For
this purpose a three-way vave was inddled.
The vave diverts the cooler air away from the

test section till its temperature is dable

enough. The vdve is then flipped open

directing the flow into the test section. This

Figure 2.5 The temperature
should to be synchronized with the dosing of | Sontrol of coolant flow

the by- pass gate on the mainstream.

14



2.5 Test Section

Fndly the flow from the coolat holes and the manstream combine in the test
section as shown in the Fig 2.6. The test section is made of Plexiglas® and has a cross-
section of 30-cm width and 9cm height. The components upstream of the test section are

covered with insulaion to minimize the heating time. The bottom plate of the test section

is made of 2.22-cm thick Plexiglas
This plate has a replacedble section

/ about 254 cm downstream of the

//’,: f test section inlet (see figure 2.7).

This replacesble section can be

Figure 2.6 Flow mixing in test section

interchanged to accommodate the hole geometry. A trip is placed a the entrance to the
test section to produce a fully turbulent boundary layer over the test plate. The film holes
are located 30.5 cm downstream of the trip. The coolant ar is provided from a separate
compressed ar supply and is metered for flow measurement. Thermocouples ae
mounted upstream of the hole row to measure the maindream temperature, and indde
one of the holes to measure the coolant exit temperature.

Fgure 2.7 shows the test plate with film hole geometry used in this sudy. There
are 9x holes of 0.5-inch diameter in each row. The spacing between adjacent holes is 3
hole diameters for dl the hole Since the flow is assumed to be equdly distributed
through dl holes, only the middle two holes are consdered during testing. The flow is
even in the middle holes This dsoto reduce the measurement area and save time in

computation.

15



1.75 inch

0.5 inch %

Figure2.7The test plate dimensions (modified for each case)

To accommodate the geometry of each case the retractable part of the test section, as
shown in figure 2.7 and 2.8, is modified. This pat is dso made of Plexiglas® and has
been supplied with severa attachments and fixtures. These attachments provide the
desired hole geometries discussed in the next section.

2.6 Hole Geometries

Casel

— /—I-

Figure 2.8 Casel (norma)

In this case, the coolant flow mixes up with the mainstream directly a a35° angle.
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Case?

Figure 2.9 Case2 (Sot)

The hole in this case is postioned ingde a 1.75in wide and 0.2 in height dot. Thus, the
height to hole diameter ratio (p/d) is 0.4. The dot width to hole diameter ratio (W/d) =

1.75.

Case3

4'. r
— [ A
- 1\—' 1.375 inch

Figure 2.10 Case 3 (right shoulder) | j
4

This case is amilar to case two except the width of the dot is 1.125in. The p/d ratio is

dill 0.4. The dot width to hole diameter ratio (W/d) = 1.375.
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Case 4

E— » ) 1.0 inch

Figure 2.11 (double shoulder)

The flow in this case goes from 35 ° to 90 © then merges with the mainstream. The dot

width to hole diameter ratio (W/d) = 1.0.

Case 5 (angled)

—_— ¥

_

Figure 2.12 Case 5 (angled)

The right side of the dot in this case is danted with 18 © dop. The p/d ratio is 0.4. The

dot width to hole diameter ratio (W/d) = 1.0.
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Chapter 3

M easur ement Tools

3.1 Temperature Acquisition System

During each run of the experiment, the temperature of five points a the test section
are monitored and recorded. The points a which the temperature is collected are:

() The maingtream before the test section. Thisisto ensure the steedy dtate
temperature is reached before closing the gate.

(i)  The mangtream temperature in the test section.

(iii)  The surface temperature near the hole.

(iv)  The coolant temperature before the test section. Thisis to ensure the steady
dtate temperature is reached before flipping the three-way vave.

(V) The coolant temperature just before it emerges into the mainstream.

Figure 3.1 Instrunet interface terminal box

instruNet =1

Wi Model 100
AnalogDigital
InputCutput System
i——
 —
e et osges doNEERERA RV S OR S o
2 L . — — ~
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The temperature is sensed using K- type thermocouples. The thermocouples are linked to
a PC with InstruNet interface. InstruNet is a data acquistion hardware that provides
microVolt inputs outputs of high accuracy. The externd box, (see figure 3.1), contans
ggnd conditioning amplifiers for each channd, and can therefore directly atach to
sensors such as thermocouples, RTD's, strain gauges, resistance sources, current Sources,
and voltage sources, and return enginering units (eg. "Volts',"Amps'). InstruNet
provides 14-bit resolution in the micro-volt range, with andog inputs with +/-5V, +/-.6V,
+/-.08V & +/-.01V range for 44 terminds. The controller's themsdlves provide 10
counter/timer channels that each can function as a digitd input bit, a digitd output bit, a

clockoutput channel, or a period measurement input channd.

msu'lilﬂ et Terminator

Hetwork
@ Device #2

Computer
instrtiet
Contmoller

4

DE-25 Cable DE-25 connec tor (female )

Figure 3.2 The PC to Instrunet interface

3.2 Visual Image Processing System

A schemdic layout of the image processng
system used for this test facility is shown in the Figure
3.4. A Plunix RGB camera is placed 12 feet awvay from

the test section. Although the test section is enclosed

Figure 3.3 Plunix camera
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within a rectangular wind tunnel (see figure 2.6), the transparent plexi-glass dlows the
camera to capture “time’ frames accurately. This camera connects to a CFG 24-hit frame

grabber board in a PC.

Test section

REGE camera R

Ll

Light source

Figure 3.4 RGB camera set up

Image processng software (Optimas v6.5) communicates with the frame grabber
board. The camera records the local RGB vaue on the test section. Using a customized
macro, Optimas tracks the green band in each pixel. This macro works by smply
recording the time a which green color appears on each pixd. For this to work
effectively, the background intengty of the test section must sat properly. The maximum
background intengty is cdled “threshold.” The appropriate setting of the threshold is
important as it determines the criteria for the color change captured in each frame. If the
locd pixd intendty exceeds the threshold vadue then Optimas acknowledges color

change and records a time vaue for that pixd. To enhance the time vaues file, adequate
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lighting is evenly provided for the test section. The gppearance of many zeros in the time

file could be attributed to the following:

()

(i1)

(iii)

(iv)

v)

Insufficient or improper lighting didribution as the light intengty should be
even on dl areas of the test section.

Low threshold value or wide threshold profile. The threshold profile must be
as narrow as possible. A wide profile indicates uneven lighting.

Low contrast and brightness vaue. Through Optimas control option, these
vaue can be adjusted prior to the start of each macro.

Bad liquid crystd shedt. If the crystd sheet are over used or exposed to light
for along time, then it may not change color as cdibrated.

Very hot flow. If the both the coolant and the manstream are a very high
temperature (above 65C), then the camera might not cepture the green band
on X/d less than 5. Although the camera is designed to capture 45 frames per
second, actud runs have proven that the trangtion time for green band could

take less 0.25 sec.

Another important aspect to pay attention to is the capture area within the test section.

The area sdected is defined in teems of X, Y, and dze in pixd. These three

parameters must be kept congant for each par of runs (hot and cold). This is

essentia, as each pair will be used to cdculate the heat trandfer coefficient and film

effectiveness for a sngle area. Keeping the size congtant is easy and could be done

through Optimas. However, the X and Y coordinate needs specia attention as the

camera should not be moved or touched between runs.
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3.3 High Pressure Compressor

The coolant pressure is supplied from the 290 ps compressor in the turbine blade
research lab. The compressor is a two stage, oil-injected screw compressor designed for
higher-pressure air application from 13 bar up to 20 bar. With a two-stage design, both
low and high pressure dements are built onto the gearbox driven by a highly efficient

TEFC dectric motor (IP-55, Class F insulation).

Figure 3.5 The high-pressure compressor
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Chapter 4

Theory and Data Reduction

4.1 Heat Transfer Theory

As mentioned in chepter 1, this study will determine the locad convection hesat
transfer coefficient of each pixd in the tet section usng a 1-D semi-infinite solid
assumption. But to gtart with, let us define the heat convection part. The smple example

to dart with isaflow over afla plate (figure 4.1). Thelocal hest trandfer flux is

Um; Tm

Tw

Figure 4.1 Typical convective heat transfer problem

qt=h(T,-T,) (4-1)

Where h is locd heat trandfer coefficient, Ty, is the fluid temperature in contact with plate
surface and T,y is the wall surface temperature. This equation has four variables. If histo

be computed, then the remaining three variables T, Ty and g¢ are to be measured. Note

that T, and T, maybe easy to measure but q« is not. As assumed above (1-D semi-
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infinte solid) the 1-D trandent conduction equetion, the initid condition and the

convective boundary condition on the liquid crystal coated surface are

2 T
k:g?zrcp?”—t (4-2)
at t=0 > T=T, (4-3)
atx=0, - k'ETT “h(T,-T,); a5 x® ¥, T=T, (4-4)

Equation (4-2) can be solved with the said conditions obtaining a non- dimensond

temperature term a x=0 which is the convective boundary surface:

T,-T ato ah./at
:1 2 T Cé
Tm-Ti 9

(4-5)

where (T;) is the initid temperature of the test surface, (t) is time (k) is the conductivity
and (a) is the themd diffusvity (time condant). Note that if these are known, then the
above equation will become solvable for (h). Thus, only a sngle equation maybe needed
to compute a sngle vadue for (h). This might not be the case when the plae is beng
cooled by film injection.

Now let us consider our case where the coolant air is being injected from the bottom
of the plate surface as shown in figure 4.2. Now in addition to the mainstream flow, we
have a secondary flow. In this case we have three dfferent temperatures to consder Ty,

Tw and Tc. The last temperature is the coolant temperature. But even these temperatures
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don't address the problem completely as the temperature difference term in equation (4-
1) needs the locd temperature. That loca temperature maybe referred to as Ty o film

temperature. From which the locd heat transfer flux is represented by

Un | Twmlm
G Film
Se7x \ T \\
Me Te, Ue
Figure 4.2 Coolant injection problem

q=nh(T, - T,) (4-6)

It is reasonable that the local heet flux going into the surface has to pass through the film,
therefore the new term Ty must be measured. This temperature is the result of mixing the
hot stream and coolant jet and is expected to be in range of T, >T; > T.. To obtained the

film temperature, the ratio of the main fluid to secondary fluid is to be defined as follows

h=—t__= 47
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The teem (h) is refered to as film effectiveness The maximum vaue this term
could take is 1 and that it is when the film temperature is equa the coolant temperature.
This theoreticd scenario implies that the film is 100% effective. In contradt, the film
effectiveness is worst (h=0) when the temperature of the film is equa to the main, hat,
stream.

The loca convective heat trander coefficient for the film cooling case is obtained
usng the same approach as for the smple case, where no film is applied; therefore
equation (4-5) can be used with modifications. In fact the only change would be replacing
the maingream temperature T, with the film temperature T; . To find Ty, we will use

equation (4-7) expressing isas.

T, =h(T, - T, +T, (4.8)

T, =hT,+(1-h)T, (4-9)

Now it should be apparent that the main equation (4-5) could be applied with

subdgtituting Ty with T using (4-9). The resulting term will be

ato

T, - T ={1- exp (4.10)

The lagt eguation is a function of two unknowns, (h) and the (h). Note that (h) is

defined in terms of Ty This means the film temperature is solved for if the effectiveness is
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obtained. Two eguations are required to obtain the vaue of locd heat trandfer coefficient

and film effectiveness.

4.2 Data Reduction

To produce two equations, two tests have to be conducted to supply the desired data

to cdculate the (h) and (h). The transient tests are explained as follows.

()

(i)

The hot test: in which the mainstream flow is hested to a certain temperaiure
within the band cdibration range of the liquid crysd sheets used for test
plate. The test plate is kept a ambient temperature. The coolant is kept at low
or ambient temperature. When the temperatures of both the mainstream and
coolant are dable then the test darts by suddenly imposing both the coolant

and hot mainstream flows, (see figure 4.3), on the plate surface.

Time(t)=0 Time(t)=t, sudden flow
No flow, surface at T=T,,

—_— >

_— >

S NITS

Figure 4.3 first transient test used to compute h and h

The second test is no different than the firs except that the coolant is dso
heated to a temperature within the cdibration range of the liquid crystd sheets
covering the test plate. As in test 1, the test plaie is kept a ambient
temperature. The reason for hedting the coolant is to create different

conditions that will help producing a distinct second equetion.
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For both tests, once the hot stream passes over the test section, its temperature does
not rase as true dep change but rather in gradua fashion. This gradud raise in
temperature is accurately recorded All these temperatures are functions of the time.
The temperature are represented as a series of time step changes (f;, j=1, 2,...N).
Using superposition, the solution of both tests can be obtained from equation (4-10)

as.

N 2 &h, -f.)0
ToTe=a exp? 2t )+erfc§ a(t; DS 0T, + (@ hYDT,0) ) @10
g 2

i

cG “a(z )3 POT.), + - h)OT) ) (4-12)

Tw - Tl a {1'
2 < pé :

Equation (4-11) above is addressed in terms of the step change in mainstream
temperature DT,, while equation (4-12) includes the step change in coolant
temperature DT,_. Note the term representing the initid temperature is included in  the
firs step change DT, , for j= 1. For a maximum set error of (1/2000,000), the two

equations are solved by iteration using a sandard mathematica subroutine.
Based on the methodology of Kline and McClintock (1953), the uncertainty of

these calculaions are preformed. The individua uncertainties are listed below:

T, =2.0" 10°® K (4-13)
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T, =2.00" 10°°

1T, =0.027

it =0.02

fla =0.03

Tk = 0.03

K

mé/s

WImK

(4-14)

(4-15)

(4-16)

(4-17)

(4-18)

The average overd| percent error is = 6.4% for h and is = 7.9% for h. The highest error

would be as high as 17% and is expected to gppear in the area around the injection holes

due to 2-D conduction.
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Chapter 5
Results: Heat Transfer M easur ements

5.1 Baseline Case

5.1.1 Span Averaged Heat Trandfer Coefficient (h) (basdine)

As mentioned in chapter 3, five cases have been studied. Each case represents a
diginct hole exit geometry. These geometries vary from norma 35° exit to angled dot.
To help in andyzing the data and to establish a reference where dl geometries can be

compared to, the norma case was chosen to be the baseline for al other cases.

Figure 5.1 shows the average heat trandfer coefficient (h) for the blowing ratio

90

80

70

H (span average)

60

50 10 15

o
[63]

X /d

Figure 5.1 Baseline h for M = 0.5 &1.0
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M= 0.5 & 1.0. The Figure representation is dong the streamwise direction defined by
the dimensonless term (X/d), where X is the distance downstream the hole and d is the
hole's diameter. The term “span” refer to the perpendicular direction to the streamwise as
pointed in chapter 1. These origind exact loca vaues from which Figure 5.1 is obtained
is shown in Figure 5.2. Although the average heat transfer coefficient is a its pesk for
near the holes, this vaue may not be considered. From the uncertainty analysis, the error
is expected to be the highest, (17%) in this vicinity.

The most important indication of the Fgure is the trend of the coefficient values
from X/d = 2 to 16. The obtained curve is in generd agreement with smilar cases by
Ekkad et d. (1997a). As expected, the trend for average heat transfer coefficient shows
higher vaues with amdl X/d. It dso posses smal vaues or zero at large X/d. The X/d was
limited to 16 because there is no sgnificant comparison vaue for h is obtained after
beyond 16 for the mainsream veocity. Note that X/d range will vary according to test
conditions such as the mansream vedocity and the blowing raio. For this study the
maingream veocity was fixed & 9 m/s throughout al cases With manstream velocity
of 105 m/s, Bunker et a (2002) was able to produce readable range up to 100 X/d.

Figure 5.1 shows that the higher blowing ratio enhances the net heat exchanged
between the plate surface and the maingream and hence results in larger h for higher
blowing ratio. This confirms with the results obtained by Ekkad et a (1997), and Bunker

et d (2002). The locad vaues h for the two blowing ratio are shown in Figure 5.2.
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Figure 5.2 Locd heat transfer coefficient for M=0.5 (left) and M=1.0 (right)




Figure 5.2 is obtained using equation (4-11). A close look at this Figure turn out the

following comments

()

(i1)

(iii)

(iv)
v)

(vi)

The locd heat trandfer coefficient values near the holes are not representative
of the actud coefficient. At some local areas, X/d <<1.0, the coefficient was
lessthan 5 W/nP K.

Higher blowing ratio, M=1.0 in this case, results in an increases in the average
h.

In addition to (ii), the (X/d) range over which h has shown higher vaues is
further extended for higher blowing ratio. This means that the net heat
exchanged between the plate and maindream was less effective in aress
further than X/d= 10 for blowing ratio M=0.5.

Along the hole jet centerling, hisfound to be higher than other local aress.

There is a consstent difference of ~ 10 W/m?.K  between spanaveraged h
vauesfor thetwo blowing ratiosin thein therange 1.0< X/d <16.0 .

The noise in some spots was filtered when computing the span average in

Figure 5.1

5.1.2 Span Averaged Adiabatic Film Effectiveness (h) (Basding)

Figure 5.3 shows the adiabatic film effectiveness for the norma case. As indicated

in chapter 4, the film effectiveness is obtained from equation (4-12). Each dngle h

vdue & any X/d represent the sum average of dl span h’s. For M=0.5, the film

effectiveness shows a decrease trend as X/d decreases. This corroborates with the

literature data from Gritsch et d. (1997). Also, a trend comparison between the

norma case for blowing ratio M= 1.0 and ageometricdly amilar case by Ekkad et .
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Figure 5.3 Baseline h for M = 0.5 &1.0

(1997a) shows vast resemblance, as both tend to dightly increase with respect to X/d. In
genad, the film effectiveness curve drifts foom a “dedlining” behavior to a dightly
“growing” one as we increase the blowing ration. This may indicate tha, as we increase
the blowing ratio, the coolant jet loses its ability to form an impenetrable film at the point
of mixing with mainsream. Therefore, indead of bending over the surface, it impes to
pound through the mandream and then re-atach downgream the flow. This re

attachment could account for the dight increase in h at further X/d.



Figure 54 exhibits the locd adidbatic film effectiveness vaues averaged in the

gpanwise direction. This Figure reveds some dgnificant remarks that can be summarized

in the following:

()

(i)

(iii)

(iv)

v)

The jet centerline is associated with higher film effectiveness while dmost no
cooling effect in between holesfor dl ranges of X/d.

The same logic in ignoring the locd heat trander coefficient vdues is applied
here for film effectivenessjus after the holes.

Although it retained rdatively higher vdue in hest trander coefficient, the
M=1.0 case shows poor film effectiveness. This could be seen dearly when
compared to the case with M=0.5.

The lower blowing jet for M=05 seemed to helped maintaning the film
coherence. This assumes the coolant jet was dow enough to be “pushed”
aong the streamwise direction rather than “penetrated.”

Even with the presence of data noise & some spots, the trail of the film could
be tracked clearly, for M=0.5, till X/d=16 indicating a rddive sability of the

film compared to M=1.0.

As mentioned ealier, the film effectiveness and convective heat transfer coefficient

obtained for norma case will the basdine of the following cases. Therefore, they will be

referred to as h, and h, from this point forward.
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Figure 5.4 Locd film effectiveness for M=0.5 (left) and M=1.0 (right)
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5.2 Slot Case

The dot case is a 35 degree inclined hole, aong the dream, dtting in a 1.75-inch
wide and 0.2-inch high rectangular groove (see chapter 2). The span averaged h for
the two blowing ratios is shown in Figure 5.5. Although these data are span-averaged,
the locd vdues are in condgtency with them, as to be seen when andyzing Fgure
59. Both blowing ratios demondraie a high pesk around X/d =3. This pesk is
followed by moderately declining values of heat trandfer coefficient. The pesk is
expected to be the result of the locd turbulence following the immediate mixing of
the two streams, the hot and the cold. This pesk is common in dmost dl cases as to
be seen next.

Increasing the blowing the raio from 05 to 1.0 boosted the heat transfer
coefficient with an average of 6-8 W/mP.K for X/d >5. Apart from this shift, it can
be sad tha there is no dgnificant enhancement to h at this case with respect to the
change in blowing ratio M. Further look into Figure 5.6 provide a comparison
between the performances of this geometry with reference the basdine. This Figure
represents the normalized span-averaged heat transfer coefficients (h/h,) for both
blowing raio. Unexpectedly, the lower blowing raio case, in generd, compared
better with the normal case than M= 1.0.

Examining the results from Fgures 5.7 —10 reved s the following comments:

() In addition holding higher locd heat trander coefficient, the higher
blowing raio M=10 is dso showing somewha good film

effectiveness.
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(i) Point (i) can be visudized clearly in Fgure 5.9 where the range of the
normdized film effectiveness is dways grester than 10 for
35£ X/d£15.

@iii)  The low blowing ratio case does not promote potentias for further
invedigation as its normdized heat trander coefficent is higher or
equd to that for M=1.0 and its normdized film effectiveness is mosly
less than 0.4. This indicates its more effective to cool the surface with
normal 35 degree hole rather than adot type, for M=0.5.

(iv)  Fgure 510 shows that film is present in the cooling jet centerline
while there is dmost no cooling taking place in between. This indicate
narrow jet disperson for M=1.0.

(v) The film ability was not acceptable for X/d<5 for the higher blowing
raio. It is essentid to have a sable film to prevent locd heat dress
points or region. Fgure 510 shows the locd film effectiveness
dropping to vaues less than 0.03 even within the jet centerline.

(vi) In contragt, the lower blowing ratio posses more dable film, yet its
vaue was not promisng

(vii)  The ingability of film in case of M=1.0 could be attributed to a
secondary flow within the film itsdf resulting in film pendraion a
some X/d.

Both blowing ratio case cann't be compared with Bunker e d. (2002) as his
blowing ratios were aways 0.98 or grester. Also the veocity of the mainsream weas

much higher than 9 m/sreaulting in 125 X/d range.
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5.3 Double Shoulder Case

The double shoulder case is where the width of the dot is the same as hole diameter
(05in). The flow in this case goes from 35° deg to 90° then merges with the mainstream
(see chapter 2). The dot width to hole diameter ratio (W/d) = 1.0, which is the lowest
possble vaue for W/d. Solving egquation 411 and 412 for the double shoulder case will
produce the loca vaues for h and h shown in Figure 5.15 and 5.16. The span-averaged
and normdlized data are shown in Figures 5.11-14.

The very firg thing to note was the insengtivity of this case, with regards to h, to
the change in blowing. In fact, Figure 5.11 shows an dmog identica behavior of M=1.0
and M=0.5 Although the lower was leading the higher with less than 3 W/mP.K , in
average, both blowing ratios exhibits the same trend for the entire X/d range. Both have a
relaively high hest trander coefficient for the X/d less than 4. Among al geometries
tested, the M=0.5 in this case scored the highest span-averaged hesat transfer coefficient in
the said range. This may not be desrable for the first glance, as we want to minimize the
heat exchanged between the mainsream and the surface. But to perform a through case
evdudion, we should adso condgder the film effectiveness. Examining the Figures in next
pages provides the following comments:

(i) For M=0.5, the double shoulder geometry, compared to the norma 35 degree,
will adways provide more heat exchanged between the blade surface and the
hot mainstream for a distance less than 4 d downstream the hole exit.

(i) A dmilar argument can be made about the lower blowing ratio but for a shorter

range, lessthan 2.5 X/d.
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(iii) The adiabatic film effectiveness was lower than expected when the blowing ratio
was increased. The M=1.0 was less than the M=0.5 by an average of 0.1-0.15
for X/d >2.0.

(iv) The higher the blowing raio the less dable the film. This indability was
observed in two main aress, the first was at aound X/d=5.0 and the other was
X/d =10. This was associated with a very low h for both loca and average
aress. These areas seem to be the result of the coolant jet lifting off.

(v) The same lifting off behavior was aso obsarved for the lower blowing ratio but
with less effect. This implies that the M=0.5 produces better and more stable
filmthen M=1.0.

(vi) There is dmost no cooling (see Figure 5.16) taking place in-between holes for
X/d < 4.0 for both cases. Yet the lower the blowing ratio cooling jet sarts
dispersng after X/d=6.0 covering an appreciable portion of the surface.
Locdly, the maximum vdues of the film for this case was observed dong
centerline of cooling jet exiting the hole,

(vii)  Although its normaized film effectiveness vaues were bardy above 1.0, the
high blowing ratio does not show good potentid as an optimum geometry.
This is due to the fact that its film was not stable, in addition to its reatively
highh.

(viii)  Incontrast, the lower blowing ratio could be better choice for improved
cooling asits net heat exchanged was less than that in the basdine for al X/d>
2.0. Alsoitsfilm effectiveness factor was dways above than the normal case

with margina vaueslessthan 0.1.



120

110

100

~
o

'|I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII TT

60

H (span average)

50

40

30

X/

=
al
II|IIII|III|II

1.1

=

h/ho (spanaverage)

e o ©
N © ©

°
o

Xid

0.55

0.5

|

0.45 Iy

o
N
TTT T[T T T T[T I T T[T IT T[T I TT [ TTTT 7T

o
w
al

eta ( spane ave)
o
w

0.25

0.2

0.15

0.1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 ]
X/d

Figure 5.12 Normalized average h for for double shoulder

Figure 5.13 Averaged h for double shoulder
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Figure 5.16 The locd film effectiveness vaues for Double shoulder




5.4 Right Shoulder Case

As explained in chapter 2, the right shoulder case is Smilar to the dot case two except the
width of the dot is 1.125in. The (p/d) ratio is dill 0.4. The dot width to hole diameter
ratio (W/d) = 1.375. Figure 5.17 and Figure 5.18 provide vauable information about the
heat trandfer coefficient for this geometry.  The first Figure illugtrates the soan averaged
h with respect to X/d. The two blowing ratios tested in this case show the regular trend of
the convictive heat trander coefficient. Both dat with high vaues more than 85
W/m?K, and gradudly they leen to decresse with steady state finish line  The higher
blowing ratio is leading the lower one with more 30 W/n?.K for X/d less than 5. The
difference reduces to an average of 16 W/m?.K for remaining X/d. This is comparatively
a high difference and for this dudy in particular is the highest. This indicates tha this
geometry is sendtive, for h, to flow change from the coolant as we change the blowing
ratio. Figure 5.17 addresses the spanaverage comparison between this case and the
basdine. The blowing raio M=1.0, is higher than unity only for X/d > 5.0., then it drops
progressively till it reaches 0.8 at X/d=16. The Low blowing ratio M=0.5 has been
adways better than the basdine case for the entire range.  With vaues garting a 0.9 and
declining to 0.6 at X/d=16, it is evident the low blowing ratio case for this geometry will
exchange less energy and thus hold lower h than the basdine case. However this might
not be enough to comprehensvely evauae the geometry. We dill need to further
examine the behavior of the film effectiveness make a better judgment.

Inspecting Figures 5.19-22 will disclose more information on how the average and
locd film effectives camper to the basdine. It will dso reved the nature of the film

behavior on certain areas. On that regard the following comments are offered:



()

(i1)

(iii)

(iv)

v)

The low blowing ratio is associated with moderatedly good film effectiveness,
around 0.45, for X/d lessthan 1.5. Then, rapidly the effectiveness drops to 0.2

and eventudly t0 0.1.

Unexpectedly, the normdized film effectiveness % is less than unity for

entire range of X/d. With its vaue ranging between 0.6 and 04, the low
blowing ratio does not seem to be a better geometry choice than the basdine
case.

The normdized film effectiveness vadues for high blowing ratio reved

interesting potentids for the double shoulder geometry. All spanaveraged

% are higher than unity for entire range. In fact the values are unbeatably

higher than al other geometries tested in this sudy. The curve darts a more
than 1.75 and finishes up with dightly more than 1.2.

This indicates that the right shoulder geometry with M=1.0 will dfinitdy
provide better cooling than the basdine case It will dso provide better
protection, as its film effectiveness factor is higher than the basdline case.

Despite the fact the film effectiveness vaues are associaed locdly with
cooling jet centerling, the high blowing reio case shows the best cooling jet
disperson among dl tesed cases With uniform jet scattering as shows in
Figure 522, the higher blowing ration case covers dmogt al the range for

X/d=16.
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Figure 5.20 Normalized h for right shoulder case
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Figure 5.22 The locd film effectiveness vaues for Right shoulder case
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5.5 Angled Case

The angled caxe is origindly a dot case geometry with the right atachment
danted with 18° dope. The (p/d) ratio is 0.4. The dot width to hole diameter raio
(W/d) is varying from1.0 to 1.375. The initial expectations of this case was that the
right attachment will provide a gradud introduction of coolant jet without penetrating
the maingream flow, which should result in better adiabatic film effectiveness and
hence less net convictive heat exchange transfer between the hot mainsream and the
blade surface. However, actual test data did not meet these exceptions.

The spanaveraged heat trandfer coefficients in Figure 523 indicate that the
generd trend of both blowing ratios is no different than most cases tested in this
sudy. The interesting remark about this Figure is the average heat trandfer coefficient
vaues are less than the basdine case. The Figure shows that the expected initid pesk
was a less than 74 W/mP.K for both is followed by the regular declining pattern that
leads to a finishing line of less than 34 W/n?.K the higher blowing and less than 30
W/m?.K for the lower blowing ratio. With the exception of an up normd spike at
X/d= 2.0, Figure 5.24 indicates that the normdized heat transfer coefficient for both
blowing ratios were |ess than the expected.

There was no dgnificant change in heat trandfer coefficdent when the bowling
ratio was increased from 0.5 to 1.0. Even with the 6 W/m?.K shift that the higher
blowing ratio was leading the lower one, blowing ratios performed less than expected
when compared to the basdine case in Figure 524. A meticulous investigation of

Figures 5.25-28 reved s the following the comments:



()

(i)

(iii)

(iv)

v)

(vi)

(vii)

(viii)

The span-average film effectiveness vadues were reatively lower than the
average of other cases.

Opposite to the findings in Fgure 523, the angled cae is “flow”
sendtive. This means that the change in the blowing ratio M reflects a
noticeable change in the film effectiveness vaues.

Both blowing ratios don't show potentias for an optimum case as both
posses low film effectiveness vaues that are less than the average of the
tested cases.

The locd heat trander coefficient is very low for X/d >5.0. This is
observed in both blowing ratios

The normdized film effectives vaues in Figure 526 confirm that both
blowing ratios are not a good enough to compete with the other
geometries.

When examining the locd vaues in Figure 528, there is admos no
cooling in-between then holes Only the jet centerline held the highest
film effectiveness

Surpriangly, the angled case is one of the bedt-tested cases for film
dability. Yet this dability is not good enough to provide optimum
coaling.

Both cases show poor jet disperson as the high film effectiveness were

observed in the coaling jet centerline.
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5.6 Summary of Cases:

The overd|l peformance of al cases can be summarized in Figures 529 and 5.30.
The first Figure shows the totd normalized heat trandfer coefficient for dl cases. This
is obtained by simming up dl the span-averaged vaues for the entire X/d range. The
second Figure was obtained usng the same method but for the normdized film

effectiveness factor.

The overall h/ho
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Figure 5.29 The total normalized heat transfer coefficient for all cases

Looking a both Figures shows that the dot and the angled are lowest in &rm of the
totd normdized heat transfer coefficient. This means both cases exchange less hest
with the mainsream compared to the basdine case. However, the poor film
effectiveness performance for both cases seen in Figure 5.30 rules them out as a
better choice for cooling the blade. The remaining two cases are the double and right
shoulder. The double shoulder showed good potentid for exchanging less heat with

the hot mainstream once its cooling jet mass flow was increased to meet M=1.0. even



its low blowing ratio was less than unity for the totd h/h, The double shoulder could
be a good option if its film effectiveness were aove unity as its film effectiveness
peformed less than the basdline case. We dso recdl from the previous Figures that
the double shoulder case did not have a stable film. As a result the double shoulder

geometry may not be chosen a better cooling option.

The overall normalized film effectiveness
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Figure 5.30 The total h/h, for all cases

The last case is the winning one. The right shoulder geometry held the highest
adiabatic film effectiveness vadues among dl tested geometries. That applies only to
the high blowing raio snce the M=0.5 scored inadequatdly for the normalized h. In
addition, the double shoulder geometry presented a unwavering film throughout the
full range of tested plate. This case will provide a better cooling option than the

basdline case and will supply athicker film protecting blade from the hot flow.



Chapter 6

Conclusions

The intent of this study was to come up with an optimum hole exit geometry that can be
incorporated in the new blade designs with lesser complications. This optimum geometry should
not be associated with high convective heat transfer coefficient h. Also the adiabatic film
effectiveness h should be as high as possible. For this purpose, different whole exit geometries
were tested for an optimum shape. Heat transfer calculations were made to obtain the local values
for h and h. The first cases tested were the “normal” 35° 0.5 inch diameter inclined hole. The
first case tested were the “norma” 35° with 0.5 inch diameter inclined hole. The second
was the “dot” with height to hole diameter ratio (p/d) is 0.4 and width to hole diameter
ratio (W/d) = 1.75. The third was the right shoulder with (W/d) = 1.375. The fourth and
fifth cases are the “double shoulder” with (W/d)= 1.0 and the “angled” with a varying
raio (W/d). The angled is featured with 18° inclined right attachment. The results of all
cases were referenced to the normal case as a basdine.

The right shoulder case presented the best peformance with a uniform je
Soreading. The right shoulder geometry is more likely to protect and cool the blade than
the norma geometry, as its total adiabatic film effectiveness was better than basdine case
with factor of 1.4 and the total heat transfer coefficient was less than basdline case with
factor of 0.08. This means the right shoulder geometry is more likdy to protect and cool
the blade than the norma geometry as it is going to exchange less heat and provide

thicker film protection.
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6.1 Recommendation for Future Work

The underganding of the flm behavior requires more detailed measurements than
heat transfer analyss. The deriving force for higher or lower h and h depends highly on
the flow pettern and locd vadues for turbulence intendty. For this | recommend the
following to be performed as future work for this sudy:

) A dealed sudy on flow peatterns where the turbulence intendty velocity
vaues are measured localy. This should provide better ingght of the two flow
mixing behavior.

(i) Further heat trander andyds invedigaion of higher blowing ratio for the

right shoulder case. Suggested blowing ratios are 0.3 increments between 0.5

and 1.5
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