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Abstract

Present studies focus on thermal and aerodynamics investigations of leakage flow
injection through a slot which is located at upstream of blade leading edge. In the real gas
turbine, this slot is actually the gap between the combustor and turbine endwall as for the
maintenance works consideration. However, the slot induced to the leakage phenomenon
caused by the bypassed air that coming from the compressor side for turbine cooling purposes.
Gas turbine manufactures intended to minimize these kinds of leakages in maintaining the
aerodynamics performance of the turbine cascade. However, previous researchers found that
the leakages could be used to protect the endwall surfaces from the hot gas since it could not
be completely prevented. Thus, present study investigated the potential of leakage flows as a
function of film cooling. Chapter 1 gives some introduction on present works about the need
of film cooling to protect the wall surfaces. Several related studies by previous researchers
are also explained. Chapter 2 explained the details of methodologies used in present studies.
A leakage flow with 90° of injection angle was considered as for the baseline configuration.
Liquid crystal was used for the time-varying endwall temperature measurement. The transient
method was applied to determine the film cooling effectiveness, # and the heat transfer
coefficient, 4 for the thermal performance evaluations. The details of the aerodynamics
performances was revealed by conducting S5-holes Pitot tube measurement at blade
downstream plane (1.25C,) and the total pressure loss coefficient, C,, as well as the flow

vorticity, { contours were plotted. Furthermore, the effects of the leakage flow with the

mainstream consist of complex secondary flows structures also have been revealed by
numerical investigation. In present study, the flow is analyzed by using the three-dimensional,
steady Reynolds-averaged Navier-Stokes (RANS) equations by conducting Shear Stress
Transport, SST turbulence model. The leakage was injected with a various amount (which is
described by mass flow ratio, MFR) to observe the 5 performance at different injection cases.
Chapter 3 provided details discussions on the aero and thermal performances of the leakage
injection. Both experimental and numerical presented the performance of # increased when
the injection amount increases. SST turbulence model captured the presence of the separation
flow that caused the lower 4 region which also captured by the experimental. As for the
aerodynamics performance, C,, was increased after the introduction of leakage injection and

indicated the increase trend when the MFR was being increased. Leakage flows were



prevented to be injected into high pressure region thus they tended to move towards lower
pressure region which is between two stagnation regions. As a result, a newly generated
vortex core was predicted. This accumulated vortex core (AFV) is considered to contribute to
the additional losses at blade downstream. Chapter 4 presents the numerical investigation on
the modification of slot configurations such as positions and orientations. The leakages flow
by shallower injection angle, B towards mainstream was predicted to reduce the strength of
the passage vortex thus increase the aerodynamics performance particularly at higher
injection cases. Additionally, » also obviously increased by the slot orientation. To move
away the slot from the blade LE was predicted to increase both aero and thermal performance.
The leakage flow could laterally be penetrated to the mainstream and stayed closer on
endwall surfaces. This is due to the fewer blockages influenced by the stagnation region since
the slot located far away from the blade LE. In contrast, move the slot closer towards blade
LE just increased the C,, Furthermore, locate the slot closer to blade LE could not increase
the protection layer except the level of #. Finally, Chapter 5 highlights the important points to
be concluded based on present investigations. The potential of the leakage flows to protect
the endwall surfaces has been proven and they were highly influenced by the secondary flows
behavior on the endwall region. However, to increase the performance of cooling by
increasing the injection amounts unfortunately reduces the aerodynamics performance due to
the increase strength of the secondary flow vortices. The leakage flow with a shallow
injection angle towards mainstream are predicted to provide a positive trends of cooling
performance with a lower aerodynamic losses especially at higher leakage flow injection

Casces.

Keywords: Turbomachinery, secondary flow, endwall film cooling, leakage flow, purge
flow, heat transfer, high-pressure turbine, liquid crystal, transient method, pressure loss, slot

orientation, slot position.
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Chapter 1

Introduction

This chapter provides some introduction on the gas turbine technologies. Increasing
gas turbine thermal efficiency is an approach to increase the performance which leads to
increase of turbine inlet temperature. The need of film cooling to protect the material surfaces
from the hot gases is also explained to show it's a very effective way to allow further
increases of turbine inlet temperature. In addition, the literature study has been done to
investigate the current achievement of the gas turbine cooling focusing on the endwall side.

The research objective is also includes in this chapter.

Background

Gas turbines are used to power aircrafts, trains, ships and electrical generators. Figure 1
illustrates the gas turbine structure of HF120 Turbofan manufactured by General Electric and
Honda whereas Figure 2 shows the diagram of modern gas turbine. Generally, gas turbine can
be divided into three sections; compression, combustion and expansion. The air flows
through a fan which then be compressed with multistage compressor to a higher pressure.
Energy is then added by injecting fuel into the compressed air inside the combustion chamber
and igniting it so a high temperatures flow is generated in this stage. This high-temperature
and high pressure gas enters a turbine, where it expands down to the exhaust pressure,
producing a shaft work or thrust output in the process. The turbine shaft work is used to drive
the compressor and other devices such as an electric generator that coupled to the shaft. The

PR PR 1o s FT . N [ ~ ~avhonat onape an a 1
energy ihai 1s not used for shaft woik comes out in the cxhaust gases, so these have either a

high temperature or a high velocity. The HF120 Turbofan is a gas turbine used for the jet
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V>, was also found inside the suction surface boundary layer, BL, near the trailing edge, TE,
Yamamoto et al. [13], Figure 11: some of this low energy fluid is absorbed into the passage
vortex, PV. Near the suction surface trailing edge, there are strong reverse flows towards the
throat, RF and TER, and some of the vortices behave unsteadily due to the surrounding vortex
movement. Having described the secondary flow structure, the corresponding losses can also
be examined. There are three characteristic loss features at the trailing edge plane as well as
the end wall boundary layer. Dependent upon the inlet boundary layer thickness and blade
loading, these are more or less superimposed and as the loading increases they lift off from
the end wall. The secondary flow strength is largely dependent upon the thickness of the
upstream boundary layer and the amount of turning in the blade row, Sieverding [3]. Since
dissipation within a vortex core is very high, the decay of the SKE yields an increase in
entropy, Denton, [1]. Although some of the dissipation occurs within the blade row, most
occurs after the trailing edge and it is often assumed that all the SKE is lost: although this
exaggerates the loss, it partially accounts for other losses, such as the mixing losses,
Sieverding [3]. The sum of the loss coefficient and the SKE was found to be approximately
constant at any plane downstream of a two dimensional blade trailing edge, as was the mixed
out loss, Moore and Adhye [14], implying that the decay in SKE closely matches the increase

in entropy.

Figure 12 Endwall separation lines, Sharma and Butler, 1986
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A method to estimate the endwall losses was developed by Gregory-Smith [15], showing a
good agreement with experimental data: however, this was dependent upon the detailed blade
design. It was later suggested that an indication of the strength of the endwall loss was the
height of the separation line on the suction surface trailing edge, Sharma and Butler [7], see
Figure 12, termed the penetration height, Zrg. This correlation is only dependent upon the
flow turning angle, o, the convergence ratio of the blade row, CR, and the ratio of the inlet

boundary layer height, to the blade height, 8,/h:

Z 2 3
= 0.15—“—+1.4%—2.73(%j +1.77(%) %)

C vCR

1.2 Relevant studies by previous researchers

Previous section discusses on the existence of the secondary flows on the endwall
region of the cascade without any disturbance from coolant air injection or by the effect of
different inlet flow parameters. The study above clearly explained that the needs of the details
investigation not only in the heat transfer behavior but also the interaction between complex
secondary flows with the coolant air. These all information is required for the development of
the modern gas turbine. This section will discuss about the related studies made by other
researches for the endwall film cooling especially through the slot leakage air approach.
Some other researcher defined as ‘purge flow’ if it is intended to inject the air from the slot
for the cooling purpose. Studies by Kang et al. [16] and Radomsky and Thole [17] revealed
the effect of inlet Reynolds number and turbulence level respectively on the formation of the
horse-shoe vortex. Both studies were not included the purge flows. Using the same cascade of
the previous study [16, 17], Sundaram and Thole [18] performed LDV measurements to
reveals the effect of the purge flow on the endwall flow structure to enable direct comparison
with the previous result [16, 17]. Rehder and Dannhauer [19], has carried out the experiments
to reveal the effects of injection flow angle from the upstream clearance of linear cascade of
LPT stator vanes. The observation shows that the leakage ejection perpendicular to the main

flow direction amplifies the secondary flow, in particular the horse-shoe vortex and therefore
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horse-shoe vortex. Kost and Mullaert [25] continued the study by moved the slot location to
0.3Cax upstream of the cascade. From the results obtained, they found that the slot flow
stayed closer to the endwall and provided better film cooling than flow from the slot located
at 0.2C, of cascade upstream. With 45 degree of leakage slot injection, Lynch and Thole
[26] and Knost and Thole [27] performed adiabatic effectiveness experiments by a different
slot location which was located at 0.96C, and 0.38C, upstream of the vane cascade
respectively. It was noted that the coverage area of the leakage coolant was similar between
the two locations. The effectiveness levels within the passage, however, were lower for the
slot placed further upstream as the coolant had more distance to mix with the hot mainstream
flow. The upstream leakage studies were also done by other researchers such as Piggush and
Simon [28], measured heat transfer characteristic over the contoured endwall in the cascade
of high-pressure turbine stators by the use of thermocouples on the endwall, emulating the
leakage flows from the upstream clearance and the segment gap. The similar study also done
by Lynch and Thole [26] using IR camera to determine the heat transfer and film cooling
effectiveness distribution over the endwall with the emphasis on gap size. They observed that
a narrower gap achieved a relatively uniform leakage flow along the circumferential direction,
resulting in a wider coverage of the leakage flow on the endwall. The observations show a
dramatic difference in horse-shoe vortex formation near the stagnation region which is
directly influenced by the orientation and position of the purge flow. Studies on various test
conditions are required to have detailed information on relevant studies. Based on above
literatures, it is also clear that cooling air injection from upstream slot highly influenced the
aerodynamics performance of turbine cascade. Furthermore, slot location and geometry as
well as cooling air amount need to be carefully considered for the optimization purpose. In
present works, a new model with slightly lower solidity and higher aspect ratio compared
with previous test blade [29] has been designed. The slot location also was moved slightly
away from the blade leading edge. The study focuses on both aero and thermodynamics
effect of leakage flow on the endwall region of high-pressure turbine linear cascade.
Acrodynamic measurements were performed by the use of pneumatic 5-hole pitot tube to
measure a total pressure at blade downstream while the liquid crystal was used for the
thermal investigation. The numerical simulation was also conducted for the validation and to

predict the interaction of ejected leakage flow with the mainstream.

-13 -



1.3 Research objectives

The objectives of the current study are to reveal the potential of leakage flows in
providing the protection layer on the endwall surface in linear cascade of high-pressure
turbine. In order to achieve present objectives, the studies concentrate on;

I. Investigation on the interaction between the leakage flow and the mainstream which
influenced to the aerodynamics losses and cooling performance

II. Aero-thermal performance based on difference amount of leakage flow ejection

III. The performance of the numerical simulation in predicting the aero-thermal performance
by the presence of secondary flow phenomenon on the endwall region

IV. The aero-thermal performance of leakage flow based on modification of slot orientation

and position.
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Chapter 2

Research Methodologies

This chapter presents the research methodologies implicated in present study. The
experiments involve two main experimental procedures (aero and thermal measurement)
which are conducted at Iwate University, Japan. Both of the measurements have been
conducted in the same experimental setup which enable a directly investigation on the role of
aerodynamics behavior onto thermal performance. Numerical simulation is also one of the
approaches that were applied in this study in order to reveal the flow which cannot merely

investigated by the experimental.

2.1 Test models

The test blade used in present study is shown in Figure 14. The blade design is merit
to the first stage turbine which is operating in high pressure condition. The blade was
designed by using 3-dimensional CAD (Computational Aided Design) software known as
SolidWorks. Based on the 3D data obtained from the SolidWorks, the blade was
manufactured by applying a rapid-prototyping method. In order to investigate the effect of the
leakage phenomenon in high-pressure turbine cascade, 6 blades have been designed with 5
segments as shown in Figure 15. The two blades with hub endwall are expected to be a
measurement region which consisted with a upstream leakage slot along the beginning of the
endwall. Two segment leakage gaps also have been design where the first segment gap
located between blade 2 and blade 3 while the second segment gap in between blade 4 and
blade 5. Upstream slot was designed to have a merit to the gap between the first stage turbine
endwall and combustor endwall while the gaps between the blades segments are merit to the
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2.2 Test facility

The new test facility was designed for aerodynamic and endwall temperature
measurements of a proposed test model. The experimental investigations were conducted in
subsonic wind tunnel located in the Aerospace Laboratory at Iwate University. Figure 17
shows the test apparatus used in this study, indicating main blower, diffuser, settling chamber,
contraction nozzle, transition duct and test duct. The main blower was used to drive the
mainstream air into the test duct with maximum flow rate of 320 m*/min at pressure of 3000
Pa. The diffuser is 1500mm long gradually-expanding passage following the test section with
inlet size of 390 x 490mm up to 900 x 900mm at exit in which the flow speed decreases and
the pressure rises. The flow kinetic energy coming from the main blower was converted to
static pressure inside the settling chamber. The uniform flow structures are required to obtain
more compatible results with numerical simulation. The modification of the mainstream flow
structures was done by applying two screens and honeycomb inside the settling chamber to
calm the flow and minimize the disturbances. The settling chamber's cross section dimension
is 900 x 900mm and match up with the dimensions of the contraction nozzle. The contraction
nozzle's purpose is to take a large volume of low velocity air and reduce it to a small volume
of high velocity air without creating turbulence. The length the nozzle is 1100mm. The size
of the large end, nearest the settling chamber was set at 900 x 900mm. The small end of the
contraction nozzle was set at 580 x 178mm which fixed the size of transition nozzle (300mm
length). The flow coming from the transition nozzle will be driven into the test section. The
shape of the contraction nozzle was a cubic curve, and the curve was applied on those four
surfaces. The secondary blower works to supply the secondary air into the mainstream.
However, the secondary air will firstly go through the plenum chamber which is attached to
the bottom side of the test duct parallel to slot position before it will be injected into the
mainstream. To have the uniform flow to be injected, the screen is positioned inside the
plenum chamber. A laminar flow meter was used to measure the mass flow rate of the
secondary air.

Figure 18 illustrates the birdview of the test section. It consists of four parts: the inlet
section, the blade section, secondary air inlet section for upstream leakage, and the outlet
section. All components of the test section except the test cascade were made of acrylic-resin

plate in order to keep visibility from outside. The inlet section is delimited by the hub
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endwall, the tip endwall and the two side walls. Beneath the both side endwall an adjustable
boundary layer bleed is employed to secure a parallel approaching flow field with a new
boundary layer. An L-type miniature pitot tube was placed upstream of the model leading
edge for inlet flow velocity measurement. The inlet velocity was about 16-18 m/s to meet
desired inlet Reynolds Number. The blade section is a linear cascade consisted of 6 blades
which had four identical HP turbine nozzle blades, and two dummy blades at outer side. The
profile of the blade is shown in Table 1. The top view of test section and geometry of the
leakage slot are shown in Figure 19. The upstream leakage slot was located at -0.63C,
upstream of the blade leading edge. The slot extended about 4 pitches and the width was
0.064C, (4mm). In consideration for the baseline condition, normal injection into the main
flow was applied in this study. Second slot; segment gaps were located between the blade
segments with opening about 1.75 mm. This slot extended from x/C, = -0.63 until X/Cyx =
1.25 with a curve slot near the blade throat. Behind the cascade, exit velocities of 50-60 m/s
were obtained (Mach number approximately 0.15). The air is expanded to atmospheric
pressure. Both of tailboard angle at cascade downstream were adjusted with gradually
expanding passage in order to obtain the uniformity of inlet flow structures. The coordinate
system is also presented in Figure 19 where X-axis is parallel to axial flow direction, Y-axis
is parallel to pitchwise direction and Z-axis is parallel to spanwise direction. Figure 20

indicates the 3D CAD of the plenum chamber used in present study.
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2.4 Test condition

All measurements have been conducted at fixed inlet Reynolds number based on inlet
midspan velocity and the actual blade chord length, Re;;=125000. The definition of the
Reynolds is given by Eq. (2)

U.cC
ReOO = M__ (2)
Y7,
where;
P, mainstream air density [kg.m™];
U.., mainstream inlet velocity [m.s™'];

C, actual blade chord [m]; and,

[ , mainstream air viscosity [kg.m".s'l]

The Reynolds number involved in the real gas turbine is far exceeding the considered value
in the present study. Due to the limitations of the experimental setup, only such Reynolds
number can be considered in the present study. In order to investigate the effect of the

different amount of the leakage into the mainstream, which represented by mass flow ratio,

MEFR given by Eq. 3,

MFR = ﬂ x 100 (3)
m,,
Here,
m, = p,0, = p, 4,U, (3.1)
m,=p, 0 =p AU, (3.2)
Thus,
m, = (1.2839x10 ™ )YMFRp, U _n 4)
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where;
mi,, secondary air mass flow rate, [kg/s];
My, mainstream air mass flow rate, [kg/s];
Q... mainstream air volume flow rate, [m’/s];
Q>, secondary air volume flow rate, [m’/s];
U.., mainstream inlet velocity, [m.s™'];
p> . secondary air density, [kg.m™];
P, mainstream air density, [kg.m>];
A, cross-sectional area for 1 pitch at inlet, (=0.012839 [m?]); and

n, pitch number, [kg.m™].

In present study, in order to investigate the effect of the leakage and its potential to become as
one of the cooling configuration, four mass flow ratio have been considered at MFR = 0.75%,
1.25%, 1.75% and 2.25%. These MFR have been selected by consideration of low,
intermediate, higher and extremely higher leakage injection, respectively. The consideration
of higher mass flow ratio was made due to the promising thermal results that have presented
by the previous researcher. Furthermore, the potential of the leakage flow ejection as a

cooling can be investigated and discussed.
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However, Eq. 7 has been used in present study due to the difficulty to measure the total
pressure inside the plenum chamber within a very limited space. However, prediction
presented that the different between these two equations was less than 1% and could be

neglected. The vorticity, { as a rate of flow rotation in 2-dimensional plane (axis y and z)

has been determined in order to reveal the flow behavior at those planes as defined by Eq. 9.

ow  Ov
=% & Q)

Both C,and { contours presented by the experimental will be compared with the numerical
simulation for validation which enables the more accurate prediction of flow structures in the
blade passage. Finally, secondary kinetic energy coefficient, Cske as been shown in Eq. 10

was also determined for a details discussion on the flow behavior.

SKE
CSKE = 1—2’— (10)
i onuI,mid
Here,
SKE=%(V;ZC+VK2C) (10.1)
2 . 2
I/Se(: = (Z/l Sln(aoutmid ) - VCOS(aomed )) (102)
W2 =w’ (10.3)

sec

In the mean endwall tlow field, the rotational energy at the endwall is typically quantified by
the magnitude of SKE. Using averaged exit flow angle at midspan as the primary reference
direction, SKE is defined as half the sum of squared mean velocity component normal to the

primary reference. SKE then be normalized with the dynamics pressure to determine the Cskp.
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2.6 Thermal investigation

2.6.1 Thermo-chromic liquid crystal (TLC)

The development of thermo-chromic liquid crystal (TLC) based thermography over
the past 30 years has provided thermal engineers with a relatively in expensive technique for
visualizing and measuring surface temperature. TLC is temperature indicators that modify
incident white light and display color whose wavelength is proportional to temperature.
Thermo 1is refers to temperature while chromic refers to color. They can be painted on a
surface or suspended in the fluid and used to make visible the distribution of temperature.
The displayed color is red at the low temperature margin and blue at the high end. The color
changes smoothly from red to blue as a function of temperature. The chemical makeup of
TLC material fixes its color-temperature response at the time of manufacture. A simple, two
color/temperature design at or typically describes this response and can be useful in
qualitative applications and for properly selecting a TLC formulation for a particular
application. Engineers and scientist have successfully used TLC thermography to investigate
various thermal phenomena in wide variety of applications. These applications include gas
turbine heat transfer. In present study, RW24-26 of TLC has been used to describe that the

color changes occurs at temperature range of 24 C to 26 C. In order to observe the color
change due to the temperature different, the mainstream temperature must be below 24 C

while the secondary air temperature should be higher than this range.

2.6.2 Temperature measurement by TLC

Thermal investigation was conducted by the same wind tunnel used for the
aerodynamics investigation. However, some modifications on the test section have been done
in order to obtain high accuracy of the measurement. As illustrates in Figure 26, the endwall
side of the test section included the blades were black painted in order to reduce the light
reflection towards camera during the measurement. To have a clear visualization on the
endwall side from the top, the tip side wall of the cascade has been replaced with a flat and
clean acrylic plate. Figure 26 also indicates the region of the temperature measurement which
was focuses on the endwall region between blade 3 and blade 4. Figure 27 shows two
configurations of TLC coating for the measurement. As shown in the figure 27, an acrylic

plate was firstly painted by a black color then the TLC layer was coated for configuration A
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2.6.3 TLC calibration

The relationship between the temperature and measured Hue of the reflected light
defines the calibration curve for the TLC. Figure 29 shows the calibration device that was
used where the stainless sheet was attached on the acrylic plate with two cooper electrodes
were fixed at the end. The TLC was coated onto the stainless sheet surface by configuration
A to have a similar condition with the measurement. The voltage was applied through the
electrodes and the color changes due the temperature different on the calibration plate were
captured by the same camera used in the measurement. At the same time, the temperature
distribution was measured by sixteen K-type thermocouples which were attached on the
bottom side of the plate. In order to reduce the uncertainties, the calibration test was
conducted in place in the wind tunnel with the same lighting level and viewing angle used
during the data acquisition phase of the measurement as shown in Figure 30. The RGB
images captured during the calibration test which was converted to HSL images is shown in

Figure 31. Then, Eq. 11 was used to obtain the relationship between temperature and Hue

T -T,

—~ L x(P-P )+T 11)

F_P (P-P)+T, (
where,

P, Hue value at specified pixel position;
Pg, Pixel position of the low-temperature side thermocouple;

P, Pixel position of the high-temperature side thermocouple;
Ts, low side temperature measured at Ps. and

T;, high side temperature measured at Py,

Finally, the curve can be plotted as shown in Figure 32. Based on the Figure 32, the Hue
range of 30~170 illustrating the most accurate characteristic has been selected for the data
post-processing purpose.
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2.6.4 Transient method

This study employed a transient method to determine heat transfer coefficient and
film effectiveness from the time-varying temperature data of the surface. A brief description
on the method is given in the following. Temporal change of the surface temperature on
semi-infinite body 7, subjected to step-like temperature change of the flow over the body
with constant heat transfer coefficient, / is provided from the solution of one-dimensional

heat conduction equation as

B 2
L1, zlexp(ﬁ}rfc[ it j (12)
, pcA

7;. initial temperature of the body;
T, flow temperature;

p, density;

¢, specific heat; and

/, thermal conductivity.

In a real situation, since it is almost impossible to obtain a step-like temperature rise of the
flow, as shown in Figure 33, Duhamel's theory can be applied to cope with a gradual
temperature rise. In this case the temperature rise is approximated by a series of steps with

small temperature increase, which yields the expression for the time-varying wall temperature

as

N
I, (t)_ I, = Zl U(t -7 XTg.j s ) (13)

J=

hz(t_f_/) hjt-r,

U(t—rj):l—exp —pT erfc —\/77—

(13.1)

When applying the above-mentioned relationship to film cooling situation, the flow
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temperature 7 in Eq. 13 should be replaced by adiabatic wall temperature, 7,,. Since film

cooling effectiveness # is defined as,

Pt P (14)
77 T2 _Too

where 7., and 7, are main and secondary flow temperatures. The adiabatic wall temperature

can be written by
Ta\v:nT2+(l_’7)Too (15)

Suppose that the film effectiveness remains constant even when the temperature rise of the
secondary flow is approximated by a series of step-like temperature change, the following

expression can be used for 7,

Tu'.j :nTZ,j +(l_77)T (16)

a o

Therefore, Eq. (13) can be rewritten by substituting Eq. (17) into Tg;

N
Tw(t)_T;’ZUZU(t_-Tj)tZ,j_TZ,j—I) (17)

J=1

Eq. 17 can be regarded as a non-linear equation with respect to two variables, i.e., film
effectiveness, # and heat transfer coefficient 4. Combination of two different wall

temperatures for two different elapsed times #,and 7, given by Eq. 17 yield

_ J=l (18)

This is an equation only with respect to 4, from which /4 can be determined by solving Eq. 18

numerically. Then, film effectiveness can be given as follows,
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Tt )-T
S L) -

ZU(ta o z'j XTZJ - T2,jfl)

=1

However, there are required several procedures before the 4 and 1 can be properly calculated

by this method. Figure 34 illustrates the procedures of overall data post processing.
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Temperature Measurement TLC calibration

Image capture Image capture

l l

Conversion from RGB format to Hue Conversion from RGB format to Hue
l l

Conversion from Hue to text format Conversion from Hue to text format
l l

Input of time record Conﬁrm.at.ion of the pixel
(position of Hue)

l

Conversion from Hue to temperature If

L

Calculation of heat transfer coefficient and
film cooling effectiveness

l

Post-processing of results

Figure 34  Data post processing procedures
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2.7 Experimental uncertainty

2.7.1 Uncertainty definition

Experimental uncertainty analysis is important to evaluate the level of confidence in the
results. Uncertainty analysis is a powerful tool for improving the value of experimental work, and
can be applied during all phases of an experimental program. The greatest value of uncertainty
analysis is almost certainly obtained when it is used during the planning of an experiment, Kline
[31]. The general case of an experimental result, R, computed from j measured variables X;

the data reduction equation is:
R=f{X, X, X, X ) (20)

and the uncertainty in the experimental result is given by

(R ) B L) LTS B [Mﬁ] 2l

R X, X, X,

Here,

X

n

] =5, +e 1=1,2,3,...J) (22)

Where,
Uy uncertainty in the result,
Uly,, uncertainty in the variable X,
dp, device accuracy uncertainty

e, standard deviation
This is the most general form of the uncertainty propagation equation, Coleman and Steele

[32]. The uncertainty due to device accuracy, Jp and the standard deviation, € can be

determined by Eq. 23 and Eq. 24, respectively.
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5 — acc
3 (23)
Xﬂ.Max o an\/lin
o= 243 (24)
n. Average
Where,

Dacc. accuracy of the measurement device
X Max, maximum value of X,
X, min, minimum value of X,

Xy, Average average of X,

The overall experimental uncertainty can be calculated by determine the root square of Eq. 21.

The details of the experimental uncertainties also presented by Moffat [33] and Alok [34].

2.7.2 Aerodynamic measurement uncertainties

In present study, the accuracy of the measurement device is also considered in the
calculation. For instant, the uncertainty of the pressure transducer approximately +1% (Setra
265: 0~5000Pa) is considered as one of the variable. The procedure to determine the
uncertainty of the total pressure loss is explained below. Based on Eq. 7, C,is dependent on
three variables; inlet total pressure, Py outlet total pressure, Py, and dynamic pressure, Py.

By considering
=P, -P (25)

Thus, based on Eq. 21, the uncertainty of the total pressure loss can be determined by Eq. 26

(£ )

pt loss

Here,

(Y (V) (V)
P ) Ul ) U B )

—~
N
N
—

~—
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Based on Eq. 22, Eq. 23 and Eq. 24,

P -P

( ) i AlﬂMax s t,0,Min
U ])[ ) Dacc tran
( | ] Do 23 (26.2)
R,w \/_3" ])/,w,Average
P

1. out Max - Pl,uut,Mm

[U(l)l,ozll )\J - Dacc,lran + 2\/§ (263)

\/:_;- P/ Jout, Average

Pdik/[a,v - Pd,Mm

(U_(Pd_)j _Ducwn , 243

P d \/5 })d JAverage

(26.4)

Where,
Dy van, accuracy of the pressure transducer (Setra 265)
P oo vax» maximum value of inlet total pressure
P our Max» maximum value of outlet total pressure
P4 rax, maximum value of inlet dynamic pressure
Py o vax, minimum value of inlet total pressure
Py o Max» minimum value of outlet total pressure
P vax, minimum value of inlet dynamic pressure
P/ verage, average of inlet total pressure
Py our,average- average of outlet total pressure

Py average, average of inlet dynamic pressure

Thus, the overall experimental uncertainty can be defined by Eq. 27 by substituting Eq. 26.1,
Eq. 26.2, Eq. 26.3 and Eq. 26.4 into Eq. 26

[U)) [tn [v1e) o
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The thermocouple has been used for the plenum and mainstream temperature thus the device
accuracy has been included to determine the uncertainty for T, — T, and T), — To,. At
different elapsed time, t both uncertainties for 4 and n are highly influenced by the T, — T,
and T, — T, which mean a different uncertainty should be determined at different . As the

same procedures applied in acrodynamics uncertainties, the uncertainty for n=0.2 and n=0.5

are
(Mj =+18.73% (30)
n=0.2
(U—”)) = +25.49% (31)
77 n=02
[_—U 7 )) = +15.49% (32)
'7 n=0.5
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