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ABSTRACT

In this paper, the effect of internal cooling of gas turbine blades has
been investigated experimentally. The experiments were performed
with seven blades linear cascade of first stage gas turbine. The test
results involve the distributions of static pressure and temperature
on both pressure and suction blade surfaces as well as the velocity
profiles. The boundary layer parameters, the heat transfer
coefficient and blade cooling effectiveness in case of variable surface
temperature distributions were estimated for different inlet
conditions and different coolant mass flow rates. The experimental
data were obtained for three cases; cold air, hot gas flow without
cooling of the blade and hot gas flow with blade cooling. The results
have indicated that, the heat transfer coefficient is decreased while
the cooling effectiveness is increased when the coolant air
temperature decreases. The cooling of blades causes an increase of
the boundary layer parameters compared to uncooled blades. The
location of cooling passage near the leading edge affects the
boundary layer transition and increases the thickness of the
boundary layer and this in turn causes a more reduction in the heat
transfer coefficient.
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INTRODUCTION

Modem design of gas turbine plants and

turbojet engines is concerned with the
improvement of thermal efficiency and
specific output. This improvement of plant
efficiency necessitate inlet gas temperature
as high as possible. Typical values of turbine
entry temperature in modern aero-engines
are about 1500 K. Gas turbines which are at
present used for long life duties either in
aero-propulsion or marine propulsion are
limited to gas temperature of order of 1000-
1200 K at its entry. Higher temperature
results in a deterioration of material
strength and creep properties which impose
limits on the allowable stress and operating
life. Thus, turbine hot flow pass components
must be cooled in order to be able to operate
in the high gas temperature environment to
which they are exposed in modern high
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performance engines. The cooling methods
used in advanced gas turbine applications
using high  pressure bleed air, are
impingement cooling, convective cooling,
transpiration cooling, trailing edge bleed and
discrete hole film cooling. Convection
cooling is the most widely used method of
blade cooling.

Cooling is generally accomplished by
means of a system using compressor bleed
air. The cooling system must be designed to
ensure that maximum  component

temperature and temperature gradients

experienced during engine operation are
compatible with the maximum stress limits
imposed by cycle life, stress rupture and
creep for the design operating life of
components. Additionally, since the use of
compressed bleed air for cooling partially
offsets the performance improvement due to
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the high turbine inlet temperature, the
amount of cooling air used must be
minimized to achieve the maximum benefits
of the high cycle temperature. To illustrate
the importance of minimizing cooling air
consumption, it may be noted that each one
percent of compressor discharge air used for
cooling causes about 0.75 percent increase

in the specific fuel consumption of a typical
high bypass, high pressure ratio turbofan
engines, [1,2].

Initial investigations into the cooling of
gas turbines were of an analytical nature
and were directed at determining methods
and effectiveness of cooling solid turbine

blades [3]. The addition of fins to blade tips

and rotor, the use of cooling and the use of
ceramic coatings on solid turbine blades
were investigated [4]. The possibility of
using ceramic turbine blades was also
considered in Reference 5. When it was
found that these schemes would not
withstand  the = temperature increases
contemplated and that ceramic blades would
not withstand the shock imposed in them.
Analytical investigations of temperature
distributions through both air and liquid
cooled turbine blades were made in
Reference 6. Hannis and Smith [7] designed
and tested a cooled first stage for an
industrial gas turbine to measure the
performiance of the cooled blades. They
indicated an improvement of the gas turbine
performance with blade cooling. Kennon and
Dulicravich [8] developed a procedure for
the efficient design and analysis of coolant
flow passage shapes in internally cooled
configurations. The method was particularly
applicable to turbine blade design but can
also be used for the design of other
configurations that utilize internal or
external cooling such as missile cone tips,
rocket mnozzles and internal combustion
chamber. The method is mnot limited to
cascade design but can also be used for the
fully three dimensional design of coolant
flow passages. '

Heat transfer rate between the hot gas
flow and turbine blades strongly affects the
life of turbine blades. Daniels and Brown [9]
studied the heat transfer rate to gas turbine

blades for two inlet mass flow rates at
constant wall and stagnation temperatures.
The wall heat flux measurement technique
allowed the test result to be expressed in
terms of- an isothermal wall. Walker and
Markland [10], in their experiments to
measure the local heat transfer coefficients
of turbine.. blading in the presence of
secondary flow around chord-wise profiles of
one blade of a cascade, used an electrical
heater to heat the blade to afew degrees
above the air stream temperature. They
concluded that the heat transfer coefficient
may be increased by changing the total
pressure along the blade span due to the
variation of the boundary layer transition
with respect to the blade leading edge.
Kapinos and Sletenko [11] have reported a
correlation formula for determining the
average heat transfer coefficient. The
formula takes into account the geometrical
parameters of the cascade but did not
involve the effect of blade cooling on the
heat transfer coefficient.

The end wall heat transfer and
aerodynamics in a linear blade cascade was
investigated experimentally by York et al
[12] under conditions that simulate those in
first stage stator of an advanced turbine
engines. The effects of exit Mach number,
exit Reynolds number, inlet boundary layer
thickness, gas to wall temperature ratio,
inlet pressure and temperature gradients
were investigated. The effect of changing the
coolant to mean gas flow rate ratio or the
effect of coolant temperature did not
investigated.

Localized injection of cooling air into the
boundary layer along the surface is the
technique employed in film cooling. The
coolant injected into the mainstream can be
considered as a heat sink for the heat flow
from the mainstream or as an insulating
layer between the mainstream and the blade
surface. Because the coolant mixes with the
mainstream, the film is not in general a
very effective method of cooling by itself.
However, film cooling used in combination
with convection cooling can result in
significant reductions in heat flux and
thereby contributing to high overall cooling
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effectiveness. Liess [13] reported heat
transfer measurements for injection through
a row of 35 degree holes with a lateral
spacing of 3 diameters. He showed that
close to the injection holes, the heat transfer
coefficient increased by up to 60 percent
above the non-injection value and further
downstream, the increase was up to 25
percent. Using an injection geometry similar
to that of Liess [13], Eriksen and Goldstein
[14] showed at low blowing parameters that,
the heat transfer coefficient with film
injection was approximately equal to the
heat transfer coefficient with no film
injection. Metzger and Fletcher [15] explored
the variation of the laterally averaged heat
transfer coefficient downstream of a row of
holes on a flat plate. Significant increase (up
to 50 percent) in the heat transfer coefficient
close to the injection holes for large blowing
rates was found. Similar results for injection
through two rows of staggered holes on the
suction surface of turbine vanes and for
injection on a flat surface were reported
respectively by Lander et al. [16] and
Jabbari and Goldstein [17]. Camci [18]
indicated in his study on rotor blades that,
when only internal cooling is applied
without external cooling, the leading edge is
found to be the most critical area as far as
the magnitude of local wall heat fluxes are
concerned. However, the wall temperatures
in this region are quite reduced to about 70
percent of those without cooling.

The effect of film cooling and mainstream
turbulence on the leading edge heat transfer
coefficient and film cooling effectiveness
were experimentally investigated by Ou and
Han [19, 20]. Their results showed that the
leading edge heat transfer coefficient
increases and film effectiveness decreases
with increasing both the blowing ratio and
the main turbulence level. However, the
mainstream turbulence effect on the film
effectiveness is reduced as the blowing ratio
is increased.

The experimental investigation reported
herein aims at studying the influence of
internal cooling in case of variable surface
temperature distribution on the
aerodynamic flow characteristics and the

heat transfer through the stationary blades
of the first stage of gas turbines. The effect
of internal cooling as well as the effect of
inlet conditions of the main flow on blade
surface temperature distribution, cooling
effectiveness and heat transfer are
investigated. In addition, the effects of
coolant mass flow rate. and inlet coolant
temperature on these parameters are also
examined. The velocity profiles 'in: the
boundary layer at the mid-span and at
different locations along the suction surface
are measured. The boundary layer
parameters along the blade surface are
calculated from the measured velocity
distributions.

EXPERIMENTAL FACILITY

The apparatus on which the
experimental program was conducted is
shown schematically in Figure 1. It consists
of a heating system, a convergent transition
section, an instrumental inlet section, a
cooling system and an instrumental cascade
section.

The Heating System

The heating system is a gas fired burner
consists of two concentric steel tubes. The
outer tube is 208 mm inner diameter, 8 mm
wall thickness and 1000 mm length. The
inner one, Figure 2, is 107 mm inside
diameter, 4 mm wall thickness and 800 mm
length. The tube has 84 holes distributed
symmetrically on its wall at fourteen
stations. Air enters the burner continuously
from an air source and is controlled by
means of a valve. The air flow rate is
measured by a calibrated orifice meter and it
is admitted partially to the burner at three
sections. The first part was admitted at the
beginning of the burner through 48 mm
inner diameter tube. This part of air was
adjusted by a control valve to achieve the
suitable air-fuel ratio for complete
combustion. The second part was admitted
at a forward section of the outer tube
through 35 mm inner diameter steel tube.
This part of air is important for decreasing
the inner tube wall temperature and helps
for good stability of flame and draughting of
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the produced gases. The third part of air was
by-passed after the burner to control the
required gas temperature. The fuel was
injected at the entry of the inner tube. Fuel
injector, Figure 3, was made of brass and
enclosed by a swirler to ensure good mixing
of air and fuel. The swirler has two flat
blades and was made of a steel sheet. The

1- Main flow inlet pipe.

2- Main flow inlet valve.
3- Main flow orifice-meter.
4- pipe union.

5- Fuel inlet valve.

8- Nozzle.

9- Connecting pipe.
10- Rectangular diffuser.

6- Ignition spark plug.
7- Combustion chamber.

16- Manometer board.
17- Suction surface
manometer tubes.
18- Pitot-static tube.
19- Three hole probe.
20- Air entrance to
evaporator.

11- Inlet section.
:12- Test section.
13- Pressure surface
manometer tubes.
14- Thermocouples.
15- Computer- data
acquisition system.

Figure 1

swirl angle is taken to be 45 degrees to
ensure good mixing between air and fuel. A
valve and pressure gauge were installed on
the fuel line to control the suitable amount
of fuel. The fuel was ignited by means of an
electrical spark plug system installed inside
the inner tube.

21- Evaporator tank.

l Manometer fluid

22- Condenser.

23- Compressor.

24- Coolant air exit.

25- Coolant air orifice-meter.
26- Traverse mechanism.

Schematic layout of the apparatus
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Figure 2 Inner tube of the burner, dimensions in mm.
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The Cooling System

A cooling unit was designed to cool the
air required for cooling the blades. The unit
consists, as shown in Figure 4, of a
compressor, a condenser, a filter-dryer, an
expansion device, an evaporator and a
thermostat. The compressor used was
hermetically sealed and of the reciprocating
type. It consumes power of 200 watt. The
evaporator unit is a finned coil supported
inside a cylindrical steel tank 390 mm inner
diameter, 12 mm wall thickness and 655
mm height. The tank has a circular cover
580 mm diameter and sealed with a rubber
washer to prevent leakage. An air fan was
installed inside the tank to produce swirling
of air inside it to achieve good heat transfer
between the air and the evaporator coil and
also to ensure homogeneous temperature
distribution in the air. The air required for
cooling flows from the main supply line to
the evaporator tank through 15.2 mm inner
diameter steel tube. Cooled air flows from
the tank to the test section through 15.2
mm inner diameter steel tube. The required

Fuel injector, dimensions in mm.

coolant air was controlled with the aid of two
valves before and after the tank and a
calibrated orifice meter.

The Inlet Section

The inlet section (11) is a steel
rectangular duct 400 mm in length and is
227x56 mm inlet cross sectional area. The
inlet section has a fixed core and contains
the total pressure and temperature probes
and the wall static pressure tapes. The inlet
conditions are measured in the constant-
area inlet section at about four axial chords
upstream of the blade cascade so as not to
disturb the blades.

The Cascade Section

The test section (12) has a seven blades
linear cascade, as shown in Figure 5,
arranged at 30 degrees staggered angle. The
blade profiles are representative of the first
stage, stator gas turbine as shown in Figure
6. Specific geometric details are given in
Reference 21.
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The blades were fabricated of stainless
steel and manufactured with an electric
wire, computerized, cutting machine. The
blades have arithmetic surface roughness
(Ra) of 1.47 um. The chord length (C) and the
height (h) of the blade are respectively 51.46
and 56 mm. The inlet and outlet blade

angles (1 and f2) were respectively 90° and
15¢ measured from the axial direction. The
cascade was fixed at the end of the inlet
section. For blade cooling process, a hole of
4 mm diameter was drilled parallel to the
blade height to form the coolant air flow
passage. The position of the cooling passage
was chosen to be at the largest thickness of
the blade, near the leading edge, as shown
in Figure 6.
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Cooling hole e

20
4

0 10 2 30 40 50 X
| C =51.46 mm _I

Measuring Locations

Point No. 1 2 3 4 5 6 1

(P-S.8.) {0122 0.270 0.377 0.464 0.549 0.628 0.710
(P-S.8.) [0.155 0.238 0.327 0.402 0.500 0.584 0.674

S (T-8.8.) |0.155 0.232 0360 0.486 0.619 0.756
(T-8.8,) ]0.155 0.316 0.464 0.614

(P-S.S.) Measuring locations of static pressure on suction surface
(P-S.S.) Measuring locations of static pressure on pressure surface
(T-8.8.) Measuring locations of static pressure on suction surface
(T-8.8.) Measuring locations of static pressure on pressure surface

Figure 6 Cooling passage position
Experimental Measurements and
Uncertainty

The total pressure was measured before
the inlet to the cascade with the aid ofa
calibrated total-static Pitot tube to establish
the total and static pressure at the cascade
inlet. Blades 3 and 5 in the cascade
arrangement have static pressure taps on
the suction and pressure surfaces
respectively, see Figure 5. A multi-tube
water manometer was used for measuring
the static pressure distribution. The
experimental errors are calculated according
to the technique represented in
Reference[22]. The experimental error in
measuring the static pressure was about
+0.1 percent. )

The velocity distribution in the boundary
layer was measured on the suction surface
at four stations before the trailing edge at
dimensionless surface distance (S) of 0.464,
0.549, 0.628 and 0.710. The measurements
of velocity profiles were conducted for the
cases of cold and hot gas flows with and
without cooling. A flatted three hole probe
was used for measuring the velocity profiles.
The probe head was made from steel tubing
of 0.7 mm outer diameter and 0.4 mm inner
diameter. The probe was moved in the
direction normal to the blade surface
through steps of 0.2 mm near the blade

surface. The step size was increased further
out, giving about five points over the
boundary layer thickness. The experimental
error in measuring the velocity was about
+0.5 percent.

The temperature was measured before
and after the cascade and along the
pressure and suction surfaces of the blade
with the aid of calibrated Nickel Chrome-
Nickel Aluminum thermocouples of 0.5 mm
diameter and insulated by high temperature
synthetic fibers. The center blade of Figure 5
has thermocouples installed in grooves. The
blade surface temperature distribution was
measured along the blade surface at its mid-
span. It was measured at four sections on
the pressure surface and at six sections on
the suction surface. The thermocouples
were attached to a data acquisition system.
The data acquisition system type NI-DAQ is
supplied with SCXI-1000 interface capable
of 32 channels. The accuracy of the data
acquisition system is 0.01 percent. All of the
temperature signals are acquired and sent
to a personal computer for managing and
plotting. The system permits temperature
reading for all points at steady state at the
same time. The experimental error in
measuring the temperature was about +1
percent.

Experimental Procedure

The experimental procedure involves
measurements in the cases of cold air and
hot gas flows with and without cooling for
two main mass flow rates, namely 3.7 and
5.2 kg/min. The pressure and temperature
distributions were measured in each case
and the cooling effectiveness, heat transfer
coefficient were calculated. For each case of
gas flow rate, the temperature at cascade
inlet was controlled at three values of 473,
493 and 513 K by controlling the fuel flow
rate. The inlet coolant temperature was
changed to have three values of 283, 288
and 293 K for each case of inlet gas
temperature. [t was controlled by the cooling
unit thermostat. The experiments were
conducted at three values of coolant mass
flow rates, namely 0.009, 0.012 and
0.015 kg/min.
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For conducting experiments in the
steady state, the required amount of main
flow was permitted to flow through the
burner then fuel was injected and the spark
was ignited. The hot gas produced by
combustion is passed through a duct to the
cascade. In case ofno cooling of the blade,
the temperature was observed at the
computer monitor until it reaches a steady
state (usually in 10-15 minutes) then all of
the temperature readings are recorded at
the same time for all points. Coolant was
permitted to pass through the cooling
passage at the required coolant temperature
and its required mass flow rate tests were
recorded when the steady state was
reached. The tests were repeated at different
coolant mass flow rates and different inlet
coolant temperatures. Furthermore, the
previous experimental tests were repeated
for different inlet gas temperature and
different hot gas flow rate.

RESULTS AND DISCUSSION
The results are represented graphically
in order to indicate the effect of heating and
cooling on fluid flow characteristics, cooling
effectiveness and the variation of heat
transfer coefficient along blade surfaces for
various cases. "

Static Pressure distributions ah
The static pressure distribution along
the blade pressure and suction surfaces is
plotted in Figure 7 for cold and hot gas flows
at a rate of 3.7 kg/min. The absolute inlet
temperature of cold air is 293 K while that of
hot gas is selected as 473,493 and 513
K. The corresponding exit Reynolds number
of the previous main flow temperatures are
3.09X104, 2.07X104, 2.47 X104 and 2.54
X104 respectively. It is observed clearly from
this. figure that the pressure distribution for
the hot gas flow takes the same trend as in
the case of cold flow. However, on the
pressure surface, the pressure increases
with increasing the inlet temperature of the
main flow. The pressure distribution along
the suction surface illustrates that, the
static pressure decreases continuously
along the suction surface as the flow moves

towards the trailing edge. Increasing the
inlet flow temperature lowers the pressure
distribution near to the trailing edge. This
experiences a  slight greater flow
acceleration, more than what expected in
case of cold flow. The plateau seen on the
suction surface for cold airat S =0.45up
to the trailing edge is caused by the
possibility of separation. Increasing the inlet
flow temperature shifts this possibility
towards the trailing edge.

The Reynolds number increase with
rising the inlet gas temperature is due to
increasing the gas velocity. The influence of
Reynolds number level is reflected in the
transitional ~behavior along the suction
surface as well as in the general level of
surface heat transfer. It is observed from
Figure 7 that, increasing the exit Reynolds
number causes an increase of static
pressure along both suction and pressure
surfaces.

60 | N S e (R Cooe EIaE LN R B AT o F 60
| M-\‘PH—-{) 1 mg=3.7 kg/min_
p—t A O Cold air, 293 K

10+ ~+ OTg=473 K 440

A =493 K
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20 -+ 120

|

Leading edge

I
T

0+ O Re =30900 Cold air
m] =20700
L A =24700 }Hot gas
O =25400

i
1

Leading edge

-

1 L 1 L | L

.20 | S SUE, OIS, W
0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8

A,

-

Pressure Surface Suction surface

Figure 7 Effect of heating on the static pressure
distribution

However, increasing the Reynolds number
causes the pressure variation on the suction
surface experiences strongly favourable
pressure gradient. The effect of favourable
pressure gradient is to suppress turbulence
in the boundary layer whereas the effect of
adverse pressure gradient is to increase
turbulence intensity [23]. The influence of
Reynolds number on heat transfer
distribution is reflected in the transitional
behavior along the suction surface as will be
discussed later.
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Velocity Profiles and Boundary
Layer Parameters

. The wall temperature has a great effect
on the velocity profiles and hence on the
dary layer growth and heat transfer. To
dy this effect the blade was heated by gas
w and then it was cooled while the inlet
5 temperature was kept constant. A
mple of the experimental results which
‘are obtained for inlet gas and coolant
temperatures of 473 and 293 K respectively
‘ presented. The measured velocity
profiles along the suction surface are shown
in Figure 8 for cold air and hot gas flows in
~ both cases of blade with and without
cooling. The profiles are plotted in the wall
~ regions for indicating the effects of heating
- and cooling. The effect of cooling on the first
- measured velocity profile at S = 0.464,
- Figure (8-a), is remarkable to increase the
~ velocity values compared to that of uncooled
~ blade surface. Unfortunately, the difference
in velocity values appear to be small due to
 the limited coolant mass flow ratio (m, /)

which is admitted to the cooling passage. In
addition, the effect of cooling on the velocity
profiles disappeared as the flow approaches
the cascade exit. This is because the cross
section area of the cooling passage is small
and lmited with the maximum blade
thickness. If the cooling is applied for a
hollow blade, the influence of cooling
| becomes more effective on the flow
characteristics across the blade passage.
The integral boundary layer parameters
which are known as the boundary layer
thickness (), displacement thickness (&),
the momentum thickness (8) and the shape
factor (H) are calculated from the measured
mean velocity profiles for the different cases.
The  displacement thickness and the
momentum thickness in 'all figures are
normalized by the boundary layer thickness
(8). Figure 9 illustrates the effect of heating
and cooling on the growth of the boundary
layer parameters. For cold air flow case, the
displacement and momentum thickness

Cooling Effects on Boundary Layér Growth and Heat Transfer in Gas Turbine Blading Cascade

increase with increasing the distance (S)
along the blade surface. Correspondingly,
the shape factor of the boundary layer
increases with increasing the distance (S) as
shown in Figure 9-c. It is also noticed that,
the values of the shape factor at about S =
0.7 and near the trailing edge does not
reach the separation criterion, which is
taken as 1.8 < H < 2.4 [24]. In the case of
hot gas flow without cooling, it is clearly
shown that the displacement and the
momentum thicknesses as well as the shape
factor of hot gas flow have values smaller
than those of cold air flow case. Therefore,
the effect of blade cooling is understood to
increase the values of displacement and
momentum thicknesses compared with that
of heated blade without cooling. To
summarize, the blade cooling has a
destabilizing effect on the boundary layer
development along the blade suction
surface. As aconsequence, the destabilizing
effect of the boundary layer which means
that an increase of the boundary layer
thickness will reduce the rate of heat
transfer between the flow gases and the
blade wall; this will be discussed later.

Variation of Wall-to-Gas Temperature
Ratio

The ratio of wall-to-gas temperature
(T«/Tg) of gas turbine blades is an
important parameter as it indicates the rate
of heat transfer around the blade surface. It
is influenced by many parameters such as
inlet gas temperature, coolant inlet
temperature, coolant and gas flow rates.
Figures 10 and 11 indicate the effect of
cooling on the distribution of the wall-to-gas
temperature ratio. The main flow rate of the
hot gas is taken as 3.7 kg/min and its inlet
temperature is 473 K. In Figure 10 the
coolant temperature is kept constant at 293
K while the coolant flow ratio (m. /m,) was

chosen to be 2.432x10-3, 3.243x10-3 and
4.054x10-3.
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Figure 9 Effect of cooling on the boundary laver
parameters

For cooled blade, it appears in this figure
that, the wall-to-gas temperature decreases
on the pressure surface up to S about 0.32
of the arc length where it reaches its lower
value then it increases again. On the
suction surface, this ratio decreases in the
region close to the leading edge and then
increases towards the blade trailing edge.
For constant ratio of coolant-to-gas
temperature, the wall-to-gas temperature
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increasing the ratio of coolant mass
v rate. This may be due to the occurrence
transition and turbulent boundary layer
y near to the leading edge which
icreases the boundary layer thickness and
nce the turbulent heat transfer rate
omes small. [t is also observed that the
e of increase of Tw/Tg increases with
reasing the coolant mass flow rate ratio
the flow approaches the trailing edge.
s is because of the effect of vanishing of
cooling as the flow moves downstream
cascade. In Figure 11, the coolant
nperature was changed to be 283, 288
d 293 K while the coolant mass flow ratio
kept constant at 0.405%. It is observed
arly that, the wall-to-gas temperature
atio (Tw /T¢) decreases when the inlet
lant temperature is decreased. This is
ibuted to the increase in temperature

blade surface exposed to the hot gas
w which leads to a decrease in the wall
temperature. Consequently, a decrease in
the wall temperature causes an increase in
boundary layer thickness which
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Figure 11  Effect of coolant inlet temperature on the

distribution of Tw/Tg

Variation of the Heat Transfer Coefficient

At steady state heat transfer, the local
heat transfer coefficient (og) is evaluated
with the following equation, neglecting the
heat loss,

)

-~

V'Q;agAs(Tg—T\\)z'kAn L (1)

o

n

where () is the rate of heat transferred. T,

and Tw are the local gas temperature and
the local blade wall temperature, k is the

“blade material thermal conductivity and As

is the surface area which is calculated as As
= s h. Where s and h are the distances
along the blade surface measured from the
leading edge and the blade height,
recpectively. A, is the normal area of heat
conduction and ¢ T/¢n is the temperature
gradient in the normal direction. The local
Nusselt number can be calculated with
knowing the local gas heat convective
coefficient as follows:
Nu, = a,s/Kk, (2)
where kg is the gas thermal conductivity.
Figure 12 illustrates the effect of coolant
mass flow rate on the distribution of local
Nusselt number along the pressure and
suction blade surfaces. The results are
plotted for 3.7 kg/min hot gas flow rate at
gas inlet temperature of 513 K and at
coolant inlet temperature of 293 K. As
shown from this figure, the values of Nusselt
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number decrease when the coolant mass
flow rate is increased and hence a decrease
in the heat transfer rate along the blade
surface is obtained. This is .referred to the
corresponding decrease in the blade wall
temperature which causes an increase in
the boundary layer thickness and hence an
increase in the thermal resistance. The
values of Nusselt number on the pressure
surface are higher than that on the suction
surface. This is caused by the combination
of the effects of curvature and adverse
pressure gradient. On the other hand, the
Nusselt number has a higher value near the
leading edge where it experiences the
stagnation values with very thin boundary
layer thickness. On the pressure surface,
the Nusselt number decreases rapidly in the
direction of trailing edge until about 45
percent of the blade arc then the rate of
decrease is lowered.

1060 —————T— — T 1000
| g kymin + O in o i g =0.243 % -
Tg=513 K o =0.324 %
800 T.=293 K -+ A =0'405%—800
600 + - 600
u, | 1 i
100 - o -400
20 20
¥l z '
200 |- £Er= 200
ENEE -
L 1% i
0 1 { 1 1 ] L L 1 U Bl 1 1

- 0
0.8 0.6 0.4 0.2 0.0 0.2. 0.4 0.6 0.8

Pressure Surface Suction surface

Figure 12 Effect of coolant flow rate on Nusselt number
distributions

On the suction surface, the Nusselt number
decreases steeply until about 40 percent of
the blade arc and then the rate of decrease
is lowered.

Figure 13 presents the effect of gas inlet
temperature on the distribution of Nusselt
number at the same coolant mass flow rate
and constant coolant inlet temperature.
Generally, the same distribution of the
Nusselt number is observed. It appears that,
the local Nusselt number increases on both
surfaces of the blade with increasing the
inlet gas temperature. This occurs due to
the reduction of the boundary layer
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R

thickness when the gas temperature
increases and consequently the heat
transfer increases.
FL e e o R T e LLLLL
b mg =37 keg/min + O Tg =473 K A
800 ¢/ Mg=0.243% - R
T =293 K =k
600 - + <600
Nu | 1 ]
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Figure 13 Effect of inlet gas temperature on Nusselt
number distributions

The effect of increasing the mainstream
flow rate, which means an increase in
Reynolds number, on the variation of
Nusselt number along the blade surfaces is
presented in Figure 14 for inlet temperature
of mainstream T¢ = 513 K. The coolant
mass flow rate and its temperature are kept
constant at 0.015 kg/min (m;/mg=

0.405%) and 293 K, respectively. It is seen
from this figure that, the influence of
increasing the mainstream flow rate or the
Reynolds number is to increase the heat
transfer rate as evidenced by the increase of
the Nusselt number, in a manner similar to
that observed for local wall temperature
distributions.

1000 YT T T s e e v 1000
0.405 % + O mg =3.7 kg/min
513 u} =52 i
800 5 4 kg/min 1800
600 -+ -1600
N
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Figurel4 Effect of inlet gas flow rate on Nusselt number
distributions
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on of Cooling Effectiveness of the

' The cooling performance 'of gas turbine
es is expressed in the  form of cooling
fectiveness. Masaru et al. [25] defined the
oling effectiveness ( ex) as:

s
Tgv‘ Tc

(3)

Figure 15 indicates the axial variation of

cooling effectiveness at different coolant
s flow rates and constant hot gas. The
t gas and coolant temperatures are
ectively 473 and 293 K. It is indicated
the local cooling effectiveness at the
g edge is small because it is exposed
the highest heat fluxes resulting from the
thin boundary layer thickness at this
tion. On the suction surface, the
imum  cooling effectiveness  was
eved near the blade leading edge then it
creases towards the trailing edge. On the
sressure  surface, the blade cooling
effectiveness reaches its maximum value at
32 percent of the blade surface arc, then it
reases again. There is a remarkable
provement of the cooling effectiveness
th increasing the coolant mass flow rate.
is due to the decrease of the wall
ature which results in a poor
tion of the boundary layer thickness
the blade surface.
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15  Effect of coolant flow rate on the cooling
effectiveness

pling Effects on Bound"ary Layer Growth and Heat Transfer in Gas Turbine Blading Cascade

The average cooling effectiveness ( €av)
can be calculated from the following
equation [25]:

- Tg,m _Tw.m 2 (4)

-
a T T
g.m c

where Tem 1is the mean gas temperature
between inlet and outlet of the cascade, Tw.m
is the wall mean temperature and T. is the
coolant inlet temperature. Figure 16
indicates the effect of the coolant mass flow
ratio (m./mg) on the average cooling

effectiveness (gay) for mainstream flow rate of
3.7 kg/min. In Figure 16-a, the inlet gas
temperature is kept constant at 473 K while
the coolant inlet temperatures are taken to
be 283, 288 and 293 K. It is observed that
the average cooling effectiveness increases,
as expected, with increasing the coolant
mass flow ratio. This is referred to the
accompanied decrease of the blade wall
temperature with increasing the coolant
mass flow rate which leads to an increase in
the heat transfer between the coolant
passage and the blade surface and
consequently decreases the blade wall
temperature. It is seen also that the mean
cooling effectiveness increases when the
coolant inlet temperature decreases. In
Figure 16-b, the results of the average
cooling effectiveness are plotted against the
coolant mass flow ratio at constant coolant
inlet temperature (T.= 283 K) while the inlet

' gas temperatures are taken to be 473, 493

and 513 K respectively. It is clearly observed
that, the mean cooling effectiveness of the
blade decreases with increasing the gas inlet
temperature. This is referred to that,
increasing the gas inlet temperature at
constant coolant temperature and coolant
flow rate tends to increase the temperature
difference between the gas and the coolant
which becomes higher than the temperature
difference between the gas and the blade
surface temperature.
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Figure 16 Effect of coolant and gas inlet temperatures
on the average cooling effectiveness

This reduces the average blade cooling
effectiveness. However, the rate of increase
of the mean cooling effectiveness increases
at higher inlet gas temperature compared
with that at lower gas inlet temperature. It
appears from this figure that, if the coolant
mass flow rate is increased, the mean
cooling effectiveness (eav) may have the same
final value for all tested inlet gas
temperature. This is referred to the increase
of the wall temperature and the high
temperature gradient due to the rise of gas
inlet temperature.

CONCLUSIONS

The effect of internal cooling on the
areodynamic flow characteristics and the
heat transfer through the stationary blades

of the gas turbine has been investigated
experimentally. The following conclusions
can be drawn:

1. The cooling of the blade in case of
variable surface temperature distribution
causes substantial increase in the values
of displacement and momentum
thicknesses of the boundary Ilayer
compared to uncooled blade.

2. The blade wall-to-gas temperature ratio is
affected by many parameters such as
mainstream flow rate, inlet gas
temperature, coolant mass flow ratio and
coolant inlet temperature. It increases
with increasing either mainstream flow
rate or the inlet gas temperature while
the increase of coolant mass flow rate
leads to a decrease in the wall-to-gas
temperature ratio. The decrease of
coolant inlet temperature results in
decreasing the blade  wall-to-gas
temperature ratio as a result of the
increase in the temperature difference
between the cooling passage and the
blade exposed surface to the hot gas flow.

3. The leading edge is the most critical area
exposed to heat transfer which causes
higher gas-to-wall temperature ratio.

4. The cooling effectiveness of the blade
increases with increasing the coolant
mass flow ratio. The blade cooling can
result in a significant reduction in heat
flux and thereby contributing to high
overall cooling effectiveness.

5. The increase of either hot gas flow rate or
gas inlet temperature leads to an
increase in the heat transfer coefficient.
However, the heat transfer between the
gas flow and the blade wall is much
higher at the stagnation point due to the
accompanied smallest thickness of the
boundary layer and the highest heat
fluxes.

6. The location of the cooling passage near

to the leading edge affects the boundary
layer transition and increases the
thickness of the boundary layer and in
turn causes a more reduction in the heat
transfer coefficient.
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NOMENCLATURE

* blade surface area (m>)

blade chord (m)

specific heat (kJ/kg.K)

cooling passage diameter (m)

. shape factor ( 3*/0 )

~ blade height (m)

blade material thermal conductivity

- (W/mK)

~ the gas thermal conductivity (W/m K)
~ blade surface length (m)

mass flow rate (kg/s)

- normal distance measured from the
- blade surface (m)

local Nusselt number (0., s / k,)

i v‘ static pressure (bar)
inlet dynamic pressure (bar)

) heat transfer rate (W)

Reynolds number based on the exit

- conditions (pVC/y)

. distance along the blade surface

~ measured

. from the leading edge (m)

3 dimensionless distance along the blade
surface (s /Ls)

temperature (K)

local velocity (m/s)

X,y axial and normal cartesian coordinates

-

 (W/mK)
B1 blade inlet angle (degrees)

blade outlet angle (degrees)

boundary layer thickness (m)

boundary layer displacement thickness
‘ defined as:

= ?( 1- -—v—),d_\‘ (m)

v 0 \/'e

& local cooling effectiveness along the

~ blade surface

0 momentum thickness of boundary layer
, defined as:

e V.V

L 0=[(1-—)—dy (m)

f ‘{( v )Ve 3

p dynamic viscosity (Pa.s)

p fluid density (kg/m?)

~ Subscripts
a air

local convective heat transfer coefficient =

av average
d coolant ; i,

di dynamic at inlet

e boundary laver edge

g gas

i inlet

max maximum condition

n normal to blade surface
s along the blade surface
w wall
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