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ABSTRACT

Gas turbine engines are designed to continuously and efficiently convert the energy of
fuel into useful power. Gas turbines have been developed into very reliable, high
performance engines (high ratio of power output to weight, high efficiency and low

maintenance costs).

As the turbine inlet temperature increases, the heat transferred to the turbine blade also
increases. The operating temperatures are far above the permissible metal temperatures.
Therefore, there is a critical need to cool the blades for safe operation. The cooling
methods currently implemented in the turbine industry can be classified into two types:

internal cooling and external cooling.

In the present work the internal cooling of a gas turbine blade is analyzed. The blade has
a rectangular 9mm x18mm compressed air channel along the blade span. Finite-
Difference method is used to predict temperature distribution for blade cross section at
different heights from the root. Effect of compressed air mass flow rate, inlet temperature
and the temperature of combustion gasses have been considered. The investigations are
carried out for both smooth and two opposite ribbed-walls channels. The results are
presented and discussed as temperature distribution in various sections of the blade and

the comparison between ribbed and smooth channel based on Nu values. Also, various
ribs configurations have been considered in the analysis. Results at rib angles, a of 90°,

60°, 45° and 30° and ribs blockage ratios, e/D; ranging from 0.042 to 0.078 are

compared in terms of Nu and friction factor, f. It is found that maximum Nu number

occurs when 60° ribs are introduced in the channel. An enhancement of 149.45% is

achieved with penalty of increase in the friction factor by 114.5%.
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CHAPTER 1
INTRODUCTION

In this Chapter, an overview of gas turbine engines is given. The significance of turbine
entry temperature, the necessity of cooling the turbine blades and different types of
cooling techniques are also discussed. This introduction then concludes with the

objectives and scope of study of this work.

1.1 GAS TURBINE BACKGROUND

Gas turbine engines are designed to continuously and efficiently convert the energy of a
fuel into useful power; either mechanical power or the high-speed thrust of a jet. In 1913,
Lorin patented a jet propulsion engine; however, his engine was not manufactured (Rolls
Royce, 1973). Before the Second World War, serious development of the shaft-power gas
turbine began, but attention was soon focused on the turbojet engine (Cohen et al., 1996).
In 1930, Boveri developed the first useful gas turbine (Bathie, 1995) and Whittle was
granted a patent for using a gas turbine to produce a propulsive jet (Rolls Royce, 1973).
Since then, gas turbines have been developed into very reliable, high performance
engines (high ratio of power output to weight, high efficiency and low maintenance
costs). Gas turbines are now widely used in power plants, marine industries and aircraft
propulsion. They are used in powering boats and trains and are also being tested for use

in buses and trucks and even as a power plant for an automobile.

AIR INTAKE COMPRESSION COMBUSTION EXHAUST

Figure 1.1: Schematics of a turbojet engine (Rolls Royce, 1973)



Developments in turbine cooling technology play a critical role in increasing the thermal
efficiency and power output of advanced gas turbines [Aminossadati S.M. and Mee D.J.,

1995].

1.2. COOLING TECHNIQUES

To achieve an optimum cooling system, 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 classified into two types: internal cooling and

external cooling.

In the first type cooler, air is bled from the compressor stage and than passed through
internal passages incorporated into blade designs for this purpose (Fig.1.2). This is the
most common technique and is called enhanced passage cooling. For maximum heat
absorption, the air is also allowed to impinge on the internal wall of the blade. This

technique is called impingement cooling [Aminossadati S.M. and Mee D.J., 1995].

Figure 1.2: A nozzle guide vane with internal cooling (Rolls Royce, 1973)
(Coolant ejection through a row of holes on the pressure side near the trailing edge)

In external cooling, air is bled from the compressor stage, ducted through the internal

chambers of the turbine blades, and then discharged through small holes/ slots on the



blade outer walls. This air provides a thin, cooler, insulating film along the external
surface of the turbine blade, due to which the method is called “film cooling” (Fig 1.3 &
1.4). That film provides protection and thus increases the life of the blade. This life
maybe reduced by 50% if the blade’s operating temperature was off the maximum design

temperature by 10 ‘C [Mohammed S. Altorairi, 2003].

Hot

—

Cold Flow .-~ " Cold Film

\%}ﬁ”@\\\\\\\\\

Figure 1.3: protective film layer made by coolant injection (adopted from Mohammed S. Altorairi, 2003)
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Figure 1.4: A typical film cooled turbine blade (Metherwan P.Boyce, 2002).



1.3. PROBLEM STATEMENT

As the turbine inlet temperature increases, the heat transferred to the turbine blade also
increases. The level and variation in the temperature within the blade material, which
cause thermal stresses, must be limited to achieve reasonable durability goals. The
operating temperatures are far above the permissible metal temperatures. Therefore, there
is a critical need to cool the blades for safe operation. The blades are cooled with
extracted air from the compressor of the engine. Since this extraction incurs a penalty on
the thermal efficiency and power output of the engine, it is important to understand and
optimize the cooling technology for a given turbine blade geometry under engine
operating conditions. Gas turbine cooling technology is complex and varies between

engine manufacturers.

1.4. OBJECTIVES

Objectives of this project are as follows:
e To establish mathematical model for air flow through the gas turbine blades
representing flow dynamics and heat transfer process.
e To convert the mathematical model to computer program and investigate the
blade cooling performance at various operational conditions and configuration in
order to optimize it.

e To recommend the best configuration according to the results.

1.5 SCOPE OF STUDY

A review of the available material on cooling techniques for gas turbine applications will
be presented. Some works are available in this area with studies having been carried out,
particularly in the past fifteen to twenty years. Heat transfer and fluid dynamics relations
and equations will be chosen to build a mathematical model of air flow through turbine
blades. The mathematical model will be converted to a computer program to obtain

compare and interpret the results and findings.



CHAPTER 2
LITERATURE RIVIEW AND THEORY

In this chapter a review of the available material on film cooling and internal cooling for gas
turbine applications is presented. Some works are available on this area with studies having

been carried out, particularly in the past fifteen to twenty years.
2.1. THEORY

Going through the literature, there are a series of definitions that have been developed
and used extensively in this particular area. So, to use previous research works it is

important to understand them.

The primary aim for the majority of these studies has been to maximize the adiabatic
effectiveness (film effectiveness). This parameter is dependent upon three temperatures,
that of the mainstream, coolant and of the surface being cooled, it is defined as:

_ Taw —Tm
(’( - Tc - Tm
The adiabatic effectiveness measures the efficiency of a coolant film, where a value of
unity indicates that the temperature of the surface being cooled is the same as the coolant
temperature. Heat transfer coefficients are also an important parameter in determining the
effectiveness of film cooling, the objective of film cooling being to achieve a low heat
transfer coefficient from the surrounding hot mainstream to the surface, and a large

effectiveness on the surface. Results are often expressed in terms of the heat transfer

= () =)
hU do Taw - TW

coefficient ratio, defined as:



Another important property is the blowing ratio, this relates the density and velocity of
the mainstream and coolant flows, it is defined as:

pcUc

PmUm

The effect of this parameter on the adiabatic effectiveness is the primary interest for a

M =

number of studies due to its significant impact on the film cooling performance.

2.2. REVIEW ON FILM COOLING FLOW STRUCTURE

The behavior of jets injected into a cross flow has been the subject of numerous studies
and is now well documented, Andreopoulos and Rodi (1983), Crabb et al (1981) and
Moussa et al (1977). Immediately after penetration into the mainstream flow the jet
behaves like a flexible body, the structure of which is strongly three dimensional. At
some distance from the jet exit, two counter-rotating vortices are formed which produce
the classic ‘kidney’ shape of the injection (Fig 2.1). The creation of these vortices is
connected to viscous layers in the injection tube, their strength and impact on the flow

depending heavily on the size of the boundary layer in the injection tube.

Figure 2.1:Sketch of jet structure based on experimental observations at high (M = 2.0) blowing ratios,
[Andreopoulos and Rodi (1983).]

The deceleration of the external boundary layer as it interacts with the jet injection
induces a horseshoe vortex which wraps around the jet; this flow is then entrained by the

jet and begins to move upward from the wall (Fig 2.2). At smaller blowing ratios where



the penetration of the jet into the mainstream flow is low the jet bends over very quickly
and attaches to the wall, this behavior is also observed when the injection angle relative

to the mainstream flow direction is small.

z

Figure 2.2: Sketch of jet structure based on experimental observations at low (M = 0.5) blowing ratios,
[Andreopoulos and Rodi (1983)]

2.3 FACTORS AFFECTING FILM COOLING

A review of literature prior to 1971 on flat surface film cooling is presented in Goldstein
(1971), the effects on film cooling performance of geometric and flow characteristics are
described. The primary benefit of flat surface studies is the relative ease with which they can
be carried out, slight corrections can then be made so the results can be applied to more
complex geometries and ultimately actual engine design. Based on the literature following
are parameters effecting film cooling as supported by Green (2007).

e Blowing ratio

e Injection hole geometry

e Mainstream acceleration

e (Coolant to mainstream density ratio

e Coolant supply geometry

e Mainstream turbulence



e Partial hole blockage

2.3.1 Blowing ratio

Goldstein et al (1974) presented results detailing the effect of blowing ratio on the adiabatic
effectiveness for a row of simple injection holes inclined at 35 degrees. At lower blowing
ratios (e.g. M < 0.5) the adiabatic effectiveness displays a predictable pattern of simply

increasing as the blowing ratio is increased. (Look at the figure below).

0.7
e D _
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= 0.5 i- = 0.85
= . X
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E 0.2 I~ \
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"’ ',,,—0—--5____3
o
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BLOWING RATE, M
Figure 2.3: Effect of blowing ratio on centerline adiabatic effectiveness for simple angle injection holes
inclined at 35 degrees, [Goldstein (1974)]
Hay et al (1985) carried out studies of injection holes inclined at 35 degrees (Fig 2.4). For all
of the studies the heat transfer coefficient ratio was found to increase as the blowing ratio was
increased. At lower blowing ratios the heat transfer coefficient was found to be
approximately equal to unity regardless of the axial position from the point of injection, as
the blowing ratio was increased the heat transfer coefficient also increased, particularly near
the injection region (i.e. x/D < 10). This trend was also observed for a 90 degree injection
angle (i.e. normal to the mainstream flow); however the effect of axial location was much
stronger for the 90 degree injection compared to the 35 degree injection. In the case of a 35

degree angle of injection, because the jet penetrates into the mainstream flow at an angle



closer to the surface, the possibility of jet liftoff is greatly reduced resulting in the lower heat

transfer coefficient ratios.
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Figure 2.4: Effect of blowing ratio on the heat transfer coefficient ratio for simple angle injection holes
inclined at 35 degrees, [Hey et al (1985)]

2.3.2 Mainstream Acceleration

Limited data is available in the open literature analyzing the effect of mainstream
acceleration on film cooling performance. Ammari et al (1991) presented heat transfer
coefficient ratios downstream of a row of film coolant holes analyzing the effect of
mainstream acceleration; the heat transfer coefficient ratios were found to reduce by
approximately 25% in the cases were mainstream acceleration was applied, obviously

varying with different blowing ratios.

2.3.3 Injection Hole Geometry

Ligrani et al (1994a, b) presented results comparing single angle holes with compound

angle holes. Results clearly show that the compound angle injection holes provide a



higher adiabatic effectiveness than the simple angle injection holes. The reason for this is
an increase in the lateral momentum of the jet which results in a larger amount of lateral
spreading when compared to the single angle injection. The injection holes in this case
were aligned at 35 degrees in the Streamwise direction with the compound angle varied
between 45 and 90 degrees in the spanwise direction. Increasing the spanwise angle to 90
degrees was found to increase the adiabatic effectiveness due to increased lateral

spreading of the coolant jets.

Sen et al (1996) has also analyzed the effect of compound angle injection on the heat
transfer coefficient ratio. The general trend in the results was for a higher heat transfer
coefficient ratio when using compound angle injection holes over simple angle injection
holes. The compound angle injection results in an increased reaction with the mainstream
flow, this gives rise to an increase in the local turbulence and consequently leads to a
higher heat transfer coefficient ratio; this effect is generally enhanced as the blowing ratio

is increased (the maximum blowing ratio in the study was 3.0).

2.3.4 Coolant-to-Mainstream Density Ratio

The effect of the coolant-to-mainstream density ratio on the adiabatic effectiveness was
documented by Pedersen et al (1977). Experiments were carried out on a single row of
coolant holes inclined at 35 degrees in the mainstream flow direction; density ratios
ranging from 0.75 to 4.17 were studied (Fig 2.5). It was found that density ratios less than
unity gave a lower adiabatic effectiveness than those obtained using a high density ratio.
Increasing the blowing ratio had a negative effect on the adiabatic effectiveness at the
lower density ratios. This is due to the injection jet velocity being higher at lower density

ratios, resulting in a greater penetration of the jet into the mainstream flow.

10
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Figure 2.5: Effect of blowing ratio on the laterally average adiabatic effectiveness for different density
ratios, [Pedersen et al (1977)]

Ammari et al (1990) also presented results showing the effect of cool-to-mainstream
density ratio on the heat transfer coefficient ratio. It was observed that lower density
ratios gave an increase in the heat transfer coefficient ratio; this is due to the increased
momentum of the jet and its greater penetration into the mainstream flow. For lower
blowing ratios (i.e. M < 0.8) the density ratio effect is confined to the stagnation region
directly in lee of the jet, the effect becoming less pronounced as the distance from the
point of injection is increased. For higher blowing ratios a change in the density ratio
results in a significant impact on the results, producing a lower heat transfer coefficient

ratio.

2.3.5 Coolant Supply Geometry

Hole supply geometry dictates how the coolant enters the film hole and the characteristics
of the coolant within the supply hole. Leylek and Zerkle (1994) showed that short
injection holes are subject to a ‘jetting’ effect. This occurs when the coolant jet velocity
profile is not uniformly distributed across the exit plane, resulting in relatively high
velocities for a substantial part of the coolant increasing its penetration into the
mainstream flow. The effect of injection hole length on the film cooling performance for
a row of five compound injection holes, orientated in the streamwise direction, was
investigated by Seo et al (1998). Increasing the L/D ratio was found to result in an
increase in the adiabatic effectiveness; this was attributed to a skewing of the velocity

profile at low L/D ratios towards the upstream side of the injection hole.

11



2.3.6 Mainstream Turbulence

Film cooling flow characteristics can be severely affected by the level of turbulence in
the mainstream. Bons et al (1996) documented the effect of mainstream turbulence on the
adiabatic effectiveness (Fig 2.6). At relatively low blowing ratios (e.g. M = 0.75) and low
mainstream turbulence (e.g. 0.9%) reasonably high values of adiabatic effectiveness are
recorded in the vicinity of the coolant jets, decreasing steadily as the distance from the

point of injection was increased.
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Figure 2.6: Effect of freestream turbulence on the centreline adiabatic effectiveness,
[Bons et al (1996)]

2.3.7 Partial Hole Blockage

When the film cooling holes are first used they are typically clear of all unwanted debris
or obstructions. However flow conditions can lead to a gradual or sudden

blockage/obstruction of the film cooling holes resulting in a reduction of the film

effectiveness (Fig 2.7).

Figure 2.7: Micrograph showing deposits of foreign material in a film cooling hole, [Bogard et al (1998)]
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Whilst the results may seem intuitive, Bunker R.S.(2000) conducted the study due to a
lack of previous work in detailing the possible reductions in film cooling efficiency due
to partial blockages. Results for the adiabatic effectiveness were compared for coolant
holes with no blockage, and those with partial blockage. For an exit area blockage of
approximately 15% there was an almost consistent 30% decrease in the adiabatic
effectiveness directly downstream of the coolant jet, with the effect becoming less

pronounced as the distance from the point of injection was increased.
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2.4 REVIEWS ON EFFECT OF RIBS IN INTERNAL COOLING

The purpose of introducing repeated ribs in a duct is to enhance the heat transfer rate.
Ribs are man made protrusions which are placed in a controlled way along specific walls,
contrary to sand-grain roughened walls, where the surface topology is stochastically
distributed throughout the duct. The enhancement of the heat transfer has thus a
drawback in the increased pressure drop, which can be several times higher than for a

smooth channel.

The pressure drop, and also the heat transfer is strongly connected to the size of the rib, e,
which is measured as a fraction of the channel height as e/H. Equivalently to the rib-
height one may chose to refer to the blockage ratio, which in contemporary turbine blades
are around 10-20%.Ribs have traditionally been arranged orthogonally to the flow, i.e.

that the extension of the rib is located 90° to the streamwise direction.

They have commonly been made of a square cross-sectional area. Investigations J.C Han
et al. (1988) have however shown that both other shapes and non-normal arranged ribs
may be more beneficial to maximize the heat transfer rate. The distance between two
successive ribs, the pitch P, have also been shown to be of importance, R.L.Webb et al.
(1971). Thus there are a number of different parameters which could be altered in order
to optimize the internal cooling of a gas turbine blade. In addition it should be noted that
the available pressure difference is severely limited and hence the design of rib-
roughened channels is a meticulous work, which naturally benefits from a long tradition

of constructing operational gas turbine engines.

Apparent from the above discussion is that the flow pattern around the rib, varies
dependent on the shape and size of the rib. In addition the distance between two
consecutive ribs, the pitch P is also of importance. In experiments on rib-roughened
channels, the two most significant parameters, apart from the Reynolds number, RE, are
the dimensionless geometry defining ratios: the rib-height to channel-height, e/H and the
rib-pitch to rib-height, P/e. The rib-width, although important for the flow structure is less
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in fluently on the heat transfer it should also be pointed out that most rib-roughened

channel have ribs of fairly squared cross-section.

Webb et al. (1971) compiled a number of experimental investigations to characterize the
flow pattern within the interval of two success ribs for repeatedly rib-roughened
channels, see Fig. 2.8. It was concluded that when the ribs are positioned far enough from
each other, P/e >15, the flow behaves as for a single mounted obstacle with a large re-
circulating zone behind the rib, stretching roughly 6 to 8 rib-heights downstream the rib.
If the pitch is smaller, the two recalculating zones (upstream and downstream the rib)
start to interact. Until P/ex 8 there is still two reverse flow regions in the rib-interval,
however for P/e <8 the flow does not re-attaches on the channel floor between the ribs
and instead a single large re-circulating bubble is created. Recently Mohamed
Fathelrahman (2009) has simulated the annular flow cooling by ribbing. He has gained

results demonstrating Webb experimental results on the flow structure behind the ribs.

ple Flow pattern
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Figure 2.8: Flow patterns as a function of P/e, from [Webb et al. (1971)]

For even smaller rib-pitches the flow forms driven cavities, with a significant different
heat transfer behavior. It has been shown that the most advantageous flow behavior, for

heat transfer purposes, is when the flow re-attaches in-between the ribs, without re-
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developing before separating due to the blockage effect of the next rib. The influence the
Reynolds number, the shape and rib arrangement have on the flow structure, should

however be recognized.

Liou and Hwang (1992) found for the rib-roughened flow that the Nusselt number and
the turbulent kinetic energy are well correlated in the separated region behind a rib. The
peak of Nusselt number was for this configuration, located around one rib-height

upstream of the re-attachment point.

Investigations on angled ribs, e.g. J.C Han (1988) have showed that there is a substantial
benefit of positioning the ribs with an angle to the streamwise direction as such an
arrangement could achieve increase in heat transfer as compared to normal ribs. This
effect may be attributed to the change in flow structure, as skewed ribs produce a
secondary motion that flows transversally along the rib due to the induced cross-stream
pressure gradient. A similar pattern is not found for orthogonally arranged ribs. A much
weaker secondary flow with downward motion (towards the rib) along the centerline and
upward along the side-wall in a circulating fashion is however present. This motion is a

result of both a difference in the static pressure, and turbulent generating processes.

Please refer to section 4.3 of this report for governing equations

2.5. EFFECTS OF ROTATION ON COOLANT PASSAGE HEAT TRANSFER

The following topics will discuss the effect of rotation on coolant passage heat transfer.

2.5.1 Rotational Effect on Internal Cooling

Rotation induces Coriolis and centrifugal forces that produce cross-stream secondary

flow in the rotating coolant passages; therefore, heat transfer coefficients in rotor coolant

passages are very much different from those in non rotating frames. Figure 2.9 shows the

schematic secondary flow and axial flow distribution in a rotating two-pass square
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channel. Figure 2.10 shows the predicted secondary flow, axial flow, and temperature
distribution in a rotating square channel with radial outward flow. One important finding
from recent studies is that rotation can greatly enhance heat transfer on one side of the
cooling channel and reduce heat transfer on the opposite side of the cooling channel due
to rotating-induced secondary flow, depending on the radial outflow or inflow of the
cooling passages. Without considering rotational effect, the coolant passage would be
over-cooled on one side while over-heated on the opposite side. Recent studies focus on
the combined effects of rotation, channel shape, orientation, and aspect ratio on rotor
coolant passage heat transfer with various high performance rib turbulators. Results show
that the channel shape, orientation, and aspect ratio significantly change local heat

transfer coefficient distributions in rotor coolant passages with rib turbulators.
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Figure 2.9: Conceptual view of a two-pass rotating coolant flow distribution by [Han et al. (1993)].
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Figure 2.10: Predicted secondary flow, axial flow, and temperature distribution in a rotating square
channel with radial outward flow, collected in [Han et al. (2000).]

2.5.2 Heat Transfer in Rotating Coolant Passages with Square Cross Section

Heat transfer in rotating multi-pass coolant passages with square cross section and
smooth walls was reported by Wagner et al. (1991). Results show that the heat transfer
coefficient can enhance 2—-3 times on the trailing surface and reduce up to 50% on the
leading surface for the first-pass radial outward flow passage; however, the reverse is true
for the second-pass radial inward flow passage due to the flow direction change. Results
also show that the heat transfer difference between leading and trailing surfaces is greater
in the first-pass than that in the second pass due to the centrifugal buoyancy opposite to
the flow direction. Heat transfer in rotating multi-pass coolant passages with square
cross-section with 45 rib turbulated walls, as shown in Figure 2.11, was reported by
Johnson et al. (1994). Results show that rotation and buoyancy, in general, have less

effect on the rib turbulated coolant passage than on the smooth-wall coolant passage. This
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is because the heat transfer enhancement in the ribbed passages is already up to 3.5 times

higher than in the smooth passages; therefore, the rotational effect is still important but

with a reduced percentage. Results also show that, like a non rotating channel, the 45

ribs perform better than 90- ribs and subsequently better than the smooth channel.
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Figure 2.11: Multipass rotating channel with 45 ribs used by [Johnson et al. (1994)] to simulate a turbine

rotor blade coolant passage.
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2.5.3 Wall Heating Condition Effect on Rotating Coolant Passage Heat Transfer

From the above analyses, the rotation effect on channel heat transfer comes from the
Coriolis and centrifugal forces. The centrifugal force is known as rotation buoyancy
when there is a temperature difference between the coolant and the channel walls at
rotating conditions. Since the temperature difference between the coolant and the channel
walls varies along the coolant passages, so does the rotation buoyancy. Therefore, it is
expected that the channel wall heating conditions would affect rotor coolant passage heat
transfer. The channel heating conditions imply that the channel walls may be at the same
temperature (or heat flux) in both stream-wise and circumferential coefficients on both
leading and trailing surfaces. Parsons et al. (1994) studied the influence of wall heating
condition on the local heat transfer coefficient in rotating two-pass square channels with
90- ribs and 60° ribs on the leading and trailing walls, respectively. They concluded that
the uneven wall temperature significantly enhances heat transfer coefficients on the first-
pass leading and second-pass trailing surfaces as compared with the uniform wall

temperature condition.

2.5.4. Heat Transfer in Rotating Coolant Passages with Rectangular Cross Section

Most of the above-mentioned studies dealt with square channels. However, a rectangular
coolant passage is of high importance in order to maintain the integrity of gas turbine
blade internal cooling design. The curved shape of the turbine blade may prohibit the
efficient use of square cross-sectional coolant flow channels. It is quite common to find
rectangular cooling passages, particularly moving from the mid-chord to the trailing edge
of the blade; the channels must become more rectangular as the blade becomes thinner.
This thinning of the channel changes the effective secondary flow pattern from that of a
square duct. For this reason, one cannot simply apply the knowledge of the rotationally
induced flow pattern and the associated surface heat transfer coefficients in a square
channel to that of a rectangular channel. However, very few experimental heat transfer

data on a rectangular coolant passage are available in the literature. Azad et al. (2001)
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and studied heat transfer in a two-pass rectangular rotating channel (aspect ratio= 2:1)
with 45¢ angled ribbed walls and 45° V-shaped ribbed walls, respectively, including the
effect of channel orientation with respect to the axis of rotation. Figure 2.12 shows the
two cell vortices induced by rotation, the two cell vortices induced by the 45 parallel
ribs, and the single cell vortex induced by the 45° crossed ribs. Figure 2.13 shows the two
cell vortices induced by rotation, the four cell vortices induced by 45° V-shaped ribs, and
the two cell vortices induced by 45 crossed V-shaped ribs. They found that the effect of
rotation on the two-pass rectangular channel is very similar to that on the two-pass square
channel except the leading surface heat transfer coefficient does not vary much with the
rotation compared with the square channel case. The results show that 45 parallel angled
ribs produce a better heat-transfer augmentation than 45° crossed ribs; 45° V-shaped ribs
are better than 45° crossed V-shaped ribs and subsequently better than 45 parallel angled
ribs. The difference in heat transfer coefficients between leading and trailing surfaces in a
smooth channel is smaller when the channel has an angle with respect to the axis of
rotation. This heat transfer coefficient difference is reduced further in ribbed channel
cases. Griffith et al. (2001) studied heat transfer in a single pass rectangular channel
(aspect ratio=4:1) with smooth and 45 angled ribbed walls, as shown in Figure 2.14,
including the effect of channel orientation with respect to the axis of rotation. Results
show that the narrow rectangular passage exhibits a much higher heat transfer
enhancement for the ribbed surface than the square and 2:1 channels previously
investigated. Also, channel orientation significantly affects the leading and side surfaces,
yet does not have much affect on the trailing surfaces for both smooth and ribbed
surfaces. Therefore, this investigation has determined that span-wise variations in the
heat transfer distribution of rectangular cooling passages exist, and that the enhancement
is a function of channel orientation with respect to the axis of rotation, surface

configuration (such as smooth or 45° angled ribbed walls), and channel aspect ratio.

Willett and Bergles (2000) studied heat transfer in a single pass narrow, 10:1 smooth
rectangular channel oriented at an angle to the axis of rotation. They focused on the
rotating buoyancy effect on local heat transfer coefficients. They found that the channel

orientation induced a significant variation in the heat transfer coefficient in the span-wise
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direction. They also found that the heat transfer coefficient at the far aft end of the

trailing surface is a very strong function of rotation buoyancy.

2-Pass Reclangula?f.‘;olant Passage
Direction of rotation

/

Parallel 45 Deg. Angled Ribs

p=190 deg.

Crossed 45 Deg. Angled Ribs

Figure 2.12: Conceptual view of the secondary flow vortices induced by rotation and channel orientation
in a two-pass rectangular channel (dash lines: rotation-induced vortices; solid lines: rib-induced vortices)
from [Azad et al. (2001).]
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Parallel 45 Deg. V-shaped Ribs

Crossed 45 Deg. V-shaped Ribs
Figure 2.13: Conceptual view of the secondary flow vortices induced by rotation and channel orientation

in a two-pass rectangular channel (dash lines: rotation-induced vortices; solid lines: rib-induced vortices)
from [Al-Hadhrami et al. (2002)].
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Figure 2.14: Outward flow rectangular test section with smooth walls and 45° parallel angled ribs on
leading and trailing surfaces by [Griffith et al. (2001)].
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CHAPTER 3
METHODOLOGY

This chapter covers the analysis techniques, the project execution flow chart and Gantt

chart for FYP II.

3.1 ANALYSIS TECHNIQUES

Project consists information gathering on cooling system of Gas Turbines as a literature
review. After getting familiar with gas turbine cooling system, the flow of hot gases and
compressed air inside the gas turbine is modeled with the help of heat transfer and fluid
dynamic relations. Heat transfer and flow dynamic correlations in smooth and ribbed
channels are selected. Blade profile is determined by CNC Laser Digitizer. The profile is
then converted to Auto CAD drawing to mesh the model. The mathematical model is
converted to a computer program to perform simulation in different operating conditions.
The Finite-Difference approach is adopted and the matrix of the nodal equations is solved
by MATLAB and Excel. Analyses are done under various operation conditions for
smooth and ribbed channels. Conclusion and recommendations are made according to the

obtain results.
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3.2 WORK FLOW CHART
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Execution Planning

\ 4

Paper Study and Preliminary research
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Mathematical Modeling
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computer program
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recording the results

\ 4
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simulation

I

Suitable results?

v

Reporting and presentation

v
C D
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3.3 GANTT CHART

Table 3-1: FYPII Gantt chart

Detail of Activities

Week
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12

13

14

MATLAE and Excel

programming

worlc on b, MNu and Re
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subtnission of Progress
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Literature and paper
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Progress report
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Dizzertation{(zoftcopy)

Mid Semester Break
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Dissertation
Submissionthardcopy)

days
after
Jrant,

-

Study Week
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CHAPTER 4
PREPARATIONS AND DISCUSSION OF RESULTS

A gas turbine blade was chosen from building 18 to be modeled in computer (Look at
figure 4.1). The cross section of the blade as well as location and dimensions of the
internal air channel were modeled in Auto Cad software as a 3-D object. The blade cross
section on the leading edge of the model was meshed and the irregularities were
approximated. Meshing resulted in 82 nodes on the cross section of the blade (look at

Fig.4.2).

Figure 4.1: GT blade in building 18

Figure 4.2: Cross-section of the modeled GT blade and correspondence meshing around the internal air
channel
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The 3-D model is shown in Fig 4.3 as follow:

Figure 4.3: 3-D model of the blade

4.1 NODAL EQUATIONS

The nodal equations used in this work are given in this section.

Energy equation based on conservation of energy can be written is as follow:

qin - szt + qgenerated = qstored (4_3)

gl dic)

Figure 4.4: Heat transfer in an infinitesimal small control volume

Consider an infinitesimally small control volume dx, dy, dz and apply the energy

balance we have:
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o, or. o ,o0r., o , ol 6 oT
Z )+ — (k) +— (k=) + g = pc — ]
(k—) ay( ay) az( az) q=pc, — (4-b)

ox Ox

Considering steady state condition (2—7; =0) and no heat generation (g =0) for 2-D case

we get the general heat transfer equation which is:
o°’T  0°T

Tt
ox~ Oy

0 (4-¢c)

Temperature analysis was performed on the nodes using Finite-D method. Heat transfer
equations for convection and conduction were widely used to solve the problem. By
adopting the energy balance on the node of interest based on the general thermal situation

shown in Fig 4.5, following equation can be written:

Figure 4.5: Conduction to an interior node from its adjoining nodes (Dewill et al., 2007)
Q1+Q2+Q3+Q4+Q¢=0Qsored (Energy conservation) (4-d)
For the blade cooling case, there is no heat generation, Q,=0, and for steady state

condition Qsereq =0. This will lead to Q;+Q,+Q3+Q4=0 , possible nodal thermal modes are

presented in Table 4.1.
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Table 4-1: Summary of nodal finite-difference equations (Dewill et al., 2007)

S
Configuration Finite-Difference Equation for Ay = Ay
mou ]
¥
Ay -
i I
t 1 L i)
m=-1,n : : m+ 1,n
el Tn.uﬂl + Tw_n iT Tmllm + Tﬂ ila 4Tn.n =0
T Case 1. Interior node
i [, 17 ]
[—ax— mr+ ]
.Il:,r-t—l..u + me+|} + 1'Tm—:l.ﬂ-l- Tu.n- I:I
| E
m=-1,a ' | +1, J |
t— " " +1”—f—"?'_—2(3|—"f‘)rm=u
Ay ook BTN
t m,n-1 Case 2. Node at an imermal corner with convection
1
1' m,n+
sl 2h Ax hAx
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m—1.n i I
==y
‘h‘,m_n_ 1 Case 3. MNode at a plane surface with convection
Ay
T
m-ln, s . I hA
T :m,ul Tat T 1) +2 !'?IT—_I("*_"F I)T"r.u:ﬂ
Ay [
l ,a=1 ; "
i Case 4. MNode at an external comer with convection
e Ax—n
T m,n+l
Ay e e
; i
|| @ 24" Ax
1 ] 7 (2T-1a+ Tt + Tt} + = — =47, =0
m—-1n 1 | —
L] ]
e
, Case 5, Node at a plane surface with uniform heat flux
m.n-
fo— Ax —f

Please refer to section 4.3 of this report for ribbed channels’ specific correlations and

formulas.
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4.2 RESULTS FOR SMOOTH CHANNEL

Using the nodal equations, one equation was written for every node the result is 82
equations with 82 unknowns (Temperature for every node) to be solved. Microsoft excel
was programmed to prepare the coefficient and known matrix for the condition specified
by the user. Results presented here are based on the following information:

e Temperature of hot gas (T,) attacking the blade is 1700 K

e Temperature of compressed air (T;) entering the channel is 400 K

e Convection heat transfer coefficient (h,) for the hot gas is 1000 W/m*.K
e For the meshing Ax = 3mm

e The size of the air channel and the height of the blade are 9mm x 18mm and 21

cm respectively (a=18 mm, b=9mm)

e An adiabat wall is assumed to exist on the left hand side where the meshing is
terminated (Look at Fig 4.6, nodes :T,T7,T16,T24,T33,T42,T52,T62,T73 are located
on adiabat wall ). These nodes belong to case 5 of table 4.1 when q" is equal to

Z€10.

e Mass flow rate of compressed air entering the channel is 0.01 kg/s.

In order to find temperature distribution around the leading edge, convection heat transfer

coefficient (h;) for the air should be calculated first.

For a smooth rectangular channel, Reynolds number can be evaluated using hydraulic

C

diameter Dy, where D=

(A.and P= 2(a+b) are the flow cross section area and the

D 7 L )
UnPZn and u, = o Substituting D;, and u, in

wetted parameter respectively). Re,, = y
PA,

Rep we have Re, :;_m (1 =230.1x10" N.s/m* at 400 K and P = 0.054m)
g7
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Substituting the respective values, Re,, = 32192.12, so the flow inside the channel will

be turbulent.

For a turbulent flow that is fully developed Nu number can be calculated using Dittus-

Boelter equation where Nu = 0.023Re** Pr” . Air is heated inside the channel so n=0.4,

taking Pr~ 0.7 at 400 K, Nu=79.60.

Nukuir

Finally h; can be calculated using A, =
h

Air is entering the channel at 400 K so k,;, =33.8 % 107 Wim.k, substituting all the values
in above equation /,=224.22 W/ m’ .k

Now temperature distribution in blade cross section at the root can be evaluated as shown

in Fig. 4.6.

™
1627.22
T61
1627.85

T T2 T3 T4 T5 T6
1602.36° 150089 149734 149539 1506.03 152356

T7 T8 T9 T10 iRk T12 T13 T14 T15
148012 1478.03 147221 146455 147932 149873 1541.31 1567.06 1585.82

T16 T17 T18 T19 T20 ™ T22 T23
1462.07 145889 144894 1430.04 1627.22 155460 157717  1596.81

T24 T25 T26 T27 T28 T29 T30 ™ T32
1450.36 144654  1434.62 141317 1519.04 154695 1570.86 1591.68 160897
T33 T34 T35 T36 T37 T38 T39 T40 ™
1446.30 144228 1428.83  1407.91 1515.23 154332 1567.63 1588.30 160441
T42 T43 T44 T45 T46 T47 T48 T49 T50
1450.27 144644 143451 1413.05 1615.26 154347 1568.03 158948 160912
T52 T53 T54 TS5 T56 T57 T58 T59 T60
1461.90 1458.71 144872 1429.78 1518.89 1547.27 157155 159246 1611.16
T62 T63 T64 T6S T66 T67 T68 T69 T70 T Ti2
1479.90 147779 1471.89 146405 147832 149721 152598 155518 157843 159765 1614.65
T73 T74 T75 T76 Ti7 T78 T79 T80 T81 T82
1502.14 150064 1495.99 1494.84 1505.02 1521.80 154500 1569.03 1589.34 1604.90

Figure 4.6: Temperature (K) distribution in the cross section of GT blade surrounding the cooling passage
at root of the blade.

Air temperature continuously changes when flowing in the channel this in turn changes

temperature distribution for every cross section one may choose along the height. In this

discussion the blade is divided to four equal segments along the height and temperature

distribution in each segment is discussed as follow.

32




The rate of heat transfer per unit length of the channel may be expressed as the following

formula for the first segment (H=0 to H=5.25cm):

q' :hl [ AX *(Tzo + T28+ T37+ T46+ T56+ T19+ T27 +T36 +T45 +T55 +T10 +T11
+T65 +T68+T66+T67'16*Ti) + AX/Q, * (T12+T13-2* Tl) + AxX * (To — Tl)] =
13196.71 W/m #

Knowing the length of the first segment (5.25 cm) and for air at 400 K C ,=1014 J/Kg K,

temperature difference of compressed air across the channel can be calculated as follow:

!

qTotal = Hsegment X q

Dror = Cp X Mair X AT,

air

Substituting the respective values in the above equations and assuming m.. =0.01 Kg/s
we have:

1 =692.83 W

AT, =68.33 K

Now air is entering to the second section at 468.33 K, properties of air should be
measured in this new temperature. The above calculations are repeated again. At this
temperature the following properties for air are obtained:

C,=1024.30J/ kg.K

1x10" =257.81N.s/m*
k. x10° =38.55W /m.K

a

Using the same calculations as segment one we have:

h, =233.49W /m* K
Qo = 679.11W
AT, =66.30K

air

Applying h; temperature distribution is shown in Fig 4.7.

33



T T2 T3 T4 T5 T6
1506.58 150513 1501.64 149972 151010 1527.24
T7 T8 T9 T10 T11 T12 T13 T4 T15
1484.81 1482.76  1477.06 146954 1483.94 1502.92 154432 1569.60 1588.00
T16 T17 T18 T19 T20 ™ T22 T23
146715 1464.04 145431 143582 153062 1557.38 1579.52 1598.79
T24 T25 T26 T27 T28 T29 T30 ™1 T32
145569 1451.96 144030 1419.33 162260 154989 1573.34 158376 161072
T33 T34 T35 T36 T37 T38 T39 T40 ™
145172 1447.79 143562 141419 1818.79 1546.34 157018 158045 160625
T42 T43 T44 T45 T46 T47 T48 T49 T50 T51
145560 1451.86 144019 141921 1818.83 1546.50 157058 1581.61 161088 1628.62
T52 T53 T54 T55 T56 T57 T58 T59 T60 T61
1466.97 1463.85 145407 143554 162241 155024 1574.04 158454 161288 1629.24
T62 T63 T64 T65 T66 T67 T68 T69 T70 T T72
1484 58 1482.50 1476.72 1469.01 148288 1501.30 152940 1558.01 1580.79 1599.64 1616.30
Ti3 Ti4 T75 T76 TiT Ti8 T79 T80 Té1 T82
1506.34 1504.87 1501.28 149913 1509.03 152540 1548.06 1571.60 1589150 1606.76

Figure 4.7: Temperature (K) distribution in the cross section of the second segment (H=5.25 to H=10.5
cm) of GT blade surrounding the cooling passage

For segment three, air enters at 534.63 K; at this temperature the following properties for

air are obtained:

C, =1036.93J/kg.K

1x10" =282.77N.s/m*
k, x10° =42.92W /m.K

Using these values:

hy =241.439W /m* K
Qo = 660.741W
AT, =63.72K

air

Applying h; temperature distribution is shown below:
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T T2 T3 T4 T5 T6
1512.06  1510.65 1507.26 150537 151543 1532.08
T7 T8 T9 T10 T11 T12 T3 T14 T15
1490.91  1488.92 1483.37 1476.04 1490.00 150843 154843 1573.05 1590.97
T16 T17 T18 T19 T20 iFa T22 T23
147376 1470.74 146128 144332 1535.00 1561.16 1582.72 1601.48
T24 T25 T26 T27 T28 T29 T30 ™ T32
1462.63  1459.00 144769 142733 162721  1553.87 1576.70 1596.59 1613.10
T33 T34 T35 T36 T37 T38 T39 T40 T4
145577 145495 144314 142234 162360 155043 1573.83 1593.37 1608.75
T42 T43 T44 T45 T46 T47 T48 T49 T50 k)
146253 1458.90 144757 142720 162366 155059 1574.03 159450 161325 1630.53
T52 T53 T54 T55 T56 T57 T58 T59 T60 Te1
147357 147054 1461.04 1443.03 162716 1554.24 157741 159736 161521  1631.13
T62 T63 T64 T65 T66 T67 T68 T69 Ti0 T Ti2
1490.67 1488.65 1483.02 147549 1488.89 1506.73 153399 1561.82 1583.99 160232 1615.54
T73 T74 T75 Ti6 Ti7 Ti8 T79 T80 Té1 T2
1511.82 1510.38 1506.88 1504.76 1514.32 1530.18 1565217 1575.05 159441 1609.25

Figure 4.8 : Temperature (K) distribution in the cross section of the third segment (H=10.5 to H=15.75 cm)
of GT blade surrounding the cooling passage

For the fourth segment air enters at 598.35 K, properties of air at this condition are:

C, =1050.64J / kg.K
1x10" =305.23N.s/ m*
k,, x10° = 46.80W / m.K

Using these values:

h, =247.64W | m* K

Gy = 637.92W
= 60.72K

AT,

air

Applying hy temperature distribution is shown below:

T T2 T3 T4 T5 T6
1818.73  1517.37 151410 151227 152195 1538.00
T7 T8 T9 T10 T T12 T13 T14 T15
149834 149642 1491.07 1483.98 149740 151517 1553.59 157737 1594.69
T16 7 T18 T19 T20 ™ T22 T23
1481.80 1478.89 1469.77 145245 1540.62 156590 1586.72 1604.84
T24 T25 T26 T27 T28 T29 T30 ™1 T32
1471.07  1467.57 1456.67 1437.04 153311 1558.86  1580.92 160012 1616.07
T33 T34 T35 T36 T37 T38 T39 T40 ™™
1467.35 1463.67 145228 1432.24 1529.63 155554 1577.95 1897.02 1611.87
T42 T43 T44 T45 T46 T47 T48 T49 T50 Lk
147097 146747 145655 1436.91 1529.69 155570 1578.35 1595812 161622 1632.91
T52 T3 T54 Ta5 T56 T57 T58 T59 T60 T61
148161 1478.69 1469.53 145218 1533.08 1559.24 1581.61 160085 1618.11  1633.49
T62 T63 T64 TGS T6h T67 T68 T69 T70 171 Ti2
149810 149615 149070 148343 149629 151345 153971 1866.57 1587.97 1605.67 162133
Ti3 T74 e T76 Ti7 T78 T79 T80 T81 T82
181849 151710 1513.72  1511.65 152083 1536.09 1557.28 157935 1598.03  1612.37

Figure 4.9 : Temperature (K) distribution in the cross section of the fourth segment (H=15.75 to H=21 c¢m)
of GT blade surrounding the cooling passage
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Air finally leaves the channel at 659.07 K.
So the total increase in air temperature will be 259 K. If we neglect the changes in air
properties when passing the channel then total air temperature difference will be 273 K

means air is leaving at 673 K so if constant properties is assumed for air then the error is

g#%moo ,which is only 2.12%.The following graph shows air leaving

temperature versus air mass flow rate assuming constant properties for air.
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§ \\‘
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400

300

0 0.01 0.02 0.03 0.04 0.05 0.06  0.07 0.08 0.09 0.1

Air mass flow rate kg/s

Figure 4.10 : Air outlet temperature (K) for different mass flow rates (kg/s) for smooth channel

Figure below is demonstrating air mass flow rate and convection coefficient relation.
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Figure 4.11 : Convection coefficient (W/m : .K) for different air mass flow rates (kg/s) in smooth channel

Change in convection coefficient is shown across the channel in the following graph:
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Figure 4.12 : Local convection coefficient in the smooth channel

According to Fig.4.9 the following graphs are obtained:
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Figure 4.13 : Temperature (K) distribution along top blade surface (H=15.75 to H=21 cm).
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Figure 4.14: Temperature (K) distribution along bottom blade surface (H=15.75 to H=21 cm).




Temp. Distribution Along the Adiabat Line
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Figure 4.15 : Temperature distribution along the adiabat line
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Figure 4.16 : Temperature distribution along the chamber of blade

For further discussion please refer to section 4.4, discussion on the results.
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4.3. RESULTS FOR RIBBED CHANNEL

Section 4.2 was concerned about the smooth channel, in this part of the report effect of
introducing rib angles, « 0of 90°, 60°, 45° and 30° and ribs blockage ratios, e/D;, ranging
from 0.042 to 0.078 for two opposite sides of the discussed channel of compressed air

will be evaluated.

One very important factor affecting the heat transfer enhancement and pressure drop

inside the ribbed channel is found to be channel aspect ratio (W /H), where W is the
width of the ribbed side of the channel and H is the height of the smoothed side.

According to the literature usually the suction and pressure side of the channel are ribbed

so in our case W =9 mm and H =18 mm. (W /H =1/2)

Han (1998) developed a correlation to predict the performance of two-sided orthogonal

ribbed rectangular channels. The roughness function R was given by

Rie)=(2)" +2.5m2 -2
f DW+H

)+2.5 @-1)

And the heat transfer roughness function G was given by

Gle",Pr) = R(e") + L2500 71 @)
(f/2)

The roughness Reynolds number e”is given by

e =(e/D)Re(f/2)"? (4-3)

The four-sided ribbed channel friction factor f is given by
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f=f+HIWYf-1) (4-4)

e fis average friction factor in a channel with two opposite ribbed walls
e f. is the friction factor four smooth-sided channels
e St is ribbed sidewall centerline average Stanton number for flow in a channel with two

opposite ribbed walls

Therefore / and St for a desired operating condition (given W/ H,e/ D and Re) can

be predicted from experimentally obtained R and G correlations.

It should be noted that f, in equation (4-4) can be obtained from Colebrook equation:

L orog@/D, 251
3.7 Re\/?

) (Turbulent flow) 4-5)

When solving the above equation with Newton iterations a good first guess can be

obtained from the equation (4-6) below:

&/ D

1.11 4-6
3_7) ] (4-6)

L = —1.80log[@+(
\/TS Re

e ¢ is roughness value and D should be substituted by hydraulic diameter D, .

Han et al., 1989 obtained the relation between G ande” as well as Rand « in narrow —

aspect ratio rectangular ribbed channels as indicated in the figure 4.17, below.
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Figure 4.17: Friction factor and heat transfer correlation in narrow-aspect ratio rectangular ribbed channels
(Han et al., 1989)

4.3.1 Introducing Orthogonal Ribs (a = 90°)

According to the figure 4.17 (a) above, in this case (W /H = %) an approximate value of

5 for R can be obtained. Using this value in equation (4-1) and substituting other values

(Re=32192.12, W =9mm,H =18mm) and assuming rib blockage ratios, e¢/D;=0.063,

friction factor for four-sided ribbed channel is calculated as:

£ =0.0265,
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Now based on equation (4-3),
e” =233.32,

Now G can be evaluated from figure 4.17 (b) but to be more accurate an alternative

relation presented by Han et al (1989) for Pr = 0.7 can be used as follow:
G=C(e")" 4-7)
For our case n=0.35,C =2.24s0

G=15.10,

Now based on equation (4-2),

St. =0.00612,

St is related to Nu and 4 as following:

Nu h

St = =
RePr plC,

4-8)

Based on the above equation (4-8):

h =388.53 W/m°.k

Taking f, =0.011 then according to equation (4-4):

£=0.0162

Therefore friction factor for the two-sided orthogonal ribbed channel is 0.0162.

Table 4.2 shows 4 value for other /D ratios.
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Table 4-2: Friction factor, Nu number and / value for different rib blockage ratios, e/D, when a=90°.

R(e+) e/D Re f e+ G(e+,Pr) Str L e LK )
5 0.042 | 32192.12 | 0.0144 | 139.30 12.61 0.00595 134.10 377.71
5 0.047 | 32192.12 | 0.0148 | 160.54 13.25 0.00600 135.28 381.04
5 0.063 | 32192.12 | 0.0162 | 233.32 15.10 0.00612 137.94 388.53
5 0.078 |32192.12 | 0.0173 | 307.78 16.64 0.00619 139.52 392.98

Note that for a smooth channel as calculated before, 4

smooth

=79.60. Figure 4.18, shows temperature distribution in this case.

Nusmooth

T T2 T3 T4 T5 T6
1398.24 139592 139024 1386.71 140210 1428.60
T7 T8 T9 T10 ™ T12
1364.36  1361.10 1352.00 1339.65 1360.80 1389.96
T16 T7 T18 T19

1336.97 133214 1317.00 1288.32

T24 T25 T26 T27 _1-5
1319.25 131349 129556  1263.40 -

133 T34 T35 T36 =)
1313.05  1307.01 1288.33 125559 Py,

T42 Ta3 Taa Ta5 -
1318.94 1313.16 129518 1262.99 -

152 T53 T54 T55 "
1336.38 133150 1316.23 1287.41

T62 T63 T64 T65 T66 T67
1363.58 136024 1350.84 1337.87 135714 1384.02
T73 T4 T75 T76 7 T78
1397.46  1395.04 1389.02 138473 1398.48 142254

T13
144799
T20
142596
T28
1413.40
T37
1407.76
T46
1408.16
T56
141437
T68
1426.65
T79
1457.06

T14
148921
™
1469.60
T29
1457.73
T38
1452.26
T47
1452.80
T57
146917
T69
147210
T80
149411

T15
1519.07
T22
150549
T30
1495.67
T39
1490.75
T48
1491.61
T58
1497.40
T70
1508.48
Té1
1825.77

T23
1536.69
LKL
1525.69
T40
1523.47
T49
1625 48
T59
15630.33
T
1538.65
T82
1585019

=22422(W /m*.K) and

R,

T32
1556.09
4
1545.95
T50
1556.51
T60
15859.81
Ti2
1565.38

T51
1588510

T61
1686.12

Figure 4.18: Temperature (K) distribution in the cross section of GT blade surrounding the 90° ribbed
cooling channel at root of the blade.

4.3.2 Introducing 60° Ribs

According to figure 4.17 (a) fora = 60°, R can be estimated as 3.25. Using this value in

equation (4-1) and substituting other values (Re=32192.12, W =9mm,H =18mm) and

assuming rib blockage ratios, e/D;,=0.042, friction factor for four-sided ribbed channel is

calculated as:

f=0.0316,
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Now based on equation (4-3),

e’ =169.94,

Now G can be evaluated from figure 4.17 (b) but to be more accurate an alternative

relation presented by Han et al (1989) for Pr = 0.7 can be used as follow:

G=C(e")" ,n=0.35andC =1.80 if 30" <a <90’

For our case @ = 60°, calculating G base on equation (4-9),

G =10.86,

Now based on equation (4-2),

St, =0.00807,

Based on the equation (4-8):

h=512.48 W/m>k

Taking f, =0.011 then according to equation (4-4):

£=0.0179

4-9)

Therefore friction factor for the two-sided 60 ribbed channel is 0.0179.

Table 4.3 shows /4 value for other e/Dj, ratios.

Table 4-3: Friction factor, Nu number and / value for different rib blockage ratios, e/D, when a=60°.

R(e+) e/D Re S e+ G(e+,Pr) | Str Nt | Pripped W I K)
3.25 0.042 | 32192.12 | 0.0179 169.94 10.86 0.00807 181.95 512.48
3.25 0.047 | 32192.12 | 0.0187 197.14 11.44 0.00821 185.07 521.27
3.25 0.063 | 32192.12 | 0.0212 | 292.14 13.13 0.00856 192.97 543.53
3.25 0.078 | 32192.12 | 0.0236 | 391.83 14.55 0.00881 198.57 559.32
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Note that for a smooth channel as calculated before, 4 =22422(W /| m*.K)

smooth
and Nu ..., = 79.60 . Figure 4.19, shows temperature distribution in this case.

T T2 T3 T4 5 T6
1319.05 1316.03 1308.56 130342 132185 1356.00

T7 T8 9 O T T2 T3 T4 115 A
127636 127218 126042 1244.05 126911 130535 137143 142554 146453

T16 7 18 T19 T20 T2 T2 123
124201 123593 1216.87 1180.84 — 1343.09 140016  1447.01 1487.69

T4 T25 T2 T21 o T28 T29 T TH T32
1219.83 121264 1190.30 1150.38 o 132722 138499 143441 147742 1513.07

T3 TM T T e 37 38 T T4 T4
121203 120451 118131 114081 iy 132029 137816 142822 1470.75 1503.36

T2 T43 TMA T45 - Td6 TAT T48 T49 TS0 151
121927 121206 1189.63 1149.67 - 132115 137916 142956 147351 1513.80 155092
T52 TS T4 155 =) 156 T57 T58 T59  Te0  Tei
124095 123478 121550 1179.23 1329.64 138777 1437.29 1479.96 1518.15_ 1552.26
T62  T63  Ted  T65  T6k T67 T68 T69  TT0 71 72
1274.97 1270.64 125834 124087 126246 1294.24 134665 140501 145189 1490.88  1525.46

T3 T4 TI5 76 7 T78 79 T80 Tai 82
1317.65 131446 130636 1299.85 131526 134393 138655 143372 1474.39  1505.93

Figure 4.19: Temperature (K) distribution in the cross section of GT blade surrounding the 60° ribbed
cooling channel at root of the blade.

4.3.3 Introducing 45° Ribs

According to figure 4.17 (a) fora =45°, R can be estimated as 3.9. Using this value in
equation (4-1) and substituting other values (Re=32192.12, W =9mm,H =18mm) and

assuming rib blockage ratios, e/D;=0.042, friction factor for four-sided ribbed channel is

calculated as:

£=0.0270,

Now based on equation (4-3),

e’ =157.11,
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Now G can be evaluated from figure 4.17 (b), but to be more accurate we refer to

equation (4-9),

G =10.57,

Now based on equation (4-2),

St, =0.00761,

Based on the equation (4-8):

h=482.91 W/m>k

Taking f, =0.011 then according to equation (4-4):

£=0.0163

Therefore friction factor for the two-sided 45° ribbed channel is 0.0163.

Table 4.4 shows /4 value for other e/D), ratios.

Table 4-4: Friction factor, Nu number and 4 value for different rib blockage ratios, e/D;, when a=45°.

Re+) |elD Re f e+ G(e+,Pr) | Str Nt | Pripped W I K)
3.9 0.042 | 32192.12 | 0.0163 | 157.11 | 10.57 0.00761 | 171.45 482.91
3.9 0.047 |[32192.12 | 0.0170 | 181.75 | 11.12 0.00773 | 174.14 490.50
3.9 0.063 |32192.12 | 0.0189 | 267.12 | 12.72 0.00802 | 180.80 509.25
3.9 0.078 32192.12 | 0.0207 355.74 14.07 0.00823 185.35 522.07

Note that for a smooth channel as stated before, A

and Nu

smooth

=79.60 . Figure 4.20, shows temperature distribution in this case.

smooth
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T T2 T3 T4 5 T6
1335.18 133231 132521 132044 133830 1370.11

7 T8 9 T10 ™ T12 T13 T14 T15 A
129427 129029 1279.08 126358 1287.91 132274 138746 143885 1475.93

T16 7 T18 T19 T20 21 T22 123
126133 125561 1237.25 120270 — 1360.42  1414.67 145923 1497.92

T24 T25 T26 T2 < T28 T29 T30 31 132
1240.05 123315 121169 1173.32 ~ 134522 1400.18  1447.20 148812 1522.05

33 T34 T35 T36 =t T37 T38 T39 T40 ™4
1232.57 122535 1203.06  1164.09 & 133854 1393.63 144127 148175 1513.27

T42 T43 T44 T45 T46 T47 T48 T49 T50 T51
1239.55 123261 1211.09 1172.68 v 1339.30  1394.52 144249 148435 1522.71 1558.05
T52 53 T54 55 =T T56 T57 T58 T59 T60 T61
1260.38 125447 123601 120125 1347.30  1402.65 1449.82 149046 1526.83  1559.32
T62 T63 T64 T65 T66 T67 T68 T69 70 71 72
129302 1288.90 1277.21 1260.70 128194 131281 136329 141898 146368 1500.83 153378

73 74 75 76 7 78 79 T80 T81 T82
1333.92  1330.89 132324 131722 1332.38 136019 140119 144628 148509 151515

Figure 4.20: Temperature (K) distribution in the cross section of GT blade surrounding the 45° ribbed
cooling channel at root of the blade.

4.3.4 Introducing 30° Ribs

According to figure 4.17 (a) fora =30°, R can be estimated as 5.2. Using this value in
equation (4-1) and substituting other values (Re=32192.12, W =9mm, H =18mm) and

assuming rib blockage ratios, e/D;=0.042, friction factor for four-sided ribbed channel is

calculated as:

£ =0.0204,

Now based on equation (4-3),

e =136.49,

Now G can be evaluated from figure 4.17 (b) but to be more accurate we refer to equation

(4-9),

G =10.06,

Now based on equation (4-2),
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St, =0.00684,

Based on the equation (4-8):

h =433.96 W/m>k

Taking f, =0.011 then according to equation (4-4):

f=0.0144

Therefore friction factor for the two-sided 30° ribbed channel is 0.0144.

Table 4.5 shows /& value for other e/D), ratios.

Table 4-5: Friction factor, Nu number and % value for different rib blockage ratios, e/D, when a=30°.

7 2
R(e+) e/D Re f e+ G(e+,Pr) | Str Nitippei | Myipped W/ m”.K)
5.2 0.042 | 32192.12 | 0.0141 | 136.49 10.06 0.00684 154.07 433.96
5.2 0.047 |32192.12 | 0.0145 | 157.20 10.57 0.00693 156.15 439.83
5.2 0.063 | 32192.12 | 0.0158 | 228.07 12.04 0.00715 161.09 453.73
5.2 0.078 | 32192.12 | 0.0169 | 300.41 13.26 0.00729 164.23 462.58
Figure 4.21, shows temperature distribution in this case:

T 2 3 T4 5 T6

136276 136013 1353.68 134947 1366.30 1395.80

7 T8 9 T10 11 T2 T3 T14 T15

1324.92 132126 1310.99 1296.90 1319.91 135229 141434 146120 1495.07

T16 7 T18 T19 T20 T21 T2 ™

129440 1289.01 127212  1240.13 _ 1389.51 1439.04 147975 1515.12

T24 25 26 T27 P 128 T29 T30 31 T32

127467 1268.26 124833 121265 P 137546 142570 146869 150611 1537.14

33 T34 T35 36 et T37 38 39 T40 T41

1267.76  1261.03 1240.31 1204.03 — 1369.23  1419.62 146320 1500.24 1529.08

T42 T43 T44 T45 A T46 T47 T48 T49 50 T51

127426 1267.82 1247.83 121211 o 1369.82 142035 146426 150258 1537.69 1570.04

52 53 T54 55 ~ 56 57 T58 T59 T60 T61

129362 128816 1271.09 1238.92 1377.01  1427.69 147090 1508.13 154144  1571.20

62 63 T64 T65 T66 T67 T68 69 70 71 72

1323.89 132012 1309.45 129453 1315.02 134422 139133 144250 148352 1517.59  1547.78

3 T74 75 76 77 78 79 T80 T81 82

1361.73  1358.96  1352.05 1346.83 136145 1387.69 142589 146745 150310  1530.67

Figure 4.21: Temperature (K) distribution in the cross section of GT blade surrounding the 30° ribbed
cooling channel at root of the blade.
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4.3.4 Comparison between Different Rib Angles

As it was shown in the pervious section maximum convection heat transfer coefficient 4
and Nu occur when e/D;, is maximum (look at the tables 4-2 to 4-5). It should be noted
that when rib blockage ratio (e/Dj) increases friction factor also rises, therefore an

enhancement of heat transfer is achieved with penalty of increase in the friction factor.

Comparing different rib angles, by looking at the tables 4-2 to 4-5, it is obvious that
maximum Nu value and / is achieved when 60° ribs are used in the channel with a rib
blockage ratio of 0.078. Comparing with smooth channel an enhancement of 149.45% is

achieved with penalty of increase in the friction factor by 114.5%.

Table 4-6, compares maximum and minimum temperature, heat transfer per length as

well as increment in air temperature when leaving the channel.

Table 4-6: Comparison between different rib angles for maximum and minimum temperature, heat transfer
per length and increment in air temperature when leaving the channel.

Rib Angle | Max Temp. (K) | Min Temp. (K) q (W/m) AT air (K) across channel
90 1586.12 1255.59 20693.28 428.56
60 1552.26 1140.81 26743.46 553.86
45 1559.32 1164.09 25482.49 527.74
30 1571.20 1204.03 23361.36 483.82
Smooth 1627.85 1407.91 13196.91 259.00

For further discussion please refer to section 4.4, discussion on the results.
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4.4 DISCUSSION ON THE RESULTS

1. Accuracy of the finite difference solution may be improved by refining the grid. For

example if we halve the grid spacing (Ax=1.5mm).

2. In the gas turbine industry there is great interest in adopting measures that reduce
blade temperatures. Such measures could include use of a different alloy o larger
thermal conductivity and/or increasing coolant flow through the channel, thereby
increasing 4;. Using the finite-difference solution, the following results are obtained

for parametric variations of k and 4;.

Table 4-7: Comparison between effect of thermal conductivity and conduction coefficient on the blade cooling in
smooth channel.

kWmK) | k(Wm2K) | Tmax (K) | ¢ (W/m)
25 200 1634.6 | 11976.86
50 200 1615.68 | 12243.68
25 400 1584.56 | 20972.26
50 400 154931 | 21775.01

According to the table 4.7 it is obvious that increasing the k& and A; reduce

temperature in blade but effect of change in #4; is far more significant than that of

k.

3. Temperature of compressed air entering the bottom of the channel will increase
because q is transferred to the air passing in the channel. This change in temperature
depends on air mass flow rate that also changes the 4; value. For our case,
considering the air mass flow rate in a smooth channel as 0.01 kg/s the temperature
difference between air entering and leaving the channel at the tip of blade will be
259 K. According to Fig 4.10 by increasing air mass flow rate the out let

temperature will decrease and tends to approach air inlet temperature (400 K).

4. According to Fig 4.6, as expected the maximum temperature exists at the location
furthest removed from the coolant means the leading edge (node 61), that is why

this part of the blade is the most critical and other cooling techniques are also used
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to cool the leading edge even further (impingement cooling ). Minimum
temperature is 1433.68 K and exists at node 36 in contact with the left side of the
air channel and far from leading edge comparing this value with hot gas

temperature a difference of 270 K is obtained.

Table below shows maximum temperature in each segment of the blade with
smooth channel, according to this table temperature difference is not more than 6 K
along the blade tip and can be neglected. Changes of minimum temperature is

around 20 K along the blade:

Table 4-8: Variations of max & min temperature along the height of the blade.

Segment | Max Temp (K). Min Temp (K).
1 1627.85 1413.05
2 1629.24 1414.19
3 1631.13 1422.34
4 1633.49 1432.24

According to Fig 4.11, there is an almost linear correlation between air mass flow
rate and convection coefficient. Properties of air can be considered on changed

because the error is only 2.12%.
According to Fig 4.12, local convection heat transfer increases through the channel.

According to Fig 4.13 the temperature on the top blade surface continuously
decreases and reaches its minimum value at x=24mm (node 4) and after passing the
air channel again increases (same explanation applies for Fig 4.14) this shows the

significance of use of internal cooling.

If we draw a line that divides the cross section into two equal parts (chamber line)
and move along it the temperature continuously decreases and there will be a sharp
decrease after passing the channel (between x=51 to x=24, about 100K),

temperature of whole nodes after channel are less than nodes before that. (Fig 4.16)

52



Discussion on results for ribbed channel.

10.

11.

12.

13.

14.

Referring to tables 4-2 to 4-5, conclusion is that, increasing rib blockage ratio

for each rib angle rises both Nu value (therefore /) and friction factor, j_‘ .

Knowing that Nugyoem = 79.60 and  hgpoem = 224.22 (W/mz.K) and comparing
these values with tables 4-2 to 4-5, it is found that introducing the ribs in the
channel regardless of the angle will increase heat transferred to the air, friction
factor will always increase as well. Ribs mostly disturb only the near wall
flow, and consequently the pressure drop penalty by ribs is acceptable for
blade cooling design, so introducing the ribs in the channel is always

recommended. (Similar conclusion can be obtained by referring to table 4-6

and figures 4.18 to 4.21).

Last row of tables 4-2 to 4-5, shows the maximum /4 value for each rib angle,
comparing this values, 60° ribbed channel will result in the maximum heat
transfer enhancement comparing this value with smooth channel h value is
increased by 149.45%. Comparing friction factor in this case and smooth
channel it is found that introducing 60° ribs will have a penalty of increase in

the friction factor by 114.5%.

By looking at the tables 4-3 and 4-4 and comparing / values, using a 45°
ribbed channel with rib blockage ratio of 0.078 instead of 60° ribbed channel
with rib blockage ratio of 0.042 or 0.047 is justified in term of heat transfer

enhancement.

Comparing tables 4-2 and 4-5, we will notice that 4 value for 30° ribbed
channel regardless of rib blockage ratio is always greater than that of 90°
ribbed channel and at the same time 30° ribbed channel generates smaller
friction factors, so there is no point of using 90° ribs and it is not

recommended at all when other angles are available.
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15. According to discussed matters in 12, 13 and 14 the priority of using the ribs
in terms of heat transfer enhancement is given here. Note that the second

number is rib blockage ratio.

a) 60°,0.078
b) 60°, 0.063
c) 45°,0.078
d) 60°,0.047
e) 60°,0.042
f) 45°,0.063
g) 45°,0.047
h) 45°,0.042
i) 30°,0.078
i) 30°,0.063
k) 30°,0.047
I) 30°,0.042
m) 90°, 0.078
n) 90°, 0.063
0) 90°,0.047
p) 90°,0.042
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CHAPTERS

CONCLUSION AND RECOMMENDATION

As a conclusion, cooling system is very essential for Gas Turbines and has a direct effect
on Gas Turbine efficiency. There are different cooling techniques (internal and external)
available. Internal cooling is achieved by passing the compressed air through the internal
channel provided in the blade and is enhanced by manufacturing the ribs inside the air
passage. Internal cooling for the leading edge of the blade is analyzed in the present work

with help of finite difference method.

According to the obtained results leading edge is the most critical part of the blade. The
effect of increasing heat transfer convection coefficient / in the air channel on cooling is
found to be far more effective than increasing thermal conductivity of the blade. (i.e. the

material).

By increasing the mass flow rate of air in the channel heat transfer convection coefficient
will increase also at the same time air outlet temperature will decrease and approaches to
air inlet temperature. In low mass flow rates the change in air properties in the channel

can be neglected with good approximation.

Introducing ribs in the channel will result in heat transfer enhancement and pressure drop
inside the passage. Ribs mostly disturb only the near wall flow, and consequently the
pressure drop penalty by ribs is acceptable for blade cooling design, so introducing the
ribs in the channel is always recommended. Among the rib angles, o of 90°, 60°, 45°
and 30° and ribs blockage ratios, e/Dj, ranging from 0.042 to 0.078 studied in this work,
60° ribbed channel with rib blockage ratio of 0.078 is recommended to be used for the
gas turbine blade. An enhancement of 149.45% is achieved with penalty of increase in
the friction factor by 114.5%. Channels with 30° ribs are recommended to be used when
pressure drop in the channel is important. Channels with 90° ribs do not have any

advantages in terms of heat transfer enhancement or pressure drop reduction comparing
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with other ribs so using 90° ribs is not recommended at all when other ribs are available.

Best ribs for heat transfer enhancement are 60°, 0.078; 60°, 0.063; 45°, 0.078.
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