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ABSTRACT

Aerodynamic Loss Modelling in Transonic Turbines

XiuQuan Yang

The aerodynamic design of a turbine stage starts with a mean line aerodynamic
calculation that gives the stage main geometric features. A key element in that
calculation is the aerodynamic loss system. The AMDCKO (Ainley and
Mathieson, Dunham and Came, and Kacker and Okapuu) loss system, after
being tested on hundreds of modern axial turbines over a wide design point
operating range, was found lacking in its ability to predict reasonably well the
aerodynamic turbine efficiency at higher than optimum reaction. Based on a
better understanding of the loss mechanisms at high Mach number at blade exit
and given a good base of test data, modifications are made to the trailing edge
loss, tip-clearance loss and secondary loss models to reflect recent design
practices. The modified AMDCKO loss system is validated against the known
efficiencies of 46 turbine stages of varied engine applications. It is believed that
this new model improves significantly the predictive capability of the mean line
design program and provides a better assessment of compressibility effect on the

different loss components.
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1. Introduction

The design procedure of the turbine component of a gas turbine engine is a very complex
engineering operation, involving thermodynamic and aerodynamic design, stress design,
and many mechanical and electrical designs etc. The turbine aerodynamic design is a
fundamental part in this process. It usually consists of many iterative steps in which the
previously assumed or computed values are progressively modified according to the
results of more refined flow calculations. A schematic of the design system for an axial

flow turbine is presented in Fig. 1.1.

The designs are usually performed by starting from the so-called “mean-line” design (as
shown by the dotted line rectangle in Fig. 1.1). This assumes that the thermodynamic
processes experienced by the working fluid can be represented by blade mid-span
quantities, e.g., velocity triangles. In this procedure, conservation of mass, momentum
and energy laws as well as other thermodynamic, aerodynamic, and gas dynamic
relations etc. are applied at mid-span. However, in order to predict accurately the turbine
aerodynamic efficiency, and then to optimize the various design parameters such as
gaspath shape, number of blades etc, and designers have to specify losses in the various
parts of the stage. This is the crux in mean-line design. Despite the development in
computational methods to simulate the flow field in turbine blade passages, the
estimation of stage performance is still a matter of considerable difficulty. This is because
flows through a turbine blade passage are many and varied, hence extremely complex (as

will be discussed in the next chapter). Well-developed Computational Fluid Dynamics
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Fig. 1.1 Typical structure of a design system for axial flow turbine.




(CFD) methods, which provide a solution of the full 3-D Navier-Stokes equations, are
able to predict with confidence the relative performance of different blades geometry,
however, they can not be used as design tools, i.., they can not predict the geometry that
would accomplish a given task. Moreover, they cannot provide quantitative estimates of
the relative effects of the different loss components. To solve this problem, designers still
rely on the accumulated data, obtained from experimental testing. Since many efforts
have been expended in testing turbine blades, from these measurements it has been
possible to relate the blade performance to its geometry and to the flow parameters such
as Mach and Reynolds numbers. This began as an empirical process, and then progressed
to include a series of loss models. The excellence of theses models is ultimately judged
by their ability to predict accurately the turbine aerodynamic efficiency. This requires
that the loss models reflect the latest knowledge and design practices, and therefore,

should be constantly reviewed and updated as new test data or methods become available.

In this work, efforts are firstly made to review and assess the analytical and experimental
studies on losses and loss models for axial gas turbines. Then, after investigating,
analyzing and comparing a number of turbine performance prediction methods, it was
found that the AMDCKO (Ainley & Mathieson [1], Dunham & Came [15], and Kacker
& Okapuu [20]) mean line loss system is one of the more widely adopted loss systems in
axial turbine design. An evaluation of the AMDCKO loss system showed that it is
lacking in its ability to predict reasonably well the aerodynamic efficiency when it is
applied to a stage of higher than optimum reaction, which corresponds to transonic blade
exit Mach number. The physical implication of high Mach number flow on each of the

loss components was then evaluated, and the AMDCKO loss system was modified to



reflect these implications. The modified AMDCKO loss system was then validated
against experimental data and its ability to predict the aerodynamic efficiency in a large
modern turbine design range was demonstrated for 46 turbine stages where the design

point expected optimum reaction and efficiency were predicted to within 1% error.



2. Review of Axial Turbine Performance Prediction Methods

In this chapter, the previous work related to loss prediction methods for axial turbines
will be thoroughly reviewed, special attention will be given to the AMDCKO loss

system, and the outline of the current work will also be given.
2.1 Classification of Losses and Their Mechanisms

The flow processes that occur in turbine stages are always very complicated. They are
always three dimensional, viscous, and unsteady. They may be incompressible or
compressible, with subsonic, transonic, and supersonic regimes that may be present
simultaneously in different regions. In addition to the primary flow through the blade
passages, there are secondary flows which move fluid across the passages under the
action of centrifugal and Coriolis forces; blade loading effects causing incidence and
deviation; leakage between the moving blade tips and the stationary shroud; boundary

layers and wakes shed by blades; and, for transonic and supersonic blades, shock waves

ACONDARY ~—
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Fig. 2.1 Flow structure in a turbine cascade[40].



and shock-boundary layer interaction in the passage and at the trailing edges. Another
class of effects is unsteady, generated mainly by the interaction of adjacent blade rows. A
schematic representation of the flow field through an axial turbine blade passage is
shown in Fig. 2.1.

In the open literature, from the 1940’s, when the explosion of research on aircraft engines
started, to the present, classification of losses was never treated in an identical manner.
Different ways to divide the various loss-generating mechanisms have been proposed.
These differences arise largely because the various effects are interrelated, and the choice
of categories often depends on the experimental data available rather than pure theoretical

grounds. A common classification is as follows:
Profile loss
Trailing edge loss
Secondary loss
Annulus loss
Tip clearance loss
Shock loss
2.1.1 Profile Loss

Profile loss is the loss arising from the growth of the blade surface boundary layers, and
the attendant surface friction and blockage effects. It includes separation loss under
adverse condition of extreme angles of incidence or high inlet Mach number. The blade

boundary layers assumed are well away from the end walls and the flow is often thought



two-dimensional so that the loss may be based on two-dimensional cascade tests or

boundary layer calculations.

When the flow on a turbine blade surface is laminar, transitional flows often occur. An
understanding of transition and its effect on aerodynamics is important in turbines.
Laminar flows with laminar separation bubbles are often encountered in the turbine with
accelerating flows. Turbine flow with a laminar separation bubble is illustrated in Fig.2.2.
The laminar flow separates because of the local adverse pressure gradient. This
separation bubble will reattach, and this may in turn initiate the transition to turbulent

flow downstream.

The profile loss from this type of boundary layer buildup is due to a loss of stagnation
pressure, which in turn is caused by a loss of momentum in the viscous fluid. The
mechanical energy is dissipated into heat and entropy is increased. The magnitude of the
profile loss mainly depends on the blade shape, the pressure gradient to which the flow is
subjected, roughness of the blade surfaces, and Reynolds number. The difficulty of
predicting transition of the boundary layer remains a major limitation to accurate

prediction of this loss.
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2.1.2 Trailing Edge Loss

The trailing edge loss is caused by a finite thickness of the trailing edge and the wake
shed from it. Fig. 2.3 shows boundary layers and wake at the trailing edge of a turbine
blade. Because of the finite trailing edge thickness, the flow separates at two points on
both sides of the trailing edge. Between these points there is a region, called the base
region, where the pressure is significantly lower than that of the freestream. Downstream
of the trailing edge, the region merges with the boundary layers shed from the two sides
of the blade to form a single wake, which then gradually dissipates through shear with the
freestream. Therefore, the trailing edge loss basically is due to the low base pressure
acting on the trailing edge, the mixing out and dissipation in the base region and wake,

and the combined blockage of the trailing edge and the boundary layers.

2.1.3 Secondary Loss

Secondary loss is caused by the distortion of the fluid due to viscous effects during the
turning process in the blade passage including end-wall boundary layers (the boundary

layers on the hub and shroud surfaces of the blade rows).

Separation
— Freestream
Boundary R 5

' : Z rL X T R e
Base
region
oo v - = TEe N T

ayer i - Froestream [~ 3

Fig. 2.3 Boundary layers and wake at the trailing edge of a turbine blade [18].



Secondary flow is a generic term for cross-stream velocities, which in a turbine have two
principal sources. The first is the turning of the fluid through the blade passage. This sets
up a pressure gradient across the passage normal to the streamlines of a magnitude given
by the Euler-n equation:

dp C’
== 2.1
on r D

Where r is the local radius of curvature in the normal n direction.

Since the velocity C is larger in the middle of the passage than in the boundary layers on
the end walls, the local radius of curvature must also be larger to equalize the pressure
gradients, and the difference in turning in the center of the passage and near the end walls
causes the twin circulations, termed the passage vortex, to form (Fig. 2.4a). Additionally,
the inlet end wall boundary layer itself rolls up into a vortex at the leading edge of the

blade, which then spreads around the two sides of the blade (Fig. 2.4b). This is often

(a) Passage vortex (b) Horseshoe vortex after Langston [23]

Fig. 2.4 Secondary flow in a turbine blade passage.



known as the horseshoe vortex, after its shape in plan view. On the pressure surface of
the blade, this amplifies the passage vortex, but on the suction surface it rotates in the
opposite direction to the passage vortex, and is thus constrained to a counter vortex in the
suction surface corner. Secondary flows are an important source of loss, not so much
because of their own Kkinetic energies, which are usually small, but because they
redistribute low momentum boundary layer fluid throughout the passage and produce
subsequent mixing losses, which may be appreciable. Also, they create flow distortion for

subsequent stages which in turn suffer further losses.

Sieverding [33] gives a full discussion of the secondary flows in turbines. Dunham [14]
reviews a large number of proposed secondary flow loss correlations. Most secondary

loss models include some or all of the following influence factors.

» Blade shape (turning). The secondary flow, and the passage vortex in particular, is a
function of the turning, or deflection, in the passage, and hence of the shape of the
blade. The secondary flow deflects the fluid on the end wall much more in the case of
the high-turning blade. Most correlations include the turning angle, or a combination
of inlet and exit angle. Often it is assumed that the influence is similar in nature to

that of blade shape on profile loss.

Pitch-chord ratio. The pitch-chord ratio (or solidity, chord-pitch ratio) affects the

A\

loading of the blade, and it might be expected that this influences the secondary flow
in a similar way to the blade shape. However, its influence appears to be limited, and
Sieverding [33] speculates that the change in magnitude of blade loading with pitch-

chord ratio may be partly offset by a change in the loading pattern.

10
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Aspect ratio (height/chord). Secondary flow losses occur mainly near the end walls of
the blade passage and would be expected to have less influence in blades of large
aspect ratio. Horlock [17] showed a strong influence for aspect ratios below about 3,
but little influence above this value. Some early correlations were based on aspect

ratio alone, but this is a considerable oversimplification.

Mach number. Analytically, the secondary loss appears to decrease with increasing
Mach number. High exit Mach numbers imply a rapid acceleration to the throat and a
strongly favorable streamwise pressure gradient, which tends to limit the growth of
the boundary layers in which the secondary flows originate. At transonic and
supersonic conditions, the influence of Mach number on secondary loss is very

uncertain.

Inlet boundary layer thickness. There appears to be a critical displacement thickness
of the inlet boundary layer, above which secondary flow loss is not further

influenced. Dunham and Came [15] considered that most turbines were above this

critical value.

2.1.4 Annulus Loss

Annulus loss is due to the surface friction of the hub and shroud boundary layers between

blade rows. It is closely related to the secondary flow and sometimes is incorporated into

secondary loss category. Denton and Cumpsty [11] show that more entropy is generated

in those regions of the end wall which are exposed to a high velocity relative to the wall.

Between stages this velocity is generally small, and the loss is unlikely to be great.

Between the stator and rotor, however, the velocity is high, and this gap should be kept

small to reduce the annulus loss.

11



2.1.5 Tip Clearance Loss

Tip clearance loss is due to the leakage of flow through the gap between the rotor blade
tip and the shroud. This leakage causes turbulence, a pressure drop and interferes with the
mainstream flow and the outer wall boundary layer. The detailed loss mechanisms

depend on blade tip geometry and on whether the blades are shrouded or unshrouded.

The leakage flow over unshrouded blades has been much more intensively studied than
that over shrouded blades. The flow over the tip gap for an unshrouded blade is sketched
in Fig. 2.5 (a. thick blade, b. thin blade). The flow entering the tip gap from the pressure
side of the blade separates from the blade tip and contracts to a jet, with a contraction
coefficient of about 0.6. If the blade thickness is more than about four times the tip gap
(Fig. 2.5a), as is usually the case for turbines, the jet mixes out above the blade tip with a
resultant increase in static pressure and in entropy. The leakage of fluid and its
subsequent mixing also affect the mean exit angle of flow from the blade. As the leakage
flow is ejected from the tip gap into the blade passage, it rolls up into a vortex which can
be seen in Fig. 2.6. This vortex interacts with the secondary flow passage vortex to form

a region of complex flow and further loss generation.

Fig. 2.5 Flow over the tip gap for an unshrouded blade [10].
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The flow over the shrouded turbine blade with a single tip seal is illustrated in Fig. 2.7.
The leakage flow contracts to a jet as it passes through the seal and the jet mixes out
firstly in the clearance space. Then the leakage flow must be re-injected into the main
flow where the difference in both the meridional velocity and the swirl velocity of the
two flows will generate further mixing. Generally, for both shrouded and unshrouded
blades, entropy (or loss) creation due to tip leakage flows is associated with the mixing
processes that take place between the leakage flow and the mainstream. In case of

unshrouded blades, this interaction is much stronger.

There are two important influencing factors to tip clearance losses: tip clearance height
and the blade loading. Most turbines show a linear decrease in efficiency with increasing
clearance gap size, although this line would not pass through the origin, and therefore the
relation is presumably nonlinear at very small gaps (less than about 1% chord)--- see, for
example, Bindon [4]. The rate of decrease varies considerably with the degree of
reaction. The degree of reaction influences the pressure difference across the gap. For

zero reaction, or impulse blades, the change in static pressure through the rotor is ideally

ALY

Fig. 2.6 Visualization of fluid path lines in the Fig. 2.7 Flow over a shrouded tip seal
clearance gap of an unshrouded turbine blade [10].

(4].
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zero, and in reality small, so that the pressure difference between suction and pressure
surfaces, and hence across the gap, is also small. The leakage flow is therefore smaller
than it would be for a comparable reaction turbine, which has a much larger pressure

change and pressure difference across the blade.

2.1.6 Shock Loss

Shock loss is due to the formation of shock waves within, or at the trailing edge of, blade
rows. The shocks within the blade passage are usually oblique so that Ap/ p is small and
they generate little direct loss. The most serious consequence of transonic flow in
turbines is the shock system at the trailing edge, as shown in Fig. 2.8. The low base
pressure formed immediately behind the trailing edge can generate a large trailing edge
loss. The flow expands around the trailing edge to this low pressure and is then

recompressed by a strong shock wave at the point where the suction and pressure side

~ o

P

Fig. 2.8 Trailing edge shock system for a Fig. 2.9 Schematic diagram of a shock-
turbine blade, with suction surface coolant boundary layer interaction, [18].
ejection [10].
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flows meet. The entropy generation comes from the intense viscous dissipation at the
edges of the separated region immediately behind the trailing edge and from the strong
shock formed in the vicinity of this region. For cooled turbine blades with thick trailing

edges this may be the largest single source of loss in the machine.

Another mechanism of increased trailing edge loss under transonic condition is the shock
- boundary layer interaction. The principal mechanisms of such shock-boundary layer
interactions are introduced in the textbook by Japikse [18], and Fig. 2.9 shows the basic
effects. The incident shock wave is a sudden recompression, so that the boundary layer is
locally subject to a strong pressure gradient increasing in the flow direction. Such a
pressure gradient tends to decelerate, stagnate, and ultimately separate the boundary
layer. This pressure field cannot travel upstream in a supersonic flow and so cannot
influence the mainstream upstream of the shock. Deep within the boundary layer close to
the wall the flow is subsonic, however, and the pressure field can travel upstream here
and cause the boundary layer to separate some small distance before the shock impinges.
Depending on the flow velocity upstream and downstream of the shock, the state of the
boundary layer (whether it is laminar or turbulent, and if laminar, it will be turbulent after
the separation bubble formed by the shock), and the local curvature of the blade, the
boundary layer may reattach downstream of the shock or it may separate entirely into a
large, stagnant region with a significant increase in profile loss. Two reflected shocks
from the surface are formed at the points where the flow separates and reattaches, and

close observation will often reveal weak expansion waves between them.

Figure 2.10 shows the development of shock waves and shock-boundary layer interaction

for a turbine blade row at different exit Mach numbers. Figure 2.11 shows the
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corresponding distribution of Mach number around the blade surface. From these figures
we can see that at an exit Mach number just below unity a near-normal shock stands
across the passage (Fig. 2.10a). The blade surface Mach number distribution shows
decelerations corresponding to this shock (x/c¢ = 0.6) and the shock wave position at the
trailing edge (x/c = 0.98). As the exit Mach number increases, the shock waves become
more oblique, and close inspection of Figs. 2.10b and 2.10c shows that the boundary
layer on the blade suction surface separates from that surface at the point where the shock

wave impinges and then reattaches. At the highest Mach number (Fig. 2.10d), the

(a) (b)

(c) (@)

Fig. 2.10 Schlieren photographs showing the development of shock waves at
exit Mach numbers: (a) 0.67, (b) 0.89, (c) 1.05, and (d) 1.33 [18].
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Fig. 2.12 Variation of loss
Fig. 2.11 Distribution of Mach number around the blade coefficient with exit Mach
surface for the blade shown in Fig. 2.10 [18]. number [18].

separation no longer reattaches but extends beyond the trailing edge, forming a large,
low-momentum shear layer. In this area of the blade surface, Figure 2.11 shows a region
of constant Mach number from x/c =0.7 onwards, indicative of a separated region of

low static pressure.

The effect of the shock waves and the shock wave-bour;dary layer interactions on the
stage performance can be seen clearly in Fig. 2.12, in which the measured loss is plotted
against exit Mach number for the same turbine blade as shown in Fig. 2.10. The loss is
very nearly constant until past the critical Mach number (the critical Mach number is the
Mach number at the exit at which the velocity at the throat of the blade becomes sonic---
in this example, about 0.87). Once separation occurs, the thickening of the suction
surface boundary layer at this point gives rise to a large increase in loss, and because of
the unsteadiness of the separation itself, the measured loss can vary widely even under

nominally equilibrium conditions.
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2.2 Categories of Loss Prediction Methods
2.2.1 Correlation and Calculation Methods

Surveys on various loss prediction methods were reported by many authors. As classified
by Denton [9], there are two types of loss prediction methods referred to as correlation
and calculation methods. The former is concerned with the method that predicts losses
using simple blade geometry and flow condition as parameters. This method is often used
in the initial stages of turbine design (and is referred to as preliminary mean-line design)
to obtain optimum stage geometry. It also has been used for parametric studies of turbine
performance due to changes in geometry and flow conditions. On the other hand, the
calculation method refers to the detailed velocity distribution and boundary layer growth
calculations. This method may be used for the blade profile optimization or in the CFD-
based computer codes for the simulation of 3-D viscous compressible flow and other
complex phenomena in actual turbine engines. Such a method, however, requires the
knowledge of blade surface coordinates, and also must solve the problems of boundary
layer transition, shock-boundary layer interaction and flow separation for which much
progress is yet to be made for a complete understanding of the phenomena. However,
calculation methods do not provide an insight as to how a particular design variable
affects the performance.

2.2.2 Overall Stage Method and Loss Component Analysis Method

Another way of classifying the turbine performance prediction methods is proposed by
Sieverding [32]. He divided all the methods into two major categories. The first category
groups together the so-called overall stage performance methods. The use of these

methods generally does not require any details of the blading, and the complex flow
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patterns in the turbine are deliberately ignored. These methods are in general derived
from overall performance measurements of a number of turbines with similar
characteristics e.g., same range of reaction, same aspect ratio, or same family of blade
profiles. The most widely known of this method includes Smith’s [26] and Soderberg’s
[13] correlations. These methods are usually used in the initial design phase to obtain
quick selection of the turbine design parameters and estimates of efficiency. However,
the optimization of a turbine for a given duty requires a deep understanding of the flow,
and only very refined performance prediction methods, that take into account details of
the blading and of the meridional flow channel, can be of real help. This is done, to a
certain extent by the second category of performance estimation methods called loss
component analysis methods. These methods evaluate the total losses through the
individual loss components each of which is influenced by more or less a large number of
geometric and aerodynamic parameters. This requires defining clearly the important
influence parameters and making certain that the influence of each parameter can be
studied separately. Generally, such systematic variation of the various influence
parameters can only be done on simplified models. There exist, however, limitations to
the degree of simplification beyond which the loss model becomes irrelavant. A constant
effort has therefore to be made to simulate the real flow conditions as closely as possible.
The degree of the differences remaining, between the real turbine flow and the model
flow, determines whether the model test results can be applied to the turbine without any
corrections or whether the model predictions indicate only the correct tendencies while

the absolute loss level needs more detailed correction factors.
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2.2.3 Design and Off-Design Methods

Turbine performance prediction methods are also divided into design point and off-
design point ones. Operating at the design point condition usually means that the blade
metal angle at the airfoil leading edge equals the inlet flow angle, i.e., the incidence is
zero. It can also imply an incidence equal to minimum loss operation. Turbine
aerodynamic losses at design point operation are usually at a minimum. Off-design
performance prediction methods are used to evaluate turbine performance at conditions
such as starting, idle, and variable power or speed. At these off-design conditions, the
inlet flow velocity vectors are mismatched with the leading edge angle of the blades
causing additional losses, commonly referred to as incidence losses. The methods for
predicting off-design performance in turbines are usually based on empirical correlations
because of the difficulty in calculating analytically the more complicated flows at off-

design conditions.
2.2.4 Individual Loss Component Model

There are many experimental and/or analytical studies found in the literature, on specific
categories of flows in turbines such as secondary flow, tip-clearance flow etc. Several of
these studies detail the loss mechanism and propose a loss model that can be used for

further prediction. Examples of these models can be seen in Fig. 2.13.

In summary, Fig. 2.13 shows the classification of the performance prediction methods

and loss models for axial turbine blades and some examples in each category.
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Fig. 2.13 Classification of turbine performance prediction methods and individual loss models
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2.3 Turbine Mean-line Loss Systems

Since the objective of this thesis is to improve on the loss system used in predicting
mean-line aerodynamic design performance, the focus is on the design point correlation
methods that predict total airfoil loss for the blades (corresponding to the loss component
analysis methods categorized by Sieverding [32]). Over the past 50 years, a number of
such turbine mean-line loss systems have been described in the open literature, Traupel
[40], Craig and Cox [8], and Stewart [36], however the best known and most widely used
of these is that due to Ainley and Mathieson [1] (abbreviated as AM in the following).
The AM system is a complete system in that it includes correlations for all loss
components, for both design and off-design conditions. Their original scheme and
correlations have been modified several times to suit other families of turbine stage
designs, or as more comprehensive experimental test data became available. Notable
modifications were made by Dunham and Came [15] (abbreviated as DC in the
following) and Kacker and Okapuu [20] (abbreviated as KO in the following), so that this
is now referred to herein as the AMDCKO scheme. DC’s modification reflected the
improved understanding of some aspects of the flow, most importantly the secondary
flow. KO restructured the loss system and introduced the compressibility effects and
shock losses into the calculation of profile and secondary loss coefficients. Detailed
introduction and comparison of the AM+DC+KO loss correlations will be made in

Section 2.4.

Similar to AM’s scheme, Craig and Cox’s correlations [8] were developed for the design
of steam turbines but were acclaimed by workers in the gas-turbine as well as the steam-

turbine industry. Later, data confirming and extending their method were published by
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the Institution of Mechanical Engineers in extensive discussions of the Craig and Cox
approach. Wilson [41] reviewed some of these data and thought they appear to agree well

with the method by KO.

It is also worth mentioning that in Wei’s [40] studies, loss prediction models by AM, DC,
KO, Craig and Cox, and Moustapha and Kacker [27] predict turbine performance trends
of his experimental results. These models were used in the simulation of mean-line
performances on five different turbine stages. These stages reflect varied geometrical
parameters, varied reactions and untwisted and free vortex bladings, work at different
flow conditions, in subsonic and supersonic flow, and with and without cooling. These
loss models were also used in the analysis of the optimum pitch/chord ratio, and it was
found that there is no significant difference among them when they are employed to

obtain the optimum pitch/chord ratio in the turbine optimization process.
2.4 AM+DC+KO Loss System
2.4.1 Structure of Loss System

In the AMDCKO system, the total pressure loss in a cascade of blades, expressed in
terms of cascade exit dynamic pressure, consists of profile, secondary, trailing edge and

tip leakage losses as in AMDC, but the overall structure is somewhat different.

AM: YT =(YP +Ys +YTC)YT[:T (2'2)
DC: Y, =[(¥, +Y, REFAC +Y,. ... (2.3)
KO: Vi =Y, foo+Y, +Y 1er +Yp (2.4)

Where Y, in Eqs 2.2 and 2.3 is a multiplier, not a loss coefficient.
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In Eq 2.4, the blade Reynolds number is taken to affect the profile loss coefficient only,
and the trailing edge loss coefficient is separated from the other loss terms. This would
appear to be a more logical arrangement, since it is difficult to justify a connection

between trailing edge losses and tip clearance losses, for example.
2.4.2 Profile Loss

AM: This model is based on cascade tests as well as on losses derived from overall
tests on a variety of turbine stages. The data refer to blade profiles designed prior
to 1950, i.e., either blade profiles with contours composed of circular arcs and
straight lines or blades which make use of the British blade profile series with
circular or parabolic camber lines. The maximum blade thickness varies between

tysx /¢ = 0.15 to 0.25. The correlation is based on a series of graphs of total
pressure losses versus s/c for nozzle (B, = 0) and impulse (, =a., ) blades (Figs.

2.14 and 2.15). For these plots, the incidence i =0, ty/C=0.2, R, =2x10°,

M<0.6.
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Fig. 2.14 Profile loss coefficient for B, =0, Fig. 2.15 Profile loss coefﬁcie.nt for,
tuax /¢ =0.2 after Ainley and Mathieson [1]. 1 =®2» fuax /¢ =0.2 after Ainley and

Mathieson [1].
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DC:

KO:

For other combinations of angles, the losses are calculated as

B,

B : Ly /€ Y
YP={YP(B,=0)+[&? [YP(B,=a3)-YP(ﬂ;=O)] MAOX_z 2.5)

There is no Reynolds number correction to profile loss, but a Reynolds number

correction to overall efficiency was recommended for R, < 2x10°

R -0.2
(l —ncun'tcred )= (l _n {ﬂj (2'6)

2x10°

The DC model handles profile losses thusly:

- Mach number correction:

Y, =Y, . l+60M, 1] for M,>1 @.7)

14
this is referred to by KO as supersonic drag rise.

- Reynolds Number correction:

R

-0.2
Yp = YP-M’ (WJ (2.8)

The KO model makes the following changes for profile loss:

B,

B, B, Lyux /€
E‘(Z}YP(B,mE)‘YP<B,=0)]}[ 0.2 )ﬂ (2-9)

&{ allows for negative gas inlet angle.
a,

Yp supc = {YP(BFO) +

Term

- Mach number correction:
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2
Y,= 0.914(-3-Y,,_m,,c

where K, =1-K,(1-K,)

Kp + Ysnock 1

/

K, =1-1.25(M, -0.2), M>>0.2

K2=(1M|”"Iz)2

[ ap ] Y. = (éﬂ) (ﬂ .
= LsHock —
92 Jsrock 9 Jswock \ P2

|

(4P) _[R_H Ap

\ 9 )SHOCK RT ql

(

AP =0.75(M,,, —0.4)"
\ ql Jl-l

We can see that Youck = f (M1, hub, Ri/Rr, Pi/P, ¥, M), M)

Reynolds number correction:

Rec o
= =" fo
fe (2><105 ) '

=1.0 for

Rec <2x10°

2x10° <Rec <10°
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In summary, in the AMDCKO system, AM developed the profile loss model which
depends on the pitch/chord ratio, inlet and outlet flow angles, blade maximum thickness
and trailing edge thickness. This model was modified by DC with adding the terms
related to Mach number and Reynolds number. KO developed finally this model by
restructuring it and adding a Mach number correction factor which is mainly a function of

the inlet and outlet Mach numbers.

Traupel’s [40] and Craig and Cox's [8] correlations are also presented by using a series of
graphs. Traupel correlated his profile loss with blade inlet and outlet angles, pitch,
roughness, trailing edge thickness, Mach and Reynolds numbers, while Craig and Cox
correlated with the inlet and outlet flow angles, ratio of pitch to camber line length, pitch

to blade back radius ratio, contraction ratio of blade channel, trailing edge thickness,

Mach and Reynolds numbers.

Comparing these different models, it can be seen that blade inlet and outlet angles have
been taken into account in all models, blade surface roughness was only considered in the
Traupel model, and the blade maximum thickness was only used by AMDCKO. Craig
and Cox [8] used the geometrical parameters of the pitch to camber line length ratio in
place of pitch to chord ratio and the contraction ratio of blade channel, which were not
applied in the other models. The use of pitch to camber ratio has the advantage of being

closely related to the boundary layer development, but it is more difficult to handle than

the pitch to chord ratio.
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2.4.3 Secondary Leoss

AM: Ainley and Mathieson gave the secondary loss coefficient based on the blade

loading or deflection.

Y,=A-Z (2.18)
where
A; 1A}
N ) (2.19)
1+D, /Dy
Z=( C, J .cos;al (2.20)
s/lc) cos'o,
C,
—t =2(tana, +tana, )cosa, (2.21)
slc
o, = tan"l:%(tana, —tanaz)} (2.22)

Z s called Ainley’s loading factor, which depends on inlet and outlet flow angles

o, and o, only. The function Z = f(a,,0,) is shown in Fig. 2.16.

DC: DC modified Ainley’s basic equation as follow:

v, =<.2. 2% ¢ 5—'] (2.23)
h cos B, c,
8, .
Where f| — |represents inlet end-wall boundary layer effect.
/
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f (ﬁ-1=0.0334 is a constant, which implies that 81' /c¢ in turbines assumes a

c
/

value for which losses asymptote to a max fixed value.

- Reynolds number correction:

R -02
Y S.corrected — YS (m) (2-24)

- No Mach number correction

KO: KO modified DC’s correlation by proposing a new aspect ratio correction factor

in place of DC’s simple aspect ratio factor.

coso. c, Y cos’ o
Y, =0.0334 L=+ : 225
5.AMDC f"‘R{cosBl IS/CJ cos’ o, ( )

=)
W
&
o

0 ‘
9 H 40 O

T

Fig. 2.16 Ainley's loading factor Z
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- Aspect ratio modification

-0 1’ —
fom = 1=025V2-hic for h/c<2
hlc
(2.26)
|
- — for h/ic>2
hi/ic
- Mach number correction:
Ys =1.2Y; e K, (2.27)
K, =1-K,(1-k,) (2.28)
1 2
K, = 2.29
: (h/bx) (2.29)

this is similar to the correction for the profile loss.

- No Reynolds number correction

KO stated that there is little evidence in the literature that secondary loss is

affected by Reynolds number.

In summary, AM calculated the secondary loss with a loading factor that is a function of
inlet and outlet flow angles only. From the review of new secondary loss data, DC
modified this model by adding a dependence on aspect ratio and upstream boundary
layer, which is simplified as a constant. KO developed the DC model by modifying the
aspect ratio term and adding a Mach number correction factor, which is a function of the
inlet and outlet Mach numbers. In this system, the secondary losses were assumed to be
proportional to the strength of the secondary vortex. The derivation of the relation

between the secondary vorticity and the secondary loss coefficient was given by

30



Lakshminarayana [22]. In such calculations, the secondary loss coefficient is a function

of flow angles which implies the velocity triangles will significantly affect the losses.

Traupel [40] and Craig and Cox [8] established their secondary loss models using more
parameters. Traupel structured the secondary loss as a function of blade pitch to span
ratio, blade pitch to chord ratio, profile loss, inlet and outlet flow angles, and the ratio of
inlet and outlet flow velocity, which implies that the correlation does account for
compressibility effects. Craig and Cox model calculates the secondary loss as a product
of basic secondary loss and two factors: a Reynolds number factor and a aspect ratio
factor. The basic secondary loss was correlated with blade pitch/chord ratio, ratio of inlet
and outlet flow velocities and the lift parameter, which is a function of the inlet blade

angle and outlet flow angle.

Comparing these two groups of loss models, we can see that the pitch to chord ratio has
not been taken into account in the AMDCKO loss model, while the influence of the
upstream flow boundary layer on the secondary loss is not considered in the Traupel and
Craig and Cox models. Unlike the Traupel model, there is not direct relationship between

the profile and secondary losses in the Craig and Cox model as well as in the AMDCKO

scheme.
2.4.4 Tip Clearance (Tip Leakage) Loss

AM: Similar to secondary loss correlation, tip clearance loss coefficient is a function of

blade loading and the ratio of tip clearance to the blade height.

Y, =B-—-Z (2.30)

Where B = 0.5/0.25 for unshrouded/shrouded blades
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DC:  In this model, tip-clearance loss is handled thusly:

Y,;B-%.[f) -z 2.31)

/
Where B =0.47/0.37 for unshrouded/shrouded blades.
And, for multiple seals

k = (geometrical k) X (number of seals )™

KO: In this model, the following segregation in loss is made

For unshrouded blades:
AN _go3 Kk R (2.32)
n hcosa, R,

Then Y1c is computed from An by iteration method.
For a shrouded blade, the KO model is the same as the DC model given in Eq. 2.31.

In summary, the AMDCKO tip leakage loss models are generally based on simulating the
tip leakage vortex and determining its induced drag on the blade assuming inviscid and
incompressible flows. It was firstly done by AM to adapt the model for secondary loss
calculation with influence of tip clearance. The loss becomes a function of the flow inlet
and outlet angles and the ratio of tip clearance to blade height (see Eq. 2.30). Then DC
modified this model in the light of some later cascade data, which suggested a non-linear
variation of tip leakage losses with the ratio of tip clearance to blade height (see Eq.
2.31). KO kept using the DC model for shrouded blades but modified the structure of the

model for unshrouded blades according to their new test data (see Eq. 2.32).
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Traupel [40] developed a model for calculating the tip clearance loss for shrouded blades
as a function of the velocity ratio and the ratio of leakage jet to the main flow through the
passage. In this model, flow angles are not considered, which implies that the part of loss
caused by the different directions of the leakage and the main flow is neglected. The
model for calculating tip leakage loss for unshrouded blades given by Traupel assumes a
linear variation of the cascade efficiency with tip clearance. This model is based on

turbine test results and is similar to the tip leakage loss model given by KO (Eq.2.32).

Craig and Cox [8] thought the AM model for unshrouded blades is reasonable, provided
that the axial velocity ratio remains approximately constant, and that the relative
velocities are well below sonic value. They expressed the tip leakage losses for shrouded
blades as an efficiency deduction caused by the tip leakage loss, which is a function of
the leakage coefficient, the ratio of clearance area to throat area, and the efficiency when
the clearance is zero. The leakage coefficient is mainly a function of the gap inlet and
outlet velocity ratio, which is also related to the static pressure drop through the blade

row. This model is based on turbine test results.

2.4.5 Trailing Edge Loss

AM: AM’s consideration on trailing edge loss is reflected by the total loss coefficient

equation,
Y =¥, +Y; + Yy Wppr (2.33)
where Y, is a multiplier, not a loss coefficient.

DC:  This model made the following rearrangement and addition:
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KO:

Y, =|t, +¥, REFAC + Yy Ve (2.34)

DC did not modify the AM trailing edge loss correlation.

This model made a significant rearrangement as follows:
Yy =Y, foo +Y, +Y er +Yp (2.35)

The trailing edge loss coefficient Y'rzr is separated from the other loss terms.
Y'reris calculated the same way as for profile loss coefficient: curves of trailing
edge loss (energy) coefficient are given versus the ratio of trailing edge thickness
to throat opening (te/o) for nozzle (¢, =0) and impulse blading ( 3, =0, ). These
curves are shown in Fig. 2.17. For blades other than the two basic types, trailing

edge losses are interpolated by

A rer = A *rer,=0) +

B, [—[3—'}&1) *1E7 (B, =ay) — A 27ET (B, =0) ] (2.36)

2 2

The conversion equation from A®*rer to Y 7er is given by Eq. L.13.

iS5 r

J0 I~

TRAILING EDGE ENERGY
COEFFICIENT A},

t/o

Fig. 2.17 Trailing edge loss (energy) coefficient
correlated against te/o [20].
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In summary, AM and DC considered the effect of trailing-edge thickness on blade loss in
the same fashion. They concluded that there is a marked reduction in efficiency as a
result of increasing trailing-edge thickness on either nozzle or rotor blades. However,
they did not calculate a separate trailing-edge loss but multiplied the total loss coefficient
by a trailing edge loss factor to account for the effect of trailing-edge thickness on blade
loss. The multiplier is a function of trailing-edge thickness to pitch ratio. KO changed
the way to correlate the trailing-edge loss and separated the trailing-edge loss coefficient
from the other loss terms. They thought this is a more logical arrangement because it is
difficult to justify a connection between trailing-edge losses and tip clearance losses, for
example. For the nozzle blades (&, =0) and impulse blades (B, =a,), KO’ trailing-
edge loss coefficient is only a function of the ratio of trailing-edge thickness to the throat
distance of the blade passage. For blades other than these two types, flow inlet and outlet

angles are also taken into account.

Traupel [40] treated the trailing edge loss as a part of the profile loss, and correlated it as
a function of the trailing edge thickness, outlet flow angle, basic profile loss, Reynolds
and Mach number corrections. Craig and Cox [8] also grouped the trailing edge loss into
the profile loss and correlated it by using flow outlet angle and the ratio of trailing edge

thickness to pitch.
2.5 Present Work

This work is about the study of the loss models used in aerodynamic mean-line design to
predict the turbine aerodynamic efficiency and optimize the gas-path. The AMDCKO
loss system is believed to be one of the best known and most completely documented and

therefore was chosen as a base model. However, this model fails to predict the qualitative
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and quantitative behavior of the loss versus reaction at high values of reaction (which
correspond to high subsonic to transonic exit Mach numbers), therefore, special emphasis
is put in this work on the effect of high Mach number on the different types of losses. The
AMDCKO model is first assessed for the available P&WC test data for 46 turbine stages
that cover the full operation range, and each loss component is evaluated and analyzed.
The literature is also explored for the most recent and relevant work on loss models for
axial turbines. The physical implication of high Mach number flow on the loss
components provided a qualitative assessment of trends in loss components and the most
recent available data was then used to the components of loss in the AMDCKO model to
reflect the physical implication of high Mach number flow, and the modifications are
assessed with the P&WC available results for the 46 turbine stages. A discussion of each
type of loss and the rational in modifying it are also given. The results obtained with the
modified model demonstrate the ability and the robustness of the new model to predict

the turbine stage efficiency to within +1%.

36



3. Evaluation of AMDCKO Loss System

3.1 Problem Statement

The AMDCKO system is one of the most widely used axial turbine performance
prediction methods, and it is claimed that it is able to predict the efficiencies of a wide
range of axial turbines of conventional stage loading to within £1.5% [20]. Basically, the
loss correlations in AMDCKO system are based on low subsonic cascade tests and do not
account for high subsonic and transonic Mach number effects. This was adequate for low
stage loading where the turbine stage is operating at lower Mach number. However, the
modern trend in gas turbine design is to choose higher and higher stage loading to
increase specific work (currently AH/U? and C/U are chosen close to 2.5 and 1.0 [39,7]).
This results in turbine stages that are very often designed to operate in the transonic
range. Hence when used to predict the efficiency of transonic flow stage, the existing
AMDCKO loss system appears not to be accurate and even not applicable when the
Mach number is further increased. Studies on the relation between stage efficiency and
reaction show that AMDCKO system predicts that stage efficiency increases almost
continuously with increasing reaction values from 20% to 70%. However, experimental
data for different types of engine stages shows that there is an optimum reaction beyond
which the efficiency decreases (efficiency penalty due to non-optimum reaction) [38]. It
is believed that the optimum reaction is a function of turbine stage pressure ratio. Based
on these data, an expected stage efficiency versus reaction curve can be generated and the
comparison between this curve and a curve generated by AMDCKO for a typical engine

stage is shown in Fig. 3.1. It is observed that, below the optimum reaction value, the
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AMDCKO method and experimental data show similar trends, however beyond the point

of optimum reaction, they are significantly different.
3.2 Performance Prediction Using the AMDCKO Method

In order to know why AMDCKO performance prediction method may not correctly
predict turbine aerodynamic performance in the higher reaction range and to find ways to
improve it, a detailed analysis of the AMDCKO correlations must be made. This analysis
will highlight the varation of individual loss components with reaction, as well as the
changes in aerodynamic and geometric parameters with reaction. Therefore, several
turbine stages are investigated using the AMDCKO method and the results are
summarised in the following sections. It should be noted that except for reaction, all other
input design parameters were kept unchanged. A list of the turbine stages that were tested

are discussed in detail in Chapter 4 and are listed in Table 4.3.
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Fig. 3.1 Turbine stage efficiency Vs reaction, T45.
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3.2.1 Effect of Reaction on the Loss Component

In the first instance, individual loss component variations with reaction are investigated

on different turbine stages. Figures 3.2 and 3.3 show the results of two different stages,

from which we can observe the following:

¢ Compared with vane losses, the blade losses are larger and more sensitive to

reaction.

¢ For nozzle vanes, both profile losses and secondary losses are almost constant,
while the trailing edge losses decrease slightly with reaction. However, for blades,
both profile losses and secondary losses decrease significantly (compared with

vanes), tip clearance losses decrease slightly, while trailing edge losses increase

slightly with increasing reaction.

o The secondary flow losses are about half of the total losses while the other half is

Vane losses Blade losses
H
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Fig. 3.2 Loss component variation with reaction, turbine stage T2.
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Fig. 3.3 Loss component variation with reaction, turbine stage T45.

shared between profile losses (including trailing edge losses) and tip clearance
losses (the later two groups of losses are somewhat different in magnitude due to

different tip clearances, trailing edge thickness and/or aspect ratio).
3.2.2 Effect of Reaction on the Aerodynamic and Geometric Parameters

To shed more light on the variation of losses with reaction, some aerodynamic and
geometric parameters, which are implied in the loss calculations, are tabulated in
Appendix II. Some of these parameters are also plotted against reaction and shown in Fig.
3.4. A schematic of the vane and blade airfoil 2-D profiles for three designs at different
reaction conditions, generated using a P&WC in-house code, are shown in Fig. 3.5. It can
be seen that the nozzle vane profiles almost don’t change with reaction when compared
with the blade profiles, which change significantly. The trends in flow angles, velocities

and Mach numbers reflect the implications of the reaction variation.
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As the reaction increases, blade inlet flow angles decrease while exit flow angles increase
only slightly, thus decreasing the flow tumning, and increasing the blade stagger angles.
From the velocity triangles shown in Fig. 3.6, it can also be seen that for vanes, as
reaction increases, exit velocity as well as its axial component decrease. However for
blades (relative condition), inlet velocity decreases and exit velocity increases to
accommodate a larger pressure drop across the rotor, which is associated with a larger
reaction. This increased flow expansion and acceleration in the blade passage implies a
decreasing throat opening, which is reflected in the blade profile shown in Fig. 3.5. It is

important to note that inlet and exit Mach numbers follow the same trends as the inlet and

exit velocities (Fig. 3.4).
3.3 Assessment of the AMDCKO Loss System

The AMDCKO performance prediction is based on correlations of experimental data
obtained for cascade or actual engine tests. Commenting on these methods, Denton [10]
stated that although the predictions of the individual loss components were sometimes
shown to be of limited accuracy, the overall methods were tuned by each manufacturer to
match their engine data and were therefore extrapolated somewhat effectively to predict

the losses for their new designs.

As mentioned earlier, AMDCKO method predicts stage performance rather well below
and up to what is believed to be the optimum reaction. However, it fails to predict the
optimum reaction and therefore the trend in losses beyond this optimum reaction, as
shown in Figs. 3.1 to 3.3. To understand and evaluate this failure in correctly predicting
the loss at high values of reaction, individual loss components are assessed in the

following sections.



3.3.1 Trailing Edge Loss

Although the AMDCKO loss system predicts increased blade trailing edge losses with
increased reaction due to the increased tet/o (ratio of trailing edge thickness to throat
opening), it generally underestimates the trailing edge losses as it does not take Mach
number effects into account. It is well known that as the exit Mach number is increased
toward unity, the loss coefficient rises sharply (Haller, 1980 [16]; Martelli and Boretti,
1987 [24]; Xu and Denton, 1988 [42]; Mee et al., 1992 [25]; and Jouini et al., 2001 [19]).
The boundary layer loss should, if anything, decrease with increasing Mach number
(since a reduction in flow area produces a greater percentage increase in velocity in
compressible flow than it does in incompressible flow, the velocity distribution on
accelerating blades will tend to become more favourable as exit Mach number M, is

increased [9]), so the increased loss must come from the complex shock pattern formed

suction side

base region

confluence
region expansion

/ -

—__ confluence

wake region
trailing edge

shock

Fig. 3.7 Structure of supersonic trailing edge flow [12].
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Fig. 3.10 Trailing edge loss Vs mach number [42].

around the trailing edge (it is believed that AMDCKO predicts profile loss well). Figure
3.7 shows the general features of the flow pattern at a supersonic trailing edge and Figs.
3.8 and 3.9 show Haller [16] and Mee et al. [25] data respectively. Xu and Denten [42]
further gave the variations of trailing edge losses with exit Mach number (Fig. 3.10). All
these figures show that the loss continues to rise with increasing Mach number for low

supersonic outflow, M><1.2,
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3.3.2 Tip-Clearance Loss

The AMDCKO loss system predicts that the tip-clearance losses decrease with increasing
reaction. It is postulated, however, that YTc should increase with reaction: as the reaction
increases, the blade loading increases and a greater pressure difference will result across
the blade tip, causing higher tip flow and increased losses. This is shown in Fig. 3.11
from Roelke [30] for unshrouded blades. From this figure we can see that for a given
value of tip clearance, the efficiency decreases with increasing reaction, demonstrating

that tip clearance loss increases with increasing reaction.

3.3.3 Secondary Loss

For blades, the AMDCKO loss system predicts that secondary losses decrease with
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Fig 3.11 Effect of reaction and tip-clearance on efficiency [30].
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reaction. It seems reasonable because the flow turning decreases as reaction increases.
However, the AMDCKO correlations may underestimate the secondary losses when the
flow turning decreases below a critical value that is stage-dependent. One of the reasons
is that, as the flow turning decreases with increasing reaction, the flow expansion and
acceleration increase and the flow will become supercritical. It is believed that the
secondary loss should not be allowed to decrease below its value at this critical condition
[37]. In addition, secondary loss does not arise directly from the secondary flow itself but
is due to a combination of many factors such as the flow in blade boundary layers and
especially the tip leakage flow. As the leakage flow is ejected from the tip gap into the
blade passage, it rolls up into a vortex. This vortex interacts with the secondary flow
passage vortex to form a region of complex flow and then causes more loss. In the case of
unshrouded blades, this interaction is much stronger. Therefore, since tip leakage flow
increases with increasing reaction, the interaction between secondary flow and tip

leakage flow will increase and the secondary loss will increase accordingly.

It should also be noted that, compressibility effects on secondary loss was not studied
since, in the open literature, most of the experimental studies on secondary flow patterns

and loss mechanisms use low Mach number cascade flow.
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4. Modification and Validation of AMDCKO Loss System

In the previous chapter it was shown that trailing edge loss, tip-clearance loss, or
secondary loss correlations in the AMDCKO loss system do not follow the anticipated
trend at high stage reactions which correspond to high rotor exit Mach numbers. Modermn
studies on profile loss, especially on trailing edge loss, show that trailing edge loss
increases significantly with increasing Mach number due to the complex shock structure
and shock-boundary layer interaction. The AMDCKO tip clearance loss correlation for
unshrouded blades, when tested in terms of reaction at blade tip, is not in agreement with
experimental data at high reactions. Also experimental data and analyses show that the
AMDCKO secondary loss correlation underestimates the secondary loss in the high
subsonic exit Mach number range. Therefore, the AMDCKO trailing edge loss, tip-

clearance loss, and secondary loss correlations are modified and the modified AMDCKO

loss system is validated.

The new AMDCKO loss system will be written as
Yr =Y finey + fs.5¥s + Fre¥oer + frc¥oc (4.1)

Where f;,. fr,and fr. are correction factors for the blade secondary loss, trailing

edge loss, and tip-clearance loss correlations. These correction factors will be derived in

the following sections.
4.1 Modification to Trailing Edge Loss Correlation

In the open literature, there are several studies on trailing edge loss at transonic flow

condition. The experimental data reported by five different researchers, showing the total
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profile loss variation (which corresponds to Y,+Y,, in AMDCKO model) with exit Mach
number, are listed in Table 4.1 and are plotted in Fig. 4.1, where an average curve of all
data is shown in dashed line. As noted above, profile loss should decrease with exit Mach
number, therefore these curves actually show the trend of trailing edge loss variation with

exit Mach number.

Table 4.1 Cascade Experimental Data

Exit Mach Number
Investigator 0.8 0.9 1.0 1.1 1.2

Jouini et al. [2001] 0.94 1.61 1.70 | 2.16

Mee et al. [1992] 0.98 1.08 1.76 1.98

Xu &Denton [1988] 0.8 1.25 1.95 2.0

1.07 1.48 1.68 1.61

VKI [1987]
Haller [1980] 1 1.14 1.99 2.24
Average 0.96 1.31 1.82 2.0
2.5 -
|
- 27
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a
3
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Fig. 4.1 Profile loss variation with exit Mach number from different
investigators.
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Table 4.2 lists the parameters describing the cascades for which the experimental data was
taken. Those parameters namely, aspect ratio, pitch-chord ratio, inlet/outlet angles,
staggers etc, indicate that the blades geometry are similar to those used in typical gas
turbine applications. Therefore, it is reasonable to use these experimental data to modify

the currently used loss correlations.

Table 4.2 Cascade Parameters for Profile Loss Experimental Data

Jouini ez al. | Mee etal. | Xu &Denton Haller
(2001) (1992) (1988) (1980)

Chord, mm 40.0 100.0 41.7 41.7
Axial Chord, mm 36.98 76.9 36.2 36.2
Span, mm 61.0 300 101.6 101.6
Spacing, mm 29.14 84.0 35.15 35.1
Trailing Edge Thickness, mm 1.25 2.0
Aspect Ratio 1.525 3.0 244 2.4
Leading Metal Angle, ° 505 428 56.7 56
Trailing Metal Angle, ° 59.0 68 67.6 67.5
Leading Edge Wedge Angle, ° 38.0
Trailing Edge Wedge Angle, ° 6.0 9
Design Incidence, ° 4.5
Stagger Angle, ° 25.1 39.7 29.6 29.6
Throat Opening, mm 15.3 31.5 13.4 13.4
Unguided Turning, ° 11.5
Inlet Mach Number 0.31
Inlet Total Temperature, K 285
Inlet Turbulence Intensity, % 4.1
Design Mex 0.92
Design Re,ex 1,000,000
Throat width/chord ratio 0.38 315 0.3214 0.3214
Number of blades 6 6
Pitch/chord ratio 0.73 0.84 0.842 0.842

Note: VKI cascade parameters are not available.

In order to modify the trailing edge loss model in AMDCKO system, profile losses
derived from AMDCKO are compared with the average of the experimental data, as
shown in Fig. 4.2 where it can be observed that AMDCKO profile losses for vane and

blade, do not reflect the sharp rise in trailing edge loss near transonic conditions.
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Fig. 4.2 Profile loss comparison between AMDCKO and experimental data.

Based on this comparison, a Mach number correction factor has been developed for both
vane and blade trailing edge losses based on the fact that Y,. increases sharply with M,..

This correction factor is effective through the current vane and blade exit Mach number
range.
The correction factors for both vane and blade are given as a function of delta Mach

number AM and optimum delta Mach number AM opr - LHAL IS

Vane: f,, = f(aM,AM,, 4.2)

Blade: f,, = flaM,AM,, (4.3)
where:

AM = Mex - Min 4.4)

M, =M -M,), 4.5)
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Where M,,, and AM,,,, are given in detail in Section 4.4. Note also that for blades, Mach

numbers are relative values.

The results of the modifications for an engine stage are demonstrated in Fig 4.3 by

comparing experimental data with the trailing edge losses before and after corrections.

* It is believed that the AMDCKO profile loss Y, (boundary layer loss) correlations for
vanes and blades work well. Therefore, the trailing edge experimental data here are

derived from subtracting Y, from the averaged experimental data given in Table 4.1.
4.2 Modification of Tip-Clearance Loss Correlation

Experimental results given by Roelke [30] show a relation between efficiency penalty (or
Y.) and "velocity-based reaction at blade tip" for unshrouded blades (see Fig. 3.11). A
comparison between this data and the AMDCKO results for an engine stage is given in

Fig. 4.4 where it can be seen that there is a discrepancy between the AMDCKO
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Fig. 4.3 Correction to trailing edge loss , T45.
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prediction and experimental data. When velocity-based reaction at blade tip Rvt is less
than a certain value, the AMDCKO loss system overestimates the tip-clearance loss, and

when Rvt is greater than that value, the AMDCKO underestimates significantly the tip-
clearance loss.
The correction factor is given as a function of "velocity-based reaction at blade tip” Rvt

as follows:

fre=f (Ru) (4.6)
Where

R = @)
Vi-V; +C;

The result of this correction is also compared with the experimental data and shown in

Fig. 4.4.
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Fig. 4.4 Comparison and correction of tip-clearance loss
correlation with Roelke data, T45, k/h=0.011, unshrouded
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4.3 Modification to Secondary Loss Correlation

Studies carried out in P&WC show that, for each turbine stage, there is an optimum
reaction at which maximum efficiency is achieved. Above or below this optimum
reaction, the efficiency decreases. The rationale for the secondary loss modification is
based on the following: (i) The AMDCKO model performs well at low reactions, so any
major loss component modification should focus on the higher reaction range. (ii) The
most significant aerodynamic characteristic of this range is that blades have a higher exit
Mach number. Therefore, a Mach number correction factor was introduced based on the

P&WC data to modify the blade secondary loss in the post-optimum range of reaction.

The Mach number correction factor for blade secondary loss is given as a function of

delta Mach number AM , optimum delta Mach number AM opr» and optimum exit Mach

number M . That is

ex.opr

fsa=flaM. oM, .M., ) (4.8)
where:

AM =M, - M, (4.9)

M, =M, -M,),, (4.10)

M., . =Optimum exit Mach number

(In this case, the Mach numbers refer to blade relative condition and the optimum Mach

numbers are introduced in Section 4.4).
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After this modification, the change of secondary loss variation with AM for a turbine

stage is shown in Fig. 4.5.

Figure 4.6 shows the effects of the modifications to trailing edge loss, tip-clearance loss,
and secondary loss correlations by individually plotting the efficiency versus reaction.
Figures 4.7 and 4.8 show the individual loss component variation with reaction before
and after these modifications. It can be seen that beyond the optimum reaction, the
efficiency decreases with increasing reaction due to the increased trailing edge loss, tip-
clearance loss and secondary loss. Compared with the old loss components, all the three
modified components increase with increasing reaction for values of reaction past the

optimum.

4.4 Optimum Exit Mach Number M., o, and Optimum Delta Mach number AM opt

At the stage optimum reaction, the blade row exit Mach number M., and delta Mach
number AM (M, .-M;,) are referred to as optimum exit Mach number Mex opt and optimum
delta Mach number AM,,. After having studied 46 different turbine stages from 17
different engines, it was found that the optimum exit Mach number Mexope and the

optimum delta Mach number AM o are function of stage pressure ratio PR, (see Figs. 4.9

and 4.10). They tend to increase as PR increases, these experimental data were fitted with

shown curves, which were used in evaluating the correction factors presented earlier.
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4.5 Validation

In order to validate the proposed mean line loss system, the modifications have been
implemented in the P&WC aerodynamic mean line design system. The program was then
run for 46 different turbine stages corresponding to 17 different engines. These engines
cover a wide range of applications going from single-stage to five-stage turbines with
both cooled and uncooled turbine stages, and from subsonic to supersonic flows. The
curves showing the variation of stage efficiency with reaction for the old and the new
AMDCKO models for some of the representative stages are shown in Appendix III, Fig.
[II.1. These predicted results show an improvement compared with the old AMDCKO,
which shows almost no optimum reaction at which the maximum efficiency has been
shown to occur in engine and rig test cases. Table 4.3 provides the detailed results of
optimum reaction and efficiency after modification and their target values for the purpose
of comparison. Figure 4.11 compares the predicted optimum efficiency with the expected
target efficiency (from P&WC unpublished experimental data), where we can see that the

results fall within a +1% error band, for almost all the stages.

The predicted optimum reactions are also compared with experimental data and are
shown in Fig. 4.12. It was found that the modified loss system generally predicts a
slightly higher optimum reaction trend compared with experimental data. However, most
of the reactions predicted by the modified AMDCKO loss system fall within the

experimental data band.
4.6 Concluding Remarks

The AMDCKO trailing edge loss correlation was modified based on the physical

implication of high Mach number flow on the different loss components and based on
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Table 4.3 Results of validation against 46 turbines of 17 engines
Turbine Cooled PR mn/MmRef n/mRef  Error,

Stages Expected AMDCKO, %
Target New

T1 Vv/B 5.1 0.9409 0.9431 -0.01
T2 \" 3.4 0.9758 0.9742 0.39
T3 None 1.7 1.0228 1.0201 0.48
T4 None 1.8 0.9999 1.0055 -0.34
T5 v/B 1.9 0.9565 0.9612 0.92
T6 \" 22 1.0087 1.0093 0.16
17 None 1.6 1.0283 1.0314 -0.09
T8 None 2.2 1.0046 1.0026 0.41

T9 v/iB 2.0 1.0010 1.0067 -0.35

T10 viB 2. 1.0030 1.0024 0.27
T11 None 1.8 1.0240 1.0292 -0.29
T12 None 20 1.0124 1.0077 0.69
T13 \' 3.0 0.9984 1.0015 -0.09
T14 None 2.7 1.0171 1.0098 0.94
T15 VIB 19 0.9874 0.9941 -0.45
T16 viB 2.1 1.0091 1.0083 0.29
T17 ViB 21 0.9754 0.9791 -0.16
T18 viB 21 1.0273 1.0300 -0.04
T19 vViB 22 0.9663 0.9711 -0.27
T20 viB 22 1.0113 1.0142 -0.07
T21 None 1.4 1.0059 1.0051 0.30

T22 None 1.5 1.0161 1.0238 -0.54
T23 None 1.5 1.0224 1.0247 -0.01
T24 \'} 3.0 0.9941 0.9963 -0.01
T25 None 1.5 1.0151 1.0102 0.70
T26 None 1.7 1.0207 1.0249 -0.20
T27 \' 3.9 0.9580 0.9595 0.06
T28 None 1.6 1.0205 0.9933 2.90
T29 None 1.8 1.0021 0.9981 0.62
T30 \' 3.3 0.9653 0.9673 0.01
T31 None 1.4 0.9800 0.9711 1.14
T32 None 1.6 0.9749 0.9755 0.15
T33 None 1.7 0.9704 0.9720 0.06
T34 ViIB 4.0 0.9688 0.9678 0.33
T35 ' 3.8 0.9699 0.9710 0.10
T36 None 1.5 1.0265 1.0300 -0.12
T37 None 1.6 1.0249 1.0321 -0.49
T38 ViB 4.0 0.9910 0.9921 0.10
T39 V/iIB 2.1 1.0199 1.0221 0
T40 None 2.1 1.0414 1.0361 0.73
T41 ' 3.0 0.9759 0.9787 -0.07
T42 None 2.0 1.0439 1.0328 1.30
T43 \") 2.6 0.9902 0.9928 -0.05
T44 None 2.1 1.0379 1.0322 0.47
T45 " 2.9 0.9906 0.9919 0.09
T46 None 23 1.0008 0.9985 0.45

62



Ropt/Ropt,ref

Expected target efficiency, n/mres

105 Ve

V4
’A
I/“ ;
V4 7
103 7 . 7
’ LN
= % 3%
a A Fd
A
7 a l/
101 S oty
’I 3; //
L’ ﬁ,f/
4 3 .
099 g A
r'd s,
V4 ’
A s
’1 w7
097 KoL
L
rd ’
\c\“,/ s, 7
‘[ ’/ OQ'
095 yd &
l’ .7 6\06
4 I , N
E x
7/
rd
093 ’ v -
093 095 097 099 1.01 1.8

Optimum efficiency after modification, n/nref

1.05

Fig. 4.11 Comparison of predicted optimum efficiencies of
46 turbine stages.

2 _
1.8 1 AN
A\ A AMDCKO, New
1.6 - A A ..
FAY b Exp. Data Band
1.4 - A - A
A A
o
1.2 - “ 5“\ .
\“ N
1 Ja ~
oy Lo ~
] ~ _ 4 4~
0.8 ~ 4 \A:\
-~ ——
0.6 - TTA—
0.4 v : r ‘ , . -
1 1.5 2 2.5 3 3.5 4 4.5
PR

Fig. 4.12 Optimum reaction Vs pressure ratio.

63

5.5



experimental data found in the open literature as discussed in Section 4.1. It was shown
(Fig. 4.1) that total profile loss (Y,+Y,. in AMDCKO) increases significantly with exit
Mach number in the transonic range (0.8-1.2). However, the AMDCKO profile loss
(boundary layer loss) Y, plus trailing edge loss Y,. for both vanes and blades remain
unchanged, or even decrease slightly, with exit Mach number in this range (Fig. 4.2). As
mentioned earlier, this is postulated to be due to the shock loss at the trailing edge that
was not taken into account in the AMDCKO loss system. Therefore, the trailing edge loss
was underestimated (Fig. 4.3). The proposed modification remedied this situation. The
AMDCKO tip-clearance loss correlation for unshrouded blades was inconsistent when
tested against NASA's study on the reaction effect on turbine efficiency (Fig. 4.4).
Therefore, a correction factor involving the "velocity-based reaction at blade tip" was
developed and was successfully applied to the old model for unshrouded blades. Lastly,
the AMDCKO secondary loss model was modified to reflect recent knowledge and
experimental results for transonic turbines. This modification improved the overall mean
line performance prediction, when compared with experimental data. The effects of all
these three modifications can be depicted in Figs. 4.6-4.8, where efficiency as well as loss

coefficient are plotted versus reaction.

It was demonstrated that the modified AMDCKO loss system not only predicted the

expected optimum efficiency (Fig. 4.11), but also predicted the optimum reaction value

reasonably well (Fig. 4.12).



5. Conclusion, Suggestions, and Future Work

5.1 Conclusion

An aerodynamic loss system is essential to turbine mean line design which in turn plays
an important role in the entire engine design cycle. Therefore, the loss system must be
reviewed and updated from time to time to reflect the latest knowledge and design
practices. In general, the AMDCKO loss system performs well up to the optimum
reaction range, but it overpredicts aerodynamic efficiency when the stage reaction
exceeds its optimum value. This range of reaction usually corresponds to higher rotor exit

Mach numbers (transonic flow regime).

It is determined that the existing AMDCKO loss system needs improvement in three

aspects.

1. It underestimates the trailing edge loss because it doesn' take into account the
complex shock pattern formed around the trailing edge in transonic flow. Recent
studies in the open literature show that this is a major source of loss and it rises
sharply as the exit Mach number is increased toward one (usually continues to

1.2).

2. It fails to predict an increased tip-clearance loss as the reaction is increased,

corresponding to increased blade loading and exit Mach number.
3. It underestimates the secondary loss when the reaction exceeds a certain value.

The discrepancy between the AMDCKO results and both the experimental results from
P&WC and in the open literature were explained based on the implication of high Mach

number flow in the turbine stage. The experimental results were used to modify the
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AMDCKO system to reflect compressibility effect in the transonic flow regime.
Modifications are made to the AMDCKO trailing edge loss, tip-clearance loss, and

secondary loss correlations.

The modified AMDCKO loss system has improved the performance prediction capability
of turbine mean line design in that it predicts an optimum reaction at which the maximum
efficiency has been shown to occur in engine and rig test cases to within +1%, and
therefore it is now applicable to a larger design range. This also allows the loss model to

be used as a useful tool within a multidiscipline optimisation design environment.

5.2 Suggestions and Future Work

Although the modified AMDCKO loss system has improved the performance prediction
capability of turbine mean line design program, the proposed modification hasnt
modified the structure of the AMDCKO loss system that doesn't reasonably reflect the
latest understanding about loss components and their magnitudes. Moreover, the effect of
high Mach number on secondary loss is still not clear. Therefore, further efforts need to
be made and the AMDCKO loss system may be further improved in the following major

aspects:

- Secondary loss variation with Mach number. Further understanding, and solid and
complete experimental data relating secondary loss variation with Mach number is

required for further improvement of the AMDCKO loss system.

- CFD assessment of secondary loss. Since neither a qualitative nor a quantitative

study of the compressibility effect on secondary loss is available, further work would
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include using CFD (Computational Fluid Dynamics) to validate the relationship

between secondary losses and exit Mach number.
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Appendix I Terminology and Definitions

I.1 Blade Section Terminology

Blade section terminology is far from identical from one investigator to another. A more
detailed description of the blade section notation for axial flow turbines is introduced by
Wilson [41] and is shown in Fig. I.1. The purpose of Fig. L1 is to illustrate the notation

which is commonly used for cascade geometrical parameters and which will be followed

in this work.

Fig. L1 is drawn with o representing the flow angle and f representing the blade ‘metal’
angle measured between the axial direction and the tangent to the camber line at leading

and trailing edges. The camber line is obtained by bisecting the thickness of the airfoil.
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ac P \
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Fig. I.1 Blade section terminology [41].

74



The chord is defined as the straight line joining the leading and trailing edges. The airfoil
chord makes a certain angle with respect to the axial direction. This angle is designated
the blade stagger angle, A. If the tangents to the camber line at the leading and trailing
edges are extrapolated the angle included between these lines is termed the camber angle,
8. The distance between blade leading and trailing edges is the chord length, c, and that

between the edges of two adjacent blades is the pitch or spacing, s. In this paper we use

the pitch-chord ratio, s/c, following the British cascade practice, whereas American

practice uses the solidity, c/s.

The incidence angle, i, is defined as the difference between the flow and blade angles at

inlet, i. e.
i=o, - B, (L1

In general there will be an underturning of the fluid by the blade row; accordingly a

deviation angle, §, is defined for discharge angles, i. e.

d=p,-a, (12)
A fluid deflection angle, also often called turning angle, €, is defined as

£ =0, +a, (L.3)

It is noted that flow angles o, and a, shown in Fig. 1.14 are designated positive flow

angles.
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L.2 Velocity Triangle

Fig. 1.2 shows the velocity triangles for one axial flow turbine stage and the nomenclature
employed. The preliminary analysis of a turbine stage always begins with the velocity
triangles (velocity vectors). The gas approaches the row of nozzle blades (more often

called “vanes” in case of nozzle or stator) with total temperature and pressure T, and P,
and velocity C; inclined to the axis at angle a.,, then is expanded to P,, T, and leaves
with an increased velocity C, at an angle a,. The rotor blade inlet angle will be chosen
to suit the direction 3, of the gas velocity V, relative to the blade at inlet. B, and V, are
found by vectorial subtraction of the blade speed U from the absolute velocity C,. After

being deflected and usually further expanded, in the rotor blade passages, the gas leaves

at Py, T, with relative velocity V; at angle,. Vectorial addition of U yields the
magnitude and direction of the gas velocity at exit from the stage, C; and . a; is

known as the stage exit swirl angle.

Fig. 1.2 Axial flow turbine stage and velocity triangles
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I.3 Turbine Isentropic Efficiency

In conventional turbines, the flow through a stage can be regarded as adijabatic since heat
losses are usually small in relation to work outputs. The performance of the flow can be
represented in an enthalpy-entropy or a temperature-entropy diagram in Fig. .3. An ideal
process (no losses) through the turbine stage is from point 1 to 3’ and a real process (with
losses) is from point 1 to 3. The difference between the ideal and real points 3’ and 3 at
the exit of the turbine stage is mainly caused by the losses in the flow described in the
previous section. In turbines, the term efficiency is used to evaluate quantitatively how
effectively the flow is expanded through the turbine or, in another words, what percent of

the total work available can be achieved after losses are considered.

Traditionally the efficiency calculated for turbines can be total-to-total, total-to-static or

static-to-static efficiency:
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Fig. I.3 T - s diagram for a reaction stage [7].
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Total-to-total efficiency: n, = (I1.4)
7;)1 "7;)3
T, —-T

Total-to-static efficiency: 7, = —2—2 (L.5)
Ton "'Ts
T -T,

Static-to-static efficiency: 1, =—— (1.6)
T, -T,

The total-to-total efficiency should generally be used in multi-stage turbines where the
exhaust velocity from a stage is not lost. The total-to-static efficiency is used when the
exit velocity is not recovered, such as the single stage turbine and the last stage in a
multi-stage turbine. For a turbine stage where the inlet and outlet velocities are
approximately the same, the total-to-total efficiency can be regarded as the same as the

static-to-static efficiency.

1.4 Loss Coefficient

There are many different definitions of loss coefficient in regular use for turbine blades.
But the most common ones are the stagnation pressure loss coefficient and the energy or

enthalpy loss coefficient.

Stagnation pressure loss coefficient (used by AMDCKO and in this work):

Nozzle: Y, = Lo~ Po (L7)
Po — P>

Rotor: Y, = Pozret — Poret (L8)
Pozrt — P3

Energy (enthalpy) loss coefficient:
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Nozzle: = = = = (1.9)
o hp —h, 1 C?
2
- —h
Rotor: (o= by — s, = by~ (1.10)
Posret = 3 lvl
53

Sometimes another kind of energy loss coefficient, in terms of isentropic velocity, is

used. It is defined as:

(L11)

where ¢ is the velocity coefficient, i.e., the ratio of the blade outlet velocity to the
velocity which could be attained in an isentropic expansion from inlet conditions to the

actual outlet pressure.

The relationship between the two kinds of energy loss coefficients { and & is
E=2 (L12)

and the relationship between the stagnation pressure and energy loss coefficients Y and

E is

.
,:I_Y;EM,Z(_I__IJ:I - -1
2 “11-€
Y= (I.13)

1
1—[1+——Y_IM,2JH
—M,

r'

A more recent loss coefficient was defined by Denton [10] in terms of entropy. It is

called entropy loss coefficient,
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(1.14)

Denton [10] also proved that the numerical value difference between the energy and

entropy loss coefficients (§ and {, ) is of the order of 10~ and so is always negligible.

I.5 Reaction

A turbine stage is composed of a rotating and a stationary component and expansion may
occur in both. An important design parameter is the way in which the expansion is shared
between the two, and this is determined by the degree of reaction of the stage. Reaction
can be defined as the ratio of the static enthalpy change in the rotor to the total enthalpy

change across the stage:

A = Ahmrur (I. 15)

0.stage

Thus a high degree of reaction implies that most of the enthalpy change, and hence the
expansion occurs in the rotor. Conversely, a low degree of reaction implies that little
enthalpy change occurs in the rotor and the majority takes place in the stator. This has

strong implications for gas turbine design.

There are also a lot of occasions where reaction is defined in terms of static pressure

drop, namely the ratio of that across the blade to that of the stage:

R=P"5 (L.16)
Pr— P

In this work, when reaction is mentioned, it refers to this static pressure-based reaction R,

where otherwise stated.
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Appendix IT

Turbine Stage Aerodynamic and Geometric Data
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Appendix ITT

Result Curves of Efficiency with Reaction
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Fig. III.1 Result Curves of Stage Efficiency with Reaction
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Fig. IT1.1 Result Curves of Stage Efficiency with Reaction (continued)
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Fig. ITL.1 Result Curves of Stage Efficiency with Reaction (continued)
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Fig. III.1 Result Curves of Stage Efficiency with Reaction (continued)
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Fig. II.1 Result Curves of Stage Efficiency with Reaction (continued)
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Fig. II1.1 Result Curves of Stage Efficiency with Reaction (continued)
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Fig. IT1.1 Result Curves of Stage Efficiency with Reaction (continued)
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Fig. III.1 Result Curves of Stage Efficiency with Reaction (continued)
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