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Abstract

The purpose of the thesis was to design a new bidde for the KTH test turbine
according to present design guidelines for gasnegomanufactured at Siemens
Industrial Turbomachinery in Finspang. Stage ona @fal gas turbine was used as a
reference for the aerodynamic design providingagtiag point for the project. Using
similar gas conditions the new rotor blade wasroged with regard to metal angles
and pitch/chord ratio at reference scale. Withtesfyeng geometry the new blade
was scaled back to test turbine size. The bladgresuld be evaluated and
modified using several different in house codes:@1Aused for meanline design,
Beta2 for through flow design, CATO for airfoil dgs and Multall for 3D design.
During the project certain reference specificaticestricted the design and had to be
considered. ANSYS CFX was used to analyze the §ipametry in great detail not
possible in any of the other software. The new élds first analyzed at reference
scale and then once again evaluated in Beta2, N0@itand ANSYS CFX at test
turbine scale. As a consequence of generally hdewwdreynolds number in model
tests the results are not entirely comparable thighreal case. Effects of transition
using different transition models were assessevigirg valuable information about
the expected differences.
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Nomenclature

c [m/s] absolute velocity

c, [kJ/kgK] specific heat capacity at constant pressur
C, [kJ/kgK] Specific heat capacity at constant volume
Ma [-] Mach number

La, A [-] Laval number

n [rpm] rotational speed

N [MW] power

p [bar] pressure

Re [-] Reynolds number

T K] temperature

u [m/s] tangential blade speed

w [m/s] relative velocity

h [kJ/kg] specific enthalpy

w [kJ/kg] specific work

w [J] work

q [J/kg] heat per unit mass

Q [J] heat

S [kJ/kgK] specific entropy

d [-] denotes an incremental change
T [Nm ] torque

\ [m"3/kg] specific volume

P [bar] pressure

My, [-] thermodynamic efficiency
m, m  [kg/s] mass flow

R, [kJ/kgK] specific gas constant

K [-] ratio of specific heats

E [J] total energy

t [s] time

YA [-] Zweifel coefficient

PR [-] pressure ratio

U [m/s] rotational speed

a [rad/s] angular speed

r [mm] radius

Ve [-] velocity ratio

h [kJ/kg] static to static enthalpy drop

0
[

diffusion coefficient
absolute flow angle
relative flow angle
radial clearance
efficiency

—_
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[
[
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[
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K [] ratio of specific heats

An [] degree of reaction, enthalpy based
Ap [] degree of reaction, pressure based
A [] Laval number

u [Pas] dynamic viscosity

II [] total to static pressure ratio
p [kg/m”"3] density

G [-] loss coefficient

¢ [] flow coefficient

Y [-] stage loading coefficient

A [-] denotes change

4 [Pa] shear stress

TI [%0] turbulence intensity

C, [-] skin friction coefficient

is isentropic

0 vane inlet

1 vane outlet

2 blade outlet

u tangential

a axial

r radial

* total state

denotes quantities per unit time
denotes total state

total to total
total to static
critical state
denotes vector

tt

ts

denotes wall

=

Cc [mm] throat width

b [mm] real chord

B [mm] axial chord

d, [mm] trailing edge diameter
r [mMm] leading edge radius
r [mm] trailing edge radius

t [mm] pitch

Bim [°] inlet metal angle

Bam [°] outlet metal angle
o ‘] uncovered turning
®1 ‘] leading edge wedge angle

°] incidence

[
[
[
o2 [°] trailing edge wedge angle
[
[] aspect ratio



The figures below show the used definitions regaydilade geometry and flow

angles.
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Preface

The thesis consists of two main parts over sevetioses. The first part is pure
theory based and the second describes the actdaland result of the thesis. A
brief summary of the content follows:

« First the fundamental theory of turbomachineryresspnted and the relevant
parameters are defined. In section 2 the desigrepsoof a gas turbine is
discussed from an aerodynamic point of view.

» Section 3 describes the different software used.

* The method of the thesis is presented in sectidini4. section is to some
degree representative of the work process in ctogital order:

o A full scale reference turbine stage is selectedragra number of
first high pressure stages from SIT gas turbines.

0 A first parameter study is performed.

o The test turbine is scaled to reference size withoaling flows.

o Fundamental blade parameters are determined fraorieal
correlations, e.g. pitch to chord, metal angles.

0 Updated values from 3D calculations results inflmed and final
design. The model is scaled back to test turbire si

* The boundary conditions and the results are predentsection 5 for the
different cases:

o Reference vs. new design
o Full scale vs. model scale
* Finally the conclusions and the future work arcdssed.

Additional results are included in appendix:

» Additional CFX discussion and results are preseimetppendix A.

Xi



Background

An air driven test rig owned by Siemens Industfiatbomachinery but situated at
KTH with typical steam turbine blading has beenghbject of this thesis. The rig is
originally designed for operation with up to thteebine stages but only two stages
have ever been used. For the current blading ttoefgurations are possible, build
4a with only the first stage, build 4ab with botages in series and build 4b with
only the second stage. This thesis is a part optbgct TurboAero, a collaboration
between Siemens, KTH and GKN, where build 4b igestilto a number of
upgrades. Afterwards it will be possible to opewdteonditions typical for a first
stage of an industrial gas turbine excluding timeperature level.

In conjunction with the upgrades this thesis a@mdesign a new stage for the test
turbine that is more representative of current 8sgas turbines. It will be based
on an existing stage from Siemens product portioliorder to attain a design
complying with present design rules.

The current scope of the project only enablesdbe to be switched and the
existing vane will remain as a consequence of dchfunding. This is one of the
major limitations of the new stage since it wilstéct the design to some degree.
Furthermore the maximum temperature and rotatisp@éd are constrained of
structural and safety reasons.

As this thesis will become available to the publlicnain some results and
references have been excluded maintaining sensitaterial confidential. However
this will not in any way affect the methodologyltmed or the conclusions.



1 Theory

1.1 Basic principles

1.1.1 Introduction to the gas turbine

The main contributor to the popularity of the gadbine is without question the
aviation industry. For many years the piston engvas the only possible choice of
air born propulsion. During the Second World Wéostaof effort was put in to
developing faster aircraft which in the end ledhe first commercial gas turbine
engines. They were lighter and a lot more powearfumhpared to a piston engine of
equivalent size. Nowadays using anything else ¢&hgas turbine for aircraft
propulsion is almost unthinkable. During the secbalfl of the 20th-century gas
turbines were beginning to be used more and mostationary applications such as
mechanical drive and power generation. Gas turliaade started and ramped very
fast which can be of prime importance in certaiplaptions.

When coupled to a steam turbine and used in a cwdlplant the efficiency can be
on par with the best of piston engines.

1.1.2 The ideal gas turbine cycle — Brayton cycle

In essence a gas turbine consists of three majts: @acompressor, a combustor and
a turbine. First air is sucked in to the compregsot of the gas turbine where there
is an increase in pressure. The flow of air is timéxed with fuel and ignited in the
combustor. Finally the hot gas stream is expandéie turbine and then expelled
through an exhaust pipe. Even though the vast majargas turbines operate
accordingly to the aforementioned process it i®kitely not the only way to make a
gas turbine work. Several other ideas have emeargexdthe years including making
use of another working media with external comlmunsétc.

A gas turbine can be considered a cyclic deviceddé is often analyzed using a
thermodynamic cycle. By making certain assumptiongxample; steady state
operation, isentropic turbine and compressor, esgure loss, constant mass flow,
perfect gas, no difference in fluid velocity acrtiss components and so forth,
simple analytical expressions of efficiency andc#ipework can be derived.

It is common to make use of a closed cycle appnaiipn when making the
calculations.

In reality this kind of operation is seldom uset@use of the difficulties associated
with heat transfer from the combustion to the wogkiluid. With the simplifications
mentioned above the cycle is said to be ideal dteth @alled the Brayton cycle after
its inventor. In Figure 1-1 below the Brayton cydalescribed using a temperature
entropy-diagram. Between point one and point tveodbimpression process takes
place consuming work and raising the temperatutbefvorking media. Energy is
added in the form of heat when moving from poind te three causing a large
increase in temperature. Work is extracted dutiregeixpansion from point three to
point four lowering the temperature. Heat is themoved lowering the temperature
back to the starting value in order to completecyde.



heat in

%v work out

3 heat out

Figure 1-1 The Brayton cycle

In order to conduct an energy analysis a cleandifh of what is being considered
has to be determined. For this reason a so calldra that defines the actual space
in which the study is taking place must be consédicEverything outside of the
system boundary is called the surroundings. A sygstmmonly called a control
volume) can be either closed or open dependingd miass is allowed to cross the
boundary or not. The system can possess kinetienpal and internal energy which
constitute the total energy of a system negleatimgrgies associated with surface
tension, electric and tension effects. Across théndary energy can be transferred
in the form of work, heat and mass flow. The fiest of thermodynamics states that
energy cannot be created nor destroyed only tramsi between one form to

another. This can be expressed mathematickl|ly- E,,, = AE For a steady flow
process the above relation becomes

— dEsystem -

0
Rearranged:

Mass cannot be created nor destroyed, this siraptefill state that all the mass
entering a control volume must also come out dusiegdy state operation:

e OB
mn mOUt dt mn ut



Below the governing equations, the energy equatimhthe continuity equation for a
steady flow process will be used in the analysithefBrayton cycle. By treating
each part of the cycle separately using a contrlinae approach on a per unit mass
basis:

Compressor

W =h, =y 1
Turbine:

w,, =h;—h, 2
Combustor:

qn =hs —h, ©)

The thermodynamic efficiency is defined

,7 - Wnet,out (4)
th Qin
With constant mass flow:
Wne ,ou
o == (5)
The net amount of work done:
Whetout = Wout ~ Win (6)
Inserting (6) and (3) into (5):
-h,-(h, - h,-h,—h +
/7th=h3 , —(h, hl):3 , —h,+h 7)
h?. - hz hs - hz
(7) can be expressed using cpT:
= TL-T-T+T _, T-T, @®
T3 _Tz T3 _Tz

The Gibbs equation states:

Tds=dh-vdP (9)



Since both the compression and expansion procesasidered to be isentropic the

following simplification can be done:
Tds=0= dh=vdP

By usingdh=c_ dT and the ideal gas lalv=RT:

dP _ G dT
P R T
k and R, can be expressed:
k=22
CV
Rs = Cp _Cv

Together (11) and (12) can expressexplicitly:

Ry & 1. %_ 1 _ «
o o k R 4.1 k-1
K
(10) rewritten:
dp_ « dT
P «-1T

T, andT, can be expressed:

Making use of (15):

(10)

(11)

(12)

(13)

(14)

(15)



k-1 k-1
P\« P\«
T, = (FZJ T, Ty = [st T,
1 4

The ideal cycle has no pressure losses so:

00

=PR

0|0

T, and T, can be expressed as mentioned above and insetwe@)n

Ll -1-— 1 (16)

,7th =1_ K- k-1 k-1

From (16) it is obvious that the thermal efficierafythe Brayton cycle is only
affected by the pressure ratio for a given worKlogl. An expression for the
specific work will yield a dependency of both pregsratio and maximum
temperature. The temperature also influences fieesfcy when component losses
are taken into account. However even so the effayies much more dependent on
the pressure ratio than maximum temperature. Whegrdaaling with non ideal
processes the concept of isentropic efficiencyery xommonly used. It is defined
for an adiabatic turbine as the actual work outpvtded by the ideal work output
which corresponds to the actual enthalpy drop edildy the isentropic enthalpy
drop. Two different isentropic efficiencies existtal to total and total to static
defined below:

hOin - hOout

= —0in__Oout 17

”tt hOin - hOout,is ( )
ho‘ B ho t

= In ou 18

,7t5 hOin - hout,is ( )

The reason for defining two different isentropiti@éncies is that the outlet kinetic
energy sometimes must be regarded as a loss. &ompdx in a turbine consisting of
many stages, the exit kinetic energy for all bet It stage can be used downstream.
However for the last stage this is not the cagbeaginetic energy possessed by the
flow will be of no use outside of the turbine hemceust be considered a loss of
energy.

1.1.3 The Euler work equation

All turbomachinery is based on the basic princigeived by Euler in the 18
century. From elementary mechanics the interadigiween force and acceleration
is well known from Newton’s second law of motiorhieh states that the net force
equals the time rate of change of momentum. Tleeaevery similar equation



describing how torque and angular momentum isedlakhat is the net torque will

be equal to the time rate of change of angular nmbume. In a generalized
turbomachine fluid enters at radigswvith the tangential speed; and leaves at
radiusr, with the tangential speegl,. Under the premise of steady flow the torque in
the tangential direction can be written:

T =m(r,c,, —1,c,) (19)

By definition power is work per unit time that @rfe times speed which for a
rotating device equals torqUdimes angular velocity :

N =Tw=m(r,c,, - r,c,)w=m(r,ac, —rac,)=mU,c, -U,C,) (20)
Since the blade speed is:
U=ra
Dividing (20) by the mass flow yields the specifiork:

N

m

w=—=(U,c, -U,c,) (21)

(21) is the governing equation for the work outpiua turbine.
1.1.4 Velocity triangles

When studying turbines so called velocity triangles very often used in order to
get an understanding of how the flow interacts whih blades. The fluid enters the
stationary part of the stage, the stator, wheigeusually accelerated to some degree
in the absolute frame of reference. It then erttezgotating part of the turbine, the
rotor. Here the flow normally experiences accelerain the relative frame of
reference. For most gas turbine stages the fluicaatelerate to some extent in both
rotor and stator part but there are turbines whalmave differently. For example
many steam turbines can be of so called impulsgaehat is all the acceleration
occurs in the stator. In Figure 1-2 velocity tribeggfor a typical turbine stage have
been drawn. Adding the blade speed and relativacitglvectorially yields the
absolute velocities:

—_—

C=U+W



Figure 1-2 Velocity triangles by Siemens definition

The angles corresponding to velocity vectors arasueed from the tangential plane
which is common in Russian and German literaturéhé figure above the axial
velocity is constant through the stage as seen fhenvelocity triangles having equal
height. This is a reasonable approximation singeatity the axial velocity generally
varies very little through the stage in comparismthe other velocity components.
The approximation greatly simplifies the mathenadtderivations of expressions
relating the shape of the triangles to different garameters defining the stage.

1.1.5 Blade geometry

In this section some of the common parameters tesddscribe blades geometrically
will be presented. In Figure 1-3 below an arbitralgde with definitions can be
seen:

i\ /<\ﬁ,,,.

\r_; ‘ \Zﬂzm

Figure 1-3 Blade geometry definition

The difference between metal and flow angle atislealled incidence and at outlet
deviation:

1=Bn=5
C:,BZm_,Bz



1.1.6 Key parameters

In order to define a gas turbine stage the follgnsat of parameters are often used:

Stage loading is a quantity often used in gas merpractice and defined as the total
enthalpy drop divided by the square of blade speed:

_oh
= (22)

Velocity ratio can be seen as the inverse of si@aging and it is often used when
studying steam turbines. Defined as the blade sge@ied by the square root of two
times the isentropic static to static enthalpy drop

V= (23)

Flow coefficient is defined as the axial componainthe absolute speed divided by
the blade speed:

p== (24)

U

Flow capacity is defined as the mass flow timesstigare root of total temperature
divided by the total pressure:
Flow Capacity

=T§E (25)

Stage reaction enthalpy based:

Ah
/\h - rotor (26)
Ahstage
Stage reaction pressure based:
A
/\h = protor (27)
Apstage

For an isentropic process (26) and (27) are eqims. can be derived using Gibbs
equation (9) withTds= 0 yieldingdh = vdp. Using the result in (26) and assuming
constant specific volume (and hence constant dgnsit



/\h — dhrotor — Vdprotor — dprotor — Aprotor =A . (28)
d mtage vd pstage d pstage Apstage

Both definitions of stage reaction are used inliteeature and differ typically a
couple of percent but they give the same type forimation.

Two dimensionless quantities are very often uskdnastudying the velocity near
the surface of a blade. The first one is the Lanamhber defined as the local velocity
divided by the so called Laval velocity:

A=— (29)

Using the steady flow energy equation for an aabjtadiabatic channel between

static and stagnation states yields:
2

C
hy=h+= (30)

For a perfect gas with constaryf equation (30) can be rewritten:

2
T =T+ (31)

20p

The velocity can be expressed:

c:1/2cp(T0—Tj:1/%(TO—T) (32)

A critical speed is defined when the Mach numbemisy:
Ccr = I(RSTCF (33)

This critical speed can also be expressed usingaf@®kequated to (33):

c, = J@ (T, -T,) = J&RT, (34)

k-1
Simplifying the above expression yields:

cr

T, 1l+k

T, _ 2 (35)

Solving for T, and inserting into (34):

10



- |28 (36)

1+«

CCI’

The ratio of the local speed and the critical spgeldls the Laval number, also
known as the characteristic Mach number. For a tiume@ugh explanation see
Anderson [12].

The second dimensionless quantity often useckidlich number defined as the
local velocity divided by the speed of sound:

c

c
Ma=- = (37)
a JRT
Equation (15) can be rewritten between static aagnstion conditions:
-1
T \p

Making use of equation (31) and (37) the left hami@ of equation (38) can be
expressed:

=1+ Ma’ (39)

By inserting the right hand side of equation (3piequation (38) an expression for
the so called isentropic Mach number can be derived

K-1

_ Po | “ 2
Ma,. = — -1|— 4
a, {pj . (40)

Equation (40) expresses a Mach number often used studying velocity
distributions along a blade surface. The isentrapial number is also often quoted
in the same context. It is defined neglecting tifience of friction or viscosity and
heat transfer present in the boundary layer i.eoatlitions present for an isentropic
process.

1.1.7 Degree of reaction

The degree of reaction describes how the expamsidinided by the stator and rotor
blade. A low degree of reaction corresponds togelapart of the acceleration taking
place in the stator than in the rotor. Consequemtijgh degree of reaction results in
the reverse situation. Looking at a simplified stag the one illustrated in Figure
1-2, mathematical expressions linking degree aftrea and angles can be derived.
A common choice is the 50 percent reaction desipiying symmetrical velocity
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triangles, as in Figure 1-2. The exact choice attien is not that critical when
considering the efficiency of the stage. Many d#fé philosophies regarding the
choice exist and designs with degree of reactionei@moved from 50 percent can
have high efficiency.

The reaction varies along the span because oingpsyatic pressure and static
temperature. As outlined in section 1.2, whenekerfiow has a whirl component
there must be a pressure gradient for the conditioadial equilibrium to be
fulfilled. Looking at a general stage this will nmetiat the static pressure increases
with radius. Corresponding to this change is tHearsy distribution that will vary in
the opposite way. When designing a stage it is niapbto check how the degree of
reaction varies with radius in order to achievedyetiiciency since a too low value
in the hub or too high value in the tip tend tode¢rimental.

1.1.8 Velocity distribution and curvature

An important part of evaluating the aerodynamidgenance of a blade is to study
the velocity distribution along the surface. Asifles deflected by the blade an equal
but opposite force is exerted on the blade. Thisfoneans a net imbalance of
pressure that is different pressures on eitherdidlee blade hence the names
pressure and suction side. When making an aerodgrem®essment the suction side
is of special interest because it is normally nemesitive from an aerodynamic point
of view than the pressure side. The gas flowingglihe suction side will generally
be accelerated to a high speed creating a lowymegene. However, the flow at
the suction and pressure side must join at thiénigaedge of the blade fulfilling the
Kutta-condition [12]. This means that the flow ¢y suction side will experience
some diffusion which if taken too far can lead éparation. A schematic velocity
distribution is displayed in Figure 1-4 showing trelocity plotted versus a surface
coordinate for both suction and pressure side.

Ma

A SS

PS

>
LE TE

Figure 1-4 Schematic velocity distribution
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In order to check for excessive deceleration skedaliffusion factors are
introduced. From the literature values can be fquoaiding a safe limit for the
maximum diffusion allowed. The following diffusidactor is defined as proposed
by Prof. Mamaev [10]:

D=me g (41)
/12

Whered,,.is the maximum isentropic Laval number on the sucside andi, is

the average isentropic Laval number downstreamading edge. The design should
comply with D < D, [10]. Depending on the value df, different values oD,

will be used.

The area enclosed by the lines in Figure 1-4 eathbught of as a measure of blade
loading. Generally the pressure distribution is@dtithe complete inverse of the
velocity distribution and this integrated alongtbstirfaces will yield the blade
loading. Depending on the distribution of loadihg blade can be said to be front,
mid or aft loaded. The choice of loading is ofter explicitly given but depends
very much on the design philosophy followed.

In general it is suggested that the velocity stiautrease smoothly along the
surface right up to the point of diffusion givingantinuous acceleration. This
provides stability to the flow and avoids unnecegsaparations.

When the flow becomes transonic or supersonickshcan appear leading to
increased losses. Since there is no real advanfdgeving supersonic flow it is
often avoided if possible.

A common geometrical parameter used in bladelprdésign along with velocity
distribution is the curvature. It is calculatedsafsinction of the first and second
derivative of the polynomials used for describihg profile mathematically, and it
should be continuous for the whole profile. Thevature should decrease
monotonically towards the trailing edge providihg possibility of having
controlled diffusion with minimized risk of sepalat.

1.1.9 Zweifel

A very common parameter used in turbine desighasziveifel blade loading
coefficient. It is used in order to get a valuahaf pitch/axial chord ratio which

yields minimum losses. Once this coefficient isede@iined, one can calculate the
pitch and hence the blade number if the axial ci®kshown. If certain assumptions
are made for example constant density, constaat egiocity and so on, the
coefficient can according to Moustapha et al. Rrpressed as in equation (42) and
equation (43). Note the nomenclature used below.fltw angles are defined using
axial definition, s andc, denote the pitch and axial chord respectively.

For the stator using axial definition:

7w = Z(C—ij(tar‘(al)+tar‘(al))cosz(az) 42)
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For the blade using axial definition:

2w=2{ & ()l o 4. ()

A qualitative reasoning for finding the pitch/axcélord ratio that will yield

minimum losses can be as follows. Increasing ttehfzixial chord ratio for a given
radius and axial chord means fewer blades thagaeed further apart. A
consequence of this is less area being wettedéfifutd and hence lower frictional
loss. On the other hand for a given stage workudwgpch blade will have to
contribute with a larger quota of work. This copesds to a higher blade loading
which will have greater diffusion losses. A scheamégure of how the pitch/axial
chord ratio affects the frictional and diffusiorsé®s can be seen in Figure 1-5. From
this it is understood that there is a certain péxlal chord ratio which will give
minimum losses.

A Zweifel coefficient of 0.75-0.85 used to be gqeebas optimal according to
Moustapha et al [2]. However nowadays it is notaimmon with coefficients
beyond unity. The main contributors to permittingls high values are advanced
tools in blade design. Even though blade desigioel®sy make use of sophisticated
fluid dynamics software during development ratthantcertain values of the Zweifel
coefficient, it is still used to get a rough estienaf what to expect.

Friction losses Diffusion losses

Losses

Pitch/axial chord t/B

Figure 1-5 Qualitative dependence of pitch to chord ratio

1.2 Vortex theory
The velocity triangle described in the section abwoil change with radius mainly

because of two reasons. The blade speed will isere#h increasing radius and the
static pressure which will generally not be unifatong the blade. This variation of
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pressure will most certainly affect the velocitywiag in a similar manner. The
reason for this will be explained below along watdesign philosophy that can be
used to construct the velocity triangles at anytiaty radius.

A fluid element will generally have velocity compents in all three directions
radial, axial and tangential. Often the radial eélpis very small compared to the
other two especially stages of high hub to tipotai force balance can be derived
taking in to account all the forces associated wittuid element, see Figure 1-6 [1]

Unit width

dr

Streamline

Figure 1-6 Various forces affecting a fluid element (figure from [1])

In the radial direction the fluid element experiescentripetal forces resulting from
the tangential velocity, the curvature of the striiae as well as the radial
component of force needed to accelerate alongttbarsline. The resulting pressure
force in the radial direction is derived from thguire above. By equating the
resulting inertial and pressure force using the exactature given by Figure 1-6 one
arrives at:

2 2
1dp_cy +C_Ssina'S + dc, sina (44)
pdr r T dt

Often the terms including,and a,can be neglected since the streamline radius is

large and the streamline angle is small due, tbeing considerably smaller than the
axial and tangential velocity components resulimthe famous Euler n-equation:

(45)

Basically the equation above states that whenéeefiuid is being deflected and a
whirl component is induced a pressure gradieriéradial direction is needed to
balance the inertial forces. This equation explaihg the static pressure increases
from root to tip in a turbine.

Equation (45) will now be used to analytically igeran expression linking the
tangential velocity to the radius which will defitiee velocity triangles at any
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arbitrary radius. From the definition of stagnatemthalpy, assuming no radial
velocity and by considering incremental changestagnation enthalpy with radius:

dh _dh. dc, . dc,
- =—+4 — < 4+ W
dr dr Ca dr G dr (46)

From the Gibbs equation the static enthalpy fonaremental change with radius
can be derived and substituted above. Neglectiogneeorder terms and making use
of the Euler n-equation:

dr dr ar “dr r

(47)

Under the assumption of no entropy gradient, n@tian of stagnation enthalpy
with radius and constant axial velocity the equabove reduces to:

¢, =const (48)
Equation (48) is known as the free vortex equation.

1.3 Secondary flows

When the flow turns in the blade passage a preggadient must be present
according to Euler's n-equation. The fluid in theuhdary layer experiences it just
like the main flow. However the fluid velocity iswer because of the velocity
gradient present in the boundary layer as a comseguof the viscosity. This will
imply sharper turning of the flow in this region et can be realized by looking at
Euler's equation. For an approximately equal pnesguadient as experienced by the
main flow but with a lower velocity, the radius loates smaller hence the flow will
deviate from the general path to some degree. Tdwsalled secondary flows will
form vortices disturbing the main flow. Even thougke flow in a turbine is very
complex it is still possible to visualize the vods at least to some extent. In Figure
1-7 below a schematic illustration is shown.
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Passage
vortices

N

— Suction side
leg of horse-
shoe vortex

Pressure side leg of
horseshoe vortex

Inlet boundary layer

Figure 1-7 An example of vortices caused by seconda  ry flow (figure from [2])

The boundary layer flow at the leading edge oftitaele will split and form what is
called a horseshoe vortex because of its shapeng&icyam passage vortices start to
roll up near the blade surface. Generally secontlians are mainly dependent of
aspect ratio and the flow turning. The main flowl we less affected by secondary
flows considering blades of high aspect ratio camgao blades of low aspect ratio.
This is a consequence of secondary flows beinghdrmall phenomenon influencing
a relatively large part of the passage in theldai@se. More flow turning means
larger pressure gradient in the blade passagdiresinl a greater potential for
secondary flow formation.

1.4 Losses

According to Moustapha et. al. [2] there exist m&ypes of loss generating
mechanisms in a turbine which can be difficult iifedentiate since they often
interact in a very complex manner. However threpomaontributions to the overall
loss can be identified:

» Profile loss -which can be understood as skin friction on thel®lé is
dependent on the wetted area, surface roughnegspls number and Mach
number.

e Annulus loss —end wall friction.

» Secondary lossesa consequence of the vortices being a source of
momentum and energy loss caused by the secondary.fAs described in
section 1.3 they are mainly dependent on the flawihg and aspect ratio.
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In the rotor part of a stage an additional mapsslis presentip loss. It is the result
of fluid leaking past the rotor blade contributiwgh little or no work. The reason
for this is the tip clearance needed as a resuttasfufacturing tolerances and
operational constraints. The blade will elongatdarrthe centrifugal and thermal
load present. Depending on the temperature andiadaised, blade and casing
might differ in thermal growth. Two main leakagehmexist depending on if the
blade is shrouded or not. When designed with aushra “roof” is present at the tip
making it possible to lock the rotor blades togetiidis makes it impossible for
flow leaking from pressure to suction at the blagelnstead the main leakage path
is over the shroud from leading to trailing edgenared to an un-shrouded blade
the tip clearance loss can be considerably lonwerelver mass has been added at the
worst possible location since the stress from degl load will be great at the
blade root. For an un-shrouded blade the tip leakiagv from pressure to suction
side will form a vortex that together with the sedary flow vortices can create
complex flow patterns. Locally at the tip the flésaking from pressure to suction
side will cause underturning. The main flow willtims region experience negative
deviation. Considering shrouded blades there \wilfdwver tendencies for the
behavior described above.

One important parameter influencing the losséisdasncidence which has great
consequences for the blade design. Both profilesaedndary losses change with
incidence to some extent. The optimal value ofdance minimizing the losses at
design point is often called design incidence. Thisot achieved at zero degree
incidence since the pressure field resulting fromtlades being aerodynamically
loaded extends somewhat outwards from the leadigg.eAt off design conditions
the blades will experience an incidence angle sdmaewdifferent than at design
conditions. The velocity distribution will be gréainfluenced by incidence causing
velocity peaks near the leading edge. Subsequfusioin can lead to separation if
taken too far leading to an increase in lossesallisnegative incidence is less
detrimental for the aerodynamic performance contpargositive incidence. The
reason for this can be explained considering thacug distribution for the two
cases, see Figure 1-8. At positive incidence thgnsttion point will move some
distance along the pressure side. This will reqtnesflow to turn considerably
before reaching the suction side resulting in & wiglocity spike near the leading
edge. The flow will experience substantial diffusishich could lead to separation.
At negative incidence the flow will reach a higHoaty on the pressure side instead.
The turning done by the flow and therefore the élldding is less than for positive
incidence becoming less susceptible of separatidraasociated losses.
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Figure 1-8 Influence of incidence on velocity distr ibution
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2 The design process

The design process of a gas turbine is an itergtiveess between different phases
of complexity where the result from one phase ésitiput to the following. The
design method and work procedure described inctiapter is mainly based on the
methodology presented by Moustapha et. al.[2] batso well represented by the
actual procedure used in the industry. Since thle ¢&this thesis was to achieve a
scaled design of an existing rotor blade, the dhegrgcess explained here has not
been strictly followed but modified to fit the page. Still, the main ideas and goals
of each design step are valid and acts as gooe@lgued of what parameters to
modify at each step. In general some basic comditawe initially known, or at least
are said to be known, in form of specificationse3é conditions naturally depend on
the application of the turbine. Different applicats require certain specifications
that have to be fulfilled. Required output for paweneration or thrust propulsion
for aeronautic use combined with requirements oahim& weight, shaft rotational
speed and inlet conditions generally forms theahgtarting point for the design.
Figure 2-1 shows the basic design process froneeydgnamic design perspective.
The different steps will be discussed in the samderoas in the work process in the
diagram.

B > Meanline design <- - - - - :

¥

Non-free vortex :
- >t design - - -+

Y

Airfoil geometry
1> design

v A

2D channel flow :
analysis [~ - '

¥

Airfoil fairing
and stacking

v A

"1 3D channel flow

.. analysis

Figure 2-1 The aerodynamic design process.
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2.1 1D Mean line design

It is customary to start the design with a meanliBedesign of the turbine. As a one
dimensional analysis, no variation in the radialhe tangential direction will be
captured and the flow will only be calculated al@nstreamline at, or close to, the
mean radius. However far from representative oféag¢ flow it is sufficient enough
as a first approximation. In this phase of the gieshany of the parameters discussed
in section 1 come to play as preliminary guideliaed every manufacturer has its
own restrictions regarding the acceptable rangsefy parameter. For an example,
the choice of stage reaction decides the velogdngles at the leading and trailing
edges and is therefore one of the more cruciahpetexrs to decide initially. Again
there are many philosophies regarding the choiapbifnal stage reaction and no
explicit answer exists. The overall purpose ofrtieanline design is to determine the
basic parameters of the turbine at mid radius. fragevith empirical or semi-
empirical loss models a first estimation of thefpenance of the turbine stage can
be made already at this early stage.

2.2 2D Through flow design

The next step is to consider the radial variatiogether with the axial variations.
This is done in a two dimensional through flow desiEven though no three-
dimensional effects can be captured, the main Behaviour is provided. The goal
in the through flow design is to estimate, andrope, the radial distribution of
work in the turbine. This is done by calculating flow along a number of
streamlines at different radii, see Figure 2-2. fddhal distribution of the flow is
governed by the radial equilibrium equation, sexige 1.2, which together with the
variation in blade speed governs the velocity tfias at a given radius. One of the
earliest design philosophies in turbomachinery teagesign with constant specific
work across the span. If also the loss and axiakitg distribution is constant over
the span the free vortex equation (Equation (48gttion 1.2) can be derived, which
for a long time was the praxis of turbine desighe Grawback of this method is that
the variation of the blade inlet angle may diffeeajly from hub to tip which will
expose the blade to high mechanical stresses,@mddays it is more common to
apply a non-free vortex design (non constant waskitution across the span).
Either way the radial equilibrium must still beffliéd. Since many of the design
parameters are still not decided assumptions lwalse tnade about the flow
blockage due to the blades themselves. Furthedifitapons and assumptions are
introduced with respect to boundary layer thickreass losses before the radial
equilibrium equation can be solved. The effectgistosity may be neglected or
included in the calculations. A viscous solvertlesname implies, takes viscous
effects into account and will give a more physiesult at the expense of being more
time consuming and the accuracy of the resultstilll be a coarse approximation of
the real flow. An inviscid solver is more dependehassumptions and correlations
but with well calibrated loss models and reasonabtimptions a good result could
still be provided. The first result from the thrdufljow calculation has to be
validated and most certainly remade later in tregieprocess when further and
more accurate information is known from three dismenal flow analysis.
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Figure 2-2 Through flow computational domain of the test turbine build 4b

2.3 2D Airfoil design

With the flow conditions given at a number of sec§ by the through flow design
the airfoils for each section can be designed.umber of required sections will
depend on the complexity of the blade, where sirbjade geometries require fewer
sections. At this step the metal angles of theddaddill be decided with regard to
incidence for the inlet angle and deviation for tlutlet angle, see section 1.4. The
goal with the aerodynamic design of the airfoiltoigninimize the aerodynamic
related losses but still fulfill structural and nudacturing limitations and, if
necessary, requirements regarding internal codllavgs. Nowadays the actual
geometry of the airfoil surface is commonly creddgcomputer programs where the
curvature is described by a number of Bezier patyiats. The curvature is defined
as a function of the first and second derivatdhefdoordinates and must be designed
without any discontinuities. During the design, Mach number distribution along
the airfoil surface is calculated and the geomsiryuld be optimized to give the
desired distribution. Governing parameters couldtmolute values, e.g. subsonic
Mach numbers, or other parameters as the diffusiefficient (section 1.1.8). Many
airfoil design programs also have functions foslosrrelations implemented which
directly give the designer further hints about pleeformance of the airfoil.

When the airfoils at every section have been detexd they are stacked and the full
three dimensional geometry of the blade is credikdre are many ways to stack the
sections depending on the design philosophy. Tarerthat the centrifugal force on
a rotating blade does not introduce any bending emisnit is desirable to stack the
sections with their centre of mass along a radial However, from an aerodynamic
point of view it is often desirable to lean or btve blade to minimize the effects of
secondary flow losses and tip leakage. Hence tfa diesign is a compromise
between performance and structural limitations.

2.4 3 D Flow analysis — CFD

The final design or control step is a fully thremensional flow analysis of the
proposed design. This is done by CFD (computatithaial dynamics) where the
complete Navier Stokes equations are solved to sxtemt depending on the
method. A full 3D simulation of a turbine stage ¢ake from a couple of hours up to
weeks or even months to solve depending on theadethd the requirements of
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accuracy of the solution. The purpose of the CFalyais is to validate the
performance prediction from the through flow aneys to enlighten unknown flow
behavior that has not been accounted for. Basedeo@FD result the blade design
may have to be reconsidered, in which case th@uaeshas to change the airfoil
design or even revisit the through flow or meantiesign. It is clear that a good
initial design saves a lot of time and the moreknanrd thought spent at the earlier
steps, the more likely it is that the designer dugshave to redo the whole
procedure. Finally it should be said that the tssiubm a CFD calculation are not
more accurate than the boundary conditions, whiahany cases are not fully
known. Even apart from this there are bound togpFaimations, both in the model
of the blade geometry and in the CFD code withne:¢aturbulence modeling,
numerical discretization etc. and the actual pemtorce of the blade will differ from
the calculated result.
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3 Software

Throughout the thesis several different codes lhaes used. A brief description of
each program is presented here.

3.1 1D Meanline — MAC1

The meanline calculations were performed with th@ecMAC1 which is an in-
house program developed by Siemens. The codeastiéimpirical correlations to
calculate and estimate the performance of thertarltMAC1 was only used in the
initial design and no results from MAC1 will be pested in the results section.

3.2 2D Through flow — Beta2

Beta2 is an in-house through flow code develope8ibynens. The correlations used
to estimate the losses are based on the same eahpigia as in MACL. In the
current version of Beta2 there is an option tovaté a simple transition model. All
the Beta2-cases were run with this model activasiolg standard values. This
setting gives transition to turbulent boundary fayestream the point on the suction
side where the maximum velocity occurs.

3.3 Airfoil design — CATO

In order to create the rotor blade, sections &t diht radii were specified and
stacked in the in-house software CATO. The geonfetrgach section is described
using so called Bezier polynomials, very often emtered in vector graphics when
dealing with smooth curves. It is possible to aralthe sections aerodynamically in
CATO using a range of numerical solvers. The comuputs are relatively fast
providing a sound basis for quick evaluation ofatiént designs.

3.4 3D analysis

For the 3D flow analysis two different programs édeen used; Multall which is a
program based on a code developed by John Dentanabridgeand the
commercial CFD software ANSYS CFX. The programsedifireatly with regards to
complexity and serve totally different purposesghia design process. Multall is a
relative simple program fine tuned for turbomachyregpplications and relies more
on robustness and simplicity than the ability tptaee every detail in the flow.
These properties make it easy to create a workiodefand allow Multall to be used
as a design tool at an early stage in the desigreps. CFX however, being a
commercial software, offers more with regards tompkexity and flexibility. It is
more suited at a later stage in the design praiass a good model is very time
consuming to create and to solve. Due to the diffee in time cost CFX models
were only created for what is to be consideredhadihal design of the test turbine
stage. Multall, however, was present much eani¢he design process and used to
iterate between 2D and 3D calculations until alfdesign was achieved.

One of the main purposes of the CFX model waauestigate to what extent the
boundary layers are laminar at model scale, anelrable method to model
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transition is implemented in Multall. This is ofegit concern since the Reynolds
number at model scale is uncharacteristically lowamparison to typical values of
a first stage in a full scale gas turbine. In theltsll code fully turbulent boundary
layers are assumed while two cases were triech®CFX models; one with fully
turbulent boundary layers (referred to as Low-Re&) another with a semi-empirical
transition modely-6 model) activated. The details of th® transition model which
is implemented in CFX falls outside the scope ¢f thesis but more details can be
found in the CFX theory guide [6] and Langtry’s avidnter’s report [11]. The
settings for each case will be presented hereart sind a more detailed description
Is given in Appendix A.

3.4.1 MultallO6

MultallO6 is a steady-state code and only one aispassage was modeled.

The turbulence model used in Multall is the Balowomax model which is a zero
equation model used together with wall functionse Baldwin Lomax model is well
suited for attached high speed flows and is knawioet robust and reliable for
turbomachinery applications [5]. The boundary |ayete assumed to be fully
turbulent since no verified transition criterionnsplemented in the code. Tip
clearance is modeled with a pinched tip method e/kiee blade progressively thins
out across a number of cells near the casing.mbithod enables simple and quick
meshing but may give unrealistic flow physics witgh Mach numbers at the tip if
care is not taken. An example of how the pinchgadriethod was used can be seen in
Figure 3-1. The trailing edges are modeled witb aadled “cusp” to force the flow
to separate at the trailing edge. Without cuspfltve stays attached and is
accelerated around the curvature of the trailingeedgain causing unrealistic
physics and high Mach numbers. Figure 3-2 showstubkped trailing edge of one of
the modeled blades.

Figure 3-1 Multall pinched tip example
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3.4.2 ANSYS CFX 14.5.0

The mesh for CFX was created by the meshing soétWwarboGrid which is
especially developed for meshing of turbomachiqengs. Since one of the purposes
of creating a CFX model to begin with was to inigette the effects of turbulent
transition, the mesh had to be fine enough to vestble boundary layers. TurboGrid
is limited to hexahedral mesh (structured meshiwvhiakes it unavoidable to have
very large element aspect ratios and element eigrarates if sufficient values

are to be achieved. This particularly becomes halpno at the tip clearance where
the velocity gradients are very large and the ngegtlity is inevitable poor. To
overcome initial instabilities at the tip clearamegion every case was run with a
local “timescale” during the initial iterations. tem on the timescale was increased
and switched to the same for the whole domain smenconvergence. For the cases
at full scale this method was not enough and thehmefinement at the tip clearance
had to be sacrificed to reach a solution. Furtle¢aits are presented in Appendix A.
The SST ke model with standard values was chosen to modeltibellence. The
model is widely used for turbomachinery flow sintidas and also compatible with
they-6 transition model. CFX allows for transient solatihere the whole stage can
be modeled. However, such approach is very demgrodimputational wise and it
was sufficient to model just one passage and tonassteady state.
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4 Design Method

The method of this thesis has in many ways follotedsteps of the design process
described in sectiok though with some important deviations. As th& taas to
develop a blade for an existing turbine stage aitil tive aim to mimic a full scale
turbine, many conditions were already decided fofdedand. With the geometry of
the KTH test turbine given, the most fundamentaingetrical parameters of the gas
channel were fixed. Since the existing vane withagn the flow and geometrical
characteristics of the stage will be limited. Feample, the trailing edge thickness of
the vane is not representative of a cooled gaseidiage and these restrictions have
to be considered during the blade design.

It is important to point out that the presentedigie process in this report is only
intended so serve the purpose of describing the mathodology used to reach the
final design proposal. As the project went on newstraints were set and earlier
known specifications had to be reconsidered. Cares#ity the actual design process
was all but straightforward with several blade ia@rs which were updated and
optimized as new information become known. Aftezrgunajor change in blade
geometry all the design criteria had to be recarsd and controlled once again, e.g.
optimal pitch to chord, number of blades etc. ives no purpose to, in detall,
describe all the minor adjustments made duringmibik but instead the main design
steps are described together with the major chathgeé®ccurred during the design
which ultimately resulted into the final designc@ndensed version of the actual
procedure is seen in Figure 4-1. The following isest will describe the different
design phases in further detalil.

“est turbine

Scaling back to test turbine size
(1ikg
scalng o refereqce size

\ (ko kK . Finzl full Final maodal
g | Mewr design » - - ;
/ J *| scale design sca e design
JAAL W
REf frhing ’ P RN
S HER O,
KL LY S

{ Meanlire {m..pe Through fio 3DCFD |

Y

Figure 4-1 Design process

4.1 Design constraints

During the design several limitations of the KTIdtturbine had to be considered,
not only strict geometric parameters to ensurettt@new blade will fit the channel
but also regarding structural and safety conssaiftie final specifications of the test
turbine after the planned upgrade are to yet tddwgded at the time of writing but
preliminary target specifications are presented@iahle 1.
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Parameter Maximum value Limiting factor
Pressure ratio [-] 2 Outlet temperature
Inlet temperature [K] 333 Safety regulation
Outlet static temperature | 283 Dew point at outlet
K] pressure

Mass flow [kg/s] 4.7 Compressor rating
Shaft speed [rpm] 13000 Structural

Table 1 Preliminary test turbine constraints after upgrade

Earlier calculations done at Siemens suggest @idter the mass flow nor the shaft
speed will exceed their maximum allowed valuesafoy relevant test case for the
test turbine [7]. The pressure ratio however iatydimited by the inlet temperature
constraint. Since the outlet temperature is toddd above the dew point the inlet
temperature will increase if the pressure rati ise increased. A higher pressure
ratio is desirable if the stage is to be redesigoduktter represent a gas turbine stage
and because of this the test turbine casing mag twbe insulated to allow a further
increase in inlet temperature.

Pure geometrical constraints are the channel heightxial distance between the
vane and blade to allow for probe traversing amdatkial width of the blade disc, see
Table 2. During the design of the new blade furttmrsideration had to be made
regarding the minimal length of the chord of thevridade. This since the limitations
of the manufacturing were not fully known at thadi of the design.

Parameter Value
Tip clearance [mm] 0.3
Max axial blade width ~ 25
[mm]

Axial gap between vane | 10
TE and blade LE at mid
span [mm]

Table 2 Geometrical constraints

4.2 Initial parameter study and scaling

4.2.1 Choice of reference stage

A number of Siemens gas turbines were studiedmeanline and geometric
analysis. Several parameters were consideredaag kiading, vane flow angles
(important since the existing vane will be leftitzis), degree of reactiomgp/rnus €tc.
One of the turbine stages was chosen and will Fierdze referred to as the
reference turbine. The considered flow parametetiseoreference are seen in Table
3 and these values acted as “target parametersigdiine initial design.
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Reference stage
I [] 2.155
v [-] 1.385
Apmid [-] 0.412
D[] 0.412
|\/IaZreI ['] 0.818

Table 3 Reference stage parameters

4.2.2 Channel modification

The first change to the current model of the tediibe build (build 4b) was to set
the blade shroud hade angle to zero as seen ineHgR. This in accordance with
how the gas channel commonly is designed for tisérbtor blade due to tip
clearance limitations with respect to axial displaent during transients.

Channel comparison

=4b channel

= New channel

Figure 4-2 Channel modification

Compared to the original 4b, the change to the cleamnel decreased the outlet area
which, for given inlet conditions, increase theelecation over the rotor blade and
therefore causes an increase in reaction. Sincexibgng build has a low degree of
reaction typical for steam turbines, this is a ¢jeaim the desired direction.

4.2.3 Scaling — Build 4b to reference scale

With a suitable turbine set as reference the nextwas to evaluate the most
appropriate way to perform the actual geometricalisg. The radial coordinates
were scaled with a radial factigr

k _ rhub,ref
"l
hub4b | aneoutlet
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This will result in a very short axial chord whdretblade is scaled back to test
turbine dimensions because of the aspect ratierdifice. As a consequence of the
uncertainties regarding manufacturing of blades shall, it was desirable to
increase the axial width of the blade. With thigrimd the axial chord of the new
design was set to the maximum allowed in the tebirie. This approach will result
in a blade with much larger axial chord and smalkect ratio than the reference
blade. Even though undesirable this deviation ftberreference was said to be
necessary.

The new blade will be referred to as BxF/BxM whBreblade, x — number
indicating the design version, M/F stand for maatad full scale design respectively.
The first design version introduced here is BOFneh® modification but pure
scaling was performed to the original blade geoyetr

Since the aspect ratio of the reference bladedaoot be kept in the BOF design, the
airfoil geometry had also to be scaled in ordesdnserve the relative profile
geometry. The profile factor was defined as:

k — kr [Bhub,4b

profile
Bhub, ref

The relative conicity of the reference blade wabdanaintained which was achieved
by calculating the axial chord at the tip sectigrtle factork.:

_ Btip,ref
k, = —ret
B

hub,ref

In Table 4 a geometrical summary of the first de®@F can be seen. Figure 4-3
shows the channel and blade fitting to the refezesoale. As a first assumption the
axial distance between the vane and the bladedaspain is kept the same as in the
reference. The decrease in hub radius at thengagdge for the reference casing
shown in Figure 4-3 is neglected in further caltatss and the hub radius is said to
be constant.

ref blade 1 BOF
I'hub M, et K Chup.an
rtip r.tip,ref kr Etip,4b
Bhub Bhub,ref kr EBhub,4b
Btip Btip,ref kc |:Bhub,BXF
LE diameter (mid) dy e K profile L3 res
TE diameter (mid) d, Korofite [l rer

Table 4 Scaling to reference scale
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Figure 4-3 Channel and blade fitting

4.2.4 Meanline stage matching of BOF

The next step was to determine the pitch to chatid which in turn will decide the
number of blades. Many correlations exist for ciatan of optimal pitch to chord
ratio, e.g. the Zweifel coefficient discussed iotg® 1.1.9, and SIT has their own
versions used in this thesis. To provide the releparameters for the correlations a
meanline stage matching of BOF was performed. Bhautation was done with the
same number of blades and at the same rotatioeatisgs the reference stage. The
axial chord at mid span was at this stage appraeithas a mean of the hub and tip
values and the real chord was calculated by comgpethieB/b-ratio of the reference.
Special concerns had to be considered regardingoibleng flows of the reference
stage. Since it is too complicated to recreate flogrs in the test turbine stage BOF
was modeled without any cooling injections. In aratepreserve the characteristics
of the reference turbine the inlet temperaturethedlade throat area had to be
adjusted properly due to lack of cooling. It wasided that an appropriate approach
was to adjust the inlet temperature for BOF so tiatsame relative total temperature
at the blade inlet was achieved. Ideally it wasrdbte to achieve matching degree
of pressure based reaction and at the same tineerhatching blade outlet Mach
numberMa; (e, t0 get a good agreement of stage characteristigs.ibwever was
not possible within the limits of the design coastits and it was decided to prioritize
the matching of the outlet Mach number. To compienta the smaller mass flow
through the BOF blade passage the throat areeohaeldecreased if the same blade
outlet Mach number was to be achieved.

This was done by manual modification of the thiaraga in the meanline code input
file until the same relative Mach number at thedblautlet was reached. The result
from the meanline stage matching is presented kel Although without cooling
BOF experiences very similar flow conditions congahio the reference stage.
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Reference stage BOF
I [-] 2.155 2.154
v [] 1.385 1.363
Apmid [-] 0.412 0.404
@[] 0.412 0.431
0[] 14.52 14.72
B[] 63.00 55.17
02[] 71.23 71.15
B2[] 19.91 20.60
Ma1abs[-] 0.787 0.793
Ma1ei[-] 0.206 0.237
Marel [-] 0.818 0.817
Larel [-] 0.836 0.835
Rerabs[-] 29.75e5 29.14e5
Reégrel [] 15.90e5 21.20e5

Table 5 Meanline stage matching of BOF (MAC1)

4.3 Initial blade design

4.3.1 Pitch to chord ratio

In order to determine the optimal pitch to chorioret,,,,, with regard to flow
angles, Laval number and trailing edge thicknes$. Rtamaev’s guidelines [4] were

used. The correlation is a function of three caeéfits, t onm, is the optimal pitch
chord for a reference exit Laval numb&, is a correction for a reference trailing

edge diameter andt,__is a correction for exit velocity:

Oonm

tonm=f (t_Onnrb, KKpiAt_Onm)

The first coefficient on the right hand side is elegent on the inlet and outlet flow
angle, the second one on trailing edge diametetlanthird one on exit Laval
number. The coefficients are determined by readaiges of graphs using input
flow parameters from previous MACL1 results togethih the trailing edge
diameter defined above in Table 4. As soon as itish phord ratio is determined the
number of blades can be found for a given chordradalis. The only geometric
parameter known at this stage is the axial chotdeahub. In order to retain the
characteristics of the reference it was determthatiBOF should have the same

conicity factork,. With k_ the axial chord at tip and mid can be calculatdg:

value at mid section is simply an average of the dnd the tip section. The ratio of
real chord to axial chord at mid has been consgusdike the conicity factor:
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SHRH
B mid,ref B mid,BO

Both k. and k. have been calculated from a CAD-model of the refegestage. By

using the ratio above the chord at mid sectiorBfaif can be determined and it was
used together with the axial chord at mid in the®Acalculations. The
corresponding radius at mid is the average valuaibfand tip section from input to
the 1D calculation.

With known values of radius, chord and pitch chtib the number of blades can
be calculated:

2R 145
t

— b .
[b:|opt me

The data used as input to calculate the pitch chaird was generated with the same
number of blades as the reference since the progrquired this parameter in order
to run. After optimizing, the number of blades 45 and new data will be
generated to check the values of different flowapaaters corresponding to 45
blades. Fortunately the number of blades doesfioence the flow angles or the
exit relative Laval number to a very large extéhbsequent calculations with
updated input values yield the same result andide number have been fixed
throughout the rest of the design process.

In the used airfoil profiling software CATO theatehord cannot be set. The reason
for this is the way the geometrical parametergdafeed in the software, the real
chord is calculated as an output geometrical pat@maenong others. Hence the pitch
to chord ratio of the final design will differ tese degree compared to the optimal
value.

Number of blades

4.4 Final design

All blade optimization was performed at the refeescale. However it should once
again be clarified that the full scale design fctive turbine. Once the blade and the
stage is as good as it can be at reference seafgetimetry is directly scaled back to
test turbine dimensions. The same fadtgras before is now used for the
downscaling of the entire geometry.

It was stated early in the work that the new tuetshould be designed with a so
called tip recess, which means that there is alowuatlap between the blade tip and
the upstream casing. The purpose of this desigmirgentionally cause a separation
of the flow at the recess, hence minimizing thddakage flow. The details
regarding the actual geometry of the casing irréiggon between the vane trailing
edge and blade leading edge were initially noyfdétermined. Later on in the work
process it was realized that the current desigrdwvoot fit if the existing casing
contour where to be kept. In order to still desigth a tip recess without violating
the casing curvature far too much, a compromisemae. The casing was changed
to some degree and the blade tip radius decreasddireg a tip recess according to
SIT guidelines. A close up of the proposed casisjgh is shown in Figure 4-4.
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Tip recess

—4b channel
= New channel
= = Vane

= = B6M Blade

= Fm e e e

Figure 4-4 B6M tip recess

The decrease of the casing radius at the bladeatigtdecreases the blade throat
area, accelerating the flow more than intendedin&rease in acceleration in the
rotor increases the degree of reaction and thetaudthch number. To compensate
for this effect the throat area had to be increasgd the target Mach number once
again could be achieved with the new casing dedibis. was done by rotation of the
blade, causing an increase in blade outlet megéaihe blade geometry with
adjustments to the new channel is from now on refeto as B6F/B6M for full and
model scale respectively. Earlier versions havg anted as necessary design steps
and it serves no purpose to show results from atlyese. The design methodology
regarding inlet metal angle and curvature for tliegBometry is presented in the
following sections 4.4.1 and 4.4.2.

4.4.1 Optimal incidence

As described in section 1.4 there is a certainevaluncidence that corresponds to
minimum losses associated with this parameter. esigning the blade inlet
metal angles Prof. Mamaev’s correlations for fimdaptimum incidence has been
used at hub, mid and tip. After optimizing with aed to incidence the three sections
have been stacked in order to create the blade.

The starting point for determining the incidenes been radial distributions of flow
angle at the blade leading and trailing edge frioenthrough flow code Beta2. Based
upon the 2D results the first 3D model was crealée. 3D calculation predicted
different flow angles, resulting in a different opal blade twist. Based on the 3D
computation the blade inlet metal angle was updigsdlting in a refined blade
version.
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Below some of the results from Beta2 and Multalb{code) can be seen for B6F in
Figure 4-5 and Figure 4-6. The values of relatlea/fangles at hub, mid and tip
were used as input to Prof. Mamaev's correlations.
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Figure 4-5 B6F - Relative flow angle at blade leadi ng edge
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Figure 4-6 B6F - Relative flow angle at blade trail ing edge
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In order to obtain the inlet relative flow angleésab and tip from the Multall06
results in Figure 4-5 a line is inserted from atrapolation between two points at
approximately 10 and 90 percent of normalized mdiine reason for this is the
behavior at the extremes. At the region toward$thde hub and tip many complex
flow patterns affect the angles considerably asbsageen in Figure 4-5. It would
have been unreasonable to design exactly to these they do not represent the
flow in general at hub and tip. This can be seeearwdomparing to the Beta2 results.
The extrapolated line is seen in Figure 4-7. Indhmme figure the angle at mid can be
found simply by reading of the x-axis correspondim@ normalized radius of 50
percent.
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Figure 4-7 B6F - Approximation of relative flow ang  le at leading edge

By looking at the MultallO6 results in Figure 4+&toutlet relative flow angle varies
considerably over the blade span. This is an etfesecondary flow vortices. The
amplitude of the variation though is relatively dinast a few degrees, excluding
the values near the hub. In the graph used formétang the blade inlet metal angle
the influence off, is very small especially in the region being cdesed. Along

with the fact that the precision in reading of agr is not greater than a couple of
degrees3, was kept constant at 20° as an approximation.rficat line is
superimposed in Figure 4-8 showing that this vaueot that far off at 10, 50 and 90
percent of normalized radius.

36



Fullscale Blade TE - Relative flow angle
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Figure 4-8 B6F - Approximation of relative flow ang  le at blade trailing edge

Considering the Beta2 results in Figure 4-7 andiféigt-8 the flow angles have been
obtained just by reading of the x-axis at 0, 50 D@ percent of normalized radius.

In the table below, the angles used as input th Rtamaev’s correlation from the
figures above and the resulting metal angles fd¥ 8 be seen based on both Beta2
and MultallO6 results.

B6F

Hub Mid Tip
B.[’] Beta2 45 53 76
B.[’] Beta2 22 20 21
Bin[] Beta2 51 59 77
B.[°] MultallO6 47 56 61
B2[] Multall06 20 20 20
Bim[’] MultallO6 56 62 66

Table 6 Input and output values associated with Pro ~ f. Mamaev’s correlation

Figure 4-9 below shows a plot of the resulting decice after optimizing accordingly
to the MultallO6 results in Table 6.
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Fullscale Blade LE - Incidence

1 -

0.9

0.8

0.7

0.6

0.5

0.4

Norm. radius [-]

0.3 1

0.2

011 -=- MultallO6
s - —=®—#8 | | ‘
-40 -30 -20 -10 0 10 20 30 40
Incidence [q

Figure 4-9 B6F - Incidence at blade leading edge

4.4.2 Airfoil design - Curvature

The sections at hub, mid and tip defining the blstaleuld comply with the rule of
monotonically decreasing suction side curvatur@@liog to Siemens guidelines. In
the airfoil software CATO the influence of diffeteeometrical parameters on
curvature can be evaluated. The curvature wasstustied in the later parts of the
design process. The reason for this is that this fiasthe whole design, the
reference stage complies with the constraint desdrabove and the shape has not
been greatly modified, see Figure 4-10 below. Fhisuld imply that the design is
probably already reasonable in terms of curvatigtildution. As this turned out to
be the case only very small adjustments were nradeder to satisfy the criterion of
monotonically decreasing curvature on the suctide. Since the pressure side is
less sensitive to disturbances only the suctioa Bak been adjusted.

The curvature has been plotted as a functionnafrenalized axial coordinate for
hub, mid and tip section belonging to the finaligewversion, B6F. Here just
referred to as B6 since the curvature is the sasttedt full scale, B6F, and model
scale, B6M.
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Curvature

Mid blade profile comparison

— B6F
— Reference blade

Figure 4-10 Comparison at mid section with B6F and the reference blade

Curvature B6 tip
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— B6tip PS
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Figure 4-11 Curvature distribution at tip section B 6
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Curvature

Curvature

Curvature B6 mid

Norm. x

— B6 mid SS
— B6 mid PS

Figure 4-12 Curvature distribution at mid section B 6

Curvature B6 hub

Norm. x

—B6 hub SS
—B6 hub PS

Figure 4-13 Curvature distribution at hub section B 6
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4.4.3 Airfoil - CATO 2D Navier Stokes

The last step considering the airfoil was to sttidyvelocity distribution at hub, mid
and tip section. Since the starting point of theigle was a reference stage used in a
real gas turbine along with its flow conditions thedocity distribution should be
relatively similar. Below the isentropic Laval nuertas a function of a surface
coordinate can be seen for B6F and B6M at hub,andltip section for the blade.
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Figure 4-14 Isentropic Laval number at tip section B6F
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Figure 4-15 Isentropic Laval number at mid section B6F
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Figure 4-16 Isentropic Laval number at hub section B6F
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Figure 4-17 Isentropic Laval number at tip section B6M
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Figure 4-18 Isentropic Laval number at mid section B6M
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Figure 4-19 Isentropic Laval number at hub section B6M

From the figures above a small velocity “spike” ¢@nseen just to the left of the
stagnation point. This is mainly a consequencéeftansition between the circular
leading edge and the subsequent curvature of ti®siside not being entirely
continuous. The reason for this is due to a shortieg of the profile generator used
at time of the design of the reference stage.dtlie®en kept to be as similar to the
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reference stage as possible. The spike could ppsmiremoved in the new profile
software CATO.

The diffusion coefficient has been calculated fribva velocity distributions above
for hub, mid and tip section belonging to B6F. Mawia criterionD < D, is

fulfilled at every section, see Table 7 below:

D Doot
Tip 0.157 0.21
Mid 0.159 0.22
Hub 0.152 0.23

Table 7 Diffusion coefficients for B6F

4.4.4 The final design - B6

The specification of the hot geometry of B6, battiull and model scale are
presented here and can be seen summarized in Jadb$pecially noteworthy is the
aspect ratio and the number of blades of the pexpdssign which are lower than
typical gas turbine values. The reason for is, astraned earlier, a deliberate choice
because of possible manufacturing limitations. Tows aspect ratio together with
the relative low number of blades is a direct cgus@ce of the decision to extend
the axial chord.

Another important result is the relative trailiadge thickness,tb, which is much
smaller for 4b compared to B6. The difference oatges from the fact that the
reference blade has a trailing edge slot, enalsloading air to be ejected, which
limits the minimum trailing edge diameter. Since #irfoil profile of the reference is
directly scaled to B6 the relative trailing edgekiness will follow. This is a
deliberate decision and the relative trailing ettgekness of 4b is not characteristic
of a cooled gas turbine blade.
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Norm. radius [-]

Blade parameter B6F B6M 4b

I hub [MM] 430.44 177.50 177.50
Fip [Mm] 493.97 203.70 204.80 (entry)
bhup [Mm] 75.65 31.20 26.11
Bmia [MmM] 76.46 31.53 26.14
brip [Mm] 77.46 31.94 26.14
Bhub [MM] 61.13 25.21 24.59
Bmid [mm] 57.72 23.8 24.59
Biip [mm] 54.48 22.47 24.59
Blade heightnyy [mm] | 63.53 26.20 28.29
tmig [Mm] 64.54 26.61 20.65
AR mid.axial [-] 1.10 1.10 1.15
AR i real [-] 0.83 0.83 1.08
(/" hub)entry [ 1.15 1.15 1.16

d, [mm] 2.80 1.15 0.27
d2/bmig [%0] 3.66 3.65 1.03

# of blades 45 45 58
(/D) mia [-] 0.84 0.84 0.79

tip clearance[mm] 0.73 0.30 0.20

Table 8 Geometrical parameters for the final design

Blade inlet metal angle
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Figure 4-20 Metal angle
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Figure 4-20 shows the blade inlet metal angle ®BThe metal angle for B6 is
designed with regards to optimal incidence atdadle as described in section 4.4.1.
Since B6 is designed without any cooling flows tinetal angle is almost linearly
distributed. The corner coordinates for B6M is shawFigure 4-21.
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Figure 4-21 B6M Meridional coordinates

A 3D view of the new turbine design, generated MSYS CFX, is shown in Figure
4-22.

Figure 4-22 B6M
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5 Results

5.1 Boundary conditions

Since the total to static pressure ratio of thenexice stage was to be achieved, the
total pressure was set at the inlet and the giedissure at the outlet. The goal was to
match the radial distribution of total pressureneasured data from the test turbine
as inlet condition. However, because of stabibguies in CFX, with backflow at the
inlet, the total pressure was approximated as aohsicross the span. This was
applied as a boundary condition for all the proggam that the results could be
compared. The effects on the result caused byafipsoximation are believed to be
minimal.

The total inlet temperature was modeled as conhst#im radius for both model and
full scale. At model scale this is in good agreenwath the actual profile provided
by the test turbine compressor however the seewall345 K is slightly above the
target value in Table 1. This was not considerpdoalem since the test turbine
casing probably will be insulated to allow for glmer inlet temperature.

In Multall there is no option but to model theiflias a perfect gas while CFX offers
the ability to have fluid properties which depewaspressure and temperature. Even
though it would have been desirable to define hgasi for the full and model scale
cases in CFX the fluid was modeled as a perfectigago time shortage. Experience
from other simulations at Siemens suggests thatffieets of the perfect gas
approximation should be acceptable, especiallyatahscale where the test turbine
operates at very moderate temperatures. The heatitafor each case was
provided by results from the through flow code @Htand the rotational speed was
adjusted to give the same stage loading as theerefe stage in Beta2. Steady state
and just a single passage were assumed in aleafalculations. The boundary
conditions used in both the 3D analysis and theuitjin flow analysis for B6F/B6M
are summarized in Table 9.

Full scale Model scale
p o[bar] (constant dist.) 21.879 2.167
T o[K] (constant dist.) 1540 345
p2[bar] (constant ave.) 10.229 1.013
I [-] 2.139 2.139
Tlo [%] 6 6
n [rpm] 9140 10270

Table 9 Boundary conditions

5.2 Results - Full scale
The results for the full scale cases are from d¢afmns with the boundary condition

in Table 9 for B6F. The CFX results are from theecwith the transition model
activated.
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5.2.1 Radial distributions - B6F vs. The reference stage

A comparison between B6F and the reference stagela@e both in Beta2 and
Multall06. Because of confidential reasons, no galar figures are presented of this
study. In general the result was in good agreefeiteen the turbines and the key
characteristics are maintained. Relatively largalaleviations did occur though
because of the lack of cooling in B6F.

5.2.2 Radial distributions - B6F code comparison

Figure 5-1 to Figure 5-4 show the radial distribntof the total pressure, static
pressure, total temperature, Mach number and taiag#ow angle for the vane and
blade leading and trialing edge respectively adipted by Beta2, Multall06 and
CFX. As can be seen the predictions differ betwbercodes. The general trend is
that CFX predicts lower static pressure and high@ch number than Multall06 and
Beta2 except at the blade trailing edge where fiposite is true. Therefore the
predicted degree of reaction is lower in CFX coregdp Beta2 and Multall06. Both
Multall06 and CFX are able to capture the effe¢tsexondary flows to some degree
which are seen by strong radial variation in pressud velocity at the blade trailing
edge. CFX predicts a smoother flow near the blgdeampared to Multall06,
explained by the more accurate tip modeling in CR¥garding the tangential flow
angle at the blade leading edge CFX and Multall@glist very similar values which
confirm the decision to design the blade inlet inatgel according to Multall06
results. Overall the main predicted behavior isigsinbetween the codes even
comparing Beta2 and CFX. However, there are diffees especially regarding
Mach number and pressure. These deviations mayptaieed by the difference in
how the flow physics are captured, e.g. 2D vs.1i8Bsh density, etc., and, for
Multallo6 and CFX, how the three-dimensional fleswaveraged across the span. It is
also important to note that the positions of ttenpk in Multall0o6 and CFX from
which the data is extracted differs somewhat betvibe programs which also may
be a factor affecting the result.
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Figure 5-1 B6F - Vane leading edge
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Figure 5-2 B6F - Vane trailing edge
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Figure 5-3 B6F - Blade leading edge

51




Norm. radius [-]

03

Blade TE - Relative total pressure

Norm. radius [-]

03

Blade TE - Static pressure

E 0.6 i
2
E 05
E 0.4
=]
z
03
—+ B6F Multalloé 02 —— B6F Multall06
-=- B6F CFX Transition 01 —=- B6F CFX Transition
—— B6F Beta2 —+ B6F Beta2
—— 0
125 13 135 14 145 15 155 16 16.5 17 8 85 9 95 10 105 11 115 12 125 13
P’ [bar] P [bar]

Blade TE - Relative total temperature

Norm. radius [-]

—— B6F Multalloé
—= B6F CFX Transition
—+ B6F Beta2

Norm. radius [-]

03

Blade TE - Relative Mach number

= ]
!

—— B6F Multallo6
—=—B6F CFX Transition
—+ B6F Beta2

1410 1415 1420 1425 1430 1435 1440 1445 1450 06 065
T K]

Blade TE - Relative tangential flow angle

—— B6F Multalloé
—= B6F CFX Transition
— B6F Beta2

5 10 15 20 2% 30 35 40 a5 50

0.7 0.75 08 0.85 09 0.95 1
Ma [-]

Figure 5-4 B6F - Blade trailing edge

5.2.3 CFX results — B6F

Figure 5-5 and Figure 5-6 show Mach contours adigiexd by CFX at a radius of
25%, 50% and 75% of the span for the vane and b&speectively. Higher Mach
numbers are reached at the blade but the valudsehlre 0.95 even at the blade
throat. The vane is designed for an inlet swirllarvghich can be seen by the
location of the stagnation point in Figure 5-5.41s also the cause of the Mach
number peak near the leading edge in Figure 5-&afde seen from the contour
plots and from Figure 5-7 the flow is subsonichia whole domain except at a
smaller region at the tip. This is to be expeciadesthe pressure difference between
the pressure and suction side forces the flow adteestip, causing acceleration to
supersonic flow. The isentropic Mach number anddlaading for the vane and the
blade at 25%, 50% and 75% of the span is seerguré&b-8. The isentropic Mach
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number is plotted against normalized surface pmsitvith starting point at the
trailing edge and moving upstream the suction wide increasings. The blade
loading is plotted against the axial fraction. Argmarison with the isentropic Laval
number distributions shown in Figure 4-14 to Figd+#9 indicates on the same trend
regarding the isentropic Mach number. The peak atvhumber close to the blade
stagnation point is explained, as mentioned ineeet.4.3, by the transition between
the cylindrical leading edge and the suction sigwature. A similar peak occurs for
the vane near the stagnation point, a consequédribe original 4b design. The 4b
vane was designed for 20° interstage swirl in @sttro 0° when used in a first stage
as in this case.
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Figure 5-5 B6F Vane - Mach at 25%, 50% and 75% of s pan
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Figure 5-8 B6F - Isentropic Mach number and blade |  oading

5.3 Results - Model scale

The cases at model scale are run with the bouradengiitions shown in Table 9. The
CFX results are from the case with the transiti@daet activated.

5.3.1 Radial distributions — B6M code comparison

In Figure 5-9 to Figure 5-12 are radial distribnsdor B6M presented. The code
comparison regarding the radial distributions shtivessame trends as in the full
scale case. Again, CFX predicts lower static pressand higher Mach numbers
except at the blade trailing edge compared to BataPMultall. The agreement
between Multall and CFX regarding the tangentiahflangle at the blade leading
edge is conserved to the model scale. This indidhts the metal angle is
appropriately designed also at model scale.
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Figure 5-9 B6M - Vane leading edge
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Figure 5-10 B6M - Vane trailing edge
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Figure 5-11 B6M - Blade leading edge
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Figure 5-12 B6M - Blade trailing edge

5.3.2 CFXresults — B6M

Figure 5-13 and Figure 5-14 show Mach number camtais for the vane and the
blade respectively. Compared to the full scale aaseégure 5-5 and Figure 5-6 the
Mach number is in general lower at model scalec#sbeen seen in Figure 5-15 the
tip leakage flow is supersonic to a lesser degoaepared to the full scale case. This
could be explained by the lower Mach number in gartaut also by the fact that the
mesh was far more refined in the model scale q@eessection 3.4.2 and Appendix
A). The more refined mesh should allow for betegresentation of the actual flow
physics. Figure 5-16 shows the isentropic Mach remalnd blade loading compared
to the full scale case. There are very small dmnaf indicating that the design
philosophy used at full scale is well translatedmadel scale.
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Figure 5-13 B6M Vane - Mach at 25%, 50% and 75% of span
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Figure 5-15 B6M — Isovolume for Ma>1

61




Mays [-]

Mays [-]

B6M Vane (Transition model) - Isentropic Mach number B6M Vane (Transition model) - Blade loading

09 220000

— 25% span

—50% span
— 75% span

08 210000

200000

190000

180000

170000

160000

Pressure [Pa]

150000

— 25% span 140000

01 —50% span 130000
— 75% span
0 120000

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

S/Stor [F] Axial fraction [-]

B6M Blade (Transition model) - Isentropic Mach number B6M Blade (Transition model) - Blade loading

1 160000

—25% span
—50% span
—75% span

150000

140000

130000

120000

Pressure [Pa]

110000

100000

— 25% span
—50% span 90000
— 75% span

80000
0 01 02 03 0.4 05 06 07 08 09 1 4 01 02 03 04 05 06 07 08 0.9 1

SlSi [] Axial fraction [-]

Figure 5-16 B6M - Isentropic Mach number and blade  loading

5.3.3 B6M - Off-design

Design conditions are only achieved at a certagsgure ratio and rotational speed
but the test turbine will run far from design dgriexperiments. It is therefore
interesting to explore how the turbine will behateff design. The results from
sweeps done in Beta2 with pressure ratios and salustage loading corresponding
to probable operating points can be seen belowar€&i§-17 to Figure 5-19 are

plotted against total to static pressure ratid8fa¥o, 100% and 120% /x/T_* :
where 100% is given by the value at design ld&e2(139,y=1.37).

In Figure 5-17 the point of optimal efficiency nes/to higher pressure ratios when
increasing the speed parameter. At some pointuhes flatten and become less
sensitive, a consequence of turbine blades belagvely unaffected of arising
incidence losses. This is a typical behavior entered when studying turbines
operating at off design, see Moustapha [2]. Fidgufie8 shows similar trends.

The flow capacity is not very susceptible to ctes the speed parameter, pressure

ratio being the dominant driving force as seenigufe 5-19. When the curve starts
to become entirely horizontal the turbine has cdakeaning the mass flow
becoming independent of pressure ratio as soooras sonditions are reached in the
blade throat.

Figure 5-20 and Figure 5-21 show approximatelystimae trends described above,
though Figure 5-20 clearly indicates that the maxmefficiency is at a lower load
than design load. This characteristic is deduceteadack of cooling air which
moves the maximum efficiency to a lower loadingti®glly the stage should be
designed to have its maximum efficiency at thegtesrad, this was however not
possible with the vane geometry fixed.
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The trend of an increase in degree of reactioh piigssure ratio for a fix value of
stage loading is shown in Figure 5-22. As the @elssure is fixed, increasing the
pressure ratio will lead to a greater static presslnop across the rotor compared to
the stator and the degree of reaction will rises #een that for low pressure ratios
and high stage loading there is a sudden increasaction. For these cases the
positive incidence is very large (>35°) and it sedhat the Beta2 code has problem
to achieve physical results. Further studies iraBét this region indicate numerical
instability and the reliability cannot be verified.

Torque is increasing considerably with pressutie ratage loading having a
significant, but still smaller, impact as seen igufe 5-23. The pressure ratio
dependency could be explained by the increase 83 filaw together with the
increased isentropic enthalpy drop over the stalgis.is just a simplified way of
explaining the trend in the figure to some extent.

B6M - Off design efficiency characteristics
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Figure 5-17 B6M - Total to total efficiency against  pressure ratio (Beta2)
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Figure 5-18 B6M - Total to static efficiency agains t pressure ratio (Beta2)
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Figure 5-19 B6M - Flow capacity against pressure ra  tio (Beta2)
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Beta2 results - Total to total efficiency
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Figure 5-21 B6M - Mass flow against stage loading ( Beta2)
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Beta2 results - Pressure based reaction at mid span
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Figure 5-22 B6M - Reaction against stage loading (B eta?2)
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Figure 5-23 B6M -Torque against stage loading (Beta 2)
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5.4 Transition modelling

To evaluate the transition model used in CFX the fiction coefficient was
calculated along a surface line at mid span fovtree and the blade. The skin
friction coefficient is a convenient parameter tmsider when studying transition for
different cases. A quick increase in skin frictiodicates transition from laminar to
turbulent boundary layer. The skin friction coetiat is defined as:

_ 1,
~ 050p, [T.°

00

f

where the wall shear stress is defined as:

T, = /,1@

w ay "
The freestream values for the density and velogéy extracted at a distance of 0.75
- 1.5 mm from the wall surface outside the boundaygr and the wall shear stress is
directly given by CFX at the surface. The resutirthe CFX cases with and
without the transition model can be seen in Fidugt. In the full scale case
transition occurs on the suction side at a distatoeit 45% from the leading edge
for the vane whilst transition occurs almost imnag¢ely at blade leading edge
according to the transition model. At model schketransition model predicts
completely laminar boundary layer on the suctiale if the vane and transition at a
distance about 55% from the leading edge at thiosuside of the blade. The big
difference between full and model scale is to kgeeted and is explained by the
greater Reynolds number in the full scale casechvisi about an order of magnitude
greater, see Table 12. Table 10 shows the comgtfiecncies for each case. In
accordance with the skin friction coefficient cdétion the predicted gain is greater
at model scale.

A comment about the increase in skin frictiontftg model scale case close to the
blade trailing edge has to be made. This is a leffatt caused by a secondary flow
vortex which interrupts the flow and increaseswiadl shear strain at the line from
which the data is extracted. The vortex is stdégant in the Low-Re case but passes
the blade at a greater radius, avoiding the mid $pa.
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Figure 5-24 Skin friction coefficient at mid span

B6F B6M
Low-Re Transition Low-Re Transition
n 0.8742 0.8754 0.8675 0.8722
q* 0.9213 0.9232 0.9073 0.9190

Table 10 Transition model vs. Low-Re performance pr  ediction

5.5 Result summary

A complete summary of B6F and B6M is shown in Tddego Table 13. The

efficiency prediction differs between the codes@an in Table 11. This is expected
from previous experiences where 3D codes often lggteer performance. Without
reliable experimental data the predictions are lguacertain. Table 12 shows
stage parameters as calculated by Beta?2 for tbecrafe stage, B6F, B6M and 4b at
design load for corresponding turbine/stage. Thk ¥zas to match the new design to
the reference as good as possible and the B6Fdasagmplishes this as illustrated
in Table 12. Comparing B6F and B6M the resultsvany similar and the main
characteristics are maintained through the scélauk to model scale. The
parameters for 4b at its design load are shownusecaf comparative reasons.
Referring to stage loading and degree of reactibhat a considerably higher
respectively lower value, typical of a steam tuebstage. The general aim to achieve
characteristics more representative of an indugas turbine stage is accomplished
via the B6M design.
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Beta2 1d Multall CFX Low-Re | CFX Tran
B6M i [] 0.906 0.9141 0.9073 0.9190
B6F N [-] 0.904 0.9149 0.921349 0.923193
Table 11 Total to total efficiency code comparison
Ref. stage | B6F B6M 4b

IT [-] 2.139 2.138 2.138 1.23

v [-] 1.365 1.364 1.369 2.035

D[] 0.407 0.428 0.425 0.396

Ap,mid [-] 0.405 0.398 0.386 0.089

a[] 14.45 14.66 14.69 14.73

B:[] 63.18 54.79 52.91 26.37

az[’] 73.10 71.02 72.75 73.84

B2[] 19.91 20.53 20.63 19.50

Maiaps[-] | 0.794 0.797 0.781 0.532

Marel [-] 0.236 0.251 0.252 0.280

Maore[-] |0.812 0.811 0.78 0.323

Rejaps[-] 30.3e5 29.3e5 6.9e5 3.1e5

Reégrel [-] 16.0e5 20.7e5 4.9e5 2.1e5

Table 12 Stage parameters (Beta2)
B6F B6M

Parameter: Hub Mid Tip Hub Mid Tip
r [mm] 430.44 462.21 493.97 177.50 190.60 203.7
di [mm] 7.50 7.44 7.46 3.09 3.07 3.08
da[mm] 2.80 2.80 2.80 1.15 1.15 1.15
Bim['] 56.18 61.83 66.36 56.19 61.83 66.36
Bom[’] 18.96 18.93 18.88 18.95 18.93 18.88
o1[] 65.93 59.23 54.76 65.93 59.23 54.75
@[] 9.75 9.66 9.60 9.73 9.66 9.61
o] 22.27 22.53 23.20 22.28 22.53 23.20
t [mm] 60.10 64.54 68.97 27.78 26.61 28.44
b [mm] 75.65 76.46 77.46 31.20 31.53 31.94
B [mm] 61.13 57.72 54.48 25.21 23.80 22.42
t/b [-] 0.79 0.84 0.89 0.79 0.84 0.89
AR eal [-] 0.84 0.83 0.82 0.84 0.83 0.82
AR ayial [] 1.04 1.10 1.17 1.04 1.10 1.17
do/b [%0] 3.70 3.66 3.61 3.69 3.65 3.60
# of blades 45
tip clearance[mm] 0.73 0.30

Table 13 Section parameters (data from CATO)
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6 Conclusions

A new blade design for the KTH test turbine hasilggesented in this thesis. The
aerodynamic design of the blade is based on arsindugas turbine, which acted as
a reference. The design was performed at the refergcale and with similar gas
conditions. A summary of the main conclusions:

Full geometrical similarity between the referentadke and the B6M design
was not possible because of manufacturing limitetiand the chord had to
be expanded. The aspect ratio is 0.83 for B6M wlsaonsiderable lower
than for the reference. As a consequence the nuoflidades is much fewer
for B6 compared to the reference.

The metal angle was redesigned at full scale acogtd optimal incidence
by Mamaev which resulted in a different blade twisinpared to the
reference blade, even though the meanline anahdisated similar vane
outlet flow angle. However, Beta2 and MultallO6ginted a great difference
in blade inlet flow angel at relatively large reggonear the hub and the tip
due to lack of cooling flows. This resulted in amnaniform and almost
linear twist compared to the reference blade. CFe{ligted a similar result as
MultallO6 regarding blade flow angles and no regesvas considered due to
the updated results.

The final design at full scale B6F accomplishesdtetarget to mimic a
reference stage although the test turbine vane gegnrvas maintained and
no cooling was used. Both through flow and 3D dalitons support this
statement.

At model scale the predicted result was very muctia and the general
characteristics at full scale were well kept. Hoeresince parameters as the
Reynolds numbers and Mach numbers are smallerdorem load at model
scale the predicted performance will differ in dbs®values.

According to the transition study in CFX both trene and the blade at
model scale experience laminar boundary layerstwoieh greater degree
than at full scale. This effect must be considevldn evaluating results from
the test turbine.
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7 Future work

The constraint of matching the axial chord at hedtb the reference blade profiles
had to be enlarged in order to maintain the shapalting in B6M. This design is the
final result of this report complying with the reggment. During the work resulting
in the final design no consideration has been taestructural limitations.
Regardless of design structural analysis must denpeed considering the whole
blisk (blade row and disc machined from one soiet@).

The scaling is based on the 4b geometry at catditions but was assumed to be at
hot conditions, since the actual hot geometry eftilisk is not known. In reality
centrifugal and thermal load will expand the dimens somewhat. Even though
conditions in the test turbine are far removed frehat is normally expected in a gas
turbine, some elongation will still occur. Of coarthis has to be investigated further
before manufacturing can commence.
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8 Appendix A

The mesh and’ystatistics for B6F and B6M are shown in Tablelh4he full scale
case the mesh had to be coarsened at the tip mbearagion because of problem
with numerical stability, resulting in largef yalues than desired. The effect of this
is clearly seen in Table 14 where the maximum amdage yis considerable larger
at full scale than small scale for the blade domaatording to a study regarding the
effects of too largeypresented in the CFX Solver Guié§ y* should be kept
between 0.001 and 8 to effectively predict theditaom point with the Gamma Theta
transition model. This criterion could not be flifd at the tip in the full scale case
but for the rest of the domain (values in parenf)éke criterion is met. Since the
flow at the tip clearance probably is fully turbode@nyway this compromise is not
believed to have affected the transition modelystadany major way. Figure 8-1
shows two computational domains in CFX for illusitra purposes. Only one
passage is actually modeled and the result is redirto the other passages. The vane
and blade mesh in the B6M case is shown in Figt#eBd Figure 8-3.

Full scale Model scale
Vane Blade Outlet Vane Blade Outlet
# of 1943250 | 1551068| 121720 1115400 2200581 153000
elements
y" max 2.40 47.10 - 2.86 4.12 -
(7.60)
y* min 7.28e-3 | 8.69e-3 - 1.38e-2 1.42e-2 -
y" area |0.98 3.66 - 0.84 0.54 -
averaged (1.60)

Table 14 CFX mesh statistics

Figure 8-4 to Figure 8-7 shows contour plots ofttital pressure at the vane and
blade trailing edge for full and model scale resipety. Both the full and model
scale result indicates that the vane is exposeeldatively small secondary flows
while the main flow at the blade trailing edge ighty affected by secondary flows.
In Figure 8-8 and Figure 8-9 is velocity vectorssd to the surface and streamlines
at the hub and tip shown. The figures clearly shosvextent of the secondary flows
in a low aspect ratio blade.
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Figure 8-1 Domain overview
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Figure 8-2 B6M Vane mesh
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Figure 8-3 B6M Blade mesh
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Figure 8-5 B6F — Blade TE looking upstream, total p  ressure
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