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ABSTRACT

This paper presents an aerodynamic experimental and numerical investigation of the
prismatic blade cascade that represents the tip section of a rotor comprising 52 titanium
blades 1375mm in length. This rotor is designed for the last stage of the low pressure cylinder
of a large output steam turbine. The flow conditions of the tip section are defined by the
structural and operational demands in the last stage. The tip section is characterized by a
supersonic inlet, a large stagger angle and a supersonic outlet. The profile applied to the tip
section is relatively very thin, and its central line is unusually cambered, so the shapes of the
suction and pressure sides have converse curvatures. The results of the aerodynamic
experiments are compared with the results of numerical simulations calculated by both a
commercial code and an in-house code.

NOMENCLATURE
b [m] chord of airfoil y [deg] stagger angle
bax  [M] axial chord of airfoil A [W/mK] heat conductivity
Co [J/kgK] const. pressure specific heat n [Pa s] viscosity
S [m] cascade pitch P [kg/m®]  specific mass
t [m] max. thickness of airfoll 14 [] Kinetic energy loss
o] [m] throat opening K [] ratio of heat capacities
p [Pa] pressure Subscripts
X [m] coordinate ax axial direction
y [m] coordinate 1,2 upstream resp. downstream cascade
M [] Mach number is isentropic
M [ non-dimensional velocity S static value
Mm [kg/kmol] molecular mass t total value
Re [] Reynolds number (related tmom nominal
the profile chordb and exit 1200  design point
Mach number Mor Mais)
B [deg] velocity angle
l [deg] incidence angle
1
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INTRODUCTION

The efficiency of a steam turbine can be imptband the production costs can be reduced by
increasing the exit area downstream the low pressyliinders. A large exit area results in lower
losses due to decreased exit velocity. Increadnegeixit area also leads to a lower number of
turbine flows and thus to lower production costa.iftegral part of these endeavours is the need to
design new, longer rotor blades for the last stige.1375mm titanium blade is typical example of
efforts of this kind (Fig.1).

The relatively narrow space for the aerodyicamesign of long blades often results in blades
with tips operating under supersonic regimes. Thdpperal speed of the titanium blade tip
investigated here is approximately 740 as50 revolutions per second. An analysis of tHeoity
triangles shows clearly that the inlet and outldbuities are much higher than the speed of sound.
The stagger angle of the tip section profiles i/ Varge, and the convergent - divergent tip peofil
cascade is designed for a very small flow turninglea The fan of these long airfoils is highly
opened on the tip diameter (the tip section wilate on a diameter of 4700mm), so the overlapping
of the adjacent profiles is very small (Fig.2).

The profile applied to the tip section (Figi8 relatively very thin, and its central line is
unusually cambered, so the shapes of the suctidrpassure sides have converse curvatures: the
nature of the shape of the suction side is theeetmmcave and, conversely, the shape of the
pressure side has a convex character. The ratineplicated designing of profiles of this type is
described e.g. by Senoo (2012).

The transonic flow through this type of cakeas very complex, and is also sensitive to
relatively small changes in the parameters. We thanefore also expect the influence of some
details in the algorithms implemented in the corapabal method. There is also a lack of
experience with numerical solutions of the flowtpasbine cascades with a supersonic inlet flow.
It is very important to compare the results achieusing commercial software and widely used
(and consequently validated) numerical algorithnith whe results using in-house software, where
there is complete knowledge of the numerical metlsodthat appropriate changes can be made to
the algorithms.

The experimental investigation of the flowthis profile cascade is focused not only on the
flow condition of the cascade operation point, #lsb on a wide range of off-design regimes. This
attitude provides more information that will help to understand the behaviour and the nature of
basic phenomena occurring in the profile cascaole fleld. The data from mutually independent
optical and pneumatic measurements also make dicagr contribution to our understanding.

TIP SECTION
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Figure 2:The convergent-divergent tip profile cascade
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Figure 1: Figure 3:Profile of the measured cascade
The titanium rotor
blade 1375mm (54”)
Important integral flow characteristics (e forces, pressure loss, energy loss, exit flow
angle, etc.) were also determined. However, if agcentrate on these integral characteristics only



(without making an effort to understand the natfreheir origin anddevelopment), we will be
limited to a utilitarian Heidegger technosciendéwde (Aronowitz et al. (1996)), which should not
be the only aim of research workers.

EXPERIMENTAL FACILITY AND EXPERIMENTAL PROCEDURE

The profile cascade, which represents the tip @edf the 1375 mm (54”) long titanium rotor
blade, consists of 8 prismatic blades only. Thdilerahord of the model was chosers 0.15m,

i.e. the reduction scale is approximately 1:2, aering the real blade dimensions. The blade
height isl = 0.16m, so the aspect ratioAR = 1.07 only. The model dimensions result from many
requirements and restrictions (e.g.: corresponéiagnolds number values, solidity of the blades,
dimensions of the test section, etc.). The low eafithe aspect ratio has negative effects onhe 2
flow field parameters. The Axial Velocity Densitya® (AVDR), which to some extent
characterises the extent of 3D phenomena, was arediduring the pneumatic measurements; the
AVDR values are plotted against the isentropic exit MaamberMg;s for different inlet Mach
numberdM; in Fig. 4.

Two static pressure taps (0.8mm in diameter) areatad in the middle of the height of the
blade and the profile chord on the blades whicimftine boundary of the middle channel of the
cascade (one tam.n, is on the pressure side; the othprp, is on the suction side of the
neighbouring profile (depicted in Fig. 8). The ditan these two pressure taps provide information
necessary for an evaluation of the interferograms.

The basic geometry and the characteristicedsions of the profile cascade are shown in
Table 1. The cascade will be operated under twoimanconditions: firstly, in a 1200 MW steam
turbine for a nuclear power plant in Czech Repudiid, secondly, in a 800MW steam turbine for a
power plant in India. The nominal conditions foe tfvo turbines are summarised in Table 2.

Table 1:Characteristic dimensions of the blade cascade

Pitch/Chord s/b | 0.951 | Stagger Angle y | 78.37°
Max. Thickness/Chord t/b | 0.025| Trailing Edge Thickness / Chordrg/b| 0.0033
Aspect Ratio AR | 1.07 | Design Inlet Flow Angle DBiges] 171.25°
Throat Opening/Chord o/b | 0.169 | Design Incidence ldes 0°
Table 2:Operation condition of the tip section (in the stemn)

Turbine Mh[-] M 2id-] Re[-]

800 MW 1.46 1.768 1.5 .%0

1200 MW 1.46 2.045 1.1.10

The Reynolds number related to the profile cHoethd to the isentropic exit Mach numibésis
in the wind tunnel (dry air) ranges fraRe= 1.02.16 to Re= 2.34.16.

The experiments were carried out in the aerodynéeicratory at Novy Knin. The high-speed
intermittent blow-down wind tunnel for 2D cascadsting was used, and the flow medium was dry
air. A special test section was used for an ingatitbtn of the flow in a prismatic profile cascade
with a small flow turning angle and supersonic tindelocity. This test section has been described
by Matjka et al. (2013)

The high-speed wind tunnel for 2D cascadesm@aments (see Fig. 5) is equipped with an
adjustable supersonic inlet nozzle. The nozzlephaallel side walls and the shape of the upper and
lower wall can be continuously changed, so an iklath number up tdl; = 2.0 can be reached.
The air flows from the test section to the settlelgamber. The backpressure is controlled by an
adjustable control nozzle, which is situated dovaash the settling chamber. The scheme of the
test section is depicted in Fig. 7. Both the uppal and the lower wall of the inlet channel are
equipped with perforated inserts. These insertcan@ected to the low pressure parts of the wind



tunnel, and the suction is controlled by slide ealvThe suction mode of the lower perforated wall
is used for inlet velocities around a value of#ML.0, to improve the periodicity of the cascadetin
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Figure 4:The Axial Velocity Density Ratio Figure 5:Scheme of the suction type high-
(AVDR) speed aerodynamic wind tunnel for 2D
cascade measurements
flow field. The upper perforated wall (with suctiamn with ventilation only) effectively prevents
reflection of the outer branch of the inlet shockves back into the studied flow field in the whole
range of supersonic inlet Mach numbers, i.e. farM; < 2. An example of the inlet isentropic
Mach number distribution along approximately twiches is shown in Fig. 6 (the positions of the
static pressure taps are shown in Fig. 9).
AM2is =2,000 OM2is = 1,900 AM2is = 1,778 OM2is = 1,700 @M2is = 1,598 The adjustable perforated tailboard is
17 =16 usually placed next to the trailing edge of
Ma' - the lateral profile in order to improve the
16 - R E%ﬁ periodicity of the exit flow field. In this
I 58; g§ g specific  configuration, the perforated
7 %iﬁ o gogﬁ o § tailboard is situated downstream the blade
é %G' A . next to the lateral blade. The optimal value
28 for the angle between the tailboard and the
. plane of the trailing edges of the cascade
| was found experimentally. The tailboard not
124 only prevents exit shock waves from
I reflecting back to the exit flow field, it also
11 ‘ ‘ ‘ prevents expansion taking place at the lower

o0 08 " ' 20 Y 25 \wall block edge from influencing the exit
Figure 6:An example of the isentropic Mach flow field (Simurda et al. (2014)).

number distribution along two pitches upstream The inlet flow field parameters are

the cascade for supersonic inlet velocity measured by a number of static pressure
taps on the sidewalls and by a Prandtl probe, whiah placed upstream the cascade inlet. The
relatively remote position of the probe is aimedeatucing the probe disturbances in the proximity
of the leading edges of the cascade. The représentalue of the inlet Mach number is evaluated
from the average value of the static pressuresgiwisi obtained from five pressure tags + pse
(see Fig. 9) and the total pressure at the inletaGured by the Prandtl probe), respectively. The
isentropic exit Mach number was determined accgrttinthe static pressure, which was measured
in the settling chamber downstream the cascade.

Optical measurements were carried out (ieterhetry — infinite fringe method, schlieren

method in the Toepler configuration). The fieldvaion for the optical measurements covered an




important part of the cascade middle channel g (Fig. 8). The dimension of this optical field is
limited by the diameter of the glass windows fderferometry (180 mm).

The pneumatic measurements included a 2[@isawg measurement downstream the cascade
and a measurement of the static pressure diswiiati the cascade inlet and outlet (see Fig. 9. Th
static pressure distribution was measured alongpiaies near the leading edges and also along
two pitches near the plane of the trailing edge$4gtatic pressure taps on the sidewall of the tes
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Figure 7:Test section for an investigation of the flow in @rismatic profile cascade with a
small flow turning angle and supersonic inlet velaty; arrangement for optical
measurements

section.

2D traversing measurements were made. Thebdisons of the static and total pressure and
exit flow angle were measured using a conical fieée probe (3.5mm in diameter in its cylindrical
part) which traversed continuously along the straath in the middle of the blade height 25mm
behind the trailing edges. The PID controller awtioally positions the traversing probe in the
direction of the exit velocity vector. The probaversed along one cascade pitch.

p. - static pressure taps

1120

Prandlt
probe

Figure 8:The field of vision for the Figure 9:Arrangement of the test section for the
optical measurements pneumatic measurements

All traversing measurements were performed onlyepand the repeatability of the measurements
was not evaluated. The accuracy of the measuringpeegnt (traversing) enabled us to measure the
kinetic energy loss coefficiedt and exit flow anglg3 with absolute uncertainties less than 0.004
and 2° respectively.

During the experiments with supersonic inlet edalg the profile cascade was fixed in the test
section in the position corresponding to nominaivflconditions (= 0°). The inlet flow angle at
supersonic inlet Mach numbers was then set spomtighedue to the unique incidence rule (see for
example Luxa et al. (2014)), which defines the ugicelation between inlet Mach number and inlet
flow angle. The unique incidence rule states thi impossible to choose any inlet condition with
respect to the inlet flow angle and the inlet Mauimber. The value of the incidence angle
corresponding to a particular inlet Mach numbedlependent on the cascade geometry only, and it
can be determined indirectly (methods of charagtied, CFD methods). The stagnation point shift,
which corresponds to the incidence angle, cannoddtermined experimentally, because the
dimension of the leading edge of the tip profiléds small. Good information about the sensitivity



of the incidence angle to the inlet Mach number ddferent cascade layouts is given e.g. by
Starken (1986). The position of the blade cascadbe test section was changed only at positive
incidencea = +3, at which the inlet Mach number was subsonic.

The optical and traversing measurements were dawig in practically the same range of

velocities, i.e. 0.8< Myjs< 2.0 and 0. M; < 1.85. The geometrical incidence angke 0° was set

in cases witiM; > 1 ands = +3° for a subsonic inlet.

The evaluation of the interferograms is basedhenprinciple of the interferometric methods (see
Safaik et al. (2000)) (the fringes in the flow fieldpresent lines with a constant refraction index),
and is also based on the assumption of isentrdpanges in the main flow and constant static
pressure across the boundary layer.

The loss coefficient defined by relation (1) and the exit flow referenlues were evaluated
using the data reduction method, which is basedsawing all the conservation laws (mass,
momentum, energy), the equation of state for aaligas and the condition of adiabatic flow (see
Amecke & Safik (1995)).

M
=1-—2 1
{ M 1)

The non-dimensional velocityl* (or the so-called characteristic Mach numidér) is defined as
the ratio of flow velocityw and the critical speed of souatl (the speed of sound at Mach number
M=1).

NUMERICAL SIMULATION

Two computational fluid dynamics methods were usHtk computations carried out using
commercial software cover the field of inlet Maalmbers in the range froi; = 0.6 toM; = 1.9
for isentropic exit Mach numbendl,is = 1.77 andM,s = 2.05 (outlet operation conditions). The
computations using the in-house code were focusethiee regimes, comprising three different
inlet supersonic velocities at the invariant isepit exit Mach numbe¥l,s = 1.77.

Commercial Software
The calculations were performed using the commkefgiays Fluentode, version 13.0. THduent
code solves the system of governing equations noatlkgt using the finite volume method.
A 2D model of the investigated geometry was geeérat
Table 3:Ideal gas charicteristics  in GridPro the preprocessor, where the calculation domain

P [kg.m?| from ideal gas| was meshed with quadrilateral cells. The computatio
equation domain included areas of the flow field approxinhatene

¢ [J.kg'K' 6533.6 pitch upstream and downstream the cascade. Theinldsa

A W.m™K"  0.02298 shown in Fig. 10 (the evaluation planes are marked

n  [kgm's'] 1.107.10 downstream and upstream the cascade). The grigtyquals

K [] 1.07 measured by equiangle skew. The 2D grid consistelB5

Mm [kg.kmol]  19.363 964 cells. Only 5.3% of the cells exhibited a skeaue

above 0.7, while the maximal skew value was 0.8efail of
the cells around the trailing edge is shown in Efy. In the near wall region, the original mesh fias
enough Yy < 0,4) for a low-Reynolds turbulence model to bsed) and no grid adaptation was
necessary. The numerical results show that thegesam the loss coefficient are sensitive to the
position of the evaluation plane downstream theade (see Fig. 12). A shift of the evaluation plape
a half of the pitch changes the loss coefficieniabput 0.6%. The sensitivity of the value of thé& ex
angle in relation to the position of the evaluat@ane is lower (by about 0.3° of the exit angl&uea
The dependence of the inlet Mach number - evalnatiane position is depicted in Fig. 13.

The problem was solved using the density baseddmpblver with Menter'k-« SSTmodel of
turbulence. The flowing medium was wet steam, whi@s considered as an ideal gas, and its



characteristics are presented in TableTBe inlet boundary conditions were determined by th
constant total pressure, the total temperaturdtamahlet flow angle. The outlet boundary conditisas
defined as a constant static pressure. Periodoatditions were applied to corresponding free side
boundaries of the computation domain. A non-reiftgctboundary condition was applied where
appropriate.
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Figure 10:Thé\C0mputationaI domain Figure 11:Detail of the mesh around the trailing
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Figure 12:Dependence of the loss coefficientFigure 13:Dependence of the inlet Mach number
on the position of the evaluation plane on the position of the evaluation plane upstream
downstream the cascade (CFD -commercial the cascade (CFD - commercial code)
code)

In-house Code

The 2D system of averaged Navier-Stokes emnpstogether with the two equatidrw SST
model wassolved using the in-house finite volume softwaex Louda et al. (2012). This software
was developed for calculations on a multi-blockistnred quadrilateral grid (2D version), and was
used with the AUSM+up scheme, a linear 1D reconstm on a finite volume with the van Leer
limiter for convective terms and a central fini@wme approximation of the dissipative terms. The
implicit scheme was used for time evolution togethih the block SLOR iterative solution of the
system of linear equations. The computations weréopmed with thek-o SST turbulence model
with the Medic-Durbin limiter.

The computational domain consists of onehpdtthe cascade. The inlet (outlet) boundary is
located at an axial distance of about two (onefilprahords from the profile for the in-house
software. Note that the simulation with commercaltware was carried out using a shorter
upstream part. We prescribe values for total presdotal density and the velocity angle on the



inlet and static pressure on the outlet boundarg. tiién prescribe a non-slip condition and a no
heat exchange condition on the surface of the lprafirface and a periodicity condition on the
periodic boundaries. In the numerical method, tbestants in the inlet and outlet boundary
conditions are considered as mean values of thables along the corresponding boundary. An
approximation of this kind damps the reflectiontlod shock wave. These boundary conditions are
complemented by proper conditions for the turbutemodel variables. The fluid was considered as
ideal gas with proper constants (see Table 3). quadrilateral multi-block grid with around 100
blocks and an O type block with a sufficiently stheed grid around the profile was generated by
GridPro softwareThe mesh contained about 64 000 cells witk 9.2. Details of the cells around the
leading edge and the trailing edge are shown in HFgand Fig. 15. According to experience gained
with previous calculations (e.g. Louda at al. 201®)th meshes are fine enough to provide mesh-
independent results.

Figure 14:Detail of the mesh around the Figure 15:Detail of the mesh around the
leading edge (in-house code) trailing edge (in-house code)

RESULTS AND DISCUSSION

In most measured regimes, the
inlet flow field is characterized by
the supersonic inlet velocity. Even
in the case with positive incidence
1 = +3°, the inlet Mach number is
still so high that weak unsteady
transonic flow field structures can
be observed in the inlet flow field
(Fig. 16). An inlet shock wave
occurs in the flow field at
supersonic inlet Mach numbers.
The distance between the inlet
shock wave and the leading edge
depends not only on the inlet
Mach number, but also on the
back pressure. Two schlieren
pictures taken at identical inlet
Mach numbers and different

Figure 16: Figure 17:

Interferogram of the inlet Inlet shock wave, |shentrop|c exit M?:(T‘h ril;mber?r?re
flow field taken for the schlieren picture: shown dl'n di tIQB " : ; tr?
identical flow conditions: a) M = 1.555, Mjs=1.713 i(fsoerrrlfrso%?(r:] I\I/Inagch Iﬁunmll;(:r)rsjspsotrea;
‘= Kﬂsz_' EA11:62'2933’ b) My = 1.562, Mis = 1.592 and downstream the cascade along
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two pitches in the middle of the
cascade are shown in Fig. 18 and Fig. 19. As tkkgdrassure increases, the internal branch of the



inlet shock wave unbends and the whole shock wahifes sipstream the interblade channel. For
constant sufficiently lower backpressure and faorsang inlet Mach number, the oblique internal
branch of the inlet shock wave moves downstrearn ihe interblade channel. A complex
interaction with the boundary layer occurs on thespure side of the adjacent profile, resulting in
complicated viscous and dissipative structures. @dwndary layer on the pressure side is laminar
(see Straka et al. (2014)) upstream the interacii@a. Unsteady behaviour is typical for this
interaction. The point of this interaction movew#nds the trailing edge with a further increase in
the inlet velocity. Under certain pressure condsiothe shock wave even misses the surface of the
adjacent blade and it interacts with the wake siines - see the examples in Fig. 20.
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Figure 18:1sentropic Mach number Figure 19:sentropic Mach number
distribution along two pitches upstream distribution along two pitches downstream
the cascade for supersonic inlet velocity the cascade for supersonic inlet velocity
M, =1.56 M1=1.56

In most of the measured regimes, the flowdfie the interblade channel is supersonic, with a
small subsonic region around the leading edge.sbiméc throat is missing. In the relatively small
area of the interblade channel, very intense soparsimple expansion takes place on the suction
surface near the leading edge (see an exampleeofséntropic Mach number distribution in
Fig. 22). The Mach number distribution along thetgun side shows that this expansion area covers
approximately 6% of the cascade chod. This expansion is followed by a region with
practically constant high supersonic velocityl £ 2), which terminates in the region of the
turbulent boundary layer - see Straka et al. (201ah)d the internal branch of the exit shock wave
interaction on the profile suction side. This iatdron takegplace already in the exit part of the
interblade channel (except for design regimes wéty high backpressure) and it moves slightly
downstream, depending on the drop in the backpresshe interferograms show an increase in the
thickness of the boundary layer downstream theraction (see Fig. 21), and also the origin of a
reflected shock wave, which afterwards interactk wiake downstream the adjacent profile.

a) Mpis = 1.593 b) Mis = 1.715
Figure 20:Interaction of the internal branch of the inlet shock wave with the boundary layer
on the pressure side of the adjacent profile, diffent back pressure, constant inlet Mach
number M ~ 1.46, interferograms



The Isentropic Mach number
distribution along the rest of the suction
side behind the interaction area is
practically constant, and the value ranges
from Mis= 1.2 toM;s = 1.8, depending on
the inlet and exit flow conditions.

Figs 22 and 23 compare the
distributions of the isentropic Mach number

' : \ along the suction side and the pressure side
M\ v \ of the profile. The first distribution is
\ \ TN obtained from experiment, while the second
Figure 21:An example of the interaction of the distribution is obtained from CFD
exit shock wave with the wake and boundary layer simulation  (commercial code). The
on the suction side of the neighbouring profile, calculated flow field is completely
interferogram, M, = 1.502, My = 1.598 turbulent, which ensures a more
uncomplicated interaction of the boundary layehvtite internal branch of the inlet shock wave on
the pressure side of the profile (Fig. 25). By casi, the test result (Fig. 24) shows a much more
complex structure of the flow field, because thermary layer on the pressure side is probably
laminar up to the interaction area - see Straka. €2014). The impact of this complex interaction
is that it suppresses the expansion area on theisiugide of the neighbouring profile. Figure 30
gives an example of the inlet shock wave boundaygr interaction computed by the in-house
code. The boundary layer upstream the interacti@isio turbulent.

The isentropic Mach number on the pressure sidehesasupersonic values in short rapid
expansion downstream the stagnation point. Thisaesipn continues till the trailing edge, but
under a substantially smaller gradient. In seveaaks, the monotonous expansion is broken by the
impact of the internal branch of the inlet shockvevalose to the trailing edge.

The dependencies of the non-dimensional geendic forces on the isentropic exit Mach
number Myis for a constant inlet isentropic Mach number (f@:. constant incidenceg) are
evaluatedrom the interferograms. The aerodynamic forceolsed by integrating the distribution
of the static pressure along the pressure andosusides in the peripheral direction. The data are
related to the possible maximum of foréep;. The diagram in Fig. 27 shows clearly the
dependence of the force on the incidence angle.fditee decreases with increasing inlet Mach
number (negative incidences) and, by contrastnateiases with decreasing inlet Mach number
(positive angles), as expected. The values of tmedimensional aerodynamic forces are small. In
cases with extremely high inlet Mach number valties.aerodynamic force is even inverted.

The dependencies of the kinetic energy logfficient on the isentropic exit Mach numbes;M
for different inlet velocities M (or for different incidences) are shown in Fig. Zefficient{ is
related to the valué™™ ., Which was evaluated for the nominal operationdition specified for a
1200MW turbine. The curves clearly show an increasehe dissipation generated by the
strengthening of the inlet shock wave when thetiklach number increases. The obvious trend of
a decreasing kinetic energy loss coefficient fonstant inlet parameters and an increasing
isentropic exit Mach number shows the dependend&netic energy dissipation on the position of
the internal branch of the interaction of the indbbck wave with the neighbouring profile. The
situation when the shock wave interacts with thendary layer on the pressure side of the
neighbouring profile is more dissipative than tketes with the shock wave going through the near
wake region downstream the blade. It is clarifigdtlire comparison of the flow field structures in
the interferograms in Fig. 20, together with thuea of the energy loss coefficient.

Selected dependencies of the exit flow amglated to the exit flow angle evaluated for the
nominal condition (a 1200MW turbine) for a constamtidence angle are plotted against the
isentropic exit Mach number in the diagram in F&Q. The depicted data proves both the
supersonic deflection of the flow for the rangerdét Mach numbers 1.0 M; < 1.56 and probably
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its stagnation foM;> 1.56 (the changes in the exit flow angle takingcpl within the range of
absolute uncertainties of the measuring equipméihig. measured regimes with incidence +3°
(subsonic inlet velocity) exhibit an identical efibw angle value up tiM,s~ 1.6. Beyond this
point, supersonic deflection takes place and theegaof the exit flow angle decrease.
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Figure 22:Isentropic Mach number Figure 23:Isentropic Mach number
distribution along the profile for the nominal  distribution along the profile for the nominal
condition (turbine 1200 MW) M; =1.453, condition (turbine 1200 MW) M; =1.469,

M 2is —

=2.04 - CFD (commercial software)

M2|5 =2. 008 - interferometry

Figure 24:Flow fleld in the mterblade channel, Flgure 25:Flow field in the interblade channel,

interferogram M =1.453, Mys=2.008 - interferogram M =1.469, Mys=2.04 - CFD
interferometry (commercial software)
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Figure 26:Comparison of the kinetic energy Figure 27:Non-dimensional aerodynamic
loss obtained by experiment and by two force

different CFD calculations

The energy loss coefficiedt®™200is plotted against the inlet Mach number fdr My;s = const
(referring to nominal exit Mach numbkhis~ 1.77) in Fig. 26. A comparison is made of the galu
obtained both experimentally and using numericaluations. It can be seen that the CFD results
correspond reasonably well with the data obtaingeementally. The dependence calculated by
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the commercial code is rather more optimistic tthenexperimental results and also than the results
of the other numerical simulation performed usihg tn-house code (a curve with three black
points).
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Figure 28:Kinetic energy loss- Figure 29:Exit flow angle - experimental data
experimental data

CONCLUSIONS

The experimental and numerical
investigation of the flow past a blade cascade
representingthe tip section of long rotor
titanium blading (54") has provided
information on important cascade
aerodynamic characteristics in a relatively
wide range of flow regimes.

In a wide range of measured regimes, the
flow field in the profile cascade is wholly
supersonic, with the exception of a small
closed subsonic area close to the leading edge.
The changes in the inlet flow angle in the
Figure 30:Boundary layer and inlet shock wave region of supersonic inlet Mach numbers are

interaction - isolines of Mach number, due to changes in the inlet Mach value.
M =1.399, Mi = 1.7, in-house code Correct inlet angle at supersonic regimes is set
by setting corresponding inlet Mach number defibgdhe unique incidence rule.

The data obtained by applying mutually indejem optical and pneumatic methods show that
the intended operational condition for the 1200Mi@am turbine is less dissipative than the second
design condition determined for the 800MW stearbihg. The differences in the exit flow angle
between the two design flow conditions are alsoartgnt, and refer to air flow acceleration.

This experimental investigation of the tip temts of long rotor blades has provided not only
unique and important knowledge about their aeroshyoajuality, but also important information
about the number of flow field phenomena occurimgomplex flow fields of this type.

The comparisons of CFD and experimental reqwdive shown that the advanced models used in
the in-house code predicted loss coefficient valleser to the experimental data than the results
predicted using the commercial code.
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