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ABSTRACT

The wake characteristics of a high deflection turbine
rotor linear cascade at three incidences (one at zero
incidence and one =ach at above and.below zero inci-
dznce) eare presented. Flow properties across the wake
at various axial distances downstreamn the blade trailing
edge were measured with a small five hole probe. The
wakes are asym:metrical -about the wake centre near the
trailing edge, due to differential growth of the boundary
layers on the pressure and suction surfaces of the blade.
The total velocity defect at all incidences is reprefented

by the Gaussian function given by e-0.593r|__ Static
pressure in the wake increases towards the wake centre.
Location of maximury static pressure is different from
that of minimurn stagnation pressure =z2nd occurs always
on the suction side. The total velocity defect is maximum
at negative incidence and minimum at zero incidence.

INTRODUCTION

Wakes are a major source of losses, inefficiency, unsteady
flows and noise in turborachinery. The inlet flow to
a blade row is non-uniforza duz to the -vakes of the pre-
ceeding blade row. This gives rise to unsteady flows
when a rotating blade row cuts into the wake of the
preceeding stationary blade row or vice versa. [Noise
and vibrations are generated. Hence d=tailed investigations
on turboinachinery wakes are necessary for their understa-
nding and modeling.

Although there is a substantial work done on compressor
wakes, (both cascades and rotors), there is very little
information available on turbine wakes. Sitaraimm et al
(1986) measured wake characteristics of a high deflection
turbine rotor linear cascade at =zero incidence. In the
present investigation, wake characteristics of the same
cascade are measured at postive and negative incidences
and compared with those at zero incidence.

EXPERIMMENTAL FACILITY, TECHNIQUE AND ACCURACY

The low speed cascade tunnel CT1 of Thermal Turbo-
machines Laboratory at the Indian Institute of Technology,
Madras is used in the present investigation. A detailed
description of the tunnel is given by Govardhan (1284).
The test section is rectangular channel of constant span
of 400 mm with provision for varying the height from
200 mm to 450 3 and for varying the incidence angle.
A schematic view of the cascade tunnel is shown in figure
1.

The details of the cascade used in the present investigation
are given below:

Inlet blade angle Cip= 57.5°
Exit blade angle oy = -52.5°
Design turning angle £= 120°
Stagger angle y= 12.5°
3lade height h= 400 min
Slade chord ch= 90 -mn
Axial chord e= 83 mm
Aspect ratio AR = 4.4
Space-chord ratio Sich = 0.55
Pluber of blades Z = -13

Trailing edge thickness/

chord tte/Ch = 0.05
i#axizium thickness/
chord tmax/Ch = 0.33

Position of maximumn
thickness X/e = 0.42

A schematic of the cascade is shown in figure 2. The
wake was surveyed at a Reynolds number (based

on the chord and exit total velocity) of 2.7 x 105 and

exit i/Aach number of 0.15. The inlet turbulence was
about 1% . The wake was measured with a small five—
hole probe (diameter=3.7 mm). The probe was used in
the non-nulling :=iode suggested by Treaster and Yocum
(1978). This probe was wounted in a traverse mechanisra,
which provides automatic rotions in the cascade pitchwise
and spanwise directions and rotation about the probe
support. In addition axial iotion was ranually possibe.
The probe was used to measure wakes at the axial sta-
tions given in table 1. The wake was measured at the
cascade mid span, where the flow was two-dimensional.
The probe measurements were subjected to many sources
of errors, such as velocity or pressure gradients, wall
vicinity, turbulence etc. A detailed description of these
sources of errors and estimates of their magnitude for
five-hole probes and other pressure probes were given
by Sitarama et al (1981). For the present investigation,
the following experimental accuracies are estimated.

Axial position of the probe : o+ 0.2 mm
Pitchwise position of the probe : + 0.0l mm
Flow and spanwise angles A |

Stagnation land static pressures : + 1% of settling

chamber pressure.

ZIXPERLAENTAL RZSULTS AND [HTERPRETATION

The experimental results are presented and interpreted
here. Due to lack of space, only total velocity, static
and stagnation pressures are present2<. All the tabulated
data are available from the authors.

3lade static pressures: 3lade static pressures at various
axial stations at the three incidences are shown in figure
3. They follow same trend at all incidences.Lift coeficient
at positive incidence is more than that at zero and nega-
tive incidences.

Total velocity profiles: Distribution of total velocity
across the wake and at various downstrearm stations is
nor:aalized by the free streain total velocity at that
particular axial statioon (Fig.4). As the free stream
total velocity is slightly differcnt on suction and pressure
sides, probably due to tuiinor difference in adjacent blades
and their arrangements, the total velocity in each side
is noriialized by the free streasa total velocity of that
side. The distance across the wake is normalized by
the blade spacing. Slightly :aore than half spacing is
covered on either side of the wake. The pitchwise stat-
ijon, where the stagnation pressure is minitauma at eaph
axial station is taken as wake centre (y=0) at that axial
station. This criterion, rather than .iini“uii total velo-
city criterion, is chosen, because the error, due to the
large gradients present in the wake centre, in the stagna-
tion oressure -ieasurements is less than the corresponding
error in the total velocity mieasurexents.

The total velocity profiles at all incidences aré asy:zi.i-

etrical about the wake centre indicating differential growtn
of the boundary layers on the two surfaces of the blade.
At far dowvnstreaz: stations the wake tends to beco:ize
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symmetrical because of wake spreading and
free-stream as well as interchange of momentum

energy on either side of the wake.

mixing with
and

At both positive and negative incidences, the wake defect
is more than that at zero incidence at all axial positions.

At negative incidence, the wake defect is more than
that 'at pesitive incidence.
Stagnation pressure profiles: Distribution of stagnation

pressure across the wake and at all axial stations is shown
in figure 5. The stagnation pressures are normalised
by the free stream stagnation pressure on the correspond-
ing side of the wake center. The stagnations pressure
profiles are asymmetrical ‘about the wake centre due
to the differential growth of boundary layers on the two
surfaces of the blade. But this asymmetry is less com-
pared to that of the total velocity.

The defect in stagnation pressure at negative inci-
dence is more than that at positve and zero incidences
at all axial stations. For example, the defect in stag-
nation pressure at Z=0.055 is 0.5, 0.34 and 9.25 at nega-
tive, positive and zero incidence respectively.

Static _pressure profiles: Distribution of static pressur=
across the wake and at all axial stations is shown in
figure 6. The static pressures are normalised by the
free stream stagnation pressure on the corresponding
side of the wake centre. The static pressure increases
towards the wake center at all axial stations. The incr-
ease is as much as 35% of free stream stagnation pressure
at the axial station nearest to the trailing edge. Similar
increases are reported for the wake of compressor rotors
( Ravindranth and Lakshminarayana, 1980 and Thompkins
and Kerrebrock, 1975). The static pressure profiles are
also asymmetric about the wake centre, due to the diffe-

rential growth of boundary layer on the two surfaces
of the blade. At downstreain axial stations, the static
pressure becomes uniformn across  the wake. It is also

roted that the maximum static pressure occurs at a pitch-
wise location different from that of the minimum stagne-
tion pressure, at all incidences. The difference in these
locations is as much as 20% of blade spacing. = The maxi-
wum  static pressure always occurs in the suction side
of the sake.

Similaily of total velocity profiles: Experimental evidence
of similarly of velocity profiles was presented for the
wakes of cormpressor cascades and rotors by Raj and
Lakshminarayana (1973) and Ravindranath and Lakshninara-
yana (1980) respectively. The deflection is relatively small
for these--cases:—In this section velocity similarity is
examined for a large ‘deflection turbine rotor cascade
at non-zero incidences. The velocity defect is normalised
by the maximum velocity defect. The non-dimensionalising
factor for the pitchwise distance is the wake width at
half the maximum velocity defect. Corresponding half
wake width for the pressure and suctien sides are taken
respectively. Using this method, similarity was examined

for the total velocity profiles and is shown in figure
7. It is interesting to note that the similarity exists
for a heavily loaded turbine rotor linear cascade at all

the three incidences. The normalized wake defect

follows the Gaussian distribution, given by e—0.593q, .
Axial ‘variation of wake width: Variation of wake width
along the axial direction is shown in figure 8 at all inci-
dences. Wake width is taken as the sum of half wake
widths on the pressure and suction sides of the blade.
At all incidences, the wake width increases rapidly near
the trailing edge. At negative incidence, the wake width
remains more or less constant beyound Z = 0.085. At
positive incidence, the wake width increases rapidly compa-
red to that at zero incidence.

Axial variation of maximum total velocity defect: Vari-
ation of imaximum total velocity defect along the axial
direction at all incidences is also shown in figure 8.
The maxiraum velocity defects is norinalized by the f[ree
stream total velocity. As the free stream total velocity
is slightly different on both sides of the wake centre,
average of free stream total velocities on the pressure
and suction sides is taken. At all incidences, the maxi-
mum velocity defect decreases rapidly near the trailing
edge and slowly away from it. The velocity defect is
maximurm at negative incidence, and minizaum at zero
incidence. Beyond Z = 0.114, velocity defects at the
three incidences are more or less equal and remain fairly
constant with the axial distance.
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CONCLUSIONS

Wake characteristics of a high deflection turbine rotor
linear cascade at three incidences are reported in the
present investigation. From this investigation, the follow-
ing major conclusions are drawn.

At all incidences, flow properties (total velocity static
and staganation pressures) are asymmetrical about the
wake centre and tend to become symmetrical at axial
distance away from the trailing edge. This is due to
the asymmetric growth of boundary layer on the pressure
and suction surfaces of the blade. The total velocity
at all incidences becomes symmetrical and similar when
the defect is normalized by its defect at the wake center
and the lengths by corresponding wake half width. All
the similarity profiles fo[iozw the Gaussian

function given by 3_0'69311'.

Static pressure in the wake increase towards the wake
centre. Locations of maximum static’ pressure and minimuin
stagnation pressure differ at all axial stations. - Maximum
static pressure always occurs on. suction side, The velocity
defect is maximum at negative incidence and minimum
at zero incidence. The maximum velocity defects decrea-
ses rapidly at negative incidence, less rapidly at positive
incidence, more slowly at zero incidence. ‘Wake width
increases rapidly at positive incidence, less rapidly at
zero incidence and remains fairly constant ‘at negative
incidence.
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NOMENCLATURE

e Blade axial chord, m

58 Wake width, normalised by blade spacing, =L$+Lp

L.L ‘Wake width ‘on the pressure and suction sides,

P" S where the wake defect is one half of the
maximum wake defect, (normalised by the blade
spacing), respectively.

P Static pressure, N/m

2 Stagnation pressure, N/m

PS Pressure side

5 Blade spacing, m

SS Suction side

v Velocity, m/sec

X Axial distance from the blade trailing edge, m

¥ Pitchwise distance from wake centre, m

zZ Non-dimensionalised axial distance, X/e
Non-dimensionalised ‘pitchwise distance,

i = Y/Lp or Y/LS

Subscripts

C Wake center line

max Quantity at the wake edge or maximum value
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