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The Measurement of Circumferential Flow Variations in the Final Stage
of L. P. Turbines

1. Introduction

Axisymmetric design methods based on the streamline curvature principle [1, 2] pro-
“ide a means of considerably improving the aerodynamic performance of large steam
‘urbines. The successful application of these methods, however, relies essentially on deta-
=d and accurate input data relating to elements of the machine such as the effective
sasing geometry and the distribution of blading losses.

For the region near the casing in the final stage of large L. P. turbines it is particularly
“fcult to specify these data. The shape of the casing is complicated by bled-steam extrac-

on belts and the highly flared wall is interrupted by axial sections at the moving blade
os to allow for differential expansion. Also a complex flow structure is produced by the
wicraction between the tip leakage flow from the penultimate stage and the secondary
“ows in the fixed blade row. To provide the information necessary for improved theo-
“=tical modelling of the flow in this region, detailed measurements have been made in
. P. turbine cylinders.
Access to this part of the machine was achieved by a circumferentially traversing probe
“at enabled total pressure surverys to be made over a region extending inwards from the
wsing wall in the exit plane of the fixed blades. In addition traverses with pitot-static-
swmeter probes gave the complementary radial distributions of static pressure and flow
wnze. Results are presented for the two 500 MW turbines in which measurements have
we=n completed; they are referred to as turbines 4 and B in this paper.

2. The instrumentation of L.P. turbines

“ccess for instrumentation in L. P. turbines was achieved by means of radial guide
s which extended from the inner casing to the outside of the turbine where they were
“mnzated by gate valves. Probes could then be inserted via the gate valves, traversed

i steam space and removed whilst the turbine was on load without affecting its opera-

—eatral Electricity Research Laboratories, Leatherhead, Surrey.

[549]
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Fig. 1. Details of turbine casings and probe accessways

tion. The diameter of the probe bodies was restricted to one inch (25.4 mm) which is a
good compromise between the aerodynamic requirement of a small steam and the rigidity

required for extensions of up to one metre in high velocity flows.
The positions of the accessways in the L.P. cylinders of the two turbines discussed in

this paper are shown in approximate longitudinal sections in Fig. 1. Generally, ample
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clearance existed between stages for 1 inch traversing probes, but in-stage, as in the number 3
traverses in Fig. 1, extreme care was required. To ensure that a safe working clearance
was available, the position of all traverse lines relative to the blading in the cold position
was first determined with an introscope by triangulation from the known blade pitching.
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Then, before traversing was commenced, a dummy probe carrying strain gauges and an
accelerometer was carefully extended into the steam space when the machine was on load
to determine the deflection and vibration of the probes under the static and dynamic
loading imposed by the flow. The overall structure of the flow may be defined from the
general axisymmetry of the cylinder by radial traversing alone. Instrumentation is sub-
sequently described for measuring the radial distributions of pressure velocity and flow
angle. However, to investigate the complex flow in the tip region of the final stage, a
circumferentially traversing probe was designed which is shown in principle in Fig. 2.
The tip of a reversed arm is extended laterally from a radial support tube by a simple
mechanism and describes a virtually circumferential locus. A region extending almost to
the casing wall can therefore be surveyed by circumferential traverses at a series of radial
intervals.

3. Instruments for flow measurements in L.P. turbines
3.1. Radial traversing probes

Most of the radial traverse data were obtained with the probe shown in Fig. 3a which
consists of a disc static-yawmeter combined with a hooded total pressure or “Kiel” probe.
For this application the disc has the advantage that alignment with the flow is achieved
by nulling between static pressures, in contrast with the familiar “arrowhead” yawmeter
which depends largely on the velocity head. The correct flow angle is therefore indicated
by the disc even in a velocity gradient such as a fixed blade wake. The disc is also inherently
nsensitive to the pitch angle variations that occur over a radial traverse.

The disc profile, an ellipse with a thickness of 169, was selected following some de-
clopment as the best compromise between sensitivity to yaw misalignment and accuracy

of the indicated static pressure.

The Kiel probe design was that of Gracey, Coletti and Russel [3] which will register
total pressures with an error of less than 19 for incidences of up to 56° to the probe axis
a flows of Mach number less than 1.1. The assembly of the combined probe ensured
segligible aerodynamic interference between its elements and steam according to the data
fSchulz, Ashby and Erwin [4].

The pitch angle component of the flow direction was measured with the instrument
sown in Fig. 3b. A “Conrad” probe was set in the predetermined yaw plane and aligned

ith the flow by the familiar nulling method. The rotation of the probe head was effected
=v a push rod driven by a micrometer screw at the remote end of the instrument.

Finally the total temperature probe shown in Fig. 3¢ was constructed as superheated
conditions are sometimes encountered at entry to the penultimate stage at part load and

o the tip leakage jet. The probe is a conventional, high recovery factor design and was
ws=d for an exploratory traverse wherever superheated steam conditions were suspected.

The probes were calibrated in the C.E.R.L. wet steam tunnel, a facility which is de-
cribed by Moore, Walters, Crane and Davidson [5]. The performance of the Kiel

arobe, in fact, slightly exceeded the claims of [3] but the disc required calibrating against a
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Fig. 3. Radial traversing probes

standard and showed in the indicated static pressure a slight deficit, which was found to
be a function of Mach number only. The characteristics of the pitch probe varied only
slightly over a large range of Mach number and a single direct calibration of pitch angle
as a function of micrometer setting was adopted with sufficient accuracy.

3.2. The circumferential traversing probe

The investigation of the tip region of the final stage took the form of total pressure
surveys in planes at exit from the fixed and moving blades, an extension, in fact, of the
frequently reported model cascade experiments e.g. Came [6], Turner [7] and Rohlik
et al. [8], to the real turbine situation. From Fig. 2 it can be appreciated that, in traver-
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sing a fixed blade pitch, the reversed arm rotates through about 35°. Total pressure surveys
with a Kiel probe [3] fixed to the arm and aligned with the flow at mid traverse would
therefore be very accurate over the entire area.

To extend this region to the casing wall, a mechanism was designed to produce a
traversing locus that closely followed the casing circumference. From Fig. 2 it can be
appreciated that this requires a pivot on the traverse arm that moves radially outwards
at a rate related to the lateral extension of the arm. This motion was achieved with the
mechanism shown in Fig. 4, where the traversing arm is incorporated into a modified
Scott-Russel linkage (see Green [9] p. 221). The required traversing locus is obtained
9y actuating the mechanism by concentric push rods driven by opposing lead screws of
differential pitch. Link dimensions and lead screw pitches producing a traverse line that
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Fig. 4. Circumferential traversing probe



554 ; P. T. Walters, M. J. Moore

followed a specific turbine casing circumference to within less than 2 mm over 1.5 fixed
blade pitches were determined by a few graphical trials. This mechanism was also in-
corporated into a 25.4 mm dia. tube and proved to be both robust and free from any
significant ‘backlash’. A numerical counter driven from the leadscrew shaft was calibrated
to give the length of arc traversed by the arm.

Traverses were made in the undistorted flow well upétream of the support tube as
shown in Fig. 2. The Kiel probe head was set on the arm to align at mid traverse with
the flow direction measured by the radial traversing probes. The calculation of this com-
pound angle and the change in incidence during a circumferential traverse is given in
Appendix 1.

Much of the operational procedure was common to all probes. For protection during
the insertion and removal from the turbine, probeheads were retracted into the support
tubes. “Radial” probes retract along their axes and the circumferential probe as shown
in Fig. 4. Pressures were measured by remote variable reluctance transducers connected
to the probes by small diameter tubing which, in the case of the circumferential probe.
was ducted through a push-rod. -

Operation in wet steam flows necessitated purging the probes which was easily ac-
complished by the intermittent admission of air by two-way pneumatic spool valves con-
nected into the pressure lead-outs.

4. Results of measurements

Radial and circumferential traverses were made in both turbine A4 and B at or near
full load. From the measured total and static pressures, velocities of wet steam flows
were calculated by assuming thermodynamic equilibrium during stagnation and a mixture
density based on the design value of wetness fraction.

Radial traverse results obtained near the outer casing of the final stage are given in
Figs. 5 and 6. Static pressure and velocity distributions at entry to and exit from the fixed
blade are related in the figures to the corresponding traverse lines. The dominant feature
of the flow at entry to the final stage is the pronounced high velocity leakage flow from
the rotor tip of the penultimate stage. Also of interest is the radial static pressure gradient
in turbine A induced by the circumferential velocity component at exit from the fixed
blades (see Fig. 5). This contrasts directly with turbine B (Fig. 6) where the casing wal
permits in addition a significant radial component of velocity.

The complete radial traverse data were integrated to give the mass flow through each
plane containing a traverse line. Equal cumulative subdivisions of this flow starting from
the blade root gave in turn the radial positions of stream surfaces in the cylinder. The
streamlines joining these points were then constructed to align with the meridional com-
ponent of the measured pitch angle.

The results of circumferential traversing downstream of the fixed blades are given =
Figs. 7 and 8 as contours of P,/P, ., where P, is the value of total pressure correspond-
ing to the maximum velocity at that radius. Sample calculations of total pressure before
and after the fixed blade row on corresponding streamlines showed that the upstreams
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total pressure was in each case also approximately equal to Py It is concluded, there-
fore, that the region of high velocity flow between the wakes has passed through the fixed
blades near-isentropically. This appears to be consistent with the contours of total pressure
in Figs. 7 and 8, where filling of the blade wakes is evidently incomplete. These contours
therefore give not only an impression of the flow structure, but can also provide a detailed
distribution of aerodynamic loss as follows.

The flow at exit from the fixed blade tips of both machines is subsonic and is shown
by the total pressure contours, Figs. 7 and 8, to contain no strong secondary vortices.
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Significant local circumferential variations in static pressure and flow angle would not
therefore occur in this region and sufficient additional data are available from radial
traverses for the velocity fields to be calculated from the total pressure surveys. This in
turn enables the fixed blade energy loss coefficient ¢ to be calculated from the circum-
ferential velocity distribution, see Fig. 9, at any radius, as described in Appendix II. Figs.
10 and 11 show the radial distributions of ¢ superimposed on the turbine cylinder geo-
metries, together with the streamlines computed from traverse data and the flow incidence
at entry to the fixed blades. High values of incidence are seen to occur in the tip leakage
flows from the penultimate stage 1 (Figs. 5 and 6) and the evident correspondence with
the distribution of loss coefficient is subsequently discussed in detail.

Circumferential measurements were also made at exit from the final stage of turbine 4.
Very little circumferential variation in total pressure was detected, indicating an almost
uniform velocity field over the 1.59 of the total circumference scanned by the probe.
However, although no fine structure remains in the flow at this plane, significant large
scale asymmetry could be produced by the configuration of the exhaust to the condenser

5. Discussion

5.1. Secondary flows

The first general observation to be made from the circumferential traverse results is
the noticeable absence of the strong passage vortices characteristic of many model cas-
cade secondary flows e.g. Came [6], Turner [7] and Klein [11]. The loss coefficient in
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turbine B in fact diminishes towards the casing whereas an increase would normally be
expected. In this machine, however the geometry of the fixed blade is unusual for a final
L.P. stage being both highly twisted and relatively narrow. At the casing wall a short
blade profile with very little curvature is presented to the flow at virtually zero incidence,
see Fig. 11, which would account for the high local efficiency. Away from the casing the
progressive increase in incidence at entry is matched by a corresponding rise in the loss
coefficient.

SECONDARY LOSS
d)/c = 0.04 COMPONENT

e e DUNHAMS CORRELATION
(SEE APPENDIX II)
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Fig. 12. Energy loss coefficients turbine A4

Turbine A4 on the other hand is more typical of general design practice and does show a

cal

increase in loss coefficient near the casing that could be the result of secondary flows

= the fixed blades. At first sight this appears to be confirmed by Dunham’s correlation

see Appendix II) as shown in Fig. 12. The theoretical secondary loss coefficient is

.M_Jated for the values of inlet wall boundary layer thickness 6;/C which, according to
Zzta assembled by Came [6], cover the range over which secondary loss rises to a maxi-

However, the simple concept of the inlet wall boundary layer is difficult to reconcile

'h the practical situation of the final stage in an L.P. turbine.

The flow structure near the casing at inlet to the fixed blades is extremely complex,
nsisting of a reattaching high velocity annular leakage jet from the tips of the penultimate
izc. The inlet wall “boundary layer” will therefore be highly energised and a value of

~=0 could give, in effect, an overestimate of the secondary loss coefficient. On’ this

the local loss in turbine 4 appears to be too high to be entirely the result of secondary

s and an alternative source of this loss is suggested below.

5.2. Profile loss

Theoretical values of profile loss calculated by the correlation method of Balje and

‘ey [2] are shown compared with the measured values for each turbine in Figs 12
The predictions underestimate the losses by about 100 % even in the region away
the casing where the loss mechanism is not complicated by secondary flows. Some
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part of this loss may be due to the presence of water on the blade surface and the re-entrain-
ment of this water in the wake region. Kirillovand Yablonik [17] provide some evidence
of increases in profile loss as one of the components of the “‘wetness-losses” in wet steam
turbines. Further information is required to confirm this interpretation but it is evident
that predictions from simple profile loss correlations can be significantly in error when
applied to an L.P. steam turbine.

10
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Fig. 13. Energy loss coefficients turbine B

A second mechanism possibly producing high profile loss is suggested by the results
of Rohlik et al. [8]. It was found in annular cascades with similar outlet Mach numbers
to L.P. final stage fixed blades, that the radial pressure gradient transferred low momentum
fluid from the casing down the trailing edges of the blades. This is particularly pertinent
to turbine 4 where the wide wakes, Fig. 9, imply the presence of a separated region on
the blade suction surface in which this radial flow could occur. This argument, however
could not be applied to turbine B where no radial pressure gradient is present. It is apparent.
therefore, that improved information is required on blading profile loss in the real L.P.
turbine situation.

Returning to the particular phenomenon of the locally high loss region near the casing
of turbine 4, it is shown in Fig. 11 that this may also be interpreted as an exceptional
profile loss. The calculated streamlines connect this region with the tip leakage-flow from
the preceding stage which enters the fixed blades at high negative incidence. Increased
losses would be expected at such adverse incidence and, to support this interpretation
of the results, no such high loss region occurs in turbine B where inlet flow incidence
is small.

5.3. Axisymmetry

The assumption of axisymmetry is pertinent to both the calculation of flows in turbines
and to their verification by measurements along radial traverses. Downstream of the
fixed blades the assumption of axisymmetry is obviously untenable as shown in Figs. 7.
8 and 9. However, for calculations of continuity of mass flow, integration of circumferential
velocity distributions indicates a correction for the displacement thickness of the wakes
of only about 5%,.
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The almost uniform total pressure field observed downstream from the rotor in turbine
4 indicates that wakes virtually fill over the relatively long flow path (50 cm) between
the fixed blade trailing edges and the traverse plane. The mixing process in wake transport
through blade rows described by Kerrebrock and Mikolajczack [14] having been
found in this respect to be a relatively small effect.

Further evidence for generally assuming axisymmetry between stages is provided by
radial traverse data. In general it can be shown that several fixed blade wakes cross the
radial traverse lines, but no evidence of these wakes is found in the measured radial velocity
distributions. Fig. 14 shows the result for the case in question, downstream of the rotor
in turbine 4.
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Fig. 14. Position of wakes on radial velocity distribution downstream from final stage
turbine A4

As noted previously, general flow asymmetry may be introduced at this position by
“8= exhaust system which would not be detected over the limited range of circumferential
weverses. However this asymmetry will generally have a negligible influence on the flow

i Prace IMP z. 70- 72
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upstream of the rotor where the flow velocity relative to the moving blades often con-
stitutes a choked condition. The absence of residual wake structure downstream from
the rotor indicates flow between stages can be considered to be effectively axisym-
metric.

5.4. Tip leakage

The leakage flow from the moving blade tips of the penultimate stage appears to be
the dominant factor, in both turbines, in determining the subsequent flow through the
tip region of the final stage. The highly flared casings, in common with many large L.P.
turbines, incorporate short cylindrical sections at the moving blade tips to accomodate
differential expansion. The high velocity leakage ‘jet’ over the penultimate rotor tips is
therefore initially directed axially. In both machines the flow consequently separates from
the outer casing after the penultimate stage to reattach at entry to the following fixed
blade row. As shown in Figs. 10 and 11, the curvature of the free streamline boundary
thus formed can result in near radial flows at inlet to the final stage.

The measured yaw angles confirm that the leakage flow is deflected relatively little
by the moving blades and therefore reaches the final stage with significant residual swirl.
In turbine B, as described previously, the fixed blades are highly twisted and the incidence
angle of the leakage flow is small. For the more orthodox design of turbine A, the leakage
jet enters the final stage at high negative incidence, the consequent aerodynamic loss ofi-
setting the ‘carry-over’ of kinetic energy. It can be seen, therefore, that it is important
to include the appropriate distribution of flow rate and loss over the tip region in calcula-
tions of flow in L.P. cylinders. The practice of “applying” local efficiencies of 0.90 and
0.97 to the last two streamlines “at root and tip”’ as suggested by Forster et al. [5] would
not be an accurate representation of, for example, turbine B.

6. Conclusions

The leakage flow from the penultimate stage is a particularly important feature of the
flow in the final stage of large L.P. turbines. Its influence can be considerably more than a
simple carryover of kinetic energy. The parallel sections of conventional turbine casings
at the tip of the penultimate stage moving blades result in flow separation, the leakage
jet forming the outer flow boundary. This boundary can deviate significantly from the
actual casing surface and must be represented appropriately in axisymmetric turbine
design calculations. In addition, the incidence of the leakage flow on the final stage fixed
blades can introduce high losses which must also be included in any detailed analysis.

It has also been shown that aerodynamic losses in L.P. steam turbines can differ con-
siderably in practice from commonly used design data. The “traditional” secondary flow
vortices were not detected in the two machines tested, but profile losses were found to
be approximately twice the values predicted by a widely used correlation method, possibly
as a result of the presence of water.
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Finally it has been shown that detailed measurements in operating turbines can provide
valuable information on previously unknown aspects of the flow structure. With the
ntroduction of increasingly sophisticated design methods, such measurements are con-
sidered essential in improving both the design procedures and the input data used.
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Appendix I

The Setting of the Probe Head Axis Relative to the Traversing Arm and the Change
of Flow Incidence During a Traverse

Fig. 15 shows a general velocity vector C of the flow in a turbine cylinder relative to cylindrical
molar coordinates. The projection of this vector in the radial tangential plane is shown in Fig. 16 with
= traverse arm and the probe head axis included. The angles between the probes head axis and the
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cidence of the flow to the probe head axis in the rad-tan plane is from Fig. 16.
b0
i'=A+A—(5+y+ﬁ), (1)
-
tan ¢
B=tan" (—g) 2
coso
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The probe head was set to align with the flow at mid traverse (denoted by subscript m), that is i’=0
giving setting angles
from (1)

A=g + Pt B— A )
and from Fig. 15
d=sin" '(sinacosg). )
For a typical configuration at exit from the fixed blades
Radius R=1.7m
Yaw angle o=18°
Pitch angle g=16°

The probe dimensions are 4,,=31° and the length of the arm a=0.33m. Substitution in (1) and (5)
gives
A—R2% and v —'17 32

Fig. 17 shows the total incidence of the flow to the probe head as two components i and j when the
incidence in the rad-tan plane is i’. The angle j of the projection of the velocity OP onto the plane OZP
(where OZ is parallel to the turbine axis and OP is the probe head axis) is

]y tano
j=tan —)—o9. 6)
cos i

Substituting for J and the likely maximum value i’ =20° gives j< 1. Hence to good approximation the
angle POQ (=i) is the total incidence of the flow to the probe.

Fig. 17. Flow incidence components o
the probe head axis

Substituting into (1) for 4 from (4) and for y from (3) gives
a a
i i (_ sinA,,,)—sin_l (—sinA) .
R R

Hence i’ is greatest at the largest value of 4 which from the probe dimensions will be 4=50.3°. Hence
the maximum incidence in the rad-tan plane will be i’=16.4°. From Fig. 17

i=sin~ (sini’cos d)

and therefore the incidence of the flow to the probe will not exceed i=15.6°.
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Appendix II
The Calculation of Loss Coefficients
1. The calculation of the energy loss coefficient from traverse data

The energy loss coefficient from a blade row is defined as

: Isentropic downstream kinetic energy — Actual downstream kinetic energy

Isentropic downstream kinetic energy

" the static pressure has become circumferentially uniform downstream from the trailing edge ¢ is
1 to a very good approximation by

26
= > (8)
| psino
\‘ :
. Wl s s the blade pitch, o the outlet flow angle (=yaw angle see Fig. 15) and 6, is the momentum
ss of the downstream wake. The value d,/sin « is, in effect, the momentum thickness of the cir-

Wmierential distribution of axial velocity and is given by

o

S : pUsinaxcos 5 pUsinoccos~
025=52/smoc=f ¢‘ (1— ¢_ )ds, )
J Pm U,,sin o, €08 ¢, Pm Unysin o, cos @, :
Wi the subscript m implies mid passage values corresponding to the maximum velocity at that radius.
¢ can be shown from the measured wake velocity variation that p/p, is generally less than 0.99
Il srcemferentially uniform static pressure. Also if strong passage vortices are absent the circum-

Wil variation in o and ¢ will be small giving from (8) and (9).

p
: 20500 U U
: et P 10
: : I prm( Um) ! o
(0]

2. Dunhams secondary loss correlation

Secondary loss coefficient

Stagnation pressure loss

" Downstream dynamic head :

Aumnzam [10] suggests

¢ Zcos )
—“3(0.0055+0.078 \/J) 11y
c

FZ cos f1

Wi 7 is Ainleys loading parameter

Cr\” cos’a
e (12)
sfe) cos’a,,
Wl L s the lift coefficient referred to the vector mean velocity

L=2s/c(tan a; —tan o, ) cOS oty . 13)
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In Dunhams notation
¢ — chord, s — pitch, 2 — annulus height,

oy — flow inlet angle relative to blade,

a, — flow outlet angle relative to blade,

B1 — blade inlet angle,

a, — vector mean flow angle=tan~?! ((tan o4 +tan o)),

d: — boundary layer displacement thickness.

The term (0.00554.078 J,/c) is a “‘tentative simple” formula suggested by Dunham as the function
of the inlet wall boundary layer thickness. The function suggested more recently by Came [6] was not
applied to the results of this investigation as the required axial flow velocity distribution at inlet could
not be specified in the separated region.

3. The radial distribution of secondary loss

Y, from Dunhams correlation gives the secondary loss of a cascade based on mid passage height
conditions. To obtain an approximate radial distribution this is first expressed in energy loss terms
using Whybrow’s [16] relationship. The approximate radial distribution of secondary loss was than
determined by assuming the components at root and tip were equal and equating

fh(fs UZZ)MID passAGE =2 (P Unxia1 2T R zEst U22)TIP, (13

where values relating to the tip were taken as the mean over the estimated radial extent of the secondary
loss region z. &gy is the local value of secondary loss coefficient and m is the total mass flow at exit from
the fixed blades. Values of z were taken from Came [6] depending on the incidence of the flow at inlet.

References

[1]1 R. A. Novak, Streamline Curvature Computing Procedures for Fluid Flow Problems. Tans. ASME
Series A, vol. 89, 1967.
[2] L. H. Smith Jr., The Radial Equilibvium Equation of Turbomachinery. Trans. ASME Series A, vol.
88, 1966.
[31 W. Gracey, D. E. Coletti, and W. R. Russel, N. A. C. A. TN 2261, 1951.
[4] W. M. Schulze, G. C. Ashby, Jr., and J. R. Erwin, Several Combination Probes for Surveying
Static and Total Pressure and Flow Direction. N.A.C.A. TN 2830, 1952.
[5] M. J. Moore, P. T. Walters, R. I. Crane, and B. J. Davidson, Predicting the Fog-Drop Size
in Wet-Steam Turbines. 1. Mech. E. Conference Publication 3, London 1973.
[6] P. M. Came, Secondary Loss Measurements in a Cascade of Turbine Blades. I. Mech. E. Conferen-
ce Publication 3, London 1973.
[7]1 J. R. Turner, An Investigation of the End-Wall Boundary Layer of a Turbine-Nozzle Cascade.
Trans. A.S.M.E. vol. 79, p. 1801, 1957.
[8] H. E. Rohlik, M. G. Kofskey, H. W. Allen, and H. A. Herzig, Secondary Flows and Boundary
Layer Accumulations in Turbine Nozzles. N.A.C.A. Rep. 1168, 1954.
[91 W. G. Green, Theory of Machines, p. 221. Blackie and Son Ltd, London 1962.
[10] J. Dunham, 4 Review of Cascade Data on Secondary Losses. J. Mech. Enging. Sci. 1970 vol. 12
. 48.
[11] A. Klein, Investigation of the Entry Boundary Layer on the Secondary Flows in the Blading of Axial
Flow Turbines. The British Hydromechanics Research Association Trans. 1004, 1969.
[12] O. E. Balje and R. I. Binsley, Axial Turbine Performance Evaluation. J. Engng. Pwr. Trans.
A.S.M.E. 1968 (October).
[13] J. D. Denton, A Survey and Comparison of Methods for Predicting the Profile Loss of Turbine Blades.
I. Mech. E. Conference Publication 3, London 1973.



The Measurement of Circumferential Flow Variations... 567

[14] J. L. Kerrebrock and A. A. Mikolajczack, Intra-Stator Transport of Rotor Wakes and Its
Effect on Compressor Performance. Trans. A.S.M.E. Series ‘A’ vol. 92, 1970.

[15] V. T. Forster, B. V. Archer, and R. G. Unsworth, Experimental Facilities for Testing Scaled
Models in Air or Freon. 1. Mech. E. Conference Publications 3, London 1973.

[16] J. F. T. Whybrow, A Method of Estimating Axial Turbine Blading Performance. Unpublished
report of the C.E.G.B.

[17] L. L. Kirillov, and R. M. Yablonik, Fundamentals of the Theory of Turbines Operating on Wet
Steam. NASA TT F-611.

Pomiary przeplywu na obwodzie w ostatnich stopniach turbin niskopreinych
Streszczenie

Opisano przyrzad stuzacy do badan ciénienia catkowitego w poblizu Scianki zewnetrznej kadtuba
w obszarze ostatnich stopni turbin niskopreznych. Dzieki specjalnie zaprojektowanemu mechanizmowi
lacznikow napedzajacemu ramie, uzyskano mozliwo$¢ przesuwania sondy Kiela w przepltywie wzdiuz
obwodu kadhuba. Ciénienie catkowite na obwodzie mierzono co najmniej dla jednego odstepu fopatek.

Przedstawiono wyniki pomiaré6w przeprowadzonych w plaszczyznie wylotu ostatniego stopmnia
dwu turbin o mocy 500 MW o roznej konstrukcji. W obu przypadkach wyniki pomiaréw wskazuja na
istnienie prostej struktury $ladow aerodynamicznych z bardzo nieznacznymi objawami przeplywu wtor=
nego.

Zmiany ci$nienia statycznego dla istniejacego tu na obwodzie pola przeplywu poddzwickowego
sa pomijalne. Pola predkosci w tym obszarze mozna obliczyé z dobrym przyblizeniem na podstawie
pomiardéw ci$nienia statycznego wzdtuz promienia. To z kolei daje poglad na rozklad wspoiczynnika
sirat energii w kierunku promieniowym. Poréwnanie przewidywan teoretycznych z doswiadczeniem
wskazato na istnienie rozbieznosci; problem ten przedyskutowano dla konkretnych geometrii kadlubow,
Liorych te badania dotyczyly. Przedstawione wyniki maja réwniez znaczenie dla badaf erozji fopatek

winny przyczyni¢ si¢ do poprawy metod projektowania turbin niskopreznych.

Vizmepenns Teuennsi Ha 00BoIe mocjaeannx cryneneii Typomn HJT

Pezrome

Omvcan MPuOOp Iy UCCIICAOBAHNS TIOJHOTO JABJICHUsI BOM3M BHEIIHEH CTEHKH KOpIyca B paioHE
mocTIenHEX crymeHed Typbwn HJI. Braromaps CHelHMANBHO 3aNMPOSKTHPOBAHHOMY MEXAHH3MY COCHHAHS-
s X 3JIEMEHTOB, TPUBOAAIIEMY DBIMAT, BOSHNKIA BO3MOXHOCTE HepeMenienust 30uaa Kuma mo o6Bomy

pOpIyCa. .

TTomHOE JaBIeHEE 3aMEPSIIOCh Ha 00BOIE HE PEXE, YEM OIMH pa3 Ha 1iar 06JIOH3.‘{I/IB8.HI/IH

TIpencTaBiieHbl PE3yIIbTATEL 3AMEPOB, IPOBEACHHBIX B IUIOCKOCTY BBIXOAA IOCIEAHEH CTYNCHU ABYX
“vpbur MomHOCTEIO 500 MBT pa3nmuHOU KOHCTpYKIHM. B 000mx ciiyyasx pe3ysIbTaThl 3aMEPOB yKasbl-
SL50T HA IPOCTYIO CTPYKTYPY A3DONUHAMUYECKEX CIICHOB C OYCHH HE3HAUUTEIbHBIMU CHMITOMAMM BTO-
MEEHOTO TCYCHUS.

VI3MeHeHrsIME CTATHYECKOTO JaBJICHUS [JIs IIPOUCXOIAIIETO HA 00BOIE HO3BYKOBOIO TEYCHHUS MOXKHO
eOperaTe. ITomst CkOPOCTE B 3TOM DPaif0HE MOXKHO PACCUMTATH C XOPOIIEH TOYHOCTBIO HA OCHOBE
WAEEDOB CTATHYECKOTO JIABIIEHHS BIOIb pagnyca. DTo AT NPeACTABICHYE O PACIPENCIICHIH Ko3bhumer-

. T0Tephb JHEpPruM BIOJb paauyca., CpaBHEHHE TEOPETHIYECCKHX MPEIIOCHUIOK C PE3yJIbTaTaMU SKCIECPH-
We=Ta VKa3bIBAET HA PAcXOXOeHwe. DTa mpobieMa OACKYTHPOBAJAChH I KOHKPETHBIX T€OMETPUYCCKUX
DM KODIIyCOB, KOTODBIX 3TH HCCIENOBAHMS Kacamuch. IIpencTaBieHHbe Pe3yIbTaThl HMEIOT 6omplioe
sLscEEe IS MCCIIENOBAHMS SPO3UH JIONATOK U JOJDKHBI IPHYAHHUTECS K YCOBEPIICHCTBOBAHUIO METOIOB
neesTEpOBaHUA TypOun HJI.




