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

1. rntroiluction

-ĄrisYmmetric design methods based on the streamline curvature principle [1, 2] pro-
je a means of considerably improving the aerodynamic performance of large steam

--:bines. The successful application of these methods, howevet, relies essentially on deta-
.j and accurate input data relating to elements of the machine such as the ęffective

_:::n_g ,qeomętry and the distribution of blading losses.
For the region near thę casing in the final stage of large L. P. turbines it is particularly

" :,-ult to sPecify these data. The shape of the casing is complicated by bled-steam extrac_
":- beits and the highly flared wall is interrupted by axial sections at the moving blade
:. to allow for differential expansion. Also a complex flow structure is produced by the
-:::action between the tip leakage flow from the penultimate stage and the secondary' 

"i s in the fixed blade row. To provide the information necessary for improved theo_
-:, :al modęlling of the flow in this region, detailed measurements have been made in
- ? turbine cylinders.

Ą.-ceSS to this Part of the machine was achieved- by a circumferentially traversing probe
'.: enabled total pressure surverys to be made over a ręion extending inwards from the
- _ rl'all in the exit plane of the flxed blades, In addition traverses with pitot-static-
- :leter Probes gave the complementary rudia| distributions of static pressure and flow

,: =:, Results are presented for the two 500 MW turbines in which measurements have
": ;ompl€ted; they are referred to as turbines l and B in this paper.

2. The instrumentation of L.P. turbines

'-:ess for instrumentation in L. P. turbines was achieved by means of radial guide
" : -":lich extended from the inner casing to the outside of the turbine where they were* -:;ed bY gate valves, Probes could then be inserted via the gate valves, traversęd

' : :i;3l]1 sPace and removed whilst the turbine was on load without affecting its opera-

, ,l::al Electricity Research Laboratories, Leatherhead, Surrey.
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PRoBE lN
Posl TlON

TURBINE "A" TURSINE,.B

Fig. 1. Details of turbine casings and probe accessways

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

AxlAL viEł 0F FlNAL STAGE
FlxED 8LADE TlPs FROM EXHAUST sPAcE

Fig. 2. Principle of circumferential tra-
versing with reversed arm mechanism

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 linęs 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 deflęction and vibration of the probes under the static and dynamic
loading imposed by the flow. The overall structure of the flow may be dęfined from the
general axisymmetry of the cylinder by radial traversing alone. rnstrumentation is sub_
sequently described for measuring the radial distributions ofpressure velocity and flow
arrgle. 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
:onsists of a disc static-yawmetęr combinęd with a hooded total pressure or "Kiel" probe.
For this application tlre disc has the advantage that alignment with the flow is achieyed
:i,nulling between static pressuręs. in contrast with the familiar 'oarrowheado'yawmeter
ihich depends largely on the velocity head. The correct flow angle is therefore indicated
],., the disc ęven in a velocity gradient such as a fixed blade wake. The disc is also inherently
::sensitive to the pitch angle variations that occur over a radial traverse.

The disc profile, an ellipse with a thickness of 16l, was selected following some de_
:iopment as the best compromise between sensitivity to yaw misalignment and accuracy
:: the indicated static pre§§ufe.

The Kiel probe design was that of Gracey, Coletti and Russęl [3] which will register
, 

, :al pressures with an error of less than 1 /o for incidences of up to 56' to the probe axis
ilolvs of Mach number less than 1.1. The assembly of the combined probe ensured

-:3ligibte aerodynamic interference between its elements and steam according to the data
: Schulz, Ashby and Erwin [4].

The pitch angle component of the flow direction was measured with the instrument
. _,,,r n in Fig. 3b. A "Conrad" probe was set in the predetermined yaw plane and aligned
:f the flow by the familiar nulling męthod. The rotation of the probe head was effected

:,, :. push rod driven by a micrometer screw at the remote end of the instrumęnt.
Finally the total temperature probe shown in Fig. 3c was constructed as superheated

_ " .citions are sometimes encountered at entry to the penultimate stage at part load and
- :he tip leakage jet. The probe is a conventional, high recovery factor design and was
,-.i for an exploratory traverse wherever superheated steam conditions were suspected,

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

: - ::. in fact, siightly exceeded the claims of [3] but the disc required calibrating against a
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"KlEL" ToTAL HEAD
PRoBE

Dlsc §TAT|c AND YAllMETER

(a} PlToT sTATlc AND
YAlYMETER

l0 sw8 HYPODERt,llc TuBlNG

,cotłRAD" PROBEHEAD

FLEXlBLE TUBE

(c) TOTAL TE|4PERATURE
PROBE

Fig. 3. Radial traversing probes

standard and showed in the indicated static plessure 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 pfessure
§urveys 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 jt 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
:raversing locus that closely followed the casing circumference. From Fig. 2 it can bę
:,PPreciated that this requires a pivot on thę trayerse arm that moves radially outwards
:r a rate related to the lateral extension of thę arm. This motion was achieved with the
::rechanism shown in Fig. 4, where the traversing arm is incorporated into a modified
iott-Russel linkage (see Green t9] p. 221). The required traversing ]ocus is obtained
:;,' actuating the mechanism by concentric push rod_s driven by opposing lead screws of
:fferential pitch. Link dimensions and lead screw pitches producing a traverse line that

CEAR DRlvEN
cOUN TE R

/,/,
PREssURE 8T,P,lTAPP|NG RH THREAD

l0.T P,l
LH THREAD

TRAVERsE DRlvlNG tlEcHANlsM

śó 5=óó
6.35 ó.35*t

i 3.2

ENLARGED DETA|L OF KlEL PROBE

K|EL PROBE /

- PRESSURE l*a ,/
LEADoUT '-' /

RETRAcTED l ,,

TRAvERslNG l i ]ARM I ii,ł/ l]

Fig. 4. Circumferential traversing probe
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followed a specifi.c turbine casing circumference to within less than 2 mm over 1.5 fixed
blade pitches were determined by a few graphical trials. This męchanism 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 undistortęd flow well .rprt..u* of the support tubę as
shown in Fig. 2, Thę 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 cifcumferential traverse is given in
Appendix 1.

Much of the operational procedure was common to all probes. For protection during
thę insertion and removal from the turbine, probeheads weie retracted into the support
tubes. "Radial" probes rętract along their axes and the circumferential probe as shorlrt
in Fig. 4. Pressures werę measuręd by remote variable reluctance transducers connecteC
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 intermittęnt admission of air by two-way pneumatic spool valves con-
nected into thę pressure lead-outs.

4. Results of rneasurernents

Radial and circumferential travęr§es lvere made in both turbine A and B at or ne::
full load. From the męasured total and static pressures, velocities of wet steatn floii.
were calculated by assuming thermodynamic equilibrium during stagnation and a mixtu:.
density based on the design value of wetness fraction.

Radial traverse ręsults obtairred near tlre outer casing of the final stage are given :-
Figs. 5 and 6. Static pressure and velocity distributions at entry to and exit from the file:
blade are related in the figures to the corresponding traverse linęs. The dominant featr::
of the flow at entry to thę flnal stage is the pronounced high velocity leakage florł,fr.:.,_
the rotor tip of the penultimate stage. Also of interest is the radial static pressure gradl:_:
in turbine l induced by the circumferential velocity component at exit from tlrę n:=;
blades (see Fig, 5). This contrasts directly with turbine,B (Fig. 6) where the casing t,.,
permits in addition a significant radial component of velocity.

The complete radial traverse data were integrated to give the mass flow through e"_,
plane containing a traversę line. Equal cumulative subdivisions of this flow starting i:. ::
the blade root gave in turn the radial positions ofstream surfaces in the cylinder. T,:
streamlines joining these points węre tlren constructed to align with the męridional ;_---
ponent of the measured pitclr angle.

The results of circumferential traversing downstream of the fixed blades are _gir e:-. :
Figs, 7 and 8 as contoursof Prl Pr-^*, where P,*n* is the value of tota1 pręssure corręsi_' _,

ing to the maximum velocity at'ihat radius. Sample calculations of total pressure'be:,:,
and after the fixed blade row on, corresponding streamlinęs showed that the upsl:._-
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total pressure was in ęach case also approximately equal to Pr.u*. It is concluded, there-

fore, that the region of high velocity flow between the wakes has passed through the fixed

blades near-i§entropically. This appears to be consistęnt with the contours oftotal pressure

in Figs. 7 and 8, where filling of the blade wakes is evidently incomplete. These contours

therefore give not only an impression ofthe flow structure, but can also provide a detailed

distribution of aerodynamic loss as follows.
Thę flow at exit from the,fixed bladę 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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Fig. 11. Inlei incidence and loss distribtrtion. Final stage fixed blades turbine -B

Significant local circumferential variations in static pressure and flow angle would ntrt

therefore occur in this region and sufficient additional data are available from radia]
traversęs for the velocity fields to be calculated from the total pressure §urveys. 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. Fi_es

10 and 11 show the radial distributions of ( superimposed on the turbine cylinder ge.-
rnetries, together with thę streamlines computed from travęrse data and thę flow incidence
at entry to the fixed blades. High values of incidence are seen to occur in the tip leakagt
flows from the penultimate stagę 1 (Figs. 5 and 6) and the evident correspondence rvitl'
the distribution of loss coefficient is subsequently discussed in detail.

Circumferential measurements were also made at exit from the final stage of turbine _{.

Very little circumferential variation in total pressure was detected, indicating an alm.-si
uniform velocity field over the 1.5\ of the total circurnference scanned by the probe.
However, although no fine structure remains in the flow at this plane, significant 1ar5
scale asymmetry could be produced by the configuration of thę ęxhaust to the conden>s:

. 5. Discussion

5.1. Secontlary florvs

Thó first general observation to be made froln the circumferential traverse results :s

the noticeable absence of the strong passage vortices characteristic of many model cas-

caCe secondary flows e.g, Came [6], Turner [7] and Klein [11l. The loss coefficient j:l

l
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turbine B jn 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 relativęly 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 iocal efficiency. Away from the casing the
progressive increase in incidence a.t entry is matched by a corresponding rise in the loss
coeffcient.

§|/c = 0.04
5EcoNDARY Loss l

coMpoNENT l

- 
DtJNHAMS CORRELAT|ON/ (see łppetDtx ll)

/--
i/ al/c = o
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§ l0
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ROM CAS|NG WALL, m

Fig. 12. Energy loss coefficients turbine l

Turbine A on thę other hand is more typical of general design practice and does show a
,-'l increase in loss coeficient near the casing that could be the result of secondary flows

- :..e fixed blades. At first sight this appears to be conflrmed by Dunham's correlation
, _ see Appendix II) as shown in Fig. 12. The theoretical secondary loss coefficient is

-._:.lated for the values of inlet wall boundary layer thickness 6rlC which, according to
,:",.:. assembled by Came [6], cover the range over which sęcondary loss rises to a maxi-
*. 

-,:-^. However, the simple concept of the inlet wall boundary layer is difficult to reconcile
: :he practical situation of the final stage in an L,P. turbine.
T:e flow structure near the casing at inlet to thę fixed blades is extremely complex,

- , .:ing of a reattaching high velocity annular leakage jet from the tips of the penultimate
-;. The inlet wall "boundary layer" wiil theręfore be highly energised and a value of

:0 could give, in effect, an overestimate of the secondary loss coefficient. On this
, ::re local loss in turbine A appears to be too high to be entirely the result of secondary
, :nd an alternative source of this ]oss is suggested below,

5.2. Profile loss

-:-'retical values of profile loss calculated by the correlation methoći of Balje and
.', [2] are shown compared with the measured values for each turbinę in Figs 12
-- The predictions underestimate the losses by about 100|{ even in the region away
.,- e casing where the loss mechanism is not complicated by secondary flows. some
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part ofthis loss may be due to the presence ofwater on the blade surface and the re_entrain_

ment of this water in the wake region. Kirillov and Yablonik [17] provide §ome evidence
of increases in profile loss as one of the components of the "wetness-losses" in węt steam
turbines. Further'information is required to confirm this interpretation but it is evident
that predictions ffom simple profile loss iorrelations can be significantly in error when
applied to an L.P. steam turbine.

Fig. 13. Energy loss coefficients turbine B

A second mechanism possibly producing high proflle 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 momentur
fluid from the casing down the trailing edges of the blades. This is particularly pertinen:
to turbine A whętę the wide wakes, Fig. 9, imply the presence of a separated region o;_

the blade suction surface in which this radial flow could occur. This argument, howęre:
could not be applied to turbine B where no radial pressure gradient is present. It is apparen:
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 casini
of turbine A, it is shown in Fig. 11 that this may also be interpreted as an exceptioni_
profile loss. The calculated streamlines connect this region with the tip leakage-flow fro-
the preceding stage which enters the fixed blades at high negative incidencę, Increase:
losses would be expected at such adverse incidęnce and, to support this interpretatic:
of the results, no such high loss region occurs in turbinę B where inlet flow inciden.,t
is small.

5.3. Axisymmetr_v

The assumption of axisymmetry is pertinent to botlr the calculation of flows in turb,_::r
and to their verification by measuręments along radial traverses, Downstream of ::.,:

flxed blades the assumption of axisymmetry is obviously untęnable as shown in Fi_es" -

8 and 9. However, for calculations of continuity of mass flow, integration of circumfere:_,:,
velocity distributions indicates a correction for the displacement thickness of the l.,;i.:-
of only about 5l.
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The alnost uniform total pressure field observed downstream from the rotor in turbinę
z{ indicates that wakes virtually fill over the relatively long flow path (50 cm) between
ńe fixed blade trailing edges and the traverse plane. The mixins proce§s in wake transport
through blade rows described by kerrebrock and Mikolajczack [l4] 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 l.
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-Ąs noted previously, general flow asymmetry may be introduced at this position by
rń eńaust system which would not be detected over the limited range of circumferential
tra'jErsęS. However this asymmetry will generally have a negligible influence on the flow

fi --ace &IP z,70-7'|2
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upstream of the rotof where the flow velocity relatiye to the moving blades often con-
stitutes a choked condition. The absence of residual wake structure downstfeam 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
thęrefore 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 fi.nal stage.

The measured yaw angles confrm that the leakage flow is deflected relativeiy little
by the moving blades and therefore reaches thę final stage with significant residual st,irl
In turbine.B, as described previously, the fixed blades are highly twisted and the incidencr
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 off_
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 ovęr 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 o'at root and tip" as suggested by Forster et aL |5)would
not be an accurate representation of, for example, turbine ,B.

ó. conclusions

The leakage flow from the penultimate stage is a particularly important fęature of the
flow in the final stage of large L.P. turbines. Its in_fluence can be considerably more than a
simple carryover of kinetic enefgy. The parallel sections of conventional turbine casings
at the tip of the penultimate stage moving blades ręsult in flow separation, the leakage
jet forming the outer flow boundary. This boundary can deviate signiflcantly from the
actual casing sufface 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 turbine§ can differ con-
siderably in practice from commonly used design data. The o'traditional" secondary flow
vortices were not detected in thę two machines tested, but profile losses were found to
be approximately twice the values predicted by a widety used correlation method, possibly
as a result of the presence of water.
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Finally it has been shown that detailed męasurements in operating turbines can provide
;iluable 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 anil the Change
of Flow Inciłlence During a Traverse

Fig. 15 shows a general velocity vector C of the flow in a turbinę cylinder relative to cylindrical
: -,ar coordinates. The projection of this vector in the radial tangential plane is shown in Fig, 16 with
j-: traverse arm and the probe head axis included. The angles between the probes head axis and the
_-l!.rse arm in and normal to the radial tangential plane are 1 ald, ó respectively.

RADlAL TAilGENTlAL
PLANE

YelocitY components and flow angles Fig. 16. General position of traverse arm pro-
jection in rad-tan plane

,::idence of the ffow to the probe head axis in the rad-tat plane is from Fig. 16.

563

t,:,4+/-(:*,*Ą, (1)

(2)§-tan

l ::gie in the rad-tan plane and

,(=".,:-)

' (^1"",;,

3
o-1

§/ól
oI
ĄlP,

o'

=1

f

7: sln (3)
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The probe head was set to align with the flow at mid traver§e (denoted by subscript m),that is i':0
giving setting angles
from (l)

71:! 4y-p B-/^
and from Fig, t5

(4)

ó: sin- 1(siną cos l). (5)

For a typical configuration at exit from,l"uT:::T:-

Yaw angle a: l8o

Pitch angle d: l6"

The probe dimensions atę /u:3lo and the length of the arm a:0,33m. Substitution in (1) and (5)

Fig. 17 shows the total incidence of the flow to the probe head as two components f and 7 when ńe 
]

incidęnce in the rad-tan plane is i'. The angle7 of the projection of the velocity OP onto the plane OZP tr
(whete OZ is parallel to thę turbine axis and OP is the probe head axis) is 

i

,l:tan-l (#)-' ", l
Substituting for ó and the likely maxlmum value i':Zf"gives j<1. Hęnce to good approximation tb {anglePoQ,*]-,'ruProbe 

i

Fig 17. Florv 
ffi*,ffi:*.*"^.*,.|

Substitutinginto(1) *,::^,'^:;:?;;;].::(f,,,",; 

"I
Hencei'isgreatestatthelargestvalueof Awhichfromtheprobedimensionswill be/:50.3'.rrenccI
the maximum incidence in the rad-tan plane will bę i' : t6,4' . From Fig. 17 

l

e of the o","." *1'r,":,;;'":,']-.eed i:l5.6,. 

I
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Appendix II

The Calculation of Loss Coefficients

l. The calculation of the, energy loss coefficient from traverse data

Ihe energy loss coefficient from a blade row is defined as

,_ Isentropic downstream kinetic energy - Actual downstream kinetic energy,-
rhe static pressure has become circumferentially uniform downstream from the trailing edge f is

to a very good approximation by

2ó

psln ą

2 b the blade pitch, a the outlet flow angle (:yaw,angle see Fig. 15) and ó2 is the momentum
of the downstream wake. The value ó"|sin a is, in effect, the momentum thickness of the cir-
ial distribution of axial velocity and is given by

ńe subscript z implies mid passage values corresponding to the maximum velocity at that radius.
&crn 6e shown from the measured wake velocity variation that plp^ is generally less than 0.99
omrumferentially uniform static pressure. Also if strong passage vortices are absent the circum-

(8)

. r p{Jsinacosi /ózs:ó2fs|nd: l = ll-
! p,U^sina^cosd- \

(9)
)o"

sin a cos /_
sin a. cos /.

pU

U-P^

rariation in.a and p will be small giving from (8) and (9).

,p

,-T:iIłFł),,

§mondary loss coefficient

m [10] suggests

2. Dunhams.secondary loss correlation

Ę: Stagnation pressure loss

Downstream dynamic head

c Zcosa, / /ń.\

'":7 *, p, (0,0055+0,07, J;/ ,

Z is Ainleys loading parameter

,^ ,2 2
/Ol.\ COS a2,:\ń) a?;

Ca b rhe lift coefficient.refet'red to the vector mean velocity ,

(10)

(11)

(12)

C l:2sl c (tan ą1 - tao a2 ) cos a, . (l 3)
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In Dunhams notation
c - chord, s - pitch, ł - annulus height,

a1 - flow inlet angle relative to blade,
ąz - flow outlet angle relative to blade,
§t - blade inlet angle,
d,m - vector mean flow angle:tan-1(*(tan alłtana)),
ó1 - boundary layer displacement thickness.
The term (0.0055+.078 ól/c) is a "tentative simple" formula suggested by Dunham as the function

of the inlęt 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 §pecified in the separated region.

3. The radiał distribution of §econalary loss

Ę from Dunhams correlation gives the secondary loss of a cascade based on mid passage height
conditions. To obtain an approximate radial distribution this is fust expressed in energy loss terms
using Whybrow's [16] relationship. The approximate radial distribution of secondary 1oss was than
determined by assuming the components at root and tip were equal and equating

ń(Ę, Utr).ro passłce:2 (p (Ą *i^l2nRzćst tL3)rr" , (13

where values relating to the tip were taken as the mean over the estimatęd radial extent of the secondary
Ioss region z. {51 is the local vaiue of secondary loss coefficient and ń is the total mass flow at exit from
the flxęd blades. Values of z were taken from Came [6] depending on the incidence of the flow at inlet.
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Pomiary przepływu na obwodzie w ostatnich stopniach turbin niskoprężnych

streszczenie

Opisano przyrząd służący do badań ciśnienia całkowitego w pobliżu ścianki zewnętrznej kadłuba
l. obszarze ostatnich stopni turbin niskoprężnych. Dzięki specjalnie zaprojektowanemu mechanizmowi
irczników napędzającemu ramię, uzyskano możliwość przesuwania sondy Kiela w przepływię wzdłuż
:-bwodu kadłuba. ciśnienie całkowite na obwodzie mięrzono co najmniej dla jednego od§tępu łopatek.

Przedstawiono wyniki pomiarów przeprowadzonych w płaszczyźtie wylotu ostatniego stopnia
lu,u turbin o mocy 500 MW o różnej konstrukcji. W obu przypadkach wyniki pomiarów wskazują na
: stnienie prostej struktury śladów aerodynamicanych z bardzo niezlacztymi objawami przepływu wtór.
:ego.

Zmialy ciśnienia statycznego dla istniejącego tu na obwodzie pola przepĘwu poddźwiękowego
:ą pomijalne. Pola prędkości w tym obszatze można obliczyć z dobrym przybliżeniem na podstawie

1omiarów ciśnienia §tatycznego wzdłuż promięnia. To z kolei daje pogląd na rozkład współczynnika
.:at energii w kierunku promieniowym. Porównanie przewidywań teoretycznych z doŚwiadczeniem
,* skazało na istnierrie rozbieżności; problem ten przedyskutowano dla konkretnych geometrii kadłubów,
.:.irych te badania dotyczyły. przedstawione wyniki mają również znaczeuie dla badań erozji łopatek
_ ;inny ptzyczyrić się do poprawy metod projektowania turbin niskoprężnych.

tr{słłepenur TeqeHIłff rra o6roAe nocJIeAIItłx cTynenefi Typ6ffi HA

Pegrove

Onucag npu6op AJl, IlccJIeAoBź|.Hllf IIoJIHoro AaBJIeI{tr.rI s6nuz11 BHeurHeź cTeHKI{ Kopnyca e pafioae

:_Ęle,Erx cryrerreż ryp6urł HĄ. Elaro4ap, $IeqIłaJtHo 3anpoe(TnpoBaHHoMy Mexautr3My coe,Ąur -
l:]f\ 3JI€M€HToB, IIpIłBoAfltrIeMy pbTłar, Bo3HuKJIa Bo3MoxHocTb IIepeMeuIeHn, soEAa KIrJra uo o6ao,rgl

iĘ,ca.
Ilorrnoe,qa.sneHlłe 3aMeprJlocl rła o6role He pexe, qeM o.quH pa3 Ha lrrar o6rrorraqłsaHug.
flpe.4craełerrsr pb3yfiLTaTu 3aMepoB, m)oBęAeIIEbD( B IIJIocKocTIł Bbrxo.qa nocIeAHeż cTytrelrl{ AEyx

, ]órrrł uorqrłocrsro 500 Mnr pasłrłłuoż xoucrpyxglłrł. B o6ozx clyqarx pe3ynbTaTbl 3aMepoB yKą3BI-

]J-: T Ea upocryło cTpyKTypy agpoAlłHaMlłIrecKtrx cJIeAoB c oqeHb Ee3HaqIiTeJILHLIMIł cIłMIIToMaMtr BTo-
- I =oro TeqeHlnr.

l I:venegrłxlłn cTaTl,FiecKoro AaBneHE-rI AjIq lrpoficxoArlqero rra odBoAe Ao3ByroBoro TęqeHIłf Moxgo
::,.1e6peraTb. florrt cr<opocreż s s:rolł paźoue Moxllo paccqtrTaTb c xopomeź ToqIIocTbIo Iła ocnoBe
u i.]oB CT&T}IqecKoro AaBJIeI{I{,I BAonb paAliyca. 9ro .qaer: npe4cTaBJIeHIĄe o pacflpeAeJleHtrtr rogÓÓrłqaes-
_ -].TepE 3I{eprEIł BAonB paAlłyca. Cpasuerłrłe reopeTlłqecrl{x ITpeAtrocbIJIoK c p$yJIbTaTaMIł 9KcEePE-
j - J \ Ka3bIBaeT Ha pacxoxAeme. 3ra rrpooleva !.]1lcK}trIlpoy,allacb AJlfl KoHKpeTHbIx IeoMeTpuIIecKIłx

; : \1 (op[ycoB, KoTopblx 9Ttr trccJIeAoBaHEfi KacaJlllcb. flpegcranlrerrHble pe3y.}IbTaTbl &MeIoT 6ołrruoe
: _ : .:He AJL IrccJIeAoBaIIlIĄ 3po37iE IonaToK Ir AoJDa(HBI uputltrlItrrbc,fi K ycoBepI[eEcTBoBaHI*o MeToAoB
" ,:!:3poBaHIłr ryp6un H.Ą.


