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Calculating Redial Overflows in a Turbine Stage

w .
GeVeZhukovsicly

Fresented are experimental data on the testing of gas turbine stages vith cylin-
dricsl boundaries of flow-through pert and I/l = 8, A camparison vas made viti: the
testing calculations using simplified and inverse equations of radial equilibrium,

It was shown, that the divergences betwsen experimental and calculated dsta are due
to final phenomena and the flow through,
Among problems, connected with raising the efficiency of the flow through pars
of modern turbines , the problem of increasing the effectiveness of stages with amall
I/1 occupies one of the focal points. It was established that the use of a generally
adopted in industrisl practice calculation method, based on the integration of a simpli-
fied equation of ratiocnal equilibrium, for the calculation of turbine stages with
soall /1 leads to substantial errors. The effort to increase the efficiency of the
latter stagss leads to the necessity of doing away with ‘the use of aix;:plifiod formulas
and iequiru the creation of a more bortoct calculation model, It is understood, that
%o .puf_cr such a change in basic formulas, which leads to an increase in volume
of calculation opsrations, is adviable cnly for these stages, for which this compli~-
cation will allow to raise the efficiency by any noticeable value. In this gq.tho ﬁth
of developing methods for the ocalculatiocn of flow dinensionality should be not ocnly
the fomulation of necessary calculation formlas, but also the indication of doundar-
‘Jes, in which the use of given formilas arpears to be suitable, However in one of
the published reports this aspect of the problem has not been sufficie. tly elucidet-
od, Furthermore, an ixzpression can be gained from examining the individual reports,
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that their suthors do recaxend the absadoment of ulu‘ the sicpliffed equatiom of
radial equilibrium when calculating stages with relatively large I/1, ind so, in re-
pors by YeseheSirotkin Ll.l] in the role of an example of using the method developed by
the author is given a chsck calculation of stages with cylindrical boundaries of the
flow through pert anld D“.,/l = 6, Although it 13 pointe. out in the report, that the
ﬁae of the proposed method is reco.mended first of all for stages with sharply expending
flow through section end IVl = 2=j, the suthor emphasizes, that tke calculation of
stages, having cylindrical outlines of the flow through rart and D,yer/1%6 should be

made not crly from gap to gap, dbut also in th; zons, occupled by rims, with consideration
of constraining and radial velocity cocponmts,

To arperimentally confirm the latter statenent it was found possible to expanmd in
necessary direction the investigation inveolving the creation of a family of gas turbine
stages, carried out at the TSKIT upon the initiative of A.M,Zavadskiy. In the role
of investigation object was used a stage with cylindrical cutline of flow through
sart (Dyyer/1=4e86)s Detailed experimentel data, cbtained on this stage vere camper-
ei with reasults ¢f check calculations by the simplified as well as by the inverted
equations of radial equilibrium,
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Jiza2ap00tinued

Before analyzing tle obtained results,it c-eu' 612/613 aver -rchtivo axial projee-
tion of velocity ¢y; de c =relat-
is necessary to briefly discuss the metid ive radiel projection of nloc
l=calculated by «quation (1); 2-ox;er:|.nnt
. of planning the tested stage und the atd, = 0,62; 3=calculated by equaticn (3)
Soud line~stape; dashedot- anmular grid;
method of processing the experimental mat- pktted-calculation,

GVOI'

erial.

Th. guiding arparstus of te stage has cylindrical vanes with ‘!‘&bw profile,
The outzut edges of the vanes were directed radially, On the central diamster the
grid piteh/chord profile ratio was 0,717 and the effective angle (cresin ration of
neck to ;itch) was ay & 19°40%. Durisg the caloulaticn the angles of flow outcome
from the guiding aprerstus were considerei as fixed (given),whereby their numerical
values were accepted in accordsnce with flow through data of flat grids, On the central
diameter of the vorking wheel were given relative pitch of veanes 0. 'S and effective
angle 62‘“3 25°%0°%, In tiis way, the planning of stages was brought down to calou-
lating the twist of working vanes. It was assmumed thereat, that the parameters of
flow at the input into the stage &nd tke static pressure bechind the warking wheel
= constant values with respect to height and pitech, The calculatei condition of stages
vas characterized by tbe given velocity ) = 0/, = 04676 (vhere o# = \kghTss =
speed of scund over decelerated parameters at input) and by the ratio u/ep ® 0,596,

Stage is calculated on the basis of a aimplified equation of radial equiliterium

dr_ 1 %
df "';'-° ‘l,

The angles of flow ocutcome from the guide apraratus are known, consequently,
by integrating (1) it is possible to obtain a velocity distrivution along the heighs
of the inter-rin gaps -
Amtienmen(-f=a). @
vhere 0) oyer-Yolocity on centrsl diameter; r = »/r gyor - given function,

It is apparent, that to satisfy si:ulteneously squation (1) and condition py
const, it i3 necessary to haw an axial cutcome of the flow from the stagh (ogsq');

e
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The twist of the output edge of the warking vens was pede 80, that at any given
radius in the sections in front and in the rear of the warking wheel the cirrent dean-
sity remained oonstants ¢),/v) = 02/%2e _

athematical processing of section profiles of the working vans was dons by
the method introduced by A.LShcrltyukE.z] .

Exacinations of stages vere zade at constant initial air wmteulund constant
counter pressure, which carresponded with the conditions of calculation. Vhen analyzing
the experiment the efficiency of the stage is determined by an ardinary method, adopted
at the TSKTI, whereby the loss due to leakage through the radial gap above the wark-

ing venes was calculated by formula introduced by A.Z-:.Zaudavsld:[bj). The redial
gap over the working vanes was 1,5 mm, which at a 75 rm vane height and mean diameter
of 365 mn corresponded to 2% of height and 2,4% of frontal area of the vamse The mafi-

mm efficiency without thc use of cutput velocity reachedﬂi' ot * 0,86, and at total
utilization of output velocity ’l' of ™ 0.92.

In fig,1 are given dependence craphs »r( oi® q" o1’ zetag,tp amg upcn. u/6,eS0144
lines indicate magnitudes of these values, calculated oo the basis of experimental
data and the dotted lines =calculated values., At such a value ¢ ves calculated
asa mean arithmetic value between root and peripheral reactiom, 1.0.9 50,5 (g’ «ogk)
and the loss with output velocity on the mean diameter zeta = (oz/eo)a.

A detailed investigation of the flow in the gap and behind the stage was made
at two conditions. Results of analyzing the condition,close to calculated and charac-
terized by given velocity A, ® 0e543, ratio uw/o, = 0,615 and Rey mumber = 5.5-105.
are shown in fige2=5 by 30144 lines, .

The velocities and their pro jections are refered to mesgnitudes of corrnp'oumg
values on thecentral dhn-t-r of thevery sams section, The rates of the flow beyond -
the guide apparstus (£ig.2,b and ¢) wers calculated by iscentropic fluctuations, and
on the working vheel (fige3,a and ) and behind the stage (figelb, snd o) - vith con-~

sideratica of losses. Radial velocities are given in fractions of axial velosity on
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iénn diameter of corresponding section. And 80, on fig.2,d is shown the relative
redisl velocity behind the guide apparatus:

a. =Cy0[Ct cp =;u‘in Yoo @

where pml-angh betwen meridional and axial velocities which during the malysis of

the experiment is calculated as s ratio v, =arc tg-g!-;‘—!-”’- .
‘9,' = — : e —
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Fige3¢Flow parameters in relative move= Fig.jeFlow parameters behind working wheel
ment at ) = 0.543; u/co = 0,615 at o = 0.543; /620,615 _
e ¥ % §1/4) gyer-relative velocity at a-e - angle of flov cutput; be cgi = 0py/
gnmt into working wheel;d - angle at & .ayer - relative circumferential pro-

input into workingwheel ; 2 n angle of jection of velocity ep; c- ci, = 00g/ 30
- tion ov velocity o

prafile; o=wz = w2/w2 ayer-relative velo- iver- relative axial projec

city at cutput from working wheel ; l=cal d= opp - relative radial projection of

culation by equation (1); 3-calculation by velocity. l=celculated by eguation )

equation (3); d- L-angle of flow at cutput Sscalculated by equatica (3)

from vorking wheel, »

vbers A3; - axial width of guide apparatus; \l} and Al, - sectional height of flom

through secticn in front and behind the guide apparatus, through which identical smounts

of flow pass,. . , .
The relative radial velocity behind the warking wheel 3‘2’ (igelisd) was calou-

1ated in an anslogous manner.

The lcss cosfficient in the guide a;paratus zetd, (figeS,e) 1s determined by for-

mle WY ‘,
| =1-(3). @ -
vhere A r" 4 (;’1) = fictiticus velocity corresponding to. relative total pressure )

4n intererim gaPe
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whox; processing ex;erimental data the loss cosfficient én tne working vheel seta veu®
(£1ge503) is determine. as follows:
G 11—t @

In this forzula the rho values of the reactivity degree (figs5,8) of the coeffi-
cimt 7, = 24, /,l: (l' cos q, =)y cos @, ) £ig.5,b) and valuss of energy loss '
coeficients ““‘outp and zeta, (fige5,c and @) - veluss, found on the corres;onding
radius in accordance with experimental datme

In addition to the basic test [rogram,measurements were also mede oo the guide
apparatus wita working wheel removede The chamber, forming in place of the removed
whae.l. was covered with a special ring. On the mean diamater behind the annular grid
is established the pressure crcpscqual to the drop on the mean dim;or at the guide
apparatus when testing the stages. Results of these measurements are given in fig.2.0°
b and ¢ and d by dash-dot lines, It is evident fram the drawings that the pentioned
differcntial equality on the mean diameter is dnsufficient to assure identical pars-
meters over the entire height of the inter-rim gap. This indicates, that the perfor-
mance of the anmular grid guide without turbine wheel is not alweys equivalent to
performance of the guide apparatus in stage conditions, It is apparent, thet to pse
the results of blowing through the annular guide of the grid directl in the calcula~-
tion of stages, it is necessury behind the annular grid to assure such pressure dise
tribution, vhich would correcpond to reaction distridution along the height of stages.

In addition to experimmtal data in £ig/2-5 are plotied values,which were obtained
through calculation, ™wo spot 'calcuht:lons were made, The first one was mwade on the basis
of a simplified equation of radial equilitrium (1),vhereby the condition of the work '
was fixel by experimentally established paramsters of deceleration at the input into
the stage D% To®s given nlocﬁy 0a the mean dismmter in the intererinm gap 2 aver
= £ (7] aver) 803 Tatio u/o,e It is uvident, that the use of equation (1) in the given -

case has no strict mthematical foundation, The fact ia, equation (1) is wlid feor
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cylindrical flow. The angles of ‘low out J‘ T I "1: ?K 17 -

mt fran the guide azparatus, on the dasis . : : 1 — ?

of vbich by forzula (2) vas calculsted the % J . =i

velocity distribution in inter-rim s,ace, Vj{y ' (I'I h E&

are due to the geometry of the g:ide aprare /"/ ] 'l ’” “\ud:" ‘_%’ ‘!{ c:l'b )
‘ p

tus sclected by us and, as shown by cal”
culation end experimmt (fige2,d) they did
FigeHecaction,e "ficiency and losses in
not provide flow cylindricity in <he staje at , = 045435 uw/ep = 0,615
a=rho=reacticn; b-78", «internal relative
inter-riz gape The use of ecquation (1) is
efficicnecy without usc of ocutput velocity;
ordinarily argume ted by the faet,that c- zetag g, = (cg/co)‘-loss with output ve-
loci‘y, d-zeta, _, -loss on werking vheel;
the magnitude of radial velocity is low, o= zetap-loss in puide a;paratus. dotted
line=caleulated values,
But eguation of radial equilibrium inclu-
des not only the radial velocity, but its derivative, which in known instances mmy
aprear to be compatible with cﬁ/r. For the given stage the maxi—unm calculated value
dep/dt in inter-rim gap r.ached 7% of c2/r.

The second calculsation w.s made on iafinitely tain vanes with consideration of
radial velocity camponents in gap and behind the stagee The culculation method was
developed at the TSKTI Yy iLeleZhukovsikly and ie.FeTurabrin, The working condition of
the stage was given in accordance with experizentally Jetermined deceleration parae
meters at the input into the stage Dg®e To®s Parameters of air Jdelivery G and the rpm

Re

i | c,', 4:, r’ a, dc,

The calculation was made by the method of subsequent a_zroximations, In the nrst
approzimumfgy eurrent surfaces vere mede cylindrical,and the distribution of
velocities in the gap vwas adopted by equation (2)e The axial velocity on the mean dia=~
meter behind the guide ajzaratus, which in given case played the role of an integra~
tion constant, was taken from experimental recults. Leakage through the radial gap

FID=TT=63=81/12 7



above the working vanes was calculated by the iesieZivadovokiy for:ula, and the peri-
sheral current line was made with considerat ion of overla, jinge in agrcement ina

nusber of s lutions has been attained after calculati:g three a, proximations, For the

inter-rin gap the velocitics of third a;pradmation in relative values at a8 scele fige2,d

and ¢, have practically coincided with thc calcmlations accordi ¢ to equations (1) a2na
(2). C- the other hand, it is evident on fige2, that the differ.nce between calculated
;m{e:xperimental values c¢. the end sections, reached noticecable valuese Cn the cecter
sart of the vane were measured the marnitudes of angles (fige2,a) snd losses (fice5ed)
which coincide . with values obtained for flat grids cf corres onding _iteh. The slope
of curves of angles und total precsures zlonz the periphersl section is due to second-
ary fimal flows. 4 similar picture is usually found when directing the flow agzainst
flat as well as sanular grids. The flow characteristics ncar the root diameter are

also due to secondary, finmal phenomena, but, as is evident from figeZe8,the nature

of the root secondary flow is Jdifferent from the one which tekec place on the periphery.

“me mesticned chart of angle and loss distribution along the height of inter=
rim gap sppears to be typieal for turbine stages. The fact is, aralogous experimental
data mave been obtaimed by many autho ‘s, particulerly VeGeTyTyshiin'L-i] and Kh.le
Babenko[Le5].

Structural characteristics of a flow,passing throuch an annular guide grid,have
been investigated by many researchers, It is shown in the calculatioa by icYeelevi
na axd P.A.Rmanenko[L.6] that behind the annular grid, the goometry of which is close

to the one adopted in our investigation, the radiel overflows should be directed
toward the root, have a maxiram near the mean diameter and in the zone of subsonic
velocities decr.. se with the rise in l-muber, These mathematical Aeliberations have
been fully confirmed during the experiment (£ige2,d)in spite of the fact that in the
given case the radial velocities were small ( not more than 4% of axial velocity on
the mean diameter),

FTD=TTw63-81/142 8
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. I.n ‘ﬂg.3 and  are chown the flow perazeters in relstive movemcat in the working
wheel and in absolute nmovereant behind the stage, (n the drevings are presented vilues
which are usually in operation when calculating flow through part, and that is vhy
the srephs require bo special.ex;hmtions. In view of the liuited vclume of the given
reyort it is difficult to give here a description of the calculation arder of the wal-
ues listed in fige3 and 4ynct to give a detailed analysis of incividual graphse It must
be underlined that, as is evident from fige3 and 4, thec dilference between calculation
ty simplified (1) and inverted (3) equations is small in ccmparison with the divergea-
ces vetween calculated snd experiuental values on the root and peridheral sectic;n. of
tae working vane, It ccn be sald, that thece dive gences on the workins whcel are rela-
tively larger, than on corresponding radii of root and perirheral sections of inters
rin gapln addition to the above mentioned final (terminal) flows, the csuse of the
nmentioned divergences ap,ears to be the fact that the distribution of perameters on
the working wheel and behind stage produces a congiderable eff.ct of the flow through
through the radial gap and a clogsing of the passing section on account of bodies of
working vanes. Calculation of the narrowing @-1] shows, that in ca:parison with curve
3 in figeled, on the root section will take place additional current line deviations
in direction toward the bushing, and on the peripheral section = toward the body of
the turbinee .

‘Camparisons showed,that both celculations - the first one by the simplified (1)
and the second by the developed (3) equation of radizl squilibrium give close results
{,0ein the caze under consideration calculation of additional mezbers in equntu;n of
radial equilibrium has not helped to eliminate diverrences between distribution in height
of calculated and experimental flow parameterse This is due to the fact that, tiut'_
of all, radial velocities in tested stage are not too high and, on the other hand,
both calculations were based on cne and the same initial data on the distriﬁuﬂo‘n of
output angles and losses along the heizht of the grids, |

FTD=TTw63081/142 9



It i3 cuncluded cn the basis of above made stitements that for the siven stage the
deficiencies of ordinary :=aleulation schezes lie not only ia the incom;letencss of
equation (1) as campare:! with equation (3), but ¢n a mch‘ higher degree in the absence
of a proper calculaticn of the effect of secondary end flows, and of tke flow through
through the radial gap over the wcrking vanes,

rany investigations have been devoted to0 the analyczis of mentioned ;hencneu.'
e.g.[l..? arnd 8] but a sufficiently perfect reply, suitable for plaat calculations
has not been obtained until now, futting aside the question on whether th: ::ractiﬂl

calculations should include secondary flows far stages with quite lengthy vanes, it
can be sa:d, that for stages, siuilar to the one exained in this investiratiom (i.ee
with cylindrical bounderies of flow through section and D . ../1 3 448), the compli-
cation of the sypatial flow cslculation is not justified. It iz understood , thct the
conclusicn zmade Coes in way resuce the actuality of further developing the method of
calculating spatial flov in a turdine stage with lower /1 cnd noncylindrical outlines
of +the flow throush section. Further research has to be orsunized so that to determine the
beu:dary it is udvisable ‘o use these or other caleculation cchemes for turbine stages,

Cenclusions

"I‘esting cf stages, :lcnned on the besis of e simplified equation of radial equi-
librium, have skown fine conforuity betwecen experimental and calculated rclative para-
meters, The difference betueer experiment and calculation rcaches a noticeable mami-
tude aloag end sections and is due to sccondary, end flows, and oa the z;vorld.ng vheel,
in addition, to the flowsthrough through the radisl gap over the working vanese

For stages, the geamwiry of which is closed to the gocxetry of the investigated
stage, it is inadvisable to coamplicate the calculation by sclviug the developed equa-
tion of radial equilibrium,

Distr'bution in height of flow throu'h section of flow jarameters vhen woridag wheel

is removed differs from the Gistributicngcbtained in inter-rim gap vwhen tezting stagus.
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Heasuring Fressure Fulsaticns and Dynamic Ctresses on Rotating Vanes
of an Axial Coupressor

by

© G.SeSacoylovd
Io“oﬂ..m '

Described are studies of pressure pulsations an. the d razic stresses cf axial
co.pressor vanes caused by them, The investigations were conducted by the tenscmetrie
scunding method, The cundition at which the phenumenon of roteiing flow separation
takes place, vas inwstigsted,

The phenamenon of rotating separation, which originates in siages of an axial
c.n.pressor at a reduction of gas consumption to below & certain minimm yoint, is well
znown at ;resent time, There is a comsideratle number of experizental reports, in which
the general laws of this phe.cmenon are describeds The iloccow Bnergetics Institute
conducted investigations on special singcle~ond mlti-stage cocrressar models, and on
natural mackines, which bave buen examined on the LM2 stand and on a: operating gas
turhine installation of the Shatsk elsctric power station. A part of these investigations
was conducted in cocperation vith the U’Z[!.l-a] .

In the given report are described ncw investigations, devoted to messuring

Fressure pulsstions and dynamic stresses caused by them,

The investigstions were cerried ocut on a two-stage axial compressor with vaning
K=}j,used in canpressor GIU=-12 IMZ,

The geczetrical rarameisrs of the flow through part of this campresszor are givea

in tabdble 1,

In addition to the conventionsl measuring s;eratus with vhich the camressor

16 equipped for the purpose of determining charscteristics, were also applied lowe

ITD=TT=63 «31/2 12



inertis =messuring devices, used for studying noastationury phenumens,

Hame of velues Ouide |[vor Cuide “orking Rectifying
ap;ar heel appar wheel a;;aratus

Juter dismeser

a‘:.ogtg piaase Yo| sc0 | S0 Jéo Jéo
Yave ot o4/ | oo \pgos | 047 | 2.45v

Height of 1,

Chicgd of v:::';. = ]0 éq é7 L é/
(’d .r) b.MQo. 5 ‘% .7:5 jo ;:'\5

Relal]V6 beignt

_vm l./;z... J / 2.7 r 874 5.3 2.8

P I Of vanes Zeee

iteh of vanes &0 75 L0 | 35 7]
(0dyyor)bormiaee 7 | 253 | /5.7 | 25 L2

Relative pitch t/be.efSfb | 2. 59¢ 24627 | £&S -1+

Angle of vane set ° y, -, #

ting ( Woeeo 29° 15720’ & 37° &%

el eng fiel; ¢ ¥ 23

Aelative redial

ap §/1eee 0-73 d 22

To measure pulsations of total pressure and static pressure low-inertis tensometric

probes, developed at the I'EI sboscow Energetics Inst, we usede

A description of the construction of these probes and their investigatiocns is gi-

ven .tn[l.3]. In this report,in contrast toE._‘iJ were used jrobes with equilibrating

chanber (fig.l), which apjpear to bs universal and can be used in a flow with low, as

vell as high static pressure, The receiving chamber of such a probe has minimm dimen~

sion.}.‘ the other side the membrane is mede a capaciocus chanber, into which air

can penetrate through the choke tube (throttle tube), The w lume of the chanber end

the resistance of the throttle tube are fizured in such a way, that when measuring

thes pulsating pressure the verisble pressure caaponent behind the msmbrane constitutes

only several percentages of the vuriable component in front of the membrans, Constens

Presmre canponents are equilibrated, and timt is why the membrane can be msde thin,

aad the proce = sensitive, The dimmian+f the cha.ber and throttle tube are amall

othervise ti» mexbrane cculd suffer rupture during presaire surges.
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The probe represents a rigid and sufficiently curable construstioa, An'bnstc eoaponsnts

are mede of stainless steel, the membrane of Fermalloy.The feeler, glued to membrane

vith BP=2 glue, i3 male of Xonstantan wire with a diameter of 0,03 mm and it hes o

spiral form, resistance of feeler 100=150 chms. The qualities of the prode allow to use

same not only in ladb caonditicns, but @isoc urnder natursl conditions during stend and

st tion testings of machines, These Drobes were used in testing natursl GTe12e3 compressors
In these investigationa were fixed amd

measured the pulsating [ressures on ro-

tating compressor vanes (and as is known

"l‘:. = ' AN

to us, for the first time), In working vones 2222
N

with maximum thickness of 2 rm,were made

chambers, in which were situated membranes ‘57//7/-/7/777///”

Aonfame

vith tenscmetric prodes (fig.2,b). The
chambers were covered with lids having

drainage openings with a diameter of 0,8

=

m, The arrengement of feelers on the work-
ing vanea is shown in fige2,a.,Feeding the

sigznal into amplifying snd recording appe-

ratus is realized through a mercury cure

- om-

rent strippeds FigeleTenscmetric probe for full pressure
with balanced membrane

To measure stresses in vanes of a wark-

ing whesl and guide apparatus tensaxetric feelers were glued to the vanes,The lead

e e —

out of the signal fram rotating vanes is also realized through a ﬁrcury current
stripper.

The deacribed apparatus gave the possidility of studying unstable aerodynamic
phencmena and dynamic stresses in the vanes caused by them, ' : i

We shall discuas the experimental results,

Ia £ige3 48 plotted the ordinary characteristic (curve 1) of the compresscr ia

FTD=-TT=62a) 7142 7Y



coordinates

=5 n 1= ©
whare o - axisl velocity st input into the first guide aaratus; u= circufereatial
velocity on ocuter diameter; AD = total izgreased pressure in comgressor 3 e density
of air at input,

Tac charaeteristic curve has thres tranches, isormal operations Lranch situated in
zone ¢ > Oelie Vhomf drops to Oel4 2nd below in the éémpressor stares appears &8 rota-
ting separation and the pressure coefficient ‘\lrdropa (second ovranch)ethe third bruach
‘w.ccrres;cnda to a rise in the ycoeMicient from O toy = 0.45, It i3 evident fram

fire3es that a aysteresie shencwenoa oricinatess departure of zrids froo the separution
takes place at sunller angles of a:taek.tkmn the iaput into the‘ stripping condition

of flowe iTesence of rotating separation (breakeaway)

is confiroed by direct measurements with

s

the aid of tenscmetric probes. In figel

is given an cscillogram recording the total

~

pressure behind the second working whoq]. with

po——J2

the 61d of two loweinertia prodes, Zhase

displacemernt of two prucesses indicates ro-
taticn of the separation, becauce the n_'obol

are situated in the plane of tae wvhesl at

a certain mmgle relative to each Othere The

rate of the rotating separation appears to be

a statle value and is rastically independent

Fig.2, a=arrangement of tenscmetric fooh:

ora o8 wor vanes of second stags of TR e This is confirmed by mcasurenent re-

compressor; b= arrangsuent of membrane ,
with feeler.c-mezbrane with feeler sults, show in f£ige5, where aloug the axis

of the crdinates is plotted the rate of ro-
tation of the breakeaway zone relative to tiae stationary cbserver in fractions of

circumferential speed of the vanes,

FTD=TT=63<81/142 15



In some working conditions are observed t.o stably roteting zonss, and in this

case their rate of dis;lacenent reletive to the -tationary cbscrver is reduced some

wvhat,.
leasurenents showed, that separation oripginated i:mediately over the entire heigit

of the vanes and eubraced all aerodynunic grids. The relative area of thc separation
zone e is in approximate linear dependence urecm ¢ (fige6)owhich is observed in all
experiments in rotating separation,

We want to point out that rotating separstion originated iznediately during flow
separation in the warking grid, ie.ee the aprearance of stable stationary (in relative
movericnt) sinultaneous separation on all vanes , was not observed. Thece results were
obtained during the processing ¢f films,on which were recorde. the irccsure pulsations
on the working vanes, »t nermal nonseparating working conditions the pressure rulsae
tion on the vane is wery los in co.perison with prcssure pulsaticngaipearing during
separetion, We wi.l an=1lyze the oscillograms pertaining to these iavestigations,

Oscillogram a of that series (fige.7)® pertains to the zone of normsl compress
operation (? = 0.398;-41': 0.485), 2nd ccnsequently the indications of the pressure
orobe recorded ir form of weak rulsation, indicating, that the flow nr'ound the grid
is stablg. Oscillogrems b and ¢ rertain to the second work zcne (’f = 0.372;“[!0.&56
and ¢ = 0.282;'*8 Oell)e The curve of pressure feeler iniications apicars to be
periodic an_d ocasists of ssctions of siraight lines,dl ternating with zones of sirong
precsure pulsations, It is apparent, that wherever the feeler regicters ccasteat
pressure, the working grid is in nonseperable conditio., and wherever pulsation does
apyear, it goes into separation, ‘

Exaniring the fonwing'oscillogram all the way up to oscil}oyln 4, correspon-
ding to total discontimuation of consumption (( = 0), 1t can be sscertained, that .

the zone of separation eacompasses the entiveworking grid; the feeler records large

® In fig,7 and 8: upper curveserecording of dynanic stresses; central curves = recor-
ding of ;ressure pulsation ca the profile, lower curves = recoriings of timer (500 e)e
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Fige5eDeycndence of rute of rotation of
se;arations of the ugep zone upon tho con=
sunptioa coefficient ¢

7 aos 1=cne separation zone; 2~two sejaration zones,
L
o l Pls

6 v 2 O » ¢ & v

Pigeleuzuary characteristics

l«characteristic of compressor Y 1" ' static pressure, In thc assembled circuit of
2«3inensionless dynacde stresaoa in guide

vanes 63,,/% rax = £7(y); J-cmensionless?euutﬂ.c amplifier bridge parallel to tie

20

= & & 8§ & &
N -
\\
o P\ )h
ﬁf—/

Prior to the experimet all tencoetrie

pressure sensing elements were calibrated by

curve of ststic sressure pulsation on rota seunsing elenent is ccanected a gzroup of
ting vanes; je~dinensionless iynaidic stres
ses i.n working vm-sh/m = £(¢ )3 resistors, on which a resistsnce 9-10 kohms
5-dinensicnle 58 static stresses in working was selected. By chenging this shunting
vanes 6, 6 ol R (¥)
resistance the bridge is debalanced aqual
to tae unbalance from the probe at a defirite [ressure drop on the membrene. In this
vay it is possible to accurately establish the drop on the membrane of the sensing
e¢ledent of probes This relationship is preserved for any sensitivity and for any re.
gistering apparatus, during the experimentstion is possible, by changing the shunt re.
sistance into a calibm tion value to obtain a jump in recording probe indications
which allows to decode the preasure julsaticn amplitude recording in the vane sppars-
tus,
Aas result of snalyzing these cbaervations was cbtained a dependense of pressure

FID=-TT=63=81 /192 bv §



Mlsation le a.t various vorcinz conditions of the compresscr,
?uﬁw 728 M-o/
s e e e o ] Y.

NN
LN

N
INEAN|
['3) Ny
45, 520 a3 &0 &5 4w

FipebeDeyenience of relative area of sepa.
r.tion zons e upon coefficient of ccasump-

tiong

In fire3 is given the obtained in such way

curve of static pressure pulsation level oa
the profile of the vans, Along the axis of

the ordinates is plotted the dimensionless

— 2

' : value 4p = 24 p/g V) + deee pressure pulsa.
hg.?.Oscxnograms of dyna...ic stresses
in working vanes and pressure julsations tion /Jp taken in fractions of kinetic energy
in them, a=normal work zono;,_?l 043983
= o/ues; b anc ¢~ separation work zone: of flow in rel:tive movement when entering
g 0372‘ 01}56 f‘ 002&"{"

41; d-work zone at zero conmption,g 0. the working grid at meximum pressure,

Upon the appearance of a rotating separation the level of julsetions rises by
leaps and bounds, The pressure surges /A p at rotéking separation constitute approxi-
oately 229 of the kinetic input energy,which causes a sharp rise in dynamic $tresses
in the vanes., Pressure pulsations taken fram oscillograms (fig.7 snd 8), -

During the experiments were measured the dynamic siresses in working ani guide
venes, and the corresponding static rressures as well,

In £ige3 are shown curves 2 and 4 of maximm in given case dynamic stresses in work.
king and guide vaua,refo{ed to corresponding static stresses at meximum pressure of
the stage, Upcn the appearance of rotating separation the dynamic stresses in the

vanes, oscillating with natural frequency, constitute approximstely 30-% of

nn-m-ssywm T
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corresponding maxirum static pressures,

Si.ultansOus recording of dynamiec stresses and pressure pulsations an th; vorking
vanes (£ige7) ollow: to study the interesting phencmenon,

As is evideat from the oscillograms in a majority of compresszcr working eccaditions
the periodicity of stress rise in the vanes is equal to the period of rotating scpara~
tion; but in some working conditions there is no such conforxdty aaxd stresses of
flutter nature are predo.inant, This perteins es;ccielly to suide vanes (figeS) which
is apparent, and explained by their perforronce in separation melia, The rotst ing zone

» has in its begiauing during the movenm¢ relative to a stationary observer a maxi-
mm pressure mlsation amplitude; at the end of passing the zone of separation the
amplitude of pressure pulcations ducre.sese, Cince rotor vanes catch up with the zcae
of rotating separation (relative to statioaary observer),vwhich revolves at a rate,lesser,
than the rotor, pressure pulsation ere increasing, which is evident on thc oscilioe
grams fig,7. In the guide venes = phenomenon ic in reverse: there 1s a decrease in
fulsation in rato to passing the sereration zone, This is also evident fran the oscile
lozram figeB. In working vanes is observed first a flash-up of szrossﬁ at the injut
into the seraration zome, after which the siresses drop, in spite of the fast ,that
the precsure pulsation amplitude at the cutput fron the separaticn zo& rises in com-
parison with the entry into it. This phencmenon is e:plained by the fact, that the work.
ing vane Laving fallen into the zone of rotatinz separatiom .

receives an excitat ion pulse. inz this very same Jeriod,consistizs of the
rotating zone and normml wark fragom$, the vane calms down (stress anm:zlitude decreases,
£ige8sbe | .

The period of stress rising and falling is equal to the pericd of rotating sepyare-
tion, Earticuhrly clearly visiblc are the 3tress drop end riﬁo.'::oriods where
rotating se;‘arai‘:ion has the least relative length, in the point.‘ v.}hu'e the zcm'l of
rotating se;aration hove a diffuced nature, *kte cscillegrens of dymnamic siresses ave

clear period either.
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About static stresses in working vanes und the nature cf their chsunge o:inions ean
be made from oscillograms and ;lotted recultant curve 5§ in fige3de

The exyerimentel curve of static stresses has a maxi:um,correszenlaag to

caximm pressure of the compressor, and it drops with the decrsase in delivery (consump.
tion). The static stresses curve does not pass throuch the beginning of cocrdinates,
becauzo tie warking canes have a certain hea;ing in the plane of rctetion and that
iz vy we have & ccnstant com, cnent of static stresses.

tatic s:ire:ses vere taken Cown with repecated checking of tie Lalancing of the

tensaetric apperatus when passing characteriztic werk eoaditions.

The basic charzcteristics were repeated

and connected with cach other scveral times
res, sc as to'gain tte rossitility of ascer.
taining tiust the balencing and indication
correctness of tha recording instrucent are
preserved, The nagsnitude of the siresses 0)

. . a
FizeBeCscilloprams of dynamic ctresses in
vas evaluated by the calibration ;ulse guide vanes and [ressure pulsations on them,

of the measuring tensocmetiric a;;aratus,
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