
P o L, S ,K A A K A D E M { A,N A.',tJ K
INSTYTUT Młsz,yN PRZ,EPŁYWoWYcE." _,.-, .,

, PRACE
__ :

INSTYTUTU MASZYN. ] :..

PRZEPŁYWOWYCH

, _, ,, :TRANSACTIoNS, . _ _.

OF THE INSTITUTE OF FIUIO.r'LOW MACHINERY

92

wARszĄłvA_pozxłŃ lgqo
płŃSTWowE w,yDAwN,.



PłACE lNSTYTUTU MASZYN PRZEPŁYWOWYCH

poświęcone §ą-publikacjom naukowym z.zakręsu teorii i badań doświadczalnych
w dziedzinie mechaniki i termodynamiki przepływów, ze szczególnym uwzględ-

nieniem problematyki ma§zyn przepływowyeh

*

THE TRANSACTIONS OF THE INSTITUTE OF FrUID_FLOW
MACHlNERY

exist for the pubIication of theoretical and experimental invcstigations of all
aspect§ of the mechani., ""O,|nifr,liffi;ni,i#id-flow with speciai relerence

RADA REDAKCyJNA_EDITOnIAI- BOARD

TADEUSZ GERL^cll. HENRYK JARZYNĄ. JERZY KRZYZANOWSKI
srrtłN prnycż.WLoDZlvlERl pRos\AK .KAZIMlERZ śIELI ER

RoBERT sZEwALSKt (PRZ}]WoDNlCZĄCY-CllAlRMAN) . JóZEF śMIGIELsKl

KOMlTET REDAKCYJNY_EXECUTIVE EDlTORS

KAZIMIERZ STELLER * REDAKTOR - EDiTOR
woJcIECH PIETRASZKIEWlCz. ZENON ZAKRZEW§KI

ANDRZl]J ŹABlCKt

REDAKCJA-EDITORIAL OFĘICE

Instytut Maszyn Przepływowych PAN
ut. Gen. Józęfa Fiszera 14, 80-952 Gdańsk, skr, poczto\ya 62l,tEl,41-12-7l

Copyright
by P§ństwo\Ye Wydawnictwo Naukot,e

Warszawa 1990

printed in poland

IsBN 83-01_10189_x
IsSN 0079_3205

PAŃSTwowE WYDAWNICTWO NAUKOWE -- DDDZ,IIAL W POZNANIU

Ark- wyd. l7,75. Ark. druk. l3, Papier druk. sat, kl. llI. 70 g. 70x 100 cm

Oddano do składania w lipcu 1989 r. Podpisano do druku w li:stoparlzie 1990 r,

Druk ukończono w grudniu 199a L Zam- ni 1079/89

, Zakłady Gralrczne im. KEN w Bydgoszczy



P R A c E I N s T Y'I Lr T LJ,,|vt A s Z Y N P R Z E P Ł Y w o w Y 6 rI

Zeszyt 92

KRZYSZTOF MAJKA
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Blade Defect l-orce Investigation in a Compre§§or Cascade

'fhe paper presents an experiirrćntal study ofthe blade tlęfect forces'in a comprcssor cascade end.rł,all
boundary layer. The experiments were ained at improving the generai understanding of the end-wail
flow field and experimentalty verifying the concepts and assurrrptions underlying the turbomachine in-
tcgral boundar1 laycr theoly.

Notation

(' .-. Lllat]e chorcl, ó* displacement thickness :

?: -- ffi.*,ffiefficicnt' d*:i11-1rlw)tlz, ; ,,,
|' - blade force, 0 - momentum thickness ,. , ,, ,l , ,

l' , blade defcct lolce. ń

g 'r"i.".""..'"ń; ':It'-wllł)wlWdz ,,
H shape factor ó*/0, blade lreight, ljr - mo§t probable fractiorral error associa-
i , blade incidence. tcd with blade force measuręments.
p - pressuro measured at the blade, € - uncertainty parameter of Ref. [2],
Po -- atmospheric pressure (exit pressrrre of ), - stagger angle,

cascade}.
prl upstręam total pressure, ', 

-:li:i;:'*'rl boundary layer velocity.
W ', free stleam velocity, Subscripts:

.l, }\ J -- coordinate system corresponding to 1 - cascade inlet,
axial, tangential (pitchwise) and normal to 2 -- cascade outlet,
the end-wall directions, respectively, .f force,

\' chordwise dircction, tI 2 mid-span position.
,I perpendiculal to chordwise direction, m mean, rn - wall.
t) - physical boundary layer thickness, Superscripts: --- pitch avera.getl.

l. Intrrrduction

The casirrg anci lrub bouirdary layers in turbomachines arć important because:

- they dętermine the flow blockage - the information on this is needed for
design.

*) Zakład Termonrechąniki i Chłodnictwa, Wyższa Szkoła Inżynierska, Koszalin
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- theY are the location of the greatest aerodynamic losses at thę blade ends,._ they lrave an influencr on the rvorking range of the machine eg, stall point.
In recent years a considerłble progress has been made in the development of the

integral Prediction methods for such boundary layers, Those methods are reviewed for
examPle in references [l" ' -i]. They are based on pitch-averaged axial an<l tangential
or circumferential intę:r-al mometltum equations,and partly on auxiliary equirtions
resulting from certain analr"tic approximations and simplifying physical assumptions.
A momentum integral ąuation can be obtained in the form

*,r:o.1+w-aI{;: r,*? (l)

in the axial direction with similar equations for the tangential or-circumferentiat
direction. The term D* is a term that includes forces due to:

- difference between the blade force in the boundary layer and the forcę otttside
it. called the blade defect force,

- aPParent stresses that are the consequence of the circumferential averaging
of a florv that has variations due to wakes and blade-to-blade velocity variations"
To calculate the boundary layer we need information about D" and a better under-
standing of the way the force vector varies in the boundary layer. Blade defect force
is composed of pressure forces and blade surface shear stresses. The effect of the
shear stresses can be taken into accQunt through an appropriate drag coefficient for
the boundary layer regior,. The contribution of the pressure to the blade force is
significantlY larger than that due to the shear forces. This paper deals mainly with
the fo:ce defect duę to the pressures.

The recently proposed tnodels [3. 5] for the blade delect force calcu]ations seem
to be insufficiently accurate. It is felt that exploration of the earlier tip clearance flow
models as those of [4, 6] may bring a better insight into the problenr. The earlier
models are based on the concept that a part of the blade-bound circulation is shed
off at the blade tiP and a part projected across the tip clearance, Assuming hence
the existence of a fictitious blade surface extended over the real one within the tip
clearance, it is possible now to consider tlrat a part of lift is carried with tlre help Óf
that surface througlr the tip cleararrce and projected onto the end-wall. The ex|eri-
mental details supporting such rnodel as rvell as other concepts tlnderlying the tur-
bomachine integral boundary layer theory are discussed below.

2. Experimental details

The exPeriments were conducted in a low speed cascade wind tunnel of an open
cYcle configuration exhausting to atmosphere at the exit to the test section ihe
cascade blades were of 10C4 30C50 profile. They had a chord of 300 mm and węre
Placed at a Staggęr of 36" at a space-to-chord ratio of 0.633. Three of the centre
blades were Provided with a simple mechanism allowing them to slide spanwise
through slots cut in one of the sidę walls, Thę clearance gap between the blide tips
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and thę other cascade end-wall could be varied and precisely adjusted to the required
value by a feeler gaug€. The central blade was equipped with a large number of
pressure taps to enable the chordwise pressure distribution to be measured at the
series of stations along the span. The measuring stations were placed particularly
close in the tiP clearance region. Moreover, the static pressure taps were distributed
on the end-wall opposite to the blade tips to measure the wall pręssure distribution
within the blade passage as well as around the centre blade contour projected at
the end-wall to determine the so called lilt retained at the wall accordlngty io 14,6l.

The results were ploted in the form of a nondimęnsional pressurę coęfiicien1
Cn defined as

,,,(:) : P--Po
Po- P"

and Presented in two types of graphs. One had the form of C, distribution along the
blade chord (x' axis) and the other one showed the C, distribution along the,blade
height, takęn as perpendicular to the chord (y' axis), This two-fold presentation of
the Pressure coefficient Co allowed to infer the d, and J',, blad,e force components.
Tlris was accomplished by calculation of the areas enclosed by the Co curves from
both tYPes of graphs. The examples of spanrvise variation of the blade^force compo-
nents nofmalised in respect to their mid-span value are given in Fig. 1. On the same
graPhs the comPonents of force retained at the wall fiumped across tip clearance)
are also marked. The latter were inferred from the static pressure measurements
gained bY the taps located around the profile contour p?ojected on the end-wall,
Knowing the blade force components./,, andf,, the blade force direction was calcu-
lated as

, ut : arctg(fylJ'_,). (3)

The exPeriments were run at various blade irrcidences and for different tip
clearances. The irrlet velocity far upstream, measured at a distanc ę of L2 m from thi
cascade and treated as the relerence velocity. was equal to W :34.5 m/s. This
corresponded to the inlet Reyrrolds number Re, : 6.12.105 based on tlie blade
chord. The other inlet bound ary layer characteristics were as follows: ó : 52.5 mm,
ó* : 3.86 mm, 0 : 2.79 mm and ll : 1.38. The uncertainty intervals associated
with the blade force męasurements were estimated &s €, : ą.ÓU.

3. Experimental results

Estjmation of blade forces using the technique described in the previous section
shows considerable differences in their character cause_d by the presence of the tip
clearance. When there is no tip clearance the magnitńde of the bladę forces falń
towards the end-wall (Fig. l). ńs a tip clearance is introcluced a local rise of blade
force can be seen near the blade tip, The position of this kink-like rise is very close
to thę line where thę rolled up leakage vortęx leaves the bladę suction surfacę. This
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Fig. 3. Spanwise blade pressure distributiorl,
l -, slC :0%,2 -- glC :2%,
3 - rllC :4%,4 - qlc, : 5"ll

line is seen vęry close lo the blade edge in the plrotograph of Fig. 2. At this location
the chordwise pręssure distributions (for instance Fig. 3) show very largę sllction
pressures resulting in a high local lift. Such kinks of high bladę force are especially
well marked at higher tip clearances and are present over the whole range of blade
incidences investigated,

There is an experimental evidence to actopt in tip clearance flow models thę idea
of blade force projected across the tip (lift retained at the wall). In Fig. 1 it is seen
tlrat forces fi, component) measured at tlre blade tip are no lęss than 80% of thęir
midspan value and tlrat the size of tip cleararrce does not affect them much, A so
called lift retainęd at tlre wall [4,6] and evaluated as described in previous section
still remains at a level of around 40oń of the midspan value. Smaller tip cleerratrces
tend to retain a bigger lift at the end-wall. ln Fig, 4a the lift retained at the end-wall
is presented as a fraction of the blade tip value arrd in Fig. 4b the samę ręsults arę
plotted with respect to the midspan value. It is felt that the latter pręsentation may
be more useful from the designer's poirrt of view. Thę midspan lift is cęrtainly a more
precisely dęfined paramęter than the lift at the blade tip. Fig. 4b suggęsts that irr tlrę
case of g lC : 40ń the end-wall lift is insensitive to the bladę incidence. An expressiorr
[or the lift retained at the wall, in tIre same form as proposed in [a]. was correlated
with the present experimental results and is given in Fig. 4b, The numerical values
of the curve fitting the present results are different from that given in [4]. The curve
equation will, however, also fit the ręsults of [a] for smallęr tip cleąrancęs which is
the range of real importance.
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Otte of tlre most fundamęntal issues of turbomachine boundary layers, still lacking
experimental evidence, is the magnitude of variation of the diręction of the blade
Vecto| through the boundary layer. For l : * 7' (Fig. 5) the blade force outside of
the bourrdary layer is inclined to the y' axis at an angle of about 10 degrees. This
angle decreases as thę blade incidence becomes smaller and is almost perpendicular
to the clrord at l : - 5' (Fig. 6). The above values are independent of the tip clea-
rance magnitucle.

In the absence of the tip clearance the direction of the blade force across the
boundary layer was found to be constant for all blade incidences investigated. In the
experiments the boundary layer at the cascade inlet was collateral but inside the
blade passage it was heavily skewęd. This implies that the direction of the blade
force vęctor does not seem to be directly related to the skewing of tlre boundary
la yer,

As a tip clearance is introduced the local blade force vector within the boundary
layer tends to rotate backwards towards the blade trailing edge. The angle between
the blade force vector outside the boundary layer and at the end-wall itself was found
to be equal to about 10 degrees in the case gf C : 4% and 50ń and decreasing with
tip clearance decrease (Fig. 5 and 6). The direction of the blade force vector does not
seęm to change much across thę boundary layer, the change being negligible at the
zero tip clearance and limited to a maximum of 10" at 5"ń tip clearance.

In practical turbomachine boundary layer calculations the blade force effects are
incorporated in the form of defect forces and it is also thought that the defect forces
control the development of the equilibrium boundary layer state in multistagd ma-
chirres. The present experiments showed that within the boundary layer the local
defect forces varied significantly in magnitude and sign depencling on their spanwise
positiorr and tip clearance (see blade forcę variation of Fig.1). However, thę diręction
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of the total defect force in the bourrdary ltryer, being the result of integration, was.
opposite to the direction of the r,vall shear stręss vector (Fig.7). This was found true
for the whole range of tip clearances and blade incidences investigated.

In Fig.8 the axial and tangential defect force components are shown non-di-
mensionalised with respect to the cascade inlet dynamic pressure, together with the
defect force direction. It is felt that the latter is a very important parameter.,.io be
inclrrded in the boundary layer analysis. It is in fact the parameter which lar§ely
determines whether the defect force contributes to the growth of the boundary layer
in the same sense as the skirr friction or acts irr the opposite direction. Table 1 shows
a comparison between the defect force direction and the mainstream blade force
direction. The imrrlediate conclusion is that without a tip clearance the direction of
thę mainstream blade force and defect force are the same i.e., this is esserrtially the
sittlation inlpliecl by Mellor and Wood [2] Moreover these directions nearly
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coincide with the direction of the normal to the cascade mean velocity. However, as
a tip clearance is introduced therę is a significant departure of the defect force from
the nrainstream blade force direction. Directions of the mainstream blade force and
the mean cascade velocity seem to be insensitive to the tip clearance (Tab. 1). From
Fig. 7 it may be deduced that large values of the defect force angle mean that the
defect force vector rotates towards the axial direction and its tangential component
significantly dęcreases. This observation may explain the situation reported in [3]
that in the presetrce of a tip clearance the best agreement between the theoretical
predictions and experiment was obtained when setting the langential defect force
component to zero and considering only the axial defect force. 

,

The difference between the direction of the defect force and the mainstream force,
expressed in terms of an uncertainty pafameter e [2], is shown in Table 2. In the
present work the parameter is taken as the departure of the defect force from the
measured mainstream force direction rather than from the normal to the ,cascade
mean velocity as implied in the formulation of Ref. [2]. When the latter formulatior-r
is rrsed e becomes more negative. The discussion of [2] anticipates that e could
bęcomę positive. In the present case the chordwise force defect is much larger than
clefect normal to the chorcl rnaking c negative.

Ta blc ]

Blirde force and dclcct forge cjilections

Angle fronr tangcntial direclion

tt l('
Normal to
tncan vclo-
olt}i vector

Mainstream
blade force

I)clect lrlrcc

0gń

1o)'u

41.40"

41.13,
40.,19,

45,0"

44.15,
44,5o,

44.40,,

67.2(),

l.i() 74

-t'ahle 
2

Unccrtainty pźilanlctcr [2] calculatec1 as

ll departure irom the mainstreanl bladc lilrcc
direction

lJladc inciclence l : *.ł'

Tip
clczrrance

0% +'/o

0.02 _ 1,4] -5.24
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Tablc 3

Ct-ln-rparison o[ calculated ancl erperinrental axial
defect forces

Blade
incidence

Tip
clearancc

Experimcnt calculated

+4,
0%
: /n

4"A

0,0329
0.0286
0.0312

0,00l0l
0.00328
0.00550

Success in turbomachine ęnd-wall boundary layer calculations as a whole de_
pends largely on how accurate is the estimation of the defect forcęs. Table 3 compa-
res the experimental data with the axial defect force calculated using the model of
Refs. [3,5]. It is apparent that this model largely underestimates the defect force
magnitudes.

4. Conclusions

A considerable local rise of blade force was present near the blade tip. Right at
the tip itself the local blade force was about 80% of the midspan value. The so callec1
lift retained at the wall remained at a level of around 40oń of the midspan value.
These estimates were found to be essentially independent of the nragnitude of the tip
clearance and blade incidence.

The change in direction of the blade force vector across the boundary layer was
small. The experiments showed the change beirrg negligible at a zero tip clearance
and limited to a maximum of 10' at 5"ń tip clearance. Without tip clearance the
direction of the maximum bladę force and that of the total defect force were found
to be the same and nearly coincided with tlre direction of the normal to the cascade
mean velocity. In the presence of a tip clearance the mainstream blade force direction
and normal to the mean cascade velocity ręmained the same brrt the defect force
direction differed from them significantly. In the presence of a tip clearancę the
assumption frequently made in the calculatiorrs that tlre tangential defect force is
equal to zero is justified.
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Badania cłefektu siły nośnej łopatek patisady sprężającej

streszczenie
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wystgpującego w rejonach warstw przyŚciennycb ograniczających wysotose łanałów łopatkorvy.t. cłoru,
nYm cclcnr badań bYło rrzYskanie lePszego ;zrozumienia przepiylvów w tym rejonie oraz ekspeiymentalna
lverYfikacja niektórYch koncepcji i założeń formujących całkową teorię warstwy przyściennej maszyn
przeplywowych.

I'Icc;re2lonanHfl a3PoAl{HaMilqecKoro AeOefi Ta palrr§Txu l(oMnpeccopllb1x Jlona.ro6

Pesrove

B Pa6ore nPe/'IcTźrBjTeHLI ]KcnePI{MeHTaJ,'ibHbIe flcc.jleAoBaHrlq a)po1l4HaM[qecxoro 4et|rexr.a pe_
ItlĆrru rcovnPcccoPHbl\ .lotraloK. norIB.lrltoutcl ocl s pltńolIax norpaHHqtlblx c.roćs olpaHłquBa,oluu.t
t}bico'I-bl Me'(jlonaToqI{bIx KaHa.]oB. Ocuogrłoti l]exbro HccieAogitgrrił 6lt_lrlł: ;1oc. uxeHge _q_yqrilero
}r3YtlcHl'l'l reqearłfi B 3ToN4 PańoHe, a Tarxe 3KcnepIłMeHlajlbHa, npoBepxa ĘeKoTopblx NAefr u npe,ł_
no,toxettlłił Qop_vnpyrclqlrx HHTerpa,,-IbHy}o Teop]lro llofpaHIlqHofo cjro' npoToqgr,Ix MauIltH.

9}

|3] J, De RuYck and C. Hirsch, Inrcstigatiołts Ę tln ctxktl compressor enr]-wall bountlar1, layer ple_
diction mełhod Trans. AsME, Jour. of Eng. for Power. Vol, toi, No. 1, 1981, p. 20.

[4] R, J, Lewis irnd E, H, G. Yeung, Vortęx shedding mechanisms in relation to tip clearancelows anłl
lttsses in axial .fans, ARC. R. and M, No. 3829. 1977.

[5] V, CYlu's, Blade de.fect.force in the calt:ulatilsn metho.l of the end-wall bottntlarv /ayer. Strojirenstvi 28,Vol. 9, No. 1, 1978, p. 1l.
[Ó] B, LakshminaraYana, Methotls of predictitg tlle tip c:learance effects in axial"|lou, turbomachinery.

Trans, ASME, Jour. of Basic Eng., Vol. 92, No. 3. 1970.


