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Seme tests on cascades of compressor olades
fivted withh vortex generators

Cascade tests showed thet the fitiing of vortex gencrators to the
convex surface of compressor blades increased the two-dimensional losscs
under all conditions. L more detailel investigation indiceted that the
vortex generalors were, in fact, suppressing suock-iloducec flow separation,
but tiet beundary loyer sepsration still occurred 2t about 50 per cent
chord - probobly dus to tle increased soundary layer vhickness produced by
the vortex generator drag.

Whilst there is olways a possibility thatl some dilfercent conlfigura-
tion will be successful, the scheme of increasing the drag; criticel facu
numper of a ccmpressor cascade by means of vortex generators is,on the

basis of available test evidence,a failure.



-2 -

CONTENTS

1.0 Introduction
2.0 Vortex generator design
3,0 Description of first cascade tunnel
4.0 Test procedure in first tunnel and results
5.0 Description of second cascade tunnel
6.0 Test procedure in second tunnel and results
7.0 Cenclusions
Acknowledgement
References
)
Appendix ~ List of symbols

Detachable abstract cards

10

11



Fig, N

(X}

w1

1\:

TLLUST

NLTTONS

Ticle

vortex
teated

) Deteils of
) Cascade as
)

Frofile loss agoinst

blone
B) Profile loss against
angle for plain bicode

Profile locs apalinst
Pitted with vortex ge
cent chord

Profile less agnd
angle for a blede Tl

st
£

generators at 15 per
(A) Profile loss arainst

generators at 15 per
Profile loss agailnst
generators ot 6.2 per

(2)

Sucuvion cascadce tunnel

Purther tests resultvs

(A) Profile loss arains
mined in suction cas
canber blade
Profile less
nined in
camber

(£)
viade

Photograpis of flow over

(a)
(3)
(c)

Mo wvovtexr generators
Vortex generators at
Vortex generators ot

de i
generator

t bach nunber
cade

~gainst Mach number
suctlion cascade

Sti‘i})

Mach number for plain

nominel air inlet

brade

Iraciy numier Ior
5 per

nerators et

LS

nominal alr inlet
ted with vortcex
cent cnord

Lisch number (vortex

cent chord)
Vach number (vortex
cent cnoru)

as deter-

tunnel.

tunrel,

QO

A5 camber blades

5 per cent chord
-
5 per cent chord



1.0 Introduction

It can be shown that the stage pressure ratic of a compressor
depends to a large extent on the ilach number of the air relative to the
blading, so that in an engine comprcssor, where weight and bulk are of
importance, high .fach numbers must be employed. There is, however, a
lach number limit above which loss associated with compression shocks
causes a large drop in cfficiency. By using special blade forms, an
improved high speed performance can be obtzined, but as this is generally
at the expense of cfficient flow range, it is not an ideal solution.

When a high specd axial-flow compressor is overating near its
normal working point, a near normsl shock occurs above the convex blade
surfaces,  As the iach number through the blading is increased, this
shock strengthens, moves downstream a little, and finally forms the bow
wave before the leading edge of the next blade., In inviscid flow, the
shock adjacent to the blade surface is normal to the local flow direction,
and 1s transonic, and forms part of the compressing process. If however
flow separation at the shock were to occur, not only would a substantial
part of the shock compression be lost, but diffusion in the remainder
of the blade passage would be seriously impaired.

As the contribution of direct shock loss to the total loss in
a cascade operating at high subsonic relative speeds is quite small, the
inercasc in losses due to mixing of the separated flow completely swamps
any decrease in shock loss which may occur, Thus it is wholly advantageous
to suppress shock-induced flow separation in compressor blading.

Previcus work has shown that vortex generators can be used to
inhibit turbulent flow scparation following a compression shock and it was
therefore considered possible that they could be uscd to delay shock-
induced scparation on conventional aerofoil shapcd blades in cascade,
thercby increasing the drag critical Mach number.

This paper concerns tests mads on cascades of blades fitted with
vortex gencrators to test the practicability of the above scheme.

2,0 Voxtex generator design

Initially it was decidcd to use an existing nozzle, cascade ete,, as
these tests constituted only a minor investigation., Suitable tunncl nozzles
werc available! toguther with a cascade of blades of section 100L/35C50C,
stagger - 27%0 pitcih/chord 0,75 and chord 1.3 in. Preliminary work to
determine how small vortex gencrators could be made showed that they could
bc made 0.01 in. high, 0,03 in. chord and 0,005 in, thick without much
difficulty (Pigure 1A5. Smaller ones could, no doubt, have been made but
the additional work involved was not justified for the present tests.  Thus,
to start with, the vortex generator height was fixed at 0.77 per cent chord.

Fer the vortex generators to be effective, both their height and
location with respect to the shock must be estimated fairly accurately.,
A suitable generator height has been found to be 1,48 where § is the
boundary layer thickness at which the velocity is 0,95 of the free stream
value?, Calculations show that the laminar boundary layer thickness at
7% per cont and 15 per cent chord is about 0,026 and 0,037 per cent chord
respectively for the Reynolds number of the present tests. It is the
adverse pressure gradient which follows the peak velocity point which usually
promotes transition on a comprcssor blade convex surface, but the fitting of
vortex gencrators introduces a flow blockage and so upstream an adverse
pressure gradient which will probably causc carlier transition. Thus
assuming that transition to turbulent flow occurs just before the vortex
generators and that the velocity profile then follows a 1/7 power law, the
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Acight of the vortex gencrator from boundary layer considerations would be
C.2 and 0.34 per cent chord at 7% per cent chord and 15 per cent chord
respectively - roughly half that to be used in the tests, This discrepancy
was not considered serious at the start of this work.

A study of Schlieren photogravhs of the flow through similar cascades
indicated that the shock causing flow breakdown at hipgh Mach numbers was
located at about 20 per cent chord. From Reference 2, the optimum location
of the vortex gencrators has been found to be roughly twenty boundary layer
thiclnesses vpstrcan ot the shock whica, in this case, comes to 3.5 to
Lo 5 ner cent cword - Cepending on the shock pogition. Thus it would seem
that if they arc {itted at 15 ovcr cent chord, and the shock should mcet the
blade surfacc at 20 per cent chord, the arrangemcnt should be close to the
optimun and shock~induced separation should be inhibited. On tne other
hard, if the shoclk were located further upstrean, the 75 per cent chord
uosﬁ%lon would be the better,

The vortex generators for these ezmerimentq vere manulacbured with
a base valen could be conented to the bl fe surfoce “out of the tests
cescribed in this paver vere carried out witn this hase projecting above
the acroloil svrface, so a@(ln" to the drag Rough est.rates of the
vortex gsnerator urug can beo nmasc as follcwa. Cf the assumptions neccssary
Tor this calculotion, the most imnortent Z- thet the local Mach number at
the vortex generater is 1.0 when the flow inlet ach number is 0.6 which
cives the ratlo of velocity at vortex gencrator to inlet velocity as 1. 58,
The approximate drag coefficlent of the vortex gensrator itself can be
estimated from the low speed tests on cnc of sidlar dimension?, due
allowance being made for the greater relative thickness or the blades
used in the prescent tests, but not for Mach number effccts or scale because
of a lacl of data, '™ils gives a drag coefficient (based on the generator
lencth and height) of roughly 0.37, which implies for the cascade as a
whole a drag cocfiicient of 0.71 x 1072, or as a percentage loss in inlet
dynamic head 0.62. n a gimilar nanner, by assuming that its drag coef-
ficient is unity, the loss caused by the O 005 in, thick base becomes
rougnly 1.1 per cent inlet dynamic head. The total of the above losses
1.7 ver cent inlct dynamic ead, is oy no means negligible compared with
t:¢ normal two-dimensional losses of 2 per cent inlet dynamic tead but
small enough to allow sny changes in blede drag in the shock stall region
to pe studied,

3.0 Teseription of first cascade tuvnnel

A

£8 mentioned previously, the first series of tests was carried out
in the tuwmcl described in Peference 1, using o cescade of nine blades,
profile 10CL/35C50, chord 1.3 in., aSper ratio ?.28, set -t a pitch/chord
0.75, and a stagger -273° (¥igure 1(B)). The blade section Ck, whilst not
exceptional in its high soeed nerformance, was considercd satisfactory

becauae of the purely cowmarative nature of these tests,

lor its originel wvurpose, the tunnel was provided with slots for
recoval of the boundars lqyers on the twocend walls (i.e. the walls roughly
in the same planc as the cescade blades\ go that substanbially uniform con-~
ditions existed along the cascade., Tlowever, since suction Taclilities were
not available in this instance, thesc slots vere scaled. This, of course,
resulted in the flow conditions along the cascade beiny noi-uniform and it
was necessary to oosume thoob the flow over the two centrc blades was
sufficiently close to that in an infinite cascade,

e blade rrofile loss vas measured at the wid blade height,
initially using o rerotely coperated ~itot traverse geur, put later with a
fixed pitot comb, Although the angle of the plitot and reke waos adjusted
to be cqual to the ~lr exit angle calculated from the standard deviation
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rulz, an apparent loss in total head was sometimes rccorded across the cascade
in midstream. Thus, in calculatine the true loss through the cascade, the
midstream total pressure as mcasured was used 2as a datum,

The vortex generators werc normally attached to the blades with "Durofix",
However, when they were fitted at the forward station, or when they were recessed
into the blade surface, it was found nccessary to soft solder them in placc,

L.O Test proccdure in Fairst tunnel end resulis

The test procedure consisted of taking total hecad precssure rcadings after
the centre two blades of the cascade at mid blade height, over a Mach number range
of from 0.2 to the choking iach number at nominal air inlet angles of 30°, L0°,
45°, 50° end 55°(the blade inlet angle being 45°),  The inlet llach number was
taken as given by the total pressure before the tunnel nozzle and the pressure at
a static hole about one chord upstream of the centre blade of the cascade, and

the prefile loss as i%- [ Ppop dy divided by the inlet dynamic head (sec Appendix
for notation). ©

Tests were madce both without the vortex gencrators fitted, and with them
at 15 per cent chord from the leading edge, thce results being shown in graphical
form in Figures 2 and 3, It is c¢vident from these test results that the vortex
generators are totally detrimental to the verformance of the cascade; the minimum
profile loss is doubled, the drag rise associated with compressibility appears to
occur at a lower lach number, and the unstalled incidence range is reduced.
Nevertheless, it was noted on cxamination of the blades after these tests that
there were dust trails downstrcam of the vortex gencrator extending up to half
chord which indicates that vortices were being gencrated aftcr the desired pattern,

As it was thought possgible that the C,005 in. base of the vortex generator
was promoting boundary lay.r scparation and so causing this failure, a test was
carried out with th. basc fitted into a receess mililed in the blade surface, This
and all later tests were made a2t only onc air inlet angle so as to reducc the
ameunt of labour involved in obtaining and reducing the rcsults, From this test
(Figurc 4(A)) it can be scen that mounting the basc flush with the blade surface
rcduces drag of' thoe vortex gencrators by about one third, ut they arc still
completely detrimental to the cascade woerformance,

Because the drag critical ilach number of the cascade was adverscly affected
by the addition of vortex genera.ors, it was thought possible at that time that
they were located too far downstream to be effective, or cven that the shock was
ccceurring hefore the generator, To investigate this possibility, the cascade was
next tested with the vortex generators fitted to the blades at 6.2 per cent chord
instead of 15 per cent chord as beforec, both with the base proud and with it reccssed.
These tests (Figure L4(B)) showed, as did the previcus oncs, that the vortex generator
increascd the loss at all Mach numbers; the loss increase being greater with the

cncrator at the 6.2 per cont chord position than at the 15 por cent chord position.

Fitting the basc flush with the blade surface did not, in this test, cause any
significant change in the loss.

In an endeavour to determine the position of the shock on the blade surface,
a traverse was made chordwise across a blade with a small pitot tube in contact with
the blade surface. The readings taken indicatcd that an abrupt pressure inercase
occurcd in the region of 20 per cent chord which, it was believed, was caused by the
shock in question. Thus it was quite certain that the vortex generator positions
tricd covercd the range over which it would be reasonable to expect them to function
satisfactorily.

The fact thet thce above tests did not show any bencficial cffect
vhatsoever on the cascade performance was puzzling as previous tests in a wind
tunnel were promising. Additionally, at about 2.5 pcr cent the drag
increasc due to fitting thc vortex gencrator to the blades was considerably
greater than the 1.7 per cent cstimated (sce Section 2,0), which pointed
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to the presence of undesirable secondary effects., As the tunnel used for
the above tests did not lend itself to the more detailed studies which
would oe requir=d to resolve these ¢ifficulties, a new tunnel was con-
structed, as descrioced below.

5.0 Description of second cascade tunnel

In Section 2,0, it has becn shown that the heignat o1l the vortex
cencrators used in the first tests were too lurpge compared with t.ae ULlade
cherd., To remedy this, the new tunncl was designed to accomandaie L in,
cnord blades — that is fougnly three times the orwglndi size., The tunnel
was constructed of wood, except for che sidewalls of the working section
which were made of "Perspex! (Figure 5).

Te reduce air loxds or Loe blades and tunnel structure, air was
sucked througii the tuanel usin. ~n ejector, instead of b;owlng it through
&8s in previous tests. The fl”v uopa61ty of' tre ejector uscd limited ti
working section area to vougnly 5L sg.in. so that with an aspect ratio of
2 - the minimum woich wonld give acceptable vesults - only three blades
could be used. Becauss of tre saell numbers of blades, the two outer
cladges must operatc unstalled, so it was cssentisl to provide for endwall
suction.  £n attompt wes muce $o duprove the flow in the tunnel at high
cpeeds with a perfcrated wall (Pigure 5), but initial tests showed that
this had little efTect on the Tlow in the tunnel, and it therefore was nct
used,

A coarse gauze was fitted acros:z the tunnel inlet, not only for
afety, but also to increase the tunnel turbulsnce to guard cgainst
Reynolds pumber effects

the blades used in t'.is tunnel were made cf wood to The same sec-
tion ag used beflo

re (1034/55050} put the accuracy to which the aerofoil
profile was minufactured was infervior to thet of the first set of blades
Additionaily, the air locding on the blade ot high tuwnel speeds caused

an epprecicble deflection of the blade ot midspan so that small discrepan-
cies in behaviour botween tihe tvo test series might be expected. In all
cases, the vortex gen.rator atrin was attiched to the blade suriace with
"Burofixh.

L0 enable clear Schlieren photographs to be teken of the low 2}
section of the “"Perspex" tunnel wall by the cescade wos r\oia ed. by glaso,
the letter beinc drilled to accoamodate pins for mounting ihe blades.

/»77

he Sculieren system used was of a simple type using tvwo lenses and a

e

spork light source.

Fixed nitot rekes werce used bo meesure the profile los
centre blade. Rakes mere also iiticd behind the two outer
some tegts o ascertain thet they were unstalled.

The suction at the blade .ads wes =sdjusted in every case until
water Jjets from %-mm tLypodermic tubes projecting trnrough the sidewsll
about 1 in. dircctly upstiean ol toe ond wo blades impacted on the

capective leadin: edges nd split roachly into two equal oarts in

L4
theory, this setting is not quitc corvoect tut it was found o be
quickly and ezsily repeasabie — two gualities ecscenticl in comparabive
testing.
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6.0 Test procedure in second tunnel and results

The test procedure was identical to that used carlier; the orofile
loss wes determined over a ranze of Lach numbers up t. the choking iach
nomber, without vortex Pncrators fit ted and with them fitted in turn at
15 per cent chord and 75 per cent chord {Figure 4) In these tests also,
the blade profile loss was increased consliderably by adding the vortex
generators, although not ag much s 1n previcus tests due, no deubt, to
the relatively smeller generator height. If the vortex gencrator base
had been fitted intc the blade surf:ce, this loss increase would presumably
have been reduced to about 1 per cent of the inlet dynsmic head.

An interesting result was observed when the vortex generator was
fitted at 15 per cent cherd: as the inlet ..ach mumocr approached .6k, the
profile loss rose rapidly, but in the rcegion of hacik 0.7, the lcss dIOLPcC
This phenomencn was not noticzd cn any cther test results of tuls seriles.
On investigating this matter lurther, it was noticed that the lozs peak
occurred when the shock positicn coincided witr the vortex generato r, and
at idgher Mach numbers, when tlie shock wet the blsde surfece furtl
stream no separation occurred. Comparing tﬂt tuctogrs; f: of the low ai
rougily the same Kach nuaber, (Figure 7), it is evideut that thc vortex
generators are, in fact, suppressing sn0pk wnuuced separation, bvut thut flow
separation still occurs further domstisam, so giving -+ gross loss much
greater than in the case whire geparation cccurs &t the snoclk. Judging
from the angles of the waves from the vortex generator, it appears that
separation is inhibited at the shock at lcast up to a iiach numoer of 1.k
so there can be nn doupt as to the correct dispesition of the cenerator,

It wwz noticed during the above tesle thet tho " ouncary layer on
the convex blade surface ne:r bhe trailing edge was unstable. Thus it
was considered possicle that the blade la ding was tos> hicn and the adai-
tion of th: vertex generator drag to the blade upper surface boundary layer
caused a complete flow breckdewn on the rear pertion of the blsde 1o
investigate this, tests were mede on o blade rl identical “f@Ille hut
lower camber - 27~ as agaqut the original 35°. Tests on the plain blade

showed that incipient [{low separaiion wes now absent tut, as in ell previous
tests, fittine the vortex generators increecsged the Grag at =11 Moch numpers:
indeed, «t no time was shock-induced or othsr separciinn noted before they
were titted, put alterwards at all Iach nurbers a separatsd region was
present near the blade trailling cdgc. viviously, as Svis coscade cdesien
did nct exhibit shock-induced roundary layer separation, dding the voitex
gencrators could not improve matters. However, this test dida siwow thot
they were causiag a harmiul bou dary layer disturbance — provenly toickening
the boundary layer - and so, flow ceparaticn,

7.0 Coaclusions

In all the testsdescribed, vertex rencrators ihad o narmful offcct
cn the pericrimence of a cascade of werosmils, cven thoush the primary aim
of suppressing shock-induced boundary layer separation was schileved. This,
it appears, is principly due to a {low separation ot <about 50 pevr cent
chord causcd by the taick beundary leyer following the vortex generator.

Pecssibly, but notvery likely, a different vortex senerator design
having, say, thianer blades and so lower drag nay overcome t.xls dafiliculty
or perhaps even & second row at about LO per cent chord would be cffective

- ' -

in suppressing the separation cbscrved at UC per cent caeord, “owever, on
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the basis of the available evidence, thc scheme of increasin~ the critical
Mach mumber of a cascade blade with vortex generators is a failure.

=
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ATPEVDIX

List of symbols

Total pressure

Static pressure

Blade pitch

Distance measured parallel to a cascade
Air inlet angle to cascade

Boundary layer thickness at which velncity
is 0,95 free stream value
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