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SUMMARY

This report contains a general analysis of same test results on canpres-
gor and turbine cascades., It is shown that both these types of cascades can
bo treated in a similar manncr, and data is given fran which the performance
of any cascade of the related.series of ae}rofoils considered can casily be
calculoted. An altempt has been mads to cxplain variations in behaviour of
cascades, and, appreociating the fastors involved, a fair idea of the perform-

ance of other aerofoil sections can be obtained.
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1.0  Introduction

Although the modern approach to axial compressor and turbine design has
resulted in the fairly extensive testing of cascades of snerofoils, there is,
as yet, no comprehensive theory connecting all the test results on the widely
differing types of _cascades encountered in general practisc. Several rules
have been proposec‘l192:3 which cnsure a satisfactory design of cascade to ful-
fil given functions, and these have been of considerable practical importance.
Their greatest disadvantage, however, hos beon their inability to express quan-
titatively the resudt of small changes from the reconmended values. They have
also tended to over simplify the problem to a certain extent, On the other
hand they have shomm that most types of cascades can be put on to a common
footing, while at the same time avoiding complex and lengthy calculations.
This report extends such work and attemmts to burld up a rational explanation
of the behaviour of oil types of cascades, and presents methods that will en-
able the performance of any cascade having practicol importance to be readily
estimated.

It is important, however, that the limitations which have been arbitrar-
ily imposcd on the analysis should be noted from the outset. It seemed quite
clear to the author that if exact rcsults werc desired some of the more refined
moethods used in conventional asrodynamics would have to be cmployed. Methods
of conformal transformation or extensions to the thin acrofoil theory, to-
gether with the solutions of the boundary layer equations, immediately suggest
themselves in this connection. It is well knowm, however, that these methods
involve lengthy celculations, often extending over scveral wecks before any
useful results can be cobbained. For a designer of multi-stage axial campres-
gsors and turbines vho mey have to consider the performance of several hundred
cascades before the design is finaliscd, such a procedurc is clcarly out of
the question, and therc is a great need for a simplificd theory which can give
results, even af only to the first degree of spproximation, over a very wide
range with a minimum of computation.

It can be argued that simple interpolation of existing test results could
be uscd. This is undoubtedly a wery porerful method, but unfortunately, due
to the large number of varisbles involwved it can only be used in very limited
clrcumstances, and consaderable difficulty is often experienced in practice
owing to the lack of a systemalised series of tests between which to anterpo-
late.

Congsistent with the overriding conditions therc are a number of ways of
opproaching the gencral problem. The first and most obvious method is based
on the assumption that thc cascade consisis of a serics of curved channels.
By consideration of the performance of diffusing or acceclerating bends the
performance of the cascade can then be found.  Apart from the diffaculties
connected with the correct definition of the passage, this method docs not
scen to yicld any very satisfactory results consistently. It would appear
that each channel cannot be considered as an isolated entity but only in rela-
tion to its position in the cascade as a whole. With this condition to be
satisfied the analysis enters a rather detailed and lengthy stage and it is
not considered worth following from a practical point of view.

The second basic method of approach consists of relating the performance
of the camplete cascade to the performance of the individual aerofoils at infi-
nite pitch, i,e. the isolated acrofoil. For very wide pitching it is found
sufficient fto assume the same charactcristics for the cascade as for the iso-
lated aerofoil, using the inecidence based on the vector mean velocity for the
cascade as corvesponding to the incidence of the isolated cerofoll mcasured in
the normeal way, Ior closcr pitching howover the method breaks down Attempts
have beon made to overcome thig difficulty by the introduction of a number of
ompirical factors, but no satisfactory results could be obtained without losing
all relation to the physical conditions.

A more refined method of approaching the problem is to replaco each of the
acrofoils, apart fram the central one, by vortices concentrated at the centre
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of pressure of the asrofoils. The performance in this modified field of
flow can then be estimated more accurately than is possible with simple
vector meen velocity caleulabtions. This method was developed by Betz"*, vho
derived several charts to facilitate the computation. Here again, however,
the method failed to cover a sufficlently lerge range with a suitable degrec
of accuracy. Obviously a greater degree of approximetion can be obtained
by us:mg more vortices with wh::.ch to re'olage the aerofoil, and so dew 7opcd
a scries of methods by Pistolesi”?, Ackeret®, Katzoff ¥ nn and Lawrence
Dicsendruchd ete. ., of varying degrees of a.ccuracyg but all needing excessive
computation before satisfactory results can be obtained. Nevertheless it
was felt that this approach had a fairly sound theoretical background, and a
further investigation. along these lines was conducted.

The method of analysis finally evolved and presented in this report.
is based fundamentally on the vortex replacemgnt idea. One of the exact
mathematicol expressions derived by Betz has, however been replaced by an
empirical one derived by successive spproximations fram the test results.
Purthcrmore, the exact mathematical significance of the solution has not been
rigorously adopted: for instance, although the method purports to relate the
cascade acrofoil with the isolated esercfoil, the isolated aerofoil in this
case is an hypothetical one, and can have no real existence fram which mea-
sured results can be taken. It does, however, form a common dencminator
which will enable us to move frecly from one cascade to another. The lack
of rcal existence prohibits the dirccet use of isolated esercfoll characteris-
tics, and the pertformmance of the hypothetical aerofoll can only be deduced
indirvectly from the cascado results. This is rather important, in as much
as the ideal casce is still far from being achieved, when asrofoils need only
be tested at infinite pitch and the cascade characteristics deduced therefram.

The main snalysis presented in this report has been carried out on the
related series of acrof'oils obtained by superimposing the C.1 base profile on
circular arc camber lines. The co-ordinates of this profile are given in
Fig,1(a), and the method of constructing the aerofoil in Appendix I. The
results would epply equelly well, however, if the C.2 or C.4 base profiles
were used.

Por the most part the general analysis was carri~d out on results pub-
lished in referenccs 3, 9, 10, 11, 12 and 13, though tue results contained in
roferences 14, 15, 16 and 17 together with some wpublished results werc also
referred to. In any general analysis cof cascade tests one urmediately runs
into difficulties arising fram unknowrn tunnel interference effects, due
either to differcnt secondary flows or different degrees of turbulence, and
also into difficulties arising from the different manufacturing ctandards
applied to the blades themselves. The first series of results guoted above
were considered to be the most consistent, and consequently the analysis was
concontrated on thesec, Generally speaking they are what may be called "good"
results, and it is unlikely that a botter performance could be obtained with-
out cxcoptional care in manufecture of the blades etc. In applying this
analysis to practical problems allowance should be made for these conditions.
The results used in the analysis 211 refer to an effective Reynold's number
of sbout 4 x 107, based on outlet velocity and chord.

Although the analysig of test results from these related acrofoils forms
the main theme of the report, some results and comments are presented in the
concluding paragraphs on the effect of changes in the profilc contour.

Except for one modification stamdardlnotation has been used through
this rcport. It has been repeated an Appehdix I for reference.  The excop-
tion 18 the usc of the term "loading factor", denoted by ¥, in place of the
more lengthy expression "1ift coefficicnt based on outlet welocity', denoted,
in ref.3, by Cr{vy)-
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2.0 Estimation of Optimum Incidence and Deflection

2.1 Optimum Incidence

Before dealing with the actual analysis it is necessary to defins
exactly what we mean by optimum incidence Generally speaking, in their
practical application, cascades are operated at the highest possible deflec-
tion campatible with a reasonably low value of the energy loss through the
cascade, i.e. without stalling. Stalling of a cascade is assumed to occur
when the blade loss is twice its minimum velue. This is a purely arbitrary
fipure but allows an exact means of definition. Obviously it is inadvisable
to oporate right on the stalling point and so a naminal defl ction (&%), de-
fined as 0.8 of the stalling deflection (eg) is often used for design purposes
(see reference 18 for instance). While eminently satisfactory from a com- -7~
pressor or turbine design outlooks this definition is again wathout much
fundemental significance. We shall therefore define "optimum incidence" as
that incidence at which the maximum value of the lift/drag ratio occurs.

This avoids all reference to stalling and has same fundamental significance,
representing the point at which the opposing pressure gradicnts on the upper
surfacc of the aerofoll are bocoming too large for efficicnt operation

Now it is well known that for infinitely thin aerofoils the incidence
for maximum 1ift/drag ratio is that at which the front stagnation point is
situated at the leading cdge, since under these circumstances steep opposing
pressure grodients are avoided. While there is no definitc corresponding
criterion for thicker aerofoils with well roundod leading edges, it would ap-
pear that the flow round the leading edge is criterion of the relative quality
of the overall flow conditiona. Furthermorc the flow conditions round the
leading edge are determincd once the position of the stagnation point is knovm.
Tt can be concluded, thereforc, that as with thin aerofoils so with thick
acrofoils, the position of the front stagnation poant is a criterion for op-
tamum incidence, though in this latter case the stagnation point will probably
not be exactly at the lcading edge. (Examination of a number of cascs has
shovm it is ncar the lcading edge, Jjust on the lower surface ) .

Suppose, then, we have a cascade operating at the incidence giving maxi-
mm 1ift/dreg conditions, and we wash to change, say, the pitching of the cas-
cade. If, as the pitch was changed, we could also change the direction of
the incident air strcom such that the front stagnation point remained fixed on
the acrofoil contour, we should in all probability find that the new incidence
would be the correct one for maximum 1ift/drag conditions at the new pitching.
We have at our disposal, therefore, a methed of making small shanges to cas-
cade geametry, and still being eble to determine the optimum incidence; and
vhat is more, the method is dependent only on the potential flow round the
aerofoil. Thile this can be determincd theorctically, the standard methods
of solving the problem are, as stated in Section 1.0, too lengthy for prac-
tical application, and so the followring modification to the vortex replacement
method was devised to facilitate calculation.

Consider a cascade of serofoils operating at optimum incidence, concen-
trating in parbticular on any one aercfoil of the serics, which we will place
at the origin. We can replace cach of the other acrofoils by vortices of
cqual circulation, situated at the centre of prossure of the actual serofoils,
as showm in F:Lg.le The central aerofoil will be acting in the flgw field
of thesc vortices, tho potential function of the field being given by

o = 2 15 {Sin (%)/z} RN €

The change in air direction at any point brought sbout by this field is
given approximately ‘g;i; '

pAa = wm/Va O )

where vy is the velocity perpondicular to the redius vector at that point.
In particular, for the leading cdge

m¥ x CL

—— rad A &)

8i= w/fm =
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Values of w® {equal to velue of vn for unit circulation and pitching)
as derived from equation (1) have been charted by Betz',

Now suppose that the pitching of the blades is changed slightly; AL
will be changed oocordingly, snd in order to keep the stagnation point fixed
as this change is being male, we must give an equal and opposite change to
the incident air stream 1.e,

igpt = dopt = M - AL OO ¢

where the dashzd symbols refer 4o the new conditions. Al and Al' can te
calculoted from equation (3) sbove. Alternatively, referring to infinite
pisch, Al! = O and so '

io:;}t = ioptoo + 4l Ceeseraiesres (5)

3incc stagger can have no effect on the flow at infinite pitch, the op-
timum valuc of lopk, is a constant for any given blade. Hence the optimm
incidence can in theory, be calculated for any cascade so long as igpé,, is
known for the particuler blade.

Using the theoretical wvalucs of 4, igpt,, was calculated for cach type
of acrofoil of the test resvits quoted in section 1.0. The aerofolils for
which the test results covered a wide range of pitching and stagger showed a
considerable scatter in the values of iopt, . It was noticed, however, thal
it vros always stagger vhich produced the most marked varistion, and that
samilar tendencies were apparent for all types of aerofoils. A mcan value was
thorefore assumed for’ cach acrofioil, and a feow functaion of vp® caleulated.

A mean wvalue of this function was assumed, and by repcating the process sev-
eral times an cmpirical function for vn® was found which was independent of
the type cf blade, and which when used in caloulations gave values of iopt.,
lying within permissibic 1limits., In Fig.2 the ompirical wvalues of vn® so
derived are plotted against stagger for verious volues of the pi’cch/chord
rabio. The values of igpt, corresponding to this ecmpirical function are
plotted in Pigs.3 and 4 for cambers of 25° and 55¢, and 85° and 115°respec-
tively. It wili be noticed that the scatter is vwathin reasonsble limivs and
guitc rendem, there beang no tendency for stagger or pitching to produce any
systomatic versation of iopt,. The constant value assumed for each of thece
cambers has also been marked on these curves and in Fig.b Loptos, hag boen
ploited against the camber angle (8). Tt ic thus possible to deduce from
F1gs.2 ond 5 the optimum incidence for any cascade built up of the C.1 base
profile on a circular arc camber line.

2.2 Doviation and Deflection

Krowving the cptimen incidence (iopt) it is only necessary fto determine
the dovietion () in order %o canpletely relatc the Flow engles to the blade
angles. Fortunately the deviation iz only conditioned by Joukowski's hypo-
thesis of stagnation at the trailing edge. o {actor agnin dependent only _con
the potential flov round the acrofoil, and scveral well knowm ruicsst »20
have boen formulated which readlly give its value. The rule at present in
use in I,G,T.E,<0 exprosses the deviation as

5= mo/s/c for Compressor Cascades)

§= mos/ec for Turbine Cascades

where m 1s o function of the position of maximum camber and stagger and has
been plotted in Fig.6, As it stands this rule introduces a discontinuity
betireen turbine and compressor cascades which does not exist in practise.
Potential flov calculatzons would suggest a lincar variation of deviation
with piteh/chord ratio, for compressor as well as turbine coscades, while the
test results would suggost a rule of the type

5= mo(s/c)™ et A7)
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vihere m and n are both functions of the stagger., The discrepancy is probably
dve to three dimensional effects in the test results. 1In view of this and
the inevitable large scatter of the test yesults it is considered more con-
venient %o use the simple forms given in equation (6) rather than the more com-
plicated one. Carc should be taken in using these rules in border line cases,
however., Once the deviation is known, and the optimum incidence determined
ag in section 2.1, the deflection, 1if't coefficient, loading factor etec., can
casily be calculated.

3.0 The Porformance at Optimum Incidence

The analysis so far described is sufficient to enable us to estimate the
optimun conditions for any of' the cascades of related aerofioils with which we
ave concerned. It tells us nothing. however, of the actual performance at
that incidence, and how this is dependent on cascade geometry. Now it has
been shom?:? that the mein criterion of the cagcade performence is its load-
ing factor (y). (Wotc. In ref.3 this was denoted by CL(y,) and designated
"1ift coefficient bascd on outlet velocity" - but see Section 1.0)}. The cal-
culation of this factor is easy and straightforward but unfortunately it is
not the camplete criterion and several small corrections have to be applied
before a suitsble parsmeter can be determincd. These correctlions are con-
sidered independently in the next two sub-sections.

3.1 The Pitch/Chord - Thiclmess Correction

The pitch/chora - thickness effect iz now well knom, and need not be
treated in any great detail here. As explained in ref.3 it is due mainly to
the relatively smaller passage arca cncounlered at closcr pitching of the
sorofolils. This gives rise to an increase in the drag coefficient, and a
roduction in the loading factor as comparcd with their eoffective values at in-
finite pitch, Semi-emplrical expressions have becn derived connecting the
actval values of these parameters with the corresponding value at infinite
pitching, as follows:-

ﬂroo = wx '6_3"/"0—1 -il--l-ooao-o(B)
s/
6 s/c
= C .- assasrseasn [P
Dy Dp * g T (9)

Por the derivation of these equations the reader is referred to the ori-
ginal work (rof.3). Theso cxpressions will be used later but mearwhile it is
neecessary to examine a second correction to the simple ideas.

3.2 The Stagpor Correction

According to the theory presented in ref .3 expressing all quantities
relative to outlet conditicns eliminatcs the differences between compressor
and turbinc cascades, and puts both on a camon footing. This is not. how-
gver, strictly trve, and it is rather inbercsting to examine the effect of
changing the stagger on the porformance at the optimum incidence, and to re-
latc it with the typc of performance at infinite pitch.

Let us consider a very simple case, and assume thet we have an isolated
aerofoil which has the idealised trianpgular pressure distribution shown in
Pig.7. Mo suppose that this aerofoil is employed in cascede. We can re-
placce each of the acrofeoils, cxcept one by voritices as before, and since we
arce only dealing with 1lhe qualitative effect it will be sufficient to consider
on"y the adjacent vortices. The cascades may then be represented by the sys-
tems shown in Fig.7. Although only two cases are considercd here the series
of cascades formed by a gradual change of stagger can all be represented and
will in acbual practisc, form a gradusl transition between each of the cases
quosed.,



.-.9_

Fig.7(2) shows the major velocity fields on the surface of any aerofoil
due to the vortices representing the adjacent aerofolls of the cascade. In
scme cases it will be noticed that the induced velocity augments the basgic
velocity on the agrofoil surface, and consequently gives rise to a reduction
of the local static pressure as at the points marked (1) and (4) in Fig.7.
In other cases the induced wvelocity opposes the bagic wvelocity and there is
an increase in the local static pressurc as at (2) and (3) in Fig.7. 4s a
recsult of this wveloclty field the pressurce distributions of the aerofoils in
cascade will be modified as showm in Fig.7(b). In particular it will be
noted that the compressor cascade will tend to have a "peaky" pressure dis-
tribution on the upper surface of each aerofoil, while the reaction turbine
cascade will tend to have a more rounded distribution, with the peak suction
well back fram the leading edge of the aerofoil.

The low speed stalling characteristics for different types of pressurc
distributions have been discussed by Squire and Young?l and others. = Genocr-
ally spcaking the peaky distribution is knowm to give a repid stall, while
thoe more rounded form of distribution gives a more gradual stall. The loss
versus incidencc curves for these examples will therefore take on the form
sham in Fig.7(c). PFurthormorc, transition fran a laminar to = turbulent
boundary layer ususlly takes place just after the peak suction point, and so
onc would expect the compressor cascade to have a mainly turbulont boundary
leyer, and conscquently a samewhot lower 1ift/drag ratio than the turbine
cascude where quite a substantiad portion of the boundary layer would be
laminar. I, hovever, the pressure distribution should became too rounded,
the boundary layer will not e able to negotlate the stecp gradient ncar the
trailing edge, and separation and high loss will ensue. The 1deal case will
be obtained, of course when the boundory layer remains lominar over as large
a portion of the aerofoil as possible but transition occurs immediately bo-
fore the diffusion begins. The turbulent boundary laycr should then just,
but only just, be able to overcame the diffusion.

It must be emphasised that thesc notes represent a very sumplified ver-
sion of whal actually occurs. The basic pressure distribution is alwaoys
much more complicated than the simple triangulor form assuned here, and the
pitch/chord-thickness correction and the sbagger correction should really be
considered simultaneously. In spite of this the fundamental change in per-
Tormance between the different types of cascades can easily be followed from
simple vortex idecas. An oxample of the practicol results is showm in Fig.8
where the exact pressure distribution (from potential flow calculations) and
the test loss against incidence curves have been plotted for two representa-
tive types of cascade. It will be noted that they closely follow the simpli-
ficd version cited sbove, The change in performance following a change in
stagger is for too camplex to permit a single quantitative corrcetion factor
as was posgsible in the case of the thickness—pitch/chor& effcct. Stagger
(ox' outlet angle) will, therefore, have to be considered as one of the em-
pirical parsmeters for evaluating cascade performance.

3.3 Scale Effect.

The fact that any type of prossurc distribution, from the "low drag" to
the "high 1ift" varietics can be obtaaincd on the same aerofoil by suitably
choosing the stagger and pitch/ohord ratio makes any gerneralisation on scale
effect impossible. It is obvious that the critical Reynold's muwber will
very from cascade to cascade. and for practical applications the largely un-
known turbulence factor meke quantitative work even more difficult. For
canprossor cascades fhe craitical Reynold's number appears to be sanevhere
between 1 and 2 x 107, based on outlet wvelocibty and chord. The critical
Reymold's number for a compressor, however, appears to be only about one
quarter of this value. This is probebly duc to woke interference and the
high turbulence of the mainstrcam, With turbince cascades, on the other
hand, we may well encounter large regions of laminar flow at quite high Rey-
nold's numbers, and cascade tests on turbine blades do shew marked scale
effects. Similar observations have becn made on turbines.
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As stated in section 1.0 the effegtive Reynold's number, based on chord
and outlet velocity was 3.5 to 4.5 x 10° for the test results used in the gen-
eral analysis. This is sbove the critical value for campressor cascades and
also just above the critical value of 3 x 107 for the turbinc cascade test re-
sults of ref.22. ©Even so some of the phenamenally high efficiencies of some
of the turbine cascades is probably due to a substentially leminar boundary
leyer at these Reynold's numbors. Some of the very low officicnecics may also
be duc to leminar flow, ond carly separation., Due allowance should be made
for this whon applying the results.

3.4 Performance Curvcs

Before dealing with the generalised performance curves it should be
pointed out that it is more convenient vhen epplying cascade results to cam-
prossors end turbines, to xefer the performance to the fluid outlet angle,
rather than the stagger angle; for the fluid angle is a measure of tho swirl
in the machinc, and hence dofines tho type of cheracteristic that will be
obtained,

Consider, then, the optimum performance of a series of cascades which
all give the smme f£luid outlet angle. As the camber of the blades is increa-
scd the optimum 1ift coefficient will also increase. Likewise the 1lift/drag
ratio will increase at first, but will reach o maximum and then start decreas-
ing as the loading on the blades beccames excessive. In Figs.9, 10 and 1l the
test valuss of the 1ift/drag ratio, modified to the corresponding valuc at
infinite pitching by means of the relationships of scotion 3.1, have becen
plotted against the loading factor, also referred to infinite pitch. Separate
plots have been pregented for cach of a series of fluid outlcet angles, but
many voried values of the test pitch/chord ratios have been used on cach plot.
Each of these has beecn denoted by a distinetive symbol. It will be noticed
that the correction factors of section 3.1 have been sufficient to bring all
the points close enocugh together to enoble a single cwrve to be dravm through
them for each fluid outlet angle., It will also be ncticed that the scatter
of the points is random, and no fundamental variation is spparently being ig-
nored by this procedure. Assuming the curves dravm sre represcentative, 1t is
possible to construect a chart, as shown in Fig.12, in which the lincs of con-
stant 1ift/drag ratio have been plotted with the loading factor and £1luid out-
let angles as raference oxes., Given any two of these quantitics the third
can then be determined. All wvalues apply, of course, to infinite pitching,
and must be corrected to the requircd pitch/chord ratio by the usual method.
This has been done in Figs.l3, 14 and 15, for pi’cch/chord ratics of 0.5, 1.0
and 1.5 respectively. Plotted in this way it is belicved that the curves
convey more than the unigue relatiovnship of Fig.l2, bubt interpolation for
othor pi’cch/chord ratios is carricd out more gaesily fram the original chart.

An cxemination of the gencral shope of the contours in Fig.12 is rather
intercsting, and checks up with the caments of section 3.2 remarkebly well.
It will be noticed that the peak valuc of the cfficiency or 1ift/drag ratio,
increascs towards the turbine region, reaching a meximum at a fluid outlet
angle of cbout -40°, For fluid engles less than about -~ 50° the efficiency
folls off wvery rapidly, due to the stecp gradicnt at the trailing cdge associ-
abed with very convex pressure distributions. The upper limit of efficiency
is due, of course, to the excessive loading of the blade and the consequent
breakavay, but the lower limit is due to a low work ceapacity rathcr than to
any very narked increage in drag. Sane furthor remarks regarding these con-
tours are made in the general caments on the analysis at the end of the re-
port (section 6.0),

4.0  Performance st Other Incidences

Next to the optimum incidence the most important point on the charac-
teristic is the stalling incidence. It is self cvident that stalling is due
to a certain increase of loading gbove the optimum, and that the incidence
increment is a suitable measure of this. Furthermore it would scem rcason-
gbic to suggest that the offective loading factor at the optimum incidence
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will be a good criferion of the additional load that can be borne by the acro-
foils before they stall. In Pigs.16, 17 and 18, thercfore, the incidence
increment between optimum and stalling incidence has been plotted against the
offective loading factor for various wvalucs of tho cutlet angle: The scattor
of the points on same of these plots is considerablc. This may, in part, be
due to en inesdequate definition of stalling (scc section 1.0) Dut is also
probably largely due to the fact that stolling is an unstable process, for
which no exact quantaitative analysis is possible, The scatter was quite ran-
dan, neither of the various varisbles exerting ony dcfinite trend on the re-
sults, so straight lines were drawm through the points as representing the
best mean velues. From these lines the general chert of Fig.1l9 was preparced,
which gives the incidence increment at stalling for all values of the loading
factor and fluid outlet angle. Tho general tendency for the incidence dnere-
ment to increase towards the turbine region is again in agccordance with the
peneral ideas presented in scetion 3.2.

Once the optimum and stalling incidence is known, the characteristic is
virtually dotermined, the oxact variation of loss between these two points
being largely immaterial. Quitc a good approximation to the actual curve
could be drawn in fram cxpericnce, but as a guide Fig.20 shows the type of
variation to be cxpeeted between thesc two points. Tt aas been derived on
the agsumption that all loss and deflection against incldence curves arc
geomotrically similar and mean values taken. It is considercd that this
curve is sufficiently accurate for most practical purposes.

No attempt has been made to cstimate the negative stalling incidence
of this series ol cascades. No reliable parameter has yct been found and
further work is nccessary before a sultablc method can be cvolved.

The curves given in Figs.2, 5, 12, 19 and 2Q are, howover, sufficient
to previde the most important portion of the low speed performance charas-
teristic of any cascade of blades having the C.1, C.2 or C.4 base profile on
circular arc camber lines An example of the calculation of a samplc charac-
teristic is given in Appondix IT

5.0 The Effcct of Modifications to the Profile

In the preceding analysis we have becn concerncd only with the scories of
cascades formed by superirposing the C.1 base profile on circular arc camber
lines. Very often other profiles have to be used, and so in this section we
shall exerdne, very briefly, the changes in performance to be cxpected framn
any change in the profilc. Provided a gocd contour i1s maintained test ovi-
dence would suggest that small alterations to the acrofoil profilc will have
little effect on the ovorall performance. This leaves only the major vari-
ables which can be cnumerated as follows:-

(1) Icading Edge Redius.
(2) Trailing BEdge Thickness.
(3) The Moximum Thickness.
(L) Thel Position of the Maximum Thicknsss.
(5) The Positiun of the Maximu Camber.

Of these the first two are of mincr importance at low speeds provided
they lie within the normal range. The leading edge radius nay be expected
to affect the performance, but it would seem that a good form is of more im-
portance than anything else. At high speeds the leading edge contour is
probably far more critical.

Trailing edge thicknesses up to 20 of the maximm thickness appear to
have little effect, and as this should be well within mamufacturing tolerances
1ittle further neced be done sbout this feabture. The romaining throe variables
do, however, appear to have a morc substantial effect on the perfommance, and
are considered separatcly in the next two sub-scotions.



- 12 -
5.1 Maximum Thickness

In connection with this ibem ve have to consider as noted above both
the position uf the moxumue thickness along the chord, and also its volue
Very little information cxists regarding the former o single test (ref.11)
and some very little theoretical worlk (ref.20) being o1l available. Both
these sources of information agrec however that moving the posation of maxi-
mre thickness back tovards the troaling edge 1s ted for the 1o speed perfor-

ngnce . kile not changing the optimum performance to any noticuable cxtent
it considercbly reduccs the vorking range Any advantages thal moy arisc

froan changing the position of maximum thickness nnll appear at high specds
only, and scme compromise may be ncccessary on this account

A 1ittle more informetion docs cxaist concorning the off'cet of variations
in the magnitude of the maximun thiclmess. It is, however, very scattcered
apd not altogether conclusive. According to the idcas of ref.3, rceapitula-
tod an Scetion 3,1, the pitch/chord - thickness corrcction implies a better
performnance for thinner blades on account of the relatively larger passoge
arca. ’12‘ 1s has rcceived sane supoort from tests on sheet metal blades for
corners where they are shown to be bettcr than faired sections, They are
of coursc, only working ot a fixed incidence, whilch caan be suitebly adjusted
Camplete cascade tests, however, show that whilc the loss through the coscade
is reduced by the usc of thinner scctions, so too is the maximunr permissablc
bladc loading. The rcduction in tho optimum loading factor may be quite
lerge, as shom for instance in Fig.21(a), where the loading factor and the
Lift/drag ratio have been plotted sgainst moximm blade thicwmess, It will
be noticed that the officicney is roughly constant for tho thinner scctions
but falls off rapidly with incrcase of thickness chord ratio much above 1(fe.
At high spceds Mach No. offcets accentuate this tendency.  Some Reynold's
Nusber effects ore suspected in the tests quoted but they do lay crphasis on
the fact that carc should be taken in using sections whosc maxamum thickncas
varics grestly from conventional values, particularly if they are thick
sections

_5.2 The Pogsition of Maxirmmm Camber

Rather more information is availeble on the cffect of noving the posi-
tion of maximwunm camber. The work of tho Stcar Nozzle Research Corydittec
(rof.24) contains much that is of a relevant nature in the turbine range,
while the theoretical work of ref,20 and the test results of refg.ll. 25, 26
give a good deal of information on compressor cascades. If any generoliza-
tion is possible it would be to the effect that moving the position of moxi
mun camber forward tends to nroduce higher veleccitics, or lower pressures.
near the leading cdge on the upper surface of the serofoil This is duc. of
course to the greater curvature in that region with that type of acrofeil,
1t will be romembercd from scetion 3.2 that inercasing the fluid outlet angle
also produced higher velocitics ncar the lcading edge on the uppor surface
hoving the position of maximum vsmber forward can thus be regarded for quali-
totive purposes as Ccquivalent to operating at a higher fluid outlet engle.
For example, iith the so~called parsbolic blading (i.c. position of moximum
cerber 405 chord from the leading cdge) the comtours on Fig.12 would be moved
to the left with respect to the fluid outlet scale., This type of aerofoil
is often used and it would have been desirveble to have the 1ift/drag contours
for it corresponding to Fig.l2 for circular arc camber lincs. Unforbunaetely
not suffaicient results vore availablc to detormine the curves adcquately, and
80 a certain amount of "intelligent anticipation" will have to be uscd in de-~
sign work. Fram the results that were aveilable, however, it was possible
to produce a tentative curve of iontm agoainst camber angle (6), and this has
been shom dotted in Fig.,5. The empairicel function for vnf uscd for circular
arc comber lines appears to be cqually satisfactory for varabolic ceamber lincs.
A serics of tests iz at present being carrmed out at NL.GJT.E, on cercfoils
t7ith parabolic camber lincs, and from the results the cofficicncy contours wall
be determined accurately.

3]
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The different types of pressure distributions obtained from the various
positions of the point of maximum camber can be used to counteract any un-
desirable features in the distribution that may occur at some fluid outlef
angles, Combinations of the position of maximum camber and the fluid outlet
angle logether with the resulting vpper surface pressurc distribution arc shown
inPig,22, If a more or less constant distribution without any steep gradient
is wanted and this would oppear genorally desiraple, one would expect the
position of maximum camher to be well forward for low fluid ocutlet angles and
further back for high fluid outlet angles. This avoids steep gradients at the
trailing edge with turbine cascades and excessive peakiness with compressor
cascades, as shown in the figurce. It has been known for some timozﬁhat plenty
of curvaoture nsar the leading edge is desirabls for turbane nozzles,; and
recently the advandages of reducing this curvature for comprossor cascades has
been appreciated. The aintermediate types of cascades can be cxpectod to fall
in between these two cxtremss, and in Fig.21l(b) a very tentative curve has
been drawa showing the variation of the position of maximum camber with fluid
outlct argle, The normal recommended point derived from some unpublisncd
resulis and a point derived from the results given in ref. 2L have been taken
as cae basic points on this curve, but the actual value of the second point
rust he regarded with suspicion. It is intercsting to notc how the
conventional type of turbine blade design (i.c. circular arc and straight
linc comstruction) scems to fall in with the general shape of the curve.

These remexks on profile modifications arc neccasserily sketchy as test
information is almost non existont. An attempt has been made, however, to
note the gensral tendencles that will have to be obscrved when designing
cascades of such blades. These tondeneics should be borne in mand when
considering the general notes of the next section, which apply to the standard
r¢lated series used for the main analysis,

6.0 Some General Comnents

It is very difficult, if not impossible, to produce design data vhich
will have universal application, and coch particular case should be considered
on ks own merits. In most cases, however, the desirable feabures will be a
high effaciency, and a bigh work capzcity. The highest efficiency for any
wype of coascade can be obtained with a design located on the top of the "ridge"
of contours in Fig,22., There will always be a lendency, however, to sacrifice
some efficiency for a high work capacity, i.e. to work slightly below the top
of the ridgo on the high load side., While this may bs quite suitable for
certain applications, the dangers of such a practice should be noted. The
reduction of efficiency at hagh loading is due to incipient breskaway, and this
Implies a rather unstable stabtec of the boundary layer on the upper surface of
the acrofoil. Standards of acrofoil surface finish can therefors be expected
to have a marked influencc on the amount of breskawsy that occurs in such
circumssonces, A fairly high standard of wanufacturs was maintained for all
whe acrofoils whose test results were vsed in the general analysis of this
roport, so any signs of an efficiency curve falling with incrcased loading must
e rogarded as o danger sign. Poor blaede manufacture may well produce
disturbances that will convert incipicnt into complete breskaway. In this case
the actual performance will be considerably worse than that given by the general
surves,

It should also be noted that overloading i1s more dangerous with a concave
pressure distribution than with a convex, because most of the boundary layer
vwiill be near the separation point, ond any disturbance will cause the breakaway
%o occur well forward with a morked reduction in efficiency,  Breskaway is
only likely vo occur near the tralling edpo with a convex distribution, however,
ard the loss in efficiency will not then be so great,

An cxamplc of what is likely %o octcur in practice is shown in Fig.23,

In this figure the salient performance parameters have been plotted against
blade camber for cascades having o pitch/chord ratio of unity and giving a

fluid outlet angle of 20°. “The curves in tuis fugnrs hove been derived from
the goneral curvos given ecrlier in this report.  Although defainite curves

have boen draown, it can easily be avpreciated that above cambers of about

35 - 40°, where the drag is beginming fo inecrease rapidly, ro guarante. of
pertormance can be mede, Thes us well 1llusiraded by the nominal deflection
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curve, for olso plotted in Fig.23 is the equivelent’ naninal deflection curve
derived from same unpublished low speed results cbtained fram No.2 High Speed
Cascode Tunnel. The blade chord was only 3" in these tests, and so the ac-
curacy of manufacture necessarily suffered a little and this is probably the
cause for the difference in deflection for cambers above 35 - 40° obtained
fran this tunncl as campeared with the ccloulated walucs. The corresponding
drags wore not measured in No.2 tunncl and so a compardison of these cannot be
made, but they would probably be much higher than calculated fram the gencral
curves. Tho necessity for keeping well away fram this danger zonc unless
conditions are closely controlled is clearly illustrated by thesc results.

The calculation of the appropriate cember, stagger, and pitch/chord ra-
tio required to fulfil any given duty is rather tedious though quite straight-
forvrard. A sct of charts, giving similar information to that preserted in
Fig.23, has therefore been prepared. These cover a wide range of outlet angle
and pitch/chord ratio, snd will be issued in a separate note.

To give sane guide to the corrclation between the results of this analy-
sis and the test results cbtained in other tunnels the following table compares
the caleulated values with some test values that werc obtained recently and
which were not used in the analysis.

Cascade Details

Source  Acrofoil 4 s/c iopt % (I/D)max Tata1l
- . (Test  +5.0°  36.0 L7 +10.7°
lOCl.,!/Z_JC5O "'142-5 0-75 (Ca_lc. +J+.O° 36_50 l;.? + 8'90
Ref 25

(Test  0.0° 34.5° 48 + 6.5°

100L/25P40  -37.6 0,75 (Qale. +0.8°  34.8°
(Test -1.0  15.7° 45 + 4.5°
1001/40C50 -2k .6 1.0 (Calo. -3.6 1,.7° 62 + 3.3°

The camplete calculated and test characteristics for the two cascades of
circular arc blades arce given in Figs.24 and 25. It will be seen that the
results fran these differing sources arc substanticolly in agreement with the
calculated values. Small differences that do exist can be attributed to tun-
nel cffects (or possibly to some Reynold's mumber cffects though this is un-
likcly) . Por instance in Fig.26 the calculated and test characteristics have
beon compared for a cascade of 1001/ LOCS0 serofoils at a stagger of =27.5° and
o pitcﬁ?éhord ratio of 0,.9%. The test results were taken fran ref.9 and were
wsed in the analysis. Agreement is very good and somewhat better than that
cbtained with the results from No.6 High Speed Tunnel (Fig.25) although the
cascados werc very similar.

Finally it should be menticned thaf it wos rather unfortunate that the
scrics of aercfoils we have taken for the general onalysis is not really repre-
scntative of turbine practise., For the rcasons given in section 5.2 it would
be impossible to pick a series ideally suiteble for both compressors and tur-
bines, and the cholce in this particllar case wos grently influenced by the
amount of test information availeble. It is anticipated that a similar analy-
gis could be carried out for rore suitablce sections when sufficicnt test data
has been accumulated, .

7.0+ Conclusiocns

It has been shown in this report that a general analysis of cascade in-
formmation is possible, and that this analysis can be applied to turbine and
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An attempt hos been made to explain the behaviour

of various types of cascades and data 1s given from which any cascade of asro-
foils having the C,1, C.2 or C.4 base profile on circular sre camber lines cen

easily be calculatbed.

Appreciating the fundamental factors involved it shouwld

be possible to make a ologse estimate of the performance of other soctions, and
so to gain same idea as to what improvements can and cannot be mede.
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ATPENDIX T

Notation

distance of point of maximum cember from L.E.
maximm camber.

chord.

incidence.

radius of curvature at L.E.
radius of curveture at T.E.
blade gpacing or pitch.
blade maximum thickness.
drag coefficient.

1ift coefficaent.
theoretical 1ift cocfficient.
leading edge.

Mach Number.

static pressure.

total head pressure.
Reynold's Number.

static temperature.

total head temperature.
trailing edge.

turbulence factor

velocity, Vo Vm Vi, are axial, vector mcan,
and whirl velocibtics respectavely.

air angle

naninal fluid angle.
optimum fluid angle.
vector meon fluid angle.
blade angle.

deviation.

stapger.

camber.

camber inlet anglc.

camber outlet angle.
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¥ loading factor.
W loss of total head,
AP local stabic pressure minus free streem

static pressure.

x denotes naminel conditions (see Section 2.1).
Suffices

m vector mean values.

opt optimum values (see seotiom 2.1).

1 inlet to cascads.

2 ocutlet from cascade.

Asrofoil Nomenslature

The namenclature defining the aserofoil is best
illustrated by the example

10GY/ 40050

Here 10 denoctes the maximum thickmess (t) in %
chord; Cl denctes the base praffiile; 40 is the cember
angle (6) in degrees; ¢ denotes a circwlar arc ocmber
line and 50 the position of maximum cember (a) in &
chord from the leading edge. The two forms of camber
line normally used are circular arc (denoted by C) and
parsbolic arc (denoted by P).

To construct the aerofoil the ordinates of the
base profile are multiplied by the ratic of required
maximum thickness divided by the base aerof'oil maximum
thickness and are then plotted narmal to the chosen

camber line, stetions being taken along the cember line
itaelf,
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IPEEDIX IT

The Calculation of Cascade Jharacteristics

As an example conspder the calculation of the characteristic for the
follovmng cascade -

Aerafoil 1004/25C50
Stegger =42 5°

Pateh/Chord Ratio O 75

Blade anlet angle (By) 55¢
30°

The deviation & =m6/s/c%0 30 x 25 x /0 75 = 6 5°

Biade outlet angle {B.)

where m is obtained froam Fig 6
Fluid outlet angle (up) = Bo + & = 36 5°

The calculation of the optimum incidence cannot be done directly and a method
of successive approxamations will have to be used For most cascadecs an
gencral uge 1t wvill be found convenient 1o assume lopt = ° as a farst
approximation

]

lst {pprosimition lopt = ¢°

Glop't; = 550
g - 185° and 01, = 0 697
a9 = 36 5°
*xa
Qg SERL A x b7 3°
2x g/c

- 0 207 X 0.691 ® 57 50 - 5 50
2 x 075

where the value of v," has been tken from Paig 2 for the gaven values of stag-

zer end pitch/chord ratio  But lopte for © = 25° = -2 8° fram Fig 5

whence igpt = +2 7° as compared vith n assumed v~lue of 0° Usaing this
volue of 1opt & sccond epproxumation cen be found and so on A certain
amount of "anticipation" rcduces the number of approximations necessary

It 18 rcadaly seen that incore sing lopt 1ncreases Cr, and hence & But

lopte, Temains constant for the blnde Hence let us the o slaghtly hagher
value of 1opt tor the second aporoximation = 4 O° say

2nd Approximotion  lowt = 4 0°

atopt = 59 C

e = 225° and Cf, = O 885
an = 365
Thence 4, = 6 8°

68 - 28

It}
£
Q
)

H

and  1opt
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Optimum Conditions are

Fluid Inlet Angle aj 57.0°

36.5°

Ik

Fluid Outlet Angle ao
The loading factor (V) = 1.39
Therefore V., = ¢ X _if_’[c’_ = 1.79

whence (I/D) = 77 (from Fig.12)

and igga1y = lopt = 4.9° (from Fig.19)

f . ( 2
so that we get |2 = I.I.J.! x 168fe =11 _ -
|:D fDI o) S/c
U7 Jmex L dea
giving Cp = CL/L = 0.885 = 0.0188
yal L7
n
or w/in? = S x 29 L o 0o
s/c Cos’u,m
0.025
and iStO.ll = iop-t + (iS'b&ll - iOPt) = +)_'_.00 + #.90

+8.9°

From these velues the full characterictic, geametrically similar to the curves
of Fig.20 can be dresm in os shown in Fig.25.
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FIG. 2.

NORMAL VELOCITY COEFFICIENT.
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INCIDENCE AT INFINITE PITCHING

OPTIMUM

FIG.S.
OPTIMUM INCIDENCE AT INFINITE PITCHING.
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FIG. 6.
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FIG. 7

EFFECT OF STAGGER ON CASCADE PERFORMANCE.

N
COMPRESSOR ISOLATED

(@) SCHEMATIC REPRESENTATION SHOWING MAJOR INTERFERENCE
EFFECTS OF NEIGHBOURING AEROFOILS.
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(b) PRESSURE DISTRIBUTIONS. ON UPPER SURFACE RESULTANT OF
MAINSTREAM AND INDUCED VELOCITIES TENDS TO PRODUCE A
CONCAVE PRESSURE DISTRIBUTION IN CASE OF COMPRESSOR CASCADE
AND CONVEX DISTRIBUTION IN THE CASE OF A TURBINE CASCADE.

LOSS
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INCIDENCE —=— INCIDENCE —=

LOSS v INCIDENCE CURVES. PRESSURE DISTRIBUTIONS OF FIG. &)

WOULD INDICATE SUDDEN STALL FOR COMPRESSOR CASCADES AND
SLOW STALL FOR TURBINES. ALS0 LARGE REGION OF LAMINAR

FLOW AND CONSEQUENTLY HIGH LEFT / DRAG RATIOS IN THIS CASE
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FIG.R.
GENERAL PERFORMANCE CURVES.

Ci C2 OR (4 BASE PROFILES ON CIRCULAR ARC
CAMBER LINES. MAXIMUM THICKNESS 10% CHORD.
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STALLING INCIDENCE ~ OPTIMUM INCIDENCE = LOPT~ g

INCIDENCE.
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FIG.20
LOSS & DEFLECTION v INCIDENCE.
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FIG.2I.

(@) _EFFECT OF AERFOIL THICKNESS
ON CASCADE _PERFORMANCE.
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FIG. 22
COMBINATIONS OF FLUID OUTLET ANGLE
AND POSITION OF MAXIMUM CAMBER,

POSITION OF MAXIMUM POSITION OF MAXIMUM
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FIG. 24.

COMPARISON OF TEST AND CALCUWATED

CHARACTERISTICS.
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IG. 25

COMPARISON OF TEST AND CALCULATED
CHARACTERISTICS.
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FIG. 26.

COMPARISON OF TEST AND  CALCULATED

CHARACTERISTICS,
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