UNCLASSIFIED

AD NUMBER

ADB805722

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Di stribution authorized to DoD only;

Adm ni strative/ Operational Use; JUL 1947. O her
requests shall be referred to National
Aeronautics and Space Adm nistration,

Washi ngton, DC. Pre-dates formal DoD

di stribution statenents. Treat as DoD only.

AUTHORITY

NASA TR Server website

THISPAGE ISUNCLASSIFIED




1LY RV

v

AUTHOR'S PERSONAL .COP X

P 5l

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

TECHNICAL NOTE

No. 1376 x 7S PERSONAL COPY]

COMPARISONS OF THEORETICAL AND EXPERIMENTAIL LIFT AND
PRESSURE DISTRIBUTIONS ON AIRFQILS IN CASCADE
By S. Katzoff, Harriet E. Bogdonoff, and Howard Boyet

Langley Memorial Aeronautical Laboratory
Langley Field, Va.

T@lhﬁ?

Washington
July 1947




NATIONAL ADVISGRY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1376

COMPARISONS OF THEORETICAL, AND EXPERIMENTAL LIFT AND
| PRESSURE DISTRIBUTIONS ON ATRFOILS IN CASCADE

By S. Kaetzoff, Herriet E. Bogdonoff, and Howerd Boyet
SUMMARY

Comparisons of theoreticel with experimentel sirfoil 1ift
coefficients and pressure distributions were made for itwo cescades
of entrance vanes and three cascades of blower blades with
NACA 6-series airfoils, and for one cagcade of burbine blades.

In generel, the experimental 1lift coefficients were considerably
less than the theoretical 1ift coefficlents, and the differences
were greater then the differences betwsen the theoretical and
experimontal values for the isolated airfolls. The pressure
distributions were correspondingly different; howsver, when the
theoretlical 1ift was mede equal to the experimentel 1ift, either

by neglecting the Kutta condition or by using the Pinkerion
distortion method given in NACA Rep. No. 553, falr agreemsent between
the pressure distributions resulted. It is susgsested that the
aspect ratioa of the blades in the cascads tests were possibly too
smell to avoid pronounced end effects and that the pressure distri-
bution on the blades of an actual blower .may be appreciably different
from that predicted from cascade tesbts.

INTRODUCTION

A reasonably practical method of calculating the theoretical
11ft and veloclty distribution on an airfoil in cascade wag describsd
—dn. reference 1. ‘Because this method or similar methods might find
extensive application in the design of turbine or blower blading,
or at least in predicting the characteristics of glven turbines or
blowers, a comparison between theory and experiment was considered
very desirable. Accordingly, several examples were selected from among
the extensive mumber of blower-blade and entrance-vane cascade
configurations for which test resulits are glven in references 2 and 3
and theoretical 1lift coefficients and velocity distributions were
calculated for comparison with the. data. A caleulation was also
made for a turbine-blading configuration for which experimental
(unpublished) date were availeble.
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In general, the theoreticel lift coeefficlents were much larger
than the experimental values, and the velocity distributions showed
corresponding differences. Modificetions of the. basic nethod were
therefore elso tried, by which the 1ift coefflcients were reduced
to the experimental valuss, In order that the veloclty dilstributions
might be compared. at the same 1ift coei‘ficients. These varlious
comperisons are given in the present paper, together with some
discussion of the discrepencies.

SYMBOLS
1 section 1ift coefficient, based on mean velocity
r circuletion on airfoil -
Vo mean v'elocity across cascade, calculated from measured

upstream veloclty and measuwred burning angle

Ve, axisl. component of veloclity

Wy . incbmi:dg flow velocity

W2' ' outgoing flow velocity _

Fa) chéngé in tangential component of yeloc:l.ty across cascade

W2' outgoing flow velocity corresponding to increased axial
coimponent .

v local wvelocity on airfoll, theoretical or calculated from
local measured pressure

e angle of c_hord. lins with mean flow

L angle between mean air and normal to cascade

B angle betwsen incqming air and normal to cascade

8 distance along alrfoil surface

o) _ ratio of change in tangential velocity conponent across

cascade to mean velocity (AW /Vy)

o solldity, ratlo of chord to gep
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CALCULATION METHODS

The basgic concepts and procedwres for the interfersnce method
of computing the theoreticel velocity distribution on en airfoil in
cascade are glven in reference 1. In effect, the method fixes
attention on one alrfoil of the cascade ('bhe central airfoil) and
considers the velocity distribubion on it to consist of two parts =~
that posgessed by the isoleted airfoil in the wniform mean flow
(the vector average of the incoming end outgoing velocities) and
that induced on the airfoll by the remaining alrfoils of the cascade
(the outer or interfering airfoils)., The first part is determined
by Theodorsen's method (reference 4), and the sscond part can be
determined as described in reference 1 if the velocity distribution
on the interfering airfoils is kmown. By successive approximations
a velocity distribution is found such that, when it is used in
caloulating the veloclity induced by the outer airfoils, the seme
veloclty distribution resulis on the central airfoll. Convergence
may be very rapld; for aboub unit solidity, it 1s frequently
essentlally complete in the first step.

Two variations of the method were used to reduce the theoretical
1ift coefficient to the experimentsl value for the purpose of
compering experimental and theoretical veloclty distributions
at the same 1lift coefflclent. One procedurs was merely to neglect
the Kutta condition and to adjust the circulation arbitrarily
so that it equals the msasured circulation (the integral of v ds
around the contowr, where v was obtained from the measured presswure
distribution). In this way an exact potential flow about the specified
alrfoil 1s obtalned, except that the rear stagnation point 1s on the
upper surface instead of at the tralling edgs. The other procedure
corresponded to thet recommended by Pinkerton (reference 5) in which
the velocity ls caleulated for a distorted alrfoil that is formed
by curving up the rear part of the glven airfoll until the theoretical
1ift, with the stagnation.point at the trailing edge, equals the :
measured. 1if%.

In the present work the distortion was applied only for calculating
that part of the velocity distribution contributed by the lsclated
eirfoll in thes meen flow. In the calowlation of wveloclties induced
by the interfering airfoils ’ neither the interfering airfoils nor
the central airfoil was considered to Pe distorted = specifica ,é

the same chart readings and the same airfoil stretching factor e

(see reference 1) were used as in the calculations of the normal
potential flow. The inconsistency involved in this procedurs was
considered acceptable bvecause of the arbitrariness, together with
the inherent inconslstencies, of the dlstortion procedure ltself;
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in addition, preliminary gtuding of othey veriations of the
distortion mg hod Faiigd £0 indicate any waydstions that would

generelly img ngfg the agreemsnt of theory with experiment, The
. gigﬁ fiou ustd In these ecalculatlions was assumed, as in references 2
3, to be that defined by the incoming flow and the measured
turning angle., For purposeg of comparison with the theoretical
results, which were obtalned in the form of distribubions of +/V,,
tho experimental pressure distributions have besn reduced to the
same form by using the gguare roots of the results given in refegrencos 2
and 3,

RESULTS AND DISCUSSION

Entrance Vanes

In figure 1 are shown results for a cascaede of NACA 65-810
alrfolls erranged as entrance vanes, where the. alr enters normal to
the cascade and, efter turning, leaves at a higher velocity and lower
pressure. The theoretleal velocity distribution on the airfoil
as calculated by the method of reference 1 (designatod "normal
potential flow" in fig. 1) is seen to be coneiderably difforent from

Jo.the experimental velocity distribution; and the -theoreticel valius.

of 1ift coofficient is 0.73 as compsred with’'the: experimental 1ift
coafficient ‘of O h6 4 diifsrenca of 0, 27 S _ .

The discrepancy, however, mus+ be considered asg. onlv partly

a cascade effect insgmuch as the igolated airfoil; tégted under
.- otherwise ‘similar cénditione (reference 2), had &-1lift coefficienb

‘about 0.3 Yesg® than the theoretical valus; for exempls, et zerp
angle of attack, it was only O, h8 a8 compared with the theoretiqal
value of O, 77, 8 lose’ of 38 percent of. tho:theorétical dosign 1ift
~coofficlent, * Discrepancios.of ;this typo seem to be cheracteristic’

of the NACA 6~geries airfoils hoving en &= 1.0° mean line, presimably
.* . bocause the boundary layer blenkets the -curwdturé near the treiling
edge., The usual date for less highly cambersd sirfoils end for -
higher Reynolds numbers, howover, show losnes closar to °5 or 30 percent

b b

~ i - The velctity’ distribution obtain@é by adjusting bh@ circulatiop
to egual. the’ s expprimental valus: is showp, in. figure’l by the  ghort— .
dashed curye’ Conpared with the. avpprimgntal resultg, the curve '
shows a somewh&t larger it Toward -Hhe . front: (eompensated by the

large negative 1ift near the trailingﬂedge thet -regults from -
neglecting the. Kutta conditidn) &nd a Somewhat rounder hump on the,
uppor. suxrface; otherwise, the. curve. corﬂeaponds ‘Teasonably well

with ‘the: tedt points, .The cyrve.:wobbtained with the Pinkerton distortion
nethod falls almos} ex&ctly on the! teat points. The amount of . :
distortion requirdd.to maks. the. thoorsticel: lift codfTicient agree
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with the experimentel value corresponded to a reduction of 0.40 in
the 1ift coefficient of the isolated airfoil (52 percent of the
design 1ift coefficient), which was greater then the 1if't reduction
found in the tests of the isolated airfoil. The'fact that this value
1s greater than the differencs of 0.27 bebtwesn the theoretical snd
experimental 1ift coefficients In cascade merely reflects the fact
that the slope of the 1lift curve for the airfoil in cascade is

lesg than for the isolated airfoil. '

A similsr comperison for the NACA 65-({12)10 airfoil in an
entrance-vane cascade is shown in figure 2. The discrepancy between’
the experimental results and the normal theory was even greater
than for the NACA 65-810 airfoil and the theory showed & pronounced
velocity peak at the leading edgs. Again, adjusting the circulation
showed a reasonsble agreemsnt and the Pinkerton distortion method
provided a much closer agreement on the upper surface. The amount
of distortlon required corresponded to a reduction of 0.66 in the 1ift
coefficient of the isolated ailrfoil or 57 percent of the theoretical
design 1ift coefficient, 1.16.' This reduction is again somewhat
groater than that found in the tests of the isolabted airfoil (at zero
engle of attack, the 1ift coefficlent was 0.68 as compared with the
theoretical value of 1.16, a reduction of 0.8 or U4l percent).

Blower Bladss

In figures 3 and 4 are shown results for the NACA 65-L10 and
65810 airfoils , respectively, erreangsd in cascades representing
blower rotors. . As with the entrance venes, considerable discrepancies
exlat betwesn the curve for the normal pobential flow and the test
results, but & falr correspondence is obtained with either the reduced
circulation or the Pinkerton distortion. For the NACA 65-410 airfoil,
the required distortion corresponded to & lift-coefficient reduction
of 0.28 as compered with epproximately 0.20 for the isoleted airfoil
at about the seme 1ift coefficient. The required distortion for
the NACA 65-£10 blades corresponded to a lift-ccefficient reduction
of 0.41, about the same as for the entrance vanss.

For the NACA 65-(12}10 eirfoil (fig. 5) the discrepancy between
the normal theory and the test results was very large. The required
distortion corresponded to a lift-coefficient reduction of 1.01,
vhich is twlce the deficlency measured for the isolated airfoil
and 50 percent greaber than that For the same airfoil in the entrance-
vane cascade. The velocity distribution for the distorted airfoil
shows considerably more load ‘toward the front than the experimental
distribution shows, although the velocity distributlon obtained by
simply adjusting the circulation corresponded rather well with the
test results over the forward half of the upper surface (the roglon
of greatest interest).



6 : NACA TN No. 1376

Since, as has already been yolnted oubt, airfolls having a = 1.0
mean linek tend to show losses of 1ift relative to the normal potential
flow, the suggestion might be made that eliminating the cember toward
the rear of the alrfoll would permlt ilmproved correlation between
theory and experiment. In addltlion to the obvious objection that:
correlation with theory should not be a design criberion, a further
objection 1g that +the 1deal blower hlade should probably have more
rather than less camber toward the reasr, as was indicated in reference 2.
Some compromise mey result, however, from consideratlons of practical
blade conefruction, which mey require removal of both the cusp and
the curvabture neer. the trailing edge (as in the NACA 6A-series
airfolls, reférence 6).

Turbine Blades

The results of a similer study for a cascads of turbine blades
are shown In flgure §. Becsuss of the large pressure drop across
the cascade and the stralght meen line near the trailing edgs,
substartial agreement between the test results and the normal theory
was consldered more likely to exist than for the preceding examples.
The theory, however, predlcted a 1ift coefficient of 2.5 as compared
wlth the experimental velue of 2.0, although the two velocity
distributions are roughly compereble. Arbitrarily reducing the
circulation or distorting the airfoll improved the agreement.

Of incldental interest is the peculiar distribution of load on
the blade. Most of the load is forward of about the 65-percent-chord,
point, where the space betwsen the velocity curves for the upper and
lower surfaces decrsases sharply and remsins narrow back to the
trailing edge. Apparently at such high solidities the forward part
of this blade - thet 1s, the curved vart - serves to turn the air, and
the straight tall of the airfoil (called "guidance) serves mainly
to guerantee the exlit-flow direction and to reduce the losses at
high Mach numbers. This peculiarity of the loasding is distinctly. a
cascade effect, inasmuch as the isolated alrfoil shows only the usual
gredual tapering off of the loading toward the trailing edge.

The peaks shown at the rear of the curve for the normal potentisl
flow result from the finite thickness at the trailing edgs. In order
to avoid confusion the peeks have not been shown for the two other
curves. : : .

The absence of & sharp trailing edse leaves & certain arbi-
trariness in the choice of the rear stagnation point at which the
Kutta condlition is to be epplied. In il present work the trailling-
edge stagnatlion point was consldered to be at the center of the trailling-
edge arc ln calculating the normel potential Fflow. Inasmuch as the
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upper-surface boundary layer should be g,uite sensitive neer the rear,
whoreas the lower-surface boundavry layer %Las been su’b,jected. to a
falling pressure over its entire length, the effective rear stagnation
point 18 probably closer to the ‘top of the trailing-edge arc. (Compare
reference 7.) The curve for. reduced circulation, for which the rear
stagnation point 1s Juet below the top of the src, may thus be
considered to have much more physical significance for the turbine
blade than for the previously discussed eirfoils, which had sharp
trailing edges. -

The gensral accur'acy of the calculations for the turbine cascade
was conslderably lsss than for the other cascades or for the examples
described in refererics 1. The combination of very high solidity and
very high loading resulted in very large intsrference poitentials
(the potentiels induced by the interPering airfoils); and since the
interference velocitles wers determined by measuring the slopes of a
failred curve of the Interference potential, the sbsolute ineccuracy
of the results was correspondingly large. In the curves of figure 6,
which were obteined by three or four spproximations, those irregulari'bies
that 41d not appear congistently in successive approximations have
been Talred oub. An analytical method of getting the slopes would
probebly have been more satisfactory. Some such izprovement in
technique sppears nocessary hefore the method of refsrence 1 can
be sxtended to the accurate dssign of such high-loading high-solidity
cascedes, even if a theory could be found for correctly predicting
‘the experimental velocity d.istri‘bution.

Possibilities of Three-Dimensional Effecfs

. _Bntrance vanes and turbine bledes.- A reaume’ of pertinent d.a.'ba.
for the six casgcades studied is given in ta"ole I.

Because of the pressure drop across the entrance vanes, the
boundary leyers on both the vanss and the wall are expected to be
thinner than the boundory layers in the tests of the isolated alrfoils,
‘and the characteristics of the entrance vanes would accordingly be
expected Lo be closer to the theoretical characteristics. That the
effective alrfoll distortions exceed those of the isoclated airfoils
suggests that gome additional cascede effect is involved. DPossibly
the pressure gradient scross the flow passages (from the suction side
of each vane to the pressure side of the adjacent vans) causes
sufficient flow of wall boundary leyer onto the suction sides %o
distort the flow seriously. Such secondery flows are Ffreguently
dominant charecteristics of the flow through duct bends in which,
however, both the gradients and the boundary layers sre usually more
pronounced. than in these entrance-vene cascedes.
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L

For the turbine cascede, as previously noted, the velocity
distribution indicated for the reduced-circulation case has more
physical Justification tban-for'the NACA 6-series airfoils.
Nevertheless, both this curve and that for the Pinkerton distortion
8tl11l differ considerably from the experimental velocity digtridution,
so that again some three-dimensional effects probably exlst. The
previously mentioned secondary flows were posaibly very pronounced in
this cascade. because of the very strong pressure gradlient across
.. the. flow passages and because of the very low values of the blade

. agpect ratio and span-gap ratio - about 0,55 and 1.0, respectively.

Blower blades.- In table I have been included the valuese of
blade 1ift coefficient that correspond by potential flow to the
measured turning angles according to the formuwla

- 25
> cl a
oxr

r_s

T=5

For the blower-blade arrangements, these 1ift coefflcients were
appreciably larger then the 1ift coefficlients corresponiing to the
measured pressure distributions on the blades. The question lmmedlately
erises ag to how the alr can be turned by an amownt greater than that
corresponding to the apparent clrculation on the blades. The most
likely reason ie that there was sufficlent thickening or separation

of the boundary layer on the walls to reduce appreciably the effective
distance between the walle downstream of the cascade. Such a reductim
of the effective passage. area would ceuse an increase 1n the downstream-
veloclity component normsl to the cascade wlthout affecting the '
downstream-tangential-velocity component (fig. 7) and would hence
result in a deceptively large turning angle. The fact that the down-
stream statlic pressurses were generally appreciably lower than would

be expected on the basis of the tuwrming angle ls consistent with this
explanation. In any case, the flow anomalles that presumably result
from three-dimensional effects appear to be much more pronounced for
the blowver-blade cascade than for “the entrance~vene or turbine cascades.
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When the blades wore tested in an actual blower, the turning
engles were found to be epproximately the same as those found in the
cagcade btests, but the pressure rise corresponded very closely to
the turning angle. Presumably, then, ssparation or thickening of
the_houndary layer was less pronounced on the hub and outer shell
of the blower than on the walls of the cascade tunnsl. Several
reasons may be suggested for this difference in behavior. Possibly
centrifugal or Coriolis forces tend to throw the boundary layer
outwerd from the hub, where the relative pressure rise (pressure
rise /incoming dynemic pressure) is largs, towerd the tip where the
relative pressure rise is less, Fwrthermore, the total-pressure
doficlency in the upstream boundery leyer tends to be greater for
the statlonary cagcede then for the blower; because in the case of
the blower the tangential component of Wy, vwhich is introduced
by the relative motion of the rotating blades, does not.contribute
to the relative velocity that creates this boundery lsyer. For
example, the total-pressure deficiency at the base of the wall
boundary layer Jjust ahead of the ceascade is equal to the dynamic

pressure of the approaching ‘f‘:}.ow -;pwle H where_gs'for' the blower
the total-pressure deficienty at the base.of the boundary layer is
merely the dynamic pressure of the axlsl flow Jépvae.

_ ‘Since the pressure rise across the blower exceeded that across
the cascade, the 1lift coefficient of the blower blades must have
excoeded that of the corresponding cascade bledes. Accordingly, the
pressure distributions on the blades in the hlowsr must have heen
_appreciably different from those on the blades in the cascade.
Because of the smsller distortion or circulation adjustment that
would be required to duplicate the. 1ift, agreemsnt between theoreticel
and. experimental pressure distributions would nriobebly be clomer for
the blower then for the cascade. Measurements of the pressure
distributions on the blades of an actual blower, or at leaat on
cescale-vlades of Increased aspect ratio, would seem very desirable.

CONCLUSIONS

. Comparisons have heen made betwoen theoretical and experimental
pressure distribubtions for two cascades of entrance vanes and three
cascades of blower blades with NACA 6-geries airfoilsg heving a = 1
wean lines, and for one cascade of turbine blades. The main
results and coneclusions are:

1. The experimentel 1ift of the NACA 6-series alrfoils was
conslderebly less than the theorebticel 1ift.
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2. For the NACA 6-geries airfoils the 1ift deficiencies, considered
in terms of effective airfoil distortions, were greater than those of
the 1solated airf‘oils , even when. 'bhere was & pressure drop across the
cascade . “

3. For the turbine blade, the expei*imental 1ift was. e.leo.‘
congiderably less than the theoretlicel 1lift; however, the theoretical
1ift was somewhet arbitrary 'because the blade dlid not have & sharp
tralling edge.

4. A rea.sonable approximation to the e:_f:perimental- valociii‘y- d.is'bri-
- bution on the airfoll can be made 1f the experimentel 1ift coefficlent
is known. Elther arbitrarily edjusting the circulation on.the ailrfoll
or using the Pinkerton distortion method is falrly sa:bisfac'bory for
this purpose. .

5. Three- d.imensional effects, arising from the low aspect re.tios
of the blades, probably have considerable influehce on the experimental
pressure dlstributions, more so for the blowsr cascades than fox: the
entrance-vane or turbine cascades.’

6. It is posaible that the pressure distributions on the:blades
of & rotating blower are appreciably different from those obsexrved
on the statlonary cascade.

7. Increasing the aspect ratio of the blades tested in the
stationary cascade mey give data more msarly applicable to a Dblower.

Langley Memorial Aeronautical ILaboretory
National Advisory Commitiee for Aeronautics
langley Field, Va., May. 23, 194’{.

1 o«
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ACI i . &1
Type of L A Thesoretical €1 c1 _ | required for | of isolated
cascads Alrfoll | ragq) (d,gg) o from pressure | from twrning | aoreement adrfoll
distribution | angle 2 () ()
CmACA | . .
1.8} -6.8 0.73 0.56 0.47 -0.40 -0,29
65-&0 - »
Entrance
vanes < .
55_1(%‘)*10 34 | -10.8] 1.1 0 75 - .66 -k
ol .
ssﬁ.ﬁclg 6 05 55 .‘j’ 079 oih .62 - .28 - .lh
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65_1(“1‘2"’;‘10 751 s34l 10y 63 92 -1.01 -7
Turbine PPN “a = n =n a5 oan A ~n =n
1aden memmeeeeenf 10,2 | ~19.5 2450 2.00 . i 2.03 =50 | mmmmmm————-

&yalue of Acy of lsolated airfoil required to meke theoretical 1ift agree with that found from
experimental pressure distribution, whers Acy 1s obtalned by Pinkerton distortion.

bp1 PPerence between experimental end theoretical ¢y of isolated airfoil at zero emgle of attack (data
Prran rafarenns 2) . _
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Figure 1.- Comparison of experimental and theoretical velocity
distribution on airfoil in entrance-vane cascade. NACA 65-810
airfoil; @ = 1.8°; A, = -6.8°; B=10° o=1.0.
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Figure 2.- Comparison of experimental and theoretical velocity
distribution on airfoil in entrance-vane cascade, NACA 65-(12)10
airfoil; @ = 3.4%; )»O = -10.89; B =09 o = 1.0.
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Figure 3.- Comparison of experimental and theoretical velocity
distribution on airfoil in blower-blade cascade. NACA 65-410
airfoil; @ .= 6.5% A, = 55.5% B =609 o=10.
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Figure 4.- Comparison of experimental and theoretical velocity
distribution on airfoil in blower-blade cascade. NACA 65-810
airfoil; @ = 4,4°; 7\.0 = 54,80; B =60°; o = 1.0.
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Figure 5.- Comparison of experimental and theoretical velocity
distribution on airfoil in blower-blade cascade. NACA 65-(12)10
airfoil; a_ = 7.5%; A, = 53.4°%; B = 60°; o = 1.0.
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Figure 6.- Comparison of experimental and_fc_heoretica% velocity o
distribution on turbine blade in cascade. @ o = 10.27; XO = -19.57;
B = 32°; o = 1.8, from unpublished data.
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Figure 7.- Velocity diagram showing how, for given change
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