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1
TESTS OF CASCAIES OF AIRFOILS FOR RETARIED FLOW

Ey Yoshinorl Shimoyama

Test results are present for cescades of airfoils in retarded flow
and increasing pregsure as corresponds to the case of the impeller of an
axial propeller pump and vpropeller fan,

TNTRODUCTION

Because of the varying distance between the blades of machinee of

the axial flow type of propeller fu.-ther progress in the design of these

i mechines on the basis of the so—called momentum theory 1ls very difficult.

‘ The. author has already pointed out the difficulty in the design of such
machines by the momentum theory alone and has fnlly digcussed the poasi-—
bility of resolvinyz a great many of these difficuliies—by the application
of the recently developed airfoil theory (reference 1). However, in apply—
ing the airfoil thecry to the impeller there is still one point that has

not besn sufficiently clarified — namely, the prcblem of cascade Interfer—
ence.
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Since near the normal operating conditions the flow in all propeller—

type machines may be comsidered as axial, if the lupeliler is cut along

. the cylindrical curface and developed, the problem can be reduced to that
of B plens cascade of alrifoils. Figure 1 shows the developed cylinder
for a propeller pump or propeller blower, 1! being the airfoil chord, - t
the epacing, 9 +the angle between the chord and the cascade direction.
The flow enters with velocity wy welative to the cascade, is deflected
by the alrlfoils and flows out with velocity ws. TFrom these the average
velocity ww 18 obtained and the angle 6 determined which corresponds

to the angle of attack o for the required 1ift with respect t0 We.

The required 1ifting force is determined with reference to the difference
. W1 —~ wpa of the velocity components of the inlet and outlet velocities
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v, and ws In the directlion of the cascade axis and the gap—to—chord
ratio t/l. A suiteble airfoil is chosen and from the relation between
the 1i1ft coefficient and angle of attack for the case of the isolated
alrfoil in two—dimensional flow the angle of attack « corresponding to
the required 1ift cen be determined.l

This method, which is based on the average velocity w,, takes into

account the cascade effect to some extent and it thus becomes a question
of applylng the results to the isolated airfoil in two—dimensional flow.
Recently this subject has recelved much theoretical investigation.
Numachi (reference 3) and Weinig (reference L) computed the ratio of the
1i1ft coefficients for the alrfoil in cascade and when isolated for a
cagcade of plates and presented their resulits graphically. Schilhansl
(reference 5) by an approximate method gave numerical results for the
plate and circular arc alrfoil. Detailed test results in this field

are very meazer. On Impellers such as those of a proveller—type pump

or fan where the pressure increases along the blades and the velocity de—
creases — deaoted here as a retarded flow cascade -~ there are, besides
the tests of Christiani (reference 6), only two or three other investi-—
gations. Since none of these are in sufficiently good agreement with
theoretical results more detailed tests of wider scope are necessary.

The author has undertaken tests to investigate the interference
effect of retarded flow airfoll cascades within the scope of the usual
propeller nump and proveller fan, and the results of the completed tests
are here presented.

TEST APPARATUS AND PROCEDURE

A newly constructed 50-centimeter—square tunnel was especially used
for this purpose (reference 7). The tunnel had a 53 centime ter-equare
exit cone. The flow past the cascade mounted in the exit cone was de—
flected during the tests. Since this deflection varied with the angle
between the airfoil setting and the inlet flow direction, the flow past
the cascade, was discharge in the atmosphere to avoid turbulence, The
velocity in the bell differed from that at the center by an average of
+0.4 and —0.2 percent. The static pressure was practically uniform along
the entire section and there was no rotational component of the velocity.
The airspeed was generalily 30 meter per second, varying somewhat with the
incidence of the cascade.

iTn obtaining w,, the 1ift coefficient, etc. the velocity component

with respect to the drag in the cascade axis direction must also be con—
sidered. On this, see veference 2.
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The airfoil section used in the test approximated the GGttipgen alr—

foil No. 549; the chord was 10 centimeters, and the span of 53 centimeters

" "was equal to the length of a side of the bell. By applyling end plates at
the tipe the flow obtalned was made to approach the two—dimensional. Since
the 1deal case of an infinite number of alrfoil blades cannot, of course,
actually be realized; the tests generally were conducted with five blades
and, in some ceases, seven and nine the results for which are a good approxi~
mation of the ideal case of an infinite number of blades. Since the pres-~
sure differed at the inlet and outlet sides of the cascade, top and bottom
plates were placed on the upstreem side. Figuree 2 and 3 show thess ar—
rangements, -

The force acting on an glrfoll of the cascade was obtained by measur—
ing the pressure distribution over the middle section of the center air--
foil. Tor this purpose the center airfoil alone was specislly made of
brass (the others were all made of wood) and 20 small orifices of 0.25
ke centimeter diameter were srranged over the middle section of this airfoil
i as indicated in figure ¥ and tubes inserted into the airfoil led to a
! mul tiple-~tube menometer.

The multiple ‘tube manometer uged alcohol. The ituhe dismeters were
sufficiently large and uniform so as to avold capillarity error as far
as possible. The glase tubes of the manometer each recelved careful
Inspection. The pressure indicated by this manometer over the airfoil
section, the dynamic pressure at the inlet, the static Pressure, and
other required recordings were simultaneously photogrzphed, and the
! readings were all obtained from the dry plates. Fisure 5 shows an ex— .
] ample of such a photograph. With the aid of the light reflected from
the surface of the liquid in the tubes a good photograph could be obtained.

i R R

The anzle By between the cascade—axis direction and the inlet—flow
direction was determined by the oblique angle cut off by the end plates
k at the twe sides of the exit cone. Each of the airfoils of the cescade
! was freely rotatable. Since the direction of the chord could be read on
a scale as shown in figure 6, the angle «; between the inlet velocity
and the chord could be regulated as desired. The angle 8 between the
cascade axis and the chord as shown in figure 2 is readily obtained from

€ =Py + oy (1)

The statlic pressure at the inlet and the velocity of the stream
4 were measured with the aid of an NPL type piltot tube located at a
(fig. 2). Since the location of the pitot tube was at some distance
from the center airfoil, the losses occurring in betwsen and the non—
uniformity of the velocity, which, however, is slight, must be taken into
account. ' For this »urpose a small static pressure orifice was placed as
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near as vossible to the cascade’ b,"(fig.'E) and the pressure drop be—
tween the pitot tube and this orifice was measured for varying  ai.

Since the loesses from b - to the center airfoil cannot be measured in the

. presence of the cascade, the difference in pressure between b and c
with the airfoils removed is measured and the pressure drop due to the
losses from the pitot tube location "g to the center airfoil can be
obtained. Moreover, if the difference between the total pressure measured
by the pitot tube and the total pressure at the leading edge of the center
airfoil is obtained and this value is exactly equal to the logsses incurred
on the way, the flow velocity at the pitot tube and that at the center alr—
foil are equal. If this difference is smaller (or greater) than the losses
incurred on the way, the flow velocity at the center alrfoil is greater

(or smaller) than the flow velocity at the pitot tube. Thus it is possible
. by the pitot tube measurements alone to determine the corrsctions on the

velocity.

In the testes By and t (or t/1) were held constant and ay
varied, the multiple—tube manometer was photographed each time and the
pressure distribution and other required readings simultaneously recorded.
An example of such a photograpvh (fig. 5) has already been mentioned.

The value of 6 for a propeller pump or propeller fan usually lies
between 10° and 30° and t/1 between 1 or 2, rather large values being
used for the fan. If t/1 is large, however, the interference effect
due to the neighboring airfoils becomes smaller and the tests were there—
fore conducted for the following range of values: t/Z = 0.7, 1, 1.5, 2,
By = 10°, 12.5°, 15°, 17.59, 20°, 22,59, 25°, For these 28 combinations
seven values of a were used — namely, a3 = — 5°, - 2,59, 0°, 2.59, 7.5°,
10°, With +t/1 and & as parameters o as the variable the 1ift and
drag coefficients were varied with « and the effect of t/I and 6 on
the change in 1ift and dirag coefficlents as compared with the isolated air-—
foll thus could be determined.

PRESENTATION (F THE RESULTS AND PRESSURE DISTRIBUTION

The pressure distribution was first measured over- the single airfoil,
of the same section as that of the airfoils cascade in two—-dimensional
flow obtained with the side plates. The pressures were all expressed as
fractions of the dynamic pressure and plotted with the chord and the
perpendicular to it as coordinate axes. An example is shown in figure 7.
Calling X and Y the forces acting on unit width along and perpendicular
to the chord, respectively, results in

2 W2
cyt ¥ y=coy1 ¥
2" og’ v 2% (2)
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The ccefficients Cy and, Cg; -cen be- obtained by measuring the areas of

the left and right gides, respectively, of figure 7. In the foregoing
equations 7 1is the density of the fluid, 1t 1s the length of the chord,

w the velocity of the fluid, amd g +the acceleration of gravity, Further~
more, since the angle o between the wind direction and the chord is known,
the single airfoil 1ift coefficlent Cae and dreg coefficlent Cwe can

be immedlately cbtained from the following equations

C.cosa ~ Ceing
v * (3)
Cxcosa + Cysina

Cae

Cwe

Since the foregoing drag coefficient is obtained from the. pressure distri-—
bution it is smaller than the experimental drag coefflcient by the smount
of the surface friction, but for convenience will still be denoted simply
a8 the drag coefficient.

The 1lift and drag coefficiente were obtained from the pressure distri-
butions, although this involved considerable difficulty. This was unavolde-
ble, however, becausé the wind tunnel was not provided with a balance.

As in the case of the zingle airfoll the pressures over the airfoils
in cascade were expressed in fractions of the dynamic pressure at the in-—
let and plotted with the chord and the perpendicular to it as coordinate
axes. Figures 8 to 10 show geveral of these cbtained dlagrams. The static
pressure at the inlet was used as & standard for the pressures over the
alirfoils,

Figure 8, with By and ay and therefore according to (1) also 6

fixed, shows the effect of t/1 on the pressure distribution. It 1s seen
that if t/l is small the pressure varlation is rather steep, particularly
for the case of t/l = 0.75 in which the trailing edge of the airfoil ap-
proaches the leading edge of the airfoil on the right, (fig. 1), the
negative pressure is greatly increased. Again, in the neighborhood of the
leading edze as the latter approaches the trailing edze of the airfoll on
the left there is a noteble increase in the negative pressure. As is seen
by comparing figure 30 with figure 8, this effect is increased if 6 is
emall, since the airfoils then approach each other even more closely.
In the case in which +/1 is small, the considerable negative pressure
arising at the leading edge helpes to explain the cavitation phenomenon
near the leadlng edge at the pressure side of a marine vropeller end at
the inlet of the syiral casing of a pump.

Figure 9 shows the pressure distribution with verying By and there—
fore € for fixed values of t/1 and «. As may be seen from this
Tigure, if a1 1is not too large, the pressure distribution and therefore
the 1ift coefficient is not greatly affected by O,
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Figure 10 shows the change in pressure distribution with oy for
Fixed values.of . t/1 -and B;. 'A c¢omparison with the case of the single
airfoil (fig. 7) is of considersble interest.

- The ‘determination of the velocity components perpendicular and
parallel, respectively, to the direction of the inlet velocity wi from
the pressure distribution is the same ds for the single alrfoll. Since,
in this case, the inlet velocity wy is used instead of w, the coeffi—
cients are all denoted with a subscript 1, and equation (25 becomes

2 2
w1 Wi
X = Cypyyl —— Y=Cl7l——-- (23)
Xl o y 2

The coefficients Cyy and Cyy are determined by graphicael integra—

. tion, as in the case of the single airfoil. The force components re—
ferred to unit width of airfoil at right angles and parallel, respectively,
. to the direction of wy are

2 2
Wi, w1

Ay = Cqa7l —- Wy =Cynyl — {4)
2g 2g

where Ogy eand Cyi, similar to the case of equation (3), can be
obtained from

Caa

Cyicosay — Cxysinay
} (32)

Cvrp Cxicosay + Cylﬂindll

As in the case of the airfoll cascade, the 1ift{ coefficlent i1s taken
with regpect to the average of the inlet and outlet velocltles wy

(fig. 1). The force components, referred to unit width of the alrfoil
at right angles and parallel, respectively, to the direction of w, are

Wer Wel
A=Cu7l — VW =Cypl — (5)
2g 2g

from which C, and C, are obtained. Putting B — By = B gives

A = Ajc088 + Wysind
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-~ and substituting relations (4) and (5) in the foregoing equation results
in .

2
C /W C
Lo — <cos‘é + 2 sin8>

Caa Ve, Caa

Within the range of the tests conducted lerge veluss of & did not
frequently; the value of the ratic Cyy/Cgy was likewlse small, More—

over, even in the case in which Cgzy is very small, the vaiue of

8in® [Ca1  from equation (1L0) and othere is considerably less than 1.
Hence, without too great error it is vpossible to put

c W \?
2 = (6)
Cag \ W
v; If ® 1is small it is possible to
|
: Wui T Wue
i Wy R W& +m—————— COSBl
1 But
§ I Cgiw,
! Wi = Wz = — =
f‘ t 2t
N
hence
C,lw
a
Wy = W, + ~—— cosPy (7)
ht,

P, R e U
PRSI T S S S e T

1
where I = 2 Calww is the circulation around the wing., Next, by

substituting equation (7) in (6) and rearranging, there is obtained

2 2
® : Can” (l > coszﬁ (—-——Ca ) <l L c ! g ——-—ca 0
[ al — - — - — -— =
18 b 1 Cox 5 a1 % cosfy Can + 1

a second—degree equation in Cq/Cai. By setting

1.
Cay { cosPy = x (8)
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end solving the equation (8) for Ca/Cai, there is obtainsd

Cq (2 -~ x —2,/1 - x)
- 2

(9)

Cal X

where the * sign before the square root was chosen from the considerstion
that: CgfCa1 =1 for /1 == =~ that is, x = O, Having obtained Cai, X

is obtained from equation (8) and Ca can then be obtained from equation
(9).

If © is small, 1t can be obtained from

- , Cal
5 o Mur T Vuo einBy = —— 8inB; rad
2w, 2t
?
= lh.3 - Ca_BinBl (10)
t

and the angle of attack a can then be obtalned from

a=a —b (11)
Again, since
W = Wycosd — A;8ind

from (4), (5), and (6)

Cc
Cy = (Cy1cosd — Cqy81nd) 6—83- (12)
ai

from which CW can be cbtained.
TEST RESULTS

The 11ft and drag coefficients »Cae amd CWe for the case of the

single airfoll were obtained from the pressure distribution by araphical
integration, and the results are shown in figure 11, Figures 12 to 15
show the 1ift coefficient for the airfoil in cascade. In each case the
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number of airfoils used was five. The 1ift coefficlent was obtained fram

_ thepressure distribution over the middle section of the center airfoil

and, as in figure 11, Co was plotted against the angle of atteck a.
In order to show the measured points more clearly on these figures, the

- ordinate sxis was shifted for the various vealues of 6., Figures 16 to 19

show the curves for the original pointe,

Figure 16 .gives the results for t/! = 2, For small values of the
1ift coefficients, the curves practically merge into one. It is seen that
the effect of. -8- .for the range 12,50 0 < 25° is not large, but as 6
increases, the maximm value attained by the 1ift coefficlent tends to
increase.. In any case, however, the maximum 1lift coefficient attained is
ohly a little smaller than. that for the single alrfoil. The angle of
attack for zero 1ift does not agree with the corresponding angle for the
single airfoil but is shifted toward a greater valuse. The slope of the
curve of 1ift against angle of attack is greater than the slope for the
single airfoll case. Hence, in gplte of the shift of the zero — 1lif{
angle to the right for large values of the 11ift coefficient, cases arise

. where the latter is equal to or greater than the 1ift coefflcient for
. the 51ngle airfoil.

Figure 17 shows the case for t/1 = 1.5. The curves show the same

.tendency as for t/l = 2, but since the airfoile are now closer, the

-interference effeect is greater than In the preceding case. The slope
of .the 1ift curve is steeper, the maximum 1ift coefficients are smsller,
and the zero-lift engle of attack is greater.

Figure 18 shows the case for t/1 = 1. The slopes of the 1lift
curves are still greater, the maximum 1ift coefficients smaller, and the
zero—11ift angle of attack greater. For t/1 =2 and t/! = 1.5 the
zero-11ft angle of attack isgPractically constant for any value of e
within the range 12.5°= 6 S25°, but for t/1 =1 the effect of 6 1is
evident, becoming more marked with decreasing 6. Although the slope of
the lift—coefficient curves is steep for small values of the 1lift cceffi—
clent, and' the gero—lift angle of attack is lerge as compared with that
of the single airfoil, the cwrves do not intersect the curve for the
single airfoil in the renge 12.5° =6 = 250, Hence the ratio Cy/Cao

for this case 1s always less than 1.

Figure 19 shows the results for t/l = 0.75. Since in thie case
the airfoils are much closer together, the curves show a different
character than for the previous thrée cases. Especially for small values
of @ since the airfoils approach each other etill more, the different
+tendency is marked. For small values ‘of the 1ift coefficient the curves
resemble those for t/1'= 1. :



10 NACA T™ No. izgq*'

From the foregoling results i1t is seen that with decreasing t/1 the
zero=lift angle of attack is shifted toward greater valuess Furthermore,
the effect of @ is evident for emall values of %/1 = namely, 1 and 0475,
To show clearly the variation of the amownt of this shift, the difference
between the zero=lift anglea far the cascade and the single airfoll was
plotted againet t/1, as shown in figure 20, The following congideration
may be glven as the reason for this shift in the angle of attack for zZpro
lifte In using an airfoil section of thickness and camber euch as are
met in an airplane wing in a retarded flow cascade, the effect of the
neighboring airfoil is obtained as t/7 becomes emaller (in fig., 1 the
effect of the flow along the back of the neighboring airfoll to the lefy).
Actually the direction of the flow at the inlet differs by a.emall angle
from the direction of the flow at a great distences This effect is more
marked as t/1 Dbecomes amaller and increases with smaller @, This is
clearly in good agreement with the test results, ss is seen in figure 20..
This also explains the large negative pressure noar the heading odge of
the swrfiace.

It 1s generally assumed that for emall /1 the direction of the
flow at the outlet agress with the direction of the tangent at the outlet
edges This 1s in complete agreement with the results obtained by Weinig
(referonce 4) on the flat-plate cascade for t/1< O47. If this assump-
tion were also true foxr a cascade of alrfoils having thickness and camber
for emall t/1 and the outlet flow where in the direction of the tangent
to the outlet edge, the changes in the inlet and outlet directions would
be very small and the 1lift therefore would be zeroe. Henge the zero-lift
angle of attack, as +/1 gradually becomes smaller, must agree with the
direction of the outlet edges For the cascades of airfolls used in these
tests the direction of the outlet edge corresponded to an angle of attack
of about -8.80, but as t/t -became smaller the zero-lift angle of attack
had no tendency to approach -8,8°. On the contrary, as shown clearly in
figures 15 to 20, 1t moved in the opposite directione. This can be under-
stood by conailderation of figure 21, showing a retarded flow cascade of
airfoils for the case where +/1 and 6 are both small. Although t/1
i1s small, the effect of thickness and camber is such that the outlet-flow
direction does not necessarily agree with the direction of the outlet

edgos. .

The zero-lift angle of attack for the retarded flow cascade of airr
folils is considerably grester than the angle corresponding to the single
airfoil, and in finding the interference coefficlent or the ratio C,/Cge

an important relation 1s obtained. If this ratle following general
practice (reference B) is taken for the same angle of attack, the inter-
ference coefficient even for +/1 and 6 fixed varies greatly with the
angle of attack and ie certainly not constante The point will be disr

cusgad belows
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‘ It should be observed thet a far smaller value for the maximum 1ift
coefficient for a retarded flow cascade was obtained than for the single

- ‘airfoil. If only the teét results for the single airfoil. are considered

and the Impeller designed by using the value of the 1lift cocefficient on
the assumptlon that 1t is sufficiently accurate, the expected 1ift coeffi-
cient will be greater than the maximum 1ift coefficient correspending to
the values of 't/l and 6 for the impsller under consideration since
according to the test resulis givén the case of small +t/1 must be
considered, C. Keller (referemce 9), using the value 't/l = 1,39 for the
blade tip ‘of the impeller and t/1 = 0.97 near the middle and the respac—
tive values Cp = 0.845 and 1.0 in'computing a fan with emall t/1,
obtained results entirely at variance with test resultas. The reascn 18 to
be found in the considerations discuseed.

The outlet velocity of a retarded—flow cascade 1s smaller thean the
inlet veloclity and, since this gives rise to a difference in pressurs,
the flow slong the trailing edge of the alrfoil is more etrongly retarded
as compared with that of a single airfoil., -Since the flow 1s in the . -
direction of increasing pressure, separation must also occur easrlier than
for the single.airfoil. This expleing why the maximum 1ift coefficient
for the retarded flow cascade 1s considerably less than that for the single
alrfoll, , .

The drag coefficlents are glven in figures 22 to 25. All values were
obtalned from the pressure distribution over the center section of the
center alrfoil of a 5-blade cascade and, to bring out the.test points
clearly, the abscissa axis was displaced for each different value of 6.
For convenience in ccmparison, the original points are given in figures
26 to 29. For comparison, the drag coefficlent for the single airfoil is
Zlven by the dotted curves marked t/l =, In all casee, the drag coeffl-
cient for the cascade 1s greater than for the single airfoil,. Its
smellest value for t/l = 2 and t/1 = 1.5, for which the spacing 1is
scmewhat greatey . than the smallest value for the single alrfoll, and the
difference increases for t/i =1 and 0.75 as the spacing becomes
smaller. Furthermore, for smell angle of attack (negative value) Cy

increases with decreasing t/l. For lerge angle of attack C,_ increases

. decreasing. 6. TFor large angle of attack C,, 1s greater for +t/l = 1.5

than for "t/1 = 2. As the spacing becomes closer, the effect of @

-‘becomes more merked. For small 6 and increasing mngle of atteck, C_

rapidly increases, but for large 6 the rate of increase is smaller.
For t/1 =1 'and 0.75 and large @ Cy is smaller then for t/1 = 1.5

_for leige angles of attack. ‘

) As' t/1 becomes less than 1 and -the blades approach each other the
‘drag coefficient increases. As may be seen from the pressure distribdution
curve of  Figure 8 for the caese of t/T = 0.75 as the pressure 1s gradually
recovered on the back of the wing the latter receives the effect of the
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reighboring wing resulting in'a lowe¥ed pressure, incresséd resistanve of
the back side, and hence increeced C:ag coefficient. The drag coefficient
for ‘the case of t/1 = 0.75 is particulerly affected by the value of 6.
When 6 1is smnll, since the alrfoils are then closer together, the in—
creas mentioned -In the resistance of the back of the wing beccmes more
marked. Thils becomes clearer when figure 8 for t/l = 0.75 1is compared
with figure 30, However, even for -t/ = 0.75 if € 4is large and the
distance betwsen the eirfolls relatlvely greater, there is practically
no increase in the resistance on the back of the alrfoil and even for
large angles of attack the drag does not become so large. If the passage
. arcund. each blade is considered for t/L = 0.75, it will be seen that
for the thickmess of section used the conditions will be more favorable
for larger € than for small &, sgo that the losses are smaller and
hence the drag is smaller. .

For the normal operating conditions it is desireble so to determine
the blade setting that the wvalue of the ratio of the dragl to 1ift ceeffi—
clents ¢ = C,/C, 1s the least possible. According to these considera—

tions‘the_angld.of attack corresponding ‘to the smallest ¢ variles with
.4/l end @ and differs frcm the angle of attack corresponding the leas
value of ¢ for the single airfoil. :

The above results were all for a flve—blade cascade. Practically all
similar teste have been conducted for five blades on the supposition thet
the results for an infinite number of blades are thereby approached. The
author, with the object of clerifying this point carried out teste with
seven bladss and nine blades for t/i =1 and with seven blades. for
t/Z = 1.5. In each case the 1lift and drag coefficients were obtained
from the pressure distributions at the center section of the center alr—
foil exactly as for the case .of five blades. )

Pigures 31 to 32 show the results for seven and nine blades,
respectively, for th: casme /1 = 1. In each case the axis of ordinates
was displaced in the same menner as for figure l4k. Figures33 and 3%
ghow the same curves not displaced. For comparison, the dotted curves
for the single airfoils indicated by t/1 =c. Comperison of these.fig-
ures with figure 18 shows that the 1ift curves greatly resemble each other.
For smell 1ift coefficient the slope is not much affected by the number
of blades. As the number of blades increases, the whole femlly of curves
i1s .shifted tc the right. This shift is shown most clearly by plotting
the change in. the zero—1ift engle of attack. In figure 35 the difference
between the zero-1lift angle of attack for the single airfoll and cascade
is plotted as the ordinate against the number of blades as the absclssa.

: ' 1The drég here. considered was cbtained from the pressure distribution
_end the drag due to skin friction must be added to.obtain the true drag
coefficient. f , . -
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As mey. be. seen from the figure for .t/l.=.1 there is some shift in the 1ift
curve .for five and Beven blades and a smalier shift for seven and nine blades;
whereds the results: cbtained for nine ‘blades- are. seen to-approach the cass

of an infinite number of ‘blades. Thq ma.ximmn 11ft -coefficient decreases .
vith the increasing number of bladaa , a8 ‘the difference for seven to nine
blades is less than that for five: t0 -seven blades, To bring out these
results more clearly, the lift curves for five y Beveln, ‘and nino blades end
for the single ‘blade for the case in vhich 6 = 20° are shown in figure 36

Figura 37 shows. the results for ‘seven blades for t/l 1.5,
number .of test points is unfortunately small, but by referring to the
results for t/l = 1.5 and five blades and t/1'=.1 with'a greater
number of blades the curves of figurs, 37 could easily be constructed.
Cempared with figure 17, the curves of 1ift cpefficient against angle, of
attack are shifted somewhat to the right. The increase in the zero-1ift
angle of attack gbove that for the single alrfoll is shown. by the dotted ]
curve in figure 35. The shift in the 1ift cupve when the avmber of blades
increases from five to seven is seen to be much less for +/1 = 1.5 than
for t/i = 1. The maximum 1ift coefficient for seven bladoe ‘is emaller
than that for five blades. These relstions can also be seen fr¥om the -
example shown in figure 38. b -

The drag-coefficient for t/l =1 and t/1 =1.t is not apprecidbly
affected by the number of blades, approximately the same values being
obtained as for the case of five blades. . .

Since the number of blades of an impeller of any installation can—
not be conveniently increased and tests conducted, 1t is considered that
the preceding test resulis provide information as to the results for an
infinite number of blades.

DISCUSSION OF RESULTS

For'%he flat-plate cascade the theoretical value of C,/Ceq has been

given by Numachi (reference 3), Weinig (refervence %), and Schilhansl
(reference 5) aes a function of t/1 and 6. The following figures and
teble are taken from the papers of these authors.

Wbinig o¥tained the interference coefficient frqm the isocline trams— -

formation, and his results are in good agrsement with the wvalues obtained

by an approximate method by Schilhansl. This interference coefficient

for the flat-plate cascade has a fixed value for fixed t/I and 6 .
irrespective -of the angle of attack. It 1s generelly assumed that these
approximate results hold true also for cascedes of airfolls having thick—
ness and camber. For an airfoll cescade with thickness and camber the
question is what'setting to choose so that 1t is equivalent to the 6 of
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the flat-plate cascade.- Since for a flat-plate cascade, if the inlet flow

4s in the directicn of the glates, that is, zero angle of dttack, there
" 'is ne 11ft, it would Seem logical for the case of a cascade of airfoils

with thickness and camber to take the angle between the inlet flow and

the cascade direction for zero 1ift as the equiva_ent 8 of the. flat-plate
cascade, This direction is not, however, a characteristic direction of
airfoll and, as cleoarly shown by the author's tests, is effected by t/l

- and 6, AJthough some difference arises between the velue of 6 as

determined from the angle between the zero-1ift direction and the cascade
axls on the one hand and between the chord eand the cascade exis on the
other, at any rate within the scope of these tests, the theoretical value
of Ca/ ae Must necessarily be greater than 1 and particularly for

£/l = 1 end emall 6 it must be rather large. On comparing figures

16" tb 19 with tabla ), however, it is clear that the test results are not
in entire agreement with the theory. Thus the flat-plate-cascade theory
1s not entirely appllcable directly to a retarded—Fflov cascade of airfoi;s

: having finite thickness and camber.

In figures 12 %o 19 the dotted curves show the theoretical lift
curves as obtained from the results of Weinig for C,/C,, &s a function

of t/iI and 6,, where &, denotes the angle between the zerc—lift

- ddrection and the cascade axis. The curves were shifted to the right so

as to start from the point of zero 1ift. As may be seen from the curves
if this parallel shift is allowed for, the test results are in general.
agreement with the theoretical, Closer ccmnslderation shows, however,
that for small experimental 1ift coefficient end fixed +/1 +the slope
of the 1ift curves is not greatly affected by the value of 6,, the

slope becoming somevhat larger when &, 18 large. As seen fram teble 1
the thsoretical Ca/Cae becomes smaller for the flet-plate cascade as
8, beccmes larger. Thus the best agreement of the theoretical results

with the author's tests for any velue of t/1 is generally for a value of
8 Ybetween the chord and the cascade axis in the neighborhood of 15°, In
other words, the theoretical and experimental values for the range

0.75 & t/l 2 are in spuvroximate agreement In the nelghborhood of

6 = 15°. This iz of great advantage in carrying over the test results

for a single airfoll to a cascade of airfoils.

Figure 39 shows a vepresentative example of the results of Christieni
on retarded flow cascades (reference 6). For compariscn, there 1s also
given the lift-coefficient curve (shown dotted) obtained by the same
author for the single alrfoil of section Gottingen No. L3O The curve,
corrected for two-dimensional flow was taken from the Gottingen report
(reference 10)." The results have all been obtained for five blades.

Since sach ‘curve was drewn for fized ¢/l and By but with varying  «y

and hencg varying ® no direct compariéon could be made, but 1t is =seen
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in general that the results tend to agrce with those of the author. The
curve for t/1 = 1.07, By = 33041' differs from that for t/i = 1.16,

By = 59003' which is in close agreement with the curve for the single
airfoil although t/i is approximately 1. But since $B; in the latter
_cage was outside the range of the author's tests, no comparison can be
made.

Figure 40 shows the test results of Keller (rsference 9) on a five—
blade cascade for t/1 = 1,19 and B, = 23°20', The shift of the cascade
to the right of the curve for the single airfoil (though the amount of
the shift is somewkat smaller than that obtained by tho present: author)

- and the smaller maximum 1ift coefficlent are in entire agreemsnt with our
test results., The test results of Ober obtained at the.Massachusétts
Institvte of Technology on & five-blade cascade of symmotric section
(Gottingen No, k29) were briefly described by Marks (refercnce 11).
Although these results wcre not too accurate, they tend to agree general
with those of the suthor.

In the tests of O'Brien (referemce 12) on a propeller pump for a
spacing t/1 = 1.7 the 1lift coefficient for the single airfoll was used
and thc computed resulis on the volume flow of water were xeported to
agree approximately with the test results. Keller (reference 9) measured
the velocity at the inlet and the outlet of an axial~flow fan and obtained
the 1ift and drag coefficients for the operating conditions., By making
use of those results and eliminating the effect of the rotational velocity
component due to the drag, the 1ift coefficient was obtained as shown in
Tigure 41, TFor comparison there is also given the 1ift coecfficient for
the single airfoil teken from the GSttingen report (reference 13). As
may bc seen from the figure, for the case of /1 = 1.33 C, 1is somcwhat

smaller, but for t/1 = 1.76 to 3.20 there is general agreement with
the single airfoil. .

In plotting the pressure of a propellexr fan against the volume flow,
a discontinulty is often obtained when the flow is small, According to
the tests of Marks (reference 11) since the angle of attack at any section
of the airfoll is smaller than the angle of attack of the single airfoil
at which burbling arises, this phenomenon cannot be expleined by burblirg.
According to the present authorts tests flow breakdown arises relstively
earlier in a retarded-flow cascade as compared with the single alxfoil
and since the phenomenon is also accompanied by noise, it 1s believed that
it can be explained satisfactorily by burbling.
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CONCLUSIONS

Tests were conducted in e wind tunnel of square exit cone 53 centi-—
meters on & side, The tests generally were conducted for cascades of
Tive airfoils, but some tests were conducted with seven and nine airfoils,
From the pressure distribution over the center section the 1lift and drag
coefficisnts (the_drag coefficients due to the pressure distribution)
only were obtained. By comparing these with the values obtained for the
single airfoll, warious interesting results were obtained.
o<

The tesis were conducted for the ranges 0.75 < t/1 & 2, 10 6 = 30°,

and the general resuvlts obtained were as follows:

1. At the nressure side of the airfoil there is a negative pressure
region, and the negative pressure increases as +t/1 becomes smaller.
For t/Z = 0.75 when the blades are close to ecch other low pressure
will also cccur at the part of the airfoill where the leading edge of the
fellowing one 18 nearest to it. In both re”IOau the negative pressure
Increases as 92 Dbecomes smaller,

2. The lift-coefficient curve is shifted to the right as compared
with the curve for the single airfoil. The angle corresponding to
zero lift therefore is greatey than for the single airfoil, the amount
of the increase becoming larger as t becomes smaller; moreover, for
small t/1 +there is also the effect of 6.

3. The slope of the lift-coefficient curve for small valuss of the
1ift coefficient becomes larger with decreasing t/1, whercas 6 appears
to have little effect on the siope. -

4, The maximum—-1ift coefficlent of the retarded—flow cascade of eir-
foils is smaller than for the single airfoil and decrcases with t/1.
For this reason, in designing a propeller pump or fan impeller the
results from tests on single airfoils cannot be applicd directly.

5. The theory of the flat-plate cascade cannot be apflled directly
" to a cascade of airfoils heving thickness and camber,

6. The slope of the lift-coefficient curves agrecs fairly well with
hio theoretical value for ths flat~plate cascade, the agrecment being
quite good in the neighborhood of € = 159, but not so good for other
values of €. The agreement is also not very good when t/I is small.

7. The test results of Keller, Marks, and others on propeller pumps
and fane agree with the resulte of the present tests.



NACA TM No,, 1190 i7

8. The, dreg goefficient for the ‘retarded-flow caccads %s greater : .
tkhan that for the single ajirfoil and increases with decreasing t/z. For
a large .angle of attack the- drag coefficient decreases ag 6 -increases,
and perticularly when t/1 is emall the effect of 8 1is large.

9. The results obtained om the -nine-airfoil cascade for . t/T = 1
and on the seven—eirfoll cgscads for _t/l = 1.5 may be consldered to
approach the results for an infinite number of bladss, The lift curves
for the seven— end nine-airfoil cascades for fixed t/! and: 8 closely
resemble the curves for the five-blade cascade. The drag coefficient is
not greatly affected by the increase” in the numbor of airfpils, as the’
result wvas approximately the same for the [lve~blads cuscade.. .

Tfanslétién by S. Reiss,
National Advisory Cormittee
for Aeromnsutics.
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