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which the air is turned by tho blades. A yaw survey with.

no blades in the tunnel ard with straight walls showod
=~ ' that, in tho rogion betwoen the gsocond and the fgurth .

blaaos, the alr anglo was constant to within 1/2° .

: It was found in thesc tosts that the static pressure
in the survey plance onc-half chord bchind the airfoils
was always closc to atmospheric prcssurc and this fact is
uscd lator to simoplify tho analysis.

SYMBOLS

oy angle between initial air and tangent to concave
surface of blades

q angle between mean air and tangent to concave surface
of blafes

q local dynamlc pressure

a, dynamic pressure of initial air

a5 dynamic pressure of air one-half chord behind Dblades

e dynamic pressure of mean alr

gp - final dynamic pressure of air after idealized mixing

P, static pvessure neasured by row of orifices ahead of
blade .
4 . . . . )

Py static pressurc one-half chord behind the blades, equal
to atmospheric pressure

Ap pressure rise across cascade (pg -~ Dy)

Py final static pressure after idealized mixing

U, velocity of initial air

Ve velocity in axial direction

U,y velocity of air behind dlades
Uy veloclity of air cutside wake in plane of A4p

Uq mean volocity




Au  vector difference of velocities. (u, ~ up)

Ug final velocity of air aftor idealized mixing
S arca of blade
s solidity, chord of blades divided by gap vetween then

Op, 1ift coefficient (1ift/q,8)

CIJ = ;‘i& = g‘_O_ OL
0 q,8 q, 1
A, cross—sectional area of initial air stream that passos

between ad jacent blades

A, area of air stream Detwccn adjacent blades one=half
chord behind Dblades

8 angle through which air is turned by bladces

p alr density

AH total-head defecct
B stagger

F force on vbladecs
DATA AND ANALYSIS

Turning coffcctivencss of the bladcg.- The angle ©
through which the air was turned by the blades is plotted
in figurec 2 against «o,, the angle between the initial
air and the tangent to the concave surfacc of the blades,
The angles given are averages taken over the air in the
contral vertical planc between the seccond and the fourth
Plades with the region in tho bladce wakes excluded., It
will be noticed that d8/da,; 1s closc to unity, which
illustratces that thoe bchavior of the cascadc with a so0lidit;
of nnity is much closcr to the infinite-solidity casc
d8/da, = 1 than to thc isolatcd-airfoil case d8/da = O.

Prosgsure distribution and 1ift.- It seems to be cus-
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tomary to base blade characteristics on Ymearn-air" condi-
tions. A mean-velocity vector u, (fig, 3) halfway be-

‘tweenthe initial air Vector*u1 and the finmal alr vector

Uy 1s used as the basis for determining Qg g and

Cr,+ In flgures 4 and 5 the pressure distributions ob-

tained from orifices in the contral zairfoil are given.
The quantity plotted is the difference between initial inm-
pact pressure q and local statlc pressure divided by

'q,s which is equal to the local dynamic pressure gq die
- vided by Ug o The values of atmospheric pressure pg

and the static pressure ahead of the blades p, are also
indicated on the graphs as differcnces in total head di-

vided by Adg -
The valuces of 1ift coefficionts’ GLO giveon in fige-

ures 4 and 5 were obtained from the pressure distributions
by the use of a planimetor, They are plottcd as circles

" in figurcs 6 and 7, In Tigurc 7 the 1ift coefficicnts

CLl and anglcs of attack @, arec bascd on initial alr

conditions.

The forcc on the blades can also be computed from moe
mentum considerations. Thore is a forcc parallel to the
stagger line owinv to the fact that the air has Dbeen turncd,
per blade

Py buS/s - ()

There is a force perpendicular to the staggor linc owing
to the pressurc risc across tho cascade, per blade

ApS/s (2)

The squarc of the foerce on the blades is then
2 2 2
F° = (pu, OuS/s) + (ApS/s) (3)

If the drag forcos arc noglectcecd, thils forec can be rclated
to tho 1ift cocfficicnt GL to givc

2 Bu,, x on
)




From figure 3

—8X - ¢cos B
u,
8% _ 8% ftan g - tan (B - 0)]

Uj Uy

Then

o 2 _ [2 cos® B [tan
1 T

s

- 2
B - tan(p - S)J] . AP>

q,8

or in the casc covorcd by thosc tosts B = 45° and s = 1,
go that ' C :
2 - 2 AP
;. % = |1 = tan (B8 - @) | + (=¥ (5)
1 L NGy '

The valucs of CLl and. CLO obtained from cquation

(5) arc plotted against @, and «,, rospcctively, as
crosges in figurcs 6 and 7, Thc agrccment botwecon the two
mothods of calculating may be tekon as a moasurc of the
accuracy of %the preoscnt investigation, In figure 8, CLO

is plotted against o, to scrve as a corrclation between

the two mcthods of cxpressing the data,

Pressurc risc across the cascadc.~ The pressure rises
across the cascade -~ that is, the differences between the
static pressure measured ahead of the blades and the atmos-
pheric pressure - divided Dby the initial dynamlic pressures
are plotted as circles in figure 9. This-plot can be con-
pared with the pressure rise that would have been obbtained
1f no energzy losses hod ocecurred, In the absence of energy
losses, the pressure rise can be determined from figure 10,
From the figure and the fact that the fluid may be consid-
ercd incompregssible.

Ug cos B ds '
6
Uy cos (B - §) da (&)

and from Bernoullil's theorem



P, - D, =q - a, - (7)
“‘5:' . - - . eyt - . B - - . . - . e a:,. - Dol PR PR
by gy s T o
a; a4y Lcos (8 - 0)

Points obtained from equation (8) and tho measured
- values of 8 are pletted as sguares in figure 9, It can
be scen from figurec ¢ or figure 1 that the blades continue
" to turn the air eveon after they are completely stalled,
The pressure rise that might be expected to accompany the
increase in the area of the stream produced by the turning,
however, does not occur,

Losges in the cascnde.~ The difference between the
curves orf figure 9 indicnted by circles and those indicabted
by squares must be attributed to energy losses in the flow
through the cascade., In order to measure the part of this
discrepancy that should be atitributed to the drag of the
bladey, a roke of total-hend tubes was used to survey the
wake in the central vertlcal plane one-half chord length
behind the central bPlade. 4 first approximation to the
blade~drags losses can be found from a simple total-head
integral, The energy defect (assuming constant static
pressure) is

S
EBnergy defect = J/— ughHAA 5 (9)
?.A.B

where AH is the total-head defect in the element of aren
dh,. If the total-head defoct is not very large anywhere

in the woke wuz 2 U5 (the average of wug; over Aa) and

the erergy defect may be written

Energy defect = EQM/P AHAA 5 (10)
h,

Equation (10) was made nondimensional by dividing by the
total kinetic energy entering the cascade to obtain

T, J, OHAA, J.  AHdlL,
T T T (11)
initial kinetic energy q,u, b, a,d,

energy defect




This gquantity is plotted in figure 1l.

The pressure rise across the cascade will now be cor-
rected for these measured blade- drag losses., ©Since the
static pressure was nearly constant everywvhere,

=
W

- 1 2
AH = = pu - — OU
5 p 24 5 Pta
or
2 AXE
Wy = Ug, o T
5 P
and from continuity
3
o H
Mady o= / uad“a = J/ "1306 - ? dad -
A, “Ag . g F
" hence
Ay -/ V/ 0, ° 1 #a

n

Now since uzo is the velocity outside the wake

pugog + Pa

|
-
]
o]
i)
+
(o]
-
i
n

&
o)
[
)
o]

1

hence

As Ap A dh
L e fp _oF O, (12)
Ay 4 d1 q; Ap

The pressure rlge across the cascade can be destermined
from equation {12) by a trial-and-error procedure if the
total-head losses are known. In cases where AH/q, 1is
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always small comparcd with 1 - ~£3 the square root in

A : 1
cguation (12) can bo cxpanded by the binomial theorem and
reducecd %o a form that is casicr to solve for Ap. If
only the first two torms in the cxpansion arc retained,
cquation (12) bocomcs |

A - X A H dd
<1~é~1?_\3_/;_.é?__}.__& i R (13)
Qa1/ vy S d1 2 A, a; 4z
Az

The pressure rlse across the cascade may then be
found from equation (13) when AF/q, is small, These
pressure rises sre calculated from equations (12) and (13)
and are plotted as the middle curve in figure 9. EBquation
(13) was used for the low-drag region whero the wakes were
not very decpe.

It will Dbe seen that a large part of the diffcercnces
Petwecen theoory and experiment arc nobt attributable to the
trag of the blades in the central plane. It was there-
forec docided to survey the cantlre arca 4, (on onc side
of the ceantral planc) at a singlec angle of attack, SOy =
120, to determiznce the cansce of the remalining discropancy.
The rosults of the total-hcad survey arc shown in figurc
12, The Figurc is 12 the vlanc of i,  onc=half chord
longth behind the central airfoil, The lincs in the fig-
vre arc contours of cgual total-head defect and the num~
bers on the contours are the percentages of initial total
head lost. The losses along the walle are seen to be very
important. :

The pressure rise across the cascade was then deter-
mined by evaluating bthe integral in equation (12) fronm
the general survey shown in figure 12, The value obtained

vas 4r = 0,281, The agreement between thisg value and the

A1
experimental point 0,271 is now within experimental error.

If the air leaving the cascade were allowed to nmix
without net loss of momentun, a greater pressure rise
would be obtained (meantioned later). The measured pressure
rigse will depend, in general, upon the distance that has
been ~llowed for the wake to mix with the surrounding air,
In order %o obtain a comparison with the perfect-fluid
pressure rise that would be independent of the ardbitrary
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_ chéicc of the survey plane. A;, the pressure rise duc %o
idealized mixing will now be added to Dpg.

Gonsider that the stream leaving the cascade 1s allowed
to mix with the total momentum and with the cross-scctional
area " A; unchanged, The final velocity wuy and the final

pressure pp can then "be found from continulty

. ul'A'l = / '(.’l.aa..A.‘3 = uFAB : ’ (14)
“Ag

and conscrvation of momentum

' 2 s 2
Pehy + Peupthy = / puy“dh, + Aoy

s
An

Since v/ puaadAz is always largoer than puszz,
Az
thorc will always bo a pressurc risc accompanying the mixe
ing proccss. This pressurc risc is :

Pg - Pz
qda

/ . q .
/ 2 oan, - g & (15)
A ai

The intogral in cguation (15) was obtaincd by finding
the areas under the various contours of figure 12 with a

planiniter., The value of qg/q, was obtaincd from egua-
tion (14), the first and the sccond tcrms v1eld1ag 0,658
and 0,652, respectively, The inaccuracy of the measure-
monts is indieated by this discropancy. By use of dqe/q, =
| : Pp = Py

0,659, it was found that —=— = 0,020, Adding this

1 Py - P
valuc to the experimental value of Ap/q1 gives £ q =

1

0.291, Thié value is plotted as a plus sign in figure 9.
Adding %%

tho idealizod mixing pressure rise to the valuo of
Ap/aq, obtained tneorctlcally by taking account of tho
complecte oxit survey giv 0,301, This valuc is plotted
as a crogs in figure Comparison with the plus point

shows a satisfactory
sults also corrccted, :

r-c, 9 Wiy

-
wgreemont with the experimental re-
or idcalized mixing.
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"The pressure rise found is thus frccd from the arbi-

" trary cholce of the survey station. It is the maxinmum

pre“sure rise that could be obtained by adding an idealized
mizing cnannel after the cascade,

APPLICATiON AND FUTURE PROGRAM

. Two of the results of this work would appeaf general
enough to be useful while further cascade work is in Proge
ress-

It will be noticed from figure 2 that a6/day; is close
to unity; that is, close to the value that would be ex-
prected for infinite solidity. It would scem, as a reasole
able surmise, that this result would apply gene*ally for
.solldities of the order of 1 or greater, A test of a single
blade in the cascade set-up showed that the angle of zero
Lift is nearly unaffected by the presence of the other
bladess This result might also bc presumed to apply genw
erally when the solidity and the camber of the cascade are
not too large. It scoms likoly, therofore, that there is
a s0lidity range near unity obveying a simple relation of
the form

8 = k (o = ay )

where k 1is an empirical factor that is botween 1,0 and
Ce9 for the conditions of these tcests and . % is the an-

gle of zcro 1ift of the isolated airfoil, This equation
can bc uscd togethcer with a relation of the form of cquae
tion (8) to approximate the pressure rise across a cas—
cade in thc absence of losscs. .

The gencrdl survey (fig. 12) mnde at a, = 12° showcad
that a large part of the cnorgy losses aro due to poor flow
near the wallse.  The wall boundary layer necar the convex
surface of the blado was greatly thickened, as might bo ox-
pectcd, Tor two rcasons: First, this air h%d to flow
against noarly the samec unfavorable pressurc gradicnts as
the air that passed over the blade, whereas the wall air
"startcd with a developed boundary laycr; sccond, thce low-
pressurc region near the bdlade probably accumulated ailr
from the boundary layer of "thoe zdjacont wall, Similarly,
the high-prossure region noar the concave surface of the
" blade appearcd to repcl its boundary laycr, producing a
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thin-wall boundary laycr near this surfacc. It would be
expceted that thesc offects wouwld incrcasc with 1ncroasing
llft cocfficiont., . :

The importance of wnll losscs makes 1t imporative
that they be considered in the design of Dblowers for high
efficiency. The 1lift coefficient for optimum efficlency
is reduced below that of maximum blade lift-drag ratio, as
can be seen by comparing figures 9 and 1l. In the caose
covered by these tests a 1ift coefficlent GLO near O.4 or

0.5 would appear to be most efficient, Under these condi-
tions for the cascnde investigated, the air stream is
turned through on angle & Dbetween 10° and 13°, Wall
losses must.be considored to be even more serious in the
usc of more highly cambered blades, because the minimum
blade drag occurs at higher 1ift coefficients.

It is to be expected that wall losses would be in-
crenmsed by the prescnce of end gaps and relative motion
between the blades and the adjacont wall; thesc design
conclusions must thereforc be considered only tcentative.

CONCLUSIONS

1, The anglc through which the air is turnecd by a
cascade of blades with a solidity of 1 and a small cane-
bor is ncarly cqual to the angle of attack (with rcspect
to thc ontering air) of the blados minus the angle of
atback for zecro llft of the isolated airfoil,

2, A largo part of the loss in o cascade may be
associotod with the flow aloang the channcl walls and par-
ticularly with o rogion of slow alr ncar the Jjuncturecs
of the convex side of the blades with the wallse

Langley ilecmorial Acronautical Laboratory,
National Advisory Committee for Acronautics,
Langley Field, Va.
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TABLE I
. WACA 65,2-810 AIRFOIL _

COMBINED WITH y = 0,001l5x

Upper surface Lower surface
po h's v X VA
(percent c) (percent o) (percent ¢) (percent c)
0 0 0 0

230 .913 740 - 513
«486 L1530 - 1,014 -eHB70
0942 1,510 1.551 : -o 654
20143 Rec?d 2..85%7 - o786
4,591 3,448 5,409 -e220
7.072 4,371 7.2928 -e379
9.569 5,149 10,431 ~1,013
14,5892 6.415 15.411 ~1,031
19,629 ?.3286 20,371 -1,018
24,681 | 8,139 25,319 -e279
29.740 8,705 30,260 -e229
34,804 9,008 35.196 -,858
35.870 9,839 ‘40,130 —-e 77l
44,936 Q4409 45,064 - o649
50,000 9.282 50,000 - o458
55,058 8.950 54,942 —-el90
60,107 8.434 59,893 134
65.143 7.744 64,857 ' <496
70.164 6.922 69,836 .854
75,171 6,025 74 .829 1,138
80,162 5.024 79,838 1l.344
85,137 3.935 84,863 1,449
90,104 2.810 89,898 1.,826.
95,0865 1,612 94,935 .916
100.048 o142 99.9562 —-eld2

L, B. radiust 0,666 percent ¢
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Figure l.-Cascade testing apparatus.
Cascade of NACA 65,2-310 sectlons
Stagger: };5°; Solidity: 1
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Figure 2.- Angle turned by air in passing through cascade. Cascade of
WACA 55,2-810 sections; stagger: 45%; solidity. 1.
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 Plgure L.~ Section pressure distributions.
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_Figuro 6.- Lift coofficicnts bascd on moan air conditions.
Cascade of NACA 65,2-810 soctions,
Staggert 4593 Solidity. 1.

1.0 :

i
_ !
.8 -
, —%“:*)O('::
. /") '//‘.Iﬁg:"
06 /69(‘:‘;'%)/-’0’
c yta
LK
W4 _*74—01
pted
K1 G From prossurc distribution
2 ://:Q x Calculated from measurcd ©
S ] ‘
okd” | ! | A ‘
-4 0 4 8 12 15 20 =24 28 32 36
avl, dog

Figurc 7.~ Lift coefficents bascd on initial air conditions.
Cascada of NACA 55,2-810 scctionss
Staggors 45°; Soliditys 1.
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Figure 9.- Pressure rise across cascade. Cascade of NACA 55,2-810 sections; stagger, 459 solidity, l.
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Figure 10+~ Illustration for pressure-rise calcalation,
Cascade of NACA 65,2-810 sections;
stagger, 45°; solidity, l.
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 Figure 12.- Contours of constant total-head defect downstream of caseads.
Cascede of NACA 65,2-810 sections)
Staggers 489 ot 1297 Solidity: 1.
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