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~7 Jean Gi~~~n , Jr . 

SUT,nIARY 

An inve stigat i on "Vas ,0nCiuc 'ced a t; low Hach number s 
to dotercin.0 the ef:'e'2·t 0 .1' vE. riat::.ons i n p·tch distrIbu
tion on propel l '9r' eff~,cienc ~T . 'i'::::. 3e lU- foot - diameter 
three - b lac.'l-:; travGor r; :;:'opelle:'::'s mo'mted on a streaml ine 
b my were :'ested Cor' a "G l ade - an[:;;le r ange from 150 to 650 • 

In additl.on to 'Cl'le nS .. wl procedure 'of' (~ etenTining 
Drope lle r t hn:s t n d p O\:e r coefficie_ ts '0 ','1 i,' or-Je - b a l ance 
meas urements , surveys were .Made of t he total pres sure 
in the p r'o:)e l l e1' ','.'aim to de ter.-nine th.9 t h rus t 10 adin~s . 
The over- all. p ropelle r charac t eristi cs as well as the 
'c!-'cr'ust and torque 10a(~J.ngs I'vere also determined by an 
analyt ! cal MA t hod . 

The section thrust and ·torque c oefficients are 
pre s ented for s e ve n st o.nda.rd radi i in a form that enab les 
rapId ce termination of tl'le thr usOc and 'to rque l oadings of 
cr:e thr-:;e prop e lle rs at ope r a t i-1.g cond iti on " within the 
limit s of the d ata o')ta:'Ylec. . Char ts are presente d that 
show the varj,at2.on of moJ:a1:' coeffi cie nt wi th 'b l adA - angle 
settj,ng and advance - di~nr,eter rat io and tha t include lines 
01' c ons t ant efficienc"r . Ot:le r c:'lart s show the variati on 
of t __ rFst coeffl lent \!~ th adV8.;lCe - oi··l:le te :c l"atio at 
,)oth cO:l.stant b l aG.e - angle sett ing ans const an t power coe f 
fici~nt . A comp~rison of the va~iatlon of thrust coef
fici'3::1'~ with ad v an.c8 - ,:l2.a:ne ter :""'dci o at several c onst 3. ~1t 
valueo of T~owe r coefficient :._S j!l'lcie to sh mof the relati 7e 
efficiency of ~~e th~ee n~ope lle~ s fo: a l arge rang e of 
0'Y)E, r8. t ing CO!lC i tions • The effl clenc ie s are compared a t 
seve:.'al s inn:latec. f 11[;:lt cono l t ions l"a !8i ng from take -
off to high speec e 
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.2·o r J.:;h.e simul ated f l iGht cond..i.tj,ons , the induced 
ax.la.1. anc1 r otationa l components oi' the e ffici e ncy loss , 
and ·ch.e componen t d ue to j1J.'ofi l e -". r ag are eva luated and 
'Pr~sc:1.ted in t abul ar form • . RqDresenJ~ati ve distrib utions 
of t';-cse i::duced. and n r of i le - d r ag losse s a re shown . 

G0cd agr eement was obtained between the c al c u l ated 
and mea s ureG nrope l le~ char acteristics . The r ssu l ts 
in~icated t .at high efficienc133 a t l a r 3e advanco 
oia:'1eter ratios (in excess of 3 . 0) Gould be mainta.t.ned. 
if :';11e '('.:;, t c h dis trib u t i.on wer"'e n~: ar m::tim1.1I:l. . The ,i nc1'L~ced 
axial - eneY.'E;Y loss was .shown to [)0 indepe ndent of pi tch 
dlstr:'..but5.on when the r:ropelle:c was opC'rating near I)ec..k 
erfic ~~ncy . The induced rotational - 8~ergy l oss mig~t 
r1eC~)'1j3 exce ssive l y h:l.C;h at 1a1'[;e advu~lCe - d i aJ:1etel' ratios . 
The 1039 af effi c iency due to ~rofile drag wo~ld be 
critj c.ally depcmdent on l:;he !J.dva; :ce - cliameter r at:i.o and 

t..;.n '\ a t a (;.~ ve n 38 ct ion . 

Tr:'3 J.cJeal pitch (:ta t .ciiY". t; i.an of a. pr~:>De l le r i s the 
pitel). cj. stri':l'll.t:L on t;~lat , for 3. :CJ v f4 n operat::' n g c ond i tion , 
will :-rield r:inl~1urr. energy 10ss.3s . '1':t8 jnc3.uced energy 
1.083 : s a l:'i.~.r..iml.un when t.l18 b l a lAe lC3.c.~ng i s optim.:un . 
-:2he 1")rofJ.l'C' - c.: ras ener ,:- 1 ;;38 is Yllinirm.0.TI whe n che pro 
c'll.et of the b l ade ch02'd anc profile - dra g coeff:i. ie n t at 
eac- S0 tiOL is the l east no s sible for the requirec. blade 
lco/l.ine.; . 'l'l1eSJ requirePl::;nts fo:.' r:"l iniml.1.m e n e r gy l os ses 

" -'l f' ' . t ' . . 1-may .;e aC.L1J.eve,,J. _ or :J. Cl ven ope.c,,;, :L n.::; ecndlt l on oy 
fo l l00in; design ~roce~ur8s 'such a s those se t fo rt h in 
:ce fer::nces 1 to j , Vl~'1~.ch a re baser: on the wo r k of Betz 
and Gold.s ce :'.n . 

3ec&use o~ t:he ,-~':'xed Ditc;'l ,jistricut ion o f a given 
projx'ller, the ~ro~"..~r load d i stl':tbution c an not be 
I'1aint ain3d over a ra:1,'.:e of opera'cin,C; condi tions . The \ 
variatIon :~rcm 0·. tim'll.: load: ng muy become aprrec i ab l e 
for l arfI8 r a nc"l s o~ o":era tLn€,' con6il';:;"o?:ls u eh as those 
now be:Lng e!1co,;nterec: ~J~- hi3h- sficed a::'rplane s . The· work 
o f "(' ~.d'e rence · 2 shovvs s~at impro [Jf) l"1 Y J.cadin,:; the p r o 
Dellt:r ledds to c..1f1irecia1J le i!lCI'8aSe8 in induced e !1ergy 
lo~ses at h igh adva·lce - cla.rn-= ter ::"at l03 , a l though the 
effect is small at acivanee - diam8te :c' ra t io s l es s than 
a rproJ' imate l y 2 . 5 . I::. 1~a11tlcl1 1 uI'} t:~13 induced rotational 
enerc! 10s8 is sh011'1 to j:.lcr;T0 excessive i f the Shan l{ 

sect::"or:s at hi :;h acl v al" ce - Q~ 8Jile+; !.3 Y' ratios are OV8 r loaded . 



~he , res ent investigation waS made in the Lang ley 
pi:,o ~e1. 1er - r E:: search tunne l to Jete r mine the eff (:1ct s of 
pit0h d. is tri"butj.on on rro:?eller characteristics for a 
r aD3e of b lade - a ng l e settings f r om 15° to 65° . The 
progx'a-,.; l.nc Iud ed tests at, low ~.1 ach n1..u"Cl'0e rs ,of three 
l O- f o f"J-c - d.iarns t e r p rone 11'3 1"'3 having NAC A 16- sei'ie s se c 
tions ~nd varying onl y in ~i tch distribut i on . In this 
:pro3ra:n:. the usual Porce - balan ce tEi S t me thod s were 
sun:o l e:nented wi th wa!~e surveys to dete r m,ine the Lhr-cl.st 
loadings . The t hrus t and torq ~le loo.d:"i'l2;s ::md '9r ope 12.er 
characte :cis'cics wer'e also det!H'Plined by an analytic al 
method ~ ith t¥o - d i m3TIsional - airfoi l ~ata . 

I~:L t 'he r:r',)sent nane r tr.e c<llc 1..~ l u~ed and m88.sured 
pr ('\ 0G ll :~ r C: }~a1"acterlst '~es al',3 comna:::ec. and curve s a::,'e 
pI' S s e ;·:;,t '.:cl ch s t; ohow '~he c ompar dt :L v e effic iencie s of ~~he 

tLre ::, "rope llers f I' a lart;e .!.' a n s e o,~ o pera.ti ng con0. 1 -
tions . 'Tho:). calc:J,lat-e c'. s'3ct5.c"J. 'i~hru8t and torque cOAf
ficien.ts '.fi8 j,'e em~J. o fed to ev·"' lv.a t ', t:".f3 induce d axial 
eneri3; :~ a:::1d ro t ·: tiori ' l-enerc y 1 0 0[;e8 i .!..! "'~ the Inss cue to 
p rof i l'3 d raG' :'01"" .3 8 'Je r a 1 o:?er''' .:;:tng conr- l t i ons . 

'i'Ti'S secti ni::;~r ·tl, t ani1 to1"q·L:.~~ coe ffi ei en ts are l)re 
se::1;~ (' (\ in a fo r m that etn ab l '3s qu i ck "lete rnina t i nl1 of the 
thr J.st and torqn e l oadin::; s of t he , t hre-e, propel l Ars at 
0ner8. C'::g ~onditions withi n the lLdts of the data 
0bta i n3c1. . 

_4. Ch ::.t I ' t is ")res e nte d that ")o r mits a f2.i r ~. y rapid 
quaI l. t flti ve de teTmina ti.on .of' t~e .laj e loadil g. [('\1" an~! 
pro?cl1er . Th i 3 chart was fo un G to ~ A quite useful a s an 
ai d tn the ,analys.is of' the r esults of thi s · investigati cID . 

a axial in.flolr; -factor 

a' TotEit i onal inf low fact r {fig • . l~-

D 
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OLD section design lift , coefticient 
,., 
'vp 

c, 

D 

aD 

d.L 

di..:./r 

F 

MI 

h 

~ower coefficient (P / pn3D5} " 

torque coeffici3nt ( 1,~/pn2D~ ) 

thrus :c coefficient (Tp/pn2r;4) 

propeller diamete r , fee t 

~hangp i n jody drag 1 ue to ~ro~e l1e r slip
stre~rn , ,Dounds 

sec ti on proi'ile 
( f'i S . 1) 

d 1'", a rr . ...-:. , 

scct i on t orque coeft:cient ~ 
(

6. <\.{dX) 
pd-D~ 

s e c t i on L~Y.ls t eo" i'f i c1 "n t G: ~JZ) 
(

:; _PW2b dr) , s ection lift , pound s _ 1 ... 1 ___ _ 

2 
(fig . 1) 

section t orque force , nounds (fig . 1) 

sectlon thrust forc e , pounds (fig . 1) 

1 t t "1 t · 1 1 ' lrA energ y os 0 aXl e ;nomen 1.ll':l. In prope"_ er wa",. :;" 
foo ~ - • .I0U:16. s pe r se cond 

e nor gy lost through profile drag , foot - pounds 
'-:- e1'" se c ond 

enerzy lost to rot a tior12,l 1:10nentum in pro 
peller wake, foot - ~0und s per second 

Gc l dstel.::1. cc~::,ecti0n factor .:'o r f :~nite number 
of 'o1<..1.de 8 

t ot 8.1 - pr essure rise i n prope ller wake , pounds 
per squc...re foot 

l-r.aximum t h ickn8 sJ oj' ') lac.e section, feet 
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J 

n 

p 

Q 

q 

R 

r 

v 

'IV 

"r 
"0 

x 

a 

'( 

advance - diameter ratio (V/ nD) 

pr opelle r rotational ~peed , revolutions pcr 
s econd 

pOVV'3 r dbsorbed '.Jy prope ller, foot - pounds pe r 
second (21T::l.:t) 

torq~~ of oropeller , foo~ -Jound s 

free - strea:n c.Ylla.mic~ prE",ssure , pounds pe r 
square f oo t ( pV2/2) 

r adius to propeller ti" f oet 

Y'adius to prol-e ller ::: l el':1ent , feet 

shaft ~~nsion , pounds 

pl~0:)U lsi v:3 th.rust , po .... mcls ('1' - LID) 

~rce - stream velocity, feet per secon~ 

l ocal 9xial velocity , propel ler remo ved , fect 
1'03 r se cO,'ld 

t rue resultant ve locity , feet ne~ second (fig . 1) 

beo'TIe tric. resu l t", t veloci ty, feet per seccmd 
( fi.C) . 1) 

total interference velocity a t a i ~foi l, feet 
er second (fig . 1) 

radius ratio ( r/R) 

radius ratio a t spinn~r ju~cture 

section algle of at t5.c ~~ , dC3r e es (f1.13 . 1) 

blade - section ansle , dozrees (fib ' 1) 

C'" ta!.l- l ..L, 

CL 

anele of inflow, degr'ees tan - ----
(: 

1 GCL J 
(fi.:~ . 1) hI<' sjn ~. 
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1 J propulsive e f ficiency (~pV/P or 

~ I O blade - section profile - drag efficiency 

p mas s dens i t y of air, s l uS ~")e r cubic foot 

0 0 standard sea-leve l mass density, slug per cubic 
foot 

o section sol i dity ( Bb/2rrr) 

aerodynamic helix angl e , degrees (fig . 1) 

ge o:ne tric he 1 ix angle , deeree s ( tan -1 ..L) 
( T'~ ,\ rrx 
~ --g. .L I 

angle of twist in propeller slipstream, degrees 

For the deternin.'ltlon of section thrust coeffi 
c ient dCT/dx fron: the wa:{e pressure :neasurements , a 
c onvenient equati on is ,; i ven in reference 4 th&t 
trar-s roses to 

( 1 ) 

Secti on t h rust and torque coefficient s were calc' lated by 
t he method gi ven in reference 5. The uirfoil characteristics 
shown in fi gure 2 f or NACA 16- s e ries uropeller sections 
were -~3ed in tee calcula tions . T~le se airf oil data were ,. 
interpolated from refe~ence b . T~e free - stream ve l ocity 
di s tribut ion was assumed to be un5.form and the calculations 
were based on the propeller de sign dimens i ons . 

Eq ~t i ons for evaluating the induced fractiona l 
energy losses wer'e t aken fr om refel"'ence 2 . The frac 
tional energy lost to :lXial moment1.'UTI is 

E (n .o 
J I 

~ I 

.p = Cp I 
,IX 
... 1 0 

(2 ) 
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and to l"otational moment r'.m 

where 

a:.::. ,. 
2 

dC r,t 
dx 

dx 

The value of Xo fo r this nvestigation is 0.236 for 

all thr~e ~ronellers . 

7 

The f r actional energy l oss ch:18 to profile drag is 

En = llloo 
P C 

Q 'r 
-"-0 

d CQ dx 
dx 

( 6 ) 

The value of ~ r can be s hown to be 
o 

where. 

The ang l e 
oporatlns 
operating 

de T 

dx 

Yj l 
o 

tan .¢ 
.- ----.:.--

ri It a ri tan y.J = --- tan Po 
1 - a l 

y Can be determined from figure 2(b) Lf t.he 
CL 'i s known . An expr es sion E; iving the 
CL can be ae rivec1 1"1'0111 the following : 

Bb J2 (l + a .) 2 . ( = C c os ¢ -8R sin2¢ . . L sin ¢) 
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-s ·U. :":~:la ·t;in.g CD fro:"1 tbe .ex'.Jro s s ions for the sec t ion 
t:lr·J.·'t G,nd torque and solvi.ng tor C-:- ;:;:Lves the 

'.~.J 

.:Co1.1o\Vln5 e ::!.uation 

= _L~D _ ~. dCT 
') ... 

xBbJr- <J.,"{ 
+ 2' 'tal 

xC' P ARAT'JS 

. 2 ¢ Sln ¢ 
+ 8,)2 

·rh.s tes ts '.vere co·, r:; 1; .... ·i;.:=(~. '.1), '..;ha Lan.; ley propeller
researcr, ·~1.'.:rj_(1el . · A JJ·~~ot.oG:ra~:':l of e>1·3 test s e tu) is 
g iven a s :-:'J. =u:"'G j 1,;;,,'1<1 t.l'le c'iU'lO '·i. c1.onal Cletclils are shov:n 
in fi -:ure !:. . A c1 ~;.:;e - up of (. ·le !" ':"090 1 1.3:1,"' - spinne I' 
arr3n~ement :Ls ~ lyen as fi s ure 5. The ga, between t he 
pl'o ~)elleI' blade ar:d the c011u}0 ::.0 coverpJ. a te 'Nas 
one t 1d.r'c:,-- s 6.Jond. of an inch all arc uid . 

'rlle ,')ro'~')ellers ',:e re dr'iven b.: t"ir) variab l e - speed 
25 -~10rs :3!1oiVer e lectr~.c inc1.uctioll motors that incorporated 
sprtnc;- sGl.syn dynamor:1€.' ter equlpnont .for measuring torque . 
Propeller rotational speed was G.cter;,l ined by means of 
el '3 ctrlc tacho::18 ters ~~r",J 1)ropell.e r thr'\Jst , b~r the tunne l 
t tl Y'n s t - balar!ce equi~'Y;10n t . 

'l';:~B to t a l - i'j'8'3sure r :\.3e :',n the. propeller vvc.'.ke VietS \ 

(~et'3rT'1inr' ct by a horizontal l"'ake c f total - Iwes3ure tubes 
al C' !1.::' t he :!. isht ~ hand ::--adius . ~~'>e radial stations at 
whic).". ella ine) ivicJua l total - ·oresS1J.re 'cubes we re located 
',.,. ' , . t 7,'0 ,I I ?"7 ','" i k ';::; 1 ':5 r..n 5 ~;::; '71::: 0' 0 VIi ._ J. C a " , )L~ , .J ( , L;.<... , Lr) , .J , .J , 'J~" , \..../ , ( .J , , 

85 , 90 , 9J ! ~)(J , 103 , 0.nd 11 Q ~'Pl'~':mt of t 1e proPell-3r 
r adius . The d::'st s !"lce trom t't'18 ;,2,"'cnelle r center line 

back to the total - pr'3ssure tUbe ~ was 7~ i nches ( O. OG25D ) , 

and the rrdn imum clearance be tw'Jer. ;',11 8 j lad e tra iling 
ed~;0 and J::-:1e total - p::"2sD'J.::"e tnbe at O. 30h W8.S O. 01 35D , 
or 1 . 62 Inches . Pre ssur~s were r0~orded photograph:cally 
f r om an ?~:-.CA . r8ccrdi.n:;;;iUlti.ple ·tueJe manb:meter , ';'{hich 
wa s inclined '600 .f2'om tho vcr' tic'ell 1.11 order to double 
the magni tl)~d e of t~le read .irlC;s " 
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PROPELLERS 

The th r ee Y)l~ODe l l ers se l e c ted for the inve s t i.ga 
tion '(ie~~'? '~he NACA 10- 308 :" 03- 55 , · 1 0 - 3: 08 - 03 - 1~.5 , and 
10- 303- 03- 30 8~d ~ j ll hereinafter be 'referred t o a s 
propelle~s 55 3, 45 8, . and 308 , ~e spectlve ly • . The first' 
group of nw~e~alo in the ~e 6 ignat lori de notes .the pro -
pe lIe):' d i ame tel' i n fe e t ; t he f lrs t · d'ig i t of ·t he" s e c (md 
group is ten time s the de si6n lift coeffi cie n t at 0 . 70R; 
cd~C: ·c:1.e J .. ast two c. igi ts of the sec i. ,~~. group express 
the thickness - ob.ord ratio at 0 . 70::1 . ".Ll~·le third e, r oup of 
f::' .:~ur'Js sive :3 the solidi ty per b lade at O.70R a nd the 
l a se grou? ceslgnat e s t be Bppr-oxl:nate b l ade - ang l e s et ti~3 
at O. 70i-: f ':)l' t {].e deslsn c on.d,i t ion . 'rhe blade des i gn 
inco~~orates NACA I G- serles sections . · The act!vity 
fac~o r for oach b l a~e i s 98 o r for the three -~ l a¢e t r actor 
p r opel l ers , 270 . · I'~'.e b l 8.c}e - -;·c r m c.baro.cter::"stics a re 
s hmvl1 1n fi ... ur'':'>. 6, w~lich also inc2.l.l.des a curve showing 
t he des:1.g:!1 LtI't coo:E'fic i t:; nt C}~) of "'ct.3 airfoil section 

at 'each stu.tion . Tbe ctnsular twist (i' - ~'O . 75R) of 
the b lade s is co~nn8.1''3d in f i Sl.uV;) 7(a) undo curves of p/ D · 
are sho~D in fi g Ire 7(b) . 

The ~ lad33 of prop9 1l~ r 45 8 we r e construc ted of 
dural end c onformed very closely to the de sig n uimensiol'ls . 
Tile blades of prope llers ~5S and 30S Viere construc ted. 
0 1.:nahoE;8.:l17 and va ried soqewha.t from the design 
di1:l~nsions . The b l ade - s ection a1!gles of "QroreJ..ler 55 8 
Viere t~;e!le:!."al1 y within ±O. 25° of '~~he specifled ang les , 
but l:;"\vo of" the blade s of propel 1 er 3 03 v.'ere f ound. t o be 
as much as 2 0 too 'ligrt i n tLe t lp r eb lon and to vary 
by f lo ~n t he shank sec t ions . 

~he r ange o~ the f o~ce rreaJureme nts was from zero 
thr~J.s t GO we 1,1 beyond JC1e 3 tall i '0 r the b lade ang le s of 
the foll owing tab le : 
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I P:J:"ope 11e rl 
1-558 i 15 

l_ l!.: s 115 

3(;S 11f) 
I -

Elaele an61e at 0.75R 
( dee; ) 

, 

i ~O I F-sc; G ~ r-='~ 25 30 1:;5 1..~5 ./ ./ . 
l~o I 1 I 

? r 30 135 45 ~o 155 -- I 65 '- ') 
I 

I . l I 25 30 !35 I -- I 1~.5 L--=-l 5 5 =--=-l~?J I 
I I 

The e 19tne sj.'8cd varied f'rom a ::'la., .. d"1.u.l";'l of 5~10 r])ln for 
l ow ~J lad~ a ngles to 175 r :Jm forcG 3.k eff 1 cienc J at 
~O . 75~'( = 65° . ':;:'he tunnel aj.rs)oeci va:.. .... i.8d ~"' rom 90 miles 

pe r "Lc'ur :Cor -che l a rge :· l a<.1e 2..l1g1es GO 37 .5 mi le s per 
l:our .~'or' :peak effi c iency At _'O .75R:= 15° . Tlr1e rteyno ldi3 
iF:..J11:J..,r '~·8.s·,~Cl 0:1 the cFord ;j.t O . 7r)~: was of the order 
of 1 x 1 1)6 . r'11:e :rss',:ltan-s 'v::;1 (;Gi'~'_ e3 'y\8J:-:e too 10 \lv to 
le ao t r.-:: 2l1~1 ' Gor~li:pessl~)· 1 1t.7 ~~f~~e0'3 J.ey) ~~}18 tin t1ach 
r11x(Y!~) r; 1'1 Vi a 3 ,:-:, "i \~.l ,f_1. -,"'" 3 1 ~ d 3 t 1'l.3.::': i 0 ~ . . 

At e ac:12 ') l a':e i;.nele , . J:1e9.311r'cr~J.'3_1ts of the to ta l pre s -
9'lU"e wei:'e io1u,:~e for a ran,?;8 01:' advance - c1i8I'1eteI' ratio to 
inc 1Ut~e only the reGion 0.i~ V;8.\:: oI f1.c1.8,J.1c :;- . No at tempt 
was made to obtat~ measurern~ats ~n~er conditions of 
s talled o')e r c:. t ion be~ause ;/rev_l.oll,S :~nve stibations (fo r 
exa!.1')J.e , re ference 4) Lave 3'ho'i1r~ t;· at such me a.sUTe ''1'3 11 ts 
are l.lnr eliuble . ·:rhe p ress'...:re '11'3ds:;~r ~T'le nts {:el"'3 not 
exten~ed to include zero thrust be caus e of the limited 
t Inle avai.lab l e for ce sting . A 7e l oci ty surve y ( propel l e r 

, 'J 1 71 , ' '-' , ., 11 " , re;novec was mac e :2 lnc l.e S D0n.I.Yluc ... ·.e :- rope3r Q lSK 

anci. the re suI C3 are shown in f i[j'J.re 8 . 

31a6e - (eflection tests of :'1-1.::- t h:Ln woode n b lade s , in 
which a :::>efl ec ted - l:L :~:1.t -b'3 anI Ine U' Ot'l s i.mi l ar to tlla t of 
r efo rence 7 was U 80d , shoHed that G~e b l ade de~lect ions 
v:er8 not ur:duly l ::~rge . . At a oLl.. ~e '::ngle o~ .3 0 0 tl'e 
de~lectiol1 varied fro!11 a')o1.1.t u. l o at an advance-diameter 
of C.3 to L.'.O nLa.s ,:rai.:,·l e amount de i)eaic effi ciEncy . i\ t 
a 'bI "'e an::rle of ceO '-" '> r~'-'·'lo···.L.-';on v~ r~ ed fro"'" IU' f O ct..... b j) , !.,,11.;"" v"" .... v l .. L....I. __ b.....1... J .• .1. . 0 

at a 1ov1 v3.1v.e of J to 0 . 1 0 at peal{ effIciency . 

In presentL'l-; t~~; r8sil.}.ts of chis inv'3 stigation of 
pttch di st r::'buti on , :~.he b lao.e s::'c t ion charact2ristics 
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and nronelle r characteristics are discuS ~ Ad separately . 
T>e c-::ffieiencies of the three prop'oile rs ' a r e"' compareel' 
for a r~nge of operating conditlon3 to show the eff ec t 
of chan~es in the load d!stribution . A dis cussion of 
eners'" losses com].Jletes the presentation . 

-Blad.e Section ChG.I'acteristics 

Calculated blade - section charucterist1cs .- T~e cal 
CUlated ~lade section eharacteri3~ics for seven standaFd 
rC:H'L.i aJ.~e shorm in fit;llre~, 9 to lh . The varj_atlon 
of c1Crp/dx \"lith J at bot'l const nt b l ade - angle setting 
and constar,t :'~ower coef'ficisnt tor nrol)cll'3rs 55S, 1,.5S , 
and JOS, a r e shown in figures 9 to 11 . The correspondins 
val-J.Gs of dC ~:::/d.x are shO_in _i n fif,pre.s 12 to l)~ . • 

l -01J.sured. b lJ.d':') - .sect:Lon· charae cei' sties .- CurV.3S 
of ...:l/""'I / .~ 1.- ,,";.."_.', . rt .;- '~-'-S-1 -"~ - .;'~ .-: ' , ~.~, -: ;:"I (-! ,.r.') . ., 'l'y! ;-" .C'I l !l rllra V"\res . l - "'T/'-t ..... _ .. ..-,.:Jd .. LJ1.:lv v , c .... ~ f '-\.'v ... l . . .l ... .. ~ _. -..L .L.£,. () .. d .....,1 .. ,,-,; \ . v..~_'_ . .;,.. _ 

sure mea n'.::r t:,me n.ts , arf~ !."l' ·3Gr. i~t ~·, f.:. · .. ,,:" i'i.:' ur'J S ;. t.o 11 for 
seve ral blQde - ~n~ le settinss . CloaG agreement betwoen 
the me Qsured a~1cl. calculated rf~ .31)1 ts 1.'iff;JJ not J.'eallzecJ . 
Some of' tho factors th&t nta:y l!..:::.ve a.ff'3ctad the result s 
are: the · f lovv nngu18.rj.ty !:!.Del veloc.i.ty variatIon i :t:l tb.9 
tun-leI j~t , t~l.e increase in strea:r.l velccit:y" at the 
spin:~el'" ( fig . 8 ), the use 01'" into!'polated airfoi l 
sectlon data, and the rreviously noted variat~on of the 
wooden blac.')s .'Crom desig. di'TI8nsicns . 30me e:L~ r or was 
also .probably c1.er.!..ved i'ror:i tl~e use o.r a sin~le survey 
rake for a r s cent investi6~tion (reference a ) concludes 
tl19.t ,;10:::e accurate data r0 suI t from vvake 3ur-V~Jrs dcr'o.s s 
the prope2.1c'r di a:~eter r ath.er than a l ong a s1n;le radius . 

dC,.r 
'l'he BO,- s' !red . -",-- c1..J.rvl')s , however , are gener~.lly ux _ 

para'llel to ehe 'calculated CUl'Vos . · In9.s~;mch as the 
assuinptio:t1 of the i ncepend.ence o.:..~ i'J lade sections holds 
to a f~!~ degree of accuracy, the ~easured and calcu
l ated cu:cves of dCT/d.x coulcl possibly be b ~ Oi_~ (;: 'lt into 
su.b s ta ::-ltial agreement by con.;., i~~er ·_ !.1 r.~ onl y the b lad.e 

~ L " ., .... . d.' s cr3 :08.:~lC 1e s and the ac tual 'V- ~.l3 'cr l .JU '-'lon . T:J.is 

prOCE'o.1.:.re was ~1ot a L; te!"1:")ted. , hO'.'!I-; 'ler , bo canse of the 
uncertEd.nty intI'od.1.,ced b y t he l~'::G of.' a Single S1..1rvey 
r ake • 

.3eeause of t 118 L:nsatisfact ory nature of the measured 
section t~~ust co~fficients , the discussion is confined 
P'la:tnJy toi·1':e caJ.eul ated se t.:'on characteristic s . 
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A:cDlic.::l. tion of res·v.lts .- The data I)resented in 
fi 6 ·,..1.1"'68'·9 to Ufo ~;1 yoe u3 edto c:. ete r Plin; the t~r1.'. st <:LYle: 

tcrqu:::: l o a d::"n,c;.s of the pl'ope 1.1e rs te 3 ted ':'1. t a glven 
!ld VD.!lCe - j.lawetel' ra tIo for ei;:~'ler t '1.e b lade angle s or 
powe r coefficie nts shown in the _iglres. An estimate 
of the loac1. i:!l.g s i!18.Y a l so be ob t ained for othe:::' pro -
pe 11e1"s of n ot - too - rL. s S lmi1 ar de sign . KtlOwl e-:3ge of the 
thrust and ~or1ue l~ad~n~ i s useful fo r applications 
s uch EtS t,~1.e deterr.'lination o i ' the DI'et1SUr8 r i se obta i nab l e 
fr om a }):,ope118 ::' and the stre b';]1 an :.; l o in the ;) I' opel1e r 
wake . 'I'ile -;:I r e.:lsur") :;.~ise a t a.:.rl.~T radla2. station may De 
e ·stimatecl. 1)y t r ansposin,:;, trle te r ms of equation (1) to 
f inc. ~E/q . T~1 6 eq1.l.<.tL.on fo r :.eterrn:i.ll l ng tll e strea'"1 
an:::, l o :;'J>Lr:l ep:tatel~T ·oe.1ind the ~')ropelle r r:1 sk is €; iven i n 
rg ~· · ,·:l'"'I erl Ce L! ~ as 

tan \If --

'1'he va:ciatJ_o::1 o f dC 'r/dx .'i1 t il. J at cO!'lStunt Cp 
at tile a.. JOR. stati on :i.s ol' :Lnterest in r 'J0ard to the 
::)1'8s'su1'e 21se obt9,L1.al-le for J uct ~nt r b,::J.c8 3 loc ated 
betJ.inc1 thi.:.l s ta ti o.'1 . Inasmuch as the v a l ue of oC T/OX 
f or pro;e lle r ~5S Is sma ll or nesative at low v a lue s 
of J (less than 2 . 0 , see fig . 9(0. )), this propel l e::> 
wonLl eithel" not mate rial ~. y aid all" induction or wOl l d 
l ~terfcre w ~th it t o ~on~ oxt2nt . lhe range of J 
fr em 1 . 0 to 2 ~ O c orres:Jo.I). ·~ s roug!'ly to climbing c ondi -
t 5.on s fOi' some <l i::»laI'.8 s , [I.nd thus ;ro."e l l e r 553 mi oh t 
be c.l.efic::"ont in Tlrop8 11e1" i l raln • \ f For the s ame ranbe of 
operation, pr0pe lle~'s 1.,..53 2 n d 30S (figs . 10(9.) F ... nd ll(a) , 
respe ct ivGl :v) v/01:.1d p'OdiJCe a pressu:'8 rise . '1'he amount 
of pre S SU:C8 rise ilval 2. aJ le !'rom Ec Si ven prope 11e r varie s 
with the 'cyp'? 0f: i,'::Jtal l ation : R Oi(18 installations tond 
to reta.rd rat:::le r th9.D. to acce l e rv.t9 the free - stream 
ve l o ~ ity (propeller removed ) and in suc~ installations 
the se c t ion al1'~ l t:' s of a ttac k of t i'.e shanks '-'",'Qu l d be 
hi ;':; ler for the SE.t!ne aC\T8Y.!.~e - di :'l.r,le ter r at i o . Ci}ttn~> ns the 
f ree - s tr e ~ ve locity distribution fo:::, a g iven propel l e r has 
M1ICh the sa~e effec t on t~e o ressure rise a vailab le as 
ct'.8 n<.)i ng~ t 'i~e ;:>itch istri":ilJtio:'1 1'01' <3 e:'_\Ten t nst811at ~ . on. 
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Propel l e r Characteris t ics 

The over - a ll characte ri stics of ~~ope l lers 55S , 
i-l-5S , a nd )OS, as dete r mined from for-ce tests , are 

1 7-,-) 

sho'.rm in f igures 15 t o 17 , rospcctive l :r . These fi our e s 
s how th ~ v~riation of Cp with J a t constant blade 
ang le settings and include contour lines of constant 
efficienc y . The oDerat~ng chart fo r p ropeller 553 
( fig . 1 5 ) J.s of spe ci a l inte l'ost -t)8 e aUSe it sho~vs t b,at 
hig,h e:~':fieien :{ can te ob t ained i;' the ,y i tch di strlbu
tion, 5.s. 11e ar th e op t i rl' Ul1 b. t large ae vance - diameter 
rati o~ . The ~e3ion of peac efficie~ ey occurs at lowe r 
advanc~~ - dj anI'; ter rati,os for prop'31le rs L~5 S and 303 -
(f i b 3 . 16 ,,,,nd 17 ) than fo r prope :L1er 55 s . The advar..ee 
diW:leto r l 'a t i o fo::.: ' peak effielene y varies with the 
design pitch di s tribution and , of f~rthe r inte r est , 
t llO I'eg.Lon ,) f high '3ffieienc:'Le s "or-)comes [;ore limited 
as the de3:'_&;n p i tcL ci i s tr:i.::nt:Lon ::'0 reciueed . The contour 
curve of propel ler 55S fo r 91 - )e rcen t e ffiei e ney, fo r 
oxaJ':Jp l e , extel1ds OV'3 I' 3. ra:1::e of J .from 1 . 3 to 
abo'-'t II 0 \"he r or'''' J-'l-- e (' Ol 'l~A"n O""~J" " ""anrre fo-1.' P"'O - ' u~ ' ~r . . .-.... >oJ C~I...I vl.. -' - ... '" 0 #.' __ ' • .l - 0 .l .. .. 0 J.1. 

pelle r 4 5 S is f r om app:.'oxi::-:atclJ l . ~ to .3 . 0 o.nd VHt 
f o r propel l er 303 , from approxiMate l y 1 . 1 t o 2 . 1 . 

The vari a tion of the thrust coefrieients ~ i th 
ad van c e - d i 21'1e te l' ratio 3. t c ons t.'J.l1t b l ade - an6 1e s e t t i ngs 
and. a l so at constant ;Jo~!e r e08fficlents is shown in 
f igures 18 ,to 20 ,fo r pro~elle I' s 553 , 4s J 'and 30S, 
respeetlvc l y . The variation of CT wi t h J a t 

constant Cp , s hovm f or all t.lree p r o')e1 1 er8 in 
fi~;ure 21, Dr o vides a c Or.1pari s on of t.h",i r relat'ive mer i t s 
for a l al"g~ ~a113e of operatirl£; c orlO i tiO l1. S . 

,Cor.rnariscn 0': experi1:1en t al 'n,C: ealc1.l.1ated prope ller 
eharac terl_-stics .- Tlie calculated thrust al'llJ. 1::OVve 1' coef' 
f~eient~ a r e shQ~n a s 3~ort -dasb li~e s in ficur e s 15 
to 2,0 fo }." ,cor:1pa ri son 'JJ:L~h the l~ie aS'lJ.re (", values . ',rhe 
curve s dt equal' ~ lnde - D.ncle se~tln~s show a var ying 
l ack o~ agreeMe~t J pr~~cipally as a result of ~he 
p~'e\- i,olJ.81y noi~ed bla\:~e ' dl scr8~)a'-lc ies a:1.d t he nO:1.;.mifor:ll . 
ve loc ity i'l o l d . T~ -:e calc1)la~~o c.l result::; for tt:e :netal 
pI'opeller ( ~5 3)' a're :see;,;, to ~:Ie in oet t e r agree-ment 
wlth tho rr..easl..1r ed resnltu t 1:1an a:!."'e the calculat.ed 
re8',', 1 -:s foY' tr~e vJ.)oden ~·,ro~)el lers!- wInch in.rlicate s that 
t hE. b l aeJe - c!.G s ibn lEserepaneies H:~S t~le nore impol~tant 

eD.'-lse o f cJ.isagree 'le nt i::l ~~he :cesults 0f t :-le tw o methoc s . 
W:r-~en the cal c1.,.J.a ted trl rus t ,eoe f LLelents ax'e e ompar ed 
'id t.~ t~le expP l'imental values at the same ,"'-"o,\p r coefflcient 



'J") ~, d orr"-' a '",~ ' 't '!c, t ' ' 0 b .I-LV , .':;,00 ... Q.e".L 8",,,o:;;D ..LO C "'(:,al.neo ,e l"ween 
of t,9. t;a through "1084 of ,the opera tins range . 

r.r}~le !:,ooo. 8.;~ree!,;ent ·Dei.;v!een the .(.~xper :j,mental lind 
c a lc~13te d value s of thrust cosfflct0nt at a g i ven power 
8oeff:t ci mt il1rl~ cates tho.·t; r-ea 8C'1E8.:o ly aocuI'ate b J.ade 
thl"'us -c - J. ou.dlng anrl torque - l oading cw"ves !)''tay 0e 
c OYls~ r'\;.ct ~d f'roYr: the c&lGulat'-lQ sebt:·.on t~1rust ~md 
torl1ue coe.ffi~ients shown in fi.~~'J..l'"es 9 to J.4 . A C om
pari son or me as"~re d a :'1d c a lenl :,1.·ced thrust - loading 0:"1rve s 
at consti.lnt f,I O\;9 r "c',)effi cient '5.8 [.; ivC:Jn in fi 2;ul'C 22 . . 
-, -, .' , . t ",', ' 1 'I J... 
t)e C D. 1.:t8 e O~~ 'G.l~ e -tln Cf; Xl":'; al11 ~r ()~: '1-,':18 \ifa.<:8 - s urve ~y c·.a va , . 
t.l:LS (;O~rl[.J2 .. 1") isOTl 1s ar)prc.xi~~.C=.lt e , :)ll t t re cO~Jpa:L")is. on .is 
bellevC';o to -csnd to bear (j~: t t',e F..l8 SUlnpt; on that tho 
c al cula~ed l oadings wiJ.l te sl~ilar to -c~e actual 
J. 1')(YL~'1g fora gi ve n o:pe:,:,ati~g (;o:"..d:t:[;lon . 

r~1le 5._-l CYl 8a.se ,)f !' l o'N "r3._Q~ "i.·~"Tr d Ole t o tr:~~ ST)l rlne ~ 

( p r oo'·, ll ,.·", r<>1'['oi7Pd)' I'~'l' t:l ",q ~'h p" (,,11E~'si-:ion 0 '<' 1--''''e ~ff,:>'~,,-.. "' l '-.". _ ....... oJ - .. ~ '... y vi t. Ct._ .~ '"-' ~~ I . _ "J. /.' .' ." ... .....J.. U.LJ. _ , __ lJ 

of tjds nonui1.LCoT'm veJ. ocity (l.is·'~.ci~')ution on the pro - , 
peller characteri s t~ c3 o In o r der to ~e tsrmine t~is 
eI'fect , t ~~le c:lal~act0r:..st::_cs ': \leL'::.'"~ l"lGcalculatecl .fOll 

prone ' l"r I.r.:;:: .,-1-. -. 2r:O d· ... ·" [:" 50 ... ,." a c ora .': .' -.:. , 1;."? u o. v ~ .. -"J rtC: -1'': - ) 4 ... .'.U) cU ... ~_!" l • • -

, • . J I-

Y'''rlO'''C'n n'r' ':-,'1 0 "8 va"'e' s "'j';+-1-) t-'J"", ''' '·, r'>v·i()l ' ''''V ca:1r,1,-., 1 a +-Ad :-)0. _ ~ . _ .... . L \ ,1. _ _ ...... , ..Li....A. ~ • __ 1..1_ .... • 'J .~,.I .l ~J _ .... lU-,- .. , .... ~ v_ 

val'J.G s b 3.sec. on a un :~i'o rm vsl oc.'-. -c,y Li..e l d is shown in 
th:3 '~' bllo'iJ:: :lI;J 'Gc~ le : 

~--.

I 

Co';:r)i.l.'L'ison of ;:'j:, '0:r,Je'1 1er f:):~:ricienc5.e s ut v2rio.J. 
Sl°'1'11"';;+-e:1 .l-~ ll· .. 1· ·:- COr.c'-'i+1oon c· - :~"'f">'Tera l ,"q1 '1 es 0 -'" J' .•.. t _ ....... ..J ._~ -'- ___ )_._ v _ .1, -" ..... 1.1 • U • -' , . \ ..L V __....... ... 

OJ1(f- Cp ·wel'ec}10s-E3-;-1-~s~['.sls :i.OI' COfE')arisoD. of the 
Dlopel18 r c~"2.ar ncte1"'2.stics .J.nd ~'O 1'" analysis of the 
ef~ic~sncy 103383 . For C0~stant - sp8ed pronellers , 

• 
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" ; l-CY>:>8.""'S 'N": t"" l" ~ c r ""a s ;"\' r'l -'-~+" 'de a 1} (1 J l'l~_c'reap'e s \..IF ~.lJ.c:"" .:",~ \ .L Li. 1,. ~,' ~. LG ct_v .Lu",:. _ .' __ u 

'/,Ii t:'l J.ncreasing forwa:cd sp8ed . \,'8.1U88 O.r Cp (E'..d J 
vvsre tl:e:t'El'Core selected to sim:l1.ate lov; speed at sea 
l eve l, nlsc1iu!Yl an high speeds at a meo.:1.U:!1 0.1 t i tud~ , 
[:,nCl. .':~lis.)-: 3]'8e,.1s nt tl,'VO hiSh a l titude s. These vnl 'L~es 
of CD ~nd J anj othe~ ~erti~dnt data are ppesented 

~ . . 
in the fcllo~tng ta~ le : • 

Take - oi'f' Fli,(ht 
Et.t sea concll tion 
leve l 

p/PO 1 . 000 

J . SO 

I I 

CD . 080 I I .l ! ---I 

-
I Cl im'b at i-ligh 

33 , 800 s~~e~ .,atl 
f-t )) , ,J\.;O 

ft 

I 0.325 0 . )25 
I 

2 . 00 ~: 015 I 
I • 2L!.G ~I . 

I • c_~.~ 6 
• . __ - ._ 1 _ __ . __ ......... 

-,----_. 
:tiigh 

sDeed at 
() '')00 ::-l- , c_ 

High 
speed. at 

39 , 400 
f t ft 

0 . 200 

) . 00 

.L~oo 
" 

0 . 250 

3 .80' 

. 320 

tt Is em'~h.asizej tl-:.at cO'::;-,)re3sibil;l t y effects 8.re 
not consIdered in L ~: a in cst13&tion . In practice the 
simulated operating conc11.tic-:3 cens Lc1G t'ed , E;xcept 
possibly take - off , ~ould proba~ly lea~ to c o~prossibi l ity 
los sea t~la G wOC::.ld exceed the other )_08 se s discu3sed 
he 1'0 J.:1 . 

The value s fr-:m -er.s preceding table of J:::) . 15 
and Cp ::: 0 . 21+6 co1'resYJo C. to the hi she st efficiency of 
propeller 558 on the efficienc'~T conto '.r curve . (8ee 
fig . 15 . ) If' ttese v a l'LJ8s are assw-1eG. to represert high 
speed at alti t'J.d f' , maxim'JJn. rate of' c l imb at the same . 
al ti t'Jde '.v!)u ld require . the sa:ne value of Cp b ut would. 
re r1'clire an advance - diame tel1 rat~lo of the order of 1 . 2 
to 2 . 0 ; dependin~ on t he airplane c~aracteriatics . In 
this OYi11xt rison , climb is re pre s e::-'..t0c1 I) y J::: 2 . 00 
and Cp ::: 0 . 246 . Take - off l s usual 1] acc.Jmy:1ished at 

a:;l ad Tance - ':ii8lne ter :;'1atio of' 0.5 or less , but in tl1i3 
caS8 a value of J::: 0 . 130 and a va l',; e of Cp of 0 . 080 
nre RS surned . 3e (;8. .1.se of the current l ack of c.~a ·~ a on 
I.TACA 16 - 381'i138 Elirfoils at tre lar~~er lift coefficients , 
it is not possib le to calc ; ~. ate thr:) values of C: p just 
nentioned for advance -di~nete~ ~atios loY~ r tha~ those 
used here in for ~li:no and tales - off . 
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ariatioll 0;' . t the s J1ected va1ue~ of 
i2 shown :n fi( ure 2j fo r d ra~~e o f J to incl~d8 t he 
all:8:':: ~ f J chosen 1'01"' Go];',parison . Prop ·ller 5?8 Ls 

.SG8 ::1 to :'av e a hi,:;h'-"l'" ef':'i ci8_1C;T than pro,e11ers 4,58 
a:1.(l 308 5.n t;'le range of' advar..c e - dial1eter ratio from 2 . 60 
t o , . • 30 . T.:!.. :'0.0:3 t of tbe range of J s imula t i n g c1 i:;].b 
~t '} l tj.(u(l-s (1 . 2 to 2 . (! ) pl:'oJ:j31:.er 45S i s most efficient ; 
\',j ~18"eas p :t' o'le1~{')r 50S 1 ':-:-ost e:{,fic'~eEt in take - orf , 'The' " 
difference in e fficl ~ncy in c1 imt and take - off , howevor , 
is 3!:lall . ':2:113 value .'3 of T'J a '!,:; i:;~ .:e s2,';tv. lated fli ;~ht . 
c.,:wdi tio;':s a1"'8 ';lllm::al"'iz.3tJ. J,,1 t able I . 

Ef13c t an Loa~ ~l s tri~ation of Cha~~~3 

i~ Ope r dti.g Confitions 

The i- 1"""':t3t - l oaCl:i'1h "nd '/-'Y'''''':l)",, - l'''ad i n0' curves s hown .... ,J.._J: J . , ~.~ ._ Cl - ". - :. . ~... v ....... ,L;:,) 

in figvr83 · 2h·to 20 aTe ~res~nt0~ for the' simul ated' 
fIi:;llt cC~1cl itionC3 ()J' 'cl'; 2 ;~ rec3(L,r,-:-; s ect i on . These fig 
ure.3 in,~l ca to t;r. 8. t the d i. :~fe.ce'I.-.:.ce s :_n tl18 loadings due 
tn c1,e T) ·'+- cn - c!''''t rihv.tlon r'if'j',o' T'O'1C,:> 8 or {-h9 thre e Dl'O -

...., 1.... CI .!~ • ..l.. U ... rr -:~ ::... . 0' " .. -4- '·1 .; ,""I" 1·.·~ ~~ ~, ~ ,4. t- oJ ; .,". ~ l,,/ ~~'~':l _ ., ~ !, 
pellc'"l"", are b~eaL .. r aL- .1 ~.<.:Jo, G.I..an a ... -ow C1dv-.. .... "lce G..I.ar.1ete r 
r atios CC2 e(11.:3.J. pO'der ..l!J[)or~~.ion . 

Zor d ~iven ~ropellar ~h~ ras~ltant f8 r ce at any 
;)1 c::-'ie section , 't!1'"iC~1 c~te2nine3 ',£16 th:CU3t arld co r que 
at~:h6 s'::c:tion , o.ep':uc.s on the square of 1~he r'G 'l,l. 1 t.~mt 
ve~,oC'.J.t~T ':0 8.J.lc. i~:1e ge,)j:le tr i c ar:gle of at tac !: ~- ..: :tc . 
j~ t G(.1-,".3 ::<: t advance. - (' i8:ne to r 1'<.. 1;3 0 J ;~::-:8 re suI t an t 
v~lociti'; 8 i.~l:~rCd.S'3 :/~. t h~ncrea8.ln; ~··adius . 'Ii [,1"'. 
incr.qCt.stnl~l advf:l~lce - dia!rJ:-ce rJ ra.cj 0 , che resLllt.:lnt 
v31oCJ.

1

.J.E'IS of" t~(lE: i~·'.1")oard sA cti o.:ls oOCC'", .. LC) & larger' 
pCI'cc::nta~';~ o:~ (,he :!:':)s'.llb,mt '13 1. 0C·ti'3s <. C the tip 30,, 

t:;'O'lS . If P ' - 00 rerr:ains GClnsta]':.t e l on e :;:-;c 1") lade , 
fo '" a-r~'ml'-,le i"'r, ·!",nr: s' _,·, ·" .... ".0 'T" ;'-~ of' J .o'·'lcraasc>s +:-e ~ , ,I\.,~., "._ , _" .. ' .. co <..' c .... ~ ... ~ \ ,-l. ...... ..., .. ~ .. ' v' . •• , ~._ 

re2:].t~~t ~0rco of ~h2 sha~k 8~cttn~c as cG~~nred to 
ti-j' t C~~ i~[l~ ti7") s ec.t j.O !1S 0 11:0 ~~:r:::: ... ,etrl i.c ~ln.j l e oi' 
lltt .. ~C ~:: , !:':)V,ie\TF'c-~ ~ .~ l'"1.()t D'3C0SSQ1':ll.r" t58nJt ... ...:.nt a10n2' JC~"'l e 
blac}e 1:",J~~ C8:?>3W!S 0:::1 I" 'lD.d })c ~·,t Gac:l section . ·The 
r2,clial n.'.!. iat~o:,! of' ~1o b.t ~,-:J.y C'::c," !:;e ·c.stcrmin e d 
fror;l !';: . .':) re 1ft tlon 

J v~ 

(1 v 
t a':.!. -

'0 lee V 
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':rho po.dlal ;E,r:Lat ::"on of 00 ,, ' V,a$ cal cul; t~d for a 
LU~ 5':e r an,;e of' ac1'vanc;3 - dla:l1e t er ratl0 J wi.. t h VL/V 

t ake n to be equal to 1 ~ 0 a ll a l on~ tho b lade . 11e 
varJ,ati.on. of' ¢o , e::::pre 'ssed as fio - ¢oO . 75R ' 'wi th J 

at '8 :L,sht s tandard radii is shown in flgl.l.re 2SL ' The se 
curves eive ths angular twist of the re s u lt2n t geometric 
a1 r 3 t r e a1:'1. f or an;'T val us of J • 

The angul ar twist of the p r opeller blades ha s 
prev.Lously bee n expros sed as ~ - P0 . 7SR ' (See 

fig . 7(a) . ) If for 30~e yalue of J ' ~nder conside ra -
t J.O~l t, }~e quanti tv ,'i.o - 00 i8 .:;Ub t racted from the 

,. ? o·75n . 
quaY'.t:L·'~ Y ;:, - .'-o .75R; tlw difference gi ves a me asure 

of +,; jle var ia.tion of the t-<;e om:?,·tric dl1zle s of at tack 
a l ont: t~:.e b lade . Ths curves of 

for nropeller 303 ~ t 'J = 3 .20 ' a2d fo r propel 1 0r 45 3 
at j = 0 . 30 are ShO'.Hl :tn f i ::. u:ces jO ( ) a,nd 30(b) . 
T~e curve ~or oropellor 303 shows that fo r any ~iven 
geomo t ~ic angle of attac~ at u.75R ~~a sh'nk and t ip 
anzles of attack will be great '? l', 2.nd these l arge r 
Sha:.1K 'a 118. tip angles readily acco 'nt :'or' the shape 
o f l~ ' ,0') th,~ l1 S t - an::::' l.;o rCi,ue - loarl':.0~; curv'" s of pro -
e .~ l er 3(Y' at J = 3 . 80 . (See fie; . 28 . ) ' The curve of 

t' 
( ,. 
\ I) -
\: 

~'Jr ::;1'0 elle r Lo;s at J = 0 . 80 (:t':~c; . 50( )) S:lO\IiS that t 'le 
stG.r2.k ::"~';'3les cf attac\:: a::."'e ";11~'~!1 l&..r;-eI" th&"::1 are the tip 
an[J1 0~' of att3.c!{ . :Tn t of' r:1.:= tlY:"l.'SL; &:ld torque l oad of 
p1'o'0e2. 1 ''71:' ~~5S is s!10wn .in J.· L~'ll:::'O 2l..j. to :)EJ locacod at the 
out~ I C\ ~~r...:l ~ tat _~.O·r1", .. j ~~4 spi te e;f ~}1~ l~ r~;e s11w-:,..: :.:t11£:1 .38 , 

t~~ r 82S0n belnb th~ t at J = ~ . LU the resultant 
vA loc~t_ec ovsr t he shG.~~ sec t ions ~ro very low as 
CO"1 1:8rel' with tr.s J:'BsultL.nt velccitiss over the tip 
sa \,;. t :i ons • '1'110 val' ':L.;ti on of :he s '.lucl. Y'e of' t..18 ra ti 0 of 
V-:.El shade re ,,]l]ltunt vel 'Jcit y to~ho tip r esultant velocity 
Wi-t;~l adV1:nC8 - c1iamater l'at:;'o -l. S L;.h .. str'atecJ. by the 
f 'o llovii r.:.~ "C2.() ·l e : 
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I J 

1( 1";' 00 . 3 'J~' 2 

I \\on 01:; 

10 . 125 

I 1jO 1~5 2. J 12.5 3·C h·nS.O ! r- - ---+---f- ----·- 1 
i " I 
18 . 191 1 0 • 280 8 ·376 o .Ltt.9 0 · 546 0 . 675 0 . 765 1 

I '" • /.J 

'--_. I 

negl ec ted) :i.s 

OI~ ~!~18 \J8 ~L~cr :;V 1s 'v'~er'y 'nearl;l ;~l'le same as t l1at of 
vector ~o ' t~e tab le j~3t given ind icates directly 
incr8 as i.vl.S ir::.;:)O rta~1ce of a Sha'.1 ~{ se c.ti on as cOlnpa r ed 
~lth a tip 3e~tlon as J is inc~eased ~ 

. 

the 

may be readily seen . T~B Dlot th~refore gives a quali 
ta t::. V3 .reijre S ~~:l ta tinn of t; ~.l.e .anGle - of- a ttack vari a tton , 
which , ',vi til du"3 c0.:1s 1d'3 r a tion to the radial loca t ion of 
t~1e sections , the section chord s " a nd ehe va l ue of J , 
si ves a r~ush idea of the loa~~ng to ~e ex~ected . For 
proDeLler s in~o rpora t ing sections wi th large values of 
n1s1e of zero lLf't , it :nay be cJesi rab 1e to base the 
n~1g 1e ~ on the zero - lift l ine ratl'e.r t an on the 
chord line of the sect i on , 

The blade twist ~ - ~ 0 . ?3R of a st ruc tur ally 

p r ac tic al prop6 118~' stonlc] be c.. p.D r ')x i~liatel y t.he same 
as the twist of' t :".e resultar'.t fJ.1. 1~ stree:!:1 to realize 
t ~18 best cf'':;:' lciencJ at 8. 6 ~ ve:l. J . !;'or examDle , the 
anS';I.l::;,r bl.ade t,';ist of propellers ~)5S, ;-~5S , and 303 
i s tnci cated 1n 1'1,; '1..11"8 2S.! a t ,J = ; . 15 , 2. . 60 , a nd 1 .4 0 , 
respectively; fo r each n r opel l sr the value of J 
cOJ:'reS~)(';ncls ar .. roxiJnately to ::-'8a£ efi'iGi0Lcy . I n eael': 
ca::.~e tr:G b l ade twis t W')'Jroximcltes tbe a:tr - stream twis t 
at ~~9 v alue ')f J for )eak 'fflc i enoy . Devia tions 
f'J:'Onl t;-i(; 09t~.r:.l:'..:rr.. 01 ade -:;wis t 1e ad to i;:ore important 
l os ses a t ~iGh than at l ow v· lues of J, as i llust r ated 

'1 1 l-c t .J = 0 . 00 , . for G x 3.P1,P _ 8 , 
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~,l-::G d L ~'erence in Yj for l)rc)pellers ~~5.s and 30S 
is 'J ~ J,) :); at J 3 .80 , t~le cUfferel1ce in T) for pro -
lJe U.8r s 303 end 55S is 0 . 0,S3 . · 

T>.e ;':10s t jnterest 5.ng fact 1: ~Oi.1ght out in figure 29 
'~ 2 tha'c in r.:.:r ner :;0 c nnf'orm to t}'8 resl.l.lt:lnt twist, the 
de~~~n ~ lade twist sho~ld be increased a s the design J 
:i..., :i.;."l~~r·e ase(! t o a v a l 1J.(j of about 2 . 0 and should then be 
decre~sed tS J is further in~~eased . · If the pro~81ler 
des iZY.t J is about 2 . U, ;~he 'Jlacle t ,;fi ct fa::'ls to con
for.n t o the t·,'il.st of t:-:'8 r:;'3u1tant a!.:!' strear:l at values 
of ,j ejt]·'.e l' h.~ghe r or lo',~eI' Clt;"lU 2 . 0 . If the v~tlU3 of' 
L;).'8 de3 :i>Tn J i s 5 . () o r ~~ re ater , e n ·.~he other hand , f:Le 
blade tw.Ls'G is s':.nilar to chat _f' a ,Dl"('pell f'r desib:1ed 
t o or~rat9 at J ~ 1 . 0 . 

1'::'8 E1.c:uced ener[;7i l osse s , Fa/F a nd Br/P, a nd 
t:-.!.e los [, due to p r c< ile c'c,[,r~ J'~J/]'" weY"e 87alu·':lted for 
'che f·:.\'E< s'mulated l. l :l.c;.ht c()nc~icions J .c..nd 'CDG results 
~[e SL0V'iD in t .) J.e I . , T:'lc Sl).F. 0).' :'j,8se 1 083es 
'1' .L ';:i' + ,:c' 
b a r ~r - 'D 

is presented fur 
p 

tl e 

"eas'J..:.'Gc1 tota l .:'·~'a eti onG..l e!.le r,S~· 1 0s,'3 1 - T), in V::li ch 
t~8 value of n is ~ e ob3erved val ue . Inasm~ch as ) 

:Sa + Er + lE::..) 
i'O]? .!.nco:'!1~)ressib1e flow , the value ~::-----"''--

p 
re~~esents .L~e tota l fractional Energy los~ ) t~e valles 

2,... + S + ED 
of --£:..~ u···ld 1. - ·f j in tab Ie I shou 16 be ve l~ 'y 

? 
nea~l:T 81'02.1 . TLe c:::.lculater1. "n~.ct:tona l ene r gy lCSSG3 

cJ.o.:>el;T ehec;<. V-;e ;'!8dsli r 8o losses -L n sever·:J.1 i!.ls tanl~ ef{ J 
b It in'3q1Jalit:Les oc ':).1' bccG.u. '3 (f Ll0 c';s~repa:1G :'les 
Y8l~\V0e:J t,;,e actual "nC: calculat<:>Q l O:J.ci~ng ",.' a3 iEo. i 
eated i. n fl:::;'.:tY"3 ~2 , U::-IU a l sC) ~)eeC~l,3t) ~,~,e ag>eement 
t),;; tW0en e [A:. ~:lla tE:C ~md :-:;0 3.,,'..u'3IJ~111"'.c; t eoe,!:'fi e i0nts l t 
equl:G i:,c-:,,)'t' (-;2 •. )fi'ici '.;nts 1s n'Te e:'.:.ac-c L all cases . '.J:-.0 
lo.c:c oi ~{r":;' t3e:l1'."l~t Ctt eq·.lal r·owe·:' cC8:"'fici{~nts :L~ il1. t:.st J.~ :;:t. e::1 
b'" 8. ~cl:"~)f:>.!'iSJ::l :'~1 t[l:~le I of t>.e .~n~c{':r8.ted 0 p r- val .... l'9S 

s:Lm-,lldi::e-:'; :CliC'}G cO:l~;.itions e. '1 b~7 a cor'193.r·· on of the 
observed b.nd G, ... J.c· ... :l:=d-: '9c. t!:o.rust ~0c:f·14 .te lent s . T~-~e 
.i.ntG~;ra too va l ue of C p ':'or j:;I·o:--e'1.1er 3 iJ S , for e xamnle, 
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i s 3 per cen t l e Js t han t h e Cp- value cho s e n f or simu l ated 

f l i=h t at J = 3.15, and t he inte~rat e d CT - val~e is 
L pe r cent hi;her than the ob served CI11 a t J = 2 0 0 0 . 

J. 

Ea 
AJ~iD) -ene r[;y 1088 . - Th e - ...... - vfl.lu e s fo r the t h ree 

p 
propellers in t able I a r e of the sar::;e ma s n i t ud e at any 
one 0;08 1'a tj.n:.:: c ond i t i on . The axial - 8 n e r gy los s i s a 
large ryercentage of the to t al ene r gy los s at J = 0 . 80 , 
~u~ t~i s pdrcen t age decrease s a s J inc rease s . 

-::':J :cre serl t & t :I.\ie d, is tr.it")uti ons OI~ th e ax i a l -mo1"n~11 t illl
dC'T1 

l oss facto r a _ _ ·L c::. r e ~hoV'm :;.1'1 fi.;ures 3 l( a ) and 32( n ) 
(~ 

:;='or clin1-) tlnd fo r one o f tl1e hi.:;h- speed cond itions . Th e 
distributions for the othe r hish- speed c o nditions a r e 
sWl;. l al~ t o fl.;;ure 32 ( a ) aJ.cl. for G::1ke - off , c ompare with 
·chose :r")l~ c l jmb ( f i.:"!: . ') 1 ( 5. ) ) • 

r'-!G caL::)ld ted axidl - en3j:'Cy 108 se s fo r e a ch s imul a ted 
f light cnnlj i t~_on , are c ornJ)ared jon tab l e I I -'Nith tl te 
opti~mJ.~n axial - ene r GY l os,:.;es us determined f rom r 8 :.. e 1' -
e nce 2 :for the same fli ,-;h t c ondi t ion . Tlie ory t1mum a nd 
calcu l ated losses prac t~c al l y c oinc i de fo r each fli g h t 
conci tion , w>:lch show s tha t 15_·i~tle J if any, l mprover.1E' nt 
i n th;::; axia l r energ7 los s c ouln be a c hiAved by f ur the r 
va~'~7in2; the Joad di s t r ibt;.tion of t,hese thr ee rrope:U e rs . 

!"{? t atio[li:--.. l - ene r gy 10ss .- The ~:i.s t~ftutions of the 
d8,\ . ~ 

r-O·;c1t:tOYldl - e_1e r gy- loss ::'nctor 8. 1 .-- are s hown in fi g ... 
dx 

U!.'i;S 3 1 ('0) and 32('0) for c l imb and high s pee d . The 
dlstrib~tion fe r tate - off is similar to c l i~fu a nd a l l 
high- 3 ~:)ead di s t r ibuti ons are CO!:l"'c.::''<_1.l; 1e to tr:o. t of 
f-:';nr3 52 ('0. . T'::.e j_n teSl~ a t -)d r'3s'11ts in ta·'Jle II s h ow 
t:'tut dl.e rCJ.tional - enerGv l oss general:y tends t o 
i:1cr0ase iivi t h incl~easlnJ J . DecauSe 0; the hea-vi er 
ShaL~{ le[Lcill's of nr opelle1's )+58 a"1d 3 03 , the r o t a 
tional losses 01 these propel l ers a r e ~rea ter t han t h o s e 
of rro~3J.le r 558 . 

A cOITl:,arison of the c a l culated 8.n d op t inum v a lue s 
of F.r/p in table I I ii:di c ai.,·::.s tho.t the J' o t ational
enarsy ~OS::l of T) r ops l le r 553 :1.S a·Jo u t op t i:num throu g_ out 
the ~per3tin; r~nje u~der considar< t ion b u t that gajns 
in effici8nc v could be realizad in the case of o r o -

I " .L. 

-:;:>ellers 1.1-58 and 30S a t large v,,!.l e3 of J . 



21 

·C'r:><'1../"··1'" 1 ",, - .-1""f.lr,r °nArr;;:'T 10<>8 - ··:;'vc",, ··-,t ·po r '-tho ;l"L,:;h -
--...... ...., _J, '-c';, ...... - j L.JI~· ....... • .>-JJ"J.. \-J •. J,J - ,'-- ... ~ ~ - b-

sD''3':ed cr)cY'''tl112,: cond :t tton ;:'6:::resepted by J = 3 .80 ·the 
cal cula~oj values of ED/P in la~le I in11oat3 that the 
108s of efficiency due tq p~ofile drag varies but 
sl i~)ltly.. The 10\,,' 1'lt'0i:l1e - drag los 38 s a r e maInly tne 
re3ul t of tlw small profi18 ~rag of the thin snank 
s ec t ~2n3 of ~he~e pro~ellsrs • ... 

loss 

dis~ri~utions of ~he profile - drag 

) 
e.O, .. 

( 1 - '1'/ f · •. __ -t 
... 0 dx 

energy 

for 

I~r8 sented in I:;aols I . 

T)';-,:li"at 1 o'1 to r(>si(~:': - rr'~.::> fo ·'-'''·:oin.:r eomrFrisO'ls 
, ': '1't'~- i- ~~; \""1 " ..... ,',. J_ ~ "; ... ~- •• • t.l; J.L ...... · .. ·_'" ~~~q~1- .... ~~I .... : .. t:;J. ~"'r ~ F)<''' 

01 c·:,e a.x~.:1..1. - , r Ol,;aLu.O.la._ - .• r:...:d ~)l 0-,- J . .L e - ,~ .L af, ene r g J .L OS.S:;, ,,,, 
i~dicate that , of these three f7ctors, for light loadinGs . 
(rl(1or'"}""'I '",,",c.~1r· p,·f.f"ic·l"e1-e-r' t"""e ]''''· ... ·' 'I f'' .:l Q' a'"V"'-la l A'lerO'Y Jos'" ~ s .0 . .:>._ .!:-'v..:u, . ." ..... . ~ ·,1 .'" L!, ",1;. ~v,·, ..•. : - "'. ::) . "'.L 

not susceptj.b 1e to de s : gn tn: &. G:' Jnt in .. ofar as pitch 
d . S'I:; ~ ~ . , .: . . ' r'I ~.'l • . . , ",.1 • "'1) ~. .,.., : . 1-..... , . t ~ ~ +- " .l r.J. .J :.,.·", .:.,.·n ..•. " conce..Ln·~,(~ . · .... c'll,· .... 1.11 \·.8 )l c ._ L: .... svrl -
":Juti~ln , . >cy.'eV'3J:; ~ l.:l..f:::-"qc:t ;)oti t: p tnd lr.;eC rotatio·nnl G.nd 
~he ~r6fJ.IA -drag en~~~~ tut affect each in a d i f ferent 

J1W.]I j.1" :r' • 

Wb.en !~:;'~e 8,;"'.;;le 0 is small ) th3 V8.1'<;.3 of. the 
induced~lnfl ow faeter a ' is seen 1~ figure 1 to be 
Inconsequential comnured '.J i th 'C~l<, t O.I~ the inflow fae tor a 
t'l1t these vf:~ll..::e s reverse "lhen p U3 Jarge . The 
an:::;le 0 be come s la1"';;e r , of co'~rse , as :; i ncpe ase • 
The con~ition fo r minimum induced· energy loss requires 
t~.ln t 

x tan ¢ - constan t 

HS (lisei), sed in Y'eforenee 3 . Fc}r a :..~ tve:::1 o_era.ting COll. 

dItton, t:l::'S u:r :!...~o rm 1 .. 01icl:i.1 ir..:~(e is 8.tta.Lnec1 0:7 a 
ce:::'tain cU str:i.bution of t'le 1)J.8.('l.e 1·J2CU.:lg bC L , Charts 
in Defere~ce s 1 end 3 t~L t give the necessary distribu
t1 0n of 'oOT to' at ta:l.n min"i.l;~UJ :. J.nC:-: leed en0i"lgv lossos 

~ . 
at a .gIve.l! operat.L.ng cOlld:i..tion ",,!lOW that bC L .must 
be decreased in the shan~ reeion as J is in reased . 

.' dC··, 
The factor a f .~ :Ls thu.s ke~)t as small as .r:ract.icable 

ax 
In t.l.e reGion '1":1.ere large values of ¢ <:'l"'e 1.1na.voida1)Ie • 
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Figure 29 , howe ver , s hows that ~ prope l le! de si ; n ed 
to o1)erate at an advance - diame'::;el' r atio· of rOl)~hl y 1 . 0 
t o 2~ 0 (for example ) propelleT~'30Sand 45S ) may be 
ovs~loaded a l ong the ~nner radii if ~t is operated at 
values of J i n excess of about 2 ~ 5 . At J = 3.15 

dC . .., 
tl-:<3 inboar d values of a '~ fOl'· p r opellers L~5S ax . 
:md 303 are shown in figure 32(;)) to be Y:1Uch lar[;er 
than those for pro pel ler 55S . 3e cause of a s imilar 
overloadin~ of the 3hank sections at J = 3 .30 , the 
res ults · in table I gi ve values of :;,.../p fo r pro 
pellers L~-5s and 30S that are :-leaY·J.y ClolJ.b l e t h e loss 
in rotati ona l ene r g y for prop81~e r 55S ~ 

Pro')8:LJ. 3r wci:...;h t and d i ame ::;01" li?d tations gene r aJ.J.y 
r equire he vier l oadings than t~lose enc ounte red wi t:l the 
pro"!)e 11sT's te s t ed .- Char t s lD :::--e.fer~~nc e 2 show that for 
3. GIven number of b l ade s the ODtl:tlUJ.'l value of Er/P . 
bec011lGs larger i f the 10adin~, is increase d a t a con-
s t a.:1.t J . Hence J for i~ore II.e a '1:1. 1 y loade d props lIe rs ; 
n onop-;:;imum l oad. dist r ;::·'.J.tio::1s of tn.'3 tyy)'3 expe:t' :L enced by 
propellers 30S . 3.nd i.j.5S lead. to Tota t lonal - ener;y los ses 
~ore serious than the results o~ ta~ le I indicate . 

'rhe -~I :eof:l le - drag. ene r gy loss vo.rles wi th CD/C L 
as _.Ylt: lcated by the eql~atlon 

yo ' 
I 0 

t an ¢ 
tan (;t + y ) 

F01' a small constant value of CD/CL , the value of 
doe s not chanGe ap ;'n~ec:Lably in the dpDrox:tma t e range 
of ¢ from 200 to 700 • The value of n ' o dec r ease s 
ra~ialy as the v alue of ¢ decreases below abou t 200 

or increase s aoove a~}01}.t 700 • . . 

'l'~1e value of CD/C L , 

as shown in fieure 2 (b) . 
and C L~ valu~s beyond the 
lncI'0 2.3e in t an y wi th a 
profll e -dr~g l oss . 

or t an y , varies 'Hi th Cr 
LJ 

Very low oporating CL- value s 

s tall procl .... ~ce an ab rupt 
corresJondin~ incre as e in the 

The r rof'le - drag l osses for the five sinul ated flight 
cond:Ltions d.:Lscussed herein are of ~articular Interest . 
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In t ake - off i for exa~ple , the measur~d' ef!iciency of 
prope~ler 458 is 81.5 percent as comQared with 
85 . 0 .Je :::'cen t fo r prope iler 303 ano. 84 .1 percent for 
p~opell :lr 55~ . Operdtin g CL-va l ues ViI.ere de termined 

23 

fo r ta:ce - off and are n. resented in fiZ; 1..i.l'e 38 . . The CL 
v al ues of propell-e r 45 8, nearly 0 . ,] , i n the re gi on 
of. O.50a , are on the border of the :::'eg ion for an abrupt 
r i se of tan y . (Se e fig . 2 ( '0 ) ) • Be c ause .. tl-:.e a irfoil 
s 9 cti on characteristics are interpo l ated , however , the 
val ues of CL and tan y shown must be regarded as 
es ti~ate s rathe~ than the a c tual value s a t the blade . 
He nce , a lthough the cal cul ··d;crJ. va l LtG of '. ED/P . for . 
propel l er 1:58 for take - of.i' onl y slight l y exceeds the 
value for ei.ther of the other two prope llers , i~ 
actuallty t.le profile - d rag l oss could b e l a r ge r than 
shown - or large enousl to aoco mt fo r the di screpancy ' 

~~ + j'!'r + ED 
be twe~n the value 0 . 161 for and 0 .1 85 

p . 

for ]. - 'q , in table I t If this S1.Fl)")osi'tion is tenable , 
the take - off. qual i tie s o f pY'ope ller 1j.53 cou l d be i mpro :Ted 
eit~~~e:;,~ by rec1ucinf~ the pitc~l. ,~n the ree; ion 'of 0 . 5R or 
by incor porating shank sectJons vd th,tt.highe r critic a l 
lift coeffi cient . 

,The good effi c ir-mc y of propel l er 558 1n t aJ{e - off , 
8~, . 1 percent as com's. red \Nitl'~l 8~) ~)a rcent for pro 
peller 308 , illustrates a .previ6us ly mentioned point ~ 
t . l.e s.L'''1ilarity of the pi t ch disGribut~on of a propel l er 
of hic)h piech (J = 3 , 0 or greater ) t o tnat of' a'po:>o 
pe 2.. 1er of 101 1 pi tch . ( 3'3e f 19 . 29 . ) 

Tho dtstr i bution of' f r actlonal energy loss due to 
profi l e c..ra.g of propelle r 30S in climb (f ig . ' 31.!_) shows 
tbat this . loss is large in the tip region . By cofu
rar5.n.g, in figur e 29 the b lade twist at the tip 
(beyond 0 . 75R ) \J:th the result'ant .air - strea!':;, twist , 
prope ller JOS is readil-;r seen to be insuffic i entl y 
twisted in this region fo r J = 2 . 00 . As a r esult , 
val'.18:3 of CL dJ:'0 ~~ie;l,- i.Y1 the tip rag lan. . Ti.;,e e -ti -

mated Cr,- v:ll uCls of '13.11 t:-l.l~oe !)j:,ope 1.1ers are shovrn in 
f1 r::ure 5') . 

The distributions of fract~onal ene r gy- loss due to 
profi l e drag (figs . 35 to 37) are sinil r fo r all three 
of the simulated high- speed fl ic)lt condl tions . The 
est imat~d CL~values of .the three propeller s at 



J = 3.15 and Cp = 0.246 are shown in f i s ure 40 . I t 

:i"~L 1.1 >3 note d thG.t the CL - val -U8 s at ehe 'inne r ra6.i i of . 

prope~ler 55S are very l ow and hence lead to .~ arge 
val1~es of tan y . The re3ulting. low profi l e - drag 
e.ffj,ciency at t~e' inner radii doe s not serious l y affect 
the r:cope ller efficie:1c:T, hov:ev0:c , because of the small 
cont~'ibution of these sect Ions to t~.e total ,9ower 'absorp 
tion • 

• l. com,:Jal"i son of the rotat iona::" - "me. profilo - e ras 
·omerg.,r. losses' at J = 3 . 80 shm'ls that of the two 
los ses "ehe p r 0fi le - drag loss is ';:;he :JlOre important for 
each ·j ror.:,el2.el' . · The CL- v::J.1'i a ti ons :E'or this f l ight 

"l ' t".,. ~..::l "'-o~ :>., T" " ,··, ,, · 0 ',1 ' :-;" t '1 t th conCd. lO.1, n1',,8 · .... nuv(1 :"11 _l. ::>:J.r", ! ..... , Lna:Lca e Cla e 
CT - Vall),::; s of all thre~ Y):t'OP(~ llers a~'e in a favorable 
C~/CL :1'a:12;':: for most of." ':;1:e p:(':)p6113r radius . The 
ro l a tionship between CL G.('..ccan y of· the sho.nk sec -
tions U :'Oi:1 7.: = 0 . 3 to .;~:.: 0 , 5) is ~nore favorab l e 
for propelL:n's 1.!·5S· a~1d 30;:) tha:1 for· p~ orel l er 55S . The 
dra::J 10sses are 3[;1)''''n in fi ::',ure 37 to be _.i jho r for the 
shank sec ti ons in tLe case of ~irope 1181" 45:.) and 30S 
than for propeller 558 . 

At x = 0 . ) and J - 3. Go _.;'.8 ang l e. of' the 
T6 suI tUY".t ';;lind - ¢ is ve ry lar =~e . , 1'::e engle ,00 is a 
cJ ose a"Opr'oxirr.ation to t~he <,-m;le ,0 near' peak e fftciency , 
and ¢o~ ' at J = 3 . 80 is shmn-l in fi[;ure 29 to be 

3.:')out 76 0 • Eence , .,0- values in t:te region of O. )OR s.re 
In t:t.~e ranl~e in which only sl i,-:,ht diffe rences in ,0 
ca"l<.se la:rge d.ifferences in 'l ' 0' e von if tan · y i s the 

s a.,',::; ~'o r all th ree p::'ore llers . This sensitivity cf t.he 
prorile - G.rag 1 0s3 to l ar.::;e ~" e02'et~riv he lix me;les , 
c('llp le~J. 1;'rith t~1e lar ·:~ e powel' a'osorption of the inner 
radi i , ha3 a very de t... inental ef:..."(; ct on the efficiEmc.,r 
0_ propellers 45S and 303 . Pro)e11er 30S ~uffers an 
additional profi l e - drag loss because of thA lov CL- value 
at O. 7()R; 'ehe "lrump tl in the CllrVO of the '.Jro f ~ le - drag 
l oos distrlbution of propeller jOS (fig . 37) i s the 
result of the lncreused value of tan y . 

C('TiCLU3IOrJC 

Tests ',,'ere Flad e at low . .Tach nur:1be~'s to determine 
the effects of pitch di3tribu+";ion on prope11er charac 
teristics for a la)'6e range of operatIng conc.i tions . 
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rri1e three - b lade tractor propel l e rs used we re of l O- foot 
diame t e r and embodied NACA 16 - series aJ. rfoll sections . 
The fo ll ow}.ng c oncl usions are ba eO. on the res Its of 
these tests supnlementeC: 'Nit:r~ -lata obca:ne9. 1.;7 an 
analytical method : 

1 . Good a g r e en:en twas ob t ained 1,Je tween the me as'U.ree, 
aild c a lculated Drope l~er cha r a cta ri st ic s . 

2 . High e fficiency c an be o:.")taLr.1Gd if the pi tcn 
distribution is near the optimum at l arge advance 
diame ter ratios . 

3 . A propel l er of de s ign adv~nce ~d i am8ter ratio 
of 3 0 0 or g reater would have a :favora~)le loadin.:::.; fo r 
l ower values of the advance - rli8.:lc te r · ::,' a tio in t~ e 
take - off r ange (J = · 1 . 0 or l owar) . 

1.~ . Varia ti onfl i n load d::'s trlbut lon have ve ry 1 i t :~le 
effec t on the magn i tude of the inc.uc ed '. ax i a l - energy loss 
near peak effi cienc y . 

5 . The use of a pr opeller ~t othe r than design 
adva.:1ce - diarf1ete r ratio r.J. i g~lt in~ur e:;: cessive r otational 
energ ~ losses if the opera t ing advance - d i amf; ter rati o 
is i n excess of about 2 .5 . 

Langle. Memorial Aeronaut ica l Laborat ry 
Nat i onal Ad v is ory Com .. 11:l. ttee i'o:r' Ae r onautics 

Langl e ~ Field , Va . 
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TABLE I 

CALC ULATED ArD EXPERUi ENTAL TRtuST A~rn P01IYER COEFFICIENTS .e.ND BREAKDO'NNOF' :pROPELLER 

EF?ICIENCY LOSSES' FOR SEVR1AL snmLATED FLI GHT CONDITIONS 

Prone ller 

,I ~-/; IE / II' , I E + ~~---I -, I .. 
I Ob5~md CLP .. L FjP .1· ." ._' _p_~_' _D_~L 1 1~ C~lC~r=d e];V:J C"l~C~~a~: 

~-------+----- , -
Take - off ; J , 0 . 80 ; CpJ 0 . 080 

r-ss 
~ ,-6 s 
30S 

-1 - 0 . 341--0-:-090 10 . 0 19-1-~0!:~~----'o':l57--F· . 15'9 0 .080 0 .081+1 0 .082 
.615 .089 .023

1 
. 049 . 161 . 185 . 080 -.08 15 ;08!.+ 

I . 850 - -.087 , 019 ,' , .047,· . 153 .1~,~ . 079; . '1850 . 083 
Cl imb; J, 2 . 00 ; C

p
' J . 246 - , '---. ----<---:--'- ---- ----

--(5, S -~' 0 .892 1° .037 10 . 03 6\ 0 . 0iJ.2 \ '0 . 11~ i O. l 06 \ 0 . ~48 0. 1097 0 . 1073 ,_ 1 
.+t:; s . e83 . O~~ . 0~6 . 02'71 . 100 I . 117 . d..J-J. . nCb . 1c87 , I 
308 .~63 __ 1 .03h l,_.' 037 I __ . 01& _ . 115 i . 137 1 . 2h6 . 1062 . llCJ5 

High Speed ; J , '3 . 15'; Cp , 0'. 246' - " '. 1 

55 S 1 0 ~ 9,30 'I 0.012 10 .026i '0 . 051 - 0 .089 -----ro-:67J --0-:-21:4 -'l-o .07'26--r- :o'~b71-'-' 11 
' 1 45S I . ~05 . 009 I . 03 41 .01-\.9 .092 ! . OQ5 . 248 .0706 , .07 1 

30S __ , I . c73 1- . 009 L . 03~ __ . 050 . 093 __ -L. . 127 . 23 8 .06l2 .067 ~ 
I High Speed; J , ' 3 . 09: Cp ' 0 .400 ~ 
1-~5S ~I' 0 .902 11 o. ()l9 10 . 043 (, . 039~1- 'o .161-------rc;-:IC98 ! 0.394 ' L 0. 1202 o.li-95-, 

,~5S .875 .016, .05 1 .042 1 . 109 . 125 .396 . 1168 . 118 1 1 
30S .860 J . 018 \ . 05 1 . 044' . 113 . 140 , ·394 . 11)-1-7 ,_~l105_ 

High Speed ; J , 3 .80 ; Cp, 0 ·320 • 

....,. 
;; 
o 
!P 

~ ;" 
::;0 
:n 
~ o 

t-1 
0'
tcj 

~ 

55 S 
45S 
30S 

0.9 14 ' :~ . 0-0-7~I-o-. Q29 1 0 . 047 0 . 08~ t' .086 L~ '3, 15 '1 0. 0770 0. 0751 
. 873 . 006 \ . 050; . 064 . 120.) . 1S7 ·3,13 . 0736 . 0727 
. 83 1 .006 . 053 . 070 . 129 . 1b9 . 311 . 0700 .0716 I 

. --- - -- --'" -' . [\) 
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I 
I 

nmUCED EFFICIENCY LOS'ES OF PROP:SLL:2RS 5 53 , 1+53 , ' Al'ID 3 0S 
AIID OP'l'IMIDIA. EN,ERGY LOS3ES Fm{ SZVEHAL SIrI! LATED 

FLIGHT COND I T 101m 

" 

Calcula t ed Op t lmu.rn Opt::'mum I I Calcu1 .s. t ed 
Propelle r E Ip Ea/P E,.,/P , Er/P I 

at 

(,5 0 

-+5 S 
308 

55 S 
41)S 
303 

1:'53 453 
308 

?,5 S 
--!-5S 
30S 

~~~ 
30S 

aopt tmum 

( a) I ,~ ( a ) - , j ,-
Cp 

. 
0', 080 ; J '= ;:) . °0 

-----,- -_ .. _--
I 0 . 020 0 . 09 0 I 0 . 019 0 <; 024 

. Ob9 . 090 I . 023 I . 024 

. 087 . 0:'0 . 019 
I 

, 024 \ I ,- , 

Cp = ,0 . 2L~6 ; 'J = 2 . 00 
, I 

0 . 0)6 0 . 037 0 . 037 0 . 0)2 I . oy . 0) :" 0:)6 . 037 
.OJ' 

. ~ 
I 

• Jj; . . 037 . 037 
I 

c P = 0 . 246; J - 3 .15 
------ --,. -

T~5-0 . 0 2 o . olL!_ 0 . 026 
. 009 • OIL!, . 034 ' . 025 
. 009 I ' .oll . 034 . 025 

I 

c = J .400 ; J - j . 00 P -

I 

" I 

-
0 . 019 f ·OlS 0 . 04-3 0 . 045 

. 016 ' . • 018 I . 051 • oL~5 

. 018 . 018 I . 071 . 011.5 
----,-

c = 0 . j20; , J = j . 80 
P 

0 . 007 '0 . 010 0 . 029 -l O.029 "I , 006 . cao or (' • ') U . 029 I 
,,006 ' . 010 ', 053 ~ 029 

,--~ 

val 1.18 s are from fi ,sures 2 and 3 of refe r ence 2 . 
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Figure 1.- Geometric relation of blade-element forces 
and velocit i es. 
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Figure 2.- TWo-d1mens1onal a1rfoil character1st1cs . NACA 10-308-03 propeller sect1ons. 
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Figure 4.- Dimensional details of test setup. (All dimensions except x are in inches.) 
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Figure 5.- Close-up showing spinner cut-outs and 
celluloid cover plates . 
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Figure 7.- Pitch distribution of propellers 555, 453 , and 305. 
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Figure 8.- Velocity distripution 7~ inches behind propeller disk. Propeller removed. 
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Fig. 22a-c NACA ARR No. L6E22 
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Figure 24.- Grading curves at take-off. Cp = 0.080; J = 0.80. 
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Figure 25.- Grading curves at climb. Cp = 0.246; J = 2.00. 
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Figure 26.- Grading curves at high speed. Cp = 0.246; J = 3.15· 
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Figure 28 .- Grad1ng curves Qt high speed. Op = 0.320; J = 3. 80. 
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F1gure 33.- D1stribution of fractional energy loss due to profile drag. Take off. Op = 0.080; J = 0.80. 
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Figure 36.- Distribution of fractiona~ energy loss due to profile drag. High speed. 
Cp = 0.400; J = 3.00. 
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Figure 37.- Distribution of fractional energy 108s due to profile drag. High speed. 
Cp = 0.320; J = 3.80. 
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Fig. 38 NACA ARR No. L6E22 
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Figure 38.- Variation of 0L with x at take-off. 

Op = 0.080; J = 0.80. 
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Figure 39.- Variation of CL with x at climb. 

Op = 0. 246; J = 2.00. 
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Figure 40.- Variation of CL with x at high speed. 

Cp = 0.246; J = 0.15. 
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Figure 41.- Variation of CL with x at high speed. Cp : 0.)20 ; J = 3.80. 
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