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·Tests ·pft, two-blade propellers having th& NACA 4-'(3) (b6 -3)--06 
and NACA 4-(3){o6.4)--o9 b~ade designs (blade activity fa.ctors of" 
~79 and £65,f~respective~) have been made in the Langl.ey 8-foot . 
high-speed tunne~ through a l"'6.tI8e o~ blade a.ngJ.e from. roO to 700 

for free-stream J.iach numbers from 0.165 to 0.125 to determine 
the effects of high solidity' ana. coIliPress'ibill ty on propeller 
characteristics. The tests are part of' a gene~ investigation 
of propellers a.t high forward speeds. Beaults previously reported 
for s;lm.il.a.;; tests 'Of two-blade l>ropellers having the RACA 4-308-03 
and NACA 4-308--045 blade designs (b~ade activity factors o:t;' &'[ 
andJ.33 ... resp~ctively) ~e inelu.dedifor comparison', ' 

The reaultsahowed that the 0.06- and 0.09-sol.idl'tl blades, 
al tho\lgh produci:Qs eff::t,c1encies of' the order of' 90 percent, were 
le~a, efi'iqient ,than bl.a.des of conventional solidity'. The variation 
in avera.se blade ,11ft coe.fficient with sol.idi ty at a constant biade 
angle and advance-die..metEir ratio "through the speed range of' these . 
testa ,was f'ounc\ to be ane..l.ogoua to the variation of' wing 11f't 
coefficient with aspEtct ratio, lndicat:t:ng: that hlsh-aolldtty blades 
r:JJB:3' be d.esirab~~ a.t very b.1gh speeds. Because of' pover limitations 
of the test eqUipment, conel.usive evidence of' the possible favorable 
effects of increasedbl.e.de solidity at high speeds was not obtained. 
Further tests are des1rab~e,. " , " 
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The NACA has conducted in the Langley 8·foot high-speed tunne~ 
8. general. tinvestisatlon of' propellers operating at high forward. 

I 
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speeds and high rotational tip speeds in an attempt to improve 
propeller performance. Results of- this investigation covering 
the effeots of oompressibility, aolidi~, and camber are presented 
in references 1, 2" and 3 as parts I, II, and III of this general 
investigation. 

In addition to the propellers already tested, two very hlgh­
aolidity two-bla9s propellers with thinner outboard sections were 
tested at the same time. The results were not included in 
the report on tleffects of compressibUl t,T and solidity,," refertlIlce 2" 
beoause speed and power 11m! tations prevonted reaching conditions 
at which the adverse effects of sompressibility occur. However, 
in l.ight of the favorabl.e high-speed results obtained with wil:lgs 
of low aspect ratio it was believed that the resulta of the 
investigation of very wide blade propellers would be o:t interest. 
The blade eolidi ty for one propelle:r was 0 .06 (design blade angle 
approximately 450 ) and tor the other propeller it was 0.09 
(desian plade angle approxima. tely 600 ). These solidi ties are 
roughly two and three times those of conventional width. blades. 

The resu+ta of this investigation are presented herein as 
the fourth par,t of the general investigation of prOllellers at 
high speeda. 

AFPAAATUS AND METHODS 

Tho apparatus and methods described in reference 1 were used 
in the tasts reported here. The testa were conducted in the 
Larigley 8-foot high-speed tunnel. A photograph showing the model 
setup is' given as figure 1. 

Model propellers.- Two 2-blade propellers of 4-foot diameter 
utilizing NACA l6~ser1e8 sections were designed,havinS the blade­
:form. character1s tics shown in figure 2. These propellers are 
dssisnatod as the NACA 4-(3)(06 -3) -06 and 4-(3)(06.4) -09 propellers 
he. ving ac t:t vi ty factors cf 179 and 265 per blade, respee ti vely . 
The system. of deSignation is explained in reference 3. :Soth 
propellers have ossentially the same thickness ratio. A photograph 
of the blades is given .in figtU'e 3. The NACA 4-(3)(06.3)-06 
propeller has the same pitch distribution as the NACA propellers 
descr1 bed in references 1 to 3. The propellers were designed to 
g1 ve minimum. induced losses assuming the blades to be l1ghtl:' 
loaded. The design condi tiona for these propellers are g1 'len 
as follows: 

. - . "-. 111""'! ............ _ . 

I 
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NACA 4-(3)(06.3)-06 NACA 4-(3)(06.4)-09 

Tip Ma.ch number 0,92 0·95 

Lift coefficient at 
0.7-radius statian 0.3 0·3 

Advance-diameter ratio 2.D. 3·70 

Nominal design blade 
angle at 0.7-radius 

450 600 station 

The NACA 4-308-03 and 4-308-045 propellers, references 1 and 2, 
have the same design. conditions as l:teted. above for the 
NACA 4-(3)(06.3)-06 propeller. 

The range of tests 'WaS the same, within speed and pO'Wer 
llm1tations, as thos~ of J;'eferences 1 to 3. The range of blade 
angle and free-stream Mach number is gLven below: 

NACA 4-(3)(06.3)-06 P.BOP.ELLER 

\. Free-stream. Blade angle at 0.75-radius station, 

I 
Mach number, M f'0.75R 

(deg) 
-

30 \35 I 40 50 I 55 1 60 (;~J.65 20 25 45 

~23 30 \35 40 45 50 55 60 

·35 35 40 45 50 55 60 

.43 40 lJ.5 50 55 60 

·53 45 50 55 60 

.60 50 55 60 

.65. 
, 

60 .. .. 50 55 

• 675 55 60 

i t 

I -700 55 60 , 

~ 
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NACA 4-(3)(06.4}-09 PROPELLER 
, 

Blade angle at 0.75-radiua atation, Free-stream 
Mach number, M ~0.75R 

(deS) 

t-· , 

.0.165 20 25 30 35 40 45 50 55 60 65 70 

.23 30 35 40 45 50 55 60 65 70 

·35 45 50 55 60' 65 70 

.. 43 59 55 60 65 70 

·53 . 55 60 65 70 

.60 60 65 70 
; 

.65 . 60 65 70 

.675 60 65 70 

·7°0 ' . 
.. 

65 70 

.725 65 70 .. 

The data have been corrected for tunnel-wall effects, horizontal 
booyanc:r, ax:u\ bl.o't·re:J~··sp5.nn~:t' effect~1l1 the same ll'lEll:ner as the dilta 
in ref'erlflnces 1 to' 3. The t.nrust. used. is proi:'ulsi ve thruet. The 
symbols and. defin1 tiona usod herein are as follows: . 

A. F. 

B 

b 

propeller activity factor 

number of.blades 

blade widthJ feet 

s~ction blade width ratio 

section lift coefficientl wing lift coefficient 

section design lift coefficient 

I 

.. 
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D 

h 

h/b 
J 

M 

1ft 

n 

p 

:a 

r 
I . 
~ 

'V 

x 

J3 

~O.75R 

11 

P 

a 

average :tift ooei'fic1ent for propel.l.er (see r9f'erence 6) 

power coefiic1ent ( P ) 
pn3])5 

thrust coefficient '( T \ 
r:n%4) 

propeller diameter, feet 

blade section maxi7ITIUll tl:dcknesa, feet 

blade section thickness ratio 

advEmce-dimneter ratio (V /riD) 
. , 

free-stream Mach number 

he~icaJ. tip Mach number MV~, + {~)2 

propeller rotational speed, rpa 

po~r, foot pounds per second 

propeller tip radiUS, feet 

radius to a blade e~6ment, feet 

thrust, pO'Wlda 

free-stream veJ.ocity, fps 

blade station, r /B 
sect:ton blade ~, degt'ees. 

blade angl.e at O.75-radius station, de6t'ees 

propeller efficiency (~J ') 
, ~I , 

air density, s~ugs per cubic foot 

soJ.id1ty (2!)- vaJ.ue at O.7-radius station is used here1:n 

f , 
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Subscript " 

i refers to conditions at ma'dDlUll1 ef'ficienoy for Mt;;;;; 0·25 

RESULTS AND DISCUSSIONS 

The basio charaoteristios of the two-blade NACA 4-(3)(06.3)-06 
and 4-(3)(06.4) -09 propellers are presented in figures 4 and 5, 
respeotively. Curves of the resul.tant tip !.faoh number ,Mt are 
also sh~ in the same figures. 

J&u::!.mUjn efJici«m9X' - The envel.Olle ef':f'ioienoies far both 
propellers are presenbed in figure 6 for free-s~Maoh numbars 
from 0.165 to 0.725. For oan:rparison" reaul ts are aiso shown for 
the NACA 4-308-03 al~ 4-308~045 propeLlers,' referance~ l'and 2. 
Maximum effioiencies of over 90 peroent were obtained ~ar blade 
solidities above 0.045. However, the ma.x:tmum efiioienc-:i.ea for 
the 0.09-so11d1ty blade'are always lO'W6r, and for the 0.o6-sol1d1ty 
blade generally lower, than those for the 0.03, and 0.o45-sol1dity 
blades throUBhout the speed range. '-For the low'range of advance­
diameter ratio the 0.o6-sol1d1ty blade produoed ,effioiencies as 
much as 3 peroent higher than those' for the 0.09-solidi ty blade 
for free-stream MItch numbers tllrough 0.35. _ At the _h1sh~ val.ues 
of Mach number and advance-diameter ratiu the 'efficiencies were 
as muoh as 6 percent higher far the 0 .0~-sol1d.1 ty blade I the 
differences deoreasing at the very high Yalues of advance-diameter 
ratio. This d.1fferonce in efficiency is a.ttributed. to the more 
favorable pitoh distribution of the 0.09-so11dity blad8 for the 
higher pitch ~. 

Of particular interest are the high. values of, ne.xtmum. 
efficiency, above 90 percent, which have been obtained in this 
1nvestiea,t1on and those reported in references 1 to 3. TheBe 
resulte are due to the detailed. attention given to the deSign 
of the propellers and to the teat aetu;p. 'J;hese details include the 
following: . , - " . 

(a) The des1gn was made to give -mfn1l:num ~uced J.os'ses :for 
~:tght loadinas. ' . , 

, ' 

(b) The blade shank seotions vere thin. 

(o)'Ri8b'o~1tica~ speed RACA ~6-ser1e8 B&ct1~ ~re used 
throughout. 
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(d) Manufacturing tolerances ,were kept small. 

(e) The gaps betwen the spinner ~ blades were sealed.. 

(f) Test speeds were kept be.J..ow the crit;t,caJ. S];Ieeda of test 
body and supports. 

7 

Tuft s,urveys: ovor the test body and supports f!JJ,ve no indication 
of f~ow separation 'With or w:f:b:hout the propeller. 

"Those high efficiencies indicate a reduction in the rotationa~ 
losses assbciated. 'With an isolated propeller. The induced afficienw 
losses for oporation at the design condi~iaris for these prope~ers 
in an isolated configuration are shown in "figure 7 p~otted against 

,blade solidity. The rotational induced ~OSB at the design condition 
is 7 percent for the O.09-so11d1ty blade prope~r (J I: 3.7), and 
2.9 percent :£or the o.o6-so11dity blade. prope~er (J = 2.11). 
Possibly the dynamometer supports (20-inch chord) used in this 
investigation were effective in convertins rotational. energy into 
thrust. Betz shows theoretically in reference 1{. that the use of 
contra -vanes of optimum design for a test setup such as used in 
this investigation might convert into thrust 60 to eo percent of' 
the rotational. energy normally ~st. Cal.culatians of the dras 
power ~oss for the design conditions of these propel1.ers show 
1:ihat, if abou1:i 50 percent of the rotational enerGY 't":ere recovered,' 
the measured and calculated efficiencies would be in excellent 
agreement. Beference 5 shows that approxi..l:Dlltely 50' :percent of' the 
rotational. energy can be recovered. 

Ef'i'ect of' blade solidity on powr coefficient and POWr 
Qoefficient-solidity ratio far hi~ efficiencY.- The range of 
power coefficient and power coetficient-s~dity ratio for which 
high efficiencies are possible iEi i~UBtrated in figure 8 against 
advance-diameter ratio and b~de solidity. An efficiency contour 
of 86 percent for each prOJ?e~r was arbitrarily ch'osen. The 
val.ue of the power coefficient or power coefficient-so~dity ratio 
wi thin ime efficiency oontour corresponds to efficiencies above 
86 percent; the vaJ..ues for msrlmum efficiency are also shown. 
Changes in free-stream Mach number had no great efi'ect upon the 
contours; hence o~ the redUlts for M = o.~65 are presented. ' 
Irigh -soUdi ty blades operate at higher power coeffiCients than 
~ow-so1.idity blades, figure 8(a}, but the increase in power 
coefficient is not in ~ect proportion to the increase in blade 
solidity. At ~ow values of advance-diameter ratio the change in 
power coefficient is approximately the same for all the blades, 
whereas at the high advance-diameter ratios the Change in power 
coefficient for the O.09-solidity blade is approXtmately only double 
that for the O.03-solidity blade. 
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Figure 8(b) shows that low-solidity blades produce higher power 
coefficients per unit of blade solidity than hiah-solidity blades. 
At low Values of advance-diameter -ratio "the" change in power coeffioient­
,solidity ratio for the O.03-sol1dity blade is abottt tllree times 
that :for the O.09-sol1dity blade; "'Whereas at the high advance-" 
diameter ratios the change for the O.og-solid1t:r blade is about 

llt.1mes "that for the 0 .09-eolidi t;r blade. Beoause of the fact 
:2 : 

that in these tests of' t'Wo-bl.ad.e prcpelle1"s the locaJ. induced 
velocities 'Were much greater :for the high-aolid1t:r blades it i9 

"not possible to draw a def1D.1te "conclusion" that a prOPeller 'With 
"i:nanY' narrow blades is superior to one of equal. total. solld1 ty 
having few 'Wide blades. Add1tional. tests are needed to establish 
def~te~ the interrelation of number of bladea and total solidity. 

, , " 

i Effect of l!QW9l' coeV'1oient and sdmee-diameter ratio on 
efficiency ~ - The variation of' efficiency with power coefficient is 
sho'WIl in figure 9 for several va.J.ues of' advance-diameter ratio for 
a Mach number of 0.165." Bl.adea of high solidity are more efficient 
tha.n blades of lOY solidity at high power coefficients as would be 
e:qlected because the blades of' low solidity would be sta.l.led. 
Conversely, blades of low solidity are more efficient than blades of 
high solldity at low power coeffioients because blnd.ea 01' hish 
solidity YKltil.d be too 1ight1y' loaded. The higher e:f'ficiencies 
shown far the O.045-s01iditl blade compared to the O.03-solidity 
blade even at law values of pawer coefi'icient and advance-diameter 
ratio are within experimental accuracy. 

Figure 10 lfas been plotted from figure 9 to show the approx1ma.te 
operating range in 'Which a blade of given soJ.id.1ty is more efficient 
than any other" blade. These curves should be considered generally 
to Sive only a qualitative com;parison." The region in 'Which a given 
two-blade propeller is the most efficient one is indicated by 1 ts 
blade-solidity designation. No line representing the upper limit 
is shoW ;for the O.09-eolid.1ty blade because rio higher solidity 
blades were tested. 

C'pmpresB1bili t:y effects. - A cOllIparison" c:Jf the relat1 vemaXimum 
" efii:cienciea versus tip Mach number and free-stream Mach number for 
the approximate design bla.d.e angle i~ shown in figure 11 for both 
prope~~. No adverse compressibility effects occurred. for the" 
o .o6-sol1d1 ty blade at least ~to a tip Mach number of' 0.93. 
Similar results 'Were obtained for ths"NACA 4-308--oJJ.5 propeller, 
reference 2. For the O.09-eoJ.id1ty blade,loBBee in"Ill8.Xinunil 
efficiency" started at tip Mach numbers as loW as 0.55 and increased 
gradua.lly 'W1th"~ increase 'in speed SO that""at a till Mach number of 
approx:lma.tely 0.90 the loss in niaxilnuiu etf'ic1ency was 5 percent. 

-, 
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At a given tip Mach number for the operatinG conditions shown 
in figure ll, the resultant section speeds, particularly at the 
inboard sections, are highest for the 0.09-solid1ty blade. Conse­
quently earlier cOD1pressibil1ty J.osseB at the shank sections 'WOuld 
be expected fct.r! . this . blade. Computation of the section speeds 
indicates that ~or fiee-stream Mach numbers vrnere the efi1c1ency 
curVe :tor the .o.09,,:,solid1ty blade diverges, no adverse cOlI\Pressi­
b11ity effects ShouUi. be ex;pected. to occur but that such ef'fect's 
would ,be exPected to ~cur at the shank aect1cns for free-stream 
Mach 'numbers' between 0.65 and 0.675. rt is estimated that the 
effect of the small leading edge fairing at the shank seotions 
of' this b~e (see, fig" J..) and. any detr:UnentaJ. effect due to air 
leakage b,etwell spinner and. bJadee (if' suoh leakage occurred) 
would 'result' iIi an ei':eiciency loss o:f not more than 1 to. 
~ perce~ Consequently, it is believed that the ei':f'iciency losses 
that .occur are ,pr:1marlly due to the use of very wide blades • 

. '. , 
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The effect of c~ressibillty on the power coefficient'for 
max:l.l:!ium ~~ic1enoy at the design. blade angl.a and advance-diameter 
ratio .for eacl;l. propeller is shown. in figure 12 as plots of relative 
power coefficient versus tip Mach 'number., These conditions approxi.­
:mate very closely the condi t'ions for which the raxf.mum effiCiencies 
were pres~ted in figur~ ll. The rate of increase in power coeffi­
cient with Mach nutlber decreases with increase in blade solidity. 

A cOlI\Parison of the average lift coefiicient. for propellers 
and 'Wings through the speed range is ehcrwn in fiGilJ:'e 13. The. . 
average 11:f't coefficients for the propellers we:;.·e ccmIputed using 
the method presented in reference 6, and are trw the design. blade 
angl.e and advance-diameter ratio for each propell&'ft. The lift 
coefficients for 'Wings of' di:f"ferent aspect ratio were obtained. 
from tests made in the Langley 24-inch hiBh-speed t'UIll'lel. The 
effects in both cases are vfYrY e1!D:1.lar. As the propelleJ." blade 
'Wid.th is increased (aspect ratio decreased.) the lIlB.(;nitud.e of the 
changes decreases and the onset of advers~-campressibi~ty effects 
is delayed as is shawn for the NACA 4-308-045 propeller. J3ased 
on the analogy sho'WIl between 'Wings and propellers 1 t appears that 
important delays in the onset of' adverse aampressibility effects 
should occur as the blade 'Width is increased. Power llmitations 
of the dynamameter prevented the attainment of suffiCient data ts 
substantiate this trend and further investi&f'ltian is needed. 
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CONCLUSIONS 

Very high solidity two-blade propellers' (bJ:a.de. activity factors 
of 179 and 265) designated the NNJA 4-(3) (06.3) -06 and 
NACA 4-(3)(06 •. 4)-09 propellers have been tested in the NACA 8-foot 
high-speed tunnel through a range of blade ansJ-e fram 200 to 700 

for' :f'ree-streaDl Mach numbers from 0.165 to 0.725. The results of 
these testa and comparisons with resuJ.ts f'rc:8Jl previous tests of 
the NACA 4-308-03 and NACA 4-308-91~5 propelleJ;'s indicated the 
following conclusions: 

1. The 0.06- and 0 .09-solldi ty blades~ although producing 
efficiencies or the order of 90 percent, were found to be less 
efficient than blades of conventional solidity. 

2. The variation in average bJ.ade .lift coefficient with 
solidity at a constant blade angle and advance-diameter ratiQ 
tlJrough the speed range of' these tests "Was foIDld to be analogous 
to the variation in ~-ng 11£t coefficient with aspect ratiO, 
indicating that high-solidity blades may be desirable for use 
at very high speeds. Because of power llmitatiana of the test 
equipment conclusive evidence of the possible favorable effects 

. of increased blade solidity at high speeds 'Ws not obtained. 
Further tests are desirable. 

Langley Memorial Aeronautica.2 Laboratory 
Na.tiona1. Advisory Committee for Aeronautics 

Langl.ey Field, Va. 



NACA EM No. L6Ll.9 

REFERENCES 

1. Stack, John, Dr'aJ.ey, Eugene C I, Delano, James B I, and Feldman, 
Lewie: Investigation of Two-Blade Propellers at .High 
Forward Speeds in the NACA 8-Foot High -Speed. Tunne~ I 

I - Eff'ects of Com,pressibili ty. NACA 4-308~3 Blade. 
NACA ACR No. 4AJ.O, 1944. 

II 

2. Stack, John, Dra.l.ey J Eugene C" Delano, James B. J and Feldman, 
Lewis: Investigation of Two-B.le.de Propellers at High For-ward 
Speeds in the NACA 8-Foot High-Speed Tunne1. II - Effects 
of COllIJ?resei bill ty and So1idi ty • NAC}' 4-308-045 Blade. 
NACA ACR No. 41316, 1944. 

3. Delano, James B.: Investigation of Two-Blade Propellers at 
High Forward Speeds in the NACA 8-Foot Hish-S:peed Tunnel. 
III - Eff'ecta of' C6.Inber and Compressibility. NACA 4-(5)(08)-03 
and NACA 4-(1O)(08)-Q3 Blades. NACA ACR No. L5Fl5, 1945. 

- 4. Betz, llbert: The Theory of' Contra-Vanes AppJ.ied. to the Propeller 
NACA ~ No. 909.. 1939· 

5. Biermann .. David, and Hartman .. Edwin P.: Wind-Tunnel Tests of 
Four- and Six-Blade Single- and Dual-Rotating Tractor Propellers. 
NACA Bep. No. 147, 1942. 

6. Feldman" L.: A New Method of Propeller Ana.J.ys1s. A.D.E. I :Rep I T-16, 
Bur. Aero., 1945. 



--- - --- .-- -

(a) NACA 4-(3)(06.4) -09 propeller. (b) Shank details for the NACA 4-(3)(06.4) -09 propeller. 

Figure 1. - Propeller test setup. 
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(a) NACA 4-(3)(06.3) -06 blade. (b) NACA 4-(3)(06.4) -09 blade. 

Figure 3. - Test blades. 
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