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TUE THEORY OF TIE SCREV PROPELLER. *
23S

L. Tzt
Gl rgeﬂ.

Ths Tesson why the comprehension of what occurs in the vicin-
:4y of 2 propeiler is commuonly regarded as sspecially difficult,
does not lie so much -in the complexity of the hydrodynamical phe-
ncmena as in our limited ability of geometrical rrasen ntation,
which sometimes fzils us, even in simple cases, when these have a
spiral form. The mathematical tre;tment is rendered still more
difficult by rroblems connected with the propeller symneiry.

Lside from the above inconveniences, which are not inherent in

the nature of *he phenomena, the propeller offers no greatver 4if-
ficulties than the majority of other hydrodynamic problems. D
sonfining ourselves to the wost essential phencmena, we can Ier-
resent them in very simple fashion, It is sharaecteristic cf
simclicity that we have long had a presentation of the theory of
+he propeller in Pankine's prozeller slip-stream theory, Thich is
a fairly cioses arproximation to the tr ruth and which ney ve re-

garded as a sort of forerunner of the modern Th gory™*¥ of aero~

"0ils. Only when we endeavor tc acduire a wmore accurate knowledge
Reprint from "Dis latur wissenschaften," 1921, Fo. 18.

** DRankins, "Cn the Ilechanical Principles of the Action of or o“el—

1ersﬂ‘ Transactions of the Irstitution of Haval Architects, 1C

Vol. VI. .13, Tre theorv was conslderanly immrovad latsr, 8s “ec-

]y

o
1.1ly by Frovde., Froude, "On the Part Plaved inrn Provmulsion by
Differences of Fluid Preoaure." Transactions of the Institution
of Taval Aronitects, 1€22, Vol. XXX, ».32C.
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least oonirol, a3 comsared withn the amount

of =nergy otherwiss lost, and the further s»peclal advantage thot
the larzs rumber of zhapes which otherwise would have to be con-
siiersd iz thereby greatly rsducsd., Thz folloing exvosition will
senaist of 2 bricf wevier firat of the frniamental rrinclrzlse cof
M2 pronellar slip-ctrexyn thoory ~nd 1ds fusithse davelorrent
throuzh later resexrches, whish demonstrate the aonraction kwetrson
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Lre voopeller siim-3tream theory and Froude's sc-called "mroreds

Tf =e ish to sxzert a force on « body, foru examp-le, on & ve-

he nead —esistance, we rust use some other
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hody as a brace ond sxert uron 1t the same Torce, dut in the opio-
~ite Airechion (law of action and reactlon). In moving a vehlicle
cn the s0lid earth, ha3 latter is nearlv clvays the resisving
wody, ~hich, on accouns of its large nass, suffers nc noticeable

ig different,
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changs in spesd Srom the -eaction. The cae
utilize a zelatively small body which is not rigidly connescted

by the force

2.

with the sarth. In such a case, the body 1s alfecte
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~nf =2action ~n? acavizes a noticeadls valoclsy. Thiz rhencomenon
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13 very a~marsnt in firing o caanon hall, e te imrart a

velosity %o the ball cnd thersfore & force muss e exerted uron
i4, The cannon is the resisting body and is ziven a velocity in
the opposite direction to that of the cannon 521l {(recoil). The
cese is similar if we wisk to set in motion 2 body In a fluid

(i water) by msans of a propeller. Te may think of the pro-

H
(@)

cess as follews: A mass m of the fluid is utilized for a secend
as the reacting tody and acquires a certain velocity v. Then
~rovher squal mass of fluid is brought into play and serves as 22
reacting body for the next second, etc., so that in each second a
ro33 m actuires am increase in velocity v. If S represernts

t¥s ~ropeller ih-ust, the fores of Teacticn must have the same

l
!
!

* Froude, "On she Bleomentary delatinn betwéen Pitch, Slip and
Tromulsive Efficlzrey. " Transactions of the Institvtion of Uoval
Lrcrnitects, 1875, Vol, XIX, p.47.
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+glue and *he azceleration v, imparted tc the rass 1 in one
cecond by ths action ¢f Shils Torzce, Iz v = S/m.

It is not essential for us to think of the vrocess as teirn:
cividad in%c intervale of one second. If we represent each inter-
val oy  1l/snth of a second cnd teke the correstonding 1/n%h part

of the mass, we cbiain for the seme reacticn force, the same ve-

locity ani ths mass cocelerated per second remalns the sanme.

The valocity imperted to tie zeacting fluid is directly proror-
tiosnal %o trhe =Snrust ard inversely rrotortional to thre rnass of
fluid acted uron per second. Tith this velocity, the fiuvid ac-—

s . s + K e o
cviras an irorezacge in energy 2nmicunting to 1/2 o v® er second.
o

oY

dition to the uszful power, in

D3 + - 2 s
This ensrzv mast be zurmlied in 2

crdaer to obtain the cesired thiust., It weans, however, an un-

If all other losses are disrezarded, it follows from an ex-
lon oI th2 ooove teascring that the meost Zovorable case Iz

wnen th2 thrust is evenly distributed over the whole surfacs of

the rroteller blades. This corndition would be erproximately ful-

1
‘.Jn
'_l

led by a vproreller with very many blades. The theorems for the

lecsses 1n the rromeller elir stream obtained from this very simrle

thzory, are very usseful for estimating the e fficiency of a rropel-

laz, eince ths rerairing losses are ordirarily considsrably snaller
and not so dependent on axternal conditions.

The theory 2lsc gives the veloclity with wwhich the fluid passes

tharough the rlarce of the rropeller. It ray ve shown that the flaue



rassing through the propeller acquirss half its acceleration in
front of she wroszsller and the other half behind 1% An accurate

P

rnowlsdge of tha flow at the rlane of the proneller is however
rmch desired, aince 1% i1l give us a basis for calculating the
vlades and the sosition to be given +hem in order to obtain the
desirad th-uet, For +his purposs, hovevzr, the results of this
-rimitive thsory are ro longar entirely adsiuate, So long as vt
littlé was 'mown concarning the action of thz fluid on the proyel-
ler blade, “hers was no great nesd of a nore accurate knowledge

of the flov in %he wlarne of the propeliler. DBut after the investi-
ation of ihe »henomera of aerofoils had laid in this resrzect the
foundation for a more accurate calculation of the propeller blade,
1t wae elso desirable to increase the knowledge of the flow in the
vicinity of the propeller.

There were in the wmain two points requiring further elucida-
tion, In the Zirst ;lace, the rropeller, in addition to the mo-
tion of the slip stream parallel to its axis associated with the
thrust, 2ls0 generates tangential motions which necessitate a
slicht correction to the considerations of energy and, ~hat is
more l1lmportant, produce a noticeable increase in the flow through
the rropeller disk. In the second rlace, screw progrellers alwars
Leve had a very limited number of olades. It was therefore aesir-
nble to detsrrine what difference this circumstance makes in com-
warison with the assumpiion of a large number of uniformly dis-

trituted narrovw Hlodes. In botnh directions consideraicle rrogress



has rascertly besn mzde. Although soms roints have not vet been
worked cut Tor convenisnt practical application, the rrincital
difficulties have revertheless been overco

The investigation of the rotation of the rrupeller slip
strean is closely connsctad with the above-uenticned cecisidera-
tions of ths simmle older theory. Eimply, the rvropeller tordque
i3 substituted for the thrust. The courection betwesn the indi-
ridual quantitiss is indszad oons*deraolv more complex in this ex-
tended propeller slip-stream theory, than in the older theory,
and the calonlations ars more difficult. But after the requisite
latorious salculations have once been made, the results can be
sxv»ressasd in ths Torm of curves, ~hich can serve as the bagis e
cractical arxplications.*

The szcond =oint, in which the o0ld rropeller slip-stream the-
ory nzeded to bs surslemented, was th:s assumption that the thrust
could be distributed at will over thz surface of the propeller
disk, which helds true to a certain degree for a rropeller ﬁith
very many narrow bladss, but certainly not for ar airrlane proyel-
ler with two Llades which cover only a verv small portion of the
nroopeller disk. It maey however be here noted that the difference
in oomparison with the uniform distribution is not so great as a2p-~
pears at the first glance. On account of the revolutlon ol tus
nropeller, its blades exert a pressure at every point of the Tro-
vpeller disk, onir not simuliansously and continuously, but period-

lcolly 2lways again at another place.

For +he +reatment of this propsiler with widelv sexarated
“Betz, Line Er~ 1terung der Schraubenstrahltheorie, Zeitschrift
S Flugtechnik und Motorluftschiffahrt, 1820, Vel. CI, p.1085,



biedes, there is a verv useful method which was developed princi-
vally in connection —i%~ tha theory of esrofcils znd hes arready
bzen vers siccessivily aprlied in that connection (Compare Ire
veticie, Besz) "Zinflarurg in die Theoorie der Flugzeng- ~Tragfltizel
Nie I'stucwissenscraften, Vol. 6, p.557). 4 field of well-dcfined
vortices is connected with the distribution of the propeller
tarust, or the 1lift oi a wing. Since, on the other hand, the mO-
tion of the fluid is definitely deterinined by the vorticzs exisi-
ing in it, we can calculate the flow f-om the thrust distrivution
by means of this corcant of vortices.,

Such =2 cal-oulation, however, conswres considerable time. An
effort has Heen made rerefore, to simplify this work., Fbttinger
gave a practically applioable rethod in his lecture before the
Society of ¥aval Enginsers (8chiffrautechnische Gesellschaft) in
1217.*%* He proccedcd fuom the correct concaept that the strongest
vortices are restrictsd to deofinite reglons, so that we can regTe-
sant them agrroximatelr by single vortex lines. These lines are
+he propeller axis and the splr 1 1lines goinz out from the tips
of tns pronsiler blades and encly iing the propeller.:=xis (Tig,1).

As in trhe theory of aevofoils, in which a corresyonding an-
sroximation is employed, this sinmple vortex picture always per-—
forms very good service, whsn the flow is investigated at some
¢ iastance from the vortex lines. That the victure of the flow in

70 er*n1+' of

dnal voustex lines can nc longer agrcs

]

: Tgnu Crondtapgen fur ule trheoretiscne und exgpeTamen-
FRSS ST SNV S TEY P IR NVIMEY RURA G 123 ) Janivusn der Schifioau-
e, 10uE, Vol. 19, p.385.




w7ith wrezlity, follows from the fact that the th sgical welocl i
o ghe immeilits reizhboranod of en infinitely thin vortsx line

ie infinitely large. If we wish to Invesiigats the :lom in the
ricinity of ths vertex fisad, more 2gpecially, for examnles, at o
wlace whers the blade itself is, we must have as 2 hanla nove
curats data on tre distridution of the vortices, that is, on thie
distribution of the turust zlong the blade.

After it hod besn denonstrated by the theory of asroroils
(in which the sare Aifficuliizs ocour, though *o a lesser degrae)
that the most favorable lift distribution gave very simpie flow
relations, the idea suggested Itself{ to Investigate as to whether,
for the proreller also, *he most favorable thrust distribution is
not characterized by very simple flow relations., As a matter of
faze%, perfectly analogous laws for the propeller can de derived
by proper modifications of those employad for cerofoils. *

The nost important one of these laws reads: The flow o2kind
z nropeller which has the least loss of energy agrees with tae

'I

deal flow about rigid screw surfacec displaced axially backwards.

The shapne of these screw surfaces is that which is cut in ths 7

o

w

id vy the propeller blades in their motion. The speed of the alia-
T lacement depends on the magnitude of the tarust.
However simple this statement concerning the flow gernsrated

by a rrovneller with the mest fevorable thrust distribution may ar-—

rrchlen is neverihelsss net entirely scived DT it.  The

, Schraaberzropeller nit gevingstem Ernerzieverlust, with
an agyeadix vy L, Preadil, Jachrichiten der Jesellschats dcr Tis-
conochatten zu CGottingen, Math., rhysix. K1. 1912, p.123,



rathemstical treatment of the flew abeut such o dienloced screw-
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surface presents verv great dirf icilties. Pranditl haes given 2 ap-
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rroxinate scluticn of iris pro
a-+isle mentioned in ibe footnowe. Thougn this sclution does ot
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give entirely accurale values, especially for the tro-bLladed ]

eller, it is perfectly satisfactory however for practical pur-

e}

0s2s.

=3
0]

Fig. 2 rerrasents the rosy favorable trrust distribution, as
Getermined by the old propellser slip-stream theory and alsoc by the
later improvements of the same. The thrust per unit surface 1is
representad for the different distances r from the axis of the
propeller. In case ¢, t-e thrust, whick is hers concentrated
on the vlade, is to be thought of as unifornly distributed on the
circumferences belonging to the corresponding radii. In the old
propeller slip-strean theory, the thrust is evenly distributed
over ths whole surface. With the consideration of the slip-stream
rotation, we obtaln a pressure drop at the axis and, with the con-
sideration of the finite number of blades, we obtain also a pres-
sure drop at the blade tips.

In deducing the laws of the screw propeller with the most fav-
orable thrust distribution in the case of a finite number of
blades, it has been assumed that the thrust is so small, that tis
flow velocities generated by the proreller can be regarded as
small in commarison with the proper motion of the propeller. Ve
can, however, by foregoing strict mathematical accuracy, but with-

out any error worth menticning, so modify the laws that they will



1’\
- - -

5 hcld good for more nsavily loaded proveilers.
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T all the precsding discussion it has bsen taken for grantas
+that we possess in ihe propeller blades a suitable device for ex-

e

erting forces on the air, ~hich will produce the desired tLrust.

o

To knowlzd~e has teen gained hovever as to the recessary shape of

the bizdes for obtaining the desired effe-t nor as %o tas loss of
ererzy dus to the zroducticn of pressurs by the tlades. These
data ray be supriliasd by a method entirely different frou the pre-
ceding. Its principies —ere expounded by Froude in 1877. DBoin
theories, the yropreller slip-stream theory and the propsller-
rlade tihsorv, long existed side by side, without our being atle
tc give an entirely satisfactory explanation of the rexl connec-

tion between therm. Krnowiedge of the pheromesnae in the vicinisy cf

.erofcils, and more especially of the influence of the span o

(")

he resistance, first shed light on the ccrresronding phenomnena

ct

in the vicinity of provellers.

If w7e assune that She effects of the individual parts of tn2
blade, in its rotion through *he field, ars inds-endent of each
other, we onlv need tc determine exrerimentally, once for all,
the forces arising in conrection with the motion of definite cross
sections, in order to calculate from them the forces acting at
every =oint of the blade. The magnitude and dirsction of the ve-
locity of the particular rortion of the blade is indeed given by
ths two comronents, thz cirsurferenti-l and the forward wmoticn.
From the forces acting on ths individual portions of the Tlace,

the tarust and torque of the whole propeller can then be readily
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caloulated. In practice, this method has the important advantage

of giving ilke relatior tatween the thrust and the torCue, on the

[

cre hand, and the shape of the blade, on the oiher. Unfortunate-

1y, the asscumption that the individual parts of the blade do not
interiere with cach other in their effect. is not correct, In
practice, we may, to a certaln extent, avoid this difficulty or
vasis of ths calculation for each propeller type,
somewhat different section characteristics, sc selected tiat the
resulting valuss for the whole propeller agree vith the experi-
rensal vaives.

The propellier slip-stream theory, especially in its improved
form, now gives us the basis for determining the wmutval influercs
cf the parts of thaz blade, so that, in celculating the shape of
the »leds, we cap zet along with certain section characteristics,
which have been detarninzd once for all. As we have alresdy seen,
the fluid kas acquired a certain added velocity in nassing througa
the proveller disk. Conseduently the motion cof the blade section
relative to the fluid is dependent not only on ths forward and
cirsumferential speed, but alsc on this proper velocity of the
fluid. In this acjuired velocity expression is howsver found for
the whole influence exerted by the remaining parts of the progel-
ler on the effect of an individual section. The connection tetwsaern
the acquirsd veloeity, and the section characteristics is especial-
1y menifest, if wes compare the loss of energy, as given by the
rroreller slin-stream theory, —ith the loss appearing at the bladc

in consequence of this added velocity. When we thus combine the
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rorelier siir-~atrean and propsller-blade theories, we obtain =z

o]

complete *heory, corresponding -vell with Zfacts, of the sorew [ro-

pellsr operated by itself. The proveller slip--strearm theory zi7w:!

.
things, fours

the action of an ideal proweller which, amcng cother
the bhagis for the correct application ¢f *he proreller-blade theo-
rv. The latter clears up the additional phenouena which depend on

.

the srecial prorertiss of the Llades and more especielly the nmag-

6]

nitude of the lcsses at the propeller blade, net considered in tae
propeliler slivp-strsam theozv.
It is intended %o show, by the a2tove exnlarations, that the

rew theorles vnresent tha possibility cf investigating the phenom-

|

n

(WS

¢na in the vie ty of a propeller, so as %o be a2ble to caloulate

its action on ithe hasls of fewer experimental values. £As alreedy
wensicned, thare i3 still -much work to bz done in reduzirg the
metheds to a convenlent Jorm for practical apyiication. There is
2lso ruch still to be investigated experimentally. Aside from al
Suestions concerning the mutual elifect of propeller and alrnlang,
thare are the characteristics of the blade sections, —which still
rejuire trnorongh investligation. Although we have very accurate
values for zirplane vwings, 1t is still uncertain vwhether these va.-
u23 can in all cases bz gpplied in thelr present form to propellare
Thz centrifugal force of the revol ving proreller may -vell causs
deviations., Furtherrore, at high velozcities, the compressiniliitv
of air, as lizewise the so-2alled cavitatlion in watsr, rlavs a czz-

- -

t2in role. Trere iz 3%1ill, therafcre, in srits =7 all theorstical

rrogress. a rich ©ield Tor expevinental activity in conrecticn tith

the screT nropeller.

Translatzd D the lationel Advisory Commitiee for Aszonautics.
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rzg. 1l - Ltne system of tie most important vortices
behind g screw propeller.

Axis of rotation.
o'
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v

Fig.2 - lost favorable thrust distribution over t
rropeller disk:
a) according to the gimple propeller =zlip-
strean theory;
2) considering rotation of slip-stream;
c) congidering finite number of roorsllaz
Dlades.
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