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ON WIND TUNNEL TESTS AND COMPUTATIONS CONCERNING

THE PROBLEM “OF)SHROUD.IDPROPEIJXRS*

By W. lbi.iger
.,<

Abstract: Results of measurements on a shrouded propeller are given.
The propeller is designed for high ratio of advance and
Mglh thrust loading. The effect of the shape of propeller
and shroud upon the aerodynamic coefficients of the
propulsion unit cm be seen from the results. The highest
efficiency measured is Oo1’1o The measurement permit the
conclusion that the maximum efficiency can l)eessentially
improved by shroud profiles of small chord and thickness.
The ingest static thrust factor of merit measured reaches,
according to 13endemarm,a value of about ~ = 1.1. By the
use of a nose split flap the static thrust for thin
shroud _profileswith sma13.”noseradius can be about
doubled. In a separate section numerical investigations
of the behatior of’shrouded propellers for the ideal
case end for the case w!th energy losses are carried out.
The calculations are based on the assumption that the
slipstream cross section depends solely on the shape of
the shroud and not on the propeller loading, The
reliability of this hypothesis is confirmed experimentally
and by flow photographs for a shroud with mall circula-
tion. Calculation and teot are also in good agreement
concerning efficiency and static thrust factor of merit.
The prospects of applicability for shrouded propellers
and their essential advantages are discussed.

Outline: A. Introduction

3. E$mhol.sand Definitions ‘

C, Model Specifications and Test Procedure

D. Test Results

*’Windkanalmess&gen’und Rechnungen zum 13roblemder uimantelten
.,, L@tschraube .’l Zentrde fiirwissenschsftlitihesB&ichtswesen der

Euftfmhrtforschungdes Generalluftzeugneisters(ZWB) Berlin-
Adlershof, Forschungsbericht Nr. 3949; Jan. 21, 1944.
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E. Theoretical.Considerations
I. Propeller in’””fotiard
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F.

G.

H.

K.

‘.:’::...~zjPropeller at’re8t

Additiori~ #l.easu-etits”Concelmiw the Problem of the
Slipstream Cross section and of the Pressure Losses
fOrFIOW th&ozigh-”theShroud

Comparison tetween Calculation and lfeasurement
,.’..

Sunmary and Cimtclusions

R3ferencss

A. IN’I!ROIXJCTION

The power limits of the production of propulsion by meam of
propellers as Yfieyare in use today have been discussed repeatedly
elsewhere. The larger the velocity regicn to be covered, the harder
it is to reaclithe ideal goal.: to transform With one and the same
propeller the expenied.power wfth the best efficiency into useful
power for both limiting cperatinq conditions, static and high speed
as well as fcr ell !ntermxliate stateee For present f15.@t velocities
one WIC: dsT’aIJ- for ths d~sign of’the propellers on a compi-omise
SOllJTi!M Wili2il is necessarily bound to bring about considerable
Iosm:s & propulsion power for certain operating conditions. The
limito ~t the obtainable static thrust were treated in detail by
A. ~~{;~[-!”l According to him,,the propeller diameters, in
Ord?r t“]o]t~ln a e~”f’ici:,il-tstR_hic thrust, usually b.~~eto be larger
th~xi;TCM7.3“IM~.e~e:’!;~:l:;i’p-fhi@ speed. The efficiencies in flight
then ticz~~~;ysm-i~t.;.cj~-ponslkd.eoptimum va.luee. Measurements on
shxuxie~.propellers hare demonstrated that with arrangements of
this kind very considerable improvements of static thrust can be
obtaj.ned. The use of a shroud ia, therefore, a means to extend the
power limits of the normal propeller. An added advantage of the
shroud can be found in the fact that due to the additional velocities
in the propeller plane due to the shroud, the propeller itself will
experience mnaller changes in operating condition for a change of
the advance ratio than will a normal propellei”. ‘Thismea.rma possible
reduction in the range of tiladeangle change, perhaps even permitting
the application of fixed pitch propeller blades. Since the propeller
diameter may be reduced because cf the better static thrust factor
of merit thb propellers may, circwnstances permittin~, be run at
the motor rpn and thus avoid the u-seof a sear system. If the
occasion arises one could sometimes proceed to increase further the
motor rpm.
,

~slatomis Note: Numbers in brackets refer to the references
at the end of the report.
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The nozzle propeller hae been,used for a
successfully in shipbuilding ae Kort nozzle.
airplane con~truction is rendered more difficult particularly by
the fact that the intrinsic drag of the shroud is, in view of the
ecmentlally smaller thrwt loading coefficient of the 8irplane
propeller at high forward speed, of much greater impcrt~ce than
for the ship propeller at,the fastest forward.motion. The problem
was repeatedly taken up be,causeof the great ~o~sib~lities Qf
improvement for static conditions and because of the poesibillty of
reducing the Maoh numbeb at the blade tip by Q sultabla shape of the
ehroud. Recent results can befound in the publtcation~ by
B. Regenscheit [2}, D. Kdkhemsmm and J. Weber [3],snd~. E~=~n [!d.

The behavior d! shrouded propeller was also repeatedly
inveatlgated theoretically. W. Stiess [5] extended the momentum
theory to nozzle propellers with and without guide vanes. Further-
more, a treatise by O. Pabst [6] deals with the calculation of
“shroudedpropellers. Then the prollem was treated very thoroughly
by D. Ktichemannand J, Weber ‘3~by arpllca+icn of potential
theoretical conslderatiorm to annular profiles.

The tests carried out so far resulted in a valuable preliminary
clarification of the problems of interest. However, many single
problems could not be solved because the model arrangements which
were used did not permit a separate treatm~nt of the effect of
various configurations upon propeller and shroud. Moreover,
investigations of shrouded propellers were desirable which about
corresponded to today’s requirements for high power airplanes
regarding their region of’ advance ratio, thrust loadin~ and power
loading.

me firm DQrnier-J~erlreQem.b.H~ showed “groatinterQ”stin
these measurements in particular, in view of the application as
pusher propeller. The shrouded propeller appears especially eulted
for thie case, becauee it requires small diameters. Furthermore,
it is al)sol@ely poesf.bleto use the shroud simultaneouslyas
damping surface so that the doubts mentioned above are of no .
importance because of the Intrinsic drag of the shroud.

The present report give~ the test results on a shrouded ““
propeller which was designed according to the present knowledge
for a high..ratioof,advance and relatively hl@”t@udt loading.
The forces at the propeller and at the shroud were-measured
separately. The detaj.ledinvestigations also permit the inclusion
of the influence of energy losses upon the aerodynamic behavior
,of the shroqded propeller and therewith a clear representation of
the theory of the shrouded propeller sulject to los@s, In
Par*ic@.ar the test results make it possible t~ elucidate the
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behavj,ori$r static c.ondiktons. and “to”estjmate the atta~n”~~le
limits of.,@tat3.cthrust for shrouded propellers. ~,..,..,

... . ,,
: Due to.the separate subpbnsfon of nacelle ~d:ehroud the

supporting ~lbments of the shroud which were necesewy in full
scale could,be omitted i’orthe model.’ However, this deviation of
the model test from full scale conditions is not very important
because it will be ,usefulto develop the supporting struts also
on the full scale model as guide vanes.

,’

B. SYMBOLS AND DEFINITIONS

Subscripts: .
,.,

s propeller
...

..

M shroud

Go nacelle ..,.

N nose split rfng
.,,! ,,,... -:,.

Pr profile

R annular area between shroud and nacel~e

o condition without propeller

th theoretical
,.

,.,. . . ..
co condition far behind the propeller .

,,:.’
Lengths:” ““ .“

,.
., , ,’

x coordinate.,inthe direction of the’‘axfs. .

‘(lo length of,~he nacelle ““ ,’”.,.,. ,.

1 chord,gf the shroud, measured parallel to the ~ls

..

,,

,,.

,,
,,

‘Pr ,shroud’chofi,,.measuredinthe”shroud profi>e,..
..,.,

D dihmeter,ofo~the’‘prop@~q
,:
. ., ... .

R radiusof the propeller

the”dlrecti’onof’the chord of

,..,. .’.,,
‘. ,.,’. . . ,,. :

.,. ,.
,,,..., ,.
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‘hub

u

Angles:

Areas:

D2fiF=~

Fm

a

F*

FA

l?R

‘Rs = F(l - U2)

~Rmfn

diemeter of the huh in the propeller plane

hub ratio %&?. .,

d.lmeter of the.nacelle I

mean ehroud dismeter ,’

maximwn diameter of’the nose split ring

maxinnm”profile thickness of the proffle of the
shroud end of the propellerblade, respectively

angle of adjustment of the outer propeller blade
profile measured between chord and plane of
rotat,ion

inclination of the line bisecting the trailing-
edge angle of the shroud profile toward the axis

,,

propeller disk area

cross section of the slipstream at infinite
distance behind the propeller

F
ratio of the slipstream cross Eection ~

,...

chord area of the shroud ~fiZpr

free exit cro’sssection in”the trailing edge
plane of the shroud

annular area between shroud end nacelle

annwar area between shroud end nacelle, measured
at disc plane

minimum emnular cross section between nacelle
and ShrOUd

Velocttie8 end significant ratios:
,, ,.

* Index ”forthe velocities for static condition,.

—
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v free stream velocity

=P2
q ~v stagnation pressure of the free stream

.

u maxim~ circumferentialvelocity of the

A ratio of advance v/u

propeller

Wa axial additional velocity in the slipstream at
infinity beh?.ndthe propeller,

Q(m3/B) quantity of air flowing through the annular shroud
cross fiection

T~=Q. mean axiel flew velocity through the annular area
FR between nacelle and shroud

?Rm=. -A_ mean mid. flow velocity through the minimum

‘Rmin ‘@W ‘0’ ‘%nin
between shroud and nacelle

“Q’yR=—
FRS

mean axial flow velocity tiircmp~lthe annular area
‘s between nacelle and Shi-oudj measured in the

rotation plane of the propeller
~RS

P=T mass coefficient - inner advance ratio

local z@@. flow velocity throu@ the annular area,
measured for the radius r

axial velocity in the elipstresm infinitely far
behind the propeller

?R-~
,Ciimensionlessadditional velocity _ for the

coilditi~nwithout propeller, due o$y to shroud
circ”uiation

theoretical value of the d-imensionleqsadditional
veloctty for the condition tithout propeller,
due only to shroud circulation

dimenstonlees additional.velocity in the rotation
plane of the propelle:”caused by the additional.
circulation of the shroud due to propeller loading

TRS - V

dimensionless total additional vel.oc~ty ——

due to the shroud circulation and the pro~eller
loading
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Propeller and shroud coefficients:

* index for

7“.
....,.,., , ‘:. ... -,.. ,. ...,., ,.,.,

.:;..

coefficients for static conditions
S5” s~ : .“” ‘---

k8s=~ ;C
..

‘P 2. coefffc~entb”’’oflthe proyeller thrust: ,
‘s ~vF ,.::

~ U2F ..,

.. :-.
[ ,. . r. ,. .,

... , ... ,’... ,
.’ .’.” i:,

%4.
.,..

“%4
.,.. :.,.-. ,,

k
,~d’~; C%”; ;V2F

coefficients of the shroud th”tikt‘
~.ug ;.”., ,,,

,, ..,, ,..,..,
,..-

“ s
---.

k8 s=“-” ~=—
Q u2*~

coefficients of the totel

2 ~ V2F shrouded propel~e~ not
lofisee

,.

thrust of the
subject to,

--
-— ‘ se
k

‘q
se ~ ~2F ‘e“ ‘; -=E;S;

effective total thr-dbtcoefficient of .
,the skzyv.dedpropeller subject to
l,o~tie,s, ‘“ :,:

F;i s.~+c
% + %.. loading ~atio (definition) ‘ ‘“

e

‘i

. .
power coefficient

X~Oi”d~ll&.tC)definition: power which Is
~~t into “thepropeller shaft .!

..’
v“~op~~si~n~f’fic”i”ency

. . .

“n,m:itixntheoretical efficiency
., ,“ .’

efficiency of “theshroud
‘.,

efficiency of configuration
-. ..... .

blotir efficiency or
,. the propeller.... .,,,., ..:~:.”
static th$ust fa”ctor

to Bendemann

factor

. .

of merit of

of merit according

I

I
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$J = “* static thrust
propeller

factor tifmerit of

NAcA~No” Mof?

,theshrouded

A-

$.”~ pressure coefficient of the blower .

.= E=Ed characteristic value for
AP$8 of the blower

Cnpr normal force coefficient
(The normal force is,

the operating condition

of the shroud pro$ile
according to’definition,

~ositive If directed-toward the axis.)

Drag and loss coefficients:

APV

APg

w
cw=— qxl?

* w“
Cw = qxF*

t
Cw

“wGoi

“%i
Acw

APV

‘“Q>

total pressure 10ss

total pressure @np of propeller and stator

actual parasite drag coefficient referred to
l?= D2YK/4.

actual.parasite drag coefficient referred to

drag coefficient measured including induction

drag induced by the shroud on nacelle

drag induced by the nacelle on shroud

additional drag caused by the increaeed relative
velocity at nacelle and ehroud due to propeller
loading

efficiency of the diffuser

ener~ loss referred to the stagnation pressure ,
of the free-etresm velocity which occurs for
flux through the shroud due to friction anq
separation on the surface of the shroud end
the nacelle

t
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APV
‘e=~ —— energy loss in the flow through the shroud

2~ Viiu
I

referred to the stagnation pressure at
smallest cross section of annular shroud
area

SPECIFICATIONS AND TEST PROCEDURE

The model of the shrouded propeller under investigation is
reproduced infi&re 1 end in the photographs 2 to k.

The body”’ofthe nacelle has the shape of an ellipsoid; it was
calculated so that smallest po~eille additional velocities will
occur in the ‘flow-aboutit, ~~.”the~ellebody there is a high
speed a.c. motor (type AVA - SjDM‘-E.),wbichj “forrfi of”30,000 has
a maximtunoutput of 30 PS (Gerulqn Ilp,); . ‘,

.. ,.

>
The ad~ustable 8-blade propeller wr.ssupported %y roller

bearing on the shaft of the,motdr. It GRQ a diameter of’240 milli-
metemand a“hub ratio ~u~/D = @.35. The pzopdler was calcultited.

by a“method”which is customary for the detii~ of axie.1blowers. .
The design was’based on the following crite~ia: outer advance

ratio k = ~ = 0.95 and the ~tal thrust loa”dingof.the propeller
a’

Including the shroud &s = —+= “0..l~.For ftil”ecale‘these
p 2F
?2~

relations will approximately hold true if an:eff&tlve total t,hrust
of se =400 kg is~to be reactied””forafli@t velocity of’800 km/h”
at a hbight of 8.6.lsmfor a’tip veloclt~ of”230 m$s,bjy,mearsof a
propeller of 1...6sm#. The.n~b6~;”of revolutions ~or.th~s case ‘
would be 2700”/min,that is~”the same as the motor I-pmin ~se,today. “
Therefore the gear system could be ‘omit-ted”.The effective.propulgiofi
power would be Le =~e x v = 1185 PS (German hp)~ h order to ~~
des~q,thb propelleronetmust.tiow the,mew exial flow velocity

%s through the p~opeller diet.area, thqt 1s,“the inner ratio of
vi

..,,
advance fp = ~ and algo the diStri’r)utiQnof the to&l’thrust on

. . . . .

propeller and ‘;hroud. These’two “valu<~which are a priort unknownI
} are functions of the shape of the shroud end the”total thrust

\ loading. For the”first.design they .we~pestimated according to

/’
earlier theoretical investigations and rnek’hw”em’entson “shrouded
propellers [31,‘.The addition~ con~{t$6n-had to be taken into

; consideration that due to the effect bf ‘theshroud the i~er ratio
j

i
of advance (Q)‘“hasto,be lxqmx”by n P&’@n% tham the outer
one (X) accord~ng to depign (high speed) in order to reduce the),
Mach number. ,~ter tlie.,appx%ximate mass and pressure coefficient

[,
.,- . .

,...... ... ..
!1 ,., .. ,,

I .. .,
,~ : ..:;. ~,, ~ ,, .,

.“

.+,+
111

,, ... .J,. . . . ,..,,., ,,.
4. .+... .. ..~..r., .-
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of the blower had been
zwemav construction

determined from these calculations, the
specific~tfons (nwnber of blades, shape of

the blade, angZs of incl-tinoe)could be calculated so ak to ~btain
a good blower efficiency for this condition.

Two propellers were investigated in this test which differed
only with respect to the pitch @istrlbution* Since the distribution
of tbe aa”ialflow ved.ocityalong the radius of the propeller was
not known for yropel.lernumber 1 as a first approximation tho axial
velocity was assumed to be imdbpendent of r? The calculation
yielded} under the condition of design that the wing circulation
along the radius should renain the same} the dimensions of the
propeller blade shown in f$gure 5, The NACA series 23009 -
230U? was used ?or the profiles and was adjusted to the cascade
flow by giving the chord larger camber (approximat~onmethod
according to [7j). The angle of blade setting for the propelbr
number 2 Is increased on”the outside as compared with propeller
number l.,in order to aU.ow h the test for the probable increase
of the axial flow velocity toward the outside and for the effect
of this i.mxease upon the effi”ciency-The propeller profiles can
be taken from figure 6. ~

The investigations were carried out partly with, partly withou$
stator vanee. “Forreasons of con@ructlon andmeaeurzng technique
the stator vanes in the model had to be fixed behind the propeller
and attached to the shroud on the outside, Its characteristic
values may be taken.frcm figure ~.

The propeller was examined in operation with 35 different
shrouds~ The shroud profiles which were invest$~ted are reproduced
in $igure 7- The shroud profiles as well as the shapo of the body
of the nacelle were calculated by’D, Kiichemannand J, lleber(AVA).
me flOV VWititi.03N5(8qh) Of the shroude In a free SiWMU (with

nacelle, without propeller) which were theore$$cal.lydetermined
can be taken from the table in figure 7. The following dimeneima
of the shroud.profiles were varied: chord, thicbess, angle of
incidence, and camber,

The f’oUowing were determined by measurement: thrust of’tbe ~
propeller, thrust of the shroud (separate eugpenslon of nacelle
and shroud) and also torque of the.pi%peller for varied propeller
pitch and ratio of advance, Furthermore, the drag of t4e shroud
and the nacelle without propQler was measured- The number of.
revolutions for the propelle~ could be @etermlned by wane of an
electrlc tachometero The pressure distribution on the naaW1.e and
on the shrewd profile was %aken w$$h and wlthou$ propeJJer $23
motion, aswel+ as the distribut$~n of the axial flow veJ@ait~ ,,
a~ong the radt~ immed$aie~ ahead of t4e propelbr plane,

.
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Thesotepte were cfirTiedau% In wind tunnel ~ of the AVA
(1*2’5m#).. ,,,, “ “, ,., , ~~~

;
Adjoining the maixlinvestigation, eeve’r~ltests were carr~kd X

out in a’amsll.tunnel (Wiss 4: 1.0 x 0.&3:~meter“elliptic)which
I were to elucidate the problems of ‘Jetcontraction and expansion ,i

for shrouded.propellers~
.

,..)

./” D. ~J~ RESULTS ‘
,’,..

,.
,,. ,’ :,

Neither the Reynold~ nor the Mach number could be kept constant’”
for the tests for reasons of power and because of the large rtihge
of the ratio of advance.” For the naximum czoe the Reynolds number “

refbrrbd TO D was To= 1.2 x 106 and the Mach nuniberreferred .
to the tip velocity was M = 0.45.

Only the essential ones cut of the numerous ~lrangementsthat
were measured are reported below. The shroud6 deslgmated in
figure 7 by 1 and 5C were investigatedmoi”ethoroughly than the”
rest of the shrouds in theij:operation with the propellers 1 and 2;
respectively6 .,

1. Nacelle.- Due to mutual influc’nceadiiticmal axial forces—-—.—
appear at the nacelle and at the shroud which neutralize each ether,,
that is, the force induced by the shroud at the nacelle “$Goi appears

in the same magnitude b~t with inverted si~ on the shroud.,
D* Kiichemannaud J. Waber ~3~ already pcinted owt this fact. All
shrouds were investigated with and without nacelle body. Figure 8
shows the dependence of the force induced by the shroud on the
nacelle on the dimensiolilessfloy~coefficient which was determined
fOr a “conditionyith nacelle, Tor those shrouds which increase
the inassflow the nacelle has,an additional drag, f,orthose which
decrease it an additional propulsion. ‘From figwe 9 one can
recogyiizehow tQe nacelle..pressuredistl’ibukionis chaugedy for
indmnce,. by.the shroud number 1. Since according to measuremeilt
the.shroud 1 reduces the maSS f’low tid therefore according”to [~]
must have a positive nat~~al~irc~atfon, additional velocities, :. ,
are induced”at-thenacelle’tail which in~tibasethe static pressure “-
as demonstrated by the pressure distribution.

? 2. Shroud.- !I!hevarious shroud profile6 w>ich wereinvesti~ted””
are ,takenfrom fi~e 7. The shrouds 1, la, and lb differ only
by the chord which was ext~nded.hy a conic~~v shaped metal piece.
me shrouds 3} 3a, and.~b have the same profile, but different ‘
chord. For shrouds 5 to 5C the.th~c~~ss ratio arid”thechord were

l.- .–
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varied whereas
reproduces the

the camber of
dimensionless

. .,.
the profile remained the same. The table
values as well as the measured aero-

dynamic characteristicvalues of the single slxroud8. Therein CW’M

is the.shroud drag measured for the condition,wtthnacelle. By ad-ding
the amount &wGi to this value one obtains the ac”t.wlparasite drag

of the shroud cm. The values designated by * are referred to the

the shroud fi.evelopment~filpr. In the measured Reynold.snumber

range a dependence on tidecharacteristic values of the c%
- values

was hardly recognizable. One can count on more favorable values for
the full-scale model, since tineReynolds number referredto the pro-
file .chordwasat the most 6.5 x,107. This fact is of the hi@est
Importance for the attainable total”efficiency as will be shown
later. The drag coefficients ascertained for the shroud CW*
lie in the order of magnitude which Is usual for plane wings. The
net parasite drag of the shrouds is partly Increased, partly reduced ~
by addition of a gacelle. The dtiensionless additional veloc-

Y& - v
ities 50 . ——

v
gtven in “thetable as tewb values were deter-

mined by measurements of the velocity distribution over the radius.
Figure 10 shows that the values both calculated by DO Kuchemann

and J. Veber for several shrouds are on the average about 5.percent
higher than Vilemeasured values. one can altiowell recognize from

7R~

the curve of the drag over 1 + 50 = _—— that the actual conditions
v

approach theory most closely if the parasite drag C%* ; shows a

mlntium. This minimum lies at about 1 + 80 = 1.0, that is, in using
profile shapesas were used here it is advisable, for instance, to
equate the nattial circulation of the shroud to zero in order to
obtain small parasite shroud drags, However, the investigation ~s
not sufficient to make a definite statement, Figure 11 shows how
the axial velocity through the annular area is distributed over the
radius for the arrangement ‘tshroud- nacel.le”without propeller”tin
free stream. The velocitywas measurefijfor instanoe, at the
narrowest place of the shroud by a probe introduce?.fxm outside,
For nearly all stiouds a conside~lableincrease in velocity takes
place toward the outside. Unl..ythe two shapes la and lb differ in
this respect because the great,constr’ictionof these shrouds at.the
nacelle tail causes such.a large Increase in pressure that the flow
eeparates there, Alto&ether, .Itis”essentially the total-pressure
loss due to the friction.a’longthe n~celle,surfacewhich.is re-
sponsible for the velocity re$uction tomrd the hub (as shown by
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the total-pressuremeasui>ementsin figuxe I.I-),The total flow with
and without propeller in”’motionwas determined, aG already mentioned}

} from these velocity measurements. Measurement results for the

~’ propeller in motion are given In a later figwre. The pressure dis-

~
tribution.at the shroud profile was measured on various shrouds. It
2s given in figyirqX? for-the ~hroud number } foy ~ test wi~lI nace~e,

[ without and with propeller. The propeller (number 1) was for thaie
measurements set to @ . 400. at the tip. One can see that with)

1’ decreasing”tiatioofad.tincc~ andtherefore Increasing loading, the
loading,of.the shroud profile incTpgses rapidly. The normal force
coefficients Cnpr of the shroud profile given under the curves ‘

which were approximately detemnined from the meamred pressure
distributions indicate the extech of the inc~’ease. These normal
force coefficients are referred to the sb:oui!profile chord and ‘
the stagnation pressure of the free stream velocity g #.

2
The cnpr - values are according to definition positive if the

normal force is directed inwarC, that is, if the incremental
velocities b which are &ue to the shroud ctrculetion a:-epositive
in the annular crose section. The ~osition of the front stagnation
point which shifts outward with tncl”easingload can also be recog-
nized from the pressure-distributioncurves. The superstreem velocities
appearing at the outside of the sh~oud.become negligible only for very
hi@ total’loadfngs ~s (Fs > 6.o); Since loais of this kind can hardly
be considered at high speed, 8uch a pliofileshape will “beuseless fol?
very high flight velocities because of the then occurrin~ compression
shock.

,,

Figure 13 shows for the shi’oud1 the ratio of the axia~”flow
velocity in the annular a~ea at the radius r and the mean axial
flOW VelOCity in dependence on ,r@ for the cases “withoutpropeuer”
and “with pr,opel.ler”for various loadings cs. The,velocities woi’e
measured d-irectlyahead of the proyoller plarle. O1~ecan reco,gaize
that by the influence of the static propeller the velocityti.is-,

I tribution of the oncoming flow takes jjlacemore evenly. A ‘.
Vr

, reduction of ~ towards the hub becomes noticeable with
m’ ‘tr/ increasing advance ratioj _— . decreases the more the aqlle~. the

i m
I propeller loading becomos. Since the,pitch Distribution of tile
( propeller can be determined only far a pa~ticular distributioti

/1 fUnction V~/~R = .f(rfi),one is forced to compromise. In order .
to eliminate the”arising disadvantages regarding ttiefactor of merit)

) it wI1l be o~edient. to fix the stitoi-(if it’ls at all necessary)
because of too him rotational losees) ahead,,ofthe pro~ell.eras an
inlet stator and to impart a.counmr-rotation to the air, The changes

,,

L –
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in inclination of the retitivb approach
element of the propeuet’ as”compared to
are thereby reduc’ed.

,.,:.’.
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yelo~i,ty’toward the Klad.e .
the phne bf ‘rotation

..” .,, .:,
.. .

~.lko~eller without shroid..-The coefficients of the propeller
number 1 without shroud (with nacelle shape 1)’are .re~resentedin
figure 14 as fUnctions of the advande’ratio foi-several blade”an~es.
The same figure shows also the
conditions (ks* and kt*) and
according to Bendemaun

{

thrust apt ~owe: coefficients for-static
the S,tatiCtlir’lkt factor of merit

ks* ..
—.-.

= ;&@3

,.
as functions of the bhde angle.

In evaluating the total of measurements the parasite drags of the
suspension as well as of the “nacellealol~e”(without shroud, -without
proyeller) were”added to the measured thnst so that the coefficients
indicated in the diagrams ciffer from those of the pro~elkr alone
solely by the drag of the nacelle which is increased because of the
additional velocity of the Iropeller. .The contribution of the presslure
drag may therein assume a very coneirierablems~-itud.eas will be
discussed in more dLfjtailin the fo~owing section ha. One can take

!,..~qag~uldfrom figure 15.the efficiency ratio of the propeller
h

It is at the highest shout 0.68~ This unfavorable value is probably
caused:mainly by the high rotation losses and the shape of the blatie
tips which is unfavorable for use “without shrouding.-if

4. Propeller number 1 in oDeratioxiwith sh.rou.i.l.-.—

a) Without stato~.. Figure 16 Shows the aerctyilamiccoefficients
of the propeller 1 with shroud 1 as f-onctionsof the advence ratio
and of the blqde angle of the yropeller. One ce.nsee t@t the
shroudingabsorbs a very considerable part of the total thyust,
particularly for static conditions. Moreover the propell.e~=flow is,
due to the natural circulation of the shrou&, still souacl.at bh,ie
angles at which it would long since have seyaratet-without shroud..
(See.fig. 14.) Accordingly, the shmudingffrst improves essentially
the static Wn&factor of merit alculated by means of the
13endemannformula { = 7k#2kZ*)2 3 and second makes an absolute

magnitude of the static thrust coefficient k~~ attainable which is
more than ,twiceas high as the one of ““thewstiioude~.@?opeller.
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It is remarkable that for this arrangement
the blunt aftep?body(cap) (nacelLe shape 1
and 9) due to the high efit rotation since

15

the flow wetted completely
according to figs. 1
the rotationwhich

increased rapidly to~rd the axis cased very high ne@iYe Pressure
on the naceUe. Thereby the nacelle body experienced a very
considerable pressure drag. The maxinnznefficiencies reached are
tilAy corresponding to the large loss in rotation and prossure drago
The ,exitrotation was measured along the radius and @e exit stator
constructed accordingly.

.’

~b) With exit stator.- The shape of the stator vanes can be taken
from figures land ~. They had to be fixed to the shroud because
otherwise measurement of the reaction torque would have become
impossible. The coefficients of the prope.lJ.er1 with shroud 1 md
exit stator are shown in figuke 17. The fact must be taken into con-
sideration that the axial force of the stator itself is contained in
‘the shroud thrust coefficient ksM. According to expectation both

.maxhaum efficierwy and static thrustfactor of merit are e6sential?-Y
@proved by the stator. Quite possibly the static thrust factor of
merit calculated according to Bendemann will assume values over 1
because theoretically larger static thruste can be obtained with a
shrouded than with an unshrouded _propeller. (C~pare the deliberations
~f tiie”sectionE 11.) The maximum efficiency reached lles at
around 0.70, It is mainly the natural drag of the shroud which is
responsible for this small value as the consideratiohs”ofthe

,fotiwing sections E, I, and G will clearly demonstrate.

~. Propeller 1 four blades with exit stator and shroud number 1.-
Figure 18 showsthe coefficients of the a~ouded four-blade propeller 1.
,Sincethe net propeller thrust decreases with the decreasing number of
bhdes for equal advance ratio and equal blade angle the shroud thrust
must also decrease. Due to the reduction of shroud circulation the
additional velocity induced by the shroud in the propeller p@ne also
decreases. Consequently the four-blade-propellerse~arates for
smaller blade angles.

6. propeller 2 with shroud 1 without and With exit stator.-
“PYopeller1 had been designed for uniform axial approach velocity along
the radius. Prope~er 2 differs from the former by only one
specification: the twist was made smaller in order to take into
consideration the tendency of the approach velocity distribution to
increase toward the outside. The influence.of this expedient can be
seen in figures 19 and 20. For”equal blade angle and equal advance
ratio the values kssj ksM} ~s and kz are naturally ~~~r than

for.the propeller 1. However, the ma~um efficiency is hardly changed.
“‘Aslight Improvement may be ascertafiedin the static thruet factor of
merit. Therefore, the efficiency ratto of the prope316r does not seem
to be too sensitive to the distribution of the approach.
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,.. .7.%opeller’lwith Shroud 5C without ex~.tstator.- Shroud 5C-—
&lffeks from shroud 1 ~~y~y~tQ smaller chord and

contrasted with 0.01 for shroud.1. Moreover, the additional velocity
caused by the shroud is positive (50 = 0.13) for the ehroud 5C
whereas it was negative for shroud 1 (50 = -0.0’55). Therefore,
the characteristics ke, kl = f(X) must take a different course
from the ones for shroud 1. “They may be taken,f.romfi&!ure21. The
variation of the total thrust coefficient ~ with the advance
ratio Is compared with .tfieone measured for shroud 1. for the some

- ad.lustmenttuuzle 13. somewhat steener throughout. This fact is
‘du~ to the no=itive’circul.ationof shroud 5c~ The total thrust

,,,..

becomes zer~ already for a ~aller advance-ratio. True to expectation
the msximum efficiency is, particularly for large advance ratios, “:
considerably,improved because of the.small parasite shroud drags.
(For @=’ 55° by about 10 percent.) Unfortunately this arrangement
could”not te investigated with stator. If one assumes that the
gain In thrust due to an added stator would equal exactly the one
“measuredfor shroud 1’(fig..17), for instance gropeller 1 with

~5& a maximum efficiencyshroud.5c and stator would reach for B = ,
O“f0.77. An improvement of the maxiqmn efficiency can, therefore,.
doubtlessly be obtained by meaim of shroud shapea of small chord
and small thickness ratio. However, this advantage is neutralized
by an essential disadvantage concerning the magnitude of the static
thrust ynlesa special.precautionsare taken. A,comparison of the
a%solute static”thrust and the static thrust factor of merit of
the shrouds 5C and 1 clarifies the 10SS for static conditions The
bti effect for static condition is CaU8ed by the a~pea=ance
of separation phenomena in.the flow about th~ rather pointed profile
nose ~f the shroud
second, reduce the
thrust then causes
In,shroud thrust.
sfmple meaeure.

5C which, first, decrease the shroud thrust and,
propeller thrust. The reduction of the propeller
a further decrease in shroud circulation, therefore
However, this difficulty can be surmounted by a

8. Im~rovement of the static thrust - behavior of thffishroud~
%ya~qe eplit ring.- The following aims c~be attained by
attaching an outward going split ring to the noee of the @hroud

,, ~proflle:
,,

(1) Separation phenomena at the shroud are avoided for static
,. conditions.

(2) The blade Getting at which the fIoi se??aratejh~~~. ~~
propeller blade can be incyeased very considerably.
In a position to absorb more power with good efficiency.
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(3) The low pressures ap?eaa, r the inlet at the shroud
profile”nose can be.atmorbed bythe,tiplit ring surfac~. The shroud

k. ----
Ii circulation, that:i~, the shroud ‘thrustjincreasbs. .$

.,

(k) The advantageous effect ,ofthe nose split r~ng can be “
retained with about the same power expenditure even for small advaiice:
ratios, because for flow impinging on the shrouded propeller
provided with a nose split ring (in free stream) the stagnation
point lie’sup to a critical loading coefficient exactly on the
outer edge of the ring. Only when the loa@ing coefficient’further R
decreaees, separation phenomena will appear at the outer”surface
of the shroud due to the inward travel of the stagnation point; :
then, of course, the parasite drag will be increased very considerably.

,,.

The measurement results on propeller l,with shroud 5C end nose
split ring are presented in the figu&s 22 to 24. Figure 22 shows
the considerable increase of the total thrust for static conditions
for various shapes of the split ring. It is remarkable that not the
largest of the investigated rings proved most favo-~%le hut a rfng
with a diameter of about 1.20 to 1.25 D (D . diameter of the
propeller). No more essential increases in thrust co@d be obtained
for the investigated profile by rounding off the frontal area.
However, a further improvement of the etatic thrust by about
10 percent could be obtained by lengthening the shroud chord by a
sheet metal cylinder pushed out to the rear. A simple cylindric
shrouding with nose split ring also brought gcod results. The
use of such a shroud should be apnrop-”iatein special cases that
require.utmost simplicity of mantifacturqfor instance,for motor
sleds and boats. The highest static thrust coefficientmeasured
was for this case k—s*”=0.3 for a Bendemqm static thru8t factor
of merit ~ = 0.85. For an tishrouded ?ro?eller, the maximum static,.
thrust was according to figure 14 about ks* . 0.15 for an
efficie:~r.yratio of != 0.65. These figures prove beyond doubt
the adv~ctags of such a sin.ple””shroud’ing.It is important that
the ef’:ech~f the split ring is retained even when it is subdivided
several tir~esalong the circiunference(see the:dashed line in
fig. 22, at the right).: Extending severalflaps prQbably”,would
permit a sfmpler construction.

)
The results without apd”with split’ring for the most favor-

able case are represented agaifiin figure 23.. Flgure,2breproduces
the measwed characteristics as functions of the advance ratio..
One can see that, for instance, for an angle of blade adjustment~>
P . 40° up to m advance rat$o X . 0.3 the total thrust of the
arrangement “with split ring” is larger-thin-without split ring.
The pow~r coefficient ie almost unchanged. Thus one could fully
utilize the advantages of the spilt ring for the climb als~, and
retract only for higher flight velocitY.

1.l!__—
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By means of a smoke method (hydrochloric acfd - ammonia) the
flow at the ehmud with split ring was made visible, The photo-
graphs 25(,a)to.25(c) illustrate the effqct of the split ring very
clearly, For the smallest X = 0.07 (almost statfc thrust condition)
the stagnation point lies exactly cm the outer edge of the split
ring as shown in figure 25.(c).

Summarizing the properties of the split ring one niay8SY that
this expedient permits the utilization of short thin ehrouds for
the flight at high speeds without d.eterioratlngthe behaviour for
static conditions.

It should be noted here that also for the case of the two-
,,,dimensionalwing very considerable improvements of the maximum

;~; coefficient C%lax
were obtained by use of a nose”split

. According to a measurement by V. Kriiger[83 the maximum
lift coefficient of a high speed profile with themaximum thickness
at 60 percent of the chord was for the most favoratle caea

E. THEORETICAL CONSIDERATION

The following consideration concerning the shrouded propeller
without losses and the ehrouded propeller subject to”losses have
the purpose of explaining the aerodynamics of such propulsion units
in a generally valid manner and to recognize what limiting values
(efficiency, static thrust, etc.) are obtainable end what aepects
must be heeded in order to obtain optimum values.

1. Propeller in Forward Motion

1. Ideal case without enerw losses.- From the change of
momentum infinitely far in front of to infinitely far behind the
propeller one obtains for flow without rotation the connection
between the total thrust ~, the slipstream crom section F@
at infinity %ehind the propeller, the free streem velocity v,
and the axial additional velocity in the jet wa at infinity
%ehind the propeller,

., ,

,, ~= PFm (P + ~a) ~a
..... .,. ,,. . .

.,..
,.

... . .-. .. . ... . .. .. ... .
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lTfth ~ = @v2F and q=% the loading ratio becomes:

,.

,(1)

,,

Thus the additional.velocfty to be ascertained from this e?.uation

(2)

is for the’s&e loading ratio c—~ the smaller, the larger becomes’
the slipstream.cross-sectionratio a, Since the axial additional
velocity in the slj.upstreamdetermines the max?.mumtheoretical
efficiency fo’rthe shrouded as well as for the standa~d propeller;
it Is necessary to know how the slipstream cross-section ratio a
depends on the loading ratio and the shape of th,e,shrou.d.

From the continuj,tyequation one obtain~

1? ‘RS ‘~ ‘RS 1 + 8P
a=-== .,. A— = — .—__J

F Fv+wa F
1+:

Therein FRS = F(l - V*) represent~ the annular cross sect:on in

‘2m the wopeller disc mea, andthe propeller plane, F . —
~RS - v ~-

% = — the additional velocity in the propeller plane
v

caused by the shroud and the propeller, referred to the free-stream
velocity,

i.

I Furthermore, according to

~

1,
‘a—=
v

.

Bernoulli’s ener~ equation,

S.-1 (3)
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Thus one obtains for the slipstream cross-section ratio the relation:
..r . .

FRg I+6L
z=—

F
f’

r,’:. “(4)
1 + Cs;

The additional velocity in”the propeller plane caused by the shroud
circulation and the propeller loading, referred.to the free-stream
velocity can be divided up (Kuchemann - Weber~ [3J) accordjng to
definition as follows:

so represents the additional velocity of the shroudin free stream,
caused by its circulation

~ additional velocity induced by an additional circulation
corresponding to tinepropeller loading

t50 therefore, is merely dependent on the shape of the shroud, 5S
on the other hand, on the shaye of the shroud and on the loading
ratio c~s of the propel.3eralone.

With the dei%nition ”equation’(~}and with eqUStion (3), ~
equation (4) may be written as follows:

,’ .,..

~= ’+,,=ii)+ao+% ,,,“(6,.—-.-_..,,.,
,!:

\/l + c~~
v

Therefore, according to this equati~ the slipstream cross-section

‘% isratio for a given shroud shape (5.) and a given hub ratio _
F

a functton of the propeller loading ratio css and of the additional

velocity 8S caused by the additional circulation of the shroud-

Sinoe ~ increases with increasing propeller loading one may assume



.
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that the influence of the.pi-opell.erloading upon the slipstream
cross-section ratio is “veryslight. This fact has already been
pointed out by Weinig 191. There the absolute magitude of the
cross-aectlon.ratio a- is brought into direct relation to the
angle of inolinet$on ~ of the trailing edge of the shroud
profile toward the shroud axis:

However,
when the
there ia

this relation can be applied.only with great uncertainty
profile trailing-edge an@e is relatively large and If
a hub body in the shroud.

- -.
Kiiohenxinn- Weber 131 calculated potential-theoreticallythe

streamline picture for a-loaded propeller with cylindrlc shroud..
This exact calculation shows that,for the cylindric shroud the
slipstream cross-section rat~ is not at all changed by the propeller
loading as compared with the condition without propeller. ThuQ
the assumption mentioned above is fully confirmed.for this special
case. The measurements and flow photographs given in section F“of
the present report also show essentially the same result. On&may
therefore assume with very great probability that a method of
calculation for shrouded propellers based on a slipstream cross-
section ratio that remafns unchanged represents a good approxima-
tion which can be used for the technical design. The parallel
between calculation and measurement drawn in section G confirms
this aem.nnptionquite well.

The further considerations are based on the assmnption that
the slipstream cross-section ratio IS not filuenced by the loading
ratio, but is determined merely by the shape of the shroud a~d
the hub ratio of the propeller. Its magnitude must, therefore,
be tinesame for all Ca values as in the case without loss for
c~ = O, thus %ithout propeller.” Bince for this caso

%= %}?
equation (k) appears In the atmple form:

..

(7)
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Figure 26
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represents the dependence of the slipstream cress-seqtl.on
on 5oth and on the hub ratio ,,V. Tf aoth,,has not been. .

calculated the slipstream crose-section ratio for anf’shape of “
shroud can be determined by flow measurernent.of“theempty shroud
with nacelle, without propeller. (Compare section F.)’ The powe:~to
be put in for the caae without loss can be calculated frotithe
kinetfc energy which remains in the slipstream as

or with E= PFm (V + Wa) Wa

L
()

=s+1+ La.,,
2V

From this equation one obtains the maximum
the shrouded propeller

and if one introduces the relation between
the total loading ratio and the slipstream
according to equation (2):

.
,

:“

1

1+.—2 ,..
,. .:..

,>

.... ...
. .. ,,
;., (fj):::,.

... . .
. .. .... .,,., ... ..

theoretical efflci+nc~~’of”““””
. :,.
...... ..... .. .,:.”

...,”,
,,..,.

(9)
,’.

‘m=y+-

the additional velocity, ~
cross-eectiqn ratio

..

i...”..?...... .,

;“

(lo)
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rn f@ure 27 ~ if3
thrust loading rat~—,..––,
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iepresentsd as a function”of the effective

o~e: The diagram is valid for the caee

subject to friction and for the Zdeal case, For the ideal caae
CT = c=; thus the eft%ctive thrust equals the thruet theoretically
e

present for the same additional velocity wa. The course of the
maximumtheoretical e#ficienoy of the unshrouded propeller fs drawn
Into the same dfagrsm with a dashed line. One can see that the
theoretical efficiency of the standard propeller for Cs+ o
approaches asymptotically the efficiency of the shrouded propeller
with a= 1, and for CS~W the efficiency of the shrouded

propeller with a = 0.S, as was to be expected.. The consideration
of W. S$isss [53 led to the same result.

,..“,..:
The improvembn’~””ofthe theoretical efficiency by shrouding

Wcomee considerable only for large slipstream croes-section ratios a.
However; the ma@tud.0 of the shroud circulation necessary fcr pro-
duction of very considerable alipetresm cross-section enlargements,
when standard profile fonm are used; can:%e obtained only at the
price of very high shroud drags, in most cases the effective
efficiency is thereby reduced beyond reasonable values. ,,,-,.,

.In the following chapter the influence cf losses upon the ‘
effect of the shrouded propeller Is taken into consideration.

,,.

2. Shrouded propeller with ener~y loeses taken into consideration.-
The fol~owing.considerationsconcern the shrouded prope,ller,alone,
th.at,ls?’ the drag of the nacelle (without prhpel.lerand.without”“ ,.,
shroud) is not contributed to the propeller. : ““’”“

,, ,, ,.
,.

Due to the losses at the propeller and stator profiles the”
power input from the motor to the tropeller must be larger th~’the
power input from the propeller to the air flowing through. The
power put Into the propeller shaft wI1l be designated by,“induced
power,” Li. The losses at the profiles are for the standard
propeller without shroud included by.the factor of’merit. Since the
shape of the shrouded propeller IS more like an axisl blower we
introduce instead”of the factor of merit the blower efficiency 9G
which is identical with it. Therefore, ite definition is:

..
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If one takes theequaticn (8)’into
will be

.,:,...
, ,.,.,,.,— .’. .. “Li =~’~V

~G

.“.
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consideration,”t~e..induced pcwer

,. .,,;.
,,

,( ‘)
.. ,,

1: “’

1+ yJ ‘
.2V. c

.,.

(12)

For the same induced power the effective thrust se 1s, as compared-..
with the theoretical S of the prcpeller without 103s; reduced,by
the magnitude of the drags W. The total drag consists of the
para~ite dragof the shroul “~~ which appears for the condit~.on
wi%hout propeller, and of the add~tional drag dlr which is caused
on shroud and nacelle by the additional velocities for the condition
of a propeller in motion. Thus one obtdns for the ‘effective
prop~lsive power:

so that the efficiency resul$s f:”om(12) and

(13)

(13) :

: ‘=’’%%$
.,

,,. ,,. P ~F’ ~d takesIf one refers the drags as well as the thrusts to ~ v

the”magnitude of themaxfmum theoretical efficiency’accordingto
equation (9) into ccamideraticm. the obta:ne.bletotal efficiency of
the shrouded ~ropel.leralone can be written in the fcmm:

.,. . .

(14)

,.

The separ~te efficiencies in”this”eguati:n are defined.as fbllows:
;).

,. ,..
Vm”= ‘ maximum”’th+mFekioalefficiency,:.

1+’g

..$.,.
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FR?~APg
,, ,.

TG=- blowkr efficiency or factor of,meri’tof the
Lf, .,, propeller (stator included)

. .

.

cm1+=
Cse “,

,,,..

l-lx =
1
Ac-.

installation efficiency

1+’”
w

‘%
e

+ cw-
M

cse in these expressions represents the effective tctal thrust

loading. This effective total tln-ustloading is the”thrust reduced
ly the”magnitnxleof the parasite drag as compaiied.with the
theoretically possible thrust of the propeller without,loQs, for.
the same effective blower ~ower. The maximum theoretical.efficiency
hae already been discussed in section E I 1. If the right dimensions
are selected the blower efficiency can assume values above 0.9.
The shroud efficiency is of decisive importance for the possibility
of application as was mentioned before(’[3],16]).The shroud
efficiency is plotted over FB in fi@re 27 for various drag

coeff’lcientsof the shroud. T~e drag coefficient Is referred to

~ v2Fi
2 There is therefore an optimum total loadin~ for each special

shroud (5., u, C%M) for which the product of efficiencies q X TMa
,m

Is a maximum. (For examples, see fig. 28.) ‘

The first three separate efficiencies can be calculated
relatively simply. In order to calculate the installation efficiency
qE the additional drag caused by the =lipstreammuwt be estimated.

3. Calculation@ the additional ene~”gyloss caused by t~
additional veloc~es for propeller in motiog.- This amount can be
determined only approxiu:,tely.However, a numerical calculation
carried out later showed that the magnitude of the installation
efficiency as compared with the other separate efficiencies no-rmally
is of hardly any importance at all.

One assumes for this approximation that only the ener~ losses
A% caused for the flow throua@ the shroud by the inner shroud
surface and the corresponding part of the nacelle surface are



.
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influenced by the additional propeller veloclty. Xf we equate

APV . ~ ~d APT
— = V*,

~~ P ‘ith ‘Rmax
representing the velocity

2 ~ ‘Rmax2
in the minimum annular cross section F J we

‘rein o
becomes

shroud without propeller (subscript o), if the continuit~
into consideration:

.,

~eo = i.lo,.

‘Generally the’minimum

plane,:therefore will

narrow in front of or

%ecomes larger than
propeller in motion

total-pressurelot3a

Thus the additiona~
velocities is:

for the

is taken

.,

annulgr cros~ secticn will lie” In tho propeller
~R~

—=1*be‘Rmin
Only for shrbud sha,paswhich

lehind the propeller, the quotient FR /F
s .R~~

.
-L. If one equates the loss coefficient R- for
to peo (without’propeller), one obtains ~s the

for propeller in motion:
,.

APV = P.
()

l+#Qv2

‘1+50 2

.’,

total-yressur%
,“

10BS ‘causedby the”additional
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Apv, ;..

PO ==,. can le”determined by flow measurements on the empt~i.
,,
,“

- v’
2

5.

\

shroud.,f
I the 106s

I

If

With this total
power becomes:

pressure lose according to equation (15)

,.,

approximate value
peller in,motion:

1- -1

there results es a goodone equa$es . Acw~ ~~FLL~*t ‘

for the aiVditfonalvelocity, caused by the pro-

27

(16)

The additional drag is, therefore, dependent on the total
through flow (1 +,5P); this total through flow, however, is ,a
function of’the actual loading cS4 = “c<;+ CW + dew, which shall--,...

be designated as induced loading; taking the equation (2) into
cons3.deration there resuits from the law of continuity for the
additional velocity in the slipstream:

..’,

I

The cornparison between calculation and meastirement”p.erformed.in
I section G shows that the influence of” Ac%7”upon the total throu@
I
‘$, . flow is notic.ee.bleonly for very small advance ratios and even
f, there I.svery. sli~t. (See fig. 34. ) Thus one is ~nstlfled in
‘1 writing for”the Installatton efficiency in a first a:~proximation:

I

1,,
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Wf th
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Cne caro%tain a second approximation if one calculates (1 + bg)
first from (17), neglecting Ac , and then determines the first
approximation ACW(l) frcm (16~ with this value. By inserting

Acw(I) again Into (17) one obtains the eecond approximation.,
(1 + 58(2)) ~d therewith from (1.6)the second approximation

ACW(2) “ With ACW(2) the second approximation cf the shroud

efficiency according to (14) can be calculated.

Figure 29 represents the dependence of the installation
efficiency ~E (calculated according to this method) on c~+cm

for the parameter u and PO. ,Accordingto figure 29 the
..

influence of the pressure coefficient PO upon the installation
efficiency is of essential importance for large v,aluesof po.
However, aerodynamically had shroud forms must be ‘apriori excluded
fbr the design sfnce large values o? PO, thus large c%, are

connected with a bad shroud.efficiency ~Ma. The test values for

the pressure loss coefficient PO .@ven,in section F show that
this coefficient reaches fo,rgood..shr~ud?rofiles:a ~agnitude ““
which gmranteea very good installation effic.ienc.ies.A com-
parison of.the cufivefi”,fora.= 1, and .,a s “2””demonstrates that ,..’
the installation efficiency’improves, foy the”s~e pressure loss
coefficient po, with increasing slipstreanicross-section ratio.,, ..’,
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However, one mud bear in mind that a larger slipstream cross-section
ratio can be obtained only by larger intrinsfc circulation and that

m“ . therewith.the losses
~ @“M’ “9

also increase.
.!

~. The influence of ener@ 10SSPS upon the total efficiency of the
// shrouded propeller was treated above.- ~huf3one is in a position to
/: celcul.atethe obtainable maximum efficiency for any arrangement before-

hand in a good approximation. ,,
I
I Knowledge of the mas;sflow and the total-pressure dump which is .

to le put in ‘bythe prop.elloris necessary.

4. Calculationof the mass flow flowirw throu@ the~qo~q.l~e~.-———--- ,——--—.,—
The r=o~b~w-e—=l-fl-ow velocity through the propeller
plane, the loading and the properties,of the shroud was already
indicated in equational.?). Thj.srelation yields the mass coeffi-
cient (p= ‘RS/u whi’chcan bedirectly taken over:

It has already been pointed out that the j.nfluenceof the drag Acl~
caused by the additional velocity on the total through-flow is ver,y
slight. Thus one ottaj,nsa good first approximation from:

(20)

For a more accurate calculation, in -particularfor a very small ratio
‘, of advance,one can proceed as follows: first (1 + bg) is
l“” calculated in a first approximatlcm from equation (17)’””(withAC,J= O),
,“ with this value Acv is then determined from equation (16), and
1. therewith (p as second approximation from @quation (19).
}0
i. 5. Calculation of the rmessure jump to be establish@.- AccordingI

to the consideration in section E I 1 the power input from the
——

propeller to the air flowh.g through is determined by the kinetic

i.
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energy remainfng in the slipstream. The ma~itude @ this poweri~
according to equation (8) .wrlttenin a slightly different manner:.

..”
. .

(L=e +C
‘0% + ‘c.):‘3’(+3

On the other hand it is to be explained as blower feed perfermnce:

L= QX APg
()

=’@v l+”? Ap
:.g

T’akingthe relation

of the equation (2)
above equations the

!lPg
1~=—

p /
2

for the aditit:onalvelocity

1
.- ..
/(

.-
)1

11.+~ 5~e+c1W+Acw -1
I_ a .-l

into consideration one obtains from the two
pressure coefficient of the blower

r.
-.

i

/(

-.
—

%e + Cw + Acw
M )

3+]1+: ESe+cW+Acw
*= ~2 .—.. (21)

2U

(
I+yi+::se ~+.~

)
+ Aclq

i..- J



7. The operating condition of the propeller for v~3.ng ratio——— —-—-——
of advance.- The proportional number customary in blower construction

,—.

;~Rs2(&’
a =.— =—

Apg !J

Is characteristic for the operating conditton with respect to flow
mass and pressure jump. For the standard propeller without skrou?
0 varies very considerably in the regj.onof the ratio cf advance
?L=Otox=

%
ax9 a increases with g:-owing l., that is, the

propeller blade s not loaded. However, the propeller can only work
for a quite definite cperating conflitj.on(u), namely for the design
condition for the most favorable efficiency. If the opera.tfon
condition varies ver,ygreatly with the ratie of advance, ~ dec.reasee;
moreover, scmetimes the blade must be made al,iustabl.e,D1.~e+,Gthe
change in circulation at the shroud prcfile for vai’y;n~ratio of
advance additional velocitie~ are induced fn the propeller plane
for the shrouded propeller whoee ef’feetmakes the operating ccndition
of the propeller fo:-the entire region cf aflvanceratio change very
much less than fcr the stamdar~,nro”oelle’, Tf one wovld succeed in
constructing the shroud in such a manner that u -’ems.insthe same
for the enti~e X - region, one would pain tv~ essential a,di~antaqes:

1. The

2. The
would equal
k- region.

p“ro”oeller~,rouldnot have t@ be adjustable,

bl.ov7ewefficiency and the provell.erefficiency ratio
the mafimum value at the desi~n point fcr the entire

From the relatlons found for the mass coeffj.cient (p (equation (19))
and the pressv.re coefficient, ~ (eauation (21)) fineobtains
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Figures 30(a) and 30(b) show the dependence
condition o on the inducedloading Cee +

NhcATM No. 1202

of the oioerating
c~r,M +Adw for various

slipstream cross-section ratios a, that is, for various shapes of
the shroud.

The corresponding curve for the proi~ellerwithout slhroudis
also plotted in figure 30(a). The curves are valid foi-a hub
ratio D = DhvLb/D= 0.25. They clearly show the advamba~e of
the shrouded propeller. On the other hand.one can see that the
goal of equal operati~~ condition in the entire Cs - region can

not be reached by means of Qiieand the same skpe of shroud. In
order to really reach this aim a, thdt isj the circulation of
the shroud w“ouldhave to be variable d~’mili~the fli~ht. This
condition can be fulfilled only by changing the form of the
profile (for instailceflaps) or by influencing the boundary layer
at the shroud profile [lO~J. Fi~ure 30(b) shows that the iyresence
of a hub charqes the tendency of the curves only sli~htly.

The followin~ chapter conta~i~s a few considerations of the
behavior of the shz-oucledpropeller at rest.

11. Propeller at Rest

All values referred to the static thrust condition are desi@ated
by an asterisl~-.

1. Ideal case without ener~y losses.-.% consideration of the——
momentum yields the magnitude of the static thrust for irrotational
outflow:

Just as in the case of the propeller in forwzmd motion the pover to
be put in equals the kinetic ener~y lost ijersecond:

(2L)

From (23) and (24) one oltains the connection between the static
thrust and the power to be put,in for the theoretical case without
friction:

,,. .,,.

.
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..
If one equates,i

.. ,,, ,,..” ,’

,, ;’

.,,
,.

& ~ (p(x#3 (“2L*)2/3 . .. : ,.
,.

,.

E*
,. iFB*‘ —

~ U2F

one can write d.imensiotilessly:

1/3 kz *2/3
E=* = pa

,.

“33

(:25)
,..
.,

(26]

Of course, this relatf.onis also valid for the snecial case of the
WoVeller without shrmxl, 1 k*Since here u = ;, s without ehroud
becomes

Thus the static thrust coefficients with end without shroud are in
direct ratio to

(27)
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The physical limits of the obtainable static
propellers have been treated in detail.by A.

thrust for standard
Betz “~1~.

It is theoretically possible to increase the absolute map~ituc?e
of the static thrust fcr the same power input to my degree by the ““~’.,
use of a shroud if one succeeds in making the slipstream cross-
section ratio sufficiently l.ar~eby a shroud with large circule.tion.
Practically, however, this possibility iE limite~, if simple profiles
are used, lecause of the energy losses which appear jn the diffuser
behind the propeller. Probally these limits cm be considerably
shifted upward by special ex~edientq fa~ instance,influencin~ of the
boundary layer at the shroud profile. Experiments by B. Remnscheit
[10] on a n~zzle with suction at the tr~il~,ng ed.cfe have ShOW?I that

even without geometrical diffuser considerable through-flow variations
can be o%tained %Y the suction. This beha~~oi:waflto be expected
after the experiences with trai].inp-edgesuction on plane vin,qs.

The static thrust factor of merl.tof the shroudod progell.eris
with (26):

..

(28)

~g* represents the theoretically obtainable total statjc thwst
*

whereas “~ represent the total.static thflu.stactmal.ly.~btained .,
‘e

with the same power Input.

2. Shrouded propeller at rest with ener~y l@sses taken ~.nto——-—.——
cons~deration.-The power necessary for production of the effective
=rust Se* = PClFwa*2 (equat~.cn (23)) is disti.ngulshedfrom the

?ower calculated theoret~cally accqrflinflto (24) first by the
additional power to be !w.tin because the cmer~y tm.nsf’erfrom the
propeller to the air flowing through is subject “[~olosses and
second by the amount cf power which ha~ tf:cove-”the losses D,nv*
originating in the flow throuflhthe shlroud, The induced Power “
necessary at the propelle’;shaft then i,p: .,

..,. ;.,,

!A?JT*
l+——

?

()

APT* P *2

AclFgwa*3 l+———%* = = L*~~
~G* P (29)

*2~ Wa ~G*
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Since according to equation” the total static thrust ‘~+.is
related to the power L*2/3, one obtains as the reacha%le static
thrust factor of merit of the shroudea propeller:

,.. ,..
~- .. ..,.

.. ~

static conditionwith the installation factor of merit for

~E* 1 1=,—— = .—-———
Apv*

1+
AP.V* 2

—“’ l+——

()

~2 F ,
P 462 P_2 FR
7 VP,2 Z ‘Fmax min

The actually obtainable static thrust then has the magnitude:

IF*. 1/3* 2/3 2a kzs2/3
~q*= (?l~*llE. )se

(30)

(31)

From this dependence one can clee.rlysee how greatly the obtainable
static thrust is influenced by the installation factor of merit.
The theoretical static thrust must increase with growing slipstream
cross-section ration CL. On the other hand the installation factor

i of merit ~E* decreases with growing a. Since the loss coefficient

&?.,*
“

P
alsowill increase with ~rowing m, that is, for shrcuds

~ 7Rmu2

becoming enlarged, it is to be expected that 7E* decreases very
sha~ply, For this veason the static thrust could not be essentially
increased further by use of further enlarged shrouds as compared
with approximately cylindric ones in the tests cavried out so far.

*-
The hub also has “anunfavorable influence on the obtainable static
thrust because the installation factor of merit also deteriorates
with increasing hub diameter.

1..-
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Figure 31 shows the dependence of the value *2/3 on-y$2kz *)*/3qG

the slfps~e*m cross section ratio a and on the loss coefficient
vPe* = — for two hub ratios ‘Rmi

d
F=l

/
and FRmin F = O*75

*2
~ ‘Rmax

%ub
correspondin~ to —-- = O and 0.5, resgectivel.y, The influence

D
of the installation factor of mer~.t qE* on the static.thrust becomes

even more evident if one inserts the I.OSSintc equattons (30) and (31)

(in the fo:m Apv* = (1 - ~D) ~ ~p
2 - w

)
2
a with TID representing

mix
the diffuser efficiency. ,~sthe result of this calculation the
function of figure 31 is again pl~tted in figure 32, bnt with the
diffuser efficiency a~ garameter. s~n~e t~jislatter will hardly
increase beyond 0.9 unless epecial stegs are taken one can see that
en attemut to flncreasethe slipstream cross-secticn ratio essent~.all.y
beyond. a.= 1 wollld.he useless.

F. ADDITIONAL MEMT~EMENTE C!ONCFRNINGTHE PROBLEM OF THE

SLIPSTREAM CROSS SECTTOITANllTHE PRRSSTJRELOSSES

IN THE FLOW TH?i?O~JGHTHE SHROUD

I. SliF~t?eam CrQss-SectionRatfo m

In order to check the independenceof the slipstream c--os~-
F

section ratio u = —m Iof the loading presumed in oection E several
F

ftlrthermeasurement; on shroud 1 were pei-f’c~rmedFor thjs shroud
the slipstream cross-section ratio fo];the theoretf.calcase (no
energy added or removed during the flowing throup~ the shroud.)is
according to equation (7):

% s

ct=— (1+1?

for shroud 1: 5
‘th

= o (rig. 7)

8 )~th = 0.878

~d FR/F = 0.878.

I
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For the two limiting cases “shroud without propeller” and
“shroud with propeller for static thrust condition” the slipstream
cross-section ratio u, can be calculated from the mass flow and
thtimean total ~ressure in-the exit cross se;tion of the ~h>oud
accordinflto the method described below; thvs one can determine.
how far the presumption of a cross-section ratio remaining
unchanged has actually been fulfilled..

FR ~
The cont~uity yields: ‘a = -F–~.

co
For the two limiting cases the mean axial flow velccj.ty

through the propeller disc area was determ~.neclby measurement.
Under the assumption that the energy @ the jet ~s not varied any
further behind the exit cross section of the shroud.,the tsliP-
stream velocity far behind tiiepropeller can.be calculated frcm
Bernoulli’s’energyequation:

In this equation

‘8A
mean total pressure in the ex3.tcross section FA

%to
static presw.lre far behind the

to be equated to the static
i’low

The mean total preswre — in the
%A

measured for both ljmiting cases.

The numerical result for shroud

propelle~. This pressure has
Pressure In the undisturbed

exit cross section als~ was

1 is:

Theoretically, without change in energy . . . . . . . . . a = 0.878
Measurement, without propeller . . . . . . . . . . . . . m= 0.890
Measurement, with:propeller 2(9 = ~+0°),

withstatoratrest k =0.. . . . . . . . . alz O.gk

()FIt Is to be expected that ~ - 1 somewhat increases with

increa~ing loadj.ng,in particular for ehrouds with enlarged.rear
portion. The shroud which was examined here more closely is
behind the propeller plane about cylindr~c, its circv.lationis
almost zeK’ and the variation of the slipstream cross-section ratio o
with the loadinq is very small. The a.b~olutemagnitude of the crcss-
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section ratio m agrees qufte well on the average with the
theoretical magnitude of the empty shroud.

With the aid of the smoke method already mentioned in section D
it was attempted to make the jet boundaries for varimm loadinflsof
the propeller visible. Figure 33 shows that increasing propeller
loadin~,in fect,cau.seshardly any variation of the jet contour.
Unfortunatelyj the slipstream cross-section ratio could not %e
checked for more greatly enlarged shrouds because there was no
stator for these shrouds. The large exit-rotation renders a
comprehensive photograph impoesi%l.e.

11. Pressure ~sses in the ??J.owThrou@ the Shroud

Acc@d5ng to the conslderatf.onsof sect!.onE the presmre
loge A*O whfch originates in the flow through the shroud
(without propeller) is of essential 3.nfl.uenceon tlflemaga;.tude
of the installation efficiency qE. Figure ’29 showed the iie”pentence

of the installation efficiency on the loading, the slfl.pstresmcross-
APV

section ratio, and the loss coefflc~ent PO = —~. It ie
P*
Z!v

interesting to ascertain the order of magnitude of this loss
coefficient P. for the shrouds investigated. To this end the
mean total pressure shortly in front of and shortly behind the
shroud for several extreme shroud shapes was determined by measure-
ment,taking into consideration only the mass flowing through the
shroud.

The following ?m.nmricalvalues resulted for the three
investigated shroud shapes 1, 5c, 7:

shroud 1 p. = 0,010

..= 0.007shroud 5C v

shroud 7 p. . 0.180

If one considers the curves ~E = f(~s) that are valid for these
P. - values (fig. 29) one can see that the installation efficiency
for the first two shrouds equals almost 1 whereas it deviat6s
from 1 considerably for shroud 7 which has a very strong diffuser.
The effects of large mass flow losses, that is, of large p. -
values on the static thrust show according to calculations and to
measurements the same tendency.

. . .
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G. COMPARISON BETWEEN CALCULATION AND MEASUREMENT

w.>- “““With“tlk””’”afd”.of-’theexliaustivtimeasuremtintswhich imre in

,. particular taken on the shroud 1 iriconnection with Wflepropeller 2
\ and exit stator, the reliability of the cal.cul.ationdescribed in

section E can be checked. The measured coefficients k~, kz, q, ~d ~
are given in..figure2C”as”functions of the blade angle P. ‘For
three blade an.gles..(hOO,~~~, 65°) the mass coefficient. Q = TR-~/U

calculated according to equatfons (19) end (2o), res~ectively, is
represented as a function of the advance ratio X in figure 34.
The effective total thrust loading —cSe was determined for each
%lade angle and advance ratio considered from ky/A2 . The parasite
shroud drag of the shroud 1, with nacellm, resultsfrom the measure-
ments. (See fig. 7.) The &lipstre% cross-section”ratio could be
determined from equation (7), since ~oth Is known. Several test

points, besides the calculated curves, are plotted in the d.ie.gram.
(See fig. 34.) There is excellent agreement between calculation and
measurement, in particular for the second approximation calculate~
from equation (20).

Figure 35 show= the dependence of the measured efficiency on the
effective total thrust loading c= for three blade angles. Further-
more, the values for the maximum theoretical efficiency ~m, the
shroud efficiency TMa7 and the instal]-ationefficiency qE, which

were calculated a.ccord~.ngto section E, are plotted in the same
diagram. Thus ,theproduct ~m~Ma,qE represents the efficiency
obtainable by calculation if the tra.neferof ener~ in the propeller
would take place without loss (VG = I). The ratio of the measured
efficiency and:the product of efficiencies ?lm~MaqE indicates the

presumable ma~itude of’the %lower efficiency q~o ~G is represented
as a function of ‘c= in figure 36 and as a function of the ratio

of advance in figure 37. For several X and P the actually
existing blower efficiency was approximately ascertained from the
measurement. It can %e determined from the ratio,-

‘shaft

Ii-,,,,.,,,,.,,,,,,,. ,, , ,..,,,,.,,,”. —..---—. ,,, ,. -,, —... -.---—- —. —-.,- , ,. , , ,, , - , , , , , , ,, ,,, ,,,,, -,-,,,, ,,-,. ,, , ,,, . . . ., , m ,, .,
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,.
The ehaft power Lshaft = kt ~ \3F, as well a6,..the“meanaxiti

flow velocity th.ro~ thepromlle.r disk area were measu.md df.rectly,
The thrust effective on the propeller %ladee resultedfrom the
measured thrust of’propeller and nacelle p3.usnimelle drag. The
pressure drag of the nacelle could be determ@ed from pressure-
distribution measurements. For ca.1.culatin~the propeller blade
thrust it was assumed that ”thefriction drag of the nacelle is
small compared with the pressru-ednag. The experiences on
profiles with large thickness ratio (>0.25) sm.dthe meximum
thickness far to the rem sup130rtthis asm.nnption.

The stator thrudwas’determined from the difference of the
shroud thrust with and without statort “Tile%lOwer efficiencies
ascertained from the”measurements according to thfs method are
plotted in.figure ~? as separate points for the three blade angles
B &“400~.:55?,.and.65°. The agreement with the rast-efficiency

“/
calculated frOm” “~meas~~d Tm~Ma~E is not unsatisfactory if one
considers the uncertainty in determining the Mowei- e?fic3.ency
from the moasurerncnt.

Since for shroad 1 according to the test results given”!n
section F, the pressvre 10BS which originates in the flow through
the shroud, is also known, the calculation performed for the static
case in section E II also may be compared with the test i-ee-ults.
The installation factor of merit for static thrust cond.it~.onsV#
to be calculated according to equation (30) has, for the ~hroud 1,
the magnitude 0.988. It almoct equals 1 because there is no strong
diffueer present m-d.thus no large lo.esescan occur. With the
blower efficiencies according to fi~y.re37 which were determined
directly from the measl~rementone oltains the following comparison:

‘=y-r~ r’ ‘
‘ %3= I “ ~u==;-‘“‘(’:’’92

(deg) F1’om measu~6m13nt From
(see fig. 20~ measurement ‘rem ‘measurement ca]-cu~ation

.—. ——

40 1.035 0 .761j 0. /350 0.830
.512 . ?20 .4P6

%
● 370

.192 .087 .160 .200
i —— —

.... . . . .. . . , ,..
.. .. . . . .. .. .
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If the values ot’.theblower efficiency and of the pressure losses
withl~”the shroud are known, the static thrust obtainable can
easily be.calculated in advance.e

H. SUMMARY AND CONCLUSIONS ““

In the’present report test results on’s,shrouded propeller
were given wkich was desi~ed for high-speed.flight ana high-
thrust loadfng. The measurements cover the entire ”reglonof
advance ratf,osfrom O to Xmnx = 1.2 and include ,theinfluences
of variations in the form of propeller and.shroud.on the aero-
dynamic bel+abiorof the ~hrouded propeller. Since the propeller
iQ heavily loaded a.stator Is absolutely necessary in order to
avoid the’~igh rotational losses and the large pressure drag of
the nacel.3edue to w~ction at the afte:-bo~y. The maximum efficiency
measured Is 0.71. !lW.emeasurements pe-rmitthe conclusion that tine
maximum efficiency could be essentially increased by usin~~shroud
forms of smaller chord and profile thickness. %owevei, thin
sh~}oudpmf.-ileswith small nose radius ha,vea very unfavorable
effect on the static thrust behavior. The.static thrust facto s
of merit measured for largo shroud cho?d

(
Benile-mannc. ks’/&*)V

reach values over 1.1. The static thrust behavior can be
Improved very considerably by application of a nose split ring
polntin.qoutward on a shroud Drofile of Emall chord and thickness.
The no~e split ring permits,for static conditions and even for
emall rattos of advszce,essentially l..argo:rpropulsion powers to
be converted with good efficiency into useful power than it is
possible for a shrouded propell,~rwithout split ring. The
absolute maximum value of the total static thrust is, accord~n.g
to the measurement, fl,ncreasodto more than twice the value as
compared with the cafle“without” split ring. Thus it i.spossible
to utilize by this expedient the advantages of short thin shroud
profiles which are essential for high-speed flight, without ,
deterioration of the static thrust behavior.

Subsequent to the given test results thk shroudea propeller
without and with energy losses is consj.deredtheoretically, These
considerations are applied to both propeller in forward motion and
propeller at rest. The calculations are based.on the eseential
assumption that the slj.pstreamcross section far behind the
propeller depends only on the shape of the shroud, not on the

ii. loading of the propeller. The correctness of this aemmption is
supportod by several additional measurements and by flow photo-
graphs at least for shrouds without large circulation. Therefrom
results a simple possibility to calculate the properties of shrouded
propellers In advance with a very good approximation and furthermore

)‘3
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to reslfze clearly the influence of energy losses on,the aero-
dynamic behavior. The limits of efficiency attainable”for
propulsion units of this kind are thus made visible.

The shrouded propeller flurpassesthe standard propeller ~~
essentially better static thrust factors of merit. The magnitude
cf the static thrust is llmited by tiielosses orl~inating in +,he
flow through the shroud.(mainly diffucer loeses). Subsequently
an attempt i~ made to increase the static thrust furthei-by
applying an influencing of the bomdary layer at the shroud! Due
to the parasite intrinsic drag of the shrouding the shrouded
propeller will be particularly suitab]..efor propulsion by pusher
propeller %ecause here the shroud could.,circumstances permj.tting,
simultaneouslytake over the fumction of’the demp~.nqsurfaces fol’
the plane. For an airship body the possibility of stabilization
by means of annular tail surfaces is confimed by wind-tunnel
measurements by R. Seiferth ].1.1~].Its application IS also very
promising for other cases. lTorkcn f’urtherdevelopment wfl].1have
to aim mainly at a reduction of the parasj.tedrag of tileshroud
alone for small su.perstyeamvelocities at hi@ sp.sad. There is
a possibility of succes~ by use of laminar profiles. Thus the
shroud would have to be des~=aed for fl:ght conditions at hfgh
speed and could be improved wj.threspect tn the magnitude of the
static thrust by use o.fthe nose epl.itflap andj circumstances
permitting, simultaneous steps for increase of the circulation
in the rear”domain of the prof~.le.

The test results of’the shroud profiies la, ~b, 2, 3, 3a:
3~, 4, 5, 5a, 5b, 6, 7, sad$ (fig. 7) which are not given ili

the present report are at the di~pcsal of interested parties and
be claimed at the AVJ!G&tiingen,

Translated by Mary L. Mahler
National Advisory Committee
for Aeronautics

,,., .,

,. ,,,
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Figure 7.- Shapes,dimensions,and aerodynamic coefficientsofthe
shrouds investigated.Inthesketches,P = paralleltotheaxis.
At thepointoftheshroud profiledesignatedby & isthelocation
of theplaneof rotationof thepropeller.
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Figure 8.- The drag coefficientA C117

)

inducedby theshroud on
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thenacelleby mutual influenceas a functionof thedimensionless
mean additionalvelocity 60 = 7R /v (withoutpropeller).
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Figure 9.- Pressure distributionat the nacelle without and with shroud.
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Figure 11.- Distribution of the axialflow velocity Vr and of the

totalpressure present shortly ahead of the blower plane pg over

tie radius. R = outer radius of the propeller; v = free-stream
velocity; pgm = totalpressure in the undisturbed flow. The

numbers designating tie curves refer to the designation of the
shroud according to figure 7.
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Figure 25a-c.- Flow atshroud 5C withnose splitringmade
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equation (10)and shroud efficiency
‘1Ma

according to equation

(14)as functions of the effectivetotalthrust loading ~e. The

dashed-line curve applies to the propeller without shroud

T m = 2/(1+ ti~)” c is the parasite drag coefficientof
‘M

the shroud, referred to D2~ /4.
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Figure 33.- Jetboundariesbehindtheshroud made visibleby smoke
test. Shroud 1 withpropeller2 ($ = 40° with exitstator).
Below, right:shroud 1 withoutpropeller.
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