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Abstract: Results of measurements on a shrouded propeller are given.

Cutline:

The propeller is designed for high ratic of advance and
high thrust loading. The effect of the shape of propeller
and shroud upon the asrodynamic coefficients of the
propulsion unit can be seen from the results. The highest
efficiency meesured is 0.7l., The measurements permlit the
conclusion that the maximum effilciency can be essentially
improved by shroud profiles of small chord and thickness.
The largest static thrust factor of merit measured reaches,
according to Bendemann, a value of about {=1,1. By the

.use of a nose apllt flap the static thrust for thin

shroud profiles with small nose raedius can be about
doubled. In a separate section numerical investigations
of the behavior of shrouded propellers for the ideal
case and for the case with energy losses are carried out,
The calculatlons are based on the assumption that the
sllpatream 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 small circula—
tion. Calculation and test are also in good agreement
concerning efficiency and static thrust factor of merit.
The prospects of applicability for shrouded propellers
and thelr essential advantages are discussed.

A, Introduction
B. Symbols and Definitions
c, Model Specifications and Test Procedure

D. Tsst Regults

*"Windkanalmessungen und Rechnungen zum Problem der ummantelten
Inftachraube." Zentrale filir wissenschaftliches Berichtswesen der
Tuftfahrtforschung des Generalluftzeugmeisters (ZWB) Berlin-
Adlershof, Forschungsbericht Nr. 1949, Jen. 21, 19kk,
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E. Theoreticaj Cdnéiderat*ons
I. Propeller in forward motion
~IT. Propeller at rest

F. Additional Measurements Concerning the Problem of the
Slipstream Cross Section and of the Pressure Losses
for Plow through the shroud

G. Comparison between Calculation and Measurement
H. Summary and Conclusions

K. References
A. INTRODUCTION

The power limits of the production of propulsion by means of
propellers as they are in use today have been discusseed repeatedly
elsewhere. The larger the velocity reglon to be covered, the harder
it is to reach the ideal goal: to transform with one and the same
propeller the expenied power with the best efficlency into useful
power for both limiting cperating conditions, static and high speed
as well ag feor ell intermcliate states. For present flight velocitiles
one miey dsrsnd for 1lhe (:sign of the propellers on a compromise
solution wnicon is necesgsarily bound to bring about considerable
losaons of propulsion power for certain operating conditions. The
limits oF the obtainable stetic thrust werec treated in detall by
A. Bz [}}L_ Lecording to him, the propeller dlameters, in
oréer T~ oltain a su Flcient stauic thrust, neually have to be larger
ther, v L3 e necevsary o high speed. The efficiencies in flight
then dn no% weroh tielr po-siblie optimum velues. Measurements on
shroursd propellers have dewonstirated that with arrangements of
this kind very considerable improvements of static thrust can be
obtained. The use of a shroud 1s, 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 additicnal velocities
in the propeller plane due to the shroud, the propeller itself will
experience emaller changes in operating condition for a change of
the advance ratio than will a novmal propeller. This means a possible
reduction in the renge of blade angle 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 the propellers may, circumstances permitting, be run at
the motor rpn and thus avoid the use of a gear system. If the
occeasion arises one could sometimes proceed to increase further the
motor rpm.

~ IMpansletorts Note: Numbers in brackets refer to the »eferences
at the end of the report.
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The nozzle propeller has been used for a long hime very
successfully in shipbuilding as Kort nozzle. Itg application in
alrplane construction is rendered more difficult particularly by
the fact that the intrinsic drag of the shroud is, in view of the
essentially smaller thrust loading coefflcient of the alirplene
propeller at high forward speed, of much greater Importence than
for the ship propeller at the fastest forward motion. The problem
was repeatedly taken up because of the great possibllities of
improvement for static conditions and because of the posslbility of
reducing the Mach number at the blade tip by & sultable sheape of the
shroud. Recent results can be found in the publicationg by .
B. Regenscheit [¥), D. Kichemann and J. Weber [3], and M. Hensen [k},

The behavior of shrouded propellers wag aleo ropeatedly
investligated 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 calculatlon of

"shrouded propellers. Then the problem was treated very thoroughly

by D. Kuchemann and J. Webex '3] by application of potential
theoretical considerations to annular profiles.

The tests carried out so far resulted in & valuable preliminary
clarification of the problems of interest. However, many single
problems could not be solved because the model arrangements which
were used 4id not permit a separate treatment of the effect of
various configurations upon propeller and shroud. Morecver,
investigations of shrouded propellers were desirable which about
corresponded to today's requirements for high power alrplanes ’
regarding their region of advance ratio, thrust loading and power
leoading. : : '

The filrm Dornler-Werke &,m.b.H. showsd great interest in
these measurements In particular, in view of the application as
pusher propeller. The shrouded propeller appears especially sulted
for this cage, because it requires emall diameters. Furthermore,
it is gbsolutely posgsible to use the shroud simultaneously as
damping surface so that the doubts mentioned above are of no
importance because of the intrinsic drag of the shroud.

The present report gives the test resulis on a shrouded
propeller which was designed according to the present kmowledge
for a high ratio of .advance and relatively high-thrust loading.
The forces at the propeller and at the shrouvd were measured
separately. The detailed Investigations also permlt the ineclusion
of the influence of energy losses upon the aerodynamic behavior

.of the shrouded propeller and therewith a clear representation of

the theory of the shrouded propeller subject to losses. - In
particular the test results make 1t possible to elucidate the
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behavior for static conditione and to estimate the attainable
limits of static thrust for shrouded propellers . '

 Due to the separate suspension of nacelle and shroud the -
supporting elements of the shroud wnich were necessary in full
scale could be omitted for: the model. However, this deviation of
the model test from full scale conditions is not very important
because it will be useful to develop the supporting struts also
on the full scale model as gulde vanes.

B. SYMBOLS AND DEFINTTTONS

Subscripts:

8 “propeller

M . shroud

Go nacelle

N nose splif ring

Pr profile

R annular area between:shroud and nacelle
o) condition without prnpellef

th theoretical

© .conditionifar behind the propeller
Lengthea: o |

x coordinatgiin‘thé direé%ion of the axis

Y length of the nacelle - .
1 chord,of the shroud neasured=§arallel to the axis

1 shroud.’ chord measured in the directlon of the chord. of
: the shroud profile. :

D diameter_ofithe propeller-u

R radius of thé'pfopeiler
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Dpub diemeter of the hub in the propeller plane

v hub ratio Duun/D.

Dgo diameter of the:nacelle

DM mean shroud dlameter

Q; DN maximum diasmeter of the nose split ring

d maximm profile thickness of the profile of the
shroud and of the propeller blade, respectively

Angles:

B angle'of adjustment of the outer propeller blade
profile measured between chord and plans of
rotation - :

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

Areasm:

F - D2x | ‘

F= 5 propeller disk area

Fo cross gection of the slipstream at Infinite
distance bshind the propeller

¥
a ratio of the slipstream cross section J%
* .

F chord area of the shroud DM“zPr

Fp free exlt cross section in the trailing edge
plane of the shrouwd

Tr anmmular area between shroud and nacelle

2) annular area between shroud and nacelle, measured

FRq =F(1-v
* at disc plane

FR ) minimum annular cross section between nacelle
min . and shroud
Veloclties and significant ratios:

* 1ndex'fpr the velocities for static condition
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‘free .stream veloclty

gtagnation preséure of the free stream
maximum clrcumferential velocity of the propeller
ratio of advance v/u

axial additional velocity in the slipstream at
infinity behind the propeller

quantity of air flowing through the annular shroud
cross section

mean axial flow velocity through the annular ares
between nacéelle and shroud

nean axial flow velocity through the minimum
annular area FRm' between shroud and nacelle
in

mean axial flow velocity through the annular area
between nacelle and shroud, ueasured in the
rotation plane of the propeller

mass coefficient -~ inner advance ratio

local éxiai floﬁ velocity through the annular area,
measured for the radius r

axial velocity in the sllpstream inflnitely far

behlnd the propeller

v -V

R
Adimensionless addlitional velocity S for the
v

coudltion without propellef, due only to shroud
clrcuiation

theoretical value of the dimensionless additional
velocity for the condition without propeller,
due only to shroud circulation

dimensionless edditional velocity in the rotation
plane of the propelle:r caused by the additional
circvlation of the shroud due to propeller loading
R -v
R
dimensionless total additional velocity _-§

due to the shroud circulation and the propeller
loading



P

A A

et g e pm s

NACA T™ No. 1202

Propeller and shroud coefficients:

*
8. .S
k = S ¢ = 8
88 " p 7 Sg P2
3 u?F 2 vE
I SN '
M P o’ M P 2
‘é.U.F _ev
— ‘.S_ o -
k = M =
8 p 2 2 s
2 vy e 2
5 5V F
— 5
Se P 25 e £ <2y
Egi =_E§; + CWM + OCy,
L
ky = T -
211
Ly
k.
n = Ef A
qm
e,
lis
Mg -
' - %

ocordi: to definition:

index for éqeffig;ents for static conditions

‘coefflcients of the propeller thrust:

.1

coefficlents of the shroud thrust

coefficients of the total thrust of the
shrouded propeller fnot-subjlect to
loeses

effective total thrust coefflcient of
_the sb“ovded p/opeller subject to
logses

loading ratio (definition)

power coefficient
power which 1s
put into the propeller shaft

wropulsion efficiency

naxminum theoretical efficiency

_efficiency of the shroud

,efficiency of configuratlon

blower efficiency or factor of merit of
the prcpeller

static thrust factor of merit according
" to Bendemann
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.
k . )

EU = g ; gtatic thrust factor of merit of the shrouded
am*l/3k1 2/3 propeller

Y a éeg; preseure coefficient of the blower
g v
p 2
2 3R
o =2 = als. characteristic value for the operating condition
i Apg of ths blower

n normal force coefflcient of the shroud profile

Pr - (The normal force is, according to definition,
positive if directed toward the axis.)

Drag and loss coefficients:

total pressure loss

v
Apg total pressure Jump of propeller and stator
Cy = L actual parasite drag coefficient referred to
QX F F = DQT(/)-I-
* w . .
Cy = ™ actual parasite drag coefficlent referred to
gXF %
F* = DMT(ZPI,
Cqp' drag coefficient measured including induction
Acwco drag induced by the shroud on nacells -
i .
AcwM drag induced by the nacelles on shroud
1
Hcy additional drag caused by the increased relative
velocity at nacelle and shroud due to propeller
loading
nn efficlency of the diffuser
Ap.
g = E—z- energy loss referred to the stagnation pressure
5 ve of the free-stream velocity which occurs for

flux through the shroud duve to friction and
separation on the surface of the shroud and
the nacelle



. Ap. '
e = —_— energy loss in the. flow through the shroud
£ 2 referred to the stagnation pressure at
2 "Rmax smallest cross section of annular shroud
ares,

C. MODEL SPECIFICATIONS AND TEST PROCEDURE

"
y
L
)
E
{
f

The model of the shrouded propeller wnder investigation is
reproduced in -flgure 1 and in the photographs 2 to k.,

The body of the nacelle has the shape of an ellipsoid; 1t was
calculated so that smallest poesible edditional velocities will
cceur in the flow about it, - In. the nacelle body there is a high
gpeed a.c. motor (type AVA - SIM - E), which, for lpm of '30,000 has
a meximum output of 30 PS (German hp)..

The adjustable 8-blade propeller weas supported by roller
bearing on the shaft of the motdr. It uag a diameter of 240 m1lli-
metersand a hub ratio Dpup/D = 0.3%5. The proveller was calculated
by a'method'which 1s customary for the design of axlal blowers.

The design was based on the following criterla: ouber advance

retlo A = = 0.95 and the fotal thrust loading of the propeller
including the shroud cs = _-Eiugi— 0. 15 For full ‘gscale these

= vep

2V

relatloris will approximately hold true if an- effective total thrust
of Sy =-400 kg 1. to be reached for a.flight velocity of 800 km/h
at a height of 8. 6 km for a tip velocity of 230 mfs by means- of a
propeller of 1.65 m ). The. number of revalutlons for. this case .
would be 2700/min, that is, the seme as the motor rpm in use today. "
Therefore the gear system could be omitted. The effective propulsion
power would be Lg = Sy x v = 1185 PS (Germen hp): - In order to
design the propeller one must Jnow the mean axial flow velocity

Vﬁé through the propeller disc. area, that 1s, the inner ratio of

advance o = ‘-'BT;—S_ and algo the distrinution of the total thrust on

propeller and shroud. These two values vwhich are a priori unknown
are functions of the shape of the shroud and the total thrust
loading. For the first design they were estimated according to
earlier ﬁheoretical investigatlions and eéasurements on ‘shrouded
propellers f3].- ‘The additionql condition ‘had to be taken into
conglderation that due to the effect oF the shroud the Inner ratilo
of advance (@) ' ‘has to.be lowey by 20 percent than the outer . '
one (L)' accordimg to design {high speed) in ordér +to reduce the
Mach number. After the approximate mass and pressure coefficient

B I L




10 : NACA TM No. 1202

of the blower had been determined from these calculations, the
necessary construction specifications (number of blades, shape of
the blade, angle of incidence) could be calculated so as to obtain
a good blower efficiency for this condition.

Two propellers were investigated in this test which differed
only with reepect to the pitch distribution. Since the distribution
of the axial flow velocity along the radius of the propeller was
not known for propeller number 1 as & first approximetion the axial
velocity was assuned to be independent of r. The calculation
ylelded, under the econdition of design that the wing circulation
along the radius should remain the same, the dimensions of the
propeller blade shown in figure 5. The NACA series 23009 -

23012 was used for the profiles and was adjusted to the cascade
flow by glving the chord larger camber (approximation method
according to {7:). The angle of blade setting for the propeller
number 2 is increased om the outeide as compared with propeller
number 1, in order to allow in the test for the probable Increase
of the axial flow velocity toward the outside and for the effect
of thls incvrease upon the efficiency. The propeller profiles can
be taken from figure 6. )

The investigations were carried oubt partly with, partly without
stator vanes. For reasons of construction and measuring technigue
the atator vanes in the model had to be fixed behind the propeller
and attached to the shroud on the outside. Ite characteristic
valuee may be taken from figure 5.

The propeller was examined in operation with 15 different
shrouds. The shroud profiles which were investigated are reproduced
in figure 7. The shroud profiles as well as the shapo of the body
of the nacelle were calculated by D, Kichemann and J. Weber (AVA).
The flow variations (5°th) of the shroude in a free stream (with

nacelle, without propeller) which were theoretically determined
can be taken from the table in figure 7. The following dimensions
of the shroud profiles were varied: chord, thicknesa, angle of
incidence, and camber.

The following were determined by measurement: thrust of the
Propeller, thrust of the shroud (separate suspension of nacelle
and shroud) and also torque of the propeller for veried propeller
pitch and ratio of advance. Furthermore, the drag of the shroud
and the nacelle without propeller was measured. The number of.
revolutions for the propelley could be determined by means of an
electric tachomoter. The pressure distribution on the nacelle and
on the shroud profile was taken with and without propeller in
motion, as well as the distribution of the axial flow veloclty
along the radius immediately ahead of the propeller plane.
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Theso tests were carried oub iIn wind tunnel IV of the AVA
(1. -2514) . . :

AdJoining the main investigatlon, several tests were carried
out in & emall tunnel (Wiss k: 1.0 X 0.68.meter elliptic) which _
vere to0 elucidate the problems of Jet contraction and expansion o
for shrouded propellers. . o '

D. TEST RESUITS

~ Neither the Reynolds nor the Mach muber could be kept'constant":
for the tests for reasons of power and because of the large rangs
of the ratio of advance. For the maximum cese the Reynolds number

referréd vo D was Fo= 1.2 X 106 and the Mach number referred
to the tip velocity was M = 0.45.

Only the esesential ones cut of the numerous airangements that
were measured are reporved below. The shrouds deslgunated in
figure 7 by 1 and 5c were investigated more thorowghly than the
rest of the shrouds in thely operation witn tue propellers 1 and 2,
rospectively.

}:_ﬂggellé.- Due to mutual influence additional axial forces
appear at the nacelle and at the shroud which neutralize sach cther,
that is, the force incduced by the shroud at the nacells wGoi appears

in the seme magnitude but with inverted sign on the shroud.

D. Kiichemann and J. Weber |31 elready pcinted out 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 dimensionless flow cosfficient which was determined
for a condition with nacelle. For those shrounds which increase
the mass flow the nacelle has an additionel drag, for . those which .

decrease it an additional propulsion. From figure Q one can

recognize how Lhe nacelle. pressure dlstribublon is changsd, for -
instance, by the shroud number 1. Since according to measurement

the -shroud 1 reduces the mass flow and therefore according to |3}

muet have a positive natural circulation, additional velocities-

are induced at the nacelle tail which increase the static pressure' o
as demonstratea by the pressure disvribution.

2._Shroud.- The various shroud profiles waich were 1nvestipated
are taken from figure 7.  The shrouds 1, la, and 1b siffer only °
by the chord which was extendsd by a conically shaped metal plece. -
The shrouds 3, 3a, and 3b have the same profile, but aifferent K
chord. For shrouds 5 to 5¢ the.thickness ratio anid ‘the chord were
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varied wheress the camber of the profile remained the same. The table
reproduces the dimensionless values as well as the measured aero-
dynamic characteristic values of the single shrouds. Therein cwﬁM

is the shroud drag measured for the ééndition_with nacelle. DBy adding
the amount Acwci to this value one obtains the actual parasite drag

of the shroud Cu* The values designated by * are referred to the

the shroud development Dynlpp,. In the measured Reynolds number
range a dependence on the characteristic valuos of the CWM - values

was hardly recognizable. One can count on more favorable values for
the full-scale model, since the Reynoldis number referred to the pro-
file chord was at the most 6.5 x_105- This fact is of ths highest
importance for the attainable total efficiency as will be shown
later. . The drag coefficients ascertained for the shroud CWM*

lie in the order of magnitude which 1s uéual for plane wings. The
net parasite drag of the shrouds 1s partly “increased, partly resduced
by addltion of a pacells. The dimensionless additional veloc-

v, -V
R _ : .
ities B, = ——§;—- given in the table as test values were deter-
mined by measurements of the veloclty distribution over the radius.
Figure 10 shows that the values Both calculatod by D. Kuchemann

and J. Weber for several shrouds are on the average about 5 percent -
higher than the measured values. une can also well recognize from
' 7.

the curve of the drag over 1 + 9g = — 8 +that the actual conditions
_ v
approach theory most closely if the parasite drag CWM* % shows a

minimum. This minimum lies at about 1 + By = 1.0, that is, in uéing

profile shapes -as were used here it is advisable, for instance, to
equate the natural circulation of the shroud to zero in order to .
obtain small parasite shroud drags. However, the investigation was
not sufficient to meke a definite statement. Figure 11 shows how
the axial veloclity through the amnular area is distributed over the
radius for the arrangement “shroud - nacelle without propeller” in
free stream. The velocity was measured, for instance, at the
narrowest place of the shroud by a probe introduced. fram outside.
For nearly all shrouds a considerable increase in velocity takes
place toward the outside. Only the two shapes la and 1b differ in
this respect because the great constriction of these shrouds at. the
nacelle tall cauwses such a large increase in pressure that the flow
separates there. Altogether, it 1is essentially the total-pressure
loss due to the friction along the ndcelle. surface which is re-
sponsible for the velocity reduction toward the hub (as shown by
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the total-pressure measurements in figuve 11).. The totel flow with
and without propeller in motion was determined, as already mentioned,
from these veloclity measurements. Meassurement resulis for the
propeller in motion are glven in a later figure. The pressure dis-
tribution at the shroud profile was measured on various shrouds. It
is glven in figure 12 for. the shroud number 1 for a test with nacellse,
without and with propeller. The propeller (number 1) was for these
measurements set to B = 40O at the tip. One can see that with -
decreasing ratio of- adwancc, and-therefore lncreassing loadlng, the
loading of .the shroud profile increases rapidly. . Thé normal force’
coefficiants cnPr of the shroud profile givon under the curves

which were approximately determined from the measured. pressule
distributions indicate the extent of the increase. These normal -
force coefficlente are referred to the shroud profile chord and
the stagnation pressure of the free stream velocity g ve.

The cnPr - valuves are according to definitlion positive if the

normal force is directed inward, that is, if the incremental

velocitles © which are dve to the shroud circnlation are nositive

in the annular cross section. The rosition of the front stagnation
polnt which shifts outward with increasing loed can also be recog-
nized from the pressure-distributlion curves. The superstream velocities
appearing at the outeide of the shioud become negligible only for very
high total loadings &g (€g > 6.0). Since loa.s of this kind cen hardly
be considercd at high speed, such a profile shane will be useless for

very high flight velocities because of the then occurring compression -
shock.

Figure 13 shows for the shioud 1 the ratio of the axial flow
veloclty in the annular area at the radius r and the mean axial
flow velocity in’ dependence on r/fk for the cases "wilthout propeller
and "with propeller for various loadings cg4. The velocities wore
measured directly ahead of the propeller plane. One can recognize
that by the influence of the static propeller the velocity ols-.
tribution of the oncoming flow takes place more evenly. A

v .
reduction of = towards the hub becomes noticeable with

v S
increasing advance ratio; §§- decreases the more the smaller the

propeller loading becomes. Since the pitch éistribution of the
propeller can . be determined only for a particular cistvibution
function v,./%g = £(r/R), one is forced to compromise. In order

to eliminate the arising disadvantages regavcing the factor of merit
it will be oxpedien® to Tix the stator (if it is &t 211 necessary)
because of too high rotational losses) aheac..of the propeller as an’
inlet stator and to impart a counter-rotation to the air. The changes
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in inclination of the relative approach velocity toward the blade
element of the propeller as compared to the plane of rotation
are thereby reduced. _

3. Proneller without shroud.- The coefficlents of the propeller
number 1 without shroud (with nacelle shape 1) are represented in
figure 14 as functions of the advance ratio for several hlsde angles.
The same figure shows also the thrust anc power coefficlents for static
conditions (kg* and ky*) and the ‘static thrust factor of merit
according to Bendemaun

as functions of the blade sngle.

In evaluating the total of measurements the parasite drags of the
suspension as well as of the "nacelle alone" (without shroud, witnout
propeller) were added to the measurcd thrust so that the coeff*cients
indicated in the dlagrams ¢iffer from those of the propeller alone
solely by the drag of the nacelle which is increased because of the
additional velocity of the propeller. The contrivution of the pressure
drag may thersin assume a very considerable msgnitude as will be
discussed in more detall in the following section La. One can take

the efficiency ratio of the proveller U~m@%§9§§§ from figure 15.

It is at the highest about 0.68. This unfavorable value is probably
caused mainly by the high rotation losses and the shape of the blade
tips which is unfavorable for use 'without shrovding."

4. Propeller number 1l in overstion with shroud l.-

(a) Without stator.- Figure 16 shows the aerciynamic coefficients
of the propeller 1 with shroud 1l as functions of the advence ratio
and of the blade angle of the vropeller. One cen see theh the
shrouding absorbs a very cons1aerable rart of the total thrust,
particularly for static conditlons. Moreover the propeller flow is,
due to the natural circulation of the shroud, still sound at blaie:
angles at which it would long since have semwarated without shroud.
(See fig. 14.) Accordingly, the shrouding first improves essentially
the static thrust factor of merit 7alculated by means of the
Bendemonn formula € = k */QKI*)Q and second makes an absolute

magnitude of the static thrust coefficlent E;* attainable whici is
more than twice as high as the one of the wnshrouded propeller.
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It is romarksble that for this arrangement the flow wetted campletely
the blunt afterbody (cap) (nacelle shape 1 according to figs. 1
and 9) due to the high exit rotation since the rotation which

-increased rapidly toward the axis caused very high negatlive pressure

on the nacelle. Thereby the nacelle body experienced a very
considerable pressure drag. The maximum efflclencies reached are
emall, corresponding to the large loss in rotation and prossure drag.
The exit rotation was measured along the radius and the exit stator
constructed accordingly.

() With exit stator.- The shape of the stator vanes can be taken
from figures 1 and 5. They had to be flxed to the shroud because
otherwise measurement of the reaction torque would have become
impossible. The coefficients of the propeller 1 with shroud 1 and
exit stator are shown in figure 17. The fact must be taken into con-
sideration that the axial force of the stator itself 1s contained in

“the shroud thruet coeffilcient: khM’ According to expectation both
-maximum efficiensy and static thrust: factor of merit are edsentlally

improved by the stator. Quite possibly the static thrust factor of
merit calculated according to Bendemann will assume values over 1

‘because theoretically larger static thrusts can be obtained with a

shrouded than with an unshrouded propeller. (Compare the dellberations
of the section E II.) The maximum efficiency reached ldes at

.around 0.70. It is mainly the natural drag of the shroud which is

responsible for this small value as the considerations of the

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

. 5. Propeller 1l four blades with exit stator and shroud number l.-
Figure 18 shows the coefficients of the shrouded four-blade propeller 1.

Since the net propeller thrust decreases with the decreasing nunmber of
blades for cqual advance ratlo 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 plane also
decreases. Consequently the four-blade-propeller separates for
smaller blade angles.

6. Propeller 2 with shroud 1 without and with exit stator.-

‘Propeller 1 had been designed for uniform axial approach velocity along

the radiusg. Propeller 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 distributlon 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 kgg, kesy, Kz and k; are naturally smallor than

for the propeller l. However, the maximum efficiency ie hardly changed.

- ‘A slight improvement may be ascertained in the static thrust factor of

merit. Therefore, the efficiency ratio of the propellér does not seem
to be too sensitive to the distribution of the approach.
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... 7. Propeller 1 with shroud S¢ without exﬁt gtator.- Shroud 5¢
d1ffers from shroud 1 mainly by its smaller chord and
small?r thickness ratlo. Thereby the natural drag

cWM %= 18 according to flgure TIreduced tc a value 0.003%4 as

contrasted with 0.01 for shroud 1. Moreover, the additional velocity
caused by the shroud i1s positive (85 = O. 13) for the shroud 5S¢
whereas it was negatlive for shroud 1 (5 = -0.055). Therefore,

the characteristice kg, k; = f(3) must take a d1fferent course
from the ones for shroud 1. They may be teken from figure 21. The
variation of the total thrust coefficient E' with the advance
ratio is compared with the one measured for shroud 1. for the same

" adjustment angle B, somewhat steeper throughout. This fact 1is

due to the positive circulation of shroud 5¢. The total thrust
becomes zero already for a smaller advance ratio. True to expectation
-the maximum eff'iciency 1s, particularly for large advance ratilos,
conslderably improved because of the small parasite shrowd drags.
(For B = 55° by about 10 percent.) Unfortunately this arrangement
could not be investigated with stator. If ohe assumes that the .

- gain in thrust due to en added stator would egual exactly the one .
measured for shroud L (fig. 17), for instance, vropeller 1 with
shroud Sc and stator would reach for B = 55° a maximum efficiency
of 0.77. An improvement of the meximum efficlency can, therefore,.
doubtlessly be obtained by means of shroud shapes of emall chord

and small thickness ratio. However, this advantage is neutralized
by an essential disadvantage concerning the magnitude of the static
thrust unless special precautions are taken. A comparison of the
absolute static thrust and the static thrust factor of merit of

the shrouds S5c¢ and 1 clarifies the loss for static conditions. The
. bad effect for static condition is caused by the appearance

of separation phenomena in.the flow about the rather pointed profile
nose of the shroud 5¢ which, first, decrease the shroud thrust and,
second, reduce the propellef thrust. The reduction of the propeller
thrust then causes a further decrease in shroud circulation, therefore
in shroud thrust. However, this difficulty cen be surmounted by a
simple measure. :

8. Improvement of the static thrust ~ behavior of thin shrouds
. by _a nose split ring.- The following aims can be attained by

- ,attaching an outward going snlit ring to the nose of the shroud

.. profile:

_ (1) Separation phenomena at the shroud are avolded for static
conditions :

(2) The blade eettlng at which the flow separates at the'
propeller blade can be increased very considerably. Thus one 1is
in a position to absorb more power with good efficiency.
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(3) The low pressures apnearing ¢ the inlet at the shroud
profile nose can be abaorbed by the split ring surface. The shroud
circulation, that 1§, the shroud thrust, increases. ' o

(4) The advantageous effect of .the nose split ring can be
retained with about the same power expendlture even for small advance
ratios, because for flow lmpinging on the shrouded propeller -
provided with & nose split ring (in free stream) the stagnation
point lies up to a critical loeding coefficlent exactly on the
outer edge of the ring. Only when the loading coefficient further
decreases, separation phenomena will appear at the outer surfeace
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 1 with shroud 5S¢ and nose
split ring are presented in the figures 22 to 24. Flgure 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 rinags proved most favorable but a ring
with a dilameter of about 1.20 to 1.25 D (D = diemeter of the
proveller). No more essential increases in thrust could be obtained
for the investigated profile by rounding off the frontal area.
However, a further improvement of the static 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 geod results. . The
use of such a shroud should be apovrop—iate in special cases that
require. utmost simplicity of manufacture for instance, for motor
sleds and boats. The highest static thrust coefficient measured
wag for this case Kkg*¥ = 0.3 for a Bendemann static thrust factor

of merit { = 0.85. For an unshrouded. DrOﬂeller, the maximum static.
thrust was according to figure 14 about kg* = 0.15 for en
efficiency ratio of § = 0.65. These figures prove beyond doubt

the advartage of such a simple shrouvding. It 1s important that

the effect cf the split ring is retalned even when it is subdivided
several tires aslong the circumferencé (see the dashed line in

fig. 22, at the right) Extending geveral flaps praobably’ would
permlit a simpler construction. :

The results without and with spllt ring for the most favor-
able case are represented again in figure 23. Figure_eh_reproduces
the measured characteristics as functions of the advance ratio.

One can see that, for instance, for an angle of blade adjustment

B = 40° up to an advance ratioc A = 0.3 the total thrust of the
arrangement "with split ring" is larger than without split ring.

The power coefficlent is almost unchanged. Thus one could fully

utilize the advantages of the spllt ring for the climb also, and

retract only for higher flight velocity.
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By means of a smoke method (hydrochloric acid - ammonia) the
flow at the shroud with split ring was made visidble, The photo-
graphs 25{a) to 25{c) 1llustrate the effect of the eplit ring very
‘clearly. For the smallest A = 0.07 (almost static thrust condition)
the stagnation point lies exactly on the outer edge of the split
ring as shown in figure 25(c).

Summarizing the properties of the split ring one ﬁay say that
this expedlent permits the utilization of short thin shrouds for

- the flight at high speeds without deteriorating the behaviour for

static conditions.

It should be noted here that also for the case of the two-
~dimensional wing very considerable lmprovements of the maximum
1ift coefficient ¢ were obtained by use of a nose split

flap. According to & measurement by W. Kriiger |8] the maximum
1ift coefficient of a high speed profile with the maximum thickness
at 60 percent of the chord was for the most favorable cease
increased by Acamax = 0.72.

E. THEORETICAL CONSIDERATIONS

The following considerations concerning the shrouded propeller
without losses and the shrouded propeller subject to losses have
the purpose of explaining the aerodynamlcs of such propulsion unilts
in a generally valid manner and to recognize vhat limiting values
(efficiency, static thrust, etc.) are obtainable and what aspects
must be heeded in order to obtain optimum values.

I. Propeller in ¥orward Motlon

1. Ideal case without energy losgses.~ 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 cross section Fu
at infinity behind the propeller the free stream velocity v,
and the axial additional velocity in the jet wy; at 1nf1n1ty
behind the propeller.

§= pFe (v + Wy) wy
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with § = &, g veF and @ = %? the loading ratio becomes:
— ' Vo\ Ya T

Thus the additional velocity to be ascertained from this equation

Vo _ 1 W 2 = ) .
--‘_-r-=-§ l+acs"lf (2)

is for the same loading ratio &3 the smaller, the larger becomes
the slipstream cross-section ratlc a. Since the axial additional
velocity in the slipstream determines the max:mum theoretical
efficiency for the shrouded as well ag for the gtandard propeller;
it is necesgary to know how the slipstream crogs-section ratic a

- depends on the'loading ratio and the shape of the shround.

From the continulty equation one obtains

F T 2
.11‘09.2 RS RS - Rsl+5
F F v+ Wy F w
1+

A%

A =

SIS

Thereln FRS = F(1l - va) repregents the annular cross section in

the propeller plane, F = PEE the propeller disc area, and

VRS-V

5, = the additionai velocity in the propeller plane

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

Furthermore, according to Bernoulli's energy equation,

Wy :
= =\l + cSS -1 (3)
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Thus one obtains for the slipstream cross-section ratio the relation:

s -

The additional velocity in the propeller plane caused by the shroud
circulation and the propeller loading, referred to the free-stresm
velocity can be divided up (Kuchemann - Weber, [3]) according to
definition as follows:

5:2’.&.4-8 + 9 (5)
€& oy o 5 .

80 represents the additional velocity of the shroud in free stream,
caused by its circulation

83 additional veloclty induced by an additional circulation
corresponding to the propeller loading

60 therefore, is merely dependent on the shape of the shroud, BS
on the other hand, on the shape of the shroud and on the loading
ratio Cag of the propeller alone. _ o

With the definition equaticn (5) and with oquation (3),
equation (4) may be written as follows:

ey (1o o) e np e

@ 8 2 \1+\yl+cgg/+ By + 55 .46
T Lweeg
S 8g

Therefore, according to this equatiun the sliﬁstream croeg-gection

F
ratio for a given shroud shaype (80) and a gliven hub ratio égé is

a function of the propeller loading ratio Csg and of the additional
velocity Oy caused by the additional circulation of the shroud.
Since 8y increases with increasing propeller loading one may assume
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that the influence of the.propeller loading upon the sllipstrean
croes-section ratlo is very slight. This fact has already been

‘pointed out by Weinig l9| There the absolute magnitude of the .

cross-gection ratio a 1s brought into direct relation to the -

‘angle of inclinetion 3 of the trailing edge of the shroud

profile toward the shroud axis:

E’f.FA_.JL_.
F F 1-0.459

However, this relation can be applied only with gredt uncertainty

when the profile trailing-edge angle 1s relatively large and if
there is a2 hub body In the shroud.

Kiichemann - Weber |3| calculated potential-theoretically the
streamline picture for a loaded propeller with cylindric shroud.
This exact calculation shows that for the c¢ylindric shroud the

21

slipstream cross-section ratip is not at all changed by the propeller

loading as compared with the condition without propeller. ThuS
the assumption mentioned above is fully confirmed for this speclal
case. The measurements and flow photographs given in section F of
the present report alsc show essentially the same result. One may
therefore assume with very great probability that a method of
calculation for shrouded propellere based on a slipstream cioss-
section ratio that remains unchanged represents a good approxima-
tion which can be used for the technlcal design. The paraliel
between calculation and measurement drawn in section G confirms
this assumption qulite well. :

The further considerations are based on the assumption that
the slipstream cross=-section ratlip is not influenced by the loading
ratio, but is determined merely by the shape of the shroud apd
the hub ratio of the propeller. Its magnitude must, therefore,
be the same for 8ll c¢g values as in the ease without loss for

= 0, thus "without propellor." Binee for this caso Bg = Soth

equation (&) appears in the oimple form:

ERS
a= F (1 + a°th) (7)
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Figure 26 represents the dependence of the slipstream cross-sectlon

ratio o on & and on the hub ratio v. If soth‘ has not been. .

Oth
calculated the slipstream cross-section ratio for any shape of
ghroud can be determined by flow meaéurement_of'the empty shroud
with nacelle, without propeller. (Compare section F.) The power to
be put in for the case wlthout loss can be calculated from the
kinetlic energy which remalns in the sllpstream as

. 2 : .-.
L=Fp (v+wy)p {FV +2Y§lw - %;]

or with § = pF,, (v + wy) vy

.L = ., (1 ) g%) | j.; . . 88)

From this equetion one obtains the maximum theoretical efflciency of

the shrouded propeller

'
B
Do

(9)

m

and if one Introduces the relation between the additional velocity,
the total loading ratio and the slipstream cross- section ratio
according to equation (2):

1

1+E(Vl+§"é' -.]>

m = (10)
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In figure 27 n, 18 representsd as a functlon of the effective
~ thrust losding ratlo oy . The dliagram is valid for the cese

subJect to friction and for the 1deal case., For the ldeal case
cs = &g, thus the effective thrust equalas the thrust theoretically

present for the same additional velocity wg. The course of the

maximum theoretical efficiency of the unshrouded propeller is drawn
into the same diagram with a dashed line. One can see that the '
theoretical efficlency of the standard propeller for cg—»0
approaches asymptotically the efficiency of the shrouded propeller
with o= 1, and for cg— w the efficiency of the shrouded

propeller with a = 0.5, as was to be expected., The considerations
of W. Stiess {5] led to the same result.

L.

SRR

The improvemernit of the theoretical efficiency by shrouding
i becomes conslderable only for large slipstream cross-section ratios a.
Lo However, the magnitude of the shroud circulatlon necessary for pro-
' duction of very considerdble slipstream cross-section enlargements,
when standard profile forms are used, can:be obtalned 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 ihfluence of losses upon the
effect of the shrouded propeller is taken into consideration.

2. Shrouded propeller with energy losses taken into consideration.-
The following -conslderations concern the shrouded propeller alone.
: that 19, the drag of the nacelle (without prooe]ler and . without
1' 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 propeller must be larger than’ the
power input from the propeller to the alr flowing through. The
power put into the propeller shaft will be designatesd by "induced
power," Ly. 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 axial blower we
introduce instead of the factor of merit the blower efficilency g
which is identilcal with it. Therefore, 1ts definition is:

. N
. S el

- Fp¥pA
ng = ———E iip (11)
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If one takes the -equation (8) into éonsidefation;;the“induced pever
will be

e 1, Sl (1 AN : (12)
jle} . _ew . . .

For the same induced power the effective thrust S, 1s., as compared
with the theoretical S of the prcpeller without loss, reduced by
the magnitude of the drags W. The total drag consists of the
parasite drag of the shrould Wy which appears for the conditlon
without propeller, and of the additional drag AW which is caused
on shroud and nacelle by the additional velocities for the condition
of a propeller in motion. Thus one obtaing for the effective

propulsive power:
Lo = (8§ - Wy - AW) v . _ (13)

50 that the efficiency results from (12) and (13):

5 - g - AV
1= g S M

If one refers the drags as well as the thrusts to g veF  and takes

thepmagnitude of the maximum theoretical efficiency according to
equation (9) into ccnsideraticn. the cbtainable total efflciency of
“the shrouded propeller alone can be written in the form:

o= Ny X Mg X nMa.x uh . ) (14)

' Thg_Sepgréte efficiencies in'this'équat;oﬁ are defined as follows:
"] _ - o U - '
: meccimum theoretlcal éfficiency

=

nm - W,
1+ 2%

ST L
- /
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Fp¥pA '
G = ~RTR"Pg blower efficiency or factor of merit of the
Ly proveller (stator included)
™Ma = 1 : shroud efficiency
Cos :
1+ E:M
Se
g = %Ac installation efficlency
w .
L+ €s_ + Ow,
e M
s in these expressions represents the effective fotal thrust
e .
loading.  Thils effective total thrust loading is the thrust reduced

by the magnitude of the parasite drag as compared with the
theoretically possible thrust of the propeller without loss, for.

the same effective blower bower. The maximum theorstical efficiency
has already been discussed In section E I 1. If the right dJdimensions
are selected the blower efficlency can assume valuess above 0.9.

The shroud efficiency is of declsive importance for the possibility
of application as was mentioned before{{3], [6]). The shroud
efficiency is plotted over Ese in figure 27 for various drag

coefficients of the shroud.

L2
5 V<F.

ghround (34, a, CWM) for which the product of efficlencies Ny X g

The drag coefficient 1s referred to

There is therefore an optimum total lcading for each special

18 a maximum. (For examples, seec fig. 28.)

The first three separate efficlienclies can be calculated
relatively simply. In order to calculate the installation efficisncy
w the additional drag caused by the slipstream must be estimated.

3. Calculaticn of the additional energy loss caused by the
additional veloclties for propeller in motion.- This amount can be
determined only approxim tely. However, a numerical calculation
carried out later showed that the magnitude of the installation
efficiency as compared with the other separate efficiencies normally
is of hardly any importance at all.

One agsumes for thia'approximation that only the energy losses
Apy caused for the flow through 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 weloclty. If we equate:

A A .

A p and > . Bg, With Vg representing the velocity
o 2 P Rmax :

2 2 YRpax

in the minimum annular cross section ER in’ “eo becomes for the
min

ghroud without propeller (subscript o), 1f the continuity 1s taken
into conslderation:

i

-1 ) 1 .
og = Mo >2 2
7 b P 1 o]
. . <RS/ Fmi (1 + O)

-"Genérally the minimum annular crqoss éectién will lie'in the proveller

: R
plane)ztherefore will be F S .1, Only for shroud shapes which

R
min
narrow in front of or behind the propeller, the quotient FR / R
- Pmin
becomes larger than 1. If one equates the loss cnefficlent Re for
propeller in motion to- neo (w1thout propeLler), one obtains as the

_totai—pressure-loss for propeller in motion:

1+9 )
P
Apv-_u (——-—-—B)-—V

Thus the additional total-pressure loss caused by the additional
velocltles 1s:

- g 2 . L
bog, . wmg 2wl (R8Y a0 s
bovyer T Mo B <1+ 5e) T o )

-
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Apv

’_can be'determinéd by flow measurements on the empty

shroud. With this total pfessufe loss according to equation (15)
the loss power becomes:

2
3 -
ALJ = ERS (l + 88) “o v (; n 8 i]

If one equates ALJet = Acy, g V3F there results as a good

approximatn value for the additional velocity, caused by the pro-
peller in motion.

Acy = i§§ 19 (l + Gg) l(%%ﬁt_gé) ' : (16)

The additional drag 1s, therefore, dependent on the total
through flow (1 +_6g); this total through flow, however, 1s a

function of the actual loading Eéz = 6;; + C“M + Acw, which sheall

be designated as induced loading; taking the equation (2) into
consideration there results from the law of continulty for the
additional velocity in the slipstream:

1+ VQ + £

_.§=l+5 -.:Cl.i.
v g ERS

o

+

Se

Cng Aca | (17)

The comparison between calculation and measurement'performed in

section G shows that the influence of Ac, wupon the total through

flow 1s noticeable only for very small advance ratios and even
there is very.slight. (See fig. 34.) Thus one is justified in
writing for the installation efficlency In a first approximation:




I S . NACA TM No. 1202

g = 35 . (18)
1 +a=;;":r-c"'i’(c)

with

Cne can obtaln a second approximation if one calculates (l + Sg)
firset from (17), neglecting Acy, and then determines the first
approximation Acy(1) from (16) with this value. By inserting

Acw(1) again into (17) one obtains the second approximation
(1 + 68(2)) end therewith from (16) the sscond approximation

Acw(e). With Acw(g) the second approximation of the shrovd
efficiency according to (14) cen be calculated.

Figure 29 represente the dependence of the lnstallation
efficiency g (calculated according to this method)} on Tog *+ C
for the parameters o and Pye According to flgure 29 the
influence of the pressure coefficlent p, upon the installation

efficlency 1s of essentiel importance for large values of p
However, aerodynamically bad shroud forms must be a priori excluded
for the design since large values of p,, thus large WM’ are

L

connected with a bad shroud efficlency ny,. The test values for .

the pressure loss coefficient p, glven in section F show that
this coefficlent reaches for good  shroud ‘profiles:a .nagnitude
which guarantees Very good installation efficiencies A com-
parison of the curves for a = 1,6 and a = 2 demonstrates that
the ingtallgtlon efficiencJ 1mproves, fon the seme pressure loss
coefficient vp,,- with increasing slipstream cross-section ratio.
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However, one must bear in mind that a larger slipstream cross-section
ratio cen be obtained only by larger intrinsic circulation and that

- therewlth. the losses (CHM, ”o) ~also increass.

The influence of energy losses upon the total efficiency of the
shrouded propeller was treated above.- Thus one is in a position to
calculate the obtainable maximum efficlency for any arrangement before-
hand in a good approximation. .

Knowledge of the mass flow and the total-pressure Jump which ia .
to be put in by the propeller is necessary.

k., Calculation of the mass flow flowing through the propeller.-
The relation between the axial flow velocity through the propeller
plane, the loading and the properties of the shroud was already
indicated in equation (17). This relation yields the mass coeffi-
cient @ = ﬁRS/u which can be directly taken over:

T -

R -

S F 2 (- )

P = — = A . % 1+ “& + = (?s + oy Acw)] (19)

o
9]
[¢]

It hag already been pointed out that the influence of the drag Acy

caused by the additiongl velocity on the total through-flow is very
slight. Thus one obtains & good first approximation from:

1"}1*&(. +CM>’ (20)

T

9 = ra
Fr

Y]

S

For a more accurate calculation, in particular for a very small ratio
of advance, one can proceed as follows: first (1 + Bg) is
calculated in a first approximation from equation (17) (with Acw = 0),
with this value Acy, 18 then determined from equation (16),

therewith ¢ as second approximation from equation (19)

5. Calculation of the vpressure Jjump to be established.- According
to the consideration in section E I 1 the power inout from the
propeller to the air flowing through is determined by the kinetlc
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energy remaining in the slipstream. The magnitude of thils power is
according to equation (8) written in a slightly different manner:

. W '
P a-
L = (ese +-°wM + Acw) 5 v3p G. + E}.)

On the other hand 1t 1s to be explained as blower feed perfcrmence:

L A 14 Y2

Taking the relation for the adiitional velocity

of the equation (2) into consideration ocne obtains from the two
above equations the pressure ccefficient of the blower

\{I:Apg
p 2
5
g. -
&, +c, + Ac 2 (&
8 W w |3+ V& + E. + ¢, + Ac )
U= a® 8 2“ T B M W (e1)
a i
2 /o
il + Vl,+ > (%se Oy * AJQ)
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7. The operating condition of the propeller for varying ratio
of advance.- The proportional number customary in blower consiruction

P2

_2®s _¢°
Apg- \l/

1s characteristic for the operating condition with respect to flow
mass and pressure Jump. For the standard propeller without shrouvd

¢ varles very considerably in the region of the ratio cof gdvance
A=0 tc A= XTax, ¢ 1increases with growing ), +that is, the
propeller blade 1s not lcaded. However, the propeller can only work
for a quite definite cperating condition (c), namely for the design
condition for the mnst favorable efficiency. If the operation
condition varies very greatly with the ratic of advance, n decreases;
moreover, scmetimes the blade must be made adjustable. Due *tc ths
change in circulaticn at the shroud prcfile for varying ratio of
advancs additional velocitlies are induced in the vropeller plane

for the shrouded propeller whoss effect makes the cpnerating ccndition
of the propeller for the entire region cf advance ratio change very
much less than for the standard vroovelle~., If cne would surceed In
constructing the shrouvd in such 2 menner that o¢ ~emaing the same
for the enti»e X - region, one would galn twe essential adventages:

1. The provmeller would not have to be ad justable,

2. The blower efficiency and the nromeller efficiency ratio
would equal the maximum value at the desipgn point for the entire
A - region.

From the relations found for the mass coefficient ¢ (eguation (19))
and the pressure coefficient VY (eouation (21)) one obtains

o]
3 EY a
P _ o a FRS 1 +1/1 + (:se : cWM + Ac%)
g = = = _ (22)

2 /e
+t/l + &Gse + CWM + Acw>

Qi

N
Q)
]
<
+
gC)
=
+
8
\‘*‘/
)
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Figures 30(a) and 30(b) show the dependence of the operating
condition ¢ on the induced loading’ ése + Cuy + Ac¢y for various

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

The corresponding curve for the propeller without shroud is
also plotted in figure 30(a). The curves are valid for a hub
ratio © = Dpyp/D = 0.25. They clearly show the advantage of
the shrouded propeller. On the other hand one can see that the
goal of equal operating condition in the entire ¢cg — region can
not be reached by means of oule and the same shape of shroud. In
order to really reach this aim «, that is, the circulation of
the shroud would have to be variable during the flight. This
condition can be fulfilled only by changing the form of the
profile (for instance flaps) or by influencing the boundary layer
at the shroud profile [10!'. Figure 30(b) shows that the presence
of a hub changes the tendency of the curves only slightly.

The following chapter contains a few considerations of the
behavior of the shrouded propeller at rest.
II. Propeller at Rest

All values referred to the static thrust condition are designated
by an asterisk¥.

1. Ideal case without energy losses.— A consideration of the

momentum yields the magnitude of the static thrust for irrotational
outflow:

&% = paFwa*< : (23)

Just as in the case of the »ropeller in forward motion the pover to
be put in equals the kinetic energy lost per second:

, iy W
L* = of % wa*3 = §% E? (2k)

From (23) and (24%) one obtains the connection between the static
thrust and the power to be put.in for the theoretical case without
friction: '
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E* . <pdr)i/3 (éL*)2/3

If one equates .

e —
s =
' 8 u?F
*
Ez*= L
P 3
- u-'F

one can write dimensiorilegsly:

£ ¥ < 2e/3 kz*2/3 (26)

Of course_ this relatlon is also valid for the svecial case of the
proveller without shroud. Since here o = '

=5 kg without shroud
becomes

R #2/3
S = {2k
Siwithout shroud (277

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

- ¥* ! 1/3
Kg /ks without shroud ~ (2a) (27)

33
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The physical limits of the obtainable gtatic thrust for standard
propellers have been treated in detail by A. Betz [11.

Tt 18 theoretically possible to increace the absolute magnitude
of the static thrust for the same power input to any degree by the
use of a shroud if one svcceeds in making the slipstream cross-
gection ratio sufficiently larme by a shroud with large circulstion.
Practically, however, this possibility 1s limited, if simole profiles
are used, because of the energy losses which appear In the diffuser
behind the propeller. Probatly these limits cen be considerably
shifted uopward by swecial exvedients for instance, influencine of the
boundary layer at the shroud orofile. Experiments by B. Rerenscheit
[]OJ on & nozzle with suction at the trailing edse have shown that
even without gecmetrical diffuser considerable through-flow variations
can be obtained bv the suction. This behavior was to e expected
after the experiences with trailing-edge suction on plane wings.

The static thrust factor of merit of the shrovded proveller is
with (26):

R P )
(% % (28)
" Es* 2@;/3 kz*2/3

E;* represents the theoretically obtalnable total static thrvst
vhereas E;; represent the total static thrust actually: ob+a1ned

with the same power input.

2. Shrouded npropeller at rest with energy losses taken into
consideration.- The nower necessary for producticn of the effective
it S
thrust Sg paFvy *2 (equation (23)) is distingvished from the

vower calculated theoretically according to (24) first by the
additional power tc be vput in because the energy transfer from the
propeller to the air flowing through 1s subjlect %o losses and
second by the amownt of power which has to cove~ the losses . A?V*
originating in the flow through the shroud. The indueced power -
necessary at the propeller shaft then is: -

*
Ap
1+ —_T
* £ 2
- 1 * 2 fa
G -.. wa o
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Since according to equation.(25) the total static £hrust §¥ 1s
related to the power L 9/3, one obtains asg the reachable static
thrust factor of merit of the»shrouded proveller:

§u=(%¥) = (ﬂc;* HE*)-Q/J o (30)

with the installation factor of merit for static condition

1
- " 5
1+ 1 APy of _F_\
2 o N
2 ra 2 Ppax min,

The actually obtainable static thrust then has the magnitude:

¥ L, £* - (n* nE_*)2/3 oo/ kz*2/3 (31)

8

From this devendence one can cleesrly see how greatly the obtainable
static thrust is influenced by the installation factor of merit.

The theoretical static thrust must increase with growing slipnstream
cross-sectlon ration a. On the cother hand the installation factor
of merit ”E* decreases with growing a. Since the loss coefficient

*

Apv
p—-
5T
2 Rmax .
becoming enlarged, it is to be exvected that ng decreases very
gharply. For thils reason the gtatic thrust could not be essentlally
increased further by use of further enlarged shrouds as compared
wlth approximately cylindric ones in the tests car-ried out so far.
The hub also has an unfavorable influence on the obtainable static

thrust because the installation factor of merit also detericrates
with increasing hvb diameter.

also will increase with growing a, that is, for shrouds
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Figure 31 éhoﬁs:the dependence of the value 'Eggﬁfgki*)2/3nG*2/3 -on

the slipstgegm éross section ratio o and on the loss coefficient
* v = = 0.
P, = = for two hub ratios Fp , n/F 1 and FRmin/F 75

= v .
2 PRpax Dhub '
corresponding to —3 = 0 and 0.5, resvectively, The influence

of the installation factor of merit WE* cn the static thrust becomes
even more evident if one inserts the loss intc equations (30) and (31)

2

in the form Apv* = (1 - qp) g C%P - wa%> with 1, representing

‘max
the diffuser efficiency. As the resvlt cf this calculation the
function of figure 31 1s again plctied in figure 32, but with the
diffuser efficiency as oarameter. Since this latter will hardly
Increase beyond 0.9 unless especlal stevs are taken one can see that
an attemot to increase the slipstream cross-zecticn ratlo essentially
beyond o =1 would be useless.

F. ADDITTONAL MEASUREMENTS CONCERNING THE PROBLEM OF THE
SLIPSTREAM CROSS SECTION AND THE PRESSURE LOSSES

IN THE FLOW THROUGH THE SHROUD

T. Slipatream Crogs-Section Ratio «

In order to check the independence of the slipstream crosa-

gsection ratio a = %? +of the loading vrecumed 1n section E several

further measurements on shroud 1 were verformed  For thisg shroud
the slipstream cross-section ratio for the theoretical case (no
energy added or removed during the flowing through the shroud) is
according to equation (7): .

= 8 1 te) = .O7
o + oth) 0.878

for shroud 1: & = 0 (fig. 7) and FRS/F = 0.878.




i

NACA TM No. 1202 37

For the two limiting cases "shroud without propeller" and
"shroud with propeller for static thrust condition" the slipstream
: crogs-section ratio o can be calculated from the mass flow and
- the mean total pressure in thé exit cross section of the shrovd
3 according to the method described below; thus one can determine:
how far the presumption of a cross-sectlon ratio remsining
! unchanged has actually been fulfilled.

'R R,

The contiguity yields: '« =
. : - F vy

For the two limiting cases the mean axial flow velccity
through the propeller disc ares wes determined by measvrement.
Under the assumption that the enmergy of the jet i1g not varied any
further behind the exlt cross sectlon of the shroud, the slip-
gtream velocity far behind the propeller can be calculated from
Bernoulli's ‘energy equation:

2 (= -
Toy = ‘/g <pé'A pS‘to)

In this equation

ﬁﬂA mean total pressure in the exit cross section Fp

D5t static pressure far behlnd the propeller. Thisg pressure has

>0 to be equated to the static pressure in the undlsturbed
Plow

The mean total pressure pSA in the exit cross section also was

measured for both llmiting cases.
The numericsl result for shroud 1 is:

Theorstically, without change inenergy . . . . . . « . . o= 0.878
Measurement, without propeller . e e e e e e e e oa= 0.890
Measurement with propeller 2 {8 = hOO)

with stator at reat A z(l. e e e s v e e v am 0.9%

o

' F
It 18 to be expected that (}? - :) somevwhat increases with

increaring loading, in particular for shrouds with enlarged rear
vortion. The shroud vhich was examined here more closely is

behind the propeller plane ebout cylindric, 1ts circvlation is

almost zer and the varlation of the slipstream cross-section ratio o
with the loading 1s very small. The absolute magnitude of the cress-
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section ratio o agrees quite well on the aversge with the
theoretical magnitude of the empty shroud.

With the aid of the amoke method already mentioned in section D
1t was attempted to make the Jet boundarles for varicus loadings of
the proveller visible. Figure 33 shows that Increasing propeller
loading, In fact,cavses herdly eny variation of the jJet contour.
Unfortunately, the slipstream cross-section ratio couvld not be
checked for more greatly enlarged shrouds becavse there was no
stator for these shrouds. The large exlt-rotation renders a
comprehenslve photograph impossible.

II. Pressure ILopsses 1n the Flow Through the Shroud

According to the considerations of ssction E the pressure
lose Apy. whlch origlnates in the flow through the shroud
(without propeller) is of essentisl Influence on the megnitude
of the instellation efficiency g Figure 29 ghowed the devendence

of the installation efficlency on the loading, the slipstream croszs-

LDy,

scction ratio, and the loss coefficient p, = ——2. It is
interesting to ascertain the order of magnitude of this loss
coefficiont p, for the shrouds Investigated. To this end the
mean total pressure chortly In front of and ghortly behind the
shroud for several extreme shroud shapes was determined by measure-
ment, teking into consideration only the mess flowing through the
shroud .

The following numorical values resulted for the three
investigated shroud shapes 1, 5c, T:

shroud 1 P = 0.010
0.007
0.180

shroud ¢ v

|

e}

ghroud 7 Py

1

If one considers the curves ng = f(cg) that are valid for these
p, - values (fig. 29) one can see that the installetion efficiency
for the first two shrouds equals almost 1 whereas it deviates
from 1 consideradly for shroud 7 which has a very strong dlffuser.
The effecte of large mass flow losses, that is, of largs Po -
values on the static thrust show according to calculations and to
reasurements the same tendency.
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G. COMPARTSON BETWEEN CALCULATION.AND MEASUREMENT

e "7 ""With the aid .of the exhaustive measurements which wore in :

: particular taken on the shroud 1 in connection with the propeller 2

i and exlt stator, the reliability of the calculation described in
section E can be checked. The measured coefficients kg, k3, n, and X
are given in:figure 2C as functions of the blade angle B. TFor

three blade angles (L0°, 35°, 650) the mass coefficient @ = TRc/

calculated according to equations (19) and (20), respectively, is
represented as a function of the advance ratio A in figure 3.

The effective total thrust loading 6;; was determined for each
blade angle and advance ratio consldersd from kg /A A2. The parasite
shroud drag of the shroud 1, with nacelle, results from the measure-
ments. (See fig. 7.) The slipstream crogs-section ratio could be
determined from equation (7), since Oth is known. 8Several test

points, besldes the calculated curves, are plotted in the diagrem.
(See fig. 34.) There is excellent agrecment between calculation and
measurement, in particular for the second approvimaticn calculated
from eouatlon (20). :

. PFlgure 35 shows the dependence of the measured efficlency on the
effective total thrust loading &g for three blade angles. Further-
more, the values for the maximum theoretical efficiency N the
shroud efficiency 1y,, and the installation efficlency 7y, which

were calculated according to section E, are plotted in the same
dlagram. Thus the product TmMalp repregents the efficiency

obtainable by calculation 1f the transfer of energy in the propeller
would take place without loss (”G 1)}. The ratio of the measured

efficlency and- the product of efficiencies nmmyanm indicates the

presumable magnitude of the blower efficiency e Mo is represented
as a function of 6; in figure 36 and as a function of the ratio

of advance in figure 37. TFor several X\  and B the actually
existing blower efficiency was approximately ascertained from the
measurement. Tt can be determined from the ratio

2 S R
Winw(prope?ler Rg
+ stator)

Lshaft

w

»




bo

The shaft power Lshaft = kz = u3F
flow wveloclty through the- propeller disk area were meagured directly.

NACA TM No. 1202

as well as. the mean axial

"~ The thrust effective on the propeller blades resulted from the
measured thrust of propeller and nacelle plus nacelle drag.

The

pressure drag of the nacelle could be determined from pressure-

distribution measurements.

For calculating the propeller blade

thrust 1t was assumed that the friction drag of the nacelle is

small compared with the pressure drag.
profiles with large thickness ratio

(50.25)

thickness far to the rear sunport this sssumption.

The experiences on
and the maximum

The stator thruet was -determined from the difference of the

shroud thrust with and wilthout stator. The blower efficlencies

. ascertained from the measurements according to this method are.
plotted in figurs 37 as separate points for the three blade angles

' The agreeement with the rast-efficilency

is not wnsatisfactory if one

= 400°,.55°,

‘and .65°.

calculated from Wmeasure@/ﬂmﬂMaﬂE
considers the uwncertainty in determining the blowel efficjency
from the measurement.

Since for shroud 1 according to the test results given in

scction F, the pressvre loes which originates in the flow through
the shroud, 1s also known, the calcuvlation performed for the static
cage In section ¥ IT also may be compared with the test results.

The installation factor of merit for static thrust condltions

T'E“

to be calculated according to equation (30) has, for the ghroud 1,

the magnitude 0.988.
diffuser present snd thus no large lossges can occur.

It aelmoet equals 1 becesuse there 1is no strong
With the

blower efficlencies according to figure 37 which were determined
directly from the measurement one obtains the following comparison:

B - s T)* § - ki.._ ] /7] *n *>2/3
foxy ) 2/3 ¢ " el 3kz*—273 -
{deg)| From measurement From From measurement| Calculation
(see fig. 20) meaguremsnt
40 1.035 0.765 0.860 0.830
55 512 .220 126 .370
65 .192 .087 160 .200
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If the values of the blower efficlency and of the pressure losses
within the shroud are known, the static thrust obtalnable can
easlly be calculatod in advance.

H. SUMMARY AND CONCLUSIONS

In the present roport test results on a shrouded propeller
were glvon wkich was designed for high- speed. flight and high-
thrust loading. 'The measurements cover the entlre- region of
advance ratios from O to Ap,ye 1.2 and include the influences -
of variations in the form of propeller snd shroud on the aero-
dynamic behavior of the shrouded propeller. Since the propeller
is heavlly loaded & stator 1s absclutely necessary in order to
avoid the high rotaticnal losses and the large pressure drag of
the nacelle due to suctlon at the afterbody. The maximum efficlency
moasured is 0.71. Thre measurements permit the conclusion that the
maxirum sfficlency covld be essentially increased by using shroud
forms of gmaller chord and profile thickness. ‘However, thin
shroud profiles with emall nose radius have a very unfavorable
offect on the statlic thrust behavior. The. static thrust facto
of merit measured for large shroud chord (Bendeinann €= ki )?/i)

reach values over 1.1. The statlic thrust tehavior can be
Improved very conslderavly by application of a nose split ring
pointing outward on a shroud profile of small chord and thickness.
The nose split ring permits for static conditions and even for
small ratlos of advarce, essentlally larger propulsion powers to
be coaverted with good efficilency into useful power than 1t is
possible for a shrouled propellzsr without split ring. The
absolute maximum value of the total static thrust 1s, according
to the measurement, increased to more than twice the value as
compared with the case "without" split ring. Thus it is possible
to ntilize by thie expedient the advantages of short thin shroud
profiles which are essential for high-speed £light, without -
deterioration of the static thrust behavior.

Subsequent to the given test results the shrouded propeller
without and wlth energy losses is considered theorestically. These
congiderations are applied to both propeller in forward motion and
propeller at rest. The calculations are based on the essential
assumption that the slipstream cross section far bchind the
propeller depends only on the shape of the shroud, not on the
loading of the propeller. The correctness of this assumption 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 propertiss of shrouded
propellers in advence with a very good approximation and furthermors
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to realize clearly the‘influence of energy losses on the serc-
dynamic behavior. The limits of efficiency attainable for
propulsion units of this kind are thus made visible.

The shrouded propeller surpasses the stendsrd propeller by
essentially better static thrust factors of merit. The magnitude
cf the static thrust is limited by the losses originating in the
flow through the shroud (mainly diffucer loesses). Subsequently
an attempt 1s mede to increaese the static thrust further by
applying an influencing of the boundary layer at the shroud. Due
to the parasite intrinsic drag of the shrouding the shrouded
propeller wiil be particularly suitable for propulsicn by pusher
propeller because here the shrovd could, circurstences permitiing,
simultaneocusly take over the functlion of the demoing surfaces for
the plane. For an airship body the possibllity of stabilization
by means of annular tell surfaces 1s confirmed by wind-tunnel
measurements by R. Seiferth |11}. Its epplication is also very
promising for other ceses. Work cn further develomment will have
to aim mainly at a reduction of the parasite drag of the shroud
alone for small superstream veloclties at high speed. There is
a possibility of succesz by use of laminar profiles. Thus the
shroud would have to be designed for flight condftions at high
speed. and could be improved with respect to the magnitude of the
gtatic thrust by use of the nose split flap and, clrcumstances
permitting, simulteneous steps for incrcase of the circuvlation
in the rear domain of the prcfile. '

The test results of the shroud profiles la, 1b, 2, 3, 3a,
3b, 4, 5, 5a, 5b, 6, 7, and 8 (fig. 7) which ere not given in
the present report are at the disposel of interested varties and
be claimed at the AVA GSttingen.

Tranalated by Mary I.. Mahler
National Advisory Committee
for Aeronautics
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Figure 3.- View of
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Figure 4.- View in
flow direction.

Figures 2-4.- Views of the model (shroud 1) in the wind tunnel.
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Figure 8.- The drag coefficient Acy induced by the shroud on
Go.

the nacelle by mutual influence as a function of the dimensionless
mean additional velocity &, = \—rR /v (without propeller).
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Figure 9.- Pressure distribution at the nacelle without and with shroud.
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Figure 10.- Ratio of the measured (1 + 8_) and calculated (1 + & Oth)

mean axial flow velocity through the shroud (with nacelle, without
propeller). Further, parasite shroud drag Cw * -]%- as a

M
function of the measured dimensionless mean flow velocity
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and with propeller 1 at B = 40°.
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Figure 26.- Dependence of the slipstream cross section ratio

on the theoretical nondimensional additional velocity

and on the hub ratio (according to equation (7)).
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