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Abstract:

OCutline:

NATIONAL ADVISORY COMMITTEE FOR AEROFAUTICS

TECHNICAL MEMCRANDUM NC. 1202

ON WIND TUNNEL TESTS AND COMPUTATIONS CONCERNING
THE PROBLEM OF SHROUDED PROPELLERS™

By W, Kriiger

Results of measurements on a shrouded propeller are given,
The propeller is designed for high ratio of advance and
high thrust loading. The effect of the shape of proneller
and shroud upon the aerodynamic coefficients of the
propulsion unit can be seen from the results. The highest
efficlency meesured is 0,7l. The measurements permit the
conclusion that the maximum efficiency 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 sbout . (= 1.1l. By the
use of a nose split flap the static thrust for thin
shroud profiles with small nose radius can be about
dcubled. In a separate gectlon numerical investigations
of the behavior of shrouded propellers for the ideal

case and for the case with energy losses are carried out,
The calculations are based on the assumption that the
glipstreamn 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 slso in good agreement
concerning efficiency and static thrust factor of merit.
The prospects of" applicability for shrouded propellers

and their essentlal advantages are discussed.

A. Introductidn ’

B, Symbols and Definitions
C. Model Specifidations and Test Procedure

D, Test Resulfs

"7indkanalmessungen und Rechnungen zum Problem der umantelten

Iuftschraube. "

Zentrale filr wigsenschaftliches Berichtswesen der

Tuftfahrtforschung des Generalluftzeugmeisters (ZWB) Berlin~
Adlershof, Forschungsbericht Nr., 1949, Jan. 21, 194k,
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F. Additional Measurements Concerning the Problem of the
Slipstream Cross Section and of the Pressure Logses
for Flow tnrough the Shroud

LG Comparison between calculation and Measurement
Vs Summary and Conclusions

Ko Refersnces
A. TNTRODUCTION

The power limits of the production of propulsion by means of
propellers as they are in use: today have been discussed repeatedly
elsevhere. The larger the velocity regicn to be covered, the harder
it is to reach the ideal goal: +to transform with one and the same
propeller the expsnied power with the best efficlency into useful
power for both limiting operating conditions, static and high speed
as well as for all intermodiatve statés. - For present flight velocities
one mues dAsrand for 1lhs (zgign of the propellers on a compromise
golution whica is necessarily bound to bring. about considerable
losses of propulsion power for certain operating conditions. The
limits of the obtainable static thrust were treated in detail by

A. Ba‘/'[;]é_ According to him, the propeller diameters, in

orCex t7 ootain a su F*r“cur etatic thrust ngually have to be larger
ther, wocia be necessory for high speed. The efficiencies in flight
then s no%s yonen taciv poneible optimum values. Measurements on

shrouisi propellers lave dewonstrated that with arrangements of

this kind very considerable improvements of static thrust can be
obtained. The use of a shroud is, therefore, a means to extend the
power limits of the hormal 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 smaller changes in operating condition for a change of

the advance ratio than will a normal propeller. This means a possible
reduction in the range of blade angle change, perhaps even permitting
the application of fixed pitch propeller blades. Since the propeller
diameter may be -reduced because of the better gtatic' thrust factor

of merit the propellers mey, circumstances permitting, be run at

the motor rpm and thus avoid the use of a gear system. If the
occasion ariges one could gometimes proceed to increase further the
motor rpm.

I'ransletorts Note: Numbers in brackets refer to the references
at the end of the report.
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The nozzle propeller has been used for a long time very
successfully in shipbuilding as Kort nozzle. Its application in
airplane 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 coefficient of the airplane
propeller at high' forward speed, of much greater importance than
for the ship propeller at the fastest forward motion. The problem
was repeatedly taken up because of the grest possibilities of
improvement for static conditions and because of the possibility of
reducing the Mach number at the blade tip by a sultabls shepe of the
shroud. Recent results can be found in the publications by L
B. Regenscheit [2), D. Kichemann and J. Weber [3], and M. Hansen [ij.

The behavior of shrouded propsllers was also repeatedly
investigated 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
shrouded propellers. Then the problem was treated very thoroughly-.
by D. Kichemann and J. Weber !3| by application of potential
theoretical consgiderations to annular profiles.

The tests carried out so far resulted 1n 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 geparate treatment of the effect of
various configurations upon propeller and shroud. Moreover,
investigations of shrouied propellers were desirable which about
corresponded to today's requirements for nigh power airplanes
regarding their region of advance ratio, thrust loading and power
loading.

The firm Dornier-Werke @Q,m.bh.H. ghowsd great interest in
these measurements in particular, in view of the application as
pusher propeller. The shrouded propeller appears especilally. suited
for this case, because it requires small diameters. Furthermore,
it is absolutely possible to use the shroud simulianeously as
demping surface so that the doubts mentioned above are of no
importance because of the intrinsic drag of the shroud..

The present report glves the test results on a shrouded
propeller which wag designed according to the present knowledge
for a high ratlo of advance and relatively high thrust loading.
The forces at the propeller and at the shroud were measured
separately. The detailed investigations also permit the inclusion
of the influence of energy losses upon the aerodynamlc behavier
of the shrouded propeller and therewith a clear representation of
the theory of the shrouded propeller subject to logses., In
particular the test results make 1t possible to elucidate the
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behavior for static conditions and to estimate the attainable
. limits of stat1¢ thrust for shrouded propellers. ’

Due t6 the separste suspension of nacelle and shroud the
supporting elements of the shroud which 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 guide vanes.

B. SYMBOLS AND DEFINITIONS

-Subscripts:
S8 ; : ‘propeller
‘M' | sﬁroud
Go nacelle
:N | nosge split fing‘
Pr .profile
R annular area between shroud and nacelle
o - condition without propelier
th theoretical
m“"3 condlition far behind the.propeller
Lengthe: | ‘
X ;oordinate in the direction of the axis
zGo léngtﬁ §f the nacelle
1 . chord of.the shroud, measured parallel to the axls
iPrj shroud chord, méasured in the direction of the chord of

the shroud profile
D diameter of the propeller

R . radius of the propeller
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diameter of the hub in the propeller plane
hub ratio Diwb/D

diameter of the nacelle

mean shroud diameter

maximum diameter of the nose split ring

maximum profile thickness of the profile of the
shroud and of the propeller blade, respectively

engle of adjustment of. the outer propeller blade
profile measured between chord and plane of
rotation

inclination of the line Bisectihglthe tralling-
edge angle of the shroud profile toward the axis

propeller disk area

crosg section of the slipsgtream at infinite

_ ratio of the slipstream cross section 5

distance behind the propéller

FQ)

chord area of the-shroud Dylpy.

free exit cross section’in the trailing edge

plane of the shroud
annular area between shroud and‘nabelle

annular area between shroud and nacelle, measured
at disc-plane :

minimum annular cross section between nacelle
and shroud

Velocities and significant ratios:

¥

index for the velocities for static condition
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v ) free stream velocity
q = g ve ' gtagnation pressure of the free stream
u maximum circumferential velocity of the propeller
A . ratio of advance v/u
Wy axial additional velocity in the slipstream at
infinity behind the propeller
Q(m3/s) guantity of air flowing through the annular shroud
' ; cross section
TR = Q mean axial flow velocity through the annular area
FR ; between nacelle and shroud
R 9 . mean axial flow velocity through the minimum
i FR annular area Fp between shroud and nacelle
V@o = o, mean axial flow velocity throuvgh the annular area
> FRS between nacelle and shiroud, measured in the
rotation plane of the propeller
w;
Q= -%g mass coefficient - inner advance ratio
Vo .+ local axial flow velocity through the annular area,
mneasured for the radius v
s ™ axial velocity in the slipstream infiniteély far
behind the propeller
p FoeEs C :'-V'RS -7
80 dimensjonless additional velocity for the
v
condition without propeller, due only to shroud
circulation
Both theoretical value of the dimensionless additional
velocity for the condition without propeller,
dve only to shroud circulation
SS dimensionless additional velocity in the rotation
plane of the propeller caused by the additional
circuvlation of the shroud duve to propeller loading
Rz -V
8y dimensionless total additional velocity —%——-

due to the shroud circulation and the propeller
loading
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Propeller and shrouvd coefficients:
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index for coefficients for ‘static conditions

coefficlents -of the propeller thrust

coefficients.of the shroud thrust

coefficients of the total thrust of the
shrouded propeller not subjJect to
. losses | ' "

effective total thrust coefficient of
the shrouded propeller subjsct to
losses pom

‘loading ratio (definition)

power coefficient

zacording to definition: power which is

put into the .proveller shaf't

propulsion efficiency

maximum.theoretical efficlency e

"'f'efficiéncy_of the shroud

efficieﬁcyvof configuration

blower efficiency or factor of merit of
the propeller

static thrust factor of merit according
to Bendemann



gtatic thruét factor of merlt of the shrouded
propeller

pressure coefficient of the blower

characteristic value for the operating condition
of the blower

normal. force coefficient of the shroud profile
(The normal force is, according to definition,
positive if directed toward the axis.)

Drag and loss coefficients:

v

Apg

v = q z r
* W

total pressure loss

total pressure Jump of propeller and stator

actual parasite drag coefficient referred to
F = Dgﬂ/’-l-

actual parasite drag coefficient referred to
F* = %ﬂzPr

drag coefficient measured including induction

drag induced by the shroud on nacelle
drag induced by the nacelle on shroud

additional drag caused by the increased relative
velocity at nacelle and shroud dve to propeller
loading

effliciency of the diffuser

energy loss referred to the stagnatlon pressure
of the free-gtream velocity which occurs for
flux through the shroud dve to friction and
geparation on the gurface of the shroud and
the nacelle '
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o DD
Hg = . S ene%gy loss in the flow through the ghroud
B~ 2 referred to the stagnation pressure at

2 Bmax smallest crose section of annular shroud
: : area '

N C..MODEﬁ SPECIFICATIONS AND TEST FPROCEDURE -

The model of the shrouded pwopeller under investigation js
reproduced in figure 1 and in the photographs 2 to L.

The- body of the nacelle hag the shape of an ellipso*d ‘1t was -
calculaied so that smallest possible additional velocitles will .
occur.: in the f'uw about it. Tn the nacelle body there is a high
speed- a.c. motor (type AVA - SDM - E) vhich, for rpm of 30,000 has
a maximum output of; 30 PS (German kp)

The adjusteble 8-blade propeller was supported by-roller
bearing on the shaft of the motdr. It uss a dlameter of 240 milli-
metersand a hub ratio Dhub/D Q. 35 The rrovaller waa calculated

by a method which is customery for the design of axial Blowers. -
The design wag based on the following crlteﬁia" outer advance

ratio A = Y = 0.95 and the total -thrust loading of the- proneller "
including the shroud cs =,5-§_~ =,0. l). For full scale these
ERE - - o

relationq will apnroximate?y “hold true if an effectxve total thrust-
of 54 = 400 kg 1s to be réached. for.a flight velecity of 800 km/h
at & height of 8.6 Jan for-a tip vélecity of 230 mfe by means of a
propeller of '1.65 & ¢. The nuwber of revelutions for thig cane
would be 2700/m1n, that. 18, the seme as the motor vpm in use " today
Therefore the gear system. could be omitted. The - effective propulsion
pover would be Lg = By X v = 1185 PS (German hp). In order to

design the propeller one must know the nean axial flow velocify
?ﬁé through the propeller disc area, that 1ls, the inner ratio of
advance @ = ng, and also the dlotribu+1on of the total thrust on
propeller and shroud. These two values which are prﬂori unknown
are functions of the 'shape of the shroud and the total thrust
loading. For the firgt design they were estimated according to
earlier theoretical investigations and measurements on shrouded
propellers |3J." The additional condition had to be taken into-
consideration that due to the effect of the shroud the -inner ratio
of advance () has to be lowsr by 20 percent-then the outer

one (M) according to design (high speed) in order to reduce the
Mach number. After the approximate mass and pressure coefficlent
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of the blower had been determined from these calculations, the
necessary construction specificatione (number of blades, shape of
the blade, angle of incldence) could be calculated so as to obtain
a good blower efficiency for this condition.

Two propellers were investlgated in this test which differed
only with respect 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 a first approximation tho axial
velocity was assumed to be independent of r. The calculation
yielded, under the condition of design that the wing circulation
along the radius should remain the same, the dimensions of the
propeller blade .shovmn 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 17! ) The angle of blade setting for the propeller
number 2 is increased on the outside as compared with propeller
number 1, in order to allow in the test for the probableo increase
of the axial flow velocity toward the outside and for the offect
of this increase upon the efficiency. The propeller profiles can
be taken from figure 6. ‘

The investigations were carried out partly with, partly without
stator vanes. For reasons of construction and measuring technique
the stator vanes In the model had to be fixed behind the propeller
and attached to the shroud on the outside. Itse characteristic
values may be takan 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 shape of the body
of the nacelle were calculated by D, Kichemann.and J. Weber (AVA).
The .flow variations (Soth) of the shrouds 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, thickness, 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 varied propeller
pitch and .ratie of advance. Furthermore, the drag of the shroud
and the nacelle without propeller was measured. The number of
revolutions for:the propeller could be determined by means of an
electric tachomcter. The pressure distribution on the nacelle and
on the shroud profile was taken with and withoubt propeller in
motien, as well as the distribution of the axial flow velocity
along the radius immediately ahead of the propeller plane.
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Theso tests were carried out in wind tunnel IV of the AVA
(1.25m) .

Adjoining the main investigation, seversl tests were carried
out in a small tunnel (Wiss 4: 1.0 X 0.68 meter ellintic) which
were to elucidate the yroblems of Jet contraction and expanbion
for shrouded propellers.

D. TEST RESULTS

Neither the Reynolds nor the Mach number could be kept constant
for the tests for reasons of power and because of the large range
of the ratio of advance. For the meximum cese the Reynolds number

referred vo D wag To= 1.2 X 106 and the Mach number referred
to the tip velocity wag M = 0.45.

il

Only the essential ones cut of the numerous a:rangements that
were measured. are reporuved below. The shrouds designated in
figure 7 by 1 and 5¢ were investigated more thoroughly than the -
rest of the shrouds in theli operation with tie propellers 1 and 2,
respectively. _

1. Nacelle.- Due to mutual influence-additiornal axial forces
appear at the nacelle and at the shroud which neutralize sach cther,
that is, the force incduced by the shroud at the nacelle Wgoy appears

in the same magnitude but with inverted sign on the shroud. :
D« Kiichemann and J. Weber [3] already 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 coefficient which was determined
for a condition with nacelle. For those shrouds which increase
the mass flow the nacelle has an additional drag, for those which
decrease it an additional propulsion. From figure O one can
recognize how the nacelle vressure digtribution is chaugsd, for
instance, by the shioud number 1. Since according to measurement
the shroud 1 reduces the mass flow and therefore according to [ 3]
must have a positive natural circulation, additional velocities
are induced at the nacelle tail which increase the static pressure
as demonstrated by the pressure distribution.

2._Shroud.=- The various shroud profiles which were investipated
are taken from figure 7. The shrouds 1, la, and 1b c¢iffer only
by the chord which was extendsd by a conically ghaped metal piece.
The shrouds 3, 3a, and 3b have the same profile, but different
chord. For shrouds 5 to 5c the thickness ratio and the chord were
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varied whereas the camber of the profilc remained the same. The table
reproduces the dimensionless values as well as the measured aero-
dynemic characteristic values of the single shrouds. Therein CW'M

is the shroud drag measured for the condition with necelle. By adding
the amount Acy, to this value one obtains the actual parasite drag
4

of the shroud c,,,. Ths values designated by * are referred to the
VM

the shroud development Dynlpn. In the measured Reynolds number
range a dependence on the characteristic valuos of the Cyyy " values

was hardly recognlzable. One can count on more favorable values for
the full-scale model, since the Reynolds number referred to the pro-
flle chord was at the most 65 % 109.- This fact is of the highest
importance for the attainable total efficiency as will be shown
later. The drag coefficients ascertdined for the shroud GWM*

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 nacelle. The dimensionless additional veloc=

v, =V
R
ities By = ——§;—~— given in the table as test values were deter-
mined by measurements of the velocity distribution over the radius.
Figure 10 shows that the values aoth calculated by D. Kuchemann

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

: V. ;

the curve of the drag over 1+ 8o = 5 that the actual conditions
. E 'V' . .

approach theory most closely 1f the parasite drag CWM* % ~shows a

minimum. This minimum lies at about 1 + 8, = 1.0, that is, 4n using

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 crags. However, the investigation was
not sufficient to make & definite statement. Figure 11 shows how
the axial velocity through the annular 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 introducec. from 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 tail causes such a large increase in pressure that the flow
separates there. Altogether, it is essentially the total-pressure
loss due to the friction along the nacelle surface which is re-
sponsible for the velocity reiuction toward the hub (as shown by
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the total-pressurc measurements in figure 11). The total flow with
and without propeller in motion was determined, as already mentionec,
from these velocity measurements. Measurement results for the
propeller in motion are given in & lator figure. The pressure dis-
tribution at the shroud profile was measurec on various shrouds. It
is given in figure 12 for the chroud number 1 for a test withh nacells,
without and with propeller. The propeller (number 1) was for these
measurements set to P = 400 at the tip. One can ses that with
decreasing ratio of advance, and therefore ilacreasing loacing, the
loading of the shroud profile increases raridly. The normal force
coefficisnts cnPr of the shroud profile given under the curves

which were approximately debtermined from the measured pressure
distributions indicate the extent of the iucrease. These normal
force coefficients are referred to the shrouvd profile chord and
the stagnation pressure of the free stream velocity % ve.

The cnPr - values aro according to definition positive if the

normal force is cirected inwarc, that is, if the incremental

velocities © which are due to the shroud circulation are positive

in the annular cross section. The rosition of the front stagnation
point which shifts outward with increasing load can also be recog-

nized from the pressure-distribution curves. The superstream velocities
appearing at the outside of the shroud become negligible only for very
high total loadings &g (S3 > 6.0). Since loais of this kind can hardly
be considercd at high speed, such a profile ghane will be ucseless for
v?fylhigh flight velocities because of the then occurring compression
shock. Bt

Figure 13 shows for the shroud 1 the ratio of the axial flow
velocity in the annular avea at the radius r and the mean axial
flow velocity in dependence on r/R for the cases 'without propeller"
and 'with propeller" for various loadings cg. The velocities woie
measured directly ehead of the provoller plane. One can recosnize
that by the influence of the stetic propeller the velocity daig-

tribution of the oncoming flow takes place more evenly. A.

reduction of zf towards the hub becomes noticeable with

YR v
increasing advance ratio; %§~ Gecreases the more the smaller the
propeller loading becomos. Since the pitch distribution of the
propeller can be determined only for a particular ¢istribution
function v,/¥ = £(r/R), one is forced to compromise. In order
to eliminate the arising disadvantagee regarding the factor of merit
it will be oxpedien” to fix the stator (if it is at 2ll necessary)
because of too high rotational losses) ahead 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. Propeller without shroud.- The coefficients of the propeller
number 1 without shroud (with nacelle shape 1) are vepresented in
figure 1t as functions of -the advanco ratio for several blade angles.
The same figure shows also the thiust and power coefficients for static
conditions (kg* and k;*) and the static thrust factor of merit
according to Bendemann

as functions of the blade angle.

In evaluating the total of measurements the parasite drags of the
suspension as well as of the "nacelle alone" (without shroud, witaout
propeller) were added to the measured thrust so that the coefficients
indicated in the diagrams ¢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 contribution of the pressure
drag may therein assume a very considerable magnitude as will be
discussed in more detail in the following section 4a. One can take

the efficiency ratio of the propeller ﬁwm@%?g;gg from figure 15.
1

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 blacde
tips which is unfavorable for use "without shrouding."

4. Propeller nuwber 1 in oweration with shroud L.-

(a) Without stator.- Figure 16 shows the aerodynamic coefficients
of the propeller 1 with shroud 1 as functions of the advance ratio
and of the blade angle of the propeller. One can cee that the
shrouding absorbs a very considerable part of the totel thrust,
particularly for static conditions. Moreover the propeller flow is,
due to the natural circulation of the shroud, still sound at blade
angles at which it would long since have senarated without shroud.
(See fig. 14.) Accordingly, the shrouding first improves essentially
the static ‘thrust factor of merit calculated by means of the
Bendemann formula € = ks*/2kl*)2 3 and second makes an absolute

magnitude of the static thrust coefficient kg* attainable which is
more than twice as high as the one of the uwnshrouded rropeller.
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It is remarkable that for this arrangement the flow wetted completely
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 negative pressure
on the nacelle« Thereby the nacelle body experienced a very
congiderable pressure drag. The maximum efficiencies reached are
small, corresponding to the large loss in rotation and prossure drag.
The ex1t rotation was measured along the radius and the exit stator ;
constructed accordingly.

(b) With exit stator.- The shape of the stator venes can be taken
from figures 1 and 5. They had to be fixed to the shroud because
otherwise measurement of the reaction torque would have become
impodaibic. The coefficients of the propeller 1 with shroud 1 and
exit stator are shown in figure 17. The fact must be taken into con-
sideravion: that the axial force of the stator itself is contained in
the shroud thrust coefficient ksM' According to expectation both

maxirum efficiensy and static thrust: facter of merit are essentially -
improved by the stator. Quite possibly the static thrust factor of
merit calcala ,ed according to Bendemann willl aszume values over 1
beczuse vhaorevd caily lavgsr stabic lhrusbs can be obtained with a
shrozded than w"h an unshraordsd propsiler. (Conpare the deliberations
of tae mection B TI.) The mawinur efficiency reachel liss at -

arcund 0.7). 7T is mainiy -n3 natural drag of the shroud which is
respousinte for this small value as the considerations of the
following sections E, I, and G will clearly demonstrate.

5. Promeller 1 four blades with exit stator and shroud number 1.-
Figura . %5 vhows the coefficients of the shrouded four-blade propeller 1.
Since th: net propeller thrust decreases with the décreasing number of
blades for cqual 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 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 radius. Propeller 2 differs from the foxrmer 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 influcnce of this expedient can be
seen in figures 19 and 20. For equal blade angle and equal advance
ratio the valucs kgg, kgy, Ks and kj _are,naturally smaller than

for the propeller 1. However, the maximum efficiency is hardly changed.
A slight improvement may be ascertained in the static thrust factor of
merit. Therefore, the efficiency ratio of the propeller does not seem
to be too sensitive to the distribution of the approach.
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7. Propeller 1 with ‘shroud Sc without exit stator.- Shroud 5c
differs from shroud 1 mainly.by its smallsr chord and :
small%r thickness ratio, Thereby the natural drag
CWM* $ 1s according to figure 7, 1educed to a value 0 003h as

contrasted with 0.01 for shroud 1. Moreover, the additional velocity
caused by the shroud 1s positive (80'= 0.13) for. the shroud 5¢
whereas 1t was negative for shroud 1 (8, = -0.055). Therefore,
the characteristics kg, k, = f(\) must take a different course

from the ones for shroud 1. They may be taken 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 pame
adjustment angle B, somewhat steever throughout. . This fact is

due to the positive circulation of shroud 5c¢. The total thrust
becomes zero already for a smaller advance ratio. True to expectation
the maximum efficiency 18, particularly for large advance ratios,
conglderably improved because of the small parasite shroud drags.
(For B = 559 by about 10 percent.) Unfortunately this arrangement
could not be Investigated with stator. If one assumes that the .
gain in thrust due to an added stator would equal exactly the one
measured for shrowd 1 (fig. 17), for instance, vropeller 1 with
shrouwd 5¢ and stator would reach for B = 55 a maximum efficiency
of 0.77. An improvement of the maximum efficiency 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 S¢ and 1 clarifies the loss for static conditlons. The
bad effect for static condition is caused by the appserance

of geparation phenomena in the flow about the rather pointed profile
nose of the shroud 5c which, first, decreage the shroud thrust and,
gecond, reduce the propeller 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 meacure.

8. Tmprovement of the static thrust - behavior of thin shrouis
by a nose split ring.~- The following aims can be attained by
attaching an outward going split ring to the nose of the shroud
profile: -

(1) Separation phenomena at the shroud are avoided for static
" cénditions. ;

(2) The blade setting at which the flow separates at the
propeller blade can be increased very conglderably., Thus one 1g
in a pogition to absorb more power with good efficiency.
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(3) The low pressures apnearing at the inlet at the shroud
profile noge can be absorbed by the split ring surface. The shroud
circulation, that is, the shroud thrust, increases.

(k) The advantageous effect of the nose split ring can be
retained with about the same power expenditure even for small. advance
ratios, because for flow impinging on the shrouded propeller
provided with a nose split ring (in free stream) the stagnation
point lies up to a critical loading coefficient exactly on the
outer edge of the ring. Only when the loading coefficient further
decreases, 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 1 with shroud 5c¢ and nose
gplit ring are presented in the figures 22 to 24. Figure 22 shows
the considerable increase of the total thrust for static conditions
for various shaves of the split ring. It is remarkable that not the
largest of the investigated rings p"oved most favorakle but a ring
with a diameter of about 1.20 to 1.2% D (D = diameter of the
proveller). No more essential increéases in thrust could be obt&ined
for the investigated profile by roundlng ‘off the frontal area.
However, a further improvement of the static thrust by about
10 pernent could be obtained by lengthening the shroud chord by a
sheet metal cylinder pushed out to the rear. A gimple cylindric
shrouding with nose split ring also brought good results. The
use of such a shroud should be apvropriate in special cases that
require utmost simplicity of manufacture for instance, for motor
sleds and boats. The highest static thrust coefficient measuvred
was for this case E;* = 0.3 for a Bendemann static thrust factor
of merit { = 0.85. For an unshrouded Y oneller the maximum static
thrust was according to figure 14 about kg* =.0.15 for an
efficiency ratio of Lo O3 65. These ilgures prove beyond doubt
the advantage of such 'a simple shrouding. It is important that
the effect of the aplit ring is retalned even when it is subdivided-
several times along the circumference (see the dashed line in
fig. 22, at the right). Fxtending several flaps probably would
permit a simpler construction. 5 o

The results without and with split ring for the most favor-
able case are represented again in figure 23. T*‘1gure 24 reproduces
the measured. characteristice ag functions of the advance ratio.

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

B = LO° wup to an-advance ratio- A = 0.3 the total thrust of the
arrangement "with eplit ring" is larger. than without split ring.
The power coefficient is almost unchanged. Thus one could fully . -
utilize the advantages of the split 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 visible. The photo-
graphs 25(a) to 25(c) 1llustrate the effect »f the split ring very
clearly. For the smallest A\ = 0.07 (almost static thrust condition)
the stagnation point lies exactly on the outer edge of the eplit
ring as shown in figure 25{c).

Summarizing the properties of the gplit ring one may say that
this expedient permits the utilization of short thin shrouds for
the flight at high speedes without deteriorating the behaviour for
static conditions.

It should be noted here that also for the case of the two-
dimensional wing very considerable improvements of the maximum
11ft coefficient Cq were obtalned by use of a nose split

flap. According to & feasurement by W. Kriiger [8] the maximum
11ft coefficient of a high speed profile with the maximum thickness
at 60 percent of the chord was for the most favorable ca8e
increased by Acama = 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 aerodynamics of such propulsion units
in a generally valid manner and to recognize what limiting values
(efficiency, static thrust, etc.). are obtainable and what aspects
must be heeded in order to obtain optimum values.

I. Propeller in Forward Motion

1. Tdeal cage without energy losseg.- From the change of
momentum infinitely far in front of to infinitely far behind thg"j-'
propeller one obtains for flow without rotation thelconnectioﬁb‘ :
between the total thrust S, the slipstream cross section Fe
at infinity behind the propeller, the free stream velocity v,
and the axial additional velocity in the Jet w, at 1nf1n1ty
behind the propeller- S L

§l=.bE» (v + wg) Wy
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With 8 = &4 % v°F and q = %? the loading ratio becomes:
A

19

CS = 2CL~<J. + —;7—> "{f— (l)

Thus the additional velocity to be ascertained from this ecuation

-the slipstream cross-section ratio a. Since the axial additional
velocity in the slipstream determines the maximum theoretical
efficiency for the shrouded as well as for the standard proweller,
it is necessary to know -how the slipstream cross-section ratio o
depends on the loading ratio and the shape of the shround.

From the continuity equation one obtains

T TRy Ry _TRy143,
F Fov+wy, F Vg

l+_“'f—

Therein FRS = F(1 - va) represents the annular cross section in

. D2 '

the propeller plane, F = QTE the propeller disc area, and
. e, : b
i VR - v t 5 7

Bg = ——§;-__ the additional velocity in the propeller plane

Y2=%<\/1+§;—1) (2)

is for the same loading ratio ¢y the smaller, the larger becomes

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

velocity.

Furthermore, according to Bernoulli's energy equation,

W - i

a
— =\l 4+ C -1
v Vr 83
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Thus one obtains for the slipstream cross-section ratio the relation:

: RS 1+8 »( -
e s - ' (1)
F \}l + cSS

The additional velocity in the propeller plane caused by the shroud
circulation and the propeller loading, referrec to the free-stream
velocity can be divided wp (Kuchemann - Weber, L3]) according to
definition as follows: !

3} + 8, + 6 (5)
g2v .

8, represents the additional veloclty of the shroud in free stream,
caused by its circulation

85 additional velocity induced by an additional circulation
, corresponding to the'prepeller loading

80 therefore, is merely dependent on the:shape of the shroud, 8
on the other hand, on the shape of the shroud and. on the loading
ratio Cgg of the propeller alone: " a

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

=

ERS 2 (1 + ﬂ.+ Css) + 8 + By:: (6)
% 1+ e - 2Ry o
\_ )

Therefore, according to this equatiovn the slipstreem-cross-section

o B8 8 TR T — ’ L F
ratio for a given shroud shape (8,) 'and a given hub ratio 4§§ is
a function of the propeller loading ratio °Ss and of the additional
velocity By caused by the additional circulation of the shroud.

Since 8y increases with increesing propeller loading one may assume
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that the influence of the propeller loading upon the slipstream
cross-section ratio ie very slight. This fact has already been
pointed out by Weinig |9|. There the absolute magnitude of the
cross-section ratio a 18 brought into direct relation to the
angle of inclination ¥ of the trailing edge of the shroud

* profile toward the shroud axis:

However, this relation can be applied only with great uncertainty
when the profile trailing-edge angle is relatively large and if
there is a hub body in the shiroud.

Kickemann - Weber |3| calculated potential-theoretically the
streamline picture for a loaded plopeller with cylindric shroud.
This exact calculation shows that for the cylindric shroud the
slipstream croes-section ratio is not at all changed by the propeller
loading as compared with the condition without proveller. Thus
the assumption mentioned above is fully confirmed for this special
case. The measurements and flow photographs given in section F of
the present report alsn show essentially the same result. One may
therefore assume with very great probability that a method of
calculation for shrouded propellers based on a slipstream crnss-
section ratio that remains 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 assumption quite well. :

The further considerations are based on the assumption that
the slipstream cross-section ratin is not influenced by the loading
" ratio, but is determined merely by the shape of the shroud and
the hub ratio of the propeller. Its magnitude must, therefore,
be the same for all cg values as in the cage without loss for

= 0, thus "without propellor." Since for this caso By = aoth

equation (4) appears in the simple form:

Frq . -
& = -—F—‘»-— (l + 8o'bh) ‘ ‘ (7)
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Flgure 26 revresents the dependence of.thé glipetream cross-section

ratio o on Soth and on the hub ratio ©v. If 80th hasg not been

calculated the slipstream cross-gection ratio for any shape of
ghroud can be determined by flow measurement’ of the empty shroud
with nacelle, without propeller. (Compare section F.) The power to
be put in for the case without loss can be calculated from the
kinetic energy which remains in the sliostream as

‘ i
I,=Fm(v+wa)p{

or with § = pFy, (v + wy) v,

L - S <1+§%) (8)

Al

From this eguation one obtains the maximum theoretical efficiency of
the shrouded propeller

et

(9)

=
+
Pl

and if one introduces the relation between the additional velocity,
the total loading ratio and the slipstream crogs-zection ratio
according to equation (2):
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Tn figure 27 Ny 18 represented as a function of the effective
thrust loading ratfo By, The dlagram is valild for the case

subJect to friction and for the idedl case, For the ideal case
cs = Cg, thus the effective thrust equals the thrust theoretically
pregent for the same additlional velocity wg. The course of the

meximum theoretical efficlency of the unshrouded propeller is drawn
into the same diagram with & dashed line. One can see that the
theoretical efficiency of the standard propeller for cg—»0
approaches asymptotically the efficiency of the shrouded proveller
with a = 1, and for cg-3 o 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.

The improvement of the theoretical efficiency by shrouding
becomes conslderable only for large slipstream cross-section ratios a.
However, the magnitude of the shroud circulation necessary for pro-
duction of very considerable slipstream cross-section enlargements,
vhen standard profile forms are used, can be 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 of losses upen the
effect of the shrouded propeller is taken into consideration.

2. Shrouded propeller with energy losges taken into consilderation.-
The following considerations concern the shrouded propeller alone,
that is, the drag of the nacelle (without proveller and 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 propeller must be larger. than the
power input from the propeller to the air flowing through.  The
power put into the propeller shaft will be designated by "induced
power," L,. 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 ig more like an axial blower we
introduce instead of the factor of merit the blower efficlency ng
which is identical with it. Therefore, 1ts definition is:
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If one fakes.the'eqtaﬁién‘(By 1nto'cdnsidefation, the induced power
will be’

L, = & & (1+f".@) (12)
: hile! 2v

For the same induced power the effective thrust §é is, as comvared
with the theoretical S of the prcpeller without loss, reduced by
the magnitude of the drags W. The tctal drag consigts of the
parasite drag of the shroud Wy which appears for the condition
wlthout nropeller, and of the additional drag AW which is caused
on shroud and necelle by the additional velocities for the condition
of a propeller in moticn. Thus one obtalns for the effective
propulsive power:

Lo = (8 - Wy - &W) v T el

go that the efficiency results from (12) and (13): :..

L8 - Wy - AV

=G — 7N
5 (14 39)

If one refers the drags as well as the thrusts to g veR aﬁd tekes -

the magnitude of the maximom thedrétioal efficiency according to
equation (9) into ccnsideraticn, the cbtainable total efficiency of
the shrouded propeller alone can be written in the foxm:

N =Ny X e X Mg X R ' (l’-&)

The separate éfficiencies in this equation are defined as follows:
1 ‘
Mm = —% mexcimun theoretlcal efficiency

1+ g%

- S
1 +[l;( \/15-% e 1-\).
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FRVRADg ' ? . _ . )
= blower efficlency or factor of merit of the

¢ Ly . proveller (stator included)
M = 1 shroud efficiency
Cins
1+ 2t
Coe

. installation efficlency

g in these expressions represents the effective total thrust

e .
loading. Thig effective total thrust loading is the thrust reduced
by the magnitude of ths parasite drag as compared with the
theoretically possible thrust of the propeller without-loss, for
the same effective blower power. The maximum theorsticel efficiency
has- already been discussed in section B I 1. If the right dimensions
“are selected the blower efficlency can assume valves above 0.9.
The shroud efficiency is of decisive importance for the vossibility
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. The drag coefficient 1s referred to
g v2F. There is therefore en optimum total loading for sach epecial

shrond (8., , Cyp,) for which the product of efficiencies X 1
0y ® Cuy ' : N Ma

is a maximum. (For examples, see fig. 28.)

The first three separate efficienciss can be calcuvlated
rvlatively simply. 1Ta order to calculate the installation =fficiency
uh the additional drag cauvsed by the slipstream must be estimated.

3. Calculaticn of the additionsl energy logs caused by the
additional velocities for propeller in motion.- This amount ran be
determined only approximately. However, a numsrical calculation
carried out later ghowed thal the magnitude of the installation
efficiency as compared with the other separate efficiencies normally
is of hardly any importence at all.:

One assumes for this aporoximation that only the energy losses
Apy caused for the flow through the shroud by the Inner shroud
surface and the corresponding vart of the nacelle surface are
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influenced by the additional propeller velocity. "If we equate

A Ap
.EX_ = p and 5 Y e = By With ng'"" representing the velocity
. ax ik
£ 2 [ -
.2 "Rmax

in the minimum annuler cross section ER i‘;fheo becomes for the
min

shroud without propeller (subscript o), if the continuity is taken
into consideration:

, . |
‘He, = Ho
o) 2 2
T /P n> 1 +5.)2
e @ /Trpg) (1 +:80)

Generally the minimum ennular cross section wili’lie in the proveller

; R
plane, therefore will be 7 B o 1. Only for shroud shapes which

Rmin

narrow in front of or behind the propeller,. the guotient FPS/ER
‘ min

becomes larger than 1. -If one equates the loss coefficlent p, for
propeller in motion to Pey (without prope’ler), one obtains as the

total-pressure loss for propeller in motion:

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

(15)
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Ap
v
can be determined by flow measurements on the empt:”

0

2

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

v

- P 3
AL s, Trg (1 + 8g) bo 5 ¥ <1+5

!

If one equates ALJet s Ac .g v3F, there résults ag a good

approximate value for the additional velocity, caused by the pro-
peller in motion:

DCy = ,_S ug (1 + 58) '(im:ugf - l] - (16)

The additional drasg 1s, therefore, dependent on the total
through flow (1 + Sg); this total thrcugh flow, however, is . a . .. .

function of the actual loading €. = ¢, + Lo + Ac w which<shail m_f”

81 T U8g T WM e
be designated as induced loading; taking the equation (2) into
consideration there results from the law of conflnuitv for the
additional veloci ty. in the slipstream:

The comparison between calculation and. mnasurement nerformed in ,
section G shows that the influence of . Ac,, uvpon the total through .
flow is noticeable only for very. small advance ratios and -even
there is very slight. (See fig. 34.) Thus one-is. justified in
writing for the inqtallation ef1iciency in a first anproximation
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g = & : (18)

with

!
L
AT

Cne cen obtain a second approximation if one calculates (l + Bg)
first from (17), neglecting Ac,, and then determines the firet
approximation Acw(l) frcem (16Y with this value. By inserting

Acw(l) again into (17) one obtains the second aprroximation
(1 + 68(2)) and therewith from (16) the second approximation

ACW(Q)' With Acw(g) the second apnroximation of tﬁe sh;oudA

efficiency according to (14) can be calculated.

Figure 29 represents the dependence of the installation

efficiency ub (calculated according to thisg method) on Con +‘cWNI

for the parameters o and Pye According to figure 29 the
influence of the pressure cosfficient py upcn the installation
efficiency is of essential importance for large values of ﬁo.
However, aserodynamically bad shroud forms must be a priori excluded
for the design since large values of p,, thus large CWM, are

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

the pressure loss coefficient p, given in section F show that
this coefficient reaches for good shroud vrofiles a magnitude
which guarantees very good installation efficiencies. A com=~
parison of the curves for a =1 and o = 2  dsmonstrates that
the installation efficiency improves, for the same pressure loss
coefficient p,, with increasing slipstream cross-section ratio. -
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However, one.must bear in mind that a larger slipstream cross-section
ratio can be obtained only by larger intrinsic- nirculatlon and that
therewjth the losses (_WM’ Ll) also increase. .

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 obtainabls maximum efficiency for any arrangement befere-
hand in a good appx‘ox1mation

Knowledge of the mags flow and the total-pressure Jjump which is
to be put in by the vropeller is necessary.

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

T 3
R .
B 5 v & NP R | R V& + 5 (?se + Gy * Acw)-] (19)

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

caused by the additional velocity on the total through-flow is very
glight. Thus one obtains a good first approximaticn from:

1+\/1+5‘3<* +cM>l (20)

S L

F 1
2 ONQ e &
e 5

R

For a more accurate calculation, in particular for a very small ratio
of advance, one can proceed as follows: first (1 + 8g) is
calculated in a first approximation from equation (17) (with Acy = 0),
with this value Acy, 1s then determined from equation (16), and
therewith ¢ as second aporoximation from equation (19).

5. Calculation of the pressure jump to be established.- According
to the congideration in section E I 1 the powsr input from the
propeller to the air flowlng thrcough is determined by the kinetic
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energy remaining in the slipstream. The magnitude of this po&er ig
according to -equation (8) written,in a slightly different manner:

’ i % ' ,“w
L= (&,  + + Ac 5 V3F 1 '
(Se g W)e ( 2v
On the other hand it is to be explalned as blower feed peffcrm&nce:
Ws |
L=agXxAap, =Teuv\l+ = A0,

Taking the relation for the additional velocity

Za
v

Fwey:
;V& + é <ése + S + Acw).- 1

of the equation (2) into conslderation one obtaing from the two
above equations the pressure coefficient of the blowsr

(21)

VA —
R 2
5 u
[ : i
Cg_ * Oy, +Oc + /& i & (' +c, + Ac )
frand 2" L A . X
’ .20, o / 5 7
:1 +-V1 +:& (%se + CWM + Ac%)
i .
s -4
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7. The operating condition of the propeller for verying rastio
of advance.~ The proporticnal number customary in blower construction

is characteristic for the operating condition with respect to flow
mags “and pressure Jump. For the standard propeller without shrouvd

o, varles very considerably in the region of the ratio of advance
A=0 to A=Ay, 0 Iincreases with groving A, that is, the
.propeller blade 1s not loaded. However, the nfooeller can only work
for a quite definite cperating condition (0)‘ nameJJ for the degign
condition for the most favorable efficiency.  If the operation
condition varies -very greatly with the ratio of advance, n. decreases;
moreover, scmetimes the blade must be made ad justable Due to the
change in circulation at the shroud prcfile for valylng ratio of
advance additional velocities are induced in the proveller plane

for the shrouded proveller whosse effect makes the overating ccendition
of the propeller for the entire region of advance ratio change very
much less than for the standard vrooelle~, TIf cne would succeed in
constructing the shroud in such a2 msnner that ¢ +remains the sams
for the entire A - region, one would gain two essentisl ajventages:

1. The prowneller would not have to be adjustable,
2. The blower efficiency and the nroneller efficiency ratio
would egqual the maximum valne at the design noint for the entire

A - region.

From the relations found for the mass coefficient o (eauafion (19))
and the vnressure ccefficient Y (eouwation (21)) one obtains

[

A , 3
}i‘! &
3 e Q; - 2 AN
P_ n @ <FRS> L +‘/l + - <cse . CWM 4 .J(:WJ
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Figures 30(a) and 30(b) show the devendence of the operating
condition ¢ on the induced loading 'cge + CWN + Acy,; for various

slipatream cross-section ratios e, that 1s, for various ghanes of
the shroud.

The corresponding curve for the vropeller without shroud is
also plotted in figure 30(a). The curves are valid fcr a hub

ratlo ¥ = Dhub /D =0.25. They clearly show the advantage of

the shrouded propeller. On the other hand one can see that the
goal of equal gperating condition in the entire &5 - region can
not be reached by means of one and the same shave of shroud. In
order to really reach this aim «. that is, the circulation of
the shroud would have tc be varlable during the flight. This
condition can be fuvlfilled only by chapeing the farm of the
profile (for instance flavs) or b+ inflvencine the boundary layer
at the shroud profile q;o], Figure 30(t) shows that the wresence
of a hub chanses the tendency of the cwrves onlv slightly.

The following chavter contains a few consideraﬁions of the
behavior of thg shrouded vroneller at west,
IT. Proveller at Rest

A1l valuea refer~ed to the etatic thrust nonﬁlfion are designated
by an asterisk *

1. Ydeal case without enersy lossges.- A conslderation of the
momentum yielde the magnitude of the static thrvst for irrotational
outflow:

2
§* = parw,* (23)

Just as in the case of the propeller in forward motion the vower to
be put in equals the kinetic eneray lost ver second:

W*

*
= of g Wy 3 = §* _%_ (k)

s

L*

From (23) and (24) one obtains the connectlon between the static
thrust and the pawer to be put in for the theoretical case without
frictign:
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o ‘(pocF)l-/? (2r%)2/3

o
f one equates
S¥%
S
S“ .
v g’uEF
— % 7.
k = ————
[ o
5 u3F
one can write dimensionlessly:
- x2/3
kﬁ¥ = ?ml/glf

(26)

Of course, this relation ig also valid for the svecial case of the
proveller without shroud. Since here a = L &

= Kk o i
: e without shroud
“becomes ’

*

£ = (QK'L%V)()/S )
S without shroud

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

ol T N 1/3
Ky /Ks without shroud (2a)

(27)
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The physical limits of the obtainable static thrust for standard
propellers have been treated in detail by A. Betz [lJ.

Tt is theoretically possible to increase the absolute mapgnitude
of the gtatic thrust for the same power invut to any degree by the
use of a shroud if one succeeds in making the slipstream cross-
section ratio sufficiently large by a shrouvud with large circulation.
Practically, however, this possibility is limited, if simole profiles
are used, because of the energy losses which appear in the diffuser
behind the proveller. Probably these limlts can be considerably
shifted uvward by svecial exvedients for instance, influencines of the
boundary layer at the shroud profile. Experiments by B, Regenscheit
[}QJ on a nozzle with suction at the trailing edse have shown that
even without geometrical diffuser considerable through-flow variations
can be obtained by the suction. This behavior was to be expected
after the experiences with trailing-edge suction on plane wings.

The static thrust factor of merit of the shrouded propeller is
with (26):

P r
¢ . % _ ___ %% (28)
L T 7§ kz*2/3 ’

E;* represegts the theoretically obtalnable total static thrust
whereas .E;; represent the total static thrust actually obtained

with the same power invut,

2. Shrouded proveller at rest with energy losses taken into
consideration.- The power necessary for production of the effective
e T = . q
thrust Sg" = paFwg*e (equation (23)) is distinguished from the

nower calculated theoretically according to (24) first by the
additional power to be put in because the energy transfer from the
propeller to the air flowing through is subject to losses and
second by the amount of power which has to cover the losses ADV*
originating in the flow through the shroud. The induced power
necessary at the propeller shaft then is:

(29)
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Since according to eguation (25) the total static thrust §* is

related to the power L 2/3, one obtains as the reachable static
thrust factor of merit of the shrouded prooeller:

2/3 _
g on\2/3
bu = i’) - (" )

(30)
with the installation factor of merit for static condition
* vl 1
g = = = 5
I DDg¥ ARFT L 5
O D PN, SRR -/ .
2 % p_-- 2 Fr
g Vg = Y ~ min
; 2 Tmax
The actually obtainable static thrust theﬁ has the magnitude:
= N - 3 ,.1/3 . #2/3

Se

From this devendence one can clearly see how greatly the obtainable

gtatic thrust is influenced by the installation factor of merit.

The theoretical static thrust must increase with growing sliostream

crosg-section ration . On the cther hand the installation factor

of merit ,nE* decreases with growing a. Since the loss coeflficient
v ‘ ~ _

. also will -increage with growing «, that is, for shrouds

5 W

@ Rpay "
becoming enlarged, it is tc be exnected that nE* decreases very
gharply. For this veason the static thrust could not be essentially
increaged further by use of further enlarged shrovds as compared
with approximately cylindric ones in the tests ca ried cut so far.
The hub also has an unfavorable influence on the obtainable static
thrust because the installation factor of merit also detericrates

with increasing huvbh diameter.



36 NACA TM No. 1202

Figure 31 shows the dependence of the value 'E;;§{2ki*)2/3nG*2/3 on

the slipstreim cross section ratio o and on the loss ccefficient

A ;
p¥* = ~___EX;_~ for two hub ratios Fp F=1 and Fp F =075
e 0 “mi ‘min
= ¥ *D
2 Rpax Dyum

corresponding to —_—5-= 0 and 0.5, resnectively, The influence
of the installation factor of merit WE% on the static thrust becomes
even more evident if one inserts the loss into eguations (30) and (31)

; * . 0 /s 2. %) ;
in the form Apy = (1 - np) % C?Rmax Wg with 105 representing

the diffuser efficiency. As the resuvlt of this calculation the
function of figure 31 18 again plotted in figure 32, but with the
diffuser efficiency ae varameter. Since this latter will hardly
increage beyond 0.9 unless especial stevs are taken one can see that
an attemot to increase the sglivstream cross-secticn ratio essentially
beyond o = 1 would bhe useless.

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

IN THE FLOW THROUGH THE SHROUD

T. Slipstream Croge-Section Ratio a

In order to check the independence of the slipstream cross-

section ratio a = %? +of the loading vresumed in section E several

further measurements on shroud 1 were verformed For this 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):

for shroud 1: B. = 0 (fiz. 7) and 'FRS/F = 0.878.
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For the. two limiting cases "shroud without proneller" and
"shroud with vroveller for static thrust condition" the slipstresm
cross-section ratio: o can be calculated from the mass flow and
the mean total pressure in the exit cross section of the shrouvd
according to the method described below, thus cne can determine
how far the presumption of a cross-section ratio remaining
unchanged has actualliy been fulfilled.

s ceona oy ot T8 T
The contiguity yields: o = —= -Z.
B v
For the two limiting cases the mean axial flow velccity
through the oropeller disc ares wes determined by measvrement.
Under the assumption that the energy of the Jet is not varied any
further behind the exit cross sectlon of the shroud, the slin-
stream velocity far benind the propeller can be caqulatod from

Bernoulli's energy equation:

Voo =

In thls equation

) mean total pressure in the exit cross section F)p
Ogt static pressure far behind the propeller. This pressure has
o to be equated to the static pressure in the undisturbed
flow

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

measured for both limiting cases.

The numericel result for shroud ‘1 ig:

Theoretically, without change in energy . . . . . . . a = 0.878
Measurement, without propeller . . . . . . . . . . . . . a= 0.890
Measuremsnt, with.propeller 2(p = 40°),

with statoer-at rest X 20 4 ¢« v « o ¢« « + « @ = 0.9%

7 .
It 1s to be expected that <f3 ~ ;) gomewhat increases with

increasing loading, in particular for shrouds with enlarged. rear
portion. The shroud vhich was examined here more clesely is

behind the propeller plane about cylindric, ite circuvlation is

almost zeri. and the variation of the slipstream cross-section ratio «
with the loading is very small. The absclule magnitude of the cross-
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gection ratio & agrees quite well on the averasze with the
theoretical magnitude of the empty shroud.

With the aid of the smoke method already mentioned in section D
it was attemoted to make the Jet boundaries for varicus loadings of
the propeller vigible. Figure 33 shows that increasing propeller
loading, in fact,causes hardly eny variation of the jet contour.
Unfortunately, the slipstreem cross-gection ratio couvld not be
checked for more greatly enlarged shrouds becavse there was no
stator for these shrouds. The large exit-rotation renders a
comprehensive photograph impogsible.

IT. Pressure Lopgges in the Flow Through the Shroud

According to the considerations of section E the pressure
loss Avpy. which originates in the flow through the shroud
(without propeller) is of essential Influence on the magnitude
of the installation efficiency uog Figure 29 showed the denenience

of the installation efficiency on the loading, the slipstream croass-
: Dy

section ratio, and the loss coefficient p, = it A5

[¢]

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

The following numocrical values resulted for the threes
investigated shroud shapes 1, 5S¢, T:

shrovd 1 Py = 0.010
shroud 5S¢ v, = 0.007
shroud 7 - p_ = 0.180

If one considers the curves ngp = f(cg) that are valid for these
Py - values (fig. 29) one can see that the instellation efficiency
for the first two shrouds equals almost 1 whereas it deviates
from 1 considerably for shroud 7 which has a very strong c¢iffuser.
The effects of large mass flow losses, that is, of large 'p, -
values on the static thruet show according to calculations and to
measurements the same tendency.
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G. COMPARISON BETWEEN CALCULATION AND ME/SUREMENT

With the 21d of the exhavstive measurements which wsre in
particular taken on the shroud 1 in connection with the propeller 2
and exit stator, the reliability of the calculation described in
section E can be checksd. - The measured coefficients kg, k3, n, and X
are given in figure 20 as functlons of the blade angle B8. Tor
three blade angles (L40°, 559, 65°) the mass roefficient @ = fgé/u

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

The effective totel thrust loeding & was de@gzmined for each
blade angle and advance ratio considercd from kS“/XE., The parasite
shroud drag of the shroud 1, with nacelle, results from the measure-
ments. (See fig. T7.) The slipstresem cross-section ratio could be
determined from equation (7), since aoth is known. Several test

points, besides the calculated curves, are plctied in the disgram.
(See fig. 34.) There is excellent agrecment between calculation and
measurement, in particular for the second approximaticn calculated
from equation (20).

Figure 35 shows the dependence of the measurazd efflclency on the
effective total thrust loading ¢g for three blade angles. Further-
more, the valuves for the mazimum theoretical efficiency mn,, the
shroud efficlency 1y, and the installation efficiency 1, which
were calculated sccording to section E, are plotted in the same
diagram. Thus the product nymyany Trevresents the efficiency
obtainable by calculation if the transfer of energy in the vpropeller
would take place without loss (ng = 1). The ratio of the measured
efficiency and the product of efficiencies nmnyanp indicates the
presumeble magnitude of the blower efficiency e’ nG,Ais represented
as a function of .Eg' in figure 36 and as a function of the ratio
of advance in figure 37. For several X and -B the actually
existing blower efficiency was aoproximately ascertained from the
measurement. It can be determined from the ratio

. T
Ving(propaller
+ gtator)

T
Bs

Lonaft
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The shaft power Lg.ei = I g w¥, as well as the mean axial

flow velocity through the propeller disk area were measured dirvectly.
The thrust effectlve 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 vas asaumed that the friction drag of the nacelle is

small compared with the pressvre drag: The experisnces on

profiles with large thickness ratio (>0.25) and the maximum
thickness far to the rear support this sssumption.

The stator thrust was determined from the difference of the
shroud thrust with and without stetor. The blower efficiencies
ascertained from the measurements according vo this method are
plotted in figure 37 as separate points for the three blade angles
B = 400, 55°, and 65°. The agreeement with the rest-efficiency
calculated from nmeasureq/ﬂmﬂMaﬂE is not wmsatisfactory if one

considers the uncertainty in determining the blower efficicucy .
from the measuremcnt. .

Since for shroud 1 according to the test results given in
soction F, the pressuvre loss vhich originates in the flow through
the shroud, 1s also known, the cslculation performed for tho static
cage In section E IT also may be compared with thse tesgt results.
The installation factor of merit for static thrust conditions WE*
to be calculated according to equation (30) has, for the shroud 1,
the magnitude 0.988. It almoet equals 1 because there is no strong
diffuser present and thus no large losses can occur. With the
blower efficlencies sccording to figure 37 which were determined
directly Trom the mcasurement one obtains the followlng comparison:

k % ¥

& S A
b § L= ke Ly 2a;73k1*273

£, w{ 15" *>2/3

\“G g

{deg) From measurement From From measurement|{ Calculation
(ssc fig, 20) |measuremsnt

ho 1.035 0.765 0.860 0.830

55 512 .220 RIS .370

65 .192 .087 160 .200
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If the values of the blower efficiency and of the pressure losses
within the shroud are known, the static thrust obtainable can
eagily be calculatud in advance.

H. SUMMARY AND CONCILUSIONS

In the present report test results on a shrouded propeller
were glvon which was designed for high-speed flight end high-
thrust loading. The measurements cover the entlre reglon of
advance ratios from 0O to Ap.y *# 1.2 and include the influences
of variations in the foxrm of propeller and shroud on the aero-
dynamic behavior of the shrouded propeller. Since the propeller
i3 heavily loaded & stator is absclutely necessary in order to
avold the high rotational losses and the large pressure dreg of
the nacelle due to suction at the afterbody. The maximum effl ciency
measured is 0.71. The measurements permlt the conclusion that the
maximum efficiency could be essentially increassed by using shroud
forms of smaller chord and profile thiclkness. Hcwever, thin
shroud profiles with small nose radius have a very unfavorable
effect on the gtatlc thrust behavior. The. static thrust faﬂtors
of merit measured for large shroud chord (?endemann = /(ka*)?/%)
reach values over 1.1. The static thrust behevior can be
improved very considerably by eppliceticn of a ncse split ring
pointing outward on a shroud profile of emall chord and thicknsess,
The nose split ring permits for statlc conditions and evsn for
small ratios of advance, essentially larger propulsion powers to
be converted with gocd efficlency into uvseful power then it is
possible for a shrouded propellsr without split ring. The
abgolute 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" eplit ring. Thus it is pogsible
to utilize by this expedient the advantages of ghort thin shroud
profiles which are essential for high-speed flight, without -
deterioration of the static thrust behavior.

Subgequent to the given test regults the shronded propeller
without and with energy logsses is considered theoretically. These
congsiderations 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 bohind the
propeller depends only on the shape of the shrouvd, not on the
loading of the proveller. The correctness of this assumption is
supported by several additional measurements and by flow photo-
graphs at least for shrouds without large circulation. Therefrom
regults a sluple possibility to calculate the properties of shrouded
propellers in advance with a very good approximation and furthermore
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to realize clearly the influence of energy losses on the asro-
dynamic behavior. The limits of efficiency athainable for
propulsion units of this kind are thus made visible.

The shrouded propeller surpasses the standard propeller by
egsentially better static thrust factors of merit. The magnitude
of the static thrust is limited by the losses originating in the
flow through the shroud (mainly diffuser losses). Subsequently
an attempt ig made to increase the static thrust further by
applying an influencing of the boundary layer at the shroud. Due
to the paragite intrinsic drag of the shrouding the shrouded
propeller will be particularly suitable for propulsion by npusher
propeller because here the shroud could, circumstances pernititing,
gimultaneously take over the function of the demvning surfaces for
the plane. For an airship hody the possibility of stabilization
by means of annvlar tail surfaces is confirmed by wind-tunnel
measurements by R. Soiferth Lllj. Its application is also very
promising for other cases. Work cn further develovment will have
to aim mainly at a reduction of the parasite drag of the shroud
alone for small guperstream velocities at hich spveed. There is
a possibility of success by use of laminar profiles. Thus the
shroud would have to be designed for flight conditions at high
speed and could be improved with respect to the magnitude of the
static thrust by use of the nose split flap and, circvastances
permitting, simultaneous steps for incrcase of the circulation
in the rear domain of the profile.

The test results of the shroud profiles la, 1b, 2, 3, 3a,
3b, 4, 5, 5a, 5b, 6, 7, and 8 (fig. 7) which are not given in
the present revort are at the disposal of interested varties end
be claimed at the AVA G8ttingen. ’

Translated by Mary T.. Mahler
National Advisory Committee
for Aeronautics
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Figure 2.- Oblique
front view.

Figures 2-4.-

Figure 3.- View of
the stator.

Figure 4.- View in
flow direction.
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