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RESEARCH MEMORANDUM

STATIC TESTS OF A SHROUDED AND AN UNSHROUDED PROPELLER

By Robert J. Platt, Jr.
SUMMARY

Outdoor static tests were made on two high—solidity propellers
of different design, one shrouded and the other unshrouded. The
shroud consisted of a fixed ring encircling the propeller. .Three
shrouds were tested to determine the effects of shroud length and
exit area. Both propsllers were dual-rotating, with five blades -
in the front component and seven in the rear component. The blade
angles tested ranged from 15° to 40° in 5° increments for the
unshrouded propeller and from 35° to 45° for the shrouded propeller.

In the range tested, for equal power the shrouded propeller
produced approximately twice as much static thrust as the unshrouded
propeller chiefly because the unshrouded propeller was stalled while
the shrouded propeller was unstalled. Variations of shroud length -
and exit area had little effect on the static thrust of the shrouded
propeller.

INTRODUCTION

In recent years the contrellable—pitch propeller has come to
be used on all but the smallest of propeller—driven aircraft. For
gsome future applications, however, a controllable-pitch propeller may
not be feasible for mechanical reasons, as in the case of a proposed
gas turbine. The use of a fixed-pitch. propeller entails a decrease
in take—off and climb performance because the fixed-pitch propeller
will be at least partially stalled at low forward speeds. As the
forward speed range over which the propeller must operate is Increased,
the tendency of the fixed-pitch propeller to stall at low speeds
becomes more pronounced since the blade angle is also increased.

Improvement in take—off performance may possibly be obtained
with a propeller operating in a shroud (a fixed ring encircling the
propeller). The purpos: of this shroud is, first, to increase the
inflow at the propeller disc at the take—off condition, thereby
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decreasing the angle of attack of the blade—section elements to an
angle at which the blades are no longer stalled and, gsecond, to
increase the cross—sectiongl area of the slipstream.

The present report presents etatic test data for two high—
gsolidity, dual-rotating propellers of different design, one
shrouded and the other unshrouded. The tests were made over a
range of blade angles.and tip Mach numbers. In the case of the
gshrouded propeller, three shrouds of different lengths and ratios
of shroud exit area to area at the propeller planc were tested.
The thrust on the shrouds was measured as well as the thrust and
torque acting on each component of the dual-rotating propellers.

Further information on shrouded propellers may be obteined
from a German report (réference 1) which includes both static and

wind—tunnel tests. Static tests of shrouded propellers with three
and four blades are given-in reference 2. & i

SYMBOLS

The symbols used are as follows:
My  propeller tip Mach number
R propellerrtip radius; feet
i station radius, feet

x  radial stetion (r/R)

B blade angle measured at D.73R, degrees:

S  cross-sectional area of Jet; square feet
¥ velocity of jet, feet per second |

m° mace £37, slugs per second

P static pressure, pounds per sgquare foot
fs] air density, slugs per cubic foot

D ' propeller diameter, feet

"N ° propeller rotational speed, revolutions per minute
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n propeller rotational speed, revolutions per second
T thrust, pounds

Iz power absorbed by propeller, -foot—pounds per second

2k

Cp thrust coefficient L
: pn<D

Cp power coefficient facaed
\n3p?

2

Cp shroud pressure coefficient ¥ _ép
pnp D"

1 length of shroud, feet

6 - diffuser expansion angle

Subscripts:
F front propeller component
ﬁ rear propellef component
S shroud

o station far ahead of propeller
2 station directly behind propeller
3 station at exit of shroud

4  station far behind propeller

APPARATUS

»

The dynamcmeter was located outdoors for these tests. Figures .l
and 2 show the test setup with the unshrouded and shrouded propellers.
Figure 3 shows 8 diagram of the dynamometer with the shrouded propeller.
The model shrouded propeller tested was 48 inches in diameter and
the unshrouded propeller was 49 inches in diameter. Both propellers
were dual-rotating with five blades in the front component and seven -
blades in the rear component. The dynamometer was fitted with a
cylindrical metal fairing to increase the body diameter to 16 inches
at the propeller plane.




i NACA RM No. LTH25

Dynamometer.— The dynamometer consisted of two separate
driving units, one for each component of the dual-rotating propeller,
suspended from a supporting framework by streamlined struts. Within .
the fixed outer casing of each unit were two directly coupled
200--horsepower induction motors. The outer housings of these
motors were mounted in large ball bearings to permit rotation of
the housings under torque. These bearings ran on tracks to permit
longitudinal movement of the motors under thrust. The motors of
each unit were connected by two vertical arms extending through
the support struts to a cantilever thrust spring and a torque
spring located at the top of each support strut. The dynamometer
motors were restrained by these eprings. The deflections of the
springs due to thrust and torque loads were transmitted by selsyn
motors to the nearby control house.

Shrouds.— The first step in the design of the shrouds was to
make an analysis of the shrouded propeller performance to determine
what ideal efficiency could be obtained from a propeller-shroud
combination at the design condition. This analysis was baged on
the simple momentum theory, which assumes that the flow is incom—
pressible and frictionless. The further assumption is made that
the static pressure of the air leaving the shroud exit has reached ¥
frec—atream pressure. Equating the total pressure Jjuet behind the
propeller to that at the shroud exit,

LB P _1ly?2
2o *Po * gy " 23 TP

2 2 2P
V3 Vg =+

il

From the simple momentum theory, the ideal efficiency,

2V,
vo + V3

The ideal efficiency was ccmputed, by means of the above
equations, at several values of the shroud area ratlo S3/S2

for the following full-scale design condition:
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The results of this analysis are shown in figure 4. The
- figure also shows the effect of the shroud area ratio on the axial
velocity at the propeller plane and on the tip Mach number of the
propeller. Increasing the ratio of shroud exit area to area at
the propeller plane results: in an increase:.in ideal efficiency
becauge the exit velocity iz lowered. However, the axial velocity
through the propeller is at the same time increased, which results
in a higher propeller tip Mach number. ‘An drea ratio of 1.1 was
arbitrarily chosen for the first shroud as a compromise BYetween the
factors of ideal efficiency and compressibllity losses. This area
ratio permitted the use of a reasonably:short shroud length with
an eypansion angle 9 of 7° to insure:a good diffuser efficiency.
The shroud nose section wes obtained by selecting an arbitrary
mean line and laying out the ordindtes for an ellipse along perpen—
diculars to this mean line. . This .original nose was modified at the
start of the test to minimize separation of the.flow from the shroud
nose by increasing the radius of curvature of the inner surface of
the nose. This'shroud was termed the short cruise shroud.

. Two additional shrovds were designed with the area ratio Sz/S
Ancreased to a value of 1.3. The first of these,  the.short take-off
‘'shroud, was identical with the short cruise shroud- except for the
‘greater area ratio and greater diffuser angle. . It simulated the
cruise shroud with flaps open for take—off, the diffuser expansion
angle belng 22.4°. The second take—off shroud was of longer diffuser
length to decrease the expansion angle to a value of 14.4~. Ordinates
for the longitudinal sections of the shrouds with the modified nose
are given in table I and the sections are shown in figure 5.

The shrouds were rigidly constructed of wood.and steel and were
"fixed tp the dynamometer casing by four streamline struts. In
-Jaddltion, wire  bracing parallel to the propeller plane, proved
“necessary to prevent serious vibration of the shroud. For the
_purpose of determining the shroud thrust, each shroud.was fitted
with 37 static—pressure orifices distributed along the chord over
the inner and outer surfaces at the bottom of the shroud. The-
pressure leads were led out through a tube at the top of the shroud
to the rear dynamometer support strut and thence to a multiple-—tube
manometer located in the control house. For an independent check
of the shroud thrust, electrical strain gages were fastened to.the
‘shroud support strut fittings at the points of attachment to the
dynamometer casing.
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Propellers.— The shrouded propeller was degigned to operate
with the cruise shroud at the desizn condition, The method used
wag similar to that for ducted fans (reference 3). In designing
the propeller, it was assumed that the axjml-velocity distribution
at the propeller plaie was uniform. Blade-form curves for this
propeller are shown in figure 6.

The unshrouded propeller was made up of blades which originally
were designed as a two-blade propeller to provide minimum induced
losses with a blade angle of 45° at the 0.7R station. At the 0.7R
station the design 1ift coefficient of this blade was 0.3, the ratio
of blade-section chord to diameter was 0.066, and the maximum thick-
ness ratio was 0.08. Both the shrouded and unshrouded propellers

incorporated the NACA 16-series high-critical-speed airfoil sections
(reference 4). I

The model shrouded propeller was 48 inches in diemeter and the
. clearance between the propeller tips and the shroud was approximately

f% inch. Although the model unshrouded propeller blades were

originally designed as a 48—inch diameter, it was necessary to test
them ac a 49—inch-diameter propeller because a large hub size was
necessary to accommodate seven blades. The distance between propeller
center lines was kept as small as possible. This distance was

hg'inches for the shrouded propeller and 5% inches for the unshrouded.

The shrouded propeller was tested with spinners, while the unshrouded
propeller was tested without spinners. However, a check run made
with spinners on the unshrouded propeller indicated that the spinners
had a negligible effect.

TESTS

At a given rotational speed, readings were taken of the thrust
. and torque of each component of the dual-rotating propellers and,

- in the case of the shrouded propeller, a strain-gage reading was
taken and the multiple~tube manometer was photographed. These
readings vere made at several values of propeller rotational speed
up to a maximum and in some cases repeated while decreasing the
rotational speed.

. The tests were made with the front and rear propellers set at
‘equal blade angles. The unghrouded propeller tests covered a blade-
angle range from 15° to 40° in 5° .increments, the blade angle being
messured at the 0.75R station. -The shrouded propeller tests were
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made at blade settings of 35°, 40°, and 45° except for the long
shroud which was tested only at 40° blade angle.

As a check on the axial velocity distribution within the
shroud, a run was made with a rake of total pressure and static
tubes placed ahead of the propellers and then placed behind the
propellers. This was done for the short cruise shroud with the
front and rear propellers set at a blade angle of 40°.

The four dynamometer motors were driven by a single
1000-horsepower motor-~generator set. Since the power absorbed
by the two components of the dual-rotating propellers wag not
equal, there was a small difference in their rotational speed
equal to the difference in slip of the front and rear motors.

In the worst case this difference amounted to 4.8 percent of the
front propeller rotational speed

Teste were run only when the wind velocity was less than
6 miles per hour. This velocity was determined by a vane-type
anemometer.

Calibrations of the dynamometer indicated that some friction
was present in the system. This,coupled with the effect of wind,
makes the data less accurate than those usually obtained in wind-—
tunnel propeller tests. However, the accuracy is sufficieat for
the purpoce of comparing the shrcuded and unshrouded propellers
at static conditions. Figure 7 shows typlcal test results for
the shrouded propeller.

REDUCTION OF DATA

The data have been reduced to thrust and power ¢tcefficients
for each component of the dual-rotating propellers. The reduction
of the data has been performed, as far as possible, to apply to
the case of a propellsr with both components operating at equal
rotational speeds, that is, the coefficients of the front and
rear components have been based on the rotational speed of the
‘front and rear components, respectively. The tip Mach numbers of
the front and rear components have been basged only on the rotational
speed of their respective components.

The measured static pressures on the shroud were reduced to a
- pressure coefficient C, based on the rotational speed of the
front propeller. A typgcal shroud pressure distribution is shown
in figure 8 plotted against .percent chord. The shroud .thrust
coefficient Cpg was determined by the equation SR
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Tg )¢ ®
Cpaq = = :ﬁ/b B (o
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This thrust coefficient, then, was based on the rotational speed
of the front propeller component.

RESULTS AND DISCUSSION

Action of shroud.— With the shrouded propeller running at
static conditions, air .is drawn into the front of the shroud from
all directions. The typical shroud pressure distributions shown
in figure 8 indicate that the air flows forward along the outside
of the shroud and turns into the shroud, following the nose contour,
It is evident that a low pressure and high velocity are reached at
the nose which accounts for a large part of the shroud thrust. The
shroud thereby assumes part of the propeller thrust so that the
force in the propeller shaft is not a true measure of the thrust
of the unit. The total thrust is then the sum of the propeller
shaft thrust and shroud thrust. '

At low: propeller retational speeds the flow separates from
the shroud at the leading pdge. Operation in this condition 'is E
rough and accompanied by much noise. As the propeller speed is
increased, the flow suddenly becomes unseparated at the nose,
resulting in smooth,-quiet.operation‘and'much'highor shroud thrust.
This occurs at tip Mach mumbers from 0.3 to 0.45, depending on the
blade angle and shroud configuration. Comparison of shroud pressure
distribuations for the unseparated flow and separated flow conditions
shows that they differ only in that the low-pressure region at the
nose is lost in the separated flow condition. The shroud thrust
in the separated flow condition is then only about half that obtained
with the flow not separated from the shroud.

Results and comparison or propellers.— The basic data for the
unshrouded propeller are shown in figures 9 and 10, while those
for the shrouded propeller are shown_ in figures 11 to 16. The
coefficients for the front and rear propellerg are shown plotted
against their respective tip Mach numbers. No data ‘'are pregented
for the shroud with flow.scparated, Tne results show ‘that, with
increasing blade angle, the front component of the unshrouded
propeller stalls earlier than the rear component’

The shroud thrust presented in the figures was obtained from
pressure measurements. This thrust represents ‘an upper Limit which
probably could not be attained in practice for it “does not include
skin-friction drag and support—strut drag and interference. Check i \
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points taken with the strain gages indicated a shroud thrust about
10 percent lower than the pressure measurements.

The shrouded and unshrouded propellers can best be compared
on an equal power—coefficient basis., Figure 17 shows the ratio
of total thrust coefficient to total power coefficient plotted
against total power coefficient for the unshrouded propeller and
for the shrouded propeller with the three shrouds tested. In the
range tested, for equal power the shrouvded propeller nroduced more
than twice as much static thrust ag the unshrouded propeller
chiefly because the unshrouded propeller was stalled while the
shrouded propeller was unstalled. Some improvement in the unshrouded
propeller could be expected if the blade section design 1lift.coef-—
ficients were higher.

Variations of shiond length and ratio of shroud exit area to
area at the propeller plane had little effect on the static thrust
coefficient of the shrouded propeller for a constant power coef-
ficient. However, this result could not be expected to hold for
very short shrouds.

. Increasing the ratio of shroud exit area to area. at the
propeller plane tended to decrease slightly the power coefficient
at a given blade angle because the inflow velocity increased. The
effect was greatest at the highest blade angle tested but even at
this point the power coefficient decreased only about 10 percent.

As previously mentioned, the shrouded-propeller thrust coef-
ficient was about twice that of the unshrouded propeller for equal
power coefficients. However, a fixed-pitch shrouded propeller
and a fixed—pitch unshrouded propeller, selected for a particular
full-scale application would probably not be of the same diameter

. nor would they operate at the same rotational speed and power

coefficient at static conditions. The increase in static thrust
which would be realized by the use of & shrouded propeller depends,
then, on the particular operating conditions involved.

Comparison with theory.— Based on the simple momentum theory,
which ignores slipstream rotation and blade profile losses, the
equation for static thrust of an unshrouded propeller can be derived
as follows: ;

The contraction of the Jjet is such that

3,
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The power absorbed by the propeller is converted into kinetic
energy in the final jet so that

P = ZV)® = 265,73

=

1
/4P \3
Vi = it
- ()

. Since the thrust equals mass flow multiplied by change in
velocity, '

T = V) = 882(%2—223
L
T = 1.26(052)3 (P)3 (1)

. The éorrequnding equation for the shrouded propeller is
derived as follows by assuming that

P3 = Dy

then,

i

e

The power absorbed by the propeller is converted into kinetic
.energy in the final Jet so that

a 2nn 378
Pa= -;-mvh = stevh. Ks—g)

\

Wl

2P
Vh = —-—-—->
083

Since the thrust equazls mass flow multiplied by change in
velocity, _




" propeller with the take-off shroud does not-approach its-ideal
~ value ds closely as does the propeller-with the cruise shroud.
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=
i

2
vy, = ps{p%)s
3

= 1.588 (953)% (P)% (2)
l

H
|

Dividing equation (2) by equation (1),
/S l
;i shrouded ' =‘l§26fa—§:3 : (3)
T unshrouded \82

for equal operating condition.

Bquation (3) indicates that the shrouded propeller can be
made greatly superior tc the unshrouded by the use of a large
shroud exit area whose function is to increase the momentum for
a given power. The ideal theoretical values of thrust have been
computed by the above equations-for the model unshrouded propeller
and for the model shrouded propeller with the short take—off shroud
and the short cruise shroud. The ideal thrust is shown in figures 18
to 20 plotted against horsepower and the experimental total thrust
is also plotted for comparison. For the unshrouded propeller, the
curves show that in the higher blade angle range the static thrust }
ig far below the ideal value because most of the:-blade is stalled.
The shrouded propeller, heowever, produces thrust very close to
the ideal value because the higher velocity through the propeller
disk permits the blades to remain unstalled. The thrust of the

This is probably the result of the -larger diffuser angle of the
take—off shroud.

The velocities ahead and behind the propellers are shown in
figures 21 and 22 for ‘several values of the front—propeller rotational
speed. The tube locations are shown in the figures and the two
planes at which the velocities were measured are indicated in figure 5.
The results show that ahead of the propeller a velocity gradient
exists such that the velocities near the shroud are higher than
those near the nacelle. Measurements could not be made immediately
ahead of the propeller but at this station the velocity distribution
is probably much more uniform than at the station investigated. This
is substantiated by the uniformity of the distribution directly
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behind the propeller. The measurements are only approximate
since the construction of the rake was rough and the tubes were
mounted in an axial direction,

CONCLUSIONS

Static tests of unshrouded and shrouded dual-rotating
propellers indicate the following conclusions:

1. In the range tested, for equal power the shrouded
propeller produced approximately twice as much static thrust
as the unshrouded propeller chiefly because the unshrouded
propeller was stalled while the shrouded propeller was unstalled.

o, In the range tested, variations of shroud lerigth and
ratio of shroud exit area to area at the propeller plane had
11ttle effect on the static thrust of the shrouded propeller.

Langley Memorial Aercnautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., ‘
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\~O¢7%r Surface

TABLE I.- SHROUD SECTION ORDINATES

Enations and ordinates in percent of shroud choré}

Shroud
Short, take-off Long, take-off Short, cruise
X Y Yb X Y, !6 X Yy !;

0 ?7.58| 7.52] O 6.03| 6,03 O 7.52] 7.52
.625}5.48| 8.68 .625/4.24| 7.05 .62y 5.48| 8,68
1.25 | 4.85) 9.09] 1.25 |3.69]| 7.41] 1.25| 4.8%5| 9.09
2.50 | 4.02]| 9.57] 2.50 |2.98]| 7.95| 2.50| 4.08] 9.57
5.00 | 2,98|10.50f 5,00 |2.09| 8.64] 5.00]| 2,98{10.50
7.50 |12,.,25/11.01] 7.50|1l.41f 9.07| 7.50| 2.2%511.01
10.00 | x.58{11.34{ 10.00 86| 9.30f 10.00| 1.5& 11.34
15.00 .64/11.74 15.00 211 9.57 15.00 .64 11.74
20,00 | .19]11.97 20.00 .04) 9.68 20,00 .19 11,97
25.00| .06{12.08 £5.00 .00f 9.70{ 25.00 .06 12.08
30.00 .02{12, 30.00 .00 9.70§ 30.00 .03 12,08
40.00 | .00|12.08 39.00| .00f 9.70{ 40.00 .00 12.08
48,50 .00}12.084 40.00| .00| 9.754 48.50| .0( 12.08
50.00 .00{12,19 45.00 .42/ 10,04 50.00 .00 12.05
55.00 .68/12.49 50.00) 1.04/10.17 855.00 .34 11,95
60.00 | 1.63]12.70{ 60.,00{ 2.29| 10,24 60.00 o 11.seﬁ
70.00 | 3.60{12.74 70.00| 3.54 9.93 70.00| 1.24 10.17
80.00 | 5.57|12.13 80.,00| 4.79] 9. 80.00] 1. 8.22
90.00 | 7.54{11.09 90.00| 6.04 8.59 90.00| 2, 5.81
100.00 | 9.52| 9.67 100.00{ 7. 7.44 100.00 s.ga 3.28

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS







NACA RM No. LT7H25 15

Figure 1.- Static test setup with unshrouded propeller.
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Figure 2.- Static test setup with shrouded propeller.
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