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ABSTRACT

Experimental evidence of the existence of a stagnation line between
the leading and trailing edges on the outer surface of the shroud of a
shrouded propeller in the static condition, in rearward motion, and in
forward motion is presented. This stagnation line on the outer surface,
which is a result of viscous interaction between the propeller slip-
stream and the external flow, causes a reduction in shroud circulation
below that calculated by distributed singularities methods which assume
a stagnation line at the trailing edge only. Shroud thrust decreases as
the distance between this stagnation line and the trailing edge increases.
It i{s shown that in rearward motion, such as is the case for a VIOL
aircraft landing, the stagnation line moves forward from the vicinity
of the trailing edge to the vicinity of the leading edge as vehicle
speed increases. This forward movement of the stagnation line results
in a significant loss in thrust, vhich can be correlated with the stag-
nation line location. Shroud pressure distribution, stagnation line
location, and shroud thrust are presented for all three cases of motion
at several propeller pitch angles, propeller rotational speeds, and
vehicle linear speeds. It is shown that the flow pattern about the
shroud is rather complicated {n rearward motion, involving two coaxial
ring-vortices surrounding the shroud.
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SYMBOLS

c shroud chord

Cp pressure coefficient, P - PO//L)2 p?
Cr thrust coefficient, T/Pw? D%

D propeller diameter

J advance ratio, 2V,/wD

D static pressure

T thrust

v vehicle linear speed where V) K V,< V3LV, etc.
X distance along chord from leading edge

Gé)SL stagnation line location

y distance perpendicular to chord

I air density
w propeller rotational speed

Subscripts

o refers to free-stream conditions
3 refers to shroud
SL refers to stagnation line
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INTRODUCTION

The shrouded propeller has received much attention over the past
few years and is now in application on several experimental aircraft
(the XAZ-1 and XV-11A of Mississippi State University, for instance,
Reference 5). Although many investigations have been directed toward
determining the thrust and overall performance characteristics of
shrouded propellers, only little consideration has been given to
determining the flow pattern about the shroud.

Shroud thrust calculations can be performed by the method of distrib-
uted singularities (References 1-4), which assumes a stagnation line at
the trailing edge (satisfying the Kutta condition) but no stagnation
line between the leading and trailing edges. In reality, viscous inter-
action of the propeller slipstream with the external flow alters this
simple flow pattern so that, in addition to the stagnation line at the
trailing edge, a stagnation line exists on the outer suriace of the
shroud, forward of the trailing edge. For instance, in the static
condition the inviscid flow pattern shown in Figure 1 is altered by
slipstream interaction, so that the actual flow pattern is that
shown in Figure 2. Inviscid flow theory would have the two stagna-
tion lines coinciding at the trailing edge. This forward movement
of one stagnation line reduced the circulation about the shroud below
that which would be calculated by the distributed singularities method.
Thus, the shroud thrust wili be less than the theoretical value, the
reduction being a function of the distance between the outer surface
stagnation line and the trailing edge, since this distance is zero if
both stagnation lines coincide at the trailing edge as is assumed when
viscous slipstream interaction is neglected.

Therefore, an investigation was undertaken to determine the flow
pattern and pressure distribution about the shroud of a shrouded
propeller in the static condition, in rearward motion, and in forward
motion. The case of rearward motion was of special interest because
of the recent application of shrouded propellers on VIOL aircraft.



TEST PROCEDURE

STATIC

For static testing, the shrouded propeller was mounted on a propel-
ler test stand as shown in Figure 3. Testing was done in a large room
in front of a door open to the outside in order to keep recirculation to
a minimum. Power was supplied by a 1C-horsepower electric motor. The
rotational speed of the propeller was measured with a stroboscopic
tachometer,

Both the propeller and the shroud were made of fiber ylass. The
propeller was of constant chord and untwisted. The shroud coordinates
are given in Figure 4. The angle between the shroud chord and the axis
of the system was 1 degree 10 minutes., The dimensions of the propeller
and shroud were as follows:

propeller diameter 26.50 1in.
propeller chord 2.00 in.
shroud mean diameter 30,15 in,
shroud chord 12,56 in,
shroud thickness 2,06 in.

The pressure measuring system is shown in Figure 3. Static pressure

on the inside surface of the shroud was measured through 12 pressure

taps in the shroud, flush with the surface. The static pressure on the
outside surface of the shroud was measured through a 10-tube belt
stretched over the surface. Pressure tap locations are shown in Figure
4, Total pressure behind the propeller was measured through a vertical
10-tube rake, The readi: s of all pressures were recorded simultaneously
by a photomanometer.

The outside surface of the shroud was tufted in order to determine
the location of the stagnation line. The tufts were placed 1 inch apart
in lines parallel to the system axis. Adjacent lines were 2 inches apart
and were displaced % inch relative to each other along the chord. All
tufts were 1 inch long except the rearmost ones, which were shortened so
that none extended past the trailing edge of the shroud. The tufts were
photographed by a remotely controlled camera mounted above the shroud, as
shown in Figure 3.

In the static case, measurements were taken at four propeller
rotational speeds (3500, 4000, 4500, 5000 rpm) at each of four propelier



pitch angles (5°, 10°, 15°, 20°). Measurements at a pitch angle of
259 were taken at 3500 and 4000 rpm. Four readings were taken at each
"setting in the interest of repeatability.

REARWARD MOTION

The entire propeller test stand used in the static testing was
mounted on an automobile chassis, facing aft as shown in Figure 5. Elec-
tric power was supplied to the motor by a 10-kilowatt generator. The
pressure measuring system and the shroud tuft system were the same as in
the static testing.

Additional tufts on wires extending above the shroud (Figure 6) were
added for both the rearward and forward motion testing. The tufts on the
wires were 1 inch long and were 3/4 inch apart. Three tuft wires were
used, one 3 inches ahead of the shroud leading edge, one at the half-
chord location, and the third 4 inches aft of the trailing edge. All
the wires intersected the system axis and were in vertical planes per-
pendicular to the axis. The center wire was vertical, while the others
were inclined at about 10° angles on either side to eliminate interference
among the wires. The wire tufts were photographed by a camera mounted
to one side of the shroud.

Testing was done only on still days to eliminate the effects of
crosswinds., Measurements were taken at three propeller rotational speeds
(4000, 4500, 5000 rpm) at each of three propeller pitch angles (5°, 10°,
159) at each of five speeds (5, 10, 15, 20, 30 mph). Measurements at a
pitch angle of 20° were taken at 4000 rpm at all five speeds. Again,
four readings were taken at each setting.

FORWARD MOTION

Again, the entire propeller test stand was mounted on the automobile
chassis, but facing forward as shown in Figure 7. The pressure measuring
system and the tuft system were the same as in the rearward motion
testing. Measurements were taken at two propeller rotational speeds
(4000, 5000 rpm) at each of three propeller pitch angles (5°, 102, 15°)
at each of five speeds (5, 10, 15, 20, 30 mph). Measurements at a pitch
angle of 200 were taken at 4000 rpm at all five speeds. Again, four
readings were taken at each setting.



TLST RESULTS

STATIC

The shroud pressure distributions are shown in Figures 8a-8d. The
pressure distributions at all propeller pitch angles and rotational
speeds are similar in shape but differ in relative magnitudes. The
static thrust division is shown as a function of the total static thrust
coefficient in Figure 9. The points for all rotational speeds except
the lowest, 3500 rpm, are well correlated on a single curve which levels
off just above 0.5. Since this shroud does exhibit a reasonably high
thrust, it was considered to be a good choice on which to evaluate the
thrust reduction and flow pattern as influenced by the movement of the
stagnation line.

Typical shroud tuft pictures are shown in Figure 10. The leading
edge (0.0-chord position) of the shroud is at the top in these pictures.
The left number is the pitch angle, and the one on the right is the
propeller rotational speed in rpm. The positions of the tufts indicate
that there definitely is a stagnation line forward of the trailing edge.
The location of this stagnation line is shown by the white line drawn
on the photographs. Since fluctuations in the flow made the stagnation
lines somewhat irregular in some cases, the locations used in data
correlation were averages over all tufts on the four pictures taken in
each case.

Figure 11 shows the stagnation line location as a function of the
shroud thrust coefficient. It can be seen that an increase in shroud
thrust corresponds to a movement of the stagnation line back toward the
trailing edge. Thus, in the static case the thrust decreases as the
distance between this stagnation line and the trailing edge increases.
At 5° pitch angle, the stagnation line is located fairly far forward,
around the three-quarter-chord position. As the shroud circulation
increases, either because of pitch angle increase or rotational speed
increuse, the stagnation line moves toward the trailing edge, rapidly
at first and then more slowly, approaching a chord fraction between
0.90 and 0.92. Although there is some irregularity due to the flow
fluctuations, the curves are of the same general shape for all rotational
speeds.

REARWARD MOTION

In rearward motion, essentially three types of shroud pressure
distribution (Figures 12a-12r) were observed, as sketched in Figure 13.
Type A, occurring at the higher circulations and lower speeds, is the
same type of pressure distribution observed in the static case. Type B,
occurring at intermediate circulations and speeds, is characterized by



the occurrence of positive values of the pressure coefficient on the

inner shroud surface and one intersection in the curve. Type C, at lower
circulations and higher speeds, exhibits two intersections, with lower
pressure on the outer surface over most of the shroud. The transition
from Type A to Type B is much more sudden than that from B to C. In some
cases, two types of pressure distribution were observed at the same pitch
angle, rotational speed, and vehicle linear speed (Figures l2c, e, £, g,

i, m, and n, on which the heavier line indicates the more probable pressure
distribution in each case). Thus, the occurrence of a particular type of
pressure distribution seems to be a question of stability.

The tufts on the surface of the shroud and on the wires above, in
front of, and behind the shroud are shown in Figure 14, The surface tuft
pictures were taken first, with the wires removed; then the wire
tuft pictures were taken. This was necessary since the center wire was
held in place by two wires running to the sides over the shroud surface
(Figures 6, 14). These side wires caused interference with the tufts on
the shroud surface, as can be seen in several of the photographs in
Figure l4. Consequently, the surface tufts that appear in the wire tuft
pictures are not o. interest and should be disregarded.

In these pictures, the direction of motion of the vehicle is indi-
cated by an arrow. The normal '"leading edge" (0.0-chord position) of
the shroud is at the top of the surface tuft pictures and on the right in
the wire tuft pictures. In rearward motion, this actually was the
trailing edge, of course. The pitch angle is given by the number on the
left in each picture, the vehicle linear speed in mph by the center number,
and the propeller rotational speed in rpm by the number on the right.

The smooth flow indicated by the tufts on the shroud surface and on
the wires in the pictures marked "No Prop" (taken with the propeller still)
is clear evidence as to the lack of interference effects from the propeller
test stand and other associated apparatus on the vehicle. Again, the
positions of the surface tufts clearly indicate the presence of a stagna-
tion line between the leading and trailing edges. The location of this
stagnation line is shown by the white line drawn on the photographs., Of
particular interest is the considerable region of flow above the shroud
in the direction of vehicle motion, which is evident from the wire tufts
in some of the pictures. The existence of such a large region of flow
opposite in direction to the prevailing free-stream flow is somewhat
surprising and is a clear indication of the complicated flow pattern
caused by viscous slipstream interaction,

The flow patterns about the shroud, as indicated by the wire tufts,
are drawn in Figures 15a-15c. At all speeds, the shroud is surrounded
by a ring vortex which encloses another ring vortex on the outer surface
of the shroud., For the sake of brevity, the 0.0-chord position will be
referred to as the leading edge, and the 1,0-chord position as the trailing
edge in both rearward and forward motion, even though in the rearward case
these terms nre wnisnomers. The transition of flow patterns proceeds as
follows:



(1) (Figure 15a). At low speed, the enclosed vortex on the
outer surface is located near the trailing edge and is very small., This
condition results in a stagnation line located at high chord position.

The flow turns sharply around the leading edge of the shroud, which
causes a8 low pressure peak near the leading edge and results in a pressure
distribution of Type A, similar to that of the static condition.

(2) (Figure 15a). As speed increases, the enclosed vortex
grows, and the stagnation line moves toward lower chord positions. The
pressure distribution remains of Type A, but the low pressure peak
decreases, since the turn about the leading edge is more gradual,

(3) (Figure 15b), When the stagnation line nears the leading
edge, the enclosed vortex has become quite large. The turn around the
leading edge is very gradual, so that the low pressure peak has disappeared.
The increase in pressure across the propeller now results in positive
pressure coefficients on the inner surface near the trailing edge, since
the pressure upstream of the propeller has increased. This results in
a pressure distribution of Type B.

(4) (Figure 15b). Further increase in speed causes the enclosed
vortex to be inclined rearward, with a small stagnation line movement
toward larger chord positions. The increased velocity on the outer
surface causes the pressure on the outer surface to decrease. However,
the lowest vressures still occur near the leading edge on the inner
surface, so that the pressure distribution is still of Type B.

(5) (Figure 15c). Still further speed increase causes the
inclination of the enclosed vortex to increase, so that it becomes
pressed down on the outer surface of the shroud. This increased
velocity on the outer surface of the shroud results in lower pressures
on the outer surface than on the inner. The stagnation line reverses
directions again and moves toward the leading edge as the vortex is
pressed down on the surface.

The flow pattern and pressure distribution type at each pitch angle,
rotational speed, and vehicle linear speed are given in the table on
page 83, Not all of these types of flow patterns were observed at each
pitch angle. The transition, however, is the same, regardless of where
it starts or ends. As shroud circulation increases, through an increase
either in pitch angle or in rotatioral speed, the pressure Aistribution
types move toward the Type A end of the sequence.

In Figure 16, the shroud thrust coefficient is plotted against tiic
advance ratio, with the pressure distribution type given for each point.
The points are well correlated by one curve for each pitch angle. Although
several points fall off the curves, most of these points represent pressure
distributions of types not consisteunt with those of neighboring points on
the curves. This results from the above-mentioned temporary occurrence of



pressure distributions of a type not the most stable at the particular
values of pitch angle, propeller rotational speed, and vehicle linear
speed. The shape of the lines at high advance ratio is questionable
because of the scarcity of points in that region.

It is again evident that a movement of the stagnation line away
from the trailing edge results in a loss in thrust. The stagnation line
location is plotted in Figure 17 as a function of advance ratio. As
mentioned above, the trend is for the stagnation line to move toward the
leading edge as J increases. Upon reaching the vicinity of the leading
edge, the motion of the stagnation line is reversed, and it moves toward
higher chord positions as J increases. 4Ltill further increase in J
causes another reversal and movement toward the leading edge.

The correlation between stagnation line location and thrust loss is
made even stronger by the fact that for 5° and 10° pitch angles the thrust
coefficient passes through a minimum and then increases with advance ratio
at the higher advance ratios. Figure 17 shows that for these pitch angles
the stagnation line moves forward from the trailing edge as advance ratio
increases, but then reverses its motion and moves back toward the trail-
ing edge at the higher advance ratios. This reversal of motion and sub-
sequent rearward movement at the higher advance ratios cause the thrust
coefficient to pass through a minimum and then to increase as the stag-
nation line moves back toward the trailing edge. At higher pitch angles
the reversal of motion of the stagnation line is slight or nonexistent
for the range of advance ratios considered, so that no minimim occurs in
the thrust coefficient curves. Figure 18 shows a correlation of shroud
thrust coefficient with stagnation line location. Again, it is possible
to draw one line for each pitch angle. However, in this case, errors in
measurement of stagnation line location compound errors in measurement
of thrust to produce more scatter.

FORWARD MOTION

Shroud pressure distributions for forward motion are shown in Figures
19a-19j. 1In contrast to the case of rearward motion, the shroud pressure
distributions for forward motion do not exhibit any distinctive types
which can be classified. As a consequence, the occurrence of two
different pressure distributions at the same pitch angle, propeller
rotational speed, and vehicle linear speed was never observed in forward
motion.

Figure 20 shows the tufts on the surface of the shroud and on the
wires above, in front of, and behind the shroud. Again, the surface
tuft pictures were taken first, with the wires removed to eliminate
interference from the side wires crossing over the shroud surface. Also,
the surface tufts appearing in the wire tuft pictures were subject to
interference from these side wires and should again be disregarded. An



arrow is used to indicate the direction of vehicle motion. As before,
the number on the left is the pitch angle; the one in the center is the
vehicle linear speed in mph; and the right-hand number is the propeller
rotational speed in rpm.

In forward motion, the wire tufts are never seen aligned opposite to
the direction of vehicle motion, as they were just above the shroud in
rearward motion. Thus, the flow pattern about the shroud in forward motion
is much more simple, with no ring vortices involved. Flow patterns are
drawn in Figure 21. Even at low speeds, the stagnation line is locate:!
forward of the quarter-chord point, which yields a flow pattern as shown
in Figure 2la. Large increases in speed cause the stagnation line to move
to the leading edge, with a flow pattern as in Figure 21b. As speed is
further increased, leading edge separation aud reattachment occur on the
outer surface. The speed at which separation occurs is lower at the
lower circulations.

Figure 22 is a plot of shroud thrust coefficient against advance
ratio. Again, the points are correlated by one curve for each pitch
angle, although there is some scatter. The stagnation line location is
plotted in Figure 23 as a function of advance ratio. 1It.should be noted
that here the initial forward movement of the stagnation line is the
same for all propeller rotational speeds, while in the case of rearward
motion this initial forward movement decreases as rotational speed
increases. The stagnation line moves rapidly forward toward the leading
edge with the initial increase in advance ratio. It then continues to
approach the leading edge, but more slowly. After the stagnation line
reaches the leading edge, leading edge separation occurs with further
increase in advance ratio. Thus, the low points at high advance ratio
and low circulation do not represent the location of the above-mentioned
stagnation line, which is still at the leading edge, but rather the
location of the reattachment after the leading edge separation bubble.

No meaningful correlation can be drawn between thrust loss and the
distance between the stagnation line and the trailing edge in forward
motion, since the initial forward movement of the stagnation line is
so rapid that, for any forward speed above 5 mph, the stagnation line
is locate:« within a narrow region near the leading edge.



CONCLUSIONS

Viscous interaction of the propeller slipstream with the external
flow does indeed cause a stagnation line to be located on the outer sur-
face of the shroud of a shrouded propeller, as well as at the trailing
edge. The forward movement of this stagnation line causes a reduction
in circulation about the shroud and, consequently, in shroud thrust.
Furthermore, the existence of this stagnation line on the outer surface
of the shroud means that the actual thrust will be less than that calcu-
lated by the distributed singularities method.

In the static condition, this stagnation line is located aft of the
three-quarter-chord position. Increases in propeller pitch angle and/or
rotational speed cause the stagnation line to move rearward to the vicin-
ity of the 0.9-chord position.

In rearward motion, the stagnation line moves forward from a chord
fraction of about 0.9 in the static condition to the vicinity of the lead-
ing edge as the advance ratio increases. This forward movement of the
stagnation line results in a significant decrease in shroud thrust, and
it is possible to correlate this thrust loss with stagnation line location.
This correlation is sustained by the fact that at the lower pitch angles
the stagnation line reverses itself after nearing the leading edge and
then moves back toward the trailing edge at the higher advance ratios.
This reverse and subsequent rearward movement results in a minimum in the
thrust coefficient versus advance ratio curve, followed by an increase in
the thrust coefficient. No such minimum was observed at the higher pitch
angles, where no reversal of stagnation line motion occurred.

In forward motion, the stagnation line moves forward very rapidly
from the 0.9-chord position to the immediate vicinity of the leading
edge. No reversal of stagnation line motion was observed. The arrival
of the stagnation line at the leading edge is followed by leading edge
separation. The suddenness of the forward movement of the stagnation
line precludes a correlation with thrust loss in forward motion, although
the shroud thrust does decrease as the stagnation line moves forward.

The flow pattern in rearward motion consists of two coaxial ring
vortices, one located on the outer surface of the shroud, and the other
surrounding both the first vortex and the shroud. This complicated flow
pattern results in essentially three types of pressure distribution.
Although these types are not completely distinct from each other, the
particuler type existing under a given set of conditions is a question
of stability. 1In some cases, two types were observed at the same pitch
angle, propeller rotational speed, and vehicle linear speed. In forward
motion and in the static condition, the flow pattern is much simpler
with no vortices. The occurrence of two different pressure distributions
at the same pitch angle, rotational speed, and vehicle linear speed was



never observed in forward motion. Leading edge scparation was observed
at low circulation and high speed.
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Figure 1. Inviscid Flow Pattern - Static Condition.

Figure 2, Actual Flow Pattern - Static Condition.
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Static Test Apparatus.

Figure 3.
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STATIC PRESSURE TAPS
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N ' 4@———*'"—~+*F#’J

¥ ‘,—'4' L ¥
PERESSURE BELT TAMS

INNER SURFACE OUTER SURFACE
X y X ¥
0 0 0 0

0.015 0.0358 0.016 -0.0245
0.045 0.0605 0.050 -0.0312
0.081 0.0784 0.181 -0.0378
0.159 0.1009 0.340 =0.0414
0.236 0.1142 0.502 «0.0406
0.314 0.1198 0.663 -0.0350
0.392 0.1226 0.741 -0.0312
0.549 0.1094 0.825 -0.0245
0.700 0.0822 0.906 -0.0171
0.859 0.0434

0.999 0.0076

Figure 4. Shroud Coordinates.
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Wire Tuft Assembly Used in Both
Rearward and Forward Tests.

Figure 6.
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Forward Motion Test Apparatus.

Figure 7.
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Figure 8 (a-d). Shroud Pressure Distributions - Static Condition.
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Figure 12 (a-r). Shroud Pressure Distributions - Rearward Motion.

Legend:  e—————— 5° pitch angle
—— — — 10° pitch angle
— e —— 15° pitch angle
ceviecnee. 20°  pitch angle

«——g—4—— curves which correspond to
inside surface of shroud
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Figure l4.
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Figure 14 (Cont.).
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Figure 15-a. Flow Patterns - Rearward Motion.
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Figure 19 (a-j). Shroud Pressure Distributions - Forward Motion.

Legend: ————eae S0 pitch angle

— —— 10° pitch angle
P, 15° pitch angle
co e 00 0 200 pitCh lngle

—4—4f— curves which correspond to
inside surface of shroud
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Figure 19-j. Shroud Pressure Distribution - Forward Motion,
4500 RPM, 20 MPH.
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Tuft Patterns - Forward Motion.

Figure 20.
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Tuft Patterns - Forward Motion.

Figure 20 (Cont.).
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Tuft Patterns - Forward Motion.

Figure 20 (Cont.).
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Tuft Patterns - Forward Motion.

Figure 20 (Cont.).
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Tuft Patterns - Forward Motion.

Figure 20 (Cont.).
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Tuft Patterns - Forward Motion.

Figure 20 (Cont.).
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TABLE
PRESSURE DISTRIBUTION TYPES - REARWARD MOTION

Speed 5 10 15 20 25 30
MPH
RPM
4000 B B G c C C
4500 B B B (i C
5000 c B B c C c
e —— —— —-——=—‘_—
Speed 5 10 15 20 25 30
MPH
RPM
4000 A B B B c c
4500 A A B B B c
5000 A A \B B B c
Speed 5 10 15 20 25 30
MPH
RPM
4000 A A A A B B
4500 A A B B B
5000| A A A A B A
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