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ABSTRACT

This report presents the design of an asymmetric preswirl
stator for the U.S. Coast Guard Island Class patrol boats. The
purpose of the stator is to eliminate a cavitation erosion problem for
the propellers. The methods used to analyze the existing propeller
and design the asymmetric stator employed extensions to the
conventional lifting-line and lifting-surface techniques. The use of a
non-axisymmetric lifting line program made it possible to determine
the configuration and load distribution which best reduced the
likelihood of cavitation erosion. A lifting surface program written
specifically for non-axisymmetric stators was used to determine the
design geometry. The two dimensional cavitation buckets with
corrections for three dimensional effects were used for prediction of
blade surface cavitation inception. Also, a panel method was used
for prediction of chordwise pressure distributions in a quasi-steady
manner. The predicted cavitation inception at the radius of the
erosion was increased by 3.5 to 5.5 knots; however, cavitation was
not quite eliminated at the full power condition. No significant
effect on powering was predicted.

ADMINISTRATIVE INFORMATION
This work was performed by Code 1544 of the David Taylor Research Center (DTRC) and
was supported by the U.S. Coast Guard (USCG) under work request 30227. Work was
performed under DTRC work unit 1-1522-830.

INTRODUCTION

The propellers on the U.S. Coast Guard 110 ft. Island Class patrol boats have a serious
cavitation erosion problem. After a relatively short period of time of operation at the full power
condition, deep pits appear at the root of each blade near midchord of the suction surface. In a
previous attempt to cure the erosion problem, two holes were drilled near the hub of each blade.
However, as shown in Figure 1, erosion still occurs on the propellers with the holes. The erosion
problem affects over 100 propellers worth about three million dollars. To protect its investment,
the U.S. Coast Guard requested David Taylor Research Center to design a device which would
eliminate the erosion problem. After a preliminary study, it was determined that the erosion was
caused by leading edge suction side cavitation due to the high angle of attack associated with an
inclined shaft. This form of cavitation could be reduced by the installation of an asymmetric stator.

The purpose of this report is to discuss the DTRC design of an asymmetric stator for the
U.S. Coast Guard. The following sections describe the approach taken, beginning with design
constraints imposed by USCG and prediction of the wake for the existing condition. Given a
wake and propeller geometry, reproduction of powering and cavitation for the existing prcpelic 1s




described. The design of the stator is then described, followed by the prediction of powering and
cavitation for the modified configuration. Finally, conclusions and recommendations are provided.

DESIGN CONSTRAINTS
Design constraints imposed by USCG played an important role in the design of the stator.
These constraints, which were imposed to minimize the cost and complication of construction, are
listed below.

- Existing propeller cannot be modified.
- Stator is limited to the region of the existing rope guard.

- Each stator blade must have identical geometry (however, each blade may be rotated
to obtain the appropriate pitch setting).

The rope guard is a ring located on the hub directly forward of the propeller, as shown in Figure 2.
The length of the rope guard, which is only 3Y/ginches (0.079 m), limits the size and effectiveness
of the stator.

WAKE PREDICTION

The nominal wake in the plane of the propeller was necessary for the prediction of
cavitation as well as for the design of the stator. However, wake survey data were not available
for this boat and it was necessary to estimate the wake based on a previous wake survey for a
similar hull form. The Coast Guard boat is 110 feet (33.54 m) long and has a maximum speed of
30 knots. It has an open stern with twin shafts each supported by a single vertical strut. The
shafts are inclined downward approximately 11 degrees relative to the hull buttock lines. The U.S.
Navy boat R/V Athena was found to have similar features. Athena is 160 feet (48.78 m) long and
has a maximum speed of 30 knots. Athena also has an open stern, twin shafts and approximately
11 degrees shaft inclination. Since wake survey data were available for Athena, the predicted wake
for the Coast Guard boat was based primarily on the model wake survey for Athenal. The
predicted nominal wake is shown in Figure 3.

The effective wake was also estimated based on model test measurements for the R/V
Athena2. Propulsion tests indicated a thrust identity wake fraction, 7-wy, of approximately 1.0
for Athena. The effective wake for the USCG boat was obtained by simply scaling the nominal
wake by a constant such that the volume mean effective wake, /-w,, was equal to 1.0. The mean
nominal and effective wakes are shown in Figure 4.




EXISTING PROPELLER REPRODUCTION

The first step in solving the erosion problem was to reproduce the conditions for the
existing propeller using propeller analysis tools. First, the delivered power, Pp, at the full power
condition was predicted using a lifting surface analysis method developed by Greeley3, extended
to include hub boundary effects. The Coast Guard had provided data from ship trials#, which
included Pp and RPM as a function of ship speed, Vs. The results, shown in Figure 5, showed
reasonable agreement between predictions and measurements. Second, the cavitation at the full
power condition was predicted using two methods as described in the following paragraphs.

The first procedure used for prediction of cavitation was the traditional "cavitation bucket”
method developed by BrockettS. This procedure calculates the minimum surface pressure, Cppw,
where

c PMIN — Doo 4
PMIN =————, an
12pVrEeL?

Verer = local relative inflow velocity,

for a 2D airfoil at various steady angles of attack. The result is a cavitation bucket which defines
regions for various types of cavitation. The cavitation bucket is fixed for a fixed section geometry.
The propeller operating condition is represented by the cavitation index, g, where

Poo — Dv
pVerer?

The cavitation index is plotted as a function of angle of attack for a propeller section as it rotates
through the unsteady inflow. Points which fall outside of the bucket indicate cavitation over that
portion of the propeller rotation. An angle of attack reduction factor is applied to account for
steady 3D effects. However, since the flow is assumed quasi-steady, the unsteady effect on
pressure and angle of attack is ignored. Cavitation buckets for the USCG boat were calculated for
the 30 knot, full power condition. The result for the 0.3R radius, as shown in Figure 6, indicates
that when the blade is in the 2709 position, the propeller experiences leading edge suction side
cavitation. At the 90° position, inception of leading edge pressure side cavitation is evident. There
is no indication of back bubble cavitation at 30 knots.

The second method for prediction of cavitation was based on a panel method developed by
Lee®. Using this method, the propeller blade pressure distribution was determined for the steady
flow condition. Hub boundary and steady 3D effects are included. However, the inflow must be
considered quasi-steady in order to examine the circumferential variation in angle of attack.




Results are shown in Figure 7 for a single radius near the hub (0.325R) with the blade at 90° and
2700°. In this case, the pressure coefficient and the cavitation index are normalized by the ship
speed:

C i d
= , an
S S hpve
Doo =Py
=7 =0.925 (at 30 kts).
12pVs?

This figure indicates leading edge suction side cavitation at 30 knots when the blade is at 270° and
leading edge pressure side cavitation at 90°. Thus both cavitation prediction methods indicate
similar forms of cavitation at the full power condition. The pressure distribution at the 0.722R,
shown in Figure 8, is also provided at 90° and 270° to show the greater extent of cavitation at
larger radii. (In particular, note that suction side cavitation occurs at both 90° and 270°. Since the
minimum angle of attack occurs at 909, this implies that this cavitation occurs for the full revolution
of the blade.)

Since back bubble cavitation was not predicted in either case, it was concluded that leading
edge suction side cavitation was the cause of the erosion. Although this cavitation was predicted to
be much more extensive at larger radii, the erosion occurred only near the hub. The most
promising way to eliminate the erosion was to eliminate the cavitation. Since leading edge
cavitation was caused by excessive angle of attack, a preswirl stator was designed to reduce the
circumferential variation in tangential velocity.

ASYMMETRIC STATOR DESIGN
This section presents the rationale used in the design of the asymmetric preswirl stator.
The basic configuration is first explained, which includes the selection of diameter, number of
blades, and location of blades. The spanwise distribution of loading is then explained and its effect
on the downstream velocity distribution. Finally, selection of the blade geometry, which includes
spanwise distribution of chord, thickness, camber, and pitch, is explained.

Basic Confi ion

The stator diameter was selected to be large enough such that the stator could adequately
affect the inflow to the propeller in the region of the erosion. The erosion occurred on the propeller
near the 0.3R radius, which was approximately 2.5 inches away from the hub. Thus, a 5.0 inch
span was selected which, given a 10 inch hub diameter, led to a 20 inch stator diameter. A larger




diameter would have led to an unnecessary amount of drag and a higher stress level at the root of
the blades.

The selection of blade number and blade locations was based on a variety of reasons.
Since propeller leading edge suction side cavitation was a problem in the 270° region, stator blades
were necessary in this region to eliminate the existing erosion problem. These blades needed to
turn the flow downward which required that they be lifting upward. This configuration would
have been adequate. However, upwash from these blades occurred in the 90° region which
aggravated propeller leading edge pressure side cavitation. This form of cavitation is known to be
more violent than leading edge suction side cavitation and erosion on the pressure side may occur.
To prevent leading edge pressure side cavitation, stator blades were also required in the 90° region.
Since these blades must also lift upward, the camber must be in the reverse direction of the blades
at 270°. Thus at least two blade geometries were required, which violated the design requirement
of only one blade geometry. It was quickly realized, however, that a mirror image geometry
would be necessary for the port stator and there were actually two blade geometries to work with.
Thus the blades in the 90° region were designed to be a mirror image of those in the 270° region.
In order to eliminate possible cavitation due to the strut viscous effect, a blade was also positioned
at 09, The selected load distribution, which is discussed later, had a finite value at the hub. Since
this can lead to a strong hub vortex and a drag penalty, a blade was also positioned at 180° to
cancel the swirl of the blade at 0°.

As stated in the design constraints, the stator was limited to the region of the existing rope
guard. This rope guard was only 31/g inches long. This restriction limited the chord length of the
stator blades which in turn limited the amount of load each blade could carry. In order to produce
enough swirl, the number of blades was maximized. For ease of construction, the minimum blade
spacing was selected to be 30°. For these reasons, four blades were positioned around 2700 and
90°. This basic configuration is shown in Figure 9.

Distribution

The shape of the spanwise circulation distribution, G, greatly affected the stator induced
velocity in the plane of the propeller. The magnitude of the loading was selected in conjunction
with the blade geometry and is discussed later. A lifting line method developed by Kerwin?,
which was capable of computing forces and field point velocities for an asymmetric stator, was
used for the selection of load distribution. A finite hub loading with a significant extent of zero
slope near the hub led to the most desirable distribution of velocity downstream. This distribution
is shown in Figure 10. Since there was no slope near the hub, there was no shed vorticity in this
region. The load near the tip was reduced in order to prevent tip vortex cavitation. The resulting
predicted distribution of tangential velocity in the plane of the propeller is shown for three radii in




Figure 11. The wake at the 0.759Rg (0.306R) as shown in Figure 11b, which represents the

modified wake at the radius where the erosion occurred, indicates a 40% reduction of the tangential
velocity at 900 and 2709.

Bl m

The chord length was maximized in order to achieve the greatest amount of loading. Given
a hub length of 31/g inches, the root chord of the blade was selected to be 2.9 inches. The lift
coefficient, Cy, is related to the chord length, ¢, and the circulation, I, as follows:

o - L _ 42G
L lopcVrgr?  (c/D)(VRELIVS)
where G = and L= pVggl.

2nRVg

In order to provide a margin against stall, the lift coefficient was selected to be no more than 0.5.
Since the load distribution was constant near the hub and the relative velocity was nearly constant,
the chord was held constant near the hub in order to maintain a Cy equal to 0.5. The chord was
rounded down to 1.5 inches at the tip where the load distribution goes to zero. A finite chord was
maintained at the tip in order to help prevent tip vortex cavitation. The distribution of chord and
thickness are provided in Figure 12.

The thickness, 1, was selected to be large enough to provide strength while not inducing
backt  le cavitation. The following approximate formula based on the cavitation buckets for a
NACA 16 section was used to check the margin against back bubble cavitation:

-Cppin = 2.28*(t/c) + 0.56*C

The ratio CPMIN/ g and C, are shown in Figure 14a. The maximum stress was calculated based on

beam theory. The stress for the full power steady ahead condition is shown in Figure 14b. The
standard practice for maximum allowable stress for a propeller is 12,500 psi (for nickel-aluminum-
bronze). The maximum stress at the hub of the stator was only 2,800 psi, well below the standard
limit. To increase the robustness of the trailing edge, a parabolic thickness addition was applied to
the standard airfoil sections aft of midchord. The total trailing edge thickness, trg, as shown in
Figure 13, was maintained greater than or equal to 1/33 of an inch.

The camber, £, and pitch, ¢, were determined using lifting surface design methods. Since
no lifting surface code was available for asymmetric stator design, blades in the 270° region were
simulated by computing the lifting surface geometry for an axisymmetric 12 bladed stator. For this
computation, the lifting surface design method by Wang8 with extensions for hub boundary effects




was used. The results are shown in Figure 15 for camber. There was essentially no lifting surface
correction for pitch.

From the lifting line analysis, the hydrodynamic pitch for each blade was determined.
However, the design requirements stated that only a single blade geometry could be designed.
Since the load distribution for each blade was the same, the distribution of pitch for each blade was
similar. Thus it was expected that if the . erage pitch distribution for all the blades was used, the
original design load distribution could be nearly sustained. The average design pitch distribution is
shown in Figure 16. Using the lifting surface analysis method for asymmetric stators described by
Hsin%, each blade was then rotated in an attempt to obtain the design loading. This required a
simultaneous iteration of the pitch of each blade until the original design loading was obtained.
The pitch setting and the hub section for each blade is illustrated in Figure 17 on an expanded hub
surface. For additional appreciation of the design geometry, the plot of blade sections is provided
in Figure 18. Tabulated geometry is provided in Tables 1 through 3.

A note on final geometry is necessary since the blzde pitch settings were changed during
model testing. The blade pitch settings were adjusted for the model test since the shaft/strut
assembly in the water tunnel was fixed at 9.25° relative to the flow, while according to the
predicted wake (based on the R/V Athena, as described in this report) the actual inflow to the
propeller is inclined approximately 11.5°. Thus, in order for the stator blades to achieve the design
loading, the blades were rotated appropriately.

The blade pitch settings for full scale were selected to be the same as model scale. The
reasoning behind this decision was two-fold. First, based on past experience with inclined shaft
sterns, some people felt that the model test configuration represented a more appropriate wake than
the predicted wake. Second, if the predicted wake is correct, then using the model scale pitch
would lead to a stator blade loading higher than design. An error in this direction is preferred since
the propeller cavitation is more likely to be reduced if the stator loading is too high rather than too
low. The pitch settings selected for full scale are listed in Table 3.

RESULTS AND DISCUSSION

The effect of the stator on powering and cavitation performance is now presented. From
the lifting line analysis, the net forces from the stator were computed. The longitudinal, vertical,
and lateral forces are listed in Table 4. The longitudinal drag of 11 lbs. per shaft is negligible
compared to the 20,000+ lbs. of thrust each propeller produces. Thus no significant effect on
powering is expected.

The modified flow behind the stator was used to determine the impact on cavitation
performance ot the propeller. The two cavitation prediction methods were repeated for the new
condition. The cavitation bucket, shown in Figure 19, indicates that leading edge suction side

2




cavitation is at inception at 270°. While the panel method, shown in Figure 20, shows a reduction
of the suction peak, cavitation is still evident. At 900 the cavitation bucket showed a large margin
against pressure side cavitation while the panel method shows cavitation inception. The cavitation
inception speed was determined for both methods for various types of cavitation at the 0.3R radius
and is shown in Table 5. The panel method predicts lower inception speeds in all cases. The
principal result is the increase in leading edge suction side cavitation inception speed at the 0.3R
radius of the propeller of approximately 3.5 to 5.5 knots.

The asymmetric preswirl stator as designed will significantly reduce the cavitation at the
hub of the propelier. Thus the goal of the design, which was to eliminate the cavitation erosion,
appears to be achieved. Since the prediction of cavitation erosion is beyond the state-of-the-art, the
success of the design can only be determined experimentally. Cavitation tests have been performed
and comparison of computations versus measurements of stator/propeller performance will be
reported separately. It is recommended that the design requirement of limiting the stator to the
region of the rope guard be lifted, and a larger stator be designed which could carry a greater load
such that cavitation at the hub of the propeller is eliminated.




Drilled Holes

Erosion Damage

Figurc 1. Erosion Damage
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Figure 20. Modified Chordwisc Pressure Distribution -- 0.325R
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Table 1. Stator Design Geometry
(D=201in.)

r/iR oD Uc vD Irplt flc ¢(deg) O5(deg) xp/D

0.50 0.1450 0.2000 0.02900 0.0667 0.04518 0.00 0.00 0.00
0.55 0.1450 0.1810 0.02625 0.0688 0.04494 0.07 0.00 0.00
0.60 0.1450 0.1640 0.02378 0.0721 0.04492 0.27 0.00 0.00
0.70  0.1450 0.1360 0.01972 0.0817 0.04406 0.94 0.00 0.00
0.80 0.1444 0.1160 0.01675 0.0938 0.03957 1.31 0.00 0.00
0.85 0.1405 0.1090 0.01531 0.1022 003500 0.93 0.00 0.00
0.90 0.1299 0.1040 0.01351 0.1157 0.02838 -0.19 0.00 0.00
095 0.1092 0.1010 0.01103 0.1417 0.01932 -2.44 0.00 0.00
1.00 0.0750 0.1000 0.00750 0.2083 0.00745 -6.28 0.00 0.00

(distnbution)

Thickness Form: NACA 66 (TMB Madified)
Mean Line: NACA a=0.8

Note:
A parabolic thickness addition is applied from midchord to TE to obtain trailing edge thickness, (7.

Edge details and fillet are not shown.
Blades 1-5 are "left-handed” and blades 6-10 are "right-handed.”
Pitch is adjusted for each blade to obtain root pitch shown in Table 3.
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Table 2. Stator Design Geometry (in inches)

riR r ¢ ! ITE f
0.50 5.000 2900 0.580 0.039 0.131
0.55 5.500 2900 0.525 0.036 0.130
0.60 6.000 2900 0.476 0.034 0.130
0.70 7.000 2900 0.394 0.032 0.128
0.80 8.000 2.888 0335 0.031 0.114
0.85 8.500 2.810 0.306 0.031 0.098
0.90 9.000 2598 0.270 0.031 0.074
0.95 9.500 2.184 0.221 0.031 0.042
1.00 10.00 1.500 0.150 0.031 0.011

Note:

A parabolic thickness addition is applied from midchord to TE to obtain trailing edge thickness, 17¢.

Edge details and fillet are not shown.
Blades 1-5 are "left-handed” and blades 6-10 are "right-handed.”
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Table 3. Blade Pitch Settings

Blade Blade Root
Number Location Pitch (deg)
(deg)

1 315 97.3

2 285 99.6

3 255 99.4

4 225 96.3

5 180 88.3

6 135 82.7

7 105 80.2

8 75 80.5

9 45 83.4
10 0 92.2

Note: Pitch is defined as a right hand propeller.

Table 4. Net Stator Forces (per shaft)

Longitudinal: -11 lbs. (drag)
Vertical: 746 lbs.
Lateral: 224 lbs.
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Table 5. Cavitation Inception Speeds (knots)

Prediction Method Cavitation Type Original | Modified Delta
Cavitation buckets Leading edge suction side: 24.6 30.0 5.4
Leading edge pressure side: 30.0 38.1 8.1

Back Bubble: 37.5 36.8 -0.7

Panel code Leading edge suction side: 22.0 25.6 3.6
Leading edge pressure side: 24.0 28.0 4.0
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