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Effects of Geometry Variations on the Perfor mance of Podded
Propulsors

Mohammed F. Islam, (sM), Brian Veitch, (M), Susan Molloy, (SM), Neil Bose, (FL), and Pengfei Liu, (M)

This paper presents results and analyses of an experimental study into the effects of geometric parameters on the
propulsive characteristics of puller and pusher podded propulsors in straight course open water conditions. Five
geometric parameters were chosen for the current study and a design of experiment technique was used to design a series
of 16 pods that combined the parameters. Tests on the 16 different pod-strut-propeller combinations in puller and pusher
configurations were completed using a custom designed podded propeller test rig. The dynamometry consisted of a six-
component global dynamometer and a three-component pod dynamometer. The test rig was used to measure the thrust
and torque of the propellers, and forces and moments on the whole unit in the three orthogonal directions. The design of
experiment analysis technique was then used to identify the most significant geometric parameters and interaction of
parameters that affect propeller thrust, torque and efficiency as well as unit thrust and efficiency in both the puller and
pusher configurations. An uncertainty analysis of the measurements is also presented.

KEY WORDS:. Podded propulsors; puller and pusher
propulsors; pod geometry variation; propulsive performance;
design of experiments;

INTRODUCTION

Podded propulsors have become attractive to the cruise, ferry
and other shipping sectors. The geometry variations of the pod
that encases the motor and shaft of a podded propulsor have
been guided primarily by the size of available motors. In their
study on podded propulsor optimization, Goubault and Pérrée
(2004) concluded that the pod motor parameters are not as
influential on the hydrodynamic performance as the geometric
parameters. This emphasizes the need for further research on
pod-strut shape to better understand the effect of geometry on
podded propulsors’ hydrodynamic performance. Karafiath and
Lyons (1998) presented a study on the effect of pod geometry
on the performance of podded propulsors. Pod length and strut
position were varied using four pods to study their effects on
pod drag and pod-propeller interactions.

As motor design becomes more flexible, the relationship
between various geometric parameters and performance
becomes an important design consideration. The determination
of the geometric parameters needs to be supported by detailed
investigations into their individual and their combined
(interaction) effects on the hydrodynamic performance of the
propulsor. There are a number of geometric parameters that can
be used to optimize the design of a pod and five were chosen for
the current study, specifically, pod diameter, pod length and
taper length, strut distance from the propeller plane, and
propeller hub taper angle. Our study focuses on the effects of
geometry variations on the hydrodynamic performance of both
puller and pusher podded propulsors. It is important to study the
performance of pusher and puller propulsors separately because
of the necessary different flow conditions involved.

This research program on podded propellers is being undertaken
jointly by the Ocean Engineering Research Centre (OERC) at

Memorial University of Newfoundland (MUN) and the National
Research Council’s Institute for Ocean Technology (IOT), with
the support of Oceanic Consulting Corporation, and Thordon
Bearings Ltd. The program combines parallel developments in
numerical prediction methods and experimental evaluation.
Amongst the hydrodynamic issues that have been identified are
questions regarding the effects of hub taper angle (Islam, 2004;
Islam et al., 2004; Islam et al., 2005; Taylor et al., 2005 and
Taylor, 2005), pod-strut configuration (Islam, 2004 and Taylor,
2005), pod-strut interactions (He et al., 2005a and He et al.,
2005b), gap pressure (MacNeill et al., 2004), and pod-strut
geometry (Molloy et al., 2005) on podded propeller
performance.

THE GEOMETRIC SERIESAND
EXPERIMENTAL APPARATUS

Using existing commercial pods as a baseline, five geometric
parameters were selected that allowed variation in the primary
dimensions of the pod-strut-propeller hub (Molloy et al., 2005).
The pod length, diameter and taper length, as well as strut
distance from the propeller plane, and propeller hub taper angle
were chosen as key defining parameters of the propulsor (Fig.
1). Values of these parameters were chosen so that there was
one set of parameters in the series that is higher than the average
commercial dimensions and one set lower. The high and low
values of the parameters (Table 1) were then combined to give a
series of 16 pods based on a fractional factorial design of
experiment technique (Molloy, 2003). Two propellers with hub
taper angles of -15° and -20° (denoted as Pull-15° and Pull-20°,
respectively) were used with the pod series in puller
configuration, and two propellers with hub taper angles of 15°
and 20° (denoted as Push+15° and Push+20°, respectively) were
used with the pod series in pusher configuration. These four
propellers had the same blade sectional geometry but different
hub taper angles. Details of the geometry of the propellers can
be found in (Liu, 2006).
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Fig. 1. Geometric parameters used to define pod-strut geometry.

For the research work, 16 combinations of dimensions were
designed and manufactured as listed in Table 2. The pod
combinations were selected to include one combination with all
dimensions low and one with all dimensions high, denoted as
Pod 1 and Pod 16. The list of symbols of the parameters used in
the paper is shown in Table 2. The physical models of the 16
pods tested in the geometric series are shown in Fig. 2.

Table 1. High and low values of the geometric parameters of the
pod models.

External Avg. Low High
Dimensions of Values Values | Values
Model Pod mm mm mm
Propeller Diameter, 270 270 270
Pod Diameter, Dpog 139 128 | 166
Pod Length, Lpyg 430 430 524
Strut Distance, Sy 100 75 133
Taper Length, TL 110 69 150
Hub Angle, Hapgle 15° & 20° 15° 20°

Table 2. Combinations of dimensions of the 16 pods (used in fractional factorial design). Here, A is the ratio of pod diameter to
propeller diameter, Dpog/Dprop, B isthe ratio of pod length to propeller diameter, Lpog/Dpyrop, C is the ratio of pod taper length to propeller
diameter, TL/Dpy,p, D is the ratio of strut distance to propeller diameter, Spis/Dprop, and E is the propeller hub taper angle, Hapgle.

Factor A Factor B Factor C Factor D Factor E
Pod No. DPod/DProp LPod/ DProp TL/ DProp SDist/ DProp HAngIe
Ratios are based on propeller diameter, Dp,qp Of 270 mm
Pod 1 0.474 1.593 0.256 0.370 15
Pod 2 0.474 1.593 0.256 0.489 20
Pod 3 0.474 1.593 0.556 0.489 15
Pod 4 0.474 1.593 0.556 0.370 20
Pod 5 0.474 1.941 0.256 0.370 20
Pod 6 0.474 1.941 0.256 0.489 15
Pod 7 0.474 1.941 0.556 0.370 15
Pod 8 0.474 1.941 0.556 0.489 20
Pod 9 0.615 1.593 0.256 0.370 15
Pod 10 0.615 1.593 0.256 0.489 20
Pod 11 0.615 1.593 0.556 0.370 20
Pod 12 0.615 1.593 0.556 0.489 15
Pod 13 0.615 1.941 0.256 0.370 20
Pod 14 0.615 1.941 0.256 0.489 15
Pod 15 0.615 1.941 0.556 0.370 15
Pod 16 0.615 1.941 0.556 0.489 20

The pod series tests used a fractional factorial design technique,
a method of experimentation used to examine the effects of
single parameters and interactions between parameters for
multifactor experiments. In factorial experiment designs, a
factor is a major independent variable. In this method, the

significance of individual factors is ranked in an ascending order
based on the estimate of their effects on the overall result of the
experiments. An experimenter can go through the process of
logical elimination of insignificant factors and rerun the tests
using only the most influential factors, thus making the
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experimentation simpler. Some factors or interaction factors are
aliased with each other and cannot be differentiated
(Montgomery, 2005). The details of the factorial effect aliases in
our test series design can be found in (Islam, 2004). The
factorial analysis was used to determine which geometric

Pod 1 Pod 2
r—

Pod 5 Pod 6
Pod 9 Pod 10

g -

parameters of a pod-strut-propeller have the most significant
effect on the measured performance values (of propeller and
unit thrust, propeller torque, propeller and unit efficiency) in an
open water propulsion unit test in puller and pusher
configurations.

Pod 7 Pod 8
./’/ -
Pod 11 Pod 12

Pod 13 Pod 14

Fig. 2. Geometric models of the pod series used in the experiments.

The open water tests of the 16 pods were performed in
accordance with the ITTC recommended procedure (2002a) and
the description provided in Mewis (2001). A custom-designed
dynamometer system was used to measure propeller thrust,
torque and unit thrust of the pod series in both puller and pusher
configurations. A motor was fitted above the propeller boat to
drive the propeller via a belt system. The center of the propeller
shaft was 1.5Dp,,, below the water surface. The part of the shaft
above the strut went through the boat. The propeller boat stayed
3 to 5 mm above the water surface to avoid waves caused by the
strut piercing the surface. Water temperature, carriage speed, Va,
and the rotational speed of the propeller, n, were measured.
Details of the experimental apparatus can be found in MacNeill
et al. (2004).

RESULTSAND ANALYSIS

The dynamometer system measured propeller and pod forces
and moments as follows: propeller thrust at the propeller end
(Tprop), propeller thrust at the pod end (Tpoq), propeller torque
(Q), unit longitudinal force (Ty,; or Fyx), unit transverse force
(Fy) and unit vertical force (Fz). Two thrust load cells were used
to measure propeller thrust at the two ends of the propeller shaft
(Terop and Tpog). The difference between the two measurements
was insignificant taking into account the uncertainty in the
system. In the current paper, only the propeller thrust at the

Pod 15 Pod 16

propeller end (Tpyp) is presented. The experimental results were
analyzed in terms of propeller thrust coefficient, Krpyop, propeller
torque coefficient, 10Kq, propulsive efficiency, #prop, unit thrust
coefficient, Ky, and unit efficiency, nyp, all versus propeller
advance coefficient, J. Krprop, Kg, #props Kruni, Hunic and J are
defined in equations 1-6, respectively. Additional experiments
were conducted to study Reynolds Number effects on the puller
and pusher propulsors’ performance (Islam, 2006a). The study
showed that the Reynolds Number effects became negligible at
rotational speeds of 11 (equivalent to Re=6.50x10°) and above,
as both the propeller thrust and unit thrust stabilized at that
rotational speed for all advance coefficient values. In all of the
tests for pod geometry effects, a constant shaft rotational speed
of 11 rps was used. Equations 1 to 6 were used to present the
measurements.

KTProp = TProp /(10”2D4) M
Ko =Q/[pn?D7) @)
Moy = [3/Q70]% Ky, 1K) 3)
Keunic = Tunit/ (pnz D4) )
Mo = [37Q)]* (Ko 1K) ®)
J=V,/(nD) 6)
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EXPERIMENTAL RESULTS

Pod Seriesin Puller Configuration

The propeller thrust coefficient, Krpyp, propeller torque
coefficient, 10Kq and propulsive efficiency, #pp values for each
of the 16 pods in the puller pod series experiments (in the range
of J=0.0~1.20) are presented in Figs. 3, 4 and 5, respectively.
The tests were conducted at 17 different advance coefficients
with repeated tests at 4 advance coefficients. Tables A-1 and A-
2 present the Kyp, and 10Kq values, respectively, for the pods
in puller configuration.

With reference to the Figures, for the puller propulsors in the
series, the Krpy, values at J = 0 of the 16 pods ranged from
0.464-0.495, an approximately 7% spread based on the lowest
Krpop given by pod 15. At J = 0.8, the Kypy, values covered
0.152-0.179 (approximately 17% spread based on the lowest
Krprop). At J=0.8, the highest Kyp, was given by pod 16 and the
lowest Krprop Was given by pod 3. The torque coefficient (10Kg)
values of the different pods ranged from 0.679-0.692
(approximately 2% spread based on the lowest 10Kq given by
pod 3) at J = 0 and 0.275-0.312 (approximately 14% spread
based on the lowest 10Kq given by pod 4) at J = 0.8. The #pp
values of the different pods ranged from 0.647-0.753 at J = 0.8
and 0.625-0.824 at J = 1.0. The trends showed that for puller
configuration propulsors, there was significant variation in
Krprops 10Kg and #pyop values with the change of the geometric
parameters. At J=0, the thrust coefficients of the pods 1, 3, 6, 7,
12, 14, 15 were lower than those of pod 9 and the thrust
coefficients of the remaining pods were higher than those of pod
9. At J=0.8, the propulsive efficiencies of the pods 1, 3, 6, 7, 12,
14, 15 were lower than those of pod 9 and the propulsive
efficiencies of the remaining pods were higher than those of pod
9. This indicated that the efficiency of the propeller attached to
pod 9 was approximately the average of all the other pods.
Among the pods, pod 3 had the lowest efficiency (77pr, =0.647)
and pod 16 had the highest efficiency (yp,, =0.753) at the
design advance coefficient of J=0.8.
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Fig. 3. Experimental results: Propeller thrust coefficient of all 16
puller pods in the series.
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Fig. 4. Experimental results: Torque coefficient of all 16 puller

pods in the series.
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Fig. 5. Experimental results: Propeller efficiency of all 16 puller
pods in the series.

The unit thrust coefficient, Ky, and unit efficiency, y,; values
for each of the 16 pods in the pod series experiments (in the
range of J=0.0~1.20) are presented in Figs. 6 and 7. The unit
thrust coefficient values at J = O for the different pods ranged
from 0.458 to 0.484, an approximately 6% spread based on the
lowest Kyyne given by pod 7. At J = 0.8, the Ky, values
ranged from 0.13 and 0.153, an approximately 18% spread
based on the lowest Ky, given by pod 4. The ny,; values of the
different pods ranged from 0.564 to 0.645 at J = 0.8 and from
0.366 to 0.565 at J = 1.0. The trends showed that there is
significant variation in Ky, and gy, values with the change of
the geometric parameters. At J=0, the thrust coefficients of the
pods 1, 3, 6, 7, 12, 14, 15 were lower than those of pod 9 and
the thrust coefficients of the remaining pods were higher than
those of pod 9. Among these pods, pod 9 had the lowest unit
efficiency (yyne =0.565) and pod 5 had the highest unit
efficiency (yune =0.645) at the design advance coefficient of
J=0.8. Table A-3 presents the Ky, values for the pods in puller
configuration.
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Fig. 6. Experimental results: Unit thrust coefficient of all 16

puller pods in the series.
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Pod Seriesin Pusher Configuration

The propeller thrust coefficient, Kqpyp, propeller torque
coefficient, 10Kq and propulsive efficiency, yp., values for each
of the 16 pods in the pusher pod series experiments (in the range
of J=0.0~1.20) are presented in Figs. 8, 9 and 10, respectively.
The tests were conducted at 17 different advance coefficients.
Tests were repeated at a minimum of 4 advance coefficients.
Table A-4 and A-5 present the Kypy, and 10Kq values for the
pods in pusher configurations, respectively.

For the pusher propulsors in the series, the Kypyo, values at J =0
of the 16 pods ranged from 0.4564 to 0.4715, an approximately
4% spread based on the lowest Kypy, given by pod 7. At J =
0.8, the Kyp,, values were in a range of 0.1469-0.1724
(approximately 17% spread based on the lowest Kipyp). At
J=0.8, the highest Krp,, was given by pod 4 and the lowest
Krprop Was given by pod 13. The torque coefficient (10Kg)
values of the different pods ranged from 0.6532 to 0.6852
(approximately 5% spread based on the lowest 10Kq given by

pod 12) at J = 0, and from 0.275 to 0.312 (approximately 14%
spread based on the lowest 10Kq given by pod 1) at J = 0.8. The
Pprop Values of the different pods ranged from 0.666-0.712 at J =
0.8 and 0.580-0.702 at J = 1.0. The trends showed that for the
pusher configuration propulsors, there was significant variation
in Krprop, 10K and #prop values with changes of the geometric
parameters. At J=0, the thrust coefficients of the pods 2, 7, 8§,
12, 13, 14 were lower than those of pod 9 and the thrust
coefficients of the remaining pods were higher than those of pod
9. At J=0.8, the propulsive efficiencies of the pods 5, 7, 9, 13,
14, 15, 16 were lower than those of pod 8 and the propulsive
efficiencies of the remaining pods were higher than those of pod
8. This indicated that the efficiency of the propeller attached
with pod 8 was approximately the average of all the other pods.
Among the pods, pod 13 had the lowest efficiency (#p, =0.666)
and pod 12 had the highest efficiency (7p,p, =0.712) at the
design advance coefficient of J=0.8.
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Fig. 8. Experimental results: Propeller thrust coefficient of all 16
pusher pods in the series.
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Fig. 9. Experimental results: Torque coefficient of all 16 pusher
pods in the series.
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Fig. 10. Experimental results: Propeller efficiency of all 16
pusher pods in the series.

The Kruni and myy values for each of the 16 pods in the pusher
pod series experiments (in the range of J=0.0~1.20) are
presented in Figs. 11 and 12, respectively. The unit thrust
coefficient (Kryy) values at J = 0 of the different pods ranged
from 0.440-0.462, an approximately 5% spread based on the
lowest Krypie given by pod 1. At J = 0.8, the Ky, values cover
a ranged of 0.112-0.143 (approximately 18% spread based on
the lowest Ky, given by pod 12). The ny,, values of the
different pods ranged from 0.514-0.634 at J = 0.8 and 0.232-
0.415 at J = 1.0. The trends showed that there was significant
variation in Ky, and myy, values with the change of the
geometric parameters. At J=0, the unit thrust coefficients of the
pods 1, 3, 4, 5, 6, 8, 16 were lower than those of pod 9 and the
thrust coefficients of the remaining pods were higher than those
of pod 9. Among the pods, pod 4 had the lowest unit efficiency
(7unir =0.514) and pod 11 had the highest unit efficiency (7yn;
=0.634) at the design advance coefficient of J=0.8. Table A-6
presents the Ky, values for the pods in pusher configuration.
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Fig. 11. Experimental results: Unit thrust coefficient of all 16

pusher pods in the series.

0.7 Propulsive Performance Curves
Podded Propulsors in Pusher Configurations with Varied Geometry
Propulsive Efficiency, Ny, = oo o~®
o
0.6 7 g .
= ¢ v
= v
E AN
- 3 o A
Py 0.5 s ) \ ©
2 £
s o Pod 01
3] 4 Pod02
5 04 .-
2
ﬂ Pod 05
2 d > Pod06 .
B o] Pod 07 A
E . Poi0s
B 0
g 03 Pod 10
= A Pod 11 (&
Q Pod 12
-
0
0.2 W Pod 15
Pod 16
verage
Maxag
——s—— Min

b1 0z 03 04 05 06 07 08 09 1 11 12
Advance Coefficinet, J
Fig. 12. Experimental results: Unit propulsive efficiency of 16

pusher pods in the series.

UNCERTAINTY ANALYSIS

While the details of uncertainty analysis are beyond the scope of
this paper, a brief discussion of the levels of uncertainty in the
above results is given below. To assess the uncertainty in each
set of experiments and to identify the major factors influencing
these results, a thorough uncertainty analysis was conducted
(Islam, 2006b). The techniques used were based on adaptations
of uncertainty analysis techniques outlined in ITTC
recommended Procedure (2002b); Bose and Luznik (1996);
Coleman and Steele (1989) and Hess €t al. (2000).

The overall uncertainty in the non-dimensional performance
coefficients of the podded propulsors required proper
identification of all the variables contained within the data
reduction expressions (equations 1-6). The experimental
approaches used to obtain the data for each of the variables in
the expressions were influenced by a variety of elemental
sources of error. These elemental sources were estimated, and
combined using the root-sum-square (RSS) method to give the
bias and precision limits for each of the variables. The bias
errors consisted of many elemental sources of error, which
depended on the approaches followed to measure the variables.
However, for the precision error estimates of most variables,
only one source of error (repeatability) was considered
significant. In order to calculate the uncertainty due to
calibration of the six-component dynamometer measurement, it
was required to determine how the uncertainties in the
calibration data propagates into each element of the interaction
matrix and into the measured forces and moments (Hess €t al.,
2000).

The error estimates used in the determination of the bias and
precision errors in this study were considered to be 95%
coverage estimates. The bias uncertainty and the precision
uncertainty were combined using the root-sum-square (RSS)
method to provide estimates of overall uncertainty levels in
these variables. The overall uncertainty was thus considered to
be a 95% coverage estimate.
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The final step in the methodology of uncertainty analysis was to
determine how uncertainties in each of the variables propagate
through the data reduction equations. Using the approaches
described in Bose and Luznik (1996) and Coleman and Steele
(1989), the uncertainty expressions for each set of experiments
were developed as shown in equation 7 to 10, where U denotes

the uncertainties in the corresponding coefficients denoted by
the subscripts. It is to be noted that, in deriving the expressions,
the cross-correlated bias limits (Coleman and Steele, 1989) were
ignored. Strictly they should have been included, but they would
have, in the current case, reduced the total uncertainty.

2 U 2 U 2 2 2
] B (—”j + 4(U—“j + 16(U—Dj (7)
KTProp TPr op p n D
2 2 2 2
U Ko = U_Q +| 2| + 4[&} + 25(U_DJ (8)
Kq Q Yo, n D
2 2 2 2 2
Kunit U TUnit +| 2| + 4(&) + 16(U_Dj )
K'I'Unit TUnit 10 n D
2 2 2 2
U_Jj = Ui +(U”j +(U_DJ 10)
J Vv, n D

In the expressions for the podded propulsors’ tests, it should be
noted that for both thrust and torque coefficient uncertainties,
the tare thrust and frictional torque were imbedded in the
corresponding measurements. Since the tare thrust and frictional
torque were part of the same data stream as the thrust and torque
readings, they were not treated as an independent contributor of

Table 3. Uncertainty in the measurements of the pod series data.

error to the corresponding coefficients, but rather as a bias error
on the static-zero value of the thrust and the torque
measurements. The resulting error estimates for the podded
propulsor tests are given in Table 3 below.

J UJ UJ 13 UKTProp UKTProp/KTProp UKQ UKQ/KQ UKTUnit UKTUnit /KTUnit

(+/-) (+/-) (+/-) (+/-) (+/-) (+/-) (+/-) (+-)
0.00 - - 5.78E-03 1.21 7.61E-03 1.11 4.75E-03 1.01
0.10  5.20E-03 5.20 5.59E-03 1.24 7.57E-03 1.17 4.39E-03 1.00
0.20  5.27E-03 2.63 5.28E-03 1.28 7.25E-03 1.20 4.05E-03 1.02
0.30  5.37E-03 1.79 5.02E-03 1.34 6.68E-03 1.19 3.74E-03 1.05
040  5.52E-03 1.38 4.74E-03 1.42 6.27E-03 1.23 3.40E-03 1.08
0.50  5.70E-03 1.14 4.62E-03 1.60 5.90E-03 1.28 3.07E-03 1.13
0.60  5.90E-03 0.98 4.22E-03 1.71 5.92E-03 1.45 2.66E-03 1.17
0.70  6.15E-03 0.88 4.02E-03 1.96 5.18E-03 1.47 2.44E-03 1.33
0.80  6.40E-03 0.80 3.33E-03 2.03 5.30E-03 1.79 2.22E-03 1.71
0.90  6.71E-03 0.75 2.89E-03 2.40 4.66E-03 2.00 2.21E-03 2.30
1.00  7.02E-03 0.70 2.43E-03 3.21 4.94E-03 2.94 1.43E-03 2.86
1.10  7.32E-03 0.67 1.43E-03 4.85 4.15E-03 4.38 9.99E-04 2.80
1.20  7.67E-03 0.64 -2.26E-03 12.58 3.82E-03 4591  -1.34E-03 2.70

Applying the uncertainty limits to the performance curves of
pod 16 in the form of error bars yields a plot as shown in Fig.
13. From the figure, it is observed that the curves fitted to the
data lie inside the error bars. Therefore, the fitted curves provide
a good representation of the trends indicated by the results.
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Fig. 13. Propulsive performance of pod 16 in puller
configuration with error bars.

DOE ANALYSIS

The design of experiment data analysis was completed using the
commercial software, Design Expert® (2005). The software
allows the user to choose a factorial design that meets specific
research configuration requirements; in this case the design
includes one pod with all-low factors and one pod with all-high
factors. The analysis of the data using a fractional factorial
design technique resulted in the identification of the most
significant factors and interactions of factors that affect the
propulsive performance of the podded propulsors both in puller
and pusher configurations.

DOE Analysisof Puller Propulsors
The Analysis of Variance Approach (ANOVA, see
Montgomery, 2005) incorporating with a 95% confidence

interval was used to examine the geometric parameters of the
series that have the most significant impact on the performance
of the podded propulsors. A separate analysis was completed for
each advance coefficient. Table 4 lists all the factors and
interactions of factors that have significant influence on the
performance coefficients: propeller thrust coefficient, Krpyop,
propeller torque coefficient, Kq, propeller efficiency, #pp, unit
thrust coefficient, Ky, and unit efficiency, #y; for the puller
propulsors in the pod series. The factors are designated as
shown in Table 2. Table 4 shows that the significant factors that
come up repeatedly over the range of J values are A (the ratio of
pod diameter to propeller diameter, Dpoa/Dpyop), D (the ratio of
strut distance to propeller diameter, Spis/Dprop), E (hub taper
angle, Hpge), AE (interaction of Dpoa/Dpyop, and Hapge) and BD
(interaction of Lpog/Dprop and Spis/Dprop). The factor C (the ratio
of pod taper length to propeller diameter, TL/Dpy,,) did not show
any significant influence on the performance coefficients at any
advance coefficient.

The factors Hange and Dpog/Dprop had significant impact on
propeller thrust coefficient (Kypyp), unit thrust coefficient
(Ktuni) and torque coefficient (Kg) for almost all values of
advance coefficients, but as the value of advance coefficient
increased from 0, interaction of Dpoa/Dprop and Hapge became as
significant as the single factors Dpog/Dprop and Hapge (in the
range of J=0.3~1.0). The factor B (Lpoa/Dpyop) appeared to have
significant effect in the form of interaction with D (Spis/Dprop)
on Ky, at high values of J (in the range of J=0.75~0.95). The
factor D (Spis/Derop) appeared to have significant effect on Krpy,p
and Kg at moderate advance coefficients, as shown in Table 4.
The propeller and unit efficiencies, #pwp and yune Were mostly
affected by Hange and Dpoa/Dprop; Hangle being the most
influential one at all advance coefficients. Dpoa/Dpyop played an
important role when the advance coefficient was higher than
0.6.

Table 4. Fractional factorial design results: List of significant factors and interaction of factors for puller propulsors. Here, A is the ratio
of pod diameter to propeller diameter, Dpoa/Dprop, B isthe ratio of pod length to propeller diameter, Lp,a/Dprop, C is the ratio of pod taper
length to propeller diameter, TL/Dp,,, D is the ratio of strut distance to propeller diameter, Sp;/Dprop, and E is the propeller hub taper

angle, Hange-

Significant factor and interaction of factors
J KTProp KTUnit K n Prop NUnit
0.00| AE E AE - - -
010| AE E AE E E
0.20| AE E AE E E
0.30| AE AE A E AE AE AE E E
040| AE AE A,E AE A E AE E E
050 | AE AE A E AE AE AE E E
060| AD,E| AE A E AE A,D,E AE AE E
0.70 | A,D,E | AE A E AE A,D,E AE AE E
080 | A,D,E | AE A E AE, BD A,D,E AE AE E
090| AAD,E| AE A AE, BD A,D,E AE AE AE
1.00| AE A BD AE AE AE
110| AE A BD A E A E AE A E
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As shown in Fig. 14, the parameter Dpoa/Dprop had a significant
effect on Kypy, at J=0.8. For a fixed propeller diameter, as the
pod diameter increased the Krpy, increased. In the puller
configuration, the larger pod diameter created larger blockage to
the flow behind the propeller. The flow blockage reduced the
local inflow velocity, thus the propeller operated at a lower
effective advance coefficient, which resulted in increases in the
KTProp. The analysis also indicated that the factor A
(Dpod/Dprop) Was involved in an interaction. This means that
while the information in Fig. 14 is valid, there might be indirect
impact on Kyp, due to the interaction of Dpog/Dprop and Hapgle-
The parameter A (Dpoo/Dprop) had an effect on Kryni, Ko, #prop
and #yp; similar to that of Kypy, for the advance coefficient
values shown in Table 4.

___ One Factor Plot___

0179 Warning! Factor involved in an interaction.
Actual Factors
B: Len_Pod/Dia_Prop = 1.77
C: TL/Dia_Prop = 0.410
D: SD/Dia_Prop = 0.430
0.172 4 E: Hub Angle = 17.5
0.165 =4
0.150 -
0.152 = A: Dia_Pod/Dia_Prop

I I I 1 1
0.470 0.505 0.540 0.575 0.610

Fig. 14. DOE Analysis: The effect of Dpoa/ Dprop (A) 0n
propeller thrust at J=0.8 for puller propulsors.

~_ OneFactor Plot_______

0.179 Actual Factors
A: Dia_Pod/Dia_Prop = 0.540
B: Len_Pod/Dia_Prop = 1.77
C: TL/Dia_Prop = 0.410
E: Hub Angle = 17.5
0.172
0.165 =
=
01504 2
ﬁ-t‘
4
4
01529 D: SD/Dia Prop
1 I I I 1
0.370 0.400 0.430 0.460 0.490

Fig. 15. DOE Analysis: The effect of significant factors,
Soist/Drprop (D) on propeller thrust at J=0.8 for puller propulsors.

Fig. 15 shows the effect of the strut distance, D (Spis/Dprop) ON
Krprops it shows that as the strut distance increased the Kipyop

tended to decrease slightly because of the blockage effect of the
strut. A similar effect was found for K. Spig/Dprop did not show
any effect on KTUnit as an individual factor but had influence
on KTUnit as an interaction effect as described later (Fig. 21).
Fig. 16 shows the effect of hub angle, E (Hange) on Keprop. As
the hub angle increased, the Kipo, also increased. The
increasing effect of the hub angle on Krp,,, was also found in a
previous study using the same instrumentation (Islam et al.,
2006). Hub angle had a similar effect on Krypit, #prop and #unir-
Figs. 17 and 18 show that the parameter hub angle, Hayg, had a
significant but opposite effect on Ko at J=0 and J=0.8,
respectively. As the hub angle increased, the Kq increased at
J=0 but decreased at J=0.8.

__ One Factor Plot___

0179 Warning! Factor involved in an interaction.

Actual Factors

A: Dvia_Pod/Dia_Prop = 0.540
B: Len_Pod/Dia_Prop =1.77
C: TL/Dia_Prop = 0.410

0.172 D: SD/Dia_Prop = 0.430
=

0.165 =

0.159

0.152 E: Hub Angle

I 1 1 1 1
15.0 16.3 17.5 18.8 20.0

Fig. 16. DOE Analysis: The effect of significant factor, Haygie
(E) on propeller thrust at J=0.8 for puller propulsors.

One Factor Plot_____

0.602- Warning! Factor involved in an interaction.
Actual Factors
A: Dia_Pod/Dvia_Prop = 0.540
B: Len_Pod/Dia_Prop =1.77
C: TLiDia_Prop = 0.410
0.687 = D: SD/Dia_Prop = 0.430
0.681 —
= J=0.0
0.675= o
m\
2
=
—
0.670 o E: Hub Angle
1 1 1 1 1
15.0 16.3 17.5 18.8 200

Fig. 17. DOE Analysis: The effect of significant factor, Haggie
(E) on propeller torque at J=0 for puller propulsors.

Fig. 19 shows the interaction effect AE (Dpoa/Dpop and Hapgre)
on Krprop; it shows that the influence of the factor Dpog/Dpro, Was
more obvious at a high hub angle i.e. increasing the ratio
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increased Kypyp, at a faster rate at high hub angle. When the
factor Dpog/Dprop, Was low, there was little change in Kypyop
(within 2% based on the lower Kypyp,) due to change in hub
angle. However, when the ratio was high, there was a highly
significant effect of hub angle on Kyp,, (approximately 8%
based on the lower Kypyop). This indicated that for a fat pod with
respect to the propeller (higher value of Dpoa/Dpyop), the hub
angle had more effect on Krpyo, (as the hub angle increases, the
Krprop increases) than a slender pod with a low value of the
factor Dpo/Dpyop. A similar interaction effect was also found on
KTUnit and KQ

____OneFactor Plot___
0312 Warning! Factor involved in an interaction.
Actual Factors
A: Dia_Pod/Dia_Prop = 0.540
B: Len_Pod/Dia_Prop = 1.77
C: TL/Dia_Prop = 0.410
0.303 D: SD/Dia_Prop = 0.430
0.293 g-
Ay
n"\
=
£
02814 =
0.2744 E: Hub Angle
T T T T T
15.0 16.3 17.5 18.8 20.0

Fig. 18. DOE Analysis: The effect of significant factor, Haygie
(E) on propeller torque at J=0.8 for puller propulsors.

Interaction Graph

E: Hub Angle
0.1787 =4
m E- 15.000
A E+ 20.000
Actual Factors
04721 = B: Len_Pod/Dia_Prop = 1.765
’ C: TL/Dia_Prop = 0.4100
D: SD/Dia_Prop = 0.4300
0.1654 = -3
2
L
=
X
0.1587 — J=0 80
L)
sy A: Dia_Pod/Dia_Prop

| | | |
0.4700 0.5050 0.5400 0.5750 0.6100

Fig. 19. DOE Analysis: The interaction effect of significant
factors, Dpod/ Dprop (A) and Hapgle (E) on propeller thrust at
J=0.8 for puller propulsors.

Fig. 20 shows the interaction effect BD (Lpoa/Dprp and
Soist/Dprop) 0N Kryyie at J=0.8; it shows that the effect of the
factor Lpoa/Dprp, Was opposite at the high and low values of

Spis/Dprop. At the Iow Lpoa/Dpyop, value, the increase of Spig/Dprop
increased the Kryy,i, whereas at high Lpoa/Dp, value, the
increase of Spi/Dprop decreased the Kyyy. In other words, for
the low Spig/Dpyop case, increasing Lpoa/Dpyop increased the Kryypi,
but for the high Syi4/Dpyop case, increasing Lpog/Dpyop decreased
the KTUnit-

Interaction Graph
D: SD/Dia_Prop

0.1530 —

u D- 0.370

A D+ 0.490
01471 = Actual Factors

A: Dia_Pod/Dia_Prop = 0.5400
C: TL/Dia_Prop = 0.4100
E: Hub Angle = 17.50

0.1413 — —I-

J=0.80

0.1354 —

KT _Unit

0.1295 — B: Len_Pod/Dia_Prop

I | | | |
1590 1678 1.765 1853 1.940

Fig. 20. DOE Analysis: The interaction effect of significant
factors, Lpod/ Dprop (B) and Spig/Dpyrop (D) on unit thrust at J=0.8
for puller propulsors.

DOE Analysis of Pusher Propulsors

Table 5 lists all the factors and interactions of factors that have
significant influence on the performance coefficients Krpyop, Ko,
erops Krunit and 7unie for the pusher propulsors in the pod series.
Table 5 shows that the significant factors that came up
repeatedly over the range of J values were A (Dpoa/Dpyop), B
(LPod/DProp)’ C (TL), D (SDist/DProp)a E (HAngle), AB (interaCtion of
Dpod/Dprop and Lpog/Dprop) and BC (interaction of Lpoa/Dpy, and
TL).

The factor Hapge had significant impact on Kypyep, Ko, #prop and
nuni for all values of advance coefficient, whereas the factor A
(Dpod/Dprop) had significant impact at moderate and high values
of advance coefficient (in the range of J=0.4~1.1). The factor B
(Lpoa/Dprop) had significant influence in the form of interaction
with D (Spig/Dprop) 0n Kryupie at moderate values of J (in the
range of J=0.4~0.7) and as an individual factor at high values of
J (in the range of J=0.9~1.1). The factor D (S;s/Dprop) appeared
to have significant effect on Kipop, and ppop, at advance
coefficients of 0.8 and higher. The factor C (TL/Dp,,) had a
noticeable impact on Kyy,, at low and moderate values of
advance coefficient as shown in Table 5.
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Table 5. Fractional factorial design results: List of significant factors and interaction of factors for pusher propulsors. Here, A is the
ratio of pod diameter to propeller diameter, Dpog/Dprop, B isthe ratio of pod length to propeller diameter, Lpog/Dprop, C is the ratio of pod
taper length to propeller diameter, TL/Dp,,, D is the ratio of strut distance to propeller diameter, Sy;/Dprop, and E is the propeller hub

taper angle, Hapge.

Significant factor and interaction of factors
J KTProp K'I'Unit KQ HProp NUnit
0.00 E BC C AB E - - - -
0.10 E BC C AB E E E AB
0.20 E BC C AB E E E AB
0.30 E C AB E E A, E
040 | AE A, C BD E AE AE
0.50 A.E A, C BD A, E A, E A, E
060 | AE A, C BD AE AE AE
0.70 AE A, C BD A, E A, E A, E
0.80 | A,D,.E A, C AE A,D,E AE
090 | A,D,E B,C AE A,D,E A, E
1.00 | A,D,E B AE A,D,E A,D,E
1.10| AE B AE A,D,E A,D,E
Fig. 21 shows Fhe effect of the. factor Dpog/Dprop 0N K.TP“’P at One Factor Plot
J=0.8. For a fixed propeller diameter, as the pod diameter a3
increased the Krpy,, increased. The larger pod diameter created ’ ‘;f;'fﬁfﬁ;",ﬁshipmp =177
larger blockage to the flow in front of the propeller. The Cniglﬁ%i;—l;fr‘g;img‘}]
blockage in the flow reduced the local flow velocity, thus the = E: Hub Angle = 17.5
propeller operated at lower effective advance coefficient, which 0138 -,
resulted in an increase in KTProp. The parameter, Dpoa/Dpy,, had ;
similar effect on Kypyop, Ko, #prop and yypi for the other advance
coefficient values shown in Table 5. Fig. 22 shows the effect of 0.132 J=0.80
the factor Dpya/Dprop On Kruyie at J=0.8. For a fixed propeller
diameter, as the pod diameter increased the Krpyo, decreased. A
larger pod diameter means higher drag on the pod, along with a 0.127 =
larger blockage effect, which resulted in lower unit thrust.
— One Factor Plot___ 0.121 - A: Dia_Pod/Dia_Prop
0.172 = Actual Factors 1 1 | 1 |
B: Len_Pod/Dia_Prop = 177 0.470 0.505 0.540 0.575 0.610
g Eﬁ%‘i";:li,'rﬁi%%‘:] Fig. 22. DOE Analysis: The effect of Dpya/ Dprop (A) On unit
oLoc E: Hub Angle = 17.5 thrust at J=0.8 for pusher propulsors.
=
Fig. 23 shows the effect of the factor taper length, C (TL/Dpy,,)
on Ky at J=0.8. For a fixed propeller diameter, as the pod
0.160 taper length increased the Kyy,; increased. Taper length showed
a similar effect on unit thrust at other advance coefficients but it
did not have significant effect on Krprop, Kg, #prop and mypic at any
0.153 of the advance coefficients.
Fig. 24 shows the effect of the strut distance, D (Spis/Dprop) ON
0.147 T . propeller thrust; it shows that at J=0.8, as the strut distance
A Dis Vodiiia Pron increased, the Krp,p tended to decrease slightly because of

I 1 I I 1
0.470 0.505 0.540 0.575 0.610

Fig. 21. DOE Analysis: The effect of Dpog/ Dprop (A) 0n
propeller thrust at J=0.8 for pusher propulsors.

blockage effect of the strut. The factor, Spiw/Dprp showed
similar effect on #p,, and yyy at high advance coefficients but
did not show any effect on Kyyy; and Kg at any advance
coefficients.
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__ OnePFactorPlot_____

01434 Actual Factors
A: Dia_Pod/Dia_Prop = 0.540
B: Len_Pod/Dia_Prop = 1.77
D: SD/Dia_Prop = 0.430
E: Hub Angle =17.5
0.138 —
-
-
=
D\
0.132 — =
8 J=0.80
0,127 —
0.121 C: TL/MDia_Prop
1 1 1 1 I
0.260 0.335 0.410 0.485 0.560

Fig. 23. DOE Analysis: The effect of TL/ Dpy,p, (C) on unit thrust
at J=0.8 for pusher propulsors.

__ One Factor Plot

0172~ Actual Factors
A: Dia_Pod/Dia_Prop = 0.540
B: Len_Pod/Dia_Prop =1.77
C: TL/Dia_Prop = 0.410
E: Hub Angle =17.5
0.166 -
0.160 =
B J=0.80
0,153 im
n.'I
=
-
0.147 = D: SD/Dia_Prop
1 1 1 | |
0.370 0.400 0.430 0.460 0.490

Fig. 24. DOE Analysis: The effect of Spis/ Dprop (D) on propeller
thrust at J=0.8 for pusher propulsors.

Fig. 25 shows the effect of hub angle, Hupge 0n Kypyop at J=0.8.
As the hub angle increased, the Kypy, also increased. The
parameter, Hange had a similar effect on Kypyop, Ko, #7prop and 7unic
for the other advance coefficient values as shown in Table 5 but
did not have any effect on Kyy,;; at any advance coefficients.
Fig. 26 shows the effect of pod length, Lpya/Dprop 0n Krypie at
J=0.9. As the pod length increased, the Kyy,;; decreased meaning
longer pods had lower unit thrust. The parameter Lpog/Dprop
showed a similar effect on only unit thrust at higher advance
coefficients (J greater than 0.9).

The interaction of factors B and C, i.e. BC, (Lpoa/Dprop and
TL/Dpop) had noticeable effect on Kyp,o, when J was equal to 0.3
or less. Fig. 27 shows that for constant propeller diameter, at
J=0 and at lower taper length, increasing pod length resulted in
lower propeller thrust, whereas at higher taper length, increasing
pod length resulted in higher propeller thrust.

___OneFactor Plot___

0.172 Actual Factors
A: Dia_Pod/Dia_Prop = 0.540
B: Len_Pod/Dia_Prop = 1.77
C: TL/Dia_Prop = 0.410
D: SD/Dia_Prop = 0.430
0.166 =
0.160 =
0.153 =
0.147 = E: Hub Angle

1 1 | 1 |
15.0 16.3 17.5 18.8 20.0

Fig. 25. DOE Analysis: The effect of Hapge (E) on propeller
thrust at J=0.8 for pusher propulsors.

__ One Factor Plot____

0.101 =
Actual Factors
A: Dia_Pod/Dia_Prop = 0.540
C: TLi/Dia_Prop = 0.410
D: SD//Dia_Prop = 0.430
0.0031 = E: Hub Angle =17.5

0.0851 —

0.0770 —

KT_Unit

0.0690 — B: Len_Pod//Dia_Prop

1 1 1 1 1
1.59 1.68 1.77 1.85 1.94

Fig. 26. DOE Analysis: The effect of Lpog/ Dprop (B) 0n unit
thrust at J=0.9 for pusher propulsors.

Interaction Graph
C: TL/Dia_Prop

04715 =

m C- 0.260

A C+0.560
Actual Factors
04677 = A: Dia_Pod/Dia_Prop = 0.5400
D: SD/Dia_Prop = 0.4300

E: Hub Angle = 17.50

04639 =

0.4602 = J _O " 0
a
0
-
&
=
x
04564 — B: Len_Pod/Dia_Prop
| I | | |
1.590 1.678 1.765 1.853 1.940

Fig. 27. DOE Analysis: The interaction effect of Lpod/ Dprop (B)
and TL/Dp,, (C) on propeller thrust at J=0 for pusher
propulsors.
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Fig. 28 shows the interaction effect of AB (Dpoa/Dpop and
Lpoa/Dprop) On umit thrust at J=0. It shows that for constant
propeller diameter, at lower pod diameter, increasing pod length
resulted in an increase in unit thrust, whereas at higher pod
diameter, increasing pod length produced a lower unit thrust. A
similar effect was found in the range of J=0 to 0.4.

Interaction Graph
B: Len_Pod/Dia_Prop

04623 =

0.4568 =

0.4513 =

m B- 1.590
A B+ 1.940
Actual Factors

C: TL/Dia_Prop = 0.4100
0.4458 D: SD/Dia_Prop = 0.4300
E: Hub Angle = 17.50

aRa0s= A: Dia_Pod/Dia_Prop

| | | | |
0.4700 05050 0.5400 0.5750 0.6100

Fig. 28. DOE Analysis: The interaction effect of Dpog/Dpyop (A)
and Lpog/Dprop (B) on unit thrust at J=0 for pusher propulsors.

CONCLUDING REMARKS

A series of 16 pods were designed using a fractional factorial
design technique to study the effects of five geometric
parameters (pod diameter, pod length, pod taper length, strut
distance and propeller hub angle) of podded propulsors in
pusher and puller configurations. The experimental data on the
pod series was acquired using a custom-designed pod testing
system at the OERC towing tank at Memorial University. The
findings of the analysis can be summarized at follows:

For a fixed propeller diameter, as the pod diameter increased,
the propeller thrust, torque and efficiency increased for both
puller and pusher propulsors; this might be attributed to the
blockage effect of the pod. However, the increase in pod
diameter resulted in a decrease in unit thrust for the pusher
propulsors.

Pod length did not show an obvious effect on the performance
coefficients of the puller propulsors, but it showed some effect
on unit thrust coefficient of the pusher propulsors at higher
advance coefficient regions. At advance coefficients of 0.9 or
higher, for a fixed propeller diameter, as the pod length
increased the propulsor unit thrust coefficient decreased,
meaning that longer pods had lower unit thrust in the pusher
configuration.

For the puller propulsors, as the hub taper angle increased, both
propeller and propulsor unit thrust coefficients and efficiencies
increased for all ranges of advance coefficients; this was more
pronounced at low advance coefficients. However, hub angle
had opposite effects on torque coefficients at low and high

advance coefficients. The torque increased with increasing taper
angle at advance coefficients of 0.7 or lower but decreased at
higher advance coefficients. For the pusher propulsors, as the
hub taper angle increased, propeller and unit thrusts and
propeller torque coefficients and efficiencies increased for all
ranges of advance coefficients

The ratio of strut distance to propeller diameter had moderate
effects on propeller thrust and torque coefficients for puller
propulsors at moderate advance coefficients but only on
propeller thrust for pusher propulsors. As the distance of the
strut leading edge from the propeller plane increased, the
propeller thrust and torque coefficient decreased.

Taper length of the pod aft end, the end away from the propeller,
did not have a significant influence on performance of the puller
propulsors within the range tested. However, it had significant
effect on unit thrust of the pusher propulsors at all advance
coefficients. For a fixed propeller diameter, as the pod taper
length increased, the unit thrust also increased due to less pod
drag on pods with high taper length.

The interaction of the factors pod diameter and hub angle had
significant effect on both propeller and unit thrust and torque
coefficients at moderate advance coefficient for the puller
propulsors. For a fat pod, the influence of increased hub taper
angle, which causes an increase in propeller and unit thrust
coefficients, was more pronounced. The interaction of the
factors showed little or no effect for the pusher propulsors.

For the pusher propulsors, the interaction of the factors pod
length and pod taper length had noticeable effect on propeller
thrust for low advance coefficients. When the ratio of the pod
taper length to propeller diameter was low, increasing pod
length resulted in lower propeller thrust, whereas at higher taper
length increasing pod length resulted in higher propeller thrust.

For the pusher propulsors, the interaction effect of pod diameter
and pod length was significant on unit thrust coefficient at low
advance coefficients. The analysis showed that for a slender pod
(low value of pod diameter to propeller diameter), increasing
pod length resulted in an increase in unit thrust, whereas the
opposite is true for the pod with a high value of the ratio of pod
diameter to propeller diameter.

For the puller propulsors, the interaction effect pod length and
strut distance was significant on unit thrust coefficient at
moderate advance coefficients. The analysis showed that the
impact of pod length was opposite at high and low values of
strut distance. At the low pod length value, the increase of strut
distance increased the unit thrust, whereas at high pod length
value, the increase of strut distance decreased the unit thrust.

The measurement showed that there were significant variations
in the propeller thrust, torque, unit thrust and propeller and unit
efficiencies values due to the variations of the geometric
parameters of the pods. The uncertainty analysis of the
measurements showed that the level of uncertainty was within
acceptable limits. The variations of the performance coefficients
due to the geometry variations were outside of the errors, which
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implied that the results were significant.
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APPENDI X
Table A-1. Puller Configuration: Propeller Thrust Coefficient, Krpyp

J

Pod 01

Pod 02

Pod 03

Pod 04

Pod 05

Pod 06

Pod 07

Pod 08

Pod 09

Pod 10

Pod 11

Pod 12

Pod 13

Pod 14

Pod 15

Pod 16

0.00

0.4688

0.4865

0.4693

0.4850

0.4833

0.4691

0.4689

0.4826

0.4763

0.4900

0.4924

0.4721

0.4903

0.4719

0.4642

0.4950

0.10

0.4425

0.4542

0.4410

0.4549

0.4556

0.4430

0.4430

0.4544

0.4490

0.4615

0.4638

0.4436

0.4617

0.4448

0.4424

0.4640

0.20

0.4048

0.4179

0.4038

04174

0.4179

0.4044

0.4041

0.4157

0.4092

0.4200

0.4260

0.4052

0.4260

0.4054

0.4055

0.4267

0.30

0.3663

0.3782

0.3636

0.3731

0.3777

0.3640

0.3666

0.3741

0.3723

0.3857

0.3860

0.3688

0.3885

0.3689

0.3675

0.3867

0.40

0.3308

0.3327

0.3230

0.3290

0.3363

0.3246

0.3281

0.3330

0.3311

0.3440

0.3481

0.3269

0.3507

0.3274

0.3321

0.3410

0.50

0.2825

0.2858

0.2807

0.2874

0.2906

0.2788

0.2822

0.2902

0.2881

0.3013

0.3059

0.2839

0.3083

0.2828

0.2829

0.2999

0.60

0.2403

0.2432

0.2386

0.2439

0.2448

0.2378

0.2400

0.2422

0.2483

0.2565

0.2601

0.2420

0.2601

0.2435

0.2466

0.2604

0.65

0.2179

0.2200

0.2162

0.2189

0.2266

0.2146

0.2192

0.2194

0.2268

0.2341

0.2374

0.2230

0.2408

0.2265

0.2227

0.2403

0.70

0.2022

0.2004

0.1945

0.2023

0.2045

0.1941

0.1994

0.2000

0.2067

0.2153

0.2149

0.2007

0.2201

0.2071

0.2041

0.2193

0.75

01773

0.1776

0.1765

0.1792

0.1795

0.1733

0.1796

0.1787

0.1899

0.1907

0.1966

0.1817

0.1954

0.1831

0.1834

0.1966

0.80

0.1587

0.1579

0.1521

0.1553

0.1616

0.1549

0.1581

0.1551

0.1683

0.1729

0.1760

0.1631

0.1786

0.1657

0.1649

0.1787

0.85

0.1376

0.1365

0.1334

0.1395

0.1379

0.1339

0.1379

0.1348

0.1472

0.1481

0.1529

0.1411

0.1548

0.1422

0.1429

0.1549

0.90

0.1130

0.1166

0.1129

0.1136

0.1139

0.1102

0.1139

0.1134

0.1230

0.1271

0.1341

0.1187

0.1368

0.1231

0.1243

0.1344

0.95

0.0946

0.0922

0.0883

0.0916

0.0933

0.0909

0.0942

0.0916

0.1057

0.1090

0.1097

0.0999

0.1115

0.1025

0.1046

0.1138

1.00

0.0720

0.0662

0.0652

0.0671

0.0644

0.0684

0.0697

0.0666

0.0833

0.0871

0.0845

0.0762

0.0906

0.0816

0.0801

0.0890

110

0.0262

0.0168

0.0205

0.0170

0.0186

0.0207

0.0242

0.0197

0.0332

0.0379

0.0409

0.0310

0.0468

0.0384

0.0356

0.0447

1.20

-0.0299

-0.0233

-0.0371

-0.0228

-0.0201

-0.0291

-0.0294

-0.0209

-0.0120

-0.0070

-0.0049

-0.0163

-0.0015

-0.0101

-0.0145

-0.0084

Table A-2. Puller Configuration: Propeller Torque Coefficient, 10Kq

J

Pod 01

Pod 02

Pod 03

Pod 04

Pod 05

Pod 06

Pod 07

Pod 08

Pod 09

Pod 10

Pod 11

Pod 12

Pod 13

Pod 14

Pod 15

Pod 16

0.00

0.6698

0.6828

0.6798

0.6806

0.6848

0.6856

0.6829

0.6815

0.6808

0.6891

0.6921

0.6830

0.6916

0.6825

0.6795

0.6854

0.10

0.6367

0.6444

0.6462

0.6480

0.6443

0.6471

0.6446

0.6440

0.6492

0.6497

0.6511

0.6433

0.6511

0.6454

0.6453

0.6515

0.20

0.5972

0.5991

0.6037

0.6049

0.6008

0.6054

0.6025

0.6002

0.6082

0.6019

0.6078

0.6038

0.6092

0.6057

0.6067

0.6077

0.30

0.5564

0.5519

0.5601

0.5571

0.5559

0.5625

0.5621

0.5520

0.5669

0.5638

0.5625

0.5635

0.5667

0.5648

0.5656

0.5653

0.40

0.5066

0.4986

0.5099

0.4991

0.4982

0.5123

0.5126

0.4986

0.5120

0.5062

0.5122

0.5136

0.5124

0.5102

0.5192

0.5155

0.50

0.4587

0.4460

0.4633

0.4510

0.4445

0.4568

0.4591

0.4491

0.4662

0.4602

0.4655

0.4656

0.4643

0.4623

0.4659

0.4677

0.60

0.4018

0.3954

04112

0.3949

0.3988

0.4076

0.4088

0.3955

0.4184

04103

0.4110

0.4079

0.4152

04123

0.4177

0.4109

0.65

0.3772

0.3645

0.3789

0.3656

0.3679

0.3787

0.3796

0.3629

0.3898

0.3772

0.3835

0.3844

0.3873

0.3909

0.3897

0.3832

0.70

0.3534

0.3374

0.3506

0.3368

0.3391

0.3533

0.3548

0.3387

0.3630

0.3525

0.3561

0.3538

0.3605

0.3643

0.3645

0.3572

0.75

0.3221

0.3089

0.3272

0.3107

0.3095

0.3186

0.3249

0.3091

0.3336

0.3261

0.3325

0.3288

0.3288

0.3341

0.3346

0.3268

0.80

0.2955

0.2767

0.2993

0.2745

0.2802

0.2960

0.3000

0.2760

0.3101

0.2974

0.3024

0.3038

0.3063

0.3093

0.3121

0.3021

0.85

0.2656

0.2495

0.2689

0.2484

0.2515

0.2661

0.2705

0.2462

0.2816

0.2655

0.2653

0.2766

0.2741

0.2774

0.2798

0.2698

0.90

0.2330

0.2142

0.2342

0.2146

0.2145

0.2306

0.2344

0.2129

0.2464

0.2299

0.2363

0.2417

0.2442

0.2494

0.2508

0.2396

0.95

0.2032

0.1802

0.2002

0.1835

0.1852

0.2013

0.2059

0.1804

0.2221

0.1997

0.2074

0.2123

0.2104

0.2190

0.2213

0.2089

1.00

0.1678

0.1461

0.1660

0.1481

0.1468

0.1672

0.1708

0.1438

0.1895

0.1727

0.1701

0.1783

0.1772

0.1885

0.1845

0.1719

1.10

0.0047

0.0699

0.0923

0.0708

0.0761

0.0881

0.0916

0.0715

0.1078

0.0994

0.1036

0.1060

0.1118

0.1142

0.1119

0.1046

1.20

-0.0053

-0.0208

-0.0100

-0.0159

-0.0171

0.0042

0.0057

-0.0155

0.0317

0.0213

0.0244

0.0230

0.0322

0.0310

0.0258

0.0183
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Table A-3. Puller Configuration: Propulsor (Unit) Thrust Coefficient, Ky

J

Pod 01

Pod 02

Pod 03

Pod 04

Pod 05

Pod 06

Pod 07

Pod 08

Pod 09

Pod 10

Pod 11

Pod 12

Pod 13

Pod 14

Pod 15

Pod 16

0.00

0.4620

0.4836

0.4632

0.4780

0.4707

0.4622

0.4576

0.4685

0.4659

0.4792

0.4788

0.4607

0.4760

0.4611

0.4577

0.4840

0.10

0.4307

0.4450

0.4289

0.4439

0.4431

0.4353

0.4322

0.4319

0.4351

0.4450

0.4479

0.4342

0.4453

0.4300

0.4305

0.4499

0.20

0.3841

0.4085

0.3926

0.4040

0.4060

0.3934

0.3932

0.3945

0.3892

0.4067

0.4102

0.3895

0.4075

0.3880

0.3924

0.4095

0.30

0.3407

0.3647

0.3497

0.3525

0.3646

0.3495

0.3560

0.3537

0.3487

0.3693

0.3709

0.3516

0.3666

0.3467

0.3528

0.3670

0.40

0.3032

0.3208

0.3092

0.3135

0.3188

0.3063

0.3151

0.3158

0.3094

0.3273

0.3301

0.3099

0.3236

0.3058

0.3163

0.3281

0.50

0.2645

0.2674

0.2624

0.2699

0.2742

0.2634

0.2696

0.2715

0.2660

0.2798

0.2833

0.2685

0.2801

0.2637

0.2677

0.2849

0.60

0.2212

0.2248

0.2233

0.2201

0.2274

0.2183

0.2295

0.2261

0.2234

0.2373

0.2365

0.2229

0.2376

0.2204

0.2262

0.2406

0.65

0.1866

0.1969

0.2003

0.1972

0.2067

0.1972

0.2035

0.2050

0.2010

0.2125

0.2171

0.2040

0.2122

0.2019

0.2028

0.2182

0.70

0.1735

0.1761

0.1767

0.1786

0.1822

0.1735

0.1833

0.1825

0.1779

0.1904

0.1956

0.1833

0.1943

0.1832

0.1867

0.1974

0.75

0.1522

0.1530

0.1585

0.1506

0.1630

0.1548

0.1629

0.1595

0.1581

0.1668

0.1711

0.1596

0.1701

0.1618

0.1658

0.1732

0.80

0.1351

0.1307

0.1385

0.1295

0.1419

0.1330

0.1386

0.1350

0.1375

0.1475

0.1530

0.1415

0.1507

0.1410

0.1460

0.1511

0.85

0.1126

0.1115

0.1130

0.1107

0.1176

0.1164

0.1178

0.1120

0.1173

0.1212

0.1311

0.1188

0.1291

0.1216

0.1236

0.1282

0.90

0.0884

0.0839

0.0931

0.0884

0.0969

0.0934

0.0931

0.0870

0.0941

0.1017

0.1072

0.0980

0.1081

0.0997

0.1001

0.1046

0.95

0.0762

0.0633

0.0647

0.0639

0.0763

0.0684

0.0685

0.0696

0.0726

0.0780

0.0791

0.0790

0.0847

0.0814

0.0769

0.0857

1.00

0.0466

0.0401

0.0454

0.0395

0.0514

0.0489

0.0393

0.0433

0.0509

0.0566

0.0544

0.0542

0.0630

0.0547

0.0505

0.0594

1.10

-0.0013

-0.0104

-0.0077

-0.0018

0.0014

-0.0051

-0.0023

0.0012

0.0038

0.0115

0.0084

0.0086

0.0183

0.0072

0.0076

0.0153

1.20

-0.0612

-0.0500

-0.0719

-0.0457

-0.0413

-0.0572

-0.0619

-0.0503

-0.0525

-0.0435

-0.0501

-0.0400

-0.0309

-0.0466

-0.0458

-0.0409

Table A-4. Pusher Configuration: Propeller Thrust Coefficient, Kryop

J

Pod 01

Pod 02

Pod 03

Pod 04

Pod 05

Pod 06

Pod 07

Pod 08

Pod 09

Pod 10

Pod 11

Pod 12

Pod 13

Pod 14

Pod 15

Pod 16

0.00

0.4655

0.4681

0.4598

0.4638

0.4643

0.4564

0.4641

0.4715

0.4605

0.4712

0.4667

0.4576

0.4672

0.4601

0.4595

0.4660

0.10

0.4354

0.4408

0.4302

0.4356

0.4392

0.4267

0.4328

0.4429

0.4327

0.4445

0.4393

0.4322

0.4371

0.4335

0.4317

0.4390

0.20

0.4038

0.4019

0.3978

0.3975

0.4059

0.3924

0.3936

0.4116

0.3968

0.4119

0.4095

0.3960

0.4054

0.3949

0.3962

0.4029

0.30

0.3618

0.3667

0.3566

0.3616

0.3654

0.3571

0.3574

0.3733

0.3665

0.3692

0.3685

0.3609

0.3731

0.3586

0.3579

0.3632

0.40

0.3210

0.3283

0.3213

0.3264

0.3288

0.3213

0.3186

0.3271

0.3203

0.3347

0.3343

0.3200

0.3320

0.3239

0.3208

0.3334

0.50

0.2745

0.2838

0.2740

0.2855

0.2867

0.2728

0.2778

0.2871

0.2767

0.2914

0.2934

0.2741

0.2855

0.2842

0.2770

0.2877

0.60

0.2329

0.2415

0.2358

0.2416

0.2435

0.2297

0.2371

0.2438

0.2378

0.2481

0.2500

0.2357

0.2465

0.2393

0.2332

0.2478

0.65

0.2101

0.2223

0.2108

0.2216

0.2261

0.2073

0.2136

0.2198

0.2162

0.2302

0.2291

0.2135

0.2295

0.2168

0.2159

0.2276

0.70

0.1921

0.2012

0.1921

0.2006

0.2042

0.1923

0.1971

0.2018

0.1974

0.2103

0.2060

0.1960

0.2112

0.1956

0.1974

0.2102

0.75

0.1710

0.1801

0.1708

0.1786

0.1830

0.1695

0.1755

0.1833

0.1782

0.1909

0.1860

0.1740

0.1926

0.1741

0.1766

0.1892

0.80

0.1511

0.1587

0.1469

0.1600

0.1634

0.1497

0.1571

0.1600

0.1561

0.1695

0.1670

0.1549

0.1724

0.1523

0.1571

0.1660

0.85

0.1317

0.1405

0.1269

0.1413

0.1433

0.1261

0.1334

0.1431

0.1359

0.1487

0.1464

0.1330

0.1508

0.1339

0.1369

0.1481

0.90

0.1133

0.1211

0.1033

0.117

0.1191

0.1039

0.1123

0.1191

0.1122

0.1275

0.1274

0.1088

0.1312

0.1108

0.1120

0.1244

0.95

0.0892

0.0979

0.0881

0.0973

0.1009

0.0845

0.0932

0.1003

0.0943

0.1083

0.1054

0.0887

0.1108

0.0924

0.0958

0.1089

1.00

0.0644

0.0773

0.0602

0.0754

0.0776

0.0626

0.0700

0.0773

0.0730

0.0887

0.0870

0.0682

0.0911

0.0701

0.0730

0.0883
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0.0102

0.0284

0.0160

0.0299

0.0352

0.0151

0.0229

0.0304

0.0275

0.0429

0.0428

0.0228

0.0518

0.0226

0.0285

0.0440

1.20

-0.0412

-0.0225

-0.0351

-0.0192

-0.0163

-0.0296

-0.0246

-0.0205

-0.0186

-0.0019

-0.0086

-0.0106

0.0017

-0.0199

-0.0176

-0.0020
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Table A-5. Pusher Configuration: Propeller Torque Coefficient, 10Kq

Table

J

Pod 01

Pod 02

Pod 03

Pod 04

Pod 05

Pod 06

Pod 07

Pod 08

Pod 09

Pod 10

Pod 11

Pod 12

Pod 13

Pod 14

Pod 15

Pod 16

0.00

0.6571

0.6552

0.6579

0.6818

0.6852

0.6588

0.6609

0.6832

0.6585

0.6790

0.6834

0.6578

0.6828

0.6656

0.6532

0.6740

0.10

0.6188

0.6349

0.6268

0.6311

0.6314

0.6220

0.6240

0.6421

0.6324

0.6421

0.6343

0.6243

0.6322

0.6373

0.6269

0.6316

0.20

0.5789

0.5925

0.5871

0.5853

0.5956

0.5812

0.5808

0.6048

0.5891

0.6054

0.5956

0.5834

0.5964

0.5903

0.5872

0.5981

0.30

0.5311

0.5380

0.5424

0.5420

0.5445

0.5361

0.5344

0.5619

0.5509

0.5568

0.5470

0.5383

0.5550

0.5494

0.5407

0.5528

0.40

0.4828

0.4978

0.4920

0.5071

0.4996

0.4981

0.4836

0.5072

0.4927

0.5168

0.5064

0.4941

0.5044

0.4931

0.4890

0.5077

0.50

0.4304

0.4487

0.4360

0.4570

0.4507

0.4342

0.4441

0.4612

0.4386

0.4581

0.4619

0.4319

0.4543

0.4494

0.4377

0.4611

0.60

0.3775

0.4014

0.3847

0.4013

0.3965

0.3832

0.3906

0.4139

0.3967

0.4089

0.4098

0.3837

0.4078

0.3903

0.3838

0.4071

0.65

0.3501

0.3734

0.3559

0.3740

0.3738

0.3490

0.3600

0.3823

0.3658

0.3911

0.3844

0.3573

0.3879

0.3649

0.3603

0.3882

0.70

0.3267

0.3468

0.3324

0.3512

0.3428

0.3292

0.3397

0.3537

0.3403

0.3656

0.3556

0.3329

0.3636

0.3356

0.3363

0.3650

0.75

0.2989

0.3188

0.3075

0.3232

0.3227

0.2988

0.3093

0.3319

0.3161

0.3380

0.3274

0.3073

0.3406

0.3067

0.3109

0.3355

0.80

0.2750

0.2949

0.2806

0.2984

0.3000

0.2765

0.2869

0.3027

0.2860

0.3094

0.2990

0.2856

0.3122

0.2806

0.2808

0.3099

0.85

0.2509

0.2647

0.2524

0.2731

0.2722

0.2487

0.2572

0.2851

0.2593

0.2850

0.2730

0.2627

0.2887

0.2566

0.2580

0.2908

0.90

0.2261

0.2408

0.2154

0.2451

0.2384

0.2189

0.2307

0.2504

0.2318

0.2577

0.2463

0.2338

0.2620

0.2285

0.2293

0.2626

0.95

0.1968

0.2106

0.1926

0.2247

0.2138

0.1896

0.2017

0.2292

0.2108

0.2300

0.2252

0.2106

0.2353

0.2042

0.2073

0.2349

1.00

0.1621

0.1752

0.1619

0.1933

0.1872

0.1574

0.1661

0.2002

0.1823

0.2055

0.2008

0.1869

0.2120

0.1736

0.1716

0.2084

1.10

0.0833

0.1189

0.1034

0.1295

0.1215

0.0935

0.1054

0.1352

0.1142

0.1441

0.1462

0.1224

0.1539

0.1108

0.1139

0.1566

1.20

-0.0097

0.0400

0.0149

0.0406

0.0478

0.0145

0.0213

0.0344

0.0379

0.0819

0.0731

0.0505

0.0887

0.0404

0.0391

0.0786

A

-6. Pusher Configur

ation: Propulsor (Unit) Thrust Coefficient,

KTunit

J

Pod 01

Pod 02

Pod 03

Pod 04

Pod 05

Pod 06

Pod 07

Pod 08

Pod 09

Pod 10

Pod 11

Pod 12

Pod 13

Pod 14

Pod 15

Pod 16

0.00

0.4403

0.4505

0.4583

0.4524

0.4502

0.4607

0.4617

0.4623

0.4582

0.4448

0.4537

0.4610

0.4497

0.4475

0.4560

0.4517

0.10

0.4031

0.4186

0.4238

0.4211

0.4213

0.4236

0.4260

0.4319

0.4262

0.4184

0.4176

0.4282

0.4114

0.4189

0.4203

0.4190

0.20

0.3725

0.3823

0.3912

0.3783

0.3859

0.3874

0.3883

0.3951

0.3856

0.3842

0.3801

0.3852

0.3737

0.3855

0.3829

0.3754

0.30

0.3347

0.3424

0.3494

0.3437

0.3396

0.3484

0.3463

0.3562

0.3444

0.3398

0.3381

0.3486

0.3422

0.3437

0.3424

0.3432

0.40

0.2953

0.3009

0.3058

0.3020

0.2987

0.3107

0.3050

0.3066

0.3004

0.2922

0.2989

0.3019

0.2964

0.3045

0.2999

0.3011

0.50

0.2553

0.2570

0.2592

0.2564

0.2521

0.2610

0.2651

0.2660

0.2605

0.2505

0.2541

0.2567

0.2478

0.2555

0.2520

0.2544

0.60

0.2134

0.2121

0.2181

0.2169

0.2090

0.2163

0.2255

0.2188

0.2140

0.2060

0.2127

0.2108

0.2036

0.2101

0.2101

0.2097

0.65

0.1924

0.1902

0.1940

0.1901

0.1887

0.1866

0.2041

0.2014

0.1875

0.1859

0.1915

0.1897

0.1864

0.1831

0.1836

0.1893

0.70

0.1712

0.1696

0.1687

0.1715

0.1702

0.1648

0.1844

0.1783

0.1682

0.1687

0.1714

0.1692

0.1672

0.1660

0.1644

0.1739

0.75

0.1489

0.1456

0.1505

0.1479

0.1449

0.1420

0.1635

0.1568

0.1469

0.1441

0.1493

0.1452

0.1420

0.1470

0.1407

0.1533

0.80

0.1328

0.1228

0.1241

0.1262

0.1257

0.1256

0.1429

0.1337

0.1250

0.1255

0.1297

0.1277

0.1261

0.1221

0.1214

0.1290

0.85

0.1136

0.1034

0.1077

0.1077

0.1039

0.0979

0.1203

0.1182

0.1069

0.1044

0.1102

0.1029

0.1031

0.1009

0.1022

0.1076

0.90

0.1011

0.0814

0.0830

0.0806

0.0778

0.0772

0.0881

0.0904

0.0808

0.0779

0.0909

0.0783

0.0804

0.0792

0.0690

0.0821

0.95

0.0714

0.0524

0.0584

0.0617

0.0583

0.0520

0.0652

0.0711

0.0588

0.0623

0.0666

0.0556

0.0582

0.0526

0.0511

0.0614

1.00

0.0423

0.0297

0.0255

0.0336

0.0377

0.0307

0.0421

0.0434

0.0327

0.0409

0.0446

0.0316

0.0416

0.0253

0.0312

0.0344

110

-0.0085

-0.0240

-0.0264

-0.0186

-0.0206

-0.0333

-0.0082

-0.0045

-0.0098

-0.0073

-0.0091

-0.0051

-0.0014

-0.0177

-0.0228

-0.0088

1.20

-0.0827

-0.0760

-0.0875

-0.0726

-0.0803

-0.0916

-0.0753

-0.0514

-0.0506

-0.0583

-0.0662

-0.0439

-0.0430

-0.0763

-0.0742

-0.0746




