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Summary
The report presents a detailed uncertainty analysis for a podded propulsor open water test. A
brief overview of the uncertainty analysis methodology has been provided, with a particular
focus on the elements that are unique to the experiments with podded propulsors. The
method used follows that of the American National Standards Institute (ANSI) and American
Society of Mechanical Engineers (ASME) standard on Measurement uncertainty and the
approach described by Coleman and steele in their 1999 book Experimental and Uncertainty
Analysis for Engineers.
The variables of interest in the podded propulsors uncertainty analysis were propeller thrust,
unit thrust, propeller torque, forces and moments on the propulsor in the three orthogonal
directions, propeller shaft rotational speed, carriage advance speed, azimuthing angle, water
density (function of water temperature) and propeller diameter.
The uncertainty analysis results of the experiments conducted using the NSERC-NRC
dynamometer system were compared to that of a very high quality, well-established
equipment (tests done in the IOT towing tank) used to measure the performance of some bare
podded propellers and the results from the previous similar tests using the same equipment.
Comparison of the results showed that the podded propulsor tests using the NSERC-NRC
pod instrumentation in the current phase of tests provided the level of accuracy comparable
with the established equipment. The uncertainty levels observed in the propeller thrust and
unit thrust in the podded propulsor tests were found to be higher than the thrust uncertainty
for the baseline tests, but less than the corresponding uncertainties found in the previous tests
done on the same podded propulsors with same operating conditions with the same
equipment.
For majority of the cases, the primary element of the uncertainty of the performance
coefficients was the bias error (90% or more on the total uncertainty). To reduce the overall
uncertainty in the final results, the primary focuses should be to reduce the bias error in the
equipment.
The uncertainty analysis results provided strong evidence that the experimental data obtained
using the NSERC-NRC dynamometer system presented the true performance characteristics

of the model scale podded propulsors under consideration.
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Chapter 1

Introduction

The general recommendations and guidelines provided by the International Towing Tank
Conference (ITTC) for uncertainty analysis for resistance and propulsion tests are most
closely aligned with the testing techniques used to study the uncertainly in the NSERC-NRC
pod dynamometer (Macneill et al., 2004). The methodology used in the analysis of the
uncertainly in the experimentation of puller and pusher podded propulsors follows the
recommended guidelines set out by the ITTC in combination with approaches described by
Bose and Luznik (1996), as well as Coleman and Steele (1999).

Uncertainty in a measurement consists of two major components: bias error and precision
error. Bias error is a constant, systematic error in the system or process, which may be
reduced through calibration, whereas, precision error is the random contribution often

referred to as repeatability error, which can be reduced through the use of multiple readings.

1-1 Bias Error:

Considering the forces and moments applied to a dynamometer during calibration and
testing, analysis of the sources of bias error will depend upon the calibration as well as
testing methods employed. For example, consider a calibration stand using weight pans
connected to cables passing through pulleys to apply the loading to the dynamometer. If the
calibration stand has not been accurately levelled, applied forces and moments will not be as
expected. If various geometrical distances associated with the calibration stand are
inaccurately measured, applied forces and moments will be affected by this inaccuracy. If the
weights used to load the pans have drifted such that their true weight is not their stated
weight, additional bias errors will creep into the calibration. If the pulleys do not have ideal,
frictionless bearings, the true applied forces and moments will be altered by pulley
resistance. Variation in physical constants can lead to bias errors; this is often the case when
thermal variations are present. Incorrect experimental methods can lead to bias errors. For
example, application of forces and moments during calibration in ascending or descending
order as opposed to a random order can lead to a bias uncertainty. Identification of elemental
bias errors for other types of dynamometer calibration equipment, such as load cells, would

proceed in a similar fashion.



Sources of bias error are also present in the output from the dynamometer. For example,
biases may be present in the A/D converter, the amplifier gain, and the applied excitation
voltage. For example, a quantization bias error in the analog-to-digital converter is usually
taken to be one-half of the least significant bit. Biases from the amplifier and power supply
should be identified from manufacturer's specifications and should include factors such as
gain, linearity and zero errors. Hess et al. (2000) suggested that the biases in the output from

the dynamometer be calculated using equation 1-1.

HY =bits*[ 20 V]* *[VL

ex

V. 4096 bit

ex

1
Gain

1000000”—V] *[
V

Where, V,_is the excitation voltage used to power the dynamometer.

A detailed accounting of the sources of bias error is often difficult and requires a careful
analysis of the calibration device, physical constants and geometrical data, associated
experimental equipment and calibration procedures. Because of the expense that such a
thorough examination may entail, one should perform a cursory investigation to estimate the
order of magnitude of the biases. If all biases are negligible when compared to precision
uncertainties, then clearly precision uncertainty will dominate, and setting the biases to zero

will not significantly alter the calculation.

1-2 Precision error:
Precision error is determined by repetition. For the dynamometer calibration device, the

ability to repeatedly apply a given force or moment must be quantified. If F; is a force

h

component applied by the calibration device during the i repetition, and N is the total

number of measurements (spots) by an independent force gauge (calibration standard), then

compute a mean and a standard deviation using:

. N
Mean of forces or moments, F = LZ F
N =1

sl A

153

Standard deviation of forces or moments, S, =

A 95% confidence estimate of the precision uncertainty at a specific magnitude of applied
force is estimated as:

S,

JN

P, =

2



where, f represents a value drawn from the Student's t-distribution for a 95% confidence level
and v = N -1 degrees of freedom. The parameter v is used to extract ¢ value from the standard
t distribution table. It should be carefully noted that, if N is small, then a 95% confidence
level estimate will be large due to the paucity of the data; 5 to 10 trials should be sufficient to
characterize the uncertainty level for a given force magnitude. One must perform this
computation for a selection of force magnitudes throughout the dynamic range of the device.

. .. . 74
Similarly, the precision uncertainty of the output from the dynamometer, expressed in K

(see equation 1-1), should be determined from repetitions with the same applied force or
moment combination for a selection of force magnitudes throughout the dynamic range of
the device. If all precision errors are negligible when compared to bias uncertainties, then
clearly bias uncertainty will dominate, and setting the precision errors to zero will not

significantly alter the calculation.



Chapter 2
The Methodology

2-1 The Uncertainty Expressions

The overall uncertainly in the non-dimensional performance coefficients (Table 2-1) of the
podded propulsors require proper identification of all the variables contained within the data
reduction expressions. Thus the variables of interest in the podded propulsors uncertainty
analysis were propeller thrust, unit thrust, propeller torque, forces and moments on the
propulsor in the three orthogonal directions, propeller shaft rotational speed, carriage
advance speed, azimuthing angle, water density (function of water temperature) and propeller
diameter. Figure 2-1 shows a block diagram for the podded propulsor open water tests
including the individual measurement systems, measurement of individual variables, data
reduction and experimental results.

Table 2-1. List of performance coefficients for the podded propulsor unit.

Performance Characteristics

Data Reduction Equation

Krprop — propeller thrust coefficient

K7unie— unit thrust coefficient, Kz
or Longitudinal force coefficient, Krx
10K — propeller torque coefficient

J —propeller advance coefficient
1prop — propeller efficiency
Nunit — unit efficiency
K7z — transverse force coefficient
Krz— vertical force coefficient
K x— moment coefficient around x axis
Kyy— moment coefficient around y axis

Ki7— moment coefficient around z axis
(Steering moment)
Where,
Tprop - propeller thrust
TUnit - unit thrust
O - propeller torque
V4 - propeller advance speed, in the
direction of carriage motion

TProp /pnzD4
T,/ on°D*or F, / pn>D*

100/ pn’ D’
V,/nD
J/2n x(Kmop/KQ)
J 121 % (K s / K )
F,/ pn*D*
F,/ pn*D*
10M , / pn’D’
10M,/pn’D’
10M,/pn’D’

p — water density
n — propeller rotational speed
D — propeller diameter
F x vy 7z - components of the hydrodynamic
force on the pod
M x y z - components of the hydrodynamic
moment on the pod
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The experimental approaches used to obtain the data for each of these variables were
influenced by a variety of elemental sources of error. These elemental sources were
estimated, as detailed in Appendix B, and combined using the root-sum-square (RSS) method
to give the bias and precision limits for each of the variables. The bias errors were consisted
of many elemental sources of error, which basically 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.

The error estimates used in the determination of the bias and precision errors in this study
were considered to be a 95% coverage estimates. The bias uncertainly and the precision
uncertainly were combined using the root-sum-square (RSS) method shown below to provide
estimates of overall uncertainty levels in these variables. The overall uncertainly was thus
considered to be a 95% coverage estimate.

U, =B +P’

The final step in the methodology of uncertainly analysis was to determine how uncertainties
in each of the variables propagate through the data reduction equations (see Table 2-1).
Using the approaches described by Bose and Luznik (1996), and Coleman and Steele (1999)
the uncertainty expressions for each set of experiments were developed as shown in equation

2-1 to 2-9.

2 2
U U 2 2
Koo | | 2o | 1 22| 44| 2| 416 ﬁ] ....................................... (2-1)
KTProp TPr()p p n
U 2 U 2 U 2 2
Rl 22| 4|22 +4 ﬂ] 2s[ﬁ] ............................................. (2-2)
K, 0 P n
2 2 2 2 2
, U
Ko | = U i —P1 +4 U”] 16[£] ......................................... (2-3)
KTUnit TUnit p n D
U 2 2
A o[Ys | o [Ze| 14(Ye) 416 ﬁ] ............................................. (2-4)
K, F, p n
2 2 2 2 2
U
2 3 +—2| +4 Y, +16 U—DJ ............................................... (2-5)
K., F, p n




U U
Kasx [UMX +| =2 +4 Y, +25 ﬂ] .......................................... (2-6)
K, M, n
2 2 2 2 2
U
o | (Y| [ Ze ) g Yn) wos(Ye ) 2-7)
KMY MY n D
2 2 2 2 2
U
k| (Yaz ) [ Fe ) g Ya) wos( Yo (2-8)
KMZ MZ p n D
2 2 2 2
A I Rl + Y, + L T (2-9)
J v, 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, it had not been treated as an independent
contributor of error to the corresponding coefficients, but rather has been treated as a bias

error on the static-zero value of the thrust and the torque measurements.

2-2 Uncertainly in the Six-Component Global Dynamometer:

The calibration of the six-degree-of-freedom NSERC-NRC global dynamometer yielded an
N x M array of applied force and moment components, F, and an N x M array of
corresponding output voltages, V (Islam 2006c). To each element of the F and V arrays there
was a corresponding bias and precision uncertainty that had been determined as described in
Appendix B.

In order to calculate uncertainty in a six-component dynamometer measurement, one must
determine how the uncertainties in the calibration data propagates into each element of the
interaction matrix and into future measured forces and moments. As described in Hess et al.

(2000), the solution for interaction matrix is given as:

C=(V'V)'V'F
If we consider one dynamometer axis at a time (one column of C and F), then the equation

can be rewritten as



V'V C=V'F;

which is a classic form of the normal equations for a least squares fit problem. To determine

the bias and precision uncertainty propagated into each column of the interaction matrix, one

must determine how uncertainty in input data propagates into the coefficients of a least

squares fit. Similarly, to determine the uncertainty present in future measured forces and

moments from the fit (F=VA), one must understand how uncertainty propagates through a

least squares fit into the output.

As given in Hess et al. (2000), the uncertainty propagated into the slope, m, for a linear least

square fit of the form, y=mx+b is of the form:

U, | + on ol Tl ZTUL | Feeee + @U,
U = 1 axz ax3 a’CN ‘
m = 2 2 2
+ @U},] + @U},z + @U% C + an
@’1 ayz ays ' @’N

1/2

Thus, the uncertainty in the slope depends upon the uncertainties in each of the abscissas and

ordinates of the raw data used to construct the fit. Thus, one must determine the partial

derivatives, % and @, which are found to be of the form:

i i

% =Nyi _Zyi _2m(in _in)
ax, NY ] ~($'x )
and
oan _ Ny, -y x
%, Nle.z —( x,.)2
where,
N N N
NY xy, _inzyz
m = = 0=l




For a six-degree-of —freedom dynamometer system, the uncertainty in each of the element of

the interaction matrix is obtained using equation 2-10 whereU, and U, are the uncertainties

in the voltage and applied load measurements for each of the /V loading conditions.

In the present case, a total loading cases of N=195 was obtained. The applied loads to the
calibration frame designed specifically for the dynamometer system (Islam 2006c) were
converted to forces and moments in the three coordinate directions. In the matrix form, the
forces and moments and the corresponding voltage output from the six-component

dynamometer are expressed as:

F,1 - - - - Fl6 R e 2 )

F=f - - --- - JadV= - - - - - -

| F'195,1 F195,6 V1951 V'195,6

The F and V matrices used to calculate the uncertainties in the global components of the
dynamometer are given in Appendix B. The uncertainties in the interaction matrix were then
obtained using the equation 2-10. Each of the 36 elements of the interaction matrix had
corresponding uncertainties that were calculated using equation 2-10. It is to be noted that the
uncertainties in each elements in the F and V matrix is assumed to be equal for simplicity, as
described in Appendix B. The Interaction matrix and the uncertainties in each of the 36

elements are given in the following two matrices.

Interaction/Calibration Matrix=

-718.3000 107.9000 -195.6000 249.0000 -79.8000 11.9000

-23.7000  42.2000 519.2000  48.8000 -15.5000 1.7000
7.3000 -491.1000 246.9000 -131.6000  12.1000 156.6000
1380.6000 978.0000 -1421.4000 -248.2000 414.6000 -755.6000
-2552.9000 -80.0000 -165.5000 866.7000 -714.2000 773.9000
1333.1000 -1666.2000 2303.9000 -1178.7000 455.1000 514.9000




Bias Uncertainties in the Interaction/Calibration Matrix=

0.1043 0.1508 0.4143 0.1109 0.1171 0.0882
0.0537 0.0767 0.2070 0.0570 0.0601 0.0458
0.0513 0.0732 0.1969 0.0544 0.0573 0.0438
0.2223 0.3224 0.8899 0.2363 0.2498 0.1876
0.2364 0.3428 0.9464 0.2513 0.2656 0.1995
0.2050 0.2972 0.8201 0.2179 0.2303 0.1730

Next thing to do in the uncertainty analysis of the dynamometer is to consider how the
uncertainties in the calibration matrix propagate into a future calculation. A general formula
for the uncertainty, Uy, which propagates into a results, R, from uncertainties in M different

variables, X;; i=1,2,...... M, where R=R(X}, Xo,........ Xu) 1s given by (Hess et al. 1999):

1/2

U, = Uy | + (2-11)

®
ax,

X, ax,

n

2 2 2
OR OR oR
LA N p— (2.

In the present case of the six component dynamometer, the defining equation, F=VA, where

F=F(FX, Fy, Fz, MX, My, Mz) gives us:

F, =C,V, +C,V, +C,V, +C,V, +C .V, +C,JV,
F, =C,V, +CLV, +C,,V, +C,V, +C,; Vs +C, .V
F, =C,V, +C,,V, +C,V, +C,V, +C,;V +C, V,
M, =C,V, +C,V, +C,V, +C,V, +C, Vs +C,V,
M, =C,V, +C,V, +C,V, +C.,V, +C Vs +CiV,

MZ :CGII/I +C62V2 +C63I/3 +C64V4 +C65V5 +C66V6

Now applying equation 2-2 to these equations yielded:

U _ aC’ll &ju wB aC’14 wlS 16
T orar Y o(aF P o(aF Y (oF ' o(aF Y o(oF ’

+ X U , + — X U v + X U V + X v + — X U » + X U v

o, o, 7 o, - o, o, o,

10

2 2 2 2 2 2
{ aFX UCII] +[ OFX UCIZ] + aFX UC13] +[ aFX UC14] +[ aFX UCIS] +[ aFX UC16




Which reduces to

1/2

(Vqul)2 +(V2Uc12)2 +(V3Uc13 )2 +(V4Ucl4 )2 +(V5Uc15 )2 +(V6UC16)2 +

U =
' (CMUVl )2 +(C12UV2)2 +(C13UV3)2 +(C14UV4)2 +(C15UV5 )2 +(C16UV6)2

X

In a similar fashion we get,
1/2

(VIUCZ, )2 +(V2UC22)2 +(V3U )2 "'(V4UC24 )2 "'(VsUc25 )2 "'(VsUczf,)2 +

U, = 5
" (C21UV1 )2 +(C22UV2)2 "'(CzsUV3 )2 +(C24UV4 )2 +(C25UV5 )2 +(C26UV6)2

These equations and the rest four components when put in the matrix form yielded:

"

Vz

V3

UFX Uc Uc12 U013 Uc Uc Ucl(, Cl 1 Clz C13 C14 CIS C16 V4
UFy Uc Uc22 - - - Uc o C21 - - - - C26 Vs
UF7 - - - - - - - - - - - - V6

2| = X

UMX - - - - - - - - - - - - UV1
UMy - - - - - - - - - - - - UV2
UMZ Uc Uc - - - Uc C61 - - - - C66 UV3
U v,

U v,

U V.
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2-3 Results on Uncertainties

The details of the uncertainty calculation for each component of the dynamometer are
provided in Appendix B.

Table 2-2 summarizes the bias and precision limit estimated for the podded propulsors
obtained using the approach described in Appendix B.

Table 2-2. List of performance coefficients for the podded propulsor unit.

Bias Bias Precision Precision
Variable Error Limit error Limit
Temp Calibration +/- 0.2000 °c Fossilized +- 0.2828  °c Scale +- 0.0005 °C
into for Range +/- 0.2 °C
Temp
Density Temp related +/- 0.0441 Kgm3
Errors Overall  +- 0.0940 kgm™3

Density Equation ~ +/- 0.0830 Kg/m"3 Limit

related errors

Propeller CNC Machining

Diameter Errors +/- 0.0001 m Overall
Hnad Polishing Limit +-0.0001 m
Errors +/- 0.0001 m
CNC Machining
Errors +/- 0.0002  rad Overall
Azimuthing  Hnad Polishing Limit +- 0.6920  Deg
angle Errors +/- 0.0020  rad

Hole Allowance  +/- 0.0081  rad
Equipment Allign  +/- 0.0087  rad
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Bias Bias Precision Precision
Variable Error Limit error Limit
J=0.0  +- 0.0100 rps
J=0.1 +- 0.0132 rps
J=02 +- 0.0124 rps
J=03  +- 0.0098 rps
Shaft Techometer J=04 4+~ 0.0118 rps
Speed Reading Error +/- 0.0080  rps J=0.5 4+~ 00117 rps
A/D Error +/- 0.0079  1ps Overall J=0.6  +- 0.0129 rps
Curve Fit Error +/- 0.0320  1ps Limit +/- 0.0500  1ps J=0.7  +- 0.0124 s
Static Zero Error ~ +/- 0.0241 s J=0.8 +- 0.0114 s
A/D Error +/- 0.0079 s J=09 4+~ 00111 rps
J=1.0  +- 0.0097 rps
J=1.1  +- 0.0126 rps
J=12 4 0.0122  rps
J=0.0  +- 0.0001 s
J=0.1 +- 0.0000 s
J=02  +- 0.0001 s
Calibration Error ~ +/- 0.0050 s J=03 +- 0.0002 s
A/D Error +/- 0.0010 s J=04  +- 0.0000 s
Wheel Dia Error +/- 0.0001 s Overall J=0.5 +- 0.0001 s
Advance Tide Error +/- 0.0010 s Limit +- 0.0154 s J=0.6 +- 0.0003 s
Speed Curve Fit Error +/- 0.0143 s J=0.7 +- 0.0008 s
A/D Error +/- 0.0010 s J=0.8 +- 0.0005 s
Static Zero Error  +/- 0.0024 s J=09 +- 0.0008 s
J=1.0 +- 0.0006 s
J=1.1  +- 0.0012 s
J=12  +- 0.0012 s
J=0.0 +- 03824 ~N
J=0.1 +- 0.1408 N
J=02 +- 04024 N
Weights Error +/- 0.0003 N J=03 +- 05376 N
Load Angle Error  +/- 0.0114 N J=04 +- 03261 N
Load Cell Align +/- 0.0005 N J=0.5 +- 05898 N
Propeller Static Zero Error  +/- 0.0356 N J=0.6 +- 05319 N
Thrust A/D Card Error +/- 0.6041 N Overall J=0.7 +- 03637 N
Curve Fit Error +/- 2.0439 N Limit +- 22159 N J=0.8 +- 0.1126 N
Equipment Align  +/- 0.0114 ~ J=09 +- 0.0239 N
Load Cell Align +/- 0.0005 N J=1.0 +- 0.1432 N
Static Zero Error ~ +/- 0.0356 N J=1.1  +- 05068 N
A/D Card Error +/- 0.6041 N J=12  +- 0.1053 N
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Bias Bias Precision Precision
Variable Error Limit error Limit

J=0.0 +- 0.0017 Nm
J=0.1 4+ 0.0362 Nm
J=02 - 0.0247 Nm
Calibration Error +/- 0.0008  Nm J=0.3 +-0.0191 Nm
Static Zero Error +/- 0.0217  Nm J=04 4+ 0.0048 Nm
A/D Card Error +/- 0.0171  Nm Overall J=0.5 +- 0.0066 Nm
Propeller Curve Fit Error +/- 0.0557  Nm Limit +- 0.06602  Nm J=0.6 +- 0.0419 ~Nm
Torque Equipment Align +/- 0.0005  Nm J=0.7 +- 00126 Nm
Static Zero Error +/- 0.0152  Nm J=0.8 +- 0.0361 Nm
A/D Card Error +/- 0.0171  Nm J=09  +- 0.0211 Nm

J=1.0 4+ 0.0589 Nm

J=1.1 +- 0.0216 Nm

J=12  +-  0.0096 Nm

Overall
Limit

J=0.0 +- 0.6391 N J=0.0 +- 12450 ~

J=0.1 +- 0.6391 N J=0.1 + 07886 N

J=0.2 +- 0.6391 N J=02 +- 09099 N

Weights Error +/-0.0014 N J=0.3 +- 0.6392 N J=03 + 0.8143

Load Angle Error ~ +/- 0.0114 N J=0.4 +- 0.6392 N J=04 +- 0.9623 N~

Load Cell Align +/- 0.0114 N J=0.5 +- 0.6394 N J=0.5 +- 09832 ~

Unit Static Zero Error +/- 0.0356 N J=0.6 +- 0.6395 N J=0.6 +- 0.7479 N
Thrust A/D Card Error +/- 02014 N J=0.7 +- 0.6397 N J=0.7 +- 0.8920 N
Curve Fit Error +/- -0.0559 N~ J=0.8 +- 0.6401 N J=08 +. 0.8374 «~

Equipment Align  +/- 0.0114 N J=0.9 +- 0.6403 N J=09 - 1.2828 N

Load Cell Align +/-0.0005 N J=1.0 +- 0.6406 N J=10 +- 09188 «w

Static Zero Error +/- 0.0356 N J=1.1 +- 0.6411 N J=1.1 +- 1.0128 N

A/D Card Error +/- 0.6041 N J=1.2 +- 0.6415 N J=12 4. 05676 N

Overall
Limit

J=0.0 +- 07626 N J=0.0 +- 0.8558 ~

J=0.1 +- 07626 N J=0.1 + 1.0702 ~

J=0.2 +- 07591 N J=02 +. 0.8474

Weights Error +/-0.0014 N J=0.3 +- 0.7530 N J=03 +. 0.6915 «~

Load Angle Error ~ +/- 0.0114 N J=0.4 +- 07516 N J=04 +. 11776 ~

Load Cell Align +- 0.0114 N J=0.5 +- 07476 N J=0.5 +- 09410 N

Side Static Zero Error +/- 0.0356 N J=0.6 +- 0.7456 N J=0.6 +- 0.8047 N~
Force A/D Card Error +/- 0.2014 N J=0.7 +- 07429 N J=0.7 + 1.0712 N
Curve Fit Error +- 0.4162 N J=0.8 +- 07397 N J=0.8 +- 11341 N

Equipment Align +/- 0.0114 N J=0.9 +- 0.7374 N J=09 +- 09027 N

Load Cell Align +/-0.0005 N J=1.0 +- 0.7353 N J=1.0 +- 1.0157 «~

Static Zero Error +/- 0.0356 N J=1.1 +- 07318 N J=1.1 +- 0.8930 N

A/D Card Error +/- 0.6041 N J=1.2 +- 07294 N J=12 4 11445
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Bias Bias Precision Precision
Variable Error Limit error Limit
Overall
Limit
J=0.0 +- 1.8743 N J=0.0 +- 04463 N
J=0.1 +- 18747 N J=0.1 +- 05393 N
J=0.2 +- 1.8368 N J=0.2 +- 04013 N
Weights Error +/- 0.0014 N J=0.3 +- 17673 N J=0.3 +- 04272 N
Load Angle Error ~ +/- 0.0114 N J=0.4 +- 17529 N J=0.4 +- 0.6584 N
Load Cell Align +/- 0.0114 N J=0.5 +- 17076 N J=0.5 +- 0.6634 N
Vertical Static Zero Error +/-0.0356 N J=0.6 +- 1.6865 N J=0.6 +- 0.6921 N
Force A/D Card Error +/-0.2014 N J=0.7 +- 1.6560 N J=0.7 +- 0.7357 N
Curve Fit Error +/- 1.7620 N J=0.8 +- 1.6193 N J=0.8 +- 0.6908 N
Equipment Align +/- 0.0114 N J=0.9 +- 15930 N J=0.9 +- 0.7486 N
Load Cell Align +/- 0.0005 N J=1.0 +- 15695 N J=1.0 +- 0.6885 N
Static Zero Error +/- 0.0356 N J=1.1 +- 15286 N J=1.1 +- 05180 N~
A/D Card Error +/- 0.6041 N J=1.2 +- 15016 N J=1.2 + 05110 N
Overall
Limit
J=0.0 +- 0.5243 J=0.0 +- 2.3265 Nm
J=0.1 +- 0.5240 J=0.1 +-  1.2123  Nm
J=0.2 +- 0.5130 J=0.2 +-0.9070  Nm
Calibration Error +/- 0.0081  Nm J=0.3 +- 0.4931 J=0.3 +- 0.9807 Nm
Static Zero Error +/- 0.0217  Nm J=0.4 +- 0.4885 J=0.4 +- 0.8905 Nm
A/D Card Error +/- 0.0098  Nm J=0.5 +- 0.4752 J=0.5 +-  0.8255 Nm
Axial Curve Fit Error +/- -0.5235 Nm J=0.6 +/- 0.4688  Nm J=0.6 +- 0.9849 Nm
Moment Equipment Align +/- 0.0005  Nm J=0.7 +- 0.4597 J=0.7 +- 11349  Nm
Static Zero Error +/- 0.0087  Nm J=0.8 +- 0.4487 J=0.8 +-  0.5787 Nm
A/D Card Error +/- 0.0098  Nm J=0.9 +-0.4407 J=0.9 +- 04877 Nm
J=1.0 +- 0.4335 J=1.0 +- 0.1552  Nm
J=1.1 +- 04211 J=1.1 +- 04179 Nm
J=1.2 +- 0.4126 J=1.2 +-  0.4890 n~Nm |
Overall
Limit
J=0.0 +- 2.0743 J=0.0 +-  1.2884 Nm
J=0.1 +- 2.0743 J=0.1 +- 0.9576 Nm
J=0.2 +- 2.0765 J=0.2 +-  1.0572  Nm
Calibration Error +/- 0.0202  Nm J=0.3 +- 2.0809 J=0.3 +- 0.8891 Nm
Static Zero Error +/- 09536 Nm J=0.4 +- 2.0818 J=0.4 +- 0.9239 Nm
A/D Card Error +/- 1.0742  Nm J=0.5 +- 2.0848 J=0.5 +- 0.5615 Nm
Vertical Curve Fit Error +/- 04192  Nm J=0.6 +- 2.0863  Nm J=0.6 +-  0.2293  Nm
Moment Equipment Align +/- 0.0005  Nm J=0.7 +- 2.0884 J=0.7 +-  0.8934  Nm
Static Zero Error +/- 09536  Nm J=0.8 +- 2.0910 J=0.8 +- 0.8517 Nm
A/D Card Error +/- 1.0742 Nm J=0.9 +- 2.0929 J=0.9 +- 0.7744 Nm
J=1.0 +- 2.0946 J=1.0 +-  0.5021 Nm
J=1.1 +- 2.0977 J=1.1 +-  0.2432 Nm
J=1.2 +- 2.0998 J=1.2 +- 0.4441 ~Nm |
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Bias Bias Precision Precision
Variable Error Limit error Limit
Overall
Limit
J=0.0 +- 0.1398 J=0.0 +- 12725 ~Nm
J=0.1 +- 0.1398 J=0.1 +- 0.9869 Nm
J=0.2 +- 0.1398 J=0.2 +- 0.8850 Nm
Calibration Error +/- 0.0081 Nm J=0.3 +- 0.1396 J=0.3 +-  1.0819 ~Nm
Static Zero Error +/- 0.0037  Nm J=0.4 +- 0.1396 J=0.4 +-  0.9617 Nm
A/D Card Error +/- 0.0042  Nm J=0.5 +- 0.1396 J=0.5 +-  0.9373  Nm
Vertical Curve Fit Error +/- 0.1394 Nm J=0.6 +- 01395  Nm J=0.6 +- 0.6705 Nm
Moment Equipment Align +/- 0.0005 Nm J=0.7 +- 0.1395 J=0.7 +-  0.8173  Nm
Static Zero Error +/- 0.0037  Nm J=0.8 +- 0.1394 J=0.8 +- 07102 Nm
A/D Card Error +/- 0.0042  Nm J=0.9 +- 0.1394 J=0.9 +- 0.8720 Nm
J=1.0 +- 0.1393 J=1.0 +-  0.9252 Nm
J=1.1 +- 0.1393 J=1.1 +- 0.9596 Nm
J=1.2 +- 0.1392 J=1.2 +- 0.9326 Nm |

The biases and precision limits were combined using RSS to determine the overall

uncertainty estimates for each of the variables of interests as shown in Table 2-3.

Table 2-3: Overall uncertainty estimates for podded propulsor variables.

J U, Up Usa U, Uva Urprop Ua  Urunic  Ury Uk Unux Uny Unz
0.0 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940
0.1 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
0.2 0.0508 0.0525 0.0522 0.0528 0.0521 0.0530 0.0530 0.0521 0.0530 0.0522 0.0528 0.0521 0.0531
0.3 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154
0.4 22789 22760 2.2536 2.2733 2.2479 2.3497 2.2369 2.2485 23954 23153 2.3699 2.3569 2.4384
0.5 0.0662 0.0769 0.0749 0.0682 0.0664 0.0666 0.0803 0.0674 0.0794 0.0702 0.0852 0.0714 0.0662
0.6 1.0823 0.7920 0.8550 0.9309 1.0273 0.9319 1.0607 1.1925 3.7040 1.1706 0.8736 0.6411 -0.7897
0.7 1.2523 1.2528 1.4277 1.0634 1.3137 1.2702 11249 1.2815 1.2639 1.2136 1.0864 1.0182 1.1486
0.8 19170 1.9307 1.9085 1.8383 1.8736 1.8569 1.8593 1.8510 1.7746 1.7178 17100 1.6135 1.5827
0.9 19880 1.3465 1.1181 1.1284 0.9637 0.8465 0.9178 1.0239 0.7071 0.5921 -0.4653 -0.6530 -0.6875
1.0 25301 22517 22774 2.3626 2.3299 2.1401 2.1009 22418 2.2393 2.1941 2.1608 2.1106 -2.1477
1.1 1.3076 0.8556 0.9633 0.9827 1.2638 0.8930 0.6993 0.7820 0.6724 1.0635 0.9901 0.9568 0.9520
1.2 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940

Substitution of the uncertainty values from Table 2-3 into the appropriate uncertainty

equations (equations 2-1 to 2-9) yielded the overall uncertainty levels for the propulsive

performance coefficients of the podded propulsors as summarized in Table 2-4 and 2-5. The

uncertainty estimates were based on the test and calibration data presented in the reports:

Islam, 2006a, Islam 2006b and Islam 2006c¢).
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Table 2-4: Overall uncertainties in advance coefficients, propeller thrust and torque

coefficients and unit thrust coefficients.

Advance o - Propeller Propeller Propeller Propeller Unit Unit

Coefficient Advance Coefficient Advance Coefficient Thrys?t Thrust Coefficient Torgge Torgge Thrg ?t Thrust Coefficient
Value J (+/-) Error (+/-) ,Céoefflae_nt Error (+1-) Coefflm_ent Coeff|C|er_1t Coefflae_nt Error (+1-)

Prop (+/-) Ka (+I-)  Error (+/-) Krunit (+/-)

0.00 - - 5.78E-03 1.21 7.61E-03 1.1 4.75E-03 1.01
0.10 5.20E-03 5.20 5.59E-03 1.24 7.57E-03 117  4.39E-03 1.00
0.20 5.27E-03 2.63 5.28E-03 1.28 7.25E-03 120  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
0.40 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 5.22E-03 3.71
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

Table 2-5: Overall uncertainties in global forces and moments in the three orthogonal

directions for the podded propulsors.

Axial Axial Side Side Vertical Vertical  Axial Axial Vertical  Vertical Steering Steering

Advance Force Force Force Force Force Force Moment Moment Moment Moment Moment Moment
Coeff. Coeff.  Coeff. Coeff. Coeff. Coeff. Coeff. Coeff. Coeff. Coeff. Coeff. Coeff. Coeff.
Value Kex Error Key Error Kez Error Kux Error Kyx Error Kzx Error
() () I /) N ) IO . (- () () (1) () (- -

0.00 4.76E-03 1.01 1.37E-03 4.33 3.01E-03 17.02 1.83E-02 2.08 1.44E-02 5.23 1.89E-02 1.04
0.10 4.86E-03 1.11 147E-03 4.75 3.02E-03 15.71 1.12E-02 1.41 1.34E-02 4.93 1.96E-02 1.13
0.20 4.44E-03 1.11 1.46E-03 4.77 294E-03 1514 9.88E-03 1.40 1.34E-02 4.87 1.82E-02 1.13
0.30 4.08E-03 1.15 1.35E-03 4.95 2.89E-03 14.92 9.91E-03 1.66 1.40E-02 4.89 1.72E-02 1.15
0.40 3.67E-03 1.16 1.49E-03 5.64 2.90E-03 15.98 8.06E-03 1.56 1.36E-02 5.75 1.60E-02 1.16
0.50 3.20E-03 1.18 1.44E-03 6.21 2.92E-03 15.59 6.39E-03 1.59 1.26E-02 4.79 1.44E-02 1.17
0.60 2.93E-03 1.29 145E-03 7.33 2.86E-03 16.63 6.51E-03 2.04 1.24E-02 5.09 1.26E-02 1.15
0.70 2.60E-03 142 1.37E-03 7.92 2.80E-03 16.51 6.41E-03 2.71 1.31E-02 5.98 1.16E-02 1.19
0.80 447E-03 3.18 1.39E-03 8.93 2.81E-03 17.53 4.23E-03 2.63 1.31E-02 7.25 1.04E-02 1.22
0.90 2.18E-03 227 1.39E-03 9.95 2.72E-03 16.70 3.75E-03 4.50 1.30E-02  9.81 9.88E-03 1.33
1.00 1.56E-03 3.13 1.40E-03 11.64 2.70E-03 16.68 -2.66E-03 4.76 1.25E-02 14.46 8.65E-03 1.36
1.10 9.99E-04 2.80 1.34E-03 11.90 2.56E-03 15.15 -3.98E-03 5.07 1.22E-02 69.82 7.47E-03 1.42
1.20 -1.36E-03 2.75 1.33E-03 16.78 2.45E-03 14.54 -3.77E-03 243 -1.24E-02 21.12 7.41E-03 1.82
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From Table 2-4 and 2-5, it can be seen that the uncertainty levels of the propeller thrust
coefficient are higher than those of the unit thrust coefficient. However, the uncertainty in
torque coefficient is comparable with that of the bare propeller test uncertainty presented in
Bose and Luznik (1998). Applying the uncertainty limits to the performance curves of

average pod 01 in the form of error bars results in a plot as shown in Figure 2-2.

Open Water Propulsive Performance Curves with Error Bars
Average Pod 01 in Puller Configuration
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Figure 2-2: Performance curves for average pod 01 in puller configuration with

uncertainty (error) bars.
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Open Water Propulsive Performance Curves with Error Bars
Average Pod 02 in Puller Configuration
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Figure 2-3: Performance curves for average pod 02 in puller configuration with

uncertainty (error) bars.
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Open Water Propulsive Performance Curves with Error Bars
Average Pod 01 in Pusher Configuration
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Figure 2-4: Performance curves for average pod 01 in pusher configuration with

uncertainty (error) bars.
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Open Water Propulsive Performance Curves with Error Bars
Average Pod 02 in Pusher Configuration
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Figure 2-5: Performance curves for average pod 02 in pusher configuration with

uncertainty (error) bars.

From Figure 2-2 to 2-5, 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.

21



2-4 Discussions on Uncertainty:

The podded propulsor tests were conducted using a custom designed (NSERC-NRC) pod
dynamometer system. The uncertainty analysis results of this system were compared to that
of a very high quality, well-established equipment (tests done in the IOT towing tank) used to
measure the performance of some bare podded propellers and using the NSERC-NRC
dynamometer to conduce podded propulsor tests (Taylor 2006) similar to the current
experiments. The uncertainties of the bare propeller tests results were used as a benchmark to
compare the uncertainty levels of the new dynamometer system. When the results provided
in Table 2-4 were compared with the corresponding results given in Taylor 2006 for the bare
propellers and the pod test results, it was seen that the podded propulsor tests using the
NSERC-NRC pod instrumentation in the current phase of tests provided the level of accuracy
comparable with the established equipment. The uncertainty levels observed in the propeller
thrust and unit thrust in the podded propulsor tests were found to be higher than the thrust
uncertainty for the baseline tests, but less than the corresponding uncertainties in the pod
tests as given in Taylor (2006).

It can be seen in Table B-1 in Appendix B that for majority of the cases, the primary element
of the uncertainty of the performance coefficients was the bias error (90% or more on the
total uncertainty). To reduce the overall uncertainty in the final results, the primary focuses
should be to reduce the bias error in the equipment. Each individual variable in Table B-1
should be examined for possible ways to improve the bias errors.

Given the high degree of accuracy found in the temperature, density, propeller diameter,
azimuthing angle, shaft speed and advance speed, these variables have not been given any
further consideration for improvement. It can be seen from Table B-1 that the major
component influencing the bias limits of propeller thrust, torque and unit thrust for the
podded propulsor tests was the Curve-Fit Error. As suggested in Taylor (2006), the SEE
analysis was incorporated into the calibration procedure and the error was reduced
substantially (compare corresponding results in for the uncertainty of the pod tests as given in
Taylor, 2006). The calibration of the propeller thrust and torque measurement gauges were
repeated 5-8 times and SEE analysis to the results determined whether or not a curve-fit was
acceptable and ascertained the functionality of the equipment. The uncertainty levels of the

propeller torque were less than the baseline propellers or the pod tests as given in Taylor
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2006. This is primarily because of less weight and curve-fit errors. The uncertainty level of
the unit thrust was less than the pod test results as given in Taylor (2006). This is primarily
because of the different calibration approaches.

One possible approach to improve accuracy of the uncertainties in propeller thrust and torque
of the podded propulsor tests is to run experiments at higher shaft speeds. As identified in
Table B-1, for the torque readings of the podded propeller experiments, there is no one
dominant factor influencing the overall uncertainty. Despite low error levels in the variables
in the torque uncertainty expression, the magnitudes of the actual test measurements were
small which resulted in larger overall error. At higher shaft speeds, higher advance speeds
will be required to achieve the desired advance coefficients. Under these conditions the
magnitudes of the thrust and torque will be larger relative to the uncertainty levels.
Correspondingly, the percent error for each of these measured variables would be reduced,

which results in less overall uncertainty in the thrust and torque coefficients.
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Chapter 3

Concluding Remarks

The calculated uncertainty levels in the podded propulsor experiments were found to be
comparable with those determined by Taylor (2006) in similar pod tests. The custom-made
podded propulsor dynamometer system demonstrated the capability of achieving uncertainty
levels close to those of the established equipment.

For majority of the cases, the primary element of the uncertainty of the performance
coefficients was the bias error (90% or more on the total uncertainty). To reduce the overall
uncertainty in the final results, the primary focuses should be to reduce the bias error in the
equipment.

Given the high degree of accuracy found in the temperature, density, propeller diameter,
azimuthing angle, shaft speed and advance speed, these variables have not been given any
further consideration for improvement. The major component influencing the bias limits of
propeller thrust, torque and unit thrust for the podded propulsor tests was the Curve-Fit Error.
The Standard Error Estimate (SEE) analysis was incorporated into the calibration procedure
and the error was reduced substantially.

One possible approach to improve accuracy of the uncertainties in propeller thrust and torque
of the podded propulsor tests is to run experiments at higher shaft speeds. At higher shaft
speeds, higher advance speeds will be required to achieve the desired advance coefficients.
Under these conditions the magnitudes of the thrust and torque will be larger relative to the
uncertainty levels. Correspondingly, the percent error for each of these measured variables
would be reduced, which results in less overall uncertainty in the thrust and torque
coefficients.

The uncertainty analysis results provided strong evidence that the experimental data obtained
using the NSERC-NRC dynamometer system presented the true performance characteristics

of the model scale podded propulsors under consideration.
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Particulars of the Pods
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Particulars of Podded Propulsor Model
Pods in Puller Configurations

Table A-1: Geometric particulars of Average Pod 01

Item Name Symbol Value Unit
Propeller Diameter D 0.270 m
Pod Diameter Drpog 0.139 m
Pod length Lpod 0.430 m
Pod Fore Taper Length Lpod Fore 0.085 m
Pod Aft Taper Length Lpod Aft 0.125 m
Pod Fore Taper Angle Opod_Fore 15 Deg.
Pod Aft Taper Angle Opod_Aft 25 Deg.
Pod-Strut Intersection Fillet Diameter Rps 0.050 m
Strut Height Hsut 0.300 m
Strut Width Wstrut 0.060 m
Strut Chord length Lt 0.225 m
Strut Perimeter Psirut 0.484 m
Strut Distance Dsirut 0.100 m

Table A-2: Average Performance characteristics of the pods in the pod series in puller

configuration.

Advance  Carriage Temp Water Shaft Average Average Average  Average Average Average Average  Average
Coeff. Speed T Density  Speed  Propeller  Propeller Unit Side Vertical Axial Vertical  Steering
P Thrust Torque Thrust Force Force Moment  Moment Moment

J V4, m/s deg. Kg/m3 n, rps Tprops N 0, Nm Tunits N Fy,N F;N My Nm MyNm M;Nm
0.00 0.000 15.4 999.24 11.033  310.8529 11.8576 301.4786  20.3854  11.3666 158.5785  50.6204 331.539
0.10 0.297 15.5 999.24 11.036  290.0934 11.1791 281.4357  19.9165 12.3610 142.4916  49.9539 314.330
0.20 0.594 15.5 999.24 11.035  265.4980 10.5078 255.7397  18.8391 12.4948 126.4383  50.5798 292.554
0.30 0.891 15.8 999.24 11.037  240.1873 9.6000 229.0800  17.5256  12.4301 107.3857  52.8674 270.956
0.40 1.188 154 999.24 11.036  211.5920 8.8105 202.8701 16.9327 11.6735 94.3510 43.8099 250.175
0.50 1.485 15.4 999.24 11.039  183.3350 7.8058 174.1548  14.8987 12.0259 74.1375 48.3446 222.735
0.60 1.782 15.7 999.24 11.041 156.0190 7.0048 145.9534  12.6626  11.0506 59.8122 44.5884 198.180
0.65 1.931 15.7 999.24 11.040  144.6790 6.5060 131.0497  11.3449  10.5738 53.0111 41.6186 183.633
0.70 2.079 15.7 999.24 11.043  132.5470 6.1718 117.8805  11.0957 10.8779 45.3079 39.9235 176.561
0.75 2.228 15.8 999.24 11.046  117.1245 5.6068 103.6192  10.7944  10.6448 38.7896 353150 165.391
0.80 2.376 15.8 999.24 11.049  105.7160 5.2502 90.3858 9.9636 10.2967 31.8944 32.6700 154.156
0.85 2.525 15.8 999.24 11.054  91.2550 4.5673 76.3814 9.5771 10.2599 23.4676 28.4462 144.856
0.90 2.673 15.4 999.24 11.055  76.2420 4.0944 61.7347 8.9783 10.4554 17.8848 23.6824 134.354
0.95 2.822 15.4 999.24 11.052  62.0110 3.4328 47.7304 8.2458 10.4084 9.4350 20.9195 125.028
1.00 2.970 15.6 999.24 11.062  48.8660 2.9998 32.0558 7.7362 10.4095 0.4147 15.5071 114.338
1.10 3.267 15.6 999.24 11.055  18.5660 1.6719 2.1842 7.2081 10.8362 -11.9760  2.5564 95.281
1.20 3.564 15.5 999.24 11.065  -15.0680 0.0987 -31.7346 5.1084 10.8193 -26.7699  -11.6867 73.670
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Figure A-1: The 2D drawing of the Average Pod 01.
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(b) Average Pod 01: The pod is attached with
the NSERC-NRC dynamometer before the
test started (Side View).

(a) Average Pod 01: Computer generated
rendered model.

X\ MY G
(c) Average Pod 01: The pod is attached with (D) Average Pod 01: The pod model before it
the NSERC-NRC dynamometer before the was attached to the measurement system.

test started (Front View).
Figure A-2: The Average Pod 01 physical model attached to the dynamometer system.
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Figure A-3: Major component of the NSERC-NRC Pod Dynamometer system installed

in the Towing Tank.
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Appendix B
Details of Uncertainty Analysis
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Bias Limits for Temperature/Density/Viscosity

Temperature Error
Lowest measured temperature 15.4 °C
Highest measured temperature 15.8 °C
Average Temperature 15.6 °C
Calibration Error
The digital thermometer used in the experimentation has been calibrated by the manufacturer
and has a guaranteed accuracy of +/- 0.2 °C and therefore the assumed calibration error is as

follows:

BTempral +/- 0.2 °C

Scale Error
The digital thermometer has scale accuracy up to 0.0010 °C. A reading error is assumed to be

half of this error:

BTempfScale +/- 0.0005 °C

Temperature Range Error

The range of test temperature observed during testing as different tank position was from
12.8-13.2 °C. As suggested by Bose and Luznik (1996), the precision error for temp range is
half of the range:

BTempiRange +/- 0.2 °C

These error estimates are fossilized into a single temperature reading estimate using the

methods of Coleman and Steele (1999):

_ 2 2 2\172
BTemp_( BTemp_Cal +BTemp_Scale + BTemp_Range )

BTemp +/- 0.2828 °C

Density Error
Calibration error
The density-temperature expression given in ITTC 7.5-02-03-02.2 for the curve fit to the
table given in ITTC Procedure 7.5-02-01-03 Rev 00 'Density and Viscosity of Water' for

2=9.81 can be expressed as
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p=1000.1+0.00552t-0.0077t*+0.00004¢*

The derivative of the above expression gives the following

p
o

= \0.0552 ~0.154¢ +0.000120¢>

Based on the above expression the calibration error of density as dependent on temperature is

B, cu 0. 04407 Kg/m’

Data Reduction Error

The error introduced when converting the temperature to a density can be calculated as two
times the SEE of the curve fit to the density/temperature values for the whole temperature
range. Comparing the tabulated value with the calculated value (expression) the bias error for
data reduction can be calculated as follows:

B, paer 0.070 Kg/m’

Conceptual error
The nominal density according to the ITTC-1978 is p=1000 Kg/m’. In the data analysis p
=999 Kg/m® was assumed. Using this value introduces a bias limit as the difference between
p (15.6 °C) =999.007 Kg/m’ and p =999 Kg/m’ such that

By conc 0.007 Kg/m3

These components of the density expression error may be combined to give

2 2 2
Bp _Eqn=( Bp _Cal +Bp _DataR + Bp _Conc )

B, Eqn 0.0830 Kg/m’

172

Temperature Related Density Error
Temperature related density errors may be calculated by considering the density at the lower
and upper limits of difference between the average temperature and the fossilized

temperature errors:

Temp Density
at T=(15.6+0.28284) 15.88284 999.1946 Kg/m3
at T=(15.6-0.28284) 15.31716 999.2827 Kg/m3
Density Difference  0.088153 Kg/m3
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The bias limit for this is taken as half of the difference of the density over this temperature

range:

B, Temp 0.0441 Kg/m’

The two contributing elements of error may be combined to give the overall limit using RSS:
Bp=( Bp _Eqn2 +Bp _Tempz)ll2

B, 0.0939 Kg/m®

Viscosity Error
Calibration Error
Viscosity is a temperature dependent parameter. For the viscosity, the assumed viscosity-
temperature relationship adopted by ITTC Procedure 7.5-02-01-03 has been used. This is
given as
v =(1.72256-0.0476t+0.000585t*)10°°
Taking the partial derivative of this expression with respect to the temperature give;

V! 1-0.0476 -0.00117
o

Based on the test temperature, the bias in viscosity due to error in temperature calibration is:

B, ca 1.36278E-08 m°/s

Data Reduction Error

Since the above expression is representative of a curve fit to a table of data, there is an
inherent error that may be estimated by taking the difference of the viscosity value calculated
using the expression and the viscosity value given in the tables of the ITTC procedure 7.5-
02-01-03. This bias error may be estimated as follows:

B, Datar 4.15E-10 m°/s

These components of the viscosity expression error may be combined to give

2 2,12
Bv=( B, _Cal +B, _DataR )

B, 1.36341E-08 m%/s
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Propeller Diameter Error
Bias Error
The errors in the propeller geometry due to error in the CNC machining process is estimated

as

Bp cne +/- 0.0001 m

The propeller blades were hand finished to get the desired surface finish. This error is

estimated as:

Bp polish +/- 0.0001 m

Based on the above findings the bias limit for the propeller diameter is estimated using RSS

of the two components:

) NI}
Bp=(Bp _c~c” +Bp _polish )

Bp 0.000141 m

Azimuthing Angle Error

Bias Error
Radius of the Azimuthing angle-defining Disk 0.494225 m

The errors in the circular disk geometry due to error in the CNC machining process is estimated as
Baa cne #/-0.0000 m  0.000202 rad

The disk plate were hand finished to get the desired surface finish. This error is estimated as:
Baa poiisn +/-0.001 m  0.002023 rad
The allowance at each azimuthing angle defining holes were:

Baa_aliowance /- 0.004 m 0.008093 rad

Test Condition Errors
The errors in the Azimuthing angle during testing was calculated as follows:

Equipment Positioning Error

Errro in EQuipment Angle Baa gpa +/- 0.5deg  0.00873 rad

Based on the above findings the bias limit for the Azimuthing Angle is estimated using RSS of the two

components:

— ) ) ) N /)
Baa=(Baa _cnc” ¥Baa _polish tBaa_Anowance TBaa £pa”)

BAA 0.012077 rad

Bax  0.691964 Deg
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Shaft Speed Error
Bias Error in Shaft Speed
Calibration Error in the Tachometer
When considering the data associated with the calibration of the equipment, the first step is to
map out the process and identify sources of error in that process. During calibration of the
shaft speed (Tech Generator) sensor, the increase of shaft speed is accomplished by
increasing motor speed through a computer operated motor controller. The rps was measured
using the tachometer corresponding to each motor speed in Hz
The tachometer used in the experimentation has been calibrated by the manufacturer and has
a guaranteed accuracy of +/- 0.5 rpm and therefore an assumed bias limit for calibrating the

shaft speed sensor is as follows:

Bnﬁtechcalib +/- 0.008 rps

The error in this measured rps using the tachometer may be estimated ad follows

Techo, rps  0.000 0.750 1.717 3.183 4.200 5.700 7.217 7.717 8.983 10.217 12.700
error, rps  0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008

Total rps 12.7 ps
Errorinrps  0.026533 ps
B techo 0.026533 ps

A/D Card Error
Since the calibration data is also acquired using an AD card, an error due to this conversion

also occurs and is calculated as follows:

AD Card Resolution 12 bits
Ad Card Voltage Range 10 Volts
AD Card Error 1 bits

Bn abcony 1/2(10v/4096) V x slope of the calibration curve
Bi Apcony 0.0012207 \Y%
0.0078734 ps

Curve Fit Error

The calibration data is used to establish the propeller rotational speed-voltage relationship from a

curve fit of the data which introduces an additional error, estimated using SEE as follows:

Data # Load set  Load Set Load Set rps Prop Predict Y-Y' (Y-Y")2
Motor Hz  Techo, rpm  Techo, rps Volt Avg rps
1 0.00 0.00 0.000000 0.003734 -0.00398 0.0040 0.0000
2 3.00 45.00 0.750000 -0.109563 0.726771 0.0232 0.0005
3 7.00 103.00 1.716667 -0.263933 1.722439 -0.0058  0.0000
4 13.00 191.00 3.183333 -0.495708  3.21737 -0.0340  0.0012
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5 17.00 252.00 4.200000 -0.650237  4.214065 -0.0141  0.0002
6 23.00 342.00 5.700000 -0.882365 5.711268 -0.0113  0.0001
7 29.00 433.00 7.216667 -1.114659  7.209541 0.0071 0.0001
8 31.00 463.00 7.716667 -1.192140  7.709283 0.0074 0.0001
9 36.00 539.00 8.983333 -1.385691 8.95767 0.0257 0.0007
10 41.00 613.00 10.216667  -1.579685 10.20891 0.0078 0.0001
11 51.00 762.00 12.700000  -1.967076 12.70754 -0.0075  0.0001
12 29.00 433.00 7.216667 -1.116802  7.223361 -0.0067  0.0000
13 17.00 253.00 4.216667 -0.652536  4.228893 -0.0122  0.0001
14 3.00 45.00 0.750000 -0.111126  0.736849 0.0132 0.0002
15 0.00 0.00 0.000000 0.003730 -0.00396 0.0040 0.0000
Sum 0.0006 0.0033
SEE ps 0.0160

B, cr 0.032038 rps

Test Conditions Errors
Since the shaft speed test data is also acquired using an AD card, an error due to this

conversion also occurred and is calculated as follows:

AD Card Resolution 12 bits
Ad Card Voltage Range 10 Volts
AD Card Error 1 bits

Bn ADConv 1/2(10v/4096) V times the slope of the rps vs volt cal curve

By apcony  0.0012207  V
0.0078734  ps

Static Zero Error

Errors in the static zero of the shaft speed affect the test condition reading and is included in

the following way:

B staticzero 0.0037341 Vv
0.0240847  rps

Total Shaft Speed Bias Error

_ 2 2 2 2 2 2\172
Bn_( Bn_techcalib + Bn_techo + Bn_ADConv + Bn_CF + Bn_ADConV + Bn_StaticZero )

B, 0.0499848 rps

Precision Error in Shaft Speed
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The precision limit for the shaft speed was estimated by collecting at least 10 sets of data at

each of the advance coefficient tested and then applying the standard deviation theory as

suggested in Bose and Luznik (1996):

J=0.00
d n
rps

11.0655
11.0136
11.0406
11.0346
11.0387
11.0364
11.0377
11.0372
11.0375
11.0372

Mean: 11.0379
StDev 0.0124

© 00 N O g b~ WON =

-
o

(r-ri)A2
0.0008
0.0006
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Sum 0.0014

Sr

0.0124

Srm  0.0039

0.0086

J=0.1
n
rps

11.0055
11.0136
11.0132
11.0133
11.0133
11.0133
11.0133
11.0133
11.0133
11.0133
11.0125
0.0025

(r-riyA2
0.0010
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0065

0.0269

0.0085

0.0187

J=0.2
n
rps

11.0055
11.0136
11.0073
11.0103
11.0081
11.0084
11.0082
11.0082
11.0082
11.0082
11.0086
0.0021

(r-ri)?2
0.0010
0.0006
0.0009
0.0008
0.0009
0.0009
0.0009
0.0009
0.0009
0.0009
0.0086

0.0310

0.0098

J=0.3
n
rps

11.0055
11.0136
11.0132
11.0135
11.0134
11.0134
11.0134
11.0134
11.0134
11.0134
11.0126
0.0025

(r-ri)A2
0.0010
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0064

Precision Limit Table

J=0.4
n
rps

11.0055
11.0136
11.0083
11.0103
11.0089
11.0092
11.0090
11.0092
11.0091
11.0091
11.0092
0.0020

J=0.5
n
rps

11.0055
11.0136
11.0134
11.0135
11.0135
11.0135
11.0135
11.0135
11.0135
11.0135
11.0127
0.0025

J=0.6
n
rps

11.0055
11.0136
11.0088
11.0124
11.0099
11.0105
11.0104
11.0105
11.0104
11.0105
11.0103

0.0021

J=0.7
n
rps

11.0055
11.0136
11.0113
11.0120
11.0116
11.0118
11.0117
11.0117
11.0117
11.0117
11.0113
0.0021

Mean, ri=(1/10)*sum(r1;;r10)

(r-ri)*2
0.0010
0.0006
0.0009
0.0008
0.0008
0.0008
0.0008
0.0008
0.0008
0.0008
0.0083

(r-ri)A2
0.0010
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0064

(r-ri)A2
0.0010
0.0006
0.0008
0.0006
0.0008
0.0007
0.0008
0.0008
0.0008
0.0008
0.0077

(r-riy»2
0.0010
0.0006
0.0007
0.0007
0.0007
0.0007
0.0007
0.0007
0.0007
0.0007
0.0071

J=0.8
n
rps

11.0055
11.0136
11.0070
11.0099
11.0082
11.0086
11.0084
11.0085
11.0084
11.0084
11.0086
0.0021

(r-ri)A2
0.0010
0.0006
0.0010
0.0008
0.0009
0.0009
0.0009
0.0009
0.0009
0.0009
0.0086

Precision Index of Population: [(1/9)*sum(r-ri)]*0.5
0.0267 0.0292 0.0281

0.0267

0.0085

0.0303

Precision Index of Mean: Sr/(10)*0.5

0.0096

0.0216 0.0186 0.0211
Where t=2.262 (value taken from t distribution for 95% confidence coverage for degree of freedom 10-1=10

0.0084 0.0092 0.0089
Precision Limit of Average Results: nt*Srm
0.0186 0.0203 0.0196

0.0309

0.0098

0.0215

J=0.9
n
ps

11.0055
11.0136
11.0082
11.0102
11.0086
11.0100
11.0088
11.0091
11.0089
11.0089
11.0092
0.0020

(r-ri)*2
0.0010
0.0006
0.0009
0.0008
0.0009
0.0008
0.0008
0.0008
0.0008
0.0008
0.0083

0.0303

0.0096

0.0211

J=1.0
n
rps

11.0055
11.0136
11.0097
11.0106
11.0100
11.0103
11.0101
11.0101
11.0101
11.0101
11.0100
0.0019

(r-ri)A2
0.0010
0.0006
0.0008
0.0007
0.0008
0.0008
0.0008
0.0008
0.0008
0.0008
0.0078

0.0295

0.0093

0.0205

J=1.1
n
rps

11.0055
11.0136
11.0099
11.0102
11.0101
11.0102
11.0101
11.0102
11.0101
11.0102
11.0100
0.0019

(r-ri)A2
0.0010
0.0006
0.0008
0.0008
0.0008
0.0008
0.0008
0.0008
0.0008
0.0008
0.0078

0.0295

0.0093

0.0205

J=1.2
n
rps

11.0055
11.0136
11.0102
11.0120
11.0102
11.0106
11.0105
11.0106
11.0105
11.0106
11.0104
0.0020

(r-riyA2
0.0010
0.0006
0.0008
0.0007
0.0008
0.0007
0.0008
0.0007
0.0007
0.0007
0.0076

0.0290

0.0092

0.0202

Another approach is to use the standard deviation approach for each set of data calculated

according to the expression given in ITTC QM 7.5-02-01-01. As outlined in this method, the

precision limit is then estimated using:
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Pi=t*Si

This results in
P, 0.0344 0.0043 0.0046 0.0061 0.0056 0.0045 0.0049 0.0056 0.0046 0.005 0.0046 0.0052 0.0054

The total bias error and the total precision error were then combined using RSS to get the

total uncertainty in shaft speed as follows:
Ul =B} +P’

J=0.00 J=0.1 J=0.2 J=0.3 J=0.4 J=0.5 J=0.6 J=0.7 J=0.8 J=0.9 J=1.0 J=1.1 J=1.2
B, 0.04998 0.04998 0.04998 0.04998 0.04998 0.04998 0.04998 0.04998 0.04998 0.04998 0.04998  0.04998  0.04998
P, 0008  0.0187 0.0216  0.0186  0.0211  0.0186 0.0203 0.0196  0.0215  0.0211  0.0205 0.0205  0.0202
U, 005l 0.0513 0.0514  0.0512  0.0511  0.0512 0.0512 0.052 0.0512  0.0515  0.0512 0.0516  0.0512

Advance Speed

The specifications of the carriage speed measuring equipment, as taken from the carriage user

manuals and from the work of Bose and Luznik (1996) at the MUN towing tank facilities are:

Resolution 10000 Pulse/m
Diameter of Wheel 0.5 m
Max. Pulse Duration 2.00E-07 sec
Min pulse Duration 1.20E-07  sec
Max Output Signal 5 wvolts
Circuit Speed 100 ms
AD/DA Card 12 bits

Using methods based on an adaptation of ITTC recommended procedure 7.5-02-02-02 the following
carriage speed error estimate has been founded by dividing the measurement system into

components and estimating the elemental errors associated with each components:

Bias Error in Advance Speed

Information provided in the user manual and from the Manufacturer
Bv cal +/- 0.005 m/s

A/D Card Error
The 12 bit card with a full range from -5 to 5 volts the bias error is estimated as:
Bv ap +/-  0.001221 volts/unit
0.000959 m/s
The bias associated with the diameter of the wheel is specified by the manufacturer is

Bv wheel +/- 0.0001 m

42



Tide Error
During testing, the pod unit stirs up the tank and a small amount of remaining circulation is

estimated based on the experience of Bose and Luznik (1996) to produce an error of

Bv Tide +/- 0.001 m/s

Curve Fit Error

A data reduction error is introduced when the voltage signal is converted back to a frequency
that can be used to calculate speed. This bias limit is introduced by the linear curve fit
obtained from a set of calibration data that is applied to that measured data to allow this
conversion. This is estimated using the standard error estimate and based on the ITTC

guidelines as shown below:

Data Point Load set Load Set Predict Y-Y' (Y-Y'"2
m/s, Y Volt Avg. m/s, Y’
1 0.00 0.00 -0.00491 0.0049 0.0000
2 0.79 1.02 0.797382 -0.0074 0.0001
3 1.20 1.54 1.201143 -0.0011 0.0000
4 1.60 2.05 1.603732 -0.0037 0.0000
5 1.80 2.29 1.792352 0.0076 0.0001
Sum 0.0002
SEE m/s 0.0071

Bv cr 0.014253312 m/s

Test Conditions Errors
Since the carriage speed test data is also acquired using an AD card, an error due to this conversion

also occurred and is calculated as follows:

AD Card Resolution 12 bits
Ad Card Voltage Range 10 Volts
AD Card Error 1 bits
BV_ADConv 1/2(10v/4096) V times the slope of the rps vs volt cal curve
Bv_abconv 0.001221V
0.000959 m/s

Static Zero Error
Errors in the static zero of the shaft speed affect the test condition reading and is included in the

following way

BV_StaticZero 0.003038 V
0.002387 m/s
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Total Shaft Speed Bias Error
— 2 2 2 2 2 ) 2
BV—( BVﬁCaI + BvaD + BVﬁWheeI + BVﬁTide + BfoF + BVﬁADConv +BV78taticZer0 )

By 0.015385 m/s

12

Precision Error in Advance Speed

The precision limit for the Advance speed was estimated by collecting at least 10 sets of data
at each of the advance coefficient tested and then applying the standard deviation theory as
suggested in Bose and Luznik (1996);

J=0.00 J=0.1 J=0.2 J=0.3 J=04 J=0.5 J=06 J=0.7 J=0.8 J=09 J=1.0 J=11 J=1.2
Read Vi, Va Va Va Va Va Va Va Va Va Va Va Va
# m/s m/s m/s m/s m/s m/s m/s m/s m/s m/s m/s m/s m/s

0.0003 0.2951 0.5943  0.8934
-0.0001 0.2951 0.5948  0.8924
0.0002 0.2951 0.5946  0.8926
0.0002 0.2951 0.5947  0.8924

1 1939 14940 17939 20932 23932 26943 29917 32620 3.4976
2

3

4

5 0.0002 02951 0.5947  0.8926
6

7

8

9

1942 1.4946 1.7927  2.0898  2.3907 2.6906  2.9951 3.2679  3.4914
1941 1.4944 17936 2.0923 2.3916  2.6918  2.9944  3.2677  3.4962
1941 1.4944 1.7930 2.0913 23914  2.6906 2.9950 3.2679  3.4939
1941 1.4944 1.7933  2.0916 23916  2.6916  2.9947  3.2678  3.4961
1941 1.4944 1.7930 2.0915 23914  2.6913 29950 3.2679  3.4954
1941 1.4944 1.7932  2.0915 23915 2.6914 29950 3.2678  3.4956
1941 1.4944 1.7931 2.0915 23915 26913 29950 3.2678  3.4954
1941 1.4944 1.7932  2.0915 23915 26913 29950 3.2678  3.4954

10 0.0002 0.2951 0.5947  0.8925 1941 1.4944 1.7931 2.0915 23915 26913 29950 3.2678  3.4954
Mean: 0.0002 0.2951 0.5947  0.8926 1941 1.4944 17932 2.0916  2.3916  2.6915 29946  3.2672  3.4952
StDev  0.0001 0.0000  0.0001 0.0003  0.0001 0.0001 0.0003  0.0008 0.0006  0.0010 0.0010  0.0018  0.0016

0.0002 0.2951 0.5947  0.8925
0.0002 0.2951 0.5947  0.8926
0.0002 0.2951 0.5947  0.8925
0.0002 0.2951 0.5947  0.8925

[ G U U UL U U U U UL (U U G

(r-riY*2 ~ (r-ri)*2  (r-ri)*2  (r-ri)*2  (r-ri)*2  (r-ri)*2  (r-ri)*2  (r-ri)*2  (r-ri)*2  (r-ri)*2  (r-ri)A2  (r-ri)?2  (r-ri)A2
2.53E-08 3.42E-11 1.59E-07 6.93E-07 3.21E-08 1.64E-07 4.52E-07 2.65E-06 2.55E-06 7.44E-06 8.12E-06 2.74E-05 5.46E-06
9.94E-08 1.85E-10 6.76E-09 4.99E-08 1.27E-09 2.91E-08 2.39E-07 3.07E-06 7.12E-07 9.10E-07 2.76E-07 3.80E-07 1.50E-05
1.79E-09 2.96E-11 7.70E-09 1.36E-10 3.20E-10 7.26E-10 1.62E-07 5.63E-07 9.63E-10 5.74E-08 2.98E-08 2.44E-07 1.01E-06
7.51E-11 3.99E-12 5.83E-09 3.85E-08 3.23E-10 1.01E-09 5.85E-08 9.44E-08 3.73E-08 8.78E-07 1.94E-07 3.78E-07 1.77E-06
3.68E-10 3.52E-12 2.37E-09 7.01E-10 3.22E-10 8.40E-10 1.26E-08 3.96E-11 4.30E-10 4.41E-09 1.31E-08 2.87E-07 7.34E-07
2.61E-10 5.29E-14 3.19E-09 1.54E-08 3.23E-10 8.59E-10 4.09E-08 4.49E-09 2.84E-08 8.55E-08 1.60E-07 3.77E-07 1.92E-08
3.27E-10 1.58E-12 2.94E-09 2.30E-09 3.22E-10 8.54E-10 8.39E-12 3.86E-09 9.32E-09 2.14E-08 1.43E-07 3.42E-07 1.09E-07
2.72E-10 7.42E-15 3.16E-09 7.49E-09 3.23E-10 8.55E-10 1.50E-08 4.31E-09 1.03E-08 6.72E-08 1.56E-07 3.60E-07 2.61E-08
3.10E-10 8.13E-13 3.15E-09 4.41E-09 3.23E-10 8.54E-10 2.66E-09 4.31E-09 1.02E-08 4.91E-08 1.46E-07 3.43E-07 3.96E-08
3.10E-10 3.39E-13 3.16E-09 5.30E-09 3.23E-10 8.55E-10 5.87E-09 4.31E-09 1.03E-08 5.00E-08 1.50E-07 3.43E-07 2.75E-08
Sum 1.28E-07 2.59E-10 1.97E-07 8.17E-07 3.60E-08 2.00E-07 9.88E-07 6.40E-06 3.36E-06 9.56E-06 9.39E-06 3.04E-05 2.41E-05

O oo ~NO O WN -~

N
o

Precision Index of Population: [(1/9)*sum(r-ri)]*0.5
Sr 1.19E-04 5.36E-06 1.48E-04 3.01E-04 6.32E-05 1.49E-04 3.31E-04 8.43E-04 6.11E-04 1.03E-03 1.02E-03 1.84E-03 1.64E-03
Precision Index of Mean: Sr/(10)"0.5
Srm 3.78E-05 1.70E-06 4.68E-05 9.53E-05 2.00E-05 4.71E-05 1.05E-04 2.67E-04 1.93E-04 3.26E-04 3.23E-04 5.81E-04 5.18E-04
Precision Limit of Average Results: nt*Srm
Pn 8.54E-05 3.84E-06 1.06E-04 2.15E-04 4.52E-05 1.07E-04 2.37E-04 6.03E-04 4.37E-04 7.37E-04 7.31E-04 1.32E-03 1.17E-03
Where t=2.262 (value taken from t distribution for 95% confidence coverage for degree of freedom 10-1=9
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The total bias error and the total precision error were then combined using RSS to get the

total uncertainty in advance speed as follows:

2 2 2
= +
U v, B v, PVA

BVA
PVA
UVA

J=0.00
0.1538

0.0001
0.0154

J=0.1
0.1538
0.0000
0.0154

J=0.2
0.1538
0.0001
0.0154

J=0.3
0.1538
0.0002
0.0154

J=0.4
0.1538
0.0000
0.0154

J=0.5
0.1538
0.0001
0.0154

J=0.6
0.1538

0.0002
0.0154
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J=0.7
0.1538
0.0006
0.0154

J=0.8
0.1538
0.0004
0.0154

J=0.9
0.1538
0.0007
0.0154

J=1.0
0.1538
0.0007
0.0154

J=1.1
0.1538
0.0013
0.0154

J=1.2
0.1538
0.0012
0.0154



Propeller Thrust

The errors associated with the propeller thrust measurements was conveniently divided into
three primary categories: Calibration errors, curve fit errors, and testing errors. The data
acquisition errors influence the uncertainty levels of the calibration data, in the way that the
data is used to generate the curves to convert the test data voltage signals into loading values.
The data acquisition error actually influences the overall uncertainty in two ways, in that it
first introduces uncertainty into the calibration data used to get the curve fits, and secondly
the actual test data collected is subject to these uncertainties. Therefore, the errors associated
with the data acquisition would be best treated as contributors to the error of both to the

calibration and test data sets.

Calibration Error

When considering the data associated with the calibration of the equipment, the first step is to
map out the process and identify sources of error in that process. Loading during calibration
is accomplished by adding weights to a calibration fixture suspended from the pod unit.
These weights were weighted on a scale accurate to +/- 0.1g. This error in these weights may

be estimated as follows:

load Load set Errorin

cond kg Weight, Kg
1 0.0000 0.00001
2 3.1175 0.00001
3 2.5100 0.00001
4 5.0100 0.00001
5 7.5140 0.00001
6 7.5168 0.00001
7 7.0543 0.00001

8 4.5480 0.00001
Total Weight 37.2706 Kg
Error in Weight 2.82843E-05 Kg
Brpod_cal 0.000277469 N

Loading Angle Error
The weight pan used for calibrating the propeller thrust is a vertical fixture. There may be
slight alignment errors due to misalignment of this fixture. The error may be estimated as

follows:
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Error in loading Angle +/- 0.5 deg 0.008730159  rad
Error in loading Angle Tpod(1-cosO)
Brpod LA 0.011432 N

Load cell Alignment Error

For this instrumentation, it may be assumed that a small error may be attributed to the
misalignment of the load cell inside the pod. This would have a slight influence on the thrust
voltage signal generated and based on a adaptation of ITTC recommended procedure 7.5-02-

02-02 the error is estimated as:

Error in Load cell alignment +/- 0.1 deg 0.001746 rad
Error in Loadcell alignment Tpod(1-CosO)
BTPod_LCA 0.000457 N

In should be noted that the Tpod was assumed to be 300 N for convenience.

A/D Card Error
Since the calibration data is also acquired using an AD card, an error due to this conversion

also occurs and is calculated as follows

AD Card Resolution 12 bits

Ad Card Voltage Range 10 Volts

AD Card Error 1 bits

Brpod_Abconve 1/2(10v/4096) V times the slope of the thrust calibration curve
Brpod_Abconvc 0.001220703 V

0.604101563 N Page 133. Coleman and Steele (1999)

Curve Fit Error
The calibration data (Islam 2006c¢) is used to establish the force-voltage relationship from a

curve fit of the data, which introduces an additional error, estimated using SEE as follows

Reading Add Weight Total Load App Thrust Output Predicted (Y-Y')2

# kg kg N, Y Voltage LoadN,Y’

1 0.0000 0.4000 3.9240 -0.0894 3.4133 0.2608
2 0.7209 1.1209 10.9960 -0.1022 9.7134  1.6452
3 0.9963 21172 20.7697 -0.1273 22,1647 1.9458
4 1.0003 3.1175 30.5827 -0.1445 30.6596  0.0059
5 2.5100 5.6275 55.2058 -0.1956 55.9084  0.4937
6 5.0100 10.6375 104.3539 -0.2956 105.3448 0.9818
7 7.5140 18.1515 178.0662 -0.4453 179.3315 1.6008
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8 16.6028 34.7543 340.9397 -0.7727 341.1044  0.0271
9 -9.5480 25.2063 247.2738 -0.5840 247.8618 0.3457
10 -9.5628 15.6435 153.4627 -0.3950 154.4498 0.9743
11 -5.0060 10.6375 104.3539 -0.2952 105.1022 0.5600
12 7.5140 18.1515 178.0662 -0.4453 179.3315 1.6008
13 16.6028 34.7543 340.9397 -0.7737 341.5975 0.4327
14 -9.5480 25.2063 247.2738 -0.5858 248.7439  2.1611
15 -9.5628 15.6435 153.4627 -0.3951 154.5200 1.1179
16 -10.0160 5.6275 55.2058 -0.1951 55.6517 0.1989
17 -3.5103 2.1172 20.7697 -0.1257 21.3686 0.3586
18 -1.7172 0.4000 3.9240 -0.0876 25100 1.9994
Total 16.7107
SEE N 1.0220

BTPod_CF 2.0439 N

Test Condition Errors
The errors in the propeller thrust during testing is broken down into elemental components as
follows:

Equipment Positioning Error

0.00873 rad
0.011432 N

Errro in Equipment Angle +/- 0.5 deg

Brpod_ePA

Again similar to the calibration error components, a small error occurs due to the
misalignment of the load cell while acquidign data using the test equipment. This error is

estimated as

Error in Loadcell alignment +/- 0.1 deg 0.001746 rad
Error in Loadcell alignment Tpod(1-CosQ)

Brpod LA 0.000457 N

Static Zero Error

The static zero load error was observed and estimated as

0.00007195 \Y
0.03560532 N

Brpod_szt

Brpod_szt

Note: the zero load in thrust measurement was done by taking at least 40 sec of data with the
shaft not turning. Between each measurements for calibration the shaft was moved in and out

to get rid of any static error.
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A/D Card Error

Since the test data is also acquired using an AD card, an error due to this conversion also

occurs and is calculated as follows:

AD Card Resolution

Ad Card Voltage Range
AD Card Error

BTPod_ADConVT 1/2(1 0V/4096) \Y

BTPod_ADCoan

12
10

1

bits
Volts
bits

times the slope of the thrust vs volt calibration curve

0.001220703 V

0.604101563 N Page 133. Coleman and Steele 1999

Total Propeller Thrust Bias Error

— ) 7 7 7 7 7 ) PN/
Brpoa=( BTPod_cal~ + BtPod_LA “+ BTPod_aADConve “+ BTPod_cF “+ BTrod_EPA “+ BTPod_Lca “+ BTrod_szT “+ BtPod_ADComvT 7)

BTPod

2.215933341

N

Precision Error in Propeller Thrust

The precision limit for the Propeller thrust were estimated for several advance speeds and the

data from one run is subdivided into 10 segments of sufficient length (at least 10 sec of data

acquisition time) and then applying the standard deviation theory as suggested in Bose and

Luznik (1996).
J=0.00 J=0.1
Read Tpod TPod
# N N
1 299.361 282.019
2 300.813  281.383
3 300425  281.597
4 300.152  281.772
5 300429  281.831
6 300.125  281.640
7 300.359  281.508
8 300.178 281.672
9 300.666  281.613
10 300.673  281.989
Mean:  300.318 281.702
StDev 0.411 0.202
(r-ri)*2 (r-riyA2
1 0.916 0.100
2 0.245 0.102
3 0.012 0.011
4 0.028 0.005
5 0.012 0.016
6 0.037 0.004

J=0.2 J=03 J=04 J=0.5 J=06 J=0.7 J=0.8 J=0.9 J=1.0 J=1.1 J=1.2

Trod

N
258.836
257.089

258.151
258.453
258.180
258.196
258.739
257.435
258.814
258.015
258.191
0.577

(r-ri)A2
0.416
1.215
0.002
0.069
0.000
0.000

Teod

N
233.288
231.338

231.424
232.727
231.607
231.440
232.271
232.433
232.942
231.925
232.139
0.698

(r-riy*2
1.320
0.642
0.513
0.345
0.284
0.489

Trod

N
214.182
212.970

213.316
213.886
213.856
213.314
213.087
213.583
213.254
214.168
213.562
0.439

(r-ri)A2
0.385
0.350
0.060
0.105
0.087
0.061

Teod

N
184.841
182.788

183.972
184.177
184.052
182.992
184.817
183.525
184.776
183.333
183.927
0.754

(r-riy*2
0.835
1.299
0.002
0.063
0.016
0.875
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Trod

N
159.181
157.125

158.231
157.968
157.823
158.073
158.087
158.706
158.015
157.546
158.076
0.568

(r-ri)A2
1.222
0.904
0.024
0.011

0.064
0.000

Teod

N
135.041
133.503

134.572
133.783
133.896
134.180
134.862
133.661
133.564
134.312
134.137
0.548

(r-riyA2
0.817
0.402
0.188
0.125
0.058
0.002

Trod

N
106.650
107.119

106.655
107.096
107.035
107.116
106.696
107.028
106.903
107.103
106.940
0.199

(r-ri)*2
0.084
0.032
0.081

0.024
0.009
0.031

Teod

N
79.897
79.806

79.860
79.846
79.868
79.867
79.847
79.887
79.831
79.816
79.853
0.029

(r-ri)*2
0.002
0.002
0.000
0.000
0.000
0.000

Trod

N
56.747
56.107

56.506
56.308
56.351
56.307
56.738
56.496
56.464
56.687
56.471
0.210

(r-ri)A2
0.076
0.133
0.001

0.026
0.014
0.027

Trod

N
28.262
30.450

30.352
30.197
29.561
28.280
28.708
30.203
29.371
29.628
29.501
0.836

(r-riyA2

1.536
0.900
0.724
0.484
0.004
1.491

Teod

N
-1.310
-1.704

-1.654
-1.669
-1.426
-1.532
-1.575
-1.412
-1.691
-1.510
-1.548
0.135

(r-ri)A2
0.057
0.024
0.011

0.015
0.015
0.000



7 0.002 0.038 0.300 0.017 0.226 0.791 0.000 0.526 0.060 0.000 0.071 0.629 0.001
8 0.020 0.001 0.571 0.086 0.000 0.162 0.398 0.227 0.008 0.001 0.001 0.493 0.019
9 0.121 0.008 0.388 0.644 0.095 0.721 0.004 0.329 0.001  0.000 0.000 0.017 0.020
10 0.126 0.082 0.031 0.046 0.367 0.353 0.281 0.030 0.027 0.001 0.046 0.016 0.001
sum 1.517 0.367 2.991 4.386 1.736 5.116 2.907 2.706 0.358 0.008 0.397 6.294 0.163
Sr, Precision Index of Population: [(1/9)*sum(r-ri)]*0.5
Sr 0.411 0.202 0.577 0.698 0.439 0.754 0.568 0.548 0.199 0.029 0.210 0.836 0.135
Srm, Precision Index of Mean: Sr/(10)*0.5
Srm 0.130 0.064 0.182 0.221 0.139 0.238 0.180 0.173 0.063 0.009 0.066 0.264 0.043
Pn, Precision Limit of Average Results: nt*Srm
Pn 0.331 0.151 0.481 0.560 0.329 0.487 0.514 0.363 0.114 0.026 0.150 0.507 0.091

Where t=2.262 (value taken from t distribution for 95% confidence coverage for degree of freedom 10-1=9

The total bias error and the total precision error were then combined using RSS to get the

total uncertainty in propeller thrust as follows:

2 2 2

= +
TPod TPcd PTPod
J=0.00 J=0.1 J=0.2 J=03 J=04 J=0.5 J=0.6 J=0.7 J=0.8 J=0.9 J=1.0 J=1.1 J=1.2
Bipog 22159 22159 22159 22159 22159 22159 22159 22159 22159 22159  2.2159 22159  2.2159
Prpoa 0331 0.151 0.481 0.560 0.329 0.487 0.514 0.363 0.114 0.026 0.150 0.507 0.091
Urpod 22406 22211 22674 22856  2.2402 22688 22747  2.2455 22189 22161 2.2210 22733 22178
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Propeller Torque

As described in ITTC 7.5-02-03-02.2, the errors in torque should consider both moment arm
errors and weight errors

Bg ca =[(Ma*Bw)”2+(F*Bma)"2]
To reduce the error associated with the calibration weights, each individual weight was

measured on a high quality digital scale accurate =/- 0.01 g the weight errors are calculated

as follows.

load Load set Errorin

cond kg Weight, Kg
1 0.0000 0.00001
2 1.1209  0.00001
3 0.4999  0.00001
4 0.4575 0.00001
5 1.0003  0.00001
6 0.9963  0.00001

Total Weight 4.0749 Kg

Error in Weight 2.44949E-05 Kg

Ba_calloag 0.000240295 N
It should be noted that the lever arm angle error was neglected, since the moment arm used
designed such that it had a radius equal to the moment arm length, and therefore, regardless
of the angle, the effective moment arm distance was constant over the range of angles
considered. In addition, the static zero estimate and frictional effects are not present in this
design as with other equipment, since the strain gauge was located such that there were no
seals, bearings or other mechanical components between the gauge and the propeller.
The moment arm used to calibrate the torque was assumed to be accurate to 0.2mm and had a
length as specified below. The bias contribution due to the error in this length is estimated as
follows:

Ma 0.5 m
Bma 0.0002 m
Bq ca 0.000823785 Nm

Static Zero Error
As with propeller thrust, errors in the static zero of the torque reading were included basked

on the observed differences in the zero torque value.
Bq szc 0.00108360 V
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BQ_SZC 0.021669821 Nm
A/D Card Error

Since the calibration data is also acquired using an A/D card, an error due to this conversion

also occurs and is calculated as follows:

AD Card Resolution 12 bits
Ad Card Voltage Range 10 Volts
AD Card Error 1 bits

Ba_apconve 1/2(10v/4096) V times the slope of the rps vs volt cal curve
Ba abcomve  0.001220703 V
0.017087402 Nm Page 133. Coleman and Steele 1999

Curve Fit Error
The calibration data is used to establish the torque-voltage relationship from a curve fit of the

data which introduces an additional error, estimated using SSE as follows:

Counter Clockwise Applied Torque

load AddLoad Load Total App Torque Torque Predicted (Y-Y')"2

cond kg kg Nm Volt Avg Load N
1 0.0000 0 0 0.733636895  0.010515  0.000111
2 1.1209 1.1209 5.498004 1.126466517  5.507772  9.54E-05
3 0.4999 1.62078 7.94991 1.30025954 7.939832  0.000102
4 0.4575 2.07828 10.19394 1.460832091 10.18688  4.98E-05
5 1.0003 3.07858 15.1004 1.810080218 15.07426  0.000683
6 0.9963 4.07488 19.98725 2.162683737 20.0086 0.000456
7 -0.4999 3.575 17.53534 1.987249262 17.55357  0.000332
8 -1.0003 2.5747 12.62888 1.634627564 12.61898 9.8E-05
9 -0.9963 1.5784 7.742037 1.284566453  7.720223  0.000476
10 -0.4575 1.1209 5.498004 1.124537981 5480785  0.000296
11 -1.1209 0 0 0.734720495  0.025679  0.000659
12 0.0000 0 0 0.734128449  0.017394  0.000303
13 1.1209 1.1209 5.498004 1127896496  5.527784  0.000887
14 0.4999 1.62078 7.94991 1.30047071 7.942787  5.07E-05
15 0.4575 2.07828 10.19394 1.460627672 10.18402  9.84E-05
16 1.0003 3.07858 15.1004 1.810731906 15.08338 0.00029
17 0.9963 4.07488 19.98725 2.160754705 19.9816 3.19E-05
18 2.5100 6.58488 32.29877 3.040501682  32.29278  3.59E-05
19 -0.4999 6.085 29.84687 2.865956428  29.85019 1.11E-05
20 -1.0003 5.0847 24.9404 2.516280687  24.95683 0.00027
21 -0.9963 4.0884 20.05356 2165420133  20.04689  4.45E-05
22 -0.4575 3.6309 17.80953 2.0059999 17.81596  4.14E-05
23 -2.5100 1.1209 5.498004 1125173472  5.489678  6.93E-05
24 -1.1209 0 0 0.737965824  0.071094  0.005054

Total 0.010545

52



SEE 0.021893
Bq cr 0.043787 Nm

Clockwise Applied Torque

load Load set Load Total App Torque Torque Predicted (Y-Y')"2

cond kg kg Nm Volt Avg Load N
1 0.0000 0 0 0.725924273  -0.00878 7.7E-05
2 1.1209 1.1209 5.498004 0.330222437  5.525509 0.000757
3 0.4999 1.62078 7.94991 0.153776224  7.993286 0.001881
4 0.4575 2.07828 10.19394 -0.00407754  10.20103 5.02E-05
5 1.0003 3.07858 15.1004 -0.35608696  15.12423 0.000568
6 0.9963 4.07488 19.98725 -0.70144378  19.95439 0.001079
7 -0.4999 3.575 17.53534 -0.53069686  17.56633 0.00096
8 -1.0003 2.5747 12.62888 -0.18408717  12.71864 0.008058
9 -0.9963 1.5784 7.742037 0.165614198  7.82772 0.007342
10 -0.4575 1.1209 5.498004 0.327626947  5.56181 0.004071
11 -1.1209 0 0 0.724191814  0.015453 0.000239
12 0.0000 0 0 0.720823459  0.062563 0.003914
13 1.1209 1.1209 5.498004 0.334221661  5.469576 0.000808
14 0.4999 1.62078 7.94991 0.160827078  7.894672 0.003051
15 0.4575 2.07828 10.19394 0.003300004  10.09785 0.009235
16 1.0003 3.07858 15.1004 -0.34730558  15.00142 0.009799
17 0.9963 4.07488 19.98725 -0.70116792  19.95053 0.001348
18 2.5100 6.58488 32.29877 -1.58195732  32.26926 0.000871
19 -0.4999 6.085 29.84687 -1.40776396  29.83299 0.000193
20 -1.0003 5.0847 24.9404 -1.06051285  24.97633 0.001291
21 -0.9963 4.0884 20.05356 -0.71000748  20.07416 0.000424
22 -0.4575 3.6309 17.80953 -0.55239733  17.86983 0.003636
23 -2.5100 1.1209 5.498004 0.327674871  5.561139 0.003986
24 -1.1209 0 0 0.723997281  0.018174 0.00033
Total 0.025082
SEE Nm 0.033765

BQ_CF 0.06753 Nm

The curve fit error for the torque calibration was assumed to be the average of the two erroes
Bq cr 0.0556585 Nm

Test Condition Errors

The errors in the propeller torque during testing is broken down into elemental components

as follows

Equipment Positioning Error

Errro in Equipment Angle +/- 0.5 deg 0.00873 rad
Ba era 0.000457 Nm
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Static Zero Error
As with propeller thrust, errors in the static zero of the torque reading was included basked

on the observed defferences in the zero torque value.

Ba szt 0.00108360 V
Ba szt 0.01516822 Nm
A/D Card Error

Since the calibration data is also acquired using an AD card, an error due to this conversion

also occurs and is calculated as follows

AD Card Resolution 12 bits

Ad Card Voltage Range 10 Volts

AD Card Error 1 bits
Ba_apconvt 1/2(10v/4096) V times the slope of the rps vs volt cal curve
Ba_abconvt 0.001220703 V

0.017087402 Nm Page 133. Coleman and Steele 1999

Total Propeller Torque Bias Error

2 2 2 2 2 2 2,172
Bo=(Bq ca * Ba szc™t Ba_apconve "t Ba_cr "1 Ba epa "t Ba szt Ba_apconvt )

Ba 0.0662 Nm

Precision Error in Propeller Torque
The precision limit for the Propeller torque were estimated for several advance speeds and
the data from one run is subdivided into 10 segments of sufficient length (at least 10 sec of

data acquisition time) and then applying the standard deviation theory as suggested in Bose

and Luznik (1996).

Read

#

S©ONOUAWN

J=0.00
T_Pod
N

11.6907
11.6844
11.6902
11.6896
11.6902
11.6887
11.6859
11.6879
11.6855
11.6886

J=0.1
T_Pod
N

10.9548
11.0876
10.9896
11.0608
11.0708
10.9832
10.9733
11.0374
11.0272
10.9738

J=0.2
T_Pod
N

10.3732
10.5002
10.4530
10.4981
10.4513
10.4058
10.4804
10.4260
10.4521
10.4740

J=0.3 J=04 J=05 J=0.6 J=0.7 J=0.8 J=0.9 J=1.0 J=1.1 J=12
T Pod TPod T Pod T Pod T Pod T Pod T Pod T Pod T Pod T_Pod
N N N N N N N N N N

9.5886 8.8051 7.9972 7.0605 6.3314 5.3760 4.5545 3.6139 2.7157 1.3640
9.5210 8.8228 8.0243 7.2265 6.2819 5.5361 4.6409 3.8463 2.8212 1.4029
9.5688 8.8224 8.0102 7.0624 6.2865 5.4474 4.6155 3.7149 2.7586 1.3902
9.5704 8.8153 8.0026 7.2142 6.2864 5.4856 4.6305 3.7567 2.7488 1.3919
9.5748 8.8075 8.0184 7.1967 6.2846 5.4571 4.6132 3.7870 2.7675 1.4020
9.5225 8.8224 8.0195 7.2081 6.3255 5.4452 4.5946 3.6769 2.7342 1.3745
9.5318 8.8160 7.9981 7.1166 6.3070 5.4599 4.5925 3.7762 2.7231 1.3788
9.5739 8.8179 8.0098 7.0680 6.3120 5.4278 4.6039 3.8438 2.7159 1.3851
9.5680 8.8220 8.0011 7.2011 6.2895 5.5252 4.5928 3.7704 2.8161 1.3806
9.5705 8.8095 8.0069 7.0988 6.3261 5.4384 4.5914 3.6362 2.8125 1.3952
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Mean:
StDev

S©ONOUAWN

sum

Sr

Srm

Pn

11.6882
0.0022

(r-ri)A2
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0022

0.0007

0.0016

11.0158
0.0470

(r-riy»2
0.0037
0.0052
0.0007
0.0020
0.0030
0.0011
0.0018
0.0005
0.0001
0.0018
0.0199

0.0470

0.0149

0.0336

10.4514
0.0405

(r-ri)A2
0.0061
0.0024
0.0000
0.0022
0.0000
0.0021
0.0008
0.0006
0.0000
0.0005
0.0147

9.55680 8.8161 8.0088
0.0240 0.0067 0.0094

(r-ri)A2  (r-ri)*2  (r-ri)*2
0.0009 0.0001 0.0001
0.0014 0.0000 0.0002
0.0000 0.0000 0.0000
0.0002 0.0000 0.0000
0.0003 0.0001 0.0001
0.0013 0.0000 0.0001
0.0007 0.0000 0.0001
0.0003 0.0000 0.0000
0.0001 0.0000 0.0001
0.0002 0.0000 0.0000
0.0052 0.0004 0.0008

7.1453
0.0700

(r-riyA2
0.0072
0.0066
0.0069
0.0048
0.0026
0.0039
0.0008
0.0060
0.0031
0.0022
0.0441

6.3031
0.0196

(r-riy»2
0.0008
0.0005
0.0003
0.0003
0.0003
0.0005
0.0000
0.0001
0.0002
0.0005
0.0035

5.4599
0.0467

(r-riyA2
0.0070
0.0058
0.0002
0.0007
0.0000
0.0002
0.0000
0.0010
0.0043
0.0005
0.0197

Sr, Precision Index of Population: [(1/9)*sum(r-ri)]*0.5
0.0405 0.0240 0.0067 0.0094 0.0700 0.0196 0.0467
Srm, Precision Index of Mean: Sr/(10)*0.5

0.0128

Pn, Precision Limit of Average Results: nt*Srm

0.0076 0.0021 0.0030

0.0221

0.0290 0.0172 0.0048 0.0067 0.0501

total uncertainty in propeller torque in Nm as follows:

2 _ 2 2
UQ —BQ +PQ

J=0.00
B, 0.0662
P, 0.0016
Uy, 0.0662

J=0.1
0.0662
0.0336
0.0742

J=0.2
0.0662
0.0290
0.0723

J=0.3
0.0662
0.0172
0.0684

J=0.4 J=05 J=0.6
0.0662 0.0662 0.0662
0.0048 0.0067 0.0501
0.0664 0.0665 0.0830
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J=0.7
0.0662
0.0140
0.0677

0.0062

0.0148

4.6030
0.0241

(r-ri)A2
0.0023
0.0014
0.0002
0.0008
0.0001
0.0001
0.0001
0.0000
0.0001
0.0001
0.0052

0.0241

0.0076

3.7422
0.0803

(r-ri)»2
0.0165
0.0108
0.0007
0.0002
0.0020
0.0043
0.0012
0.0103
0.0008
0.0112
0.0580

0.0803

0.0254

2.7614
0.0418

(r-riyA2
0.0021
0.0036
0.0000
0.0002
0.0000
0.0007
0.0015
0.0021
0.0030
0.0026
0.0157

0.0418

0.0132

1.3865
0.0124

(r-riy»2
0.0005
0.0003
0.0000
0.0000
0.0002
0.0001
0.0001
0.0000
0.0000
0.0001
0.0014

0.0124

0.0039

0.0140 0.0334 0.0172 0.0574 0.0299 0.0088
Where t=2.262 (value taken from t distribution for 95% confidence coverage for degree of freedom 10-1=9
The total bias error and the total precision error were then combined using RSS to get the

J=0.8
0.0662
0.0334
0.0742

J=0.9
0.0662
0.0172
0.0684

J=1.0
0.0662

0.0574
0.0876

J=1.1
0.0662
0.0299
0.0726

J=1.2
0.0662
0.0088
0.0668



Global Forces and Moments In the Three Coordinate Directions (Fy, Fy
and Fy)

Bias Error

All of the components of the bias errors of the global forces (Fx, Fy and Fyz) in the three
coordinate directions were calculated in a similar fashion as done for the propeller thrust. The
only component of the bias error that was calculated differently is the Least Square Curve Fit
Error. All of the components of the bias errors of the global moments (My, My and M) in
the three coordinate directions are calculated in a similar fashion as done for the propeller
torque. The only component of the bias error that was calculated differently is the Least
Square Curve fit error. The theoretical background to calculate the curve fit error for the six-
component global dynamometer is described in section 2-2. The following section details out

the procedure for the case of global forces applied to the average pod 01 (Islam 2006).

The F and V matrices are given as follows:

F=[0-000000 0.000000 0.000000 0.000000 0.000000 0.000000
-10.626100 1.221400 -1.221400 11.857000 -23.713900 11.857000
-81.864600 9.409700 -9.409700 91.347500 -182.695000 91.347500
-167.961100 19.305900 -19.305900 187.417000 -374.834000 187.417000
-239.240400 27.498900 -27.498900 266.953000 -533.906000 266.953000
-333.997800 38.390500 -38.390500 372.686600 -745.373200 372.686600
-191.804900 22.046500 -22.046500 214.022800 -428.045500 214.022800
-105.708400 12.150400 -12.150400 117.953200 -235.906400 117.953200
-34.469900 3.962100 -3.962100 38.462700 -76.925400 38.462700
0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
-10.626100 0.000000 0.000000 11.857000 -23.713900 11.857000
-58.099500 0.000000 0.000000 64.829500 -129.659000 64.829500
-124.865500 0.000000 0.000000 139.329400 -278.658800 139.329400
-215.396700 0.000000 0.000000 240.347200 -480.694500 240.347200
-310.154000 0.000000 0.000000 346.080800 -692.161700 346.080800
-167.961100 0.000000 0.000000 187.417000 -374.834000 187.417000
-81.864600 0.000000 0.000000 91.347500 -182.695000 91.347500
0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
-10.626100 -1.221400 1.221400 11.857000 -23.713900 11.857000
-58.099500 -6.678100 6.678100 64.829500 -129.659000 64.829500
-124.865500 -14.352400 14.352400 139.329400 -278.658800 139.329400
-215.396700 -24.758200 24.758200 240.347200 -480.694500 240.347200
-310.154000 -35.649900 35.649900 346.080800 -692.161700 346.080800
-167.961100 -19.305900 19.305900 187.417000 -374.834000 187.417000
-81.864600 -9.409700 9.409700 91.347500 -182.695000 91.347500
0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
58.061600 -6.673700 6.673700 -64.787200 129.574400 -64.787200
144.158100 -16.569900 16.569900 -160.856700 321.713500 -160.856700
262.680600 -30.193200 30.193200 -293.108300 586.216600 -293.108300
310.154000 -35.649900 35.649900 -346.080800 692.161700 -346.080800
167.923200 -19.301500 19.301500 -187.374700 374.749400 -187.374700
101.157200 -11.627300 11.627300 -112.874800 225.749700 -112.874800
10.626100 -1.221400 1.221400 -11.857000 23.713900 -11.857000
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0.000000
58.061600
144.158100
262.680600
310.154000
167.923200
101.157200
10.626100
0.000000
58.099500
144.196000
262.718500
310.154000
167.961100
101.100400
10.626100
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
6.678100
16.574300
30.197500
35.649900
19.305900
11.620700
1.221400
0.000000
-11.266100
-26.817700
-55.021800
-86.062900
-47.236600
-17.598500
-3.481000
0.000000
-29.049800
-72.098000
-131.359200
-155.077000
-83.980600
-50.550200
-5.313000
0.000000
-39.066900
-96.959400
-176.655500
-208.551800
-112.939400
-67.981300
-7.145100
0.000000
3.481000
31.685000
70.511300
101.602200
55.009300
33.137700
3.481000
0.000000
0.000000
26.860900
95.740000
131.359200
155.077000
107.622500
48.361300
5.313000
0.000000
0.000000
36.123200
128.753700
176.655500
208.551800
144.733700
65.037600
7.145100

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
-6.678100
-16.574300
-30.197500
-35.649900
-19.305900
-11.620700
-1.221400
0.000000
-23.125100
-55.046900
-112.939400
-176.655500
-96.959400
-36.123200
-7.145100
0.000000
-29.049800
-72.098000
-131.359200
-155.077000
-83.980600
-50.550200
-5.313000
0.000000
-19.032600
-47.236600
-86.062900
-101.602200
-55.021800
-33.119100
-3.481000
0.000000
7.145100
65.037600
144.733700
208.551800
112.913900
68.019500
7.145100
0.000000
0.000000
26.860900
95.740000
131.359200
155.077000
107.622500
48.361300
5.313000
0.000000
0.000000
17.598500
62.726200
86.062900
101.602200
70.511300
31.685000
3.481000
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0.000000
-64.787200
-160.856700
-293.108300
-346.080800
-187.374700
-112.874800
-11.857000
0.000000
-64.829500
-160.899000
-293.150600
-346.080800
-187.417000
-112.811400
-11.857000
0.000000
63.772700
151.804100
311.455500
487.166900
267.387100
99.617800
19.704300
0.000000
107.735700
267.387100
487.166900
575.128100
311.455500
187.473500
19.704300
0.000000
107.735700
267.387100
487.166900
575.128100
311.455500
187.473500
19.704300
0.000000
-19.704300
-179.355700
-399.135500
-575.128100
-311.385200
-187.579000
-19.704300
0.000000
0.000000
-99.617800
-355.067100
-487.166900
-575.128100
-399.135500
-179.355700
-19.704300
0.000000
0.000000
-99.617800
-355.067100
-487.166900
-575.128100
-399.135500
-179.355700
-19.704300

0.000000
129.574400
321.713500
586.216600
692.161700
374.749400
225.749700

23.713900

0.000000
129.659000
321.798100
586.301200
692.161700
374.834000
225.622800

23.713900

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000
-64.787200
-160.856700
-293.108300
-346.080800
-187.374700
-112.874800
-11.857000
0.000000
-64.829500
-160.899000
-293.150600
-346.080800
-187.417000
-112.811400
-11.857000
0.000000
-63.772700
-151.804100
-311.455500
-487.166900
-267.387100
-99.617800
-19.704300
0.000000
-107.735700
-267.387100
-487.166900
-575.128100
-311.455500
-187.473500
-19.704300
0.000000
-107.735700
-267.387100
-487.166900
-575.128100
-311.455500
-187.473500
-19.704300
0.000000
19.704300
179.355700
399.135500
575.128100
311.385200
187.579000
19.704300
0.000000
0.000000
99.617800
355.067100
487.166900
575.128100
399.135500
179.355700
19.704300
0.000000
0.000000
99.617800
355.067100
487.166900
575.128100
399.135500
179.355700
19.704300



0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
10.626100
34.410200

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
-0.447900
12.798300

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1.598200
12.117200
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0.000000
0.000000
25.837700
92.093200
126.355800
149.170100
103.523200
46.519200
5.110700
0.000000
0.000000
18.538900
66.078200
90.662100
107.031700
74.279400
33.378200
3.667000
0.000000
11.240100
40.063200
54.968300
64.893200
45.035500
20.237200
2.223300
0.000000
0.000000
20.578900
73.349100
100.638000
118.808800
82.452600
37.050900
4.070500
0.000000
0.000000
37.422200
133.383800
183.008100
216.051400
149.938400
67.376400
7.402100
0.000000
0.000000
-0.344400
-1.227400
-1.684000
-1.988100
-1.379700
-0.620000
-0.068100
0.000000
0.000000
16.499000
58.807300
80.686100
95.254500
66.106100
29.705500
3.263500
0.000000
0.000000
-13.990100
-84.597700

0.000000
0.000000
3.941300
14.048100
19.274600
22.754800
15.791700
7.096200
0.779600
0.000000
0.000000
18.538900
66.078200
90.662100
107.031700
74.279400
33.378200
3.667000
0.000000
33.136500
118.108300
162.049500
191.308600
132.767000
59.660200
6.554400
0.000000
0.000000
-2.384300
-8.498200
-11.659900
-13.765200
-9.5653000
-4.292700
-0.471600
0.000000
0.000000
-2.384300
-8.498200
-11.659900
-13.765200
-9.553000
-4.292700
-0.471600
0.000000
0.000000
39.462100
140.654600
192.984100
227.828600
158.111700
71.049100
7.805600
0.000000
0.000000
39.462100
140.654600
192.984100
227.828600
158.111700
71.049100
7.805600
0.000000
0.000000
23.713900
76.792200

0.000000
0.000000
25.837700
92.093200
126.355800
149.170100
103.523200
46.519200
5.110700
0.000000
0.000000
18.538900
66.078200
90.662100
107.031700
74.279400
33.378200
3.667000
0.000000
11.240100
40.063200
54.968300
64.893200
45.035500
20.237200
2.223300
0.000000
0.000000
37.422200
133.383800
183.008100
216.051400
149.938400
67.376400
7.402100
0.000000
0.000000
20.578900
73.349100
100.638000
118.808800
82.452600
37.050900
4.070500
0.000000
0.000000
16.499000
58.807300
80.686100
95.254500
66.106100
29.705500
3.263500
0.000000
0.000000
-0.344400
-1.227400
-1.684000
-1.988100
-1.379700
-0.620000
-0.068100
0.000000
0.000000
-9.723800
7.805500



77.411000
148.687500
58.251100
10.626100
0.000000
105.383400
129.167500
172.168400
243.444800
153.008400
105.383400
0.000000
0.000000
105.383400
129.167500
172.168400
243.444800
153.008400
10.626100
0.000000
0.000000
10.607100
81.826700
124.827600
77.392100
34.391200
10.607100

V=[0.100573094

0.119063327
0.273361609
0.415671209
0.54880381
0.720400493
0.486962537
0.327634803
0.179587262
0.100690163
0.10035822
0.11966535
0.205620539
0.327255136
0.491454481
0.656478282
0.422625684
0.269386533
0.101327399
0.100559785
0.118028657
0.203234266
0.323559772
0.48955573
0.661736963
0.429080499
0.271505277
0.100007619
0.101323926
-0.00422297
-0.156862869
-0.377999467
-0.466476935
-0.235327951
-0.114508565
0.074487891
0.101894187
0.001054458
-0.156940505
-0.378527941

36.833800
76.530100
26.025300
-0.447900
0.000000
-11.736200
-6.684900
2.490000
17.627900
-1.646300
-11.736200
0.000000
0.000000
0.575200
12.457700
34.005600
69.615400
24.330800
0.575200
0.000000
0.000000
1.219200
9.405400
14.348000
8.895600
3.953000
1.219200

0.033651395
0.035450101
0.04866858
0.065570735
0.078106236
0.094775768
0.072773585
0.055431478
0.040369877
0.032552632
0.033468248
0.033333357
0.034620174
0.035971133
0.036299762
0.038657992
0.036782093
0.036074796
0.034601652
0.033220946
0.030389441
0.01769809
0.000644179
-0.023043135
-0.047460795
-0.014225839
0.00835497
0.03237973
0.029904769
0.016739723
-0.002306125
-0.031058614
-0.042414746
-0.011877361
0.003253783
0.028179573
0.030261428
0.030318744
0.030243475
0.029323435

31.177300
62.700600
22.636400
1.598200
0.000000
12.886500
31.600400
65.521100
121.602800
50.308000
12.886500
0.000000
0.000000
0.575200
12.457700
34.005600
69.615400
24.330800
0.575200
0.000000
0.000000
-1.219200
-9.405400
-14.348000
-8.895600
-3.953000
-1.219200

-0.028351541
-0.026246207
-0.00957585
0.010003195
0.055186581
0.045645163
0.017392616
-0.002159695
-0.020231107
-0.029084444
-0.026563189
-0.027011829
-0.027882768
-0.028274136
-0.029350391
-0.029738094
-0.028689779
-0.027501842
-0.026748001
-0.028659638
-0.031485871
-0.04148131
-0.056739749
-0.077529069
-0.099022482
-0.070382101
-0.050721427
-0.028957481
-0.027223823
-0.040834859
-0.060945679
-0.0868926
-0.097774659
-0.069730743
-0.054583577
-0.030932674
-0.028874565
-0.028561363
-0.029658966
-0.030401711
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-212.493100
-424.090600
-155.233500
-13.990100
0.000000
-119.723700
-190.331200
-318.226700
-529.824200
-260.967100
-119.723700
0.000000
0.000000
-119.723700
-190.331200
-318.226700
-529.824200
-260.967100
-13.990100
0.000000
0.000000
20.529500
-37.061000
-71.807400
-33.457200
1.289200
20.529500

0.456497536
0.464947882
0.527647159
0.603375125
0.665116002
0.744689427
0.635757902
0.562134257
0.493425809
0.456600349
0.456708964
0.465425535
0.502917385
0.556740371
0.629380469
0.701158002
0.598224775
0.530218832
0.456555796
0.45664799

0.464983192
0.504117403
0.559670021
0.635803583
0.715173646
0.607208052
0.535083043
0.456533378
0.45840356

0.410982152
0.343504918
0.246360903
0.207983651
0.307130585
0.360237489
0.445790824
0.458907202
0.413958934
0.343893823
0.246198476

172.756000
331.821600
129.997300
23.713900
0.000000
235.181100
288.259400
384.223200
543.288800
341.464500
235.181100
0.000000
0.000000
235.181100
288.259400
384.223200
543.288800
341.464500
23.713900
0.000000
0.000000
101.082700
312.350900
439.971300
299.238400
171.618000
101.082700

0.635478946
0.618818701
0.497089956
0.35157019
0.233400317
0.082654141
0.286181429
0.427708708
0.56187972
0.635374559
0.635253433
0.617958088
0.5411898
0.432090071
0.285481307
0.141750699
0.344813636
0.48175123
0.635157816
0.635538427
0.61961529
0.543262567
0.4352903
0.288021348
0.136294436
0.338841985
0.478155086
0.635177787
0.636423342
0.730443531
0.866078461
1.062491769
1.140944437
0.935454832
0.827976913
0.660061724
0.636410625
0.726413324
0.86694938
1.064131684

39.737100
92.269000
25.236200
-9.723800
0.000000
-115.457400
-97.928100
-65.996500
-13.464600
-80.497400
-115.457400
0.000000
0.000000
-115.457400
-97.928100
-65.996500
-13.464600
-80.497400
-9.723800
0.000000
0.000000
-12.511300
-92.437300
-140.695500
-87.460900
-39.202800
-12.5113];

0.442100244
0.45021955

0.509072786
0.579304106
0.63603759

0.710002745
0.609325694
0.540021999
0.476317109
0.442147471
0.44223975

0.450955806
0.490045848
0.54628331

0.621496933
0.696644106
0.590589281
0.520004497
0.442479222
0.442205443
0.449735484
0.486809011
0.539929393
0.611971673
0.68677041

0.586415456
0.517940209
0.441934809
0.442798607
0.395384684
0.32835098

0.231246631
0.192904164
0.289807088
0.342658553
0.429711257
0.442860256
0.398123298
0.32780946

0.229643618



-0.465203678
-0.231390926
-0.112368654
0.075211587
0.100167113
-0.010986449
-0.165618909
-0.38352153
-0.464957749
-0.233394378
-0.1129204
0.073229533
0.107518958
0.108936719
0.11028921
0.112591199
0.115283744
0.112516211
0.109822243
0.107863596
0.107981211
0.107699134
0.107048853
0.105489136
0.104979184
0.106148486
0.106703631
0.10709218
0.106353576
0.104749994
0.102859719
0.09946605
0.098062155
0.101110633
0.102984831
0.105190054
0.098292091
0.097588946
0.095589697
0.091540055
0.088634136
0.092342005
0.095095689
0.098611586
0.098887715
0.098155026
0.090805477
0.0744426
0.066933877
0.062602399
0.072219709
0.086172017
0.097454213
0.099112519
0.098322349
0.099546442
0.102538648
0.104164533
0.105173451
0.10308688
0.100608354
0.098222681
0.098140322
0.09895839
0.098795051
0.098322811
0.097188285
0.097198265
0.097229096
0.097769976
0.098128983
0.098060557

0.028589518
0.028151773
0.029793874
0.030242565
0.031185937
0.044165314
0.062180884
0.087590008
0.096785347
0.069871415
0.055906827
0.034354317
0.030312984
0.084763752
0.156852089
0.28883642
0.441321352
0.270293893
0.129424811
0.053042798
0.031167366
0.102404114
0.20562081
0.349314509
0.402069331
0.270781349
0.172005547
0.049130181
0.032111448
0.084508829
0.163146732
0.271653071
0.313631231
0.198902411
0.139848048
0.045099268
0.027652328
0.002834735
-0.178411828
-0.392785217
-0.545272923
-0.303633319
-0.180613314
0.003802612
0.028073124
0.028977011
-0.059792909
-0.278841161
-0.349736071
-0.407179237
-0.28586381
-0.122491094
0.009786714
0.027702734
0.027594208
-0.033051659
-0.171422388
-0.235709862
-0.276367137
-0.190169281
-0.076741027
0.014958337
0.026752265
0.028943295
0.029429756
0.029900026
0.029381156
0.029322696
0.028917384
0.028976736
0.029246615
0.029009978

-0.030522059
-0.029603976
-0.028981516
-0.028756536
-0.02849164
-0.015362751
0.002679476
0.026632144
0.035325002
0.009198156
-0.003777601
-0.055037046
-0.031751059
-0.045043141
-0.061755173
-0.092844955
-0.129086109
-0.088848209
-0.055494111
-0.038047262
-0.031591996
-0.071640432
-0.129586172
-0.270487854
-0.239921745
-0.15470965
-0.110701314
-0.041069486
-0.030483598
-0.091234999
-0.180782564
-0.304901758
-0.352593517
-0.220908295
-0.152449048
-0.044547135
-0.028369521
-0.022834091
0.018729949
0.06775366
0.101946893
0.046403999
0.018271607
-0.023450931
-0.028233836
-0.029080947
0.019881305
0.12810049
0.179206727
0.270542015
0.143397331
0.053237235
-0.018802779
-0.028446746
-0.02827392
0.040967246
0.198197749
0.270926872
0.317111681
0.279792078
0.090442705
-0.015116063
-0.029861075
-0.029066207
-0.028566636
-0.029003662
-0.030120451
-0.029753113
-0.029345048
-0.029161665
-0.029124178
-0.029264267
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0.208975903
0.308532012
0.360104057
0.445731867
0.457815611
0.406270573
0.338168984
0.241853789
0.208402887
0.306106757
0.358643411
0.444584274
0.46232362
0.412252057
0.347142852
0.227357978
0.089532935
0.244044274
0.371623797
0.441022072
0.460703421
0.377404584
0.276152139
0.089104024
0.028230562
0.203198616
0.294938579
0.439426769
0.459712887
0.373462455
0.245355342
0.067652985
-0.000642631
0.185497133
0.282960053
0.437902144
0.45883153
0.48039831
0.641402098
0.831587935
0.966390158
0.752735113
0.644060358
0.48060651
0.458993951
0.458657916
0.555985507
0.775394779
0.875420856
0.93824151
0.804632757
0.624796749
0.478301399
0.458272486
0.458503715
0.55543662
0.77602629
0.878752644
0.943962028
0.808043576
0.625601898
0.478211663
0.458257702
0.456703098
0.461300094
0.473410531
0.479808375
0.484257209
0.475935012
0.465467923
0.45789515
0.457074471

1.140702598
0.93313469
0.826861266
0.660351408
0.637347494
0.737233451
0.874463372
1.068872713
1.140864014
0.934126094
0.82689463
0.660597463
0.633610175
0.630191074
0.625925068
0.61863876
0.610958861
0.61902803
0.626919936
0.632471448
0.634567054
0.631983785
0.629175952
0.62620679
0.626077048
0.62734924
0.62913729
0.634027662
0.63512638
0.63445802
0.633622034
0.633090114
0.633283189
0.63296371
0.633060994
0.634589101
0.636332936
0.63675826
0.6416997
0.652479867
0.662862898
0.64882161
0.643041284
0.636967123
0.636432453
0.636657206
0.644422864
0.664531785
0.675360406
0.682681184
0.66850057
0.650860347
0.638068955
0.636593618
0.636166261
0.635823616
0.637247486
0.638804089
0.639698083
0.638059451
0.636674133
0.636553933
0.636397763
0.636528055
0.675097826
0.77445091
0.825990537
0.859888068
0.791740558
0.706190685
0.644187292
0.636427166

0.192382918
0.291951586
0.344185143
0.430330204
0.441919385
0.390953171
0.322376961
0.226157287
0.191394802
0.291316975
0.344237162
0.429279154
0.448079288
0.498028052
0.564002234
0.684898912
0.822246176
0.665364717
0.536272625
0.466127528
0.445052372
0.526622775
0.64496975
0.808323128
0.867863382
0.69498022
0.604900383
0.464173669
0.444232998
0.526446077
0.648448801
0.817770554
0.883053158
0.703813173
0.610439771
0.46397396
0.444323382
0.42198582
0.275724645
0.060024399
-0.077070082
0.143423104
0.274693046
0.422296574
0.44445242
0.443829395
0.338578141
0.104162799
-0.001920624
-0.067461991
0.07510525
0.267467659
0.423613144
0.444632875
0.444554979
0.349233974
0.134360922
0.035850665
-0.026118911
0.105173906
0.281860817
0.425389022
0.445007633
0.445879953
0.450996771
0.463123025
0.469675718
0.474185643
0.465563414
0.454065082
0.446190899
0.44559022



0.098304356
0.09806793
0.09825595
0.098103064
0.097833296
0.097417833
0.097091526
0.096930455
0.098475276
0.098246534
0.098245857
0.097569989
0.096731868
0.097626075
0.098431681
0.098641512
0.099013637
0.099396752
0.099222713
0.098447345
0.098252554
0.098021361
0.097822094
0.098387492
0.099249648
0.099305019
0.098715055
0.098562801
0.098362936
0.09803275
0.097625855
0.097651148
0.098658998
0.09845982
0.098038251
0.099049076
0.098616849
0.097629386
0.096309787
0.096462438
0.097087086
0.098248534
0.098547654
0.098781373
0.099167245
0.098251909
0.097081931
0.096629809
0.09716243
0.098086523
0.098098138
0.098591984
0.098156764
0.110153508
0.107750068
0.062308397
-0.012364989
-0.142408616
0.012178685
0.104408204
0.106210668
0.088842397
0.041698813
-0.041824394
-0.147846159
-0.175621688
-0.057893335
-0.009877743
0.105840477
0.097235584
0.048111903
-0.032756895

0.028663321
0.028832637
0.028735546
0.02830549
0.02890983
0.02867909
0.028766564
0.028627558
0.028385085
0.028884017
0.029397312
0.029881231
0.030153903
0.029689769
0.029502026
0.029754676
0.029444293
0.029473142
0.02899112
0.029273908
0.029625497
0.029971707
0.029689065
0.029781831
0.029382297
0.029132878
0.02927578
0.029225518
0.02968926
0.030068615
0.031082717
0.030364555
0.02979466
0.029274547
0.029165583
0.02948506
0.029677968
0.029330697
0.029051566
0.029456926
0.029116625
0.029243447
0.028944052
0.028701329
0.028598479
0.029198274
0.029498758
0.029825915
0.029808594
0.029266613
0.029264065
0.028801971
0.028117864
0.055077277
0.012011099
-0.009909782
-0.047724849
-0.102312212
-0.028469693
0.01399492
0.027117336
-0.202787902
-0.233629969
-0.301960017
-0.365314698
-0.405731978
-0.273571683
-0.268007203
0.028442846
-0.145399559
-0.180399019
-0.241353337

-0.02955755
-0.029936063
-0.029981695
-0.032006723
-0.03228954
-0.031903457
-0.031099667
-0.030239843
-0.030638356
-0.030029829
-0.030908939
-0.030615976
-0.030461985
-0.030615838
-0.031222884
-0.030442454
-0.0310798
-0.029810044
-0.030479974
-0.031010852
-0.030375997
-0.029629117
-0.029087562
-0.029013812
-0.029569839
-0.028564044
-0.029237255
-0.028586412
-0.028560646
-0.029379708
-0.029927867
-0.029857866
-0.028902475
-0.02981172
-0.030455452
-0.030519252
-0.030480689
-0.030985919
-0.032457051
-0.031851012
-0.031632755
-0.031687478
-0.030696622
-0.030037546
-0.029863779
-0.030084725
-0.031649222
-0.031836662
-0.032798357
-0.032002262
-0.030504507
-0.030808523
-0.030249255
-0.032534393
-0.016642968
0.020655613
0.082869628
0.179831165
0.056708614
-0.015349483
-0.028532954
0.02009725
0.035365158
0.061569973
0.10163684
0.049560681
0.018950329
-0.030599271
-0.029840912
0.066663998
0.086173972
0.118601937
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0.459673804
0.467844097
0.46772931
0.472337938
0.495769637
0.501508841
0.510619709
0.520270978
0.4575593
0.473727408
0.518282904
0.541453492
0.556631126
0.526246224
0.487782562
0.46015636
0.456449721
0.456471039
0.451117995
0.437000933
0.430332163
0.426120479
0.435075668
0.446950042
0.455965919
0.456936694
0.456680236
0.466001057
0.490552159
0.503469307
0.511769607
0.494876748
0.473625311
0.458564905
0.456772372
0.457087475
0.469027756
0.500887286
0.517321526
0.528548208
0.506146717
0.479047333
0.459203358
0.456769118
0.456776492
0.484059631
0.553920119
0.589569301
0.613321962
0.565482697
0.505628217
0.462015504
0.456869621
0.463194769
0.484292703
0.507332809
0.548832127
0.603314418
0.52392426
0.482139251
0.464949388
0.661176118
0.672214747
0.703145995
0.722708396
0.748778851
0.673004166
0.683816364
0.460516629
0.656415398
0.67391955
0.707237277

0.643547522
0.662753139
0.662793974
0.67226293
0.72969575
0.742766123
0.764398734
0.787333005
0.637530113
0.650059219
0.684691199
0.702464091
0.714512897
0.690683606
0.660685153
0.639188169
0.636531597
0.63633435
0.680633063
0.793755541
0.852021981
0.888390652
0.81320941
0.716124163
0.643981883
0.636519528
0.637592325
0.680590531
0.79312944
0.850616259
0.889257888
0.812469909
0.715608563
0.645428192
0.636759363
0.636394523
0.644842898
0.66635055
0.677730566
0.6851393
0.669740749
0.651328222
0.638141673
0.636580067
0.636353533
0.644184327
0.66533634
0.676696495
0.684260305
0.669392168
0.651076226
0.638268991
0.636707265
0.63103201
0.633107734
0.673853303
0.741538851
0.860293203
0.719684564
0.635410959
0.634737253
0.651813474
0.69567035
0.773253072
0.869985692
0.896326773
0.785912283
0.742248352
0.632910799
0.642853948
0.687857695
0.762396525

0.448301639
0.456788343
0.456807075
0.460441825
0.485464129
0.491150673
0.50084373
0.510950314
0.444380033
0.461453517
0.507437278
0.531199038
0.547015849
0.515352867
0.475993448
0.44698384
0.443331577
0.443457868
0.453268907
0.477982854
0.490683151
0.498742656
0.482474805
0.461030916
0.445334105
0.443720194
0.443575613
0.438557675
0.425732069
0.419339176
0.415129627
0.423270163
0.434314335
0.442542008
0.443551186
0.44355119
0.471955104
0.543863888
0.580597235
0.604726767
0.556212347
0.493917433
0.448688177
0.443110782
0.44317789
0.456669316
0.491291911
0.509233114
0.521226586
0.497116474
0.467354912
0.445667053
0.442583772
0.447867041
0.425027086
0.360155872
0.272254597
0.082179661
0.297450158
0.424232617
0.445580874
0.227633005
0.172207295
0.064229356
-0.047144562
-0.096263455
0.087112522
0.11903046
0.447683833
0.242615443
0.17992569
0.074715083



-0.1683407
-0.003143883
0.104216613
0.100981402
0.120352688
0.249261632
0.327564193
0.247600008
0.17081028
0.124156663
0.10103432

-0.33583112
-0.271876062
0.02863518
0.028238627
0.026827392
0.009443392
-0.000852755
0.009426987
0.020164697
0.055760703
0.029143672

0.169705302

0.103260037

-0.02997424

-0.031440729
-0.033491351
-0.050768392
-0.061160029
-0.050759632
-0.041146091
-0.034882572
-0.030326129

0.754300195
0.686710725
0.461785527
0.455946542
0.51761455

0.611268218
0.667483803
0.60896159

0.552668621
0.519798162
0.456129176

0.887081068
0.735949135
0.635050746
0.628600075
0.626762071
0.51677224

0.450681571
0.51600587

0.581952827
0.622275205
0.628414245

-0.090857938
0.123354317
0.446941622
0.444544007
0.479504151
0.555439167
0.601480662
0.554081857
0.508445235
0.48131992
0.444068514];

The uncertainties in the interaction matrix was obtained using the equations 2-10 and 2-11. It

1s to be noted that the uncertainties in each elements in the F and V matrix is assumed to be

equal for simplicity, as described in Appendix B. A small program in Matlab is written to

calculate the uncertainties in each of the 36 elements of the interaction matrix using the

procedure described in section 2-2.

The interaction matrix and the uncertainties in the interaction matrix was obtained as:

-718.30 107.90
-23.70 42.20
7.30 -491.10
1380.60 978.00
-2552.90  -80.00
1333.10

0.1043
0.0537
0.0513
0.2223
0.2364
0.205

Interaction/Calibration Matrix

-195.60
519.20
246.90
-1421.40
-165.50

-1666.20 2303.90

249.00
48.80
-131.60
-248.20
866.70

-79.80  11.90

-15.50 1.70
1210 156.60
414.60 -755.60
-714.20 773.90
514.90

-1178.70  455.10

Uncertainties in the Interaction/Calibration Matrix

0.1508
0.0767
0.0732
0.3224
0.3428
0.2972

0.4143
0.207
0.1969
0.8899
0.9464
0.8201

0.1109
0.057
0.0544
0.2363
0.2513
0.2179

0.1171 0.0882
0.0601 0.0458
0.0573 0.0438
0.2498 0.1876
0.2656 0.1995
0.2303 0.1730

Now to calculate the uncertainties in the forces and moments in the three orthogonal

directions for the case of average forces and moments of the podded propulsors, the

procedure as described in section 2-2 was used.
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The voltage output for the test conditions for the six-components were:

J VA1 V2 V3 V4 V5 V6
0.0000 0.7513 0.0311 -0.0199 0.8893 0.0173 0.9804
0.1000 0.7091 0.0286 -0.0125 0.8821 0.0960 0.9047
0.2000 0.6574 0.0325 -0.0174 0.8506 0.1448 0.8851
0.3000 0.5874 0.0295 -0.0318 0.7624 0.2099 0.9329
0.4000 0.5437 0.0406 -0.0300 0.7659 0.2772 0.8357
0.5000 0.4777 0.0380 -0.0330 0.7181 0.3405 0.8213
0.6000 0.4255 0.0399 -0.0324 0.6956 0.4154 0.7649
0.6500 0.3970 0.0390 -0.0317 0.6764 0.4485 0.7498
0.7000 0.3680 0.0440 -0.0339 0.6580 0.4816 0.7339
0.7500 0.3348 0.0402 -0.0347 0.6398 0.5258 0.7093
0.8000 0.3087 0.0421 -0.0371 0.6211 0.5572 0.6973
0.8500 0.2766 0.0377 -0.0345 0.6037 0.5991 0.6724
0.9000 0.2454 0.0367 -0.0345 0.5881 0.6384 0.6514
0.9500 0.2061 0.0298 -0.0365 0.5505 0.6835 0.6594
1.0000 0.1840 0.0300 -0.0307 0.5598 0.7161 0.6039
1.1000 0.1126 0.0291 -0.0331 0.5107 0.8078 0.5609
1.2000 0.0389 0.0171 -0.0269 0.4828 0.9121 0.4830

The bias uncertainties in each components of the voltage signal were assumed to be equal for

simplicity as described in the section 2-2.

J Uvs Uvz Uvs Uvs Uvs Uve
0.00 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.10 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.20 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.30 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.40 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.50 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.60 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.65 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.70 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.75 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.80 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.85 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.90 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
0.95 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
1.00 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
1.10 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
1.20 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04 4.07E-04
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0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.10
1.20

The bias uncertainties

calculated as:

J

0.0000
0.1000
0.2000
0.3000
0.4000
0.5000
0.6000
0.6500
0.7000
0.7500
0.8000
0.8500
0.9000
0.9500
1.0000
1.1000
1.2000

in the forces and moments at the advance coefficient tested were

Uex
0.0076
0.0077
0.0013
-0.0103
-0.0128
-0.0204
-0.0240
-0.0265
-0.0292
-0.0326
-0.0355
-0.0376
-0.0400
-0.0441
-0.0441
-0.0511
-0.0559

Ury
0.4162
0.4160
0.4097
0.3982
0.3955
0.3878
0.3841
0.3816
0.3789
0.3754
0.3725
0.3703
0.3679
0.3638
0.3637
0.3565
0.3516

Urz
1.7620
1.7624
1.7220
1.6477
1.6323
1.5835
1.5607
1.5453
1.5277
1.5063
1.4879
1.4743
1.4591
1.4329
1.4335
1.3886
1.3589

Uux
-0.5235
-0.5233
-0.5122
-0.4923
-0.4877
-0.4744
-0.4679
-0.4636
-0.4588
-0.4529
-0.4478
-0.4440
-0.4398
-0.4326
-0.4325
-0.4201
-0.4116

Uny Unz
0.4192 0.1394
0.4191 0.1394
0.4303 0.1393
0.4508 0.1392
0.4552 0.1392
0.4687 0.1391
0.4750 0.1391
0.4793 0.1390
0.4842 0.1390
0.4901 0.1390
0.4952 0.1389
0.4990 0.1389
0.5032 0.1389
0.5105 0.1389
0.5104 0.1389
0.5228 0.1388
0.5311 0.1388

The uncertainties in the forces and moments were then expressed in terms of the forces and
moments in the corresponding directions in shown in the following table.

Fx
301.4931
281.4178
255.7239
229.0597
202.8949
174.1263
145.9614
131.0192
117.8528
103.6280
90.3610
76.3839
61.7356
47.7069
32.0455
2.1979
-31.7039

Fy
20.3854
19.9165
18.8391
17.5256
16.9327
14.8987
12.6626
11.3449
11.0957
10.7944
9.9636
9.5771
8.9783
8.2458
7.7362
7.2081
5.1084

Fz
11.3666
12.3610
12.4948
12.4301
11.6735
12.0259
11.0506
10.5738
10.8779
10.6448
10.2967
10.2599
10.4554
10.4084
10.4095
10.8362
10.8193

Mx

158.5785
142.4916
126.4383
107.3857
94.3510
74.1375
59.8122
53.0111
45.3079
38.7896
31.8944
23.4676
17.8848

9.4350

0.4147
-11.9760
-26.7699

My
50.6204
49.9539
50.5798
52.8674
43.8099
48.3446
44.5884
41.6186
39.9235
35.3150
32.6700
28.4462
23.6824
20.9195
15.5071
2.5564
-11.6867

Mz
331.5387
314.3295
292.5544
270.9564
250.1751
222.7351
198.1799
183.6329
176.5613
165.3906
154.1560
144.8560
134.3539
125.0279
114.3377
95.2807

73.6704
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%Fx  %Fy
0.0025 2.0415
0.0027  2.0888
0.0005 2.1745
-0.0045 22719
-0.0063  2.3359
-0.0117  2.6031
-0.0165 3.0336
-0.0202  3.3640
-0.0248  3.4145
-0.0315  3.4781
-0.0393  3.7390
-0.0493  3.8667
-0.0648  4.0975
-0.0925 4.4115
-0.1375  4.7012
-2.3270  4.9464
0.1762  6.8835

%Fz

15.5012
14.2580
13.7817
13.2557
13.9827
13.1673
14.1235
14.6142
14.0445
14.1502
14.4498
14.3698
13.9559
13.7666
13.7714
12.8143
12.5596

%Mx

-0.3301
-0.3672
-0.4051
-0.4584
-0.5169
-0.6398
-0.7824
-0.8746
-1.0127
-1.1675
-1.4042
-1.8920
-2.4590
-4.5854
-4.3054
3.5080
1.6377

%My

0.8281
0.8390
0.8508
0.8528
1.0390
0.9695
1.0653
1.1517
1.2128
1.3879
1.5159
1.7542
2.1249
2.4403
3.2912
4.4520
-4.5448

%Mz

0.0420
0.0443
0.0476
0.0514
0.0556
0.0624
0.0702
0.0757
0.0787
0.0840
0.0901
0.0959
0.1034
0.1111
0.1215
0.1457
0.1884



Precision Error

The precision limit for the global axial force component was estimated for several advance
speeds and the data from one run is subdivided into 10 segments of sufficient length (at least
10 sec of data acquisition time) and then applying the standard deviation theory as suggested
in Bose and Luznik (1996).

J=0.00 J=0.1 J=0.2 J=0.3 J=04 J=05 J=0.6 J=0.7 J=0.8 J=0.9 J=1.0 J=1.1 J=1.2
Teod/Fx Teod/Fx Trod/Fx Trod/Fx Trod/Fx Troa/Fx Teod/Fx TeodFx Teod/F Teod/F Trod/F Teod/F

Read Tpoda/Fx X X X X
# N N N N N N N N N N N N N

1 299.36 282.02 258.84 23329 21418 184.84 159.18 135.04 106.65 79.90 56.75 28.26 -1.31

2 302.81 28438 261.09 236.34 217.07 187.79 156.12 13150 119.12 83.81 59.11 2826 -3.27

3 301.19 282.36 259.83 235.84 21598 186.22 159.09 133.59 116.78 8243 58,50 2826 -2.77

4 301.97 28211 261.01 23428 216.65 185.10 156.74 13243 113.04 81.81 58.67 2826 -1.50

5 299.59 283.06 259.25 23345 21427 18576 159.14 13447 117.14 8153 5893 28.26 -2.01

6 300.07 283.78 260.99 23447 21543 186.20 157.62 133.85 109.48 8147 5766 2826 -2.37

7 301.59 283.83 25912 23530 21546 187.23 158.41 13426 11510 82.05 5869 2826 -1.34

8 301.86 28229 25992 23584 21689 187.15 158.46 131.75 11793 80.79 57.35 2826 -2.68

9 299.78 28291 260.72 23448 21455 18594 15744 13451 11830 81.15 5745 2826 -2.80

10 301.85 283.14 260.91 23528 21452 18520 156.84 134.80 117.21 83.38 58.91 2826 -1.49
Mean: 301.01 28299 260.17 234.86 21550 186.14 15790 133.62 11508 81.83 5820 2826 -2.15
StDev 1.21 0.81 0.88 1.03 1.1 0.99 1.1 1.28 4.12 1.16 0.82 0.00 0.72
(r-ri)A2 (r-ri)A2  (r-ri)A2  (r-ri)*2  (r-ri)*2  (r-ri)*2 (r-ri)*2 (rriy*2 (r-ri)2 (reri)A2 (r-ri)*2  (r-ri)A2  (r-ri)?2
1 2.7079 0.9431 1.7718 2.4588 1.7371 1.6957 1.6311 2.0192 70.9904 3.7373 2.1151 0.0000 0.7123
2 3.2616 1.9408 0.8501 2.1958 2.4647 2.7035 3.1641 4.4820 16.3544 3.9004 0.8186 0.0000 1.2472
3 0.0331 0.3938 0.1165 0.9754 0.2326 0.0064 1.4065 0.0007 2.9111 0.3599 0.0910 0.0000 0.3813
4 0.9314 0.7710 0.7032 0.3355 1.3281 1.0850 1.3607 1.4150 4.1470 0.0007 0.2198 0.0000 0.4249
5 2.0099 0.0054 0.8337 1.9850 1.5177 0.1472 1.5273 0.7289 4.2754 0.0925 0.5302 0.0000 0.0217

6 0.8775 0.6216 0.6735 0.1489 0.0054 0.0034 0.0821 0.0512 31.2963 0.1306 0.2959 0.0000 0.0461
7 0.3398 0.7048 1.0922 0.1957 0.0015 1.1707 0.2572 0.4113 0.0006 0.0469 0.2399 0.0000 0.6637
8 0.7210 0.4855 0.0599 0.9601 1.9266 1.0235 0.3084 3.5133 8.1484 1.0784 0.7317 0.0000 0.2811
9 1.4970 0.0057 0.3039 0.1420 0.8975 0.0432 0.2189 0.7887 10.4264 0.4614 0.5647 0.0000 0.4118
10 0.7030 0.0239 0.5518 0.1825 0.9672 0.8853 1.1273 1.3855 4.5388 2.4048 0.5070 0.0000 0.4395
sum 13.0822 5.8956 6.9565 9.5797 11.0783 8.7640 11.0837 14.7958 153.0889 12.2130 6.1138 0.0000 4.6296
Sr, Precision Index of Population: [(1/9)*sum(r-ri)]*0.5
Sr 1.2056 0.8094 0.8792 1.0317 1.1095 0.9868 1.1097 1.2822 4.1243 1.1649 0.8242 0.0006 0.7172
Srm, Precision Index of Mean: Sr/(10)*0.5
Srm 0.3813 0.2559 0.2780 0.3263 0.3508 0.3121 0.3509 0.4055 1.3042 0.3684 0.2606 0.0002 0.2268
Pn, Precision Limit of Average Results: nt*Srm

Pn 0.8624 0.5789 0.6289 0.7380 0.7936 0.7059 0.7938 0.9172 29501 0.8333 0.5896 0.0004 0.5130

Where t=2.262 (value taken from t distribution for 95% confidence coverage for degree of freedom 10-1=9

The total bias error and the total precision error were then combined using RSS to get the
total uncertainty in propeller thrust as follows:
U, =B, +P;

d Tpoa Troa
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J=0.00 J=0.1 J=0.2 J=0.3 J=04 J=0.5 J=0.6 J=0.7 J=0.8 J=0.9 J=1.0 J=1.1 J=1.2
Brx 06391 06391 0.6391 0.6392 0.6392 0.6394 0.6395 0.6397 0.6401 0.6403 0.6406 0.6411 0.6415

Prx 06963 0.6624 0.4704 0.7059 0.6585 0.5856 0.7842 0.7171 3.0795 1.1557 0.6913 0.0004 0.5189
Urx 9.8E-06 1.07E-05 9.63E-06 1.73E-05 2.05E-05 2.48E-05 4.81E-05 6.65E-05 1.21E-03 4.58E-04 8.64E-04 8.62E-02 6.7E-04

In a similar fashion, other force components and moment components in the three orthogonal
directions were calculated and the results are summarized in Table B-1 and B-2
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Propeller Thrust Coefficient-Total Bias Error

The total bias limit for propeller thrust coefficient is calculated based on ITTC recommended

procedure 7.5-02-03-02.2 as follows:
ltem Value
Water Density, p 999.00
Shaft Rotational Speed, n 11.00
Propeller Diameter, D 0.27m
Advance Coefficient, J 0.00
. T
Thrust Coefficient, K, = pnl;(g . 0.4791
2 2 2 2
(BKTPOd)Z — a]<TPod XBTPOd + aKTPod xBn + aKTPOd pr + aKTPOd XBD
0T, On (0)0) oD
oK 1
aTTpod - 0.001557
Pod
oK =27,
GZOd = m3l")"j -0.08711
oK -T,
ag"“ = pznﬁ‘g4 -0.00048
oK -4T,
ag"d = ng’;‘ -7.09777
B pod] s=0.00 0.005645
100 By | 1000 / Ko 1.178266%
Advance Coefficient, J 0.10
. T
Thrust Coefficient, K, = pnl;(g . 0.4512
2 2 2 2
(BKTPOd)Z — a]<TPod XBTPOd + aKTPod xBn aKTPOd Bp + aKTPOd XBD
0T, On (0)0) oD
oK 1
aTTpod - 0.001557
Pod
oK =27,
GZOd = m3l")"j -0.08204
oK -T,
ag"“ = pznﬁ‘g4 -0.00045
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oK —-4T,
e -6.68467
oD on-D
B 1pod| s =0.10 0.005442
100* By oy | 010 / K v 1.205969%
Advance Coefficient, J 0.20
. T,
Thrust Coefficient, K, =—%— 0.4131
oD
2 2 2 2
(BKH)Od)Z — a1<7Pod Bn)od + aI<TP0d xBn + aKTPod pr + aI(TPod XBD
o/ On op oD
OK rpoq 1
= 0.001557
0L,y on’D’
oK -2T
ol = P -0.07511
on on’D
oK -T,
ol = el -0.00041
do p°nD
oK —-4T,
fPod. = Pt -6.12036
oD on-D
By poa| =020 0.005172
100% By oy | 020 / K ppoa 1.251839%
Advance Coefficient, J 0.30
. T,
Thrust Coefficient, K,y =——— 0.3742
on°D
2 2 2 2
(BKH)Od)Z — a1<7Pod xBn)od + aI<TP0d xBn aKTPod pr + aI(TPod XBD
o/ On op oD
OK rpoy 1
= 0.001557
0L,y on’D’
oK -2T,
ol = oo -0.06804
on on’D
0K -T,
o o~ lo -0.00037
do p'n"D
oK —-4T,
L -5.54437
oD pon-D
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B

K TPod| J=0.30

0.004907

100* BKTPOd 72030 ! Kpoa 1.311289%
Advance Coefficient, J 0.40
Thrust Coefficient, K., = ;‘;"l“) - 0.3337
2 2 2
K K K K ?
(B X )2 - TPod XB + TPod xB + TPod XB + TPod xB
KTPod aTPOd TPod &1 n ap ol OD D
aKmd 1
ar = ,0'72D4 0.001557
Pod
aKTPod _ _2TPod
= -0.06067
on on’D*
aI<TPcod _ _TPod
PR = p2n2D4 -0.00033
a[<TPod _ _4TP0d
D = ,0/12D5 -4.94342
BKIPod J=0.40 0.004646
100% By 1| s=040 / K 1ved 1.392332
Advance Coefficient, J 0.50
Thrust Coefficient, K 5, = ;‘;"l“) y 0.2895
oK oK 2 (K oK ’
(B . )2 — TPod x B + TPod x B + TPod x B + TPod B
KTPod [ aTPOd TPod a]/l n ap Yol aD X D
OKppa 1
ar ,OnzD 2 0.001557
Pod
a[<TPod _2TP0d
A = ,0”3D4 -0.05263
aI<TPcod _ _TPod
PR = p2n2D4 -0.00029
a[<TPod _ _4TP0d
D = ,0/12D5 -4.28823
B tpod| 12050 0.00438
100* BKTPod Je050 ! Krpog 1.513306
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Advance Coefficient, J 0.60
T,
Thrust Coefficient, K ., =——%— 0.2468
oD
2 2 2 2
(BKTPOd)Z — aI<TPOCI BTpod + a[<TPOd xBn + aI<TPOCI XBp + aI<TPOd xBD
0Ty On do oD
OK 1poy 1
= 0.001557
aT'Pod pnzD4
oK -2T
ol = e -0.04487
on onD
oK -T
[Fod - Pod_ -0.00025
do po'nD
oK —-4T
fTod = toc -3.65595
aD on-D
B 1poa | 1=0.60 0.004147
100* B ooyl 2060 / K rvou 1.680414
Advance Coefficient, J 0.70
T,
Thrust Coefficient, K ., =—%— 0.2054
oD
2 2 2 2
(BKTPOd)Z — aI<TPOCI x Thed + a[<TPOd xBn aI<TPOCI Bp + aI<TPOd xBD
0Ty On do oD
OK 1poy 1
= 0.001557
aT'Pod pnzD4
oK -2T
ol = e -0.03734
on on’D
oK -T
[Pod - _Pod_ -0.00021
do po'nD
oK —-4T
o = o -3.0423
oD on-D
By rpoa] s=070 0.003946
100* B ooyl 2070 / K ppoa 1.921326
Advance Coefficient, J 0.80
. T,
Thrust Coefficient, K, =—% 0.1639
on°D
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(BKTPOd)Z — aI<TPOCI XBTpod + a[<TPOd xBn + aI<TPOCI XBp + aI<TPOd xBD
ar,,, on dp oD
OK 1poy 1
= 0.001557
aT'Pod pnzD4
oK - 2T,
afn""d = mSII;Z -0.0298
oK T,
5ZOd = p2n§E4 -0.00016
oK - 4T,
ag"d = ng’g‘ -2.4278
By 1p0a| 700 0.003773
100* By 1ooal 050 / Kpoa 2.302303
Advance Coefficient, J 0.90
T,
Thrust Coefficient, K., = m‘;"g - 0.1206
2 2 2 2
(BKTPOd)Z — aI<TPOCI XBTpod + a[<TPOd xBn + aI<TPOCI XBp + aI<TPOd xBD
ar,,, on dp oD
OK 1poy 1
= 0.001557
aT'Pod pnzD4
oK - 2T,
afn""d = mSII;Z -0.02192
oK T,
GZOd = p2n§24 -0.00012
oK —4T,
ag"“‘ = mzll’)"‘; -1.78608
By 1p0a| 72090 0.003628
100* By 1| s=000 / K rvod 3.009375
Advance Coefficient, J 1.00
. T,
Thrust Coefficient, K 5, = pn‘;"l“) y 0.0757
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2 2 2
(Bemag)® = K pog xBo | + %xgn + MXBP + %XBD
o/ 4N On do oD
oK 1
ade =D 0.001557
Pod
oK -2T,
a;""“ = m3l")"j -0.01377
oK -T,
GZOd = p2n§‘34 -7.6E-05
oK -4T,
ag"d = ng’g‘ -1.12204
B 1pod | 12100 0.003521
100* By ol ot 00/ Ko 4.648986
Advance Coefficient, J 1.10
T
Thrust Coefficient, K ., =—52— 0.0295
oD
2 2 2 2
(ngTPod)2 = aKTPOd ><BTPod + aKTPOd XBn + aKTPOd XBP + aKTPOd ><BD
o/ 4N On do oD
oK 1
ade gy 0.001557
Pod
oK -2T,
a;""“ = m3l")"j -0.00537
aKTPod ~Thooa
% = D -3E-05
oK -4T,
ag"d = ng’g‘ -0.43719
By rpod| =110 0.00346
100% By 1o | 110 / Ko 11.72619
Advance Coefficient, J 1.20
: TPod
Thrust Coefficient, K, =—"— -0.0194
oD
2 2 2 2
oK oK oK oK
(BKTPOd)Z — TPod XBTpod + TPod xBn TPod Bp TPod xBD
0Ty On do oD




OKppo 1

= 0.001557
aTPod ,0”2D4
oK -2T.
£°d :pn3zp)oj 0.003264
aI(T'Pod - _TPod 1 8E_05
do 0*n’D* .
oK -4T.
ag“ P g’? 0.265916
BKTPod J=1.20 0.003454
100* BKTPod J=1.20 /Km)d -19.2404
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Propeller Torque Coefficient-Total Bias Error

The total bias limit for propeller torque coefficient is calculated based on ITTC recommended

procedure 7.5-02-03-02.2 as follows:

ltem Value
Water Density, p 999.00
Shaft Rotational Speed, n 11.00
Propeller Diameter, D 027 m
Advance Coefficient, J 0.00
Torque Coefficient, K, =2LS 0.06832
on-D
, (K LK K oK ’
(KQ) = QxBQ + QxBn + 9 xB + QxBD
On do i oD
K, 1
0 - oD’ 0.005765
oK -2
_anQ = pn3l()25 -0.01242
oK -
apQ = ?DS -6.8E-05
n
oK -5
aDQ = ngﬁ -1.26527
BKQ|J:0.OO 0.000751
100* By ;000 / K, 1.098484
Advance Coefficient, J 0.10
Torque Coefficient, K, =% 0.06463
oD
oK LK K oK ’
(KQ)Z— QxBQ +| —2xB | +|—2xB, | +|—ZxB,
On do ? aD
K, 1
0 " oD’ 0.005765
oK -2
anQ = pn3§5 -0.01175
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oK -
2 = ? - -6.5E-05
do p°'nD
oK -5
2 = 2Q6 -1.19696
ab on°D
Biol -0 0.000721
100* By ;010 /K, 1.115033
Advance Coefficient, J 0.20
Torque Coefficient, KQ = 2Q s 0.06041
on°D
K K K K ?
(BKQ)2= QxBQ + —QxBn + Qpr + QxBD
00 on oo oD
Ko 1 0.005765
0  m’D’ '
oK -2
B 3Q5 -0.01098
o  pn'D
oK -
¢ =— ZQ - -6E-05
do p°'n°D
oK -5
¢ = 2Q6 -1.1186
ab on°D
BKQ| J=0.20 0.000687
100% By ;420 1 K, 1.137479
Advance Coefficient, J 0.30
Torque Coefficient, K 0= 2Q S 0.05611
on°D
K 2K K oK :
(KQ)2= QxQ +—an + 9 xB + QxBD
on o oD
Ko __1 0.005765
0 m’D’ '
oK -9
—2 3Q5 -0.0102
on  pn'D
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oK _
apQ = p2n2QD5 -5.6E-05
oK -5
aDQ = 56 -1.03902
Bol -0 0.000654
100* By ;050 /K, 1.165059
Advance Coefficient, J 0.40
Torque Coefficient, K, = 2Q s 0.05086
on°D
oK (K K oK ’
(Beo) =| =2 xB,| +|—=2xB,| +|=2xB,| +|—2xB,
£%) on do oD
K, 1
0 " oD’ 0.005765
oK -2
WQ = pn3§5 -0.00925
oK _
apQ = ZQDS -5.1E-05
n
oK -5
aDQ = ngG -0.9418
BKQ|J:0.40 0.000614
100% By ;o0 / K, 1.207405
Advance Coefficient, J 0.50
Torque Coefficient, K 0= 2Q S 0.04591
on’D
oK P K oK ?
(BKQ)2= QxBQ + —2 x LT QxB + QxBD
£%) on o ° oD
K, 1
0 " oD’ 0.005765
oK )
WQ pn3l§5 -0.00835
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oK -0
0 _
o = oD -4.6E-05
oK -5
aDQ =— 56 -0.85024
on
By Q| J=0.50 0.000578
100* By ;050 /K, 1.259228
Advance Coefficient, J 0.60
Torque Coefficient, K, = ,0/12QD5 0.04073
K K K K ?
(BKQ)Z =[ aQQxBQ + EQxBn + aQ pr] + aDQ xBD]
o
Ko 1 0.005765
0 m’D’ '
oK -2
WQ = pn3§5 -0.00741
oK -0
o _
5 = oD -41E-05
oK -5
aDQ =— gG -0.75436
on
BKQ| J=0.60 0.000542
100% By ;o0 / K, 1.331344
Advance Coefficient, J 0.70
Torque Coefficient, K 0= ,onZQDS 0.03522
K 2K K oK :
(BKQ)zz[ a0 o) | B aQXB"] o XBD]
0
Ko 1 0.005765
0 m'D’ '
oK )
WQ 355 -0.0064
on
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oK -0
0 _
% oD -3.5E-05
oK -5
aDQ = 256 -0.65231
on
Biol -0 0.000507
100* By ;070 /K, 1.438278
Advance Coefficient, J 0.80
Torque Coefficient, K, = ,0/12QD5 0.02963
K YK K K ?
(BKQ)Z =[ aQQxBQ + EQxBn + aQ pr] + aDQ xBD]
Je)
Ko 1 0.005765
0 m’'D’ '
oK -2
WQ = pn3§5 -0.00539
Ko _ -0 _3E-05
oo p’n’D’
oK -5
aDQ =— gG -0.54882
on
BKQ| J=0.80 0.000474
100% By, o50 / K, 1597849
Advance Coefficient, J 0.90
Torque Coefficient, K, = ,onZQDS 0.02329
K K (K K ?
(BKQ)2 =[ OQQXBQ + ng o+ anBp] + ODQ xBD]
1o)
Ko 1 0.005765
0 m’D’ '
oK -2
anQ 355 -0.00424
on
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oK -0
0 _
% oD’ -2.3E-05
oK -5
aDQ = 256 -0.43134
on
By ol =000 0.000441
100* By ;400 / K 1.891976
Advance Coefficient, J 1.00
Torque Coefficient, K 0 = ,0/12QD5 0.01681
K YK K K ?
(BKQ)z =[ QxBQ + WQXBH + aQ pr] + GDQ xBD]
Je)
Ko _ 1 0.005765
0 m’D’ '
oK -2
WQ = 3§5 -0.00306
on
Ko __-0 1.7E-05
oo p’n’D’
oK -5
aDQ = 236 -0.31127
on
BKQ|J:1400 0.000413
100% By ,_00 / K 2.459809
Advance Coefficient, J 1.10
Torque Coefficient, K, = ,onZQDS 0.00946
K 2K K oK ?
(BKQ)2 =[ OQQXBQ + ng o+ anBp] + ODQ xBD]
0
Ko __ 1 0.005765
0 m’D’ '
oK -9
WQ 355 -0.00172
on
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oK, -0

= -9.5E-06
oo p’n’D’
oK -5
2 = 2Q6 -0.17528
ob  on°D
Biolsano 0.000392
100* By, 10 /K, 4.14176
Advance Coefficient, J 1.20
Torque Coefficient, K, = 2Q s 0.00083
on°D
oK 0K K K ’
(Beo) =| =2 xB,| +|—=2xB,| +|=2xB,| +|—2xB,
E%) on 9o oD
Ko 1 0.005765
60 p’D’ '
oK -2
—2=_ QS -0.00015
o  pn'D
oK _
g =— 2Q - -8.3E-07
do p°n°D
oK -5
¢ = 2Q6 -0.0154
ob pn°D
BKQ|J:1420 0.000382
100% By, 5 /K, 45.90882
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Propeller Advance Coefficient-Total Bias Error

The total bias limit for propeller advance coefficient is calculated based on ITTC recommended

procedure 7.5-02-03-02.2 as follows:

ltem Value
Water Density, p 999.00
Shaft Rotational Speed, n 11.00
Propeller Diameter, D 0.27m
Advance Coefficient, J 0.00
Advance Coefficient, J =Q 0.00
nD
2 2
( J)2= a]x % +ngn +£XBD
o, ! On aD
v = L 0.005765
o, nD '
y__ ZA -0.01242
on n-D
Y__ ZA -6.8E-05
On n-D
B,| 000 0.000751
100% B, |, 00 / K, 1.098484
Advance Coefficient, J 0.10
Vv
Advance Coefficient, J =—L 0.10
nD
2 2
(B,) = J xB, +ngn +ﬂxBD
o, 4 On oD
v = L 0.005765
oV, nD '
Yv__ ZA -0.01242
on n°D
Y. ZA -6.8E-05
on nD
BJ|J=0.10 0.000751
100% B, | ;10 /J 1.008484
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Advance Coefficient, J

0.20

) V
Advance Coefficient, J =_1A) 0.20
n
2 2
(BJ)Z: o X B, +ngn +1><BD
o, ! on aD
ﬂ = L 0.005765
oV, nD '
% =~ Zf}) -0.01242
n
% = - 2) -6.8E-05
n

BJ| J=0.20 0.000751

100% B, | ;-5 /J 1.098484
Advance Coefficient, J 0.30
) V
Advance Coefficient, J :—g 0.30
n
, (& a oy ’
(BJ) =|—XxB, +—><Bn +| —xB,
o, ! on aD
i = L 0.005765
oV, nD '
% = - 2) -0.01242
n
% =~ Zf}) -6.8E-05
n
BJ|J:O.30 0.000751
100% B, | ;-5 /J 1.098484
Advance Coefficient, J 0.40
. V
Advance Coefficient, J =—% 0.40
n
2 2 2
2 a/ a/
= — +|—xB +|—xB
( J) [ aVA vy [ al’l n D]
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ﬂ = L 0.00576
oV, nD ' >
aJ v,
— = -0.01242
on n-D
aJ v,
— = -6.8E-05
on n-D
BJ| J=0.40 0.000751
100% B, | ;40 /J 1.098484
Advance Coefficient, J 0.50
Advance Coefficient, J =£ 0.50
n
2 2
( J)z: o xB, +ngn +ﬂxBD
o, 8 on oD
ﬂ = L 0.005765
oV, nD '
aJ v,
—=-— -0.01242
on n-D
aJ v,
— = -6.8E-05
on n-D
BJ| J=0.50 0.000751
100% B, | ;50 /J 1.098484
Advance Coefficient, J 0.60
Advance Coefficient, J :Q 0.60
nD
2 2
( J)Zz U xB, +ﬂxBn +ngD
o, 4 on aD
i = L 0.005765
oV, nD '
aJ v,
— == -0.01242
on n-D
aJ v,
—=-— -6.8E-05
on n-D
BJ| J=0.60 0.000751
100% B, | ;50 /J 1.008484
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Advance Coefficient, J 0.70
|14
Advance Coefficient, J =—L 0.70
nD
2 2
( J)Z: o xB, +ngn +ﬂxBD
o, 4 on oD
i = L 0.005765
oV, nD '
aJ v,
= -0.01242
on n-D
aJ v,
~— = -6.8E-05
on n-D
BJ| J=0.70 0.000751
100* B, | ;-7 /J 1.098484
Advance Coefficient, J 0.80
Advance Coefficient, J :Q 0.80
nD
2 2
( J)Zz d]x . +ngn +ngD
o, 4 on aD
i = L 0.00576
oV, nD ' °
aJ v,
= -0.01242
on n-D
aJ v,
—=-— -6.8E-05
on n-D
BJ| J =080 0.000751
100* B, | ;50 /J 1.098484
Advance Coefficient, J 0.90
Advance Coefficient, J =Q 0.90
n
& 2 a7 2 2
(BJ)2 =| —XxB, +|—xB,| +|<=%B)
o, 4 on




ﬂ = L 0.005765
oV, nD '
Y__ IZA -0.01242
on n-D
yv__ ZA -6.8E-05
on n-D
BJ| J=0.90 0.000751
100% B, | ;00 /J 1.098484
Advance Coefficient, J 1.00
V
Advance Coefficient, J =—% 1.00
n
2 2
(B,) = v xB, +ngn +ﬂxBD
o, ! on aD
ﬂ = L 0.005765
oV, nD '
Y__ ZA -0.01242
on n°D
g = - IZA -6.8E-05
on n-D
BJ|J=1‘00 0.000751
100* B, | ;100 /J 1.098484
Advance Coefficient, J 1.10
Advance Coefficient, J :Q 1.10
nD
2 2
( J)Zz J xB, +ﬂxBn +ngD
o, ! on aD
i = L 0.005765
oV, nD '
Yv__ Z“ -0.01242
on n°D
g = - IZA -6.8E-05
on n°D
BJ| J=0.00 0.000751
100* B, | ;00 /J 1.008484
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Advance Coefficient, J

1.20

) 14
Advance Coefficient, J =—L 1.20
nD
2
( J)z = o xB, | + ngn + ﬂxBD
o, 4 on oD
v _L 0.005765
oV, nD '
LA -0.01242
On n’D
LA -6.8E-05
On n’D
BJ| J=0.00 0.000751
1.098484
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Overall Uncertainty

Table B-1: Bias and Precision uncertainties of the components of podded propulsor variables.

J=0.0  J=0.1 J=02  J=03  J=04 J=05  J=06 J=0.7 J=0.8 J=0.9 J=1.0 J=1.1 J=1.2
P (Kg/m®) 999 999 999 999 999 999 999 999 999 999 999 999 999
B, 0.0940  0.0940  0.0940  0.0940  0.0940  0.0940  0.0940  0.0940  0.0940  0.0940 0.0940  0.0940  0.0940
P, - - - - - - - - - - - - -
(UJpY  8.85E-09 8.85E-09 8.85E-09 8.85E-09 8.85E-09 8.85E-09 8.85E-09 8.85E-09 8.85E-09 8.85E-09 8.85E-09 8.85E-09 8.85E-09
AA (deg) 30 30 30 30 30 30 30 30 30 30 30 30 30
Baa 06920 0.6920  0.6920 06920 0.6920  0.6920 06920 06920  0.6920  0.6920 0.6920  0.6920  0.6920
Pan - - - - - - - - - - - - -
(Ua/AA)?  5.32E-04 532E-04 5.32E-04 532E-04 532E-04 532E-04 532E-04 532E-04 532E-04 532E-04 532E-04 532E-04 5.32E-04
D (m) 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27
Bo 0.0001  0.0001  0.0001  0.001  0.0001  0.0001  0.0001  0.001  0.0001  0.0001 0.0001 0.0001  0.0001
Po - - - - - - - - - - - - -
(Up/DY?  2.74E-07 2.74E-07 2.74E-07 2.74E-07 2.74E-07 2.74E-07 2.74E-07 2.74E-07 2.74E-07 2.74E-07 2.74E-07 2.74E-07 2.74E-07
N (rps) 11 11 11 11 11 11 11 11 11 11 11 11 11
By 0.0500  0.0500  0.0500  0.0500  0.0500  0.0500  0.0500  0.0500  0.0500  0.0500 0.0500  0.0500  0.0500
= 0.0096  0.0284  0.0269  0.0253  0.0282  0.0278  0.0274  0.0267  0.0275  0.0256 0.0273  0.0268  0.0279
(U/n)>  2.14E-05 2.73E-05 2.66E-05 2.59E-05 2.72E-05 2.70E-05 269E-05 2.66E-05 2.69E-05 261E-05 268E-05 2.66E-05 2.71E-05
Va(m/s) 00000 02970  0.5940  0.8910  1.1880  1.4850  1.7820  2.0790  2.3760  2.6730 29700  3.2670  3.5640
J 0.0000  0.1000  0.2000  0.3000  0.4000  0.5000  0.6000  0.7000  0.8000  0.9000 1.0000 1.1000  1.2000
Bva 0.0154  0.0154  0.0154 00154 0.0154  0.0154 00154  0.0154  0.0154  0.0154 0.0154  0.0154  0.0154
Pua 0.0001  0.0000  0.0001  0.0002  0.0000  0.0001  0.0002  0.0006  0.0005  0.0007 0.0007  0.0011  0.0012
(Upa/Va)>  #DIV/O! 2.68E-03 6.71E-04 2.98E-04 1.68E-04 1.07E-04 7.46E-05 548E-05 4.20E-05 3.32E-05 2.69E-05 2.23E-05 1.88E-05
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J=0.0 J=0.1 J=0.2 J=0.3 J=0.4 J=0.5 J=0.6 J=0.7 J=0.8 J=0.9 J=1.0 J=1.1 J=1.2

Trrop (N) 307.77 289.86 265.39 240.42 214.36 185.95 158.53 131.92 131.92 105.27 77.45 48.65 18.96
Krprop 0.4791 0.4512 0.4131 0.3742 0.3337 0.2895 0.2468 0.2054 0.1639 0.1206 0.0757 0.0295 -0.0179
Brprop 2.2159 2.2159 2.2159 2.2159 2.21589 2.2159 2.2159 2.2159 2.2159 2.2159 2.2159 2.2159 2.2159
Prprop 0.4651 0.7181 0.4167 0.5090 0.3925 0.7459 0.3420 0.3826 0.8855 0.6028 0.7953 0.8763 1.0194
(Utprop /Trrop)®  5.41E-05 6.46E-05 7.22E-05 8.94E-05 1.10E-04 1.58E-04 2.00E-04 2.91E-04 3.27E-04 4.76E-04 9.24E-04 2.40E-03 1.66E-02

Q (Nm) 11.85 11.21 10.48 9.73 8.82 7.96 7.07 6.11 5.14 4.04 2.92 1.64 0.14
Ka 0.0683 0.0646 0.0604 0.0561 0.0509 0.0459 0.0407 0.0352 0.0296 0.0233 0.0168 0.0095 0.0008

Ba 0.0662 0.0662 0.0662 0.0662 0.0662 0.0662 0.0662 0.0662 0.0662 0.0662 0.0662 0.0662 0.0662

Pa 0.0016 0.0356 0.0272 0.0177 0.0054 0.0065 0.0390 0.0122 0.0458 0.0195 0.0570 0.0305 0.0000

(Ua /Q)° 3.12E-05 4.49E-05 4.66E-05 4.96E-05 5.67E-05 6.98E-05 1.18E-04 1.21E-04 2.45E-04 2.92E-04 8.97E-04 1.97E-03 2.11E-01
Fxor Tunt (N)  301.47 281.47 255.73 229.08 202.87 174.15 145.95 117.88 90.38 61.73 32.05 2.18 -31.73
Krunit 0.4693 0.4381 0.3981 0.356600 0.315800 0.271100 0.227200 0.183500 0.140700 0.096100 0.049900 0.003400 -0.0494
Brunit 0.6391 0.6391 0.6391 0.6392 0.6392 0.6394 0.6395 0.6397 0.6401 0.6403 0.6406 0.6411 0.6415
Prprop 0.6963 0.6624 0.4704 0.7059 0.6585 0.5856 0.7842 0.7171 3.0795 1.15657 0.6913 0.0004 0.5189
(Uruni/Tunt)®  9.83E-06 1.07E-05 9.63E-06 1.73E-05 2.05E-05 2.48E-05 4.81E-05 6.65E-05 1.21E-03 4.58E-04 8.64E-04 8.62E-02 6.76E-04

Fy (N) 20.39 19.92 19.67 17.53 16.93 14.90 12.66 11.10 9.96 8.98 7.74 7.21 5.11

Kry 0.0317 0.0310 0.0306  0.027281 0.026358 0.023192 0.019711 0.017272 0.015510 0.013976 0.012043 0.011221 0.0080

Bry 0.7626 0.7626 0.7591  0.752966 0.751577 0.747551 0.745634 0.742936 0.739731 0.737397 0.735318 0.731805 0.7294

Pry 0.9865 1.1183 1.0995 0.846057 1.045572 1.000031 0.699036 0.903499 0.983355 1.130782 1.057046 0.712972  0.9811
(Urv/Fy)? 3.74E-03 4.62E-03 4.61E-03 4.18E-03 5.78E-03 7.02E-03 6.51E-03 1.11E-02 1.53E-02 2.26E-02 2.77E-02 2.01E-02 5.73E-02
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J=0.0 J=0.1 J=0.2 J=0.3 J=0.4 J=0.5 J=0.6 J=0.7 J=0.8 J=0.9 J=1.0 J=1.1 J=1.2

Fz (N) 11.37 12.36 12.49 12.43 11.67 12.03 11.05 10.88 10.30 10.46 10.41 10.84 10.82
Kez 0.0177  0.0192  0.0195 0.019350 0.018172 0.018720 0.017202 0.016933 0.016029 0.016276 0.016204 0.016868  0.0168

Brz 1.8743  1.8747  1.8368 1.767300 1.752919 1.707577 1.686506 1.656024 1.619302 1.592962 1.569538 1.528580  1.5016

Pez 04793 05142 04522 0416251 0.848629 0.835418 0.690880 0.715301 0.854036 0.765266 0.935634 0.501086  0.4873

(UrzfFz2  2.90E-02 2.47E-02 2.29E-02 2.13E-02 2.78E-02 2.50E-02 2.72E-02 2.75E-02 3.16E-02 2.86E-02 3.08E-02 2.20E-02 2.13E-02
Mx (Nm) 153.00  137.92 12230 10345  89.56 69.69 55.27 40.99 27.83 14.45 2.62 1360  -26.95
Kwx 0.8821 07952  0.7051 0.596456 0.516368 0.401775 0.318653 0.236332 0.160471 0.083331 -0.015084 -0.078431 -0.1554

Bux 05243  0.5240  0.5130 0.493094 0.488548 0.475208 0.468798 0.459689 0.448742 0.440690 0.433457 0.421076  0.4126

Pux 21139 1.1792  1.0653 0.952723 0.738724 0.726402 0.990374 1.237505 0.432988 0.485318 0.146373 0.417215 0.4174

(Uu/Mx)?  2.03E-04 8.75E-05 9.35E-05 1.08E-04 9.78E-05 1.55E-04 3.93E-04 1.04E-03 5.02E-04 2.06E-03 3.06E-02 1.90E-03 4.74E-04
My (Nm) 47.75 47.21 47.59 49.70 41.20 4556 42.27 37.94 31.34 23.02 14.97 3.03 -10.21
Ky 02753 02722 02744 0286552 0.237531 0.262658 0.243688 0.218752 0.180665 0.132699 0.086301 0.017467  -0.0589

Buy 20743 20743 20765 2.080896 2.081839 2.084836 2.086270 2.088374 2.090965 2.092872 2.094600 2.097675  2.0998

Py 1.3015  1.0308  1.1672 0.979184 1.038114 0.562152 0.209076 0.636427 0.767946 0.670870 0.514977 0.267345  0.4604

(Uw/My)>  2.63E-03 2.41E-03 2.51E-03 2.14E-03 3.19E-03 2.25E-03 2.46E-03 3.31E-03 5.05E-03 9.12E-03 2.08E-02 4.87E-01 4.43E-02
Mz (Nm) 31623  300.06  279.43 25931 23967 21344  190.06  169.28  147.75 12868  110.02  91.57 70.74
Kwiz 1.8232 17299 16110 1.495039 1.381777 1.230556 1.095784 0.975947 0.851867 0.741903 0.634286 0.527946  0.4078

Buz 0.1398  0.1398  0.1398 0.139648 0.139628 0.139553 0.139521 0.139471 0.139411 0.139370 0.139334 0.139267  0.1392

Puz 13497  0.9229  1.0803 0.931339 0.910767 1.030657 0.631036 0.756710 0.830758 0.891493 1.101379 1.065461  0.8242

(UmzMz)>  1.84E-05 9.68E-06 1.52E-05 1.32E-05 1.48E-05 2.37E-05 1.16E-05 2.07E-05 3.25E-05 4.92E-05 1.02E-04 1.38E-04 1.40E-04
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The overall uncertainties of the measured parameters were then obtained by combining the precision limit and bias limit estimates of

each of the parameters as shown in Table B-1. Using the uncertainty expressions (equations 2-2 to 2-9) the estimates for the data

reduction equations as given in Table B-2.

Table B-2: Overall Uncertainties of the components of podded propulsor variables.

J=0.0 J=0.1 J=0.2 J=0.3 J=0.4 J=0.5 J=0.6 J=0.7 J=0.8 J=0.9 J=1.0 J=1.1 J=1.2
Up 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940 0.0940
Up 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Un 0.0508 0.0573 0.0573 0.0577 0.0575 0.0582 0.0576 0.0577 0.0578 0.0575 0.0569 0.0571 0.0580
Uaa 0.6920 0.6920 0.6920 0.6920 0.6920 0.6920 0.6920 0.6920 0.6920 0.6920 0.6920 0.6920 0.6920
Uva 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154 0.0154
Urprop 2.2736 2.3043 2.2581 2.2536 2.2391 2.3060 2.2367 2.2578 2.3221 2.2883 2.3935 2.3617 2.4437
Ua 0.0662 0.0756 0.0724 0.0679 0.0663 0.0665 0.0753 0.0675 0.0798 0.0693 0.0811 0.0713 0.0662
Urunit 1.1456 0.8682 0.7844 1.0566 0.9297 0.9883 0.9991 1.1576 2.6752 1.0806 0.8700 0.6411 -0.8398
Ury 1.3186 1.2530 1.1501 1.2148 1.2475 1.3140 1.0316 1.3158 1.2627 1.2739 1.2731 1.0507 1.0882
Uez 1.9412 1.9468 1.9282 1.8426 1.9038 1.8947 1.8222 1.8121 1.8258 1.7497 1.7813 1.5990 1.5688
Uwmx 2.2553 1.6666 1.0842 1.3142 0.9236 0.8928 1.1391 1.0914 0.7193 0.5921 -0.4611 -0.6303 -0.6857
Umy 24117 2.3751 2.2809 2.2985 2.2461 2.1271 2.1037 2.2397 2.2379 2.2265 2.1475 2.1154 -2.1465
Unmz 1.1873 1.0638 1.0031 1.0536 0.9611 0.9577 0.9345 0.7207 0.7315 1.0925 0.9346 1.0044 1.0622
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