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ABSTRACT

A program of straightline captive-model experiments was performed
in the vertical and horizontal planes of motion at deep
submergence to determine the stability and control characteristics
of the DARPA SUBOFF model. The experiments were performed for the
following configurations: (1) the model fully appended in the
vertical plane of motion, (2) fully appended in the horizontal
plane, (3) unappended hull, (4) hull plus sail, (5) hull plus
control surfaces, (6) and hull plus ring wing (Number 1), The
results of the experiments indicate that the model is unstable in
all of the conditions investigated,

ADMINISTRATIVE INFORMATTON

The work was sponsored by DARPA under DARPA Task Area S1974-030, Program
Element €3569N. The DIRC Work Unit number was 1540-001.

INTRODUCTION

The Submarine Technology Program (SIP) Office of the Defense Advanced Besearch
Projects Ageucy (DARPA) funded the Computatioval Fluid Dynamice (CFD) Program
to develop methods that could be used in the design of future advanced
submarines., The SUBOFF project was developed to evaluate various flow field
predictions for an axisymmetric hull, both with and without appendages. It wasg
inteaded te coaparve the predictions with wmodel experimental data.

Aa discussed in Refarence 1, the hull aud the appendages of the SUBOFF wodel
ware designed by the David Taylor Resesrch Center (DTRC). Various experiments
ware plauned fov the wmodel, aud the programs for these expariments as well as
the facilities in which they were to be performed are discussed in Refevence 2,
This report provides the results of the stability aud contvol experiments.

The program of straightline captive-model expeériments was performad in the
vertical and horizontal planes of motion at deep submergence to determide the
stability and control characteristics of the DARPA SUBOFF model. The tests were
pevformed for the followiag configuraticas which do uot iaclude a propeilex:

Numbar Plane Hull Sail Stemn Ring Wing
of Motioa Appendages No. 1

i vertical x X X %

2 horizontal x 3 % x

3 horizontal x

4 horizontal x X

S horizontal = %

6 hovizontal «x 8

Measurements were also made of the notmal force, longitudinal force, srinwise




center of pressure, and stock torque developed on the upper rudder for the
horizontal plane experiments, and the port sternplam: for the vertical plane
experiments. These measurements were made using a comtrol surface stock
instrumented with five strain gages.

This report describes the model, outlines the experimentsl procedures, presents
the experimental data in graphical and tabular form, and provides a brief
discussion of the results.

DESCRIPTION OF THE MODEL

The geometric characteristics of the DARPA SUBOFF model are given in Table 1
and the offsets of the hull are given in Table 2. The overall length of the
DARPA SUBOFF submarine wmodel is 14,2917 feet (4.356 m), while the lemgth
between perpendiculars (the characteristic 1length used for
nondimensionalization of the hydrodynamic forces and moments is 13.9792 feet
(4.261 m), The maximm diameter is 1.667 feet (0,508 m).

The submarine model is a body of revolution, which has a sail, no forward
planes, conventional cruciform stern composed of four identical all-movable
planes, and a ring wing supported by four struts in an "X" configuration. The
DARPA SUBOFF 1is represented by DIRC Model 5470 which is manufactured of
fiberglass. A drawing of the submarine showing the principal dimensions is
given in Figure | and drawings of the sail and steru appendages are given in
Figures 2 and 3, respectively, Figurae 4 presents a photograph of Model 5470,

TEST APPARATUS AND PROCEDURES

The experinents were perforwed in the David Taylor Model Basin on Towing
Carriage 2 using the Planar Motion Mechawiem which is described in References
3, & and 5. A sketch of the apparatus with a model attached is showm in Figure
5. A schedule of the stability and coatvol cxperimaats is presented in Table 3,

The model was supported by two vertical struts in tandem, spaced 6 feet (1,83
w) apart. The referance point was located wmidway between the struts at a point
6.6042 feet (2,013 m) aft of the forward perperdicular (nose) on the hull
zenterline, The locaticn of the reference point did not corvespond with the
longitudinal location of the ceater of buoysucy for any of the configurations
evaluated,

The force gages vhich were located at each strut were used for measuring the
longitudinal, normal, and lateral force cowponents with tespect to the body
axes, The pitching moment ashout the reference poiat wss determined from the
difference in the wmeasuved veaction forces at each strut maltiplied by oma half
the strut spacing.

The port stecnplane stock was instrumented to detemmine the longitudinal and
ol forces, the steck torque, and the spanwise center of pressura on the
control surface for the vertical plane experiments conducted on Contiguvation




1. The upper rudder was instrumented to determine the longitudinal and lateral
forces, the stock torque, and the spanwise center of pressure on the control
surface for the horizontal plane experiments conducted on Configurations 2 and
5.

The model was towed inverted for all vertical plane experiments and starboard

gide down for all horizontal plane experiments., During an experimental data -

run, the gage output gsignals were monitored by electronic display on a Data
Acquisition Data Logger described in Reference 5. The signals were also input
to a digital wmini-computer (except for oscillation data) vhere tares were
removed and the measurements noudimensiomalized according to the procedures
provided in References 3 aund 4.

The static stability experiments were conducted at a model speed of 6.5 knots
which corresponds to a Réynolds number (based on the length between
perpendiculars) of about 14 milliom.

Captive-model experiments have been performed with various submarine designs to
investigate the effect of scaling on the hydrodynamic forces and moments
developed on the hull and appendages either at an angle of attack or with a
control surface augle, These experiments indicata that the unoundimensional
hydrodynamic force and moment coefficients vary with Reynolds number up to a
Reynolds number based on the length of the hull of about 10 to 15 million, but
above this value the coefficients no longer significantly change with Reynolds
number, Baged on comparisous between either captive-model eor vadio-contrxel
wodel data and full-scale trisglg, if woodel experiments were performed at or
above a Raynolds aumber of J0 to 15 million, then scale effects between wodel
and full-scale would be uegligible for the purpose of wawing stability and
control predictions.

REDUCTION AND PRESENTATION OF DATA

The hydrodynmamic force and moment weasuxements were nondimensionalized using
the lemgth between perpendiculars of 13,9792 feet (4.260 w). The notation used
in this veport is givea in Refaervence 6,

The nondimeunsional data are presented in graphical and tabular form in
Appendices A (Figures 6 through 64) and B, respectively. Tares have baen
vemoved from the data obtained from the static stability aad control
experiments, but not from the data obtained from the oscillation experiments.
The accuracy of the experiments is discussed ia the uncertainty analysis which
is provided in Appendix C. The method used in developing the uncertainty
aualysis i9 given in Refeveuce 7,

The values of the derivatives deterwmined €rom the data in the appendix ave
given in Table 4. These derivatives are referred o the axes vhich have their
origin 6.56042 feot (2.013 m) aft of the forward perpendicular (nose) on the
hull centerline. The location of the reference point 4id not corrvespond with
the longitudinal location of the center of buoyancy for any of the




configurations evaluated.

The values for the static derivatives were determined directly from the
slopes at the origin of curves of force and moment coefficients versus angle of
attack and drift. The angular velocity derivatives obtained from the
oscillation experiments were obtained from the data using reduction
equations in Reference 4. All derivatives with respect to angular quantities
are given as "per radian,"

Por the vertical plane experiments, the forces and Zg acting om a control
surface in the longitudinal and normal directions, respectively, (as defined by
a coordinate system fixed in the coutrol surface), are derivud from the
appropriate moments measured by the strain gages applied to the stock
supporting the comtrol surface as follows: B ~

where M, and M, are the moments measured at the inboard flexures, ¥, awd ¥, are

the moments measured at the outboard flexures, and bl .and bz are the distances
between the flexures-for the Xg and g forces, vespectively.

The spanwige ceaters of pressure by and b, from the centerline ‘of the submarine
for the Xq and Zg fovces, vegpectively, ave determiuned as follows:

b3 - {blﬂg/(ﬂl - &2)] * b5
by = [bgty /(3 = )] + by

whare be and b& are the distances Erom the centarline of the submarine to the
outer flexures for weasuving the X5 and g forces, vespectively.

The chordwise ceater of pressura %cp for the wnormal force can be deterained as
follows:

*p = U/
where Q is the hydrodynamic torque as weasured by the instrumented stock.

It must ba emphasized that the instrumented stock is rotated with the control
surfzce, Whenaver the control surface is deflected Eo some angle relative to
the longitudinal axis of the twll, the wormal and chordwize stock fowces
obtained are relative to the chord of the control surface and unot the
longitudinal axis of the hull,” The normal and chordwise force components as
measurad by the ingtrumented stock cau be resolved into normal and axial force
components in the body frame of veference as follows:

g’ -;Xs'cosés * Ig'sind;

‘b




ZSB, = Zs'cosd8 - Xs'sinds

where Xgp' and Zgp' are the axial force and normal force in the body frame of
reference respectively.,

The spanwise centers of pressure that are provided in Appendices A and B are
calculated as a percentage of the mean span as measured from the root chord to
the tip chord. The spamwise centers of pressure calculated from the strain
gages which are used to determine the longitudinal forces are generally
inaccurate since the longitudinal forces are relatively small, The spanwise
centers of pressure for small angles of attack are also inaccurate because for
these angles the normal forces are close to zero.

A eimilar analysis can be performed for the horizomtal plane experiments,

Since the experiments were performed without a propulsor, it must be emphasized
that the results of the experiments provide data for the contribution of the
hull and appendages to the stability and control characteristics, but not for
the contribution of the propulsor.

DISCUSSION OF RESULTS

The values of the hydrodynamic force and woment stability and control
derivatives which are given in Table 4 are used in the submarine equations of
motion to determine the dynamic stability of the vehicle. In additionm,
predictions of the motions of the submarine in six degrees-of-freedom can be
made by using these equations of motion to perform computer simulations of
various meneuvers as discussed in References 8 and 9.

The dynamic stability of the vehicle in the vertical plane at various ahead
speeds can be analyzed on the basis of the nondimensional linearized equations
of motion for tne normal force and the pitching moment. When the equations are
solved simultaneously using Laplace transforms the characteristic equation is a
cubic. ‘

If the symbol s is used for the Laplace transform operator, the characteristic
equation is as follows:

(25" )My '=1 1) = (Z4"+x'm')) (g 4 'm" )]
- [(Z‘;,'-m')(Mq'-xG'm') - zw'(Mé'-Iy')
- (zqv,'_xccma)%n - (Zq'+m’)(}g;'+xc'm')]sz
+ [Zwl(Mql_xGIml) + (ZQ"W')MQ' - (qu+mi)}1wi]9

+ ZW'MQ' = 0




The nondimensional roots of the characteristic equation will vary with speed
due to the nondimensional hydrostatic metacentric moment derivative M,'. Hence,
the resulting motion varies with speed, and is either oscillatory (underdamped)
or aperiodic (overdamped). Dynamic stability is indicated if the signs of the
roots of the characteristic stability equation are negative.

The characteristic equation reduces from a cubic to a quadratic in the Laplace
transform operator if the metacentric derivative is zero. Since the metacentric
derivative approaches zero as the ahead speed increases, an indication of the
dynamic stability or instability at "infinite" speed is the positive or
negative sign, respectively, of the constant term of the quadratic. If the
submarine is dynamically stable at "infinite" speed, it will be dynamically
stable at all ahead speeds, since the coutribution of the metaceantric
derivative increases the dynamic stability.

The value of the margin of stability G, in the vertical plane is calculated
using the following equation as dlscussed in References 10 and 11:

Gy = 1= M,"(Z" +u')/[3,' (M '~xg'm")]

The margin of stability is constructed from the compouneats of the constant term
of the quadratic equation. Basically, it is a measure of how much, and in what
direction, the coustant term is different from zero, If the value of G, is
greater than zero, the vehicle is dynamically stable. If the value is less than
zero, the vehicle is unstable. The magnitude of the margin of stability index
indicates the degree of dynamic stability. A value of about 1.0 indicates that
the vehicle has a very high degree of stability, while a value only slightly
greater than zero would indicate warginal stability. Genmerally, a submarine
with a very high degree of stability inm the vertical planes does wnot respond
adequately to a sternplane deflection.,

The characteristic equation of motjon for the horizontal plane is a quadratic
equation gince there is no wetacentric woment devivative as follows:

[(¥g ' YN, '~L, ') = (¥p'=xam' Ny =xg'm") ] a?
o [y -t Y(Nxg 'm' )+ Y (N 'L, ')
- ,(Y,’:.““{;'m')nv' - (le_ml)(N‘.’l_:Glm|)]B
¢+ KVI(N '_KG ml) - (Y -m’)N [ 0

Therefore, the resulting wmotion is apeuodi,c at all speeds. Analogous to G,
the equation for G, is as follows:

Gy 1= N - et/ N g e :

The value of G, shown in Table 3 is =1,16 which indicates that the submarine is
unstable in the wvertical plane. This is due to the velatively small planfoum .




area and outreach of the sternplanes. The values of G, shown in Table 4 are all
negative which indicates that the submarine is unstable in the horizomtal plane
as well. For example, the value is ~0.44 for the fully appended submarine
(Configuration 2). The uncertainty in the value of can be determined by
using the method described in Appendix C and Reference 7, Assuming that the
uncertainty im the static stability and rotary derivatives is 5 and 10 percent,
respectively, the uncertainty in G% is 43 percent. Hence, the value of Gy, could
be between -0.63 and -0.25 for Configuration 2.

CONCLUSIONS

A program of straightline captive-model experiments was performed in the
vertical and horizontal planes of motion at deep submergence to investigate the
stability and control characteristics of the DARPA SUBOFF model. Based on the
results of the experiments, the following conclusions can be drawn:

l. The fully appended submarine design is unstable in the vertical plane of
motion.

2. The fully appended submarine design is unstable in the horizontal plane of
motion.
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Fig. 4, Photograph of DTRC Model 5470
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Table 1. Geometric charactefistics of the DARPA SUBOFF model.

DESIGN PARAMETERS - HULL

Length Between Perpediculars (LCP) (£t)[13.9792
Length Overall (LoA) (£t)114.2917
Length to the Center of Buoyancy|(LCB) (£t)! 6.6042
Length of Forebody . (LF) (ft)| 3.3333
Length of Parallel Middlebody (LP) (ft)| 7.3125
Length of Run (LR) (£t)| 3.6458
Diameter (£t)| 1.6667
Fineness Ratio 8.575

CALCULATED AND RSTIMATRD PARAMETERS

2 - Vetted Surface of Ring Ving and Its Supports are Assummed = 0.00

14

Vertical Plane

Item - Config 1

Fully

Appended
VOL(£t%) 24.9899
LCB(ft) 6.6139
VCB(£t) ~0.006669
vs(£t?) 67.651
Buoyancy(lb) | 1556.2363
m 0.018296
xg'm*10% -0.127467
L' 0.001084

CALCULATED AN.: ESTINATED PARAMETERS
Horizontal Plane

Itenm. Config 3 | Config 4 | Config 5 | Config 6 | Config 2

Bare B.H., + B.H., «+ B.H. + Fully

Bull Sail 4 Planes |Ring Wing 1| Appended
VOL(£t3) 24.692 24.83434 24.78279 24.75678 24.98991
LCB(£t) 6.59003 6.5726 6.612732 6.60889 6.613906
VCB(£t) 0.0 ~0.006711 0.0 0.0 -0.006669
US(ftz) 63.717 65.854 65.514 63.717 67.651
Buoyancy(lb) | 1537.6841 | 1546.5483 | 1543.3380 | 1541.7183 | 1556.2363
m’ 0.018078 0.018182 0.018144 0.018123 0.018296
xG‘m'*IO4 ' 0.388697 0.410569 | -0.111173 | -0.061235 | -0.127467 !

1, . 0.001053 | 0.001059 | 0.001066 | 0.001066 | 0.001084

NOTES: 1 - meters = feet * (0.3048 kilograms = pounds * 2.2046




Table 1. (Coatinued)

DESIGN PARAMUTERS - SAIL

Span (ftr) 0.729 |
Root Chord (ft) 1.208
Tip Chord (ft) 1.208
FP to Sail LE Distance [ (ft) 3.033
Aspect Ratio 0.603

CALCULATED PARAMETER - SATL
Planform Area ety | 0.855

DESIGN PARAMETERS - CONTROL PLANE

Span (ft) 0.438
Root Chord (fo) 0.704
Tip Chord (ft) 0.500
FP to Plane TE Distance | (ft) 13.146
Agpact Ratio 0.720
Section Profile (NACA) 0020

CALCULATED PARAMETER - CONTROL PLANE
Planform Area £ty | o0.267

15




Table 2. Nondimensional offsets and cross sectional areas for the hull.

STATION B/By A/Ay
0.0 0.00000 | 0.00000
0.1 0.29058 | 0.08444
0.2 0.39396 | 0.15520
0.3 0.46600 | 0.21715
0.4 0.52147 | 0.2719%4
0.5 0.56627 | 0.32066
0.6 0.60352 | 0.36424
0.7 0.63514 | 0.40340
1.0 0.70744 | 0.50047
2.0 0.84713 | 0.71763
3.0 0.94066 | 0.88484
4.0 0.99282 | 0.98570
7.7143 | 1.00000 | 1.00000
10.0 1.00000 | 1.00000
15.1429 1 1.00000 | 1.00000
16.0 0.97598 | 0.95253
17.0 0.81910 | 0.67093
18.0 0.55025 | 0.30278
19.0 0.26835 | 0.07201
20.0 0.11724 | 0.01375
20.1 0.11243 | 0.01264
20.2 0.10074 | 0.01015
20.3 0.07920 | 0.00628
20.4 0.03178 | 0.00101
20,4167 | 0.00000 | 0.00000




Table 3. Schedule of the stability and control experiments.

CONFIGURATION 1 - VERTICAL

PLANE, FULLY APPENDED WITH RING WING NO. 1

Type of Test | Angles Stern Model Omega
of Plane Speeds
Attack Angles
(deg) (deg) (knots) (rad/sec)
Static +/- 18 0 6.5
Stability
Sternplane +/- & +/- 15 6.5
Variation
Heaving 0 0 0.0 1,112 & 2.220
Pitching 0 0 0.0 1.112 & 2.220
Pitching 0 0 4,5,5.0,] 2.220
6.0,6.5

CONFIGURATION 2 - HORIZONTAL PLANE, FULLY APPENDED VITH RING VWING NO. 1

Type of Test | Angles Rudder | Model Omega
of aAngles | Speeds
Drift
(deg) (deg) {knots) (rad/sec)
Static +/- 18 0 6.9
Stability
Rudder +/- & +/= 15 6.5
Variation
Swaying 0 0 0.0 1.112 & 2.220
Yaving 0 0 0.0 1.112 § 2,220
Yaving 0 0 4.5,5.0,1 2.220
6.0,6.5

CONFIGURATION 3 ~ HORIZONTAL PLANE, BARE HULL

Type of Test

Anglés

Nodel

Rudder Omega
of Angles | Speeds
Drife
(deg) (deg) (knots) {rad/sec)
Static +/- 18 NA 6.5
Stability
Svaying 0 NA 0.0 1.112 & 2.220
Yawing 0 A G.0 1.112 § 2.220
Yaving 0 NA 4,5,5.0,1 2.220
1 6.0,6.5
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Table 3, (Continued)

CONPIGURATION 4 - HORIZONTAL PLANE, HULL AND SAIL ONLY

Type of Test | Angles Rudder | Model Omega
of Angles | Speeds

Drift

(deg) (deg) (knots) (rad/sec)
Static +/- 18 NA 6.5

Stability
Svaying 0 NA 0.0 1,112 & 2,220
Yawing 0 NA 0.0 1,112 & 2.220
Yaving 0 NA 4.5,5.0, | 2.220
6.0,6.5

CONFIGURATION 5 - HORIZONTAL PLANE, HULL AND CONTROL SURFACES ONLY

Type of Test | Angles Rudder | Model ., Omega
of Angles | Speeds
Drift
(deg) (deg) (knots) (rad/sec)
Static +/- 18 0 6.3
Stability
Svaying 0 0- 0.0 1.112 & 2.220
Yawing 0 Q 0. 1,112 § 2,220
Yawing 0 0 4.5,5.0,1 2.220
6.0,6.5

CONFIGURATION 6 - HORIZONTAL PLANE, HULL AND RING WING NO.1 ONLY

5 Rudder

Type of Test | Angles Hodel Omega
of Angles | Speeds
Drife
(deg) (deg) (knots) {rad/sec)
Static «/- 18 NA 6.5
Stability
Swvaying 0 NA 0.0 1.112 & 2,220
Yaving 0 HA 0.0 1.112 & 2.220
Yaving 0 HA 4.5,5.0, 1 2.220
6.0,6.5

18




Table 4. Nondimensional stability and control deri:'vativeso

Vertical Plane

Item Config 1
Fully
Appended
v -0.013910
. 0.010324
q' -0.007545
q' -0.003702
iy -0.014529
M, ' -0.000561
ZQ' -0.000633
Mé' -0.000860
G -1.162874
Zs' -0.005603
Mss' -0.002409
Horizontal Plane
Item Config 3 Config 4 Config 5 Config 6 Config 2
Bare B.H. + B.H. + B.H. + Fully
Hull Sail 4 Planes |Ring Wing 1| Appended
v -0.005948 | -0.023008 | -0.010494 | -0.005943 | -0.027834
N -0.012795 | -0.015534 | -0.011254 | -0.012939 | -0.013648
v -0.000019 | -0.000697 | -0.000033 | -0.000019 | -0.000584
r 0.001811 | -0.000023 0.006324 0.003811 0.005251
¢ -0.001597 | -0.002378 | -0.003064 | -0.002325 | -0.004444
T, -0.01327C | -0.015042 | -0.014711 | -0.014899 | -0.016186
N, 0.000202 0.000008 0.000415 0.000625 0.00039¢
Yé' 0.000060 | -0.000196 0.000465 0.000347 0.000398
Nt' -0.000676 | -0.000710 | -0.000744 | -0.000787 | ~0.000897 i
G -20.38506 | -4.081818 | -3.152048 | -12.43748 | -~0.443297
Yo' 5 0.005929 -
Nsp! j ' <0.002217
Ko’ ; . ~0.000005
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APPENDIX A

RESULTS OF THE CAPTIVE-MODEL EXPERIMENTS IN GRAPHICAL FORM
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CONFIBURATION ¢ FULLY APPENDED WITH SAIL OGN BOTTOM

NOMINAL ANGLE OF ATTACK (deg)
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15. Bffect of sternplane angle on the longitudinal force coefficient
for various augles of attack for Coufiguratica l.
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CONFIGURATION 4 FULLY APPENDED WITH 9AIL ON BOTTOM
NOMINAL ANGLE OF ATTACK (deg)
Q0 a=-2

STERNPLAKE ANGLE (deg)

Fig. 16. Effect of steraplape angle on the normal force codfficient for
various angles of attack for Configuratioa l.
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PITCHING MGENT COEFFICIENT M° x 1074

CONFIGURATION & FULLY APPENDED WITH SAIL ON BOTTOM
- NOMINAL ANGLE OF ATTACK (deg)
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Fig. 17. Effect of sternplane angle on the pitching woment coefficient for
various angles of attack for Configuration 1.
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CONFIBURATION 4 FULLY APPENDED WITH SAIL ON BOTTOM
. NOMINAL ANSLE OF ATTACK (deg)
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Pig. 18, Bffect of stermplane angle ou the longitudinal force coefficient
weasured on oue steruplane for Configuration 1.
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NOMINAL ANGLE OF ATTACK (dag)
o 9 A -2

CONFIBURATION 4  FULLY APPENDED WITH SAIL ON BOTTOM

STERNPLANE ANGLE (deg)

33

Fig. 19, Effect of sternplane angle on the normal force coefficient
weasured on one sternplane for Coufiguration l.
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TORGLE COEFFICIENT Gu x 1077

CONFIGURATION 4  FULLY APPENDED WITH SAIL ON BOTTOM
NOMINAL ANGLE OF ATTACK (deg)
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Fig. 20. Effect of stexmplane angle on the hydrodynamic torque coefficient
measyred on the stock of one sternplane for Configuration 1.
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CONFIGURATION 4  FULLY APPENDED WITH SAIL ON BOTTOM
NOMINAL ANGLE OF ATTACK (deg)
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vig. 21. Effect of sternplane angle on the percent spanwise location of the
center of pressure measured ou ome sternplane for Configuratioa 1.
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CONFIGURATION @ FULLY APPENDED, STBD SIDE DOWN
NOMINAL ANGLE OF DRIFT (deg)
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Fig. 32. Effect of rudder angle on the longitudinal force coefficient for )
various angles of drift for Coafiguratiom 2.

48




LATERAL FORCE COEFFICIENT Y* x 1073

CONFIGURATION 2 FULLY APPENDED, STBD SIDE DOWN

NOMINAL ANGLE OF DRIFT (deg)
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Fig. 33, £ffect of rudder augle on tha lateral force coefficient fov various

angles of drift for Configuration 2.
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CONFIGURATION 2 FULLY APPENDED, STBD SIDE DOWN
NOMINAL ANGLE OF DRIFTA(d;G)
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Fig. 3%, Effect of rudder angle on the yawing moment coefficient for various
angles of drift for Coufiguvation 2.
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CONFIGURATION 2 FULLY APPENDED, STBO SIDE DOKN
NOMINAL ANSLE OF DRIFT (deg)
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Fig. 35. Effect of rudder angle om the rolling woment coefficient for various
angles of drift for Configuratica 2.
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LONGITUDINAL FORCE COEFFICIENT Xsr x 1076

CONFISURATION 2@ FULLY AFPPENDED. STBOD SIDE DOWN
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Fig. 36. Effect of rudder angle on the longitudinal force coefficient for
various angles of drift measured on one vudder for Configuratiou 2.
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CONFIBURATION 2 FULLY APPENDED, STBD SIDE DOWN
NOMIMNAL ANGLE OF bRIFTA(dOG)
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Fig. 37. Bffect of rudder angle on the lateral force coefficient for
various augles of drift weasured on oue rudder for Configuration 2.
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- CONFIGURATION & FULLY APPENDED, STBO SIDE DOWN
NOMINAL ANGLE OF DRIFT (deg@)
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Fig. 38. Effect of rudder angle ca the hydvodynamic torque coefficient for
various augles of drift measured on the stock of oue rudder
for Coufiguratica 2.
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CONFIGURATION @ PULLY APPENDED, STBD SIDE DOWN
NOMINAL ANGLE OF DRIFT (deg)
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Fig., 39. Effect of rudder angle om the percent spanwise location of the
center of pressure weasured on oue vudder for Coafiguratican 2.
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COMCIBURATION 2 FULLY APPENDED, 8TBD 8SIDZ DOWN
ngn:t. ANSLE OS DRIFT (dag)

4 ) - A -2 Q -4
‘-% T 1 T ]

SR

-49 -20 9 20
RUDDER ANGLE (deq)

Fig. 66. Effect of rudder augle on the out~of~plane unormal
force for Configurvation 2.
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Fig. 67. Bffect of rudder angle on the out-of-plane pitching
moment for Configuration 2.
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APPENDIX B

RESULTS OF THE CAPTIVE-MODEL EXPERIMENTS IN TABULAR FORM
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MODEL MODEL $470 CONPIGURATICN i

VERTICAL PLANE
PORT STERNPL
STERN
PLANE ATTACK

POINT ANGLE ANGLE TORQUE* x* x% SPAN 2 28 9PAN TINE ONTE
1 0.0 0.00 2,886E-08 -3.932E-~06 -183.57 -2.066E-0% 37.98  22:24:51 1717790
2 0.0 1.07 1.599E-07 -4.230E-~06 -186.70 -4.838E~05 72.57 22:25:10 1/17/90
3 0.0 2.09 2.5178=-07 =3.945E-06 -223.51 ~6.629E-05 77.32  22:25:25 1/17/90
4 0.0 3.00 3.653E-07 -7.3092-07 ~1358.97 -1.002E-04 73.85  22:25:40 1/17/90
5 0.0 4.05 4.471E-07 -4.791E-07 =2457.87 ~1.163E-04 77.05 22:25:52 1/17/90
6 0.0 5.97 4.050E-07 5.641E-06 296,05  -1.940E-04 67.69 22:34:10 1/17/90
7 0.0 8.00 4.651E-07 1.927E-05 132,88  -2.558E-04 68.19  22:34:26 1/11/90
8 0.0 10.0% 3.8512-07 3.721E-08 102.76 -3.610E-04 63.57 22:34:41 1/17/90
9 0.0 11.96 1.831E-07 5.776E-05 92.42 -4.550E-04 60.68 22:34:56 1/17/80
10 ¢.0 13.94  -1,2872-07 7.838K-08 88.47 ~5.200B-04 61.63  22:42:22 1/17/90
11 0.0 16.02 -3.052E-07 9.9492-03% 85.61 -5.9692-04 60.75  22:42:40 1/17/90
12 0.0 18.09  -9.791E-07  1.236%-04 82.73 -6.543E-04 89.99  22:42:%9 1/17/90
13 0.0 6.00 3.73J8~08 ~4.086E-0S -102.90 «1,702E-0% 37.30  22:51:29 1,.17/90
4 0.0 =1.04 =5,9081E-00 —4.569E~06 -167.84 1.518E-05 78,72 22:51:42 1717790
13 0.0 -1.8% -1.3872-07 -5.2438-06 -157.43 3.1472-08 86.16  22:31:3% 1/17/90
6 0.0 =3.07 <-2.844B~07 ~1.897E-06 -230.49 5.325E-08 90.72 22:32:12 1.17/90
17 0.0 ~=3.89 =4,001E~07 ~1.664E-06 -631.40 8.6952~05 70.69  22:52:34 1/17/90
8 0.0 =-6.03 =5.222E-07 6.350E-07 2207.76 1.4082-04 T74.96  22:89:56 1/17/%0
19 0.0 -8,04 ~6.613E~07 9.835E-06 217.08 1.927E~04 71.98  23: 0:13 1/17/90
20 0.0 -9.98 -6.439E<07 2,353E-05 1259.42 2.602E-04 67.%6 23: 0:32 1/11/90
21 0.0 -12.02 =5.700E~07 3.832E-0% 104.66 3.192E-04 64.63 23: 0:48 1/17/90
2 0.0 -13.97 <2.798E-07 5.672E-0% 94.41 3.983E~04 63,32 23: 4:54 1/17/90
23 0.0 -15.99 8.9462-08 7.2132~05 50.78 4.563E-04 62.22 33: 9112 1/17/90
Hu 0.0 -17.62 4.352E-07  8.990P-0% 86.76 8.1628-~04 60.86  23: 9:29 1/11/90
2% 0.0 0.00 3.021E-00 -2.731E-Q6 =194.72  ~Z,213E~0% 37.26 9:33:83 1/18/90
26 0.0 2.00 2.2008-07 -~4.185E~06 -208.71  -5,887g-05 79.59 9:34: 9 1,18/90
27 0.0 4.03 4.2718-07  7.221£-07 1551.28 ~1.182E-04 73.78 9134:22 1718790
a4 0.0 =1.97 =1.924E-07 ~5.2978-06 ~137.5%0 3.412¢-05 88.13 9:34148 1.18/90
8% 0.0 =4,08  ~4,173R-07 =2.334K-06 -440.99 8.572x-08 79.30 9:38: § 1/18/90
3 5.0 ~4.10  ~7.6208~07 «5.093E-06 =-73.84  =9.709K-0% 32,18 10:89:38 1/18/90
an 50 «2,01  «4.7988+07  D.863E-08  16713.82  «1.417E-04 54,12  10:99:%9 1A8/%0
L I N 0.11 ~3.00%R-07  &.049K-06 A1.39 «=1.506R-04 60.80 11: 0119 171890
AL N 2,08  ©1,89%k-07 1.276E-0% 125,09  ~2.447x-04 6.7 1l: 0:36 1718490
M50 .99 -1.3208-07 2.327g-0% 111.62 =3.1578-04 62.99 A& 0155 1/18/90
S 0.0 «£.10  ~3.991g-07 9.893k-08 110,98 -2,4208-04 83.92 1 Y 171890
% 10.0 =2.06  ~5.2380-07  1,)802-0% 10,08 «2.8732-04 99.51 11332:31 1/18/30
37 0.0 0.04  ~7.9%18-07 2.%01x-0% 96.45  -3.5618-04 61.60 1113244} 1718490
3 10,0 2.06 -$,1992-07 3,6672-0% 91,81 -4, 1632-04 62.69 AU 0 1/18/90
% 10.0 3,99 ~9.8372-07  8.4962-0% 91,36 ~4.9932-04 63,92 1113304 110430
40 13,0 -4.10  -1.380E-06 3.077R-05 91,06 ~-3.9742-04 36,17 12149149 1/18/%0
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MODEL MODEL 5470 CONFIGURATION 1
VERTICAL PLANE

PORT STERNPL
STERN
PLANE ATTACK

POINT ANGLE ANGLE TORQUE* ot X% SPAN 2 2% SPAM TIME DATE
4 15.0 -2,05 -1,358E-C6  3.456E-05 93,61 -4.591E-04 %9.82 13:120¢ 9 1/18/90

42 18.0 0.14 ~-1.318E-06 4.952E-03 90,16 ~5.175E-04 61.39  13:20:27 1/18/90

43 15.0 2,09 =1,730E-06 6.995E-05 88.06 ~6.014E-04 61.50 13:20:46 1/18/90

) 4 15.0 3.94 =2.071E-06 9.253E-05 86,50 -6.814E-04 61,77 13:21: 5 1/18/90
45 =5.0 -1.08 2.336B-07  4.227E-06 257.80 1.743e-04 61,99 13:59: 1 1/18/90

46 =5.0 -4.04 2,838E-08  1.662E-05 134.54 2.667E-04 64.64 13:59:19 1/18/90

47 =5.0 =2.06 1.3472-07  8.941E-06 162.12 2.0048-04 64.00 13:55:40 1718790

* 48 -3%.0 0.19 3.364E-07  9.5082-07 866.55 1.4258-04 58.61 14: 0: 2 1/18/90
49 =3.0 2.06 5,3832-07 -1.335E~06 -457.18 8.2888-05 §1.31 14: 0:21 1/18/90

%0 -5.0 =0.04 3.1042=07 1.294E-06 701.99 1.395E-04 61.37  14:11:59 1/18/90

81 5.0 2.07 5.340E-07 ~1.4442-06 -427.72 8.227E-08 31.41  14:12:19 1/18/20

82 =5.0 4.01 7.7828-07 ~6.477R-06 «66.47 3.186K-03 15.68  14:12:36 1/18/90

83 -10.0 -3.99 8.021E-07 4.666E-03 92.68 4.4342-04 63,95 14:36: 9 1/18/80

$4 ~10.0 -1.96 6.989E-07  2.9322-08 96.33 3.667e-04 62.63 14:36:28 1/18/90

58 -106.0 0.21 7.221E-07  1.9%4E-0%8 92.30 3.060E-04 60,24  14:36:47 1/18/90

56 =10.0 1.91 7.928E-07  1.023E-0% 109.28 2.3272-04 §7.47  14:37:10 - 1/18/90

37 -10.0 4.09 1.0432-06  4.487E-06 95.54 2.019E-04 50.58 14:37:29 1/18/90

88 -15.0 -1.84 1.487E-06 6.076E-08 s2.81 5.420e-04 61.76 18: 8159 1/18/90

89 ~15.0 -4.00 1.7072~06  8,304E-08 81.88 6.193E-04 62.42  18: 9116 1/18/90

60 -15.0 -1.96 1.490E-06 6.061E-08 82.52 5.4062-04 61.77 185: 9:33 1/18/90

61 =15.0 =-0.06 1.396E-06  4.691E-03 81.54 4.T01E~04 62.00 15: 9:50 1,18/90

62 ~15.0 2.10 1.279e-06  3.287E-08 77.63 4.122E-04 $9.33  15:10: 9 1,/18/90

63 =15.0 0.03 1.3918-06  4,738E-05 8.7 4.7702-04 61.93 15120127 1/18/90

64 ~15.0 1.98 1.277e-06  3.301E-05 71.8) 4.146E-04 §9.27 15:20:43 1718790

6% =15.0 4.00 1,209B-06 2.262E-05 72.75 3.4402-04 86.64 15:21: 2 1/18/90

66 =15.0 4,00 1.217-06  1.286E~05 7.8 3.456E~04 56.80 13121134 1/18/90
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MODEL MODEL 5470 CONFIGURATION 2
EORIZONTAL PLANE

UPPER RUDDER
STERN
PLANE DRIFT

POINT ANGLE ANGLE TORGUE* 'y X% SPAN ba Y8 SPAN TIME DATE
67 0.0 0.00 =7.997E-08 -~3.066E-06 -247.43 3.571E-0% 36.89  15: 0:33 1/19/%0
68 0.0 1.03  =4.1792-08 -2.9472-06 ~268.41 3.5492-03 60.26 153 0:49 1/19/%0
69 0.0 2,08 -1.298E-07 -2,593E-06 -305.66 5.034E-05 63.47 15: 1: 7 1/19/90
70 0.0 2.94 -9.376B-08 -1,573E-06 -552.28 5.918E~05 65.94 15: 1:20 1/19/50
n 0.0 3.83 2.490E-07 -1.623E-06 ~519.80 5.253E-05 - 76,91 18: 1:40 1/15/30
72 0.0 6.01 4.880E-07 -9.335E-07 -~1019.29 8.352E-05 77.49  15:12:15 1/19/90
73 0.0 §.00 4.886E-07  7,194E-06 210.27 1.5032-04 72,54 15:12:32 1/19/90
4 0.0 10,05 6.6578-07 1.367E-05 189.45 2,060E-04 69.75  15:12:48 1/19/30
7% 0.0 11.97 6.7408-07  2.470E-0% 124.84 2.703E-04 67.42 15:13: 4 1/19/90
76 0.0 13.94 4.9358-07  3.953%-0% 109.53 3.622e~04 64.08 15:13:23 1/19/90
T 6.0 13.95 4.7898-07  4.09¢2-03 108.52 1.6732-04 64.17  15:23:85 1/19/90
7% 0.0 16.03 2.376E-08  6.391E-08 97.29 4.780%-04 62.27 15:24:13 1/19/30
7 0.0 18.09  -4.649E-07  9,813E-08 7.2 $.579E~04 60.86 15:24:11 1/19/90
80 0.0 16.07 -5.3282-07  8.753E-0% 89.09 5.803e-04 60.46  15:34:57 1/19/90
8 0.0 18,08 -3.127E~07 8,6048-05 89.62 5.6888-04 60.53  15:35:27 1/19/90
82 0.0 0.00 =7.324E~08 -3,043E~06 -252.02 3.386E-05 37.69  16:27:5¢ 1/15/90
83 0.0 -1.04 =5.908E-08 -3,202E-06 -234.69 1.146E-05 32.02  16:28: 7 1/13/90
& 0.0 -1.9% 8.794E-08 ~3.427E-06 -226.31  ~4.490E-06 108.81 16:28:28 1/19,90
85 0.0 -3.07 5.6072~-08 -2.380E-06 -310.29  -2.136E-05 T4.01  16:28:42 1/15/90
86 0.0 -3.98 ~2.676E~07 -2.732-06 -253.19  -1,568E-0% 133.73  16:28:%6 1/19/%90
87 0.0 =8.92  ~4.630E~07 -3.993E-06 =-178.96  =3.934E~0S 103.75  16:39:18 1/19/90
8 0.0 =8.01  ~6.691E-07 ~1.169E-06 -934.31  -7.632E-05 92,23  16:29:3% 1/19/90
8% 0.0 =9.97 «8,354E-07  2.876E-06 579.33  ~1.236E-04 78.14  16:19:51 1/19/%0
S0 0.0 =12.02 -8.737B-07 1.202E-0% 203.51  -1.857E-04 70.60 16:40: 9 1/18/30
91 0.0 ~13.44  ~7.509R-07  Z.244E-05 143,92 <2.496K-04 66.30 16:%2:20 1/19/90
92 0.0 «0,00 =7.970R~-08 -2.577K-06 -258.50 3,5238-0% 35,99 17:38:22 1/19/50
9% 0.0 2,11 =1,2488-07 ~2.201K-08 -348.18 3.11e-08 63,99  17114:32 1719750
54 0.0 3.2 241218407 ~1,%5788-08 -842.42 5.2402~08 76,73 171319:1) 1/19/90
3% 0.0 -2.08 1.0062~07 ~3.317€-06 -339.80  -§.5212-06 89,28 17:19:38 1719/90
96 0.0 ~4.03  «2.7778-07 ~2.6662-08 «236.02  -1.60%0-09 137.%8  17:29:92 /89,90
97 3.0 0.16 -35.320R-07 3.6%9k-06 n.n 1.909%-04 $9.62  17:%6:30 1719490
98 5.0 .00 ~3.8438-07  8,542E-06 136.91 2.0668-04 61.42 17156309 171990
99 5.0 4,09  -1.3208-07  1.0M4%-0% 139.3 2.0188-04 61.6% 17:96:%7 1/18/90
100 5.0 «2.03  «2.1408-07  5.8678-08 140,82 15804 59,66 1757128 1/19/90
101 %0 ~1.84  -3,408E-07 6,433%-06 132.6% 1.6202-04 99,93  18: 6149 11990
02 %0 ~3.99  ~8.037K-07  2.425E-06 427 .47 1.4288-04 93,57 w M Y 141999
103 0.0 0.1 ~7.809R-07  2.4392-0% 93.66 Y. 34E-04 59.08  10:021: 6 1/19/90
104 10.0 24.08  -9.0428-07  2,7HIE-0Y 90.93 3.397¢-04 41.5%  18:22:3% 171990
103 0.0 4,09 ~8.404%-07  3.15%2-03 301.%9 3.4338-04 631,80 ldiaded 1/19/89
106 0.0 =3.00 ~7.6808-07  2,1685-0% 93.35 3. 3765~04 59.40  L0133110 1719/30
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MODEL MOUEL 5470 CONFIGURATION 2
HORIZONTAL PLANE

UPPER AUDDER
STERN

PLANE DRIFT
POINT ANGLE ANGLE TORQUE* X X% SPAN b & Y% SPAN TIME DATE
107 0.0 ~4,09 =9.875E-07 1.716E-05 81.44 2.9088-04 57.04 18:23:28 1/19/90
108 15.0 0.21 -1.497E-06 5.258E-05 86.85 5.208E-04 60.65 19: 0:15 1/19/80
. 109 15.0 2.03 ~-1.606E-06 5.640E-05 89.63 5.151E-04 61.36 19: 0:31 1/19/90
116 15.0 4.09 -1,625E-06 6.167E~05 91.78 5.1198-04 62,38 19: 0:49 1/19/90
111 15.0 -2.05 -1.501E-06 4.941E-05 83.38 4.930E-04 60.20 19: 1:18 1/19/90
112 15.0 -3.99 ~-1.4658-06 4.031E-05 78.95 4.286E~04 59.42 19: 1:34 1/18/90
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MODEL MODEL 5470 CONFYGURATION 2
HORIZONTAL PLANE

UPPER RUDDER
RUDDER DRIFT
POINT ANGLE ANGLE TORQUE* X X% SPAN ¥ . Y% SPMAN TIME DATE
113 -5.0 -0.00 1.937E-07 3.457E-06 294.16 =1.431E-04 58.87 19:13:50 1/18/90
114 -5.0 2.09 2,0738-07  2.424E-06 346.83 -1,072E-04 59.92 19:14: 9 1/19/9¢
115 =5.0 4.09 5.502E-07 9.227E-07 683.38 ~9.294E-05 50.19 19:14:27 1/19/90
116 -5.0 -2,08 4.236E~07  4.398E-06 243.38  ~1,722E-04 60.11  19:14:55 1/18/9C
117 -5.0 -4.10 4.905E-08  6.383E-06 206,03 -1.664E-04 €5.07 19:15:13 1/19/90
118 -10.0 -0.00 5.863E-07  2.042E-05 97.45 ~3.122E-04 $9.86 19:28: 3 1/19/90
119 -10.0 2.09 6.1438~07  2.034E-05 83.73 -2.821E-04 59.24 19:28:23 1/19/90
120 -10.0 4.09 5.785B-07 1.555E-03 71.99  -2.370E-04 57.38  19128:41 1/19/90
121 -10.0 -2.08 8.642E-07 2.370E-05 97.29 -3.3178-04 61.12  19:29:11 1/18/90
122 -10.0 -3.99 6.161K-07  2.799E-05 99.02 -3.325E-04 62.47 19:29:29 1/19/90
123 -15.0 0.00 1.327E-06 4.771E-0% 81.65 —4.366E-04 61.04 19:43: 9 1/19/90
124 -15.0 2,11 1,2852-06 4.372E-05 79.60 ~-4.330E~04 60.20 19:43:27 1/19/90
135 ~15.0 3.93 1.2658-06  3.395E-05 75.66 -3.882E-04 S8.01  19:43:45 1/19/90
126 -15.0 ~2.05 1.4938-06 5.102E~05 85.51 ~4.966E-04 61.23  15:44:16 1/19/90
127 -15.0 -4.10 1.4598-06 5.547E-0% 88.57 -4.926E-04 61.88  19:44:34 1/19/90
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MODEL MODEL 5470 CONFIGURATION S
HORIZONTAL PLANE

UPPER RUDDER
RUDDER DRIFT

POINT ANGLE ANGLE TORQUE®* Xt X% SPAN ¥ Y% SPAN TIME DATE
128 0.0 0.00 5.3058~11 -3.944E-06 -141.38 3.152E~05 52.09 13:54:24 1/20/90
129 0.0 1.06 1.1358-07 -1.702E-06 -365.05 5.990E-05 72,59 13:54:42 1/20/90

« 130 0.0 2.11 1.9268-07 -2.608E~06 -255.68 9.479E-05 66.12  13:54:57 1/20/90
131 0.0 3.03 3.0112-07 -2.473E-06 ~-362.03 1.195e-04 71.95  13:53:10 1/20/90
132 0.0 3,94 3.7432-07  2.354E-06 461.38 1.493e-04 71.18  13:55:26 1/20/90
133 0.0 6.08 4.026E-07 7.147E-06 238.00 2.140E-04 69.05 14: 5:31 1/20/90
134 0.0 8.00 3.968E-07  2.045E~05 127.15 2,899E-04 65.63  14: 5:47 1/20/90

¢ 135 0.0 10.05 2.0688~07 4.050E-0%5 98.64 3.902E-04 63.92 14: 6: 4 1/20/90
136 0.0 11.97 3.1308-08 6.063E-05 91.11 4.800E-04 62.30  14: 6:23 1/20/90
137 0.0 13.99 -2.831E-07 8.40%K-05 86.43 $.631E-04 61.49 14: 6:40 1/20/90
138 0.0 15.98 -6.289E-07 1.051E-04 84.14 6.313E-04 61.16  14:16338 1/20/90
138 0.0 18,11  -1.043E-06 1.291E-04 81.93 6.9128-04 59.92  14:16:57 1/20/90
140 0.0 0.20 2.1488-08 -3,263E-06 =176.03 3.242E-08 63.81  14:29:14 1/20/90
141 0.0 =-1.,03 =7.3222-08 -3.5792-06 -160.34 -2.508E-07 1346.14  14:29:27 1/20/90
142 0.0 -1.98 -1.4012-07 -2.705E-06 =-227.10 =-2.382£-0% 99.48  14:29:42 1/20/90
143 0.0 «3.07 =2.608E-07 -~4.308E-06 -162.98 -B.229E-05 88.83  14:29:58 1/20/90
44 0.0 =3.97 =3.881E-07 -4.857E~06 -180.93 -8.778E-05 76.96 14:30: 9 1/20/90
45 0,0 -5.92 ~5.892E-07 -1,307E~0§ =981.65 ~1.348E-04 75.72  14:30:27 1/20/30
146 0.0 ~-8.00 -7.299E-07 9.920E-06 202,93  -1.870E-04 73.80  14:39:56 1720790
147 0.0 -9.98 =7.485E-07  2.080E-05 137.39 -2.548E-04 68.85 14:40:11 1/20/90
148 0.0 =12.02 ~6.722E~07 3.364E~0% 113.26 ~3.1548-04 65.19  14:40:26 1/20/90
145 0.0 -13.96 -1.801E-07 S5.087E-05 97.84 -3.871E-04 63.42 14:40:41 1/20/90
150 0.0 -15.99 3.027E~08  7.057E-05 91.67 -4.683E-04 61.83  14:41: 2 1/20/90
151 0.0 -18.01 5.109E-07  9.458E-05 86.60 -5.3530E-04 60.59  14:48:25 1/20/90
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MODEL MODEL 5470 CONPIGURATION 1

VERTICAL PLANE
STERN
PLANE ATTACK
PO; ANGLE ANGLE Xt b EA X n M RPM VEL

0.00 -1.302E-03 5.293E-04 1.865E-04 9.3332-06 2.640E-05 9.720E-05 -0. 6.50
1.07 -1.3038-03 4.355B-04 -1.054E-04 9.038E-06 2.736E-05 3.195E-04 -0. 6.50
2,09 -1.292E-03 4.455B~04 -3.237B-04 9.719E-06 5.076E-05 4.761E-04 -0, 6.50
3,00 -1.289E-03 3.957E-04 -6.211E-04 8.961E-06 4.111E-05 6.647E-04 -0. 6.50
4.05 -1,288E-03 3.839E-04 -0.034E-04 9.127B-06 4.907E-05 8.326E-04 -0, 6.50
5.97 -1.2656-03 2.578E-04 -1.612E~03 8.43JE-06 5.240E-05 1.1058~03 -0. 6,50
8.00 ~1,336E-03 2.077E-04 -2.525E-03 8.298E-06 6.701E~05 4.3158-03 -0. 6.49
10.05 -1.1718-03 2.5388-04 -3.0856E-03 08.040BE-06 8.571E-05 1.462E-03 -0. 6.49
11,96 -1.0902~03 3,.396E-~04 -5.205E-03 6.484E-06 8.282B-05 1,343E-03 <0, 6.50

»

e o s e e o

-

.

10 . 13.94 -9.715E-04 4.4430-04 -6.829E-03 5.359E-06 4.3492-05 1.621E-03 0. 6.50
. 16.02 -8,129E-04 5.222F~04 -8.486E-03 4,201E-06 1.189E-03 1.704E-03 0. 6.50
. 18.09 -6.204E-04 5.4912-04 -1.025E~-02 2.592E-06 ~1.280E-~08 1.762E-03 0. 6.50

0.00 -1.286E-03 8.450E-04 2.079E-04 9.448E-06 2,936E~05 1.005E-04 -0. 6.50
~1.04 -1.201E-03 §5.079E~04 4.008E~04 8,821E-06 1.618%-03 -8.269E-05 -0, 6.50
=1.88 -1,289E-03 5.872E-04 6.204E-04 08.976B-06 0.770E-06 =2,367E-04 -0. 6.50
-3.07 -1.205E-03 5.756E-04 0.609E-04 8,.555E-06 ~9,242E~06 -4.219B-04 =0. 6.50
=3.89 -1.271E~03 6.192E-04 1.180E-03 ©8.340E-06 ~1.768E-05 -5.981E~04 -0. 6.50
=-6,02 -1.266E~03 7.449E-04 1.915E-03 7.920E-06 ~1.260E-04 ~8.766E~04 -0. 6.50
~8.04 ~1.265E=-03 9.532E-04 2.759E-03 1.085E-05 ~2.115E-04 -1.076E~03 -0. 6.50
-9.98 -1,235E-03 1.335E-03 2.941E-03 1.418E-05 ~3.51SE-04 -1,215E-03 -0, 6.49

=12,02 -1.1956~03 1.8376-03 5.380E-03 1.643E-05 ~5.484E-04 -1.2905-03 -0. 6.50
=-13.97 -1.119E~03 2.259E-03 7.153E-03 1,512E-05 «7.313E-04 -1.351E~03 -0. 6.49
-15,99 -1.027E~03 2.536E-03 8.746E~03 1.172E-05 -8,732F-04 -1.394E~03 -0. 6.50
-17.62 ~9.225E~04 2.924E-03 1,0355-02 7.538E-06 ~1.009£-03 -1.419%2~03 -0. 6.50

0.00 ~1.2988~03 4.410E-04 1.952E-04 0.4808-06 -3.2418-06 9.609E~05 -0, 6.49

2,00 -1.293E~03 3.926E-04 ~2.340E-04 8.799E~06 1.837E~05 4.432E-04 -0. 6.49

4.03 «1,275E~03 3.609E-04 -7.843E-04 9.3058-~06 3.4€58-0% 7.825E-04 -0. 6.50
=-1.97 -1.286E~03 5.235E-04 6.600E~04 B8,423R-0§ -2.109£-03 -2.771E~04 -0. 6.50
~4.08 -1.203E-03 6.207E-04 1.1638-03 8,738E-06 -3.3768-05 -6.0975-04 =0. 6.50
=4.10 =1.275K~03 6.219E~04 6.608E-04 8.465E-00 -4.016E-08 ~8.3592-04 -0. 6.50
«~2.01 -1.290E~03 4.001E-04 5.745E~05 7.64%E-06 -1.0308-08 ~4.4662~04 -0, 6.%

0,11 =1.305E~03 4.5%51E-04 ~3,.4188-04 O.%931E-06 1.827£-06 -9.316E~08 -0. 6.50

2.08 =1.208E-03 4.5002-04 ~7,680B-04 9,620%-06 3.812P-0% 2.640B-04 -0, 6.50

).99 -L.262E-0) 3.236E~04 ~1,322E-0) 9,103E-0§8 4.177E-08 5.8348-04 -0. 6.%50

-
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10. =4.10 ~1.334€£-03 6.021E-04 2.512E-04 &.086E-06 ~2.146E-08 -1.041E-D3 =-0. 6.49
10. =23.00 =1, 341E<0) 5,3358-04 ~1.597E-04 A.1038-06 ~2.068E-08 =6, 781E-04 «0., 6.49
10, 0.04 ~1.3645-0) 4. 6O0R-04 -8.0ME-04 0,2872-06 1,136¢-05 -3.060E-04 =D,  6.49
10. 3.06 «1,351E-03 1,.5156-04 «1.266E~03 9.0%1E-08 2,886E-08 3.0ME-0Y =0, 6.50
10, 3.99 «1.3226-03  3,811E-04 -5.841E-03 9.278K-06 4.779E-08 3.492K-04 «0, 6.49
1 =4.10 «1.393E-03 6.815E-04 ~2.480E~04 6.6498-06 «4.196£-05 -1.2458-0) -0, 6.49
15, =2.09 ~1 427E-03 9.694R-04 -8.8%3E-04 6.1916-06 ~1.6920-0% -08,616E-04 “0, 6.49
15, 0,04 ~1,d36E-0) 4.0996-04 ~1.296E-03 6.24%E-06 ~5,90%E-06 3, 310E-04 -0, 6.50
15, 2.09 «1.423E-0)  4.626E-U4 -1, 024E-03 8.2388-06 3.3%0E-0% «1, TIE-04 -0, .50
15, 3.94 ~1,4120-03 & X2AE-04 -2,430E-03  A,008K-08 4.73%E-0% 1,313E-04 0. 6.30
-3, «4.04 -1,279E-03 6. 43)E-04  1.TH0E-03  1.0BXE-05 -3,5378-0% «4,0766-04 0. 6.8

t

~1,06 -1.2908-03 9336804 1.129%-03 1.007g-0% -1,06%2-0% -6.8028-08 «f, 6,30
0.19 =L 0ATE-03  d4.784E-Q4  6.888E-04 9.800B-06 «2,3728-08 3,1018-04 -0, 6.50
2.06 ~1.2992~03 4.%5798-04 L.U94E-Q4  1.098B-05 2.936E-05 6.673E-04 -9, 6,30

«0.04 ~1,364E-03 4,.7040-04  7.3022~04 9,9732-06 -95.093E-08 2.8420-04 ~0, 6.4

i

h I 4

QUBBRABRBUARERUBGCUBOOOOOUVUMRIBOO00000CO000000000000000CCCO000

P

N - 2,07 ~1.3538-03 4.2126-04 1.9338-04  1,060€-09 2.4202-0% 6,797E-04 ). 6.49
2 -4, 4,08 ~1.3488-03  4.064E~04 ~3.7808-04 1.1122-09 4.738C-08 2,0132-03 -0, 6.49
33 -10, =3,98 ~1.3990-03 6.43E-04 2. 3A7L-01  1.0988-0% ~2,4968-05 -1,0%%¢E-04 -0, 6.49
4 -10.0 -1.96 ~1.368K=03 3,799¢-04 1.9430-03 D.843E-06 ~L.716E-0% 1.M16E-0Q -0, #£.49
35 -19.0 0.21 =1 374E-03  4.8368-04 1. I135E-0) 1.025E-0% -5,209E-06 9,2630-04 -3, 6.%
%8 ~10,0 1,90 ~1.3826-0% 4,24%¢-04 6.943K-04 1.0675-0% 2.0372-0% 0.4398-04 -0. 6.50
%7 -10.0 4.09 «1.384E-03  3,9372-04  0.970K-08  1,1022-0% 4,8002-9% 1,.22%8-0) -0, 6.30
59 ~1%.0 =4.00 <1, 490E~03 6.8348-04 2.7830-03 1.195K-08 -3,.49%K-0% 4.916%-06 -). 6,50
€0 -13.0 =1.96 ~1.484E~03 5,0495-04 2.084E5-0) 1.07VE-03 -1.463K-0% 3.7928-04 ~0. 6.50
61 ~15.0 =0.06 =1.4928-03 S.577E-04 1.798E-03 1,1912-05 1.923E-0% 6.8270-04 -Q. 6.%0
62 ~15.0 2.10 ~1.3930-03  4.1968~04 1,2036-03 1.385E-03  3.282E-0% 1.0770-0) -0, 6.%0
63 -13.¢ 0.03 ~1, 472503 4.880E-04 L.7IIE-0) 1.129E-0% -8.600K-08 6.9M1E-04 -0, 6.49
64 ~13.0 1.98 =3.450E-03  Q.364E-04 1.2118-0) [.177E-0% 2.349£-0% 1.0820-0) “0. 6,43
69 ~25.0 4,00 =1, 4506-03 1.693E-04 6.)47E~04 1.164E-0% 3.0738-0% 1.4128-03 0. 6.49
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MODEL MODEL 5470  CONPIGURATION 1

VERTICAL PLANE
STERN
PLANE ATTACK
POINT ANGLE ANGLE X b o Kt R M RPM VEL
66 -15.0 4.00 -1.444E~03 3.916E~04 6.2438-04 1.171E~05 3.403E-03 1.413E2-03 -0. 6.50
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MODEL MODEL 5470 CONFIGURATION 2
HORIZONTAL PLANK

STERN
PLANE DRIFY
POINT ANGLE ANGLE X ™ z K* N M RPM VEL
67 0.0 0.00 -1.259E-03 -7.860E-05 3.750E-04 9.243E-06 1.055E-04 3.709E-05 -0. 6.50
68 0.0 1.03 -1,256E-03 4.830B-04 3,.860E-04 2.122B-05 4.059E-04 1.114E-05 -0. 6.51
69 0.0 2.08 -1,2372-03 8.967E-04 4.359BE~04 2.939E-03 5.885E-04 2.346E-05 -0. 6.50
70 0.0 2,94 -1,214E-03 1.447E-03 5.691E-04 4.0676-05 8.419E-04 5.123E-03 -0. 6.50
n 0.0 3.93 -1.179-03 1.991E-03 7.521E-04 5.199E-05 1.0788-03 7.410E-05 0. 6.50
72 0.0 6.01 -1.093E-03 3.316E-03 1.1558~03 7.611E-05 1.459E-03 1.4988-04 0. 6.50
73 0.0 8.00 -9.891E-04 4.776E-03 1.930E-03 1.012E-04 1.7%1E-03 2.600E-04 6. 6.50
74 0.0 10.05 ~8,382E~-04 6.5588-03 2.866E-03 1.305E-04 2.085E-03 4.166E-04 -0. 6.50
75 0.0 11.97 ~6.574E-04 38.4758-03 3.834B-03 1.615BE-04 2.310E-03 5,3852-04 -0. 6.50
76 0.0 13,94 —4.240E-04 1.0528-02 4.767E-03 1.927E-04 2,315E-03 6.342E-04 -0. 6.50
37 0.0 13,95 -4.3248-04 1.057E-02 4.751E-03 1.9393-04 2.5172-~03 6.200B-04 -0. 6.50
78 0.0 16.03 -1.6318-04 1.290E-02 5.704E-03 2.208E-04 2.717E~03 6.373B-04 0. 6.50
8 0.0 18.07 -2.8118-04 1.536E-02 7.1378-03 2,374E-04 2.7332-03 §.028E~-04 -0, 6.50
81 0.0 16.00 -2.8508-04 1.520E-02 7.029E-03 2.319E-04 2.737E-03 7.685E-04 -0. 6.50
82 0.0 0.00 «1.3232-03 -9.6968~05 4.186E-04 0.677E-06 1.0432-04 2.4402-0% -0. 6.30
83 0.0 =1.04 -1.3068-03 -5.8638-04 4.799E-04 -1.971E-06 -1.381E-04 4.777E2-08 0. 6.50
8 0.0 ~1.9% -1.3252-03 -1.001E-03 §$.726E~04 ~9.981E~06 =3.412E~04 6.789E-05 -0. 6.50
85 0.0 -3.07 -1.320E-03 ~1,586E-03 6.937E-04 -2.1138~05 -5.087E~04 1,140E-04 -0. 6.50
86 0.0 -3.98 -1,2958~03 -2.145E-03 9.726E-04 -3.252E-08 -8.3612-04 1.594E-04 -0. 6.50
87 4.0 =5.92 -1.246E-03 -3.4088-03 1.506E-03 -5,347E-05 -1.1842-03 3.175B-04 ' -0. 6.30
48 0.0 -8.01 -1.186E-03 -4.866E~03 2.474E-03 -7.532E-05 -1,509E-03 5.060%-04 -0. 6.50
89 0.0 -9.97 -1.095E~03 -6.613E-03 3.581E-03 ~9.869E-05 -1.792E-03 7,539E-04 0. 6.50
50 0.0 -12.02 -9.4852~04 -8.774E-03 4.9238-03 ~-1.2868-04 -2.040E~03 1.009E-03 -0, 6.50
91 0.0 -13.44 ~7.783E~04 -1.064E-02 6.048E-03 -1.560E-04 -2.2002-03 1.203E~03 0. 6,50
92 0.0 -0.00 -1.301E-03 -1.034E-04 4.248E-04 8.568E-06 9.097E-05 2.501E-05 =0. 6.50
93 0.0 2,11 -1.315E-03 9,067E-04 5.075E~04 2.9976-05 6.030E-04 1.516E-05 -0. 6.47 .

94 0.0 3,92 ~1.239E-03 1.9558-03 7.724E~04 5.157E-05 1.073B-Q3 7.367E~05 0. 6.49
95 0.0 -2.05 -1,323E-03 ~1.011P-03 6.086E-04 -1.121B-05 ~3,706E-04 8,262E-08 0. 6.49
96 0.0 -4.03 ~1,2898-03 -2.307E~03 1.018E-03 -3.35{E-03 -4.586E~04 1.763B-04 0. 6.49
97 5,0 0.16 «1.2798-03 d.7954E~04 4.09IE-04 9.665E-06 «6,381E-03 2.336E-03 0. 6.49
98 5.0 2.03 ~1.2442-03 1.311E~0) 4.473E-04 2.070E~03 13.9828-04 2.040E-03 0. 6.49
39 8.0 4,09 =1.381E-03 2.424E-0) 7.644E~04 5.0%32-03 O.T720R-04 A.2332-035 -0. 6.49
100 s.0 -2.09 <1,2338-03 -8.2M0E-04 6.119E-04 ~1.176E-~08 -8,78TE-04 35.1768-03 =0. 6.49
100 5.0 =1.84 <1.3518-03 ~4.572E-04 5.549E-04 -1,019E-08 -5.391E-04 6.4802-0% -0. 6.49
102 5.0 »3.99 =1.013E-08 ~1.659E-0) 9.0835-04 -3,3192-08 -1,0278-03 1.5088-04 -0, 6.50
03 10.0 0.11 -1,380E<03 9.16%8-04 4.1858-04 8.6100-06 -2.6768-04 2.5408-03 =0. 6.49
104 10,0 2.08 -1, 215603 1.8432-03 4&,504E-04 3,780E-08 2.116B-04 2.4608-05 0. 6.49
165 10.0 4.09 ~1.2458-01 2.903E-0) 8.0432-04 4.929E-0% 6.013E-04 0.499R-08% 0. 6.49
106 10.0 -2.00 «1.3288-03 ~7.019E-0% 8.733L-04 -1,2308-08 -7,638E-04 6.264E-08 0. 6.50
107 10.0 wd 59 =1, 290603 =1, 2468-01 9,938E-04 ), 510E-0% ~1.3358-03 1.8642-04 0. 6.5
108 15.0 0,21 ~1.4498-03 1.d80E8-03 4.367E-04 7,068E-06 -4.7062-04 3.201£-08 «0, 6.49
109 15.0 2.0) =1.4128-03  2.3608-03 4.9428-C4 2.719Em-09 1.4822-0% 1.9%2e-09% ~0. 6.49
110 13,0 4.09 -1,3450-0) ). 490u-03 8.4995-04  4.700E-05 4,720r-04 9.1498-0% -0, 6§.49
1L 1800 ~2,05 «14318-03  4.80IE-04  5.9%1E-04 ~),228E-09 -9.703E-04 5.052E-03 0. 6.5
12 15.0 ~3.89 «1,4008~03 «7.23SE~04 9.996E-04 -3.526E-09 ~1.428E-03 1,534E0-04 0. 6.49
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RUDDER

POINT ANGLE

113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

-5.0
-5.0
-5.0
-5.0
-5.0
-10.0
~10.0
-10.0
-10.0
-10.0
-15.0
-15.0
-15.0
-15.0
-15.0

MODEL MODEL 5470 CONFIGURATION

DRIFT
ANGLE X b4
~0.00 ~1.297E-03 -6.5558-04
2.09 -1,263E-03 3.333E-04
4,09 ~1.203E-03 1.457E-03
~2.05 -1,2888-03 -1,522E-03
~4.10 ~1,252£-03 -2,706E~03
~0.00 =1.359E-03 -1.141E-03
2.09 -1.327E-03 -1.929E~04
4.09 -1.276E-03 1.070E~03
~2.05 -1.348E-03 -2,038g-03
-3.99 -1,322e-03 -2.207E~03
0.0¢ -1.3228-03 ~1.6205-02
2.11 =1.4008-03 -6.878E-04
3.93 -1.422-03 5.18%E-04
=-2.08 ~1.5178~03 -2.803z2-03
-4.10 ~-1.497E-03 ~3.796E~03

HORIZONTAL PLANE

A K* n
3,881E-04 9.794E-06 2.971E-04
4.379E-04 3.109E~05 8.144E-04
7.494E-04 5.397E-05 1.288E-03
5.522E-04 -8.549E-06 ~1.345E-04
9.844B-04 -3.047E-05 -6.236E-04
4.218E-04 1.020E~05 4.914E-04
4.204E-04 3.020E-05 9.845E-04
7.734E-04 5.569E-05 1.487E-03
$.4496-04 -8.617E-06 5.499E8-~05
9.834B-04 -2.950E-05 -4.3012-04
4.157E-04 1.106E-05 7.091E-~04
4.53458-04 3.1852-05 1,210E2-03
7.637E-04 5.642E-05 1.655E~03
5,471E-04 -6.7972-06 2.742E~04
1.0138-03 =2,815E~05 -2.2578~04
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2

). Al
3.T4E-G5
2.953E-05
7.291E-05
7.245E-08
1.692E-04
3.222B-05
3.394E-05
6.755E-05
8.2182-05
1.839E-04
1.7912-05
1.491E-08
5.4108~-05
6.336E~0S
2.170E-04

VEL

6.49
6.50
6.50
6.50
6.50
6.49
6.50
6.50
6.50
6.50
6.4y
6.50
6.50
6.50
6.50




MODEL MODEL 5470 CONFIGURATION - S
HORIZONTAL PLAKNE

RUDDER DRIFT

POINT ANGLE ANGLE X b & 2 K L b o
128 0.0 0.00 -1.1332-03 -1.693E-04 3,970E-04 5.702E-06 6.711E-05 -4.219E-06
123 0.0 1.06 -1.145E-03 6.6098-05 2.683E-04 6.213E-05 3.143E-04 -2.916E-08
130 0.0 2.11 -1.120E-03 2.535E-04 2.332E~04 6.6538-06 4.7682-04 -3.515E~05
131 0.0 3.03 -3.145E-03 4.492E-04 2.077E-04 7.288E~0G 6.856E-04 -5.604E-05
132 0.0 3.94 -1.140E-03 7.4108-04 1.331E-04 7.848E-06 8.720B-04 -5.654E-05
133 0.0 6.08 -1.114E~03 1.,3698-03 4.308E-05 8.564E-06 1.184E-03 -7.289E-05
134 0.0 8.00 -1,092E-03 2,253E-03 -3.542E~05 8.563E-06 1.405E-03 -1.060E-04
135 0.0 10.05 -1.038E-03 3.534E~03 -1.333E-04 8.048F-06 1.569E~03 -1.341E-04
136 0.0 11.97 -9.470E~04 4.907E-03 -1.347E-04 6.376£-06 1.700E~03 -1,422E-04
137 0.0 13.99 ~8.426E-04 6.251E-03 -1.3478-04 4.551E-06 1.818E-03 -1.318E-04
133 0.0 15.98 -7.288E-04 7.728E-03 -1.230E-04 23.2482~06 1,96%K-03 -1.410E-04
139 0.0 18.11 ~5.442E-04 5.414E-03 -8.352E-05 1.183E-06 2.097E-03 -1,248E-04
o 0.0 0.20 -1.122E-03 -1.589E-04 3.659B-04 5.4078-06 9.913E-03 -1,9298-03
41 0.0 =1.03 -1.125E-03 -3,3408-04 4.116E-04 4.850E~06 ~1.184E-04 ~1.511E-05
142 0.0 =1.95 =1.13%E-03 -5.1358-04 4.3438-04 4.289E-06 -2.832E-04 2.086E-05
4 0,0 =-3.07 -1.1356-03 -6.945E-04 5.033E-04 3.838B-06 -4.975E-04 3.549E-05
144 0.0 =«3.97 -1.1292-03 -9.183E-04 5.673E-04 13.356E~06 -7.088E-04 4.835E-03
145 0.0 5,92 «1.1348-03 ~1,.512E-03 6.686E-04 3.928E-06 ~1.0298-03 1.0402-04
46 0.0 -8.00 ~1.128E-03 ~2.367E-03 8.738E-04 7.2038-~06 -1.2622-03 1.709E-04
147 0.0 ~9.98 ~1,1128~03 ~3.461E-03 1.164E-03 1.153E-05 ~1.429B~03 2.487E-04
148 0.0 -12.02 -1.059E-03 -4.896E~03 1.568E-03 1,522E8~05 -1.5725-~03 13.971E-04
149 0,0 -13.96 =~9.862E-04 -6.350E~-03 1.954E-03 1,.5538-35 -1,688E-03 5,.274E-04
150 0.0 -15.59 ~8.9238-04 -8.1008-03 2,316E-03 1.334E-05 ~1.815E-03 6.716E-04
i 00 ~18.01 ~7.208E-04 -9.869E-03 2.6096-03 1.0356-05 -1.9092~03 7.517E-04
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MODEL MODEL 5470 CONFIGURATION 3
HORIZONTAL PLANE

RUDDER DRIFT

POINT ANGLE ANGLE X b o 2¢ X L ne RPM VEL
152 0.0 0.20 -1.0618-03 -9.9182~05 3.7078-05 1.077E-06 9.760E~05 -1.061E-04¢ -0. 6.50
153 0.0 1.06 -1,061E-03 2.080E~05 ~8.322E-06 1.144E-06 3.459E-04 -1.129E-04 0. 6.50
154 0.0 2.08 -1,0458-03 1.3356~04 ~2.890E-05 1.455E~06 §5.174B-04 -1.129B-04 -0. 6.50
155 0.0 3.00 -1.056E-03 3.214E~04 ~4.840E-06 1,638E-06 7.709E-04 -1.060E-04 -0. 6.50
156 0.0 4.07 -1.061E-03 4.485E~04 ~1.507E-05 1.896BE-06 9.959E-04 ~-1.006E-04 0. 6.50
157 0.0 6.03 -1.0%98-03 3,8608~04 -3,8528-05 2.014E~06 1.383E-03 -7.105E-05 0. 6.50
158 0.0 8.00 -1.0698-03 1.536B~03 -4.721E-05 1.921E-06 1.708E-03 -5.583E-05 -0. 6.50
159 0.0 10.05 -1.0498-03 2.450E-03 ~3.691E-05 1.297E~06 2.004E-03 -3.536E-05 -0. 6.50
150 0.0 12.03 -9,940E-04 3.462E-03 -8.1938-06 5.7942-07 2.266B-03 -5.185E-05 0. 6.50
161 0.0 13.94 -9.1388-04 4.5062-03 1.717E-05 ~3.723E-07 2.511E-03 -4.269E-08 -0. 6.50
163 0.0 16.03 -8.007E-04 5.864E-03 1.122E-04 -9.640E-07 2.750E-03 3.100E-06 0. 6.50
164 0.0 18.11 -6.698E-04 7.355E-03 3.170E-04 -2.101E-06 2.986RK-03 3.4572-0% 0. 6.50
168 0.0 0.12 =1.051£-03 -8.1638-08 3.398E~05 6.3510E-07 6.960K-05 -3.97iE-03 0. 6.%0
166 0.0 -1.03 -=1.034E-03 -2.057E-04 2.288E-08 9.143E~07 -1.399E-04 -8.756E-05 0. 6.50
167 0.0 =1.95 -1.0698-03 -2.920E-04 2.325E-05 4.959E-08 -3.4998-04 -9.162E~03 -0, 6.50
168 0.0 =3.07 -1.037E-03 -4.079€~04 7.564E-05 ~4.262E~-07 ~8.977E-04 -0.617E~08 0. 6.50
169 0.0 =4.11 -1.046E~03 -5.922E~04 1.321E-0/ -5.770E-0T -8,640E-04 -7.674E-~05 -0. 6.50
170 0.0 =5.93 ~1,0612-03 -9.473E-04 2.321E-0. ~-1.097B-06 -1,226R-03 -3.958E-05 -0. 6.50

1M1 0.0 ~-8.00 -1.079E-03 ~-1.553E~-03 3.832E-04 -1.157F-06 -1,571E-03 1.476E~05 -0. 6.50
178 0.0 -9.99 -1.079£-03 -2.3376-03 5.502E-04 -1.386E-06 -1,8758-03 5.903E-~05 6, 6.50
1713 o0 ~12.02 -1.0585-03 -3.411E-03 6.3812-04 -1.518E-06 -2.149E-03 7.853E-~05 0. 6.50
174 0.0 ~13.98 =1,014E-03 ~4.569E-03 7.519E-04 ~1.658€-06 =2.404E~01 1.002E~04 ~0. 6.50
175 0.0 ~16.18 -9.468E-04 -5.958E~03 8.790E-04 -1.678E-06 -2.668E-03 9.940E-~05 ~0. 6.50
176 0.0

~18.05 ~8.524E-04 ~7.4388-03 8.988E~04 ~1.5698E-~06 -2.939E~03 4.763E~05 0. 6.5
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MODEL MODEL 547¢  CONFIGURATION 4
HORIZONTAL PLANE

%

POINT ANGLE ANGLE X ¥ 2" Kt N M RPM VEL
177 0.0 0.17 ~1.162L 03 ~4,706E-05 -1.947E-05 2.912E~06 6.406E-05 -7.445E~0% -0. 6.49
178 0.0 1.01 -1.156E-03 2.867E-04 8.814E-06 1.344E-05 2.981E-04 -1.016E-04 -0. 6.50
179 0.0 1.99 -1.152E~03 7.010B-04 6.3885-05 2.543E-05 5.681E-04 ~4.844E-05 -0. 6.50
180 0.0 3.02 ~1,138E-03 1.075E~03 1.662E-04 3.735B~08 8.364E-04 -5.573E£-0% 0. 6.50
181 0.0 4.01 ~1.1256-03 1.5058-03 3,.902E~04 5.014E-05 1.108E-03 -3.767E-05 <0. 6,50
182 0.0 6.01 ~1.084E-03 2.512E-03 8.569E~04 7.613E-0% 1.613E~-03 4.322E-05 0. 6.50
183 0.9 8.12 -1.079¢--03 3.6038-03 1.4138-03 9.863E-05 2,047E-03 1.399e-04 0. 6.50
184 0.0 7.91 ~1,040B-03 3.539E-03 1.407E-03 9.773E~-05 2.0398-03 1.248E-04 0. 6.50
185 0.0 9.94 ~9,172B-04 4.923E-03 2.228E-03 1.275E-04 2.494E-03 2.211E-04 0. 6.50
186 0.0 11.98 ~7.725E~04 6.386E-03 3.041E-03 1.557E-04 2.893£-03 2.836E-04 0. 6.50
187 0.0 13.92 ~6.004E-04 8.0308-03 3.519B-03 1.843E-04 3.202E-03 3,527E-04 0. 6.50
8¢ 0.0 16.04 -4.0142-04 9.898E-03 4.8122-03 2.156B-04 3.676E-03 3.385E-04 -0. 6.50
189 0.0 18.0% ~6.042E~04 1.131E-02 6.061B-03 2.212E-04 13.865E-03 4.238E-0¢ 0. 6.50
190 0.0 0.00 ~1.160E-03 -1.391E-04 -9.810E-06 -2.825E-07 1.044E-06 -8.286%-05 0. 6.50
191 0.0 -1.04 ~1.152E-03 ~5,.142E-04 8.884E-05 -1.199E-05 -2.733E-04 ~9.141E-05 -0. 6.50
132 0.0 <1.96 ~1.156E-03 ~3,258E-04 1.350E-04 -2.301E-09 =5.215E-04 ~5.587E-05 0. 6.50
193 0.0 =3.07 ~1.1388-03 -1.337E-03 2.938E-04 -3.578E-03 =7.987E-04 -3,292E-0% 0. 6.50
194 0.0 ~4.10 «1,132E-03 -1,488E-03 5.403E-04 ~5.074E-05 -1.101E-03 9.325E-06 0. 6.50
198 0.0 =6.01 ~1.0928-03 ~2.9422-03 1.156E-03 -7.031E-05 -1.636E-03 9.820E-03 -0. 6.50
196 0.0 ~8.03 -1.0528-03 -3.9938~03 1.829E-03 -1.029E-04 -2.071E-03 2.060E-04 0. 6.50
197 0.0 ~10.08 ~9,674E-04 -5.292B-03 2.631E-03 -1.294E-04 ~2.487E-03 2.724E-04 0., 6.50
198 0.0 -12.02 -8.301E-04 -6.862B-03 3.594E-03 -1.610E-04 -2.923E-03 3.107E-04 6. 6.50
199 0.0 ~13.94 ~6.611E-04 -8.631E-03 4.512E-03 ~1.933E~04 -3.343E-0} 3.384E-04 0. 6.50
200 0.0 =12.84 ~7.482E-04 -7.769E-03 4,068E-03 -1.772E-04 -3.134E-03 13.294E-04 0. 6.50
201 0.0 =15.99 ~4.609E-04 -1.043E-02 5.237E-03 -2.239E-04 -3.71QE-03 3.517E-04 0. 6.50
202 0.0 -=17.80 ~5.697E-04 ~1.197E~02 6.206E-03 ~2.352E~04 -1.738E-03 1.893E-04 -0, 6.50




MODEL MODEL 5470 CONPIGURATION 6
HORIZONTAL PLANE

-14.03 ~1.7698-03 ~5.053E-03 {4.299E~04 -1.511E-06 -2.162E-03 -3.673E-05 -0. 6.50
=15.91 ~1,000E-03 ~§.413E-03 4.996E~04 ~1.220E-06 -2.337E-03 -3.596B-05 -0. 6.50
=-18.00 -9.165E-04 -8.108E-03 d.6308-04 -8.348E~07 ~2.528E~03 -4.3NE-05 ~0. 6.9

.

POIRT ANGLE ANGLE X b 20 K N M RPM VEL
203 0.0 =-0.00 -1.1238-03 -1.544E-04 3.717E-05 3,280E-07 6.780E-05 -1.191E-04 -0. 6.50
204 0.0 1.06 -1.123E~03 1.402B-08 2.776E-~05 7.801E~07 3.637E-04 -1.1512-04 -0. 6.50
205 0.0 2.08 -1,1256~03 1.067E-04 -3.760E-05 1.159E~06 5.624E-04 -1.049E-04 0. 6.50
206 0.0 3.01 -1.1198-03 3.069E-04 -9.593E~06 1,269E~06 7.9878-04 -1.159E-04 -0. 6.50
207 0.0 4.04 ~1.112E-03 4.717B-04 -3.060£-05 1.442E~06 1.014E-03 -1.074E-04 -0. 6.50
208 0.0 5.96 -1.120E~03 9.3908-04 -5.414E-05 1.377E~06 1.383E-03 -9.727E~05 0. 6.50
209 0.0 8.00 -1,1245-03 1.652E-03 -8.774E-05 1.021E-06 1.689E~03 -7,760E-05 0. 6.50
210 0.0 10.05 =1.101E-03 2.620E-03 -8,.961E-05 2.463E~07 1.947E-03 -5.674E-05 -0. 6.50
21 0.0 12.06 ~1.061E-03 3.729E-03 -7.478E-05 -4,020E-07 2.155E-03 -4.759E~-05 -0. 6,50
22 0.0 13.95 ~9.703E-04 4.942B-03 -4.842E-05 -1.1715-06 2.362E-03 -2.958E~05 -0, 6.50
A3 9.0 16,11 -8,.656E~04 6.411E-03 ~-1.836E-05 -2.615E-06 2,.545£-03 -1.896E-03 -0. 6.50
24 0.0 1.06 =~1.1462-03 -2.567E~05 2.225E~05 S$.837E-07 23.520B-04 -1.127E-04 -0. 6.50
213 0.0 18.07 ~7.173E~04 7.9572-03 21.708E-05 =3.621E-06 2.741E~03 -1.417E-08 6. 6,50
26 0.0 0.14 -1.1408-03 ~1.324E-04 4.3313E-05 1.490B-07 9.656E~05 -1.143E-04 ~0. 6.30
217 0.0 =1.05 ~1.1465-03 ~2.157E~04 1.198E-04 -3.274E-07 =~1,.3801E~04 -1.374E-04 -0. 6.50
218 0.0 =1.96 ~1.149E-03 -3.148E-04 1.247E-04 -3.549E~07 ~3,303E-04 -1.367E-04 -0. 6.50
219 0.0 -3.08 ~1.1528-03 ~4.926E-04 1.293E-04 -7.2078-07 ~5.634E-04 -1.146B-04 -0, 6.59
220 0,0 ~3.89 ~1.1412-03 -7.0438-04 1.353K-04 -1.104E-06 -7.859E-04 -1.052E-04 -0, 6.50
221 0.0 -5,93 -1.1398-03 -1.0618~03 2.912E-04 -1.372E-06 -1.148E-03 -7.459E~05 0. 6.3
222 0.0 ~8.00 ~1.1418-03 ~1.704E-03 3.750E~04 -1.392B-06 =1.471E~0) -4,899E-05 0. 6.50
223 0.0 -9.39 ~1.149E~03 -2.5758-03 4.203E-04 -1.188E-06 -1.7476-03 -1.301E-05 0. 6.50
224 0.0 ~11.90 ~1.1258-03 <3.733E-03 3.843E~04 <1.433E-06 -1.9638-03 -9.769E-06 -0. €.50

0.0
6.0
0.0
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UNCERTAINTY ANALYSIS
INTRODUCTION

In various engineering flelds there have been efforts recently to develop a
rigorous approach to analyzing the accuracy of experiments. The purpose is to
emphasize that all experiments are subject to variations in the relevant
paysical parameters and their measurement which cannot be controlled by the
engineer, and that bounds on the possible variation in reported results should
be stated and substantiated.

This approach has been defined as "uncertainty analysis." In uncertainty
analysis two contributions to the total uncertainty of results are identified
which apply to captive-model stability and control experiments conducted at
DTRC. The first type is called bias, and it is the most difficult to quantify.
Bias is defined as any effect which is held comstant throughout the experiment
and which leads to a coustant variation of the results from the true value. An
example of bias is the error which ogccurs in calibrating instrumentation. The
second type of uucertainty is defined as the precision error, and is the random
scatter of results which is seen when experiments are repeated under nominally
identical conditions. The relationship between bias and precision errors, and
the uncertainty analysis for captive-mudel stability and comtrol experiments
are discussed below.

CAPTIVE-MODEL EXPERIMENTS

Sources of bias errors include (1) 4~inch block gages (variable reluctance
traneducers) used to measure the hydrodynamic forces and moments, (2) Tracor
Hydronautics, Incorporated signal conditiomers, (2) 6-Hz low~pass filters, (3)
Preston 15-bit analog-to-digital converter, (4) Elgar power supply for the
gignal conditioners, (5) misaligoment of the apparatus used to calibrate the &4-
inch block gages, (6) misaligrment of the gages in the calibration stand, (7)
misalignment of the gages in the model, (8) the semsitivity of a gage to forces
applied perpendicular to its axis, (9) misaligmment of the channel in the model
to which the gages are attached, (10) errors in the fabrication of the model,
(11) misaligmment of the wodel in attaching it to the towing carriage, (i2)
constant errors in setting the carriage speed, tilt table angle, control
surfaca angle, propeller rpm, phase angle between the struts, frequency of
oscillation, and the sine-cosine potentiometer, (13) unknown changes in the
water temperature which affects the density and viscosity, (14) currents in the
basin, and (15) errors in ballasting the model for neutral buoyancy and trim.

Sources of precision errors include (1) mistakes in setting carriage speed,
tilt table angle, control surface angle, propeller rpam, phase angle between the
struts, oscillation frequency, and sine-cosine potentiometer, (2)
irregularities in the rails on which the towing carriage travels (the vertical
acceleration that is induced causes random ervors in the data and affecls
vepeatability), (3) changes in the aligmment of the model from test to tast,
(4) unanticipated unsteady conditions while data are being collected, (5)
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unknown changes in the water temperature which affects the density and
viscosity, (6) unknown water disturbances, and (7) interpretation of data,
fairing of curves through the data, determination of slopes, choice of
mathematical fit of data, and choice of data to be fitted,

Most of the bias and precision errors are negligible based on observatioms,
tests, and analyses performed over a period of many years. However, the
following bias and precision errors can be significant: (1) Changes in gage
calibration from time to time probably results in a bias error of about 0.5
percent, (2) fabrication of the appendages for the model, (3) incorrectly
setting model test conditions, for example, tilt table angle, speed, propeller
rpm, control surface angles, phase angles between the struts, frequency of
oscillation, and the position of the sine-cosine potentiometer, (&)
nonlinearity in the gage calibration probably resultr .. a precision error of
about 0.5 percent, (5) irregularities in the rails in Lue towing basin, and (6)
interpretation of the hydrodynamic force and moment data.

In order to determine the multiple calibration precision error, a 4-inch block
gage was calibrated thirty times over a three-day period. The gage was
calibrated by placing 5 and 10 pounds weights, each having an accuracy of 0.0l
percent, to a pan which was attached with a 5 to 1 lever arm to the gage. The
maximumn load applied to the gage was 300 pounds, both in the positive and
negative directions. After each calibration the gage waa removed from the
calibration stand, and then reattached to the stand in a different orientation.
For the reference calibration the span pot of the Multi-T amplifier was set at
2,118 volts to give a sensitivity of approximately 30 millivolt per pound. For
the 30 calibrations which followed, the span pot on the Multi-T amplifier was
set to 2.118 volts each time which resulted in the following sensitivities:
30.27, 30.28, 30.35, 30.36, 30.45, 30.34, 30.39, 30.34, 30.38, 30.36, 30.40,
30.46, 30.38, 30,35, 30.42, 30,43, 30,39, 30.45, 30,40, 30.46, 30.46, 30.36,
30.44, 30,32, 30.33, 30.30, 30.35, 30.33, 30,32, and 30.23, The sample mean of
these thirty sensitivities is 30.37 and the sample standard deviation is 0.060.

The relstionship betwaen the sample astandaxd deviation s and the population
- gtandard deviation sg can be determined from the chi-square probability
distxibution. For a ssgmple size n, the randon variable u having a chi-square
prabability distribution is givaun by

wo (o= 1)s%/8,2
For example, If the eample sise 19 303, then the degrees of freedom are 29, and
from a table for the clivsquare distribution the probability of the random
varisbla u being batweem u; = 17,708 and infinity is 0.95 and between u; =
42.557 agd iofinity is 0,05, Using the relationship

e,.,z “ (n ~ l)szlul

the population standard deviation is caleulaced to be in the following range
for the given percent confidences:




Percent Smin Snax

Confidence
4 99 0.045 0.089
- 95 0.048 0.081
90 0.050 0.077
80 0.052 0.073
60 0.055 0.068

-

The relationship between the sample mean m and the population mean m, can be
determined from the "t" distribution. For a given sample size n the random
variable t having a "t" probability distribution is given by
t= (a- m.,)nl/zls

Based on a sample size of 30, from a table for the "t" distribution the
probability of the random variable t being between t, = 1,699 and infinity is
0.05. Hence, the probability of t being between -1.699 and 1.699 is 0.90, Using
the relatiouship

m, *m+ t:]_ss/n]'/2

or

o, *a- t:ls/n]‘/z
the population mean is calculated to be in the following raange for the given
parcent coufidences: :

Percent Bhnin Binax

Confideuce
99 30.340 30,400
95 30,348 30,392
90 30,351 30.389
80 30,356 30.384
60 30. 361 30.379

The 95 parcent confideace limit for & sawple of n weasurements drawn from a
Gaussian distribution can be defiuned as the precision limit P for the wesn of
the measuvements, where

Pew Bcllﬂllz
If there is ao bias ia the weasurements, the uncertainty for the calibratioca is
, P/u. The values of w, 8, ty, u, and P/u are 30.37, 0.060, 2.045, 30, and
. "~ 0,0007, respectively.

To develop an uncertainty analysis for a particular experiment, it must be
. : based on the fact that the calibration of each d-inch block gage is performed
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only once before the test is begun. A typical receat block gage calibration
indicated that the sample mean for the gensitivity was 29.76 millivolts per
pound and the sample standard deviation for the sensitivity was 0.12 millivolt
per pound for a sample size of 24 different applied loads to the gage. Hence,
the value of t) was 2.069 and the value of P/m was 0.0017.

A potentiometer was used to measure the angle of the tilt table. The tilt table
is used to set the model at an angle of attack or an angle of drift. The
potentiometer was also calibrated before the experiments are begun. A typical
. calibration indicated that the sample mean for the sensitivity was 370.87
millivolts per degree and the sample standard deviation was 20,17 millivolt per
degree for a sample size of 18 different angle settings. Hence, the value of t
was 2.110 and the value of P/m was 0.0270.

The stability and control derivatives ave determined by reading the slope of
the appropriate curve of force or moment with either body angle or coantrol
surface angle at a value of zero body angle or zero control surface angle,
respectively. For example, the stability derivative 2 ' was read independently
by 10 engineers. Based on these readings, the sample mean was -0.006489 and the
sample standard deviation was -0.000262 for a sample size of 10. Hence, the
value of t) was 2,262 and the value of P/m was 0.0289.

The uncertainty im the overall length of the model is estimated to be 1/16 inch
in 13,9792 feet or 0.0004. The uncaertainty in the carriage speed is estimated
to be 0.0l knmot in 6.5 knot:% or, 0.0013. The uncertainty in the density is
esc%mat d to be 0.0006 lb-sec“/ft” for a change of 3 dagrees F in 1.9367 lb-
gec“/£t” or 0.0003. i

The uncertainties in the individual varigbles propagate through the data
reduction equations into the stability awd control derivatives, For example,
the stability derivative &,' is given by the following expressiou:

£=2," = or/(egegezeeses)

where e) ls the change in the wessured wormal force in pounds, ey is the
corresponding chauge in the weasured angle of attack in radigne, ey is half of
the density in lb-sec®/ft”, e, is the length wied for woudimensionalization in
feet, and ey is the forvard speed in feet per second.

The square of tha valus of the uncertsinty in £ is given by
UE‘Z " e V*_. (Uakdfldek)z + [N )

where k is an index with values from 1 through S, df/de, are partial
. darivatives which are cslled absolute sensitivity coefficieats, aud U, are the
values of the uncertainties in each € . The expression for f must be continuous
and have continuous derivatives in the domain of intevest. The measured
variables 2, muyt be independent of one another, and the uncertainties in the
ueasured variables must be independent of one another.
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The partial derivatives are given by the following expressions:
di/de) = f/ey
df/dey = ~f/e,
df/deg = ~f/eq
df/de, = ~2f/e,
df/deg = ~2f/eg

Since the value of the uncertainty in reading the slope of the curve of normasl
force with angle of attack is U".f = (0,0289f, the value of the total umcertainty
Upe for. the stability derivative Zw' can be determined from the following
expression:

2.2 2
Upe™ = Ug™ + Upg

The total uncertainties in the stability derivatives 2,' and M,' are calculated
to be about 4 percent for both derivatives, A similar analyais for the
sternplane control derivatives indicate that these total uncertainties are
about 6 percent for both the normal force and pitching moment derivatives if
the uncertainty in measuring the control surfsce angle is assumed to be 0.5
degree for a 10-degree deflection. :

Although it is difficult at the present time to quantify all of the individual
bias and precision errors, using the above anslysis and the submarine stability
and control data base, which includes a significant number of experiments which
have been repeated, in some cases wore than twics, the following overall
uncertainty errors may be assigned to the experimental values of the stability
ad control derivatives for fully appended submarines: (1) atatic derivstives
2, M Y,'s and N,' 4 to 5 pexcent, (2) rotary derivatives Zq', Hq'. ',
and N.° about 10 perceat, (3) coutrol derivatives 6 to 10 percent, and t4)
added wass and wmoment of inertia devivatives 2.', M:', Yi', and N.' about 7
pervcent. The uncertasinty error in calculating the nongimenai.onal wass is about
2 perceat, - .

Captive-model experimenta have been performed with the same submarine model
and with similar test proceduves amd instvusentation several months or years
apart, The results from these repeat experiments includes inaccuracies in the
test get-up, instrumentation, gud data analysis, as well a8 envirommental
variations, and should not be confused with repeatability from run to wum
during a single test, which typically is much better. The rotary derivatives
have, wtil vecently, been measured on the Planar Motion Mechanism (PMM) by
performing oscillation experiments (heaving, pitching, swaying, and yawing).
These experimenty are now often performed on the rotating drm, and the quality
of this data appears to be becter than the PMM data.
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The uncertainty errors of the individual stability derivatives propagate into

the margin of stability which is designated by the symbol G. The margin of N
stability is a function of four nondimensional stability derivatives, the
nondimensional mass of the submarine, and the nondimensional longitudinal

location of the center of gravity from the reference point. If these 3
nondimensional quantities are designated by the symbols ey, then the margin of

stability has the following form:

G=1-e(e; +ey)/le,les + egey)]
The square of the uncertainty in G is given by

Wg/6)% = (e;/6)2(d6/de;) X,y /e))?

+ (e5/6)*(d6/dey) (U g /ep)?

+ (23/6)2(d6/de)%(U 5/e)?

3 + (e,/6)2(d6/dey )2 (U fey)?

. + (e5/6)2(d6/deg) (U 5/e5)?

+ (eg/6)3(d6/deg)? (U g feg)?

where dG/de, sere partial derivatives and Ueklgr are the uncertainties in esch
lowing expressious:

e, The partial derivatives are given by the fo
dG/dey = ~ (ey + e3)/(e4eq)
dG/dey » -e)/(e,ey)
dG/dey = ~e;/(e4e9) + e (e, + e3)e6/(e¢e7z)
dG/dey, = ey(ey + 3)/(e;%ey)
dG/dey = ey (e, + e3)/(eae72)
fﬁ;h.fﬁ d6/de; = &) (e + e3)es/(e,eq%)
e where
8y ™ eg + ¢geq.
The uncertainty in G depends on the particular values of the nwondimensional

stability derivatives, the noudimensiounal wmass, aund the unondimensional
longitudinal location of the center of gravity from the refevence point.
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