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FOREWORD

This report describes the work performed by the Cornell Aeronautical Labora-

tory under Contract Nonr-3659(00) (FBM), sponsored by the Office of Naval

Research of the Department of the Navy. The time-period covered is from

16 October 1961 to 25 March 1962. The program is being conducted under

the general direction of Cdr. F. R, Haselton, Code 466, and R. Cooper,

Code 438, of the Office of Naval Research.

The authors wish to express their gratitude to Mr. D. C. Clark of the Vehicle

Dynamics Department of CAL, for his contributions to the stability and con-

trol studies, and to Messrs. 0. Tuf*bt, E. Sullivan, and F. DuWaldt, of the

Applied Mechanics Department oi CAL, for performing the theoretical

hydrodynamics studies and for valuable contributions to the entire program.
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ABSTRACT

Hydrodynamic and stability and control ch.racteristics are investigated for

a novel submarine configuration employing tandem, large hub-to-diameter
ratio propellers whose blades are pitched collectively and cyclicly. Stability

coefficients for the hull and the propeller are derivcd. Expressions for the
control forces and moments generatod by the propellers are developed and
the perturbation equations of motion are used to analyze the controlled

dynamics of the submarine. An analysis of the motions in the ve-tical
plane indicates that the submarine can be stabilized at high speeds by auto-
matic control of collective and cyclic pitch and that reasonable maneuver-

ability can be obtained.
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I

INTRODUCTION

In October 1961 the Cornell Aeronautical Laboratory, Inc. undertook to inves-

tigate the hydrodynamic and stability and control aspects of a novel submarine

configuration utilizing variable-pitch large hub-to-diameter-ratio propellers.

The configuration, invented by Cdr. F. R. Haselton of the Office of Naval

Research, employs two propellers mounted circumferentially (forward and

aft) on a neutrally buoyant body of revolution, to produce any combination of

forces and moments. By means of this arrangement, which has been called

a Tandem Propeller Submarine (TPS), it is possible to produce control forces
in all three degrees of freedom, or control moments in all three degrees of

freedom, as well as combinations of forces and moments.

The work undertaken by the Cornell Aeronautical Laboratory has as its basic

objectives (a) the theoretical determination of the hydrodynamic characteris-

tics of the tandem propeller configuration, (b) an investigation of the trim

and stability and control characteristics of the controlled submarine, and (c)

a comparison between the TPS and a conventional submarine with respect to

stability and control characteristics and handling qualities.

AG-I 634t-V-I



The work accomplished to date includes the following:

(1) The hydrodynamics have been defined in terms of hull and

propeller stability derivatives for the high-speed case (about

24 knots). Work on the hovering case is in progress.

(2) The equations of motion for the high-speed case have been

written and numerical values for all of the physical and hydro-

dynamic properties have been computed for the postulated

submarine configuration.

(3) The high-speed trim characteristics have been investigated

for operation with one propeller and operation with two

propellers.

(4) The propulsion and control coefficients defining the generation
of forces and moments as a function of collective and cyclic

pitch control inputs have been determined for the high-speed

case.

(5) An analog-computer study of the pitch plane dynamics of the
controlled (i. e. stability augmented) submarine has been
performed for the high-speed case. The effects of pitch

maneuvers on roll angle and forward speed, as well as the
effects of certain nonlinear control coupling forces and moments

on pitch dynamics have been determined.

(6) Tcntative control system gains for pitch attitude and depth-

keeping loops have been selected. Two types of stabi.ization

have been investigated and their differences noted for the
pitch maneuvering mode of operation.

(7) A limited analytical study of the yaw plane dynamics has beent-

ac Lomplished.

AG -_ 6 -1 - V -.



11

STATUS OF PROGRAM & SUMMARY OF CONCLUSIONS

Z. 1 STATUS OF PROGRAM

(1) lligh-speed hydrodynamics are defined for the I7PS

configuration, permitting a high-speed stability and

control investigation to ascertain the cent:al issue of

feasibility, namely: is sufficient cyclic pitch available

to stabilize and provide maneuver control?

(2) Low-speed (or hovering) hydrodynamics are tentatively

defined for both the propeller and hull contributions.

Calculations must be performed to assess-

(a) The relative contributions of the tandem propellers

and the hull to the total hydrodynamic forces and

mnomnents acting on the TPS.

(b) Thc degree to which tile propeller forces are

simultd ntou sly influenced by combrned blade-

pitch chantq•te ,nd chinges in blade flitght path-angle

clue to thte motions of the, subiti rtif,.

AG; - H% it.t - V -1" •



(3) Equillibrium trim studies have been made to ascertain the

Ability to trim the rPs in steady longitudinal flight when

ont. propeller only is used for propulsion.

2.Z SUMMARY OF CONCLUSIONS

(1) Analysis of the stability coefficients for the high-speed

case shows that, in comparison with conventional sub-

marines, the gains in control effectiveness achieved at

low and zero speeds (plus the gain in control flexibility)

are obtained at a sacrifice of high-speed control effective-

ne 314.

(2) The TIPS is dynaimically unstable in pitch, unless control

forces and muments are applied to modify aid eliminate

this instability. The instability arises primarily from the

large unstable pitching moment due to angle-of-attack (141)

relative to the levels of damping in pitch (M.?) possessed

by the TIPS.

(3) The divergence in pitch motion, due to instability, is

sufficiently severe to require automatic stabilization in

contrast to manual stabilization.

(4) Although other types of stabilizing feedbacks were investigated

for use in an automatic pitch-control system, simple pitch-

rate and pitch-angle feedbacks were found to be effective.

Well-damped pitch-angle responses to pitching moment

control inputs can be obtaincd in ,about 60 seconds. Corres-

ponding steady-state dive or climb rates of about " ft/ sec, are

,,sil, achieved. rhese figures do not rprepesent ma txinuuml

,iehievabiht p. rforma ncc. c
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(5) An analog computer investigation shows that the level of

the command control inputs must be limited to keep the

propeller blade angles-of-attack within their stall limits
when cyclic and collective pitch are used for automatic

stabiliz.,ation. Compute.d fe•dblack- loop gains that originally

appeared to be so large that contmnual saturation of the cyclic-

pitch control would result, were found to be acceptable, pro-

vided limits were placed on maneuver demands.

(6) Although in investigation of the yaw-plane dynamics has

not been completed it is probable that conclusions, similar

to those given above for pitch, will eventnally be reached.

(7) It has been shown that within certain speed limits it is

possible to trim the TPS in high-speed, straight and level

flight, with one propeller fixed and one operating. Speeds of
about 15 knots can be achieved with a single propeller operating

at 50 rpm. (An investigation of the problem of maneuvering the

TPS with one propeller operating remains to be completed. It
is anticipated that this control mode will present a serious

problem. )

(8) With respect to the overall stability and control prcblems, the

tentative conclusion is reached that automatic control of the

TPS submarine is feasible. Comparison with a conventional

submarine has not yet been made nor has the question of

handling qualittes been examined fullv.

,-t' I- V I
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Ill

SYMR1BOLS AND NOMENCLATURE

3.1 NOMENCLATURE

Forces .andnmoments acting on the Tandem Propeller Submarine (TPS) are

written in body axes. The,%'•-y,"-j body axis system is a right-handed ortho-

gonal triad with its origin at the submarine center-of-gr -vity. /iX is positive

forward, " is positive to starboard and? is positive down. Components of

total linear and angular velocity along and around I/- I- J, are c 4,, ,IVW and
R , J, /& respectively. Guneralized forces and moments are / - Y - • and

K - M - Nl along and around/'-,&-t-t.

Trim conditions will be denoted by a zero subscript and properties related to
forward and aft propellers will be distinguished by subscripts -; and '1.Z

Perturbations from trmni in velocity ,are denoted by barred quatntittle', t1,u,':

Angular velocity pe.rturbation-; are dfinod h1 y:

\k here(. t 'l dt( ýtl' tho lilivtri .cId (small.1-ang.le) F l iit~

\C; n,.HV-It
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Stability derivatives will be identified by subscripts which indicate the perturbed

variable. For example, 4 is an 15, -force derivative or coefficient denoting

a change in'A -force due to the /P -velocity perturbation .,

Other symbols, a','tumptions, etc. will be presented as they occur in the text.

In addition, Section 3.2 contains a list of all of the mymbols used in this report.

3.2 SYMBOLS

All symbols used in this report are listed below. Where used, the subscripts

fand 0., denote forward and aft conditions.

Hull Characteristics

Units

Max. hull diameter ft

Fi'ineness ratio dimensionless

Length of submarine ft

4 Distance, fore point to c. g. ft

4 = Distance, prop. plane to c. g.
{ 1, carries no sign) ft

lMetacentric height ft

SSubmerged displacement (: Weight) lbq

Propeller Characteristics

R Average radius ft

D9 Average diameter ft

/N: Numbe'r of b!IdeiS

Sal(t' ,1ngul.LVr vClocity ( (2 (', rricS no sign) rail/.v o

•. -" Illtfl t' aLZ1l.tr Vt,1 Inty ( ( cArrit s no sign) r''v/.oc

\Z.



Units
C - Lift coefficient

C : Profile drag coefficient

.- inIduced drag coefficient

"Flight path angle of th. blade (see Fig. 1-?) rad

- M Blade angl,.-of-attack (see Fig. 4-0) rad

d Total instantaneous bLWde pitch (see Fig. 4-2) rad

Cf-6 Collective pitch (see Fig. .1-L) rad

6ý Change in collective pitch (nee Fig. 4-Z) rad

A: Blade angle of attack due to c,'llective pitch
( '% .- d 0. -,,d , - o". ) rad

SMBlade azimuth angle in plane of prop rad
(VeC Fig. .- 2)

Sine compon,.nt of cyclic pitch (see Fig. 4-2) rad

• coc ("- Cosine component of cyclic pitch (see Fig. 4-2) rad

Kinematics

LI Total velocity of c.g. ( •/ " *a', ) ft/sec

IX -component of velocity (perturbation =L ) ft/ sec

,lfe': /.-componont of velocity (perturbation = /V) ft/ sec

-component of velocity (perturbation --= ) ft/ sec

if 
6 -component of total angular velocity
(perturbation : ý ) rad/sec

-c oniponont Of tt)tal angular velwity
"(prte rrbatioin nulitrad/ sec

-component of total ,angular velocity
1) v rtu rhatton .l ) rad/,sec

V• ilMmIc velocity relative to watl, (sV, C ig. f I) tt/ S'c

4

8 \ (- I i- V - I
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Mass/Iner'tia Properties Units

XI -KK-Kj-- Coetficients of accession to mass along dimensionless

SK,- K" - k Coefficient of accession to inertia around dimensionless

= Mass of submarine #-sec2 /ft

= Virtual mass along % 7 ( + K,) #-sec2 /ft

M =- Virtual mass along y ??Z (= * #-scc 2 /ft

Mi = Virtual mass along f = M l/ 0" /lJ) #(ssec 2 /ft

P-1 Submerged moments of inertia about Oy~ -ft-sec2

A,- Virtual moment of inertia about ýz:L•,/IK) 2-ft-sec2

z Virtual moment of inertia about Not-.) Itft-aec 2

= Vrtual moment of ine rtia about •.('&,) / .ft-sec,2

H Propeller angular momentum #-ft-sec

= Water density #-saec 2 /ft 4

Forces and Moments

FX = Trim thrust available from propeller(s) #

/1 0 = Trim moment at.the propeller(s) ft-#

Po = Trim propeller(s) power hp

0  Metacentric pitching moment coefficient ft-/ rad

Y Y- - 2 =- Contrbl (propeller) forces #

K M N,/=- Control (propeller) moments # It

9 AC -16 H V-i



Unit

2X -Y2.%" = Combined propeller and hull hydrodynamic 0
and hydrostatic forces

ZKY"iv-2N Combined propeller and hull hydrodynamic f-ft
and hydrostatic moments

Hull Derivatives

D /. - Dimensionless 1. -force derivative due to /l

Y;.= Dimensionless -force derivative due to

YDimensionless -force derivative due to
,ý Dimensionless J-force derivative due to

27; Dimensionless --force derivative due to

1;,. Dimensionless ), -force derivative due to

Dimensionless 0 -fmoment derivative due to

Dimensionless 0 -moment derivative due to

K; = Dimensionless y -moment derivative due to

= Dimensionless / -moment derivative due to

= Dimensionless / -moment derivative due to /0"

= Dimensionless -moment derivative due to

,N, = Dimensionless -moment derivative due to •

N; M Dimensionless •,-moment derivative due to

Propeller Terminology

< = Dimensional ,X -force derivative due to-4,/, #/ft per sec

= Dimensional % -force derivative due to #/rad per sec
Dimensional -force derivative due to "t/ft per sec/,

' Thep subscript denotes perturbat ions with respect to propller ax•si.
Propeller axes are paral-lel to body axes but with origin at • ,
forward and aft.

1t 0 AG- 1'3 3-t- Vl



UnitV P • ---

"Dimenpionai -force derivative due to e 0 */rad per sec

'- = Dimensional j -force derivative due to 1 O/ft par sec

•ZI = Dimensional j -force derivative due to ;;p #/rad per sac

Ki/ = Dimensional /' -moment derivative due to 4* #-ft/radper sac

]K.* = Dimensional 4A -mommt derivative due to,4 #-ft/ft per sec

P;= Dimensional Y, -moment derivative due to #p -t/radper sec

'r a Dimensional t,-moment derivative due toiif 0-ft/ft per sec

N =- Dimensional / -moment derivative due to c;,7 0-ft/ft per sec

N• = Dirmensional /-moment derivative due to #-ft/radper sec

F- E- F = Z1 components of lift and drag,prop, axes

Fr = Tangential force at average radius *

/ -, =i N - -OP components of moment, pr~ops axes 0f

M P•.o- = Trim thrust, moment and horsepower

L_-D = Lift and drag forces

X4d = Dimensional ;& -force propeller coefficient #/tad
due to 4 d'

, .= Dimensional X• -force propeller coefficient #/rad2

due to (46d'

j.z, = Dimensional /A -force propeller coefficient #/rad2

due to Cf" or ."

S= Dimensional I -force propeller coefficient 0/rad
due to Cf•,

Y = Dimensional V -force propeller coefficient #/rad
due to "c o

zf = Dimensional 2- -force propeller coefficient N/rad
duo to CI

Z5. j" Dimensional -force propeller coefficient N/rad2

due to "

II AG -( 1 - V - l
Y*



Unit

K" Dimensiona. 46 -moment propeller #/ rad
coefficient due to 6J"

Kj - Dimensional ý4 -moment propeller #/ radz
coefficient dute to 011 &'or f

Dimensional X, -moment propeller #/ rad2

coefficient due to (C16 J

Mj = Dimensional . -moment propeller #/rad
coefficient due'to ef't

z - Dimensional o -moment propeller rad
coefficient due to ef r,

S -" Dimensional t -moment propeller 0/rad
cotfficient due to .

Nj. Dimensional / -moment propeller Nlrad
coefficient due to dJ4,

N -- Dimensional , -moment propeller a/rad
coefficient due to •fS

IV,Oar.• -- Dimensional t• moment propeller 0/ rad•

coefficient due to drda trn

2 = Propeller thrust parameter nondimensional

A, - Propeller torque parameter nondimensional
A•P z Propeller power parameter nondimensional

P = Power ft-,/sec

Po" = Power hp

f = Nondimcnsiunal power

= Propelle r thrust coefficient nondimennsional

" rope-plle r to rque coefficie nt nonldimcnsiofnal

zc to suli',.ipt denotes trit C onditions,
straight ,ul! I[cvtl fl ight

sth . --ri det- (I .( l It

':'• (~~, vlti:' t riH!t .' 11,tt : [ vlol)(A lo 1r v'olit tv l t, v 1.111.4
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POSTULATED TANDEM PROPELLER SUBMARINE CONFIGURATION

4.1 HULL

The submarine configuration postulated for study in the Tandem Propeller

Submarine program is shown in profile in Figure 4-L The outline was taken

from Reference (1) and is purported to be that of the Thresher submarine,

SS(N)593. Hlowever, except for the general outline, all submarine con-

figuration parameters are hypothetical

In ordzc to simplify the stability and control analyses two important assump-

tions were ma'e relating to the submarine hydrostatics and its mass/inertia

properties. These are:

(1) The submarine is neutrally buoyant and trimmed at 7ero

angles of attack and b.ideslip, in straight and level flight.,

The centcr-of-buoyancy is on tho a-axis % feet above

the ctnter-of-gravity (the origin of coordinates).

2) Mass and inertia properties ar' calculated on the hnasis.

Otf a ho i llogeiltook proltato sphte roid. The sail is ig nored

in 11.1.1 .. /i norti . coiviputamions but included, where pos;ihloe,

in the (ihtetminiinati,, of hyd rodynant ic proptrtis,

I.I0. I-V I
IL%
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The metacentric height was computed on the basis of a linear interpolation

between submarines of lower and higher displacement (the Albacore and the

George Washington). The distance from the forepoint to the c. g. was deter.

mined In the same way. The propeller planes were located as far from the.

c.g. as practical, at hull stations fore and aft, where the diameter is approxi.

mately 20 feet. For simplicity the distances14 1 and4 4 in Figure I wore

made equal.

The physical properties of the postulated TPS hull are summarized below!

Symbol

Submerged displacement : 4300 long tons (7 weight) 6
Length 275 feet 2'
Max. diameter 32 feet

Fineness ratio : 8.6 /
Distance, forepoint to c.g. 125 feet I
Distance, prop. plane to c. g.: 110 feet, fore and aft /2

Metacentric height 1. 0 feet

4.2 PROPELLERS

A hub diameter of 20 feet was assumed for both the forward and aft propellers

and each propeller was assumed to be equipped with 16 blades with span 2 feet

and chord 1. 5 feet.

Propeller rotation is clockwise looking forward for the forward propeller and

counterclockwise looking forward for the aft propeller. Propeller geometry

is defined in Fig. 4-2 and the important propeller physical parameters are

listed below.

-• • I'•A(;-1 "'l, -V- 1



Symbol

Hub diameter 20 feet

Tip diameter 24 feet

Number of Blades: 16 A/
Max. rpm 50

Blade area : 3 ftA

Average radius : 11 feet

Average diameter: 22 f(ct

Collect-re and cyclic ,-ompcnents of blade pitch are shown in Figure 4-2.

l(•A(; It I V -I
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V

IIYDRODYNAMIC ANALYSIS

5.1 GENERAL REMARKS

5. 1. 1 TaskObjectives

The hydrodynamic analysis (summarized in this section) has the three-fold

objective of determining the (I) stability coefficients, (2) control coefficients

and (3) added-mass coefficients of the tandem-propeller submarine. Each

of the three sets of coefficients derive from the force interaction between the
proposed vehicle and its ;urrounding fluid medium. Traditionally, however,

the stability coefficients are defined as those terms that yield the six-degree-

of-freedom forces and moments acting on the vehicle as a result of the total

velocity of the vehicle relative to the fluid. The control coefficients, on the

other hand, define the six-degree-of-freedom forces and moments produced

by whatever control mechanism is employed. In the case of the proposed

vehicle, the basic control variables or inputs are the collective and cyclic

pitch of the forward and aft propellers, respectively. The added-mass

coefficients yield the forces and moments (for all six degrees of freedom)

that are caused when the vehicle is accelerating with respect to its surround-

ing fluid medium. Since these forces are proportional to vehicle acceicration,

both linear and angula r, they sum with the inertia reaction to.rils in the

Cq(tUations of motion; hence, tht, origin of the term "added malss".

SA(; .I6, 1 -V-I



5,1.2 Problem Areas

The most straightforward procedure for obtaining the hydrodynamic charac-

teristicso of the tandem-propeller submersible, (the assumed geometry being

given in Figure 4-1) would be model tests. Lacking test data such as would

be obtained from a water tunnel, towing tank, or whirling arm facility, it is

necessary to resort to theoretical predictions based on fluid mechanics
analyses and to extrapolation of empirical data obtained for similar geometric

forms.

Since the tandem-propeller submarine concept envisages the eliminatioi of

the usual fixed and movable planes and fins at the aft end of the vehicle, the

hydrodynamic analysis resolves to a task of predicting the force and moment

properties of a streamlined body of revolution as modified by the presence of
a vertical fairwater and two counter-rotating propellers wrapped circum-

ferentially around the forward and aft ends of the hull (see Figure 4-1). A

sizeable number of practical and theoretical problems immediately arise.

First of all, the stability coefficients of a body of revolution are determined

in practice by those properties of a real fluid that make the application of

potential-flow theory invalid. The flow aboit a slender body of revolution is

characterized by a large boundary layer and flow separation, plus a wake.

Thus, it is not possible.to theoretically predict stability coefficients any more
reliably than one can predict the drag coefficient. Lacking test data for the

specific geometry assumed here, it is, however, possible to obtain stability

coefficients by extrapolating from the body of test results obtained by

previous investigators.

In addition to the problem of interaction between the flow produced by the

fairwater and the three dimensional hull, there is the more serious problem

of hull-propeller interaction. From Figure 4-1, it is seen that the flow over

the hull will be influenced by the propellers and, concurrently, the flow field

alt tilt. propelle rs will be influtenced by the presence of the Iull. The form

1111d gimagnitude of those interactions depend, to a very large extent, on tile

ninigilit ule of tihe forward velocity (q) of tilt, stuib) ritA ..

It -I %



For the c-itm of high forward spe:ed, tho a .timptlon is made that the

velocities induced by the propeller (both forward and aft of each propeller

plane) are small relative to the forward velocity, q4 . Note thaz the axial

component of these propeller-induced velocities will increase the axial flow

velocity over the hull above that due to the free stream velocity. It was

estimated that the propeller-induced axial velocity could become as large as

twenty (20) percent of the free-stream velocity. Since the existing Reynold's

number (approximately l07) indicates fully developed turbulent flow (such that

the rate of change of force coefficient with velocity is small) it is believed

that the error introduced by neglecting the influence of propeller-induced axial

and tangential velocities on hull hydrodynamic forces is small. A similar

conclusion can not be made for the case of low forward speed and the hover

condition.

In addition to the influence of the propeller on the flow about the hull, there is

the influence of the hull on the flow seen by the propeller. For motion of the

submarine along the -;. axis only, the flow field is symmetrical at the plane of

the propeller, with the flow velocities in the inviscid flow field near the hull

being higher than the free stream velocity, C. . This increase in the inviscid

flow velocity is also accompanied by the presence of a boundary layer that reduces

the fluid velocities seen by the propeller blades near the boundary of the hull. In

the main, the departure from free-stream conditions is small for axial flow per-

mitting the justifiable assumption that axial motion of the hull has no significant

influence on the flow field existing at the plane of the propellers. A similar

assumption can not be made for the case of transverse motion of the hull and

the influence of the flow field (produced by transverse velocities) on the stability

coefficients of the propellers is discussed below in Section 5. 2. 1. 2. 2.

The phenomenon of propeller interaction is also deserving of attention. In the

case of high forward speed, the previous assumption that the propeller-induced

velocities are small relative to the free-stream velocity also says that the wake

of thot forwatrd p roptelhe r has little influence' on the flow fit-ld existing at the plane

of the aft plropeIhtr. As the t.andetn prop'leIt' r subtr.i ar io proct'eds trom high- to

,w. forwai rd spvidot ' raitituio , thi a ts a.- ilatim ion of on ,t i'l lt)t a cti' L',it iio lt'twv'oin pro-

1
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pollers beconies untenable. A qualitative discussion of the influence of the

wake of the forward propeller upon the aft propeller is given in Reference (2).

Some of the propeller interaction phenomena existing at zero (hover) speed are

discussed below in Section 5.2. Z. 2.

5.2 STABILITY COEFFICIENTS OF THE TPS

The stability coefficients that define the forces and moments acting on the TPS

as a result of its total linear and angular velocity are derived separately for

the cases of high and low (or zero) forward speeds. It will be seen that for the

low speed or hover case, the stability characteristics of the propellers can not

be derived in coefficient form nor can the stability forces and moments be

separated from the forces and moments produced by the control variables,

collective and cyclic pitch.

5.2.1 lligh-Speed Case

5.2.1.1 Hull Plus Fairwater Contribution

5.2.1.1., Evaluation Technique

The drag coefficient of the TPS hull was derived from the experimental data

presented in Reference (3). This reference presents data for a series of bodies

of revolution that are similar to submarine hulls. In v;ew of the uncertainty in

exact geometry of the TPS hull form, the drag coefficient was assumed to be the

average of the drag coefficients presented in Reference (3) for zero angle of

attack . The influnce of speed on drag was not determined in these tests
6which were conducted at a constant Reynolds number of 3.1 x 106. Since this

Reynolds number is sufficiently large to insure fully developed turbulent flow

(similar to that over the full-scale hull), the variation of drag coefficient with

It is rvcot~ni4ud Ilhat the 'UPS perf rmance computed for a spltcified in.,talled
hurse'powcr will ho :1 sensitive filnction of this ,.assuilmed draug coofficient.
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velocity can be justifiably neglected in the high-speed case,

As nientioned above in Section 5. L4 t is not practical to theoretically evaluate

the stability coefficients of a slander body of revolution. Hence, experimental

data were utilized to the extent that such data were available. Reference (4)

presents some "build-up" data for an early Fleet Ballistic Missile (FBM)

Submarine configuration with a fineness ratio (length of hull/maximum
diameter) of 11. 3. The hull form and fineness ratio were deemed sufficiently

close to the postulated TPS geometry (fineness ratio of 8. 6) to justify the use

of these data. The stability coefficients of the hull were obtained by operating

on the data using graphical methods. In addition, the force and moment con-
tributions of the assumed fairwater (see Figure 4-1) were determined using
the low-aspect-ratio hydrofoil theory presented in Reference (5). The fair-

water (sail) was assumed to be a flat plate and the aspect ratio wai determined

by correcting the span for the effects of htill proximity. The computational

details are not included in this report.

5.2.1.1.2 Tabulation of Results

The results of the above analysis were placed in non-dimensional coefficient
form in order to facilitate comparison of the hydrodynamic characteristics of

the TPS with those of conventional submarines possessing stabilizing planes

at the aft end. Table 5-1 summarizes the non-dimensional stability coefficients
C the TPS minus the fore and aft propellers and compares them with the co-

efficients of the Albacore. The most notable difference between the Albacore
and the TPS is the Albacore's significantly larger damping in pitch and yaw

,/4 and \>r ) andn vertical force (Z) due to vertical velocity(•.,) and

pitching velocity ( •- ).
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TABLE 5-1

Non-Dimensional Hull Derivatives (TPS & Albacore)

De iv~aire .TPS , Albacore

-. 002/1

7/' -0-/2.1+4.-/,'),Xo /0 - -0.-2,4
0 I

4t', -. ooa4 -. 0//8

ZA~u -.40/02.

50 -. 02 0.=I .

• -se OO÷7 e, 8pao gi4"

~-,00-976
-,004-007

Note:- (z IX'

TABLE 5-1 - 'r'atwulAtion of Nondclimensiunal Hull De rivatives
('I'PS •..d Alb.Acore)
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5, 2. 1. 2 Propeller Contribution

Any departure of the submarine from a steady course (represented by a fixed

value of axial velocity, q4 ) results in changes of flow through the tandem pro-

pellers and consequent force and moment inputs from the propeller to the

hull. Specifically, when the propeller has motion other thai' along its ,/. axis,

it is seen that the advance ratio will vary around the circumference of the

propeller. These variations in advance ratio will produce force distributions

on the propeller disc similar to the distributions produced by cyclic pitch.

Forces and moments will result that oppose the disturbance motions and

various cross-coupling forces and moments will appear, e. g., pitching moment

due to sideslip. Although an analysis has been performed to derive the stability

coefficients of a propeller in such a manner that the analysis is valid for the

complete speed regime (see Section 5.2.2), the work of Glauert has been employed

to obtain the high speed stability coefficients of the large -diameter-to-hub-ratio

propellers employed on the TPS.

5.2.1.2.1 Results Obtained by Glauert

In Reference (6), Glauert derived the stability coefficients of an isolated pro-

peller (no hub or center body) for the case where the disturbance velocities

, , s) are small relative to the free-stream equilibrium

velocity, ( • This analysis assumed the propeller blade angle, 6' , to be fixed

and the load distribution on the blade to be known. Two forms of engine-power

function were considered. One function states that the ratio of engine power to

engine rpm is fixed (i.e., 2/177",1 a constant); the second function states

that engine power is varied to maintain propeller rpm fixed. In the latter case,
the speed-torque characteristics of the engine do not enter into the derivation of

the stability coefficients.

Table 5-2 sumtiaritzx the stability derivatives of-a prop,,ller as obtained by

Glauert who used bladc-element theory and neglected the influence of inflow and

swirl. The lmnubda p.tratieters shown in this table iare defined by Glaucrt as -

Mx; I1 -V-l
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and I' and/,K are the thrust and torque coefficients, respectively, of the pro-

peller. On using blade-element theory, these thrust and torque coefficients can

be expressed as

r = =

Since propeller rpm will be considered as fixed in the subsequent stability and
control analyses, it is only necessary to evaluate the AT and Xq parameters by

properly formulating the derivatives of the thrust- and torque-coefficient ex-
pressions. Accordingly, the /\, and/\ parameters have been evaluated as -

AT

Note also that the parameter, / appearing in Table 5-1, i6 obtained from the
following relationship appearing in Refcrence 6:

&2
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/ilada-tip radius

dlade-root radius

blade-tip radius

where • -Nfa fr
blade-root radius

- thrust per tý uit length of blade

"T'= radial distance along blade

In order to apply Glauert's results to the calculation of propeller stability co-

efficients, one ritua establish, first, the tr.:rn conditions of speed ( q0 ), thrust
and torque (/O 'And /,Id), blade pitch nwi.c ( 4" ), and blade flight-path angle

( "4'0 ). Also required are the slope of the lift curve and drag coefficient of the
individual blade element,. These basic hydrodynamic quantities were evalu-

ated by assuming each propeller blade to be isolated and, effectively, a semi-

wing. The curvature of the wall (hull) was neglected and the lift-curve slope
was evaluated for the blade geometry described earlier by making the elassical

aspect ratio correction (see Reference (7)). The following blade hydrodynamic

characteristics were obtained:

3.59

.015

S: .119

5. 2. 1. 2. 2 Effect of Transverse Flow Around Hull

As mentioned in Section 5.1.2, the flow field at the propeller plane when the pro-

peller has a transverse velocity relative to the fluid will be altered by the pre-
sence of a body of revolution centered within the propeller disc, The local flow,

as caused by the presence of the center body, can be approximated reasonably

0 ' A G - 16 1• .1- V - I



well by evalu.ting the two-dimensional potential flow around the circular cross

section of the hull, The local flow velocity caused by either a heaving or side.

slipping velocity,,zw- or/0"t , is given by (see Reference (8)) -

/ local -" O Cola -

where A.P,, and't,' refer to the velocity of the propeller as defined at the origin

ot an axis system fixed in the plane of the propeller. Note that the local

velocity varies around the hull as a sine or cosine function of the blade azimuth

angle, o- , in the same manner that the free-stream velocities, w-p and 4, ,

alter the tangential velocity in a blade elemcnt when no center body is present.

In view of the identical functional form, the integration process involved in

summing the forces on one blade over a complete traversal of azimuth angle,

S, is not altered but there is a twofold increase in stability forces c.Aused by

transverse velocity when a center body is present. This correction has been

applied to the derivatives Mý ,/•j .7, andZ shown in Table 5-2.

5. 2. 1. 2. 3 Tabulation of Results

The above presented stability coefficients apply to one propeller only and to

propeller axes, where these axes are parallel to body axes but have their origin

at "/_. = Z , fore and aft. Thus, the following relationships must be used to

sum the contributions from the fore and aft propellers such that the combined

coefficients or derivatives refer to motions of the c.g. of the TPS:

A - , , V - .



TABLE 5-2

Tabulation of Propeller Derivatives (One Propeller)
Sign Change for
Counte rclockwise

Clockwise Rotation Looking Forward Rotation

p -

Xt, i+ 2Fo, ()/< 0  No

X + 2F 0fx ()/. . Yca

Y N"-ol-.olc,-a,)/- No

Y[ +2* i.01fa(iq/l& o ye,

i/

p + A0Ye

K'a No

Ku. + toys-rA) /U, Yes
p -

F4(÷i)) •t/ lX+ -? a

'I'AIl I': 5-Z - rr~th1lL~tioil of l~roj'cltllr Dt• riv.ltivc . (O~iu ProlptiLter)
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Tho total stability forces and moments produced by the propellors are thus:

-p x](;-p( C, ** + PI

K- P 'P + K

++ + -

9 : 'i ,'\1 I(, I-V I

-- -,. •.~ 
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If it is assumed that the fore and aft propellers are symmetrical and are

operated at a constant propeller speed with the forward propeller turning clock-

wise and the aft propeller turning counterclockwise, then insertion of the proper

propeller coefficients (from Table 5-2) into the above force and moment sum-

mations produces the following results:

" ..f).Ra - ,,•

+ [2 k, F,

-• ~~~ ~ ~ ~ ~ n &7 21 (.- ,J . -

-G26 - V-



The above force and moment summations are expressed in terms of the trim

thrust and torque (F) and/i) of a single propeller and in terms of other trim

quantities such as I(, # ,1 eAr o *Xq and AX . For unbalanced operation

of the propeller*, the above summations are not valid but must he redorived

taking into account differences (between the forward and aft propellers) in
S' ,A9' f) ' and the lambda parameters which, in turn, are functions of

•' and .

5.2. 1.3 Combined (Hull-Propeller) Coefficients

The stability characteristics of the hull-propeller combination can be put into

derivative form such that the equations of motion reduce to their simplest form.

Since the hull stability derivatives have been tabulated in non-dimensional form

and the propeller forces and moments have been evaluated in dimensional form,

the decision was made to dimensionalize the hull derivatives and to sum these

derivatives with their propeller counterparts. Accordingly, a set of dimensional

stability coefficients is obtained based on perturbation velocities such that the

total hydrodynamic force and moment acting on a TPS (exclusive of control forces)

can be expressed as follows:

Zx= +x,,
X +:X,

'ZK K,, + KP/+ + +t + -"
Th-v iq• , qt•t are e a+d i-2

The derivativesq in the ahoyvn equations are defined and tabulato:d in Tahle 6-2,

AO - 61.



5. Z. 2 tloverind Case

5. 2. 2. I General Remarks

The propeller forces and moments plus hull forces and moments produced as a

function of velocity disturbance variables for the case where Lo is small or

zero are derived in this section. It should be noted that the below hydrodynamic

analysis is preliminary and should be considered tentative until such time that

these results can be checked further. One drawback with the analysis, at the

present time, is that the definitions and terminology used in Reference (9) are

employed rather than that employed in the remainder of this report. Neverthe-

less, the results serve to indicate the general nature of the problems that will

be encountered in performing a stability and control analysis for the hover

condition.

The analysis made to evaluate the low-speed propeller forces is based on an

analytical procedure believed to be sufficiently general that it permits the

derivation of propeller forces and moments throughout the speed regime. Only

the low-speed solution is given here, however. To avoid mathematical detail,

only the, bare outline of the procedure is given with the final result obtained for

the )( -force presented in the body of the report. The remaining five force and

moment expressions are given in an appendix.

A tentative formulation is made of the forces and moments produced by the hull

at low speeds. When this analysis is refined and reduced to a quantitative basis,

it is anticipated that these body (hull) forces will be small relative to the forces

produced by the tandem propellers.

5.2.2.2 Propeller Forces

With reference to the following sketch, blade-element theory yields:-

V/

plane of
propeller
rotation-
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Z 6,-) •tA V 6r) •(CO- tti L• 5,

where VAa") total (local) water velocity relative to the blade,

ft/sec.

local tangential velocity relative to the blade in

the plane of the propeller, ft/sec.

local axial velocity relative to the blade, ft/sec.

In contrast to the assumptions made for the high-speed case, namely, that (1)

propeller forces caused by disturbance velocities are independent of the blade

angles of attack caused by changes in blade pitch angle, & , and (2) changes in

blade angle of attack produced by pitch-angle change cause variations in pro-

peller-induced flow that are negligible relative to the free-stream velocity, L(a,

it is necessary to include all sources whe."eby V , V , , and " vary

around the cir:umference of the propeller as a function of the blade azimuth

angle, C . Both cyclic pitch and body (hull) motions will cause perturbations

in t and V and, hence, in the total velocity, V" Conarmeration of the

prevailing kinematics and geometry yields the following for the local axial and

tangential velocity components:

"Tho zero referenco for the blade az.imuth ang, let, " , i1 th01 pos;itiv ; iS
as in l.efervnce 9.

I-
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where

-=propeller-induced axial inflow velocity resulting

from momentum change through the propeller

Note that '(o") t t71  0) (5-4)

When (< = qO (large value) and IV =,4/'-- - :. -, is

dssumed negligible, and Equations (5-3) and (5-4) reduce to

Equations (5-I) and (5-2) for lift and drag, together with Equation (5-3), yield

the instantaneous force on a single blade as a function of blade azimuth angle,

where the blade angle of attack and the total water velocity relative to the blade

vary continuously around the circumference of the hull. Since the frequencies

at which the hull responds as a rigid body are extremely low compared to the

frequency of propeller rotation, it is evident that only the average force exerted

by a propeller blade will affect the hull motions . The average force per

revolution of a single blade times the number of blades is the 4ame as the

summation of the forces 'in each blade at a given instant of time. For example,

the total average axial force, ,P , can be obtained by the following integration:

Z
where

V = number of blades

"Statemnt is true in the stability sonse. Ihull vibrations are, howtver, very
mtuch a function of the periodic propeller forces even though the mean value
may recdce to ze ro.
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The integration procedure indicated in Equation (5-5) would be used, In similar .. ,

fashion, to derive the remaining force and moment components produced by the

propeller.

Examination of the blade-force equations (lift and drag) indicates that they are

nonlinear, for example, in ý and V . The above indicated integration is

facilitated by linearizing the terms in the force equations about the trim speed.

Expansion of G (i.e., the inverse tangent expression, tan' 4 ) in a Taylor's

series and linearizing by retaining only the constant and linear terms leads to:

/ +

where q( is t!,, trim equilibrium speed. At the trim advance ratio, C4 ,

of l.0 this expansion gives good accuracy in the range 0. 85, < " H .<15. Simi-

larly, the total velocity, / , can be approximated by means of the binomial

expansion:

VV- - (v

In the case of the inverse tangent expansion, the quantity - is treated

as a small quantity and in the case of the total velocity expansion, the quantity

J!.~-.is treated as a small quantity. In these expansions, only first

powers in the motion variables, , , 7 1 , •r-. andw-r, are retained.

Products of these terms are also neglected in the derivation of the final force and

moment expressions.

MA(;- 16t I -V - l 7



Fvaluation of the induced inflow velocity, f.4 can be carried out by means of a
combinediiitting line and propeller momentum analysis, As a consequence, tZ
can be expressed as a function of the trim collective pitch, 4 , where the total
pitch angle of the blade is defined (similar to Reference (9)) as:

&(,-)- S. "C, sin , c ,osa-

The above procedure is equivalent to stating that the induced velocity and thrust
change with the collective pitch angle without lag. Effects of the cyclic pitch on
the induced velocity are neglected and the cascade effects are neglected. Note
that the adequacy of the first assumption (neglecting the effects of cyclic pitch)
depends on the operating condition. It is a good assumption for high speeds where
the propellers are operating at high thrust levels and is a reasonable assumption
for that low speed (or hover) case in which the propellers ara operated at high
thrust levels by "bucking" one propeller against the other. It is possible that
further analytical work could permit one to relax these assumptions.

For the case of low or zero forward speed, the terms in the blade force equations
are linearized about q, = 0 . The expansions and integrations have been carried
to completion for the low speed case and the results for the six forces and moments
are presented in an appendix. The result obtained for the X force is given below.
Note that this expression is not valid when ( K + ý,, ) approaches zero - a possible
operating condition when the thrusts of the propellers are opposed at low speeds.

X] IAI y) £ ,9nfIW A) - + 2a,~~

~ ~ 1 ... ... IZ I II I f e I I I -a I

(5-6)

+ b(t ~KJ
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C -mean blade chord

yielding

') 681 S'- 0. 600 -

Examination of Equation (5-6) shows that there is coupling between control

deflections and motions of the hull. As will also be shown later for the high

speed case, there are cross couplings between the various components of

control deflections. Accordingly, Equation (5-6), (plus the Appendix) indicates

that a stability and control analysis of the hovering case will be extremely com-

plicated, unless the indicated coupling effeL.ts can be shown to be small for

reasonable values of control inputs. These questions will be resolved during

the remainder of this study.

5. 2. 2.11 Possible Modes of Operation at Low Speed

Considerable flexibility exists in the choice of a low speed mode of operation.

These include at least the following:

(I) Front prop thrusting, rear prop non-rotating but trimmed

to counteract torque

(2) Rear prop thrus.LinR, front prop no.-rotating b,it trimmed to

counteract torque

(3) Both props thrusting

(4) Front prop thrusting, rear prop counter-thrusting

(5) Rear prop thrustin, front prop countero-thrusting

-M
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These cases may have quite different stability and control characteristics and

probably are quite different with respect to vibrations that would be induced.

This latter point can be visualized by considering two possible modes of vertical

translation at zero axial speed as shown on the following sketch:

Sketch 5a

Sketch 4a

In Sketch (4a) the wakes of the propellers approach each other. This would cause

a confused vortical distribution near the hull with possibilities for exciting hull

vibrations and propeller vibrations.

In Sketch (5a) the flow over the major portion of the hull is non-vortical, and the

wakes from the two propellers do not approach each other. Hencn., the Latter

appears to be the more desirable from the vibration viewpoint.

S~~18 A\(,-Il() H, V -1



5. 2. 2. 3 Hull forces and Moments

The hull forces and moments for the low speed or hovering cases are different

from those for the high tipeed case. In the low speed case the velocity

Ui = + " u' in very small. The lift (i.e., side force) generated by

the fairwater will be extremely nonlinear and is omitted here. The predominant

terms probably arise from the cross flow velocities, oV and,,we". In this case,

viscous cross flow theory can be used and the drag components resulting from

the velocities considered independently. These forces will also be nonlinear

and small but at least they can be defined with moderate accuracy. Their

inclusion is necessary for the definition of trim conditions when 0( 0 . The

following force expressions are obtained:
x co,,( • -" " CDI ,."

z.., 'M V d. 4., 3~.Zk Ct3 z ý'Ae

where:

CD, = viscous skin friction drag coefficient for the hull

A, = projected frontal area of hull plus sail

= velocity component along ,6 axis

= density of fluid medium

CD4 = viscous cross flow drag coefficient for the hull

Az = projected side area of the hull (assumed to be a body

of revolution)

C = drag coefficient for the sail in transverse flow (assumed

to be a flat plate)

A 3 = projected side area of the sail.
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A, "rPSd4

d=7 " maximum hull diameter

= height of sail above hull

t = thickness of sail airfoil

ýN =diameter of hull at station e)4

C = chord of the sail

Then

dZus e, ~&4 d#f.~A

and the terms like X ... >/ . . . are zero.

The moment expressions become

/r~~' r ,4 , e •

,AJ C~

N A?

where , = normal distance from / axis to center of

pressure of the sail

= normal distance from Y axis to ve'nter of

pre5ssure of the sail.

A.
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rh;3 drag coefficients must be properly evaluated, taking into account the con-

figuration of the hull and the Reynold's number. It would be very desirable to

have experimental data for the drag coefficients but in view of the lack of such

values, classical drag data for flat plates and cylinders must be used . Also

the expression for 4 (,74 ) should conform to the desired hull form. A properly

chosen ellipsoid of revolution would probably suffice.

5.3 CONTROL COEFFICIENTS OF THE TPS

The control coefficiants of the tandem propellers are derived beluw fur the

case where the TPS operates at a high value o! forward velocity, q, . (It

should be recalled that the control forces for the low speed or hover case can

not be expressed independently of the propeller stability forces. Consequently,

no analysis of the low-speed control forces is given in this section, since they

were treated in Section 5. 2. 2. 2 above, albeit in a preliminary way.)

5.3.1 Evaluation Technique

The propeller forces and moments arising from collective and cyclic pitch control

have been derived (using blade-element theory) by the Netherlands Ship Model

Basin and presented in Reference (9). The derivation is briefly reviewed here

in order to obtain expressions that are consistent with the terminology adopted by

CAL and to further account for the different zero reference used by CAL in de-

fining the propeller blade azimuth angle, d- .

Consider the hydrodynamic forces on one blade. Using blade element theory:

In the absence of experimental data, one should base G, on the skin friction
drag and total surface ared, on drag data for cylinders, and C. on the
drag of a flat plate normal to stream direction,

S• l AG-l I.l--V -
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where V , the blade velocity with respect to the water is

given by (see Figure 4-2):

and straight and level flight at high-speed is assumed.

Interaction between the propellers is neglected as are

inflow velocity and swirl.

The lift and drag forces are first resolved in directions parallel to ,X and tangent

to the average blade circle (in the propeller plane) and then along.1 - ?, o *, to

yield expressions for the propeller control forces. Using the notation and

symbols of Figure 4-2 the instantaneous forces/moments, written in propeller axes,

are given by:

% -jeVANQ

517 C-> j(5-10)f1-, / IF/

M•= FI r 1 "

in which the notation /ft designates the sign of the term according to whether

the propeller in question is forward/aft, and Fand /M-/ are the lift anddlr,ig

resolved along 14 and tangent to the average radius 1j . As in the case (if th,.

stability forces in 5. 2. 1. ,2. 3, balanced operationi is assumed. If this is not the

case, differences between the forward and aft propleller, must be taken inti

account in (5-7) thrii (i-t3),

G-16 • -1 -V -I
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By substituting (5.7) or (5-8) into (5.9), (5-10), (5-11), (5-1/), and (5-13),
letting o( mIo.s- S0 o"4-g.CoaC", and integrating over one cycle with
respect to the propeller angle 0-, the equations defining the average
forces/moments can be written in body axes as:

y: ?. z ",,{C, ,,+C<,• d[Q. 6j Q. f

2 
2

MY : V14 -4 2 "A.
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Some interesting properties of the cyclicly pitched propeller can be seen from

Equatiom(5-14). In particular, attention is called to the following:

(1) Thrust is derived primarily from collective pitch, but in

diminished by the profile drag term 5171'Co, and the in~iuced

drag term (77 0 to S÷, If The latter is a junction of

collective pitch be and cyclic pitch 'a and

(M) ) force is obtained by applying cosine cyclic pitch (

but is dependent also upon the level of collective pitch

( 60 ). (A similar remark holds true for Z force).

(3) The forward (clockwise) propeller produces a negative

roll-moment which, for balanced operation, is cancelled

by a positive roll-moment due to the (counterclockwise)

aft propeller. As in the case of thrust, there is a coupled

roll-moment due to cyclic pitch. Notice also, that since the

coupled moment is due to induced drag it is independent of

the signs of and

(4) The pitch and yaw moments Mc and /C contain pure couples,

generated at the propellers (as indicated by Equations (5-12) aiid

(5-13) and due to the fact thatF is not axial), as well as moments

generated by the propeller forces 2 rc and Yr . As will be seen

later these pure couples are small relative to the terms Z.' ./p.

5.3,2 Reduction to Coefficient Form

The control forces and moments given by the set of Equations (5.14) can be

reduced to coefficient form to facilitate the ensuing stability and control investi-

gation. The eventual numerical evaluation of thetse coefficients will demonstrate,

il part, tho cxtnt tu which the variuub coutrt•l. crotss couplings are signific.ant.
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A more conclusive answer to what degree these cross-couplings are significant

is obtained from the simulation study discussed in Section VII.

in Equations (5-14) lot o 4O +4$ - , i.e., the angle of attack due to

collective pitch is equal to the trim collective pitch, ,o , plus the change in

collective pitch,4 57 , minus the trim flight path angle of the propeller blado,

•O 'Next, perform a partial differentiation of Equations (5-14) with respect

to each of the control inputsAS , S, , and & . The method is illustrated

below by differentiating the equation for the X control force and defining the

resulting coefficients. (The coefficients resulting from differentiating the re-

maining five equations will be tabulated without discussion).

On letting 4v -- 4 +d9 - Yo , the basic expression for thrust of the forward

propeller is:

V4 APV 4M/C0co Y0 4-4 Yo ECi' Djc,2*

Noting that V: L4 ,51C. becomes:

Letting

- X- =X (xA X

Z A I-V - I



and taking the partial derivatives indicated, the,)S -force coefficients

become (after the substitution 0(, 4 Is made):

X ~ ~~ cot V"e.~~ 0

X_- -!/ - 'a //q

For simplicity, let

The force and moment coefficien~s for the remaining axes can be arrivec' at. in

the same way. These are liste.d below (for the iorward propeller):

AGX II qV-I
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S(A/ s ) = /),

Using the above force/moment coefficients the following set of control force/

moment equations result. Balanced operation is assumed, with forward pro-

peller and aft propcllcr coefficients being equal in magnitudo.

M 16 11 -V- I



Notice that except for the trim thrust t_ (the trim moments cancel for balanced

operation) the above set of equations describe perturbation forces/moments since,

if a46 O. they•reduce tozero.

If the trim term in "-1S) is ignored for the moment, the control forces and moments

are seen to consistofasetof primary control terms and a set of cross-coupled or

cross-axis terms. Let the control inputs, forward and aft, be defined in the

following way:

-axis (force) control input .Cz
S-axis (force) control input Z f

-axis (force) control input - gK f cT (5-161
-axis (moment) control input = SK1 A" S+ 0

"•"-axis (moment) control input = 5
axis (moment) control input =N = "

The primary control terms are then:



X: X, 1

A/: Ai M,
and the undesirable cross-coupling terms are:

Notice that most of the couplin,. terms arc non-linear, since they involve the

squares and products of the control inputs.

-50 A; 16 •I-V -I"•
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5.4 ADDED-MASS COEFFICIENTS

For the purposes of this study, the moments of inertia of the TPS were computed
by assuming the submarine to be a homogeneous ellipsoid of revolution. The
coefficients of apparent mass and inertia were derived from classical sources in
the literature, again assuming the submarine to be a prolate ellipsoid. The
numerical results are tabulated in Table 6-1, where the terminology employed
for defining the real and "added" masses and inertias in that established by

SNAME.
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VI

EQUILIBRIUM EQUATIONS AND NUMERICAL DATA

6.1 THE SIX-DEGREE-OF-FREEDOM EQUATIONS OF MOTION

In Section V the propeller and hull hydrodyitamic forces/monments were written

in perturbation form using dimensional derivatives which incorporated both

the hull and the propeller effects. These forces and moments were defined

as: •.X Y #-- ' ,-a 'j # ,I,. M , ! ý . The propeller

propulsion and control forces/moments were also discussed in Section V and

designated )(, , " .I *C I Kc. P tA C_, 0 J . . If the gyro-

scopic terms are added to these two groups of body forces/moments and the

results are equated to the mass/inertia reaction terms, the complete six-

degree-of-freedom equations of motion, in abbreviated form, become:

AG16 11 -V -I
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In 6-1, HI and ks., are the forward and aft propeller angular momenta,
giving rise to the gyroscopic moments indicated. These moments are zero
if the forward and aft propeller speeds are the same and the effective polar
momcnts oi inertia are equal. Note that as a consequence of the assumption
that the submarine is a body of revolution, the X. - - axes are prin-
ciple axes and all products of inertia are zero.

6.2 TRIM CONDITIONS - TWO PROPELLERS OPERATING
Using the set of equations which define the control forces/moments (Eq.5-14
a:id letting the cyclic pitch components ( S, and 1,. ) and the change in
collective pitch (A L ) be zero, the trim equations result: (the notation
designates the sign for the forward/aft propellers)

Flyo c~4 ~ A S11'JCI Y,~ -- CC4 +L CL (6 -2)

Mit V (6-3)

NotL that, iii •avaight mund lovvi flight, all olhor componctts of 'ul. t ol i(krcc/

11oiewgit are At, Vo.

5( AG-16 1-v-I



In order to establish the trim conditions for the high-speed case# expression

6-2 is equated to the hull drag. Thus, for balanced operation of the propellers:

A parametric investigation of the effects of the variables #'. , * , ,
on propulsion efficiency and other performance factors would ordinarily be

made in a comprehensive design study. However, no such study was made

in the present program. Instead, the value of N suggested by Electric Boat,
Reference (10), was used and a blade of reasonable sise was chosen on the

basis of rough horsepower calculations. If the angle of attack corresponding
to maximum lift/drag is inserted into equation (6-5) a solution for Ye is

obtained. Forward speed and horsepower then become direct functions of

propeller speeda . Thus with:

N = 16

A 3 ft2

o4 1 .0 rad(max

:350

and propeller speed z 50 rpm, the forward speed and horsepower are:

Lo * 40.4•'sec (Z4 knots)

5740 hp per propeller.

Based on these trim conditions the parameters needed in the computation of
the propeller derivatives of 6,4 below are:
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-M
PX 0 •66, 100#

Mxo - -. 601, 000# ft

"A"/- 2.20

N I?-/- 1.75

The above set of constants were used in all of the high-speed stability and

control work to be described in S.ction VII.

6. 3 TRIM CONDITIONS - ONE PROPELLER OPERATING

Under certain operation4 conditions it may be necessary or desirable to

operate the TPs with one propeller running and the other one locked. The

results of a brief investigation of the required trim settings for this mode

of operation are described below.

The following principal assumptions were made:

(I) The forward propeller is rotating in a trimmed condition at

some blade flight path angle 4c and angle-of-attack c/f

corresponding to trim pitch S~ ('' , 1 and S,.fre
zero). The submarine is in straight and level flight.

(2) The aft propeller is locked with the blades set at some angle

of attacke , , J .,. being -ý .

(3) The lift curve slopes for the forward and aft propellers are
the same (i. e., the cascade effects are the same).

The conditions to be met are (a) net thrust = total drag and (b) the sum of the.

X -moments zero. Using equations 6-2 and 6-3 these cons-traints can bc
expressed as:

A(,-1631-V-1.



C05 ~ f (CA+f CL2 C4Zýj 66

in which the hull drag derivative is assumed to be valid at the total speed

4 , and

- APVZ&AW(CL'40.q Sin~ + Cos ECJ-+f1CL'o (6-7

Expression 6-7 can be solved for the aft angle-of -attack:

11•.- C• co(f S1 A .+ Cos•i ( g, Cl CL ) (6-8

which is seen to be a function of Y.and 4 only( = Co'ec.. )

and not directly dependent on the speed parameters ( XL or UA. .). For any

particular set of values and cI)C, •/. is found from 6-8.

If the expression for c/,. given by 6-8 is substituted into the thrust-drag

equation 6-6 a quartic equation in the variable oU can be written, in which

the coefficients are functions of 'f and the physical constants of the system.

This equation, 6-9, will contain within it the thrust-drag constraint as well

as the moment balance constraint. The expression is:

(6-9)

where CL
and A

C To výsy

:• 5 0( A G - 10 1-1 - V -I "
< AIz
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lEquation (6-9) was .olv0jd for vartous values of l bttween 5" ind 30. N, o
.ý 1values of 4 which .are physically r;dl•aizale and which ourroeHpOnd to the...

are plotted in Figure 6-1. Almo shown in the figure are the corresponding

settings of the aft propeller, found from equation (6-8).

hlltving determined the permissible aet of and 4 which will satisfy the

thrust-drag equality, and the corresponding (,, needed to achieve roll-moment

balance, it is necessary to next consider forward propeller power. The

forward propeller power is:

So / p(oo) (6.10)

Using equatttion 6-3 and on nondimensionali~Ang (6-10) by dividing by hPQ U.,
one obtains , nondlimensional power equation:

In Figure 6-2 is plotted versus , the forward propeller (blade) flight-

path-angle. A minimum occurs around 230, corresponding to 4 of about

4.8* and 4A. of about 1. .. '1^.

In order to observe the trend in the variation among the variables (o (forward

speed), -In (propeller angular o"loc..ty) and horsepower, two sets of calcula-

tions were made: one at variable and max nL (50 rpm), mticd one -it

constant and variable L . The forward speed is common to both sets

of calculations. The results (approximate) -ire:

E I~xtraneous values arise from the squaring operation involved in celiminating
dCi. and neglect of the absolute Vable limitation on the induced drdg for the
a•ngle raongi, co:iside red.
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Constant(max)f.A, 50 rpm Constant

P~ Us/prpm

10.16 1O° 478 .021 23° 202 .050 20.8

15.5 15° 882 .018 23° 720 .022 31.7

24,,5 230 Z820 .0087 23° 2820 .0087 50

27 25' 3780 .0072 requires rpm >50

Figure 6-2 shows that in order to operate at maximum 140.p(minimum ,0 .5
at all speeds, a 4 in the vicinity of 22 or i3 degrees should be used, and
this is borne out by the tabulated data. Since 4 = 23' corresponds to

0f = 4. 8' and, since the 4 corresponding to (0 f max L/ 6  )* is closer
to 25', the question arose as to whether computational inaccuracies may have
crept into Fig. 6-2 to mask a minimum closer to 250. However, a check of
the computations used in this figure indicates otherwise. Apparently then,

optimum operation does not occur at (max " ).

Aside from any question as to what are the exact optimum operating condi-
tions, it is obvious from the above computations, that operation with one,
propeller locked is practical and that speeds of about 2? ft/sec (16 knots) are

possible.

6.4 NUMERICAL DATA

All of the numerical data used in connection with the stability and control

studies are collected in this section.

6.4.1 Physical Data

Physical data for the hull and the propellers as well as trim parameters for

balanced two-propeller operation are given In Table 6-1 for the high-speed

case.

S(max 'j) 5. 7
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VV'9.63xIO"~ .
A - 4300 LONG TON.5 4Z 10 (r-wNApT,) ~ 2~94.3 x &SLUGS

- 2 7.5' 32' -k1 q!a.t

1V= 1197M4c

JY +m4z3) '9XIO'() 3-1X

I1, K5 Y I 6- 2227 /0I'

f 1  .11 A kfL .211
OC .'elradc. Fx 0 64, 1 lrp

S5.Z5~% ('50RF) D 2,2' A1x 601,000 &/~yrojp.

TABLE 6-1 - Physical Data
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6.4. 2 Hull and Propeller Hydrodynamics

The non-dimensional stability derivatives for the hull (Xq lylJ.I etc.) and

the dimensional derivatives for the propellers. O(.( , , etc.) are not

listed separately. Instead, these derivatives are listed together, in Table

6-2 where their combined effect is accounted for by the "total" stability

derivatives (Xf. ,V" I etc.) noted earlier in Section V. In Table 6-4 the

relative effect of each contribution, hull and propeller, can be noted and

their sum compared with the corresponding derivatives of a conventional

submarine. The particular conventional submarine for which data were

available at the time of writing this report, is the Albacore, although

eventually it is hoped that comparison with a submarine of the Thresher

class will be possible.

Most of the values for the hull and propeller derivatives given in Table 6-2

can be passed over without comment. However, there are a few of these

derivatives which are worthy oi a few remarks.

(1) Although at high speed the contribution to 4 Xu,(rate-of-change-

of-drag with change in forward velocity), due to the propellers
is much larger than that due to the hull, the relative contribu-

tion to total drag at 40. 41T/ sec is: hull drag - 132, 000#,

propeller drag '- 8100#. The propeller drag, for two propellers

operating, can be computed from the negative component of

the trim thrust given in equation (6-2).

(2) The propellers contribute a significant amount of damping in

heave (a- ), over that due to the bare hull, but not enough to

match the effect of the empennage in a conventional submarine.

(3) Although the propellers contribute significantly to damping in

pitch (NMt) and damping in yaw ( . ) over the bare hull, the

contribution is not as effective as the empennage in a conven-

tional submarine.

6,,- 1O ) (I -t-V-l
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6. 4. 3 Control Coefficients
The numerical values for the primary control coefficients, along with the
corresponding designated control inputs are given in Table 6-3. By way of
comparison with a conventional submarine, the Albacore 3 -force coefficient

(j.) is about three times as large, and the pitching moment coefficient

( MI ) about four times as large as the values in Table 6-3.

The control cross-coupling coefficients are listed in Table 6-4. The effect
of these cross-coupling coefficients on control system performance will be
discussed in Section VII.

i6.1 AG- 16 1. .-V-1N
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VII

STABILITY AND CONTROL STUDIES

7. I GENERAL REMARKS

The stability and control properties of the TPS are an essential element of the

total number uf factors that bear on the engineering feasibility of the TPS

concept. In the most general sense, the concept under investigation postulates

a control configuration that has greater control effectiveness at low (or zero)

speed, plus greater flexibility in producing control forces and moments at all

speeds, than a conventional submarine. This gain in control capability is

also accompanied by a loss in dynamic stability (including a loss in control

effectiveness at high speeds) as a result of the elimination of the stabilizing

surfaces (fixed planes and fins) found on the conventional submarine. This

means that the TPS will not reach any attitude, depth, or heading trim when

proceeding forward at high speeds unless the hydrodynamic forces and

moments that cause the submarine to diverge from the intended path are con-

tinually corrected or counter-balanced by control-force and moment inputs.

This continual correction task can be done either manually by a human con-

troller or by an automatic control system. If the stabilization task is under-

taken by the human operator, in addition to his maneuver-control task, the

magnitude and difficulty of this task enters into the assessment of the handling

6 AC 163-1 - V -Il
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quaiLtt:e of the submarine. Although it may be possible to stabilize and control

the TPS by manual means, the extent to which a human operator(s) could do

this in acceptable fashion is open to question. A glance at the response of the

unmodified (i.e., operated open loop) TPS (see Figure (7-1)) shows that when

qoz 40 ft/sec., the pitch angle, 6 , diverges about 15 degrees in about

IS seconds. Accordingly, a basic promise in this stability and control investi-

gation is that automatic-stabilization methods must be employed.

The need to employ control forces and moments for stabilization purposes

immediately poses the question as to what extent the stabiliiation function,

whether done manually or automatically, will detract from the maneuverability

of the TPS. If part of the available control power must be used to offset the

existing destabilizing hydrodynamic forces, then the total available control

power can not be used for maneuvering purposes. In essence, this is the cen-

tral issue of feasibility from the stability and control point of view, namely,

to what extent does maneuverability suffer from the requirement to stabilize

with the control function. Of course, there are secondary stability and control

questions, e.g., to what extent are problems created by the pitch-yaw and yaw-

pitch couplings that are present in the cyclic-pitch control process.

The major purpose of this initial feasibility investigation is to resolve this

central issue of stabilization versus maneuverability and to consider, where

possible, all those characteristics of tandem-propeller control that have a

bearing on the feasibility of designing an actual control system. The overall

task remains to be completed within the time perioi of the existing contract.

To date, however, it has been possible to obtain a preliminary reading on

whether tie TPS has sufficient control power to provide for both stabilization

and maneuvering at high speeds. A comparison of the high-speed maneuver-

ability of the TPS with that possessed by conventional submarines remains to

be accomplished, however.
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Those investigations of the dynamic behavior of the TPS, completed to date,

are described in the following sections. The (1) use of linearized equations

and (2) the elimination of second-order forces and moments (arising from

control couplings) facilitated a limited amount of theoretical analysis. How-

ever, the bulk of the stability and 4:ontrol investigations, describcd herein,

was accomplished with the aid of analog computer simulation. Representative

machine runs are included.

7.2 THE LINEARIZED EQUATIONS OF MOTION

Section VI presented the dynamic equations of motion (6-1) tht describe the

six-degree-of-freedom response of the TPS to control forces and moment,%.

Equationq (6-1) are nonlinear for large motions, since they contain products

of dependent variables as well as the trigonometr~c functions introduced by

the Euler angle transformations. If small perturbstions from trim are

assumed, it is legitimate to (1) make the small-angle approximation that sin A

tan A - A and cos A = I and (2) neglect the products of perturbation variables.

Equations (6-1) then become (for symmetrical propeller operation);

XX
+we- e 0  i'

W Yd ' (7-1)

#RC

1~2pF

Ac 6' AQ-'l, i I-V- I
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Note that the forward-velocity disturbance varidblo, • , (lops not enter into

the last fLive equations of (7-I). The latter, therefore, define the response of a

five-degree-of-freedom systam in which the forward velocity, 140 , remains

constant.

If we introduce the transformation

, = - ,. fsin 6 + ; 'co ,

where j is the vertical velocity of the submarine reiative to an earth coordinate

system and then make use of the small-angle assumptions, there' is obtaineC

S= -- Ito 0 + ý (7-2)

Substituting Equtations (5-0) and Equation (7-2) into the last five equations of

(7-1) yields:

W""3 + -- [ O - MI,) 46 Us "(7-3)

0 ft? -0I+ -L Mw . :tv-N -A fc

N: -, N.I ::F

The control forces and moments appear on the right hand side of Equations (7-3),

and have been defined earlier by Equation (5-15). If the nonlinear, control-

coupling terms are not significant in the operating regime, Equations (7-3) be-

come a set of linear differential equations and the dynamic behavior of the TPS

can be investigated using methods of operational calculus. Note that examination

of the depth-changing behavior ha:i been facilitated by transforming the buciy-axis

variable, " , to the earth-referncvd variable,

6(
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7. 3 ANALYTICAL STUDIES

A brief analytical investigation of the simplified pitch/yaw dynamics of the

TPS was undertaken an a first step towards accomplishing the stability and

control work oitlinecI above. Recognizing chat this was to bc folluQ,,td by ,6

more complete examination of submarine dynamics via computer simulation

the objectives of the study were limited to (a) obtaining an understanding of

the basic uncontrolled * behavior of the TPS, and (b) outlining the control

system requirements for pitch, depth and course control of the vehicle.

The uncontrollcd pitch-plane dynamics of the submarine can be described

approximately by the M and ? equations of the set (7-3). Focusing

attention on the response to applied pitching moment and deicribing this
pitching moment simply by VM59 the following transfer fuiction results:

( S is the Laplace opurator)

=~ r MS -S3-1w (7-4)

In a similar manner, the simplified yaw response to a yaw moment N FS
can be obtained from the Y and N equations of the set (7-3). It is:

S VWIZ -v-zI4J. .... > v-J4-(Maj 0.o)$.Y
If one now substitutes the tiumerical values of the physical constants and
stability derivatives indicated, each of the resulting characteristic deter-

minants (i. e. the denominators) of (7-4) and (7-5) will prove to possess a
negative coefficient. Thus, the uncontrolled submarine is unstable in both

pitch and yaw. Mathematically, this instabilitl arises primarily from the A

magnitudes and signs of the angle-of-attack/sideslip derivatives /fw and

', The word "uncititrulled" is used to describe thi' dynamics of ti e TPS

without stability augmentation through automatic control.

S70 I
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but is also due to other dynamic effects. Physically, it arises from the
fact that if 0 or P are disturbed, a hydrodynamic upsetting moment rather

than a righting moment, is developed.

Accordingly, the functions of any automatic control system designed for the

TPS should be (a) to stabilize the inherently unstable vehicle, and (b) to

"shape" the dynamic behavior of the vehicle to desired specifications. Taken
together these two functions constitute what is often called "stability aug-

mentation';

Based on approximations to the higher order transfer function represented

by (7-4) the pitch-plane analytical investigation was carried to the point of
determining crude ranges for stabilization gains for the pitch axis. Since
this work formed the basis for, and was corroborated by, an analog computer

study (see below) it is not described here.

In the sections to follow, stability augmentation techniques which are applicable
to the mit --degree-of-freedom control problem in general are described
briefly. Attention is then given to the pitch-plane dynamics (including an

analog computer invesitigation). Finally, a few remarks are made relative
to the yaw-plarc dynamics.

7.4 STABILITY AUGMENTATION

Two stability augmentation techniques were investigated. In the first, called
direct-axis-stabilization (and abbreviated to D.A.S. for convenience), feed-
back control signals are selected which are functions of those motion vari-

ables which can be identified with the instability of the vehicle or with the

particular response which needs "shaping" or improvement. These signals
are then used to generate control forces and.moments in the same axis. For

example, the terna-('4 , which appears in the pitching moment
expression (Eq. 7-3), takes on a negative value when , For
the TPS this speed is about 1.7 ft/deu. Abuve this speed the vehicle

exhibits the instability previously alluded to. In order to stabilize the pitch
axis let the blade atgle variable which producos pitching moment, M, be Z

defined by:
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.... 6.

where SM, is the commanded value of £"i (i. e. the control-loop input),

EM is the actual blade deflection(s) and _ý and /• are pitch-rate

anad pitch-angleo L.-ui1,-€C reopectively. By proper choice of the gains /'j

and F#' one can modify the coefficients in the transfer function (7-4), which

would then bei(s). The inherent instability can be removed and, within

limits, the dynamic response can be -shaped. This effect can be seen in
another way by substituting (7-6) into the Mi equation of the set (7-3).

0 ~-0, 7fIW'vJP~f RO#W4*u7P-.'R" Off j Mj 4fýmvic (7-7)

in which Me. has been simplified to include only the primary control term

%4••. Although (7-7) shows how the rate and position gains • and

augment the damping and stiffness in the M equation of the unccntrolled
submarine, it does not, of course, show the complete effect of these feed-
ba,:ks on the characteristic determinant of (7-4). Note also that direct-

axis stabilization does not effectin any way the hydrodynamic coupling terms

and in (7-7). Coupling terms such as these produce higher-
ordered characteristic determinants, illustrated by (7-4).

In order to determine what benefits, if any, might accrue in reducing the
order of these determinants, a second stability augmentation technique was

investigated briefly. In this technique feedback signals which are generated

by motion variables in one axis are used to develop control forces/moments

in another axis. These feedbacks can be adjusted to effectively cancel the

hydrodynamic coupling terms and for thii rcaicn the method is called
decoupling stabilization. A control equation which illustratcs this is:
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Sl a - (7-8)

which is like (7-6) except that the "decoupling feedback#" Or i and 70"

have been added. If one now substitutes (7-8) into (7-3), as was done

previously with (7-6), it can be seen that by proper choice of and PI

the hydrodynamic coupling terms can be made to vanish. It will be shown

later that in the case of the pitch axis, illustrated ir. (7-8), the direct-axis

terms ffA and F# must be retained for reasons of stability. Hance,

in some of the analog computer runs to follow this technique is called

decoupling .plus.direct-axis stabilization.

7.5 PITCH-PLANE DYNAMICS

The analytical studies, described briefly above, ",ere followed by an analog

computer s~mulat~on to further investigate the high-speed pitch-plane dyna-

mics of the TPS. Motion was arbitrarily confined to the Z-j plane. The

equations of motion, taken from (7-3) are:

x(7-9)

The X and/< equations were mechanized in order to determine how the noi,-

linear control-coupling terms contained in Xc. and K¢ would effect velocity

and roll angle. A roll stabilization loop was used in all of the analog computer

SThe single and double bars have no specital significance.
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runs. The roll-rato and roll-angle gains iv4andf4' (see below) were arbi-
trarily selected to yield an undamped natural frequency of about 1. 0 rad/ sec
and a damping ratio of 0. 7 c ritical for the uncoupled roll dynamics.

The control equations are:

*TS 0 C idt e *A A-

' -I ($( SI)

B~oth dirtect-axis and decoupling gains arc shown in the equations, however
not all of these were used in every analog run. Now that commanded values

Arc differvittated from actual values by thu subsci~pt. C

'(4 AQ.- 1634-1v.

p
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The controt forces 4tnd ionmuntm, with motion cunflned to the X},- plane, arcj

given by:

aXLIS ill 14);4 X1 0

Kc ;. sc4 sp(i4j') A

7.5. 1 Discussion of Analog Runs - High-Spe'd C:'tie

The response of the basic submarinte with all stability augmentation terms

set to zero and nu control coupling terms includod is shown in Figure 7-1.

In all of the analog computer work, runs were made with and without the

nonlinear components of (7-Il) and the effect of these components was foind

to be negligible. These terms were therefore left out of the runs reproduce'i

in thi., report (except for Figure 7-6). Time histories of pitch angle, depth

change, roll angle and forward velocity are shown in Figure 7-1, reading

from top to bottom. The instability of the uncontrolled submarine is obvious.

Notice tL.at roll angle and forward velocity perturbations are too small to

appear in the traces. In all runs, 0 and z were monitored and found

to be negligibly small.

In Figure 7-2, feedback gains necessary to decouple thc pitch and depth

responses were used. The response to a g/e input (equal magnitudes of

EIPc and SIO.C. ) is a divergent pitch angle, but the depth remains constant.

The pitch terms in the depth equation have been effectively cancelled by the

decoupling ft-edback. However, the system is still unstable in pitch. [lx

this figure, and in all of the relajitling an.log runis, the Cu rward aund ift
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propelle:r angles-of-attack are traceýd. 'rThve are the total changes in ..

over and above the trim o( .:Pld for as Ct result of the particular feed.

backs being used.

In Figure 7-3, direct-axis feedback is added to the system of Figure 7-2.

The gains were selected to shape the pitch natural frequency to 0. 1 rad/sec,

with 0.7 critical damping. There is no depth change because 0GI" * •

Note that the o(f needed to ac,•i!ve a steady-state pitch angle of about 40

is approximately .0'. This argic may be beyond the actual stall angle-of-

attack of the bladev but this depends upon blade design. In any event blade

angles-of-,ltack in excess ef 20 vr 25 degrees were considered undesirable

for the purposes of this study.

In Figure 7-4, direct-axi., pitcK.-r-ae stabilization only is used, (pitch-

angle gain, K.& 0). The 2 trace of previous runs ha. been replaced by

the - 2r trace. A steady ptch angle of about 9 degrees and a climb-rate

of about 7 ft/Iec are obtairard Lftur L'buut 500 *cc$ £o, Ad#hc, *ep input of

.05 rad. The angles-of-Att.ALk, which are at the commanded value at to ,

rapidly reverse as the vehicle pitches uip (the effect of the Aý6 feedback)

and eventually settle out to about . 043 rad.

The relatively poor reiponse shown in Figure 7-4 can be improved by adding

pitch-angle feedback, k . This improvement is shown in Figure 7-5,

where it is seen that the pitch and depth-rate responses reach 95% of their

final values in about A0 secornds. The run of Figure 7-5 is repeated in

Figure 7-6 with the r.,,,nliner cuntrol-coupling terms of equation (7-11)

included in the simul-ti mi in ,rd.-r t. T-w th-At their effect is negligible.

The response of the TPS ti, a •C input, whon dire'ýt-ax•s stabilization is

employed, .s s1uown in Fii re- 7 .7, r1 thi s 4a.,e, tt.,' submarine does not

reach , steady-tstate condition w.r, th, hull angit o( attack is zero (as is

the ca.•, in Vigut. 7 7-5 7-.j, uands >7 "74t-AI; ]A),

Ii, -V_
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The renponic times fur FIgurus 7-6 and 7-7 are about the same, but the
0J.

stoady-statoAare higher and tho depth-rate is lower in Figure 7-7. In othc-

words, as should be anticipated, more efficient diving or climbing is

obtained with pitching-moment input than with j -force input.

Combined direct-axiN plus decoupling stabkiizatlon is explored in Figure 7-8,

where a depth-rate time constant of 14. 3 seconds and a pitch-angle natural

frequency and damping ratio of . 10 rad/sec and 0.70 respectively are

employed. * The decoupling and direct-axis feedback sensitivities used

result in steady-state pitch Angle and depth rate responscs to a 1tep input

given by the following equations:

- (7-12)

W-( (7-13)

-a's
In order to cause the submarine to point in the direction of its total velo-

city vector, both TMC and JC command inputs must be used simultanuouu'lY.

It can be shown that having ( £4,6 (zero hull angle-of-attack) require,

that IS ,14 SM. Note that .4-,/ and that 4-- 9 in Figure 7-8.

The blade angles-of-att.&ck are very small and the response times are fast

for this case.

Figure 7-9 indicates that responses similar to those of Figure 7-8 can be

obtained by direct-axis stabilization alone and through the use of pitch-angle

command inputs alone. Respotise times of about thirty seconds result from

the gains indicated on the figure. These response times can be reduced

even further by increasing the 1iý feedback gain. It can be concluded frcm

Figures 7-8 and 7-9 that either stabilization technique can be used with

a Due to the decoupling, these loop,4 are first atnd second-order rospvctivcly.
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similar results in terms of pitch angle and depth rate dynamic and static

responses, and that about the same "economy" in using up the useful range

of blade angle-of-attack is achieved. Accordingly, there seems to be little

to recommend the decoupling-stabilization technique, in the pitch-plane,
when climb or dive maleuvering is involved, since a sensor would be
needed to implement in the s9r control equation (7-10). As has been

shown above, climb and dive maneuvering can be performed efficiently

with direct-axis feedback and 4rm inputs alone. However, in the case of

an attitude stabilizing z.id depth-keeping control system, or in the case
of docking maneuvers, there may be some advantage to decoupling stabiliza-

tion. This matter will be explored further in the work that remains to be

done under the present contract.

7.6 YAW-PLANE DYNAMICS

At the time of writing this report the yaw-plane analog computer studies
were still in orogres•. Hnwevwr, preliminary calculations have shown

that the stabilization problems in the yaw plane are quite similar to those

in the pitch plane. It should be possible, therefore, to Achieve stable and

acceptable controlled-submarine behavior, but t firm conclusion to this
effect cannot be made at this time. The outcome of the analog-computer

study will indicate whether or not the strong yaw-roll coupling, due to the
presence of the sail, is critical in terms of the demands made upon the

available control forces and moments. Thus, while it is a relatively simple
matter to calculate the stabilization feedbacks needed to achieve specified

yaw-roll dynamics, the question is one of whether these stabilizing signals
will call for more control power than is available.
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VII

REMAINING STUDIES

The work scheduled in the present program is aimed at performing or

completing the following tasks:

(1) Complete the low-speed hydrodynamic studies.

(2) Complete the analog computer study of the high-speed yw-

plane dynamics.

(3) Perform analog computer studies of the low-speed controlled-

submarine dynamics.

(4) Draw preliminary conclusions as to the feasibility of the
tandem propeller concept based upon the hydrodynamic -t'tdics,

the stability and control studies, and judgments (yet to be made)

of the estimated handling qualities of a Tandem Propeller

Submarine.
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APPENDIX

THE LINEARIZED* LOW-SPEED, IIYDRODYNAMIC FORCES

AND MOMENTS ARISING FROM THE PROPELLERS OF THE TPS

The force and moment equations resulting from the analysis described in

Section 5. 2. 2. 2 are presented in this appendix. The equations, as shown,

are valid for the forward propeller only when this propeller is producing a

positive thrust. Modifications in the sign of various terms are required to

make the equations valid for the aft counterclockwise rotating propeller and

tu further handle those situations where the submarine axial motion, • , is

opposite to the direction of the propeller-induced inflow velocity, • " It

should be noted that the equations are based on body axis, and that all terms

involving ( i *7"4. ) and ( &,,P-/, ) have been multiplied by Z to acccunt

for the cross-flow velocity distribution around the hull.
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