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NOTATION

Definition

Buoyancy force, positive umvard

Center of buoysncy of submarine

Centsr of mass of submarine

Sdosnent of incrtia of submarine about x axis
Moment of iLertia of submarine about y axis
Moment of inertia of submarine about z axis
Product of inertia about xy axie
Product of inertiu about yz axes

Product of itiertla about £x axes

HAydrodysamic moment romponent about x
axis {rolling momens}

Rolling momaent when body aegle (s, 8) and
ceatrol eurface acsice are cerc

Coeffictant used {n representing Ko 28 a
fusction of (-1} -

Firet ordsr coafilctent used la repreventing
K se a fuacticaoi p

Cocéﬁiciaul uscd {n representing K 29 a functioa
of

8econd order coefficient veed (n representing
K av¢ a funsticn ol p

Coeflicient uead in reprasenticg K as a fuactios
of the product pq
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Coefficient uscd in represcating K as a
function of the product qr

First order coef(icient used in represcntiag
K as a functionof r

Ceefficient used {a representing X as s
function of

Firet order coef{icient used in representing
K as 3 functionof v

Coefficient used in representing K as 2
function of ¢

Becond order ccefficient veed in representing
K ao a functionof v

Coefficient used in representing X as & functioa
of the product vq

Coeffic.ent used {u representing K as & functios
of the product vw

Coefficieat used ia representing K as a functioa
of the product wp

Coefficient weed in represcating X o8 a functiom
of the product wr

Firet erdor cosificient used in representing
K asa function of 6,

Overall length of subnsrine

Moee of submariue, {ucluding water in free-
flooding spaces

Hpircdymmic saoment compunssi aboui ¥ axie
(pitchiLg nsomant)

Pitching moemcst whsa body anglee (o, §) sad
control surface angivo are zevo

BSecond| order cosificiset used ia repressnting
24 2o a functioa of p. First ordes coefiiclest (o
savo,

Firet ordsr coefficicul usad (e represantiag
M aea function of q

First order cosfficiew used in roprececiag
5“ ae 8 function of (-1}

Coafficion? wisad in vepresenting M as s
fuacticn of §
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M
: t lqf M ! I' s '—!}1-91 Second order coeificient used in representing
. als sia P M 88 8 function of q
: ta .
M M ‘e i Coefficient used in representing M, _asa
i
fqlée fglts foteu function 4 de
M,
M ‘= - Coefficient used in representing M as a
: P i £L function of the product rp
: ™ M e WM" Second order coelficient used in representing
i e re < M as 2 function of r. Firet order cocfficient
! {s zero
11 M Coefficient used in representing M as a
f P P hert fuaction of the product vp
} “vr .
“vr M"' = 5 Coefficient used in representing M 23 &
$0c fuaction of the product vr
Myy
, uw Mvvl =z YA Secund order coefficient used in ravresenting
o M as 2 function of v
M M F—,—MW Fi d 1t od i i
‘= . ret order coefficient us 0 1epresenting
] v * v M as a function of w
' M
M M. —t Firat order coefficient used in répresenting
“n m U M, asa ‘unction of {2-])
M. M, g Coefficient used {n representirg M a5 & function
v it of &
Miy
M M ‘e —-—JL Firet order coefficient used in representing M
fwi vl = Jodu {uncti ;
8¢ a iunction of w; equal to zero for symmetrical
fuaction
o Mg . :
th!q M" lq = 350% g‘o:mcmm used in representing Mg as 3 function
uﬂ_' "y . M, fecond order coefficient used in representing
w - ol M a9 a function of w
M |5 v Mty Firct order coefficient used in representin
! _,....Lﬂ epres 8
wlwln ‘!uhtm. u"l"'“a(uu‘mﬂd(”_”
‘ | t e ?-1-”'“ Becond urder cosfficient used in representing
, e et ol M ae a function of w; equal to rern for oym-
. meirical fuaction
' My
: M, M, 2y ey First order seiilicient yoed in representing
: LV M as s function of 8
i
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_'; ST . N N« m’:.m Hydrodynamic momeit component about ¢ J
RN N,

axis (yawing moment}
. N, Ne' = Yawing moment when body angles (&, §) and
T 30070 c-ntrol surface angles are zero :
N N '®» ?U First order coefficiont used in rapresenting N
4 P pt as a function of p
N
N, N.' = Coerfficient used in representing N as a function
p P ol of p
N,
9] ) N 's=s ——2"-; Coefficient used in representing N as a functicn
rq P4 dot uf the product pq
qu N
qu qu =  yvia Coefficient used in representing N as 2 function
of the product qr
N |
N Nr‘n --L‘-’ First order coefficient used in representing N i
¥ #oL*U as a function of r b
N
N N _'= < First order coefficient used in representing
™m ™m ety N, as a function of (n-1) :
r .
N. '
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r r *DL of ;’ -
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- M 24 as a function of {n-1)
N
N, N.'® X Coefficient uoed to representing Naea
o v o dees function of ¢
Ny ?‘
N N s34 Coefficient used in representing N as a fusction
“ Y apet of the product wg
N
N, et Coefficlent vesd in represecting Ny as a
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. N N '= N Coeffizient used in representing N as a function

el MR T2 of the product vw
N N '= ;&‘2- Coefficient used in representing N as a function
“P i ol of the product wp
N
N N =t Coefficient used in representing N as a function
.r wr o dptt of the product wr
N Né ‘e ;—2911 Firat order coefficient used in representing N
br ' ptou as 8 function of 8,
Na .
N N, '= _';'LI' First order coefficient used in repreasenting
brn 6rn  yol*y Ny, 88 8 function of (n-1)
p p' = 2t Angular velocity componhent about y axis
v ralative to fluid {roll)
&1
13 p' = "Gr' Anguls: acceleration component about x axis
relative to fluid
9 q u Angular velocity component about y axis relative
to fluid (pitch)
* * q ‘
q q' = Angular sacceler “tion component about y uxis
v relative to fluid pe 4
[ . . L ;
. T s -%r Angular velocity component about z axis '
relative to fluid (yaw)
. oA
, ¢ t = or Angular acceleration component about z axis
relative to {luid
v [ E'- Linear velocity of origin of body axes relative
v to fluid
u ' % Coraponent of U ia direction of the x axis
v G ul; Time rate of change of u in direction of the
‘ U x axis
u
. v u = = Command speed: steady value of shesd speed
u component u for & given propeller rpm v hen
body angles (a. §) and control surface nugies
arc z370. Sign changee with propelier reversal
! v v . TJ‘L Componen’ of U in direction of the y axie
. w' .
v vie = Tirne rate of change of v in Airection of the
Y y axis
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Compornent of U in direction of the < axis

Time rate of change of w in direction of the
z axis

Weignt, including water in free {looding spaces

Longitidinal body axie; also the coordinate of a
point yelative to the origin of bedy uxes

The x cnordinate of CB
“The x coordinate of CC

A czurdinate of the displaccment of CC relative
to the origin of 3 eet of lix~d axes

Hydrodynamic force compounent along x axise
(longitudinal, or axial, force)

Second order coeificient used in representing
X ae 2 function of q. First order coefficient
is zero

Coefficient used in repreocenting X as a function
of the product rp

Secord order cosificient ueed in representing
X ae » tunction of z. Firet order cocfficient ie
zero

Coefficient used in representing X as & functica
of &

Secoad ovder coefilcient used in representing
X as a funciion of u {n the non-propelled case.
First order coefficleal is zero

Ceefficiont veed in repreceating X ae & fuactioa
of the product vr

Second order coeffient uced in representing X
as a function of v, Ti1ret order rosificient ta saro

First order coefficient used in reprosentivg K,
60 & fuaction oi f-1)

Coafficien: used in rcprescating X as a functica
of the product wg
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Second order coeificient used in representing
X ae a funcilon of w. Flret order coefficient is
zero

First *-der coefficient used in representing X,
as a fun_cion of (n-1)

Second order coefficient used in representing X
as a function of 8;,. Firet order coefficient
is zero

Second order coeificlent used in representing
210:3 a function of 8,. First order coeffizient is

First order coefficient useé in representing
xarér as a function of (f-1)

Second order coefficient used in representing X
as & function of §,;. Firet order coefficient is
zero

Firet order coefficient used ia representing
X“b. as a function of {n-1)

Lateral body axis; also the cocordinata of a
point relative to the origin of body axes

The y coordinate of CB

The y coordinate of CG

A coordinate of the displacement of CG relative
to the origin of a set of flxed axes

Hydrodynamic force component along y axis
{lateral force)

lLateral force when body angles {a, 8) and control
suriace angied are soro
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ABSTRACT

VStandard equations o motion are presented for use in submarine
simulation studiee being conducted for the U.S. Navy. The equations are
general envugh to simulate the trajectories and responses of submarines
in six degrees of freedom resulting from various types of normal
maneuvers as well as for extrerme maneuvers such as those associated
with emergency recoveries from sternplane jam and flooding casualties.
Information is aleo presented pertaining to the hydrodynamic coefficiente
and other input data needed to perform simulation studies of specific
submarine designs with the Standard Equations of Motion.

ADMINISTRATIVE INFORMATION

The development of the NSRDC Stancard Equations of Motion for
Submarines and associated experimental techniques to provide the
necessary aydrodynamic coefficients was sponsored primarily by the
Genera! Hydromechanich Research Program (Sub Project SR 0609 01 01
Task 0102). Additional support was provided by the Submarine Safety
Program (Sub Project S4611010 Tasks 11077 and 11083).

INTRODUCTION

The Naval Ship Research and Development Center was requested to
. ‘ovide the Naval Ship Engineering Center with a report on the genzral
equations of motion currently being used for submarine simalation stud-
ies.' The primary purpose of the report {s to establish standarde, pro-
vide guidance, and establish a firm basis for contract negotiations. The
report would thua serve to facilitate the Navy's dealings with contractoyvs
engaged in the manufacture of equipment such as training simulators and
automatic control systems for submarines. Particular interest was
expregsed in having equaticns which would fully describe the hydrody-
namic aspects of a submarine experiencing a casualty while in ahead
motion, with provisions for inserting detailed r. presentations of the
casualties and recnvery systemas.

The Stability and Control Division of the Hvdromechanics Laboratory
has been conducting submarine motion eimulation studies 10~ a number
of years in connection with ity various assigned responaibilities. Such
studien have been utilized with considerabls success to solve 2 wide
variety of problems pertalning to the design and operation of submarines
from the standpoint of stabllity ond costrol. Most recently, these
atudien have included: emergency recovery {rom sternplane jams, loao
supportability, and vertical ascents sfter emergency blowing (both with
and without forward propulsion). Thees simaulation studies have been
made poseible as the result of a progressive {n-house development of

'References are listed on page 211,
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six-degree-of-freadom motion equations and a coordinated development of
advanced experimental and analytical techniques to provide the necessary
coefficients,

The equations of motion as they now exist at NSRDC are general
enough to eimulate trajectories of saubmarines for all of the various types
of nurmal maneuvers and emergency situations that have been of corcern
up to the present time. Furthermore, it is believed that they will
adequately cover most of the situations that may be reasonably anticipated
for the future. These equations, which form the subject of this report,
have been used continucusly for the past three years with little change,
and are considered to te stzndard at NSRDC, 1n the interest of consistency,
it is proposed herein that these equations be adopted and serve as the
U.S. Navy Standard until notice is given by NSRDC that they should be
changed. It should be ernphasized, however, that these equations have
been validated only with the types of coefficients being generated by the
Hydromechanics Labcratory. Therefore, procpective users are
advised to first contuct NSRDC to determine whether the required
hydrodynamic coefficients are available.

1t is the intention eventually to issue a complete and comprehensive
report on the NSRDC Standard Equations of Mction for Sutmarines which
would be tantamount to a textbook, This would include a discussion of the
physi.s involved and the various means for detarmining the numer cai
values of ez2ch of the individual hydrodynamic coefficients required for
the equztions. In addition, it ise planned to discuss the various compater
techniques used for simulation and to prewent those compuler programs
which have reached an advanced staie of development. Such a treatise,
however, is considered to be much beyond the scope of what is required
to satis{y the immediate needs statcd in the request.

To accompliah the specific objeciives mentioned at the outaet, this
repott presents a brief history of the development of the equations of
motion it NSRDC; defines *he nomenclature, axes systemis, and aign
convertions used for the equations; presents the NSRDC Standard
Equations of Motion {or conducting submarine simulation studies; outlines
ti:e niethods and sources for obtaining the hydrodynamic coefficients and
other input data required for simulation; and briefly discusses the
appli-ation and range of validity of the Standard Equations.

HISTORY

The equations of motion now in use at NSRDC are the direct result
of a continuing program f in-house research carried out 'n%' the Stability
and Control Division of the Hydromechanice Laboratory. his pregra=n
was officially started in Jane 1956 when it became evident that a rapia
technulogical expansicn was taking place in the ares ¢f submarine
stability and control, The decision was made at that time to develop
general equations of motion for six degrees of {rezdom which could bo
used in conjunction with coefficients obtained frony model experiments
to predict and study the behavior of submarinee and sdsociated systems
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in a variety of maneuvers. Concurzently, studies were undertaken to
develop suitable techniques to derermine experimentally all of the hydro-
dyramic coefficients required {or these equations for any arbitrary sub-
merged body -appendage configuration. The Planar-Motion-Mechanism
System, which was constructed and placed into regular service in 1957,
was one outgrowth of these studies, This system is still the standard
method used at NSRDC to determine numerically most of the required
coefficients. It was realized at the outset that many years of research
would be required to develop, implement, and validate a completely
general set of equations that could be used to study all situations involved
in the motions of submerged bodies. In view of the pressing needs, how-
ever, it was decided to approach the ultimate objective by progressive
stages,

The first effort was directed toward the development of equations to
permit simulation of normal types of maneuvers involving six degrees of
{reedom, such as those required by submarines to fulfiil effectively their
various missions. The existing linearized equatione of motion were /irst
us2d as a basis to study moderate or small-scale maneuvers. These
were later extended to include various nonlinear and coupling terms, By
1960, it was felt that the state of the art had progresied to the point where
s¢ ne stzndardization would be desirable. Arcordingly, the Stabjlity and
Control Division of the Hydvomechanics Laboratory adopted a ''standard"
set of six-degree-of-{ reedom equations for submarisrze in normal types
of mane“vers. The term standard wae applied in the sense that the
eqquutions were to be used for their designated purpose in all studies
marde by the Laboratery, and were to have official status until a suf-
ficient advan. . was made in the state of the art to jusetify a change. If
such tirned out to ba the case, it wae intended that the rcvisions would
be made officiaily and a new set of standard equations would be issutd.

Together witr the adoption of standard equations, a continuing program
vag initiated 1o correlate full-scele irial measurements with computer
piledictions invoiving these squations. On basis of correlation studies
made subsequently, it appeared that theee standard equations together
with coefficierts determined with the Planar-Motion-Mechanism System
wruld, tor most part, ; .eld accarate predictions of the submarine
trajectories for a variety v. normal or definitive maneuvers tha, could
ba used to evaluate the handl’ag qualitdes of submarines,

During 1962, in anticapation of a progrsm airected toward the
developmernt of control proceaures and auxiliary deviceg to improve
the emergesncy reco~-ery capabilitices of subma=ines, the research program
wag reoriented to establ -\ prediction techdques for studying the behavior
of subruarines {n a veriety of poseible emergency situations., The revised
reserrch program included ‘undamental theoretical and expex' - .zntal
studiens such 2#: cexpanding the standard equations of motion v include
terma (s.ch as those 1ssociated with "backing' on propellerz and blowing
of bellaet tanks) which were not requived for simulation of normal
mrneuvary; extending the range of validity of hydrodynamie coefiicients
to provide accurate representations in extreme eituations fauch ase those
involving angles of attack up to 90 degrees): and est=bi.shing correlation
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between predicted trajectories and those obtained on full-scale submarines
during "emergency recovery trials’.

About December 1963, the Bureau of Ships requested the Laboratory
to consider undertaking a program of model tests and simulation studics
to determine the ability of eack of twenty-two different submarine types to
recover from sternplane jam emergencies. By this time, considerable
progress pertinent to the sternpla‘ie jam problem had been made on the
development of the equations of motion. Therefore, the Laboratory
agreed to accept full responsibility for carrying out the proposed program,
provided the simulation studies could be carried out with equations that
constituted the '"ctate of the art' as of February 1964.

In July 1964, at the request of the Bureau, the Laboratory extended
its program to include load supportability studies on the various submarine
types. This study was well within the scope of existing equations and
consequently nc further development was required, However, in Septem-
ber 1964, when the problem of roll associxted with free rise of submarines
after blowing was introduced, it became necessary to develop new model-
test techniques and to conduct further analytical studies to extend the
equations to permit detailed simulation studies of the problem. Meanwhile,
a2s the result of research studies on the Rotating Arm Faclility, further
refinements were made in certain coupling terms associated with "*gquat-
ting" behavior while turning, and these were incorporated into the equations.
Thus, the equations contained in this report represent the state of the art
which has existed since about Mazch 1965.

STANDARD EQUATIONS OF MOTION

The NSRDC Standard Equat.ons of Motion for Submarine Simulation,
briefly designated herein as the Standard Equations, are presented in
their entirety in thie section to provide a means of ready reference., The
Standard Equations are suificiently comprehensive to define the trzjecto-
riee and responses, in six degrees of freedom, of & submarine undergcing
even extreme mazneuvers such as an emergency recovery from a hard.dive
sternpiane jam, including the bucyant ascent after blowing of ballast.
Ordinarily, the Standard Equations are used for ahead motion; however,
by pertinent changes in the coefficients they can be used for separate
studies of astern motions.

A complete notation for the various terms in the equations {s given in
the front of the report. This notation is generally in accordance with the
Standard Nomenclature given in References 2 and 3. The Standard
Equations are referred to a right-haad orthogonal system of moving axes,
fixed in the body, with its origin located at the center of mass CG of the
body. The xz plane is the principal plane of symmetry (vertical conter-
plane for subrarineu); the x axis is parallel to the baseline of the body.
The positive directions of the axes are specified au follows: x-forward,
y-starboard, and g-downward. The remaining #ign conventions follow
from the right-hand-screw rule., The positive directions of the sxes,
angles, linear velocity components, angular velocity componerts, forces,
and moments are shown by arrows in the sketch of Figure 1.

4

*

- —— e

-

¥

b

~ -

¢ . ——— i =t S i 4 i e i e s




- | g - - - - q < .
M 2
m SJUdWoN puE ‘e3dJ04 ‘S3NdOIAA ‘s[Buy ‘SIXy jo suOWHOIIIg 3ApljEOg Buymoyg yoayng - | anfyy
- t
a's
B gy . .
-y hahaaand S ndn \
/' n . .
y T NS bl ,
Ay T X2 -4 d'y
u N r* -
- :‘j’. . - i
4
NG - ’ w
N ﬂ
/,/ : . i
) H - i
AN ] ,

.
.

. -

.-




The equations are presented in the following order: axial force,
lateral force, wormsl force, rolling moment, pitching moment, and
yawing moment. 1n addition certain Kipematic relations are given.
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IDENTITY AND SOURCE OF INPUT DATA

As mentioned in the Introduction, it is beyond the scope of this report
to go into & detailed treatment on the use of computer techniques to perform
simulation studies involving the Standard Equations. The purpcse of this
section {s merely to identify the kinds of inpui data required to perform
guch studies and to indicate where such data can be obtainad. In addition,
an sttempt is made to indicate some of the sub-routinee that are also
needed to perform various types of simulation studies, In particular, those
sub-routines required for the sternplane jam phase of the Submarine
Safety Program are listed. A soinewhat more detailed account of the
nature of the hydrodynamic coefficients and the processes for obtaining
them is relegated to the next section,

The NSRDC Standard Equations of Motion given in the preceding
section are written in a form utiliring nondimensional coefficients, and
are applicable in a general senss to the rigid body motions of submarines
and other submerged vehicles, Certain input daty ure required, however,
to obtain a mathematical model which can be used to realistically
simulate the motions of a specific submarine design. A complete set »f
input data for this purpose consista of the numerical values of all of the
hydrodynamic coefficients, inertial properties, and pertinent geometric
characteristics for the given aubmarine that enter into the various terms
of the equations. Fortunately, as the result of the concentrated effort on
the Submarine Safety Program,as well a3 contract design studies made
prior to construction, complete sets of inp .. data for about 25 different
existing submarine designs are on hand at N.ADC. The data, for moat
part, rarry the classification of "CONFIDENTIAL'. However upon request,
they ¢ .n be furnished to outside agencies and contractors having the
proper decurity clearance and '"'need to know'',

Similar data can be obtained for new submarine designs by address~
ing a reguest to the Commanding Officer and Director of the Naval Ship
Research and Development Center. This request should be accompanied
by an outline of program chjectives, lines plane, and other pertpent data.
An estimate of time and coot will be provided, after which funds muet be
deposited at NSRDL before work can proceed. If the information is needed
on a short term basis, this should be clearly stated by the requesting
agency so that duffitient lead time, particularly to allow fcr model con-
struction and scheduling of test facilities, can e allowed., Furthermore,
in contrzctual dealings, an eariy commitment to supply the data should
be obtained {rom NSRDC before final regotlations are made. This i
especially stressed for those contracis in which time js of the essence,
or where the contractor may understand that having prior posseeeion of
the information is a condition precedent to periormance,

The primary mathematical model, consisting of the Standard
Equations and input data pertinent to a specific submarine, can be readily
programmed on either an analog or digital computer, To perform a
complete motion simulatdon study, bowever, the computer program must
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also incinde certain supplementary mathematical models or sub-routines.
For example, to conduct a2 complete simulation study of the motions in
six degrees of freedom of a submarine involved in emergency recovery
from a siernplane jam caocuaity requires at least the sub-routines which
include the following representations:

T TN Sy

1. Time history of sternplane movement in degrees including various
prescribed sternplane "jams"

P T
.

2. Time history of sailplane movement in degrees starting from time
the order is given

3. Time history of rudder movement in degrees starting from time
the order is given with provision for various modes of motion
such as swinging the rudder sharply over to a hardover position
(either right or left), or fishtailing

4. Time history of change in propeller rpm from ''full ahead" tc ‘ -
“back emergency'' starting from the time the order is given and
including appropriate time allowances for communication, human
reaction and manipulation of controls, and primc-mover response

5. Time lListory of weight of ballast water discarged or taken on due

to blowing or venting, respectively ecach of the main ballast Y
tanks. The time is measured fron. the instant the order is given $
: and in~ludes the effects of system lags, as well as pressure pe

changese due to changes in air-bank pressure and submarine
dapth 0 rate of water discharge.

The first three of these sub-routines convert time histories of
j control surface movement to time histories of hydrodynamic forces and
: momente exerted on the submarine hull when they are applied to the
i termas in the primary mathematical model containing &§,, 8,, and §,. ‘
The time history of propeller rpm is converted to external hydrodynamic
forces and moments by means of the termc containing (1-1) and u_. .
These terms reflect the incremental changes in forces and momernts due
to either over or under propulsion (including backing on the preopeliere
i while the submarine is proceeding ahead). For the moderate changes
; in ahead speed involved in most normal maneavers, all of the (7-1) »
i terms usvally can be neglected. The sub-routine for blowing or venting
of ballast tanks is already in the form of forces and moments. It can be
tied in directly witk the primary mathematical model by replacing the
constant welight terms, such ag W-B, with the appropriate timne histories
of weight chauges.

-

e ;
RO AN S

-

It is apparent that the primary mathematical model, in conjunction
! with the foregoing typss of sub-routines, can be used to eimulate the ( -
submarine undergoing a host of other normal submerged mansuvers as , :
well., These maneuvers, however, are essentially of the open loop type, ’ e
To perform zlosed loop studies, such as depthkeeping or coursekeeping ! .
under the influence of various environmental conditiona, other sub-routines BRI
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including either menual operators or automatic control systems must be
added, A typical simulation study of this type {s the problem of main-
taining periscope depth while operatiag under a heavy sea (say State 5).
A sub-routine to represent the effects of an ahead, random sea on the
submarine has been developed and used by NSRDC on & number of oc-
casions in the past. This sub-routine, sometimes calied the sez-state
anajog, is in the form of forcing functions which are generally applied in
an analog computer sirmnulation by means of a white-noise generator, the
output of which, in some cases, has been prerecorded on magnetic taje.
The major components of the sea-state anrlog are as follows:

1. The surface configuration of the representative randos: seaway

2. The effects of the seaway on the depth (pressure} sensor which
are functions of depth

3. The oscillatory forces and moments acting on the submarine hull
which are functions of depth

4. The suction forces acting on the submarine which are functions of
depth P
The Standard Equations have been programmed at NSRDC both on the

analog computers of the Systems Simulation Facility of the Hydrome-

chanics Laboratory and the digital computer (IBM 7090) of the Applied

Mathematics Laboratory. These programs, however, have not yet been

adequately documented for general publicition. Similarly, computer

programs exist for a variety of sub-routines. Since these sub-routines

usualiy must be tajlored to a particular problem, or in some cases to a

particular computer, 50 concerted effort has been made to system2tize

and document them for general publication, Nevertheless, the input data
required to construct the sub-routines for existing subimarines which have
been studied are available at NSRDC and can be furnished to those entitled
to receive them. Other sources for such input data, particularly those

for sub-routinees dealing with hardware items such as propulsion machinary,

ballast blowing systems, control linkages, and automatic control systams

a2re: the Naval Ship Engineering Center (NAVSEC), the submarine con-
struction shipyards, and the equipment manufacturers.

THE HYDRODYNAMIC COEFFICIENTS

The hydrodynamic coefficients constitute the heart of the primary
mathematical maodel ueed in sinalation studies of rigid-body motions of
submarines. In fact, the form selecicd for the equations of motions is
influenced to a large extent by the kinds of hydrodynamic coefficients
employed. With this qualification in mind, this section of the report
presents {urther information as to the nature of the hydrodynamic coef-
ficients used at RSRDC a3 well as some insight into how they are cobtained.
It is hoped that this will sesve to assure thai the hydrodynamic coefficients

being used for a particvlar study are compatible with the Standard Equations,
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Unless mentioned otherwise, the hydrodynamic coefficients apply to the
deepiy submerged czse, free of {ree-surface, bottom, and wall effects,

The hydrodynamic forces and moments which enter into the Standard
Equations as coefficients are usually ciassified into three general cate-
gories: static, rotary, and acceleration. The static coefficients are due |
to the components of linear velocity of the body relative to the fluid; the { ,
rotary coefficients are due to components of angular velocity; and the J

|
|

acceleration coefficients are due to either linear or angular acceleration
components, Within limited ranges, the coefficients are linear with
respect to the appropriate variables, and thus may be utilized as static,
rotary, and acceleration derivatives in linearized equations of motion.

For six degrees of {reedom, the coefficients in each of the three

categories which appear in the Standard Equatious are quite numerous,

The problem thus becomes one of determining the numerical values of

the 1ndividual coeff'cients with sufficient accuracy to support the objectives
of the particular simulation study involved. Ideally, it would be desirable
to acquire the required numerical values for 2 given submarine configura-
tion by means of hydrodynamic theory. Unfortunately, those coefficients
which are primarily due to viscous flow, such as the static £nd rotary
coefticients, cannot be obtained reliably using only existing theory., Theor
has heen used with reasonable success to compute acceleration coefficientd
for simple forms without appendages, such as bodies of revolution,
are amenable to treatment on basis of potential flow considerations.
ever, for actual submarine configurations which include appendages 4
as ccntrol surfaces, decks, bridge fairwaters, and propellers, th
theory to determine tiie values for coefficients even of this type wil
accuracy required for certain simulation studies becomes somesf
quesnionable. Accordingly, the present state of the art is to p#
entirely on experimeutal means for determining the numerichd values of
the hydrodyr.mic coefficients for specific design problemg/

o
e
RS R 7%
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The primary methodology used at NSRDC to obtain 4
dynamic coefficients is the Flanar-Motion-Mechanis
system was conceived and developed in the Stability
of the Hydromechanics Laboratory. It incorporatfd in one device a means
for experimentally determining all of the types ydrodymmic coef-
ficiente in each of the three categories that arg/tequired in equations of
motion for a submerged body in six degrees gt treedom. A commplete
dzscription of the system including its bas{f/concepts, principles of
operation, apparatus, instrumentation, afd typical test results, is given
in References 5 and 6. Planar-Motion-Rlechanism System, Mark 1, as
it is presently counstituted, c2n be used to obtain the numerical values of
all of the coefficients except certainfoupling terms and those non-
linearities associated with high valdcs o}) nondimensional angular velocity
component, ,ouch as r’, which argfasgociated with maneuvers involving
relatively tight turne. Where gfch values are required, the data obtained s
from Planar-Motion-Mechani teats are supplemented by the results of -
Rotating-Arm tests and/or ghtimates based on theor,. The Rotating Arm b
Fecillty dnd the {netrumenfation and techniques used to conduct aubmarine ‘

required hydro-
4 yetem®. This -
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model tests thereoh are descrised in Refcrences 7 and 6, respectively.
Further details on the experim -ntal and estimation techniques which
relate to the kinds and quality - [ coefficierts to be used specifically with
the Standard Equations are presented in the following paragraphs.

The Standard Equations ar - written in terms of the complete sub-
marine configuration. Accord.ngly, for quantitative studies pertaining
to specific submarine designs, the standard practice at NSRDC is to con-
duct all of the required tests v th models that are fully equipped with all
significant appendages includinz bridge fairwater, deck, bowplanes or
eailplanes, sternplanes, rudders and propellers. These tests effectively
cover a2 matrix containing a range of motion variables (referred to the hull
center of gravity) that generall. exceeds that which could be encountered
by the prototype submarine, ard ranges of control surface angles and pro-
peller rpm's which are at leas' equal to the capacity of the specified sub-
marine. The resulting characrsrization of hydrodynamic forces and
moments thus embraces interaction efiects involved in the various modes
of rigid body motion between: control surfaces and hull, propeller and
hull, and propelier and stern control surfaces. Also included are down-
wash effects of forward appendages, such as bridge fairwater, saiiplanes,
and deck, acting on the stern control surfaces.

Since the foregoing process yields hydrodynamic coefficients which
pertain to the complete configuration, there is no need to iuclude separate
terms in the equations in an attempt to account for local angles of attack
in way of control surfaces. The latter procedure has been suggested by
gome other investigators as a means for obtaining a better representation
of control-surface stall, particularly where large local angles of attick
occur when the control surfaces are deflected. On the other hand, the
procedure for testing the complete configuration embraces the effects on
control coefficients due to changes in local angles of attack resulting
from the various modes of motion. Since true flow angles of attack are
inherent in this process, the resulting control coefficients should provide
a more accurate representaition. In fact, if the two procedures are com-
bined, and numerical valuec are assigned to the various coefficients, there
is always a possibility of creating a redundancy in the equations. It is
strongly recommmended, therefore, if a complete set of hydrodynamic
coefficients, based primarily on experiment is furnished by NSRDC, that
the numerical values of all coefficients be used directly without alteration,

In addition to their being completely equipped and self-propelled, as
a matter of standard practice, the models used at NSRDC for tests involv-
ing specific submarine designe are large (usually about 20 feet in length).
Such large models used in conjunction with the large, rigid towing tank
facilivies of the Hydromechanice Laboratory permit the determination
of hydrudynamic coefficients which are comiparatively free of scale
effects and other ¢xtraneoue experimental problems. The advantages of
large models and large facilities are particularly prevalent when obtain-
ing data at high angles of attack on the hull and/or control surfaces. It is
essential, in both caser, that the Reynoldp number U4 be high enough to
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avoid the effects of transitiongl {low over the hull and appendages of the
model, The effects of transitional flow at large hull angles of attack are
marnifested as cross-flow drag coefficients that are much higher than they
should be for the corresponding full-scalz submarine, The effect of
transitional flow on the control surfaces is primarily manifested as prema-
ture stall (breakdown in forces) on the model control surfaces, This results
in control coefficients at the larger control deflections which are lower

than they should be for the corresponding full-scale subtmarine, With the
large models, a sufficiently high Reynolds nurmnber can be obtained at a
moderate speed, say about 6 knots for a 20-foot model, to avoid scale
effects in most cases, With the large facilities, i.e. facilities having cross-
sectional dimensions that are large compared with the corresponding
dimension of the model, these Reynolds numbers can be obtained without
encountering blockage or free-surface effects which require corrections

to the data. Other advantages in the use of large models include: minimi-
zation of tow-strut interference eifects,® reduction of propeller scale
effects, ease of model alignment, accuracy of model ballasting, and ability
to house standard instrumentation, propulsion motors, and control actuatozrs
within the model, All of these factors contribute to the accuracy and repeat- -
ability of the end results, i

It should be noted that the use of small models {5 fect long or less) w
does not in itself preclude the ability to obtain hydrodynamic force and : ‘
moment data which, for the deep submergence case, are egsentially )
free of transitional flow effects. For example, in water of the same
temperature, the same Reynolds number can be obtained with a 5-foot
model at a speed of 24 knots as that mentioned as adequate for the 20-
foo. model at 6 knots. Unfortunately, most of the laboratories which
employ small models have relatively small facilities especially if they
have the gpeed capability, Therefore, the blockage effects constitute the
limiting problem, particularly when conducting tests at large hull angles
of attack.
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Where fairly comnplete data are available for a specific submarine
des:gn as the result of an extensive series of tests with the Planar-Motion- !
Mechanism System, the decision frequently is made to forego supple- .
mentary Rotating-Arm tests to obtain the missing nonlinearities rnentioned
previously. This is because estimation techniques, based on empirical
data derived from prior Rotating-Arm tests with comparabie submerged
bodies, have been developed by NSRDC. Indications to date are that these '
estimation techniques are sufficietly accurate for the purpose of making :
nearly all of the various kinds of simulation studies required for most
modern types of military submarines. Therefore, in these cases, it is
felt that any possible further refinement would not justify the costs of the
supplemontary ‘erte with the Rotating-Arm Facility. Also, as mentioned
previously, there are a few coupling coefficients that are not being
presently obtained by either of the two experimental techniques. These
are estimated on basis of theory using the relationships given in Reference
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The hydrodynamic aata required for simuiation studies of a specific
submarine design are usually trarsmitted by NSRDC to the users ina
standardized tabular form. The table containe a complete listing of
the numerical values for each of the coefficients shown in the Standard
Equations. The numerical values of the coefficients are derived as
follows:

The hydrodynamic force and moment data obtained by the afore-
mentioned experimental and analytical techniques are first reduced to
nondimensionsl form in accordance with the normalization formulas
given in the Notation. These data can then be plotted or tabulated as
functions of each of the zppropriate nondimeneional kinematic variables.
In general, a lexst square fit can then be applied to the data representing
each of the functional relationships to obtain the desired nondimensional
coefficients, Certain functional relationships are known to be linear from
considerations of theory, such as those asscciated with the acceleration or
"added mass' coefficients. In such cases, only a straightline fit is made,
and the resulting numerical values can be used interchangeably 2s coef-
ficients in the Standard Equations or as stability derivatives in linearized
equations of motion. For nonlinear functional relationships, least square
fits to polynomials are used. The current practice, in nearly all cases,
is to carry such fits only up to the second order coefficients. This is
done primarily to facilitate computer representation, particularly where
analog computer techniques are to be employed, The use of a second
order representation, however, has at least some foundation in theory
for certain quantities such as those arising from cross-flow drag. It
should be emphasized that the numerical values of first order coelllcients
associated with second order fits are not necessarily equal to those
custormarily used for corresponding stability and contrel derivatives in
linearized equations of motion. However, the standard notation used {o
describe the various first order coefficients, including the acceleration
coefficients previously mentioned, is the same as that used for the cor-
responding stability and control derivatives,® To avoid misunderstanding,
therefore, all of the values contained in the standardized tables provided
by NSRDC are to be taken as coefficients of the Standard Equations to be
used for simulation studies, unless mentioned vtherwise. Any table which
contains numerical values being provided for use in stability and control
analyses involving linearized equations of rhotion, will be clearly marked
as a table of stability and control dcriv; ves.

It may be noted in the Standard I-;q/untionl that some of the coefficients
involve absolute values of certain kinematic variables. This is done to
assure the proper signs in the ¢ uter representations and, in some
cases, to obtain a better repredentation when a function happens to be
asymmetrical, such as the variation of M’ with w' with respect to rise
and dive. Vs .

e

Although the standardized tables list a1l of the coefficients shown in the
Standard Equations, some of the coefficients may be assigned 2 value of
zero, This ie because, for some submarine types, the values are actually
zero or small enough to be neglected. Furthermore, for certain submarine
typee, it mzav not be necessary to represent the coefficients that vary with
1) when atudying only normal *vpes of maneuvere,
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In addition to the hydrodynamic coefiicients shown explicitly in the
Standard Equations for the deep submergence case, NSRDC provides
other hydrodynamic data for une in spubmarine simulation st-dies,
Typical data in this respect are the coefficients or forcing “unctions
associated with proxmity to: the free surface (either in still water or
waves), the ocean bottom, or otiie: boundaries. Thewe data are obtained .
by model experiment, by theory, or by a combination of soth,

et 33

An example of such supplementary data are the hydrodynamic forciug
functions used to construct the sea-state analog which was mentioned
earlier as one of the sub-routines used for depthkeeping studies. These
forcing functions are compounded on the basis of the forces and moments
acting on th submerged body moving under trains of regular waves of
progressively varied frequencies and amplitudes. When a body moves at
constant specd beneath a regular train of waves of a given period and
amphitude, two general types of forces arise: oscillatory forces havinga
frequency equivalent to the encounter frequency, and a coastant force
called a suction force which always tends to pull the submarine toward
the surface. The oscillatory forces and moments are determined ex-
perimentally, in some cases. This is done by conducting special tests i
in which the model is restrained to the towing carriage at each of scveral
deptns near the surface and towed over a range of constant speeds for each
of scveral uniform wave conditions, The resulting forces and moments '
and the wave configuration are recorded as time histories. The phase angle
between the forces and moments and wave, referred to the hull center of
gravity, is also determined. Oscillatory forces and mements which, in
many cases, are sufficiently accurate for depthkeeping studies can be
determined by the method of Reference 9. The suction forces are dif-
ficult 1o determine experimentally. Therefore, the usual practics is
to compute them by meins of theory.°

Once the oscillatory and suction forces have been determined for a
rangc of cases involving regular waves, they are compounded into spectra
for the case of a representative random sea, say a State 5 sea, by a technique
developed by the Hydromechanics Laboratory, It should be mentioned that
although the suction forces generated by this technique are random, they
always remain directed toward the surface. The dats for the seaway con-
figuration, the forcing functions, and response of the depth sensor to the
seaway are presented in spectral form, including functionc to account
for attenuation with increase in depth, In some cises, the data have been
recorded on magnetic tapes for runs of 20-minute duration which can te
used directly in an analog computer simulation.

APPLICATION AND RANGE OF VALIDITY

The NSRDC Standard Equations of Motion can be used in conjunctioa
with the aforementioned hydrodynamic coefficients and sub-routines to .
perform a wide variety of submarine simulation studies. Several of these '
applications have been mentioned earlier in a somewhat different context.
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| o The purpose of this section is to present a more complete listing of the
various applications and discuss their ranges of validity.

Simulation techniques, such as those discussed in this report, have
: } progressed to the point wiere they have become the primary tools for

) studying rigid-body motions and related phenomena pertaining to sub-

? ' marines. As mentioned in the Introduction, such techniques already
have baen applied to solve a wide variety of problems pertaining to the
i design and operation of submarines, In addition, they have been used

: effectively with training simulators to achieve improved Fleet readiness,
; with large savinga in perscnnel-training costs, Undoubtedly, there are
i numnerous other applications which will become apparent as time goes by.

i K The following is a compilation, not necessarily all inclusive, of the various
' categories of simulation studies that have been carried out using the
Standard Equations. Unless mentioned otherwise, all of the maneuvers
involved in these studies per‘iin to the submerged condition in ahead
motion,

1. Definitive manesuvers {open loop) to evaluata inherent handling
qualities

a. Meanders (vertical plane)

b. Vertical overshoots

. Horizontal steady turns

. Horizontal overshoots

Horizontal spirals

Acceleration and deceleration in straightline motion

~aoan

2. Normal maneuvers (operational or tactical)

' a, Depthkeeping and coursekeeping at various speeds, in-
cluding hovering, using manual or automatic control

1. Deeply submerged with environmental disturbances
such as density gradients and cross-currents
2. Near-surface under various sea states
3. Near-bottom including large-scale bottom
irregularities
b. Limit dives using manual, semi-automatic, or automatic
control

¢, Transient horizoatal turns using manual, ssmi-automatic,
or automatic control

d. Spiral descents

i e, Mission profiles of various types including target
' tracking, weapons delivery, and & variaty of evasive
; maneuvers

3. Emergency Maneuvers

. a. Recovery {rom sternplane jam casualties using various
combinations of recovery measures




b. Recovery from flooding casualties using various combinations

of recovery measures

¢. Buoyant ascents to develop safe procedures for exercising

emergency ballast blow systems

d. Maneuvers to determine load supportability as a function of

speed

The main strength of the simulation techniques described herein
lies in their ability to predict or represent, with reasonable accuracy,
the behavior of a given submarine in a variety of modes of motion.
Furthermore, if maximum benefit is to be derived, these techniques
should perform this function either in advanca of construction, or with-
out involvement of the full-écale submarine where it already exists. To
arrive at this state of the art, it is apparent that an active and vigilant
correlation program to verify the accuracy and validity of predictions

must be maintained,

The Hydromechanics Laboratory devotes a large part of its efforts
to the business of prediction, namely providing solutions to problems
b.7 re the fact, and therefore, has recognized the need for z strong
correlation program. Such a program has been maintained on a continu-
ing basis by the Stability and Control Division over the past ten years.
The overall objective of this program is to determine the accuracy with
which the stability and control characteristics of submarines, surface
ships, and other marine vehicles can be predicted by various alternative
model and analytical techniques. In the more recent years, a large seg-
ment of the program has been devoted to establishing correlation between
computer predictions based on techniques of the type detcribed herein,

and measurements taken on full-scale trials of submarines.

To provide meaningful correlation data for submarines, the need
for designing and carrying out carefully conducted special types of

full-scale trials cannot be overemphasized, In addition, to assure guccess,

these special trials should be carried out as a complete package and not
intermingled with operational maneuvers or other runs being performed
for entirely different objectives. It is beyond the scope of this report to
go into detail as to the manner in which these trials are conducted. Suf-
fice it to say that the subject submarine must be highly instrumented with
accurate sensors and recording equipment which may either supplement
Sufficient
instrumentation coverage must be provided not only to measure the direct
kinematic quantities involved, but also some of the more subtle quantities,
which may affect later comparisons, Furthermore, in conducting such
trials, strict attention must te paid to contrnlling initial oz reference
conditions including such prec-utionary measures as periodically taking

or be used in lieu of some of the ship's own instrumentation,

"stop trima",
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For a number of years, the Stability and Control Division has been
conducting full-scale trials primarily to evaluate and establish numerical
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measures of handling qualities of submarines., In general, these trials
consigt of definitive manecuvers of the types listed previously. The
definitive maneuvers are programmed maneuvers carried out under
controlled conditions in which measurements of all significaat motion
variables are taken with accurate instrumentation. Consequently, they
are ideal for providing correlation data which are representative not
oniy of defimtive maneuvers, but most normal operational maneuvers as
well. Included in the handling quality trials are some depthkeeping and
coursekeeping runs at periscope depth under various sea states. The
data from these tests can, at best, be used as 2 statistical tie-in with
the co.puter predicticus, Since the foregoing types of trials are usually
carried out on the first of each new class of submarines, correlation
data representative of normal maneuvers have been acquired on most of
the different types of submarines that have been put into service from the
AGSS 569 on.

Correlation daia related to the various modes of motion associated
with emcr-» ..y recovery maneuvers have been considerably less abundant,
This {8 because the emergency recovery maneuvers which were incli:ded
in the handling-quality trials were conducted primarily to aemonstrate the
submarine's capability of recovering from sternplane jams of varying
degrees. Consequently, accurate measurements were not taken of the
var.ous events and other quantities pertinent to the correlation problem.
Accordingly, about 2% years ago, it became necessary to design and
initiate 2 series of special trials specifically directed toward providing
the desired correlation data. These trials were conducted under the
sponsorship of the Submarine Safety Program. They were of two types:
one, to provide data on the behavior of representative submarines in
sternplane jam recovery mancuvers; and the other, to provide data on
behavior during buoyant ascents following blowing of the main ballast
tanks. Obviously, in both types, the program was confined to maneuvers
that could be carried out without endangering the submarine, as pre-
determined on the basis of computer predictions. Up to the present time,
correlation trials of both the sternplane jam and emergency blow variety
have been conducted on about six different submarines, although not
necessarily the same ones in each case.

It will be scveral years before all of the data accumulated {rom the
special trials of the various submarine types can be thoroughly analyzed
and issued in a formal report containing & comprehensive treaument of
the correlation problem for all of the modea of motion involved. In the
interim, 1t is planned to issue separate reports for individual submarines
which will compare measured trajectories with computed trajectories,

based on the Standard Equations, for both normal and emergency maneuvers,

These reports should serve to provide an indication of the current status
of the prediction techniques. Some reports of this type have been issuad
for the cases of normal vertical-plane maneuvers, n-vmal horizontal-
plane maneuvers, and buoyant ascents 2ssociated with emergency blows,
In addition, ccmparisons of rneasured and predicted trajectories were
made, preparatory to conducting sirnulation studies to determine safe
operating limits anrd emergency recovery capabilities, for about ten dif-
ferent submarine types. These comparisons included representative
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ncrmal maneuvers such as vertical overshoots, horizontal turns, and
dece!:ration runs as well as some moderate sternplzne jam emergency
reccvery maneuvers,

On the basis of the correlation studies and preliminary compariscns
made to date, it appears that the Standard Equations together with coef-
ficients of the type described herein will, for most part, yield accurate
predictions of all pertinent trajectories associated with a variety of
normal definitive or operational maneuvers in submerged ahead motion,
In fact, the agreement in the majority of the cases investigated was well
within the ability of the full-scale submarine to reapeat the same maneuver,
For emergency recovery maneuvers, generally good agreement has been
found between measured and computed trajectories for moderate stern-
plane jam recovaries and buoyant ascents after bal'ast blows. Some un-
usual effects and discrepancies have been discovered while conducting
emergency recovery maneuvers on a few of the submarines. Most of the
ciscrepancies have been traceable to a variety of factors other than the
aydrodynami: coefficients. However, certain unusual effects such as
gross differences in behavior between the use of right and left rudder
as a recovery measure, have not yet been adequately explained. In sum-
mary, within the range of the correlation studies made to date and in
spite of the few discrepancies noted, there appears to be no validreason
to cnange the Standard Equations as they now exist.

The complete range of validity of the Standard Equations cannot be
esiablished solely on the basis of correlation studies of the types described
herein. At best, these studies are limited to maneuvers that can be under-
trken by the submarine with a reasonable margin of safety. For example,
pcrmal maneuvers for high-speed submarines are not carried out to their
inll potentiality. Also, the emergency recovery maneuvers are generally
cerried out at much less extreme conditions than those that could be en-
cournered in real casualties, Consequently, it is necessary to use a
somewhat different basis to assess the validity of the Standard Equations
beyo- A the range covered by the correlation trials.

Bas:cally, the range of validity of the Standard Equations could
extend to all modes of motion encountered by a submarine during sub-
merged fli-ht at gero or any ahead speed. This would embrace various
normal ani ercergency situations involving angles of attack or drift up to
90 degrees. Tc achieve this range, however, would require a complete
characterization of the hydrodynamic forces snd moments acting on a
submarine model which covers a broad matrix of kinemnatic variables and
comtinations thereof, including various control-gurface deflactions. The
characterizations curre.tly being made, particularly those being used for
the Submarine Safoty Progrsm, are fairly extensive and include angles of
attack and drift up to 90 degre~s. The results of such characterizations
are, for most part, incorporatcd in the hydrodynamic coefficients in the
Standard Equations. However, 2 simplified reprecentation is still being
used {or the control coefficients asgociuted with the deflection of stern-
planes, bowplanes or sallplanes, anu rudde:. Although simplified, the
representation for the control coefficienia appecrs to give approxmately
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the sama results as are obtained by a more rophisticated repre~untation,
even for fairly extreme maneuvera,

The simplified representation could become inadequate only if the
effective angle of attacl: at a ~ontrol surface becomes large, causing a
condition of stall in which the lift no longer increases with the deflection
angle. In normal submerged maneuvers, including steep dives and tight
turns, the effective angles of attack at the control surfaces of a submarine
tend to be substantially smaller than the nominal angles, and consequently
stall will not be experienced. There are, however, some unusual con-
ditions, such as may occur in certain flooding casualtier, which could
produce effective angles at the diving planes large enough to cause stall,
If the condition is transient, and the large angle of attack i¢ caly of short
duration, there may be little effect on the trajectories by using the more
sophisticated representation. However, in studies of lcad supportability,
large angles of attack can be obtained on the sternplanes, par: :cularly
where the lcad ie concentrated at the stern. Since therc studies involve
a steady-state maneuver, the uss of the simplified representation for
sternplanes could be erroneous for the type of loading mentioned. Rather
than encumber the Standard Equation to treat these {ew special cases, a
separate sub-routine to represent diving plane etall has been developed
and is available at NSRDC. The sub-routine represents the leveling off
of lift, which is an approximate characteristic of control-surface stall,
but zllows the drag to increase with deflection angle.

In addidon to the unusual, and as yet unexplained, effects which have
been observed on full-scale submarines, there are several other factors
which may be pertinent to the range of validity of the Standard Equations,
Included among these are the cifects of vortex shedding on rolling
behavior, and effects due to the submarine moving close to the free
surface while carrying large pitch, roll, or yaw angles of orientation,

A rescarch program to investigate these factors and which could possibly
lead to future refinements and extensions of the Standard Equations, is
being maintained at NSRDC.

CONCLUDING REMARKS

The Standard Equations presented in this report have been used
successfully by NSRDC for the past 2§ yeara to conduct gimulation
studie# of specific submarines engaged in submerged maneuvers ranging
from normal maneuvers to extreme maneuvers such as those encountered
in emergency recovery from sternplane jam and flcoding casualties.
During thie period, several bundred of such studies involving about 25
different submarine designs have beaen carried out and the results of many
of thesc studies are contained in the classified literature. A compenion
proegram of correlation studies is also belng carried out t5 determine the
extent to which computer predictions, involving the use of the Standard
Equztionw, agree with measured trajectories obiained frem full-scale
trials of submarines undergoing various types of maneuvers. Those
comparisons made to date huve generally shown good agreement between
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predicted and measured trajectories of representative maneuvers of
both the normal and emergency types, It can be exgected, therefore,
that the NSRDC Equatons uged in conjunction with the specified hydro-
dvnamic coefficients and sub-routines will provide simulaticns of
tratectories that are well within the accuracy required for the purposes
of those kinds of studies conducted up to the present time.

Although the NSRDC Standard Equations have reached a fairly
advanced stage of development, they still must be considered only as
repiesentative of the state of the art, and subject to change if 30
dictated by future research, An active research program i{s being
maintained at NSRDC to examine some of the remalining problem areas
and to continue the deveiopmant, if regquired. However, in interest of
consistency, a policy has been established not io change the Standard
Equations unless it can be demonstrated that sigaificant immprovements
in predictions can be obtained. Such a change must be officially made
by NSRDC, and all parties concerned wiil be properly notified.

In view of the foregoing, it is recommended that tha NSRDC Stundard
Equations and associated methodology be adopted as a U.S. Navy-wide :
standard for simulation of specific submarine designs, and that they be ‘
given official status in dealing with contractors and other outside
activities,
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