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INTRODUCTION

World War I demonstrated and World War II confirmed that the torpedo is a
potent weapon in offensive and defensive operations at sea. The effective-
ness of torpedo utilization was determined first and foremost by the element’
of surprise in employing new models, by tactics of employment, by concealment
of attack, as well as by the difffculties involved in evading torpedo at-
tacks.

Today.'in the age of nuclear energy and missile hardware, foreign navies are

_continuing to devote continuous attention to the improvement of torpedo

weapons. The high level of development of modern torpedo weapons makes it
possible to fire torpedoes from surface, submerged and airborne platforms and
to employ torpedoes from considerable distances against transports, cargo
shipa, surface warships, submarines and port facilities. Outstanding Russian
and Soviet engineers ~nd scientists have made a great contributfon toward the
development of torpedo weapons: A. I. Shpakovskiy, I. I. Nazarov, N. A.
Datskov, P. V. Bukhalo, N, N. Azarov, L. G. Goncharov, A. V. Trofimov,

Yu. A. Dobrotvorskiy, N. N. Shamarin, D, P. Skobov, and A. K. Vereshchagin.

More than 100 years has passed since gifted Russian inventorI.F. Alekeandrovakiy

proposed the first torpedo design in Russia in 1865.

While the first torpedo was an underwater unguided mimsile, today's torpedo
is a complex aggregate of propulsion, directional control, homing and war-
head detonation syctems designed on the baais of modern achievements of

. science and technology.

The authors of this volume set for themselves the task of presenting the
theoretical principles of torpedo weapons in the most comprehensible form

possible. The authors do not examine specific torpedo models. For the sake
. of greater clarity some points of theory are illustrated by examples, the
numerical values and quantities in which are hypothetical and are of a purely

illustrative nature. We have been unable to present in this volume many
elements elaborated in torpedo theory. But if this book assists the reader
in comprehending the physical principles of torpedo weapons and comprehending
hte the principles applied in designing torpedo assemblies and systems, the

Declassified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9
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‘authorsa wi]'.'l consider their task accompliahed. In working on this book the ,
- authors utilizd Scviet and foreign published materials available to the public.

S This book was written by a team of authors: Professor G. M, Podobriy, Doctor
6 of Technical Sciences (chapters 1, 7, 8); Docent V. S. Beloborodyy, Candidate
1 , of Technical Sciences (Introduction, chapters 4, 5); Docent V. V. Khalimonov,
B .~ Candidate of Technical Sciences (Chapter 6); Docent A. I. Nosov, Candidate :
{ . of Technical Sciences (chapters 2, 3); Chapter 9 was written in collaboration s
{1 by G. M, Podobriy (sections 12-18) and V. V. Khalimonov (sections 1-11). o i

{ .. . ~The authors would like to express their sincere gratitude to A. G. Pukhov,

{ - .~  I. I. Trubitsyn, A. P. Vorob'yev and S. A. Vyzvilko, who were kind enough to - S

g .. inspect the manuscript and who offered a number of valuable comments, and . - [ -°

- will be grateful for any comments aimed at correcting the book's deficiencies . !
. and at improving its content. ' ' : S

~ oL T .
. L . BRI o
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CHAPTER 1. DYNAMICS OF TORPEDOES

1.1. General Informacion. Kinematic Parameters of the Torpedo

A theoretical examination of the dynamic properties of a torpedo, its
stability of motion, controllability and maneuverability is based primarily
on an 21alysis of torpedo motion equattons.

The structure of differential equations of torpedo motion, as of any other
body, is determined by that system of coordinates in which this motion is
studied. Therefore coordinate systems are usually selected in such a manner
that the equations are maximally simple in form and convenient for analysis.

In torpedo dynamics one employs for the most part Catesian coordinate systems,
primarily right-hand systems. 1In a right-hand coordinate system those angles,"
angular velocities and moments which are figured or which operate counter-
' clockwise are considered positive.

~ Coordinate Systems
The following are employed in dynamics of torpedoes (gigure 1.1):

a'cbordinate.syatem linked to the earth — 0X TgZg, arbitrarily called
a fixed or stationary system; it ig used in determining the parameters of the
trajectory of a torpedo's movement; _ :

. a coordinate system coupled to the torpedo =~ OXYZ. Axis OX runs along
the longitudinal axis of the torpedo, axis OY runs upward and is located 1in
the torpedo's centerplane, while axis 0Z is perpendicular to axis XY. The
origin of the coordinates is located either at center of gravity CG or at the
center of buoyancy CB. In contrast to the center of gravity, which 1is
defined as the point of application of the force of the torpedo's weight, the
center of gravity constitutes the point of application of its displacement
force. It 18 advantageous to use the center of buoyancy as origin of co-
ordinates when the CG position changes within a substantial range; in this
coordinate system it is convenient to define the components of inertial hydro-
dynamic force; '

1

i
9

o N/

Wc’“h TS Q'“\;\) [

2

a0 " @

. Dei:lassified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9



Declassified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9

velocity coordinate system OXjY;X;, where axis OXj runs along the
~ velocity vector, axis OY; is placed in the centerplane, while axis 0Z; is
perpendicular to axis X;Z;. This coordinate system is usually employed in
determining the components of hydrodynamic force caused by viscosity of the
medium, ‘

%

29

Figure 1. 1. Fixed or Stationary (onggzg). Coupled (0XYZ) and Velocity (0X3Y¥32;)
Coordinate Systems _

Coordinates Determining a Torpedo's Position in a Fixed and Velocity Coordi-
nate System . _

A torpedo's motion is considered known if at any moment in time t one can
find the position in space of each point of the torpedo,

We shall designate the coordinates of point M (Figure 1.2) in a fixed co-
ordinate system by Xg, Ygs Zgs in a coupled system with x, y, and z, and
polar coordinates (point C), Xogs Yog» Zoge

*e v Ye - . e

cos § cosd : sint ~cos d sln ¢

tinyeing~cosyainfcosd | cosyecosd | sinyeond 4+ conysintaing

conysingtoingeintcosy | ~sinyecosd | cosycosg=sinyeintang

Table 1.1. Direction Cosines Between the Axes of a Coupled and Fixed Cootdinate
. System

We ohall project dashed 1line OABCPQM onto each of the axes OX
. employing Table 1.1, we shall obtain expressions for the coorginatgs of point M
in a stationary coordinate system [1.5]: A :

s OY,, oz and,
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Xgm Xog+ x08 0cos § + y(sinysing — cos ysin 8 cos ¢) +
+ 2(cos ysin ¢ + sinysin 8 cos ¢
Yg = Yog+ x3in8 + ycosycos § — 2sinycos O; (1.1)
2gm Zog— xcos Osln g + y(sinycos ¢ + cos ysin Osin¢) +
: + 2(cos ycos p—sinysinOsin¢).

Any'totpedo movement can be broken down into two motions: tranélational and
rotational [1.5].

: Y,
9

(8 . | S

Figure 1.2. Deriving the Relationship Between the Coordinates of Point M in

a Stationary and Coupled Coordinate System -

‘onto plane ngg is called the yaw angle.

Torpedo motion whereby only Xogs Yog» Zo (current values of stationary co-
ordinates) change is called ,translagionaf motion, while all angles remain
constant, that is, the coupled axes, displacing, remain construtly parallel
to their original direction. In translational motion velocities, accelera-
tions and trajectories are identical for all points of the torpedo,

Motion whereb; only angles change is called rd;ary or rotational motion of

the torpedo relative to any point (pole)*.

In conformity with expressions (1.1), the position of the torpedo in space 1is
determined by six synthesized coordinates: by three polar coordinates Xogs
Yog® Zog 8nd by three angles ¢, 6, and vy, called the yaw angle, pitch angle,
nﬁ heel angle respectively (Figure 1.3), that 1s, expressions (1.l) describe

~ the torpedo's translational and rotary motions.

The angle between axis 0Xg manned the torpédo's projected longitudinal axis

* The origin of a moving coordinate éystem is called the pole. Usually the

torpedo's center of gravity is taken as the pole.
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Pigure 1.4. Torpeds Angle of Attack a and Drift Angle B

. The .avnsle between horirontal plane XgZ an'd' the torpedo's longftudinal axi.
. 1s called the pftch angle. 878~ P ong xis
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«_.The angle between vertical plane Ygx and the torpedo 8 centerplane XY 18

called the heel angle.

A torpedo's position in a velocity coordinate system is determined by two

‘angles: angle of attack a and drift angle 8 (Figure 1.4).

The angle between the velocity vector and the torpedo's centerplane is called

- the drift angle, while the angle between the velocity vector projected onto

the centerplane and the torpedo's longitudinal axis is called the angle of
at tECko

X h » 2,
X euceo‘ﬂ . sine =cosssin '
1 4 . =ginecos [ Y] sinasing

z sing’ S0 conp

:Table 1.2, Direction Cosines Between the Axes of a Coupled and Velocity Co-

ordinate System’

Principal Kinematic Ratios

In order to determine the paraﬁeters of a torpedo's trajectory it is neces-

gary to know the projections of polar velocity onto axes ngszg, we shall
deeignate them with the letters erg.‘vas and Vng.

The velocity projections are linked to the polar coordinates by the following
ratios:

dXo dyo‘ dlo‘
"f-:"";r- Vie==ar s Vugm—g (12

Integrating expfeasione (1.2). we shall find the trajectory coordinates at
any moment in time:
Xog = %o + J Vf;, de;
]
.vo.-.v.+J' Vaygdt

IQ‘ - ‘Q + f vf“d‘.

where xg, 70' zg - pole coordinates at an initial moment in time.

. We shall detetmine velocity vector projectione as follows: since VT runs

along axis 0X;, first we shall find its projectiona onto axes sz. utilizing
Table 1,.2: _ ‘ _

_u.....-a‘ S . v 'A' N
'_ Declassified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9 — )
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Vig & Vycos (X[ X;) m Vycosacos ;
Vay = Vycos (¥,'X;) m —Vysina cos f; (13)
Ves = Vycos (2 X;) m Vesin p

i

Projecting V., V-,-y, Vrz sequentially onto éach axis of system nggzg. ‘we ob=
tain: .
°
Verg = Vie con (X,Xp) + Vay cos (1,%p) + Vs cos (2%,
ny‘ = Vf: cos (X'Ay')-+ V'r’ cos (Yn‘}") + Vr, cos (Z.AY‘); (1.4)
Vesg = Ve cB(X7Z) 4 Vayeor (1,2 + Veyeon (22,

. The angle cosines contained in expression (1.4) can be found in Table 1.1.

In 1ike manner we find the projections of thé angular velocity of torpedo
rotary motion vector onto the axes of a coupled and stationary coordinate sys-
tem. Their expressions are in the following form: in a coupled system:

sy =y +ein ‘
o =dsiny+eosbeony: (1.5) |
0y == b cosy ¢ cosdsiny; '
in a st'at:ionary system: ‘
-_.‘néslnqo+-icoweoi0; )
. u,‘-isino-l-(»; - (18)
. u,‘nﬂconp-is!n¢cm0.

Utilizing expressions (1.3), (1.4), (1.5) and (1.6), we can find the kinematic
~ ratios for particular instances of torpedo motfon. As an example we shall
examine torpedo motion in a vertical and horizontal plane separately.

‘Torpedo motion in a vertical plame occurs if the translational velocity
vector 1s located at all times in plane XgYg and torpedo rotation takes place

only in this plane relative to axis Ozg.'

‘In this case . Vim0 ey, =0 vy =0

Equations (1.4) and (1.6) arc identically satisfled wia
' ¢$=0 1=y =const  andighesinatgy, ALY

Substituting these conditions in equations V(1.3) » (1.4), (1.5) and (1.6), we
~obtain the desired expressions for the kinematic parameters of torpedo motion
in a vertical placa, ' ’

We should note that expresaions (1.7) constitute the kinematic conditfons of
this motion. :

-

Oy

° ’ G
s o ‘P oob 0 . o ] %
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With torpedo motion in a horizontal plane, the velocity vector continuously
" .. remains in plane XgZg, while torpedo rotation takes place only relative to
. ‘axis OYg. Therefore . :

V," =0, Vg = 0, oy = 0. (1.8) .

Conditions (1.8) are identically satisfied when

' sin <
7m o m const; 0 .m0 m const; g0 wmtgacosyy+1ghrit.

Utilizing the obtained conditions, we can find the kinematic ratios during
torpedo motion in a horizontal plane. _ : '

General Description of Forces and Moments Acting on a Torpédo as It Moves
Through the Water

A moving torpedo forms a complex hydrodynamic system together with the fluid
medium., Therefore in an analytifcal study of its motfon one introduces various
assumptbns which simplify solving a concrete problem. In order to construct
an equation for a given type of torpedo motion, one must know the forces ac-
ting on it. These forces include the following: weifght, displacement,

force on the propellers, and hydrodynamic forces.

The force of displacement, in conformity with Archimedes law, is equal to the
- weight of the fluid contained within the volume of the ‘torpedo and is
directed upward, that is, Bm1Ver :

where Yg = specific gravity of water; Vo — torpedo volume.

Hydrodynamic forces and moments include forces and moments dictated by the
inertia of the torpedo and the fluid, as well as the forces and moments oc-
curring as a consequence of viscosity of the fluid medium., The latter in
turn are subdivided into position and damping.

Forces and moments acting on the torpedo during translational steady-state
motion with conatant angles of attack and drift are called position forces
and moments.,

Forces and moments caused by torpedo rotary motion are called damping forces
and moments [1.2].

Forces caused by inertia are determined eithei by theoretical means or with
the aid of the method of analogies.

. Hydrodynamic forces and momehts of viscosity origin are detérmined chiefly by
experimental means. Subsequently we shall examine both theoretical and ex-
- perimental methods of determining hydrodynamic forces and their mome:ts,

T T T T

‘o

- e
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1.2, Position Hydrodynamic Forces |
Pundamental Relations for Position Hydrodynamic Forces

Real fluids possess viscosity, which 1s caused by molecule cohesion. During
heating, for example, when cohesive forcas h-come weakened, the viscosity of
a fluid diminishes. :

Wy

= -
Vf pr——ny *
Py

omne————gie
S - vy
el
emasmesmsdinn
s

. Figure 1.5. Motion of a Viscous Fluid Along a Plate

If a fluid were ideal, without viscosity, flow across a smooth plate* would

be rectilinearly translational: velocity at all points in the flow wuuld be

identical, and the fluid particles would slip along the plate without ex=~

periencing drag. 1In a real fluid, possessing viscosity, distribution of

velocities in the flow is as shown in Figure 1.5, that is, immediately ad-

Jacent to the plate surface the fluid moves at zero velocity, while with in- 4
creasing distance from the plate the velocity of the particles of water in . . e
the adjacent layer increares to flow velocity Vy. The effect of viscosity ' :
here is manifested in deceleration of particles, that is, in the fact that

the particles located in the various layers move at a somewhat different

velocity relative to one another. Movement of particles at different

velocities relative to one another is the result of action of internal forces

of friction, or fluid viscoasity. Frictional forcea are defined as stresses T

tangential to the surface of the plate. When flutd particles move in paral-

lel layers, tangential stress can be determined with Newton's formula [1.13].

‘!-ﬂ-lﬁ%;o (19)

where u — coefficient of viscosity, the magnitude of which is determined by
the nature of the fluid and its temperature; v

' ' B i velocity gradient
along external normal Y. .

- - Also acting on the torpedo, in additional to tangential stresses, are normal
;o " stresses which occur as a result of change in velocity of the fluid par- .
E{, ticles flowing around the body. : '

% ‘ * Henceforth we shall apply the principle of reversibility of motion, ac~

i cording to which the nature of interaction between a body and medium is in-
dependent of whether the body is moving in the fluid or a homogeneous stream
of fluid, with the same velocity but opposite in direction, will move onto mo-
tionless body. '

—
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Change in flow velocity in conformity with Bernoulli's law gives rise to
hydrodynamic pressure along the torpedo hull, For points situated at one and
the same depth, the Bernoulli equation can be written in the form

.- Pm P.+-","-;"-[_'.n- (1;’;)’] (L10)

where Pg == hydrostatic pressv-e at the given depth; VT' == velocity of incident
fJ.ow; P, V — hydrodynamic pressure and velocity at the given point.

Thus with a torpedo movihg in a real fiuid,lnormal Pdl and tangential tdQ to-
the area of force act on each elementary area dQ (Figure 1.6). Let us

project these forces onto the axes of the velocity coordinate system, and
we obtain [1.13]: '

 dRy = [Peos(PX,) + % cos (" x,)] a0
.. dR, = [P cos (P'Y) +2con (e.“Y,)] aa; (L.11)
’ -dR, - [P cos (P.AZ,) + tcos (1.‘2,)] dg,

Figute 1.6. Hydrodynamic Forces Acting on the Elementary Area of a Torpedo

'Integratingv these expréasiona for the entire torpedo surface iy we obtain
. formulas for drag Rxp, lift RYl' and lateral force Rz1t

R, = g [P cos (-P.Aa\’u) +% eo; (e.“x,)] dQ:
, ) . o (Gy)
s . | ,‘ L L | ’ ~.R,. -(LJ; [Pcos (P..“Y.) + ¢ cos (-r.“}'.)] dQ;

Ry = (Lj; [’P 'coo (P.‘f.) + % cos (1.“2.?] a9,

- In practice usually other formulas are used, for obt:aining which subintegral
expressions lead to a dimensionless form. We shall recall that quantities
P, T possess dimensionality gz, while Qr -= M2,

11

B
» .

| Declasified an Aprove For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9




Declassified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9

To perform the indicated transformation we shall utilize dynamic pressure

expression :
Ve [ H ] '
'T F )
. ‘whe;g V; == velocity of torpedo steady-state niotion. m/sec; p —— water density,
- kg/m3. . ‘

Since P and T possess dimensionality of dynamic pfessute. by dividing and
multiplying subintegral expressions by '

9\2121 .
we obtain them in dimensionless form.
In order to reduce d? to dimensionless form we shall divide and multiply it

by some characteristic area, such as the torpedo wetted surface area Q. The
relation for drag following transformation will assume the form

R;,-:-‘;LD, J' J [_P%? cos (P"X,) + |

()
+ -;:—,2- cos (= X,)]-z,-e-.

We shall designate the sub:lntegral expression in the fomulﬁ with Cx1 » hpon
. which this formula and two others for Ry; and Rzy will be written in"the form:

Ry, = Cp ity O w

Ve .. ) |
Ry, = Cy, Lot (113)

RumCaliion (L)

Dimensionless quantities N ch’ czl are called coefficients of drag, lift
-and lateral force tespectively. '

It follows from the above formulas that forces Rx]_- R 1 Rz, , when the torpedo
moves at constant velocity, are proportional to dynamic pressure
PALSS
2

and torpedo wetted aufface fir; in addition they are determined by dimension-

less coefficients characterizing the torpedo's shape and conditions of flow
around it. ‘ : . , ' '

12
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Elementary forces PdQ and 1dfl create hydrodynamic moments relative to the co=
ordinate axes. We shall designate the coordinates of elementary area dQ with

X, ¥ 2. Then th: expression of moments of elementary forces, relative to
axis OX;, for example, will be : :

dM, = dR,y —dR,z.
Integrating this cxpression for the torpedo's entire surtace, we obtain
M, '(LJ; (4R,y —dRy 3).

In order to reduce to dimensionless form, it is necessafyvto multiply.and
divide the subintegral expression by constant quantities:

2 .
i -P-‘;L| Qs L'

(the torpedo's length). As a result the relation for My acquires the form -

v .ak_ dR, 2] 40
M, =t ol, f 7 - o ‘L;']’ﬁ:'-

d (Qy)

_Deéigndting the dimensionless quantity defined by the double integral with
Cmx; s We obtain .
) . T

My, = Cpig, 3= OaLs. (RLY

Analogous expressions for My; and Mz will assume the formﬁ

c Moy e
M,.-C,,,,.T%L (1.16)
o | 117

M,' =C,,,,. -—i—gt’-f- ( A7)

Mbmenté Mgl, My1, M,, are called the heeling moment, yawing moment and
longitudinal moiment %eapectively.

In an analogous manner we can obtain formulas for hydrodynamic forces and
.- moments in projections onto the axes of the coupled coordinate system:
Vi Vi vEL L |
Rt"c:""i'-nf; R,"Cy—fl'nr; ngcl_i—ofg‘
L pV’
MJ—CHML;,LQTL!; M,-CM,T'—Q,L.,; .
. : V2
M=Cmlgiol (9
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In a coupled coordinate system the forces-and moments are called: Ry =
longitudinal force; Ry — normal force; R, = lateral force; My -- heeling
moment ; "y -~ yawing moment; M, -- longitudinal moment.,

Diuensionless coefficients of forces and moments in a coupled coordinate sys-
tem are determined with formulas [1.6]:

Cym (C, o8B+ C, sln B) cosa—C, sine; |
Cym (Cycorp +C, sin B)sina 4 C, cose; (1.19)
C,m —C, sinp + C, cos i
Cmsz = (Cox, €08 B—Cppp $in B) cosa + Cpyy, sine;
Cmy = —(Cp,cOsB— CpmstinB)sina + _Cm. cos «;
Coms ™ Cpy, 8inB 4 Cpyc08 B

We shall note that the magnitude of hydrodynamic coefficients for one and the
same torpedo depends on what area and length are taken as characteristic in
the formulas for forces and moments. One must direct attention to this fac-
tor. When necessary the coefficients can easily be recomputed to other
characteristic area and length. o

We shall demonstrate the method of this conversion with the example Ry and My,
Let Cx=C; and Cpx=Cp; be known, in the determination of which midship section
St is taken as characteristic area, and length 1l as length. We must determine
coefficients Cxy &nd Cmxy for a case where torpedo surface Qi is taken as
characteristic arca, and torpedo length Lt as length. Then we can write:

V2 A
R, "‘Cl'p'{—sf"c‘n —2-'-0,.

V2 Ve .
My = Cp, T Sit = g, 3 Oel

From these expressions we find:

. ) Cu. Syl ’
c,,..%f_f.; CM-"_Q?L,;'- (1.20)

Concept of Mechanical Similarity

Determination of position hydrodynamfc forces reduces essentially to finding
dimensionless hydrodynamic coefficients. At the present time not all hydro-
dynamic coefficients can be theoretically determined with sufficient accuracy.
In connection with this experimental methods of coefficient determination are
widely used in torpedo hydrodynamica, whereby full-scale tasts are of great
importance, since the figures obtained from such tests are the most reliable,
But since full-scale tests under actual conditions are very complex and re-
quire a considerable expenditure of time, effort and money, tests on models
are practiced extensively, tests which are cheaper, technicaily more easily
executed and which possess broader possibilities for completeness of

14
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investigation and graphic demonstration. Experiments on models are performed
in wind tunnels or flow channels at steady-state velocity of che advancing air
flow and constant values of angles a, B, set angles of vertical 6g and
horizontal &~ control surfaces. The forces acting on the model are measured
on aerodynamic scales. Test results are usually presented as graphic rela-
tionshipas between the hydrodynamic coefficients and the above-indicated
angles. But tests on models can be of practical significance only if the

figures obtained in such tests can be applied to full-scale conditions. Such - °

conversions are possible if certain conditions of mechanical similarity were
observed in the process of testing, mandatory for which is fulfillment of the
conditions of geometric, kinematic, and dynamic similarity [1.9].

) Gebmetric similarity presupposes similarity of shape and constancy of rela- -

tionship of corresponding dimensions of model and full-scale device, called
scale of physical dimensions. '

Kinematic similarity presupposes, alongside geometric similarity, constancy
of ratios of velocity vector projections at any corresponding points in the

- flow. This relation is called the coefficient of kinematic similarity or

scale of velocities.

. Further, 1f the conditions of geometric similarity are satisfied and any

forces acting on corresponding elements are proportional in both phenomena,
such phenomena are called dynamically simflar for these forces.

' Various forces are in actfon in a fluid, and therefore there may be several

conditions of similarity, each of which 18 called a condition of partial
similarity. If all conditions of partial similarity are met, we say that we

have full dynamic similarity.

We sh#ll designate those quantities pertaining to the full-scale device with
the subscript H, and those pertaining to the modal with subscript M. Then
the above~formulated conditions can be written as follows in mathematical
form:

geometric similarity KL;.%L; o a
. ‘ ]
kine_mgtic similarity Ky = 1l;:_. | Ty L22)
-1f we introduce a time scale K, = ¢ . (1.23)
'] ‘ﬁ' ’ ’
we can write the following iatig: Ky ,-_’%g_, | (1.24)
15
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dynamfc similarit : ’
dyna YV. K,--I;F'-o , (1.25).

where Kp — force scale F.

In conformity with Newton 8 .l.aw, force equdls mass m times acceleration a,
that is, F=ma.

Mass in turn is equal to the product of fluid density p and :tt:s volume V
that 1is, m=pV,.

Proceeding from dimensionality, we can write

Vox £ . and ""T’-

Here L 18 length and T is time.

Consequently L
. Fa 'pL' -F- - pV’L’.

Thus foi dynamic similarity it is necessary that the forces assume the
. following ratio:

. Vz L’
, Pn i -l'l

Utilizing formula (1.26), we shall find the conditions of dynamic similarity
for forces dictated by fluid viscosity. According to basic Newton law (1.9),
the forces of viscosity can be expressed as follows :

Kp = (1.26)

Fyp np-Z-L' =pVL.

where r -- average velocity gradient value, and L2 = body wetted surface
area,

(i -]

The principal dynamic similarity equation (1.26) assumes the form
p.V?.l-u g,viz,,
P ul'n

Hence we find

Bevuln ot oo BaVuly  oiValp
PuVply [T Pu Pu

Replacin g ratio g with kinematic viscosity v, we finally obtain:

Yubu o Yely yoy Re (M) = Re(n). (1.27)
Yu a ' '
16
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Dimensionless quantity Re-{? ia called Reynolds number,
Thus the Reynolds number equation is a condition for dynamic simflarity be-

tween model and full-scale device under the effect of forces caused by
fluid viscosity. .

We shall now find the dynamic similarity condition for the forces of gravity.
In this case we must substitute in equation (1.26) In place of force F the

value of gravity: 3
S F=mg=pL-g.

- The equation assumes the following form thereby:

P..Vf.f-i - ?utsg _ . !
nVals  ndig ' '

.!;‘,s. - .4_’;,:.. (1.2)
¥ v e )
The resulting expression is called Froude's law, while dimensionleés quantity
_ 8%i _
v

is called the Froude number and is designated by Fr.

and aftef.reduction

Conéequently, 1f conditions ongeometric and dynamic similarity are observed
in model tests, the hydrodynamic coefficients will be identical for the
model and the full-scale device. ' . ' :

1.3. Water Drag on the Torpedo
The water's resistance to torpedo motion consists of two parts: friction drag,
and form drag. ' :

Friction drag constitutes the resultant force of surface taﬁgential forces,
while form drag is the resultant force of standard pressure surface forces.
Both are determined by fluid viscosity.

That part of the flow along the surface of the body where the forces of
viscosity are most intensively manifested is called the boundary layer. The
thickness of this layer decreases with an increase in fluid velocity. For
practical purposes the thickness of the boundary layer is assumed equal to

_the distance from the wall at which velocity reaches 99% of undisturbed flow

(1.1]. Beyond the boundary layer viscosity forces become so insignificant
that one can apply the laws of hydromechanics of an ideal fluid to the flow.

This approach to a study of the motion of a viscous fluid makes it possibie
to divide the entire volume of fluid flowing around a solid into the follow-
ing regiom (Figure 1.7):

*

.

Declassified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9 @



it der ki o . . . P IPT . e

AL

D I

Declassified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9

extefnhl potential flow region I, where viscosity forces are prac:idally‘
zero; one can apply the laws of an ideal fluid to study flow in'this region;

, boundary layer region II adjacent to the solid, in vhich frictional
forces possess a substantial value; " .

wake region (zome) III; with fully-faired bodies this zone begins at
the points of flow separation from the body surface, while with bodies with
tapered lines (torpedo) it forms astern. Here the fluid flows from a lower-
pressure region into a higher-pressure region (Figure 1.8, point B).

IHITS

v - 7 /”'.

. L —_/— —=

P b 8

t.“ * R o]

Figure 1.8. Distribution of Fluid Velocity and Hydrodynamic Pressure Along"
the Hull of a Torpedo o : .

a Since velocity is low'adjacent to the surface, the kinetic energy of the fluid

is insufficfent to overcome the positive pressure differential. Therefore at
this point the fluid flows in the opposite direction; boundary layer separa-

. ‘tdon occurs, and a burble zone forms. The location of the point of separation

is determined by the shape of the body and its attitude relative to the flow.

- F;ictioﬁ Drag

Friction drag is determined chiefly by the character of fluid flow within the

‘boundary layer. Two types of motion are distinguished: laminar and turbulent.

:{ With laminar motion the flufd flows in parallel, nonmixing layers; with tur~
bulent flow fluid particles are in a random state, intermix and move along

peculiar, constantly chnnging trajectories.-

18
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We should note that the above-mentioned motion conditiona are stable only
under certain definite conditfons. These conditions were experimentally
determined for the first time by Reynolds. He established that the conditions
of fluid motion are determined by the value of dimensionless exprecsion

Vepd

Re =

where d -~ characteristic linear dimension; ch — average flow velocity;
v = kinematic coefficient of viscosity. :

There exists a critical Reynolds number., If Rq i8 less than critical, motion
is laminar; if R, exceeds critfcal, motfon is turbulent.

Length Lt 1is employed as characteristic linear dimension for torpedoes; then
Re 18 determined with the formula

Re = J2fr., (1.29)

The critical Reynolds number for torpedoes lies between 3 x 105 and 5 x 10°.

Figure 1.9. Distribution of Velocities Within the Boundary Layer During Fluid
Laminar and Turbulent Flow

Figure 1.9 shows the distribution of velocities during laminar and turbulent
flow. The increased swing of the velocity curve during turbulent flow is
caused by the presence of intensive mixing. However, even here mixing of
particles in a thin layer immediately adjacent to the body surface becomes
impossible, since the hull prevents their lateral mixing. Consequently, even
in a turbulent boundary layer laminar flow is retained adjacent to the hull,
called laminar sublayer.

Tangentia). stresses within a laminar boundary layer and in a laminar sublayer
can be computed with the Newton formula. But since we are interested in tan-
gential stresses directly on the hull, this formula can also be applied in a

case of turbulent motion. For these conditions we shall write formula (1.9)

in the form av : (130) :

fo=p ('@')yso'
where (g;)y_o is the velocity gradient for the normal to the body surface.

Employing formula (1.9), we shall analyze the possible methods of reducing
friction drag. '

19
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It follows from this formula éha: a decrease in tangential stresa can be
achieved:

by reducing viscosity of the fluid in immediate contact with the
torpedo hull; : : S

by lessening the velocity gradient on the body surface.
-Form Drag '

Form drag constitutes a part of drag, the role of vwhich 18 rather minor in
- the overall drag balance of highly-elongated bodies moving at high Reynolds
numbers. However, form drag on bodies with a small fineness ratio may
comprise the bulk of total drag. :

Let us examine the causes of form drag. When an ideal fluid (without vig-
cosity) flows around a symmetrical body, distribution of velocities is
symmetrical relative {0 the maximum cross-section (Figure 1.8), As a con=-
sequence of full symmetry of pressure distribution, the resultant of these
pressures projected onto any axis is zero, Consequently if the fluid were
idea, form drag would also be zero,

When bodies move in a real fluid, the existence of a boundary layer and flow
separation at the stern somewhat change the distribution of velocities in
the outer part of the flow. In the nose section of the body, where the
boundary layer is thin, the influence of viscosity on velocity is insig-
nificant; as we approach the stern the difference in velocities in the ideal
and real fluids becomes more significant., As a result of this there takes
Place redistribution of pressures, and a resultant force arises in the
direction of flow, called form drag.

- Approkimate Determination of Coefficient of Drag

. Coefficient Cx; consists of two parts — coefficient of friction and coef-

% ficlent of form drag, that is,

Cxy =Ce+Cy | | (1.31)

7’%' coeff1¢1ént Cg¢ is determined with theA?randél-Schlichting interpolation

formula [1.1] : ,

(UgRey™ *

Formula (1.32) is derived for flat, ideally-smooth plates and applies to
Reynolds aumbers of 5 x 10’ and higher. Flow around a torpedo does not cor=
respond to plate flow due to the curvature of the hull, but this difference
is negligible. ' - ' :

132 |

The (Papmel') formula, derived by him on the basis of an analysis of wind
tunnel tests on airfoils and testing of ships [1.1], is used for an approx-
imate determination of the value of coefficient of form drag Cy: _ '

20
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Com 9-09-&-”. (1.33)

where Sy — torpedo aaximum cross sectional area, m2; fix — torpedo wetted
surface, excluding fing, m2; 1 -~ stern taper fgctor, determined with formula
- /57
=5
where 1 1s the length of the tapered portion of the torpedo.

Special tests are performed for more procise determination of Cxy+ We shall
- note that 1f equal Reynolds numbers are not observed for a model and a full-
scale device in tests on models, it is necessary to convert Cxy with the

formula e Ro. \3
: 8
C)my"bm)<1%§¥%) ) (1.34)

whereby it 1s assumed that with a change in Reynolds nvu“er there occurs a
change only in friction drag, while form drag remains unchanged.

1.4. Determinhtion of Torpedo Motor Effective Output -

Motor output is expended on turning the propellers, on overcoming friction
in the motor and in the shaft bearings, and on operating attendant c¢quipment.
Motor effective output is defined as that portion of its output which is
developed on the torpedo propeller shafts. This power can be determined

- theoretically in the following manner.

In order for a torpedo to travel at a specified velocity Vy, it is necessary
to perform work equal to RxiV+ in a unit of time. If screw propellers are

employed as propulsive device, effective motor horsepower will be determined
with the expression

v )
N, = —Ri,,‘p—' om, T (139)

where n, -~ is the propulsive coefficient of the screw propellers, that ié,
propeller efficiency taking into account the iafluence of the torpedo hull,

Consequently the question of determining effective output reduces to deter-
mining torpedo drag.

Ve

Substituting in formula (1.35) quantity 'c;.-u_ in place of Rx; we
obtain _ , '
, oV ‘ %
N, 'cx.'ﬁ:""" “-36)

that is, motor power output is proportional to the torpedo's velocity
cubed,

21
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Consequently, if power Ne, 1a necessary to obtain velocity Vr1s then for
velocity VTZ we shall require

oo
No.-N.,(-V:-). - (1.87)

1.5, Lift and Hydrodynamfc Moment

Whena torpedo is traveling in a real fluid with a certain angle of attack,
substantial 11ft is generated. It 1s formed primarily by normal surface
forces. An explanation of this should be sought in the difference between
actual distribution of pressures and distribution of pressures in an ideal
fluid,

Figure 1.10 contains an approximate distribution of normal stresses on the
torpedo hull. As is evident from the figure, iift 1s generated by over-
Pressure in the forward part of the torpedo and underpressure inthe aft sec-
tion of the torpedo.

tunnel tests on torpedo models.

chiefly by running win

Coefficient of liftlcya of a finned torpedo hull is found experimentally,

- Plgure 1.10. Generation.of Torpedo Lift

In tests Cy; 18 determined for a finned and unfinned-hull torpedo model at
various angies of attack and at various angles of horizontal control surface
setting ér,

'Figure 1.11 contains the results of aerodynamic tests to determine a

torpedo's coefficients of 1ift (6r>0 corresponds to control deflection down=
; ward). « '

At low angles 6f attack a and low angles of horizontal control surface

deflection &, the relationship between Cy; and these angles can be assumed
- 1inear in a first approximation:

Gy, = % llpod + %%LL"(S,-FG)- Au”)‘ :

22
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?igute 1.11. Relationship Between of Lift and Angle of Attack and Angle
of Horizontal Control Surface Deflection S . o

i;“_ and 2;;& are determined as the ratios
r
3
S e S

R PO

The value of coefficient Cmzy of a finned torpedo hull 1s obtained from

.wind tunnel data. In tecting, the coefficients of hydrodynamic moments of

a finned and unfinned hull ‘are determined at various angles of attack and

-control surface deflection angles. Figure 1.12 contains the results of

determining szl for a torpedo. Hydrodynamic moments are given relative to
its center of gravity. As is evident from the graph, the fins and control
surface position appreciably influence the value of the hydrodynamic moment

coefficient. .cmz, o
Unfinned Hull Heonepennsit nopnye
: 6}'20‘ .
0,003
0002] 7(/
) 4 £ge
[ / o™ f'o
o~ -
10 §-8 -6 |42 4] 6] 8 1o
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Figure 1.12. Relationship Between Coefficient of Longitudinal Moment and
Horizontal Control Surface Angle of Deflection §r and Angle of Attack a
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At small angles of attack a and small angles of horizontal control surface
deflection &, coefficient Cmz; can be approximately represented with linear

- relation

“ ac ac ' '
Cu:. = 1:'—'1- ,"-’od + '—301:'— Lw(a, + a), (1.39)

Figure 1.13. Deriving a Formula for Converting a Torpedo‘s Longitudinal

Bydrodynamic Moment

.Quantities acﬁﬂ< and 2%2&. are determined ih the same manner as

. 0% . X
or - ac,, ac,,

—2 and -5ﬁF.

We shall note that the above also applies in equal ‘measure to force Rz, and

‘moment Myl.

In practical calculations the hydrodynamic moment must be converted for one
and the same torpedo as a consequence of change in its center of gravity.
Such a conversion for small angles of attack can be performed in an approx-

imate manner with formula

My =M, + AR, , (140)

where Mz, == hydrodynamic moment relative to the initial position of the
center of gravigy UTg; M'zl == hydrodynamic moment relative to the new

. position of the torpedo's center of gravity UTy (Pigure 1.13); Al == dis-

tance between UTg and UT3; 41>0 with a shift of LT; toward the aft end of

~ the torpedo.

1.6. dydrodynamic Heeling Moment

Moment My is generated with fin and control surface asymmetry. .Assume the

- torpedo, for example, is moving with a positive angle B, while the rudder
‘18

deflected by angle 6. Then lateral force Rzgp will act on the upper

vertical fin, R, on the lower vertical fin, Rzap on the upper rudder, and
Rzyp on the lower rudder (Figure 1.14). These forces generate a moment
relative to axis OX, determined by equality

24
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Mcv - RyugYun —Ryaa¥ea + RenpYup — Ry epYap

where  Ym Yea Yap Yop == coordinates of points of application of the

* above - indicated forces.

: Figure 1.14. The Problem of Generation of a Torpedo's Lateral Hydrodyﬁami’c
Moment : ' : o

The final 'expres'sion for determining heeling moment will bé
o o oV - 14y
M=t ipo L+ d oty - (4D

From expression (.41) e s
i : : ) i L1 el L1/ .
| =t (i P s V)

) o s” V , Sup S
é‘ad.(m?np—m ?up)..

I AN Pep. Pup == distances of lines of corresponding forces

. A relative to axis OX, in relation to torpedo
SR ' length L¢;

o Suns San s Sips Swp* == areas of lower and upper vertical fin, upper and

- o lower rudder respectively; ' ‘ _
-~ dimensionless coefficient of lateral force of
Crp- vertical fing; : L

== dimensionless coefficient of rudder lateral force. :

Cion-

-‘1.7. Damping Hydrodynamic Forces and Mémenté

We.have examined above hydrodynamic characteristics under the condition that
the torpedo moves only translationally at a constant velocity Vr. If the

25
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torpedo is involved in rotary or oscillatory motion in addition to transla-
tional, its hydrodynamic characteristics will change appreciably, since
there will be additfonally generated hydrodynamic forces and moments called
damping forces and moments [1.2]. We shall clarify their origin with a
particular case of torpedo motion, that is, with circulation in a horizontal
plane. '

'As a consequence of torpedo rotation, local linear fluid velocities arise at

each point of the torpedo's hull, velocities which are normal to the torpedo's
longitudinal axis and numerically equal to the product of angular velocity w
and the distance to point x. Consequently, sum velocity ¥ of the incident

flow will be equal to the geometric sum

'Vgi’.r"'x.:i.

Since xw 1s a variable quantity, the fluid flow along the torpedo ﬁill be curvi-

linear an d local drift angles will differ from those which would occur
with rectilinear motion. :

For the sake of an example Figure 1.15 contains local drift angles for two
surface elements; with a positive angular velocity local drift angles in
the aft section increase by quantity

Apx-‘;‘:—.
while in the nose section they decrease by the same amount.

o,
z (% ’
- - ?‘
£3 A 351 Tep
N, -
mw NG D o
3%

Figure 1.15.

Change in local angles of drift is the reason for the occurrence of damping
forces and moments. These forces and moments can be determined both
theoretically and experimentally. With the theoretical method they are deter-
mined separately for an unfinned and finned hull,

We shall first examine the method of determining damping force and moment
for a torpedo's fins, With torpedo rotation relative to axis 0Z the increase

in angle of drift AB can be determined in approximate fashion as [1,7]

e S,
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where Con 1s the distance .frém' the‘torpedo's center of 'gravity to the center
of h}'drodynam_ic- forces of the fins. ' R : o

As a consequence of this an additfonal 1at:éra_1 force and an additional yaw-
ing moment arise on the fins or, as they are usually called, a damping o
force and a damping moment. o ' R , ‘

Coefficient of fin lateral force Czon can be determined with the formula

Cson= C,-C".

where C, is the coefficient of lateral force of a finned hull{ Czk == CcO=
efficient of lateral force of an unfinned hull, Assuming 4B to be a small

quantity, we can write _
) 1%’5”‘”55""—55"" .

o v 1 ac ]
USRI PR Y S
_f

| o =A%V, (142)
- where’ . "A:M.%_O_C#n_ ?@:Con-
'The"ﬁn d_ampixig ‘moment can be computed hpproximately with the formula o
: o R .M:oan:onCoug";yqur") ' . (1-43)_ '
A where . : M:,,,_,--;_;‘%M.,g,cﬁ,,. - o ’f
- "For an utifinned hulll damping forées _.and moment are determined: with the
 formulas of K. K. Fedyayevskiy: . o ' o S
SO U Regm ARV | D "(1.,44.).
FRER DI _ ‘M,..gﬁ;’.vt‘, . . .
- -:J‘,',;."j:wher‘e-__-.'..:_ ol e T
B I sx = PO AN w . !
L
) A= = | y
. Qhere :ﬁ_ is a section relative (to L;) coordinate figured from the torpedo. R -
nose; ng = relative (to Ly) coordinate of the center of rotation (origin -
of coordinates), figured from the torpedo nose; T — relative (to Ly) R

radius of the profile of the torpedo's meridional section at distance n
from the torpedo's nose. - : , :

'Calculatjion»-of synthesized coefficients employing formulas (1.45) is perQ
-formed in the following sequence. o .

27
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We déterm:l.ne quantity T, for which we first compute the torpedo’s fullness
coefficient, equal to the ratio of the volume of the torpedo hull V, to the
displacement of a cylinder of equal size, that is, :

V,

p=—mf—

. -Tf-lq.

From the fullness coefficient in the graph (Figure 1.16) we obtain the ratio

of radii .

where rmayx =~ torpedo radius; r = running radius of the target section in
the _afg:etparc of the torpedo. :

We then determine r=Krpgaik and relative radius
F--’E- '
We compute quantity Ty with the formula
o ;,,,-.‘f., »

vhere xr 1s the distance from the torpedo nose to its center of gravity,

In order to determine W we determine on the drawing distance 11 from the
torpedo nose to the section in the after part with a radius of r. Then

jmgh.

On the basis of known values of W and ¥ from the graph (Figure 1.16) for
force Rzp, assuming in section B=0-5° Czo is a linear function of angle 8,
we compute partial derivative .

ac,

. (. ' .

Then we determine R:k and R::)on as well as M;’k and M;’on-
Total damping forces and damping moment are equal to:

R} = Rl.n"'RrOﬁ
M’. - M;l+.M;°ﬂ°

" In like manner we can determine damping force R‘y” and moment }f: during torpedo

rotation (oscillation) in a vertical plane.

In the case of torpedo rotation on its longitudinal axis with angular

- velocity Wys a damping moment also occurs, the approximate value of which

is determined with the formula :
: . M2 AS, Vavg, (146)

28
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Pigui.'e 1.16. Graphs for Determining Lift Coefficients of an Unfinned Torpedo

where . '
’ A:, rx ™ -El?ﬁ; '
r == torpedo radius.

Utilizing expression .(1.46), we can determine in a first approximation the :
. damping moment of an unfinned hull during torpedo rotation on its longitudinal -
axis.

When a torpedo rotates on its longitudinal #xis, a damping moment also arises
on the fins. For theoretical determination of the magnitude of this moment,
one can employ the formula _

2

29

A
‘ v ] .
Declassified and Approvéd For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9



De

o

nd Approved For Rel

&

Sl

Y

060001-9 4

classified a

Apkon™

whereby A% (%?')u‘("-‘g)"

where 1 — 18 the average length of the fin plate (Pigure 1.17); d = dis-
tance between the outer edge of the fin to the axis of rotation; dg —— dis-
tange from the inner edge of the fin to the axis of rotation.

In conclusion we should note that the above formulas make it possible only
approximately to determine damping characteristics. Special tests must:
be performed in order to obtain more precise values. One experimentally
determines thereby rotational derivatives
' acy | . _ OC |
G| o0t chom 2|
connected with damping forces and moments by the following relations:

, ‘ | v
Ry = C;’Qr%ﬂt—"; M éczlnt Lf"""l"'-

Figure 1.17, Determining Damping Forces and Moments of Torpedo Fins

There exist two methods of determining these derivatives. One is the testing
of a model on a rotation testing unit. The model travels in a circle.
Measuring the hydrodynamic forces and moments at various angular velocities,
one can determine rotational derivatives by subsequent numerical or graphic
differentiation. Another method of determining these derivatives is based
on recording small model oscillations in the flow. On the basis of these
tests one determines the damping constant and subsequently rotational
derivatives proper. . , '

. .
' [} - .
T L . .

.. Y
- L4
'

‘ _Declssified and Approved For Release 201 3/08/01 : CA-RDP09-022950001 00060001-9




Declassified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9

1.8. Force Effect of a Nonviscous Fluid on a Torpedo Traveling Through It

Up to the present we have been examining hydrodynamic forces caused by fluid
viscority. As noted above, beyond the limits of the boundary layer a fluid
can be assumed ideal, nonviscous. Let us examine the force effect exerted
on a torpedo by a nonviscous fluid. '

During torpedo motion certain momentum is imparted to the particles of the
.ambient fluid. If the torpedo moves at a constant velocity, this momentum
will possess a constant value. In conformity with the laws of momentum and
the moment of momentum, in this case the fluid will not exert force on the
torpedo.

With torpedo unsteady motion, the momentum of the fluid continuously changes,’
and forces and moments of an inertial nature arise. Indeed, the pressure

of the external surface of the torpedo on the fluid should overcome only its
inertia; there will not be other forces, since the fluid is assumed nonvis-
cous. :

We shall examine these forces and moments in greater detail [1.3]. Let us
assume, for example, that a torpedo is in uneteady translational motion
along axis OX and is rotating on that axis. The reaction force with un~
steady translational motion.in the general case will not coincide with the
direction of velocity VTx. The value of this force will be determined by
its three projections onto the axes of the coupled coordinate system:

Ry=—hyViy Ryy=—haVag Rig=—huVrs

-
Since force Rj does not pass in the general case through the origin of
coordinates, it forms a moment the projections of which onto the coordinate
axes are equal to

My = — l“f’"; My =— luVui Mgy = — AMV‘“" :

With torpedo rotation on axis OX with angular acceleration Wy, inertial
forces also arise, which can be reduced to main vector and a pair of
forces the vector of which is equal to Mp. Projections %2 and M2 onto the
coordinate axes are determined by the expressions:

Ryp =— 1«"‘;:3 Ry =— la‘;’::i Ryy=— la;’:r;
Mu = e l“ﬂx; M” B e l“mx; M” = e A““:-

In like manner one could write expressions for inertial forces and moments
for the two other axes. As a result we shall have 36 expressions of
projections of forces and moments and correspondingly 36 coefficients Adk
which, at the suggestion of N. Ye. Zhukovskiy, are called apparent masses
and apparent moments of inertia respectively. One should not define ap-
parent mass thereby as a certain fluid mass moving together with the torpedo.
In actuality fluid particles possess velocity and accelerations which are

31
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‘Figure 1.18. Ahalysis of Coefficients of Torpedo Apparent Masses

. not equal to the velocity and acceleration of the solid body. Therefore

apparent mass is defined as a fictitious fluid mass which, moving at the
same velocity as the torpedo, would have the same momentum which is in fact

possessed at the given moment by the fluid surrounding the torpedo.

The number of quantities Afy diminishes eignificantly if the body possesses
planes of symmetry. In particular, the torpedo can be assumed to be a

7.”,body which 1s symmetrical relative to planes XOY and X0Z (Figure 1.18).
Let us first see what )y} become.zero when the'totpedo moveg_along axis OX.

',,VJFlow alohg the torpedo ié symmétriéal, and becﬁuse of this fluid pressures P
. on elementary surfaces dQ to the right and left of plane XOY are identical.

Resultant dRjy of both these forces is directed along axis OX. Therefore

1its projections onto axes OY and 0Z will be equal to zero._llt follows from
this that Ajp=Ay3=0. . .. . _— : R

' Porce dRyy does mot create moments relative to the coordinate axes, and
- therefore should be Ajy=i}g=ijg=0. .

0&)( - R
2 _ = |

e vjvfiguré_1;19; Analysis of Coefficients of Torpedo Apparent Masses
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" When a torpedo moves along axis OY, the resultant pressure Ry will lie in
the plane of symmetry XOY, but it will not pass through the origin of co-
ordinates. Projections of this force onto axes OX and 0Z are equal to zero,
and consequently Az;=A3=0. Force Ry generates a moment only relative to
axis 0Z, and therefore Ajy=A;g=0. o

. In the case of the torpedo motion along axis 0Z, the following four coef-
ficients become zero: Az =Ajz,=Ajy=i3g=0.

When the torpedo rotates on axis OX, the main vector of inertial forces
should lie in plane YOZ, while the vector of the main moment should coincide
with axis 02 (Figure 1.19). If we ignore fin asymmetry, the torpedo can be
assumed to be a solid of revolution. In this case the main vector of in-
ertial forcee becomes zero. Consequently, Rix"R4y"R4z=M4y=M42=0. It fol-
lows from this that Ayj=Ay2=Ay3=Ays=iyg=0.

In the case of torpedo rotation relative to axis 0Z, the main vector of in-
ertial forces should be positioned symmetrically to plane XOY, and the main
moment parallel to axis 0Z, since plane YOZ is not a plane of symmetry.
Then RSX'RSy"MSY'MSx'O and Ag1=Ag3=Agy=Ags5=0. :

When the torpedo rotates relative to axis 0Y, Asi=Asa=Agy=Asg=0,

In general courses in hydrodynamics it is proven that Ajyp=Apy. If one takes
this into account, then only eight of 36 coefficients remain for the torpedo,
namely: Ar1, A2z, X33, Auns Asss Aess A2e and A3s.

The values of apparent mass coefficients A{k are usually determined in a
coupled coordinate system with the origin at the center of buoyancy. If the
origin of coordinates 1s placed at any other point, at the torpedo's center
of gravity, for example, the necessity arises to recalculate the apparent
mass coefficients. This recalculation can be performed with the following

"~ formulas [1.12]: '

hymNps =it o la
i RS VRS WA '
' A= l;; + 1;:‘:.“”;5&.3
1..=l;6+1;r"2m+27‘;6"n=
' lu=—l;n‘n|+xsﬁ°'
' lu’-'-l;o"'x;?‘nv )

vhere Aik and Ay are apparent mass coefficients computed relative to the
center of buoyancy and relative the center of gravity respectively; we shall
note that coefficients A1y, Azjp, A33 possess the dimension of mass, coef-
ficients Ayy, Ags and Agg = the dimension of moment of inertia, and Ajz¢,
A3s == the dimension of static moment of mass. -
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For an approximate determination of coefficients of apparent mass one usually
employs the method of plane sections [1.2]. The essence of this method con=-

" aists in the fact that with lateral flow across an elongated body, each of
its frames is considered to be In a plane flow without longitudinal fluid
spreading. The apparent mass of the entire body in the direction of the
lateral axis is determined by adding together the apparent masses of the
separate sections. The coefficients are calculated separately thereby for
an unfinned hull and for the torpedo fins. We shall cite the formulas for
determining A22, Az¢ and Agg, while the remaining apparent mass coefficients
are determined in analogous manner.

When an unfinned torpedo moves along axis OY

£
A%, = xp S P (5) dx m Vs (148)
£, :

Xy . * .
Ay = %p j xr (X) dx = pVo%os (1.49)
£

where x;, x) are the coordinates of the nose and aft eﬁd§ xp == coordinate
of the torpedo center in a coupled coordinate system; Vg — volume of the
unfinned torpedo hullj; r(x) = variable hull radius.

In the case of torpedo rotation relative to axis 0Z we have
X9
A = ®p S x0r(x)ds (1.50)

£y . '

her = Azg- v .
‘We shall note and in a first approximation 152 and kEs can also be deter-
mined by substituting for the unfinned torpedo hull an ellipsoid of revolu-
tion the axes of which are equal to the torpedo's length and diameter.

Coefficients of apparent mass for ellipsoids of revolution have been computed
and are contained in a number of courses on hydrodynamics [1.14].
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Pigure 1.20. Graph for Determining Correction Factor u(x) for Finiteness
of Fin Span '
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With an approximat# determination of fin apparent mass coefficients, the
fins can be replaced by isolated plates with an aspect ratio

x=g,

vhere 1 —- plate length, b — platc width. Then the values of apparent
mass coefflcients, for horizontal fins, for example, with movement along
axis OY, are determined with the following formulas:

Mg = 2p (1) - PO (8

% = A\ fonr -

where u(x) == correction for finiteness of span, determined from the graph
(Pigure 1.20); xgn == fin center coordinate in a coupled coordinate system.

In the case of torpedo rotation relative to axis 0Z, the coefficients of
apparent fin mass are respectively equal to:
F

- Ddx,
% "jb' s 1.52)

-X;: .l ’
where x;; and xp -- coordinates of fin starting and end points in a coupled
system,

Knowing the apparent mass coefficients for the hull and fins, one can
. easily obtain their values for the entire torpedo by means of addition.

1.9. Principal Dynamic Prbpettiea of a Torpedo

Torpedo movement in the water counsists of spatial maneuvers of various kind.
The capability and position of execution of these maneuvers are determined
chiefly by the dynamic properties of the torpedoes, particularly their
maneuverability, controllability, and stability. These properties are in-
terlinked and are determined by the specifications, performance capabili-
ties and hydrodynamic properties of torpedoes. We shall briefly examine the
contenc of the fundamental dynamic properties of torpedoes.

The maneuverability of a torpedo reflects its ability to change direction,
speed and depth or, which amounts to the same thing, to change its position
in space. Following are the standard torpedo maneuvers: acceleration and
deceleration, movement along inclined trajectories, and turning in a
horizontal plane. Each of these maneuvers is evaluated by its indices,
vhich are the following: time and path of acceleration or deceleration,
maximum permissible angle of inclination of trajectory, range of change in
velocities during torpedo movement at various cruising depths, minimum turn-
ing radius or maximum angular velocities.

»
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Quantitative indices of the various maneuvers are in the final analysis n é
determined by the accelerations which can be Imparted to the torpedo as o
it moves through the water. Therefore maximum linear and angular accelera- B TR
tions can be viewed .as the indices of torpedo maneuverahility in general.

As it moves through the water a torpedo is subjected to various kinds of
disturbing influences which disrupt the equilibrium of the forces and
moments acting on it. As a result of this the torpedo diverges from the
originally calculated mode of mcvement., Deviations of this kind also take
place as a consequence of a difference between the actual parameters and
characteristics of the torpedo and its control systems and their values
employed in calculations. Usually all parameter deviations from computed
values are viewed as disturbing influences.

In stability theory standard rated conditions are called undisturbed motion.
Generaed motion in respect to standard {undisturbed) is called torpedo
-disturbed motion. Following are characteristic undisturbed motions for
torpedoes: rectilinear motion at a specified depth, circling motion, and
inclined rectilinear or nonrectilinear motion.

We should note that undisturbed motion can be both steady-state and un=-
steady. It is important that it constitutes one of a torpedo's physically
possible motions, taking place under specific given circumstances. Let us
- assume, fo. example, that a torpedo is moving on a rectilinear trajectory.
At some moment in time it diverges from undisturbed motion under the in-
fluence of external disturbing forces (Figure 1.21). :
ry
: . Boauywennoe 1l
; v'dcumunue

) . / : T siq
- -2 ) \ i p f ",} ' T
= \ 7= .
T N~/

, 2

Hesosmyuiennoe
dsuwenue

Figure 1.21. Torpedo Disturbed and Undisturbed Motion
Key to figure: 1 —- disturbed motion; 2 == undisturbed motion

If after cessation of the disturbing forces the torpedo returns to the
original conditions of motion (within the 1imits of allowable precision cf
travel), its undisturbed motion is stable. On the other hand, if after
cessation of disturbing forces the torpedo does not return to the original
mode, its undisturbed motion is unstable.

Consequently, stability fs a torpedo's ability to reeatabliah its original
undisturbed motion mode in all or separate kinematic parameters; depth,
trim, yaw angle, heeling angle, and velocity. The more rapidly undis-
turbed motfon is reestablished, the greater the degree of stability.

o
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A torpedo's turning ability is its ability to change its direction of move-
ment. Quantitatively turning ability is defined by angular velocity or
turning radius. The greater the angular velocity or the smaller the turning
radius, the greater is the torpedo's turning ability.

Controllability is a torpedo's ability to execute commands (signals) proceed-
ing from the control system to the torpedo controls (control surfaces), and
thus to alter direction o motion in strict conformity with a specified
program (trajectory) or to follow a signal from a homing system.

Torpedo controllability and turning ability are closely-related terms. They
are not identical, however. It may happen that a torpedo which possesses

a high degree of turning ability will control poorly and will be unable to
follow input signals which change with a specified frequency. Essentially
controllability unifies two opposite torpedo properties: turning ability and
stebilicy.

» . . . .
Ay A mb ol e A e i - =

Degree of stability of toigpedo movement decreases with an increase in

. turning ability and, on the other hand, an increase in degree of stability
results in diminished turning ability. Therefore in substantiating hydro-
dynamic design parameters (torpedo relative elongation, fin surface, control
surface area), one proceeds from the necessity of ensuring an efficient com=-
bination of torpedo basic dynamic properties.

,1.10. Conditions of Torpedo Rectilinear Motion in a Vertical Plane
Rectilinear motion is one of the simplest and at the same time the most

common type of motion. A torpedo executes this kind of motion on the .
horizontal segment of its trajectory as well as when surfacing and diving. ' R

Center of gravity rectilinear motion is possible under the condition that , ot
the velocity vector does not change during the entire time of torpedo
travel, that is,

- > S . .
Vs = const (1.53) _ : o 3

or . - N
¢y = 0 «a = const, . -

where ¢;18 the angle between the velocity vector and the horizon.

In order to satisfy conditfon (1.53) it is necessary and sufficient to en-
sure constant angle of attack a and trim angle 6 during the entire time of
torpedo motion. '

Constancy of angle 6 is ensured by the system controlling torpedo motion

in a vertical plane. The angle of attack is determined by many factors:

negative buoyancy, torpedo hydrodynamic characteristics and speed. In
order to determine this relation it is necessary to construct an equation
of equilibrium of forces and moments acting on the torpedo.

| and Approved For Release 2013/08/01
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: :Pi_.gure' 1.22, Diagram of Forces Acting on a Tofpedo in the Vertical Plane |
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During rectilinear motion a torpedo is acted on by a number of hydrodynamic
forces and moments, If these forces and moments are mutually balanced or,
- as is usually stated, the torpedo is balanced, under this and only under
' this condition 1s Jt possible to ensure constancy of angle of attack.

| In steady-state rectilinear motion a Corpédo 1s acted upon by the following
' .- forces (Figure 1,22), o

’

Drag _ V2 o
. R‘|=C:'-%'—Q,-A,|V:'.

! o vhere E "‘5._ _‘F-r-!%"- ~ == synthesized coefficient of drag.

I Life , "3
' o ' : R,.BC,.-——P; 2.

For small angles of attaék and angles of horizontal control surface

deflection, 1irt can be represented by a linear relationship between these
angles- o : : o ; ' '

E ac, pv? ac, 7 !
S e R i SLUN

= .~ The first term of this relationéhip defines the torpedo's 1ift without
horizontal control surfaces Rn-r, and the second -- 1ift of ‘horizontal
‘control surfaces Rype : , o : C

_ Consequently . , o
Wy W
A A Ry =g = A Vi
L R s LY R W
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vhere A, ;fgaz._ . _g_r_ == synthesized coefficient of torpedo 1lift;

aC,
-“p"a';f" * 1;-‘ == gynthesized control surface lift coefficient,
characterizing their effectiveness.

‘The torpedo's longitudinal hydrodynamic moment without taking into con-
sideration horizontal control surfaces is o

sz.
» My = Cpy,, TD,L,.

For small angles of attack the coefficiant of longitudinal moment is
expressed by linear relation '

Cps,

C,'m = T'o-
Consequently, 2c pe '
My = mh _'.QLQ,L,% = Ay Vnt"ﬂ'
where A Cms, _% L —- synthesized coefficient of longi-
ms = Tea tudinal hydrodynamic moment.

Propeller thrust T. It is usuall'y assumed that force T is directed along
the torpedo's longitudinal axis.

Propeller lateral force Oyg. It arises on the propellers when the torpedo

moves at a certain angle of attack and is directed perpendicular to the
torpedo's longitudinal axis: _ kP2
Qp = KV3om

where K -- synthesized coefficient of propeller lateral force.
Torpedo weight G. ‘
, R E - Torpedo displacement force B.

The moments of forces Ryps Ty Qyn, B are determined according to the
general rules of mechanics.,

In order to determine angies ap and ¢ we shall construct equations of
equilibrium of the enumerated forces and moments acting on the torpedo in
steady-state motion. '

1, Equation of equilibrium of forces in projections onto axis 0x;
=Ry, + Tcosay—Qyusineg— (Gy—B)sin¢g; = 0,

7 )
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2. Equation of equilibrium of forces in projections onto axis oY
Ry +B=—Gy+ Tsinay+ Qy tos oy + Ry, m 0.

v3. Equation of equilibrium of moments of forces relative to the torpedo's

center of gravity :

where 1 =~ distanc e between center of gravity and center of buoyancy;

== lowering of center of gravity; Cy =-- distance from center of gravity
to plane of propellers; Cp = distance from center of gravity to center of
control surface pressure.

During'torpedo motion the angle of attack does not exceed 5-7°.

Therefore we can assume that cosagm 1 1 sineg = ap -

Terms Qs sina, and Asine = are small and can be ignored. Taking these

assumptions into consideration, the equations of equilibrium of forces and
moments during torpedo rectilinear motion can be presented in the form

Ax'Ve =T —(Gy— B)sin¢,, . A
(Ar; + Ay, + K) Viag + AV7o = G, — B; (1.54)
(Ame, = KCy) Viag— A,CoV 2o = B +- T,

One determines velocity of torpedo éteady motion from the first equations, : ;
with specified propeller thrust. : : i z

Solving together the second and third equations of system (1.54), we

-obtain
' Cp(Gy—B) + Bl + T4

T T(An ¥ Ay, ¥K)Cp + Ay, —KCa] VT
(Amy, =RCs) (Or = B) = (A, + 4y, + K) (BI + Th)
[(Ar, + Ay, + K) Cp + (Apy, — KCy)] AV}

.n'- 'v (l'ss)

Angles ap and 8y, at which all forces and moments are mutually balanced,

~ are called balance angles. Angle ag 1s called the balance angle of attack

. and angle §p = the balance angle of control surface deflection. As is
evident from expressions (1.55), they are determined by the torpedo's hydro-
dynamic characteristics, velocity and trim dive — (GT-B) and 1.

If during torpedo motion the position of its center of gravity does not , 2
change, the moments of forces remain constant, Consequently, condition .
ag=const will be satisfied only 1f velocity Vr does not change in magnitude

and the torpedo's trim dive remains constant during the entire time of

motion,
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We should note that the balance angle values can be changed in the required
direction. In particular, a decrease in the balance angle can be achieved
by displacing the center of gravity toward the nose of the torpedo. 1n this
case the arm of forces Ry, and is reduced, as a consequence of whiun
there occurs a decrease in the longitudinal hydrodynamic moment. Obviou=ly -
the control surfaces must be deflected to a smaller angle in order to
balance a hydrodynamic moment of smaller magnitude.

This same problem can be solved by increasing fin surface area, as a con-
sequence of which®there takes place a shift in the center of drag (point

of application of forces Rx; and 1) in the direction of the torpedo center
of gravity, which nlso decreases the magnitude of the pitching moment.

A decrease in angles ap and Sr¢ is advisable, since it leads to a certain
decrease in torpedo drag and, in addition, increases control surface ef-
fectiveness. :

There exists for each torpedo a maximum allowable value Sroms at which 1t
still possesses controllability. If §~gv is known, one can determine
critical velocity, that is, the minimum allowable velocity value at which
the torpedo does not lose controllability. For this we must substitute Srom
in expression (1.55) in place of 8rge

1.11. Change in Torpedo Velocity '

When torpedoes move in complex space trajectories, their velocity changes
within certain 1limits, This change is dictated by the trajectory angle
of inclination, by the influence of negative buoyancy, and decrease in
reciprocating engine output with depth.

We shall analyze change in velocity during surfacing (diving) and motion.
on rectilinear trajectories at various depths.,

We shall assume that a torpedo rises from firing depth to a specified
depth with a trajectory angle of inclination ¢ (Figure 1.22).

Under stable conditions of rising the equation of forces in a projection on-
to axis 0X; is in the form -

Tcosa—(Qr—B)slndy— A, Vie 0, 2 (1.56)
The angle of attack is small, so that we can assume cosam], From
formula (1.56) we find
| e YIEO DY (157

.I'|

This relationship is characteristic of torpedoes the propeller thrust of
which is independent of operating depth,
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As 18 evident from exptéasion (1.57), torpedo velocity is not a constant
value; it changes during maneuvering in a vertical plane.

We shall examine velocity change in torpedoes the propeller thrust of which
‘18 determined by depth. This relation can be approximately represented with
the following expression: o :

. A _ T = Ty— BHy, . (1.58)

where Tg — rated thrust; 8 —a factor which takes into account change in
thrust as a consequence of decreased engine output with depth; Hy == torpedo
depth. ) .

Since thrust continuously changes as the torpedo rises or descends, its

- velocity on inclined segments of the trajectory is not a constant value.
However, inertial forces dictated by change in torpedo velocity are small
and can be ignored. : '

In this case we can utilize in order to determine torpedo velocity formula fy
(1.57), which assumes the following form, taking into account formula (1.58): ‘

' ~IH— 0. =B}

1.12. Method of Substantiating Torpedo Hydrodynamic Design

A torpedo's excellent dynamic properties are secured by a number of measures, : .
and chiefly by selecting an efficient hydrodynamic design. We shall define .. ’
- efficient design as a combination of tail fin and control surface

characteristics whereby the torpedo will rapidly and sufficiently precisely
respond to control surface deflection or, in other words, will possess a

high degree of reaction to control surface deflection. A torpedo's ability
to respond to control surface deflection can be qualitatively appraised by
its amplitude and phase frequency characteristics. .

. Phase frequency characteristics define a torpedo's delay in responding to
' - control surface deflectfon, while amplitude-frequency characteristics define
.. its quickness of action. ' ' -

ﬁb éhall‘ethine this question in 3reatér detail, employihg thé example of

- -, torpedo lateral motion. We shall construct equations of torpedo motion in

projections onto the axes of a coupled coordinate system, applying the

d'Alembert principle. According to this principle, the sum of projections .

of all forces and moments applied to a torpedo, including inertial, should , )
equal zero. During motion in a horizontal plane the following forces and '
moments act on a torpedo (Figure 1.23). . :

Longitudinal force : ,
: Rem—=AViexA, Vi , (1.60)

*

.
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Figure 1.23. Diagram of Forces Acting on a Torpedo in a Horizontal Plane

Lateral force ' 9 , :
B PV pVs- ‘
R'-—C,._Q'—C_r‘ —,‘—n'ﬂ. .

2

PFor small atiglea of displacement B and angles of control surface deflection

6gs coefficlent C;, can be represented as a linear relation between the
specified angles ' : .

i, oc,, .
- Cpym op. 4.=a”"+ Ut ;,,,,.a'

or .
o ac,
Cy = '5'5!"" ,c.--op + TG_:-L ,’d“. -",.”

The first term determines the torpedo's coefficient of lateral force without
control surfaces, and the second =— the control surface coefficient of
lateral force. . If linearization is effected relative to §53=0; 8=0, one must
employ in the second term the control surface true angle of attack 69-8 in
place of §g. :

Taus the expression for latgral force will assume the form

Rem—AViB+ AViRa—n =4, V8 (Lo1) .
) x R - . PP - v . e "
where Ay = —535'- L,:o . -%T- - :cy,:ziex?sized c.:oeffici.ent: of torpedo lateral
»

-oC '
A,--mfl-! .P.‘!’.t == synthesized coefficient of torpedo control
- surface lateral tcvce. _

Torpedo yawing moment, not taking into account vertical control surface
moment : '
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vi Vi
My = Cony g™ OsLy & Cppy, It 0, L,

For small ‘angles B My can be represented by the linear relation

Exaps

l ac . .
' 55’” t -0 T n,L,ﬂ - A"’V’p =] Amy“,?rp' (1.62)
where
, ico;
,A""‘- 5; a,-o"%"' = synthesized coefficient of moment My.

Moment of force of vertical control surfaces. It is determined by expression
| My = RyyCy = A,CoV2 (3, — B, (163)
Damping hydrodynamic force R: and moment H‘;

RS = ASVie M3 = — A% Vye, (164)

Inertial force and moment generated by torpedo nonuniform motion. They
are determined on the basis of Newton's second law

>,

- V.
Fee—m ’
= 4? (1.65)
M. -] —T N
vhere m, J == torpedo mass and moment of 1nort:l.a' av; .4" - torpedo
linear and angular accelerations in a fixed dt'“dt

. coordinate system,

Rate of change of vector 3-,- relative to a moving coordinate system is
equal to [1.13] dV

-7‘-22 d‘ +°XV1~ . . (l.%)

'  where ﬁ;;_‘ — a local derivative computed in the asaumption that _
. ; : d the coordinate system is fixed, while & is the angular
velocity of rotation of the coord:l.nate system,

P:ojecting (1.65) onto the axes of a movable coordinate system, we find
- . : . F‘-‘ —m—d—'-/fnb-mv,luyg
e r,-..miv_m...mv,,u,{ E (160 " ‘
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Components of inertial resistance. During translational motion the
resultant force of inertial resistance Ry is directed at some angle to

the direction of torpedo motion., In order to determine the components of

° force Ry on axes X and Z, we shall apply the theorem of momentums. Accord=-
ing to this theorem momentum of force can be equated to a change in

' quantity of motion of associated mass taken with the opposite sign [1.13]:

k.d‘ B -—d (I“V-,J + I“ngk) [

-+ -

vhere 1, k =~ unit vectors alo'hg axes X and Z. From this it follows that
- - d - o
Ry = —-;;- (lnvu') —ar (AuV,,k) e -
' ' - - - d.[. ) d;
-.-).“-1;1}-{-! —x..ﬁ-g-‘“-k = Ver 57 =MV
- - ‘

Derivatives 7‘:— and %g- in turn are determined by

. %:__,;x'}a—«;;' ~%-=;)(;=;l.

' ~ Consequently the expression for force ﬁn will assume the form
E. = (— .x“ %‘-— A“Vf"u’ )If"“ (lu _da‘,?t"-lllvfl”’) ~. ‘

Tet"ms with unit vectors constithfe prdjections of force ﬁ,, onto axes X

R . v R,ﬂl = -—-A"%-;L.-A”V‘Hmy:

AV,
Ren = =y =3t + My Vygmy

Terms containing A;; are small, and henceforth we shall not consider them,
Then : ' :
Ry = = AgVyg009

Ryx = =)y %’-’-’. (168)

Moment of force of inertial resistance. During torpedo rotation on axis OY
and translational movement along axis 0Z, there arise moments of inertial .
_ resigtance (see 1.8), the projections of which onto axis OY are determined
by expression 2
- d”, an 9

. My = = by =% = hyy © (169)

- v .o
. To determine projection _'-?-‘33-/_ it 1s necessary to project vector equa=-

tion

%’L = %‘- + ;x ;, ‘ ' (l.m) ' . “onto axis 0z,
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As a result of projection (1.70) onte axis 0Z, we obtain

‘V" ot v, am
Substituting the “1“3 of equation (L.71) into equation (1. 69), we shall
have o w
My = = dyy—" ’-1. . +x..v,,., (1.72)

Fo‘rces and.moments generated by the propellers (Figure 1.23):
propeller thrust T;

| lateral force on propellers g, '-"I(VZp:

E | ~ damping _forc.e of propellers Qn=KCiViwy

; - moments of forces Qzg o.nd Q‘:B, equal to

QusCs = KCoV3B; (EON
Q5C» = KC2Vyuy.

Projections of forces of weight G, and displacement B. During torpedo
- motion with heeling angle y, projections of the above forces onto axis 0Z

oo o are equal to oo

b ' Gesingy— Bsiny = (G, — B)sin1. (1.74) :

1 - Moment of force of displacement B. Force B forms a moment relative to
b axig OY only in the case of torpedo heeling. To determine the magnitude

' of this moment, we must project force B onto axis 0Z and multiply the projec-
c tion of the force by the distance from center of displacement L|B to center
of gravity UT.
The magnitude of th:ls moment is equal to

Bsinyl. )

: Adding together the projections of forces and moments (Figure L23) onto the
axes of a coupled coordinate system, we obtain the following equations of
torpedo lateral motion:

m-d—;’}‘-"--b(m +dp) Vagwy = 1= A, V3
(m+ 1”).5%'.!. + Ay g};"‘-mvf“y = —A, VB + ApVi (B —B)—
. —AVie,— A, V’p Kv’p —KCyViywy +(Gy— B)sin;
Upy+ 1..) — AnVioy + b 22

= A, V8 +A,c,V’ =) 43 Vw,-KC-Viﬂ_— -
: —KC2Vyo, + Blsing, (176) -

CF - 46
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Here  Vegm VyslnB s Vo
av dVe o, dB ., -
@ =t Vs
L "f‘ = V,COI ﬂz VQ
Torpedo controllability can be examined in the assumption that its speed of
motion does not change appreciably, that is, assuming o

v,

'(n addition, we shall assuiqe-that: there i8 no heel (y=0).

For these conditions we write equations ' (1.76) in the following form:

. p .
myVy %g— + Amvzﬂ + 1u-£' + AoV = APVZQ..

.

| x.v,-%%— AmynV3B + J;-%!,'*- + A%, Vio m ACoVR,.  (LTT) X
Here | v '

Apm =4, +A,+A_;.+K: A=Ay +KCymm Jo=J 40y

Amys = Ay, —KCa— AiCyi. Amy, = Ay + KCE— ki Mo = m 4+ Ay

Proceeding from-eXpreeaidns‘ (1.77), we shall determine first of all the
torpedo'a transfer function at angular velocity Wm(p).

- Toward this end we shall write (1.77) in representations under zero initial
~conditions , S _- o ,
(moV2p + A VDB (P) + (b + REVy) 6 (p) = AV, () -

(o — Ama V) E () + (fop + A3y, V2) G (p) = 4CVER (o). (178)
We shall recall that the ratio of the output quantity representatfon to

input quantity representation under zero initial conditions is called
transfer function.

Taking as our input quantity control surface deflection angle 6g (Bx),
and as our output quantity torpedo angular velocity Wgpxe from (L.78) we

" obtain G Bop +1
. = d = " 1-19
W, (p) —“—&i:“ ) TTJF—B'.p + B 55, (L79)
w.here mocp_ A - ] \ molo - 135

i B :
Bo= (AeaCp + Amm)V2" = (AmCp + Amyn) AV

MOA':" + Amlo + Amynlu— luA:';
(AmCp + Amyn) ApV

P (AnCo + Amgn) ApV

B|=
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An analysis of the coefficients of characteristic equation
By p2+B2p+B=0

shows that the requisite and sufficient conditions of atability are met if
B3>0. Therefore we shall call coefficient B3 a coefficient of stability.

Substituting jw in place of p in expression (1.79), we obtain expressions
for torpedo amplitude-frequency A(w)‘and phase-frequency ¢(w) characteristics

AW m Y et (1.80)

(} s == Uyoh) 4 (Lgo

¥ (©) = are g By — are ig 'E,..iﬁ'hz,';l“ (1.81)

In this case the amplitude-frequency characteristic determines the torpedo's
angular velocity per unit of control surface deflection angle.

Consequently A(w) characterizes torpedo turning ability. With an increase
in A(w), torpedo turning ability increases. The phase-frequency character-
istic determines phase lag in torpedo response to control surface deflection.
Thus torpedo controllability can be evaluated on the basis of amplitude and
phase-frequency characteristics A(w) and ¢(w). The less the lag and the
greater the turning ability, the greater torpedo controllability will be.,

Of substantial significance is the inclination of the amplitude-frequency
characteristic toward the X axis, which characterizes torpedo inertia.

In substantiating the hydrodynamic design of a homing torpedo it is neces-
sary to select a combination of tail fin and control surface characteristics
whereby A(w) has a minimum inclination to the X axis, so that the torpedo
will respond to signals from the homing system within the specified range
of frequencies. .

The quantitative value of A(w) should be established on the basis of an
analysis of the relationship between dynamic errors on the one hand and
homing system parameters as well as torpedo dynamic properties on the other.
In a first approximation tail fin and control surface parameters can also
- be determined according to the allowable value of coefficient of stabili-

ty B3. With an increase in Bj torpedo turning ability decreases and the
degree of stability of its motion increases.

1.13. Influence of Hydrodynamic Design Parametere on Torpedo COntrollability
 The principal design elements are the following: the ratio of torpedo

length t o diameter, usually called torpedo aspect ratio A, control surface
area, and tail fin area,

Influence of Tail Fin Surface Area and Control Surface Effectiveness

Figure 1.24 indicates A(w) for a torpedo with varying fin area. Fin

characteristics were assumed proportional to their areas.

48
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0 — o
Figure 1.24. Amplitude-Frequency Characteristics of Torpedoes with Differing
Fin Area

The curves show that a torpedo with standard fins (Fy) constitutes a filter
vhich does not pass frequencies w>wn. An increase in fin area worsens tor-
pedo turning ability but increases the degree of stability of its motion.

When w>wn and Ap is constant, torpedo turning ability is practically in-
deperdent of fin area.

It is important to note that with an increase in fin area there occurs a
decrease in inclination of A(w) to the X axis, that is, torpedo lag
decreases. :

As is indicated by calculations, by means of simultaneously changing fin
area and control surface effectiveness A,, one can substantially improve
torpedo dynamic properties and, in particular, increase the band of
frequencies passed by the torpedo.

‘Influence of Torpedo Aspect Ratio

As calculations show, with a decrease in A a torpedo becomes more maneuver=-
able, and its turning radius Ry decreases substantially, but at the same
time the torpedo's controllability substantially decreases, It is true that
the controllability of torpedoes with a low ratio of length to diameter can
be secured by employing more effective fins. In this case the center of
resistance is displaced aft, moment My decreases, and control surface
effectiveness increases.

In solving the problems of torpedo controllability, scientists increasingly

turned to examples in the animal world, some representatives of which

possess sophisticated control and stabilization organs. Fish, for example,

execute complex three~dimentional maneuvers with ease. This is achieved

thanks to the existence of a highly-developed system of fins as well as

body flexing. Fish can alter the parameters of their control and stabiliza-
- tion organs in relation to the desired maneuver.
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Figure 1.25. Fin Configuration on Fish During Straight:-Line Motion (a) and
During Turns (b)

"Pigure 1.25 shows the configuration of the fins of fish dﬁring straight-

line movement (a) and during turning movement (b). Fin extension and

body flexure generates a control force, achieving certain destabilization,
which is caused by an increase in effectiveness of the fins located closer
to the fish's center of gravity. The center of resistance is displaced for-
ward, thanks t:o which the fish's turning ability increases.

1.14. Torpedo Steady-State Turning Motion in a Horizontal Plane

Turning motion is possible only when a centripetal force acts on the torpedo,

- a force which generates normal acceleracion which changes the direction of

the torpedo's motion. A centripetal force can be obtained with various
methods, : .

Figure 1.26. Generation of Torpedo Centripetal Force
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Some fish species generate centripetal force by bending the forward half of
their body in the direction of the turn, while the rear half of the body ,
displaces in a direction opposite to the turn; thus the entire fish is posi-
tioned at an angle to the direction of motion.

Centripetal force for a torpedo can be obtained by means of control surface
deflection or by heeling. In the former case (Figure 1.26) the torpedo
turns to drift angle 8, as a consequence of which centripetal force Py 1s
generated. In the latter case centripetal force is the projection of forces
Gr and B onto the Z axis, that is, (Gr-B)siny.

Of all the poasiblé turning ‘motions, steady-state motion in a circle can
realistically occur only in horizontal plane XZ.

For a steady turn, from system of equations (1.76) we find

V= ]/7_, (1.82)

. &g

where

A=+ b4 Ay

Ry = (AMJ’"R: + A:nA:ry.) V3 cos 7 . L (1.83).
“Ap (Amym +AgnCp) V35. + [(G,—B) A_myn_BM:n] siny .
_ (Any, — RECp) ApVRRy + [(Gr— B) 4D, + BIAZ]sinq

o= (AmAny, + Amypad2) V- :

. (1.84)

Sg 18 positive when the rudder deflects to port, while heeling angle vy is
positive with a heel to starboard.

Analyzing the relationship between a torpedo's turning radius on the one
hand and velocity and heeling angle on the other, we see from formula (1.84)
that an increase in torpedo velocity leads to a decrease in Ry. This is
true only in the absence of elastic deformations of the rudder control rods.
In actuality the rods possess elastic deformations, which in turn are
determined by torpedo velocity. The character of this relationship is in
- the form o

8 = L
= TTRATE ),

where 89 ==~ angle of deflection without load on control surfaces; Kn'- co-
efficient characterizing rudder control rod elastic deformations,
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CHAPTER 2. DESTRUCTIVE EFFECT OF TORPEDOES
g 2.1. Warheads _ ' : | ' _ P

Whrheads comprise the nose section of a torpedo (Figure 2.1.) and contain
explosive charge 1 and detonating devices 3-4 [2.6].

,} /f ' /; - _ oo | ' ' A: °o-.;é

" Figure 2.1. Warhead

Torpedo warheads also frequently contain homing system receiver-amplifier
devices and influence firing mechanism sensing devices.

The warhead :I.a in the form of a cylinder w:l.th a tapered nose of ogival
shape.

. The warhead cavity can be either completely or partially filled. With

- partial filling air box-displacer 2 is placed at the tep of the cavity,
which lowers the warhead's center of gravity, With complete filling (and
with partial filling as well), the warhead's center of gravity is lowered C
with lead weights placed at location 5.

Complex high explosives are employed as charge in the warhead. They comptise
mixtures of individual (pure) TNT-base explosives. Compounds of TNT with
hexogen are the most common.
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.' iTable'2.1.'Chéracteristics of Several Explosives

Key to table: 1 — type of explosive; 2 =~ composition of explosive or
formula; 3 -=- density p, kg/m3 4 -- rate of detonation D, m/sec; 5 —— TNT
equivalent for 1 kg of explosive, K; 6 —— sensitivity to impact,

kg/m2 x 10"“ 7 = susceptibility to detonation or initiation capability;

"~ 8 == pure high explosives; 9 -- initiators; 10 =~ TNT; 11 == Tetryl; 12 =--

hexogen; 13 == TEN; 14 -- Mercury fulminate; 15 -- lead azide; 16 == -
(Teneres); 17 —- tetrazene; 18 —— very sensitive to flame; 19 -- satisfactory;
20 -- greater than TNT; 21 -- greater than Tetryl; 22 —- greater than

‘-hexogen' 23 == high; 24 - very low; 25 == low

’ Retardera are added to explosives to reduce sensitivity and at the same

time to improve pressability. A retarder reduces friction between particles

 of explosive and fills in uneven spots and cracks in the particles, which

improves the plasticity of the charge as a whole. In addition, a retarder
absorbs part of energy of external origin, reduces local stress concentra=

~* tions and also hinders the spread of detonation to the egtire charge from

point detonation foci.

Metal powders are added to explosivea to increase their effect:iveneaa.

" This enhances their blast effect.
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In order to increase the density and consequently the weight of an explosive,
it is poured into the warhead section of a torpedo in molten form. The war-
head compartment should be rigged in such a manner as totally to eliminate
explosive charge displacement,

Por safety of warhead handling, detonation of the explosive charge in a
live-fire operation 1s effected by stages.

The primary detonator (7 and 8), consisting of a friction primer and a
detonator, contains highly-sensitive (fulminating) explosives, such as
fulminate of mercury, lead azide, [teneres] and tetrazene, which explode
from a light impact or slight heating. Types of explosives and their
characteristics are contained in Table 2.1 [2.3].

To reduce the‘danger of explosion on board ship, a small quantity of explosive,
insufficient to detonate the main charge, is placed in the primary detonator.

The primary detonator is placed in detonator intrusion tube 6, the secondary
detonator, which contains an explosive which is less sensitive to impact,
such as Tetryl, in an amount weighing 600-800 g. This amount of Tetryl is
sufficient to detonate the main charge. Tetryl is placed in the detonator
intrusion tube in the form of pressed charges.

The safest igniter devices are those in which a primary detonator is forced
home into a secondary detonator after the torpedo is launched.

The weight of the secondary detonators, their quantity (there are usually
two) and placement in the warhead compartment should ensure complete war-
head detonation when the torpedo strikes the target.

Detonation of the primary detonator is effected with contact or influence
fuzes [2.1].

2.2, Conditional Law of Target Damage

Before every torpedo firing exercise a mission is assigned to inflict certain
damage on the enemy. This may involve disabling or destroying an enemy

ship. A torpedo attack may result either in accomplishment of the assigned
mission or failure to accomplish the mission. The success of the attacking
ship can be estimated by probability of target damage or destruction. If

n torpedoes are fired at the target, and m torpedoes hit the target, the
probability that these torpedoes will hit the target will be Pm,n- Tor-
pedoes, upon impacting with the target, will explode and inflict certain
damage. :

The probability of damage being inflicted on an enemy ship under the con-
dition that it is struck by m torpedoes will be G(m). This probability is con-
ditional. Then the overall probability of target damage or destruction

will be [2.4]
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]
W)= > Pa,aG(m) @1
m=0 )

Hit probability Pp,n 18 determined by a great many factors investigated in
gunnery theory, but it is not determined by the destructive effect of the
torpedoes. Conditional probability G(m) is determined only by the
destructive effect of the torpedoes and therefore constitutes a numerical
characteristic of this damage or destructive effect. The relationship be-
tween probability of target damage or destruction G(m) on the one hand and -
number of hits m on the other is called the conditional law of damage or
simply the law of target damage. This law is a two-way characteristic,

that is, a characteristic of torpedo destructive force and target survivabili-
ty. ’ ‘ .

* omp
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, Figqre 2‘.2. Conditional Law of Target Damage

If one hit is sufficient to damage or destroy a target, the law of damage

is designated as 1 =-- G(1)=1. 'Only in this case are a target hit and tar-
' get destruction equivalent events. : ‘

' The law of target deatruction poaseeéeg the following general properties:

as any probability, vG(m) can assume values' 0<Gim)<1;

.~ in the absence of a hit, the target 18 not damaged or destroyed, that
is G(0)=0; ' . :

, with a iarge number of hits, target damage or destruction always'
~ occurs, that is, 1lim G(m)=1; '
) ’ M-yo0

the law constitutes a nondecreasing function of its argument, that is,
G(mtl)2G(m)., Thisis quite understandable, since an increase in the number of
hits does not offer the target ship additional possibilities of remaining
undamaged . , _ : . '
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Ovbiously only tﬁoae torpedoes which destroy targets with.a-comparatively
small number of hits m, if not when m=l, should be accepted into the navy'g
arsenal. ' , '

. Since function G(m) makes sense only for whole values of m, graphically it
should be represented in the form of discrete points with nondecreasing
ordinates (Figure 2.2). However, for convenience, which is usually revealed
'~ when placing on one and the same diagram representations of several laws of
damage, points G(m) are joined by a smooth curve (Figure 2.3). -

© 6(m)

}|Ga(l
_ 0 .+ ¥2 3 4 §m.
Figure 2.3. Comparison of Two Laws of Effective Target Hit

Since all che points on curve G)(m) lie above curve G2(m), with action
against one and the same target a more powerful torpedo warhead corresponds
to the first curve, while with torpedoes of equal destructive power employed
against different targets, the poorer-survivability target corresponds to
the first curve. '

In computations one frequently employs t he law of target destruction in
the form of an exponential function

G(m)=l-e=0m, (2.2)
vwhere . : |
a==In[1-G(1)]. _ (2.3)

Coefficient a is determined by the weight and type of explosive, by the con-
-ditions of detonation (contact or influence, at what depth, at what location
under the ship, etc) and target survivability. This relation is of a
diversified character. Therefore the law of target destruction cannot
alwaye be defined with acceptable precision. As a consequence of this the
first numerical characteristic of this law 1is employed in practice —— the
mathematical expectation of the number of hits required for target

. destruction w:

v Y [l=a(m]l (24
Zu-am
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It 1a evident from this that quantity w s determined from the graph G(m)
a8 the sum of segments complementing the ordinates of the law of destruction
to 1 (Figure 2.2). ‘ :

For the exponential law .

L=G{m) = |l =G ()" . .
Then :
em 2("0(”1"""61(5'
ﬁenéa '

o=t en

vhile the exponential law formula can be writﬁen in the form

a(m)-x—(l--%-)'". e

Table 2.2 [2.5] contains the approximate average number of torpedo hits w*
to inflict specific types of demage on target ships (based on the experience
of World War II).

. 10 Ko.mvebno TOPNEANMX NONS.
; 9 Bozonawe- A ©°, Heo0RoRIME 11
g Kasee xopaGas craman =
. PTHO®: | oa8 moronae- | a3n pmsoms
2 r Hug 121 macrpox ]
11 Jlecxuit AB (asnatprucnopr) 70008000 )] -
2 AB . Rlo &0 ooom 2-3 1
8 Taxeauh AB Jlo 69 000 1
4 JIK nocrpofikit nepuoxs nep | 25 00030 000 2-8 1=2
808t MUpOBOA sOANK
8 MaauA JIK nocrpofixst ne- | 30 00035 000 4-6 34
PHOAS BTOPOR MUpOBON BOANN
[} Kpynumf JIK nocrpofixs ne- | 45 000=-G0 000 8-10 40
prOAA BTOPON MItpOBOR POAHN
7 KP : B 2% 1-2
8 M 1 1
) ® pafion 8 pafoHax Hoca
uitaean N XOpPMM 16

Table 2.2. Number of Torpedo Hits w* Requiredvto Inflict Effective Damage
on Target Ships (Based on the Experience of World War II)

Key to table: 1 -- light carrier (aircraft transport ship); 2 =- aircraft
carrier; 3 =~ heavy aircraft carrier; 4 == battleship of World War I vintage;
5 =~ small battleship of World War II vintage; 6 ~= large battleship of
World War II vintage; 7 —- cruiser; 8 -~ destroyer; 9 —- type of ship;

10 -~ standard displacement; 11 —- number of torpedo hits w* required; 12 —--
to sink; 13 «- to disable; 14 — up to; 15 — amidships; 16 — bow and

stern :
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The weight of explosives carried by torpedoea of that period was 300 kg of
TINT. With a greater wefght of explosives, obviously the number of requisite
hits to inflict effective damage on the target will be less. The number of
_hite will also be less if torpedo detonation is of an influence type.

2.3. Physical Description of an Underwater Explosion

The law of target destruction is determined in large measure by the condi-
tions of detonation of the torpedo warhead. This detonation always takes
place under water. An underwater explosion is a complex combination of
thermodynamic, gas-dynamic and hydrodynamic processes. It is extremely
difficult to examine them separately. Therefore in practice an underwater
explosion is characterized by summary parameters.

The parameters of an explosion in an unbounded water medium differ from the
parameters of an explosion with the presence of a free surface and Lottom.

We shall first examine the physical picture of an explosion in an unbounded
liquid.

An explosion constitutes a process of extremely rapid chemical transformation
of an explosive. It is accompanied by a practically instantaneous tranrai+{on
by the explosive from solid to gaseous state. A large quantity of he:t t
energy is released thereby.

At the initial moment of an explosion gaseous products occupy the warhead
space and possess high pressure and temperature. The blast energy is
transmitted to adjacent water layers. A so-called blast wave is formed due
. to the compressibility of water at high pressures. The forward boundary
of the blast wave is called the wave front. The explosion products, ex—
panding, form a gas bubble. : :

The blast wave front displaces through the water. It leads the spread of
gaseous explosion products. As the blast wave propagates, its velocity
~drops off sharply. Energy density also decreases sharply. Blast wave

" attenuation occurs. At a considerable distance it transitions to an acoustic
wave, The qualitative character of pressure change in the blast wave in
time and space is shown in Figure 2.4 [2.7].

The blast wave diagram includes regions of positive and negative pressures --
compression zone (+) and underpressure zone (~). The spatial extent of the
compression zone 18 called blast wavelength A. It is considerably less

than the extent of the underpressure zone. The total time of effect of
.overpressure 18 called wave perfod T or ty.

Pressure at wave front py(r) is a principal characteristic of a blast wave.

The area bounded by the pressure curve and the X axis in the compression
zone 1s called the full pressure impulse at the given point. With increasing
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distance from blast center, pressure at the blast wave front gradually de-
creases and its length somewhat increases. At a very great distance the shock
wave transitions to a sound wave.

,It has been calculated that the thicknesa of a blast wave front is approx-
imately equal to the length of a free molecular path (10'5-10' cm)., There-
fore mathematically a blast wave front is viewed as a surface of discontinuity.

twconst
Ppanm yiaprod
Goskbl == Wave Tront -

Pil(z)

~ Pigure 2.4. Pressure Change in Blast Wave

The generated gas bubble expands. At a certain moment pressure in the bubble
becomes equal to ambient pressure. Bubble expansion °will continue as a con=~

- sequence of the water's inertia. Finally reverse motion of the liquid will
begin under the influence of forces of hydrostatic pressure, and the bubble
will begin to compress. So-called gas bubble pulsations occur. The energy of
each succeeding pulsation will differ from the preceding pulsation by the
amount of dissipated energy.

It has been established that approximately 592 of stored energy is lost in
the first pulsation (bubble expansion and compression), approximately 20%
in the second, and approximately 7% in the third, These quantities
‘characterize the energy of the shock waves forming at the beginning of each
pulsatinn,

- The effect of an underwater explosion on ahips is comprised of the effect of
the blast wave and the movement of water masses. The character of action will
differ between contact and influence detopations. '

39




T mesie o s —_—— -

Declassified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9 -

With a contact detonation the principal role is played by gas pressure against : ‘
the target ship's hull plates, which rapidly collapse, and the gases surge in- < e

" to the ship. A small but deep ({nto the ship's interior) hole is formed. :
The compartment in which the hole was formed usually fills with water.

With an influence detonation a portion of the blast energy is tranaformed in- . 5
to the kinetic energy of moving masses of water. A blast wave and water in . !
motion act upon the ship's hull. The overall time of effect of the under- ‘
_ water explosion on the ship increases thereby. The resulting hole is large
in area but not always deep (penetration into the ship). It is impossible to
plug such a hole. This results in the flooding of several compartments and _ )
as a rule threatens the ship with sinking. ‘ i

Secondary expansion of the gas bubble produces a general "concussion" to the

ship’'s hull. Local vibrations are generated which lead not only to separa- ' B
- tion of equipment and weapons from their mounts but also to a displacement of

the ship's main propulsion machinery, twisting of propeller shafts, etc.

Thus an influence-type underwater explosion in a certain zome in the vicinity
of the target ship is considerably more effective than a contact detonationm.

The degree of damage inflicted on the target ship will be determined not only

by the weight of explosive, its type, and conditioms of occurrence of the ‘ )
underwater explosion (contact, influence, place of explosion, etc), but also ‘ g
the ability of the target ship's hull to resist an underwater blast. The : :
latter is determined by its structural features.

2.4, Quantitative Characteristics of the Destructive Effect of an Explosion

The greater the blast pressure and the longer the time of application of this
_ pressure, the greater the destructive effect of torpedoes. The pressure pulse
is the ‘quantity which takes both these parameters into account. Its current

value for a given point is '
o A t

1¢,n -qu. rdt, @7

. ,‘_where p(t, r) is pressure change in the blast wave on a time axis at a given
. point, which is located at distance r from blast center.

. ft has been established as a result of a large number of experiments that
pressure at the blast wave front in the absence of bottom and free surface
influence is determined by the following formula [2.7]):

. 3L o o
| sty = ss30100 | 22 £ ey
where q3 = torpedo warhead INT equivalent, kg:
 f=Ke @9

K == TNT equivalent of 1 kg of explosivé; q == quantity of explosive, kg; r ==
distance from blast center, m. . '
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Relation (2.8) for dimensionless distances posseasea the form

=R g

' vhere 3
- r.
- Rgg == radius of equivalent charge of spherical ghape:

: 3
, Roy = 005314, &. L (212) :
~ To estimate change in blast wave pressure in its acoustic continuation, we
employ exponential relation ;

-l i | ) ,'

st mpmirs” T DD o(t=5) @l

 where ag ~ speed of sound in water, equal to approximately 1500 m/sec; 6 —-=
preassure drop time constant: '

0 m g *RAMI0~4 con; e

== unit éeparation function of zefo order, indicating that
pPressure increases with a sudden jump upon approaching a
given point. - :

C -

r .
. when e, '
e,( :_L) -l ' ‘:" ; 2.18)
% 1 when t> %

With an increase in distance r, pressure drop time constant 0 increases, thus
taking into account extension of the pressure curve on a time axis as the
blast wave moves away from blast center, ’

In conformity with expressiun (2.13), the pressure impulse according to
formula (2.7)-w111_be

S . 1 [ ) o
l(t.r).—.-.p,,,(r)ﬂ[l—e T(‘_ "')]co(t——;?). (2.16) |
In actuality the pressure curve differs from an exponential function.

Pressure curve defotmation is usually taken into account by means of approx-
imation of the pressure drop curve with a hyperbolic relation [2.7].

Effective overpressure time -
- en BB, e

A full pressure impulse can be obtained if we substitute tel oy
expression (2.16). v _ G

. . .
] e
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Figure 2.5, Diagram of Mirror Image of Source and Discharge

'Key to :1gurez 1 == discharge; 2 -- free surface; 3 == gource

- ‘Then ,
. e - .
Iy (N=pm(nd [l —e T] & pm(n)0, (2.18) .

The above relation applies to the first pulsation of the gas bubble in un-
.bounded water or at great depth. Shock waves also are generated with succeed-
ing pulsations, but their intensity is less. Impulse magnitude is 5-6 times
less on the second pulsation than the first, and on the third three times less
“than on the second. : o .

The free surface exerts considerable influence on the pressure field parameters
with explosions at shallow depths. The character of wave reflection from it

is determined by the demands that pressure above the interface remain un~-
changed (atmospheric). As a consequence of this the reflected wave should be

a negative pressure wave. This conclusion permits a simple and graphic geo- .
metric interpretation called a diagram of mirror-image representation of ' ' ‘.
source B and discharge B' (Figure 2.5). :

Pressure at any point M under the free surface is equal to the algebraic sum
of pressures in two waves, taking into account difference in amplitude and in
arrival time. The resultant pressure remains the same as in the initial wave
from the source, right up to arrival of reflected negative pressure at sub=
sequent moments in time. Obviously the tail end of the incident wave will be
reflected (Figure 2.6). S : '

62 -

L L

4
v .

. .

N o
. L, . ’,

Declassii_ed @n_q_Ap_p[Q_yd For Release | 29‘_1 3/08/01 : CIA-RDP09-02295R000100060001-9




N

Declassified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9

o[ t)) | .
' t=const
P :
» - -
0 11 Sl .
T, A0 )~~~
i Fm (%) |
. . Q" .
Pigure 2.6. Pressure Change in Blast Wave Taking Free Surface Influence into

Account ' ‘

Effective time of the positive pressure phase will be equal to the difference '
in times of arrival at a given point of the direct and reflected waves:

re L VTTHTH-VTFE=, o)

vhere L -~ difference between blast center and point of pressure measurement
on the horizontal; H — charge depth; h —— depth of pressure measurement point,

It follows from (2.19) that the effective time of positive pressuce in the
presence of a free surface in an acoustic approximation is determined only by
" the blast geometry and is independent of warhead charge weight, 1In actuality,
when an explosion occurs pressure at the wave front proves to be less at the
water surface than in an unbounded liquid, while the effective time of its
positive phase is greater than that computed in an acoustic approximation.
The shape of the pressure-time curve also changes. This occurs because part
of the blast energy at shallow depth passes into the air and the rarefaction
~ wave cannot have a discontinuous front.

This theory applies to ralative warhead depth g » where

Ae -kq—nﬂ' - "": - 1,6674 (2.20)
[/} ] . \

‘When F<K+ it is necessary to take into account the nonlinear effect of
influence of a free surface on the pressure field with an underwater explosion,

The greatest full pressure ihpuISe value is observed with a charge explosion
at a specific depth. This depth is called optimal blast depth and comprises

Honf = -'-'k’n.-'-.- T (2-2.‘)

It 18 obvious that Honr > H°,

o
@
o % 0o . e

0 L e . > '
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rigure 2.7. Diagram of Position of Gas Bubbles from Underwater Explosion under
a Ship . :

" Damage to surface units and submarines in surfaced positions is estimated on

the basis of magnitude of pressure pulse per unit of vessel draft

. —iSEl»kg-sec/m3
for the entire length of the target.

The destructive effect (this can be pierced hole area, number of pierced
bulkheads or bottom plates, etc) with a bottom influence underwater blast
increases in comparison with the effect with a contact detonation with in-
creasing distance from blast center and possesses a maximum value at a cer-
tain distance from the vessel g8 bottom. This distance is called effective

distance rag:

Coefficient Ky depends on the type of ship and the construction of its hull
bottom protection., When r>roy the destructive effect is diminished and at

a distance of approximately 3r3¢ corresponds to the effect with a contact
detonation.. Theu the torpedo influence fuze detonation distance d,g (proceed-
ing from destructive effect) should be

dus < 2egr ' 223,

Tests have established that the maximum value of full pressure impulse with
detonation under the target ship is obtained when the gas bubble does not go
beyond a projection of the ship's hull onto a horizontal plane (Figure 2.7).

. The diameter of the gaé bubble can be determined from the following formula:

. 60R ' (2.24)
Drn =7=£?l ¥ 0,1 H, . |

[
A T

' . 3 ’
v . R .
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Consequently the optimal torpedo detonation point should be a aegment: of its

trajectory under the target ship B =ly:
. -mig. .
' ly=By—Den (2.25)

It may be, however, that 13<0. Therefore the following detonation localiza-'

tion requirement is imposed on the influence fuze: it is considered satisfac-

tory when an influence fuze actuates and detonat:ee the torpedo at any point
under a target ship's hull.
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" CHAPTER 3. TORPEDO PROXIMITY FUZES

3.1. General Principles

Proﬁimlty fuzes are automatic devices that are tripped and detonate the

charge in a torpedo's warhead when the torpedo passes near the target
ship but does not touch its hull. '

Torpedo proximity fuzes are classified, according to theilr operating
principle, as electromagnetic, magnetic, acoustical, and so onj that is,
they are classified according to the physical field that, when distrubed,
triggers them. _

Electromagnetic and magnetic proximity fuzes have been used in torpedoes
by almost every navy in the world, and were used during World War II.
The possibility of using acoustical and other types of proximity fuzes
has been repeatedly pointed out in the literature [2.1] and confirmed by
patents issued in the United States and Germany. .

According to the location of the physical field's source, proximity fuzes
are subdivided into two types: passive and active. If the field is created
‘by the target ship, then the proximity fuze that reacts to it is called
passive. If the source is located in the torpedo, however, the proximity
fuze that reactions to the distortion of this field by the target ship

is called active. : :

The main characteristic of a proximity fuze is its triggering distance;
that 1s, the maximum distance from the ship at which the fuze operates
reliably. In comnection with this, it 1s assumed that at all distances
less than the maximum, the proximity fuze's triggering action is also
flawless. For the proximity fuzes of torpedoes used against the surface
ships, this distance is computed along the normal to the bottom of the
ship and is called the vertical triggering distance (dpf)

i g e K H PRI 5 {ages TN TR SRR
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" As 18 the case with any other part in a torpedo, there are ceftain re~

quirements for proximity fuzes. For each specific fuze, they take into g
consideration its operating chavacteristics and combat application and .

utilization [304]0 ‘ . ) . - A%
These requirements include ease of operation, simple design, cheapness : '%
and simplicity of the manufacturing process, the use of materials that . E ' 1}u

are not scarce, and so forth. ‘ ‘

The diversity and complexity of the requirements that the fuzes must

satisfy has led to a situation where modern torpedo proximity fuzes are

quite complex automatic devices containing mechanical, electrical, and

electronic instruments and assemblies. &

3.2. The Triggering Distance of Fuzes

Where surface shipa'are conceérned, the conditional probability of destruction
G(m) is increased when the torpedo is detonated on a proximity basis. When

contact detonation is involved, that same probability can be attained by %
increasing the amount of explosive. Torpedoes equipped with proximity R
fuzes carry less explosive for this very reason, but in connection with .

this the following fact must be taken into consideration. ‘ .

In order to prevent torpedoes from running on the surface and deviating | M

from their course because of the sea swell, they are set to run at a
certain depth. This is especially necessary when they are equipped with
acoustical homing systems, since it reduces interference by a great deal.
However, increasing the running depth leads to a situation where torpedoes
can pass underneath the target ships without striking them; that is, the
probability of the torpedo's hitting its target (Pm,n) is reduced.

Hit probability P, ﬁ is determined by the hit probabilities in the hori-
zontal and vertical planes and i8 equal to their product, since the
torpedo's movements in these planes are independent of each qther.

For a single torpedo,
Py = PP, C@an

%, R Awhere-Phrtorpedo hit probability in the horizontal plane; : T
L - Py=torpedo hit probability in the vertical plane. : :

Py, depends on'a multitude of factors, which are discussed in firing theory, . ‘. 3
but is independent of the dispersion of the torpedo's running depth and , 2,
the target ship's draft. Co : _ o , '

Py depends only on the torpedo's and target ship's dispersions with respect
to depth. A proximity fuze helps to increase this probability.

b | 67
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Torpedo and target location depth dispersions are caused by a larger number
of cumulative effects that are almost independent of each other and are
quite small in comparison with the final result. Research has shown that

~ this type of dispersion is governed by the normal distribution law.

Tl --——-J "
dul" L

Figure 3.1. Diagram of the passage of a'torpedo under a target ship.
" Using Figure 3.1, we can write

dus = 54Euy +38H,, (a.2)
“where Eté-total ﬁean depth deviation of'the torpedo and the target ship;
Hy=minimum difference between the specified torpedo running depth Hy and .
the ship's draft T. - , ' : : :

biatance Hp is regulated by the instruction for the use of torpedoes:
| Eu=VE+E, @y

where E,=mean deviation of the torpedo with respect to depth; Eg=mean
deviation of the target ship's draft; _

E=VE +E, (34 , o A

| where Eg1=mean deviation of the torpedo's true running depth from its
average value H¢; E.o=mean deviation of the torpedo average running
depth from the specified depth He.

3.3vE1ectromﬁgnetic Proximity Fuzes
Operating Principle

- Electromagnetic fuzes are active fuzes. The fuze's radiating unit I

. (Figure 3.2), which is a solenoid in the afterbody that is either
coaxial with the torpedo's axial line or tilted at a slight angle to it,
creates an electromagnetic field around the torpedo. The solenoid's
winding is powered by alternating current at a given frequency (the

'
-

v

-

T - . . . .
PO N . . 1
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operating frequency). Thevtorpedo's variable field is sensed by one or
two (identical) receiving coils C, which are located in its nose.

’

_ Figure 3.2. Magnetic field of an electromagnetic fuze.

The radiating unit and the receiving coils are situated in such a fashion

that the electrical link between them is minimal, while the residual _

electromotive force that is induced in the receiving coils (the electro-

motive force of disbalance) is neutralized by compensating voltage that
is formed in the fuze's circuitry.

When the torpedo passes under the target ship, eddy currents arise in the
‘latter’s hull, They create a reflected variable electromagnetic field,

in which the magnetic component's vertical component Hzp creates an electro-
motive force in the receiving coils. This force is also the operating

(or effective) signal that triggers the fuze under the ship [3.1].

~ Propagation of the Electromagnetic Field in Sea Water

The propagation of electromagnetic oscillations in sea water takes place
at a certain velocity, although in a limited spatial area in close
proximity to the radiator and for a comparatively slowly changing field;
the propagation time can be ignored.

At any moment of time, the magnetic field of the radiator's alternating
current will have the same value it would have in the presence of direct
current equal to the instantaneous value of the alternating current. This
condition is called the quasi-stability condition. It 1s effective at
‘distances not exceeding one-tenth the length of an electromagnetic wave in
the given medium (r<0.1))[3.5]. The wavelength of the electromagnetic
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oscillations used in torpedo proximity fuzes are numbered in the tenths
and hundredths of meters. From this, it follows that the magnetic field
of a proximity fuze's radiator is equivalent to a permanent magnet's
field.

When compared with a ship's hull, a radiating coil's dimensions are ex-
tremely small. Therefore, a radiator's actual dimensions are usually
ignored. _ . :

. It has been established that, at distances of 1.5 m and more, a proximity
- fuze's radiator can be regarded as a dipole (since the change in its field
with respect to distance also takes place according to a cube law, as is

the case with a dipole).

Assuming a proximity fuze's radiator to be a magnetic dipole with moment M
- (Figure 3.3), which is changing according to a harmonic law, we obtain the
well-known expressions for the radial and tangential components of the
intensity of this dipole's magnetic field in polar coordinates [3.6,3.7]:

Figure 3.3. Toward a determination of the components of an electromagnetic
field in sea water.

H, o= 2&%".‘1,-#0% (1 47+ )% ¢

' (8.5
Fiy= _"!..:;“_E..-r' WD |1 4 o 4 Jro (1 + 200,

where r* is8 called the numerical distance. This is a slightly reduced
value that characterizes not only the true distance, but also the properties
of the medium: :

-#1 given in terms of a/m, where 1(a/m)=4m110"3 oe; B given in terms of am2
where lamZ=41103 oe.cm3.

.
. . - . ' -~
’ R : :
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r'nrl/ r:%._p’ (36)
where u =absolute magnetic permeability of water: hg=u,=4710~7 h/m;
Omelectrical conductivity of sea water: o=1-5(1/ohm.m); wp-frequency of

the fieldo

One specific feature of the operating conditions of proximity fuzes is their
relatively small operating distance. For such a distance in air, the
damping is no more than 1 percent; consequently,

,!'z 2Mcosg .

Hy= Msinp ) @n

?rom a comparison of (3.5) and (3.7), it is obvious that electromagnetic
oscillations in sea water are subject to damping and phase shifts. As the
field's frequency increases, so do the intensities of the damping and phase
shifts.

Reflection of the Electromagnetic Field From a Ship's Hull

As the torpedo passes under a ship, the field intensity at the point where
the proximity fuze's receiving coils are located changes to the intensity
of the field reflected from the target's hull.

In order to calculate the reflected field, let us feplace the ship's hull
with an infinite, conducting plane. :

The actual outlines of the ship's hull and the effect of the medium on the
performance of a proximity fuze are accounted for by empirical coefficlents.
In this case, as the torpedo passes under the ship, the effective signal

in the proximity fuze will change according to the following rule:

Hp (D) = Hog KoK (D, 3.8)

where Hjp(1l)=effective signal (it is sometimes called the receiving effect
or the sgip'a longitudinal characteristics with respect to the torpedo's
direction of movement); H,5,=vertical component of the intensity of the
fuze's magnetic field, as reflected from the conducting infinite plane;
Ky=damping factor of the field's vertical component Hzsp; Kp(l)=coefficient
allowing for the width of the ship and the shape of its outlines with
respect to the torpedo's direction of movement.

In order to determine the amount of electromagnetic energy reflected by
the infinite plane, we use the geometry of the radiator's and receiver's
positions, as shown in Figure 3.4. The distance between the radiator and
the receiver (2) is called the fuze base.
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= ° . ' ‘1 . Pl
- . ’ . Ty i ‘ | J/,A\r:/
Declassified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9



B Declaésified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9

- g

H28n Y

- a

' Figuré 3.4. Diagram for calculating the electromagnetic field reflected
by the infinite conducting plane.

Since the electromagnetic field is reflected by a conducting plane, this
indicates the absence of a normal component of field intensity .at the water-
plane is replaced by an equivalent magnetic dipole M* that is a mirror image
of dipole M, such that M*M. Thus, the calculation of the additional

field at point C that is created by the infinite conducting plane reduces

to defining the field of dipole M%,.

Hithout: allowing for damping and phase shift,
' Hyo = Hecos 1+ Hysin . | S, ‘ (3.9)
From the figure, it is obvious that
sln';--ﬂ'-: r=lyav¥aim;
o : (3.10)
A : . cou--—.':-H-l

Subatituting (3.7) and (3.10) into (3.9), we obtain

W;_T.—?(Gancosu(w—aﬂ)sm] L (3.11)
When the proximity fuze s radiator is situated coaxially, 6&=0,

S It is then the case that

6Mah

H“nﬂv-——(__la’+4h’) . | ’ (3012)

»
.
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A study of formula (3.12) at the extremum shows that when a is constant,
the maximum signal is obtained from the infinite plane when h=ka, while
when h is constant, it is obtained when a=h. .

This means that the signal in the proximity fuze when the torpedo is pasaing'
under a ship at distance h will be maximal when the fuze base equals this
distance.

The damping of the variable electromagnetic field in sea water is described
by the damping factor Kz, which is the ratic of the field intensity in water
to the intensity of the field in air (or a vacuum) for the same coordinate

" points.

When the‘radiator is situated coaxially, the damping factor K, and the phase
~ shift ¢z for Hy6p -can be derived by substituting (3.5) into (3.9)and
" dividing the result by (3.12):

Kyme™" VI+2r'+2r"+-45-r"+-;-r"; : _ (3.13)
,,-—r'+nrctg-l—.:_;’r(l+-§f_r'). , (3.14)

Coefficient Ky (1) is essentially the ship's normalized longitudinal
characteristic, since at K,=1.0,
Cad

. K.U)f | - (3.15)
Ky (1) 1s a function of the ship's width and outlines and the torpedo's angle
of impact © with the target, and is practically independent of the distance
at which the torpedo passes under the ship. Table 3.1 shows the values of
Ki (1) for By=8-9 m and ©=90°. : ’

(¥ 10 8 [} 4 2 0 -2

K (D) 0,03 0,08 0,13 0,28 0.82 0,79 0,87

(¥ ] -4 -8 -8 =10 -12 -4

Ko | o 047 | o3| 02 0.1 0,01

Table 3.1. Some Values of a Ship's Norﬁalized Longitudinal Characteristic
R (1) _ . ‘

The general form of the change in Kk(l) is shown in Figure 3.5. If a
- transition from 1 to t is made in formula (3.8) (since 1=Vyst), then Hyp(t)
- will be the ship's perturbing function or -~ as it is frequently called ~=-
its passage characteristic. '
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Figure 3.5. Normalized longitudinal and passage characteristics of a
target ship.

When the éhange in the proximity fuze radiator's magnetic moment is governed
by a harmonic law, the expression for the passage characteristic will have
the form -

Hen (t) = Hpnpm () sln (0t + §,), (3.16)
whefe A

Hem () = Hy KKy (), , o (3an

. This 1s the field amplitude change law.

The form of the effective signal under the ship is algo shown in Figure 3.5.
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Here, lg is the initial distance reading. S

It 1s then the case that

te _P""'—,-l‘ e B

For an apptoximate description of the effective aignal 8 envelope. we can
use the tormule (from [3.1])

Kult) m ge™" V2 U=

where o and B=coefficients depending on the conditions of the torpedo's
impact with the target;

[/
[ .
el
" Reflection of the Electromagnetic Field by the Water's Surface

The process by which the electromagnetic field is reflected from the water's
surface, which is caused primarily by the difference in conductivity of the
two mediums (air and water), has a rather complex physical nature.

A comparison of the intensities of fields reflected from the ocean's free
surface and from a conducting plane shows that in salt water, the intensity
at the sea surface itself reaches a value that is commensurate with the
fuze's triggering parameter. The phase of a field that is reflected from
the water's surface differs considerably from the phase of a signal under
the conducting plane. :

In order to eliminate eelf-triggering of the proximity fuze when the
torpedo approaches the water's surface or jumps out of the water, phase
discrimination is built into it.

3.4. Block Diagram and Characteristics of Fuzes -

Figure 3.6 18 a typical proximity fuze block diagram without power
sources and safety devices.

The effective signal, which 1s caused by the distortion of the fuze's
natural field by the ship's hull H,p(t), is sensed by receiving coil C.

The receiving coil, together with tge parallel~connected condenser Cy,
‘forms an input (or receiving) circuit. Resistor Ry, into which compensating
voltage Uy is fed, is connected in series with the coil. This voltage

is introduced into the circuit in order to balance the so-called electro-
motive force of disbalance. Voltage Uy has the same frequency and amplitude
as the electromotive force of disbalance, but its phase 18 reversed.

'° . Declassified and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9



Declassifiéd and Approved For Release 2013/08/01 : CIA-RDP09-02295R000100060001-9

o bl e |2
; ~to,

Figure 3.6. Block diagram of an.electromagnetic fuze: Isradiator (generating
coil); C=receiver (receiving coil); Y=voltage amplifier; PDwphase discriminator;
DC=differentiating circuit; ER=electronic relay; Z=ignition device.

.In order to reguléte the phase and amount of voltage Uk, the proximity
fuze's circuitry has a compensating device in the form of a phase-shifting
bridge.

Voltage U forms at the receiving circuit's output and enters the voltage
amplifier, where it is boosted to Up.

Alternating voltage U2 is sent to the input of phase (or balancing) dis~
criminator PD. _ '

The discriminator's circuitry has the feature that at its output, voltage i
U3 depends on the phase of Uz. The phase reading is taken with respect T

to the phase of some controlling voltage Uy, which is introduced into the
discriminator's circuitry and is rigidly related to the phase of the
current in radiator I.

: Rectifiea voltage Uj is sent to differentiéting ecircuit DC, which consists
of a separating (or transitional) capacitor C. and a resistor Re.

The purpose of the differentiating circuit is as follows. Under actual
conditions —= even when the proximity fuze 18 very carefully equalized .
(or balanced) =- some electromotive force of disbalance is present. This \
disbalance leads to the appearance of a direct voltage at the phase dis-
criminator's output, the amount of which may be sufficient to trigger
electronic relay ER. Because of the inclusion of the transitional
' capacitor in the circuit, the direct disbalance voltage does not teach the
relay's input.

~ When the torpedo passes under a ship at a relatively high speed, the
- effective signal Hzp(t) leads to the abrupt appearance at the phase dis~-
criminator's output of voltage U3, under the effect of which capacitor Ce
begins to charge. The charging current passes through resistor Ry and
causes a voltage drop U; in it. Voltage Uz, which 1s the electronic relay's
+ input voltage, causes it to be triggered.

‘ Declssified and Approved For Release 2013/08/01 : CIA-RDPO9-02295R000100060001-9 E
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The electronic relay 18 a direct current amplifier, the anode circuit of
which contains electromagnetic relays.

" When the relay's contacts close, a direct voltage 1is sent from current

1p to ignition device Z that causes the warhead to detonate.

~The electronic relay serves as the proximity fuze's actuating device.

If the torpedo's relative velocity when it encounters the target is low,
then capacitor Cy will be charged more slowly (in comparison with the
discharge through resistor Ry and the phase discriminator) and the relay
will not be triggered. The minimum relative velocity at which electro-
magnetic proximity fuzes are triggered is a total of several subvelocities.

The proximity fuze triggering aréa is determined by the amount of time it
takes a signal to pass through its ecircuitry. 1If this period is short or

‘the torpedo runs slowly, then a special delay circuit is added to actuating

device ER in order to increase the fuze' s total triggering time.
Proximity fuzes have frequency, amplitude, phase, and time¢ characteristics.

The fuze's frequency characteristic is frequently taken to mean the
amplifier's fxequency characteriatic.

-_‘The amplifier 8 frequency characteristic is the dependence of the amplitude
of output voltage Uyy on the frequency (f) of input voltage Uy when the

latter's amplitude is constant:
U = F(f) npn
Uim = const.v
The general form of this characteristic is shown in Figure 3.7.

Uzm

0 ' r
, ‘ 1 f
Figure 3.7. Frequency‘characterietic ofpen electromagnetic fuze.

The amplifier 8 resonance tuning frequency £ ¢» a8t which the value of Uy
ie maximal, is close to the proximity fuze's operating frequency (ft‘fp?

The amplifier's transmission band (Af) corresponds to amplifier Y's output
voltages, which are 0.7 times their maximum values Uy, The narrower the’
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transmission band, the better the proximity fuze's frequency selectivity,
but the longer must be the effective signal that is capable of triggering
the fuze, ,

The amplitude chnracteriitié (Figure 3.8) determines the voltage amplifier's
amplifying properties. It is a function of the dependence of the amplitude
of output voltage Uz, on the amplitude of input voltage Uiy, which changes

with the operating frequency:
P n8 equ c}' Ulﬂl = F(U‘m)w%‘glnj gfp = const.

Ugnl

i .
Uimcp SUmg U

Figure 3.8. Amplitude charactetistic of an electromagnetic fuze.

Fdr electromagnetic .fuzes, the amplitude charécteristic is linear (for all
practical purposes) within the limits of the change in input voltage U;y
“up to a value equaling five triggering parameters.

The phase characteristic (Figure 3.9) is the dependence of vo].t:age U (at
the phase discriminator's output) on the phase of the working frequency 8

- variable input voltage Uj: o
' ' Uy = F(p) when [/ =Jfp = const;

v ! Uym = const. _
The input voltage phase at which phase diacr:lminator's positive output
voltage will be maximal i{s called the optimal phase (¢opt)-

- o o . fcpl ' . , \

‘ o

Figure 3.9. Phase characteristic of - PMgure 3,10, Time characteristic
an electromagnetic fuze. of an electromagnetic fuze,

8
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The time characteristic (Figure 3.10) establishes the dependence of the
fuze's triggering time on the amount of voltage at the input that is trans-
mitted after being boosted in the optimum phase and at the operating
frequency. It shows that the larger the input signal, the shorter the
. fuze's triggering time:

tep= F(Uim) TpH f=fp = const;
. when .
¢ = Ponr- ,

3.5. Fuze Radiating and Receiving Devices

According to the relative positions of the radiator and receiver, all
electromagnetic proximity fuzes are divided into “wo groups: those with
mutually perpendicular, and those with coaxial positioning of these units.

A comparison of various alternatives for the positioning of the radiator
and receiver shows that the expected maximum effective signal values for
these variants differ by no more than 100-150 percent. This difference
has an insignificant effect on changing the triggering distance. When
selecting the radiating and receiving system, therefore, special attention
is given to the question of what direct effect the field of a radiator

in a free medium has on the receiver. .

When the radiator and receiver are mutually perpendicular, theoretically
the radiator's primary field does not induce an electromotive force in
the receiver. Practically, the result of inaccuracy in the relative
positioning of the two induces in the receiver some electromotive force.
The proximity fuze is balanced in order to compensate for this.

The maximum link between the radiator and the receiver occurs in coaxial
systems. Any change in the primary field can result in interference.

In order to reduce the primary field's effect on the receiver, the latter
should be located in an area where the absolute value of the primary field's
complexor voltage component, as taken in by the receiver, will be minimal;
that is, it 1s necessary to place the receiver as far away from the '
radiator as possible. For structural considerations, it is possible to

. place the recelver at a distance from the radiator equal to the length of
the torpedo only when they are mutually perpendicular to each other.
When they are located coaxially, the dist ance between them can be no more
than the torpedo's diameter.

Radiators
Two types of radiators are used in electromagnetic proximity fuzes: ring
and rod.
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A iing-t&pe radiator is a coil that is made of relatively thick wire wound
around the afterbody. The coil's core is the body of the torpedo itself.

This coil's ampere-turns must be

4nM ' :
LG oLl (3.18) o

where Iy=current in the radiator; Wi=number of turns in the radiator's coil;
uy=reduced magnetic permeability of the torpedo body's casing (uy=2-3);
Sy=area of an average turn in the coil:

s RD’ (3019)
u’T

. where ﬁl-average diameter of the coil.

A core-type radiator is an electromagnetic with a transformer~-steel core - s
that is magnetized by a current passing through a winding having a large _ v ,
number of turns made of thin wire. The winding's thickness is small in _ :
comparison with the core's lateral dimensions. ’

This type of radiator is placed on top of the conical part of.the afterbody.

Between the magnetic moment M and the radiator core volume Vc that can create
this moment, there exists the relationship '

Ven 22 o © (3.20)
where B=magnetic induction inside the core.

When selecting the size of the core, the normal starting point is that the
induction should be B<0.2-0.3 teslas.

After fixing the length of the core at 1., because of structural considera- ._ ;
‘tions, its cross-section area 1s determined: B

Ve o

s‘ lC * . (3. 21) ' ¢

. The solehoid's ampere~turns can be calculated from the following formula:

4=M

LW, N
"= #aSe

(3.22)

where "d is the core's choke (or averaged) magnetic permeability, which . o
allows not only for the core material's permeability, but also for the ‘
permeability of ita shape [3.2]:

- T . _j
= g+ e \ ' (3.23) é
| £
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where y=initial magnetic permeability of the core substance, as found in
tables (for transformer steel. u-560). =magnetic permeability of the core'
shape, which depends on the core 's relatgve length u.

'l=""li'o : K (3' 24)

where d =diameter of the core.

Table 3.2 is a list of my permeability values.

A my A my A my A my
18,4 “u |- w0 2 162 ) n f
2.8 15 5,5 b} 184 © 48

(] 2.8 17 108 2 200 50 688

0 | e 18 1s n T 60 960

12 .5 2 0 -} 242 7 1270

Table 3.2. Magnetic Permeability (md) of the Shape of Cylindrical Cores
(Rods)

The Receiving Circuit

The receiving circuit is a resonance circuit. Figure 3.11 is an equivalent
circuit of the receiving circuit. S

‘ o b al

Y

ol

. c’(? RK U]

Figure 3.11. Equivalent circuit of the receiving circuit: Lp=inductance
of the receiving coils; Cp=circuit capacitance; Ry=resistance of the re-
ceiving coils; Rk-circuit load resistance — grid leak resistance of the

'voltage amplifier's first tube; Ec-electromotive force induced in the -

circuit; Uj=voltage at the circuit 8 output

The circuit's impedance zk is

'y .

. R, ' CxRy (3.25)
Ry r+Jo| o= T |- 2Ll
2= Ry + " +O'C3R; ( x l+a»’C:R‘ |
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We derive the circuit's load resistance zk from (3.25), assuming that

Rk-Lk'°3 ‘ .
» R, e CR,
" 14eCiR] T 14 wClR,

(3.26)

The receiving circuit is tuned in resonance with the proximity fuze's
operating frequency wp. For a current at this frequency, the circuit 1s a
purely effective resistance.

"
CIRK

b= oo
14 o C R,

From this, we find that the circuit's capacitance C, is ‘
l 4@ L‘ |
c.--z—-!-—. l * l-_Ll_' 'o ’ (3. 27)
wple

Consequentiy, the resonance condition is satisfied by two differént values
of the capacitor's capacitance.

The receiving circuit's inductance is determined according to the empirical
f L ’
ormula [3.3] oD 10="

be= BT on, + 108, | (3.28)
.

where D =average diameter of the winding; W_=number of turns in the re-
ceiving coil; bp=axial length of the winding; ay=thickness of t:he winding.

The receiving circuit's amplifying properties are characterized by its

Q-factor qk. ,
"=+ﬁT=iﬂ'" . | -~ (3.29)

Since the coil is located in special vents in the warhead, it is screened by

the body of this section and the circuit's Q-factor is reduced. In this
case,

= (0,2 = 0,6) gy. (3.30)

The electromotive force of the effective signal in the receiver will be

Eq(t) = P».S. —L!"_‘_)L (3.31)
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where ua=absolute magnetic permeability of the coil's core (for coreless
coils, Ua-uo); S.~equivalent area of the receiving coil:

Sn = W,,S.. . . (3- 32)

where S, marea of an average turn 1n the coil.

After substituting the values from formula (3.16) into (3 31), and allowing
for the fact that Ky(t) changes slowly, we have

En(t) = p,s,,H,,.,,, (t) wp sin (Wp‘ + 95— T) : o (3.33)

COnsequently, considering (3.17) the amplitude of the electromotive force
will change according to the rule

Eom (‘) - PnSananKl ® Kl"’p' (3.34)

 The receiving‘circuit‘is inertialess. for all practical purposes.

Having substituted (3.34) into (3. 29), with due consideration for (3.17).
and (3. 30), we obtain the receiving circuit's transmission factor:

Kg = -ﬂ-ﬂ- = vnmsnwp ‘ (3.35)

3.6. Amplifying beviceg in Fuzes

The amplifying device boosts the alternating voltage that is sent from

the receiving coils and converts the amplified alternating voltage into the
direct current pulse that is needed to trigger the actuating relay, the
electric primer's closing circuit, or the ignition device's electromagnets.
It also provides noise stability for the proximity fuze.

The amplifying device contains a voltage amplifier, a phase discriminator,
. a differentiating circuit, and an electronic relay. Let us examine each
of these units separately.

Voltage Amplifier

The basic requirement for this amplifief iavthat it be able to amplify
signals in a rather narrow frequency band.

In principle, any amplifier can be used to amplify signals. However,
choke-coupled and resistance amplifiers are used in proximity fuzes in
practice. Schematic diagrams of these amplifiers are presented in Figures
3.12 and 3.13.
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Figure 3.13. Schematic diagram of a resistancé amplifier.

Two or three amplifier stages are adequate for the amplification of signals in

a proximity fuze.

The L]_Cl and LjCy circuits of a choke-coupled anplifier are tuned to the
‘fuze's operating frequency. Consequently,

1
4T and ke
| For a resistance amplifier., in which negative feedback in the form of a
double T-shaped filter is used to impart frequency selectivity, the number

of stages must be an odd number greater than one.

The voltage amplifier's transmission band is approximately 10Z of the
operating frequency. Under these circumstances, the amplifier's inertial.

84
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properties are expressed rather poorly and it can be regarded as an in-

ertialess unit. In this case, the amplifier's transmission factor is equal

to its amplification factor at the operating frequency:

W, | |
K’r,_vf_“_' (3036)

Phase Discriminator

The phase discriminator gives a prokimity fuze the property of phase
selectivity. 1Its circuitry (Figure 3.14) consists of two symmetrical

Ry , )
— Tp P 2
G U 8 R ¢ Us
L]
Uz Rt |R ¢ U}l
i ]
J, By .
Uyt

Figure 3. 14. Schematic diagram of a phase discriminator.

The discriminator's 1nput voltage is Uz~, which changes according to the
harmonic rule .

Uy = Usnsin(wpf + )

where ¢-phése angle between voltages U, - and Uy~.

Voltage Uz; is read at the voltage amplifier's output.

- Transformer T, has a transformation ratio of n=1, wvhile its secondary wihding :
‘18 divided ingo halves. Therefore, only half of voltage Uy~ passes into

each of the discriminators: U2.=UY.=U,. /2,

In addition to voltage Us~, the circuit receives controlling voltage
which 18 changed by a frequency equal to the operating frequency and which
has a value that is considerably in excess of the input voltage:

*40Usy. Voltage U,~ 1s entered in such a fashion that it will be added
to U} in circuit B; and subtracted from UY. in B,.

The total voltagee in the upper (UBl-) and lower (Uga~) circuits are picked
up as 05 and U5, The difference between these voltagee 4ds the phase dis=~
criminator's output voltage Us.
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In the theory of an ideal discriminator, it has been proven that if it has
a load resistance R that is bridged by capacitance C, then the rectified
voltage will be proportional to the amplitude of the rectifying voltage
and the cosine of flow angle y.

Consequently,
: . . U‘-U;—U;- (U.lm-vl;ﬂ) CO!@. (3. 37)

The flow angle depends only on the ratio of load resistance R to the . ) .,?
internal resistance of the discriminator Ry and is independent of the
applied voltage's amplitude. This function is transcendental [3.3]: : <

n R
sln$-c-o$scot$ -7 1(3.39)

Angle Yy 18 determined approximately.

The difference between the amplitudes of voltages Upim and Ugy, can be
determined by using the vector diagram of the discriminator represented
by Figure 3.15:

“Figure 3.15. Vector diagram of the phase discriminator's operation.
| Usim = Uiam  Usm €08 5. O (3.39)
Substituting (3.39) into (3.37), we obtain

Uy=Uneosycos g, . (3.40) : 4
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Assuming that o-O. from (3.40) it is obvious that the phase disu:iminator 8
transmission factor will be

K@‘B-Dl-:.:-.‘couﬁ' (3041)

If the input signal's frequency differs from the controlling voltage's,
then the phase discriminator will not rectify the alternating voltage,
but will convert it into a difference frequency -— the beat frequency Auwt

Au:»-—u’, o | ' : (3 42)7

: This ftequency 8 voltage can lead to triggering of the proximity fuze 1f 1t
is low enough.

The phase discriminator's output contains capacitors C that, together with
the internal resistance of the discriminators Ri and the load resistances R,
form a filter. The difference frequency's alternating voltage will be
weakened considerably by this filter.

The phase diecriminator 8 aelective propettiee are characterized by the
frequency characteristic

F(do)= (3.43)

1
\/‘.* g

The phase discriminator is an 1nertial component. It is difficult to
evaluate its dynamic properties becauae of the rectifiers' nonlinearity.

For approximate celculations, its transient characteristic :La determined
on the basis of the applicable linearization:

Ly ‘ 3.44
h“(‘)..K’a(l—-O.SG -F‘fo'5¢"rl)' _ ( )

where T; is the charge time constent of capacitor C:
' RiIRC

Tu-ﬂ . . (3.45)
and Ty is the discharge time constant of capacitor C: ‘
T,=RC (3.46)

The transient characteristic is the phase discriminator's reaction to a'
- unit jump in voltage at its input while the phase remains the same.

: Dclssified and Approved For Release 2013/08/01 : CIA-DP09-0220010006001-9
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Diffgrentiaéing Circuit

The differentiating circuit imparts dynamfcity to the fuze. This means
that the proximity fuze can be triggered only when there is an increase

in input signal H,,(t). Fuze triggering does not take place with as large
an input signal as desired unless it changes with respect to time. This
circuit protects the fuze from triggering in the presence of a natural

" constant disbalance.

Figure 3.16 is a diagtam of the differentiating circuit,
_ ¢y

L

Figure 3.16. Schematic diagram of the differenéiating circuit.

The voltage at this circuit's output will be

”*"”"l"/——‘-“—fr’ | | (5.57)

a* ot

where Q=provisional frequency of the input signal's change with respect
to its envelope:
L (3.48)

087;.
- From Figure 3.5,
| ’ r o 3B 284By (3.49)
L AT ) Vex

Vnﬁ Vf"' V‘CO' °. (30 50)

where kaspeed of the ship; a=fuze base.

From formula (3.47) we obtain the differentiating circuit's transmiesion
factor :

= U FR ettermm————————— ,. -
Kau Vi r,m’ (3.51)
.Here. ' )

where Ta=the circuit's time constant.
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factor will be

 the dependence of the current in the windings of the oeprating relays i
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The differentiating circuit's dynamic characteristics are described by
the transient characteristic

[}
- «53
hnu(‘)-’ -E‘ ) (3 3 )

Elentronic Relay

.On the 6ne hand, the>connection of capacitor Cg in parallel with the relay

in the electronic relay's circuitry (Figure 3.17) leads to retardation of
the fuze~triggering process and thereby protects it from short-vulse
jamming; on the other hand, it increases the amount of time the relay 8

contacts are held in the closed state.

Figure 3.17. Schematic diagram of the electronic relay.

When the signala are building up rather slowly, the relay circuit's in-:
ductive and capacity reactances are small in compariaon with the tube's
internal resistance Ry. In this case, this component 's transmission

i ' -
"-v"v'}"*%'& - | JERS

- where umthe tube's static ampliftcation factor; Sgwsteepness of the tube ]

anode-grid characteristic at 1its operating point.
3.7, The Triggering Characterigtic of Fuzes

A fuze's main characteristic is its triggering characteristic. It is

_on all of the fuze's parameters and characteristics when the external P
magnetic field's time change is governed by a specific law:
A 'p )= F(V‘h Vm Bm Km L ,P\ H‘h 0 M a Ay (‘)l- ; (3.55)

-89
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The amount and nature of the current change in the relay are determined by
the torpedo's tactical characteristics and specifications (VT), target ship
elements (Vi and By), medium parameters (a and;b. conditions of the torpedo's
impact with the target (HT and 0), and the fuze's parameters and character--
istics (M, a, fp, and hpg(t)). :

Since thé réckeiving éircuit, voltage amplifier, and ele.ctronic relay are
. inertial components for all practical purposes, hpf(t) can be obtained with
the help of a Duhamel integral [3.8]: . ,

' : A .
A (0) -vKnkykap[Un (0) Mg (6) + Jiv_d‘.‘.‘(ﬂ. Ay (¢~ ll) dll] .. (3.56)

When H, ., (t)=1.0 and K=Ey=1.0, it follows from formla (3.44) that Us(t)=
hpp(t). . , : :
Subatituting the value of hpc(t) from 5(3.53), we have

i sy o e -
""'“)'°'5K=K1K01K-pr'[ﬁ('-_7‘-—0_ ?'-)"'T._l—'??(' T T)] 3.57

The proximity fuze's triggering characteristic 18 then determined analogously

to formula (3.56): _
t.(t)-[H....(on...«)%sﬂ’-%;i“lhu. (t—wau|. (3.58)

Since function Hzpm(t) is not described analytically, integral (3.58) can
be solved either graphically or numerically (by an approximative method).

"zan

|

' apt -
L- ---'

a) Hzpm

-L---.---_.-_-

i A

e i o
Wy oy h Y W Gt

A Figure' 3.18. Approximation of the ship's effect when calculating an electro-
magnetic fuze's triggering characteristic.
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Formula (3.58) is then replaced by an approximate formula (Figure 3.18):

LR , (3.59)
Ip () % Hygm (ko) [Aun () = M (£ —8))] & X SiHgm (At = 8) = s (¢ — )]s .

where H pm(io)'ﬂzpm(o‘“iﬂitiﬂl value of the field; AjH,,wfleld jump during
the i-tﬁ time interval; £i=beginning time of the i-th field jump; €i-ending
time of the i-th tield jump. '

When using formula (3.59) in practice, it should be kept in mind that at
(t-£)<0, hpf(t-i)-o.

It 18 most often the case that, instead of simply determining the current
- change ig(t). we have to select the voltage amplifier's amplification factor
K! such that the proximity fuze is triggered under completely specific con-
ditions and by a certain triggering current i;, in the operating relay.

3.8, Magnetic Proximity Fuzes

Magnetic fuzes belong to the passive type and are triggered when the torpedo
enters the ship's magnetic field.

.The ship's magnetic field is that space in which there is a measurable (or
detectable) change in the Earth's magnetic field caused by the presence

of the ship. The boundaries of a ship's magnetic field have not been de-
fined mathematically. In practice, they are determined by the measuring
instruments' sensitivity.

The dimensions of a ship's magnetic field are usually assumed to be

Xe o Kely } - (3.60)
y.aKme '

where K, and are coefficients characterizing the extent of the ship's
magnetic field with respect to its major dimensionms.

On the one hand, one feature of a ship's field is that it is not temporarily
stable, even when it is measured under similar conditions for the same ship.
On the other hand, every ship has a field that is distinct from the fields
of other ships -« even those of the same class. .

At the same time, along with all the individuality of ships' magnetic
characteristics, they are governed by a set of regularities.

A ship's magnetic field is formed as the resultant of the overlapping of
several fields:

the permanent mégnetization field;
the induced magnetization field;
the field of the bucking windings.
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E A ship acquires permanent magnetization under the influence of the
2 terrestrial field -~ primarily when it is being built -~ and depends on:
E - the ship's heading and the latitude of the place where it was built;
z the magnetic properties of the material's used in its hull (basically.
IR on the amount of residual magnetization).
P the ratio of the ship's major dimensions and the distribution and
3 shapes of the ferromagnetic masses in it;
38 the method used to build the ship (tbe amount of reveting and
; welding).
é ‘The nature and amount of a ship's permanent magnetization, can be changed

significantly when the hull is subjected to severe shaking (nearby ex-
plosions, artillery fire, work being done of the hull, and so forth) or
vhen the ship is based for a long period of time in an area where the

. Earth's magnetic field differs considerably from what it was where the
ship was built.

magnetic permeability);
the ratio of the major dimensions and the distribution and shape ct
ferromagnetic masses in the ship.

b

%’ In contrast to permanent magnetization, induced magnetization is wholly

i and completely determined by the geomagnetic field that is acting upon the
4 ship at any given moment.

! .

? - The main factors affecting a ship's induced magnetization are:

ﬁ' the ship's heading and latitude at the given moment;

i the magnetic properties of the hull materials (primarily their

A ship's magnetic field is represented by components along its main
axes [2. 1]

LT (3.61)

where Hp, Hy, and are the vertical, longitudinal, and transversal com-
ponents, respectively, of a ship's magnetic field's strength.

The magnetic fields of ships cannot be calculated analytically. The values
of H,, Hy, and Hy are most frequently determined by measuring the field
under the ship.

The field component values that are obtained by measurement serve as the
basis for compiling magnetic charts of ships, from which the field curves
are plotted.

The horizontal plane at the depth at which the measurements are taken is
called the plane of measurements. The half-space lying below this plane

NI R o A T GRS
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Consequently, if we assume that with an increase in depth intake pressure and
b ac k pressure increase by the same magnitude, engifue effective horsepower
will decrease, since the power increase due to increased intake pressure will
not be compensated by power losses involved in overcoming back pressure forces
in exhausting spent steam-gas from the torpedo even at constant rpm.

Engine rpm drops off with a drop in horsepower. If we assume a cube relation-
ship between engine horsepower and rpm . :

Ny = Kgn®, (5.11)

"we can derive a formula for determiniﬁg ché law of change in engine effective
horsepower with change in running depth. o

Torpedo speed can be determined either by drop in horsepower

3Ny - i
or by rpm ' .
v:-vg--:‘;:-. - (513)
where V2, Np mp: -— speed, horsepower and rpm at rated operating con-
. o ditions; _
Vo N g —— game, at given torpedo running depth.

As was indicated above, propulsive agent consumption will increase with an. .
increase in torpedo running depth, with a decrease in time and consequently: ::.
distance of torpedo rum. B .

Engine operating time ~ill also decrease because with a gaéeous oxidizer an
increase in back pressure leads to increased gas residual pressure in the
tank a n d greater unutilized residual oxidizer.

Thus a decrease in torpedo range when running at greater depth will occur as.
a consequence of a drop in speed due to loss in power and decrease in running
time as a consequence of an increase in per-second consumption and a decrease
in quantity of consumed gaseous oxidizer. : .

In order to compensate for reciprocating engine power losses with an increase
. ' in running depth, it is necessary eicher to alter the law of gaseous oxidizer
.. pressure regulation or select gas dist.'ibution phases in such a manner that
. . average indicated pressure will be indipendent of torpedo running depth.

.+ - Example 5.4. Determine torpedo speed and range at a depth of 50 m in mode 1,

"% {f for rated engine operating conditions (running depth 10 m) pressure in the

-7 SGG Py=28 dan/cm?, exhaust back pressure P4=3 dan/cmé, and per-second steam-
 gas consumption is m(¥ =1.1 kg/sec. :

Solution. A change in running depth will lead to an increase in intake pres-

‘sure and back pressure by one and the same amount, Engine horsepower under

¥
:
ey et v
e B )

B ) et ‘ A R '
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the new conditions will be determined with formula (5.3), taking into con=
sideration expressions (5.10), (5.11) and example 5.3; as 8 result we ob-
tain

B . Nc =
|Mn - ' . . 'l N L L] * . . L l 1] . N
_(084.32-1,27.7). 108-3,14-0.144° o.luas 2.2.1440:N, P.0B7:085 _ 995 kW.
4-60-348"

Consequently, at a8 depth of 50 meters the engine will develop power equal to
295 kw. ' : : _

Torpedo running speed at a depth of 50 m will be

Vew 25.(%%)"’ =2l mfsec. -

Propulsion unit running time will be determined by _available air supply.

1f we assume that steam-gas mixture consumption is proportional to pressure
and rpm, then at a depth of 50 m it will be 1.26 kg/sec. of this quantity,
‘air accounts for

YoxMeex 148126
ox ox'eex A ) .
Meex = "1+ avox + Y» T+ 146 + 35 = 087 kg/sec .

With a pressure differential between propulsion agent' tanks of 7 dan/cmz,
total air consumption will be '

PueVep Poe‘t (Vop + Val; + Vue) ' |
oK — .
My = “RTome - BT =112 kg ‘

_Torpedo running time wﬂl be

ox .
1ol —51;7-“2 =129 sec.
Meex '

Torpedo 'range at a depth of 50 meters will be
- Eym Ve=21128=30 o
5.7. Features of Internal Combustion and Mixed Combustion Engines‘

One well-known method of improving the econony of heat engines is to faiae
the cycle maximum temperature. For the above reciprocal expansion-type en=.

gines a substantial elevation of steam=-gas mixture temperature ig possible
only with golution of complex problems of ensuring adequate heat resistance

and high-temperature qorroaion resistance of the materials of which the engin2

~ 1s made. 1t was therefore logical to consider engines with combustion inside

cylinders == internal combustion engines. It ig a well-known fact that fuel
combustion in cylinders can occur with a constant volume, constant pressure,
or in a combined manner. ' .

.
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Internal combustion engfnes operatfng on a.cycle which involves the delivery

of heat with a constant volume utflfze for the most part readily-vaporizing

fuels (usually gasoline) with spark ignition, in contrast to engines with com-
bustion at a constant pressure, where heavier liquid fuels are employed
(solar o0il) with compression ignition. : 4

Internal cdmbustion engines are more economical than piston reciprocating

engines as a consequence of the higher temperature of inttiation of expansion
- and higher pressures. .

The principal deficiencies which limit the use of internal combustion engines
in torpedoes are the following: first, they are considerably more complex in
design, chiefly in connection with the necessity of providing a starter sys-
tem; second, as in a steam-gas expansion reciprocating engine, an increase in

- back pressure reduces rated work (the lower part of the indicator diagram is

cut off) and cylinder filling; third, they have a low starting reliability.

In order to eliminate the drawbacks of the piston engine and the internal com-
bustion engine (while retaining the advantages), British torpedoes employ an
engine with a preheater and supplementary fuel feed (with a surplus of
oxidizer in the preheater) into the expansion-type reciprocating engine

(cycle B), where the operating process is almost the same as in internal com=-
bustion engines.

These engines are called mixed or combined combustion engines. They operate
on the following principle. After the preheater, to which all oxidizer and
only a part of the fuel is fed (combustion takes place with a high excess
oxidizer ratio), the combustion products together with the excess oxidizer
are fed into the expansion-type reciprocating engine. At the end of the
process of intake of these products, the rest of the fuel is added, which,

~ undergoing combustion, releases an additional amount of energy. An ideal in-

dicator diagram has essentially the same form as for an expansion-type
reciprocating engine, with the difference that heat f e e d partially occurs at
constant pressure and partially at constant volume. An increase in initial
temperature leads to a noticeable improvement in efficiency and decrease in
summary consumption of propulsive agents. :

The heater is made small, since it actually performs only the function of a
starter device, while the working medium is finally prepared in the reciprocat-
ing engine cylinder. ,

The principal difficulties in performance of the operating process of these
engines are, first of all, nonuniform mixing of oxidizer with combustion
products prior to entry into the reciprocating engine; second, unreliable
ignition of the gas mixture within the cylinder at one and the same moment
and, as a result of this, instability of the operating process. However,

the fact that only two propulsive agents are employed in the preheater and
cylinders (fuel and oxidizer), and a third component is not required (water),

. glves these engines additional advantages over expansion-type reciprocating

engines. :

163
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5.8. Fundamental Principlea of Theory of Gas Flow

Study of the processes of the movement of gases along channels, accompanied

" by verious transformations of energy, is of exceptional importance. Theory

and calculations of gas turbines, reaction engines and other machines are
built on the general data and principles of theory of gas flow.

We shall ptedent some'basic points of theory of flow of gases.

With steady-state flow, gas flow rate meek, flow section f, velocity C and
density p in any section of the channel are connected with the continuity
equation, in which the law of conservation of mass is expressed.

This equation is as follows:

Meox = foC = const. (5.14)

As gas expands, its rate of flow will increase and its density decrease.
Therefore it is difficult directly to deteruine from equation (5.14) how f
should change in order for gas continuously to increase its rate of flow.
In order to answer this question we shall logarithmize equation (5.14) and
present it in differential form: :

)]

.Subét:ituting in the expression in purentheses a value from the Bernoulli

equation
. dc-—%. ’
we shall have ' L . )
' v df _dC { C* __ 1%) .
FF(E-)
dp

We know from physics that speed of sound a 1s determined by expression

'aa]/?d-f-. . )

. In additio n, designating the ratio of flow rate to speed of sound M, we
‘shall have , :

d dc
% = T(M— 1§ _ (;17) .

It 18 evident from equation (5.17) thatt

in the subsonic region (M<l) acceleration of flow is poasible only
vith a decrease in flow channel section; ,

in the supersonic region (M>1) flow acceleration will occur only with

an increase in flow channel section; ‘
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at a flow rate equal to the speed of sound (M=1), the flow channel
section will be at the extreme (minfmum in this case), since
Y
Thus 1f we wish to have a flow which continuously accelerates from some ini-
tial subsonic to a supersonic speed, the flow channel section should at first be
q conve rgent, wvhere the flow will be at subsonic speeds, subsequently widen-
’ ing, where the flow will be at supersonic speeds. At the boundary of these
two areas, that is, at the narrowest section in the channel, flow rate will
be equal to the speed of sound.
In order to produce supersonic flows, Swedish engineer Laval proposed a nozzle
with an intercept (Laval nozzle)
To determine the rate of gas flow from a nozzle we shall apply the basic
equation of the first law of thermdynamics for gas floys:
C? ;
| dqadl+d(T). )
With adiabatic outflow, that is, in the absence of heat exchange. dq=0, con-
sequently,
-di=CdC.,
After integration we shall obtain
| - _a_a
h=le= g —=3=,
- Whence, ignoring inaignificantly' small quantity Co» we shall have
o : Ce=VTlh—1a = 141V Tp (= Teh (5.18) |
where Cg, C¢, 19, i. -- values of gas velocity and enthalpy at the beginning
and end of the expansion process (entering and leaving the nozzle).
" We see from equation (5.18) that the gas temperature drops off during adiabat:ic
_ expansion.
, Equation (5.18) for det:ermining the velocity of gas outflow can be transformed,
& utilizing Meyer's equation and the adiabatic eguf.tion.
P.\"X
co=o=r == (7) ©-
, After substituting these values in equation (5.18), we obtain
{ l/ K . PRy
Cem 2-R-:_—TRTQ[1-{-(T§-)T . (8.19)
We shall determine gas parameters in the nozzle critical and outlet sections.
165
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We shall détermi’ne gas temperature in the critical section proceeding from
the fact that flow velocity in this section is equal to the local speed of
sound, that is, ' ' . ,

i

Co=V 2-R§1R(r.—r.,)=lfl<_"kr.;. o

.heqc_e o | | TT?=('RL+1) . (529)_;.“

It is easy to determine pressure in the critical gsection, linking equaﬁion' .
(5.20) with the adiabatic equation o :

Thus the critical ratio of pressures is determined solely Ly the adiabatic -

It follows from equation (5.21) that if the ratio of pressure at the nozzle

outlet to pressure at the inlet is greater than Vkps & convergent nozzle should

be employed and, on the other hand, if this ratgo is legs than Vkp» full gas
- expansion will take place only in the Laval nozzle. ‘ '

We shall determine velocity at the eritical section by substituting equation
(5.20) into the formula for Ckp o :

Co=) 2 72—'31 RT, | (5.22)

'.Subs:ituting in the contiiiuit:y equation the velocity value according to
formula (5.19), written for the current value along the nozzle, we shall ob-
tain the area of any nozzle section: .

f=_’_";%r,=.__.._.__”’ﬂff___’_:_, (5.23)
PV e (R)F]

Utilizing the adiabatic equation and introducing designation
3%
]

-V G-

A
we shall ob;aiﬁ

| pm BV BT - —(s29)

For nozzle ctif:ical section ‘
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For a given working medium, fgnoring the relationship between specific heat

- and temperature, this value Bkp can be considered constant.

Therefore critical section quantity
S R, e

(o

=
is determined solely by gas flow and its initial parameters.,
If the gas flow and nozzle parametere are known, then with formulas (5. 25)
and (5.27) we can determine the magnitude of per-second gas flow through this

nozzle.

Determination of flow parameters in the presence of heat exchange (expansion

on a polytropic curve) is extremely complex due to the difficulties of

determining the magnitude of the polytropic curve index.

The ratio of actual gas velocity upon emerging from the nozzle to that
velocity which can be obtained in the case of expansio n without losses

'18 called the gas nozzle velocity coefficient and is designated by ¢. The

value of the latter is usually determined experimentally.

If actual outflow velocity is substituted in the continuity equation, while
still determining temperature with the adiabatic equation, we shall obtain
formulas for determining an area of any section and critical nozzle section

in the form of equations (5.25) and (5.27), in the denominator of which will ap-
pex additional term ¢. The error is small and can be ignored.

5.9. Brief Data on Gas Turbines

The gas turbine is an engine which converts the thermal ennrgy of a gas into
meehanical work.

As a result of fuel combustion a high-temperature and pressure gas is produced,
the potential energy of which fa characterized by the values of parameters P
and T. .

- Gas potential energy is converted in the nozzle box into kinetic energy.

Turbine engines are distinguished by the fact that they convert kinetic energy

.directly into mechanical work. A gas turbine consists of nozzle box 1

(Figure 5.5) and turbine wheel with blades.

A wheel which 1s single-forged with shaft 3 or placed on it, carries blades
on its crown. Gas enters the nozzles and expands in them. During gas ex-
pansion its velocity increases from initial value Cp to value Cq, that is
there takes place transformation of potential into kinetic energy. Emerging
from the nozzle at velocity Co, the stream of gas hits the turbine ‘blades,

where 1its direction changes.

4 -
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Figure 5.5. Diagram of Single-Stage Gas Turbine

When the gas stream turns in the channel between blades, centrifugal forces
‘act on the gas particles, forces which seek to push them toward the concave
part of the blades. The resultant of pressure forces on the blades generates
torque which forces the turbine wheel to turn.

In recent years gas turbines have been in increasingly widespread use, both in
industry and in military applications. This i8 due to the fact that gas
turbines combine the advantages of internal combustion engines and steam tur-
bines, and in addition possess substantial advantages over them, namely:

the workihg medium of a gas turbine is a gas which forms, as in internal
combustion engines, directly in the combustion chamber, which 18 more ef-
ficient and much smaller than the boiler of steam turbine installations;

the installation as a whole is more sophisticated from a design stand-
point, since its components perform only rotational motion; the number of
moving parts is also smaller than in a reciprocating engine;

. there is no rectilinear reciprocal motion, and conseﬁuently there 1is
considerable uniformity of rotating parts and substantially less vibration
loads; :

od and Approved For Release 2013/08/
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‘& gas turbine, just like a steam turbine, can develop high rpm and
generate high power in a single unit; reciprocating engines do not possess
Lhis advantage;

small size and unit weight.

The principal difficulty which impedes the development of gas turbines is the

- necessity of limiting the temperature of the gases which propel the turbine

blades. High gas temperatures weaken the blading material and burn the blades.
In connection with this the maximum allowable gas temperature ahead of the
turbine should be selected on the basis of ensuring reliable operation of

~ nozzle and rotor blades.

. The following are differentiated in relation to the operating cycle which

takes place in gas turbines:
turbines with constant combustion pressure (turbines P=const);
turbines with constant combustion volume (turbines Vm=consat);
'pulsatinﬁ turbines. | |

In gas turbines with P=const the coﬁbustion process takes place in an open
chamber at constant pressure, and therefore gas parameters ahead of the

‘ turbine will be fixed in time.

In gaa‘tuibines with V=const the combustion process takes place in a constant

-‘closed combustion chamber area. In these turbines, in conformity with the

periodic character of the combustion process, initial gas parameters change

_cyclically in time. In spite of the fact that in turbines V=const specific

.. power and thermodynamic efficiency are somewhat greater than in turbines

P=const, they have not been utilized in aircraft engines, chiefly due to
design complexity and difficulty of ensuring reliable operation of the valve

‘Aaystem under high-temperature conditions.

<]

An intermediate position between turbines P=const and V=const is occupied

by pulsating turbines, which are designed to operate in a nonsteady flow. In
particular, they include turbines employed in combined installations.for
utilization of the energy of exhaust gases.

The practical advantages of a cycle with combustion at constant pressure'(high

power at a given size and weight and simplicity of the entire unit) are so
substantial that they overshadow the slight thermodynamic advantages of a
cycle with combustion with constant volume. Therefore we shall henceforth be
examining only turbines with constant combustion pressure.

.Gas turbines are subdivided into high-temperature and low-témperature, single~

stage and multistage (stage is defined as the aggregate of nozzle box and
tutbine wheel), action and reaction turbines,
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An action turbine is a turbine in which transformation of thermal (pptential)

energy into kinetic energy takes place only in the nozzle box.

In reaction turbines transformation of potential into kinetic energy in the
nozzle box takes place only partially, with the process being completed on
the rotor wheel blading.

We shall oxamine the features of operation of a ningle-atage'nction or impulse
turbina. '

Figure 5.6 shows change in gas velocity when passing thro'ugh the turbine wheel
blading.

Figure 5.6. Velocity Triangles on Entering and Leaving the Rotor Wheel of a
Single-Stage Impulse Turbine

Gas leaves the nozzle at velocity C;, entering the blading at relative veloci-
ty w1, which is obtained by subtracting from absolute velocity Cc velocity of
transient motion, that is, blading tip speed u: :

" #Depn . .
"= T! (5.28)

where Dep == rotor diameter measured at blading height midpoint:; n -- rotor
rpm. i
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Gas emerges from the rotor blades at relative velocity wp, which in an impulse
turbine would be equal to wy if it were not for losses on the rotor blades.
Adding wa to tip speed u, we find absolute discharge velocity Cj. The

vector of relative velocity wy comprises together with the vector of tip

speed angle B); the blade leading edge is positioned at approximately the same
angle. The average direction of wy at discharge is characterized by angle B,
which 1s approximately equal to the pitch angle of the blade trailing edges.

Assuming Bz=8) and wz=w) (for the ideal case of a turbine without losses),
. we obtain a combined velocity triangle (Figure 5.6a).

The greater Cz, the smaller the quantity of kinetic energy imparted by the

gas to the turbine, since the difference in kinetic energy of 1 kg of gas prior
to entering the blading and after emerging from it constitutes gas energy
transformed into turbine mechanical work: :

_Ci—GCi .

Ly=—"2,

The least velocity value C2 and consequently the greatest stage efficiency
will occur when a2=90°,

- From the velocity triangles we find (Figure 5.6)

Nozzle angle of inclination a; is selected at 15-20° from practical considera-
tions; therefore the ratio of tip speed u to gas velocity Cc should equal
approximately 0.5, which dictates the high rpm of gas turbines. For example,
if gas leaves the nozzles at a velocity of Co=1000 m/sec, u should be equal

to 500 m/sec. Utilization of such velocity at the present time in turbines
with small values Dep is hampered by the high stresses produced in the rotor
wheel and blades by centrifugal forces.

" Thus a single=-stage action.or impulse turbine possesses the followihg charac-
teristic features: ' :

transformation of gas potential energy into kinetic energy takes place
only in the nozzles; : : ‘

the absolute velocity of gas entry into the blading corresponds to the
velocity of gas outflow from the nozzle;

no change in gas state takes place in the blading; pressure remains
constant and equal to back pressure; therefore action or impulse turbines con-
stitute equal-pressure turbines which are not subjected to axial stresses;

relative velocity remains practically unchanged in the blading; the.
mechanical work of the turbine wheel is generated by a reduction in gas ab-
solute velocity;
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a turbine will be most economical with the ratio %50.5.
: , c

A éingle-stage reaction or preaéure turbine is most economical with a ratio

g =cos a), which at the present time is difficult to achieve in practice.
c N

In order for turbines with a substantial heat drop to be able to operate

economically at a moderate tip speed, velocity stages or pressure stages are
employed. , :

A single-stage impulse turbine can also operate with a small 8c ratio, but .
velocity Cy increases with a decrease in this quantity below optimal, and
consequently efficiency drops. The greater velocity C2 can be utilized on

a second turbine wheel, for which a row of guide vanes must be placed forward

of this wheel's blading, turning the gas stream and feeding it to the blading

at the requisite angle. If gas velocity is still substantial upon leaving

the second stage, a third stage can be added, etc. Thus output loss can be

reduced to a minimum even with a small '

% ratio (with low tip speed).
c

‘A turbine with velocity stages consists of a nozzle box, in which complete
gas expansion takes place (transformation of potential into kinetic energy),

and several turbine wheels (one wheel with several rows of blades), in which
velocity is sequentially converted into work. Usually two velocity stages
are employed, since turbine efficiency drops off with a greater number of
stages (each stage produces additional losses in the guide vanes and turbine
blades).

One can prove that for ideal (without losses) turbines with velocity stages
the optimal

% ratio is inversely proportional to the number of stages z,
c

chﬁt is,

__u_. - Cosa, .

( Cec )onr- 2z - . (5'30.)
Another method of reducing turbine tip speed is the employment of pressure
stages. A turbine with pressure stages is a combination of several single-

stage (impulse or pressure) turbines in a single unit.

The tip speed of a turbine with pressure stages is inversely proportional to
the square root of the number of stages: ‘

) COS$ ay
(—Ce-).ouf QV 7 : (8.31)

Multistage turbines can have counterrotating wheels. If there arevcwo wheels
in a turbine, it is called a birotational turbine. On the basis of available

data, such turbines are employed as engines in U.S. Navy gas-steam torpedoes, | g.

They do not differ fundamentally from turbines with two velocity stages, and

- ratio (5.30) also applies to them,

e A LS &t P ) » 5! A ﬂ;ﬁ%f
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‘One drawback of multistage turbines is the retention of high gas temperature
_in several stages. While in a single-stage turbine gas enters the blading-
at a temperature appreciably reduced during expansion in the nozzles, in a
. multistage turbine with pressure stages such a drop in temperature is achieved
only in several stages, which complicates the design of blading cooling. In
~ addition, employment of a multistage design makes it necessary to increase
".the length of the turbine.

. 5.10. Gas Turbine Thermodynamic Cycle

A gas turbine is a heat engine variant, in the hweadgation of which, as we
know, one usually examines its thermodynamic cycles, which glve a graphic
: picture of the operation and basic features of the given heat engine.

The processes which take place in a gas turbine reduce to the following
‘(Figure 5.7). Fuel, consisting of fuel and oxidizer, is fed by pumps or by
another method (for example, by compressed gas) into the combustion chamber.
Fuel pressure is raised thereby from initial pressure P, to combustion
chamber pressure Pg.

! o Tlome

S

~ Figure 5.7. Gas Turbine Thermodynamic Cycle

Fuel, entering the combustion chamber in 1iquid form, is heated, vaporizes
‘and burns at almost constant pressure. As a result of this the temperature
and specific volume of the working medium increase (line a-0). Adiabatic
‘expansion of the constant-composition working medium then begins, from
_pressure Pp to pressure P, which is established at the nozzle exit (in the
general case it may differ from ambient pressute Py).

In ordet for the working medium to return to its initial state, it must be
cooled and condensed to the original volume by means of isochor (iine 1-b)
and isobar (line b-c) heat removal. ‘The obtained closed cycle aOlbca will be
the ideal compressorlesa gas turbine cycle.
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An ideal cycle, aimplifying the actual proceases, gives eimple computation
relations which make it possidle to elucidate those factors which affect en-
gine operation and to determine ways to improve engine efficiency.

The difference between the actual and the ideal cycle consists primarily in
the following.

- the work expended on the proceae of compression and propulsive agent
"feed 18 not equal to zero; : _

with the ideal cycle energy losses in the combustion process are not

- taken into account, as a result of which the temperature of the working

medium is lower in the actual cycle;

as a coneequence of heat exchenge,'fiiction and other losses, the ex-~
pansion process takes place not on an adiabatic but a polytropic curve.

For the most part these losses are determined experimentelly.

‘ The principal quantity which characterizes the ideal engine cycle is thermal

efficiency. This efficiency takes into account only losses of heat which
cannot be converted to work in conformity with the second law of thermo=-
dynamics. - A _

For the ideal cycle thermodynamic efficiency is
Q—Qs

"= N

where Q1 - quentity of heat applied to the working medinm. Q2 =- quantity of

heat removed from the working medium,

In our case

@ =C (ro Ta).
Qs = Co(ly— h)+c,,</,—r,>.

m.-l—-K-( )T[(K—l) +t] (532

"It igs evident from formula (S 32) that thermodynamic efficiency is determined

by degree of expansion p
Pc' the ratio of ambient pressure and nozzle exit

pressure, and gas adiabatic expansion index K,

‘For rated operating econditions where Po=P,, thermodynamic efficiency will be
determined by a simpler formula:

mal—(i) ' _ (5.33)
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P
With an increase in ratio 59 and adiabatic index K, the cycle thermodynamic

ine 0
efficiency_ reases, approaching 1 at the maximum, Employment of fuel the
combustion products of which consist of gases with low molecular weight in-

~ creases thermodynamic efficiency, all other conditions L:-ing equal.

A gas turbine can also operate under conditions other than rated, which occur
both with a change in running depth and with a change in fuel consumption.
Two types of operating conditions other than designed &re possible:

incomplete expansion, when nozzle exit pressure is greater than am=-
bient pressure, that 1is, P.>Py;

overexpansion, when pressure at the nozzle exit is less than ambient
pressure, that is, P.<P,.

For a fixed nozzle, that is, a nozzle with fixed critical and outlet section
values, and consequently a fixed degree of expansion, formula (5.32) 1is
transformed as follows:

m.._p(-‘;g-). | (534)
where |

e 1= F s BRI

Thus apgas turbine's thermodynamic efficiency changes by linear law from the
ratio FH' Quantit ;0 leads to a sharper dependence of thermodynamic ef-

ficiency on ratio 5;, since the value of coefficient B increases thereby.
5.11. Work Performed By Gas on Turbine Wheel Periphery

As a result of gas dynamic effect on the turbine blades, a circumferential
force is applied to the turbine wheel which is dictated by change in quantity
of motion during gas flow through the wheel,

The product of the circumferential force and tip speed constitutés work per?
formed by the gas on the wheel periphery, that is, work performed by the gas.

Determination of the force acting on a blade on the basis of distribution
of pressures on the blade surface constitutes a very complex and laborious
problem. This problem becomes considerably simplified if one applies the
theorem formulated by Leonard Euler in 1755, applied to steady-state flow
of 1iquid and gaseous bodies in the following manner.

The resultant of all forces applied to the surface of a tube is equal to the

per-second quantity of motion of inflowing liquid (gas) minus the per-second
quantity of motion of outflowing liquid (gas).
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Figurg 5.8. Determining Work Performed by Gas on Turbine Wheel Periphery

To determine circumferential force and work on the turbine wheel periphery
we shall set apart with sections 1l-1 and 2-2 that segment of the flow which
£f111s the cavity between two blades (Figure 5.8). We shall disregard the

- remaining mass of gas beyond these boundaries and replace its action with
pressure forces. We shall run sections 1-1 and 2-2 fairly far from the blades
(theoretically to infinity) in order to consider the flow parameters in these
sections identical. ,

Applying Euler's theorem in a projection onto the direction of the circum-
ferential velocity of the gas, taking into account the fact that the projec-
sion of the pressure forces onto the direction of the circumferential veloci-
ty 18 equal to zero, and considering the height of the isolated volume equal
to 1, we shall have .

P, = m_,, (19, cos B, + 1, cos By).
Axial force - : :
' P; = '";e'x (t0, sin By — g sin Py) 4 ¢ (P;_ —P),

~ where m' o, — per-second gas fldwbper‘blade; t == distance between adjoining
' blades; P; = pressure on entry into blading; P, — pressure at exit from
blading. ' ' o _

For iction_or impulse turbines Py=Pq. | .
. The circkmferential force acting on all blades when meek™l kg/ sec ie computed
with the formula Py 3P, w conhy + mycos (535) | .

Work on the turbine wheel periphery is determined with formula
: Ly = Pyt m u(w, cos B+ wycorfy). - (5.36)

- L]
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From the velocity triangles of a single-stage action turbine we have:
w,cosﬁ,scccgn,—lr. w, cos By = Cycos fiy + u.

Taking this into account, the expression for work on the turbine wheel
periphery can be rewritten as follows: ’

Ly =u(Cccosay + Cycosay). (537
Thus the work of 1 kg of gas on the turbine wheel periphery 1s equal to the

product of the circumferential velocity of rotation times the algebraic sum
of circumferential components of absolute velocities.

The same work can be expressed in the form oflthe difference in kinetic .
energles possessed by a gas when entering and exiting from the blading, that

2_ ~2
o lemCa

L (5.38)

5.12, Losses in the Turbine

We shall call the difference between work performed by an ideal turbine

- operating without losses with adiabatic gas expansion, and work performed by

an actual turbine losses in the turbine (stage).
We differentiate the following losses:

from gas friction, vortex formation, and flow separation in the nozzle

~ blade channels;

from friction, vortex formation, and flow separation on the turbine

wheel blades;

losses with exit velocity;
losses ¢onﬁected with gas overflow through clearance gaps;
losses from wheel-gas friction;
ventilation losses;
mechanical losses.

The first three losses comprise so-called losses on the turbine crown. They
are of determining significance and affect turbine efficiency more than all
other losses.

With the exception of mechanical losses, all the rest are internal losses,
taking place within the turbine housing and directly affecting the state -~€
the gas.
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Mechanical losses usually include power losses in overcoming friction in the
engine bearings and reductfon gears, as well as losses in driving feed (fuel
and oil pumps) and cont.ol devices.

We shall briefly examine the nature and procedure of figuring in each of the '
above-enumerated losses.

Losses in the Nozzle Box

Losses in the nozzle box (nozzles) take place due to friction between gas
particles and the nozzles as well as each other, due to vortex forming, shock
wvaves, etc. As a consequence of this the actual gas velocity of exit from
the nozzle will be less than the velocity it would possess In the absence of

losses: ComoCh

where ¢ — nozzle velocity coefficient; C, — theoretical gas outflow

velocity.

Energy losses in the nozzle are determined with the formula |

C2 C? 2 . .
AL, = T T - ec— = £, ‘ (3.39)
where Comlmg? == coefficient of energy loss in the nozzle; Ly -

available energy (work).

For gas turbines losses in the nozzle boz comprise from 10 to 20% of available
work. -

Oﬁe should bear in mind that the value of the velocity coefficient is deter-
mined by blade height and profile, which restricts the channel.

The precise value of coefficient ¢ for a given nozzle or nozzle cascade can

be determined only experimentally, observing similarity criteria. Losses in
the nozzle box increase particularly sharply with nondesigned operating con-
ditions, such as with increased back pressure, for example.

Losses on the Turbine Blades

According to modern concepts of gas movement through blade rows, the
phenomena which take place in the turbine nozzle and turbine wheel
channels have much in common. In both cases gas flows around the shaped
blades with gas expansion in the channels formed by the blades.

An important factor which distinguishes flow through rotor blades is the
fact that these blades are turning. In addition, gas velocity on entering
" the blading is usually higher than at nozzle blade entry, while there is
always a radial clearance between blades and turbine housing, which may not
be the case in the nozzles.

Ce)
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Due to losses, actual relative gas exit velocity from the -turbine wheel will
be less than theoretical: : :
Wy = Wlﬂ
" where § — turbine blade velocity coefficient.

For the case of a purely action turbine uu-@@h‘ while energy losses on the

blades are , | _ o _ '
. . 2_ w, ‘ v A. . | ‘ .
- u_p_,g.w_”.i_'u_';-=e,_._f', (5.40) |

where bp.a=1—¢ - coefficient of energy loss on turbine blades.

For modern gas turbines, even with an optimal ratio of turbine wheel cir-
cumferential velocity to gas velocity at nozzle ex{t, energy losses on the
turbine blades comprise 5-10% of available work. :

The coefficient of energy loss on the blades is determined by the following

factors. : , ‘ ’///

By channel curvature or by fluid deflection, which is equivalent to the sum .
of angles Bj+B82. With an increase in this sum § increases, and consequently co
Epen decreases. This is due to the fact that the more curvilinear the channel,
the greater the possibility of flow separation. In general the conditions of
obtaining a slightly-curved blade, a channel of a converging shape, thicker

- leading edge and thinner trailing edge are achieved considerably more easily
in a reaction blade row than in an action row, in view of the fact that losses B
in reaction blade rows are considerably less than in action rows. '

By blade height. Energy losses increase sharply with a decrease in blade
height, since the Reynolds number decreases with a decrease in blade height,
and relative vortex pair losses increase.

By blade pitch (solidity). The smaller the blade pitch, the greater the num-
ber of blades and consequently the greater the number of rubbing surfaces.

Maximum 1ift is generated with an optimal pitch value, and energy losses are _ .
reduced to a minimum, : S

By Reynolds number, with an increase in which ¢ increases.

" When Re>5-10° the turbine blade is operating in the so-called self-similar
region, where y no longer is determined by the sum of angles B;+B82.

These locses are caused by the fact that on exiting from the turbine blades
the gas possesses a certain velocity C2, and consequently kinetic energy as

|

. Losseswith Exit Velocity
‘ .

| ‘well:
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Mg = 5
Loz = . (541)

Since this portion of gas kinetic énergy was not utilized in the given
stage, it must be added to losses, even if it is utilized in the succeeding

stage or, for example, to produce reaction thrust.

In any of these cases the power produced by the given stage is reduced by
the magnitude of exit loss, which comprises 5-15% of available heat drop
(available work). : ' .

. Bfficiency on Wheel Periphery

If we subtract from the gquantity of available work the magnitude of losses

in the nozzles, blades and exit losses, we shall obtain work on wheel

periphery L.

The ratio of work at wheel periphery to available work is called efficimncy
at wheel periphery. For a single-stage action turbine with symmetrical
blades £1=85: -

"= % =29 (1 +¢) (cos a;—-E“:) & G

The above equation indicates that efficiency at the wheel periphery ny is
determined by nozzle and turbine blade velocity coefficients, the ratio

% and'angle a) between the direction of flow after the nozzle box and the

c .
plane of rotation. These quantities are usually specified when designing a
turbine, proceeding from specific considerations.

The basic factor which determines efficiency at the wheel periphery and
turbine efficiency as a whole is the ratio u

c.e Therefore function
c

'a=!(—(_'f-:) 18 of the greatest importence in turbine theory.

We shall determine ratio % at which hu possesses maximum value. For this
e : u :

we shall take the first derivative of the expression for n, with z and
equated to zero, whence ' ‘ c

( u ) o SOy
CTelom™ 2 °
Maximuin value Ny corresponds to obtained value ‘-é H
) C
' 1
Tumax = -;2—?’ (14 $) cos® ay. (9:43)
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It follows from the expression for nyn,, that the nozzle, not the turbine

wheel is more important for a turbine from the standpoint of economy. In
fact, a change in nozzle velocity coefficient ¢ by one one hundredth produces
a change in efficiency of approximately 1.5-2%, while with the same change
in turbine wheel velocity coefficient efficiency changes 0.5%.

Losses in Radial Clearance

. Quantity Ly computed by us is work performed on the rim of a turbine without
radial clearance betweer. blades and housing. In actuality this clearance is

- unquestionably necessary to avoid the blades hitting the housing, which can
cause turbine failure. In view of the particularly stringent demands in
regard to operational re. iability imposed on any engine, these clearances
must be fairly substantial.

Losses in the radial clearance occur as a consequence of a portion of the gas
passing through the radial clearance. In addition, as a consequence of a
pressure gradient in the interblade channels, gas seeks to pass from the high-
pressure region to the low-pressure region. This flow causes additional
friction, vortex formation and related losses. Blades are shrouded to

reduce these losses.

The amount of losses through the clearance is determined by the ratio of
clearance amount Sp to blade height 1:

Bpm L.

The greater GP’ the greatef the losses.

According to the data of S. M. Dorofeyev and V. Kh. Abiants, clearance losses
are determined by clearance efficiency na, which constitutes the ratio of

“work on the rim L, of a turbine with radial clearance to work on the rim Ly
of a turbine without radial clearance, that is,

Ny = .£!"TAL! . (5.44)

whence
v ALy == (1 = n3) Ly, (5.45)

Losses to Disk-Gas Friction and Fan Losses

Fan losses and losses to friction on ambient medium particles occur during
turbine wheel rotatiom. ’

Disk friction losses are caused by the fact that gas particles surrounding
the disk and blades acquire a certain velocity under the influence of friction
against the disk surface, on which a portion of energy is expended.

We know that action turbines are made with partial admission of working medium.
The nozzles occupy only part of the circumference of the nozzle ring, as a
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consequence of which each blade channel during each fevolutiou enters and
" leaves the sphere of effect of the working medium flow. ‘

Fan loéses are caused by phenomena which accoﬁpany blade rotation of a tur-
bine with partfal admission. These losses are caused, in the first place,
by the fan action of the turbine blades which at a given moment are not

" receiving a flow of working medium; second, by the suction of inert gas from

the clearances by the working medium, the flows of which are separated from
one another as a consequence of the partial admission and, in the third place,
by expenditure of energy on expelling particles of nonworking gas remaining
in the blade channels before the turbine blade reaches the nozzle ("tear-out"

" losses).

'1fﬁmp1r1chl fofmulas_are.normally eﬁployed to determine losses due_to disk-

gas friction and fanning ALt.g. .
' 5.13. Turbine Power
if oiher inté;ﬁal losses are taken from work on the wheel periphery,'that'is;
fan, disk-gas frictioﬁ, and leakage, we obtain turbine internal work

‘ L[=l“-AL3+ALg,!. .
Corresponding to :hig work is internal or indicated turbine (stage) power Ni:
The ratio of internal work to available work‘is called relative internal
(power) efficiency, that is, : E ' '
. L
: S "'bl=-z;-., . : (5.47)
1f we consider mechanical losses ALy, effective turbine wbtk Le will be equal
to ' _
- Ly=Li— AL, (548)
Corresponding to it 1s turbine effective power or shaft power

The ratio of effective power to internal power or, what is the same thing,
- the ratio of.effective to internal work, 1s called mechanical efficiency:

N, _ L ' 5,50
m.::-ﬂl"-=-l"-. | (5.50)

The ratio of effective work to available work is called relative effective ef— '

ficiency: L . L
- S Me= g X 1
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This coefficient characterizes the degree of turbine sophistication and in-
- dicates what part of available gas energy is transformed into useful work on
the turbine shaft.

Effective turbine power is
Ne = megylovy. (5.52)

5.14. Torpedo Reaction Engines

The idea of applying the reaction principle of motion in torpedoes arose and
was developed simultaneously with the appearance and evolution of torpedoes.
For example, as early as 1879 inv-ntor A. I. Shpakovskiy presented to the
Russian navy's technical committee the plans for a rocket-propelled torpedo,
to be powered by a special rocket device. Numerous attempts to employ reac-
tion engines in torpedoes were also made in other countries. However, these
projects were either abandoned prior to completion or failed to produce
satisfactory results. In addition, continuous improvement of conventional

' types of engines made it possible to provide torpedoes with the range and
speed required by tactical considerations.

‘A reciprocating engine or turbine rotates the propellers, which propel the
water mass in a direction opposite to the torpedo's direction of travel.
According to the law of equal action and reaction, thrust of equal magnitude
impels the torpedo forward. - v

The thrust of a jet or rocket engine is reaction imparted to the engine

. structure as a result of ejection of combustion products at high velocity
from the combustion chamber through an exhaust nozzle. Thus reaction en-
gines are engines which propel an object (torpedo, aircraft) as a result of
the reaction force of an outflowing substance (gas, steam—-gas, liquid).

There exist two types of reaction engines:

' rocket engines, the operation of which involves the ejection of a
substance located within the traveling object (torpedo, projectile, aircraft);

wat er j et (air-reaction for an air environment) engines, in which
the ambient medium passes through the engine and is accelerated to increase
the quantity of motion with the aid of various mechanical or thermal devices.
The basic difference between reaction engines and equipment with reciprocat-
ing or turbine engines consists in the fact that thrust is independent of
velocity. In addition, they possess significant size and weight advantages
in comparison with reciprocating and turbine engines. '

Figure 5.9 contains a diagram of a solid-fuel rocket engine. The combustion

chamber contains solid fuel 1, which at the present time as a rule consists
of special kinds of gunpowder-type propellant. ' '
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Figure 5.9. Diagram ofASolid-Fuel Rocket Engine

There exist two basic types of solid propellant charges: with burning on part
of the surface and on the entire surface. In charges of the first type part
of the external surface (the outer surface and one of the ends) is covered
with a substance which inhibits burning, or as they say, restricts, as a con=
sequence of wnich the burning of such a charge can take place only on the
gurface not covered with this substance. Charges with burning on a part of
the surface frequently burn like a cigarette, from one end to the other.

In solid probellant charges with any burning surface, when necessary support
surfaces and ends are restrictive~treated. '

Charges which burn only at one end burn for a longer time than charges with a
total burning surface. Nevertheless 1t 1s difficult to delineate the areas
~ -of application of engines with charges of these two types, and a selection can
. be made only by taking the specific operating conditions in each individual
. cage into account.

During engine operation solid-propellant charges are kept from collapsing by
special diaphragm aperture 2.

Propellant ignition is effected either with explosive charge 3 or with a
metal filament heated by an electric current. The role of the ignition device
consists in elevating the propellant temperature to the combustion point and
generating in the combustion chamber a pressure which can ensure normal :
burning. In order to obtain a faster pressure increase, diaphragm 4 1is placed
in the nozzle, which is destroyed when a certain pressure is reached.

The combustion products are ejected at high velocity through exhaust nozzle 35,
generating engine thrust.

The principal feature of rocket engines is their simplicity. They contain no

tanks, pipes, valves, injectors or fuel feed systems. However, the lack of

efficient methods of recharging combustion chambers limits the time of con~- P
_tinuous operation of a modern solid-fuel rocket engine to the burning time of

the propellant charge.

¢
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Liquid fuel rocket engines operaté on liquid fuel which 1s fed under pressure
from tanks to the combustion chamber.

Fuels for liquid-fuel rocket engines usually consist of a liquid oxidizer
(nitric acid, for example) and a 1liquid fuel (kerosene, for example). As a
result of a chemical reaction between oxidizer and fuel in the combustion
chamber, high-temperature gases are formed which are ejected at high velocity
through the nozzle, producing thrust. '

The high fuel combustion temperatures dictate the necessity of cooling the
engine, which is usually effected by one of the fuel components. Entry of
" fuel components into the combustion chamber is effected either with pumps or
by pressure exerted by compressed gas in special tanks. A solid-reactant or
liquid-reactant gas generator can be employed in place of a compressed-gas
cylinder. A device which generates gas to force fuel from the tanks by the
burning of a solid-propellant charge or liquid fuels is called a solid
(1iquid)-reactant gas generator. . :

Substantial fuel consumption and the necessity of maintaining a constant fuel
composition, high pressure in the combustion chamber, as well as the necessity
-of controlling the engine and ensuring safe engine operation have led to a
situation where modern liquid-fuel rocket engines are very complicated devices
with highly-sophisticated automatic control.

Thrust in hydrojet engines is produced by ejecting water through a nozzle at
high velocity, water which enters the engine from the exterior. Seawater can
be utilized both as an oxidizer and to increase the ejected mass. In utiliz-
ing seawater to increase thrust it is necessary to impart to it a certain
quantity of kinetic energy. This can be achieved either by altering the
thermodynamic parameters of the water by heating and vaporization or by power
effect. The former method is most efficient in utilizing seawater as an .
oxidizer. In this case certain metals and compounds which vigorously react
with water, releasing a large quantity of heat and gases, can be employed as
fuel . : e
Power effect on water can be achieved either with the aid of special mechanical
~devices (of the water jet type) or by direct contact of gases fed into the
engine or generated in it. _

Hydrojet engines can be of various design.

: - F ‘ ; N ® ‘fﬁ-ﬁ-v . i )
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CHAPTER 6. ELECTRIC TORPEDO ENERGY SOURCES AND MOTORS

6.1. General Description of Electric Torpedo Propulsion Systems

Alongside various types of torpedoes equipped with heat engines, electric
torpedoes have been widely used, torpedoes which travel at a specified
velocity and a specified range through the employment of electric power ob=
tained from batteries, while its conversion to mechanical work of rotating
' propellers is effected with the aid of special DC motors. The propulsion NP
system of electric torpedoes consists of the following principal components: -
a source of electric power, an electric motor, and propellers.

Electric power first began to be employed in torpedoes after World War I
(beginning in the thirties) and was connected with solving the problem of
eliminating the torpedo's bubble wake, a problem which was attacked from
two directions: a search for fuels and oxidizers the combustion products of
which readily dissolve in water, and the utilization of electric power in
torpedoes.

Science and technology of the time proved to be more prepared to go the
second route, which led to the development of electric torpedoes,

The development'of such torpedoes, in combination with a system of torpedo
launching without the release of telltale bubbles, as well as other measures,
sharply improved concealment of submarine torpedo attacks.

Today the problem of running concealed has also been solved for torpedoes
propelled by heat engines. However, this does not exclude the development
- and improvement of electric torpedoes, for the following reasons.

The speed and range of gas-steam torpedoes decrease with increased running
depth. The power output of electric motors is independent of depth, which
ensures constant speed and range for electric torpedoes at any depth.
~Anot:her important advantage of electric propulsion systems is the ease of

providing an electric power supply for various influence systems, ease of
changing running speed, and highly economical operation.

186 .
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All these factors are to the advantage of electric propulsion asystems over
‘thermal systems and create prospects for extensive utilization. At the same ..
time electric propulsion systems are inferfor to heat engines in a number of
indices: they are of lower power (as a result of which the speed and range

_ of electric torpedoes are less than those of torpedoes propelled by -heat en-
gines) and they are more complex in operation (requiring comparatively fre-
quent recharging and torpedo battery ventilation, insulation measurements,
ete).

Chemical sources of electrical energy are principal components of an electric
tqrpedO‘propulaion system, ' '

Devices which convert chemical into electrical energy are called chemical

current sources. Such an energy conversion can be performed by various types

"of devices. They are divided into two basic groups, in relation to character

of chemical reactions: primary cells and storage batteries. The primary : .
cells convert chemical energy into electrical energy only one time, after *
which they become unusable, since some chemical reactions are irreversible.
In storage batteries energy is converted by means of reversible reactions,
that is, storage batteries can be recharged, which means that they can be
utilized time and time again.

Of the great diversity of existing storage batteries, chiefly lead-acid bat-
teries are used as torpedo electric power sources.

Other chemical sources of electrical current are not employed in torpedoes
for various reasons, the most important of which is unsatisfactory character=-
istlcs during discharge at high amperage. ‘

 In addition to this important requirement, torpedo power supplies must meet
. the following requirements: :

-convenience in utilization;
capable of ogeratipg'across a broad temperature range;

provide maximhm energy return per unit of weight and volume, as well
as minimum loss of electric power; . '

a long service life and high mechanical strength}

Usually chemical electric power supplies, including torpedo storage batteries,

are connected into banks of batteries. The number of storage batteries con-

tained in a bank as well as their manner of connection into groups are deter- ;
mined by th2 electric motor's power requirements and total operating time, . -@
that 1s, the specified torpedo operating conditions, The properties of the : ‘
individual storage battery in turn are determined by the quantity and quality

of reacting chemical substances, and are also determined by its specifica-

-tions. : : :
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The simplest storage battery is a vessel filled with electrolyte. containing
-a number of metal plates with grids filled with chemicals. One group of
plates constitutes the positive electrode and another the negative. Isolat-
ing partitions -~ geparators --.are installed to eliminate the possibility
of contact between plates of opposite charge. The separator material should
be stable in regard to the electrolyte, and when impregnated by the latter
should acquire porosity and low electrical resistance. A number of materials
possess such qualities, particularly specially-processed thin sheets of wood
(Siberian stone pine, alder, basswood), microporous rubber (porous ebonite),
and polychlorvinyl resin,

" The grids of positive and negative plates in various storage batteries may

substantially differ 1 n size, type of material and design, but in all cases
they serve to hold active chemical substancés in the plates and to achieve
uniform current distribution along the entire plate surface.

The most common form of grids which satisfy these requirements is in the
form of mutually-intersecting lengthwise and crosswise rods. In some cases,
to improve current discharge, the lengthwise rods are replaced by inclined
bundles converging at the terminal end of the plate, The plate grids of
lead-acid storage batteries are made of an alloy of 94-952 pure lead and
6~5% antimony added to improve the fluidity of the molten material and
strength of the cast grids.

" As for active chemical substances, that is, those materials which directly
participate in the reactions, specially-prepared pastes are employed,
applied to the plates, and electrolyte. The pastes of the positive and
negative plates differ in chemical composition and method of preparation.

"~ Without going into detail on their composition and method of preparationm,

we shall note that in a charged lead-acid battery the active material of
the negative plate is spongy lead -—- Pb, and that of the positive plate 1is
lead dioxide -- PbO2. An aqueous solution of sulfuric acid, H2504, serves
a8 electrolyte. S .

" In order to increase the contact surface between plates and electrolytes,

',,sotrage batteries contain several positive and negative plates which are

eonnected in parallel and then soldered to two opposite-sign polar leads.

" Torpedo eleetric motors are designed to convert the electrical energy of
the storage battery into mechanical energy to turn the propellers. Such
an energy conversion can be performed both by DC and AC motors. Since
choice of type of motor is determined by the available type of eurrent,
DC motors are employed in electric torpedoes.

Torpedo electric motors have'the following features in contrast to conven=-
tional motors: - -

brevity of operation (in the order of 10-15 minutea),

. ehort gervice life (30-50 operating cycles),
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1limited operating voltage.
The following principal requirements lt.viHPOIGd on torpedo electric motors:

. capability of producing high output at minimum weight and size;
this is important because the motor's power is proportional to the cube of
the torpedo's speed;

: clpability of startup without a rheostat; this requirement proceeds
4 from the necessity of reaching the designed torpedo running speed as quick=
ly as possible;

the electric motor should not spark during operation; this is
dictated by safety considerations, since gases may be given off and an
explosive mixture formed in the process of battery operation; in addition,
sparking on the commutator generates additional electrical interference,
which can have a negative effect on the operation of influence systems.

The operating principle of torpedo electric motors différs in no way from
conventional electric motors, and therefore there is no uced to study them,
We shall merely note some of their specific and design features.

0f all energizing methods, only the series method is employed {n electric
. torpedo motors, since it most fully satisfies all the requirements imposed
on torpedo motors. -

Alongside unary rotatidn motors, in which only the armature turns, motors
of a differential type are also employed in electric torpedoes, where both
the armature and magnet system rotate. '

" pifferential motors are more powerful than conventional motors of the same
size. This is due to the higher relative armature rotation speed in respect
| : to the magnet system, in direct proportion to which motor output increases.
| Another advantage is the absence of a differential and reduction gear, which
| reduces torpedo noise and simplifies design. But the design of differential
motors is more complex. They contain additional assemblies: a fixed housing,
 slip rings and twice as many bearings and brushes.

6.2. Electrical Characteriitics of Stotdge Ba:teries

of quantity of electricity It times voltage U, The quantity of electricity
supplied by a battery and the voltage in turn are determined by load current
and duration, electromotive force, internal resistance, and efficiency.
These quantities are designated the electrical characteristics of a storage

battery. :

l The useful work which a storage battery can perform is equal to the product
t

Battery emf and voltage. Battery emf E comprises the difference in electrode
potentials with an open external circuit, that is,
E"E(+)-E(-)s.
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vhere E, and E.iarc the potentials of the positive and negative terminals. ‘ o
ronpectt%nly. « ,

The magnitude of potential difference is determined by the quantity of ions §
contained in the electrolyte and free charges on the electrodes. And this

is determined by the nature of the electrodes, electrolyte concentration and

temperature, and can be computed for each of the electrodes according to

the following analytical relation: -

_RT P ©1)
Eyy = 7 " P ,
where R == ion gas constant, equal to 8.3 ETE;i;TE;E;‘ T == system absolute
temperature; n =~ electrode metal valance; P and P5 = electrolyte ion
osmotic pressure and metal diffusion elasticity respectively.

‘The shape, dimensions and quantity of masses both of electrodes and
electrolyte do not affect quantity E.

Elevation of electrolyte temperature produces an increase in molecule
kinetic energy, due to which the number of molecules dissociated into ions
also increases. The latter increases ion osmotic pressure in solution P,
and consequently E as well, However, an emf change by 1°C, that is,

i Ay ¥

dE ~ B
v . for lead-acid batteries, does not exceed a few millivolts. ’ p

Storage'battery emf (E) changes more substantially‘with electrolyte concentra- i
tion. An increase in electrolyte concentration raises degree of dissociation , :
a, which increases ion osmotic pressure Pg and E. %

An increase in E caused by an increase in concentration can be computed with B
formula (6.1). However, since Py measurement requires a considerable amount v :
of time and its magnitude is in direct relation to electrolyte density d, 1
one can figure in the influence of electrolyte concentration on E by quanti-
ty d, which is very simple to determine. . :

' There exists the following Doletsaleka empirical formula, which links the
emf value of a lead-acid battery with density d:

v E=0.844d. 6.2) | 7
Tuis formula gives fairly accurate results for d values of 1.1-1.3.

It is evident from expression (6.2) that quantity E increases with increase

in electrolyte density d. In spite of this fact in most cases there is no

sense in elevating d, because with an increase in d, battery internal

resistance rqy increases, and voltage on high-amperage discharge may drop, :
since U=E-Iry. o _ _ 7
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