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This invention relates to that method of propelling 
ships which makes use of the reaction of jets of water 
discharging in a direction opposite to that of the required 
thrust. These propulsion jets are usually produced by 
pumps forcing water through one or more ori?ces dis 
charging astern. In certain known layouts the discharge 
ori?ces are made adjustable to control their direction of 
discharge and are utilized for both propulsion and steer 
ing purposes. 

It is one of the principal objects of the present inven 
tion, to provide an improved propulsion system in which 
the discharge nozzles, which may or may not be adjust 
able for direction, and if necessary also the inlet ori?ces, 
are provided with mobile elements whose positions can be 
modi?ed to change the discharge ori?ce cross-section and 
hence also the jet cross-section. Thus, in accordance with 
the invention, the ship’s speed will be controlled (that is 
to say held in a constant value, accelerated, or deceler 
ated) by simultaneous action on the pump rotational 
speed (and where necessary on its blade settings, if ad 
justable) and on the geometry of the discharge ori?ces 
(and also, if necessary, on the geometry of the inlet ori 
?ces) by means of the aforesaid mobile elements. The 
values which de?ne the control element positions, the 
pump rotational speed and the pump blade position are 
determined by a combined relationship allowing for in 
stantaneous ship’s speed, and also for depth of submersion 
if variable. This unique combined relationship for a 
given ship and propulsion system is determined from the 
following factors: 

(a) The observance of the limitations which aifect the 
propulsion system pump at any moment and condition 
(critical cavitation, power limit, etc.). 

(b) The consistently minimum propulsion system in 
put consumption which is required for a given ship’s ac 
celeration and instantaneous speed, for both steady and 
unsteady ship’s motion. 

(c) For any ship’s speed V, the maximum thrust which 
is compatible with the characteristics of both the ship and 
its propulsion system. The maximum thrust thus achieved 
is substantially greater than that obtainable by action on 
only part of the aforesaid controlling elements, or by com 
bining them according to a different relationship. 
The manner of calculating the aforesaid combine-d rela 

tionship will be hereinafter described. Such relationship 
may be determined by a calculating unit provided on 
board the ship, and some possible designs of which are 
subsequently described. Where control is to be effected 
manually, the calculator may work out the control ele 
ment positions and pump rotational speed, and transmit 
this information to indicators for use by the helmsman or 
person controlling the ship. In the case of automatic 
control, the “orders” issuing from the calculator are trans 
mitted directly by a feedback control system to the items 
to be controlled (e.g. pump motor input, and the ori?ce 
and pump blading controls). 
The discussion now following and the drawings at 

tached hereto are intended to more clearly illustrate the 
special features of the invention by demonstrating the 
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2 
methods, which also form part of the subject matter of 
this invention, whereby optimum discharge ori?ce dimen 
sions (and if necessary also optimum inlet ori?ce di 
mensions if of the variable geometry type) can be deter 
mined for various ship’s speeds (and where applicable, 
for various degrees of immersion) and pump rotational 
speeds (and where applicable, for various adjustable blade 
settings). In the drawings: 
FIG. 1 is a graph showing characteristic pump curves; 
FIG. 2 is a graph showing the operating boundaries for 

the pump of FIG. 1 and curves of constant thrust there 
for; 

FIG. 3 is a graph similar to FIG. 2 and includes a 
parabola indicating the locus of possible operating points 
for the ship’s speed; 

FIG. 4 is a graph showing e?iciency curves; 
FIG. 5 is a graph showing parabolas related to the 

ship’s speed; 
FIG. 6 is a diagram showing the manner in which a 

propulsion system in accordance with the invention may 
be manually operated; 
FIG 7 is a diagram showing how the system of FIG. 

6 may be made more automatic; 
FIG. 8 is a diagram showing a further modi?cation of 

the system of FIG. 6; 
FIG. 9 is a diagram showing a still further modi?cation 

of the system of FIG. 6; 
FIG. 10 is a diagram showing a modi?cation of the sys— 

tem of FIG. 9; and 
FIG. 11 is a diagrammatic view of a form of inlet and 

jet control mechanism embodying the invention. 
The graph of FIG. 1 of the drawings shows character 

istic pump curves with the discharge Q delivered by the 
pump plotted along the abscissa (0Q), and the head H 
produced by the pump plotted along the ordinate (OH). 
The representative operating points for a pump running 
at constant rotational speed lie on a curve referred to as 
the “constant-speed characteristic.” By selecting appro 
priate rotational pump speed and discharge circuit char 
acteristics, any operating point can theoretically be ob 
tained within the area bounded by the coordinates and 
the constant-speed characteristic corresponding to the 
maximum rotational speed (curve 1 in FIG. 1). The 
possible operating range of a pump and its motor is, how 
ever, usually also subject to other limitations, viz. the 
following: 

(i) A limit characteristic of the type shown by curve 2 
in FIG. 1, due to a minimum rotational speed condition. 

(ii) The maximum driving motor output, which gen 
erally varies with rotational speed, which nearly always 
results in the type of limit shown by curve 3 in FIG, 1. 

(iii) A limit arising from the need to avoid cavitation 
or at least to reduce it to acceptable proportions and in 
dicated by the curve 4 in FIG. 1. 
Any limitation of the operating region due to mechan 

ical or hydraulic factors affecting both the hydraulic cir 
cuit and the pump unit can generally be expressed in the 
QH plane by a curve or a family of curves which, in addi 
tion to depending on Q and H, may also depend on the 
ship’s speed V, or intake ori?ce position, or on discharge 
ori?ce cross_section adjustment. 
Whereas limitations associated with ‘output and rota? 

tional speeds (curves 1, 2 and 3 in FIG. 1) only depend 
on the pump and its motor, that associated with cavitation 
depends both on the properties of the pump and the par 
ticular features of the hydrauiic circuit in 'which it oper 
ates. More precisely, the limits set by cavitation are de 
?ned in terms of “net positive suction head” (NPSH), 
which is the absolute head at the pump inlet less the vapor 
pressure-with the pump center line as the datum for 
absolute head. 
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These quantities are expressed as a height of water. 
NPSH is de?ned by the following formula: 

Pa. P1) 
( 1 ) 

where : 

NPSH=Net positive suction head. 
Pa=The absolute pressure at the pump center line at a 

point just upstream from the pump inlet. 
Pv=Vapor pressure of water. 
v: Mean velocity in the same cross-section as Pa. 
za=Speci?c gravity of water. 
gza-cceleration of gravity. 

‘For a given pump and a given operating point in terms 
of Q and H, there is 1a minimum NPSH below which cavi~ 
ration would produce unacceptable effects. This mini 
mum NPSH is referred to as the “minimum required 
NPSH” ('NPSHn) and, for a given pump, depends on the 
Q and H coordinates of the operating point. 

Furthermore, the characteristics of the hydraulic cir 
cuit in which the pump is operating usually require that 
there be a de?nite relationship between “available NPSH” 
(NPSHav) at the pump inlet and discharge Q. 
The limiting operating condition due to cavitation for 

a pump operating in a given circuit is expressed by the 
following relation: 

and the equation of the representative curve for the 
corresponding limit is: 

NPSHI(Q,H)=NPSH,W(Q) 
Curve 4 in FIG. 1 is one of this type. 
The available NPSH rat the inlet of 'a ship’s propul 

sion pump is given by the foil-owing expression: 

(2) 

where : 

NPSHav=Available net positive suction. head at the pump 
inlet. 

hA=barometric pressure in head of water. 
hv=vapor pressure in head of water. 
z=height of pump center line above the free surface 

(negative where, as frequently occurs, the pump center 
line is below the free surface). 

' V=ship’s speed. 
=acceleration of gravity. 
A1=an intake duct loss coe?icient (loss of head in the 

duct divided by the square of the discharge). 
Q=pump discharge. 
By substituting Equation 3 for NPSH into Equation 2, 

one obtains the equation of the cavitation limit curve 
(e.g. curve 4 in FIG. 1) for a given ship travelling at 
speed V, \as follows: 

In the case of an adjustable blade pump (e.g. variable 
pitch propeller pump), such parameters as rotational 
speed, absorbed in power, minimum required net posi 
tive suction head (‘NPSHQ are not fully de?ned by given 
operating point coordinates Q and H, as the same (Q, H) 
point can be obtained for a whole combination of differ 
ent rotational speeds ‘and blade settings. 

In seeking to achieve a given operating point charac 
terized by discharge‘ Q, head H and net positive suction 
head NPSH, however, one would naturally choose the 
rotational speed and blade setting combination requiring 
the smallest possible pump motor input for that particular 
point, with due allowance for cavitation limitations. 
Once this “optimum combination” is established, there 
fore, the properties ofpthe' pump are in fact fully de?ned 
by the (Q, H) coordinates of the considered operating 
point. - > 
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ii 
'For a given pump set, degree of immersion and ship’s 

speed, therefore, there is ‘always a de?nite region of the 
(Q, H) plane within which the pump can operate, which 
‘region is hereinafter referred to as the “workable region.” 
This workable region is bounded by the curves 1, 2, 3 
and 4 in FIG. 1 to provide a closed curvilinear contour, 
all the points of which are at a ?nite distance, and which 
generally features some corner points. It should be 
noted for subsequent reference that the pump rotational 
speed, shaift power and motor input are known for any 
(Q, H) point within this region. 

Following is a description of the method in accord 
ance with the present invention, whereby the optimum 
combination of pump rotational speed and discharge ori 
?ce cross-section (and where applicable also inlet ori?ce 
cross-section) can be determined: 

Consider a ship travelling at speed V, ‘and let the re 
quired thrust be P1 (for constant V, P1 will be equal to 
the overall resistance to the ship’s forward motion at the 
said speed V). 

P = ,QQ(%- V) 

P: propulsive thrust. 
p=density of water. 
S:cross-sectional area of the jet at the “vena contracta.” 
Q, V=predetermined pump discharge and ship’s speed. 

(5) 
where: 

By application of Bernoulli’s theorem to the flow be 
tween a section immediately upstream from the suction 
ori?ce and a jet section at the “vena contracta," it can 
be shown that fora jet discharging below the free surface, 
the ‘head produced by the pump is equal to the di?erence 
between the dynamic head due to the jet velocity rela 
tive to the ship and the dynamic head corresponding to 
the ship’s ‘speed, plus the total loss of head in the suction 
and delivery circuits. The formula for this is as follows: 

2g (6) 

where H, Q, V, g, S are given quantities, and A is the duct 
loss coef?cient (total circuit head loss divided by the 
square of the discharge). Owing to the in?uence of the 
inlet ori?ces, this coef?cient may also depend on the ship’s 
speed V and discharge Q. Where the'inlet ori?ces are 
adjustable, the function 7\ depends on a parameter allow 
ing ‘for the position of the mobile element controlling 
the inlet ori?ce cross-section. . 

For a jet discharging above the free surface, a term 
I10 allowing for the height of the jet center line above 
the free surface has to be added into the expression for 
H. This term does not affect the reasoning and con 
clusions presented in the following discussion in which 
the case of a drowned jet (i.e. one discharging ‘below the 
free sunface) Jwill ‘be considered; the advantages claimed 
for the system according to the invention over conven 
tional systems apply equally to jets discharging into free 
air and to jet discharging under water. By eliminating S 
from Equations 5 and 6, the following thrust relationship 
is obtained: 

Consequently, the locus of the points-in the (Q, H) plane 
for which a thrust P1 can be obtained for a velocity V 
is a curve of the following equation: 

PQ[\/2g(H—>\Q2)+V2—V]=P1 (3) 

The presence of an inlet ori?ce generally results in ad 
ditional ship’s drag, the amount of which depends on the 
ori?ce geometry, the ship’s speed and the discharge Q 
absorbed by the inlet ori?ce. The discharge ori?ce may 

_ also cause additional drag in certain cases, the amount 
of which depends on both jet cross-section and discharge 
Q. In thrust Equation 8, P1 is the net thrust, that is to 
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say the difference between gross jet thrust and the forms 
of additional induced drag de?ned above. 

It can be shown that the curve for Equation 8 in the 
(Q, H) plane is concave upwards; the axis is asymptotic 
with respect both to this curve and to the one representing 
the head losses in the circuit, the equation of which is: 

Curves of the type given by (8) will be referred to 
herein as “constant-thrust curves.” It can be shown that 
the entire curve of this type referring to a thrust P2 lies 
above the one for P1 if P2>P1, and that two constant~ 
thrust curves referring to different thrusts do not have any 
points in common at a ?nite distance. 

FIG. 2 is a further operating diagram for the pump in 
FIG. 1, showing the boundaries of the operating or work 
able region de?ned by the aforesaid curves 1, 2, 3 and 4 
for a given ship’s speed V. It also shows the constant 
thrust curve 5 given by Equation 8, which curve by ref 
erence to P1 for the same ship’s speed V, will intersect 
the boundaries of the workable region at the two points, 
A and B. The points of arc AB of curve 5 represent all 
the operating points at which thrust P1 is obtainable for 
the ship’s forward speed V. As previously explained, 
the motor input is known for each of these points, and 
there is at least one of them for which this input is a 
minimum, so that thrust P1 and ship’s speed V being 
constant-the overall e?iciency is a maximum. This is 
the point which is chosen according to the invention to 
obtain thrust P1 for a ship’s forward speed V. Let this 
optimum point of arc AB of curve 5 be called C. As 
only one constant-speed pump characteristic passes 
through this point C, the corresponding rotational speed 
nc can therefore be de?ned. 
The jet cross-section Sc, for which operating point 

C can be obtained, can be calculated from Equation 6. 
If QC, H; are the coordinates of point C, Sc is then given 
by the following relationship: 

As already stated, SC is the value in this equation to se 
lect for the jet cross-section. H0 and Q; are the coordi 
nates of the optimum point, and g, x and V are given 
quantities. 
The above discussion shows how the optimum jet cross 

section SC and optimum pump rotational speed nc can 
be determined in terms of the required ship’s forward 
speed and thrust from the pump and the hydraulic cir 
cuit characteristics. It should be noted that whether 
optimum point C is distinct from the extreme points A 
and B or coincides with either of them depends on the 
case considered. Where C is distinct from A and B, the 
maximum e?iciency point is generally stationary. In other 
words, at this point the derivative of the efficiency along 
curve 5 with respect to any one of the parameters Q, S 
or n is zero. 
Where the inlet ori?ces are adjustable as well, the 7\ 

function again depends on a parameter representative of 
the position of the element controlling the inlet cross 
section. In this case, Equation 8 plots, for a given ship’s 
speed V, a set of curves depending on a parameter, on 
each of which the optimum point C can be selected by 
the method previously de?ned herein. Among all these 
optimum points C for a given thrust P and ship’s speed 
V, some represent a minimum input, and one of these 
will be chosen as the operating point for the considered 
thrust P and ship’s speed V. The choice of this optimum 
point also involves that of the constant-thrust curve on 
which it lies, and thus de?nes the inlet ori?ce setting. As 
explained in the case of the constant ori?ce, the posi 
tion of this point fully defines the position of the adjust 
ment parameters, i.e., the pump rotational speed, and 
the discharge ori?ce cross-section, and where applicable 
also, the pump blade setting. It will be noted that while 
in the case 0 fan adjustable inlet ori?ce, certain bound 
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6 
aries of the operating region may vary with the parameter 
de?ning the inlet adjustment, the above method still ap 
plies in the same way to such case. 

It follows from the above that, by optimisation of the 
inlet ori?ce, a single constant-thrust curve can be made to 
correspond to each pair of thrust and ship’s speed quanti~ 
ties. The same calculation can be repeated for the same 
ship’s speed V with other required values of the thrust 
P. Thus, if P is made to increase successively to P2, P3, 

. , curves 6 and 7 of FIG. are obtained, which sat 
isfy equations obtained by replacing P1 by P2, then by 
P3, then by P4, and so on, in Equation 8. These curves 
do not have any points in common and lie increasingly 
farther away from the origin as the corresponding thrust 
increases. At increasing values of P, therefore, a stage 
is reached at which limits such as points A and B come 
increasingly closer together, until they ?nally coincide 
at a point M on the boundary when P reaches a certain 
limit value PM. This point PM is the point of maximum 
thrust obtainable at a ship’s forward speed V, allowing 
for the various limitations expressed by curves 1 to 4. 
Curve 8 of FIG. 2 is the constant-thrust curve for the 
thrust limit PM and the aforesaid point M is shown 
thereon. 

If M is an aligned point on one of the curves forming 
the boundary, it will also be the point of tangency be 
tween the constant-thrust curve PM and the boundary. If, 
as may happen, point M is a boundary corner point, the 
boundary and the constant~thrust curve PM ‘will touch at 
a single point (M), but will not generally be tangent to 
each other. In both cases (i.e. M on aligned or corner 
point), the entire boundary except M will lie below the 
constant-thrust curve PM. It also follows that point M 
is one of the set of points C giving the minimum input 
for a given thrust and ship’s speed. There is, therefore, 
no discontinuity between the combinations giving mini 
mum input for a given thrust (i.e. the relationships de 
scribed above giving values for no and SC) and the com~ 
bination whereby maximum thrust is obtained for a given 
ship’s speed within the operating limitations affecting the 
pump. 
The advantages of the process of the invention will 

now be demonstrated, ?rst by comparing the performance 
obtainable for the same pump with a system embodying 
the invention and with a constant~section discharge ori?ce 
system, respectively. 
Where the cross~section S is constant, and where, as is 

usually the case, the function x can be considered to be 
practically independent of Q and V, Relationship 6 can 
be represented in the plane (Q, H) by a family of parabo 
lae whose axis is OH and all having the same parameter: 

1 

_.1_ 
gSH-k 

and all peaking at ordinate point 

_KE 
29 

One of the parabolae in this family corresponds to a 
given ship’s speed V. The OQ, OH coordinate system 
of FIG. 2 is shown again in FIG. 3, together with the 
boundary of the operating region for ship’s speed V, and 
the constant-thrust curve 5 referring to thrust P1. Pa 
rabola 9 shown on the graph of FIG. 2 is determined 
from Equation 6 and refers to the same value of V as the 
one on which the other curves illustrated are based._ Pa 
rabola 9 is the locus of the possible operating points 
for ship’s speed V and a constant jet cross-section S. 
It intersects curve 5 at a point D which is usually dis— 
tinct from the point C de?ned above. Point D is the 
one whereby thrust P1 can be obtained for ship’s speed V 
and a constant jet cross-section S. The fact that this 
point is distinct from C implies, by the very. de?nition 
of point C, that the input at D will be greater than at C. 
The overall efficiency for a constant ori?ce is generally 

P: 
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lower than the optimum e?iciency obtainable by applica 
tion of the method according to the inventidn. 
The operating point giving maximum thrust for the 

above ship’s speed V and cross-sectional area S is the 
point on parabola 9 farthest along the abscissa which, in 
particular, results from Formula 5. This operating point 
will therefore be point B, at which the parabola 9 inter 
sects the boundary of the operating region, and which will 
generally be distinct from the point Mde?ned above. 
A constant-thrust curve PE passing through this point E, 
is shown by curve 10 in FIG. 3. As previously indicated, 
by the de?nition of PM and of the constant-thrust curve 8, 
no point of the operating region boundary will lie above 
the latter. Point E, which is part of the boundary and 
distinct from M, therefore lies below curve 8, so that, 
due to the constant-thrust properties explained above, the 
value of PE is smaller than that of PM. In other words, 
all other things being equal, the maximum thrust obtain 
able with a constant jet cross-sectional area is generally 
less than that obtainable with a variable jet cross-section 
and an adjustment procedure in accordance with the in 
vention. 

FIG. 4 shows by way of example overall e?iciency 
curves plotted against thrust for a ship’s speed V. These 
curves are all assumed to refer to the same given pump 
set. Thrust P is plotted along the abscissa, and overall 
et?ciency NG along the ordinate. Curve 11 shows the 
variation of this ef?ciency with thrust for a system with 
a constant ori?ce cross-section, and curve 12 shows the 
same function for the case of a variable ori?ce according 
to the invention. It will ‘be seen that the whole of curve 
12 lies above curve 11, and that its extreme point lies 
at an abscissa PM greater than PE at the end of curve 11. 
On the strength of the aforesaid various considerations, 

the performance of the conventional method can be com 
pared with that of the method according to the invention 
for a given ship’s speed V. 
The advantages of the method according to the inven 

tion are even more clearly illustrated by the relationship 
between propulsion system performance and ship’s speed. 
Equation 3 for NPSH includes a term V2/2g, which can 
assume considerable proportions in the case of a fast ship 
travelling at full speed. For example, in the case of a 
ship travelling at 30 knots (15 m./sec.) with its propul 
sion pump set at a depth of 2 m. below the water surface, 
the NPSH will amount to about 24 m., about half of 
this being accounted for by the term V2/2g. As a result 
of this, the net head falls off considerably at low ship’s 
speeds. Thus in the case of the above discussed ship, the 
net head will be down to about 15 m. at half-speed, and 
to 12. m. ‘at very low speed. The consequence of this 
is a substantial reduction in the maximum thrust obtain 
able at low speeds. It will be shown that this dif?culty 
can to a very large extent be overcome by the use ‘of an 
adjustable ori?ce in accordance with the invention, and 
that such an ori?ce can produce much greater thrust at 
low speed than a conventional one of constant cross 
secti-on. This demonstration will be made with the aid of 
the critical cavitation parameter, or Thoma number, which 
is NPSH divided by the head produced by the pump, i.e.: 

Thoma number 6’ = NIZ‘ISIH 

where NPSI-I and H are previously de?ned quantities. 
Available 6 is de?ned-as follows: ‘ 

b, _NPSH,,, 
BV_ H 

€av=available 6 
NPSH, H already de?ned 
and required 6 is de?ned as follows: 

6 _NPSH 
’— H 

6,.=required 6 
NPSH, H already de?ned 
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8 
from which it follows that the “non-cavitation” condition 
will be given by: 

‘M26? (12) 
As it happens, the constant 6‘, curves in the (Q, H) plane 
can as a ?rst approximation be considered to be parabolae 
peaking at the origin and whose axis is the H-axis (l). 
6, will ‘be a minimum for one of these parabolae. For 
operating points to either side of the parabola concerned, 
however, 6, increases rapidly (i.e. for a given pump, 6, 
is a function of 11/02 showing a very pronounced mini 
mum at a de?nite value of H / 02). 

The graph of FIG. 5 shows the (Q, H) coordinate sys 
tem, and the parabola 9 previously de?ned for ship’s 
speed V and discharge ori?ce cross-section S. Parabola 
13 is the locus of the points for which 6, is a minimum. 
Let F be the point of intersection of these two curves and 
assume this point to be the “nominal” operating point of 
the propulsion unit for ship’s speed V. We will now 
consider the case of a ship travelling at a speed v much 
lower than V. 

(a) If the ori?ce cross-section S remains constant, the 
locus of the possible operating points at ship’s speed v is 
the parabola obtained from parabola 9 by upward trans 
lation of 

K2 __ E 
29 2a 

Let 

G be the point at which parabolas 14 and 13 intersect. 
PF is the thrust at speed V (with point F), and 
PG is the thrust at speed v (with point G). 

It can be shown that where suction head losses are 
- small, as is generally the case in a well-designed propul 

sion system, the following relationship applies: 

To 
In other words, if the pump speed is adjusted so that the 
pump operates near the minimum 6T range, the thrust 
decreases as the square of the ship’s speed. Although 
one can, of course, increase the thrust for a given ship’s 
speed v by taking an operating point on (14) above (13), 
one is, however, very soon limited by cavitation, for 
increasing the operating point ordinate, one also increases 
both 6, (as one is getting farther away from (13) and 
the head H produced). In view of the resulting very rapid 

' increase in NPSHT, a limit point fairly close to point G 
cannot be exceeded, which is shown as G’ in FIG. 5 and 
is the point of intersection of curve 14 and the limit cavita 
tion curve for speed v. 

(b) By the method according to the invention, an oper 
ating point G" can be taken whose abscissa Q6” and 
ordinate HG" are both greater than those of point G’, 
without running into cavitation. As G" is on (13), its 
6., is smaller than that for G’, i.e. 

6T(G")<6T(G') 
Since the head Hm“ is given by 

NPSHav 

We have 

H(G")>H(G') 
and since G" is on the limb of (13) to the right of (I4): 

Q(G")>Q(G') 
It then follows from Formula 5 that the thrust at G" is 
distinctly greater than at G’, which clearly shows up the 
advantage of the method according to the invention in the 
case of a ship travelling at reduced speed. 
The above discussion regarding the limitation of thrust 
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by cavitation can also be applied to ef?ciency. The regio 
of maximum e?iciency of a pump can be assumed to lie 
near a parabola (usually near the “minimum 6" parabo 
la), so that, in the case of a system featuring an ori?ce 
with a constant cross-section, high thrust is only obtainable 
at low ship’s speeds in a region well outside the maximum 
pump e?‘iciency region. By the method according to the 
invention, on the other hand, a much higher efficiency is 
obtainable at low speeds because the pump can ‘be run 
within the peak efficiency region, and moreover, the same 
thrust can also be obtained at lower jet discharge velocities 
than with an ori?ce of constant cross-section. By applying 
the method according to the invention, therefore, the per 
formance of a jet propulsion system based on a given pump 
can be improved and the pump and motor dimensions re 
duced. Thanks to the possibility of varying the jet ori?ce, 
the pump adopted for a given system design can have a 
higher speci?c speed 1 and hence also smaller dimensions 
than if the ori?ce size were constant. The higher NPSI-Ir 
associtated with the higher speci?c speed is compensated 
for by the possibility, at any ship’s favorable region as 
regards cavitation. Advantage can be taken of these 
smaller dimensions by installing a given ship a propulsion 
systems with a higher ef?ciency than obtainable from 
conventional systems, for the ef?ciency of propulsion is 
known to increase‘ with decreasing “recoil,” “recoil” r 
being de?ned as the difference between jet velocity W and 
ship’s speed V, divided by jet velocity, W, i.e. 

r: 
lv 

However, the dimensions of the pump and motor will also 
increase as “recoil” decreases for the smaller the “recoil,” 
the greater the discharge required from the pump and the 
smaller the head produced. As the pump and motor 
dimensions can be reduced by application of the method 
according to the invention, propulsion systems with a 
lower “recoil” can therefore be installed in the same 
amount of space, and will therefore provide a higher effi 
ciency than a conventional system. 

In the following description some examples are given 
of propulsion systems designed according to the inven 
tion and in all of which are included the following items: 

(i) At least one pump with its motor. 
(ii) Controls as are necessary to start and stop the 

pump, adjust its rotational speed, and where applicable, 
to adjust its blade settings (e.g. variable pitch propeller 
pumps). 

(iii) One or more suction ori?ces, possibly adjustable. 
(iv) One or more discharge ori?ces, of which at least 

some are provided with adjustable shutters whereby the 
ori?ce cross-section or convergence angle can be adjusted. 

(v) Remote controls as are necessary for the adjust 
ment of the shutters in (iv) above. 

(vi) Arrangements whereby the optimum control set 
tings de?ned by the methods as aforesaid can be achieved. 
The inventioncan also be practiced in those arrange 

ments which are designed not necessarily to give a strict‘ 
optimum relationship obtained by the aforesaid methods, 
but which instead provide an approximate relationship 
allowing for any special properties of the mechanical 
components in the propulsion system (e.g., stepped con 
trol). The invention also provides for the possibility of 
maintaining constant (e.g., maximum or minimum) jet— 
and where applicable inlet—cross-sections at certain ship’s 
operating conditions, in which case, the curves repre 

l'l‘he speci?c speed of a pump is given by the following 
relationship : 

' nQl/Z 
_ Ham nu 

where : 
TLSISPECi?C speed 
nzrotntional speed 
()zdischarge 
Hzhead produced bv the pump 
Furthermore, for given Q and H, the pump and motor dimen 
sions decrease with increasing ns. 
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10 
senting the constant cross-sections become the bounda 
ries of the pump operating region. 
The optimum combination enabling the jet cross 

section to be adjusted in terms of pump rotational speed 
n and ship’s speed V (for instance) is obtainable either 
by manual or automatic control, as follows: 

(a) Manual c0ntr0l.—In this case, the combination 
system comprises the following items: 

(i) Instrumentation comprising pick-ups, remote meas— 
urement sequences, indicating instruments measuring sys 
tem input quantities (e.g., pump rotational speed, ship’s 
forward speed, or other quantities referred to later on 
herein). These pick~ups measurement sequences and in 
dicators can all be of a conventional type. 

(ii) A chart of a calculator for the determination of 
the optimum value of the quantity to be adjusted (e.g., the 
ori?ce cross-section or some other appropriate quantity). 
This calculator may be a device combining the equip— 
ment indicating input quantities (e.g., a crossed-pointer 
dial featuring constant-value curves for the quantities to 
be adjusted), or it may be one directly working out the 
quantity to be adjusted from the combined input quan 
tities supplied by the above-mentioned measurement se 
quences. For the determination of a function of two 
variables, the calculator may be electrical, electronic, 
mechanical, hydraulic, pneumatic or of any other con 
ventional type, and will generally feature a cam or an 
equivalent electronic device. Where an automatic calcu 
lator of this type is used, it directly transmits the value 
of the quantity to be adjusted to an indicator, thus dis 
pensing with the need for special input quantity indicators. 
The operator controls the ship’s speed by adjusting 

either the pump speed or the ori?ce cross-sectional area 
by means of one or the other of the above-mentioned con 
trol arrangements, which, depending on requirements, 
may or may not feature automatic feedback. The amount 
by which the operator adjusts the ori?ce cross-section, 
or the pump speed as the case may be, will depend on 
the chart of calculator indications. ' 

(12) Automatic c0ntr0l.——-In this case, the combination 
system comprises the following items: 

(i) Instrumentation for the measurement of the input 
quantity for the combination. This instrumentation may 
be the same as in a manual control system, except that 
no indicating equipment is required. Furthermore, the 
power and characteristics of the output signal must match 
the characteristics of the automatic regulator described 
below. 

(ii) An automatic regulator comprising the following: 
A calculator for working out the optimum value of the 
quantity to be adjusted, and a feedback system for auto 
matically controlling the aforesaid quantity in terms of 
the value determined by the calculator. The calculator 
may be mechanical, electrical, electronic, hydraulic, 
pneumatic or of some other suitable type. The feedback 
system may also be hydraulic, pneumatic, electrical, elec 
tronic or of some other suitable type. v 

In the use of automatic control, the operator controls 
the ship’s speed by acting on a single control, which, de 
pending on requirements, may be independent, or feature 
a feedback system. The automatic controller then sets 
the quantity to the value required for optimum opera 
tion. As a general rule, all the instrumentation, adjust 
ment or control equipment referred to in the above de 
scription may be of a type in current use based on me; 
chanical, hydraulic, pneumatic, electrical, electronic or 
other suitable principles. . 
The three following types of quantities are involved in 

the operation of a propulsion system according to the 
invention: 

(1) A quantity to be adjusted directly so as to increase 
or reduce the ship’s speed. This is the quantity the opera 
tor controls directly in order to increase or decrease the 
ship’s speed, or to maintain a given constant speed. This 
quantity will be referred to as the “acceleration quantity.” 

(2) A quantity to be adjusted automatically or manu 
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ally, so as to achieve optimum propulsion system operat 
ing conditions by the method according to the invention. 
This quantity will be referred to as the “optimisation 
quantity.” 

(3) Quantities to be measured and from which the 
value of the “optimisation quantity” is determined auto 
matically or otherwise. 
The following are examples of possible “acceleration 

quantities” : . 

( i) Input to the motor (?uids for heat engines and elec 
trical quantities 'for electric motors). 

(ii) Propulsion ori?ce cross-section. 
(iii) Nominal ship’s speed (in the case of a slave con 

trol system). 
The “optimisation quantity” may be any of the quan 

tities listed above except the one selected as the “accelera 
tion quantity.” There are two “optimisation quantities" 
in the case of a pump with adjustable blades (e.g., vari 
able-pitch propeller pumps), one being as de?ned above, 
and the other being the angle of blade orientation. In 
this case, the calculator also gives an optimum value for 
the latter quantity. 

There are always at least two optimisation input quan 
tities, which may be, for instance, the ship’s speed and. 
associated with it, one of the following: 

(i) Pump rotational speed. 
(ii) Pump power. 
(iii) Motor input. 
(iv) Propulsion system discharge. 
(v) Head produced by the pump. 
Alternatively, the optimisation input quantities may be 

pump rotational speed combined with pump discharge, or 
head produced, or power. In the case of a ship designed 
for varying degrees of immersion (e.g., submarine or 
hydrofoil vessels) an additional input quantity is neces 
sary, such as the depth of immersion or some quantity 
directly dependent on immersion depth, such as the total 
pressure in the suction ducting for instance. This input 
quantity only intervenes in the calculator at critical cavi— 
tation conditions. 

In the above description of the optimisation calculation 
method according to. the invention, pump rotational speed 
was taken as the “acceleration quantity,” jet cross-section 
as the “optimisation quantity,” and pump rotational and 
ship’s speeds as the input quantities. The possibility of 
using the other groups of quantities de?ned above results 
from the characteristic relationships for propulsion system 
operation and ship’s motion. 

Certain functions considered in calculating the optimum 
combination, such as pump input in terms of discharge and 
head, critical cavitation, inlet and discharge ori?ce head 
losses, etc. are generally de?ned experimentally by test 
ing the actual pumps or their scale models on a laboratory 
rig by conventional methods. The relationships governing 
the combination can also be de?ned by tests on the propul 
sion system on board ship, in which case input is meas 
ured in terms of pump rotational speed and control ele 
ment positions (inlet and discharge ori?ce and pump blade 
settings) at various degrees of thrust and ship’s speeds. 
The variables Q and H previously de?ned herein can be 
ignored in interpreting the results of such tests, the vari 
ables considered being those playing a direct part in the 
control adjustment. The optimisation methods are a trans 
position of those described above. 
A few examples of the practice of the method of the 

invention are illustrated in the diagrams of FIGS. 6 to 10, 
which show the relationships resulting from the operation 
of the various components of the propulsion system and 
the equations governing the ship’s motion. The lines be 
tween blocks represent the quantities involved in these 
relationships; by convention, the arrows on these lines de— 
note an input quantity if pointing towards a block, and 
an output quantity if heading away from a block. A dis 
tinction must be made in these diagrams between the actual 
and measurement quantities. Measurement and measured 
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12 
quantities are generally of a dilferent nature and may be 
connected by some relationship, providing it is a bi-uni 
vocal one (for example the measured quantity of the 
propulsion system discharge Q may be a differential pres 
sure which is a quadratic function of Q). 
The diagram of FIG. 6 shows the operation of a pro 

pulsion system according to the invention, in which the 
“acceleration quantity” is the pump motor input quantity 
and the “optimisation quantity” the jet cross-section. Con— 
trol of the ship’s speed is e?ected in the following man 
ner: The operator sets the required nominal pump rota 
tional speed It. In working this setting out, he can allow 
for the instantaneous ship’s speed given by indicator 20. 
The motor control unit 21 automatically compares the 
nominal n value with the n-valuc, given by the measure 
ment unit 22 and modi?es the input quantity to the motor 
23 accordingly. Optimisation is e?ected manually; the 
operator reads the values of V and it off the correspond 
ing indicators 29-‘ and 24, and ascertains the optimum value 
of S from chart 25, to which he then sets the discharge 
ori?ce cross-section adjustment unit 26. The latter unit, 
which a feedback system connects to measurement unit 
27, automatically brings the jet cross-section S of the 
propulsion system 23 to the nominal value. 

In the diagram in FIG. 7, the motor input and jet cross 
section are again the acceleration and optimisation quan 
tities respectively. The ship’s speed is controlled in the 
same way as in the system illustrated in FIG. 6. Optimisa 
tion, on the other hand, is effected automatically. Meas 
ured rotational speed it and ship’s speed V data are fed 
into the calculator 28, which determines the optimum 
value of S. The latter is transmitted automatically to the 
S-control unit 29 featuring feedback arrangements based 
on exactly the same principle as the one in FIG. 6, which 
automatically adjusts S for the propulsion system 23 to 
its optimum value. 

FIG. 8 is a diagram of a propulsion system according 
to the invention in which the jet cross-section S is the 
“acceleration value” and the pump rotational speed is the 
“optimisation value.” Here, the acceleration control is a 
slave system: the operator selects the required nominal 
ship’s speed V, which the acceleration control unit 30 
then compares against the value given by V-measurement 
unit 31 and works out the relationship between the norm 
inal and measured V difference and the variation in jet 
cross-section S. The result is then transmitted auto 
matically as an “order" to the S-control unit 32, which, 
in this case, is not connected to any direct feedback sys 
tem but controls the propulsion system 23 jet cross-sec 
tion S. Optimisation is e?ected automatically in the fol 
lowing manner: the data for nominal V given by the 
operator and S given by measurement unit 34 are fed 
into the calculator 33, which automatically determines the 
optimum n value and transmits it to the unit 35 con~ 
trolling the propulsion system motor 23. Control unit 
35 is the same as in the two previous examples, i.e. it 
compares the optimum value given by the calculator 33 
with the value given by measurement unit 3-6 and modi?es 
the input to the propulsion system motor 23 accordingly. 
FIG. 9 is a diagram of a system according to the inven 

tion in which the motor input is the “acceleration quan 
tity” and the jet cross-section the “optimisation quantity.” 
Here again, the acceleration control is a slave system. 
The operator selects the required nominal value of V, 
which the acceleration control unit compares with the 
value given by the V-measurement unit 38 and, via the 
independent motor control unit 39, adjusts the input to 
the propulsion system motor 23 accordingly. Optimisa 
tion is effected automatically: the measured data for the 
propulsion system discharge Q {c.g. measured via a dif 
ferential pressure by unit 41) and ship’s speed V given by 
measurement unit 38 being fed into the calculator 40, 
which automatically works out the optimum value of S 
and transmits it to the corresponding slave control unit 42. 
FIG. 10 is a diagram showing a similar system to the 
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one depicted in FIG. 9, except that it includes the inlet 
ori?ce cross-section as an additional optimisation quantity. 

FIG. 11 is a diagrammatic showing by way of example, 
of a possible form of inlet and jet control mechanism 
which, for instance, may be employed with the calcula 
tors 43 and 4t) and control units 44 and 42 of FIG. 10. 
In the mechanism of FIG. 11, translatory motion is im 
parted in the direction of double arrow F to a cam shaft 
7 and consequently to the cam 1 attached to such shaft as 
the ship’s speed V varies, and rotary motion, as shown 
by the arrow f, is imparted to such shaft and cam 1 as 
the propulsion system discharge Q varies. These two 
measured quantities can, for instance, be given by two con 
ventional instrumentation devices measuring V and Q, 
respectively. Cam 1 directly controls a ?ap 3 via a link 
age system 2 in order to vary the cross-section of the in 
let ori?ce 8. The movements of this assembly represent 
the input of the calculator 43 and control unit 44 to the 
motor of the propulsion system 23. An identical system 
composed of a cam 4 connected to shaft 7 and therefor 
movable in unison with cam 1 controls the movements of 
a shutter 6 via a linkage system 5 in order to vary the 
cross-section of the jet ejected from the discharge ori?ce 
9 in accordance with the input of the calculator 40 and 
control equipment 42 to the motor of the propulsion sys 
tem 23. The acceleration control unit may be of a 
conventional type, for instance, one comparing a nominal 

set on a potentiometer with one given by an electro 
magnetic log, the di?erence then directly actuating a slave 
motor controlling the pump motor input control elements. 
This feedback system may be completed by the addition 
of a conventional correction system where appropriate. 

It will be understood that the showings of the draw 
ings are given by way of examples only and do not dis 
close all possible forms and applications of the invention 
as will be apparent to those skilled in the art. 

I claim: 
1. A method of effecting optimum propulsion operat 

ing conditions in a jet propelled ship, comprising pump 
iug water through a passage provided with a discharge 
ori?ce for the propelling jet of water capable of being 
modi?ed in cross-sectional form, measuring the speed of 
the ship, providing a given input to the pump so that the 
water output thereof is at a rate in conformance with the 
speed of the ship, and then simultaneously modifying the 
cross-sectional area of the discharge ori?ce, said given 
input to the pump, and the output thereof under such 
modi?ed input to provide an optimum combination of 
pump operation and discharge ori?ce con?guration for 
the instantaneous speed of the ship. 

2. The method de?ned in claim 1, comprising addi 
tionally providing an inlet ori?ce for the water for such 
jet capable of being modi?ed in cross-sectional form, and 
when modifying the cross-sectional area of the discharge 
ori?ce, simultaneously modifying the cross-sectional area 
of the inlet ori?ce, to provide an optimum combination 
of the inlet and outlet ori?ce con?gurations and the pump 
operation for the instantaneous speed of the ship. 

3. The method de?ned in claim 1, comprising addi 
tionally determining the thrust of the ship at said given 
input to the pump, and when modifying the pump opera 
tion and the cross-sectional area of the discharge ori?ce, 
compensating the optimum combination for maximum 
thrust of the ship at such instantaneous speed thereof. 

4. A jet propulsion system for a ship comprising a dis 
charge ori?ce for the propelling jet of water capable of 
being modi?ed in cross-sectional form, an inlet ori?ce for 
the water for such jet, a motorized pump for pumping 
water from said inlet ori?ce and through said discharge 
ori?ce, means for measuring the speed of the ship, means 
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for providing a given input to the pump so that the out 
put thereof is at a rate in conformance with the speed 
of the ship, means for measuring the operation of the 
motorized pump, means for modifying the cross-sectional 
area of the discharge ori?ce to bring the cross-sectional 
area of the jet to an optimum value relevant to the speed 
of the ship and the rate of operation of the pump at that 
ship’s speed, and means for measuring the cross-sectional 
area of the discharge ori?ce as it is being modi?ed and 
modifying the input to the motorized pump to effect said 
optimum value. 

5. The system de?ned in claim 4, in which said means 
for providing a given input to the pump is controlled by 
said means for measuring the operation of the pump and 
is connected to and controls the rotational speed of the 
motor driving said motorized pump. 

6. The system de?ned in claim 4, in which said mo 
torized pump is provided with adjustable blades, and in 
which said means for providing a given input to the pump 
is controlled by said means for measuring the operation 
of the pump and is connected to and controls the setting 
of said adjustable blades. 

7. The system de?ned in claim 4, in which said area 
measuring means controls the operation of said modifying 
means. 

8. The system de?ned in claim 4, including a calcula 
tor connected to said modifying means, said speed meas 
uring means and said pump measuring means, said cal 
culator being responsive to values fed thereto by said speed 
measuring means and said pump measuring means to 
control the operation of said modifying means. 

9. The system de?ned in claim 4, including a calcula 
tor connected to said means for providing an input to 
the pump and said area measuring means, said calculator 
being responsive to values fed thereto by said area meas 
uring means to control the operation of said pump input 
means. 

10. The system de?ned in claim 4, in which said inlet 
ori?ce is capable of being modi?ed in cross-sectional form, 
and said modifying means is connected to and modi?es 
the cross-sectional area of the inlet ori?ce to bring the 
cross-sectional area of such ori?ce to an optimum value 
relevant to the speed of the ship and the rate of opera 
tion of the pump at that ship’s speed, and including cal 
.culator means connected to said speed measuring means 
and said pump measuring means and responsive to values 
fed thereto by such measuring means to control the opera 
tion of said modifying means. 

11. The method de?ned in claim 1, comprising addi 
tionally measuring for a jet propelled ship designed for 
varying degrees of immersion, the depth of immersion 
of such ship at said measured speed thereof, and when 
modifying the pump operation and the cross-sectional 
area of the discharge ori?ce, compensating said optimum 
combination for said immersion of the ship at such in 
stantaneous speed thereof. 
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