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ABSTRACT

A method for and the construction of an instrument to measure thrust

fluctuations and torque oscillations on a propeller working behind a ship

rmodel are given. The propeller shaft is constructed as a hollow shaft in

which a second shaft, the measuring shaft, is mounted. The twist of this

measuring shaft is transformed by a condenser into an electrical alternating

voltage fed by a frequency generator. The modulated alternate voltage is

fed into an amplifier connected to a recording instrument. The thrust-measuring

instrument is added to the torque-measuring device. The deformation of a

diaphragm, caused by the thrust, is measured by an inductive pickup system.

Calculations are given to determine the electrical and mechanical

dimensions of the instruments. Results of tests conducted with 3-, 4-, and

5-bladed propellers are given.

I. THE MEASURING METHOD, THE CALCULATION, AND THE
CONSTRUCTION OF THE MEASURING ELEMENTS

A. INTRODUCTION

The torsional oscillations in the shafts of ships are excited partly by the engines and

partly by hydrodynamic forces acting on the propeller. The oscillations induced by the engines

can be calculated, but the hydrodynamic forces acting on the propeller are difficult to determine

by calculation because they are so manifold. A means to determine the torsional oscillations

on the propeller is by model tests. A new measuring device had to be developed since the

existing instruments are not able to measure the oscillations continuously. Thus, this device

should record the oscillation, should have a very high natural frequency, and should be free

of foreign influences, especially those caused by friction in the bearings. The use of electronic

instrumentation makes the recording of the measured values possible. It is desirable to es-

tablish the natural frequency of the instrument above the anticipated measured frequencies and

in addition limit the highest measured frequency to 80 percent of the natural. If this require-

ment is not met, there is danger of resonance effects which would give misleading results, and

it would be necessary to find a correction function by dynamic calibration. This correction

function, in general, is in the vicinity of the resonance peak and depends very much on the

damping. The damping itself changes with the harmonics and the existing hydrodynamic

condition; therefore, it is very difficult, if not impractical, to determine the correction function

by calibration. It is necessary for the bearing to be free from friction influences because the

shaft friction torques are transferred to the measuring devices, which are then superimposed

on those torques caused by the propeller, and thus the measuring devices give misleading

results. In general, the measured torque is larger than the real torque caused by the propeller.

On the other hand, oscillations are amplified by this friction which changes the real measured
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Figure 2

values in regard to the amplitude and frequency. Therefore, it is necessary that the devices

between the propeller and the measured values are nct influenced by bearing disturbances. To

satisfy all these conditions (bearing friction and high natural frequency), the instrument shown

in Figure 1 was designed. The propeller is fastened to a "measuring shaft" which extends to
a flywheel mass by means of an intermediate shaft of smaller diameter. The twist angle of the

smaller shaft is indicated by an electronic device. A hollow shaft is pushed over the measuring

shaft and is rigidly connected to the flywheel mass. At the end where the propeller is located

the hollow shaft is supported by the stern bearing. A torsional elastic support is installed at

this end between the measuring shaft and the hollow shaft. At the other end of the flywheel mass

the shaft is supported by a front bearing. The drive motor is coupled to this blunt shaft.

J2111
Elastic Support J3

C5

C 2 C Measuring Shaft

C4 Hollow Shaft
Stern Bearing

Flywheel Mass Propeller



The transmitter of the measured values is

attached to the measuring shaft and is located

at the left side of the flywheel mass. It trans-

mits the measured values from the rotating

shaft to the amplifier recording system.

Figure 2 shows the transmitter housing, and

Figures 3 and 4 show the instrument installed

on the model. The whole measuring system

forms an oscillating system. When choosing

the flywheel mass correctly, we ascertain that

the whole system, in regard to its oscillation,

decomposes into two-part systems, e.g., it

uncouples.

Thus, all disturbances which result from

the driving side and the front bearing are elimi-

nated during the measurements. Also, torques

caused by the friction of the stern bearings

Figure 3

Figure 4

C



become ineffective if the flywheel mass has a sufficient torsional stiffness. We must also

consider that the natural frequency of the system-measuring shaft + propeller-is high enough.
Calculations of the mechanical systems were carried out to learn about the dimensions of the

construction elements.

B. THE CALCULATIONS OF THE MECHANICAL MEASURING SYSTEM

The system "motor-flywheel-propeller" is connected with the restoring moments C1 ,
C2 , and C3 by three coupling members. This system carries out torsional oscillations as a

result of the elastic coupling. A periodical additional torque m, superimposed on the average

torque, acts on the anchor of the motor when rotating as a result of the change of the poles.

In the same manner an additional torque m3, superimposed on the average torque, acts on the

propeller. This torque is periodic and is caused as the blades pass the stern. Also, a moment

m4 acts on the hollow shaft as a result of the bearing friction. The restoring moment of the

hollow shaft is C4 . This torsional oscillation system may be substituted by a longitudinal

oscillation system. The following correspondence is valid:

Moment of inertia - - -- Mass

Outer moment ---- - Outer force

Restoring moment *- - -* Restoring force

Angle deflection ---- * Linear deflection

The "ersatz" system of masses and springs is given in Figure 5.

The inner damping of this system is negligible. The damping becomes significant
to the natural frequency at higher values.* The force equilibrium for the system consisting

of masses, and springs is

z I , ,

C C 3

m CI m C

C4 K4

SX24

Figure 5

*Den Hartog and Mesmer, "Mechanical Oscillation" (Mechanische Schwingungen), Second Edition, Paragraph 74.
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m1i1 = - C 1 ' (l-- =2) + K 1

M2i2 = C 1" (1-- = 2 ) - C 2" (= 2 - X23) - C 4 ' (2 -'24)

m3 3 = C3 ' ( 2 3 - X3) + K3

0 = C 2 P(2 - X2 3 ) - C 3 ' (X 2 3 - X3 )

0 = C 4 " (2 -X 2 4 ) + K 4

Here the restoring force of the elastic support is neglected because of the small

spring constant. Correspondingly, we obtain for the torque-equilibrium of the torsional system,

the following equations, if 023 and 024 will be eliminated by means of the two last equations.

J11 + C 1 0 1 - C 1 0 2 
= 

M1

J 2 2 - C 1, 1 + ( + ) 2 - e4 3 =M 4 [].

J3 3 - E 2 + " 3 = M 3

C, C3
where e -

C,+C3

First, the natural frequency of the system has to be determined. This is obtained if

Equations [1] are homogeneous and if M1 = M 3 = M 4 = 0. With the expression q, = (V " sin 3t

we obtain

-J1 2(1 + C1 ( - C1 (z =0

-12 Z;2 (2 -1 1 1
+ (C+)2 -- 3 = 0

-J. 3 2 - eD 2 + EI 3  = 0

as the equation system for determination of the three unknown amplitudes. This equation

system will not have a trivial solution if the following holds true:

-- Jl 2  
- C 1  0

- C 1  C 1 +E - J22 - = 0

0 - E i - J3 E2

From this is derived:

2 (JiJ 2 J 3 _ [CI1 J 3 (J 1 + J 2 ) +e J 1 ( 2 + J 3 ) 2 1 (J 1
+ 2 + J 3 )1 =0
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After the solution of a2, C1, or e , we find:

J22 = o

C 1  E
+ -- -

J J3

SC1 - -C1  2

_J' 71'

SJ 312 1 2 3 1+ J3

2J3 J 2  
/o 2

2 (1+

If Ji < < J2 and J3 < < J2 , E becomes

j - 2

E = 1 23

- 201 1 1

This means that the oscillation system uncouples and breaks down into two-part systems

which oscilliate independently of one another.

We now have to investigate how far the system really uncouples. Three moments of

inertia are calculated for this purpose:

1. Motor (standard type used at HSVA):

Diameter of armature = 100 mm

Length of armature = 100 mm

2. Propeller:

Diameter = 0.2 m

Fa/F = 0.45

di/D = 0.048

du/D = 0.0037

r y
J, = -. L * r4

2 g

y = 7600 kg/m 3

(G D2)

13- 4g

(G D2 ) = 0.00396 kg.m 2

Here the flywheel mass is given by

S -2 11,3 "2 C1 +

2

J1
+4

2

C1 = J1 12 *

C1  + - (3 2

(,1 2.

7aass I I I I I r I II rr I I ---



Fa di
(GD 2)=C C2 2 C3 C Y " D 5

F D

with

C1 = 1.04; C2 =C 3 1; C4 = 0.15 1+ - 0.089 = 0.0726

3. Flywheel mass:

r= 0.1m

y = 7800 kg/m 3

J - - L r4
J2 2 g

From this we obtain:

Motor: J1 = 0.00078 kg.m.sec2

Mass: J2 = 0.0125 kg.m.sec 2

Propeller: J3 = 0.0001 kg.m*sec 2

The moment of inertia J2 is large compared to the moments J 1 and J 3 . This means that the

system is uncoupled and that the dimensions of the shafts can be calculated by Equations [2].

Now we need to solve the system of the unhomogeneous differential Equations [1]. We

put M1 = D 1 sin o 1 .t and M3 = D3 sin 0 3 . t. Then we obtain

J 1 1 +C 1 =1 - C1 2 = D1 sin o t

12 2- C1951 +(CI+E)02 -e 03 = M4

'13 3 - e2 + e3 = D3 sin w3 t

With the assumption that

,V = (D.1 sin olt + v3 sin C 3 t + gv(t) (v = 1, 2, 3)

we obtain the equations for 0v, and 0v 2:

2) - C 2 1  D [3a]

2) 31 21 = 0 [3b]

(a -J2 2) 2 1 -. C 1 1 - 31 = 0 C+ [c]

(a-J 2 j 3
2 ) 2 3 - C1 1 3 - f

3 3 = 0 [3d

nL~IIIIYLI~II B~_ ____ _ ___ _.- -II ~~II(tL CI~ ~~-~-m* -------- ---~~--



(C- JO ) D3 - C1 (23 = 0

(-J e32) 33 023 D 3

and three equations for gv

J 1 g 1 
+ C1 9 1 - C2 2 g = 0

12 2 + 2 - C 1 91 - E9 3 = M4

J3 .3 + e 93 - f g2 = 0

As shown, Equations [3a] to

indices 1 and 3, the systems

D 1
=- .: (a - J 2 o 1

2) (
1

DIC1
21= 

( i -m3 012)$21 =3 &)l
1

31 = 1

[3c] are independent of Equations [3d] to [3f]. By reversing

will be combined. Then we obtain the following solution:

- J3 O12) - f2
D 3 C 1

(D13 = A3
A3

D 3 e

023 =-A3
3

(C 1 -J 1 o3 2 )

33 23 I(a -J232) (C 1 -J 1 o3
2 )- C1

21

A 1 = (C1- Jl.1 2) (g-j2 O.12) f j3 2) C1 2 j 3 G) 12 ) - e2(C1-1 J01 2 )

A 3 = (C,- J 1 )32) (a - J12 32) ( - J 3 32) - C 1
2 ( - 3 32) - e2 (C 1 - 1 32)

Now we have to determine the function gi,. For this purpose it would be practical to combine

the system of three equations into one equation for one of the g,. If we assume that gl (that

is, all derivations of 91), are known, we will have at first three equations for the four unknowns

92) 92' 93, and 93. Now it is necessary to look for further equations. This is possible by
differentiation of the existing equations:

J 1 '1 + C1 gl - C 1 92 = 0

J2 .q2 +  92 1- C1 - 3 = M4

J 3 9 3 + 93 - E 92 = 0

[4a]

[4b]

[4c]

[3e]

[3f]

[4a]

[4b]

[4c]

X*l I I I Illbl I I III I ~



S2 + a2- C = M4

J 1 g'1+ C, gl - C 1 g = 0

J gi+ Cj91 - C 19 = 0

dtd2  (a)

dt (a)dt4

By means of the first five equations we are able to determine the five unknowns g2 , g2 ' g2' 93 ,
and g'3 in relation to gl, g'1 , and ',. By substituting 'g2in Equation [4f], we obtain the equation

for g,. By exchanging indices 1 and 3, [4a] transforms into [4c] and vice versa. Now we have:

x 1 = g2 X; 2= 92 ; 3
= 2; Z4 = 93 ; 5 w 9 3

and

a " I + J2 X2 - 6 X4

X 1 - f X4 - J3 X5

a M2 + 23 - z
5

J1

zi = 91 + 91
1

= M4 + C 1 g 1

=0

- 1- A 4 + C1g91

J
X2 - 1 + 91

J;' f + CI 'i' -, X3 = 0

The solutions of Equations [5a] through [Se] are:

J ..
1

1 ....
X2 f 1 9l1 + 91

"3 = 1 a g - e - + +
( 13 2) 2 3 2 3

[Sa]

[5b]

15c]

[Sd]

[le]

[5f]

M 4  M4
+ +3 J2

23 2,J

dd2
dt2

[4d]

[4e]

[4f]

_Y___~__ ____



Ji J2 .... 1 a 1 M4

4 J  J 1 +  (- C1) gl -C

J1 2 .... 1 + J2 .. M4
5 - g 1  91 +s C, J3 J3 J3

Thus we obtain:

.... 1 E 1 J1 C1 C i e
J+ f + J ++ f+C + + - t4

where fl = gl. For the moment M4 we write

M4 = f4 1 e -

(See Figure 6.)

This function is in the vicinity of t = t different from zero but otherwise practically

equal to zero so that M4 is a moment existing at any time t,; otherwise it disappears. In the

same way we can substitute M4 for a a function. With the expression

f1

t 2 t

Figure 6
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we obtain

+ + C1 +

J 3 J2 11 " VJ 3 1 2 f 3 j,

J2 3 2

With the abbreviation

a 1 J2
7I2 12ai,. , J

1 1 
J2 J 3 J3 J 1

M 41 C1

L A pJ2 1 13**
it

We obtain corresponding expressions for the values f2,, and f3, so

93 become

91 Z

P A*

g2 =

93 = -
I A

that finally g9, '92, and

1 " + e-12 P

-1 - . ( 2 2 + etttl

Now that the general equation of the oscillation system is solved, some remarks for

practical use follow. As already shown, J 1 < < J2 and J3 < < J 2 . In regard to the natural

frequency, the system breaks up into two-part systems. Furthermore, we wish that the

natural frequencies would be larger than those occurring during the measurements and that

disturbances coming from the driving side and bearings could be avoided. If we assume the

maximum number of revolutions of the shaft to be n = 20 sec- 1 and demand that (in reference

to the revolution) the 10th harmonic will be accurately measured, then the natural frequency,

in this case, the frequency - 3 as a result of the uncoupled system, has to be larger than

200 cps. Corresponding to the description on page 2, we will deal with the number values

) M4

C 1

L Jt J

fl, becomes

~.-TIC-~--*~C-F-sU--- II^- P~P~YI~~~ I-c"rr~ -----~---------



for (3max = 0.8 Z3 and W3max = 0.5 03. According to Equation [2], we then obtain:
fo-05c

O3max = 0.5 03

S= 6.31 • 102 kgm

1 = 1m

d2 = 30 mm (C 3 = )

03max =0.8 U 3

e= 2.46 • 102 kgm

12= Im

d z = 24 mm (C 3 ='o)

The following was considered when calculating these numbers: If we plot C 2 against

C3 , corresponding to the definition

C2* C3
* = = constant

02+ C3

(Figure 7) and consider that C = ir/32 • G . d4 /1, C3 has to be made large so that the dimensions

of the shaft will not become too large. In this case, it means that C 3 approaches infinity.

Therefore, if C 3 approaches infinity and corresponds to the condition where I approaches 0,

the shaft has to be constructed without a step (see Figure 7). All other combinations of

C2 and C3 would require that the diameter of

C2 I the hollow shaft, which surrounds the torsional

shaft, be made too large. This would cause

difficulty when installing the shaft into the

model, since the stern-boss would have a very

large diameter (this diameter would amount to

-E o I 26 about 40 mm on a 5-m model).

-C To eliminate disturbances caused at

the driving side, it is necessary to manufacture

a very soft shaft between the motor and flywheel

Figure 7 mass in regard to torsion. This, naturally, goes

only so far that the maximum required power

can be transmitted. That means that C1, and thus, according to Equation [2], j1 have to be

so small that the dimensions of this shaft guarantee the transfer of power but not the transfer

of any disturbances to the measuring member. Shafts with a diameter of 10 mm (0.394 in.) are

used when testing standard models. If the length of the shaft between motor and flywheel mass

is 0.5 m, then according to Equation [2] the natural frequency becomes v' = 32.5 cps. Further-

more, the armatures of the motors have about 48 poles so that at a revolution of n = 10 sec- 1,

the disturbance frequency, which occurs with pole changes, amounts to 480 cps in this case.

This means that 51 << o(0 in the region of the revolutions mainly used. On the other hand,

o(1 and a3 are of about the same magnitude. Thus, we obtain for the amplitudes caused on

the driving side:

I II I II -I - ---------------------~n~-----7c~~



D 1

11

1 12

-2

$21 =

1$21

31
(DJ

-2 2)

2. +-642 121 3 1 )j23

n-2
"1 3

;

;L
"I

__I ____~___ _~ L__^_I I___ __ ~_I____ __ I__

(02 J1 2 2 2
J2 3 1+2 3

We see that 421 /11 or (31/ 11 are in linear ratio to 2 12 1 /J 2 . Employing these number

values, we obtain D:21/11 = ¢31/4)11 = 3.1 - 10- 4 , which means that the disturbing amplitudes

are relatively small referred to the exciting amplitude. Referred to the amplitude to be meas-

ured, (33 becomes 4)21/33 or (31/133 , respectively, in general, equal to 12 D1 /D 3 .

It is no mistake to assume that D i /D 3 - 1I because D1 decreases with an increasing number

of revolutions. If this is the case, then D21/(33 "= 31/033 = 5 - 10 - 3 . Even here the dis-

turbances remain relatively small.

The disturbances caused by the bearing friction can be made arbitrarily small,

corresponding to the construction. Essential in this case is the member A14 /J 2 / 2 . The times

of impact are of the magnitude of 10-2 sec; thus /(3 _ 102 sec - 1 Then it follows that

12 2 = 12.5 kgm. M4, is of the magnitude of 10-2 kgm as former measurements show, so that

M4/12 / 2 10-4

As has been shown, it is possible to build a measuring member that corresponds to the

dimensions given in the discussion and where frequency is below the natural frequency and

is nearly free of disturbances.

C. TWIST MEASUREMENTS OF THE TORSION SHAFT

The twist of the torsion shaft as a result of the applied moments is measured elec-

trically. Existing measuring instruments are used (amplifier with carrier-frequency genera-

tor). It was determined that a fitted transmitter is essential, and a "variable" condenser was

chosen for this purpose. Principally, inductive transmitter or tension strips (strain gages)

can be used, but in this case the use of a condenser seems to be the best method construc-

tionally. The measuring method is based on a change of capacitance caused by voltage

changes.
This condenser is built with one of its plates connected to the torsion shaft in such

a way that one plate edge is toward the radial direction and the other edge the axial direction.



Opposite to this plate is a second plate with

its connection shifted in axial direction in

reference to the first plate. This condenser

is an angle condenser, which means that the

opening angle between the plates is changed

when twisted. Its capacitance is given byr1o

'1

I is the length of the plate in axial direction,

0 is the opening angle, and

r z and ro are radii that correspond to Figure 8.

When twisted, 0 changes so that

(k= o + 1 + 0 2 - e it

where 0o is the angle at rest,

,1 is the twist angle as a result of a statical moment, and

2 ' ei0t is the twist angle as a result of an alternating moment.

If Co is defined as the capacitance at rest, namely,

21 eo 1  rT
CO = - . In -

o o ro

so is

1
- ,-

0
1 1

Co o o /

We notice that if the measuring system fits we are able to measure the static as well as the

alternating torque.

A transmitting circuit current corresponding to Figure 9 is connected to the exit of

an HF generator having a voltage of U = Uo •:eiwot (phases are included in U0 ). The alternating

capacitance is defined as C (Figure 9), and C2 defines two additional coupling capacitances

which can be built so that they work without disturbances. Ro defines a resistance to couple

the measuring amplifier, and CB is the blind-capacitance of the feeding cable (cable protection).

2n eo 1
C = .In

Figure 8

where

*r I I, I -- I r ---
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Figure 9

When neglecting CB, we obtain the following circuit relations

U = U C + U1 + U2 + URO

f I dt = CUc = C1 UI = C 2 U2

I
URo= R 1+a

R o

where a =
RV

and R, represents the resistance of the amplifier.

* 1+a 1+ +
C, CC2 C

Thus we obtain

1 +C.
Q R

Introducing

1 +a

Ro

1

,
+ 1 1

02 C0

1 +a 2

1 +a . :Uo = lo

S+0

we obtain

+ (a+ b.e' ) Q = o . eio t

15

C,4Ct
cir° U

Ce -7"
1

_I _ _

U 4~1~rri'l"R" ~*"~ - I~-"---""-~ ---~~'W-*-

+ =
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With the theme
00

Q(t) = Qn . ei(o + no) t

n= O

we obtain

I i(wo+na)) Qn e +i(o ) + aT Qn - :e i(O +n)

bI Qn e i [ aO +(n+ 1)O]t = loei o t

Here the factor ei' ot is eliminated. For n = 0, we obtain

a- ioo
Qo = Io

a2  0 2

The coefficient comparison gives for n > 0

a - i( o + n )
n a2 + (o + no) 2  Qn-

This equation shows that the amplitudes of the upper oscillations become quadratically small.

The voltage drop of the resistance Ro is of special interest. We obtain

Re

o 1+a

Only the first two coefficients of the coefficients of the series for Q will be used. For
these we obtain

Uo Cr

Qo 2 R2 C2

1+

(1+a)
2

0Or
1 - 0o0(o + O) -

(1+a)
2

R2 +21+ ((do +W)2 0

(1+0a)2

O0 Ro C,
Uo Crr i(1+a) 2

2 B 2 C 2

0 0 r
1+

(1+a) 2

R 0 Cr
-i (2o + o) 1 +a Cr

02 R2 2 - Co
1

(1+a)2

Q = Uo . ":Cr

4~F I II I a ill ,_-I



In this case

1 1 1 1
+ + 1 ( +

C, C, C C

r 2 0members:

Thus we obtain for the first two voltage members:

1 o RO Cr
UR = 0U .cos (o t+f)

C+( 1+a

and with

tan d = - 1+
No RoCr

Ro1
o' 1 +a

(NO+ () Ro Cr Ur 952
• •j . cos [(6o + w) t+,]
Co 9o

and with

tan e =

R 2 C2

R o Cr
(2w o+ o) +a

Only the real parts are considered from the physical point of view. Due to the circuit of

HF generators and amplifiers (HSVA V02), the voltage part UR o, is eliminated by compensa-

tion (bridge connection). The real voltage carrying the measuring value is UR, 1. Here we
see the following: Due to the definition, Cr is smaller than Co . To make UR 1 as large as

possible, Cr must be nearly equal to Co . That, however, means

(a) C 1 > > C o and C2 >> CO

To keep tan e small, we have to have

Wo Ro Cr
(b) 1

l1+a

- '! , -- H-- -- I



Then we obtain

tan e -
2oo+

Since o o = 4.105 cps and Omax = 400 cps, tan E in this case becomes

Itan e < 0.5 . 10 - 3

Under the assumption of the fulfillment of condition (b) we obtain

0 (1 Cr 0 2

U Ro1 = U 1+ . - C. cos [(O + )t+ 1 [61
c0  0

and ()2 can be neglected. As the calculation indicates, the coupling-capacitance must be

large in comparison to the measuring-capacitance in order to obtain the highest voltage drop

across R o . Furthermore, the carrier-frequency has to be large compared to the modulation-

frequency in order to keep the amplitude independent of the frequency.

The preceding considerations did not include the blind-capacitance. The blind-capacitance

caused by the shielding must not suppress the measured values and, therefore, the measuring-

capacitance should not be chosen too small. The blind-capacitance is parallel to the measuring-

capacitance so that the largest part of the current runs through the blind circuit if the measuring-

capacitance is too small and, thus, is lost for the measurement. The blind-capacitance,
measuring-capacitance, and coupling-capacitance have to be tuned mutually, and then the phase

conditions have to be fulfilled by means of R o . If we do not neglect CB-which means that the

calculation is based on the block diagram given in Figure 6, including the hatched member-we

notice (if Ig represents the total current) that I has to be

Ig
I=

if the fulfillment of condition (b) is assumed. Equation [6] has to be multiplied by

CB

The expanded condition (a) thus becomes (c)

(c) CB < < C o ; Co <<C1j; Co < < C 2

1-~1 3 I I I r I , III -I



It is not necessary to give a number calculation here since only magnitude relations are de-

fined by the relation (c). As an average, the cable-capacitance amounts to C--O100 pF/m per

meter. Since we succeed with 0.5-m cable, the values of Co and C 1 are chosen as follows:

Co-300 pF and C 1 = C2- 1000 pF. The magnitudes of C 1 and C2 are determined approximately

by reason of manufacturing as shown in the next section.

D. THE TRANSMISSION FROM THE ROTATING TO THE STATIONARY SYSTEM

Two coupling condensers, C 1 and C02, have been employed in the calculation in Part C

and in Figure 9. This is required since the pickup (measuring condenser) shifts in reference

to the transmitter and the amplifier. At first, we considered using sliprings as the transmission

elements. Changes in the transmission resistance occur, since the brushes are not pressing

uniformly. These changes correspond to a voltage change; that is, there is the danger of an

error in the measuring values. Difficulties also might occur when a turning transformer is

used as the transmission element (L-C member). Thus, the transmission of the measuring

value from the rotating to the resting system is done by condensers; see Figure 10. C 1 and

C2 are coupling-capacitances and C is the measuring-capacitance. The part within the dotted

line is rotating while the other part is resting. Since it is possible that a bearing-play exists

in the axial direction, the part within the dotted line may shift in the direction of the arrows;

see Figure 10. A change in coupling-capacitance

will occur, which means there will be an error in

the measured value. Therefore, the device must

be constructed so that there is no change in capac-

itance. Such a change does not take place in the

block diagram as given in Figure 10. The con- C C C2
densers (plate condenser) consist of two plates,

one of which is rotating. For a plate condenser,

the following is true: Figure 10

F
(length in meters) C = . -

where F is the area of a plate and d is the clearance. Thus, when shifting the axis about A,

we obtain for C1, for instance, d1 - d1 + A, and for C2, d2 - d 2 - A. This means

F F
C = o  C = ed+ A0 d2 -A

The planes can be built very accurately of identical areas. Since both condensers are in

series, 1/C s becomes

unvr~~ir~-n~-~ ---------- --- -- ----~- ------ --- I- III1~MR n ~~--"~-~ -s* mr~- I--~ ~1 '



1 1 1 1 dl + d2
S + . (d + A + d2 - A)

C, C I  C 2  EoF e o . F

A shift in axial direction is thus balanced, making this system fit as a coupling member. How-

ever, C1 and C2 cannot be made infinitely large; that means, F is not arbitrarily large and d is

not arbitrarily small, since F is limited in upper and lower direction by reasons of practical

constructions. However, the calculation of the total circuit indicated that C, has to be as

large as possible. To obtain a large C,, some condensers have to be connected parallel to

one another. A row of plates has to be mounted on the axis behind one another and arranged

in a parallel circuit, as shown in Figure 11. C1 and C2 each consists of N pairs of plates.

When shifting the plates, we obtain

N
C 1 = oF d + A

N
C 2 = F d- A

d C15  C25

Figure 11

Besides, the plate of one pair forms a

of N - 1. Now we obtain

condenser with the plate of the other pair, a total each

N-1
C'= F e-

1- d'- A

N-1
C2 E0 d'+ A

Consequently;

N. (d'- A) + (N - 1) .(d + A)
C = 0 + '= roFC 1 + C1  . (d + A) .(d'- A)

N. (d'+ A) + (N-1) - (d- A)
C2s 2 2+ = (d- A) . (d'+ A)

To obtain an independency from A, we require that A < < d' and A < < N - d. Then we obtain

Nd'+ (N - ) d

d #

F
i1s = Eo d + A

F ' Nd'+ (N- ) d
C2 s od- A d'

II I I I I I II II I
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Consequently, we obtain

1 1 1 1 d+

Cs  Cls C2s eoF Nd+ (N- 1)d

or

eaF N-1 d
Cs = .N . 1 +- d

2d N d'

From the construction point of view, we try to make d < < d'. Then

N E0 F
s 2 d

A second possibility in reference to the independence of shifting offers the

"cylinder-condenser," the envelope of which surrounds the shaft. For the condenser con-

sisting of two envelopes, we obtain

C= 2 1 .o 

In -
r
1

where I is the length in meters, and r, and ra are the radii of the inner or outer cylinders,

respectively. Introducing r a = r I + Sr we obtain:

1

I approaches 1 + A when a shift of A takes place. A condenser built according to

Figure 12 has the following capacitance (parallel circuit):

C = ( + + I - A)

In (1 + 4

41r. co.1

In (+

Figure 12
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The capacitance of a condenser as given in Figure 12 cannot be chosen arbitrarily from the con-

struction point of view. Therefore, a condenser is composed of several cylinders as shown

in Figure 13. The middle parts and the parts shifted from both sides may consist of N cylin-

ders. The capacitance between the nth cyl-

inder of an inserted part and the nth cyl-

inder of the middle part for one side,

counting from inward to outward, becomes:

i o / r\
SrIn 1+

rrn

Furthermore, the capacitance between the

(n - 1)th cylinder of an inserted part and

the nth cylinder of the middle part be-

comes for one side:

Cn .= 27 *.
n 0 'In 1+ )

Figure 13 We assume the width of the slit a r to be

uniform. Now Cn as well as C ', and also

the Cn and the Cn' are located one beneath the other and their sides are parallel to one another.

Thus axial shiftings are eliminated and the capacitance of the total condenser becomes

N-1

C ls = 4 . e 0  • 1 1 -r 1

n=1 In(1+-) n=l In (1+
r r

We assume that

8r << ri

Then we obtain

In 1+ = -
nr n

and

~ IC II I I II I I IIPI
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arIn 1+-
also

C1 = 4 -o -

Br
=--

n

n=

n=1

N- 1

n +E
n=1

r7)

Now all cylinders become the same wall thickness d. Then

rn = r , + 2(n- 1) (d+ r)

rn'.= r'+ 2(n-1) . (d+r) = r1 + (2n-1) . (d+8r)

then
1

C, = 4n . o (2N-1) r
' T

Two such condensers are in series, -thus:

Cs = 2r o(2N- 1) - r . [r I + (N - ) (d+ r)]

E. CALCULATION OF THE TWO KINDS OF CONSTRUCTION

1. Cylinder Condenser

The radii r i and rN'.are determined by the available space of the measuring

instrument, and are not variable.

If

rN = 17.5 mm

rF= 71.5 mm

d = 1

r = 1

I = 15mm

mm

mm

we obtain:

N = 14

and

Cs = 981.5 pF

.. .. ... .. .... ........ lll . .. .. .... ... ..

. [ri + (N- 1) • (d+S8r)]



Calculating with a front-plate thickness of 2.5 mm and a width of the slit of 2.5 mm (in axial

direction), the length of a condenser becomes 47.5 mm.

2. Plate Condenser

If the radii ro and r 1 are given:

ro = 22.5 mm

r1 = 60 mm

d = 1 mm

N = 20

we obtain:

C, = 860 pF

If the plate is assumed to be 2 mm (as a result of the stiffness), and d'= 5 mm, then we

obtain a length of the condenser of 195 mm.

Since a capacitance C, of about 1000 pF is required, the cylinder condenser is preferred

because of its smaller length (25 percent of the length of the plate condenser). Furthermore,

the axial shifting A is completely eliminated on the cylindrical condenser whereas it is only

approximately eliminated on the plate condenser. A/d' would become 0.01 if A = 0.05 mm.

Calculating with a value of 02/00 = 0.8 for the measuring condenser, a value which is very

favorable, the change of the coupling condenser would amount to more than 1 percent in refer-

ence to the measuring condenser; that is, the accuracy of the measuring value would amount

to 1 percent for this specific reason alone.

II. TEST PROCEDURE AND RESULTS

The model of a trawler was chosen

propeller were known. The dimensions of

Model

for which the test results with a 3-

the model and the propellers were:

and 4-bladed

Propeller

LBp

Beam

Draft

Displacement

C

(m)

(m)
(m)

(kg)

3.22

0.56

0.245

248.25

0.562

No. of blades

D (mm)

P (mm)

P/D

Aa/A

The static calibration was done by attaching a lever arm to the nonrotating measuring shaft.

The load was applied by weights. The twist of the shaft causes a deflection of the measur-

ing loop, thus determining the calibration factor (torque per millimeter deflection). The dy-

namic calibrition was done by attaching a device to the rotating shaft, which causes an

3

203

228

1.117

0.484

4

203

221

1.09

0.500

-inan~sl l n I I I L--Il ~- P.
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alternating torque. This alternating torque is proportional to the square of the shaft revolution,

thus a change of the amplitude of the alternating torque is obtained when the revolutions are

changed. After the tests the device was statically calibrated for check purposes. The results

of these three calibrations are given in Figure 14. The figure indicates the linear working of

the transmitter. The calibration gives a calibration factor of 326 gcm/mm deflection.

The test procedure is the same as in a propulsion test. The model is free-moving and

driven by the propeller. The measuring device is installed between the motor and the propeller-

in this case it is a torsional-vibration instrument. The test is conducted by running at

different speeds, each run providing one measuring spot. The torsional vibration is received

by the transmitter and the value is fed through an amplifier to a recorder. The number of revo-

lutions and model speed are also recorded.

To avoid sources of error, it is practical to keep the cables from the transmitter to the

amplifier as short as possible. This is possible by employing a lightweight amplifier that can

be installed into the model. The cable from the amplifier to the recorder is not sensitive, so

that its length does not influence the results. The recorder has to be shock-free installed

on the carriage. Shocks can cause the measuring loops to oscillate and influence the

measurements. Foam-rubber or similar material is a good damping material. The results

of the tests are given in Figures 15 through 18. Some definitions should be given before

discussing the diagrams. In analogy to the definition of the amplitude AM defines the

double amplitude of the oscillating torque; that means AM is the difference between the

30
o Before
X After Collbration

& Dynamic)

E20
E

'10

0 2000 4000 6000 8000
Torque (gcm)

Figure 14a~
Figure 14
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maximum and the minimum of the oscillating torque. M denotes the torque necessary to drive

the vessel, whereas M, denotes the oscillating torque as a function of the number of propeller

revolutions, the number of blades, and the time. Figure 15 gives the rpm and the magnitude

of the oscillating torque (AM in gcm) as a function of the model speed for a 3- and 4-bladed

propeller. The diagram shows essential characteristics in the behavior of AM. The magni-

tude of AM increases with increasing model speed. The AM is smaller for a 3-bladed propel-

ler when compared to a 4-bladed propeller at equal speeds, and the 3-bladed propeller has

smaller torque oscillation than the 4-bladed propeller. This result is expected when the

symmetry of the propeller and the wake field is considered. The scatter of the measuring

spots is connected with the control of the model speed. It would be incorrect to draw con-

clusions from the scatter of the AM values to the accuracy of the measuring device.

10

0 7

5
.3 1.4 1. 1.6 1.8

Model Speed in m/sec

2000

E 1800I

1600
.2

1400

" 1200 -- ' 
"

1000
1.3 1.4 1.5 1.6 1.7 1.8

Model Speed in m/sec

Figure 15
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1.5 1.6
Model Speed in m/sec

Figure 16

Figure 16 gives the ratio of AM/M as a function of the model speed (M derived from

propulsion tests.) The curves indicate a dropping tendency, which means that the torque M,

necessary to propel the model, increases more than AM. The curves have a tendency to be-

come horizontal at speeds above 1.6 m/sec. The model approaches a Froude optimum, which

influences, as expected, only M and not AM. Strong surface effects practically do not influence

torque oscillations if the propeller is submerged deep enough.

Furthermore, it is of interest to study the oscillating torque at constant revolutions as a

time function. Figure 17 shows the plotting of the 4-bladed propeller and Figure 18 of the 3-

bladed propeller. Since oscillation effects occur independently on the zero-line, the zero-line

was chosen as the dividing line of the area. A comparison of the two curves clearly indicates

a good symmetric course of the torque when considering the 4-bladed propeller within its 1/8

motion (45 deg), whereas there is no symmetry within the 1/6 motion (60 deg) of the 3-bladed

propeller. The cause is given by the wake field and the symmetry of the propeller. From the

fact that the 4-bladed propeller and the wake have an even symmetry (4 or 2), whereas the 3-

bladed propeller has an odd symmetry (3), we may assume that the curves are symmetric or

asymetric. The diagrams (Figures 17 and 18) also show the cosine line. The torque and cosine

curve agree much better when the 4-bladed propeller is considered. Valuable deductions may be

drawn from this statement for theoretical treatment of this problem. As the first step we will

consider a Fourier analysis. We will obtain a strongly converging Fourier series as a result of

the deviation between the torque and cosine curve for the 4-bladed propeller, that is, only some
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initial members are necessary for a numerical calculation. A quite different situation exists

for the 3-bladed propeller. The series converges not so strongly as a result of the large devi-,
ation from the cosine line, that is, we have to calculate a very large number of members, which
makes the calculation very time-consuming. The question of trying a Fourier integral even
arises. This means, physically, that the first harmonics have an influence on the 4-bladed
propeller, whereas the higher harmonics are still decisive for the 3-bladed propeller.

To check the accuracy of the results, the device was installed in the model about a
week after the tests had been completed. The results showed that the check spots were within
the scattering region of the preceding tests. The natural frequency of the instrument amounted
to 400 cps.

III. EXPANSION OF THE INSTRUMENTATION
TO MEASURE THRUST FLUCTUATIONS

A. INTRODUCTION

A thrust-fluctuation-measuring device was designed so that it could be added to the
existing torque oscillation instrument in the form of a measuring head.

The best way to determine thrust fluctuations is by model tests, since the calculation
is very difficult because of the many unknown components. This requires the development of
a special measuring member analog to the torque-oscillation measurements. Construction dif-
ficulties occurred because the instrument required high natural frequencies, independency on
friction of the bearings, and installation in an existing device. The thrust fluctuation has to
be measured independently from the torque, whereas the thrust members transform the torque.
Figure 19 shows the instrument.

Figure 19
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B. DESCRIPTION OF THE DEVICE

The device was so constructed that it could be added to the existing torque-measuring

device in the form of a head. By doing so the device becomes independent of bearing influ-

ences. Two cylinders, an inner one and an outer one, are connected to one another by a dia-

phragm ring; see Figure 20. The inner cylinder is connected to the torque shaft, and the outer

cylinder supports the propeller. If thrust forces are applied to the propeller, the outer cylinder

is displaced in axial direction against the inner one and the membrane ring, mounted normal to

the shaft, is deformed; that is, the ring works as a directional spring. The two cylinders and

the diaphragm ring are manufactured from one piece of material in order to obtain accurate

directional relationship.

Outer Cylinder

I \ - Inner Cylinder
Diaphragm Ring

Figure 20
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There is a homogeneous connection between the cylinders and the diaphragm ring, which

eliminates uncontrollable shifting that often occurs on screw connections. Thus the support

conditions are also fixed. This is important because the electrical measuring pickup would

be deformed and the transformation of torque would not be accurate. The diaphragm ring works

as a directional element but has also the duty to transform the torque. The torque measurement

has no influence on the thrust measurements, since a moment-vector, normal to the diaphragm

plane, does not move the diaphragm from its original plane. A support ring was designed to

prevent the influence of lateral forces and bending moments. This ring is so constructed that

it fulfills its task but does not influence the thrust measurements. The natural frequency is

above 400 cps as a result of the chosen dimensions of the thrust-measuring head.

An inductive measuring value pickup was chosen to determine the displacement of the

two cylinders. This pickup consists of two coils; one is connected to the inner cylinder, the

other to the outer cylinder. A shifting of the two cylinders affects the coils and causes a

change of the mutual induction of the coils, which means a voltage change takes place.

The measuring principle thus is to transform the shifting of the cylinder (caused by the

thrust) into an electrical voltage change and to measure it. It is important that the coils do

not contain iron-cores. No hysteresis effect appears; the measuring pickup works linearly.

Furthermore, the thrust deforms the diaphragm ring as a result of the small displacement mag-

nitude 10-4 mm-according to a linear law. Thus a linear connection exists between the thrust

and the voltage change; that is, they are equal with the exception of a constant proportionality

factor. The proportionality factor is determined by the calibration of the thrust-measuring

member.

The question arose: how to transform the measuring value from the measuring term

rotating with the shaft to the amplifier. Since sliprings may influence the measurement and

the accuracy may also depend on the rpm, a transformer was installed similar to that used for

torque-measurement transfer. The difference consisted in using an inductive method correspond-

ing to the measuring values pickup and not a capacity coupling. This transformer has the ad-

vantage that in the case of a small measuring value disturbance, the disturbance is independent

of the rpm and thus becomes a constant defined by calibration. The device works as a trans-

former; one coil rotates with the shaft, the other is at rest.

Figure 21 shows the block diagram of the measuring circuit for thrust and torque oscil-

lations. The parts within the dotted line are the pickups and are one-half the transformer.

They rotate with the shaft. The ground connections drawn in the thrust measuring part of the

rotating system are not necessarily connected to the resting system by sliprings. The water

by which the propeller is supported provides an ideal bridge connection.

C. TESTS AND RESULTS

Two stock models and four stock propellers were chosen to compare the behavior of

propellers with different blade numbers behind a model in reference to thrust and torque
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Thrust Pickup Figure 21

IAmplifier

L----- ---

oscillations and to determine the influence of the propeller location within the propeller aper-

ture. The dimensions of the models and the propellers are as follows:

1. Models

LBp (m) 5.54 6.13

Beam (m) 0.70 0.89

Draft (m) 0.328 0.318

Displacement (kg) 1014 1398

C, 0.787 0.825

2. Propellers

No. of blades 3 4 5 4

D (mm) 203 203 202.8 200

P (mm) 228 221 215.77 153.5

P/D 1.117 1.09 1.064 0.767

Aa/A 0.484 0.500 0.516 0.540

The torque transmitter and the thrust element were calibrated before the tests started. A

calibration factor of 400 gcm/mm deflection was obtained. The calibration curve is given in

Figure 22. No deviations occurred in spite of the fact that the calibration extended over

several days.

The thrust transmitter was calibrated statically. A thread was connected to the propel-

ler fairing and guided over rolls to be loaded with different weights. The deflections were

recorded; see Figure 22. The curve in Figure 22 clearly shows the linear characteristic of

the thrust member. The calibration factor is 88 g/mm deflection. A dynamic calibration of

the thrust was not performed since a check of the natural frequency showed 400 cps, and
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therefore no differences could be expected between static and dynamic calibrations.

The results given in Figures 23 and 24 indicate that the 4-bladed propeller is the poorest

and the 5-bladed propeller the best of the three propellers in reference to thrust and torque oscil-

lations. Lateral forces and bending moments, being in the lines of application within the propel-

ler plane, are missing forces. They appear as alternating bending moments and as alternating

forces at the bearing.

600

U) 500

0

0 100
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0
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Figure 23
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Furthermore, nothing is mentioned about the forces appearing at the hull when the pro-

peller blades pass this region. The choice of a propeller concerning the total oscillating

forces depends essentially on the form of the stern and will be different in each case.

The second test series was conducted on a model with a relatively large aperture to

shift the propeller a large amount. Furthermore, the deadwood of the stern and the rudder shoe

was cut away. The propeller was tested in its normal position, then shifted 30 mm forward and

then 30 mm aft. The results are given in Figure 25 (Curves I to III). The corresponding propel-

ler positions are given in Figure 26. The results clearly indicate that the thrust fluctuation

decreases with increasing distance from the stern. This shows that it is very important to

locate the propeller precisely in the required plane when measuring thrust and torque oscil-

lations.

The influence of a deadwood was also investigated within the test series (see

Figure 26, Curve IV), with the propeller located in the normal plane. Curve IV in Figure 25

shows the result, which is comparable with Curve I. The model with the deadwood and the

rudder shoe attached increased the oscillations essentially.

I-Propeller in normal location
1-Propeller shifted 30 mm toward rudder

r-Propeller shifted 30mm toward stern post
350 T-Propeller in normal location, stern post altered

(Compare with Figure 17)

o 300

.0

2
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0 150

C 100E
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9
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Figure 25
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The hatched portion shows the
stern alteration.

II I

Figure 26
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