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D. Shichman Administration 
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SUMMARY 

A conceptual design for a Vibration Isolation Module (VIM) which 

can be incorporated into a cable- towed instrumentation body is de1crib­

ed and anlyzed. 

The VIM was designed to at t enuate significantly vibrations over a 
-1 frequency range from 10 cps to higher frequencies likely to be en-

countered. The design principles of the ~.M are independent of the par­

ticular t owed body, therefore only construction details would have to be 

changed to use the same principles in conjunction with other towed bodie1. 

A prototype VIM was constructed and tested. It involved the use of 

a multiple piston arrangement in which the stagnation pressure at the 

fore end of the VIM was conver ted to a force which matched the drag of 

the towed body. In this way it was possible to preserve a low modulus 

while avoiding a high elongation, since the main towing effort was bil­

anced in such a way that the damping mechanism carried only the fluctua• 

tion and not the active force. 

During tests, the VIM did not attenuate in the frequency range for 

which it was designed (below 5 cycles per second), 

The primary cause of the failure to meet design requirements was 

the high level of the frictional forces . Detrimental hydrodynamic 

forces were also encountered. These are attributed mostly to water 

flow through the many orifices and channels. 

During the course of this work several alternative designs were 

considered. These efforts are described in the Appendix. 
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1.0 INTRODUCTION 

The performance of a towed instrument may be adversely affected by 

vibrations which are transmitted to it from the towing cable. These 

vibrations are from several sources, such as motion of the towing craft, 

turbulence of the cable boundary layer, and unstable flow about the cable 

(vortex shedding). Performance of such a system may be greatly enhanced 

by inserting between the towing cable and the towed body a Vibration 

Isolation Module (VIM) whose function is to damp out vibrations over a 

range of frequency and amplitude. The present contract was undertaken 

to improve the performance of the VIM and was carried out in three phases: 

theoretical study, design and construction of a prototype, and performance 

testing. 

In towing systems there is a combination of steady and time-varying 

forces applied to the cable by the attachments to its ends and fluid 

reactions along its length. The steady forces are due to the end loads, 

weight and flqid drag along the cable. Time-varying loads are caused by 

motion of the towing craft, unstable flow (vortex shedding) about the 

cable, turbulence of the cable boundary layer and the turbulent wake of 
l the towing craft. (See Figure 1) 

/ 

Wake 

Vortex shedding 

Boundary layer 

Figure 1. Oscillating Loads on Towed Cable 

(1). Lyon, R, H., "The Transmission of Vibrations by Towed Cables," , 
Final Report, Navy Contract No. Nonr-3468(00), May 28, 1962. 
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These time-varying loads can result in vibrations in the point f attach­

ment of the cable and the towed body. 

A conceptual design of a VIM employing a 10ft spring to damp out low 

frequency disturbances and a hard spring to damp out high frequency dis­

turbances is described in this report. This design, which balances the 

high preloading (due to the drag force) on the soft spring by an equal 

and opposite force proportional to the dynamic pressure, is potentially 

operational over the entire velocity range of interest, since the drag 

force and dynamic pressure are both proportional to the velocity squared. 
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2.0 DESIGN REQUIREMENTS 

1 Lyon has shown that the transverse disturbances created by the 

ship and wake motion will be almost completely attenuated using a cylin• 

drical steel towing cable. Therefore, we need concern ourselves only with 

the longitudinal disturbances from these sources. Since the cable in the 

system we are considering forms a small angle with respect to the surface 

of the water, longitudinal disturbances due to ship and wake motion will 

be small. In our design we will consider their amplitude to be of the 

order of one or two inches. Larger disturbances could be handled merely 

by lengthening the VIM. The frequency of these disturbances will be on 

the order of a few cycles per second. 

Lyon has also shown that boundary layer excitation tends to be 
-3 u. 

broad-band with an upper frequency cutoff (fc) at 6 x 10 ~· U. is 
C 

the velocity of tow and De is the cable diameter. The maximum value of 

t1m/Dc will be of the order of 500 . Therefore fc will be around 3 cps. 

The upper fre~uency limit which concerns us will be due to vortex shedd­

ing. The Strouhal number S which is proportional to the frequency of 

vortex shedding is given in Equation 1. 

s 
fD 

C ---UCD 
(1) 

In the Reynolds number range we are concerned with, S equals .21. There-
2 fore, the maximum frequency will be of the order of 10 cps. 

-1 Disturbances from boundary layer excitation less than 10 cps will 

probably not affect the performance of the towed body which is attached 

to the VIM; therefore, the VIM should be designed to attenuate disturb• 
-1 2 mces in the frequency range from 10 to 10 cps. 

Since this frequency range covers three decades it will be necessary 

to have two spring constants, a small one to damp out low frequency dis• 

turbance and a large one to damp out the high frequencies. 

(1) See page 1. 
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Any device which can prevent low frequency vibrations from reaching 

the towed body Just have a very low resonance frequency, and must, there• 

fore, have either a very low modulus or a very high effective mass. Since 

the mass is limited by the maximum possible size and mass of the tow, low 

resonance frequency can be achieved only by reduction of the modulus. 

However, since the isolation device must transmit the total towing force, 

provision of a low modulus leads to extreme elongations. These elonga­

tions can be troublesome in themselves and can also entail destructive 

hydroelastic instabilities. Some means of preserving a low modulus 

without high elongation is therefore desirable, It is obvious that this 

end cannot be attained through a purely passive device. 

One means of achieving this objective is to balance the main towing 

effort in such a way that the attenuating apr.ing carries only the fluc• 

tuation and not the active force. This balancing force can be provided 

either through a servomechanism or by a piston driven by the stagnation 

pressure. The present study is concerned with the latter principle. 

Thia is an acceptable approach, since both the stagnation pressure and 

drag force are proportional to the square of the towing velocity, 

The preloading (due to the drag forces) imposed on the VIM is given 

by Iqua tion 2. 

where 
2 4 p • density of water (2-lbf sec /ft) 

S • wetted area of tow body 
w -3 c0 • drag coefficient of tow body (3 x 10 ) 

(2) 

For a tow body which is a circular cylinder with a radius of 1.5 

inches and a length of 300 feet, the preloading F versus the tow velocity 

is given by Figure 2. Assuming a top design speed of 20 knots one gets 

a maximum preloading of 750 lbf. 
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In the final design, the stagnation pressure in a scoop at the fore 

end of the VIM was converted, by mean, of a multiple piston arrangement, 

to a force which matched the drag of the towed body , Because the out• 

aide diameter of the VIM was limited to 4-1/2 inches, it was found neces­

sary to use a atacked array of nine pistons, each fixed to a c0111DOn pipe 

which 1erved to supply water from the fore end scoop to nine individual 

compartments. These compartments were created by inserting a aeries of 

bulkheads and spacers into the conmon outside casing. Figure 3 shows 

the VIM in cross section . 

The VDI was designed to be neutrally buoyant. Thia was accomplished 

through the uae of low density plastic and aluminum. Design stress for 

all plaatic parts was le11 than 600 psi. The fore and aft pistons were 

proportioned and poaitioned so that a fail-safe condition existed upon 

bottoming in either direction. 
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3. 0 THEORETICAL ANALYSIS 

3.0 Stability Analysis of a Conventional VIM 

The usual construction for the vibration isolation mount is a section 

having very high elongation . It can be shown that thi s type of construc• 

tion may be subject to static instability a t high speeds. 

To analyse it we will first assume that the spring force (which may 

not necessarily be linear) is in equilibr i um with a towing effort which 

ia given in Equation 3. 

where : p • density of water 

Um• towing velocity 

c
0 

• drag coefficient of the casing 

R • radius of the casing 

L • to t al length of casing 

f (L ) a spring force at elongation L 

Let us now suppose that somewhere near the forward end of the towed body 

elongation is possible and that this elongation leads to a reduction of 

speed further back . We will further suppose that this elongation in­

creases the wetted area and hence the drag. We will further suppose that 

there is an effect on the drag coefficient associated with a change from 

the purely cylindrical to some other distorted shape. Under these con­

ditions Equation 3 will assume the form given in Equation 4. 

(3) 

· ac 
t p U~ ( 1 - ~ f 2TTR (L + t) c0 + 2TTR (.t + ~) a.to ~~ • f(L) + t :; (4) 

m -

Here~ is the elongation of the VIM, 

· Equation 4 may be rearranged and the non-linear terms can be dropped. 

This will lead to Equation 5 . 

{( 
~ ) aco 7 

p U 1 - U 2TTC0 RL + 2TTC0Rt + ZnRL at t 1 .. f (L) + lli 
m ~ at 

(5) 
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Rec-.alling Equation 3 we see that Equation 5 reducee to 

If we divide Equation 6 by the mean towing effort it will reduce to th• 

form given in Equation 7. 

Equation 7 can be rewritten as 

\-le will note that in both Equations 7 and 8 the denominator in the lHt 

term will be equal to the towing effort. Thia will facilitate a phy1i• 

cal discussion of behavior of this device. 

To solve Equation 8 we will make the 1ub1titution given in Equa­

tion 9. 

where a is a constant to be determined . Stability will depend upon the 

sign of a, a positive value being unstable and a negative value 1table. 

(6) 

(7) 

(8) 

If we substitute 9 into 8 WP. obtain the relationship given in Equation 10 . 

r • J, 
a• ½ l + -

' C ._ D 

In this relationship K is the spring constant of the VIM. 

If we suppose that there is no di1tortion of the outer shape on 

elongation then we will require, for stability, that the relation1hip 

in Equation 11 be satisfied. 

KL > l 
f(L) 

9 
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If we aaaume that the towed body is 300 ft. long and that the total load 

is 700 lbs., then, for stability, the spring constant must be greater than 

7/3 of a pound. In our analy1is (Section 3.3) of the isolation character­

iatica of the VIM we found that five pound• is necessary to procure 

adequate isolation for the low frequenciei which might be present. If we 

a11ume that there is no change in the drag coefficient, this is fairly 

close to the conditions of instability and a surge such as one might 

expect in a wakP could very well create divergence. In actual fact the 

drag coeffici~nt will usually be an increasing function with elongation 

1ince there will be distortions of various types. For example, it may 

readily be shown that in a simple corrugated construction this change 

will be quite large. As a result the spring constant of five lb/ft is 
\ 

probably too .small to assure stability within a reasonable factor of 

aafety. There are several added consequences which derive from the rel~ 

tionship in Equa.tion 10 , If the body is so designed that there is no 

elongation at all aft of the spring arid consequently no change in drag 

coefficient aft of the spring, then the condition for stability will 

always b~ satisfied since the variations in total drag which lead to 

in1tability will be absent. This result will lead to the following prin­

ciple in designing a spring section covered by a sleeves If we wish 

1tability, the external sleeve must be aft of the spring so that the drag 

coefficient of the moving portion does not change on elongation. If the 

extemal 1leeve is in the forward portion then as the aft portion with­

draws from tt,e sleeve the drag coefficient will increase and instability 

may en1ue . This principle bas been observed in the design which we 

propose for the section with a low spring constant. 

3.2 Principle of Action of Proposed VIM 

The high preloading precludes the possibility of having two spring­

mass systems in seriea, since the spring with the low spring constant 

would be highly elongated. This condition tends toward insta~ility be• 

cause the drag force increases with increasing length of any part of the 

system. 

10 



Figure 4 gives a schematic representation of a VIM utilizing the 

dynamic pressur e to balance the drag force on the spring with the small 

spring constant . (Other designs which were considered will be di1cu11ed 

in the Appendix of this report . ) 

• 

Vent 

Piston 

Hard (K2) 
spring 

Figure 4 . Schematic Representation of VIM 

~o 

If we examine Figure 4 we see that the force• on the main body of 

the VIM have three sources . The forward m.Jtion is provided by the 

pressure in the cylinders and by the spring. This motion is rc1i1ted by 

the body drag and by the inertia. As a consequence ve will obtain 

Equation 12 . 

where ME is the ef fe ·tive mass of the VIM plus towed body 

u2 is its velo.:: ty 

PD is the dynamic pressure 

CD is the drag coefficient of the towed body 

A is the area of the piston in the VIM 

S is the wetted area 
w 

P1 is the ambient pressure 

P2 is the pressure shown in the cylinder 

g(e) is a function of the elongation, e,expre11ing the force 

of the spring . 

11 
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If we collect all terms tn the left hand side of the equation we 

will obtain the relation given in Equation 13. 

Let us now examine the nature of the pressure (P
2

) in the cylinder. 

This will be determined by two separate factors. One will be the stag• 

nati · n pressure (P) and the other will depend pon the motion of the 
0 

piston. If the piston is fixed then P2 will depend only on the stagna-

tion preasure and on the past history of the stagnation pressure. If 

there is no mechanism for a time delay between a buildup of the pressure 

in the cylinders and the buildup of stagnation pressure then, when the 

(13) 

piston is fixed, these two will be identical. If P is held constant the 
0 

pressure P2 will depend upon the motion of the pistons and the ease with 

which the water flows in and out. If we confine ourselves to linear 

effects then P2 must consequently have the general form given in Equation 

14. 

Here z1 and z2 are differential operators of D which is differentiation 

with reapect to time. The time derivative of the elongation e is given 

by Bqua tion 15 • 
' 

e•U -U •De 1 2 

where u1 and u2 are respectively the velocities of one and the other 

forward sections of the tow. Let us further suppose that the forward 

section is subject to a v~locity fluctuation such that Equation 16 is 

satisfied. 

Using the relationshf.ps in 15 and 16 we will obtain Equations 17 

and 18 for the velocity and the dynamic pressure respectively . 

12 
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. . u2 • u1 - e • u. + u - e 

and 

P • I pU
2 

• D 2 

. 
where we have dropped quadratic terms in u and e. Let us now make the 

substitution e iven in Equation 10 • 

. 
· u e e. - - -

u. u. 

. u 
ll • -

qll 

½ pU= • q 

Then, since P
0 

• P1 + P0, the equation of motion becomes 

Assuming that P1 is constant and that g(e) can be expanded in a Taylor 

series we get 

dropping terms higher than the first degree. 

.. 
- MU8•0 E• 

If we assume that the static forces are balanced separately, we 

will obtain 

The dynamic balance will then be achieved by setting equal to O the 

terms in Equation 22 which depend on 8 and 'fl . lsolati~g these two vari­

ables on the left and right hand sides of the equation respectively we 

13 

(17) 

(18) 

(19) 

(21) 

(22) 



obtain the relationship given in Equation 23. 

~ 

L 2q(C0Sw - AZ1) + Az2_ 0 - f'(e
0
)8 - MEU•0 • Az2~ - f'(e

0
)~ (23) 

It is clear from the definition of the quantities that the motion of the 

main body of the VIM i1 proportional to 8. The quantity~ on the other 

hand is proportional to the motion of the forward section of the VIM. The 

ratio of 8/~ ia therefore a measure of the effectiveness of the VIM. If 

this ratio is amall the VIM will be effective, if it is not small but 

approaches l the VIM will be ineffective. 

If there is no time delay between the stagnation pressure and the 

pressure in the cylinder when the pistons are held fixed, then Az1 will 

simply be a constant. In this case we would choose A, the are~ of the 

piatona, 10 that the parenthesis multiplying q vanishes. In this case 

it may readily be seen that the aystem behaves as an oscillating system 

in which the•••~ is the 11888 of the body including the added mass 

due to the fluid, the spring constant is present and there is a dashpot 

effect. The effective 11811 of the circulating water is included in the 

expreaaion for z2 which, in the simplest case, will be a first degree 
d linear operator: z2• (B + C dt). It is physically obvious that the 

factor in the damping ~~eaent in z2 must be large compared to the effect 

of the atagnation pressure on the motion of the piston. If thi1 were not 

the caae it would be po11ible to construct a system which, once aet in 

motion, would continue indefinitely. Thia would obviously violate the 

law of conservation of energy. Using this conclusion it ia not diffi­

cult to ahow that the 1y1tem will alwayA be stable. 

3.3 Di1cu11ion of Vibration Transfer Function of VIM 

Aa shown in the previous Section, the force (P2 - P )A (which ii 
2 , 1 2 

equal tot pU;A) may be made equal to the towing force t pU• c
0

sw by a 

suitable choice of A. Therefore A will equal c
0

sw. 

Since the towing force is equal to the pre11ure force on the piston, 

an equilibrium position will be reached by the piston such that the soft 

14 



spring is in its neutral position. The hard spring will also have an 

equilibrium position auch that the product of ita elongation and it1 

spring constant is equal to the towing force. Con1equently, we have a 

mass-apring system with a soft spring to damp out lov frequency di•t~r­

bances and a hard spring to damp out high frequency disturbance,. 

For disturbances to be attenuated it is neceesary that the tran1-

missibility ratio ~/Xi_ (measured from the equilibrium positions shown) 

be less than one. Whether this behavior will occur depends upon the 

ratio of the inertia of the towed body to the inertia of the mas1e1 in 

the VIM, the spring constants and the time constant• of the aperture, 

in the VIM. It has already been shown that the proposed VIM 1hould be 

stable so therefore a simplified analysis ia presented here to determine 

the magnitude of the spring and daahpot constants required to achieve 

the necessary attenuation. 

Assuming that the only forces acting on the 1y1tem displaced from 

an equilibrium position are those arieing from the two springs, we 

have formulated the problem using Lagrange's Equation. 

In lquations 23 and 24 T 11 the kinetic energy, Vii a potential 

energy function, 6jl is the Kronecker delta (6jl when j • l; 6jl • 0 

when j ~ 1) and h(t) is a forcing function acting on the pieton in the 

VIM. 

The kinetic energy Tis given by Equation 26. 

where Xi . 
and Xi • 

• displacement 
dXi, 
cit 

from equilibrium position, Xie, shown in Figure 4 
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M1 • mass of piston 

M2 • effective mass of VIM 

~•effective mass of towed body 

We are assuming that the springs are massless and that added mass 

terms due to fluid moving through the various openings are negligible. 

An analysis of another system (see Appendix) has shown that the added 

masses can be ignored. 

The potential energy term is given by Equation 27. 

where 

~l • spring constant of soft spring 

K2 • spring constant of hard spring. 

Substituting Equation 26 and Equation 27 into Lagrange's Equation we 

get the following three equations of motion. 

.. 
M2X2 • K1Xi - (Kl+ K2)X2 + K2X3 

Let us take the Pourier transform of h(t) and Xi(t). Substituting 

this into Equations 27, 28 and 29 we get three iialltaneous equations - -in Xi and h, where 

CD 
xi - J.CDXi(t) exp (-1.wt] dt 

CD 

ii• J_. h(t) exp (-1.wt] dt 

and the frequency w is related to the real frequency f by the relation 

w - 2nf. 
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Solving for the ratio x3 / Xi_ we get 

Equation 35 can be written as 

\ • W(iw)Xi_ 

where x3 is the transform of the steady-state respon1e of the 1y1tem to 

a periodic input Xi_· W(iw) is a characteri1tic of the 1y1tem (i.e. the 

VIM) regardless of the form of the input. For an input of the form 

exp[iwt] 

~(t) • exp[iwt] W(iw) 

If we write W(iw) in polar form, Equation 37 can be written a1 

~(t) • ~ ll(iw) exp[i(wt + t)] 

Therefore W(iw) is the ratio of the output amplitude to the input 

amplitude ; Since the 1y1tem is linear, the relation hold• for any 

input amplitude. The determination of the attenuation of our 1y1tem, 

therefore, reduce, to finding the magnitude of W(iw). 

Since both the towed body and the VIM are to be neutrally buoyant 

the calculation of M2 and~ is straightforward knowing the dimen1ion1 
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of each body. The towed body is a circular cylinder (radiu1 • R) of 

length L and the VIM is also designed to be a circular cylinder 
0 

(radiu1 • r) of length L
0

• Therefore 

M2 • TTr2.& p 
0 W 

and M... • TTR2t p 
---:, 0 W 

The 1pring constants can be written in complex form 

where 

kj' • normal spring constant 

and 

cj • normal dashpot constant. 

Sub1tituting Equations 39, 40, and 41 into Equation 34 we get for 

the trans~saibility ratio ~/Xi_, Equation 42 

~ a+ ib - -Xi_ c + id 

where 
2 a• K1

1K2
1 

- w c1c2 

b • wc1x2• + wciKi' 

c • X 'K' - w2(c1c2 + (TTr2L p + TTR2t p )K2
1 + TTR2t pX1 ' • l 2 ow ow o 

- w2n2Pv2R2r2to2-'o2l 

d • w(c1K2
1 + c2K1

1 
- w2 {c2TTpw(r2t

0 
+ a2t

0
) + c1TTpwa2t

0
}] 

The magnitude of ~/Xi_ can now be tabulated for varioua value• of 

K
1
', K

2
', c

1
', c2', r, L

0
, R, L

0
• The re1ults are given in Table 1. 
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De1ign con1iderationa did not allow much variation in the value, of 

rand t. Preliminary work 1howed that they had to be around 2-2.5 inch•• 
0 

and 10 feet re1pectively. Becau1e of thi1 they would have little effect 

on the magnitude of ~/Xi_. Con1equently it wa1 decided to hold them co& 

atant in our numerical analy1i1. Prom phy1ical con1ideration1 the da1hpot 

con1tant c2 1hould be 1mall 10 as not to affect K2
1

• It wa1 found that 

c
2 

could be held con1tant and equal to unity without 1erioualy affecting 

our re1ult1. Therefore, we only had to 1tudy the variation in K1
1

, K~ 

and c1. A• •een from Table I, 1ati1factory re•ulta were obtained for 

example #10, where K1
1 

• 5, K2
1 

• 1000, and c1 • 5. A plot of 1~/x1 jv,. 

w waa made for the1e values of K1', K2
1

, and c1 (see Figure 5). For 

w greater than • 75 I X3'Xil is le11 than .5 which means that the attenuation 

ii greater than 50\. In the neighborhood of w • 10 I ~/Xii goe• through a 

miniaam. It reache• a second resonance at w • 20. However, this peak 

ia le11 than .1 10 that the attenuation is greater than 90\. 

We can conclude therefore that with value• of K1
1 

• 5, K2
1 

• 1000 

and c1•5 aatiafactory attenuation can be achieved in the frequency range 

from 10·1 to 102 rad/1ec. 

3.4 Effect of Bladder on VIM Performance 

Up to now we have a• aumed that the equation• of motion were influenced 

by two operator, z1 and z2 of which we did not specify the nature. We will 

now calculate thee operators. The pre11ure difference between the scoop 

and the cylinder, aaa\lling only one cylinder, will be proportional to the 

rate of flow operated on by a linear operator which i • u•ually of the fir• t 

order. Thu• we will have Equation 43. 

(43) 

Here azi• the frictional term in the flow between the scoop and cylinder 

and b the inertial term. To complete the calculation it ia nece11ary to z 
conaider the change in volume. If the only change in volume in the cylin• 

der is ~ue to the motion of the piston, then the total volume will be a 

linear function of e alone. If we assume the preaence of a bladder or 
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1ome device which change, volume wfth pre11ure, then we will have the 

more general relation1hip for the volume which ii given 'f.n Equation 44. 

V l • kl-'2 + V
O 

+ Ae 

Now the time rate of change of the volume 11111t be equal to the inflow 

of fluid from the 1coop. Con1equently we 11111t have Equation 45. 

V l • kP 2 + A~ • v 

COllbining Equation• 43 and 45 we obtain the relation1hip given in 

Iqua tion 46. 

Solving for P2 we get 

(P
0 

• AZ
3

De) 

p2 • (l + kz
3

D) 

Thia will finally lead to the relation1hip1 given in Equation 48 for z1 
and z2. 

z • 
2 

l 

Sub1tituting the1e expre11ion1 for z1 and z2 into Equation 23 and 

aaauming that the time independent terms of the force, induced by the 

flow through the drag and through the prea1ure cylinder• cancel (i.e. 

A• CDSw) we get Equation 49. 
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In Equation 49 we have assumed that the 1tatic term1 cancel. If we make 

the special assumption that the inertial forces may be neglected in the 

motion of the fluid through the pipe then · 

where T i1 the relaxation time. If we take the Fourier transform and 

solve for 8/'11 we ,w·ill finally obt ain Equation 51. 

iCDS.jTW 
- f' ~-----~k~(_l_+_i_T_w_) ______ ~ 

Tl -2c0swcrrw
2 + iCDSwATw - f' + ~UCDw

2 

k 
(l + iW'1') 

(~O) 

(Sl) 

In this relation we 1ee that at low frequencie1 there is an additional 

effective mass re1i1ting change in motion of the towed body. It ii of 

interest to compare the force attributable to tbi1 mass to that attribut­

able to the mass of the towed body. For thi1 purpo1e we compare the 

magnitude of the two expressions by taking their ratio, Thia is given 

by 

Expressing the various quantities in terms of the dimen1ions of the 

towed body we will obtain 

where y is a coefficient whose value is usually close to one and which 

expre11es the effect of the added mass. If we introduce rea1onable 

number, into this relationship, we find that the two masses will be of 

the same order of magnitude when the relaxation time is of the order 
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of magnitude of one second. 

At high frequencies we find that the additional ma11 di1appear1 and 

that the total a11embly behaves aa if it were a ma11-1pring combination. 

The entire effect of the incluaion of this type of bladder ia uncertain 

and ahould J3 studied .before deciding whether to include this feature 

and how large the reaulting coefficients should be. 
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4.0 DESIGN AND CONSTRUCTION OF MODEL 

4.1 Design Analysis 

Figure 6 is a design of a functional VIM which meets the baaic the~ 

retical requirements. It is based on the use of a 1tacked piston array 

in which each piston is acted on by the dynamic pre1sure. The pi1ton1 are 

attached to a co111DOn rod and the sum of the forces acting on the pi1tona 

acts to balance the drag force of the towed body attached to the VIM. 

The objective of subjecting the individual pi1ton1 to the dynamic 

pressure is achieved by building multiple bulkheads into the body of the 

VIM and using a hollow piston-rod to allow water to flow into the bulk· 

head compartments. In this way, one side of each piston is vented to the 

ambient pressure and the other to the stagnation pressure. Since water 

leakage is not critical, liberal clearances are permiasible for the piston 

fits in the body and the piston-rod fit through the multiple bulkheada. 

This assure• relatively high reliability as compared to a wit in which 

leak-prooi seals are required, such as for the hydraulic amplifying type 

described in the Appendix of this report. 

Telescoping arrangements having low frictional properties are pro­

vided in the forward and aft sections of the VIM. The forward aection 

which attaches to the ship cable is attached to the internal piston rod 

heretofore described and is free to move within the front section of the 

VIM. This front section has water inlet ports communicating with a scoop. 

The aft section of the VIM is connected to one end of the bard spring and 

is free to move, relative to the VIM midsection, when the tow force 

changes. 

The VIM is designed to damp out vibrations in a range of known £re .. 

quency and amplitude. In an idealized operating state the equilibri\DD 

position of the piston array is such that the individual pistons are at 

the centers of their respective chambers. In actual practice this prob• 

ably will not be the case, since the drag force of the towed body will 

not exactly match the total effective piston forces. Therefore, the 
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optimum ~ength and compression state of the soft spring and the pi1ton 

array travel will be determined from combined theoretical and experi• 

mental 1tudies. 

The coiled signal cable attached to forward and aft sections allows 

relative movement between these sections. Spec1.al fittings matching the 

Hughes Aircraft attachment are provided. 

4.2 Choice of Materials 

Various metal alloys, hard organic plastics and other materials were 

considered for use in the body and mi1cellaneou1 parts of the VIM. Includ· 

ed were: stainless steel, aluminum, glass-fiber-reinforced plastic, ABS 

plastic, PVC and polypropylene. The latter is recom:nended 1ince it offer, 

a good balance of physical properties, is practically unaffected by sea 

wate~ and bas a specific gravity of .92 which offers the greatest flo• 

tation rating. The design working stress of this material would be 600 

psi, which at 50°F represents a safety factor of about 10. 

ABS plastic with a specific gravity of about 1.1 is the second choice 

in the plastic group. Use of this material would result in a 10 to lSI 

increase in overall length of the VIM. 

Aluminum alloys having adequate physicals are available for use in 

salt water. However, the overall length of the VIM would be about double 

that for the case of polypropylene. Possibly, the leagth could be reduced 

by the use of a suitable flotation material such as syntactic foa• but 

this has not been considered in detail. 

Selection of materials for the springs is to be based on design re• 

quirements for space, spring forces and end connection details. High 

alloy steel and syntactic rubber are being considered. 

4.3 Construction of Model 

The test model was constructed in the shops at the Research Center. 

The various sections of the external case and the bulkhead spacers were 
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con1tructed from extruded seamle11 polypropylene pipe. The pi1ton1, bulk­

head,, and adapter flange• were machined from extruded polypropylene rod 

• tock. The hollow pi1ton rod for the piaton array waa made of aluminum 

(6061T6), The snap ring, were stainl••• 1teel. Threaded connection, fore 

and aft make it po11ible to change the aprings and to make cable connec­

tion•• Provision was made for accomodating the signal cable and for 

1ealing around it. 
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5.0 VIBRATION TESTS 

5 .1 Test Appara tua 

The VIM was rigidly mounted in a water tank by means of an adapter 

fitted to the aft end. The tank containing the VIM wa1 suspended by a 

cable harne11 and was "grounded" to a variable-position take-up through 

a hard spring (1000 lb/ft). Thia spring attenuated vibrations in the 

high frequency range (800-1200 cps). A dynamometer mounted on the take­

up measured the total force transmitted through the VIM, 

The 01cillator consisted of a 1teple11, variable-speed motor having 

an eccentric bushing and a crank arm a11embly. The amplitude of the 

vibrations produced was 0.040 inch and the frequency range vaa fr0111 to 

17 cycles per second. 

Figure 7 is a schematic presentation of the teat set-up. 

To facilitate introduction of water into the system, the front sec­

tion of the VIM was modified by replacing the Hughes Aircraft attachment 

with a pipe and nipple combination 10 as to extend .the piston pipe beyond 

the fore end of the VIM body. Thia extension was connected to the •ch• 

anical oscillator through a drive rod and also to a supply tank by aean1 

of a flexible hose. The supply tank was connected to an ordinary water 

line. During tests, an air space was maintained in the top of the 1upply 

tank as shown in the figure. 

Two means of measuring the attenuating capability of the VIM were 

employed. These were a direct-reading dial indicator (1hown in Figure 7) 

or a linear potentiometer-recorder (not shown). 

5.2 Test Results 

In a preliminary experiment the force-generating capacity of the 

VIM was determined in the pressure range from very low up to 15 psi gauge. 

In agreement with design calculations, the force factor (K) was found to 
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te of the ord r of 90, i.e., for a gauge reading of 5 p1i the force de­

veloped was approximately 450 pound,. For the1e te1t1, the radial pi1ton 

clearance wa1 ,0025 inch. Figure 8 1how1 the relation between total water 

flow and the force developed by the nine tandem pi1ton1. 

Testing was then begun to determine the attenuating propertie1 of 

the VIM. In the very first trials it became apparent that friction 

force, in the system w~~e excessive, as evidenced by lock-in of the VIM to 

the oscillator through,..1:t the frequency spectrum employed. A program waa 

therefore started to reduce friction to an acceptable level. The firat 

change was to increase the radial piaton clearance to about .020 inch. 

This resulted in a reduction in friction force, but the force aaplifica­

tion was lowered to an unsatiafactory level due to the large increaae in 

water flow and the resulting pressure gradient from the firat to the 

ninth compartment. 

A screening program was then initiated to search for a low-friction, 

low-leakage seal. lhcluded in thia program vas an evaluation of each of 

the following: 

Formed lip• on piston• 

Standard "0" ring• 

Mylar film rings 

Felt rings 

Polypropylene piston ring• 

Jar ring• 

L rings 

Hollow "0" ring• 

The la1t four of the above lilt are shown in Figure 9. The hollow "0" 

ring made from soft rubber tubing and in1erted in a wide goove gave the 

be1t performance relative to friction, although leakage remained a 

problem in that a substantial drop in force amplification re1ulted. 

A test run to mea1ure the damping propertie1 of the VIM va1 made 

using a modified piston array in which only three pi1ton1 were u1ed. 

µsing this approach it was possible to reduce friction to a value 
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which permitted studies of the dynamic properties of the VIM under pre11ure 

cond i t i ons . Results of these tests are tabulated below and charted on 

Figure 10 as a,~ · _ 

In2ut 

.=f.! 
1. 67 

3 . 33 

5 . 0 

6. 67 

8.33 

10.0 

11.7 

13.3 

15.0 

16.7 

Data from Run #1 

Freguenci Out2ut Am2litude 

rad . /aec. _ilnches) 

10.5 

20.9 

31.4 

41.9 

5:l .4 

62.8 

73.3 

83.7 

94.2 

104 . 7 

.040 

.050 

.050 

.055 

.033 

.021 

.014 

.012 

.010 

.008 

Test Conditions 

3 Pi1tons - No Seals 

Radial clearance 

Ir.put amplitude 

Svft spring 

Hard spring (rubber) 

Water pre11ure 

Transmissibilit~ 

100 

loo+ resonance 

100+ resonance 

lOo+ resonance 

82.5 

52.5 

35.0 

30.0 

25.0 

20.0 

.020 inch 

.040 inch 

10 lb1./foot 

750 lbs./foot 

14.5 psi 

Total force developed 30 lbs . 

Attenuation readout by dial indicator 

!1) 

In an effort to improve the performance of the VIM, the three pi1tons 

were fitted with 110 11 rings. These rings were fabricated from 10ft 1/4-inch 

rubber tubing. An additional modification in the preceding teat condi· 

tions was to vent the water input supply. This was accomplished by in• 

stalling a hos~ extending 12 ft. vertically to match the water pressure 

of 6 psi. The force developed by the three pistons wa1 75 pound1. Re-

1ult1 of this test follow and are plotted a1 Run #2 in Figure 10. 
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Data f rom Run #2 

In2ut Fteyuenci Out2ut Am2litude Transmissibility 

c2s rad , /sec. (inches) (2ercent) 

1.67 10 .5 .040 100 

3.33 20 .9 .045 100+ resonance 

5 .0 31.4 .045 100+ resonance 

6.67 41.9 .070 100+ resonance 

8.33 52 .4 .055 100+ resonance 

10.0 62 ,8 . 035 88 

11.7 73.3 .023 58 

13 . 3 83 .7 . 015 38 

15.0 94.2 .012 30 

16 . 7 104 .7 .009 23 

Final trials were carried out after additional changes in the VIM 

configuration were made . Provision was made for feeding water into the 

piston zones in the reverse directi on by means of a dip tube arrangement. 

The water flow was through the dip tube, into the piston tube aft end, 

back through the piston tube, into the various compartments, around the 

pistons, and out into the water trough through the front end scoop ports. 

The potentiometer-recorder system was used in this test (Run #3, Figure 10) 

to record the VIM output in a state of no load and no pressure . In this 

condition the VIM was subm.!rged but not restrained, i.e . , the grounding 

through the hard sprii.lg was eliminated . A manual sweep of the input from 

1 cps to 15 cps resultd in a VIM output es shown in Figure 11. Except 

for a resonance zone between about 2 to 3 cps, the input and output 

were observed to be in phase . A shift in tr.e zero point of oscillation 

may be observed on the chart. This was due to movement of the unre­

strained VIM away from the input as the frequency was increased . This is 

attributed to unlike hydraulic properties of the physically different 

input and outµut sections. The net result was an imbalance in inertial 

forces associated with forward and reverse motion,with the forward force 

being of a higher value . To use an electrical analogue, the system tends 

to rectify. 
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6.0 DISCUSSION 

If we plot the theoretical result• and the experimental results 

toaether we obtain the curves given in Figure 12. It can readily be 

1een that the peak transmiasion is close to the peak at high frequency 

(aasociated with the total mass and the 1000 lb. spring). The height 

of thi1 peak is much greater than in the calculation. This appears to 

be due to the friction force between the piston and ·cylinder, which 

leads to a very much larger value of C1, Although there are no calc~ 

lations allowing a direct comparison between the experimental and the 

theoretical data, the results obtained are consistent with this assump­

tion. 

In the Appendix we describe a design in which Bellofram bellows 

are suggested instead of pistons. Various practical considerations 

led us to abandon this design during the early part of the work. Thia 

dec~aion might be reconsidered. The Bellofram would replace the dry 

or lubricated friction of the piston against the cylinder walls with 

the spring conatant of the bellows. If this were small compared to 

the smaller spring constant an operable device might be obtained. 

Another possibility waa suggested by Hugh Fitzpatrick of O.N.R, He 

propoaed that the contact between the piston and the cylinder wall be 

made by a feather edge of rubber. · This would 1ub1titute flexing the 

rubber for friction against the wall in the caae of small displace­

ment,. Hence the spring constant of the thin rubber edge would be 

operative in the case of vibration. Only larger displacements associ­

ated with changes of speed would need to overcome the sliding friction. 

There are some difficulties in preventing the rubber edges from jauming 

but the possibilities of this design have by no means been studied in 

full. 
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APPENDIX 

ALTERNATIVE VIM DESIGNS 

The conceptual design of the VIM described in the body of thia re­

port was chosen over others because of its simplicity and reliability. 

To aid other investigators who might continu~ this work we are includ• 

ing brief descriptions of other designs considered and, for various 

reasons, rejected. 

VIM • PULLEY AMPLIFICATION 

Figure 1A shows a schematic representation of the first design con­

sidered. As shown, the dynamic pressure (p0) acts on the piston which in 

tum pushes against the rubber block #2 . This force F (F • p0 x area 

of piston) puts the pulley line into tension of magnitude F. Conse­

quently in the figure below there is a force 2F pulling on block #3 

which in turn is connected to the towed body. This gives us a force 

amplification of two and allows us to choose block 13 as the hard spring 

and block 12 as the soft spring. 

Rubber blocks 

Pulley system 

Fig. 1A - VIM , pulley amplification 
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For the system under consid ration it is necessary to have an ampli­

fication factor of around eight. Although this could be achieved with a 

pulley system it would be quite clumay and we feel unreliable. For this 

reaaon we chose to investigage hydraulic amplification system and leave 

an analy1i1 of the pulley system to investigators who might find a low 

amplification system suitable . 

VIM - HYDRAULIC AMPLIFICATION 

Figure 2A shows a schematic representation of a VIM which uses hydraul­

ic amplification to increase the dynamic presaure. The VIM is shown 

traveling from right to left at a velocity Um. The dynamic pressure act• 

on piston #2 and is amplified by piston #1 as shown. The resulting 

pre11ure p2 acts on piston #3. The force (p2 x th~ area of piston #3) 

equals the drag force and is transmitted through spring Ql to the casing. 

It ii obvious that there need be no force acting on spring #1, and thus 

it can be chosen to have a small spring constant. 

XlO j20 lo ro 
I 

I (Kl) 

UCID I 
iston #2 Piston #1 Piston #3 Spring #2 

~ 
( 

Ki2~ 
-~ ..... -1fi---------, ....... ----...... _.,. ... ____ ~ ~~---, 

for Pis ton #3 

I, 

Pig. 2A - VIM - hydraulic amplification 
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High frequency diaturbancea will be damped out by apring #2. Th• be­

havior of the VIM at low frequencies ia a 111.1ch more complicated affair. It 

is necessary that when the casing of the VIM ia subject to an acceleration, 

piston #2 move to the left with respect to the casing. Thia allowa piaton 

13 to move right relative to the casing. The reverse is neceasary when 

the VIM casing is decelerated. This behavior ia required to make the trana­

missibility ratio leas than one . Thia ratio is a meaaure of the attenuation 

of the system. 

Analyr.ing this model in the same way as waa done for the feaaibility 

design we get for the transmiasibility ratio: 

where: 

• 

I W(iw) I · al38 22 
2 

8 23 

8 228 33 
2 

8 23 

8 12 • (aK2 - w2.tll) + iwac2 

al3 • (~K2 + K 1) + iw(~c2 + cl) 

a22 • (0'~2 - w2{M2 + ~ + Hi1}> + iwcic2 

a23 • (~K2 - w2~~) + ~c2 

8 12 
8 23 

1 

a33 • (~~2 + Ki - w2 ~\ + M4) + iw(~2c2 + cl) 

a • ....L. Q • ~ y • ... y 

y • A1/A2 (hydraulic amplification) 

Hii • added mass due to flow in opening #1 

M
2 

• maas of pistons 1 + 2 

~ • mass of cylinder l 

M4 • mass of piston 3 + towed body 
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Table IA 1unaarizes some of the numerical results obtained from 

Equation 1 for variou1 value• of the parameter• shown. 

TABLE IA 

M, ~ "11 H4 K2 Kl c2 Cl Transmissibility Ratio £ 

lbf•HC 
2 

lbf lbf•HC (at frequency w) 
w• w- w• w• w• w• Teet n2 ft ft .01 .05 .10 .50 1.0 5.0 

Nn 

l .03 .03 .03 30 300 5 1.0 100 1.002 1.030 1.044 0.897 0.655 0.166 

2 • O~ .03 .03 30 500 5 1.0 100 1.002 l.O3C 1.044 0.897 0.655 0.166 

3 .OJ .03 .OE 30 500 5 1.0 100 1.002 l.O3C 1.044 0.893 0.649 0.167 

4 .OJ .03 .03 30 500 20 1.0 100 1.001 l.OU 1.049 1.651 0.717 0.166 

5 .3 .15 .OJ 30 300 5 10. 500 1.001 1.00:; 1.002 0,994 0.969 0. 790 

6 • 3 .15 .OJ 30 1000 10 10 • 500 1.001 1.00'4 1.004 O.99E 0.972 0.603 

. 

w• 
10.0 

0.285 

0.103 

0.293 

0.103 

0.407 

0.496 

y • 7.2 for all te1t1 Frequency in rad/1ec 

Although not conclu1ive, a compari1on of test~ #2 and #3 indicates that 

variation• in the added ma1s "ii• at lea1t in this limited range, do not 

af feet the transmiuibi 1 ity ratio at low frequu., ies. 

At high frequencie1 the ma11 "il would be important if its magnitude 

were comparable to ,that of the other bodie1, i.e., the mass of the VIM 

and the towed body. ~ lt i1 ea1y to show that th ·s is not the case. For 

thi1 rea1on we ignored it1 effect in the analysi1 given in the body of 

the report . 

VIM - FLUID AMPLIFIER 

Figure 3A 1how1 a schematic repre1entation of a VIM incorporating a 

fluid amplifier. 
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To 
cable 

20 

Pitot tube 

Water passage line 

Fig. 3A - VIM ~ fluid amplification 

This design uses the same principles as that in the previous one. 

Spring #l(K1) 

That i~ the drag force is balanced by the dynamic pressure so that there 

is no net force on the soft spring at equilibrium conditions. The only 

basic difference is the incorporation of an active element (in this case 

a fluid amplifier) ~a insure that the pistons in the VIM move in the 

proper direction to insure attenuation when the VIM is subject to an 

accelerating or decelerating force. The operating principles for this 

design is the same as for the previous one, t he only difference being the 

inclusion o: a fluid auq>lifier . 

The fluid amplifier provides a method of switching the valve from 

the position shown to its opposite position when the VIM is accelera~ed. 

When this happens the pressure p1 acting on piston #2 decreases to p
0 

(the static pressure) and p which is acting on piston #3 increases to 
0 

p1. Pres,ure p2 consequently decreases proportionally to the change 

between p0 and p1. When this h vpens piston #3, and consequently the 

towed body, moves to the right relative to the VIM, thereby extending 
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1pring #2. Thia is a ma1s-1pring-ma11 system capable of damping out low 

frequencie •. 

When the VIM i1 decelerated the fluid amplifier 1witche1 the valve 

back to the po1ition 1hown. Thi• allows piston #3 to move forward 

relative to the VIM thereby compressing the springs. 

Figure 4A illu1trate1 a fluid amplifie~ which could be used to •witch 

the valve when nece1aary. It i1 called a Stream Interaction Amplifier. 

lt1 principle of operation is as follow•: 

Output duct "'01 

A 

B 

Intoroctll Reglon 

In ut 
duct 

Fl in 

Fig. 4A - Fluid amplifier 
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The chamber i• whaped to avoid the Coanda effect and the reaulting 

power-flow attachment to the wall of an output duct. In the abaence of 

a control flow, the flow strikes the spli t t er and divide• evenly between 

the two output ducts. If a control flow ia applied t o duct Cl the power 

jet is deflected so that more of the power output flows through duct 02 

and less flows through duc t 01. Power jet deflection is proportional to 

the control flow, and depends on the momentum flux of the power jet and 

the control jet. If opposite control signals are applied simultaneously, 

power jet deflection varies in proportion to the differential control 

s i gnal momentum flux. 

By referring to Figure 4A it can be seen that under steady state con­

ditions the flow through each control duct will be identical, therefore the 

power stream ~ill be split in half. This power stream comes through the 

water inlet shown. Cylinders A & Bare connected to a pitot tube not 
2 

shown, therefore p1 = t p UCD. If each half of the flow impinges on 

opposite sides of the valve shown in Figure 3A, no motion of the valve 

wi~l occur. (Details of this have not been worked out yet.) To make 1ure 

that the valve is in the position shown when jets of equal force hit it, a 

spring can be put on the valve t o apply a small force to keep it at the 

position shown. 

If the VIM is suddenly accelerated, p1 in cylinders A & B begins to 

increase. (Refer now to the rig.t side of Figure 4A.) When this happens 

the piston in A will move up while the piston in B lags behind because of 

the dashpot. Consequently the wall in control duct C2 can rotate about the 

pivot D, thereby decreasing the flow in C2. On the opposite side a atop 

prevents the wall in Cl from rotating about C, thereby not affecting the 

flow through Cl. Due to this, there will now b~ a differential control 

flow and the output flow will increase in 02 and decrease in 01. Jets of 

different momentum will now be impinging on opposite sides of the valve 

thereby causing the valve to switch to its opposite position. Thia aitua­

tion will be reversed when the VIM is decelerated. In this way, switching 

of the valve can be accomplished. 
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A atudy of fluid amplifiera baa not been made, therefore the practi· 

cality of uaing them 11 not known by ua 1t the preaent time. Bec1u1e of 

the complexity of thia deaill\work on it w11 deferred until the teat re­

aulta from the deaign deacribed in the body of the report have been eval­

uated. 

VIM - .. BELLOFRAM SYSTJ!M 

Preliminary deaign work ahowed that a paaaive hydraulic force amplifier 

would not be practical.. Problema with ae1la and alignment of internal 

component• would have been very difficult to aolve. Therefore, it waa 

decided to obtain the balancing force directly by adding more primary 

piatona which are expoaed to the dynamic preaaure. Thia waa alao done for 

the feaaibility deaign . Thia force 11 then transmitted to a separate hy­

draulic ayatem which in tum tran1mit1 the balancing force to the 10ft 

apring,effectively nullifying the drag force on that spring. Figure 6A 

1ive1 a representation of this ayatem. 

The value of thia ayatem over the hydraulic 1y1tem1 described 11 

that: 

(1) aeala on the primary pi1ton1 are not critical and 

(2) a working ayatem u1in1 Belloframa insures a zero leakage seal. 

A preliminary deaign was worked out for the Bellofram system and • 

the miniDJIII length (excluding flotation equipment) waa calculated. Thia 

ia plotted aa a function of diameter in Figure SA, The operating ayatem 

would be 10 feet long (minimum) with a 3 inch diameter. Thia length 

could be cut to 7-1/2 feet if the diJmeter were 4 inchea. 

120 

t 100 

L(in.) 80 

60 

3.0 3.S 4.0 4.5 

D(in.) --.> 
Fig. S A - Length va. diameter for Bellofram VIM 
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Since the contribution of the VIM to the total drag of the 1y1tem i1 

1ull there i1 no rea1on why it1 diameter cannot be l·l/2 inch•• larger, 

provided that it1 end• are properly faired to avoid the generation of 

unnece11ary hydrodynamic noiae. We therefore cho1e for this deaign •nd for 

the feasibility deaign an in1ide diameter of 4 inche1 which would re1ult 

in an outaide diameter of about 4·1/2 inch••· 

The final length of the VIM depend• upon the amount of flotation re­

quired. In an aluminum or gla11 filament 1tructure the containeri required 

for neutral buoyancy would have doubled it1 length. There are other 

materials, however, which are much lighter, yet 1trong enough to 1upport 

the wall loada in the ca1ing. One of the1e is polypropylene, which ha1 

a den1ity of .91 and is al10 impervious to 1ea water. Thi• could reduce 

the length of the buoyancy section needed to a foot or 10. Thia material 

ia recomended for the first model. 

The Bellofram de1ign waa the fir1t one to be con1idered during the 

growth of thia project. It wa1 auperceded by the de1ign actually used 

becauae the Bellofram de1ign i1 more difficult to a11emble, more complex, 

and, becau1e of its complexity, leis reliable. It i1 important to keep 

in mind that, in principle, these two de1ign1 are equivalent. If one of 

them 1bould show it1elf to be f1U1damentally un1ound then neither of them 

can be expected to work. In thi1 event, attention should be focu1ed on 

the VIM with the fluid amplifier or on a po11ible deaigt, mentioned in the 

next aection. However, in view of the nature of the difficulties met with 

the array of pistons, the Bellofram design might be reconsidered. 

VIM - PllfP SYSTEM 

The po11ibility of using a pump to amplify t~e pre11ure,a1 opposed 

to u1ing a bank of pi1ton,wa1 briefly con1idered but not carefully inve1-

tigated. 
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