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V. INTRODUCTION 

The launch of spacecraft structures which are very sensitive to 

deflection, such as large diffraction-limited telescope mirrors, 

presents problems in securing the structure to the spacecraft. Vibra-

tions incurred during launch can warp the structure so as to reduce or 

destroy its usefulness. The use of liquid squeeze-films to support 

such structures ID.8\Y" prove advantageous for several reasons. Squeeze-

films can, possibly, support vibrating loads of considerable magnitude 

and yet their bond can be released by applying a small static load. 

The load is distributed rather than located at discrete points on the 

structure. Furthermore, weight and space saving can be realized by 

replacing or augmenting support structures with fluid films. However, 

current use of the capacity of liquid films to resist forces which tend 

to change their thickness between two surfaces is primarily restricted 

to the field of bearing technology for damping of bearing vibrations. 

The load-supporting capacity of liquid squeeze-films is of primary 

importance in lubrication theory. The basic analysis of this capacity 

was first presented by Reynolds in reference l in 1886. His work 

included studies of flat and curved surfaces moving both vertically 

and horizontally with respect to a thin fluid film. Refined versions 

of this theory comprise the majority of current lubrication theory. 

Generally, the load-supporting capacity of a thin liquid film is 

considered for application to dynamic bearings of all types. However, 

the static capacity of such films has al.so received some attention, at 

l 
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least in textbook form. For example, the resistance of a fluid to 

being squeezed from beneath flat plates of various geometries is 

discussed in reference 2, and force-time values for the thickness of 

such a film are presented in reference 3. However, the actual use of 

this squeeze-film load capacity for other than lubrication purposes 

has received little attention. The use of a squeeze-film as a high 

force vibration damper was discussed hypothetically in reference 4 but 

was never actually applied to dynamic problems. A brief experiment was 

mentioned in reference 5 in which an oil film was used to attach a mass 

to a vibrating table, but results were nonconclusive. The experiment 

was primarily a sideline in a study of a vibrating table containing oil 

flow sources on its surface and was not pursued in detail. The use of 

fluid films for the support and damping of dynamic loads was discussed 

in reference 6 in a study conducted parallel to the one reported herein. 

The application of Reynolds' work was discussed, and an order-of-

magnitude study was presented to show the restrictions on Reynolds' 

theory for dynamic problems. An experimental approach was suggested 

for studying these restrictions, and force control through gas-filled 

grooves was mentioned. The bond strength of two surfaces separated by 

a very thin liquid film is generally overlooked in the literature. 

However, there is a brief discussion of this phenomena in reference 7, 

and localized cavitation is mentioned as the limiting bond strength 

factor for impact loaded squeeze-films. 

The purpose of the investigation reported herein was to explore 

the feasibility of using thin liquid squeeze-films to support vibrating 
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loads and to obtain inf'ormation about the tensile failure loads of such 

films. The vibratory acceleration necessary to cause detachment of a 

mass held to a vibrating base by a fluid film was measured as affected 

by the following variables: load per unit contact area, ambient 

pressure, fluid vapor pressure, and oscillatory frequency. A modified 

version of the Reynolds theory is derived for the prediction of the 

failure load, and a comparison between theory and experiment is made. 



VI. THEORY 

The behavior of thin viscous fluid films being squeezed from 

between parallel or nearly parallel surfaces was first treated theo-

retically by Reynolds (ref. 1) in 1886. The problem discussed herein 

is a special case of the work by Reynolds which formed the basis for 

present-da;y theory of lubrication. Since the general theory is well 

known, only the derivation of the specific case of interest, that of 

a flat disc squeezing a fluid film as it moves toward a flat surface, 

will be presented here. The basic theory will then be modified for 

application to the case of a mass held to a vibrating base by a thin 

liquid film. 

Derivation of Ba.sic Equation 

The configuration considered is shown in sketch 1. It consists of 

a rigid disc of radius R separated from a surface by a thin fluid 

film of instantaneous thickness h and moving toward the surface with 

instantaneous velocity v. 
z 

Sketch 1. 

4 



5 

Since there is no relative rotation, the velocity of the fluid in the 

9 direction is zero. Assuming the flow to be incompressible and body 

forces to be negligible, the Navier-stokes equations (in cylindrical 

coordinates) for the general problem are 

+ v dvr + v dVr = _ 1 ~ + v (()
2
vr + 1 dvr _ vr + d2vr) 

r z 2 2 2 
dr dz p dr dr r dr r dz 

+ v dVZ + v dVz = -1 ~ + \) (d2Vz 
r z 2 

dr dz p dz dr 

and the continuity equation is 

where 

1 d 
r dr 

dV 
+--z=O 

dz 

1 dVz +---
r dr 

= velocity of the fluid in the 
respectively 

r and z 

p = mass density of the fluid 

p = dynamic pressure in the fluid 

v = kinematic viscosity of the fluid 

t = time 

directions, 

(1) 

(2) 

(3) 

For very thin films, certain of the terms in equations (1) and (2) can 

be neglected. Assuming fluid inertia to be much smaller than the 

viscous forces (i.e., fluid accelerations and centrifugal forces are 

small), the terms on the left side of the equation can be omitted. 

Since the film is very thin, the variation of vr in the r direction 

can be assumed small compared to the variation in the z direction. 
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The same is true of vz since vz varies across h from V to 0 

over the entire area. With these assumptions, the Navier-Stokes 

equations reduce to 

d
2
vz = l SE 

dz2 µ. dZ 

(4) 

(5) 

which along with equation (3) govern the flow in the space between the 

plate and surface. There are three equations with three dependent 

variables p, vr, and Vz· The known boundary conditions are, assuming 

velocity at the surfaces to be zero, 

Vz (r,O) = 0 (6) 

Vz (r,h) = v (7) 

Vr (r,O) = 0 (8) 

Vr (r,h) = 0 (9) 

p (R,z) =Pa (10) 

where Pa is the static pressure in the fluid including atmospheric 

pressure. 

In order to facilitate the solution of the problem, Reynolds 

assumed that for very thin films the pressure must be nearly constant 

over z, hence 

dp - = 0 oz (11) 
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This equation was used to replace equation (5) resulting in the set of 

equations known as the Reynolds equations. Since the pressure is now 

assumed to depend on r alone, equation (4) can be integrated to 

obtain 

v = 1 £P. z
2 

+ f(r)z + g(r) 
r µ, or 2 

Applying the boundary conditions (8) and (9) reduce (12) to 

v = - .l.. £P. f hz - z2\ 
r 2µ, or \ J 

(12) 

(13) 

Substituting (13) into the continuity equation (3) and shifting ter.ms 

gives 

ov z = J:. {hz - z2\ [1 ~ l SP.)] (14) 
oz 2µ, ~ J r or \ or 

which upon integration with respect to z becomes 

v = .l.. f.hz2 - z3\ rl ~ ( 3P.)1l + j (r) 
z 2µ, \ 2 3) Lr or \ or J (15) 

Now, applying boundary conditions (6) and (7) yields 

(16) 

which is integrated to give the pressure equation 

(17) 
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Utilizing the boundary condition (10) that p = Pa at r = R gives 

(18) 

which yields 

311.V ( 2 2) r p = - ;;.s:;.;.. R - r + C1 ln - +Pa 
h3 R 

(19) 

In order for the pressure to be finite at r = o, C1 must be zero. 

(This is also necessary since p =Pa if V = o.) Therefore, 

p = - ~SV (R2 - r~ +Pa (20) 

This is the equation presented by Reynolds in his original work. It 

contains the inherent assumption that the pressure is constant over z, 

The assumption that ~ = 0 is not correct. Equation (5) 

requires that vz be linear over z for this assumption to hold, 

and equation (15) which governs Vz in the solution is nonlinear in 

z, However, Reynolds' work has proven quite adequate over the yea.rs 

since it was formulated; and a more sophisticated treatment will not 

be attempted here. Equation (20) will therefore be considered the 

governing equation for the pressure in the problem of this thesis. 

Application to Tensile Case 

Equation (20) is generally used to determine the instantaneous 

resisting force on a plate squeezing a thin fluid film as it moves 

toward a flat surface (i.e., V is negative). For very thin films 

(h very, very smal.l), the resisting pressure, and hence forces, 
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become large. However, if V is positive so that the plate is being 

pulled awfzy' from the surface, the film can exert a large hold-down 

force. This can be shown by examining a cross section of the pressure 

distribution on the top and bottom of the plate as shown in sketch 2. 

Sketch 2. 

The resisting force Fr to motion of the plate is calculated by 

integration over the area of the difference in pressure, that is, 

Since the plate is rigid, µ, V, and h are independent of A; and the 

force F on the plate required to produce velocity V upward is 

F=-F r 

It is clear that if (hR)3 

(21) 

is large compared to µVR then F will be 

very large. If F is a known applied force, then h can be calculated 

as a function of time since dh v =-. 
dt 

With initial conditions h = h 0 
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at t = o, the time required for h to increase to some new value h1 

is calculated from 
t h 

( F dt = 3rrµ,R4 ( Jo 2 )ho (22) 

For F independent of time (22) yields 

t = 3 rrµ,R4 [J:.. -J:..J ( 23 ) 
4F h2 h2 

0 1 

For small film thicknesses, this time can be quite large. Consider the 

following example: R = 6 cm, F = 50 newtons (11.25 lbf), µ, = 
.01 ayne-cm = 1 cp (water), and h0 = io-3 cm. 'Ille time required for 

sec2 
h to increase to 10-2 cm is 

t = 3rr (. 01) (1296) [ 106 _ 104] ~ 6. 04 
4 (50) (1o5) 

sec 

where io5 is the conversion factor for changing newtons to dynes. 

If h0 were lo-4 cm, the time would be approximately 600 seconds. 

For h to become large enough for the resistance to be small requires 

either a very large force or a considerable amount of time. 'Iherefore, 

if F is an oscillatory force with a time-average value of zero (e.g., 

sinusoidal), the period must be extremely long to cause separation. 

For periods in the range of practical vibration problems, the limiting 

factor on the hold-down capacity of the fluid will be the cavitation 

pressure of the fluid as discussed in the next section. 
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Cavitation and Liguid Tension 

The pressure distribution in the fluid is given by equation (20). 

During upward motion of the plate, the minimum pressure will occur at 

r = 0 and is given by 

(24) 

Rewriting equation (21) as 3µVR
2 = ~ and substituting in (24) gives 

h3 1!R2 

(25) 

When Pmin is low enough for a cavitation bubble to form, the shearing 

stress in the bubble is much less than in the fluid; and the total 

hold-down force will depend on the bubble size. In elementary fluid 

mechanics, cavitation is assumed to occur when the minimum pressure in 

the fluid becomes equal to the vapor pressure of the fluid. However, 

theoretical studies (ref. 6) and experimental tests (ref. 8) have shown 

that, because of Van der Waal-type molecular forces, a liquid can 

sustain a tensile force of large magnitude (i.e., the pressure in the 

liquid state cannot only be less than the vapor pressure but can 

actually become negative). In practice, this tensile capacity is a 

function of the cleanliness and absence of gas bubbles in the fluid 

(refs. 9-12). Generally, small impurities and gas bubbles exist in the 

fluid and cavitation occurs at pressure near the vapor pressure. 

However, the pressure in the fluid must still be less than the vapor 

pressure in order for the cavitation bubble to grow in size. This is 

seen by examining a small bubble of radius r 0 existing in a fluid 
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capable of sustaining pressures lower than vapor pressure. Assuming 

that the pressure inside the bubble is the vapor pressure, Pv, of the 

fluid and that the walls of the bubble are under surface tension a, 

the pressure, Pmin' necessary in the fluid for the bubble to grow can 

be determined from sketch 3. 

Sketch 3. 

Since the bubble cross-section is circular, the condition for 

inception of bubble growth is 

or 

(26) 

'lherefore, if r 0 is very small compared to a, the minimum pressure 

the fluid can sustain without cavitation is negative which means that 

tension exists. It should be noted that, as r 0 approaches zero in 

(26), Pmin does not become infinite but is limited by the inter-

molecular forces in the fluid. Substituting (26) into equation (25) 

and rewriting in terms of F, the force necessary to cause a bubble of 
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radius r
0 

located at the center of the plate (r = 0) to grow outward 

is found to be 

F = :rrR2 'Pa - Pv + 2crl 
2 L r~J 

(27) 

Therefore, even if Pa = 0 as in outer space, a thin fluid film can be 

capable of supporting a dynamic tensile load provided that the time of 

load application does not permit separation by flow as governed by 

equation (23). The magnitude of this load will depend on the absence 

of impurities or gas bubbles of appreciable size in the fluid. If the 

fluid can be kept absolutely free of impurities and gas bubbles, a 

joint of significant dynamic strength can be realized. Characteristics 

of this type joint are that freedom of side movement would be main-

tained, the load is distributed over a large area, and release can be 

attained by applying a small static load. A joint of this type could 

be of use in securing space vehicle components during the vibrations of 

launch and yet permit easy release and/or positioning once the critical 

dynamic loading period has passed. A typical application would be in 

launch of large telescope mirrors into orbit since critical optical 

figure requirements preclude "point load" clamps on such mirrors. On 

the earth where a large ambient pressure gives high strength, possible 

applications are for temporary attachment of objects to vibrating bases 

and prevention of "hop" of vibrating machinery where reasonable porta-

bility must be maintained. 
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Breaking strength of Joint 

Once a bubble has formed and started to grow, some additional load 

may be req_uired to cause actual separation of the two plates. Calcu-

lation of this load is a complex problem involving bubble growth rate 

and rate of change of viscous forces. Exact treatment of this problem 

is beyond the scope of this exploratory treatment. However, q_ualitative 

information regarding this problem can be obtained by returning to 

eq_uation (19) and removing the condition of finiteness at r = o. If 

it is now assumed that a bubble of thickness h and radius a exists 

between the two plates, that the pressure inside it is Py, and that 

the pressure in the fluid at r = a is Pmin' the pressure eq_uation 

becomes 

where 

ln r R - ----a ln -R 

ln ~ 
- ----S: (Pa - Pmin' + Pa 

ln 'R Y 

(28) 
2cr Pmin = Pv - "11 from simple geometric consider-

ations. The resisting force is calculated from 

r dr 

where p is given by eq_uation (28). Integrating and collecting terms 

yields 
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where x is the nondimensionalized bubble radius 
a 
R" Since 

0 ~ x ~ 1, the terms containing ln x will be negative resulting 

in a decreasing viscous term and increasing ambient pressure and 

(29) 

surface tension terms as x grows larger. This equation is limited 
' because V and h are unknown f'unctions of x and because the 

continuity equation used in its derivation did not account for the 

fluid which transports to the bubble as vapor. .Although V and h 

are probably f'unctions of x, it is of interest for trend analysis to 

assume that .::L. remains constant and the viscous forces depend only 
h3 

on the geometric expansion of the bubble. If a bubble of diameter h, 

equal to the fluid thickness, is assumed to exist at r = o, then at 

the moment the bubble begins to grow 

3JTµVR4 = l1R2 (Pa - Pv) + 2JTR2cr 
2h3 2 h 

(30) 

which comes from equations (21) and (27). 

For convenience, let 
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~=viscous force 

2 
rr~ (Pa - Pv) = ~ = static pressure force 

2rrR2cr = ~ = surface tension force 
h 

(31) 

Using this notation (31), the force relation (30), and the resisting 

force equation (29), the force required to cause a bubble of radius 
a x = - to grow is 
R 

F=-F r [ 
4 2 fi - x2)~ [ 2 4 2 fi - x

2 )l = ~ 1 - x - x \ l~ x ~ + ~ 1 - 2x - x - x \ ln x ) j 

Examination of the limits show that 

lim F = ~ + ~ = ~ 
x-+O 

or that the equation agrees (if r 0 = h) with equation (27) for the 

(32) 

bubble to begin growth and that the force must equal the area of the 

plate times the difference in ambient and vapor pressure for the bubble 

to grow to the edges of the disc. However, examination of the behavior 

of equation (32) as the bubble grows reveals more than does the limits. 

A normalized plot of equation (32) is shown in sketch 4 for various 

relative values of surface tension to ambient pressure forces. 
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Sketch 4. 

The sketch shows that, once the bubble starts to grow, it can grow to 

considerable size with no increase in applied force. In fact, if the 

difference between ambient and vapor pressure is small with respect to 

the surface tension (i.e., :g ~ 1), the bubble can grow to the plate 

radius; and separation will occur with no added force. If the ambient 

pressure is large or the surface tension small(~< 1), the bubble 

grows rapidly outward and suddenly encounters resistance which causes 

an instantaneous acceleration load and probably detachment. Therefore, 

separation most likely occurs in every case at a load only slightly 

higher than that required to initiate bubble growth. 

Oscillating Load Effect 

Equation (29) gives the load required to produce a bubble of 

radius a (a = Rx) between the plate and surface. However, time is 



18 

not considered in this equation. Actually, even if the load is high 

enough to cause bubble growth, a certain amount of time is required for 

the bubble to reach bond-breaking proportions. If the load oscillates, 

sufficient loading must have been applied such that the time of bubble 

growth to the critical value corresponds to the load period before 

plate detachment can occur. This means that as the loading frequency 

increases (i.e., the period decreases), a higher load will be required 

to cause separation. 



VII. IBST APPARATUS 

Bond Strength Test Apparatus 

The test configuration used to investigate liquid film bond 

strength was basically two parallel discs separated by a thin fluid 

film. A dynamic excitation was imparted to one disc, and the other 

was free to move as the fluid permitted. The actual test apparatus, 

shown schematically in figure 1, consisted of a cylindrical mass 

standing on end in a rigid base which was, in turn, attached to an 

electromagnetic shaker. A thin fluid film separated the two adjoining 

surfaces, and a small reservoir of fluid was maintained around the mass 

by walls on the base. Clearance between the sides of the mass and base 

was sufficiently large to eliminate shear effects and teflon guides 

prevented side slippage of the mass. An accelerometer was attached to 

each mass, as shown, to monitor the vertical accelerations. The mass 

and base were machined from 6061 aluminum alloy, and the contact 

surfaces were finished to 1.6 microns rms. Three cylindrical mass 

configurations were used to study the effects of mass and contact area. 

Masses of 1767 gr, 4020 gr, and 13,600 gr with a 12.7 cm contact surface 

diameter and 3730 gr with a 7.62 cm contact surface diameter were tested 

giving area loadings of 1365, 3105, 10,500, and 8020 N/m2, respectively. 

A photograph showing the base mounted to the shaker and two of the mass 

configurations is shown in figure 2. 

19 
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Three different fluids - tap water, acetone, and silicone oil -

were tested in order to study the effects of vapor pressure and 

viscosity. The properties of these fluids are shown in table I. 

Excitation §ystem and Vacuum Chamber 

The fluid film bond strength tests were conducted in a combined 

environments test chamber which is shown in figure 3. It is a double-

walled cylinder with a 1.8-m internal diameter test section and a 

8900-N electromagnetic shaker rigidly mounted to the floor beneath the 

chamber. The shaker head extends through the walls of the vacuum 

chamber and is sealed by a thin rubber diaphragm. The environmental 

chamber was used only to produce a moderate vacuum (5 torr) for the 

squeeze-film test, but it has additional capabilities of producing hard 

vacuum (1a-8 torr) and temperatures ranging from 80° K to ~0° K. 'Ille 

vacuum levels required were obtained using a mechanical pump. 

Instrumentation 

A block diagram of the instrumentation used to control the shaker 

and obtain data is shown in figure 4. A servo-controlled oscillator 

was used to control the input frequency and amplitude to the shaker. 

Em.all, matched output, piezoelectric crystal accelerometers monitored 

the motion of the mass and base. The accelerometers were coupled 

through battery-operated power supply units to a dual-beam oscilloscope 

and to two RMS voltmeters. 'Ille output of the base accelerometer was 

also used to operate a protection circuit in the oscillator which cut 

off the shaker when a large instantaneous amplitude increase occurred. 
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This automatically shut off the shaker when the test mass detached 

from the base. The automatic shut-off circuit could be bypassed when 

desired. An electronic frequency counter was used to monitor the 

vibration frequency. The complete instrumentation system was cali-

brated using a standard accelerometer. 

Pressure in the environmental chamber was measured with a Bourdon 

gauge over the complete range of test pressures. 



VIII. PROCEDURE 

The vibratory force required to break the fluid bond between the 

mass and base plate was measured for a range of ambient pressures, 

vibration frequencies, and fluid properties. For a particular ambient 

pressure, fluid, and input frequency, the vibration level was increased 

manually until the mass detached from the base. The vibration level at 

which separation occurred was read visually from the RMS voltmeter 

displaying the output of the base plate accelerometer. During each 

test, a constant comparison of the two accelerometer outputs was made 

to determine transmissibility. Detachment of the mass from the base 

was easily detected in several ways. With the automatic control circuit 

in operation, the shaker would cut off immediately when the mass 

separated from the base. Without the automatic control, detachment 

was signaled in three other ways - by a sudden jump in the base 

accelerometer output, by erratic mass acceleration, and by an audible 

bang. Approximately two minutes settling time was allowed between 

tests to obtain the same film thickness from test to test, but this 

was not found to be a critical factor. No precise measurements of film 

thickness were made. 

In general, each fluid was tested at specific frequencies ranging 

from 20 to 300 Hz and at ambient pressure ranging from one atmosphere 

down to the vapor pressure of the fluid. Some flexibility in test 
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variables was maintained because of the exploratory nature of the test 

program. 



IX. ACCURACY 

The accuracy of the final data was primarily a function of the 

manual data recording process. The accelerometers and associated 

instrumentation were calibrated with a standard accelerometer and 

found to be accurate within ±J.../2 percent over the range of test 

variables. The pressure gauge was accurate to within -±:1./2 percent as 

determined by comparison with a manometer. However, the reading 

accuracy of the RMS voltmeters varied depending on the acceleration 

level with the worst case being about ±4 percent in the lOg to 12g 

range. Reading accuracy of the pressure gauge was ±0.15 percent of 

full scale (800 rr:nn Hg) yielding appreciable inaccuracies only at 

pressures near 5 torr. 
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X. APPLICATION OF THEORY 'ro EXPERD1ENT 

Equation (21) gives the instantaneous resisting force of two 

discs separated by a thin fluid film to being pulled apart or pushed 

together. In the equation, V and h are functions of time and are 

subject to restrictions resulting from the assumptions made in the 

derivation. 'Ihese restrictions, which involve inertia forces, become 

critical in application to dynamic problems. An order of magnitude 

analysis presented in reference 7 shows that, for very thin films 

relative to the disc radius, inertia forces can be neglected provided 

(33) 

and 

(34) 

where A = O(B) means A is of the same order of magnitude as B. 

'Ihese limits were obtained by substituting approximate average 

velocities in the Navier-stokes equations and comparing terms. 'Ille 

relative velocities and accelerations of the two plates in the experi-

mental program were extremely small, and no accurate measurements of 

them were obtained. However, applying equation (21) using the peak 

force range of the tests and assuming h equal to twice the peak 

surface roughness, velocities and accelerations in all the tests were 

found to be within the limits prescribed. 'Il1at is, velocities were 
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at least one order of magnitude less than the limits of lo-3, 10-4, and 

10-5 cm/sec for oil, water, and acetone, respectively; and accelerations 

were less than lo-2, 10-4, and 10-6 cm/sec2 for the same fluids. 'Ihis 

approach, although not rigorous, does give an indication that the 

modified Reynolds theory applies in all tests conducted. 

Since relative accelerations and velocities between the mass and 

base are small compared to those of the input to the base (e.g., l.Og 

at 100 hz produces 1.5 cm/sec velocity and 980 cm/sec2 acceleration), 

a transmissibility of one should be expected. Hence, a sinusoidal 

input to the base will result in virtually the same motion of the 

mass. Ietermination of the actual motion of the mass for a given 

input to the base involves solving a nonlinear differential equation 

having a force term proportional to the inverse cube of the displace-

ment. Because of the expected transmissibility of one, the utility of 

such a solution for this application is outweighed by its difficulty 

and complexity. Assuming a transmissibility of one and a sinusoidal 

input, the force exerted on the squeeze-film by the mass is given by 

F = Wn sin wt (35) 

where W is the weight of the mass, and n is the input acceleration 

in earth gravity units. The maximum force during a cycle is then equal 

to Wn and can be used to determine the minimum pressure in the fluid 

during a cycle. Substituting this peak force in equation (27) and 

dividing by W on both sides of the equal sign yields 
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_ nR2 ( 2cr) n - -- Pa - Pv + -2W ro 
(36) 

for the acceleration required to initiate growth of an existing cavi-

tation bubble of radius r
0

• Equation (36) should be the minimum 

acceleration to cause detachment of the mass. Some additional loading 

ID.a\Y" be required to produce a bubble growth rate high enough to allow 

detachment during rapid load cycling (i.e., large w) and/or when 

is small compared to Pa - Pv as discussed earlier. 

Some difficulty is encountered in applying equation (36) because 

of the unknown variable r 0 • The approach used in this paper is to 

present experimental data and determine from the data the magnitude 

and trends of the liquid tension forces. Equation (36) with surface 

tension equal to zero, that is, 

nR2 ( ) n=- p -p 2W a v (37) 

was used as a basis; and the difference between this calculated value 

of n and the actual test value was treated as liquid tension in 

interpretation. A more sophisticated test program than that presented 

here would be required to obtain detailed quantitative information 

about the actual growth rate of the cavitation bubble. 



XI. RESULTS AND DISCUSSION 

'Ihe test program consisted of an examination of the magnitude of 

an oscillating load required to break a liquid squeeze-film bond as a 

function of the variables: load per unit contact area, ambient 

pressure, fluid vapor pressure, and frequency of the oscillating 

load. 'Ihe primary objectives were to demonstrate the feasibility of 

using squeeze-films for supporting vibratory loads and to study the 

application of the modified Reynolds theory for predicting the load 

support capacity. D:i.ta will be presented which show the effects of 

the variables on the squeeze-film bond strength and discussed as 

appropriate to the objectives stated. 'Ihe effective liquid tension 

will then be treated separately for purposes of explanation and 

interpretation. 

Bond strength D:i.ta 

Effect of ambient and vapor pressure.- 'Ihe variation of the fluid 

film bond strength with ambient pressure is shown in figures 5 through 

7. 'Ihe detachment acceleration of the mass in earth gravity units is 

presented as a function of the ambient pressure in atmospheres for 

several combinations of fluids, frequencies of vibration, and weight 

per unit contact area ratios. Also presented in each figure is a plot 

of equation (37), that is, the modified Reynolds equation with no 

liquid tension effects. (Note that l.Og is added to compensate for 
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earth gravity.) The data of figures 5(a) and 5(b) were obtained using 

50 cs silicone oil at frequencies of 100 and 4o Hz and a mass per unit 

area of 1365 N/m2• Figures 6(a) and 6(b) show data for the same 

conditions except that the mass per unit area is 8020 N/m2. In each 

case the variation of the data with ambient pressure is predicted by 

the equation, and this variation is independent of frequency. An 

effective liquid tension is shown which is equal to the difference in 

the data points and the curve for the equation. This tension is 

independent of pressure and exists even when the ambient pressure 

equals the vapor pressure of the oil. The effective liquid tension 

does vary with frequency as will be discussed later. Figures 7(a) and 

7(b) show a similar variation of the load with ambient pressure using 

tap water and acetone, respectively, for tests at 100 Hz with a 

mass/area of 1365 N/m2. Comparison of the acetone data with that for 

water and oil shows that the effect of vapor pressure is correctly 

predicted by equation (37). Considerable tension is exhibited in the 

water data although not as much as in the equivalent oil data of 

figure 5(a). The surface tension of the water was over twice that of 

the oil, but the viscosity was fifty times lower suggesting that the 

tensile load capacity was a function of both as indicated by 

equation (32). Both surface tension and viscosity were low in the 

acetone, and a corresponding low tensile capacity was exhibited. 

Effect of mass and area.- The effect of mass and area on the 

detachment load is shown in figures 8(a) and 8(b). Acceleration at 

detachment is presented as a f'unction of weight per unit area for oil 
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and water at one atmosphere ambient pressure. A plot of equation (37), 

which varies as the inverse of the weight per unit area, is also 

presented. The correct trend is predicted by the modified Reynolds 

equation regardless of whether mass, area, or both are changed. 

Effect of frequency.- The variation of the detachment acceleration 

with vibratory load frequency is shown in figure 9 for frequencies 

ranging from 20 to 300 Hz. Tata are presented for tests at one 

atmosphere ambient pressure with the 7.62 cm diameter, 4020 Kg mass 

using oil, water, and acetone squeeze-films. The bond strength is seen 

to increase with increasing frequency, and the rate of increase becomes 

small as the frequency becomes high. The trend of the data does not 

depend on the fluid although the magnitude does. Similar trends were 

noted in all tests regardless of ambient pressure or weight per unit 

area. 

Liguid tension.- The effective tensile load for each fluid is 

shown as a function of frequency in figure 10 for the tests discussed 

in the previous section. These curves were obtained by subtracting the 

computed detachment acceleration (equation (37)) from the faired data 

curves of figure 9. The curves indicate that very little actual liquid 

tension was obtained but rather an effective tension occurred because 

of the growth rate of the cavitation bubble. The oil is a possible 

exception in that considerable effective tension is shown at the lowest 

frequency, 20 Hz. Limitations on the shaker capabilities prevented 

obtaining data at lower frequencies to establish whether or not liquid 
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tension actually occurred. 'Ihe absence of liquid tension would hamper 

the use of a squeeze-film joint only in a vacuum environment at low 

frequencies. 

Effect of film thickness.- As stated in the section on apparatus, 

no accurate measurements were obtained of the fluid film thickness in 

any of the tests conducted. However, a brief study was made of the 

effect of settling time between tests which is related to film 

thickness. Similar detachment loads were obtained for idential tests 

regardless of the settling time allowed even though this time was 

varied from a few seconds to as much as two d8\J'"S· 'Ihe only indications 

of any settling time effect occurred in water and acetone tests. In 

these tests, the detachment load appeared to decrease slightly for 

settling times less than one minute. This behavior, however, was not 

consistent and was probably due to excess gas in the fluid which became 

absorbed during a waiting period. Because of the high viscosity of the 

oil, the film thickness for the oil tests should vary considerably with 

settling time as governed by equation (23). However, no effect of 

settling time was discovered. Evidently, the thickness of the squeeze-

film did not significantly affect its bond strength. This conclusion 

agrees with the prediction of equation (37) and is subject to the fact 

that, for this "free-floating" mass application, the mass could move 

as the fluid permitted rather than being forced to move over a certain 

distance. 
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Bubble Growth 

A test program to study the cavitation bubble growth was planned 

but was not carried out because of a breakdown of the shaker requiring 

extensive repairs. A few tests were conducted using the faulty shaker 

to give some information about the bubble growth phenomena. Figures 

ll(a) and ll(b) show photographs of some of the acceleration signals 

obtained in these tests using the 8020 N/m2 mass with water as the 

squeeze-film. '.Ihe upper trace in each photograph is the acceleration 

of the mass, and the lower trace is the acceleration of the base. ('.Ihe 

trace for the base acceleration is inverted because of the upside 

down mounting of the accelerometer.) When the peaks on the traces are 

farthest apart, the mass is moving toward the base; and when they are 

close together, the mass is moving away from the base. '.Ihe deviation 

from a pure sine wave was caused by the faulty shaker. Tests at two 

different frequencies - 100 and 300 Hz - are shown at two different 

acceleration levels for each frequency. '.Ihe transmissibility is one in 

each case as discussed earlier. Cavitation occurrence is shown in each 

case by the appearance of noise on the signal as the level increases. 

'.Ihis noise is thought to be caused by collapse of the bubble as the mass 

moves toward the plate. '.Ihe actual formation point of the cavitation 

bubble is not obvious in these photographs but IDa\Y" account for the 

slight rounding of the lower peak on the mass acceleration trace. 

Cavitation noise alw~s appeared in the tests with water at between 

8g's and 9g's with a slight dependence on frequency as compared to the 

calculated value of 6.7g's. Ietachment occurred at the same levels 
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shown in figure 10, i.e., 8g's to 14g's depending on frequency. In 

similar tests using oil as the squeeze-film, the cavitation noise 

appearance was decidedly dependent on frequency. This time dependence 

of cavitation has also been noted in flow tunnel measurements (ref. 9, 

for example). 



XII. CONCLUSIONS 

An analytical and experimentaJ. investigation of the bond strength 

of liquid squeeze-films subjected to oscillating loads normal to the 

plane of the film was conducted. 'Ille effects of contact area; load 

magnitude and frequency; ambient pressure; and fluid vapor pressure, 

surface tension, and viscosity were considered. 'Ille following 

conclusions were reached: 

1. A squeeze-film can be used to support a vibratory load of 

considerable magnitude even, in certain cases, under a vacuum 

environment. 

2. For a weight, w, with a circular contact area mounted on a 

vibrating base, the minimum acceleration of the base, n (in earth 

gravity units), required to effect detachment of the mass can be 

predicted with reasonable accuracy by the equation 

rrR2 ( ) n = ~ Pa - Pc 

where R is the radius of the contact area, Pa is the ambient 

pressure, and Pc is the cavitation pressure of the fluid. In order 

for a squeeze-film to support a tensile load in a vacuum environment 

at very low frequencies, the cavitation pressure must be negative as is 

often encountered in liquid flow studies (Pc < 0 can occur because 

of intermolecular forces in the fluid provided the fluid is clean). 
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3. A cavitation bubble forms near the center of the contact area 

and grows outward ultimately resulting in breaking of the squeeze-fiJJn 

bond. The time required for this growth enables additional load 

capacity which increases with the frequency of loading. This frequency 

dependence is a function of the viscosity and surface tension of the 

fluid film and does not depend appreciably on the ambient pressure. 

4. There is no appreciable effect of film thickness on the 

capacity of a squeeze-film to hold a mass to a vibrating base providing 

the film is thin with respect to the contact area dimensions. There 

probably is a thickness effect for a film being squeezed or expanded 

against a fixed base. 
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TABLE I. - 'IBST FLUID PROPERTIES AT 20° C 

Fluid Density, p, Viscosity, Surface tension, Vapor pressure J 

gr/cm3 µ., cp (J, dynes/cm Pv, mm Hg 

Silicone oil 0.95 55 28 5 

Tap water 1 1 73 20 

Acetone 0.79 0.33 24 175 
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Accelerometer 

Test mass 

Tef'lon guide 

Fluid f'ilm 

Base 

Accelerometer 

Shaker head 

Figure 1.- Sectioned schematic of' basic test apparatus. 
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Figure 3·- Environmental chamber with test apparatus in position. 
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I Power Supply I 
I I r I t 

I I Dual Beam I I I I .. . I Power Supply I . Oscilloscope 

Electromagnetic 
Shaker 

RMS RMS 
Voltmeter Voltmeter 

j 

-.. 
.Amplifier - Servo-controlled - Freg_uency - Oscillator . Counter 

Figure 4.- Block diagram of test instrumentation and shaker controls. 
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INVESTIGATION OF THE TENSILE STRENGTH OF LIQUID SQUEEZE-FJLMS 

SUBJECTED TO OSCILLATING NORMAL LOADS 

By Brantley R. Hanks 

.ABSTRACT 

An analytical. and experimental. investigation was conducted to 

determine the bond strength of liquid squeeze-films subjected to 

oscillating loads normal. to the plane of the film. A mass with a 

flat circular bottom was placed on a rigid flat base covered with a 

thin 18\Yer of liquid. A sinusoidal vibration was then imparted to 

the base, and the acceleration level necessary to break the bond of 

the liquid film was measured under both atmospheric and vacuum ambient 

pressure conditions. The effects of a number of variables, in partic-

ular the mass, contact area, oscillatory frequency, fluid vapor 

pressure, viscosity, and surface tension, were considered. Results 

indicated that liquid squeeze-films can be used to support vibrating 

loads of considerable magnitude, even in a vacuum environment. The 

limiting factor on the bond strength was found to be the fluid cavi-

tation pressure which can be negative. An analysis was developed 

based on Reynolds lubrication theory and predicted accurately the 

basic trends of the data. 
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