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SUMMARY

An analytical and experimental investigation of the effect of vibration on
the retention characteristics of screen acquisition systems was performed.
The functioning of surface tension devices using fine-mesh screens requires
that the pressure differential acting on the screen be less than its pres-
sure retention capability. When exceeded, screen breakdown will occur and
gas-free expulsion of propellant will no longer be possible., Vibration,
inherent in any spacecraft operational environment, is a means by which
that pressure differential is increased,

In order to establish the range of the vihyution environments to be expected,
a survey was conducted, This survey considered present and future applica-
tions of surface tension devices and the vibration environments that they
would experience,

An analytical approach to predicting the effect of vibration was developed.

This approach considers the transmission of the vibration to the screens of

the device and the coupling of the liquid and the screen in establishing the
screen response, A method of evaluating the transient response of the gas/

liquid interface within the screen was also developed. Also considered was

a hydrostatic model, developed under previous studies.

A test program that would verify the analytical models and evaluate the
effects of vibration was performed. A total of 551 vibration tests were
performed, considering the many variables that effect the screen response,
The pressure differential due to the vibration aixl the acceleration of the
screen were measured during the tests,

Through a direct evaluation of the test results, an understanding of many
of the factors influencing the vibration response was gained. The pressure
differential data allcwed the harmonics, waveforms and amplitudes to be
studied. It was found that the screen responds to the positive peak pres-
sure (lowering the liquid pressure with respect to the gas on the opposite
side of the screen) due to the vibration. The effects of screen weave
orientation, vibration orientation, screen support method, screen mesh,
liquid flow, single and dual screen elements, and liquid subcooling were
evaluated, The hydrostatic model is capable of predicting the effect of
low frequency sine vibration and the effect of random vibration by using
empirical coefficients for specific screen support methods and vibration
spectra, Limited verification of the structural dynamics model was achieved.

Continued investigation of the effects of vibration, considering both
empirical and theoretical based approaches, is recommended,

xi



1, INTRODUCTION

The application of surface tension systems to propellant acquisition and
control has increased significantly in recent years.,  These applications
include both high- and low-g environments, and boost and crbital mission
phases, Most of these recent applications have employed fine-mesh screen
systems, as opposed to sheet~metal vane devices, due to¢ the high adverse
accelerations encountered during the missions, Proper design of these
fine-mesh screen devices requires a delicate balance beiween the bubble
point of the screen and the pressure losses in the system, To preclude
gas ingestion into the controlled liquid region, i.e., screen breakdown,
and assure delivery of single-phase liquid to the propulsion syvstem, the
bubble point of the screen must exceed the pressure differential imposed
on the device during all phases of the mission.

The pressure differential is composed of many contributions. Gravity
forces produce hydrostatic pressures, Propellant flow produces viscous
losses and changes in the velocity head, Vibratior is another means by
which the pressure differential can be increased,

A surface tension device will be subjected to some form of vibration. It
could be from a booster or from the main engines and attitude control en-
gines of a space vehicle, even the movement of a crew can produce vibration,
Vibration accelerates the liquid mass within a surface tension device in
much the same way as a steady acceleratinn, However, due to the periodic
nature of the vibration, interaction hetween the liquid, screen and surface
tension device structure influences the pressure differential produced.

Previous investigations have shown that vibration can contribute signifi-
cantly co the pressure differential acting on a surface tension device and
have attempted to characterize the effect. Table I-l summarizes the im-
portant prior studies. A large part of this work (Ref. I 1, I-3 and I-4)
has been performed on a screen acquisition/expulsion device (tank plus
screen system) to determine the impact of sine and random vibrations on
expulsion capability. Initial tests performed by Orton were run with a
spherical liner made of pleated screen and encased in an outer shzall of
plexiglass (Ref. I-1). These tests were conducted with both sine and
random vibrations in the horizontal and vertical axes. Results showed
good agreement with a hydrostatic model for vibration (see Chapter III for
a discussion of this modeling technique) when applied to random and low
frequency sine tests. Failure to correlate at higher sinusoidal frequencies
was attributed to resonant conditions, i.e.,, attenuation and amplification
of input. However, instrumentation was not placed on the device and a
quantitative evaluation was not obtained,

Similar tests were run by Martin Marietta using a cylindrical dual-screen-

liner system (Ref, I-3). Accelerometers were located on the plexiglass
tank at various positions. Again, good correlation was obtained during
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random and sine tests based on hydrostatic theory except at certain dis-
crete frequencies during sinusoidal inputs. However, these deviations co-
incided with resonance points indicatsed by accelerometer readouts where
the amplified g-level was high enough to produce screen instability based
on hydrostatic theory, In contrast, some periods of resonance were ob-
served at higher frequencies when screen instability was not observed,
indicating a time or amplitude dependency. A spherical compartmented tank
with a fine-mesh screen channel system was also tested by Martin Marietta
during a subscale verification test program (Ref. I-4)., Results showed no
unexpected vibration effects on the system during a series of outflow and
non-outflow tests.,

In contrast, some tests have been performed on discrete screen elements,
McDonnell Douglas (Ref. I-2) subjected individual screen coupons with
variable liquid column heights to sine vibration. A total of five dif-
ferent screens were tested. Although a large part of the data was cor-
related by hydrostatic analysis, a significant amount deviated from this
approach, These deviations were attributed to resonance conditions of the
system, However, since accelerometers were not located on the test article,
evaluation of screen dynamics was not possible and results were inconclusive.

The most significant prior -study was performed by Martin Marietta (Ref. 1-6).
The effect of vibration on the capillary stability of a screen and the re-
sultant hydrostatic pressure head due both to the rigid-body motion and
screen dynanics were investigated during this work. Extensive vibration
testing of a vertical, transparent channel was conducted for both random
and sinusoidal vibration environments. Accelerometers were located on the
channel and screen to allow a quantitative evaluation of test results.
With the exception of the sinusoidal vibration at frequencies near the
screen resonance, gas ingestion across the screen was found to occur when
the total Wvdrostatic head computed from the sum of the input g-level and
the stafic sarth gravity was approximately equal to the screen bubble
poing,

The effective level for sine vibration was the peak value while that for
random vibration was the rms value. For sine vibrations near the natural
frequency of the systems, a departure from the hydrostatic effect due to
the large accelerations and amplitudes was noted. A comparison of calcu-
lated and experimental data for the natural frequency of the system showed
good agreement, The analysis considered screen, perforated plate, liquid,
and accelerometer masses.

This program continued the investigation of the effects of vibration on the
retention capability of fine-mesh screens., Using what has been learned
from the previous studies, this program made an in-depth study of the many
factors that can influence the response of the screen to vibration.

First, a survey was performed to establish the range of the vibration en-

vironment to be expected for typical surface tension device applications.
This survey is presented in Chapter II. Then an analytical method was
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developed that considers in detail the response of the screen of a surface
tension device to vibration. The previously successful hydrostatic model
was aleo considered as discussed in Chapter III. An experimental program
that considered the many factors that effect the vesponse of a screen de-
vice to vibration, such as screen mesh, screen support method, screen orien-
tation and liquid flow, was devised. A test model with differential pres-
sure and acceleration instrumentation was built and tested (Chapter IV).

The results of the testing, and the data analysis and correlation are pre-
sented in Chapter V. The conclusions and recommendations can be found in

Chapter VI.



II.  SURVEY OF VIBRATIONAL EFFECTS

A survey was performed to establish the range of the vibration environuent
to be expected for present and future applications, within the U.S. space
program, of liquid acquisition systems using fine-mesh woven screens. For
each application the available information on the configuration, opara-
tional environment and other pertinent parameters were documented, Groups
of systems with similar requirements were established and the range of
vibrational effects to be expected for each group was determined, This
information was used to define the regimes of interest for the analytical
and experimental efforts that followed,

This information is presented in three parts. First, the present and
future applications of surface tension devices are presented along with
available descriptions and mission requirements. Next the data collected
on the vibrational environments of space vehicles and spacecraft is pre-
sented, TFinally, the data is compiled and grouped to define the regimes
of interest.

A, Present and Future Applications of Surface Tension Devices

Surface tension devices have ''come of age'" and are now flight operational
and being considered for numerous near-future applications. It can be
presumed that surface tension devices will be strong contznders for the
acquisition system of any future liquid propulsion system,

The most prominent of the current applications for surface tension devices
is the Space Shuttle Orbiter. A surface tension device is used to supply
propellant during the start of the Orbital Maneuvering System (OMS) engines
(Figure II-1). The device must also be capable of supplying the thrusters
of the Reaction Control System (RCS). The OMS performs the large AV
translational maneuvers of the Space Shuttle Orbiter. The configuration
and the operational environment for the OMS acquisition system is presented
in Table II-1l, as is the data for all the applications presented in this
section,

Surface tension devices are also used in the tanks of the Space Shuttle

RCS (Figures II-2 and II-3). This system controls the orbiter attitude and
accomplishes small AV translational maneuvers. The system must function
during a boost abort, on-orbit and during the initial phases of atmospheric
entry.

A surface tension device was used in the tanks of the Viking orbiter main

- propulsion system (Figure II-4). This propulsion system performed the mid-

course corrections, Mars orbit insertion and the orbital trims. The sur-
face tension device was comprised of sheet metal vanes that took advantage
of the liquid surface tension in positioning the propellant over the tank
outlet, This program was only concerned with surface tension devices using
fine-mesh screen, but the Viking system was of interest because it is repre-
sentative of the environment for similar future spacecraft.

' £ IS
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Table 1I-1.

Conf iguration and Operational Enviromment (concl)

Flulds Conf iguration
Flowrate,
Spacacrate/ Stage Guantity, | kg/eec
Vehicle System Accelorations, g| Type ' kg (ibm) | (lbm/mec) Tank, = (in.) Acquisition Device
Cryogenic Tntegeated t fual Haturated 900 .7 (&) 3= (141) Dismeter Puaal screen Lluer concept,
Spare Supply for | ¥ Axlal Liguid -5 (4800) Yanimm Vacuum Jackated, torel liner with chansels,
shuttie Orsit lydrogen {-420) I Tanks Te-eniry tank,
Orbiter Masneuver ing it {See Figure [1-8)
(Ref 119} & Attigute | 0,000 o 201 Saturated 18,000 13 (29) Sphertinl
Control Translational Liquia 183 (40,000) | Maxioum 2 (95.9) Dissater
G, Oxygen - %1) Vaeuum Jacketed,
Rotational 7 Tasks
Hax Loty
Iney
& teral
Cylindrical
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Spacn Supply for:| ¥ Amial Liquid -251 (10,5005 | Maximum 306 (144) Diameter Screen device within start
Shattle Hedrogen (=420 752 (308) Long tank supplive engine until
Orbites ark fter Un-Orhie propellant in sain tank is
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Lite W (98.4) Long Hlart tank.
Support «O8 Axial (See Flgute i1-9)
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Power
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::::‘l:ffz, ::':u. < %""-f’;“i‘m Fuei Saturated 20 41 . | spericel Fropeiant settitag with lals
Yuel Coll 0.48 Lataral Hndrogen =253 (7130) Max Laum 57,2 (22.5) Diameter wode thrust of @ sarface ‘
(-42%) tension device. (Hef 11-17
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The surface tension device for the Agena main engine has been operational
for a number of years, having completed over 250 missions. Recently the
device was improved so that it can supply both the primary and secondary
propulsion systems and this device has flown six times. The details of
this newer device are listed in Table II-1 and shown in Figure II-5.

The Transtage is another application that has been flight proven, having
successfully completed 24 missions. A screen barrier within a trap pre-
vents bubbles from leaving the tank and another barrier keeps the pressuri-
zation diffuser clear of propellant (Figures II-6 and II-7).

Next, some current systems, in which surface tension devices could have
been used but were not, are presented. Future systems, having similaxr
missions to these current systems, would also have similar requirements.
The Viking deorbit system was mounted on the aeroshell of the lander,

This system took the lander out of Mars orbit and controlled attitude up
until terminal descent began (Table II-1). The aeroshell was jettisoned
when the parachute was opened. Propellants were settled while the terminal
descent propulsion system (mounted on the lander) operated, so the system
did not require propellant acquisition.

The Interim Upper Stage, as it is presently defined, has solid main motors
and a liquid attitude control system. The requirements for the attitude
control system are listed in Table II-1.

A surface tension device has been suggested to replace settling rockets
for an improved version of the Centaur. Since cryogenic propellants are
involved, control of the thermodynamic state of the liquid within the sur-
face tension device and the liquid delivered to the engine pumps are im-
portant factors (Table II-1).

A future system being developed by the Jet Propulsion Laboratory is a Space
Storable Propulsion Module that is being considered as an orbiter of Mercury,
Jupiter, Venus and Saturn and for a Mars surface sample return mission.
Depending on the AV required, the engine can operate either in the mono-
propellant or bipropellant mode. A sheet metal vane device (similar to the
Viking orbiter device) is currently baselined for this application. The
long term compatibility of screen material with fluorine is a concern

(Table IT-1).

The application of surface tension devices to a future cryogenic Space
Shuttle Orbiter has been evaluated. The criteria and the concepts from
two such studies are listed in Table II-1 (Figures II-8 and II-9).

The capability of the propulsion systems of earth orbital satellites con-
tinues to grow (Ref. II-11l). Many satellites are now three-axis stabilized
(rather than spin stabilized) so propellant acquisition systems are required.
The requirements listed in Table IT-1 are for an Intelsat V communications
satellite, now being developed.

12
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The Space Tug is a spacecraft that would be carried in the cargo bay of the
Space Shuttle to deploy and retrieve payloads to orbits beyond the capa-
bility of the Shuttle, It is unmanned, has a cryogenic prupulsion system
and was to r~olace the Interim Upper Stage now being developed. Current
plans consider & manned orbit-to-orbit shuttle instead of the Space Tug.

The Space Tug, as it was defined (Ref. II-12), made use of the idle mode
thrust from the main engine to settle propellants before an engine burn.
However, the use of a surface tension device has been studied (Ref. II-13,
II-14 and II-15). One concept {(Table II~-l1 and Figure II-10) has a screen
trap at the tank outlet and uses a screen liner to form a vapor annulus
that can be vented in low-g. Another concept (Figure II-11) uses a surface
tension device within a start tank. TFill and vent valves allow the start
tank to refill during the engine burn,

The third approach is an integrated system, permitting the auxiliary propul-
sion system (APS) to be supplied from the main tanks. A reservoir tank
with a surface tension device (Figure II-12) supplies propellant to the APS
thrusters. During main propulsion system (MPS) and APS translational burns
the reservoir tank is refilled by opening a vent valve. The APS is used to
settle the main tank propellant prior to MPS burms.

Anotner current application for surface tension devices is the orbit adjust
propulsion system of a classified space vehicle (Figure II-13). This system
is presently operational, having performed six successful missions.

Another surface tension device is presently operational in the RCA Satcom
(Ref, II~17). The device is of the sheet metal vane type. Two satellites
are now in orbit and each has four tanks. The criteria for this system are
similar to those for a "communications satellite" presented in Table IT-L.

B. Vibration Environment

The most important aspect of this survey was to identify the vibration en-
vironments that could be experienced by a surface tension device, TFor

this reason the survey concentrated on this parameter, somewhat independent
of the applicatiens.

The usual sources of space vehicle vibration are acoustic noise, aerodynamic
noise and mechanically induced excitation. During the launch and ascent
phase of the mission there are many signific ut vibration sources: wind
loads, propellant sloshing, traunsonic buffeting, supersonic flight, opera-
tion of engines, turbopumps and auxiliary equipment, Pogo interaction and
aeroelastic interaction (Ref, LI~18). Once in space, the primary source

of vibration becomes the mechanical excitation of the spacecraft engine

and any other operating machinery.

The vibrations produce a spectrum of frequency dependent accelerations. The
sinusoidal and random components of the spectrum are used to define the
environment., Rather than consider all the detailed variations with fre-
quency, an envelope defines the magnitudes of tkp vibration as they are
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used in acceptance tests. Sinusoidal amplitude is specified in terms of
the peak or RMS value of the sine wave at a given frequency. Random vibra-
tion is defined with the power spectral density as a function of frequency.
Power spectral density (in units of g /Hz) is defined as the limiting mean-
square value of a random variable, in this case, acceleration per unit band-
width., An overall RMS g-level is defined for any given random vibration
spectrum and is equal to the square root of the area under the spectral
density versus frequency curve,

The largest magnitude vibration is usually produced during launch and
ascent, due to the acoustic coupling of the high thrust engines. Using
the Space Shuttle as an example, the vibration environments specified for
the OMS and RCS acquisition systems are compared in Figure II-14 (Ref.
II-1 and IT-2), The structure of the tank and acquisition system is
designed for the launch environment, the "worst-case'" condition., Neither
the OMS nor the RCS devices are fully operational during launch, so the
boost vibration environment is not considered for their functional design.
The devices do operate in the vibration environment produced by the OMS
engines (OMS roll control is the case where the RCS maintains attitude if
one of the two OMS engines should fail), The RCS operates during atmospheric
entry until aerodynamic control is possible, so that vibration environment
must also be considered.

This situation is typical of payload/booster vibration envirciir nts, The
booster produces the significant vibration environment that is specified
for the structural design of the payload. This is usually not the "worst-
case" condition for the operation of a surface tension device in the pay~
load because they are not functional during launch. Either the device is
completely submerged in propellant or breakdown of the screen has already
been accepted as a consequence of the acceleration environment. Therefore,
the in-space vibration environment, where the surface tension device is
functional, is the prime concern.

The Viking spacecraft is another example of the varied vibration environ-
ments that can be encountered (Figures II-15 and II-16). Launch, trans-

Mars injection, Mars orbit, entry and terminal descent environments were

specified (Ref. II-19 and II-20).

The vibration environments that were collected fall into four general
categories: (1) the environments produced by space boosters during the
lift-off and ascent phase of the mission, (2} the environments produced
by liquid upper stages and spacecraft main engines, (3) the environments
produced by solid rocket motors, and (4) the environments produced by
small thrusters and other miscellaneous disturbances,

1. Space Boosters - The vibration environments specified for the payload
on the space boosters presently in use, are shown in Figures II-17 and
I1-18 (Ref. I1-21) (the environment for the Titan ITI/Centaur is shown
above in Figure II-15), The levels shown are for flight acceptance test-
ing, which envelop the actual predicted or measured flight vibration en-
vironment, Qualification levels are 1.5 to 2.0 times the flight acceptance
level, These levels are typical, the actual vibration level experienced
by the spacecraft propulsion system may vary, dependent on its 1ocat10n
and mounting in the spacecraft.
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The Satuin V environment is representative of the environment for future
large cryogenic boosters, such as a single stage to orbit booster. Ref-
erence II-22 presents a summary of the environments measured on the Saturn
V. TFigure IT-19 shows the influence of the propellant volume on the vibra-
tios spectrum, ‘
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Figure II-19. Effect of Liquid Level in a Tank
on the Vibration Environment during
Static Firing

2. Spacecraft Main Engines - The vibration environment produced by the
Agena and Transtage engines is shown in Figure II-20 (Ref. II-23 and II-24).
The environment for both descent and ascent of the Lunar Module is shown in
Figure IT-21 (Ref. II-25),

3. Solid Rocket Motors - The vibration environment produced: by solid

‘rocket motors is of interest because liquid propulsion systems are also

found on space vehicles with solid rocket motors. The Interim Upper Stage,
with solid main engines: and liquid attitude control, is a good example.

~ Solids are also used as "kick stages" for spacecraft with liquid propulsion

systems.

Acoustic pressure oscillations within the wmotor chamber of a solid rocket
have been shown to cause a severe sinusoidal vibration environment (Ref.
IT-26 and II~27). Oscillatory burning produced high amplitude, narrow
frequency band vibration with: characteristics  that vary rapidly with time.
Accelerations exceeding 300g have been mersured on the motor and 150 g at
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a forward mounting adapter [(Ref, I1T-7?A). However, thess rocket motors are
the fairly large engines of the Minuteman and Poseidon missiles,

With a somewhat smaller rocket motor (Nike, Ref, 1I-28), another unusual
vibration envivonment was discovered, Oscillatory burning caused signifi-
ecant vibration in the frequency rangz of 10 to 12,4 KHz., Vibration levels
of 31.5g RMS were measured in the first 1.2 seconds of burning, but then
dropped to 7.4g RMS.

cacket motors currently used for '"kick stages' apparently burn with very
iittle oscillation and do not produce a significant vibration environment,
Specifications for the interface with the spacecraft require vibrations
less than 2g, zero~to-peak. A g-level of 0,018 was measured from 10 to 250
Hz for a Thiokol TE-M~-616-1 motor (Ref. II- 29) Mzasurements made on a
Thiokol TE-M-604 were all less than 10~53 g2/Hz over 5 to 3000 Hz, and this

appears to be typical of spacecraft solid motors (Ref. II-30). A TE-M-364-19

rocket motor for FLTSATCOM produced a maximum vibration of 3,16g peak-to-
peak along a lateral axis over the frequency range of 0 to 5 KHz (Ref.
II-31}.

4, Small Thrusters - Very little information is available on the in-space
vibration environment produced by small thrusters and other small distur-
bances, A number of government agencies and aerospace companies were con-
tacted and they confirmed this fact. The Shock and Vibration Information
Center performed a literature search on this subject and they could not
find anything, -

During the Skylab missions some measurements of the spacecraft disturbances
produced by crew motion. -sere made (Ref. II-32). Shown in Figure II-22 is
one of the more severe force spectra produced by the flapping of the
astronauts' arms, The force can be converted to an acceleration for a
given spacecraft mass. Accelerations as large at 10-3g with a frequency
spectrum of about one to several thousand Hertz were experienced as the
Skylab coasted in space. These disturbances have been referred to as
"G-Jitter" and could have a significant impact on processes or experiments
rhat were intended to be performed in zero-g (Ref. ILL-33).

C. _Compilation of Survey Results

The survey of the applications for surface tension acquisition systems in-
cluded all the currently operational spacecraft using surface tens;on
devices. They are:

Apena ~ Screen trap in main tanks. :

Transtage - Scereen trap and ullage barrier in main tanks.

Viking Orbiter = Vane device in main tanks. : ;
Three Axis Stabilized Vehicle - Screen galleries in- orbxt adjust tank.
RCA Satcom ~ Vane device in atthude control tanks. ~

Surface tensmon devices presently being actlvely developed For fligbt>sys-

- tems consisted of the. follow1ng.
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.Therefore, a wide ranging search for information on vibration environments

Space Shuttle Reaction Control System - Scroaen channels with barrier
in RCS tanks,

Space Shuttle Orbital Maneuvering System - Screen traps in OMS tanks.

Intelsat V Communications Satellite - Screen channels in attitude con-
trol system tanks,

Future applications include such systems as communications satellites, Space
Tug and a cryogenic Space Shuttle. This survey was intended to consider
only applications of surface tension devices using fine~-mesh screen within
the U.S. Space Program, Some spacecraft £alling outside those limits have
been added because they are representative of future systems and contri-
buted to the depth of the survey,

A similar survey was recently perfcrmed (Ref. II-34), except that it was
directed toward flow transients, The data from that survey was reviewed to
insure that this survey was complete. Aunother recent survey of potential
veceivers for in-orbit supply, provides a comprehensive list of future
spacecraft, as envisioned by the NASA (Ref. TI-33). The more siguificant
systems listed in that survey have been included in this survey. The scope
of possible future spacecraft continues to grow. Large space stations for
in-space manufacturing, solar energy collection, observation and communica-
tion are considered to be feasible future objectives within the next 25 i
years {Ref. II-36 and II-37). H

Based on the results of this survey, the potential for surface tension
device applications is unlimited. The possible applications cover a wide
range of sizes, flow rates and acceleration environments. The fluids of

interest are primarily N304, MMH, oxygen, hydrogen and hydrazine. The é
screens being used ranged from a 60 x 60 square weave to a 325 x 2300 :
Dutel twill, :
In many cases the vibration environment specified for the applications col- lé

lected in the first part of this survey was available. In other cases the
information was not available or only the environment for a portion of the
mission, when vibgation was a maximum (such as boost), was specified.

was conducted, since this was the most significant parameter of the survey.
The Shock and Vibration Information Center of the Naval Research Laboratory,
and varlous NASA centers and aerospace companies were contacted during the
survey.

The vibration environments were found to fall into four general categories,
based on the source of the vibration. The categories are: (1) space
boosters during lift-off and ascent operation, (Z) main engines of upper
stages and spacecraft, (3) solid rocket motors, and (4) small thrusters
and miscellaneous disturbances.

The environments produced by space boosters were found to be well documented.

Some representative data was found for liquid main engines and solid rockets.
Essentially no data could be found on the in-space operation of small
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thrusters, but some data on disturbances such as crew movement was found.
Since the structural design of the spacecraft is usually the reason for the
vibration specification, there has been little interest in low level vibra-
tion sources.

To summarize the vibration environments, they are of two types: random and
ginusoidal. Random vibration is specified over g frequency range of 10 to
2,000 Hz. The amplitude is stated in g RMS, hzwad on the power spectral
density. Amplitudes ranging from 0.1llg RMS fur a main engine to 11.3 g RMS
for a booster were found. Sinusoidal vibrations range in frequency from 5
to 2,000 Hz with amplitudes up to 5g zero-to-peak.

Care must be taken in using this collected data since the vibration level
is a function of factors such as the location in the spacecraft and liquid
levels. The environments presented are only typical of what may actually
be experienced. In addition, some environments presented are as actually
measured, some are acceptance test levels and some have safety factors
applied to make the qualification test levels.

[
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III, VIBRATIONAL EFFECTS ANALYSIS

Analytical models to predict the retention characteristics of a screen
acquisition system in any given vibration environment were developed. Two
different analytical approaches were considered. One was to use the rather
simple hydrostatic model that wa. developed under previous wvibration studies.
The second approach integrates two models, a structural dynamics model and

a bubble growth model, to consider in more detail the factors involved in
the response of the screen to vibration., In this chapter these two ap-
proaches are discussed.

A, Hvdrostatic Model

Past studies have shown that the effects of vibration on the retention
o capability of a screen can be predicted with a simple hydrostatic model
(see Chapter I, Intvoduction, for a discussion of the previous vibra-
tion studies), The most recent and comprehensive of these studies (Ref.
III-1) was used to define the state of development of the hydrostatic
L model. This model assumes the effect of the vibration to be hydrostatic
— in nature. The effect of the vibration is to create a pressure differential
>, between the gas and liquid on opposite sjides of the screen, with the liquid
Cu pressure being less than the gus pressure. This pressure differential has
v the form:

AP, = pgh (1)

where the acceleration is due to the vibration and the height is a distance ;
over which the vibration acts (a list of symbols can be found in Appendix B). ‘

This model depends on test data to establish hcw the values of acceleration

and height are defined. Data from previous tests (Ref. III-1) were cor-

related using this model when the acceleration was defined as the vibration

amplitude input to the test model, For random vibration, it was the RMS

level of the input. For sinusoidal vibration, the zero-to-peak amplitude

was used at high frequencies (frequencies greater than 200 Hz). At lower

frequencies, near the first harmonic of the structure, amplification must

be taken into account. The height used was the length of screen expcsed :
to the ullage, parallel to the direction of the vibration. The past veri- :
fication of this model has been limited to fairly rigid screen specimens. ‘

The model is applied to test data by predicting the contribution of wvibra-
tion to the pressure differentials acting on the screen when screen break-
down occurs, At the point the retention capability of the screen is exceeded,
the pressure differentials within the test system are related as follows:
N . :
| APc 2 APV +APS -4-APf (2)
g; The pressure differentials due to vibration, hydrostatic head and flow must
\ exceed the retention capability of the screen when breakdown occurs, The
retention capability of the screen is measured by the standard bubble point
test, The hydrostatic pressure differential due to one-g and the flow losses
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(if present) can be calculated from established theory. Therefora, the k
value of AF_ can be detera.wed. Considering .ow the hydrostatic model
(Equation (1)), the values of acceleration and height that yield the proper
value for AP, can be determined. Empirical coefficients can also be
applied to the model to account for various structural and screen support
effects.

The hydrostatic model is applied to the design of surface tension devices
in much the same way. If the model has heen empirically verified for the
surface tensicn device configuration of interest, the values of accelera-
tion, height and coefficients are used to predict the wvalue of APy for the
specified vibration environment. This wvalue is then used in conjunction
with the other pressure differentials acting on the device to predlct its
performance.

B. Screen,DYnamics Approach

This approech to the analysis of the effects of vibration counsiders in
detail all aspects of the system response. The approach is outlined in
Figure III-1. It consists of two apnalytical models; a structural dynamics
model and a bubble growth model. The input vibration is defined at the
tank support structure, so the transmission of the vibration to the surface :
tension device must be congidered, For the purpose of this study, the in- i

put was considered to be directly applied to the surface tension deviie, so

an analysis of transmission of the vibration (box shown in dashed lines in ;
Figure III-1) was not required. :

The structural dynamics model predicts the pressure due to the vibration,

taking into account the screen, its support structure, the liquid mass and :
liquid flow. - The bubble growth model evaluates the pressure retention Sl
capability of the screen to determine if screen breakdown will occur due :
to the oscillating pressure of the vibration. This model considers the
screen geometry, liquid properties and the steady pressure differentials
acting on the screern, These two models are discussed in the following
sections. '

1, Structural Dynamics Model - Our development of ‘a structural dynamlcs
model to predict the oscillatory pressure enviromment in screen liquid
acquisition systems is centered on a simple analog, namely a single degree-
of-freedom elemental model applicable to a controlled set of test specimens. :
It is expected that knowledge gained from tests on the controlled speci- ' 3
mens can be used to qualify this elemental approach and yield a prediction. it
of the characteristic system parameters, i.e., mass, damping and stiffness. £

" 'We expected that such insight, in conjunction with a continuously expanding

test program, would then lend itself to gradual extensions of the elemental

model to encompass more complex screen configurations. Addltlonally, it

was anticipated that the expanded model would be useful in estimating the :
pressure environment in flight article hardware. The following text de- i
tails development of the single degree~of-freedom elemental model. : :

a,  Basic Equation of Motion - Consider a liquid/container system with a
single compliant screen element as shown.in Figure ITI-2, If we assume a
linear single degree-of- Ireedom is representatlve of this system we have
the basic equatlon 8 ,
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Figure III-2. Elemental Liquid/Container System

mg + cq + kq = F(B)

and, letting w, =\}k/m , the natural frequency

Q }=\}km /c, the amplification

vields

G4+ ele =T/
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Implementation of Equation (4) requires knowledge of the system governing
parameters (m, c, k) and an estimate of the forcing function (F(t)). This
knowledge allows evaluation of the response acceleration which can then be

expressed as a pressure.

b. Coordinate Transformation - A relationship between the screen center
displacement coordinate, q_ , and the oscillatory vibration response coordi-
nate, q,, can be obtained %rom considerations of continuity for an (assumed)
incompressible flow. Assume that the screen deflection shape is of the

form
j/

. X . Tz T (l
Z = n—— m— -
Q(X, ) - Qo Sin b sin \ /

z
(5) /
ﬂdk”/’//

° ) L. MTX .. WZ
X,2) = sin == sin —=
q(x,2) = q 5 Py

and, it follows that,

_ s . ... X 4ab
AB?ll—qo'[/51nE§-(31n—fdA=fé-qo- (6)

area

c. Mass Characteristics ~ The kinetic energy of the system as shown can
be expressed in terms of the fluid mass density, p, the oscillatory vibra-
tion response coordinate, q1» and the liquid outflow coordinate, qo9, as

P v 4 a2
T:—iff (ql+q2,‘ av (7

Vol
or
T =2 (g + §)° ®)
and it follows, through application of Lagrange's equation, that the ef-

fective mass, expressed in terms of the oscillatory vibration response
coordinate, 415 is '
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d {3z \_ .o o
dt(aql) = PABL gy = Mogpp gy )

and Meff = pABL. (10)

Note that for steady flow, d, = 0. Alternatively, Equation (8) used in
conjunction with Equation (6? yields the effective mass, expressed in
terms of the screen center deflection coordinate, q,s 2s

2
e Gab o -
'I.‘=—ABL( q+q) (11)
2 2, o %2
N ?
d (or \ _ 16a“p” \ . - o
dt (6qo) = PABL ( 14A232 ) do = Megr 9 (12)
2.2
and M =1—6—~9~5f3—£—2 . (13)
77 AB

Consideration must also be given the effective mass of the screen whose
kinetic energy can be expressed un terms of the screen mass density, pg,
thickness, tg, and screen center deflection coordinate, 9y as

t t_ab
_ -5 T2 . 21x . 27z - s o2
Tk j]‘ G S SR dh s 78 % as)
area
t_ab
4 [(OT\ - o, 5w oo o
dt (5@0) O 45 = Mg 9 (15)
| t_ab
= 16
and Mg Ps 54 . (16)

Thus, it is observed that the effective mass of the moving screen is
one-quarter of its actual mass and the ratio of effective screen mass
to effective fluid mass is ' :
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(MEff)screen -
<Meff)liquid 64 azsz

screen << 1 (17)
liquid

where Mgoreen @nd Myjquid are the total mass of screen and liquid, respec-
tively. Equation (17) indicates that the effective screern mass can be
neglected with little error.

d.  Forcing Function Determination - Equations of Motion - If the fluid
mass of Figure III-2 is excited with a base acceleration X, the flow accel-
eration applies a net force

F(t) = - »ABh X (18)

and, making use of Equations (10) and (4), yields the equation of motion,

N tD .. 2 h"

Determination of the applicable forcing functions for the other two direc-
tions of input excitation is not as straightforward. Reference to the
sketch indicates the manner in which the pressure at the screen is de-
termined as a function of base acceleration, For excitation in the Y-
direction,".APl, is likely to be zero when Y > 0 and APp is likely to be
zero when ¥ < 0. An approximate representation is then

]

F(t) = -~ pabc Y/2 (20)

and, making use of Equation (10) and Equation (4) yields, the equation of

motion

‘bo 'abC§

T 2 .
‘11+72°q1+‘b° U@ % Zam 2
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For excitation in the Z-direction, the distribution of the pressure varies
linearly across the screen. Thercfore, Lt seems apprcpriate to u.. the
average value. Additionally, the excitation pressure does not go to zero
when the acceleration changes sign but, rather, the reversal of the accel-
eration causes the same average screen differential pressure. Hence, the
appropriate foreing function is

2 Y
F(t) = - ’3—%—%'—2—1 (22)

and, making use of Equation (10) and Equation (4), yields the equation of
motion

.0 . 2 =
4ty t % 49772 AL

Discussion to this point has evolved an rquation of motion for base excited
vibration of a fluid column subjected to a restoring force arising from a
single compliant screen element. The peak flow acceleration follows under
the assumption of large dynamic amplification (Q > 10):

for the X-direction q QCX-% .}Ef
" Qc ab§f
for the Y-direction q = T (243)
2 ",
. QCz a’b Zf /2

for the Z-direction ~ SADL

for sinusoidal vibration input of modulus )f, ¥ and Z at the system natural
frequency, £. The constants Cy, ¢, and C, are included in Equation (24)
+o account for the fact that uniforam flow may not exist and that the input
excitation itself may be affected by bulk liquid response. For uniform
flow, Cx = Cy = Cy = 1. : i

Tf random vibration input is considered, Equation (24a) becomes:

for the X~direction g~ T3 Q £ PSDg 2
C_ab (. . '
For the Y-direction q z—%&— ‘I'—i Q £ PSDg é 2 (24b)
. Cza/z‘b r %
for the Z-direction q~ 5 ABL. ;—2- Q£ I?SDf/2 }
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where £ is the natural frequency and PSDg¢ defines the acceleration spectral
density at frequency, f.

e, Pressure Estimation - In a hydrostatic sense, the pressure at the screen
element can be expressed as the sum of the static and dynamic contributions
as

APS = pgh
AP = pghq (25)
AP = AP_+ AP

t S v

and it follows, for the three excitation directions, that:

h
. . _ —§. e
for the X-direction ( APt/pg)/hs =1+ QC, T Xf
QC. ab Y
for the Y-dire-~gion ( APt/p,g)/hS =1 + ——1—-———————2AL (26a)
; . . / QCZ a2b z.f/?.
for the Z-direction (AP /pg)/h =1 + AR
for sinusoidal imput vibration, and
¢ 3
for the X-direction ( APt/pg)/hS =1 + ?JS; Qf PSDf§
for the Y-direction (JAPt/pg)/hS =1 +‘—§Z£— ; Qf PSD f z% (26b)
C a2b . %
~-di i A = D o
for the Z-direction ’( Pt/pg)/hS 1+ 1)5 Qf PSDf/2$

for random input vibration where it has been assumed that h © hg, the true
static head.

The extension of the above developed elemental model to what certainly
must be required for complex screen/liquid configurations is not at all
straightforward. In fact, its possible extension is predicted solely
upon a bulldlng-block approach using test data from increasingly more

. complex systems.,
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2, _Bubble Growth Model =~ The bubble growth mudcer determines the time
dependent response of a screen to pressure transients. Screen breakdown

is actually the growth and detachment of a bubble from a screen pore. The
model analyzes the growth of a gas bubble at the pore of a screen to de-
termine its response to time varying pressure differentials, The model was
developed under a prior study and was applied to evaluating the response of
a screen to flow transients (Ref. ITI-2). During this program the model
was refined and applied to the specific problem of the periodic pressure
oscillations produced by vibration,

There has been some evidence (Ref. III-1 and III-2) that pressure transients
exceeding the retention capability of screen can be applied to a screen
without causing breakdown. The screen tends ko act as an accumulator, re-
ducing the effect of short duration pressure transients. The purpose of

the bubble growth model was to analyze this effect, so that the screen
response to transients could be predicted.

Preliminary analyses performed under this program (refer to Appendix A)
indicated that a secreen would not respond to the peak pressure of a sinus~
oidally oscillating pressure, as could be produced by vibration, The screen
would actually be responding as if the periodic pressure was a steady pres-
sure 80 to 90% of the peak value, even at low frequencies (<50 Hz). The
test data that was acquired during this program have shown that this is not
the case (see Chapter V). The screen responds to the peak value of the
pressure. Therefore, the predicted pressures of the structural dyonamies
model can be used directly and the time dependent effects considered by the
bubble growth model are not significant.

The key factor influencing the preliminary predictions was the orifice co-
efficient for a screen pore. The derived values for this coefficient (see
Appendix A) must be much larger (indicating more flow resistanze) than is
actually the case. Since it was concluded that the model was not applicable
to the screen vibration problem, there was no effort to improve the coeffi-
cient values. The refinements added to the model during this program are
presented in Appendix A.
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1V,  EXPERIMENTAL INVESTIGATION

An experimegntal investigation was performed to determine the effects of
vibration on the retention capability of fine-mesh screens., The experimen-
tal program was composed to achieve this objective in two ways. First, the
tests provided the data needed to verify the analytical models presented in
Chapter IITI. Those models previde a means of predicting the effects of
vibration. In addition, the tests were structured so that direct compari-
song between various tests could be made, considering only one variable at
a time, Through these direct comparisons the effects of vibration could
also be established,

In this chapter the experimental investigaticn is described, including the
approach, the test apparatus and the test matrix.

A. Approach

Vibration was applied to screen specimens and the conditions under which
screen breakdown occurred were established. 1In an actual spacecraft, the
vibration is transmitted from the source to the tank wall and then to the
surface tension device mounted within the tank, 1In this study it was
assumed that the vibration transmitted to the surface tension device struc-
ture was known. Our primary concern was the transmission of the vibration
from the screen support structure to the screen and the resulting screen
response.

Therefore, the test model consisted of a screen specimen, with its actual
support structure, rigidly mounted within a container, The vibration was
applied to the container.

A flat rectangular screen specimen was selected since its response is
readily.analyzed and the results can be applied to any other screen con-
figuration, The flat configuration for screen is found in most 6f the
present and future surface tension devices, based on the survey presented
in Chapter ITI. The screen is attached to the basic structure of the device
and its span can be either unsupported, or supported in some manner by

ribs or perforated plate.

The basic purpose of the screen of a surface tension device is to exclude
gas from a controlled liquid region. Liquid can then be expelled gas-free
from the controlled region. A portion of a surface teénsion device was
simulated for the tests by forming a controlled region with the screen
specimen and the container. This region could be between a single screen
and the container wall or between two parallel screens. When the retention
capability of the screen was exceeded (screen breakdown), gas entered the
controlled liquid region.

Having defined the basic configuration of the test model, there are a number
of parameters that can influence the response of the screen to an applied
vibration. The parameters considered are discussed in the following
paragraphs. : o
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1. Test Liquius - Three test liquius wure sclectud, Lol puopeauien oo
interest are listed in Table IV~1l, All three liquids have a similar surface
tension, but the density of the Freons is about twice that of the alcohol,
This permitted a comparison of the influence of the liquid mass as it af-
fected liquid pressure and the structural characteriscics of the system.

The alecohol has a high viscosity relative to that of the Freons, so viscous
effects could also bec compared.

The vapor pressures of the three liquids at amblent temperature cover a
wiie range. At atmospherice pressure (~8 N/em? (12 psia) in Denver) and

a temperature of 200C (68°F) the i :opropyl alcohcl is subcooled by €1°C
(110°F), the Freon 113 is subccooled by 229C (399F) and the Freon 1l is at
its boiling point, Test conditions with a small amount of subcooling were
produced by controlling the system pressure. TFor comparison, large amounts
of subcooling were obtained with the Freon 113 and isopropyl alecohol.

Another counsideration in the selection of the liquids was their compatibility
and hazardous handling characteristics., A plastic window in the model was
required so that screen breakdown could be observed. These liquids have
sufficient compatibility with plastic for tesk purposes. The only hazard
presented was the flammability of the alcohol. The vapors »re not toxie.

2. Screen Mesh - Eight screen meshes were selected. The parameters for
these screens are listed in Table IV-2. The screens cover the full range
of fine-mesh screen that would be applied to surface tenslon devices. The
325 x 2300 Dutch twill is a practical limit for the smallest pore size.
Screens that are coarser than 200 x 200 square weave have iittle retention
capability, Between these two extremes was J4n assortment of representative
meshes., The 325 x 2300, 165 x 800 Dutch twill and the 50 x 250 are used

in the Space Shuttle Reaction Control System propellant acquisition device
and the 165 x 800 plain Dutch is used in the Space Shuttle Orbital Maneuver-
ing System device. All of the typical weaves were represented in the
selection.

The bubble point of the screens is presented in four different ways in =
Table IV-2, TFirst, the water column height corresponding to the differ-
ential pressure necessary to produce hreakdown of the screén when it is
wet with isopropyl alcohol is listwd (the standard bubble point test).

For the selected screens, there is a progression of the bubble point
values from the coarsest to the finest, filling the entire range.

The last three columns of Table IV~2 list the height of the test liquids
that could be supported in one-g b- a vertically oriented screcn. When
the test liquid level is lowered oi one side of the screen to the listed
height (see Figure IV~1), gas just begins to pass through the pores at
the top of the screen.

The length of the model was selected based on data in Table IV-1l. Hydro-
static pressure was used to "preload" the secreen when it was oriented as
in Figure IV-1, “As the exposed screen height is increased, the hydrostatic
pressure acting on the screen is increased, which brings the screen closer
to the bubble pnint., Varying the hydrostatic pressure therefore varies the
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" Surface
Tension Density Viscosity Vapor Pressure
dynes/cm om? Centipoise N/cm
Liquid (1b£/ £t) (1bm/ £¢3) (lbw/ft sec) (psia)
Isopropyl Alcohol 21,7 4 | 0.786 2.50 _, 0.42
(1.49 x 107) (49.0) (1.68 x 10 ) (0.61)
Freon 113 19.3 5 1.58 0.70 _, 3.7
(1.32 x 10 ) (98.4) (4.7 x 10" 1) (5.3)
-~
~
i
Freon 11 19.0 _, T 1,49 0.45 _, 8.8
(1.30 x 197 °) (92.9) (3.0 x 10 ) (12.8)
w
=t
)
%3
-
v
>
@
=
[
w
e s

Table IV-1.

Properties

of Test Liquids at 20°C (68°F)
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Table IV-2. Screen Mesh -
¥ Bubble Point at 20°C (68°F)
Wire Diamster cm (in.) of em (in,) of cm (in.) of cm (in.,) of
: Screen Mesh mm (i) Water with Isopropanol/w| F113 with F11 with
. (wires per inch) Weave Warp Shute Isopropanol Isopropanol F113 F11
o 325 x 2300 | Dutch twill .038 .025 61.0 77.6 34.3 35.8
e l : (.0015) (.0010) (24.0) (30.5) (13.5) {1 (14.1)
el ‘ -
;:" 200 x 1400 |  -Dutch twill 071 041 41.4 52,7 23.3 24,3
21 : (.0028) (.0016) (16.3) (20.7) (9.2) (9.6)
= 165 x 800 Dutch twill | .071 .051 19.6 | 24.9 11.0 11.5
: : (.0028) {.0020) T.7) 9.8) 4.3) {(4.5)
I 165 x 800 ‘ Plain Dutch 051 ! 036 24,1 30.7 13.6 14,2
-g; (.0020) | (.0014) (9.5) (12.1) (5.3) (5.6)
2 I 80 x 700 Dutch Twill | .102 .076 15.5 19.7 8.7 9.1
I (. 0040) (.0030) (6.1) (7.8) (3.4) ‘ (3.6)
o ~
@ 50 x 250 Plain Dutch .127 114 8.9 11.3 5.0 5.2 i
(.0050) (.0045) (3.5) (4.5) (2.0) 2.1)
850 x 155 Robusta .030 «102 28.4 36.1 15.9 16.8
: (.0012) (.0040) (11.2) (14.2) (6.3) (6.6)
| 200 x 200 Square .053 .053 9.7 12.3 5.4 5.7
| (.0021) | (.0021} (3.8) (4.8) 2.1) (2.2)
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Figure IV-1. Hydrostatic Screen Retention

susceptibility of the screen to breakdown due to a given vibration environ-
ment. In order to have low vibration level caused breakdown, the screen
had to be long enough for hydrostatic pressures near the bubble point.
However, a short screen length was desired from the standpoint of a simple
shaker mounting that would permit good transmission of the input vibration.
By using Freon 113 to '""preload" the finer mesh screens, a vertical screen
height of 38 cm (15 in) was adequate, By using the alcohol with the coarser

screens the retention capability was improved, allowing the effects of vib-
ration to be better resolved,

3. _ Screen Mounting - Six different methods of supporting the screens were
selected. The methods, shown with sketches in Figure IV-2, could give the
screen total support, virtually no support or various degrees of support

in between. All of these methods are proven techniques, based on fabri-
cated prototype and flight surface tension devices. .

In the following paragraphs, each of the support methods is described.

a. Bonded to Perforated Plate - This support method gave the most rigid
screen of any of the selected methods., The screen and the backup per-

forated plate were diffusion bonded together, using a metallic bond that

was formed in a furnace. The perforated plate had a high open area (477
open) so that the flow restriction was minimized. The only screen not

supported was that over the round holes of the plate (0.95 cm (3/8 in)
diameter). ‘

b. Supported by Perforated Plate - For this support method, thewggctén-
gular screen was resistance seam welded to a frame around its edges. The
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screen rested on perforated plate within the frame. Normal static pressure
differentials reduce the pressure in the controlled liquid region with res-
pect to the ullage, so the screen is forced against the perforated plate.
The perforated plate offers no support if the pressure differential is
reversed,

c¢. Unsupported = This method provides the least support of the screen.
The edges of the screen were resistance welded to an open frame.

d. Pleated Screen - The screen was made somewhat self-supporting by pleat-
ing. TFollowing the pleating, the screen was attached to an open frame.,

e. Internal Rib -~ This method is essentially a modification to the un-
supported configuration. Support ribs were added at fixed intervals on the
controlled liquid side of the screen., The screen rested on the ribs, but
was not joined to them. To prevent any interference with the flow path,
the ribs need to be flat in cross section.,

£. External Rib ~ These ribs were located on the bulk region side of the
screen and the screen was seam welded to each rib. Since the rib was out-
side the flow passage, a "U" shape cross section was permissible.

Other than the 200 x 200 screen, the selected screens have different wire
diameters and numbers of wires in the warp and shute directions. For most
applications the screen is mounted so that the warp and shute wires run
parallel and perpendicular to the support structure, giving two possible
orientations of the screen. Since the screen structure is not uniform in
every direction (orthotropic), its response could be dependent on orienta=-
tion. This variable was considered in the testing.

Three special screen specimens were also tested to establish the basic
response of screen to vibration. These specimens had simple square open-
ings, rather than any of the above described support methods, to give an
easily analyzed screen deflection. Each of the three specimens had a 7.6 cm
(3.C in) square screen opening at the top (Figure IV-3). Specimen 1 had

the same screen opening at the bottom, Specimen 2 had the opening at the
bottom but no screen, and Specimen 3 had a tube positioned half way through
the plate at the bottom.

4, Configuration - The controlled liquid region could be represented by
one or two screen specimens. One element represented a portion of a flow
channel of which the other sides are solid and rigid. This also represented
a portion of a screen barrier. Two parallel elements represented a portion
of a flow channel that allows liquid to enter from either side. The opposite
sides of this configuration had solid and rigid walls.,

The vibration can act in any direction with respect to the screen. Steady
accelerations can also act in any direction and can influence the response
of the screen to vibration. Six possible orientations, in which the vibra-
tion and one-g were either parallel or perpendicular to the screen, were
identified. These orientations are illustrated with respect to the model
in Figure IV-=4. : -
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Orientations 2 and 5 were achieved by mounting the model directly to the
shaker face plate (the shaker vibration axis is perpendicular to that
plate). The shaker axis can be positioned either vertically (Orientation
2) or horizontally (Orientation 5). A thick mounting plate, to which the
model was mounted, was bolted perpendicular to the shaker face plate to
achieve Orientation 1 (Figure IV-13). For Orientation 6 the same mounting
plate was used, but the shaker was positioned horizontally. Orientations

3 and 4 required a slide plate, The slide plate rested on a large block and
was bolted perpendicular to the horizontally positioned shaker. Rotating
the model 90 degrees on the slide plate changed the orientation from 3 to
4, When the model was vertical, the bulk region liquid level could be
varied to change the hydrostatic pressuve applied to the screen. When

the model was horizontal, the controlled liquid region was above the screen
and the bulk liquid was not in contact with the screen. This lack of bulk
liquid contact is representative of a barrier that positions the liquid in
a tank. It can also represent a portion of a flow channel, far enough from
the bulk liquid that liquid flow through the screen does not influence its
response to vibration.

5, Applied Vibration - The vibration was in two forms: sinusoidal and
random. Sinusoidal vibration was applied at a specific frequency and peak
amplitude. The usual method of performing sinusoidal tests is to sweep a
range of frequencies, starting at some low value and incrementing at a
fixed rate, keeping the amplitude constant. This technique can quickly
identify the harmonics and the ampliification of the system, Frequencies
from 5 to 2000 Hz were covered. For any test configuration, an amplitude
sufficient to cause screen breakdown was found, which ranged from 0.3 to
5.0g.

Random vibration was applied based on a spectrum of thz powar spectral
density versus frequency. TFor a given spectrum, tbe RMS g-level can be
defined. As the survey in Chapter II illustrated, there can be many
possible spectra, but they usually ramp up from a low frequency to a con-
stant level and then ramp down at around 1000 Hz. A prime concern was

‘where the system harmonics fall with respect to the power spectrum.  The

influence of the spectrum was evaluated by using various spectra as dis-
cussed in Chapter V.

The shapz of the spectrum was held coustant while the values of power were
increased or decreased, varying the applied RMS g-level, For each configura-
tion and spectrum, the RMS level was varied to find the point of screen
breakdown, A range of 0.2 to 3.0g RMS was covered.

B. Test Apparatus

The apparatus used to perform the tests is described in this section. The
test system consisted of an electrodynamic shaker, the surface tension de-

vice model and the associated plumbing required to operate the model, The

surface tension device model was a container in which the scresn specimen
was mounted,
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1. Test Model - The unassembled parts of the surface tension device model
are shown in Figure IV-5, The container walls formed the controlled liquid
region and the bulk regiocn on opposite sides of the screen specimen. When
sandwiched together with the back plate and the window, the model formed a
sealed container., The volume between the back plate and the screen was the
bulk region of the model, that contained varying amosunts of liquid. The
volume between the window and the screen was the controlled liquid region,
that was completely full of liquid. The window permitted the passage of
gas through the screen to be observed,

The wall was fabricated from aluminum stock. The volume formed by the wall
was 39.4 cm (15.5 in) long, 8.9 cm (3.5 in) wide, and 2.4 cm (0.95 in) thick.
Bolts passed through the window, one of the walls, the screen specimen and
were screwed into the other wall to seal the container, A liquid gasket
material was used to seal mating surfaces. A thin gasket was formed so

the walls rigidly clamped the edges of the screen specimens. The outer,
larger holes were for bolting the model to the shaker. The walls were
drilled and tapped to accept all the necessary plumbing fittings. This

was the configuration used when a single screen element was tested,

When two parallel screen specimens were tested, a spacer was added. The
sandwich then consisted of: window - wall - screen specimen - spacer -
screen specimen - wall - back plate (Figure IV-6). The spacer had the same
profile as the wall but was only 1.3 ¢m (0.5 in) thick. 1It was made of
sheet plastic so that the controlled liquid region, which was between the
screen specimens, could be observed for screen breakdown.

The screen specimens were all fabricated using a common frame that fit the
model, Six versions of this frame, for each support method, were made.
The frame was made of stainless steel sheet 0.69-mm (0.027-in) thick. The
screen opening, within the outer seam welds, for all the specimens was
7.6-cm (3.0-in) wide and 38,l-cm (15.0-1in) long.

A resistance seam weld was used to attach the screen to the plate. For
each screen mesh a few trial welds were performed to obtain the correct
welder settings, Leak-tight seam welds were produced for each of the eight
screen meshes, Most of the screens were welded using a 0,13-mm (0.005-in)
thick foil strip that was located in top of the screen. This foil strip
improves the penetration of the weld for the finer screen meshes. For

the screens with larger wires (80 x 700, 50 x 250 and 850 x 155), no foil
strip was necessary. There was some warping of the frames due to the weld-
ing. If the weld schedule had been optimized, a lower pressure could have
been used and the warping <~ould have been eliminated. The warping of the
frame added some wrinkles to the screen, but when the specimen was mounted
in the model the frame was flattened and these wrinkles were removed.

Front and back views of the various support methods for the screen speci-
meng are shown in Figures IV-7 through IV-11. The screen is suppor*~ed by
the perforated plate in Figure IV-7. The bonded to perforated plate method
used the same frame but the screen was diffusion welded to the plate. All
perforated plate was the same: 47% open area and 0.95 cm (3/8 in) diameter
holes. ; :
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The pleated screen specimens, shown in Figure IV-9, were fabricated dif-
ferently., The pleats ran the longer length of the specimen. A pleat geo-
metry of 6 pleats per inch and a pleat ratio (length of screen before pleat-
ing to length after pleating) of 2 was used, After pleating, the screen
was soldered to the frame, eliminating the need to crimp the pleats to make
the joint,

The three special specimens are shown in Figure IV-12.

The bubble point of each of the screen specimens was measured after they
were fabricated using the standard bubble point test method. The screen
was oriented horizontally and covered with a thin layer of isopropyl
alcohol, The wet screen was then pressurized from below and the differen-
tial pressure requir:: o cause the first gas bubbles to pass through the
screen was recorded. After the testing was complete the bubble point was
rechecked to determine if any screen degradation had occurred.

2. Test System - The test model was directly mounted to the shaker so
that the vibration applied to the model was the same as the output of the
shaker. The model was either mounted tc the face plate of the shaker or
to a mounting plate that was perpendicular to the face plate. With these
two possible mountings and by orienting the shaker axis either vertical or
horizontal, the six different orientations were achieved.

The model is shown mounted in Orjentation 1, with the vibration and one-g
acceleration vectors parallel to screen surface, in Figure IV-13, A closer
view of the model is presented in Pigure IV=14,

The necessary plumbing for the non-flow tests is shown in Figure IV-13,

A supply tank gravity fed the bulk region of the model and gas was purged
from the controlled region through the vent line. A vent port in the
window allowed purging of the controlled region when the model was oriented
horizontally.

Outflow was simulated by recirculating the test liquid through the model
as shown in Figure IV-15,

The shaker used to perform the testing was a Ling Llectronics, Inc. Model
249, 1t has a force output of 133,000N (30,000 1b{f) and a frequency range
of 5 to 2000 Hz with a sweep rate of 0.09 to 22.9 octaves/minate. The
output can be either sine or random with a maximum acceleration of 75 g
and a maximum displacement of 2.5 e¢m (1.0 in) peak=-to=-peak,

3. Instrumentation : Screen breakdown was the key piece of data acquired
during the testing. The passage of gas through the screen was visually
detected, In addition to relating the point of breakdown to the applied
vibration, the location of the breakdown on the screen and an estimate of
the quantity of gas was noted.

The shaker control system provided the basic monitoring of the input fre-
quency and amplitude of the applied vibration. The output of the accelero-
meter on the shaker that was used to control the shaker operation was used
to determine the input vibration level.
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A miniature accelerometer was mounted on the screen to record its response,.
An Entran EGA~125-250D piezoresistive, hermetically scaled accelerometer
with a 4 250g range and a 1000 Hz useful frequency range was selected, It
weighed (.5 gram without the leads, This acceleromzter was mounted in
various locations on the specimen with various orientations of its sensi-
tive axis. Contact cement was used to mount the accelerometer,

The differential pressure between the controlled liquid region and the gas
in the bulk region was measured. An Entran piezoresistive pressure trans-
ducer (Model EPA~125E-5D) with a + 3.5-N/cm? differential (+ 5 psid) range
an¢ a resonant frequency of 60 KHz was selected. This transducer has a
3,18~-mm (0.125-in) diameter stainless steel diaphragm. The transducer was
mounted in the end of a tube so the diaphragm could be positioned within the
controlled region to directly measure the pressure. The reference gide of
the transducer was open to the tube and the tube was coupled to the bulk
region of the model (see Figure IV-14). Tests were performed with no
liquid in the model to verify that the pressure transducer was insensitive
to the vibration levels used during the testing,

All of the tests were performed at the ambient temperature. The test liquid
was stored and used at that temperature. The tempzrature of the liquid in
the reservoir was monitored, When required for flow tests or the subcooled
liquid tests, the model was pressurized with gaseous nitrogen. A dial-

type pressure gage monitored the model pressure.

A sight glass was used to measure the liquid level in the bulk region of
the model, This was a simple tube, mounted on the outside of the container
wall, that entered the bulk region at the top and bottom. A scale was
mounted alongside the tube,

For the flow tests, a constant flow rate, as established by the pump output
and the flow system resistance, was used., The flow rate was calculated by
using a graduated cylinder and a stopwatch. The time required to flow a
given volume of liquid was measured.

The ountputs of the pressure transducer and the specimen-mounted accelero-
meter were fed through amplifiers to an oscillograph recordar. The pressure
transducer was AGC-coupled so that the static pressure component due to
hydrostatic pressure or flow losses was eliminated. When a tape recorder
was also used, the shaker monitor accelerometer output and an analog fre-
quency signal were also recorded. Vibration power spectral density versus
frequency plots were made for all the random vibration tests.

Some of the usual data processing methods for vibration test data were
tried. For sine vibration tests, pressure amplitude versus frequency plots
can be generated and, for random vibration tests, the pressure spectral
density versus frequency can be plotted. This data processing was found

to be unsatisfactory because the pressure is processed as an RMS signal.
The key component of the pressure, the positive peak value, was lost in the
processing. The best data were the oscillograph records since they showed
the actual pressure waveform.
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Motion pictures of selected tests were made. A high-speed camera recorded §
the breakdown ol the screen during the test. :

C. Test Progrem

In this section the screen specimens and the tests that were performed are
presented. The general test procedures are outlined.

1. Test Matrix - A preliminary test matrix was formulated when the tests
were planned. This matrix was laid out by selecting the more significant
test conditions from the multitude of possibilities indicated in the
Approach, discussed previously. As the testing proceeded, the matrix was
expanded and modified based on the results of the tests,

One of the first steps in defining the test matrix was to identify the
screen specimens. A total of 27 specimens were fabricated and tested,

Four specimens were added during the testing to further explore certain
vibration effects. The specimens tested sre listed in Table IV-3., Speci- )
mens of each of the support methods using a single screen mesh (325 x 2300)
and specimens of various meshes using a single support method (external

rib) were required so that these effects of mesh and support could be com-
pared. The 325 x 2300 was selected because it gave the best resolution of
the vibration effects due to its high bubble point. The external rib struc-
ture was selected because it was judged to provide the most basic response
of the support methods.

The special specimens (1, 2-and 3) were made using the 325 x 2300 screen,
again to improve resolution. Two specimen pairs (Specimens 4 and 5, and
Specimens 24 and 25) had opposite weave orientations to evaluate that
effect. The remainder of the specimens were selected to aid in further
investigating the effects of screen mesh and support method.

Table IV-4 is the matrix of the test program, as performed. Each test
consisted of a number of individual runs. Sine sweeps over a frequency
range with various acceleration amplitudes and ullage heights were per-
formed as part of each test. Sine dwell runs and random vibration runs
were also includad in many of the tests. A total of 551 vibration runs
were performed,

The tests were laid out such that new variables were introduced one at a q
time. The intention was to perform tests that were identical, except for
a single variable, so the effect could be established by a direct compari-

-son of the data.

Tests 1 through 6 were aimed at establishing the basic vibration character-
istics, so these tests incorporate a large number of runs (~~120 runs).
Tests 7 through 13 investigated the effects of weave orientation and model
orientation. Tests 14 through 21 considered the influence of the various
support methods, Tests 22 through 51 brought the effects of screen mesh
and liquid outflow into the investigation. Tio element models were tested
for tests 52 through 57. Finally, the effect of liquid subcooling was
investigated in tests 58 through 65.
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Table

IV"'-;&

Aereen Specivens

A B G D B F
ponded to Supported byl Un~- Pleated Internal} External
Perf. Plate |{Perf. Plate | supported Rib Rib
325 % 2300 6 7 1,2,3,4,5% 8 9 10, 27
C 00 x 1400 20 11
!
I 155 k800 Duteh 18 21 12
i 16% 4 800 Plain 19 22% 23% 13*
PEe w760 26 14
Bow 250 15
8550 x 153 24%, 25 16
17

’200 £ 200

Gty Boreen weave orientated with the warp in the long direction for those
specimens with %, all others bave the weave oriented with the warp in
the short dircction.
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f Table IV-4. Test Matrix |
Numb Test Liquid a
Test Sereen uzfer Isoprogffl ;gzgn Freon out~- Orientation ;
| et Specimen Elements Alcohol 113 11 Flow 11213141516
| t 1 1 X NO X
| 2 %
3 1 X NO X
| P4 1 X vo ||x
} 2 1 X No  |{lx
| K 3 1 X N |{x
- ’ L X NO X
‘ 8 > 1 X NO X
T X
’(? ‘3 110 ! X
L l11 '
12 . %
13 .
| L : 6 X NO X
| b A 2 X N ||x :
16 x <
2 Y 7 1 X No  [[x
‘ 18 % <
| L L X v ||z
- 29 ? 1 X N |[x
21 10 1 X Yo «
22 1 1 X YES X
23 ! X - YES X
2 H 1 X vo o |jx
2 1 1 X YES X "
26 12 ! X NO X
27 1 X YES
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Table IV-4, Test Matrix (continued)

v s

Test Screen i‘ugﬂtaer Isoprg:;]ti “;;:1::)‘; Treon Qut- Orientation

Jo. Specimen Tlements | Alcohol 113 11 Flow 1121314}518

28 13 1 X NO X

29 1 veEs  |lx
o 30 | 19 1 X NO i |
n 31 1 X YES X '
| 22 22 1 X NO %

33 1 X YES X ol

34 18 1 X | o x|t ‘ ‘

35 1 X YES X | ;

% 26 1 X No ki

37 23 L X NO < :

38 1 X YES  |IX

39 21 1 X NO v

40 1 X YES X

4l 20 1 X NO | R

42 1 X YES X

43 14 1 X NO %

44 1 X NO X

43 1 X YES Ik

46 15 1 X NO %

47 17 1 X NO <

48 1 X YES <

49 16 1 X o |k

>0 24 1 X NO (K

LR 2> 1 X o |k

52 10-27 2 X NO X

- : x R L)

54 2 X NO %
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Table IV-4.

Test Matrix (concluded)

Number Test Liquid . e
Tast Screen of Isopropyl | Freon | Freon Out~ Orientation
Yo, Specimen Elements Alcohol 113 11 Flow 1123141516
55 10-27 2 X NO X
56 22-23 2 X NO X
57 2 X YES X
58 25 1 X NO X
59 1 X NO X
60 15 1 X NO X
61 1 X X
62 11 1 X NO X
63 1 X NO X
64 10 1 X NO X
65 1 X NO X
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2, _Test Procedure ~ Prior to each test the initial condit'ions were estab-
iished, The controlled liquid side of the model was filled completely with
liquid and the vent was closed, The liquid level on the bulk side of the
model was set. If it was a flow test, the pump would be started and a
steady flow condition was established., The ullage was pressurized to obtain
the correct bulk liquid height under flow conditions. Liquid temperature,
pressure, ullage height and liquid flow rate were recorded,

Three basic tests wetre performed: sine vibration sweap, sine vibration
dwell and random vibration tests. For a sine sweep test, the amplitude of
the vibration was held constaut while the frequency was varied. The test
always began at 5 Hz, the minimum shaker frequency. The frequency was
increased akt a constant rate, Most of the sine sweep tests were performed
using a sweep rate of 2 octaves per minute, which means that the frequency
doubles every 30 seconds. An upper frequency limit of 100 Hz was used most
of the time, but 50 Hz and 500 Hz were used depending on how well the
harmonics of the syvstem were known. Usually the frequency was swept back
down to 5 Hz after reaching the upper limift, to determine 1if decreasing

the frequency changed the response, The pressure differential and the
sereen acceleration were recorded throughout the test., The occurrence of
screen breakdown, the frequency, severity, and location ou the screen were
recorded, Screen breakdown was usually avoided for the sine sweep tests by
using lower accelerations and ullage heights because it made the determina-
tion of the harmonic peaks in the pressure data more difficult (see the
discussion of the pressure data in Chapter V).

Sine vibration dwell tests held the acceleration level and frequency con-
stant, while the ullage height was varied during the test. These tests
best establish the conditions under which screen breakdown would occur.
The ullage height at which screen breakdown first began was determined,
and transducer output was recorded at that condition.

Random vibration tests were similar to the sine dwell tests. For a fixed
random vibration spectrum and overall g RMS level, the ullage height was
varied to find the point of screen breakdown. It was found that no useful
data was obtained from the transducers during the random vibration test
due to the naturz of the random excitation.

The specific procedures used during the testing are further discussed aloug
with the test results in Chapter V.
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V. TEST RESULTS

This chapter presents the results of the screen vibration tests, As dis-
cussed under the test approach in the previous chapter, the test program
was set up to achieve two objectives, It provided the vibration data for
all the various screen meshes, support methods, and test conditions that
were used in performing the analytical correlation. In addition, the test
program was composed so as to permit direct comparison of the same test
data to establish vibration effects, independent of the analytical models,.
The following discussion in Section A presents the results of those compari-
sons, In Section B the correlation between the data and the predictions of
the analytical models is presented.

A. Discussion of Results

The vibration tests provided a large quantity of data on the general effects
of vibration on screen acquisition systems. The initial specimens tested
were used to make a detailed study of the pressure differentials produced

by vibration. As the test program progressed and various screen specimens
were tested, many effects, such as the support method and liquid flow, were
evaluated. 7These results were derived from the measured pressures and
accelerations, and by comparing the screen response between the various
tests,

1. Basic Screen Response - The data obtained with the pressure transducer
provided information on the basic response of the screen specimens to vibra-
tion. This pressure transducer measured the vibration produced pressure
differential between the liquid in the controlled region and the gas in the
bulk region of the model. Signal conditioning removed all steady pressure
differentials (due to liquid flow and hydrostatic pressure) so only the
vibration produced pressure differential was recorded,

Specimen 1, the first specimen tested, was used to make a study of the
characteristics of the pressure differential due to vibration. This speci~-
men had two 7.6-cm (3.0-in) square openings covered with 325 x 2300 screen
and located at the top and bottom of the specimen, Due to its simple
structure, the re.ponse of Specimen 1 was more basic in nature than the
other full length specimens The pressure data obtained from Specimen 1

is smoother and has more distinct trends than the data from the other
specimens., At the same time, the response ¢f Specimen 1. is representative
of the typical response of the other specimens.

The first part of this discussion concentrates primarily on tests performed
with the model mounted with the vibration axis and one-g Earth gravity act-
ing parallel te the length of the screen specimen (Orientation 1l). As is
discussed later in this chapter, this orientation made the screen the most
sensitive to the applied vibration. Isupropyl alcohol was used as the test
liquid for these tests since it yields relatively high retention capability
and therefore improved the resolution of the vibration effects.
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4, Differential Pressure Waveform - The messurec prassure differential
due to the vibratiuh huad 4 waveform that vari.. . u the frequency of the
applied vibration. How the amplitude of the pressure differential varied
will be discussed in the following section, but the basic form of the pres-
sure differential will be considered here.

For most of the screen specimens, the pressure differential had a definite
positive bias, where positive is defined to mean that the ullage pressure

in the bulk region is greater than the pressure of the liquid in the con-~
trolled region. Near the harmonic frequency, large positive peaks developed,
but the negative component of the differential pressure did not change signi~-
ficantly. For the full length specimens, some variation of the negative
component of the pressure differential was seen.

The specimens that had the screen bonded to perforated plate were the only
exception to the above described pressure biag. The pressure differential
was symmetrical, with equal amplitude negative and positive pressures, over
the full range of frequencies. With the bonded support method, the screen
could only displace as much as the perforated plate., None of the other
support methods limited the screen displacement to the extent of the bonded
specimens.

Since the screen displacement had little involvement in the response of the
bonded specimens, the pressure differential was primarily due to only the
coupling between the liquid mass and the model vibration. There was nothing
to bias the response of the system and the pressure differential due to the
vibration was symmetrical. For the other specimens, the displacement of the
screen caused the positive bias to the pressure. Negative pressure differen-
tials were relieved by the displacement of the screen.

The development of the pressure waveform with frequency is shown by Figure
v-1. This is a typical plot derived from the data for Specimen i, The
frequency has been normalized in making the figure so that only two cycles
are illustrated, regardless of the actual frequency of the waveform. The
differential pressure is positive upwards. The applied acceleration of
the model is shown at the bottom of the figure with positive acceleration
being upwards.

At 5 Hz, the pressure differential was sinusoidal in form and was in phase
with the applied acceleration., A positive acceleration of the model lowered
the pressure of the liquid in the controlled region with respect to the gas
in the bulk region, producing a positive pressure differential. The rela-
tionship is the same as if the model was given a sceady acceleration and
the hydrostatic pressure of the controlled liquid was measured,

As the first harmonic was approached, but before any amplification of the
pressure had occurred, the positive differential pressure developed some
small peaks (Figure V-la). These peaks developed into two distinct peaks
at a slightly higher frequency and some amplification became evident
(Figure V-1b). The second of the two peaks gradually receded as the first
grew, giving a waveform that was basically a series of positive pulses at
the first harmonic (Figure V-lc). At this harmonic, the pressure lagged
the applied acceleration by a phase angle of 90 degrees.
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At the harmonic the combined response of the liquid and the screen, due to
the vibration, was a maximum. Bagded on a comparison of the pressure dif-
ferential data from the rigid and loose screen speeimens, the form of Lhe
positive component of the pressure differential was egsentielly the same,
The method of sc¢reen support does influence the amplitude (i the positive
pressure differential, as is discussed later in this chapter. The negative
component of the pressure differential, as shown by Figure V-1, is small in
comparison to the positive componeat, Apparently-the motion of the screen
reduces the amplitude of the negative component of the pressure differen-
tial. It is not clear why the screen movement does not influence the
posdtive component of the pressure differential as strongly.

At a frequency above the harmonic the amplitude of the pulses decreased
and the phase lag wontinued to inecysase (Figure V-1d). Then at some higher
frequency the waveform was again sinusoidal and the amplitude was small.
The pressurc now lagged the applied acceleration by a phase angle of 180
degrees (Figure V-le). The phasc lag of the pressure described above is
typical of the phasing of the input and output of a classical spring-mass
system. This transition in the waveform of the pressure with frequency
could be observed in the test data for most of the specimens. The most

~ distinct characteristic was the growth of one pulse as the other recedes.

Sereen breakdown significantly altered the form of the measured differen-
tial pressure., If the breakdown was not significant, the pressure oscilla-~
vions due to the vibration developed a lower frequency component, Differen-
tial pressure transients in excess of the screen bubble point were ohserved.
If excessive screen bregkdown: pccurred, the pressure meagsurement became

~very erratic. Sine sweep tests, in which no breakdown occurred, provided

the best data regevding the peak differential pressures and the harmonic
frequencies. Sine dwell data were acquired just as breakdown occurred 50
that valid differential pressure data could bc obtained,

This re%ponse was partly due to the direct interaction of the bubbles pro=

‘Zaced by the screen breakdown with the pressure transducer. Bubbles passing

by or hlttlng the transducer will produce transients. The gas that accum-
ulated within the controlled region oscillated with the applied vibration,
adding to the measured differential preSSure. ' o

b, leferentlal Préssure Varmatlon thh Frequency =~ A typxcal plot of the

variation of the differential pressure with frequency for Specimen 1 is
shown in Figure V-2, The pressure dlfferentlal plotted is the positive
Aero-te~peak pressure. The positive pressure differentials act $o as to.
¢ause screen breakdown (see dLSCuSSlOn nf scrcen,breakdown,mn this chapuer)

At fr;quencies near 5 Hz (f f'mlnimum,shaker operatlng frequency), the dif-

- ferential pressure was dz‘wba'v
‘since the test model dlal* Fon
tion. The differential prescute rapidly increases, achieving a maximum

respondlng to the applied acceleration,
- wide any‘ampllf‘catlon of the input vibra~

value at the harmonic frequency. At frequencies. aboVe the harmonic the

~differential pressure decreases, approaching zero. The model also has
_second and higher harmonic modes, Usually the first mode produces the

maximum pressure. diffexentxal and the‘Higher modes are less.s1gnlflcant,

'but a few exaepLa@ns were noted durlng the testmng.
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Specimen 1 had the most basic response of the specimens, giving a well de-
fined first mode response. The full length specimens and the various sup-
port methods gave the screen many degrees of freedom, Depenaing on the
amplitude and frequency of the applied vibration snd the ullage height, the
relative signifizance of the modes changed. In many tests, the first mode
was not distinet, The differential pressure would gradually rise, remain
at some higher level over a range of frequencies and then begin to decrease,
Sometimas there would be a small peak in the differential pressure at a low
frequency, followed by a distinct differential pressure rise more typical
of the first mode,

When many of the coarser screens «ere tested, it was found that the maximum
differential pressure occurred at 5 Hz and then decreased as frejuency was
increases, This appears to indicate that the first mode frequency was less
than 5 Hz. These specimens had to te tested at small ullage heights, due
to the low retention capability, and the large liquid mass in the model
tends to decrease the harmonic frequency.

c. Differential Pressure Variation with Position = The location of the
pressure transducer could be varied along the length of the model, but was
always centered with respect to the model width, With the model mounted
in Orientation 1 (refer to Figure IV-4 for the model orientsations), the
maximum pressure differential due Lo vibration was found to be at the top
of the modal. Figure V-3 is a plot of the pressure field measured for
Specimer 4, a full length unsupported 325 x 2300 screen. The amount of
liquid mass being vibrated was the maximum at the top of the model, produc-
ing the maximum differential pressure du¢ to the vibration.

In Orientations 5 and 6, the same response with transducer position was
recorded., The maximum differential pressure was measuzed at the top of the
model, 1In all three of these orientations the model was vertical so the
result is consistent. For Orientations 2 and 4 no significant differences
in differential pressure with transducer position were measured, which would
be as expected due to the orientation of fhe vibration. When the model was
mounted in Urientation 3, interference b#lween the pressure transducer tube
and the shaker permitted the pressures to only be measured ai the center of
the model.

d. Softetting Spring Effect - When the sine Sweep tests were performed
tiay were suarted at 5 Hz; the frequency was increased to a selected value
and then wzs decreased back to 5 Hz., At low acceleration 1+ vels, the dif-
ferantial pre sures measured when sweeping up and down were the same.
Figure V~2 is .n example where the differential pressure was the same re-
gardless of whether the frequency was increasing or decreasing.

When sine sweep tesis were performed, using Specimen 1 and applying accel~
erations of 0.75g or greater, the hysteresis effect shown in Figure V-4
was observed. As frequency was increased, one path on the pressure versus
frequency plot was followed (indicated by arrows), and when frequency was
decrcased, another path was followed. Above and below the harmonic the
path was the same regardless of whether frequency was increased or de-
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creased, The actual form of the curve just below the harmonic is indicated
by the dashed curve, Since the curve is double valued over a range of
frequencies the differential pressure jumps from a low to high value as

the frequency increases or vice versa, giving the observed hysteresis, he
response curve is similar in form to the one shown in Figure V-2, except
that it leans over towards lower frequencies.

This hysteresis effect caused the peak differential pressure at the harmonic
to be greater when the frequency was bzing decreased. This effect was
directly observed when screen breakdown occurred during the sine sweep.

For example, if the screen breakdown was slight and took place over only a
small frequency range (~ 5 Hz) as the frequency was increased, then as
frequency was decreased breakdown began, became excessive and continued

over a wider frequency range.

This type of response is typical of a "softening spring," that is, a spring
that becomes less stiff as it is displaced. An actual metal spring usually
has the opposite characteristiec, it becomes harder as it is displaced, The
same would be expected of a screen membrane: displacing the screen would
make it stiffer. Another mechanism must be involved to cause the soften-
ing effect. This mechanism must be the gas/liquid interface within the
screen pores,

The interface within the screen has the form of a gas bubble at each pore,
While these gas bubbles are attached to a surtface, their response is similar
to a free gas bubble., The respense of a single gas bubble to a sinusoidally
varying pressure field has been analyzed and it has been found that it has
the softening spring characteristic (Ref. V-1). The gas/liquid interface
must contribute to the stiffness of the secreen. The bubbles at each pore
are small, having a diameter that is on the order of the pore diameter,

but there are many pores per unit area. For Specimen 1, the contribution

of the interface was enough to overwhelwm any hardening spring effect from
the screen wires and give the softening spring response. The harmonics of
the gas bubbles are not involved, they have a very high harmonic frequency
(order of 10° Hz), it is only their stiffness characteristic that influences
the response,

Specimens 1 and 2 were the only specimens that exhibited this distinct
softening spring effect. These two specimens had the effect of the vibra-
tion concentrated on a single screen window, while it was distributed over
the full length of the other specimens. Also, the high retention capability
of the 325 x 2300 screen used in these specimens permitted larger accelera-
tions and wllage heights that could not be used with the coarser screens.
These factors made the softening spring effret more obvious. For the other
specimens, the effect was not sufficient to produce a measurable difference
in the frequency of the harmonic due to increasing and decreasing frequency.

e. Ullage Effects - The pressure transducer measured the differential

- pressure between the bulk ullage and the liquid in the controlled region,

An evaluation was performed to determine the contribution of the ullage
region to the differential pressure. Three sine sweep tests, with varied
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accelerations »nd ullage heirhts, were selected ar this ewa’luation. Tests
in which the pressures were significant, but no screen breakdown occurred
(which would produce erratic pressures) were selected. After performing
the test with the transducer properly connected, the test was repeated with
the reference side of the transducer disconnected f£rom the ullage side and
left open to atmospheric pressure. Two conditions were considered, the
bulk side sealed (the normal condition) and the bulk side open to the
atmosphere.

For each pair of tests, the measured pressure differential was the same re-
gardless of whether the reference line was connected or disconnected, The
fact that the transducer was AC coupled eliminated the static pressure dif-
ferences that would normally be observed when the reference line was dis-
connected, These results indicate that the effect of the vibration is to
vary the pressure of the liquid in the controlled region. The ullage pres-
sure, even with the relatively small volume of the model, remains constant
and does not contribute to the pressure differential due to vibration.

2, Screen Breakdown - Most of the tests that were performed had the ob-
jective of causing screen breakdown so that the contribution due to vibra~-
tion could be established., For the sine dwell and the random vibration
tasts the vibration environment was held constant and the hydrostatic pres-
sure was increased, by draining liquid from the bulk region, until screen
breakdown occurred, In many of the sine sweep tests, screen breakdown
occurred at a specific value of frequency,

a, Manner of Screen Breakdown - The degree of screen breakdown, the rate
at which gas passes through the screen, can cover a wide range. TFor the
purpose of this discussion, breakdown can be classified as slight, signifi-
cant and excessive. Slight breakdown is defined as the initial onset of
breakdown, when very small bubbles penetrated the screen and continued
breakdown was necessary before any real accumulation of gas bubbles could
be observed. The amount of breakdown is small enough to be neglected.

This type of breakdown occurred when the total pressure differential was
cles? 23 the screen bubble point and a few pores were made to breakdown.
The o.aise of slight breakdown could be localized screen vibration effects,
porioris components of the random vibration that make the differential pres-
gewis zeeed the bubble point, a few pores that are somewhat larger than ad-
Jaardiizl pores, or some similar effect.

Significant breakdown is due to readily observable bubbles being detached
from the screen and resulted in a definite accumulation of gas in the con~
trolled region. This type of breakdown is similar to the first breakdown
of a screen when a conventional bubble point test is performed. Qver a
small area of the screen, the total pressure differential slightly exceeds
the bubble point of the screen.

Excessive breakdown results when a large quantity of gas abruptly passes
through an area of the screen and begins to £ill the controlled region.

To produce this condition, the total pressure differential acting over an
area of screzen much exceeds the bubble point of the screen. These are only
qualitative definitions and the boundaries separating them are not well
defined.
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This range of screen breakdown rates was best demonstrated by the random
vibration tests. As the hydrostatic pressure was increased a distinct
transition from slight to signiffcant to excessive breakdown could always
be observed., This transition conld not be observed during the sine tests
and in many cases the first indication was excessive breakdown. With sine
vibration, breakdown was usually associated with a system harmonic, that
involved a rapid change in amplification with either frequency or ullage
height, With random vibration, a rauge of frequencies are being excited
so a more gradual approach to the point of screen breakdown was pogsible.

When slight breakdown began, the bubbles were difficult to see. Their size
is estimated to be on the order of 0.2 mm (0.0l in) diameter., After the
breakdown had continued for about one minute, coalescence of the bubbles
would result in the collection of gas bubbles on the order of 5 mm {0.2 in)
diameter. For the random vibration tests, performed with 325 x 2390 screen
(isopropyl alcohol, Orientation 1), there was a significant span in ullage
height between the first indication of slight breakdown and excessive break-
down. Spans between slight and significant breakdown ranged from 2 cm

(0.8 in) to 10 cm (4 in), which corresponds to between 2 and 12 percent of
the screen bubble point. From slight to excessive breakdown, spans as much
as 15 cm (6 in) were measured (18% of the bubble point).

Slight breakdown during the sine vibration tests was more of a short dura-
tion, transient breakdown, The very small bubbles observed during the random
vibration test were not observed during the sine vibration tests. The span
in ullage height between slight and excessive breakdown for a sine dwell

test was small, on the order of 2 cm (0.8 in).

It was also possible in a sine dwell test to have breakdown begin at some
ullage height and then as the ullage height was further increased, breakdown
can cease. The results shown in Figure V-5 are an example of this phenomena.
There was a harmonic peak in the eifect of the vibration that is a function
of liquid mass, which was varied by the ullage height. The sum of the hydro-
static pressure differential plus the pressure differential due to vibra-
tion shows that the total pressure differential exceeded the bubble point

at ullage heights of 23 cm (9 in) and 38 cm (15 in), where screen breakdown
was observed.

Under all conditions of screen breakdown, the breakdown would continue as
long as the condition that caused breakdown was sustained. Once the vibra-
tion. conditions had been changed to sufficiently reduce the pressure dif-
ferential acting on the screen, breakdown cedased. When breakdown stopped,
the screens always regained their retention capability and under even the
most excessive breakdown conditions; some liquid height was still being re-
tained by the screen. There was no catastrophic breakdown of the screens,
where all retention capability was lost. This type of response, as it
app?ies to liquids with various amounts of sub~ooling, is discussed later
in this chapter. ,

b. Localized Effects - It was found that the manner in which the screen
was supported influenced where the screen broke down. Consider the basic
case where the model was in Orientation 1 (vibration and one-g parallel to
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the longer length of the screen). The pressure differential across the
screen due to hydrostatic pressure differential wes the maximum at the top
pores of the screen, The measured pressure differential due to the vibra-
tion was aiso a maximum at the top of the screen. Therefore, screen break-
down would be expected to first occur at the top of the screen. The screen
breakdown observed during the tests did usually occur at the top of the
screen for this orientation., TFor the more rigidly supported screen speci-
mens, such as the ones that had the screen bonded to a perforated plate and
the ones that had pleated screen, screen breakdown always occurted at the
top of the screen. However, for the more loosely supported screens, screen
breakdown was observed at various locations on the portior # the screen
that was exposed to the ullage. When breakdown first oc¢ -ed at locations
other than the top of the screen, it was very localized. Only small patches
of screen, about 1 em (0.4 in) in diameter or less break down., The break-
down would be classified as slight. The occurrence and location of the
breakdown was a function of frequency and ullage height. As either factor
was varied, breakdown would occur and cease at various locations on the
screen. It was also observed that the finer mesh screens, that are thinner
and lighter, are more likely to break down at locations other than the top
of the screen,

The combination of the loose support method and the thin screen material
permitted portions of the screen to flutter, independent of the net oscilla-
tion of a screen panel. 8Small wrinkles were present in the screen material
as a result of the fabrication process., Typical fabrication methods do not
include any means of holding the screen taut, so these wrinkles are inherent
in the non-rigid support methods. These wrinkles could bhe observed to
flutter under various vibration conditions and the wrinkles were the posi-
tions where the localized screen breakdown did occur. Apparently, the rapid
movement of the screen due to this localized flutter, produced a fluctuation
in the liquid pressure in the vicinity of the flutter. This localized pres-
sure oscillation, added to the bulk pressure oscillation from the screen
panel vibration, was sufficient to cause the localized screen breakdown,
even though the hydrostatic pressure differential was less than it was at
the top of the screen.

The pressure transducer could only measure the bulk effect of the screen
vibration. While the transducer could be moved up and down within the
controlled region of the model, the diaphragm was always 1.2 em (0.48 in)
away from the screen. At that distance the pressure osgcillations due to
the flutter could not be mea~ured,

Some measurements made using Specimen 4 (unsupported 325 x 2300 screen)
illustrate this effect very well. For a sine dwell at 1.0g and 20 Hz,
screen breakdown was first observed at a point 10 cm (4 in) down from the
top of the screen, in the center of its width, when the ullage height was
20 em (7.9 in). With the pressure transducer positioned at the top of
the screen, a pressure differential due to vibration of 0.43 N/cm? (0.62
psi) was measured. Added to the hydrostatic pressure differential, the
total pressure differential at the top pores of the screen was 0.58 N/em
(0.84 psi), which is close to the bubble point of 0.62 N/cm? (0.90 psi).
When the pressure transducer was positioned opposite the point of screen
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breakdown, a pressure differential due to the vibration of only 0.25 N/cm2
(0,36 psi) was measured, 3Siace cac i, Jrust . -wSu.v uifferential was
also less at that position, the total pressure differential was 0.32 N/l
(0.47 psi), which is only half the bubble point. The localized flutter
must be creating the additional pressure differential to cause screen break-
down. The above described conditions are typical of many similar measure-
ments that were made. The pressure differential acting on the screen at

the top of the model (Orientation 1) is usually near to the bubble point
(about 20% less) when localized breakdown occurs elsewhere.

c, Contribution of Vibration to Screen Breakdown - The primary purpose
of the sine dwell tests was to determine how the measured pressure differen-
tial due to vibration contributed to the breakdown of the screens. Condi-
tions were produced at which the screen began to break down and the pressure
differential due to the vibration was measured. This measured pressure dif-
ferential due to vibration was then added to the hydrostatic pressure dif-
ferential, calculated from the ullage height and the liquid density, and the
sum was compared to the bubble pcint of the screen.

These sine dwell tests were performed on all the screen meshes, using a
range of vibyration accelerations and frequencies. The analysis of this
data shows that screen breakdown can be predicted based on the sum of the
vibration and hydrostatic pressure differentials. The pressure differential
due to vibration that causes screen breakdown is the positive peak of the
time varying pressure differential., A positive pressure differential lowers
the pressure of the liquid in the controlled region with respect to the
ullage.

For the fiper mesh screens that were rigidly supported and the coarser screen
meshes, the sine dwell data repeatedly demonstrated that the sum of the
measured pregsure differential due to vibration and the calculated hydro-
static pressure differential, equalled the bubble point when screen break-
down was occurring. For those cases where localized screen flutter was
adding to the vibration produced pressure differential, the pressure trans-
ducer was not measuring the local effects. It can only be presumed that

if the true pressure differential due to the vibration wao known, the sum
of the prersure differentials would yield the bubble point when screen
breakdown occurred. As previously discussed, the bulk vibration effect
that was measured gave a total pressure differential that could be about
20% less than the bubble point. ’

This result established that the frequency of the pressure oscillations
due to the vibration was low enough to allow the screen to respond to the
peak pressure differential of the oscillations. Sine dwell teste at
frequencies up to 50 Hz were performed to determine if the pressure oscil-
lation frequency influenced the effect of the vibration. Around a 50 Hz
frequency and above, the pressure differential due to wvibration was usually
so small that it was difficult to resolve it from the hydrostatic pressure
differential needed to produce screen breakdown. The significant effects
of sine vibration occurred in the range of 10 to 20 Hz, where the first
harmonics for the specimens tested fall, At these low frequencies the
screen does not have the accumulator effect that is considered by the
Bubble Growth Model discussed in Chapter III.




3. Effect of Weave Qrientation - Most of the screens used in acquisi-
tion devices have a different number and configuration of their wires in
the warp and shute directions. The only exception is the square weave
sereens that have an identical warp and shute configuration. The dif-
ferences in screen geometry can influence the structural properties of

the screen in opposite directions., Since the response of a screen to
vibration iwnvolves tlhie deflection of the screen, which is a function of
the structural properties, it might be expected that the orientation of
the screen weave within the screen speciman could influence the screen
response, i

Four of the screen specimans were specifically intended to investigate the
etfects of screen weave orientation. Each of these screen specimens had
the "unsupported!" structural configuration. The screen was only supported
at the seam weld around the edges, leaving the 7.6 cm (3.0 in) by 38.1 cm
(15.0 in) center span unsupported., Two specimens were made for each of
the screen weaves considered, one with the warp wires running in the short
direction and the other with the warp wires running in the long direction.
This configuration should produce the most significant difference in re-
sponse between two specimens of the same weave, within the geometric con-
straints of the test model. The narrow dimension could have been reduced,
but the deflection of the screen wouid have been too limited to provide
adequate screen response.

The ~tiffness of the screens in the warp and shute directions was estimated
to determine which screens would most show the effects of weave orienta-
tion, This was done by caleulating an average thickness of the screen in
the warp and shute directions, based on the volume of the wires per unit
length, 1If it is assumed that the stiffness of the screen ig one direc-
tion is independent of the loading in the other direction, then the stiff-
ness is given by the product of the modulus of elasticity and the average
thickness. Tensile test data for some of the screens used here is avail-~-
able (Ref. V-2) that shows that there is a reduction in the stiffness due
to the bending of the slightly curved wires. The shute wires are usually
more curved than the warp wires and the reduction is most pronounced in
that direction, When measured values for the effective stiffness were
not available, a reducticn factor was estimated.

Presented in Table V-1 are the estimated stiffness values. These stiff-
ness values indicate that there is little difference in the screen stiff-
ness between the warp and shute directions, One exception is the 850 x
155 scrie +, Due to the unusual Robusta weave, this screen was predicted
to have a factor of 8 difference in stiffness between the warp and shute
directions.

Based on this evaluation, two screen meshes were selected to establish if
an effect of weave orientation exists, One set of samples was made of the
850 x 155 screen, since it was predicted to be the most sensitive to [
orientation. The other set was made of 325 x 2300, which was predicted :
to have a stiffness independent of orientation., The high bubble point of
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Table V-1.

Predicted Screen Stiffness

Wire Diameter

Actual Stifiness

Effective Stiffness

Screen Mesh mn (in.) N/em (1bf/in.) Nfem (ibf/in.)
(wires
per inch) Weave Warp Shute Waxrp Shate Warp Shute
325 x 2300 Dutch Twill 0.038 0.025 27,8060 80,900 19,400 20,300
(0.0013) (0.0010) (15,900) (46,200) (11,100) (11,600)
200 x 1400 Dutech Twill 0.071 0.041 60,460 133,000 49,600 33,300
(0.0028) {0.09016) (34,3500) (76 ,000) (28,300) (19,000)
165 x 800 Duteh Twill 0.071 0.051 49,700 123,000 33,800 29,600
(0.0028) (0.0026) (28,400) (70,400) (19,300) (16,990)
165 x 800 Plain Dutch 0.051 0.036 25,400 00,400 17,300 14,500
(0.0020) (0.0014) (14,500) (34,500) ( 9,900) ( 8,300)
80 x 700 Dutch Twill 0.102 0.076 49,200 243,000 39,400 60,900
(0.0040) (0.0030) (28,100) (135,000) (22,500) (34,800)
50 x 250 Plain Dutch 0.127 0.11% 485,200 194,000 33,800 48,700
(0.0050) (0.0045) (27,500) (111,000) (19,300) (27,800)
850 % 155 Rebusta 0.030 0.102 47,100 95,400 8,060 66,900
(0.0012) {0.0040) (26,900) (5%,500) ( 4,600) (38,200)
200 x 200 Square 0.053 0.053 34,000 34,000 173,500 10,500
(0.0021) (0.0021) {19,400) (19,400) { b,000) ( 6,000)
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the 325 x 2300 aids in data resolution, so as to better indicate any effect
of orientation. Orientation 1 (vibration and one-g parallel to the long
axis of specimen), which is the most sensitive axis and isopropyl alcohol,
which also aids in resolution, were used in performing these tests.

Identical sine sweep tests were performed on both of the samples of a
given mesh. For the two 850 x 155 specimens (specimens 24 and 25) 0.5g
with a 15.2 em (6.0 in) and 20.3 cm (8.0 inj ullage heigut, and 0.75 g
with a 15.2 em (6.0 in) ullege height were used. The two 325 x 2300 speci-
mens (specimens 4 and 5) were tested with identical 0,3g, 30.5 em (12.0 in)
ullage height and 1.0g, 20.3 cm (8.0 in) ullage height sine sweeps. The
frequency, amplitude and form of the measured pressure differential at

the first harmonic of the system were used to perform the comparison.

In all cases the observed results, occurrence and amount of screen break-
down, if any, were the same for all the pairs of tests. For the 850 x 155
screen, voth specimens had a first harmonic that occurred at the same
frequency (within 1 Hz) ang the peak pressure differentials were essentially
the same (within 0,03 N/em® (0,05 psi)). The first harmonics for the pair
of 325 x 2300 screen were also alike, While the peaks were the same, some
minor differences in the way the pressure varied with frequency were noted.
These differences are attributed to the localized effects that were dis-
cussed earlier in this section. The "unsupported" screen support method,
while being of the needed length and width to indicate weave orientation
effects, introduces localized effects that are difficult to control, Typi-
cal fabrication methods were used in making the specimens, so there was no
way to accurately duplicate the screen tautness bagtween the two specimens

in the pair,

It is concluded from these tests that ths effect of weave orientation is
negligible. If there were any significaut differepces there would have been
a noticeable change in the frequency and amplitude of the first harmonic.

If there were differences, they were of the same order of magnitude as the
localized effects caused by the differences in screen tautness between the

specimen pairs.

This result is consistent with data gathered under a prior study (Ref.
V-3). Various screen specimens were pressurized as a membrane and the
deflection with pressure was measured. It was found that the screen be-
haved as an isotropic medium (uniform in all directions) and could be

modeled as such.

4, Effect of Model Orientuation -~ Some of the specimens were tested in
varied orientations. Specimen 5 (unsupported 325 x 2300 screen) was usvd
to perform an investigation of the effect of the orientation of the screen
surface with respect to both the vibration and one-g. Six possible model
orientations, shown in Figure IV-4 were considered (the screen specimen is
parallel to the largest face of the model).

In each orientation sine sweeps and dwells with various aeccelerations were
performed. ~The ullage height could be varied when the model was tested in
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Orientations %. 5 and 6. In Orientations 2, ? and 4 the liguid in the
controlled region was supported above the screcn and the liquid in the
bulk region was drained away, completely exposing that side of the screen
to gas.

The tests established that the =ffect of the vibration is directly propor-

tional to the length of the liquid column being supported by the screen,

parallel to the direction of the vibration. The model had a similar re-

sponse and was most sensitive to vibration in Orientations 1 and 3. Orien-

tation 3 made the model the most sensitive since the vibration always acted

over the full 38 cm (15 in) length of the screen specimen. In Orientation 1

the sensitivity of the screen was varied by changing the ullage height, .
which varied the height of the liquid column on which the vibration acts f
and changed the hydrostatic pressure differential acting on the screen.

Accelerations as low as 0.5g readily produced screen breakdown in these

two orientations.

Orientations 2 and 5 made the model the least sensitive to vibration.
Accelerations greater than 2g were needed to cause breakdown of the screen.
In Orientation 5 the thickness of the controlled region (2.4 em (0.95 in))
plus a contribution of the liquid column in the bulk region, was the liquid
column on which the vibration ascted. The wvibration only acted over the
thickness of the controlled regiom in Orientation 2, making the model least
sengitive in that orientation,

Orientations 4 and 6 were intermediate in sensitivity. The liquid column
was determined by the width of the model for Orientation 4 and a contri-
bution due to the bulk liquid column was added for Orientation 6.

The liquid column upon which the vibrarion can be defined to act in each
orientation can be estimated by evaluating the pressure differential due

to vibration at low frequencies, At the minimum test frequency of 5 Hz,
the screen and the structure did not appreciably amplify the pressure dif~
ferential due to the vibration. This pressure differential can be calcu-
lated based on a purely pgh hydrostatic relationship where the agceleration
is the zero-to~peak amplitude of the sipe vibration and the h is the above
discussed column height. These caleulations indicated that the liquid
column height for Orientations 2, 3 and 4, where there was no bulk Liquid
height, was close to the dimension of the controlled liquid mass parallel
to the direction of the vibration. The presence of bulk liquid on ore side
of the screen made the column height approximately equal fto the ullage
height, based on the data for Orientatiom 1. - For Orientations 4 and 5, the
contribution of the bulk liguid was nok as &igtirat,

id Based on this evaluation of the ef{zct of model orientation, Orientation 1
e was selected as the primaty orientation for the remainder of the testing.
Lo This orientation was the critical condition for the effect of vibration on
o the model. Orientation 3, which was the most sensitive to vibration, can
be considered to be only a special case of Orientation 1. Since the
ullage height could be varied in Orientation 1, the test conditions could
be controlled to establish the point of screen breakdown for a given input
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acceleration, Most of the testing was performed using Orientection 1.
When some of the coarser mesh screens were tested, Orientation 5 was alsu
used. In Orientation 5 the ullage height could still be varied, but the
mod »1 was much less sensitive to the vibration, This was desired due to
tiv. ow retention capability of the coarse screens,

W che dual element model with the 325 x 2300 Dutch twill screen was
teage , Orientations 1 and 5 were used. On a relative basis, the response
was »fnilar to that with a sivsle screen element. This comparison estab-
lished that the orientation e' ‘ects investigated with the single element
model were not unique to that .onfiguration.

5. Effect of Screen Support Method - The screen of each specimen was
supported by one of six methods. These support methods are typical of
starlard screen fabrication methods used in current development and £light
acquisition systems. The six methods were:

(1) Bonded to Perforated Plate - Ly a diffusion welding process the screen
was bonded to a perforated plate.

(2) Supported by Perforated Plate = the screen rested on perforated plate,
with the screen facing the bulk liquid side of the model.

(3) Unsupported - the screen was attached to an open frame around its
periphery., '

(4) Pleated - the screen was pleated prior to attaching it to an open
frame,

(5) Internal Rib - the screen rested on ribs that were located on the
controlled liquid side of the screen.

{(6) External Rib - the screen was attached to ribs located on the bulk
gide of the screedn,

The details of the fabrication of the specimens were presented in Chapter
LV. These support methods gave a wide range of variation to the rigidity
of the screen support,

Six screen specimens (Specimens 5 through 10) were made using each of the
support methods, but with the same screen mesh, to perform a relative
evaluation of the support methods, The 325 x 2300 Dutch' twill screen and
isopropyl alcohol as a test liquid were selected to give a large retention
capability and therefore improve the resolution of the effects of the vibra-
tion. Orientation 1 was used for all the tests., The controlled region was
completely filled with liquid, random vibration was applied to the model
and the bulk region was drained until screen breakdown was detected.  The
ullage height af which slight, significant and excessive screen breakdown
(see the screen breakdown discussion) occurred was identified for various
vibration levels. The point of significant breakdown was used in this
comparison since it was the most well defined breakdown condition.
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| A random vibration spectrum with a constant power spectral density over a
renge of frequencies was selected for these tests (Figure V-6).

2

Power Spectral Density (g~ /Hz)

| L L i
| 1 10 100 1000

Frequency (Hz)

Figure V-6, Random Vibration Spectrum

; The spectral density of this spectrum can be shifted either up or down fo
! change the applied overall gRMS level, Such a spectrum adequately excited
! the lower frequencies where the harmonics of the model lay. A lower limit
of 8 Wz for the frequency range extended the spectrum below the harmonic

5 frequercies. By setting an upper frequency limit of 500 Hz, the resolution
' of the spectrum at the low frequency end was improved. This Is due to the
logarithmic frequency increments of the filters used to form the spectrum.
The resolution of the logarithmic increments to the spectral density,
provided with this spectrum, also fit the total test system sensitivity,
It was also found that this spectrum could be accurately reproduced each
time a test was performed.

The objective of these tests was to establish a constant set of conditions
under which each support method could be evaluated., For each support
method the same range of gRMS levels were applied and the liquid retention
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height for each level was established., In effect, these tests simulated
various surface tersion Jevices in the same spacecrafr, with a given vibra-
tion environment, and the available retention capability of the screen was
established,

The results of these comparative tests are shown in Tisure V-7, The power
spectral density defines the level of the vibration and the ullage heipght
is the point at which the screen breakdown became significant.

The general trend in the curves indicates that as the ullage height in-
creases, the screen was more sensitive to vibration. This is consistent
with the previous discussi a of the effects of model orientation. Increas-
ing the ullage heignt, increased the liquid column on which the vibration
acted and produced greater pressure differentials due to vibration,

The curves show that there was a definite effect due to the screen support
method., The two extremes caused a difference in retention capability that
amounted to around 15 cm (6 in) in ullage height, All six curves are
gimilar in form. The curve for the external rib support method has more
curvature than the others, causing it to be the only one that crosses
another, There is an unusual bend in the curve for the pleated support
method.

The curves converge at small values of ullage height. This is to be ex-
pected because the influence of the support method will become less as the
amount of screen exposed is less. The support mathod lost its influence
when the screen was submerged in the liquid. For the same reasons the trends
of the curves are most varied at large ullage heights, when the effect of
the support method was most pronounced. IFf all the curves are extrapolated
in the region of small values of ullage height, they almost intersect at

a point on the zero ullage height axis, If this truly did happen, it would
imply for this model that the screen would always break down if the spectial
density was greater than about 0.1 g?/Hz,

The pleated support method made the screen the least sensitive to the
vibration environment. The bonded to perforated plate support method was
next in sensitivity. These are the two methods that most rigidly support
the screen. The external rib support method or the supported by per-
forated plate support method make the screen the most sensitive to vibra-
tion, depending on the range of the ullage height.

It is hypothesized that the support method influences the sensitivity of

the screen to vibration in two ways. One factor is the bulk displacement
of the screen that occurs when the entire screen panel or the individual

windows of the Specimen displace in response to the vibration. The other
factor is the localized displacement of only a small area of the screen.

This localized displacement occurs due to any looseness of the screen,

which is inherent in the typical fabrication methods that were used, When

localized displacement did occur it could be observed and did lead to
screen breakdown in those same areas (see Screen Breakdown discussion).
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Bulk digplacement of the scrceen permits the controlled liquid volume to
change with very little hinderance, thereby relieving the pressure differen~
tials that could be created by the vibyation, Displacement of the screen
toward the contrelled liquid side of the mudel acts to relieve a lowering

of the pressutre in that region which is tending to cause screen breakdown,
towever, the localized displucemont produccs pressure gradients in the area
of the oscillation that add to the pressurve differsntial produced by the
bulk displacement, increasing the total pressare differential acting on

the screen,

This hypothesis is applied to the test results as described in the Follow-
ing pavragraphs. The specimen with the pleated support method had the pleats
running, the long direction of the specimen, This pleat configuration
allowed gorsiderable bulk Jeflection of the screen, Approximately 0.7 em
(0.3 ipn) of displacement of the screen at its center occurred during the
bubble point test. The displacement was constrained wmore by the flexi-
bility of the screen pleats than by the stiffness of the screen material,
The pleat geomatry rigidly constrained the screen with respect to localized
displacement and n. lecalized screen breoskdown was observed. This combina-
tion of bulk flexibility and localized rigidity made the pleated specimen
least sensitive to the vibration. As the ullage height varied, there must
have been a change in the mode of the bulk displacement which would account
for the slope changes in the curve for this specimen, TIf the pleats of

the specimen ran in the oprosite direction (the width of the specimen) the
bulk displacement would b2 much less. 1 would be expected that its res-
ponse would be similar to that of the bonded apecimen.

The bonded specimen a’so uas local screen rigidity, The small unsup-
ported span of 0.95 em (0.38 in) =liminates the local sereen displacement
effects., No localized secreen brockdown was observed with this specimen.
Bulk displacement of this screen was limited Dy the perforated plate.

This lack of bulk displacement increised the sensitivity of the screen to
vibration, However, the lack of localized displacement made this specimen
less sensitive to vibration than the remaining specimens,

The unsupported specimen had considerable bulk displacement, but there was
some localized displacement, The two effects balanced out to make it some-
what more sensitive than the bonded specimen,

The internsl ribs limited the bulk displacement of the scrteen as it de-
flected towerd the controlled liquid side of the model, increasing the
sensitivity in comparison to the unsupported specimen. When the screen
was supported by perforated plate, no displacement toward the controlled
region was possible making this specimen.more sensitive than the internal
rib specimen.

The external ribs limited the bulk displacement in both directions because
the screen was attached to the ribs. The added seam welds across the ribs
introduced more wrinkles, which are the cause of the localized displace-

~ment. Localized screen breakdown was the most pronounced with this support

method. As the ullage height increased, the bulk digplacement of the ex~
ternal rib specimen improved since more panels were exposed. In comparison,
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the bulk displacement of the screcu owep...od by perfovated plate, in the
direction of the controlled liyuid region (the critical direction), could
not change the ullage height, These effects explain why the curves for
the external rib and the supported by perforated plate specimens cross,

At saall ullage heights the bulk effect was essentially the same for all
specimens since most of the screen is submerged, ZLocalized displacement
was somewhat independent of ullage height, especially in the case of the
ertiernal rib specimen., TFor these reasons, the external rib specimen was
mich more sensitive to vibration in comparison to the other specimens at
low ullage heights.

Sine sweep tests were also performed on each of the six above discussed
specimens. These tests aid in substantiating the above conclusions derived
from the random vibrativn tests. By comparing the results of sine sweeps

at various accelerations and ullage heights a relative ranking of the sensi-
tivity of the specimens can be established. The occurrence of screen breask-
down or the peak pressure amplitude are the data used to make the comparison.

The pleated and bonded specimens were again shown to be leas%f sensitive,
but there were not cnough tests to clearly define the relative rauking of
the other four specimens. It was noted that Specimen 1 would be ranked as
more sensitive to vibration than the external rib specimen. Specimen 1 was
supported similar to the external rib method, except that Specimen 1 had
only two windows at top and bottom, instead of five. Spec%men 1 would have
less bulk displacement makirg it more sensitive to vibration.

During the sine sweep tests the specimen with the screen supported by per-
forated plate was tested in two different ways. First, the screen was in-
stalled in the model as intended with the p2rforated plate on the controlled
region side of the model. Then the same tests were repeated with the speci-
men reversed so the perforated plate was facing the bulk side of the model.
Under identical test conditions the pressure differential amplitudes were
found to be about fifty percent greater when the perforated plate was facing
the controlled region of the model. When bulk displacement into the con-
trolled region was permitted (perforated plate on bulk side) the screen was
less sensitive to vibration.

A similar substantiation was achieved with the sine sweep data for the
other screen meshes., The 325 x 2300 screen mesh was the only mesh for which
all the support methods ware tested, This was done so that the above
described comparisons could be made. To verify the effect of the support
method, only a few selected support methods were used for the samples of
the other screen meshes, As a minimum, an external rib specimen was fabri-
cated for each screen mesh. ‘

Two 200 x 1490 specimens were tested: one that was unsupported (Specimen

20) and one with external ribs (Specimen 11). From the four sine sweeps
that could be directly compared, little difference _.n their response was
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measured. In one tost the prossure differential peaks ware greater {for
one specimen, but the opposite w.g true for amrothor test, The vccurronce
and degree of screen breakdown wos the same for all four tests. Due to
the way that externas rib specimen was fabricated the localized effects
must have been much less, maxing the two specimens similar in response.
Since the 200 x 1400 screen has thicker wires than the 325 x 2300 screuwn,
it was stiffer and would be less susecepidible to the localized offects,

Three 165 x 800 Dutch twill scrcou specliaens wore tested:  bondad to puer-
forated plate (Specimen 18), unsupnorted (Gpecimen 213 and enternal rib
(Specimen 12)., The data were limited, but the same ranking obtained from
the 325 x 2300 tests was indicated,

Four 165 x 800 plain Dutch screan specimens wave btested: supported by
perforated plate (Specimen 19), uasupported {Specimen 22), intesnal rvib
(Specimen 23) and external rib (Specimen 13Y., The two specimans with ribs
were similar in response, both being more sensitive to vibration than the
others. Based on the measured pressure differentials the unsupported
specimen was more sgnsitive to vibration than the supported by perforated
plate specimen. However, tha wide varistion ir bubble point for these

165 x 800 plain Dutch specisers (174) made their comparisorn difficalr,

A pleated 80 x 700 screen specimen (Specinen 26} was fasted ip addicion to
an external rib specimen (Svecimen 14), Their sensitivity was cessentially
the same. The pleated specimen had a lower bubble point due to the screen
pleating operation, This screen mesh, and some of thoe othey coarse sereens,
did not display the harmonics that were present with the finer screens.

The peak pressure differential amplitude occurved at 5 Hz and decreased as
the frequency increased duripg the sine sweep. This type of rusponse is a
function more of the liquid mass than tbhe support structure, The low bubble
point required that low acceleration values (0.5g) and low ullage hecighte
(<13 cm (5 in)) be used, further reducing the structural contribution. In
addition, the stiffness of the coarse screens eliminated any localized
screen oscillation effects,

Three 850 x 155 screen specimens were testad. 'lwo were unsupported with
opposite weave orientations (Specimens 24 and 253 and the third was an
external rib (Specimen 16). 1In four 1lile tecis Lhe external rib specimen
was definitely more sensitive to vib:.ation than the others. As previously
discussed, weave orientation did not influence the response,

It can be concluded that the seppori .wtliod does influence the responsc of
the screen to vibration. A structural support method that allows bulk dis-
placement of the screen, makes the screen less sensitive to vibration., Dis-
placement into the controlled region acts to relieve the pressure differen=
tial due to the vibration. This approach coufliects with the need to limit
deflection into the controlled region so thal the channel flow area is not
constricted. Localized displacement of the screen increaces its sensitivity
to vibration. Certain support methods induce localized displacement due

to screen wrinkling that is ivherenc in the fabrieation process. The coarser
mesh screens are less likely to exhibit this localized displacement because
of their greater stiffness, :
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6. Effect of Screen Mesh - The bubble point of a screen determines the
capacity of a screen to maintain its retention capability in a vibration
environment. Ancther factor is the structural stiffness of the screen
material which influences the dynamic response of the screen to vibration.
Eight different screen meshes were evaluated in the course of the testing.
tThe various meshes, listed in order of decreasing bubble point, were:

325 x 2300 Dutech Ewill

200 x 1400 Dutech twill

850 x 155 Robusta

165 x 800 Plain Dutch ;
165 x 800 Dutch twill

80 x 700 Dutch twill

50 x 250 Plain Dutch

200 x 200 Square

These screens are representative of the full span of available fine-mesh
screens, Most of the above screens are or soon will be used in flight
qualified surface tension devices,

A set of eight sereen specimens, all usirng a common support method,; were
fabricated and tested. The external rib gupport method was used since it
was judged to provide a representative, b+t basic in nature, response.
Specimens using the "unsupported" support method for five of the screen
meshes sere also tested, permitting further comparison,

It was found that the Zipner mesh screens were more likely to exhibit local- *
ized screen breakdown (see Screen Breakdown discussion), Localized screen

oscillation and breakdown did not occur with the 50 x 250 and 80 x 70

screens, both of which have relatively large wire diameters and are stiff.

Localized effects were most prevalent with the very fine 325 x 2300 screen

and it was noticed *u some degree in the other meshes.

The 200 x 200 screen also displayed localized effects, but this was due to
its open and flimsy structure. It could also be observed that the impact
of sloshing liquid on the bulk side caused gas penetrstion with this screen.

When significant or excessive screen breakdown occurred with the 200 x 1400
screen it had a characteristic difference from the other screens. Break-
down would produce lines of bubbles, aligned with the shute wires of the
screen. This effect was not observed during the bubble point test.

It is difficult to draw very many conclusions regarding the effects of
screen mesh from a direct comparison of the data. Deépending on the reten=
tion capability of the screen, different acceleration and ullage heights
had to be used, These data were primarily intended for the analytical
model development.

One direct comparison that was performed was to compare the peak differen-
tial pressures and the occurrenee of breakdown for all the external rib
specimens. Most of the specimens were tested in Qrientation 1 and isopropyl
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alcohol was used as the test liquid, Tha 50 x 250 and 200 x 200 screens
were only tested in Orientation 5 due to their low retention capability,

The relative ranking of the screen specimens, based on their sensitivity
to vibration is the same as their rank based on bubble point. One excep-
tion could be the 325 x 2300 screen, but there was not sufficient data to
be sure. In one pair of tests (1.0g sine sweep with 20.3-cm (8.0-in)
vllage height) there was excessive breakdown with the 325 x 2300 screen,
but only slight breakdown with the 200 x 1400 screen. In two nther pairs
of tests, the 325 x 2300 and 200 x 1400 screens had no breakdown in one
case and significant breakdown in another case, The 325 x 2300 screen had
a bubble point that is 507 greater than the 200 x 1400 screen, but the data
irdicate that they were approximately equal in thefir sensitivity to vibra-
tion or the 200 x 1400 may be less sensitive (based on the one data point),
This may be due primarily to the influence of the lccalized effects on the
response of the 325 x 2300 specimen, The external rib support method was
found to make the screen more sensitive to vibration because the localized
effects were most ronounced with this support method (see discussion of
the effect of support method). The 200 x 1400 screen, being somewhat
stiffer, was not as strongly influenced by the external rib support method.

A similar comparison was performed using data from the various mesh unsup-
ported specimens. Again, the ranking of their vibration sensitivity was
consistent with their retention capability, except for the 325 x 2300
screen. These results indicate that the 325 x 2300 screen was more sensi=-
tive to vibration than the 200 x 1400 screen, For one set of like condi-
tions, the screen breakdown was more severe with the 325 x 2300 screen.
For another set of like conditions the peak differential pressure ampli-
tude, with no screen breakdown, was about twice as great with the 325 x
2300 screen.

7. Effect of Liquic Flow -~ Many of the screen specimens were tested
under the combined conditions of vibration and outflow., The approach was
to first perform a sine sweep test of the specimen with no flow and then
to repeat the test with outflow. Outflow was simulated using a flow loop
that was described in Chapter IV (see Figure IV-15). Basically, liquid
was pumped from a reservoir into the model znd then returned to the
reservoir, This flow loop made the bulk region of the model equivalent
to an infinite reservoir of liquid. The ullage region was pressurized,
balancing the pressures so that a selected value of ullage height could
be maintained during the test, The flow conditions remained constant
during the test so the only variable was the frequency of the sine vibra-
tion.

ilow tests were performed with isopropyl alcohel and Freon 113, usiug
Orientations 1 and 5, and using the single and double element models., All
of the tests were sine sweeps since effects of the flow on the harmogics
of the system were desired, A single flow rate of 20 ml/sec (1.2 in’/sec)
was used for all the tests., This flow rate was adequate to produce an
effect on the vibration response without causing significant flow losses
within the model. By using this approach, the flow losses did not compli-
cate the interpretation of t.e test results,
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Some selected flow tests are shown in lable V-2. ALl of these tests were
performed using Orientation 1 and with Lsopropyl alevhol as the test liquid.
The effoct on the screen response 15 shown in this tabls by comparing the
frequency and amplitude of the first harmonic with both flow and no flow.

In general, it was found that the effect of the flow was to increase the
frequency at which the fiwst harmonic occurred, which resulted in the peak
differential pressure either remaining the same or decreasing. There are a
few exceptions to the above conclusions which will be discussed later.  The
sh:ift in the frequency ranged from only 1 B> (the dual element model test
with Specimens 10 and 27) to one test with Bpecimen 1 where it changed by
almost a factor of 3, The shift in frequency appears to be a function of
the sereen flow area, with the frerqaency shift being greater for a small
area.  For the test with the dual element model (Specimens 10 and 27) the
screen flow area was 271 cm2 (42 in?) and a small frequeney shift resulted,
Specimen 1 had only a 58 cm? (9.0 lnz) screon flow area, which gave the
largest frequency shift., The other data points also fit this trend,

When the oubflow caused a decrease in the peak differential pressure, the
non~flow case was the worst case tast condition. TFor esample, during the
first test listed in the table, slight screen breakdown occurred when the
non-flow test was performed. Under flow conditions liquid was expelled
from the top of the model so the flow losses added to the hydrostatic
pressure, making the screen more susceptible to breakdown. However, the
praessure differential due to vibration was reduced by the flow such that
no sereen breakdown occurred during thrn flow test.

Tests were performed using Specimen 1 to determine if the Fflow path through
the model influenced the response of the screen to vibration. TFor an actual
surface tension device in a tank, liquid in the bulk region flows through
the screen and out of the tank through the device. In the model this was
simulated by flowing liquid into the bulk region at the bottom of the model
and expelling from the top of the controlled region. In the other case,
the model simulates a portion of a surface tension fdevice in which the flow
ig just passing through the controlled region. - The flow entered the con-
trolled region at the bottom and left at the top. Some ullage height was
maintained in the bulk region to control the hydrostatic pressure differen-
tial acting on the screen.

The first two tests listed in Table V-2 show the results of this comparison.
With identical vibration conditions, the flow path did alter the response
to vibration. When the flow enters the bullr side and must pass through the
screen, the response was as described above. When the flow entered the
controlled region and did not pass through the screen, the response was
different, The frequency of the harmonic was slightly reduced (1 Hz) and
the peak differential pressure inereased somewhat.

There are three exceptions listed in Table V-2 to the above conclusions
regarding the effect of flow. One is the test with Specimen 11, a 200 x
1400 screen, in which no change in either frequency or pressure differential

between the non-flow and flow condition was detected. Compared to the
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Table V-2. Effect of Flow on Screen Response

fﬂ ” | First Mode Response

] | No Flow Flow

| e , o Sine Ullage Inlet Dif,f::izgi‘al Di;f.z‘;:zii‘al

i ‘ Specimen Screen Acceleration| Height Side of Freq. i Freq.

I : | Number Mesh g em (in.) | Hodel Bz | New® (psi) | Hz | New® (psi)

1 | 1 325x2300 0.5 20.3(8.0) [Bulk 14 | 0.36¢0,52) {25 | 0.17¢0.25)

L | | 32552300 0.5 20.3(8.0) lcontrolled | 14 1 0.36(0.52) | 13 | 0.41(0.60)

i | 325%2305 1.0 10.2{4.0) [Bulk 7.5 1 0.41¢0.60) | 21 | 0.16(0.23) !

!7 | i1 200x 1406 0.5 20.3(8.0) 18 | 0.17¢0.25) | 18 | 0.17(0.25% |

g 20 200x1400C 0.5 20,5 (12.55% |16 | 0.24(0.35) | 20 | 0.17(C.25)

; 200x1400 1,0 20,3(8.0) 13 | 0.31¢0.45) | 14 | 0.29(0.42)

f < 12 165%800 Dutch 0.3 15.2(6.0) | | 52 | 0.21(0.30) | 56 | 0.14(0.20)

g 21 | 165800 hutch 0.5 | 15.2(¢6.0) | | 39 | 0.13(¢C.19) | &1 | 90.13¢0.12)

| 3 13 | 165800 Plain 0.5 15.2(6.0) 13 | 0.13(0.1%) | 15 | 9.13¢0.19)

: 1 | 22 165x80% Plain | 0.3 | 20.3¢8.0) 18 | 0.15¢0.22) | 21 | 0.09(0.13)

| 23 ] 165x800 Plain 0.5 20.3(8.0) 17 ] 0.17(0.25) | 20 | 0.17(0.25)

. 14 80x700 I 0.5 [ 12.7(5.0) 5 | 0.06(8.09) 5 1 0.9600.09)
88 10,27 325%2300 1.0 20.3(8.0) | ¢ { 7.5 | o.59¢0.85) | 8.5 | 0.47(0.68)
;QEE; 22,23 165x800 Plain 0.5 20.3(8.0) |Bulk o6 | 0.15(0.22) 6 | 0.15(0.22)
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results with Specimen 20, another 200 < 1400 sereca, this result would be
expected. The cffect on frequency was small with tne greater 1.0g acceler-
ation and tbe same ullage height and ilow arca. With the greater ullage
height and much smaller flow area, the frequency shift was still only 4 lz
for the other 0.5g test.

The other two exceptions are tir results with Specimen 4 and the dual ele-
ment tests with Specimens 22 ana 23. In these two cases the system did

not have a true harmonic frequency., The pressure differential was a maximum
near the minimum shaker frequency of 5 Hz and decreased at higher frequencies,
Flow did not change this condition, either in frequency or amplitude, With
this type of response the flow condition will be the worst case. The sffect
of vibration remains constant, but the flow losses will increase the pres-
sure differential acling on the sereen,

To summarize, this evaluation indicates that the effect of liquid flow is

to either not change the effect of vibration or to reduce the effect., A
reduction in the vibration effect is accompanied by an increase io the
harmonic frequency, that is a function of the flow area through the screen,
If the pressure differential due to vibration was known under static condi~
rions, a conservative approach would be o use the gsame differential for the
flow condition, but also consider the flow losses. No explanation for the
mechanisms of the flow effects can be given,

8. Effect of Dual Screen Blements - Two basic model configurations were
tested. The previous discussion i{m this chapter has considered the single
element model, with a bulk region and a controlled region separated by the
screen specimen. The other model configuration used two screen specimens
to form the controlled liquid region. This configuration simulated a
channel of a surface tension device having screen panels on opposite sides.

There were thiree reglons to the dual element model: a controlled region

in the c¢enter and a bulk region on each side of the controlled region. The
two bulk regions were externally coupled so they had the same pressure and
ullage height (a complete description of the dual element model was pre-
sented in Chapter IV). The tests with the dual element model were performed
in the same manner as the single element tests.

Some of the dual element data has already been discussed in this chapter.
It was found that the effect of model orientation on the sensitivity of
the model to vibration was the same for the dual element model as it was
for the single element model. The effects of flow on the response to
vibration were also similar,

The response measured during the single element tests could be compared
with the results of the dual element tests. Specimen 10 was tested as a
single element and then Specimens 10 and 27 were tested as dual elements,
Both Specimens 10 and 27 were 325 x 2300 screen and were supported using
the external rib method. The ribs of the two specimens were aligned so
that they were staggered. The ribs of one were positioned so that they
were located between the ribs of the other specimen.
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The comparison of four common sine sweep tests between the singl'e and dual
element models shows that the dusl el .uent vas less sensitive to the same
vibration environment, Comparing the occurrence of screen breakdown showed
that efther breakdown occurred with the single element while it did not with

the dual elements or breakdown was mor: severe with the single element medel,

This direct comparison may not be valid because there was a difference in
the liquid mass in the controlled reglons of the two configurations. For
the single element model, the thickness of the controlled region was 2.4 em
(0.95 in). The length and width of the controlled region for the dual
element model was the same, but it was only 1.3 em (0,50 in) thick. It
would be expected that the pressure differential due to vibration would
decrease as the mass being vibrated is decreased. Based on the conclusions
for the effrct of the support method, the increase in screen area, due to
two screen specimens instead of one, would permit more bulk deflection and
also reduce the sensitivity to the vibration. The contributions of each
of these aspects in reducing the vibration sensitivity in the dual element
configuration cannot be established by a direct comparison,

A similar comparison can be attempted, considering the other screen mesh
wat was tested in the dual element configuration. Specimens 22 and 23,
both 165 x 800 plain Dutch screen, were tested individually and then were
tested in the dual element model. They have different support methods, un-
supported for Specimen 22 and internal rib for Specimen 23. A cowparison,
based on the occurrence of screen breakdown, of five common sine sweep
tests does not indicate any pronounced difference between the single and
dual element results. There was a definite decrease in the harmonic fre-
quency, going from about 15 to 20 Hz as a single element to 6 Hz in the
double element configuration,

3.  Effteci . Liquid Subcooling - The effect of liquid subcooling on the
refionce of the screen to vibration was evaluated by performing identical
tests wich two different test liquids. The two liquids used were Freon 113
and Freon 11. They both have similar densities and surface tensions (see
Table 1V-1), but their saturation curves are quite differgnt (Figure V-8),
At 20°C (68°F) Freon 113 has a vapor prsssure of 3.7 N/em* absolute (5.3
psia) while for Freon 11 it is 8.8 N/em® abeolute (12.8 psia). With a

local atmospheric pressure of about 8.3 N/em? absolute (12,0 psia), Freon

11 is beiling at room temperature. In terms of 5ubcoolin§, at a temperature
of 20°C (689F) and with the model pressurized to 3.4 N/em® gage (5.0 psig)
the Freon 11 would be 8.39C (159F) subcooled and the Freon 113 would be

32°C (58°F) subcooled. The results for these liquids could also be compared
with the results from the isopropyl alcohol tests, which would be 70°C
(126°F) subccoled under the same conditions. However, the different density
and surface tension of the alecohol does not permit the direct comparison
possible witi the Freons.

Under conditions in which no screen breakdown occurred, no difference in
the response would be expected between the two test liquids, As long as
there is an adequate reservoir of liquid on one side of the screen (pro-
vided by the controlled region in this case). the retention capability of
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the screen is not influenced until very high heat fluxes are applied and
the liquid is at saturation (Ref. V-5). However, in the case where 3
wetted screen is exposed to gas on both sides, its retention capability
is highly dependent on the pressurant saturation and thermodynamic effects
(Ref, V-6). The objective of these tests was to evaluate the response of
the scveen when breskdown occurred due to vibration, to determine if the
amouni of subcooling had an effect.

The approach was to find sine sweep test conditions, first using the Freon
113, that cause excessive screen breakdown resulting in the exposure of the
controlled liquid side of the screen to gas. Since the screen was being
exposed to gas during the test and continued to be vibrated, the test was
primarily evaluating the effects of vibration on its retention capability
and not gcreen dryout due to thermodynamic effects., Up to five sine sweep
tests producing the conditions described above were identified. Then the
tests were repeated using the Freon 1l as the test liquid.

Four screen specimens were used in this evaluation: Specimen 10, 325 x 2300;
Specimen 11, 200 x 1400; Specimen 25, 850 x 155; and Specimen 15, 50 x 250.
All of these tests were performed using model Orientation 1. The model was
pressurized to 3.4 N/cm? gage (5.0 psig) and the room temperature was used

to establish the saturation condition, The sine sweep started at 5 Hz and
when the frequency reached 100 Bz the shaker was shut off and the liquid
levels in the bulk and controlled region were monitored for about one minute
to determine 1f the screen still had any retention capability. Screen break-
down usually commenced at or near 5 Hz and had ceased by 100 Hz.

With only a few exceptions, there was no difference in the screen response
between the Freon 113 and Freon 11 tests, regardless of acceleration level,
ullage height and screen mesh. The volume of gas that passed through the
screen as it broke down was approximately the same for both test liquids.
At the end of the test the screen was still supporting some hydrostatic
pressure differential, as indicated by the difference in liquid levels be-
tween the bulk and controlled regions,

The exceptions occurred during the tests of the 50 x 250 screen, which was
the most susceptible to dryout of the screens tested. At the end of the
test the liquid levels were equal in two out of three of the Freon 113
tests. For the same conditions bui using Freon 11, which would be more
likely to cause screen dryout, the screen still had some retention capa-
bility at the end of the test.

These. results indicate that the amount of liquid subeooling did not effect
the séreen response to vibration. If there was an effect there would have
been a significant difference in the response with the Freon 1l test liquid.
The unusual results with the 50 x 250 screen are due to the minimal wick-
ing carability of this screen rather than the subcooling of the liquid.

10, Miscellaneous Effects - A few other factors regarding the response of
the screen to vibration which were derived from the test data are noted in
this section.
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a, Screen Acceleration - In all the tests a miniature accelerometer was
mounted somewhere on the screen specimen, Various mounting locations and
orientations of the accelerometer's axis were used,

In the early tests with Specimen 1, the accelerowmeter was mounted on the
frame of the specimen and its axis was parallel with the vibration axis.

In this mounting the accelerometer output was the same as that of the shaker
control and monitor accelerometers. This arrangement permitted the pressure
response to be compared with the input acceleration. As previously dis-
cussed, the phasing between the pressure and acceleration, as influenced

by the harmonics, was established with these measurements.

The accelerometer was then mounted in the center of the 7.6 em (3.0 in)
screen panel of Specimen 1, with the accelerometer axis perpendicular to
the screen. Comparisons of the pressure data showed that the small accel-
erometer did not change the response of the screen, It was also found that
the accelerometer could be glued to the screen and removed without causing
any screen damage or bubble point degradation. 1In all the subsequent tests
the accelerometer was mounted on the sereen,

There was no requirement f£or the accelerometer to provide data to perform
the data correration. The pressure differential due to the vibration was
the primary weasurement and the screen acceleration was just supporting
data,

The accelerometer showed that there was-a definite relationship between the
screen acceleration and the pressure differential due to wvibration. At the
harmonic frequency indicated by the pressure there was a peak in the accel-
eration. However, the maximum acceleration was not always at the frequency
of the waximum pressure differential. Large screen accelerations occurred
at higher frequencies, accompanied by only a small or no increase in the
pressure differential, This indicates that the screen can respond at high
frequencies, but the. liquid does not, and the liquid response produces the
pressure differential.

The accelerometer, due to its small size, also indicated the localized
screen oscillation effects. In some cases accelerations that were in
excess of 30 times the input were measured by the accelerometer. The
localized motion of the screen was rotating the accelerometer in addition
to translating it, giving the unreasonably large outputs, For this reason,
the data from the accelerometer were not a true indication of the screen
response,

b. Screen Structural Integrity ~ The vibration tests provided a qualitative
assessment of the capability of screen structures to withstand vibration.

A surface tension device must be structurally designed to withstand the
vibration loads applied throughout its operational life. The structural
effects of vibration were determined by rechecking the bubble point of all
the screens, using the standard bubble point test method, after the testing
was complete. ‘ :
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Only one of the screen specimens showed any degradation in bubble point.
The pleated 325 = 2300 screen (Specimen 8) had a bubble point of AL.5 cm
(24,2 in) of water before the testing and 32,3 em (12.7 in) of water (using
isopropyl alcohol at 20°C (68°F) after the testing, a very significant
change. The pleating operation by itself caused some degradation of the
gersen bubble point, about 3,8 cm (1.5 in) of water. The pleats had a
fairly sharp bend radius and screen breakdown during the bubble point test
occurred at the bends of the pleats., The pleats ran the long direction of
the pecimen, giving the entire screen considerable flexibility. As the
screen flexed, both in the vibration tests and due to handling, bending

of the screen ocecttrred at the bends in the pleats which increased the pore
gize at that location,

This specimen was subjected to considerable vibration. Ten sine sweeps

were performed at accelerations of 0.5g, 1.0g and 2.0g, with half of them
being at the 2.0g level. The sine sweeps were from 5 Hz to 100 Hz and back
to 5 Hz at 2 octaves per minute, which subjected the screen to about 4.5
minutes of vibration each time it was performed. Sine dwells at 2,0g were
performed, Finally, the random vibration tests applied levels between 0,2g
RMS and 4.4g RMS over a period estimated to be about 1.5 hours. When the
random vibration tests were performed the vibration was continuously applied.
After draining to find the point of screen breakdown, the model was refilled
and the acceleration level was increased without stopping the shaker.

By avoiding long pleat spans and using larger bend radii, the pleated screen
would not be as likely to be degraded by the vibration. Regardless, the
effects of vibration on the structural integrity of pleated screen is more
of a concern, due to the sharp radius bends, than it is with Flat screen.

Specimen 1, which had only two 7.5 cm (3.0 in) square screen openings,
experienced the most vibration. One of the screen windows was usually sub-
merged in liquid, so the other was subjected to the full effect of the vib-
ration. With the full length specimons, the effect of the vibration was
distributed over the exposed length of the screen. Many days of testing
were performed on Specimen 1 because it was used to establish the basic
effects of vibration. No record was kept of the actual amount of vibra-
tion time Specimen 1 experienced, but it is estimated to be about 20 hours.
Sine vibration up to 5.0g and random vibration up to 3.0g RMS was applied,
No degradation of this specimen was measured.

All of the screen, with the exception of the 50 x 250, was used "as received"
and the only operations performed on it being the attachment of the screen
to the frame. The available 50 x 250 screen that was used had been annealad.

B. Data Correlation

In this section the specific results obtained through the correlation of
the test data with the predictions of the analytical models are presented,
Two models are considered: the hydrostatic model, developed under prior
studies, and the structural dynamics model developed as part of this study.
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1. Hydrostatic Model - Prior to the beginning of this program the state-
of~the-art for vibration modeling was what is referred to as the hydro=-
static model. A complete description of the prior work related to the
effects of vibration can be found in the Introducticn. The hydrostatic
model is described as part of the Chapter III, Vibration Effects Aralysis.

The hydrostatic model is primarily applicable to predicting the effects of
random vibration. The prior correlations were based on random vibration
data. A similar correlation was performed using the random vibration data
collected in this study.

The first series of random vibration tests was aimed at evaluating the in-
fluence of the vibration spectrum, The hydrostatic model does not consider
either the harmonic frequencies of the system or the frequency of the applied
vibration, These tests were performed to determine the validity of this
approach.

As presented in Chapter IIL, Survey of Vibrational Effects, random vibration
is specified by the power spectral density as a function of frequency. An
overall g RMS level can be derived from any given spectrum. The three
gpectra shown in Figure V-9 were used to perform this evaluation. The
first spectrum (Figure V-9a) has a constant power spectral density over

a wide range of frequency, 4 to 2000 Hz. The second spectrum (Figure V-9b)
applied a constant spectral density at the higher frequencies from 100 to
2000 Hz, with no input at the lower frequencies., The third spectrum (Figure
V-9¢) has a congtant spectral density at low frequencies (4 to 100 Hz) and
no input at higher frequencies. In reality, the portions of the latteir two
spectra that were intended to have no input, did have a low power input due
to shaker harmonics and noise, While these cantrihutions cannot be ignored,
their influenze on this evaluation were minimal.

The constant spectral density of each of these spectra can be adjusted so
that a selected value of the overall vibration input, expressed in g RMS,
can be obtained. The shape of the spectrum remains constant and only the
spectral density level is shifted. 1In the hydrostatic model, the g RMS
value is used to describe the applied random vibration.

The 100 Hz division between the low and high frequency spectra was selected
based on the known range for the first harmonic of the screen specimens
tested. The harmonic was always less than 100 Hz, so the low frequency
spectrum applied vibration at the resonant frequency, while the high
frequency spectrum did not.

Screen Spucimen 1 (two 7.6 em (3,0 in) square, 325 x 2300 Dutch twill
screen windows) was subjected to these random vibration environmenis., It
was positioned in Orientation 1 (vibration and one-g parallel to the long
length of the specimen) and isopropyl alcohol was used as the test liquid.
The tests were performed by applying one spectrum, with a selected power
spectral density and while maintaining that vibration environment, increas-
ing the exposed screen height until screen breaitdown was detected. The
same test was repeated for various values of the spectral density and for-
each of the spectra.
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The effect on the scroca rulention capability ts ~ .n in Tigure V-10., Euch
of the data points represents the ullage height at which significant screen
breakdown was observed for the applied vibration, as defined by the overall
g RMS., The point at which slight, significant and excessive screen break-
down began was noted for each test {(see discussion of screen breakdown in
the first section of this chapter). The amount of gas penetrating the
screen during the slight breakdown was negligible. Significant breakdown
was the most distinct condition, permitting better definition of the ullage
height.

The results as presented in Figure V-10, show a definite effect of the
frequency content of the spectrum. When the vibration energy was concen- y
trated near the harmonic frequeney of the specimen, the screen was the
most sensitive to the random vibration. For a given value of g RMS there 5
was a large difference in the ullage height at which screen breakdown '
occurred., TFrom these results it is obvious that frequency must be con~
sidered in addition to g RMS in predicting the effects of random vibra-
tion.

N

In performing a correlation of this data the hydrostatic model predicts
the contribution due to vibration based on the applied g RMS acceleration
and the ullage height:

A‘E‘v = pgrmshs ‘

For the test conditions, the sum c¢f the hydrostatic pressure differential
at the top of the screen, due to the bulk liquid level, and the contribu-
tion due to vibration should equal the screen bubble point at the point of
screen breakdown, as follows:

L e

AP =AP_+AP_. /
¢ v S 5

For the lower g RMS levels (1.2 and 1.5 g RMS) and the 4 to 2000 Hz spectrum

the hydrostatic model predicted the effect of the vibration accurately (+ 5%).

For the higher g RMS levels the hydrostatic model predicted an effect due to

vibration ( AP,) that was approximately one-half the measured effect. For

the 100-2000 Hz spectrum the predicted effect was twice the measured and for

the 4 to 100 Hz spectrum it was one~third.

One way to consider frequency in evaluating the effects of random vibration
is to consider only the power spectral density at the harmonic frequency of
the screen specimen. When the results shown in Figure V-10 are plotted as

a function of the spectral density a more consistent result is obtained.

The same data points now fall on one curve (Figure V-11)., 1In the case of
the 100 to 2000 Hz spectrum, the spectral density due to the inherent system ;
noise, at the harmonic frequency of the specimen ("~ 10 Hz), was used. This ' %
factor, plus some uncertainty in defining the point of significant screen %
breakdown, cause some scatter in the data points. The results in Figure V-11
can only be applied, as they stand, to this specific set of test conditions
(screen specimen, model orientation and test liquid).
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A large quantity of random vibration data was collected for screen speci-
mens 5, 6, 7, 8, 9 and 10 (these tests are also discussed under the effect
of screen support method), Each of these screen specimazns was made with
325 x 2300 Dutch twill screen, bub each was supported in a different manner,
A vibration spectrum with a constant power spectral density between 8 and
500 Hz was used for these tests. Such a spectrum covers the range of pos~-
sible screen specimen harmonic frequencies, provides good low frequency
resolution and resolution of spectral density increments, and can be ac-
curately reproduced throughout a series of tests., Again, model Orientation
1 was used and isopropyl alcohol was the test liquid. The various stages
of screen breakdown were noted, but only the point of significant breakdown
is considered in the correlation.

A somewhat differcat approach to using the hydrostatic model was used in
correlating this random vibration data. The hydrostatic model was defined
to include a coefficient, as follows:

APV = Kpgrmshs'
Within the coefficient K are all the influences of the specific screen

geometry and the applied vibration spectrum. After the value of K has
been established, the effect of the vibration can be predicted.

The test data in the form of the coefficient XK versus the g RMS level is
plotted in Figure V=12, This graph shows that the method of supporting
the screen significantly influences the value of the coefficient K. The
data for Specimen 6 (screen bonded to perforated plate) falls the closest
to a value of K equal to 1 (giving the traditional form of the hydrostatic
model), especially when the acceleration is less than 2.5 g RMS. At 4.5

g RMS the value of K must be 2.5 to predict the effeect of vibration for
this screen. The values of K for Specimens 5, 8 and 9 fall within 25% of
K equal to one, below 2.5 g RMS, but the variation becomes wider at higher
accelerations. Over the full range of the test accelerations, the value
of K for Specimen 8 falls closest to one, Speclmens 7 and 10 had the
largest values for K.

The data appear to indicate a convergence toward K equal to one as the
acceleration approaches zero. Specimen 7 is the only exception, but per-
haps could be discounted based on the erratic nature of the data for this
specimen. This would indicate that the influence of the support method
on the value of K vanishes at low random vibration levels which is typical
of -actual spacecraft vibration environments. However, this conclusion is
only valid for the particular spectrum used in the test, as shown by the
previous discussion of the effects of the vibration spectrum,

It is also interesting to note that the relative oxder of the curves for the
specimens follows the same order as their sensitivity to vibration, as
discussed in the first part of this chapter. The more sensitive the screen
specimen is to vibration, the larger the value of K.
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Specimen 1 is most similar to Specimen 10, Specimen 10 has five windows
while Specimen 1 has only two of the same size, The results from the tests
with Specimen 1 (4 to 2000 Hz constant spectral density spectrum) are similar
to the results for Specimen 10 (8 to 500 Hz constant spectral density spec~
trum) shown in Figure V~12. TFor both specimens the value of K was close to
one at low accelerations and became larger at larger acc.lerations,

The hydrostatic model was alsc applied to the sine vibration tests. As
discussed in the first part of this chapter, under the effect of model
orientation, the pressure due to vibration at low frequencies (near 5 Hz)
could be predicted with the hydrostatic model. In this application the
acceleration was the zero-to-peak amplitude of the sine vibration, the
height was the length of exposed screen parallel to the vibration axis, and
the value of K was one., To predict the pressure due to vibration at higher
frequencies the amplification must be known. At the system harmonic, pres-
sures of up to five times the low frequency value were measured.

Based on these tests and the prior vibration studies, it can be concluded
that the hydrostatic model has some merit. The effect of vibration on the
sereen retention is hydrostatic in nature. The effect of Frequency, due to
the random vibration spectrum or sine vibration, has a significant effect
on the ability of the hydrostatic model to predict the vibration effect.
All of the screen specimens had harmonic frequencies and the amount of
vibration energy applied to the specimen at that harmonic frequency was
the primary facctor influencing its response. This effect was clearly
demonstrated by the tests using various rpectra.

’

The hydrostatic model can be used to make estimates of the effect of vibra-
tion if the above discussed factors concerning the screen support method and
the vibration spectrum are given 2onsideration. The hdrostatic model also
serves as a method of presenting and interpolating random vibration data
acquired for a specific screen acquisition device and ~‘bration environment.

2.  Structural Dynamics Model - As pointed out previously (Chapter III),
the purpose of the tests performed on the initial three screen configura-
tions was to establish the range of applicability of the single degree-of-
freedom flow model and, for this controlled set of test specimeng, to
establish a measure of mass, stiffness and urmping characteristics. It
was anticipated that this information would then be ekxtended to the more
complex screen configurations (Specimens 4 through 27) and thus the model,
if indeed valid for the control specimens, would be refined and extended to
the more complex casas and, ultimately, used to predict the peak response
pressure differential due to a vibration input for arbitrary screen acqui-
sition system configurations, ‘

The following discussion summarizes selected test results for several con~
figurations, In general, three types of tests (sine sweep, sine dwell and
random) were performed. As the intent of the structural dynamics model is
to predict the peak vibration pressure differential (assumed to oceur at
the fundamental mode frequency), the sine dwell data have only limited
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applicability., Further examinacion of the random resporsze data indicated
that they are difficult te interpret with respect to establishiug the pres-
sure differential of the fundamental resonance point.

Specimen 1 consisted of two approximately 7.6 cm (3.0 in) square screen
covered openings with a 30.% em (12,0 in) distance between centexs., Speci-
men 2 was identical except the submerged screen was removed. Specimen 3
reduced the size of the flow area to a 0,95 cm (0,375 in) diameter tube,
All speeimens used 325 x 2300 screen. A majority of these tests were con-
ducted with Orientation 1 and isopropanol as the test fluid.

Table V-3 summarizes the results for Specimen 1; Table V-4 summarizes for
Specimen 2. The intent of these specimens was to establish preliminary

estimates of fluid mass, screen stiffness and system damping characteristics;

this was the justification for use of the small screen window(s) and the
incorporation of a well defined fluid path. The intent of Specimen 3 was
to lend additional insight into these results by providing a known varia-
tion in the system mass. This is in view of the fact that the previous
development of fluid effective mass was based on the assumption of uniform
flow throughout the se¢ction AB (see Chapter 1II, Section 8)., However, it
seems unlikely that truly uniform flow can be achieved due to boundary
effects and the possible nonuniformity of screen motion and this implies
that the actual system kinetic energy might be different than previously
indicated, The intent of Specimen 3 was then to provide a manner by which
we « 4oht assess this possible discrepancy, i.e., create a known "artificial
mas *"' vy restricting the flow between the controlled bulk regions as shown
in ...  sketch. Here the system kinetic energy, with the additional energy
due to the orifice flow (and assuming no outflow) is

1

where the second integration is over
the volume of the tube. The inte-

gration vields pﬂ,,ﬂ”/”/)’y

— E » 2 ) 2 . }
T= 3 (ABL g, + Ao My a, ) ;7~w¢””/~

a5

orifice
area = A
g

bulk liquid Tevel length = A
0
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Table V-3. Summary of Test Results, Specimen 1

Date Conditions and QObservations
2/2/77 Sine dwells at 10-40 Hz, input = 1,5g, initial head = 12.7 em(5 in)
drain until breakdown
! random at 0.9-3,0g rms
; ! sweep 53-20-5 Hz, input = 1.5g, head = 12.7 cm (5 in)
| APy = 0.55 N/em2(0.80 psi) at 8,0-8,5 Hz (upswp)
APy = 0.55 N/em?(0.80 psi) at 8.0-8.5 Hz (dnswp)
i
2/23/77 Sweep 5-30~5 Hz, input = 0.75g, head = 15.2 cm (6 in)
APy = 0.45 N/cmé(o.ﬁs psi) at 10.8 Hz (upswp - mo break)
APy = 0,55 N/cm2(0.80 psi) at 8.6 Hz (dnswp - no break)
sweep 5-30-5 Hz, input = 0.75g, head = 22,6 cm (9 in)
APy = 0,59 N/em2(0.85 psi) at 13.0 Hz (upswp)
APy = 0,52 N/em2(0.75 psi) at 12.0 Hz (dnswp - prior to break)
sweep 5-30-5 Hz, input = 1.0g, head = 15.2 cm (6 in)
APy = 0.52 N/em2(0.75 psi) at 10.0 Hz (upswp)
AP, = 0.52 N/em2(0.75 psi) at 10.0 Hz (dnswp - prior to break)
2/24/77  Sine dwells at 20-25 Hz, input = 5.0g, initial head = 30.5-
v 38.1 em (12-15 in), orientation #5
sweep 5-30-5 Hz, input = 3.0, 5.0g, orientation #5
3/4/77 Sine dwells at 15 Mz, input = 0,5g, various initial heads
sweep 5-50-5 Hz, input = 0.3g, head = 30.5 cm (12 in)
APy = 0.31 N/em2(0.45 psi) at 21.0 Hz (upswp - prior to break)
APy = 0.34 N/em? (0. 50 psi) at 21.0 Hz (dnswp - prior to break)
3/10/77 Sweep 5-500-5 Hz, input = 0,3g, head = 30.5 cm (12 in)
APy = 0.41 N/em?(0.60 psi) at 12,0 Hz
APy = 0,31 N/em?(0.45 psi) at 21,0 Hz
sweep 5-500-5 Hz, input = 0.5g, head = 20.3 cm (8 in)
APy = 0.41 N/em2(0.60 psi) at 15.0 Hz (dnswp - prior to break)
sweep 5-500-5 Hz, input = 1.0g, head = 10.2 cm (4 in)
APy = 0,52 N/em?(0.75 psi) at 10.0 Hz (upswp)
APy = 0.41 N/em2(0.60 psij at 10.5 Hz (dnswp)

ORIGINAIL, PAGE IS

OF

POOR QUALITY 115

W



Date Conditions and Observations

4121117 Sweep 5-500-5 Hz, inpu% = 0,5g, head = 20.3 cm (8 in)
APy = 0.38 N/em?(0.55 psi) at 14.0 Hz (upswp)
sweep 5-500-5 Hz, input = 0.5g, head = 20,3 cm (8 in)
flow at approx. 20 ml/sec with inlet on bulk side
APy = 0,21 N/em2(0.30 psi) at 25.0 Hz (upswp)
APy = 0.21 N/cm?(0.30 psi) at 25.0 Hz (dnswp)
sweep £=100-5 Hz, input = 1.0g, head = 10,2 cm (4 in)
APy = 0.49 N/cm2{0.70 psi) at 7.0 Hz (upswp)
APy = 0,45 N/cm?(0.65 psi) at 8.0 Hz (dnswp)
sweep 5-100-5 Hz, input = 1.0g, head = 10.2 cm (4 inj
flow at approx. 20 ml/sec with inlet on bulk side
APy =90,17 N/em?(0.24 psi) at 21.0 Hz (upswp)
APy = 0,17 N/cm2(0.25 psi) at 22.0 Hz (dnswp)
sweep 5-100-5 Hz, input = 0.5g, head = 10,2 cm (4 in)
Freon 113
APy = 0,24 N/em2(0.35 psi) at approx. 8.0 Hz

Note: Orientation #1 unless noted

Isopropanol unless noted
No flow unless noted
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Table V-4, Summary of Test Results, Specimen 2

Date

Conditions and Observations

2/23/77

Sweep, input = 0.75g, head = 15.2 em (6 in.)
APy = 0,41 N/em2 (0,60 psi) at 5.7 Hz (upswp)

sweep, input = 0.75g, head = 22.7 cm (9 in.)
APy = 0.49 N/em? (0.70 psi) at 7.3 Hz (upswp)

sweep, input = 1,0g, head = 15.2 cm (6 in.)
AP, = 0.49 N/em? (0.70 psi) at 5.7 Hz (upswp)

sweep, input = 1.5g, head = 13.1 em (5 in.)
APy, = 0.55 N/em? (0.8 psi) at 5.3 Hz (upswp)

sweep, input = 1,5g, head = 7.5 em (3 in.)
APy = 0.41 N/em? (0.6 psi) at 5.2 Hz (dnswp)

stine dwells at 6~30 Hz, input = 1.5g

head dwell freq. APy
cm in, Hz N/cm? psi
13,1 5.0 10 0.34% 0.49
15,2 6.0 15 0.22 0.32
21.5 8.5 20 0.28 0.40
27.8 11.0 30 0.14 0,20
13.8 5.5 10 0.42 0.61
10.2 4.0 8 0.52 0.75
8.7 3.5 6 0.58 0.83

Note: Orientation #1 unless noted
Isopropanol unless noted
No flow unless noted
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| which, with the continuity expression
AB 4y = Ay 4y
becomes

j ._.__,_) l‘ A‘C"A:B « 2
\ T 2A13LL+ - .
o}

. i
iszlicat;on of Lagrange's equation to the above yields

A—-da-q .,B.:g._ =1 a ,\0 AB hd M b
dt ( acil) PAD L F TR G T Mg
a ¥ - + e )
and M .. = pAB | L T M, o b AM

where the value of AMagg¢ can, hopefully, be controlled by judicious selec-
tion of the orifice tube length and cross=sectional area.

Unfortunataly, the test results for Specimen 3 are inconclusive as to
vhether the desired objective (increased fluid mass with corresponding re-
duced natural frequency) was, in fact, accomplished. Examination of the
data indicates that the apparent primary response lies in the 40-50 Hz
range which would seem to imply that the effect of adding the orifice was
to reduce the effective mass. However, this may be totally misleading.
The expected natural frequency range for Specimens L and 2 is approximately
8~15 Hz and, if the predicted mass variation was in fact achieved for
Specimen 3, it well may be that the resultant natural frequency lies below
5 Hz, the threshold value of the excitation equipment. This inconsistency
has not been resolved and further analysis and/or controlled tests appear
to be justified.

i In an attempt to better understand the results of Specimens 1 and 2, consider
i the peak vibrational pressure differential as a function of static head as
A shown in Figure V-13 where the variation in the observed fundamental response
frequency is also indicated., It is observed that increasing the static head,
hg, leads to an increase in the observed fundamental frequency. This is
thought to occur through a combination, as yet undetermined, of two effects;
increasing the static head decreases the effective flow length and increases
the static pressure differential at the screen. Reduced effective flow
length implies reduced effective fluid mass and increased pressure (static)
differential applies a tension to the screen thus increasing its effective :
stiffness. The net result is the observed increase in the response fre- SR
quency. Note also that for fixed static head, the observed vibrational ; g

P
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pressure differential increases with increasing input vibration level as
would be predicted from the analysis presented previously.

Another interesting view of the test results for Specimens 1 and 2 can be
constructed by returning to the analysis of Chapter IIT slightly modified
to account for geometric characteristics of the particular test specimens.
The total pressure differential can be expressed as

ke SR
T 3 *
AP_ = AP_ + AP ‘

with AP Pe hs

and AP = pg QC, h" X
L

for acceleration in the vertical direction, X.

If we now say T = h/hg, the above expression for pressure differential due
to vibration becomes

and it follows that the dynamic amplification can be expressed as

.~ APV L X AP L
X ~2 .2 23
pg h hs X PE hS X

4

for hg = h, The results of this equation are depicted in Figure V-14 which
indicates that some degree of correlation exists between the two test speci-
mens with (perhaps) Specimen 2 exhibiting slightly higher damping character-
istics. This would seem to indicate that the square fluid passageway, per-
mitting lateral fluid motion, acts as a damping device and that, for Speci-
men 1, no flow passes through the screen mesh. It would have been interest-
ing also to show results for Specimen 3 at this point but, as mentioned pre-
viously, those results are not available. The figure indicates that a pre-
diction of vibrational pressure differential is available for these two
specimens but the extension to more complicated specimens is not yet evident,
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In an effort to extend the previous results, test data for other screen
specimens were tabulated and examined in some detail. This examination
was made difficult by the fact that the amount of available test data are
iimited; there being only one or two pieces of data for some screen con-
figurations, Further, the limited range of parameter values makes a graph-
ical representation difficult, This is illustrated by examination of the
data resulting from tests on several of the external rib configurations
(Table V-5) where the peak vibrational pressure differential and observed
fundamental frequency are tabulated for various static heads and input
vibration levels. It is clearly evident that additional data are required
before development of a fully test validated analytical model can be ac-
complished.

Table V-5, Test Results, External Rib Configurations

Input Head Freq. Peak Pressure
Specimen Screen (g's) { (in)  (em) | (Hz) (1b/in2)  (N/em?)
: 10 325%2300 0.5 8.0 20.3 17 0,20 70;14
: 11 200x1400 0.5 8.0 20.3 18 0.22 0.15
! 0.5 8.0 20.3 18 0.22% 0.15
; 0.5 12,0 30.4 21 0.32 0.22
} 1.0 8.0 20,3 | 15 0.35 0.24
i 1.0 6.0 15,2 14 0.25 .17
f 12 165800 0.5 6.0 15.2 42 0.30 0.21
: (Dutch) 0.5 6.0 15.2 56 0.30% 0.21
: 13 165x800 0.5 6.0 15.2 13 0.20 0.14
. (Plain) 0.5 6.0 15,2 15 0.25% 0.17
i
;
Note: Orientation 1
Isopropanol test fluid
* indicates flow test
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VI, CONCLUSIONS AND RECOMMENDATIONS

This study has investigated the basic phenomena of the affects of vibration

on the liquid retention capability of fine-mesh screens. The problem of

the response of a screen to vibration was analytically evaluated in detail.

A test program considering a large number of variables that influence screen
response was conducted, Data were acquired and analyzed from 551 individual
vibration tests,

The pressure differential due to the vibration was measured during the
tests, These data give a basic understanding of the amplitude, waveform
and characteristics of the vibrational pressure. The key factor in the
‘screen response is the amplification of the vibrational pressure due to
harmonics of the screen-liquid system. It was found that the retention
capability is influenced by the positive peak pressure (lowering the liquid
pressure with respect to the gas on the other sidc of the screen) due to
the vibration. These pressure data also displayed the non-linear character-
istics of the screen specimens. Loosely supported screens relieved the
negative vibrational pressure, so the pressure was positively bissed. A
"softening spring' stiffness was noted, indicating that the response of the
screen is influenced by the gas/liquid interface at the screen pores.
Another non-linear effect was the localized screen breakdown due to the
oscillation of small portions of a sereen panel. These results establish
that the vibrational response¢ of a typical surface tension device is a
highly non-~linear, multi-degree of freedom problem.

It was found that the effect of the surface tension device orientation
with respect to the =ribration axis was proportional to the length of the
liquid column, supported by the screen, parallel to the vibration axis.
The orientation of the screen weave had no noticeable effect.

The screen support method significantly affects the screen response. Bulk
displacement of the screen, primarily when the screen can deflect into the
controlled liquid region, reduces the sensitivity of the screen to vibra-

tion. A support method that allows or enhances the localized oscillation

of the screen, increases the sensitivity of the screen to vibration. The

finer mesh screens are more susceptible to the localized oscillation, in-

creasing thelyr relative vibration sensitivity.

Liquid flow and dual screen elements can influence the harmonics and the
response to vibration, in general decreasing the sensitivity In comparison
to the single element, static case,

Prediction of the effects of vibration was most successful using the hydro-

static model that was developed in prior studies. This model can predict

the effects of sine vibration at frequencies below the first harmonic of

the system (~5 Hz for the test model used here), Near the harmonics, the
amplification would have to be known. The model predicts the effects of

random vibration for rigid screen specimens and specifiec vibration spectra.

The shape of the random spectrum and the scceen support method definitely ¥
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influence the screen response, but are not directly considered by the
hydrostatic model. It appears that successful use of the hydrostatic
model will require that test data for a representative model, using the
actual spectrum, be acquired, It would primarily serve as a means of
scaling, based on the vibration level and liquid properties.

Limited verification of the structural dynamics model, developed under

this program, was achieved. It was based on the premise that the effect

of vibration is hydrostatic in nature, which was verified by the results

of the hydrostatic model. However, the model dynamics were based on a
linear, single degree of freedom system, which these tests have shown is
not the case. The localized screen oscillation and other non-linear effects
made it impossible to sort out the coefficients for the model from the data
acquired,

The investigation of the effects of vibration on surface tension devices
should be continued. Two approaches are recommended., TFirst, an empirical
approach based on the hydrostatic model should be followed. This should
be directed toward random vibration and typical surface tension devices,
Tt should be established that test data can be gathered and applied to an
actual surface tension device, installed in a tank.

The second approach is to continue to study the basic phenomena of the
response of the screen to vibration. Basic specimens, similar to those
tested under this program but free of the localized oscillation effects,
should be tested and the verification of a dynamics model continued. Mass
and flow effects need to be more extensively investigated. As confidence
in the model is gained, the non-linear effects could then be considered.

Through these two approaches to the problem of screen vibration, reliable
analytical methods of predicting the effects of vibration may then become
available,
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AFPENDIX A

BUBBLE GROWTH MODEL

Presented in this appendix is a description of the bubble growth model
and the development of this model that was performed under this pro-
gram. The application of this model to the analysis of screen vibra-
tion is discussed in Chapter IIIL.

The bubble growth model evaluates the response of the gas/liquid
interface to pressure transients. Screcen breakdown can be viewed

as the growth and detachment of a gas bubble at a screen pore. The
model is based on a theoretical derivation of the dynamic response of

a gas bubble. Each aspect influencing the response of the sereen can
be incorporated into the analysis. A detailed description of the model
¢an be found in Reference IIT~-2., During this program the bubble

growth model was refined and adapted to the specific conditions of
interest.

The structural dynamics model (sce Chapter TII) is essential to the
use of the bubble growth model. The time varying pressure of the
liquid, as calculated by the structural dynamics model, is input to
the bubble growth model.

SCREEN PARAMETIERS

Parameters that account feor the geometry of the screen are also input
to the bubble growth model. The screcen geometry determines the
capillary pressure at a pore and the resistance to gas flow through
the screen.,

The capillary pressure at the pore must be defined as a function of
the volume of the gas bubble. Only by simplifying the screen geo-

metry, as shown in Figure A=~1, can this capillary pressure be cal-
culated,

The gap between the wires is the pore radius, which is derived from
the bubble point of the screen (see Appendix C for a list of symbols).

. 20 ,
N ¢9)
¢

The radius of the wire is the average of the warp and shute wire
radii. :

The contact angle is assumed to be zero, as it is for most propellants.

Contact angles other than zerc could be considered. Since the pores
are very small, capillary forces will dominate gravity forces, even
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Figure A-1., Simplified Screen Pore
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in one~g, s0 a zero-g interface can be assumed®. Therefore the inter-
face at the pore is a segment of a sphere with radius R, tangent to
the wires., The capillary pressure across the interface can be ex-
pressed as

AP = R 2)

In a dimensionless form, based on the minimum pore radius, the equa-
tion becomes

APr _ 2r
Y R. hd (3)

Using the flat interface, having o2 capillary pressure of zero as a
reference, the volume of the gas bubble can be calculated based on
the defined screen geometry.

The parameters necessary Lo calculate the capillary pressure for

each of the screens to be evaluated under this program are listed

in Table A-l. The calculated variation of capillary pressure with
bubble volume is shown in Figurc A-2, The bubble volume () is also
placed in dimensionless form.

In this dimensionless form all of the screens have a curve of the
same basic shape. The relative size of the screen pore and the
wires causes the differences berween the curves. Some interesting
results can be noted in the figure. The progression of the curves
from left to right is not the same order as based on increasing
bubble point. The 50 x 250 and 200 % 1400 sereen are the most ob-
vious exceptions, This may be 2n indication of the relative capa-
bility of the screens in response to vibration.

Attempting to experimentally verify the ecurves in Figure A-2 would be
difficult. Highly accurate measurements of the volume change re-
lated to a single pore would be required. There are factors that
provide some confidence that the curves properly represent the capil-
lary pressure. Obviously, the volume is zero when the capillary pres-

sure is zero, The maximum capillary pressure is known from the bubble-

point.

The two dashed curves in Figure A-2 establish boundaries for the
curves for any screen. One of the dashed curves is for a spherical

*For an extreme condition of oxygen (smallest kinematic surface ten-
sion of the liquids of interest), 200 x 200 screen (largest pore of
the screens of interest), and a one-g acceleration, the Bond number
based on the pore radius is 2 x 107°. The Bond number would have to
be greater than 0.1 before there would be anv significant change in
the capillary pressure. Only when the gas bubble becomes very large
would any influence of the acceleration be noted.
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Table A-1. Screen Parameters

Wire Diameter

Bubble Point Pore
Screen . with Isgpropyl Radius, Warp Shute
) eave Alcohal .

(Wires per Inch) Microns mm mm
cm. of H,)0 (Inches) (in.) (in.)

(in. of Hy0) f . -

325 x 2300 Dutch Twill 61.0 7.26 .038 .025
(24.0) (2.8 x 10 ) (.0015) | {.0010)

200 x 1400 Dutch Twill 41.4 10.7 ,071 .041
(16.3) (4.21 x 107 ) (.0028) {.0016)

165 x 800 Dutch Twill 19.6 22.7 .071 L 051
(7.7) (8.94 x 107 ) (.0028) (.0020)

165 x 80Q Plain Dutch 24,1 19.1 -4 .051 . 036
(9.5) (7.53 x 10 (. 0020) (.0014)

80 x 700 Plain Dutch 15.5 28.5 .102 L0758
‘ 6.1) (1.12 x 1073) (. 0040) {.0030)

50 x 250 Dutch Twill 8.9 51.8 .127 .114
‘ (3.5) (2.04 x 1073) (.0650) (. 0045)

850 x 155 Robusta 28 .4 - 15.6 -4 .030 .102
(11.2) 6,12 x 0 ) (.0012) (.0040)

200 x 200 Square 9.7 45.5 . .053 | .053
(3.8) (1.79 x 10 ) (.0021) {.0021)
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bubble, not attached to a surface, All the curves are asymptotic to
the spherical bubble curve and have essentially converged after the
capillary pressure (APr/v) has fallen below about 0.6. A boundary

for bubble volumes after the maximum capillary pressure is established
by this curve. The dashed curve for a large pore is based on the
limiting condition that the wire radius is negligible in comparison

to the pore radius. All curves for a real screen must be shifted to
the gight of thls curve.

Bubble growth after the bubble point of the screen has been exceeded
is of prime interest, since this is the condition under which screen
breakdown ¢an oceur. For that reason, the shape of the curve up to
the bulble point i8¢ not critical.

Based on the above factors, the only uncertainty lies in the wvolume
of the bubble at the maximum capillary pressure. If it was known,
the entire curve would thén be adequately defined.

The other geometric parameter is the coefficient that defines the
resistance to gas f£low through the screen, This flow resistance

is one factor that limits the growth rate of the gas bubble due to
an applied pressure differential. Based on Reference A-1, the f£low
resistance for a screen can be expressed as

APf = an2 + Kuv . (%)

This approach to characterizing the flow resistance has been widely
used and verified.

For the screens, fluids and flow velocities of interest, the sz
term is negligible in comparison to the uV term.

Therefore,

AP, = KV . (5)

However, the equations in Reference A-1 apply to an area of screen.
To apply the expression to a single poreée a pressure balance:

AR, = K4 = Kuv (6)

(where the subscripted variables are for the sereen pore) and
continuity:
pAV = pAprN D)

(where N is the number of pores in area A) must be considered. From
the above two expressions

A N
: (8)

Wl_ﬂ?@
‘ »!’U
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By definition the righthand side of the equation, is the void
fraction,* , Therefore

AP, =g RuV_ . (9

The flow velocity can be expressed as a function of the bubble
volume

= 1 dV
Vo= rae (10)

where A is now the orifice area.

Using expressions for ¥/ and A, based on the pore and bubble geometry,
the velocity is

& )2 dR

V. =4 (11)

Therefore

bexuH? & (12)

L

APf

The values of K and € can be calculated using equations provided

in Reference A-1. Values of these coefficients for the screeng of
interest are listed in Table A-2, TFquations for a Robusta weave are

not provided in Reference A-1, so the equations for a plain Dutch

screen were used, reversing the identificzation of the warp and shute wires
(i.e., the 850 x 155 Robusta weave was assumed to be a 155 x 850

plain Dutch weave).

The accuracy of the coefficients in the bubble growth model were
evaluated in detail to establish the best approach to adjusting the
model in the process of correlation with test data. The most un-
certainty resides in the curve for the capillary pressure of a pore
versus the bubble volume.

If the maximum capillary pressure (bubble point) and the general
form of the curve are held constant, the curve can be shifted by
varying the volume of the bubble at the maximum capillary pressure.
A number of trial cases were computed to establish the influencs of
that volume on the response of the pore. The response of the screen
is defined in terms of an effective pressure, which is a steady pres-
sure -that produces the same effect on the screen retention as the
transient applied pressure. The change in the effective pressure was
less than 0,5% of the bubble point for an increase in 100% of the
calculated volume. These results indicate that variations of this
volume, over a reasonable range, does not provide a means of varying
the response -of the pore,

RIGINAL PAGE IS
%% POOR QUALITY 131

e i



Table A-2.

Coefficients For Floaw Loss

Coefficlent

Sexeen Weave Void Fraction K
(yires per inch) e 1/cm
(1/4n.)
325 x 2300 Dutch Twill 0.297 1.16 x 106
(2.94 x 108)
200 x 1400 Dutch Twill 0.267 9,49 x 102
(2.41 x 10°)
165 x 800 Dutch Twill 0.430 1.77 x 105
(4.51 % 10°)
165 x 800 Plain Dutch 0.598 5.08 x 103
(1,29 x 107)
80 x 700 Dutch Twill 0.368 2,09 x 102
(5.32 x 107)
50 x 250 Plain Dutch 0.616 1.41 x 104
(3.58 x 10%)
850 x 155 Robusta 0.503 7.70 x 104
(1.96 x 10°)
200 x 200 Square 0.642 1.60 x 102
(4.08 x 107)
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The coefficient for the flow loss through the screen pore should be
used to achieve correlation. This was the approach used when pre-
dictions from this model were compared with the response of a screen
to pulsed flow (Ref. III-2). The coefficient is based on the work
of Armour and Cannon {(Ref. A-1). Our experience, including recent
tests as part of the Space Shuttle Reaction Control System Tank Pro~
gram, has indicated that the Armour and Cannon relations are at most
about 30% conservative (i.e,, predicts a pressurs differential greater
than measured). Data from another experimental program covering a
wide range of screen meshes tends to substantiate that result

(Ref, A-2),

Therefore a certain range of variation of this coefficient is permis-
sible. Since the coefficient has been modified to account for a
single pore, further uncertainty has been introduced. This coeffi-
cient is the only means of adjusting the model so it will inherently
account for any other inaccuracies in the model, thus becoming more
than a specifically identified orifice coefficient. After correlation
has been achieved, the coefficient will correct the screen response,
as analytically defined, to the actual physical case,

BUBBLE INERTIA

From the previous development of the bubble growth model (Ref. III-2),
the inertia of the liquid interface was described using the basic
Rayleigh equation for a spherical bubble in an infinite liquid, The
kinetic energy of the liquid mass for spherical bubble growth is
represented as (Ref. A-3):

Kinetic energ an( ) (13)

Equating the total kinetic energy to the work done by the liquid,
yields the Rayleigh equation,

The bubble growth problem being analyzed here can be more accurately
described by a spherical bubble attached to a flat surface. In this
case, the kinetic energy has been calculated to be (Ref. A-4):

R.E. = 9.35p (D7 B (14)

Therefore; the Rayleigh equation is modified by a coefficient to
account for the presence of the surface.

2

<dt) +R S5 (15)

dt

where APy = pressure differential due to inertia. This improvemenp”
has been incorporated into.-the model.
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STATIC CONDITIONS

Cons ideration was also given to incorporating all the variables that
would be encountered during the testing into the model. Under non-
Llow conditions, an input steady pressure differential accounts for
the hydrostatic pressure due to one-g. When flow takes place, ti-is
same term can account for the sum of the steady pressure differentials
acting at a screen pore. The magnitude of this differential is input
to the model, based on a measured value or a separate calculation.

The thermodynamic state of the liquid is primarily accounted for by
its pressure and temperature, and the saturaztion temperature at that
pressure, Under non-equilibrium thermal conditions, vaporization of
the liquid could contribute to the growth of a bubble at the screen
pore. However, our primary interest here is in various conditions of
liquid subcooling with thermal equilibrium. It was expected that the
degree of subcooling would not strongly influence the point of first
breakdown of tke screen, but could significantly effect the screen
response following initial breakdown, Once gas is on both sides of
the screen pore, dryout may rapidly take place if there is little
subcooling.

SAMPLE CASES

Some trial cases wetre analyzed with the model, using the coefficients
derived in the above. It was assumed that a sinusoidal vibration
produced a sinusoidal variation of the liquid pressure adjacent to the
screen. A 200 x 1400 Dutch twill screen and isopropyl alcohol liquid
were selected. For this analysis the retention of the screen was
based on either a stable or unstable response of the bubble growth at
a screen pore. A stable response occurs as a periodic growth and
collapse of the bubble, with no net increase in size. TFor now, it
will be assumed that detachment of the bubble does not occur during

a stable response.

An unstable response is the continued growth of the bubble. A typi-
cal unstable response is shown in Figure A-3. With each cycle of the
pressure the bubble radius undergoes a net increase. Detachment of
the bubble is inevitable in this case, so an unstable response always
leads to screen breakdown.

An effective pressuve was calculated for an applied peak pressure
over a range of freyuencies. The results for two: wvalues of peak
pressure, referenced to the bubble point, are shown in Figure A-4,
These analytical results indicate that even at frequencies as low as
10 Hz, the screen does not respond to the peak pressure of the tran-
sient. As frequency increases, the effective pressure continues to
decrease. The difference between the effective pressure and the
bubble point is the maximum amount of steady pressure differential
that can be applied in conjunction with the vibration, without caus~
ing screen breakdown.
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The actual passage of gas through the screen occurs when the gas
bubble is detached from the screen pore. As discussed above, if
the response is unstable, the bubble continues to grow and detach-
ment (screen breakdown) is inevitable. If the growth of the bubble
is stable, this does not necessarily mean that screen retention is
maintained. During the stable response the bubble may reach a size
such that the forces acting on the bubble will cause detachment.

BUBBLE DETACHMENT

The growth of a gas bubble at the screen pore, in response to a pres-
sure transient, can be either stable or unstable. Unsitable growth
implies that the applied pressures will continue to cause a net in-
crease in the bubble size with time. The actual passage of gas
through the screen (screen breakdown) occurs when the gas bubble is
detached from the screen pore. If the bubble growth response is un-
stable, the continued growth makes detachment inevitable. During the

stable response of the gas bubble, detachment may or may not occur
depending on the forces acting on the bubble.

In general, the interest is in the point of incipient screen break-
down, where only a few of screen pores have begun to break down.
For this regime it can be assumed that there will be no influence
from adjacent pores and the forces on the bubble produced by the

dynamic interaction of the bubble and the surrounding liquid are
negligible, '

1. Non-flow Condition

Under non-flow conditions, gravity forces are the prime means of
causing bubble detachment. The mass of liquid displaced by the bubble
produces a buoyant force that is opposed by the surface tension force
where the bubble contacts the screen. A balance of forces, making

use of the defined bubble geometry yields the following expression

for the radius at which rhe bubble will detach due to buoyancy:

SR 1/3
R = 5]-3—0-J , . (16)

where Ry is the radius of the line of contact between the bubble and
the screen.

The variables R and R, are dimensionless, being referenced to the

minimum pore radius (r). The Bond number ‘is also referenced to the
minimum pore radius as follows:

I, | (17)

The radius of the line of contact is defined as:
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R (1 + Rw)

B ® TR, FR (18)

wvhere Rw is the dimensionless wire radius,

The possibility of bubble detachment due to buoyancy is evaluated by
considering the maximum radius achieved by the bubble during a stable
response, The value of Ry is caleculated for the maximum bubble radius
using equation (18). A value for R is then calculated using equation
(16) and is compared to the original value for R. If the value from
cquation (16) is the smaller, the bubble does detach due to buoyancy.
Screen breakdown does not occur as long as the maximum size ot the
babble dozs not exceed the value given by equation (16).

The gravity force can also oppose the surface tension force at the
interface ol the bubble, if the direction or the acceleratioa tends

to cause flow of liquid through the pore. If the gravity force
exceeds the surface tension force along the interface, the interface
of the bubble will collapse upon itself, causing detachment. This
mechanism of detachment was evaluated by calculating the shape of the
interface at the pore, as influenced by gravity forces, and establish-
ing a limit for the existence of the interface., It was found that

for a given liquid and acceleration level, buoyancy will cause de-
tachment before that limit is reached.

The bubble radius for buoyant detachment was evaluated for a one-g
acceleration. Of the typical propellants, liquid oxygen presents the
worst case because of its low kinematic surface tension (Freon 11,
one of the test liquids, has similar properties). Three screens,
representing the span of meshes being considered, were evaluated.

The parameters calculated are listed in Table A-3. The point of
detachment is best represented by calculating the capillary pressure
of the bubble at the point of detachment and comparing it to the
bubble point of the screen. The values for capillary pressure listed
in Table A-3 are relatively low., For such values of capillary pres-
sure to be reached during stable bubble growth, the static pressure
applied to the system would have to be of similar magnitude and the
peak pressure of the transient would have to be much larger than the
bubble point. Under low-g condicions it can be seen that buoyant
detachment becomes much less significant.

2. Tlow Condition

When there is liquid flow, parallel to the screen surface within a
surface tension device, the shear force acting on the bubble can
cause detachment. A surface tension force again opposes the shear
so the balance of forces yields:

sr ]2
o]

R = | (19)
CD We .
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Table A-3. Bubble Detachment for Liquid Oxygen

7 Screen Mesh |

325%2300 165%800 200x200

Buoyancy Dutch Twill Dutch Twill Square Weave
Bond Number for one-g 4,39 x 107 4,30 x 10°% 1.73 x 1073
R 47.8 20.1 11.1
Percent of Bubble Point 2.09 4,97 8.99
Shear

Weber Number for

U = .3m/sec (1ft/sec) 0.0574 0.179 0.359

R 21.1 10.2 5.95
Percent of Bubble Point 4,74 9.78 16.8
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The Weber number is referenced to the minimum pore radius.
We = pl L (20)

where the flow velocity (U) is parallel to screen.

The drag coefficient (Cp) is a functiom of the Reynolds number of the
bubble and can be found in most fluid mechanics text books (e.g.,
Ref, A-5).

The value of U can cover a wide range, dependent on the flow rate
from the tank and the configuration of the surface tension devigce.

A value of 0.3 m/sec (1.0 ft/sec) was selected as a representative
upper limit for the flow velocity. Having picked a velocity, oxygen
would again give the worst casc condition due to its small kinematic
surface tension. The calculated values are again presented in

Table A-3. At large flow velocities, shear is the more likely cause
of bubble detachment. ZLiquid flow in a high-g environment would
require the valuation of the combined effects of shear and buoyancy.

The theory upom which the above described bubble detachment is hased
can be found in the literature vegeuling gas bubble generators (e.g.,
Ref. A-6 and A-7), and has been well verified with experimental

data. :
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APPENDIX B

TEST DATA

The following table is a compilation of the measured data from sclected
vibration tests. These tests were selected from Table IV-4 as being repre-
sentative of the total test program. All of these selected tests were per-
formed using the single element model and there was no outflow., The model
was installed in orientation 1 on the shaker unless otherwise noted in the
table. Most of the listed tests were performed using isopropyl alcohol as
the test liquid, except for tests 62 (Freon 113) and 63 (Freon 11). Pre-
sented in this table are the specific conditions of each vibration test,
The results of the test that are presented are the frequency and peak
positive amplitude of the pressure differential due to vibration at the
first harmonic of the system, and the occurrence of screen breakdown is
noted along with the degres of bregkdown.
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[A/4n

Accaleravion
g Peak
Type of Vibration for Sine |Ullage Peak AP
Test | Screen Sine gRMS for [Height Niem Frequency
No. |Spec imeni Swaep|DwelllRandon Randonm cm(in.) {psi) Hz Breakdown Remarks
7 4 X 0.3 30.5 (12.0) No AP not recorded
' X 0.3 30.5 (12.0)} .14 (.20) 15 tXo AP at top of modnl
X 0.3 30.5 (12.0)} .11 (.18) 15 Yo AP 2.5 ¢m (1.0 in) down
X 0.3 30.5 (12.0)} .10 (.15) 15 ' No AP 5.1 em (2.0 in) Jown
X 0.3 30.5 (12.0)} .08 (.12)§ 15 Ko 1AP 10.2 em (3.0 in) down
X 0.3 30.5 (12.0){ .07 (.10) 15 No AP 15.2 cm (6.0 in) down
X 0.3 30.5 (12.0)f .06 (.0R8) 15 No AP 12.1 cm {7.3 in) down
X 0.3 30.5 (12.0)} .17 (.25) 16 Ko
X 0.5 20.3 (8.0) .23 (.33) 20 No v,
X 1.0 30.5 (12.0) Excessive ! Break started at 8 %z
X 1.0 20.3 (8.0) Significang AP not recorded
X 1.0 120.3 (8.0) | .43 (.62) 15 Significant]AP at top of model
X 1.0 §120.3 (8.0) | .32 (.&7) 8 Signifizanti AP 10.2 cm (4.0 in) down |
X 1.0 120.1 (7.9) { .28 (.40) 20 Sigaificantf AP 10.2 cm (4.0 in) down |
X 1,0 20,1 (7.9) | 49 (.71) 20 Significant] AP at top of nmodel
X 1.0 20.1 (7.9) { .25 (.36 20 Significang AP 10.2 cw (3.0 in) down
X 1.0 119.1 (7.5) | .19 (.28) 25 Significand AP 10.2 cm (3.0 in) down
X 1.0 19.1 (7.5) | .76 (1.1) 25 Significantj AP at top of model
X 1.0 {19.1 (7.5) | .76 (1.1} 25 {Significanty AP at top of model
X 1.0 19.1 (7.5) { .26 (.38) 25 Significant{ AP 10.2 cm (4.0 in) dowm |
X 1.0 20.3 (8.0) | .15 (.22) 30 Significand 4P 10.2 cm (4.0 in) down
X 1.0 20.3 {8.0) | .39 (.537) 30 Significantd AP at top of model
X 1.0 20.3 {(8.0) { .14 (.20) 30 Significani AP 10.2 cm (4.0 in) Jdown
8 5 X 0.3 1 30,5 (12.0){ .16 (.23) 15 ¥o ‘
X 1.0 20.3 (8.0) Significant] No good
X 1.0 22,9 (9.0) 1 .41 (.60) 20 Significant
X 1.0 20.6 (8.1) 1 .24 (.33) 25 Significany
X 1.0 21.3 (8.4) - .22 (.32) 25 Significant
X 1.0 21.8 (8.6) ; .26 (.37)| 30 Significant
X 1.0 20.3 (8.0) { .45 (.65) 8 Significant
X 1.1 29.2 (11.5) | Slight Flat 8 to 500 Hz spectrum
X 1.2 33.0 (13.0) | Slight
X 1.3 31.8 (12.3) Significant
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Acceleration
g Peak
Type of Vibration for Sine JUllage Peagk AP
Test | Screen Sins gRMS for |Height N/cm? Frequency
No. |Specimen}Sweep]Dwell JRandom Random cm{in.) (psi) Hz Breakdown Remarks
8 5 X 1.4 30.5 (12.0) Significant
X 1.6 27.4 (10.8) Significant
X 1.8 26.2 (10.3) Significant
X 2.0 24.1 (9.5) Significant
X 2.3 20.3 (8.0) Significant
X 2.5 17.8 (7.0) Significant
X 2.8 15.2 (6.0) Significant
X 3.3 15.2 (6.0) Significant
X 3.7 10.2 (4.0) Significant
X 4.1 8.9 (3.5) ISignificant
X 4.6 8.9 (3.5) Significant
14 6 X 2.G 120,353 (8.0) §.45 (.65) 32 181izht
X 2.0 30.5 (12.0)§.41 (.60) 29 Significant
X 2.0 25.4 (10.0) Significant}AP not recorded
X 2.0 15.2 (5.0) No
X 2.0 30.5 (12.0)§.41 (.60) 50 Significant
X 2.0 22.4 (8.8) 1.47 (.68) 35 Significantt
X 2.0 27.9 (11.0)§.43 (.82) 30 Significanti
X 2.0 38.1 (15.0)3.30 (.43) 20 No :
X 1.0 20.3 (8.0) .31 (.45) 75 No
X 1.0 30.5 (15.0)1.45 (.65) 50 Significant
X 1.0 29,2 (11.5)}§.43 (.62) 40 Significant
X 2.0 25.4 (10.0) Significant{AP not recorded
X 2.0 Drain 35 Significant{AP not recorded
X 1.0 125.4 (12.0) SignificantjAP not recorded
X 0.4 $38.1 (15.0) No Flat 8 to 500 Hz spectrum
X 9.6 38.1 (15.0) No
X 1.0 38.1 (15.0) No
X 1.5 31.8 (12.5 Significant!
X 1.7 30.5 (12.0) Significanc?
X 1.9 27.9 (11.0)] Significant
X 2.2 26.7 (16.5) Significant
X 2.4 24.1 (9.5) Significant
X 2.7 17.8 (7.0) Significant
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Acceleration
g Peak
Type of Vibration for Sine |Ullage Peak AP
Test} Screen Sine T 1 gRMS for |Height N/cm Fraguency
No. [Specimen}Sweep[Dwell JRandom Random em(in.) (psi) Hz Breakdown Remarks
14 6 X 3.0 16.5 (6.5) Significant
X 3.4 14.0 (5.5) Significant
X 3.8 10.2 (4.0) Significant
X 4,5 6.4 (2.5) Significant|
17 7 X 2.0 20.3 (8.0) Excessive JAP not recorded
X 2,0 i5.2 (6.0) Significant]AP not recorded
X 2.0 20.3 (8.0) Excessive JAP not recorded
X 2.0 20.3 (8.0) 15 Significant]AP not recorded
X 2.0 20.3 (8.0) 20 Significant]AP not recorded
DA 1.0 .20.3 (8.0) ~ Slight AP nol recorded
X 1.0 25.4 (10.0) Slight AP not recorded
X 1.0 30.5 (12.0) Excessive JAP not recorded
X 1.0 20.3 (8.0) |.62 (.90) 17 Slight
X 1.0 25.4 (10.0)f .69 (1.0)} 16 Slight
L X 2.0 15.2 (6.0) S1light No good
Lo X 1.0 25.4 (10.0)] .69 (1.0) 16 Slight Reference line disconnected
X 2.0 20.3 (8.0) 15 Significant] Reference line disconnected
X 2.0 20.3 (6.0) 15 Significant
X 0.3 38.1 (15.0) No Flat 8 to 500 Hz spectrum
X 0.4 26.7 (10.5) 3light
X 0.7 33.0 (13.0) £Significant
X 1.0 26.2 (10.3) tRignificant
X 1.3 26.2 (10.3) Zzgnificant
X 1.6 22.9 (9.0) ‘ Significant
X 2,0 15.2 (6.0) g% tgnificant
X 2.5 14.0 (5.5) 3 - 5ignificant
X 3.1 12.2 (4.8) ! - <Ipnificant
X 3.6 8.9 (3.5) ~ ¢ignificant
19 8 X 2.0 20.3 (8.0) LExcessive JAP not recorded
X 2.0 15.2 (6.0) ! No AP not recorded
X 1.0 20.3 (8.0) ¢ No AP not recorded
X 1.0 30.5 (12.0) ¢ Excessive JAT not recorded
X 1.0 25.4 (10.0) . Excessive [AP not recorded
X 1,0 20.3 (8.0) | .41 (.80} &.5 No
pid 2.0 15.2 (£.0) | .45 ibi‘;j; 13 No




Acceleration
g Peak
Type of Vibration for Sine {Ullage Peak. s
Test § Screen {. Sine I gRMS for @ |Height N/ew™ Frequency
No., SpecimenISWeep Dwell JRandom Random cm(in.} (psi) Hz Breakdown Remarks
19 8 X 2.0 32.5 (12.8)).22 (.32) 15 Significant
X 2.0 38.1 (15.0) 20 Mo AP not recorded
X 2,0 15.2 {6.0) .43 (.62) 13 No Reference line disconnected)
X 0.5 20.3 (8.0) }.21 (.30) 7 No ‘
X 0.5 30.5 (12.0)1.43 (.63) 10 tSlight
X 0.2 38.1 (15.0) No Flat 8 to 500 Hz spectrum
X 0.4 38.1 (15.0) No
X 0.6 38.1 (15.0) No
‘} X 0.9 38.1 (15.0) No
X 1.0 38.1 (15.0) No
X 1.3 38.1 (15.0) No
X 1.5 35.6 (i4.0) Significant
L X 1.7 34.3 [13.5) Significant
I X 2.0 31.5 (32.4) Significant
s X 2.3 30.5 (12.0) Significant
& X 2.5 27.9 (1L.9) Significant
. X 2.8 27.4 (10.8) Significant
X 3.1 27.4 (10.8) Significant
X 3.1 26.7 (10.5) Significant
X 3.5 25.4 (10.0) Significant
} X 3.5 26,7 (10.5) Significant
X 3.9 19.1 (7.5 Significant
3 X 4.4 14.0 (5.5) {Significant
L 20 9 X 2.0 20.3 (8.0) Excessive [JAP not recorded
, O X 2.0 15.2 (6.0) Excessive (AP not recorded
S8 | X 2.0 10.2 (4.0) Significant]AP not recorded
' a | X 1.0 20.3 (8.0) Excessive JAP not recorded
§E J X 1.0 15.2 (6.9) }.55 (.80) 8 Slight
= :3_’. X 1.0 15.2 (6.0) |.55 (.80) 15 Significant
© vy X 1.0 15.0 (5.9) }.24 (.35) 20 Significant
[l X 1.0 15.0 (5.9) }.09 (.13) 40 Significant
22 X 0.5  §20.3 (8.0) |.21 (.30)] 20  [lslight
E . X 0.2 38.1 (15.0) No Flat 8 to 500 Hz spectrum
w X 0.4 38.1 (15.0) No
X 0.6 38.1 (15.0) No
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Acceleration
g Pezk
Type of Vibration | for Sine |Ullage PeaszP
Test | Screen Sine gRMS for |Height N/cm Frequency
No. |Specimen [Sweep|Dwell|Random]  Random em(in.) (psi) Hz Breakdown Remarks
20 9 X 1.0 34.3 (13.5) Significant
X 1.3 31.8 {12.5) Significant
X 1.5 27.9 (11.0) Significant
X 1.8 25.4 (10.0) Significant
X 2.0 21.6 (8.5) Significant
X 2.3 19.1 (7.5) Significant
X 2.5 14.0 (5.5) Significant
X 2.8 12.7 (5.0) Significant
X 3.1 11.4 (4.5) Significant
X 3.5 10.2 (4.0) Significant
X 4.0 7.9 (3.1) Significant
21 10 X 2,0 20.3 (8.0) Excessive [JAP mnot recorded
X 2.0 15.2 (6.0) Excessive (AP not recorded
X 2.0 10.2 (4.0) Excessive JAP not recorded
X 1.0 20.3 (8.0) Excessive §AP not recorded
X 1.0 15.2 (6.0) | .48 (.70) 40 Significant
X 1.0 9.1 (3.6) }.17 (.25) 40 Significant
X 1.0 19.1 (7.5) 1 .50 (.73) 20 Significant
X L 0.5 20,3 (8.0) , No
X 1.0 20.3 (8.0) ; AP not recorded
X 1.0 15.2 (6.0) AP not recorded
X 1.0 Drain 40 {ap not recorded
X 0.2 38.1 (15.0) No Flat 8 to 500 Hz spectrum
X 0.4 38.1 (15.0) No
X 0.6 38.1 (15.0) Slight
X 0.8 38.1 (15.0) Significant
X 1.0 31.8 (12.5) Significant
X 1.3 29.2 (11.5) Significant
X 1.5 17.8 (7.0) Significant
X 1.7 16.5 (6.5) Significant
X 1.9 12.7 (5.0) Significant
X 2,1 11.4 (4.5) Significant
X 2.4 9.7 (3,8) Significant
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Acceleration
g Peak
Type of Vibration for Sine }Ullage Peak AP 4
Test] Screen Sine gRMS for ]Height N/cn? Frequency
No.}Specimen}Sweep|Dwell Random Random cm(in.) (psi) Hz Breakdown Remarks
24 11 X 0.5 20.3 (8.0) }.17 (.25)] 18 No !
X 0.5 30.5 (12.0)f .23 (.33) 20 Significant
X 1.0 20.3 (8.0) }.24 (.35 14 Slight 3‘
X 1.0 25.4 (10.0)} .28 (.40) 10 Excessive :
X 1.0 15.2 (6.0) §.28 (.40) 27 Qlight
26 12 X 0.5 20.3 (8.0) Excessive |Break at 5 Hz :
X 0.5 15.2 (6.0) .21 (.30) 43 Significant !
X 0.5 15.2 (6.0) Slight Continue to 500 Hz
X 0.5 12.7 (5.0) .13 (.19) 50 Significant :
X 0.5 12,7 (5.0) }.14 (.20) 50 Significant :
X 0.5 14.7 (5.8) §.13 (.19) 60 Significant
X 0.5 21.6 (8.5) .08 (.12) 40 Significant i
28 13 X 0.5 15.2 (6.0) .13 (.19) 13 Excessive {Break at 5 Hz ?‘
X 0.5 §16.5 (6.5) 1.08 (.11) 20 No X
X 0.5 17.8 (7.0) .08 (.11) 20 {Excessive
X 0.5 19.1 (7.5) {.07 (.10) 30 No
X 0,5 Drain 30 Excessive
X 0.5 26.2 (10.3)}.07 (.10) 40 Significant
X 0.5 28.7 (11.3)}.06 (.08) 50 Slight
X 0.8 15.2 (6.0) }.19 (.27) 7 Significant
X 0.8 10.2 (4.0) .21 (.30) 18 Significant
34 18 X 0.5 6.4 (2.5) 1.02 (.03) 5 No
X 0.5 20.3 (8.0) 1.10 (.15); 22 Significant
X 0.5 20.3 (8.0) .08 (.12) 20 Significant
X 0.5 21.1 (8.3) {.08 (.11) 30 Significant
X 0.5 23.6 (9.3) .06 (.09 40 Significant .
X 0.8 15.2 (6.0) §.10 (.15) 19 No
X 0.8 25.4 (10.0) Excessive {Break at 5 Hz i
X 0.8 20.3 (8,0) Excessive [Break at 5 Hz 3
X 0.8 17.8 (7.0) Excessive {Break at 5 Hz g
X 0.8 17.8 (7.0) Excessive {Break at 5 Hz
36 26 X 0.5 10.2 (4.0) No No first mode
X 8.5 12.7 (5.0) Slight No first mode
X 0.8 10.2 (4.0} Excessive |Break at 5 Hz
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Acceleration
g Peak
Type of Vibration for Sine  jUllage Peak AP
Test] Screen Sine gRMS for JHeight N/cm? Frequency
No. }Specimen}Sweep{Dwell JRandom Rar.om cm(in.) (psi) Hz Breakdown Remarks
43 14 X 0.5 15.2 (6.0) | No 14P not recorded
(Orientation X 1.0 15.2 (6.0) } .03 (.04) 5 No
5) X 2.0 15.2 (6.0) Excessive
X 2.0 10.2 (4.0) { .06 (.08) 7.5 No
X 2.0 12.8 (5.0) 1 .06 (.09) 9.5 No
X 2.0 15.2 (6.0) §{.06 (.08) 12 Significant
X 3.0 10.2 (4.0) §{ .07 (.10) i3 No
X 3.0 12.7 (5.0) 1.08 (.12) 10 No
X 2.0 16.0 (6.3) | .04 (.06) 20 Significant
X 2.0 Drain 20
X 2.0 15.2 (6.0) 20 Move AP
46 15 X 1.0 5.1 (2.0) .03 (.05) 6 No
(Orientationm X 2.0 5.1 (2.0) §.05 (.07) 8 No
5) X 2.0 10.2 (4.0) } .04 (.06) & Excessive |Break at 6.5 Hz
= X 2.0 7.6 (3.0) .10 (.15) 18 Slight
] X 2.0 7.6 (3.0) $.05 (.07) 20 No
X 2,0 8.4 (3.3) | .05 (.O07) 20 Significant
‘ X 2.0 7.6 (3.0) } .02 (.03) 30 No
i X 2.0 9.9 (3.9) 1.08 (.11) 30 No
“ X 2.0 10.2 (4.0) } .08 (.11) 30 Excessive
B 47 17 X 1.0 7.6 (3.0) .05 (.07) 7 Slight
ar (Orientation X 1.0 8.9 (3.5) {.03 (.05) 7 Excessive
T 5) X 1.0 8.9 (3.5) | .05 (.07) 15 Excessive
by | X 2.0 7.6 (3.0) ‘ Excessive |AP errstic
[ X 2.0 5.1 (2.0) § Significant}{AP erratic
3 X 1.0 7.6 (3.0) 20 No AP amplitude too low
, X 1.0 8.4 (3.3) 20 Significant}and erratic
X 1.0 10.2 (4£.0) 30 Excessive
- - X 1.0 9.7 (3.8) 30 Slight
i 49 16 X 0.5 30.5 (12.0) {Excessive {Break at 5 Hz
i X 0.5 20.3 (8.0) [.17 (.25) 21 Excessive
v X 0.5 15.2 (6.0) §.21 (.30) 42 Slight
X 0.5 24.4 (9.6) {.12 (.18) 15 'Significant
[ X 0.5 24.9 (9.8) §.12 (.18) 20 Significant
eyl
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Acceleration
; g Peak
! L , Type of Vibratio for Sine |Ullage Peak AP
2 -} Test} Screen Sine ‘ gRMS for (Height N/cm Frequency
No, ISpecimen|SweepfDwe 1l JRandom Random cm(in.) (psi) Hz Braakdowa Remarks
49 16 X 0.5 19.8 (7.8) (.16 (.23) 25 Significant
X 0.5 30.5 (12.0){.08 (.1?) 30 Significank
X 0.5 29.2 (11.5)}.08 (.11) 30 Significaunt
X 0.5 14.7 (5.8) [.21 (.31) 40 Significant
X 0.5 18.5 (7.3) (.17 (.25) 50 Significant
X 0.5 Drain 30
X 0.8 15.2 (6.0) {.19 (.27) 35 Excessive
X 0.8 10.2 (4.0) .26 (.37) 29 Significant
62 i1 X 1.0 15..2 (6.0) Excessive [|AP not recorded
(Freon 113) X 1.0 10.2 (4.0) Significant]AP not recorded
X 1.5 10.2 (4.0} Excessive {AP not recorded
63 11 X 1.0 15.2 (6.0) Excessive JAP not recorded
(Freon 11) X 1.0 10.2 (4.0} Significant]AP not recorded
X 1.5 10.2 (4.0) Excessive }AP not recorded
g ,
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APPENDIX C
SYMBOLS
A Area ~ m2 (ftz)
a,b Screen dimensions ~ m (£ft)
A,B Model dimensions - m (ft)
Bo Bond number
c System damping - N sec/m (1lbf sec/ft)
CD Drag coefficient
CX’ CY’ CZ Flow amplification factors
£ Frequency - Hz
F Force - N (1bf)
g Acceleration - m/sec2 (8)
8 ms Overall gRMS level of random vibration =~ m/sec2 ()
h Height - m (ft)
hS Height of screen exposed to ullage - m (ft)
k System stiffness - N/m (lbf/ft)
L. Characteristic flow length -~ m (ft)
m System mass - Kg (1bm)
| Méff System effective mass - Kg (1bm)
; n,K Geometric coefficients for a particular screen
i N Number of pores
| AP Pressure differential - N/m2 (lbf/ftz)
z&PC Screen bubble point with test liquid - N/m2 (1bf/ft2)
ASPd Pressure differential due to inertia - N/m2 (lbf/ftz)
A&Pf Pressure differéntial due to flow - N/m? (lbf/ftz)
ASPS Hydrostatic pressure due to bulk liquid - N/m2 (lbf/ftz)
o e o ORIGINAL PAGE IS
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AP

APV

Total pressure differential - N/m2 (lbf/ft:z)
Pressure differeptial due to vibration - N/m2 (lbf/ftz)
Displacement coordinate - m (£ft)

Screen center displacement coordinate - m (£t)
Oscillatory vibration response coordinate - m (ft)
Liquid outflow coordinate - . (ft)

Orifice flow coordinate - m (ft)

Dynamic amplification factor

Minimum pore radius ~ m (ft)

Wire radius - m (ft)

Bubble radius - m (ft)

Radius of the line of contact between the bubble and the
screen - m (ft)

Time ~ sec

Screen thickness ~ m (ft)

Kinetic energy - Kg m2/sec2 (1bm fta/secz)
Liquid flow velocity = m/sec (ft/sec)

Gas flow velocity - m/sec (ft/sec)

Bubble volume - m> (£t>)

Weber number

Sinusoidal vibration input modulii - m/sec2 (ft/secz)
Liquid density - Kg/m; (lbm/ft3)

Liquid surface tension - N/m (1bf/ft)

Gas viscosity - Kg/msec (1bm/ft sec)
System natural frequency - radians/sec
Length - m (ft)

Void fraction
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