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Abstract E

The Liquid Motion Experiment (LME), designed to ?S
study the effects of liquid motion in rotating tanks, was
flown on STS 84. LME was essentially a spin table thattrans
created a realistic nutation motion of scale-model tanks
containing liquid. Two spherical and two cylindrical K
transparent tanks were tested simultaneously, and three
sets of such tanks were employed to vary liquid viscosity,,

pin

filllevel, and propellant management device (PMD) design 'q“éd 2

r!
All the tanks were approximately 4.5 in. diameter. Th p(

primary test measurements were the radial and tangential’
torques exerted on the tanks by the liquid. Resonanti9id
frequencies and damping of the liquid oscillations wer
determined by sine sweep tests. For a given tank shape,?ﬁ@fa'
resonant frequency depended on fill level. For the!
cylindrical tanks, the resonances had somewhat differen
frequencies for the tangential axis (0.55 to 0.75 times spi

rate) and the radial axis (0.73 to 0.78 times spin rate), a

the tangential axis resonance agreed more closely withh
available analytical models. For the spherical tanks, th®
resonant frequencies were between 0.74 to 0.77 times tRe
spin rate and were the same for the tangential and radi€l
axes. The damping coefficients varied from about 1 t&

3 percent of critical, depending on tank shape, fill level 2o
and liquid viscosity. The viscous energy dissipation raterpin

of the liquid oscillations were determined from sine dwellQ,qppie

tests. The LME energy dissipation rates varied from 0.3 to)
0.5 times the estimates obtained from scaling previou®
ground tests and spacecraft flight data. The PMDs
sometimes enhanced the resonances and energy dissipation
rates and sometimes decreased them, which points out the

dissipation rate of kinetic energy

a steady acceleration (such as gravity)

mass moment of inertia of the spacecraft about
the spin axis

mass moment of inertia about a transverse axis
through the center of mass

proportionality constant of order unity that
depends on the spacecraft-tank geometry
liquid mass

liquid pressure field

distance from the spin axis to the free surface
computed torque for the empty tank and tank
structure

amplitude of the measured sinusoidal torque
angular acceleration

half-power frequency width

viscous damping coefficient

nutation frequency

liquid viscosity

phase angle

liquid density

liquid surface tension

cone angle

spin rate

spin motor rotation rate

wobble motor rotation rate

sinusoidal angular velocity of spin table
unsteady angular velocity

Introduction

need to understand better the effects of PMD on liquidackground

motion as a function of PMD and tank design.

The Liquid Motion Experiment (LME) is a flight

investigation of the characteristics of liquid motions in

Nomenclature

spinning, nutating tanks. The data from the flight tests will

aid in determining the effects of such motions on the

d tank diameter

“This paper is declared a work of the U.S. Government and is not
subject to copyright protection in the United States.”
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Spacecraft are made to spin for a number of reasons, The nutation motion produces an oscillatory motion
including gyroscopic stiffness, equal distribution of solarof the liquids in the tanks. This liquid motion dissipates
thermal loads, and positioning of the liquids in a tank ovekinetic energy at rate as a result of the viscous stresses
the outlet. Just as for any freely-spinning body, a spinningaused by the motion. The dissipation leads to an increase
spacecraft can have a nutation motion superimposed on its the magnitude of the coning motion [1] as shown by
steady spin; this nutation is sometimes called “coning.’Eq. (2):

During nutation, the spin axis of a spacecraft rotates

around its angular momentum vector, which is fixed in de Q%(ltrans - lspin)

inertial space in the absence of any external torques or GE T E (2)
forces. Figure 1 illustrates such a motion for an idealized

spacecraft containing liquid in two off-axis tanks. Sincel, ;¢ > S - the rate of change®/dt of  is

positive; that is,0 mcreases with time. Equation (2)

0 assumes that the liquid is merely a passive dissipator,
\— whose motion does not affect the mass distribution (e.g.,
9(; Cj A center of mass location). However, the liquid mass fraction

of many spacecraft approaches 50 percent of the total mass
[2,3] and Eqg. (2) is then a crude approximation.
Furthermore, when a resonant frequency of the liquid is
near the nutation frequency the dynamics of the liquid
\ motion couples with the nutation, thereby causing the
cone angle to change rapidly even in the absence of
dissipation. Even if there is no dynamic coupling, the
dissipationE of a resonant liquid motion is extremely
Tank large, which, according to Eg. (2), will lead to a rapid
increase of the cone angle. In extreme cases, the cone
angle may increase so rapidly that the attitude control

\S pin Axis system cannot maintain the attitude of the spacecraft;
when this occurs, the spacecraft experiences a disastrous
Angular momentum vector “flat spin” [1]
Fig. 1.—Idealized spinning spacecraft.
The spin axis rotates around the angular For these reasons, it is important to quantify the
momentum vector, setting the liquid into characteristics of the liguid motions in a spinning, nutating
motion. tank. LME was designed to determine liquid resonant

frequencies, and energy dissipation rate of resonant and
nonresonant motions as a function of tank shape (cylinders,

The angle between the spin axis and the angulagpheres, and propellant management devices), liquid fill
momentum vector is the cone an@Jevhich is a measure |evel, and liquid properties.

of the magnitude of the nutation. The angular rate at which
the spin axis rotates around the angular momentum vect@jyerview of Liquid Motions in Spinning, Nutating Tanks

is called the nutation frequendy. In a body-fixed Liquid in a partially-full spinning tank can oscillate in
coordinate systen is proportional to the spin raf;  two distinctly different modes: free surface waves, and
according to: inertial (internal) waves. Of these two, the inertial wave

mode is the more important because the resonant frequency
of such modes are in the range that can be excited by

D
A= Qogl 'spin @  nutation.
Itrans

Free surface waves are similar to the sloshing that
Wherelspmisthe mass moment of inertia of the spacecrafioccurs in non-spinning tanks. In a spinning tank, the
about the spin axis amgl, ,sis the mass momentofinertia centrifugal acceleratioRy(Q)? (R, is the distance from
about a transverse axis through the center of mass. ThRe spin axis to the free surface) is analogous to a steady
spacecraft is assumed to be axisymmetric. Sipge >  accelerationy (such as gravity), so the resonant frequency
lspin IS the common mass distribution for a spinningis proportional t(QO(R/d)llzwhered is the tank diameter
spacecraft, Eq. (1) shows that the nutation frequency ip4]. Sinced <R, and the proportionality constant is greater
smaller than the spin rate < Q, than one, the resonant frequency is greater than the spin
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rate; in fact, unless the fill level is very small, the resonantransmitted to the Shuttle Payload General Support
frequency is greater than twice the spin rate [5]. Thus, th€omputer (PGSC), via the LME Experiment Interface
resonant frequency of free surface waves are alwaydnitand the Data Acquisition System. The LME software
higher than the frequency of the nutation motion thaused to control and monitor the flight tests was resident in
excites them. Free surface waves cause an oscillation tife PGSC. Data from rotating instrumentation (e.g., load
the liquid center of mass, so in general both a torque arzklls) are transmitted by an optical link from the spin table
a force on the tank are produced by the waves. to the stationary hardware housing, thus eliminating the
need to transmit data through slip rings. A video camera s
Inertial waves are oscillations of the liquid interior focused on one tank to provide a visual record of the liquid
and can occur even in the absence of a liquid free surfaceotions.
The oscillations are excited by Coriolis accelerations
induced by nutation of a spinning tank [6]. For aSpin and Nutation Rates
symmetrical tank spinning about #symmetry axis, the The spin rate and nutation frequency of the spin table
theory shows, for example, that the liquid pressure fieldre provided by two electric motors called the “spin”
p(r,8,2)eiM) corresponding to an oscillation frequency of motor and the “wobble” motor. The spin motor housing in
A is governed by: the final design was mounted on a swash-plate-like
arrangement tilted at’3o the wobble motor shaft axis,
2 2 212 and the tilt angle vector of the spin table rotated at the
0%p, 0% 5 4Q5U0%p _ bble motor rotation rate. The unsteady angular velocit
SR, 2P L3 70 =0 (3) Wwobble motor rotation rate. The unsteady angular velocity
a2 r2002 El A2 507 w and angular acceleration a of a point on the spin table,
When the oscillation frequenck > 2Q,, this such as one of the LME tanks, is given in a coordinate

differential equation is “elliptic” and the oscillations are SyStém rotating with the table by:

the free surface sloshing oscillations mentioned above.

But when\ < 2Q,, the equation is “hyperbolic” and the W = QyopplebSIN(AL + @) (49)
oscillations are inertial waves [5]. No general theory is
available for the problem under discussion, but approximate
analytical models indicate that even for this non-
axisymmetric geometry all the inertial wave resonancealhere is 2 phase anale that depends on the anaular
occur in the frequency range between 0 adg 2nd the ¢ P 9 P 9

most prominent resonances have frequencies lesfhan location ofthe_table pointin que_stlon. For comparison, the
angular velocity and acceleration of an off-axis tank in a

[7,8,9,10]. Since the motion of the free surface is a;spinning spacecraft are given loy= ABsin(\t + ¢) and
secondary effect of an inertial wave, the liquid center o =\ 28cost+q). Thus, iQ Z |, the LME spin table

mass does not necessarily oscillate, in which case thS|mulates the actual motio\?llog?lg_s acecraft. The nutation
liquid motion exerts only a torque on the tank. P '

frequency of the spin table was given by:

a = AQ yoppied COS(AL + @) (4b)

The approximate analytical model used to predict the
resonant frequencies for the LME tanks was based on the A =Qgin ~Quobble (5
homogeneous vortex modg]11]. The model was exended
to incorporate viscous effects was used to predict thinstead o = Q,, .« The differences between Egs. (4)
energy dissipation rates [12]. These predictions arend (5) and the analogous spacecraft relations are not
compared to the LME test results later in this section. critical because the liquids in the LME tanks are still
subjected to a spinning, nutating motion, although the

Description of Liquid Motion Experiment amplitude of the angular acceleration is not quite the same
as for a spacecraft. Thus, the LME tests are fully capable
LME Hardware Arrangement of determining resonant frequencies and energy dissipation

The LME hardware was designed for the doublerates.
adapter plate of two Shuttle middeck lockers. The
experiment was actually mounted to a double adaptdroad Cells and Tank Support Structure
plate of two SpaceHab lockers, but this change in  The primary quantitative data obtained from the LME
accommodations did not require any significant alterationests were the torques exerted on the test tanks by the
to the hardware. The flight hardware is basically a spirtontained liquid. These torques were measured by
table that can be made to nutate at a prescribed frequeneytremely sensitive load cells. Two load cell structures
at a fixed cone angle of about.5The test tanks are were used for each tank to provide support for the test tank
cylinders and spheres. The data acquired during a testasd a capability of sensing both radial and tangential
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torques. The sensing element of each load cell is a set ©ést Tanks

semi-conductor strain gauges mountedto very thinstainless LME employed two generic tank shapes, a cylinder
steel beams. The entire weight of the tank support ringnd a sphere. Figures 2 and 3 show the tank designs
structure, the test tank, and liquid is supported by the

tensioned springs that connect these beams and the load

cell holder brackets The plane of the sensing elements filling e 4.500
passes through the center of mass location of the tank and hole plug N
ring support structure. When a torque is exerted about the '
radial axis of the tank from the spin table axis to the tank
center line, the beams of one of the two load cells deflect
upward, and the beams of the other load cell deflect
downward. Conversely, when atorque is exerted about the
tangential axis of the tank (perpendicular to the radial
axis), one end of each beam of a load cell deflects upward
and the other end deflects downward, with an identical |4 gown
deflection pattern occurring for the beams ofthe otherload  agnet (four) |
cell. Thus, by using an appropriate electrical bridge, the ) ,
load cells can measure radial and tangential torques 'ocatingtab i : -
simultaneously. (A radial torque also introduces a (tr€e) =] I
negligible twist to each beam.) For purely axial or radial
motions of the tank without a change in the tilt of the tank, Fig. 2.—LME cylindrical tank.
the strains imposed on the strain gauges effectively cancel

out; thus, the load cells are insensitive to forces.

Plug

The beam-tensioned spring arrangement provides Counterweight 1

adequate axial support of the tank in the weightless stainless /,/1
environment of flight but not in the 1-g environment of a steel sleeve
laboratory, in which the tank and support structure “sag” -
significantly. For that reason, the load cells could not be
calibrated in the laboratory when they supported a tank.
Instead, each load cell was calibrated by positioning it
horizontally to eliminate the dead weight acting on the
sensing elements, and a fixture was used to load the load  hold down Base

cell statically over a range of torques. The sensitivities of ~ magnet (four) (=~ 2 ——==

a typical load cell as determined from this procedure are: locating b= L™

0.4 in.-Ib/V (4.5X%10° dyne-cm/V) for radial torques and tab (three)

0.09in.-Ib/V (1.0%10P dyne-cm/V) for tangential torques.

The difference between the two sensitivities is a result of Fig. 3.—LME spherical tank.

the larger moment arm for radial torques compared to

tangential torques. The smallest torque imposed on the

load cellswas 0.005 in.-Ib (5600 dyne-cm). The calibrations

were repeated after the flight tests. The differencesin pre- The tanks were cast from a clear polymeric resin.
and post-flight calibration were small, so the pre-flightCounterweights were attached to the top or bottom of each
calibration was used to reduce the flight data. On-Orbitank to make the geometric center of the tank coincide
just prior to a flight data test, the torque offset of each loatvith the center of mass of the tank-structure combination.
cell was determined by rotating the spin table at the test

spin rate without nutation. The measured torques (causd2fopellant Management Devices

by slight misalignments, etc.) were subtracted In addition to “bare” spherical and cylindrical tanks,
electronically from the torques measured during a dativo cylindrical tanks and two spherical tanks were fitted
test, so the recorded test torques should have been due owigh generic propellant management devices (PMD’s).
to the nutation motion of the tank and liquid. Figure 4 shows the LME PMD’s.

4.492
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The cylindrical tank PMD is a circular plate containing kind of tank was pre-filled to the two-thirds full level and
a 2.23in. (5.72 cm) diameter hole. It is located in the tankhe other was filled to the one-third level. The liquid was
S0 as to bisect the tank into two equal halves. This kind afe-ionized water having a viscosity of 0.86 cp. One
PMD has been found to damp liquid resonances [13]. Theylindrical tank was in the field of view of the video
PMD was made of 1 mm clear polycarbonate sheet materiatamera, so small neutrally-buoyant particles were mixed
The spherical tank PMD is a typical vane design. It iswith its liquid to aid in flow visualization. The tanks also
composed of two large circular vanes that extend over tha@ternated around the spin table periphery for the second
entire tank diameter and four small vanes. In a spacecrafgnk set, called Set B; for this tank set, the liquid was de-
the PMD captures a certain quantity of liquid between thénized water mixed with 55 percent glycerin (by weight)
large vanes during periods of weightlessness and directsd increase the liquid viscosity to 9.5 cp. For the third tank
to the small vanes over the tank outlet. For LME, the axiset with the PMD’s, called Set C, the two cylindrical tanks
of the vane system was oriented along a radial axis suchkere adjacent and the two spherical tanks were adjacent.
that the small vanes were located at the outer diameter dhese were filled with pure de-ionized water. One
the tank; this arrangement preserved the symmetry of theylindrical tank was pre-filled to the one-third full level
liquid orientation in the tank. The PMD was made of 1 mmand the other was filled to the two-thirds full level. The
clear polycarbonate sheet. spherical tanks were also pre-filled to the one-third and
two-thirds full level. The surface tension of the water was
about 410 Ib/in. (70 dyne/cm), and the surface tension
p ofthe water-glycerin mixture was slightly less. The density
3.30 of the water was 0.036 Ib/fh(1.0 gram/cr), and that of
xTA the water-glycerin mixture was 0.041 Ib/An.
(1.14 gram/crd). All liquid property measurements were
made at 78F (23.9°C).

3
3

2.23 1

'R[ Sine Sweep and Dwell Test Characteristics
1 mm Two general types of tests were employed, each
N N having a specific objective. For the first type, the spin rate
/N -t was held constant and the nutation frequency was varied
b over arange; these tests were called Sine Sweep Tests. For
View A-A the second type, the spin rate and the nutation frequency
Sphere PMD were held constant for an extended period of time to obtain
Fig. 4—LME propellant management devices. The steady state liquid oscillations; these tests were called Sine
cylinder PMD bisects a cylindrical tank. The axis of Dwell Tests.
the vaned sphere PMD is oriented along the radial
axis of a spherical tank. Sine sweep tests.—The objectives of the sine sweep
tests were to determine the resonant frequencies of the
The cylinder PMD bisects a cylindrical tank. The axisliquid oscillations and the apparent viscous damping of
of the vaned sphere PMD is oriented along the radial axige oscillations. At a resonance, the liquid-induced torque

sl

Cylinder PMD

of a spherical tank. sensed by the load cells has a local maximum. Thus, the
resonant frequencies can be determined by examining the
LME Test Matrix and Test Procedures torque time histories for maxima. The nutation frequency

was changed at a rate designed to be sufficiently low such

Tank Sets, Liquid Fill Levels, and Liquid Physical that the amplitudes of the resonant torques would be near
Properties their steady-state values; the sweep rate was small initially

Three sets of four tanks were used in the flight testsand increased logarithmically in time, so that most of the
Each set consisted of two cylinders and two spheres. Thest time was devoted to the rangeQ,,,where theory
first two tank sets were composed of “bare” tanks, and thixdicated that prominent resonances occurred [11].
third set was two cylinders and two spheres containing
PMD’s. For the first tank set, called Set A, the cylinders  The apparentdamping g (fraction of critical damping)
and spheres alternated around the periphery of the spig determined by measuring the distance on the nutation
table (i.e., cylinder, sphere, cylinder, sphere). One of eadifiequency axis at which the torque amplitude has decayed
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to 1N2 times the resonant peak amplitude. This damping  Therigid body torques needed for Eg. (6) are computed
coefficient is useful for equivalent mechanical models offrom the relation:
an inertial wave oscillation, such as a single degree of
freedom rotating, nutating disk [10]. Trgidi = hransCl i('spin _ |trans)9000i )
Sine sweep tests for each tank set were conducted for
three different spin rates, two (nominally 20 rpm andwhere the + sign is used iifcorresponds to the radial
14 rpm) of which produced centrifugal accelerationscomponentand the - is used for the tangential component.
sufficiently high to make the effects of surface tensionThe angular velocity and acceleration are computed from
negligible. The third spin rate (nominally 4 rpm) was the spin motor and wobble motor rotational rates given by
sufficiently small such that the Bond number, defined a£as. (4) witt® = 5° being the cone angle of the spin table.
Bo =pRQ§d/0, was of order unity, whemis the liquid
density ando is the liquid surface tension. For Bond Data Analysis
numbers of unity or less, the liquid is effectively in a low-
gravity environment and the interface is highly curved Data Reduction
Thus, the 4 rpm spin rate tests simulated a slowly-spinning ~ Torque data were acquired for each sine sweep and
spacecraft and were meant to quantify the influence ofine dwell test in the form of a time histories of strain
surface tension on the resonances. gauge voltages. The data were sampled 40 times during
each spin rate period, which is more than adequate to
Sine dwell tests.—The objective of the sine dwellresolve the details of the highest frequency sweep rate or
tests was to quantify the energy dissipation rates of thepin rate used in the tests.
liquid oscillations under steady state conditions. For these
tests, the spin rate and the nutation frequency were held All the strain gauge voltages were severely
constant for up 20 min, to ensure that the liquid oscillationgontaminated by high and low frequency noise from a
reached a steady state condition. Two sine dwell tests wevariety of sources including the wobble motor speed
conducted for each tank set. reducer. Consequently, it was necessary in the post-flight
data processing to extract the true signal from each strain
The energy dissipation rate for each tank is computegauge time history by digital filtering. After filtering, the
from the measured torque amplitude and the angulatrain gauge signals were combined to compute the
velocity of the spin table at the tank location by: appropriate torques. For sine sweep tests, all data
components at frequencies that were somewhat higher
than the highest nutation frequency and somewhat lower
B = O‘S(HOta] _T”gid)wi cos¢, ©6) than the lowest nutation frequency used in the test were
filtered. For sine dwell tests, for which the frequency of
Here T, is the amplitude of the measured sinusoidathe true signal did not vary with time, the filtering closely
torque,Trigiol is the computed torque for the empty tankbounded the test nutation frequency. The filtering yielded
and tank structurey is the sinusoidal angular velocity of good results except for the 4 rpm spin rate tests; for these
the spintable (i.e., the produd) andgis the phase angle low spin rate tests, all the low frequency noise could not
between the torque and the angular velocity sine wavebe completely filtered without affecting the true signal.
the phase angle is computed from the timing marks
recorded in the data stream allowing for the rigid bodySine Sweep Test Results
torque. The subscriptindicates a radial or tangential For a sine sweep test, the nutation frequency was varied
component of the parameter. The total energy dissipatioover a prescribed range by increasing the rotation rate of
rate is the sum of the radial and tangential dissipation ratethe wobble motor exponentially in time from a starting
When the phase angtgis betweent90°, the energy value of near zero to a final value of about twice the spin
dissipation rate is positive according to Eq. (6). Thismotor rotation rate. As an example, Fig. 5 shows the
means that the liquid extracts energy from the nutationyobble motor rotation rate history for Test A0002,
which is eventually transformed into heat by viscousfor which the wobble motor rotation increased from
stresses (for a spacecraft, the energy is extracted from tBe2 rad/sec (1.9 rpm) to 3.9 rad/sec (37.6 rpm). Since the
spin kinetic energy). Conversely, when the phase angle rutation frequency is the difference between the spin
between 90 and 270, the energy dissipation rate is motor and wobble motor rotation rates, the nutation
negative, and the liquid contributes energy to the nutatiorfrequency of this tedecreased from an initial value of
this is unrealistic, since the liquid oscillations would then18.1 rpm to zero (when the wobble motor spin rate was
decay rather than continue in a steady state. 20 rpm after about 900 sec), and themeasedto 17.6 rpm

NASA/TM—1998-208479 6



Figure 6 indicates that there are two liquid resonances, one

g 40 7 primary causes are: (1) the large number of nutation cycles
o 7 compressed into the graph, (2) the finite data sampling rate
= . 3.0 of the tests, which sometimes missed the peak of a cycle,
g @ 20 and (3) the plotting software, which draws a straight line
‘g § from one data point to the next without any “smoothing.”
£ o

Qo

Qo

o

=

1.0 T neaA/Q,=0.5and asecond ned;,=0.76. (The torque
0.0 peak neah/Q,= 0.85 is the transient associated with the
0 200 400 600 800 1000 1200  startofthetestanddoes notindicate aliquid resonance).The
Time, sec normalized resonance atQ, = 0.5 is much reduced
Fig. 5.—Wobble motor rotation rate for test AO002 compared to the onedQ,=0.76. The higher-frequency
(20 rpm spin rate). Nutation frequency varies from resonance\/Q, = 0.76 is concluded to be the most
18.1 rpm to O rpm to -17.6 rpm. prominent resonance. In fact, the frequency of this

resonance agrees well with the predicted resonance
in the retrograde direction at the end of the testfrequency shown previously.
The prograde motion occupied 900 of the 1200 test sec,
and the retrograde motion occupied 300 sec. Consequently The torques measured about the tangential axis also
the sweep rate through the retrograde motion was probabdjisplayed resonant liquid oscillations. For example, Fig. 7
too fast to excite liquid resonances. shows the tangential torque response for the same Test

A0101. The resonanceXd;=0.76 is apparentin Fig. 7,

Typical results.—Figure 6 shows a typical sine sweepvhich is the same value as for the radial torque in Fig. 6,

test result: the radial torque amplitude history for Tank Jutthe general shape of the torque is significantly different
of Test A0101 (2/3 full cylinder, viscosity = 1 cp, spin from the radial torque. This difference was caused by the
rate = 14.1 spin rate) as a functiod@®,. Interms of the  offset of the center-of-mass of the liquid along the radial
actual test time, the start of the test corresponds to trexis from the center of the tank (as a result of the liquid
highest value of/Q(i.e., the right hand side of the graph) orientation against the outer wall of the tank); this offset
and the end of the test to the lowest (negative) value. Theuperimposed a nonresonantrigid-body-like torque on the
slight “jaggedness” of this plot is the result of severalresonanttangential torque that tended to hide the resonant
factors, including some residual noise in the data, but theeak. Depending on fill level, the resonant peak was,

0.10

0.05

000 I;|| ‘”‘1‘“!.

-0.05

-0.10

Torque/excitation (moment of intertia units)

-0.15
-1 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Nutation Freq/Spin Rate

Fig. 6.—Normalized radial torque for Tank 1 (2/3 full cylinder) in Test A0101. Most prominent resonance
occurs for A/Qq = 0.76.
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-0.015

-0.020

-1 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Nutation Freq/Spin Rate

Fig. 7.—Normalized tangential torque for Tank 1 (2/3 full cylinder) in Test A0101. Torque amplitude depends
on magnitude of the spin table motion.

however, sometimes more evident than in Fig. 7, butvithout nutation conducted before each sweep test was
generally it was not possible to determine damping valuedesigned to eliminate such offsets in the recorded sweep
from the tangential torque responses. responses (by compensating for the offset in the software),
but apparently nutation introduced an additional
For somefill levels, the resonant frequency determinedincompensated offset.
from the tangential torques was significantly less than the
resonant frequency determined from the radial torques. Summary of cylindrical tank results.—Table |
The homogeneous vortex modelis not capable of predictingummarizes the resonant frequency and damping results
these differences, since it predicts only one inertial wavas determined from both the radial and tangential torque
resonance for a given fill level [11]. The resonant dampinglata for all the cylindrical tank tests conducted at 20 and
of the liquid oscillations was computed from the radiall4 rpm (Bo >> 1). For some of the tests, the tangential
torque responses by the half-power method. For exampligrque resonances were not distinct enough to allow the
from Fig. 6, the peak torque amplitude at the resonanesonant frequency or the damping to be ascertained; these
frequency\ = 0.7&is about 0.09, measured in moment- cases are indicated in the table by “—".
of-inertia units. Since the tank rigid body torque is
negligible compared to the liquid-induced torque, theThe radial torque resonances for the 1/3rd and 2/3 full
torque amplitude at the half-power points is OV@9#  tanks occurred for nutation frequencies inthe range between
0.064 moment of inertia units. Therefore, the half-powe0.73X2, and 0.78),, and the tangential torque resonances
frequency width from Fig.6 is abod = 0.032,. The  occurred in the range between @%%nd 0.78),. These
viscous damping coefficient g is thus computed agesultsare compared tothe predictions ofthe homogeneous
AN2N = 0.022/(1.5X)) = 0.02, or 2 percent of the vortex model in Fig. 8. For the 1/3rd full tank, the model
critical damping. This level of damping is about the samegoredictions compare better to the observed tangential
as the free-surface sloshing damping for a tank of similatorque resonances than to the radial torque resonances,
size and shape, which is reasonable since most of ttedthough the predictions are good for both sets of resonances
energy dissipation occurs at the tank walls for either freefor the 2/3rd full tank. For both seté resonances, the
surface sloshing or inertia waves. ratioA/Qq at resonance remained nearly constant When
D.C. offset.—Many of the measured sinusoidal torquevas changefrom 14 to 20rpm, which is in agreement
responses showed a d.c. offset. The steady spin periodith the model. It shoulthe noted that even though the

NASA/TM—1998-208479 8



TABLE |.—SUMMARY OF RESONANT FREQUENCYA .. AND DAMPING G DATA FOR CYLINDRICAL TANKS

Radial torque Tangential Radial torque| Tangential
torque torque
TEST | Spin rate| A, Y, Atess Y, Atess Y, Atess Y, COMMENTS
rpm rom  [percent] mpm | percent rpm | percent| rpm |percent
Tank 1 (1 = 1 cp) Tank 3¢ = 10 cp)
A0002 20.0 154 18 146 - 15.9 20 14.( | resonances are not as prominent as for
14.1 rpm spin rate
A0101 141 10.7 17 10.1 - 10.7 20 10.7 | second smaller resonanceAat 7.0 rpm
(radial and tangential)
B0O001 20.0 154 11.0 14.8} - | resonances amplitudes are small
B0101 14.1 10.6 14 8.0 — 10.7 17 8.0 — | several smaller resonances in radial axi
Tank 1 (1 =1 cp) Tank 211 = 1 cp)
co101 141 10.3and| 27 10.7 — 10.4 24 10.6 — | tanks contain a PMD
10.9

5 - B} '_, — For the bare tanks, the viscous damping coeffigient
c | | "Bare” Cylindrical Tanks - High Spin Rate Tests . .
g computed from the radial torque responses is of the order
S 08 of 1 to 2 percent of critical. The damping increased with
° % fill level and liquid viscosity, as expected. For the
§ /@ cylindrical tanks containing a PMD, the damping was
3 0.6 ® considerably larger than for “bare” tanks. Thi It
g P s : bly larger than for “bare” tanks. Thisresult agrees
3 /d<\0“ with previous findings for a similar PMD in a cylindrical
] o o tank with hemispherical ends [13] in which resonant
g~ liquid oscillations found from drop tower tests were damped
3 | ® o Radial torque, 1 cp liquid, 20 and 14.1 rpm spin M by the PMD. Furthermore, at least for the 2/3 full tank, the
g 0. || ™ O Radial torque, 10 cp liquid. 20 and 14.1 rpm spin | | PMD, which bisected the tank into equal halves, appeared
§ ' @ O Tangential torque, 1 cp liquid, 20 and 14.1 rpm spin to split the radial-axis resonance into two smaller
—| A A Tangential torque, 10 cp liquid, 20 and 14.1 rom spinf| resonances with frequencies slightly larger and slightly
00 I I N A A smaller than for the “bare” tank.
0.00 0.20 0.40 0.60 0.80 1.00
Tank Fill Fraction Summary of spherical tank results.—Liquid resonant
Fig. 8.—Resonant frequencies for cylindrical oscillations were not expected to be prominent in the
tanks at high spin rates. spherical tank sweep tests torques, since such oscillations

can be excited for a spherical tank only through viscous
radial torque responses occurred over a small rangfe of stresses at the tank walls. Nonetheless, some resonances
Qg ratios, these resonances were notan artifact or resonanwere observed, especially in the torque response curves
of the physical setup that occurred at some definite wobblir the radial axis. The resonances tended to be more
motor or spin motor speed. For each resonance the actdaghly damped than for the cylindrical tank results, and
nutation frequencies were quite different than the wobbl¢hus smaller in amplitude. The observed resonances again
motor and spin motor rotation rates. The video recordinggnded to be clustered near 0.752,, which in this case
confirmed the existence of liquid resonances. During thare 10 to 20 percent lower than the predicted values, as
time when the nutation frequency was sweeping througkhown in Fig. 9. Evidently, the large viscous coupling of
a resonance, the amplitude of the vortex-like swirlingthe liquid to the tank walls (or perhaps small
motion of the liquid oscillation increased dramatically andnonaxisymmetric imperfections in the tanks) was sufficient
then decreased. None of the test results for Bo =1 (i.e., thie excite resonances. For the spherical tanks, there was
“low gravity” tests) showed any resonances. In fact, thdittle or no difference between the radial and tangential
actual nutation frequencies used in these tests did natrque resonant frequencies. The vane-like PMDs of the
exceed about | = OCB,, so the resonances, which are spherical tanks tended to increase the radial axis liquid
predicted to occur at | = 0.65 and higher (as shown by resonance amplitudes slightly but not the tangential axis
Fig. 8) would not have been excited in the tests. The videasonances. The increased torque amplitudes were
recordings did show, however, that the liquid interfaceaccompanied by a tendency for the damping coefficient to
was highly curved for Bo = 1, as expected. be decreased.
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1.2

T T T T T T T gravity” test€Q,= 4 rpm are not shown because the phase
o [ "Bare Spherical Tanks - High Spin Rate Tests (— angle of the torque responses with respect to the tank
S angular velocity could not be determined reliably as a
g result of the noise in these data.
©
% 08 2 B The torque amplitude results are reasonably consistent
;7 e (i.e., they increase with spin rate and nutation rate). The
3 06 ~ ﬂow‘“ computed energy dissipation rates for Tank 1 of Tank Sets
g e A, B, and C are also reasonably consistent and in most
g 04 | cases positive, especially for the radial axis torques.
g || ® o Radiltorque, 1cpliquid, 20 and 14.1 rpm spin [ However, the computed energy dissipation rates for Tank 3
§ | mm O Radial torque, 10 cp liquid, 20 and 14.1 rpm spin | | of Tank Sets A and B are generally negative (phase angles
8 02 - @  Tangential torque, 10 cp liquid, 14.1 rpmspin [ greater than 99, which as was discussed above is
physically unrealistic. Since the energy dissipation rates
0.0 are small, the phase angle between the torque and the
0.0 0.2 T:ﬁﬁ - Fracot-ign 0.8 10 angular velocity of the tank tended to cluster arourfg 90
soslight errorsin determining the phase angle are probably
Fig. 9.—Resonant frequencies for spherical responsible for the negative energy dissipation rates in

tanks at high spin rates. many cases. However, in other cases, the phase angle is

considerably larger than 90The load cell calibrations
and the sign of the torque response of the load cells for
Just as for the cylindrical tanks, the tests at Bo = 1 didlank 3 were checked after the flight and found to be
not reveal any resonances, again for the same reasot@rrect, so the reason why phase angles for this tank
discussed for the cylindrical tanks. The liquid interfacetended to be greater than°%re not apparent.
was highly curved, as was expected. Table || summarizes
all the resonant frequency and damping results for the The computed negative energy dissipation rates also
spherical tank sweep tests conducted at 14.1 and 20 rptended to occur more often for torque responses about the
tangential axis than for the radial axis. This behavior may
Sine Dwell Test Data be related to the fact that liquid resonances found in the
sine sweep tests were more prominent in the torque
For a sine dwell test, the filtered torque responsesesponses for the radial axis than for the tangential axis.
were all clean sine waves of constant amplitude. For that
reason, typical torque plots are not shown. The rotation Although positive and negative energy dissipation
rates of the spin motor and the wobble motor were heldates also occurred for tanks containing PMD’s, the PMD’s
constant during a sine dwell test for a period long enougtended to reduce the energy dissipation rate compared to
forthe liquid oscillations to achieve a steady state conditiorthe bare cylindrical tanks. This same trend was observed
Cylindrical tanks.—Table Ill summarizes the torquefor the damping coefficient g computed from the sine
and energy dissipation results for all cylindrical tanks, forsweep testresults. The energy dissipation data is plotted as
spin rates of2; = 20 and 14.1 rpm. Results for the “low a function of spin rate and fill level in Fig. 10.

TABLE I.—SUMMARY OF RESONANT FREQUENCYA . AND DAMPING G DATA FOR SPHERICAL TANKS

Radial torque | Tangential Radial torque| Tangential torqye
torque
TEST Spin rate )‘resv Y, Ares' \& )\res' Y, )\res' \z COMMENTS
rpm rpm | percent] rpm | percentf rpm | percentl rpm percent
Tank 2 (1 = 1 cp) Tank 4 it = 10 cp)
A0002 20.0 154 32 154 2.3 -— | radial resonances only
A0101 141 10.6 15 10.7 20 10.6 - | second smaller resonanceiat 7.0 rpm in
radial axis
B0O00O1 20.0 154 15.2 20 - | Tank 4 radial resonance is much more
prominent
B0101 14.1 10.7 1.9 10.6] 19 10.6 - | Smaller resonances at 7.3 rpm in radial §xis
Tank 3 (1 = 1 cp) Tank 40 = 1 cp)
[ co101 14.1 106 20| - — 107 20| 106] 2.0 [ tanks contain a PMD |
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TABLE lll.— SUMMARY OF ENERGY DISSIPATION RATE DATA FOR CYLINDRICAL TANKS
W = TANK ANGULAR VELOCITY; T = NET TORQUE;® = PHASE ANGLE BETWEEN T
AND F; E - ENERGY DISSIPATION RATE

TEST Spin w, Tradial ’ fradial ’ . Eradial ’ -I—t_angerltiall flangential' ‘Elangential'
rate, rad/sec| in.-lb degree | in.-lb/sec| in.-lb degree | in.-Ib/sec
rpm

A0301, Tank 1 20 0.114 0.00155| 483 59<10° | 0.00903 | 86.9 2.7%10°
A0301, Tank 3 20 0.114 0.00166| 102.2| -2.0x10°] 0.00213 | 52.1 7.5¢10°
A0401, Tank 1 20 0.149 0.00333] 248 2.310* | 0.00106 106.9 | -2.3x10°
A0401, Tank 3 20 0.149 0.00216| 128.2| —1.0x10“ | 0.00628 133.1 | -3.2x10°
A0501, Tank 1| 14.1 0.056 0.00136] 455 2.7x10° | 0.00089 | 95.8 -25x10°
A0501, Tank 3| 14.1 0.056 0.00117] 984 -4.8x10°| 0.00168 | 95.7 -4.7x10°
A0601, Tank 1| 14.1 0.103 0.001121 320 4.9%10° | 0.00019 139.3 | -75x 10°
A0601, Tank 3| 14.1 0.103 0.00095] 153.0] -4.3x10°| 0.00083 | 95.1 -3.8x10°
B0301, Tankl 20 0.114 0.00133] 69.5 2.%10° | 0.00212 | 98.1 -1.7x10°
B0301, Tank 3 20 0.114 0.00256] 159.9| -1.4x10*| 0.00254 100.5 | -2.6x10°
B0401, Tank 1 20 0.149 0.00302] 80.9 3.8¢10° | 0.00085| 95.1 -56x10°
B0401, Tank 3 20 0.149 0.00197| 139.8] -1.1x10*| 0.00101 115.2 | -3.2x10°
B0501, Tank 1| 14.1 0.056 0.00073] 58.0 11x10° | 0.00271| 955 -7.3x10°
B0501, Tank 3| 14.1 0.056 0.00053] 109.3| -4.9x10°| 0.00260 1035 | -1.7x10°
B0601, Tank 1| 14.1 0.103 0.00113] 6.27 5.8<10° | 0.00090 106.4 | -1.3x10°
B0601, Tank 3| 14.1 0.103 0.00046] 111.4| -8.6x10°] 0.00106 106.4 | -1.6x10°
C0301, Tank 1 20 0.114 0.00027] 63.5 6.8<10° | 0.00228 | 56.2 7.310°
C0301, Tank 2 20 0.114 0.00101] 45.6 4.0<10° | 0.00275] 16.2 15¢<10*
C0401, Tank 1 20 0.149 0.00002] 118.3| -7.4x107| 0.00094 102.8 | -15x10°
C0401, Tank 2 20 0.149 0.00075] 107.5] -1.7x10°| 0.00009 1745 | -6.4x10°
C0501, Tank 1| 141 0.056 0.00048] 38.7 1.0<10° | 0.00298 | 90.5 -7.9%x107
C0501, Tank 2| 14.1 0.056 0.00048] 85.5 11x10% | 0.00197 | 85.7 4.2¢10°
C0601, Tank 1| 141 0.103 0.000711 9.01 3.6x10° | 0.00089 | 74.7 1.210°
C0601, Tank 2| 14.1 0.103 0.00042, 165.6| -2.1x10°| 0.00031| 79.5 2.9x10°

12 . . energy dissipation rate computed from the tangential axis
| | | Value = 23.0 . .
3 Lcp Liquid 1\ torques are negative. Figure 11 shows the computed
3 [ Shn Muen - (positive) energy dissipation rates for the spherical tanks,
£ '. o el for all the higher spin rate tests. The dissipation for the
) o 1 17 .t bare tanks tended to increase with spin rate and fill level,
e - ; just as for the cylindrical tanks. For the spherical tanks
o o 141 77 PwD| 4 - with PMDs, however, the dissipation rate tendeldtwease
E a ol B8 AiC with an increase in fill level. This is probably the result of
c e -7 /’ e . ]
s D B . the specific design of the vane PMD; the PMD blocked
3 A - ] much of the vortex oscillations for the small fill level,
27K _—T 1 whereas the PMD was more open with less blockage for
3 o~ 1 " the higher fill level. The magnitude of the dissipation rate
L% e — — for the spherical tanks with PMDs was sometimes larger
§Z and sometimes smaller than for the comparable bare tank.
\\\__
0 ——
0.30 0.40 0.50 0.60 0.70 Comparison of Energy Dissipation Rates to Ground and
Liquid Fill Fraction Spacecraft Flight Results
Fig. 10.—Energy dissipation rates for cylindrical

tanks. Many ground-test studies of energy dissipation in

rotating, nutating tanks have been conducted previously at
Spherical tanks.—Table IV summarizes the resultgery high spin rates to minimize the effects of gravity on
for the spherical tanks, f6, = 20 and 14 rpm; again, the the liquid orientation. Most of these studies give energy
low gravity 4 rpm test results are not shown. dissipation correlations of the form:

For the spherical tanks, the energy dissipation rates

computed for the radial torques are nearly all positive. E= Kmiquidggdz E&%Z\/% 6)
However, just as for the cylindrical tanks, some of the A PQod
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TABLE IV.— SUMMARY OF ENERGY DISSIPATION RATE DATA FOR SPHERICAL TANKS
W = TANK ANGULAR VELOCITY; T = NET TORQUE;® = PHASE ANGLE BETWEEN T
AND F; E - ENERGY DISSIPATION RATE

TEST Spln rate, w, Tradia\ ’ fradial ’ Eradial 1 TIangential’ ftangential’ Etangemial’
rpm rad/sec| in.-lb |degree]| in.-Ib/sec| in.-Ib degree | in.-Ib/sec
A0301, Tank 2 20 0.114 | 0.00426] 60.8 | 1.2¢<10* [0.00209 [ 138.7 [ -9.0x10°
A0301, Tank 4 20 0.114 | 0.00047] 955 | -26x10°]0.00117 | 135.3 | —-4.7x10°
A0401, Tank 2 20 0.149 | 0.00414] 6.00 | 31x10* [0.00237 | 89.8 59107
A0401, Tank 4 20 0.149 | 0.00080| 174.7| -59x10°] 0.00121 | 85.8 6.6x10°
A0501, Tank 2[ 141 0.056 | 0.00151] 209 | 39x10° [ 0.00101| 89.6 2.1x107
A0501, Tank 4] 141 0.056 | 0.00041] 9.40 | 1.1x10° | 0.00081| 77.2 5.1x10°
A0601, Tank 2| 141 0.103 | 0.00287 157 | 14x10* [0.00132| 969 | -82x10°
A0601, Tank 4] 141 0.103 | 0.00090| 220 | 4.3x10° | 0.00090| 932 | -26x10°
B0301, Tank2 20 0.114 | 0.00246 255 | 13x10* [0.00202| 975 | -15x10°
B0301, Tank 4 20 0.114 | 0.00061] 639 | 15¢<10° | 0.00151| 82.6 1.1x10°
B0401, Tank 2 20 0.149 | 0.00356] 122 | 26¢10* [0.00217[ 908 [ -28x10°
B0401, Tank 4 20 0.149 | 0.00086] 50.6 | 4.1x10° | 0.00149| 79.3 2.1x10°
BO501, Tank 2|  14.1 0.056 | 0.00033] 375 | 7.4x10° [0.00149| 75.9 1.0<10°
BO501, Tank 4|  14.1 0.056 | 0.00310f 39.1 | 6.810° | 0.00105 919 | -9.9x107
B0601, Tank 2[  14.1 0.103 | 0.00198] 508 | 1.0:<10" [0.00132| 882 2.1x10°
BO601, Tank 4|  14.1 0.103 | 0.00060 155 | 3.0<10° | 0.00105| 86.9 2.9%10°
C0301, Tank 3 20 0.114 | 0.00458] 735 | 7.4x10° [0.00103| 1319 [ -39x10°
C0301, Tank 4 20 0.114 | 0.00118] 752 | 1.%10° | 0.00089 | 119.7 | -25x10°
€0401, Tank 3 20 0.149 | 0.00560[ 37.6 | 33x<10* [ 0.00236| 101.7 [ -36x10°
C0401, Tank 4 20 0.149 | 0.00144| 357 | 8m10° | 0.00084 | 81.1 9.6x10°
C0501, Tank 3| 141 0.056 | 0.00201| 389 | 4.4x10° [0.00169| 97.3 | -6.0x 10°
C0501, Tank 4| 141 0.056 | 0.00042] 842 | 1.10° | 0.00064| 85.5 1.4x10°
C0601, Tank 3[ 141 0.103 | 0.00187] 253 | 8%10° [0.00145[ 911 [ -15x10°
C0601, Tank 4| 141 0.103 | 0.00022] 77.1 | 25¢10° | 0.00050 | 98.6 | —39x10°
40 T = . . . .
o oo Liquid the measured energy dissipation rate, as shown in Table
3 pmpm IVis about 0.00023 in-Ib/sec. The predicted and measured
® 200 7.2 . .
5 BN m 200 33 values of are reasonably close considering that the value
c . .
30 VA 4 ofKin Eq. (8) is not known for the LME geometry and that
S r/></ 0 200 72 PMD the correlation is based on data that contains a large
x LN s e amount of scatter.
8 A 141 2.4 PMD
© . .
-2 Both Eq. (8) and the LME data plotted in Figs. 10 and
o . . . .
= 11 agree in the trend that the energy dissipation rate
g‘, . — T increased with an increase in spin rate or fill level and
5 n —T | decreased with an increase in nutation frequency.
> 10—
g | : : o
i - = —~— o Nonproprietary data from flight tests of actual spinning
:><3<\O spacecraft are difficult to find. However, comparisons of
ol = Eq. (8) to a considerable number of flight tests for
0.30 0.40 0.50 0.60 0.70

“anonymous” spacecraft have been made previously [15].
It was found that the ratio of the dissipation rate measured
in flight to that predicted from Eq. (8) varied from about
0.3 to about 6. The ratios of the various LME test data to
whereK is proportionality constant of order unity that Eg. (8) vary inthe range of 0.3t0 0.5. Consequently, it can
depends on the spacecraft-tank geometig,the liquid  be concluded that the LME test results compare with and
viscosity pis the liquid densitydis the tank diameter, and predict the available flight test data reasonably well.

0 is the cone angle [14]. The dependencyEadn 62

follows from Eg. (2). For comparison to this ground-test Summary

correlation, a typical LME case is: 2/3 full spherical tank.

Assuming K= 1, Eq. (8) predicts that the LME energy The Liquid Motion Experiment has provided valuable
dissipation rate i€ = 0.00014 in.-Ib/sec. The LME data on the interaction between spinning liquids and tanks
parameters correspond to Test A0401, Tank 1, for whiclin low gravity. Forces which are not measurable on the

Liquid Fill Fraction

Fig. 11.—Energy dissipation rates for spherical
tanks.
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ground due to the masking effects of gravity have been4.

measured on LME. Liquid resonant frequencies and viscous

damping coefficients were determined by sine sweepb5.

tests. The observed resonance frequencies for cylindrical
tanks depended on fill level and were in the range of 0.73
to 0.78 times the spin rate for resonances about the radial

axis and in the range of 0.55 to 75 times the spin rate forb.

resonances about the tangential axis. The available

analytical model predicts only one resonance for a given?.

fill level, and this prediction agreed rather closely with the
tangential axis resonance frequencies observed in the

tests. The resonances for spherical tanks were in the rang®.

of 0.74to 77 times the spin rate and did not vary significantly
between the tangential and radial axes. Energy dissipation

rates were determined by sine dwell tests. The LME 9.

energy dissipation rates varied from 0.3 to 0.5 times the
estimates obtained from previous ground tests and
spacecraft flight data. LME has both broadened and

deepened our understanding of how liquid oscillationsLO.

interact with spinning spacecraft, and will lead directly to
improved spacecraft design. The LME results also point
out the need for improved analytical models of such liquid

oscillations. Areas for further work with LME could 11.

include testing of specific spacecraft designs and tanks
whose centerline is on the spin axis.

12.
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13. ABSTRACT (Maximum 200 words)

The Liquid Motion Experiment (LME), designed to study the effects of liquid motion in rotating tanks, was flown on STS 84| LME
was essentially a spin table that created a realistic nutation motion of scale-model tanks containing liquid. Two spherical and
cylindrical transparent tanks were tested simultaneously, and three sets of such tanks were employed to vary liquiliiviscosity,
level, and propellant management device (PMD) design. All the tanks were approximately 4.5 inches diameter. The primary test
measurements were the radial and tangential torques exerted on the tanks by the liquid. Resonant frequencies and damping of the
liquid oscillations were determined by sine sweep tests. For a given tank shape, the resonant frequency depended Barfithégvel.
cylindrical tanks, the resonances had somewhat different frequencies for the tangential axis (0.55 to 0.75 times spiheate) gnd
radial axis (0.73 to 0.78 times spin rate), and the tangential axis resonance agreed more closely with available analgti¢adnmod

the spherical tanks, the resonant frequencies were between 0.74 to 0.77 times the spin rate and were the same forlthedangentia
radial axes. The damping coefficients varied from about 1% to 3% of critical, depending on tank shape, fill level, ansdagitg v
The viscous energy dissipation rates of the liquid oscillations were determined from sine dwell tests. The LME energyndissipati
rates varied from 0.3 to 0.5 times the estimates obtained from scaling previous ground tests and spacecraft flight d&ta. Thg PM
sometimes enhanced the resonances and energy dissipation rates and sometimes decreased them, which points out the rjeed to
understand better the effects of PMD on liquid motion as a function of PMD and tank design.
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