| The Effect of Liguids on the Dynamic
Motions of Immersed Solids

Two-Body Motions With Fluid Coupling
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the three unknowns A L A o third relation s needed
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s v_L Fn= —Aun ] defines My, IN
tww‘i equation (25) detines the term 1y, V ,, mny be
wnil evalusted by assuming the body |t have n veloeity £ und by

2o sontinuity of flow, the fluid velocity distribution may also be
praluated The fluid force mayv be evaluated using the conserva-
; bdmmenlum or by using equation (12), which results in
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*! T, is the fluid kinetic energy Lhe momentium reln-
hﬂn give the fluid pressure which must be integrnted to ob-
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mually be simpler.  Fram equntions (21 221 (20, (27)
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’“M the method of synthesix desoribed nbove

dats in Table | are tvpical of some svailable formation
A drodynamic mas relations where n single body 15
a0 is surrounded either by an unbounded fluid initially
.01 by e static container. By use of the above procedure,
tabulate 1 data are trausformable into hydrodynanic mass
whert the single body i« either surrounded by & moving
who e dimensions are large compared to the single
y:-Jor the cises where a single body ix shown i Tuble 1 or
the oute surface for Casex %, O, 10, 11, and 14 may be
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Body Motions With Fluid Coupling

many bodies are immersed in a frictionless, incompress

Albove for the two-body problen should facilitate the

sohd
(e e
{eterminet n of the hydrodynamic forces Thix method s sum=
determing
be 1, simils? lof the multiple-body problem.  From equations (19) and
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linders and ’
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true for sb
' oand 2 are (n X 1) column vectors and A s 8 square
e matrix (n X n). F,, i the vector component of fluid
th wolid body where £ 18 the instantaneous acceleration
lid body. To determine the components of A, we ob-
&t sinoce equation (30) must be generally true, it must

any generalized input vector £, We sssume first that
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extablished mivolving th smponents of A Phere sre nen =+
2 pamponents of 4 wihneh must be deternmined 'he res
mading equatings may he estahlished by setting nll ) ¢x-
rept ont vl tHing | thon The vahies of the Haid
foree e most oen hete rinineed ff ondy one body at any one
tme s allowed 1o move 1tobe siggested that these hod forees
soukd be deternnned from the continni of flow andd by use of
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terms of entranee

response of sl chimnnels pressitre distributio uf
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moton

writtten m wied exit

velocities wnd
of immersed solids. By cousidering continuity and maomentum
or continuity and Lagrange's equation, A series of equations res
siilt.  The pressure distributions are then ronsidered ax elenents
of dvnamie foree generstion in the equations of motion of the
whds.  An eigenvalue problem reswdts, which ean be solved o |
develop the solution for frequency and deflectionnl responses, |
given the necessary boundary conditions, T many cnses, 1t {
muny be necessary for s fuid apecinlist 1o work with the dynumies |
specinlist to develop the salution for the eomplex flud-solid |
prohlem |
I some cnses, iid compressibility acts in conjunetion with !
flaid inertinnes or hydrodyvommie muss to enuse frequencs modes {
Inegely doe to the fuid.  An example i« a Helimhalz resonntor 1
formed by n tubesheet vibrating relative to an adjrcent plenum. |
Oscillstion of the tibesheet must be accompanied by displnee
ment of the fluid. This displaceinent cun be ac eommaodated
by the compressibility of the adjacent fluid and by the flow
through the tube: which causes s inertiance effect. The nuthor
developed equations of motion for such systems by first assuming
that compressibility wax so low that only tube flow was 1m-
portant. The methods of analysis of this paper were then used
to develop dyvunmic equations Then, the tube flow impedunce |
wis mesumed to be so high that compressibility effects pre-
In such » onse it was easy to write the equation
for & fluid spring. 1t was then An easy step Lo wrile a con- |
tinuity requirement considering both effects Another example
of such & Helmholz resonntor which interacts with the mechunieal

system ocenrs it the analysis of violing

dominnted

The Eftect of Fluid Damping

The preceding auslysis sssumes & frictionles fluid. The
engineering designer must have some guidance to judge wheu s
fluid may be considered frictionless.  Some guidance is presented
here

The frictione! presaire drop is assumed to be based on the
Darey friction factors, obtained from steady-flow duta

L vt
AP = L p 31)
Dy 2
where
AP = inctionsl pressuie drop

[ = Darey fniction isctor
[, = length f channel
V' = channel velosity, sssumad uniform in channel
p = Huil mass density
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Table | Hydrodynamic mo relations (where only ene body is given, It s assumed that the dimaensions of other surrounding bodiet ars

comparsd to the given body; smell displacaments ore assumed)
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The effective huear dumping eoetlicient b oy be determined

by setting F, o &,

with the re<ult

)

2 fVepl A

g

B ddebined whier

A purnmeter 28
/

¢ 7

‘/«u’

and A, = fld miass 28 s the rntio of the damping impedsnce
to the mwertind i pedunee
damping for o oneedegresaf-frecdom svstem with hinear damp-

ing b, mass M, and untural frequency w

!
E s similnr tooa fraction of eritieal

From equations (36

and (37) nud with V/ pl.A,
d Ble
-3 (N
T W
Further, if 1, wr,, Trom equation (48
b4 f’.)'o
2% = tturbulent tow IRUN
dr o

Equation (34
parameter, thut should provide o rensonnble mensure of the ratio
sof fluid friction to fluid inertin

defines o dimensionloss number, n dun:gnnx

We reenll that i equution (1)

» J = the Durey [rniction fnetor fur turbulent flow
o 2o = the distunce that the flind moves in s oscillatory evele
(smplitude of siusordad motion
¢ = the Huid channel spacing

A similar analysis for baminor fow throngh ko paesliel plate
sehannel gives the rexilt

; 9
oy 3 bvmmnar flow (40)
5 i

[

where

' 4 : :

Y ¥ = fluid kinematic viscosity

;, @ = angular frequency of oscillwtory motion

5 ¢ = fluid channel spacing

? If the concept of this damping parumeter 28 is reasonabic,

ithen the assumption of a frictionless fluid must require that 2¢
“smust be much smaller thun 1. The quantity 2§ will Inter be
ealeulated for some text opses

¢ Compressibility

' The preceding analysis wasumed an incompressible fluid.
the possibility of n fluid spring is present, it is usually &
tforward calculation to determine if the volume storage of
: fuid spring will affect the continuity balance.  The applieation
w this paper is further restricted to cases of small Mach number
wiee than about 10 percent) and cases where the flow channel
h is small compared to the wave length for propagating
tory disturbances (less than sbout 10 percent), in order to
the possibility of standing-wave effects,

.

: Llnrmn to Test Data

's Date. Keane 6] vibrated o circular eantilever tube
ounded by an annular eavity. The empty space was filled
8 & liquid, which made the test consistent with item 8 of Table
[Aue originelly w Stokes [1]) Keane examined flexural
Tations and analyzed the cantilever beam with the added
srodynamic mass.  For one set of tests, Keane's beam length-
[riameter ratio was 17 and b/a (in item 8 Table 1) ranged

A 1.2 %0 6.5 According to Fig 4.3.2 of Keane's report, the
odynamic mass reduced the natural frequency from 56 cpx
in eavity) to as low as 20 cps (with water in cavity), which

of Engineering for Indusiry

seemed to ggree exaethy with prediction. For ather poats of lis
graphed data, the varintion between measuresd tntural frequenes
snd predicted nutaral frequeney was typieally Jess than 2 poreent

)

For b 'a = 1.2 mud o frequeney of 29 cpx, the maximum v
ot the Revnolds pumber darmg the vibeatory evele s estinudted
he 20,000, Tuarbulence may be gssumed

Thus

bewm can be considered turbalent

from Kesne's dats 1o
o oeenr 1 the Revoolds namber s groster than S066)
the water sareomdhng the
Redution (39,
of Q025

gives o vinlne of 28 of 004, usimg n fretion facton

-s
Thi= fraction fuetor s taken from Moady (7] Sinee
28 = 0,00 i mueh smadler than 1, the cancept of this deonping
parameter would mply that the fluid could be considered essen-
tlly frictionless.  The fset that the dats on ustaral frequency
ngreed so well with theary would tend to validate the assumption
af w frctiondess fluid The nmphification i Kenne's test was
about 15 ae resonnnee, which can wdso be considered as evidenee
that the aversdl mertind tmpedanee s considernbly grester than
the aversdl damgang impeduanee

Date of Fritr and Kiss,

of e test o s sabid shiminm eviinder Hexibly sapparted within s

Fritz uud Kiss (8] reported the results

vird evihindreal contwmer. The equipment was vibriated on s
shukestuble. The dength=to=diamet e of the eylinder was about
L0 The evhinder was sivvounded by o thine snnadae fluid whieh
was free to fow axindly as well as cireamiferentindly. The nvturasl
frequency was taken o= the frequeney wt which the vibrational
amplitude of the evhinaer resched 1t maximum vadue with o con-
stunt table wmphtude. The nxinl and creumferential hyvdro-
dy aninie ne ses were combined as sbown in item 10 of Table |
The untural frequeney of the eviinder in air was 35.5 eps. . With
witer surrounding the evimder, the frequency was reduced to
17.0 eps, which gave very sutisfactory agreement with the pre-
diction of 16.9 eps

In reforence (X1 the Reynolds numoer was estimated to be
The value of 28 s enleus
Inted frome equation CIN o be 003, usiug the dita from reference
IB': f = 004, Vo = 42 [ps, @ = 2% (17 eps), ¢ = 0,000 in.
Sinee 28 s much less than 1, the wssumption of o frictionles
fluid should be valid,  This is validated i that the use of the
hydrodynamic muss coneept in reference (K] provided s very

AR00 whieh wis cousidersd turbulent.
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accurste estimate of the natural frequency in Ui presence of
the ligud

Free Vibration of a Concentric Cylinder. A concentric eylinder as
gembly shown in Fig. 2 was available for test.  An aluminum
(part i« flexibly supported by column struts (parts
1 The eviinder 1s surrounded by an annulus.  Fluid leakage
from the snnulus is limited by close-clearance metal seals, parts
4. The motion of the evlinder was measured by use of a canti-
lever displuncement gage, fitted with stran gages, part » The
fluid annulus width ¢ was varied by machining the cyinder
Table 2 shows some numerical data from these tests

eviinae

dinmeter
Fig. 3 shows same typical oscillograph records of the {ree vibra-
tions taken during these tests. The vibrations with air and the
glveeral sulution were created by veloeitv-shocking the eylinder
with & large mallet. The vibrations with water and oil were
created by causing an witial large deflection

The hvdrodynamic weight was calculated from item 5, Table
. The hvdrodynamic weight was also caleulsted from the test
frequencies.  Due to the nature of the equipment It was felt
thut there was & smell amount of leakage past the end seals
which would cause the setusl hydrodynamic weight 1o be smaller
the theoretical value.  Even though the value of 2§ was as
the esleulited hvdrodvnamic weight was felt W be

that
high as 0.7
in ressonable sgreement with the test values

It s

hvdrodyvnsmie mass of & thin annulus around 8 rotating ceviinder

noted that this apparatus Was aiso used W messure the

[he results were publixhed w {11]

Genarel Commants on These .omparisens to Test Date. The above
comparisons to test dats sppls to the effect of the ineruial squeezc
filin and the use of the damping parameter 2§, The phenomenon
of the mertinl squeeze Slm or, in other words, the virtual mass
was first predicted by Stokes [1), nnd has since been

Therefore. eonfirmution of this effect iy not

Y weeepted

HEW However, both references [6] and %] involve annular
fluid spnees where the outer and inner boundariex of the flind
arntdins both maove Both referenices 16) nnd (8] report forms
of Hind maotion equations equution (4,217 of 161 mud equn-

e s o o | o et e |t st |

- — ey e

1 o ’ \ | \ \
R e e EL LR 1o mieie me bia

L—-—-—-—-.h—-—‘-—..\&v-.h_..'- - A e 4 e L ————
Water F 426 cpm
Fig. 3

4.0 in., annviar clearance C
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Oscillograph records of free vibrations of inner cylinder N
0.25 in

Table 2 Calculations of 2}, relutions (39) or (40), fer equipment &
in Fig. 2
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tion (1) of [8]) that are consistent with equation (14) of
paper.  These equations for two-body motions presented &
this paper connect buovancy and inertial squeeze-film effesl
Therefore, references (6] and [8] are conswstent with the mo
presented in this paper. 1In references (6] and [¥] the
ancy term imphed neglhigible effects on natural frequency, but
imply u significant effect o the predicted smplificutions.
effect on amplification was specifiealiy noted reference (8)
References (6] and [8) do result i some confirmntion of .
models proposed in this paper.  Admittedly, more confi
ix desirable. However, since the mformation of this
Lased on basie principles, it s expested that the equations
be aceurnie for the specified conditions. ‘

Comments of Multi-Degree-of-Freedom Dynamic A

A snlient fenture of the moxt widely used multi-deg
freedom dynnmic mnnlyses of hnear systens which ure exe
by some wriatrary base motion the tenmsformntion of an
companenits into x decol

trary configarntion of dynamu

weeny of simple oseilbitors whieh wre exeited by the hinse
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Analysis
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The motion of the complex urray w then relnted to the mation of

the =inpl

hﬂ‘“' heon repertod we the Iterature o euntions win b are in

st bt ars Many forms of this  transformation

most Cuses apph e withoagt
M\Hn--t Ehe tiess dunst s o

The corvect iy Joymntions ta be ased for the ense of dynsmie

dynanue conphug, that is, for the

pgonnd 1 the dyovmie equations

eoupling Wilne Yiw ) s BDRTTIN IS tonchisgond = RIvon h)’
hi('('.‘nix-" | rehereneg M The methods of hvdrodynnms
analvsis of s pusper generadly result e dynamie oo phing and

should thevelfure use NMeCullev's relstions (or equivalent: when
greating fond etfectaan o mltisdegreesof<freedam walvsis

Summary

Some nvilable relntions wee gaven in Table ) for hydrodynsinie
masses for thotions of w single solid body foliy immersed in &
frictionless tevmpressib'e flind. Thas pupee proposes 1 method
of using these tesalts for twoshady motins
body 15 shown e Tubile 1 the second body s considered Tnege
a)m‘mrmi to the single Iweey For enses %, 9, 10, 11, and 14
the outer surfnees muy be considered i arbitrary mation. Nome
‘uldt']llw\ wre proposedd 1o estubhish the conditions of frictionless,
meompressible fow
mhd.\ Is cotpsicdered
able agreemen !

Where n single

The case of motions of multiple inunersed
Comparisans to test data indiested favor-
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