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ABSTRACT

Investigatiqns have_been made on the damping of various
forms of vibrating systems, particular attention being paid
to the cffect of and the measurement of fluid viscosity.
Two disﬁinct.experimental techniques have been developed for
these‘investigations. The first method was used to study
the damping of a f£reely vibrating strip or rod, partisliy or
wholly immersed in a fluid medium, the damping being measured
by a counting technique where thé number of cycles of
vibration for the amplitude to deéay from one value to half
this value were counted electronically. The second method
was used‘to investigate the damping of a lonpgitudinal
travelling wave érOpagated along a wire, the far-end section
of which was immersed in a liquid medium, and to measure
either the reflection coefficient of the‘gaéuiiquid boundary
or the attenuation of the wave within the loaded medium.
From both types of measﬁrement, under favourable conditions,
the viscosities of the liquid medium can be determined.

By suitable choice of the vibrating system, & considerable
‘range of fluid viscosities can be covered. For example, the
viscosity of a8 gas was determined by' using & thinewalled tube

eas the vibrating system and applying the counting methed to



measure the damping, while for liquids of very high viscosity
the propagation method was fouﬁd to be more appropriate.

The frequency of the vibration used in these methods was
restricted experimentally to the 1 - 100 Kc/s range. At
these frequencies the penctration of the viscous wave in the
fluid medium is very small (for example, for a fluid of
viscosity 1 poise and denéity 1 gm/cc., the skin depth-at 10
Ke/s is 5.6 x 10'3.cm°), and does not permit the direct
investigation of the wave system.

The effect on the damping of the thicknéss of thin film
has, howevér, been investigated, and the experimental results

are in accordance with theorestical predictions.
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I. INTRODUCTION

Measurements of the external damping of a vibrating
system fmmersed in a f£luid will give information about the
visco-elastic properties of the fluid. In order to measure
the cxternal damping of the system the total damping is
evaluated and the internal damping, determined separately,
is subtraceed.

Sevéral methods have been described for measuring the
damping of a vibrating system due to a surrounding viscee
elastic medivm but in general the methods availlable can be
subdivided into three classes: (1) those which use the free
vibrations of a gpecimen and in which the ampiitude time
decay is measured; (2) those which employ 2 specimen in
forced vibration; and (3) those which measure the attenuation
and phase of a travelling wave.

The principél apparatus to be described, employing a
free vibrating specimen, will £all into class (1). A
similar method has been described by Roth & Rich (1953),
énd this will therefore be considered at length. Also
included in this class is the method employing a low frequency
torsional penduium, An application of this method has been
used by the author for the study of the damping of a liquid

film.



The methods of class (2) have not been applied in this
research and will consequently only be mentioned briefly.

The travelling wave method has been uséd by McSkimin
(1952) and Carruthers (1959). Both used pulse techniques
to measure the attenuation and phase of a wave propagated
along a rod immersed in a fluid medium, In contrast, the

author has used a continuous wave technique.

I. 1. Free Vibrating Systems,

In the method used by Roth & Rich (1953) a metal strip
is excited at its fundamental longitudinal frequency while
immersed in a fluid. To obtain the wave equation for the
free vibrations of such a system it is convenient t0 use the
concept of ’driving point impedance’ (Zo). This quantity
is defined as the ratio of the shear stress (Yx) to particle
velocity ( a&%t ) in the medium at the sufface of the
vibrating strip and hencevcan be evaluated in terms of the
viscosity and éiasticity of the medium and the boundary
conditions imposed on it,

The wave equation thus obtained is
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. where Q-J ié ﬁhe wave»veloﬁity,in the strip and K, isAtﬁe damping
term, which Roth & Rich have sgown is proporticnal to‘zo,
which is in general complex. K. however, should also include
a term to account for internal énergy loss in the vibrating
strip but Roth & Rich are able to ignore this as.being
negligibly small. Since only one half of the stxrip was
immersed in the liquid, the magnitude of the damping term was,
for small damping, spproximately one hailf of that for full
immersion.

By contrast, in the experiments of the author the
internal damping of the vibrating specimens was not negligibly
emall and varﬁing lengths of the rod were immersed im the
fluid medium. 1In consequence of the changed experimental
conditions, the analytical procedure adopted in the present
experiments was to calculate the energy lost by the specimen
per cycle of vibration (AW) and also the total energy of
vibration (W) and thus determine the logarithmic decrement
O = AW (for small values of 5 Y.

AV
To calculate the energy lost by the vibrating specimen to

the liquid, we note that yx, = %@—Zo = g%-(@o-%ﬂ'{yo)
where R 1s the resistive component

and X, a term which merely alters the effective mass of the



vibrating system and therefore the frequency of vibration.
In actual practice the frequency change is negligibly small
and can be ignored.

It is thus possible to relate the damping of a'vibrating
.system, which 1s due to the surrounding fluid medium to Ro’
and this caﬁ be expréssed in terms of the visco-eclastic
properties of the fluid, |

In the 'ultra-viscoson', the apparatus which is due to
Roth & Rich, the strip is excited magneto=strictively and
when its amplitude of vibration reaches a certain predetermined
ievel the 'd?ive' is switched off and the amplitude decays to
another predetermined value. On reaching this value the
‘drive’ is switched on and the greater the £luid damping the
quicker the rate of switéhiug ‘on and off'. An analqgue
computer converts this rate into viscosity. It is essentiél
for the apparatus to be calibrated against standard liquids. -

In the auﬁhor's apparatus the logarithmic decrement of
the vibrating systen is deteimined by counting the number of
cycles of vibration (N) which occur while the amplitude decays
from one value to half this value. Thus a direct determination
of R,0 is obtained. By using éifferegt standard viscous

liquids the theory can be verified.



The ‘ultra-viscoson' uses a very thin vibrating strip
and the corresponding damping due ﬁo the surrounding liquid
will generally be much greater than the internal damping éf
the strip itself, This internal demping is constant at a
given temperature and will therefore not affect the accuracy
of this calibrated apparatus. There is also damping due to
radiation registance which is dependent on the dimensions of
the vibrating strip and also pc (where p is the density
of the fluid end ¢ the velocity of compressional waves in
the medium). This can be of the seme order &8s the viscous
damping and depending as it does on the properties of ths
l.iquid will cause errors in the calibration. The author's
apparatus ugses a torsionally vibrating rod as the vibrating
system for liquids to eliminate all possible radiation
damping. For gases the yradiation and viscous demping can
be separated by a method involving the variation of the gas
pressure and therefore in this case longitudinal
vibrations were used. |

A torsional pendulum has been used by many authors to
measure the viscosity of a fluids Lamb (Ref.) gives a
golution for an oscillating lamina in a viscous fluid.

Others, such as Hopkins & Toye (1950) and Roscoe & Bainbridge



(1958) , have used a hollow cylindrical vessel containing the
fluid for the precistmeasurenment of viscosity. Hoze recently
Ashwin, Hapyard, Saunders & Young (1960) have adopted a
dimensional analysis to solve the case of an cscillating
cylinder immersed in a very viscous liquid.

In the research mentioned above the fluid is in general
considered to extend to infinity. This 4s justified when the
fluid container 1s relatively small owing to the rapid
atteﬁuation of the viscous waves. For example, Ashwin,
Hagyard, Saunders & Youmg say that "Depth of immevrsion has
little effect”, and take as an example a particular fluid and
bob which "could be used as little as I mm. below the liquid
surface with little effect on the damping.“

The éuthor's interest in the torsional pendulum has,
however, been confined to the study of the damping of a liquid
£4ilm with its thickness, The general theory derived in

section IX1.3(a)(i) is applicable to this particular case.



I. 2. Forced vibrating systems.

f,-'.'h'e' methods which employ & force vibrated specimen
genéfauy meagure the electrical impedance of the driving
gystew and obsexve the change in this when the spacimen is
surrounded by a f£luid. The impedance is deteémined at
resonance of the specimen. Mason (i947) uses an ADP crystal
vibrating torpionally for his system, but unfortunately this
has a coupled ‘ring type' vibration which generates
compressional waves in the liquid and therefore suffers from
t:h'é same disadvantages as the 'ultra-vigcoson', The
| Woodward (1953) vibrating plate viscometer has a plete which
" vibrates in its own plane and is immersed in the £luid,

The edge of the plate, however, will generate compressionsl
waves and is therefore not satisfactory. This apparatus,

like the ultra-viscoson, had to be calibrated.

1. 3. Travelling wave systemsg,

In the pulae techniques used by MeSkimin (1952) and
Carruthers (1959), measurement was made of the attenuation
and phase of the wave propagated along a rod immersed in

the fluid medium. In the author's apparatus two similar



parameters were measured using a continuous wave vechnique,
For 8 purely viscous nedium the viscozity could ba _calcuiai:eﬁ
from either measurement. For a viscooelastic medium,
however, the two measurements should enable the evaluation of
both wiscosity and rigidity.

The theory nceded for the cslculation of the visco-elastic
properties of the fluid is simplified if Lt can be assumed thae
plane waves zather than cylindrical waves are propagated into
the f}.u?.d medium, McShimin (1952) assumes the waves arsz plane
and then spplies a correction to cenvert the plane wawe
cﬁaracterissic impedance to the cylindriecal characteristic
impedance. This, however, employs a method of successive
approximations and cannot be used to obtain a generalr solution
for cyli.ﬁdrical wWaves.

iIn the method used by the author, a large error will :esulé:
in the caleulations if the problem is considexed in terms of
p!.ané waves and as a general solution 13 necessary for the
evaluation of viscosity from the measured pavemeters, & theory
has baén derived for cylindrical waves. This is, howevér,
restricted o a2 viscous medium only,

The apparatus used by the suthor consists of a loug thinm

nickel wire held vertically and excited into longitudinsl



vibration by a transducer at thé upper end. A length of the
wire at the bottom is surrounded by the fluid medium. The
longitudinal waves travelling down the wire are partially
reflected at the boundary between the 'frea' and 'loaded!®
gections of the wire, causing atanding waves in the uwpper
section. 1In the 'loaded! section of the wire the wave is
exponentially attenuated. From the measurement of the
standing wave ratio or the attemuation the viscosity cam be

calculated by means of the theory mentioned sbove.



1. BASIC THECRY

In exder to obtain an equation for the stress inm the £ludd
in terms of its rheological/visco-clastic propertias it {s
fniecessary either to use & model to explain the mechanism of the
behaviour of the £fluid, or to adopt the approach of Roth & Rich.
The latter method 1s easier and allows & general solution for
the driving point impedance in terms of f£requency dependent
viscosity and rigidicy cosfficients. These coefficients can
be interpreted in terms of rheological properties.

For the purpose of the present work the method followed by
Roth & Rich has been adopted and in accordance wicﬁ their point
of view all strains in the £luid in phage with the streéss are
considarad to reault £rom a single rigidity coefficient function
(g) and those 90° out of phase as resulting from & viscosity
coefficient function () ). Because all stendy state
alternating strains can be resolved into these two components,
this approach does mot reduce ihe generality of the anglysis.

Thus the shear atress Yy produced in a visco-elastic £luid
medium by & trangverse elastic wave of angular frequensy
travelling in the y direction is related to the shear stress

by the equation

o 3
V= = 35% “"’l'é;‘ég'ag

10.



where § 1ls the particle displacement in the X divection

and § and 7B axe frequency-dependent rigidity and viscosity

‘coefficient functlons:
bug

)
5 - ¥

o

where ? 1g the density of the £luid medium,

The wave equation for shear waves propagated in this viscos

elastiec medium thus obtained is

3 - b %3
ol 955 + i

Agssuming the golution at a paréicular frequency to be

i ¥,
it is found thac | * {—ﬂ%}
ot

Eé@@% % %@ﬁ@@m&‘

ol rcg @A@t

Y

and §



tthere A and B vespectively are the amplitude of wave
travelling in the pesitive and negative y directions.
The characteristic acoustic wave impedance Z ¢ ©en
now be determined. This is the impedance offered
by an infinite layer of visco-elastic medium to & shear

wave travellinz in one direction,

oi"tﬁ et
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(g+ioq)C
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it

L Z, = %%Zt = f[?g+Aw§?}‘ig

If the medivm #s bounded at a distance R end termimated
with an impedance Zos then the driving point impedance of

the medium Z@ is

L+ %tk MR
ZC/ZR + fonk M2

z, = Z

Many special cases of this equation have been cousidered

by Roth & Rich,



I1Z. 1. Infinite visco-elastic mediunm.

In the case of an infinite viscous medium the plane shear

wave travels away from the wvibrating surface and
2 1S L
Zo =2 = é,wf?)a. = (‘*—2-%2'-:@3(1 <==.L)

The distance travelled by the wave for the amplitude to decreoase

i
to 1/ec of its original value, called the gkin depth, is (&@:) h

“F
If the medium is visco-elaastic, the impsdance dspends on

the relative value of &usz and go Writing 3/‘*3‘31 = q then

2o = (5’"?—%‘})% [{ hx#i)y,&% n}“‘a; + i {@a +£,)ll& _ ng’al

Por n smell

Zo o= (%%%-)%EQ + o)+ LG - f‘/a_]

ia.
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Il. 2. Boupnded wisco-alastlc medium,

(a) Pree boundary. Here Z, =0 and hence 2 =2 _

tanh ' o This expression can be expanded in terms of
A grl and g
(1) Viseous medium, i.e. g = 0. Roth & Rich

have obtained the following expressions-

Z@ e (Rc <k l‘}{@,)
315@%‘7%% [ Sinh 20 = 510 26

€08’ 8 4+ sink>S

4+ & S1nh 20 F Sin 26 (i)
€320 <+ sink 6O

whese O = 6%5}% g

The variation of damping with thickness for a viscous medium
15 given in Fig.(1) where Ro /@% Yy is plotted ageinst © .
)
(11) Visco-elastic medium. The solutlon for this case
is whre complex and Roth & Rich have only evaluated Z o for a

particulsr value of wq and f .
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() Solid boumdarys Z,Q will be & &p aad henee

&y = Zvc/té“h re . | |
By cxpsnding this 4t can be showa

70 = @I [(Fe - 190) + 5Ge » 0
were b o= (Wraa)op |

noow Mg‘l

N Conh¥
€ost Y b 4-sin? Y
0D = = Yan Y
SIntEX + coatdX el )

X = 8 P‘izz(nz‘%. @"V& ‘3 Y = FVA(“L}' é)“/a.

(1) Vipcous medivm, feee g= Uy. . W=0y E@g 1;%=Y=8 )
and o = @ﬁ%ﬁ’ﬂ@a@)+&(w®]

ghich weleten in £ull bocomes
Z@ = <@@ -t A }(@>

<®g Q%“‘??' 5 {C@SEQ + Sl ]
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i

S1nkl 28 o 26

® {(Slnh 20 ¥ Sin 2@) + & (jsinkl@ = Sn 2@)}



In Fig.(2) Q‘;/égg,%)‘/z is again plotted against & to
show the variation of damping with thickness. The smallest
value of the damping oceurs when L= M4 Qshez'e N is
the wavelength of the shear waves.

(11) Visco=g¢lastic medium, Corresponding graphg
#o Fig.(2) could be plotted for various values of n but the

caleulation is tedious. A minimum would occur at § = }‘/.4

followad by a maxnimum at ?= )“/2, and other mazima and minima,

An empression can be derived relating the value of the fipst
mindmum <Ro) min. and the first maximm (R Jmax. to the value
corzesponding to an infinite thickness (R 0)39 o The wave

lenpth of shear waves in & vigcoe-clastic medium is given by the

equation

A= 2% -E%)h(n"+!> K e (@%L)

TR
This can be simplified to give A = ?J"i"g/e (2 )o b

2748
and ¢hus X = —mp—
0 , Y

g= 20l
A

i7.
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It follows that

(R) min _ |
(Ro) &0 - fanl, ‘“Ab

SRo ) max.
(Ro)

i
ry
=
2
2
o
O

Curves of (E&ilﬂ&i and qgé)ﬂﬂ? against n are plotted in Fig.(3).
(Q c) eo (Ro) <0

1I. 3. Cylindrical waves.

In deriving the expressions for the driving point impedance
it has been assumed that plane waves are propagated in the £luid
medium. This canmot be considered true in the case of
propagation along a wire where the dimensions of the vibrating
system are small. 1In this ;:ase ¢ylindrical waves are propagated

into the medium and the corresponding wave equation will be

pie = 9Bk +13) + )

. K4 3
whave v 1o zodial,
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Confining our solution to the case where g = 0 and
-iok
assuming it to be of the fomm g = Ui e +
the following equation in W@) is obtained;-

2um 3w M(%&)ugp 0

a¥? rov

Weitlng k* = 4 (%{:) ek se-‘i(}*-ixi%?)""‘

then UG = AHN) + BH)

where Ho® and Ho@ are Hankel functions of the

first end second kind,

Ag ¥ ~ e0 » the boundary condition for an

outgoing wave will be W) —&= O

% .
and also °©(kr) ~o G;—_@ ) Q"(k?“"w"’")

'/z_...j_ .00
W) ~ ()

Selecting the +ve root for k, only Ho(l) will fulfil the

boundary condition, therefore B = (. For the -ve zoot,

Ha(z) is applicable and A = 0, The solutions obtained

from these two roots are, however, identical,



Using the 4ve root and substituting for k in the

limiting value of Hou)(Kr) as ¥ =i ©0

H? (kr) (1+4) (—-f-‘)”*w )

which is the correct form for an cutgolng wave.

To calculate the characteristic acoustic impedance Zo

:Zo = "Zbi/atav
25 /3¢

=2k
- ,Lu;v?k H 1.(%?)4@ A
- i Q& ‘) @uaw&

i

To £ind the value for 2’.0 at the surface of a cylindrical wire
i,

of radius 8, let m = a (wy/,g * which is the ratio of

the radius of the wire te the skin depth of the outgoing wave.

Thus

To test this equation we c¢an find the value of Z@ as Q-0

2.

o) e



‘ll .
which should give the plane wave value of Z =(f;9§’%> (l 4"4’)

ik -3Y4.)
As ¥ ~tr o0 H?@?) ~ (%gfg,.) A

b i,(kv' J%)
0 B
Ho (i) ~ (‘%f%;') 2

Thus H ‘GC‘(‘V’) — ‘g’lw/z' = J'L

H o®(\< V’)

amd 2 —t =i (1+ L)(*‘“‘%@)ML

R

The difference in the sign of the imaginary part is simply due
e - AWk

to considering an time varistion of % in -

the cylindrical wave instead of & +iwk which was used

in the plane wave derivation.



The values of the Hankel functioms HOG) @’?{ m) and H'P(fi’ m)

are tabulated in Jahnke & Emde. (\‘14—5)

Let

Mol (rTm) = Uo +iVo
HO (w) = et
i
Then 2= ©0& (u" Uy + VOVSD += i(uo\/s, @Ua\!o>
] v =

Uer + Vo

24.



I1I. EXPERIMENTAL SYSTEM INVOLVING THE

ELECTRONIC COUNTING TECHNIQUE..

~A modified version of the apparatus described by Pattison
(1954) has been used to measure the damping of the various
vibratory systems. This apparatus uses an electronic counting
technique to measure the number of oscillations which e freely
vibrating specimen executes when thevamplitude decays from any
one value to a half of this value. The modifications were
designed to improve the accuracy of the method and make it work

continuocusly.

111. 1. Operation of the electronic circuit.

The vibrating specimen is excite& by cloéing switeh 55
in Fig.(4). The amplified signal from the pick-up coil is
then fed to the ‘driving-coil! and provided the loop gain is
greater than one and there is a phase shift of approxiﬁately TV&
in the amplifier circuit, the specimen will start to vibrate at
a harmonic f£requency. |

On opening switch S, , and thus disconnecting the driving
force, the vibrations of the specimen will freely decay,

The output signal from the pre-amplifier (b) in Fig.(5) will

25,
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then be an expanentiaﬂydecreasing voltage. The ‘voliage
doubling circuit'® sends emactly half this signal to the
amplifier. The negative half of this signal 4s then

gmoothed (d) and fed to the 'Schmitt Trigger' circuit.

When the voltage rises to the value of Vp isse Fig.5 d(i))

the trigger °‘fires' to produce a negative geipg pulse which
operates the 'Scale of Two'. The outbut from the 'Scale of
Two! §pens the gate to 2llow puises at the frequency of the
vibrating rod from the 'Pulse Shaper! to be fed to the counter
-and also operates the @elay drive which allows the full signal
to be fed to the amplifier. Thus the amplitude of the signal
is doubled. The voltage fed to the 'Schmitt Trigger® decreasses
and resets it as the voltage passes a value of'VR (d(z))o

The positive-going output pulee does not affect the subsequent
partes of the cireuit,  When the decaying voltage fed to the
Schmitt trigper apgain reaches Er the trigpger 'fires‘ for &
second time,'causing the 'Gate' to clese and the relay to reset.

The éounter will record the number of oscillations N that

the speciﬁen has performed during the intexval of time that the
amplitude of the freely decaying specimen has decreased from

one value to half this wvalue.



PA

It ean be shown that the log., decrement = \'32'/ N
The switch S2 is operated by a multi-vibrater circuit
which ‘eycles' the spparatus. This circuit also resets
the counter at the end of ecach operation snd so permits
continuous working, The time for the apparatus to
conplete one cycle of operation is épproxi@ately 2 seco
and 80 every two secconds a new determinmation of dawmping
can be made. I£ the counter is not reset at the end of
each cyele, an accumulative nuwmber apﬁears. If zesetting
is done after every ten counts the 'mean value of ten counts®

will be obtained es the counter reading every 20 see.

; I11. 2. Discussion.

The apparatus is inherently inaccurate to one cycle of
wvibration of the specimen, as the counter will only count
integer numbers and also because the Schmitt trigger tends
to 6perate_at a particular phase ¢f a vibration. Thus
in order to obtain a high accuracy in measuring demping it
is necessaxy to have as large an 'N' as possible.
1f the "voltage doubler® altered the ratie by a larger value

the count could be increased, butthis would tend to reduce



the accuracy of determining the voltage levels by the
‘Sehmite trigger'. It is thus desirable to employ

high mechanical 'Q' materials for the vibrating systems.



IV. TORSIONALLY VIBRATING RODS

The methods available for exciting or detecting torsional
oscillations of a rod generally require some kind of actachment
to the rod. A simple method is to place 2 magnet across the
end of the rod as shown in Fig.(6). If an alternating
current is supplied to the electro-magnet, the alternating
field produced causes the rod to vibrate, Conversely, this
system can be used to detect the vibrations. Another method
is to wind an electrically conducting coil along the surface
of the rod, also chown in Fig.(6). If a radial mAgnetié
field is applied and an alternating current passed through the
ecoil, the rodeill vibrate torsionally. A gimilay cc@l wound
along the rod but orthogonal to the first will detect the ‘
ﬁibrations. This gystem has been used in preference to the
£irst bécause 'drive' and ‘detection’ can take place in the same
part of the rod. In a metal specimen the coils are wound in
grooves in the surface of the rod, thus being made flush with
the surface, and are held in position with araldite. For a
quartz rod the coils are painted on the gurface with colloidal

gilver, The position of egcitation and clamping will determine

3L
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at which harmonic frequency the rod will vibréte. In the
simplest arrangement the rod is clamped centrally and the
excitation and detection coila situated over one half of the
rod so that the rod will vibrate at its fundamental
frequency. By wreversing the direction of the radial
magnetic field near the end of the rod it is possible to
excite 1t at a third harmonic, In another arrangement
the rod is clamped at two nodal positions and fexcited' and
'detected’ at the centre. The rod will now vibrate st
its second harmonic frequency.
One disadvantage of tﬁia type of driving system for
metal rods is that eddy current damping will be introduced
due to the oscillation taking place in a radial magnetic
fielde None-metal would not have this disadvantage and a
quartz rod was therefore seclected for one vibrating system,
Several types of clamping arvangements are possible.
For a single nodal clamp adjustable screws cam be used but
- for a metal rod the best system is a metal dise "heat shrunk'
on the rod. 1If this is thin, little additional damping results.
When clamping at two nodalvpositiOns, needle points can be used

but for a robust arrxangement two metal rings are employed.

33.
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iv. 1., Theory.

The damping of the viscous liquid can be calculated by
first evaluating the energy lost per cycle of vibration (AW);
which is proportional to the real part of the driving point
impedance (Ro)o

The shear stvess Yy = §R° where § is the particle
velocity

and g = go sin ot

The work done on an elemental

area dA in time dt will be

Y 44 g dt

o
< Node .. AW aff RodA gf sin- b dt .._(g)
0°0

o But gﬁ varies from zero at tha

nodes to 2 maximum value (%wmx}

)
f
s

[ ¥ 1Y

at the anti-nodeg. For the rod

-l considered with one node in the

= - ®Y
centre and length [, {o= fomax S

and for a rod of radius R da = 2AWRdx=
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If the vod 4s immersed to a depth y as shown in diagram

b 2%/,
2
AW = Ro( & wax QWRJ Sin mdx‘. sin*et dt
(3 L4y

(o]

= Rg@mau) R [‘j + == sin -»—ﬁf»] _— (5)

In addition, some energy is lost fyom the end of the rod. .

Equation ( 2 ) is again used but in this case dA = 2¥Wrdp

and §o = "’E‘(ﬁe Msﬁ)
=17 28

‘ (4
" AW ons = &.,(go ) -- L‘Fadr L%inaéi dt

= Roffo wes) T8
—Ro(§° )";f

Thus Aw%mi: Ro(go Wy E‘;—&[ -%: 4= 3 <+ %35&1 ?ifga%}

The total energy storaed in the rod (W) is given by

wvhere fm is the

density of the rod material
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Thus

The variation of S with depth of immersion y will

[y = [+ 5 on 2]

depend on

In Fig.(7) this function has been plotted for [, = 30.45 em.
showing that for values of y near L/?_ the value of the function
is neérly con_stént:, wvhich inéicates that it is not necessary to
locate the level of the liquid surface to a high degree of
accuracy if the level is close to the modal position,

l.e. for y = 4% L the function %@)

has a value only 0.2 different from the value for y = L/l

In equation (4 ) when y = L’/?_ d = ?f-%’é@ {Q «&-L,j m(ﬁ)

when y = O
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as R,L 1 P and &  are all constants for the
apparatus, a measurement of S will give a wvalue for R,
which for an infinitely extended viscous liquid is equal
o (‘*’? 7 /2_)'/ > and thus Y  can be determined,

IV. 2. Experimental systems for measuring viscosity.

In appiy:lng the foregoing theory to practiee, particular
care is needed in the cholce of materials (see page 30 ),
and two low damping materials were employed, & metal
beryllium copper and a non-metal quartz. Each had its
particular advantages and disadvantages, as will be evident
from the description below,

(a)rBeryllium copper rod. .

The experimental system is shown in Fig.(8), and with

the field direétion the game in each section of the nagnet
arrangement, the x:éd is excited at its fundamental frequency.
By reversing‘ the upper group of magnets (My and M, ) with
respect to the lower group (Mz and Mg ), the rod can be
excited at its third harmonic,

The rod is clamped at the centre by three screws and

38.
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its damping is el:ﬁosﬁ iﬁdependent of slight movements of the
clamping position. The strength of the magnetic field,
however, infiueﬁces the eddy current damping, which i theory
is proportional to the square of the magnetic field strength.
Measurements of damping and the magnetic f£ield are plptted in
Fig.(9). The ficld should therefore be as low as possible
consistent with obtaining a reasonable output signal from the
detecting coil,

Iﬁ order to confimm that equation (4-) is applicable to
this system, preliminary experiments were made with the rod
fmersed to various depths (Y ) in water. if the total
damping of the system is measured and plotted against £ (Y) =
[y + TLpqein2Wyh, ] then the resultant graph should be
linear as was ezperimentally verified, Fig.(10). The
viscosity of water may be calculate& from the slope and gave
a value which was approximately 4% low. Although oniy a
trial experiment,‘it is of interest to look for an explanation
of this error, Fivstly, in measuring the leval of the liquid
to the base of the meniscus, the damping due to the water
neniscus was ignored. This extra damping would depend on

the position of the meniscus along the rod and, being greatest
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at an end, would tend to decrease the slope of the resultant
gfaph and introduce an error of perhaps 27 in the value of
viscosity, Secondly, no temperature control was used and
during the 30 minutes or so duration of the experiment the
internal as well as the extermal demping of the system
could change to give rise to the order of the discrepancy
observedo

To obtain a more reliable value for wiscosity, the
following procedure was adopted. The internal damping of
the rod was measured and the rod was then immerged in water
to within 1 cm. of the centre, The new value of damping
was measured and the temperature of the water observed.
To calculate the resultant viscosity, equation ( § ) wés
used which includes the damping due to the end ofthe rod.
For an infinite viscous medium R/ (-’fi@) Y2 and thus £7= K-@)

where K, is a constant depending on the constants of the
vibrating system. For the rod described, K, = 1.8% x 10&
poise gm/ec. and values of the viscosity of water were
obtained which agree with the sccepted values within é maximum

error of 27 {(see Fig.(10a}. Temperature measurements were,

- N * o
however, not very precise and as a 0,5 C temperature change
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produces approximately a 1% variation of viscosity, the error
due to the apparatus might well be only 1%.

With the rod adjusted to vibrate at its third harmonie,
the rod was immersed to a depth of y = 17/@ énd the
corres?onding danping measured. Again the resultant viscosity
was within 2% of the expected value.

The viscosity of water-alcohol mixtures was also investigated.
This information was zequired for the experiment described in
Section V. 1 (b), and although values for viscositcy are given in
Landolt & Birnstein (1933), these have not been measured by a
vibrational technique. It was therefore decided to confirm
these values by using the rod vibrating at its third hammonic
frequency ( 11,2 Ke/s.)o Results obtained are plotted as
dotted circles in Fig.(10b), The comtinucus line is a plot of
the data obtained from Landolt & BY¥rnstein.

In'or&er to investigate the possibility of using the
experimental system as a means of measuring a swell quantity of
liquid, say less than 0.1 ecc., a set of observations were made
in which a water drop covered one plane end face of the rod.
The choice of water was less favourable to the accuracy of the

absolute determinatlon of Ez thar 1f a wmore viscous liquid haed
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been chosen.  Successive experiments were performed with and
without water and the readings obtained are tabulated in Table
(1)« A graph showing the steady drift of these is shown in
Pig.(11). The ealeulation of viseosity from these readings
gave a valuec of .93 = 10’2 poise at 19°0, which is approximately
10% low. This discrepamcy could arise from & change of 0.3
cycles in the observaed difference count of 5.3 cycles. This
error being only a fraction of one cycle, instead of the
probable error of cne vhich can arise for cach individual
count, indicates that if means of several counts are used for
the calculation, the erforvin N 1s less than half a cycle.

Further enperiments performed with a standaxd oll instead
of water gave results agreeing with the sccepted value to
within 3% and this error could be accounted for by an

uncertainty cf the knowledge of the temperature to better than

1%,

V. 2. (b) Quartz rod.

In order to attempt to make more precise measurcments by
end damping experiments it was decided to use 2 quartz rod.
The principal advantages of this comparved with the beryllium

copper rod ave that the internal damping is very small and that



Table 1. Experiment with water on the end of rod.

Ny Ny Ny Np Ny Np Ny Ny Ny
Temp. of
water °C 18.7 18.8 18,9 19.1

Means of 582.6 576.8 581.7 576.7 581.7 576.,3 581.4 576.3 581.4
ten . '

counts 2.2 6.8 2.0 6.5 2.0 6.3 1.8 6.5 1.5
2,2 6.8 1.8 6.7 1.9 6.2 1.8 6.1 1.5
2.5 6.7 1.8 6,5 2.0 6.2 1.7 6.3 1.2
2.0 6.6 2.0 6.5 1.9 6.2 1.9 6.6 1.4
| 1.9 6.7 2.0 6.6 1.8 6.3 1.7 6.4 1.6
2.0 65 1.8 667 1.8 6ots 1.6 6.4 1.4
1.9 6.5 1.7 6.3 1.8 6.3 1.6 6.3 1.2
2.1 6.4 1.8 6.6 1.9 6.6 1.7 602 1.3
Mean of
one

hundged 582,15 576.64 581.84 576.57 581.86 576.33 581.68 576.35 581,36
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because cﬁe density of quartz is approximataly one-third that
of beryllium copper, the end damping will be correspondingly
increaseds A further advantage is that the internal damping
of quartz shows little variation with temperature,

The driving and 'pickaupf colls were painted on the surface
of the quartz rod with colloidal silver, the rod having
previously been cleaned and heated in an oven ¢o wed heat,

The rod was then reheated to bake the silver om to the surface.
The conducting coils had a resistance of approx. 20 ohms each
and as this was much toc high, a copper £ilm was electro-
deposited on the silver. This reduced the coil resistance to
approx. 0.5 ohms. | The clamping system for the r@d wasg
desiéned to give connections to the ends of the colls and, slso,
©o act as cross over connecticns between two parts of each coil.
To facilitate this, two nodal clamps were used, eacﬁ having four
needle point contacts with the rods, The arrangement of rod
and magnetic field is shown in Fig.(12). On excitation,

the rod will vibrate torsionally at its second harmonic
frequency. The fluid medium can be applied to either of the
free ends of the rod. The vibrating s&stem is placed'inside

a water jacket to maintain it at a given temperature.

50.
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Measurements of the total damping of the rod with the
lower portion immersed in an oil sample were made over a
pericd of several days. No temperature control was cuployed
but the temperature of the enclosure was recorded. The
zesulté obtained are plotted in Fig.(13). fh@se regules
indicate the repeatability'of readings obtained with this
system and show how ( 97 ) for the oil varies with
temperatuie. The caleulated viscosity x density at 20%

. was found to be 01.77 poise gm/cc. and the vate of change
with temperature 2,19 per °a.,

1t was found to be ¢ifficult to maimtain the zod in
vibxatian owing to poor contact being made betwéen the needle
supports and the coils. Eight connections had to be made
simultanesously and each adjustment of the rod tended to remove
some of the plating fvom the coil ends. Soldering of these
connections was attempted but even the use of low melting point
solder resulted in the colleends breaking away from the rod.

Although the quartz rod has obvious advantages, it was
decided to abandon this system, due to the difficulty

mentioned above,
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V. 2. (c) Double clamped Beryllium-Copper Rod.

In order to be able to measure as large a range of
viscosity as possible with one vibrating system, a beryi{liumc

copper vod was selected with two nodal clamps.

For such a system it cam be shown (su. éth @:) ‘aqc. 3@

S’"l (Sft)(fm@%’gKLM =

where S‘l is the logavithmic decrement due to the fluid
medium surrounding either or boﬁh ends of the rod; 5 being
1or 2 dependz_‘mg on whether one or both ends are immersed.
fﬁz is thus determined by the square of &z and the
selected values of rod' parameters. The range of f? is
therefore dependent on the range of the logarithmic decrement
which can be measured by the electronic apparatus, which for
a theoretical accuracy of 0,5% 45 0 = 3°0°3. But 5}2:: S?ﬂé'r_
where SI is the logarithmic decrement due to the internal
. damping of the rod and 31- the decrement obtained when the
rod is immersed in the fluid medium. It is obviously
desirable to make SI as small as poésible and for the rod

selected this was found to be 0,5 % 10°3° The mazimum value



of 5% is thus 2,5 g 10“3. The minimum value, determined to the same

accuracy, will be approx. equal to the internal damping. The range of

is therefore 0.5 = 2,5 x 107>, The corresponding range of )

will have a variation of a factor of 25, As it 15 a simple
. matter to make S in the equation 1 or 2, the total possible
variation with one specimen is 100. For the rod used in this
experiment with R = 3/15" and L = 60 cm, the range is 0.005 -
0.5 poisé gn/cc.

The beryllium copper-rod is supported at two nodal
points by metal disc heat shrunk on to it. These discs are
machined to a thickness of 20 thousandths of an inch and
clamped in a suitable container as illustrated in Fig.(14).
The fluid whose viscosity is to be measured can be pumped
around eithér end of the rod. The whole apparatus is
cohtained in a combined water-bath and water jacket system.

As an initial experiment to determine the coﬁstancy of the
system, the same o1l sample used with the quartz rod was
circulated around one end of the rod. Readings were taken
over a period of several days and the results obtained are
shoun in Fig.(13). The variation of damping with temperature
ig not the same as tha: obtained for the quartz rod. This is
because the internal damping of the rod changes with temperature.

In a subsiduary exzperiment the internal demping was found to

&
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1n§rease with temperature. Making allowance for this effect,
the calculated temperature change of viscous damping agreed
fairly well with the value obtained with the quartz where it

is assumed that the internal damping is temperature independent.
The calculated viscosity x density of the o0il was found to be
-0166 poise gm/ecc. at 24°¢.

Using & standard silicone oil (20 centistoke at 25°C) to
surzound one end of the rod, the corresponding viscosity was
calculated to be 21.8 centistoke at 18.8°C. Using
iﬁformatioﬁ available regarding the temperature variation of

this oil, the value at 18.8°C was found to be 21.5 c.s.



V. VARIATION OF DAMPING WITH THICKHESS OF A LIQUID FIIM

In the section on the basic theory of visco-elastic damping,
the effect of thickness of a bounded fluid layer has been

considered. The emperiments to be described have been desigued

to confirm the equations derived in this section.

V. 1. Liquid film with free surface.

(a) Low frequency system

The thickness-of a water £ilm with a free surface necessary
to cause waximum damping (see Fig.1) will depend on the frequency
of the vibrating specimen. At £ = 2000 cps, £ =2 x 10”3 £,
while for £ =0.2 cps, L =24¢ 10“1 Cme In order to measure
the damping of a water £ilm as a function of the thickness, it
was decided to use a low f£requency so that the thickness could
be determined to a reasonable accuracy. A heavy cylindrical
disc attached to a steel torsion wire was therefore selected
as the vibrating system. The disc is fmmersed in a dish of
water to the level of its upper surféce. By adding known
volumes of water to the dish, a £ilm, of thickness which can be
determined, will cover the upper surface of the disc. The
damping of this system can be determined by measuring the

anplitude of successive vibrations. The amplitude is



observed by using a beam of light reflected from a mirror
attached to the torsion wire, the image of a crosswire being
focussed on a scale.

The apparatus used for this experiment is shown in Fig.(16).
To estcite the disc into torsional vibrations the torsion head is
rotated and returned to its normal position, The amplitudes,
of successive vibrations are recorded as deflections of the light
beam. In order that these should be linearly related to the
torsional amplitude, a circular scale should have been used.

As this was not available, a straight scale was employed and was
placed so that when the deflection was half the maximum value
recorded, the light beam was normal to the scale. This
arrangement can-be shown to give good limearity for the larger
deflections but would need some correction for cmall deflectiens.
The small deflections could not, however, be measured with gréat
accuracy and were therefore ignored. In order to check the
linearity, a graph of log. deflection versus number of swing was
plotted and is shown in Fig.(17).

In order to calculate the logarithmic decreﬁent for the disc,
fifty successive swings were recorded and the logarithm of each
wags found. The mean values of the logarithms of the first and
second twenty-five swings wére subtracted, and from this value
the decrement was determined. Good accuracy could be exyectéd

from this method,
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An ezperiment was performed by removing known volumes
of water from the dish, the level of which was alreadyb
covering thé upper surface of the disec. The corresponding
logarithmic decrements were measured. The zesults
obtained are plotted in Fig.(ls)° Using the known values
of viscosity and density of water and the parameters of the
disc, the theoretical curve obtained fromequation (4 )
has also been plotted and, as can be seen, gooed agreement
results.

In this experiment it is possible to observe the
amplitude and phase of particles in the viscous wave simply
by suspending particles in the water. At a film thickness
which produces maximum demping, the vibrations of particles
on the surface of the film can be clearly seen to bé /2
out of phase with the disc itself, and the amplitude of
vibration to have decreased to approximately omne-fifth of

the amplitude at the surface.

V. 1. - (b) High frequency system,

I1f the previous ezperiment is performed aghigher
frequencies, the method of controlling the thickness of
the liquid film will be more difficult. One possible

method is to control the rate of evaporation of the film
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of liquid; the thickness will therefore decrease at a
constant rate. Although there are several disadvantages,
such as that the temperature of the film will fall and that
the constitution of the liquid might.change as the volume
decrcased, this method was chosen and the apparatus illustrated
in Fig.(19) was constructed.

The wvibrating system consisted of a steel strip 12" long
and 74 " wide supported at two nodal positions by three
needles as shown in the diagram. The strip can be excited
magnetostrictively into  longitudinal vibrations at its
second harmonic frequency by the driving coil situated near
one node. The pick-up coil is placed near the other node and
detects the amplitude of the vibrations._ A ridpe ig placed
across the strip at each node to retsin the liquid sample
poured on to the centre of the strip. Accurate levelling is
necessary to ensure a liquid film of uniform thickness, and
this can be done by adjusting two screws which move the
necdle supports. The method of adjustment is to place on
the strip a small dish, containing mercury, and to reflect a
beam of light from this to form an image on a suitable

distant surface. The image position is marked and the
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mercury dish removed. The 1ight reflected fxom the
ﬁetal strip will form another image, the position of which
is moved by means of the two adjusting screws until the
image lles immediately‘below the position of the first
image at a distance of twice the height of the mercury

surface above the strip.

In order to control the rate of evaporation of the
liquid, the strip is placed in a vacuum enclosure. 1In
this enclosure, immediately above the strip, is a
thermoelectric cooling junction (Goldsmid, 1955) capable of
cooling at the rate of 0.5 watt at a temperature of
approximately 20°¢C below the ambient tempétature.‘ The
liquid vapour condenses on the cold surface at a rate

controlled by the cutrengvflowing through the junction.

¥ The curent 15 wasnlouned coustant
Omdh thus e thicktnmess of ™ F—k\\s
oreardy lated o tha K of cvapowatis



In the experiment described, 0.5 cc of liquid were condensed
in approximately 20 minutes.

Although several liquids were selected for this
experiment; ethyl alcohol was the only liquid which would
maintain itself as a thin £ilm during the evaporation.

The results obtained for two alcohol samples are plotted in
Fig.(20). These do not agree with the expected theoretical
curve, The discrepancy can be attributed to two factors,
both of which produce an increase of viscosity of the liquid
film and thus cause the observed rise.

One factor is due to the cooling of the liquid film.

As the strip is thermally isolated from the surroundings,
any heat loss due to evaporation will cause a fall in
temperature of the strip and liquid film. This has been
estimated to be approximately 20°C for the complete
evaporation of 0.5 cc of alcohél. The second factor is
due to a change in percentage water concentyration in the
liquid film. For boiling at reduced pressures the vapour
phase of alcohol-water mixture is predominantly alcohol
(International Critical Tables, 1933). Thus 1f 1,59 water
is present initially in the liquid, as evéporation takes

place this will Increase inversely in proportion to the
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volume of liquid remaining. This will cause a fairly sharp
rise of viscosity of the film as it gets very thin, |

If the theoretical curve for damping o (3R7@%§§9
shown in xed in Fig.(21) is multiplied by the square root
of the most likely viscosity values (also shoun in red in
this Figure), the black curve of damping so obtained is very
similar to the practical results shown here as dotted circles.
The increase at the end of the curves in Fig.(20) are
interesting because these oceur wﬁen the expected water-
aleohol concentration reaches approximately 602. The
liquid would then be expected to break up into drops, and
in fact this was observed. The increase in damping is due
to sudden increase in thickness which more than compensates
for the decrease which would be expected due to chamge in
area,

This experiment does not directly confirm equation ( 4 ),
but when due allowance is made for changing viscosity, the

experimental results are in good agreement with the theoxy,

70.
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V. 2. Liquid film bounded by solids.

By interposing a liquid film between the end of the
beryllium-copper rod described earlier and the micrometer
head 111userated in Fig.(22), it is possible to measure
the damping of a liquid film, bounded by solid surfaces,
as a function of thickness.

To perform the experiment, the internal dampimg of
the rod is first determined. The micrometer head is
levelled 2nd raised to just make contact with the rod.

The zero reading of the micrometer is read and the
micrometer lowered. Liquid can now be forced into the

gap by the screw piston arrangement. Damping measuresewts
were taken for several thicknesses and the results

plotted in Fig.(23). The circles and crosses correspond
to two separate experiments. The correspénding
theoretical curve obtained from the known viscosity and
density of the liquid is also drawm. It can be seen

that very good agreement has been obtained.
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VI. GAS DAMPING OF A ROD IN LONGITUDINAL OSCILLATION

In 3 number of methods used for investigating
internal damping in solids, the specimen is in the fomm
§f a cylindrical rod supported at a npde of vibration so
that it is able to vibrate under free-free conditions.
Under such conditions, external sources of damping are
present in addition to that under study. These are:
(a) viscous damping along the surved surface; (b)
acoustic radiation from the vibrating surfaces; and
(c) damping loss in the specimen support. A
theoretical evaluation of these damping sources may be

made without difficulty,

Vi. 1, Theory,

The wiscous damping along the curved surface
of the rod can be evaluated using the method adopted for
the torsionally vibrating rod. In this case the
encrgy lost per cycle (AWn ) will be the same as
equation (3 ) where y = L and thus Aw.zsRonm)aﬁgL

If the total energy of the rod is known, the corresponding

logarithmic decrement 5? can be determined.



The calculation of the damping effects due to the
acoustic radiation from a vibrating rod is simplified by
considering the end faces of the rod and the curved
surface as two geparate sources of radiation, and this
conditiong may be reproduced by suitable baffles
surrounding the ends of the rod.

The real component Ry of the radiation impedance of
a rigid ciicular piston of radius R, vibrating in a plame
infinite baffle, has been obtained by Morse (1948) in the

form

R, = WR"fzc,i-_l- 4 2kR]

where ¢ is the velocity of sound in the medium of density f s
k = &fc, and J; is the Bessel function of the first kind of
order one.

Therefore, considering the circular ends of a vibzatiﬁg
cylindrical specimen as piston radiators, the énergy
dissipated in one cycle of vibration by these pistons is

AWg, = Ry (§ mo) 21
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Hence, the decrement due to rad/ation from the ends of the
rod Sgs can be found.

The acoustic energy radiated by thg curved surface of
a vibrating rod may be calculatod approximately by treating
it as short cylinders expandin; and contracting normally
and using Morse's equation for the energy radiated per unit
iengtho The cylinder sectiors vibrate in phase so that
the total radiated energy fror the curved surface of the

rod in each cycle is given by

where W 1is the peak radial veleecity which is related to
the peak lomgitudinal velocity ( gg max.) by the ratic Zpgyé&
where p is the Poisson's ratio.

Thus

Allg, = 2ﬁ3f Rﬁ%}»\a (%emax)zA

Hence, the decrement due to radiation of energy from the

curved surface of the rod 5&& can be evaluated.
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The remaining source of external damping 1s provided
by the support for the vibrating rod. Various designs
may be employed but a common one consists of a single
wire attached at the node of longitudinal freleree
vibration. Since the wire is fixed at a node, the only
velocity amplétude ascting om it is W , the pezk radial
velocity at the surface of the rod. The wire is
considered to be small enough in crosse-section to neglect
variations in radial velocity across it and to ignore
longitudinal velocities.

If it is assumed that all fhe energy taken from the
specimen by the support is dissipated in the wire alone,
and not reflecﬁed by the fixture from which the wire is
hung, then the elastic energy AWg absorbed in one

cycle of vibration is given by
VAL

where jg is the density of the suspension wire material,
Cg 1is the velocity of sound in the wire, and o is

the ¢rossesectional area of the wire.
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The corresponding decrement introduced by the specimen
support wire §g caﬁ thus be determined. The simplest
way of reducing this decrement to as small a value as
possible is to reduce the cross-sectional areaf of the
suspending wire. This may be donme in such a way that
a more positive support is obtained by using three rigid
needles with the points contacting the rod surface
symmetrically in the plane of the node of longitudinal
vibrations, instead of a single wire.

When the damping in a bar vibratiamg under free-free
conditions 1s measured by an instrument which does not
introduce further damping effects, the measured decrement
is the sum of the decrements corresponding to internal

damping in the bar 5: and the external damping.

8 = Sy v (& v dy (5)
The magnitude of the external dawmping represented by
the last four terms on the right~hand side of equation (5 )
is a function of certain characteristics of the specimen bar

and surrounding medium. For a given size and material of



the specimen and fof a given medium, the external damping 45 a
function of the density of the medium.

The viscous damping 51 iz a function of f?‘- whers f
is the density of the medium, since the viscosity of the medium
is unchanged by alteration of the pressure. Since the .
velocity of sound in the medium is also unchanged by change in
pressure, provided that the mean free path of the molecules
does not become compatable in magnitude to the wawvelength of
the sound wave, the radiation damping (SR‘ + Sg!f) is

directly proportional to density, Hence equation (‘5’)

may be written

ST = 51+gs+ Rf?*&g

(6)

where A and B are constants for this system.
For specimens of a reasonable size, say 2 in. long and
% in. diameter, the values for decrements given in Table (2)
are obtained for free-free oscillation in air at 0°C and
760 mm. of mercury pressure. The frequency of each specimen

has been determined from known values of Young's modulus.



Table 2

Material

Nickel

Aluminium

Typical values of damping

Frequency — Ogrd 5?::90* ‘gﬁxlog daxio®  Sutg

c/s)
10620 73 0?38 0.72 0.023 .50
11170 5 0,95 2052 0.042 1.86

'y
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Considerable divergence exists between published
values for internal damping due in mony cases to the
vibratioqal stresses applied being sufficient in magnitude
to cause irreversible internal changes. The walue
tabulated for the internal damping of nickel obtained by
Ide (1931) for annealed nickel at sero magnetic field
and small vibrational stress i3 the smallest value known
to the author for this metal. The internal damping
value for aluminium was obtained by Hanstock & Murray
(1946) using small vibrational stresses. The decrement
due to suspension damping in Table (2) is for three taut
steel wires of 0.5 rm. diameter fixed symmetrically in
the plane of the node of vibration,

Table (2) shows that the maximum influence of external
damping is exerted by the piston radiation and that support
damping is the next in order of importance. The effect
of external damping on an aluminium specimen is greater
than that on a nickel gpecimen of the same size, owing to
the relatively smaller total energy of vibration W at the
same peak axial velocity of the free ends of the rods, as

well as the lower internal dasmping.



33,

The support damping may be easily reduced by replacing
the 0,5 mm. diameter wires by steel ncedles, each haing a
much smaller contact area with the specimen. Both
radiation damping decrementé are linear functions of the
density of the surrounding atmosphere and thus may be
reduced by a factor of 1/100 by vibrating the specimen in
an enclosure at 7.6 mm. of mercury. This would also
reduce the viscous dampimg by a factor of 1/10,. The
improved suspension and reduced pressure enclosure reduce
the ratio of external to total measured damping to
approximately 0.17 for the nickel and 3% for the aluminium
specimen,

Where values of the internal damping of a material
are required, it is necessary to reduce the influence of
the external sources of damping as much as possible, but
if it is intended to measure external damping as a check
on the equations given here for the logarithmic
decrements of external damping, then the opposite process

1is necessary.
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Vi. 2. Experimental.

In order to measure the external damping on a vibrating
rod due to the surrounding gaseous medium, it is necessary
to reduce the internal damping and the external damping
introduced by the specimen suspension as much as possible.
Further, since the damping due to surrounding gas will be
relatively small compared with the total damping effect
from other sources, it is necessary to employ a very
accurate mecasuring technique,

Thus, needle supports were used and Monel metal was
chosen for the rod material since this metal was found by
Ide (1931) to have an internal friction decrement of
3 % 10”4 ratio in zero magnetic field, which was small
compared with his results for other magnetic materials.

A further increase in the surface damping relative
to internal damping can be obtained by using a tube with
plugged ends instead of a solid rod. This has the effect
of reduéing W, the total energy of wvibration on the
specimen, and hence all the decrements for external
damping (including suspension) are increased. There is

a limit to the enhancement of the surface damping effects
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by reducing the value of We The air enclosed in the tube
will exert a demping effect on the vibrations, which is
considerably smaller than that of the same volume of metal,
However, W 1s evaluated from the vibrational energy contained
in the solid tube so that the tube walls must not be so thin
that the energy in the enclosed air is comparable in
magnitude to that in the tube alone.

A magnetic material was chosen for the specimen rod
because of the case with which vibrations can be produced
by magnetostrictive effects using a coaxial drive coil,

The electronic apparatus previously described gave a
constant range of three cycles in any set of consecutive
readings, whatever the value of N, with a standard deviation
~of 0,87, Hence, for this experiment in which N > 1500
cycles, the expected error in N evaluated from ten |
consecutive readings was less than tﬂﬁﬁ%%ﬁo
that is, less than T 0.028J)

A Honel metal tube 9 in. long and !/8 in. overall
diameter was used in the experiment, The tube wall thickness
was 0.,0055 in. and the ends of the tube were sealed by
Perspex disks 0.05 in. thick. The tube was supporteQ at
its centre by three needles symmet;ically fixed and mounted

in a glass enclosure as fllustrated in Fig.(24).
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hThe tube ends were located in the central holes of two
brass disks of 1’8 in. thickness fixed to the glass enclosure.
These disks acted as baffles to separate the piston radiation
region from the cylindxical radiatfon region. A small
copper constantan thermocouple junction was fixed to the
tube surface near to the node of fundamental longitudinal
vibration, the leads being carried out through heles in the
Perspex support which were subsequently sealed. A further
thermocouple attached to the‘glass enclosure measured the
ambient temperature at which the experiments were performed.

The specimen support ring was symmetrically perforated
so that the two flanged tubes forming a vacuumetighe
enclogure could be evacuated by a pump connected to one of
the inlet ports at either end. The enclosure was pumped
out and filled from a pressure cylinder with the gas under
investigation, Liquid oxygen traps were used to ensure
dry gases and the pressures inside the enclosure were

measured by a mercury manometer and a McLeod low-pressure

gauge.
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The enclogure walls were lined with glass wool to
reduce acoustic coupling between the vibrating specimen
and the enclosure, The usual system of feed back loop
to excite the specimen was not found practical in this
case due to the large direct coupling between the driving
and pick up coils., 1Instead, a decade oscillator was
used to drive the specimen. The electronic measuring
instrument comnected to the pickeup coil was brought into
action by a switch in the driver coil circuit gutting off
. the oscillator output. The decaying signal output from
the pick-up coil initiated a count of the number of cycles
for a half amplitude decay which always started from the
same signal amplitude. Thus, provided that the
magnetostrictive eddy-current effects producing the
signals alwﬁys occur under the same conditions, |
measurcments will always be taken for the same amplitude
range of mechanical vibration of the given specimen,

In this way, the effects of amplitude-dependent damping
are ninimized.

The specimen tube was placed between the poles of

an electromagnet which provided a polarizing magnetic

38.
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field corresponding to maximum magnetic damping in the
specimen. The maximum damping, rather than the minimum,
was used in order to work on a position of stability in
the damping/magnetic induction curve for the specimen
material,

In a subsidiary exzperiment, the temperature of the
tube and the external temperature were recoxded for a
nermal run of this apparatus. The results obtained are
plotted in Fip.(25). It can be seen quite clearly how
the temperature of the tube falls at each pressure
decrease and then rises to a value which tends to follow
the external temperature. The time to reach this value
1s of the order of 3 minqtes. A corresponding graph
of the damping of this specimen is also given, Fig.(26),
showing how the count N rises to a steady value, after
each pressure change, The procedure adopted to obtain
the results which follow was to change the pressure
slowly and then allow three minutes before the damping
mgasurements were taken. As the magnetic properxties of
Monel metal are strongly influenced by temperature change
at yroom temperatuvre, it was necessary t¢ carry out |

experiments when the ambient temperature was not changing.



Variation of tube temperature during normal run of apparatus.

Figo (25) °
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Fig.(26) . Variation of demping during normal run of apparatus.
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For an open tube of external diameter 2 R , lemgth L. ,

wall thickness t, vibrating with a peak longitudinal velocity

(§° maxd

W= T\’(‘&Q --t) t ij (§° max)l

If this tube is plugged at each end by thin plane plugs
of mags M each; the resulting addition to W is M(go mwx)z
To |'«a‘i.;;'ﬁo-“i:‘do“ermrs in the evaluation of 2W ’{5" mw)l due to
the difficulty in measuring t accurately, Z%omgmay be
obtained by subtracting onc-half of the mass of the tube,
neasured before plﬁggmg, from the total mass of the tube
and plugs after fizing.

For the tube used in the experiments described 2%0&0@2
= 1.348 g., £ = 9777 e/s, L = 22,82 em., R =0.159 cm.,
and pn = 0,326.

Hence, in equation ( 6 )

A= 0-0‘7585;{ cq.s

Q2.

B = {6@0‘7 [} - %l]c * 135-8} x 07 cgs, — ()



if j)o is the density of the gas surrounding the specimen
at room temperature and pressure F“ ; then at any

subsequent pressure %

3 =3 +35 + A[f/mIF + s(®p

A simpler relation between é? and p may be

obtained.

’
If S-r is the measured decrement at a given

pressure b, , then for any other pressure P

Sr-87 = A [F-15] +e[p- b

or

5 & : .,
‘ﬁ”'—‘ﬁ;’.‘ = AﬁZo + Bf/\:’ﬂ[ﬁ-*‘m] R (.8>

This equation gives a linear relationship between &8

function of Oy and D and a function of b

(&) = MRS, + 28 30) —n(e)

qa3.



VI; 3. Results

Six different pressures were used for the four gases
studied and at each pressure ten half-decay readings were
talken. The mean values of N and 51‘ are given in Table (3).

Taking \P‘ @5 134 ma. of mercury and alse p,d<\mm.
in equation ( 8 ), nine values of the functions %(51- P)
and ¢(P‘) were obtained in equation ( @ ) for cach gas.
These data are plotted in Fig.(27) and the slopes and
intercepts evaluated, giving the following constants (Table &),

The theoretical values 9of B obtained by the substitution
of known data in equation ( 7 ) are consistently high compared
with the experimental determinations given in Table (4), and
also appear to vary in an ungystematic fashion.

Substituting for A and inserting the values given for go
by Kaye & Laby (1948) at a pressure P, of 760 mm. of mercury,
values for absolute viscosity n? are derived. These data
are given in Table (5) topether with the comparative values
obtained by interpolation from the smoothed figures published
by Johnson & McCloskey (1940), using the oscillating disk

mthOd °
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Table 3 Damp ing measureﬁents in various gases
Mean half-decay N cycles Measured damping §T><\o7
* Nitrogen Ozygen Alr Carbon Nitrogen Oxygen Air Carbon
ag at at o dioxide at at at o dioxid.
17.9°¢  17.5°%C 16.6°¢ ae = 17.9%  17.5% 16.6% at
i8.,17¢C 18.,1°¢C
Presgsure
p (omlg)

i 1702.1 1684.7 1687.3 1759.2 4072.3 411444 4180.,0  3940.1.
134 1641 .6 1616.9 1625.5 1684.3 4222.4 42806.9 4264.1  4115.4
230 1622.6 1595.8 1606.3 1660.8 4271,9 £343.0 4315.2  4173.6
348 1603.9 1575.4 1587.6 1637.7 4321.7 4399.8 4366.0 4296.1
504 1583.8 i553.3 1567.3 1612.7 4376.5 4462.4 4422.6  4298.%

760 1556.1  1523.7 1540.0 1578.6 &4454.4  45469.%1 &501.0  4390.9



Relation between damping and pressure.

Fig.(27),



Table 4

Nitrogen

Oxyaen

© Aly

Carbon dioxide

Table 35

The absolute viscosity of various gases

Values of

damping constants

Experinental determinations

B(f/géx 106

/\J6E4;)x 10

(mmlly)

12,27
14.15
12.87
16.15

(nm“g)

0.554
0.301

0.494
0.7387

Fresent work

Johnston &
HMeCloskey

Absolute viscosity

litrozen

at

18%¢

170

176

Oxygen Air
at ag

18°¢ 17°¢
193 178
202 180

7.

Theoretical value

B(F/b) x_ 10

(mmng)

1.25
1.55
1.34
3.57

q = 10° poise

Carbon
dioxige
at 18°C

143

145



Vi. &. Discussion of results.

The viscosity values obtained are in good agreement with
published values and it is concluded that with certain
experimental refinements, such as using a vibrator material
which is less influenced by temperature change and placing the
gas=filled enclosure in a ﬁemperature-controlled bath, a
precision method for the measurement of gas viscosities could
be developed, using the principles described.

A theoretical treatment of the radiation damping would
need to be far more complex than that attempted here.

For the simple apparatus described, the assumptions, of
infinite baffles with pilstons radiating into free space
uncoupled to other parts of the vibrating specimen or the
rést of the apparatus, are obviously inapplicable.
However, the plotted curves demonstrate that the radiation
damping i3 proportional to gas density and does not
interfere with viscous damping. It is possible that the
radiation damping effect exerted by various structures

could be investigated using apparatus based on that deseribed.

93.
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VII. TRAVELLING WAVE SYSTEM

If a longitudinal travelling wave‘ispgap&gated along
a wire, a length of which is immersed In a £luld medium,
reflection will occur at the fiuld boundary and the wave
will be heavily attenuated in the loaded part (henceforth
referred to as the °10aded'Asection of the wire),
Standing waves will be fommed in the free part of the wire
and by measuring the standing wave ratio the acoustic
input impedance of the loading £fluild can be obtained,
Similar information can be obtained by measurimg the

attenuation of the wave in the loaded wire.

Vii. 1. Theory,

To derive the wave equation for a longitudinal wave
travelling along a wire immersed in a fluid medium, we
consider the resultant forece acting on a'small.element of
the wire. If Xx 1s the stress in the 2 direction
at one end of the element, and X=x +dx is the stress at
the other, then the stress on the element

A wde — Ko = %‘i‘?ax

The othexr force acting on the element is that due to the

fluid medivm. 1f Ye 1is the stzess excrted on



100

the element by the f£fluid medium, the resultant force on the

element is

o X S - aﬁagm\éc
¥,
wvhere 8 is radius of wire,

But y 3
K= E$E  and Y - Zofg

where g ig the particle displacement and E 13 a modulus of
elasticicy and ZO = (Ro + J\XO) is the complex input
impedance of the fluid medium,

This resultant force causes the element to accelerate,
and we can write down the equation of wotion of the element ox

; o
wa B %—iﬁx — 2tradcZ,S5 = Tro?dx gm-gé;_

g

d

This equation ignores any energy lose in the wire itselfs

or
% <+ ﬁ)(!\-&- Lh’)%% - c:.g%l @O)
.where - Re . L'__: 2%e . 42

0P ? wafn ’ ¢= §E: b = density of wire
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Assuming the particle displacement ig of the form
it x4+i8)X
g = §° 2 2 —( 9)
and substituting in the wave equation to evaluate o

and B, the attenuation and phdse constants, we obtain
. vy ! . N2
-0 + L@ (ha <h ) = &+ 2B)

or

{&dh - @ (\.+ h')}u& = c.(our Lg)

Egpanding the equaré root term into zeal and imaginary

parts we £ind

« = & eflosleRTh = Gem)
V.
A () e D

The attenuation congstant oX is proportional to the

measured attenuation in the wire, being = 22%. db cm



It can be seen that when no fluid medium is present,
i.e. h=h= O , the attenuation is zero, as is to be
expected if no energy is logt in the wire.

When the fluid medium is absent, the phase constant
B =w/C and so the velocity A7 = C, the undomped longitudinal
wave velocity. For a finite value of input impedence ZO,
B }“’/o and thué v{e

in order to calculate the reflection coefficient of
the boundary between the loaded and unloaded wire, we proceed
as follows. The stress at any point in the wire is

2
Sx = Sf‘“%é% d=. which is evaluated by using the solution

of equation (10 ). After substituting for g we obtain -

, (ko
3, = S‘S’m "’Lse a-ua e (v ig)x doe.
= hm¢ g ke iR)E 4 comst

- o&-\\'i@)

2
Hence the stress amplitude = _&ﬁ;“f_‘,ﬁ, go
(et =+ ig)

102



105

The volume displacement amplitude is equal to the product
of the particle velocity amplitude and the cross sectional
area of the wire,

i.e. volume displacement amplitude = -.t.(x)’l“\‘O«z §°

Hence the characteristic impedance of the wire

z_(stress amplitude )= = Onld
t

2 .
volume displacemen (P_ M)TTQ"

In the special case of an unloaded wire € =0 and § =W/
and the impedance becomes Z, = %"‘;‘i—)

The modulus of the complex reflection coefficient P as

defined by ?};:Z.l is given by

i[(uyc)l_ p? _.o(z]z + 4_0‘3(%)?§ Ya
(m/c_+ 9)1 + o

| ?mw/c.
(m/cj - %a -

and the phage angle ¢ = lan

The standing wave ratio (db) prcduced by this reflection = 20 logo ::l?
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Thus, two measurable quantitieé, the attenuation
per wavelength and the standing wave ratio, can be expressed
in terms of o and 8, which in turn depend on h and W s
which are proportional ¢o the real and imaginary perts of the
input impedance of the fluid medium (see page 24 ).

h = l’.ﬁ Usls + VoV,
M Pm Ug +Vg*

n = g-_?, Uo Vs — ¥y VYe
mfm Us" -+ Vo

In order to evaluate h and h' as a function of m, a value
of 'F/f’m’ the ratio of the demsity of the fluid medium éo that
of the wire material, must be assumed, A suitable value
for most liquids using a nickel wire would be 1/8, and chus
this vélue was used.

The attenuation per wavelength and the standing wave ratio

have been plotted in Fig.(28) as functions of m which is

proportional to (w/qz) Y



(oS

ol
Ol

Figg(zs); Attenvation per wave length and standing wave ratio with m
for a wave propagated along a wire partially immersed in a
viscous medium,



VviI. 2. Egperimental.

The upper end of a wire is attached to a transducer to
excite in ity lonmgitudinal vibrations while a mass is attached
to the lower end to keep the wire straight and in a vertical
position [see Fig.(29)].  The wire passes co-axially chrough
a glass tube which contains the fluid under investigation and
also allows the detecting coll to travel freely along the
loaded and unloaded lengths of the wire., Magnetostriction
is uvsed as the method of deteeting the vibrations in the wirze,
and because of this nickel wire is chosen. A polarizing
field coil is wound on the same bobbin as the detecting coil,
thus ensuring that the polérizing field at the position in
the wire being measured is always the same, as the coil
moves along. The current in the field coil is adjusted
to give a maximum signal in the detecting coil. The output
from the detecting coil is fed to a Bruel & Kier level
recordee (fitted with a logarithmic potentiometer).

The ‘'paper drive® of this 1s coupled by a flexible drive to
a2 'winch' which moves the detecting coil. A tiace as
illustrated in Fig.(30a) can therefore be obtained of signal
level against distance along the wire and f£rom this the

standing wave ratio and attenuation cen easily be read off,
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In order for the signal strength to be propertional to
the vibration amplitude at 21l points along the wire, the
wire must be carefully demagnetised and given annealing
treatment before use. This 1s done by passing an A.Ce
heating current through the wizre and ralsing its
temperature to red heat. The wire should now be slowly
cocled but it was found that if this was done a periodic
non-uniformity of signal output arose. The same
results were cobtained when g D.C. heating current was
used., Uniformity of sgignal output was obteined by
suddenly switching off the heating current.

Owing to the relatively large size of the detecting
coil this will not apparently give a signal proportional
to the amplitude at & point in the wire but rather a mesn
"value of the amplitude along a certain length. When the
coil is used to measure the standing wave ratio, for
exemple, it might be espected that the peaks would be
flattened and an incorrect ratio obtained. The
sipgnsl from the coil will be proportional to the integrated
product of a coll 'function' and the wave displacement in

the wire. This coil fumction using the reciprocity
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principle will depend on the distribution of magnetic
field along the axis of the coil if it were carrying
a current. The approximate form of this function

is that of a single turn of radius v given by

r
™+ (=~ d}z}%

where 20 ip the distance along the axis of the ecoil

from any reference zero and d the value of X at the

cencre of the coilg' To justify this approximation,

the distribution of field was investigated with a

‘gsearch coil‘”aﬁd it 'was found passibie to fit this

curve to the plotted function as showa in Fig.(3ia).

The value of ¥ so obtained agreed (approximately)

with the estimated mean value of the radius of the coil,
Firstly, iet us consider the coil response in

the standing wave section of the wire. Here the

wave equation can be expressed as A sin {0t~ @c}-&- Bsin th + 5&)

or @-4' B} sin wt cos g +»(A -B) e0s ok sin px

vhere A and B are the incident and reflected wave amplitudes,
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Pig.(31). (a) Field dieribuLion along anis of coil.

) I,= j;;—,aah Gopxdx with ¥
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The coil output ( Is ) when its centre is situated at a

position d will be given by
I, = SE(A + B) sinck cospx + (A=B) cos ot sin pr]
a
Y !
[ oy {2&“ d)z}3/%
et X = x-d o dR = dx

By changing the variable to X = x-d we situate
the coil at X = 0 and effectively move the standing wave
pattern along the wire.

Therefors

I = :g[(ﬁw 8) sin @k cos (g« pd)
+ (A -8) coswok sin(BX + %d‘}] %{\X}cﬁx

Te = [(A-vé)smwb cos pd *(ﬁ-é}%wtﬁhﬁd}l'

~ [(r-Dsinmutanpd~ (& - Bt msgdlia.
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LN

where KX) (71—:—*@%

S
n

”j KX) cos Q{AX

~—d

GT t(X) singKdR

Ja

But Iz_ ig an odd function of X and therefore equals zero,

Thus

L = [(A +B) sin b cespd +(A-B)c°sw‘:smgd_] L

and as I, is independent of 4 and only depends on r, the
coil output has exactly the same form as the original standing
wave. It 1s seen from the above equation that the strength

of the output signal depends on the value of In °

b vﬂ-
I} - g W(Fa " Xﬁ)aﬁ 005?}{ dx

D
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To evaluate this we let X =¥ tan uw and on substictucion

T
I = g cos (;57* fan u) cosu du
.

This has been evaluated approximately by & graphical method

and is plotted in Fig.(31b) as a function of \/._q-.-n (?“7@?)

It is seen from this that even for a coil where v = )\/4,
s£ill neaxly haif the maximum signal is obtained. This
consideration sets an ipper limit to the frequency (£)
employed with this apparatus. £ = (‘_/ % end ag r L= 1 emo
the maximum wavelength will be = 4 em. and thus £ =%= 125 Ke/s.

The coil response (L, ) in the leaded part of the wire

is given by

=0

-t . T*
I,_ o i‘ Ae x S\l\@t*%&) W)L}B/L dx

-0

As before let X = (Jﬁ—d)

Therefore L o l\e"ud cos(tot - §d>I3 + A Sin (wt- e T,
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where

Ts = | ™ s gXex

I, = @[ %@Qa—axc:os%}( dX

-0

Both of these integrals are independent of d the position of
the coil and thus the coil output has the same exponential

component as the wave in the wire.

ViI. 3. Results.

For the exmperimental test of the theory, several viscous
fluids were selected covering a range of viscosities of
approximately 5 to 1000 poise as determined by unidirectional
flow methods, Very viscous fluids often have a much lower
viscosity when measured by an alternating stress methed - gee;
for example, Barlow & Lamb's (1959) work on the Silicone Fluids
MS 200 seories. it was decided to use the Silicone Fluids to
sée if an agreement between theoretical and experimentsal results

could be obtained using Barlow's values for viscosity.
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The author could not find any published information of this
kind regarding the other fluids chosen.} However, one could
expect the damping to be lower than that predicted by using
the knowm undirectional viscosity and relevant formulae,

It therefore séemed better to present the results as
determination of viscosity at certain frequencies, although
the apparatus is not claimed to be a viscometer. .

The frequnency range covered by the apparatus was Ilimited
by the Transducer selected. This would only operate in the
range 13.6 - 27.2 Kc/s but it was felt that this frequency
variation was sqfficient to test the frequency dependence
shown in the theory.

The experimental results obtained for the different
fluids are tabulated in Table (6). For each fluid the
attenuation per wavelength was measured at three frequencies,
from the level recorder traces. It was only possible to
evaluate the standing wave ratio for fluids which had
sufficient attenuation per wavelength to reduce the wave,
which is reflected from the end, to a negligible amplitude,
at the boundary between the 'loaded' and *unloaded' sections

of the wire. In general this requires a viscosity of



TABLE 6

i. Material Frequency Attepuation  m (e ) Mean (Yot) Heasured Calculated
2. Temp. °C ke/s db/n x 1074 Viscosity S.W.R. SeHaRa
3. Undirectional ' :
Viacosity
Venet:ian Turp. 13,7 48 o2 215 219 6.5 7.5
21 1906 39::7 .»24 214 1120 pOise 505 605
1300 poise(17. 3° C) 27.4 . 34.3 0275 229 4e5 5.3
950 01l ; 15.0 2.0 3 1.05 1.03
22%¢ 20.0 1.6 3.6 - 0.97 5.0 poise
4.1 polse (21%)  27.2 1.4 4 1.06
Fluxed Bitumen 13.6 20.6 42 &B.5 50 5 3.6
10°% 20,0 17.3 . °49 52,5 3.5 3
1080 poise (19%¢)  27.2 13.8 59 49 250 poise 3 2,5
Shell Linea 81 13.6 5.45 1.25 5.45 5.40 1.5 1,1
19°%c 20.0 4045 1,5  5.55 1 .85
27,2 3.55 1.8 5,30 27.4 stokes 1 o7
Vaseline 13.7 3.6 026 127 5 6
22°% 20,5 19,7 hh 66,5 3 3.5
27.4 15 035 57 2 2.7
M3. 200 12,500 es. 15 2.5 2.5 1,51 1.43
20.5¢c 27.4 1.6 3.5 1.35 725 es
12,500 es (25 C)
30, 000 cs 15 3 2 2.37 2,04
19 C ' » 20 204 206 108’5
30,000 es (25° C) 27.4 ' 2 3 1.91 1050 cs.
100 000 €3 15 3 2 2.37 2,25
21.5%¢C 20 2.3 2.6 1.86
1100, 000 cs (25°C)  27.4 2.4 2,6 2,52 1140 cs

L1



something greater than 20 poise.

For the lower viscosity fluids the amplitude of vibration
within the loaded section of the wire will show an attenuated
standing wave pattern due to the reflection from the end.

In order to determine the attenuation per wave length, the
‘mean SIOpe‘ (Brilel & Kjaer, 1958) is used. A typical
trace is shown in Fig.(30b).

The value of the standing wave ratio cannot be determined
with very great accuracy. The principal reason for this is
that the output signal from the wire when subjected to a
constant vibrational amplitude can vary by approximately 1 db
and as the standing wave ratio is normally of the order of 2 db,
a large error is present in its determination. Another
possible cause of error is the lack of perfection of the
boundary between the 'loaded' and 'unloaded' section of the
wire. If the boundafy is not well defined (e.g. if the
level of £luid fell leaving a thin layer on the unloaded section
of the wire) then the staﬂding wave ratié would be reduced.

In order to cvaluate the viscosity from the measurements,
the values of m are read off from Fig.(28) aﬁd (/m: )
determined, For a given fluid, the values of (w/w* ) should

be constant at the different frequencies. The mean value of
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( W/w* ) from the attenuation measurements has been used

to calculate the viscosity.

Vil. 4. Discussion of wesults.

In general it can be geen that the values of ( Ofw> )
from the attenuation measurements at different frequencies
are constant, indicating that the viscosity is relatively
frequency independent in the limited range employed.
Although Venetian Turpentine and the 950 oil both give
viscosities agreeing fairly well with their ‘undirectional!
values, the other fluids give values which are considerably
lower. The most marked examples are the MS 200 Silicone
Fluids of which the 100,000 cs sample gave a value of only
1100 cs. The values of viscosity, however, agree quite’
well with those obtained by Barlow & Lamb (1959) at the same

frequency. A closer study of these results indicates a

decrease of viscosity with frequency (apart from one spuricus

result) which is also to be exzpected. In the case of the

Fluzed Bitumen and Shell Limea 81, the calculated viscosities

are approximately one quarter of the undirectional values.

Vaseline shows a considerable frequency varfation, but these
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results can be explained qualitatively by assuming the
vaseline to be viscoeelastic. For exampie,.it has been
calculated that if the ratio of the attenuation per wavelength
at one frequency (Wi) and at twice the £rcquency was 1.3,
when the fluid shows no rigidity, then thevratio would be 1.65
when g = Gh? « Thus the effect of rigidity is to increase
the frequency dependence of attenuation, as is observed in
this experiment.

The theoretical values of the standiﬁg wave ratio have
been calculated from the value of the measured viscosity and
it can be seen that these are in fairly good agreement with
‘the experimental results.

The application of the theory for the deterhination of
damping of longitudinal vibrations in a wire, as for cxzample
in a delay line, shows that if a fluid is selected which
gives a high attenuation per cm, then there is the problem
to be surmounted of reducing the large standing wave ratio.

In theory this can be reduced by intexposing a quartér
wavelength of an intermediate viscous fluid but of course

this will only act effectively at one particular frequency.

An alternative golution could be to produce a gradual increase
of viscosity at the boundary.  In practice this could be

achieved by employing a8 temperature gradient in the fluid.
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APPENDIX: Electronic Circuitry

i. Modifications of apparatus as described by Pattison (1954).

(2) 1Instead of using a separate oscillator to excite the
vibrating system, the output of the amplifier was fed back
to the exciting coil,

(b) 1Instead of using a separate amplifier to drive the
counter, the output of the amplifier was again used to

feed a "pulse shaper’.

(c) The Thyratron which operated the voltage doubling relay
was reélaéed by a hard valve which would reset at the end of
‘the count',

(d) A slow speed multivibrator was used to operate the
*drive' switch and to reset the counter in order to make

the apparatus function sutomatically.
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2. Description of circuits.

(a) Pre-amplifier

The pre-amplifier has been designed to have good linearty
and stability for input signals of the order of 50 mV. and a low
output impedance. The first stage 1s an EF 86 valve triode connected,
selected for its low nolse factor. This valve is RC coupled to an EF
82 valve which 15 connected as a GCathode Followear. This heavy current
valve has been selected to produce signals of the order of a few volts
across the 1 K resistance offered by the Voltage Doubling circuit,
without distortion. The H.T. supply from a stabilised power pack is

heavily decoupled.
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(b) Voltage Doubling Circuit

This circuit consists of two balanced high stability non-inductively
wire wound resistances of 500 Q. each connected to a high speed relay as
shown in the diagram. As a continuous output 1z regquired to drive the
counter, even while the relay operates, a .5 MS: resistance bypasses the
upper relay contact. This will slightly altexr the ratio of ocutput
voltage in the two relay positions,

When the relay is in position (1)

R R
W = V3 R+/ Rat Re X where Vi 1s the
* +/R:.+ Re T 7 /R. + Ry output voltage and

V is the inputvvoltageo

But R, =R, = 500 and Ry = 1000 R,
| Rq £ 2000 R,

Therefore V@ = \/

2000/560 a ¥
1000/100‘ + ‘“9’7001 2

In position @, Vg =V,

When the relay is moving between the contacts, the output voltage
is easily secen to be 2.\//50 )

This intermediate choice of voltage for V(3 is desirable.
Should ‘contact bounce' result as the relay moves from position to
to double the gain, the signal does not fall to a value of less
than V/2, otherwise the Schmitt Trigger will operate & second time.
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(c) Amplifier

- 300v UT

.
" ToipF
-
M QG
2K |P1. 1005,
EF %6 EF %2

The amplifier consists of an EF 86 Pantode as the input
stage and an EF 82 Triode connected output stage, which gives
enough power to drive the specimens and offers a sufficiently
low output impedance to feed the rectifier circuit.

The H.T. supply is heavily decoupled.
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(d) Rectifier

_300v W,

1 -0F 0t 'OOI‘\F
: @ H) 1T ©

i
[
N

EB q4
g Conaecled

The design considerations for this circuit
have been adequately dealt with by Pattdson (1954),
The potentiometer (1 M) i1s adjusted to the mean potential
of the anode of the output stage of the amplifier.
Thus only the negative half of the decaying signal will
be smoothed,
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(e) Schmitt Trigger

kA
i+

() €F a @ eF

This circuit acts as a very sensitive voltage level detector.
The voltage on grid (i) is initially below cut off and thus valve
(2) conducts, The common cathode potential sets itself just above
the potential on Grid (2) as determined oy the resistance chain of
R, , Ry , Ry « Ry can be varied to adjust the cathode potential,
As the woltage on grid (1) slowly rises, a level of Vy which is
just less than the mean cathode potential, is reached where valve
(1) just starts to conduct. This causes the potential on grid (2)
to be depressed and correspondingly the cathode which produces
extra conduction of valve (1), This regenerative action causes
valve (1) to conduct and valve (2) to be cut off. A negative pulse
appears at the output terminal. With the potential of grid (2) at
a lower level than before, the circuit does not trigger back until
the input voltage approaches this value. The regenerative nature
of the feed back loops again causes a sudden transition when this
reset voltage Vg 18 reached,

The triggering voltage V¢ can be adjusted by varying the
100 Ks. Potentiometer, Rg. _



(£) Scale of Two

300V HT
41K
’ S -
WK 1k 2§ I W
f >
E - o)
_ _.EP?L;..: x—._'-L:::
™ s
]
100K
:l: Telel’d
oK -OlpE
E®& 9 ' \2hT7

The funcition of the 'Scale of Two' is to convert the
two griggering pulses from the Sclmitt Trigger into a square
wave 'gating pulse’ produced at output (2) and a2 wave form
to operate the relay drive produced at output (1).
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(g) Relay Drive

LAuwy 3004 WT.

33K

I

pL|

SS A

. The voltage appearing at the input terminals of this circuit
depand on the state of the !Scale of Two! circuit. This is
arranged to provide a positively going square wave during the
counting period. This voltage rises from 150 volts to 280 volts,
Wwith the input at 150 volts the 2 M pot, in this relay drive circuit
is adjusted so that the potential appearing on the grid is about 70
volts and the valve is therefore below cut off, as the cathode rests
at 83 volts due to the voltage stabilizer tube., When the input
voltage suddenly rises to 280 volts the grid rises to about 130 V
and the valve will conduct passing enough current to opérate the
relay R . 1In order to prevent ‘relay bounce' which might be
produced by the sudden passage of current, the change in grid
potential is 'rounded off"' by a condenser placed in parallel with
the lower half of the 2 M pot.
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(k) Pulse Shaper and Gating Circuit

oK ésaox %WDK
© 300K

i o
N F-::b

oK

\z AX7 \ZAX7 ‘2aun7

The Pulse Shaper is a Schmitt Trigger circuit with a small
'hysteresis' and which gives a square wave output at the frequency
of the sinusoidal imput. This square wave is differentiated by
the small coupling capacity and is fed to the grid of a triode in the
gating circuit. This valve shares a cathode resistor with a second
triode which 1is normally arranged to conduct heavily and therefore
raise the common cathode potential to beyond cut off point of the
first valve. Thus no signal appears at the output of the first valve.

The negative square wave output from the *Scale of Two' 1s fed
to the grid of the second valve. The potential on this grid cannot
fall below the value determined by the potential chain to which it is
connected by the crystal diode. The cathode potential falls
correspondingly to this value which 1s adjusted to allow the positive
pulses from the pulse shaper to pass the first valve. The output
from this valve will be negative pulses suitable for driving a counter.
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