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SUMMARY .

l. Object of Investigation.

To design a suitable instrument for measuring the viscous
and elagtic properties of binders which have been used in
experiments upon the plastic propellant, thie bteing the firet
stage in a thorough study of the fundamental rheological properties
of those binders.

2v Scope of Investigation.

(i) Design of an absolute thixoviscometer which can be used

(a) as a Couette-type instrument, using constant rate of °
shear

(b) as a Searle-type instrument using constant shearing
stress, and

(¢c) for measurement of relaxation-times at conetant
strain., >

(ii) Design of an air-thermostat, suitable for general use to
cover the temperature range -20°C. te +100°C. with close
temperature-control.

(iii) Calibration of the thixoviscometer for uses (a) and (b)
by means of suitable fluide of known viecosity.

3. Conclusions.

An instrument has been designed to fulfil conditions (2),
(b) and (c) above which, when used in the ncw air-theramostat, is
capable of determining absolute viscosities over the range 10
poises to 100,000 poises with an accuracy of 1-2..

An air-thermostat has been designed which easily coveres the
range -20°C., to +100°C. with a fluctuation of not more than 0.1°C.
provided the external room tenperature is reasonably stesady.

The power consumed to operate the therucstat is rather larce.

4. Suggested further developments.

The inner and outer cylinders should be re-made with grester
precision, if possible, so that the accuracy of the instrument
should be increased to better than * 15,

A well should be availsble below the thcrmostat so that when
uged as a Searle-viscometer the present restriction of one and a
half revolutions of the outer cylinder is removcd.

/Introduction,




INTRODUCTION.

The viscous and elastic properties of the binders used in
the plastic propellant affect,in complex wayes, the manufacture
end storage of the finicehed plastic. Studies upon the flow
properties of the finished plastic have been undertaken by a plasto-
meter (P.R. Freeman, A.R.D. Explosives Report 228/46), whilst those
of the constituent binder are being investigated by the thixc-
viscometer described in this report. Between them, these two
instruments cover the complete range from a pure liquid of wvis-
cogsity cof 7 poises to a complex plastic suspension with a viscosity
well cver 100,200 poiges.

The thixoviscometer has been designed so that the instrument
possesses three main modes of operation:

. l. Viscosity dctermination at constant rate of shear
i (Cruette type).

2. Viecosity and eclasticity determinations at constant shear
(Scarle type).

3. Measurements of relaxation times at constant strain.
In principle it is a rotating-cylinder viscometer.
Two typcé of eylinder are uged :-
(a) cone-endcd.
(b) flat-cnded.

The former gives absolute viscogiticg sinee, following the
theoretical treatment of liconcy (1934) thc anglcs of the conce are
made so that the mean shcecaring strcss over the conical surface is
numerically equal to the arithmctic imcan shearing striss over the
eylindrical surfaccs. This principle hag been used in the coni-
eylindrical viscometer of Lee and Warren (194C) which also isg
suitable for highly viscous liquids (109 - 108 poises) and the
design of which was used as & starting point for the present instru-
ment.

The flat-ended cylinders are capable of giving absolute vie-
cogities only after the magnitude of the “end-effect!" has been
ascertained as a correction to be supplied to the result, One
method of determining the correction is by means of duplicate
measurements with the conicylinders.

The annulus, into which the material is filled by weighing,
is only 5/32 inch, the radius of the uvuter cylinder being 1.000
inch. With such a small annulus the diffcrencc in the shearing
gtresses at the inner and outer cylinders is very small, i.c. the
ghearing stress is approximatcly constant across thc¢ annulus, and
for most materinls the mean ghearing-stress may be used.

DESCRIPTION OF THE THIXOVISCOIMETER.

The cylinders are of brass, cxcept the tips of the coni-
cylinders, which are of hardened stccl. When in position the axes
of the cylinders arc coincident and vertical, thie being achicved
by the relative position of the axig of the main frome and the axis
of the housing of thc vertical spindle (Figurces 1 ond 2). The
main frome fixes the axis of the inner eylindcer, thc housing that
of the outer cylindcr. The houging is beltcd to the bage of the
main frame and held in the correct position by two locnting pins.

The
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and 6 inches apart. The upper end of the spindle is a hori-
zontal circular table to which, in a unique position, the cup
forming the lower end of the outer cylinder can be fixed by four
bolts. Tntosthis cup the mein (cylindrical) portion of the outer
cylinder ig screwed. Around the lower edge of the cup a 6 inch
brass protractor, marked in degrecs, is held by two set-scrcws at
right-angles to one another. The reference-line for this
protractor is attached to the top of the housing.

Between the MS8 ball raccs there is a slightly grooved pulley
fixed to the spindle. A couple is applied to this pulley by two
pieces of oiled-silk fishing line acting tangentiolly. The lines
are attached to weights after paseing over two smoller pulleys,
the houeginge for which are boltcd to machined surfaccs on the main
frome in suitable positions. The axce of the smaller pulleys
are horigontal and run in self-nligning ball journals (Hoffmann
USl). (Thc pulleys and weights ~rc used in the mecthod cuploying
constont shecaring stress).

The lower end of the vertical spindle projccte just telow the
main frame and can te attachcd to n connecting rod from ~ wotor,
the rod cing hcld bty o tapercd pin. The motor employcd is of the
H-gear pattern (Type 14-9 VM; 1/2 H.P.). A 100 to 1 rcducing
gear ie attached to thc output so thnt ~ continuous r-ngc of spceds
from 1 r.,p.m. to 9 r.p.m. can bte npplicd to thc outcr cylindcer vin
the vertical spindle. Thie is uscd in thce mcthod involving con-
stant rate of shear.

The upper ends of the inner cylinders are held oxinlly by
steel locating bushes which, in turn, arc¢ hcld in position by brass
sleceves held in the cross-members of the main frome. The slceves
are machined so that the bushes arc push fite and the upper rims
of the bushes rest on the machincd horizontal surfioces of the

' glecves.

For the¢ method employing n constant shearing stress (Fig.l)
the inner cylinder ie fixed in position by clamping the locating
bush, and the outer cylinder is rotated by the couple npplied to
the vertical spindle. The speed of rotation of the outer cylinder
is measured as it increases to & constant value by timing known
consecutive angular intervals of the protractor., The immersed
length of the inner flat-ended cylinder can be varied by the verti-
cal movement of the locating bush in the sleeve. The immersed
length of the conicylinder can be varied only by adding to or
removing material in the annulus.

For the method- using constant rate of shear (Fig.2) the inner
cylinder is suspended by a torsion wire. The outer cylinder is
rotated at constant speed by the motor and the viscous drag of the
matcrial acts on the inner cylinder in the dircction of rotation.
This torque is opposed by the torsion-wire, an equilibrium position
of the inner cylinder resulting when the two arc equal. Here two
locating bushes and sleeves arc used, onc on the uppcrimost cross-
member and thc othcr on the lower crosgs-uncmber, The upper
locating bush locates thc upper end of the torsion wirc. The
lower bush is hollow and locateg a ball racc (L.S.7. Hoffmann) whict
in turn locates a spindle.

The upper ecnd of thc epindlc locates the lower end of thc
torsion wire. A small mirror is used to detcrmince the equilibrium

/twist
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twist of thc wire, thc mirror being fixed to a machincd surfacc
closc to the axis of the spindle. Thie surfacc is near the
lower end of thc spindle, i.c. just ~bove the inncr cylinder,
which is located axially by the spindle,

The race is not o push fit into the hollowed locating bush
but the lower port of thc bush is sprung -nd surroundcd by n
gpring-steel ring of adjustoble diomcter. The upper part of the
bush is clamped in the main fromc by o get-gercw. A vicw of
the suspension of thc inncr eylinder for the method of constant
rate of shear is shown.

The torsion wire is soldercd at cnch end into n keycd brnss
cylinder, This ie o push fit into 2 hollow cylindcr threcadcd
on the exterior. A third cylinder, hollow ~nd thrcadcd on the
interior, screws down ovcr the other hollow cylinder. The:«
cxterior cylindcr has n wide hole in the bonse through which the
dorsion wire paosscs,

The hollow cylinder for the lower end of the torsion wire is
the uppermost part of the spindle supporting the inner eylinder,
At thc upper end of the wirc the hollow cylindcr is the lower end
of a long solid keyed cylinder which igs a push fit into the
locating bush. The upper end of this cylinder is thrcaded ond
beare two thrended disce which serve to move the flat-ended inncr
cylinder “in o vertical direction so adjusting the immersed length,
With thc inner conicylinder thcy form o useful way of ensuring
that the concs juset bear on onc another and that the finc torsion
wires are Jjust taut.

To measure relaxation-times at constant strain the arrangement
of the instrument just dcscribed has two modifications. Firetly
the outer cylinder is clamped, Thie ie donc by cngiging a gpring-
loaded spindle horizontally into n cylindrical holc in the mnin
vertical spindle, The loaded spindlc ie houscd in the front of
the main housing. By disengnging thc spindle from thc hole, into
which it 1s on cagy gliding fit, thc outer cylinder cnn be ropidly
rcleased without importing to it circul-r rmotion. Thie ise uscd in
the method of obtanining viscositice ~nd elasticitices at constnant
ghearing stress.

The second modification is in the torsion hesd at the upper
end of the wire (Fig.2). The locating spindle is not keyed in
this instance, nor is it as long. The upper end carries a short
thread, by which a brass cylindrical head is attached. A double
gpring washer fits between the locating spindle and the locating
bush, a little way above the clamping mechanism for the torsion wire,
The brass head is screwed down so as to compress this spring:
thus further movement of the brass cylinder in either direction
is followed by the upper end of the torsion wire. The outer lower
edge of the head is marked every 5° and a reference mark is attached
to the top of the main frame. Between the double spring washer
and the torsion-clamp a flat is machined on the locating spindle to
carry a mirror. The length of the brass cylinder is such that it
Just does not touch the top of the locating bush.

A peg projects radially from necar the lower edge of the head,
Around the locating bush a brass ring is screwed to the top of the
main frame. The ring is provided with small topped holes, each at
an angular distance of 10°. Into these holes small threaded pegs
mey be fitted. These serve to restrict to known values the move-
ment of the upper end of the torsion-wire.

/The
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The operations, which require two observers, arc as follows:-

With the outer cylinder clamped the torsion-head is quickly
rotated through a known angle using the pegs as steps. The lower
end of the torsion-wire begins to follow this movement, As soon
as any initial elastic effecte are over the upper end of the
torsion wire is relaxed so as to keep the lower end at some chosen
deflection. The relaxation of the upper end is followed using
the graduated head for large movements and the mirror for small
movements. One obegerver chooses the strain ond performs the
relaxation: the other records the relaxation with time. Clearly -
only very thin torsion wires may be used to impart large strnins
to the material. Figures 4 and 5 show the gcnernl anssembly for
gach of the two methods of measuring viscosity.

Modifications incorporated in the present Thixoviscometer. .

The original design of the thixoviscowmcter has becn improved °
in three main ways. Only the improvements hove becen included in
the description so far, but it is of v-lue to record the fnilures
of the original desgign.

The most significant improvement isg in the manner in which
rotation of the outer cylindecr is achived for mensurcmente nt
congtant rate of shear, Originnlly the cylindcr wns driven by o
belt from n geared motor. The belt presed round n groovell-pulley
on the vertical spindle betwcen the IS8 ball-roccs. Thc motor
wns outside the thermostat. Thies syetem was not sgatisf~ctory
because of (i) lack of renl constancy of speed

(ii) vibrations impartcd to the mirror on the inner
cylinder

(iii) narrow choice of speecds.

The present design, using o 3 phase squirrel-cage motor coupled
directly to the vertical spindle has overcome objections (i) and
(22) The third objection has been satisfactorily met since any
speed in the range one to nine r.p.m. can be obtained from the motor.
This range is that most suitable for the expccted uses of the
ingtrument.

The second improvement is in the pulleys over which the lines
carrying the beam and load pass. Previously the bearing of each
pulley was a line-bearing formed by the insertion of a solid cone
into a hollow cylinder. The modified bearing is. formed by small
self-sligning ball-races, The two assemblies are shown in Figure -
6« The system used originally was unsatisfactory in that the mag- °
nitude of the friction was large and that the dependence upon lond
was marked, €.g. with no load, 22 grms.

.

with a load of 1000g, friction (dynamic) = 50 grus.

The bearing was lubricated by Allen's Clock 0Oil. The friction of
the present system is lower and is lesc dependent upon load (fig.7).

The third modification to the original design was an addition -
the LS7 aligning bearing for the upper-end of the inner cylinder,
This is essential for measurenents using the flat-ended cylinders
at constant rates of shear, and is & great help in preventing dis-
tortion of the thinner torsion wires whilst assembling the instrument.,

/Finally



Finally, a hole has been drilled diametrically through the
inner flat—-ended cylinder about 1 cm. from the upper edge.
Through the hole a thin steel rod is inserted and resgsts on the
outer-cylinder. This makes it possible to change the torsion-
wireg as the temperature is varied for one filling of the annulus.
Previously 1t was almost impossiblc for the inner flat-endcd
cylinder to be held whilst the wirce were becing changed, unless
the material under investigation posscsscd a viescogity of about
100,000 poiscs at thec tempcrature employed.

The Air Thermostat.

Viscogity changes rapidly with temperature. Therefore vis-
cosity measurements require closc teuperature control. The
thixoviscometer is a large instrument not capable of immersion in
8 liquid during use, and so the cmployment of air thermostat
becomes necessary. Other workers have surroundcd the rotating
gylinders by ccils through which various fluids at constant tem-
perature could be passed, but the use of an air thermostat gives
greater flexibility in operation and aveids doubtful effects due
to conduction along the various metal parts, The control with
the present air thermostat is to % 0.1°C., a figure not easily
attainable by encloging the cylinders in constant temperature coils,

Eesentially the thermostat consists of a large wooden box, = %
(Figure 8) almost square in horizontal section. The internal
volume is 30 cubic feet, The inner walls are of 1/4" sheet
stippled board (compressed filled asbestos) and are separated from
the outer match-boarding by 7" of slag wool. There is a wooden
false roof and back, the latter ending about 1 foot from the floor.
Into the false roof 2 circular hole has been cut, 13" in diameter
to contain the 12" fan used to circulate the air inside the thermo-
gtot, Circulating nir passes through this hole, along the false
roof, down the false back and thence into the main volume of the
thermostat. The fan is driven by n three phose motor (Kcith
Blackman Ltd. Type TE) at a constant speed of 1100 r.p.m. The
motor is housed on the top of thc thermostat 2nd the connecting
gpindle is of such a design that no nir can enter or leave at that
point. :

The front of the thermostat is mrinly taken up by onc door,
which 2lso is lagged by 7" of glag wool and which closes into the
main frame by two "stepse! of soft rubber. In the centre of the
door there is a window (two squore fect of 3/8" plate glnss).
Spaced around the door in suitable positione nre five plugs,
These nre wooden blocke which fit into squire holes in the door,
When in position good seals arc mhde by narrow pregsure-tubing
%ﬂskete. Each plug has two fastencrg, one cach side, so arranged ‘

hat when the plugs are fitted the rubber is compreesed. When a
plug is taken out there is a 6" square hole through which man-
ipulation of instruments ctc., inegide the thermostat can be per-
formed.

The floor of the thermostat is covered by o 1/4" steel plate,
to which instruments can be bolted. Where connections are
required to the exterior through the floor, holes have been
drilled through ond then suitable sgized paxolin tubing inserted and
held in position vertically by a small circular bakelite disc at
e¢ach end, the discs being inset into the inner ond outer floors.
When such holeg are not in use they are filled at each end by puttya
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The thermostat stands on four lcgs of 6" gteel tubing,
each leg being 27" long., ¢ Each lecg is enclosgcd at either end
by a 6" square 1/8" steel plate. Thesc plates are screwed into
thc matchboarding by coach-screws.

For use at temperaturecs at lcast 5°C. higher than room
temperature heat is supplied by 9--500 ohim resistancc mats, each
measuring 12" x 10". These are connccted in parallel across thce
output of a Variac transformecr - Zcnith Type 100L, capablec of
carrying up to 8 amps. The mats are on the front of the false
back, being suitable insulatcd from it. To mointoin a tempcerature
of, say, 70°C. thc current through thcseé mats is so ndjustcd that
when a steady statc has been rcachcd the tempcrature is 68°0-69°C,

The actual control of temperature is then made by o toluenc-mcrcury

~ regulator (similar to Townsen and Mcrcer, Ref,S.75) operating the
control mats through a relay (Sunvic Typc F102-4, lag about 3

seconds) . These are two 500 ohm mnts (ns nbove5 placed just below
the fan so that they are in the path of the complete air-circulation.®
The regulator stands about half-way bctween the false-back and the X
door. With the main heating of 9 mats it is possible to get well
over 110°C, and so boil the toluene out of the regulntor (B.Pt,
toluene 111°C, 760 mm,Hg,) For higher temperaturcs than 90°C,,
therefore, it would be convenient to use n similar regulator filled
entirely with mercury. Becauge of the low specific heat of air

it is preferable to use a regulator with o larger bulb than the

8.75 regulator recommended for use in water-baths. In parallel

with the control mats there is o smoll neon lomp. The bulb is fixed
above the main electrical instrument panel which is fixed by a
bracket so as to protrude ds an extension of the front of the thermo-
stat, The purpose of the neon bulb is to 2id in arranging equnl
time-intervals of heating and cooling sbout the mean temperature;

it also indicates any abnormal behaviour due, for examplc, to dirty
mercury in the regulator.

For temperatures between 15°C. and 30°C. water-cooling ies used.
During the winter the upper limit for such practicc bccomcs 25°C,
The cooling coills are at present mndc of "compo" tubing (mninly
lead) but finned copper would be preferable. They are situonted
between the back and the regulator i.e. Jjust bclow the fnlse brek.
It would be more desirable to hnve these coiles suspended bclow the
control mats but in the present thermostnt thnt spoce is mninly
needed to manipulate parts of the thixoviscometer. Cold watcr ie
circulated at full maine pressure through the coils. Leaknge of
air is prevented by stuffing the holcs where the pipes enter the
thermostat, This cooling is nearly balancedby the mnin hcoters,
the final balance being made as before.,

For temperature below 15°C, thc principle is the samec ag that .
degcribed immediately above except thot n refrigerator ie used in
place of water cooling. The machine, supplicd by-Mesers. J. & E,
Hall - Ltd., is powered by a 2 H.P. Crompton-Parkinson 3-phase
motor. A double-belt drives the two-cylinder comprcgsor. Methyl
chloride i1s the refrigerant, After passing through a separator,
to remove most of the oil, the gae pneses through a water-cooled
condenser, and then through an expansion-valve into the coils.

The unit is situated on the floor at the side of the thermostat,
occupying a space about 2'3" x 3', The coile (1" piping finned)
are egituated between the false and real backs and are provided with
a drip-tray below them, since it is inevitable thnt some conden-
gsation occurs upon them. The refrigerator has no regulator in

the usual sense, i.,e. it ig alwaye run continuously. There are
automatic cut-oute attached so that the electricity supply to the
motor is stopped if thé cooling-water stope or if the gas pressure
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inside the circuit becomes greater than soile chogen value,

With continuous running the refrigerator will reduce the
temperature inside the therinostat to -20°C. from +20°C. in about
2 hours, assuming an external air-tenperature of sbout +20°C.
During an 8 hour day, the temperature inside will fall to -32°C.
Thus the lower temperature 1limit of -30°C is readily attainable.
To control the temperature the main-heaters are used as a rough
cuntrol and the control mats give a final control of * 0.,1°C., over
the whole of the inside of the thermostat, the refrigerator being
in continuous operation,

The nine main heater mats do not develop sufficient power to
‘halance the cooling due to the refrigerator if o temperature higher
thon 0°C. is required. Therefore two subsidiary heaters cach of
1000 watts have been installed just below the folse-back. Using
these in addition to the main heater mats it has been found quite
gasy to maintain +10°C, to 0,19C, provided

(a) the mains voltage does not fluctuate widely

(p) the lab, temperature does not show wide variantion during
the day.

If these effects are present it is neccessary to follow the chonges .
about every hour by a small adjustment of the current through the
main heaters.

In all instances rapidity of attainment of low temperature is
facilitated by covering the window with a large lagged plug made
to fit the space. For taking mecasurciments it is necessary to
prevent ice-formation on the window. This has been satisfactorily
achicved over hourly periods by smcaring the window with a solution
of Aerosol O.T. in glycerol. Ingide the thermogtat it has been
found convenient to place trays of calcium chloride to keep the
humidity at a low valuc.

Some considerablec time (up to one day) is needed for thc
thermostat to become steady when the refrigerator is used. This
is probably due in the main to the fact that the efficiency of
the machine is automatically controlled. A coppcr tube containing
gome liquid methyl chloride is attachcd to the tube leading back
from the refrigerator coils to the compressor. This virtually
records the temperature of the refrigerator coils by the vapour v
pressure of the methyl chloride. The vapour pressurc controls
the gap in the expansion valve, thus controlling the efficiency of
the machine, Low temperaturcs tend to increcase the e€fficiency of
the machine whilst high temperatures tend to deccrease it,
Consequently when attaining a steady +10°C. it is neccessary to allow
time for the efficiency of the refrigerator to become steady.

This mode of operation is very wasteful of electrical energy
but the more usual method of having the refrigerator controlled by
a thermo-regulator is certainly not practicable for the accuracy
desired here since in such instances the amplitude of hunting may
amount to 4°C. The possibility of pumping brine from a2 controlled
‘refrigerator around coils in the thermostat was considcred but
was found to be more cxpensive in outlay ond the neccssary apparatus
rcquired much more laboratory spice.

To operate the thixoviescomcter at low temper~turce n plug
has to be withdrawn since high viscosities ore mainly mecasured at
/such
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such temperatures and the method of constant shecaring stress is
the more suitable for high viscosities. This entails operating
the release mechanisem for each measgurement. Rubber gloves with
long sleeves can be attached around the inner edge of the plug-
hole so that, on removing the plug the operator docs not introduce
warm moigt air,

It is clear thaot this type of thermostat could be used for
containing many other types of largc apparatus for mecnsurement of
properties which are very depcndent upon temperature. In thermo-
gtat design it has been found that the best results nrc obtnined
when the ineside of the box is roughly cubic:l in shape; the fon
is most conveniently mounted in thc¢ roof of the chnniber, with
guitable ducting to ensure conplete circulntion of the ~ir,

EVALUATION OF ABSOLUTE VISCOSITIES.

I. Uging the conicylindcrs,

(2) With the mcthod of constant shcaring-stress.

1l

Let L (em) = mean immersed length of inner nnd outcr

cylinders.,
Ry (em) = rodius of inncr cylinder (2.145 cm)
Rg (ecm) = radiue of outer cylinder (2.540 cm) ¢
G (dyne-cm) = effective couple applied

) _(radians/sec) = constant ang.vel. for a couplec of
G dyne-cm.

Ro (em) = effective mean radius = J 2Ry 2R2 2/(R12 + REB}

= 2. 317 Cl'.’l.
Gt(degrees) = mean half apex angle of cone ends = 340 30"
Y (poises) = viscosity

then, following Mooney and Ewart (1934) and Warren and Lee (1940)

q = & R gt . lg poiges
R s e O i T I ) R+ 9 A
m E " 3L Bui£% 3 le Re

The equivalent mean shearing strecss 8,
G
S = dyncg/eq.cm,
2 RO
2 IT Ro%L %1 &= s1nd,

2
and the mean rate of shear = fl-Rz & 312

2
Rg" = &y
For Newtonian liquide the last two equations apply exactly, but
for non-Newtonian liquide they apply only to a second degrec of
approximation.

radians/sec.

The effective mean length L = ,€1 + Rg - Ry 1 - costy

2 g in O,
iffl (em) = immersed length of inner cylinder (Pigure 9).
/The
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The couple G = (W + w - Wl) ga dyne -cm,
where W (grins) = load added to beau

w (qrms) = weight of beaum
i (

\
W

grmg) = frictional force (grms) for a load
(W + w) grms.,

2
g = 98l cm/sec

(cm) = radius of torque pulley + diam. of line
= 5,10 cnl,

]

is obtained by plectting the reading of the protractor against
time from the moment of release.

is obtained from the total length of the inner cylinder
(16,78 cm) from a series of measurements upon the height not
immersed - a dip-stick graduated in mm. is used.

Wl is measured dlreﬁtly for the pulleys and ball races together,
ag follows :-

One pulley-houging is removed and clamped so that the tensions
in the-lines are in opposition instead of forming a couple. The
beam 1is removed. Then, with egual weights attached to each line,
extra weights are attached to one line until thosc weights drop
at a constant speed i.€. dynamic friction is measured. A grcoph
of total friction against total load is shown in PFig.7.

A special viscometer '%? Ex.183 (liesers. Griffin & Tatlock),
recommended by the Nationgﬁ& ratory has been used at 25°C. in
the instrument. The value obtained for the viscogity ueing

the conicylinders wag 970 v poises at 25,0°C, lleagureiments
upon a sample of the material have been madc at the N.P.L. and a
viscosity of 1004 poises at 25.09C. was repcrted.

(b) The method of constant ratc of shear.

Let G! (dyne-cm) = effective couple in this instance
-

then G+ = “.4v¥—~1 dync-cm

-

if n (dynes/sq.cm) = rigidity modulus of torsion wire

r (cm) = radius of torsion wire ;
x (cm) = length of torsion wire
f#(radians) = angle turned through by bottom of

torsion wire when a steady value has
been reached for a constant speed of
rotation of the outer cylindcr of
radians pcr second.

The rigidity modulus, n , is mcasured scparately for each
wire by means of the S.H.M. of an inertia disc supported by the
wire, Therc are four wires and four discs. The dimensions of
the discs are arranged so that, with 2 minimum period for one
swing of one second, each wire can conveniently be used with at
least two discs. Uging the formula

= 10 = '



in which M (2ms)

b (cm)

@)

o}

=

n

2.1

mage

T (secs)

x M £

of

radius of inertia

i~ <} ‘T‘l '

inertin disc

part of Table 1 has been compilcd.

disc

mean time for one complcte swing,

It is thought probable that the accuracy in the determinntion
of the rizidity modulus is low du¢ to the soldering of the wirce
into the keyed brass cylinders affecting the heat treatment of the

wires.
Table 1. Choracteristics of the wires.
Wirc Dismeter | 10-11 n % Mox, scole| % Viscosity
number (cms) (dynes/sq.cia) rdg. (cme). rangc (poiscs)
1A 0.,1022 7.48% 0,07 ~> 35 N 8-40
2 C41670 8.04% 0,05 31 40-260
3 0.2360 8.09Z 0.07 21 180-750
4 0.3165 7.937 0.02 16 59C-1800

¥ Scale at 54.8 cms,

from mirror.

The maximum scale reading is limited in practice to 35 ecm, by
the window of the thermostat,

¢}is measured by the usual mirror and scale method.

A small

correction is applied for the lateral displacement of the roflected
bcam by the plate glase of the thermostat, the incident bcnm being

perpendicular to the plate glass (Figurc 10).

All meosurciients

have been made at 2 single convenient distance, mcagured directly
from mirror to scale in the first place by removing thec window.

Thies position is fixed relative to the front of the thermostot ond
g0 can be found easgily and accurately,
angle in radions and scale reading in cms. for that mirror-gcnle

distance (54.8 cms) is shown in Figure 11,
of legs than 7 cm,

2

the formula @

gcale reading/5

The greph of corrccted

4’.8,

For scnle rcadings

which is accurate to at least 1 in 200, is used instcod of the graph.

Ll

It is essentianl that the wires must not bc strnincd beyond the
1 mnximum scnlc reading,

elagtic 1

imit for steel.

Thig iwposce

at the given distance, for cach wirc.
each wire a valuc for the mnximum shenring strces of 5 tons pecr e£q.

inch (5.0 x 1.545 x 10% dyneg/sq.cm)
gafety factor of at lcast two.

arc ghown

in Table 1.

wag

In enlculnting this for

used.

Thies nllows
The moximan senle distonece in cm.
If cach maximunm distance is the

ol

etcdy

deflection given when the motor specé ig highest, vnluce of the
maximum vigcoeity measurable by ench wirce enn be ealcul-tecd,

agsuming o convenient practical immcreed length.
viecoegity measurable by ecnch wire ie dctermined by the nccurncy

e 1

The minimun

/with




with which scale readings may be measured, A convenient limit

is 5 em., for the highest speed (i.e. 0.60 cm. for the lowest

speed for a Newtonian ligquid). This setes a lower viscosity limit

for each wire. These limits are also shown in Table 1. ‘

In every instance the speed of rotation c¢f the cuter cylinder
is meagured by using the protractor.

The friction of the aligning ball race does not enter into
any measurement provided the zero is taken after the motor has been
running., Then the friction is retained by the wire as a small
gdeflection: only differences between this deflection and some
other deflection are measured, these differences being due solely
to viscous couples. This treatment assumes constant friction at
a given temperature but does not depend upon the magnitude of the
friction.

30-poise Castor 0il, a Newtonian liquid, mcasurcd with the
conicylinders at 25.C°. gave the following values :-

Wire 1A: +wviscosgity 40.1 poiscs
" 23 Y 39.6 i

A sample was sent to the N.P.L. for calibration and the figure
given was 41.9 poises at 25.0°C.

The special viscometer oil EX183 has been investigated at 60.0°C
using wire 2. Thce value obtaincd for the yviscosity is 54.08 poises.
Calibration of a sample at the N.P.L. at 60°C. yieclded a figure of
53.8 poises.

IT. Using the Flat-ended cylinders.

In this instance a set of measurements at one immersed length
will not give an absolute viscosity. Absolute valucs may be
obtained after applying a suitable "end correction" which may be
determined either from the conicylinders or by altering the immersed
length ond keeping the "dead-space" constant. It is to be expected
that the "end correction" will decrease as the dead-space increases.

Castor-o0il has been measured at 25°C, using a torsion-wire.

The dead-space was maintained conestant and the change in immersed
length calculated by adding a known weight of castor oil of known
dengity. Two additions were made. After the gecond addition the
depth not immersed was measured with the dip-stick. The original
depth could not be measured with accuracy and was calculnted from
the final depth and the two changes in length. Toble 2 shows the '
vigcoeities calculated assuming no end correction in coluan 4.

T5ble 2. Castor 0il at 25°C. Wire 1A. Flot-ended cylinder.

Dengity Weight Change in |Uncorrected | Length ®
ef oil added length Viecogities | immersed Slope( & )
at 26°C, | (gramacs) (crag) (cme) (sece)
0.994 - - 43.2 Tl 0.177
23.83 4,11 41,6 11.28 0,266
| 1 16.95 2.92 41,C 14.20 0.331,
/Since -



n+ ‘f-gﬁ /

1§

———

i,

Since 'Z 3

e

(:\-j:; B

-

N = /
i
corrected immersed length of flat-ended cylinder

= (;+ e

where 4? = measured immersed length

P T,

3 < i
Ll

if Lig

€ = end-correction
fj+ € = constant;cfﬁ. , provided the dead-space does
not change. L

A plot ofA{ and j; is shown in Figure 12. From this, the
value of the end correction is seen to be 0.55 cm. For this
determination the inner cylinder was held always so that the base

was 2.54 cm. above the base of the outer cylinder, i.c., a dead-
gspace of 2,54 cm,

The mean value of the viescosity of castor oil at 25°C. using
the conicylinder is 39.85 poises. Using this valuc, e€ffective
immersed length can be calculated for the flat-cnded cylinder for
each of the three determinations. The valuceg obtained are
subtracted from the measured valucs, the differcnce rcprecsenting
the end-correction. The end-corrcctions obtained by such pro-
cedure are

End correction Meaogured immerscd length
0«45 cm. 14,20 cm.
0,563 " li.28 *
0,62 Y ‘ 0%

The mean value 0.5 cm., calculated by weighting the first two
readings twice in relation to the latter reading since the accuracy
of the latter is only 5); of that for the former, is in gocod agree-
ment with the graphical value of 0,55 cm. It is not possible tc
meagure any length to more than * 0,02 cm.: two lengths have to

be used to obtain the immersed depth. The flat-ended cylindersg
have also been used to measure the viscosity of oil EX183 at 25°C,
using the method of constant shearing stress. In this instance
both the immersed length and the dead space were varied, The
viscosity for each.set of measurcments is shown in Table 3.
Agsuming the value of the viscosity to be 970 poises (the value
obtained by the conicylinders), the end-correction for each dead-
gpace has been calculated. Table & showes thant, within a total
error of 0.l cm, in the measurement of the immersed and cffective
lengths, there appears tc be no significont decrcnse in the end-
correction with increasing dend-spnce,

/Toble 3.
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Table 3., End-correction using weights and o0il Ex.183 at 25°C,

 Dead space Immersed length Viscogity End-correcticn
(cm) (em) (poises) (ram)
5,37 10.1 * 0.05 | 1047 * 20 8
4,31 11.8 % 0.05 1020 * 1c 6.0
3.31 12.82 * 0.02 1024 f 10 7el
2,54 14,08 = 0.02 1010 = 20 5.4
Mean 646

(The values previously obtained at 2.54 cm, dead space were
5,5 mm. and 5.2 mm, for the end-correction).

Determination of the Shear Modulug of Elagticity.

This is described in detsil in E.R.D.E. Report 11/R/49,
Briefly, the method consists of allowing a constant speed cof
rotation to be attained by the outer cylinder (inner cylinder fixed)
using 8 censtant couple applied tangentially by weights via the
pulleys and then suddenly removing the couple whilst observing the
total back-deflection on the protractor. A mean shear modulus feor
the material across the annular space may be calculated and the
voluce obtained (104 dynes per sq. cm.) are in fair agreement with
those reported by Ferry (1942), for solutions of polystyrcne in
Xxylene, using a method of transverse vibrations.

Mensurement of Relaxantion under constant gtrain,

This, too, is reported in dectail in E.R.D.E. Report 11/R/49.
Egsentially the method involves clamping the outer cylinder ond
supporting the inner cylinder by a toregion wire, the top of which
ig attached to a graduated disc. Thus known couplcs cnn ke trons-
mitted to the inner cylinder. After o ropid deflcetion of the
torsion-hend through o known angle the inner cylindecr tegins to
follow, its motion being retarded by thc viscous dr:g of the materinl
in the annulus. As soon as ~ny initinl e€lastic effcectes are over
n certain dcflection of the inner cylinder from the rest position
ig chosgsen and the torsion head manunlly turned so as to release
the stress in the wire to keep the inner cylinder at the given
deflection. This dcflection represcntes a congtant strain in the
materinl nnd the progress of the relnxation with time is recorded.
TWo ObSErvers arc NUCessary.

As yet only one complete experiment hag becn performed in this
manncr, A 35 soluation (by weight) of polystyrene in polymeths was
uged at 20°C,, nnd the results indicate that the use of a single
relaxation time may be permitted for that system,

Suggested further developments.

The accuracy cof the instrument could be improved if the
cylinders werc re-mode to a precigion of C,001 inch. The rigidity
moduli. of the torsicon wires have 2 large experimental error which
may be due to thc soldered brass nipples. Possibly a slight modi-
fication in design could be mnde to cause an improvement in the
Pinal accurscy.

/The
o T -



The present apparatus is restricted in scope for unieasurenents
at constant shearing stresg since the available gpace below the
thermostat will allow only 1.5 revolutiong of the outer ceylinder
to be measurable. With very viscoug moteriale, especially if
they are visco-elastic, the constant speecd of rotntion is not reached
until the first revolution is nearly complete for certeoin londs.
Thus it is desirable that more space should be available below the
thermostat and it is suggecsted that o well be madc. The entrance
to the well might conveniently be coverecd by an iron grillc when
the motor is to be used.®
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