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1.

ABSTRACT

This project was undertaken for the §urp§aa of
designing, congbructing, end operating & viscomebter which
could be empleoyed for measuring viscosltles 1n the range
of 200 to 700 poises at tewmpersturss up to 3009. Such an
inztrument was bullt and used to study the viscoslby of Type
BY polymer during polymerizatlon.

he new viscometer ls based on the prineciple of
concentric robtabting cylinders, It iz unique in that 1t can
be sugpended directly in a polymsr beboh and will operate
under temperature and viscosity conditions as outlined sbove.
Polymerization curves for batches studied show that the
Ingtrument plves viscosity welves which are reproducible to

the extent of + 3 percent of the value at 330 to 640 polass.
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INPRODUCT IOK

Bateh polymerizations of Type BV polymer have
been conbrolled solely by arbitrarily btimine the wvarlous
stages of the process, Tolymers produced under supposedly
aimilar conditlons were found Lo vary considersbly from bateh
to batch with respect to Lflow characteristica when the polymer
wos remelied and extruded. It was posbulated that viscosiby
megsurements might provide a superilor method for debtermining
the desired degree of polymerization.

Since the molten polymer ls oxidized upon exposurs Lo
air end ltas propertles are albered by hesting snd cooling,
it is not feasible to remove samples during the polymerization
for vissosity messurement. I is therefors desireable bto
Ingtell g viscometer in the resctor which cen indicate viscoalby
changes as poelymerization progrssses. The reaction can thus
be terminabed at sny desired viscosity without regerd %o
polymerization time. Efforts made Lo locate a viscomeber whilch
gould be put to such use revesled that no commercisl instruments
were avallable which would opsrate within the reschor at
temperstures of 200° to 30000 in material whese viscosity 1is
200 to 700 poises.



Be

*
Green rapommends the use of & robtatiomal viscomeber

for determining vilgcositles up to 1000 polses. Vis desizn,

however, is for a lsborabtory bench modsl not sulbable for use

gt high tameraturaa or for sealing into & closed resctor.

# Nobe: Supergeripts refer to articles lisbed in The
Bibliography, pags H7.



THRORY OF OPERATION AND EXPREIMENTAL APPARATUS

{1) Theory of the Rotational Viscomebers

Wewton defined the cocefficlent of viscosity (M)
as the bancentlsl shearing force per unit erea that will
produce a unit rate of shear.® For two plates, each of
unit areas, A, gepavated by distance, r, In the fluld, one
of which 1s moving parallel to the other at veloeiby, v,
by force, ¥, the coefficlent of viscoslly is expressed as

followss
— A

4.

r}?.: F/A - Forog per Unit Ares
% T "Rate ol ghear

— 5 —>

Pyl
Z A:

Navwton's concept may he adspted to co-nxial

*4’ { = —————e
cylinders: ,/4 zamfa
wa

—w
2 v
A

Wheres T = torque
l 1 * lensth of the eylinders

2 = radliug of Liv.er cvlinder

\_—/ W= anguler veloclty of inner
cylinder

§ = clesrance vetween cylinders

Rowever the presence of the keesper barsg necessary to

hold the hollow outer covylinder in poslition in the viscometer



5.

mekes 1t necesssry to incorporate gn end correction factor

in the sbove relationship. .

6. ‘T/N‘ewa'u
>4 [
da ?

N
Y

i
A ——— W
&/ !

Conzider an increment of volume which is belng placed under

shear bebween the moving bob and the statlionary keeper bar.
The dimensionsg of this Intrement srer da x W x C.
Where: a = radius

W * width of kesper bLar

¢ ® distance bebtween bottom of bob and Heeper bar
N = viscosity of the fluid

R = rate of shear « &¥_ = Wa
Q L ]

¢
=~ ghearing stress R = Y WA
A ' = R= Y 2
Tr » total torque reglstered by the viscomeber = 4Tc + Ty

Te = torgue due to the effect of one end of one Xeeper bar

Ty = nst torgue dus to the reaistance of sldewalls
2wl w

»
-

§



dA = Wda
A Te '-"'Aa(Ao\

OQTc-% a-dA = Mwé\ *dA < -/'—?C—'u-j—azwald
Te
O(TC = L?:/_E_/alAa
o
d=o

T = Awwa

3c
T - _ 4N Wwa’ 2 Na* L
T= 4TetTn = 3 + 5
- Tr (viscometer sguabtion
- a A corrected for end
2w a (3(‘. ) effect)

Teing the measured values for constants,
a e radivs of viscomebter bLob & 1.871 om.

W s width of keeper bars « 1.905 em.

o

x clearance between bottom of bob and keever bar =
+951 cn.

13 length of bob % 4,000 om,
{ = clemrance between bob and outer ¢ylinder = »359 em.

tr.e sbove equabion may he reduced for the present viscometer

design tog ,),l _ T+
2w (1-n1y (225 3‘*?;‘,}‘*-”")

/}7-; —_Z-?T X 1.243 (Ezqqﬁoh 1\

fwhere T 1s expressed in drne-centimeters and W in radiens/sec,

’Yz is 1o nolses, )



Te
(2) Construction of the Rotational Vigcomeber:

A schemetic cross ssctlonsl view of the rotatlonal
viscometer used 1s shown in Figure l. The apparsbus conslsts
of an inner cylinder or bob {1} which 1a suspended coaxlally
inside a hollow cylinder (2}, Keeper bars(3) and bolts (4)
hold the hollow cylinder in place. The bob is suspended and
rotated by the shaft (5) which is held in place by the shali-
housing (6) and thrusi-besring (7). A geer-in-hepd variable
speed roter (8) with driving gesar (9) 1s used to drive the
viscometer ant the dassired speed (from 5 Lo 35 r.p.ms)s The
driven gear (10) transmits the torque required to drive the
bob through the helisal spring {11) to the shaft (5), Since
the ligquid whoss viscosity 1s to be measured (14) will produce
g retarding force on the beob (1) proportional to the viscosity
of the liquid, the spring (11) will deflsot an amount indicated
by the pointer {12) on the fixed seale (13) whieh is calibrated
in gram-centimeters (torgue)s The detalls and eritical
dimensions of the rotsgbing bob sasembly are shown in Figure 2.
4 detpliled list of mpecifileabtions for all parts used in the
rotetional viscometer is shown on page 47 .

All dste reported here were obbained in a 1000 =ml.
resin flask {15); heated by an electric mantle {nobt shown),
The bodb and surrounding members of the robtstiomal viscomeber
wore immersed in the low polymer {14) and the instrument was

gupported by the tapered plug (18} in the neck of the flask.
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'DETAlL OF mOTATiNb BOB ADQEMBLY

- Figure 2
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The bob (1) was rotated st essentlally constant speed
{avproximetely 20 r.p.us) and the amount of torque
regilstered on the geale (13) was recorded. The viscosity
of the polymer was e¢alculebed from the torque snd the speed
of the instrument by use of Equation l.

{3) Calibration of the Viscometer:
The helical spring used on the viscometer {Figure
1, No. 11) wag wound from 032 inch dismeter steel nuaie
wire and consisted of twelve one~hslf Iinch-diemeber twrns
spresd 3/16 inch spart. This spring was cslibrated on the
viscomeber by locking the bob at the point of gero deflectlon
and marking the deflectlon nroduced on the scsle (Firure 1,
No. 13) by aporlication of known torgues.
The wviscoaslly of a sample of honsy was determined by
measuring the time requirsd for 10 cc %o flow through s
large caplllary (0,147 inches in diamebter snd 5,625 Inches
long) ard reliating 1t to the time required for the same
guantity of glycerine of known viscosity to flow through the
same tube. Alcoholeine-gless thermometers {range: =10 to
+ 50°C) were used to determine the temperatures of the
glycerine and the honey during the measurement of thelr
viscosltlss, All maberials were in thermal equilibrium with
the closed room in whlch the work was done and their temperatures
remained at 23.89C, throughout the determinations. The viscosity

of the honey was calculabted by the reletlionship.
: Ny = Me X Du Xty
De x te




il.

where: | = viscosity in polses
" D = density, gms./cc
t & time to flow through tube, seconds
SubH = honey
Sub

it

glycerine

Tha deatg used for cgleuleting the viscoglity of the
honey are ghown in the tgble below:

Dotermination Vols of Flew Time of Flow Denslihy Nazgoc

No, es Sec. glec Polses
Glyberine

1 10 374

2 10 .9

3 0 S840

4 10 8744

5 30 86.8

Average 7.3 1.280 10.5
Honey

1 10 lig2.8

2 10 1119,%

3 10 1128.7

4 10 111244

5 10 1125.3

Avergge 1121.3 1.438 382
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Page B4 of The Appendix conbtalns the ealibrabion
data which were delbermired with a sample of Escalol 106
{Glyceryl p-Aminobenm sbe, T.S. Patent 2,327,809}, The
viscoslty of the Escalol 106 was debernmined at varlous
temperatures with & ocapillary tube vizcomeber in s manner
aimilar to that eaployed with the honey. Flgure 3 shows
the effect of temperabure upcn the viscoslity of the Hscalol
1086, Singe the veriation in the viscosity ms determined by
the rotabing viscomeber and the eaplillary tube viscometsr did
not chenge significently with inoreasing btempersbture (vace 54),
the effect of tempersture upon the sccurssy of the inasbrument
in the range of 25 to 130 ©¢ is negligible compared to other
gources of érror. This bemperature effect 1z anslyzed mathew
matically on page 14 where 1t is again zhown to be nezligible
at a temperature of 285°C,

The honey and Escalol 108 were emploved to check the
socurasy of Bouablon l: ?[ = —Z}"— X 1.24% me applied to the
rotetional viscometer. When W = 2.10 radlans/second in the
heney o torque of 640 gwe-ocm. or 627,000 dyne-cm. was indlcabed
by the instrument. Thils corresponds to a viscosity of 375
poises, caleulated by Equation l. Assuming that the viscoslby
of the honey determined by the caplilary tube nethod (N, = 382
polges) is true viscosity, the value obtained with the ropational

viscometer and Hguabtion 1 is iv error by only 1.8%.
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The game procedure with the Escalel 108 gives an

average error for the various temperaturss of about 7.5%.

The mazimim error obtalned was 43,87 or 12.4 poises at 52°%C

where the viscosity of the Esesalol 106 was only £5.4 polses.

The error of 12.4 poises at full secale {1800 gmecm, or 710 polses)
however, amountaz to only 1l.75%. The Rscalol 106 also did not
appear to exhlibit a sharp melting point but changed from an
amorphons s011d te an oily 1iquid in the range of 30 %o B50%C

upon stending.

The robebtional wviscomeber wes salibrated st anproxi-
metely 25° mnd was operated in Pype BV phlymer at various
temperatures from 80 to B859C. The iinenr expansion co~officlent
of the goft stesl of the lnsbrument 1s 0,0000110 eme per cm,
per °C, ‘The table below shows the eriticel dimensieons of %the
instrument as messured at £5% and as caleulated at 2650C.

At BBCC A% 2689
Disameter of bob {2a) 34741 om Ba753 Clie
Tlametar of subter cylinder 4488 o 487G cm
{lzarence betwsen cylinders{é‘) G. 559 cme 0.350 om.

Since there iz no significaent difference in the
amcunt of clemrance between the cylinders due to the temperasture
changes encountered, 1t is not necesssry to correct the viscomeber
equation ( &guation 1) for the temperature changes whish occurred

durlng the polymerlization sycles.
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DISCUSSION OF EXPFRIMENTAL RESUINS

{1} Helationship between Viscosity and Time of Polymerizatlon:

Ratchss of Type BV polymer, approximately 7H0 gma.
in size, were polymerized in a 1000 ml, resin flask and the
melt viscoalty was messured ab approximstely fifteen minute
intervals throughout each rune The ulbtimate degres of
polymerization obtalned was dependent upon the amount ¢f cetalyst
useds As shown in Flgures 4 thromgn 11 sand in pages 42 through
49 of the sppendix batches wers atudled whileh sontaluned G, 0.75,
1400, and 1.28 peroent by weight estalyst. In all cases, except
where no catalyst was present and thus no polymerisatlcn occurred
{(Flgs 11} & plot of melt visonaibty wvi. time of polymerlization
regulted in an Seghaped curves Theas surves weres alli very
similer 1ir conbour although considerabls wariatlon occurrsed
between the center ssctions 45 s&n be zesn In Figures 12, 13, and
14. This varlation 1z due to differences in the rale of Leating
whleh in turn is dependent upon the amount of molsture Inibielly
present in the rew meherisml.

The most important secstion of the curve with reaspsci
to this particulesr investiszebion ils the final plateau which
hppregents the time range of 250 %o 400 minubtes., During thie
«time the viseosity of balehes contalning the same quantity of
catalyst 1s relatively consbant snd repressnts the fiusl viccosity
of the polymer. Sines these viscositieg are in pood asreercnt

from bateh to bateh as shown below, the sseuracy of the rotational
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viscomeber is fimly estaebllizbed.

Batch No, wt, % Cabalyst Pinal Avgs M % Deviation

EV-5 0.00 Tel o

BV-2 0,75 639 —

EV~1 1.00 450 wled
EV=D 1,00 430 1.1
?ff‘f"é 1*(}@ é’?ﬁ &03
BY=-6 1858 347 1.8
BV~7 1.88 388 -0y 8

BEY-8 1,28 6y7 “leZ

The eriginal objective of this particular rotating
viacometer was ¥o provide g method of dsatermining the point
st which to stop polymerizsbion of werious babtehes of Type LV
polymer in erder to eobfaln & unifeorm babtohetosbatel viscosiby.
The work desoribed herein shows that time of polmmerization,
beyond a minimum time of approximately 250 minabtes, is not an
important varisble in the vlbimate viscosity.

Bhen the fiyst derivative of the melt viscoaiby
with resvset to btime (rake of polymsrizstion) is plotted sgeinst
the time of polwvmeriszatiorn, eurves such ms these shown in Figures
12, 13 and 14 are obbtalned., Although there are some poisba which
do not fell mn the curves, n falr correlstion exists among the

hatehes that were made with the same ewount of cabalyst. %hen
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the rate of polymerizatlon ls plotted sgainst bemperature
{Plgure 18), it i3 appsrent that the rate of polymeriszation
ineresass with temparature unbtil eguillibrdum is reached,
then falls directly to zero., The maximm rate of polymeri-
zation ocours very nsar the polint of inflection In the SWashaped
plots of viscosity vs. time of pelymerization. This ls shommn
in Flgures 12, 13 and 14 where the rate of polymerization vs
time surves are guperlmposed upon the viascosity vs. time
curves.

stterpte were made to plot the seecond derlvabtive of
viscosity wit reapost to bsmperature {rate of chense in
rate of polysmerizablon) sgainst both the time of polymeri~-
zeblon and the rate of polymerizeblion bwt no sonbinuous
gurves could be drawm through these pointa.

{2) Anelysis of Date by the Davis Yethod:

D,S. Daviz 2« statos that an sguation of the ferms

6= :\(;:‘7: = ’Q‘?[ﬁ;%m—@

£its numeroug S-ghgped curves, The method degeribed for

fitting data to the nbeve aguation was soplied to the data
ovtalined In Run BV=2 {pace 53 and Figures 186 and 17),
Although a fair agreewent exists for plota of rate of
polymerization va. tire of polymerizeblon between Dovig!
mathod of determining the derivative {(Figurs 17) and the
method of differentisting from point to noint {Pisure 12),

Davis' method cannot be applled to the straight sections at
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gach end of the S~eurve. Therelors the anuove sguation

for the S=shaped curves cbtained In polymerizstion of

Type BV polyrer holds only for the genter portion of the
surves {Figure 4) and is least sppliceble at the top of the

curve whare squilibrium 1s rosched very atruphtly.
{3} Rueolopleal Charasteristlces of Type ¥V Polrmer:

The thixotropis nabture of ligulds csc s gtudisd
readlly by meansg #f the rotabtional visecmeter, Thixobropy
ig definsed sg changling the structure of a materigl by dolng
work upon its This Lreuk«down whlch is evidenced by s lower
gpparent viseosity is & funebion of time ss well as the rate
of ghegr. The sbrugbure cen rebuild lteelf, if not prevented
from dolng so by exbternslly applled forces. Mo explarnation
nf this pheromencn has been Tully sseepted, s

The curves that eve shown in Flgures 18 through 23
incluslve demonsirete the thizxotropic nature of Type EV
pélymer, When vabe of ghear {or angular velociby of the
viscometer bobd 1z phobted ssainat ghearing fercs {or the
torgue registered b the viscomaber) a curve whleh opens
upwgrd ls obtained at the rave of siear lnersases, As the
rate of shesr iz decrsesed & relatively strel:ht lino is
ohtained, 4&lthonyh btrhere &re no unlbts for thixobtropy, migh
curves reprssent s relablvely smell amount of thixzobtropie
break~doun.

The curves obbained with increasing rate of shesr in

Figures 18 through 23 inclusive also show tuabt Type BV
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polymBr is gomewhab pseuvdoplastle in character, that ig

the rete of shear lncreases faster than lirearly ss sghesrdng
stress lg incrcaesed. BSuch obgsrvations are veeful in
predicting and explaining the hehevior of Type BV polymer

in fleow through pumps, pipss, and ate.
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COHCLURIONS

The rotational viscometer dezigned and used in
this work ls satlefactory for determining melt viscositles
up to 700 volses at temperabtures up to 265%, It 1s also
ugeful for checking the rate and exbent of polymerization
and for studying the rheolerical chsrscter of finlsghed
polymers. Tts a@aratiag charavtoristics are not obialoable
in any instruments previously described,

Althen-h this work has shown that 1t is no% aeceganry
to control polymerizabion with a viscomeier in tie case of
Tyne TV pdivmer, the instyument neverthsless is valuable for
shacking the uniformity of production batches and for
predinting the flow charscheristies of experimontal batehes
of Type BY polymer,
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Srecificaticns for Individusl Paris of the Rotatlonal Vlscometer

(1}

(2)

{12}

(13)

RBobe Diameber: 3,741 om. @ 004 "‘9905, L@ﬁgﬁh} 4 000
i+ OU4, Maberiel: soft carbon asteel. Finlsgh:
nadinm pollish,.

Follow Oylinder: Tneide Diameter: 4.458 on. g 008,
wall thickness: ©.35 cme ¢ 01, Length: 4,102 em.
¢+ 004 em, , ¥eteriel: soft carbon steel, Finlsh:
medium polish.

¥Yeepor Bars: Width: 1,095 cme 2 .005 ome, Thicknesst
0,375 inchE 01, Tangth: 3.375 inch s .01, uaterial:
goft earbon steal, Finisn; wedium polish,

Polbs: 1/4-20 8¢ x 2 3/4 inchs leng, sodt ca-bou sbeel.

Shaits Lan@tk.lS% i1rches, Maberianl: 3/1G inch diem.

% L0001 fneh amealed drill rod.

Shaft dousing: Lengi: 75 lnches, Iain 11/32 inch ¢ .01
in. PuDer 2716 inches, -

Thrust Dearing: %/15 irch ¥ice radislethrust Lesring
with Il- 3716 in, dlan. balls.

Gear-in~fagi~otor: O.Ks Heller Co.~ Type NSH-334,
speed range 20-200 rpm. with Type 760 mohor
controller,

rivin. Gear: lieh Dlamy 2 lnches, Yo. of Lteeth: 32
FPaaag: 1/8 inch.

Driven CGemrs Pltch Diam: 3 inches, To. of taeeth 49
Face: 1/2 inon,

Halieal %9rinc:  io. Teorng: 12, Diam: 1/2 ineh, Spscing
of tumg: 3/16 inch, ¥aterial: 032 inch dle
ghecl valc wira.

voinker: MMaiorianls Tlecll steel bonding strsyp, sbbached
te “he drlven pcear wikh a machine screw,

Mxod Secale: Dilaneber: 2.0 lreres, Shicknesss 1/2 ineh,
¥aterinls solt carbon shesl faced with slamss tape
wiich 1s caliorated from O fto 1200 gm-cm torgnes



RN XEV-S (¥o Catalyst Present)

By I T cheolm 1
0 108 20,1 210 33 19,5
10 151 20,1 2,10 30 17.8
20 195 20.2 2,12 L3 .7
30 228 20,1 2,10 20 11.9
ko 2h2 20,2 2,12 16 8
.50 256 20,2 2,12 16 9eht
60 267 2042 2,12 12 Tel



BN EV~2 (0,75 wt. % catalyst)

Pime  Temp.  RBPM (:“fm Torque ) (poises) ATime Af{poises) AN
(min.} (%) of Bob ssec) (gm-cm) {min.) AT
0 87 19.9 2,08 20 12,0 1 0 0
15 10k 1%.9 2.08 20 12,0 15 10 -0l
B 13 20,1 2,10 20 11,9 15 0 0
L5 16k 20.1 2,30 20 1.9 15 ~H.9 ~33
60 195 20,3 2.13 a2 740 15 .6 3
75 220 20,5 2,15 20 11.6 15 ~3.4 ~23
%0 238 20,4 aah 1k 8.2 s 0 0
105 239 20,k 2.1 1k 8.2 15 33 .22
120 239 20,6 2,16 20 11,5 15 3.0 «20
135 239 0.k 2.1k 25 1he8 13 8.7 .58
150 239 204 2.1 ko 23.2 15 35.3 2.5
165 2l 0.3 2,13 100 58.5 15 hla5 2.97
180 249 20,3  2.13 176 103 15 66,0 hako
195 261 20,3 2.13 290 169 15 89 5.93
00 262 20,2 2,12 Lo 258 15 12k 8.26
225 263 20,2 242 650 382 18 132 8.80
2o 256 20,2 2,32 8715 Sik 15 159 10.60
258 255 20,1 &11 1l 673 15 % ~1.60
270 26 20,1 2,21 1100 649 15 »39 ~2.60
285 268 20,1 2,11 1035 610 15 .27
300 270 2.1 2.10 1035 61k 15 «33
ns 270 20,1 2,11 1080 619 15 9 60
330 268 20,0 2,10 1060 628 15 53 3.53
345 265 20.1 2,11 1155 681 60 «95 «1458

hos %9 19,9 2.08 980 586



4.
RUE EVel {1.0 wt. £ Catalyss)
Time Temp. BPM 7 Torque 9 (poises) ATime AN{poises) an
AN

(radians

(min,} (%C}  of Bob /se) (gmecms) {min,) T
o 12 2.1 2.2 18 28.4 20 w5 23
20 a8 2,1 2.2 37 20,8 16 0 0
36 177 21,1 2.2 37 20,8 16 0 0
52 21k . 2.2 37 20.8 23 ~2e2 ~10
7 22k 211 2.4 33 18,6 8 0 0
83 229 2.1 2.2 33 18.6 12 “10.2 <85
95 230 2.1 A 15 8.4 16 1.1 Nerd
N b1 235 N3 2.2 17 946 15 940 50
126 237 2,1 2.2 33 18.6 13 19.0 1.16
139 839 0.5 2,18 65 3746 12 18,7 1.56
151 239 21 2.8 160 56.3 .9 2.2 2.3%
160 2lo £1.0 2,20 13 7745 7 17.7 2.83
67 g2 20,8 2.8 167 95.2 3 66.1 22,3
170 25 21.? 2,20 285 161 16 23.7 Loi8
186 250 21.0 2.20-. 325 184 1k 2940 2,07
200 261 20.9 2.9 318 23 18 105.0 7.00
Bs 266 20,9 219 %60 318 15 5945 3.97
23 26 20,6 2.16 685 378 13 398 2,63
25 262 2.8 2.8 730 AT 1z 29.0 1.93
260 259 20,8 2,18 780 RS 15 35.0 2.34
2715 260 20,8 2.8 840 180 18 «640 o0
290 g2 20,8 2.8 83 7k 15 0 0
308 260 20,8 2.18 830 L7k 15 “%3.0 =87
320 270 20,7 247 805 k61 15 ko «27
335 266 20,7 2,17 810 68 15 2,5 47
350 264 20.7 217 &5 168 15 2.5 17

365 26L 20,6 2.16 818 k0



BUK EVe3 (1.0% by wt, Uatalvet)

Tine 'rmp; RFt W Torqhie  N(poises) O Time (poaigas} AN
(min.) (%°C.)  of Bob (PHY (gmeem) (min, ) a
0 122 216 2,26 12 6.6 15 o3 02
1 g 20,6 216 12 6.9 15 0
30 168 20,6 216 12 649 15 0 0
ks 185 20,7 247 12 6.9 15 0
60 206 20,7 217 12 6.9 15 “l.2  =.08
-] a9 20,8 218 10 57 18 2,2 215
%0 220 2.0 2,20 14 7.9 15 3 .02
108 ee2 20,3 213 8.2 15 3.5 .23
120 22y 20,2 2,12 20 11,7 15 241 o1l
1% 2 20,6 2,16 24 13.8 15 23.5 1,87
150 243 20,7 247 6% 37.3 15 L. 3.03
165 257 20,5 2,15 1h3 82,7 15 38,3 5.89
180 260 .6 236 295 170 15 & 5460
195 252 206 2,16 Lio 25h 15 72 .80
210 262 20,5 2,15 563 326 15 81 5.40
225 259 20.; 2.4 700 407 13 8k 5460
2ho 259 20,3 243 84 ki 15 3 20
255 258 20,1 2.1k 850 Lok 15 ~25 Y
270 26 20,k 2.L 805 169 15 ki1 73
285 265 20.h 2.4 825 480 15 ] =33
30 267 2.2 2,12 8w L8 15 0 0
ns 267 20,2 2,32 &0 L5 15 0 )
330 267 0.2 2,12 810 W75 15 10 b7
A5 65 20,2 2,18 6835 185 15 ~5 ~e33
360 268 20,1 2,10 80 Li8o




L6,

Bl EV=-h (108 by wis Catalyst)

Time  Temp.  RPM W Torque 7 {(poises) ATime  MN{poises) AN
AT

(mina) (%)  of Bob (U  (gneom) {min.)

0 130 20,9 2.9 15 8.5 10 A 01
10 164 20,6 2416 15 Be6 15 0 0
25 185 20,7 2.17 15 846 18 “heD =27
o 198 20,8 2.18 8 Jis6 15 2.2 . .35
58 198 20.3 2,13 15 8.8 15 w148 12
70 188 20,2 2,12 12 .6 15 0 0
8% 198 2.2 2,32 12 740 15 1.9 «13
160 20k 20,1 2,10 18 8.9 15 548 39
15 ;2 0.2 212 2B M7 15 ~l =07
13 222 2043 2413 25 1hab 15 11.8 79
s als 20.2 2,12 ks 2.4 1% 2.k 176
160 261 20,2 2.02 90 52,8 15 61.7 L1
175 862 20,2 2,32 198 11h.5 15 83.5  5.%
iso 261 201 210 335 198 15 78 £e2h
o 20,1 2,16 W 276 15 62 Lok
220 268 20,1 240 570 338 15 L 2,93
235 267 20 210 als 382 15 L5 3,00
250 268 20,1 20 720 Lt 18 56 3.7h
265 267 20,1 220 818 L33 15 3 .20
280 268 20,1 2.10 820 186 15 ~li2 ~2.680
295 272 20,2 2,12 755 kbl 15 36 2.40
10 267 20.2  2.12 817 k80 15 ]

328 267 20,2 2.12 817 L) 15 o e
o 267 20.2 2.2 812 180 15 o 0
3% @7 20.2 2,12 817 k8o



k7.

Ran V=6 (1.25% Catalyst)

(nin.) (%0, of oy (i (ol Mlpoises)  AUMS ey ¥
¢ 118 20,6 2446 15 847 15 o i}

15 in 20,6 2,36 1% 8.7 15 -uli =403
0 158 20,6 236 14 8.3 ig o o

L5 183 20,7 247 1k 8.3 15 0 0

60 206 20,6 2.6 1) 8.3 13 0 0

7% 225 20,6 2,16 14 8.3 15 & Ol
50 225 20.3 243 15 8.9 15 0 0

105 227 20,3 2.3 18 8.9 15 2.1 14
120 2% 0.3 213 19 11.0 15 2.4 .16
135 237 20k 2.3h 23 13.b 15 134 87
150 2k5 20,3 2,13 48 26.5 5 e 1.8
165 26 20,2 212 92 L:17%% § 15 b1 2.9
180 261, 20.3 213 168 98,2 15 i6.8 312
195 262 20,3 243 a8 15 15 8.0 340
baly 263 20,2 232 33k 196 15 59.0 3.9
225 261 eo.k 23k B39 255 18 .o 3,07
2o 261 2.2 232 513 301 15 k6.0 3.07
238 260 20,2 2.2 9L 347 15 «3.0 =20
270 259 0.2 2,12 586 3hk 15 3.0 W20
28¢ 262 0.2 212 ;L 37 18 1.0 07
300 265 20,3 2.3 5% a8 15 6.0 w0
k114 263 20,2 212 583 3he 15 8.0 53

33 263 20,2 2.2 5% 350 15 1.0 L7
ks 26l 20.2 2.2 597 3B 15 3.0 - 80
350 263 2.2 2a2 892 348



k8.
Run E¥=~7 (1.25 wt. % Catalyst)

Time Tepp. RPM W Torque Y {(poises) ATime AN{poises) AON

(min.)  (96)  of Bob %8 (pmwem) (min) AT
0 115 20,5 215 17 9.7 13 =3 =02
15 12 20,5 2,18 16 9.4 15 «3 02
30 156 20,8 2.1%8 17 9.7 15 0 0
ks 199 20,3 213 17 97 15 -§i3 =02
60 208 20,5 2.18 16 9y 15 2.6 W17
75 208 20,2 212 20 12.0 15 -2.6 =17
90 208 20,2 232 16 9.h 15 .8 a2
305 230 20.2 212 19 112 15 11.6 o7
120 222 20,2 2,12 39 22,8 15 0.7 2.72
138 23 20.2 2.12 108 63.5 18 hheaS  2.97
150 27 20,2 2,12 18 108 15 k3 2.87
168 258 20.2 2,12 257 151 18 2% 1.73
180 262 20,1 2,00 298 177 15 Ly 3.27
195 262 20.2 232 385 226 15 39 2,60
210 262 0.2 2,12 5 265 15 k9 3.27
225 262 20.2 2,12 53 Nk 15 26 1.73
240 262 20,2 2,12 %79 ko 15 0 0
255 263 2.2 212 879 ko 15 =8 ~53
270 260 20,2 2,12 %65 332 15 5 .33
285 260 20,2 2,12 57 337 15 11 W13
300 259 20,2 212 593 348 15 =15 ~1.0
3% 26} 2.2 212 567 333 15 0 0
330 263 20.2 2,12 567 333 . 15 8 53
348 263 20,2 2,12 581 31 15 -2 =13
%0 263 20.2 2,12 8718 339 15 1 507

s 263 20,2 2.2 o8 338



L3,
Run ¥V-8 (1.25¢ wt. catilyst)

am
Time Temp, RPM W  Torque J(poises) ATime  (poises) AN
AT

(min,) (°C)  of Bob "V (gawcm) (min.)

0 103 20,1 2,10 15 9.0 18 o2 +01
15 gy 20,1 2,00 16 9.2 15 »eb -0l
I 156 20,1 230 14 8.6 15 o .03
k5 180 20,1 2,10 1S 9.0 15 b 17
60 201 20,1 2,10 1 6.4 18 kel 27
7 221 20,1 2.0 18 10,5 15 “2,0 =13
%0 22 20,1 - 2,0 1k 8.5 15 1.0 .07

105 20,1 230 16 945 15 3.5 .23
120 223 20,1 2,30 22 13.0 18 643 2
135 2n 20,1 2,10 33 19.3 s 29,3  1.9%
150 24 20,1 230 82 48.6 15 39.5 2.6k
165 253 20,1 2,10 149 88.1 15 38.9 2.0
18 261 20,2 2.12 209 12 1% L5 3.00
195 263 20,2 2.12 268 169 18 54 3.60
a0 263 20,1 230 37 223 15 % 1,60
225 268 20,1 2,10 16 247 15 63 .20
2o 28k 20,1 2.0 523 310 15 28 1.87
285 262 20,1 230 57 339 18 -2 -e13
270 262 20,1 240 568 337 15 -5 ~.33
285 262 20,1 240 %60 332 15 b .27
0 262 20,1 2,10 567 336 18 -2 -el3
nS 263 20,1 2,10 86k 33k 15 6 40

330 262 20,1 2.10 573 340 15 - -, 27
348 262 20,1 2.0 567 33 15 2 +13
B0 1 20,1 2.10 870 338



Effect of Rate of Shear on Viscosity

Run EV-2 (0,75 wt. % Catalyst)

50,

RPM T Tetal Torque 'n ('pamw) Ra’ea of Shear Het Torque  Shearing Forge
of Bob (v;\;\:m (gn-em) X'JC (/sec\ (dync-em) B (dynes Jem)
2.4 +988 210 1027 1.33 119,600 1,360
E.4h 67k Lso 835 3.50 256,000 2,920
8,39 877 510 815 .56 326,000 3,720
10 1.0%0 665 766 566 38,000 by 3040
11.7 1,234 7ho 751 6. 126,000 1,850
.2 1490 865 730 T.7h L9000 54650
16.6 1,740 580 706 9.0k 561,000 6,3%
17.5  1.830 990 680 9.50 567,000 6,460
18.6 1.948 1028 681 18,11 586,000 6,600
18,78 2.065 10% 629 10.73 592,000 6,Tho
23.2 2.hes 12ho 643 12.61 712,000 8,110
26,8 2.808 13% 626 14,60 802,000 9,130
28.6 2.995 1459 615 15.58 8L,0,000 9,550
25.4 2.660 1295 615 13,82 46,000 8,500
22.2 2.320 nrs éh2 11,58 680,000 1,740
17.6  1.840 97% 673 D56 565,000 6,420
13.8 L.ho2 730 663 7.28 425,000 L, 830
8.8 8.921 510 635 L19 292,000 3,320
31 0.324 agg 839 1.68 130,000 1,480



5i.

Effect of Reie of Shear on Viscosity
Run EVe3 (1,00 Wi % Catalyst)

BPM w Total Torgue Rate of Shsar HNet Torque Bhearing Force
of Bab  (radians (gmmem) 7, (potses) 5%— (Yee)  (dsme-cm)  TK (dymes fom?)
. . 134 637 T35 65100 s
5405 0.528 258 59% 2.74 143,300 1,630
106 0739 - 302 506 3.8k 172,000 1,540
12.35 1.292 513 Lok 6.72 251,500 3,315
15,90 1.663 626 1.5, 8,64 356,000 4,050
18,60 1,948 680 k35 0.1 386,000  h,39%0
20,00 2.095 754 Ll8 10.89 423,000 4,870
23.55 2.460 860 435 12,80 Lo8,000 6,550
26,20  2,7h0 948 k29 14,83 536,000 6,100
27,90 2.920 975 Bé 15,20 554,000 6,300
25.70 2,690 10 k21 13.98 516,000 5,860
19.90 2,080 695 a6 10,80 395,000 k,Lso
16.90 1.770 605 hes 9.20 343,000 3,900
12.60 1,320 ) L3k 6.85 262,000 2,580



s,

Effect of Rate of Shear on Viseosity
Bun EVe8 (1.25 Wi, ¢ Catalyst)

BPM W Total Torque m Ipoises) Rate of Shear Net Torque Shearing Foroe
of Bob  (rodiats  (gueom) sote e (Yee)  (dyne-cm) JZ (dunes femd)
2.1k 0.224 110 610 1,16 62,100 e
6.55 0,685 278 505 3.56 18%,800 1,795
12,10 1,265 L3k 426 6.57 5,0 2,790
13,20 1.90h 603 394 9.8% H2,000  3,8%
23,35 Zoblil T2 e 12,70 h03,000  h,58%
2.12 2,630 768 362 13.55 L35,000  k,9$50
28,80 3,018 789 329 15.68 h52,000  5,1k0
28,60 2,681 728 335 13.95 h10,000 4,660
19.35 2.62h 561 3kh 10.63 320,000 3,615
1£.39 1.610 ke 360 8.3 24,500 3,010
8.11 0.849 299 h38 kg 169,700 1,920
3:65.  0.382 187 609 1.98 106,200 1,210



53.
Analysis of Deta by Davis' Method
Run EVe2 (0,75 wt, & catalyst)

cale.
'Vl Cale. cale. oo
Obscrch /'7 "‘\) X"/ ¢ X- !7079 .9 .._l_o,n" &'.i_’f_'s. ¢ Y Devigtion S _2-

v

10 .4 100 3k.3 1.160 0 0 «,B2 ¢ 1.k 0 320 Q152
11 1.6 110 15.7 1.200 I 1.7 101 1.26 1.7 G W280 7
12 1,7 120 17.1  1.235 2.8 2,27 2.2  1.240 1.7 0 Lo 153
15 2.1 130 18.6 1.323 43 3.25 3.8 1.2 1.7 b L2073
19 2.7 10 20.0 1.430 5«7  3.99  3.88 1470 2.9 «2  W150  1.45
25 3.6 150 2Lk 1857 7 LB kS 1.T13 5.0 Leb L2210 1.2%0
L5 6. 160 22,9 1.819 B.6  L.73 Lok 1,938 85 2,1 067 1.99%0
73 10.4 170 2h.3 2,030 10,0 h.92 LT 2135 13.0 2.6 .0k3 2,80
105 18.0 180 25.7 2,491 1.k 5.20 ha98 2,285 18.5 3.5 L0X01 3,610
2 20,3 150 271 2,330 1.8 SA49  5.85  2.04k0 26,0 5.7 LORRT L.285
194 27.7 200 28,6 2,475 1he3  5.78  5.55 2815 3h.0 6,3 LOLTR 5,110
260 37,1 210 30.0 2,615 157 6,00 S5.81 2,700 L0 6.9 L0133 S5.980
33% k7.9 220 3l 2.7H6 171 .22 6.09 2,805 53.85 5.4 L0132 6.h70
kes 60,7 230 32,9 2,882 1B.6 6.5 6.3  2.908 6L.O 3.3 LOLOM6 6.515

13 73.3 240 3ha3 3,012 20,0  6.6h 6.65  3.030 73.1 0 -2 01089 5.5%0
S8 72,7 250 38.7 3,085 AL 6,93 6,92 3.090 B0.0 «3 L0125 L.hSO
588 8L.0 260 371 3.4k 22,8 7.2k 7.19  3.470 85,5 1.5 0150 3.470

610 87.1 270 38.6 3,195 2h.3  7.61  T.hB 3,250 89,8 2.7 L0182 2.630
L0.0  3.233 5.7  7.95 T.75  3.320 92.ks 3.4 024 2,085
Kloi  3.250 27.1 8.3k 8,03 3.380 93.9  L.O L0236 1,765
42.9 3.262 28,6 8,75 8.32 3.0 953 ha8  L02k2 1.605

623 89.0
629 89.9
632 90.3

g 8 B



Galibration of Visecumetor with Lscalol 106

Shie

Fenpe oG %ﬁ“ﬁnﬂ mm@?ﬁxﬁs m poises %lll&m fube Tf&&cm;ggi@ ?axéatim
(rad/fscy  {pmwem) E De €
33.3 20,0 2,10 276 164 33,3  111.70 1,287  163.5 =342
3945 20,0 2,10 126 The5 | 39.5  k5.00 1.257 66,7 #11.7
52 20,0 2.10 éL 37.8 | 52 17.60 1.22L 25| 8.0
Th 20,0 2,10 0 0 % 261 1.203 373 —
10L.5 20,0 2,10 0 0 | 101.5 0.h2 1.186 C.b -
1% 20,0 2410 0 0o | 130 0 1,172 0 -
# N s N x Doz

Whores Ng @ 8,1 poises & 26.99% (Visvosity)

Dg x4

Dy #1.2L8 g/oc @ 26.9°C {Density)

g = 5,50 secondc
sub & = glycerine

{Time)

sub E B Escalol 106 (Commercial glycoryl -p~

aminobenzoate)
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