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I-Jen Chen and D.C. Bogue(11) investigated high and low 

density polyethylene and polystyrene melts. However, 

G.V. Vinogradov and I.M. Belkin also investigated poly-

ethylene and polystyrene of comparable constant shear rates 

and did not observe any undershoot phenomena in the study 

of shear stress growth. The discrepancy may be traced to 

the instrument used or to the difference in the material. 

J.D. Huppler and Associates(12) and 1-Jen Chen and 

D.C. Bogue(13) who both observed undershoot used a 

Weissenberg Rheogoniometer, while G.V. Vinogradov used 

a rotational elastoviscometer with a very rigid dynamometer. 

Other investigators (see references) have done similar types 

of investigations, but have not observed any undershoots. 

However the following conclusions were drawn from the 

investigations: 

A. For low shear rates, both shear stress and 

normal stress growth reaches monotonically 

to a equilibrium vales. 

(11)1-Jen Chen and D.C. Bogue, "Time dependent stress 
in polymer melts and review of viscoelastic theory," Trans-
actions of the Society of Rheology, Vol. 16:1, 59-78,7772) 

(12)J.D. Huppler, I.F. MacDonald, E. Ashare, T.W. Spriggs, 
R.B. Bird and L.A. Holmes, Op. Cit. 

(13)1-Jen Chen and D.C. Bogue, Op. Cit. 
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B. For higher shear rates, shear stress, normal 

stress growth and recoverable strain becomes 

non-monotonic. In all cases there appears a 

maximum in the curve which is related to the 

elasticity of the solution, followed by steady 

flow conditions. 

C. With increasing deformation rates, the time for 

attaining the maxima is decreased and also to 

some degree, the time for attainment of steady 

flow. 

D. As shear rate increase, the maxima in shear 

stress, normal stress and recoverable strain 

becomes more pronounced. 

E. Depending on the material and at high shear rates, 

undershoot as well as overshoot occurs. 

F. Shear stress maxima is not necessarily accompanied 

by a maxima in normal stresses. Steady state flow 

depends on constancy of the normal stresses and 

not on shear stress.(14) 

It should be pointed out that Charles Goldstein(15) in 1974 

investigated the transient properties S.B.R. Polymers and 

(14)G.V. Vinogradov and I.M. Belkin, Op. Cit. 

(15)G. Goldstein, "Transient and steady shear 
behavior of SBR Polymers," Transactions of the Society of 
Rheology, Vol. 18, Issue 3, 357-69, (19747 
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observed no overshoot in the shear stress growth. However, 

his range of shear rate was low. Whether the same phenomena 

will exist for higher, shear rate is not known. 

Up to now, the method of studying the behavior of a 

polymer solution in transient regions consisted in applying 

a constant shear rate and observing the changes in the various 

properties of the material. When a constant shear rate is 

applied to the material, three responses of viscoelastic 

material are observed: Sher stress, normal stress and 

high elastic recoverable strain. The method of investigation 

employed in this thesis is one of constant shear stress with 

the aid of a rotational viscometer. It permits the study 

of the flow history curve as a function of time and shear 

stress. It permits the determination of high elastic 

deformation as a function of stress and time. The transi-

tion from elastic deformation to steady viscous flow can 

also be observed. Transient shear rate phenomena will also 

be observed at constant shear stress. The constant stress 

method will also determine observable separation of irrevers-

ible and reversible flow curves. With the optical system 

used in conjunction with the rotational viscometer, the 

the maximum error obtainable is + 2.24 x 10-3 shear 

units. With the use of the cone and plate method, 



G.V. Vinogradov, Malkin and Shumsky(16) gives an error 

of 4. .2 units. 

13. 

(16)G.V. Vinogradov, A.YA. Malkin, and V.F. Shumsky, 
"High Elasticity, Normal and Shear Stresses on Shear Defor-
mation of low-molecular-weight polyisobutylene," Rheologica  
Acta, Vol; 9, p. 2, 155-63, (1970) 



EQUIPMENT AND MATERIALS  

I EXPERIMENTAL EQUIPMENT  

Rotational Viscometer 

The components of the rotational viscometer, which was 

designed by Dr. Philippoff, are shown on figures (1, 2). 

It is made up of a hollow cylinder rotor with two three 

degree ends which rotate in a cup. The clearance between 

rotor and cup is .079 inches. The rotor was specifically 

designed to eliminate end effects by curving the ends of 

the bob. This will cause a constant shear rate to be 

maintained on the entire surface of the rotor. The sharp 

edge of the cup on top of the rotor will cause very low 

shear rates to occur, so as to eliminate the Weissenberg 

effect. 

The driving force of the viscometer is achieved by 

attaching a weight to a nylon string which in turn is wound 

around the drum. The drum in turn is attached to the shaft 

on the rotor. The speed of the angular rotation of the 

rotor is used to measure the shear rate of the polymer 

solution. The rotor and stationary components are shown in 

figure (4). 

The unique feature of the rotational viscometer is 

that the entire weight of the rotating components of the 

14. 
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viscometer is supported by an air bearing. This is shown 

in detail in figure (5). The rotational viscometer works 

in the following way. Air at a pressure of sixty PSIG is 

forced out through the holes of the stationary component 

of the viscometer against the bearing plate of the rotor. 

The resultant effect is that the friction between the moving 

air bearing plate and the stationary plate is drasticly 

reduced to an equivalent in shear stress of a few thousandths 

of a dyne/cm2. This was later measured and was found to be 

approximately .006 + .0002 dynes/cm2.(17) 

The shear stress in the rotational viscometer is measured 

by the following equation: 

1- = 981Wr = K1W(dynes/cm2) 
2 211R1Lo 

where: W is the driving load (grams) 

r is the radius of the drum where the thread is 

wound (cm) 

R1 is the radius of the inner cylinder (cm) 

Lo is the equivalent length of the conical 

cylinder (cm) 

(17)A.G. Birkhimer, "Two new viscometers for measuring 
viscosity at recoverable shear over a wide range of shear 
rates," Esbo Research, Linden, N.J. (1960) 





The rate of shear,l, is given by: 

= 2W =  K2  

1-02 ' t10°  

where t100  is the time required to transverse ten degrees. 

C is the ratio of the radius of the inner to outer 

cylinders 

W is the angular velocity in radians/sec. 

The viscosity is then given by: 

N = 1-= k1Wt10 = kwt10 

k2 

The constant K was determined by calibration with a 

reference oil (Bureau of Standards Oil 03). The result was 

a value of 11.17 as oppose to the calculated value of 10.92. 

The error of one % was due to the calculation of tip equiv-

alent length. K1 and K2 was calculated to give 4:00 and 

3.58 

T= 4.00W 

= 3.58/t10 (18) 

Using low rates of shear, a mirror over the drum on 

the shaft with a simple optical system was used to increase 

the accuracy of the measurements. This idea of the mirror 

was later refined by using 36 mirrors, 1/4" x 1/4" x 1 1/16" 

in size, which reflect the light of the lamp on a curved 

(18)A.C. Birkhimer, Op. Cit. 

2 . 
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scale at a distance of 229 cm. Each mirror was approximated 

to be equivalent to ten degrees in angular displacement. 

Limitations of the viscometer was set by the ability of 

the operator. The next step is to compare the measurements 

made with the rotational, capillary, and a common ubbelohde 

viscometer.. This was done by E. A. Birkhimer and Associates 

in the summer of 1960. All the results were consistent.
(19) 

All viscoelastic materials are characterized by having 

recoverable shear. They have the properties that is situated 

between pure elastic solid when stretched will return to its 

original shape, so long as its elastic limit has not been 

exceeded. Newtonian fluids on the other hand has no recoil 

whatsoever. One of the unique advantages of the rotational 

viscometer is its ability to measure recoverable shear, for 

example, when a constant shear stress is suddenly removed 

with the aid of a stop-load mechanism, the material stops 

moving forward and recoils towards its original position. 

Recoverable shear is measured in shear units and a shear 

unit (dimensionless) is defined as a recoil of 1 cm by a 

moving infinite-plate which is at a distance of one cm from 

a stationary infinite-plate. The usual procedure of measuring 

recoil is to set the rotational viscometer in motion by 

(19)A.E. Birkhimer, Op. Cit. 
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applying a constant shear stress and attaining a steady- 

state condition or as a function of time, and then suddenly 

removing the shear stress. In some of the experiments under-

taken recoils of over ten degrees were observed. 

Optical System  

The component layout of the optical system is shown on 

figure (9). The light source used is from a type 31-33-37 

model, manufactured by Bausch and Lomb Incorporated of 

Rochester, New York. The transformer used in conjunction 

with the lamp is manufactured by Jefferson Electric Corporation 

of Bellwood, Illinois (cat. no. 969-001-069). The lamp is 

mounted on a jack which allows it to be translated in a ver-

tical plane. This mechanism is a Ceno-Lerner-Lab-Jack (#19089). 

The beam of light enters a 888 mm. focal converging lens which 

is mounted 38 1/2 inches from the lamp. The converging lens 

was manufactured by Bausch and Lomb Optical Company of New 

York, Cat. #L-117, Item #DCX-6-011. A glass lens in front of 

the lamp is one-half covered to give a vertical semi-circular 

image on a curved scale 229 cm. from the viscometer. The 

converging lens was used to increase the sharpness of the 

semi-circular image so that readings of ± 1/4 mm. can be 

read off the scale. The beam emerging from the converging 

lens is then reflected off one of the 36 mirrors on the 

viscometer drum to a curved scale at 229 cm. away giving a 

total resolution of eighty mm per degree. There are also 

two photocells eight degrees apart, which will shut on or 



LENS 

L  

OPTICAL SYSTEM AND ROTATIONAL 

VISCOMETER LAYOUT 

 43 3/;._ 

 46" 

I21t  

- 4 - 8 /4 " 
/CONVERGING 

LIGHT 
SOURCE 

2 DIA, 

N 

90.2- 

FIQURE 9 



off the elctronic timing mechanism which increases the 

accuracy of the viscosity and recoil measurements. This 

optical system, when used for measuring viscosity,.is 

.primarily used for low constant stresses. This in turn 

is dependent on how viscous the polymer solution is. The 

operator here is left to his discretion on his own ability 

in determining the cut-off point between using the optical 

system for low constant stresses or by measuring off the 

displacement in degrees on the drum of the viscometer for 

high constant stresses. The optical system is also used 

for measuring recoil, in that it helps to increase the 

accuracy of the readings by measuring mm. This is done 

when the image from the lamp hits the photocell at the 0°  

point and simultaneously triggers a stop-load mechanism in 

which the constant stress is suddenly removed, then the image 

will reverse itself in direction to some equilibrium valve. 

Timing and Heating Mechanism 

The constant temperature bath in which the viscometer 

is placed is controlled by a heat input device (Haake R21) 

and a thermostat both manufactured by Haake of Berlin, Germany. 

Care must be taken so that the polymer solution is not 

contaminated by water which can seep in through the flanges. 

Much experimental time and data was sacrified because of 

this oversight. This unfortunate situation can easily be 

remedied by placing a water resistant putty around the flanges. 

This will prevent any water from coming in. In order to-insure 



that the temperature of the polymer solution inside the 

viscometer is the same as the constant water temperature. 

It is best to determine several runs until values become 

constant. The switching mechanism for the viscometer has 

the following characteristics. When reflected light hits 

the first photocell it activates a timer which records the 

time to travel a distance of eight degrees. Upon reaching 

the second photocell, the first timer is stopped and the 

recoil timer is activated which at the same time a stop-

load mechanism goes into effect which picks up the falling 

weight. Either one or both operations can be worked at 

the same time. Measuring time for larger distance than 

eight degrees can be utilized by covering up the stop time 

photocell for any amount of displacement desired. 

The switching circuit layout for the viscometer is shown 

on figure (10), which has been drawn by L. Hom of Esso Research. 

It works in the following way, when light hits the first 

photocell, the relay 7-2-R1 is activated, this in turn opens 

5-8-R22' closes 3-1-R11' and closes 6-8-R12' The first clock 

is started with the closing of 6-8-R12. When the light 

reaches the second photocell, which is also the stop light, 

the 7-2-R2 relay is activated and this in turn closes 5-8-R22, 

opens 6-8.-R12, closes 1-3-R2, and closes 4-1-R11. With the 

opening of 5-8-R22, this will slop the first timer. When R2 

is activated this not only stops the first clock but also 
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activates the second relay, R3, which in turn starts the 

recoil clock and activates the solenoid, which removes the 

clanp from its unlock position. 

Apparatus Setup  

The apparatus setup is shown previously on figure (9). It 

functions in the following manner. The light rays from the 

light source first goes through an image lens which is next 

to and directly in front of the light bulb. The image lens 

is an ordinary circular glass plate in which one-half of 

it is covered up by untransparent tape. This will allow 

a semi-circular image to be projected on the degree scale 

with its vertical edge used for reading measurements and 

for starting and stopping the timing mechanism by the use 

of photocells placed eight degrees apart. After the light 

rays goes through the image lens, it goes through a converg- 

ing lens, which converges the light rays onto the mirror of 

the drum on the viscometer. The light rays are then reflected 

off the mirror onto the measuring scale. The measuring units 

used on the measuring scale are degrees and mm. One degree 

contains a finite number of mm. The measuring scale was 

originally designed so that one degree was equal to 64 mm. 

However, in this experiment 80 mm was used to represent one 

degree. The difference in design specification from 64 mm 

to 80 mm will result in negligible experimental error as 

3 . 



indicated by the following error analysis. 

R cos k-R(1-COS'.) 

FIGURE (11) 

the following relationship is used; 

L = R •  
180 

where: L = Length of Arc 

R = Radius of curvature 

0-c! = Angle of rotation of arc 

31. 



Since the original design specifications calls for one degree 

to equal 64 mm (6.4 cm), one can compute the actual design 

radius of curvature for the measurement scale. It is important 

to note that when the angle of the drum on the viscometer 

makes a rotation of one degree, the angle made by the 

Viscometer and measurement scale is two degrees or twice 

the angle made by the drum as shown on figure (ID. Using 

the above formula, the actual radius of curvature was 183.439 

CM. 

One can now determine the change in cg:' due to the 

difference in radius and allowing one degree to equal to 80 mm 

instead of 64 mm. Let the angle of the drum rotate one degree, 

therefore -4'  will be two degrees. Substituting the values 

into the following equation: 

229 • 2 = 80 = 183 
1801r 180 ir 

results in an answer of 2.5o. Therefore, the following 

conclusion can be drawn. For a radius of 229 cm and a 

corresponding of 2°  will relate to a 183 cm radius 

by an o( increase of,50  or an equal to 2.5°  It is 

now possible to determine how this effects the radius of 

the beam of light as it travels along the measurement scale. 

Using the following error equation. 

32. 
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(1 - costal) (1 - cosel) 183 = 'a R4 x 100 = % Error 

229 229 

The readings from 0°  - 4°  will only be considered because 

.the results of 4°  - 8°  will be symmetrical with the first 

results. 

From 0°  - 1°: 

(1 - COS 2°) - (1 - COS 2 1/2°) 183 = py x 100  = .01987% 

229 229 

From 0°  - 20: 

(1 - COS 4°) - (1 - COS 5°) 183 = l&R.21 x 100 = .0634% 

229 229 
From  oo - 3o: 

(1 - COS 6°) - - COS 7 1/2°) 183 = IAN x 100 = .1375% 

229 229 

From 0o - 4o: 

(1 - COS 8°) - (1 - COS 10°) 183 = IAR41 x 100 = .2225% 

229 229 

Since the errors involved is small we are justified in using 

a measurement scale with a design radius specification of 

183 cm to one of 229 cm radius used in the experiment. 
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If MATERIALS 

The test fluids used in the investigation were of 

the following type. For the viscosity measurement poly- 

styrene NBS-2-35967 was used. Polystyrene is mixed in a 

solution consisting of 65% TCP (Tri-Cresyl-Phosphate) and 

35% Aroclor with Nd25 = 1.5910. The molecular weight 

polystyrene is 450,000. The concentration of polystyrene 

in the solution is 7.14% weight and the density of the 

solution is 1.213. Polystyrene NBS-2-35967 is manufactured 

by Pressure Chemical CoMpany of Pittsburgh, Pennsylvania and 

the solution was made up by the National Bureau of Standards. 

Polyisobutylene in 16.5% mineral spirits were also used. 

After that, Indopol H-1900 (polyisobutylene) was used to 

measure viscosity as a function of temperature. Polyisobutylene 

was obtained from Amoco Chemical of Whiting, Indiana. It 

has a molecular weight of 2893 and a density of .88. Then 

Vistanex 1-200 in Primol 355 was. investigated in terms of 

its viscosity and transient phenomena. Vistanex L-200 

(S1-64480, 161'6-2) has a molecular weight of 5.5 x 106 

and was obtained from Esso in Linden, New Jersey. Vistanex 

was mixed in Primol 355 in the ratio of 3% and 4.5%. The 

properties of Primol 355 are listed on the following page. 

Vistanex L-200 has a density of .92. The 16.5% solution 

was made at New York University in "Mineral Spirits". 


