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o OBJECTIVES

o Our charge in the study covered by this final report was threefold :
‘i: 1) To establish the adequacy of the time dependent polymer data previously
e obtained; if inadequate, to obtain a new set of data and to evaluate the
< kinetic-elastic approach for the representation of this data.

; 2) To obtain rheological data on a variety of potential carbon black -

-ﬁ JP-190 slurry fuel formulations in order to help establish their general
"g - rheological characteristics as a function of shear level and temperature
" and to adapt the kinetic-elastic approach for the description of such
L~ materials.
1_ 3) To obtain, if time permit:ced, a data set for the high viscosity
b~ reference lubcicant 5P4E,

<

:j Our objectives have been accomplished and this report provides the detailed
D summary of our etforts,

"

\\

Xy

53

>

<

S

:Q

o

o

- .

"

“
M
& ’..

[ 7

"

$ .

N,

@

- 1

(l

o

*l

%.

et e e e e N e e NN L o PR
Py DAL LU A PO _L';.:“L;‘



l..;

LN felss

Y L

." ‘l' ‘. ". l’

s

AN}

-~

—
3
. ‘I’ a .

Ol

A

oy Ay "l ;I..'l:

o s

)

i‘\

XA

Y

N0

-——

>

YA AN b4

'

o
a4
a

7.

s
3

SIGNIFICANCE

Systems that involve rheological fluids, such as those found in polymer
processing and in the fields of fuels and lubricants, often involve
rapid-response, unsteady-state conditions., A rheological model must be able to
adequately represent data in the time domain. The model should also be able to
account for changes in concentration and temperature. As important is that the
constants and parameters of the model have basic meaning that can be interpreted
in terms of the fluid's composition and can be related to the performance of the
fluid in its application. Ideally, one would like to know enough about the
fluid's rheology so that modifications of the fluid can be made in response to a
change in the fluid's performance in a system. Such change would be caused, for
example, by more severe conditions or by a change in the physical system itself.
The "kinetic-elastic model” developed at Ohio State has the potential of
representing complex rheological data. The general approach of our effort is
one of a complete characterization of any given non-Newtonian material so that
one can apply this information to evaluate the flow of the material.

The work has significance with respect to the flow of various exotic
materials such as thick slurry fu=ls, shale oil products, coal-oil mixtures, and
modern lubricants. ‘here is, for example, amazingly little known about the flow
properties of slurry materials wi-h yields. There is no adequate means of
representin; such data when the miterial has viscoelastic characteristics. It
is a simple matter to extend our .ipproach to allow description of materials of
this nature. Such an analysis would apply to slurry fuels and coal-oil
mixtures. [t has only been in recent years that workers involved in lubrication
have come to realize that materiais they are dealing with are highly
non-Newtonian and viscoelastic in their char .cteristics. Indeed, modern
lubricants contain a high amount of polymeri. additives and these are
notoriously viscoelastic. It is interesting to speculate that the elastic
characteristics involved in sudden deformatiun could be an explanation as to why
some lubricants fail at high stress conditions at low temperatures.
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SUMMARY OF RESEARCH ENDEAVORS

In our original proposal we provided a detailed summary of the field, our
earlier endeavors, and a detailed development of the theory. We repeat
this material here as Appendix D. Included in the review is a literature
survey of the limited work done by others on lubricants and on slurry fuels.

The various approaches towards the elucidation of the rheological
characteristics of materials generally fall into one of five classifications:
empirical, phenomenological (mostly rate processes), linear viscoelastic,
nonlinear viscoelastic, and microrheological analyses. The empirical methods
correlate data by curve-fitting techniques. The rate theories have as their
basis the assumption that the nonlinear characteristics can be associated with
some structural change of the material whether it involves particle associations
and dissociations, link formations and ruptures, or molecular entanglements and
disentanglements. The linear viscoelastic models are based upon linear
combinations of hook's law of elascicity and Jewton's law of viscosity. The
nonlinear viscoelastic models are based on ccatinuum mechanics and nonlinear
combination mechanical models. Finally, miciirheological analysis starts with
the basic molecular or microscopic variables such as particle sizes, molecular
interactions, and chain lengths. 1 simplified mechanism is proposed, and then
it is mathematically represented aad solved.

Each approach has made contrihutions to the field, but with the present
state-of-the-art, we cannot completely describe the non-Newtonian behavior even
in simple geometries. Steady-state flow behavior has been extensively
investigated, and the representations available are adequate., However, little
is understood about thz: unsteady-state flow, such as shear stress and normal
stress growthi after the onset of a sudden shear rate. The theories in the
literature are not always able to predict, for example, stress growth at a given
constant sheiar rate from data obtained on other experiments.

Our efforts over the past two years were both experimental and theoretical.
The experimental work involved a complete anz.ysis of our older data on the
PMMA/DEP polymeric system so as to determine the adequacy of the data. We made
the necessary repairs to the R-16 instrument to improve it so that adequate data
for the polymer system could be obtained. This involved instrument repair and
installing a new data acquisition system. The R-16 instrument was modified
further to allow accurate measurements to be made on low viscosity materials
such as the slurry-fuel and typical lubricants. In addition, the limited
temperature control system was changed so that measurements could be made at
reduced temperatures. Measurements were then made on both the Haake system and
the R-16 instrument over a range of temperatures for the slurry-fuel and
lubricant materials. Finally, the theory was tested and adapted to fit the
data., In the next section, a detailed review is given of the accomplishments
outlined above. Here, these efforts are bricfly reviewed in less detail to
give the reader a feel for our efforts,

5 PREViIOuySs PAGE
1S BLANK

PO B - . - c e .
. e e T e e e e -« e e .
LR i e L i LA I R L T
o« %

S LSRR

o AN el o oK o R Il gL SF R I A )

T e _e_t

TR ITE Y




—‘!“'1"1'- o T
s gur e Attt A it hd AR ‘vki J‘"\‘l‘ g ‘C“ bt 9 ‘*'; R <. e .._'.: ~ R -‘
LR - - ., . - - - . - . -

We were unable to find any data in the literature that was taken with high
enough time resolution to allow evaluation of the parameters of our
kinetic-elastic model. Thus, we turned to the evaluation of our own data on
PMMA/DEP. The sets of data for data evaluation were very carefully reduced to
remove noise. Although the result of our analysis raised some questions as to
the adequacy of this data, we felt that the transient sets of data were
satisfactory. The measurement of the exact time delay from the moment of
activation of the brake-drive switch to the shear stress signal is important in
obtaining the true initial slope at zero time in a stress build-up experiment. -
The response time obtained is better than 0.0l second.

With the simplest form of the kinetic equation of A ¢ B, no combination of
constants would provide an adequate fit. 1In order to improve the model so that
it would fit all types of data, two steps were found necessary. As was done
earlier and described in the review presented in Appendix D, the first
step was to use a more empirical form for the elastic part of the theory.
Rather than picturing the problem as a coupled elasto-viscous phenomena, the
older view pictured the elastic contribution as an elastic response to a
changing viscosity basis as caused by the kinetic change. The second step
required was to modify the simple one-step kinetic model of A TBtoA+B<«C.
In the initial tests of this idea, quite satisfactory fits to the transient data
were obtained.

A detailed reevaluation of all the equilibrium data was made as well as an
in—-depth ?valuation of one constant shear rate experiment at a shear rate of
10.8 sec™1.

A preliminary estimate of the kinetic constants for the experimental run
had to be made so that there would be a good starting point for the optimization
of the constants. A study of the effect of the variation of the various
constants of the kinetic-elastic approach on the final response curve was
probably one of the most interesting results of the analysis. These results
provided the guidelines necessary for the optimization by iteration. The
optimization of constants was not done by computer optimization procedures
because of the large number of constants involved. Rather the results of the
previous parametric study were used to adjust the theoretical curve to obtain
the best fit to the data. This was accomplished by human iteration using the
computer graphics system. The predicted data from the kinetic-elastic theory
deviated approximately 3.95% from the transient experimental data for the
constant shear rate experiments. The value of the parameters that were varied
generally increased over the range from 3.4 to 21.5 sec™

For the stress relaxation experiments, various reasonable assumptions for
the initial conditions of the shear rate did not affect the elastic equation
prediction. The normal assumption of no shear rate during the entire stress
relaxation was adequate. However, a combination of thixotropic viscosity and
the elastic equation was necessary to account for the elastic contribution to
the stress relaxation. An improved prediction of stress decay was obtained by
modest changes of the kinetic constants. It was concluded either that the data
available were not good or that the elastic equation of the theory for stress
relaxation was not exactly correct.

’ ) IR SR G . S S SR PR, LT ET R b SR IEY
T R T S A R I N T T R I ST T I I AP TCIRIR. B JRC L B e R S



ik~ DA

a v
.

‘s
LN Y

‘

.I'Il‘ Dy
L) [ Y
.l'..l.l' L4
L]

¥ - &2

o 'r.‘l ‘ll
A )

w

Pe
COLLIE S PR e |

R4

ICRRR]

The initial shear rate for the constant sheuar stress experiments should be
less than 0.001 sec™l and the value of the second modulus elastic parameter is
much smaller than the first. The modified kinetic—-elastic theory shows
excellent agreement between the experimental and predicted shear strain data for
the constant shear stress experiments. The average percent standard deviation
from the experimental strain data was approximately 1.80% from the constant
shear stress experiments.

The first elastic modulus parameter cannot be considered a constant because
it is affected by the level of shear rate. The modulus parameter for stress
relaxation is different from that for stress growth. The second parametur has
no significant dependency on shear rate for the constant shear stress
experiment.

In general, we can conclude that a two=step reaction concept ot thixotropy
coupled with a changing viscosity basis for the elastic response shows excellent
agreemnent with steady shear rate, constant shear rate, and constant shedar stress
«xperiments, The t!eory predicts well the stress overshoot at high shear rates
and unsteady shear iate variation at constant shear stress. The present theory
cannot use a constant value of viscosity (n () in the elastic equation to
describe stress rel. xation experiments. However, the value ot " in the
elastic equation with slightly mydified values of the kinetic paramcters
predicts well the slear stress r-laxation results.

AS a result of further anal/sis of the kinetic theory, we discovered that
there coull be .1 more va.id int.rpretation of the upper Newtonidn viscosity than
we have mate {1 the past. In geweral, we had previously taken the upper
hewtor ian viscosity as t e solveit viscosity {in this case .09 poise).

However, moleculdar heor. of vis ovus polymer solutions shows that the upper
Newtonian visco ity is probably auch higher tnan this (in the range of 561 to
12,000 poise fur ou solations). Even with tnis major change, the data cannot
be fitted ~ith the .impl. one st.p kinetics; thus, the more (omplicated two step
kinetics are still required.

It may be that the .dequate fit obtained from the two-step model is a
consejuence of the nmodel having more adjustable ¢.onstants rather than being 4
hetter representaticn of the kinetic change mechaiism., There is, for example,
an inconsistency in that we use N, in the stress growth, but must use n¢
in the stress relax.tion. We were not sure at this point if the theury or the
polymer data was the problem. Thus, we undertook two steps. First, since tie
polymer data being nsed was the noisy data obtained scveral years ago by Song,
we obtained a complitely new set ot polymer data as described in the next
section. The new data was quite good and no noise removal (filtering) was
needed., The second step was a sjul-searching andlysis of the kinetic-elastic
theory.

Why should the two=-step mod:l be necessary when the one-step concept is
simpler and has fewer adjustable constants? At this point we made a concession
to history and our own work., We had been forcing the first elasticity parameter
to be a function of shear rate level only, Historically it has heen taken as a
spectrum of values at any one shedar rate, i.e., 4 range ot values that come into
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play at various times. This is in agreement with our earlier work which showed
that the parameter determined from oscillatory data is both a function of shear
level and frequency of oscillation. We had not used this concept because we
thought the parameter could be a constant and that the variation observed could
be a result of the variation of N¢. In this, we were incorrect. The
modification to our one-step theory is almost trivial; i.e., the modulus
parameters are now real parameters and as such are determined so as to give a
perfect fit for the one-step model. The test comes from the simplicity of
representation of the parameters and from comparison of values obtained from
other independent experiments. The results of this new approach are very
promising. The values of the constants for the representation of the parameters
were determined independently for each shear rate. Therefore, if any of them
varied with the shear rate that variation would be clearly observed. Only three
of the constants showed a systemitic variation: the forward specific rate
constant, the initial (or primary) value of the elastic parameter, and the final
(or asymptotic) value of the elastic parameter. Further investigation ot th
effect of variations in the elastic part of the theory must await future work
under the renewal of the coantract. The details of the polymer data acquisit:on,
analysis, and the ne~ developmen:s are included in the next sectisn. In
addition, suggestions for furthe - work are included.

The flow behavi,r of suspen.ions encompasses the full range »f material
characteristies. Th2y can vary .n consistency from fluids tc almost solids, and
they can be Newtoniai or noa-New onian., Dilute suspensions often behave as
simple Newtonian 1lic¢iids. As th. concentration o! particles incr:ases,
suspensioas become nn-Newtonian. Thixotropy, shcar-thinning, rheopexy, and
esen viscoelasticity can be seen in such systems. At certain con:-entrations,
suspensions may even functioa as solids. In order to handle suspunsions
properly during proc:ssing or pu ping, their flow behavior should be well
understood and chara :terized.

Carbon-black has been widel used as a filler or reinforcing agent in
rubbers, paints, and other polym:rs. Though carbon black can modify the
properties of polymers, like smooth low-swell extrusion, it also changes the
rieological properties of the sy:stem. The change of rheological properties
depends on the fundanental properties of the carbon additive: particle size,
porosity, and structure. Besides being used as a filler in polymers, to
increase the available energy per unit mass as a solid fuel, carbon black, a
combustible solid, has been adde.! to a liquid fuel, JP-10, to form a higher
energy slurry fuel,

Though the presence of solids increases the available energy, the flow
behavior of the slurry is made complicated by the solids. The slurry is no
longer a simple Newtonian fluid in spite of having a Newtonian solvent, JP-l0.
Its rheological properties become difficult to characterize as a result of the
combination of solid and liquid properties. In order to add to our knowledge
about the slurry fuels, their rhcological properties (viscosity, clasticity, and
plasticity) were studied and analyzed in detail. These details can be tound in
the next section and are briefly cited here.




Slurry fuels show non-Jewtonian fluid behavior under imposed forces. The
shear stress—-shear rate relationships were studied as a function of time over a
wide range of shear rates and temperatures. Since the deviation from Newtonian
behavior is due to the presence of solids, the non-Newtonian characteristics are
highly dependent on the solid properties: type of solid, particle size,
concentration, shape, and distribution. No effort was made to relate the
rheological characteristics to the properties of solids in this preliminary
study. Instead, slurries with different particle sizes and stabilizers (as
supplied) were studied to provide general insights into the rheological nature
of such materials. These should be useful to the researcher to help design the
proper formulation.

In order to hiave a better understanding of the flow mechanism of the
slurries, both transient and steady state conditions were measured. Transient
data was obtained b’ suddenly imposing a step change of shear rate on the system
and measuring the siear stress as a function of time. It was found that slurry
fuels possess a time-dependent behavior called thixotropy. £lasticity, another
property that can b: seen in suspensions due to the interactions of particles,
was estimated from -he transient data.

Yield stress is still anot'.er pronounced prouperty of suspensions. The
vield stress must b:: overcome b: any pumping system «nd will dictate the max imum
jower required. Th: yield stre .ses of the slurry fuels vere determined and
s.tudied to see how hey aftect the flow.

“he c¢hange of the v scosity of wuels with temperature is important, especiaily
.+t low temperatures Viscosity is due to the internal friction hetween
1olecules in liquid:. Since te perature is a measurement of molecular motion,
temperature is the wost important variable affecting the viscosity of
suspensions. As th: temperature .rops, the solid properties of the system could
dominate and be cri:ical for pumping. In practice, the viscosity of fuels
should be as little temperature-dependent as possible so as to minimize the
required power at low temperatures., The viscosity of the slurries was studioed
over a wide range of temperatures.

The final objective was to construct a rheological equation of state tlat
could be used with the equations of motion to predict compli-ated flow behavior
of slurries in practical situations. To accomplish this, the kinetic-elastic
model was modified to describe the complex behavior of suspensions. The fit of
the model to the eqiilibrium data is excellent. The fit in the time domain is
not as precise, but is adequate. Certainly it could be improved with increased
knowledge of the mechanism of the initial break-down of the solid structure. [t
is this study that would be a part of our renewal contract and is given in more
detail in the next section.

Besides the collection and analysis of data for the polymer system and the
in=depth data on the slurry fuels, additional data was obtained on the reference
lubricant 5P4E. This data has bcen obtained over a wide range of temperatures




and because of its polymer like nature should be interpreted similarly. The

data set as well as the future work necessary to analyze this data is detailed
in the next section.
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DETAILS OF RESEARCH RESULTS

I. POLYMERIC MATERIAL

BAARADKY - 3|

We were unable to find any data in the literature that was taken with high
enough time resolution to allow evaluation of the parameters of our
Kinetic-~Elastic model. Thus, we turned to the evaluation of our own data on
PMMA/DEP.

 r -
bkl

A. Instrument Response

L - '
ML S SV N DT G

Since the elastic modulus parameter of the Kinetic-Elastic model is related
with the initial slope at zero time, it is important to establish the exact time
delay from the moment of activation of the break-drive unit of the Weissenberg
rheogoniometer to the appearance of the shear stress signal. Thus, the
measurement of the mechanical response of the Model R-16 Weissenberg

ﬂ
rheogoniometer was uandertaken for analyzing the transient data during the H
initial period of stress growth., The resulting data and analysis allowed us to N
obtain the time—delay to the true beginning in a stress-buildup experiment. The j
response time obtain:d was much faster than that suggested in the instruction ~

manual (about 0.04 s:conds). The response times of the viscometer at constant y
shear rates of 3.408 sec'l, 10.8 sec™! and 21.48 sec™! are 0.009 sec, ji
0.007 sec, and 0.008 sec respectively.

B. Noise

The sets of data for data eviiluation were very carefully reduced so a: to
remove any extraneou; noise introduced from the gearbox system. We feel that
the transient sets oi data are satisfactory.

C. Theory for One-=Step Reaction

Appendix B of the proposal gives a complete tabulation of the equations of
the modified Kinetic-Elastic theory used in the initial theory evaluation. The
necessary equations from that Appendix are reproduced here as Appendix B.
Equations 1, 6, and 7 are the kinetic rate expressions. Equation 11 is the
elastic contribution. Equations 12 to l4 are used to evaluate the equilibrium
constants. Equations 4, 5, and 8 are used for fitting of the stress growth
data.

C.1 Equilibrium Evaluation for One-Step Reaction

The evaluation of the equilibrium kinetic constants (K and p) of the
Kinetic-Elastic model has been done at the equilibrium state. These and other
constants of the theory are noted in Appendix B of this report and in more
detail in Appendix B of the proposal. In this analysis, 4 combinations of m, n, -
and a were used (m = 1, n = 2 or 3, a =1 or 3.5). The results show that all
combinations of m, n, and a give reasonable prediction of the shear rate and
equilibrium shear stress. The values obtained for p and K are listed in Park's
thesis (75)*. The maximum range of % deviation of the predicted shear rate and
equilibrium stress are 19% and 16%, respectively. The equilibrium constants (p
and K) show a weak dependency on concentration. The p values are slightly more
sensitive to concentration change than the K values.
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* Specific thesis c.ted herein are given in the proposal reference list
reproduced here as Appendix A,
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e iy aes 5% 0 i 8 tor one conventratlo o t387) and one shear rate
(0.8 sed T h) were ad pusted saaghtly Lo dlwmprove the cqullibrium (steady state)
tit. Ihe transient dita was then used t, it the entire curve. 1ne initial
slope was used 1o establist the elastic pdrameler, Vvdrlous parameter search
techniques were used t. estahlish the remaining constants. A typical example is
shown in Figure 1.

With the simplest form uf the kinetic equation of A < B as described in the
£ original proposal, no combination of constants would provide an adequate fit.
If the time to the peak in the response curve were matched, the degree of

Yy overshoot was excessive. If the amplitude of the over-shoot was matched, the
- time to the pedk was to, short. The poor initial fit is a result ot the
S non-flexible nature of the model, i.e., logically sa“isfactory but not

- satisfactory for an empirical fit,

-“_q
'5”: D. Two-Step Reaction

PAP
. In order to improve the model so that it would fit all types of data, two
:3: steps were necessary. The first step was to use a unore empirical form for the
! elastic part of the theory as was lione earlier and is described in the review f
- our proposal. Rather than picturiag the problem as a coupled clasto-viscous
B phenomena, we used the older view ~hich pictured the elastic contribution as an
;Cj elastir response t+ a changing vis.osity basis as caused by a kinetic changc.
a:: The second step recuired was to modify the simple one-step kinetic model of

2 A Z B rto something more complex li<ec AZ BZ C. This change makes evaluation of
‘ the constants more difficult, All of the variables, constants, and paramet:rs
e used in the sequel are given in Tible I and have the same parallel meaning as
- the corresponding terms have in th: ome step reaction; e.g., K, and Kg are
::a the two equilibriur constants that are now needed to replace K; mj, mjp,
3?: n;, 0, are reactior orders needed to replace m and n, etc.

" D.1 Equilibrium Evaluation for Two-Step Reaction
.."' .

n The value of a was selected as 3.5 based on previous work and not

i{J modified or adjusted in any way. The value of T, was taken as 0.09 poise bised
I;P on experimental analysis and not modified or adjusted. Six combinations of

N my, my, nj, and ny were selected for testing. These six were selected

based on logical arguments for the orders of the forward and reverse reactions.

The variation of the parameter S was studied for each of the six cases. (The
parameter S is def:ned in equation (L) and (M) in Table I). The specific

evaluation of the constants was done by first using equation (E) to obtain Kp

g and py from a log-log plot of the LHS (left-hand-side) against the equilibrium

o shear stress Tege The constants Ky and pg were then evaluated in a *
similar manner using equation (F) and the values of K and pp evaluated in

the previous step, Values of S below 2 resulted in F being negative, which is

'éi unrealistic. Too high values of S reverted the two step kinetics to the older
35 single step system. Since the selection of S was not critical to fit the data,
3:- a value of 2.5 was selected for further evaluation of the data. All six cases
- for S = 2.5 were quite satisfactory and within the scatter of the experimental
o equilibrium data,

;:: From past work on equilibrium data, we have leisrned that data at low rites
;Jj of shear should be weighted less than that at higher rates. This is a result of
::: Fp being near unitv, When the tera that involves | - Fa Ls evaluated, we

L.
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TABLE 1
SUMMA £ SYUATIUNS  RCY KINETlv‘_—ELASTIC "HZOKY
D - P n
1 1 2
(A, - (dCFA/':t) : le (CFA) - (k3 + kot )(CFB) !
) P- m, ) n
(B (acrg/dt: = 1t T(CFy) 1 - (kg + kp °)(CFp) *
ph nz P ol
- Kyt (CFg) © + (kg + g “)(CFg)
. loud g n - “ N " . -
(cC ¢ + ( 7/"0 G)) dZ/de) = hool ¥+ (7 /50 ¥/dc)°
v o= ¢ 7 . 1/« & E N
(D l‘B (1/ 1 I‘A) }‘f - (nt/ - nl/ ) / (rléli _ nl/ )
n, =i n
¢ 1yt '
(: — A =~ 7
™y 1 o
A,E\ -
n,-m.(m ‘n,. m, n,-m 1/na 1
2
! 1[1_F_(<-7’J’AF1.C1 1, 1.2
A7 eq A - p
(¥ T Tmm,/ / - = NT .
] 180/ 1\“2 n, 'A'mZ/nl) 8 eq
A . "q
-G, |7
o’ 7 1 {«
é = / ¥ -
(G) 7 e (1 e
- /7
rr’ . , - - l (l)
) U=, 0 U - )
P 11 t/a l/a 1
P = ( F - v 1 :
(1) Tt [FA\ {’ o 7?;.1 )+ i J
? =1 .
J) - S IS — .11 1
( (a /) =k et gl
1 -1
L ) - l " — 1 1 °
(. LD TN ¥
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e e e e e L et e e S e T
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TABLE 1 (continued)

[1 - :1/9)] (dF, /dt) ~Ps
(L; =k, (
ny=l by n, m-l m 4
(c® N, THA-F, -F) “acC Fy
“
[1 = (i/s))(dF,/dt; P |
() A =T " |
m,=1 @, 1 -F, n,-m, i
2
¢’ [(u8).1-FY] [\T=F ) - 1]
Ayeq
N 2
Z (‘t::alc - 'rexg)
. ire 1 Eue.:‘p
(N, obj(%) = X 100
N -1
SUMMARY G} EQI ATIONS FOR { TRESS RELAXA.TON EXPERIMENTS  (AIDITIONA")
e T + (n, /Gy (at/dt) =0
AR RY D RTTTONET Be amTONG RO OB CUTE AH N
o\ ; = ; (1 - Bt)
k™ (n. &/ )]
HN = Y 1 - St - {n -1
0 It (Gllweq)(ntylreq)[ eq”’c, n
= T = 1/t
n eq

15

.. P
A o S T P LN S Gyl iy
N A T S T e e A




Vd pue <¥ jo uotienyeay ‘g dind14

1SS3ULS HHIHS WNTYBIIIND3) 907

$ 0 . a9 $'s o's SO (L] s.€ 8 %o01's- o
| @ <
- | <
v o
" | x
L I fooec- 3
L > -
. . g
s’ R (o) wn
J w o]
~h
g T3
s ? 3
£ 4 {o0s'2- T A
L — e
. ) o]
b -~ =}
b — \ﬂn/u
w.. -~ ~—
A 3
. . 40021~
“. 1 . ; x
5 §°2=6 S°C=y 222N 2=IN 1=2W 1IN WLIN NDILIJIO3Y¥I - - =
. iyl
3 Yi¥0 1YNLdY - =
7 =3 334330 26 LY J30/YWdd J0 LIS YLYQ 92 M
4 . —- — —— — + , por'o —
\“.
a
.
P’ .
a
’ .
‘ ‘e
b
"‘ .--.I
s, )
N
g
.1“ ) . . e, vy ety
u. R g e . g .J\J.J..f -n \Ary 4 o W 2. i i . . . \‘o\\..\ o A
mx..\...» (PN W e .

L
LA
i

A - a



PO AT s < A AT S AR AR O R

introduce considerable error due to the taking of differences of large nunbers.
Thus, the equilibrium results were evaluated by using a variable weighting
factor to improve fit. To illustrate the adequacy of the data fit, Figure 2
gives the evaluation of Kj and py from the plot according to equation (E)

and Figure 3 gives the evaluation of Kg and Py from the plot according to
equation (F). These are presented only for case 1, but all other cases were
nearly as good. Finally, Figure 4 gives the final backcalculated result of the
experimental and predicted basic shear diagram equilibrium results for this same
case, Clearly these results are more than adequate to represent the data over a
range of concentrations,

D.2 Transient Evaluation of Two-Step Reaction for Stress Growth

As was seen in the previous section, and as was true with the one-step
model, no problems were experienced in fitting the equilibrium data. Completely
adequate fits were obtained in all cases. However, the fits to the complcte
transient curves were only somewhat improved over those shown in Figure 1 (sec
Figure 5). This result strongly suggested that the kinetic aspect of the theury
was not the main cauce of the equation's failure to provide an adequate fit fur
the data.

In addition to tnae kinetic ciange, a change in the elastic response
‘ormulation of the tlcory was mad:. Ra~her than picturing the probler as a
roupled elasto-viscous phenonena, an olier view of the elattic¢ contributicn
heir . an elastic resprnse to a chinging vis-osity basis as -1 .sed by the kinelic
~han ;e was used. In the ini:ial .ests of tiis idea, quite satisfactory fits to
the rransient dat: were obtained (see Figure 6).

Preliminary values for kineti.c constants. A preliminary estimate of all
the kinetic constants was made so that there would be a good starting point for
i:he optimization of constants.

The procedure for evaluation of kl and p| is first to calculate Fy
from the data using equations (G) and (I) and then to plot this Fj as a
function of time. Th: calculation can be done since G| will have been
previously estimated trom the ini:ial slope of the data and N, is known.
Fron the plot, the initial rate c.an be obtained from the slope at t = 0, i.e.,
an evaluation of the term - (dFA/dt)tgo. Equation (A) at time zero reduces
ro equation (J), whic) in turn ca: be rearranged to equation (K) by using
initial conditions. A plot of th: LHS of equation (K) versus Y will give a
slore of p;, and from the interce)t, the concentration, and ", k) can be
calculated. Since py and ky are uniquely related to p), kj, Ku, and
PA, k2 and pp are als) known (for kj evaluation it is assumed that
k3 = 0). The constanc kq appears in the rate equations in (A) and (B) of
Table I. It describe; the Browniig motion build-up of structure as is explained
in Appendix B of the w»roposal. Tie term, kj, is small compared to the term to
vhich it must be addei. Since da:.:a at various shear rates were used in this
evaluation, values were not obtaiied that are a function ot shear rate. The
value for p} was 0.3879 and that “or k) was 0.2204. These values will serve
as the initial estima:es for optinization at all shear rates.

Evaluation of th: preliminar’ values for pg4 and k4 was more difficult
because data near equilibrium had to be usecd. Equation (D), w~ith 1 fixked value
ot H of 2,5, was used to obtain d y/dt rrom the values of d¥. dt previously
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calculated from equations (G) and (I). After some rearrangement of equations
(A), (B), and (D) as well as the introduction of the relation between k4,

kg, and Kg and of that between p4, p5, and pg, equation (L) can be

obtained.

After further multiplication, this can be rearranged into a more convenient form
given by equation (M). A plot of the LHS of equation (M) versus the shear
stress provides for the evaluation of p, and k4, from which pg and ks

can.be readily obtained with the assumption of kg = 0. This is clearly
parallel to taking k3 = 0 in the same equation. All cases were evaluated.

Parametric analysis of equations. A study of the effect of the variation
of ‘the various constants of the kinetic-elastic approach on the final response
curve produced one of the most interesting results of the analysis. A figure is
needed to show each constant. Figure 7 shows the effect of Kp; the data curve
for run #322 is shown for comparison. Figure 8 shows the effect of G; that
changes both the initial slope and the peak overshoot value. The figures for the
effect of the other p.rameters can be found in reference 74. These results
provide the guideline'. necessary for the optimization by iteration to be
descibed next,

Optimization of constants. “he optimization of constants was not done by
compiter optimization procedures hecause of the large number of constants
involved. Rither the results of the previou- parametric study were used to
adjust the theoretica curve so a: to obtain the best fit to tne data. This was
accomplished by human iteration u:ing the couputer graphics system. The
specific procedure wa: first to plot the expwrimental data. The equilibrium
constants were then ac justed to provide the best fit for the specific run. This
involved only a small change in p,; K, Kg, and pg remained as
previously estimated. Next G; was adjusted, if necessary, to give the best
fit for the initial slope. Finally p; and p, were slightly adjusted to

~ provide the best final fit for the system. The constants k; and k, were not
. changed from their initial estimates. Recall that the trend in changing them
was ®xactly the same as changing py and p,. As a test on the adequacy of
the fit, a m2an squared deviation given as equation (N) in Table I was used.
The result is shown in Figure 9. The final values for all constants and all of
the plotted results can be found in reference 74, The standard deviation of all
"of the data was less than 4%,

De3 Transient Evaluation of Two-Step Reaction for Stress Relaxation

The constant:e from the stress growti. experiment were used to predict
stress relaxation. A constant viscosity ( neq), which poorly predicted
resuits, was used in the elastic equation. liuch better results were obtained
when we replaced Ngq vith a variable viscosity (ng). The equations used are
glven in Table I. ae found that using a constant viscosity was better for
stress growth and a v:riable viscosity was better for stress relaxation. We are
uncomfortable with th:s, but have no explana! ion for the results.

The results of tle parametric study show that the stress decay increases at
a faster rate with an increase in G] (see Fijure 10). pj has in effect on
the initial slope. G; controls thz initfal slope. p) has the same effect
as pa. p4 has an effect on the curve near the equilibrium state. The

22
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higher p4, the higher the tail part of the curve. However, p, has no
significant effect within a range of -0.29 to -0.l4. k4 has the same effect
as p4, but no significant effect within the above range.

Use of the maximum values for the parameters that were observed for stress
growth provided a reasonable prediction for the stress decay. Therefore, the
equilibrium and kinetic constants, except p;, were retained and the value of
G} was used as 0.5 x 107 dyne/cm2 for all the data sets. Here, p] was
changed within a range of 0.26 to 0.30 for the best fit,

The standard deviation was used as a fitting criteria; the average value
was 0.05. Comparison of one of the predicted results to the experimental data
is i1llustrated in Figure 11,

Effect of Initial Conditions., Previously we assumed that the shear rate
dropped instantaneously to zero at the initial time of the stress relaxation
experiment. Since this is not exactly true, we realized that the initial shape
of the relaxation curve could be affected., Thus, we modified the analysis to
allow a nonzero iaitiil shear rate condition. Due to a response delay in the
Weissenberg rheogoniometer, the lower plate of the rheogoniometer continues to
rotate for a very shcrt time after the brake switch for the lower plate is
activated. To approximate this alternate initial condition, the shear rate was
expressed as a functi-n of time rither ihan being set to zero. The resulting
set ot equations that must be similtanecusly iitegrated is the same with only
the first equation f¢~ the viscoe'astic part of the theory re-uiring
modification.

since the brake-.lrive system response time of the rhecgoniometer was within
0.01 seconds, the valiue of B shoutd be between 100 and 150. The term B is
defined in equation (4)) in Table L. The result of the parametric study of the
B -effect showed that a value of 3 between 25 to 200 had no significant effect
during stress relaxation.

The normally assumed initial condition of zero shear rate is clearly
satisfactory for the stress relaxation experiment.

D.4 Transient Evaluation for Two-Step Ruaction for Shear Change at Constant
Stress

The shear strain data during the constant shear stress experiments is
not contaminated by noise, since the motor drive system is disengaged. Thus,
the raw data obtained by Song was directly analyzed.

Since the constaat stress experiments introduce one new elastic parameter
(Gp), but no new para.eters as far as the kinetic part of the theory is
concerned, the equiliorium shear stress was carefully compared to those at
constant shear rate (CSR) in order to apply values of the kinetic parameters
obtained at CSR f»sr analysis of shear strain data. Since the raw data taken by
Song was shear strain instead of shear rate, the elastic equation was
numerically integratel again to obtain the shear strain, JAnother reason for
this procedure 1is that the numerical integration involves les: errsr than
numerical differentiation, which tends to amplify small variations. Therefore,
comparison of sheir rite was made indirectly by strain curves.
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The values o! the parameters obtained from tlie coastaui shear rate
experiments (haviag the same equilibrium shear stress as those at the constant
shear stress experiments) were directly used for thie analysis of transient shear
strain and shear rate during the first 5 seconds of the exporiment,

The results of a parametric study show that the initial c¢ondition of the
shear rate ( Y, at t = 0) has a shifting effect on the origin (zero time) and
that Y/Y n,t=0 should be less than 0.0l sec =1, The elastic purameler Gy
has an effect on curvature of shear strain. The larger the vulue of Gy, the

more convex the strain curve, Values of G, less than lin) have no significant
effect.

The elastic paramater (G,) is the only paraweter thal -as unes to contral
the strain curve and vas found to be approxitately 10y dyue o for the best

fit. This value of G, is much smaller than taose obtained oy other
researchers. Even thcugh the decreased value of () gets closcr te the
experimental shear st-ain curve, the result siaows that the {inil wvalue of Gy
obtain:d for each strcss level has no depende 1cy on the shedar strees,

The predicticn ol the shear sctrain with the model vas (ompares to the
experimental data and the percent standard de riation (PSTD; Zor the entire data
set wa= about 1.2/%Z. In order to show the e: :ellent agreement betuveen the
experimental and pred-cted shear «train data, a tvpical plar i, shcwn in Figure
12.

E. Conparison of Kinctic—Elastic Two-Step Reiction Results with bcrlier Efforts

The theory has been analyzed tor stress §rowth, stress reluaxation, constant
shear stress experimerts and oscillation experiments by earlier recearchers,
These previous researchers have used the simple one-step reaction concept of
AZ B for the kinetie part of the theory. Howcver, in this work, the old theory
had to be modified by introducing a two-step recversible reactiun (A% B 2 C)
concept. Therefore, the values of the constants and parameters from the present
work will be different from those obtained by others.

The previous rescarchers provided value:s of an elastic modulus parameter,
Gy, for their models. Song (10) calculated ¢| from the initial slope, but
he had difficulty in obtaining the true initial slope due to the noise and not
knowing the exact zero in time. Thus, he obtained his values of G; from the
approximated slope by the simple window averaging technique. The values of G)
obtained by Song were within the range of 66,000 to 110,000 dvne/cmZ, which
were determined at the shear rates of 1.08 sec”! and 21.48 sec™!,
respectively. His results showed that G; increased with an increase in shear
rate. This trend of G} is in agrcement with the results ol the prusent work.

Pandalai (12) ob'ained the values of Gl by a linear interpolation for his
oscillation experimen's based on the fact th:t the elastic parametcrs (G; and
G) are functions of -oncentration. In his vork, the value of G; incruased
with an increase in siear rate. However, thc value of G was Jependent on the
value of k) used to fit the initis]l slope in his work. Another interesting
observation by Pandal.i was that & much high:r value of G| had to bhe used for

the stress relaxation experiments to obtain ..n adequate fit. Pandulai's results
29
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differ from the present work which shows a much smaller value of C; for the
stress decay compared with the value for stress overshoot.

Lander (13) extensively studied the elastic modulus parameters (Gl and
Gz) by oscillation methods. The effects of oscillatory frequency, shear rate
and temperature were all considered. He calculated G| for five different
oscillatory frequencies within the range of 0.03 to 3.0 Hz at four different
temperatures. In Lander's work, the values of G and G, were obtained by
extrapolations to zero amplitude of oscillation. He concluded that the values
of G} increased with oscillatory frequency and decreased with temperature.
The viscosity effect on G) in his work is similar to the effect of the
oscillatory frequency. For the shear rate effects on G}, the value of G)
goes to zero as the upper Newtonian region is approached. However, the effect
of shear rate on G; from Lander's work is contrary to those obtained from the
present Kinetic—Elastic model. Also, the value of G| obtained by Lander in
the near non-Newtonian transition area should be reexamined at higher shear
rates. Lander had difficulty establishing the value of Gy from his
oscillatory tests at shear rates over 4 sec” L,

In the present work, the values of G; for the constant shear rate
experiments are obtained from the initial slope of the filtered data. The value
of G, is obtained from the constant shear stress experiments and is the only
parameter to control the shear strain curve.

Tables II and II[ summarize the values of the elastic modulus parameters
obtained in this work and by other researchers.,

A conclusion from this work and that done by others is that the elastic
modulus cannot be considered constant, but is a function of shear rate.

F. Conclusions for Kinetic-Elastic Theory - Phase 1

In general, we can conclude that a two-step reaction concept of thixotropy
coupled with a changing viscosity basis for the elastic response shows excellent
agreement with steady, constant shear rate, and constant shear stress
experiments. The theory predicts well the stress overshoot at high shear rates
and unsteady shear rate variation at constant shear stress. The present theory
cannot use a constant value of viscosity (N ) in the elastic equation to
describe stress relaxation experiments. However, the value of M, in the
elastic equation with slightly modified values of the kinetic parameters
predicts well the shear stress relaxation results, It is recognized that the
Kinetic-Elastic approach has great potential for the representation of

rheological data for both transient and equilibrium states but requires further
development.

More specific conclusions are
l. The measurement of the exact time delay from the moment of
activatior. of the brake~drive switch of the shear stress signal
is importznt in obtaining the tru: initial slope at zero time in

a stress tuild=-up experiment. Th: response time obtained is better
than 0.0l second.
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Table 1T Comparison of G, obtained by various investigators using
PMMA in DEP.

Investigators

Range of G,
(dyne/cm?)

Remarks

Present work
by Park

102,270%272,270

obtained with shear rates
of 3.408 to 21.L8 sec~!,
35% PMMA in DE? only.

Song

66,0001110,000

obtained with shear rates
of 1.08 to 21.L8 sec~!.
30%, 35% and 40% PMMA in
DEP.

Pandalai

30,000%180,000

obtained with oscillatory
frequencies of 0.1563 Hz
to 1.19 Hz.

38.5% PMMA in DEP.

Lander

13,5607133,80¢C

obtained at zero shear rate
with the oceillatory fre-
quencies of' 0.- Hz to 3.0
Hz.

30%, 35% ard L0% PMMA in
DEP.

Table II] Comparison of G, obtained :y various investigators
using PMMA in D:iP.

Investigator Range of G, Remarks
(dyne/cm?)
obtained with shear stress of
Present work 1001,000 85,810 to 136,510 dyne/cm?.
by Park 35% PMMA in DEP only.
obtained with shear stress of
Song 40,000"700,000 | 85,810 to 136,510 dyne/cm?.
30%, 35% and 40% PMMA in DEP.
obtained with cscillatory
Pandalai 12,000%30,000 frequencies of 0.1563 Hz to
1.19 Hz. 38.5% PMMA in DEP,
obtained at zero shear rate
Lander 36,700v93L,000 | with the oscillatory frequencies

of 0.3 Hz to 3.0 Ha.
30%, 35% and L0O% PMMA in DEP.
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Separation of noise from the fast response signal is essential for
the analysis of the transient data at coanstant shear rates, A fast
Fourier analysis has been effectively used for the noise removal
process. The net result obtained was a clean response curve. The
contamination noise was approximately 30 Hz and probably is from
the 1800 rpm (30 Hz) motor.

With the simplest form of the kinetic equation of A Z B, no
combination of constants provided an adequate fit.

In order to improve the model, three alternate forms were introduced:
1) The simple one-step kinetics of A 2 B, coupled with the lower
Newtonian viscosity ( no) in the elastic response fails to improve
the fit significantly, 2) A two-step reaction kinetic concept of
AZ B2 C, coupled with the normal viscoelastic response was
introduced and was only a slight improvement over .the simpler one-
step model. Thus, it was concluded that the kinetic aspect of the
theory could not be the main cause¢ of the failure to provide an
adequate fit to the data. 3) The two-step reaction kinetics of

A 2 B Z C, coupled with the time constant of T, /G; for the

elastic response, was used to obtain quite satisfactory fits to the
transient data.

Among 6 combinations of mj, mp, n: and ny tested, m; = 1,

mp =1, ny =1 and ny = 2 (both f( cward rate orders are unity

as well as the reverse rate for tl : first reaction, with the revers:
rate for the second rezction bein; two) produce the best fit.

A new parameter S, which is only valid at the equilibrium state, wa:
introduced for the evaluation of the value of Fp of the
intermeciate., A value of 2.5 for S was selected for further
evaluation of the data, since the value of S was not critical to the
fit of the data.

It was tound that a weighting factor to compensate tor small values
of log ( Teq) improved the fit. ‘'he results were more than
adequate to represent the data over a range of concentrations.

A study of the effect cf parameters of the Kinetic-llastic approach
for the stress overshoot experiments is an essential part of the
optimiz:tion of the various constants. The results of a parameter
analysis provided the guidelines necessary for the optimization using
an interactive computer graphics system.

The present Kinetic-Elastic theory shows excellent agreement with
both steady state and transient data for the constant shear rate
experiments, For the constant shear rate experiments, the percent
standard deviation from the experimental data was approximately 6.13%
for the equilibrium state and 1.587% for the transient experimental
data. The prediction cf stress overshoot at the shcar rate of

21.48 sec~! was excellent with a jercent standard deviation of only
1.09%.
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10. For the constant shear rate experiments, kg and kg have no
significant effects within the range of 0 to 10 and 0 to 18,
respectively.

11, The same elastic parameters and kinetic constants (except kl) can—
not be used to predict the results of the stress growth for all the
constant shear rate experiments. The parameters and constants were a
function of shear rate. The values of the parameters and constants
were found to generally increase over the range from 3.4 to 21.5

sec <,

12, For the stress relaxation experiments, various reasonable assumptions
for the initial conditions of the shear rate do not affect the
elastic equation prediction. The normal assumption of no shear rate
during the entire stress relaxation is adequate.

13. A combination of thixotropic viscosity and the elastic equation is
necessary to account for the elastic contribution to the stress
relaxation. An improvad prediction of stress decay was obtained
by modest changes of the kinetic constants. It was concluded that
either the data availahble are not good or that the elastic equation
of the theory for stress relaxation is not exactly correct.

14, The initial shear rate for the co:ustant shear stress experiments
should be less than 0.J0l sec™!, The value of Gy is much
smaller than G} and is about 100 lyne/cm?.

15, Cone anzle and plate diameter hav: no significant effect on
constant shear stress :xperiments.

16. The elastic modulus parameter cannot be considered a constaat. G
is affected by the lev:l of shear rate. G} for stress relaxation
is not the same as Gj for stress ;rowth., G) has no sig-
nificant dependency on shear stress for the constant shear stress
experim:nts,

17. The present Kinetic-Elastic theory shows excellent agreement between
the experimental and predicted shear strain data for the constant
shear stress experimen:s. For the constant shear stress experiments
the average percent stundard devi.ition from the experimental strain
data was approximately 1.80%.

Some General ~“onclusions are

1. A two-step reaction concept of thixotropy coupled with a changing .
viscosity basis for th: elastic r.sponse shows excellent agreement
with st:ady, constant shear rate, and constant shear stress ex-
periments. The theory predicts wcll the stress overshoot at high
shear rites and the un:;teady shear rate variation at constant shear
stress.
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2. The present theory cannot use a constant value of viscosity (r]o)
in the elastic equation to describe stress relaxation experiments.
However, the value of Ny in the elastic equation with slightly
modified values of the kinetic parameters predicts well the shear
stress relaxation results.

G. Re-evaluation of the Basic Kinetic-Elastic Concepts

Although the data can be fitted with the two-step model there are too many
ad justable constants. The need for two-step versus one-step kinetics is not
satisfying and there are some inconsistencies in the theory. Thus, even though
the fit is quite good, we made the decision to initiate a second phase of our
data analysis in which we would retain the one-step model and try to determine
why it does not fit the data adequately. First, we recognized the
upper—Newtonian limit was not the solvent viscosity but rather something much
larger. Second, only one term in one equation needed revision to satisfy a
known limit. Finally, the viscoelistic constant, ; was probably not a
constant but a function of shear rite which viries with stress level. We also

recognized that the data base upon which all our conclusions were being based
was not the best.

G.1 Re-evaluation of the Upper-Newtonian Viscosity Limit

As a resul: of further anilysis of the kinetic theory, we discovered
that there could be a more valid m:ans of interpreting the upper Newtonian
viscosity than has jeen used in th: past. In general, we have taken the upper
Newtonian viscosity as the solvent viscosity (in this case 0.09 poise).
However, from molec ilar theory of iscous pol,mer solutions the upper Newtonian
viscosity is probably much higher than this,

From the analysis by F. Bueche*, the upp.r Newtonian viscosity could be
interpreted as shown in Figure 13. The upper Newtonian viscosity lies at the
same molecular weigit as the lower Newtonian viscosity, but on a line that is

the extrapolation o the viscosity-molecular weight., This line is marked "A" in
Figure 13.

For PMMA in DE’:

Me, solution = (1.18/C) 10,500 (1)

where C is the concentration in gm/cm3. At M_,

= Ky M 34 =gy M 14 (2)

The values of M, and n, (upper Newtonian viscnsity) for the three solutions
studied by Song are tabulated in Table IV. Note how different the values are
from the solvent viicosity of 0.09 poise.

‘el
S 4
I_-"_"‘.f."v 2

«

IR

* Bueche, F., J. Appl. Phys. 26167, 738 (1955).
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lower Newtonian
viscosity curv
(slope=3.4 1
general)

upper MNewtonian
viscosity curve
(slope=1.4 for
PMMA in DEP)

M

Figure 13. Viscosity versus molecular weight curve.
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Table IV Molecular Weight Parameters for PMMA

C(g/cm3) (poise) M Ky Ko N (poise)
1 0.33 5000 3.76 x 104 4.38 x 1073 3,11 x 10-14 533
2 0.387 30132 3.20 x 104 1.92 x 1074 1.87 x 10°13 2335
3 0.443 200000 2.80 x 10% 9.73 x 1074 1.24 x 10712 .18 x 10%

In spite of the vast difference in n, in the old and new evaluation, there
was no difference in our ability to fit the data. At this point we simply did
not know if the problem was the data (Song's) or the theory; thus, we decided
to also obtain a new set of polymer data.

G.2 Re-evaluation of the Theory for the One-Step Reaction

If one solves Eq. (Y) of Appendix C of the proposal for n;, one
obtains

ne = /¥ - (/6] (3)

which in the limit of t = 0 is inleterminate and must be considered wrong. The

viscosity is certainly not 0, 1, or » . If Eq. (9) of Appendix C is modified to
Eq. (C) of Table I (with Gy == )

T+ (HO/Gl) ';.' = ntY 4)

as used by us earlier and used by Park (74), then,

ne = [t+ (/6 11/ ¥ (5)

which in the limit of t = 0 given "y =T,, is logically correct. We know
that this equation cannot fit stress relaxation with G, constant. It is
obvious that using G| as a constant was an error and that G) is actually a
function of Tor F (i.e., time in our experiment).

Two approaches; have been used for the systematic evaluation of the
constants for this new version of the kinetic-elastic theory. Most of the
evaluation is exactly the same as our previous endeavors but there are some
differences associited with obtaiilng some of the constants, A series of
programs was devel>ped in order t» obtain the best values of the constants.
Parallel computatiins were made i1 order to ascertain that the programs and
techniques were valid. Both the nain University computer and a simulator
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package available on our departmental VAX 11/780 system were used for this. The
latter programs are quite short. The first program is used to adjust the p and
K values from the equilibrium evaluation. This is exactly as was done
previously (see Figure 14), The same program is further used to adjust the
initial slope of the curve, Gj (0), which gives the initial values for the
elasticity parameter, Again, this is as previously done, except previously

Gy was assumed constant (see Figure 15). The values of p; and k; are

roughly set by past experience. The second program uses initial rate theory for
a more accurate evaluation of the constant pj. With this new value of p;,

the values selected in the first program are checked. If they are inadequate,
slight variations are made. With the constants now selected, the first program
is used to establish k; more accurately so that the thixotropic stress
intersects the experimental stress at the maximum point. This is a new fitting
technique (see Figure 16). The sume program is then used to see if k3 (taken
as zero) can help the shape of a curve near equilibrium. So far it has been
zero. Having now estiublished all of the constants, the third program can
calculate G; as a function of tim¢ so as to provide the final fit. Once Gj

has been evaluated for all of the runs, the values can be plotted as a function
of shear stress or F (conversiou cf the thixotrophic structure) to :stablish the
universality of the p:.rameter., It is specifically this procedure, just
outlined, that will be described in more detail after the obtaining of ni4
polymer data is described.

H. New Polymer Data

H.1 Problems

As previously reported, the Rl16 unit had considerable noisc that made
it difficult (impossible?) to establish the initial slope for stress growth.
This slope provides the value of G| from the kinetic-elastic theory. Most of
the noise was removed through instrument repair and ad justment by Mr. Spooner of
Sangamo. Recent tests on polymethylmethacrylate show that the noise has been
considerably reduced but is still large enough to introduce more error than
desired in obtaining G;. Running the instrument in reverse and using the
piezoelectric crystal in tension eliminated the noise to a satisfactory level.

To obtain improved data for testing of our viscoelastic model for polymer
solutions, it was necessary to obtain a complete set of equilibrium and
transient data using the Weissenberg Rheogoniometer. Prior to the experiment, a
calibration curve of torque versus voltage was found and was linear. The gap
size transducer and the analog recorder were also calibrated. None of the
calibrations are presented here but can be found in our monthly reports.
Problems were encountered with the range switch of the charge amplifier; thus,
the units were returned to the manafacturer for reconditioning and calibration.

In spite of all our efforts we still were not satisfied with the output,
New data sets were taken using the LSI-11/VAX 11-780 data acquisition system
(see Figure 17) and as noted by th: arrow the noise problem still existed but
was not extreme. Thus, the noise was still coming from somewhere in the gear
system,
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When the R-16 is operated in the forward rotation mode, the time transient
curves are not smooth as shown in Figures 17 and 18, The cause was traced to
worm gear movement and could be completely eliminated by operating in the
reverse rotation mode as shown in Figures 19 and 20.

ALY
SN

)

To test the effect of the torsion bar on noise, the 3/8" and 1/4" torsion
bars were used. The heavier bar reduced the signal and had no effect on the
noise. The ratio of reduction in signal is almost the same as the ratio of the
calibration of kr's of the two torsion bars, as provided by the manufacture.

In order to obtain the larger signal, the 1/4" torsion bar was used for further
data gathering.

H.2 New Polymer Data

New equilibrium data were taken at various shear rates. The double
logarithm plot of viscosity (poise) and shear rate (sec™!) is shown in Figure
21, The behavior of the curve is consistent with that obtained in previous
studies. The viscosity at zero shear rate is estimated to be 1.80 x 10
polse.

New sets of time dependent shear stress data for the 38.5% solution of PMMA
in DEP were obtained using the Weissenberg R-16 and the VAX 11/780 data
gathering systems. The data include shear stress growth and relaxation at
constant shear rates over the range of shear rates from 0.11 sec! to 69.3
sec™l, The shear stress curves for the shear rates of 1.103 and 11.03 sec™!
are shown in Figures 22 through 25. The adequacy of these data should be clear.
Furthermore, no filt:ring has been used on any of the data.

1. Detailed Comparisons of Modified Theory and New Polymer Data

In order to present the results in their proper context, we will review the
theory as it 1is now “eing used. The kinetic-elastic model developed in this
laboratory involves two facets., One is the kinetic model for thixotropic change
of the viscoelastic material, where the rate of change of a material structure
is described by a rate concept. The other is the elastic model and can be

'des:ribed by a modified version of Oldroyd's viscoelastic equation.

The thixotropic kinetic theory can be expressed by the following equation:

K (6)

A —— 2B

k,

Utilizing the homogeneous kinetic reaction concept, a simple kinetic equation
can be obtained (as shown in Appendix C of the proposal)

d(CF)

! 1 [} 2
g - K (CH)T - ky[C(1 - F)] (7)

1 ]
where F is the fraction of the thixotropic fluid structure unchanged, kj, kj
are forward and reverse reaction constants, and C is the concentratioan of the
polymer solution,

8
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The function of the fraction of the thixotropic fluid, F, is further

o defined as .
R a_ a
- . r‘t N,
a_ a (8)
no Nw

the viscosity term; 0N, is the thixotropic structural viscosity. Ny and Yk
are the viscosities at zero shear rate and infinite shear rate, respectively. Ng
and Nw were 79,950 poise and 4000 poise, respectively, for this specific polymer
solution. The constant a was selected to be (1/3.4) from the evidence (Fox &
Allen) that the zero shear rate viscosity,nN,, is proportional to the 3.4

power of the molecular weight.

The rate constants kl and kp in Equation (7) are functions of shear
stress, T, and temperature. The functional forms can be expressed by Equation
(9) and (10) as

1 1 (9)

Py

1

For simplification, k3 in Equation (10) is taken as ze o in this model
analysis. At equi.ibrium (or ste..dy state), the forward ra.e and backward rat:
are equal, i.e., d . CF)/dt = C fro. Equation (7). The equilibrium constant can
b:- « xpressed in th: following forn:

2 '
CA-F " k k pp-p P
F TV Y% Teq = Keqreq (11)
eq k2 2

where Fgo and T gq are the F and T at equilibrium conditions. Based on the
equilibrgum experimental data, l(e(1 and P were found to be 1.313 x 10710 and
1.864, respectively, The values of k) and p; in Equation (9) can be
calculated from the initial rate .hange, i.e., the rate at zero time. p) was
found to be 6 x 103 for all of the experimental data.

The modified Oldroyd viscoelistic equation can be expressed by
T+ (nolcl) T =Y

.as was shown earlizr in section G 2 and where T and t are the shear stress and
its first derivative, Y is the shcar rate, and Gy is the elastic modulus
projosed to be a function of T or F ({.e., time in our experinental) for our
kinetic-elastic moiel.
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Figure 26 shows the calculated Gy values as a function of time from one
set of experimental data. It may be that G} is a simple function of F, as is
Ng [Eq. 8). Note the similarity of G| versus t to such plots as N or G'
versus Y . The G| function can be expressed mathematically by Equation (13)

Gl(t) = Gl(Ast) + Gl(O) exp [—Gl(TC) t-t )] (13)

cut

where Gj(Ast) is the asymptometric value of G; function,
G1(0) is the G| value at zero time,
tour is the time which G) starts to decay, and \
G1(TC) is the decay constant started at tgyge ‘

The best fitting kinetic and elastic constants for the kinetic-elastic model at
various shear rates are listed in Table V. Examples of the calculated curves
and experimental curves for the iidividual shear rates are shown i1 Figures 27
through 29. Each curve in this initial fit was optimized individually so that
the various constants would be representative and any dependency on shear rate
Jevel could be determined.

As can be seei from the exam.les given, the comparisons are excellent.
liowever, some of te constants tasulated in Table V do vary with the shear rat:.
Lott Gj(0) and G (Ast) are functions of (log Y ) as expgctel, with G[(0)
increasing and Gj(Ast) decreasing with «n increase in Y. - k] value
increases linearly with Y. P anl P} are constant. The oticr terns [Keq,
teuts G1(TIC)] vary, but do not co-relate with Yy .

J. Implications f>r Further Work on Polymer Systems

There is an alternate evaluation that should be made. This is to use those
terms that did not correlate with shear rate [Keq, teues G1(TC)] as
constants at their average values and re-evaluate the terms that are a function
of shear rate. This should give a clearer and more consistent correlation for
G1(0), Gy(Ast), and kj.

The second investigation involves a modification of the theory to ascertain
whether or not using Kgq, teyts @nd G)(TC) as constants will have any
effect. The modification 1s associated with a change in the viscoelastic part
of the theory. Currently, although G} is computed as a function of time, it
lias been taken outside of the dif!erential and computed as a difference. This
can be illustrated best by observing the equation that was used

T+ (Ng/Gy) T = ngY (12)
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and the following equation, which would be more accurate

T+ (TG = Y (14)

that is, G; is now varying with time and should be inside the differential:

i
j

(1/61) = d(1/6y)/dt (15)

At this stage it may well be that the older formulation which seems
logically more correct could be utilized, {i.e.,

T+ N (1/6)) = neY (16)

where ng is used in place of n,. This substitution could give more reasonable
variations of kl and Gj. In addition, it could aid in fitting stress .
relaxation data. -

These equations [(14) and (16)] can be tested by our simulation with minor
changes, although the use of eq. (16) will introduce a trial and error iteration
for the G; time function.

These formulations might improve the logical nature of the variation of the
elastic constants in the forward reaction rate; however, they will not improve
the already excellent fit that has been obtained by allowing G; just to be a
variable. Consequently, this further work can not only help us zero in on the
most logical theory, but could help in improving the fit for stress relaxation.
Finally, we would like to extend the best analysis to the treatment of
oscillatory data.
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II.  SLURRY MATERIALS

All of the proposed work on the preliminary slurry formulations
supplied to us by Sun Techand Exxon (via Wright-Patterson AFB) have been
completed. In future work we would repeat these tests for the selected
final formulations and extend the measurcments to oscillatory
conditions. We also want to further investigate the specific reasons
for the non-iliewtonian behavior by using combined visual and rheological
unsteady state measurements. Such results should allow us to improve
the lozical formulation of the kinetic-elastic theory for the
description of these materials.

A. Equipment and Procedures

A.1 Jarbon Black Samples

The sanples used in this study were suspensions of microsize carbon
black oartic.es dispersed in JP-10 solvent. JP-10 is a pure hydrocarbon
which is use. as a jet fuel. It has hijher combustion energy than the
curren: comnercial jet fuel, JP-4, but it is more expensive due to its
purity. Carvon black is added to JP-10) to increase its density, and
heace, the a.ount of energy available per volume.

Four different carbon black suspensions were used in this study:
Exxon 708-61, Sun Tech8u9-995, Sun Techi39-919, and Sun Tech839-988.
The basic physical and chemical properties of JP-10 and the carbon black
slurrics are shown in Table VI. As can be seen, the carbon black
Joading is about 50 weight %, or 0.33 vulume fraction based on 1.86 and
0.93 specific gravities for carbon black and JP-10 respectively. The
particle size is approximately 0.1 m. The small particle size and high
loadiny level generally result in a yicld stress. Since we were
interested i: materials with a yleld stress, more emphasis was put on
the yi:ld materials: Sun Tech 839-988 aid Exxon 708-61.

Due to the high vapor pressure of the solvent, evaporation occurs
causing the slurry to skin over at the cdge of the plate and cone. The
change in solvent content not only chanjed the measured viscosity, see
Figure 30, but also made the measurement difficult. A Mooney type
system, which coambines a cylinder with 2 cone and plate, was used to try
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Table VI
Physical and Chemical Properties of JP-10
Property JP=-10
Formula Ci0H16
Molecular Weight 136
Heat of Combustion 142,115
(BTU/gallon)

Flash Point, F 130
Freezing Point, F -130
Boiling Point, F 360
Autoignition Temp., F 474

Phvsical and Chemical Properties of glurries

Sample Nunber 708-61
Compasition’
Carbon Black type United SL90
Carbon Black size, nm 103
Carbon, Wt. % 51
Dispersant Type W
Dispersant, Wt. % 2
JP-10, Wt. % 47
Heat of Combustion, Calc 168, 300
(BTU/gallon)
Density gm/ml G20 C 1.24
Particle Size, p by FOG
Average <6
Largest 13
Yield Stress of 25 C -
62
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2.0
47.6
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to solve the skinning problem. A guard ring was placed on the top of
the cylinder to aminimize the surface area that is exposed to air. Thus,
it should have minimized the vaporization of solvent from the slurry.
Unfortunately, the setup did not stop the solvent, JP-10, from
evaporating. There was a small space between the guard ring and the
outer cylinder, so that the skinning occurred in this space. This not
only caused difficulty in the outer cylinder’s rotation, but also
affected the motion of the torsion head. This approach was abandoned
and new methods were investigated. Evaporation could be avoided by
keeping the sample in a saturated vapor pressure environment. Since
this procedure would be difficult to use with the R-16, another approach
was tried., Attcupts were made to cover the sample with non-miscible
solvents to prevont the JP-10 from evaporatin:. Water was tried first,
nut due to ;ravity, the water mixed with the slurry. Next, pure JP-i0
was usced for the same purposc.

Th: slurry sample was joured until the cylinder was filled to the
free surfacc at the edge of the plate. Then, JP~-10 was carefully put on
the top of t..e sample. In this way, evaporation was coniined to the
JP-14, whicl, was not under shear. The excess slurry samsle and JP-1)
nad negligivie effect on the measured torque ~hich was t:sted by using
the above sctup with Newtonian fluids of 3.5 Yoise and 9.85 Poise as the
primary samples. The error introduced wus less than 4%, which is within
the experimental error. Thus, in all runs JP-10 was carefully placed on
top of the slurry as a coating to prevent the skinning problem. The
mixing betwecn JP-10 and the sample took place by molecular diffusion
only. tass transfer by diffusion was negligible during the measurement.
This was chucked by measuring the equilibrium viscosity for samples
resting between U.5 to 6 hours. As showa in Table VII, the equilibriua
viscosity at a shear rate of 27.6 sec~l was independent of the resting
time with tie JP-10 coating on the sample.

At low temperatures, condensation of water on the sample was a more
serious provlem than skinning. Especially when the temperature is lower
than the freezing point of water, 0 C, it is important to isolate the
sample from moisture. During the restin; period, a plastic cover was
used to cover the sample, which preventel both condensation of water and
vaporization of the sample., Inert nitrogen gas was slowly bled into the
chamber to keep the plate and cone in an inert environment. This worked
quite satisfactorily, except at the top of the chamber which was open to

the atomsptere. However, this condensation did not interfere with the
measurcments.
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Table VII Equilibrium Shear Stress atY =27.6 sec-l

rest time (hr)

0.5

N
00 OO0 0

shear stress(dyne/cm**2)

49.23
48.13
48.53
50.21
48.12
49.40
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A.2 Rheometer Auiliaries

In this stu.. . all the data were obtained on a Weissenberg
Rheogoniometc~, R-16, and its supporting electronic devices. The
measuring sys:em can be divided into three subsystems: the rheometer
itself, signal conditioning equipment, and data processing facilities ,
as shown in F.gure 31.

A.2.1 Weisscnberg Rheogoniometer

The Weissenberg Rueogoniometer, R-14, is a plate and cone rheometer
which provide:; a constant shear rate in the gap. The R-15 has been
modified and ipdated. The curreat version has the capability of
measuring the shear viscosity, normal s:resses, dynamic viscosity, and
the more comp.ex situation of superposi.ion of rotation and oscillation.
In this sectiin, a brief description of the R-16 is given, with an
emphasis on t.e newer facilites. More - :tailed descriptions of the R-~16
have vecn proiidea by Deany(il), Lee(82 , and Song(1ll) ani the operation

Py
-
fatels

T*; X manual (83). ‘he rheometer h:s three ma )r parts: the drive unit, th2
RN plate and con. section, and the torsion .ead.
L

s_a, 0

The driv. units consist of two mot«rs and two specd controls. A
tiiree phase synchronous notor and a gea: box are used to control the
rotational spced of the bottoa plate at 5) selected output speeds. A DC
motor, fixed ;ear box reducer, and SCR control are used to set the
frequency of cscillation. The instrusent allows torsional testing in
oscil.ation a- well as in steady rotation, and is capable of measuring
not only viscesity but also elasticity, dilatancy, thixotropy, etc. In
addition, by wsing a magnetic clutch to start or stop rotation,
measurcments &S a function of time (transient response) can be obtained.
The response time of the instrument is snall, less than 0.01 sec(75).

The platc and cone are the heart ot the measurement, and the sample
is placed between them. The bottom plate can be moved by the drive
wmits in steady rotation and/ur in a sinc-wave oscillation. The
mow. a1 tran: ferred froa the bottoa plu:e to the cone through the
saaple is mearured by the torsion head, shich can be used to determinc
the sucar stress, and thus viscosity. [ i.ae Weissenberg Rheogoniometer
can cuver rates of shear betwoen 7x10° sue” T to 9x103 sce-1 by
chauging the rotational speeds and angles of the cones. [n this study a
7.5 cmn plate o13d a 58 minute 46 second (iominal 1° ) cone were used.
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The shear rate range varied from 3.54x10-3 to 103 sec™l.

The torsion head includes an air bearing, torsion bar, and
transducer. The air bearing is used to provide frictionless rotation
for torque measurement. The torsion bar and transducer are used to
determine the torque and thus the shear stress, Torsion bars with

diameters of 1/16" and 1/8" were used depending on the magnitude of
torque.

Because of the improved stiffness of the system, the piezoelectric
crystal load cell has proven to be a butter force sensor than the LVDT
(linear variable differential transformer), as shown by Brodkey
et al.(6), and by Crawley and Graessley(84). However, the torque
generated by the slurries was too small to be detected by crystals,
Instead, a LVDT, type F51T™ made by Boulton Paul Aircraft Ltd., was used
to measure the torque. It can produce an electrical output proportional
to the displacement of a separate movable core, This transducer has a
high sensitivity for the measurement o! small displacements up to
0.1x10-3 inch with reasonable accuracy.

A.2.2 Signal (onditioning Equipment

The signal conditioning subsystem consists of a transducer
conditioning meter (type EP597, B.P.A. Electronics) and an analog
filter. The output signal from the transducer is fed to the
conditioning meter. The proper range of the meter is selected to
arplify and transform the signal so as to have an output voltage within
*10Y to meet the requirements of the A/D converter for data acquisition.
The output voltage from the meter then passes through a filter to remove

the carrier frequency. A simple RC filter with a cutoff frequency of
2000Hz 1is used.
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A.2.3 Data Processing Facilities

The data processing system includes a microprocessor (Digital
Equipment Co., LSI 11/02 with an RTP-A/D converter), a VT100 graphics
terminal(Digital Engineering), chart recorder(Offner Electronics Inc.),
and minicomputer (Digital Equipment Co. VAX 11/780) with all of its
supporting devices. The new data acquisition system was a major change
from previous equipment (6,75), and has greatly improved the data
acquisition and data processing. With the on-line minicomputer, data
can be taken fast and accurately. Data analysis also becomes easier
because of the ready access to a fast computer with a high level of
interactive graphics. The present system replaces the PDP-15 dual
processor installed about 10 years ago.

The microprocessor has 32 K memory, of which 24 K was used for data
storage, and 8 K was used for the data acquisition program. The
microprocessor contains a 12-bit analog-to-digital (A/D) converter which
accepts signals between -10 and +10 V and converts them to decimal
values between -2000 and 2000 counts (or -2047 to 2047). The A/D
converter is 1 zero order hold and is able to digitize eight signals
simultaneously., A crystal oscillator generates the pulse which
subsequently samples and acquires data. The LSI 11/02 can sample
signals up to 300K Hz. The sampling fr:quency is determined
interactively by a table which can have at most 20 elements. These
elements are the sequence,rate,and amount of data to be acquired. In
general, the LSI is a dummy device without an operating system, It has
to be initialized by the VAX 11/780 minicomputer first by downloading an
absolute loader and the data acquisition program (object code of LSIPGM
program). It can only start to acquire data after the downloading is
completed. The microcomputer takes the data at a rate based on the
frequencies set by the operator, stores the data in its own memory, and
later transfers the data to the VAX, wh.ch stores it on disk.

The VAX 11/780 is a minicomputer with a semiconductor memory of 1.5
megabytes and a virtual memory of 200 m:zabytes. All computations were
done with the aid of this unit. Prograns were stored on the VAX disk
and were then used for computation or downloading to the LSI for data

S

N -y acquisition through a VT100 terminal. "he VT100 graphics terminal was

- used to communicate with the minicomput ‘r, preview data, and evaluate

l.: o the results.
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A Dynograph recorder was used to simultaneously record the signal

gif as 1t was being digitized. The recorder contains type 461 preamplifiers

o and a type 462 dual channel amplifier. It was used to monitor the

S tranducer output to help decide if the data was satisfactory for

transfering to the VAX. A digital voltmeter (Fluke 8020A Multimeter,
e John Fluke MFG. Co., Inc.) was also used to monitor the magnitude of

S signal to ensure that the signal was in the range of T10V.

A.2.4 Thermostat

A cryogenic unit, Ultra Kryostat iJK-60-SD(made in Germany), was
used to coantrol the temperature. Freoa R-13-Bl which could cool to
-60 C in an hour, was used in this uni:, Methanol was used as the
cooling medium for the rheogoniometer ind was circulated through the
chamber which surrounds the plate and ~one. The temperature and the
flow rate of methanol could be set at the cryogenic unit. Water-free,
pure nitrogen was slowly blown into th: chamber to enhance the
convective heat exchange and prevent miisture condensation. The
temperature was measured on the cone b means of a digital thermister
thermometer (Keithley 870 Digital Ther iometer). In a typical
experiment, the temperature remained cnstant to within +0.5 C.

A.3 CaliQrati>n

Although the Weissenberg Rheogoninmeter is widely used to study the
viscoelastic properties of materials, Davis(87) recomnended that the
user calibrate the instrument with Newtonian fluids of known viscosity.
He found a 30% difference between the experimental and manufacturer’s
values of the torsion bar constants. He also found that the constant
used to convert the ratio of transducer meter output voltages to
amplitude ratio was 15% smaller than quoted in the manual.

In order to obtain reliable data from our Weissenberg R-16, each

piece of equipment was checked and calibrated carefully. The major
o components included the transducers, transducer meters, recorder, and
- computers.
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A.3.1 Drive UnEE

The rotational speed of the bottom plate is set by the gear box
setting. A stroboscope was used to try to measure the rotational speed
of the plate. Because the rotational speed of the plate was too small
to be detected by the stroboscope, a stopwatch and optical observations
were used. Two speeds were selected for comparison with the values
given in the manual. The results are shown in Table VIII.

A.3.2 Traqsducers and Transducer Meters

There are tihree Type EP597 transducer meters(IM). Each transducer
meter was checkel with the same transducer (B.P.A. Electronics, Type
F138, series N 440) which is the type used for gap setting. The
amplification ratio of the first meter ~as 1.31 times larger than that
of the second. #or the 100 range,

V=22.3d for T™M #1
V=17.,3d for ™M #2
where V 1s voltage output and d is the transducer displacement.

Since it was more convenlent when setting the gap to use the meter
reading as a displacement measurement, tne calibration was done through
the meter reading. Most gap sizes (depending on the cone angles) fall
in the meter ranges of 2.5 and 10, i.e., between 2.5 and 10.0
milliinches. Therefore, the range 10 was tested first to establish the
relationship between meter reading and actual displacement. The meters
were zero set first., Then, on range 10, the gain of the gap setting
transducer {(type F13, Series No. 435) was adjusted so that the meter
would have a full-scale deflection when the input displacement was 0.01
inch. Unfortunately, no matter what the gain, the second meter did not
have full-scale deflection on range 10 when the input displacement was
0.01 inch. There was a linear relations:iip between deflection and
displacement. Thus, the second meter wa: selected for the torque
measurement while the first meter was us:d for the gap setting.
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Table VIII Rotational Speed of Plate

gear setting no. of rotation time

time/rev

13.2
13.4
13.4
13.3
26.56
26.6
4.2
4.2
8.3
8.35
12.6

W NN = NN -
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All the transducers were calibrated using a micrometer to establish
the constant k, where V=k X d. V is the voltage output from the
transducer meter, and d is the displacement of the transducer in
milliinches. The gap setting transducer was calibrated by mounting the
transducer in a micrometer calibration unit. The transducer meter was
zero set first. Next, the displacement of the micrometer (in both
directions) and the meter reading or voltage output were recorded

. simultaneously. The calibration curve of meter at range 10 is shown in
Figure 32 and the data are shown in Table IX. The torsion head
transducer differs from the gap setting transducer in that its stator
and armature are not coannected mechanically and thus do not contribute
any friction during measurement. Since this tranducer cannot be
calibrated in the micrometer unit, the micrometer was mounted directly
on the rheometer to measure the displacement. Both 1/8" and 1/16"
torsion bars ware used to calibrate for .lifferent meter ranges (1.0-25).
It was found that the correlation consta:ts are independent of the

torsion bar as expected(see Figure 33 an! Table X). The percent error
of calibration is 3% or less.

For data icquisition, the LSI 11/02 microprocessor was used to
record the dat.: rather than the transduc.:r meter. One calibration (on
™ #1, range 2.5) was done by using the rransducer meter and the
computer, simultaneously. The results ciecked well as shown in Table
XI. The A/D converter provided 200 counts/volt. Tests on the second
meter showed the same results. In Table XI, D is the reading taken from
the micrometer, V is output voltage , and C is computer output.

The entire system, plate and cone, transducer, and transducer
meter, was calibrated by standard Newtonian Brookfield solutions of
9.85P and 118.4 P. Several torsion bars (1/16", 1/8", and 1/4") were
used to measure the viscosities, as shown in Figure 34. A 118.4 P
Brookfield solution and a 9.85P Brookfield solution were tested using a
1/16" torsion bar as shown in Figure 35. The others are similiar. The
results are summarized in Table XII. Th: average error was less than
5%, which means that the torsion bar constants provided are reasonably
accurate,

In contradiction to the Davis(87) observation, the torsion bar

constants of our rheometer agreed to within 5% of the values stated by
the supplier. The same results were found by Eathoven and Jalink(86).
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2 Table IX Calibration of Transducer Meter
at Range 10
displacement meter reading
*]10%*3 {nch (full scale 100)
10 100.0
8 79.8
6 60.0
4 40.2
2 20.0
0 0.1
-2 =20.4
4 =40.0
-6 -60.2
-8 -80.4
-10 -100.0
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Table X Calibration Constants k from Vsk*d

Calibration constants k

RANGE 1/8" 1/16" AVE k
1.0 1.5663 1.6241 1.5952
2.5 0.6531 0.6570 0.6551

10.0 0.1617 0.1642 0.1630

25.0 0.06562 0.06654 0.0661
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DN Table XI Calibration Values at Range 2.5
B ™ 1

D v c Ratio(C/V)
o 0.502 1.74 346.5 199.1
" 0.5015 1.306 260.1 199.2
RO 0.501 0.868 172.3 198.5

0. 50005 0.425 84.1 197.9
St . 0.5 ~0.013 -3.71 (285.4)
" 0.4995 -0.438 -88.4 201.8
[}

A~ I
ot

0.499 -0.883 -177.1 200.6
0.4985 -1.323 -265.2 200.5
0.498 -1.756 ~351.6 200.2
0.4975 -2.19 =-437.7 199.9

Table XII. Calibration by Newtonian Fluids

Brookfield Measured Viscosities Ha ake
Solution 1/16" 1/8" 1/4" Measurement

9.85p 9.34 8.71 - 10.02
118.4 P 112.5 111.9 118.8 124.83
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During a low temperature measurement, the armature of the torsion
head transducer was accidentally broken. The armature was repaired and
the transducer recalibrated. The 2.5 and 10.0 ranges, with the 1/8"
torsion bar, were checked. The results were close to the previous
values (Table XIII), so the original calibration constants were used.

On April 20,1982, TM#2 started to show nonlinearity in its output;
it was replaced by T™#3. The gap setting transducer was used first to
compare TM#1 and T™#3, and it was found that the gains of the two
transducer meters were almost the same. The constants are shown in
Table X1V.

TM#3 was then used for gap settingz and TM#l was used for the
torsion head measurements. TM#l was azain calibrated with the torsion
head transducer. The calibration constants are shown in Table XIV.

A quick test was made to measure the viscosity of water at 25 C.
The viscosity of water was 0.9671 cp which is close to the literature
value of 0.95 cp. The measurement of the water is in the most critical
range for the instrument since high shear rates and the most sensitive
meter range must be used. The result was better than expected.

The transducer meters are quite old (20 plus years) and cannot
stand working too long. The transducer aneter #1 failed during a low
temperature measurement and it was found that some transistors wer out
of range in both TM#l and TM#2. They have been repaired and
recalibrated, but should be replaced when funds become available. The
new calibration constants are given in Table XV.

A.4 Noise Analysis and Filter Techani jue

The noise of the system was analyzed and the sources of the noise
were identified. The output of the transducer meter was found to
contain an appreciable amount of carrier frequency "noise". The output
of the transducer meter is d.c., but there 18 a high frequency carrier
ripple in the output which is significant on the more sensitive ranges.
The amplitude of the noise depends on the d.c. signal. The other
predominant noise is from mechanical sources and 18 due mainly to the .
natural frequency of the torsion bars. The natural frequencies of the
bars are low (around 10Hz for 1/16" and 60 Hz for 1/8") which prevent
using analog filters to remove the noi;e. Filtering of the noise was
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Table XIII Couversion Constants

‘ Range Or iginal New
A Constants Constants

) - mns ===

— 2.5 0.6551 0.6424

“ 10 0.1630 0.1597
R

:":;:: Table XIV Torsion Head and TM#!
vl".

oo Range K K

. 0.25 . 7464 8.7083

v, 1.0 2.1687 2.1414
‘::' 2-5 008758 0-85%
iy 10.0 0.2169 0.2152

s 25.0 0.0868 0.0870

s 100.9 0.0220 0.0216

RO Table XV. Calibration Constants

s Range k

o 0.25 7.8547
:?::.. 1.0 1.9396
s 2.5 0.78066

- 10.0 0.19443
‘ 25.0 0.07821
:.._::. 100.0 0-01963
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done by using a digital filter technique (fast Fourier transform).

The carrier noise from the transducer meters was measured and
filtered. The carrier noise as estimated by using an oscilloscope was
2000 Hz. Since the maximum sampling frequency used during data
acquisition was 1000 Hz K a low-pass RC filter with a cut-off frequency
of 2000Hz was used at the output of the transducer meter to eliminate
the carrier frequency. At zero output, the output with and without the
filter is shown in Figure 36. The filter reduced the signal by only
4.5%.

Further tests were conducted to identify other sources of noilse.
First, noise was measured with the motor and air bearing air supply shut
off. Noise of 28 Hz and 36 Hz was present, which must have come from
the transducer meter (see Figure 37). Next, an amplifier was connected
to the output of the meter to see if it would contribute noise. The
result showed that no additional noise was coming from the amplifier.
Then the air was turned on and the torsion bar could freely vibrate at
its natural frequency. The noise from the torsion bar’s natural
frequency was th2 major source of noise, as shown in Figure 38,
Finally, differeat sampling frequencies, 100 Hz, 500Hz, 1000 Hz, were
used to see if there was any difference in the frequency domain
analysis. The r2sults showed no difference in the noise frequency

analysis,but the faster the sampling period, the more accurate was the
frequency analysis,

A filtering technique which couples curve fitting and fast Fourier
transform (FFT) was used to analyze and to filter the noise. First, a
curve fitting technique was applied to the raw data. The deviatory
data, the difference between the raw da:a and fitted value, was then
analyzed. The deviatory data was trans ormed from the time domain to
the frequency domain by a fast Fourier transform (FFT). The frequencies
were then analyzed to determine which frequencies were noise.

The noise was filtered out by a suitable filter: low-pass,
high-pass, band-pass,or band-reject filter. Next, the filtered
deviatory data was readded to the fitted curve to reconstruct the
filtered data. In this case, the filtered data retained the original
trend and minimized the "leakage'" during FFT.
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The filtering technique can be better explained by using an
example, a second-order response. A second-order response ,shown in -
Figure 39, with a time constant of 1 sec and = 0.4 was generated. A
sampling frequency of 100 HZ was used and then 20 Hz and 30 Hz noises
were superimposed. The data was fitted with a 5th-order polynomial as
shown in Figure 40. The deviatory data (Figure 41), which is the
difference between the raw data and the fitted data, was transformed to
the frequency domain by the FFT. In the frequency domain, the spectral
density was evaluated and analyzed. Figure 42 shows that there are 3
major frequencies, one is at 30 Hz, another is at 20 Hz, and the last
one 18 the low frequency contribution. The low frequency includes the
natural frequency of the system and the frequency generated by the curve
fitting. A band-reject filter with rejected frequencies of 20 Hz and 30
Hz was then used to filter out the noise. The filtered deviatory data
in the time domain is shown in Figure 43, There are some undesirable
vibrations at both ends of the filtered data. This is due to errors in
spectral computation introduced by truncation and is known as "leakage".
The filtered deviatory data is then readded to the polynomial fit to
construct the final curve., [t was found that the filtered data and the
original data essentially coincided evcept at the very ends (Figure 44).
The deviation at both ends is due to the leakage of discrete FFT as
mentioned ear '.ier.

Since th: initial response of the curve is important to us, further
studies were .lone to eliminate the leakage. Unfortunately leakage is a
natural consejuence of using a FFT and cannot be avoided even if a
Hanning window is applied. The only possible way to avoid the leakage
ia the initial response was to move the initial response away from the
starting point, i{.e., sampling at t<O0.

The same set of second-order response data was used again; but
this time was shifted to the right by starting the response at t=1,0
min. The same technique was used with the same curve fitting and
filter. Clearly, we can recoastruct the original second-order response
without the leakage problem by pushing the origin away from the desired
point (Figure 45). This techaique was very helpful in analyzing the
initial response in our data.

Curve fitting techniques were further studied to find the best way
of obtalning the deviatory data. Step changes and polynomials of
different degrees were used to fit the data. ,A set of transient data on
the Exxon 708-61 at a shear rate of 0.55 sec was used for the
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comparsion. Polynomials with degrees of 5, 10, and 15 were used. It
was found that they give different deviatory results and different
spectral density functions. As expected, they have the same noise
frequencies: 30 Hz and 48 Hz (Figures 46 to 48). The major difference
between them is the low frequency response: the frequency that is
generated by the curve fitting. Therefore, it is desirable to fit the
data with polynomials of the lowest possible degree. The only
limitation to using the low order polynomial is in minimizing the
leakage during Fourier Transform. For example, for the same set of
data, the "leakage" was more serious on both ends when no curve fitting
was done on the data, as shown in Figure 49. With the low-pass filter
with a 10 Hz cut-off frequency, the filtered data using different
fitting polynomials are shown in Figures 50 to 52, There is little
difference between them. For a better comparison, a set of raw data,
fitted data, and filtered data are plotted in Figure 53.

A.5 Experimental Procedures

All measurements were conducted as follows: precool the apparatus
to the desired temperature, set the zero gap, load the sample, then wait
at least 3 hours at the set temperature before data acquisition.

A.5.1 Temperature Setting

In this program, a wide range of temperatures was studied, -25 C to
25 C, Measurements at room temperature, 25 C, were controlled by
air-conditioned room temperature., Measurements other than room
temperature were controlled by the cooling medium circulating in the
chamber which surrounds the plate and cone,

For the low temperature measurements the following procedures were
followed. The cryogenic unit was turned on an hour in advance by
setting the main switch to "<~0 C". It stabilized at about -60 C in an
hour with the external circulation valve closed. The circulation valve
was then opened to allow the cooling medium to circulate around the
plate and cone. At the beginning, a large temperature difference was
used to force the system to cool faster. When the temperature of the
plate and cone approached the desired temperature, the temperature of
the refrigerator was reset to allow the heat transfer in the chamber to
just balance the heat loss. The temperature difference at this stage
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was 10 to 20 C depending on the experimental temperature, The nitrogen
valve was also opened to let the gas flow at a rate of around 0.5 SCFM.
Minor adjustment could be made by changiig the flow rate of the cooling
agent and the flow rate of the nitrogen gas in the chamber to keep the
temperature of the sample constant. The nitrogen helped circulation and
prevented the condensation of water on the plate and cone.

To further reduce the interaction between the chamber and room, a

plastic wrap was used to cover the chamber to minimize the air entering
from the bottom.

A.5.2  Loading Sample

After the plate and cone reached the desired temperature, the gap
setting refereace measurement was determined as daescribed in the
manual(83).

Gap settiny was much more difficult at the low temperatures than at
coom tz2mperature. Studies ware undertakcn to correlate the change ia
tihe zero gap with temperaturs, Repeat runs were anecasured by decreasing
then increasing the temperature. The re:ults were not r:producible at a
fixed temperature, There was always a jump at zero temp.rature., By
disregarding the zero temper iture jump and bracketing th: gap size
change into two ceglons, it vas found that the change of gap size with
temper iture was 0,05x10” iiwch per degrce ceatrigrade. For better
reiiab’lity, the zero gap wa: determined individually at each
tenper iture,

Thie sanple sas loaded a; quickly as possible and al'owed to res: at
least 3 hours. The sample hid to sit a suffi-ient amount of time to
cecove:r to Lts grouad state, Differwat rest ours were iested at a
shear -ate »>f 27.6 scc—l and it was found tha at least s hoirs was
needed to ontair a reproducinle result (within the noise limits as
caused by tae n:tural frequeiwy of the mcasur .ng torsion bar) in
transiant response as shown in Figure 54.
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A.5.3 Data Acquisition

."
- A software package written by Kibler and Mohler was used to acquire
e data. The programs were written in an interactive mode which made the

data sampling flexible. The flow chart of the operation is shown in

:; Figure 55.
SAS

o After the sample reached and rested at the desired temperature, the
i\ following steps were used to sample the d:ta,

N (1) Run "PASSTHRU" to init{ate the LS 11/02.
A (2) Load the "absolute loader" and "LSIPGM.OBJ" to the

e LSI 11/02.

e (3) Set up a frequency table on the LSI 11/02, to ready the LSI

N to acquire data.

. (4) Seclect the required shear rate by the gear box setting.

o (5) Turn on the motor and set the electromagnetic clutch to

"brake" position.

. (6) Switch clutch from "brake" to "drive" position, simultaneously
oo turning on the data acquisition switch of the LSI.

e The data are taken by LSI automatically based oa the

:{ table setup, and terminatation occurs cither at the end

" of select:d time or when the switch is turned »ff.
{ (7) Tran:ifer the data froa the LSI to the VAX.

\i (8) Repeat (3) to (7) until finished collecting data.

o~

':j Forr most measurements, 1000 Hz was used to sanple thc first part of
:u: stress jgrowth or stress relaxation, and 100 Hz was used for steady state
- measurenent.
»
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e gea v iy S B A BRSO ORI T S S

VT100 RUN PASSTHRU
Terminal ==——--s-m——e———————- VAX 11/780 .
|
ABSOLUTE LOADER TRANSFER
LSIPCY DATA

SAMPLING DATA [
Re13 m=mmeemmmmmmmem—e- LSI 11/02

PRO AMS NEEDED
ALDR GM.LSI
.SIG '1.0BJ

’ASS" 'HRU.EXE

Figure 55. Flow Chart wf Da:a Acquisition
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B. Results

B.1 Structural Viscosity

A simple test was conducted on each material to see if there was a
structural viscosity. Each sample was rested for 2 hours before
testing. Then, the sample was sheared under a constant shear rate, an
increasing sheir rate and then a decrea:ing shear rate. The shear rate
was changed fa:t enough so that the material did not have time to relax
to its ground state. It was found that there were hysteresis loops for
Sun Tech809-99-, Sun Tech 839-988, and Exxon 708-61 materials, which show
that these materials do have structural viscosities. Clearly, the
materials take time to recover their origina! states; i.e., the
relaxation tim+ of wmaterials is not neg igible. Sunteca 839-91) had no
hysteresis loo}. The viscosity of “un T2ch 839-919 decreased with shear

rate hut was irdependent o the shearin; history. The results are show:
in Fizure 56.

An easy ad general tochnique (88) was ised to dem nstrate the
struc :ural viscisity and thixotropy of Sun Tech839-938. Shear rates
were acreased stepwise froa 0.11 t» 34t sec ; and tie sample was
shear:d at each shear rate for abou: 15 seco.ds. Th2 siear stress was
cecotled by the LSI Ll microprocessar at a rate of 1) H:'. The mate-ial
showe! tim:~depaendency over the ent're shear rate raige. At high shear
rates, thicotrunic behavior was obs:rved; 1i.e., the viscosity decraeased
with t ime. At low shear rates, upon sudden start up, the viscosity
increased to a iaximum then decreas:d to an asymptotic value. After
cessal lon of sh:ar, the viscosity did not return to zero because of the
yield stress of the material., The response curves ar different shear
rates are shown in Figure 57.

After the sample was sheared a: the highest rate of 348 sec l, the speed
was reduced, stz2p by step. The sample was then rested for a short time,
about 5 minutes, and the shearing was repeated ascending froa the lowest
shear rate. As seen in Figure 58, after each abrupt decrease in shear
rate, a small {icrease in stress was obs2rved. The initial peak in the
repeat shearing was not as high as in th2 original test. Figure 58 also
shows that the longer the rast time, the higher the initial peak. This
type of study provided a praliminary pic-ure of Sun Tech839-988: it is *
a material with structural siscosity and a yield stress, The magnitude
of yleld stress can be detecrmined from the basic shear diagram.
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o B.2 Basic Shear Diagram
:f;¥: All of the measurements were taken based on the new technique
Ay previously mentioned; 1i.e., the sample was covered with JP-10 while
e resting to avoid the skinning effect. At high shear rates, the excess
',j JP-10 was removed to minimize any edge effects. Equilibrium stresses
e were obtained by shearing the material until reaching steady state,
j\j' beginning with the lowest shear rate. The procedure was repeated at
:fc high shear rates until the highest shear rate was obtained. All of the
. equilibrium stresses were digitalized at a rate of 100 Hz. Repeated
e runs were conducted on each material to obtain reliable data. The

{ ' results were quite reproducible and were used to construct the basic
N shear diagr \us (BSD).

NN

E:f: 8.2.1 Roo . Temperature Results

\'.:‘

iy The BS)s of slurry materials (Sun Tech809-995, Sun Tech 839-919,

Sun Tech839 988, and Exxon 708-61) at room temperatur © are s iwown in
Figures 59 5 62. The equilibrium str-:sses are give: i1 Tabie XV1i. The
N~ plots of th - apparent viscosity as a function of the :.:ar rate for the
four slurri s are shown in Figure 63.

Over t.e range of shear rates stuiied, the four siurrie: are
nyn~Newtoni n with shear-thinning behasior. Exce>t for Sun Tech 839-919,
the slurrie are yield materials. Though Sun Tech839-7.9 showed a
t 2ndency to increase viscosity at high shear rates, it is di ficult to
say 17 the ‘icrease was due to dilantancy or instability.

B.2.2 low Temperature Results

Since ;art of the temp:rature effect on the viscosity of slurri s
comes from the solvent, the viscosity of JP-10 was stulied from 25 C ro
-20 C, as sliwn in Figure 64 and Table XVII. The viscosity of JP-10 did
not change 'nuch with temperature. The viscosity incr:ased from 2.76 c¢p
to 9.25 cp as the temperature dropped from 25 C to -29 C. The change of
viscosity of JP~10 with temperature caa be described »; an Archenius
type cquationt

. n = 0.0023545 * [exp(2098.343/T)]
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Table XVI. Equilibrium Stresses of Slurries h

rate stress
919 995 988 708-61

0.00348 0.27 - - 2.33
0.00438 0.32 - - 2.61
0-0055 O- 37 - - 2090
0.00692 0.42 - - 3.20
0.0087 0.49 - - 3.51
0.011 0.57 6.47 - 3.83
0.0138 0.65 - - 4.14
0.0174 0.75 - - 4.46
0.0276 0.97 7.44 - 5.10
0.0438 1.25 - - 5.76
000692 1.60 8.96 - 6045
0.11 2.02 9.98  116.3 7.19
0.174 2.53  11.21 116.6 8.01
0.276 3.16  12.71 116.8 8.96
0.438 3.94 - 117.2 10.08
0.692 4.92 16.71 117.9 11.43
1.1 6.19 - 118.8 13.11
1.74 7.83 22.73 120.9 15.22
2.76 10.02 - 1244 17.91
4.38 13.03  32.07  129.6 21.40
6.92 17.17 - 136.7 25.90

11.0 23.13  47.17 1463 31.90 4

17.4 31.69  58.24  158.8  39.76 |

27.6 44.46  73.04  175.3 50.29 1

34.8 53.09 - 185.4 - ;
43.8 63.68 - 196.8  64.39
69.2 92.98 120.52 224.6 83.07

110.0 138.6  159.69  261.8 108.4 )

174.0 209.52 215.67  310.6 141.8 [

276.0 321.61 299.04  376.8 186.1 ]

348.0 400.22 - 418.7 213.3 ]

438.0 497.82  426.22  467.4 244.1 ;

550.0 618.14 S13.15  S24.1 - ]

692.0 768.6  623.26  591.8 - 3

870.0 953.6  763.56 - - {
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Figure 64. Viscosity of Solvent JP-10
at Different Temperatures.
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Table XVI1. Viscosity of JP-10 at Different Temperatures

Temp(#C)  Viscosity(cp) Viscosity(cp)
Measured Calculated

24.5 2.7564 2.7135
10.0 3.8954 3.8932
0.0 4.9886 5.1067
~-10.0 6.7256 6.8379
-11.0 7.0249 7.0490
-19.5 9.4395 9.2177
-1905 9-21086 902177

Standard Deviation = 1.82 * 10%* (-2)
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These resalis check well with the resulus recently provided by
Wright—-Patterscn AFB.

Only se’ected siwrries were studizc at low tempcratures. Sun Tech
309-695 wazs studied because of its ease ot handling. Sun Tech833-988
and Exxon 708-61 were measured at low temperatures due to their

prominent vield stresses.

The BSDs of Sur Tech809-995 at temperatures of 25 C, 0 C, =5 C
~i0 C, and =20 C are shown in Figure n°. Flow curves at difterent
temperatures have the same shape and saift to the right as temperatuce
dacréesses; that is. the lower the temperature, the higher the viscosity.
Exxon 708-61 was alsoc studied at 1 C and ~1< C as seen in Figure 66. As
expected, the viscosity increased with 2 decredase ia temperature and the
50 shifted to the right as the temper .turs decreased. A strange

pazasmeron was obsarved; the viscosit. 17 oo Ciange much with
temperature at low shear rates, This o 1! b diicussed later.

More interesting results were ob: ...’ o —un Tech839-988 at low
temperatur2s. The BSDs of “un Techai3s-uis -t temperatures of 23, 9, 0,
-1, ~2C, =znd =25 C are suown in Figw o,. e interesting result uvas
that the viscosity increased or decrea-.l . “i¢ temperature decreas.d
depending upon the shear race, At lowv she r rates, “he viscosity
decreased as cemperature de.reased, whi-.c a% aigh shear rates, the

viscosity increased as temperature dec omswe!. The shear rate of 15 sec
was the break point for all temperatur-:. This will be discussed in the
next section,

3.2.3 YieldﬂStreig

B3Ds in Figures 59 to 62 show that Sun Tech809-995, Sun Tech
839-9288, and Exxon 708-61 are yield ma erials. The existence of a yield
stress complicated the measurement at .ow shear ratcs. In turn, the
yield stress was difficul: to measure because very low shear rates were
not attainable and b cause the instrument lacked eno.ggh sensitivity to
measure the shear stress at low shear rates.

The yieid stress can be determine! from the vertical section in the
log-log plot of rthe BSD or by extrapol.tion of the BSD to zero shear
rate. The axtrapolation is accomplish..i by fitting the data at ow
shear rates with a polynomial with a miaimun deviatinn, then

g
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e i

Tatalelal

.l



o7

,0% 50F
(est10d) A3TSOOSTA

297

*saanjerodwn] jo ovuey B 1340 GhH-6U8YIAL UNS JO AITS0OSTA Judieddy ¢y 0an3y4
R—-ommw aleyd uJeays
) 207 ;0% 40F ;.07 207
Tryryvy T L 4 —#-‘-*W- L { T —-udJJ | T —431-11 L T ?-#j T L
! ]
i 3
. .
-
[ =
- 5
- ;
3 3
C J o2- . ]
- J g1~ ¢ 3
E 205~ ¢+ 3
~ 30 : e =
as A /Jr/x -
- JGe Toa N b
. JGE6BNNS 1S3TTd R
! GB6-608 23] uns
L L L i —h—-\F- J i 1 Ll—bbh J D S S N —L#- L1 1 L —bEb L4 i

LA R 0
YGRS
AN

122

T

ot .
e

g
. 1
-IQL
A
-L
i
.I !
oA
W
A --
)
'-
o
Ny
.
-I
r/
N
[ACAATY



*saanjeiadwa], jo a3uey ® IDA0 [y-g0/ uoxx3j 3o £31sodstp juaaeddy -9g9 aan8rj

g ( —-ommu ajed Jeays
) cOF 207 ,0F 007 ;0% )
-_ Trrrrr T L —ldljﬂj LS L] —-u-- L] T ¥ —-dd\—- L A | T ﬁﬂd1<‘-4 Ll L m

DN
L

A1

} 39

A
“ff?ll L §
l.lLLLJ |

)
/

<
, ~ = T -
. 7))
. - —ea 8 4
v L. ~ ~ . M
... - - (2]
. ' / ] @ Q
... b~ - "”” i
= = I

" ) 1 ©

- - 1 o
., f i -
3 - -~ 4]
. o 3 o
8 - Jer- e 95
. a7 A bt
- 3 g2 Poa

INOXX3 ‘sartd
18-804 MOXX3

-
TTrrri

Y Ll 1 1 1 L —bnnhn | - L n——-- 11 i —h—hI-!-rrF i L——h-L 1. A
'

¢OF

.t hn-\.‘. tte s -.. .\-.. BRI -.-' y sy -v-. .-..-.-. DR S

‘"

~".....J.:.Vn.. ...q...\.n.\ b -q\\...\ q.u\\%\\ .0...\1-..




~a

‘- "h‘ l;. l.h LI
L
v 550 2~

~y

*soanjeaoduwa] jo a8uey B I9AQ
B30™0CLE y4I9L uily JOo a31s00STA Judaeddy 4y ouanBryg

[ RTRTNMY Y S . R

( 08s) a3jey dJeays
07 07 L- ,OF (o}4 o7

.
o

LELLALEL L R T —-«-‘114 L] T —4--a Al 1

—--- ] L]

or

lJll] 11 1 __ 1

o0t

adh

i__1
124

TR YR

Illlllll 1 lllllll
;0F
(3st0d) A3JTSOOSTIA

207

B8B6-6€£8 23] ung

L.l 1 1 (] L __-nn— 1 L _——-LV-I\- )| 1 —-—-bLy

0¥
€
RN,

T P W

- ".‘
AP




Ll 8 a ek e el sul oA Bl Al An i Sl il b AC A S S T
RSl S B al Al Sl Bl Sl R

extrapolating the polynomial to zero shear rate. Yield stresses
obtained by both methods are listed in Table XVIII. Sun Tech 809-995 and
Exxon 708-61 both had a small yield stress, on the order of 5 dyne/cm“.
The yield stress of Sun Tech 839-988 was appreciable, around 110
dyne/cmz. The yield stresses of Sun Tech 839-988 at different
temperatures are given in Table XIX.

B 2.4 Ny and No

Mo and "= are lower and upper Newtonian viscosities. For
materials without a yield stress, such as Sun Tech839-919, ", and e
were determined from the apparent viscosity at low and high shear rates,
cvespectively., For yield materials, "o 1is infinite and "= ™ ", as
{ > » , where p 1is the plastic viscosity or Bingham viscosity.
Therefore, "o was taken as the plastic viscosity which was determined
from the slope of the linear portion of the BSD plots at high shear
rates., Table XX gives n, and n, of different materials at room
temperature. The change of n, with the temperature of Sun Tech839-981
is given in Table XXI.

B.3 Transient Response

Before model constants were evaluated, transient data were all
pretreated in the following sequence: filtered to remove noise,
ad justed for top plate movement, and normalized on the equilibrium
value.

P %

First, a Newtonian fluid was studied. As expected, the transient
response of the viscosity was a step change after a step change was
imposed in the shear rate (see Figure 68). This response was
independent of shear rate. The study of the Newtonian fluid also
confirmed that the response time of the instrument is fast enough to
study the transient response of slurry materials.

ISV VeI

-

The transient response of Sun Tech 839-919 and Sun Tech809-995 were
similiar to Newtonian fluids. They showed little time dependency except
at high shear rates. Typical transient behavior of these two materials
is shown in Figures 69 and 70. Since these materials showed fast
response, they were not studied further by this technique.
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Table XVIII. Yield Stresses of Slurries

Yield Stress (dyne/cm**2)

material log-log plot Curve fitting
Sun Tech909-995 8.0 5.0
Sun Tech839-988 110.0 110.0
Exxon 708-61 6.0 2.0

Table XIX. Yield Stresses of Sun Tech839-988
at Different Temperatures

Temperature(C) Yield Stress{dyne/cm**2)

23.0 110.

9.0 100.

0.0 87.0
-10.0 88.0
-20.0 92.0
=26.0 101.0

126
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o Table XX. " and "w of Slurries
‘-t.'.-
o Material "o Moo

Sun Tech809-995 o 0
: Sun Tech839-919 100.0 1
"y . Sun Tech839-988 ® 0.
o5 Exxon 708-61 @ 0

Table XXI. n_ of Sun Tech839-988 at Different Temperatures

Temperature (C) (Poise)

- 3.0 0.3
- 9.0 0.5
~ Ty 0.0 0.8
- -10.0 1.4
e -20.0 2.12
: -26.0 3.0
b
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o The transient response of Exxon 708-61 is shown in Figure 71. The
e material showed a small peak at low shear rates and behaved as a
- thixotropic material.

The transient response curves for Sun Tech839-988 at shear rates
from 0.055 to 2.76 sec-lare shown in Figure 72. The curves show solid
X property characteristics and structural viscosity at low shear rates.

:} Even at low shear rates, overshoot was observed.

0

:3 The original and corrected data for top plate movement at two

[0 different shear rates are shown in Figure 73 and 74. The correction was
{ minor and did not adversely affect the initial slope. The peak values
o were slightly shifted.

b,

- B.4 Kinetic-Elastic Model

e The kinetic-elastic model was modified to describe the flow

o behavior of slurry materials for both steady state and transient

:ﬂ conditions. The yield stress, v, , was incorporated into the equation.
:ij Different approaches were tried and the best result was obtained by

b - .- replacing values of the T in the equation by Ty - T , which is

( equivalent to a shift in the axis by Ty, as showa in Figure 75. For
-~ convenience, T’ 1s used to represeat T - Ty in the following section.
R Actually, this is a generalized definition of the kinetic model. For a
- naterial with no yield, 7, = 0, the equation reduces to the original

:;? form. The modified equation can ba applied to any system with or

n without yield stress.

AR
ERN ]

B.4.1 Defgnition of Structural Paramcrers

)

iy

O
.c'l

The structural parameter, F, is a function of v.scosity, Differeant
functions have been tested to define F. Though different definitions of
F can be used with the kinetic theory tou correlate the steady state
¢ data, some of them fail to describe the solid behavior at the low shear
- rates in the transient response. The inverse level rule and the

Richardson-Zakil equation were used depending on the nature of the
- slurry.

ChaC ity
.
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For a slurry without a yield stress and having N, and n_, the
inverse level rule is used to define F, F is defined as

n? - pa
F=—
n, T 9, (17)

where a=1.

The Richardson-Zaki equation is used to define F for the yield
materials: Sun Tech 839-983, 839-995, and Exxon 708-61. In this case, F
is defined as

1/2.65
F=1- (nw/n) (18)

B.4.2 Steady State

The kinetic equation alone is used to correlate the steady state
viscosity. At steady state, the kinetic equation can be rearranged to

c

k n
KiP = L PPy . 1-F) n-n

k m

2 F (19)
where C is the concentration and m=1, n=2 are used. K and P were found
by a least squares fit of log [(1-F)* /F] versus log T. The optimized »
equilibrium constants (P’s and K’s) for different slurries are tabulated =
in Table XXII. The experimental data and the predicted values are shown

in Figures 76 to 79. The K’s and P’s of Suntech 839-988 at different
temperatures are summarized in Table XXIII.
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Table XXII. K and P of Slurries by

Richardson-Zaki

Material K P
Suntech 809-995 0.010670 0.9991
Suntech 839-919 0.110107 0.89086
Suntech 839-988 0.014745 0.78287
Exxon 708-61 0.003988 0.9935

Table XXIII.

K and P of Suntech 839-988 at
Di fferent Temperatures

———— Y — — ——— . T o " - D e = D v > W i S 0 oy

......

-.‘_'. ot

A At Bl il

0.014745
0.02270
0.03633
0.047614
0.10424
0.01899

PRI

0.78287
0.7184
0.6719
0.73443
0.66912
1.1031
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B.4.3 Transient Response

Transient response is a combinative result of thixotropy and
elasticity. The thixotropic constants, kl’ P> k., P, and elastic
modulus G, were evaluated from transient data. Sun Tech839-988 was used
for this study.

For convenience, the kinetic and elastic equations with structural
parameter F are listed again.

p p
~dF/dt = k.T YF - k.1 21 - F)?

1 2
(20)
(nt/Gl)r +T =Ny
The parameter G Lcan be evaluated from equation (29)
G =L
1 ny--+ (21)
t
at the initial time, y Ny >> T so
T
G, Vv — (22)
1 Y

The values of Gy at difereat shear rates are tabulated in the Table
XXIV. The values of k; and p; were calculated from the initial stress
change, i.e., the stress growth near z:o time. Once k) and p; are
determined , k2 and p2 can be obtainel from the equilibrium constants K
and P, i.e., kp= k1/K, and py= pp-P. A set of these constants obtained
for Sun Tech839-988 at a shear rate of 2.76 sec-lare summarized in Table
XXV. All the constants were obtained by the best fit of the data using
an Advanced Continuous Simulation Language (ACSL) simulation package.

The single G1 obtained from the iaitial response cannot describe
the whole transient response, as shown in Figure 80. G is thus defined
as a function of time as already proposed for polymers. With a variable

G1, the experimental data and the predicted traasient response are
compared in Figure 81.
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Table XXIV. Gias a Function of Shear Rate

Rate (1/sec) G,

0.055 887.
0.087 960.
0.55 960.
1.10 1270.
2.76 1500.

Table XXV. Constants of Transient Response
at Shear Rate of 2.76 sec-!

Constant Value

G 1500.
ky 0.00053
Py 1.10
K 0.009
P 1.0355
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C. Discugiggg

The main purpose of this study was to obtain a better understanding
of the rheological properties of carbon black slurries and to extend the
kinetic-elastic model to predict theilr flow behavior. The discussion
focuses on these two aspects.

c.1 Shear Dependence of Carbon Black Structure

The results showed that all of the carbon black slurries tested are
shear-thinning materials. This suggests that, as in other suspension
systems, at reasonably high concentrations carbon black has a structure
which can be broken down under shear. The structure could be aggregate
or a network which is groups of particles held together by attractive
forces., The formation of structure :-esults in a larger effective volume
fraction than the actual volume fraci {on of particles., The higher
effective volume fraction and the inieraction between particles increase
the resistance to flow, and this cau-es the much larger viscosity of the
suspeasion than of the solvent,

In a shear field, the structure is broken down by the shear forces.
The degree to which the structure is broken down depends on the
magnitude of shear force and the strength of the boads between the
particles, As the shear force increases, more of the structure will be
broken down. At each level of shear rate, an equilibrium stcucture can
exist corresponding to an equilibriun viscosity. The effective volume
fraction decreases with an increase in shear rate as does the viscosity.
This accounts for the shear-thinning behavior of these slurries.

Moreover, at high enough shear rates, the structures can be broken
into non-interactive units (not necessarily individual particles but any
basic flow unit) and the fluid behaves as a Newtonian fluid. This is
commonly called the upper Newtonian region. In this study, even at the
highest shear rate, nearly 1000 sec], the upper Newtonian region was
barely achieved.

Hysteresis loops(Figure 56) and thixotropic behavior in the time
domain confirmed the existence of a shear rate dependent structure. In
the hysteresis loop study, with an i1creasing shear rate(upcurve),

o structure is broken down. As the shear rate decreases(downcurve) the
e structure builds up. The structure that exists at each shear rate(in

R At fe el
. % e N
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the downcurve) is close to that at the highest shear rate, unless the
structure build-up 1s very fast, Therefore, different structures can
exist at the same shear rate as a result of different history. This has
been shown by Jones and Brodkey(4). They constructed flow curves of a
thixotropic material at differeat structural levels. The structural
curve would be identical to the downcurve if the time scale of
measurement is fast enough. They found there was an equilibrium
structure assoclated with each shear rate and that different structures
could exist at the same shear rate depending on the shear history. As a
result different viscosities are measured, which results in the
hysteresis loop. During transient response at constant shear rate, the
viscosity decreases with time as causel by the breaking of the
structure, The structure can recover its ground state at rest. The
rebuilding of the structure can be demonstrated by repeating the
transient experiment. After a sample i3 sheared to its steady state
structure, stop the shearing, pause for a few minutes, and repeat the
test., The time dependent behavior is still present, except that the
initial peak in the stress is smaller, as illustrated in Figure 82.

The hysteresis loop shown in Figure 56 is often used as a
measurement of thixotropy and is somet mes called the "thixotropic
loop". The degree of thixotropy is ofi:en related to the area between
the upward and dowaward curves, Although this measurement can describe
a few systems, it is usually regarded suspiciously because of possible
errors arising from the method of measurement. The area in the
thixotropic loop is dependent on the procedure used for the
measurements., If different paths are used to change the shear rates,
ditfferent areas will be obtained. Even if the same shear rate path is
used, different shearing times will result in differeat areas within the
loop. The instrument can also contribute errors in thixotropic loop
measur=ment, for example, heating effect, change of apparent rate due to
the movement of the torque spring, and inertia of the moviang parts. The
area within the loop is not a satisfact.yry measuremeant of the degree of
thixotropy shown by a material. Therefore, the thixotropic loop studies
made here were only used as an indication of thixotrupy or structural
siscosity. The hest way to describe thixotropy should be based on a)
~he equilibriun curve and b) the rate o7 approach to equilibrium after a
change of shear rate.
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C.2 Flow Curveg

Ume;a(89%) suggested that the rheological behivior of suspensions
could be described by an extended Ostwald flow curve(Figure 83) if a
sufficiently wide ran ;e o! shear rates was studied. The flow behavior
of materials progressively passes from a lower Newtonian region(A-i) to
a psaudoplastic flow region(B-C), followed by an upper Newtonian
region(C-D), a dilatant region(D-E), and then another Newtonian
region(E~F). In this study, the shear rate range covered was not high
enouyzh to include the whole flow curve; only the lower part of the ~urve
was observed.

C.2.1 Measrements and (haracteriscics of gggi

Some interesting res:lts were ooserved at both low and high st :ar
rates, They will be discussad iandividually.

Sun Tech809-995 .s th: only material taiat show-d little skinni
The BSD cf Suin Tech80v-995 was studi»d with and wituout JP-10. The e
was little differ2nce betw:ca the tw) cases, ex:iept at high shear r :tes
(see Figure 59)., The sampie wit: JP-10 1ad a lower viscosity than hat
without JP-1C at shear rat:s larger than 276 sec™] This, n> doubt, was
due to the dilution of the sample by JP-1Q at the high:r shear vate A
test was made witiout JP-1) starting at .t shear rate of 69. 7 bec ad
increasing the race to 692 sec” ~and was carried ot fast enough to volid
the skinning. Th2 results were the same as those started from a muh
lower shear rate without J'-10. Therefore, the dilution is more likely
to exist at the high shear rate. This problen was avoided by renoviag
the excess JP-10 for the h'gher shear rale measurements,

The BSD of Sun Tech831-919 was studied with the JP-10 covering over
the shear rates range of 0.00348 to 370 sec™!(see Figure 60). One .ct
of earlier data with the s.inning problea was also plotted tor
comparison. Three runs were conducted with different starting shear
rates, There was a differunce in the low shear rate range which mi ht
be due to a weak structure ia the material. However, the signal at low
shear rates was so small that the difference could he the result of
measurement errors. At bo.h low and iigh shear rates, the slope of the
curve was close to 1, which implies taat the material was Newtonian at
both extremes, i.e., {t had high and low Newtonian viscosities.
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Sun Tech839-919 was the material which showed no hysteresis between
shear rates of 1.1 and 276 sec” ‘with or without the JP-10 covering.
But, at shear rates above 276, it did show hysteresis, as shown in
Figure 84. Apparently, something different happened with this material
at shear rates nhigher than 276 sec” . The explanation is that either the
material has some strong structure that is broken down at the higher
shear rates or that an instability generated at the higher shear rate
changes the nature of the material. There is little possibility that
this is due to the mixing of JP-10 with the sample since the hysteresis
loop was also observed for the measurement without JP-10) covaring.

The BSD of Exxon 708-6! was studied at room temperature from : =
0.00348 to 438 sec™l The data branches out at low shear rates, as seen
in Figure 62, It was found that the lower the initial shear rate the
higher the viscosity obtained at any specified shear rate. There are
two possible reasons: the structural property or rheopetic property of
the material. There could be a weak structure which was broken down
during the loading of the sample. Such weak structures could build wup
during resting or under mild shear rate., If the structures build wup
under a mild shear rate, the material is rheopetic. Otherwise, the
structure builds up during the resting period between runs. Studies
were nade toy check if weak structures vere broken down during the
loading of the sample and it{ the equilibrium viscosity at the low shear
rate depended og the resting time. Several runs were carcried out from
¥ = 0.0174 sec” "to 174 sec™ by letting the sample rest from ) to 3
hours. As shown in Figure &5, the viscosity al the low shear rate does
depend on the resting time. A large difference was found at the lower
shear rates and the curves coincide at © > 10 sec . This showed that
there i3 a weak structure which was broken easily and took time to
rebuili. Moreover, as mentioned in the previous chapter, th: viscosity
at 27.6 sec was independent of the resting time which is coasistent
with this result. In order to obtain the "true" viscosity at low shear
rates, we would have to let the sample sit for a very long period to
rebuild its weak structure. From Figu-e 85, the ma erial would nqed 3
hours or more to rebuild such a weak s:ructure at the 0.0174 sec .
Allowing the samnple to rest for such a long time induced skinning, thus,
we will always have difficulty in obtaining viscosity at lew shear
rates. In addition, from Figure 85, the shifting of the curves to the
right as the rest time increased implies that the material had a yvield
stress, The yield stress cannot be over 6 dyne/cn§ because any
reasonable extrapolation of the 180 mi1 curve would give a value leass .
than this. The transient response of the material was also studiel to
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determine the rest time. The transient response at a shear rate of 27.6
sec™lwith different resting times raanging from 0.5 hour to 6 hours is
shown in Figure 54, Though the equilibrium viscosity at y = 27.56 se”!
was independent of the resting time, the transient response did depend
on the resting time. Therefore, letting the sample rest to its grouad

state is important in both transient and steady state studies.

The viscosity of Sun Tech 839-988 was difficult to measure due to
the nature of the material. This material was thicker than the other
slurry materials, especially at low shear rates, which complicated the
measurements. The same technique, covering the sample with JP-10, was
used to study the v}scosity. It was found that above a critical shear
vrate (around 1 s2¢” ) the mixing of JP-10 and the slurry became serious
and the viscosity decreased as time proceeded. The mixing was caused by
the edge effect. 1In Fijure 86, we can see that the stress was constant
wer a wide range of shear rates. In this region, there was almost no
flow inside the gap because of the yie.d stress. Above a shear rate of
1 sec-l, the structure of the material was broken and the material
started to flow. The curve bends towa'd lower stcessas as the shear
rate increases above 1 sec-l,

To check the mixing effect, measurcments wer: made without JP-10 to
see 1f the curve had the same characteristics. As caa be seea in Figure
36, they did not. Addi-iona!' runs with different resting time were
rarried out to see if the cucve inflecied above a shear rate of 1 sec
No bending was observed and the curves shifted to the right as the
resting time increased (Figure 87). W: are couvinced that tie decrease
in the shear stress was due to dilution with JP-10.,

A syst=matic experiment was then made to study the resting time
effect onSun Tech 839-988 at different shear rates. The sample was
shaken vigorously before loading to insure homogeneity. Then, the sh.ar
stress~-time data was obtained every hour.

At a shear rate of 0.1l sec , it was found rhat the apparent
:quilibriun viscosity was a function o) time., However, if the initial
stress value was used rather than zero as the ground value, the
equilibriun viscosity was indepeadent of the resting time as seen in
Figure 88, Nevertheless, the transient curves did depend on the restiang
time. The peak values of the transient response were also plotted as a
function of time (Figure 89). They increased initially and taien laveled
off after 3 hours.
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Shear rates of 2.19, 5.5, and 11) sec’! were studied in the same
manner. The equilibrium stress as a function of time is shown in Figure
90. Except for the shear rate of 2.19 seé'l, they all showed the
tendency of decreasing viscosity with time. This is further evidence
that dilution by JP-10 togk place at high shear rates. Though the
equilibrium viscosity at y =2,19 sec™1 approached an asymptote as the
time increased, its peak values from the transient responses showed a
tendency to decrease with time as seen in Figure 91. This means that
the mixing of JP-10 and the slurry took place under this shear rate but
not seriously enouyzh to affect the equilibrium value.

Reproducibility was very poor when the data was taken with the
sample full to the rim of the plate (Figure 92). Due to the high
viscosity of this material, the shear rate difference between the sample
in the gap and that in the reserv,ir : aused mixing, which resulted in
erroneous neasurements. To avoid the :dge effect, the viscosity of
Sun Tech839-983 was measured without .1P-10 covering. Nevertheless,
JP-10 was used during the resting perind and was removed for the actual
measurement. Excess sample was also removed from the reservoir (Figure
92). The results were reproducible as shown in Figure 62. Due to the
small signals and low rotational rates, the data scattered at low shear
rates. 1In spite of the scartering, the plot Indicates a yield stress of
around 110 dyne/cmz. In addition, by extrapolating the data at high |
shear rates to zero shear rdate, a Bingham yleld stress of 220 dyn/cw
is obtained. The results are also plotted in Figure 62 and «oincide
with the measurement using JP-10 at the low shear rate. In order to
obtaln accurate results for thils material, the edge effect must be

minimized.

C.2.2 Compar ision betseen Slurries

Though all the slurries contained almost the same loading of carbon
black (50 wt%), they possessed different rheological .ehavior,
especially at low shear rates, At high shear rates, the viscosities of
the different slurries were.not much different and ranged from 50 cp to
100 cp. The difference between them became wider as the shear rate
decreased (Figure $3). There is more than 100 times difference between
Sun Tech839-988 and the others, This difference was due to the particle
size and surfactant used., These two factors affected the formation of
structures which were important at low shear rates. Apparently, Sun Tech
839-988 had a smaller particle size, which resulted in a large yield
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(a)

(b)

Figure 92. Sketch of Material Configuration
in Open Edge E: periment.
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stress at low shear rates. The surfactant was used to stabilize and to
increase dispersity. A well dispersed system will favor
particle~solvent interaction and prevent strong structure formation .
Therefore, a well dispersed system will have weaker structure and lower
viscosity.

C.3 Temperature Effects

According to the traditional time-rate-temperature superposition, a
decrease in temperature corresponds to a shift to higher effective shear
rates for viscosity versus shear rate plots. The data did follow this
trend; flow curves shifted to higher shear stress, as temperature
dropped (Figures 65 to 67). Results vere also consistent with the
Ostwald curve; at lower temperatures and higher shear rates, flow
curves shifted to the right, falling ato the dilatant region.

The phenomenon observed at low s'iear rates was surprising and hal
not been noted in the literature. At temperatures below zero, the lov
shear viscosity showed a systematic d..:rease as temperature decreased
(Figure 67). Though the result was u usual, it can be explained on the
basis of structurail viscosity. Due t particle interactions, there was
a structure which resulted in both a yield stress and thixotropy. The
linkage that formed the structure depunded on the kinetic energy and the
Brownian motion of particles. As the temperatur: decreased, the linkage
hecame weaker, which was then more ea-sily broken by shear. Though tiie
viscosity of the solvent(JP-10) increased as the temperature decreased,
the siructure was the dominating factor which determinated the viscositv
at low shear rates, When the structure became wzaker at low shear
rates, the corresponding viscosity became smaller, too.

Structures are not important at ! igh shear rates where nost of the
structure is broken down under such c« 1ditions. Therefore, the
viscosity change with tempecature foll)wed the traditional trend, i.e.
the viscosity increased as the temperi:ture decreased.

The temperature effect on the low shear rate viscosity was a result
of the yleld stress. The yield stress was almost independent of
temperature. n, was highly dependent on temperature., The change of
n with temperature is plotted in Figure 93.
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C.4 Traasient Behavior

Transient response was used to evaluate the viscoelastic and
thixotropic properties of the slurries. At low shear rates, the stress
growth after sudden imposition of a step change in shear, showed an
overshoot, and approached a steady state value (Figure 72), even at a
very low shear rate. The "overshoot" has been reported by many
researchers in elastic liquids like polymer solutions. Slurries possess
viscoelastic properties at low shears, but the elastic property differs
from that of a polymer. The elasticity in slurries comes from particles
and their interactions or structure. Since the elasticity in the slurry
was due to the structure, an effort was made to find an elastic modulus,
G, that could be related to the strength of structure in the slurries,
The transient curves were ruplotted as shear stress against shear strain
for various shear rates. The shear strain was obtained by the product
of shear rate and time, i.e.,Y =Y ~ t. If the material can be
Jescribed by T = GY at low shear strains, it would mean that the
material 1cts as a solid body with a 'onstant elasticity G.
Unfortunately, the initial slope for ther vsy plot was not constant as
showr. in Figure 94.

Amari and Watanb:(90) suggested that Tmax/fy was a good
approximation of 2lasticity G of the structure. They obtained a
constant G of 5.5x103 dyne, cm? for linseed oil-carbon black suspens on.
Tmax/y for carhon black at different shear rates is plotted in Figuie
95. The data are not too far trom a constant and can be considered as
an elasticity constant, G, related to the strength of the structure.

Stress relaxation after cessation of steady flow was also examined
to se2 Lf it could be described by a single relaxation time. None could
be described by a single constant., The elasticity might change or
disappear under steady shear. Other types of study such as creep flow
or dytramic study would be needed to measure how the G changes.
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II1. LUBRICANT DATA

ot The viscosity of lubricant 5SP4E measured with Haake rotor MVI was 19.4
1t poise and with the rotor MVIII was 19.0 poise.

Further tests on lubricant 5P4E were done on the Weissenberg R-16

- Rheogoniometer. The value of the viscosity, determined in steady state flow, is
5 constant with shear rate varying from 5.4 to 340 sec™! and is 18.6 poise, a

N ’ value which can be considered in agreement with that obtained from the Haake,

; i.e., 19.2 poise. Table XXVI summarizes all the lubricant data obtained.

- Figure 96 at 1J)°C and a high shear rate (348 sec™l) shows overshoot,

- . which is an indication of viscoelasticity. The equilibrium viscosity for this
) run was 233 poise. Figure 97 is an example of a lower temperature (2,4°C) run
at a low shear rate (11 sec'l). The equilibrium viscosity increased to 5450
poise. No overshoot is observed at this low shear rate., Figure 98 at -u.7°C
~ and 34.8 sec™! shows overshoot and an equilibrium viscosity of 9790 poisc.

-, Figures 99 and 100 at 4,99C and 2.76 sec"l ire examples of both the growth

'25. and relaxation expe "iments. The equilibriua viscosity is 229,700 poise. The
- shetr rate was too low to show overshoot. Finally, Figure 101 at =9°C and

- onl © 2,76 sec”™ ' is 1 dranatic exanple of viscoelastic overshoot.

. The 2.76 sec™l shear vate of Figure 3) is equivalent to 133 sec/rev.

;$ This translates int) a movement of 4.72 mi/sec at the transducer., The
-7 equilibrium transdu-er displace.ient was cilculated to be 3,38 mm which, if there
>~ were solid body rotation, would be accomplished in 0.72 sec as shown in Figure

- 99. The instrument response of 0,007 s caanot even be scen on this plot. The
mat-rial response is noted as b:ing 3.15 sec, which is over 4 times the time of
a Newtonian material. Clearly ve are dealing with a viscoelastic materi.il, The

e initial shear rate is not really 2.76 sec”! since the top cone is in motion.
- The shear rate as d:termined from the initial slope is only 1.0 sec”l ant

- incceases to 2.76 s:c”) by 3.15 sec. As & further example, the shear rate had
B increased to 2.3 sec”! from the measured slope at 2 sec. The difficulty in

<) measuring accurate stress growth curves is clearly illustrated by this example.

Actually, for a material of this viscosity, we could have used the piezoelectric
trystal measuring system and obtained an accurate transient. We are currently
working oun the best means of analysis of this type of data so as to extract the
viscoelastic characteristics.

n® One approximat: correction, which should be valid at t = U, is to correct
e the observed stress by the ratio of the disired shear rate to the actual rate.
Such a4 curve is plotted in Figure 99, The initial slope of this curve will be a
S measure of Gy. Note that the corrected cu-ves show sone overshoot, but “his

may not be real. In any event we do not plan to try to analyze the enti.c
ciurve; we only want the initial value as a1 measure of Gj.

We do not want to put much importance on the foilowing values at this time, J
but from Lhe corrected curve in Figure 99, the value of G} is 1.9 x 10%gm
L
rm/sec?, From the curve as measured and v .ing the G| value and 1
N = 310,000 P gives Gy as -9.1 x 10° gm ¢« /sec3. The value of the time )
derivative of the shear rate wa: 1.56 sec™ . 1
L
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TABLE XXVI. Lubricant 5P4E

Shear rate App. Viscosity File
(sec'l) (poise) name

5. 18. LUB5D4
11. 18. LUB10D8
17. LUB108
17. LUB171
17. LUB340
17. LUB540

LB10D8SA
LB108SA
LB171SA
LB340SA
LB10D8SB

=
o

LB1D8IIIA
LBZD7IIIA
LB5D4ITIA
LB10OD8FA
LB10OD8FB
LB21D4FA
LBD54FA
LB2D7FB
LB10OD8FC
LB21D4FB
LN27FA
LB34FA

e e
o o o

o
o O

—
(=
wWw W W W W W W W

o O N W NN
—
o

—
c o

.2
.8
.7
.0
.7
.8
.4
-9
.2
.3
.1
.7
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TABLE XXVI (cont.)

Temp Shear rate App. Viscosity File
(°c) (sec~1) (poise) name
-0.2 0.551 8.23 x 10 LUBDS4I1
+0.6 1.103 9.47 x lO3 LUB1D71I
1.4 2.757 9.26 x 10° LUB27IT
2.1 2,757 4.63 x 103 LUB2711B
3.0 5.507 2.99 x lO3 LUB5D4II
2.4 11.03 5.45 x lO3 LUBLOD8II
-5.0 0.551 288.3 x lO3 LUBD57
-5.2 1.103 290.5 x lO3 LUF1D7C
-5.0 1.739 259.9 x lO3 LUB171
-4.9 2.757 229.7 x 103 LUB27A
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APPENDIX B
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SUMMARY OF EQUATIONS FROM KINETIC ELASTIC THEORY
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APPENDIX C

NOMENCLATURE

constant in conversion term in kinetic theory
reaction components

degree Centigrade, concentration

constant shear rate

displacement

fraction converted

elastic constants

specific rate constants in kinetic theory
constant in kinetic theory

constants in Eq. (2)

order constants in the kinetic theory
critical molecular weight

number

constant in the kinetic theory

sensitivity to stress constant in kinetic theory
parameter in two-step kinetic theory

time

time when Gl starts to decay

stress

temperature

voltage
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Subscripts

calc

eq

exp

constant for non-constant shear rate experiment

shear rate

viscosity

lower Newtonion viscosity limit
upper Newtonion viscosity limit
thixotropic viscosity

stress

calculated
equilibrium
experimental
normalized
initial

thixotropic
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SUMMARY OF THE FIELD AND OUR RESEARCH ENDEAVORS

The various approaches towards the elucidation of the rheological
characteristics of materials generally fall into one of five
classifications: empirical, phenomenological (mostly rate processes),
linear viscoelastic, nonlinear viscoelastic, and microrheological analyses.
The empirical methods correlate data by curve-fitting techniques. The
rate theories have as their basis the assumption that the nonlinear char-
acteristics can be associated with some structural change of the material
whether it involves particle associations and dissociations, link formations
and ruptures, or molecular entanglements and disentanglements. The linear
viscoelastic models are based upon linear combinations of Hooke's law of
elasticity and Newton's law of viscosify. The nonlinear viscoelastic
models are based on continuum mechanics : nd nonlinear combination mechanical
models. Finally, microrheological analysis starts with the basic molecul:r
or microscopic variables such as particle sizes, molecular interactions,
and chain lengths. A simplified mechanism is proposed, and then it is
mathematically represented and solved.

Each approach has made contributions to the field, but with the present
state of the art, we cannot completely describe the non-Newtonian behaviar
even in simple geometries. Steady-state flow behavior has been extensively
investigated, and the representations available are adequate. However,
little is understood about the unsteady-state flow, such as shear stress
and normal stress growth after the onset of a sudden shear rate. The
theories in the literature are not able to always predict for example stress
growth at a given constant shear rate from data obtained on other experi-
ments.

The kinetic rate theory we are developing can be used to represent
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transient (unsteady-state), equilibrium, and normal stress difference
information. The theory accounts for elasticity and thixotropy by combining
a kinetic rate approach with a modified form of Oldroyd's model. The basic
approach and preliminary confirmation of the kinetic theory have been
described in the papers by Brodkey, Denny and Kim (2, 3). Kim and Brodkey
(3) provided the test of the steady-state theory by correlating polymer
solution data over a wide concentration range. Lewis and Brodkey (5)
offered further support of the theory by describing the phenomena of

shear stress growth over a range of shear rates. However, thus far the
tests of the theory were still empirical since the necessary constants and
parameters had heen obtained from the best fit to the data. Lee and
Brodkey (7) attempted to provide an independent test of the kinetic
approach by using data obtained under constant shear stress conditions

to evaluate the necessary constants and parameters in an id=alized manner
as suggested by the theory, and not by simple curve-fitting methods. The
results were then used for predicting time-dependent constant shear rate
measurements as well as the constant stress data. Jachimiak et al. (8)
and Jachimiak (9) extended the approach to allow the prediction of the
first normal stress difference; but, because of the difficulty of obtain-
ing the elastic parameter under constant stress conditions, the prediction
was unsatisfactory. Song (10) did a complete analysis of the theory and
showed that the previous formulations could not be used to predict all the
various possible types of experiments. He was able to formulate one that
could be used which will be presented in the theory section. Song (11)
then obtained a comprehensive set of data on stress growth, stress
relaxation and transient shear rate experiments. He attempted to fit all
of these to the theory with some, but not complete, success. Panlalai (12)

obtained data for very large amplitude oscillation and extended the theory
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X for this. Finally, Landers (13) obtained new and imprcved oscillatory data

on the same system. The most recent is by Park (75) and is summarized in App. C.

T,
.

The present summary is slanted so far toward our own work, and the

background literature has been covered in several of our previous rabli-

el
ZLOMAPAA

cations. However, it might be well to put our approach into proper
perspective with other means of treating rheological data, since the area
of research is large and all readers may not be equally familiar with our
efforts. First, there are the empirical methods such as the »ow=r or
Ostwald-deWaele (14, 15), Ellis (16, i7), Sisko (18), Reiner-Philippoff
(19), Powell-Eyring (20), and Rodrigucz (21) models. Detailéd explanation
of these c:n be found in most textbooks (1, 22, 23). The semiempirical
or phenomenological models form a second ¢lass of which the Eyring work
(20, 24-26) is representative. It is in this class that the present
effort resides is well as a number of other kinetic approaches (2/-30).
These latter (27-30) have been less general kinetic approaches that have
assumed some specific mechanism and then suggested a rate equation to
describe the chi:nge; however, since these are specific to a particular
suggested mechanism and not general to aid in establishing the mechanisr,
they will not be discussed further. The basic linear viscoelastic model
is due to Clerk Maxwell (31). The equation is a linear combination of
Newton's law of viscosity of an ideal liquid and Hook's law for an ideal
solid. Even though it is a linear equation, it has been a starting point
of almost all the nonlinear rheological models proposed in the last two

decades. Most of the models for nonlinear viscoelasticity are a generali-

zation of Maxwell's equation using tensor calculus. Typical equatiors of
this category are discussed in references 32 through 55. Most are '

formulated in a convected (co-deforr ns) coordinate system as was first

191




- E TR A TRT LTV R R "R " e T "e T e e T T ey w e s Y
AR AR S i ROME RN A e e e geacuin e ecns et At eSO RR ARANAC O S S

suggested by Oldroyd (3b4). Some are expressed in a co-rotational coordinate
system, which has been reviewed by Bird et al. (53). 1In spite of all the
work, the ability to fit transient data is far from satisfactory as can be
seen in Chen and Bogue and Christiansen and Leppard and others ‘51,54,55,

65 - 67)s Figures 1 and 2 show some comparisons from the latter work.
Finally, there are the microrheological approaches which assume a mechanism
and are directed toward elucidating the basic reason why specific systems
are non-Newtonian. In this class are such analyses as Rouse (56), Bueche
(57), Michaels et al. (58-60), and Mason (51, ~2).

In the empirical models, nothing is learned about the basic mechanism
because little specific meaninz can be : iven to the constants. In the
phenomenological approaches as little is assumed -ibout the specific
mechanism a.: pousible, and c-e hopes tu jain some insight into this by
evaluation of the constants and their v.riation with the parameters of
the system (such as moleculer welght ~ictribution'. The viscoelastic
th=ori~s have been the recent mainstay { rheslorical representetion and
as muny believe will eventually be aide juate for the task. The micro-
rheological anulyses depend 'n a knowl e .8 tie mecnanism  =nd are cnly
vulid faur systems that fulfiil the Daci - wosamition. nd guroximetions .f
the theories. In general, a mechanism is swiectel, nd then une attemptlo
tu conf'irm the hypothesis by comparison Lo experiment:c 1ata. e fully,

in time the methods will comvlement eact otner, :rebimenoLloawicsl 4,1 aces

iroviding the necessary insight to allow a more r sg .uat Lo mernanisn *0 L
vr.posed than has heretofore been possible, ani micr ~» L. L Lol
2llowing estimation and - lligent vari=tion, :* *:- ins s*. .
f the characteristic pa .ers of mate -ials.
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The possible application of our kinetic-elastic model (as well as
alternate models) has been mainly to polymer rheology problems where time

dependency is recognized but is not as extreme as it might be in elasto-

ﬁ:i; hydrodynamic lubrication (.ls versus ~ 10 Js). Temperature dependency
: is important in both, but pressure effects are much more extreme in the
lubrication application. Johnson and Tevaarwerk (69) have recently
reviewed the shear behavior of EHD oil films, but it should be emphasized
that the models considered by them can at best only describe a part of
the known response characteristics of non-Newtonian materials. Never-
theless, the reasonable success they demonstrated in matching traction
curves leads one to hope that a better model, more accurately descriptive
of the process, would allow nearly a complete description of the dynamics
of the problem.

The model used by Johnson and Tevasrwerk was the simplest form of the
sinh law for the non-Newtonian representation (see references 20 and 'L-26)
and the Maxwell model (31) for the viscoelastic contribution. In both
cases, the representation of known response characteristics is limited and
does not compare with the kinetic -elastic model to be described. There
are of course a mumber of earlier models that have been used to describe
traction curves. Crook (70) suggested a Newtonian fluid and temperature
dependence to explain the nonlinear region. Johnson and Cameron (71)
showed that non-Newtonian characteristics were indeed important. Barlow
et al, (72) showed that lubricants could be viscoelastic. Dyson (73)
suggested that viscoelasticity could be important in the linear region
under large deformations as well as in the nonlinear region.

The knowledge of the characteristics of lubricants is clearly limited

and the best means to describe the fluid during a concentrated contact is
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still to be determined thus there exists a need for looking into this applied

"y
. e s

problem in more detail using the rheologically sound kinetic-elastic approach.

-

The application of the theory to the field of slurry fuels is still another

A

possibility.

A 4y 4
442

These materialswill usually exhibit a yield stress. Unfortunately,

data on the time response

of such materials does not appear to have been

TeT e
e s

measured and clearly work is needed here.
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THEORY

Polymer rheology is primarily concerned with three fundamental
properties of fluids: the time rate of change of viscosity or structure,
called here the thixotropic property; the steady-state level obtained, .,
which is a function of the shear rate; and the lag of the stress behind
what one would expect from the thixotropic behavior, called here the
elastic property. The change in viscosity can be attributed to some
reversible internal mechanism such as entanglement, association, or winding
of long-chain polymer molecules. The lag of the stress is due to the
property of the material which causes it to resist deformation and thereby
recover its original shape and size when deforming forces are
removed. The nonlinear time-dependent flow behavior for such polymeric
materials can best be described by a combination of elasticity and
thixotropy. The thixotropic and steady-state behavior is described by the

kinetic theory and the elastic property is described by an elastic model.

A KINETIC MODEL FOR THIXOTROPIC CHANGE

In the previous work (1-13), we developed a kinetic model for thixo-

tropic materials which is descriptive of the viscosity change that occurs

in polymer solutions. The model is different from previous rate models

in that molecular phenomena such as links, particle spheres, dipole

moments, or hydrogen bonding are not used directly as a basis of the model. N
Instead, let us define a new variable, Ft’ as the fraction of the thixotropic
fluid structure unchanged. This new variable Ft is a lumped parameter

which contains the overall effects of molecular phenomena such as disentangle-
ment and entanglement of chains, link rupture and association and others.

At zero time and no stress, the fluid thixotropic structure would be
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unchanged and F

1. As time progresses {unsteady state), the thixo-

e =
tropic fluid structure undergoes change and Ft decreases and continues to
decrease as the structure changes. Finally, at steady state, an equili-
brium is reached between the unchanged and changed thixotropic fluid
structure and Ft = Feq’ the equilibrium value of the variable. The
situation being considered reminds one of a simple kinetic reaction of A@B.
If we app