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ABSTRACT

E;ﬂlThe thickened simulant system, K125/methyl salicylate (MS),
which is used to replace thickened chemical agents for Trialing and
Training purposes, has been characterized. The parameters measured,
namely density, viscosity and first normal stress difference in steady
shear and storage and loss moduli in dynamic mode, can be used to
describe and identify the solution system and to predict and correlate
its properties.“
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INTRODUCTION

1. The display of munitions containing thickened chemical agents at
Shikhany confirmed earlier intelligence reports that thickened chemical
agents constitute an appreciable percentage of the Soviet chemical
arsenal. Consequently, an understanding of the properties and charac-
teristics of thickened materials in general and thickened agentS in
particular, is required to be able to develop adequate defensive equip-
ment and postures for the Canadian Forces. The dissemination charac-
teristics of thickened agents under a variety of release conditions are
particu]ér]y relevant since this information is required for develop-
ment of a comprehensive assessment of the hazards that the Canadian
Forces might face in a CW environment. Since it is not possible to
conduct dissemination trials using actual thickened chemical agents,
thickened simulants have been developed which mimic the properties of
the agents. These simulants are also used for other trialing applica-
tions, such as the development and testing of decontamination equipment
and procedures, and for training purposes.
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2. The simulant methyl salicylate (MS) thickened with the acryloid
~— - polymer—K125-EA—is usedat the Defence Reséarch Establishment Suffield
(DRES)(1,2) and at US and UK laboratories (3) for a variety of trial-
ing and training purposes. DRES has used K125/MS solutions in explos-

jve dissemination trials (1) and in high velocity release (aerodynamic

break.Up) studies (2). These solutions are also used in decontamina-
tion training and in chemical agent monitor trials as simulants for
thickened mustard.

3. Thickened agents and thickened simulants, such as K125/MS, are
polymeric solutions and belong to the general class of non-Newtonian
solutions. The principal characteristic of a non-Newtonian solution is
the dependence of viscosity on shear rate as well as temperature. Non-
Newtonian solutions may also exhibit elasticity (first normal stress
difference in steady shear). Thus, to be able to identify and describe
a solution, its density, viscosity and first normal stress difference
in steady shear and storage and loss moduli in dynamic mode must be
determined. These parameters, as well as identifying the solution, are
used to predict and correlate its behavior (e.g., to predict drop
size). Therefore, a knowledge of these parameters is a necessary re-
quirement for any experiments using the solution. Since very little
information existed on K125/MS solutions (4), the present study was
initiated in 1987 to characterize the system.

MATERIALS AND PREPARATION

4. The solvent, methyl salicylate (MS), was obtained as analytical
reagent (lot number 99046/1879) from BDH Chemicals Ltd. It was used
directly as obtained from the manufacturer. The physical properties of
MS are given in Table I.
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5. The current TTCP accepted formulation of K125 (K125-EA Tot
3-6326), supplied by Rohm and Haas, was used. It consists of 82 mole
percent methyl methacrylate, 12 mole percent ethyl acrylate and 6 mole
percent butyl acrylate and has a weight average molecular weight of
2.05 x 10° (determined by gel permeation chromatography) and a poly-
dispersity of 3.41 (5).

6. The solutions were prepared by placing the solvent in a linear
polyethylene bottle, adding the polymer, shaking vigorously to disperse
the polymer and then rolling on a roller mixer for at least 24 hours at
room temperature. Solution preparation took place entirely at room
temperature; heat was not applied to hasten dissolution of the polymer.
In all cases the resultant solutions were clear, homogenous and color-
Tess.

EXPERIMENTAL

7. The densities of the K125/MS solutions were measured at 25.0°C
using an Anton Paar Model DMA 45 Digital Density Meter (6).

8. Since viscosity and first normal stress difference (FNSD) and
storage and loss moduli are functions of both temperature and shear
rate or frequency, these parameters must be measured over as wide a
temperature range as required for the particular application, and as
wide a shear rate or frequency as practical. Several different test
instruments are normally used to make a full set of measurements (7,8,
9). For standard field trial applications, the temperature range 15 to

45°C was considered adequate.

g, A series of Brookfield SyncrolLectric Viscometers (BSLV), (LVT,
RVT, HAT and HBT) (7) were used in the concentric cylinder
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configuration, to measure the vﬁscosity of K125/MS solutions as a
“function of temperature from 15.0 t6 45.0°C. — ~ T S

10. Since the traditional method of characterizing solutions used in
field trials is Ostwald viscosity, glass capillary viscometers of the
Cannon Fenske type (7) were used for this measurement.

11. A Rheometrics Fluids Rheometer (RFR) (8), a constant shear rate
rotary rheometer, was used to measure viscosity and first normal stress
difference in steady shear and storage and loss moduli in dynamic mode
for the K125/MS solutions. The instrument was used in cone and plate
configuration with a 2.29 degree cone and 5 cm diameter plates. All
measurements were made at 25.0 = 0.1°C.

12. For each solution, steady shear measurements were made in the
clockwise and counterclockwise directions on at least 3 separate
samples and the results averaged. Dynamic measurements were also made
on these samples and the results averaged.

13. A Carri-Med Constant Stress Rheometer (CMCSR)(9), a constant
shear stress rotary rheometer, was used to measure viscosity in steady
shear and storage and loss modului in dynamic mode. It was used in
cone and plate configuration with either a 2 degree cone and 5 cm di-
ameter plate or a 1 degree cone and 6 cm diameter plate. Measurements
were made at 25.0 + 0.1°C. The CMCSR was used to extend the range of
measurements to lower shear rates and frequencies than were possible
with the RFR.

RESULTS AND DISCUSSION

14. The densities of 6 solutions of K125/MS are given in Table II.
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In all cases the densities were within one percent of the solvent

densities.

15. The Ostwald viscosities, Neop> of the K125/MS solutions as
determined by glass capillary viscometers at 25.0°C are also given in
Table II. For concentrations greater than 60.0 g/L the viscosity
increased very rapidly with concentration. Over the concentration

range 25< n._.< 100 g/L, the viscosity obeyed the relationship
C-F

=21.6-2.32C+9.50x10°2C2-1.76x10"3C3+1.57x10-°C*-3.97x10"8C®

"c-F [1]
Steady Shear Data
Viscosity-Shear Rate-Temperature Relatjonship
16. Viscosity-shear rate curves were measured at 15.0°C, 20.0°C,

25.0°C, 35.0°C and 45.0°C using Brookfield Syncrolectric Viscometers.
This data is listed in Tables III-VIII for the 24.9 g/L, 40.0 g/L, 49.9
g/L, 60.0 g/L, 74.4 g/L, and 99.5 g/L K125/MS solutions respectively.
Figure 1 illustrates a set of viscosity-shear rate curves for the 49.9
g/L solution. These curves were of similar shape which implied that
temperature variations influenced viscosity only by altering the zero

shear viscosity n,, and the shear rate, 7, at which the viscosity
began to decrease (10). Consequently, the data could be reduced to a
single master curve. The method of superposition employed was that

described by Mendelson (11). The shear stress (t,,)-shear rate (7)
curves were plotted at each temperature with the 25°C curve chosen as

the reference curve. The values of the horizontal shift factors, ar,
at each temperature were obtained by choosing two shear rates, TA and

YB’ on the reference temperature curve and shifting the corresponding
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points (constant shear stress) to the other curves to coincide with

these shear rates. ThevVa1UE§“6f»a}mWEFé'ca1éﬂTatéd'fkohf
ar = 7(ref)/7(T) | (2]

where t,, = constant

The ar values obtained at the two shear rates (%Aand %B) were averaged
to minimize errors. Figure 2 illustrates the resultant master curve
for the 49.9 g/L K125/MS solution.

17. The values of the ar factors are listed in Table IX. The
temperature dependence of the ar factors could be expressed by an
Arrhenius type equation of the form

ar = B exp (Ea/RT) 3]

where T = temperature (°K) and Ea = shift factor activation energy
(Kcal/mole) (see Figure 3). Values of B and Ea are listed in Table IX.

18. Consequently, a general technique exists for predicting viscos-—
jty flow curve data at various temperatures. Equation 2 can be con-
sidered 1in terms of shear rate at any temperature, T, so that

Y (T) = 7(ref)/a; [4]

where corresponding shear stress is the same at the two shear rates.
Thus, given a set of shear stress-shear rate data at the reference
temperature and a knowledge of a; as a function of temperature, sets of

1,,-7-n data can be obtained at any desired temperature. This is par-
ticularly useful for field trial work, where experiments are carried
out at a variety of temperatures.
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19. The viscosity and first normal stress difference in steady shear
have been measured at 25.0°C for the 24.9 g/L, 40.0 g/L, 49.9 g/L, 60.0
g/L, 74.4 g/L and 99.5 g/L solutions of K125/MS using the Rheometrics
Fluids Rheometer (RFR). This data is listed in Tables X - XV.
Viscosity-shear rate data measured at 25.0°C using the Carri-Med
Constant Stress Rheometer (CMCSR) is listed in Tables XVI - XXI.

20. Figures 4-9 1illustrate plots of viscosity and first normal

stress difference as a function of shear rate.

Equations Used to Describe the Dependency of Viscosity on Shear Rate

21. Several different equations have been suggested to describe the
functional dependence of viscosity on shear rate (10). These equations
describe either a portion of or the complete viscosity shear rate
curve. The most commonly used equations are the power law equation,
the Carreau equation (10) and the Allen-Uhlherr equation (12).

22. The power law equation, which has the form

= (5]

where n = viscosity (poise)

Y

m and n = constants characteristic of the particular solution

shear rate (1/sec)

describes the tilted straight line portion of the curve. The values of
 the power law parameters, m and n, obtained from a least squares fit of
the data, are given in Table XXII.
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23. This equation, coupled with a knowledge of the zero shear rate

M;iscosity, ne, and the shear rate %0, at which the viscosity begins to
decrease from no, can be used to adequately describe most non-Newtonian
viscosity curves. Inspection of Figures 4-9 indicates that, in some
cases, measurements could not be made at low enough shear rates for the
viscosity to reach a constant value, thus giving a definitive value of
the zero shear rate viscosity, no. In these cases, values of n, were
obtained by using the extrapolation method of Vinogradov and Malkin
(13) in which log 1/n vs shear stress (t,,) was extrapolated to T, =

0. The shear rate, %o, was arbitrarily chosen as the rate at which the
viscosity dropped to 90% of its value at n,. The values obtained for

Ne and %o are given in Table XXII.

24 . Several equations have been proposed to fit the complete
viscosity-shear rate curve (10). The four-parameter Carreau equation,

- which has the form

n-=-n

o0 ’ -1), 6]
e = (1 072
where n, = zero shear rate viscosity (poise)
n_ = infinite shear rate viscosity (poise)
A = time constant (sec)
n = dimensionless power law index

is the most widely used of these. Since data is not norma]1y available
in the infinite shear rate viscosity region, n, is usually set equal to
the solvent viscosity giving a 3-parameter equation. The data were
fitted to the 3-parameter Carreau equation using a non-linear least
squares regression routine. The values of three parameters are given
in Table XXIII.
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25. A second 4-parameter equation, which fits the complete viscosity-
shear rate curve, was recently proposed by Allen and Uhlherr (12). They
claimed that this equation, which has the form

N7, S (14 +)n—1

o [7]
where n, = zero shear rate viscosity (poise)
n_ = infinite shear rate viscosity (poise)
A = time constant (sec)
n = dimensionless power law parameter

gave a better fit to viscosity-shear rate data, especially in the

region of onset of shear thinning behaviour (x%=1), than the Carreau
equation. The Allen-Uhlherr equation is reduced to a 3-parameter
equation by setting n_, equal to the solvent viscosity. The data is
then fitted to the 3-parameter equation using a non-linear least
squares regression routine. The values of the 3 parameters afe given
in Table XXIV.

26. To.assess the adequacy of fit of the Carreau and Allen-Uhlherr
equations to the viscosity-shear rate data, a point by point comparison
was made between the measured data and the data calculated using each
equation. The sum of the squares of the differences of the calculated
and measured viscosity, the average percentage error and the maximum
percentage error were determined (see Tables XXV and XXVI). The
greatest differences between the measured and calculated values
occurred at the highest shear rates with the Carreau equation
predicting values higher than the measured values and the Allen-Uhlherr
equation predicting values lower. Since the Allen-Uhlherr equation
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gave smaller values for all 3 assessment parameters, it was considered
to"give the better fit to the data.” The fit by the Carreau equation
was, however, still considered to be satisfactory. Fits of both equa-
tions to the data from a 60.0 g/L solution of K125/MS are illustrated
in figures 10 and 11.

27. . When the zero shear viscosity, n,, and the Ostwald viscosity,
No-g» 3S measured by glass capillary viscometers, were compared the
following relationship was observed to hold:

- -1 0.998
Neop = 8.43 x 10 n, [8]
28. A power law relationship was also observed between N, and the
shear stress, t,,:
N1 = aTlZB ' [9]

Values of the power law parameters o and B are listed in Table XXVII.

Dynamic Data

29. Measurements of the storage and loss moduli as a function of
angular frequency, w, were made at 25.0°C for the 24.9 g/L, 40.0 g/L,
49.9 g/L, 60.0 g/L, 74.4 g/L, 99.5 g/L K125/MS solutions using the
Rheometrics Fluids Rheometer (RFR) and the Carri-Med Constant Stress
Rheometer (CMCSR). The RFR data is listed in Tables XXVIII-XXXIII.
and the CMCSR data in Tables XXXIV-XXXIX respectively.

30. The loss modulus is converted to the dynamic viscosity by
equation 10:

n' =6'""/uw _ [10]
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Figures 12-17 illustrate plots of dynamic viscosity and storage modulus
as a function of frequency.

31. As in the case of the viscosity-shear rate data obtained in
steady state experiments, the dynamic viscosity-frequency data can be
described in terms of n,, a characteristic frequency w,, at which n has
decreased to 90% of its values at n,, and a power law slope observed at
high frequencies. The values of w, and the power law parameters for
the equation

b-1 (1]

n' (w) = aw
are listed in Table XL.

32. A comparison between n(7) and n'(w) indicate that both reach a
Timiting value of n, as 7 and w approach zero and that both begin to
decline at comparable values of 7 and w. However, n' falls off more

rapidly with w, than n with 7, as is shown by the lower value of the
power law slope, b. This decrease in n'(w) is more pronounced for

higher concentrations.

33. The Cox-Merz rule (14) was developed to obtain an improved

relationship at high frequencies and shear rates. This rule predicts
that the complex viscosity, n*, should be comparable with viscosity, n,

at equal values of w and ¥. The complex viscosity is calculated from

equation 12:
n*(w) = [(n'(w))2+(G"'(w)/w)2]"’2 [12]

Figure 18 shows a plot of [n*/no|, n'/ne, and n/n, as functions of
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reduced frequency, B', and shear rate, B, for the representative
solution of 60.0 g/L K125/MS. B -

B' = (no - nS)Mw/cRT " [13]
B = (no - nS)M%/cRT [14]
where n, = zero shear rate viscosity (poise)
ng = solvent viscosity (poise) _ :
MS = molecular weight in g/mole of the polymer (M = 2.06 x 10°
g/mole for K125)

R = universal gas constant 8.314 x 107 erg/deg mole

c = concentration of the polymer solution in g/cm?

T = absolute temperature (degrees K)

As expected n*(w), follows n(7) more closely than n'(w) but still falls

of f more rapidly with w than n does with 7.

34. The data given in Tables XXII and XL and presented in Figures
4-9 and 12-17 clearly show that dynamic data can be used to obtain a

value of n, and a reasonable approximation to 7,. The decrease of n

(w) or n* (w) with w is more pronounced than that of n(%) with %. This

is consistent with previous observations of polymethyl methacrylate
(PMMA) solutions (15).

35. When Nl/v"2 and 2G'/w2 are plotted as functions of'% and w, thé

2G'/w? curve falls off more rapidly with w than the Nl/ﬁ.f2 curve with 7.
Figure 19 shows these curves for a representative solution of 60.0 g/L
K125/MS. This is again consistent with previous observations of PMMA
solutions (15).
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CONCLUSIONS

36. A detailed characterization has been made of the thickened
simulant K125/methyl salicylate. The parameters obtained can be used
to identify and describe the solutions and to predict and correlate

their behaviour.

37. Measurements were made of viscosity as a function of shear rate,
temperature and concentration for 6 different K125/MS solutions. The
first normal stress difference was measured as a function of shear rate
and concentration at 25°C for these solutions. Storage and loss moduli
were also measured as a function of frequency and concentration at 25°C

for these solutions.

38. Three equations, the power Tlaw, the Carreau and the
Allen-Uhlherr were used to describe viscosity-shear rate data. The
Allen-Uhlherr equation was found to give the best fit to the data over

the complete shear rate range.

39. Comparison between viscosity as a function of shear rate and

complex viscosity as a function of frequency showed that while both
measurements go to n, as 7 and w approach zero and give similar values

for %0 and w,, the complex viscosity decreases more rapidly as a
function of frequency than the viscosity as a function of shear rate.
This implies that complex viscosity data cannot be used in place of
shear rate data for the K125/MS system.
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TAELE IV
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Table IX
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Shift Factors for K125/MS Solutions

Conc.

(g/L)

24.9
40.0
49.9
60.0
74 .4
99.5

T i W | Wy

.33
.28
.29
.30
.29
.28

pd ped ph pd b b

20

.13
.12
.13
.13
12
.13

b = b= e

25

.00
.00
.00
.00
.00
.00

T(°C)

35

0.800
0.802
0.809
0.816
0.805
0.822

45

0.662
0.697
0.692
0.687
0.689
0.713

N = = = = 0

.93x10-*
.77x10°3
.77x10°3
.52X10-3
.61x10"3
.54x10"3

Ea _
(Kcal/mole)

4.17
3.76
3.76
3.86
3.82
3.55
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VISCOSITY AS A FUNCTION OF SHEAR RATE FOR A 24.9 G/L
SOLUTION OF K125/M5 RHEGHMETRICS FLUIDS RHEOMETER DATA
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TAELE III

SHEAR STRESS AND VISCOSITY AS A FUNCTIDON OF SHEAR RATE
FOR A 24.9 G/L SOLUTION OF KE125/M5

ATE SHEAR STREES VIECOSITY
) (DYNE/CMZ) (FOISE)
.92 4.96 1.26
5.59 7.05 1.27
7.85 G.7% 1.28
11.10 1Z.91 .25
15.76 : 19.26 - 232
27.74 IIT.42 1.20

456.2 SZ.09 1,13
£5.42 71.€9 1,10
- SZ.43 99.30 1.07
120,83 132,24 1.01

SHEAR RATE SHEAR STREES VIZCOZITY
(1 /220 (CYRNE/CMZ) (FOISE?
R 4.17Z 1.054
.59 . B 1. 042
7.25 7.5% L0118
11.10 11.232 1,028
13,65 2. &4 LG94
27.73 27.24 L7221
I7.24 Z27.53 o7
&3, 3I9 TEL &6
52,518 20. 28
IO, 7= 108,88




@ ' ' TABLE III

EHEAR STRESS AND VISCOSITY AS A FUNCTION OF SHEAR RATE
FOR A 24.9 G/L SOLUTIGN OF K12S5/MS

T = 15°C
SHEAR RATE SHEAR STREES VISCOSITY
(1/SEC)Y (DYNE/CM2)} (FOICE)
2.77 4.70 1,70
: Z.932 6.75 1.72
.95 .28 1.&7
7.8& 17,10 1.£7
11.10 18.24 1.£4
15.772 25.75 1.41
AL, 24 £5.1% 1.47
£5.S4 gZ.81 1.47=
SZ.48 12&.80 1.37
121,07 165.99 1.27
T = 20°C
SHEAR RATE SHEAR STRESS VISCOZITY
(1/2E0C) (DYNE/CM2) (FOICE)
T3 S5.73 1.4846
S.25 7.91 1.42
7.2& 11.11 1.41
11.1¢ 15.82 1.42
- 15.71 21.88 1,37
Z27.7& I7.84 1.724
4,27 S2.30 1.28
. £5.47 51.79 1.23
2Z.54 110.16& 1.1%
120.95 145. 40 1.11%



UNCLASSIFIED

TABLE II

DENSITY AND OSTWALD VISCOSITY FOR K125/MS SOLUTIONS

concentration density viscosity (nn_p)
(g/L) (g/cm*) (poise)
25.0 1.1793 1.16
40.0 1.1797 4.30
49.9 1.1801 8.84
60.0 1.1803 17.0
74.4 1.1805 40.7
99.5 1.1807 149.1
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TABLE 1

PHYSICAL PROPERTIES OF METHYL SALICYLATE

Formula CgHge0,4
Molecular Weight 152.14
Melting Point (°C) ‘ —8.6*‘
Boiling Point (°C) 220-224f
Density (g/cm) @ 25.0°C 1.179
Viscosity (cp) @ 25.0°C 3.03
Surface Tension (dyne/cm) @ 25.0°C 38.84
Vapour Pressure (mmHg) @ 25.0°C 0.140**
Solubility Parameter (hildebrand) 10.66***

% *

% %k

Merck Index, 10th Edition, Merck and Co., Inc., 1983. ‘
Handbook of Chemistry and Physics, 62nd Ed., CRC Press, 1981.
Polymer Handbook, ed. Brandrup and Immergut, Wiley-Interscience
1975.

3
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- 10. R.B. Bird, R.C. Armstrong and O. Hassager, "Dynamics of Polymer
Liquids", John Wiley, (1977).

11.  R.A. Mendelson, "Prediction of Melt Viscosity Flow Cufves at
Various Temperatures for Some Olefin Polymers and Copolymers", Polymer
Eng. Sci., 8: 235-240 (1968).

12. E. Allen and P.H.T. Uhlherr, "Elastic Parameters for Polymer
Solutions from Simple Steady Shear", IUPAC Polymer '85 Sym. Melbourne
(1985), 358-362.

13. G.V. Vinogradov and A.Y. Malkin, "Temperature Independent
Viscosity Characteristics of Polymer Systems", J. Polymer Sci., A2:
2357-2372 (1964).

14, W.P. Cox and E.H. Merz, "Correlation of Dynamic and Steady Flow
 Viscosities", J. Polymer Sci., 38: 619-622 (1958).

15. K. Osaki, M. Tahura, T. Kotaka and M. Karata, "Normal Stress and
Dynamic Moduli in Polymer Solutions", J. Phys. Chem., 69: 3642-3645
(1965).
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SITY AS. A FUNCTION CGF SHEAR RATE FOR A £0.0 G/L
. ' SOLUTION OF Hi12T/MS
CARRI-MED CONSTANT STRESZ RHEOMETER DATA

VISCOSITY

SHEAR RATE

(1/SEC) (FOISE)
1.2 18.51
1,45 18.10
2. 15 A7.51
T.S€E 14,70
4,50 16.5%
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TARLE XX

VISCOSITY AS A FUNCTION OF SHEAR RATE FOR A 74.4 G/L
SCLUTION OF K12S/ME
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5 A FUNCTICN OF SHEAR RATE FOR A& 9.5 G/L
' ZOLUTION OF E1Z25/MS
CARRI-MED CONSTANT STRETS RHEOMETER DATA

SHEAR RATE VISCOSITY
(1/5C) (FOISE)
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Parameter for the Power Law Equation n = my"

UNCLASSIFIED

TABLE XXII

.-

‘concentration n, m n %o(0.90)
(g/L) (poise) (1/sec)
24.9 1.36 2.86 0.799 54.0
40.0 5.11 12.2 0.704 12.0
49.9 10.6 , 26.8 0.644 7.00
60.0 20.4 51.4 0.592 3.50
74 .4 50.4 106.1 0.555 1.40
99.5 173.7 . 293.1 0.478 0.640
*RFR data

UNCLASSIFIED




UNCLASSIFIED

TABLE XXIII

Parameters for the Carreau Viscosity Equation *

concentration Mo

XXIO‘z n

(g/L) (poise) (sec)

24.9 - 1.34 2.67 0.824
40.0 4.87 . 5.60 0.740
49.9 9.78 7.35 0.685
60.0 18.1 9.62 0.634
74.4 46.4 25.6 0.637
99.5 166.1 68.3 0.607

*RFR data

UNCLASSIFIED




UNCLASSIFIED

TABLE XXIV

Parameters for the Allen-Ulherr Viscosity Equation *

concentration No -ax10-2 n

(g/L) (poise) (sec)
24.9 | 1.36 0.602 0.585
40.0 5.11 2.71 - 0.623
49.9 10.5 4.31 0.580
160.0 20.2 6.76 0.543
74 .4 49.9 15.0 0.532
99.5 176.0 36.4 0.491
*RFR data

UNCLASSIFIED




UNCLASSIFIED

TABLE XxXv

Comparison of Measured Data and

Data Calculated Using the Carreau Equation

concentration z(“obs_"cal)z average max imum %(max % error)

(g/L) % error % error

24.9 7.48x10°* 0.441 -1.22 5.00
40.0 2.40x10"2 0.897 2.65 1199.1

49.9 0.120 1.13 3.78 199.1

60.0 0.418 1.24 4.72 199.1

74.4 9.94 2.38 9.83 199.1
99.5 323.0 4.30 21.9 100.0

UNCLASSIFIED




~ UNCLASSIFIED

TABLE XXvI

Comparison of Measured Data and
Data Calculated Using the Allen-Uhlherr Equation

" concentration z("obs—ncal)z average maximum %(max % error)
(g/L) % error % error
24.9 3.16x10°* 0.245 0.935 7.93
40.0 6.93x10°* 0.149 10.381 199.1
"49.9 4.76x10°3 0.235 0.849 199.1
60.0 - 2.72x1072 0.344 1.29 199.1
74.4 0.684 0.634 2.90 125.9
99.5 31.5 1.30 7.46 . 100.0

UNCLASSIFIED



UNCLASSIFIED

TABLE XXVII

Parameter for the Power Law Equation N, = at,zﬁ
concentration a x 1072 B
(g/L)
40.0 4.78 1.59
49.9 4.78 1.58
60.0 3.85 1.61
74 .4 1.85 1.69
99.5 1.65 1.72

UNCLASSIFIED



TAELE XXVIII

DYNAMIC VISCOSITY AND STORAGE MODULUS AT A FUNCTIGN OF
FREGQUENCY FOR A 24.% G/L SOLUTION OF K125/MS

FREGIUENCY DYNAMIC ETCRAGE

VISCOSITY MODLLUS

(1/5EC) (FOISE) (DYNE/CHZ)
7.9% 1.35 1.14
G.983 L33 1.60
12.56 1.31 2.%5
15.81 ' 1,23 ‘ T.15
19.91 1,25 4.41
25.06 L22 6.16
71.55 1.18 8.52
I9.72 1.14 11.70
S0.01 1.09 15.99
£2.9& 1.04 21.84
79,26 C .99 9. T4
33.75 . - .74 40,77
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TAELE XXX

DYNAMIC VIECOSITY AND STORAGE MODULUS AS 4 Fun

i
—“o HI ¢ -
-

NCTICN CF
FREQUENCY FOR A 49.9 G/L SOLUTION GF K125

MS

~

[
/

’

FREGUENCY DYNAMIC STORAGE
: VISCOSITY MODULUS
(1/SEC) (FOISE) (DYNE/CM2)

5, G0 .18 2,55
£.70 S.86 12,40
7.9% .51 1€.28
9.9¢ 8.16 21.55
2.56 7.74 2€.87

15.21 7.32 I7.7
15.91 4. 08 AS, 77
25. 06 6,42 6Z.78

I1.55 5.96& 75.01

I9.72 5. 50 928.89

50.01 5. 06 22,462

E2.GE 4,62 150,30

79.25 4,721 184,727
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DYMAMIC VISCOSITY AND STORAGE MODULYUS AS A FUNCTION OF
FRZGQUENCY FOR A 60.0 G/L SOLUTION OF E1ZS5/MS

SRIGUENTY BYNaMIC STORAGE
VISCOSITY MODULUS
(1/820) , (FOISED (DYNE/CMZ)

5.00 15.97 20.49
£.730 18.19 26.99
T.oT 12, a7 ID. 44
F.e32 4L, 23
3 ~ ~e
1Z2.5¢6 S5.28
15.81 75.44
o=
1i7.%1 7Z.17
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DYNAMIC VISCOSITY AND STOR

AGE MODULUS AS A FUNCTION CF
FREGUEMNCY FOR A 74.4 G/L

SOLUTION OF K1Z5/MS

FREGUENC DYNAMIC ' ETCRAGE

VISCOSITY MODULUE

(FOISE) (DYNE/CM2)
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DYNAMIC VISCOSITY AND STCRAGE MODULUS AS A FUNCTION OF
FREQUENCY FOR A 99.5 G/L SCLUTION OF Ki12S,/MS

FREQUENCY DYNAMIC STORAGE
, VISCOSITY MODULUS -
(1/SE0) (FOISE) (DYNE/CMZ)

10 173,60 . Z2.35

I 165,85 .05
i 171,67 4.24
20 169.80 S.43
29 162.44 7.14
L2 162,59 .40
.40 157.76 12,57
.20 55,98 14,460
&3 150,42 21.%58
7T 145, 25 22012
1,00 17g. 22 IR, 41
1.2& 130,77 50,15
1.59 23,2 £S5, 39
.00 112,57 £4.23
2.51 1ce. 1
Z.14 oG, 0%
.o 2. 05
=.01 2408
£5.731 T&ELAL
7.54 LB, 72
10,60 &E1.55
12.59 S4.77
1Z. 85 12, 454
17.%94& 42.5%
ZZ.12 I7.2%
I1.&3 32,480
I9.82 2e.0R
SC.13 24. 24
&3.11 20,98
7%.45 17.9¢
100,00 15.47




DYNAMIT VISCOSITY AND STORAGE MODULUS &% & FUNCTION CF
FREGUENCY FOR A 24.2 G/L SOLUTION GOF K1ZS5/MES
CARRI-MED COMETANT STREZEZ REETMETER DATA
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TRELT XXXV

DYNAMIC VISCOSITY AND STORAGE MGDULUS AS A SUNCTION OF
FREGQUENCY FOR A 40,0 G/L SCLUTION CF K125/M5
CARRI-MED COMNETANT STRESS RHECMETER DATA

FREQUENCY DYNAMILC STORAGE
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DYNAMIC VISCOSITY AND STORAGE MODULUS AS A FUNCTION OF
FREQUENCY FOR A& 74.2 E/0 SOLUTION OF K1ZS/MS

- - Al
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UNCLASSIFIED

s s T T T T TABLE XD

Parameters for the Power Law Equation n = a wb_l *

concentration a b w_(0.90)
(g/L) -~ (1/sec)
24.9 2.56 0.783 . 27.0
40.0 10.6 - 0.675 ° 5.00
49.9 22.8 0.613 3.50
60.0 - 40.6 0.567 1.80
74 .4 92.7 0.489 - 0.850
99.5 255.7 0.396 . 0.500

*RFR data

UNCLASSIFIED




THIAISSVIONN

VISCOSITY (poise)

Figure 1: Viscosity as a Function of Shear Rate and
Temperature for a 49.9 g/L Solution of K125/MS
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AHIAISSVIONN

VISCOSITY (poise)

Figure 2: Viscosity as a Function of Shear Rate for a 49.9 g/L

Solution of K125/MS. All Data Reduced to 25.0 °C.
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Ap FACTOR

Figure 3: Ay as a Function of 1/T for a 49.9 g/L

Solution of K125/MS
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AHIAISSVIONN

VISCOSITY (poise)

10 ¢

1E-1

Figure 4: Viscosity as a Function of Shear Rate

for a 24.9 g/L Solution of K125/MS
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THIJISSVIONN

VISCOSITY (poise)

Figure 5: Viscosity and First Normal Stress Difference as a
Function of Shear Rate for a 40.0 g/L Solution of K125/MS
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THIAISSVIONN

VISCOSITY (poise)

Figure 6: Viscosity and First Normal Stress Difference as a
Function of Shear Rate for a 49.9 g/L Solution of K125/MS
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AHIJISSVIONN

VISCOSITY (poise)

Figure 7: Viscosity and First Normal Stress Difference as a
Function of Shear Rate for a 60.0 g/L Solution of K125/MS
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QALAISSYIONA

VISCOSITY (poise)

Figure 8: Viscosity and First Normal Stress Difference as a
Function of Shear Rate for a 74.4 g/L Solution of K125/MS
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AHILISSVIONN

Figure 9: Viscosity. and First Normal Stress Difference as a
Function of Shear Rate for a 99.5 g/L Solution of K125/MS
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- QELAISSYIONN

Figure 10: Carreau Equation Fitted to Viscosity — Shear Rate Data
< for a 60.0g/L Soclution of K125/MS
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VISCOSITY (poise)

100 ¢

(WY
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Figure 11: Allen—Uhlherr Equation Fitted to Viscosity
— Shear Rate Data for a 60.0g/L Solution of K125/MS
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AHIAISSVIONN

DYNAMIC VISCOSITY (poise)

Figui'e 12: Dynamic Viscosity and Storage Modulus as a Function of
Frequency for a 24.9g/L Solution of K125/MS
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DYNAMIC VISCOSITY (poise)

Figure 13: Dynamic Viscosity and Storage Modulus as a Function of

Frequency for a 40.0g/L Solution of K125/MS
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DYNAMIC VISCOSITY (poise)

Figure 14: Dynamic Viscosity and Storage Modulus as a Function
of Frequency for a 49.9 g/L Solution of K125/MS
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DYNAMIC VISCOSITY (poise)

Dynamic Viscosity and Storage Modulus as a Function of

Figure 15:
Frequency for a 60.0g/L Solution of K125/MS
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DYNAMIC VISCOSITY (poise)

Figure 16: Dynamic Viscosity and Storage Modulus as a Function of

Frequency for a 74.4g/L Solution of K125/MS
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DYNAMIC VISCOSITY (poise)

Figure 17: Dynamic Viscosity and Storage Modulas as a Function of

Frequency for a 99.5g/L Solution of K125/MS
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Figure 18: Reduced Viscosity, Dynamic Viscosity and Complex Viscosity

as a Function of Reduced Shear Rate or Frequency
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Nl/‘;'z, 2G /w® (dyne/cm®s®)

Figure 19: (N4 /9<) and (2G' /w2) as a Function of Shear Rate
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