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ABSTRACT

HIGH-PRESSURE VISCOSITY AND DENSITY OF POLYMER SOLUTIONS
AT THE CRITICAL POLYMER CONCENTRATION
IN NEAR-CRITICAL AND SUPERCRITICAL FLUIDS

By Cigdem Dindar
Thesis Advisor: Erdogan Kiran, Ph.D.
An Abstract of the Thesis Presented in Partial Fulfillment of the Requirements for
the Degree of Masters of Science (in Chemical Engineering)

September 2001

The motivation for the determination of the viscosty of polymer solutions in dense fluids
a the criticd polymer concentration stems from the need to understand the factors that
influence the time scde of phase sepadion in systems that undergo  spinodd
decomposition upon a pressure quench. In a recent investigation of PDMS + CO, and PE
+ npentane where molecular weights of the polymers and the criticd polymer
concentrations were comparable, dgnificant differences were observed in the time
evolution of new phase growth. Among the reasons tha contribute to the difference in
phase separation kinetics is the viscosity of the solutions.

This theds has been carried out to experimentdly demondrate the differences in
viscodties of solutions a ther criticd polymer concentration. Specificdly, the thess
focused on the high-pressure dendty and viscosty of solutions of poly(dimethylsioxane)
(My = 93,700, MyJ/M,, = 2.99) in supercritica carbon dioxide and of polyethylene (M, =
121,000, MW/M,, = 4.3) in near-criticd n-pentane. The measurements have been carried
out at the criticd polymer concentrations, which is 55 wt % for solution of PDMS in
CO2 and 575 wt % for solution of PE in n-pentane. For PDMS + CO, system, the
measurements were conducted at 55, 70, 85 and 100 °C and pressures up to 50 MPa. For



PE + n-pentane system, the measurements were conducted at 140 and 150 °C and again
up to 50 MPa. All measurements were conducted in the one-phase homogenous regions.
At these temperatures and pressures, the viscosities were observed to be in the range from
0.14 mPass to 0.22 mPas for PDMS + CO,, and from 2.3 mPas to 4.6 mPas for PE + n-
pentane systems. In both systems the viscosities increase with pressure and decrease with
temperature. The temperature and pressure dependence could be described by Arrhenius
type relaionships in terms of flow activation energy (E*) and flow activation volume (V¥)
parameters. The flow activation energies in PDMS + CO, system were about 7 kJmol
compared to about 18 kImol for the PE + n-pentane sysem. The activaion volumes
were in the range 40-64 cm®/mol for PDMS + CO, system and 65-75 cnr*/moal for the PE
+ n-pentane olution. The higher vaues of E* and V* represent the higher sensttivity of
viscogty to temperature and pressure changes in the PE + n-pentane system. The
viscogty data could dso be corrdaed in terms of densty usng free-volume based
Doolittle type equations. Dendty is shown to be an effective scading parameter to
describe T/P dependency of viscodty. The closed packed volumes suggested from
density correlations were found to be around 0.33 cnt/g for the PDMS and 0.48 cnlg
for the PE sysems. Comparison of the viscodty data in these systems with the data on
the kinetics of pressure-induced phase separation confirms that the dower kinetics in the
PE + npentane sems from the higher viscosty in this solution compared to the PDMS +
CO, sydem, despite the amilarity in the molecular weight of the polymer and the critica
polymer concentrations.

These viscosty and densty measurements were conducted in a specid fdling-body type
viscometer. In the course of this thess a more rdiable procedure for determining the
termind velocity of the fdling snker was implemented. This is based on the precise and
more complete description of the podtion d the snker with time with the ad of a sat of
linear variable differentid trandformers (LVDTS). The dedgn of the new arangement
and procedure for termind velocity determination and cdibration procedures for the
viscometer are adso presented. The densties and viscodties are determined with an

accuracy of + 1 % and £ 5 % or better, respectively.
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CHAPTER 1

INTRODUCTION

Information on high-pressure viscosty and densty of polymer solutions are very
important in a variety of applications such as high-pressure synthess, molten polymer
processing, enhanced oil recovery, and lubrication with polymer additives. The viscosity
is dso a ggnificant factor that influences phase separation processes. Also, with the
growing interest in the possble use of near-criticd and supercritica fluids in polymer
gynthess and modifications, there is an extensve need for basc and gpplied data at high

pressures.,

The objectives of this sudy were two-fold: fird¢ to improve on the method for
determining the termind veodty of the fdling dnker of the high-temperature high-
pressure viscometer built in our laboratory earlier, and the second to determine the
viscogty of polymer solutions a the criticd polymer concentration a high pressures to
demongrate not only the influence of pressure and temperature on viscosity, but aso to

demondtrate the role of viscosity in kinetics of new-phase growth..

Chapter 2 presents a literature review, Chapter 3 and 4 provide the detall of the
experimental system and the cdlibration procedure, and Chapter 5 presents the viscosty
data on the sdected polymer solution systems.

In Chapter 2, the various types of viscometers that are used a high pressures are
described, and literature work related with different measurement techniquesis reviewed.



Chapter 3 presents consderable detail on the experimentad system especidly on the new
design feaiures. In this work, the high-pressure high-temperature fdling snker type of
viscometer that had been built earlier in our laboratory has been used to measure the
viscosty. During the course of this thess modifications were made to the sensng caill
design to develop a more rdiable procedure for determining the termina velocity of the

snker and thus to improve the accuracy of the viscosity measurements.

Chapter 4 describes the procedure to determine the terminal velocity of the falling sSnker
with this new coil desgn and to vaidate a new cdibration procedure based on these

termind velocity cdculations usng n-pentane and carbon dioxide.

For more than a decade, Professor Kiran's research group has focused on the
measurement of high pressure viscodty of pure solvents as wdl as dilute polymer
olutions with the fdling-sinker viscometer that is used in this thess. Previoudy sudied
gysdems include n-dkanes, polystyrene solutions in n-butane, polyethylene in n-pentane,
poly(dimethylsloxane) in supercriticd carbon dioxide and polystyrene in n-hexane. For
this theds viscodties and dendties of solutions of poly(dimethylsioxane) (PDMS) in
CO, and polyethylene (PE) in npentane have been measured a the critical concentration.
The results are presented and discussed in Chapter 5. This study is part of a broader scope
investigation of polymer solutions, and complements the sudies on the kingtics of
pressure-induced phase separation at criticd polymer concentration. Time-scale of phase
separation plays a very important role on the pathway to new polymeric materids, and
viscogty is an important factor that influences the time-scae of new phase devel opment
in sysems undergoing phase separation. Solutions & the critical polymer concentrations
undergo phase separation by spinoda decompostion. Two different polymer + solvent
gysems tha undergo spinodd decompostion a the criticd polymer concentration may
exhibit different kinetics. It was therefore of interest to determine the viscosty of these
two inherently different polymer solutions at their critica polymer concentrations.



The concluson and recommendations based on this sudy are summarized in Chapter 6.
Appendix A and B ae provided to give detalled information related with the
corresponding sections throughout the thes's.



CHAPTER 2

VISCOSITY MEASUREMENTS AT HIGH PRESSURES

Viscodty plays a very important role in various enginesring cdculdions snce mass
trandfer and fluid flow cdculations are based on this property. Physcd sysems and
gpplications such as flow of fuids, whether flow in porous media or in wells or pipes, the
flow of blood, lubrication of engine parts, the dynamics of rain drops, volcanic eruptions,
plangtary and selar magnetic fieddld generation are controlled to some degree by fluid
viscodty. The viscodty of a solution is very important because it determines the settling
raes of particles within the solution during crystdlization processes, and heat trandfer
rates in heat exchange equipment required for heating or cooling the solution in many
processes. Not only in cryddlization but dso in filtration and diffuson processes
viscosty is fundamentd.

High-pressure viscogty messurements have extensve practical importance. In the fidd
of lubrication, the change of viscodty with pressure is a critical parameter in determining
the metal-metal contact [1]. The petrochemica indusiry needs rdiable viscosty data at
high pressure for hydrocarbon mixtures to validate their process designs [2]. Viscosity
measurements of dectrolyte solutions under high pressure have been important in
desgning power generating plants and other facilities usang geothermd brine or sea
water, and in the sudy of dynamic properties of ions or solvent molecules a high
pressures [3]. The high-pressure viscosity is dso needed to edtimate the diffuson rate of
the molecules in a fluid [1]. Knowledge on viscodty of polymer solutions is extremely

important for many processes involving polymer formation and solution processing [1-5].



Even though numerous publications have agppeared on the effect of changes in
temperature, solvent quadlity, concentration, polymer chain architecture and molecular
weight on viscosty of polymer solutions, influence of pressure has not been dudied as
extensvely. However, knowledge of polymer solution viscodty has ganed specid
dggnificance due to rapid deveopments in processng of polymers in supercriticd or

dense fluids over the past decade [4].

Measurement of viscodgty of polymeric fluids under high pressure is not easy since
condructing a viscometer that can operaie above ambient conditions brings many
technica problems, the most common one being seding. Studying pressure-dependence
of viscosty has indeed adways been a chalenge because of the technica problems with
nearly al types of classicd viscometers[5, 6].

The common types of viscometers that are used to determine the viscosties at high
pressures can be grouped according to the chronologica development of the technique as
follows

Capillary Fow Viscometers

Ralling or Faling Body Viscometers

Vibrating-quartz Viscometers

Vibrating-wire Viscometers

Diamond-anvil Cell

Other techniques (Rotationd viscometers, high-pressure high-shear stress Couette

viscometer, magnetoviscometer, centrifuge  bal  viscometer, dynamic  light

scattering)

These techniques have been widdy used for measurements a high pressures and/or
temperatures more than a century. In this section, the general working principles of these

viscometers will be reviewed with few examples.



A. CAPILLARY FLOW VISCOMETERS

Rontgen is reported to be the firs to measure pressure dependence of the viscodty of
water [7]. He worked with pressures up to 20 bar using a capillary flow viscometer [7]. In
this method a liquid is forced through a fine-bore tube, and viscosty (h) of the liquid is
determined from the measured volumetric rate (V/t), the pressure drop OP), and the tube

dimensions according to the Poiseuille equation

h = prY(DP)¥(8VI) Eqgn. 2.1

where r and | are the radius and the length of the capillary. This reaionship is only
goplicable for Newtonian fluids. For non-Newtonian fluids such as those obeying
Bingham-body modd, power lav modd and Eyring modd, different reationships are
used [8].

Banett and Basco, in 1969, used a capillary-type viscometer which is capable of
measurements up to 6 GPa [1]. The desgn of this viscometer relies on the fluid flow
between two portions of viscometer that are under dightly different pressure while the
entire viscometer is a a high overdl pressure. It was used to measure viscosties in the
range from 10 to 10%2 cP[7].

Kobayashi and Nagashima measured the viscogties of pure 2.2.2-trifluoroethanol and its
aqueous solutions in the temperature range 273-453 K and pressures up to 40 MPa with a
closed circuit capillary viscometer [9].

A high-pressure capillary viscometer was designed and built by Kashulines to measure
the viscosties of supercritical carbon dioxide containing severa types of dissolved liquid
solutes [10]. Later, the same indrument was used to measure the viscodties of

supercriticd carbon dioxide-lipid mixtures pressures up to 30 MPa and temperatures up



to 33315 K by Yener e d. [11]. The viscosties of supercritical carbon dioxide-
biomaterid(s) mixtures over a pressure range of 10.6-25.0 MPa have been reported by

Tuan et d. dso using this viscometer [10].

B. ROLLING OR FALLING BODY VISCOMETERS

Flowers is known as the firg to point out and demondrate the potentid of rolling-bdl
viscometers in 1914. Since then many attempts has been made to relate the viscosity of
the fluid with the velocity of a ralling or fdling body [12]. Bridgman is known to be the
fird to measure viscodty up to very high-pressure range (1.2 GPa) using fdling body
viscometer. In his work, the veocity of fdling weight was detected dectronicaly and
through an empirical eguation the rdaive viscosty was cdculated. His viscometer
condged of a cylinder into which the faling weight was placed, and then the whole
system was placed in a pressure chamber. Seding complexities and the need for very
high pressures in order for the weight to fal were only a few limitations of this system.
Later, Bridgman used an improved high-pressure device where the entire pressure
chamber was filled with the fluid under study, and only the fluids compatible with the
components of the pressure chamber could be analyzed [1].

Sokes law which reaes the viscodty of a Newtonian fluid to the veocity of a fdling
gphere is the principle of fdling bal viscometers. If a sphere of radius R and dengty, rs
fdls through a fluid of densty r and viscosty h a a condant velocity v, the following
relationship isfound

h = (2/9)(r s- r )JgR?/w Eqgn. 2.2

where g is the gravitationd accderation [28, 29]. With these viscometers, fal times
should be messured when the ball reaches the terminal velocity.



In rolling bal viscometers, smilar to the fdling bal viscometers, the speed of the rolling
gphere down in a cylindricd tube inclined a a fixed angle to the horizonta is used to
determine the viscosity. In this case, the veocity, v;, in the eguation is the trandationd
veocity of the rolling sohere.

Fdling cylinder, or anker, viscometers are based on the smilar working principle to that
of the fdling bdl viscometers, the only difference being the shgpe of the weight.
Determination of the absolute viscodty requires the precise knowledge of the geometry
of the fdling cylinder and the forces acting on it. Therefore most measurements are made
relaive to viscodty dandards. Generd equation of the viscodty for Newtonian fluid is
described by Lohrenz et d. in 1960 [5] asfollows:

b (- TR )N, 1) - () - 1) Eqn. 2.3
2L(r22 + r12 )

where h is the viscogty, t is the fdl time, rs is the dendty of the sinker, and r¢ isthe
densty of the fluid, L is the vertica fal distance, n and r, are the radius of the snker and
inner radius of the fal tube respectively [5].

A ralling bal viscometer was congructed by Schmidt and Wolf which can be operated up
to 4000 bar for the measurements of both dilute and concentrated polymer solutions [13].
They measured polystyrenetert-butyl acetate solution viscosities temperatures up to 403
K and pressures higher than 4000 bars. They sudied the intringc viscosity and Huggins
coefficient as a function of temperature and pressure by edimating dendties usng the
Tat-Equation.

Stanidawski and Luft developed a rolling ball viscometer, which consgts of a glass tube,
closed a one end, with a sted bal insde [14]. An dectromagnet was placed at the open
end of the tube, and this arrangement was indaled in a high-pressure autoclave. Two



pars of measuring coils are used to detect the ralling bdl inductively. This instrument
was used at pressures up to 195 MPa and temperatures up to 413 K to measure the
viscogty of acohol-ethene mixtures by Sulzner et d. [14].

Sawamura e d. desgned corrosion resstance type rolling-bal viscometer for dectrolyte
solutions under high pressure, which conssted of an opticd detector, a glass inner tube,
and a glass bdl to avoid corroson of the pressure vessel and contamination of the sample
solution [3].

In 1991, a faling-cylinder viscometer which can operate up to 473 K and 70 MPa was
designed by Kiran and his coworkers [5, 15]. The viscometer conssted of a fdl tube, a
view cdl and a variable volume atachment. Dendty measurements are based on the
measurement of the ingde volume of the viscometer and the knowledge of the mass of
the sample loaded. The viscosty measurements are based on the measurement of the fall
time of a snker fdling veticdly in a cylindricd tube In this indrument a ferromagnetic
416 sainless stedl snker was used. In the present study this system has been used with a
different snker [16] and an improved coil design that helps to determine the fdl times
and termind velocities in amore precise manner.

Depending on the viscometer and experimenta conditions various fdling or rolling body
types have been used for determination of velocity. Sawamura e d. used a glass bdl in
thar high-pressure rolling bal viscometer of a corroson resgant type [3]. A
nonmagnetic 316 sainless stedl sinker with a density of 7.28 glen? and small ferrite core
embedded into is used a a high pressure sdf-centeing fdling-body viscometer by
Mahotra et d. [17]. While studying non-Newtonian fluids with a rolling-bal viscometer
Briscoe et d. used bronze balls with a density of 8.32 g/en? [18]. Nickel boron spheres
(diameter about 50 nm) are used with a density of 7.6 g/enT, which gives a good density
contrast with hydrocarbon fluids whose densities are in the range of 0.8-1.5 glen® by
King e d. in their high pressure diamond anvil cel [1]. LeBlanc and Secco used a Pt
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sphere with a diameter 0.7-0.74 mm, while messuring the viscodty of mdt samples of
natural jadeite between 1350 and 1450°C and up to 2.4 GPa[19].

C. VIBRATING-QUARTZ VISCOMETERS

Torsondly vibrating quartz crystd viscometer, introduced by Mason in 1947, was
auitable for high-pressure measurements because of its smplicity, smal sze, aisence of
macroscopicadly moving parts, no use of pressure differences, and reduced number of
required eectricd connections [20]. It condgts of a quartz cylinder with four very thin
gold electrodes deposited on the latheral surface A snusoidd wave gpplied to the
electrodes produces a torsgond vibration of the same frequency as the excitation wave,
damped by the fluid around the crystd. The amount of damping is measured by the
change in the dectricd impedance of the crystad and reflects the product viscosity>density
of the surrounding fluid [20-23]. Viscodties were cdculaed usng the equation
established by Welber and Quimby:

h = (pf/r )[(M/S)(DFf - Dfo/fo)]? Eqn. 2.4

where f is the resonant frequency in the fluid, Df is the bandwidth in the fluid, r the fluid
density, M meass of the quartz crystal of area S, § the resonant frequency in vacuum, and

Df, the resonant bandwidth in vacuum.

Based on this technique, Santos and Castro used a torsgondly vibrating quatz crystd
viscometer up to 200 MPa and 373.15 K [22]. First of dl, products of density and
viscosity are caculated, then dengties are obtained from the equations of Kashiwagi et d
[21]. Viscosity vaues determined for each temperature are then fitted with a Tait — like
equation,

(Inh/inho) = E In[(D + P)/(D + Py)] Eqn. 2.5
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In order to check the operating conditions of the viscometer and to try to establish its
accuracy, same group usng fluid viscosty measured with another viscometer, calculated
the resdud damping of the transducer [21, 22]. Following the same procedure,
viscosties were fitted to a Tait-like equation. It was concluded that Tait-like equetion for
the viscogity is rather inadequate for large ranges of pressure because of the exponentia
dependence of viscodty on pressure, and does not have any physicd meaning as it does

for the density dependence of pressure, where it originated.

D. VIBRATING-WIRE VISCOMETERS

Vibraing-wire type of viscometers is an dternative method that makes use of the effect
of the fluid on the osdllaions of a body immersed in the fluid. The firs vibrating-wire
viscometer was developed in1964 by Tough et d [25]. Cylindrical wire was chosen as the
mogt suitable geometry for high pressure operations [12, 24]. The method involves
siting a thin tungsten wire into traversd vibraion and determining the damping of this
mation by the surrounding sample liquid. The wire is set into vibraion by means of
Lorentz force generated by an dternating dectrica current and a magnetic field raised by
an dectromagnet. After eectricad current is stopped, the free damped oscillation of the
wire in the magnetic fiedd causes an induction voltage which is amplified, sampled and
gored on a computer disk. The damping of this Sgnd is a measure for the viscosty of the
sample fluid [25, 26]. In the working equation of vibrating-wire, the viscosty and the
dendty are coupled. But the sendtivity of dendty is in prectice too low for precise
determination of this property. Therefore previous knowledge of the densty of the fluid
IS necessary in order to determine its viscosity accurately. In 1998, Pédua et d. explored a
new arangement for the vibrating wire sensor in which the wire is tensoned by a
suspended weight, or snker. The dendty of the fluid is determined by hydrodtatic
weighing, with the wire acting as a force sensor [26, 27]. In 1997, Gulik extended the
operation range of vibrating-wire viscometer by determining the viscosty of liquid
carbon dioxide below ambient temperatures, between 217 K to 304 K, and pressures up
to 500 MPa[25].
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Assad e d. [12] described the design and operation of the vibrating-wire viscometer
capable of measuring pressures up to 100 MPa, based on the smilar procedure Santos
and Cadtro followed. They dso used a Tait-like equaion smilar to Egn 2.5 for viscosty
where R, is 0.1 and both E and D obtained from nonlinear least squares procedure. Assael
et.d. [27] used Tait-type of equation for dengty cdculations,

(r-ro)r =Clog[(B + P)/(B + 0.1)] Egn.2.6

B and C are the coefficients (C = 0.216 was proposed by Dymond et d [27]), r, iSsthe
density at 0.1 MPa.

The advantage of vibrating-wire technique is that it does not require extensive cdibration
procedures, once the physicd parameters of the sensor are determined (length, radius,
and Young modulus of the wire, volume and mass of the weght), no additiond
cdibrations are necessary for operation in different fluids or a conditions away from
room temperature and atmospheric pressure. The disadvantage is dendty cannot be
determined dong with the viscodty in mogt of them. Other techniques need to be
explored for density caculations [26].

E. DIAMOND ANVIL CELL

Diamond-anvil cdl congds of two smdl diamond surfaces between which the sample is
queezed. The smdl size and extreme pressure range make this an ided device for many
experiments. The pioneering effort in adgpting the diamond cdl to high- pressure
viscodgty measurements was made by Piermarini, Forman and Block in 1978 [1]. They
presented  their results usng ther fdling-badl viscometer on 41  methanol:ethanol
mixtures a pressures up to 7 GPa, corresponding to maximum viscosity of 107 cP.

Fujishiro, Nakamura, and Matsuhiro, in 1986, improved the same device by changing the
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optics and dectronics for measuring the sphere postion and obtained more accurate

results up to pressures of 3.8 GPaand viscosities of 107 cP [1].

In 1992, King et a. developed a high-pressure viscometer based on their diamond anvil
cdl where a sphere rolls down a diamond surface under the force of gravity and its
pogtion is tracked eectronicaly [1]. This combination improved the precison of the
viscodty measurements compared to the measurements done using diamond-anvil cdl
viscometers based on faling-bal principle. The viscosity range is 05107 cP and the
measurements are done above 1 GPa. [1,28, 29]. In their set-up, a video camera relays the
image of the bdl to a video dimenson andyzer (VDA) which returns a voltage
proportiond to the displacement of the ball. The computer gives displacement and time
by making periodic readings of the VDA output. Sope of the line gives the velocity of
the ball, and thisis used to calculate the viscosity by a modified Stokes equation

h = g[2R%g(r s - r 1)cosq]/9u Eqn.2.7

where R is the radius of the sphere, g is the acceleration of the gravity, rs is the sphere
dengty, r; is the fluid dendty, q is the tilt angle of the cdl, u is the vdocity of the bal,
and g is the wall correction. This equation is only gpplicable to Newtonian fluids. Dendty
of the fluid was cdculated from an equation of date usng data from the literature. The
difficulty thet limits to use of this equation is that one must know the g, wal correction
factor, prior to the measurements. They assumed that wal correction factor is
independent of pressure, and stays congtant  throughout the experiments [1,34,35].
Measuring the radius of the sphere very precisely is another problem since this is a
microscopic sphere. (4 % uncertainty in the radius of sphere may lead to up to 8 % error
in cdculaing viscodty). In conventiona  rolling-bdl, or faling-bal, type of viscometers
these problems can be solved by repetitive use of the same sphere cdibrated in a fluid of
known viscosty. When diamond anvil cdl is used as a fdling bdl viscometer some other
complications arise due to the fact that the actud darting point of the trgectory will be
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whereever the bal comes to rest on the bottom of the pressure chamber before the cdl is
rotated. This will change the wall effects and thus will cause variations in the velocity of
the sphere observed by some workers [1]. Another limitation is most diamond awil cdls
that are used asrolling ball viscometers are capable only at ambient temperatures [30].

F. OTHER TECHNIQUES

Rotational Viscometers: Rotational viscometers consst of two members which are able
to rotate relative to one another with a common axis of symmetry. One of the members
when rotated produces shearing action on the liquid which is trangmitted to the other
member. The torque required to produce a given angular veocity is related with the
viscodty of the flud. The most common desgns ae coaxid cylinder viscometers,
rotating disk viscometers, cone-and-plate viscometer and con-cylindrica viscometer. The
properties of both Newtonian and non-Newtonian materials can be studied [8].

High-pressure high-shear stress Couette viscometer: A Couette-type viscometer/
rheometer was developed by Jmenez and Kodic to messure viscosty and eadic
properties of low-viscous, non-Newtonian, and visco-dadic fluids like dilute polymer
solutions [31]. Viscosties from 0.5 to 50000 cP could be determined. Authors did not
emphasize the operdaing pressure and temperature range of the instrument. A high-
pressure high-shear stress Couette viscometer is used up to 200 MPa pressure and 90 °C
temperature by Bair [32, 33].

Magnetoviscometer: Mattischek and Sobczak used a magnetic viscometer based on
Stokes faling sphere principle that can operate up to 70 °C and 1000 bars [6]. Their
magnetoviscometer is a ample brass cylinder which is closed with a screw after being
filled with the fluid of the sudy and an gppropriate iron sphere. The cdl is fixed in a
heeting block, which can be rotated in the center of a magnetic field. A thermocouple and
two coils are attached to the block to detect the sphere and measure the velocity of it. The

distance between the coils and the time for the sphere to pass both coils are known, and
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these information is used to cdculate velocity of the sphere and thus viscosty of the
sample fluid. Advantages of this pressure cdl arer hermeticaly seded pressure cdl, good
pressure stability, no pressure gradient and smal sample chamber.

Centrifugal-force diamond anvil cell: Cook et a. developed a centrifuga-force
diamond anvil cdl, to determine high viscogties for cases when the force of gravity is not
aufficient to move the sphere [34]. The cdl is placed into a centrifuge and a centrifugd
force is gpplied to accelerate the sphere. This way high pressure viscosties greater than
10° cP and up to 10 GPa pressures could be measured [35]. A centrifuge ball viscometer
was developed for fluids, with a wide viscosity range of about 10 to 10° Pas, which can
operate over 400 °C [36]. With varidble centrifugal acceleration, the measurement time to
determine the bal viscosty could be reduced dramaicdly for highly viscous polymer
melts. About 0.5 ml of sample volume is needed for the measurements.

Dynamic light scattering: A common application of dynamic light scattering is
determination of polymer chain dimensons where the polymer is dissolved in a solvent
of known viscodty. With this technique inverse diffuson time, G, can be determined.
This is related to the scattering factor, g, by the equation G = Dg? where D is the diffusion
coefficient. Viscodty can be determined if the diffuson coefficient is messured for a
probe particle of known size. Using light scattering method viscosties in the range of 10°
! to 107 cP can be determined [35].

G. VISCOSITY MEASUREMENT TECHNIQUE USED IN THE PRESENT
STUDY

A viscometer which was developed in our laboratory earlier [5] that is based on falling
cylinder method has been used in the present study. Viscosties of polymer solutions have
been measured with this viscometer previoudy [63-67]. Even though the instrument was
the same, some changes were implemented in order to evduae termind veodty with
greater reliability. These new design features are described in the next chapter.
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CHAPTER 3

EXPERIMENTAL SYSTEM AND OPERATIONAL PROCEDURES

3.1. Experimental System

The High Pressure- High Temperature viscometer used in our dudy is shown in Figures
3.1 and 3.2. The sydtem was developed and congructed earlier [5, 15]. The system
congds of three main pats which are 1) solvent ddivery sysem, 2) viscometer with its
variable volume cdl attachment and 3) the control and data acquisition units. Beow are
brief descriptions of the system components and the detalls of new desgn fesatures that
have been implemented in the course of the present study.

The solvent ddivery line and the pressurization ling, shown in the flow diagram in Figure
3.1. are used to load and pressurize the viscometer system. A high-pressure liquid pump,
equipped with a cooling jacket, is used on both solvent and pressure lines to pump the
flud sample and pressurizing fluid. A pressure generator is connected to the pressure
line. It is used to regulate the podtion of the pison in the varidble volume pat of the
view cdl and thus controls and manipulates the pressure in the view cdl. A check vave
is placed a each line to prevent fluids from going back in the lines. In Figure 3.2, the
viscometer and varidble-volume cdl sysgem is shown. It condds of a mixing cdl, a
movable pison and a fdl tube. The mixing chamber has two sample ports, S1 and S2,
which are used to charge fluids and solids, respectively. A magnetic irring bar in the
mixing cavity is used to gir the contents of the view cdl with the hdp of eectromagnetic
coils around the cdll.
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The fdl tube is made of nonferromagnetic 316 sainless sed. The dsnker, 0.7781 cm in
diameter and 2.094 cm in length (with 4 g/en? density), is made of an auminum core and
ferromagnetic 416 dainless sed shell and thus magneticdly permesble [16]. The leading
end of the gnker is hemisphericd. The raio of snker-to-tube radii is 0.9799, which is
greater than 0.93 needed to insure concentric fal and error-free fal time measurements
[5, 16].

The viscometer is housed in an oven the temperature of which is controlled with a PID
controller. The controller is connected to 120 W heaters that are attached to the ends of
the oven, in a way to achieve a uniform temperature digribution. A fan and a circulation
pipe ae used to provide good circulation of ar insde the oven, especidly dong the
height of the fdl tube.

The viscometer temperature is messured with an accuracy of + 1.5 K usng a Jtype
thermocouple with a resolution of 0.1 K. The temperature is messured at two locations;
one being in the middle of the oven with this thermocouple and the other one is with the
RTD probe of the temperature controller. Both readings agree assuring that uniformity of
temperature.

The viscometer pressure is measured with an accuracy of £ 0.06 MPa usng a Dynisco

flush mount type transducer that is attached to the view cdl body. The reading is obtained

using a microvoltmeter with aresolution of 0.007 MPa.
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New Design Features

a. New LVDT Coils and Washer for Viscosity Measurements

Three LVDT coils (Liner Vaiable Differentid Transformer) that are placed aong the
viscometer fdl tube are used to determine the fdl time and the termind veocity of the
gnker that is used in viscodty determination. The present indrument and operaiond
procedure have been modified to improve reliability of the termind veocity and thus to
improve the accuracy of the viscodty measurements We now use one long LVDT
washer, made of brass, that accommodates three coils. This is in contrest to the three
separate washers that were being used previoudy. The totd length of the washer is 11.10
cm, where coil lengths are about 3.53 cm. The outer diameter is 1.91 cm and each LVDT
coil has one primary and two secondary coils as $own in Figure 3.3. The outlets from
the first and the second coils are introduced as the inlets for the second and the third coils
repectively, and the inlets of the first coil and the outlets of the third coil are connected
both for the primary and the secondary. The primary of the firs LVDT coil is excited by
a dne wave sgnd generator and the output sgna from the secondaries are sent to an
LVDT dggnd conditioner unit. A bdanced demodulator chip is used in the sgnd
conditioner to produce a DC wltage which corresponds the position of the ferromagnetic
gnker while it passes through the LVDT coils The output of the LVDT sgnd
conditioner is sent both to a DC ammeter to monitor the fdl of the snker visudly on the
control panel, and to the computer through an A/D interface which sores the “voltage
and red time’ readings. After each fdl time measurement a pull-up magnet, whose speed
and position can be adjusted by a control unit, is used to bring the sinker back to the top
of the fal tube The pull-up magnet is energized with DC voltage usng a variac and
AC/DC converter.
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b. New LVDT Coil for Density Measurements

Another LVDT coil is used to determine the position of the piston in the piston assembly
and thus the precise measurements of changes in interna volume of the view cdl can be
made during an experiment so does density messurement. This LVDT coil has dso one
primary and two secondary coils. The washer of LVDT coil is made of duminum. The
coil is moved dong the tube to locate the exact podtion of the ferromagnetic dug
connected to the end of the piston with a stainless sted rod. The length of displacement is
measured from a zero reference point representing the postion of the piston is dl the way
out, i.e, when the interndl volume of the viscometer is a its maximum (42.6 cnt). When
the ferromagnetic dug is a the center of the coil, the ammeter connected to the coil
indicates zero, and this way, the distance traveled from the zero reference point is
recorded. This distance is monitored by a digitd postion read out device, Mitutoyo,
Modd 572-211-50 with an accuracy of + 0.013 mm, which is attached to a position read

out assembly.

c. Circulation Loop

A micro gear pump is used to circulate the contents of the cdl through the fal tube, to
increese the efficiency of achieving homogenous mixing and complete dissolution. In the
previous desgn, circulation was achieved by a magnetic solenoid pump. Ancther dight
desgn change was introduced to the circulation loop. The circulation was carried from
the top of the fal tube attachment to the Sde of the view cdl. In the new desgn it is
caried form the top of the fdl tube to the bottom of the view cdl, Figure 3.2. This has
improved the homogeneity of the view cdl contents and helped ease the cleaning process,
especidly while working with the polymer solutions.
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d. Inner Volume

Since the dcrculation loop was changed, the totd inner volume of the sysem was
redetermined. It changed from 39.7 cn? to 42.6 cnr. The inner volume of the system was
determined by using toluene, and then verified by usng n-pentane and carbon dioxide at
conditions where dendgty data for these fluids are avalable Dendgty data together with
the known amount of fluid that has been charged to te system are used to cdculate the

inner volume

3.2. Operational Procedures

Charging Solvents: Fluids that are not volatile a room temperature can be charged from
a bottle placed a the end of the solvent line before the line filter (Figure 3.1, How
Diagram). The volatile fluids or compressed gases can be charged the same way but
insead of a bottle, a specially designed transfer vessdl is connected to the end of the
solvent line. The fluid container is placed on a baance, Mettler PM6100 accurate to
+0.01 g. Firg of dl some solvent is charged to the solvent line up to the viscometer inlet
vave, V3, which is kept cosed a fird. Leaving Exitl and Exit 2 open consecutively,
charging continues until a few drops of fluid is observed to come out of the line This
helps to fill the lines only with the desred solvent, and insures that pump is working.
After clogng the exits right before pressure gtarts to build up in the lines, the balance is
zeroed and inlet vave, V3, is opened. Pumping continues until the desred amount of
solvent is charged into the view cdl. Then, the pump is stopped, the inlet vave is cosd
and the balance reading is recorded. When the system is charged with the fluids of known
dengty, the actud amount charged could be verified by measuring the volume occupied
a the charge temperature and pressure. When charging the viscometer aready containing
fluid, the pressure in the solvent line is brought to the same pressure as in the view cdl,
then inlet valve is opened and fluid is pumped.

Charging the Polymer: The amount of polymer is weighed usng Mettler H51 AR type
of baance with an accurecy of =+ 0.00001 g. The loading of a liquid polymer (such as
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polydimethylsiloxane) is done through the front sample port, S1, usng a syringe. The
weight of the syringe is measured and recorded before drawing the liquid polymer and
after discharging the polymer. The difference between these two measurements is the
amount of polymer Ieft in the syringe. This amount is subtracted from the origind weight
of the polymer. The loading of solid polymer is done through the top of the view cdl, S2
by removing the fdl tube attachment during the loading process. When working with
polymer solutions (mixtures) the polymer (solute) is loaded firdt, which is then followed
by the solvent charge.

Pressurization: Once the viscometer is charged with the desred amount of polymer and
solvent, or pure solvent, the pressurizing fluid (in this sudy we used pentane) is pumped
through the pressure line into the pressure generator and to the piston assembly which
holds the backsde of the piston. While filling the pressure ling, to achieve ar-free ling,
fird the exit vaves (Exit 4 and 5) are kept open until some fluid is observed to come out.
The desired pressure leve in the view cdl is achieved by the pisson movement, which is

controlled and manipulated by the pressure generator, with the pressurizing fluid.

Temperature control: The temperature of the view cdl is increased or decreased by
adjuging the temperaure of the circulaing ar indde the oven that houses the view cdl.
The heating is carried out dowly to prevent any undesirable temperature gradients across

the cell body.

Circulation: The dectromagnetic girrer and the circulation pump are used to obtain
homogeneity of temperature and concentration of the viscometer contents during heeting
up and a equilibrium. Electromagnetic dirrer is kept on dl the time during
messurements, whereas the circulation pump is stopped a the time of fdl time
measurement. By observing the cdl contents through sgpphire windows the homogeneity
of the solution can be verified.
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Data acquisition: Dda collection starts when the system reaches therma and mechanical
equilibrium. The dnker is pulled up to the top of the fal tube by magnetizing the pull-up
magnet, which is moved up by a motor. By demagnetizing the pull up magnet, the sinker
is let fdl down from the top of the tube with the effect of gravitationd force. The data
acquidtion, which involves the recording of the time from the computer clock and the
voltage outputs from the LVDT coails while the snker is fdling down, sats with a key
droke a the same time with demagnetization of pull-up magnet. It ends with another key
stroke when the sinker reaches the bottom of the fdl tube, and this is monitored from the
control panel with the hedp of an ampmeter connected to the viscometer LVDT's
Whenever fdl time measurements are taken, the temperature, pressure and the postion of
the piston are recorded. While the readings from the pison LVDT and the known tota
amount of sample loaded are used to caculate dengty, this dendty information and the
fdl time daa are used to caculate the viscosty of the view cell contents after proper
cdibrations are implemented.

A typicd output from the LVDT coails during a fdl time measurement is shown in Fgure
3.4. The voltage output starts a a zero basdline. Then a podtive pesk is followed by a
negative peek. This represents the snker passng the first coil. Smilar outputs ae
observed when sinker passes through the second and the third cails.

Discharging and Cleaning: Discharging is done from Exit 3 andlor Exit 6. The
temperaiure of the viscometer should be raised to over boiling point of the solvent to
discharge any resdud solvent in the viscometer. In case of polymer solutions, the
viscometer is charged with a solvent which can dissolve the polymer. Fresh solvent is
recharged severd times to ensure complete polymer removal. The viscometer
temperaure is raised and the exit valves are kept open for a few hours to get rid of the
traces of the solvent. Also, the viscometer and the lines are purged with carbon dioxide

verd times.
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Figure 3.4 LVDT response as afunction of the fdl time for the snker in n-
pentane at 100 °C and 20.97 MPa.
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When discharging polymer solutions or cleaning, Exit 3 should be used, in order not to
cause ay dogging a the lines coming from the top of the fadl tube, and the system

should be pressurized with solvents, such as toluene, pentane or carbon dioxide.
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CHAPTER 4

CALIBRATION

The objective of this section is to introduce a procedure to determine the termind
veocity of the faling sinker with the new coil design and to vdidate a new cdibration
procedure based on these termind velocity calculations.

4.1. Calibration Method Used in the Present Study

As dready indicated the present instrument incorporates an important modification to the
desgn previoudy published [5 15]. The modification was implemented during the
course of the present thess work in order to develop a more accurate and reliable
procedure for determining the termind velocity of the sinker, and thus improve the
reliability of the ingrument cdibration congant as wel as the accuracy of the viscosty
measurements. In the present design one long LVDT washer is used which has built in
with grooves for three LVDT coils with fixed predetermined distance in between. In the
earlier desgn three separate LVDT coils podtioned at different distance were used. The
precise distance between coils had to be determined after indtalation and measurement of
the LVDT sgnd.

The experimenta method consds of measurement of fdl time of a snker through a fluid
of known viscosty a known temperature and pressure. The general working equation is
obtained by redefining Lohrenz's equation [5],

o T R )N 1) - (7 - 1)) Egn. 2.3,
2L(r22 + rlz )
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L/t is refered as termind velocity, Vie(t), s is the dendty of the sinker, r is the dengty
of the fluid a the temperature and pressure viscodty caculated, while the rest of the
geometric terms are defined as indrument congant, K, which aso includes the
conversion factor to obtain viscosity in mPas when density is expressed in units of g/enT

and velocity of the Sinker is expressed in units of cm/s.

h = [K/ Viee(®)](r s-r+) Eqgn. 4.1.

Although this working equation is primarily valid for Newtonian fluids, if the shear rate
is low or if the shear dependence of the viscosity is not consdered, the eguation can dso
be used for estimating the viscosity of non-Newtonian fluids [15, 49].

In the termind velocity determination, prior to the present thess, the time corresponding
to the snker passng the center of each coil (or reflected by the zero voltage reading)
were recorded, and from the distance between the coils, velocity could be determined. If
the difference in snker velocity based on coil 1 and 2, and 2 and 3 is smdl, one could
assure that the sinker had reached its termind velocity by the time it passed through the
coil. This procedure however was found to be ambiguous. In the present study, a rigorous
cdibration procedure was implemented to generate complete postion versus time history
for the snker as it fals and passes through the coils. Knowledge of full pogtion-time
higory eiminates the need to pull the snker dl the way up the fdl tube in order to
determine the average velocity usng overdl fal time. The veocty can be determined
darting from any point the sinker is pulled up to. For example, while working with highly
visoous fluids, the sinker can be pulled up to a distance that corresponds to only one coil
length and dill the terminal velocity can be caculated.

Prior to the present study, the cdibration constant, K, was obtained from the dope of the
plot h/rr) as a function of fall time t, corresponding to each distance between any pair
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of the three coils, by usng the known viscosty and dengty of a set of cdibration fluids.
For viscosty determination at high temperatures and pressures cdibration constant was
modified to consder its dependence on temperature and pressure. Thus, a temperature-
and pressure-dependent correction factor, X(T,P), was incorporated to the equation. Then
the relationship for viscosty became,

h ={K®)/X(T,P)}rsr] Egn. 4.2

The cdibration congant in the present study is cadculaled by smply usng known
viscosty, densty, and terminad veocity for the each measurement carried out a a
specific temperature and pressure. By averaging dl the cdlibration vaues, a Kayg iS
assgned and used as the cdibration congtant throughout al the viscosity cdculations in
this sudy. By andyzing the cdibration condants determined at different pressures and
temperature, it has been found that even though cdibration constant K does show some
temperature and pressure dependence the error obtained when a constant calibration
condant is used ingtead of a pressure and temperature dependent one is ill in the
experimenta error range.

4.2. Determination of Terminal Velocity

The fird step of cdibration procedure was to determine the voltage versus distance
information by manudly moving the snker dong the viscometer fal tube in the absence
of any fluid. The totd length avaldble for the fdl of the sinker in the tube is 14 cm. The
sinker, 0.7781 cm in diameter and 2.094 cm in length (with 4 g/en™ density), is made of
an duminum core and feromegnetic 416 danless ded shdl and thus magneticaly
permeable [16].

Voltage-Distance : The ferromagnetic snker was attached to the end of a glass rode
which has the same diameter with snker but longer than the fal tube. The postion when
the glass rod is dl the way indgde the tube is recorded as the initid point. Then the rod is
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pulled up by 1 mm increments, and the digance from the initid point as wdl as the
corresponding voltage reading are recorded. A voltmeter connected to the ends of the
LVDT coails is used for reading the voltage. This procedure is repeated in reverse
direction, i.e. the al-the-way-out pogtion of the rod, while sill a voltage reading can be
recorded, is assgned as the initid pogtion, and the rod is moved down into the tube.
Agan the digance and the voltage readings are determined & every mm increments.
Digtance and its corresponding voltage data obtained at both ways are found to be exactly
the same. The distance-voltage diagram determined thisway is shown in Figure 4.1.

Voltage-time : The second step of the calibration isto obtain Voltage versus Time data

For this evauation we worked with pentane solvent. The amount of pentane charged is
very important to get accurate dendity measurement and so viscosty. Using Milton Roy
pump the solvent line is filled with n-pentane keeping the inlet valve, V3, closed (See
Figure 2.1). By the time this line starts building up pressure, the baance is zeroed and the
inlet vave is opened. To make sure that there is not any ar trgpped in the system two-
sep charging procedure is carried out. The discharge vave, V3 is kept closed while exit
6 is kept open. N-pentane is charged into the cdl until a few drops come out of exit 6.
Then it is dosad and pumping continued until the pressure in the cdl darts building. The
system temperature is set to 50 °C, which is higher than the boailing point of n-pentane
(35-36 °C). After temperature equilibrium is reached, the top discharge vave, exit 6, is
opened and kept open for a@bout 10 minutes, to give sufficient time for dl pentane to
evaporate. The condensing pentane vapor is collected in a glass ubing thet is atached to
the end of the vave Exit 6 is closed, and the glass atachment is disconnected. This
procedure helps to have an ar-free sysem. The system can be charged with solvent again
gther a this temperature or after cooling. Exit 6 is kept closed while charging the system
for the second time. The amount charged is recorded. The viscometer is heated up to the
measurement temperature.  Sufficient time is dlowed to bring the viscometer and its
contents to reach thermd equilibrium.
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Figure 4.1. LVDT sgnd in volts vs sinker postion in the fal tube.
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Once the system is loaded and therma equilibrium is reached, severd consecutive fal
time measurements are taken a the dedred pressures. Sufficient time, typicaly a period
of 30 min, is alowed between consecutive repeat measurements to achieve dahility in the
system and to prevent the pull-up magnet from overhedting which may &ffect the
temperature of the sample in the viscometer. After completing each measurement,
voltage versus time information is obtained from the computer. Figure 34 is a typicd
computer output, which is obtained for pentane at 100 °C and 20.97 MPa.

There are three LVDT coils around the fdl tube, and each curve in the Figure 34
represents one coail. If the numbering of the coils is done from top to bottom of the fal
tube, then the last curve represents the third coil.

Distance versus time: The lagt sep is to get Disance versus Time information. From the
manua measurements, the voltage versus disance information is known, and this is used
in dl viscodty cdculations as a bass. With each fdl time measurement, voltage versus
time information is obtained. In order to compare these two findings, the voltage readings
ae normdized. The normdization is done separatdly for each coil. All the pogtive
voltage readings are divided by the maximum vaue and al the negdaive voltage readings
are divided by the minimum vdue for each coil. Figure 4.2 shows the normdized voltage
vs disgance data, which is our bass plot. The next figure, Figure 4.3, shows the
normalized voltage vs time data for rpentane at the same conditions described above and
shown in Figure 3.4.

Comparing these two plots, it is possble to obtain Distance versus Time information, the
dope of which gives the velocity profile of the sinker during fal. For this specific case
with pentane, the disance versus time data that has been generated is shown in Figure
4.4.
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Figure 4.2. Normalized plot of LVDT response with sSnker position.
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Figure 4.3. Normdized LVDT response versus fal time in n-pentane at
100°C and 20.97 MPa.
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Usng the literature data for viscosty, the expeimentadly determined dendties, and
termind vdocities obtained from distance-time data as described above, the instrument

constant, K, is determined for each case.

4.3. Materials

Cdibration was caried out using n-pentane purchased from Sgma-Aldrich with a stated
minimum purity of 99+ %, and CO, purchased from Air Products and Chemica, Inc.
with a minimum purity of 99.99 %. The substances were weighted usng Mettler PM
6100 balance with an accuracy of £0.01g. The samples of rpentane and carbon dioxide
were used without further purification.

4.4. n-Pentane

Measurements of termind velocities, dendty and viscodty of n-pentane are carried out
dong four isotherms, 50, 75, 100 and 125 °C, at pressures up to around 50 MPa.
Literature data for n-pentane dengty and viscosty are taken from Kiran and Sen who
reported data in the temperature range from 45 to 170 °C [15]. Densities for rpentane
were experimentadly determined in the present sudy a each temperature and pressure
adong with the viscosty measurements. A specific advantage of our system is that dendty
vaues can be directly measured and not extrgpolated from the data available in literature
or measured separately and then extrapolated to cover the range of the experiment.

4.4.1. Density
The dengties of npentane measured in the present study were compared with the earlier
data of Kiran and Sen [15]. As shown in Figure 45 and Table 4.1, the results are in

excdlent agreement with an error range of 1 %.
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Table 4.1. Dengty of n-pentane (Literature data from Kiran and Sen [15])

Temperature Pressure Literature value Present study Difference
°C MPa r/glem’ r/glem’ %
50 44.76 0.6417 0.6358 0.91

34.41 0.6328 0.6262 1.05
27.75 0.6257 0.6200 0.91
20.70 0.6178 0.6125 0.87
15.39 0.6113 0.6075 0.61
10.23 0.6041 0.6009 0.53
75 45.75 0.6232 0.6210 0.35
44.92 0.6229 0.6313 1.35
36.45 0.6135 0.6122 0.21
28.39 0.6041 0.6042 0.01
27.62 0.6041 0.6027 0.23
20.72 0.5946 0.5934 0.21
15.45 0.5870 0.5864 011
100 45.69 0.6055 0.6042 0.22
38.21 0.5973 0.5956 0.17
20.85 0.5730 0.5730 0
15.90 0.5645 0.5647 0.03
125 45.08 0.5886 0.5883 0.06
42.03 0.5826 0.5847 0.28
34.61 0.5731 0.5736 0.10
29.97 0.5626 0.5666 0.70
24.47 0.5595 0.5607 0.22
17.08 0.5447 0.5440 0.13

10.85 0.5274 0.5308 0.64




Figure 4.5. Comparison of experimental densities of n-pentane obtained in this
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4.4.2. Calibration Constant and Error Analysis

The cdibration congant was determined from Egn. 4.1 for each messurement using the
literature vadue of the viscodty, and experimentdly determined dendty and the termind
velocity according to the procedure described above. The cdibration congstants are
presented in Table A.1-A.4 in Appendix A.

Figure 4.6 shows the variation of cdibration condtants with pressure a different

temperatures. As can be seen, pressure dependence of K is not very significant.

Table 4.2 summarizes the reaults for cdibration constants found for each temperature, by
aithmetic averaging the values obtaned for esch pressure (multiple runs a same
pressures were aso averaged). This cdculation is based on the assumption that pressure
does not have a ggnificant effect on the cdibration congtant. Smilar assumption is made
for the effect of temperature and an overdl average cdibration congtant with K= 0.0199
is assumed to be gpplicable in these P/IT intervals.

Table 4.2. Average cdibration congtants obtained from calibrations with n-pentane

n-Pentane Temperature K
50°C 0.0202
75°C 0.0205
100°C 0.0197
125°C 0.0190

K avg 0.0199
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In Figure 4.7, average cdibration constants for each temperature are plotted with respect
to temperature. It is observed that even though K appears to show a decrease above 70

°C, the variation is not large.
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4.4.3. Viscosity

In order to establish the accuracy of our results two other data sets for npentane from the
literature were compared with our measurements. Figure 4.8 shows the variation of
viscosity, caculated using Kayg, With pressure, where viscosity data a 50 °C are taken
from Audonnet and Padua [50] and data a 100 °C are taken from Estrada-Bdtazar et 4.
[40]. Actud data from the present study are presented in the Table 4.3. Audonnet and
Padua [50] used vibrating-wire technique to determine the density and the viscosity
vaues smultaneoudy and reported their accuracy as 2.5 %. EdradaBdtazar et d. [40]
used a ralling-bal viscometer for viscodty caculations where they report an average 3 %
error in the measurements. Our results are very consistent with Audonnet and Pédua, but
show some minor deviation with the messurements of EdradaBdtazar e d. One
possble source of this smdl deviation is that Estrada-Batazar et a. used a correaion
suggested by Assad et. d [40] to cdculate the dengties, while both in our work and in
Audonnet and Pédua's work dendgties are measured experimentdly and smultaneoudy

with the viscodties.



Table 4.3. Measurements of density and viscosity of n-pentane from the present study

Temperature, °C ~ Pressure, MPa r, g/cm3 h, mPa.s
50 10.23 0.6009 0.1994
15.39 0.6075 0.2035
20.70 0.6125 0.2145
27.75 0.6200 0.2299
34.41 0.6262 0.2440
44.76 0.6358 0.2664
75 10.62 0.5790 0.1649
15.52 0.5854 0.1730
15.56 0.5929 0.1732
15.53 0.5864 0.1733
20.70 0.5864 0.1814
28.39 0.6041 0.2016
36.39 0.6152 0.2138
36.45 0.6152 0.2140
36.49 0.6152 0.2141
4511 0.6310 0.2257
45.18 0.6314 0.2266
100 15.81 0.5645 0.1560
15.85 0.5647 0.1557
20.86 0.5724 0.1646
28.31 0.5835 0.1763
38.11 0.5973 0.1918
45.50 0.6041 0.2001
125 17.11 0.5440 0.1381
30.02 0.5666 0.1562
34.62 0.5737 0.1655

42.03 0.5843 0.1750
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4.5. Carbon dioxide

In order to test the peformance of the indrument on low viscogty fluids, some
mesasurements were done with carbon dioxide. Termind velocities were measured a 37,
52, 77, and 90 °C (Selected examples are shown in Figure 4.9). Literature data for CO,
viscosity were taken from Stephen and Lucas who report data from 37 °C up to 627 °C
with £ 5 % accuracy [51]. We followed the same procedure used for n-pentane to
cdculate the insgrument cdibration congant for carbon dioxide as the cdibration fluid.
The results are presented in the Table 4.4.

Table 4.4. Cdibration constants obtained from measurements with carbon dioxide

CO; Temperature K
37°C 0.0182
52°C 0.0187
77°C 0.0184
97°C 0.0184
Kavg 0.0184

For carbon dioxide the average cdibration constant was found to be 0.0184, which differ
by 7.5% from the congtant obtained usng n-pentane as cdibration fluid. The change in
cdibration congtant with respect to pressure is plotted in Figure 4.10. As seen from the
figure the pressure effect on the calibration congtant is not large as in the case of n+
pentane. Figure 4.11, is the variation of cdibration congtant with temperature based on
the cdculations with carbon dioxide and dso with npentane. K is less sendtive to
temperature in the case of CO..
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Experimentaly determined viscosties of carbon dioxide usng Kag 0.0199, are
compared with the data taken from literature Oh= hkavg - hiit), and this difference with
pressure is plotted in the Figure 4.12. It is observed that when the viscosities decrease
below 0.09 mPa s, the results are reliable with an accuracy of 10 nPa s, which is il very

accurate in such low viscosity ranges.

Table 4.5. Measurements of density and viscosty of carbon dioxide (Literature datafrom
Stephan and Lucas [51])

Present Study Literature
Temperature, °C  Pressure, MPa r, g/cm3 h, mPa.s h, mPa.s
37 20.0 0.8696 0.0895 0.0796
30.1 0.9264 0.1019 0.0956
52 20.0 0.8821 0.0747 0.0671
30.0 0.8855 0.0887 0.0835
40.0 0.9397 0.0988 0.0963
77 30.7 0.8809 0.0722 0.0667
40.0 0.8584 0.0851 0.0787

97 40.0 0.8875 0.0732 0.0678
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CHAPTER 5

VISCOSITY AND DENSITY OF POLYMER SOLUTIONS AT THE
CRITICAL POLYMER CONCENTRATION

Information on high-pressure viscodty of polymer solutions is of specid importance in a
vaiety of gpplications such as high-pressure lubrication, enhanced oil recovery, and
processng of polymers usng near and supercritical fluids [52-55]. With the growing
interet  in usng near-criticd and supercritica  fluids in polymer synthess and
modifications, there is a growing need for basc and applied daa on both the
thermodynamic and the transport properties of polymer solutions a high pressures for
successful design and implementation of processes [53-57].

For dngle fluids, in the absence of the experimental data, there are modes that can be
used for prediction of viscosty using thermodynamic property data. However, for larger
molecules, as the gze difference between solvent and solute increases, the description of
viscodty with thermodynamic parameters becomes complicated. Indeed, predictive
methods for viscodty of polymer solutions are limited even & ambient pressures.
Experimental data can however be effectively corrdated with temperature, pressure and

interaction parameters for a given solution [5, 58].

The viscosty of polymer solutions depends on the naure of the polymer and the solvent,
concentration of the polymer, molecular weight and the molecular weight distribution of
the polymer, temperature, pressure and the shear rate. In the following sections a brief
review of literature on high-pressure viscosity of polymer solutionsisfirst presented.



Wolf and Jen were among the ealiet authors who reported the thermodynamic
properties of polymer solutions under pressure [59]. They stated that since the changes in
the free volume of a liquid can be seen from its viscosty mogt eesly; of dl
physicochemical properties, the viscosty shows the highest dependence on pressure.
They determined the viscodty of trans-decahydro ngphthdene + polystyrene solutions in
the pressure range of 1-1000 bar and the temperature range of 10-16 °C at 8-15 weight %
polymer concentrations using a rotating cylinder viscometer. Demixing conditions were
obsarved as a sharp discontinuity in the logarithmic viscodty versus pressure curves.
They corrdated the variation of viscodty with pressure in terms of apparent volumes of
activation, V*.

(TN h/P)T cone = V*IRT Eqgn. 5.1

Variation of viscosity with temperature were correlated in terms of activation energy, E,
according to the following relationship [59]:

(ﬂlm/ﬂ(l/-r))P,conc = E# /R Eqn. 52

In 1979, Kubota and Ogino measured the pressure dependence of the viscosty of the
solutions of poly(dimethysiloxane) in cyclohexyl bromide a pressures up to 39 MPa at
25 to 45 °C using a rolling-bal viscometer [60]. They reported that the intrinsic viscosity

and the chain dimension increase with the increase of pressure.

Wolf and Geerissen investigated the factors governing the pressure dependence of the
viscodty of polymer solutions and obtained information on the phase separation behavior
of polystyrene solutions in cyclohexane, cyclopentane, diethylmdonate, and 1-phenyl
decane a concentrations up to 12 %, temperatures from 32 to 102 °C and up to 1000 bar
[62]. Demixing points were determined form the sharp discontinuities in  viscosty-
pressure curves. Since pressure effects are particularly independent of polymer
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concentration only one solution of gpproximately criticadl compostion was measured for

each system [62].

In 1983, Claesson et d. sudied the effect of pressure on the viscosty of dilute solutions
of polystyrene in toluene usng a fdling body viscometer [63]. Measurements were
performed in the concentration range from 0.0025 to 0.02 g/mL and a temperatures from
25 to 45 °C a pressures up to 1057 bar. They found that the viscosity increases
exponentidly with pressure a a given temperature and concentration, while the agpparent
volume of activation V* decreases with increasing temperature. They showed that logh
increases linearly with increesng concentration a given pressure and the intringc

viscosity increases with increasing pressure, whereas the Huggins constant decreases.

Akki, Bar and Abhiraman messured low shear viscodties of dilute solutions of high
molecular  weight polyethylene in decdin and detected the phase trangtions a high
pressures. Viscosities were determined up to 0.6 GPaand 150 °C [64].

Schott et d. peformed viscometric measurements for the system isooctane/poly(decy!
methacrylate) in the temperature range from 25 °C to 100 °C and pressure up to 3500 bar
[37]. They observed a maximum in intrindc viscosity & 75 °C a dl pressures. They dso
reported that the free volume of the system increases with increasing temperature [37].

Viscodgty measurements were carried out with solutions of 8 wt % poly(vinylchloride) in
several good solvents at 25, 40, 60 and 80 °C and up to 1000 bar [65]. The viscosities of
pure solvents were obtained by rolling-bal viscometer whereas the viscosties of polymer
solutions were obtained by usng a Searle-type Haake viscometer. For congant
temperature, the volumes of the activation for the viscous flow of the solutions, V7
exceed that of the pure solvent by 25 %. It was reported that the dependence of VF on
temperature is not very pronounced and V decrease with increasing pressure. B increases

weskly as the pressure is raised. The pressure dependence of viscosity, expressed by Vf
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passes a minimum a the temperature a which the solution becomes atherma and
increases very strongly as the solvent power is reduced [65].

In 1992 Kiran and Sen investigated viscosity of polystyrene solutions in npentane and in
n-butane a temperatures from 125 to 170 °C and at pressures from demixing pressures up
to 70 MPa [5, 15, 56]. All measurements were done using the faling snker viscometer,
used in the present theds, that permits the sSmultaneous determination of viscosty,
dendty and phase dstate of the solutions. They reported the temperature, pressure, solvent
and molecular weight dependence of viscodty a moderate concentrations ranging
between 4 —12 wt %. They reported an exponential dependence of viscosity on dendity as

well as on inverse temperature in the form of an Arrhenius type of equation,

h =A exp (B/T). Eqgn. 5.3

In 1995, Kiran and Gokmenoglu using the same insrumental system sudied the viscosity
and dendity of homogenous one-phase solutions of (1 wt %) polyethylenes with narrow
molecular weight distributions (Mw = 2150, 15520, 108,000, 420,000) in n-pentane at
125, 140 and 155 °C over a pressure range from 20 to 60 MPa[54]. It was shown that the
viscosties of these solutions can be corrdated with densty usng the exponentid
relaionship

h =A exp (B/(1-V,r)) Egn. 5.4
or
h =Cexp(Car) Egn. 5.5

which are based on free volume consderations. Temperature dependence of viscosty at
fixed pressures and pressure dependence of viscodty at fixed temperatures were andyzed
in terms of flow activation energies and gpparent activation volumes, respectively.
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In 1994, Metsch and Wolf studied homogenous mixtures of five poly(dimethysioxane)
fractions (23-74 kg/mol) with carbon dioxide in the pressure range of 100-700 bars and
temperatures between 30-70 °C [66]. Viscodties were measured in a rolling-bal and
Searle-type pressure agpparatus respectively, depending on the polymer content. They
evduated viscosty a condtant pressure with respect to activaion energies EY and
viscosities a constant temperature with respect to activation volumes V* and showed a
pronounced sigmoida dependence of these parameters on the compostion of the
mixtures. For the pure polymer they extrgpolaied these vdues in the limit of infinitey
long chains and found E’y = 75 kdmol at 300 bar and V*y = 43 cm®/mol at 30 °C.

In 1995, Xiong and Kiran determined the phase boundaries, dengties and viscosties of
solutions of poly(dimethylsloxane)s (PDMS) in supercriticd carbon dioxide [55]. The
demixing pressures of 5 wt % solutions of PDMS with different molecular weights and
molecular weight didributions were determined. Andyzing the densty and viscodty data
for solutions of PDMS with M,, = 38,900 at 1, 2 and 5 wt % concentrations they showed
that results could be corrdaed with a free-volume based rdationship of the form
h=Aexp(B/(1 —V,r)), Egn. 5.4. Activaion volumes & the pressure range of 40 —70 MPa
are reported as 30-60 cm’/mol at the temperatures 107-147 °C for these solutions and

activaion energies for the same pressure and temperature range are reported as 7-10
kI¥mol, which are in the same order of magnitude with the data reported by Mertsch and
Walf.

In 1997, Xiong and Kiran determined the demixing pressures, dendties and viscodties of
solutions of nearly monodisperse polystyrene samples (MwW/M, <1.1) in n-hexane [53].
Mesasurements were conducted with samples having different molecular weights (My, =
4000 -50,000) at concentrations up to 8 wt % over a pressure range from 5 to 70 MPa
and a temperature range from 50 b 150 °C. It was reported that the demixing pressures
were obsarved to increese with molecular weight and show high sengdtivity to

temperature. Dendty and viscosty data were collected in one-phase homogenous regions,
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and viscosty was corrdated with densty using Dodlittle type of equation (Egn. 5.4). It
was concluded that a& a fixed solution dengty, viscosty increases with polymer
concentration or molecular weight. Flow activation volumes and flow activation energies
were dso cdculated. The demixing data was compared with the results obtained in n-
butane and n-pentane for one sample, and it was reported that in going from rbutane to

n-hexane demixing pressures decrease while the viscosities become higher.

In 1999, Yeo and Kiran generated high-pressure dendty and viscosty data for
polystyrene solutions in methylcyclohexane a& 67, 87, 107, and 127 °C usng fdling
cylinder type viscometer up to 35 MPa [57]. Measurements were conducted with two
different molecular weight samples (My, = 50,000 and 700,000) in the concentration
ranges of 3-14 wt % (for M, = 50,000) and 1-5 wt % (for My, = 7000,000). It was
reported that dengty and viscosty of these solutions increased linearly with pressure in
dl the concentration ranges investigated. The flow activation volume and flow activation
energy of the solutions were found to be in the range of 29-55 cm®/mol and 7-10 kJmoal,
repectively. It was found that the activation volume increased with temperature and the
activation energy decreased with pressure. Viscosty was corrdated with  densty
employing Doalittle type of equation, and the close packed volumes were found to be in
the range of 0.66-0.72 cm°/g.

In 1999, Lee . a., measured and modded the solution viscosties of polystyrene-
supercritical  carbon dioxide usng a liner capillary tube die mounted on a foaming
extruder [67]. Carbon dioxide contents in the measurements were varied between O to 4
wt %. They indicated that the PS/CO, solution viscosty is a sendtive function of shear
rate, temperature, pessure and CO, content. The zero shear viscosty was modeled using

agenerdized Arrhenius equation.
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Present Study: Viscosity of Polymer Solutions at Critical Polymer Concentration

In the present thess we have measured the densties and viscosties of solutions of
polyethylene ( M, = 121,000, My/M,, = 4.3) in npentane and poly(dimethylsiloxane)
My = 93,700, MJ/Mp = 2.99) in carbon dioxide. The concentrations of the solutions
were chosen to correspond to the critica polymer concentration, which is 5.75 wt % for
solution of PE in npentane, and 55 wt % for solution of PDMS in CO,. Criticd
concentrations for these sysems were dready determined earlier [68-70] in our

laboratory as part of an investigation on the kinetics of phase separation.

Viscosty is an important factor that influences the time-scde of new phase development
in sysems undergoing phase separdtion. Solutions at the critical polymer concentrations
undergo phase separation by spinoda decompostion. Two different polymer + solvent
sysems that undergo spinodal decomposition a the criticd polymer concentration may
exhibit different kinetics. It was therefore of interest to determine the viscosty of these
two inherently different polymer solutions at their critical polymer concentrations.

5.1 Viscosity of PDMS + CO; Solutions
Viscosity measurements were conducted at 55, 70, 85 and 100 °C and pressures up to 50
MPa. The viscosities are caculated from the generd equation 4.1 (Chapter 4),

h =K (rs-r)\V; Egn. 4.1

usng the Kag = 0.0199, as the vaue for the cdibration congant, while the termina
velocities were determined from the distance versus time data. Figure 5.1 is an example
of the ‘voltage versus time’ and ‘distance versus time' plots generated at 70 °C and 48.5
MPa for the solution of 55 wt % PDMS in CO,. The data a different temperatures and
pressures are presented in Table 5.1. Figure 5.2 shows the variation of viscodty with

pressure a different temperatures. As shown in the figure, viscosties increase with
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pressure but decrease with temperature. At these conditions the viscodties are il

relaively low, being lessthan 0.22 cP.

5.2 Viscosity of PE + n-Pentane Solutions

Viscosty messurements were conducted at 140 and 150 °C. Figure 5.3 shows the
‘voltage versus time and ‘distance versus time' plots generated a 150 °C and 30.2 MPa.
The data at different temperatures and pressures are presented in Table 5.2. Figure 5.4
shows the variation of viscodty with pressure a these temperatures. Here dso viscosty
increases with pressure and decreases with temperature as expected. In contrast to PDMS
+ CO, sydem, the viscodties for these solutions are much higher (nearly ten times),

ranging from about 2 to 4.5 cP.



Table 5.1. Density and viscosity of 5.5 wt % PDMS (M,, =93,700) in CO,

T P, MPa r,glem Vt, cm/s h, mPa.s
55 °C 48.70 0.9801 0.2785 0.2158
4493 0.9663 0.3008 0.2007
41.74 0.9534 0.3182 0.1905
39.29 0.9420 0.3282 0.1854
34.72 0.9189 0.3508 0.1749
33.19 0.9090 0.3603 0.1707
33.19 0.9090 0.3708 0.1659
30.78 0.8959 0.3834 0.1611
28.04 0.8765 0.3922 0.1585
70°C 48.45 0.9349 0.3161 0.1930
46.38 0.9349 0.3284 0.1857
44.90 0.9222 0.3334 0.1837
43.38 0.9203 0.3414 0.1795
41.54 0.9064 0.3578 0.1721
40.07 0.9030 0.4021 0.1533
38.17 0.8887 0.3858 0.1605
35.86 0.8759 0.4030 0.1543
35.59 0.8761 0.3964 0.1568
35.16 0.8723 0.4169 0.1493
85°C 48.28 0.9054 0.3531 0.1744
44.83 0.8901 0.3707 0.1670
41.59 0.8734 0.4039 0.1541
39.41 0.8548 0.4341 0.1442

37.75 0.8476 0.4388 0.1430




Table 5.1. Cont’d

T P, MPa r,glem’ Vt, cm/s h, mPa.s
100 °C 48.21 0.8610 0.4035 0.1548
46.55 0.8503 0.4158 0.1507
44.83 0.8396 0.4311 0.1459
43.79 0.8325 0.4475 0.1409

Table 5.2. Densty and viscosity of 5.74 wt % PE (Mw =121,000) in n-pentane

T P, MPa r,glem’ Vt, cm/s h, mPa.s
140°C 4851 0.5751 0.0162 4.1986
41.81 0.5623 0.0170 4.0180
34.40 0.5511 0.0192 35771
24.26 0.5346 0.0234 2.9509
21.55 0.5296 0.0251 2.7548
18.62 0.5296 0.0273 2.5288
17.59 0.5255 0.0299 2.3113
150 °C 48.29 0.5819 0.0147 4.6239
44.86 0.5780 0.0149 4.5605
41.65 0.5737 0.0154 4.4368
34.88 0.5648 0.0165 4.1549
31.34 0.5597 0.0178 3.8521
27.76 0.5538 0.0186 3.6805
20.83 0.5411 0.0221 3.1193
15.52 0.5310 0.0246 2.8007

12.97 0.5255 0.0261 2.6496
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5.3. Analysis of Viscosity Data

5.3.1. Temperature Dependence of Viscosity

The apparent energy of activation, E*, for the viscous flow can be described by an
Arrhenius equation obtained from the plots [61],

h = A exp(E* /RT) Eqgn. 5.6
or
(ﬂlm/ﬂ(l/-r))P,conc = E# R Eqn. 52

where h is the viscosity, E? is the activation energy of viscous flow, R is the ided gas
congant, and T is the absolute temperature. This relationship is based upon a lattice
dructure for a solution containing some unoccupied Stes or holes [57]. The quantity of
flow activation energy is an energy barrier for the movement of a molecule, and expected
to be related to the latent heat of vegporization of the solution which defines the flow
activation energy obtained by fitting logarithmic viscosty versus inverse temperature at
different pressures. The dope of the fitted equation, E'/R, is used to caculate flow

activation energies.

a. PDMS + CO,

Figure 55 dhows the logarithmic viscosty versus inverse temperature a different
pressures (42, 45, 48 MPa) for 5.5 wt % PDMS in CO,. The dope of the fitted equation,
E'IR, is used to calculate flow activation energies. The results are presented in Table 5.3.

The cadculated activation energy isaround 7 k¥moal. It is observed that flow activation
energies show asmal increase with increasing pressure which has dso been observed by
others [54,55] showing that at higher pressure the viscosity becomes more temperature
dependent for this system. Table 5.3 shows the activation energy va ues reported for 1, 2
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and 5wt % solutions of PDMS of lower molecular weight (with My, =38,900) in CO»
determined earlier by Xiong and Kiran [55].

Comparison with the present data suggests that the activation energy vaues are of Smilar
magnitude suggesting that E* values are not affected significantly by concentration and

molecular weight in the range investigated.

Table 5.3. Activation energy, E?, for 5.5 wt % solution of PDMS (M,=93,700) in CO,

Pressure(MPa) Slope={Inh /(1/T) E” (kJ/mol)
42 893 6.9
45 854 7.1
48 831 7.4

Table 5.4 Activation energy, EY, for 1, 2 and 5 wt % solutions of PDMS (M,,=38,900) in
CO; (From ref. [55])

Pressure (MPa) E* (kJ/mol)
1 wt% 2 wt% S wt%
45 7.0 7.4 8.1
50 7.4 8.1 8.8

Sein e d. determined the activation energy for the bulk viscosty of PDMS (M, =28,
000) as 16 kJmal [75]. The bulk activation energy is greater that the activation energy
for the solution of PDMS in CO,. Since activation energy is the energy required to creste
a hole big enough for a molecule to jump into, when compared to bulk, cresting this hole
becomes easer in solution, and activation energies are lower when compared to bulk
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polymer. They measured the viscosty of PDMS over the range of -13 to 82 °C and
smilarly described viscosity by the linear plot of Inh versus U/T [71].

b. PE + n-Pentane

Figure 5.6 shows the vaiation of Inh with /T a 21, 34.5 484 MPa The activation
energies determined from the dopes of these plots are given in Table 55. The activation
energy shows a maximum at 34.5 MPa, which has been observed for some other systems
a criticd polymer concentrations [62]. Table 5.6 shows the activation energies reported
for 1 wt % solutions of PE (with M, = 2150, 15,520, 108,000) in rrpentane earlier by
Kiran and Gokmenoglu [54]. The present values are higher as shown in Table 5.6.

The activation energies obtained for PE + n-pentane sysem are higher than the vaues
obtained for PDMS+CO, system. This may be related to the greater backbone flexibility
with PDMS. With larger, irregularly shaped or iff backbone molecules, the deformation
is dower as the molecules redtrict the easy trandation of one past the other [58]. This
results in high vaues of activation energy as well as a high viscosty. PDMS is known for
its extremely low glass transition temperature (T, = -123 °C) and extraordinary flexibility

of the chain back bone which are due to the long S —O bond lengths, partid ionic
character of the slicon —oxygen bond, and small methyl substituents[71].

Table 5.5 Activation energy, EY, for 5.74 wt % solution of PE (M,, =121,000) inn-
Pentane

Pressure(MPa) Slope=YInh /§(1/T) E* (kJ/mol)
21.0 2172 18.1
34.5 2617 218

48.4 1686 14.0
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Table 5.6 Activation energy, EY, for 1 wt % solutions of PE in n-Pentane (From ref. [54])

Pressure (MPa) E* (kJ/mol)
Mw=2150 Mw=15,520 Mw=108,000
30 9.3 8.1 12.2
40 8.6 8.8 11.2
50 8.0 94 101

5.3.2. Pressure Dependence of Viscosity

The apparent volume of activation for the viscous flow can be determined according to
[61, 72]

h =A exp [(V* IRT)/P| Eqgn. 5.7
or

(TN h/P)T cone = VFIRT Eqgn. 5.1

Where R is the gas condant, T is the temperature in K. For low molecular weight liquids
it is reported that V¥ amounts to 1/4 to 1/3 of the molar volume, in the case of high
molecular weight liquids V¥ has been considered as a similar portion of the volume of the
flow unit, i.e of the independently moving pat of a macromolecule. For polymer
solutions V# is a composite quantity lies close to the corresponding value of the solvent
[61].

a. PDMS + CO;

Activation volumes of solution of 5.5 wt % PDMS (M, = 94,700) in CO, were caculated
from the dopes of Inh versus P plots at 55, 70, 85 and 100 °C as shown in Figure 5.7. The
results are presented in Table 5.7. The evaluated activation volumes range from 40 to 64
cr/mol. Table 5.8 shows the data for 1, 2 and 5 wt % solutions of alower molecular
weight PDMS (M, =38,900) in CO-, [55].
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The activation volumes for the 5.5 wt % PDMS (M,=94,3000) in CO, are larger inthe
present study which may be due to the higher molecular weight of PDMS or the higher
concertretion of the solution.

Table 5.7 Activation volume, V¥, for 5.5 wt % solution of PDMS (Mw =94,700) in CO;

Temperature (°C) Slope={Inh /P V# (cm®/mol)
55 0.015 40.7
70 0.019 54.1
85 0.022 64.0
100 0.021 64.4

Table 5.8 Activation volume, V¥, for 1, 2 and 5 wt % solutions of PDMS (Mw =38,900)
in CO, (From ref. [55])

Temperature (°C) V# (em®/mol)
1 wt% 2 wt% S wt%
107 38.0 32.6 39.2
127 44.8 40.7 499
147 49.3 50.1 58.7

b. PE + n-Pentane

Figure 5.8 shows the vaiation of Inh with pressure at 140 and 150 °C. Because of the
nonlinear nature of the data, the dopes were caculated for two pressure ranges, one for
pressures up to 41 MPa, and the other for pressures above 41 MPa. The results are
presented in Table 5.9. The activation volumes increase with temperature but observed to
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decrease with pressure. Activation volumes are higher when compared with vaues
reported for 1 wt % solutions of different molecular weight PE samples in npentane [54]
that are shown in Table 5.10., which may be due to the higher concentration of the

polymer.

Table 5.9 Activation volume, V¥, for 5.74 wt % solution of PE (M,, =121,000) in n-
Pentane

Pressure(MPa) Temperature, °C Slope=(TIn h/{P) V# (cm®/mol)
Upto4l.8 150 0.021 75.1
Above41.8 150 0.007 23.1
Upto4l.6 140 0.019 64.6
Above 41.6 140 0.006 21.3

Table 5.10 Activation volume, V¥, for 1 wt % solutions of PE in n-Pentane (From ref.
[54])

Temperature, °C V* (em®/mol)
Mw=2150 Mw=15,520 Mw=108,000
140 34.1 32.5 43.5

155 38.5 31.0 44.5
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5.3.3. Density Dependence of Viscosity

The free volume concept in polymer science is well known. Generaly free volume can be
specified as the volume of a given sysem a the temperature of study minus the volume
of the same ysem a O K. The free volume is contributed by al the species present in the
system [78].

A convenient way to interpret the effect of temperature on the viscosity of a polymeric
system is the rdative increase in the free volume. According to the free volume concept,
the viscous flow of a low molar mass liquid a low shear stresses is connected with the
jumps of flow units in this case molecules, to voids between them. The molecular
trangport depends on the critical free volume, V', necessary for the displacement of a
flow unit. In other words, molecular trangport can only occur when voids, whose volume
is greater then V', exist in the systlem. Based on this assumption, Cohen and Turnbull
(1959) obtained a relationship between the viscosity and the fractiond free volumef, [73]

Inh =InA + Bff with Eqgn. 5.8
f =(Vp—Vo) Vp Egn. 5.9
where A is a condant independent of the temperature, V, the specific volume occupied
by the molecules, and B is proportiond to the fractiond void volume required for a jump,
Bu V/ V, . This equétion is identical with the Doolittle equation obtained empiricaly

(1951) as

h = A exp[B/(1-Vr)] Egn. 54



78

where A and B are congants, r is the densty and V; is the closed pack volume. The free-
volume concept had origindly been developed for low molar mass fluids in which the
flow units are identical [58, 72]. Kelley and Bueche (1961) suggested this gpproach for
polymers, assuming thet the flow unit can be identified with a segment of the chain which
can move into neighboring voids independently of the motions adjacent segments of the
same chan [73]. This is possble only if the ssgment consds of sufficient number of
monomer units.

The Doodlittle equetion is an effective corrdative relaionship to describe viscosity data in
terms of dendty. We have conducted such andyss with the present data sets. These are
described below.

a. PDMS + CO,

The expeimentaly determined dendties for the solution of 55 wt % PDMS (My =
93,700, Mw/ Mn = 2.99) in CO, as a function of pressure a four different temperatures
is shown in Figure 59. These dendty vaues are used to show the variation of viscosity
for PDMS + CO; as a function of dengty of the solutions in Figure 5.10. The data
correspond to a temperature range of 55-100 °C and a pressure range of 25 to 50 MPa.
The viscogty increases with increesing densty, with a smal postive curvature. In the
figure, viscodty data a different pressures and temperatures tend to collgpse to a single
curve, suggesting that dendty can be an effective scding factor for the viscosty. This
type of densty scaling has been dso observed in other systems [53-55]. Dodlittle type of
equation, mentioned earlier, is adapted to correlate the present data (Egn. 5.4).

The experimentd data are used to caculate the optima vaues for the three parameters in
equation 5.3 by non-linear regresson method using Levenberg-Marquart type of iteration
method. The obtained parameters are summarized in Table 511. A dgnificant
temperature dependence has not been observed and dl data were represented by an
overd| equation with astandard error of 4.334 E-3 in viscosity (Table 5.11). The
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correlative equation is shown as solid curve in Figure 5.11. The estimated closed packed
volumeis 0.33 cnt/g which is alittle higher than the values obtained for 1, 2 and 5wt %

PDMS (M, = 38,900) in CO, determined in an earlier study [55](Table 5.12). The closed
packed volumes for the solutions of PDMS in CO, does not appear to change
sgnificantly with polymer concentration and with molecular weight in the range studied.

Table 5.11. Coefficients for the exponentid eguation h = A exp[B/(1-Vor)] for the
dengty dependence of viscogty for 55 wt % PDMS solution (Mw = 93,700, My/M,, =
2.99) in CO;

T, °C A B V, SE?*
55 451 E-4 4.16 0.3312
70 453 E-4 4.15 0.3300
85 4.45 E-4 4.17 0.3319
100 4,55 E-4 4.15 0.3347
overall 4.54E-4 417 0.3297 433E-3

# Standard error of estimating h values using the given coefficients. It is calculated according to
the following equation,

SE = ALY ~Year] M)

Where y; are the experimental values of a given property, y..; are the calculated values after
regression, and n is the number of data points.
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Table 5.12. Coefficients for the exponentid equation h = A exp[B/(1-Vor)] for the
dendty dependence of viscosity for 1, 2 and 5 wt % PDMS solutions (M, = 38,900) in
CO, (Datafromref. [55])

Concentration A B Vo SE
0 112E-4 4.95 0.2960 1.74E3
1 wt% 1.23E-4 4.96 0.2890 6.00 E-4
2 wt% 1.34E-4 4.96 0.2840 251E3
5 wt% 143 E-4 4.95 0.3050 3.02E3

b. PE + n-Pentane

Figure 5.12 shows the experimentaly determined densties for the solution of 5.74 wt %
PE (My =121,000, My/M, = 4.3) in npentane as a function of pressure. Figure 5.13
shows the vaidion of viscodty as a function of dengty for this sysem. The daa
correspond to temperatures of 140 and 150 °C and pressures up to about 50 MPa
Viscosty was correlated with dengty using Doolittle type of eguation, Egn. 5.3, and the
parameters were calculated by nonlinear regresson method. The optimum parameters are
presented in Table 5.13 and the corresponding curve is displayed in Figure 5.14. The
estimated closed packed volume is found as 048 cntlg for this solution, which is
comparable with the previous work done for 1 wt % solutions of PE but of different
molecular weight also in n-pentane [54] (See Table 5.14.).

Table 5.13. Coefficients for the exponentid equation h = A exp[B/(1-V,r )] for the
density dependence of viscosity of 5.74 wt% PE (M,,=121,000, M,/ M, =4.3) solution
in n-Pentane

A B Vo SE

6.37 E-07 11.44 0.4772 3.799 E-0.3
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Table 5.14. Coefficients for the exponentia equation h = A exp[B/(1-V,r )] for the
dengty dependence of viscogty of 1 wt % PE solutions in n-Pentane (From ref. [54])

A B V, SE
n-Pentane 3.40 E-07 9.90 0.4232 9.717 E-0.3
Mw= 2150 3.10 E-07 9.85 0.4443 5.256 E-0.3
Mw= 15,520 2.92 E-07 9.93 0.4519 2933 E-0.3
Mw= 108,000 3.22 E-07 9.94 0.4853 9.220 E-0.3
Mw= 420,000 5.35 E-07 9.94 0.4839 1.540 E-0.3

Doolittle type reaionships have adso been found effective by other researchers in
describing the effect of pressure on viscosty [54]. Vaues for parameter B has been
reported to be in the range from 1 to 10 for various fluids, which are smilar to present
observations. Doolittle consdered the parameter B to be related to the cohesive forces, or
the force fidd intendty resding flow, and for parafins he found the parameter to
increese with molecular weight which is obsarved for PE + n-pentane sysem. The

parameter A was aso found to show an increase with molecular weight.

For rdatively dilute polymer solutions, V, vaues should be of smilar magnitude and be
representative of the closed-packed volume of the solvent [54]. A vaue of 042 cnt/gis
suggested for n-pentane [54], where 0.48 cntlg was found for the solution of PE + n
pentane. Smilar andyss with viscodty of carbon dioxide results in a V, vaue of about
0.30 cm®/g [55], where 0.33 cn/g was determined for the solution of PDMS + CO; in
the present study.
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5.3.4. Significance of Viscosity in Phase Separation

Phase separaion phenomena are encountered in many agpplications of polymer indudtries
including polymer formation, fractionation, modification and post processng [75]. For
the desgn and operation of these application processes, the information on both
thermodynamic and dynamic aspects of the phase separation is of great importance. One
area that thermodynamic aspects of the phase separation are of specid importance is
materid formation from polymer solutions or blends [75, 76]. Since the time-dependent
morphology during phase separation can be locked in by measures of vitrification,
gdation or crosdinking, materids with different microdructure can be obtaned. Single
component polymer matrix with suitable pore size and connectivity can be used as
membranes for the separation of gas or liquid mixtures. In other gpplications, composite
materids of two or multiple components can be fabricated. Examples of these types of
materids include polymer/drug composite spheres, dectricdly conducting polymer films
and polymer-dispersed liquid crystds [75]. Since the morphology of these materids has
direct impact on ther effectiveness in correponding applications, it is crucid to
understand the time evolution and morphology development of a phase-separaing

materid.

The generd approach to study the kinetics of phase separation is cdled “quench” method.
A quench can be a sudden change in temperature, pressure, or compostion which
includes the phase separation by tranderring the materid from a thermodynamicaly
dable sate into a thermodynamically unstable state [75].

Among the vaious phase separation techniques, there is now common interest in
pressure as a parameter in phase separation from polymer solutions for the formation of
microdructured materids due to the growing interest in  supercriticd  fluid-based
processes [68, 69]. This technique dlows formation of microgtructured materids with
potentidly more uniform morphologies [76].
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There are many routes to form solid phases from a supercriticad medium, but they al
involve one of two fundamentad mechanisms of phase separdion, nucleation and growth
or spinodd decompostion. For systems undergoing phase separation from high pressure
solutions by pressure quench or temperature quench, in addition to quench—depth and the
rate of penetration into the two—phase regions, viscosty, aong with interfacid tenson is
an important parameter influencing the progress of phase separation since these factors
are crucid in the later sages of phase separation and coarsening of the domain dructure
[53, 76]. It istherefore of interest to obtain viscogty information.

Figure 5.15 represents the pressure composition phase diagram of a polymer solution at

constant temperature.

The region above the binodal curve corresponds to the homogenous one phase region.
Between the binodd and spinoda, system is metastable. The region indde the spinodd

ONE-PHASE

Pressure

Unstable Metastable

' ¢ Spinoda

Polymer concentration

Figure 5.15. Pressure-compostion phase diagram of a polymer solution a congant
temperature
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envelope represents the thermodynamicdly ungable region where dl  concentration
fluctuations result in a decrease of free energy and lead to a spontaneous phase separation
[68, 70].The point where binodd and spinodd envelopes merge is defined as the criticd
polymer concentration which is at the gpex for monodisperse systems, as displayed in the
figure above. For broader molecular weight didtribution samples (such as PDMS, M, =
93,700, and PE, My = 121,000, used in the present study with polydispersities of 2.99
and 4.3, respectivdy) the location shifts to higher concentrations. Thermodynamicdly,
the critical polymer concentration corresponds to the condition where the third derivative
of Gibbs free energy with respect to compostion a congtant temperature and pressure is
equal to zero [76], i.e, [T°DG/ §j 3]tp = 0.

Ealier in our laboratory, kinetics of pressure-induced phase separation (PIPS) in
solutions  of poly(dimethylsloxane) in supercriticd carbon dioxide, and solutions of
polyethylene in near criticd n-pentane had been sudied usng time- and angle-resolved
light scattering [68,69]. Controlled pressure quench experiments were conducted &
different polymer concentretions to determine both the binoda and spinodd envelopes,
and the critical polymer concentration.

From Figure 5.15 it is clear that except a criticd polymer concentration, whether the
phase separation should proceed by nucleation or growth or by spinodal decomposition
will depend on the depth of penetration (magnitude of pressure quench) into the region of
immiscibility [70]. For solutions a critical concentrations the phase separation proceeds
exclusvely via spinodd decomposgtion irrespective of the depth of penetration. Early
dage of spinodal decompostion is characterized by formation of a co-continuous phase
gructure which in time undergoes changes [68, 75, 76]. For off-criticd solutions different
mechanism governing phase separation are obsarved: for shalower quenches, phase
separation proceeds by nucleation and growth, while for degp quenches, phase separation
could proceed by spinodal decomposition [68, 70, 75].
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It was found that metastable region becomes very narrow a about 55 wt % PDMS
solution in CO, which showed tha this was the criticad polymer concentration of this
system [68]. This concentration is higher than the concentration corresponding the apex
of the binodad envelop due to the polydispersty of the polymer sample. In the pressure
guench experiments done for PE in n-pentane a a concentration of 5.75 wt % spinodal
decomposition was observed even for very smdl pressures, which suggested that this
must be the critica polymer concentration for this system [68-70].

In order to relate the rate d phase separation with the viscosity of the system, the present
sudy has been carried out a the critical polymer concentrations, both for PDMS+CO,
and PE + n-Pentane systems.

It is known that for the solutions with the same polymer molecular weight, the higher
temperatures leads to faster rates of phase separation [75]. This can be explained by
decrease in viscodty with increesng temperature, which is dso observed in this study
(Figure 52 and Fgure 54). At high viscodties the typicd hydrodynamic effects
encountered in fluid mixtures involving smal molecules may be suppressed and phese
separation may be retarded [53]. That is why dower kinetics is observed for higher
molecular weight polymer solutions. Indeed, for PE + n-pentane the spinodd
decomposition is dmost completed a 24 sec, Figure 5.16, whereas for PDMS + CO, the
completion of the spinoda decomposition takes less than 14 sec, Figure 5.17, [68, 69].
As shown in the previous sections, the viscosty of PDMS + CO, system is about 10
times lower than the viscodty of PE + npentane sysems. The polymers are of
comparable molecular weight, and polymer concentrations are aso comparable, yet phase
separation kinetics are Sgnificantly different which ssem from the viscosty differences.
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n-PE (121,000) in pentane a 150 °C. The total observation time is 24.0 s. (From ref.
[69])
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PDMSin CO; at 75 °C. The total observation timeis 14.4 s (From ref. [68, 69]).
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

The high-temperature high-pressure  fdling cylinder type viscometer that permits
smultaneous determination of viscodty, dengty and phase dae of the solutions has been
improved. The modification involved changing the desgn of the LVDT coils that are
placed dong the viscometer fal tube. These LVDT coils are used to determine the fal
time and the termind veocity of the snker tha is used in viscosty determination. The
new design and data reduction procedure are implemented to develop a more reliable
procedure for determining the termind velocity of the sgnker and thus improve the

accuracy of the viscosity measurements.

In this procedure, we have combined time versus voltage reading, that is stored n a
computer file with the distance versus voltage reading, that has been generated by a-
priori cdibratiion by changing the pogdtion of the sinker, to get the time versus distance
data for any gpecific messurement after normdizing the voltage readings. Termind
velocity is caculated from the dope of the distance versus time plot.

Termind snker velocities that were generated for npentane were used dong with known
viscosty vaues from literature for n-pentane, an insrument constant Kayg = 0.0199 was
generated and could be used in dl the viscogty caculationsin this study.
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Generating complete postion versus time history cleared the ambiguity related with the
termind velocity determinations in the previous procedure which was based on the zero
voltage reading. This procedure vaidates that earlier measurements were aso done when
the sinker reached the termind velocity and therefore the viscosty measurements were
reliable.

The cdibration procedure was aso vdidated usng carbon dioxide as test fluid. With the
present system, viscosity determinations have been found to be accurate to + 5 % for over

awide range from about 0.1 to 5 mPas.

Dengties and viscodties of solutions of poly(dimethylsloxane) (My = 93,700, MJ/M,, =
2.99) in carbon dioxide and polyethylene ( My, = 121,000, MyJ/M, = 4.3) in nrpentane
have been determined a ther criticd polymer concentration, which is 55 wt % for
solution of PDMS in CO, and 5.75 wt % for solution of PE in n-pentane.

For PDMS + CO, system, viscosity measurements are conducted at 55, 70, 85 and 100 °C
and pressures up to 50 MPa At these conditions the viscosties are ratively low, being
less than 0.22 cP. For PE + n-pentane system, viscodty measurements are conducted at
140 and 150 °C and again up to 50 MPa. In contrast to PDMS + CO, system, the
viscodities for these solutions are much higher (nearly ten times), ranging from about 2 to
4.5 cP.

As would be expected, viscosties increase with pressure, and decrease with temperature
for a given sysem. Dendty and viscodgty data were generated in the one-phase

homogenous regions, and viscosities were correlated with density according to,

h = 0.000454 exp (4.156/(1 — 0.3297r )), and
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h = 6.369 exp (11.44/(1 — 0.4772r))

for PDMS and PE solutions, respectively, confirming that free-volume is a key parameter
thet influences viscosty.

The temperature dependence of viscosty has been anadyzed for these solutions using an
Arrhenius-type equation given by

(ﬂlm/ﬂ(m))P,conc = E#/R.

The activation energies are obtaned from the plots of logarithmic viscosty versus
inverse temperature. It is observed that for PDMS + CO, system, flow activation energies
show a smdl increese with increesng pressure showing that a higher pressures the
viscodty becomes more temperature dependent for this sysem. In PE + n-pentane
system, the activation energy shows a maximum a 345 MPa and are higher than the
vaues obtained for PDMS+CO, system.

The pressure dependence of viscosty has been shown to follow

(TP M1P)t conc = V¥ IRT

type dependence and has been analyzed by plotting logarithmic viscosty versus pressure.
From the dopes of these plots activation volumes of the solutions are caculated. For
PDMS + CO,, the variation was found to be linear, whereas for PE + npentane linearity
was not displayed in the full pressure range. The activation volumes were therefore
assigned for two different pressure ranges, one for pressures up to 41 MPa and one for

pressures below 41 MPa.
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The viscodity data for these systems at the critical polymer concentrations were congstent
with the kinetics of pressure-induced phase separation. The viscosty of PDMS + CO,
system is about 10 times lower than the viscosty of PE + n-pentane system. Phase
separation process in PDMS + CO, system subjected to a pressure quench is much faster
(more than twice as much) than the phase separation process in PE + nrpentane system to
which the viscodty differences contribute grester even though the polymers ae of

comparable molecular weight, and polymer concentrations are dso comparable.

The viscogities of PE + npentane system are found to be amost 10 times greater than the
viscodties of PDMS + CO, system at the regions investigated, but these viscosties are
dill not very high, beng less than 5 mPas. In order to examine the peformance of the
indrument a high viscogties, polymer solutions of higher concentrations can be studied
provided good circulation can be achieved. The usefulness of the present method of fal
time generation and andyss of termina velocities can be better demondrated in viscous

systems since fdl time measurements can be made in any segment of the fal tube.

A datidicd andyss of our data is made by usng Sa-Ease DESIGN-EXPERT ©
software. The andyss led to a model eguation in terms of temperature and pressure.
When this temperature and pressure dependent calibration congtant is used to determine
the viscodty ingead of Kag greater accuracy can be obtained in the viscosty
measurements. The rdiability of the modd eguation & high viscodties can be further
evduated. Usng the ample Kag permits easy andyss of the data if as in the presents

study error margins are not excessive.

Although present study provides some data to relate viscodty with the kinetics of phase
separdion for the first time, more experiments can be conducted for broader investigation

of this phenomena.
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Table A.1. n-Pentane Calibration Data at 50°C
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P P h r v, K

psi MPa mPa.s g/em’ cm/sec
1483 1023  0.1988 06009| 03393 0.0198
2232 1539 02072 06075| 03318 0.0203
3001 2070| 02197 06125| 03143 0.0204
4024 2775| 02348 06200 02925 0.0203
4930 3441| 02483 06262 02752 0.0203
6490 4476 02717 06358| 02513 0.0203
average 0.0202

Vi

Viscosity vaue from literature [15]

Solvent density — measured

Termind veocity — determined
I nstrument calibration constant




Table A.2. n-Pentane Calibration Data at 75°C
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P P h r Vi K
psi MPa mPa.s g/em’ cm/sec
1540 1062  0.1664 05790| 04129 0.0201
2250 1552 01783 05854| 03928 0.0205
3005 2072| 01971 05929|  0.3700 0.0214
2256 1556 01783 05864| 03923 0.0205
2252 1553| 01783 05864|  0.3920 0.0205
3009 2075| 01971 05935| 03736 0.0216
3002 2070| 01971 05936| 03737 0.0216
ALt 2839 02012 06042| 03352 0.0199
4116 2839| 02012 06041| 0342 0.0203
4110 2834| 02012 06042| 03346 0.0198
5291 36.49| 02147 06152| 03147 0.0200
5276 3639| 02147 06152|  0.3150 0.0200
5285 36.45| 02147 06152| 03147 0.0200
6541 4511 02333 06310 02071 0.0206
6551 4518| 02333 0.6314|  0.2959 0.0205
average 0.0204




Table A.3. n-Pentane Calibration Data at 100°C
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P P h r Vi K
psi MPa mPa.s g/em’ cm/sec

2292 1581 01479 0.5645| 04382 0.0189
2292 1581 01479 05645| 04337 0.0187
2305 1590| 01479 0.5645| 04329 0.0186
2305 1590| 01479 05645| 04378 0.0188
repeat 15.90 0.1479 0.5647 0.4326 0.0186
2305 1590|  0.1479 05647| 04369 0.0188
2305 1585 01479 05647 | 04342 0.0187
2298 1585|  0.1479 05647| 04391 0.0189
2298 2086|  0.15% 05724| 04144 0.0193
2086|  0.159% 05724| 04118 0.0192
2086|  0.15% 05724|  0.4078 0.0190
3024 2086|  0.159% 05724| 04143 0.0193
3024 2097|  0.159% 05730| 04054 0.0189
3025 2097|  0.159% 05730|  0.4089 0.0190
3025 2086|  0.159% 05730| 04128 0.0192
repeat 20.86 0.1596 0.5730 0.4159 0.0194
3040 2831|  0.1759 05835|  0.3856 0.0199
3040 2828  0.1759 05835|  0.3858 0.0199
3024 3814| 01999 05973| 03512 0.0206
3024 3814|  0.1999 05973|  0.3560 0.0209
3811|  0.1999 05973| 03531 0.0207
3811|  0.1999 05973| 03570 0.0210
4550| 02032 06041| 03377 0.0202
average 0.0197




Table A.4. n-Pentane Calibration Data at 125°C
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P P h r Vi K
psi MPa mPa.s g/em’ cm/sec
2481 17.11 0.1269 0.5440 0.4981 0.0183
2481 3002| 01470 0.5666 0.4256 0.0182
4353 30.02 0.1470 0.5666 0.4373 0.0187
4353 34,62 0.1595 0.5737 0.4120 0.0192
5020 42,03 0.1795 0.5843 0.3885 0.0204
average 0.0190

The overdl average ingrument congtant from pentane cdibration is found to be 0.0199.



Table A.S. The % error obtained for experimental viscosities that are calculated

using K,y with respect to viscosities taken from literature (Kiran and Sen [15])

Temperature  Pressure h-Kavge h -literature %error

°C MPa mPa s mPa s

50 10.23 0.1994 0.1988 -0.29
50 15.39 0.2035 0.2072 1.82
50 20.70 0.2145 0.2197 245
50 27.75 0.2299 0.2348 212
50 34.41 0.2440 0.2483 177
50 44.76 0.2664 0.2717 1.99
75 10.62 0.1649 0.1664 0.93
75 15.52 0.1730 0.1783 3.08
75 20.72 0.1832 0.1971 7.57
75 15.56 0.1732 0.1783 2.97
75 15.53 0.1733 0.1783 2.88
75 20.75 0.1815 0.1971 8.62
75 20.70 0.1814 0.1971 8.65
75 28.39 0.2016 0.2012 -0.18
75 28.39 0.1973 0.2012 1.99
75 28.34 0.2020 0.2012 -0.38
75 36.49 0.2141 0.2147 0.29
75 36.39 0.2138 0.2147 0.42
75 36.45 0.2140 0.2147 0.32
75 45.11 0.2257 0.2333 3.38
75 45.18 0.2266 0.2333 297
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Table A.5. Cont’d

Temperature Pressure h-Kavge h -literature %error

°C MPa mPa s mPa s

100 15.81 0.1560 0.1479 -5.20
100 15.81 0.1576 0.1479 -6.16
100 15.90 0.1579 0.1479 -6.34
100 15.90 0.1562 0.1479 -5.29
100 15.90 0.1580 0.1479 -6.41
100 15.90 0.1565 0.1479 -5.49
100 15.85 0.1574 0.1479 -6.06
100 15.85 0.1557 0.1479 -5.00
100 20.86 0.1646 0.1596 -3.04
100 20.86 0.1657 0.1596 -3.66
100 20.86 0.1673 0.1596 -4.58
100 20.86 0.1646 0.1596 -3.05
100 20.97 0.1682 0.1596 -5.13
100 20.97 0.1668 0.1596 -4.31
100 20.86 0.1652 0.1596 -3.38
100 20.86 0.1640 0.1596 -2.66
100 28.31 0.1763 0.1759 -0.23
100 28.28 0.1762 0.1759 -0.17
100 38.14 0.1928 0.1999 3.68
100 38.14 0.1902 0.1999 5.11
100 38.11 0.1918 0.1999 4.23
100 38.11 0.1897 0.1999 5.38

100 45.50 0.2001 0.2032 1.56




114

Table A.5. Cont’d

Temperature Pressure h-Kavge h -literature %error
°C MPa mPa s mPas
125 17.11 0.1381 0.1269 -8.09
125 30.02 0.1605 0.1470 -8.43
125 30.02 0.1562 0.1470 -5.91
125 34.62 0.1655 0.1595 -3.62
125 42.03 0.1750 0.1795 2.59

% error = [(Ni - Nkavg)/ Nicavg] ™ 100,
Kivg=0.0199



A.6. Measurements with carbon dioxide
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T P h r Vi K
°C MPa mPa.s g/em’ cm/sec
37 30.02 0.0956 0.9264 0.6005 0.0187
37 2900 0.0796 0.8696 0.6964 0.0177
52 2900 0.0671 0.8821 0.8306 0.0179
52 4350 0.0835 0.8855 0.6989 0.0187
52 5800 0.0963 0.9397 0.6167 0.0194
77 5800 0.0787 0.8584 0.7344 0.0184
77 4450 0.0667 0.8809 0.8602 0.0184
97 5800 0.0678 0.8875 0.8459 0.0184
average 0.0184

The overdl average insrument constant from measurements with carbon dioxideis
found to be 0.0184.
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APPENDIX B

Calibration Constant and Assumptions

In order to vdidate our results and assumptions, we made a datisticd andyss of our
data usng Stat-Ease DESIGN-EXPERT O sftware. This program provides highly
efficient design of experiments (DOE) and using Response Surface Methods (RSM) it
helps to find the ided process settings in order to achieve optima formulation and
performance. Temperature and pressure are sdlected as ‘factors and cdibration

constants obtained for each measurement are analyzed as ‘response’ .

The software led to amodel equation for calibration congtant in terms of actua

factors as follows,
Kmodel = 0.023599 - 5.27E-005" A - 6.83E-005" B+ 1.17E-006° A" B EgnB.1

where Kmogel 1S cdibration condant, which in this case not a constant but a function of
temperature and pressure, A isthe temperaturein °C and B isthe pressurein MPa.

Vaiation of cdibraion consant from the modd equation, Kmode, With pressure is
plotted a different temperatures in Figure B.1. Experimenta cdibration congtants, K,
ae ds included in the figure. Figure B.2. shows the percent error in experimenta
viscosities with respect to viscosties taken from the literature data in ref. [15]. Closed
symbols represent % error (% error = [(hiit - hkavg)/ hkavg ™ 100) of viscodtiestheat are
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calculated usng Kayg and open symbols represent % error

(% error = [(hiit - hkmode!)/ hkmodet]” 100) of viscosties that are calculated using Kmogel -
Viscosity caculations based on Knodel l€80s  ESs error compared to  using Kayg. This
is aswould be expected.

The percent eror in cdibration congant dso shows how much error will be
introduced to the viscosity vaues, since cdibration congtant affects viscodty linearly
according to Egnd4.l, if condant Kag is used indead of usng temperature and
pressure dependent Kmoge. IN order to check that effect, the % error between the
Kmodet, Which is caculated for each case, and the congtant Kag, 0.0199, is analyzed
(% error = [(Kmodel - Kavg)/ Kavgl” 100) and the results are presented in Figure B.3. The
maximum error does not exceed 5 %, and the overdl average of errors is 2.48%.
Taking this eror into condderation Kag is reported as 0.0199 + 0.0005. The

difference between the Kayg and Kmodet becomes less at high pressures.

Figure B.4. is a 3-dimensond plot showing the temperature and pressure effect on
the calibration constant, Knogel, determined by the software. As can be seen from the
figure, a higher temperatures, as lower pressures are approached the cdibration
constant, Kmogel, IS Obsarved to get smdler in vaue. This deviaion is taken into
congderation while assgning the upper and lower limits of the average cdibraion
congtant.

The upper limit of the cdibration congtant, 0.0204, is referred as Kmax while the lower
limit, 0.0194, is referred as Knin. Figure B.5. shows the percent error obtained in
experimenta  viscodties with respect to viscosties teken from literature [15]. Open

symbols represent % error of viscogtiesthat are calculated using
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Kmin (% error = [(hiit - hkmin)/ hkmin]” 100) and closed symbols represent % error of
viscogities that are caculated usng Kyax (% error = [(hiit - hikmax)/ hkmax]” 100). From
this figure the concluson is that 85 % of dl the measurements fdl in the range of +5
% error where maximum error obtained does not exceed 9 %. Based on these andysis

we have decided to use a temperature pressure independent vaue for K for smplicity.
The results are reliable within 5 %. For higher accuracy, equation B.1. can be used.



Calibration constants, Kiode1 and Kexperimental
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Table B.1. The % error obtained for experimental viscosities that are calculated
using Kp,04e1 With respect to viscosities taken from literature (Kiran and Sen [15])

Temperature  Pressure h-Kiodel h -literature %error

°C MPa mPa s mPa s

50 10.23 0.2090 0.1988 -4.90
50 15.39 0.2128 0.2072 -2.64
50 20.70 0.2237 0.2197 -1.80
50 27.75 0.2391 0.2348 -1.79
50 34.41 0.2529 0.2483 -1.82
50 44.76 0.2748 0.2717 -1.12
75 10.62 0.1645 0.1664 1.17
75 15.52 0.1734 0.1783 2.83
75 20.72 0.1846 0.1971 6.77
75 15.56 0.1736 0.1783 2.72
75 15.53 0.1737 0.1783 2.63
75 20.75 0.1828 0.1971 7.81
75 20.70 0.1828 0.1971 7.84
75 28.39 0.2046 0.2012 -1.66
75 28.39 0.2002 0.2012 0.49
75 28.34 0.2050 0.2012 -1.85
75 36.49 0.2190 0.2147 -1.95
75 36.39 0.2187 0.2147 -1.82
75 36.45 0.2189 0.2147 -1.93
75 45.11 0.2327 0.2333 0.24

75 45.18 0.2337 0.2333 -0.17
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Table B.1. Cont’d

Temperature  Pressure h-Kodel h -literature %error

°C MPa mPa s mPa s

100 15.81 0.1497 0.1479 -1.22
100 1581 0.1513 0.1479 -2.23
100 15.90 0.1516 0.1479 -2.44
100 15.90 0.1499 0.1479 -1.34
100 15.90 0.1517 0.1479 -251
100 15.90 0.1502 0.1479 -1.55
100 15.85 0.1511 0.1479 -2.13
100 15.85 0.1494 0.1479 -1.03
100 20.86 0.1600 0.1596 -0.25
100 20.86 0.1610 0.1596 -0.89
100 20.86 0.1626 0.1596 -1.84
100 20.86 0.1600 0.1596 -0.27
100 20.97 0.1636 0.1596 -2.44
100 20.97 0.1622 0.1596 -1.59
100 20.86 0.1606 0.1596 -0.61
100 20.86 0.1594 0.1596 0.13
100 28.31 0.1746 0.1759 0.74
100 28.28 0.1745 0.1759 0.81
100 38.14 0.1956 0.1999 221
100 38.14 0.1929 0.1999 3.62
100 38.11 0.1945 0.1999 2.76
100 38.11 0.1924 0.1999 3.89

100 45.50 0.2066 0.2032 -1.63




Table B.1. Cont’d

Temperature  Pressure h-Kodel h -literature %error
°C MPa mPa s mPa s
125 1711 0.1273 0.1269 -0.30
125 30.02 0.1561 0.147 -5.84
125 30.02 0.1519 0.147 -3.24
125 34.62 0.1639 0.1595 -2.69
125 42.03 0.1784 0.1795 0.63

% error = [(hiit - Nkmode)/ Nkmodel]” 100
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Kmode = 0.023599 - 5.27E-005 " A - 6.83E-005" B + 1.17E-006 ~ A ~ B

where A is the temperature, °C, and B isthe pressure, MPa.



Table B.2. The % error obtained in calibration constant when Ky, is used

instead of Kinodel

Temperature Pressure Kiodel Kavg %%error

°C MPa

50 10.23 0.0209 0.0199 4.84
50 15.39 0.0208 0.0199 4.59
50 20.70 0.0208 0.0199 4.33
50 27.75 0.0207 0.0199 3.98
50 34.41 0.0206 0.0199 3.65
50 44.76 0.0205 0.0199 3.14
75 10.62 0.0199 0.0199 -0.24
75 15.52 0.0199 0.0199 0.24
75 20.72 0.0200 0.0199 0.75
75 15.56 0.0199 0.0199 0.25
75 15.53 0.0199 0.0199 0.24
75 20.75 0.0201 0.0199 0.75
75 20.70 0.0200 0.0199 0.75
75 28.39 0.0202 0.0199 1.50
75 28.39 0.0202 0.0199 1.50
75 28.34 0.0202 0.0199 1.50
75 36.49 0.0204 0.0199 2.29
75 36.39 0.0204 0.0199 2.28
75 36.45 0.0204 0.0199 2.29
75 4511 0.0205 0.0199 3.14
75 45.18 0.0205 0.0199 3.14
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Table B.2. Cont’d

Temperature Pressure Kiodel Kavg %%error

°C MPa

100 15.81 0.0191 0.0199 -4.03
100 15.81 0.0191 0.0199 -4.03
100 15.90 0.0191 0.0199 -4.00
100 15.90 0.0191 0.0199 -4.00
100 15.90 0.0191 0.0199 -4.00
100 15.90 0.0191 0.0199 -4.00
100 15.85 0.0191 0.0199 -4.02
100 15.85 0.0191 0.0199 -4.02
100 20.86 0.0193 0.0199 -2.79
100 20.86 0.0193 0.0199 -2.79
100 20.86 0.0193 0.0199 -2.79
100 20.86 0.0193 0.0199 -2.79
100 20.97 0.0194 0.0199 -2.76
100 20.97 0.0194 0.0199 -2.76
100 20.86 0.0193 0.0199 -2.79
100 20.86 0.0193 0.0199 -2.79
100 28.31 0.0197 0.0199 -0.97
100 28.28 0.0197 0.0199 -0.97
100 38.14 0.0202 0.0199 144
100 38.14 0.0202 0.0199 144
100 38.11 0.0202 0.0199 143
100 38.11 0.0202 0.0199 143
100 45.50 0.0205 0.0199 3.24
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Table B.2. Cont’d
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Temperature Pressure Kiodel Kavg %%error
°C MPa
125 30.02 0.0194 0.0199 -2.76
125 30.02 0.0194 0.0199 -2.76
125 34.62 0.0197 0.0199 -0.95
125 42.03 0.0203 0.0199 1.95

% error = (Kavg-Kmodel)/Kavg 100)
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