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Major Director:  Dr. Mark A. McHugh, Professor Emeritus, Department of Chemical and Life 

Science Engineering 

Major Director:  Dr. B. Frank Gupton, Professor and Chair, Department of Chemical and Life 

Science Engineering 

 

 

 Modern automotive applications such as transmission clutch plates, combustion chambers, 

diesel fuel injector tips, and axle gears and friction plates operate at temperatures that can exceed 

250°C and pressures of 40,000 psia.  Industrial practice is to add homopolymers and copolymers 

to base oils to modify bulk fluid viscosity and frictional properties for these demanding 

applications.  However, designing polymeric additives for lubricants and predicting their 

performance is limited by the lack of available high-temperature high-pressure (HTHP) viscosity 

and density data needed to test contemporary lubricity models.  Thus, a major objective of this 

thesis is the design, development, and commissioning of a rolling ball viscometer/densitometer
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(RBVD) capable of simultaneously determining fluid densities and viscosities at temperatures in 

excess of 250°C and pressures of 40,000 psia.  Resulting data may then be generated to directly 

address the fundamental need for lubricant property data at these HTHP conditions.  The design 

and development of the RBVD is described in detail to highlight the design iterations and 

modifications utilized to ensure robust operation at extreme conditions.  Three significant and 

novel features of this RBVD apparatus that distinguish and differentiate it from other apparatus of 

this type are:  (1) specially designed metal-to-metal and sapphire-to-metal seated surfaces capable 

of eliminating temperature- and chemically-sensitive elastomeric seals; (2) use of a bellows piston 

to eliminate significant temperature and operational constraints; and (3) incorporation of a linear 

variable differential transducer (LVDT) to simultaneously permit determination of solution density 

and viscosity.  A detailed analysis of initial accumulated uncertainty for the experimental viscosity 

and density techniques revealed the need for key RBVD modifications.  Final data are presented 

showing that the RBVD is capable of measuring viscosities with an accuracy of ± 2 to 3 percent 

and densities to ± 0.7 percent, including at the extreme operating conditions targeted.  

 A second objective of this thesis is the measurement of HTHP viscosities of star polymer-

solvent mixtures to determine the impact of star polymer architecture on solution viscosity at 

extreme conditions similar to those that might be experienced in automotive applications.  This 

objective is motivated by current challenges facing industry to identify polymeric additives that 

can be added to base oils to improve fuel economy and allow for the implementation of novel 

hardware technology that relies on enhanced lubricant properties.  Relative to linear polymers, the 

unique architecture of star polymers enhances polymer solubility in base oils while having a more 

favorable impact on viscosity and density properties over a wide range of temperatures and 
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pressures.  Data are presented for an industrially-relevant star polymer in octane to assess the 

impact of the star configuration on solvent viscosity at extreme conditions. The star polymer used 

in this instance consists of an ethylene glycol dimethacrylate (EGDMA) core with poly(lauryl 

methacrylate-co-methyl methacrylate) (LMA-MMA) arms.  The star polymer has a total weight 

averaged molecular weight (Mw) and Mw of each arm of 575,000, and 45,000, respectively.  The 

copolymer arms of the star polymer have an LMA-to-MMA mole ratio of 0.6. 

The results of further viscosity studies are presented for a model system of well-

characterized commercially available narrow polydispersity index (PDI) star polystyrenes (PS) in 

toluene.  Each PS is evaluated at a two percent by weight concentration in toluene to evaluate the 

effect of arm molecular weigh on viscosity.  Each three-arm star polymer has arm and total 

molecular weights ([arm Mw] total star Mw) of ([15,400] 41,200), ([36,000] 97,600), and 

([108,000] 305,000).  In this instance, the viscosity of toluene increased by more than a factor of 

three for the star with the highest Mw arms. 

 The information generated with both the PS and LMA-MMA star polymers can be used to 

test contemporary viscosity models. This research will also provide direction toward future 

development of novel polymer additives capable of optimally extending the performance of 

lubricants to extreme temperature and pressure regimes. 
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Chapter 1.  Introduction 

 

 

  

Viscosity, density, and solubility, as fundamental thermodynamic properties, are important 

in the production, manufacture, and purification of specialty chemicals, lubricant additives, crude 

oil, polymers, pharmaceuticals, and a variety of other chemically-based products.  Although these 

properties can be readily obtained at ambient conditions, applied product development in many 

fields requires accurate viscosity and density data at extreme temperatures and pressures.  

However, in order to accurately make these measurements appropriate equipment capable of 

operating effectively and generating accurate and repeatable data at these extreme temperatures 

and pressures must first be designed, constructed, optimized, implemented, and validated.  

Therefore, the primary objective of this Ph.D. study is the design, development, and 

commissioning of a novel, HTHP rolling ball viscometer/densitometer capable of producing 

viscosity and density data for solutions at extreme operating conditions.  A secondary objective of 

this Ph.D. study is to determine the impact of star polymer architecture on viscosity/density at 

extreme operating conditions using well-characterized polystyrene (PS) star and linear polymers. 
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1.1 Background and Context 

 

This impetus for studying this topic and the driver for the three major objectives of this 

thesis are derived from the potential of using star polymers as petroleum additives.  In order to 

do so, critical solution properties of density and viscosity need to first be developed at the relevant 

extreme temperatures and pressures common to applications in the automotive industry.  Polymer 

additives, including star polymers, have an important role in lubricants since they can impact fuel 

economy, lubrication, friction, wear protection, contaminant dispersion, and other critical 

properties.  However, improved vehicle fuel efficiency has become a critical focus and market 

driver for vehicle and engine manufacturers worldwide due to significant mandated reductions in 

carbon dioxide emissions by the United States Environmental Protection Agency and other 

government agencies around the globe.  For example, at a recent Baltimore, Maryland, Society of 

Automotive Engineering (SAE) conference in October 2016, a panel discussion consisting of key 

automotive, oil, and supplier industry executives along with top ranking federal and state 

regulators focused solely on the enormous task of balancing regulatory requirements, including 

mandated vehicle fuel economy improvements, with consumer expectations like performance and 

cost [1].  Throughout the main sessions of this conference, the vast majority of the presentations 

and papers primarily emphasized mechanical and hardware design approaches. Although hardware 

approaches can be effective, lubricant contribution is also critical since eight to nine percent of 

overall vehicle efficiency improvements still remain that can be impacted by fuel and lubricant 

additives. 
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Figure 1 presents an illustration showing the two main areas where automotive energy 

losses can be reduced with effective additives. It is important to recognize that according to recent 

fuel economy regulations promulgated worldwide, the impact of a one percent improvement in 

fuel economy toward meeting future Corporate Average Fuel Economy (CAFE) standards in the 

U.S. alone amounts to more than $300 million annual savings to the automobile manufacturers in 

non-compliance penalties [2].  As illustrated in Figure 1, the fuel and lubricant additive industry 

estimates that of the nine percent vehicle efficiency that can be affected by specialty polymer 

additives, five percent is currently lost to internal engine friction, and four percent is consumed by 

driveline friction [3]. 

 

Figure 1.  Energy loss map within a vehicle that can be affected by fuels and lubricants [3]. 

 

 

New regulations for the year 2025 that increase fuel economy standards for cars and light-

duty trucks to a corporate average of 54.5 miles per gallon in the United States (see Figure 2) 

alone will result in fines that nearly quadruple the current penalties paid by some automobile 
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manufacturers to a total of over $800 million annually [4].  The increase in the price of every new 

vehicle required to implement technology capable of achieving these standards is estimated to be 

roughly $7000 per vehicle [5]. Thus, new types of polymers, such as star polymers formulated into 

specialty fluids for these key applications, present a major opportunity for significant global 

economic and environmental impact through a variety of mechanisms that are application specific.  

However, the key to unlocking and understanding the benefits of these polymers as versatile 

additives to increase fuel efficiency while simultaneously protecting mechanical hardware requires 

a deep understanding of how polymer architecture impacts solution viscosity over wide ranges of 

temperature and pressure.  

 

Figure 2.  Chronology of car and light truck fuel economy standards in the United States [4]. 
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Typically, polymers are added to refinery “base oils” to impart specific lubrication 

properties to the composite fluid mixture [6, 7, 8].  Base oils are most often refinery blends of 

paraffinic, naphthenic, and aromatic compounds.  For the studies considered for this thesis, octane 

and toluene are used as the single-component models for base oil.  In addition, the understanding 

of polymer additive and architecture relative to the base oil is less complex if experiments are 

performed with such a well-characterized single component, such as octane or toluene, given that 

the role of these “additives” is often varied and quite complex.  For example, polymer additives in 

lubricant base oils can act as friction modifiers through interaction with solid surfaces and bulk 

fluid to form a tribological film, as is the case in automatic transmissions. In addition, and most 

pertinent to this research, polymers can be used to significantly modify bulk fluid viscosity not 

only at ambient conditions, but most importantly at the HTHP operating conditions encountered 

in automotive applications during normal operating conditions.   

A substantial amount of physical property data already exist in the literature on the 

performance characteristics of conventional, petroleum-derived additives and base oils at 

atmospheric pressure and temperatures to 100°C [9].  However, very little data exist at typical 

automotive operating conditions which often far exceed 130°C and 10,000 psia [10].  Data from 

limited application testing using automotive components suggests that star polymers affect bulk 

fluid properties in a very different manner than their linear counterparts.  Empirical performance 

data from simulated real world automotive-like conditions further suggest that star polymer 

additives may have superior and highly beneficial properties that can be exploited commercially 

given a more thorough understanding of viscosity and density behavior at HTHP conditions [11]. 
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1.2 Toluene as a Candidate Solvent to Commission the HTHP Viscometer 

 

 As previously mentioned, toluene is chosen as a convenient low molecular fluid to use to 

calibrate and evaluate the HTHP rolling ball viscometer/densimeter (RBVD) designed in this 

thesis study.  In addition, substantial toluene viscosity/density database exists for reference and 

correlation.  Toluene is relatively easy to use since it remains a liquid to approximately 110°C at 

atmospheric pressure [12].  Figure 3 shows the pressure-temperature map of available published 

toluene viscosity data taken from a review by Avgeri and coworkers [13]. Even for a compound 

with a relatively simple structure like toluene, there is still a significant lack of data at temperatures 

greater than 100°C and pressures greater than 7,500 psia.  

 

 

Figure 3.  Pressure-temperature plot showing the range of conditions for which toluene viscosity 

data are available.  Each circle represents the available data. [11]  

 

 

 

 Recent original experimental literature data obtained by Rowane, et al. [14] and the 

McHugh Group at Virginia Commonwealth University using a "first-generation" RBVD designed 
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for this thesis further extends the pressure-temperature range of available data for toluene.   

Figures 4 shows these original toluene viscosity and density data which both serve to benchmark 

with existing published data and substantially extend the pressure and temperature range in which 

data are available.   

At low temperatures viscosity increases at a very high rate versus pressure.  As 

temperatures increase, the rate of increase in viscosity versus pressure (i.e., the slope of the 

viscosity versus pressure curve) decreases substantially, and ultimately becomes less at 

temperatures above approximately 227°C.  As described in a later chapter of this thesis, the 

addition of a polymer additive appreciably increases toluene viscosity. The data shown in Figure 

3 provide a benchmark for comparison of the toluene impact on the data presented later in this 

thesis. 

  

 

Figure 4.  Effect of pressure and temperature on the viscosity of toluene, ηexp.  - 23°C,  - 

50°C,  - 74°C,  - 119°C,  - 148°C,  - 179°C, ⊿ - 227°C, and  - 262°C .  

Lines are drawn to guide the eye. [12] 
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Chapter 2 presents a description of the multi-year design, refinement, and optimization 

effort associated with the development of the RBVD and the methodology used in this thesis.  

Chapter 3 details the performance characteristics of the 2nd-generation RBVD initiated to extend 

the operational range of the RBVD.  Chapter 4 follows with a presentation of the calibration, 

commissioning, and benchmarking of the RBVD. The HTHP toluene study by Rowane and co-

workers [14] is highlighted in this chapter since this study serves as the benchmark for comparison 

to polymer-toluene studies reported in a later chapter in this thesis.  Chapter 5 reports viscosity 

and density data for a star polymer with poly(lauryl methacrylate (LMA) -co- methyl metharcylate 

(MMA)) arms in octane, a solvent considered a surrogate base oil in the automotive industry.  

These data provide, for the first time, a measurement of the impact of a commercially-viable LMA-

MMA, star polymer additive on a surrogate base oil at extreme operating conditions.  Chapter 6 

then provides a presentation of original data for HTHP viscosities/densities for linear PS (l-PS) 

and star PS (s-PS) in toluene.  Chapter 7 provides an outlook for potential future experimental 

studies.
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Chapter 2.  Rolling Ball Viscometer/Densimeter Design and Development for High-

Temperature High-Pressure Measurements 

 

 

 

The experimental challenges associated with measurement of viscosity and density at high-

temperature and high-pressure require significant technical barriers be overcome to ensure safe 

operation and robust sealing of all joining surfaces including fittings and transparent windows.  At 

the same time, ease of operation, build-up of the device to operate at extreme conditions, and 

simplicity of data analysis are also important in order to be practical.  In this chapter, an overview 

of the four types of high-pressure viscometers will be provided.  Additionally, the majority of the 

chapter will contain sections on the development, testing, commissioning, and optimization of the 

RBVD developed for this thesis.  

  

2.1 Survey of Relevant Viscosity Measurement Techniques 

 

There are generally four types of  high-pressure viscometers described in the literature:  (1) 

vibrating wire viscometer [15, 16, 17, 18, 19, 20, 21, 22, 23]; (2) quartz-crystal viscometer [24, 

25]; (3) falling body viscometer [26, 27, 28, 29, 30]; and (4) rolling ball viscometer [31, 32]. 

It is possible to obtain very accurate data using a vibrating wire viscometer, but complexity 

of operations, potential for mechanical failure, and data analysis often limit the practicality of the 
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instrument for significant or rapidly moving research programs.  The vibrating wire viscometer 

operates principally by passing a current through a vertically suspended wire between the poles of 

a magnet.  For operation, an alternating current is passed through the wire to initiate oscillation.  

The electromotive force (emf) developed across the wire is measured using an amplifier.  This 

electromotive force is made up of two components: (1) a voltage developed across the electrical 

impedance presented by the stationary wire; and (2) a voltage arising from the motion of the wire 

through the fluid in the presence of the magnetic field.  The frequency response of the oscillating 

wire is related to the density of the surrounding fluid.  The width of the resonance curve is related 

to the viscosity of the fluid.  Hence, care is required to accurately operate, calibrate, and interpret 

the complex vibrating system to ensure valid data.[20] Vibrating wire instruments can be used to 

determine density and viscosity data for compressed liquid systems at temperatures to 200°C and 

pressures to 30,000 psia. Caudwell et al. [23] determined density and viscosity data for several 

hydrocarbons including n-octane, n-decane, n-dodecane, n-octadecane, 1,3-dimethylbenzene, 

1,2,3,4-tetrahydronaphthalene, and 1-methylnaphthalene between 25°C to 200°C and ambient to 

30,000 psia.  A major advantage vibrating wire instrument is the ability to simultaneously determine 

density and viscosity. Since most viscosity measurement techniques require either a known density or 

a fluid density that has to be determined separately, the vibrating wire method eliminates error 

associated with two separate measurements.  

Similarly, the torsional oscillating quartz-crystal viscometer, as used by Kashiwagi and 

Makita [24], is a complex measurement system of an “oscillator” that is carried out in a vacuum.  

For this type of viscometer, the electronics are generally housed as close to the fluid of interest 

that is being heated as possible.  The weakness of both the vibrating wire and quartz crystal 

viscometers is that the reliability of electronics diminishes at high temperature conditions due to 
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techanical failure and interferences.  In addition, the interpretation of the signal obtained with both 

approaches is mathematically involved.  Nevertheless, these techniques have been used by groups 

to successfully to develop and operate viscometers.  However, for the reasons mentioned above 

their studies have been limited to lower temperatures and do not include mixtures.  For example, 

Oliveira and Wakeham employ a vibrating-wire viscometer to measure the viscosity of five 

different liquid hydrocarbons, including toluene, to 75°C and ~37,000 psia [19] to a very high 

degree of accuracy.  Vieira dos Santos and Nieto de Castro use a vibrating quartz-crystal 

viscometer to maximum conditions of 75°C and 30,000 psia [25] to measure toluene and benzene 

viscosities. 

The falling body and rolling ball techniques were develop prior to those mentioned above 

and are operationally simpler methods for measuring viscosity [33].  The falling body technique 

uses a bullet-shaped body moving vertically through a fluid.  The rolling ball viscometer operates 

in a similar manner although in this case the rolling speed of the ball is dependent on the angle of 

inclination, which typically is less than 15 degrees.  Experimental viscosity data are interpreted 

using  

 

 h =
k rb - r fl( ) sinq

v
 (1) 

 

where, ƞ is viscosity in g•cm-1•s-1 or cP; k is the viscometer constant in cm3•s2; (ρb - ρfl) is the 

difference in the density of the ball and the fluid in g•cm-3;  is the angle of the viscometer; and v 

is the terminal velocity of the rolling ball, cm•s-1.  Generally no attempt is made to compute the 

streamlines in the space between the rolling ball and the inner diameter of the tube.  Empirical data 
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demonstrate that when Reynolds numbers (Re) are less than approximately 50 and data are within 

the laminar flow regime and provide results that correlate well within three percent to know 

existing data [33]. As also noted by Hubbard and Brown [33], the friction factor (f) should be linear 

with Re over the range the data are obtained.  Hubbard and Brown38 derived relationships for the 

Reynolds number, Re (Equation 2), and the friction factor, f, (Equation 3).  Šesták and Ambros 

[34] derived the expression shown as Equation (4) for the average shear rate, �̇�, of a rolling ball 

viscometer,  
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where D is the internal diameter of the RBVD (cm), d is the diameter of the ball (cm), v is the 

velocity of the ball, and g is the gravitational acceleration (cm•s-2).  

 In order to obtain useful information, the shear rate must be varied at a fixed temperature 

and pressure.  This can be done most easily by varying the angle of inclination; however, this 

method is indirect and not as easily controlled as in other rheometers.  The range of the shear rate 

provides insight on the internal consistency between the calibration and data acquisition. The range 

of shear rates for the calibration in this study was 1891 – 23360 s-1. 
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Careful inspection of Rowane [14] demonstrate that there is no major break in the friction 

factor vs Re curve and, hence, it is possible to unknowingly generate unreliable data. Therefore, 

in the present thesis, the Re will be kept well below 50 and generally below 10 to ensure laminar 

flow streamlines with the RBVD.  

2.2 Rolling Ball Viscometer/Densitometer Initial Design 

 

 This section describes the initial design phase of a RBVD capable of operating to 

temperatures of greater than 250°C and pressures to 40,000 psia.  Rolling ball viscometers offer a 

robust design for operating reliably at the extreme temperature and pressure conditions.  

Measurement of density at these HTHP conditions is also important given the desired application 

to relevant polymer mixtures in the automotive and lubricant industries.  In fact, rolling ball 

viscometers have a long history of use in and application to the hydrocarbon-based industries. 

Flowers is credited with the design of the rolling ball viscometer in 1914 as a reliable method to 

measure viscosity [35].  In 1916, Hersey provided a useful correlation for the variables involved 

with this apparatus [36].  Later, in 1933, Sage used the rolling ball technique to measure the 

viscosity of hydrocarbons [37]. Also in 1933, Hoeppler developed a commercial rolling ball 

viscometer for sale to the oil and gas industries [38].  In 1943, Hubbard and Brown applied 

dimensional analysis methods to derive relationships between the variables involved in the 

operation of the rolling ball viscometer [33]. Their analysis led directly to Equation (1).  Table 1 

provides additional references and historical context tracking the genesis of the rolling ball 

viscometer.  This table also provides for a comparison of important design and operational 

parameters used for viscosity measurements.  It is worth noting that these operating values were 

taken from published references that cited maximum operating conditions, however, many times 
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the authors never conducted actual measurements at the reported equipment maximum operating 

conditions.  For example, Harrison [39] lists 350°C and 72,000 psia as the maximum operating 

condition for the rolling ball viscometer used in their research.  However, publications by Harrison 

only present viscosity data to temperatures of 75°C and pressures to 55,000 psia. 

 

Table 1.  References with design and operating parameters for HTHP viscometers.  AAD is the 

Average Absolute Deviation. SD is the Standard Deviation of the AAD. 

 

Year Authors 

Tmaximum 

(°C) 

pmaximum 

(psia) Method 
Uncertainty 

(%) AAD SD 

2016 Zambrano et al.[40]  100 20300 
Vibrating 

Wire 
1.5 1.2 0.7 

2013 Meng et al.[15]  90 4350 
Vibrating 

Wire 
2.0 1.4 0.3 

2011 Meng et al.[11]  75 5800 
Vibrating 

Wire 
2.8 1.7 0.3 

2011 Daridon et al.[41]  59 11600 
Vibrating 

Quartz 
5.0 1.3 0.9 

2009 Baylaucq et al.[42]  50 14500 Falling Body 2.0 1.1 0.9 

2005 Pensado et al.[43]  80 8700 Rolling Ball 2.0 1.9 0.5 

2005 Kandil et al.[44]  75 5800 
Vibrating 

Wire 
3.0 1.8 0.4 

2004 Caudwell et al.[23]  100 11600 
Vibrating 

Wire 
2.0-5.0 1.1 0.5 

2003 Avelino et al.[18]  50 11600 
Vibrating 

Wire 
2.0-3.0 1.3 0.6 

2000 Harris[27] 50 58020 Falling Body 1.0 1.4 0.7 

1999 Assael et al.[20]  97 4350 
Vibrating 

Wire 
0.5 1.2 0.4 

1997 
Vieira dos Santos et 

al.[25]  
75 30020 

Vibrating 

Quartz 
0.5 1.9 0.9 

1996 
Abdulagatov and 

Rasulov[45] 
163 4350 Capillary 1.2 9.8 9.5 

1995 Dymond et al.[29]  75 71360 Falling Body 4.0 1.5 1.1 

1992 Olivera et al.[19]  75 36550 
Vibrating 

Wire 
0.5 2.3 1.6 



15 

 

Table 1 (Cont’d).  References with design and operating parameters for HTHP viscometers.  

AAD is the Average Absolute Deviation. SD is the Standard Deviation of 

the AAD. 

1992 
Krall and 

Sengers[46] 
153 4350 

Oscillating 

Disk 
0.5 1.6 0.6 

1991 Assael et al.[21]  50 10300 
Vibrating 

Wire 
0.5 1.0 0.5 

1991 Dymond et al.[28]  100 75280 Falling Body 4.0 4.5 5.8 

1982 Kashiwagi et al.[47]  75 15950 
Vibrating 

Quartz 
2.0 1.0 0.8 

1970 Akhundov et al.[48]  275 5800 Capillary 2.0-4.0 2.1 1.5 

1965 Harrison et al. [39] 350 72,000 Rolling Ball 3.0 1.9 0.8 

  

The RBVD design used in this thesis has several important features that distinguish the 

apparatus from those previously described in the literature. However, in order to provide a starting 

reference point for this thesis study, Figure 5 shows an illustration of the 1st-generation RBVD 

designed in this work.  This design utilizes many features found with other high-pressure, variable-

volume view cells used by McHugh and co-workers [49].  The body of the viscometer is Inconel 

718, a high strength, corrosion-resistant, and non-magnetic nickel chromium steel.  Inconel 718 

maintains a high tensile strength at temperatures in excess of 300°C, and it is the preferred metal 

for use in the aerospace and petrochemical industries [50]. Special Metals Corporation reports that 

Inconel 718 maintains a tensile strength of 156,000 psi for temperatures to 315°C [51], which 

allows the wall thickness of the viscometer body to be modest.  The inside diameter (ID) of our 

RBVD is 1.5875 cm.  The outside diameter (OD) is 6.985 cm, and the maximum working volume 

is approximately 50 cm3. 3D Design and Manufacturing LLC manufactured the viscometer to our 

specifications.  The details, drawings and specifications are provided in Appendix A.  An 

important feature of this viscometer design is the large sapphire window, secured with o-ring seals, 
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located at the front of the apparatus to allow for sample and phase behavior observation. Note that 

none of the falling body or rolling ball viscometers found in the literature contain such a window.  

A borescope is positioned against that window to determine if the test fluid remains a single phase 

or whether it solidifies as the temperature and pressure change.  This permits important visual 

observations to be made that are critical to lubricant applications.  Equally as important, the 

window also allows the operator to ensure the ball rolls continuously without sliding during a 

measurement. 

 

 

 

 

Figure 5.  Expanded view of the 1st-generation, rolling ball apparatus used in this study. 

 

Piston Assembly 

Ball 

Sapphire View Window 

Side Port 
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 It is important to note that the clearance between the viscometer ID and the ball OD is less 

than 0.25% of the viscometer ID, so any variation in the viscometer or ball dimensions with 

changes in operating conditions could impact the quality of the viscosity data.  The impact of 

elevated pressures or temperatures on the dimensions of this viscometer are not a concern since 

Inconel 718 has a low thermal expansion coefficient, 13 μmstretch/mlength•°C, and a compressibility 

coefficient (inverse of modulus of elasticity) of 3.37 • 10–8 psia-1 (or 4.88 mm2/N) [29].  In addition, 

the ball used for this thesis is also made of Inconel 718 to minimize potential thermal expansion 

effects or possible pressure effects on it as well. 

2.3 Pyrex® Tube Insert 

 

 This thesis study also investigated an alternative rolling ball design that uses a Pryex® tube, 

with a precise ID, as an insert into the Inconel viscometer and a close-fitting Pyrex® ball. 

Preliminary experimental results, not shown here, demonstrate that reliable viscosity 

measurements with octane can be obtained.  However, the roll times for the Pryex® ball are 

excessively long because of the small difference in density between the ball and n-octane.  In 

general roll times are of the order of 10-to-20 minutes per data point compared to tens of seconds 

when an Inconel ball is used without an insert for the same solvent.  The excessively long roll 

times are expected to be exacerbated with the Pyrex ball-tube design when measuring more viscous 

polymer-solvent mixtures considered in this thesis study.  Thus, the Pryex® ball and tube design is 

not chosen for continued evaluations. 
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2.4 Data Acquisition and Roll Time Measurement 

 

A data acquisition system programmed in LabWindows® is used to acquire, record, log, 

and write files of data for each experiment at 1000 hertz.  Each data file contains temperature, 

pressure, and roll time measurements when the ball blocks and allows light to pass from the 

sensors.  The software also allows for user inputs to the files such as experiment descriptors. 

Although the ball roll times can be as short five seconds, the system employed allows accurate 

measurement of roll time to within ± 0.001 s. 

2.5 Small Window Holder Design Modification 

 

Figure 6 shows how the small sapphire window is secured with an elastomeric o-ring. The 

set screw secures the fiber optic cable that delivers or receives light to the detectors.  A series of 

experiments failed since the window holders leaked which made it difficult to achieve consistent 

operational pressures in the targeted operational range exceeding 30,000 psi. After careful 

experimentation the Nitronic 50 steel spacer was identified as the source of the leak.  Nitronic 50 

is much stronger than 316 SS, however it does exhibit elastic deformation amounting to a decrease 

in thickness by as much as 0.005 cm at pressures in excess of 20,000 to 40,000 psia.  The change 

in spacer thickness with pressure remained hidden for some time since the deformation of Nitronic 

50 recovers when the pressure is released.  Therefore, Inconel 718, a harder steel than Nitronic 50, 

is used for the spacers and, in fact, for the window holder body to eliminate this potential leak 

source. 
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Figure 6.  Expanded view of first generation window holder that is inserted into the side port of 

the viscometer to detect the rolling ball. 

 

2.6 Large Window Holder and End Cap Design 

 

 Figure 7 shows a schematic diagram of the large window holder end cap incorporated into 

the 1st-generation RBVD used in this study.  The window holder makes a metal-to-metal seal with 

the cell body that eliminates the elastomeric o-ring seals previously used by the McHugh group 

with their variable-volume, view cells [52].  This type of window holder has also been used by 

other research groups to seal against elevated pressures to temperatures in excess of 300°C.  It is 

important to note that it was also necessary to design the front end of viscometer body to 

incorporate a "seat" to mate properly with the angled portion of the window holder.  The front end 

cap, with eight bolts, each rated to 185,000 psi ultimate tensile strength, is secured to the 

viscometer body and directly pushes the window holder against the viscometer seat.  Since a leak 

can occur between the window and the holder body, two other window holder modifications were 

developed to enhance the reliability and reproducibility of the seal. The first modification was the 

machining of a small "flat" onto the outside of the cap that pushes the window against the holder 
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body.  The flat allows a small torque wrench to engage the cap without slipping to ensure the cap 

can be tightened to 17.5 ft-lb torque each time the window holder is assembled.  A second 

modification focused on the design of a cutting device to create reproducible, smooth, and flat 

disks to seal the window against the window holder body. Both of these design developments 

enhance the performance of the RBVD by minimizing the occurrence of leaks from the front 

window holder. 

 

 

 

Figure 7. Window holder showing tolerances and machining requirements. A Kapton® film (Tmelt 

> 300°C) seals between the window (light gray) and holder body, which makes a metal-

to-metal seal with a seat in the viscometer body. 
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2.7 Pressure Generation and Piston Design 

 

The pressure of the solution of interest is adjusted by moving a floating piston sealed with 

an elastomeric o-ring as shown in Figure 5.  Water is the overburden fluid pressurized with a high-

pressure generator (HIP Inc., Model 37-5.75-60) to move the piston. It is also important to mention 

that Inconel 718 has a permeability of 1.001, which means this austenitic metal does not respond 

to electromagnetic fields.  Hence, if a multi-component mixture is studied, it is possible to mix the 

solution directly in the viscometer by placing a stir bar near the piston and using an external magnet 

to drive the stir bar.  As an alternative, the solution of interest can be mixed by the action of the 

rolling ball. 

Another distinguishing feature with the RBVD developed here and the viscometers 

reported in the literature, is the incorporation of a linear variable differential transducer (LVDT, 

Schaevitz Corporation, Model 2000 HR) used to measure the solution density.  The LVDT is not 

shown in Figure 5, but a schematic diagram of how the LVDT communicates with the viscometer 

is shown in Figure 8. A magnetic "plug", also known as a core, travels through the high pressure 

tubing sheathed on the outside with the LVDT.  The plug is connected to the piston of the RBVD 

via a transfer rod so the location of the piston is tracked as it moves and, hence, the volume of the 

viscometer is obtained from a calibration.  Note that LVDT is housed a distance from the 

viscometer body to keep it from heating beyond approximately 100°C, the working limit for the 

device.  The LVDT output is correlated to the internal volume of the viscometer by calibrating 

with a known amount of a high purity hydrocarbon fluid, such as octane, for which reliable and 

accurate density data as a function of temperature and pressure are available (NIST webbook).  

The viscometer is loaded with a known amount of fluid, the temperature and pressure are fixed, 
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the reading from the LVDT is recorded, and the fluid density is the determined from an 

independent source.  Since the mass of fluid is known, the fluid volume, that is the viscometer 

volume, is calculated and correlated to readout of the LVDT.  Density information is vital when 

interpreting, correlating, and calculating solution viscosities, especially in situations where the 

solution density is unknown.  The advantage with this RBVD is that viscosity and density are 

simultaneously measured once the viscometer/densimeter is calibrated.  Details are given in a later 

section on the volume calibration of the RBVD.  

 

 

 

Figure 8.  Schematic diagram showing how the location of the piston is determined using an 

LVDT. Here the cell body represents the 1st-generation RBVD body. 

 

 

 The elastomeric o-rings in this design create a materials compatibility problem with certain 

chemicals and limits operating temperatures to less than 200°C.  The following chapter discusses 

the design modifications incorporated into the 2nd-generation RBVD to address these operating 

limitations.  Error analysis results are also utilized in the next chapter to guide further refinement 

of the experimental technique. 
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Chapter 3.  2nd-Generation RBVD 

 

 

 

 Although the 1st-generation RBVD apparatus functioned quite well in initial studies at 

temperatures below approximately 175°C, unforeseen failures occurred with the elastomeric o-

rings used to seal the piston and the large window when operating at temperatures in excess of 

175°C.  At elevated temperatures, it is also possible to contaminate the solution being studied if 

any impurities are leached from the o-rings or if they degrade. 

 

3.1 2nd-Generation RBVD Modifications 

 

In a modified design, the floating piston is replaced with a metal bellows (1.72 cm OD, 

BellowsTech, LLC). Figure 9 shows a mechanical drawing of the 1st-generation RBVD floating 

piston with an o-ring seal.  To accommodate the bellows, the end cap of the RBVD is machined 

with a 60° cone and the entrance of the viscometer cell body is re-machined with a 59 degree seat 

to mate with the end cap.  It is important to note that the bellows will break if the differential 

pressure exceeds 15 psig between from the overburden fluid, water, and the fluid of interest.  

Figure 10 shows a schematic diagram of the 2nd-generation RBVD with the LVDT rod threaded 

into the inside bellows face to retrofit seamlessly with the LVDT apparatus.
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Figure 9.  Mechanical drawing of first generation piston assembly sealed with o-ring. 

 

Figure 10.  Schematic of the 2nd-generation RBVD developed in this study.  T1 and T2 are 

thermocouples. 

2nd Generation RBVD

Remove o-ring seal 

Back     Front

Modify end-cap (no o-ring seal)

Modify cell body
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 Like the prior version, the 2nd-generation RBVD is mounted on the tilt table used to achieve 

and fix both positive and negative angles for measurement.  The internal RBVD temperature is 

measured at two axial locations with type-K thermocouples (Omega Corp.) calibrated against an 

immersion thermometer (Fisher Scientific Inc., precision and accuracy to within ± 0.1°C, 

recalibrated using methods traceable to NIST standards).  For temperatures below approximately 

150°C, each location is readily maintained constant to within ± 0.1°C and the temperature 

difference between each location is within ± 0.2°C.  At temperatures from 150 to 250°C, each 

location is maintained constant to within ± 0.3°C and the temperature difference between each 

location is also generally less than 0.3°C, but never more than ± 0.4°C. 

 

3.2 Impact of Experimental Uncertainties on Further Design Modifications of  RBVD 

 

 An uncertainty analysis of the experimental technique for viscosity measurement 

highlights the contribution of each process variable to the accumulated experimental error. The 

full analysis is shown in the Appendix B.  Results from this exercise indicate that measurement 

of the tilt angle of the RBVD (or the inclination angle) is critical to minimizing the accumulated 

experimental uncertainty of the data.  Figure 11 shows the highest accuracy, readily available, 

inclinometer on the market (TESA Technology, Model ClinoBEVEL 1 USB, accurate to within 

0.01°) that is  used to measure the inclination angle to within 0.01°.  However, initial experiments 

revealed that the tilt table to which the inclinometer is mounted flexes slightly when shifted to 

different angles.  An initial solution to resolve this issue involved the design and fabrication of a 

mounting bracket that allowed the inclinometer to be fixed directly to the RBVD to ensure that 

error is not introduced as a result of placement or positioning of the inclinometer.  With the new 
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inclinometer and mounting technique, the accumulated overall error for the viscosity obtained with 

the RBVD is now dominated by the accuracy of available literature data used to calibrate the 

viscometer.  The overall accumulated error following replacement of the inclinometer and redesign 

of the mounting is now nominally 2.2 percent compared to 4.9 percent before the redesign and 

replacement of the inclinometer.   

 

 

Figure 11.  High accuracy inclinometer mounted directly to the RBVD for angle measurement. 

 

Although mounting the inclinometer onto the RBVD ensured proper measurement of the 

tilt angle, the design created difficulty for stable high temperature operation.  Specifically, the 

mounting bracket precluded proper installation of the heating tape and insulation around the 

RBVD.  This issue was finally resolved by mounting a rigid base onto the tilt table surface to 

eliminate any flexion or angle change associated with the angle change as seen above.  Figure 12, 

shows a photograph of the entire RBVD system including the tilt table, data acquisition system, 

pressure generator, and other associated hardware.  
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Figure 12.  Photograph of complete RBVD system. 
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Chapter 4.  RBVD Calibration, Commissioning, and Benchmarking 
 

 

 

 As previously described, internal cell volume of the RBVD is measured with a LVDT 

attached to the end of the RBVD [14].  The LVDT core moves through the sensor region of the 

LVDT while the opposite end is connected to the inner surface of a metal bellow.  Water is 

delivered to or removed from the internal volume of the bellows that expands/contracts to 

increase/decrease system pressure.   

 

4.1 RBVD Volume Calibration 

 

The RBVD volume is calibrated using highly accurate n-octane density data reported by 

Caudwell, et al.[23] to 200°C and 30,000 psia and by NIST at temperatures greater than 200°C and 

pressures less than 15,000 psia.  Figure 13 shows a plot of the internal cell volume versus the 

transducer reading.  The calibration is done at 74, 179, and 262°C and 67 pressures from 2030 to 

28,280 psia, which allows for the full linear extension of the bellows.  As discussed earlier, the 

expanded uncertainty analysis is reported in Appendix B.  As reported, calibration uncertainty, 

Uc(µ), is 0.8% of the value of the density, at a confidence level of 95% with a coverage factor, k = 

2.   
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Figure 13.  Calibration of RVBD internal cell volume, V, versus the LVDT value. 

 

4.2 Determination of RBVD Calibration Constant 

 

As previously described the governing relationship for the viscosity obtained with the 

RBVD is shown in Equation 1 is, 

 

 h =
k rb - r fl( ) sinq

v
 (1) 

 

This equation contains a calibration constant, k, that needs to be determined at experimental 

conditions used in this study.  Note that the viscosity calculated in Equation 1 is inversely related 

to the time it takes the ball to travel the fixed distance between two sets of windows, L, inside the 

RBVD.  Because the distance between the sets of side windows is fixed, Equation 1 can be re-

written to incorporate this constant length term into a new constant, K, in Equation 5 as, 
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K =
h

t × r
b
- r

fl( )sinq
 (5) 

 

where K is equal to k/l.  For this thesis study, the balls used in the RBVD are made of Inconel 718, 

the same metal as the RBVD body, to minimize the effect of temperature on the clearance between 

the ball and ID of the viscometer and on K.  Nevertheless, the viscometer is calibrated to determine 

K over the full range of temperatures and pressures investigated in this study to account for their 

influence on K.  As described in our earlier work, n-decane viscosity data are used from Caudwell 

et al.[23] at temperatures ranging from 23 to 100°C and Naake et al. [53] from 100 to 250°C.  

Figure 14 shows one sample set of viscosity data used to determine the effect of temperature and 

pressure on K.  Note that by using these data, a single calibration curve is obtained for temperatures 

ranging from 100 to 250°C is obtained.  The standard uncertainties are u(t) = 0.001 s and u() = 

0.02o.  The expanded uncertainty, Uc(η), of the viscosity, calculated by applying the law of error 

propagation to Equation 5, is equal to 2.0% at temperatures up to and including 150°C and 3.0% 

at temperatures greater than 150 up to 250°C, both at a confidence level of 95% with a coverage 

factor, k = 2. 
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Figure 14.  Viscosity calibration with decane at  - 100.0°C,  - 149.6°C,  - 197.4°C, and  

- 249.6°C and for the ball rolling from window to bellows, WP, and from the bellows 

to the window, PW. 

 

 Table 2 provides more information on an example set of calibration data generated at a 

single temperature to highlight the flow characteristics of the apparatus.  Listed in this table are 

the pressure, Re, f, and average shear rate, �̇�, at 100°C.  Reynolds numbers range from 0.5 to 100 

and increase with increasing temperature.  Conversely, the resistance factors range from 22,000 to 

231,200, and decrease with an increase in temperature.  Figure 15 shows a log-log plot of f versus 

Re for the complete set of n-decane calibration data obtained in this study. The linear relationship 

of these data demonstrates laminar flow throughout the calibration range. 
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Table 2.  Example calibration constant, K, Reynolds number, Re, friction factor, f, and average 

shear rate, �̇�, for n-decane viscosity data used to calibrate the RBVD at 100°C.  Each 

pressure entry represents three-to-five measurements at the same pressure. 

 

p 

(psia) 

K · 104 

(cm2 • s-2) 
Re f · 10-5 

�̇�· 10-4 

(s-1) 

3000 4.27 19 1.1 0.97 

5090 5.14 15 2.4 0.61 

10020 6.18 10 3.6 0.49 

15080 6.07 7 3.7 0.49 

15100 4.20 7 1.0 0.99 

20130 4.18 5 1.0 0.98 

25080 5.19 4 2.3 0.63 

30110 5.66 3 2.9 0.55 

 

 

 

 

 

Figure 15.  Relationship between the friction factor, f, and the Reynolds number, Re.  - 46.8°C, 

 - 67.6°C,  - 100.0°C,  - 149.6°C,  - 197.4°C, and ⊿ - 249.6°C.  



33 

 

4.3 RBVD Benchmarking Study Using Toluene 

 

After calibration, apparatus commissioning, and technique validation, the RBVD is used 

to measure simultaneously toluene viscosity and density, to demonstrate the ability to measure 

data reproducibly, to verify agreement with available literature, and to add new data to the 

literature.  Table 3 lists a representative toluene density data set for a single temperature at 

261.7°C.  Complete data and additional data sets are found in our submitted manuscript [14].  

Although the density data are listed in increasing order of pressure, the experimental density data 

are obtained in a non-monotonic manner to minimize any potential experimental artifacts.  Figure 

16 shows the Average Absolute Deviation (AAD, Equation 6) of toluene density data relative to 

available NIST data.  Multiple points obtained in our study at most pressures superpose and 

demonstrate data reproducibility.  Note also that all data are well within acceptable experimental 

uncertainty of ± 0.8% and are distributed equally and uniformly about the zero deviation line.   

 

 

  

AAD / % = 100·
1

N

x
i,exp

- x
i,cal

x
i,expi=1

N

å  (6) 

 

where N is the number of data points, xi,exp is the value of an experimental data point, and xi,cal is a 

calculated or literature value from NIST [54]. The calculated AAD is within ± 0.25% indicating 

excellent agreement with toluene density data reported by NIST. 
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Table 3.  Representative RBVD toluene density data obtained at 261.7°C. 

 

p 

(psia) 

ρ 

(kg•m-3) 

5420 697.2 

5420 696.5 

7480 721.5 

7510 720.7 

9910 743.2 

9910 742.4 

12840 764.8 

12840 764.8 

12850 764.0 

12850 764.0 

15130 778.9 

15140 778.1 

17990 794.7 

18000 793.8 

24490 818.8 

24500 818.8 

24530 820.6 

30340 843.1 

30370 844.9 

34000 859.2 

36890 865.3 

36930 867.2 

40070 877.0 

40250 878.3 
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Figure 16.  Deviation plot of experimental toluene density (ρexp) obtained in this study to that 

obtained from NIST (ρNIST).  - 74.2°C,  - 178.7°C , and  - 261.7°C. 

 

Figure 17 shows the effect of pressure and temperature on the viscosity of toluene, ηexp, 

obtained in this benchmarking study at all eight temperatures from approximately 22 to 260°C.  

Table 4 provides average absolute deviation AAD, standard deviation of the AAD (SD), maximum 

deviation (Dmax, Equation 7), and bias (Equation 8), for each smoothed curve fit to experimental 

viscosity isotherms.  Table 5 provides a sample set of toluene viscosity data obtained for a single 

temperature, 178.7°C, of the eight isotherms measured at pressures from 1,000 to 43,000 psia.  

Listed also are the associated Re, f, and γ values for each measurment.  Complete data sets are 

included in Rowane et al. [14]. 

 

 Dmax /% = 100 • Max
xi, exp - xi, cal

xi, exp
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Figure 17.  Effect of pressure and temperature on the viscosity of toluene, ηexp, obtained in this 

study.   - 22.7°C,  - 50.2°C,  - 74.1°C,  - 119.3°C,  - 148.3°C,  - 178.9°C, 

⊿ - 227.0°C, and  - 261.7°C.  Lines are drawn to guide the eye. 

 

 

Table 4.  Average absolute deviation (AAD), standard deviation (SD), maximum deviation (Dmax), 

and bias for each smoothed curve fit to experimental viscosity isotherms. 

 

T 

(°C) 
AAD 

(%) 
SD 

(%) 
Dmax 

(%) 
Bias 

(%) 

22.7 1.0 0.7 3.3 0.0 

50.2 1.6 1.2 4.6 0.0 

74.1 0.9 0.5 1.7 0.1 

119.3 0.7 0.7 3.2 0.0 

148.3 0.7 0.6 1.8 -0.1 

178.9 1.0 1.0 4.1 0.1 

227.0 0.6 0.5 1.4 -0.1 

261.7 0.4 0.3 1.3 0.3 
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Table 5.  Example RBVD toluene viscosity, Reynolds number, resistance factor, and shear rate 

data for a single temperature at 178.1°C and pressures from 1,000 to 43,000 psia. 

 

p (psia) ƞ  (mPa·s-1) Re f·10-5 �̇� ·10-4 (s-1) 

1390 0.221 83.6 0.25 1.87 
1410 0.219 86.2 0.24 1.91 
3060 0.243 72.4 0.28 1.75 

3080 0.240 73.6 0.27 1.76 

5130 0.266 63.6 0.30 1.65 

5130 0.263 65.8 0.29 1.69 

7080 0.296 54.4 0.34 1.55 

7090 0.291 57.2 0.32 1.60 

10120 0.337 48.1 0.36 1.52 

10120 0.334 47.1 0.37 1.48 

12150 0.368 41.8 0.39 1.42 

12150 0.368 41.2 0.40 1.40 

15190 0.400 38.9 0.40 1.41 

15190 0.407 37.0 0.42 1.37 

17430 0.435 34.9 0.43 1.36 

17430 0.428 35.7 0.42 1.37 

19060 0.452 33.9 0.43 1.37 

19060 0.452 32.3 0.45 1.30 

20020 0.475 30.8 0.47 1.30 

20020 0.466 31.8 0.45 1.31 

23000 0.501 28.4 0.48 1.25 

23000 0.509 27.9 0.49 1.25 

25160 0.546 24.9 0.53 1.18 

25440 0.535 26.0 0.51 1.21 

27010 0.566 23.9 0.54 1.17 

27020 0.563 24.3 0.53 1.18 

28140 0.585 24.1 0.52 1.22 

28150 0.576 24.4 0.52 1.21 

30980 0.627 20.9 0.58 1.12 

30980 0.621 21.1 0.58 1.12 

34080 0.672 19.7 0.59 1.12 

34100 0.672 19.5 0.59 1.11 

36990 0.723 17.5 0.64 1.06 

37040 0.714 18.0 0.62 1.08 

39290 0.754 16.4 0.66 1.03 

39330 0.757 16.2 0.67 1.02 

42440 0.802 15.7 0.66 1.04 

42710 0.811 15.4 0.68 1.03 
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 The Tait Equation (Equation 9) is used to correlate the viscosity data obtained in this study 

following the method reported by Caudwell et al. [23].  This equation contains three parameters, 

D, E, and η0, which is a reference viscosity at p0 = 14.7 psia [21,24, 25].  Initially, Equation 9 is 

fit to each set of isothermal data by minimizing the AAD between calculated and smoothed 

experimental viscosities.  Table 6 shows that η0, D, and E decrease with increasing temperature. 

The AAD and SD values are all less than 0.3% indicating that the Tait expression provides a 

reasonable representation of the high-pressure toluene viscosities measured at each temperature. 

 

 0
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p E
T

p E
 

 
  

 
 (9) 

 

Table 6.  Optimized parameters for each set of isothermal viscosity data fit to Tait Equation. 

 

T 

(°C) 
p 

(psia) 
η0 

(psia•s) 
D 

E 

(psia) 
AAD 

(%) 
SD 

(%) 

22.7 1160 – 24950 80.35 2.897 52210 0.05 0.17 

50.2 3050 - 32050 62.66 2.559 51110 0.06 0.03 

74.1 1310 - 29300 47.00 1.458 23680 0.04 0.03 

119.3 2320 - 40180 34.23 1.300 21310 0.15 0.16 

148.3 1450 - 42790 29.44 1.192 19730 0.26 0.23 

178.9 2610 - 40180 25.96 1.129 18880 0.04 0.04 

227.0 3340 – 40180 22.48 1.030 18620 0.01 0.01 

261.7 5370 - 40320 20.31 0.919 15880 0.02 0.02 
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The parameters D and E are fit to quadratic functions of temperature, Equations 10 and 

11, respectively, to allow for calculating the viscosity at any temperature from 22 to 262°C.  Note 

that parameter D is correlated to inverse temperature.  The initial fit of these two parameters over 

the entire experimental temperature range exhibit minima at a temperature near 125°C that 

translated to very poor fits.  Hence, a modified approach is used where D and E are fit in two 

different temperature ranges of 20 to 120°C and 120 to 260°C.  The 120°C isotherm serves as a 

convenient break point as it is roughly 10°C greater than the normal boiling point of toluene. 
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Equation 12 uses three parameters, Aη, Bη, and Cη, for correlating the temperature variation of the 

reference viscosities, η0. Here, again, data in the same two temperature ranges are used for the fit. 

With an initial estimate for Cη, a linear, least squares fit of Equation 12 provides a value for Bη 

from the slope and for Aη from the intercept. Optimized values for Aη, Bη, and Cη are obtained by 

minimizing the AAD in each temperature range. 

 

 0ln ln
B

A
T C








 

     
 (12) 

 



40 

 

Finally, for each temperature range, re-optimized values for Aη, Bη, Cη, d0, d1, d2, e0, e1, and e2 are 

obtained simultaneously using a non-linear optimization routine that minimizes the AAD between 

calculated and smoothed experimental viscosities.  Appendix C summarizes the method to 

correlate toluene viscosity data to the Tait Equation.  Table 7 lists parameter values from this re-

optimization along with values for the AAD, SD, Dmax, and bias.  The temperature variation of D 

and E is similar to that reported in the literature [21, 24, 25, 55].  The AAD in each temperature 

range is less than 0.4%, which is much lower than the estimated experimental uncertainty of ± 2%.  

Figure 18 shows the deviation plot for the data obtained in this study compared to calculations 

using the Tait Equation.  The very low values for the bias shown in Table 7 establishes that the 

deviations are evenly distributed about zero. 

Table 7.  Best fit parameters for the Tait Equation used to represent experimental viscosities in 

two temperature ranges.  (Note that calculations necessitate absolute temperature units 

of K and pressure unites of mPa). 

 

T range (°C) = 22.7 - 100 T range (°C) = 100 – 262 

103Aη (mPa·s) 3.0468 102Aη (mPa·s) 4.7176 

10-3Bη (K) 2.5661 10-2Bη (K) 4.7407 

10-2Cη(K) -1.9691 10-1Cη(K) 9.8448 

d0 4.1582 10d0 -8.9288 

10-3d1 (K) -3.5207 10-3d1 (K) 1.2282 

10-5d2 (K)2 9.4327 10-5d2 (K)2 -1.3770 

10-3e0 (MPa) 2.1503 10-2e0 (MPa) 2.5916 

e1 (MPa/K) -8.6609 e1 (MPa/K) -2.2697 

103e2 (MPa/K2) 9.0820 105e2 (MPa/K2) -9.5633 

AAD (%) 0.33 AAD (%) 0.30 

SD (%) 0.65 SD (%) 0.26 

Dmax (%) 3.94 Dmax (%) 0.84 

Bias (%) -0.09 Bias (%) 0.06 
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Figure 18.  Comparison of literature data, ηlit, to viscosities from this study, ηTait.  - Baylaucq et 

al.[42],  - Avelino et al.[18],  - Caudwell et al.[55],  - Olivera and Wakeham 

[19],  - Dymond et al.[29], ⊞ - Daridon et al.[41],  - Pensado et al.[43], ⊿ - Harris 

[26],  - Assael et al.[20],  - Kashwagi and Makita [24], ⊠ - Vieria dos Santos and 

Nieto de Castro [25]. 

 

 

 Table 8 compares literature sources for toluene viscosities with experimental viscosities 

from the present study calculated with the Tait Equation.  The AAD values are consistently lower 

than the ± 2.0% estimated experimental uncertainty for the data reported in the present study, with 

the expection of the data of Dymond et al. [29] and Wilbur and Jonas [56].  The larger AAD for 

the comparison to data from Dymond et al.[29] may be a result of the modestly large experimental 

uncertainty of ± 4% reported by these authors.  In contrast, Wilbur and Jonas [56] do not report an 

experimental uncertainty for the viscosity and, more imporantly, they report data for deuterated 

toluene, which is not expected to have precisely the same viscosity as toluene.  Comparisons of 

available viscosity data in the literature with data from the present study calculated with the Tait 

expression using Equation 12, up to 58,000 psia.   
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Table 8.  Comparison of toluene literature viscosities and viscosities from this study calculated 

with the Tait Equation using the best fit parameters. 
 

Year Authors 
T 

(°C) 

P 

(psia) 
Method 

Accuracy 

(±%) 

AAD 

(%) 

Dmax 

(%) 

2015 This Study [14] 23-262 1300-43500 Rolling Ball 2 0.3 3.9 

2011 Daridon et al.[41] 20-59 14-11600 Vibrating Quartz 5 1.3 3.1 

2009 Baylaucq et al.[42] 20-50 14-14500 Falling Body 2 0.7 2.8 

2005 Pensado et al.[43] 30-80 14-8700 Rolling Ball 2 0.9 2.8 

2004 Caudwell et al.[55] 50-100 14-13000 Vibrating Wire 2-5 1.6 3.2 

2003 Avelino et al.[18] -25-50 14-11600 Vibrating Wire 2-3 0.7 1.8 

2000 Harris[26] -18-50 14-58000 Falling Body 1 1.7 5.4 

1997 
Vieira dos Santos, 

N.C. [25] 

25-75 
14-30000 

Vibrating Quartz 0.5 1.3 2.7 

1995 Dymond et al.[29] 25-75 14-71000 Falling Body 4 1.5 4.5 

1992 
Olivera,  

Wakeham [19] 
30-75 

14-36500 
Vibrating Wire 0.5 1.6 10.4 

1991 Assael et al.[20] 30-50 14-10000 Vibrating Wire 0.5 0.6 1.3 

1991 Dymond et al.[29] 25-100 14-75000 Falling Body 4 3.6 13.4 

1982 
Kashiwagi,  

Makita [24] 

25-75 
14-16000 

Vibrating Quartz 2 0.8 2.5 

1974 Wilbur, Jonas [56] -35-200 14-51000 Rolling Ball N/A 3.5 10.7 
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It is important to note that data in the present study are limited to 43,000 psia; and, therefore 

part of the comparison considers extrapolated viscosity values.  Figure 19 shows 11 out of 13 

sources have AAD values less than 1.7%. Five of the 11 sources have AAD values less than 1.0% 

and these five sources use four unique viscometric techniques. 

 

 

 

 

Figure 19.  Comparison of available literature data, ηlit, and viscosities from this study calculated 

with the Tait Equation using the best fit parameters, ηTait.  Three of the points 

reported by Olivera and Wakeham exhibit a deviation greater than ± 6%, and do not 

show up on this graph.   - Baylaucq et al.,  - Avelino et al.,  - Caudwell et al., 

 - Olivera and Wakeham,  - Dymond et al., ⊞ - Daridon et al.,  - Pensado et 

al., ⊿ - Harris,  - Assael et al.,  - Kashwagi and Makita, ⊠ - Vieria dos Santos 

and Nieto de Castro. 
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Only  21 out of 378 data points used in this comparison in Figure 19 show a deviation 

greater than ± 3%.  Of those 21, seven are reported by Olivera and Wakeham [19]; and six of those 

are at a single temperature of at 30°C.  Nine of the 21 points are reported by Harris [26] with six 

of these points at 25°C, and three points at 50°C and pressures from 54,000 to 58,000 psia.  Three 

of the 21 points are reported by Caudwell et al.[55], one by Daridon et al.[41], and one by Dymond 

et al.[29]. 

Collectively, the data of Kashiwagi and Makita [24] and Baylaucq et al.[42] show no 

obvious trends in the deviation although this collective data set does contain four points that 

deviate from ± 2.0 to 3.0 percent.  The data reported by Pensado et al.[43] and Vieria dos Santos 

and Nieto de Castro cluster consistently around zero deviation and are within the ± 2.0 percent 

experimental uncertainty of the data from the present study.  The results shown in Figure 19 and 

Table 8 validate the reliability and accuracy of the RBVD technique used here given that the 

reported high pressure viscosities are in close agreement with viscosities obtained using other 

viscometric techniques.  In addition, the high-temperature, high-pressure viscosities reported in 

the present study extend the available toluene data base to temperatures as high as 262°C and 

pressures to 43,500 psia.
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Chapter 5.  Impact of Star Polymers on Solution Viscosity 

 

 

 

 After thoroughly benchmarking of the RVBD with toluene to temperatures of 260°C and 

pressures exceeding 40,000 psia, results are presented from studies on the impact of star polymer-

solvent mixtures on solution viscosity.  Two types of star polymer systems are studied:  (1) a 

industrially-relevant polymer with an ethylene glycol dimethacrylate (EGDMA) core attaching 

copolymer “arms” of methyl methacrylate (MMA) and lauryl methacrylate (LMA); and (2) a set 

of three low polydispersity commercially purchased polystyrene star polymers.  The same 

validated techniques are used to as those refined during the commissioning phase described in 

Chapter 4. 

5.1 Highly-Branched and Star Polymer Background 

 

Over the past few decades, advances in polymer chemistry have led to the creation of a 

variety of polymers with unique, well-defined, and highly branched architectures.  Figure 20 

provides illustrations of several of these highly-branched polymer architectures from Gao et al 

[57].  Star polymers used for this study have a fixed number of branches (or “arms”).  These 

polymers are globular and not typically exhibit chain entanglements.  Star polymers can also be 

synthesized to incorporate a variety or a large number of functional groups within a single 

molecule.  Thus, they can be tailored to specific uses such as viscosity modifiers and friction 
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modifiers for lubricants.  In addition, they hold widespread potential for use in catalysis, 

coatings, and drug delivery [58, 59, 60, 61].  Despite this potential, fundamental research on the 

physical chemistry properties of star polymers is still in its infancy, especially at HTHP.  

Nevertheless, recall from the introductory and background information presented in this thesis that 

some star polymers have been shown in limited empirical studies to provide superior performance 

in maintaining lubricant film thickness and improved frictional properties at high temperatures and 

pressures in automotive applications.  Therefore, if the RBVD can be used to understand and 

correlate physical and structural features of star polymers to desirable performance attributes, such 

as improved fuel economy, substantial industrial R&D time and money can be saved compared to 

running large, costly, and statistically designed empirical matrix tests. 

 

Figure 20.  Highly branched polymer structures [57]. 
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5.2 Impact of MMA-LMA Industrially-Relevant Star Polymer on Solution Viscosity 

 

An industrially relevant star polymer is initially used (supplied by Afton Chemical 

Corporation) to investigate the impact of polymer architecture on HTHP viscosity.  The randomly 

distributed repeat groups in the copolymer “arms” are methyl methacrylate (MMA) and lauryl 

methacrylate (LMA).  The “core” of the star polymer is made of ethylene glycol dimethacrylate 

(EGDMA). The star polymer is synthesized in a paraffinic-naphthenic “base oil” solvent.  A 

generalized synthesis of this type of polymer is shown schematically in Figure 21. 

The star polymer, designated as 60ML45RS, is chosen for the first set of star polymer 

experiments.  The Mw (in kilo-Daltons, kDa) of each arm and the total polymer as measured by 

gel permeation chromatography analysis using a polystyrene standard were specified as ~44 kDa 

and ~595 kDa, respectively.  The polydispersity index (PDI) of the arms and star polymer as a 

whole are 1.25 and 1.36, respectively.  The 60ML45RS polymer has a high MMA to LMA ratio 

of 0.6 that, based on empirical data from linear polymer counterparts, is of interest for study 

because this higher MMA content is generally less soluble in base oil yet it improves lubricant 

friction modifier performance significantly.  Thus, from a lubricant applications standpoint, this 

polymer is representative of a material that would be of high commercial interest.   

A mixture of 2.4 weight percent (wt%) 60ML45RS in n-octane is used for these studies 

since this amount of polymer is representative of that used industrially.  N-octane is selected 

because a significant amount of HTHP viscosity literature data exists, and it is an acceptable 

surrogate for the base oil in which the star polymer would typically be blended in industrial 

applications.  Results are shown for experiments with two different diameter balls with ball outer 

diameter (OD)-to-viscometer inner diameter (ID) ratios:  0.998 and 0.995.  Figure 22 shows that 
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although the two sets of data differ slightly in a systematic way, the aforementioned ratio has little 

effect on the measured viscosity within expected experimental error.  Note also that the Re for 

these experiments is generally maintained at less than 100, which ensures laminar flow between 

the ball OD and RBVD ID.  Importantly, recognize that each set of data was obtained 

independently, six months apart, and they still represent acceptable variation.  These results not 

only validate the technique developed, but also demonstrate how robust and repeatable the RBVD 

is by being able to repeat within nominal error over such an extended period.  Detailed data 

associated with Figure 22 are provided in Appendix D for reference.  A step-by-step procedure 

for assembly of the RBVD is provided in Appendix E. 
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Figure 21.  Schematic representation of EGDMA star polymers synthesis. 
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Figure 22.  Effect of temperature, pressure, and ball OD (d) on viscosity of a 2.4 wt% 60ML45RS-

n-octane solution obtained in this study.  Here D represents the inside diameter of the 

RBVD.  Note that the size of the symbol hides the error bars.  

 

 

 Figures 23, 24, 25, 26, and 27 show comparisons of 2.4 wt% 60ML45RS in n-octane 

solution viscosity to pure n-octane viscosity at nominal temperatures from 20, 50, 100, 150, and 

200°C, respectively. Both viscosity curves show an expected decrease as the temperature 

increases.  However, even at 200°C the 2.4 wt% 60ML45RS in n-octane solution maintains higher 

viscosity to pressures near 30,000 psia.  As previously mentioned, this is an important finding as 

these temperatures and pressures are relevant to a variety of automotive applications.  Additionally, 

these results are developed using much less costly testing than is commonly used in industry. 
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Figure 23.  Comparison of 2.4 wt% 60ML45RS in n-octane solution and pure n-octane viscosities 

at 20°C. 

 

 

 

 
 

Figure 24.  Comparison of 2.4 wt% 60ML45RS in n-octane solution and pure n-octane viscosities 

at 50°C. 
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Figure 25.  Comparison of 2.4 wt% 60ML45RS in n-octane solution and pure n-octane viscosities 

at 100°C. 

 

 

 

 
 

Figure 26.  Comparison of 2.4 wt% 60ML45RS in n-octane solution and pure n-octane viscosities 

at 150°C. 
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Figure 27.  Comparison of 2.4 wt% 60ML45RS in n-octane solution and pure n-octane viscosities 

at 200°C. 

 

  

Figure 28 shows a cross plot of the viscosity data as isobars. As mentioned, the pressure 

levels shown here are representative of those found in automotive.  Based on the capability of the 

RVBD to be used with high molecular weight polymer solutions under reasonable industrially 

relevant experimental conditions that allow for significant research and development without the 

use of lengthy or expensive alternative tests, a next phase of comparative research is undertaken.  

Thus, these data motivate the approach in the next Chapter where a one-to-one comparison is made 

with well-characterized star polymer solutions. 
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Figure 28.  Impact of temperature on isobaric viscosity behavior for a solution of 2.4 wt%  

60ML45RS in n-octane. 

 

 

 

5.3 Impact of Well-Characterized, Star Polystyrene on Solution Viscosity 

 

This section provides results and discussion on the use of the RBVD to simultaneously 

measure density and viscosity of three different three-arm star polystyrene (s-PS) polymer 

solutions at 2 wt% in toluene.  In addition, pure toluene data are also presented to allow for 

evaluation of the impact of each s-PS.  Toluene is an ideal solvent for s-PS, and is also a reasonable 

surrogate for base oil in this situation.  The s-PS used here were obtained commercially as neat 

purified solid powders and are well characterized to facilitate data interpretation.  All have narrow 

polydispersity indices (PDI) and are atactic as determined by nuclear magnetic resonance 

spectroscopy analysis.  A summary of the properties of these polymers is provides as Table 9.  

Detailed analytical reports for these polymers are provided as Appendix F.  All data measured 

and reported in this section demonstrate, for the first time, the actual impact of the star architecture 
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on critical fluid properties of viscosity and density at extreme operating conditions representative 

of automotive applications. 

 

Table 9.  Summary of star-polystyrene properties 

 

s-PS # of arms Arm Mw 

(kDa) 

Polymer Mw 

(kDa) 

PDI 

45k 3 15.4 41.2 1.08 

100k 3 36.0 97.6 1.07 

300k 3 108 305 1.06 

 

 

 The first set of plots compares each 2 wt% s-PS polymer solution (in toluene) with pure 

toluene to evaluate the impact on density of HTHP on each.  Figure 29 provides the 

aforementioned comparison for s-PS(45k) at 38, 107, 171, and 255°C.  Figure 30 shows the same 

comparison for s-PS(100k) at 45, 106, 194 °C.  The same plot is provided for s-PS(300k) as Figure 

31 at 43, 110, and 173°C. 

 

Figure 29.  Comparison of density for 2.0 wt% s-PS(45)-toluene solution to pure toluene at 38, 

107, 171, and 255°C. 



56 

 

 

Figure 30.  Comparison of density for 2.0 wt% s-PS(100)-toluene solution to pure toluene at 45, 

106, 194 °C. 

 

 

 

Figure 31.  Comparison of density for 2.0 wt% s-PS(300)-toluene solution to pure toluene at 43, 

110, and 173°C. 

 

 

Two percent by weight additive or polymer treat rate (in base oil or solvent) is generally 

considered by the lubricant industry as the lower end of what is required to elicit a HTHP response 

significant enough to differentiate performance from pure solvent alone.  The next set of plots 

compares each 2 wt% s-PS polymer solution (in toluene) with pure toluene to evaluate the impact 
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of HTHP on viscosity of each respective temperature.  Figures 32, 33, 34, and 35 provide the 

aforementioned comparison for s-PS(45k) at 38, 107, 171, and 255°C, respectively.  Figures 36, 

37, and 38 shows a comparison for 2 wt% s-PS polymer solution (in toluene) with pure toluene at 

for a higher total molecular weight s-PS(100k) at 45, 106, and 194°C.  Similar plots are provided 

for s-PS(300k) at 38, 107, 171, and 255°C, respectively, in Figures 39, 40, 41, and 42. 

 

 

 

Figure 32.  Comparison of 2.0 wt% s-PS(45k)-toluene solution viscosity to pure toluene viscosity 

at 38°C. 
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Figure 33.  Comparison of 2.0 wt% s-PS(45k)-toluene solution viscosity to pure toluene viscosity 

at 107°C. 

 

 

 

Figure 34.  Comparison of 2.0 wt% s-PS(45k)-toluene solution viscosity to pure toluene viscosity 

at 171°C. 
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Figure 35.  Comparison of 2.0 wt% s-PS(45k)-toluene solution viscosity to pure toluene viscosity 

at 255°C. 

 

 

 

Figure 36.  Comparison of 2.0 wt% s-PS(100k)-toluene solution viscosity to pure toluene viscosity 

at 45°C. 
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Figure 37.  Comparison of 2.0 wt% s-PS(100k)-toluene solution viscosity to pure toluene viscosity 

at 106°C. 

 

 

 

Figure 38.  Comparison of 2.0 wt% s-PS(100k)-toluene solution viscosity to pure toluene viscosity 

at 194°C. 
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Figure 39.  Comparison of 2.0 wt% s-PS(300k)-toluene solution viscosity to pure toluene viscosity 

at 43°C. 

 

 

 

Figure 40.  Comparison of 2.0 wt% s-PS(300k)-toluene solution viscosity to pure toluene viscosity 

at 110°C. 
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Figure 41.  Comparison of 2.0 wt% s-PS(300k)-toluene solution viscosity to pure toluene viscosity 

at 173°C. 

 

 

Figures 42, 43, and 44 highlights the significant impact of s-PS molecular weight on 

solution viscosity at HTHP conditions for the 2.0 wt% solutions of each of the three s-PS polymers 

at approximately 40, 110, and 180°C, respectively.  Detailed tables associated with all RBVD tests 

run to generate all s-PS data in this section are found in Appendix G. 
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Figure 42.  Effect of s-PS molecular weight/arm molecular weight on viscosity at ~40°C.  

 

 

 

Figure 43.  Effect of s-PS molecular weight/arm molecular weight on viscosity at ~110°C. 
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Figure 44.  Effect of s-PS molecular weight/arm molecular weight on viscosity at ~180°C. 

 

The ability to observe the impact of arm molecular weights ranging from approximately 

15, 36, or 108 kDa for each of these three-arm s-PS polymers at HTHP conditions enables 

significant efficiency advances in evaluation and screening of polymer technology for industrial 

lubricant applications to be implemented.  For the s-PS polymers evaluated, it is evident that 

viscosity increases significantly at HTHP with increasing arm Mw.  This effect on viscosity is 

likely due to the expected increase in hydrodynamic radius of the s-PS polymer as arm Mw 

increases. 
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Chapter 6.  Conclusions and Future Directions for HTHP RBVD Research 

 

 

 

 

6.1 Conclusions 

 

Modern automotive applications such as transmission clutch plates, combustion chambers, 

diesel fuel injector tips, and axle gears and friction plates operate at temperatures that can exceed 

250°C and pressures of 40,000 psig.  Industrial practice is to add homopolymers and copolymers 

to base oils to modify bulk fluid viscosity and frictional properties for these demanding 

applications.  However, designing polymeric additives for lubricants and predicting their 

performance is limited by the lack of available high-temperature, high-pressure (HTHP) viscosity 

and density data needed to test contemporary lubricity models.  In this thesis, a major objective 

covered in detail is the design, development, and commissioning of a rolling ball 

viscometer/densitometer (RBVD) capable of simultaneously determining fluid densities and 

viscosities at temperatures in excess of 250°C and pressures of 40,000 psig.  Three significant and 

novel features of this RBVD apparatus that distinguish and differentiate it from other apparatus of 

this type are:  (1) specially designed metal-to-metal and sapphire-to-metal seated surfaces capable 

of eliminating temperature- and chemically-sensitive elastomeric seals; (2) use of a bellows piston 

to eliminate significant temperature and operational constraints; and (3) incorporation of a linear 

variable differential transducer (LVDT) to simultaneously permit determination of solution density 

and viscosity.  
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Data are presented show that the RBVD is capable of measuring viscosities with an 

accuracy of ± 2 to 3 percent and densities to ± 0.7 percent, including at the extreme operating 

conditions targeted.  The information generated with both the PS and LMA-MMA star polymers 

can be used to test contemporary viscosity models. This research also provides direction toward 

future development of novel polymer additives capable of optimally extending the performance of 

lubricants to extreme temperature and pressure regimes.  In addition, the RBVD designed, 

developed, and commissioned as a key component of this thesis work has put into place a robust 

tool capable of simultaneously producing density and viscosity data in an efficient manner.  

Commissioning data generated as part of this work clearly served to benchmark this RBVD against 

available literature data, and showed that all of the data produced was well within the range of 

acceptability compared to others in the field.  In addition, indirect empirical results from lubricant 

research using automotive hardware with star polymers additives was greatly clarified with direct 

RVBD testing using star polymers in this thesis work. 

Also of significant importance is that in addition to operation at HTHP conditions, the 

RVBD can, for the first time, evaluate polymer-solvent mixtures at these extreme conditions 

representative of industrial applications.  Recall that historically, in the lubricant and other 

industries, polymer mixture and lubricant evaluations were conducted using a large number of 

expensive hardware tests in a statistically designed matrix study whereby the results can only be 

evaluated based on indirect performance. 

A second objective of this thesis is the measurement of HTHP viscosities of star polymer-

solvent mixtures to determine the impact of star polymer architecture on solution viscosity at 

extreme conditions similar to those that might be experienced in automotive applications.  Data 
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are presented for an industrially-relevant star polymer in n-octane to assess the impact of the star 

configuration on solvent viscosity at extreme conditions.  The star polymer used in this instance 

consists of an ethylene glycol dimethacrylate core with poly(lauryl methacrylate-co-methyl 

methacrylate) (LMA-MMA) arms.  The star polymer has a total weight averaged molecular weight 

(Mw) and Mw of each arm of 575,000, and 45,000, respectively.  The copolymer arms of the star 

polymer have an LMA-to-MMA mole ratio of 0.6. 

The results of further viscosity studies are presented for a model system of well-

characterized commercially available narrow polydispersity index (PDI) star polystyrenes (PS) in 

toluene.  Each PS is evaluated at a 2 percent by weight concentration in toluene to evaluate the 

effect of arm molecular weigh on viscosity.  Each three-arm star polymer has arm and total 

molecular weights ([arm Mw] total star Mw) of ([15,400] 41,200), ([36,000] 97,600), and 

([108,000] 305,000).  In this instance, the viscosity of star polymer-toluene mixture increased by 

more than a factor of three for the star with the highest Mw arms. 

6.2 Future Directions for HTHP Research 

 

 Given the ability of the RBVD to measure polymer mixture viscosity and density 

simultaneously as well as save tremendous resource on traditional research techniques, there is 

significant opportunity to use the system.  Initially, a study of a star polymer matrix consisting of 

EGDMA core with varied MMA to LMA ratios and arm molecular weights is of significant interest 

given the promising findings from the single polymer evaluated in this thesis. 

 A second significant undertaking for the RBVD that is currently in process in the re-design 

of the small side window holders.  These small window holders contain the only remaining 

elastomeric o-rings that can deteriorate over time.  Although these o-rings have proven to be much 
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less problematic than the others on the system that were eliminated during the 2nd-generation 

design modifications, eliminating them would completely remove all elastomers and associated 

potential leaks from the entire system.  As a result, long-term or extended high temperature 

operation would not be limited by any o-rings in the system.  A schematic of the mechanical 

drawing for the new small window holder design is presented in Figure 45.  A photograph of the 

complete new small window holder is provided as Figure 46. 

 Given the work presented in this thesis, the associated novel capabilities of the RBVD, and 

the tremendous amount of high value work to be undertaken, the future work associated with 

simultaneous HTHP viscosity and density measurements is bright.  The oil, lubricant, and polymer 

industries will find significant benefit and time-savings versus traditional empirical methods of 

testing. 

 
 

Figure 45.  Schematic diagram of new RBVD small window holders currently being implemented. 
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Figure 46.  Newly designed and fabricated small window holder that eliminates all elastomeric o-

rings.   
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APPENDIX A.  Detailed Mechanical Drawings and Specifications for the RBVD  
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APPENDIX B.  Rolling Ball Viscometer System Error and Sensitivity Analysis 

 

 A complete analysis consisting of all terms needed to determine system sensitivity to each 

controllable factor was undertaken. The first step is to start with the basic equation (A-1) for 

determination of the constant, k, for the system.   

 

𝑘 =
𝜇𝑣

(𝜌𝑏 −𝜌𝑓𝑙) sin 𝜃
                                  (A-1) 

 

In order to transform the equation and express it in a measurable term of t (time), both sides of the 

equation (A-1) are divided by velocity to get a new viscometer machine constant, K' = k/l, shown 

by equation (A-2). 

 

𝐾′ =
𝑘

𝑙
=

𝜇

(𝜌𝑏 −𝜌𝑓𝑙)𝑡 sin 𝜃
                         (A-2)  

 

From equation (2), the overall error expression for K, σK, is written as is shown by equation (A-

3). 

 

𝜎𝐾′ = √(
𝜕𝐾′

𝜕𝜇
)

2

𝜕𝜎𝜇
2 + (

𝜕𝐾′

𝜕𝜌𝑏
)

2

𝜕𝜎𝜌𝑏
2 + (

𝜕𝐾′

𝜕𝜌𝑓𝑙
)

2

𝜕𝜎𝜌𝑓𝑙
2 + (

𝜕𝐾′

𝜕𝑡
)

2

𝜕𝜎𝑡
2 + (

𝜕𝐾′

𝜕𝜃
)

2

𝜕𝜎𝜃
2         (A-3) 
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The magnitude of the individual partial derivatives can each be evaluated to allow a sensitivity 

analysis to be conducted for each experimental variable are shown below as equations A-4, -5,    

-6, -7, -8, and -9. 

 

𝜕𝐾′

𝜕𝜌𝑏
=

1

(𝜌𝑏−𝜌𝑓𝑙)(𝑡2−𝑡1) sin 𝜃
                                (A-4) 

 

𝜕𝐾′

𝜕𝜌𝑏
= −

𝜇

(𝑡2−𝑡1) sin 𝜃
∗  

1

(𝜌𝑏−𝜌𝑓𝑙)2                          (A-5) 

 

𝜕𝐾′

𝜕𝜌𝑓𝑙
=

𝜇

(𝑡2−𝑡1) sin 𝜃
∗  

1

(𝜌𝑏−𝜌𝑓𝑙)2                            (A-6) 

 

𝜕𝐾′

𝜕𝑡
= −

1

(𝑡2−𝑡1)2 ∗  
𝜇

(𝜌𝑏−𝜌𝑓𝑙) sin 𝜃
                           (A-7) 

 

𝜕𝐾′

𝜕𝜃
= −

cos 𝜃

sin2 𝜃
∗  

𝜇

(𝑡2−𝑡1)(𝜌𝑏−𝜌𝑓𝑙)
                           (A-8) 

 

𝜕𝐾′

𝜕 sin 𝜃
= −

1

sin2 𝜃
∗  

𝜇

(𝑡2−𝑡1)(𝜌𝑏−𝜌𝑓𝑙)
                          (A-9) 
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These equations were input to a spreadsheet to allow parametric evaluation of the variables 

to determine sensitivity. Some of the reference data needed for this evaluation are provided here. 

 

∆μ

μ
= 0.02  

 

∆𝜌𝑏 = 0.002 𝑔/𝑐𝑚3 [29] 

 

∆𝜌𝑓𝑙

𝜌𝑓𝑙
= 0.002 for μ<cP 

 

∆𝜌𝑓𝑙

𝜌𝑓𝑙
= 0.008 for μ>cP] 

 

Δt = 0.001 s (high speed data acquisition rate for time measurement) 

 

Δθ = 0.1° (error associated with inclinometer angle measurement) 

 

𝜌𝑏𝑎𝑙𝑙 = 8.22 𝑔/𝑐𝑚3 

 

 Sample data are presented in Table A-1 below.  Table A-2 below shows the error analysis 

with calculated values for the derivative terms.  By varying each parameter in the spreadsheet and 

from an evaluation of the equations above, it can be readily seen that the error associated with the 

angle measurement has the most significant impact on the accumulated experimental error. 
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Appendix Table B-1.  Sample error analysis data for density and viscosity of n-decane. 

 

T 

(°C) 

P 

(psig) 

Angle 

(°) 

Δt 

(s) 

Density 

(g/cc) 

Viscosity 

(mPa•s) 

K' = k/l 

(cm2/s2) 

23.0 2062 34.3 121.9 0.813 42.4 0.0835 

22.8 4117 34.2 163.9 0.820 58.2 0.0853 

23.0 5295 34.1 187.6 0.824 68.2 0.0877 

22.8 6100 34.1 212.3 0.826 77.4 0.0879 

22.9 8236 34.2 276.3 0.832 104.0 0.0903 

23.0 10210 34.2 349.6 0.837 134.0 0.0926 

       

50.4 2308 29.2 43.0 0.799 14.1 0.0908 

50.3 5124 29.1 58.4 0.809 20.0 0.0951 

50.4 8292 29.3 81.2 0.819 28.9 0.0983 

50.4 10010 29.2 95.6 0.824 35.2 0.1020 

50.4 12080 29.3 117.5 0.830 43.9 0.1030 

50.4 15050 29.4 152.3 0.837 60.0 0.1080 

50.5 18230 29.2 200.9 0.845 82.3 0.1130 

50.5 20050 29.1 237.4 0.848 98.2 0.1150 

50.5 23180 29.2 304.0 0.855 131.6 0.1200 

50.5 25090 29.3 352.7 0.858 156.5 0.1230 

       

101.5 3050 10.8 32.0 0.773 4.0 0.0905 

101.4 5305 10.9 38.9 0.784 5.0 0.0917 

101.5 8194 10.9 48.1 0.795 6.5 0.0962 

101.4 10200 10.9 55.5 0.802 7.7 0.0993 

101.4 12100 10.9 63.0 0.809 9.0 0.1030 

101.4 15240 10.9 75.8 0.818 11.6 0.1090 

101.4 18320 10.8 93.0 0.826 14.7 0.1140 

101.4 20003 10.8 101.4 0.830 16.7 0.1190 

101.3 22039 10.9 114.7 0.835 19.3 0.1210 

101.6 25200 10.8 135.6 0.842 23.9 0.1280 

       

151.1 8295 9.4 25.2 0.774 2.7 0.0884 

151.3 10140 9.2 28.5 0.781 3.1 0.0903 

151.2 12310 9.4 31.9 0.790 3.6 0.0926 

151.4 15230 9.2 37.2 0.799 4.3 0.0973 

151.4 18240 9.3 42.3 0.808 5.2 0.1020 

151.3 20280 9.3 46.3 0.814 5.9 0.1060 

151.3 22340 9.2 51.1 0.819 6.6 0.1100 

151.4 24980 9.3 56.9 0.826 7.7 0.1140 
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Appendix Table B-2.  Error analysis calculated values. 

 

dK/dμ 
(dK/dμ)

2•σμ
2 

dK/dθ 
(dK/dθ)

2•σθ
2 

dK/dρb 
(dK/dρb)2

•σρb
2 

dK/dρfl 
(dK/dρfl)

2

•σρfl
2 

dK/dt 
(dK/dt)2•

σt
2 

dK/dsi

nθ 

(dK/dsin

θ)2•σsinθ
2 

0.00197 2.8E-06 -0.123 4.6E-08 -0.0113 5.081E-10 0.0113 5.38E-09 -6.85E-04 4.69E-19 -0.148 6.70E-08 

0.00147 2.9E-06 -0.126 4.8E-08 -0.0115 5.318E-10 0.0115 5.73E-09 -5.21E-04 2.71E-19 -0.152 7.02E-08 

0.00129 3.1E-06 -0.130 5.1E-08 -0.0119 5.627E-10 0.0119 6.11E-09 -4.68E-04 2.19E-19 -0.156 7.46E-08 

0.00114 3.1E-06 -0.130 5.1E-08 -0.0119 5.655E-10 0.0119 6.18E-09 -4.14E-04 1.71E-19 -0.157 7.49E-08 

0.00087 3.3E-06 -0.133 5.4E-08 -0.0122 5.980E-10 0.0122 6.63E-09 -3.27E-04 1.07E-19 -0.161 7.87E-08 

0.00069 3.4E-06 -0.136 5.7E-08 -0.0125 6.296E-10 0.0125 7.07E-09 -2.65E-04 7.02E-20 -0.165 8.27E-08 

            

0.00642 3.3E-06 -0.162 8.0E-08 -0.0122 5.984E-10 0.0122 6.11E-09 -2.11E-03 4.46E-18 -0.186 1.05E-07 

0.00475 3.6E-06 -0.171 8.9E-08 -0.0128 6.582E-10 0.0128 6.89E-09 -1.63E-03 2.65E-18 -0.195 1.16E-07 

0.00340 3.9E-06 -0.175 9.3E-08 -0.0133 7.053E-10 0.0133 7.57E-09 -1.21E-03 1.47E-18 -0.201 1.23E-07 

0.00290 4.2E-06 -0.183 1.0E-07 -0.0138 7.617E-10 0.0138 8.28E-09 -1.07E-03 1.14E-18 -0.209 1.33E-07 

0.00235 4.3E-06 -0.184 1.0E-07 -0.0140 7.810E-10 0.0140 8.60E-09 -8.79E-04 7.72E-19 -0.211 1.36E-07 

0.00181 4.7E-06 -0.194 1.1E-07 -0.0147 8.701E-10 0.0147 9.76E-09 -7.15E-04 5.11E-19 -0.222 1.50E-07 

0.00138 5.2E-06 -0.204 1.3E-07 -0.0154 9.519E-10 0.0154 1.09E-08 -5.66E-04 3.21E-19 -0.233 1.66E-07 

0.00118 5.3E-06 -0.207 1.3E-07 -0.0156 9.794E-10 0.0156 1.13E-08 -4.86E-04 2.36E-19 -0.237 1.71E-07 

0.00092 5.8E-06 -0.216 1.4E-07 -0.0164 1.070E-09 0.0164 1.25E-08 -3.96E-04 1.57E-19 -0.247 1.86E-07 

0.00079 6.1E-06 -0.220 1.5E-07 -0.0167 1.120E-09 0.0167 1.32E-08 -3.49E-04 1.22E-19 -0.252 1.93E-07 

            

0.02240 3.3E-06 -0.475 6.9E-07 -0.0122 5.911E-10 0.0122 5.66E-09 -2.83E-03 8.00E-18 -0.483 7.11E-07 

0.01834 3.4E-06 -0.479 7.0E-07 -0.0123 6.086E-10 0.0123 5.98E-09 -2.36E-03 5.55E-18 -0.487 7.23E-07 

0.01488 3.7E-06 -0.502 7.7E-07 -0.0130 6.713E-10 0.0130 6.79E-09 -2.00E-03 4.00E-18 -0.511 7.95E-07 

0.01290 3.9E-06 -0.518 8.2E-07 -0.0134 7.169E-10 0.0134 7.38E-09 -1.79E-03 3.20E-18 -0.528 8.48E-07 

0.01138 4.2E-06 -0.536 8.7E-07 -0.0139 7.682E-10 0.0139 8.03E-09 -1.63E-03 2.66E-18 -0.546 9.07E-07 

0.00942 4.8E-06 -0.568 9.8E-07 -0.0148 8.741E-10 0.0148 9.35E-09 -1.44E-03 2.08E-18 -0.579 1.02E-06 

0.00776 5.2E-06 -0.598 1.1E-06 -0.0154 9.526E-10 0.0154 1.04E-08 -1.23E-03 1.50E-18 -0.609 1.13E-06 

0.00712 5.6E-06 -0.622 1.2E-06 -0.0160 1.030E-09 0.0160 1.14E-08 -1.17E-03 1.37E-18 -0.633 1.22E-06 

0.00624 5.8E-06 -0.627 1.2E-06 -0.0163 1.069E-09 0.0163 1.19E-08 -1.05E-03 1.11E-18 -0.638 1.24E-06 

0.00534 6.5E-06 -0.668 1.4E-06 -0.0173 1.195E-09 0.0173 1.35E-08 -9.41E-04 8.85E-19 -0.680 1.41E-06 

            

0.03278 3.1E-06 -0.537 8.8E-07 -0.0119 5.649E-10 0.0119 5.41E-09 -3.51E-03 1.23E-17 -0.545 9.04E-07 

0.02946 3.3E-06 -0.558 9.5E-07 -0.0121 5.895E-10 0.0121 5.76E-09 -3.16E-03 1.00E-17 -0.565 9.72E-07 

0.02600 3.4E-06 -0.562 9.6E-07 -0.0125 6.208E-10 0.0125 6.19E-09 -2.91E-03 8.44E-18 -0.570 9.89E-07 

0.02265 3.8E-06 -0.601 1.1E-06 -0.0131 6.881E-10 0.0131 7.03E-09 -2.62E-03 6.84E-18 -0.609 1.13E-06 

0.01975 4.2E-06 -0.626 1.2E-06 -0.0138 7.644E-10 0.0138 7.99E-09 -2.42E-03 5.87E-18 -0.634 1.22E-06 

0.01804 4.5E-06 -0.647 1.3E-06 -0.0143 8.192E-10 0.0143 8.68E-09 -2.29E-03 5.24E-18 -0.656 1.31E-06 

0.01654 4.8E-06 -0.677 1.4E-06 -0.0148 8.771E-10 0.0148 9.42E-09 -2.14E-03 4.60E-18 -0.685 1.43E-06 

0.01478 5.2E-06 -0.697 1.5E-06 -0.0154 9.427E-10 0.0154 1.03E-08 -1.99E-03 3.98E-18 -0.706 1.52E-06 



89 

 

APPENDIX C.  Schematic Showing How to Calculate Tait Parameters 
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APPENDIX D.  Detailed and Summary Data for all s-PMA-LMA Experiments Conducted 
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APPENDIX E.   Viscometer Assembly Protocol 

 

 

 

Cell body 

• Check for cleanliness 

o Fitting ports 

o Threads 

o Blow with nitrogen inside as well as ports 

• Cell ends 

o Cone seals 

o Interior surfaces 

o Bolt faces 

• Visually ensure light transmission through light ports 

 

 

Start with Bellow Side End Cap 

• Check for bellow cleanliness 

• Ensure cone is clean 

• Bolt to cell 

o Use star pattern for tightening bolts 

o First hand tight all the bolts 

o Tight bolts with stepwise torque  

o 5 to 10 to 15 to 20 to 25 ft•lbs 

o Place pin in L4-R4 ports 

o Place plugs in L4 and R4 ports and hand tight 

 

Ball 

• Blow the cell with nitrogen 

• Check for ball cleanliness 

• Insert gently into cell 

• Check for free rolling 

 

Port Fittings 

• Check for cleanliness of ports and all fittings 

• Place the fittings as listed 

side ports 

L1 – plug R1 – Thermocouple 

L2 – light window R2 – light window 

L3 – light window R3 – light window 

L4 – plug R4 – plug 

Bottom port 

o B – plug 
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Top ports 

o T1, window side – valve 

o T2, bellow side – thermocouple 

• Tight all fittings using 25 ft•lbs torque 

• Check for light transmission 

 

Window assembly 

• Check for cleanliness of window, kapton washer, window cap, and window base 

• Place window in the cap and place kapton washer on top of the window 

• Screw-in window base and hand tight 

• Secure window base in small vise 

• Tight the cap using 18 ft•lbs torque 

 

Window side end cap 

• Check for cleanliness 

• Bolt to cell 

o Use star pattern for tightening bolts 

o First hand tight all the bolts 

o Tight bolts with stepwise torque  

o 5 to 10 to 15 to 20 to 25 ft•lbs 

 

Transfer cell to the viscometer table 

• Check for ball rolling 

 

RTD mounting 

• Place hose clamp between 2nd and 3rd set of ports 

• Apply thermal paste to RTD 

• Place RTD sensor beneath hose clamp and hand tighten the clamp 

 

LVDT connection 

• Connect LVDT rod to the bellow 

• Tighten HF6 nut with 25 ft•lbs torque 

• Check free-standing LVDT reading 

 

Thermocouples connection 

• Connect thermocouples to the respective readouts 

 

Heating tape 

• Wrap heating tape around the cell as evenly as possible without overlap 

 

Propane flush 

• flush the cell with propane for three times 

• check light transmission and ball rolling 
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Cell loading 

• Load the cell with fluid of interest 

 

 

Final check 

• All fittings are double checked @ 25 ft•lbs 

• Ensure valve (T1) is closed 

• Light transmission is checked 

• Ball free rolling is checked 
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APPENDIX F.  Detailed s-PS Chemical Analysis 
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APPENDIX G.  Detailed and Summary Data for all s-PS Experiments Conducted 
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