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ABSTRACT 

Extension of Pitzer Corresponding States Correlations Using New Vapor 

Pressure Measurements of the n-Aikanes C1 o to C2s 

by David Lee Morgan 

11 

Pitzer et al. (1955) three-parameter (T c.Pc,ro) corresponding states principle 

(CSP) correlations for saturated properties are extended to long-chain n-alkanes and to 

other classes of compounds by use of n-alkane reference fluid properties. New vapor 

pressure measurements, a critical review of the n-alkane literature, and numerous 

correlational studies are described. 

Direct vapor pressure measurements of zone-refined n-alkanes (decane, 

dodecane, tetradecane, hexadecane, octadecane, nonadecane, eicosane, docosane, 

tetracosane, and octacosane) are reported in the 0.1 to 1400 kPa and 323 to 588 °K 

pressure and temperature ranges. These results allow the evaluation of existent data and 

the subsequent development of accurate correlations for vapor pressures and heats of 

vaporization. 

Wagner equation fits, which are scaled using the Tc and Pc correlations of Twu 

(1984) for the longer n-alkanes, are given for representing vapor pressures of 

n-alkanes over the liquid-vapor coexistence range. The scarcity of low-pressure data 

in the vicinity of the triple point is addressed by use of two-real-fluid CSP techniques 

(Ambrose & Patel, 1984) to extrapolate data available at higher pressures. 

Observations of triple point corresponding states in the long-chain n-alkanes suggest an 

alternative approach for fitting vapor pressure equations at low-pressures. 



111 

Extensions of Pitzer-type CSP correlations to long-chain n-alkanes (C3s+) are 

achieved in two ways. First, a second-order perturbation term in Pitzer's acentric 

factor expansion of ln(Pr) is included. This approach is referred to as the PERT2 model. 

In a second method, parameters (Pc. co) for a two-fluid CSP model based on methane and 

n-octane, C1/Cs, are determined by regression of vapor pressures. The two models are 

compared with experimental data and literature correlations. 

Applications of the n-alkane-based correlations to other classes of compounds, 

such as model compounds derived from coals, are given. Extensions of Pitzer-type CSP 

correlations to associated fluids are briefly considered by applying two- and three-fluid 

CSPmodels. 
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CHAPTER 1. INTRODUCTION 

A. Motivations to Measure n-Aikane Vapor Pressures 

Following the "energy crises" of the 1970's much effort was directed by the 

process industries and U.S. government towards the development of alternative 

feedstocks such as coal liquids, shale oils, and heavier petroleum crudes. These sources 

of hydrocarbons usually contain high-molecular-weight species such as asphaltenes, 

polycyclic aromatics, heterocyclics, and long-chained paraffins that cause special 

problems during upstream production or downstream processing. 

To design environmentally safer, economic, and efficient process equipment for 

heavy feeds, accurate estimates of vapor/liquid equilibrium, enthalpies, and other 

thermodynamic and transport properties are required. While the recent glut of low

priced oil in the world petroleum markets has discouraged development programs for 

heavy hydrocarbon fuels, the longer term need for accurately characterizing heavy feeds 

persists. The results of new measurement techniques, advances in fundamental theories, 

and efforts to assimilate the available data using generalized correlations will be more 

appreciated in the near-term future. Indeed, the importance of basic data and good 

engineering correlations of heavy hydrocarbon properties is of significance to such 

projects as the Athabasca Tar Sands, Orinoco crude production, as well as in connection 

with better definition of "paraffin" deposition problems in petroleum production 

(Carnahan, 1989). 

Traditionally petroleum feedstocks and natural gases have been characterized in 

terms of the thermodynamic properties of lighter n-alkanes. The properties of heavier 
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feedstocks, however, require accurate knowledge of the heavier paraffins for their 

characterization. Herein is the principal motivation for experimentally investigating 

the vapor pressures of the long-chain n-alkanes. 

Measurement and correlation of n-alkane vapor pressures from triple point to 

critical point has been underway for over a hundred years. The reasons why paraffins 

have been studied vary. For example, their economic impact is enormous because they 

constitute the bulk of most petroleum crudes (Kinghorn, 1983). Theoretically, they 

are studied because they can be modeled as flexible chains or abstract graphs whose 

physical properties vary according to the number of methylene, -CH2-. or methyl, 

-C H 3, carbon linkages, n (Taylor,1948; Bradley & Shellard, 1949; Prigogine et 

al.,1957; Hijmans,1961; Kreglewski & Zwolinski, 1961; Flory et al., 1964; Meyer & 

Stec, 1971; Beret & Prausnitz, 1975; Rouray & Balaban, 1979; Kim et al., 1986; 

Dickman & Hall, 1986; Vimalchand & Donohue, 1989). 

In this dissertation, some "gaps" in the experimental n-alkane vapor pressure 

literature are filled by making measurements in the C1 o to C2s range. The data are 

evaluated and combined with saturated property data of other alkanes over the wider 

range from C1 to Css. The wedding of data with formalisms of Pitzer-type three

parameter (T c. Pc. and ro) corresponding states principle (CSP) correlations results in 

extended correlations for predicting vapor pressures and related properties such as 

heats of vaporization. 



B. Objectives and Results 

1. Primary Objectives : 

( 1 ) Review the n-alkane vapor pressure literature. [Chapters 2 and 5; 
Tables 2.1 ,2.2, and 5.5; Figures 2.2, 5.11-23, 8.1.] 

( 2 ) Accurately measure vapor pressures of long-chain n-alkanes via the 
adaptation of an existent static vapor pressure apparatus. [Chapters 4 
and 5.] 

( 3 ) Purify and characterize n-alkane samples via the application of 
zone-refining and freezing curve techniques. [Chapters 4 and 5.] 

( 4 ) Develop equations that represent vapor pressures and other saturated 
properties from the triple point to the critical point. [Chapters 3 and 5.] 

( 5 ) Develop extended Pitzer-type CSP correlations using n-alkane data. 
[Chapters 3, 5, and 6.] 

( 6 ) Compare the extended correlations with literature correlations and data. 
[Chapters 5, 6, 7, and 8.] 

2. Experimental Results 

( 1 ) Vapor pressure measurements of ten n-alkanes, C1 o. C12. C14. C1s. C1s. 
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C 19, C2o. C22. C24, and C2s in the 0.1 to 1400 kPa and 323 to 588°K 
pressure and temperature ranges. [Tables 5.1 and 5.2.] 

( 2 ) Freezing point measurements and determinations of axial freezing point 
distributions along zone-refined paraffin ingots. [Chapter 5; Table 5.7; and 
Figs. 5.24, 5.25, and 5.26.] 

( 3 ) Error analyses of measurements. [Chapter 5.] 

( 4 ) Composite deviation plots which compare vapor pressure correlations 
and n-alkane vapor pressure data over the coexistence range. [Chapter 5; 
Figs. 5.14-23.] 



3. Correlation Results : 

( 1 ) Presented triple point correlations for long-chain n-alkanes and 
evidence for a triple point corresponding states. [Fig. 2.1; Eqns. 3.17 and 
3.18.] 
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( 2) Presented reference equation fits for saturated properties (ln(Pr). Zv. 
ln(ZL), ln(Vrd. Vrv. !J.Z, !J.Hv) for use in two-fluid and three-fluid CSP 
models, Eqns. 3.7 and 3.47. The forms of the reference equations are based 
on modern critical point theory or the "evolutionary optimization method" of 
Ewers & Wagner (1982). [Eqns. 3.19, 3.33, 3.35, 3.36, 3.38, 3.39, and 
3.41 ; Tables 3.1-3.6, 5.4, 5.6, 6.1, and 6.4.} 

( 3) Applied the two-real-fluid CSP model of Ambrose & Patel (1984) to 
extrapolate limited-range vapor pressure data over wide-pressure ranges 
and to determine parameters (T c. Pc, ro) from vapor pressure data by linear 
regression. [Chapters 3, 5, 6, and 7; Eqn. 3.24]. 

( 4) Applied critical parameter correlations of Twu (1984) to develop CSP 
correlations which are applicable to long-chain n-alkanes and related classes 
of compounds. [Chapters 3, 5, and 6; Eqns. 3.8-3.1 0.] 

( 5 ) Presented Wagner vapor pressure equation fits for n-alkanes in the range 
from C1 to C2s. [Eqn. 3.19; Table 5.4.} 

( 6 ) Developed the PERT2 model for vapor pressures, an analytical extension of 
Pitzer's 1955 correlation which includes a second order perturbation term 
in the acentric factor expansion for ln(Pr). [Eqn. 6.2; Table 6.1.] 

( 7) Tabulated n-alkane parameters (T c.Pc,ro} for applying the PERT2 model 
to n-alkanes in the C1 to Cso range. [Table 6.3.] 

( 8 } Developed a set of C1 o and C2o reference equations for vapor pressure and 
heat of vaporization for use in the C1 o/C2o two-fluid CSP model. [Section C 
of Chapter 6; Table 6.1.] 

( 9 } Developed a set of C1 and Cs reference equations for vapor pressure and 
heat of vaporization for use in the C1/Cs two-fluid CSP model. [Chapter 3, 
Section B of Chapter 6; Table 6.4.] 

( 1 0} Tabulated n-alkane parameters (T c.Pc,ro} for applying the C1 /Cs model 
in the C1 to C3s range. [Table 6.5.] 

( 1 1 } Presented sets of detailed statistical benchmark tables which compare 
correlations with data. [For n-alkanes, see tables of Chapters 5-8; for 
hydrogen-bonding and model-compounds derived from coal, see Chapter 7 
tables.] 

( 1 2 } Catalogued inaccuracies of TRC Antoine equations for n-alkanes. [Chapter 8.] 
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C. Thesis Organization 

This thesis is bound in two volumes. Volume I contains all preface materials and 

Chapters 1 through 7. Volume II contains Chapters 8 and 9, and, Appendices A and B. 

The Table of Contents, List of Figures, and List of Tables allow rapid 

location of materials. Although symbols and abbreviations are usually defined within the 

text, some are listed in the Nomenclature guides at the beginning for easier access. 

Chapters begin with a preview of topics to be covered. They are divided into sections (A, 

B, ... ), subsections (1, 2, ... ), and sub-subsections (a, b, ... ). Equations, figures and 

tables are numbered to correspond to a particular chapter. All tables and figures are 

located in Appendices A and B at the end of the text. Detailed cross-references to 

equations, tables, and figures are cited for each result, recommendation or conclusion 

given in Chapter 8. Although most references are in the Bibliography (Chapter 9), 

some references to vapor pressures of model coal-liquid compounds appear only in Table 

7.8. 

Chapter 1 introduces the reader to the topics explored in this thesis. It describes 

objectives, organization, and the most important results. 

Experimental background material is given in Chapter 2. General techniques for 

measuring vapor pressures are introduced and summarized in Figure 2.1. The n-alkane 

vapor pressure literature is critically reviewed, and some of its deficiences are noted. 

Results of this review are summarized in Tables 2.1 and 2.2, and in Figures 2.2 and 8.1. 

Theoretical and correlational background materials are introduced in Chapter 3. 

General attributes of vapor pressure coexistence curves and saturated property 
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representation are discussed in relation to the n-alkane series. Application of Pitzer

type three-parameter (T c. Pc, ro) corresponding states principle (CSP) correlations to 

represent thermodynamic properties is traced from their introduction in 1955 to their 

more recent two-fluid, analytical representations of Lee & Kesler (1975) and Teja 

(1980}, and to the three-fluid model of Wu & Stiel (1985) for associated fluids. 

Problems of extending Pitzer-type correlations to heavy hydrocarbons are discussed. 

Several key vapor pressure correlations and equation forms for representing saturated 

fluid properties are introduced. Finally, Tables 3.4 and 3.6 present reference equation 

coefficients for several saturated properties (ln(Pr}, Zv. lnZL, ln(Vrd. Vrv. AZ, AHv). 

The reference equations are developed mostly from properties of n-alkanes in the C1 to 

Cs range. They are applicable in the generalized two-fluid CSP model, Eqn. 3.7, for 

predicting properties of non-associated fluids. For associated fluids, they are applicable 

in the three-fluid CSP model, Eqn. 3.47. 

In Chapter 4, experimental aspects of this project are treated. The equipment, 

calibration, and operation of the apparatus used to measure vapor pressures of 

n-alkanes are described. Purification of n-alkane samples by use of zone-refining is 

discussed. An adaptation of the Glasgow et al.(1945) freezing curve technique is used to 

investigate impurity separation along zone-refined paraffin ingots. 

Experimental results, comparisons of the results with literature, and error 

analyses are given in Chapter 5. Vapor pressure measurements of the n-alkanes are 

presented in Tables 5.1 and 5.2. Table 5.7 and Figures 5.24 to 5.26 contain results 

from the freezing curve studies and estimates of sample purities. n-Aikane vapor 

pressures are represented analytically by use of the Wagner equation [3.19]. Deviation 

plots [Figs.5.4-5.7] compare vapor pressure fits with data. Composite deviation plots 



7 

[Fig.5.1 0-5.23] are given to compare literature vapor pressures and correlations over 

the coexistence range. 

Pitzer-type CSP correlations for vapor pressures and heats of vaporization are 

extended to long-chain n-alkanes in Chapter 6. In the first approach, Pitzer's first

order acentric factor model for ln(Pr) is extended by inclusion of a second-order 

perturbation term. The resulting vapor pressure correlation is called "PERT2" (see 

Eqn. 6.2 and Table 6.1 ). Parameters (T c. Pc. ro) for the PERT2 model for n-alkanes in 

the C1 to Cso range are given in Table 6.3. In the second approach, two-fluid CSP 

models are extended. Parameters (Pc. ro) for a pair of methane and ethane reference 

equations (C1/Ca ) are determined for n-alkanes by regression of vapor pressure data. 

A model based on C1 o/C2o which uses PERT2 parameters is also developed. Chapter 6 

concludes with a discussion of several statistical benchmark studies which compare 

correlations with data over wide pressure, acentric factor, and reduced temperature 

ranges. 

Case studies illustrating the application of n-alkane-based vapor pressure 

correlations to different compound classes are given in Chapter 7. In the coal-liquid 

model-compound section: 

( 1 ) Parameters (Pc. ro) for the C1/Ca two-fluid CSP model are determined 
from vapor pressure data for polycyclic aromatic compounds, 

( 2 ) Normal boiling points and specific gravities are used as the only 
parameters in the PERT2 and Lee & Kesler (1980) correlations, and, 

( 3 ) Methods are compared for extrapolating high-molecular-weight API-42 
vapor pressure data towards the low-pressure effusion measurements of 
Morecroft (1964). 

In the hydrogen-bonding section: 

(1) Two- and three-fluid CSP models are applied to predict vapor pressures of 
hydrogen-bonding substances. 
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( 2) The C1/Cs model is forced to represent water vapor pressures and heats of 
vaporization through 3-parameter (T c. Pc, ro) optimization. 

Results and Conclusions, and Recommendations for Future Investigations are 

summarized in Chapter 8. Equation, table, and figure numbers are thoroughly cross-

referenced in this chapter. 
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CHAPTER 2. EXPERIMENTAL BACKGROUND 

In this chapter, several experimental methods that have been used for measuring 

vapor pressures of hydrocarbons are described in Section A. Sources of n-alkane vapor 

pressure data are summarized and discussed in Section B. Finally, "gaps" in the 

experimental n-alkane vapor pressure literature where measurements had not been 

made at the onset of this project are depicted on a generalized plot in Section C. Fixed 

points and regions where special measurement techniques may be required are also 

shown on this plot. 

The heavy paraffins (C1 O+) studied in this thesis by the so-called "static" 

method of measuring vapor pressures present special problems to the experimentalist. 

These problems relate to the difficulty of obtaining samples of sufficiently high purity 

so that the impurities present do not obscure the pure component's vapor pressure and 

to the thermal instability of the sample at the high normal boiling point temperatures 

encountered. The latter problem may limit vapor pressure measurements to the so

called "low-pressure" regime, defined here somewhat loosely as vapor pressures around 

10 mm of Hg (1.33 kPa) or lower, where accurate vapor pressure measurements (e.g., 

accuracies better than 1 %) are difficult to obtain because of experimental 

complications. For these reasons, special attention in the following section is focussed 

on precautions that experimentalists should apply when using static methods to study 

high-molecular-weight hydrocarbon vapor pressures. 
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A. General Techniques for Measuring Vapor Pressures 

Several excellent reviews on vapor pressure measurement techniques are 

available in the volumes by Weissberger et al., Partington, Nesmeyanov, Hala et al., and 

in the chapter by Ambrose (1975) in Le Neindre et al. Carruth (1970) critiques vapor 

pressure measurement methods in his thesis. Despite the plethora of methods described 

in the literature, only four general techniques have been widely applied to measure 

hydrocarbon vapor pressures. These four generic techniques are referred to as the 

static, ebulliometric, gas saturation, and effusion methods and are depicted 

schematically in Figure 2.1. 

1. Static Methods: 

Static vapor pressure measurements are also known as "direct" measurements 

because the equilibrium pressure exerted by a liquid or solid sample maintained at 

constant temperature is measured directly by a pressure gauge. Examples of pressure 

gauges that have been used include mercury manometers, dead weight piston gauges, 

Bourdon tubes, and capacitance pressure transducers. Since samples are often corrosive 

or are taken to temperatures outside the pressure gauge's operating range, it is usual 

practice to isolate the sample from the pressure gauge by using a Differential Pressure 

Indicator (DPI) such as a U-tube manometer filled with mercury or a metal diaphragm. 

When the DPI indicates that pressures of an inert reference fluid and the sample are 

equal, the reference fluid pressure is measured using an appropriate pressure gauge. 

Examples of literature data obtained using static methods include the recent 

results of Sasse et al. (1988) who measured several high-molecular-weight 

hydrocarbons over the range 1 o-3 to 1 0 mm and the very reliable inclined-piston dead 
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weight gauge vapor pressure measurements ranging from 0.1 to 40 mm that were 

measured at the Bureau of Mines for several coal-liquid hydrocarbons and paraffins 

(Osborn & Douslin,1965, 1974, 1975; Osborn & Smith, 1978,1980; Smith et al, 

1980). Schmeling & Strey (1983) have applied a direct method using a capacitance 

pressure transducer as a pressure gauge to measure vapor pressures of n-nonane and 

various alcohols down to pressures as low as 5x1 o-3 mm of Hg. 

Direct vapor pressure measurements in the literature have ranged over an 

astonishingly wide-pressure range of 1 o-6 to 1 os mm of Hg (See Ambrose, 1975); 

however, the low-pressure measurements, which are defined here as pressures around 

10 mm of Hg (1.33 kPa) or lower, are difficult to measure with high accuracy. Several 

problems that may limit the accuracy of using static methods, especially for systems at 

low-pressures or extreme temperatures, are now addressed: 

a. Impurity Effects 

Of primary importance, it is essential to use samples of high puritt and to avoid 

sample contamination. The partial pressures exerted by small mole fractions of volatile 

impurities such as light hydrocarbons, moisture, or dissolved gases in samples can 

easily mask the low vapor pressures of heavy hydrocarbons. Thus, prior to making 

vapor pressure measurements, steps must be taken to remove the volatiles from 

samples by using a sample degassing procedure. Another common source of sample 

contamination is wall-adsorbed volatiles on the inside surface of the static apparatus 

which desorb at high temperatures; the static apparatus should be baked out under 

vacuum before vapor pressure measurements begin. 

At high temperatures (e.g., greater than 230°C for heavy paraffins), thermal 

cracking can occur and cause the buildup of volatile breakdown products. A sample's 
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exposure to high temperatures should always be minimized. If the sample has undergone 

only slight decomposition, sometimes the volatile decomposition products can be removed 

by distillation. 

Although impurities with lower volatility also affect a sample's vapor pressure, 

their influence, which tends to depress the sample's vapor pressure, is much less 

pronounced than that of volatile contaminants. The exact effects of impurities are not 

always definable. Eubank et al. (1987) have modeled several binary systems to study 

the effects of impurities on pure component systems. 

b. Sample EQuilibrium 

Sample equilibrium can be disrupted by many influences. Bath temperature 

gradients and fluctuations can obviously disturb the sample equilibrium. Large volume 

changes within a sample, which sometimes occur when balancing U-tube differential 

pressure indicators, can cause sample temperature fluctuations due to vapor 

compression or liquid vaporization. Distilling off volatile impurities will cause 

autocooling of the sample. Finally, it is a common practice to use magnetically-coupled 

stirrers or "slushers" to hasten the approach to equilibrium in vapor-liquid

equilibrium (VLE) studies or to degas pure component samples. These agitators should 

not ordinarily be activated during the measurement to avoid mechanical heating and 

induced pulsatile pressure gradients within the sample. 

c. Eguipment Calibration 

Thermometers and pressure gauges should be calibrated for accurate vapor 

pressure measurements. While some pressure gauges such as dead weight gauges and 

mercury manometers are sometimes used as primary standards based on the definition of 
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pressure as a force exerted per unit of effective area, most pressure gauges require 

careful calibration. Use of secondary standards such as the vapor pressure of ice at low 

temperatures to calibrate low-pressure measuring devices (e.g., capacitance pressure 

transducers) can lead to erroneous calibration because the vapor pressure of the 

calibration substance is susceptible to all the problems of low vapor pressure 

measurements (e.g., impurity effects, leaks in the vacuum system, etc.). 

d. Special Transport Phenomena 

When very low pressures exist within different parts of an apparatus such that 

the mean free paths of molecules become on the order of the apparatus or larger, account 

may have to be taken of the effects of special transport phenomena such as thermal 

transpiration, Knudsen flow, and molecular flow. 

When evacuating spaces of an apparatus filled with a gas near atmospheric 

pressure, intermolecular collisions dominate and the evacuation will follow Poiseuille 

flow (O'Hanlon, 1980). As the evacuation proceeds, however, different flow regimes 

will be encountered. Knudsen flow is a transitory regime which occurs when the mean 

free paths of the molecules are on the order of the evacuation conduit. Molecular flow 

results when the mean free paths become much larger than the conduit dimensions. In 

this regime, molecule-wall collisions dominate and the evacuation process will proceed 

quite sluggishly. If one wants to study low vapor pressures using a direct method while 

in the molecular flow regime (e.g., 1 o-1 to 1 o-6 mm of Hg), special care should be 

taken to avoid bends in connection tubes, to use wide diameter evacuation conduits, and to 

allow ample time for evacuating volatile impurities from the system. 

When low absolute pressures and large temperature differences exist between 

different chambers of a vapor pressure apparatus (two examples of chambers might be a 
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capacitance pressure transducer and a sample cell), the phenomena of thermal 

transpiration may occur. Also known as the thermo-molecular effect, the net result is 

that the pressures of the hotter chambers tend to be higher than the pressures of colder 

chambers. Explainable in terms of thermodynamic flux equations (Storvick, 1978) and 

kinetic molecular theory (O'Hanlon, 1980), it is difficult to experimentally determine 

appropriate corrections to account for thermal transpiration effects.(Storvick, 1978; 

Carruth, 1970). Storvick has compared theoretical and experimental transpiration 

effects for several gases in pairs of chambers connected by capillaries. 

e. DPI Hysteresis Effects 

If a Differential Pressure Indicator (DPI) is used in the measuring system, steps 

should be taken to properly account for and minimize hysteresis effects in the DPI. 

These effects become large when large pressure differences exist across the DPI. When 

measuring low vapor pressures, hysteresis can cause large errors. 

2. Ebulliometric Methods: 

A second way to measure vapor pressures is through the use of boiling-point or 

ebulliometric methods. A sample is boiled in a state of reflux under a fixed pressure and 

the temperature of the condensate is measured. In other variations, the pressure over 

an isothermal sample is varied until ebullition occurs. 

Many problems affect the accuracy of the ebulliometric methods such as 

superheating and bumping in the boiler, hydrostatic head effects on the boiling 

temperature, thermal radiation effects on thermometers at high temperatures, etc.; 

however, refined versions of ebulliometers have been used to obtain very precise and 

accurate vapor pressures. For example, Willingham et al.(1945) at the U.S. National 
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Bureau of Standards used an ebulliometer to measure vapor pressures of dozens of 

hydrocarbons in the range of 40 to 780 mm of Hg in conjunction with the American 

Petroleum Institute's Research Project No. 44 (API-44). 

The accuracy of ebulliometric methods generally degrade below 1 0 mm although 

special ebulliometers have been used for low-pressures. Equilibrium stills based on the 

design of Fenske (Schiessler et al., 1955; Myers et al., 1955) were used in the range 

0.5 to 1 0 mm to measure boiling points of heavy hydrocarbons for API-42. 

3. Gas-Saturation Method 

The gas-saturation (transpiration, transport, flow) method involves sweeping 

the vapor of a sample out of a thermostated sample saturator via an inert carrier gas. 

From knowledge of carrier gas flow rates and amount of sample removed from the 

saturator, it is possible to calculate the vapor pressure of the sample. The method is 

best suited for pressures below 20 mm. It has usually been applied without Poynting 

effect corrections and without corrections for the non-ideality of the gas phase mixture. 

Carruth (1970, 1973) improved the method to account for the non-idealities or the 

mixture by measuring total mixture pressures and partial vapor pressures at several 

total pressures and then extrapolating the partial vapor pressures back to zero total 

pressure. The intercept of the extrapolation yields the pure component vapor pressure. 

Carruth (1970, 1973} details his method and gives results for nine n-alkanes, from C2 

to C1 o. over the pressure range 5x1 o-5 to 42 mm. 

More recent gas saturation studies include the work of Allemand et al. (1986) 

who measured vapor pressures for n-alkanes, from C1 o to C1s. and Macknick et 

al.(1979} who studied C1s. C2o.and some coal-derived liquid compounds. 
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4. The Knudsen-Effusion Method: 

The Knudsen-effusion method involves determining the rate of effusion of a 

sample through a pin hole as the sample vapor escapes into an evacuated space. The 

method requires accurate knowledge of the hole dimension and requires the condition that 

the mean free path of the sample molecules must be at least an order of magnitude larger 

than the hole diameter. The latter constraint effectively limits the upper pressure of 

the effusion method to about 0.1 mm of Hg. Problems associated with the method include 

autocooling effects of the sample. There is some controversy as to how to make 

appropriate corrections for different orifice geometries. Morecroft, Parks & Moore, 

and Bradley & Shellard have measured low vapor pressures of high-molecular-weight 

hydrocarbons, including several paraffins, using this method. 

B. Literature Sources for n-Aikane Vapor Pressure Data 

Numerous vapor pressure compilations and some systematic studies are available 

that contain n-alkane vapor pressure data and literature references. Tables 2.1 and 2.2 

give data sources for n-alkanes spanning from C1 to C43. Table 2.1 includes systems 

which are not studied experimentally in this work. It lists the author, year of 

publication, and the temperature/pressure ranges of the data. Table 2.2 covers the 

n-alkanes (C1o. C12. C14. C1s. C1s. C19. C2o. C22. C24, and C2s} that are 

experimentally addressed. Additional information on estimated sample purities and 

experimental methods employed is included in it. These tables are incomplete as many 
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references given in the TRC bibliography, to be discussed shortly, were not reviewed or 

reproduced here. 

Some of the best early work is found in papers by Sydney Young. In his 1928 

paper on n-paraffin boiling points at different pressures, Young reviewed data sources 

for C1 to Cas. At that time the chief sources of data for the heavier alkanes Cg to Cas 

were the measurements of Krafft (Ber., 1882, .l.S.. 1687; 1886, ll. 2218; 1889, 2.2.. 

2135; 1896, za. 1323; 1907, ~. 4777) who reported boiling points in the range 

from 11 to 760 mm for Cg to C1g, and at 15 mm of Hg for the remainder. Francis & 

Wood (J. Chern. Soc., 1922, 121.. 1529; 1926, 12.a. 1420) reported boiling points 

over 2 to 30 mm of Hg for several fractionated natural and synthetic paraffin waxes 

from C1s to Ca4. Their data at 15 mm uncorrected for thermometer stem corrections 

and plotted versus carbon number agreed with Krafft's data for Cas to about 2°C; with 

thermometer stem corrections applied, their result is about 13°C higher for Cas. 

A very valuable tabulation of vapor pressure data on 1200 organic compounds 

and 300 inorganic compounds was compiled by Stull (1947). In this compilation, 

smoothed data for n-alkanes C21 to C29 are included in the range 1 to 760 mm. On 

examination of the references, most of these data appear to be based on Young's 1928 

correlations and on the data of Krafft. AnschUtz and Reiter's 1895 book on vacuum 

distillation is also cited. When these data are compared with more modern tabulations, 

discrepancies are observed which increase with increasing carbon number. For 

example, Stull lists normal boiling points of 386.4 and 412.5 oc for C24 and C2s. 

whereas more modern listings based on the Kreglewski & Zwolinski (1961) normal 

boiling point correlation list boiling points that are 4.8 and 18.8 co higher for the same 

set of compounds. 
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A more modern reference published by the American Petroleum Institute, 

Division of Refining, is "Bibliography of Vapor Pressure Data for Hydrocarbons," 

(Bibliography No.2) which critically reviews published hydrocarbon data up to 1964 

listing data temperature ranges, type of data, year of publication and references. 

Ohe's Computer Ajded Data Book of Vapor Pressure (1976) gives logarithmic 

vapor pressure versus temperature plots, Antoine equation coefficients and references 

for almost two thousand pure compounds. The Antoine coefficients for the heavier 

n-alkanes C21 to C2g, however, are based on data sources cited in other works such as 

Stull's table. 

Thodos (1950) gives literature references for C1 to C12 in his review of the 

n-alkanes. Another bibliography covering the same alkanes is found in the API Technical 

Data Book, 4th ed. (1983). 

The Vapour Pressures of Pure Substances by Boublik et al.(1984) contains an 

extensive compilation of Antoine equations including tables of the original and smoothed 

vapor pressure data, and references. For the heavier n-alkanes, C17 and C1s. the data 

are taken from Krafft (1882a). 

The most comprehensive set of bibliographic information available on n-alkanes 

and other hydrocarbons is found in the loose-leaf TRC Thermodynamic Tables on the 

Hydrocarbons published by the Thermodynamic Research Center at Texas A & M. This 

compilation succeeds the American Petroleum Research Project No. 44 (API-44) and 

includes tables of smoothed literature data with the Antoine vapor pressure equation 

coefficients used to generate each table. For C1 to C1 o. Antoine coefficients are given 

which cover several pressure ranges, where 1 kPa = 7.50062 mm of Hg: 



low 

mid 

high 

~10 mm of Hg 

10 to 1500 mm 

;;::1500 mm 

1 9 

~1.33 kPa 

1 .33 to 200 kPa 

200 kPa to critical pressure. 

For C11 to C2o. only the first two pressure ranges are represented. For C21 to 

C1 oo. an updated version of the 1966 Kudchadker and Zwolinski Antoine correlation is 

used to tabulate vapor pressures over the pressure range 0.0001 to 1.01325 bar 

(0.075 to 760 mm). Earlier versions of the TRC tables include the 1971 Handbook of 

Vapor Pressures and Heats of Vaporization of Hydrocarbons and Related Compounds, by 

Zwolinski & Wilhoit, and the celebrated 1953 "red" volume entitled "Selected Values of 

Physical and Thermodynamic Properties of Hydrocarbons & Related Compounds," edited 

by Rossini et al. The Handbook contains vapor pressure tables and Antoine equations, 

without, references while the "red" volume also contains bibliographic sources. 

Another extensive compilation based on measurement of synthetic hydrocarbons 

is the API Research Project 42 publication, "Properties of Hydrocarbons of High 

Molecular Weight," (1940-1966), which is here after designated as API-42. It 

contains boiling point, melting point, refractive index, density and viscosity data for 

hundreds of hydrocarbons including vapor pressure data for selected n-alkanes from C12 

to Cas in the pressure range 0.5 to 10 mm. The data appear to be smoothed and are 

tabulated to 0.5 oc accuracy. Schiessler & Whitmore (1955) give details and 

references concerning the methods of synthesis, purification and measurement. 

Vargaftik's Handbook of Physjcal Properties of Ligujds & Gases (1975) is often 

cited as a data source in thermodynamic correlation work (e.g., Kim et al., 1986). It 

contains very convenient, useful tables for many pure components and mixture 

thermodynamic properties, including vapor pressure data for n-alkanes in the range C1 
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to C2o. Of particular interest is the vapor pressure data for C17 to C2o. because 

accurate ebulliometric vapor pressure data measured in conjunction with API-44 at the 

U.S. National Bureau of Standards (N.B.S. is currently called N.I.S.T.) extend only up to 

C1s. The Vargaftik data differ significantly (i.e., 3 to 6 %) from Western sources for 

these paraffins. The reference cited for all four of these compounds by Vargaftik is 

Tatevsky, V.M. (e.d) Physico-chemical Properties of Individual Hydrocarbons. 

Gostoptech Press, 1960., a compilation which was not found referenced in American 

bibliographic sources. A related book by V.M. Tatevskii, et al., Rules and Methods for 

Calculating the Physico-chemical Properties of Paraffinic Hydrocarbons (translated by 

M.F. Mullins, 1961) indicates that Tatevskii was an expert at hydrocarbon correlation 

techniques. The exact experimental or correlational technique used to obtain the data in 

Vargaftik's Handbook remains unknown to the present investigator. Dr. Randolph C. 

Wilhoit* at the Thermodynamics Research Center cautions all to view data in Vargaftik's 

Handbook skeptically. 

Three other compilations containing smoothed vapor pressure data regression 

coefficients are found in Reid et al. (1979, 1987), McGarry (1983), and a 

comprehensive survey of 5000 organic compounds by Dykyj, Repas, & Svoboda (1979, 

1984) which is widely used in Eastern Europe but not in the West. The equations for the 

heavier n-alkanes in all these sources appear to derive from sources given in the TRC 

bibliography. 

A book by Warth, The Chemistry and Technology of Waxes, contains a table on 

page14 listing boiling points from 0.1 to 760 mm and references for selected alkanes up 

to Cso. Most of these results are of poor accuracy or were derived from correlations. 

* Personal communication. 



21 

Currently, the literature vapor pressure data sources for n-alkanes up to C1 s 

are being reviewed and compiled into a Chemical Data Series Monograph for the 

International Union of Pure and Applied Chemistry. This project is under the direction 

of John Dymond at the University of Glasgow, Scotland**. 

Since Sydney Young's 1928 review, several systematic experimental 

investigations of n-alkane vapor pressures have been made. Progress is discussed here 

in terms of the different pressure regimes up to the middle of 1989. The recently 

published measurements of NIPER, the National Institute for Petroleum and Energy 

Research in Bartlesville, Oklahoma (This center was previously called the Bureau of 

Mines) are discussed separately. These high quality results became available too late to 

be incorporated into the correlational efforts of this work; however, several tables 

(2.2, 5.5, 6.17, and, 6.25) and figures (5.14, 5.20, and, 5.23) have been updated or 

added to include them. A Wagner vapor pressure equation fit partially based on the C1 o 

NIPER data is discussed in Chapter 8. [Eqn. 8.1; Table 8.1.] 

1. Superatmospheric Regime 

In the superatmospheric (high-pressure) region for n-paraffins heavier than 

Cs, most progress has been affiliated with the measurement of critical points. When the 

critical point measurements are overlooked, only three superatmospheric vapor 

pressure studies have been reported. Of the three, two investigations of Cg and C1 o were 

performed in the laboratory of Sage & Lacey (Carmichael et al. , 1953) and Reamer et 

al., 1942) who reported data up to 6.5 and 4.4 atmospheres, respectively. In the third 

** Personal communication from Henry V. Kehiaian of Universite Paris. 
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study by Beale & Docksey (1935), vapor pressure data for C12 was measured up to the 

critical point. 

Examples of critical point measurements are those of Pak & Kay ( 1972) and 

Ambrose & Townsend (1968) who reported critical temperature and pressure 

measurements of n-alkanes that span from Cs to C14. Recently, Rosenthal and Teja 

(1989) have measured the critical temperatures and pressures of the n-alkanes Cs to 

C 18 using a low-residence time flow apparatus. Critical temperatures and densities of 

the same compounds have been measured by Anselma et al. (1989). 

Because critical pressures are more difficult to measure than critical 

temperatures, the former are often correlated from experimental vapor pressure data 

and an experimental or correlation-derived critical temperature. Smith, Kay & Teja 

(1987) and Mogollon & Kay (1982) reported critical temperature measurements on 

alkanes from Cs to C17. Special techniques to minimize sample exposure to high 

temperatures and to extrapolate back to zero decomposition were followed for compounds 

heavier than C1 o (T c = 617°K). 

Some general sources and tabulations of critical point data are available (Kobe et 

al.,1953; Kudchadker et al., 1968; Ambrose,1980; Barkan, 1981; Reid et al., 1977, 

1987). 

2. Mid-Pressure Regime 

In the mid-pressure regime, three studies are of particular interest. The most 

significant results for Cs to C1s that have become the standard were measured from 40 

to 780 mm in a specially designed ebulliometer located at U.S. N.B.S. and used in 

conjunction with API-44 (Willingham et al., 1945; Camin & Rossini, 1955; Camin et 
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al., 1954). In a second study, Myers & Fenske (1955) modified an Othmer type 

equilibrium still then measured vapor pressures of a number of heavy materials. They 

published smoothed data ranging between 0.2 and 760 mm Hg. Their results for C1s. 

C1a and C2o are important but can only be considered accurate to about 3 to 5 %. In the 

third study, by Meyer & Stec (1971 ), ebulliometric measurements were made on a 

zone-refined sample of C24 in the range 6.2 to 67 mm of Hg. Their results will be 

discussed in Chapter 5. 

3. Low-Pressure Regime 

Much progress has been made in the low-pressure regime. Carruth & Kobayashi 

(1970, 1973) measured vapor pressures for C2 to C1 o down towards their respective 

triple points using a gas saturation method. Macknick & Prausnitz (1979) also used a 

gas saturation method and reported data on C1a. C2o and some model compounds derived 

from coal. The API-42 compilation, previously mentioned, contains data between 0.5 

and 1 0 mm for selected C12 to C3s. 

Merlin's group at Universite de Lyon has been very active recently. Vapor 

pressures of n-alkanes have ben measured in two ways: Allemand et al. (1986a, 

1986b) used a gas saturation method to study C1o. C12. C14. C1s. and C1a; and, Sasse et 

al. (1988) applied a direct measurement method to measure vapor pressures as low as 

0.001 mm for C12. C2o. C22. and C24· 

Older studies of heavy n-paraffins involving the use of Knudsen-effusion method 

were performed by Bradley & She liard (1949) for C1s to C1a; Parks & Moore (1949) 

for C1s. and Morecroft (1964) for C1g, C27 and some other heavy hydrocarbon samples 

obtained from API-42. 
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Mazee (1948) measured boiling points of C21, C23. C24. C2s. C3o. C31, C34, 

C35, C3s. and C43 at several pressures in the range between 0.7 and 8 mm of Hg. Except 

for his Table V which contains boiling points at 3 mm and calculated heats of 

vaporization, Mazee's data is presented graphically. 

4. Wide-Pressure Range Data of NIPER 

Recently, Chirico et al. (1989) at the National Institute for Petroleum and 

Energy Research (NIPER) published their vapor pressure measurements of purified 

C1 o. C2o and C2s samples. The inclined-piston gauge of Douslin et al. (1965) was used 

in the 0.1 to 24 mm pressure range and a comparative ebulliometric method was 

employed in the range from 14 mm to 2.7 atms. The precise vapor pressures are fit to 

Cox vapor pressure equations and used to estimated heats of vaporization. These high

quality results, which span the same carbon number range as the measurements of this 

work, are compared with thesis results in Chapters 5 and 6. [Figs. 5.14, 5.20, and 

5.23; Tables 6.17 and 6.25.] 

C. Gaps in the 1986 n-Aikane Vapor Pressure Literature 

To graphically illustrate many features about the n-alkane homologous series, 

coexistence fixed points and experimental literature vapor pressure data ranges were 

compiled then plotted versus carbon number. The result is Figure. 2.2. Although this 

plot contains much detailed information, it serves to elucidate quantitative gaps in the 

published vapor pressure data up to about 1986. Trends in the fixed points such as the 
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odd-even carbon number effects at the triple point can be seen. Special, very 

approximate, regions have been indicated where n-alkanes may become thermally 

unstable or where certain measurement techniques {direct, elution, or effusion) may be 

required. 

The largest quantitative gaps occur in the low-pressure region beyond C2o. in 

the high-pressure region between Cs and C2o. and in the mid-pressure region beyond 

C2o where the acentric factor needed for Pitzer CSP is defined at a reduced temperature 

of Tr=0.7. 

Not seen in the Figure 2.2 are qualitative gaps that occur in the mid-pressure 

range beyond c16 and in much of the low-pressure vapor pressure data heavier than c1. 

The qualitative mid-pressure gap exists because the accurate N.B.S. data used for the 

API-44 ends after C1s and the experimental nature of the Vargaftik table data for C17 to 

C2o is uncertain. The low-pressure gaps arise due to the inherent difficulties associated 

with measuring low vapor pressures accurately. 

Fig. 8.1, an update of Fig. 2.2, depicts the experimental n-alkane data ranges up 

to the beginning of 1989. 
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CHAPTER 3 THEORETICAL AND CORRELATIONAL BACKGROUND 

Diverse topics are introduced in this chapter. Pitzer's Corresponding States 

Principle (CSP) and proposed extensions of it to heavy substances are discussed in 

sections A and B. The shape and universal attributes of a pure component coexistence 

curve are considered in section C. Triple point correlations for long-chain n-alkanes 

are proposed. 

With the background of section C established, some literature vapor pressure 

equation forms and correlations are next introduced. Some of the vapor pressure 

correlations discussed include the Wagner equation, Kudchadker's empirical 

extrapolation of lighter n-paraffin Antoine vapor pressure equations up to alkanes as 

heavy as C1 oo. King's use of thermal data to develop an accurate mid- to low-pressure 

range vapor pressure correlation for n-alkanes in the range from C1 to C1 s. Lee & 

Kesler's analytical reformulation of the Maxwell & Bonnell vapor pressure correlation. 

In section E, forms for representing several other coexistence properties are 

proposed for use in CSP reference equations. Torquato & Stell's form for heat of 

vaporization is _recommended and several forms for representing coexisting volumetric 

properties are introduced. Some of these results are important for developing C1 o and 

C2o heat of vaporization reference equations in Chapter 6. 

In section F, methods of data regression used to determine reference equation fits 

are described. 

Finally, tables containing saturated properties and coefficients for two-fluid CSP 

reference equations are given in section G. 
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The shape, characteristics, and correlation of pure-component vapor pressure 

curves and related thermodynamic properties have been reviewed in detail by Reid et al. 

(1977,1987}. Ambrose (1985} has also given an excellent review on the evaluation of 

vapor pressure data. 

A. Pitzer's Corresponding States Principle {CSP) 

The Corresponding States Principle (CSP} has been widely applied in 

thermodynamic and transport property correlation work (Reid et al., 1977, 1987} and 

has been reviewed by Leland & Chappelear (1968}. Originally, van der Waals (1873} 

proposed CSP through his equation of state, f(P,V,T}=O, which could be made a universal 

function for other fluids by reducing or scaling the pressure, volume, and temperature 

variables, P-V-T, in terms of the characteristic critical properties, Pc. Vc. or Tc. ;i.e., 

f(Pr.Vr,Tr}=O , where the reduced variables are the ratios Pr=P/Pc. Vr=V/Vc. and 

T r= TIT c· It was shown empirically and theoretically (Guggenheim, 1945; Pitzer, 

1939} that two-parameter, (Tc,Pc} or (Tc,Vc}. CSP is well suited only for simple 

fluids such as noble gases or methane. Properties of more complicated real fluids such 

as long-chain hydrocarbons and highly associated fluids deviate significantly from 

simple fluid behavior. 

When reduced property plots for various nonpolar substances such as paraffins 

of different chain lengths, alkylaromatics, etc., are made on the same plot, sets of 

similar curves are observed. In attempt to extend the applicability of 2-parameter CSP 

of simple fluids to nonpolar real fluids, several investigators introduced the use of a 

third parameter (Rowlinson, 1954; Riedel; Lydersen et al., 1955; Pitzer, 1955; 
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Pitzer & Curl, 1957; Pitzer & Curl, 1958). Of these efforts Pitzer's acentric factor, 

ro, has been most widely used. 

Defined in Pitzer's 1955 paper in terms of reduced vapor pressure data, 

Pr=P/Pc evaluated at a reduced temperature of Tr= TITc= 0.7: 

[3 .1] 

the acentric factor takes on a physical significance: for simple, spherically-shaped 

fluids, such as argon, krypton or methane, ro is close to zero. For nonspherically

shaped "real" fluids such as n-heptane, the acentric factor takes on a positive value 

according to the effective molecular size or deviation from spherical intermolecular 

potential (Pitzer et al., 1955; Danon & Pitzer, 1962). Branched hydrocarbon isomers 

tend to have smaller ro's than the corresponding straight-chain isomer. The acentric 

factor increases with increasing carbon number within the n-alkane series. Strongly 

associated fluids, such as hydrogen-bonding substances, have much larger ro's than 

nonpolar substances of similar molecular weight. The physical interpretation often 

ascribed to ro, the availability of vapor pressure data and critical property data needed to 

evaluate it for many substances, and its original publication in the English language help 

to account for the acentric factor's wide usage in thermophysical property correlation 

work (Passut & Danner, 1973). 

Pitzer-type CSP correlations are based on empirical perturbation theory 

(Rowlinson, 1982) and use the acentric factor to interpolate a given test fluid's 

property between a spherical and a nonspherical reference fluid. A property, 'I', is 

written as a Taylor series expansion about a simple reference fluid having ro=O: 
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<o> o'¥ 1 '¥ = 'P(Tr ,Pr ,co) = '¥ + oro eo=o(co-0) + ... [3.2] 

'¥ = '{1(0) + co '{1(1) + ... [3.3] 

where only the first order term has been retained in this example. 'J'(O)='J'(O)(Tr.Pr} 

denotes the property of a simple reference fluid and 'P(l)='J'(l)(T r. Pr} is the deviation 

term related to the rate of change in 'P with respect to increasing ro. Providing that the 

test fluid is conformal to the reference fluids and that the test fluid's acentric factor, 

critical temperature and critical pressure are accurately known, excellent property 

predictions can be expected. Pitzer insured conformality by restricting his method to a 

class of fluids he termed "normal"; i.e., nonpolar or slightly polar compounds which do 

not exhibit quantum or strong associating effects. 

The original Pitzer correlations were derived graphically then presented in 

tabular form. The reduced temperature and pressure ranges were limited and the 

largest compound used in their data base in terms of the acentric factor was n-heptane. 

They included separate tables for the two-phase region. For saturated properties such 

as the logarithm of reduced vapor pressure, log(Pr}; heat of vaporization, L1Hv (i.e., 

entropy of vaporization L1Sv=L1Hv/T }; liquid and vapor compressibility factor, Zv and 

ZL, the simple and deviation terms of [3.3] are functions of a single variable such as 

temperature and pressure (Tr or Pr}. This is in accord with Gibb's phase rule for 

saturated pure components. 
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1. Lee & Kesler (1975) (L&K} 

Lee & Kesler {1975) analytically reformulated the original Pitzer correlations 

by presenting a simple fluid and an n-octane modified Benedict-Webb-Rubin {BWR) 

Equation of State {EOS) to serve as spherical and nonspherical reference equations. The 

form of their 12-coefficient BWR is 

'I'=Z 
PrVr 

1 + 8 + c + D + -
Tr 

= 
vr v2 vs 

r r 

C4 [ p + :~] exp [ - :~] 
T3V2 

r r [3.4] 

where 

8 
b2 b3 b4 c c2 c3 d2 = b -- = c - +- D 1 T T2 T3 1 Tr T3 = d1 +-,=-r r r r r 

and Vr = PcV/RTc. is the ideal reduced volume which is based on the scaling factor 

PcV/RT c rather than the critical volume Vc. L&K approximated the deviation term given 

in [3.2] by a finite difference expression: 

(1) d'l' 'P(R) - '1'(0) 

'I' = ()co I eo=o = (R) (O) = 
ro -ro [3.5] 

where ro(O) = 0 for the simple fluid and ro(R) = 0.3978 for the n-octane reference fluid. 

To extend the reduced temperature range of Pitzer's original tables from 

0.56ST rS1.0 down to Tr==0.30, L&K used the low temperature n-paraffin vapor 

pressure data results of Carruth & Kobayashi {1972, 1973) for C2 to C1 o and 

presented the following analytical vapor pressure correlation : 
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In P = In P (O) + ro In P (1) r r r [3.6 ] 

In P~0 ) = 5.02714- 6 ·0i 648 - 1.28862 In Tr + 0.169347 f; 
r [3.6a] 

In P~1) = 15.2518 - 15 ·~875 - 13.4721 In Tr + 0.4377 f; 
r [3 .6b] 

Unlike Pitzer's [3.1] definition of acentric factor, they defined it in terms of [3.6] by 

using an experimental boiling point near the normal boiling point. Their definition 

predicts acentric factors close to Pitzer's but avoids the problem of estimating a 

compound's vapor pressure at T r=0.7. 

Because of the relative complexity in programming their BWR, L&K published 

extensive sets of tables for thermodynamic properties which could be used for hand 

calculations. Their tabular treatment of the two-phase region, however, was, except for 

vapor pressures, incomplete. 

To partially address L&K's shortcoming in the two-phase region, Tables 3.2 and 

3.3, which contain saturated volumetric roots and other saturated properties derived 

from the L&K simple and n-octane BWR reference equations, are given. A set of 

auxiliary correlations for several saturated properties based on these results have been 

summarized in Tables 3.1 and 3.4. These saturated properties include ~Hv. ln(ZL), Zv. 

VrL• ln(Vrv). and ~Z = Zv-ZL, where subscripts V and L refer to the liquid and vapor 

phases and Vr is the ideal reduced volume, PcV/RTc. 
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2. Generalized Two-Fluid CSP 

A more recent development in Pitzer-type CSP correlations was introduced by 

Teja (1980); Teja, Sandler & Patel (1981); and, Armstrong (1981). Pitzer's 

restriction that one reference fluid had to be a simple spherical fluid was relaxed so that 

two nonspherical reference fluid equations could be used: 

'P _ 'P(R1) f\I/(R2) 'P(R1 )) (-=ro_-_;ro;.;;..(_R_1 )-J 
- + \... - 00(R2) _ 00(R1) 

[3.7] 

Superscripts R1 and R2 refer to properties of two real-fluid reference substances. The 

advantage of such a procedure is that it is possible to use reference equations of very 

similar nature to a given test fluid's and thereby predict test fluid properties with much 

higher accuracy. Ambrose & Patel (1984) applied this method to vapor pressures using 

a number of reference substances such as propane, n-octane, benzene, and 

pentafluorotoluene. 

The generalized two-fluid CSP method has been extensively employed in this 

dissertation and is discussed more thoroughly in connection with the Wagner vapor 

pressure equation. Real-fluid reference equations for methane, ethane, n-octane, and 

water are presented at the end of this chapter for several saturated properties: LlHv. Zv. 

ln(Zd, VrL• ln(Vrv), LlZ and ln(Pr). The forms of the reference equations are given in 

Table 3.1. Table 3.6 contains the reference equation coefficients. 



33 

B. Extension of Pitzer Correlations to Heavier Normal Auids 

To extend the formalisms of Pitzer-type correlations to heavier substances via 

the use of n-alkane vapor pressure data, there are major problems to address. First, is 

the scarcity of high quality n-alkane vapor pressure data needed to evaluate ro and to set 

up accurate reference equations. The second is the immeasureability of the critical 

points for the heavier n-alkanes due to thermal decomposition. Finally, the vapor 

pressure and critical point data, which are needed to utilize Pitzer's CSP, are scarce or 

unavailable for most high-molecular-weight substances. Problems 2 and 3 are 

particularly irksome and have led to the development of a plethora of critical point 

correlations that have been reviewed by Reid et al. (1987) and Spencer & Daubert 

(1973). 

Others (e.g., Fleming et al., 1978; Beret & Prausnitz, 1975) seek to abandon the 

use of macroscopic parameters such as T c. Pc and ro in favor of microscopic parameters 

more akin to intermolecular potential parameters of statistical mechanically based 

equations of state. The perturbed hard-core-chain theory (Beret & Prausnitz, 1975; 

Donohue & Prausnitz, 1978) and the perturbed-soft-chain theory incorporating group 

contribution (Jin et al., 1986) are examples of this school of thought. Since the 

parameters of all practical corresponding state correlations must ultimately be 

measured or evaluated from limited inspection data (Newman, 1981; Brule et 

al., 1982), it seems reasonable that developments in macroscopic and microscopic CSP 

for high-molecular-weight materials will ultimately yield comparable results. 

In this dissertation the unavailability of measured critical points was approached 

in two ways: "optimized" critical parameters were estimated from vapor pressure data, 

and Twu's 1984 critical point correlation was used. 
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1. "Optimized" Critical Parameters 

"Optimized" critical parameters are CSP parameters determined by regression of 

selected data with respect to a CSP correlation. Ideally they agree with accurate critical 

point measurements when such data exists. Some of the methods used in determining 

them from vapor pressures are discussed in sections D and F of this chapter. 

Unlike multiparameter corresponding states correlations, such as one proposed 

by Brule et al (1982) in which several kinds of inspection data are regressed, vapor 

pressure optimized parameters are not always suitable as inputs in CSP correlations 

designed for predicting transport and volumetric properties. Moreover, vapor pressure 

optimized parameters do not always agree with accurate critical pressure experiments. 

This lack of generality relates to imperfections in the CSP reference equations, 

inaccuracies in data, and also to "shape factor" effects. 

a. "Shape Factor" Effects 

"Shape factors" are defined empirically as "fudge" factors, e , 'I', and q,, which 

when multiplied times the critical quantities, Tc, Pc. and Vc, force a corresponding state 

reference function, f0(P/Pc,V/Vc,T/T c), to assume the shape of non-conformal surface, 

f(P/Pc,V/Vc,T/Tc); i.e., fo(P/'I'Pc,V/cpVc,T/eTc)=f(P/Pc,V/Vc,T/Tc). Leland & 

Chappelear (1968) have reviewed their historical and theoretical implications. In the 

literature, they have been applied to model the properties of hydrocarbon-quantum fluid 

mixtures, Leach et al.(1966) and Chueh et al.(1967), and to predict pure component 

properties of real fluids via a methane simple fluid equation, Leach (1967). 

In this work, shape factor effects are evident when optimizing critical 

parameters for paraffins which differ significantly in length than the paraffins used as 
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reference systems. Examples of shape factor effects are given in Section B of Chapter 6. 

Tables 6.6 and 6.7, and Figure 6.7 illustrate how optimized Pc parameters determined 

using a methane/n-octane (C1/Cs) pair of CSP vapor pressure reference equations 

deviate systematically from experimental Pc for the n-alkanes C12 through C1s. When 

pairs of reference equations based on longer paraffins such as n-octane/n-tetradecane 

(CalC 14) are used, the optimized Pc parameters agree within the experimental 

uncertainty of the measured critical pressures for C12 to C1s-

b. Use jo Heat of Vaporjzatjoo Correlations 

Although optimized parameters for two-fluid CSP vapor pressure correlations 

lack generality, they have been found to be useful in the corresponding two-fluid heat of 

vaporization correlation. For example, vapor pressure optimized acentric factors 

determined for the C1/Cs vapor pressure correlation are also found to behave well in the 

C 1 /Cs heat of vaporization correlation. This observation is supported by statistical 

benchmark studies for n-alkanes (e.g, Tables 6.18 -6.25), for indan in Section A of 

Chapter 7 (Tables 7.2 and 7.3), and for water in Section B of Chapter 7 (Figs. 7.5 and 

7 .6). 

2. Twu's Critical Parameters 

In brief, Twu's 1984 critical parameter correlation uses the properties of 

n-alkanes as references to predict self-consistent critical properties of petroleum and 

coal-tar liquids. The generalization is achieved by perturbing the paraffin reference 

equations with expansions that require only specific gravity and normal boiling point 

inputs. 
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The paraffin reference fixed property equations are denoted by superscript "0 ". 

They were determined by regression of data and correlated properties for the n-alkanes 

up to c1 00: 

0 -3 -7 2 
Tc = Tb(0.533272 + 0.191017 x 10 Tb + 0.779681 x 10 Tb 

-0.284376 X 10-10 T~ + 0.959468 X 1028/T~ 3 )" 1 
[3.8a] 

0 [ 3 14]" 8 
Vc= 1- (0.419869- 0.505839a- 1.56436a- 9481.70a) [3.8b] 

SGo = 0.843593 - 0.128624a- 3.36159a3 - 13749.5a 12 

2 
Tb = exp(5.71419 + 2.715799- 0.2865909 - 39.8544/9 

- 0.122488/92) - 24.75229 + 35.315592 

P~ = (3.83354 + 1.19629a0·5 + 34.8888a 
2 

+ 36.1952a2 + 1 04.193a4) 

where a = {1 - T b/T ~) and e = ln{MW0 ) 

T c is the critical temperature in units [R 0 ], 

Pc is the critical pressure in units [psia], 

V c is the critical volume in units [ft3 lb-1 mol-1], 

Tb is the normal boiling point in units [R 0 ], 

SG is the specific gravity of the liquid component relative to water 
at 60°F, and, 

MW is the molecular weight. 

[3.8c] 

[3.8d] 

[3.8e] 

The data sources used to regress each form of eqn. [3.8] are indicated by Twu 

{1983a, 1984). 



37 

To estimate fixed properties of nonparaffinic systems, a given fixed property g 

was expanded into a Taylor series expansion about the n-paraffin reference system, g0 

g =go+ g1 + g2 + ... [3.9] 

where g1 is the first order perturbation term. Expansion [3.9] was then recast by Twu 

* into the form of a Pade approximate , which is a rational function possessing excellent 

convergence and extrapolation properties that has been widely employed in statistical 

mechanical work**. The form of Twu's expansion [3.9] became: 

2 

( 1 + 2fJ 
g = go 1 - 2f [3 .1 0] 

Expressions for f are given by Twu for each fixed property but not reproduced here. f is 

evaluated in terms of the test system's specific gravity and normal boiling point and the 

n-paraffin's fixed reference equations [3.8a-e]. 

* A. Ralston, A First Course in Numerical Analysis, McGraw-Hill, New York, 1965. 
** For example, see D.A. McQuarrie, Statjstical Mechanics, Harper & Row, New York, 
1976. 
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C. Pure Component Coexistence Phenomenology 

In this section, the shape and universal characteristics of the coexistence curve 

for pure-component normal fluids are discussed. The broad generalities serve as a basis 

to evaluate forms of vapor pressure equations. These characteristics can be applied in 

fitting vapor pressure data and in calculating derived properties such as heat of 

vaporization from vapor pressure data. 

1 . Clapeyron Equation 

The fundamental equation which governs phase behavior for pure components is 

the Clapeyron equation. For liquid-vapor transitions this equation may be written in 

several forms: 

dP ~Hv ~Hv ~Hv 

dT 
= = 

T~V 
= r[-1 -j_] R,-2 flZ. 

Pv PL p [3.11a] 

dln(P) ~Hv 
= 

dT R,-2 flZ. [3.11b] 

dln(P) ~Hv 
= ---

d(j_) RQ 
T [3.11c] 

z PV 
- RT [3 .12] 

where L\Hv=Hv-HL and L\Z=Zv-ZL refer to the difference between the saturated vapor and 

liquid enthalpies and compressibility factors. L\Hv is also referred to as the latent heat 
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of vaporization or heat of vaporization. V and p represent the molar volume and density. 

As mentioned before, the subscripts v and L refer to the vapor or liquid phase. 

2. Idealized Vapor Pressure Curve 

As is well known, a plot of vapor pressure on a logarithmic scale versus 

reciprocal absolute temperature gives an approximate straight line. A linear 

relationship would follow only if the ratio ~Hv/~Z in eqn. [3.11 c] is independent of 

temperature. The familiar Clausius-Clapeyron is the result of this assumption and 

integration of [3.11c]: 

ln(P) = A + B 
T [3.13] 

Most vapor pressure equations are based on [3.13]. This linear form is best suited for 

representing data that is of low precision or that is restricted to small temperature 

ranges. Actual vapor pressure curves for normal fluids are S shaped and exhibit an 

inflection point located between the normal boiling point and critical point as depicted in 

Fig. 3.1. Thodos (1950) investigated this phenomenon using n-alkane data; Waring 

(1954) discussed it in terms of vapor pressure equation requirements and pointed out 

that for many substances the minimum in .6.Hv/~Z ( i.e., inflection point) occurs 

between a reduced temperature, T r. of 0.80 and 0.85. The cubic appearance of vapor 

pressure curves implies that the minimum number ·of coefficients required to 

accurately represent the complete coexistence curve must be at least four. 
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3. Nonanalytic Behavior of Vapor Pressures at the Critical Point 

An interesting phenomenon occurs where the coexistence curve terminates at the 

critical point. Modern scaling theory (Levelt-Sengers et al., 1969, 1975, 1977; 

Sengers et al., 1986; Griffiths, 1965, 1967; Stanley, 1971) suggests that the second 

derivative of the vapor pressure curve should diverge mildly according to 

[3.14] 

Literature values for e range from about 0 to 0.5 depending on how the variables are 

mixed to do the scaling (Walton el al., 1978, Verbeke, 1972). Walton et al. (1978) 

recommend a value of 0.22±0.04 but also point out that the vapor pressure divergence 

is relatively insensitive to the value of e used. Examples of entire coexistence vapor 

pressure equations having nonanalyticity built into them are those of Goodwin (1969) 

and Wagner et al. (1973, 1976). 

4. Corresponding States at Triple Points 

At the triple point, only simple monatomic fluids such as Ne, A, Kr, and Xe obey 

2-parameter CSP. These fluids all exhibit similar triple point pressures and have 

reduced temperatures near T r=0.55 (Guggenheim, 1945). 

In general, triple points of polyatomic molecules behave individualistically being 

difficult to predict. They depend on the nature of the molecular symmetry and 

interactions possible within melting crystals.(Ubelohde, 1978; Bondi, 1968). Within 

a class of fluids consisting of long-chain flexible molecules such as the n-paraffins, 

however, many properties, including melting point (Broadhurst, 1962), boiling point 

and critical temperature (Kreglewski & Zwolinski, 1961 ), and heat of fusion and 
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entropy of fusion (Ubelohde, 1978), tend to increase regularly with increasing number 

of carbon units, n, and to approach convergence points. 

The regular behavior observed in some homologous series for large n makes the 

idea of a triple point CSP plausible. For example, one might infer from empirical 

formulations for triple point and critical point temperatures that the reduced triple 

point temperatures, T rm= T miT c. approach a constant or change very slowly with 

increasing carbon number. A common form for representing T m within a homologous 

(Broadhurst, 1962; Ubelohde, 1978) is: 

(n+A) 
(T m)n = (T m)co (n+B) [3.15] 

where A and B are constants and (T m)co represents the convergence temperature. 

Kreglewski & Zwolinski (1961) derived the following form for Tc: 

(T dn = (Tc)co - exp (C - D*n213) [3 .16] 

where C and D are positive constants, and (T c) co is a reference point at n=co. If n is 

sufficiently large that neither (T m)n nor (T dn changes very rapidly, then the ratio 

(T rm)n = (T m)n/(T dn should remain almost constant. 

The relative constancy in T rm for the n-paraffins can be seen in Fig. 2.2. Below 

C2o the even- and odd-numbered paraffins follow their own trends*, exhibiting a zig-

zag pattern when plotted together on a T rm vs n plot. Beyond Cg amplitudes of the zig-

zags rapidly approach T rm == 0.4. While the critical temperatures used in generating 

Figure 2.2 are taken from the correlation of Twu (1984) for n-alkanes larger than Cg, 

it is reassuring that Twu's correlation usually agrees within 2°K of experimentally 

• See articles by Schaerer et al. (1956) and Broadhurst (1962) for information of the 
phase behavior of n-paraffins. 
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determined values** of Tc out to C1a- Agreement of Twu's correlation with several 

other correlations (Kreglewski & Zwolinski, 1961; Ambrose, 1980c; and Gasem and 

Robinson, 1985) out to C2a is within 1 %. 

On closer inspection of Figure 2.2, the level portion in the triple point locus is 

seen to be decreasing. To investigate the slope in the T rm curve, Figure 3.2 has been 

constructed using triple point temperatures recommended by Broadhurst (1962) and 

Twu's 1984 critical temperature correlation. An excellent straight-line fit results for 

n-alkanes in the carbon number range from n=23 to 44: 

(Trm)n = 0.41214 - 0.00043752 n [3 .17] 

The triple point pressures of n-alkanes, Pm. also follow a zig-zag pattern which 

becomes more regular with increasing carbon number. This behavior can be seen in 

Figure 2.2 or in Figure 3.3, an updated plot which is based on more reliable estimates of 

Pm summarized in Table 6.11. For the shorter alkanes, the odd-members exhibit lower 

triple point pressures than adjacent even members. By about C1s. the odd-numbered 

members have fallen in line with the even-members. Although the accuracies of the 

triple pressures used are questionable, the evidence suggests that the triple point 

pressures of the n-alkanes beyond C1s can be described by a straight line: 

log(Pm)n = 0.23863 - 0.21663n [3 .18] 

where Pm is the triple point pressure in mm of Hg. Equation [3.18] is based on the data 

of C1 s through C2o, and C27. It correlates well with experimental triple point 

** Accurate experimental values of T c for n-alkanes beyond C1a will probably never be 
measured due to thermal decomposition- Communication from A.S. Teja, Georgia 
Institute of Technology. 
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pressures of C1 o and C12 and estimates of Pm from C22 and C24 vapor pressure data. 

The absolute average % deviation in pressure for the fit is 5.6 %. 

The relative constancy in T rm and the simple triple point pressure relationship 

observed for the n-paraffins series and presumed to exist in related homologous series, 

suggests a kind of triple point correspondence states which may be exploited in the 

development of extended vapor pressure correlations and critical point correlations. 

This possibility has not been realized in this work. A recently submitted paper, Morgan 

& Kobayashi (1990), addresses triple point corresponding states in long-chain 

n-alkanes in more detail. 

Statistical benchmarks for predicting triple point pressures of n-alkanes by 

several correlations are given in Table 6.11. Equation [3.18] is included among the 

correlations tested. 

5. Pevelopment of Vapor Pressure Eguations for Low Pressures 

At low pressures, corresponding roughly to T r<0.55 (this limit may shift 

upwards with increasing molecular size), 11Z = 1 so that 11Hv/11Z = 11Hv in eqn. [3.11c]. 

A number of vapor pressure equations described by Ambrose(1985) and Reid et 

al.(1979, 1987) have been derived by making this assumption and then by replacing 

11Hv with some kind of a representation such as a linear, quadratic or Watson (1943) 

equation. 

Several researchers have investigated forms of vapor pressure equations capable 

of extrapolating from reliable mid-pressure data down to low reduced temperatures 

(Allemand, 1986b; King et al. (1986); Scott & Osborn, 1979; Ambrose & Davies, 
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1980); however, the real problem at low pressures remains the general unavailability 

of high quality vapor pressure data sets. 

D. Vapor Pressure Correlations 

1. Wagner Vapor Pressure Eguation 

For correlating vapor pressures in this dissertation, it was desirable to find an 

equation form that satisfies several criteria. The form should enable representation of 

the entire coexistence curves using only the minimum number of four coefficients, give 

accurate interpolation between mid-pressure data and the critical point, extrapolate 

downward with high accuracy from regressions of limited mid-pressure data, and 

exhibit nonanalytic behavior at the critical point. Such a form is the 4-coefficient 

Wagner equation: 

Ax+ Bx1·5 + Cxm + Dxn 
Tr [3 .19] 

where the independent variable, X=1-Tr. is a measure of the distance from the critical 

point and the exponents, m and n, usually take on the values of 3 and 6, or 2.5 and 5, in 

the literature. Because, according to Ambrose (1986), the "2.5-5" form is slightly 

better than the "3-6" form, the "2.5-5" form was selected. 
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a. Evolutionary Optjmjzatjon Method 

Equation [3.19] is based on application of the Evolutionary Optimization Method 

(EOM), a method developed by Ewers & Wagner (1982a,b) for fitting thermodynamic 

property data. The algorithm applies statistical criteria to optimize the structure of the 

objective function and retains only the most significant terms out of an excess bank of 

terms. The properties of only a few fluids are characterized well enough to justify the 

use of EOM; however, once a suitable equation is derived using accurate data for a model 

compound, the resulting equation form can serve as the form of the objective function 

for regressing the data of poorly characterized substances. 

As a fixed fitting form, the "3-6" Wagner vapor pressure equation has been 

successfully employed in two important methods in the U.K.: constrained correlation of 

limited range data, and two real-fluid CSP. 

b. Use in McGarry's Method of Constrained Fitting 

The constrained correlation method of Ambrose et al. (1978), Hicks (1978), 

and McGarry (1983) enables the prediction of critical pressures and of vapor 

pressures over a wide pressure range in accordance with the general characteristics of a 

vapor pressure curve. McGarry (1983) further defined the constraint ranges of 

Ambrose et al. (1978) and developed Wagner equation coefficients for 179 substances 

using only limited range vapor pressure data. Three constraints were enumerated that 

could be applied if a direct regression of data resulted in unreasonable Wagner equation 

extrapolation outside of the fit range: 
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( 1 ) Waring's minimum: the location of the vapor pressure curve inflection point 

(i.e., the minimum in ~ H vi~Z) must fall within a specified reduced 

temperature range depending on the substance's normal boiling point and 

compound class. 

( 2 ) Ambrose's criterion: the deviation quantity, ln(P/P')I Tr=o.95 , must fall within 

certain ranges depending on a substance's boiling point and compound 

classification. p· is defined by a straight line fit, ln(P')=A+BIT, between the 

critical point and vapor pressure data evaluated at Tr = 0.7. 

( 3 ) Low reduced temperature constraint: the ratio of a function g(T r) evaluated at 

two reduced temperatures, 0.5 and 0.6, must fall within certain limits 

depending on a substance's normal boiling point. g(T r) is defined from the 

Clapeyron equation [3.11 b] by assuming ~Z = 1 and Watson's 1943 heat of 

vaporization correlation, ~Hv ... (1-Tr)0.375 : 

[3.20] 

McGarry's constraints can be applied to "2.5-5" Wagner equations or to other 

kinds of vapor pressure equations. For the "2.5-5" Wagner equation, the Waring's 

minimum is found by setting the second derivative of (3.19] to zero which reduces the 

problem to solving for the positive root of 

h(Tr) = 0.75Bx-0.5 + 3.75Cx0.5 + 20Dx3 = 0 [3.21] 

Newton-Raphson or interval-halving are suitable methods for finding the root of h(T r). 
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Ambrose's high temperature deyjatjon constraint can be expressed in terms of the 

acentric factor [3.1] : 

In ( ~~) 
c 

= 7(ro + 1) (1 _ Tc) 
31og(e) T [3.22a] 

At Tr = 0.95, eqn. [3.22a] becomes: 

In(~,) = -0.2828(ro+ 1) 
c [3.22b] 

The low reduced temperature constraint for a "2.5-5" Wagner equation is given by the 

following set of equations: 

g(Tr=0.5) 

g(Tr=0.6) 

dln(Pr) 1 

= 0.6387 dT Tr=o.s 
dln(Pr) 1 

dT Tr=o.s 

(A + 1.5Bx0·5 + 2.5Cx 1·5 + 5Dx4 + ln(P r)) 
= -

T 

[3.23a] 

[3.23b] 

Although equations [3.21] to [3.23] are not applied in this thesis, the 

constraining criteria are tested in Figure 5.9 by using a set of n-alkane Wagner vapor 

pressure equations that range out to C2a· The normal boiling point range of the heavier 

n-alkanes is beyond any compound considered by McGarry. Patterns exhibited by the 

constraints may suggest improvements to be made in future regressions of limited vapor 

pressure data to equations. 



48 

c. Use in Two Real-Fluid CSP 

The two real-fluid corresponding states method developed by Ambrose & Patel 

(1984) uses a pair of Wagner vapor pressure equations,such as propane and n-octane, 

designated by R1 and R2: 

[3.24] 

According to their study, [3.24] is roughly equivalent to the method of constrained 

fitting for determining critical pressures from mid-pressure vapor pressure data and 

for predicting vapor pressures in the reduced temperature range 0.5 to 1.0. If the 

critical temperature is known experimentally or from a correlation, Pc and ro can be 

estimated from [3.24] by using two reliable vapor pressure points or by regressing 

selected data sets against the form of [3.24]. 

In this dissertation, the notation CR1ICR2 designates a pair of n-alkane reference 

equations whose carbon numbers are R1 and R2. The pair of reference fluids 

propane/n-octane would thus be referred to as a C3/Cs model. 

d. Extrapolation to Low Reduced Temperatures 

The two English applications just described, which were formulated using 

Wagner vapor pressure equations, were developed for the reduced temperature range 

T r=0.5 to 1.0. Since the triple points for n-alkanes C1 o and heavier occur at T r=O .4 

where reliable vapor pressure data seldom exist, the question arises of how well one can 

expect the "2.5-5" Wagner equation form selected for this work to extrapolate mid-

pressure data downwards towards low reduced temperatures. The quality of such an 



49 

extrapolation will obviously depend on the consistency and accuracy of the mid-pressure 

data and critical point used. 

To illustrate the extrapolation capabilities often observed by limited-range, 

mid-pressure data Wagner equation fits, data of a well-characterized model system, 

2,3,4-trimethylpentane, is used. 

tane: 

1 
2 
3 
4 

Several investigators have measured vapor pressures of 2,3,4-trimethylpen-

Author 

Willingham et al (1945) 
McMicking & Kay (1965) 
Osborn & Douslin (1974) 
Osborn & Douslin (1974) 

Data Ranges: No. Measure 
T r Pres.[kPa] Points Method 

0.537-0.684 
0.683-1.000 
0.393-0.491 
0.683-0.753 

6.3-104. 
101-2730. 
0.015-1.18 
101-270 

1 9 
1 9 
1 2 
7 

Ebull. 
Static 

Incl. Piston 
Ebull. 

where 1 kPa==7.5 mm of Hg. The data of sets 1, 3 , and 4 are considered to be of high 

accuracy so these sets were selected to regress a reference Wagner equation using 

T c=566.4 oK and Pc=2729.8 kPa taken from set 2 : 

-7 .90666x + 2.64026x 1·5 -3.58763x2 ·5 -2.14594x5 

T r [3.25] 

The corresponding mid-pressure range fit using just the data of set#1 is: 

-7.69231 X + 2.01936 X 1·5 -2_77546 x2·5 - 3.17982 x5 

T r [3.26] 

Reference equation [3.25] is compared with the extrapolated mid-pressure 

range fit [3.26] and the original data by making a percentage deviation in pressure, 
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1 OO(Peale-Pexp)/Pexp• versus reduced temperature plot. The results are shown in 

Fig. 3.4. 

The solid line represents perfect correlation with the reference equation [3.25], 

Peale. and Pexp represents either experimental data or data predicted by extrapolated 

equation [3.26]. Deviations of the extrapolated equation from the reference equation are 

shown as a dashed curve which has a maximum of 4 % at the lowest reduced 

temperature, Tr=0.39, and a local minimum of -0.5 % at Tr=0.92. 

Since the error analysis of Osborn & Douslin indicates that their lowest data 

point has an expected accuracy of ±1 %, this suggests that extrapolated Wagner equations 

which are based on vapor pressure data above T r=0.5 have a tendency to underpredict 

data at Tr=0.4 by several percent. This tendency is confirmed later in Table 6.11 by 

comparing the predictions of Wagner equation based correlations with estimated triple 

point pressures according to eqn. [3.18]. 

Compared to most other vapor pressure equation forms and the imprecise 

experimental data available at low reduced temperatures, Wagner equations extrapolate 

quite accurately towards Tr=0.4. For example, an API-44 Antoine vapor pressure 

equation (Wilhoit & Zwolinski, 1971) which is based on the same data as [3.26] 

underpredicts the reference equation [3.25] by 16% at Tr=0.39. 

2. Antoine Vapor Pressure Eguation 

The familiar Antoine vapor pressure equation: 

log(P) = 
8 A--

t+C [3.27] 
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where t is temperature in Celsius degrees, has three coefficients and therefore is 

applicable only to restricted temperature domains. It is widely used because of its ease 

of application. 

Accurate API-44 data sets in the 40 to 780 mm range have been regressed to the 

Antoine equation form and the resulting equations have proven to give good predictions 

over the mid-pressure range, 10 to 1500 mm (1.33 to 200 kPa). Extrapolation of a 

mid-pressure Antoine equation below 1 0 mm or upwards towards the critical point, 

however, tends to give predictions that are too low. 

In an attempt to retain the form of [3.27] for mid-pressure data and to extend its 

range upwards to the critical point, an interpolation function can be added to [3.27]. 

Coefficients for these so called "extended" Antoine equations can be found in TRC's 

looseleaf compilation for a limited number of substances including n-alkanes up to C1 O· 

Similarly, low-pressure range Antoine equation coefficients for selected n-alkanes 

ranging from C2 to C2o have also been tabulated by TRC. 

3. a-Alkane Antoine Vapor Pressure Olrrelatjoo of Kucthadker & Zwolinski 

The Antoine equation form can sometimes be generalized for a homologous series 

to predict vapor pressures of heavier members by extrapolating data of well 

characterized lighter members. This procedure was carried out by Kudchadker & 

Zwolinski (1966) for the n-alkanes to make predictions about C21 to C1 oo. They 

generalized API-44 Antoine vapor pressure equations for Cs to C1s by regressing the 

constants 8 and C of [3.27] as cubic functions of normal boiling point then by using the 

logarithmic form of the Kreglewski & Zwolinski (1961) correlation for n-alkane 

normal boiling points: 



log(1 078 - T b) = 

2 

3.03191 - 0.0499901 n3 
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[3.28] 

where n is the carbon number and 1 078 °K is the reference boiling point for an 

infinitely long chain (n=oo). The exponent, 2/3, is the result of Kurata & lsida 

(1955), who developed a hole theory treatment for n-alkane liquids by using an 

expression of Flory's for the free energy of a polymeric chain. 

Neither the treatment of Kreglewski & Zwolinski nor of Kudchadker & Zwolinski 

is rigorous. These simple empirical extrapolations have become the basis of the current 

TRC/API-44 Antoine equations for the higher paraffins up to C1 oo and have been widely 

used in correlation work. 

4. Vapor Pressure Correlation of King & Mahmud (1986) 

King and his coworkers in England (1974, 1976, 1986) sought to develop 

accurate equations for n-alkane low vapor pressures by combining thermal data (e.g., 

heat capacity and calorimetric heat of vaporization data) with accurate mid-pressure 

data. Their work is based on the observation that when the derivative ;(RT2di~P)) 

and, (C;-C~). the difference between the heat capacities at constant pressure of the 

vapor at a limiting low pressure and of the liquid phase, are plotted versus the reduced 

temperature, a straight line may be drawn from mid-pressure vapor pressure region 

down to the calorimetric data. On this basis, King & Mahmud (1986) derived a 3-

parameter Pitzer-type vapor pressure correlation for the n-alkanes C1 to C1 s that 

covers the approximate range from the normal boiling point down to T r =0.4. The form 

of their generalized correlation is : 
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[3.29] 

where Pr = PIPe and Tr = TIT c are the reduced pressure and temperature and the 

coefficients Ar, Br, Dr. and Er are quadratic function of ro, the acentric factor as defined 

by Pitzer et al.(1955).: 

Ar = -5.600 - 27.00ro [3.29a-d] 

Br = 4.160 + 10.98ro 

Cr = 7.1320 + 1 0.72ro + 0.259ro2 

Er = 2.9766 + 8.552ro + 0.370ro2 

For maximum accuracy, the n-alkane parameters they tabulated in the 

development of their correlation should be used. The King correlation accurately fits 

available mid-pressure data but was not designed to fit the entire coexistence region. It 

is a significant development in n-alkane property correlation and will be compared with 

selected vapor pressure and heat of vaporization data in Chapters 5 and 6. 

5. Lee & Kesler (1980)/Maxwell & Bonnell Correlation (LK/MB): 

A widely used vapor pressure correlation for estimating vapor pressures of 

heavy hydrocarbons, often at low pressures, is the Maxwell & Bonnell correlation 

(1957). The original presentation is graphical and requires the use of a normal boiling 

point and a specific gravity datum. Lee & Kesler (1980) analytically reformulated this 

correlation to increase its accuracy and also presented superior graphs. Their 

analytical formulation is based on an accurate reference equation for n-hexane: 

= (01047+ 259 ·8 ) T - 6.074Jle -140.65 · T9 +55 9 
[3.30a] 
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where T e represents the temperature in oK for n-hexane or an equivalent temperature 

for other hydrocarbons. T e is calculated from the following set of equations: 

1 ---- B 
Tb + C 

! e = T~ 1 
---- B 
T + C 

Tb c = (T- 1)(10.15- o.1285Tb) 
b 

where T~ = 341.9 °K is the normal boiling point of n-hexane, 

Tb is the hydrocarbon's normal boiling point [°K], 

T is the hydrocarbon's temperature [°K], 

T * = 3870 °K is the focal temperature where n-paraffin vapor 

pressure curves intersect on a plot. 

[3.30b] 

[3.30c] 

[3.30d] 

For nonparaffins a correction term was developed in terms of normal boiling 

point and specific gravity (SG) at 15°C input data: 

2 

1)(3.214- 3.765[~:]) 
[3.31 a] 

where SGn is the specific gravity of n-paraffin reference systems given by: 

= 
-4 -8 2 116.4 

1.0475- 1.511x10 Tb + 7.127x10 Tb- T 
b [3.31 b] 
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Equations [3.30] and [3.31] are based on regression of n-paraffin data ranging from C2 

to C1 oo and nonparaffinic data taken from API-44. 

The LK/MB correlation is compared with the results of other correlations in 

Chapters 5 through 7 and is found to be more accurate than the original Lee & Kesler 

(1975) correlation when predicting the vapor pressures of n-paraffins. 

6. Miscellaneous n-Aikane Correlations 

Numerous other correlations have been developed to represent the properties of 

the n-alkanes throughout the years but only a few of these are mentioned here: 

a. G6mez-Nieto & Thodos (1977) 

G6mez-Nieto & Thodos (1977) developed a correlation for the n-alkanes C1 to 

C2o in terms of the equation: 

f3 n 
= a + Tm + yT r 

r [3.32] 

and a characterization parameter S = T bin P ci(T c-T b) which is a measure of the average 

slope of the vapor pressure curve between the normal boiling point and the critical 

point. Their data sources for the heavier paraffins were Wilhoit & Zwolinski (1971) 

for vapor pressure and Thodos (1955) for the critical parameters. 

b. Bolotin et al. (1979) 

Bolotin et al. (1979) combined the parameter S with Kreglewski-Zwolinski type 

equations for n-alkane normal boiling points, critical temperatures and critical 
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pressures to develop a set of reduced correlations for vapor pressure, heat of 

vaporization, liquid densities, heat capacities that could be extrapolated out to carbon 

number 50 based on properties of n-alkanes in the range from C1 o to C2o. 

c. Twu (1983a. 1987) 

Twu (1983a, 1987) has developed a couple of equation of states for n-paraffins. 

The first is a generalized BWR which predicts properties for C1 to C1 oo and which 

requires only normal boiling point inputs. The heavier vapor pressure data is taken 

from Vargaftik (1975) for C11 to C2o. and Wilhoit & Zwolinski (1971) for C33 to 

C1 oo. The more recent work is a rotational equation of state for C1 to C2o-

E. Other Forms for Saturated Property Reference Equations 

To develop saturated reference equations for generalized two-fluid CSP 

correlations, several equation forms were employed. These forms are described briefly 

in this section. 

1. Torguato & Stell: Heat of Vaporization and Difference between 
Saturated Vapor & Ligujd Compressibility Factors 

In tradition with earlier investigators from this laboratory (Sivaraman et al., 

1982, 1983; Wieczorek et al.,1981), it was desirable to combine vapor pressure data 

and saturated volumetric data in the Clapeyron equation to estimate heats of vaporization. 

In the correlation work of Sivaraman et al.(1984a, 1984b, 1984c), the Torquato & 

Stell (1982) equation for the latent heat of vaporization was first applied as a reference 

equation form for two-fluid CSP. 
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Written here in terms of the variable X=1-Tr. the Torquato & Stell equation for 

heat of vaporization, which has been made dimensionless by applying the scale factor 

1/RT c. is: 

* 
.1H = v 

.1Hv = b X0.3333 + b X0.8333 + b X 1.208 + b X + b X2 + b X3 
RT 1 2 3 4 5 6 

c 

[3.33] 

The first three terms of [3.33] are written in terms of nonanalytic exponents 

such that the first or higher order derivatives of ~Hv with respect to x approach oo as 

x~ 0. This feature of [3.33] agrees with the anomalous thermodynamic behavior 

described by phenomenological scaling theory (Widom, 1965; Kadanoff, 1966; and 

Griffiths, 1967) and with critical exponents derived by the renormalization group 

approach when applied to the Ising (lattice-gas) model (Sengers & Sengers, 1977). The 

cubic polynomial terms in [3.33] provide an analytic background for the form. 

Equation [3.33] is a very accurate form for representing the heat of vaporization 

data of water and numerous other model substances (Torquato & Smith, 1984) from the 

triple point up to the critical point and therefore was retained in this work. 

Another idea introduced by Sivaraman et al.(1984b) involved the application of 

[3.33] to represent the difference between the saturated vapor and liquid 

compressibility factors, ~Z = Zv - ZL. When ~Z and vapor pressure data are available 

for a substance, ~Hv can be calculated directly from the Clapeyron equation [3.11]. The 

applicability of the form of equation [3.33] for ~Hv to represent ~Z follows from the 

observations that the ratio ~Hv/~Z remains finite at the critical point even though both 

~Hv and ~Z ~o and that the ratio ~Hv/~Z does not change much over most of the 
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coexistence curve (e.g., see Reid et al., 1987, p. 224). Sivaraman et al. (1984b) 

applied [3.33] to represent the two-phase compressibility factor correlation of Pitzer 

et al. (1955) as: 

tJ.Z = tJ.Z(O) + rotJ.Z(1) [3.34] 

(0) (0) (1) (1) . 
where tables for each term az(O) = ~ -ZL and az(1) = ~ -ZL were denved from 

Pitzer et al.'s 1955 tables then regressed to the form of equation [3.33]. 

At the end of this chapter in Table 3.6, results of applying the Torquato-Stall 

form for representing aHv/RT c and aZ nonspherical reference equations are given for 

several well characterized substances including water and the n-alkanes C1, C2, and Ca. 

Similar results derived from the Lee & Kesler (1975) BWR formulation of Pitzer et 

al.(1955) are given in Table 3.4. 

2. EOM: Volumetric Eguation Forms 

Kleinrahm & Wagner (1986) employed the Evolutionary Optimization Method to 

analyze their methane coexistence data. The resulting forms derived for their liquid and 

vapor coexisting densities were: 

In(~~) = c xo.3333 + c xo.8333 + c x + c x4.667 
1 2 3 4 [3.35] 

[3.36] 
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(c x + c x 1·5 + c x2·5 + c x5) 
6 7 8 9 

[3.41] 

A similar expression results for In (Zv). 
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F. Methods of Data Regression 

All regression of data to correlation forms was accomplished on a Digital 

Equipment VAX 11/750 using the minpack FORTRAN subroutine LMDIF1. LMDIF1 

minimizes the squares of the residuals of M nonlinear functions in N variables by a 

modification of the Levenberg-Marquardt algorithm. The user supplies initial guesses 

for the N variable coefficients and also a subroutine FCN which calculates the value of 

the objective function coefficients for each iteration. The Jacobian used by LMDIF1 is 

generated internally by a forward-difference approximation. The tolerance used in the 

subroutine's convergence tests was set at 3. 7x1 o-9. 

Regression of data to the objective functional form, y = f(x), was achieved by 

LMDIF1 in two ways: 

( 1 ) directly by weighting each data point, y(xi). using a weighting function, 
w(xi); and, 

( 2 ) indirectly by using CSP correlations. 

1. Weighting Functions 

Most fitting was accomplished by the direct method using the weighting function: 

w(xi) = 1 or 0 [3.42] 

where the zero weight was assigned only to inconsistent or suspect data points. 

Since the objective function forms of vapor pressure equations are formulated in 

terms of logarithmic pressure instead of pressure, imprecise low pressure data tends to 

be overemphasized when using the weighting scheme of equation [3.42] (Ambrose, 

1985). The result is a significant degradation of a fit where more accurate data exists at 
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higher pressures. Thus, an alternative weighting function was devised to regress low

pressure data sets to the n-octane Wagner vapor pressure equation: 

w(xi) = -0.5/ln(Pr)(Xi) [3.43] 

ln(PrHXi) is the logarithm of the reduced vapor pressure evaluated at Xi=1-(T r)i. 

As the example of extrapolating a 2,3,4-trimethylpentane Wagner equation 

showed in Fig. 3.2, Wagner equations tend to extrapolate accurate mid-pressure data to 

low reduced temperatures with high accuracy. Thus, the low pressure data sets need 

only to be given a small weight in an overall composite fit. 

Another weighting function commonly used to regress vapor pressure data is the 

use of relative expected total pressure errors (Willingham, 1945; Ambrose, 1985; 

Kratze, 1980) that approximate the expected reciprocal variance: 

w(x.) 
I 

-2 
= (8P to/P) [3.44a] 

[3.44b] 

where & T exp and &P exp are the total estimated uncertainties in the temperature and 

pressure measurements (standard deviations), dP/dT is a vapor pressure slope 

estimated from an initial fit of data, and Gauss' law for error propagation has been 

assumed. [3.44] is suitable only for highly accurate data. It ignores impurity effects 

and the lack of statistical rigor usually associated with vapor pressure measurements. 

For these reasons expected pressure error weights were not used in this work. 
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2. Indirect Fitting Via CSP Correlations 

Indirect fitting via regression of selected vapor pressure data to CSP correlations 

can be achieved by using any CSP correlation such as Lee & Kesler (1975), King et 

al.(1986) or Ambrose & Patel (1984). The vapor pressure correlation of Lee & Kesler 

(1975), however, is not recommended because it is relatively inaccurate in the mid-

pressure regime. This inaccuracy is demonstrated in the the composite deviation plots 

given in Chapter 5, Figs.5.1 0 through 5.14. 

Using the example of a generalized two-fluid CSP correlation applied to a test 

fluid with a known or correlated critical temperature, T c: 

[3.45] 

the goal is to determine an "optimized" critical pressure, Pc. and acentric factor, ro, 

linear by regression of vapor pressure data such that [3.45] is forced through selected 

data sets. [3.45] can be arranged in several ways in terms of the two reference fluid 

equations, ln(Pr)(R1) and ln(Pr)(R2), and acentric factors, roR 1 and roR2. In this work, 

all occurrences of Pc. in acentric factor and as a pressure reducing parameter, were 

usually combined and arranged as follows: 

ln(P) = XO + c1 X1 + c2X2 

where C1 = ln(Pc) is the first coefficient to be determined. 

C2= -log(P)I Tr=.7 -1 is the second coefficient. P is the vapor 
pressure evaluated at Tr=0.7. 

XO = ln(Pr)(R1) - roR 1 1n(Pr)(1) 

X1 = 1 + ln(Pr)(1 )flo(1 0) 

[3 .46] 
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X2 = In ( P r) ( 1 ) 

ln(Pr)(1) = (ln(Pr)(R2) - ln(Pr)(R 1>)/(roR2-roR 1 ) 

ro = c1 /ln(1 0) + c2 = -log(Pr)l Tr=.7 -1 [3.46a-g] 

Values of ln(P), XO, X1, and X2 were calculated for each vapor pressure data point then 

regressed using the weighting scheme of [3.42] to determine c1 and c2. The coefficients, 

c1 and c2, determine the so called "optimized" values for Pc and ro. 

Alternatively, one could have defined c1 =ln(Pc) and c2=ro and obtained similar 

results without lumping all the Pc occurrences in [3.45] together. 

Once T c and "optimized" values of Pc and ro are known, they may be used with the 

selected CSP correlation (e.g., equation [3.45]) to generate a table of smoothed vapor 

pressures over uncertain pressure ranges. If desired, the resulting table may be 

rescaled using another value of Pc (e.g. Twu's Pc) then used in a regression to derive a 

new reference equation fit having an accuracy similar to the generating CSP correlation. 

The advantage of indirect fitting is that it often avoids the complicated problem of 

assigning weights to data sets having widely varying accuracies and pressure ranges. If 

the data of particular data sets are judged to be more reliable, regress them relative to a 

CSP correlation such as the two-fluid model, C1/Ca, then use the CSP correlation to 

extrapolate through regions of unreliable data. Results using this method with 

n-paraffin vapor pressure data have generally been excellent. 

An explicit example for indan where regression techniques are applied is given in 

Section A of Chapter 7. 



65 

3. a-Octane Wagner Vapor Pressure Eguatjoo 

Coefficients for the n-octane reference vapor pressure equation were determined 

by regression of vapor pressures differently than other vapor pressure equation fits. 

Weighting scheme [3.43] was applied to the low pressure sets of Carruth & Kobayashi 

(1973) from -57 to 24 oc and Young (1900) from -3.3 to 50. oc whereas the more 

accurate mid- to high-pressure data sets of Willingham et al. (1945) and Connolly & 

Kandalic (1962) * were weighted by [3.42] after the temperature scales of the data had 

been converted from IPTS-48 to IPTS-68 (Bedford & Kirby, 1969; Co mite 

International des Poids et Mesures, 1969; Wilhoit & Zwolinski, 1971; Benedict, 

1984). 

A deviation plot for the resulting n-octane equation is given in Fig. 5.13. 

G. Tables of Saturated Reference Fluid Properties and 
Regression Coefficients 

1. Notes on the Wu & Stjel Three-Fluid CSP Correlation 

The reference equations discussed in previous sections and given in the tables of 

this section were originally formulated to emulate the three-fluid CSP correlation of Wu 

& Stiel (1985) for the saturation conditions. This "four-parameter" correlation (T c. 

Pc. ro, Y), which resembles another correlation proposed by Wilding (1985), uses the 

Lee & Kesler (1975) simple and n-octane BWR equations of state as nonpolar reference 

* This data was generated from an extended Antoine equation given by TRC (1974). 
Connolly & Kandallic (1962) published their data in this form. 
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fluids. By adding a perturbation term based on the properties of water (i.e., the third 

reference fluid) to the L&K normal fluid property predictions, the Wu & Stiel 

correlation enables the improvement of property predictions for polar substances. 

The form of the Wu & Stiel correlation adapted initially in this work was based 

on the generalized two-fluid CSP eqn. [3.7]: 

'P _ 'P(R1) I\IJ(R2) _ 'P(R1 )) ( ro - ro(R1) ) + y '¥(2) 
- + \ ~ ro(R2) _ ro(R1) 

[3.47] 

'P (2) in [3.47] is the polar perturbation term which is defined from a reference 

equation for water, 'JI(Wl, and a pair of nonpolar reference equations, 'JI(R1) and 'JI(R2). 

To evaluate 'J1(2l, the fourth parameter, Y, was defined to have a constant value of 1 over 

the entire coexistence range when 'P represented a property of water, 'P='P(w). Thus, 

\n(2) _ \n(w) [ \n(R1) I\IJ(R2) \n(R1 ){ ro(w) - ro<R1) )] 
T - T - T + \~ - T (R2) (R1) 

(J) - (J) [3.48] 

To evaluate Y, an accurate property measurement at a reduced temperature below 

T r=0.7 (preferably at Tr==0.6) should be used in [3.47] 

Although the set of saturated reference equations developed to mimic the Wu & 

Stiel correlation [3.47] succeeded in simplifying the original equation of state method 

and in introducing nonanalytic behavior into the critical region, application of [3.47] to 

polar systems gave unreliable results. When a methane/n-octane/water (C1/Cs/W) 

correlation was used to predict liquid densities of Noble gases, the improved predictions 

appear to have been related more to shape factor effects than to polar effects! When the 

fourth parameter, Y, was determined using data of polar compounds, significant 
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property and temperature dependence was observed. For these reasons, application of 

[3.47] to polar substances must be considered inadequate. 

Despite these shortcomings, the saturated reference equations derived from the 

Lee & Kesler BWR reference equations in Table 3.4 and from n-alkane saturated data for 

C1. C2. and Cs in Table 3.6 are faithful representations of the original and could prove 

useful for making nonpolar property predictions. If someone wishes to systematically 

explore the dependencies of the fourth parameter on property and temperature, the 

reference equations for water have been included in Table 3.6. 

Figure 7.4, Table 7.16, and the accompanying text of Chapter 7 illustrate a 

successful application of the C1/Cs/W correlation to predict m-cresol's vapor 

pressures in the 0.04 mm to 0.43 mm range from vapor pressure data in the 91 to 792 

mm range. 

2. Description of Tables 

Table 3.1 summarizes the reference equation forms selected to represent '¥ in 

generalized 2-fluid CSP correlations, eqn. [3.7]. It is emphasized that when properties, 

such as the reduced vapor pressure (Pr). liquid compressibility factor (ZL). and ideal 

reduced vapor volume (Vrd. vary orders of magnitude over the coexistence range , that 

the logarithm of the property should be used as '¥. This conclusion follows from an 

error analysis of the perturbation terms: subtracting two very large or small numbers 

gives relatively large truncation errors. Pitzer et al.(1955) made this mistake when 

they formulated their saturated liquid compressibility factor correlation as ZL = ZL (O) + 

roZL ( 1). As a result, their liquid compressibility factor predictions are inaccurate below 

a reduced temperature of about T r=0.85. 
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Tables 3.2 and 3.3 contain saturated properties determined from the Lee & 

Kesler (1975) simple and n-octane reference BWR equations of state in the reduced 

temperature range, 0.36~Tr~1.0. This "data" was used to determine the reference 

equation coefficients presented in Table 3.4. Additional commentary may be found at the 

end of the Tables 3.2 to 3.4. 

Statistical benchmarks in Tables 6.23 and 6.24 demonstrate that the 

reformulated L&K heat of vaporization correlation is of high accuracy for predicting the 

heats of vaporization of the lighter paraffins.and many other fluids. The other 

reformulated L&K correlations reflect the accuracy of the original equation of state 

method. 

Table 3.5 contains the n-octane saturated property data used in determining the 

Ca real-fluid reference equations. The data sources and the methods of property 

estimation are detailed in the footnotes. 

Finally, Table 3.6 contains the real-fluid reference equation coefficients 

determined for the n-alkanes C1, C2. and Ca. and water. They are expected to be more 

accurate than the reformulated L&K correlations, especially in the critical region. The 

C 1 /Ca pair of Wagner vapor pressure, the dimensionless heat of vaporization, and 

difference between saturated vapor and liquid compressibility factor equation 

coefficients are used extensively in Chapters 5 and 6 as correlations per se, in data 

smoothing, and in the extension of Pitzer-type CSP correlations to a larger acentric 

factor range. 
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CHAPTER 4. EXPERIMENTAL APPARATUSES AND PROCEDURES. 

In Sections A and B of this chapter, the equipment and operation procedures used 

for measuring vapor pressures of n-alkane samples are discussed. 

Since high purity of samples is essential for accurate vapor pressure 

determinations, the purification of n-paraffins by a zone refining technique is detailed 

in Section C. Quantitative estimates of hydrocarbon sample purities are attempted by 

adapting the freezing curve method of Glasgow et al. (1945) and Taylor et al. (1944) to 

the paraffinic compounds. Difficulties in applying freezing curve methods to the 

paraffinic waxes are discussed. 

This chapter ends in Section D with a discussion on equipment calibration. 

A. Vapor Pressure Apparatus 

1. General Description of Apparatus 

The static vapor pressure apparatus used in this study is schematically depicted 

in Figure 4.1 and is similar in design to apparatuses used in previous work (Nasir, 

1980 a,b; Wieczorek, 1980; Sivaraman, 1982, 1983; Roper, 1988). Like other 

apparatuses in this lab, a thermostat (constant temperature bath) is raised 

hydraulically up to the major components of the apparatus which hang downward from 

from an insulated platform called the bulkhead. When the thermostat is lowered, the 

equipment is accessible for servicing. 
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Major components of the static vapor pressure apparatus are identified in Figure 

4.1. A container called the equilibrium cell (EC) allows a sample's vapor to attain 

equilibrium with its liquid. The magnetic slusher (MS) facilitates the approach to 

equilibrium of liquid sample with its vapor. A hydraulically driven propeller stirs the 

bath. A nitrogen purge system serves to protect the bath fluid under an inert nitrogen 

blanket and to test the integrity of the bath flange/bulkhead seal. A platinum resistance 

thermometer is used for bath temperature control and measurement. A thermocouple in 

the bath is part of a bath temperature overshoot controller. A 1 00 watt immersion 

heater is used for fine temperature control. A null-type differential pressure indicator 

(DPI) isolates pressure measuring devices (e.g., Thermovac vacuum gauges (TV), a 

Heise Bourdon tube gauge, a Ruska DDR 6000 digital quartz pressure gauge, a Ruska air 

dead weight gauge (DWG) ) from the sample and indicates when the pressure of a 

nitrogen reference gas equals the sample's vapor pressure. A hand operated 

proportioning pump provides for fine balancing of the reference nitrogen pressure. 

Modifications of the apparatus since the work of Sivaraman et al. (1982, 1983) 

include: 

( 1 ) Replacement of the magnetic pump for circulating vapor through the liquid 
equilibrium cell (Ruska et al., 1970) by the magnetic slusher (Roper, 
1988). 

( 2) Replacement of an inorganic salt bath fluid with a paraffinic oil bath fluid. 

( 3 ) Implementation of a computerized temperature controller and measurement 
readout and measurement readout system. 

( 4) Use of an auxiliary EC bakeout and sample charging system. 

( 5 ) General upgrades to streamline the vacuum manifolds and to eliminate 
unnecessary valves, bends, tubing, etc. 
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2. Thermostat (Constant Temperature Bath) 

For more specifics about the thermostat construction, the reader is referred to 

Nasir's thesis (1980a). In brief, the constant temperature bath consists of a 16 gallon 

capacity cylindrical tank with a rounded bottom. The tank is made of T-304 stainless 

steel. A flange welded to the top of the tank allows the bath to be bolted to the bulkhead of 

the apparatus after the bath is hydraulically raised inside a larger, outer tank 

containing thick layers of insulating materials. Six 500 watt strip heaters strapped on 

the outside of the bath tank provide a rough temperature control. These strip heaters 

are wired in sets of three in a deltoid configuration with each heater assembly powered 

by a 240 volt, three-phase potentiostat. Two additional deltoid assemblies are available 

as backup heaters. 

The relative vertical position of equipment that protrudes through the bulkhead 

or hangs down into the bath fluid is depicted in Figure 4.3. 

a. Bath Fluid 

Because of its high melting point (> 135 °C), the salt bath fluid inherited with 

the thermostat, a eutectic mixture consisting of NaN03/KN02 (E. F. Houghton Co., Draw 

Temp 275), led to major operational and maintenance problems including ruined valves, 

the rupture of DPI monel 500 assembly bolts and the consequent influx of bath fluid into 

the vacuum system. To avoid these costly and frustrating problems, the salt bath fluid 

was replaced by Multitherm's IG-2, a refined, single cut, paraffinic oil consisting of an 

average molecular weight of 440 (- C31 ). IG-2 is suitable for a wide operating 

temperature range (66-316°C) and at the higher temperatures has the lowest vapor 

pressure of any commercial organic heat transfer fluid now available (tb=348°C). 

Because the properties of IG-2 differ significantly from the properties of the salt bath 
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fluid previously used, modifications in equipment and operational procedures were 

required: 

( 1 ) a seal to contain the bath fluid at the higher temperatures had to be found. 

( 2 ) thermal expansion of the bath fluid had to be accounted for. 

( 3 ) a nitrogen blanket became necessary to discourage oxidation of the bath 
fluid at high temperatures. 

b. Bath Flange/Bulkhead Seal 

Since in the past when thermostats containing organic bath fluids (e.g., 

Therminol 66 and Therminol 88) were operated for long periods at high temperatures, 

the building would fill with noxious fumes, a better way to contain the bath fluid was 

sought. The problem is that no pliable material currently exists that can form an 

airtight seal between the bath flange and the bulkhead but also withstand the bath oil at 

high temperatures for long periods. 

To address this problem, a set of five barriers was employed on the flange as 

depicted in Figure 4.2. The inner most barrier, a splash guard, consisted of a sheet 

metal strip riveted into a ring that fit snugly into the mouth of the bath. Several 

mounting screws prevented the splash guard from slipping down into the bath. The 

second barrier consisted of a 15" 1.0 x 1" x 0.125" Durabla gasket that was cut to a 0.5 

inch width. The third and fourth barriers were made of Permatex® Ultra Copper (Part 

No. 101 BR), a high-temperature RTV silicone gasket material that is resistant to oils 

up to 650°F (343°C). Ultra Copper is manufactured by the Loctite Corporation and 

available at automobile parts stores. Finally, as a fifth barrier to prevent possible 

leakage of bath fluid into the bath insulation through the flange bolt holes, cylindrical 

aluminum spacers cut to a height slightly less than 0.125" were glued around the six 

bolt holes using Ultra Copper. 
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For maintaining the bath flange/bulkhead seal, it was necessary to scrape the 

steel bulkhead plate clean using a razor blade each time the seal was broken and to apply 

a thick coating of Never Seez, a high temperature lubricant. The Ultra Copper and 

Durabla gaskets were also given a fresh coating of Never Seez. 

At no time was the inner or outer Ultra Copper gasket breached by the bath oil; 

however, after several uses, the inner gasket had to be remade. The life of the inner 

gasket could be further extended by not over-compressing it. The flange bolts were 

tightened just enough to produce an air tight seal as indicated by a bubbler in the 

nitrogen purge system (Figure 4.3). Each time the seal was remade, the bolts were 

tightened slightly more than previously. 

c. Bath Fluid Level Control 

To insure that valves V1 and V2 and connecting lines in Figure 4.1 remained 

immersed in the bath fluid during vapor pressure measurements, it was necessary to 

adjust the bath fluid level to account for bath fluid expansions or contractions that occur 

over wide temperature ranges. Jett (1990) employed an external reservoir system to 

maintain the constancy of the bath level when using a thermostat similar to the one used 

here. In this work, the bath fluid level was known to be at an acceptable level based on 

calculation. The apparatus was operated in a batch filling mode in which the initial bath 

fluid filling level, xo, and the initial bath fluid temperature, to, determined an 

acceptable operating temperature range (tmin· tmax) for measuring vapor pressures. 

For example, when measuring the vapor pressure of C1 o from sooc to 315°C, two 

different initial bath fillings were required. The first filling allowed measurement from 

sooc up to 200°C and the second from 200°C up to 315°C. 
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If "x" is the distance of the bath fluid level from the top of the bath flange in 

inches when no equipment is submerged in the bath (i.e., a filling level), the bath fluid's 

total volume can be calculated using the dimensions given in Figure 4.3. When the 

rounded bottom portion of the bath is represented as the cap of a sphere, this volume in 

cubic inches is given by: 

Vbath = 3722.32 - 170.87 x (4.1 1 

The density behavior of IG-2 is provided by the Multitherm Corporation and can 

be estimated from: 

p = 7.4609 - 0.0060925 t [4.2] 

where t is in [°C] and p is in [lbs/gal]. 

The highest and lowest acceptable bath fluid operating levels during vapor 

pressure measurements are shown in Figure 4.3 to be 2 and 4.5 inches below the 

bulkhead. When the equipment is submerged in the bath fluid, the level of the IG-2 rises 

about 0.4 inch. 

Equations [4.1] and [4.2] and the given constraints allow one to calculate the 

highest and lowest operating temperatures of the bath when the initial filling level, Xo, 

as measured by a dipstick, and the initial bath fluid temperature, to, are known. 

Alternatively, one can calculate the initial filling level, Xo, if to and a desired maximum 

or minimum operating temperature, tmax or tmin. is assumed. 

The details of this section were implemented into a FORTRAN program that is 

listed in Table 4.1. 
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d. Nitrogen Purge System 

The nitrogen purge system served to blanket the bath fluid and to test the 

integrity of the bath flange/bulkhead seal system. The nitrogen flow rate into the inlet 

of the bath bulkhead depicted in Figure 4.3 was regulated by a Nupro SS-2SG metering 

valve. The outlet had a 1/4" copper coil condenser attached so that bath fluid vapors 

exiting with the purge stream would condense and drip back into the bath. The exiting 

purge line terminated in a beaker containing bath fluid. In this way nitrogen bubble 

formation verified the integrity of the bath flange/bulkhead seal. 

e. Temperature Control and Measurement Readout 

Two heaters were used in the control of the thermostat bath temperature. The 

main heater, which consists of the six 500 watt strip heaters previously described, 

supplied the base heat load for temperature control and for rapidly ramping the bath 

temperature upwards. An auxiliary 100 watt immersion heater powered by ·a 

programmable power supply enabled fine temperature control of the thermostat usually 

within ±0.004°C during the 1 to 2 hour vapor pressure measurement period. For 

periods exceeding 8 hours, control was within ±0.01 oc. 

The main heaters were not used when controlling the bath temperature below 

1 oooc. Between 1 oooc and 315°C a suitable base heat load was achieved by setting both 

main heater potentiostats according to: 

v s = -58.41 + 0.9296t - 0.003302t2 + 0.000004431 t3 [4.3] 

where Vs is in percent of scale of the potentiostat dials (220 VAC, full-scale) and t is in 

Celsius degrees. 
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Ramping the bath from room temperature to the highest temperatures required 

several hours. A maximum potentiostat setting of 83% was used for this purpose. As 

the bath temperature approached the desired set point, the main heater Variacs were 

adjusted according to eqn. [4.3] or to minimize bath temperature overshoot of the set 

point. A Jewell-Relay type temperature controller taking its input from a thermocouple 

sensor was used to prevent a catastrophic overshoot of the set-point. In that event, the 

potentiostats would be turned off by the Jewell-Relay controller and require manual 

resetting. 

For rapidly cooling the thermostat from high temperatures downward towards 

room temperature, the main heaters were turned off and the outer insulation 

surrounding the thermostat bath lowered hydraulically. An electric fan blowing air on 

the outside of the bath facilitated rapid cooling. 

Fine temperature control of the thermostat was provided by a proportional

offset loop. A displacement, DT = Ts-T, of the bath temperature, T, from the set point, 

Ts, determined a control level, X, for a programmable power supply to operate. X is 

defined by the algorithm: 

{ 
Integer [SL *(T8 -T) + IT]} 

255, Maximum 
X = 0, Minimum [4.4] 

where SL is typically set to a constant around 2000 and IT is a variable containing the 

offset action of the controller. The number X told a programmable power supply how 

many times out of a 255 step cycle to supply 120 VAC to the 144 ohm immersion heater. 

Since the power supply operated at a frequency of 60 Hz, the full 255 step cycle was 



77 

completed every 255/60 = 4.25 seconds, a time period much smaller than required by 

the bath to reach a thermal steady state. 

The control algorithm summarized above was incorporated into a Basic program 

that ran on a Commodore CBM 2001 Series Microcomputer. Other features of this 

program include a Newton-Raphson subroutine for converting resistance measurements 

of the PAT into temperature according to the Callendar equation [4.5] and equations for 

converting voltage measurements of a the DDR pressure transducer into pressure units. 

The voltage and resistance measurements were made using a Keithley Model 192 

Programmable DMM (Digital Multimeter) equipped with a Model 1923 A IEEE Interface. 

Approximately every 5 seconds the control program instructed the Keithley to make 

resistance and voltage measurements and to send them back to the Commodore over the 

general purpose information bus (GPIB). The Commodore converted the raw 

measurements to temperature and pressure readings, calculated X, and wrote the results 

to its CRT display. It also wrote X to the address of the programmable power supply. 

A schematic of the thermostat temperature control/measurement readout system 

is depicted in Figure 4.4. The Basic control program may be found in Table 4.2. The 

programmable heater controller was wire-wrapped according to an unpublished 

schematic drawn by John Schroeter (1980-81 ). The design has been widely used in 

this laboratory; e.g., Jett (1990), Schroeter et al. (1983). A brief qualitative 

description of the circuit is given in Table 4.3. 

3. Temperature Measurements 

The platinum resistance thermom~ter(PRT)/Keithley DMM/Commodore 

Computer system used for temperature control was also employed for temperature 
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measurement. The original PAT was a precision 25 ohm Leeds & Northrup thermometer 

which was mounted 2 inches from the equilibrium cell away from the immersion control 

heater. After this thermometer was broken, it was replaced by a 4-wire, 500 ohm 

thermometer, an Omega model PA-11-3-500-1/4-17.5-E. This author retained the 

use of the Omega thermometer, which is durably constructed, because of the demands of 

the salt bath fluid initially used. The final temperature measurements were based on 

careful comparisons of the Omega PAT with Leeds & Northrup precision thermometers 

and involved the application of corrections for hysteresis and self-heating effects. For 

more details of the calibration procedure used, the reader is referred to Section D of this 

chapter. 

Precise thermometry in the temperature range between ooc and 630.74°C is 

defined according to the International Practical Temperature Scale of 1968 (IPTS-68) 

in terms of a precision platinum resistance thermometer and several fixed point 

temperatures (Benedict, 1984; Comite International des Poids et Mesures, 1968). The 

equation which is used to describe the increase in resistance of the thermometer's 

platinum element with increasing temperature is the modified Callendar equation: 

[4.5a] 

tsa = r + .1t [4.5b] 

t' t' t' t' 
.1t = 0·045(1 00)(1 00 - 1)(419.58 - 1)(630.74 - 1) [4.5c] 

where RT is the thermometer's resistance at temperature r [°C], 
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Ro is the thermometer's resistance at f =0°C (water ice point), 

a is the thermometer's temperature coefficient (e.g., 0.00392 f.l/f.l/°C), 

B is a characteristic constant of the thermometer defined at the zinc fp, 

tsa is the temperature in Celsius degrees according to IPTS-68, 

f is the uncorrected Callendar eqn. temperature in Celsius degrees, and 

.1t is a small correction term added to r which interpolates between the 
boiling point of water and the freezing points of water, zinc, and antimony. 
~t. the difference between IPTS-68 and the Callendar equation, varies less 
than ±0.045 oc over the range from ooc to 630.74 oc. 

4. Pressure Measurements 

The basis of the static vapor pressure measurements in this work was a null-

type differential pressure indicator (DPI) which allowed the direct comparison of the 

sample's vapor pressure to a nitrogen reference gas. The position of a metal diaphragm 

in the DPI which separated the sample from the reference gas was first measured when 

an equal reference pressure was applied to both sides of the diaphragm. Then, with the 

sample exerting its pressure on one side of the diaphragm and the reference gas on the 

other side, the reference pressure was adjusted until the initial "null" position of the 

diaphragm was reproduced. After the null state of the DPI was re-established, an 

assortment of pressure gauges were used to measure the pressure of the reference gas. 

a. Differential Pressure Indicator (DPI) 

The DPI used was manufactured by the Ruska Instrument Corporation and 

consists of two parts, a model 2439-702-046 Differential Pressure Null Transducer 

(DPNT) and a model 2416-708-00 Differential Pressure Null Indicator (DPNI). The 
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DPNT is dumbbell shaped having two cylindrically shaped parts held together by three 

tie rods. The lower cylinder of the DPNT was mounted in the thermostat bath at the same 

level as the equilibrium cell (see Figure 4.3). It contains the thin metallic diaphragm 

which separates the reference gas in the upper chamber from the sample vapors below. 

A slim metal rod attached to the top of the diaphragm extended out of the bath through a 

52 em long hollow shaft to the upper cylinder of the DPNT. This portion of the DPNT 

contains a transformer which senses the position of the diaphragm and feeds the 

information to the DPNI via multiple wire leads. 

The DPNI contains the electronics, a null indicator meter and a couple of 

potentiometers for adjusting the gain and the position of the null meter needle. The gain 

was set at 989 for all measurements. The meter was delineated by divisions in units of 

two ranging from -50 to +50 meter units (MU). 

The DPI sensitivity, which is defined as the ratio of the change in reference gas 

pressure to the resulting change in meter reading, ~P/~MU, was determined by slightly 

over- or under-pressurizing the reference gas to produce a shift in the DPNI readout of 

about 10 MU away from the zero position. Usually the sensitivity ranged between 0.010 

and 0.013 mm/unit. Although the diaphragm's sensitivity exhibited a strong 

temperature dependence below 140 oc, no significant pressure effects were observed up 

to 2000 mm. When small shifts in the null meter readout were observed after the 

completion of a vapor pressure measurement, knowledge of the DPI's sensitivity enabled 

the calculation of "null shift" corrections to be added to the low pressure measurements. 

b. Pressure and Vacuum Gauges 

Vapor pressures below 1 034 mm (20 psi a) were measured by using a Ruska 

Instrument Corporation model DDR-6000-151-20 digital pressure gauge (DDR) 
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which consists of a fused quartz Bourdon tube, an optical null detecting system and an 

electromagnetic nulling system. For pressures above 1034 mm, a model 2465 Ruska 

air dead weight gauge (DWG) was used. The DWG also served to calibrate the DDR. 

The Heise gauge indicated in Figure 4.1 is a Heise model H46360 Bourdon tube 

gauge rated for the 0 to 500 psia range. Although not used for the reported pressure 

measurements, it was useful for measuring reference gas pressures used when leak 

testing, nulling the DPI, and for other quick pressure measurements above 20 psia 

where the DDR could not be used. 

Vacuum pressures in the vapor pressure apparatus were indicated by the use of 

Leybold-Heraeus model TM 22082 Thermovac vacuum gauges (TV). Three sensing 

probes were mounted in strategic locations. A TV mounted on top of the DWG bell jar 

measured the pressure inside the bell jar. A second TV, located next to the DDR, served 

to measure the zero pressure needed to adjust the DDR before pressure measurements. A 

final TV, which may be seen in Fig. 4.1, served to monitor the evacuation of gas from the 

sample-side of the pressure supply and measuring system. 

Air Dead Weight Gauge (DWG) 

When the DWG was used to measure vapor pressures, it was equipped with its 

high pressure piston/cylinder assembly. By leaving open vent valve V16 in Fig. 4.1, 

air was admitted inside the DWG bell jar to serve as a atmospheric reference pressure. 

This pressure was measured by the DDR when vent V12 was left open and valve V11 was 

closed. Drying tubes packed with Drierite prevented atmospheric moisture from 

entering the reference pressure system. 
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An initial set of weights needed to balance the position the DWG piston inside its 

cylinder against the reference gas could be estimated by using the reading of the Heise 

pressure gauge or by using a vapor pressure correlation. These weights were placed on 

top of the piston. Because the position of the piston inside the cylinder affected the 

reference pressure, an oscillatory behavior was often observed when maintaining the 

balance of the DPI. Eventually with trial and error, the proper combination of weights 

ranging in size from 0.0100 to 590.006 gm (0.0875 to 5163.60 mm) could be found 

to balance the position of the piston against the pressure.of the reference gas in the 

system. 

The final reported pressure measurements were corrected for the influence of 

temperature on the piston's effective area, A0 ; the buoyancy force of the air on the 

weights and piston (these were all assumed to be made of ss-316 having a density of 

Pss=8.02 gm/cc),; and, the effects of the local acceleration due to gravity, 91oc· The 

final form of the absolute pressure equation for the DWG including these corrections is: 

absolute pressure = effective force I effective area 

+ pressure inside DWG bell jar 

M gloc (1 _Pair) 
9c Pss p = 

A 0 (1 + C (t - 23.0) ) + p bell 

[4.6a] 

[4.6b] 

The value of 91oc used was 979.296 cm/sec2 . This value is an average value of the 
979.294 cm/sec2 measured at the Ruska Instrument Corporation in Houston and the 
979.299 cm/sec2 literature value reported for Houston by Garland (1953) and 
Wollard et al. (1952). 

9c has the magnitude of the standard acceleration due to gravity, 980.665 cm/sec2. 

M is the total mass in grams of the balancing weights including the mass of the 
piston (i.e., the tare mass). 
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A0 (1 + C(t-23.0)) is the effective area of the piston including a temperature 
coefficient, C. t is the temperature of the DWG in Celsius degrees as read by a 
thermometer inside the DWG. A0 is the piston's effective area at 23.0°C. Both A0 

and C were determined by a calibration performed at the Ruska Instrument 
Corporation. 

(1 - Ppai r) is the buoyancy compensation factor. 
ss 

Pair is the density of dry air in units (gm/cc] calculated from the ideal gas law 
using an average molecular weight of 28.96 gm/mole for air: 

Pair = 0.00046438 Patml (t + 273.15) [4.7] 

P atm, the atmospheric reference pressure, was measured by the DDR in 
millimeters of mercury. Pbell = Patm for vapor pressure measurements. 

Digital Pressure Gauge (DDR) 

The DC voltage output of the DDR pressure gauge varied linearly from 0 to 1 0 

volts full scale (corresponding to 20 psia) and could be accurately measured by using 

the Keithley DMM. The DDR was calibrated at Ruska; however, to insure the integrity of 

its original calibration, it was recalibrated between 10 mm and 1034 mm by comparing 

its readout to the DWG. Details of the calibration procedure are given in Section D of 

this chapter. 

Although the DDR exhibited excellent linearity and long term reproducibility 

over its entire pressure range (0-1 034 mm), its reproducibility could only be insured 

by verifying the zero pressure of the DDR before each vapor pressure measurement. 

The zero check consisted of evacuating the DDR and the TV associated with it down to a 

pressure between 0.08 to 0.100 mm. Using the TV readout as the zero pressure, the 

DDR's pressure reading, which was monitored on the Commodore computer display 
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screen, was adjusted to agree with the TV by turning the screw of a potentiometer on the 

front panel of the DDR. 

5. EQuilibrium Cell 

Figure 4.5 details the assembly of the equilibrium cell (EC). It was made from 

standard Autoclave Engineering fittings. The main body consists of an Autoclave Part No. 

CNLX-16012 cut to 11 inches in length. The cap on the main body was an Autoclave 

coupling (No. 20F-16463). The bottom portion was plugged and not used. Formally, 

the vapor circulation pump (Ruska et al, 1970) was connected at the bottom. 

The volume of the main body is approximately 62 cc when no magnetic slusher 

piston is inside. With the slusher piston inside, the volume is 55 cc. 

a. Magnetic Slusher Assembly 

Figure 4.6 details the assembly of the magnetic slusher system. The magnetic 

slusher facilitated the removal of volatile impurities from the equilibrium cell and the 

approach of the sample towards equilibrium conditions. Whereas the body of the EC was 

made of non-magnetic ss-316, the piston of the slusher assembly was made of magnetic 

406 steel. A magnetic collar driven in a vertical up-down motion by a motor with a 

speed controller caused the piston to mix the sample. 

b. EQuilibrium Cell Bakeout and Sample Charge System 

A separate system was built for removing wall adsorbed impurities from the EC. 

This same system also allowed to vacuum check the EC for leaks and to charge sample into 

it. This equilibrium cell bakeout/sample charge system is depicted in Fig. 4.7. It 
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consists of a vacuum manifold which can be valved off in several locations, a Thermovac 

vacuum gauge, a fluted funnel connected to the vacuum manifold via a glass-covar seal, 

and a furnace which can be raised or lowered up to the EC that is attached to the manifold. 

The furnace temperature was controlled by a Variac and could be estimated using the 

readout from a thermocouple. 

Before the EC was charged with a sample, it was first disassembled and 

thoroughly cleaned using suitable solvents. After drying it in an oven at 160°C, it was 

reassembled, pressure tested for leaks, then attached to the EC bakeouVsample charge 

system. Volatile wall-adsorbed impurities which might affect vapor pressure 

measurements were baked out of the EC by evacuating it to about 0.01 mm and setting the 

furnace temperature to 350°C. After the EC was vacuum leak tested, it was cooled to a 

temperature above the melting point of the compound to be studied. Approximately 33 cc 

of liquid sample was introduced into the fluted Pyrex funnel. Valve V4, which regulates 

the vacuum of the sample charge system, was closed and valve VS opened to allow gravity 

and the pressure difference to empty the funnel contents into the EC. 

6. Egujprnent Lists 

Lists of valves, equipment, and equipment calibration constants used have been 

summarized in Tables 4.4-4.6. 
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B. Vapor Pressure Measurement Procedures 

1. Overview 

The vapor pressures of n-paraffin samples were measured in the following 

order: C2o (mid-cut), C1s. C14, C12. C1o. C1s. C1g, C2o (top-cut), C22. C24. and C2s. 

The first measurements were taken in October 1987 and the final set was completed in 

March 1988. During this period vapor pressure measurement techniques evolved to 

obtain more precise pressure measurements below 50 mm of Hg. 

A "typical" run followed this order: 

( 1 ) The vapor pressure apparatus was cleaned using a bakeout procedure. 

( 2 ) The EC was cleaned then charged with sample using the EC bakeout/sample 
charge system. 

( 3 ) The EC was attached to the vapor pressure apparatus for initially degassing 
the sample of volatiles using a freeze-thaw-elevated temperature cycle. 

( 4 ) The bath fluid level was adjusted to accommodate the fluid's thermal 
expansion over wide temperature ranges. 

( i ) Vapor pressures at temperatures up to 260°C were 
measured during the first measurement stage. 

( i i ) Measurements up to 315°C were completed during the 
final stage. 

( i i i) C22. C24. and C2s measurements required only one 
bath filling level. 

(5) The apparatus was prepared for measurements by: 

( i ) Assembling the magnetic slusher assembly. 

( i i ) Hydraulically lifting the thermostat up to the bulkhead. 
then bolting the bath flange to the bulkhead. 

( i i i) Verifying the bath flange/bulkhead seal system. 

( i v ) Turning on the tape heater used to heat the sample-side 
trap and the bulkhead line heater. 

( v ) Ramping the bath temperature up to the first set point. 



(6) Vapor pressure measurements required: 

( i ) A steady state bath temperature (stand. dev. < 0.004 °C). 

( i i ) Removal of volatile impurities out of the samples via 
distillation. 

( i i i ) Minimal exposure of samples to temperatures greater 
than 230°C. 

( i v ) A zero check of the DDR before each measurement. 

( v ) Measurement of an initial null position of the DPI 
diaphragm when both sides of the DPI are exposed to 
the same reference pressure. 

( v i ) Adjustment of the reference pressure to balance the 
vapor pressure of the sample across the DPI diaphragm. 

( v i i ) Measurement of the reference gas pressure using the 
DDRorDWG. 

(viii) Verification of the DPI null state following 
the conclusion of each vapor pressure measurement. 
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( 7 ) After completing the first stage of measurements, the thermostat bath fluid 
level was adjusted for the final stage by using a siphon to remove excessive 
bath fluid into a storage can. 

2. Special Technigues 

Sub-sections which follow detail some of the techniques and procedures used 

when using the vapor pressure apparatus. 

a. Cleaning the System 

To clean out the vapor pressure apparatus, a three-step bakeout procedure was 

followed that minimized the number of connections in the vacuum system to be 

disconnected. This method simplified the leak testing procedure and is a suitable 

approach for the n-paraffins studied because paraffins tend not to deposit char in the 

vacuum lines when they crack at 315 oc. 



88 

In step one, the equilibrium cell (EC) was removed from the apparatus and 

replaced by the "cleanup plug assembly" depicted in Fig. 4.8. The apparatus was 

pressurized to at least 50 psig from the reference pressure side so when sample-side 

connections were opened, the positive pressure inside prevented impurities (e.g., bath 

fluid, Never Seez, moist air, etc.) from entering. The outside of an 1/8" male Autoclave 

connection which mounted into the top of the EC was cleansed of bath fluid by using a 

ground glass syringe to apply a volatile solvent such as n-pentane or 2-methylbutane. 

After the EC connection was disconnected and cleansed, and the EC removed, the Autoclave 

"cleanup plug assembly" was attached. 

In step two, the sample-side trap depicted in Figure 4.9 was cleaned. The heating 

tape wrapped around the trap parts was removed and the trap was disconnected from the 

vapor pressure apparatus at the vacuum manifold and at the 3/16" Swagelok® union. 

With the 3/8" tee of the trap clamped in the jaws of a bench vise, the 3/8" nut of the 

metal to glass covar seal and the 3/16" nut of the 3/16 to 1/4" reducer were removed. 

The disassembled trap was cleansed of contaminants using solvents such as 

2-methylbutane and acetone, baked in an oven at 160°C, purged of moist air and dust 

particles using dry nitrogen, then reattached to the vapor pressure apparatus. 

Finally, volatile impurities were baked out from the sample-side of the vapor 

pressure apparatus under a vacuum. The thermostat was bolted to the bulkhead and the 

bath temperature ramped up to 315°C, the highest temperature at which measurements 

were made. The bath was maintained at this temperature overnight. Metal portions of 

the trap were heated to high temperatures using a heating tape. The 3/16" vacuum line 

from the trap which fed through the bath bulkhead into the bath was mounted through a 

hole in a brass cylinder that an annular strip heater heated. The two bellows valves of 
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Fig. 4.1, V1 and V2, which were actuated by handles that extended up through the 

bulkhead, were periodically opened and closed to allow entrapped volatiles to escape up to 

the sample-side trap. 

b. Leak Checks 

Whenever a part of the vapor pressure apparatus vacuum/pressure system was 

replaced, it was necessary to verify the integrity of the reconnected fittings via leak 

tests. A high pressure leak test involved subjecting reconnected parts to nitrogen 

pressures in the 50 to 80 PSIA range and looking for bubble formation with Snoop® 

liquid leak detector. Once offending connectors were adequately tightened, the system 

was evacuated, closed off from the vacuum source, then monitored to observe the rate of 

vacuum degradation. If a vacuum leak could not be reduced to an acceptable level by 

tightening a suspect fitting, the fitting was replaced. 

Vacuum leaks in the Swagelok® fittings of the trap were often a nuisance to 

eliminate after connections had been diassembled several times. For future trap 

constructions, alternative couplings which give a more reliable.vacuum/pressure seal 

than did the Swagelok® fittings should be tried. 

An example of the leak rate into the space between valves V2, V4, and VS of Fig. 

4.1 is from an initial TV reading of 0.003 mm to 0.02 mm in a 10 minute period. The 

total volume of this section is approximately 38 cc. This rate varied depending mostly 

on the condition of the 3/16" front ferrule seal in the 3/16" Swagelok® union of the 

trap (Fig. 4.9). 
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c. Mounting the Eguilibrium Cell (EC) 

After the EC was charged with a sample, it was removed from the charge system 

of Fig. 4.7 and mounted onto the vapor pressure apparatus following the same procedures 

used to mount the cleanup cap. 

d. Degassing of Samples 

To rid samples of volatile impurities, potentially a large source of error in static 

vapor pressure measurements, the sample was degassed using a freeze-thaw-

temperature cycle followed by a distillation procedure. Degassing was carried out in the 

vapor pressure apparatus. 

Steps in the freeze-thaw-temperature cycle: 

( 1 ) Freeze the sample in the EC. 

( 2 ) Evacuate the space over the sample. 

( 3 ) Isolate the EC from direct vacuum by closing valve V2 in Fig.4.1. 

( 4 ) Thaw the sample by raising a furnace to EC on a lab jack. 

( 5 ) Remove the furnace and manually slush the sample using the magnetic 
collar. 

( 6 ) Repeat steps 1-5 until freeze-thaw cycles can be carried out under a direct 
vacuum with little pressure variation indicated by the TV vacuum gauge. 

( 8 ) Close valve V2, heat the sample up to 1 00 oc, repeat steps 1-5, and conduct 
a final set of freeze-thaw cycles under direct vacuum. 
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Distillation Procedures 

After completing the initial stage of sample degassing, the vapor pressure 

apparatus was readied for vapor pressure measurements. The magnetic slusher 

assembly was set up, the bath fluid level was adjusted, the integrity of the bath 

flange/bulkhead was checked while bolting the thermostat bath to the bulkhead, then the 

bath temperature was ramped upwards to the initial set point. The initial temperature 

was selected so the sample would have an estimated vapor pressure in the 1 to 30 mm 

range. 

Vapor pressure measurements commenced with the second stage of degassing the 

sample. The DPI null position was determined, then a series of vapor pressure 

measurements were taken followed by evacuating the sample with the magnetic slusher 

running. Eventually successive vapor pressure measurements became equal and the 

sample was considered degassed. 

Since entrained liquid sample tended to pool on the DPI diaphragm and to cause 

erratic DPI response after distilling large quantities of sample into the vacuum system, 

initial vapor pressure measurements were usually unreliable. Furthermore, when the 

sample's vapor pressure was below 10 mm, as much time as one hour might be required 

to dry out a flooded DPI. Thus, to continue the degassing operation, it became necessary 

to increase the bath's temperature until the higher vapor pressure of the sample would 

allow rapid drying out of the DPI diaphragm. This step had an additional benefit since it 

was observed that the volatile impurities tended to become more volatile relative to the 

major component at the higher temperatures. After degassing samples at higher 

temperatures, vapor pressure measurements taken at lower temperatures usually 

required no more degassing. 
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As the vapor pressure of the sample exceeded approximately 30 mm, direct 

evacuation of the sample became risky so degassing proceeded cautiously by evacuating 

the vapor space between valves V1 and V2 or by opening valve V2 slightly to vacuum 

then immediately closing it. When samples attained superatmospheric pressures, this 

evacuation procedure served only to purge sample-side vacuum lines of residue gases 

left over from balancing the DPI or introduced into the system by trap leaks. 

For measurements above 260°C of samples having low vapor pressures, heavy 

degassing was required to reduce the effects of decomposition product buildup. As a 

result of this and earlier degassing, approximately 2 to 3 cc of the 33 cc sample 

initially charged into the EC would be recovered from the sample-side trap when all the 

vapor pressure measurements were completed. 

e. Nulling the DPI 

Before and after each vapor pressure measurement, the null setting of the 

differential pressure null indicator (DPNI) was determined. Referring to Figure 4.1, 

when valves V2 and V4 are closed, and valves V1, V3, VS, V7, and VB are open, then both 

sides of the metal diaphragm in the differential pressure null transducer (DPNT) are 

open to the same reference nitrogen pressure. A potentiometer in the DPNI was then 

adjusted to find the null setting of the DPI which corresponded to a zero deflection on the 

readout meter. 

To avoid unwanted hysteresis and pressure effects on the DPNT it was essential 

for low vapor pressure measurements to use balancing pressures of a similar order of 

magnitude as the vapor pressure to be measured. For example, to measure a vapor 

pressure below 10 mm, a 7 to 20 mm null-zeroing pressure would be suitable. For 
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pressures in the 150 to 760 mm range, balancing pressures in the 1 00 to 760 mm 

range would be adequate. For superatmospheric pressure studies, the sample trap used 

limited the amount of pressure that could be applied to the DPI since it was feared that 

the Pyrex® glass part would explode if overpressurized. Also the more volatile samples 

(C1 o.C12.C14. and C1s) required the use of a liquid nitrogen cold trap which in turn 

caused the nitrogen balancing gas to condense until a pressure of one atmosphere was 

attained! The estimated error introduced by the pressure effects on the DPNT by using 

760 mm in balancing pressure to measure the highest vapor pressure encountered 

(1 0500 mm), however, is expected to be small according to equation [5.4]. 

After the null setting was found, valves V7 and V5 were closed and V4 opened to 

evacuate the sample side of the DPNT. Since the dead space between the trap and the 

DPNT is small, 10 minutes was found to be adequate to evacuate it to the base vacuum 

level of approximately 0.003 mm. Usually 20 to 30 minutes was allowed. 

f. Vapor Pressure Measurements 

Before opening the EC directly to the DPI, a small quantity of sample vapor was 

bled into the vacuum by partially opening then quickly closing valve V2, which isolates 

the sample in the equilibrium cell from the vacuum. This ritual helped to expel residue 

nitrogen gas that might remain on the sample side of the DPI after balancing the DPI. 

While this vapor was evacuated from the sample side of the pressure supply system, the 

magnetic slusher mixed the sample. Valve V1, which isolates the sample side of the DPI 

from the vacuum, was closed and then valve V2 was opened to allow the sample's vapor 

pressure to exert itself directly on the DPNT diaphragm. The slusher was turned off and 

the system allowed to equilibrate for 5 to 10 minutes. 
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When adjusting the nitrogen reference gas pressure to find the null position of 

the DPI, two techniques were used. Below 30 mm, the reference pressure was adjusted 

by opening valve V1 0 to evacuate the system or by opening V13 to slowly bleed in more 

nitrogen. At higher pressures, the Ruska hand pump could be also be used for fine 

pressure adjustment. 

After the DPI null position was found, DDR pressure measurements were 

recorded every minute for a 10 to 20 minute period. If the DPNI readout meter strayed 

from zero, the nitrogen reference pressure was adjusted accordingly to return the null 

readout meter back to zero. The DPI sensitivity of diaphragm was confirmed at the 

conclusion of this period. 

The DPI null condition was verified at the conclusion of the vapor pressure 

measurement by closing valve V2, evacuating the sample vapor away from the DPNT 

diaphragm, closing V4, opening valves VS and V7, and then restoring a similar balancing 

pressure as used previously on both sides of the diaphragm. The reading on the DPNI in 

meter units was recorded. Ideally, the null would repeat itself to within 1 MU. This 

small shift, however, was not always observed. While a shift of 3 meter units 

represents an error of approximately 0.01 % for a 330 mm measurement, it is a 1% 

error for a 3.30 mm measurement and must be accounted for to maintain the consistency 

of the low pressure data. Since much time and effort was expended on each measurement, 

it was easier to correct the raw data for the null shifts than to repeat the measurement 

until negligible null shifts were observed. 

Owing to the sluggish DPI response and conductance of the reference pressure 

through the pressure supply system, measurement of vapor pressures below 1 mm were 

difficult. No null shift corrections were applied to these measurements. Instead, the 
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final value was selected from several measurements to be consistent with higher 

pressure data. Examples of the reproducibility of low pressure measurements are given 

in Table 5.3. 

For measurements in the range 1 to 50 mm, null shift corrections were usually 

added to the last pressure measurement recorded rather than using an average value of 

all 1 0 to 20 recorded measurements. The rational here was that any corrections for 

small null shifts due to changes in the length of the DPNT diaphragm connection rod 

* length would apply most aptly for the most recent measurement. 

The standard deviation of DDR pressure measurements in the 1 to 50 mm 

pressure range varied from 0.004 to 0.022 mm with the overall pressure measurement 

stability for all 11 paraffin samples studied ±0.01 0 mm. Thermal decomposition and 

outgassing of impurities in samples at the temperatures higher than 230°C explain the 

slight increase in pressure observed during the measurement period. No amount of 

degassing and time to allow the system to approach equilibrium could entirely eliminate 

the upward trend in pressure. The limiting factor became the rate of decomposition 

which was substantial at 315°C for most of the paraffins heavier than C1 o. 

For DDR measurements between 50 and 1032 mm, average values of the 10 to 

20 recorded measurements were typically reported. The rationale here is that at the 

higher pressures (i.e., temperatures), thermal decomposition becomes a larger source 

of error than the null shift corrections and the absolute fluctuations in these 

measurements are larger than at lower pressures. Thus, an average of recorded 

measurements was reported. In this pressure range, the measurement stabilities ranged 

* See the section below on the origin of null shifts. 
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from a standard deviation of ±0.014 mm (C1 o) to ±0.064 mm (C24). The overall 

standard deviation was 0.034 mm. for 10 samples studied in this pressure range. 

g. DPI Null Shifts during Measurements 

The exact cause of null shifts during vapor pressure measurements was not 

always known. Hysteresis and pressure effects play a role at higher pressures. Liquid 

droplets in contact with the diaphragm and shifts in the DPNI electronics are other 

possibilities. 

At subatmospheric pressures and at temperatures below 220°C, a systematic 

behavior in the null shifts was observed. After the bath temperature was ramped 

upwards starting from a low initial temperature, the shifts in the null meter following a 

vapor pressure measurement tended to be negative in sign. Negative shifts corresponded 

to a negative pressure correction to be added to the raw data. When the bath temperature 

was lowered to a set point below 220. oc, the null shifts after a vapor pressure 

measurement usually were positive in sign. If the thermostat was allowed to equilibrate 

overnight at a given set point, however, the observed sign rules no longer applied and the 

magnitudes of shifts that occurred tended to be smaller. 

The above observations suggest that the thermostat bath insulation takes longer 

than 3 hours to attain its steady state temperature profile. Since the metal rod which 

senses the position of the DPNT diaphragm extends through the bulkhead insulation, the 

null shifts can probably be ascribed to changes in the length of the DPNT null sensing rod 

which occurred during vapor pressure measurements when the bath insulation had not 

yet attained a steady temperature profile. 
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C. Purification of Compounds. 

1. Zone Refiners: 

The zone refiner units applied in this work to purify n-paraffins have been 

previously described (Nasir, 1980a; Martin et al., 1984). The two units designed for 

compounds which melt above room temperature were used to purify n-paraffins in the 

C 18 to Cas range. n-Aikanes in the C12 to C1s range, which melt below room 

temperature, were purified using the low-temperature zone refiner. 

The original design of the low-temperature unit was modified by the 

incorporation of a bypass valve and a Model No. AJ7441AC Tecumseh refrigerator. This 

modification, which was performed by Ray Martin, allowed the cabinet of the low

temperature refiner to operate down to -30°C without the expense and inconvenience of 

using liquid nitrogen as the refrigerant. By closing off the bypass valve and removing 

the Freon from the heat exhanger, the use of liquid nitrogen as a refrigerant can be 

reinstated to achieve colder cabinet temperatures. 

The theory of zone refining has been discussed in several references (Sloan & 

McGiie, 1988; Wilcox, 1964; Herrington, 1963; Pfann, 1952). In brief, the technique 

is a way to produce highly purified samples out of commercially available stocks. It has 

been applied to semiconductor materials as well as to organics. Narrow molten zones are 

caused to move along a sample ingot and purification results because the impurities 

distribute themselves between the liquid and solid phases. Eventually after a large 

number of zone passes, some sections of the ingot will exhibit high purity and other 

sections will become enriched in impurities. The degree of separation and direction of 

movement of a given impurity depends on its distribution coefficient, k = Cs/CL, which 
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is defined as the ratio of the molar impurity concentrations in the solid phase to the 

liquid phase. Impurities with k <1 tend to migrate in the same direction that the liquid 

zone moves and those with k >1 tend to move in the opposite direction. Operational 

factors such as speed of zone travel, liquid zone length, and amount of liquid-zone mixing 

can profoundly affect the effective distribution coefficient. 

From the operational and design experiences of other investigators (Herrington, 

1963; Pfann, 1958; Pfann, 1952), Nasir (1980a) summarized several conclusions: 

( 1 ) The liquid zone length should be on the order of the column diameter for 
optimal heat transfer. 

( 2) A suitably large number, m, of zone lengths along the column ingot should 
be achieved. 

( 3) The molten zones should be passed along the ingot at least as many times as 
there are zone lengths. 

( 4 ) The purest cut of a zone refined ingot usually exists between zones 2 and 
(m-1 )/2 where m is the number of zone lengths along the column. The 
first zone at m=1 contains impurities having k >1. 

Figure 4.10 depicts the heater block assembly of a room-temperature zone 

refiner unit. Four annular strip heaters, 1 inch wide and with an inner diameter 

slightly greater than 35 mm, are mounted alternatively between copper cooling coils in 

blocks of Marinite insulation ( manufactured by the John Mannsville Corp.). This block 

assembly enabled the production of four liquid zone passes for each block pass down a 

sample ingot. The sample to be purified was contained within a 31 mm-i.d., 35 mm-o.d. 

x 4 feet stoppered Pyrex tube which was mounted vertically on support rods through the 

bore of the block assembly. The block assembly was driven up or down the stationary 

sample ingot depending on the direction and rate of rotation of a threaded rod that was 

powered by the 1/8 Horsepower motor <?f a Harvard Apparatus Co. Dual 

Infusion/Withdrawal Pump. The gear assembly box of this infusion pump enabled the 
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speed control of the block assembly's movement. The same 1/8 Hp pump motor also 

powered the block movement in the refrigerated refiner via a wire connection through a 

set of pullies. 

a. Procedures: 

Sample Column Preparation 

Sample columns, which contain the compound ingots, were prepared similarly 

for room-temperature and refrigerated zone refiners. First, the tolerances of stock 35 

mm-o.d. x 4 feet Pyrex tubes were screened using a 1.394 inch (35.41 mm) ring 

gauge to avoid possible binding in the bore of the refiner block assemblies due to large 

variations in sample tube diameters. Next, the tubes were washed with spectral grade 

acetone, rubbed with an assembly wipe to remove particulates, then dried using a heat 

gun. A plug of Pyrex wool approximately 0.5 to 1 inch thick was inserted into one end of 

the tube then a size #15 cork stopper was pushed into the tube until the wide end of the 

stopper taper was positioned about 6 inches from the end. After securely mounting the 

tube to ring stands with the stoppered end oriented downward, approximately 436 cc of 

molten sample was poured into the tube to form a 22.5 inch liquid column above the 

Pyrex wool plug. An aluminum foil plug was snugly inserted into the top of of tubes 

prepared for the room-temperature unit. It served as a barrier to prevent sample 

contamination and to help support the column support rod. A Teflon plug with an 0-ring 

slipped over a groove served as a barrier for low-temperature unit tubes. 
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Mounting Sample Columns 

Mounting or removing sample columns from the refiners required that the block 

assemblies were at the bottom of their travel range. This could be achieved either by 

disconnecting the block assembly from the threaded drive rod or by setting the Harvard 

pump's gear ratio setting to 1 for maximum speed and running the pump motor. Once the 

block assembly resided at the bottom, sample tubes could be mounted on the support rods 

in the room-temperature units or secured to a pendant support clamp in the low

temperature unit. 

Dry Air Purge Line 

To avoid ice formation on the heat exchangers in the low-temperature unit and 

the consequent degradation of the refrigerator's cooling capacity, the low-temperature 

unit's cabinet was always purged of moist air using a dry air conduit prior to startup of 

the refrigerator. During the zone refining process, the slight positive pressure 

provided by the purge line kept moist air from seeping inside the cabinet space. 

A3set t i oo 81 ock teat er Assembl i es at t er Ehd- of- Travel is A3ached 

After a sample tube was mounted in a refiner or a set of zone passes was 

completed, the block assembly needed to be returned the top of the sample column for the 

next set of passes. A rapid Harvard pump speed of 1 (381 cm/hr, no load) was selected 

and care was taken to avoid coolant hose snags, and to ensure that the rocker-switch 

heater-limit switches were in the on position after the block assembly switch-tripper 

screw had passed. Sometimes, despite the counter-balance weights added to assist it, the 

pump motor would bind; it could be liberated via manual assistance. 
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Adjusting Ligujd Zone Lengths and Speed of Zone Travel 

Liquid zone lengths were maintained between 1 and 1 .4 inches by frequently 

inspecting the zones through peep holes in the block assemblies and adjusting the control 

parameters accordingly. The length of a particular liquid zone in a room-temperature 

unit depends on the speed of zone travel, the heater voltage setting, and the temperature 

of the antifreeze/water mixture pumped through adjacent cooling coils. (The 

antifreeze/water mixture was usually maintained between 12 and 20 °C.) For the 

refrigerated zone refiner unit, the same factors apply except that the cooling coils are 

replaced by a refrigerated cabinet whose temperature ranged between -23°C and -30°C, 

depending on the heat load inside the cabinet. 

Establishing heater voltage settings sometimes required much patience. A useful 

method was to make an initial set of rapid zone passes at Harvard pump speed 8 (1.88 

cm/hr ) and to combine the experience gained from refining previous compounds with 

trial and error procedures. In the refrigerated zone purifier each heater was powered by 

a separate powerstat making selective zone length control possible. The two room

temperature units originally lacked this feature; the four heaters in each of these units 

were wired in parallel and powered by a single Variac. Since this arrangement proved 

inadequate to control the individual liquid zones for low-melting n-paraffins like C1a 

and C1g, multiconductor female/male connectors were installed into the power chords of 

the refrigerated purifier and the unit #1 room-temperature refiner. After this 

modification, the potentiostats originally intended for use with the low-temperature 

unit could also be used to control the individual heaters of the #1 room-temperature 

unit. 
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Once the initial settings were established, the units were reset and the Harvard 

pump speed reduced to 9 (0.752 cm/hr), the rate used for most of the zone passes. 

Some of the compounds such as C24 were given a final block pass at speed 1 0 

(0.376cm/hr). In view of the work of Narang & Sherwood to be discussed shortly, a 

speed of 11 (0.188 cm/hr) might be appropriate for the heavier paraffins. At this rate 

it would take 19.7 days for four zone passes to be completed. 

Product Recovery 

Purified products were removed from the Pyrex tubes by breaking the tubes into 

sections, extracting the glass particles, then dividing the compound column into different 

cuts depending on the location along the column from the column's top. Cuts of solid 

compounds were placed into pre-cleaned, labeled, wide-mouth bottles. These bottles 

were stored with Teflon tape wrapped tightly around the caps. 

Columns removed from the refrigerated refiner were placed into a cold box 

packed with a layer of dry ice at the bottom. The C02 blanket inside the cold box kept the 

sample frozen and moist air from contacting it. After breaking the glass tubing, the 

frozen compound column was sectioned into different cuts that were placed into labeled, 

aluminum foil covered beakers equipped with dry nitrogen purge lines. The cuts were 

allowed to melt, then they were poured into narrow mouthed bottles and capped with 

Teflon- or aluminum-lined screw caps. 

b. Djtfjcu ltjes: 

An advantage of operating the refiners in a vertical orientation is that convection 

cells may occur within the liquid zones and augment the slow transport of impurities by 
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diffusion. Because n-paraffin waxes expand 11 % or more (Ubbelohde, 1978) upon 

fusion and wet Pyrex glass, spaces tend to form above liquid zones in the refiner where 

an air bubbles accumulate. When the bubbles form, impurity transport across the 

liquid/solid interface is impeded. This problem was most obvious when refining C12 and 

C 18 but also occurred to a lesser degree while refining other compounds. Martin et al. 

(1984) suggest that the bubbles could be eliminated by melting the entire column then 

refreezing it from the bottom up. This approach was tried several times but with no 

apparent success; the bubbles would always reoccur. If a column were close ended with 

no compressible gas or extra space at the ends, expansion of the solid on melting might 

cause tube bursting. Thus, a plausible approach to this problem would be to insert a 

second, compressible column down the center of the Pyrex tube to compensate for liquid 

expansion. 

A second problem, control of the liquid zone lengths for C1s and C12 samples, 

probably was caused by operating the zone refiners too close to the respective melting 

points of C1s and C12, 28.2 oc and -9.6 oc. In order to attain suitable zones for the C12 

sample, it was necessary to operate the refrigerated unit using only three liquid zones. 

A third problem relates to the formation of solid solutions. n-Aikane impurities 

having similar chain lengths as the n-paraffin being purified are inherently difficult to 

separate; i.e., k=-1. This problem is discussed further in the next section. A possible 

way to achieve k<1 would be to include liquid zone mixing to enhance diffusion of 

impurities across the solid/liquid boundary layer. See Sloan & McGhie (1988) for a 

discussion on liquid zone mixing methods. 
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2. Verification of Purity. 

Narang & Sherwood (1980) have previously considered the use of zone refiners 

in the purification of three n-alkanes also studied in this work; viz., c19r c20• and c22· 

They used vapor phase chromatographic analysis to show that typical n-paraffin stocks 

prepared by recrystallization from hydrocarbon solvents (Perrin et al., 1980) tend to 

contain traces of hydrocarbon impurities covering a wide carbon number range with the 

predominant impurities being near-neighbor higher or lower homologs. Zone refining 

efficiently removed the low-molecular-weight impurities leaving only the adjacent 

homologs which were leveled throughout the ingot. From unidirectional crystallization 

experiments of c18r c19 and c22 doped with labeled c20r they concluded that effective 

distribution coefficients k<1 could be achieved for the adjacent homologs only at very 

low rates of freezing. They purified 30 em X 1 em diameter ingots of c19• C2Q, c22 having 

initial purities of 98.88, 99.66, and 98.84 mol % to final purities of 99.95, 99.998, 

and 99.98 mol % (upper third of column). This separation was achieved after 250 

passes of a 0.5 em wide zone traveling at 0.15 em/hr. 

a. Freezing Curve Method 

As the results of Narang and Sherwood (1980) show, zone refining of heavy n

alkanes is an effective method for removing the lighter hydrocarbon impurities from 

samples to be used in vapor pressure studies. The removal of adjacent homologs, 

however, would require a large number of passes accumulated over an extremely long 

period, conditions perhaps not achieved in the present investigation. To examine the 

impurity separation along zone refined columns, a modification of the freezing curve 

method originally developed by Glasgow et al. (1945) and Taylor & Rossini (1944) was 

used. This method, which has been described in more general terms in other references 
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(Skau et al., 1971; Sloan, 1963), involves the measurement of temperature versus 

time while a sample slowly freezes. From an extrapolation back to zero time, a sample's 

freezing point, Tt. is measured. When a large fraction of the sample has frozen, the 

method allows graphical estimation of the pure component's freezing point, Tto. From 

the sample's freezing point depression, Tto-Tt. the purity is estimated by using a 

simplified equation derived by assuming that the impurities are soluble in the melt but 

not in the solid and that the impurities, treated as a single component, form an ideal 

solution with the main component in the melt: 

p = 1009-A(Tto-Tt) 
[ 4. 8] 

where P is the purity of the major component in mole percent, 

A= £\Hti(RTi0 ) is the first cryoscopic constant in units [oK-1], 

£\Ht is the pure component's heat of fusion [kJ/mol] evaluated at Tto , 

R = 0.0831441 is the ideal gas constant in units [kJ][oK-1][mol-1]. 

b. Discussion 

The freezing curve method employed in this work enabled reproducible 

measurements of heavy paraffin freezing points. When applied to several cuts removed 

from along a zone-refined column, the distribution of freezing points provided evidence 

of impurity separation achieved by the zone refining. Examples of estimated purity 

distributions for several compounds are given in Chapter 5. 

Despite these results, there are several complicating factors which can 

significantly affect the quantitative prediction of sample purities when freezing curve 

techniques are applied to paraffinic melts. These problems include problems of 
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impurities forming solid-solutions with paraffins, polymorphism, and the poor heat 

transfer seen in the more viscous, heavy paraffin melts. 

Solid Solution Formation 

It has long been realized that freezing curve methods are inappropriate (Mazee, 

1957; Schaerer et al., 1955; Schiessler & Whitmore, 1955) for characterizing the 

purities of the heavier paraffins since in these types of systems mixtures of long

chained flexible molecules of similar length tend to exhibit solid solution formation. 

Without prior knowledge of the amount and types of impurities present in the sample, 

and the mixture phase diagram, the quantitative prediction of purity is unreliable. 

Sloan and McGhie (1988) discuss more appropriate methods for determining purities of 

paraffins in Chapter 5 of their book. They also refer to modifications of thermal 

methods that have enabled quantitative prediction of purities in binary systems that 

form solid solutions. 

An example of solid solution formation is given by Ubbelohde (1978) who cites 

the binary mixture of n-hexadecane (mole fraction X2 and pure freezing point T t2) in 

n-hexadecene (pure freezing point T f1, T t2> T f1 ). The mixture freezing temperature 

obeys the equation: 

[4.9] 

As X2 increases, Tt is elevated rather than depressed as the phenomenological 

assumptions behind equation [4.9] assume. Adding n-hexadecene to pure n-hexadecane, 

on the other hand, would depress the freezing point of the hexadecane. 

The melting characteristics of binary mixtures of n-alkanes have been studied in 

detail (Bonsor & Bloor, 1977; Nechitailo et al., 1960; Mnyukh, 1960; Mazee, 1957) 
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but are beyond the scope of this discussion. Essentially, when chain lengths of two pure 

n-paraffin components in a binary mixture are sufficiently different in size or both 

sufficiently small (e.g., smaller than C12), a eutectic point is observed and equation 

[4.8] should be applicable. The case of similar long chain length, however, can lead to 

several possibilities (Mnyukh, 1960) including equation [4.9). 

Polymorph jsm 

Assuming that equation [4.8) or a modification of it is valid, the phenomenon of 

polymorphism or solid-solid phase transitions below the melting point can further 

complicate cryometric measurements. Odd and even numbered n-paraffins form two 

distinct series (Westrum & McCullough, 1963; Broadhurst, 1962; Schaerer et 

al., 1956a,b; Schaerer et al., 1955). Odd-numbered n-alkanes from Cg to C3s exhibit a 

solid phase transition below the melting point but the even series manifest this 

transition only for paraffins heavier than C2o· Associated with each phase change, 

liquid-to-solid or solid-to-solid, there is a heat of transition. If both transitions occur 

too closely together, then knowledge of the heat of transformation during a cryometric 

experiment may become obscured whether it was ~Ht, the heat of fusion, or ~Ht + ~Ht. 

the sum of the heats of fusion and transition. 

Interestingly, the solid-solid transitions for C22. C24. and C2a could be observed 

in samples removed after freezing curve experiments; a somewhat translucent solid 

upon further cooling would suddenly change into a dense matrix of opaque white crystals. 

Thus, the two transitions are assumed to be separated enough that the heat of 

transformation needed for the cryoscopic constant in eqn. [4.8) is ~Hf. 
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Schaerer et al. (1955) measured the heats of fusion and transition for the 

n-alkanes C17 to C3s. The transitions for C1g, C22. C24. and C2s were found to occur 

9.2, 1.0, 2.5, and 3.2 °K below the melting points. Table 4. 7 lists results from 

Schaerer et al. (1955) and first cryoscopic constants calculated from their data. 

Vjscosjty and Heat Transfer Effects jn Paraffin Melts 

The increasing viscosity of the higher paraffin melts and the tendency of some of 

the paraffins to remain in a subcooled metastable state also complicate the application of 

freezing curve methods to study the n-alkanes. If a sample subcools extensively, the 

shape of the freezing curve will become grossly distorted and the graphical method of 

Glasgow et al. (1945) is ineffective. Increasing viscosity not only impedes crystal 

formation, it also affects heat transfer characteristics within samples. Since, according 

to API-44 and API-42 data, the kinematic viscosity at the melting points of even

numbered n-paraffins increases linearly by carbon number from 3.740 cm2/S for C12 

to 7.82 cm2/S for C2s. one might expect the shapes of freezing curves.to be affected. 

This possibility is explored in Figure 5.24 of the next chapter which depicts a series of 

freezing curves for samples ranging from C12 to C24· 

c. Apparatus 

A schematic of the freezing curve apparatus is depicted in Figure 4.11. 

Modifications of the original Glasgow et al. (1945) apparatus include the: 

( 1 ) replacement of their platinum resistance thermometer with a 
25 junction iron.constantin thermopile. 

( 2 ) replacement of their freezing tube which required 50 cc of liquid sample 
with an 18 x 150 mm test tube that required only 1 0 cc of liquid sample. 



( 3 ) substitution of a thermally regulated, well stirred bath 
for their refrigerant filled Dewar. 

( 4 ) utilization of a computerized data logger. 
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The thermostat consisted of a 4 liter Dewar with a circulation pump submerged 

at the bottom to stir the heat transfer fluid (antifreeze/water). An M.G.W. Lauda K4R 

constant temperature bath was used to control the thermostat temperature over the 

entire range of interest -12 to 83 oc. This control was achieved by circulating bath 

fluid out of the K4R through a heat exchanger which was immersed in the Dewar 

thermostat. To maintain control at temperatures above room temperature, it was 

necessary to use an immersion heater in the thermostat and to operate the K4R below 

room temperature. The thermostat's temperature stability was measured where the 

sample test tube was immersed and varied from 1 mK to 40 mK over an eight hour 

period depending on how far away the thermostat was maintained from room 

temperature. 

The first few freezing curve studies of n-paraffin samples (C2o. C1s. C14. C12. 

C1s) were obtained using a Leeds & Northrup 2760 precision digital voltmeter equipped 

with a digital printer. These early measurements were tedious to perform as the Leeds 

& Northrup was not programmable. Later, when freezing curve data of the same C2o and 

C 18 samples were obtained using the Keithley DMM/Commodore microcomputer data 

logger depicted in Figure 4.11 and by using the Leeds & Northrup DVM, both voltmeters 

yielded similar results. 

The 25-junction iron/constantin thermopile was used earlier by Martin et al. 

(1984) for conducting freezing point/purity determinations. To report thermopile 

temperature measurements consistent with i'PTS-68, the thermopile was calibrated 

over the temperature range from 0 to 64 oc (0 to 83 mV) by comparing its voltage 
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output relative to an ice bath to the temperature determined by a Leeds & Northrup 

precision platinum resistance thermometer. 

More details of the calibration procedure and an equation for converting from 

thermopile voltage to temperature are given at the end of this chapter. An analysis of 

temperature measurement errors may be found in Chapter 5. 

d Procedures 

The following procedures were followed to obtain freezing curves: 

( 1 ) The thermostat was adjusted to within 0.6 to 1.5 oc below a sample's 
estimated freezing point (0.8°C is a reasonable value). 

( 2 ) The thermopile ice reference bath was set up and maintained using deionized 
ice and water always taken from the same source. 

( 3 ) The stirrer, thermopile, and three-hole sample test tube stopper were 
cleaned, dried and a clean test tube was mounted around them to protect 
these parts from contamination. 

( 4) The dry nitrogen purge flow was adjusted to a low flow rate; e.g., 
1-5 cc/min. 

( 5 ) A test tube containing a 2.5 inch liquid column of molten sample was 
prepared by pouring 10 cc of liquid compounds into the tube or by melting 
solid material using a heat gun. Care was taken not to overheat the sample. 

( 6 ) The test tube containing molten sample was mounted over the thermopile 
and stirrer. 

( 7) The data logging program, which measured the thermopile's potential in mV 
at specified intervals, was next initiated at a prerecorded time. 

( 8 ) The thermostatted bath was rapidly raised on the lab jack up to sample 
containing test tube so that the bath level resided 0.5 inch over the top of 
the sample. 

( 9 ) The stirrer was turned on for 1 0 to 20 second intervals approximately two 
and four minutes after the start of the run. The action of the stirrer 
homogenized the sample and helped to seed it. After the sample's 
temperature dropped into the subcooled region, the stirrer was turned off 
to prevent excessive mechanical heating of the sample. Its use was required 
again only when protracted subcooling was observed. 

( 1 0) Data logging continued for 45 to 60 minutes before termination of an 
experiment. 
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D. Equipment Calibration 

To make claims about the accuracy of the measurements it was necessary to 

calibrate some of the equipments used by comparing them with standards traceable to the 

National Bureau of Standards (currently called the National Institute for Science and 

Technology). Usts of the equipment used in the calibration procedures and calibration 

constants such as the Callendar equation coefficients used with platinum resistance 

thermometers may be found in Table 4.6. 

1. Omega Platinum Resistance Thermometer 

Accurate thermometry depends on the accuracy of measuring the resistance of a 

calibrated precision PAT; however, it is sometimes possible to use cheaper industrial 

grade PATs, such as the Omega PAT used in this work, and achieve results of high 

precision and accuracy (Connolly, 1982). The problem is that the platinum elements of 

industrial PATs are not specially wound to relieve stress. This stress can manifest 

itself in industrial thermometers as hysteresis or as erratic behavior. properties which 

complicate or which make precise thermometry impossible. Thus, if industrial grade 

PATs are employed in precise temperature measurements, the stressed thermometers 

must be avoided by identifying them through screening tests conducted over complete 

temperature cycles. 

The 500 ohm, 4-wire Omega platinum resistance thermometer (model PA-11-

3-500-1/4-17.5-E) used for thermostat bath temperature control and temperature 

measurement was initially calibrated during May 1987. Its resistance was read by the 

same Keithley DMM used in the temperature control loop of Fig. 4.4. Twice after cycling 

the PAT up to 350 oc in a furnace, the PAT's resistance in a water triple point cell 
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having a temperature of 0.01 ooc was measured to be 500.124±.001 ohms. The Omega 

PRT was mounted in the thermostat bath of a Burnett isochoric apparatus by Maurice 

Jett (1990). The calibration proceeded by comparing the Omega PAT's resistance to the 

temperature reading of a 25 ohm precision Leeds & Northrup PRT (Catalog. No. 8167-

25-B) which was read by a L&N Mueller resistance bridge (Catalog. No. 8069-B). The 

thermostat's temperature was initially controlled at ooc then ramped gradually upwards 

to 252°C. As the result of comparisons at 12 different temperatures, the Callendar 

equation constants of the Omega PRT, Ro=500.1 04 ohms, a=0.00384948 n;n;oc, and 

8=1.49888, were regressed. The standard deviation of the fit, cr, was 0.01166 ohm. In 

terms of temperature, cr is equivalent to 0.00620°C. These Callendar equation constants 

were used in the CONTROL program given in Table 4.2. 

After the vapor pressure measurements were completed, the behavior of the 

Omega PRT/Keithley DMM/Commodore computer bath temperature controller was more 

thoroughly investigated. Measurements of the Omega PAT's water triple point resistance 

were repeated in April 1988 following a temperature cycle in a furnace up to 350°C. 

The new triple resistance was found to be 500.113±.001 n. The shift in R0 of -0.011 

n from the May 1987 measurements suggested that the thermostat bath temperature 

would be controlled 0.0058°C too high at ooc or as much as 0.014°C too high at 315°C. 

After the Omega PRT was removed from the triple point cell, it was remounted 

into the thermostat bath of the Burnett isochoric apparatus to compare its present 

temperature readings with the readings of the L&N 25 ohm precision PRT (Catalog. No. 

8167-25-B) which had been used initially to calibrate it. When the bath temperature 

was ramped upwards to 277°C, the initial calibration was reproduced with an average 

absolute difference of 0.006.1±.005 oc (12 ·points) and a maximum deviation of 

0.015°C. This reproducibility, however, depended on the path of the bath temperature 
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cycle. When the bath temperature was lowered from a higher temperature, the 

difference in temperature readings between the L&N and Omega thermometers diverged 

as much as 0.12°C. Although this hysteresis effect was overlooked during the initial 

calibration, it was eventually shown to be predictable. If the history of each Omega PRT 

temperature measurement was known, a correction for the hysteresis could be applied. 

To better correct for the hysteresis behavior observed in the Omega PRT, it was 

necessary to study the response of the thermometer when the bath temperature of the 

vapor pressure apparatus was cycled over paths similar to the paths followed during 

vapor pressure measurements. The temperature readings of the Omega PRT were 

compared with the readings of a 25 ohm precision Leeds & Northrup "glass" PRT 

(Catalog. No. 8163-B). The glass PRT was mounted in a specially made mounting well 

which enable the thermometer to remain immersed in stagnant bath fluid to a depth of 7 

inches. The original position of the Omega PRT in the thermostat bath was occupied by 

the glass PRT. The Omega PRT was mounted 2 inches from the glass PRT through a 

bulkhead feedthrough and was in direct contact with the stirred bath fluid. 

The resistance of the glass thermometer was read using a L&N Mueller bridge 

(Catalog. No. 8067) which had been carefully calibrated to enable 4-wire 25 ohm PRT 

resistance measurements to better than 0.001 ohm, i.e., temperature measurements 

more accurate than 0.01 oc. The calibration was achieved by following the procedures 

given in the L&N Mueller bridge manual. Specific equipment used for the calibration 

included a L&N 10.01 o standard resistor (Catalog. No. 8070-B), a pair of L&N decade 

resistor boxes (Catalog. No. 4776), a L&N D.C. Null detector (Catalog. No. 9828), and a 

L&N mercury commutator (Catalog. No. 8068). To obtain the proper amount of self

heating in the glass PRT due to ohmic power losses, the resistance sensing current 
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through the PRT and Mueller bridge was always maintained at 2 rnA, the level used at 

L&N to calibrate the glass PRT. 

Temperature effects on the Mueller bridge during the bridge calibration 

procedure were small since the room temperature remained at 23.5±.1 oc. When 

comparing the Omega PRT temperature readout to the glass PRT's reading, small 

temperature effects on the Mueller bridge could be accounted for by adding a correction 

to the ice point resistance of the glass PRT used in the Callendar equation, Ro. The 

correction is based on a discussion by Vennix (1966): 

L\Ro = 0.0004 (te-23.5) [4.1 0] 

where te is the bridge's temperature in Celsius degrees. 

The final calibration of the Mueller bridge (Catalog. No. 8067) was verified by 

measuring the triple point resistance of the glass PRT (Catalog. No. 8163-B) then 

repeating the measurement using a second, independently calibrated Mueller bridge 

(Catalog. No. 8069-B). Using Ro= Rtp-.001 0 to convert PRT triple point resistances to 

zero point resistances, the respective zero point resistances measured by the two 

Mueller bridges were 25.55030 and 25.55025 ohms. 

From plots of the temperature difference between the glass and Omega PRT 

versus bath temperature for numerous temperature cycles and the temperature history 

of the Omega PRT, hysteresis corrections could be determined graphically for the 

temperature measurement of each vapor pressure measurement reported. 

An additional temperature correction in the final temperature measurements was 

made to account for a self-heating error introduced by the Omega PRT/Keithley 

DMM/Commodore computer temperature controller. Whenever the Keithley switched to 
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a voltage measurement mode (approximately 1 second out of a 5 second controller 

cycle), the resistance sensing current to the Omega PAT was switched off. This differed 

significantly from the PAT calibration procedure in which the Keithley remained in the 

resistance measurement mode. The self-heating temperature errors introduced by 

operating the PAT/Keithley/computer system in a resistance/voltage measurement mode 

rather than a resistance only mode were measured at 6 temperatures ranging between 

56 and 277 oc and found to vary little, i.e., 0.003±.001 oc. Thus, a temperature 

correction of 0.003° was added to the final temperature measurements to account for 

self-heating errors. 

All temperature measurements are reported according to IPTS-68. Based on the 

good agreement of the two precision platinum resistance thermometers in determining 

hysteresis corrections, most temperature measurements are expected to be accurate 

within 0.02°C. An estimated maximum error is 0.03°C. 

2. Ruska DDR 6000 Quartz Pressure Gauge 

To insure the integrity of its calibration, the DDA was recalibrated by comparing 

its pressure readout to pressure measurements made by the dead weight gauge (DWG). 

The zero pressure of the DDA was first checked by evacuating the DDA to a pressure 

between 0.080 and 0.1 00 mm as read by a Thermovac vacuum gauge (TV) mounted near 

to the DDA. The residual pressure inside the DWG bell jar which encloses the 

piston/cylinder assembly of the DWG was adjusted to 0.1 00 mm. The adjustment was 

made by regulating the air leak rate through the metering valve V16 of Fig. 4.1 and could 

be read using a second TV mounted on top of the bell jar. At this low bell jar pressure, 

the bouyancy compensation factor in eqn. (4.6) is negligible. To compare the DDA 

readout with the DWG over the DDA's entire pressure range, it was necessary to use both 
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the low and the high pressure range piston/cylinder assemblies of the DWG. The 

piston/cylinder assemblies were cleaned according to the Ruska DWG instruction 

manual. 

The result of comparing the DWG and DDR pressure readings for 11 different 

measurements ranging between 10 and 1 034 mm was a linear expression that describes 

the difference between the DWG and DDR pressure readings as a function of the 

uncorrected DDR pressure reading, p· ocR : 

PowG- P'ooR = -.008588147 + 0.0001804945P'ooR [4.11] 

The pressure unit in the above equation is mm of Hg. The standard deviation of the fit 

was 0.00942 mm of Hg. Equation [4.11] was applied to all uncorrected DDR pressure 

measurements in the CONTROL program listed in Table 4.2. 

3. Thermopile 

The 25-junction iron/constantin thermopile used earlier by Martin et al. 

(1984) for conducting the Glasgow et al. (1945) freezing point/purity determinations 

was also used in this work. To report measured freezing points compatible with IPTS-

68, the thermopile was calibrated over the temperature range from 0 to 64 oc (0 to 83 

mV) by comparing its voltage output to the temperature reading of a Leeds & Northrup 

Catalog No. 8163-B 25-ohm platinum resistance thermometer (S/N 1512543) when 

both devices were immersed in the thermostat. The PRT was read by a Keithley Model 

192 Programmable DMM which was controlled by a Commodore CBM microcomputer 

through an IEEE-488 interface. The thermopile's voltage was also read by the Keithley 

DMM/Commodore data logger. 
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The result of the calibration procedure is the following cubic equation for 

converting measured thermopile pile voltages versus an ice reference bath into 

temperatures: 

t = -0.00121172 + 0.78885347V - 0.000350321V2 + 

+ 0.000000676*V3 (4.12] 

where t is in Celsius degrees and V is in millivolts. The standard deviation* of the fit is 

0.00701 oc for the 50 calibration points used. 

* The standard deviation is defined here as o = (N*RMS2/(N-M)) 112 where N is the 
number of data points , M is the number of coefficients, and RMS is the root mean square 
of the residuals (tcalc-texp). 
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CHAPTER 5. EXPERIMENTAL RESULTS AND ERROR ANALYSES 

The vapor pressure measurements (Tables 5.1 and 5.2) and results of the 

freezing curve analyses of n-alkane samples studied (Table 5.7) are presented in 

Sections A and D of this chapter. 

In Section B, tables of Wagner vapor pressure equation fits are described which 

cover the n-alkanes in the C1 to C2s range (Table 5.4) and miscellaneous substances 

(Table 5.6). Selected fits are compared with vapor pressure data sets in the form of a 

statistical benchmarks (Table 5.5) and deviation plots (Figs. 5.4-5.8). The idea of the 

"conformal" Wagner equation fit which accurately represents vapor pressure data at 

reduced temperatures well below the availability of accurate experimental 

measurements is discussed. McGarry's constraints (1983), Eqns.3.21-3.23, are 

graphically depicted for n-alkanes in the range from n=1 to n=28 using a set of 

"conformal" Wagner equation coefficients identified in Table 5.4. 

In Section C, a set of composite deviation plots (Figs. 5.1 0-5.23) for n-alkanes 

ranging from methane to n-octacosane are presented. These use Wagner equation fits as 

references to compare data and correlations over the coexistence range. Some of the 

correlations included on the deviation plots are those of Lee & Kesler (1975), Lee & 

Kesler/Maxwell & Bonnell (1980), King & Mahmud (1986) and TRC Antoine equations. 

Other correlations (for example, C1/Cs, C1 o!C2o. and PERT2) are developed in Chapter 

6. 

In Section D, examples of freezing curves and axial purity distributions along 

zone-refined paraffin ingots are presented (Figs. 5.24-5.26). Freezing and boiling 
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point measurements of alkane samples used in this work are compared with literature 

values (Tables 5.7 and 5.8, respectively). Other physical signs of sample purity and 

impurity are discussed. Finally, a set of estimated sample purities is recommended. 

This chapter is concluded in Section E with a detailed analysis of errors 

encountered in the vapor pressure and freezing point determinations. 

A. n-Aikane Vapor Pressure Measurements 

The results of the n-paraffin vapor pressure measurements are summarized in 

Figure 5.1 and in Tables 5.1 and 5.2. Figure 5.1 depicts the temperature and pressure 

ranges of the ten alkanes studied. Results given in Table 5.1 are in units of Celsius 

degrees and millimeters of mercury, while in Table 5.2 the results have been converted 

into units of Kelvin degrees and kiloPascals (1kPa = 7.5006168 mm of Hg). 

Not all of the decimal places listed in Tables 5.1 and 5.2 are significant. Extra 

digits were retained to reflect the internal consistency of the data used in the 

development and testing of vapor pressure correlations. According to the error analyses 

in Section E of this Chapter, temperature measurements should be rounded to 0.01 oc. 

The number of significant places in the pressure measurements can be estimated from 

equation [5.5]. 

Null shift corrections, which were applied to DDR pressure measurements below 

55 mm, are indicated in Table 5.3. 
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B. Wagner Vapor Pressure Equation Fits 

1. n-Aikanes 

The "2.5-5" form of the Wagner vapor pressure equation, [3.19], was used to 

analyze the self-consistency of the vapor pressure data and to represent it in an 

analytical form. Regression coefficients determined for n-alkanes ranging from C1 to 

C2s are summarized in Table 5.4. 

Additional information included in Table 5.4 are: 

(1) references to the specific data sets used in the Wagner equation regressions, 

(2) the method of data regression employed for each set of coefficients, 

(3) the critical parameters used, and, 

(4) acentric factors determined from each set of coefficients. 

Although other data sets indicated in Tables 2.1 and 2.2 were considered during 

the regression analysis, these may not be indicated in Table 5.4. The relationship 

between literature results and the new vapor pressure measurements is depicted in the 

composite vapor pressure deviation plots (see Figs.5.14 -5.23) and described in 

Section C. 

a. Twu's Critical Parameter Correlation 

The critical parameters indicated in Table 5.4 for n-alkanes longer than Cg were 

calculated using the correlations of Twu (1984), [3.8a-e]. Normal boiling points 

needed for applying Twu's correlations were determined from the molecular 

weight/normal boiling point correlation, [3.8a]. This correlation was applied by 
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assuming gram atomic weights of 12.01115 and 1.00797 gram/mole for carbon and 

hydrogen, then calculating n-alkane molecular weights from the stoichiometric formula, 

CnH2n+2· 

b. Conformal Wagner Eguatjon Fits 

To analyze the vapor pressure data given in Table 5.1, Wagner equation 

coefficients were determined for each data set by linear regression. These coefficients 

are given in Table 5.4. Although direct Wagner equation fits of the data (see Section F of 

Chapter 3) allow one to establish the precision of the new measurements, most of the 

direct fits for n-alkanes longer than C1s were observed to extrapolate inaccurately to 

low reduced temperatures whenever literature data was available for making 

comparisons (e.g., see the statistics given in Table 5.5 and the data ranges in Tables 

2.1-2.2). This result contrasts to the 2,3,4-trimethylpentane example given in 

Section D of Chapter 3 (Eqns. 3.25-3.26 and Fig. 3.4) and probably reflects 

imperfections and the limited range of the new measurements for the longer paraffins 

studied. 

For this reason, the term, "conformal", was introduced to describe Wagner 

equation fits which give a reasonable representation of the coexistence curve from triple 

point to critical point. While some direct Wagner equation fits of limited-range data 

extrapolate accurately to low reduced temperatures (i.e., conformally), most will fail. 

To accurately extend the range of limited vapor pressure measurements, two-real fluid 

CSP methods of Ambrose & Patel (1984) were employed to conformally extrapolate data. 

Pairs of reference fluid equations are used in the two-fluid CSP model [3.45] to 

generate a table of vapor pressures. This extrapolated data set is combined with 

measured data to form an augmented data set. The augmented data set is then reduced 
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(i.e., scaled or made dimensionless) using critical parameters estimated from Twu's 

correlation [3.8]. Finally, coefficients of a Wagner equation are determined by a linear 

regression scheme similar to Eqn. 3.46. The resulting indirect Wagner equation fits are 

now referred to as "conformal" equations. 

Conformal Wagner equation coefficients in Table 5.4 are indicated by an asterisk 

beside the carbon number. In section C of this chapter, they serve as composite 

reference equations in relative pressure deviation plots (Figures 5. 7-5.8, 5.1 0-5.23) 

which compare vapor pressure data sets and correlations. They are also used in the 

development of the PERT2 vapor pressure correlation which is discussed in Chapter 6. 

The idea of conformal extrapolation is easily illustrated by demonstrating how 

regressions of limited range vapor pressure data can extrapolate nonconformally to low 

reduced temperatures. In Fig. 5.2, Wagner equations are used to construct a series of 

reduced vapor pressures curves for selected n-alkanes that range from C1 to C2s- The 

ordinate is the function, -log(Pr)-1, which becomes identical to the acentric factor at 

Tr=0.7. The abscissa is the reciprocal of the reduced temperature, 1!Tr. Except for the 

C 22 and C2s curves at low reduced temperatures, which were determined by 

extrapolating direct fits of data at higher temperatures, the reduced data plots for the 

series of n-alkanes are shown to have similar shape. By using two-fluid CSP 

correlations to construct "conformal" Wagner equation fits, the C22 and C2s curves are 

made to conform with the shape of the other alkanes in Fig. 5.3. 

c. Statjstjcal Benchmarks 

Selected Wagner equation coefficients in Table 5.4 are compared with specific 

data sets in Table 5.5 via the use of benchmarks. These statistical measures include the 
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number of points tested in each data set, the percentage root mean square deviation 

(%RMS}, the percentage absolute average deviation (%AAD}, and the percentage bias 

(%BIAS}. For definitions of these measures, refer to the statistical glossary at the 

beginning of this thesis or to the end of Table 5.5. The temperature and pressure ranges 

of the tested data sets are given in Tables 2.1 and 2.2. 

As an example the use of Table 5.5, consider the results for the top cut of zone

refined C2o. which is indicated by the notation "t0 P20" under the carbon number (n) 

column heading. A direct regression of the vapor pressure measurements of this sample 

to a Wagner equation extrapolates to the low-pressure gas saturation data of Macknick 

and Prausnitz (1979} with an RMS of 36.6%. The same statistic for the conformal fit, 

indicated by the notation "*t0 P20", is 2.20%. 

In general, the conformal Wagner equation fits which were constructed by two

fluid CSP to represent composite data sets over wide temperature ranges represent the 

experimental results of this work less precisely than do direct fits of this work's data by 

itself. 

d. Deyjatjoo Plots 

Selected Wagner equations given in Table 5.4 are used to graphically compare the 

vapor pressures given in Tables 5.1 and 5.2 in this section. In Figures 5.4 through 5.6, 

the direct fits are compared via the use of deviation plots, 100(Pcalc-Pexp}/(Pexp} vs 

Temperature [°K). Similar deviation plots for the conformal Wagner equations, which 

are indirect regressions of this work's data, are given in Figures 5.7 through 5.8. 

If the carbon number in a deviation plot is marked by an asterisk, *, then a 

conformal Wagner equation fit has been used as the reference equation. For example, 
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"*C22" in Fig.5.8 implies that the reference equation for C22 is the conformal Wagner 

equation fit given in Table 5.4 . These coefficients are indicated by *22 in Table 5.4. 

Relative Deyjatjoos in Direct Fits. Figures 5.4 to 5.6 

The relative deviations for the direct Wagner equations in Figures 5.4 to 5.6 tend 

to become larger at the lower temperatures because the vapor pressures are lower and 

relative pressure deviations are inherently less precise. At temperatures above 573°K, 

for alkanes heavier than c12· thermal decomposition becomes a significant problem. 

Thus, for C14, C1s. C1g, and C2o. the fidelity of the Wagner equation fits was improved 

by excluding some of the data from the fits. The excluded points are indicated in Tables 

5.1 and 5.2. 

The deviation at 583 oK for C1s in Fig. 5.4 shows no sign of decomposition even 

though C1s was observed to be thermally unstable at the highest temperature. A possible 

explanation is that additional errors were introduced into the measurement. This was 

the first measurement obtained by the use of the dead weight gauge (DWG). Rather than 

using the atmosphere as a reference pressure like in the other DWG measurements, the 

bell jar was evacuated and the DWG was balanced by adjusting the bell jar pressure. 

Errors on the order of 2 mm of Hg out of 1227 mm may have been introduced from the 

coupled oscillatory motion encountered when simultaneously balancing both the DPI and 

DWG, and from the uncertainty in measuring the bell jar pressure 

Because of the low pressures involved when measuring the C22. C24, and C2s 

vapor pressures, most of the volatile decomposition products could be distilled from the 

samples. Thus, the deviation plots depicted in Fig. 5.6 show no obvious effects of 

decomposition. 
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Three deviation plots are given for C2o- The first two in Fig. 5.5 compare direct 

Wagner equation fits of vapor pressure measurements taken of the top- and middle-cuts 

of a zone-refined ingot. These samples have estimated purities of 99.9 and 99.7 mole 

%, respectively. The third plot compares the Wagner fit of the top-cut data with the 

mid-cut data. As can be seen in Fig. 5.6 and Table 5.4, the top-cut vapor pressure data 

averaged only 0.12% lower than the mid-cut data. Because the vapor pressure 

measurements of the top-cut are more precise than those of the mid-cut, and because of 

top-cut's higher estimated purity, only the top-cut data was used in correlation work. 

Relative Deviations in Composite. Indirect Fits. Figs. 5.7 to 5.8 

The lower fidelity of the composite Wagner equation fits with respect to the 

measurements of this work is most apparent for C19 but also noticeable at the lower 

temperatures (pressures} for the other compounds in Figs. 5.7 and 5.8. Because the 

relative accuracy of low pressure measurements is lower (See Eqn. 5.5}, the larger 

deviations seen are not surprising. 

Volatile impurities present in the C19 sample made the measurements of this 

compound suspect. The composite C19 Wagner equation was constructed by use of a 

C1s/C2o two-fluid CSP correlation and an acentric factor estimated from the data point 

measured at 250°C. The 250°C point was selected because of its excellent agreement 

with a data point given in Vargaftik's Handbook and because measurements of C1s and C2o 

in this work also agreed well with Vargaftik's tables below a temperature of 250°C. 

The C1 o composite equation, which is based on data of this work, Willingham et 

al. (1945}, and Allemand et al. (1986}, represents the data of this work with a 

precision almost as high as a direct fit of this work's data by itself. 
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e. McGarry's Constraints Considered 

McGarry's constraints, which are summarized in Eqns. 3.16-3.19 for the 2.5-5 

Wagner equation form, [3.19], allow the use of a limited range of vapor pressure data to 

accurately predict a much larger data range. To examine the constraining criteria in the 

conformal Wagner equations given in Table 5.4, Fig. 5.9 was constructed for n-alkanes 

that range from C1 to C2s. The two high reduced temperature constraints of Waring and 

Ambrose show a similar break beyond C22· The low reduced temperature constraint 

appears to follow a quadratic decay with a bulge that attains a local maximum at C16· 

Although McGarry's constraints might someday be extended to higher boiling 

substances, the results in Fig. 5.9 serve mainly to indicate the internal consistency of 

the conformal n-alkane Wagner equations and will be discussed no further. 

2. Miscellaneous Substances 

Table 5.6 contains a set of 2.5-5 Wagner equation coefficients for miscellaneous 

polar and aromatic substances which are used in this thesis. The data sources and 

reduced temperature ranges of the fits are indicated. 

C. Composite Vapor Pressure Deviation Plots 

To compare paraffin vapor pressure data sets and vapor pressure correlations, a 

series of composite deviation plots, Figs. 5.10 through 5.23, were constructed using 

conformal Wagner equation fits as reference equations. For n-alkanes, the conformal 



127 

fits are indentified by asterisks in Table 5.4. For 2,3,4-trimethylpentane, the Wagner 

equation coefficients can be found in Table 5.6. n-Aikane statistical benchmarks for 

various correlations are discussed in Section D of Chapter 6. 

In the composite deviation plots, PCAL represents the reference equation's vapor 

pressure at a specified temperature. When PCAL agrees perfectly with a measured or a 

correlated data point, PEXP, the deviation 1 OO(PCAL-PEXP)/PEXP is 0%. Thus, the 

solid line through 0% represents perfect correlation with the reference equation. To 

distinguish deviations of correlations and experimental data from the reference equation, 

correlation deviations are shown as dashed lines and measurement deviations are shown 

as discrete plotting symbols. Temperature is expressed in terms of reduced temperature 

to emphasize the corresponding states nature of the reference equations. Approximate 

temperatures and pressures in units of Kelvin degrees and kiloPascals are indicated on 

the plots. 

Most correlations and tabulated data depicted in the deviation plots are discussed 

in Chapters 2 and 3. These are: 

( 1 ) L&K(75): Lee & Kesler (1975) [3. 61 

( 2 ) LK/MB: Lee & Kesler (1980) [3.30] 

( 3 ) King: King & Mahmud (1986) [3.29] 

( 4 ) TFC TRC Antoine Eqns. [3.27] 

( 5 ) Vargaftik Vargaftik (1975) 

( 6 ) Stull Stull (1947) 

Data from tables of Vargaftik (1975) and Stull (1947) are treated as 

correlations by depicting them as dashed lines. The normal boiling points used in the 

LK/MB correlation are from Wilhoit & Zwolinski (1971 ). To apply the King 

correlation, parameters recommended by the authors are used. The years of the TRC 
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Antoine equations tested are indicated in the plot legends. Most of TRC's Antoine equations 

were applied within their designated pressure ranges. For a few n-alkanes longer than 

C1 o, TRC's mid-pressure range Antoine equations were extrapolated into high-pressure 

regime (P > 1500 mm). 

Three vapor pressure correlations developed in this work are also compared in 

the deviation plots. Two-fluid CSP correlations, [3.24], based on the C1 /Cs and 

C 1 o!C2o models are applied using the conformal Wagner equation coefficients marked by 

asterisks in Table 5.4. PERT2, an extension of Pitzer's 1955 correlation which 

includes a second order perturbation term, is developed in Chapter 6. PERT2, C1/Cs and 

C 1 o/C2o are discussed and applied in Chapter 6. Summaries of their forms and 

reference equation coefficients may be found in Tables 6.1 and 6.5. To apply them to 

n-alkanes, parameters (T c. Pc. ro) have been summarized in Tables 6.3 and 6.5. 

The C1/Cs correlation was included on the composite deviation plots to test the 

notion that one needs to use reference fluids having a similar acentric factor-size as the 

test fluid to obtain accurate predictions. Generally, however, it can be seen in 

Figs.5.11-5.23 that the C1 /Cs model "predicts" vapor pressure data of the longer 

n-alkanes with a suitable accuracy. It appears to fail mostly in a region approaching the 

critical point where a large systematic bias develops. As was discussed in Section B of 

Chapter 3, large size differences between reference fluids and test fluids manifest 

themselves as shape factor effects. This discussion is continued in Section B of Chapter 

6. 

1 . 2.3 .4- Tr i met by I pent aoe. Wet hane. n- Haxaoe. and n- CCt aoe (0 < ro < o .4). 
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Although 2,3,4-trimethylpentane, methane, n-hexane, and n-octane were not 

studied experimentally in this work, composite deviation plots for these substances, 

Figs. 5.1 0-5.13, are given because of their use as reference fluids and the availability 

of their data over a wide range of temperatures. 

Degradation in the reliability of vapor pressure data and correlations at low 

reduced temperatures approaching T r-0.4 can be seen in Figs. 5.1 0 through 5.13. This 

observation also applies for the n-alkane systems studied experimentally in this work, 

Figs. 5.14-5.23. 

Although the L&K(75) correlation accurately predicts high temperature data 

sets, it is seen to be deficient in the mid-pressure range where the most reliable data 

from U.S. National Bureau of Standards and the U.S. Bureau of Mines are available. In 

their LK/MB correlation, Lee & Kesler (1980) appear to have solved this problem. The 

LK/MB correlation is a more accurate for predicting n-alkane vapor pressures over 

wide temperature and normal boiling point ranges. 

The correlation of King et al. (1986) developed using n-alkane thermal data to 

extrapolate accurate mid-range vapor pressure data (40 to 780 mm Hg) down to about 

T r=0.4, is seen to underpredict the critical pressures by about 4% when used beyond its 

intended range. When applied in its proper range, its predictions at low reduced 

temperatures are usually several percentage points higher than the paraffin based 

correlations derived in this work. It represents API-44 mid-pressure data sets more 

accurately than any other CSP correlation tested in the n-alkane range, Cs to Cg. Since 

the authors only tabulate input parameters out to C1s. a set of input parameters based on 

reliable vapor pressure data and suitable critical parameters would have to be 

determined to properly employ this correlation beyond C1s-
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The C1 o/C2o correlation appears to accurately predict low reduced temperature 

vapor pressures for n-hexane-sized fluids (ro==0.301 ); for example, observe the 

deviation plot for 2,3,4-trimethylpentane (ro=0.315). For substances n-pentane sized 

(ro==0.251) and smaller, however, the accuracy of this correlation degrades. The 

methane (ro==0.011) deviation plot, Fig. 5.11, and, the statistical benchmark studies 

given in Section D of the next chapter clearly illustrate this observation. 

a. 2.3 .4-Trjmethylpentane 

The deviation plot for 2,3,4-trimethylpentane is given in Fig. 5.1 0. It is 

similar to Fig. 3.2 except for the addition of several dashed lines representing 

correlations. As can be seen, the King and C1 o/C2o correlations best predict the 

accurate, low temperature, inclined piston gauge measurements of Osborn et al. (1974). 

The CSP parameters (Tc=566.5 °K, Pc=27.30 bar, and ro=0.315) used are taken from 

Reid et al. (1971 ). These are based on the critical point measurements of McMicking & 

Kay (1965). 

As Fig. 5.10 shows, the vapor pressures of the McMicking & Kay (1965) exhibit 

a strong bias with respect to the accurate data of Osborn & Douslin (1974). Thus, the 

accuracy of the Reid et al. (1971) CSP parameters appears somewhat questionable. To 

confirm their accuracy, T c=566.5 oK was assumed and "optimized" values of Pc and ro 

(27.07 bar and 0.3119) were obtained for the C1/Ca model* by regression of the mid-

pressure range data sets of Willingham et al. (1945) and Osborn et al. (1974) in 

* See Tables 3.6 and 6.4 for the vapor pressure reference equation coefficients of the 
C1/Ca model. 
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accordance with [3.46]. The optimized Pc falls within 1% of the experimental value so 

the experimental value is probably accurate. 

When the optimized parameters are used in the C1/Cs correlation, the model's 

performance at low reduced temperatures approaches the behavior of the King 

correlation. In the mid- to high-pressure range, its performance is superior to the 

King correlation. 

b. Methane 

The methane reference equation used in Fig. 5.11 is based on the data of 

Kleinrahm & Wagner (1986) and systematically deviates from the data of Prydz & 

Goodman (1972). By comparing the purity analyses of the samples used in the two 

investigations, Kleinrahm & Wagner (1986) attribute the disparity to possible 

impurity effects in the older data. 

The C1 o/C2o and LK/MB correlations predict methane data with low accuracy. 

Predictions of LK/MB are so bad that the correlation is not shown in Fig. 5.11. King's 

correlation deviates by -2 % at the triple point. These observations suggest that 

methane's behavior is anomalous compared with the behavior of the longer alkanes. 

Certainly, the large molecular size differences between the C1 o/C2o reference fluids and 

C1 suggest that the C1 o/C2o model is an inappropriate choice for predicting methane

sized sytems. 

Two deviation curves are shown in Figure 5.11 for the L&K(75) correlation., 

[3.6]. In one curve, the normal boiling point, Tb, has been used to estimate the acentric 

factor in accord with Lee & Kesler (1975). In the second curve, the acentric factor was 

determined from the Wagner equation coefficients given in Table 5.4. As can be seen, use 
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of Tb improved the accuracy of L&K(75) when predicting methane vapor pressures at 

the lower reduced temperatures. 

This observation about applying the L&K(75) correlation, however, holds only 

for lighter hydrocarbons where the reduced normal boiling point, Tb/T c. differs 

significantly from T r=O. 7. Since the normal boiling points for the longer alkanes occur 

closer to where the acentric factor is defined at Tr=0.7, use of a normal boiling point or 

Pitzer's acentric factor definition, [3.1 ], makes little difference when applying the 

L&K(75) correlation. Thus, acentric factors given in Table 5.4 are used to apply the 

L&K(75) correlation in deviation plots for long-chain n-alkanes. 

c. n-Hexane and n-Octane 

The hexane deviation plot in Fig. 5.12 was included to compare the Wagner 

reference equation with the LK/MB correlation, which also is based on an n-hexane 

reference equation. The Wagner equation was determined by a direct regression of the 

mid-pressure data of Willingham et al. (1945) and agrees with the LK/MB correlation 

within 6% at the triple point. The LK/MB correlation is based on the data of Carruth & 

Kobayashi (1973) at the low temperature end. 

The weighting procedure used to fit the n-octane reference equation in Fig. 5.13 

is described in Section F of Chapter 3. Once again the data of McMicking & Kay (1965) 

is seen to deviate systematically from that of another source, i.e., Connolly & Kandalic 

(1962). The data of Young (1900) is remarkably good. It is systematically lower 

probably because of uncertainties in Young's temperature scale. Similar deviations can 

be seen in the n-hexane deviation plot for Young's data. 
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2. n-Aikanes:~o, ~2, ~4, ~6, ~a, ~g, ~o, ~2, ~4, ~a (0.4 <ro<12). 

Deviation plots for the ten n-paraffin systems ranging from C1 o to C2a that were 

studied experimentally in this work may be found in Figs. 5.14-5.23. With the 

exception of C2o. in which measurements on two different zone-refined cuts were 

obtained, the experimental measurements of this work are depicted on the deviation plots 

using the square symbol. The diamond symbol was reserved to depict the measurements 

of Krafft which were made over a hundred years ago. The dash types for the PERT2, 

C1/Ca, TRC Antoine equations, and LK/MB correlations are self-consistent whereas the 

other symbols and dash types are not always used as consistently. 

Literature sources of n-alkane vapor pressures were described in Chapter 2. 

For the systems studied experimentally in this work, Table 2.2 summarizes data ranges, 

methods of measurement, and estimated sample purities when this information was 

available. 

An inspection of the statistical benchmarks in Table 5.5 and the deviation plots 

reveals several trends about the data and correlations tested: 

a. Mid-Pressure Range (0.12 ~ log(P/kPa) ~ 2.03) 

In general, the new measurements for C1 o to C1s agree with accurate API-44 

measurements made at N.B.S. to within 0.3%. The N.B.S. data sets are depicted by 

circles. For C1a to C2o. where no N.B.S. measurements exist, the new results concur 

with Vargaftik's table up to Tr=0.7. At higher temperatures, they gradually increase to 

become 3 to 4 % greater than the values given in the Vargaftik tables. The data of Krafft, 

which covers the pressure range from 11 to 760 mm for c1 0 to c1 9' is typically 3 to 

10 % higher than more modern results. The results of Meyer & Stec (1971 ), who 
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studied a zone-refined sample of C24 by ebulliometry, are seen in Fig. 5.22 to be 

systematically lower than the present results by approximately 1 %. 

The new measurements for C1 o and C2o in the mid-pressure range agree quite 

well (0.04% and 0.33% AAD) with the recently published National Institute for 

Petroleum and Energy Research (NIPER} data of Chirico et al. (1989}. Their data for 

C2s in this range, however, is systematically lower by about 2.6%. Since they report 

considerable difficulties in operating their ebulliometer at these low pressures and high 

temperatures (e.g., a difference between boiling and condensation temperatures of as 

much as 0.3°K), their data for C2s data is less reliable than their C1 o and C2o results. 

b. Superatmospheric Pressure Range 

Three literature superatmospheric vapor pressure studies were compared with 

the present results. Reamer et al. (1942} in Fig. 5.14 studied C1 o while Beale & 

Docksey (1935) in Fig. 5.15 investigated C12· Both of these investigations show a 

considerable amount of scatter and poor agreement with the new measurements. The 

NIPER results for C1 o in this range, however, agree quite well. 

The C14 measurements of this work in Figure 5.16 show signs of thermal 

decomposition at three highest temperatures. At the highest temperature this effect 

appears to be less than 1 %. 

c. Low Pressure Range (log(P/kPa) ~ 0.12) 

Table 2.2, which contains data range/estimated purity information; Table 5.5, 

with its conformal Wagner equation statistical benchmarks; and, the statistical 

benchmark tables described in Section D of Chapter 6 serve to organize the graphical 
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information presented in Figs. 5.14 to 5.23. Generally, the large scatter seen in the 

available data sets below Tr=0.5 suggest that the experimental and correlational 

techniques which have been employed need to be improved. 

Some remarks about specific low-pressure data sets are given in this sub

section. 

The low-pressure, inclined piston NIPER data (Chirico et al., 1989} for C1 o. 

C2o. and C2s are shown in Figs. 5.14, 5.20, and 5.23 respectively. Agreement with the 

measurements of this thesis is generally good. The largest discrepancies between the 

conformal Wagner equation fits and NIPER data are seen at Tr=0.43 for C1 o. where 

Wagner equation fit is 4 % too low, and for the C2s equation, which averages 1.6% too 

high. Overall, the conformal equations predict the NIPER data with an average error of 

1% (See Table 6.17}. The systematic negative bias observed in the C1o equation at low 

reduced temperatures suggests that this reference equation can be improved in the 

vicinity of the triple point. This idea is further pursued in Chapter 8. (See Eqn. 8.1 and 

Table 8.1.) 

Agreement between the Wagner equation fits and the smoothed data of API-42, 

which range between 0.5 to 10 mm, usually average between 2 and 5%. The C19 results 

in Fig. 5.19, however, show a gross disagreement. 

With the exception of their C1s results, which exhibit considerable scatter, the 

gas saturation data of Allemand et al. (1986} for C12 and C14 tend to average 1 to 3% 

higher than the conformal Wagner equation fits. Their data was included in the C1 o 

reference equation, Fig. 5.14. 
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The direct measurements of Sasse et al.(1988) for C12. C2o. C22. and C24 are 

usually 1 to 3% higher than the predictions of the conformal Wagner reference 

equations. Because of the relatively low purities of Sasse's compounds, one has to 

interpret these results cautiously. 

The gas saturation data of Macknick & Prausnitz (1979), which was 

incorporated into the conformal reference equations for C1s and C2o. exhibit an average 

scatter of about 2% in Figs. 5.18 and 5.20. 

The effusion measurements of Bradley & Shellard (1949), Parks & Moore 

(1949), and Morecroft (1964) for compounds in the C1s to C19 range exhibit 

considerable scatter. The contradictory nature of this kind of data is best illustrated in 

Fig. 5.17 for C1s- The Parks & Moore results average 4% lower than the conformal 

Wagner equation fit while the Bradley & Shellard results average 7% higher. Having the 

zero percentage deviation line pass between these two data sets appears to be a good 

compromise. 

d. Correlation Predjctjoos 

In the mid-pressure range (0.1 ~ log(P/kPa) ~ 2.03), most correlations tested 

performed satisfactory. The bulge in the L&K(75) correlation documented in the Cs and 

Cs deviation plots is quite apparent in the C1 o deviation plot, Fig. 5.14. The LK/MB also 

appears to have a systematic bulge at the lower end of this pressure range. The TRC 

Antoine equations for C1s to C2o. which are based on the data of Myers & Fenske (1955) 

and Krafft (1882), show considerable disagreement with the new vapor pressure 

measurements. 
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In the high-pressure range (log(P/kPa) > 2), the discrepancy of the various 

correlations grows as the uncertainty of the critical pressure increases for the longer 

n-alkanes. The TRC extended Antoine equation tested for C1 o in Fig. 5.14 grows to about 

4 % too high near the critical point. For C12 and above, the mid-pressure TRC Antoine 

equations were extrapolated out of their intended ranges. As discussed before, the King 

correlation was never developed for application in this range. The CSP correlations 

using the critical point correlation of Twu (1984), C1 o/C2o and PERT2, will always 

approach zero and coincide with the conformal reference equation fits at Tr=1. Because 

values of the C1/Ca optimized Pc for the longer alkanes are larger than Twu's Pc. the 

C 1 /Ca correlation overpredicts the high-pressure regime progressively more as the 

carbon number increases. These so called shape-factor effects are discussed in Section B 

of Chapter 6. 

Of the three correlations developed in this work and tested in the low-pressure 

regime, the C1 /Ca correlation most closely mimics the predictions of the King and 

LK/MB correlations, which are also largely based on vapor pressures of the smaller 

n-alkanes. Predictions made by PERT2 and C1 o/C2o tend stray systematically lower 

than the King and LK/MB correlations as the triple point temperature is approached. 

When PERT2 inputs are used in the L&K(75) correlation to predict C22 data in Fig. 

5.21, L&K(75) predicts the mid-pressure regime well but it tends to grossly 

overpredict Sasse's data below Tr=.53. As will be seen in the next chapter, Tables 6.8 

and 6.9, CSP correlations based on the lighter n-alkanes all tend to exhibit this 

L&K(75) behavior when used with n-alkane parameters developed for PERT2. Use of 

C 1 /Ca parameters improves the predictions of these correlations at low reduced 

temperatures. 
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D. Purity Test Results 

Physical properties of a sample such as its freezing and boiling point 

characteristics can be used to estimate a sample's purity. The purities of the zone

refined n-alkanes used in the vapor pressure measurements are estimated in this way. 

1. Examples of Freezing Curves & Freezing Point Distributions. 

Examples of freezing curves used to assay sample purities are given in this 

section. Freezing curves were produced by plotting the voltage output of a thermopile 

which monitored a solidifying sample's temperature versus time. Curves for several 

zone-refined cuts of n-paraffins may be seen in Fig. 5.24. The temperature (i.e., 

thermopile potential) of a typical freezing curve fell precipitously until the sample 

subcooled below its freezing point. Later, the temperature increased rapidly up to a 

plateau where it slowly cooled by following an asymptotic path. 

Since the freezing curves of the top cuts of zone-refined samples were usually 

found to be higher in temperature than curves determined from mid- or bottom-cuts, 

usually, according to eqn.[4.8), the top-cut was assumed to have a higher purity. 

The freezing curves in Figure 5.24 illustrate various points. For example, the 

C 18 top-cut curves are of the same sample used in a vapor pressure experiment before 

and after the vapor pressure measurements. A slight downward displacement in the 

freezing curve was observed in the sample following the vapor pressure measurements 

suggesting a decrease in purity. The stock C1a sample exhibited much more subcooling 

than was observed in the zone-refined mid or top cuts. The C24 freezing curves show 

how the method clearly differentiates the top and extreme bottom-cuts (discard-cuts) 
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of a zone refined column. These curves also suggest that the discard-cut was enriched in 

impurities over the initial stock material. 

One final interesting observation about Figure 5.24 regards the shape of the 

freezing curves. As the carbon number increased beyond C22. the curves tended to 

become more linear and the amount of subcooling exhibited usually was small. The 

change in shape probably resulted from changing viscous and heat transfer properties of 

the melt as was discussed in Chapter 4. 

To portray freezing point depressions and purity distributions along the axial 

direction of the zone-refined ingots, Figures 5.25 and 5.26, were made based on the 

freezing curve data of several cuts of C22 and C2s- The thermopile potentials of the 

freezing curves in these figures were converted from millivolts to Celsius degrees by 

applying Eqn. 4.12. The curves marked "hypothetical pure sample" are fictitious 

reference lines which were put into these figures by displacing the mid-cut sample's 

freezing curve upwards by the difference between the compound's estimated pure 

freezing point, Tto. and the mid-cut's measured freezing point, Tt. If the shapes of all 

the freezing curves are similar, the freezing point depression of any particular cut can 

be measured from this reference line. 

To construct the distribution bar graphs in Figs. 5.25 and 5.26, the cut freezing 

point depressions were plotted versus the relative positions of the cuts from the top of 

the ingot. The estimated purity distributions were then established by mapping the 

freezing point depressions with eqn. [4.8]. Of course, to apply eqn. [4.8], an 

appropriate value for the first cyroscopic constant, A, had to be used. The results of this 

equation, however, are relatively insensitive to errors in A. 
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For the paraffins heavier than C2o. the graphical estimation of Tto became 

unreliable. An average value of graphically estimated pure freezing points which was 

consistent with the curves of the various cuts was used. Herein, along with the question 

of whether the impurities depress or increase the freezing points of the long-chained 

paraffins, lie the major sources of uncertainty in the quantitative determination 

purities by this method. 

Despite the inherent difficulty of applying freezing curve techniques to long

chain n-alkanes, the distribution plots resulting from these studies are valuable for 

indicating the degree of homogeneity along the zone-refined columns. For instance, in 

Figure 5.25 one· would expect that a top, mid, or bottom cut are of similar purity and 

that the discard cut should not be used in a vapor pressure experiment. The profile along 

the C24 column was similar to C22 and has not been depicted. The C2s column in Figure 

5.26, however, exhibited its maximum purity in a mid-cut, the cut subsequently used 

in the vapor pressure measurements. 

2. Freezing Points and Freezing Curve Purity Determinations 

The results of the freezing curve studies are summarized in Table 5.7. The stock 

suppliers are listed along with the stock purities provided by the suppliers, and the 

purities of various zone-refined cuts as estimated by the freezing curve method. 

Additional information included in the table are the estimated pure and measured sample 

freezing points,the number of zone passes, the first cryoscopic constants used in the 

purity determinations, and literature freezing points. 
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The purity uncertainties indicated in Table 5.7 are based on the estimated overall 

precision of several determinations of the pure freezing point and measured sample 

freezing points and should not be interpreted as a measure of accuracies. 

As emphasized before, the main uncertainty in the estimated purities is related to 

the nature of solid solutions formed and whether the freezing point is raised or lowered 

by the impurities present. Since the freezing curves for the heavier paraffins became 

linear, estimating the sample's pure freezing point by the graphical analysis of Glasgow 

et al.(1945) became increasingly difficult. Clearly, much guesswork was involved in 

estimating the pure freezing points for samples heavier than C2o-

Based on measuring sample freezing points of several different samples on 

numerous occasions over a half-year period, the precision of these measurements was 

found to be 0.003°K. The bath temperature affected the shape of the freezing curves, 

however, sample freezing points determined by extrapolation of the freezing curves back 

to zero time could be reproduced. The accuracy of the freezing point measurements is 

expected to be within 0.03°K. The error analysis is given in Section E of this chapter. 

3. Bojljog Points Compared wjth Literature 

Predictions of boiling point temperatures at 1 0 and 760 mm of Hg by Wagner 

equations in Table 5.4 are compared with literature values in Table 5.8. For C1 o and 

C12. the differences between the new vapor pressure measurements at the normal 

boiling point and the results of API-44 are -0.01 °K. The largest disagreement, -1.1 °K, 

is seen for C1g. For the remaining substances, the average of the absolute differences is 

0.2°K. 
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At a boiling point of 10 mm of Hg, the average of the three largest absolute 

differences observed for C1a, C1g, and C2o is 1.5°K. The average for the remaining 

seven compounds is 0.3°K. 

4. Estimated Sample Purities 

The purities of the samples used in the vapor pressure measurements manifested 

themselves in many ways. Some of the materials removed from the zone-refiners 

appeared to be very pure. For example, the sparkling, highly crystalline nature of the 

zone-refined C1a and C2o samples was visually distinct from crystallized stock material 

which appeared more waxy and translucent. In contrast, C19 removed from the zone 

refiners appeared to have undergone little physical change from the stock material. 

Compared with the other paraffins, the C19 material felt sticky, and when sections were 

smashed by a hammer, they clumped together rather than shatter into crystalline chips. 

Impurities in samples were also noticeable during vapor pressure measurements 

as volatile components which would outgas from the sample despite repeated attempts at 

removing them. The C19 sample studied was by far the worst in this regard. A similar 

outgassing problem was encountered during the C22 vapor pressure measurements at the 

higher temperatures. In contrast, the C24 sample exhibited little outgassing of volatiles 

and this might be construed as a sign of high purity. 

The measured freezing points of C14, C1s. and C1a samples given in Table 5.7 

agreed within 0.02°K of API-44 data and the C2o results were within 0.02°K of the 

results of Cox & Vaughan (1982) at the National Physical Laboratory (NPL) in the U.K. 

Clearly, these are signs of high purity. For the longer n-alkanes, the available freezing 

point data in the literature is less reliable so no conclusions can be drawn for them. 
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The measured normal boiling points of C1 o. C12. C14. and C1s given in Table 5.8 

differed from the TRC/API-44 Antoine equations by -0.01, -0.01, 0.09 and -0.11 oc, 

respectively. Since the API-44 samples were rated at purities of >99.6, >99.94, 

99.93±.06, and 99.96±.04 mol %, the purities listed for C1 o and C12 in Table 5.7 

appear to be reasonable. The larger differences seen in the boiling points of C14 and C1s 

may be indicative of small amounts of impurities. The lack of high accuracy boiling 

point data for the heavier alkanes precludes the use of boiling point as a useful indicator 

of high purity. 

With the freezing curve assays and other physical data in mind, the purity 

estimates listed in Table 5.7 for C1 o. C12. C14. C1s. C1s. C1g, and C2o are probably 

reasonable. For C22. C24. and C2s it would be more reasonable to rate the samples as 

99+ mol% pure. 
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E. Error Analyses 

1. Vapor Pressure Measurements 

The overall accuracy of a vapor pressure measurement depends on the accuracy 

of the individual temperature and pressure measurements as well as on the influence of 

impurities and other factors which might cause systematic biases. If systematic biases 

are ignored, then the vapor pressure measurement can be represented as just a function 

of temperature and pressure measurements, i.e., P8=P8 (T,P). An overall expected 

error in the vapor pressure measurement, 6P~ot' can be estimated by combining 

estimates of the total experimental errors in the temperature and pressure 

measurements, 6 T exp and 6Pexp. into an appropriate error propagation formula 

(Oiofsson et al., 1981 ). The formula widely used in vapor pressure work is the 

Gaussian error propagation form: 

s 
~ptot 

I 11 I 2 
(jps 2 2 2 

= ~ ( aT) (~ T exp) + (~P exp) ~ 
[5.1] 

where aP5 /aT is the slope of the vapor pressure curve estimated from a fit of data such 

as a Wagner equation. The accuracy of this slope value is not crucial since it is 

multiplied by a small number. 

If [5.1] is used to examine the Wagner equation coefficients given in Table 5.4, it 

applies strictly only to the coefficients that were determined by direct regression of the 

vapor pressure data in Tables 5.1 and 5.2. The conformal coefficients sometimes contain 

additional uncertainties introduced by the application of the two-fluid CSP and the 

influences of other data sets (i.e., covariances and systematic biases). 
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a. Temperature Uncertainties 

The estimated errors resulting from the use of the Omega PRT/Keithley 

DMM/Microcomputer temperature measuring system were discussed in the equipment 

calibration section of Chapter 4. The results there indicate that most of the temperature 

measurements are expected to be accurate to within ±0.02°K with a maximum estimated 

error of 0.03°K. The maximum is based on the graphical reproducibility of the Omega 

PRT when its temperature reading was compared with precision platinum resistance 

thermometers over wide-range temperature cycles. 

The recommended value for ~I exp is 0.03°K. 

Another possible error in the temperature measurement is evaporative self

cooling. When volatile decomposition products were evacuated from the equilibrium cell 

at high temperatures, the evaporization of sample from inside the equilibrium cell 

causes the sample to cool. Since measurements were taken rapidly to minimize sample 

decomposition and since the thermometer was not mounted directly in contact with the 

sample, it was difficult to know if the wait period for the sample to re-equilibrate with 

the bath fluid temperature was sufficient. Experiments conducted by Maurice Jett 

(1990) using a Burnett isochoric cell, suggested that the lag time between liquid bath 

and sample temperature is small when temperature perturbations are introduced into 

the liquid bath. Therefore, the 5 to 1 0 minutes wait time allowed was probably adequate. 

b. Pressure Uncertainties 

The overall uncertainty in pressure measurements, ~ P exp. is postulated to 

depend proportionally on the pressure of the reference gas and on a hypothetical zero 
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pressure uncertainty, ~P0 , that is estimated by applying a Gaussian error propagation 

formula to component pressure uncertainties: 

~Pexp = k P + ~Po [5.2] 

k is assumed to be 0.00015 according to the calibration results of the air dead 

weight gauge (DWG) stated by the Ruska Instrument Corporation : 

Low Pressure Piston: 0.015% of reading or 0.0052mm, whichever is greater 

High Pressure Piston: 0.015% of reading or 0.078mm, whichever is greater 

Components of the zero pressure uncertainty include the error in the DDR 

pressure gauge reading, the errors of the two Thermovac vacuum gauges used in the 

calibration/measurement procedures, and the uncertainty introduced when finding the 

DPI null. 

[5.3] 

Uncertainty in the DDR 6000 pressure gauge measurements 

The uncertainty in the DDR 6000 pressure gauge measurements, ~PooR• due to 

the Keithley DMM voltage measurement error can be safely neglected. ~PooR is 

estimated as twice the standard deviation, <r=0.0094 mm, of a straight line fit of the 

difference between pressure readings of the DWG and DDR pressure gauges versus the 

uncorrected DDR pressure reading in the range from 10 to 926 mm. Thus, ~PooR = 

0.0188 mm. 
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Uncertainty in the Thermoyac vacuum gauges 

The Thermovac vacuum gauges affiliated with the DDR and DWG operation have a 

stated uncertainty of ±1 linear scale division which in the 0.80 to 0.1 00 mm pressure 

range translates to ±0.015 mm. Assuming this value, then ~PTv = 0.015 mm. 

Uncertainty in the DPI null pressure 

The uncertainty in the DPI null is assumed to be two DPNI meter units. This is 

essentially twice the DPI sensitivity, i.e .. , ~P 0 p 1 = 0.022 mm. For the pressure 

measurements below 50 mm this value is reasonable since stress/strain effects on the 

DPI diaphragm are very small. 

As more experience was gained in establishing the null state of the DPI, 

techniques improved. This experience is reflected in the magnitude of the DPI null shift 

corrections added to the raw data below 50 mm (Table 5.3). The larger null shift 

corrections added to the C1 o. C12. C14. and C1s measurements, however, also reflect the 

higher sensitivity of the DPI observed for temperatures below 140°C. For example., at 

50 oc the sensitivity was 0.0267 mm/meter unit rather than the values closer to 0.01 

mm/MU observed at higher temperatures. 

Pressure effects on the DPNI null setting 

For the dead weight pressure gauge measurements greater than 1500 mm, the 

pressure effects on the DPNI null setting were observed as a function of pressure at 300 

oc. The following expression, which assumes a DPNI sensitivity of 0.01 mm/MU and an 

initial null DPI balancing pressure of one atmosphere crudely approximates null shifts 

observed due to pressure effects on the DPI between 1500 and 4200 mm : 
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.1PNI = 0.000053P -0.059 [5.4] 

If one wanted to equate ~PN 1 with ~Pop~o this could be done. When equation [5.4) is 

extrapolated to the highest pressure measured, 1 0500 mm, it suggests that the pressure 

effects on the DPI null will cause an uncertainty on the order of 0.5 mm. The 

corresponding uncertainty for the DWG measurement at this pressure is found from the 

"k" factor of Eqn. 5.2 to be 1.6 mm, a number similar in magnitude as ~PNI· Thus, 

neglecting ~PN 1 would not affect the error analysis significantly. 

Overall uncertainty in pressure measurements 

By substituting the recommended component uncertainties into equation [5.3], 

the zero pressure uncertainty is found to be ~Po= 0.036 mm and equation [5.2] 

becomes: 

.1P exp = 0.00015 P + 0.036 [5.5] 

Equation [5.5] is useful for estimating the expected accuracy of the pressure 

measurements, however, it is emphasized once again that the equation neglects the 

effects of other phenomena such as impurities and thermal transpiration which can 

significantly affect pressure measurements. 

c. Reproducibility Below 20 mm 

Some of the low pressure vapor pressure measurements were repeated several 

times to investigate their reproducibility. These results are depicted in Table 5.9. 

Interestingly, the standard deviations of several different low pressure DDR 
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measurements were found to be similar in size as the zero pressure uncertainty of Eqns. 

5.3 and 5.5, i.e., .&P0=0.036 mm. 

d. Impurity Effects 

It is evident from studies of binary mixtures that impurities can significantly 

influence the accuracy of thermodynamic property measurements (Eubank et al., 1987; 

Gallagher et al., 1987); however, since the exact natures of all the impurities present 

in the samples studied in this work are unknown, little attempt is made to quantitatively 

model their effects on the vapor pressure measurements. 

If the largest possible source of impurity errors, supercritical gases such as air 

from an incomplete initial degassing of the sample or hydrogen from thermal cracking of 

the sample, are ignored, it is postulated that most of the remaining impurities present 

in the studied samples are paraffinic homologs with molecular weights similar to the 

n-alkane major component. If one treats all the impurities as a single component 

denoted by subscript 2 and assumes that the mixture of the impurity with the major 

component behaves ideally because of the similar chemical nature of both components, 

then one can apply Raoult's Law to estimate the effects of the impurity on the sample's 
s 

pure component vapor pressure, P 1 . If the liquid mole fraction of the impurity is given 

by X2=1-X1, Raoult's Law is: 

[5.6] 

The percent deviation of the total mixture vapor pressure from the actual pure 

component vapor pressure is then given by: 
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0/o Deviation = 100 = 100 (1 
[5.7] 

As an example of how eqn. [5.7] might be applied, the vapor pressure of a 

hypothetical impurity that caused the outgassing observed in the n-nonadecane sample 

will be estimated at 160°C. The assumptions to be made are that the impurity is 

paraffinic, that the mole fraction of C19 is X1=0.992, and that the conformal Wagner 

vapor pressure equation for C19 in Table 5.4 gives the true vapor pressure of the pure 

component; viz., P~ =3.13 mm. Since the measured value for C19 (i.e., Ptot=3.27 mm} 

is 4.47 % higher than what is predicted by corresponding states, equation [5.7] predicts 

that the impurity had a vapor pressure of P~=20.6mm at 160 oc. This value is between 

the respective vapor pressures of C1s and C1s (i.e., 28.8 and 16.3 mm). 

e. Decomposjtjon Effects 

At temperatures above 240°C sample decomposition manifested itself during 

vapor pressure measurements as a slow increase in sample pressure. To estimate an 

upper bound on the effects of decomposition, the bath temperature was immediately 

quenched following the conclusion of the vapor pressure measurement at the highest 

temperature and pressure, T max and Pmax· Several hours later at a lower bath 

temperature, T, a vapor pressure measurement was obtained without degassing the 

sample. The excess pressure of the decomposed sample, Pdec• over the vapor pressure of 

the virgin sample, P, which was determined from a direct regression of vapor pressure 

data, was expressed as a residual, Pdec-P, and as a percent increase in virgin vapor 

pressure, 1 OO(Pdec-P)/P at temperature T. The "estimated maximum effect" on the 

highest pressure measurement was expressed as percentage increase in Pmax at T max by 
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applying the temperature correction factor, (T max!T), to the residual pressure, Pdec-P, 

and then by dividing the corrected quantity by the maximum pressure measurement, 

Pmax· The "estimated maximum effect" on the highest pressure measurement is thus 

given by 100(Pdec-P)(T maxiT)/Pmax· 

Examples of pressure increases observed and "estimated maximum effects" are 

given in Table 5.10. As can be seen, n-decane exhibited the smallest "decomposition" 

effects and n-nonadecane showed the largest. 

When the effects of impurities initially present in the sample do not hopelessly 

skew the "estimated maximum effect", this quantity is expected to be larger than the 

decomposition effects actually encountered. This follows for the compounds heavier than 

C2o. since these substances have relatively low vapor pressures at the highest 

temperatures allowing the samples to be more easily purged of volatile breakdown 

* products . The long time interval following the final vapor pressure measurement 

allowed more volatile products to accumulate in the samples than what was present 

during the highest temperature vapor pressure measurement. Nevertheless, inspection 

of deviation plots given in Figs. 5.4 and 5.5 reveals that the maximum deviations are 

indeed similar to the "estimated maximum effects" for C14. C1g, and C2o-

No systematic studies of decomposition rates were performed. It was noted when 

studying n-hexadecane at 310 oc that the initial pressure reading increased from 

1226.6 to 1237.9 mm over a 5-hour period. This change suggests a nominal 

* Once a significant portion of a sample (for example., 0.1 mol % as determined by a 
freezing curve analysis of C1a in Fig. 5.24) had been thermally cracked at the highest 
temperatures, thorough degassing of a sample at lower temperatures would not restore 
initial vapor pressure measurements despite repeated efforts. The "degassed" samples 
that had been altered by high temperatures exhibited higher vapor pressures than the 
virgin samples. 
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decomposition rate of 2.3 mm/hr in a total sample volume of 58 cc. Approximately 37 

cc of liquid C1s at room temperature had been charged into the equilibrium cell initially. 

f. Thermal Transpiration and Pressure Conductance Effects 

For the vapor pressure measurements below 10 mm of Hg, the thermal 

transpiration effects were assumed to be negligible. If thermal transpiration occurred 

anywhere, the hollow shaft connecting the the top and bottom portions of DPNT through 

which the fine metal connecting rod ran would be the most likely location. However, 

since the effective inner diameter. of the 52 em long shaft is 0.35 em, it was shown by 

adapting the results of Storvick et al. (1978) for air that thermal transpiration effects 

are negligible. 

Although the negligible temperature difference between the top of the DPNT and 

the DDR pressure gauge precluded thermal transpiration effects, the 14 foot (427 em) 

linkage of 1/8 " (0.175 em) i.d. tubing connecting them significantly impeded reference 

gas conductance. Thus, the DPI balancing procedure became increasingly sluggish for 

pressures below 5 mm. Additional time was allocated for the DPI to respond in this 

regime. At the lowest measured pressures, pressure gradients in the pressure supply 

system might introduce an error. 

2. Freezing Point Measurements 

The accuracy of the thermopile's calibration depends mostly the Keithley's 

nominal accuracy in the 200 o range used for measuring resistance of the L&N 

precision 25 ohm PRT, 

AR=0.00035R + 0.002 [5.8] 
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where R is in ohms. When [5.8] is applied in the Callendar equation, [4.5], the 

corresponding uncertainty in temperature is 0.03°C. 

The uncertainty in the thermopile temperature readings introduced by Keithley 

voltage measurements is expected to be less than 0.004°C. This estimate is based on the 

0.77 °C/mV average slope of the voltage to temperature conversion equation, [4.12], 

and the nominal accuracy of the Keithley DMM for measuring voltage in the 200 mV 

range: 

~V=0.00004V + 0.002 [5.9] 

The self-heating error introduced into the L&N PRT by the Keithley's resistance 

sensing current is expected to be within 0.004°C. 

When twice the standard deviation of the voltage to temperature conversion 

equation fit, [4.12], is included in this error analysis, i.e., 0.014°C, the overall 

expected uncertainty of measured sample freezing points, Tt. is estimated by combining 

all the temperature uncertainties into a Gaussian error propagation formula. The final 

result is 0.03°C. 
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CHAPTER 6. EXTENSIONS OF PITZER-TYPE CSP CORRELATIONS 

The acentric factor ranges of several Pitzer-type corresponding states principle 

(CSP} correlations for n-alkanes are extended in this chapter. These correlations fall 

into two general classes depending on what input parameters (T c. Pc. ro} are used. 

In one class, summarized in Tables 6.1 and 6.3, T c and Pc correlations of Twu 

(1984}, eqns. [3.8-1 0], are assumed for n-alkanes longer than carbon chain length 

n=9 and ro is evaluated according to Pitzer's definition, equation [3.1 ]. In this class, a 

vapor pressure correlation referred to as "PERT2" was developed by including a second 

order perturbation term in Pitzer's simple fluid acentric factor expansion for ln(Pr}. 

Other results include two-fluid CSP correlations based on a C1 o/C2o model for 

predicting vapor pressure, heat of vaporization, and the difference between vapor and 

liquid compressibility factors (~Z=Zv-ZL}. The C1 o!C2o correlations are recommended 

primarily for molecules which are decane (C1 o} sized or larger (ro~0.48} whereas 

PERT2 is applicable to simple fluids (ro=O} or to fluids as large as C36+ (ro=1.43+}. 

In a second class of correlations, summarized in Tables 6.4 and 6.5, Twu's 

correlation for Tc is assumed as before, however, Pc and ro are determined by regression 

of vapor pressure data in accord with a two-fluid CSP model, C1/Cs (See eqns. 3.7 and 

3.24}. The vapor pressure correlation, which is extended to C3s. is almost as accurate 

as PERT2 over the mid- and low-pressure ranges but degenerates significantly in the 

critical region for paraffins longer than C11 due to shape factor effects. The extended 

heat of vaporization correlation is very accurate. The ~Z correlation, however, which 

was developed in Chapter 3 for use in the in the. Clapeyron equation 3.11 , should only be 
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applied for estimating heats of vaporization when compounds are smaller sized than the 

n-undecane, c11 (ro50.53}. 

The development of PERT2 is described in Section A. An acentric factor 

correlation for n-alkanes, which is based on accurately known acentric factors in the 

C1 o to C2s range, is shown to be consistent with the reliable boiling point measurements 

of Mazee (1948} out to C3s and also with an extrapolated Kreglewski & Zwolinski 

(1961} equation fit of Mazee's 3 mm boiling point data out to Cso. In contrast, TRC 

Antoine vapor pressure equations are shown to have difficulties in representing Mazee's 

data. Further inadequacies of the TRC Antoine equations in the C17 + range are illustrated 

in this section and later ones. To facilitate the application of PERT2 to n-alkanes in the 

n=1 to n=50 range, recommended parameters (T c. Pc. ro} are given in Table 6.3. 

In Section 8, two-real-fluid CSP correlations (See Eqn. 3.7} based on methane 

and octane (C1/Cs} are presented. Accurate methane and octane reference equations for 

vapor pressure, heat of vaporization, and difference between saturated vapor and liquid 

compressibility factors, L1Z=Zv-ZL, are taken from Table 3.6 and summarized in Table 

6.4. C1 /Cs parameters (T c. Pc. ro} for n-alkanes in the n=1 to n=36 range are 

determined by regression of n-alkane vapor pressures, correlated, then organized in 

Table 6.5. To demonstrate the role of reference fluid size in the two-fluid model, Eqn. 

3.24, critical pressures of n-alkanes in the Cs to C1s range are determined from 

n-alkane vapor pressure data. A pair of two-fluid models, C1/Cs and Cs/C14. are used 

in the regression in accord with Eqn. 3.46. When the Pc predictions of both two-fluid 

models are compared with the critical pressure measurements of Rosenthal & Teja 

(1989}, "shape factor" effects become evident whenever the acentric factor sizes of the 

two reference fluids differ significantly from the value of the test fluid's acentric factor. 
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In Section C, the inadequacy of applying the C,!Cs model to predict aZ of 

n-paraffins longer than C1 o is discussed. An alternative two-fluid model based on the 

reference fluids, n-decane and n-eicosane (C1 o/C2o), is constructed. The C1 o/C2o 

model is consistent with the critical point correlations of Twu (1984), i.e., PERT2 

parameters. 

In Sections D and E, correlations are applied to predict vapor pressures and heats 

of vaporization which span widely different reduced temperature, pressure, and acentric 

factor ranges. Statistical results are presented in Tables 6.8 through 6.26. 

A. Development of the PERT2 Vapor Pressure Correlation 

The "conformal" Wagner equation coefficients indicated by asterisks in Table 5.4 

can be used to define pairs of reference equations in the two-fluid CSP method [3.24]. 

The accuracy of this procedure will depend on the conformality of the test fluid with 

respect to the n-alkanes, the accuracy of the n-alkane reference equations, the accuracy 

and self-consistency of the test and reference fluid parameters, and, whether the 

acentric factor size of the reference fluids are matched to the size of the test fluid. To 

eliminate the need of matching the acentric factor sizes of the reference fluids and to 

average out errors in the reference equations, it is necessary to generalize the entire set 

of "conformal" Wagner equation coefficients given in Table 5.4 into a single correlation. 

This was achieved by following the correlation scheme of Pitzer et al. (1955). 

Unlike Pitzer's original vapor pressure correlation which required the use of 

only a first order perturbation term, Eqn. [3.6], it was found that inclusion of a second 
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order perturbation term in Pitzer's acentric factor series expansion for ln(Pr) 

significantly improves the representation of the smoothed n-alkane data (i.e., data 

generated by the conformal Wagner equation fits) over a wide acentric factor range. The 

improvement, as will be seen later, is most significant at low reduced temperatures for 

long-chain paraffins having large acentric factors. The new correlation is referred to as 

"PERT2." 

The methods of determining the perturbation terms of PERT2 and the 

development an empirical acentric factor correlation for n-paraffins are now described. 

1. Evaluation of the Pjtzer-Perturbatjoo Terms of the PERT2 Model 

Writing ln(Pr). the logarithmic reduced vapor pressure, as a Taylor series 

expansion about ro=O: 

[6.1] 

[6.2] 

the simple fluid, and the first and second order perturbation terms of [6.1] have been 

rewritten using the superscript nomenclature, 0, 1, and 2 in [6.2]. Each term of [6.2] 

was analytically evaluated as a function of reduced temperature, T r. first by generating a 

table of ln(Pr) for several n-alkanes at 32 different reduced temperatures ranging 

from T r=0.39 to T r=1.0, then by conducting a linear regression of the data to the form 

of the PERT2 model. The objective function assumed for each term, ln(Pr)(i), of PERT2 

was the form of the "2.5-5" Wagner equation introduced in Eqn. 3.19. Nineteen 
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conformal Wagner vapor pressure equation fits.. representing n-alkanes in the C1 to 

C2a.range were used to generate the table of ln(Pr). Acentric factors for each n-alkane 

needed in the PERT2 model regression were calculated from Wagner equations according 

to Pitzer's definition, Eqn. [3.1 ]. The resulting qoefficients determined for the PERT2 

model are summarized in Table 6.1. 

.. 
The average absolute deviation in pressure resulting from the regression of 

the 608 points in the ln(Pr) versus Tr table is AAD=0.933%. The largest deviations 

occured at T r=0.39 (MD=5.06% for 19 points). The root mean percentage deviation 

for all 608 points is RMS=1.79%. The RMS measure is larger than the AAD measure 

since it is more sensitive to large deviations. The overall standard deviation of the fit is 

related to RMS by the relationship: 

cr = (N*RMS2f(N-M))112 [6.3] 

where N=608 is the number of data points, M=12 is the number of coefficients in the 

PERT2 model, and RMS is the root mean square of the residuals 1 OO(Pcalc-

Pwagner)/Pwagner· Thus, cr=1.81 %. 

The necessity of including the second order perturbation term becomes evident 

when plots of ln(Pr) versus ro at different reduced temperatures are examined. These so 

called "Pitzer cross-correlational plots" are depicted in Figure 6.1 and are analogous to 

the graphical methods employed by Pitzer et al. (1955). When at reduced temperatures 

below Tr=0.7, the linear ln(Pr) versus ro representations are inadequate over a wide 

acentric factor range. In contrast, the quadratic fits show a marked improvement. 

.. 

.... The conformal fits are identified by asterisks in Table 5.4 . 
Statistical terms are defined in defined in the Statistical Nomenclature section. 
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The relative contributions of the perturbation terms to the overall PERT2 vapor 

pressure correlation are illustrated in Figure 6.2 and in Table 6.2. It is again evident 

that the second order term's contributions become significant only at reduced 

temperatures below 0.7. Since ln(Pr)(2) is multiplied by the square of the acentric 

factor, this term contributes only when a substance has a large acentric factor, e.g., 0.5 

or more. 

In Table 6.2, the simple fluid and first order perturbation terms of PERT2 are 

compared with the results of Pitzer et al. (1955) and Lee & Kesler (1975) over a wide 

reduced temperature range. The new results agree favorably with the literature. When 

small differences exist, these may reflect a small amount of coupling among the zeroth, 

first, and second order terms of the PERT2 regression model. 

2. PERT2 Acentric Factor Correlation for the n-Aikanes C1 o to C2a + 

To estimate vapor pressures of n-alkanes longer than n=9 using the PERT2 

model, the T c and Pc correlations of Twu (1984), [3.8a, d, e], are used to determine the 

first and second CSP parameters (See the discussion in Section B of Chapter 5). The 

third parameter, ro, the acentric factor, is calculated from [3.1] by using the 

"conformal" Wagner vapor pressure equation fits in Table 5.4. When a vapor pressure 

of the test fluid is unavailable at Tr=0.7, an acentric factor can be estimated by using Tc. 

Pc. and any accurately known boiling point in the PERT2 model [6.2]. PERT2 may then 

be solved for ro by use of a Newton-Raphson iteration technique. 

An alternate approach for estimating n-alkane acentric factors is to generalize 

acentric factors of well-characterized systems in terms of carbon number. Regression 

of ten acentric factors for n-alkanes in the carbon number range from n=1 0 to n=28 



160 

that were calculated from the conformal Wagner equation fits of Table 5.4 results in the 

following correlation: 

O>calc = 0.0520750 + 0.0448946 n - 0.000185397 n2 [6.4] 

The standard deviation of the fit is 0.00088 (0.12%). The data and calculated values 

are: 

n ro O>calc (O>calc- ro) 1 OO(rocalc- ro)/ro 

1 0 0.4823 0.4825 0.0002 0.04% 
1 2 0.5642 0.5641 -0.0001 -0.02 
14 0.6455 0.6443 -0.0012 -0.1 9 
1 6 0. 7219 0.7229 0.0010 0.14 
1 8 0.7991 0.8001 0.0010 0.13 
1 9 0.8379 0.8381 0.0002 0.03 
20 0.8767 0.8758 -0.0009 -0.1 0 
22 0.9498 0.9500 0.0002 0.02 
24 1 .0236 1.0228 -0.0008 -0.08 
28 1 .1634 1 .1638 0.0004 0.03 

Since the acentric factor correlation [6.4] deviates from linearity by only a 

small curvature, it should extrapolate accurately beyond n=28. When extrapolated, as 

is illustrated in Figure 6.3, the acentric factors calculated by [6.4] were found to be 

consistent with acentric factors calculated from the 3 mm boiling point data of Mazee 

(1948), even out as far as C3s. An acentric factor calculated from Mazee's C43 boiling 

point, however, was found to be inconsistent with the equation [6.4]. This observation 

is important because it led to the conclusion that the current TRC Antoine equations, 

dated from October 31, 1972, represent n-alkanes vapor pressures in the C3o to C43 

range with lower accuracy than do the older TRC Antoine equations, dated from October 

31,1964 (Zwolinski & Wilhoit, 1971 ). 
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3. Inconsistency of TBC Antoine Vapor Pressure Eguations for n>29 

The discrepancy of the n-alkane acentric factor correlation [6.5] compared with 

an acentric factor estimated using Mazee's 3 mm boiling point for C43 is significant 

because the boiling temperature and heat of vaporization data of Mazee probably are the 

most accurate available in the C3o to C43 range. These data are presented in Tables 

6.10 and 6.18. 

Table 6.10 demonstrates how the older TRC/API-44 Antoine vapor pressure 

equations, dated from October 31,1964 (e.g., Zwolinski & Wilhoit, 1971), are more 

consistent with Mazee's C3o to C35 boiling point temperatures than are the currently 

used versions, dated from October 31, 1972 (looseleaf sheets corrected June 

31,1984). These more recent Antoine equations are consistent with Mazee's C43 boiling 

point temperature. 

Table 6.18, on the other hand, shows that the 1972 TRC Antoine equations for 

C3o to C43 outperform the 1964 Antoine equations when predicting Mazee's heat of 

vaporization data. 

Both of these tables are discussed in the statistical comparison sections later in 

this chapter. 

The inconsistency of Mazee's C43 boiling point with respect to his other data can 

be shown in other ways. For example, Mazee's 3 mm boiling point data for C21 to C35 

correlate accurately to the Kreglewski & Zwolinski (1961) equation form (i.e., the "K

Z" form of equations 3.16 and 3.28): 

hmm = 591.884 - 10 (2.956537 -0.0448497 n°· 6667) [6.5] 
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where t3mm is in Celsius degrees. The root mean square deviation in temperature for 

the fit is RMS=0.44 oc. If Mazee's C43 boiling point is included in the regression, the 

RMS nearly doubles to 0. 78 oc. Equation [6.5] predicts a 3 mm boiling point 

temperature of 337.2 oc at n=43, a value 5.2 oc higher than Mazee's measurement. 

Since Twu's critical pressure correlation is formulated using the older TRC 

Antoine equations (Wilhoit et al., 1971) and the acentric factor correlation [6.4] is 

consistent with Twu's Pc correlation, the consistency of equation [6.4] with respect to 

Mazee's boiling point data in the C21 to C3s range is perhaps not surprising. 

4. Recommended PEBT2 Input Parameters for a-Alkanes 

Table 6.3 contains recommended T c. Pc and ro parameters for applying the PERT2 

vapor pressure correlation to n-alkanes. The acentric factors estimated from Wagner 

equations generally give the best results. When Wagner equation generated acentric 

factors are unavailable, values estimated from the quadratic fit [6.4] are recommended 

over values estimated from the 1972 TRC Antoine equations. Although no reliable 

experimental vapor pressure data apparently exists beyond C3s. PERT2 input 

parameters have been tabulated out to Cso based on Twu's 1984 critical point 

correlation and on extrapolation of the acentric factor correlation [6.4). 

At n=50, PERT2 agrees with the older 1964 version of the TRC Antoine equation 

with an average error of approximately 3%. Agreement with the 1972 version is about 

17%. If the 3 mm boiling point correlation [6.5] is used to estimate an acentric factor 

in PERT2, the results are similar to the acentric factor correlation [6.4] results. 
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5. Prediction of C17 Vapor Pressure Data 

An example of a system not used in the development of PERT2 is n-heptadecane 

(C17). When PERT2 is applied to predict the vapor pressures of several C17 data sets 

using recommended parameters (T c= 735.57°K, Pc=9936.6 mm, and ro=O. 7617) given 

in Table 6.3, the deviation plot shown in Figure 6.4 is obtained. For comparison, 

deviation plots based on a TRC Antoine equation for C17 (dated June 30, 1974) * are 

also shown in Figure 6.4. As can be seen, PERT2 is consistent with Vargaftik's 1975 

tabulation with an average deviation of 0.4% whereas the TRC equation appears to be 

based on the data of Krafft (1882). The low-pressure range effusion data of Bradley & 

Shellard (1948) is predicted by PERT2 within 6% whereas the Antoine equation 

deviates by as much as 60%. 

6. PEBT2 Effective Carbon Numbers from Acentric Factors 

Sometimes it is convenient to estimate effective n-alkane carbon numbers for 

compounds different than n-alkanes. This can be achieved from a regression of carbon 

number versus n-alkane acentric factors. The following polynomial equation: 

n = 0.535404 + 15.6841 ro + 9.13069 ro2-1.95050 ro3 [6.6] 

is based on the 36 recommended PERT2 acentric factors in the n=1 to n=36 range, 

which are given in Table 6.3. Equation [6.6] represents the data with a standard 

deviation of 0.093 carbon numbers. The maximum deviation, ncalc-nexp = -0.3, occurs 

at n=1. Thus, [6.6] is least accurate for compounds having acentric factors less than 

0.1. 

* This Antoine equation, log(P) = 6.9672 - 1836.0/(t +146.8), in units [°C,mm], is 
supposed to be applicable in the low-pressure range between 0.0008 and 10 mm, but it 
is evidently based on mid-pressure range data. 
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B. Parameters for C1/Ca Two-Fluid CSP Correlations 

1 Recommended C1/C8 Parameters for a-Alkanes 

In the second class of extended n-alkane CSP correlations of this work, a two

fluid CSP model based on methane and n-octane reference fluids (C1/Cs ) was employed 

to regress so called "optimized" parameters (Pc and ro) from vapor pressure data. The 

regression techniques involving equations [3.24] and [3.46] are discussed in Chapter 

3. To reflect the higher accuracy of critical point measurements of the n-alkanes having 

chain lengths less than n=1 0, the C1/Cs model was formulated using the same set of 

experimental critical parameters as were used in the formulation of the PERT2 model. 

For n>9, the C1/Cs model shares the use of Twu's critical temperature correlation 

[3.8a,d] with PERT2, but requires a different set of Pc and ro parameters. 

Coefficients for methane and n-octane reference equations are given in Table 3.6. 

The reference equation coefficients for vapor pressure, heat of vaporization, and 

difference between vapor and liquid compressibility factors are summarized in Table 

6.4. T c. Pc, and ro parameters recommended for applying the C1/Cs model are given in 

Table 6.5. This table also contains citations of vapor pressure data used in the 

parameter optimization procedure. 

2 C1/C8 Parameter Correlations for a-Alkanes 

Three C1/Cs parameter correlations for n-alkanes are described in this section. 

The acentric factor correlation [6. 7] and the critical pressure correlation [6.8] 

developed for use in the C1/Cs vapor pressure model are depicted in Figure 6.5. 

Correlation [6.9] converts acentric factors into approximate carbon numbers. 
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The C1/Cs acentric factor correlation used in Table 6.5 is based on regression of 

14 optimized ro (n=1 0-20, 22, 24, 28) to the polynomial: 

ro = 0.031391 + 0.047366 n -0.00017319 n2 [6.7] 

The optimized ro are given in Table 6.5. The standard deviation of the fit is 0.0040 

(0.45%). Because equation [6.7] is almost linear, it should extrapolate accurately well 

beyond the n=10 to n=28 range. 

A similar correlation was developed for C1/Cs optimized ln(Pc). As Figure 6.5 

shows, a cubic polynomial regression of data for 17 n-alkanes (n=1 0-20, 22, 24, 28, 

34, 35, 36) was selected. Pc data for n=34, 35, and 36 were calculated from the two

fluid CSP equation [3.24] by using Mazee's 3 mm boiling point data and acentric factors 

estimated from equation [6.7]. This procedure was followed because extrapolation of a 

cubic polynomial fit of Pc data in the n=1 0 to n=28 range out to n=36 gives an 

inaccurate result. Regression of the Pc data in Table 6.5 gives: 

ln(Pc/bar) = 4.0231 -0.12042 n + 0.0027421 n2 -0.000026826 n3 [6.8] 

The standard deviation of the fit is 0.081 bar (0.74 %). The largest two deviations 

from the fit, 1 OO(Calc.-Exp.)/Exp., are 1.47% and -1.34%. These occur for C2o and 

c24· respectively. 

To convert acentric factors into effective carbon numbers for the C1/Cs model, 

26 acentric factors (n=1-20, 22, 24, 28, 34, 35, and 36) given in Table 6.5 were 

fitted to the cubic polynomial: 

n =0.500388 + 16.4646 ro + ·6.81516 ro2-1.46158 ro3 [6.9] 
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The standard deviation of the fit is 0.12 carbon number units. Like the PERT2 

conversion equation [6.6], equation [6.9] is least accurate in the range where ro<0.1. 

3. "Shape Factor" Effects jo C1 /C8 a-Alkane Crjtjcal Parameters 

Usually when two-fluid methods are applied to estimate Pc from vapor pressure 

data, T c is known and the reference fluids used are selected to be similar in size and 

chemical nature as the test fluid to be predicted. In the case of the C1 /Cs two-fluid 

models summarized in Tables 6.4 and 6.5, however, the size of the reference fluids may 

differ significantly from the longer n-alkanes modeled. Thus, it is interesting to 

interpret the "optimized" Pc and ro parameters that are determined by regression of 

vapor pressure data in terms of shape factor effects. 

Shape factors were defined empirically in Chapter 3 as "fudge" factors, a , "', and 

cj>, which when multiplied times critical scaling quantities, T c. Pc. and Vc. force a 

corresponding states reference function, f0(P/Pc.VIVc,T/Tc), to assume the shape of a 

nonconformal test surface, f(P/Pc,V/Vc,T/Tc): 

fo(P/'IfP c. V /4>V c. T/9T c) = f(P/Pc, V /V c. T/T c) [6.1 0] 

The role of the reference fluid sizes used when determining critical pressures 

from vapor pressure data by two-fluid methods is easily illustrated. For example, if the 

critical pressure measurements of Rosenthal & Teja in the n=5 to n=18 range are 

predicted from vapor pressure data using different pairs of reference fluids, Cs!C14 and 

C 1 /Cs, the Pc predictions of the Cs/C 14 model fall within the experimental 

uncertainties ascribed to the Pc measurements. In contrast, predictions of Pc by the 

C1/Cs model systematically deviate from the experimental values as the difference in 

size between the reference and test fluids increases. The predictions of the two different 
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models are illustrated in Figure 6.6. The Rosenthal critical point data, vapor pressure 

data sources, and the reference equations for the C,!Ca and Cs!C14 models are given in 

Tables 6.6 and 6.7, respectively. 

4. Comparison of C1/C8 and PEBT2 Parameters 

For ease of comparing the c,tca and PERT2 vapor pressure correlations, both 

models were developed using the same set of n-alkane critical temperatures. In Figure 

6.7, the ratios of the Pc and co parameters of the two models are plotted versus carbon 

number. As can be seen, the ratios for both parameters are greater than one and 

monotonically increasing for n-alkanes longer than n=9. The significance of this trend 

is two-fold: 

( 1 ) Critical pressure parameters used in the C1/Ca model for the longer 
paraffins will have shape factors greater than unity incorporated into them. 

( 2 ) Vapor pressure predictions of the longer paraffins in the critical region 
by the c,tca model will be systematically higher than predictions by 
PERT2. 

The first conclusion follows because of the excellent agreement of Twu's critical 

point correlation with the recent critical point measurements of Rosenthal & Teja 

(1989) out to C1a. (For example, compare the critical parameters given in Tables 6.3, 

6.6, and 6.7.) The latter conclusion is illustrated in the composite n-alkane deviation 

plots, Figures 5.14 to 5.23, where several correlations have been compared with vapor 

pressure data. 

5 Use of C1 /CB and PEBT2 Parameters in CSP Correlations Compared 

Many 3-parameter CSP vapor pressure correlations exist in the literature 

which were developed using physical property data of n-alkanes having relatively 
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short-chain lengths, ns16. Examples are the Lee & Kesler (1975) and King & Mahmud 

(1986) correlations summarized in equations [3.6] and [3.29). Since the C1 /Cs 

correlation was also developed from the properties of short-chain paraffins, parameters 

applicable in the C1 /Cs correlation should also behave well in the literature CSP 

correlation. To test this hypothesis, several CSP vapor pressure correlations were 

applied to predict n-eicosane (C2o) vapor pressures over a 240 oc temperature range. 

C2o parameters (T c. Pc and ro) developed for the C1/Cs and PERT2 models were used as 

input parameters. 

As Table 6.8 shows, the C1/Cs and PERT2 models best represent the tested C2o 

vapor pressure data when used with the proper parameters. When PERT2 parameters 

are used in the C1/Cs model, C1/Cs predictions of Macknick & Prausnitz's low reduced 

temperature data are 20 to 40% too high. Similar usage of C1/Cs parameters in the 

PERT2 model results in predictions which are 20% too low. 

In Table 6.9, PERT2 and C1/Cs parameters for C2o have been used in the CSP 

correlations of Lee & Kesler (1975) and King & Mahmud (1986) to predict the C2 o 

vapor pressures tested in Table 6.8. The resulting deviation patterns are similar to the 

results seen for the C1 /Cs correlation in Table 6.8. Thus, when literature CSP 

correlations based on the shorter paraffins are applied to predict vapor pressures of the 

long-chain parameters, use of C1 /Cs parameters is expected give more accurate results 

at low reduced temperatures than would use of PERT2 parameters. 

6. C1/C8 Parameters Used in the C1/C8 Heat of \laporjzatjoo CJ>rrelatjoo 

The heat of vaporization correlation b~sed on the C1 /Cs model accurately 

represents n-alkane data available over wide acentric factor and temperature ranges 
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when the T c and ro parameters given in Table 6.5 for C1 /Cs vapor presssure correlation 

are used as input parameters. The excellent accuracy of the C1 /Cs heat of vaporization 

correlation is illustrated in the statistical comparisons, Tables 6.18-6.26, which are 

discussed in section E. 

7. lnadeguacy of the C1/C8 Two-Fluid CSP Model for l1Z 

The L1Z=Zv-ZL correlation based on the C1/Cs two-fluid CSP model was developed 

for estimating the volumetric non ideality in the Clapeyron equation [3.11 ]. This 

quantity is needed for determining accurate heats of vaporization from vapor pressure 

data, especially in the vicinity of the critical point where ~z~o. Even at temperatures 

well below T r=1, ~Z represents a substantial contribution to ~Hv. For example, from 

Table 3.3 or from the reference equation fits given in Tables 3.4, 3.6, and 6.4, it can be 

seen that ~Z=0.939 for n-octane at Tr=0.7. 

At low pressures and reduced temperatures, the vapor phase behaves more 

ideally and the liquid compressibility factor behaves like the reduced vapor pressure. 

Thus, Zv~ 1, ZL ~a. and ~z~ 1. Such behavior is expected for the longer n-alkanes 

which have low vapor pressures. When the C1/Cs model of the ~Z is applied to 

n-alkanes which have chain lengths exceeding n=1 0, the correlation exceeds unity at low 

reduced temperatures. This unrealistic behavior is illustrated in Figure 6.8. ~Z is 

plotted versus carbon number at several different reduced temperatures. For n> 12, the 

T r=0.6 curve exceeds unity. By n=36, the ~Z curve at Tr=0.7 has attained 1.1. 

Clearly, the use of this C1/Cs correlation for "normal" fluids* having acentric factors 

larger than n-dodecane's (ro=0.56) should be avoided. 

* Normal fluids are nonpolar or slightly polar substances which conform with the shape 
of n-alkanes reduced property plots. 
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C. C1o/C2o Two-Fluid CSP Heat of Vaporization Correlations 

1. C1 o and C20 Reference Eguations 

The inadequacy of the C1/Ca model of llZ, which was discussed in the previous 

section, is addressed in this section. Use of vapor pressure fits and assumptions about 

other properties, allow the construction of C1 o and C2o reference equations for llZ. 

Although some aspects of these equations are somewhat artificial, they can be used in a 

C 1 o/C2o model. The resulting reference equation coefficients for this model are 

summarized in Table 6.1. In addition to the llZ correlation, correlations for vapor 

pressures and heats of vaporization are also given. Since these reference equations are 

reduced with respect to Eqn. 3.8, the critical point correlation of Twu (1984), the 

parameters (T c. Pc. and ro) best suited for use in the C1 o/C2o correlations are similar 

to those used in the PERT2 model. For then-alkanes n=1 to n=36, these parameters are 

given in Table 6.3. 

The development of the C1 o and C2o Wagner vapor pressure equations is 

described in Table 5.4. The development of the equations for llZ and llHv are described in 

the next two sections. 

2. Development of C1 o Reference Eguations for AZ and AHv 

The llZ and llHv reference equations for C1 o are based on the form of the Torquato 

& Stell (1981) equation [3.33]. "Data" used in the regression of these equation 

coefficients were generated by application of C1/Ca two-fluid models (See Tables 3.6 

and 6.4) using the parameters, Tc=618.86°K and ro25=0.4841. The acentric factor used 

here, ro25=0.4841, differs slightly from the PERT2 value of 0.4823 in Tables 5.4 and 
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6.3. The small difference arises because ro25=0.4841 was calculated from the 25 oc 

heat of vaporization datum of Osborne & Ginnings (1947), 51.36 kJ/mole, which was 

used in the C1/Cs heat of vaporization correlation. 

After tabulating C1 o "data" for liZ and liHv in the the 0.36< T r <1 .0 range, the 

coefficients for the reference equations were determined by linear regression. The 

standard deviation of the fit for the liHv equation was 0.00052 kJ/mol (0.076%). For 

the liZ equation, the fit's standard deviation was 0.00014 (0.016%). 

3. Development of C2o Reference Eguatjons for ~Z and ~Hv 

To develop the liZ and liHv reference equations for C2o. first the liZ correlation 

was determined, then the liHv equation could be evaluated by using liZ in the Clapeyron 

equation [3.11] with the "conformal" Wagner vapor pressure equation fit given in Table 

5.4. As with C1 o. the liZ and liHv reference equations for C2o also assumed the form of 

the Torquato & Stell (1981) equation [3.33]. 

Regression of estimated liHv data in the 0.36$T r$1.0 range resulted in the C2o 

reference equation coefficients given in Table 6.1. The standard deviation of the fit was 

0.00052 kJ (0.076%). 

The development of the liZ=Zv-ZL equation for C2o followed three steps: 

( 1) Evaluation of the liquid compressibility factor, ZL=PVL/RT, for Tr $0.81. 
A liquid density fit was used. The vapor pressure, P, was evaluated using a 
conformal Wagner equation fit. 

( 2 ) Estimation of Zv for T r $0.81 by using the second vi rial coefficient 
correlation of Tsonopoulos (1974). 

( 3) Application of the C1/Cs model of liZ for Tr > 0.81. To match the C1/Cs 
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correlation with the value of .1Z determined from the second virial 
coefficient model at Tr=0.81, values determined by the C1/Cs correlation 
were multiplied by a scaling factor of 0.966744. 

The Wagner liquid density equation [3.35] form was fitted using n-eicosane 

density data taken from a 1973 TRC Table (.36.6 to 90 °C) and from Vargaftik (1975) 

(1 00 to 300 °C). Although the experimental nature of Vargaftik's liquid density data is 

unknown to this author, measurements by Doolittle (1964) are in satisfactory 

agreement with it. Using a critical density of Pc=0.237 gm/cc and Tc= 769.63°K 

determined by the correlations of Twu (1984), the following equation results: 

In{~~) = 1.621251 x0·3333 - o.S94705 x0·8333 + o.670369 x + o.o5o5126 x4·667 

where X=1-T r· The standard deviation of the fit is 0.00035 gm/cc (0.046%). 

Use of equation [6.11] in the definition of ZL leads to : 

p 
ZL = 0.0045305 -T 

PL 

[6.11] 

[6.12] 

Equation [6.12] is applicable for estimating saturated n-eicosane liquid compressibility 

factors when P, the vapor pressure, is in [mm of Hg] and pL is in [gm/cc]. 

To evaluate Zv for n-eicosane, the vapor density, Pv• was first estimated. The 

rearranged second order virial expansion : 

_E_ - 2 RT - Pv + B Pv [6.13] 



173 

was solved by application of a Newton-Raphson technique. To evaluate the second virial 

coefficient, B, as a function of temperature, the correlation of Tsonopoulos (1974) was 

applied outside its designated acentric factor range by using the C2o parameters, 

T c=769.63 and co=0.8767, which were determined for the PERT2 correlation. 

The vapor compressibility factor of C2o was then calculated by using Pv in the 

definition: 

[6.14] 

4. Comparison of the C1 /C8 and C1 O/C20 Models for llZ 

Figure 6.8 shows that the C1 o/C2o model of llZ remains bounded by !l.Z=1 at low 

reduced temperatures even at carbon numbers as large as n=36. Since the llZ ratio of 

the C1 o!C2o model prediction to that C1 /Cs model exceeds unity for n<1 0, the C10/C2o 

model should not be used to predict !l.Z of normal fluids with acentric factors much 

smaller than n-decane's co= 0.48. In this range, the C1/Cs model is expected to be more 

accurate. 
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D. Statistical Comparisons of Vapor Pressure Correlations 

Statistical studies comparing the application of vapor pressure and heat of 

vaporization correlations with experimental data are summarized in tabular form and 

discussed in sections D and E, respectively. 

The measure used to compare correlations with experimental data is the 

percentage absolute average deviation, %AAD. In terms of vapor pressure, %AAD is 

defined by: 

%AAD = 100 f(l Pcalc-Pexpli/(Pexp}i}/N} 
i= 1 

[6.15] 

where N is the number of data points, and subscripts calc and exp refer to calculated and 

experimental vapor pressures. 

1. Table 6.10: Mazee's n-Aikane Data for C21 to C43 

Mazee's (1948) boiling point measurements of long-chain n-alkanes in the 

n=21 to n=43 range of are among the most accurate and systematic available in the 

literature. In Table 6.1 0, the predictions of three extended vapor pressure correlations 

developed in this work (PERT2, C1/Cs, and C1o/C2o) and two sets of TRC Antoine vapor 

pressure equations (dated from 1972 and 1964) have been compared with Mazee's 3 

mm boiling point data. 
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All of the extended correlations of this work predict Mazee's data in the n=21 to 

n=36 range with an AAD near 2%. This is better than either set of TRC Antoine 

equations, dated 1964 and 1972, which average 3% and 7%, respectively. 

As discussed in Section A-3, only the 1972 TRC Antoine equation predicts 

Mazee's boiling point for C43 accurately. The other correlations tested predict this point 

approximately 20% too low. Since Mazee's C43 boiling point is inconsistent with his 

data for the shorter-chain alkanes, the C43 point and the 1972 TRC Antoine equation for 

C43 are probably inaccurate. 

2. Table 6.11: Estimated a-Alkane Triple Point Pressures 

As a terminal point of the liquid-vapor coexistence curve, triple points are of 

much interest in defining vapor pressure curves. In Table 6.11, several correlations 

(PERT2; C1/Cs; Eqn. 3.18; L&K=Lee & Kesler, 1975; LK/MB=Lee & Kesler, 1980) 

have been applied to predict estimated triple point pressures of n-alkanes in the carbon 

number range from n=1 to n=27. In accord with Section B-5, the L&K correlation has 

been applied by using C1/Cs parameters. The LK/MB correlation has been applied using 

normal boiling points taken from Wilhoit et al. (1971 ). 

Table 6.11 shows that both correlations by Lee & Kesler give reasonable 

estimates of triple point pressures even when applied to n-alkane systems as long as 

C27· PERT2 and C1/Cs underestimate the triple point estimates of Carruth & Kobayashi 

(1973) in the n=2 to n=1 0 range primarily because these correlations were not 

developed for accurate extrapolation below T r=0.4. In the n=11 to n=20 range, 

however, these two extended CSP correlations significantly outperform the Lee & Kesler 

correlations. For n>20, PERT2 tends to underestimate the estimated triple point 
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pressures. The other correlations predict estimated triple pressures in the n>20 range 

with %MD near 13%. 

%AAD calculated from the percentage deviations of Table 6.11 are summarized 

below in Table 6.27 for several carbon number ranges: 

Table 6.27 

o/oAAD Calculated from Triple Point Deviations in Table 6.11 

Carbon No. Range No. Points C~HrelatiQO rested 
n N PERT2 C1/Cs Egn.3.18 L&K LK/MB 

1 -1 0 9 14.0 % 16.2% N/A 8.2% 7.0% 

11-2 0 1 0 5.1 5.8 N/A 9.5 9.3 

22-27 3 23.0 13.3 12.9 11.2 16.0 

1-2 7 22 11.2 11.1 N/A 9.2 9.3 

1 6-27 8 11.3 9.7 8.3 11 .9 11 .8 

N/ A=Not Applicable 

Owing to the large extrapolations of data used to estimate some of the triple point 

pressures and to the large scatter often seen among triple point pressure measurements 

from different laboratories, the results of this sub-section must be weighted with 

caution. For more discussion on the determination of triple point pressures using 

Clausius-Clapeyron equation [3.13] fits of vapor pressure data, see Morgan & 

Kobayashi (1990). Tables 6.11 and 8.1 contain Clausius-Clapeyron equation fits of 

vapor pressure data in the vicinity of the triple point for several n-alkanes. 
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3. Table 6.12: Non-Hydrocarbon Model Compounds 

In Table 6.12, three extended correlations (PERT2, C1/Cs. and C10/C2o) and the 

Lee & Kesler (1975) correlation, equation [3.6], were used to predict the vapor 

pressures of four model compounds (argon, carbon dioxide, ammonia, and water) over 

the coexistence range. Reduced temperature ranges and acentric factors for each 

compound are given. Parameters (T c.Pc.ro) used in each correlation may be found in the 

data sources indicated. 

The Lee & Kesler correlation predicts argon vapor pressures with significantly 

higher accuracy (%AAD=0.09%) compared to the other correlations because it is 

partially based upon argon data. Its performance for the polar compounds, water and 

ammonia, is worse than the three extended correlations. PERT2 and C1/Cs perform 

similarly for all four compounds. C1 o/C2o. however, predicts the vapor pressures of 

compounds (argon and carbon dioxide) having acentric factors smaller than pentane's 

ro=0.251 with very low accuracy (%AAD=2.9% and 1.4%, respectively) 

4. Tables 6.13-17: n-Aikane Vapor Pressures from C2 to C36 

Several studies involving the prediction of n-alkane vapor pressures are 

considered in this section. 

Tables 6.13 and 6.14 give summary and detailed benchmark statistics, 

respectively, of the first n-alkane vapor pressure study. n-Aikane vapor pressure data 

sets which span large pressure and carbon number ranges (n=2 to n=36) are compared 

with the predictions of several extended correlations (PERT2, C1/Cs. and C1 o/C2o) and 

literature correlations (Lee & Kesler, 1980 [3.30]; King & Mahmud, 1986 [3.29]; 
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TRC Antoine equations [3.27], existent 1972). Input parameters have been specified in 

the tables (e.g., PERT2 parameters given in Table 6.3, Tb=normal boiling point taken 

from Wilhoit et al. (1971 ), and "Optimized"=C1 /Ca (Table 6.5) or King et al.(1986) 

parameters). When only Tb is used to apply PERT2, first T c and Pc are determined from 

the correlations of Twu (1984), Eqns. [3.8a,d,e], then ro is estimated by using the Tb 

in the PERT2 model. 

A few conclusions drawn from the first n-alkane vapor pressure study given in 

Tables 6.13 and 6.14 are: 

( 1 ) The TRC Antoine equations for n-alkane vapor pressures in the mid
pressure range (dated from 1970) need upgrading to improve their 
representation of new data for n=18, 19, and 20. 

( 2 ) In the n=32 to n=36 range, TRC Antoine equations dated from 1964 better 
represent API-42 boiling point data than do versions dated from 1972. 
(This conclusion also follows for Mazee's data studied in Table 6.1 0.) 

( 3) The extended correlations of this work agree well with N.B.S. mid-pressure 
range data for the n=5 to n=16 n-alkanes, with the new vapor pressure 
measurements of this work which range from n=1 0 to n=28, and with API-
42 boiling point measurements out to n=36. Over wide pressure and 
carbon number ranges, PERT2 is the most accurate correlation tested. In 
the low-pressure range for n<6, the accuracy of C1 o/C2o is low 
presumably because of the poor match between reference fluid and test fluid 
acentric factor sizes. 

( 4 ) The Lee & Kesler (1980) and King et al. (1986) correlations were also 
applied to n-alkanes over wide pressure and carbon number ranges. In the 
mid-pressure range for n> 16, their accuracies are not as high as the 
extended correlations. In the low-pressure range, their accuracies are 
similar. 

The second n-alkane study is summarized in Table 6.15 and detailed in Table 

6.16. In this study, selected data sets are predicted by C1 /Ca, by PERT2, by the 

conformal Wagner equation fits given in Table 5.4 , and by the Lee & Kesler (1975) 

vapor pressure correlation [3.6]. 
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Conclusions from this study include: 

( 1 ) In the mid-pressure range for the n-alkanes n=5 to n=28, the conformal 
Wagner equations, PERT2, and C,ICa best represent 425 vapor pressure 
data points with AAD of 0.24%, 0.34%, and 0.37%, respectively. The 
0.37% for C1/Ca is slightly better than the 0.45% listed in Table 6.13 
because smoothed ro and Pc parameters (Eqns. 6.7 and 6.8) were used to 
predict c,g data. 

( 2) In the mid-pressure range, the Lee & Kesler (1975) correlation was most 
accurate (AAD=0.87%) when used with PERT2 parameters. At low
pressures, use of C1/Ca parameters gave higher accuracy. 

( 3 ) Use of Tb from Wilhoit et al. (1971) to estimate ro in the Lee & Kesler 
(1975) correlation is not recommended for n> 16 because of inaccuracies 
in the boiling point data. 

( 4 ) For n=2 to n=1 0, the Wagner equation fits of Table 5.4 predict selected 
low-pressure measurements of Carruth & Kobayashi (1973) with a 
similar average accuracy as the Lee & Kesler (1975) correlation [3.6], 
6.7% versus 6.0%. 

In Table 6.17, the results of a third n-alkane vapor pressure study are 

summarized. Several vapor pressure correlations developed in this work (PERT2, 

C1 o/C2o. Wagner equations, and c,tCa) and several literature correlations (Lee & 

Kesler, 1980; King & Mahmud, 1986; and TRC Antoine equations existent since 1972) 

are used to predict the recent vapor pressure measurements of C1 o. C2o. and C2s 

obtained by Chirico et al. (1989) at NIPER (National Institute for Petroleum and Energy 

Research). The results are given separately for the low-pressure inclined piston and 

mid-pressure ebulliometric measurements. 

As Table 6.17 shows, PERT2 and the Wagner equations best predict the NIPER 

data. For the inclined piston and ebulliometric measurements, PERT2 averages 0.77% 

and 0.53% versus the 1.04% and 0.69% averages of the Wagner equations. The TRC 

Antoine equations are the least accurate. They average 4.05% and 2.33%, respectively. 
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E. Statistical Comparisons of Heat of Vaporization Correlations 

In heat of vaporization studies, C1/Cs, C1 o/C2o. and the reformulated Lee & 

Kesler (1975) correlation given in Table 3.4 consist of pairs of dimensionless heat of 

vaporization reference equations which are applied using the two-real-fluid CSP form, 

Eqn. 3.7. In contrast, PERT2 , King et al. (1986), the Wagner equation fits and TRC 

Antoine equation fits are vapor pressure correlations which are applied in the Clapeyron 

equation [3.11 b) with an appropriate A.Z correlation to estimate the heats of 

vaporization. The universal gas constant used is R=0.00831441 (kJ/°K/mole). 

1. Table 6.18: Mazee's a-Alkane Data from C21 to C43 

The three extended correlations tested in Table 6.18, PERT2, C1/Cs, and 

C1 o/C2o. predict Mazee's heat of vaporization data from C21 to C43 with approximately 

the same average deviation of 2% as the 1972 TRC Antoine equations. The older 1964 

TRC equations are 2% systematically higher than the newer versions. This is perhaps a 

reason why the 1964 equations were updated in 1972. 

2. Table 6.19: Predjctjoos of a-Alkane Calorjrnetrjc Data at 25°C 

Heats of vaporization at 25°C for the n-alkanes Cs to C1 s , which were 

recommended by Majer et al. (1985), are given in Table 6.19. These values were 

determined calorimetrically rather than by use of a vapor pressure correlation in the 

Clapeyron equation. When several vapor pressure correlations (PERT2; King et 

al., 1986; and TRC Antoine equations) and the C1/Cs heat of vaporization correlation 

were applied to predict this data, the C1/Cs correlation was found to be the easiest to 

apply and also the most accurate. Errors in the A.Z correlation used in the Clapeyron 
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equation may contribute to discrepancies seen in vapor pressure correlation results for 

CsandCs. 

3. Tables 6.20-6.23: Heats of Vaporization for C18. C22. C24. and C28 

In Tables 6.20-6.23, heats of vaporization for C1s. C22. C24. and C2s between 

50 oc and 400 oc have been estimated by using the conformal vapor pressure fits given 

in Table 5.4 in the Clapeyron equation [3.11]. The C1o/C2o model of 11Z has been used 

in [3.11]. These estimates are compared with three extended correlations (C1/Cs. 

C 1 o/C2o. PERT2), and two literature correlations (the reformulated two-fluid model of 

Lee & Kesler (1975) given in Table 3.4, and TRC Antoine vapor pressure equations). 

Tables 6.20-6.23 demonstrate the self-consistency of the C1/Cs, C1 o/C2o. and 

PERT2 models with respect to the conformal Wagner equations in Table 5.4. The %AAD 

are often within several tenths of a percent. The largest discrepancies seen, 2 to 3%, 

occur at the lowest reduced temperatures. 

When applied within their recommended ranges, the TRC Antoine equations 

usually agree with the conformal Wagner equation fits. The largest disagreement of 

approximately 2% is seen for C1s- This result is not surprising when it is recalled how 

poorly TRC's C1s Antoine equation compares with the new vapor pressure measurements 

of this work in Fig. 5.18. 

As the Antoine equations are extrapolated below their recommended ranges, they 

predict heats of vaporization which become increasingly larger relative to predictions of 

the Wagner equation fits. For instance, when a TRC Antoine equation for C2s in Table 

6.23 is extrapolated to 50 oc, the discrepancy is 41%. 
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When C1/Cs parameters given in Table 6.5 are used in the Lee & Kesler (L&K) 

correlation, usually L&K agrees with the Wagner equation fit predictions within 1 to 

2%. All predictions of this correlation, however, are biased negatively. At 50 oc, 

where some of the Wagner equation fits have been extrapolated, discrepancies as large as 

-6% are seen. 

When heats of vaporization estimated from the Wagner equation fits in Tables 

6.20-6.23 are compared with the results of literature vapor pressure studies, the 

agreement is usually satisfactory. For example, Table 6.28 below illustrates the 

difference between heats of vaporization estimated from the Wagner equation fits and fits 

of literature vapor pressure data. For n=28, the Cox vapor pressure equation of Chirico 

et al. (1989) was used along with the assumption, AZ=1. For the remaining n-alkanes 

(n=18, 22, and 24), the Clausius-Clapeyron equation fits given in Tables 6.11 and 8.1 

were used in the Clapeyron equation [3.11]. 

Table 6.28 

Wagner Equation Estimates of .1 H v in Tables 6.20-6.23 
Compared with Literature 

AHv [kJ/mol] %Dev = 
n t[oC) Lit. Wagner Egn. 1 OO(Wag.-Lit.)/Lit. Lit. Source 

1 8 50 84.5 87.26 3.2% Macknick et al.(1979) 

22 100 99.3 99.41 0.1 Sasse et al. (1988) 

24 100 109.4 108.09 -1.2 Sasse et al. (1988) 

28 200 104.8+0.7 106.59 1. 7 Chirico et al.(1989) 



183 

4. Table 6.24: Prediction of Data from C3 to C28 

In Table 6.24, selected heat of vaporization data for n-alkanes in the range from 

n=3 to n=28 are predicted by several correlations (C1 /Cs; C1 o/C2o; PERT2; Lee & 

Kesler, 1975; King & Mahmud, 1986). Recommended input parameters, Tc and ro, have 

been used with each correlation. To demonstrate the C1/Cs character of the L&K 

correlation, the C1 /Cs and L&K correlations have also been applied using PERT2 

parameters. 

For n=3 to n=9, the C1/Cs and L&K correlations predict selected data sets 

identified in Table 6.24 with AAD near 0.3%. This is significantly more accurate than 

the predictions of the C1 o/C2o correlation which average 0.99%. The lower accuracy of 

this correlation is the result of mismatch between the reference fluid and test fluid 

acentric factor sizes when the test fluids have chain lengths shorter than n=8. 

When C1/Cs, C1o/C2o. and PERT2 are applied in the n=10 to n=28 range, these 

correlations average between 0.51 and 0.61%. These results are more accurate than the 

0.91 % and 1.59 % averages of the King and L&K correlations which have been applied 

using C1/Cs parameters. 

The performances of the C1 /Cs and L&K correlations in the n= 10 to n=28 range 

depend significantly upon the input parameters used. If the C1/Cs parameters are used 

in the C1/Cs correlation, the correlation averages 0.52 %. When applied using PERT2 

parameters, its performance degrades to 1.82%. A similar pattern of behavior is 

observed when the L&K correlation is applied using C1/Cs and PERT2 parameters. The 

AAD of the L&K correlation degrades from 1.59% to 3.09%. 

Thus, the C1/Cs correlation is the most accurate in this range. 
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5. Table 6.25: Prediction of NIPER a-Alkane Data 

To compare extended correlations of this work (C1/Cs, C1o!C2o. PERT2, Wagner 

vapor pressure equations) with heats of vaporization of the n-alkanes n=1 0, 20, and 28 

determined at the National Institute for Petroleum and Energy Research (NIPER), Table 

6.25 was constructed. The NIPER heat of vaporization data were determined from the 

vapor pressure measurements of Chirico et al. (1989). 

The NIPER data are predicted by the extended correlations of this work with 

overall AAD ranging between 0.42 and 0.50%. The largest discrepancy of ==2% is seen 

at the low temperature end of the C2s data. This discrepancy may reflect experimental 

difficulties encountered by Chirico et al. when the vapor pressures of C2s were 

measured (e.g., during the ebulliometric measurements, a large difference between the 

dew and bubble points was observed.) 

6. Table 6.26: Nonpolar and Polar Compounds 

In Table 6.26, three extended correlations (C1/Cs, C1o!C2o. and PERT2) and the 

Lee & Kesler (1975) correlation have been applied towards the prediction of several 

nonpolar and polar compounds which have acentric factors smaller than n-decane's, 

ro=0.482. All the correlations except C1 o/C2o predict the nonpolar data with accuracies 

near 1%. The C1 o/C2o correlation predicts the compounds having acentric factors 

smaller than n-decane's with low accuracy. Its overall MD is 2.8 %. 

When the same four correlations are used to predict the vapor pressures of the 

polar substances, ammonia and water, C1 o!C2o performs slightly more accurately than 

the other correlations, 3% versus 4%. 
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CHAPTER 7. VAPOR PRESSURE CASE STUDIES 

When the extended paraffin-based Pitzer correlations developed in Chapters 3, 

5, and 6 are applied to predict vapor pressures of various kinds of systems, their 

predictions deviate from measurements. Knowing how to apply the correlations is an 

important problem to address. Reasons why extended correlations might fail are 

multiple but include: 

( 1 ) The inaccuracy of the paraffin reference equations at low reduced 
temperatures approaching Tr=0.4. 

( 2 ) The inaccuracy or inconsistency of the test fluid input parameters 
(T c.Pc.ro) with respect to the reference equations used in developing 
the CSP correlations. 

( 3) Molecular associations in the test fluid, such as hydrogen-bonding, 
which cause nonconformality of the test fluid with respect to n-paraffins. 

( 4 ) The difficulty of estimating appropriate input parameters for heavy 
hydrocarbons having high normal boiling points and melting points. 

( 5 ) Inaccurate test fluid data. 

Several vapor pressure case studies are reported in this chapter which use 

n-alkane-derived correlations of the previous chapters. 

In Section A, four case studies using the properties of coal liquid model 

compounds are reported: 

( 1 ) lndan's critical pressure and acentric factor are estimated from accurate 
vapor pressure data using the C1 /Ca two-fluid model. The resulting 
acentric factor enables accurate prediction of calorimetric heats of 
vaporization. 

( 2 ) Phenanthrene's vapor pressure curve is shown to graphically conform 
with reduced n-alkane vapor pressures when it is reduced using an 
"optimized" Pc parameter regressed from phenanthrene vapor pressure 
data. 
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( 3 ) Vapor pressures of selected coal liquid compounds are predicted by PERT2 
and thecorrelation of Lee & Kesler (1980), LK/MB. Both correlations are 
applied using the same normal boiling point and specific gravity data as 
input parameters. PERT2 is also applied using experimental and/or 
"optimized" parameters, T c. Pc and ro. 

( 4 ) Several methods of extrapolating API-42 vapor pressure data to predict 
the low-pressure range data of Morecroft ( 1964) are compared. 

In Section B, the failure of paraffin-based two-fluid CSP models to predict vapor 

pressures of hydrogen-bonding substances is illustrated. Vapor pressures of m-cresol 

in the low-pressure range are predicted accurately when the three-fluid CSP model, 

C1/Ca/W, introduced in Chapter 3 (Eqns. 3.47-3.48) is employed. Finally, regression 

of three parameters (Tc,Pc,ro) from vapor pressure data of water enables the C1/Ca 

model to accurately represent most of water's coexistence curve despite the significantly 

different chemical nature of water compared to the reference fluids. 

A. Prediction of Coal Liquid Model Compound Properties 

The "energy crises" of the 1970's spurred many efforts to characterize the 

physical properties of coal liquids using model compounds. As a result, several 

outstanding tabulations of properties have appeared in the literature. For example, Chao 

et al. (1983) reviewed the vapor pressure literature of model coal liquid compounds and 

published Cox equations for 324 compounds. Lin et al. (1980a,b,c) published a series 

of data banks for synthetic fuels. Newman (1981) presented tables of critical 

properties, normal boiling points, and specific gravities. 

In this section, n-alkane-based correlations, derived in Chapter 6, are used to 

predict properties of model coal liquid compounds. Parameters used in these 
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calculations are documented in Tables 7.6-7.8 and Tables 7.11-7.13. Two-fluid CSP 

methods of Ambrose & Patel (1984) are illustrated using properties of indan. The 

PERT2 and LKIMB (Lee & Kesler, 1980) correlations are used to predict vapor 

pressures of model compounds. 

1. Estimation of Properties of lndan 

lndan (indane or 2,3-dihydroindene) is a relatively well-characterized coal 

liquid component. Osborn & Scott (1978) at the Bureau of Mines* have made accurate 

boiling point measurements of this compound. Hossenlopp & Scott (1981 b), also at the 

Bureau, have accurately measured heats of vaporization of it by vapor-flow 

calorimetry. 

In this section, properties of indan are used to demonstrate the application of 

two-fluid CSP methods. Pc and ro parameters for the C1/Cs model are regressed using 

the boiling point data. These parameters give very accurate vapor pressure and heat of 

vaporization predictions when used in the C1/Cs correlations summarized in Table 6.4. 

a. Critical Pressure & Acentric Factor from Vapor Pressures 

Reid et al. (1987) give the following parameters for indane (CgH 10): Tc=684.9 

°K, Pc=39.5 bar, and ro=0.308. The acentric factor is apparently based on the normal 

boiling point, Tb=451.1 °K, which has been applied in a two-fluid CSP correlation very 

similar to the C1/Cs vapor pressure correlation. When these parameters are used in 

the C1/Cs correlation, however, the model predicts the measurements of Osborn & Scott 

*Currently, the Bureau of Mines is called the National Institute for Petroleum and 
Energy Research, or NIPER. 
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(1978) with an MD of 1.2%. This is a poor result, considering the high precision and 

accuracy of the data. 

To improve the accuracy of the C1/Cs two-fluid CSP model for predicting indan's 

properties, Pc and ro parameters have been determined by linear regression of the 

boiling point data of Osborn & Scott. The form of Eqn. 3.46 was used as the objective 

function after T c=684.9°K was assumed. As a result, "optimized" values of the critical 

pressure and acentric factor are Pc=38.90 bar (29177.4 mm) and ro=0.3011, 

respectively. The standard deviation of the fit is 0.090 mm (0.013 %). The 

experimental vapor pressure data, calculated values, and deviations of the data from the 

calculated values are indicated in Table 7 .1. 

b. Prediction of lndan Heats of Vaporization 

Osborn & Scott (1978) utilized their indan vapor pressure measurements in the 

374-466°K range to estimate heats of vaporization in the 298-500°K range. These 

values are given in Table 7.2 and are based on a four-coefficient, reduced vapor 

pressure equation form descibed by Scott & Osborn (1979). The vapor pressure 

equation was used in the Clapeyron equation [3.11] and appropriate assumptions were 

made about the behavior of the second virial coefficient and of liquid densities. Estimated 

errors are indicated with the heat of vaporization data. 

Application of the C1/Cs heat of vaporization correlation using the parameters, 

T c=684.9 °K and ro=0.3011, results in the predictions and deviations from Osborn & 

Scott's heats of vaporization which are shown in Table 7.2. The C1/Cs model accurately 

represents most of their data. For five estimated data points in the 298-459°K range, 
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its deviations average 0.072 kJ/mol (0.16 %). The largest discrepancy occurs at 

T =500°K, where the C1/Ca correlation predicts a value which is 1.42% higher than the 

Osborn & Scott estimate. This disagreement is probably a consequence of Osborn & 

Scott's use of T c=661 oK in the extrapolation instead of T c=684.9°K. 

Hossenlopp & Scott (1981 b) measured the heats of vaporization of indan in the 

382-451 oK range using a vapor flow calorimeter. For comparison with Osborn & 

Scott's vapor- pressure-derived heats of vaporization, the Hossenlopp & Scott data are 

given in Table 7.3. When compared with the C1/Ca correlation, an average deviation of 

0.044 kJ/mole (0.1 0%) results. 

2. Phenanthrene Vapor Pressures Scaled to Conform with n-Aikanes 

Kudchadker et al. (1979) have reviewed the vapor pressure literature for 

phenanthrene. These data sources and more recent ones are cited in Table 7.8. 

Phenanthrene is an example of a polycylic aromatic compound (PCA) which 

commonly occurs in coal liquids. It melts at a high temperature, T m=373.7°K, and has a 

normal boiling point of Tb=613.°K. If one assumes that phenanthrene's reduced normal 

boiling point is the same as that of naphthalene, i.e., Tb/T c=0.66, then phenanthrene's 

critical temperature must occur in the vicinity of 929°K. This temperature is so 

extreme that, like most other high-molecular-weight hydrocarbons, phenanthrene 

would rapidly char during an attempt to experimentally determine T c· Thus, only 
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estimated parameters (Tc. Pc. ro) of phenanthrene are available for use in 

corresponding states correlations. 

In Figure 7.1, reduced vapor pressure curves for several aromatic compounds 

(benzene, naphthalene, and phenanthrene) and n-alkanes (methane, n-decane, and 

n-eicosane) have been generated using Wagner equation coefficients listed in Tables 5.4 

and 5.6. The ordinate, plotted in terms of -log(Pr)-1, becomes the acentric factor at 

T r=0.7. Accurate critical point measurements exist in the literature for benzene and 

naphthalene. The critical point of phenanthrene has been estimated by Eqn. 3.8, the 

correlation of Twu (1984). Unlike benzene and naphthalene, the phenanthrene curve 

does not conform with the shape of the n-paraffin curves, since it intersects the C 1 o 

curve. 

To graphically illustrate the effect of parameter optimization, a Pc parameter 

for the C1/Cs model was determined by regression of phenanthrene vapor pressure data 

in the 372-633°K range (Kudchadker et al., 1978). Coefficients for a Wagner equation 

were subsequently determined by regression using the "optimized" Pc to scale the 

Kudchadker et al. vapor pressure data. These coefficients are presented in Table 5.6. 

When the re-scaled phenanthrene vapor pressure data are plotted in Figure 7 .2, the 

phenanthrene vapor pressure data conform with respect to the reduced n-alkane 

reference fluids. The optimized Pc=26.6 bar is 16% lower than Twu's Pc of 30.8 

bars;.nevertheless, both sets of coefficients for the Wagner equation represent 

phenanthrene vapor pressure data between 373°K and 727°K with similar %MD (e.g., 

0.46% Osborn & Douslin, 1975; 0.27% Nelson & Senseman, 1922; 9.8% Wilson et al., 

1981; 0.11% Kudchadker et al., 1978). 
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3. Coal Ligujd Study: PEBT2 & LK/MB Predjctjons Compared 

In Chapter 3, two literature correlations were introduced which are based on 

paraffin reference fluids and which can predict properties of narrow-boiling petroleum 

and coal-derived liquid cuts via the input of normal boiling point (Tb) and specific 

gravity (SG) parameters. These correlations are the Lee & Kesler (1980) analytical 

reformulation of the Maxwell & Bonnell (1959) vapor pressure correlation (LK/MB), 

Eqns. 3.30 and 3.31, and the critical point correlation of Twu (1984), Eqns 3.8-3.1 0. 

In this section, PERT2 (see Table 6.1 and/or Eqn. 6.2) is also applied in this mode by 

using Tb and SG parameters to predict vapor pressures of several coal-derived liquid 

components. 

Since PERT2 is scaled with respect to Twu's critical point correlation, it can be 

applied to estimate vapor pressure curves of narrow-boiling coal-derived liquid cuts in 

a manner similar to the LK/MB correlation. The three-parameters (T c. Pc. ro) needed 

to apply PERT2 are estimated from SG and Tb test fluid parameters. First, T c and Pc are 

determined from Twu's correlation. Then the acentric factor is determined from PERT2 

by using the Tb parameter in PERT2*. 

In this study, which is referred to as the "Coal Liquid Study", vapor pressures of 

58 coal liquid components are predicted by the PERT2 and LK/MB correlations. PERT2 

is applied using the same Tb and SG input parameters used in the LKIMB correlation. 

Next PERT2 is applied a second time using experimental and/or "optimized" parameters 

(Tc. Pc. ro) to give a crude measure of the overall data precision and accuracy. 

* An iterative technique such as Newton-Raphson's gives satisfactory convergence 
within a few iterations. 



The following tables document the "Coal Liquid Study": 

7.4 Summary of Statistical Comparisons. 

7.5 Detail of LK!MB and PERT2 Statistical Comparisons. 

7.6 Tb and SG Parameters. 

7.7 PERT2 Parameters (Tc. Pc. ro). 

7.8 Vapor Pressure Bibliography. 

192 

For n-alkane vapor pressures, the LK!MB and PERT2 correlations are applied 

by using only a Tb from Wilhoit & Zwolinski (1971 ). This portion of the "Coal Liquid 

Study" is given in Tables 6.13 and 6.14. 

The overall statistical results of the "Coal Liquid Study" are summarized in Table 

7.4. 1853 vapor pressure points of 58 compounds have been divided into seven 

compound classes (fused-ring aromatics, non-fused aromatics, non-fused naphthenes, 

branched alkanes, 1-alkanes, phenols, and n-alkanes). The makeup of six non-n-alkane 

compound classes may be identified in any of the Tables numbered from 7.5 to 7.8. The 

n-alkane data used, which ranges from C2 to C3s. is identified in Table 6.14. 

When PERT2 and LK/MB are applied using Tb and SG parameters to predict all 

1853 vapor pressure points, PERT2's agreement with the data is AAD=4.9% compared 

to the AAD=6.2% of LK/MB. Both correlations exhibit similar behavioral patterns 

among the seven compound classes. When experimental or optimized parameters 

(T c.Pc.ro) indicated in Table 7.7 are used in PERT2, its agreement with the data 

substantially improves to AAD=1.7%. 

Now consider only the non-n-alkane results. When Tb and SG parameters are 

used in PERT2 and LK/MB to predict the 1080 data points, PERT2 averages 6.2% 
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compared to the 8.4% of LKIMB. Use of T C• Pc. and ro parameters recommended for 

PERT2 results in an AAD of 1.3%. When the 175 data points of the phenols, the most 

deviant class of coal liquid compounds tested, are excluded from average, PERT2 still 

performs more accurately than the LKIMB correlation averaging 3.9% versus 5.5%. 

The deviant results, 18.2% and 23.5%, obtained when the PERT2 and LKIMB 

correlations are applied to predict vapor pressures of the phenols using Tb and SG 

parameters are not surprising when the tendency of phenols to form hydrogen-bonds is 

considered. As will be seen in Section B, hydrogen-bonding effects become more 

significant at the lower reduced temperatures. 

A surprising result is seen when experimental parameters (T c. Pc. and ro) are 

used in PERT2 to predict the 175 phenolic compound vapor pressures. PERT2 averages 

1.5%, a significant improvement over the 18.2% result obtained when estimates of Tb 

and SG are used. This improvement demonstrates the insufficiency of the specific 

gravity and normal boiling point parameters as criteria to differentiate the critical 

points of all classes of compounds. Use of improved critical point correlations, that 

account for the chemical nature of narrow-boiling cuts of coal-derived liquids, would 

thus improve the accuracy of vapor pressure predictions of Pitzer-type CSP 

correlations. 

The n-alkane results in Table 7.4 have also been discussed in Chapter 6. Of the 

773 n-alkane vapor pressure points tested, 425 points fall approximately in the mid

pressure range. The remaining 348 points are in the low-pressure range below 1 0 mm 

(<1.3kPa). 

When Tb parameters are used in PERT2 and LK/MB to predict n-alkane vapor 

pressures, both correlations give similar results, averaging 3.0% and 3.1 %, 
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respectively. Use of recommended n-alkane parameters (Table 6.3) in PERT2 improves 

the correlation's rating to AAD=2.3%. In the mid-pressure range, PERT2 is 

significantly more accurate than LK/MB, 0.3% versus 0.8%. Likewise, PERT2's 

performance in the low-pressure regime is also enhanced relative to LK/MB, 4. 7% 

versus 5.9%. 

4. Extrapolation of API-42 Boiling Points to Very-Low Pressures 

In this section, an "Extrapolation Study" is described. Several methods are 

compared to extrapolate API-42 vapor pressure data in the 0.5 to 10 mm Hg range down 

to Morecroft's 1964 effusion measurements in the 1 o-1 to 1 o-6 mm of Hg range. 

API-42 boiling point and liquid density data are used to estimate Tb and SG parameters 

for five heavy hydrocarbons which have molecular weights that range from 234 A.M.U. 

to 395 A.M.U. 

Details of the "Extrapolation Study" are given within the following series of 

tables: 

7.9 Methods and Results Described 

7.1 0 Statistical Summary 

7.11 Detailed Statistics 

7.12 P ERT2 Parameters 

7.13 T b and SG Parameters 

7.14 Vapor Pressure Data 

7.15 Clausius-Clapeyron Eqn. Coefficients and Temperature Ranges 
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To gauge the self-consistency of the individual Morecroft and API-42 data sets 

given in Table 7.14, coefficients of the Clausius-Clapeyron equation [3.13] were 

determined by linear regression of the each set's data. The resulting coefficients are 

given in Table 7.15. The AAD's for each regression, which may be interpreted as 

measures of each set's self-consistency, are given in Table 7 .11. Table 7.10 shows that 

the average deviation for all 31 Morecroft vapor pressure points is 5.9%. Similarly, 

the average AAD of the API-42 data is 1.5%. 

When API-42 boiling point data are used to predict Morecroft's effusion data, the 

consistency between the two data sources determines how accurately the predictions can 

be made. To crudely define this consistency for each compound studied , both data sets 

were combined in the regression of Clausius-Clapeyron equation coefficients. Table 

7.1 0 shows that the combined AAD for all 56 API-42 and Morecroft data points is 

13.5%. The regression results reproduce Morecroft's 31 data points with an AAD of 

13.5%. Thus, the best prediction of Morecroft's data from API-42 data should result in 

an AAD of approximately 14%. 

The five methods used to extrapolate the API-42 boiling point data down to the 

low-pressure results of Morecroft are described in Table 7.9. These are: 

1. LK/MB correlation using Tb and SG estimated from API-42 data. 

2. PERT2 using estimated Tb and SG in Tc and Pc correlations of Twu (1984). 
ro is determined by use of Tb in PERT2. 

3. PERT2 using estimated Tb and SG in T c and Pc correlations of Twu (1984). 
ro is calculated by use of the 10 mm boiling point of API-42 in PERT2. 

4. PERT2 using Twu T c· Pc & ro are determined by regression of API-42 
boiling point data in the 0.5 to 10 mm range. 

5. Extrapolation using the Clausius-Clapeyron equation fits of the API-42 data, 
ln(P) = A + BIT. 
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When the Clausius-Clapeyron equations based on API-42 data are extrapolated to 

predict Morecroft's data (Method 5}, Morecroft's data are predicted with an average 

deviation of 111.3%. Clearly, this method of extrapolation is inadequate. 

In methods 1 and 2, PERT2 and LKIMB are applied by using an estimated normal 

boiling point, Tb, and an estimated specific gravity, SG (See Table 7.13}. Tb was 

estimated by extrapolating the Clausius-Clapeyron equation fits of API-42 data in Table 

7.15 to 760 mm then by adding 26°K to the result. While this method appears to behave 

well for several n-alkanes and branched alkanes tested, its application to other classes 

of hydrocarbons is less well established. Improved methods to estimate normal boiling 

points are needed. Likewise, use of the specific gravity at 60°F (288.6°K} is ad hoc 

since many of the high-molecular-weight hydrocarbons freeze at temperatures well 

above 289°K ( e.g., phenanthrene, 372.3°; anthracene, 489.19°K; and chrysene, 

539°K}. 

When the PERT2 and LKIMB correlations are applied using estimates of Tb and SG 

given in Table 7.13, their average deviations from Morecroft's data are 58.7% and 

50.2%, respectively. Both correlations represent the API-42 data, upon which Tb is 

based, with very low accuracy (AAD=30%}. Clearly, exclusive use of inaccurate SG and 

Tb parameters in methods 1 and 2 leads to inaccurate predictions of Morecroft's data. 

The final two techniques of extrapolating the API-42 data, methods 3 and 4, were 

performed using the PERT2 correlation. Both these methods give satisfactory 

representation of the API-42 boiling point data in the 0.5 to 10 mm range, (AAD=3.9% 

and 2.1 %, respectively}. 
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In method 3, PERT2's acentric factor was estimated from the 10 mm Hg boiling 

point of the API-42 data set rather than using the estimated Tb. This method predicted 

Morecroft's data with an AAD of 20.6%, the most accurate result of the five methods 

tested. 

In method 4, Pc and ro parameters were determined from the API-42 data by 

linear regression. Method 4 predicted Morecroft's data with an AAD of 34.1%, which is 

the second most accurate result obtained. 
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B. n-Aikane Correlations Applied to Hydrogen-Bonding Fluids 

1. Associated Fluid Property peyjations from Paraffin Properties 

According to Pitzer et al. (1955), strongly associated fluids such as water, 

methanol, or m-cresol which form hydrogen bonds are not "normal" fluids because their 

intermolecular interactions differ from the van der Waals-type interactions of nonpolar 

substances. Thus, while water's molecular weight of 18 is similar to methane's 16, its 

effective size in relation to its acentric factor, ro=0.344, is much closer to n-heptane's 

ro=0.350 than to methane's ro=0.011. The effects of association are also manifest in 

many other properties compared with nonpolar substances of similar molecular weight. 

For example, water has a longer coexistence range (374°K), a higher normal boiling 

point (373°K), and a higher critical temperature (647°K) than does methane (1 00°K, 

112°K, and 191 °K, respectively). 

Comparisons of n-paraffin vapor pressures with vapor pressures of hydrogen

bonding substances are easily illustrated by using the C1 o/C2o two-fluid correlation in 

Table 6.1 to predict the smoothed data of several compounds as a function of reduced 

temperature. Figure 7.3 shows deviation plots of six hydrogen-bonding systems 

(methanol, ethanol, propan-1-ol, ammonia, water, and m-cresol) from the C1 o/C2o 

vapor pressure correlation. Data sources, Wagner equation coefficients, and parameters 

(T c ,Pc. ro) for each substance are indicated in Table 5.6. For m-cresol, an acentric 

factor of ro=0.454 taken from Reid et al. (1987) was used in the C1 o/C2o correlation 

rather than the value in Table 5.6, ro=0.4477, which was determined from the Wagner 

equation coefficients. 
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The general features of the deviation plots in Figure 7.3 are readily seen. Since 

the n-paraffin reference fluids and polar test fluids are normalized with respect to the 

critical point, all curves must approach zero as Tr ~ 1.0. At Tr=0.7, most of the curves 

go through zero again. In this case the zero is a consequence of defining the acentric 

factor from a vapor pressure datum at T r=O. 7, equation [3.1 ], and from the use of the 

two-real-fluid CSP equation [3.24]. The deviation curve for m-cresol fails to go 

through a zero at Tr=0.7 since the Reid et at. acentric factor used in the C1 o/C2o 

correlation is 1.4% higher than the acentric factor estimated from the Wagner equation 

coefficients for m-cresol (Table 5.6). The resulting C1 o/C2o prediction of m-cresol's 

vapor pressure at Tr=0.7 is 1.4% lower than the Wagner equation value. 

Between Tr=0.7 and Tr=1.0 in Figure 7.3 , the alcohols tested (propan-1-ol, 

ethanol, and methanol) deviate as much as 5% from the n-paraffin reference fluids. 

These large deviations occur because of the anomalous behavior of the alcohol vapor 

pressure curves. For example, the inflection points of the alcohol vapor pressure 

curves irregularly occur, McGarry (1983). 

At reduced temperatures below Tr=0.7, the hydrogen-bonding test fluids in 

Figure 7.3 deviate increasingly from the C1 o/C2o n-paraffin reference fluids. For 

example, the deviation curves for m-cresol, water, and methanol exceed 30% near 

T r=0.45. For some of the substances (methanol, water, ethanol, and ammonia), 

C 1 o/C2o vapor pressure predictions are too low. In contrast, predictions of m-cresol 

and 1-propanol vapor pressures are too high. 



200 

2. m-Cresol Vapor Pressures Predicted by Two- ard Three- A ujd CSP Models 

Several attempts to extend Pitzer-type CSP correlations to polar fluids have 

been made in the literature. Examples are the correlations of Halm & Stiel (1967), Wu 

& Stiel (1985), and Wilding & Rowley (1986), which use a second perturbation term 

and an affiliated fourth parameter to account for deviations from normal fluid behavior 

due to polar/molecular association effects. In Chapter 3, the Wu & Stiel equation of state 

method was reformulated in terms of the properties of three nonspherical reference 

fluids, 'JI(R1), 'JI(R2), 'JI(W) (Eqns. 3.47-3.48), where superscripts R1 and R2 refer to 

the normal reference fluids which obey roR2>roR1, and W refers to a water reference 

equation. Coefficients for reference equations of several different saturated properties 

are presented in Tables 3.1, 3.4, and 3.6. 

Despite difficulties in reproducibly determining the fourth parameter, Y, that 

were discussed in Chapter 3, the reformulated Wu & Stiel method usually predicts low-

pressure range vapor pressures of polar compounds more accurately than use of two

fluid Pitzer-type CSP correlations. In this sub-section, application of the C1/Cs/ W 

three-fluid and the C1/Cs two-fluid models are compared when applied to predict vapor 

pressures of m-cresol over a wide pressure range. 

Vapor pressure measurements made of highly-purified m-cresol samples in the 

high temperature range, 238-325°C, have recently been published by Niesen & 

Yesavage (1988). At lower temperatures, Biddiscombe & Martin (1958) studied pure 

m-cresol samples in the 11-39°C range by use of the gas saturation method. From 
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136°C to 204°C, they employed a direct measurement method. The vapor pressure data, 

reduced temperatures, and percent deviations from two correlations tested are given in 

Table7.16. 

To predict m-cresol vapor pressures using the C1/Cs and C1/Cs!W correlations, 

T c=705.8 oK and Pc=45.6 bar, taken from Reid et al. (1987), were used as the first 

two parameters. An acentric factor of oo=0.452, reported by Niesen & Yesavage 

(1988), was used as the third parameter. This value differs slightly from the oo=0.454 

of Reid et al. The fourth parameter, Y, for the C1/Cs/W correlation was determined by 

use of the defining equations, [3.47-3.48], with a vapor pressure point of Biddiscombe 

& Martin (149.804 oc , 153.15 mm). This point corresponds to Tr=0.6, a reduced 

temperature where two-fluid Pitzer-type CSP methods based on n-alkanes deviate 

positively from m-cresol by approximately 5% (See Figure 7.3 or Table 7.16). The 

resulting fourth parameter is Y=-0.8954. 

Figure 7.4 shows the deviations of m-cresol vapor pressures from the 

predictions of the C1/Cs and C1/Cs/W correlations. While the C1/Cs model predicts the 

Biddiscombe et al. gas saturation data with very poor accuracy (AAD=45%), a 

significant improvement is achieved by the C1/Cs/W model (AAD=3.2%). 

The sensitivity of the Y -parameter determination for m-cresol is easily 

illustrated. If the acentric factor calculated from the Wagner equation coefficients in the 

Table 5.6 had been used, oo=0.4477, Y=-1.2298 results. Thus, a 0.95% variation in oo 

has produced a 37.% variation in Y. When the perturbed oo andY parameters are used in 

the C1/Cs and C1/Cs/W correlations to predict the gas saturation data of Biddiscombe et 

al., AAD of 52% and 10% result. 



202 

3. C1/C8 Optjmjzatjon Technjgues Applied to Water 

Regression of parameters from vapor pressures (parameter "optimization") has 

been widely used in Chapters 5, 6, and 7. While Ambrose & Patel (1984) suggest that 

the reference fluids used in two-fluid CSP parameter optimization should match the 

chemical nature of the test fluid as closely as possible, it is also possible to regress 

parameters from data that force reference equations to match the nature of the test fluid 

(e:g., the n-alkane Pc and ro parameters determined for the C1/Cs model in Chapter 6). 

In the next two sub- sections, the C1/Cs model of Table 6.4 is applied to predict 

water vapor pressures and heats of vaporization. The data tested and used in regressions 

are from tables of Haar et al. (1984). 

a. C1/C8 Predictions of Water Vapor Pressures 

Since n-alkane-based 2-fluid CSP correlations [3.24] fail to accurately predict 

water vapor pressures below T r=0.7 due to strong-hydrogen bonding (molecular

association) in water (See Figure 7.3), parameter optimization techniques have been 

applied using vapor pressure data at the lower end of water's coexistence range, 

0.422~Tr~0.731 (273.16°K ~T~ 473.15°K ). Both 2-parameter (Pc. ro) and 

3-parameter (T c. Pc. ro) optimizations were tried since the 2-parameter procedure 

described by Eqn. 3.46 which assumes that T c is known, gives unsatisfactory results for 

highly associated fluids. T c was regressed from data by trial-and-error to minimize the 

root mean deviation (RMS) in pressure. 
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The results are summarized in the Tables 7.17 and 7.18 which span two 

different temperature ranges: 

Table 7.17 

C1/Ca Representation of Water Vapor Pressures (N:45) 
inside the Fit Range (273.15°K to 473.15°K) 

Parameters Tci°K Pc/bar ro %RMS o/oADD %BIAS 

Experimental 647.126 220.55 0.3442 17.4% 12.7% -12.6% 

2-Parameter Optimization 647.126 196.80 0.2947 2.6 2.2 -3.5 

3-Parameter Oetimization 764.2 631.68 0.1167 0.2 0.2 0.1 

Table 7.18 

C1/Ca Representation of Water Vapor Pressures (N:36) 
outside the Fit Range {478.15°K to 647.126°K) 

Parameters Tc/°K Pc/bar ro %RMS 0/oADD %BIAS 

Experimental 647.126 220.55 0.3442 0.9% 0.8% 0.8% 

2-Parameter Optimization 647.126 196.80 0.2947 7.1 6.5 -6.5 

3-Parameter Oetimization 764.2 631.68 0.1167 1.9 1.3 -1.1 

"Experimental" parameters (T c• Pc. ro) used in the C1/C9 vapor pressure correlation 

are from Haar et al. (1984). The statistical measures (%RMS, %MD, and %BIAS) for 

representing the vapor pressure deviations are defined in the Statistical Nomenclature 

section. 

Several results may be inferred from the two tables above. Use of experimental 

parameters in the C1/C9 correlation gives adequate representation of water vapor 
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pressures for T~473°K. For T~73, however, they give very inaccurate predictions. 

The 2-parameter optimization results in an inaccurate outcome in both ranges. In 

contrast, the 3-parameter regression gives a very accurate representation in the fit 

range. Even above the fit range, the 3-parameter optimization gives a fairly good 

characterization, AAD=1.3%. versus the experimental parameter results of AAD=0.8%. 

Two deviation plots in Figure 7.5 compare C1/Cs predictions of water vapor 

pressures over the entire coexistence range. In the first plot, experimental parameters 

are used. In the second, parameters derived by 3-parameter optimization have been 

used. As can be seen, experimental parameters give adequate representation between 

Tr=0.7 and Tr=1.0. Below Tr=0.7, however, these parameters result in predictions 

which become increasingly too low and which terminate at the triple point with a 

deviation of -35%. Use of the parameters derived by the optimization procedure results 

in deviations which are less than 1% from the triple point up to Tr=0.9. Above Tr=0.9, 

these parameters lead to predictions which become increasingly too low. At the critical 

point, a -4.5% deviation is seen. 

The 3-parameter optimization of this example yields values of T c and Pc which 

are significantly higher than critical point measurements of water. In essence, the 

optimized values represent the effective interactions between hydrogen-bonded 

molecules existing at the lower portion of water's liquid-vapor coexistence range. 

b. C1/C8 Predictions of Water Heats of Vaporization 

In the heat of vaporization studies of Chapter 6 and in the indan study given in 

Section A of this chapter, predictions of the C1/Cs model were very accurate when an 
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experimental T c and an ro determined by regression of vapor pressures were used as 

parameters. As a final example, experimental and optimized parameters (T c. ro) are 

used in the C1/Ca heat of vaporization correlation (Table 6.4) to predict heats of 

vaporization of water. 

Figure 7.6 shows two deviation plots comparing the predictions of the C1/Ca 

model with water heat of vaporization data which ranges from the triple point up to the 

critical point. 

In the first plot, experimental parameters were used in the C1/Ca correlation. 

The deviations range from 9% at the triple point to 2% at Tr=0.7. Above this 

temperature, the deviations remain near 2% until Tr=0.98. Near the critical point a 

deviation of -5% is seen. This rather large deviation results since heat of vaporization 

approaches zero at Tr=1.0. 

In the second deviation plot of Figure 7.6, 3-parameter optimization parameters 

(T c= 764.2°K, ro=0.1167) for water have been used in the C1/Ca model. In this 

example, water's triple point heat of vaporization is predicted with a deviation of 

-0.35%. Up to Tr=0.577 the deviations remain within 1%. At higher temperatures, 

they rapidly increase until, by T r=0.8, the deviations exceed 1 0 %. The strong 

dependency of heat of vaporization on reduced temperature above T r=0.8, makes of the 

use of the optimized critical temperature in the C1/Ca correlation very inaccurate. 

Despite the high temperature limitation of applying the optimized parameters, it 

is interesting to see how accurately they behave in the C1/Ca model at the lower 

temperatures. These results concur with results seen in applying the C1/Ca correlation 

to nonpolar compounds. 
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Tables 7.19 and 7.20, given below, contain statistical comparisons of the C1/Cs 

heat of vaporization correlation with data of water divided into two different 

temperature ranges. Three different sets of input parameters (T c.m) are used. The 

results concur with Figure 7.6. 

Table 7.19 

C 1/Cs Representation of Water Heats of Vaporization 
(N=45, 273.15°K to 473.15°K) 

Parameters Tc/oK m %RMS %ADD %BIAS 

Experimental 647.126 0.3442 6.0o/o 5.5% 5.5% 

2-Parameter Optimization 647.126 0.2947 1.8 1.6 0.0 

3-Parameter O~timization 764.2 0.1167 2.5 1.7 1.5 

Table 7.20 

C 1/Cs Representation of Water Heats of Vaporization 
{N:41, 478.15°K to 646.65°K) 

Parameters 

Experimental 647.126 

2-Parameter Optimization 64 7.126 

3-Parameter O~timization 764.2 

%RMS %ADD %BIAS 

0.3442 2.2°/o 1 . 9% 1 . 1 % 

0.2947 3.9 3.5 -3.5 

0.1167 167. 95.7 95.7 
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CHAPTER 8. SUMMARY 

Significant results and recommendations, and proposals for future investigations 

are summarized in this chapter. 

Major objectives of this work have been to: 

( 1 ) Experimentally address gaps in the n-alkane vapor pressure literature. 

( 2 ) Extend the acentric factor range of Pitzer-type corresponding states 
correlations using the new data. 

( 3) Use equation forms which accurately represent coexistence properties over 
wide temperature ranges inclusive of the anomalous critical region. 

Gaps in the 1986 n-alkane vapor pressure pressure literature are reviewed in 

Chapter 2. Some of the holes discussed include the abrupt termination of accurate mid

pressure range studies made at N.B.S.(now called N.I.S.T.) for n>16, the experimental 

uncertainties of data in the n=17 to n=20 range of Vargaftik (1975), and the general 

paucity of data for n>20. 

Progress in measuring n-alkane vapor pressures is seen when the composite 

pressure/temperature data range plots of Figure 2.2 are compared with the plots given 

in Figure 8.1, an early 1989 update of the 1986 figure. Two large holes, between n=9 

and n=29, and below the lower "Onset of Thermal Decomposition" locus in Fig. 2.2, are 

seen to be more complete in Fig. 8.1. New vapor pressure measurements of this work in 

the C1 o to C2s range and the low-pressure results of Sasse et al. (1988) for C12· C2o. 

C22 and C24 account for most of the changes depicted. The recent critical measurements 

of Rosenthal & Teja (1989) are not depicted in Fig. 8.1. If these were shown, the 

critical loci of Fig. 8.1 would extend out to n=18. 
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Pitzer-type corresponding states principle (CSP) correlations are reviewed in 

Chapter 3. These three-parameter (T c. Pc. co) CSP correlations use the acentric factor, 

co, as the third parameter for extending the two-parameter (T c. Pc) CSP of simple, 

spherically-shaped molecules to molecules which deviate significantly from spherical 

shape. The acentric factor was defined by Pitzer et al. (1955) in terms of vapor 

pressure data, Eqn. 3.1. 

In formulating correlations for saturated properties, two variations of Pitzer 

correlations have been used. In the first version, thermodynamic properties are 

represented by a Taylor series expansion about a simple reference fluid having co=O, 

Eqn. 3.2. In the second variation, the Taylor series expansion is made in terms of two 

real-fluid reference equations having nonzero acentric factors, Eqn. 3.7. 

An important ingredient in the formulation of accurate saturated property 

correlations is the use of suitable reference equation forms which can represent all 

regions of the coexistence range including the anomalous critical region. In this work, 

several forms have been applied which meet this criterion. Examples are the "2.5" 

form of the Wagner vapor pressure equation [3.19], the Torquato & Stell (1981) 

equation [3.33] for heats of vaporization, and the Wagner equations [3.35-3.36] for 

representing liquid and vapor saturated densities. 

By combining the new n-alkane vapor pressure measurements of this work with 

literature data over a wide carbon number range, extended Pitzer-type correlations 

have been developed. The carbon number parameters of n-alkanes are generalized in 

terms of acentric factor correlations [Eqns. 6.4, 6.6, 6.7, and 6.9]. Since thermal 

instability limits the measurability of the critical points of the long-chain molecules, 

correlated critical parameters, T c and Pc. must be used. Twu's 1984 correlation , Eqn. 
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3.8, and parameters regressed from vapor pressure data by the two-fluid CSP methods 

of Ambrose & Patel (1984), Eqn. 3.24, have been applied for the n-alkanes having n>9. 

These critical parameter correlations have also been applied to non-paraffinic systems. 

A. Results and Conclusions 

Some of the most significant results and conclusions are: 

( 1 ) Surveys of n-alkane vapor pressure data sources (Tables 2.1 and 2.2). 
Composite deviation plots and data range plots are given that reveal gaps in 
the literature and trends of phase behavior in the homologous series.(Figs. 
2.2, 8.1, 5.11-28) 

( 2 ) Observation of corresponding states at the triple points of long-chain 
n-alkanes (Eqns. 3.17-18; Figs. 3.2-3.3). The phenomena can be used to 
constrain vapor pressure equations or to test them at low pressures 
(Tables 6.11 and 8.1 ). 

( 3) Static vapor pressure measurements over wide temperature and pressure 
ranges for ten n-alkanes in the C1 o to C2s range (Tables 5.1-5.3, 5.8-
5.1 0; Fig. 5.1 ). The new measurements agree well with overlapping 
results from national laboratories (Figs. 5.14-23, Tables 5.5, 5.8, 6.13, 
6.14b, 6.17, and 6.25) and enable the accurate evaluation of qualitative 
gaps in literature especially between C1s and C21 where the TRC Antoine 
vapor pressure equations must be updated. For C2o+, the new 
measurements agree with Kreglewski & Zwolinski (1961) boiling point 
extrapolations (Eqns. 3.28 and 6.5; Table 8.2). 

( 4 ) Observation by a freezing curve technique of excellent-to-poor impurity 
separation in zone-refined paraffin ingots (Figs. 5.24-5.26, Table 5.7). 

( 5) New freezing point measurements of n-alkanes (Table 5.7). 

( 6 ) Development of extended Pitzer-type CSP correlations for predicting 
vapor pressures and heats of vaporization of compounds having acentric 
factors in the same range as the n-alkanes from C1 to C3s+ (Tables 6.1, 
6.3, 6.4, 6.5). 
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( 7) Observation of inconsistencies in TRC's Antoine vapor pressure equations 
for long-chain n-alkanes, n>28: 

(a) The older TRC Antoine equations for n-alkanes dated from October 31, 
1964 more accurately represent API-42 and Mazee (1948) boiling 
point data in the n=29 to n-36 range than do the current equations dated 
from October 31, 1972 (Tables 6.10 and 6.13). 

( b ) The newer TRC Antoine equation for C43 is consistent with Mazee's 
3 mm boiling point. This point, however, is shown to be inconsistent 
with Mazee's boiling point data in the n=21 to n=36 range (See Eqn. 6.5 
and Table 6.10). 

( c ) The newer TRC Antoine equations predict Mazee's heats of vaporization 
data in the n=21 to n=36 range with greater accuracy than do the older 
equations (Table 6.18). 

( 8 ) Application of two-real-fluid CSP techniques of Ambrose & Patel 
(1984), Eqns. 3.24 and 3.46, to accurately extrapolate limited range 
vapor pressure data to low pressures (Tables 5.4, 5.5, 7.9, 7.1 0, and 
7.11) and to estimate critical pressures and acentric factors from vapor 
pressure data (Tables 6.5, 6.6, 6.7, 7.7, and 7.12; Figs. 7.1 and 7.2). 

( 9) Presentation of Wagner vapor pressure equations (Table 5.4) for 
n-alkanes in the n=1 to n=28 range. To make some of the Wagner equations 
useful below the pressure range of the new vapor pressure measurements, 
two-fluid CSP methods are used to extrapolate data. Twu's 1984 T c and Pc 
correlations [3.8] are used to scale the Wagner equations for n>9. 

( 1 0) Application of two-fluid CSP ("optimization") techniques to estimate 
critical pressures from vapor pressure data. When large size differences 
exist between reference and test systems, shape factor effects are observed 
(Tables 5.6, 6.5-6.7, 7.7, and 7.12; Figs. 6.5, 6.6, 7.2, 7.5, and 7.6). 

( 1 1 ) Statistical summary tables: 

(a) n-Aikane vapor pressures: Tables 5.5, 6.8-6.11, 6.13-6.17, 7.4, 
7.10, 7.11, 7.17, 7.18, and 8.1. 

(b) Vapor pressures of non-paraffinic compounds: Tables 6.12, 7.1, 7.4, 
7.5, 7.10, and 7.11, 7.16. 

(c) n-Aikane heats of vaporization: Tables 6.18-6.25. 

(d) Heats of vaporization data of non-paraffinic compounds: Tables 6.26, 
7.2, 7.3, 7.19, and 7.20. 
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( 1 2 ) Graphical studies: 

(a) Plots of new n-alkane vapor pressure data (logP versus 1 000/T) in 
the range from C1 o to C2a : Fig. 5.1. 

( b ) Freezing curves and freezing point distribution plots of zone-refined 
n-alkane ingots: Figs.5.24-5.26. 

(c) McGarry's constraints, Eqns. 3.21-3.23, predicted from n-alkane 
Wagner vapor pressure equations : Fig. 5.9. 

(d) Prediction of vapor pressures of paraffins (deviation plots): Figs. 5.4-
5.8, 5.1 0-5.23, 6.4 

( e) Prediction of vapor pressure and heat of vaporization data of polar 
compounds (deviation plots): Figs. 7.3- 7.6. 

( f ) Reduced vapor pressure curves for paraffinic and aromatic compounds: 
Figs. 5.2, 5.3, 7.1, and 7.2. 

( 1 3) Correlation results and recommendations: 

(a) When coefficients for the "2.5-5" Wagner vapor pressure [3.19] are 
determined by regression of accurate vapor pressure data in the mid
pressure range (10-780 mm) and scaled using an accurately known 
critical point, the Wagner equation gives superb representation of 
n-alkane vapor pressures over most of the coexistence range. When the 
Wagner equation is extrapolated to low pressures corresponding to 
T r=::0.4, however, it tends to predict accurate vapor pressure 
measurements by approximately 5% too low. (e.g., See Eqns. 3.25 and 
3.26, and Figs. 3.4 and 5.14 where the data of Osborn et al. (1974) and 
Chirico et al. (1989) are compared.) This tendency is also seen in the 
extended vapor pressure correlations, PERT2, C1 /Ca. and, C1 o/C2o. 
which are formulated in terms of the Wagner equation form. (e.g., See 
Table 6.11 where these correlations have been applied below Tr=0.4 
for the n-alkanes c2 to c1 a.) 

( b ) The 3-parameter CSP vapor pressure correlation of Pitzer et al. 
(1955), Eqn. 3.6, has been extended to n-alkanes having chain lengths 
as long as n=36 by including a second order perturbation term in 
Pitzer's acentric factor expansion for ln(Pr). The correlation is 
referred to as PERT2 [Eqn. 6.2]. When used with its recommended 
PERT2 parameters (Tc. Pc. ro) given in Table 6.3, the correlation 
predicts n-alkane vapor pressures over wide acentric factor and 
pressure ranges with more accuracy than any other generalized 
correlation tested [Tables 6.13, 6.15, and 6.17]. For example, in the 
Cs to C2a mid-pressure range, PERT2 predicts 425 points with an AAD 
of 0.34 % compared with 1.21% for TRC Antoine equations [Table 
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6.13]. In C3 to C2a range heat of vaporization studies, its deviations 
from n-alkane data average less than 0.6% [Tables 6.24-6.25]. 

(c) Two-fluid saturated property correlations based on the simple and 
real-fluid BWR reference equations of state of Lee & Kesler (1975), 
Eqn.3.4, are given in Tables 3.2 and 3.3. Coefficients [Table 3.4] and 
saturated reference equation forms [Table 3.1) for several properties, 
L1Hv, L1Z, Zv. ZL, VrL=PcVL/RT c. and Vrv=PcVv/RT c. are reported. 
These auxiliary correlations enable quick calculations of saturation 
properties with accuracies approaching that of the original 
correlations. In the critical region, convergence problems with the 
original equation of state method are avoided. 

(d) Two-fluid correlations based on methane, ethane, n-octane, and water 
properties are given in Table 3.6 for predicting several saturated 
properties, .1Hv • .1Z, Zv. ZL, VrL=PcVL/RTc. and Vrv=PcVv/RT c· The 
n-octane saturated property data used are described in Table 3.5. In the 
critical region, these reference equations are more accurate than the 
original Lee & Kesler (1975) method. These correlations were 
formulated originally to study the 4-parameter CSP model of Wu & 
Stiel (1985), Eqn. 3.47, for estimating saturated properties of polar 
substances. Some of the reference equations are used to extend Pitzer 
CSP to long-chain n-alkanes. 

(e) Extended two-fluid CSP correlations for vapor pressure, heat of 
vaporization, and difference between saturated vapor and liquid 
compressibility factors are presented. 

( i ) The C1/Ca model is based on results given in Table 3.5. It is 
summarized for n-alkanes in Tables 6.4 and 6.5. The vapor 
pressure correlation is almost as accurate as the PERT2 model 
except at high reduced temperatures, T r>0.85, where shape factor 
effects [Eqn. 6.11] become significant. The heat of vaporization 
correlation is the easiest to apply and the most accurate correlation 
tested for n-alkanes out to n=43. The correlation used in the 
Clapeyron equation 3.11 for estimating the difference between the 
saturated vapor and liquid compressibility factors, L1Z=Zv-ZL, 
should only be applied for normal fluids which satisfy ro< 0. 56 
(n~12). [See Fig. 6.8). 

( i i ) The C1 o/C2o model, summarized in Table 6.1, was developed for 
application to n-alkanes (and normal fluids) having n~1 0 
(ro~0.48). Like PERT2, T c and Pc correlations of Twu (1984) are 
used. Parameters for n-alkanes are given in Table 6.3. The vapor 
pressure and heat of vaporization correlations have accuracies 
similar to PERT2 when applied within their intended ranges. The 
L1Z correlation is recommended when the C1/Ca based correlation is 
not applicable. 
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( f ) Three extended correlations of this work (PERT2, C1 /Cs, and C1 o!C2o) 
represent the 3 mm boiling point data of Mazee (1948) in the n=21 to 
n=36 range with average deviations of 2% [Table 6.1 0]. Their 
predictions of Mazee's C43 boiling point, however, are 20 % lower. In 
the n=21 to n=43 range, these correlations predict Mazee's enthalpy of 
vaporization data at 3 mm with an average deviation of 2% [Table 
6.18]. The accuracies of the three extended correlations appears to 
equal or to exceed the accuracies of the TRC Antoine equations. 

( g ) Several literature vapor pressure correlations have been applied to 
predict long-chain n-alkane vapor pressures. 

( i ) The Lee & Kesler (1980) reformulation of the Maxwell & Bonnell 
(1957) correlation (LK/MB), given in Eqn. 3.30, has been 
applied using normal boiling points from Wilhoit et al. (1971) to 
predict 773 vapor pressures of n-alkanes in the n=2 to n=36 
range which span wide pressure ranges with an overall accuracy of 
3.1 % (Table 6.13). This compares favorably with PERT2's 2.3%. 
In the mid-pressure range of this study, LK/MB is less accurate 
than PERT2. It averages 0.82% versus PERT2's 0.34 %. These 
results confirm the reputed high accuracy of the LK/MB 
correlation for representing n-paraffin vapor pressures. 

( i i ) The Lee & Kesler (1975) 3-parameter CSP correlation [See Eqn. 
3.6, Figs. 5.11-5.14, and Tables 6.15-6.16] was applied by using 
parameters (Tc. Pc. ro) developed for the C1/Cs two-fluid model 
[Table 6.5] and by using PERT2 parameters [Table 6.3]. PERT2 
parameters give more accurate results in the mid-pressure range. 
In the low-pressure range, the C1 /Cs parameters give more 
accurate results. 

(iii) The King & Mahmud (1986) correlation [See Eqn. 3.29, 
Figs.5.10-5.17, and Tables 6.13-6.14] was applied using 
recommended parameters (Tc. Pc,ro) for n::;;16 and C1/Cs 
parameters [Table 6.5] for n> 16. For n::;;16 at subatmospheric 
pressures, the King correlation is of high accuracy down to Tr=0.4. 
Of all correlations tested, the King correlation predicted API-42 
n-paraffin data in the n=13 to n=36 and 0.5 to 10 mm ranges 
with the highest accuracy, AAD=4.3%. This compares with 
PERT2's 5.6%, which is the second best result. 
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( h} Two special studies involving the prediction of vapor pressures of high
molecular-weight hydrocarbons were conducted. 

( i } In a "Coal Uquid Study" [Tables 7.4-7.8], the vapor pressures of 
coal liquid-derived model compounds are predicted using the 
LK/MB and PERT2 correlations. Generally, the performance of the 
two correlations is similar. When the same set of normal boiling 
point (Tb} and specific gravity (SG} data were used in the two 
correlations, PERT2 predicted 1853 data points of 58 compounds 
with a slightly lower AAD than LK/MB: 4.9% versus 6.2%. Use of 
experimental and optimized parameters (T c. Pc. ro} in PERT2 
resulted in a significantly improved AAD of 1.7%. An upgraded 
critical point correlation for hydrogen-bonding substances, such as 
phenols is needed. For example, if some easily measured property 
which accounts for hydrogen-bonding effects were incorporated 
into a critical point correlation, then the inability of SG and Tb 
parameters to differentiate among different compound classes would 
be avoided. For high high-molecular-weight compounds which 
have high melting and boiling points, estimated SG and Tb 
parameters are of low accuracy. Use of measurables which are 
more easily obtained is needed. 

( i i} In an "Extrapolation Study" [Tables 7.9-7.15], several ways of 
extrapolating API-42 high-molecular-weight hydrocarbon boiling 
point data to predict the extremely low-pressure effusion 
measurements of Morecroft (1964} are compared. The difficulty 
of estimating the SG and T b parameters necessary for applying the 
PERT2 and LK/MB correlations emphasizes the need for improved 
SG and Tb correlations or for the development of alternative 
correlations which use more easily measured input data. Of five 
extrapolation methods compared, PERT2 gave the most accurate 
results when its acentric factor was estimated from the 1 0 mm 
API-42 boiling point. PERT2 predicted 31 vapor pressure points 
of Morecroft for 5 different compounds with an AAD=20.6%. This 
is a significant improvement over Clausius-Clapeyron equation fits 
of API-42 data which averaged 111%. 
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B. Recommendations for Future Investigations 

The role of paraffins in characterizing high-molecular-weight hydrocarbons and 

other kinds of systems will undoubtedly continue in the future. Some possible studies to 

continue this thesis work are discussed in the sections below. 

1. Vapor Pressure Studies of Long-Chain a-Alkanes 

According to Figure 8.1, the largest gap in the n-alkane vapor pressure 

literature remains the low-pressure regime in the vicinity of the triple point for n~20. 

Existent studies below 0.1 mm of Hg are scarce. (See Tables 2.1 and 2.2.) and often have 

been conducted using impure samples (e.g., Sasse et al., 1988). To improve and extend 

the range of the current literature, efforts must address : 

( a) The purification of samples. 

( b ) The refinement of methods to measure vapor pressures below 1 o-8 mm Hg with 
high precision and accuracy. 

The development and testing of thermodynamic property correlations of long-

chain molecules would benefit from accurate new vapor pressure measurements of 

n-alkanes having chain lengths greater than 36. Since intermolecular forces increase 

as the chain length of n-alkanes increases, eventually a chain length is reached where 

the sample can be vaporized only though rupture of carbon-carbon bonds. Wall et al. 

(1970) have measured molecular volatilization of Cg4 samples at elevated temperatures 

and suggest that the limiting chain length in n-alkanes occurs near n= 100. 
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The verification and improvement of triple point CSP correlations suggested by 

Eqns. 3.17 and 3.18 (Fig. 3.3) would benefit from accurate triple point pressure 

measurements of n-alkanes in the n=20 to n=36 range. These relationships can 

facilitate the development of vapor pressure correlations for long-chain molecules 

having extremely low vapor pressures. 

2. Vapor Pressure Studies of other Long-Chain Homologous Series 

According to Eqn. 3.17, long-chain n-alkanes freeze at a reduced temperature 

near T rm=0.4. This is in contrast to other classes of compounds having long-chain alkyl 

groups which tend to melt below this limit. Thus, to establish reference systems for 

long-chain molecules below T r=0.4, vapor pressures of another homologous series such 

as the alkylbenzenes should be studied. 

3. Development of Critical Point Correlations 

Two-fluid CSP techniques of Ambrose & Patel (1984) are used to estimate 

critical pressures from vapor pressures in this thesis. A more systematic and thorough 

study could lead to new generalized critical point correlations for T c. Pc. and ro for 

alkanes and coal-liquid derived compounds. Such a development might ultimately 

incorporate shape factor effects, Eqn. 6.1 0. Multiproperty regression models similar to 

Brule et al. (1979) should be investigated in this context. 

4. More Accurate Wagner Vapor Pressure Eguatjon Fits 

Future work might involve the development of more accurate vapor pressure 

reference equations as new data becomes available. As an example, the recently 
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published C1 o vapor pressure data of Chirico et al., 1989 (NIPER) which is accurate 

down to Tr=0.43, has been combined with data of Willingham et al. (1945), and the 

measurements of this work in the T r-0.635 to Tr=0.950 range. A new set coefficients 

for the Wagner equation were determined using this data which represent C1 o vapor 

pressures more accurately than the "conformal" Wagner equation coefficients identified 

by an asterisk in Table 5.4.: 

-8.52497x + 2.38415x1·5 - 4.34625x2·5 - 3.76955x5 

Tr [8.1] 

The symbols and parameters associated with [8.1], Pr=P/Pc. Tr=T/Tc. X=1-Tr. 

T c=618.86°K, Pc=15898.3 mm, and ro=0.4823, are the same as those used in the C1 o 

"conformal" Wagner equation. 

When the "conformal" C1 o Wagner equation in the C1 o!C2o two-fluid CSP model 

of Table 6.1 is replaced by the improved Wagner equation 8.1, iC1o. a modified two

fluid model, iC1oiC2o. results. A similar modified correlation, ic1o/C18. can be 

derived from the C1 o/C 18 model. In Table 8.1, these two modified vapor pressure 

correlations have been used to predict estimated n-alkane melting point pressures. 

Table 8.1 shows that the use of a more accurate n-decane reference equation 

usually improves triple point pressure predictions when the acentric factor size of the 

test fluid is not too different than n-decane. The poorer agreement of the ic1 o!C2o and 

ic 1 o/C 18 correlations with the C12 triple point pressure of Sasse et al.. (1988) 

suggests that Sasse's low-temperature data are flawed. The relative inconsistency of 

triple point pressures estimated from various sources is illustrated for C1s and C18· 
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5. "K-Z" Boiling Point Correlations at Different Pressures 

The TRC Antoine vapor pressure correlation of Kudchadker & Zwolinski (1966) 

for n-alkanes in the n=21 to n=1 00 range is based on the normal boiling point 

extrapolation [3.28] of Kreglewski & Zwolinski (1961 ). As was demonstrated by Eqn. 

6.5, the "K-Z" equation form can also be used to extrapolate n-alkane boiling point data, 

tp. at pressures differing from one atmosphere. Thus, the question arises of how low in 

pressure the "K-Z" equation form [3.16] can be applied for extrapolating boiling points 

of shorter-chain alkanes to longer-chain alkanes. 

Table 8.2 contains several sets of "K-Z" form coefficients that represent 

n-alkane boiling points at three different pressures ranging from 0.05 to 760 mm. The 

0.05 mm coefficients are tentative. They were determined by regression of n-alkane 

boiling points predicted by "conformal" Wagner equation coefficients in Table 5.4 

(n=1 0, 12, 14, 16, 18, 20, 22, 24, and 28). If 0.05 mm data should someday become 

available for n>27, extrapolation of the "K-Z" form using the 0.05 mm coefficients can 

be tested. For n=27, this "K-Z" equation predicts to.osmm=161.9 oc, a value only 

0.8°C lower than what Morecroft's coefficients for the Clausius-Clapeyron equation 

[3.13] predict. (Morecroft's coefficients for n=27 are given in Tables 6.11 and 8.1.) 

6. Extension of McGarry's Constrained Fitting Method 

The three constraints of McGarry's constrained fitting method, Eqns [3.21] to 

[3.23], are estimated from n-alkane Wagner vapor pressure equations given in Table 

5.4 and plotted versus carbon number in Figure 5.9. This figure suggests a means for 

verifying the self-consistency of a set of n-alkane Wagner equations at high and low 

reduced temperatures. Development of constraining conditions for high boiling 
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n-alkanes would further extend the boiling point range of McGarry's method of 

constrained fitting to a class of related high boiling hydrocarbons. 

7. Improved Predictions of Polar Fluid Properties 

In Chapter 7, both parameter optimization (Fig. 7.5) and three-fluid CSP (Fig. 

7.4) techniques were used to improve the predictions of polar fluid properties. Much 

work is needed to generalize these techniques and to the develop parameter correlations 

for many classes of polar compounds. 
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Table 2.1 

n-Alkane Vapor Pressure Bibliography Excluding 
Systems Studied in This Work 

Data Ranges 
n-Alkane/Reference Year Temp.(K0 ) LOG1 o(P /kPa) 
Ct 
Kleinrahm & Wagner 1986 91 190 1.07 3.66 
Prydz & Goodwin 1972 91 190 1.07 3.66 
Hestermans & White 1961 109 189 1.93 3.65 
Goodwin 1974 91 190 1.07 3.66 
C2 
Goodwin et al. 1976 100 305 -1.95 3.69 
C3 
Goodwin et al. 1982 85 363 -6.77 3.58 
C4 
Kratzke et al. 1982 320 423 2.66 3.56 
Haynes & Goodwin 1982 135 423 -3.17 3.56 
Cs 
Kratzke et al. 1985 350 469 2.53 3.53 
Osborn & Douslin 1974 269 341 1.30 2.43 
Carruth & Kobayashi 1973 143 227 -4.09 0.24 
Beattie et al. 1951 373 470 2.77 3.53 
Tickner & Lossing 1951 147 223 -3.88 0.12 
Willingham et al. 1945 286 310 1.64 2.02 
Messerly & Kennedy 1940 208 298 -0.39 1.83 
Sage et al. 1935 294 377 1.77 2.81 
Young 1897 243 470 0.70 3.52 
C6 
Genco, Teja & Kay 1980 383 507 2.50 3.48 
Wieczorek et al. 1978 298 343 1.31 2.02 
Kayet al. 1975 487 505 3.35 3.47 
Carruth & Kobayashi 1973 178 265 -2.87 0.49 
Li et al. 1972 301 336 1.37 1.93 
Shim&Kohn 1962 248 423 0.12 2.87 
Stewart et al. 1954 311 477 1.53 3.28 
Kay 1946 343 503 2.02 3.45 
Willingham et al. 1945 286 343 1.07 2.02 
Young 1910 243 503 -0.03 3.45 
V argaftik Handbook 1975 183 503 -2.72 3.45 
TRC Antoine Eqns. 1970,1974 178 507 -3.14 3.48 
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Table 2.1 (Continued) 

n-Alkane Vapor Pressure Bibliography Excluding 
Systems Studied in This Work 

Data Ranges 
n-Alkane/Reference Year Temp.(K0 ) LOG 1 o(P /kPa) 
c, 
Carruth & Kobayashi 1973 185 295 -3.54 0.71 
McMicking & Kay 1965 371 540 2.01 3.44 
Kobeet al. 1955 422 533 2.59 3.43 
Forziati et al. 1949 299 372 0.80 2.02 
Willingham et al. 1945 299 372 0.80 2.02 
Smith 1940 313 402 1.09 2.37 
Kay 1938 420 532 2.54 3.38 
Miindel 1913 210 233 -1.89 -0.99 
Young 1898 273 540 0.18 3.43 
V argaftik Handbook 1975 203 540 -2.61 . 3.44 
TRC Antoine Eqns. 1970,1974 183 540 -3.92 3.44 
Cs 
Carruth & Kobayashi 1973 216 297 -2.62 0.20 
McMicking & Kay 1965 399 569 2.01 3.39 
Connolly & Kandallic 1962 403 569 2.06 3.39 
Willingham et al. 1945 326 400 0.88 2.02 
Linder 1931 264 277 -0.71 -0.31 
Miindel 1913 238 263 -1.65 -0.74 
Young 1900 270 569 -0.52 3.40 
V argaftik: Handbook 1975 243 569 -1.50 3.39 
TRC Antoine Eqns. 1970,1974 216 569 -2.58 3.39 
C9 
Schmeling & Strey 1988 248 304 -2.04 -0.07 
Carruth & Kobayashi 1973 220 308 -3.12 -0.14 
Carmichael et al. 1953 308 511 0.09 2.82 
Forziati et al. 1949 343 425 0.81 2.02 
Willingham et al. 1945 343 425 0.80 2.02 
Krafft 1882a 313 423 0.17 2.01 
V argaftik: Handbook 1975 253 503 -1.81 2.75 
TRC Antoine Eqns. 1970,1974 221 594 -3.08 3.36 
Ctt 
Camin & Rossini 1955 384 470 0.84 2.02 
Krafft 1882a 347 468 0.17 2.01 
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Table 2.1 (Continued) 

n-Alkane Vapor Pressure Bibliography Excluding 
Systems Studied in This Work 

Data Ranges 
n-Alkane/Reference Year Temp.(K0 ) LOG1o(P/kPa) 
Ctt (Continued) 
V argaftik Handbook 1975 273 503 -2.27 2.34 
TRC Antoine Eqn. 1970 348 499 0.12 2.30 
Ct3 
Camin & Rossini 1955 412 509 0.74 2.01 
API-42 1966 328 380 -1.18 0.12 
Krafft 18828 380 507 0.17 2.01 
V argaftik Handbook 1975 343 513 -0.78 2.05 
TRC Antoine Eqns. 1970,1974 290 540 -2.57 2.30 
Cts 
Allemand et al. 1986 333 409 -1.80 0.13 
API-42 1966 353 409 -1.18 0.12 
Camin & Rossini 1955 443 544 0.74 2.00 
Krafft 18828 410 544 0.17 2.01 
V argaftik Handbook 1975 413 553 0.21 2.09 
TRC Antoine Eqns. 1970,1974 331 577 -1.88 2.30 
Stull's Table 1947 365 544 -0.88 2.01 
Ct7 
API-42 1966 378 434 -1.18 0.12 
Bradley & Shellard 1949 298 313 -4.21 -3.51 
Krafft 18828 437 576 0.17 2.01 
V argaftik Handbook 1975 433 583 0.10 2.07 
TRC Antoine Eqns. 1970,1974 309 610 -3.95 2.30 
Stull's Table 1947 388 576 -0.88 2.01 
C21 
Mazee 1948 440 468 -0.68 . -0.08 
Krafft 1882b 494 494 0.30 0.30 
TRC Antoine Eqn. 1984 393 630 -2.00 2.01 
Stull's Table 1947 426 624 -0.88 2.01 
Young's Correlation-Probable 1928 482 508 0.17 0.60 
C23 
API-42 1966 440 501 -1.18 0.12 
Mazee 1948 471 492 -0.43 -0.02 
Krafft 1882b 514 514 0.30 0.30 
TRC Antoine Eqn. 1984 411 653 -2.00 2.01 
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Table 2.1 (Continued) 

n-Aikane Vapor Pressure Bibliography Excluding 
Systems Studied in This Work 

Data Ranges 
n-Alkane/Reference Year Temp.(K0 ) LOG 1 o(P /kPa) 
C23 (continued) 
Stull's Table 1947 443 639 -0.88 2.01 
Young's Correlation-Probable 1928 503 529 0.17 0.60 
C2s 
Young-Observed in Literature 1928 532 532 0.30 0.30 
TRC Antoine Eqn. 1984 427 675 -2.00 2.01 
Stull's Table 1947 467 663 -0.88 2.01 
Young's Correlation-Probable 1928 523 550 0.17 0.60 
C27 
Morecroft 1964 351 435 -5.43 -2.18 
Krafft 1882h 552 552 0.30 0.30 
TRC Antoine Eqn. 1984 442 695 -2.00 2.01 
Stull's Table 1947 485 684 -0.88 2.01 
Young's Correlation-Probable 1928 542 570 0.17 0.60 
C29 
Francis & Wood,G-Fraction 1926 529 574 -0.48 0.40 
TRC Antoine Eqn. 1984 456 713 -2.00 2.01 
Young's Correlation-Probable 1928 559 587 0.17 0.60 
C3o 
Mazee 1948 523 548 -0.55 -0.12 
Francis & Wood-Synthetic 1926 522 598 -0.64 0.61 
TRC Antoine Eqn. 1984 462 722 -2.00 2.01 
Stull's Table 1947 507 695 -0.88 2.01 
Young's Correlation-Probable 1928 568 596 0.17 0.60 
C31 
Mazee 1948 518 553 -0.83 -0.14 
Krafft 1882h 587 587 0.30 0.30 
TRC Antoine Eqn. 1984 469 731 -2.00 2.01 
Young's Correlation-Probable 1928 576 605 0.17 0.60 
C32 
API-42 1966 512 573 -1.18 0.12 
Krafft 1886 596 596 0.30 0.30 
TRC Antoine Eqn. 1984 475 739 -2.00 2.01 
Young's Correlation-Probable 1928 593 613 0.17 0.60 
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Table 2.1 (Continued) 

n-Alkane Vapor Pressure Bibliography Excluding 
Systems Studied in This Work 

Data Ranges 
n-Alkane/Reference Year Temp.(K0 ) LOGw(P/kPa) 
C34 
Mazee 1948 537 530 -0.80 -0.38 
Francis & Wood-Synthetic 1926 569 626 -0.49 0.60 
TRC Antoine Eqn. 1984 487 754 -2.00 2.01 
Young's Correlation-Probable 1928 600 628 0.17 0.60 
C3s 
API-42 1966 529 588 -1.18 0.12 
Mazee 1948 552 571 -0.63 -0.31 
Krafft 1882b 619 619 0.30 0.30 
TRC Antoine Eqn. 1984 492 762 -2.00 2.01 
Young's Correlation-Probable 1928 607 617 0.17 0.30 
C36 
API-42 1966 539 600 -1.18 0.12 
Mazee 1948 549 568 -0.79 -0.46 
TRC Antoine Eqn. 1984 497 769 -2.00 2.01 
C43 
Mazee 1948 580 611 -0.88 -0.28 
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Table 2.2 

n-Alkane Vapor Pressure Bibliography for Systems Studied 

DataRang~s Purity Exptl. 
Authors Year Temp.(K0 ) LOG1o(P/kPa) (Mol%) Method Notes 

Cto 
Morgan & Kobayashi 1989 323 588 -0.06 3.15 99.85 1 Phillips, Run #5 
Chirico et al. 1989 268 348 -1.77 0.51 99.998 1 Inclined Piston 
Chirico et al. 1989 373 490 0.98 2.43 99.998 3 Ebulliometric 
*Allemand et al. 1986 298 348 -0.74 0.50 >99.5? 2 Fluk:a "Puriss. "? 
Carruth & Kobayashi 1973 243 310 -2.76 -0.69 99.85 2 
Willingham et al. 1945 367 448 0.88 2.02 >99.6 3 
Reamer et al. 1942 311 511 -0.30 2.65 
Linder 1931 271 283. -1.24 -0.83 3 
Krafft 1882a 330 446 0.17 2.00 3 
Vargaftik Handbook 1975 263 523 -2.06 2.70 5 
TRC Antoine Eqns. 1970,1974 240 617 -2.88 3.33 5 
Stull's Table 1947 290 446 -0.88 2.00 5 
C12 
Morgan & Kobayashi 1989 353 588 -0.13 2.83 99.94 1 Top-Cut, Run #4 
Sasse, Jose, & Merlin 1988 264 371 -3.23 0.27 >98. 1 Fluk:a "Purim." 
Allemand et al. 1986 298 390 -1.76 0.63 99.5 2 Fluka "Puriss." 
*API-42 1966 377 420 0.43 1.12 99.97±.02? 3 API Ref Sample? 
Keistler & Van Winkle 1952 363 486 0.12 2.00 3 
Willingham et al. 1945 399 490 0.80 2.02 >99.94 3 
Beale & Docksey 1935 300 658 -1.71 3.25 1,3 
Krafft 1882a 364 488 0.17 2.00 3 
V argaftik Handbook 1975 273 523 -2.91 2.33 5 
TRC Antoine Eqns. 1970,1974 289 520 -2.10 2.30 5 
Stull's Table 1947 321 658 -0.88 3.25 5 
1 = direct or static, 2 = gas saturation, 3 = dynamic or boiling point, 4 = effusion, 5 = correlated data 
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Table 2.2 (Continued) 

n-Alkane Vapor Pressure Bibliography for Systems Studied 

DataRang~s Purity Exptl. 
Authors Year TemE.(K0 ) LOG1o(P/kPa) (Mol%) Method Notes 

Ct4 
Morgan & Kobayashi 1989 373 588 -0.35 2.54 99.95 1 Mid-Cut, Run #3 
*Allemand et al. 1986 343 395 -1.14 0.12 >99.5? 2 Fluk:a "Puriss. "? 
*API-42 1966 342 394 -1.18 0.12 99.93±.06? 3 API Ref. Sample? 
Ward & Van Winkle 1954 435 518 0.82 1.93 >98.7 3 
Camin & Rossini 1955 428 527 0.74 2.01 99.93±.06 3 
Krafft 1882a 396 526 0.17 2.00 3 
V argaftik Handbook 1975 393 533 0.09 2.07 5 
TRC Antoine Eqns. 1970,1974 279 559. -3.57 2.30 5 
Stull's Table 1947 349 525 -0.88 2.00 5 
Ct6 
Morgan & Kobayashi 1989 393 583 -0.50 2.21 99.94 1 Mid-Cut, Run #2 
Eggertsen et al. 1969 299 413 -3.68 -0.09 2 
*API-42 1966 367 421 -1.18 0.12 99.96±.04? 3 API Ref. Sample? 
Myers & Fenske 1955 354 559 -1.57 2.00 3 
Caminetal. 1954 463 560 0.84 2.00 99.96±.04 3 
Bradley & Shellard 1949 293 308 -3.90 -3.21 4 Equation Range 
Parks & Moore 1949 298 323 -3.72 -2.63 4 Equation Range 
Francis & Wood 1926 411 437 -0.15 0.41 3 
Krafft 1882a 424 561 0.17 2.00 3 
V argaftik Handbook 1975 463 553 0.84 1.94 5 
TRC Antoine Eqns. 1970,1974 292 594. -3.97 2.30 5 
Stull's Table 1947 378 561 -0.88 2.00 5 
1 = direct or static, 2 = gas saturation, 3 = dynamic or bOiling point, 4 = effusion, 5 = correlated data 

1\) 
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Table 2.2 (Continued) 

n-Alkane Vapor Pressure Bibliography for Systems Studied 

Data Range~ Purity Exptl. 
Authors Year Temp.(K0 ) LOG 1 o(P /kPa) (Mol%) Method Notes 
Cts 
Morgan & Kobayashi 1989 413 588 -0.58 1.99 99.8 1 Top-Cut, Run #6 
*Allemand et al. 1986 335 440 -2.94 0.00 99. ? 2 Fluka "Puriss. "? 
Macknick & Prausnitz 1979 318 361 -3.66 -2.01 >99. 2 
*API-42 1966 389 447 -1.18 0.12 99.90±.08? 3 API Ref. Sample? 
Myers & Fenske 1955 375 568 -1.57 1.82 3 
Krafft 1882a 448 590 0.17 2.00 3 
Bradley & Shellard 1949 303 313 -4.44 -3.94 4 Equation Range 
V argaftik Handbook 1975 453 593. 0.24 2.03 5 
TRC Antoine Eqns. 1970,1974 362 625 -2.10 2.30 5 
Stull's Table 1947 393 590 -0.88 2.00 5 
Ct9 
Morgan & Kobayashi 1989 423 588 -0.59 1.87 99.2 1 Top-Cut, Run #7 
API-42 1966 402 459 -1.18 0.12 3 
Morecroft 1964 306 328 -4.73 -3.68 4 
Krafft 1882a 459 603 0.17 2.00 3 
V argaftik Handbook 1975 463 613 0.21 2.08 5 
TRC Antoine Eqns. 1970,1974 395 639 -1.27 2.30 5 
Stull's Table 1947 406 603 -0.88 2.00 5 
C2o 
Morgan & Kobayashi 1989 433 588 -0.61 1.73 99.9 1 Top-Cut, Run #8 
Morgan & Kobayashi 1989 433 583 -0.61 1.68 99.7 1 Mid-Cut, Run #1 
Chirico et al. 1989 388 488 -1.81 0.45 99.95 1 Inclined Piston 
Chirico et al. 1989 524 626 0.98 2.08 99.95 3 Ebulliometric 
Sasse et al. 1988 363 467 -2.63 0.10 >98. 1 Fluka "Purum." 
1 = direct or static, 2 = gas saturation, 3 = dynamic or boiling point, 4 = effusion, 5 - correlated data 
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Table 2.2 (Continued) 

n-Alkane Vapor Pressure Bibliography for Systems Studied 

Data Ranges Purity Exptl. 
Authors Year TemE.(K0 ) LOG 1o(P /kPa) (Mol%) Method Notes 
C2o (Continued) 
Macknick & Prausnitz 1979 344 380 -3.39 -2.04 >99. 2 
Shiessler & Whitmore 1955 410 470 -1.18 0.12 3 
Myers & Fenske (API-42) 1955 395 573 -1.57 1.60 3 
Krafft 1882b 481 481 0.30 0.30 3 
V argaftik Handbook 1975 473 623 0.18 2.05 5 
TRC Antoine Eqns. 1970,1974 373 652 -2.27 2.30 5 
c22 
Morgan & Kobayashi 1989 453 573.' -0.61 1.32 >99. 1 Top-Cut, Run #9 
Sasse et al. 1988 353 462 -3.70 -0.40 >95. 1 Fluka 11Purum. II 

Francis & Wood 1926 475 513 -0.18 0.52 3 Synthetic HC 
Krafft 1882b 504 504 0.30 0.30 3 
TRC Antoine Eqn. 1984 402 642 -2.00 2.00 5 
Stull's Table 1947 431 649 -0.88 2.00 5 
Young's Correlation 1928 493 519 0.17 0.60 5 Most Probable 
C24 
Morgan & Kobayashi 1989 453 588 -1.07 1.24 >99. 1 Top-Cut, Run#10 
Sasse et al. 1988 373 462 -3.59 -0.83 >97. 1 Fluka 11Pract. II 

Meyer&Stec 1971 499 565 -0.08 0.95 3 100 Zone Passes 
API-42 1966 447 511 -1.18 0.12 3 
Mazee 1948 472 494 -0.58 -0.06 3,5 Data Graphed 
Francis & Wood 1926 472 537 -0.70 0.57 3 CFraction 
Francis & Wood 1926 487 534 -0.31 0.52 3 C.O. Fraction 
1 = direct or static, 2 = gas saturation, 3 = dynamic or bOiling point, 4 = effusion, 5 = correlated data 
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Table 2.2 (Continued) 

n-Aikane Vapor Pressure Bibliography for Systems Studied 

Data Ran~:es Purity Exptl. 
Authors Year Temp.(K0 ) LOG1o(P/kPa) (Mol%) Method Notes 
C24 (Continued) 
Krafft 1882b 524 524 0.30 0.30 3 
TRC Antoine Eqn. 1984 419 664 -2.00 2.00 5 
Stull's Table 1947 457 659 -0.88 2.00 5 
Young's Correlation 1928 513 540 0.17 0.60 5 Most Probable 
C2s 
Morgan & Kobayashi 1989 483 588 -1.09 0.78 >99. 1 Mid-Cut, Run#ll 
Chiricoetal. 1989 453 533 -1.88 -0.08 99.984 1 InclinedPiston 
Chirico et al. 1989 554 575 · 0.27 0.59 99.984 3 Ebulliometric 
API-42 1966 480 545 -1.18 0.12 3 
Mazee 1948 494 522 -0.82 -0.28 3,5 Data Graphed 
Francis & Wood 1926 525 572 -0.32 0.57 3 F Fraction 
Francis &Wood 1926 514 571 -0.53 0.54 3 F.O. Fraction 
TRC Antoine Eqn. 1984 449 704 -2.00 2.00 5 
Stull's Table 1947 500 686 -0.88 2.00 5 
Young's Correlation 1928 551 579 0.17 0.60 5 Most Probable 
1 = direct or static, 2 = gas saturation, 3 = dynamic or boiling point, 4 = effusion, 5 = correlated data 

* Allemand et al.(1986) did not always state sample purities. The commercial Fluka "puriss." purity ratings are listed above to 
indicate a possible purity if the most pure Fluka sample available were studied. To emphasize the speculative nature of these 
numbers, a question mark, "?",is shown. 

* Similarly, the API-42 purity ratings listed above are questionable since the ratings are taken from the American Petroleum Institute 
Standard Reference Materials catalog and do not necessarily correspond to the purities of the same sample lots used in the API-42 
studies. 
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Table 3.1 

Corresponding States Reference Equation Forms Used in Pairs to Predict 
Saturated Normal Fluid Properties 

Property: 
qs0): 

Form: 

Property: 
qsO>: 

Form: 

Property: 

qsO>: 

Form: 

'P = 'JI(Rl) + ['JI(R2) • qs(Rl)] [ ro • roRl J 
roR2. O)Rl 

Vapor Pressure 
ln(Pr)(i) = ln(P<i> I Pc(i)) 

ln(Pr)Gl (ala> x + a20> x 1.5 ;r a30) x2.S + 34(j) xS) 

X = 1-T r = 1 - T<i> I T c(j) 

Heat of Vaporization or Difference in Saturated Compressibility Factor 
qs(j) = ~Hv *(j) or flZ<i) 

*. mv(j) 
mv G> = RTc<i> 

(j) _ P(i)(V v(j) - V L (i)) 
flZ - RT<i> 

qs(i) = bt<i>x.3333 + b2G>x.8333 + b3(i)xl.2083 + b4G>x + bs<i>x2 + b6G>x3 

Vapor Compressibility Factor 
(j) - P<i>v v(j) 

'Zv - RTG> 

ln('Zy)<i) = c1<i) + c2<i) x.3333 + c3<i) x.5 + c4<i) x + c5<i) x2.167 + c6G) x4.333 + 

. (c8G>x + c9G>xL5 + c10G>x2.5 + c11G>x5) C7<i) x9.167 + -ln(Tr) 1\) 

01 
1\) 



Property: 

'¥0>: 

Form: 

Property: 

'¥0>: 

Form: 

Property: 

'¥0>: 

Form: 

Vr Note: 

Table 3.1 (Continued) 

Liquid Comlressibility Factor 
. p(j)y L (j)] 

ln(ZL)G> = In RT<i> 

ln(ZL)G> = c1G> + c2G>x.3333 + c3G>x.8333 + c4G>x + c5G)x4.667 

(C6(j} X+ c7G) xl.S +egG) x2.5 + c9G) xS) 
- - ln(Tr) 

Reduced Vapor Vol~e 

[p c<i>V vG>] 
ln(Vrv)(J) =In RTc(j) 

ln(Vrv)G> = d1G> x.3333 + d2G> x·S + d3G> x + ~(j}x2.167 + ds<i> x4.333 + 

~(j) x9.167 + d7G> 

Reduced Liquid Volume 
(j) _ PcG>yL(j) 

VrL - RTcG> 
In <VrL)G> = e1G> x.3333 + e2G> x.8333 + e3G> x + e4G> x4.667 + e5G> 

. . [ 0.1Pc [bar] MW [gm/mol] ](j) 
exp(d7G>) = exp(esG>) = Pc [gm/cc] R [8.31441J/mol°K] Tc [°K] 

1\) 

01 
U) 



Table 3.2 

Saturated Roots, Reduced Vapor Pressure, and Heat of Vaporization 
for the Lee & Kesler Simple Fluid BWR Reference Equation I (roo= 0.0). 

Tr Pr Vrv VrL zv ZL ~Hv7RTc 

1.00 1.000010 0.283354 0.283354 0.283356 0.283356 0.00000 
0.99 0.943147 0.435794 0.208185 0.415170 0.198333 1.29881 
0.98 0.888954 0.514056 0.192050 0.466299 0.174208 1.71403 
0.96 0.788046 0.652894 0.175160 0.535949 0.143785 2.23961 
0.94 0.696341 0.793250 0.164932 0.587631 0.122180 2.61002 
0.92 0.613033 0.945664 0.157506 0.630133 0.104953 2.90530 
0.90 0.537429 1.116670 0.151640 0.666811 0.0905507 3.15430 

0.88 0.468929 1.312430 0.146769 0.699358 0.0782095 3.37120 
0.86 0.407007 1.539860 0.142590 0.728762 0.0674829 3.56417 
0.84 0.351197 1.80736 0.138919 0.755643 0.0580811 3.73841 
0.82 0.301079 2.12549 0.135637 0.780416 0.0498017 3.89746 
0.80 0.256271 2.50786 0.132659 0.803364 0.0424959 4.04387 

0.78 0.216416 2.97228 0.129928 0.824681 0.0360493 4.17952 
0.76 0.18118 3.54247 0.127398 0.844504 0.0303709 4.30587 
0.74 0.150239 4.25035 0.125035 0.862929 0.0253853 4.42408 
0.72 0.123282 5.13957 0.122813 0.880020 0.0210286 4.53507 
0.70 0.100001 6.27068 0.120710 0.895820 0.0172445 4.63962 

0.68 0.0800938 7.72898 0.118709 0.910358 0.0139821 4.73841 
0.66 0.0632594 9.63671 0.116793 0.923655 0.0111943 4.83200 
0.64 0.0491992 12.1722 0.114951 . 0.935726 0.00883674 4.92092 
0.62 0.0376182 15.6011 0.113172 0.946588 0.00686668 5.00562 
0.60 0.0282264 20.3269 0.111446 0.956259 0.00524288 5.08654 

1\) 

01 
~ 
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Table 3.2 (Continued) 

Saturated Roots, Reduced Vapor Pressure, and Heat of Vaporization 
for the Lee & Kesler Simple Fluid BWR Reference Equationl (roo= 0.0). 

Tr Pr Vrv VrL Zv ZL ~Hv7RTc 

0.58 0.0207411 26.9785 0.109765 0.964765 0.00392525 5.16409 
0.56 0.0148903 36.5605 0.108120 0.972140 0.00287491 5.23863 
0.54 0.0104160 50.7249 0.106505 0.978431 0.00205437 5.31051 
0.52 0.00707740 72.2754 0.104912 0.983695 0.00142789 5.38007 
0.50 0.00465427 106.140 0.103335 0.988005 0.00096190 5.44759 

0.48 0.00294991 161.325 0.101768 0.991446 0.00062543 5.51333 
0.46 0.00179308 255.032 0.100203 0.994112 0.00039059 5.57750 
0.44 0.00103917 421.769 0.0986352 0.996110 0.00023295 5.64026 
0.42 0.00057022 734.747 0.0970570 0.997549 0.00013177 5.70171 
0.40 0.00029380 1359.49 0.0954615 0.998538 7.0116E-05 5.76190 

0.38 0.00014070 2698.55 0.0938409 0.999183 3.4746E-05 5.82082 
0.36 6.186E-05 5817.13 0.0921869 0.999576 1.5841E-05 5.87848 

1 The reduced, saturated vapor and liquid volume roots, Vrv = Pc Yv I RTc and YrL = Pc VLI RTc. of the Lee & Kesler (1975) 
simple-reference-fluid BWR equation of state, [3.4], were obtained first by substituting Pr =PIP c from the Lee & Kesler vapor 
pressure correlation [3.6] into the BWR, then by solving the BWR using Newton-Raphson and interval bisection techniques. 
Compressibility factors, Z=Pr Vr IT r. are defined in terms ofT r. Pr, and Yr. Dimensionless heats of vaporization, Miv I RTc, are 
calculated as the difference between vapor and liquid departure functions, which are evaluated using the saturation roots of the 
BWR. 

1\) 
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Table 3.3 

Saturated Roots, Reduced Vapor Pressure, and Heat of Vaporization 
for the Lee & Kesler n-Octane BWR Reference Equationl (roa = 0.3978). 

Tr Pr Vrv VrL Zv ZL ~Hv7RTc 

1.00 1.000030 0.244538 0.244538 0.244546 0.244547 0.00000 
0.99 0.925128 0.431038 0.176973 0.402793 0.165377 1.96123 
0.98 0.855082 0.532037 0.163549 0.464220 0.142702 2.56563 
0.96 0.728275 0.721484 0.149074 0.547332 0.113091 3.34162 
0.94 0.617316 0.927096 0.140096 0.608841 0.0920036 3.89938 
0.92 0.520305 1.16558 0.133485 0.659191 0.0754922 4.35160 
0.90 0.435659 1.45085 0.128211 0.702307 0.0620628 4.73899 

0.88 0.362036 1.79909 0.123803 0.740154 0.0509330 5.08165 
0.86 0.298281 2.23119 0.120001 0.773863 0.0416208 5.39122 
0.84 0.243387 2.77530 0.116648 0.804133 0.0337983 5.67516 
0.82 0.196454 3.47037 0.113642 0.831423 0.0272261 5.93857 
0.80 0.156664 4.37134 0.110912 0.856041 0.0217200 6.18514 

0.78 0.123265 5.55709 0.108407 0.878199 0.0171318 6.41766 
0.76 0.0955504 7.14303 0.106089 0.898052 0.0133380 6.63833 
0.74 0.0728534 9.30129 0.103930 0.915718 0.0102319 6.84893 
0.72 0.0545416 12.2940 0.101906 0.931295 0.00771957 7.05094 
0.70 0.0400149 16.5292 0.0999996 0.944879 0.00571639 7.24568 

0.68 0.0287075 22.6583 0.0981974 0.956564 0.00414559 7.43428 
0.66 0.0200912 31.7483 0.0964874 0.966458 0.00293720 7.61777 
0.64 0.0136800 45.5991 0.0948605 0.974683 0.00202765 7.79707 
0.62 0.00903484 67.3451 0.0933090 0.981375 0.00135973 7.97303 
0.60 0.00576794 102.639 0.0918268 0.986689 0.00088275 8.14638 

1\) 
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Table 3.3 (Continued) 

Saturated Roots, Reduced Vapor Pressure, and Heat of Vaporization 
for the Lee & Kesler n-Octane BWR Reference Equation I(~= 0.3978). 

Tr Pr Vrv VrL Zv ZL ~Hv7RTc 

0.58 0.00354565 162.074 0.0904093 0.990793 0.00055269 8.31772 
0.56 0.00208937 266.379 0.0890527 0.993862 0.00033226 8.48756 
0.54 0.00117424 458.069 0.0877543 0.996076 0.00019082 8.65622 
0.52 0.00062568 829.106 0.0865125 0.997607 0.00010410 8.82384 
0.50 0.00031393 1590.53 0.0853266 0.998618 5.3572E-05 8.99038 

0.48 0.00014713 3260.06 0.0841970 0.999249 2.5807E-05 9.15554 
0.46 6.3803E-05 7207.00 0.0831251 0.999620 1.1530E-05 9.31882 
0.44 2.5317E-05 17376.6 0.0821135 0.999823 4.7247E-06 9.47950 
0.42 9.0698E-06 46303.8 0.0811663 0.999925 1.7528E-06 9.63665 
0.40 2.8868E-06 138559. 0.0802888 0.999971 5.7944E-07 9.78925 

0.38 8.0049E-07 474704. 0.0794885 0.999990 1.6745E-07 9.93625 
0.36 1.8881E-07 1906720. 0.0787749 0.999997 4.1314E-08 10.07680 

1 The reduced, saturated vapor and liquid volume roots, Vrv = Pc Vvl RTc and VrL = PcVLI RTc, of the Lee & Kesler (1975) 
n-octane-reference-fluid BWR equation of state, [3.4], were obtained first by substituting Pr =PI Pc from the Lee & Kesler vapor 
pressure correlation [3.6] into the BWR, then by solving the BWR using Newton-Raphson and interval bisection techniques. 
Compressibility factors, Z=PrVrf Tr, are defined in terms ofTr, Pr, and Yr. Dimensionless heats of vaporization, illy I RTc, are 
calculated as the difference between vapor and liquid departure functions, which are evaluated using the saturation roots of the BWR. 
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Table 3.4 

Coefficients for Saturated Reference Equations 
Based on Lee & Kesler (1975) 

0. 3 6 < T r< 1 • 0 

Dimensionless Heats of Vaporization, AHv*U> 

0.36<T r<1.0 Eila 0.40<T r<1.0 Fil18 

AHv*<D: AH v *(O) AHv*(R) AHv*(O) AH v *(R) 

b 1 m: 4.3313 8.3192 4.2617 7.8379 
b2(j): 60.9187 4.2232 64.7431 30.6688 
b3m: 76.0340 -31.1192 83.1218 17.9034 
b40): -123.4869 20.3840 -132.9675 -45.1808 
b5 m: -16.1202 15.6358 -18.2151 1.1390 
bsm: 5.4975 -4.9308 6.3374 0.8853 

(1) j: 0.0 0.3978 0.0 0.3978 

N: 36 36 34 34 
%RMS: 0.040 0.115 0.033 0.077 

a These .1Hv coefficients were used in literature comparison tests . 
.1Hv *U) = .1Hv(j)/RT c(j) 

Difference in Saturated Compressibility Factors, AZ m 

AZ <D: AZ(O) 

b1(j): 0.5289 
b2(j): 18.2505 
b3(j): 26.4763 
b4 <D: -39.1709 
bs<D: -7.2940 
bsm: 2.2003 

IDF 0.0 

N: 36 
% RMS: 0.080 

AZ(R) 

0.5923 
19.1437 
28.4293 

-41.0894 
-10.0298 

4.2648 
0.3978 

36 
0.046 
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Table 3.4 (Continued) 

Coefficients for Saturated Reference Equations 
Based on Lee & Kesler (1975) 

0. 3 6 < T r< 1 . 0 

Logarithmic Vapor Compressibility Factors, ln(Zv )<H 

ln(Zv)U>: ln(Zv)<O> ln(Zv)<R> 

C1 (j): -1.23152 -1 .34524 
C2(j): -0.60600 -1 .40559 
C3(j): 6.05790 9.58078 
C4 U>: 94.54509 196.92699 
cs<D: 38.61370 75.94116 
csU>: 13.14287 19.45128 
C7(j): -0.13282 -27.18751 
ca<D: -111.38899 -226.94576 
cg<D: 44.08973 88.19640 

C1 o(j): 55.72894 118.29736 
C11(j): 11.37166 23.31775 

Cllj: 0.0 0.3978 

N: 36 36 
%RMS: 0.00081 0.0042 

Logarithmic Liquid Compressibility Factors, ln(ZL)<H 

I n(ZL)U>: ln(ZL)(O) ln(ZL)(R) 

c1m: -1.23152 -1 .34524 
c2m: -1 .48533 -2.15566 
C3(j): -7.58999 8.67942 
C4 <D: -23.50838 -13.53646 
cs<D: 3.62169 3. 71320 
csm: 34.43983 -5.70732 
C7(j): -25.26924 6.22448 
cam: -17.08302 -12.55735 
cgm: 1.76114 0.40086 

Cllj: 0.0 0.3978 

N: 36 36 
%RMS: 0.0094 0.0034 
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Table 3.4 (Continued) 

Coefficients for Saturated Reference Equations 
Based on Lee & Kesler {1975) 

0.36<T r< 1. 0 

Logarithmic Reduced Vapor Volumes, ln(Vrv)<D 

ln(Vrv)W: ln(Vrv)<O> ln(Vrv)<R> 

d1 m: 0.57535 0.75461 
d2(j): 2.59501 3.17074 
d3 (j): 2.02499 2.84247 
d40): 7.65766 11.82311 
d5 m: 16.27984 33.74672 
ds<i>: 45.89978 85.26055 
d?(j): -1.23174 -1.34559 

(I) j: 0.0 0.3978 

N: 36 36 
%RMS: 0.088 0.138 

V rvU> = P c(j)V vO>tRT c<D 

Logarithmic Reduced Liquid Volumes, ln(Vn)<D 

ln(Vn)U>: ln(Vn)< 0 > ln(Vn)<R> 

e1 m: 1. 72209 1 .96641 
e2m: -2.19582 -3.41223 
e3m: 1.78190 2.97048 
e4m: 0.33870 -0.39512 
esm: 1.23094 1 .34667 

(I) j: 0.0 0.3978 

N: 36 36 
%RMS: 0.065 0.131 

VrL(j) = Pc(j)yL(j)/RT c(j) 

Note: Root Mean % Relative Deviations for fits of logarithmic quantities 
such as ln(Zv) are expressed in terms of the logarithm argument, e.g.: 

2 

% RMS = 100 !( (Zvcalc-Zvexp)j/(Zvexp)i)21N ) 
i=1 
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Table 3.5 

n-Octane Saturation Properties 

t (C0 ) P (bar)a PL (gm/cc)b Pv (gm/cc)c INDEX 

-56.550 0.200523E-04 0.763090 0.127196E-06 1 
-50.000 0.435803E-04 0.757980 0.2683 31E-06 2 
-40.000 0.128989E-03 0.750171 0.760184E-06 3 
-30.000 0.343187E-03 0.742345 0.193956E-05 4 
-20.000 0.832139E-03 0.734495 0.451795E-05 5 

-10.000 0.186032E-02 0.726613 0.971933E-05 6 
0.000 0.387246E-02 0.718691 0.195002E-04 7 

10.000 0.756916E-02 0.710720 0.367947E-04 8 
20.000 0.139929E-01 0.702692 0.657663E-04 9 
24.992 0.186606E-01 0.698660 0.865097E-04 10 

25.000 0.186691E-01 0.698653 0.863277E-04 11 
30.000 0.246191E-01 0.694597 0.112047E-03 12 
40.000 0.414460E-O 1 0.686425 0.182947E-03 13 
50.000 0.670776E-01 0.678166 0.287 626E-03 14 
60.000 0.104794E+OO 0.669807 0.437229E-03 15 

64.456 0.126517E+OO 0.666048 0.521606E-03 16 
74.572 0.189841E+OO 0.657424 0.763376E-03 17 
82.215 0.253190E+OO 0.650820 0.999915E-03 18 
93.714 0.379921E+OO 0.640724 0.146482E-02 19 

102.439 0.506672E+OO 0.632920 0.192114E-02 20 

115.623 0.760125E+OO 0.620863 0.281769E-02 21 
125.675 0.101359E+01 0.611427 0.370181E-02 22 
140.945 0.152060E+01 0.596624 0.545572E-02 23 
152.651 0.202794E+01 0.584832 0. 720929E-02 24 
160.000 0.240745E+01 0.577200 0.850477E-02 25 

170.000 0.300879E+01 0.566494 0.105961E-01 26 
180.000 0.371871E+Ol 0.555365 0.131009E-01 27 
190.038 0.455290E+Ol 0.543700 0.160550E-01 28 
200.043 0.551857E+01 0.531494 0.195810E-01 29 
210.047 0.663187E+01 0.518601 0.237 690E-O 1 30 

220.051 0.790756E+01 0.504873 0.287740E-01 31 
230.054 0.936128E+01 0.490114 0.347850E-01 32 
240.058 0.110106E+02 0.474037 0.420590E-01 33 
250.061 0.128744E+02 0.456221 0.509510E-O 1 34 
260.064 0.149748E+02 0.435972 0.622860E-01 35 



a 

b 

c 
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Table 3.5 (Continued) 

n-Octane Saturation Properties 

t (C0 ) P (bar)a PL (gm/cc)b Pv (gm/cc)c INDEX 

270.067 0.173381E+02 0.412024 0.770800E-01 36 
280.069 0.199971E+02 0.381554 0.978020E-01 37 
285.000 0.214305E+02 0.361929 0.113268E+OO 38 
290.000 0.229773E+02 0.335094 0.135453E+OO 39 
293.610 0.241605E+02 0.303675 0.163485E+OO 40 

295.680 0.248700E+02 0.232600 0.232600E+OO 41 

Vapor pressures are from a Wagner vapor pressure equation based on Willingham et 
al.(1945), Connolly & Kandallic (1962), Young (1900), and Carruth & Kobayashi 
(1973). The coefficients are given in Tables 3.6 and 5.4. 

Liquid densities are from a Wagner density equation based on a 1973 TRC table. The 
fit used T c=568.83 °K and rc=0.2326 grn/cc as critical reducing parameters. See Table 
3.6 for the coefficients. 

Vapor densities were derived from four sources: 

1. Ten values (25 to 153 °C) are estimated from from calorimetric heats of 
vaporization (Hossenlopp & Scott ,1981; Osborne & Ginnings, 1947) used in the 
Clapeyron equation with the vapor pressure and liquid density fits. 

2. Ten Connolly & Kandalic (1962) experimental values (190 to 280°C). 

3. Four values (285 to 295.68°C) are estimated from a rectilinear diameter 
extrapolation using the previous twenty points and the liquid density fit. The 
rectilinear diameter form used to estimate Pc & py had a "hook" (Van Poolen et 
al., 1986): 

(Pv + pL) = 2 Pc + C} X + C2 xC3 

where Pc=0.2326 grn/cc, Ct = 0.543793, c2 = -0.074619, c3 = 1.47444, and 
X= 1-Tr. 

4. Seventeen values (-57 to 60 and 160 to 180 °C) were determined using the vapor 
pressure equation and the second virial coefficient correlation of 
Tsonopoulos(197 4 ). The input parmeters used in the Tsonopoulos correlation 
were Tc=568.83°K, Pc=24.87 bar, and co= 0.398. 
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Table 3.6 

SATURATED PROPERTY REFERENCE EQUATION 
COEFFICIENTS FOR METHANE, ETHANE, 

n-OCTANE AND WATER 

Data Sources and Reducing Parameters 

Tc P c[ba r] pc[mol/cc] MW[gm/mol] Source 

263 

190.551 45.992 0.010139 16.0430 Kleinrahm et al.(1986) 
305.33 48.714 0.006871 30.070 Goodwin (1974) 
568.83 24.87 0.0020362 114.232 Table 3.5 
647.126 220.55 0.0178737 18.0153 Haar et a1.(1984) 

Wagner Vapor Pressure Equation Coefficients, ln(Pr)<D 

ln(Pr)<D: ln(Pr)(C1) ln(Pr)(C2) ln(Pr)(CS) ln(Pr)<W> 

a10>: -6.0238 -6.5094 -8.0444 -7.8598 
a2(j): 1 .2706 1.5102 1. 9975 1 .8803 
a3(j): -0.5748 -1.2669 -3.1989 -2.2844 

a4 m: -1.3717 -1.7476 -4.0594 -2.0696 
ror 0.0113 0.0990 0.3976 0.3442 

N: 38 57 46 96 
%RMS: 0.010 0.061 0.041 0.029 
~E: 0.476<Tr<1.0 0.296<T r<1.0 0.57<Tr<1.0 0.422<T r<1.0 

Note: Root Mean % Relative Deviations for fits of logarithmic quantities such as ln(Pr) 
are expressed in terms of the logarithm argument, e.g.: 

% RMS = 100 !((Pcalc-Pexp)i/(Pexp)i)2 /N) 
i=1 
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Table 3.6 (Continued) 

SATURATED PROPERTY REFERENCE EQUATION 
COEFFICIENTS FOR METHANE, ETHANE, 

n-OCTANE AND WATER 

Dimensionless Heats of Vaporization, .1Hv*(j) 

.1Hv*<D: .1Hv*(C1) .1H v *(C2) .1H v *(C8) .1Hv*(W) 

b 1 (j): 5.1692 5.6147 6.8392 8.0396 
b2(i>: 19.4841 23.7407 74.6363 -16.4976 
b3 m: 18.4834 8.3831 1 07.3734 -48.5980 
b4 m: -31.6341 -31.4160 -156.9273 61.1962 
b5 m: -9.7985 3. 7405 -35.5648 3.3828 
bs<D: 5.3577 -2.9988 20.5558 3.5194 

(I) j: 0.0113 0.0990 0.3976 0.3442 

N: 38 57 41 96 
%RMS: 0.091 0.054 0.142 0.087 
Rl\f\K3E: 0.476<Tr<1.0 0.296<T r<1.0 0.381 <T r<1.0 0.422<T r<1.0 

~Hv *U> = ~Hv(j}fRT c(j) 

Difference in Saturated Compressibility Factors, .1Z m 

.1Z<D: 

b1 (j): 

b20>: 
b3(j): 
b4(j): 

bsO>: 
b6 <D: 

(I) j: 

.1Z(C1) 

0.8545 
3.8844 
4.3401 

-6.3518 
-2.7265 

0.8621 
0.0113 

.1Z(C2) 

0.8249 
8.0397 

13.0263 
-17.1958 

-6.1115 
2.5101 
0.0990 

N: 38 55 
% RMS: 0.078 0.128 
Rl\f\K3E: 0.476<Tr<1.0 0.296<Tr<1.0 

.1Z(C8) 

0.8455 
9.8414 

14.0207 
-19.9574 

-6.8013 
3.3176 
0.3976 

41 
0.147 

0.381 <T r<1.0 

.1Z(W) 

1.0046 
-0.3102 

-2.5166 
3.8134 

-2.6504 
1.7481 
0.3442 

96 
0.152 

0.422<T r<1.0 
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Table 3.6 (Continued) 

SATURATED PROPERTY REFERENCE EQUATION 
COEFFICIENTS FOR METHANE, ETHANE, 

n-OCTANE AND WATER 

Logarithmic Vapor Compressibility Factors, ln(Zv)m 

ln(Zv)<D: ln(Zv)<C1) In (Zv )(C2) ln(Zv)<CS) ln(Zv)<W> 

C1 0>: -1.25066 -1.27555 -1.35382 -1.47264 
C2(j): 1.32376 1.81093 1.52727 2.45396 
C3(j): 1.16071 -0.03411 1.611 00 -0.30997 
c4 m: 37.12765 -87.55178 -58.42416 84.98519 
csm: 32.62277 -41.96108 -20.89056 85.23796 
csm: 46.34947 -10.44209 19.88080 90.68594 
c7m: 110.59315 6.10586 61.91346 119.34286 
cam: -40.43412 90.40432 56.60517 -84.62753 
cgm: 7.32330 -24.59124 -13.36101 3.32605 

C1 om: 15.17947 -55.20555 -44.09146 38.46778 
c11 m: 3.86603 -11.33596 -7.87280 24.67545 

ror 0.0113 0.0990 0.3976 0.3442 

N: 38 57 41 96 
%RMS: 0.013 0.010 0.085 0.021 
fW'.JGE: 0.476<Tr<1.0 0.296<T r<1.0 0.381 <T r<1.0 0.422<T r<1.0 

Logarithmic Liquid Compressibility Factors, ln(Zv)(J) 

ln(Zv)<D: ln(ZL)(C1) ln(ZL)(C2) ln(ZL)(C8) ln(ZL)(W) 

c1 m: -1.25059 -1.27549 -1.35383 -1.47238 
c2m: -1.48482 -1.56765 -1.80467 -2.13349 
c3 m: -0.15723 0.70565 1.67257 10.53041 
C4 <D: -4.65023 -3.89428 -1.22796 20.87159 
csO>: 0.44717 0.60939 -0.03268 -8.63309 
csO>: 0.13909 -2.51784 -8.05998 -47.08269 
C70>: -2.40930 -0.57915 2.00564 27.22209 
ca 0>: -3.47692 -3.53033 -3.18952 14.61165 
cgm: -0.85646 -1.40930 -4.06083 -3.73975 

ror 0.0113 0.0990 0.3976 0.3442 

N: 38 57 41 96 
%RMS: 0.014 0.0094 0.00013 0.026 
fW'.JGE: 0.476<Tr<1.0 0.296<T r<1.0 0.381<Tr<1.0 0.422<T r<1.0 
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Table 3.6 (Continued) 

SATURATED PROPERTY REFERENCE EQUATION 
COEFFICIENTS FOR METHANE, ETHANE, 

n-OCTANE AND WATER 

Logarithmic Reduced Vapor Volumes, ln(Vrv)<D 

ln(Vrv)<D: ln(Vrv)<C 1) ln(Vrv)<C 2) ln(Vrv)(CS) ln(Vrv)<W> 

d1 (j): 1.34887 1 .58445 1 .62383 2.09318 

d20>: 1.06022 0.78387 1.4 7444 0. 76681 
d30>: 3.57964 4.21482 4.46297 5.15262 
d40>: 6.32347 6.57124 9.95391 8.21700 
dsO>: 16.94781 21.93562 34.68889 30.43500 
ds0>: 57.28350 59.26112 100.50530 71.12970 
d70>: -1.25066 -1.27556 -1 .35383 -1.47257 

OOj= 0.0113 0.0990 0.3976 0.3442 

N: 38 55 41 96 
%RMS: 0.011 0.119 0.157 0.121 
RAf\IGE: 0.476<Tr<1.0 0.377<Tr<1.0 0.381 <T r<1.0 0.422<T r<1.0 

VrvU> = PcO>VvO>tRTc<D 

Logarithmic Reduced Liquid Volumes, ln(Vn)<D 

ln(Vn)<D: ln(Vn)(C1) ln(Vn)(C2) ln(Vn)(CS) ln(Vn)<W> 

e10>: -1.49636 -1.57382 -1.80465 -1.95524 
e20>: 0.75745 1.04187 1.67082 1. 76685 
e30>: -0.48731 -0.74195 -1.23964 -1.18289 
e40>: -0.023054 -0.021193 -0.027203 0.77921 

esO>: -1.25066 -1 .27556 -1.35383 -1.47257 
OOj= 0.0113 0.0990 0.3976 0.3442 

N: 38 80 39 96 
%RMS: 0.019 0.072 0.034 0.163 
RAf\IGE: 0.476<Tr<1.0 0.296<T r<1.0 0.38<T r<1.0 0.422<T r<1.0 

VrLU> = Pc0>VL(j)/RT cO>: 



Table 4.1 

FORTRAN Program Used in Determining Bath Fluid Level 

c Fll..L VOL.FOR calculates the IG-2 bath fluid filling level characteristics of the 
c vapor pressure apparatus given various requirements. 
c Nomenclature: VO = vol in [in**3] of bath at room temp 
c Vmin =min bath fluid vol = 2885 [in**3] 
c Vmax =max bath fluid vol = 3312 [in**3] 
c R = bath fluid density at temp t 
c I = length of bath fluid column 
c x =filling level= 21.5-1 [in] (subtract .4 when apparatus is immersed) 
c 
c WRITE OUTPUT OPTIONS: 
5 write(6,*)'1nput 0 to stop' 

c 

write(6,*)'Input 1: If know (xO,tO) and want (tmin,tmax)' 
write(6,*)'1nput 2: If know (tO,tmin) and want (xO,tmax)' 
write(6,*)'Input 3: If know (tO,tmax) and want (xO,tmin)' 
write(6,*)'1nput 4: If know (xO,tO,t) and want (x)' 
read(5, *) itest 
if(itest.eq.O) goto 500 
if(itest.eq.1) goto 10 
if(itest.eq.2) goto 20 
if(itest.eq.3) goto 30 
if(itest.eq.4) goto 40 

c OPTION!: 
c 
10 write(6,*)'1nput (xO,tO) to calculate (tmin,tmax):' 

read(5, *) xO,tO 
V0=170.87*(21.5-x0) + 48.6 
call dens(tO,RO) 
Rmin=RO*V0/2885. 
call temp(Rmin,tmin) 
Rmax=RO*V0/3312. 
call temp(Rmax,tmax) 
write(6,100) tmin,tmax 
goto5 

c 
c OPTIONII: 
c 
20 write(6,*)'1nput (tO,tmin) to calculate (xO,tmax):' 

read(5, *) tO,tmin 
call dens(tO,RO) 
call dens(tmin,Rmin) 
V0=2885. *Rmin/RO 
x0=21.5-(V0-48.6)!170.87 
Rmax=2885. *Rmin/3312. 
call temp(Rmax,tmax) 
write( 6,200) xO,tmax 
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c 
c 

goto 5 

Table 4.1 (Continued) 

c OPTION III: 
30 write(6,*)'1nput (tO,tmax) to calculate (xO,tmin):' 

read(5,*) tO,tmax 

c 

call dens(tO,RO) 
call dens(tmax,Rmax) 
V0=3312. *Rmax/RO 
x0=21.5-(V0-48.6)/170.87 
Rmin=3312. *Rmax/2885. 
call temp(Rmin,tmin) 
write(6,300) xO,tmin 
goto5 

c OPTIONIV: 
c 
40 write(6, *)'Input (xO,tO,t) to calculate (x):' 

read(5, *) xO,tO,t 
V0=170.87*(21.5-x0) + 48.6 
call dens(tO,RO) 
call dens(t,R) 
Vt=RO*VOIR 
x=21.5-(Vt-48.6)/170.87 
y=x-.4 
write(6,400) x,y 
goto5 

100 format(5x,'tmin[C] = ',f6.2/5x,'tmax[C] = ',f6.2) 
200 format(5x,'x0[in] = ',f5.2/5x,'tmax[C] = ',f6.2) 
300 format(5x,'xO[in] = ',f5.2/5x,'tmin[C] = ',f6.2) 
400 format(5x,'x[in] = ',f5.2/5x,'x-.4 = ',f5.2) 
500 stop 

end 
c**************************************************************** 
c DENS calculates IG-2 densities in [lbs/gal] given t[C] 
c**************************************************************** 

subroutine dens(t,r) 
r=-.0060925*t + 7.46092 
return 
end 

c****************************************************************** 
c 1EMP calulates IG-2 temperature[C] given density[lbs/gal] 
c****************************************************************** 

subroutine temp(r,t) 
t=(7 .46092-r)/(.0060925) 
return 
end 
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Table 4.2 

BASIC Program for Commodore PET Microcomputer Used for Temperature 
Control and Measurement Readout 

1 REM"CONTROL-VERSION OF 27 APR88" 
5 REM "IPTS-68 CONSTANTS" 
10 DATA 419.58,630.74 
11 READ C1,C2 
15 REM"CALLENDAR CONSTANTS" 
16 DATA 500.104,.00384948,1.49888 
17 READ RO,AL,DE 
18 G=AL*(1 + .01 *DE)*RO 
19 H=-AL*DE*R0/10000 
20 REM"PRINTOUT(1= YES,O=NO)" 
21 OUT=O 
25 REM"TCHANGE(1= YES,O=NO)" 
26CT=O 
30 REM"SET TEMP[C]" 
31 TS=280. 
35 REM"CONTROL INTERCEPT" 
36IT=30 
40 REM"CONTROL SLOPE" 
41 SL=2000 
98 REM"8 IS KEITHLEY DVM ADDRESS" 
99 REM"15 IS TEMP CONTROLLER ADDRESS" 
100 OPEN8,8 
102 OPEN15,15 
105 REM"CI IS CYCLE COUNT INDEX" 
107 CI=TI 
116 GOSUB 1025 
123 REM"READ PRT RESISTANCE" 
124 INPUT#8,A$ 
126 IF ST=2 THEN 124 
128 A=V AL(MID$(A$,5,16)) 
129 REM"NEWTON SOLN OF CALLENDAR EQN" 
130 T0=170.00 
134R=RO-A 
140 F=R+G*TO+H*TQI\2 
142 FP=G+2*H*TO 
144 T=TO-F/FP 
146 IF ABS(T-TO) <0.0001 THEN 151 
148 TO=T 
150GOTO 140 
151 GOSUB 500 
152 T=INT(T* 10000.0)/10000 
153DT=TS-T 
154 IF DT<-0.005 THEN IT=IT-2 
155 IF DT>0.005 THEN IT=IT +2 
156 IF IT<O THEN IT=O 
157 IF IT>255 THEN IT=255 



Table 4.2 (Continued) 

158 X=DT*SL +IT 
159 IF X>255.0 THEN X=255 
166 IF X<O.O THEN X=O 
167 REM"CONTROL TEMPERATURE" 
168 PRINT#15,CHR$(X); 
169 REM" READ DDR PRESSURE VOLTAGE" 
170GOT0186 
171 PRINT#8,"FOS6ROX" 
180 INPUT#8,B$ 
182 IF ST=2 THEN 180 
184 B=VAL(MID$(B$,5,16)) 
185 PRINT#8,"F2S6ROX" 
186 P=103.41262*B 
187 GOSUB 700 
188 P=INT(P* 1 000.0)/1 000 
189 PRINT"TS= ";TS;TI-CI;"CYCLES" 
192 PRINT"IT= ";IT;"HEAT= ";INT(X) 
194 PRINT"RESISTAN= ";A;"OHMS" 
195 PRINT"T(C)= ";T 
196PRINT"" 
198 IF ABS(DT)>0.01 THEN 107 
205 IF CI<151 THEN 116 
215 IF CT=O THEN 107 
216 TS=TS+10 
218 IF TS>350 THEN TS=350 
219GOT0107 
220 OPEN1,4 
225CMD1 
230 PRINT"P[MM HG]=";P 
235 PRINT"T[C]=";T 
236PRINT" " 
240PRINT#1 
241 CLOSE1 
242 IF CT=O THEN 107 
245 TS=TS+ 10 
246 IF TS>350 THEN TS=350 
247GOTO 107 
500 REM"IPTS-68 CONVERSION" 
501 MT=.00045*T 
505 MT=MT*(.Ol*T-1) 
510 MT=MT*(T/C1-1) 
515 MT=MT*(T/C2-1) 
520T=T+MT 
525RETURN 
700 REM"DWG VS DDR PRESSURE CALIBR." 
705 PC=.0001655894*P- .0053982946 
710 IF P<.5 THEN PC=O 
715 P=P +PC 
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Table 4.2 (Continued) 

720RETURN 
1000 REM"25 SECOND TIMER" 
1005 T1=TI 
1010T2=TI 
1015 IF (T2-T1)<0 THEN 1005 
1020 IF (T2-T1)<1500 THEN 1010 
1024RETURN 
1025 REM"3 SECOND TIMER" 
1030 T1=TI 
1035 T2=TI 
1040 IF (T2-T1)<0 THEN 1030 
1045 IF (T2-T1)<180 THEN 1035 
1050RETURN 
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Table 4.3 

Programmable Power Supply Description 

The programmable power supply was wire-wrapped according to an unpublished 

schematic drawn by John Schroeter (1980-81). This design has been widely used in this 

laboratory ( Jett, 1990; Schroeter et al., 1983) for supplying power to auxiliary immersion 

heaters in temperature control applications. It enabled one Commodore microcomputer to 

simultaneously control bath temperature and perform other tasks such as measurement 

readout and calculations . 

The programmable power supply consists of several parts. An IEEE-488 receiver 

(Ricci et al., 1974; Fisher et al., 1980) receives the integer X calculated by the control 

program. X is stored in a latch circuit and used as input into one side of a di ~ital 

comparator. The other side of the comparator receives its input from a counter which is 

driven by a line synchronized clock. The counter resets to zero when it reaches 255. If the 

number X in the latch exceeds the output of the counter, the output from the digital 

comparator is 1. Otherwise the output is zero. The comparator output is amplified and 

optically coupled to a triac input gate. Whenever the comparator output is 1, the .1Iill£ 

unleashes 120 V AC line power to the immersion control heater. 



Table 4.4 

Equipment List for the Vapor Pressure Apparatus 
(See Figures 4.1-4.4 ) 

Ruska Instrument Corporation: 

Differential Pressure Null Indicator (DPI): 
Catalog. No. 2439-702-046 SIN 23065 (Transducer) 
Catalog. No. 2416-708-00 SIN 23068 (Null Indicator ) 

Gas Lubricated Piston Pressure Gage (DWG): 
Catalog. No. 2465 SIN 10682 (Air Dead Weight Gage) 

Piston and Cylinder (2.0 to 600 psia): 
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2 4 6 0-7 0 6-0 0 A0 (@23°C)=0.0839295 cm2, C=9.1 E-61°C 

Piston and Cylinder (0.2 to 15 psia): 
2460-705-00 

Digital Pressure Gage (DDR): 
Catalog. No. 6000-151-20 

Pressure Control Pack: 
Catalog. No. 2461.1 

Leybold-Heraeus GMBH: 

Thermovac TM220S2 (TV): 
Catalog. No. 89596 
Catalog. No. 8967281 
Catalog. No. 8967281 
Catalog. No. 8967281 

Ao (@23°C)=3.3570836 cm2, C=2.0E-5JCC 

SIN 27953 (Digital Quartz Pressure Gauge) 

SIN 10662 (Handpump) 

SIN 118514 (Readout System) 
SIN 446035 (DWG Sensor) 
SIN 526041 (DDR Sensor) 
SIN 526046 (Sample-side Sensor) 

Dresser Industries Instrument Division: 

Heise Bourdon tube gauge: 
Catalog. No. H46360 

Keithley Instruments. Inc.: 

Model 192 Programmable DMM 
Model 1923A IEEE Interface 

Omega Engineering .Inc.: 

(500 PSI Pressure Gauge) 

Platinum Resistance Thermometer (PRT): 
Model PR-11-3-500-114-17.5-E 
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Table 4.4 (Continued) 

Equipment List for the Vapor Pressure Apparatus 
(See Figures 4.1-4.4 ) 

Sargent-Welch Scjentjfc Company: 

Welch Duo-Seal Pump (Vacuum Pump): 
Model 1402 S/N 116556 (Pressure Supply Pump) 
Model 1402 SIN 96190 (Sample-side Pump) 

Valves in Vapor Pressure Apparatus: 

Number 
jn Fig.4.1 Maker Catalog No. Pescription 

1 Nupro SS-2H 1/8" bellows 
2 Nupro SS-2H 1/8" bellows 
3 Whitey B-ORS2 1/8" regulating & shutoff 
4 Whitey 81 VM4-S6-A 1/2" regulating & shutoff 
5 Whitey B-ORS2 1/8" regulating & shutoff 
6 Whitey B-1 RS8 1/2" regulating & shutoff 
7 Autoclave 30VM-4075 1/4" valve of dual 
8 Autoclave 30VM-4075 1/8" valve of dual 
9 Autoclave SW-2081 1/8" valve 
1 0 Autoclave SW-2081 1/8" valve 
1 1 Autoclave SW-2071TG 1/8" valve 
12 Whitey SS-OVS2 1/8" valve 
13 Autoclave SW-2081 1/8" valve 
14 Autoclave SW-2081 1/8" valve 
15 Autoclave SW-2081 1/8" valve 
1 6 Nupro SS-2SG 1/8" metering valve with 

SS-2FT7-7 filter 
17 Whitey SS-1VS6 3/8" valve 
1 8 Autoclave SW-2081 1/8" valve 
1 9 Autoclave SW-2081 1/8" valve 



Table 4.5 

Equipment List for the Equilibrium Cell 
Bakeout and Sample Charge System 

(See Figure 4.7) 

Leybold-Heraeus GMBH: 

Thermovac TM21 0 (TV) 
Catalog. No. 89593 
Catalog. No. 8967281 

S/N 118509 (Readout System) 
S/N Unknown (Sensor) 

Sargent-Welch Scientifc Company: 

Welch Duo-Seal Pump (Vacuum Pump) 
Model R1402 SIN R2186 

Valves in EC BakeouVSample Charge System: 

Number 
jn Ejg.4.7 

1 
2 
3 
4 
5 

Maker 
Whitey 
Nupro 

Whitey 
Nupro 
Nupro 

Catalog No. 
SS-1VS8 
SS-4H 

SS-ORE2 
SS-2H 
SS-4H 

Description 
1 /2" regulating & shutoff 
1/4" bellows 
1/8" valve 
1 /8" bellows 
1/4" bellows 

Connectors jn EC BakeouVSample Charge System: 

Number 
jn Ejg.4.7 

1 
2 
3 
4 

Maker 
Cajun 
Cajun 

Swagelok 
Swagelok 

Description 
1/4" Ultra Torr Tee 
1/4" Ultra Torr Union 
1/4" to 1/8" SS Union 
1/8" SS Tee 
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Table 4.6 

Equipment Used for Calibrating Omega PRT 
(Model PR-11-3-500-1/4-17.5-E) 

Leeds & Northrup Company: 

Platinum Resistance Thermometers (PATs) Callendar Constants 

Maurice JetVMay 1987: 

Catalog. No. 8167-25-B 

David Morgan/June 1989: 
Catalog. No. 8163-B 

G-1 Mueller Bridges: 

Catalog. No. 8069-B 
Catalog. No. 8067 

Mercury Commutator: 

Catalog. No. 8068 

D.C. Null Detector: 

SIN 1843602 

SIN 1512543 

SIN 1530888 
SIN 1510640 

unavailable 

Ro= 25.5160 n 
a = 0.003925505 
0 = 1.496675 

R0 = 25.55030 n 
a = 0.00392655 
0 = 1.49888 

Maurice JetVMay 1987 
David Morgan/June 1989 

Evening out lead ohms 
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Catalog. No. 9828 SIN 1900022 David Morgan/June 1989 
(N.B. Output fed to Data 

Precision 3500 DMM) 

10.01 0 Standard Resistor: 

Catalog. No. 8070-B 

Decade Resjstor Boxes: 

Catalog. No. 4776 
Catalog. No. 4776 

SIN 1689829 

SIN 1078692 
SIN 1183273 

1 oo, 1 o, 1 ,0.1 n scales 
100,10,1 ,0.1 n scales 



---
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Table 4.7 

First Cryoscopic Constants for Selected n-Alkanesa 

Heat of Heat of Sum of Calculatede 
Melting Trans. Sample Fusion Transition Heats Cryoscopic 

Carbon Pt.b Pt.b PurityC (cal/mol) Constants I K0 - 1 

a 

b 

c 

d 

e 

No. Tr/K' TtrfKO (mol%) .1.Hr ilitr .1.Hr+ilitr A Af+tr 

18 

19 

20 

22 

24 

28 

301.35 none 99.9+ 14670 none 14670 0.0813 0.0813 

305.15 295.95 99.5 10950 3300 14250 0.0592 0.0819 

309.75 309.35d 99.9+ 16700 noned 14250 0.0876 0.0876 

317.15 316.15 99.7 11700 6740 18440 0.0585 0.0928 

323.75 321.25 99.9 13120 7480 20600 0.0630 0.1004 

334.35 331.15 99.0 15450 8470 23920 0.0695 0.1098 

Schaerer, A.A. et al., J. Amer. Chern. Soc., ll. 2017-19 (1955). 

Values given in the original table are listed to 0.1 °C accuracy. They were converted to 
the absolute scale by adding 273.15° C. 

Purity estimated by high temperature mass spectrometry. 

Metastable point (not a transition point) too close to the freezing point for ilitr to be 
determined. 

A is the first cryoscopic constant used in purity determinations, Eqn. 4.8. If the 
transition temperature, which occurs below the freezing point, were very close to the 
freezing point, then a cryoscopic constant based on the sum of the heats of fusion and 
transition, Ar+tr• would be the appropriate constant. Af+tr correlates linearly with 
carbon number for the odd and even-numbered alkanes; e.g., a linear correlation 
coefficient of 0.9971 results for the C1s.C2o. C22. C24, and C2s values of Af+tr given 
above. 

A= ilir I (RT;), Af+tr = (ilir+ilitr) I (R~. and R = 1.9872 cal I (mol*K0 ). 



Table 5.1 

n-Alkane Static Vapor Pressure Measurements in Units of [°C, mm] 

n-Decane n-Dodecane n-Tetradecane n-Hexadecane 
t/°C P/mm t/°C P /mm t/°C P/mm t/°C P /mm 

49.929 6.556 79.969 5.5048 99.926 3.322 119.896 2.3828 
59.933 11.32 99.970 15.23 119.936 9 .202h 129.903 4.059 
79.938 30.38 119.921 36.84 139.946 22.70 139.909 6.646 
99.970 71.72 139.927 80.18 159.956 50.20 149.916 10.56 

119.971 151.14 159.973 159.37 179.965 101.45 159.922 16.29 
119.971 151.17 179.974 293.46 199.976 189.52 169.929 24.55 
139.972 291.71 199.975 506.83 219.976 332.08 179.935 36.08 
159.973 522.68 219.976 828.81 . 229.964 430.85 189.943 51.91 
179.97 4 879.48 239.976 1293.2W 239.977 551.52 199.976 73.31 
199.976 1404.5W 259.979 1940.5W 249.979 698.00 209.956 101.48 
219.976 2143.5W 279.980 2814.8W 259.979 873.84 219.976 138.12 
239.977 3153.1W 299.981 3966.5W 259.979 874.03W 229.969 185.20 
259.979 4491.3W 314.982 5033.9W 279.980 1331.9W 239.977 244.52 
279.980 6226.7W 219.873 834.57b,f 299.980 1961.9W 249.979 318.51 
299.980 8445.0W 309.982 2355.68,W 259.979 409.85 
314.982 10463.W 314.982 2576.1a,w 269.979 520.83 
199.848 1407.1b,w,f 199.848 205.85b,f 279.980 654.76 

289.980 814.72 
299.980 1004.6 
309.982 1226.6W 
259.865 >415.5b,f 

w Dead weight gauge measurement f Measurement several hours after highest temperature measurement, indicates possible 
decomposition, sample.not degassed. g Null shift of -0.044 mm was not used to get better agreement with other data points. 1\) 

...... 
(X) 



Table 5.1 (Continued) 

n-Alkane Static Vapor Pressure Measurements in Units of [°C, mm] 

n -Octadecane 
t/°C P/mm 

139.919 
149.924 
159.930 
169.936 
179.974 
189.948 
199.976 
209.976 
219.976 
229.977 
239.977 
254.979 
254.979 
269.979 
284.980 
299.980 

1.992 
3.327 
5.471 
8.611 

13.21 
19.78 
29.03 
41.75 
58.76 
81.27 

110.59 
170.53 
170.49 
255.22 
371.72 
528.7 

314.982 736.9a 
139.919 2.024b 
209.859 47.43b.f 

n-Nonadecane 
t/°C P /mm 

149.894 1.988C 
159.902 3.266 
169.909 5.186 
179.917 8.072 
189.924 12.27 
199.932 18.33 
209.939 26.78 
219.946 38.37 
229.954 54.09 
239.961 74.81 
249.970 101.67 
259.979 136.75 
269.979 180.43 
284.980 267.65 
299.980 388.2 
314.982 552.5a 
149.894 2.032b 
149.894 1.945b 
149.894 1.954b 
149.894 1.967b 
199.848 27.29b,f 

n-Eicosane (Top-Cut) n-Eisosane (Mid-Cut) 
t/°C P /mm t/°C P /mm 

159.903 1.830 159.847 1.837 
169.910 3.014d 169.853 3.008 
179.918 4.809 179.860 4.793 
189.926 7.543e 189.875 7.494 
199.934 11.53 199.874 11.56 
199.976 11.54 209.884 17.27 
209.976 17.26 219.894 25.12 
219.947 25.19 229.911 36.10 
229.954 36.09 239.915 50.80 
239.961 50.79 249.931 70.12 
249.969 70.20 259.938 95.53 
259.979 95.54 269.949 127.73 
269.979 127.81 279.957 169.13 
284.980 193.05 289.967 219.41 
299.980 283.11 299.970 283.18 
314.982 406.6a 309.982 360.6 
159.903 1.836b 279.957 169.03b 
169.910 3.030b 
169.910 3.026b 
169.910 2.985b 
189.926 7.562b 
189.926 7.524b 
209.854 19.98b,f 

I\) 
....... 
(() 



Table 5.1 (Continued) 

n-Alkane Static Vapor Pressure Measurements in Units of [°C, mm] 

n-Docosane n-Tetracosane n-Octacosane 
t/°C P/mm t/°C P/mm t/°C P /mm 

179.918 1.824 179.916 0.676 209.940 0.616 
189.926 2.957 189.925 1.160 219.947 1.026 
199.933 4.716 199.932 1.928 229.954 1.67 
209.940 7.326 209.939 3.117 234.958 2.11 
219.947 11.10 219.946 4.897 239.961 2.67 
229.977 16.40 229.950 7.505 244.966 3.34 
239.962 23.86 239.960 11.30 249.970 4.15 
249.970 33.93 249.971 16.57 259.979 6.38a 
259.970 47.48 259.979 23.82 269.979 9.41 
269.979 65.22 269.979 33.67 279.980 13.76 
284.980 102.37 284.980 54.78 289.980 19.70 
299.980 155.41 299.980 86.06 299.980 27.78 
179.918 1.841b 314.982 131.0 309.982 38.55 
229.904 18.02b,f 179.916 0.633b 314.982 45.01 

179.916 0.697b 209.940 0.620b 
179.916 0.638b 289.980 19.70b 
189.925 1.163b 
229.880 10.18b,f 

a Weighted zero in the direct Wagner equation fit. b Additional measurements not used directly in regression analyses or literature 
comparisions. c Average value = (2.032 + 1.945) I 2. d Average value = (3.030 + 3.026 + 2.985) I 3. e Average value = 
(7.562 + 7.524)12. w Dead weight gauge measurement f Measurement several hours after highest temperature measurement 
, indicates possible decomposition, no degassing used on sample. h Null shift of -0.158 mm was not applied. 
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Table 5.2 

n-Alkane Static Vapor Pressure Measurements in Units of [°K, kPa] 

n-Decane n-Dodecane n-Tetradecane n-Hexadecane 
T /°K P /kPa T /°K P /kPa T /°K P /kPa T /°K P /kPa 

323.079 0.8741 353.119 0.7338g 373.076 0.4429 393.046 0.31768 
333.083 1.509 373.120 2.031 393.086 1.227h 403.053 0.5412 
353.088 4.050 393.071 4.912 413.096 3.026 413.059 0.8861 
373.120 9.562 413.077 10.690 433.106 6.693 423.066 1.408 
393.121 20.150 433.123 21.248 453.115 13.526 433.072 2.172 
393.121 20.154 453.124 39.125 473.126 25.267 443.079 3.273 
413.122 38.892 473.125 67.572 493.126 44.274 453.085 4.810 
433.123 69.685 493.126 110.50 503.114 57.442 463.093 6.921 
453.124 117.25 513.126 172.41W 513.127 73.530 473.126 9.774 
473.126 187.25W 533.129 258.71W 523.129 93.059 483.106 13.530 
493.126 285.77W 553.130 375.27W 533.129 116.50 493.126 18.414 
513.127 420.38W 573.131 528.82W 533.129 116.52W 503.119 24.691 
533.129 598.79W 588.132 671.13W 553.130 177 .57W 513.127 32.600 
553.130 830.15W 493.023 111.27b,f 573.130 261.56W 523.129 42.464 
573.130 1125.9W 583.132 314.o5a,w 533.129 54.642 
588.132 1395.0W 588.132 343.45a,w 543.129 69.438 
472.998 187 .59b,f,w 472.998 27 .333b,f 553.130 87.294 

563.130 108.62 
573.130 133.94 
583.132 163.53W 
533.015 55.40b,f 

w Dead weight gauge measurement f Measurement several hours after highest temperature measurement, indicates possible 
decomposition, sample.not degassed. g Null shift of -0.0059 kPa was not used to get better agreement with other data points. 1\) 
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Table 5.2 (Continued) 

n-Alkane Static Vapor Pressure Measurements in Units of [°K, kPa] 

n-Octadecane n-Nonadecane n-Eisosane (Top-Cut) n-Eisosane (Mid-Cut) 
T/°K P /kPa T/°K P /kPa T/°K P/kPa T/°K P /kPa 

413.069 0.2656 423.044 0.2650C 433.053 0.2440 432.997 0.2449 
423.074 0.4436 433.052 0.4354 443.06 0.4018d 443.003 0.4010 
433.080 0.7294 443.059 0.6914 453.068 0.6411 453.010 0.6390 
443.086 1.148 453.067 1.076 463.076 1.006e 463.025 0.9991 
453.124 1.761 463.074 1.636 473.084 1.537 473.024 1.541 
463.098 2.637 473.082 2.444 473.126 1.538 483.034 2.302 
473.126 3.870 483.089 3.570 483.126 2.301 493.044 3.349 
483.126 5.566 493.096 5.116 493.097 3.358 503.061 4.813 
493.126 7.834 503.104 7.211 503.104 4.812 513.065 6.773 
503.127 10.835 513.111 9.974 513.111 6.771 523.081 9.349 
513.127 14.744 523.120 13.555 523.119 9.359 533.088 12.736 
528.129 22.736 533.129 18.232 533.129 12.738 543.099 17.029 
528.129 22.730 543.129 24.055 543.129 17.040 553.107 22.549 
543.129 34.026 558.130 35.684 558.130 25.738 563.117 29.252 
558.130 49.559 573.130 51.76 573.130 37.745 573.120 37.754 
573.130 70.49 ~88.132 13.668 ~88.132 ~4.218 ~83.132 48.08 
~88.132 28.248 423.044 0.2709b 433.053 0.2448b 553.107 22.535b 
413.069 0.2698b 423.044 0.2593b 443.060 0.4040b 
483.009 6.323b.f 423.044 0.2605b 443.060 0.4034b 

423.044 0.2622b 443.060 0.3980b 
472.998 3.638b,f 463.076 1.008b 

463.076• l.003b 
483.004 2.664b,f 
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Table 5.2 (Continued) 

n-Alkane Static Vapor Pressure Measurements in Units of [°K, kPa] 

n-Docosane n-Tetracosane n-Octacosane 
T /°K P /kPa T /°K P /kPa T /°K P /kPa 

453.068 0.2432 453.066 0.0901 483.090 0.0821 
463.076 0.3942 463.075 0.1547 493.097 0.1368 
473.083 0.6287 473.082 0.2570 503.104 0.2226 
483.090 0.9767 483.089 0.4156 508.108 0.2813 
493.097 1.480 493.096 0.6529 513.111 0.3560 
503.127 2.186 503.100 1.001 518.116 0.4453 
513.112 3.181 513.110 1.506 523.120 0.5533 
523.120 4.524 523.121 2.209 533.129 0.85068 
533.120 6.330 533.129 3.176 543.129 1.255 
543.129 8.695 543.129 4.489 553.130 1.834 
558.130 13.648 558.130 7.303 563.130 2.626 
573.130 20.720 573.130 11.47 573.130 3.704 
453.068 0.2454b 588.132 17.46 583.132 5.140 
503.054 2.403b,f 453.066 0.0844b 588.132 6.001 

453.066 0.0929b 483.090b 0.0827b 
453.066 0.0851 b 563.130b 2.626b 
463.075 0.1551b 
503.030 1.357b,f 

a Weighted zero in the direct Wagner equation fit. b Additional measurements not used directly in regression analyses or literature 
comparisions. c Average value= (0.2709 + 0.2593) I 2. d Average value= (0.4040 + 0.4034 + 0.3980) I 3. e Average value 
= (1.008 + 1.003)12. w Dead weight gauge measurement. f Measurement several hours after highest temperature measurement, 
indicates possible decomposition, no degassing used on sample. h Null shift of-0.0.211 kPa was not applied. 
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Table 5.3 

Null Shift Corrections Added to n-Alkane 
Vapor Pressure Measurements Below 55 mm 

Raw Raw Raw Raw 
Data/nun NS Data+NS Data/nun NS Data+NS 

Cl!l Dec 1987 C18 .Ian 1288 
6.436 0.120 6.556 1.992 0.000 1.992 

11.294 0.024 11.318 3.305 0.022 3.327 
30.203 0.180 30.383 5.437 0.034 5.471 

8.605 0.006 8.611 
13.300 -0.093 13.207 
19.773 0.006 19.779 
29.044 -0.012 29.032 

cu Dec 1287 41.790 -0.042 41.748 
5.504 -o.044a 5.46oa 

15.356 -0.128 15.228 
36.851 -0.013 36.838 

C12 .Ian 1288 
3.200 0.066 3.266 
5.169 0.017 5.186 

CH Noy 1287 8.049 0.023 8.072 
3.242 0.080 3.322 12.245 0.026 12.271 
9.202 -0.158a 9.044a 18.306 0.026 18.332 

22.684 0.019 22.703 26.771 0.010 26.781 
50.101 0.099 50.200 38.361 0.010 38.371 

54.098 -0.010 54.088 

C1f! Noy 1287 C2D U2u-~ull.Ian l E~b1288 
2.284 0.098 2.382 1.808 0.022 1.830 
3.975 0.084 4.059 4.785 0.024 4.809 
6.674 -0.028 6.646 11.531 0.000 11.531 

10.489 0.072 10.561 11.532 0.011 11.543 
16.226 0.060 16.286 17.266 -0.005 17.261 
24.450 0.096 24.546 25.186 0.005 25.191 
36.030 0.048 36.078 36.089 0.005 36.094 
51.887 0.020 51.907 50.789 0.000 50.789 

a Null Shift (NS) correction not applied in Tables 5.1 and 5.2. 
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Table 5.3 (Continued) 

Null Shift Corrections Added to n-Alkane 
Vapor Pressure Measurements Below 55 mm 

Raw Raw Raw Raw 
Data/mm NS Data+NS Data/mm NS Data+NS 

C2f! !mid-wll Qg lls:su: 128ZC2~ E~b 1288 
1.826 0.011 1.837 0.676 0.018a 0.694a 
2.958 0.050 3.008 1.147 0.013 1.160 
4.831 -0.038 4.793 1.928 -0.00@ 1.922a 
7.519 -0.025 7.494 3.115 0.002 3.117 

11.533 0.022 11.555 4.897 0.000 4.897 
17.266 0.000 17.266 7.505 0.000 7.505 
25.125 0.000 25.125 11.294 0.010 11.304 
36.098 0.006 36.104 16.567 0.000 . 16.567 
50.810 -0.010 50.800 23.817 0.01oa 23.927a 

33.665 0.005 33.670 
54.778 0.000 54.778 

C22 E~b 1288 C28 E~b l Mil[ 1288 
1.824 0.000 1.824 0.616 0.000 0.616 
2.932 0.025 2.957 1.026 0.000 1.026 
4.694 0.022 4.716 1.673 0.000 1.673 
7.316 0.010 7.326 2.114 0.000 2.114 

11.101 0.000 11.101 2.669 0.000 2.669 
16.387 0.010 16.397 3.339 0.000 3.339 
23.868 -0.010 23.858 4.149 0.025a 4.174a 
33.921 0.005 33.926 6.390 -0.010 6.380 
47.476 0.037a 47.513a 9.400 0.010 9.410 

13.755 0.000 13.755 
19.698 0.000 19.698 
27.778 0.000 27.778 
38.548 o.o2oa 38.568a 
45.013 0.000 45.013 

a Null Shift (NS) correction not applied in Tables 5.1 and 5.2. 
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Table 5.4 

n-Alkane Wagner Vapor Pressure Equation Coefficients 

Carbon Critical Acentric Method of Fitd 
Number Parameters a Factorb Wagner EQuation Coefficientsc and 

n Tc/°K Pel bar 0) at a2 a3 a4 Data Sources 
*1 190.551 45.992 0.0113 -6.0238 1.2706 -0.5748 -1.3717 Direc~ 
*2 305.33 48.714 0.0990 -6.5094 1.5102 -1.2669 -1.7476 Directf 
*3 369.85 42.475 0.1517 -6.8262 1.7530 -1.8668 -1.8628 Direc~ 
*4 425.16 37.960 0.1999 -7.0843 1.8199 -2.0795 -2.1481 Directh 
*5 469.69 33.638 0.2507 -7.2659 1.6620 -2.0634 -3.0889 Direct1 

*6 507.50 30.268 0.3010 -7.7921 2.5034 -3.3552 -2.1814 Directl 
*7 540.10 27.340 0.3500 -7.9008 2.1890 -3.1966 -3.1973 Directk 
*8 568.83 24.870 0.3976 -8.0444 1.9975 -3.1989 -4.0594 Direct I 
8 568.83 24.870 0.3977 -8.0993 2.1454 -3.3757 -7.7878 Directi 

*9 594.56 22.879 0.4450 -8.3087 2.1295 -3.5634 -4.3782 Directi 
10 618.86 21.196 0.4823 -8.4291 2.0672 -3.8215 -4.8457 Directm 

*10 618.86 21.196 0.4823 -8.4465 2.1216 -3.9030 -4.7213 Directn 

11 640.11 19.621 0.5243 -7.6384 -0.8035 -0.1150 -11.3798 Direct<> 
*12 659.48 18.232 0.5642 -8.6543 1.7061 -3.8448 -6.4870 Directffi 

13 677.22 17.001 0.6047 -9.1215 2.6558 -5.6195 -3.8499 Direct<> 
*14 693.55 15.900 0.6455 -8.8670 1.3454 -3.9625 -7.3495 Directffi 

15 708.62 14.924 0.6837 -9.6277 3.1912 -6.9541 -2.8841 Direct<> 

*16 722.59 14.043 0.7219 -9.3718 1.9330 -5.3984 -6.3172 Directm 
*18 747.68 12.528 0.7991 -9.3597 0.9793 -4.7397 -7.9280 Opt.C l/C8m ,C2/C8P 

18 747.68 12.528 0.7994 -8.7686 -0.9202 -1.7413 -13.4163 Directm 
*19 759.01 11.875 0.8379 -9.4540 0.7307 -4.5296 -9.4578 Cl8/C2om,t=250°C 
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Table 5.4 (Continued) 

n-Aikane Wagner Vapor Pressure Equation Coefficients 

Carbon Critical Acentric Methoctof Fuo 
Number Parameters a Factorb Wagner Eguation Coeffi~ientsc and 

n Tc/°K Pc/bar ro at a2 a3 a4 Data Sources 
19 759.01 11.875 0.8370 -11.1306 6.1148 -13.1631 9.2117 Directm 

"'20 769.63 11.280 0.8767 -9.5484 0.4821 -4.3194 -10.9881 Opt.CP Cl/C8q 
20 769.63 11.280 0.8751 -12.6519 9.7909 -17.4365 9.8701 Directm,top-cut 
20 769.63 11.280 0.8746 -12.9478 10.7221 -18.8496 12.4374 Directm ,mid-cut 

"'22 789.02 10.238 0.9498 -9.7526 0.1781 -4.3965 -12.1499 Cl0/C2om,t=270°C 
22 789.02 10.238 0.9491 -11.9874 6.8481 -13.7083 2.1228 Directm 

"'24 806.31 9.357 1.0236 -11.2450 3.5501 -9.1470 -8.5039 Directm 
"'28 835.88 7.959 1.1634 -12.0335 4.1113 -10.7606 -9.1177 Cl2/C24m,t=3000C 
28 835.88 7.959 1.1634 -18.5113 23.2953 -37.3663 33.1479 Directm 

"' Conformal Wa~er equations fits used in PERT2 model [6.2]. a For n ~ 10, used Tc & Pc correlations of Twu (1984), [3.8]. 
b ro=-log(P/Pc)ITt·=0.?-1. c ln(P/Pc)=(atx+a2xl.5+a3x2.5+~x5)f(1-x) wherex=1-T/Tc. 

d FITI'ING METIIODS: DIRECT: weighting functions (0, 1, or -0.5 I ln(Pr)) used in the regression of data; CONFORMAL 
EXTRAPOLATION: used a pair of n-alkane Wagner equations, Crn/C0 , in the two-fluid CSP model [3.45] and an acentric 
factor estimated from a specified vapor pressure datum; PARAMETER OPTIMIZATION: fit 2-parameters (ro and Pc) with 
respect to Crn/Cn and specified data sets, generated a table of smoothed data from Crn/C0 , then rescaled the data using Twu criticals; 
CP denotes a 3-parameter (Tc, Pc. and ro) optimization followed by the same steps as the 2-parameter optimization method. 

e Kleinrahm et al.(1986). f Goodwin et al.(1976). g Goodwin & Haynes (1982). h Goodwin (1979). i Kratze (1985) eqn. 
j Willingham et al.(1945). k Willingham et al (1945), Forziati et al.(1949), and Smith (1940). 1 Connolly et al. (1962), 

Willingham et a1.(1945), Young (1900), and Carruth et al.(1973). m Morgan (1990). n Morgan (1990), Allemand et al. 
(1986), and Willingham et al.(1945). ° Camin & Rossini (1955). P Used Ct/Cg optimized inputs, Pc=l3.238 bar and 
ro =0.8233 in C2fCg to generate smoothed data.consistent with the low pressure sets of Allemand et al.(1986) and Macknick & 
Prausnitz (1979). q Morgan (1990)(top-cut, zone-refined sample), API-42, and Macknick & Prausnitz (1979). (Optimized 
parameters: Tc=710.°K, Pc=5.482 bar, and ro =1.15119). 
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Table 5.5 

Statistical Benchmarks for Selected n-Alkane Wagner Equation Fits 
in Table 5.4 

Carbon Data Number 
Number Sources of Points 

n Tested N %RMS %AAD %BIAS 

*1 Kleinrahm & Wagner 37 0.011 0.006 0.000 
Prydz & Goodwin 31 0.196 0.142 -0.142 

*5 Willingham et al. 9 0.009 0.006 0.003 
Osborn & Douslin 14 0.028 0.025 0.015 
Kratze 14 0.019 0.015 -0.000 
Carruth & Kobayashi 9 11.2 9.71 6.37 

*6 Willingham et al. 16 0.010 0.007 -0.001 
Kay et al.(1975) 5 0.391 0.355 -0.324 
Carruth & Kobayashi 11 9.36 7.81 3.48 

*7 Willingham et al. 20 0.016 0.011 -0.003 
Smith 16 0.009 0.007 -0.004 
Carruth & Kobayashi 9 6.55 5.85 1.29 

*8 Willingham et al. 20 0.057 0.042 -0.016 
Connolly & Kandalic 17 0.086 0.071 -0.054 
Carruth & Kobayashi 10 8.47 7.01 2.13 
Young 57 1.18 0.849 0.784 

8 Willingham et al. 20 0.028 0.021 0.003 
Connolly & Kandalic 17 0.180 0.158 -0.158 
Carruth & Kobayashi 10 8.39 7.44 3.44 
Young 57 1.29 0.919 0.874 

*9 Willingham et al 19 0.044 0.039 0.012 
Carruth & Kobayashi 8 13.2 12.1 5.66 

*10 Morgan & Kobayashi 16 0.120 0.086 -0.020 
Chirico et al. (Ebulliom.) 21 0.034 0.028 0.007 
Chirico et al. (Incl. Piston) 12 1.75 1.29 -1.29 
Willingham et al. 19 0.052 0.041 -0.002 
Allemand et al 11 0.272 0.220 0.023 
Carruth & Kobayashi 6 12.6 9.88 -1.02 

10 Morgan & Kobayashi 16 0.118 0.080 -0.002 
Chirico et al. (Ebulliom.) 21 0.045 0.041 0.039 
Chirico et al. (Incl. Piston) 12 1.80 1.29 -1.29 
Willingham et al. 19 0.042 0.035 0.008 
Allemand et al 11 0.279 0.218 0.036 
Carruth & Kobayashi 6 12.7 9.99 -1.28 

11 Camin & Rossini 19 0.066 0.039 -.001 
*12 Morgan & Kobayashi 13 0.042 0.032 -0.001 

Willingham et al. 20 0.132 0.112 0.112 
Allemand et al. 19 1.64 1.36 -1.30 
Sasse et al. 36 2.09 1.63 -1.13 

* Conformal Wagner equation fit in Table 5.4 used in the development of PERT2, [6.2]. 
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Table 5.5 (Continued) 

Statistical Benchmarks for Selected n-Aikane Wagner Equation Fits 
in Table 5.4 

Carbon Data Number 
Number Sources of Points 

n Tested N %RMS %AAD %BIAS 

13 Camin & Rossini 14 0.039 0.029 -0.004 
*14 Morgan & Kobayashi 16 0.237 0.171 -0.064 

Camin & Rossini 11 0.252 0.245 -0.245 
Allemand et al. 6 1.30 1.11 -0.201 

15 Camin & Rossini 10 0.051 0.034 -0.000 
Allemand et al. 6 5.22 4.78 2.84 
API-42 5 3.53 2.72 -1.21 

*16 Morgan & Kobayashi 20 0.185 0.071 0.042 
Camin & Rossini (1954) 16 0.222 0.214 0.214 
Bradley & Shellard Eqn. 4 7.36 7.34 -7.34 
Parks & Moore Eqn. 4 4.38 4.13 4.13 

*18 Morgan & Kobayashi 17 0.358 0.285 -0.154 
Macknick & Prausnitz 9 2.39 2.30 0.206 
API-42 5 3.32 2.63 2.61 
Allemand et al. 11 4.88 3.92 2.82 
Bradley & Shellard 3 10.5 10.5 10.5 

18 Morgan & Kobayashi 17 0.214 0.144 -0.013 
Macknick & Prausnitz 9 11.6 10.5 -10.5 
API-42 5 3.26 2.68 2.26 
Allemand et al. 11 5.83 3.97 -1.20 
Bradley & Shellard 3 13.4 13.3 -13.3 

*19 Morgan & Kobayashi 16 2.08 1.20 -1.20 
Morecroft 3 3.68 3.58 3.93 
API-42 5 9.99 8.80 8.80 
V argaftik Handbook 16 1.32 0.933 0.797 

19 Morgan & Kobayashi 16 0.347 0.209 -0.080 
Morecroft 3 193. 187. 187. 
API-42 5 18.8 16.1 16.1 
V argaftik Handbook 16 1.36 1.06 0.984 

*l0P20 Morgan et al.(top-cut) 16 0.523 0.301 -0.234 
Morgan et al.(mid-cut) 16 0.718 0.450 -0.334 
Chirico et al. (Ebulliom.) 16 0.434 0.335 0.253 
Chirico et al. (Incl. Piston) 13 0.546 0.444 0.444 
Macknick & Prausnitz 7 2.20 2.03 -0.267 
API-42 5 1.82 1.53 1.11 
Sasse et al. 21 2.80 2.52 -2.52 
V argaftik Handbook 15 1.62 1.14 1.11 

* Conformal Wagner equation fit in Table 5.4 used in the development of PERT2, [6.2]. 
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Table 5.5 (Continued) 

Statistical Benchmarks for Selected n-Aikane Wagner Equation Fits 
in Table 5.4 

Carbon Data Number 
Number Sources of Points 

n Tested N %RMS %AAD %BIAS 

lOP20 Morgan et al.(top-cut) 16 0.246 0.138 -0.055 
Morgan et al.(mid-cut) 16 0.349 0.284 -0.120 
Chirico et al. (Ebulliom.) 16 0.662 0.462 -0.127 
Chirico et al. (Incl. Piston) 13 7.01 4.91 4.90 
Macknick & Prausnitz 7 36.6 33.7 33.7 
API-42 5 3.86 3.23 3.20 
Sasse et al. 21 12.6 8.97 6.97 
V argaftik Handbook 15 0.927 0.788 0.748 

mid20 Morgan et al.(mid-cut) 16 0.316 0.246 -0.002 
Chirico et al. (Ebulliom.) 16 0.719 0.544 -0.053 
Chirico et al. (Incl. Piston) 13 8.18 5.75 5.74 

*22 Morgan & Kobayashi 12 0.317 0.232 0.135 
Sasse et al. 16 3.68 3.33 -3.33 
Francis & Wood (synth.) 4 3.23 2.64 1.04 

22 Morgan & Kobayashi 12 0.182 0.141 0.000 
Sasse et al. 16 9.93 6.39 4.56 
Francis & Wood (synth.) 4 3.03 2.52 0.729 

*24 Morgan & Kobayashi 13 0.083 0.056 0.005 
API-42 5 2.48 1.89 0.017 
Sasse et al. 12 5.65 4.06 0.724 
Meyer&Stec 6 0.955 0.933 0.933 

*28 Morgan & Kobayashi 14 0.738 0.387 -0.289 
Chirico et al. (Ebulliom.) 4 2.60 2.60 2.60 
Chirico et al. (Incl. Piston) 9 2.00 1.56 1.56 
API-42 5 4.28 4.00 4.00 

28 Morgan & Kobayashi 14 0.332 0.208 -0.082 
Chirico et al. (Ebulliom.) 4 2.63 2.63 2.63 
Chirico et al. (Incl. Piston) 9 6.44 4.36 4.36 
API-42 5 4.96 4.72 4.72 

*Conformal Wagner equation fit in Table 5.4 used in the development of PERT2, [6.2]. 
2 

f((P calc-P exp)i/(P exp)i)21N) 
N 

%RMS = 100 %BIAS= 100 :L((Pcaic-Pexp)i/(Pexp)i)/N) 
i=l i=l 

N 
%AAD = lOO_:L(IPcaic-Pexpli/(Pexp)i)/N) 

1=1 



Table 5.6 

Wagner Vapor Pressure Equation Coefficients3 for Miscellaneous Substances 

Substance TcfK Pc/bar (I) a1 a2 

Water 647.126 220.55 0.3442 -7.85980 1.88028 
Ammonia 405.4 113.33 0.2560 -7.26970 1.52285 
Methanol 512.7 81.030 0.5663 -8.69660 1.28537 
Ethanol 513.92 61.319 0.6432 -8.64339 1.06031 
!-Propanol 536.78 51.681 0.6198 -8.51670 1.90705 
m-Cresol 705.8 45.600 0.4477 -9.72741 6.63548 
2,3,4-Trimethylpentane 566.4 27.298 0.3154 -7.90666 2.64026 
Benzene 562.6 49.240 0.2073 -7.16358 2.16198 
Naphthalene 748.4 40.510 0.3055 -8.75879 4.94802 
Phenanthrene (Twu) 880.5 30.829 0.4605 -11.47623 9.61964 
Phenanthrene (Optimized) 880.5 26.600 0.3964 -9.39685 5.69656 

a ln(P/Pc) =(at x + a2 xl.5 + a3 x2.5 + ~ x5) I (1- x) where x = 1- T I Tc. 

Water 
Ammonia 
Methanol 
Ethanol 
!-Propanol 
m-Cresol 
2,3,4-Trimethylpentane 
Benzene 
Naphthalene 
Phenanthrene 

Haar, Gallagher & Kell (1984). 
Haar & Gallagher (1978). 
Zubarev et al. (1973). 
Ambrose & Ghiassee (1987). 
Ambrose & Ghiassee ( 1987). 
Biddiscombe & Martin.(1958); Niesen &.Yesavage(1988a). 
Willingham et al.(1945); Osborn et al.(1974). 
Vargaftik Handbook (1975). 
Camin et al.(l955); Fowler et al.(1968); Wilson et al.(1981). 
Kudchadker et al.(l978) API-708 table based on the data of 
Osborn et al.(l975), Nelson et al.(1922). 

a3 a4 

-2.28439 -2.06959 
-1.77906 -2.52022 
-2.53666 -0.71099 
-4.73210 1.42238 
-7.63095 2.91731 

-10.31888 1.32163 
-3.58763 -2.14594 
-3.03770 -0.95260 
-5.86408 -0.22947 

-10.01568 0.76953 
-7.44543 -0.29375 

0.422<Tr<l 
0.486<Tr<l 
0.342<Tr<1 
0.532<Tr<l 
0.621<Tr<l 
0.412<Tr<0.847 
0.394<Tr<l 
0.494<Tr<l 
0.474<Tr<l 

0.423<T r<O. 719 
Phenanthrene Pc and ro optimized wrt CtiCs & API-708 then data fit to Wagner equation. 

1\) 

<D _, 



Table 5.7 

Freezing Curve Study: Estimated Purities of Zone-Refined n-Aikane Samples 

Carbon Stock Stock Number Purityb after Est. Pure Sample Cryoscopic Literaturee 
Number Supplier Purity Zone Zone Freez. Pt. Freez. Pt. Constant Freezing Pt.f'K 

n (Lot#) Mol% Passes Refinin& (cut)c Tfo/°K Tr/Of<. A/OK-1 API-44 API-42 
10 Phillips 99.85a 0 243.507 243.520i 

(1231) 

12 Aldrich 99. 36 99.94 (top)* 263.605d 263.596d 0.06377 263.569 263.65 
(0109DK) 99.77 (mid) 263.569d 263.584i 

14 Aldrich 99. 55 99.95 (mid)* 279.013 279.006 0.06963 279.011 279.15 
(3821BL) 279.014i 

16 Aldrich 99. 44 99.94 (mid)* 291.310 291.302 0.07560 291.309 291.15 
(1723PK) 291.323i 

18 Alfa 99. 44 99.8±.1 (top)* 301.338 301.313 0.0821 301.321 300.95 
(032785) 99.7 (mid) 301.302 301.35g 

0 98.8 (stock) 301.186 

19 Alfa 99. 44 99.2±.1 (top) * 305.116 304.990 0.0594 305.2 305.15g 
(110885) 99.2 (mid) 304.989 305.05h 

0 98.8 (stock) 304.918 

20 Aldrich 99. 56 * 309.652 309.637 0.0880 309.9 309.75 99.9±.1 (top) 
(3116KK) 99.7 (mid)* 309.618 309.62f 309.75g 

97.9 (bot) 309.410 

22 Aldrich 99. 100 99.3±.5 (top)* 317.147 317.028 0.0585 317.5 317.15g 
(5117KJ) 99.3 (mid) 317.026 

99.3 (bot) 317.022 
98.7 (dis) 316.921 

1\) 
(.0 
1\) 



Table 5.7 (Continued) 

Freezing Curve Study: Estimated Purities of Zone-Refined n-Aikane Samples 

Carbon Stock Stock Number Purityb after Est. Pure Sample Cryoscopic Literaturee 
Number Supplier Purity Zone Zone Freez. Pt. Freez. Pt. Constant Freezing Pt.t'K 

n (Lot#) Mol% Passes Refining (cut)C Tcoi°K Tr/"K AIOK-l API-44 API-42 

24 Alfa >97. 48 99.5±.5 (top)* 323.687 323.610 0.0630 324.0 323.75 
(070885) 99.4 (mid) 323.687 323.598 323.75g 

99.1 (bot) 323.550 
98.1 (dis) 323.390 

0 98.7 (stock) 323.481 

28 Alfa 99. 96 99.0±.6 (top) 334.310 334.163 0.0695 334.5 334.35 
(051685) 99.3 (mid)* 334.208 334.35g 

99.1 (bot) 334.187 
98.5 (dis) 334.099 

* Cut used in a vapor pressure study. a Research grade sample analyzed by GLC at Phillips Petroleum Company. b Freezing curve 
method based on Glasgow et al. (1945). Purity I mole%"" 100 exp(-A(ffo-Tf)) where A is the first cryoscopic constant, and Tr0 and Tr are 
graphically estimated pure component and sample freezing points (air saturated). A is taken from API-44 (1953) for n=12 to n=20. For 
n=22, 24, and 28 it is calculated in Table 4. 7 from heat of fusion and freezing pt. data of Schaerer et al. (1955). Indicated uncertainties in 
purity listings refer to the precision of several determinations. The estimated accuracy and precision of Tr are± 0.03 and± 0.003°K. c 
Cut refers to the relative position of a sample removed from a zone refined paraffin ingot: top > middle (mid) > bottom (bot) > disgard 
(dis). d The thermopile was not calibrated below 273 °K. e Converted API-44 (1953) freezing point data for n=10 to n=18 to IPTS-68 
and used Trf °K =tel oc + 273.15. The remaining data from API-44 and API-42 are listed to 0.1°C accuracy. f Cox & Vaughan (1982) 
triple pt. value corrected by adding -0.02 °K to account for air saturation effects at 1 atm. g Schaerer et al. ( 1955) reported to 0.1 °C. h 
Technical Data Book (1983). i Finke et al. (1954) IPTS-68. 

1\.) 
(.0 

w 



Table 5.8 

n-Aikane Boiling Points Compared with Literature Values 

101.35 kPa = 760 mm Hg 1.333 kPa = 10 mm Hg 
BQilin~ Pt, Diff~r~n~~b BQilin~ Pt, Diff~~n~~b 

Carbon Wagner Eqn.a 1RC/API-44d Vargaftik Wagner Eqn. a 1RC/API-44d 
Number Boilin Pt./ °K Antoine E n. Handbook Boilin Pt./ °K Antoine Ean. API-42 

10 447.29 (447.29) -0.01 0.02 330.72 (330.72) -0.13 
12 489.46 -0.01 0.03 364.51 -0.11 
14 526.82 0.09 0.08 394.73 -0.22 0.6 
16 559.90 -0.11 -0.30 421.87 -0.46 1.2 
18 589.68 (589.70) 0.2 -0.8 446.66 (446.54) 1.2 0.0 
19C 604.2 (603.7) -1.1 -0.6 458.38 (458.08) 1.6 0.3 
2()C 616.9 (617.9) -0.1 -1.4 469.63 (469.67) -1.8 0.0 
22C 641.4 (642.4) -0.4 490.48 (490.58) -0.5 
24C 664.7 0.4 510.08 -0.07 -1.1 
28C 704.8 (710.1) 0.3 544.65 (544.69) 0.3 -0.5 

a Conformal Wagner equation fits in Table 5.4 are used in this comparison. When a conformal fit is not a direct regression 
of this work's vapor pressure measurements, the directly fitted result is indicated parenthetically. 

b Boiling point difference, (Twagner .-Tuterature) I (°K). 
c Wagner equation extrapolated more than 2 °K above the highest experimental data point to predict a normal boiling point. 
d 1RC Tables dated Oct. 31, 1970 for n=10 to n=20, and dated Oct. 31, 1972 (corrected Jun. 30, 1984) for n > 20. 

1\) 

c.o 
~ 
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Table 5.9 

Reproducibility of n-Alkane Vapor Pressure Measurements Below 
Pressures of 20 mm Hg 

Temp./ CO PooR/mma NSb Pcor/mmc Ave.Pcord % Spreade 

C20 (top-cut) Feb 1988 
159.90 1.797±.008 0.039 1.836 

1.808±.004 0.022 1.830 1.833±.004 ±0.2% 
169.94 3.005±.003 0.025 3.030 

3.026±.002 0.000 3.026 
2.976±.005 0.009 2.985 3.014±.025 ±0.8% 

189.95 7.526±.003 0.036 7.562 
7.513±.005 0.012 7.524 7.543±.027 ±0.4% 

199.98 11.532±.002 0.011 11.543 
11.531±.016 0.000 11.531 11.537±.008 ±0.1% 

C20 (mid-cut) Nov 1987 
159.85 1.696±.003 0.096 1.792 

1.826±.004 0.012 1.838 1.815±.033 ±1.8% 
169.85 2.844±.016 0.212 3.056 

2.958±.004 0.050 3.008 3.032±.034 ±1.1% 
189.88 7.519±.009 -0.031 7.488 
199.87 11.533±.004 0.024 11.557 

C24 Feb. 1988 
179.92 0.633±.003 0.006 0.639 

0.697±.004 0.006 0.703 
0.676±.004 0.018 0.694 
0.638±.003 0.006 0.644 0.670±.033 ±5.0% 

C28 Mar 1988 
209.94 0.620±.004 0.013 0.633 

0.616±.003 0.000 0.616 0.624±.012 ±1.9% 
289.98 19.698±.036 0.000 19.698 

19.695±.030 0.000 19.695 19 .696±.002 ±0.0 

a Average of several DDR pressure gage measurements with standard deviation, cr. 
b NS=Null Shift Correction [mm]. c Pcor =PooR+ NS. d Average Pcor with cr. 
e % Spread=100 a I Ave.Pcor. 
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Table 5.10 

Decomposition of n-Alkane Samples 
at High Temperaturesa 

T P<b; p <Pdec-P) 100CPdec:I2 Time Est Max Eff. d 
n [OK] [mmofHg] p [hours] onPmax 

10 473.00 1407.1 1400.6 6.5 0.46% 12b 5.oc 0.077% 
12 493.02 834.57 826.60 8.0 0.96 11 4.5 0.19 
14 473.00 205.85 188.54 17.3 9.2 11 5.5 0.83 
16e 533.01 >415.5 408.5 >7.0 >1.7 9 11.0 >0.63 
18 483.01 47.43 41.55 5.9 14.2 10 5.3 0.97 
19 473.00 27.29 18.29 9.0 49.4 11 5.5 2.02 
20f 483.00 19.98 17.15 2.8 16.5 14 4.5 0.84 
22 503.05 18.02 16.38 1.6 10.0 7 3.0 1.20 

n =carbon number, Pdec = vapor pressure measurement of decomposed sample at 
temperature, T, no degassing. P =vapor pressure of virgin sample estimated by using the 
Wagner equation coefficients in Table 5.4 that were regressed directly from vapor pressure 
data. 

a Most samples were exposed to a maximum temperature ofTmax=588°K. For C16 and 
C22. Tmax were 583°K and 573°K, respectively. 

b Time interval after quenching the sample's temperature following the highest vapor 
pressure measurement, (I' max. Pmax). 

c Total time sample in contact with very high temperatures,~ 573°K. 
d Estimated maximum effect of the decomposition on the highest vapor pressure 

measurement, 100 (I' max I T) (P dee-P) I Pmax. 
e After a single degassing. 
f Top cut of zone-refmed n-eicosane. 
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Table 6.1 

Summary of PERT2 and Cto/C2o Correlations 

Vapor Pressure 

Correlation Form: 

PERT2: ln(Pr) = ln(Pr)(O) + ro ln(Pr)O) + ro2 ln(Pr)(2) 
Ctc/C2o: ln(Pr) = ln(Pr)OO) + (ln(Pr)<20) - ln(Pr)(lO)) (ro- row) I (ffi1o- row) 

ln(Pr)W: 
a1 G): 
a2G): 
a3G): 
~G): 

(I).: 

ln(Pr)U) =(at G) x + a2G) xl.5 + a3G) x2.5 + ~(j) x5) I (1 - x) 
x= 1-TITc 
Pr =PI Pc 

ln(Pr)(O) 

-6.3166 
2.2096 

-1.6154 
-0.1134 

0 

ln(Pr)(l) 
-3.5527 
-2.8895 
-0.8572 

-11.8689 
0 

ln(Pr)(2) 

-0.7867 
2.8486 

-4.8212 
2.2350 

0 

ln(Pr)OO) 
-8.4465 
2.1216 

-3.9030 
-4.7213 
0.4823 

ln(Pr)(20) 

-9.5484 
0.4821 

-4.3194 
-10.9881 

0.8767 

Cto/C20 Heat of Vaporization and Compressibility Factor Difference 

Correlation Form: L1 'I'Gb L1Hv *(i) or L1ZG) 

6Hv *: LlHv * = LlHv *(10) + (LlHv *(20) - .1Hv *(10)) (ro- row) I (ro2o- row) 

.1Hv *(j) = (Hv- HL)U) I RTc 

l:l.Z: .1Z = .1Z00) + (.1Z(20) - .1Z00)) (ro- row) I (ro20 - row) 

.1ZG) = (Zv- ZL)G) = P (Vv- VL)G) I RT 

,1qs(i) = bt(j)x.3333 + b2G)x.8333 + b3G) xl.2083 + b4G)x + bsG) x2 + b6G)x3 

L1'I'W: dllv *(lO) dllv*(20) L1Z(W) dZ(20) 

bt (i): 7.2581 12.6455 0.8550 1.2526 
hl(i): 85.1234 -105.5860 10.5536 -7.7912 
b3U>: 124.3433 -229.9053 15.0452 -19.7122 
b4G>: -180.6875 303.6066 -21.4674 24.7678 
b5W: -40.7065 33.7380 -7.3865 1.4075 
b6G): 23.7860 18.6524 3.7444 1.3850 

ffij: 0.4823 0.8767 0.4823 0.8767 
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Table 6.2 

Perturbation Terms of Vapor Pressure 
Correlations Compared 

PERT2 Lee & Kesler (197 5} Pitzer et al.(1955} 
Tr -lo~Pr(O) -lo~Pr(l) -lo~Pr<2> -lo~Pr(O) -lo~Pr<t> -lo~Pr(O) -lo~Pr<t> 

1.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.98 0.053 0.035 0.004 0.051 0.042 0.050 0.042 
0.96 0.107 0.075 0.005 0.103 0.086 0.102 0.086 
0.94 0.161 0.118 0.004 0.157 0.132 0.156 0.133 
0.92 0.216 0.166 0.003 0.213 0.179 0.212 0.180 
0.90 0.274 0.217 0.002 0.270 0.229 0.270 0.230 

0.88 0.333 0.272 0.000 0.329 0.282 0.330 0.285 
0.86 0.394 0.331 -0.002 0.390 0.339 0.391 0.345 
0.84 0.458 0.395 -0.004 0.454 0.400 0.455 0.405 
0.82 0.525 0.463 -0.005 0.521 0.466 0.522 0.475 
0.80 0.594 0.536 -0.006 0.591 0.537 0.592 0.545 

0.78 0.667 0.615 -0.007 0.665 0.615 0.665 0.620 
0.76 0.744 0.701 -0.007 0.742 0.699 0.742 0.705 
0.74 0.825 0.793 -0.006 0.823 0.790 0.823 0.800 
0.72 0.910 0.892 -0.003 0.909 0.890 0.909 0.895 
0.70 1.000 1.000 0.000 1.000 1.000 1.000 1.000 

0.68 1.096 1.117 0.005 1.096 1.120 1.096 1.120 
0.66 1.197 1.245 0.012 1.199 1.252 1.198 1.250 
0.64 1.305 1.385 0.020 1.308 1.397 1.308 1.390 
0.62 1.420 1.539 0.030 1.425 1.557 1.426 1.540 
0.60 1.543 1.708 0.043 1.549 1.734 1.552 1.700 

0.58 1.676 1.896 0.058 1.683 1.928 1.688 1.880 
0.56 1.818 2.103 0.075 1.827 2.144 1.834 2.080 
0.54 1.971 2.335 0.096 1.982 2.383 
0.52 2.136 2.594 0.119 2.150 2.648 
0.50 2.316 2.884 0.146 2.332 2.944 

0.48 2.511 3.211 0.177 2.530 3.273 
0.46 2.724 3.582 0.212 2.746 3.642 
0.44 2.958 4.003 0.252 2.983 4.055 
0.42 3.215 4.483 0.296 3.244 4.521 
0.40 3.499 5.034 0.346 3.532 5.047 

0.39 3.652 5.340 0.373 3.688 5.336 
0.38 3.814 5.669 0.402 3.852 5.643 
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Table 6.3 

PERT2 Parameters for n-Alkanes 

Acentric Fa~;tor Sources 
n Tc [oK]a Pc [mm]a Pc [bar]a Wagner Eqn.b Quad.FitC TRCAnt.d 

1 190.551 34496.8 45.992 0.0113 
2 305.33 36538.5 48.714 0.0990 
3 369.85 31858.6 42.475 0.1517 
4 425.16 28472.3 37.960 0.1999 
5 469.69 25230.6 33.638 0.2507 

6 507.50 22702.9 30.268 0.3010 
7 540.10 20507.0 27.340 0.3500 
8 568.83 18654.0 24.870 0.3976 
9 594.56 17160.7 22.879 0.4450 
10 618.86 15898.2 21.196 0.4823 0.4825 0.4824 

11 640.11 14717.0 19.621 0.5235 0.5240 
12 659.48 13675.5 18.233 0.5642 0.5641 0.5646 
13 677.22 12752.1 17.001 0.6044 0.6050 
14 693.55 11929.7 15.905 0.6455 0.6443 0.6442 
15 708.62 11193.8 14.924 0.6838 0.6835 

16 722.59 10532.7 14.043 0.7219 0.7229 0.7225 
17 735.57 9936.6 13.248 0.7617 0.7536 
18 747.68 9397.1 12.528 0.7991 0.8001 0.7845 
19 759.01 8907.1 11.875 0.8379 0.8381 0.8182 
20 769.63 8460.6 11.280 0.8767 0.8758 0.8865 

21 779.62 8052.6 10.736 0.9131 0.9158 
22 789.02 7678.7 10.237 0.9498 0.9500 0.9530 
23 797.90 7335.0 9.779 0.9866 0.9888 
24 806.31 7018.3 9.357 1.0236 1.0228 1.0246 
25 814.27 6725.7 8.967 1.0586 1.0591 

26 821.83 6454.8 8.606 1.0940 1.0935 
27 829.03 6203.5 8.271 1.1291 1.1274 
28 835.88 5969.6 7.959 1.1634 1.1638 1.1608 
29 842.42 5751.7 7.668 1.1981 1.1927 
30 848.68 5548.2 7.397 1.2321 1.2249 

31 854.66 5357.8 7.143 1.2656 1.2556 
32 860.40 5179.3 6.905 1.2989 1.2849 
33 865.90 5011.8 6.682 1.3317 1.3152 
34 871.19 4854.2 6.472 1.3642 1.3430 
35 876.27 4705.7 6.274 1.3963 1.3714 
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Table 6.3 (Continued) 

PERT2 Parameters for n-Alkanes 

AcentriQ Factor SQurc~~ 
n Tc [°K]a Pc [mm]a Pc [bar]a Wagner Eqn.b Quad.FitC TRCAnt.d 

36 881.17 4565.6 6.087 1.4280 1.3973 
37 885.89 4433.3 5.911 1.4594 
38 890.45 4308.1 5.744 1.4904 
39 894.85 4189.5 5.586 1.5210 
40 899.11 4077.0 5.436 1.5512 

41 903.23 3970.1 5.293 1.5811 
42 907.22 3868.4 5.157 1.6106 
43 911.08 3771.6 5.028 1.6398 
44 914.84 3679.4 4.905 1.6685 
45 918.48 3591.3 4.788 1.6969 

46 922.02 3507.2 4.676 1.7249 
47 925.47 3426.8 4.569 1.7526 
48 928.82 3349.9 4.466 1.7799 
49 932.09 3276.1 4.368 1.8068 
50 935.27 3205.4 4.274 1.8333 

n = carbon number of n-alkane 

a For n=1 to n=9, experimental Tc & Pc are used. For the longer alkanes, the correlation 
of Twu (1984) is used. 

b Acentric factors defined from the conformal Wagner vapor pressure equation fits in 
Table 5.4. When available, these values usually give the most accurate results through 
the definition: 

ro = -1 - 0.620417 [0.3 a1 + (0.3)1.5 a2 + (0.3)2.5 a3 + (0.3)5 ~] 

c Acentric factors generated from a quadratic fit of ten Wagner equation determined values 
ranging from n=lO to 28. Use when Wagner equation generated values are unavailable: 

ro = 0.052075 + 0.044895 n -0.0001854 n2 [6.4] 

d Acentric factors calculated by use of TRC Antoine vapor pressure equations and Twu 
criticals. In general, for n > 16, these estimates are less accurate when used in PERT2 
for predicting vapor pressures of n-alkanes. 

TRC Thermodynamics Tables-Hydrocarbons 
Thermodynamics Research Center 
The Texas A & M University System 
College Station, TX 77843-3111 

TABLE 23-2-0.101)-k 
June 30, 1974 for n=1 to 10 
October 31, 1970 for n=11 to 20 

TABIE23-2-Cl.104}k (Correctro6/30/84) 
October 31, 1972 for n=21 to 36 



Table 6.4 

Summary of Ct/Cs Correlations 

Vapor Pressure 

Correlation Form: 

C1ICs: ln(Pr) = ln(Pr)(Cl) + (ln(Pr)(C8) - ln(Pr)(Cl)) (ro- ro1) I (rog- ro1) 

a1U): 
a2U>: 
a3U>: 
84U): 

(I)·: 

ln(Pr)W = (a1W x + a2W xl.S + a3W x2.5 + 84(j) xS) I (1 - x) 
x=1-TITc 
Pr = P IPc 

ln(Pr)(Cl) ln(Pr)(C8) 

-6.0238 -8.0444 
1.2706 1.9975 

-0.5748 -3.1989 
-1.3717 -4.0594 
0.0113 0.3976 
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C tiCs Heat of Vaporization and Compressibility Factor Difference 

Correlation Form: Ll \f'(i) = MivU> or LlZU) 

.tlH: LlHv * = LlHv *(Cl) + (LlHv *(C8) - LlHv *(Cl)) (ro- ro1) I (rog- ro1) 

LlH/W = (Hv- HL)G) I RTc 

/:lZ: LlZ = .£lZ(CI) + (f1Z(C8) - .tlz(Cl)) (ro- rol) I (rog- rol) 

LlZW = (Zv- ZL)U) = P(Vv- VL)G) I RT 

Ll'I'W = b1U)x.3333 + h2 Wx.8333 + b3U)xl.2083 + b4U>x + bsWx2 + b6U) x3 

.1 \f'U): LlHv *cct) LlHv *ccs) LlZCCl) .1ZCC8) 
b1U): 5.1692 6.8392 0.8545 0.8455 
h2W: 19.4841 74.6363 3.8844 9.8414 
b3U>: 18.4834 107.3734 4.3401 14.0207 
b4U): -31.6341 -156.9273 -6.3518 -19.9574 
bsW: -9.7985 -35.5648 -2.7265 -6.8013 
b6U>: 5.3577 20.5558 0.8621 3.3176 

(l)j= 0.0113 0.3976 0.0113 0.3976 
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Table 6.5 

C tiCs Parameters for n-Alkanes 

n Tc [K]a Pc [mm] Pc [bar] (I) Vapor Pressure Data b 

1 190.551 34496.8 45.992 0.0113 c 
2 305.33 36538.5 48.714 0.0990 c 
3 369.85 31858.6 42.475 0.1517 c 
4 425.16 28472.3 37.960 0.1999 c 
5 469.69 25230.6 33.638 0.2507 c 

6 507.50 22702.9 30.268 0.3010 c 
7 540.10 20507.0 27.340 0.3500 c 
8 568.83 18654.0 24.870 0.3976 c 
9 594.56 17160.7 22.879 0.4450 c 
10 618.86 16052.9 21.402 0.4873 1,2 

11 640.11 14992.5 19.988 0.5322 3 
12 659.48 14002.2 18.668 0.5756 1,2 
13 677.22 13166.5 17.554 0.6189 3 
14 693.55 12376.7 16.501 0.6616 1,3 
15 708.62 11644.5 15.525 0.7015 3 

16 722.59 11077.9 14.769 0.7438 1,4 
17 735.57 10433.4 13.910 0.7839 5,6 
17 735.57 10475.4 13.966 0.7866 d 

18 747.68 9943.9 13.257 0.8236 1 
19 759.01 9568.8 12.757 0.8774 5,6,7 
19 759.01 9520.5 12.693 0.8688 d 
20 769.63 8977.6 11.969 0.9043 1 
20 769.63 9109.5 12.145 0.9094 d 

21 779.62 8736.7 11.648 0.9497 d 
22 789.02 8412.6 11.216 0.9889 1 
23 797.90 8084.9 10.779 1.0292 d 
24 806.31 7904.8 10.539 1.0745 1 
25 814.27 7535.9 10.047 1.1073 d 

26 821.83 7291.8 9.722 1.1458 d 

27 829.03 7064.9 9.419 1.1840 d 
28 835.88 6797.7 9.063 1.2193 1 
29 842.42 6653.6 8.871 1.2593 d 

30 848.68 6465.5 8.620 1.2965 d 



303 
Table 6.5 (Continued) 

C tiCs Parameters for n-Alkanes 

n Tc [K]a Pc [nun] Pc [bar] 0) Vapor Pressure Data b 

31 854.66 6286.9 8.382 1.3333 d 
32 860.40 6116.2 8.154 1.3697 d 

33 865.90 5952.1 7.936 1.4059 d 
34 871.19 5842.5 7.789 1.4416 8 
34 871.19 5793.4 7.724 1.4416 d 
35 876.27 5590.2 7.453 1.4770 8 
35 876.27 5639.0 7.518 1.4770 d 

36 881.17 5498.9 7.331 1.5121 8 
36 881.17 5487.9 7.317 1.5121 d 

n = carbon number of n-alkane 

a For n=1 to n=9, experimental Tc & Pc are used. For the longer alkanes, Tc is estimated 
by the correlation of Twu (1984). 

b Vapor pressure data sets used in the regression of Pc and ro for the methane/n-octane 
(C1/Cg) two-fluid CSP model : 

1 Morgan & Kobayashi (1989) 
2 Willingham et al. (1945) 
3 Camin & Rossini (1955) 
4 Camin & Rossini (1954) 
5 API-42 (1966) 
6 Vargaftik Handbook (1975) 
7 Morecroft (1964) 
8 Mazee (1948) 

c Acentric factors estimated from Wagner equation fits in Table 5.4. 

d Recommended values of ro and Pc generated from smoothed C1/Cg parameters. 
See equations [6.7] and [6.8] in the text for the regression data used. 

ro = 0.031391 + 0.047366 n - 0.00017319 n2 [ 6. 7] 

ln(Pcf bar)= 4.0231-0.12042 n + 0.0027421 n2- 0.000026826 n3 [6.8] 
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Table 6.6 

Comparison of Experimental Pc and Ct!Cs 
Optimized Pc for n-Aikanes 

Experimental a Pc Ratiob Optimized Parameters Data 
n TctoK Pc/bar Opt /Exptl. Pcfbar ro %RMS N Sets 

5 469.7±.6 33.69 (±.59%) 0.9914 33.40 0.2478 0.01 9 1 
6 507.4±.6 30.14 (±.66%) 0.9950 29.99 0.2980 0.02 16 1 
7 540.3±.6 27.34 (±.73%) 0.9974 27.27 0.3472 0.02 20 1 
8 568.8±.6 24.95 (±.80%) 0.9947 24.82 0.3971 0.03 29 1 
9 594.7±.6 22.80 (±.88%) 1.0036 22.88 0.4441 0.01 19 1 
10 617.9±.6 20.99 (±.95%) 1.0075 21.15 0.4901 0.24 35 1,2 

11 638.4±.6 19.48 (±1.0%) 1.0048 19.57 0.5374 0.07 19 3 
12 658.8±.6 18.10 (±1.1%) 1.0229 18.51 0.5776 0.27 33 1,2 
13 676.0±.6 16.79 (±1.2%) 1.0302 17.30 0.6228 0.07 13 3 
14 691.8±.7 15.73 (±1.3%) 1.0269 16.15 0.6673 0.27 27 2,3 
15 707.5±.7 14.79 (±1.4%) 1.0357 15.32 0.7052 0.11 10 3 

16 722.4±1.1 14.01 (±3.6%) 1.0496 14.71 0.7447 0.26 36 2,4 
17 735.9±1.0 13.42 (±12.%) 1.0289 13.81 0.7777 0.54 15 5 
18 747.7±1.0 12.92 (±8.5%) 1.0264 13.26 0.8235 0.31 17 2 

OVERALL% RMS : 0.28% 299 

n = carbon number. %RMS =root mean square percentage deviation of fit from vapor 
pressure of data. N = Number of vapor pressure points. 

a Rosenthal et al.(1989). 
b Overall RMS of residuals, 100 (1- Opt. I Exptl.), is 2.02 %. 

Data sources: 

1. Willingham et al. (1945). 2. Morgan (1990). 3. Camin & Rossini (1955). 
4. Camin et al. (1954). 5. Vargaftik (1975). 

Reference EQ.llations: 

n 
1 
8 

In (Pr) =(Ax+ B xl.5 + C x2.5 + D x5)fTr 
X= 1- Tr 

Tc f°Kl Pc fbar] 
190.551 45.992 
568.83 24.870 

m 
0.0113 
0.3976 

A 
-6.0238 
-8.0444 

B 
1.2706 
1.9975 

.c 
-0.5748 
-3.1989 

D 
-1.3717 
-4.0594 
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Table 6.7 

Comparison of Experimental Pc and Cs1Ct4 
Optimized Pc for n-Alkanes 

Experimental a Pc Ratiob Optimized Parameters Data 
n TctoK Pcfbar Opt. I Exptl. Pcfbar co %RMS N Sets 

5 469.7±.6 33.69 (±.59%) 1.0077 33.95 0.2546 0.01 9 1 
6 507.4±.6 30.14 (±.66%) 1.0066 30.34 0.3028 0.01 16 1 
7 540.3±.6 27.34 (±.73%) 1.0032 27.43 0.3497 0.02 20 1 
8 568.8±.6 24.95 (±.80%) 0.9948 24.82 0.3971 0.03 29 1 
9 594.7±.6 22.80 (±.88%) 0.9987 22.77 0.4420 0.02 19 1 
10 617.9±.6 22.99 (±.95%) 1.0000 20.99 0.4865 0.12 35 1,2 

11 638.4±.6 19.48 (±1.0%) 0.9917 19.32 0.5316 0.07 19 3 
12 658.8±.6 18.10 (±1.1%) 1.0068 18.22 0.5703 0.12 33 1,2 
13 676.0±.6 16.79 (±1.2%) 1.0094 16.95 0.6138 0.05 13 3 
14 691.8±.7 15.73 (±1.3%) 1.0022 15.76 0.6560 0.19 27 2,3 
15 707.5±.7 14.79 (±1.4%) 1.0088 14.92 0.6934 0.07 10 3 

16 722.4±1.1 14.01 (±3.6%) 1.0148 14.22 0.7295 0.14 36 2,4 
17 735.9±1.0 13.42 (±12.%) 0.9940 13.34 0.7623 0.41 15 5 
18 747.7±1.0 12.92 (±8.5%) 0.9832 12.70 0.8045 0.26 17 2 

OVERALL% RMS : 0.15% 299 

n = carbon number. %RMS =root mean square percentage deviation of fit from vapor 
pressure of data. N =Number of vapor pressure points. 

a Rosenthal et al.(1989). 
b Overall RMS of residuals, 100 (1 - Opt. I Exptl.), is 0.83% %. 

Data sources: 

1. Willingham et al. (1945). 2. Morgan (1990). 3. Camin & Rossini (1955). 
4. Camin et al. (1954). 5. Vargaftik (1975). 

Reference Equations: 

n 
8 

14 

In (Pr) =(Ax+ B xl.5 + C x2.5 + D x5) I Tr 
X= 1- Tr 

Tc [OJ(] Pc [barl 
568.83 24.870 
691.8 15.73 

m 
0.3976 
0.6556 

A 
-8.0444 
-9.1128 

B 
1.9975 
1.8391 

c 
-3.1989 
-4.4638 

D 
-4.0594 
-6.9116 



Table 6.8 

PERT2 and C1/C8 Parameters Used to Predict C2o 

Data 

t?C Tr 

71.15 0.447 
79.90 0.459 
90.35 0.472 

102.95 0.489 

110.16 0.498' 
120.06 0.511 
130.11 0.524 
139.99 0.537 
149.88 0.550 

162.50 0.566 
181.00 0.590 
196.50 0.610 

179.92 0.589 
199.93 0.615 
219.95 0.641 
239.96 0.667 
259.98 0.693 
284.98 0.725 
299.98 0.745 
314.98 0.764 

Parameters: 
PERT2: 

CI/Cg: 

References: 

Vapor Pressures-Study I. 

Pexufmm 

0.0031 
0.0073 
0.0175 
0.0504 

0.0862 
0.169 
0.324 
0.605 
1.062 

2.0 
5.0 

10.0 

4.81 
11.53 
25.19 
50.79 
95.54 

193.05 
283.11 
406.6 

%AAD: 

Tc rK0 l 
769.63 
769.63 

% DEVS. = lOO(Pcatc·Pexp)/Pexp 
PERT2 Parameters Cl/C8 Parameters 
PERT2 

4.7 
-0.4 
2.7 

-2.6 

-2.7 
-0.8 
-0.1 
-2.0 
-1.4 

2.9 
1.2 
0.1 

0.1 
0.1 

-0.0 
-0.1 
-0.3 
-0.2 
-0.1 
-0.5 

1.2 

Pc fbarl 
11.28 
12.14 

Ct/Cg 

38.8 
28.4 
28.3 
17.7 

15.6 
15.5 
14.1 
10.0 
8.9 

11.7 
7.5 
4.7 

6.5 
4.4 

-2.6 
-1.1 
-0.1 
-1.0 
-1.4 
-2.1 

11.0 

m 
0.8767 
0.9094 

PERT2 Ct/Cg 

-18.3 11.3 
-20.6 4.8 
-16.3 6.9 
-18.6 0.2 

-17.7 -0.5 
-14.6 0.9 
-12.6 1.1 
-13.0 -1.2 
-11.3 -1.0 

-5.9 2.9 
-5.5 0.9 
-5.2 -0.4 

-6.7 -0.2 
-4.8 -0.4 
-3.3 -0.5 
-2.0 -0.6 
-0.9 -0.6 
0.6 -0.2 
1.4 0.1 
1.8 0.0 

9.0 1.7 

2 Macknick & Prausnitz (1979) 35 Morgan & Kobayashi (1989) 
3 API-42 (1966) 14 Sasse et al. (1988) 
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Refs 

2 
2 
2 
2 

14 
14 
14 
14 
14 

3 
3 
3 

35 
35 
35 
35 
35 
35 
35 
35 



Table 6.9 

PERT2 and Ct/C8 Parameters Used to Predict C2o 

Data 

tfC Tr 

71.15 0.447 
79.90 0.459 
90.35 0.472 

102.95 0.489 

110.16 0.498 
120.06 0.511 
130.11 0.524 
139.99 0.537 
149.88 0.550 

162.50 0.566 
181.00 0.590 
196.50 0.610 

179.92 0.589 
199.93 0.615 
219.95 0.641 
239.96 0.667 
259.98 0.693 
284.98 0.725 
299.98 0.745 
314.98 0.764 

Parameters: 
PERT2: 

C1/Cg: 

References: 

Vapor Pressures-Study II. 

Pexp/mm 

0.0031 
0.0073 
0.0175 
0.0504 

0.0862 
0.169 
0.324 
0.605 
1.062 

2.0 
5.0 

10.0 

4.81 
11.53 
25.19 
50.79 
95.54 

193.05 
283.11 
406.6 

%AAD: 

Tc fK"l 
769.63 
769.63 

% DEVS. = lOO(Pcatc·Pexp)/Pexp 
PERT2 Parameters Cl/C8 Parameters 

L&K 

34.3 
22.6 
21.2 
10.2 

8.0 
7.8 
6.5 
3.0 
2.4 

5.6 
2.7 
0.9 

1.6 
0.9 
0.4 
0.0 

-0.3 
-0.8 
-0.4 
-0.8 

6.5 

Pc fbarl 
11.28 
12.14 

King 

30.3 
20.6 
20.9 
11.2 

9.5 
9.7 
8.8 
5.3 
4.7 

7.9 
4.7 
2.5 

3.6 
2.4 
1.4 
0.5 

-0.2 
-0.7 
-0.9 
-1.5 

7.4 

.Ql 
0.8767 
0.9094 

L&K King 

7.8 3.5 
0.1 -2.4 
0.9 -0.2 

-6.3 -6.0 

-7.1 -6.4 
-6.0 -4.7 
-5.7 -4.1 
-7.7 -5.9 
-7.2 -5.3 

-2.9 -1.0 
-3.7 -2.0 
-4.0 -2.7 

-4.8 -3.1 
-3.8 -2.5 
-2.8 -1.9 
-1.8 -1.3 
-0.8 -0.7 
0.4 0.2 
1.2 0.7 
1.3 0.8 

3.8 2.8 

2 Macknick & Prausnitz (1979) 35 Morgan & Kobayashi (1989) 
3 API-42 (1966) L&K Lee & Kesler (1975) 

14 Sasse et al. (1988) King King & Mahmud (1986) 
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Refs 

2 
2 
2 
2 

14 
14 
14 
14 
14 

3 
3 
3 

35 
35 
35 
35 
35 
35 
35 
35 



Table 6.10 

Prediction of Mazee's Boiling Point Data 
for the n-Alkanes C21 to C43 

308 

EXPERIMENTALa % Devs = lOO(Pcaic·PE~)/(PExp) 
Boiling Temp.[0 C] TRC Antome Eqns 

n @3mm of Hg PERT2h C1/Csc Cw/C2od 1972e 1964£ 

21 179.8 -2.17 -2.49 -1.95 
23 199.5 -1.20 -1.21 -0.53 
24 208.6 -1.73 -2.64 -1.21 
28 242.0 -3.08 -2.30 -1.50 

30 258.5 5.27 3.32 4.25 
31 266.2 4.63 5.31 6.39 
34 285.4 -0.97 -0.84 0.86 
35 292.3 1.13 0.87 2.97 
36 298.4 0.53 -0.20 2.38 

43 332.0 -20.4 -26.5 -18.9 

% AAD for C21 to C36: 
% AAD for C21 to C43: 

2.30 
4.11 

n = Carbon Number of n-Alkane 

2.13 
4.57 

a W. M. Mazee, Rec. Trav. Chim., .Q1,197-213 (1948). 

b See Table 6.3 for PERT2 parameters. 

2.45 
4.09 

-5.50 -5.50 
-3.40 -3.62 
-3.27 -3.81 
-1.27 -4.07 

6.70 2.42 
10.1 0.65 
8.47 -4.53 

12.0 -1.95 
13.3 -2.37 

1.87 -20.9 

7.11 3.21 
6.59 4.98 

c Recommended parameters are given in Table 6.5. Mazee's data for C34, C35, and C36 
were used in determining Pc for the C1/Cs correlation. For C43, used Tc = 911.08°K, 
Pc = 4458 mm, and ro = 1.7479. 

d The Cw/C2o vapor pressure correlation uses PERT2 input parameters. 

e TRC Antoine equation coefficients taken from Table 23-2-(1.104-k, October 31, 
1972, corrected June 30, 1984). 

f TRC Antoine equation coefficients taken from Zwolinski & Wilhoit (1971), API-44 
Table 23-2-(1.102-k, October 31, 1964). 
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Table 6.11 

Prediction of Estimated n-Aikane Triple Point Pressures 

n 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0 

1 1 
1 2 
1 3 
1 4 
1 5 

* 1 6 
* 1 7 
* 1 8 
* 1 9 
*2 0 

22 
24 

*27 

90.68 
89.89 
85.47 

134.86 
143.47 
177.83 
182.55 
216.37 
219.65 
243.50 

247.58 
263.59 
267.80 
279.01 
283.09 
291.32 
295.15 
301.35 
305.25 
309.65 

317.2 
323.8 
332.0 

Trm 

0.4759 
0.2944 
0.2311 
0.3172 
0.3055 
0.3504 
0.3380 
0.3804 
0.3694 
0.3935 

0.3868 
0.3997 
0.3954 
0.4023 
0.3995 
0.4032 
0.4013 
0.4030 
0.4022 
0.4023 

0.4020 
0.4016 
0.4005 

Pexp/mm 

8.77E+1 
8.30E-3 
2.50E-6e 
5.68E-3 
5. 79E-4 
1.02E-2 
1.62E-3 
1 .65E-2 
3.66E-3 
1.16E-2 

3.43E-3k 
4.28E-3 
2.00E-3k 
1.91E-3k 
8.88E-4k 
6.67E-4 
3.26E-4 
2.19E-4 
1.26E-4 
8.13E-5e 

%DEY = 1 OO*(Pcalc.:f.exp}.Lf.exp 
PERT2 C1/C8 Eqn.3.18 L&K LK/MB 

1 . 0 - 0 . 1 N/ A - 3 . 7 - 1 6 . 4 
-o.9e -17.2e N/A -4.1 -8.5 

-43.7e -59.4e N/A -25.0 36.5 
-17.oe -24.5e N/A -12.2 -1.2 
-11.7e -17.9e N/A 4.2 27.5 
-19.2e -20.9e N/A -12.7 -1.5 
-27.6e -26.7e N/A -13.9 0.6 
-14.2e -11.4 N/A -6.9 1.2 
-20.4e -14.7e N/A -6.7 2.8 
-14.6 -12.4 1.8 -9.2 -3.5 

-5.6 
11 .1 
-4.3 
-3.7 
-4.6 

0.7 
-0.3 

2.7 
-4.7 

-13.2 

-3.6 N/A 
13.0 1.8 
-2.1 N/A 

0.0 -15.7 
1.2 9.8 
6.3 -11.2 
9.3 1 0.3 

14.6 -0.3 
-5.1 5.3 

2.6 -0.9 

2.3 
17.0 

3.1 
4.0 
6.6 

11.5 
12.6 
21.3 
11.3 

5.2 

8.6 
21.6 

6.2 
5.6 
4.1 
7.5 

10.9 
15.6 
12.5 

0.1 

3.26E-5e -25.7 -12.9 
8.57E-6e -5.7 10.0 
2.50E-6e -37.6 -17.0 

-8.9 
27.8 
-1 . 9 

-5.6 -13.0 
20.5 16.8 
-7.5 -18.3 

* Used in Eqn. 3.18. e Extrapolated below suggested range. k Estimated from King et al. 
(1986). n=Carbon Number, T m= Triple Point Temp., Trm= T miT c• NIA= Not Applicable; 
L&K=Lee & Kesler (1975) using C1/C8 parameters; LK/MB=Lee & Kesler (1980); 

log(Pexp)=0.23863- 0.21663 n [3.18] 
DATA SOURCES: n=1 Kleinrahm & Wagner(1986); n=2 to 10 Carruth & Kobayashi (1973); 
n=16 Parks & Moore (1949) eqn.; n=17,18 Bradley & Shellard (1949) eqns.; n=19, 27 
Morecroft (1964) eqns.; n=20 Macknick & Prausnitz (1979) eqn.; n=12, 22, and 24 Sasse et 
al.(1988). 

SELECTED DATA FITS: 

.n A 
12 24.79 
20 26.849 
22 27.32 
24 28.98 
27 28.646 

ln(P) = A - BIT 

.a 
7972. 

11230. 
11942. 
13163. 
13792. 

Data Range(OK 
264-284 
344-380 
353-383 
373-435 
351-435 

%AAD of Ejt 
1.0% 
1.6 
1.1 
2.1 

11.4 
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Table 6.12 

Prediction of Non-Hydrocarbon Vapor Pressures 
Over the Coexistence Range 

COMPOUND 

ARG0\1: 

CARBON DIOXIDE: 

AMMONIA: 

WATER: 

COMPOUND 

ARG0\1: 

CAREO'J 
DIOXIDE: 

AMMONIA: 

WATER: 

n-PENTANE: 

n-HEXANE: 

Results are given in % AAD 

PERT2 

0.70 

0.52 

1 .4 

7.7 

0.73 

0.20 

1.0 

7.5 

N 

2.9 0.09 31 

1 .5 0.27 30 

1.0 2.6 42 

6.7 8.9 80 

Compound Information 

Coexistence 
DATA SOURCE ro Range 

Angus et al.(1971) -0.004 0.555 ~ Tr < 1.0 

Angus et al.(1976) 0.223 0.712:5 Tr < 1.0 

Haar et al.(1978) 0.256 0.486 ~ Tr < 1.0 

Haar et al.(1984) 0.344 0.422 :5 Tr < 1.0 

0.251 

0.301 

1 Lee & Kesler {1975) 



Table 6.13 

Summary Statistics of n-Aikane Vapor Pressure Study I. 
(The results are given in o/o AAD.) 

Carbon Number PERT2 Inputs Tb Input Only Optimized Inputs TRC 
Range Points PERT2 C1o/C2o PERT2 LK/MB C1/Ca King Antoine Eqns. 

Mid-Pressure Range Studies: 
Morgan & Kobayshi 

10 to 28: 152 0.38 0.39 1.54 1.27 0.66 1.72 1.95 

API-44 Sets 

5 to 16: 202 0.22 0.13 0.19 0.27 0.15 0.14 0.04 
Vargaftik Handbook 

16 to 20: 71 0.61 0.73 1.31 1.44 0.87 1.41 2.98 

IAv~~~~~~=--~--;5 0.34 0.32 0.8;----- 0.82 0.45 0.92 1.21 % I 

Low-Pressure Range Studies: 
Carruth & Kobayashi 

2 to 5 43 5.7 45.6 5.3 8.7 6.4 5.8 9.4 

6 to 10 44 9.3 7.9 9.3 8.3 9.5 9.2 19.4 

l~vERAGEMD: 87 7.5 26.5 7.3 8.S - -- 8.0 7.5 14.5 % I 
c..J ...... 
...... 



Table 6.13 (Continued) 

Summary Statistics of n-Aikane Vapor Pressure Study I. 
(The results are given in % AAD.) 

Carbon Number PEBT2 Inputs Tb Input Only Optimized Inputs TRC 
Bange Points PEBT2 C10/C20 PEBT2 LK/MB C1/Cs King Antoine Eqns. 

Low-Pressure Range Studies: 
API-42 

13 to 20: 40 3.4 3.4 3.7 4.0 3.1 2.6 5.9 

23 to 28: 20 4.4 5.5 3.0 3.2 5.1 2.8 4.3 . 
32 to 36: 1 5 13.3 15.1 13.6 14.8 13.8 10.9 20.3 

IAVERAGEAAD: 75 5.6 6.3 5.5 5.9 5.8 -----4.3 8.4 % -] 

Miscellan~oys LQw-Pr~s~ur~ Rang~ S~ls: 

Sasse et al. 

12 to 24: 85 2.8 2.4 4.9 5.2 4.0 5.5 8.1 

Allemand et al. 

10 to 18: 53 2.0 1.6 1.7 1.9 2.1 2.4 2.4 

Macknick & Prausnitz 

18, 20: 1 6 3.1 5.1 7.8 3.5 5.2 3.1 31.2 

Eggertsen 

16: 8 3.3 3.1 5.0 3.9 4.9 5.9 7.2 c.u 
-L 

1\) 



Table 6.13 (Continued) 

Summary Statistics of n-Aikane Vapor Pressure Study I. 

Carbon Number PEBT2 Inputs Tb Input Only Optimized Inputs TBC 
Bange Points PEBT2 _ Q_1o/C2o PEBT2 LK/MB C1/C8 King Antoine Eqns. 

Miscellaneous Low-Pressure Ranae Sets: (Continued) 
Morecroft 

19, 27: 9 9.2 13.9 10.1 13.1 12.8 12.4 26.1 

Bradley & Shellard Eqns. 

16 to 18: 1 1 6.1 7.8 10.3 9.5 7.1 6.2 23.2 

Parks & Moore Eqn. 

16: 4 2.4 3.3 6.9 3.7 6.1 8.5 12.1 

I AVERAGE MD: 1 8 6 3. 1 3. 3 4. 8 4. 6 4. 0 4. 4 1 0. 9 % I 
Overall Low-Pressure Range Results for C6 to C2a: 
AVERAGE AAD: 2 9 0 4.2 4.2 5.2 5.4 4.8 4.8 11.2 % 

Overall Low-Pressure Range Results for C2 to C3s: 

AVERAGE MD: 3 4 8 4.7 9.8 5.6 5.9 5.4 5.1 11.3 % 

All Results {Mid & Low Range} Combined for C2 to C3s: 

AVERAGEAAD: 773 2.3 4.6 3.0 3.1 2.7 2.8 5.8 % I (JJ 
...... 
(JJ 



Table 6.14a 

Detailed Statistics of n-Aikane Vapor Pressure Study I. 
Morgan & Kobayashi (1989): 0.52 ~ Tr ~ 0.95 and 0.6 < P < 10500 mm 

(The results are given in °/o AAD.) 

Carbon Number PERT2 lngu1:2a TQ lngul Onl~ Oglimizeg lngu1:2b TRC 
Number Points PERT2 C1o/C2o PERT2 LK/MB C1/Cs Kingc Antoine Eqn. 

1 0 1 6 0.29 0.09 0.27 0.55 0.28 0.75 1.03 

1 2 13 0.25 0.09 0.32 0.54 0.32 0.66 0.29 

1 4 1 6 0.29 0.22 0.37 0.71 0.25 0.43 0.46 

1 6 1 9 0.32 0.09 1.17 1.04 0.21 0.05 0.72 

1 8 1 7 0.23 0.34 1.07 1.36 0.25 1.19 3.48 

1 9 1 6 1.19 1.23 1.54 2.08 3.78 4.81 4.19 

20 1 6 0.32 0.32 1.76 1.41 0.43 1.59 5.28 

22 1 2 0.18 0.23 2.72 1. 74 0.19 1.94 1.68 

24 13 0.27 0.76 2.43 1.33 0.39 2.93 0.68 

28 14 0.58 0.59 4.17 2.11 0.29 3.47 1.07 

IAv~R~=- 152 o.38 o.39 1.54 1.21 o.66 1.12 - --1 ~~~-- % I 
Tb = Normal Boiling Point specified by Wilhoit et al. (1971 ); LKJMB = Lee & Kesler (1980); 
TRC = Thermodynamic Research Center. a PERT2 parameters are given in Table 6.3. 
b C1/Cs parameters are given in Table 6.5. c For C1 o to C1s. used parameters specified by King et al.(1986). UJ ...... 

~ 



Table 6.14b 

Detailed Statistics of n-Aikane Vapor Pressure Study I. 

Carbon Number 

Mid-Pressure Range API-44 Sets 
(The results are given in % AAD.) 

~EBI2 logutsa Ib logut Qol~ Ogtimi~~d logutsb 
Number Points PERT2 C1o/C2o PERT2 LK/MB C1/Ca Kingc 

Willingham et al.(1945): 0.55 s Tr s 0.75 and 48 < P < 780 mm 

5 9 0.11 0.52 0.06 0.27 0.18 0.07 

6 1 6 0.34 0.13 0.20. 0.33 0.35 0.04 

7 20 0.37 0.03 0.14 0.36 0.25 0.07 

8 29 0.26 0.12 0.09 0.33 0.04 0.09 

9 1 9 0.41 0.16 0.10 0.28 0.16 0.08 

1 0 1 9 0.03 0.04 0.06 0.26 0.11 0.13 

1 2 20 0.13 0.05 0.17 0.15 0.13 0.24 

TRC 
Antoine Egn. 

0.01 

0.04 

0.03 

0.03 

0.01 

0.02 

0.03 

!AVERAGE: 132 0.24 0.12 0.12 0.29 0.16 0.11 0.03 % . u I 
Camin & Rossini (1954): 0.64 s Tr s 0.78 and 52 < P < 758 mm 

1 6 1 6 0.24 . 0.24 0.65 0.24 0.30 0.19 0.03 

!AVERAGE: 1 6 0.24 0.24 0.65 0.24 0.30 0.19 0.03 % I 
c:..J 
....... 
01 



Table 6.14b (Continued) 

Detailed Statistics of n-Aikane Vapor Pressure Study I. 
Mid-Pressure Range API-44 Sets 

(The results are given in °/o AAD.) 

Carbon 
Number 

Number 
Points 

PERT2 lnputsa Tb Input Only Optimized lnputsb TRC 
PERT2 C1o/C2o PERT2 LK/MB C1/Cs Kingc Antoine Eqn. 

Camin & Rossini (1955): 0.59 s Tr s 0.77 and 42 < P < 786 mm 

1 1 1 9 0.07 0.04 0.10 0.22 0.05 0.04 0.05 

1 3 • 14 0.18 0.08 0.19 . 0.21 0.06 0.10 0.18 

14 1 1 0.23 0.27 0.33 0.21 0.19 0.29 0.05 

1 5 1 0 0.17 0.11 0.50 0.24 0.10 0.28 0.05 

!AVERAGE: 54 0.15 0.11 0.24 0.22 0.09 0.15-------0~0~--% ] 

!ovERAll: 202 0.22 o.13 o.19 0.21 o.1s o.14 o.o4 % I 
Tb = Normal Boiling Point specified by Wilhoit et al. (1971); lK/MB = lee & Kesler (1980); 
TRC = Thermodynamic Research Center. 
a PERT2 parameters are given in Table 6.3. 
b The C1/Ca parameters are given in Table 6.5. 
c For C13 to C1s. used parameters specified by King et al.(1986). 

CIJ 
....... 
m 



Table 6.14c 

Detailed Statistics of n-Aikane Vapor Pressure Study I. 

Carbon Number 
Number Points 

Mid-Pressure Range Vargaftik Tables 
{The results are given in o/o AAD.) 

EEBI2 logutsa Ib logut Ool3£ Qgtimil:~d logutsb 
PERT2 C1o/C2o PERT2 LK/MB C1/Cs Kingc 

Vargaftik Handbook (1975):. 0.59 ~ T r ~ 0.81 and 9 < P < 900 mm 

1 6 1 0 0.26 0.18 0.91 0.38 0.18 0.14 

1 7 1 5 0.40 0.54 1.15 . 1.11 0.97d 1.54d 

1 8 15 0.49 0.61 1.09 1.34 0.69 1.23 

1 9 1 6 0.75 0.91 1.67 2.27 1.17d 1.86d 

20 1 5 0.99 1.14 1.46 1.58 1.02 1.71 

TRC 
Antoine Egn. 

0.25 

1.79 

3.73 

4.94 

2.92 

!AVERAGE: 71 0.61 0.73 1.31 1.44 0.87 1.41 2.98 % -~ 

Tb = Normal Boiling Point specified by Wilhoit et al. (1971); LKIMB = Lee & Kesler (1980); 
TRC = Thermodynamic Research Center. 
a PERT2 parameters are given in Table 6.3. 
b The C1/Cs parameters are given in Table 6.5. 
c For C13 to C1s. used parameters specified by King et al.(1986). 
d Used fits of C1/Cs parameters given in Table 6.5. 

w ...... 
......, 



Table 6.14d 

Detailed Statistics of n-Aikane Vapor Pressure Study I. 
Carruth & Kobayashi (1973): 0.28 ~ Tr ~ 0.55 and 8.4x1 0-4 < P < 43 mm 

{The results are given in % AAD.) 

Carbon Number PERT2 lngut~a Tb lngut Onl;,! Ogtimiz~Q lngut~b TRC 
Number Points PERT2 C1o/C2o PERT2 LK/MB C1/Cs Kingc Antoine Egn. 

2 1 1 3.6 70.5 2.6 3.5 4.3 2.4 4.4 

3 1 0 6.3 60.5 5.9 10.2 5.8 6.4 7.8 

4 1 3 4.5 22.4 4.4 4.3 7.1 4.4 11.2 

5 9 9.3 32.1 9.1 19.7 8.4 11.4 14.7 

6 11 10.9 7.4 10.5 5.8 10.9 9.6 21.1 

7 9 7.4 5.0 7.2 6.5 7.3 6.0 13.0 

8 1 0 7.2 6.8 7.1 8.3 7.0 8.0 15.0 

9 8 11 .3 11.5 12.1 12.1 12.9 12.7 27.2 

1 0 6 10.0 9.9 10.0 10.2 9.6 10.5 22.5 

[A~;.GE: ___ -~ ~ 1.5 26.5 1.3 ---- 8.5 8.o 1.5 14.5 I 
Tb = Normal Boiling Point specified by Wilhoit et al. (1971); LK/MB = Lee & Kesler (1980); 
TRC = Thermodynamic Research Center. 
a PERT2 parameters are given in Table 6.3. 
b C1/Cs parameters are given in Table 6.5. 
c Used parameters specified by King et al.(1986). c.v 

........ 
(X) 
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Table 6.14e 

Detailed Statistics of n-Aikane Vapor Pressure Study I. 
Low-Pressure Range API-42 Table 

{The results are given in o/o AAD.) 

Carbon 
Number 

Number 
Points 

PERT2 lnputsa Tb Input Only Optimized lnputsb TRC 
PERT2 C1o/C2o PERT2 LK/MB C1/Cs Kingc Antoine Eqn. 

API-42 (1966): 0.48 

13 5 

1 4 5 

1 5 5 

16 5 

1 7 5 

1 8 5 

19 5 

20 5 

:5 Tr :5 0.61 and 0.5 :5 P :5 10 mm 

3.6 4.2 3.3 

1.8 2.2 2.5 

3.4 3.8 5.0 

3.2 

2.4 

2.4 

8.8 

1.5 

2.4 

2.2 

2.2 

8.4 

1.5 

2.8 

3.0 

2.1 

7.6 

2.1 

4.5 

4.5 

5.8 

3.7 

3.6 

5.8 

7.3 

2.2 

3.6 

1.8 

3.2 

3.2 

2.3d 

3.1 

5.3d 

2.3 

3.6 

1.8 

3.8 

3.2 

2.3d 

1.7 

2.8d 

1.4 

5.6 

2.5 

3.1 

1.7 

3.4 

5.8 

17.0 

7.9 

!AVERAGE: 40 3.4 3.4 3.7 4.0 u -- u--3_-T 2.6 5.9 % ----] 

Tb = N ormal Boiling Point specified by Wilhoit et al. (1971 ); LK/MB = Lee & Kesler {1980); 
TRC =Thermodynamic Research Center. 
a PERT2 parameters are given in Table 6.3. b C1/Cs parameters are given in Table 6.5. 
c For C13 to C1s. used parameters specified by King et al.{1986). 
d Used fits of C1/Cs parameters given in Table 6.5. 

Ul _.. 
(0 



Table 6.14e (Continued) 

Detailed Statistics of n-Aikane Vapor Pressure Study I. 

Carbon Number 
Number Points 

Low-Pressure Range API-42 Table 
{The results are given in % AAD.) 

EEBI2 lo~ulsa Ib lo~ul Ool~ O~limiz:ed lo~utsb 
PERT2 C1o/C2o PERT2 LK/MB C1/Cs Kingc 

API-42 (1966): 0.48 s T r s 0.61 and 0.5 s P s 10 mm 

23 5 6.0 6.8 1.8 2.7 6.7d 2.od 

24 5 1.6 1.8 3.8 3.4 1.9 3.8 

26 5 6.6 8.1 4.6 4.8 7.8d 3.7d 

28 5 3.6 5.4 1.5 1.8 4.6 1.6 

TRC 
Antoine Eqn. 

2.9 

3.1 

6.2 

5.0 

I AVERAGE: 2 0 4.4 5.5 3.0 3.2 5.1 2.8 4.3 % . - -- I 

API-42 (1966): 0.60 s T r s 0.68 and 0.5 s P s 10 mm 

32 5 11.9 13.7 11.4 12.6 12.8d 9.1d 17.1 

35 5 11.8 12.8 12.1 11.9 12.5d 11.9d 15.6 

36 5 16.1 18.7 17.3 19.9 16.2d 11.7d 28.3 

I AVERAGE: 1 5 13.3 15.1 13.6 14.8 13.8 10.9 • m 20:3- % I 

!OVERALL: 75 5.6 6.3 5.5 5.9 5.8 4.3 8.4 % I 
w 
1\) 

0 



Table 6.14f 

Detailed Statistics of n-Aikane Vapor Pressure Study I. 

Carbon 
Number 

Number 
Points 

Several Low-Pressure Range Sets 
(The results are given in °/o AAD.) 

PERT2 lnputsa Tb Input Only Optimized lnputsb TRC 
PERT2 C1o/C2o PERT2 LK/MB C1/Ca Kin~ __ Antoine Eqn. 

Sasse et al. (1988): 0.4 s Tr s 0.61 and 0.0015 < P < 14 mm 

1 2 36 2.4 1.3 1.3 3.0 4.0 5.3 1.8 

20 21 2.1 2.5 6.4 5.6 2.9 4.0 8.8 

22 1 6 3.6 3.3 10.2 7.5 2.9d 7.7d 18.4 

24 12 4.1 4.6 5.9 8.1 7.6 6.0 12.2 

IAVERAGE: ____ ifs-- - 2.8 2.4 4.9 5.2 4.0 s.s 8.1------% I 

Allemand et al. {1986): 0.45 s T r s 0.59 and 0.0086 < P < 32 mm 

1 0 1 1 0.56 0.21 0.46 0.32 0.76 1.49 0.66 

1 2 1 9 1.29 0.79 0.89 1.56 1.19 2.81 1.40 

14 6 1.18 1.20 1.34 1.92 1.06 0.69 1.38 

15 6 4.67 3.78 3.01 3.21 4.60 3.20 3.12 

1 8 1 1 . 3.52 3.28 3.96 3.22 4.23 2.84 5.82 

!AVERAGE:--- 53 - -----2.0- 1.6 1.7 1.9 2.1 2.4 2.4 % I 
CAl 
1\) 
...... 



Table 6.14f (Continued) 

Detailed Statistics of n-Aikane Vapor Pressure Study I. 
Several Low-Pressure Range Sets 

(The results are given in °/o AAD.) 

Carbon Number ~EBI2 logutsa Ib logut Ooll£ Ogtiroized logutsb 
Number Points PERT2 C1o/C2o PERT2 LKIMB C1/Cs Kingc 

Macknick & Prausnltz (1979): 0.43 $; T r $; 0.49 and 0.0016 < P < 0.073 mm 

1 8 9 3.5 7.0 9.8 4.0 2.5 2.9 

20 7 2.6 2.6 5.4 ·. 2.8 8.6 3.3 

TRC 
Antoine Egn. 

47.8 

9.9 

!AVERAGE: 16 3.1 5.1 7.8 3.5 5.2 3.1 31.2 % I 
Eggertsen (1969): 0.41 $ Tr $ 0.57 and 0.0016 < P $ 6.1 mm 

1 6 8 3.3 3.1 5.0 3.9 4.9 5.9 7.2 

[AVERAGE: 8 3.3 3.1 5.0 3.9 4.9 5.9 7.2 % I 

Morecroft (1964): 

1 9 3 

27 6 

0.40 $ Tr $ 0.52 and 2.8x1 o·s < P < 0.005 mm 

3.4 5.8 5.8 11.5 2.2 

12.1 18.0 12.2 13.9 18.1 d 

7.5 

14.9d 

8.2 

35.0 

!AVERAGE: 9 9.2 13.9 10.1 13.1 12.8 12.4 26.1 % I 

(..) 
1\) 
1\) 



Table 6.14f (Continued) 

Detailed Statistics of n-Aikane Vapor Pressure Study I. 
Several Low-Pressure Range Sets 

(The results are given in % AAD.} 

Carbon Number EEBI2 logutsa Ib IDQUt Ool~ Ogtirni~~d IDQUtsb 
Number Points PERT2 C1o/C2o PERT2 LK/MB C1/Cs Kingc 

Bradley & Shellard (1949) Eqns.: 0.41 :s; Tr ::; 0.43 and 2.7x1 o-4 < P < 0.005 mm 

1 6 4 9.5 15.3 18.4 7.0 5.5 2.8 

1 7 4 4.9 3.2 5.3 9.8 11.6 7.8 

1 8 3 3.2 3.9 6.1 12.4 3.4 8.6 

TRC 
Antoine Eqn. 

1.7 

49.5 

16.7 

!AVERAGe:- TT---6-.1---~f.a 10.3 9.5 1.1 6:2 23.2 % 1 

Parks & Moore (1949) Eqn.: 0.41 :STr:S 0.45 and 0.0014 <P< 0.018 mm 

1 6 4 2.4 3.3 6.9 3.7 6.1 8.5 12.1 

!AVERAGE: 4 2.4 3.3 6.9 3.7 ·---6:1~ 8.5 12.1 % I 

!OVERALL: 18 6 3.1 3.3 4.8 4.6 4.0 4.4 10.9 % I 
Tb = Normal Boiling Point specified by Wilhoit et al. (1971); LK/MB = Lee & Kesler (1980); 
TRC = Thermodynamic Research Center. 
a PERT2 parameters are given in Table 6.3. b C1/Cs parameters are given in Table 6.5. 
c For C10 to C16. used parameters specified by King et al.(1986). d Used fits of C1/Cs parameters given in Table 6.5. w 

1\) 

w 



Table 6.15 

Summary Statistics of n-Aikane Vapor Pressure Study II. 
(The Results are given in % ADD.) 

Carbon Number Wagnera EERT2 ln12u1~b: m frQm Tb C1lCB ln(lUl~c 
Range Points Egns. PERT2 L&K L&K L&K C1/C8 

Mid-Pre~~ur~ Range Sludi~~= 

Morgan & Kobayshi 

10 to 28: 152 0.28 0.38 0.90 2.8 2.5 0.45 

API-44 Sets 

5 to 16: 202 0.06 0.22 0.94 0.92 1.3 0.15 
Vargaftik Handbook 

16 to 20: 71 0.64 0.61 0.63 3.0 2.1 0.84 

[ft.VEAAGEAAD: 425 o.24 o.34 o.87____ - 1.9 1.8 o.37 % I 
Low-Pressure Range Studies: 

Carruth & Kobayashi 

2to10 87 6.7 7.5 6.1 6.5 6.0 8.0 

IAvffiAGEAAD: 87 6.7 7.5 --6~ 1 6.5 6.0 8.0 % I 

(A) 
1\) 

~ 



Table 6.15 (Continued) 

Summary Statistics of n-Aikane Vapor Pressure Study II. 
(The Results are given in %ADD.) 

Carbon Number Wagnera PERT2 lnputsb: 
Range Points Eqns. PERT2 L&K 

Miscellaneous Low-Pressure Range Sets: 

Sasse et al. 

12 to 24: 85 2.5 2.8 8.2 

ro from Tb 
L&K 

11.5 

C1/C8 lnputsc 

L&K C1/C9 

5.7 4.0 

(AVEAAGEOO n -85 2.5 2.8 8.2 . 11.5 5. 7 - - 4-~ % I 
Overall Low-Pressure Ranae Results for C2 to C24: 

AVERAGEMD: 172 4.6 5.2 7.1 9.0 5.9 

All Results (Mid & Low Ranae) Combined for C2 to C2s: 

AVERAGE MD: 59 7 1.5 1.7 2.7 3.9 3.0 

T b = Normal boiling point specified by Wilhoit et al. (1971); L&K = Lee & Kesler (1975); 
a Conformal Wagner equation fits given in Table 5.4. 
b PERT2 parameters are given in Table 6.3. 
c C1/Ca parameters are specified in Table 6.5. 

6.0 % 

2.0 % 

(..) 
1\) 

01 



Table 6.16a 

Detailed Statistics of n-Aikane Vapor Pressure Study II: 
Morgan & Kobayashi 

(The Results are given in o/o AAD.) 

Carbon Number Wagnera PERT2 IDQUl§b: m frgm Tb C1£Ca !nQUl§c 
Number Points Egns. PERT2 L&K L&K L&K C1/C8 

Morgan & Kobayashi (1989):. 0.52 s Tr s 0.95 and 0.6 < P < 10500 mm 

1 0 1 6 0.09 0.29 0.89 1.09 1.6 0.28 

1 2 13 0.03 0.25 0.45 0.65 1.8 0.32 . 
1 4 1 6 0.17 0.29 0.37 0.40 1.8 0.25 

1 6 1 9 0.03 0.32 0.22 0.25 1.9 0.21 

1 8 1 7 0.28 0.23 0.33 3.19 2.3 0.25 

1 9 1 6 1.20 1.19 0.83 4.45 3.6d 1.74d 

20 1 6 0.30 0.32 0.64 3.18 2.8 0.43 

22 1 2 0.23 0.18 1.14 3.92 2.6 0.19 

24 1 3 0.06 0.27 2.32 6.21 3.2 0.39 

28 14 0.40 0.58 2.40 5.42 3.1 0.29 

!AV-ERAGE: 152 0.28 0.38 0.90 2.8 2.5 0.45 % I 
Tb = Normal boiling point specified by Wilhoit et al. (1971); L&K = Lee & Kesler (1975); 
a Conformal Wagner equation fits given in Table 5.4. b PERT2 parameters are given in Table 6.3. 
c C1/Cs parameters are specified in Table 6.5. d Used fits of C1/Cs parameters. (..) 

1\) 
(J) 



Table 6.16b 

Detailed Statistics of n-Aikane Vapor Pressure Study II: 

Carbon Number 
Number Points 

Willingham et al.(1945): 

5 9 

6 1 6 

7 20 

8 29 

9 1 9 

1 0 1 9 

1 2 20 

Wagnera 
Egns. 

Mid-Pressure Range API-44 Sets 
(The Results are given in o/o AAD.) 

PEBT2 !ngul§b: m frQm Tb 
PERT2 L&K L&K 

0.55 s Tr s 0.75 and 48 < P < 780 mm 

0.006 0.11 1.15 0.30 

0.007 0.34 1.85 . 1.22 

0.014 0.37 1.94 1.63 

0.042 0.26 1.39 1.45 

0.039 0.41 1.29 1. 76 

0.040 0.03 0.81 1.04 

0.113 0.13 0.42 0.59 

C1/C8 lngulsc 
L&K C1/C8 

1.15 0.18 

1.85 0.35 

1.94 0.25 

1.39 0.04 

1.29 0.16 

1.23 0.11 

1.20 0.13 

[AVERAGE: 132 0.041 0.24 1.27 1.23 1.45 0.15 % I 
Camin & Rossini (1954): 0.64 s Tr s 0.78 and 52 < P < 758 mm 

1 6 1 6 0.21 0.24 0.16 0.21 1.0 0.30 

[A-;~~c;~~ -- -- 1-~- o.21 o.24 o.16 o.21 1.0 o.3o % I 
w 
1\) 
....... 



Table 6.16b (Continued) 

Detailed Statistics of n-Aikane Vapor Pressure Study II: 

Carbon Number Wagnera 

Number Points Eqns. 

Mid-Pressure Range API-44 Sets 
(The Results are given in % AAD.) 

PERT2 lngyt~b: m frQm Tb 
PERT2 L&K L&K 

Camin & Rossini (1955): 0.59 s Tr s 0.77 and 42 < P < 786 mm 

1 1 1 9 0.04 0.07 0.60 0.79 

1 3 1 4 0.03 0.18 0.28 0.29 

1 4 1 1 0.24 0.23 0.37 0.14 

1 5 1 0 0.03 0.17 0.04 0.04 

Q1£Ca lngut~c 
L&K C1/C8 

1.17 0.05 

1.21 0.06 

1.20 0.19 

1.11 0.10 

!AVERAGE: 54 0.08 0.15 0.37 0.39 1.18 -~~ ~- -~~-~ 

!ovERALL: 202 o.o6 0.22 o.94 o.92 1.34 o.1s % I 
Tb = Normal boiling point specified by Wilhoit et al. (1971); L&K = Lee & Kesler (1975); 
a Conformal Wagner equation fits given in Table 5.4. 
b PERT2 parameters are given in Table 6.3. 
c C1/Ca parameters are specified in Table 6.5. 

w 
N 
(X) 



Table 6.16c 

Detailed Statistics of n-Aikane Vapor Pressure Study II: 
Mid-Pressure Range Vargaftik Tables 

(The Results are given in o/o AAD.) 

Carbon Number Wagnera P!;RT2 IOQ!Jl§b: m frgm Ib QHQa lngul§c 
Number Points Egns. PERT2 L&K L&K L&K C1/C8 

Vargaftik Handbook (1975):. 0.59 s Tr s 0.81 and 9 < P < 900 mm 

1 6 1 0 0.15 0.26 0.18 0.18 0.94 0.18 

1 7 1 5 0.09 0.40 0.43 . 1.25 2.38d o.89d 

1 8 15 0.69 0.49 0.44 2.84 2.00 0.69 

1 9 1 6 0.93 0.75 0.66 4.60 2.54d 1.17d 

20 15 1.14 0.99 0.94 3.00 2.32 1.02 

!AVERAGE: 71 0.64 0.67 0.63 3.00 2.12 0.84 % I 
Tb = Normal boiling point specified by Wilhoit et al. (1971); L&K = Lee & Kesler (1975); 
a Conformal Wagner equation fits given in Table 5.4. 
b PERT2 parameters are given in Table 6.3. 
c C1/Ca parameters are specified in Table 6.5. 
d Used fits of C1/Ca parameters. 

(A) 
I\) 
c.o 



Table 6.16d 

Detailed Statistics of n-Aikane Vapor Pressure Study II: 
Carruth & Kobayashi 

(The Results are given in % AAD.) 

Carbon Number Wagnera PERT2 lnputsb: co from Tb 
L&K Number Points Eqns. PERT2 L&K 

Carruth & Kobayashi (1973): 0.28 ~ Tr ~ 0.55 and 8.4x1 o-4 < P < 43 mm 

2 1 1 2.2 3.6 2.5 4.1 

3 1 0 5.2 6.3 5.5 8.5 

4 13 4.1 4.5 6.3 4.7 

5 9 9.7 9.3 8.3 12.2 

6 11 7.8 10.9 7.5 6.9 

7 9 5.8 7.4 4.2 3.8 

8 1 0 7.0 7.2 4.2 4.1 

9 8 12.1 11.3 9.1 7.9 

1 0 6 9.9 10.0 9.3 8.4 

C1/C8 lnputsc 
L&K C1/C8 

2.5 4.3 

5.5 5.8 

6.3 7.1 

8.3 8.4 

7.5 10.9 

4.2 7.3 

4.2 7.0 

9.1 12.9 

7.4 9.6 

!AVERAGE: 87 6.7 7.5 6.1 6.5 6.0 8.0 %I 

w 
w 
0 



Table 6.16e 

Detailed Statistics of n-Aikane Vapor Pressure Study II: 
Sasse et al. 

(The Results are given in o/o AAD.) 

Carbon Number Wagnera PERT2 lnputsb: co from Tb 
L&K Number Points Eqns. PERT2 L&K 

Sasse et al. (1988): 0.4 s Tr s 0.61 and 0.0015 < P < 14 mm 
1 2 36 1.6 2.4 5.2 4.7 

20 21 2.5 2.1 6.1 . 10.5 

22 1 6 3.3 3.6 9.5 15.6 

24 1 2 4.1 4.1 19.1 28.0 

C1/C8 lnputsc 
L&K C1/C8 

4.5 4.0 

5.4 2.9 

7.1 2.8 

7.7 7.6 

!AVERAGE: 85 2.5 2.8 8.2 -m--1 f~S- 5.7 4.0 % I 

Tb = Normal boiling point specified by Wilhoit et al. (1971 ); L&K = Lee & Kesler (1975); 
a Conformal Wagner equation fits given in Table 5.4. 
b PERT2 parameters are given in Table 6.3. 
c C1/Cs parameters are specified in Table 6.5. 
d Used fits of C1/Cs parameters. 

w 
w 
....... 



Table 6.17 

Prediction of NIPERa n-Aikane Vapor Pressures 
Chirico et al.(1989) 

(The results are given in o/o AAD.) 

Carbon 
Number 

Number Wagner TRCd 
Points PERT2 C1o/C2o Eqn. C1/Ca LK/MBb Kingc Antoil}_e Eqn. 

Inclined Piston Gage Results: 0.43 s T rS0.64 and 0.1 s PS24 mm 

10 12 0.64 1.29 1.29 0.37 0.38 0.96 3.07 

20 13 0.65 0.44 0.44 1.33 2.70 2.73 6.68 

28 9 1.12 3.56 1.56. 3.01 1.60 3.80 1.55 

!AVERAGE AAD: 34 0.77 1.57 1.04 1nA4 _____ • • 1.60- - -- -~-~- 4.05 % I 
Ebulliometric Results: 

10 21 

20 

28 

1 6 

4 

0.60 s TrS0.81 and 14S PS2025 mm 

0.078 0.028 0.028 0.094 

0.14 

2.46 

0.34 

2.66 

0.34 

2.60 

0.61 

2.46 

0.34 

0.62 

1.75 

0.16 

1.03 

1.32 

0.032 

1.41 

3.49 

!AVERAGE MD: 41 0.33 0.40 0.40 0.53 0.58 0.61 0.91 % I 
!ovERALL AAD: 75 o.53 o.93 o.69 o.94 1.04 1.42 2.33 % I 
a NIPER=National Institute for Petroleum and Energy Research, Bartlesville, Oklahoma. b LK/MB = Lee & Kesler (1980)-Used 
normal boiling points from Wilhoit et al. (1971 ). c King et ai.(1986)-Used C1/C8 inputs given in Table 6.5 for C2o and C2a. 
d TRC Antoine equations existent since 1972. 

~~~ 

w 
w 
1\) 
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Table 6.18 

Prediction of Mazee's Heat of Vaporization Data 
for the n-Alkanes C21 to C43 

333 

EXPERIMENTAL DATAa % Devs = 100( Calc.-Exp. )/Exp. 
Boiling Pt.[°C] LlHv TRC Antoine Eqns 

n @3mm of Hg [kJ I mol]h PER TIC C1ICsd CwiC2oe 1972f 1964& 

21 179.8 81.37 1.81 1.95 1.78 3.58 
23 199.5 87.65 0.19 0.35 0.06 1.53 
24 208.6 90.16 0.17 0.64 -0.03 1.24 
28 242.0 93.72 6.21 6.32 5.77 6.32 

30 258.5 99.99 3.71 4.01 3.21 3.11 
31 266.2 105.0 0.76 1.05 -0.19 -0.19 
34 285.4 107.9 3.89 4.26 3.24 1.95 
35 292.3 111.5 2.24 2.60 1.70 0.0 
36 298.4 114.8 1.05 1.39 0.35 -1.66 

43 332.0 131.4 -1.22 -0.61 -2.05 -6.39 

% AAD for c21 to C36: 2.22 2.51 1.81 2.18 
% AAD for C21 to C43: 2.12 2.32 1.83 2.60 

n = carbon number of n-alkane 

a W. M. Mazee, Rec. Trav. Chim., .QI,197-213 (1948). 

b illv estimated from the slope of smoothed vapor pressure data in the Clapeyron 
equation using LlZ = 1. Units have been converted from [gcal I mol]. 

c LlHv estimated from Clapeyron equation using LlZ = 1. See Table 6.3 for PERT2 
parameters. 

4.74 
2.93 
2.80 
8.77 

5.93 
3.19 
6.28 
4.41 
3.08 

0.37 

4.68 
4.25 

d See Table 6.5 for CtiCs parameters. For n = 43 used Tc = 911.08 °K from Twu's 
correlation (1984) and an acentric factor, ro = 1.74807, estimated by extrapolating 
Eqn. 6.7. 

e The Cw/C2o heat of vaporization correlation uses PERT2 parameters. 

f TRC Antoine equation coefficients taken from Table 23-2-(1.104-k, October 31, 
1972, corrected June 30, 1984). To evaluate illv, used LlZ = 1 in the Clapeyron 
equation, [3.13]. 

g TRC Antoine equation coefficients taken from Zwolinski & Wilhoit (1971), API-44 
Table 23-2-(1.102-k, October 31, 1964). To evaluate LlHv, used LlZ = 1 in the 
Clapeyron equation, [3.13]. · 



Table 6.19 

Experimental and Predicted n-Alkane Heats of Vaporization 
Compared at 25 oc 

Carbon Exptl.l -- Accur=-- cfJC83 PERT24 King4 TRC AntQine Egn,4 
Number Tr £\Hv ac'i.2 £\Hv %Dev.2 £\Hv %Dev.2 £\Hv %Dev.2 £\Hv %Dev.2 

5 0.635 26.43 A 26.45 0.08 26.31 -0.45 26.27 -0.61 26.27 -0.61 
6 0.587 31.56 A 31.60 0.13 31.51 -0.16 31.41 -0.48 31.40 -0.51 
7 0.552 36.57 A 36.63 0.16 36.60 0.08 36.48 -0.25 36.56 -0.03 
8 0.524 41.49 A 41.59 0.24 41.68 0.46 41.46 -0.07 41.82 0.80 
9 0.501 46.41 A 46.59 0.39 46.83 0.90 46.43 0.04 46.08 -0.71 
10 0.482 51.38 A 51.27 -0.21 51.66 0.54 51.30 -0.16 49.86 -2.96 

11 0.466 56.43 B 56.50 0.12 '56.65 0.39 56.26 -0.30 59.04 4.63* 
12 0.452 61.51 B 61.44 -0.11 61.63 0.20 60.95 -0.91 61.30 -0.34 
13 0.440 66.43 B 66.40 0.05 66.71 0.42 66.06 -0.56 66.24 -0.29 
14 0.430 71.30 B 71.36 0.08 71.83 0.74 71.07 -0.32 71.17 -0.18 
15 0.421 76.11 B 76.16 0.07 76.85 0.97 75.86 -0.33 70.64 -7.19* 

16 0.413 81.38 c 81.14 -0.29 81.92 0.66 80.39 -1.22 79.49 -2.32 

!Overall %AAD: < 0.4% 0.16% 0.50% - --0.44% n -- --T71 % I 

1 Calorimetric heats of vaporization in units of [kJ I mol] recommended by Majer & Svoboda (1985), IUPAC. 
2 Accuracy estimated by IUPAC: A~ 0.25 %, B ~ 0.5 %, C ~ 1 %.; %Dev. = 100(£\Hcatc- iliExp }/iliExp· 
3 Used C1/Cs parameters, Tc and w, given in Table 6.5. 
4 To estimate tlZ in the Clapeyron Eqn. 3.13, used the C1/Cs model for Cs to C10 and tlZ = 1 for Cn to C16· Recommended 

parameters used in PERT2 and King et al.(1986) models. TRC Tables 23-2-(1.101)-k and -ka, June 30,1974. 
* Antoine vapor pressure equation extrapolated below valid range. 

w 
w 
~ 
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Table 6.20 

Estimated and Predicted Heats of Vaporization 
n-Octadecane (Cts) 

Cw/C20 %Dev.= 100(.!\HPre- L\HEsV I (L\HEsV 

ti°C T /Tc Plmm .!\HEst1 L\Z CtiCs CwiC20 L&K2 PERT23 TRC3 

50 0.43 2.67E-3 87.26 0.9988 -0.16 1.97 -2.51 -0.99 16.01* 
100 0.50 1.76E-1 80.33 0.9996 0.15 1.13 -1.04 0.67 6.15* 
150 0.57 3.35E+O 74.28 0.9994 0.28 0.47 -0.48 0.33 1.56* 
200 0.63 2.90E+1 68.71 0.9919 0.20 0.03 -0.65 0.00 -0.55 
250 0.70 1.48E+2 63.17 0.9697 -0.05 -0.14 -1.22 -0.25 -1.50 
300 0.77 5.29E+2 57.13 0.9236 -0.34 -0.07 -1.81 -0.39 -1.99 
350 0.83 1.47E+3e 49.88e 0.8407 -0.39 0.19 -1.88 -0.32 -2.46 
400 0.90 3.39E+3e 40.28e 0.6992 0.43 0.37 -0.70 0.06 -3.36* 

I Overall % AAD: 0.25 0.55 1.2~ 0.~8 4.20%1 

P =vapor pressure from "conformal" Wagner equation fit in Table 5.4. Mlpre =heat 
of vaporization predicted from vapor pressure or heat of vaporization correlation. 

1 Heats of vaporization in units of [kJ I mol] estimated by application of the Wagner 
equation fit and the Cw/C2o model of t::Z in Clapeyron Eqn. 3.11. 

2 Reformulated Lee & Kesler (1975) heat of vaporization correlation given in Table 3.4 
used with CtiCs parameters, Tc and ro, in Table 6.5. 

3 To estimate Mlv, used indicated vapor pressure correlation and the Cw/C2o model of 
t::Z in the Clapeyron Eqn. 3.13. 

e Wagner equation extrapolated outside range of vapor pressure data. 

* TRC mid-pressure range Antoine eqn., log(P)= 7.0022-1894.31(t+143.30), in units 
of [°C, mm], and dated Oct. 31, 1970, extrapolated below or above its valid range. 
Agreement of the low-pressure TRC eqn. in Table 23-2-(1.01)-ka, dated Jun. 30, 
197 4, with the estimated values of this work is much worse. 
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Table 6.21 

Estimated and Predicted Heats of Vaporization 
n-Docosane (C22) 

C10IC2o %Dev.= 100(~HPre- ~REst> I (~REst) 
ti°C T /Tc Plmm ~HEst1 ~z CtiCs C10IC2o L&K2 PERT23TRC3 

50 0.41 4.91E-4e 109.42e 0.9985 -2.93 0.11 -6.20 -1.31 21.33* 
100 0.47 9.11E-3 99.41 0.9983 -1.43 0.13 -3.23 -0.53 9.19* 
150 0.54 3.44E-1 90.99 1.0002 -0.25 0.14 -1.31 -0.01 3.81 
200 0.60 4.75E+O 83.82 0.9996 0.37 0.06 -0.53 0.19 1.44 
250 0.66 3.40E+1 77.34 0.9905 0.47 -0.01 -0.65 0.10 0.49 
300 0.73 1.55E+2 71.00 0.9658 0.10 -0.10 -1.36 -0.22 0.08 
350 0.79 5.20E+2e 64.ose 0.9156 -0.46 -0.14 -2.14 -0.57 -0.20 
400 0.85 1.39E+3e 55.48e 0.8255 -0.64 -0.14 -2.26 -0.66 -0.55* 

!Overall % AAD: 0.83 0.10 2.21 0.45 4.64%1 

P =vapor pressure from "conformal" Wagner equation fit in Table 5.4. mpre =heat 
of vaporization predicted from vapor pressure or heat of vaporization correlation. 

I Heats of vaporization in units of [kJ I mol] estimated by application of the Wagner 
equation fit and the CwiC2o model of l!.Z in Clapeyron Eqn. 3.11. 

2 Reformulated Lee & Kesler (1975) heat of vaporization correlation given in Table 3.4 
used with C1ICs parameters, Tc and co, in Table 6.5. 

3 To estimate mv. used indicated vapor pressure correlation and the C10IC2o model of 
l!.Z in the Clapeyron Eqn. 3.13. 

e Wagner equation extrapolated outside range of vapor pressure data. 

* TRC mid-pressure range Antoine eqn., log(P)= 4.3507-2169.11(1+ 130.6), in units 
of [°C, bar] and dated Oct 31, 1972, extrapolated below or above its valid range. 
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Table 6.22 

Estimated and Predicted Heats of Vaporization 
n-Tetracosane (C24) 

C10/C20 %Dev.= 100(aHPre- aHEsV I (aHEsV 

t/°C T/Tc P/mm aHEst1 az Ct/Cg CHv'C20 L&K2 PERT23TRC3 

50 0.40 7.27E-6e 117.78e 0.9986 -1.45 1.81 -5.23 0.22 28.29* 
100 0.46 2.07E-3 108.09 0.9976 -0.98 0.62 -3.11 -0.09 11.92* 
150 0.52 1.09E-1 99.58 0.9999 -0.47 -0.19 -1.70 -0.27 4.39 
200 0.59 1.93E+O 91.89 1.0012 0.04 -0.53 -0.80 -0.27 1.24 
250 0.65 1.66E+1 84.69 0.9963 0.46 -0.43 -0.66 -0.13 0.04 
300 0.71 8.60E+1 77.58 0.9786 0.71 0.03 -0.74 0.11 0.09 
350 0.77 3.14E+2e 70.o9e 0.9393 0.77 0.64 -0.96 0.37 0.50 
400 0.83 8.93E+2e 61.58e 0.8658 0.69 0.96 -1.09 0.49 0.61* 

!Overall % AAD: <>.70 0.65 1.79 0.24 5.89%1 

P =vapor pressure from "conformal" Wagner equation fit in Table 5.4. aHpre =heat. 
of vaporization predicted from vapor pressure or heat of vaporization correlation. 

I Heats of vaporization in units of [kJ I mol] estimated by application of the Wagner 
equation fit and the C10/C2o model of llZ in Clapeyron Eqn. 3.11. 

2 Reformulated Lee & Kesler (1975) heat of vaporization correlation given in Table 3.4 
used with Ct/Cg parameters, Tc and ro, in Table 6.5. 

3 To estimate aHv, used indicated vapor pressure correlation and the C10/C2o model of 
llZ in the Clapeyron Eqn. 3.13. 

e Wagner equation extrapolated outside range of vapor pressure data 

* TRC mid-pressure range Antoine eqn., log(P)= 4.3895-2252.1/(t+ 122.5), in units 
of [°C, bar] and dated Oct. 31, 1972, extrapolated below or above its valid range. 
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Table 6.23 

Estimated and Predicted Heats of Vaporization 
n-Octacosane (C2s) 

Cw/C20 %Dev.= 100(.!\HPre- .!\HEsu I (.!\HEst) 

ti°C T/Tc Plmm .!\HEst1 L\Z CtiCg CwiC20 L&K2 PERT23TRC3 

50 0.39 1.78E-6e 136.41e 0.9991 -1.81 2.85 -6.36 1.05 41.00* 
100 0.45 1.24E-4e 125.19e 0.9965 -1.40 1.34 -4.09 0.62 17.87* 
150 0.51 1.23E-2e 115.37e 0.9987 -0.94 0.21 -2.51 0.30 7.12* 
200 0.57 3.46E-1 106.59 1.0023 -0.47 -0.46 -1.35 0.12 2.06 
250 0.63 4.16E+O 98.50 1.0030 -0.07 -0.63 -0.89 0.10 0.00 
300 0.69 2.78E+1 90.73 0.9952 0.17 -0.38 -1.22 0.20 -0.46 
350 0.75 1.23E+2e 82.82e 0.9716 0.21 0.15 -1.50 0.36 -0.14 
400 0.81 4.02E+2e 74.21e 0.9217 0.06 0.62 -1.83 0.48 0.28 

!Overall ~ AAD: 0.64 o.s3 2.47 0.40 8.61 %1 

P =vapor pressure from "conformal" Wagner equation fit in Table 5.4. L\Hpre =heat 
of vaporization predicted from vapor pressure or heat of vaporization correlation. 

1 Heats of vaporization in units of [kJ I mol] estimated by application of the Wagner 
equation fit and the Cl(yC2o model of l!t.Z in Clapeyron Eqn. 3.11. 

2 Reformulated Lee & Kesler (1975) heat of vaporization correlation given in Table 3.4 
used with CtiCg parameters, Tc and ro, in Table 6.5. 

3 To estimate L\Hv, used indicated vapor pressure correlation and the CwiC2o model of 
l!t.Z in the Clapeyron Eqn. 3.13. 

e Wagner equation extrapolated outside range of vapor pressure data. 

* TRC mid-pressure range Antoine eqn., log(P)= 4.4583-2400.91(t+107.9), in units 
of [°C, bar] and dated Oct. 31, 1972, extrapolated below or above its valid range. 

I :! 
illl 
l,li 

ill 



339 
Table 6.24 

Prediction! of n-Alkane Heat of Vaporization Data2 
from c3 to c28 

Cl/C8 Pars;lm~ters3 PERT2 Parameters3 
n TEMPS.(°K) N C1!Ca L&K KINQ4,6 C1/Ca L&K5 Cw!CzQ PERT26 

3 278 361 16 0.52 0.37 2.01 0.52 0.37 2.66 1.27 
5 260 428 17 0.37 0.38 0.63 0.37 0.38 1.28 0.63 
6 298 444 13 0.40 0.22 0.49 0.40 0.22 0.75 0.29 
7 298 372 8 0.07 0.22 0.31 0.07 0.22 0.62 0.06 
8 298 399 29 0.26 0.34 0.23 0.26 0.34 0.34 0.43 
9 298 424 7 0.14 0.20 0.08 0.14 0.20 0.05 0.65 

C3 to C9 
jAVERAGE AAD%: 90 0.32 0.31 0.65 0.32 0.31 0.99 o.52% 1 

10 298 447 13 0.34 0.56 0.58 0.34 0.56 0.32 0.89 
11 298 469 3 0.26 0.69 0.36 0.41 0.54 1.14 0.54 
12 298 489 5 0.33 1.12 0.64 0.88 2.06 0.39 0.48 
13 298 509 9 0.36 1.08 0.72 1.44 2.57 0.42 0.44 
14 298 527 10 0.91 2.09 1.04 2.00 3.33 0.74 0.78 
15 298 544 6 0.56 1.94 0.76 1.85 3.28 0.88 0.69 
16 298 560 3 0.24 2.18 0.74 1.61 3.74 1.27 0.61 
17 298 575 3 0.22 2.43 0.61 2.20 4.52 1.04 0.38 
18 323 623 8 0.25 1.34 0.47 1.65 2.94 0.61 0.42 
19 603 1 0.07 1.63 1.93 1.11 2.63 1.10 0.65 
20 617 1 0.43 1.20 1.51 1.27 2.84 1.14 0.65 
22 323 673 8 0.83 2.21 1.16 2.98 4.51 0.10 0.45 
24 323 673 8 0.71 1.79 1.47 3.00 4.66 0.64 0.24 
28 323 673 8 0.63 2.47 1.62 3.48 5.38 0.77 0.40 

Cto to C2s 
!AVERAGE AAD%: 86 0.51 1.59 0.91 1.82 3.09 0.61 o.59% 1 

C3 to C2s 
!OVERALL AAD%: 176 0.42 0.93 0.78 1.06 1.67 0.80 o.55% 1 

n = Carbon Number, TEMPS = Temperature Range in °K, N = Number of Points 

1 Results are given in % AAD. 
2 Calorimetric M1v for C3 to C16 from Majer et a1.(1985). Data for n=8 to 17, 19, and, 

20 at 25 °C and/or the normal boiling point from Zwolinski et al.(1971). 
For n=18, 22, 24, and 28, used estimated data given in Tables 6.20 to 6.23. 

3 C1/Cg & PERT2 parameters given in Tables 6.3 and 6.5 are identical for n=1 to 9. 
4 Used inputs specified by King et al.(1986) for n=3 to 16. 
5 Reformulated Lee & Kesler (1975) correlation given in Tables 3.1 and 3.4. 
6 The compressibility factor difference, t:z, in the Clapeyron eqn. 3.11 was estimated by 

the Cw!C2o correlation for n=lO to 28 and by the C1/Cg model for n=3 to 9. 
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Table 6.25 

Prediction of NIPER8 n-Alkane Heats of Vaporization 

(Results are given in % AAD.) 

n Temps./°K N PERT2b Cw/C2oc Ct/Cgc Wagner Eqn. b 

10 260-500 15 0.37 0.41 0.35 0.48 

20 380-620 13 0.11 0.20 0.26 0.20 

28 440-600 8 1.21 0.80 0.98 1.04 

I OVERALL % AAD: 36 0.46 0.42 0.46 0.50 % 

n 

10 

20 

28 

Data Ranges and Maximum Deviations: 

Maximum% Dev.d (Temp.JOK) 
Temps./°K PERT2 Cw!C2o 

260-500 1.33 (260) -0.87 (500) 

380-620 -0.24 (420) 0.42 (620) 

440-600 2.26 (440) 1.96 (440) 

n = Number carbon units in the n-alkane chain. 
N = Number of points. 
% AAD = Percentage Absolute Average Deviation 

Ct/Cg 

0.84 (260) 

-0.71 (380) 

1.24 (440) 

WagnerEgn. 

1.35 (260) 

0.41 (620) 

2.03 (440) 

NIPER =National Institute for Petroleum and Energy Research, Bartlesville, Oklahoma. 

a Chirico et al., J. Chern. Eng. Data, ,3A(2), 149-156 (1989). Data obtained by using Cox 
vapor pressure equations in the Clapeyron equation, [3.13]. Second virial coefficient 
correlations were used to estimate vapor phase densities. Liquid densities were taken 
from API-42. 

b t::Z in the Clapeyron equation [3.11] was estimated by using the CHIC2o correlation 
summarized in Table 6.1. The conformal Wagner vapor pressure equation coefficients 
are given in Table 5.4. 

c Heat of vaporization reference equations summarized in Tables 6.1 and 6.4. 

d % Dev.= 100 (Calc.-Exp.) I Exp. 
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Table 6.26 

Nonpolar and Polar Compound Heats of Vaporization 
Results in AAD% 

1975 
Compound Source (I) N C1/Cg C10!Czo L&Kl PERT22 

NQDDQiiU Flujds: 
Ar Angus -0.004 31 0.71 6.11 1.44 1.40 

C6lf6 Young 0.212 22 0.97 3.04 1.35 1.47 
Majer 0.212 15 1.00 2.70 0.71 1.26 

COz Angus 0.223 30 1.09 2.93 1.92 0.89 
n-CsH12 Das 0.251 19 0.85 1.82 1.22 0.50 
n-Q>H14 Vargaftik 0.301 24 1.14 1.28 1.31 1.01 
C9H10 Hossenlopp 0.301 8 0.10 1.07 0.03 0.28 
CwHs Vargaftik 0.302 11 1.30 2.39 1.80 1.59 

n-CwH22 Majer 0.482 13 0.34 0.32 056 0.89 

lriverall Non~olar AAI>~: 173 0.89 2.8 1.3 1.1 %1 
Polar Fluids: 

NH3 Haar 0.256 42 3.5 2.3 3.7 3.0 
H20 Haar 0.344 80 3.9 3.1 3.7 3.8 

I Overall Polar AAI> l1o: 122 3.8 2.8 3.7 3.5 %1 
Data Sources Explained 

Com~und Source TemEs.(K3) Tc(Ko) ri.·~~ 

1:1 

Ar Argon Angus et al. (1971) 84 150 150.86 
1'1 

,)i 
C6lf6 Benzene Young (1910) 343 553 562.2 

Benzene Majer et al. (1985) 293 469 562.2 ·II! 
COz Carbon !.::' 

Dioxide Angus et al. (1976) 217 304 304.21 i,ll 

II, 
n-CsH12 n-Pentane Das et al. (1977) 309 469 469.69 II 
n-Q)H14 n-Hexane Vargaftik (1975) 273 503 507.5 lil 1 

C9H10 In dane Hossenlopp et al. (1981) 382 451 684.9 
1
1
1
1

'1[ 

CwHs Naphthalene V argaftik ( 197 5) 493 593 748.4 II 
n-CwH22 n-Decane Majer et al. (1985) 298 447 618.86 :I' 

l';!i 
NH3 Ammonia Haar et al. (1978) 197 403 405.4 

:ll·i H20 Water Haar et al. (1984) 273 646 647.13 ',1! 

1·1,1 

ji'l 

1 Reformulated Lee & Kesler (1975) correlation given in Tables 3.1 and 3.4. ·,'1 ,, 

2 Modeled !J.Z = Zv-ZL in the Clapeyron eqn. 3.11 using the C1/Cg correlation. 
,I 
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Table 7.1 

Regression of In dan Vapor Pressures1 to the C1/Ca Model 

T/°K P/mm1 Pcalclmm Pcalc-P 1 OO(Pcalc-P)/P 

374.274 71.893 71.884 -0.009 -0.012% 
377.631 81 .659 81.660 0.001 0.002 
380.999 92.550 92.554 0.004 0.004 
384.379 104.671 104.669 -0.002 -0.002 
387.771 118.120 118.116 -0.004 -0.003 
391.177 133.023 133.020 -0.003 -0.002 
394.592 149.510 149.483 -0.027 -0.018 
401.465 187.688 187.693 0.005 0.002 
408.385 233.847 233.864 0.017 0.007 
415.354 289.261 289.282 0.021 0.007 
422.377 355.342 355.407 0.065 0.018 
429.450 433.663 433.769 0.106 0.024 
436.568 525.943 526.003 0.060 0.011 
443.740 634.042 634.082 0.040 0.006 
450.962 760.00 759.972 -0.028 -0.004 
458.235 906.00 905.870 -0.130 -0.014 
465.558 1074.39 1074.10 -0.286 -0.027 

1 Osborn & Scott (1978) ebulliometric data. 



Table 7.2 

Comparison of C1/Ca Heats of Vaporization with 
Estimateda Data for lndan 

343 

.1Hv [kJ/mol] (Calc.-Est.) 1 OO(Calc.-Est.)/Est . 
Est.a Calc. [kJ/mo I] [o/o] 

298.15 49.03 ± 0.209 48.94 -0.09 -0.1 8 
300. 48.91 ± 0.209 48.82 -0.09 -0.18 
350. 45.81 ± 0.11 9 45.74 -0.07 -0.15 
400. 42.83 ± 0.09 42.80 -0.03 -0.07 
450. 39.67 ± 0.08 39.75 0.08 0.20 
500. 35.84 ± 0.099 36.35 0.51 1.42 

a Osborn & Scott (1978) values calculated from an indan vapor pressure equation 
which is scaled with an effective critical temperature of T c=661 °K. See Scott & 
Osborn (1979) for a discussion about the vapor pressure equation form. 

9 Extrapolated outside of vapor pressure data range of 374-466°K. 



Table 7.3 

Comparison of C1/Cs Heats of Vaporization with 
Calorimetric Data1 for lndan 

344 

T [°K) .11Hv [kJ/mol] (Calc.-Exp.) 1 OO(Calc.-Exp.)/Exp. 
Exp.1 Calc. (kJ/mol] ( o/o] 

381.7 43.92 43.87 -0.05 -0.11 
393.2 43.24 43.20 -0.04 -0.1 0 
401.8 42.73 42.69 -0.04 -0.09 
414.9 41.94 41.91 -0.03 -0.07 
424.7 41.30 41.32 0.02 0.05 
432.8 40.79 40.83 0.04 0.09 
439.6 40.36 40.41 0.05 0.12 
451.0 39.61 39.69 0.08 0.20 

1 Hossenlopp & Scott (1981 b). 
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Table 7.4 

SUMMARY OF COAL LIQUID STUDY RESULTS 

COAL LIQUID 0/oAAD %AAD Number 
CO\t1POJND Tb,SG Inputs T c.Pc.ro Inputs Compounds 

CLASSIFICATION LK/MB PERT2 PERT2 N Studied 

Non n-Aikane Results: 

Fused Ring Aromatics 6.7 4.9 1.4 479 

Non-Fused Aromatics 3.0 1 .8 1.0 217 

Non-Fused Naphthenes 7.1 6.3 2.0 43 

Branched Alkanes 5.5 3.4 1.2 135 

1-Aikenes 2.8 2.7 2.1 31 

Phenols 23.5 18.2 1.5 175 

I SUBTOTAL ADD(%): 8.4% 6.2% 1.3% 1080 

n-Aikane Results*: 

Mid-Pressure Range 0.8 0.9 0.3 425 

Low-Pressure Range 5.9 5.6 4.7 348 

I SUBTOTAL %ADD: 3.1 % 3.0% 2.3% 773 

!OVERALL 0/oADD: 6.2% 4.9% 1.7% 1853 

* Results taken from Tables 6.13 and 6.14. 
LK/MB=Lee & Kesler (1980) reformulation of Maxwell & Bonnell(1957). 
Tb=normal boiling point, SG=specific gravity, N=number of points. 
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Table 7.5 

Coal Liquid Study: Detail of LKIMB and PERT2 Comparisons1 
(Fused Ring Aromatics) 

%AAD %AAD 
T b. SG Inputs T c.Pc.ro Inputs Data Ranges: 

Substance LK/MB PERT2 PERT2 N Temp./°K Pres./kPa 

CgH7N Quinoline 8.66 3.51 1.79 44 424 753 8.6 3531. 
CgH1o lndan 1.87 0.65 0.07 1 7 374 466 9.6 143. 
c11H14 1, 1-Dimethyl-

in dan 0.82 2.81 0 .. 11 23 313 467 0.26 101. 
C10Hs Naphthalene 8.96 1.08 1.27 59 353 727 1.0 3378. 
C11H1o 2-M ethyl-

naphthalene 1.63 3.30 0.72 51 392 639 2.7 821. 
c12H12 1 ,8-Dimethyl-

naphthalene 26.5 5.86 0.43 1 6 338 413 0.034 1.8 
2, 7-Dimethyl-

naphthalene 4.35 9.75 0.76 7 369 398 0.37 1.5 
2,6-Dimethyl-

naphthalene 2.44 17.6 0.54 7 384 418 0.80 3.4 
C1 oH12 Tetralin 2.92 3.02 1.08 49 333 672 0.40 10.3 
C12HgN Carbazole 1.48 2.32 0.84 25 522 642 8.8 133. 
c12H10 Acenaphthene 16.5 6.46 0.91 29 368 561 0.22 126. 
C13H1o Fluorene 14.1 5.25 2.93 50 388 639 0.27 371. 
C14H1o Phenanthrene 3.13 8.31 1.98 89 372 727 0.029 683. 
C1sH1 o Pyrene 4.17 16.6 1.44 13 425 673 0.076 101. 

I SUBCATEGORY % AAD: 6.70% 4.92% 1.36% 479 

-~0'0-=----==:-~==:._=-=-------'-~-~·~-~~-~- ----_:_~--~~--=-'---- ---
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Table 7.5 (Continued) 

Coal Liquid Study: Detail of LK/MB and PERT2 Comparlsons1 
(Non-Fused Rings) 

Substance 

Aromatics: 
CsHs 
CsH1o 
CsH1o 
C12H1o 
C13H12 

Benzene 
o-Xylene 
p-Xylene 
Biphenyl 
Diphenyl-

methane 

%MD 
T b. SG Inputs 

LK/MB PERT2 

3.50 0.75 
2.19 3.42 
0.94 2.18 
3.82 0.30 

5.63 1.95 

%MD 
T c.Pc.ro Inputs 

PERT2 

0.63 
0.75 
1.p6 
0.32 

1.48 

Data Ranges: 
N Temp./°K Pres./kPa 

53 280 562 5.3 4889. 
42 253 631 0.032 3788. 
58 286 613 0.58 3396. 
28 436 595 0.79 364. 

36 343 647 0.067 670. 

1 sOscAfEGOR'{ o/o AJ\15:- -- -2.96 % 1. 79 % o.95 % 21 1 1 

Naphthenes: 
C12H22 Bicylohexyl 6.35 6.80 1.86 28 321 577 0.067 347. 
C1sH34 n-Decyl-

cyclohexane 8.40 5.36 2.27 1 5 371 571 0.067 101. 

[SUBCATEGORY % AAD: 7.07 °/~-- - -6.SO- ~/o 2.00 % 4 3 I 
w 
..f::>. 
""-1 



Table 7.5 (Continued) 

Coal Liquid Study: Detail of LK/MB and PERT2 Comparlsons1 
(AI kyi-Hydrocarbons) 

Substance 

Branched Alkanes: 
C7H1s 2,3-Dimethyl-

pentane 
CsH1s 2,3 ,4-Trimethyl-

pentane 
C1oH24 2-M ethyl-

decane 

%AAD 
Tb, SG Inputs 

LK/MB PERT2 

5.72 3.10 

7.08 4.28 

1.01 1.82 

%AAD 
T c.Pc,ro Inputs 

PERT2 

1.38 

1.26 

0.68 

N 

54 

57 

24 

Data Ranges: 
Temp./°K Pres./kPa 

208 533 0.015 2734. 

223 566 0.015 2609. 

273 462 0.011 1 01. 

ISUBCATEGORY %AAD: 5.46 % 3.37 % 1.20 % 135 I 

1-Aikenes: 
C14H2s 1-Tetradecene 
C1sH32 1-Hexadecene 

2.38 
3.10 

3.64 
1.90 

2.72 
1.55 

1 5 
1 6 

341 525 0.067 103. 
364 558 0.067 101. 

!SUBCATEGORY %AAD: 2.75 % 2.74 % 2.12 % 31 I 

~-=--=~ ____ -__ -,_ __ ,--,=..c~= -=.:: .:..;_~~='--~ - -=--==-- ~-~--- -_-.,--_:.::.:..:_"'------~ ::-C~~_:_:_:_---::--:'_:_~.--c 
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Table 7.5 (Continued) 

Coal Liquid Study: Detail of LK/MB and PERT2 Comparisons1 
{Phenols) 

%AAD %AAD 
Tb. SG Inputs T c.Pc.c.o Inputs Data Ranges: 

Substance LK/MB PERT2 PERT2 N Temp./°K Pres./kPa 

CsHsO Phenol 24.1 19.5 1.90 59 314 692 0.18 6080. 
C7HaO m-Cresol 10.3 7.73 0.92 38 409 598 12.2 1141. 

o-Cresol 23.0 16.8 1.02 41 304 464 0.069 101. 
p-Cresol 36.7 28.5 2 .. 04 37 308 476 0.040 104. 

ISOBCATEGORY % AAD: 23.5 % 18.2 % 1.51 % 1 7 5 I 

1 Abreviations and Notes: 

Data references are given in Table 7.8. 

N = Number of points in a data set. 

LK/MB = Lee & Kesler (1980). 

Tb =Normal Boiling Point given in Table 7.6. 

SG = Estimated Specific Gravity at 60°F (15.6°C) given in Table 7.6. 

T c.Pc,c.o = Experimental or estimated critical temperature, critical pressure, and acentric factor given in Table 7.4. 
N 

% AAD =Absolute Average Percent Deviation in pressure= 100L(IPcaJc-Pexplr'(Pexp)i)/N). 
1=1 

?'i'f7"5 

w 
~ 
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Table 7.6 

Coal Liquid Study: Normal Boiling Points 
and Specific Gravity Inputs 

Substance: tb(°C) Ref. SG(60°F/60°F) 

Fused Ring Aromatics: 

CgH7N Quinoline 237.61 1 1.097 
CgH1o lndan 177.81 2 0.9667 
c11 H14 1, 1-Dimethyl-

in dan 194.07 1 0.9221 
C1oHs Naphthalene 218.00 1 1 .150 
c11 H1 o 2-Methyl-

naphthalene 241 .15 3 1 .0097 
c12H12 1 ,8-Dimethyl-

naphthalene 270.0 1 1.007 
2,7-Dimethyl-

naphthalene 262.0 1 1.007 
2,6-Dimethyl-

naphthalene 262.0 1 1.003 
C10H12 Tetralin 207.83 1 0.974 
C12HgN Carbazole 354.72 1 1 .116 
C12H1o Acenaphthene 277.22 1 1.214 
C13H1 o Fluorene 297.06 1 1.193 
C14H1 o Phenanthrene 338.39 1 1.182 
C1sH1 o Pyrene 395.01 1 1.276 

Non-Fused Aromatics: 

CsHs Benzene 80.05 3 0.8956 
CsH1o o-Xylene 144.41 6 0.8870 
CsH1o p-Xylene 138.36 1 0.8657 
C12H1o Biphenyl 255.2 1 1.044 
C13H12 Diphenyl-

methane 265.1 3 1 .014 

Non-Fused Naphthenes: 

c12H22 Bicylohexyl 237.87 7 0.8927 
C1sH34 n-Decyl-

cyclohexane 297.65 3 0.8245 

350 
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Table 7.6 (Continued) 

Coal Liquid Study: Normal Boiling Points 
and Specific Gravity Inputs 

351 

Substance: tb(°C) Ref. S G ( 60°F/60°F) Ref. 

Branched Alkanes: 

C7H1s 2,3-Dimethyl-
pentane 89.78 1 0.6996 1 

CsH1s 2,3,4-Trimethyl-
pentane 113.45 1 0.7233 1 

C1oH24 2-M ethyl-
decane 189.22 1 0.7425 1 

1-Aikenes: 

C14H2s 1-Tetradecene 251 .15 3 0.7778 4 
C1sH32 1-Hexadecene 284.85 3 0. 7872 4 

Phenols: 

CsHsO Phenol 181.78 1 1.075 1 
CyHgO m-Cresol 202.28 1 1 .0376 1 

o-Cresol 191.06 1 1 .0500 1 
p-Cresol 202.0 1 1 .0384 1 

References: 
1. Newman, S. A., Hydrocarbon Processing, pp.133-42 (Dec. 1981 ). 

2. Osborn and Scott, J. Chern. Thermodynamics, l.Q., 619-28 (1978). 

3. Reid et al., The Properties of Gases & Ligujds. 4th ed., 1987. 

4. Linearly extrapolated or interpreted API-42 density data then used the formula 
SG=1.0035p, where pis the density at 60°F in gm/cc. 
s Linearly extrapolated liquid densities below the melting point. 

5. Interpreted densities tabulated in Vargaftik's Handbook (1975). 

6. Vargaftik, N. B., Handbook of Physical Properties of Liguids & Gases, 
Hemispere Publishing Corporation, 1975. 

7. Wieczorek & Kobayashi, J. Chern. Eng. Data, .25,, 302-5 (1980). 



Table 7.7 

Coal Liquid Study: PERT2 Parameters1 

Substance: T c(K 0 ) P c(bar) 0> Sources of T c, Pc, and ro 

Fused Ring Aromatics: 

CgH7N Quinoline 800.2 57.75 0.316 Set 3 
*8oo.2 56.69 0.3113 Pc, ro opt.wrt C1 o/C2o & sets 3 & 6 

800.2 54.22 0.2892 Pc. ro opt.wrt PERT2 & sets 2, 3, & 6 
CgH1o lndan 684.9 39.5 0.308. RPP 

*684.9 38.90 0.3011 Pc, ro opt.wrt C1/Ca & set 1 

c11 H14 1, 1-Dimethyl-
in dan *690.8 32.42 0.3426 Twu T c: P c. ro opt.wrt C1 /Ca & set 1 

C1oHa Naphthalene *748.35 40.51 0.302 Set 7 T c & Pc ; roof RPP 
C11H10 2-Methyl-

naphthalene 761. 35. 0.382 RPP 
*755.6 32.20 0.3672 Twu T c: Pc, ro opt.wrt C1 o/C2o & sets 1 & 5 

c12H12 1 ,a-Dimethyl-
naphthalene *7 8 2.1 24.00 0.4189 Twu T c: Pc, ro opt.wrt C1 o!C2o & set 1 

782.1 23.98 0.4204 Pc, ro opt.wrt C1/C8 & set 1 
782.1 23.69 0.4167 Pc. ro opt.wrt PERT2 & set 1 

2,7-Dimethyl-
* naphthalene 774.7 28.66 0.4005 Twu T c: Pc, ro opt.wrt C1 o/C2o & set 1 

774.7 28.49 0.4003 Pc, ro opt.wrt C1/Ca & set 1 
774.7 28.31 0.3979 Pc1 ro OQt.Wrt PERT2 & set 1 

w 
C.TI 
1\) 



Table 7.7 (Continued) 

Coal Liquid Study: PERT2 Parameters1 

Substance: T c(K 0 ) Pc(bar) (0 Sources of T c, Pc, and ro 

Fused Ring Aromatics: 

c12H12 2,6-Dimethyl-
* naphthalene 773.8 27.92 0.3974 Twu T c; Pc. ro opt.wrt C1 o/C2o & set1 

773.8 27.84 0.3974 Pc. ro opt.wrt C1/Cs & set 1 
773.8 27.72 0.3954 Pc. ro opt.wrt PERT2 & set 1 

C10H12 Tetralin 719. 35.1 0.303 RPP 
* Pc. ro opt.wrt C1/Cs & sets 2 & 9 719. 35.58 0.3326 

C12HgN Carbazole *883.8 25.56 0.4796 Twu Tc; Pc. ro opt.wrt C1 o/C2o & set1 

C12H1o Acenaphthene *823.5 37.23 0.3480 Twu Tc; Pc. ro opt.wrtC1/Cs & sets 1 & 5 

C13H1o Fluorene *841.4 35.15 0.3851 Twu Tc; Pc. ro opt.wrt PERT2 & sets 1, 5, & 10 

C14H1o Phenanthrene *880.5 26.63 0.3971 Twu Tc; Pc. ro opt.wrt C1/Cs & set 64 

C1sH1o Pyrene * 946.8 25.31 0.4310 Twu T c; Pc. ro opt.wrt C1/Cs & sets 1 & 79 

Non-Fused Aromatics: 

CsHs Benzene *562.2 48.9 0.212 RPP 
CsH1o o-Xylene 631.59 37.78 0.3054 Vargaftik T c; Pc, ro opt.wrt C1/Cs & set 1 

*630.3 37.3 0.310 RPP 

CsH1o p-Xylene *616.2 35.1 0.320 RPP 
616.2 34.52 0.3120 Pc. ro opt.wrt C1/Cs & sets 1 & 2 w 

01 
w 



Table 7.7 (Continued) 

Coal Liquid Study: PERT2 Parameters1 

Substance: T c(K 0 ) Pc(bar) (I) Sources of T c, Pc, and c.o 

Non-Fused Aromatics: 

c12H10 Biphenyl 789. 38.5 0.372 RPP 
*789. 39.23 0.3719 Pc. ro opt.wrt C1 o/C2o & set 5 

C13H12 Diphenyl-
methane *770. 28.6 0.442 RPP 

Non-Fused Naphthenes: 

c12H22 Bicylohexyl *722. 5 22.84 0.4042 Twu Tc; Pc, ro opt.wrt C1o/C2o & set 1 
C1sH34 n-Decyl-

cyclohexane 750. 13.5 0.583 RPP 
*746.6 14.88 0.6523 Twu Tc; Pc. ro opt.wrt C1o/C2o & set 1 

Bran~h~d Alkan~s: 

C7H1s 2,3-Dimethyl-
pentane *537.4 29.1 0.296 RPP 

537.4 28.88 0.2931 Pc. ro opt.wrt C1/Ca & set 2 
CaH1a 2,3,4-Trimethyl 

pentane *566.4 27.3 0.315 RPP 
566.4 27.04 0.3117 Pc. ro opt.wrt C1/Ca & set 1 

C10H24 2-Methyl-
decane *634.1 19.89 0.5019 Twu T c: Pc. ro OEt.wrt C1 o/C2o & sets 1 & 10 

c..> 
01 
~ 
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Table 7. 7 (Continued) 

Coal Liquid Study: PERT2 Parameters1 

Substance: 

1-Aikenes: 

C14H2a 1-Tetradecene 

C1sH32 1-Hexadecene 

Phenols: 

CsHsO 
C7HaO 

Phenol 
m-Cresol 
o-Cresol 
p-Cresol 

1 Notation: 

T c(K 0 ) Pc(bar) 

*689. 15.6 
694.9 16.65 

*717. 13.3 
723.8 14.54 

*694.2 61.3 
*705.8 45.6 
*697.6 50.1 
*704.6 51.5 

(l) 

0.644 
0.6242 
0. 721 
0.7260 

0.438 
0.452 
0.433 
0.505 

Sources of T c, Pc, and ro 

RPP 
Twu T c; Pc. ro opt.wrt C1 o/C2o & set 1 
RPP 
Twu T c; Pc. ro opt.wrt C1 o/C2o & set 1 

RPP 
Tc & Pc of RPP; roof set 4 
RPP 
RPP 

* Designates the input parameters used in the final % AAD tabulation for the Coal Liquid Study. 

Twu (1984) critical point correlation, Eqn. 3.8. 

"RPP" = Reid, Prausnitz, and Poling, The Propertjes of Gases & Ligujds, 1987. 

"opt. wrt" = "optimized with respect to." 

"set" identifies the vapor pressure data set listed in Table 7.8. 
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Table 7.8 

Coal Liquid Sudy: Vapor Pressure Bibliography 

Fused Ring Aromatics: 

CgH7N 

CgH1o 

c11 H14 

C1oHs 

c11 H1 o 

Quinoline 
1. Kobayashi, R., "Physical Properties of Coal Liquids," EPRI Research Project 633-1, 

Report AF-1209 (Nov. 1979). 
2. Van De Rostyne, C. & J.M. Prausnitz, J. Chern. Eng. Data, 2..5.. 1-3(1980). 

This low pressure data was not used directly in the coal liquid study. 
3. Niesen, V. G. & V. F. Yesavage, J. Chern. Eng. Data, 3.3.. 138-143 (1988a). 
6. Wilson, G. M., et al., I&EC Proc. Des. & Dev., 2..0.. 94-104 (1981). 

Data is listed in Brule, M. R., Ph.D. Thesis, The University of Oklahoma, 1981. 
9. Viswanath, D. S., "Quinoline," API Monograph Series 711 (Dec. 1979). 

lndan 
1. Osborn, A. G. & D. W. Scott, J. Chern. Thermodynamics, 10.. 619-628 (1978). 

1, 1-Dimethylindan 
1. Osborn, A. G. & D. W. Scott, J. Chern. Thermodynamics, 10.. 619-628 (1978). 

Naphthalene 
1. Camin, D. L. & F. D. Rossini, J. Phys. Chern., 59, 1173-79 (1955). 
2. Fowler, L. et al., J. Chern. Eng. Data, 13.(2), 209-10 (1968). 
6. Wilson, G. M., et al., I&EC Proc. Des. & Dev., gQ, 94-104 (1981). 
7. Ambrose, D. et al., J. Chern. Soc. (A), 633-41 (1967). Critical point reference. 

2-Methylnaphthalene 
1. Camin, D. L. & F. D. Rossini, J. Phys. Chern.,~. 1173-79 (1955). 
2. API-42 (1966). 
5. Wieczorek, S. A. & R. Kobayashi, J. Chern. Eng. Data, ~(1), 8-11 (1981). 
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Table 7.8 (Continued) 

Coal Liquid Sudy: Vapor Pressure Bibliography 

Fused Ring Aromatics: 

c12H12 

C1 oH12 

C12HgN 

c12H1 o 

C13H1o 

1 ,8-Dimethylnaphthalene 
2, 7 -Dimethylnaphthalene 
2,6-Dimethylnaphthalene 

1 . Osborn, A. G. & D. R. Douslin, J. Chern. Eng. Data, 2Q(3), 229-31 (1975). 
Tetra lin 

2. Katayama, H. & Y. Harada, J. Chern. Eng. Data, 29, 373-75 (1984). 
6. Simnick, J. J., et al., AIChE J., 2.J.., 469-76 (1977). 
7. Natarajan, G. & D. S. Viswanath, J. Chern. Eng. Data, ll. 353-57 (1986). 
9. Niesen, V.G., & V. F. Yesavage, J. Chern. Eng. Data, ,aa, 243-58 (1988b). 

1 0. Thies, M. C. et al., J. Chern. Eng. Data, 3.3.. 134-36 (1988). 
Carbazole 

1. Sivaraman, A. R. et al., Fluid Phase Equilibrium, 12.. 175-88 (1983). 
Acenaphthene 

1 . Osborn, A. G. & D. R. Douslin, J. Chern. Eng. Data, .2..Q.(3), 229-31 (1975). 
5. Mortimer, F. S. & R. V. Murphy, Ind. Eng. Chern., 15.(11), 1140-42 (1923). 

Fluorene 
1. Mortimer, F. S. & R. V. Murphy, Ind. Eng. Chern., 15.(11), 1140-42 (1923). 
5. Sasse, K. et al., Fluid Phase Equilibria, !2,, 287-304 {1988). 

The subcooled portion of this data was not used. 
1 0. Osborn, A. G. & D. R. Douslin, J. Chern. Eng. Data, .2..Q.(3), 229-31 (1975). 

Used triple point extrapolated from solid vapor pressure curve. 
82. Sivaraman, A. R. & R. Kobayashi., Fluid Phase Equilibrium, ~. 264-69 (1982). 
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Table 7.8 (Continued) 

Coal Liquid Sudy: Vapor Pressure Bibliography 

Fused Ring Aromatics: 

C13H10 

C14H10 

C1sH1 o 

Fluorene (Continued) 
When compared to the other sets, set 82 appears systematically higher at the 
lower and higher temperatures. 

87. Roper, V. P., Ph. D. Thesis, Rice University, May 1988. 
This data is systematically lower in relation to the other sets. 

Phenanthrene 
1. Osborn, A. G. & D. R. Douslin, J. Chern. Eng. Data, .2..0.(3), 229-31 (1975). 
5. Mortimer, F. S. & R. V. Murphy, Ind. Eng. Chern., 15.(11), 1140-42 (1923). 
6. Nelson, O.A. & C. E. Senseman, J. Ind. Eng. Chern., 1!(1), 58-61 (1922). 

1 0. Wilson, G. M., et al., I&EC Proc. Des. & Dev., .2.Q., 94-104 (1981 ). 
64. Kudchadker, A. P. et al., "Anthracene and Phenanthrene," API Publication 708 

(Jan 1979). The Antoine eqns. in this work are consistent with references 1 &6. 
Pyrene 

1 . Smith, N. K. et al., J. Chern. Thermodynamics, 12.. 919-26 (1980). 
79. Tsykina, 0. Ya, J. Appl. Chem.(USSR), .z!i, 167 (1955). 

This data has been fit to Antoine eqns. (E.g., see Kudchadker, A. P. et al., "Four-Ring 
Condensed Aromatic Compounds," API Publication 709 (Mar. 1979), 
or Shuzo Ohe,Computer Aided Book of Vapor Pressure Data, Data Book Publishing 
Company, Tokyo, Japan 1976). Sets 1 and 79 disagree grossly at low temperatures so 
tested an Antoine eqn. fit of set 79 only between 300 & 400 oc. 
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Table 7.8 (Continued) 

Coal Liquid Sudy: Vapor Pressure Bibliography 

Non-Fused Aromatics: 

CsHs 

CsH1o 

CsH1o 

c12H1 o 

C13H12 

Benzene 
7. Vargaftik, N. B., Handbook of Physical Properties of Ugujds and Gases, 2nd ed., 

Hemishpere Publishing Corporation., 1975. 
9. Young, S., Sci. Proc. Roy. Dublin Soc., 12.. 374-443 (191 0). 

o-Xylene 
7. Vargaftik, N. B., Handbook (1975). 

p-Xylene 
1 . Osborn, A. G. & D. R. Douslin, J. Chern. Eng. Data, tl(2), 114-17 (1974). 
2. Vargaftik, N. B., Handbook (1975). 

Biphenyl 
5. Chipman, J. & S. B Peltier,.lnd. Eng. Chern., 2.1(11 ), 1106-8 (1929). 

Diphenylmethane 
1. Wieczorek, S. A. & R. Kobayashi, J. Chern. Eng. Data, 2.5., 302-5 (1980). 
2. API-42 (1966). 

Non-Fused Naphthenes: 

c12H22 

C1sH34 

Bicylohexyl 
1. Wieczorek, S. A. & R. Kobayashi, J. Chern. Eng. Data, 2.§., 302-5 (1980). 
2. API-42 (1966). 

n-Decylcyclohexane 
1 . Camin, D. L. et al., J. Phys. Chern., s_a, 440-42 (1954). 
2. API-42 (1966). 

w 
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Table 7.8 (Continued) 

Coal Liquid Sudy: Vapor Pressure Bibliography 

Branched Alkanes: 

C7H1s 

CsH1s 

C1oH24 

1-Aikenes: 

C14H2s 

C1sH32 

2,3-Dimethylpentane 
1. Osborn, A. G. & D. R. Douslin, J. Chern. Eng. Data, l..a(2), 114-17 (1974). 
2. Forziati, A. F. et al., J. Res. N.B.S., !3_, 555-63 (1949). 
3. McMicking, J. H. & W. B. Kay, Proceedings Amer. Petro. lnst., ~ [Ill), 75-90 (1965). 

2,3,4-Trimethylpentane 
1. Willingham, et al., J. Res. N.B.S., .3.5., 219-44 (1945). 
2. Osborn, A. G. & D. R. Douslin, J. Ch~m. Eng. Data, 1.a(2), 114-17 (1974). 

Used both ebulliometric and inclined-piston gauge data sets. 
3. McMicking, J. H. & W. B. Kay, Proceedings Amer. Petro. lnst., ~ [Ill], 75-90 (1965). 

2-Methyldecane 
1. Osborn, A. G. & D. R. Douslin, J. Chern. Eng. Data, 1.a(2), 114-17 (1974). 

Ebulliometric data set. 
10. Osborn, A. G. & D. R. Douslin, J. Chern. Eng. Data,ll(2), 114-17 (1974). 

Inclined-piston gauge data set. 

1-T etradecene 
1 . Cam in, D. L. & F. D. Rossini, J. Phys. Chern., 59, 1173-79 (1955). 
2. API-42 (1966). 

1-Hexadecene 
1 . Gamin, D. L. et al., J. Phys. Chern., ~ 440-42 (1954). 
2. API-42 (1966). 
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Phenols: 

CsHsO 

C7HsO 

Table 7.8 (Continued) 

Coal Liquid Sudy: Vapor Pressure Bibliography 

Phenol 
1 . Dreisbach, R. R. & S. A. Shrader, Ind. Eng. Chern., ll(2), 2879-80 (1949). 
2. Biddiscombe, D. P. & J. F. Martin, Faraday Soc.,~. 1316-22 (1958). 
5. Stull, D R., "Vapor Pressure of Pure Substances Organic Compounds," Ind. Eng. Chern., 

517-50 (1947). Tabulations of smoothed vapor pressure data with references. 
m-Cresol 

2. Biddiscombe, D. P. & J. F. Martin, Faraday Soc.,~ 1316-22 (1958). 
4. Niesen, V. G. & V. F. Yesavage, J. Ch'em. Eng. Data, 3J, 138-143 (1988a). 

o-Cresol 
p-Cresol 

1 . Dreisbach, R. R. & S. A. Shrader, Ind. Eng. Chern., ll(2), 2879-80 (1949). 
2. Biddiscombe, D. P. & J. F. Martin, Faraday Soc., 5A. 1316-22 (1958). 
5. Stull, D. R., Ind. Eng. Chern., a.9.(4), 517-550 (1947). 

----,--,---~--~_:_ ~-~-~-==--~- -;::..._~~~"""-=- ~-.::= -~-~~ _______: ___ ~_-_ ~~-- ~~ 
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Table 7.9 

Extrapolation Study: Methods & Results Described 

Objective: 

To compare several methods for extrapolating API-42 boiling point data towards 
the low-pressure range data of Morecroft. 

Data Source: 

Pressure Range [mm of Hg] 
Reduced Temperature Range 

Compounds Studied: 

API-42 (1966) 

0.5 ~ p ~ 10 
0.48 ~ Tr ~ 0.61 

Fiye Extrapolation Methods Compared: 

Morecroft (1964) 

1 o-s ~ P ~ 0.1 
0.36 ~ Tr ~ 0.50 

1. LK/MB: Estimated normal boiling point, Tb. and specific gravity, SG, used in 
Lee & Kesler (1980) correlation. 

2. PERT2: Tc and Pc correlations of Twu (1984) applied using Tb and SG, and, 
ro is determined from PERT2 by using Tb. 

3. PERT2: Critical point correlation of Twu (1984) applied using Tb and SG, and, 
ro is determined from PERT2 by using 1 0 mm boiling point of the API-42 data set. 

4. PERT2: Twu T c used. Pc & ro are determined by regression of API-42 data. 

5. Extrapolation of the Clausius-Clapeyron equation fits: ln(P) = A + Bff 
A and B are determined by regression of the API-42 boiling point data. 

Conclusions: 

1. Method 3 predicted Morecroft's data most accurately of the five methods tested. 
PERT2's acentric factor, ro, should be estimated using an accurately known 
boiling.point (e.g., the 10 mm boiling point of the API-42 data). 

2. More accurate estimates of SG and Tb are needed. Future correlations for heavy 
hydrocarbons need more assessible characterization parameters. 

:1:1', I, 
II,', 
' 

! 
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Table 7.10 

Extrapolation Study: Statistical Summary 

(Results are given in % AAD.) 

Data Set (Number of Points) 
Extrapolation Parameters API-42 Morecroft 

Method Used (2 5) (31) 

1.LK/MB Tb & SG estimated 
from API-42 data. 28.6 o/o 50.2 o/o 

2. PERT2 Twu Tc & Pc from Tb & SG; 
ro estimated from T b· 32.1 58.7 

3. PERT2 Twu Tc & Pc from Tb & SG; 
ro from 1 0 mm boiling pt. 3.9 20.6 

4. PERT2 Twu T c: Pc & ro fitted 
from API-42 data 2.1 34.1 

5. Linear Fit8 API-42 data fit to 
ln(P) = A + BIT 1.5 111.3 

Precision of Clausius-Clapeyron Ego. Fits: 

Linear Fit Combined Morecroft & API-42 
data fit to ln(P) = A + BIT 11.5 o/o 13.5 o/o 

Linear Fit Morecroft data fit to 
ln(P) = A + BIT 63.3 5.9 

Tb = Estimated normal boiling temperature, Table 7.13. 

SG - Estimated Specific Gravity at 60°F (15.6°C), Table 7.13. 

LK/MB = Lee & Kesler (1980) correlation, Eqns. 3.30-3.31. 

T c.Pc,ro = PERT2 parameters given in Table 7.12. 
N 

Combined 
(56) 

40.6 o/o 

46.8 

13.1 

19.8 

62.3 

13.5 o/o 

31.5 

o/o AAD = o/o Absolute Average Deviation in pressure= 100L(IPcalc-Pexplv(Pexp}i}/N}. 
i=1 

a Clausius-Clapeyron equation coefficients, A and B, are given in Table 7.15. 

I 
I 
1
1

1 

I 

I' 

II 



~--

Compound 
Code 

API-42 Data: 

C19 
DCHC7 
HMC28 
C4ANT 

C12ANT 

Table 7.11 

Extrapolation Study: Detailed Statistics 
(Table Entries are in %AAD). 

Tb & SG Inputs: 

LK/MB PERT2 

15.3 17.0 
41.1 39.8 
13.8 12.2 
65.6 73.3 

7.4 18.4 

C01omm 
PERT2 

5.8 
1.9 
1.7 
7.4 
2.6 

Optimized 
co & Pc 
PERT2 

0.76 
1.8 
1.6 
5.0 
1.3 

Linear 
Fit* 

API-42 

0.69 
0.77 
0.75 
4.5 
0.99 

Linear 
Fit* 

Morecroft 

78.3 
91.3 
88.5 
14.0 
44.5 

Linear 
Fit* 

Both Sets N 

5.4% 5 
14.0 5 
10.6 5 
16.0 5 
11.3 5 

!AVERAGE cYo AAD: 28.6 32.1 3.9 2.1 1.5 63.3 11.5 % 2 5 I 
Morecroft Data: 

C19 27.4 11.5 11.6 36.2 56.4 1.0 5.8% 3 
DCHC7 58.7 64.2 7.2 19.0 122.3 2.7 17.0 7 
HMC28 39.8 45.1 24.5 23.5 80.6 7.8 16.4 8 
C4ANT 79.4 90.6 15.6 83.4 178.5 4.3 6.1 6 

C12ANT 38.5 61.6 37.6 18.3 101.3 8.2 23.5 7 

!AVERAGE o/oAAD: 50.2 58.7 20.6 34.1 111.3 5.9 15.1% 31 I 
!OVERALL %AAD: 40.6 46.8 13.1 19.8 62.3 31.5 13.5% 56 I 
N = Number of Points. *See Table 7.15 for Clausius-Clapeyron Eqn. Coefficients. 

w 
(J) 

~ 



Table 7.12 

Extrapolation Study: PERT2 Parameters 

Substance: Tc/K 0 Pc/bar (l) Sources 

C1sH1s C4ANT 914. 22.40 0.6984 1 
0.5167 2 

15.18 0.4553 3 
C19H3s DCHC7 806.4 16.00 0.7197 1 

0.6370 2 
14.06 0.6155 3 

C19H4o C19 757.2 12.12 0.8379 1 
0.8579 2 

14.12 0.8993 3 
C2sH34 C12ANT 931. 14.40 0.9555 1 

0.9555 2 
12.33 0.8833 3 

C2sHss HMC28 794. 10.40 0.9522 1 
0.9212 2 

9.97 0.9157 3 

1. Twu correlation using Tb & SG specified in Table 7.13; co from Tb. 

2. co estimated from 10 mm API-42 datum and Twu criticals. 

3. Used Twu's T c then fit Pc and co with respect to the API-42 data and the PERT2 
vapor pressure correlation. 

Symbol Code: 

C1sH1s 
C19H3s 
C19H4o 
C2sH34 
C2sHss 

C4ANT 
DCHC7 

C19 
C12ANT 
HMC28 

9-n-Butylanthracene 
1, 1-Dicyclohexylheptane 
n-Nonadecane 
9-n-Dodecylanthracene 
2,2,4,1 0,12, 12-Hexamethyl-

Molecular Wt. 

234.3 
264.5 
268.5 
346.5 

7(3 ,5 ,5-trimethylhexyl)tridecane 394.7 

365 
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Table 7.13 

Extrapolation Study: Normal Boiling Points and 
Specific Gravities 

Substance: tb Ref. SG Ref. 
(Co) (60°F/60°F) 

C1sH1s C4ANT 407. 1 1.0559s 3 
C19H3s DCHC7 345. 1 0.8890 2 
C19H4o C19 328.3 1 0.7945 2 

C2sH34 C12ANT 465. 1 0.9790S 3 
C2sHss HMC28 372. 1 0.8071 3 

1 . Clausius-Clapeyron equation fit of API-42 data, ln(P)=A+BIT, extrapolated to 760 
mm Hg. The initial estimate of Tb was adjusted by adding 26°C. 

2. API-42 density data linearly extrapolated or interpolated to 60 °F. The initial 
estimate was then adjusted by using the formula, SG=1.0035p60oF, where p60oF is 
in gm/cc. 

3. Linear extrapolation or interpolation of API-42 density data, without formula 
adjustment. Superscript s indicates extrapolation of liquid density data into the 
subcooled range (solid). 

Symbol Code: 

C1sH1s 
C19H3s 
C19H4o 
C2sH34 
C2sHss 

C4ANT 
DCHC7 

C19 
C12ANT 
HMC28 

9-n-Butylanthracene 
1, 1-Dicyclohexylheptane 
n-Nonadecane 
9-n-Dodecylanthracene 
2,2,4, 10, 12, 12-Hexamethyl-

Molecular Wt. 

234.3 
264.5 
268.5 
346.5 

7(3 ,5 ,5-tri m ethylhexyl)tridecane 394.7 

I 

I 
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Table 7.14 

Extrapolation Study: Vapor Pressure Data 

C4ANT C12ANT 

uoc Ptmm Ref. a uoc Etrnm Ret. a 
55.0 3 .48e-4 1 80.0 6.25e-6 1 
60.0 6.16e-4 1 90.0 2.39e-5 1 
70.0 1.57e-3 1 95.0 5.16e-5 1 
75.0 2.10e-3 1 105.0 1.16e-4 1 
95.0 1 .04e-2 1 115.0 3.35e-4 1 

100.0 1.51 e-2 1 125.0 9.86e-4 1 
149.0 0.5 2 130.0 1.43e-3 1 
162.0 1.0 2 222.0 .5 2 
181.5 2.ob 2 236.5 1.0 2 
201.0 5.0 2 252.0 2.0 2 
219.0 10.0 2 275.0 5.0 2 

292.5 10.0 2 

DCHC7 HMC28 

ltoc Ptmm Ref. a uoQ ELm rn Ref.a 
20.8 6 .55e-5 1 35.0 1.50e-5 1 
25.5 1.19e-4 1 45.0 5.16e-5 1 
30.4 2 .02e-4 1 60.0 2.32e-4 1 
52.3 2.23e-3 1 70.0 6.37e-4 1 
68.4 9. 78e-3 1 80.0 1. 90e-3 1 
88.0 5 .54e-2 1 90.0 5.46e-3 1 
95.0 8 .89e-2 1 110.0 2.91 e-2 1 

122.5 0.5 2 120.0 5.56e-2 1 
135.5 1.0 2 156.0 0.5 2 
149.0 2.0 2 168.5 1.0 2 
169.0 5.0 2 182.5 2.0 2 
184.5 10.0 2 202.0 5.0 2 

217.5 10.0 2 

C19 

uoQ Ptmrn Ref. a 
33.0 1.41 e-4 1 
45.0 5 .34e-4 1 
55.0 1 .57e-3 1 

129.0 0.50 2 
140.5 1 .0 2 
153.0 2.0 2 
171.0 5.0 2 
185.5 10.0 2 

a 1 = API-42 (1966) 2= Morecroft (1964). 
b Inconsistent with data at other temperatures. 
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Table 7.15 

Extrapolation Study: Clausius-Clapeyron Equation 
Coefficients1 and Temperature Ranges 

Clausius-Clapeyron Equation Coefficients 

Compound Code Morecroft API-42 Combined Sets 
A - B A - B A - B 

C4ANT 22.846 10086.9 20.148 8796.5 23.208 1 0202.8 

DCHC7 26.311 10561.9 21 .373 8732.2 24.097 9858.2 

C19 27.045 10996.4 23.583 9758.3 24.814 10286.9 

C12ANT 31.361 15261.5 23.239 11846.7 25.768 13158.5 

HMC28 27.322 11855.4 23.121 10217.3 25.200 11134.6 

1 The Clausius-Clapeyron Equation is: ln(P}= A + B/T [3 .11] 
where T is in [°K] and P is in [mm of Hg). 

Temperature Range of Data Set/°C 

Compound Code Morecroft API-42 Combined Sets 

C4ANT 55.0-100.0 149.0-219.0 55.0-219.0 

DCHC7 20.8-95.0 122.5-184.5 20.8-184.5 

C19 33.0-55.0 129.0-185.5 33.0-185.5 

C12ANT 80.0-130.0 222.0-292.5 80.0-292.5 

HMC28 35.0-120.0 156.0-217.5 35.0-217.5 

Iii Ill ,, 

ji,j!l 

l'll 
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Table 7.16 

m-Cresol Vapor Pressures Predicted by Two- and Three-Fluid 
CSP Models 

%Devs.= 100 (Peale- Pexp) I Pexp 
Tr t/°C P/mm Ref. C1/CsfW C1/C8 

0.403 11.00 0.0447 2 -14.5 36.8 
0.408 15.00 0.0550 2 2.3 59.5 
0.412 17.65 0.0744 2 -3.0 48.7 
0.415 19.80 0.0860 2 2.2 54.8 
0.418 21.50 0.106 2 -3.3 45.0 
0.422 24.90 0.137 2 1.1 48.7 
0.425 26.95 0.173 2 -4.4 39.1 
0.429 29.75 0.208 2 0.8 44.5 
0.431 30.85 0.231 2 -0.6 41.8 
0.434 33.25 0.276 2 1.4 42.8 
0.437 35.35 0.324 2 2.3 42.6 
0.442 39.10 0.432 2 3.0 41.2 
0.580 135.835 91.31 2 0.0 6.4 
0.599 149.804 153.15 2 0.0 4.7 
0.610 157.610 200.73 2 -0.1 3.8 
0.619 163.741 246.14 2 -0.1 3.2 
0.628 169.864 299.50 2 -0.1 2.6 
0.635 174.784 349.06 2 -0.2 2.2 
0.641 179.331 400.44 2 -0.2 1.8 
0.646 182.979 445.88 2 -0.2 1.6 
0.652 186.818 498.15 2 -0.3 1.3 
0.657 190.266 549.23 2 -0.3 1.1 
0.661 193.424 599.68 2 -0.3 0.9 
0.665 196.418 650.82 2 -0.3 0.7 
0.669 199.003 697.74 2 -0.3 0.6 
0.670 199.694 710.71 2 -0.3 0.5 
0.671 200.250 721.23 2 -0.3 0.5 
0.671 200.658 729.07 2 -0.3 0.5 
0.672 201.216 739.85 2 -0.3 0.5 
0.673 201.557 746.69 2 -0.3 0.4 
0.673 201.728 749.94 2 -0.3 0.5 
0.673 201.743 750.43 2 -0.3 0.4 
0.674 202.737 770.05 2 -0.3 0.4 
0.675 203.319 781.85 2 -0.3 0.4 
0.675 203.345 782.46 2 -0.3 0.4 
0.676 203.784 791.52 2 -0.3 0.3 
0.724 238.05 1794.15 3 -0.5 -0.9 
0.731 243.05 1993.66 3 -0.2 -0.8 
0.740 249.05 2259.94 3 -0.1 -0.8 
0.747 254.25 2520.96 3 -0.4 -1.2 
0.772 271.95 3550.04 3 -0.2 -1.2 
0.777 275.05 3754.06 3 -0.1 -1.1 
0.783 279.25 4062.33 3 -0.3 -1.4 
0.802 292.65 5106.42 3 0.4 -0.7 
0.806 295.95 5416.95 3 0.1 -1.0 
0.812 300.05 5786.73 3 0.3 -0.8 
0.840 319.65 7886.15 3 0.7 -0.4 
0.843 322.05 8178.67 3 0.7 -0.4 
0.847 324.95 8558.95 3 0.5 -0.5 

2. Biddiseombe & Martin (1958) 3. Niesen & Yesavage (1988). 
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n 

8 
9 

10 
12 

* 1 6 
16 
16 

* 1 7 
17 

* 1 8 
18 
18 

* 19 
*20 

22 
24 

*27 

Table 8.1 

Estimation of n-Aikane Melting Point Pressures Using Original & Modified 
Two-Fluid Models, C1 o/C2o and C1 o/C18· 

ln(P)=A+B/T 
Eqn. [3.13] 
A - B Fit Range/°K Phase T m/°K Pm/mm Hg 

20.362 
20.847 
20.886 
24.79 

5294.4 217-297 
5811.3 220-308 
6170.3 244-311 
7972. 264-284 

25.978 
25.927 
44.822 

26.095 
45.449 

27.714 
52.571 
25.548 

9698.5 
9645.5 

15149. 

10072. 
15810. 

10891. 
18409. 
10165. 

27.044 10997. 
26.849 11230. 
27.32 11942. 
28.98 13163. 
28.646 13792. 

299-323 
293-308 
288-290 

298-313 
288-293 

303-313 
288-298 
318-361 

306-328 
344-380 
353-383 
373-435 
351-435 

L 
L 
L 
L 

L 
L 
s 
L 
s 
L 
s 
L 

L 
L 
L 
L 
L 

216.37 
219.65 
243.50 
263.59 

1.65E-2 
3.66E-3 
1.16E-2 
4.28E-3 

291.32 .6.67E-4 
7.60E-4 
7.62E-4 

295.15 

301.35 

305.25 
309.65 
317.2 
323.8 
332.0 

3.26E-4 
2.98E-4 

2.19E-4 
2.00E-4 
2.79E-48 

1.26E-4 
8.13E-5e 
3.26E-58 

8.57E-68 

2.50E-68 

%Dev=1 OO(Pest.·Pm)/Pm 
Original Modjfjed Orjgjnal Modified 

Ref. C1 o!C2o iC1 o/C2o C1 o/C1s ic1 o/C1s 

1 
1 
1 
2 

3 
4 
4 

4 
4 

4 
4 
5 

6 
5 
2 
2 
6 

-9.9 
-18.9 
-15.6 

6.1 

-6.9 
-18.3 
-18.5 

-8.3 
0.3 

-5.3 
3.6 

-25.7 

-12.1 
-19.5 
-30.2 
-9.3 

-37.1 

-0.1 
-9.5 
-9.5 
11.5 

-4.7 
-16.4 
-16.6 

-6.6 
2.2 

-4.2 
4.8 

-24.8 

-11 .5 
-19.5 
-31.0 
-11 .3 
-39.6 

-15.0 
-21 .2 
-15.6 

10.7 

4.9 
-7.9 
-8.2 

5.9 
15.8 

11.0 
21.5 

-12.9 

5.3 
-1.7 

-11 .4 
19.7 

-12.0 

-5.3 
-11.9 
-9.5 
16.1 

6.5 
-6.5 
-6.8 

6.7 
16.7 

11.0 
21.5 

-12.9 

4.5 
-3.2 

-14.0 
14.6 

-17.5 

* Used in Eqn. [3.18). i Modified C1o Wagner Eqn. [8.1) e Extrapolated Eqn.[3.13] outside data range. n=carbon number, 
L=Liquid, S=Solid, T m=melting temperature, Pm=melting vapor pressure est. from Eqn [3.13] using coefficients A and B. 
References: 1. Carruth & Kobayashi (1973) 2. Sasse et al. (1988) 3. Parks & Moore (1949) 

4. Bradley & Shellard (1949) 5. Macknick & Prausnitz (1979) 6. Morecroft (1964) 
w 
~ 
0 
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Table 8.2 

Kreglewski & Zwolinski Equation Fits a of n-Aikane Boiling 
Points at Several Pressures 

P/mm too/o C c D Carbon Numbers/Eqn. Refs. RMSftoc 

0.05 568.780 2.93265 -0.0359081 10,12,14,16,18,20,22,24,28b 0.330 

3.00 591.884 2.95654 -0.0448497 21,23,24,28,30,31,34,35,36c 
/Eqn. 6.5 0.438 

760.0 805.097 3.03236 -0.0500562 s-1sd 0.031 

760.0 804.85 3.03191 -0.0499901 3-18e/Eqn. 3.28 

a The Kreglewski & Zwolinski (1961) form is tp = too - 10 (C + D n°· 6667), 

(Eqns. 3.16 and 3.28). tp is in Celsius degrees, n is the n-alkane carbon number, 
and coefficients t00 , C, and D were fitted from the indicated boiling point data. 

b "Conformal" Wagner vapor pressure equation coefficients given in Table 5.4 were 
used to estimate 0.05 mm boiling points. 

c Regressed Mazee (1948) 3 mm boiling point data given in Table 6.1 0. 

d Regressed Wilhoit & Zwolinski ( 1971) boiling point data. 

9 Kreglewski & Zwolinski (1961) equation based on 1960 edition of API-44 tables. 
f RMS= Root Mean Square deviation in temp. defined in Glossary 1. 



372 

APPENDIX B. Figures 

','!! 

' ' 
1,1 



1. Static (Direct): 

10-6 to 105 mm 

1. Fix Temperature 
2. Measure Pressure 

F 

t 

ample 

373 

Piston 
Gauge 

P=F/A 
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Figure 2.1 Methods for Vapor Pressure Measurement 
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Figure 3.2 n-Aikane Reduced Triple Point Temperatures 
(Tm from Broadhurst, 1962; Tc from Twu, 1984). 
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Figure 3.3 Triple Point Pressures of n-Aikanes. 
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0 Kay et al. (1975): ¢ Young (1900): • • • Vargaftik (1975) 
-- TRC (1974) Antoine eqns.: -- King & Mahmud (1986) corre 1.: 

Lee & Kesler (1980) carrel.: -- L&K (1975) carrel.: 
Morgan (1989) corre ls: PERT2: C10/C20; C1/C8 . 
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Figure 5.13 C8 Wagner vapor pressure eqn. in Table 5.4 
used to compare data and correlations. Deviations that 
exceed 10% are plotted on the boundary. Tm, Tb,& Tc are 
melting, normal boiling, & critical points. D Connolly 
& Kandalic (1962) smoothed data: 0 Willingham et al. (1945): 
+ Carruth & Kobayashi(1973): X Linder(1931): 
¢ Young(1900): ~ McMicking & Kay(1965): ~ Mundel (1913): 
• • •Vargaftil< Handbook (1975): --Lee & Kesler (1975) carrel.: 
-- TRC (1974) Antoine eqns .: ·--King & Mahmud (1986) carrel.: 

Lee & Kesler (1980) carrel.: -- Morgan (1989) PERT2. 
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Figure 5.14 C10 Wagner vapor pressure eqn. in Table 5.4 
used to compare data and correlations. Deviations that 
exceed 10% are plotted on the boundary. Tm. Tb,& Tc are 
melting, normal boiling, & critical points. 0 This work; 
0 Willingham et al. (1945); 1::. Allemand et al. (1986); 
+ Chirico et al. (1989); () Carruth et al. (1973); 
+ Reamer et al. (1942); X Linder (1931): <> Krafft (1882): 
--- Lee & Kesler (1975) carrel.;-.- Lee & Kesler (1980) 
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Mahmud (1986); Morgan (1989): -- PERT: • • • C 1/CB. 
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Figure 5.15 C12 Wagner vapor pressure eqn. in Table 5.4 
used to compare data and correlations. Deviations that 
exceed 10% are plotted on the boundary. Tm. Tb,& Tc are 
melting, normal boiling, & critical points. 0 This work; 
0 Wi 11 ingham et al. (1945): !). Allemand et a 1. (1986): 
+ Sasse et al. (1988): X API-42 (1966): <> Krafft (1882): 
() Keistler & Van Winkle (1952): + Beale & Oocksey (1935): 
-- Vargaftik (1975): - - Lee & Kesler (1980) carrel.: 
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-- TRC Antoine eqns. (1974, 1970): -- King & Mahmud (1986) 
carrel.: -- Morgan (1989) PERT2; • • • Morgan (1989) C1/C8. 
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Figure 5.16 C14 Wagner vapor pressure eqn. in Table 5.4 
used to compare data and correlations. Deviations that 
exceed 10% are plotted on the boundary. Tm, Tb, & Tc are 
melting, normal boiling, & critical points. 0 This work; 
0 Camin & Rossini (1955): 1:::. Allemand et al. (1986): 

1.0 

X API-42(1966); o Krafft (1882); ~ Ward & Van Winkle 
(1952); • • • Morgan (1989) C1/C8;-- Lee & Kesler (1980) 
(correl.; -- TAC Antoine eqns. (1974, 1970): ---King & Mahmud 
(1986) carrel.; -- Morgan (1989) PEAT2; -- Morgan (1989) 
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Figure 5.17 C16 Wagner vapor pressure eqn. in Table 5.4 
used to compare data and correlations. Deviations that 
exceed 10% are plotted on the boundary. Tm, Tb,& Tc are 
melting, normal boiling, & critical points. 0 This work; 
0 Cam in et al. (1954): tJ. Bradley & Shellard (1949) eqn.: 
+ Parks & Moore(1949)eqn.; X API-42(1966); <> Krafft 
(1882); ~ Myers & Fenske(1955); A Eggertsen et al. (1969); 
~ Francis & Wood (1926): • • • Morgan (1989) C1/C8: 
-- Lee & Kesler(1980)correl.;--TAC Antoine eqns. 
(1974, 1970): -- King & Mahmud (19.86) carrel.: 
--Morgan (1989) PEAT2: -- Morgan (1989) C10/C20. 
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Figure 5.18 C18 Wagner vapor pressure eqn. in Table 5.4 
used to compare data and correlations. Deviations that 
exceed 10% are plotted on the boundary. Tm, Tb,& Tc are 
melting, normal boiling, & critical points. 0 This work: 
~ Macknick & Prausnitz(1979); X API-42(1966); 
~ Allemand et a 1. (1986): "!'" Myers & Fenske (1955): 
<> Krafft (1882): ~ Bradley & Shellard (1949): 
-- Vargaftic Handbook (1975): -- TAC Antoine eqns. 
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(1974, 1970):-- Lee & Kesler (1980) carrel.; --Morgan (1989) 
PEAT2; -- Morgan (1989) C10/C20: • • • Morgan (1989) C1/C8. 
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Figure 5.19 C19 Wagner vapor pressure eqn. in Table 5.4 
used to compare data and correlations. Deviations that 
exceed 10% are plotted on the boundary. Tm, Tb,& Tc are 
melting, normal boiling, & critical points. 0 This work: 
A Morecroft(1964); X API-42(1966); 0 Krafft(1882); 
-- Vargaftic (1975): -- TRC Antoine eqns. (1974. 1970) 
--Lee & Kesler(1980)correl.; --Morgan(1989)PERT2; 

Morgan(1989)C10/C20; • • • Morgan(1989)C1/C8. 
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Figure 5.20 C20 Wagner vapor pressure eqn. in Table 5.4 
used to compare data and correlations. Deviations that 
exceed 10 ~are plotted on the boundary. Tm, Tb,& Tc are 
melting, normal boiling, & critical points. D This work 
(1989) top-cut, 8th run: A This work (1989) mid-cut, 1st run: 

Q Macknick & Prausnitz(1979): + Sasse et al. (1988); 
A API-42/Shiessler & Whitmore(1955); ¢ Krafft(1882); 
+ Myers & Fenske (1955); X Chirico et al. (1989); 
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TRC (1974, 1970) Antoine eqns.: - - Lee & Kesler (1980): 
-- Vargaftik (1975); Morgan (1989): -- PERT2; • •. • C1/C8 
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Figure 5.21 C22 Wagner vapor pressure eqn. in Table 5.4 
used to compare data and correlations. Deviations that 
exceed 10% are plotted on the boundary. Tm, Tb,& Tc are 
melting, normal boiling, & critical points. 0 This work; 
0 Francis & Wood (1926) synthetic; + Sasse et al. (1988); 
0 Krafft (1882); • • • Morgan (1989.) C1/C8; 
--Stull (1947) table; -- Lee & Kesler (1980) carrel.; 
-- TRC (1984) Antoine eqn.; -- Morgan (1989) PERT2; 
--Lee & Kesler (1975) carrel. using Table 5. 4 parameters. 
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Figure 5.22 C24 Wagner vapor pressure eqn. in Table 5.4 
used to compare data and correlations. Deviations that 
exceed 10 ~are plotted on the boundary. Tm. Tb,& Tc are 
melting, normal boiling, & critical points. D This work: 
0 Francis & Wood(1926)C.: A Francis & Wood(1926)C.O.: 
X API-42(1966): + Sasse et al. (1988): ¢ Krafft(1882): 
A Meyer & Stec(1971): Q Mazee(1948): 
-- TAC (1984) Antoine eqn.: -- Stull (1947) table: 
-- Morgan (1989) PEAT2: Morgan (1989) C10/C20 
-- Lee & Kesler (1980) carrel.: • • • Morgan (1989) C1/C8. 
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Figure 5.23 C28 Wagner vapor pressure eqn. in Table 5.4 
used to compare data and correlations. Deviations that 
exceed 10% are plotted on the boundary. Tm, Tb,& Tc are 
melting, normal boiling, & critical points. 0 This work; 
<> Francis & Wood (1926) F.; b. Francis & Wood (1926) F .0.; 
X API-42 (1966); Q Mazee (1948); 0 Chirico et al. (1989); 
--Stull (1947) table; - - Lee & Kesler (1980) carrel.; 
-- TRC Antoine eqn. (1984); -- Morgan (1989) PERT2; 
--Morgan (1989) C10/C20; • • 4 Morgan (1989) C1/C8. 
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anthrene data does not conform with n-paraffin results. 
Data sources and ranges are identified in Tables 5.4 and 5.6. 
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Figure 7.2 Phenanthrene Vapor Pressure Data Made Conformal 
With Respect to n-Paraffins. The data was reduced using an 
•optimized• value of Pc. See Tables 5.4 and 5.6 for the data 
sources. 



426 

\ 
' \ m-cresol 

' \ 
' \ 
'\ 
'\ 
'~ propan-1-ol 

~ '""-.. "'--. 
w !------------------=="~,"~·~==~~~-~~~~~ o_o 

.............. 

0.. 
X 
w 
0..0 
lru 

....J, 
<( 

u 
0.. 

0 
..q-
1 

ammonia 

water 

I 
I 

I 

I 
I 

I 

/methanol 

0.4 0.5 0.6 0.7 
REDUCED TEMPERATURE 

0.8 0.9 
Tr = T/Tc 
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predicted by the C10/C20 Correlation. Table 5.6 contains 
references. 
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Figure 7.5 C1/C8 Predictions of Water Vapor Pressures Using 
Experimental Parameters and 3-Parameter 
Optimization. (Data from Haar et al., 1984). 
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Figure 7.6 C1/C8 Predictions of Water Heats of 
Vaporization Using Experimental Parameters 
and 3-Parameter Optimization. (Haar et al., 1984). 
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n-alkane literature vapor pressure measurements up to 1989. 
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