
DIVISION OF ENGINEERING 
BROWN UNIVERSSTY 
PROVIDENCE, RI 02912 
TEL. (401) 863-1420 

QUARTERLY TECHNICAL PROGRESS REPORT 
1 OCTOBER, 1994- 31 DECEMBER, 1994 

DOE / PC92544-10 

VAPOR PRESSURES AND HEATS OF VAPORIZATION OF 
PRIMARY COAL TARS 

E. M. SUUBERG (PRINCIPAL INVESTIGATOR) 
V. OJA (GRADUATE STUDENT) 
W.D. LILLY (STAFF) 

PREPARED FOR: 
U. S. DEPT. OF ENERGY 
PITTSBURGH ENERGY TECHNOLOGY CENTER 
P.O. BOX 10940 
PITTSBURGH, PA 15236 

DR. KAMALENDU DAS, METC, MORGANTOWN , WV 
TECHNICAL PROJECT OFFICER 

"USDOE Patent Clearance is required prior to the publication of this document" 

DISTRIBUTION OF THIS DOCUMENT IS UNLCMUED 3 E 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



c 

2 

1. General Background 

As the world continues to deplete its petroleum reserves, then heavy crude oil, coal 
liquids, and other heavy fossil fuels may be required to meet the world energy needs. 
Heavy fossil fuels contain molecules that are large and more aromatic and that contain more 
heteroatoms than those found in liquid crude oil. 

There is also significant current interest in general area of coal pyrolysis, 
particularly with with respect to comprehensive models of this complicated phenomenon. 
This interest derives from central role of pyrolysis in all thermally driven coal conversion 
processes - gasification, combustion, liquefaction, mild gasification, or thermal 
benefication. There remain several key data needs in these application areas. Among them 
is a need for more reliable correlation for prediction of vapor pressure of heavy, primary 
coal tars. Such information is important in design of all coal conversion processes, in 
which the volatility of tany products is of major concern. 

The vapor pressure correlations that exist at present for coal tars are very crude and 
they are not considered reliable to even an order of magnitude when applied to tars. 
Sophisticated general correlative approaches are slowly being developed, based upon group 
contribution methods, or based upon some key functional features of the molecules. These 
are as yet difficult to apply to coal tars. The detailed group contribution methods, in which 
fairly precise structural information is needed, do not lend themselves well for application 
to very complex, poorly characterized coal tars. The methods based upon more global types 
of characterizations have not yet dealt much with the question of oxygenated functional 
groups. In short, only very limited correlations exist, and these are not considered reliable 
to even an order of magnitude when applied to tars. 

The present project seeks to address this important gap in the near term by direct 
measurement of vapor pressures of coal tar fractions, by application of well-established 
techniques and modifications thereof. The principal objectives of the program are to: 1) 
obtain data on the vapor pressures and heats of vaporization of tars from a range of ranks 
of coal, 2) develop correlations based on a minimum set of conveniently measurable 
characteristics of the tars, 3) develop equipment that would allow performing such 
measurements in a reliable, straightforward fashion. 
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2. Result from this Quarter 
A significant amount of time has been devoted during this quarter to testing the 

equipment for measurements by the gas saturation method and the Knudsen effusion 
method. These techniques are beginning to yield reliable results. Some key features of 
the methods will be summarized below, and sample results presented. 

2.1.Gas saturation method 
The gas saturation method is a frequently used, century old method for determining 

vapor pressures of compounds.This method is especially suitable for low vapor 
pressures, less than lmm Hg. It is also referred to as the transport, transpiration, or flow 
technique. The general features of the gas saturation method were described in the Third 
Quarterly Technical Progress Report. Since there have been some significant 
developments in how we have adapted the procedure for use here, we will present a brief 
overview of the approach. 

We have chosen to apply the method in a continuous mode, using a flame ionization 
detector to continuously monitor the concentration of the hydrocarbon of interest in a 
saturated carrier gas flow. The flame ionization detector is selected for this purpose 
because of its high sensitivity to hydrocarbons and its linear concentration response over 
the a very large range of concentration. Applied in this way, the detector gives a constant 
signal corresponding to a constant concentration of the vapor in the carrier gas stream. 
The sensitivity of the detector is of order 10-12 g/sec. This is sufficiently high such that it 
has been estimated that tars up to 800 dalton molecular weight can be analyzed, without 
exceeding a 300” C saturation temperature. 

Issues of detector response to different compounds are not critical. The key factor 
determining response is the “effective carbon number”, which the same for aromatically 
and aliphatically bonded carbons. Thus, the specific details of carbon bonding need not 
be known. However, other chemical structural features (such as heteroatoms) can 
influence the response of the FID, and thus it is necessary to examine individual 
component response factors. Flame ionization also has low response to common 
contaminants such as water vapor, C02, CO and to common nonhydrogen containing 
carrier gases such as He, Ar and N2. The carrier gas in our work is normally a high purity 
helium. Other important aspects of this choice are that helium has very low solubility in 
hydrocarbons and that its volumetric properties are known over the temperature range of 
interest. 
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Several methods have been employed for extracting vapor pressures from the data 
provided by the gas saturation method. The method adopted here involves measuring the 
flame ionization detector (FID) signal or response (in mV), and calculating concentrations 
from a ratio of this signal to a known calibration concentration signal. The calibration of 
the flame ionization detector involves introducing a known amount of a calibration 
hydrocarbon into detector system, and measuring response. Both continuous flow and 
direct injection of the calibration compounds have been used for calibration of the 
detector. The equation for determining vapor pressure can be written in the convenient 
form: 

PS= constant * FID Response* Experimental Temp./Carrier Flowrate 

in which the experimental temperature and carrier gas flow are experimental 
variables, which are possible control with high accuracy. The constant in this equation 
includes pressure and temperature correction for the carrier gas flowrate, the molar 
volume, the barometric pressure, and the detector calibration in mV per mass or mole of 
carbon per time. The actual form of the constant will be shown below. 

2.1.1. Technique and apparatus 
The technique and the apparatus have been described elsewhere (Third and Eighth 

Quarterly Technical Progress Reports), but some changes in the design and 
modifications in the technique have been introduced last quarter.Two different versions 
of the gas saturation technique have been investigated for measuring vapor pressures for 
pure component. The major change in the design involves the saturation system, which 
has already been noted in earlier reports as the most troublesome element of design. The 
trouble arises because the system has to achieve equilibrium with small amount of 
material. This requirement comes from the constraint that when it is time study real tars, 
preparation of large quantities of well-characterized material will be Wicult. 

The first approach to achieving saturation is dictated by the fact that the carrier gas can 
seldom be saturated with vapor in a simple pass-through cell. This is true even at low 
flow rates and with an extra fine gas dispersion apparatus. True saturation can, however, 
most likely be assured if the initial, partially saturated gas stream is forced to recondense. 
Thus an equilibrium concentration is established in the section of the saturation apparatus 
in which somewhat reduced temperature is created, to force a partial condensation. When 
the vapor-gas mixture comes into contact with the cooled surface in this zone, 
condensation occurs, and equilibrium established between liquid on the surface and 
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vapor. This technique is especially suitable for pure compounds. In the case of 
mixtures, changes of composition can occur during the condensation. 

A Perkin-Elmer Model 3920 gas chromatograph has been selected for measurements. 
Many key elements used of the design were already available in the Model 3920 
chromatograph, such as flow controllers, detectors, temperature controller for detectors. 
The simple preliminary saturator is a standard Swagelock gas line filter containing a 
0.5pm filter element (the”FW” series of inline filters). The filter is fine enough that liquid 
will not ‘weep’ through (although it could certainly be wicked into the filter by capillary 
action ). The saturation column is plugged at each end by means of glass wool. 

The primary saturator is contained within a special oven that provides better control of 
temperature than does the standard chromatograph oven. A 300 W cartridge heater in the 
sample furnace is controlled by computer. The sample primary saturation temperature is 
controlled to within 0.5 degrees. The temperature is measured using a chromeValurnel 
thermocouple and recorded using Omega DP 80 series digital indicator. 

The oversaturation section, or the cooling section, consists of a capillary tube made 
from stainless steel, and is 20 cm long and with a internal diameter 1 mm. It is placed in a 
cylindrical aluminum furnace containing four heating elements ( four 50 W cartridge 
heaters). These elements are controlled by means of a RFL Industries, Inc. temperature 
controller, which is designed to regulate temperature within a few tenths of a degree. The 
temperature in the block is measured using a chromeValurnel thermocouple, and recorded 
using an Omega DP 80 series digital indicator. The thermocouple is calibrated against a 
Fisher brand mercury thermometer, which is accurate to two tenths of a degree. 

A temperature difference from 5 to 10 degrees between the initial saturator and the 
lower, constant temperature region which achieves true saturation, appears to be 
sufficient to provide an equilibrium saturation at the exit, based upon our own 
measurements . 

In the second saturation technique, reliance is again placed on primary saturation. The 
configuration of the saturator is modified to help approach true equilibrium. In this case, 
the carrier gas is passed through the sample, which is supported on a non-absorbent 
material such as a glass wool, inside a tube of 3 mm diameter and 10 cm length. The 
pressure drop was unimportant. This system gives good contact between the gas stream 
and the material, and ensures that the gas stream is almost completely saturated with 
vapor, while allowing a very small sample to be used. Preference for this technique arises 
from a consideration of the method of separation of the coal tars. In this method, tars will 
have been already solvated in pyridine. They can be easily coated in a fine layer onto a 
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high surface area substrate (such as glass wool). The substance whose vapor pressure is 
to be determined is dissolved in a volatile solvent. It is then transferred into the saturator 
column after which the solvent is removed by evaporation in vacuum oven at room 
temperature. The saturation column was plugged at each end by means of glass wool. 

All key elements of the design, outside of the saturator, were already available in a 
Sigma 3 chromatograph, to which no modifications have been made. The glass-wool- 
packed saturator column is placed into an aluminium tube which completely surrounds 
the saturator and provides thermal ballasting to the saturator. The temperature of the 
saturator was measured using a chromel/alumel thermocouple and recorded using Omega 
DP 80 series digital indicator. The thermocouple is calibrated against a Fisher brand 
mercury thermometer. 

Apart from the above described differences in methods of gas stream saturation, the 
basic procedures were same in all cases. A number of important details of technique 
identified during the work are listed below. 

All connections were made with stainless steel Swagelock fittings. The design of the 
tubing connecting the saturator device to the detection system was important. The interior 
surface of this tubing must not adsorb the sample to be measured. The tubing was 
cleaned at 400" C in inert gas flow for about 10 hours. 

The carrier gas flowrate used was from 10 to 20 ml/min which was thought to be 
sufficiently slow to obtain equilibrium. By altering the gas flowrate, one can ascertain 
whether the gas stream is completely saturated with the vapor of the substance under 
investigation. Our experiments with anthracene showed apparently full saturation over 
the selected range of flowrate. Equilibration was quite rapid using both saturation 
methods. Changes in temperature at a fixed flowrate resulted in equilibrium being re- 
established within half-an hour. 

The gas source has to been extremely clean and dry, so high purity helium is used. 
The accuracy of flow controllers was checked using a Cole-Palmer mass flowmeter, with 
an accuracy 1.5% of full scale, which itself was recalibrated with a soap-bubble meter. 
The importance of accurate control and knowledge of the flowrate is apparent from the 
working equation above, since signal is proportional to the flowrate of of the carrier gas. 

Calibration was performed before an experiment, with the gas stream by-passing the 
saturator, and repeated after an experiment. Since the calibration of the FID detector is an 
important aspect of the method, two options for calibration have been included in the 
system. A commercial calibration device, the Kin-Tec model 570, has been set up to 
provide a known flowrate of an organic compound to the FID. The choice of compound 
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for performing the calibration is important, since different materials may have different 
response factors. The intent here was to use this calibration flow to check day-to-day 
variations in the sensitivity of the detector. The actual relative response factors have been 
examined in the other way, in which known amounts of the calibration agent and the 
material of interest are directly injected into the FID, and their response factors compared. 

Detector sensitivity is a strong function of air and H2 flowrates and detector interface 
temperature. Calibrations were made early in the day and immediately before and after in 
the every experiment. However, experience showed that the response of the detector is 
sufficiently stable to make such frequent recalibration unnecessary. 

2.1.2. Vapor pressure calculation. 

The samples to be examined in this study can never be 100% pure, for practical 
reasons. In some cases, the garting materials will be relatively pure (e.g. >99%), and 
might even be purified further. These will be treated as though 100% pure. In the case of 
coal tars, the samples are never “pure”, and their behavior will always be governed by 
mixture thermodynamics. The attempt will be made to separate the components on the 
basis of molecular weight, but there will still be a mixture of components, with different 
functional group compositions, in any narrow molecular weight fraction. It is thus 
important to recognize that to some degree, mixture thermodynamics will always govern 
the observed vapor pressures. 

The general relationship between component i mole fraction in the vapor phase, yi, 
and the condensed phase mole fraction (Xi) can be expressed as: 

P yi $iv = $is Pis ri xi 
where yi is the activity coefficient of component i in the liquid (or solid), $is is the 

fugacity coefficient of i in pure i vapor at its saturation pressure, P? is the vapor pressure 
of pure i, P is the total system pressure, and $iv is the fugacity coefficient of i in the 
vapor mixture. In principle, this equation should apply to even the case of a “pure” 
material, since any solubility of the carrier gas in the material makes the system a mixture. 
Under our conditions, the usual carrier gas, helium, is so sparingly soluble in the 
hydrocarbons and tars of interest that the condensed phases are essentially pure, so all 
terms on the right hand side are unity, except Pis. We can also assume that the vapor 
phase behaves ideally because the total system pressure is very low (PI1 atm) and the 
temperature is above ambient. Thus $iv =1 is also a good assumption. Therefore 

P n i /nc  as nc >> ni yi P = Psi =P ni/ (ni + %)  
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where ni is the molar flowrate of the vaporizing material, nc is the molar flowrate of 
carrier gas, and again, P is atmospheric pressure. This is the basic working equation for 
this technique, where PSi=f(T only). It is, of course, required independently by the phase 
rule that the vapor pressure is a function of temperature only. 

For actual mixtures, the basic vapor-liquid equilibrium equation can also be 
somewhat simplified. Since the pure component vapor pressure is very low, P >>PSat. 
Thus in the pure component reference state $iS=l. Again, it is reasonable to assume that 
$iv =l. The major unknown is how ideal the mixture behavior is, and thus, what the 
value of ‘yi would be. For Raoult’s Law, as might be reasonable for coal tars, ‘yi =l. 
Then the vapor pressure exerted by the mixture would be a function of the molecular 
weight distribution in the mixture. This topic will be further discussed in a future report. 

To return to the simpler case of a “pure” material, we now consider how the actual 
experimental values can be used to obtain ni, the key unknown. As noted above, the 
detector signal (in mV) is related to the carbon mass flowrate, through the “response 
factor” of the compound in the detector. When dealing with a material of unknown 
molecular structure, we use the following relationship: 

signal ( H[mVl) 
mV min mass flow of carbon 

sensitivity( S[ mgcarbon 1)  
The above assumes that the response per unit mass of carbon is roughly constant, 
regardless of molecular structure. This is seen to be reasonable for a number of higher 
molecular weight hydrocarbons, and other organic materials if the compounds do not 
contain large amounts of oxygen or other heteroatoms (see Table 1). 

If a material in question has total mass flow of Q’, in mg/min (which is 
distinct from the carbon mass flow), the relationship between detector response and Q’ is 
of the same form as before, but of course the sensitivity per unit of material mass is 
different than that per unit of carbon mass by some factor. the relationship can be 
calculated from the component molecular mass M[g/mol] and component molecular mass 
of carbon M c [ ~ ~ , , / m o l ] .  The above equation can be rewritten as 

H H M  Q=-=-- 
S’ s M, 

in which S’ is the more usual response factor found in the literature. Thus with an 
assumption of constant S and a knowledge of molecular composition (at least mass % 
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carbon), the value of Q' can be obtained. In addition, it is also possible to relate the value 
of the total mass flow to other measurable quantities, specifically, 

where W is the component volumetric flowrate in milliliters per minute, p is the gas 
phase component density in mass per unit volume, V" is ideal gas volume at standard 
conditions T" = 273.15 K and Po= 760 mm Hg; Le., V0=22.4 moles per liter. D is the 
carrier gas volume flow in milliliters per minute, which is related to W by the vapor phase 
mole fraction y. The total volumetric flowrate of gas in the system is @+W), and the mol 
fraction of the material of interest is simply y=W/(D+W). Since the vapor concentration 
of the non-carrier component is generally quite small, y<<l and thus, W<cD. It follows, 
therefore, that W = D y = D PS/P. 

Thus the main working relationship between the FID signal and the vapor pressure 
for a pure compound is expressed as 

The quantities V" , P" and T" are constant (ideal gas volumetric properties at standard 
conditions) , T and D are controlled variables, M and Mc are known for a particular 
material , S is determined by calibration, and H is measured.The method is suited for 
measuring vapor pressures in the range 10 to 10-6 torr with over all accuracy of about 
10%. The major uncertainties come from the determination of S and the control of 
temperature. 

2.1.3. Testing the gas saturation method 

To verify that the above procedures yield accurate vapor pressures for low-volatile 
components, anthracene was selected for testing because of the large number and 
generally good agreement between experimental data reported in the literature [ 1 , 2,3,4, 
5 3. There is not yet a suitably accurate general correlation of these results to allow use of 
"established" values, so we show comparison with actual data reported by different 
investigators. 
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Several measurements of anthracene using saturation method 1 (in which saturation 
was achieved by cooling) were performed at three different flowrates ranging from 10 to 
20 cc/min. These tests were performed to determine if the measured vapor pressure 
depends upon flow rate, and thus, whether vapor saturation is indeed established in the 
saturation column. As illustrated in Figure 1, there is no significant dependence of vapor 
pressure upon the flowrate in our range of flowrates, and the plot of the natural 
logarithm of the vapor pressure as a function of the inverse absolute temperature is 
straight line as should be expected from the Clausius-Clapeyron relation. It can further be 
seen in Figure 2 that the agreement with the results obtained by the other authors is 
generally quite good. 

A second model compound was also explored using the saturation method 1. Figure 
3 shows the data obtained on pyrene. These data were taken at a flowrate of 13.1 ml/min. 
These data are also in good agreement with literature data [ 5, 6, 7, 8, 9, 10  1. Some 
operational problems occurred during the experiments with pyrene. The detector signal 
was initially quite noisy, often giving values that exceeded what would have been 
expected for pure saturation at the given temperature. Some of the noise peaks were quite 
sharp spikes, as though there were passage of particles through the detector. These peaks 
were superimposed upon rather broad peaks of many minutes duration. The current 
hypothesis as to the origin of these peaks is that particles of pyrene in the saturator 
break, and pass through the glass wool filter at the end of the saturator. If carried all the 
way into the detector, they give sharp spikes. If they settle between the saturator and 
detector interface, they are in a region of higher temperature than the saturator and 
volatilize more rapidly, giving a broad peak. Eventually, at any temperature, the signals 
became constant, and relatively noise-free, allowing measurements to be made. Obtaining 
useful results took approximately 5 hours for every point and a full experiment two days! 
The problem has been addressed by using an additional 5 pm filter at the end of the 
preliminary saturator, but confirmation of the efficacy of this approach is not yet 
available. 

Result using saturation method 2 (the high surface area saturator) for anthracene are 
shown in Figure 4. Anthracene with a purity of 99% was dissolved in high purity 
tetrahydrofuran and coated onto glass wool contained in a 1/8” diameter and 20 cm long 
stainless steal tube. The flowrate of carrier gas was 14.6 ml/min. Our results again show 
good agreement with the literature values, and again tend to lie nearer the higher values of 
the literature data. We hesitate to f i i y  side with results in this range as yet only because 
we are not yet satisfied with the purity of our sample and with the temperature control in 
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our furnace. Nevertheless, our results appear quite satisfactory, and give us good 
confidence in pursuing this technique further. 

2.2.Testing the Knudsen effusion method. 

This technique was described in more detail elsewhere ( 4th 6th and 9th Quarterly 
Technical Progress Reports). It was described in the 9th Quarterly Report how the 

performance of the apparatus was checked by measuring, as a function of temperature, 
the vapor pressures of anthracene between 25 and 130 'C, pyrene between 35 and 125 
"C, and coronene between 145 and 235 'C. From these data, the standard enthalpies of 
sublimation of all three aromatic compounds were found to be in good agreement with the 
values from the literature. 

During this reporting perigd, the vapor pressure of anthracene has been studied using 
effusion cells of different designs, in order to test the sensitivity of the method to subtle 
design features. In particular, orifices of various sizes and different cell materials were 
examined. Our new results for anthracene are shown in Figure 5 and, again, they lie 
near the average values of the literature data [ 1, 2, 3, 4, 5 3. There is a very slight 
difference in slope determined from our values and that determined using all of the 
literature values. The values from our experiments at the highest temperatures clearly fall 
off of the trend line. We do not yet know why this is the case. The deviation is in the 
direction of lower vapor pressures, which would imply a lower mass loss rate than 
should be observed. The most plausible explanation for a deviation in this direction is a 
problem in temperature measurement. As discussed last time, these high mass loss rate 
conditions are most demanding, in terms of providing the necessary latent heat. It is 
likely that the measured capsule temperature is slightly lower than the actual sample 
temperature. Again, this shows the importance of monitoring results for deviations from 
linearity at high temperatures. 

The vapor pressure appears to be independent of the cell design. The cells were 
produced in the same way, and the results did not exhibit any systematic dependence on 
the orifice sizes. The maximum deviation of our results from the mean of the literature 
shown is & 15% with the exception of the three highest temperature points for D=0.648. 
This is well with in our estimates of the experimental uncertainty of our own data and 
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data and those of the other workers. 
Thus the apparatus is seen to be suited for measuring vapor pressures fro 10-2 to 10-6 

torr. The lower limit of measurable pressure is determined by the sensitivity and noise in 
our recording microbalance system, and certain recommended design characteristics of 
the cell ( thickness of the foil, diameter of the orifice) which dictate that lower pressure 
operation will be practically difficult to achieve. 

The average baseline variation is & 5 pg per day and the noise level, as result of 
vibrations, electrical noise, and static electricity (the contribution of which depends on 
temperature and humidity), has not been greater than than 5 2  pg. Thus working in a 100 
pg range of true signal variation corresponds to average error less than 3% for each 
isothermal step with 0.5 to 3 hours allotted for each measurement. A determination of the 
vapor pressure curve takes from 5 to 10 hours, with repeated determinations at several 
isothermal steps. The changes in temperature are achieved in a half an hour. In the case of 
coal tars, is will be reasonable to work with effusion rates from 10-9 to 10-7 g/sec ( 
mg/h), based upon anticipated pressures and temperatures. Using a 20 mg sample means 
losing less than 5% of a sample during the 5 hour experiment. This is an important 
consideration in work with mixtures, in which the composition can be significantly 
changed by high extents of mass loss. 

The upper limit of the pressure measurements is determined by both the critical 
Knudsen number and the probable heat transfer problem seen in Figure 5. For true 
molecular flow conditions, as are required for the Knudsen approach, the mean free path 
of the molecules must be larger than the orifice diameter. This would be normally be 
interpreted as mean free path ten times large than hole diameter, but good result can still 
be obtained when the diameter is about same as the mean free path. 

There are some further considerations in cell design. The existence of small leaks in 
the cell is very inconvenient if the effusion hole has a small size. Obviously, any leak will 
contribute to the mass loss rate from the cell, and lead to apparently higher vapor 
pressures. This might tend to drive the design towards larger hole sizes. There are, 
however, other considerations. Winterbottom and Hirthl2 have reported that surface 
diffusion increases as the radius of the hole decreases. Also there is the possibility of 
kinetic diminution of the vapor pressure in the neighborhood of the hole, which increases 
with radius. Thus it appears that the most acceptable range of hole sizes is diameters from 
0.9 to 1.0 mm (providing a cross-sectional area from 0.7 to 0.8 mm* ) . As noted in 
Figure 5 ,  we have chosen holes with diameters from 0.6 to 1.1 mm, and the actual choice 
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of diameter was seen to be unimportant. 
Several similar experiments were done to check on other systematic errors in cell 

design. No other major sensitivity to design features was noted, provided that the same 
stamping procedure was used to produce cells of constant profile. 

Reliable measurements using Knudsen effusion method require particular attention to 
the problem of measuring and controlling the temperature of the Knudsen cell within the 
vacuum enclosure. Most discrepancies between the results of the different workers using 
this or related vacuum methods are the result of insufficient attention to this problem. The 
reliability of the measurements was carefully established using comparison of the results 
obtained to the literature values for known vapor pressures. 

In our measurements of vapor pressure, the errors from all sources have been 
estimated to be about +15 %. For these low pressures, a total error of + 25 % is 
acceptable accuracy. 

3. Conclusion 

It may be said that both the saturation and Knudsen effusion methods show excellent 
promise of yielding reliable results. We are ready to apply the methods to real systems. 

4. Plans for Next Quarter 

During the next quarter the necessary tar preparation equipment will be developed 
further. We are looking forward to finishing the development of vapor pressure 
measurement techniques and conducting experiments with real tars and pure compounds of 
practical interest. 
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TABLE 1 

COMPONENT 

methane 
heptane 
octane 
nonane 
2,2,3-trimethylpentane 
2,2,44rimethyIpentane 
2,3,3-trimethylpentane 
2,3,44rimethylpentane 
cyclopentane 
cyclohexane 
cycloheptane 
toluene 
para-xylene 
meta-xylene 
ortho-xy lene 
1,2,3-trimethyl benzene 
1,2,4-trimethyI benzene 
1,3,5-trimethyI benzene 
n-propy I be ntene 
n-butylbenzene 
hexylalcohol 

decylalcohol 
4-methoxy-4-methyl-2-pentanol 
trimethylamine 
tert-butylamine 
aniline 
diethylamine 

octytalcohol 

Jlolecular Carbon 
veight content, g/mol 
g/mol) 

16.04 
100.21 
11 4.23 
128.26 

114 
114 
114 
114 

70.14 
84.1 6 
98.19 
92.15 

106.17 
106.1 7 
106.1 7 

120.2 
120.2 
120.2 
120.2 

134.22 
102.18 
130.23 
158.29 

132 
59.1 1 
73.14 
93.13 
72 14 

12.01 
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Figure 1. Vapor pressure of solid anthracene using different flowrates. 
Gas saturation method 1. 
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Figure 2. Results from gas saturation method 1 applied to solid anthracene. 
Solid points are from this study, open points are from references. 
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Figure 3. Results from saturation method 1 applied to solid pyrene. 
Solid points are from this study, open points are from references. 
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Figure 4. Results from gas saturation method 2 applied to solid anthracene. 
Solid points are from this study, open points are from refrences. 



. I  

n 
k 
0 

a 
r: 

.y 
U 

H 

I I I I 
\ 1 

0 D = 0.6480 mm 

D = 0.991mm 
D = 0.933 mm 

- 6  

- 8  

- 1  0 

- I  2 

- 1  4 
0.0025 0.0027 0.0029 0.0031 0.0033 0.0035 

1 m K I  
Figure 5. The effusion method applied to 

anthracene, using different diameter (D) effusion orifices. 
The dashed line is a mean of the data from the literature. 


