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SUMMARY

The PCT properties of products from direct coal liquefaction processes
are of great importance to 211 who have to design both small scale and
commercial scale process units. Materiai balances, energy balances, heat
transfer calculations and pressure drop calculations are not possible without
this information. This report continues the work reported in an earlier DOE
report (Albal et al., 1983). 1In particular, it provides a review of the
literature of the experimental measurements of the viscosity, thermal
conductivity, heat of reaction, vapor préssure, and surface tension of coal
liquids. While most of the information relates to products from the SRC-II
process, some information on products from the Exxon Donor Solvent process is
included where it is known. In addition, the report includes Prandtl numbers

for SRC~II 1iiquids.

This summary will now introduce the important findings for each of the )
PCT properties mentioned above.

The measurements made to date indicate that the viscosity of coal liquid
fractions increases with increasing boiling point and decreases in an
exponential mamner with increasing sample temperature. Empirical correlations
representing the viscosity of coal iiquid fractions and SRC mixtures and feed
coal slurries are presented. Viscosity correlationms developed for petroleum
fractions and pure compounds appear to have marginal applicability to coal
liquids. More exparimental ieasurements at temperatures greater than 500°F
are needed to extend the present correlations to temperatures more in kesping
with the higher'temperatures utilized in coal liquefaction processesl°

The experimental measuremente of the thermal conductivity of coal liquid

samples is quite limited. They show that the thermal conductivity decreases

. with increasing temperature and with an iuncrease in the coal liquid fraction
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bolling point. Am empirical correlation relating thermal conductivity to the

oxygen content and reduced temperature of coal liquid cuts is presented.

As the oxygen content is not always known, an empirical correlation
relating thermal conductivity to the normal boiling point and the reduced
temperature is recommended. In general, it has proven difficult to
extrapolate the thermal conductivity of cuts of coal lgfuids to thelr critical
point. At the present time the correlation hold for reduced tempefatures
< 0.9.

The critical temperature, T, and the critical pressure, P, are the
independent variables most commonly utilized in various correlatioms
representing the vapor pressure of coal liquids. Accordingly, methods of
estimating T, and P, are first discussed. The limited experimental T, values
seem to be represented well by the Roess, MNokay, ASPEN and Kessler-Lee
correlations. Five methods of predicting the Pc values were tried. The two
experimental data. points were best represented by the expression presented by
Mathur.

Five correlations, namely the Linear, Eiedel, Mobil, Starling, and Wilson
correlations, were used to represent the vapor pressure of coal liquids.
While all five gave a reasonable fit to various cuts of SRC~-II liquid, the
present authors suggest the following ranking (listed in order of decreasing
ranking)

Starling

Mobil

Reideli} Approximately equal
Wilson

Linear

While Starling’s correlation has the greatest complexity, it can be

handled quite easily on any contemporary computer.
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An extremely limited number of pleces of data for heats of reaction of
coal liquids are available. The difficulty of operating a bench sczale
adiabatic reactor is one of the reasons why this is so. The data indicate a
decreasing heat of reaction with incregsed Hy consumption. Stéphenson (1981)
correlated the heat of reaction data with a linear relationship with Hy
consurmmtion. He noted that the hydrogenation reactions in coal ligquefaction
are mainly due to the saturation of aromatic rings and not hydrocracking
reactions. An attempt by the present authors to estimate heat of reaction
values from heat of combust;on data;was not very satisfactory.

Surface tension values for coal derived liquids are very limited.
Empirical expressions have been used to repsent the data. The agreement is
only fair and it is clear that more experimental measurements are badly
needed.

Prandtl numbers for cuts of coal derived liquids were calculated by the
present authors. In general, the Prandtl‘number decreases with increasing
temperature and increases vith.increasing boiliﬁg point of the coal liquid
cut. Three empirieal correlétious representing the Nusselt number as a
function of the Reyrolds number and Prandtl number were tested with
meaurenents made by Gulf R&D., The bittus-Boelter correlation gave the best

fit both for the transition and the turbulent regioms.
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VISCOSITY OF COAL LIQUIDS
AND SLURRIES

Introduction

The control of the coal=slurry viscosity is a crucial factor for the
Solvent Refined Coal Process to maintain system operability. The viscosity
data for the feed slurry, recycle slurry, vacuum bottoms, vacuum flash feed,
and coal liquid fractions are required for the design and operation of the
feed tank, preheater, reactor, fractionating towers, pumps, and other procsss
equipnment. |

The P~99 Process Development Unit utilized at the Gulf Research
Laboratories in Harmarville, Pennsylvanlsa uses a continuous coal feed blending
tank for SRC-II operation. The operation of this feed tank can be a problem
because of the varying mixing properties of the different coals and the
complex viscosity behavior of the feed slurcy. Some coals have a tendemc§ to
swell or "gel" and form a thick, unpumpable mizture, as the mixing time
;ncreases. This gelling tendency increases with temperature, but it may be
offset in some cases by the normal tegdency of viscosity to decrease with
increasing tempeature., Hence, it is important to know the variation of
viscosity and rheological behavior of slurries of the variocus feed coals under
the feed coal mixing conditions.

Knowledge of viscosity is very important for the operatiocn of the
preheater and dissolver to determine the dezree of solubilization and
depolymerization of the coal. It was found that the residence time of the
coal glurry in the preheater and dissolver was critical for the success of the
process. It was observed that the viscosity of the slurry first inereased as
the slurry was heated, especiaily as the caking coal passed through the

temperature range of plasticity. Then, at higher temperatures, the viscosity
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. rapidly decreased. Prolonged heating appeared to induce a second vigscosity
increase.- Uhdér such conditions, turbulence may not be achievable and heat
transfer may be only by conduction and may be very poor. Overheating may
result in caking, i.e., plugging the pipe. It was found essential that the
process be aliowed to proceed until the minimum viscosity product was made,
and it is undesirable for the heating to be continued to the point where the
second viscosity increase becomes consequential, Thus, knowledge of viscosity
can provide the means for determining the optimum values of the operating
variables, énd would give prompt warning if a malfunction produced an
unfilterable solution.

In order to avold the need for filtration or a similar solid=-1iquid
separation step, the SRC-II process employs distillation for product
recovery. One part of the distillation train is a vacuum column., In order to

.maximize the distillate product, it is desirable to cut as deeply as possible
into the vacuum bottoms. On the other hand, there is the need to zvoid czking
in the vacuum column and the additional need to produce a vacuum bottoms
produ;t of low enough viscosity to be pumped readily, Thus, informatiocn on
the effect of operating severity on the preoperties of the overhead and bottoms
streams is important for design.

The property "Viscosity" is discussed in this»report. Data from various
sources for narrow boiling coal-liquid cuts, feed 8lurry, recycle slurry,
vacuum bottoms, and vacuum f£lash feed are included. The available
correlations to predict the rheological behavior of various streams are also
included. The areas where additional experimental measurements are needed are

identified.
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Summary of Avallable Data

A large number of measurements have been reported on the viscosity of
vacuum bottoms, feed slurry, recyclg slurry, and the coal liquid fractions.

Most of these measurements were carried out by using laboratory
instruments like the Brookfield LVT type viscometar, Haake viscometer,
Capillary viscometer, Rolling~Ball viscometewr, etc. More information
concerning these lnstruments and their use may be found in Skelland (1967).
In the Brookfield or Rolling-Bail viscometer, the shear rate is varied by
using different stirring speeds. In a Capillary viscometer, the shear rate is
varied by using different flow rates. Based on the nature of the plot of
shear stress versus shear rate, the rheologlcal behavior of the material was
characterized. Figure III-l is a general figure showing the rheological
behavior of Newtonian and non-Newtonlan materials, A shear diagram for a
thizotropic fluid is shown in Figure III-2, The parameters varied iaclude
soak tiﬁe, temperature, compositlon, storage time, and shear rate,

A discussion of some of the important mpasuraments now follows.

Parimi (1981) has described the results of an extensive experimental
program to study the rheological behavior and thermal stability
characteristics of both the vacuum tower bottoms as well as the vacuum towar
feeds The material that now follows is taken largely from this work.

i
Vacuum Tower Bottoms Viscosities

Five vacuunm tower bottom samples were used in the test program ranging in
pyridine insoluble (PI) content of 36,0 to 47,7wt%., All samples were |
laboratory retained samples of vacuum tower bottoms from Powhattan No. 5 coal
runs for Texaco gasifier tests., In the first series of tests each sémgle was
rapidly heated to a temperature of 600, 650, or 700 °F (soak temperatures),

and held at these temperatures for 30 and 120 minutes (soak time).

I1I-6



Viécosities were measured using a Brookfield viscometer at shear rates ranging
from 9.3 to 372 sec !, The sample was then quenched to 575°F and the
viscosity measurements repeated over the same shear rate range.

In general, viscosity increased with both the sozk time and sozk
temperature, and the increase was substantial at a sozk temperature of 700°F
and soak time of 120 minutes. This unusual rheological behavior was
attributed to possible folymerizatien and thermal degradation of the sample
when exzposed to elevated temperatures for extended times., Further aznalysis
and later tests, however, indicated that the high viscosities observed at
elevated temperatures and exposure times were also affected by exposure to alr
during the process of sozking and viscosity measurement. In these later
tests, the samples were sealed in sample bombs with inerf gas for up to 48
hours at the test temperature, avolding the possibility ;f thermal degradation
due to exposure to alr at the elevated temperatures. The viscosities
generally increased with increasing sozking (storage) time, at all
temperatures exceeding 550°F,. but to a lesser extent., At 700°F, viscosity
growth, however, still was substéntial, indicating storage of vacuum tower
bottoms at these tezperaiures for any extended length of.time mzy be
undesirable,

The vacuum tower bottoms samples exposed to high temperatures for
different lengths of time were analyzed by Soxhlet extrzetion im order to
characterize the chemical changes resultiﬁg from the severe conditions of
exposure. Tne Soxhlet extraction separates the sample into oils, asphaltenes,
preasphaltenes and pyridine insolubles. This analysis indicated that, im
general, the I0M (Insoluble Organic Métter) and preasphaltene content
increasad at the expense of oils and asphaltenes, the ﬁagnitudes depending

upon the severity of exposure.
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A third series of tests was also conducted on one of the samples in order
to characterize the effect of a distillate diluent on the thermal stability as
wéll as the rheological behavior of vacuum tower bottoms. Heavy pump flush in
quantities of 10, 20 and 30 wt% was added to the vacuum tower bottoms sample
C, and viscosities were measured at shear rates ranging from 9.3 to 372 sec_l.
Further, the diluted samples were soaked at 575, 600 and 650 °F for up to 24
hours and the viscosities measured to determine aging effects,

The composition of the five vacuum towar bottom samples used in testing
are shown in Table III~l., These samples were collected originally €from vacuum
flash drum B at Ft. Lewis and had been exposed to air and solidified on a
water cooled Sandvik belt. Further, when each of the samples was heated to
different temperatures and held for 30 to 120 minutes in the first séries of
tests to rheologically characterize them, they were further exposed to an
oxidizing atmosphere. As a result, the viscosity data generated during the
initial phase (the first series) were considered to be unreliable. The Ffact
that the viscosity growth was substantially less for sample C in the second
series of tests, whére the samples were kept in inert atmospheres,
substéntiates that the results from the earlier work on slurry viscosities
were indeed not reliable and should not be used for evaluations of their
storability,

In the second series of tests, care was exercised in naking the samples
used in testing imert. Samples C and F were used in this phase of the
study. Sample C representsythe demonstration plant vacuum tower bottoms
composition. These two samples were stored at 500°F, 600°F, 650°F, and 700°F
for periods of 6, 12, 18, 24, and 48 hours and their viscosities measurad.

The viscosities generélly increased with storage time. While the viscosity

growth at storage temperatures of 550°F to 650°F was modest, the growth was
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substantial at 700°F. Any storage at this high temperature appears to be
undesi%able.

The vacuum tower bottoms slurry behaved as a pseudoplastic fluild, with
the measured viscosity decreasing with Increasing shear rates at all
temperatures tested. This pseudoplasticity of this material increased with
temperature.

The third series of tests was conducted on vacuum tower bottoms sample C
diluted with heavy pump flush. The material waé fractionated into 50 degree
cuts and thelr viscosities and densities measured as a function of temperature
in the temperature range of 100° to 500°F, Also, the viscosity of the
comosite was measured as a2 function of temperature.

In this phase of the study, vacuum tower bottoms sample C, with a

. composition similar to that of the corresponding Demonstration Plamt stream
was diluted with 10, 20, and 30 wt7 heavy pump flush and viscosities of the
blends measured at 575, 600, and 650 °F and at several shear rates ranging
from 9.3 to 372 secfl. The diluted samples were 2lso aged for 0, 12, and 24
hours before viscosity measurements were taken. Dilution, as expected, had a
positive effect'on thermal stability. There was virtually no difference in
the viscosity of the 30Z diluted sample in the measured viscosities between
the 12 and 24 hours, and even the viscosity increase between 0 and 12 hours
was not significant. As stated, the viscosities of diluted vacuum Eower
bottoms were measured at 575°, 600°, and 650°F; however, only the data at
650°F could be used in the analysis/because of the number of inconsistencies
found in the data at the other temperatures.

The following conclusions can be drawn from the vacuum bottoms test

. program!
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1) Vacuum bottoms in a liquid state rust be kept in an inert environment
to avoid oxidation which increases the viscosity.

2) Two vacuum bottoms samples may exhibit identical rheologlecal behavior
at one temperature but could exhibit drastically different behaviors
at other temperatures,

3) Vacuum bottoms can be stored at 650°F for periods of up to 24 hours
without appreclable viscosity increases. Vacuum bottoms stored at
700°F, although initially less viscous than material stored at 650°F,
may become noticeably more viscous after 18 hours and unpumpable
after 24 hours,

Mumford (198l) has reported the results of a program initfated to conpare
the rheological behavior of Ireland mine coal dgrived vacuunm towar bottons
material which had not undergone a solidification/remelt cycle to comparable
wmaterial which was solifified on the Sandvil: belt and remelted. No
significant change was observed in the viscosity of vacuum tower bottoms
material due to a solidification/remelt cycle, While this result may not
Justify a similar conclusion for vacuum tower boitoms material derived from
all coal types for every possible composition, it does provide a strong
support for such an approximation concerning the viscosity of these materials,

Vacuum Flash Feed Viscosities

The objehtive of the vacuum flash feed rheological program was to
determine the viscosity and thermal stability of typical vacuum flash feed
used in Demonstration Plants for the design of pumping and other material
handling requirenments,

The viscosity data of vacuum tower bottoms sample C diluted with
different amounts of pump flush were used to develop viscosity estimates of

vacuun flash feed, which can be considered as diluted vacuum tower bottoms
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slurry. The variables affecting the viscosity are the amount of dilution (or

the amount of PI in the feed), temperature, shear rate, and storage time. The
variables considered were the composition (amount of PI or amount of
distillate), temperature, and shear rate.

The data on the effect of composition in'terms of PI in feed are given at
a temperature of 650°F and at a shear raté of 186 sec”l. The temperature
effect is shown on a conventional ASTM Viscosity-femperature Chart. Here it
was assumed that over a small range of teup;fatures, the temperature effect on
viscosities of diluted vacuum tower bottoms was similar to the effect on
viscosities of undiluted vacuum tower bottoms, Using the figures glven by
Parimi, it is possible to estimate viscosities of vacuum flash feed of a given
zomposition at any desired tenperatufe and shear rate. |

Parimi has mentioned that the method describéd above in obtaining
viscosities of vacuum flash feed for design purposes has one deficiency in
that the characteristics of the diluent have to be similar to those used in
the experimental work for the method to be valid.. In order to overcome this
deficlency, an altermate approach which involves applicatign of conventional
viscosity blending charts can be used. The applicability of_blending charts
with a minor modification was verifiled by Parimi for the slurr}/coal liquid
mixtures of interest using the existiqg data on the blenq of vacuum tower
bottoms, sample C and heavy pump flush material of known composition and
rheologye. It is recommended that the vacuum flash feed viscosities be
obtained by using the viscosity blending chart at a temperature low enough
such that the blending chart can be used and extrapolating the results to the
required temperature ﬁsing the ASTH viscoSity temperature charé.

It should be noted that the information prévided by Parimi shouldAnot be

regarded as absolutely characteristic of all vacuum flash feed material., It
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is useful to give the designer an approxzimation of the magnitude of viscosity
growth and shear dependency of the mateial being tested.

A report by Mathias (1979) covers a study to determine the effect of the
fiash zone temperature In the vacuum column of the process development unit P-
99 on the recovery to distillate and the properties of the tower’s product
streams. Primary emphasis was placed on the experimental determination of the
viscosity of the bottoms product utilizing a Brookfield laboratory model LVT
viscometer. The vacuum tower bottoms samples were taken daily for =ach of the
periods of runs as the vacuum column’s temperature was gradually raised, The
viscosity tests on those samples at various temparatures and shear rates
demonstrated the product to be a non-Newtonfan pseudoplastic with thizotropis
behavior.. Viscosity was observed to decrease with increasing shear rate at
constant temperature and to decrease with Increasing temperature at constant
shear rate. As the vacuum column conditions bescame more severe, an Increase
in the viscosity was observed.

The changes in product properties as a function of flash zone tamperature
provide information which can be used to define the operating limitations of
P-99’s vacuum column and represent process variable relationships which will
be useful in the design of a commercial plaat.

Due to the high viscosities and high melting points of these samples,
they were prepared at room temperature in solid form. The finely ground
powdered samples were melted in the Thermoszl unit prior to the viscosity
measurement. The shear rates varled from 16,8 to 0,084 sec‘l, and tewpearature
varied was from 100° to about 575°F.

At a gilven shear rate, viscosity decreased with temperature which
demonstrates typical pseudoplastic behavior. A linear dependence of viscosity

was observed with the reciprocal of absolutes temperature. The change of
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. viscosity with time showed a decrease in viscosity at a constant shear rate
for over an hour. This thixotropic behavior indicated that to maintain a
constant shear rate with time reéuired an ever decreasing shear force.

A report from Venturino and Gall (1978) summarizes the results of a study
on the effects of temperature, coal concentration, residence time, and shear
rate on viscosity and shear stress of fegd slurries for P-99 pilot plant using
Pitt seam coals from Valley Camp and Robinson Run mines. The range of
operating conditions investigated were temperature: 80 to 120°C, residence
time: 2 and 4 hours, coal concentration: 24 to 34 wtZ, and shear rates:

16.8 to 0,08 sec-l. Viscosity and shear stress were measured using a
Brockfield viscometer., Details of the experimental apparatus operating
procedure are given,

Similar results were observed for both coals. Viscosity was found to

. decrease with increased shear rate and to increase w.ith increasing coal -
concentration and residence time. Temperature increases were found to
decrease viscosity at lower coal concentrations and longer residence times
(2 hours). Higher temperaturgs increased viscosity at higer cozal
concentrations and longer residence times. This indicated greater coal
swelling and solvation at higher temperatures. Both coal slurries were found
to be non~Newtonlan pseudoplastics, with viscosity decreasing as shear stress
increased. It was concluded that these coals could cause mixing problems for
P-99 operations at coal concentrations above 30 wt. % unless the recycle
solids level was cut back,’

In a Rheology Topical Report, Spearhac (1980) has mentioned that the most
significant variable affecting the viscosity of coal feed slurry was the
particle size of the coal. It was found that the coal particles which were

. finer than 400 mesh contributed substantially to the viscosit}; of the coal
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feed slurry. It is mentioned by Spearhac that, although =30 mesh coal was
easier to handle, it accelerated the erosion of the process equipment., This
increased erosisn may be a function of slurzy viscosity. It may be possible
to operate at elevated slurry blend tank tempearatures (375°F =~ 4259F) where
the slurry would be viscous enough to reduce erosion. This would lead to
improved thermal efficiency and slurry preheaters of reduced size,

Viscosity data for the recycle slurry are given by Gorski (1980) as a
function of ghear rate (18.6 to 2242 sec-l) ai eight different temperatures
(284 to 600°F). These data were measured by a Brookfield as well as Haaks
viscometer. The Haake viscometer measurements were not found to be
reproducible. Table III-2 lists these data.

Naylor (1980) has given data of synthetlec recycle slurry material
blends. The compositions of these blends, called 2, 2a, 3, 3a, are given in
Table III-3, These data were measured as a function of shear rate and

1

temperature over a range of 20 to 2000 sec. - and 284 to 600°F, respectively.

Viscosity Data for Coal Liquid Fractlons

Hwang et al.(1980) have presented the viscosity data for coal liquids at
temperatures up to 730 K (850°F) and pressuras up to 22 MPa (3200 psia).
Measurements %ere made on liquids produced £rom the Exxon Donor Solvant
process from Illinoils and Wyoming coals. The viscosity was measured by using
a rolling ball visco;eter. Several measurements were also made to determine
the effect of dissolved hydrogen on the physical properties of coal liquids,.

Graf (1981) has summarized the viscosity data for various coal liquid
fractions from the SRC-II process. These data were measured by Fluid
Properties Research, Inc. using an absolute caplllary viscometer. Measurement
pressure was adjusted to approximate saturated liquid conﬁitions, and

measurement temperatures were limited to a maximum of 500°F because of
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equipment limitations. The coal liquid fractions were assumed to approximate

Newtonian fluids in these measurements. Gray has reported that stable
measurements above 305°F were not possible for Cuts 1-3 bacause tge pressure
drop across the capillary viscometer gradually increased with time even though
the £low rate was held constant. Although not conclusive, it appeared that
the samples may have degraded and fouled the wall of the capillary. The
viscosity datz were consistent for the most part and exhibite& the expected
trends, i.e., the coal liquid viscosity increased with increasing boiling
point and decieased in an exponentizl manner Qith increasing sample
temperature. OCraphs are presented, with a word of caution, for extrapolation
to temperatures as high as the eritical point or 900°F, whichever comes first.

Comparison of the viscosity data with the graphical data in the SRC-IT
Process Physical Properties Data Book indicated excellent agresment at
temperatures below 200°F for the lighter fractions (cuts 5 - 10) and below
about éSO - 260°F for the heavier fractions (e.g. Cut 13). At temperatures
higher than than 200 - 260°F, the viscosity dataz reported tend to be well
below the data book curves (~ 10 = 20%). Gray has related the difference to
differences in the boiling ranges of the fractions belng compared, The data
book samples, for example, were prépared by ASTM D-86 and D=1160
distillations, and corrections may not have bsen made to a true beiling point
basis. 'Thus, the actual boiling ranges may be much wider than 50°F.

The SRC-II Process Fhysical Properties Data Book along with the additions
and corrections by Horsak (1981) summzrizes the viséosity data for coal liquid
fractions derived from Powhattan coal, coal-récycle slurry, vacuum bottoms and
vacuun flash feeds A procedure for estimating viscosities of SRG—Ii process

slurry streams of various solids and cogl liquid compositions 1s also

. outlined. Data are shown for 50°F cut fractions. The curves and data for
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boiling points above 750°F are extrapolations of the data. These curves have .

been fit to an equation of the following form:

Inp=A+ere (1)
where # is in cP, T is temperature in °R and A, B, C are constants., The
values of these constants for various cuts are shown in Table III-4,

The viscosity of a mixture of coal 1liquids can be calculated using the
blending rule recommended by the API Technical Data Book:
wa @ w3 @ .

i=1
where x; is the mole fraction of the component %,

This formula was checked against experimental data for both the light naphtha ‘
and heavy fuel oil with deviations of only 1% and 4%, respectively.

According to the-Data Book, the calculations of viscosities of mixtures
are not recommended for use at temperatures where the high boiling component
viscosities are above 1000 cp, This limitation also mst be followed in the
use of the viscosity equation 1. It is suggestad that a constant value of
1000 cp may be used for those heavier coal liquid fractions in mixing rule
calculations where the limit of 1000 cp is excecded, provided the mole
fraction of that component is not greater than 3%,

The SRC~II Data Book also presents data of viscosity versus shear rate
for SRC-II slurry obtained from West Virginia Panhandle coal with a total
solids content of 45 wt?% (30wt % coal and 15 wt¥ recycle solids), Curves ara
shown for a constant teuperatufe of 350°F. Viscosity-shear rate relationships

at various temperatures for Demonstration Plant Design Vacuum Bottoms are



shown. It must be stressed that these relafioﬁshiﬁs were developed for a
specific sample of vacuum bottoms. The-composition of vacuum bottoms is known
to_have a substantial effect on viscosity, Distillate reténtion, which i1s
highly related to vacuum tower operating Eonditions, will also have a major
impact on viscosity. Proper care should be tzkern in estimating a realistiec
range of viscosity que to these coﬁsiderations..'

Based on an experimental program at the Battelle Columbus Laboratories,
Droege, et al., (1980) have reported the ?iscosity data for coal solvent
slurrieé in the range 300~600K. A recycle solvent from the Wilsonville SRC-T -
plant and a2 KY-9 coal were used,

This program was planned in accordance with the expécted needs for the
engineering design of the coal slurry heating system in the SRC-I process,

The majority of the datz were obtaiﬁéd in more dilute slurries than the plant
design (l.e., at‘a solvent to ccél ratio of 2); Since the slurry .
concentration substantially affects the viscosity, the results cannot be
transferred directly to the preheater withouﬁ exercising considerable
;aution. This is clear from the observation that fhe nmeasurements at the
design solvent to coal ratioc of 1.6 gave viscosities so high that the
measurements couid not be completed beyon& 500°F., The original reference

. should be seen foi details,

Even though the major focus of thié work was on the preheater the results
obtained may bes useful in connection with other aspects of the tiquefactiocn
process. These data can be applied directly to calculations for other parts
of the preheating syéteub H&wever, the complexity of the viscosity
fluctuation and fiuid méchaniés Wiil prevent Eﬁe application of these data for
the fired hezter. 1In the fired heater, operating at temperatures of 560 to

700K {550-800°F), the slurry passes from a Newtonian liquid to Bingham plastic

ITI-17



and back to Newtonian fluilde. The apparent viscosity undergoes a rapid

increase followed by a rapid decrease. Turbulent £low changes to plug flow
and back to turbulent flow again making development of a model almost
impossibles A prerequisite for modelling Qould be the development of rate
equations for the thickening and thinning processes. The data in this study
are not sufficient for this purpose.

Effect of Solids %oncentration and Temperature on Viscosity

A rheological experimental program was designed by Pittsburg and Midway
Coal Mining company and described in the SRC-IT Physical Properties Data Book
(1980) to assess the viscosity behavior as a function of solids concentration
and temperature. Using a Haake Rotovisco RV-2 viscometer, measurenents were
carried at atmospheric pressure at temperatures Lo 2209, It was observed
that for artificial slurries made from SRC-I dried mineral residue and process
solvent at 57°F, added solids had a strong effect on viscosity than indicated

by the Kunitz (1926) equation:

n 1+ 0.5¢s

= 3
u [
2 -4 .

where um is the mixture viscosity, Ho » is the viscosity of the liquid
alone, and ¢S the volume fraction of solids. The Kunitz equation was

consldered to be accurate for ¢s £ 0.1, Howevar, Mooney’s (1951)

correlation:
1 n_ . 2-3% (%)
i3

was found to be applicable at times to ¢S as large as 0,5, The coefficilent K

evaluated from data usually varies from 1 to 1.3 for monodisperse systems.
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It was found that the viscosity varied considerzbly for small temperature
variations. The viscosity variation was approimately 3.8% per degree
Fahrenheit. This strong effect of temperature om viscosity is supported iﬁ

theory by the deGizman-Andrade equation,

du - ﬁABeB/T

dt TZ

av_ _ _rnyml .

o = ~(8/T ) | (5)

The magnitude of the temperature effect is proportional to the viscosity, u,
so that thicker materlal, such as recycle slurry at atmospheric saturated
steam temperature should be much less sensitive to témperature change,
Nevertheless, it is app;rent that 211 experimental viscosify measurgents with
coal solutions will require very precise temperature control during‘the
measurements.

Correlations

Development of a mathematical mgdel and correlations to predict the
viscosity behavior as a fuaction of major intensive and extensive variables
within the limits of commercizal significance is vefy important., This section
evaluates the work dome by various investigators to correlzte the viscosity

data.

Correlations for Coal Liquid Fractions

Two methods of e#timating the viscosity of coal liquid fractions were
evaluated by Hwang, et al., (1980)., The first one, a petroleum fraction
liquid viscosity corvelation developed by Abbott, et al., (1971), was
essentlally an extenslon of a method proposed by Watson, et al.(1935). Bofh

correlations use the Watson characterization parameter, K> and the APT
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gravity as parameters to obtain the kinemaiic viscosity at 100 and 210°F.
However, the new correlation was developed based on a large amount of
experimental data for pure heavy components and crude fractions. The final

equation for the kinematic viscosity had the form:
> O ]
log v = £, (K, API) + £, (R, API) (6)

The two functions of £, and fy and the valuzs of the coeffieients at 100 and
210°F are given by Abbott, et al. (1971). Viscosities at other temperatures

were obtained from a modification of the Walther (1930) equation:
loglog (V+E)=a+blogT (7)

where E 1s a function of viscosity.

This correlation did not directly predict the effect of pressura on
vigscosity. It first calculated the kinematie viscosity for the petronleun
fractions independent of pressure, and then introduced the effect of pressure
only in the converson of kinematic to dynamic viscosity, through the effect of
pressure on the liquid density. To obtain éhe mixture viscosities for systems
containing petroleum fractions, the modified method introduced by Wright
(1946) was used.

The second correlation used in the analysis was based on the application
of corresponding states concepts to experimental pure component liquid
viscosity data. It was develope& by Abbott and Kaufmann (1970) by analyzing a
large amount of experimental data., This correlation is applicable from the

freezing pdint to the critical point and has the general form:
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in vr = ln(v/vc)

=G0~ + Bl ~17/% + 3¢ fexpo -1y ¥ D/2yg ()

The coefficients in this equation are functions of the acentric factor
and hydrocarbon type; e.ge paraffins, olefims, aromatics. The eritical
kinematic viscosities required for converting the reduced kinematic viscosity
were calculated from a straightforward extension of the correlation of Uhéhara
and Watson (1944):

5/6 gz /3

z .
7 (P:> (9

v = 61.154x107"
; M
A comparison of experimental and calculated viscosities for coal liquids
is shown in Table III-5, It can be seen that neither the petroleum fraciion
nor the pure compenent correlations can directly predict the effect of
pressure on viscosity. The values predicted by the petroleum=fraction
correlations were appreciably higher than the experimental results at
temperatures below 600°F, Tais disagreement was probably because of the fgct
that the correlations were based on petroleum fractioms with CAPI’s ranging
from 10.6 to 54, and Kw’s from 11.1 to 12.7. The coal liguids of interest had
Rw’s less than 11 and gravities less than 15 %API, For the measureﬁent
temperatures as high as 800-900°F, the absolute average deviation was 457 in
the absence of hydrogen and 28% under a2 high pressure hydrogen atmosphere.
Although better results were obtained for the viscosity of hydrogen—free
coal liquids when the coal liquid fractions were simulated as pure components
rather than as petroleum fractions, the reverse was true for hydrogen—
containing coal liquids. In the case of the pure~component correlation, the

critical viscosity of hydrogen was used in all the viscosity calculations of
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the coal liquids containing dissolved hydrogen. Clearly, this blending

procedure was poor for hydrogen/high-boiling compound mixtures. In order to
clarify this problem created by the blending procedure used in the viscosity
predictions for hydrogen-containing coal liquids, calculations were alsc made
by ignoring the hydrogen dissolved in the ccal liquid. The results of those
calculations are also shown in Table III-5, indlecating that the pure-component
correlation was markedly superior to the petroleum~fraction correlation.

Starling and coworkers (1980) have proposed a correlation based on a
three~parameter corresponding states approach which is an extension of thelr
work using a modified BWR equation of state. Thais correlation is very complex
and requires a knowledge of the orientation parameter and the reduced
density. Starling, and coworkers, have fit thair correlation to the datza of
Hwang, et al. (1980) with average deviations of 13-24%Z, |

Gray and Holder (1982) have described the evaluation of the Starling, et .
al, (1980) correlation to predict the viscosities of narrow bolling coal
liquid fractions from the SRC-II process. In this analysis, separate
correlations for the critical volume, the critical temperature and the
orientation parameter were used. The experimental data used were obtained
from Gray (1981) and Gray, et al, (1981) for 15 narrow boiling coal liquid
fractions with boiling points (50 wtZ off temperatures) ranging from 346 K to
724 R, Since densities were needed in calculation of viscosities, the method
of calculating densities was importamt. Two methods to calculate the
densities were used. One was based on Starling’s aquation of state, and the
other from a modification of the Rackett equatlon.

For the Starling, ét al. correlations, the experimental and predicted
viscosities were in fair agreement for the lighter cuts, but discrepancies

became larger as the cut became heavier. This was true regardless of whether .
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the orientation parameter was determined from the boiling point or from

Stariing’s general correlatioms. The average absolute error for cuts boiling
above 590 K was in excess of 40%, In these calculations, the demsities were
based upon Starling’s equation of state. When the densities were determined
from the modified Rackett equation, the average absolute errors were much
worse. Tais occurred despite the fact that the Rackett equation gave more
accurate densities,

Gray and Holder have developed and evaluated some other coFrelations for
prediction of saturated liquid viscosity. The most successful correlation had

the following form:

1093y = . Wt _ (10)

where:

= =5.180477 + 0,64578 & + 0.102428 o> oau

Hh
[

2

£, = 0,49886 @ + 2.3553% (12)

and & = (l-Tr)/‘I’r - (13)

The viscosity, p is in mwPa &3 p is the density in kg/H3 as determined
from the modified Rackett equation; ® is the acentric facetor which is
determined from the boiling point and the Wilson, et al. (1981) vapor pressure
equation, and T, is the reduced temperature determined from the Starling, et
al. (1980) correlation for critical temperature. This correlation gave an
absolute average deviation in predicted viscosities of 11.92% and a bias of

1.2%. These reéults were considerably better than those obtained using the
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correlation of Starling, et al. and this correlation has bsen recommended for ‘
estimating the viscosity of SRC~II coal liquid fractions.
. In his earlier report, Gray (198l) has reported the use of the equation 1
attributed to Fulcher (1925), to fit the data for coal liquid fractions. This
equat:ion fit the data very well. However, this is no surprise since there are
few degrees of freedom left when there are three constants and no more than
six data points per fraction. The values of A, B, and C for each coal liquid
fraction are summarized in Table 4. Horsak (1931), in a letter indicating
corrections to the SRC~-II Physical Properties Data Book, has recommended this
correlation for the prediction of viscosities.

Correlation for SRC-II Recyecle Slurry

In a letter to Antezana, Pitchford (198l) has reported correlations bhased
on the analysis of the rheologlcal behavior of recycle slurry. Multiple .
regression analysis of the data was perfomed using the Statistiecal Analysis
System software. The viscosity ( u, cp) of samples with compositions near
that reconimended for the demonstration plant were correlated as a function of

shear rate (¥, sec-l) and temperature (T,°F). The correlations are:

2 3
W =B_ +Blog, (Y) + B,/T + B,/T" + B,/T” + 35{103(7)/T}
+ Be{1log, o (1) /T}?; <1000 sec™), T<400%F (14)
2 -1
m =3B+ B, log,,(Y) + B,/T + By/T", Y<1000 sec” , T400°F (15)
u=3B exp {8,/1}; v>1000 sec 1, T> 350°F (16)
Values of B, for equations 14, 15, and 16 are given in Tables III-6, .

IIT-7,and III-8 respectively. Because these correlations were developed with




.a limited amount of data, it is difficult to estimate how accurately they can

be extrapolated outside the range of the data. Also, the above equations will
not accurately predict recycle slurry viscosities for samples whose
composition varies significantly from that recommended for the demomstration
plant. These correlations were further reviewed by Suzuki (1981) and it was
found that these equations have or;ly one function of the shear-rate when the

temperature is fixed.

w = 24,2976 = 2,5171 log Y at T = &450CF a7
u o= 20.6820 = 2,5171 leg v at T = 500°F (18)
w= 17,1397 - 2,5171 log ¥ at T = 550°F (19)
R = 15.0362 - 2,5171 log ¥ at T = 600Q°F (20)
B = 13,5037 - 2,5171 log Y at T = 650°F (21)

= 12,3706 - 2,5171 log ¥ at T = 700°F (22)

u
.The results of these correlations and their comparisom with the data in Data

Book at various temperatures and shear rates are also presented by Suzuki.

Correlations for Process Solvent = SRC Mixtures and Feeq Cozl Siurry

The rglationship between viscosity and the cdncentration of vacuum
bottoms or SRC coal liquids was studied by Gulf R & D Company by using a
Brookfield model EA viscomster and an on~line viscometer, respectively.

The Huggins equation for predicting the viscosity of dilute polymer
solutions was found to provide a suitable fit of the data for Proess Solvent -
SRC mixture. This equation has the following form:

2 mEprwnds | (23)
o .
where: W is the absoluFe viscosity of the solution

' Ho 1is the absolute viscosity of the pure solvent
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s is the solute concentration .
k’ is a congtant and,

U is the "intrinsic viscosity"

Rearrangement of this equation resulted in the following quadratic equation

A

lnp =1n u° +us +k ns (24)

By applying polynomial regression to a data set comprised of viscosity
measurements and SRC concentrations, a best fittinz equation of the form:

y=a+bx+cx2

(25)

was obtained, where, y is the log, of absolute viscosity at a constant

temperature and x is the SRC concentration. Interpreting this by the Huggins

equation, then, "a" is the log, of the viscosity of the pure solveant and "h" .

is the intrinsic viscosity, u. The constant L’ can be determined as:

2 ’
c . ku =k (26)
3 3
b B

Use of the Huggins model in this case gave a good fit to the data. Also, the
values of the constant a obtained from polynomial regression yield reasonable
values for pure solvent viscosity. These obscrvations lead to the conclusion
that the solvent-=low ash SRC system viscosity behaves in a manner quite
similar to that of dilute polymer systems,

The relationship between shear rate and coal slurry apparent viscosity
was studied using an on-line capillary tube viscometer using Biacksville loe 2
coal. A plot is given to show the relationship between measured apparent

viscosity and shear rate. This plot indicates the coal-slurry behavior to be .




. non-Newtonian pseudoplastic. The following power law model describes the

relationship between apparent viscosity and shear rate for pseudoplasties:

B = k (shear rate)?™! ' 27)
% is the consistency index
n 1s the flow behavior index

and up is the apparent viscosity.

From the data, empirical models were developed which related n and k to
temperature, the concentration of coai in the feed slurry, and the

concentration of SRC liquids and pyridine insolubles in the recycle siurry.

These relationships are shown below:

. n = 1.43393x108cc (10479 ¢ o (-7,7201) Cpy~0+3974

exp [~0.022938(T+460) ]

~7.201 54,7827
k = 3.6376x10'17cc<3-"°1‘*) Cgg )CPI( )
exp0:05667(T + 460)-2.71  (2gy

where C, is the feed slurry coal conceantration (wt. fraction)
Cgg 1s the recycle slurry SRC concentration (wt. fraction)
Cpy is the recycle slurry PI concentration (wt. fraction)

T is the feed slurry temperature (°F)

Summary and Reéommeudations

A detailed anlaysis of viscosity and its dependency om other parameters
is very important for any coal liquefaction process. In order for the results

. to be numerically significant, they need to be broadened to include other

coals and solvents,
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The viscosity peak occurring as the coal Zzoes into solution is by far the
most significant characteristic of the thermophysical description in the
design of a demonstration plant. It is also of great importance in devaloping
an understanding of the chemistry of liquefaction, Therefore, viscosity
mesurements need to be extended to include other coals and solvents. Further
work needs to be done on developing a viscometer to extend to application to
more concentrated slurries. To date, a capillary flow-meter appears to bé
most suitable lnstrument available for measurerents.

The measurements to date indicate that the viscosity of coal liquid
fractions increases with increasing boiling point and decreases in an
exponential manner with increasing sample tempesrature. In genaral, the
viscosity of vacuum tower bottoms increases with both the soak time and soak
temperature., Also, the vacuum tower bottoms viscosity behaves as a
pseudoplastic fluid .with thixotropic behavior, Viscosity deceases with
increasing shear rate at coustant temperature and decreases with increasing
temperature at constant shear rate. Since, as mentioned by Spearhac (1980),
the viscosity of coal feed slurry depends largaly on the coal particle size,
it is necessary that this effect be studied further for other types of coals
and liquefaction processes., To predict the viscosity of a mixture of coal

liquids, the blending rule recommended by the API Technical Data Book is

recommended.

n
. 1/3,3
¥y (izTiui ) (30)

where %Xy is the mole fraction of the :l.‘:h component.

Based on the report by Gray (1981), the viscosity measurements for the

coal liquid fractions agree with the data book information only at
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temperatures below 250°F. The data appeared to be reasonably comparable to
results published by Hwang et al. (1980). Current petroleum.fraction
viscosity conditions and pure compound conditions appear to have only marginal
applicability to coal liquids. New correlations are badly needed to predict
the viscosity‘behavior. Measurements are needed above 500°F to develop new
correlations and to verify the extrapolations. Data in the vicinity of 800°F

(coal liquefaction reactor temperature) will be the most useful,
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Nomenclature

a,b constants in equation 8

A,B,C constants in equation 1

Ce feed slurry coal concentration in equations 28 and 29

Cpy recycle slurry pyridine insoluble concentration in equations 28 and
29

Csr recycle slurry SRC concentration in equations 28 and 29.

E parameter defined in equation 7

K coafficient in equation 4

K constant in Mooney equation

K, Watson characterization factor

k! constant in equation 24

k consistency index

M molecular weight of the component

n flow behavior index

P, critical pressure

R gas constant

S solute concentration

T temperature

Te critical temperature

T, reduced temperature

Ry mole fraction of component i

Z, critical compressibility factor
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Greek Svmbols

a2 parameter defined by equation 13
viscosity

apparent viscosity

liquid viscosity

viscosity of the mixture

absolute viscosity of pure solvent defined in equation 24
intrinsic viscosity used in equation 23
density |
teduced density

kinematic viscosity

kinematic viscosity at critical point
reduced kinematic viscosity'

shear rate

volume fraction of solids

acentric factor
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CE-IIT

Property L
Fuaion Point, °F

X Ash

o Pyridine Insolubles

Z Insoluble Organie
Matter

TABLE ITI-1
VACUUM BOTTOMS MATERIAL SELECTED AND

VISCOSITY CHARACTERIZATION

Sample B Sample C Sample D
350 390 280
26.6 25.9 24.7
37.8 42.3 36.0
“11.2 1&.ﬁ 11.3

Sample E Sample F

410 350
33.7 31.2
47.7 45.9
14.0 14.7



TABLE III-2 .
RECYCLE SLURRY COMPOSITION BY WT FRACTION

Recommended Recycle Slurry

Composition Composition For Demo Plant

Component Recycle Slurry Support

<150 0.04 0.04
150-250 0.05 0.05
250-350 0.25 0.25
350-450 1.3 1.31
450-550 4.90 4,90
550-650 8.01 8.01
650-750 8.62 8.62
750-850 } 7.42

8.72

850-950 1.30

»900 SRC 35.74 39.17

Ash 22,71 21.38 .

IoM

O
L]

(o))
(¥, ]
-~
*

(¥, ]
(¥

100.00% 100.00%
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LE-TIII

Compoaition
Atm Boiling
Point °F
Initial Boiling Point
IBP~450
450~550
550~650 -
650~750
750-850
850-900

End Point
SnC

Ash

oM

Vacuum Bottoms

TABLE III-3

Recycle Slurry
Recommended
Composition
Weight %

Approx. 400°r
1.65
4.90
8.01
8.62
7.42
1.30
900°p
39.17
21.38
7.55
68.1

Recycle Slurry
Blend No. 2
Cushman Vacuum
Distillation
Welpht %

Recycle Slurry
Blend No. 2A
Cushman Vacuum
Distillation
Weipht 2

330°F
3.7
5.1
9.1
7.7
5.9
0.0
836°r
35.2

22.9
10.4
68.5

416°F
1.7
5.0
9,2
9.5
6.2

0.6

857°r
35.9
21.1
10.8

67.8




8€-111

Composition
Atm Boiling
Point °F _

Initial Boiling Point

IBP-450°F
450-550°F
550-650°F
650-750°F
750-850°F
850-900°F
End Point
SRC

Ash

oM

Vacuum Bottoms

TABLE I1II-3 continued

Coal-Free TFeed Slurry
Recommended
Composition

Weight Z

Approx. 350°F
3.89
11.54
13.84
11.19
7.87
1.13
900°F
29,10
15.84
5.60
50.53

Coal~Free Feed
Slurry

Blend No. 3
Cushman Vacuum
Distillation
Weight Z

370°F
3-9
14.2
14.9
7;0
5.7
3.5
918%
27.9
16.4
6.5

50.8

Coal-Free Feed
Slurry

Blend No. 3A
Cushman Vacuum
DPistillation
Weipght 7%

352°F
4.5
13.5
15.3
9.3
7.6
1.0
865°F
25.4
16.1
7.3
48.8



Mid Boilings

TABLE ITI-4

Coefficlents for SRC-II Distillate Cut

Point,

G

¥

125
i75
225

275

325

375
425
475
525
575
625
675
725
775
825
875
925
975

Visecosity Correlations

Inu=4A+ B

A
~13.51667
-2.80795
-5.49604
-5.35386
-4.32194

-3.73875-

-3.43816
-3.64619
-3.56296
-3,11116
-3.01463
-3.19997
-2.9855

-3, 144906
-2.758&2

~-2.74962

~2.65923
-2.81044

T+C

where ¢ = centipoise

ITI-3%

T = zbsolute temperature, °r

B
30445,69
628,53
3965.64
3730.97

2080.30 -

1772.63

1529.74 -

1807.16
1735.74
1396.64
1462.83
1633.81

- 1426.34
1501.65

1211.96
1199.41
1147.51
1206.37

c
1952,39
~216.227
262.456
208.823
-89,248
-168.774
~225.981
-205.782

-223.440

'~292,861

-319.427
-333,686
388,232
410,617
-466.561
-£92,598
~518.680
-536.101



TABLE 11I-%
¥ISCOSITY OF COAL LIQUIDS: CCSRELATION DEVIATIONS

Patreleun-Fraction Correletions Pure-Component Correlstinna
Dav. (ep X Dav. Dev. (e¢p) X Dev,
Ave, Bias Ave Birz Ave Bins Ave Rizs
Coal Liquids Without Wydrogen 0.610 +0.601 45.4 +41.1 0.201 «0.172 14,1 1.8
(70 dsta poincs) .
Cosl Liquida Bich Wydrogen 0.71% +0.6%6 23.3 +26.9 0.593 «D.538 42.0 «-£0.0
(20 data points) {0.328) {+0.827) (35.8) (+35.1) €0.422) {~0.415) 23.4) {~20.8)
Tozal (30 lats peints) 0.633 40,622 41.6 +33.0 0.289 0,267 3.9

(0.458) {+0.651) 363.2)  (39.8) €0.20%)

Values im parentheses are the results vhen hylrogen 4s Sgoored §a ¢hs dalculations,
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TABLE III-6

Values of B. for Equation (14)

TABLE ITI-7

Values of Bi‘for Equation (15)

TABLE ITI-8

Values of B, for Equation (16)
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By

~2375.0
224.24
2.3277%10
~7.4419%10%
8.9642x1010
~1.4158x10°

3.9091x10°

6

B,
=

12.802
-2.5171
-10157.

6.8985x10°

B,
=

0.86879
1323.7



Bingham Plastic

Pseudoplastic

Dilatant

Shear Stress

Newtonian

Shear Rate

Figure ITI-1: Shear Diagrams for Various Fluids
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Shear Stress

Shear.Rgté

Figure IITI-2: Shear Diagram for Thixotropic Fluid

The area within loop DAD is an indication of the amount of thixotropy.
If the shear rate is held constant after point A is reached om the up
curve, the shear stress will decrease along path AB until point C is
reached, beyond which no further brezkdown can occur for that shear
rate. If shear rate is then decreased, the down curve CD is then
followed. Any number of intermedizte down curves, such as BD, are
possible.
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THERMAL CONDUCTIVITY OF COAL LIQUIDS
AND SLURRIES

Introduction

For liquids flowing through tubes, thes rate of heat transfer depends on
the thermal conductivity. In order to modecl heat exchangers and other process
equipment and be able to design them for maximum efficlency, it is necessary
to know the thermal conductivity of the liquid. The way in which the thermal
conductivity changes with temperature in coal-solvent slurries is also
important. Im general, the designer will nsed the thermal conductivity of the
coal feed slurry, recycle slurry, vacuum bottoms, and the coal liquigd
fractions. The property "thermal conductivity" is discussed in this report.

Heasurement Technique

A number of researchers including Gray (1981) and Droege et al. (1982)
have reported the successful application of a transient technique for the
measurement of thermal conductivity in liquids. This method is based on the
principle of unsteady state heat conduction of 2 continuous line source in an
infinite mediume A thin straight platinum wire is heated electrically while
immersed in the pressurized liquid sample, and after an initial period, the
temperature-time curve can be used to calculate the termal conductivity,
Droege et al. have identified the following advantages of this technique:

o small sample volume required for measurements

o fast response, minimizing setting and coking problems

« a relatively simple design compared with steady-state techniques,

Even though the transient technique can be designed to eliminate many of
the problems associated with steady state tachniques, new sets of difficulties
mst be dealt with such as the aecessity to nmsasure transient temperature and

heat flux data, and more complex data reduction.
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Summary of Availlable Data

There are no thermal conductivity data available on coal liquid fractions
except those of Gray (1981) and Droege et al. (1982), In estimating thermal
conductivity for petroleum fractions, Perry and Chilton (1963) suggest a

single value of 0.079 BTU/hr ft. OF at 30°C or the following equation at other

temperatures:
k= 20677 11 - 0,003(7-32)] (1)

where k is in BTU/tr ft OF, SG is specific gravity at 60°F/60°F and T is in
OF, The single value is thought to be accurate to about 137%, while equation 1
gave an absolute average deviation of 127 and a maximum error of 39% for the
ranges 0.78 < SG < 0,95 and 32°F < T < 392°F., Equation l predicts that
thermal conductivity decreases as the specific gravity increases. This fact
is also shown on the thermal conductivity graph in the SRC~II Physical
Properties Data Book (1980) in which parametric linmes are shown for various
APTI gravities. This figure, taken from Kera (1950), is valid for pressures
less than 500 psié. In order to get the thermal conductivity values at higher

pressures, the followiné relationship was used. °

)
k, =k, QEID | (2)
where = kg = thermal conductivity at desired temperature and elevated
pressure (> 500 psia)
kq = thermal conductivity at desired temperature obtained from
the figure from Kgra (1950).
C{5Cy = conductivity factors corresponding to reduced temperature

and pressure conditiocns.,.
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As mentioned by Gray (1981), the API Technical Data Book Figure 12a3,1
gives a single line graphical correlation of thermal conductivity versus
temperature for undefined liquid hydrocarbon mixtures based on data from

several sources. An equation for this correlation is
k = 0,07725 = 4,542 x 1077 T (3)

vhere T is in OF and 0% < T < 600°, Tnhe API Data Book Figure 1244.1 is used
to correct for the effect of pressure. Starling et al. (1980) have derived a
general thermal conductivity equation based on corresponding states principles
and a large data bank of pure compounds found in goal liquids,

Gray (1981) has reported the thermal conductivity measurements performed
on eight coal liquid fractions and two coal ligquid slurry samples at
tempratures to 450°F. Pressure was held constant at 800 psigs These data are
shown in Figure II1I-3, The thermal conductivities of the eight coal liguid
fractions exhibited unusual trends and were generally unot in agreement with
the petroleum fraction correlations. Thermal conductivities decreased with
increasing temperature as expected, however thermal conductivity increased
with increasing specific gravity except for frzctiom 6, 8 and 10 which gave
results that overlapped somewhat. These fractions are near the normal boiling
point region where a plateau occurs in the specific gravity versus boiling
point curve. Therefore, it is not surprising that these'particular fractions
overlap. The temperature coefficients or slopes of the correlating lines also
showed interesting behavior. In progressing from cuts 2 to 12 (normal boiling
point increasing from 211 to 711°F) the temperature coefficients decreased and

then began to increase for cuts 16 and 18. The relationship between thermal
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conductivity and coal iliquid fraction boiling point (50 wt. % off temperature)
showed that the thermal conductivity increased with fraction boiling point
(Fig. I11~4) and hence with increasing specific gravities. This is just the
opposite of the prediction of équation 1 and the graphical correlation iq the
SRC-II Data Book. According to Stephenson (1981), this coal 1iquid behavior
is not unreasonable since the lightest cuts are mostly saturated (naphthenic
in nature) while the heavier cuts are strongly aromstie, The more polar
aromatic molecules are expected to have higher thermal conductivities.

Except for cuts 2 and 4, it was not éasy to extrapolate the thermal
conductivity data to the critical point. However, a plot of thermal
conductivity versus reduced temperature showed that most of the data were
grouped in a rather narrow band that extended over the range 0,33 < Tr < 0.9,
Gray has suggested that use of 2 plot of this type should allow reasonable
extrapolation to T, = 0.9 with an error of 15% or less.

Gray has also reported the tﬁermal conductivity measurements perforﬁed on
recyele slurry and ccal feed slufry samples taken from the Process Developrent
Unit P-99 situated at Harmerville, Pennsylvania, Despité theif different
compositions, ﬂoth glurries gave essentiaily the samé results., An approxzimate

but sorewhat conservative f£it of these data is given by Stephenson (1981) as
k = 0.1082 - 0.36 = 10~4 =T - (4)
where k is in BTU/hr ft OF and T is in OF.
Siﬁce the data were measured at 800 psig, it wgs necessary to make

corractions for values at other pressures. It is suggested by Stephenson that

sinéé the slurry thermal conductivity is apparently dominated by the 1liquid
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(or countinuous) phase, it is recommended to use the same correction factor .
method as for the coal liquid distillates. Attemts to measure the thermal

conductivity of vacuum bottoms and atomospheric flash tower bottoms wWere not

successful because of sampling difficulties and difficutly in obtaining

reproducible data. An approximate value for the vacuum tower bottoms slurry

can be obtained from the following formula given by Tareef (1940)

- [2kL+kS-2f k  kg) s)
SL ~ "L 2k +kg + £ (kp ko)

where k; = thermal conductivity of contiaucus phase:

kg = thermal conductivity of solid phase

f = volume fraction of solids

kSL = thermal conductivity of a coal siurry .
For mixtures of the distillate fractioms, the mole fraction welghting method
described in the API Technical Data Book (1976) i3 recommended since the data
indicate that thermal conductivity at a given temperature is generally
proportional to the molecular weight.

Droege et al, (1982) have used the transient line-source technique for
the measurement of thermal conductivity., Data were measured for a recycle
solvent from the Wilsonville SRC-I plant and ¥X¥=9 coal in the temperature
range of 300-600 K. The operation of the measurement device was especially
satisfactory in the high~viscosity gel region, where convection could not
occur. lMoreover, this is just the regfon in which the data are most needed,

The measurement technique was verified for toluéne in the temperaturc

range of 250 to 400 K which indicated the data to be within + 1%.

Measurements were carried out at 13.8 MPa for nixtures with various solvent=— I

I11-43



to-coal ratio (1.6, 2.0 and 3.0 respectively)s In each case, the results
indicated a graduzl decrease in thermal conductivity from the room temperature
as the temperature increased. The measurements dropped more rapidly in the
temperature range of gel formation (ab;ut 650 K). Beyond this point, the
measurements remained constant as the maximm temperature was reached (about
700 K)o At 700 X and above, a significant amount of solids formation occurred
in the mixture and thermal conductivity data could not be measured. Datz for
the coal solvent used to prepare the liquid/coal mixture indicated 2 nearly
linear drop In conductivity from room teﬁperaturé up to 700 K,

Correlations

Gray and Holder (1982) have described the correlations for the thermel
conductivities of several narrow boiling range coal liquids. Data measured by
Gray (198l) for cozsl liquids with 50 wt % ;ff temperatures (boiling poiﬁt) of
372 K to 750 K (211°F to 890°F) were used in these correlations. The
correlations considered included thosg of Riedel (1965) and Missenard
(1965). The following modification of the Riedel-correiation proved most

successful,
k = 0.0518675 + 0,105376 (1-@1)2/3 6)

where k is the thermal conductivty (w/mK) and T, is the reduced __upgzaﬁune
obtained from the correlation of Stérling et al, (1980). "This correlation
reproduced the ez@erimental data with an average absolute deviation* (AAD) of

2.847%, but it was ﬁnsatisfactory in that the error was not uniformly

Z AAD = 100"

- 12

Measured =- Calcuiated
Calculated
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distributed over all of the ecuts. Cut 6 produced the worst results with an
AAD of 6.61% and with one point having an error of 9.9%. This was attributed
to the fact that cut 6 contained'the highest oxygen content, and the greatest
ability to dissolve the water. It appeared that the lncreased oxygen content
was indicative of an increased polarity and hence an Increased thermal
conductivity,

Because of the systematic deviation produced by the above correlation,
improved versions which related the thermal conductivity to the oxygen content
wére testeds This proved successful resulting in the following ecorrelation

for thermal conductivty
k = 0,03530133 + 0,01493397 (1+X6)2°7 [1 + 20/3 (I-Tr)Z/BJ (7

where X, is the weight fraction of oxygen ia the coal liquid cut. This
correlation reduced the overall average absolute deviation to 1.63% and a
bias® of 0.03%Z, This correlation was roughiy as good as the correlation which
did not take the oxygen content into account. The errors were fairly
uniformly distributed overall cuts and were quite small. However, in order to
use this correlation, the oxygen content of the cut must be known., In order
to remove this difficulty, the term (1+X,) in the above correlation was
replaced by a term containing only the boiling point. The following

correlation was obtained.

k = 0.,03159873 + 0.01639452 (14Q) [1+ (20/3) (1-T)2/3]  (8)

%

N
%Z blas = 100 I (Measured =- Calculated)
N 1 Calculated
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where

bz
Q= s be = 1,8 Tb - 459,67 (9

S PP
[T, + (T, = 380)°]

where the boiling point, Tpg, is in %r,

This correlation predicted the results with an AARD of 1,777 and 2z bias
of 0.03%. The accuracies of the three correlations are shown in Table III-
9. The present authors would like to point out that the correlatioms proposed
by Gray and FEolder have been valiéated only for the SRC-II cozl 1liquid
fractions and within the temperature range of measurement. Whether they are
applicable to coal liquid fractions from other liquefaction processes, for
other coal types, and for temperatures outside the range of the measurements
is unknown. The term involving the oxygen concentration is very empirical,
and even though its incorporation gave better fit to the data, its validity
under different sets of conditions is questionable.

Summary and Recommendations

The thermal conductivity of cocal liquid samples dec;eases with increasing
teu@eratufe and with an increase in fraction boiling point. The effect of
specific gravity is uncertain. The SRC-II Data.Book predicts the thermal
conductivity will decrease with an Increase in specific gravity. However,
Gray (1981) has reported that the thermal conductivity increased with
increasing specific gravity except for cuts 6, 8 and 10 which gave results
that overlapped somewhat. The temperature coefficlents or slopes of the
correlating lines also show interesting behavior and particle size still needs
to be investigated. There are virtually no data available on vacuuﬁ

.bottoms. As reported by Gray and Holder (1982), data for cut no. 6 with the
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highest oxygen content, was difficult to correlate. However, equations 7 and
8 can be used with sufficient confidence to predict the data for coal liquid
fractions. The data for coal liquid fractions showed that most of the data
were grouped in a rather narrow band that extended over the range 0.33 < T, <
0.9. Gray has suggested the use of such s plot for reasonable extrapolation

to Tr = 0.9 with an error of 15% or less.
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.omenclature

C15C5 correction factors defined in equation 2,

£ volume fraction of solids

k thermal conductivity

kg, thermal conductivity of coatilnucus phase

kg thermal conductivity of solids

kg, thermal conductivity of the slurry

Q a factor defined in equation 9.

SG specific gravity

T temperature

Ty boiiing point

Tpe boiling point defined in equation 9
.r reduced t-eu;oerature

X, welght fraction of oxygen in the coal liquid cut.

|
|
|
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Table 1IiI-9
Accuracy of Various Correlations to Predict the Thermzl Conductivity

(Adapted from Gray and Holder, 1982)

Cut Maximum Point Mzxzimum

Equation AARD (%) Bias (%) AARD (%) AARD (%)
6 2.84 "'2043 6.61 9.86
7 1.63 0.03 2,64 5.26
8 1,77 0.03 , 2,94 5.64
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VAPOR PRESSURE OF COAL LIQUIDS

Introduction

Vapor pressure 1s the pressure of the vapor phase of a substance which 1s
in equilibrium with the liquid phase of that substance at a specified
temperature. The term 1s commonly used for pure substances, but it can also
be applied to a mixture of ligquids. For coal liquids, the composition of the
vapor and liquid phases are functions both of temperature and the equilibrium
pressure. Therefore, for these mixtures, the composition effect must be taken
into account, either by holding liquid, vapor or overall composition constant
or by focussing attention on a portion of liquid mixture which is sufficlently
close boiling such that the composition changes with temperature have a
negligible effect on pressure.

The SRC~II processing of coal into distillate products involves

couversion and separation steps that operate at high temperatures (733 X} and

pressure (to 13,9 MPa). The design and scale-up of any coal liquefaction
plant requires adequate knowledge of the physical, chemical and thermodynanic
properties of coal liquids at the reaction conditiocns. The available data in
the literature on petroleum fractions can be applied to predict propertiss of
coal liquids wi;h caution primarily because the information on the petroleum
fractions is not available at the temperatures encountered in coal
liquefaction reactors. In addition, the coal derived liquids are primarily
composed of aromatic and hetercyclic compounds while the petroleum fractions
are primarily composed of straight and branched chain aliphatic compounds.
Coal derived liquids are a mixture of many hydrocarbons and usually boil
over wide ranges of temperatures. One way to overcome this problem is to

characterize the cecal liquid fraction as pseudocomponents and identify these

peudocomponents by some thermodynamic characterization parameters (e.g. normal .

boiling point and specific gravity) which are relatively easier to determine

III-58



experimentally. Based on these characterization parameters other important
thermodynamic properties like eritical temperature, critical pressure, and
aceﬁtrig factor can be estimated from available correlations. This
information can then later be used to predict the vapor-liquid equilibrium
data. Methods for performing these calculations and predictinmg the vapor
pressures from the characertization parameters and thelr comparisons with the
experimentally determined values are discussed in detail in the next section.

Estimation of Critical Temperature and Pressure

An important goal in the study of the thermodynamic and physical
properties of coal liquids is the development of a model which allows many
properties to be estimated using a minimum number of characterization
parameters, which can be easily determined exzperimentally. Such models have
been developed by Wilson et al. (1981) and Starling et als (1980) and their
applicabliity to coal liquids has been discussed by Gray and Holder (1982),
There are a number of correlations available, both empirical and semi-
empirical, which use easily measurablg properties, namely, normal boiling
point (BF), specific gravity (SG) and molecular weight (MW) to predict the
critical pressure (Pc) and critical temperature (Tc). These_critical
properties, in turn, are used by other correlations to predict the vapor
pressure of céal liqgids. Some of these correlations were critically reviewed
by the prasent authors.to examine their applicability to coal liquids and they
are discussed below,

Critical Temperature

Eight correlations were selected for this study (Table IIT~10), BP, SG
and MW data were taken from Gray and Holder (1982), As expected, Tc increases
with increasing boiling point of the liquids and this is shown in Table TII-11

and Figure IIT-5. Two experimental data points are available and they are

shown in Figure III-5. Depending upon the complexity of the correlations and
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accuracy of the basic physical property data, we can see that the maximam .

deviation among the correlations is within 257 at lower temperatures (T, < 500
K) and the deviation increases with increasing boiling point of the liquids.
While the modified Guldberg model has a tendency to overpredict, Watson’s
correlation has a tendency to underpredict at all temperatures, The two
experimental data points seem to fit very well by the Roess, Nokay, ASPEN and
Kessler-Lee correlations. Some more data at higher temperatures are needed to
find the best correlation applicable over the‘whole temperature range of coal
liquids.

Critical Pressure

Five correlations, namely the Kessler-Lee, Penn-State, Mathur, Cavett and
ASPEN correlations have been selected to check their applicability to coal
liquids. They are shown in Tables III-12 and ITI~13 and Figure II1I-6, The

critical pressure decreases with increasing boiling point and deviations among

the correlations are high at low temperatures and decreases with increasing
boiling point of the liquid. The two experimental data points available are
shown in Figure III-6 and one of them falls directly on Mathur’s correlation,
which is the simplest and easy to use. The ASPEMN correlation seems to
overpredict critical pressures more than the rest of the correlations over the
whole temperature range. Except for Mathur’s, the other correlationg seen to
show a hump at approximately 450 K and 625 K, which is believed to be due to
inaccuracy of measurement of the basic data, i.e., BP, 8G or MW, In general,
the Kessler-Lee, Penn~State and Cavett’s correlations seem to be close to each
other and predict the experimental data points relatively well.

Experimental Determination of Vapor Pressure of Coal Liquids

The experimental data reported by Gray and Holder (1982) were measurad by

the Wilco Research Co. and details of experimental procedure utilized to
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. calculate the vapor pressure of the various cuts of the coal liquids is

presented in Gray (1981),

Correlations for Estimating the Vapor Pressgre of Coai'Liquefaction Products -

A number of correlations are available to predict the vapor pressure of a
liquid, which, however, were developed primarily for petroleum derivéd fluids
and are particularly suitable for paraffinic compounds. An attempt was made
in this report to review the suitability of these.available correlétions for
predicting the vapor pressure of coal liquids.

éray and Holder (1982) applied two different methods for correlating thé
vapor pressure data of coal liquids = Starling et al. (1980) and Wilson et al.
(1981) and their work is described in detéil by Gray and‘ﬁbldet (1982).
Besides these we have used three other, namely the'linear, Riédel and Mobil
correlations to compare the available methods férbthe estimation of vapor
pressure of coal liquids.‘ For the purpose of cdmparison, we have calculated
an "Absolute Avérage Deviation (AADZ)" for the whole set of daga and it is
defined as follows:

N

. 1
Absolute Average Deviation = ¥ iil Measured

(Measured = Calculated) < 100

a) Linear Correlation If only the normal bbiling point and the critical

temperature and pressure are known, a linear two-point plot of im P against
1/'1’r is often sufficiently accurate (Perry and Chilton, 1973). Based on this,

the following equation was derived:

: Pc T—Tc BP
0= - D s ——— ——
P P,exp [~ 1n (Pb) (BP-TC) (T )1
P° = Vapor Pressure (kPa)
P, = Critical Pressure (kPa)
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Vapor Pressure at Normal Boiling Point (kPa)

L]
il

Temperature (X)
I, = Critical Temperature (K)

BP

i

Normal Boiling Point (K)

b) Riedel’s Correlation (Perry and Chilton, 1973)

The vapor pressure of coal liquids was also predicted by Riedel’s

(1954) analytical correlation and is given by:

P
c
log (;39 0.118 B = 7 log T, + (ac 7) (0.0364B 1og10Tr)
where B = 36/T = 35 = (1,06 + 42 1n T,
where both P, and P° are in kPa

The parameter @, (Riedel Factor) is defined bys

0
dln (Pr )

a TE o ———————
¢ din (Tr)

where P.° = Reduced vapor pressure

@, may calculated from the following equation

a, = 5,808 + 4,93 w

where P % = Reduced Vapor Pressure

where @ is the acentric factor, which usually varies from 0 = 0.3 and is

defined by

w= - Jog P? (at T, =0.7) - 1,0
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. it may be estimated within ¥ 5% by the following expression:

log Pc

3
°=7 ey 7!

where P, is in atmosphere absolute.

c) Mobil Vapor Pressure Equation (Kessler and lee, 1976)

1n B,° = 5.92714~6.09648/T, - 1,28662 1n T,
+0.169347 T.% + o (15.2518 - 15,6875/,

-13,4721 1n T, + 0.43577 T_5)

where Pr° = reduced vapor pressure

Tro = reduced temperature

@ = acentric factor

d) SWAP (Smith, 1976)

in B = A + B/T + ¢/T°

~ %k %
where P = PY/P » T =T/T, P = vapor pressure

P*

o

characteristic pressure,

characteristic temperature

The coefficients A, B, and C are functions of molecular flexibity, c/n
e/n = 0,167 + 1,022/n - 0,189/n2
c/u =1, whenn=1

c/n > 0,167 as n+ o
A, By or C = (1/p) 1n [(@ZE)T + (FXF)P]

. where X = (c/u - 0,167)"%
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P, D, E, F, G are coefficients. Correction functions for c¢/n and P* ars .

applied depending on what fractions of carbon atoms in the molecule are part

of an aromatic riang, napthenic ring or terminal braunches.

e) Exxon Maxwell-Bonnell (Maxwell and Bonnall, 1957)

£)

g)

log F° = AX - g

CX~-

T,/T = 0.00286 T,
= 748.1 - 0.2145 T,

X

T, = normal boiling point corrected to K, =12

A, By, C, D are coefficients

Kw = Watson Characterization Factor

Curl~Pitzer (Pitzer, 1955)

log P.° = log PrO(O) +w log Pro(l)
log Pt°(0) = C- 1,192 B

C=71l1og T, - 0,118 4
A=3wg-35-g6+%J3Mgg
B = log T, ~ 0.,0364A

log Pr°(1) = 4,93 B

Wilson et al, (1981)

O =4 - 6
In Pr A B/Tr + 1in Tr + D Tr
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3.671485 + 12,439600

>
H

B = 5,809839 + 12,755%1w

¢ = -0.,867513 - 9,65416%

D = 0,1383536 + 0,316367w

T. = reduced temperature

® = accentric factor
Discussion

We have compared five different correlations for calculating the vapor
pressure of coal derived liquids—namely, the Iinear, Riedel, Mobil, Starling
and Wilson correlations. The rest of the correlations (Newmanﬁ, 1975) are
compiled here for the sake of completeness. Parameters or data needed for
these correlations were not availabie at présent to be compared with others.

‘Out of these five, the last two, namely Starling and _Wilson, were used by Gray
and Holdei (1982) and we have taken the calculated data from their report for
the purpose of comparison. The critical properties needed for vapor prassure
calculations were agailn taken from Gray and Holder’s report. The experimental
and calculated vapor pressure data for twelve different cuts of coal liguids
are given in Table IIT-14 and Figures ITI-7-I11-18. From this Table and these
Figures we can see that all the correlations used fit the experimental data
rather closely. However, for lower cuts of liquids, mamely Feart Cut 4HC,
these correlations differ mainly in the lower and higher end of the curves and
best matching is observed in the range of 400-450 K. As we go to higher
boiling cuts, this reglon of overlap moves to higher temperatures and for
Heart Cut 18 HC-B, this moves to 700-750K and for Heart Cut 19HC~A, we do not

observe any regiom of overlap at all,
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This fact is more clearly shown in the % relative deviation plots

(Figures III~19-II1-22) defined as:

calculated=axneirmental < 100

Z relative deviation = 3
experimental

From these plots we can see that the Starling corralation gives the best fit
of experimental data, while the linear correlation gives the worst fit, The
Mobil, Riedel and Wilgon correlations fall in between and all three of then
give comparable fits. For any particular cut of liquid, the linear
correlation strongly overpredicts the experimeatal data (~ 30%), a result
which is much higher than the other correlations used in this study. However
at higher temperatures, the linear correlaticn underpredicts when compared

with the other correlations (5-10%). The total deviation between the

experimental and calculated vapor pressure over the whole temperature range
for any particular liquid is expressed in terms of AAD (Average Absolute
Deviation) and these are plotted in Figures 11I-23-I1I~27. ¥e can see that
Starling’s equation works equally well for both high and low boiling liquids
in the sengse that the AAD is always within 5% for all cuts of liquids. With
the Wilson, Riedel and Mobil correlations we see that they work very well for
the middle boiling range of liquids and the AAD increases up to 10Z for hizh
and low boiling liquids. Again, the linear glves the worst fit for the whole
boiling range of coal liquids and for high boiling liquids, the deviations may
increase up to as high as 20%, Therefore, we rank the correlations to pradict

the vapor pressure of coal liquids in the following manner (listed in order of

decreasing recommendation):

Starling > Mobil, Riedel, Wilson > Linear
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~

. It must be kept in mind that this recommsndation is made based on experimental
results of cuts of & coal liquid product produced in the SRC~IT précesso it
is_ggg_?nownbwhether this ranking would hold for other coal liquids produced
by other coa2lg and other processes.

Thé iinear equation is very simple and extremely easy to use and it
therefore can be used as a preliminary predictor. For the accurate design of
cozl liquefaction plants, Starling’s equation should be used. .Mbre
experimental data on eritical properties and vapor pressure of coal derived
1iquids are needed to test the applicébility of the correlations available
today.

Conclusions

& systematic study of the available.correlatioﬁs to predict the critical
properties and vapor pressure of coal liquids is given in this report. These

' correlations were primarily developed for petroleum fractions which are
preaominantly aliphatic in nature. 'In contrast, cozl liquids are primerily
composed of aromatic and heterocyclic compounds. Eight correlatioms for
eritical temperature, five for éritical pressure and five for vapor pressure
of coal liquids were compared with the experiméntal data reported by Gray and
Holder (1982), fortunately, experimental data om critical properties were
very limited and therefore no specific recommendations could be made about the
superiority of one correlation over others. In case of vapor pressure, more
extensive data were avallable and Starling’s equatioﬁ was found to be very
satisfactory over the whole range of temperature studied. However, this
equation is very complicated and not easy to use. Riedel’s, Wilson’s.and
Mobil’s equations are lgss accurate, but extremsly simple t; use., In fact,
the last three equations can be utilized for preliminary design purposes.

. More experimental data are urgently needed on the critical properties and

vapor pressure of cocal liquids.
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Nomenclature

A Parameter defined in Curl-Pitzer correlation
A Coefficient defined in Exxon Maxwell-Bonnell correlation
Ay Coefficients in Cavett’s correlation

B Parameter defined in Riedels’ correlation

B Parameter defined in Curl-Pitzer correlation

B Coefficient defined in Exxon Maxweli—Bonnell correlation

By Coefficients in Cavetts’ correlation

BP Normal boiling point

c C&efficient defined in Exxon Maxwell-Bonnell correlaticn

¢/n Molecular flexibility

D Density at normal boiling point as defined in Roess’ correlation
D = SG(BP+100)

D Coefficient defined in Exxon Maxwell-Bonnell correlation

i=1,2,.. Subscripts in Cavetts’ correlation

K, Watson characterization factor
MW Mdolecular weight

N Number of data points

P Pregsure

po Vapor Pressure

p* Characteristic pressure

P = po/p*

Py Vapor pressure at normal boiling point
Pc Critical pressure

P. = P/Pec, reduced pressure

P.° = PO/P¢, reduced vapor pressure
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SG Specific gravity

T Temperature

T* Characteristic Temperature

T = T/T*

Iy Normal boiling point corrected to K_=12

T, Critical Temperature |

T, = T/T., reduced temperature

X Indexed defined in ASPEN correlation

X Parameter defined in Exzon Maxwell-Bonnell correlation

Greek Symbols

& Riedel factor

® Acentric factor
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Table III-10: Critical Temperatura Correlations

1) Nokay (1959)

(1og10 T, = 1,057019 + 0,227320 loglo(SG) + 0,0669286)%*
where Tc = Critical Temperature, K

SG = Specific Gravity, 60°/60°F
BP = Normal Boiling Point (K)

#Coefficlents are Reid, Prausnitz and Sherwood’s Constants

2) PRoess (1936)

T(OF) = 202.7 + 1.591(a) = (6.29 = 10™%ya2

a = (specific gravity, 60/60°F) (V.A.B,P, + 100)
V.AB.P. = volumetric average bolling point, or

3) Watson (1936)

0.18

BP 1
T.®) = 5555~ Fammy )

where
BP = Normal Boiling Point (X)
MW = Molecular Welght
D = Density at Normal Boiling Point aund is the same as glven in
Roess’ correlation

4) ASPEN (Annon, 1978)

2 6.3

Tc = 812,0 + 1,434 BP = 0,007577 BP” = 0,01078 API x BP — 0,6122 x 10 BP

+ 0.1828 x 10™% APT x BPZ + 0.3902 x 10~5 APIZ x BPZ

where
T, = Critical Temperature (°R)

BP = Normal Boiling Point (°F)
API = (141,5/8G) - 131.5
SG = Specific Gravity

5) Modified Guldberg Rule (Gold 1968)

T.(K) = BP/0.635

BP = Normal Boiling Point (K)
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6) Mathur (1969)

T.(K) = 87,5 (uw)0-4406

MW = Molecular Weight

7) Kesler-lee (1976)

To(°R) = 341.7 + 8L1(SG) + (0.4244 + 01174 SC)BP
+ (0.4669 = 3,2623 SG) 107/8P

SG = Specific Gravity, 60°E/60°F
BP = Normal Boiling Point (OR)

8) Eaton-Porter (1932)

where

T,(°F) = 180 + 1,75(D) ~ (8.8 = 10~%)p2
D = (SG)(BP + 100)

G = Specific Gravity, 60°F/60°F
P =

S
B Normal Boiling Point (°F)

9) Cavett (1962)

where

To(F®) = &g + A;(BP) + Ay(BP)? + Aq(APT)(BP) + a(82)3 +

A5(4PT)(8P)2 + A (APT)21EP)?

Ao = 768,07121

A7 = 17138603 ,

8, = =0.10834003 x 1072

Ay = ~0,89212579 x 102

4; = 0.3889058%4 x 19;

A5 = 0.5309492 x 10

A7 =0.327116 x 10

APT = OAPI @ 60°F /60°F

BP = Normal Boiling Point (°F) @ 1 atm

10) Penn State (Annon, 1978)

TC(OF) = exp(3.9935)(BP)0'08615 (SG)0.04814

BP
SG

Normal Boiling Point (°R)
Specific Gravity, 60°F/60°F
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Table III-11: Eatimation of Critical Temperature of Coal Liquids from Avatlable Carrelations®

Cut # BP 56 MW Hokay Roens  Hatmon ASPEN Wdtfied Guldberg Mathur Kesaler-lee Faton~Porter
&HC 409.6 0,8160 110 6907.16 589.92 610,32 605,15 608,52
sHe 433,2 0.8827 116 647.76 657.69 625,53 6AR.A86 682,20 549,95 644.3 648,84

- 6HC 467,6 0,9507 127 693.338 699,64 671.40 698.83 736,37 622,30 694,91 698,24

EI‘ TMCB 492,6 0,9672 141 720.81 727,76 694,88  730.44 775,74 649,29 722,16 723,94

' ; 8HC $19,8 0,9718 158 748,05 753.26 717.49 763.72 818,58 679,93 741.06 746,43

1oNCE 572,01 1.0021 188 803,29 803,99 766,89 766,10 S00,%4 729,52 800,26 787.83
1 612.6  1,0359 202 BAT7.31 841,36 513,72 G681.31 5,72 760,59 845,31 214,07 |
isic  632.1 10830 220 814,05 864,75 832,57 903.09 995,40 777,30 876,7 827.61
161C  658,7 1,0900 237 500.03 880.81 860,00 935,73 1037,32 8n1.27 900,41 835,62
ITHC  692,6 1,1204 258 936.54 901,38 889,13 974,75 1090,70 829,30 937.6 838.9
18HC  741,5  1,1760 293 991,08 921,86 936,44 1025,41 1167,71 873,15 996,49 827.61
tMe  776.5 1,1792 315 1022.82 926,50 966,93 107057 1222.83 849,13 1276.33 813,19

*BP(K), SG and MW data of the cnal liquida umed to ecalculate the critleal tomperature (K) were taken from Gray and Holder (1982).




Table I1T-12: Critical Pressure Correlations

1) Kessler-lee (1976)

in [PC(PSIAJ] = 8,3634 - 0.0566/(8C) - (0.24244 + 2,2848/SG +

0.11857/36)2 x 1072(8P) + (1.4685 + 3.648/(SC) + 0.47227/56)% % 10~/ (BP)2

-y

- (0.£2019 + 1.6977/56)% x 10”1 0zp)3
where

SG
BP

Specific Gravity
Normal Boiling Point (°R)

2) Penn State (Annon, 19785

2.4853 2.3177

P_(PSTA) = 3.4824 x 10°(s@) /(8P)

56G
EP

Specific Gravity
Normal Boiling Point (°R)

3) Mathur (1969)

P_(atm) = 532000+ % 2°

MW = Molecular Weight

4) Cavett (1962)

log,, [B_(PSIA)] = B + B, (BP) + B,(BP)” + B,(ART)(BR) + B, (82)°

0
"y BS(API)(BP)Z + BecAPI)z(BP) + B7(API)2(BP)2

where
By = 2.8290406 3
B; = 0.94120109 x 10~ 5
B, = -0,30474749 = 10;
By = -0,2087611 x 10"8
B, = 0,15184103 x 10‘7
Bg = 0.11047899 x 10~ 7
Bg = =-0.48271599 x 107
B, = 0,13949619 x 107°
BP = Normal Boiling Point (°F)
APT = APT, 60°F/60°F
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5) ASPEN (Annon, 1978)

_ 104&
P =T1%.70
where
Pe = Critical Pressure (atm)
BP = Normal Boiling Point (K)
- s
x = 3,067 + 0,001136 BP ~ 00,5446 =z 10 3 BP2 - 00,2837 x 10 7 API 3 BP

+ 044136 x 1070 Bp3 + 0.4178 1 1077 APT x BPZ + 0,2890 = 10™° 4PT2 » BP

- 0.8075 x 10~2 a1 % BP?
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