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SUMMARY

Experimental studies were carried out to elucidate some of the effects
of pressure on properties of coal tar pitch materials and simpler fused ring
compounds. Sound velocity measurements were made on phenanthrene up to 562K
and 101 MPa and on Allied 277-15V pitch up to 541K at 0.1 MPa. The latter
deviated markedly from the nearly linear relationship between
sound velocity and temperature found for phenanthrene. Adiabatic compressi-
bilities at 0.1 MPa were calculated.

A high pressure falling needle viscometer was constructed and calibrated.
Relative viscosities of naphthalene, phenanthrene and Allied 277-15V pitch were
measured at pressures up to 101 MPa and at temperatures up to 373, 573 and 608K
respectively. Naphthalene and phenanthrene showed a two fold increase between
0.1 and 101 MPa, while a six fold increase was measured for the pitch specimen.

A melting point - pressure curve was established for naphthalene based
on observed temperature variations during pressure changes. The pitch speci-
men gave qualitative evidence of partial solidification around 50 MPa and 533K.

Thermal diffusivity and conductivity were measured on as-received and
partially pyrolyzed specimens of 277-15V pitch and two developmental Koppers
Co. pitches, using a laser flash technique. Minor trends to lower conductivity
were noted for short pyrolysis times; the conductivity then rose slightly on
further pyrolysis.

Pyrolysis analytical results and optical and scanning microscopy observa-
tions showed a positive effect of pressure on rate of conversion and noticeable
repression of turbulence and percolation at 6.2 MPa. All three pitch materials,

appear to contain or to form an immiscible phase during pyrolysis, which col-

lects inside gas bubbles and cracks in the unconverted regions of the specimen.
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1.0 INTRODUCTION

The manufacture of polycrystalline graphites of various grades has been
a widely practiced industrial process for a sufficiently long time for the
general relationships among raw materials, processing parameters and properties
to be relatively well understood (1). Brooks and Taylor (2), White (3),
and others have described the overall mechanisms by which polynuclear aromatic
mixtures of relatively low molecular weight such as coal-tar pitches polymerize
to a metastable liquid crystal-like intermediate state (mesophase) from which
they progress to carbon char and eventually graphite crystallites by heat
treatment. The wide variation in properties of the raw materials, principally
coal tar and petroleum pitches, together with a long period of process develop-
ment to achieve acceptable properties within reasonable costs have led to a
host of finished graphites with varying properties, usually tailored to meet
specific requirements of strength, electrical conductivity, porosity, thermal
expansion, purity etc. (4).

The advent of carbon-carbon (C/C) composites, actually graphite fiber
reinforced graphite, has brought about a need for more rapid, precise and
controlled graphite formation from liquid precursors within the voids and
interstices of arrays of preassembled fiber bundles than has heretofore been
required. Simultaneously, variations in pitch raw stocks, not unusual for an
industrial 'natural' product, have made it more difficult to predict composite
fabrication and performance on the basis of the properties of 'typical' avail-
able raw materials. A further requirement for shortened production schedules
has led to impregnation and coking of the pitch within the preforms at elevated
pressures while at the same time expanded use of C/C composites has increased

not only the volume to be processed, i.e. densified, but also preform sizes

and geometries.

..
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As a consequence there has arisen a need to know more precisely some of
the physical and chemical responses of polynuclear molecules and mixtures such
as coal tar pitch at elevated pressures and temperatures. This is particularly
so of transport property data such as viscosity and thermal diffusivity and
conductivity needed to permit prediction of processing parameters and rates of
change to be used in impregnation and pyrolysis within relatively fragile and
expensive preforms. Rates of heating, pressure application, impregnation and
penetration, gas formation and percolation, 1iquid exudation and finally coke
yield and distribution within the preform can be expected to be influenced by
changes in pitch properties with time at temperature and pressure. Preform
strength and integrity can also be compromised by unexpected internal stress
buildup due to imbalances in the pressure-temperature response of the impreg-
nated, reacting pitch.

Progress has been made recently in understanding the nature and compo-
sition of coal tar and petroleum with respect to mesophase and graphite forma-
tion at atmospheric (5) as well as elevated pressure (6). The purpose of the
work described in this report has been to add to this knowledge by direct deter-
mination of selected transport properties of an accepted coal tar pitch stan-
dard as well as observations of its behavior during the early phases of meso-
phase formation under pressure. In view of the aforementioned variations in
properties with the ultimate origin of natural pitches, two experimental repro-
ducible and 'tailored' pitches were included in some of the measurements to
assess how their 'typical’' properties vary with pressure and time at tempera-
ture relative to the 'natural' product. In addition, phenanthrene and naph-
thalene were studied as pure, polynuclear aromatics, related to pitches, but

free of the side chains, suspended particulates and molecular weight distri-

bution typical of pitch mixtures.
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Experimental work performed and to be discussed in this report includes
a) studies of mesophase formation in three coal tar pitches at near atmospheric
and moderately high pressure, which included determination of molecular weight
distribution, quinoline insoluble measurement and microscopic examination;
b) measurement of sound velocity of phenanthrene up to 101 MPa (15,000 psi)
and coal tar pitch at one atmosphere and calculation of adiabatic compressi-
bilities; c) measurement of viscosity of naphthalene, phenanthrene and 277-15V
pitch up to 101 MPa using a falling needle viscometer; d) measurement of thermal

diffusivity and conductivity of coal tar pitches in the as-received as well as

partially pyrolyzed condition.
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2.0 PYROLYSIS STUDIES

Partial pyrolysis of coal tar pitches was carried out under nitrogen in

a laboratory autoclave at 0.50 MPa (50 psig), 3.5 MPa (500 psig) and 6.2 MPa
(900 psig) at 748K (4750C) for periods of two, four and seven hours. Pitches
used were Allied Chemical Corporation CP277-15V, Batch 501, and Koppers Co.
Inc. developmental grades designated as type A and type B. The latter two
grades are processed by the manufacturer so as to provide higher coke yields
and improved impregnation properties respectively. In the subsequent discus-
sion these will be referred to as "277" "KA" and "KB" for convenience. Typical
properties are listed in Table 1.

Each pyrolysis experiment included three beakers containing about 150 gm
of each pitch as well as three graphite crucibles 10 c¢m long, 1.27 cm i.d
containing 3-5 gms of each material. Loosely fitting aluminum foil covers
and glass wool plugs were used to prevent cross contamination and to repress
excessive foaming. The graphite crucibles had previously been infiltrated
with pyrolytic carbon at 1373K to prevent penetration of the structure by the
molten pitch and to provide a uniform contact surface throughout. Additional
specimens consisted of samples of graphite fiber (Union Carbide T-50, Hercules
HM-PAN and Union Carbide VS 0032 pitch fiber as well as pyrolytic carbon coated
T-50) attached to graphite rods with Union Carbide C-34 graphite cement. Volume
constraints of the autoclave permitted the use of only one pitch in this case;
277 was selected.

In the pyrolysis, the autoclave was evacuated, back-filled to the experi-
mental pressure with nitrogen, and heated to the experimental temperature,

venting excess pressure as necessary. This required four hours. After holding

at 748K for the required time, the autoclave was cooled under pressure by




natural conduction (four hours). A single experiment was conducted at 723K
(4500C) and 6.2 MPa to evaluate the effect of temperature. The large sample
of each pitch was used for weight loss measurements and for determination of
physical characteristics (quinoline insolubles, coking value, softening point
and scanning microscopy) by Koppers Co. The graphite test tubes were split
to permit visual and metallographic examination of vertical cross sections
of the as-settled samples as well as to provide readily comminuted specimens

for molecular weight distribution, density, specific heat and thermal conduc-

tivity measurements. These results will be presented in the following sections.




2.1 ANALYTICAL STUDIES

Table 2 lists the results of quinoline insoluble (QI), coking value (CVC),
softening point and weight 10ss measurements made on the pyrolyzed pitch sam-
ples. Included are data from one experiment carried out at 3.4 MPa (500 psig)
and 723 K (450°C) to compare the effect of temperature. Examination of the
results shows several distinctions among the three materials with respect to ~
all of the variables - time and pressure as well as temperature. All1 for
example show a positive effect of pressure on percent QI at four hours and
after, whereas KA and KB pitches appear to be slower to start than 277. This
may reflect the higher initial content of QI in the latter, which may serve

as a 'starter' as it were. Between 2 and 4 hours KA shows a much higher

response to pressure than KB and 277 and by 7 hours has the highest conversion.
KB on the other hand is more similar to 277 after 7 hours but responds to pres~
sure increase more noticeably. The effect of temperature on all three materials
is quite significant indicating a fairly narrow range within which kinetic
studies of the early phases of mesophase formation might be usefully conducted.
Weight loss results indicate that KA is much less sensitive to tempera-
ture in this respect than either KB or 277, with the latter showing a consider-
ably greater loss than either KA or KB. Softening point measurements follow
the trend shown by QI measurements with both KA and 277 having values above 4
573K at 4 hours while KB still flows at 498K (2250C). Coking values are higher

for KA, prepared as it was for this purpose, although at 0.5 MPa (50 psig),

277 gives a similar result. However, in view of the greater weight loss from

the latter particularly in the first two hours, the overall gain in carbon in

PR

v an impregnated body would be less.
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Molecular weight distribution and weight and number averages were deter-
mined by gel permeation chromatography on samples of as-received as well as
partially pyrolyzed pitches. Results are given in Figures 1 and 2 and Table 3.
These were determined on the fraction extractable with chloroform, using
4L - Styragel columns of 1000, 500 and 100 g particle size. A Waters Associates
High Pressure Liquid Chromatograph was used, which was calibrated with naphtha-
lene, anthracene, 2, 3 benzanthracene and pentacene. Specimens were taken
from one half of the graphite test tube samples described above, and were
pulverized using a glass mortar and pestle. The chromatograms show little
variation in molecular weight distribution between the as-received and pyro-
lyzed pitches except in the case of 277. Here, the high molecular weight
fraction has been removed after two hours at 0.5 as well as 6.2 MPa. This is
probably the result of side chain splitting before reaching reaction tempera-
ture, and accounts for its significantly greater weight loss referred to
earlier. Part of the weight loss observed is also due to vaporization of low
boiling components such as trimethyl benzene, xylene and benzene which were
found in an analysis of off gases in evacuating molten 277 pitch.

The data also indicate little influence of pressure on molecular weight
distribution of the chloroform soluble fraction of KA and KB, only that there

is less of it as a function of time. There is a slight decrease for 277.
There appears to be some effect of pressure on all of the pitches in that

greater fractions of the specimens remain soluble after two hours at 0.5 MPa

than at 6.2 MPa for KB and 277 and at 3.4 MPa for KA.




2.2 MICROSTRUCTURAL FEATURES

Figures 3 through 7 show the general appearance of vertical sections of
the material pyrolyzed in the graphite tubes. Variations from pitch to pitch
are noticeable as well as within the same pitch, pyrolyzed at different pres-
sures and for different times. As would be expected, bubbles are smaller at
higher pressure and the volumes of coalesced mesophase higher at longer times.
The latter are identifiable by the difference in reflectance between the bot-
tom (coalesced region) and top (unconverted pitch) regions.

For metallographic examination, only the specimens from 7 hour runs at
0.5 MPa (50 psig) and 6.2 MPa (900 psig) were used. One half of the split
graphite tube containing the as-settled specimen was mounted in Marasperse and
sectioned along the tube axis, yielding a quarter section of the tube. This
was remounted and polished for closer examination metallographically.

Specimens pyrolyzed at 6.2 MPa generally showed the effects of less tur-
bulence than did those pyrolyzed at 0.5 MPa. The latter display a great deal
more polarization over shorter distances due to turbulence and flow lines
around bubbles, as shown in Figures 8-10. KA and KB were quite similar in
terms of volume and location (2t the bottom of the tube) of the coalesced
phase, while the 277 specimen had a Tess well developed coalesced region.
Finely divided quinoline insoluble particles and very small mesophase droplets
also characterized the 277 specimen. The coalesced phase also appears to rest
on a region of finely divided particles at the bottom of the tube. These parti-
cles could be resolved with some difficulty at high magnification, as small drop-

lets surrounded by ejected solids as shown in Figure 11. The difference in

hardness of these two components was evident by the different focus required




to resolve the particles and droplets separately. KA and KB showed little
evidence in these views of such finely divided insolubies although at very

high magnification they may be evident in SEM views as will be shown.

A characteristic common to all of the pyrolyzed specimens, was what appeared
to have been an immiscible phase, confined mostly to the unconverted pitch
region, at external surfaces as well as within large gas bubbles as shown in
Figure 12. Small droplets of an immiscible material can also be seen in the
coalesced region of the specimens pyrolyzed at higher pressure (6.2 MPa).

These were nearly always spherical in the broad undisturbed areas shown in
Figure 13, left, but were deformed where sufficient flow occurred, as in Fig-

ure 13 center. Because of the higher viscosity of the pitch and the lower

e . tendency for gas evolution, these did not develop further into the streaks that
appeared to occur in lower pressure pyrolyses (0.5 MPa), Figure 13 right, where ;
gas evolved more rapidly and the pitch was somewhat more fluid. Distortions l
and layering of a separate phase occurred within large gas bubbles, usually in

‘ ' the unconverted pitch, possibly because of variations in solidification rates
and thermal contraction. Typical exampies are shown in Figure 14. They were i

usually absent in the coalesced regions.

In all cases the descent of mesophase droplets through the unconverted

phase to the surface of the coalesced region was evident as in Figure 15 top,

e n L A s R Pk~ s+ ee o

5'.; with the droplets tending to be larger in KA and KB than in 277. Droplet size ™
wi; also increased with descent and there was some tendency to cling to the walls. q
'él Gas bubbles also were found in connected strings at the walls where they were
;;, trapped as the coalesced region formed as seen in Figure 15, ]
. Some of the characteristics of the partially pyrolyzed pitch mixtures _é
observed in the metallographic studies can also be seen in scanning electron ‘
‘: microscopy (SEM) views. Figure 16 for instance shows particles of KA apparently
: 9
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coated with cracked outer layers containing some broken bubbles. At higher
magnification the bubbles are seen to be connected and contain cracked material
on the inner wall which may have arisen from the lamellar structures seen in
Figures 13 and 14. Still higher magnification reveals the particulate nature
of the cracked overlayer,

The particles are evidently 1000-2000 z in diameter and appear to be more
or less spherical. It is possible that these are mesophase droplets before

they grew to the extent that they were visible at relatively low magnification

on coalescing into droplets such as are shown in Figure 12, left. Coalescence
into larger droplets would be aided by the decrease in surface free energy,
as well as by the mixing produced by turbulence or percolation.

At higher temperature (748K vs 723K) and conversion, the cracked outer
layer seen in Figure 17 has a more continuous appearance, and less of a partic-
ulate structure. Whether the fine particles are representative of nascent

‘ \ Q.I. in KA which eventually coalesce or not is not readily discernible. How-
ever KA had virtually no QI initially whereas 277 contained about 6 percent.
Contrasting SEM views of KA and 277 pitches pyrolyzed in the same experiment
show considerably more solid particulates on the outer surfaces of the lat-

ter than appear on the former as is shown in Figure 18. Despite the low

initial content of QI in the KA and KB pitches, significant amounts of very
fine particulate material formed on even short pyrolysis times as is seen in
Figures 19 and 20. These appear to be less fusible than those formed in KB
pitch (Figure 21) which are less distinct as particles and appear to be more
cohesive. The fine particles in 277 pitch appear to be more similar to those

of KA rather than KB judging from limited observation.

The process of formation of the large and very visible mesophase spheres

shown in Figures 15 and 18 for example evidently starts at considerably lower
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temperatures than were used in these experiments. The appearance of distinct
spheroids 1000-2000 z in diameter in SEM views of partially pyrolyzed pitches
seems to indicate that they were distinct and rigid enough to survive the
cooling process. They evidently remained distinct until surface forces drew
them together to much larger spheres as shown in Figure 18, where they did
not yet lose their identity by complete coalescence.

2.3 FIBER BUNDLE RESULTS

Bundles of HM-PAN, VS0032 pitch and Thornel T-50 fibers which were immersed
in 277 pitch during pyrolysis at 748K were examined by optical microscopy after
mounting and polishing. In no instance were coalesced mesophase or droplets
found among the filaments of the bundles. However the specimens examined were
Timited in number, making it difficult to generalize on this observation. A
preferable approach would involve using small preforms, not subject to distor-

tion by turbulence or gas release.
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3.0 THERMOPHYSICAL STUDIES

3.1 SOUND VELOCITY MEASUREMENTS

Measurement of the velocity of sound materials can provide data of impor-
tance in determining other transport properties such as viscosity, and compres-

sibility through relationships such as

/é?ad = 1 (1)

‘ rZ
where Kgad is adiabatic compressibility, ¢ is sound velocity and (5 is liquid

[t (2)

where t’( is viscosity, &’ is 2w}, ™ being frequency, and o is known as the

density, and

o

sound absorption coefficient. In principle, direct measurement of sound velo-
city is experimentally simpler than other approaches. Thus, to begin a data
base on relatively simple polynuclear aromatic compounds such as naphthalene and
phenanthrene, to lead eventually to more complex mixtures such as coal tar
pitch, sound velocity measurements were made at elevated pressure and tempera-
ture using a simple piston-cylinder measurement chamber pressurized by means
of an Instron testing machine.

Figure 22 is a schematic of the cell designed and constructed on IRAD funds,
which consists of: i) two, thick-walled cylinders made of Udimet-700 and 304
stainless steel for high (to 7000C) and low temperature use, respectively;

ii) an Inconel liner for the working cavity; and iii) two stainless steel pistons
which comprised the upper and lower containment walls and which transmitted
pressure to the contents of the cavity. The pistons were fitted with compress-
ible metal rings that deformed against the liner of the working chamber to

effect the seal. Pressure on a fluid within the working cavity was achieved by

compressing the pistons in a laboratory Instron testing machine. A piezoelectric
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crystal and detector mounted on the upper and lower pistons were used to send
an ultrasonic signal through the pistons and the fluid in the working cavity
enabling sound velocity measurements to be used to monitor physical and chemical
changes in the working fluid as a function of time, temperature and pressure.

Figures 23 and 24 show the cell during assembly and in operation.

Accessories for the high pressure cell included a heater for achieving and
maintaining temperature, a cell filling system with which the working cavity
could be evacuated and filled with the molten experimental material kept under
an inert atmosphere, and a piston alignment, insertion and removal device.

Although the pressure within the high pressure cell system as a whole can

T. be computed from the Instron load cell, the measurement includes pressure

applied to the experimental fluid plus the frictional drag of the seals against
the cell Tiner. 1In order to calibrate the system, i.e., to determine pressure
actually applied to the working fluid, the velocity of sound in de-ionized water
was determined as a function of pressure at room temperature. Results are given
in Table 4 and Figure 25. Measurements were made at both approach to and re-
treat from (i.e., increasing and decreasing) the pressure setting to evaluate

. :: the error associated with the seal frictional drag. The effect appears to be
small. For example at 90.2 MPa (13,100 psig) sound velocity was measured as
1.649 km/sec on approach and 1.653 km/sec on retreat from pressure. Based on
fizi literature values for sound velocity in water at high pressure (7), this cor-

t ?4 responds to a pressure error of about 1.2 MPa (178 psi).

_— Sound velocity measurements were made at 6.5 MHz in liquid phenanthrene,

a model compound selected for baseline measurements between 394K (120°C) and

‘ 562K (289°C) and 0.1 MPa (1 atm) and 101 MPa (1000 atm). Table 5 shows the data

"4
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obtained. As was anticipated, velocity increases with pressure and decreases
with increasing temperature, the former effect predominating as both parameters
increase. The cube of sound velocity in liquids should be a linear function
with respect to pressure (8) and this appears to be the case for phenanthrene
at lower temperatures as is seen by Figures 26 through 34, Breaks in the curves
at higher temperatures are probably indicative of lower pressure in the cell
than indicated by the Instron cell load as a result of seal friction, particu-
larly where velocity values are lower than anticipated. Where velocities appear
to be higher than expected, one might postulate a phase change from liquid to
solid. This was found to occur during viscosity measurements to be discussed
later.

The velocity of sound was also determined in liquid coal tar pitch (Allied
277-15V) between 1500 and 2700C at 0.1 MPa (1 atm); results are shown in Table
6 and Figure 35 compared to measurement in phenanthrene. Because of the higher
acoustic losses in the pitch, measurements were made at 2 MHz.

3.2 COMPRESSIBILITY

Sonic velocity data can be related to adiabatic compressibility via the

simple relationship

A= (3)

G
where %3 is compressibility, C is sound velocity and /7 is density, all at the

temperature of interest.

Available density data for both phenanthrene (Reference 9) and coal tar
pitch (Reference 10) were used with sonic velocity data to arrive at the com-
pressibility factor curves for both materials at atmospheric pressure as shown

in Figure 36.
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Furtrer work on measurement of sound velocity in 277 pitch at elevated
pressure was undertaken. However increasing acoustic losses were encountered
as well as difficulty in maintaining seal motion during compression and release.
The losses are believed to be due to trapped gas bubbles which could not be
released from the cell and which introduced numerous lossy interfaces between
the crystal and receiver. Since the 1iklihood of obtaining reliable data was

low, no further work on this aspect was attempted.
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3.3 THERMAL PROPERTIES

One of the important characteristics of pitches which are being pyrolyzed
in bulk, i.e., as in the interstices of large fiber preforms, is the rate at
which heat is transported from the heat source to the most distant part of the
reactor, which is the center in most cases. The work undertaken in this pro-
gram in pyrolyzing pitches for varying times and at different pressures afforded
an opportunity to evaluate thermal conductivity of these materials by means of
diffusivity measurements using a laser flash diffusivity technique.

The standard flash technique is one of the simplest methods of measuring
thermal diffusivity. A sample in the form of a small disk (1.27 cm Dia. and
.25 cm or less thick) is brought to a desired steady uniform temperature in a
furnace. A flash or pulse of thermal energy is then supplied to the front sur-
face of the sample within a time interval which is short compared to the result-
ing thermal transient. The thermal diffusivity of the sample is then calculated
from the temperature vs. time measurements at the back surface of the sample.

A neodymium glass laser is used (Apollo-model 35) to supply the required
pulse of thermal energy. This particular laser has the desirable feature of a
variable pulse width, 1.0 to 0.1 millisecond, which eliminates the need for
pulse width corrections to the diffusivity calculation in most cases.

On the optical path just in front of the laser a piece of cover glass is
positioned at 450 to the optical path to reflect a small amount of laser radia-
tion to a photo cell. The output of the photocell is used to trigger the
oscilloscope and this serves as a zero time reference for the measurement.
Normally, solid samples would be mounted on a rotating holder in a tube furnace
with optical windows. With the pitch, a special enclosed heater was built so
the melted pitch could be held in a horizontal holder in a nitrogen atmosphere

as shown in Figure 37. The laser beam is reflected down on the top of the pitch
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sample. The holder for the pitch was made by bonding .001" thick stainless

steel foil to the bottom of a ceramic ring. The temperature of the back face
of the pitch was measured with a .003" diameter Chromel-Alumel thermocouple.
To record the thermocouple output versus time, a dual beam oscilloscope was
used. Both beams displayed the thermocouple voltage on the Y axis. The X
axis sweep rates on the two beams were different by a factor of 10 to allow
accurate measurement of the half time and at the same time also allow the long
term temperature response to be recorded for the temperature loss correction.
The scope traces were photographed for later computer aided data reduction. h
A typical thermal response curve of the back face of the sample is shown

in Figure 38. The equation for data reduction is given below,

K = CL2 (4)
t1/2
where

X = thermal diffusivity
L = sample thickness
ty2 = time required for the back face of the sample to reach half
of the eventual maximum excursion. }
C is determined graphically using Cowan's correlations (11) from
the ratio of A T(10t1/2)/]/2A Tmax. Both AT(IOt]/z) and A Tmax. are
shown in Figure 38.
Then k = olCpp (5)
Several specimen containment materials were tried in order to overcome

the problem of meniscus formation, which prevents achievement of flat, parallel {

upper and lower surfaces of the specimen. Machinable ceramics were suitable |

except for entry of the pitch into the pores of the ceramic, rendering thickness

measurements uncertain. A thin cover glass was also laid over the pitch surface
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but gas bubble formation under the glass prevented good thermal contact from
being made.

The most satisfactory material was a Teflon ring, used as a liner for the
metal container. This did not completely eliminate meniscus formation but
reduced it so that the specimen thickness through which the heat pulse passed
was constant, or nearly so. Corrections for thermal expansion of the 277-15V
specimen on heating to measurement temperature were made by using specific
gravity vs. temperature data from the literature (10) and the known specimen
weight and diameter. Specific heat values used to calculate thermal conductivity
from the diffusivity data were determined in an earlier program using a Perkin-
Elmer Differential Scanning Calorimeter and are given in Table 7 and Figure
39, Vvalues calculated from an expression given in Ref. 12 were in considerable
disagreement. An error in the referenced equation is suspected as indicated
in Table 7.

Two series of measurements were made - the conductivity of 277 pitch as a
function of temperature in the as received condition and after degassing for
several minutes at about 373-383K, and conductivities at room temperature of
partially pyrolyzed 277, KA and KB pitches after grinding a specimen and recast-
ing a disc for measurement. Specimens were formed from the material in one
vertical half of the graphite tube experiments discussed earlier. These were
ground in a glass mortar and pestle and contained the coalesced mesophase as
well as the unpyrolyzed portion of the sample to arrive at a more typical value
for a bulk specimen.

Table 8 1ists the thermal diffusivity and conductivity data for 277 pitch
as a function of temperature while Figure 40 shows the trends with temperature.
Also shown in Figure 40 is a steady state value obtained with a Dynatech dif-

ferential scanning calorimeter. Computer aided analysis of the data yielded
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the curve shown, indicating that for the short heating periods, thermal con-
ductivity appears to be less sensitive to temperature than to other effects.

Measurements of thermal diffusivity were also made at room temperature
(200C) on two experimental pitches, Koppers KA and KB as well as Allied 277-15V
after pyrolysis at 708K (4750C) for 2, 4 and 7 hours and 0.5 and 6.2 MPa.
Thermal conductivities were calculated using specific heat data obtained on the
specimens with a Perkin-Elmer Scanning Differential Calorimeter and densities
determined by water immersion. The diffusivity values are listed in Table 9
together with specimen thickness and average values and standard deviations.
Conductivity results are given in Table 10 as computed from average diffusivity
values and specific heat and density values determined on the pyrolyzed pitch
discs.

Values of thermal conductivity of as-received 277-15V pitch show a sig-
nificantly greater variation with temperature than do those for the outgassed
material. This can be attributed to the loss of volatiles having a higher hydro-
gen content, particularly above the softening point. Formation of bubbles and
voids in this material reduce diffusivity and the thermal conductivity of the
at the time of measurement. After outgassing, although the scatter is greater,
perhaps due to variations in the rate of loss of volatiles, conductivities
show much less variation with temperature over this relatively narrow range.

In processes where vacuum impregnation is used conductivity values might be
expected to fall between these curves depending on the volume of pitch involved
and the extent of outgassing. For smaller amounts of material the values shown
for outgassed material would probably be more reliable for heat transfer esti-
mates.

Thermal conductivity differences among the three pitches studied, deter-

mined at room temperature on as-received as well as pyrolyzed material, do not
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appear to be very large in view of the fairly significant standard deviations
in diffusivity values in the pyrolyzed specimens. Diffusivity and conductivity
values for as-received material are probably more reliable and appear to corre-
late with the softening points and specific gravities of the materials. This
may in turn be related to their hydrogen contents.

Values for pyrolyzed specimens have significantly higher standard devia-
tions indicative possibly of greater difficulty in selecting identical speci-
mens. For the 277-15V and KB pitches there appears to be some variation with
pyrolysis time at both 6.2 MPa and 0.5 MPa which could be related to loss of
volatiles during the first two hours. After a noticeable decrease in conduc-
tivity during this time, a slight increase occurs with pyrolysis for longer
times. This pattern is not followed by the KA pitch with which there was greater
difficulty in casting the discs on which the measurements were made. Several
values are suspect, especially since diffusivity was found to be related to
specimen thickness, not a characteristic of the diffusivity technique. The
technique however has a number of drawbacks particularly with respect to speci-
men homogeneity, i.e., the presence of varying amounts of solid material of
different properties as well as of some frozen-in gas bubbles. Thus, thermal
conductivity measurements, useful for following this property through the
course of pyrolysis to relatively high conversions, would best be done by a
more direct method if a feasible one can be developed.

On the whole, while the thermal data are not of diagnostic value relative
to the chemistry of mesophase formation, they can be useful in deriving heat-

ing rate and heat flow estimates, especially for large amounts of material.
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4.0 VISCOSITY MEASUREMENTS

The viscosity of liquid pitch exerts a strong influence on practical as-
pects of pyrolysis at elevated pressure. There are the change in viscosity be-
low reaction temperature which influences penetration into the preforms, the
rates of gas evolution and circulation effects as the pitch is warmed and con-
vective currents are established. Further, there are unknown factors such as
the possible solidification of the pitch or of some of its components as pres-
sure is applied. Reaction rates, coalescence and turbulence during the early
phases of pyrolysis can also be influenced, with probable effects on the graphite
crystallites ultimately formed, for example, aspect ratio, size and defect con-
tent. Consequently, direct measurement of the viscosities of pure polynuclear
aromatic compounds such as naphthalene and phenanthrene as well as that of a
typical pitch became a principal goal of this effort. This required design,
construction and calibration of a viscometer suitable for measurements up to
at least 673K (4000C), preferably higher, although formation of mesophase drop-
lets and gas release were expected to be troublesome at the higher temperature.

The viscometer originally designed for direct determination of model com-
pound and pitch viscosity is shown in Figure 41, It is a falling needle type
having a bore diameter of 0.4686 cm (0.1845 in.) and a total tube length of
60.96 cm (24 in.), constructed from heavy wall stainless steel tubing.a
Two electromagnetic coils are wound around the outside of the tube, separated
by a distance of 30.48 cm (12 in.), to detect passage of the falling needle by
interruption of the field generated by the coils. Friction seals are used and
pressure achieved by an Instron test machine as discussed earlier,

The time, t, required by the needle to fall through the 35 cm distance

between the coils is related to the viscosity of the fluid in the tube by the

(a) Autoclave Engineering Co., Erie, PA.
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following equation
V1=C0(PN-FL)‘5 (6)
where ll is the fluid viscosity, ‘PN and FL are the densities of the needle
and liquid respectively. C,is a constant related to the geometry of the system,
specifically the inner diameter of the tube and that of the needle. Figure 42
shows a trace of the field response as the needie falls through the coils.
Calibration of the viscometer is done by the first approximating the most

suitable needle diameter using the relation given in Ref. 13.

o= gRZ . 1-2\3 (7)
cagr o (13)

in which g is the gravitational constant, R is the inner diameter of the tube,
L is the distance between coils and Z is the square of the ratio of the diameters
of needle and the tube through which the needle falls.

Equation 7 is of value in two respects. First, it is helpful in choosing
a needle diameter that will result in drop times that are not excessively long
or short. Second, it provides a means to correct for any effects of dimensional
changes in the apparatus that may occur due to temperature and pressure changes.

In the apparatus used, the tube was made of stainless steel with a bore
diameter of 0.4636 cm. A thin tube of phosphor bronze was fitted over the
outside diameter of the steel tube to support electrical pick-up coils which
detected the passage of the needle as it fell. This technique is similar to
that described in Ref. 13. Also, as with that work, an electromagnet was used
to raise the needle to the top of the tube between measurements.

Co, which is a constant for a particular viscometer, is determined experi-
mentally by measuring fall times in liquids of known viscosity and density.
Since measurements on coal tar pitch were planned and a wide viscosity range

was anticipated, determination of Co was made using both distilled water
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(Q~1 cp at 200C) and castor oil (vz~ 990 cp at 200C). Data from reference
14 were used for this purpose. It was found that for small needle diameters
(Z = 0.47) the two liquids gave quite different values of Cp. Increasing the
needle diameter to Z = 0.75 almost eliminated this and a Z = 0.83 the same

Co was obtained (within experimental accuracy) for both liquids.

Calibration measurements were made at room temperature using distilled
water and castor oil as standards of known viscosity. Several needle diameters
were used since the required clearance between the needle and capillary tube
wall was not known. This separation controls the nature of the flow in the
annulus which in turn produces the shear forces related to viscosity. Results
of these preliminary measurements are given in Table 11 in terms of the values
calculated for the constant Cp.

It can be seen that as the needle diameter increased, closing the annular
distance in the tube, the value of C approached constancy for liquids of dif-
ferent viscosities. A slightly larger needle (diam = 0.4262 cm) (0.1678 in)
was then used to determine viscosity over a range of values to check these
results. Water at various temperatures was used as the calibration liquid and
yielded a value of 6.28 x 10°¢ for Co. The viscosity of castor oil was then
measured at various temperatures and compared to data given in Ref. 14, which
were curve fitted to a cubic expression of the form

1n Yl = F(T) (8)
Figure 43 shows these results in which the squares represent handbook data,
the points are calculated from the cubic polynomial and the circles represent

the data shown in Table 12 obtained from measurements made on castor oil using

the 0.4262 cm diameter needle and the value of Cp determined from distilled water.

These results are slightly low since density data for castor oil were not avail-

able and the room temperature value was used for calculating viscosity from

equation (6). General agreement is considered satisfactory however.




Considering Eq. 7, the quantity Z is essentially unaffected by temperature
as it is a ratio of two diameters and the thermal expansion coefficients are
essentially the same for the two. However, both the needle diameter, dn and
tube length, L are affected and both increase with increasing temperature. The
expansion coefficients are somewhat different as the coil separation (L) is
determined by expansion of the phosphor bronze tube which supports the electrical
pickup coils. However, the net effect in going from 20 to 750C is to increase
Co by only about 0.08%.

Turning to Eq. 6, the densities of the needle and the liquid are also
affected by temperature rise. In going to 750C, the needle density will decrease
by only about 0.25% but the water density decreases by about 2.3%. Since the
change in liquid density is significant, this density should be measured unless
an accuracy of a few percent is not critical to the experiment. These densi-
ties are also affected by pressure, with the needle density increasing by about
0.07% at 101 MPa (15,000 psi) pressure and the water density increasing by about
3.6%. For the viscosity measurements on water, the water density was corrected
for pressure by using compressibility data from reference 14,

Pressure will also tend to increase the tube diameter and decrease the
needle diameter, thus affecting both dn and Z in Eq. 7. The effect is to
increase Co by about 2.8%, primarily due to the change in Z. It should be noted
that this pressure effect on Co will increase at higher temperature due to the
decrease in the elastic modulus of the steel.

Measurements on distilled water were initially made at one atmosphere pres-
sure in order to determine Co from Eq. 6. This gave the following result

(with viscosity expressed as centipoise):
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Temperature No. of Measurements Co
(oc) Averaged
21.7 4 6.28 x 10-2
3. 3 6.40 x 10-2
75 3 6.08 x 10-2

The 750C value for Cp is the least accurate because of the shorter drop
times. As noted above, the temperature correction for C, is negligible at
these temperatures. If Cp = 6.3 x 10-2 at room temperature and one atmosphere
is used to calculate viscosities, values are obtained which are high by 0.3% at
21.70C, low by 1.5% at 319C and high by 3.7% at 750C, as compared to the data
of reference 14. These errors are comparable to those of Bridgman, (Ref. 15) assuming
that the data of reference 14 are the more accurate). Bridgman's data are
given in the form of relative viscosities, taking the 00C data as 1.00. If the
handbook data are similarly expressed, the following results are obtained:

Relative Viscosities (1.0 Atmosphere) of Water

Temp. (9C Handbook (14) Bridgman (15 % Difference
0 1.000 1.000 0
10.3 0.7236 0.779 +7.6%
30. ‘ 0.4468 0.488 49.2%
75. 0.2120 0.222 +4.7%

However, if the data are shifted to match at some intermediate temperature,

then the difference would be about + 4.5%. Bridgman notes that he had consider-
able difficulty with water because the technique used to measure drop time was
affected by the conductivity of the water. The technique used in the present

work did not have this problem.

i
i

|
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Measurements were next made at a pressure of 101 MPa (15,000 psi). The

|

| results, compared to Bridgman's data, were as follows:

% Change in Viscosity Due to 101 MPa (15,000 psi) Pressure (Water)

Temperature (°C) Present Work Bridgman
10.3 - -4.6%
21.7 + 0.3% -

30. + 6.6% +5.3%
75. + 6.5% +7.7%

Note that Bridgman's data (and some earlier data he references) show a decrease
in viscosity at this pressure at low temperatures and an increase at higher

temperatures. From his data we expected to see very little change due to pres-

sure at room temperature and this proved to be the case. At 300C and 750C the
change due to pressure is comparable to that reported by Bridgman. In view of
the above it was concluded that operation of the viscometer was satisfactory.
Efforts to measure the viscosity of 277 pitch were frustrated owing to the
method of heating the tube (resistance winding) and difficulties in maintaining

a sliding friction seal. With the higher temperatures required for measurements 1

on pitch the gradient became severe although several attempts were made to gain

experience. In all cases, the needle became stuck between the coils, necessita-

. -
:2}1 ting redesign of the system. It should be noted that, with the same diameter
?iiﬁ tube and needle, recalibration was not required.
é; The improved viscometer design shown in Figure 44 consisted of a shorter tube
L';; with a bellows pressurizing system instead of the mechanical friction seals. The

? latter had proved troublesome because of a tendency for scoring and etching on the
inner wall of the viscometer tube. High temperature coils were fabricated for meas-
i uring time of fall and the entire assembly was located in a radiant heated oven

'_; to permit thermal equilibrium to be achieved over the entire length of the tube.
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4.1 MEASUREMENTS ON PHENANTHRENE AND NAPHTHALENE
Having demonstrated that the viscometer calibration held over a wide range

of viscosities (e.g., water at 1.0 cp to castor oil at 990 cp) and that the
change in the viscosity of water with pressure was in good agreement with
Bridgman's data, measurements were made on phenanthrene.

Phenanthrene has a melting point of 1019C and a boiling point of 3400C.
It was therefore decided to conduct measurements in the range of 1200C to
3000C. In conducting measurements at about 1200C, it was found that phenan-
threne could be frozen by pressure. As Bridgman noted, freezing is readily
detected by failure of the needle to fall. Therefore a2 series of measurements
was made at 1200C to establish the freezing pressure.

It should be noted at this point that while the temperature in the body
of the viscometer was uniform, the electromagnet used to raise the needle was
located just outside the oven as was the needle. Thus the molten material at
the top of the viscometer tube was about 30C lower in temperature than in the
center section of the tube (i.e., the measurement region). Thus it was pos-
sible to freeze the material at the top of the tube (preventing the needle
from falling) at slightly lower pressure than in the center.

In conducting this series of pressure freezing experiments, it was noted
that if the material was frozen and pressure was released to cause melting,
the melting resulted in a drop in temperature in the main body tube (due to
heat of fusion). Similarly, freezing by pressure increase caused a rise in
temperature. This, of course, complicated fixing the freezing point since an
increase in pressure sufficient to start freezing would result in a temperature
rise that would favor melting. As a result, the freezing (or melting) point
was not sharp. On several occasions it was noted that the velocity of the

needle varied between the upper and lower pick-up cofls. That is, if freezing
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was in progress, the velocity through the lower coils would be slower, whereas
the opposite was the case if melting was in progress. In this series of experi-
ments at 1200C there appeared to be liquid at pressures as high as 10,500 psi
and solid at pressures as low as 10,100 psi and it was concluded that the
freezing pressure of phenanthrene at 1209C is about 10,300 psi.

The temperature changes on freezing (or melting) referred to above were
on the order of 1.0 to 4.00C. This was measured on the outside of the stain-
less steel viscometer tube and it is certain that the changes within the test
material were much larger. It would not be difficult to locate a thermocouple
within the liquid if a more accurate measurement were desired.

The results of the measurements on phenanthrene are given in Table 13 .
Although the density of phenanthrene as a function of temperature (at 1.0
atmosphere) had been measured no data on density as a function of pressure
were available. Thus only drop times are listed in Table 13 and Figure 4°F.
Since viscosity is proportional to drop time if other factors are constant,
the drop times can be considered as relative viscosities if the changes in
liquid density with pressure and temperature are smali. Thus, the viscosity
of liquid phenanthrene increases by a factor of about two between 0.5 and
101 MPa.

At the conclusion of this series of measurements it was discovered that
the flexible diaphram separating the test material and the hydraulic oil had
ruptured and it is probable that the phenanthrene was contaminated by oil at
the higher temperatures. This led to a change in the design of the diaphram,
but due to the pressure of time it was decided to examine naphthalene rather
than to repeat the higher temperature measurements on phenanthrene.

Naphthalene is a smaller molecule than phenanthrene (2 fused rings instead

of 3), has a melting point of 80.50C and a boiling point of 2180C. It was




decided to make measurements in the 900C to 1800C region. Care was taken not
to get too close to the boiling point in any of these measurements in order
to prevent boiling and an excessive pressure buildup which could cause equip-
ment damage and delay data acquisition.

Through the prior experience with phenanthrene, freezing of naphthalene
at elevated pressure was anticipated and it was possible to obtain a fairly
good temperature-pressure freezing curve. This is shown in Figure 46. With
the pressures available, freezing could be obtained at temperatures up to
1120C. Also because of the experience with phenanthrene, care was taken to
note the sequence of the measurements rather than simply entering the results
in a table. It was hoped that this would enable us to note any anomalies that
might indicate problems with the diaphragm. The results are in excellent agree-
ment with published data (16).

The results of the measurements on naphthalene are given in Table 14 and
Figure 47 . It will be noted that at Run #18 the temperature was dropped back
to about 909C and the fall time at 15 psi was measured. This appeared to be
in good agreement with the first data and suggested that no diaphragm rupture
had occurred. The measurements were continued and at run #33 a second check
was made.

The experimental results shown in Table 14 in terms of drop time can be
corrected for the effects of temperature and pressure on the density of naph-
thalene, since there are no published values. The correction for temperature

is made through the bulk expansion coefficient

5 = .04314

Te - T)Y-
where Tc is the critical temperature of naphthalene, 747.8K (17 ). Pressure

has the opposite effect but to a lesser degree, amounting to only about

0.04 gm/cm3 at 101 MPa (18 ). Differences between viscosities calculated
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from Equation (6) using the uncorrected density value of 0.9625 gm/cm3 (19 )
and those corrected for both temperature and pressure at measurement conditions
are at most around 1.2% at 0.1 MPa and 0.6% at 101 MPa. These are also listed
in Table 14. Thus the use of drop time and uncorrected density values over

narrow temperature ranges appears to be satisfactory for most purposes, i.e.

nPg = r]P] Q) where

t

t is drop time and the subscripts 1, 2 relate to higher and lower pressures
Figure 48 shows these results compared to some published ( 20 ) and estimated
values ( 21 ).

Although Run #33 in Table 14 does not appear to be significantly out of
line, the drop time appeared to be a little long and it was expected that any
0il contamination would result in a high viscosity. Therefore the apparatus
was taken apart and it was found that the diaphragm had indeed ruptured and oil
had contaminated the naphthalene. Again it is believed that this occurred at
the higher temperatures.

As with phenanthrene, time did not permit rechecking of data. A sample
of pitch was made available for test and it was decided that this had priority.
Extensive changes were made in the diphragm assembly and it appears that the
rupture problem had been solved.

4.2 MEASUREMENTS ON ALLIED 277-15V PITCH

Several early efforts to measure the viscosity of 15V pitch at one atmos-
phere pressure failed as the needle would not fall., It was believed that be-
cause of the high "Z" (Z = 0.83) necessary for reliable measurements, the par-
ticulates in the pitch were causing the needle to bind as the clearance between
the needle and tube wal)l was very small. A means was sought to remove the

larger particulates and several pyrex tubes 1 m. long were filled with pitch
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and held at 2500C for 5-7 days to permit the larger particles to sink to the
bottom. The lower ends of the tubes were then cut off and the remaining
material used to fill the viscometer.

The first attempts at measurement were made at 2500C but with no success,
The needle appeared to be stuck somewhere in the tube and initially it was
believed to be at the top. In an attempt to break it loose, the pressure was
varied several times between 15 and 15000 psi. In this it was noted that a
temperature change, indicating freezing, occurred at about 7200 psi. Therefore
the temperature was increased to 3259C, but again with no success. Again pres-
sure was varied and it appeared freezing occurred about 7800 psi. As subse-
quent tests show, it is probable that some components of the pitch freeze at
these pressures, but the pitch as a whole does not.

After these unsuccessful attempts at measurement, the viscometer was cooled
to room temperature and radiographed. The radiographs lTocated the needle in
the bottom of the tube as shown in Figure 49. The viscometer was again heated
to about 3250C and attempts were made to raise the needle. It was found that
it could be l1ifted through the lTower pick-up coils but it would then break

C loose from the electromagnet and fall to the bottom of the tube. It became

k. - apparent at this point that some particulate matter must be stuck to the body

[1:1 tube wall in the region between the upper and lower detection (pick-up) coils.

?i’f To break this particulate matter loose, the magnetic pull of the electro-
;f magnet was increased several fold. This was eventually successful and the

b needle was raised and successfully dropped. On the second drop the needle

; stuck again between the pickup coils, but after being moved through the region

’ several times with the electromagnet, the tube appeared to have been cleared
" and several satisfactory determinations were made.

T The results of these measurements are given in Table 15 and Figure 50.
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A minimus pressure of 200 to 500 psi was maintained at all times to supress
the tendency of the pitch to generate volatiles, preventing the needle from
dropping.

Using the expansion data for pitch given in Ref. 10, density can be cor-
rected for temperature and the resuits used to compute viscosity values from the
experimental drop times and equation 6. These results are also given in
Table 15. The value for viscosity at 609K, the highest temperature used, is
about 2.5% higher than if no correction had been appiied, i.e., if a density
value of 1.290 g/cm3 (150C) had been used. The pressure correction is probably
somewhat less, so that the viscosity values in Table 15 are probably within
about one to two percent of a true value for this particular pitch.

Since viscosity measurements on 277-15 pitch made at the highest tempera-
ture (608K) in the first series appeared to indicate an increase in the time
of the needle in the field of the lower coil, a series of measurements was made
at a slightly higher temperature (628K) over a period of time. The data are
given in Table 16 and show a small but progressive increase in drop time with
time at temperature. Plotting these data to emphasize the rate of increase in

Figure 51 (Left) suggests that the slope is not Tinear and that therefore a

cumulative molecular change is occurring at this temperature which is somewhat
lower than that at which many mesophase formation studies are performed. Plot-
ted as in Figure 51 (Right) however over the entire temperature range in which
measurements were made, the increase with time may seem insignificant with re-
spect to the anticipated scatter, particularly in view of the times required

to raise the needle, during which the temperature necessarily decreased in order
to operate the electromagnet manually. Nevertheless, the trend with time is
unmistakable and probably indicates that polymerization reactions are occurring,

or that the quinoline insolubles in the pitch originally are growing.
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5.0 DISCUSSION

5.1 PYROLYSIS UNDER PRESSURE

As has been observed by others (22-24), pyrolysis of coal tar pitch at
even relatively moderate pressures, e.g. up to about 6 MPa (900-1000 psi) re-
sults in increased char yields. The same effect was observed in this work,
with some differences among the three pitches, KA, KB and 277 being noticeable
from the data in Table 2 particularly at short times. Between two and four
hours, the effect of pressure on the rate of QI formation is greatest for KA
and KB, which contained 1ittle or no QI initially compared to 277. As has been
pointed out (23), the principal effect of pressure is to reduce the loss of
lower boiling components such as napthalene and anthracene although the early
stages of the polmerization reactions themselves can also be affected by pres-
sure. Increases in condensation polymerization rates at elevated pressures
are common (25) and have been ascribed to repression of molecular translational
and rotational modes, with a resulting increase in entropy. For such reactions
in which the molecular volume of the transition species, V*, is less than the
volumes of the uncombined species, an increase in rate is also predicted (26).
The increase in rate would also reduce loss of low boiling components by con-
densation before they evaporate, particularly when a viscosity increase due to
pressure reduces bubbling and percolation. Thus the observed increases in
yield of QI species under pressure can be attributed to effects on both the
chemistry and the physics of the system. ;

The appearance of mesophase droplets is repressed by pressure to some :
degree siince growth of the polymer species in the absence of percolation and
bubbling, would be due principally to chemical processes. As the molecular
weight increase progresses, solubility of the polymer decreases and further

growth would depend principally on reactions at the periphery of the droplet.
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Opportunities for growth, through collision, in which surface energies are
lowered and solubility further decreased, would be limited to contact with
other large molecules as the heavier particles sink. The dense coagulated
mesophase or mosaic domains observed in these experiments at 6 MPa are similar
to those described in other pressure pyrolysis experiments (5), with Tittle
evidence of flow or shear deformation of the mesophase. At 0.3 MPa of course,
results are similar to observations made by other investigators (27). The
advantage of pyrolysis at pressures of the order of 100 MPa is probably the
retention of the reacting 1iquid in the smallest crevices and cracks through
the effect of pressure on viscosity, gas solubility and gas bubble size,
rather than on further increased reaction rates or reduced loss of reacting
species.

5.2 VISCOSITY MEASUREMENTS

The behavior of naphthalene and phenanthrene with respect to increase in
viscosity at elevated pressure is not unusual, judging from the similarity to
the extensive work of Bridgman (14). Ratios of drop times at 101 and 0.1 MPa
and various temperatures range from 1.97 to 2.2 for naphthalene and 1.84 to
1.99 for phenanthrene and can be considered constant within experimental error.
In the case of pitch, this ratio decreases with increasing temperature from
7.24 at 543K to 4.49 at 608K, suggesting significantly increased mobility and
less resistance to deformation. The increase in viscgsity of pitch with time
at 101 MPa and 628K is an interesting phenomenon in :%at it may indicate the
beginning of polymerization. Under the experimental conditions used it is not
possible to state definitely if any outgassing had occurred, i.e. if any
hydrogen had been released, indicative of reaction. It does open the possi-

bility that viscosity and possibly sound velocity measurements might be of

some value in studying polymerization at low temperatures. Measurement of
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viscosity vs time at other pressures, higher as well as lower might enable one
to isolate the effect of pressure alone on reaction rates. Initial work with
simpler systems such as anthracene would be somewhat easier to interpret.

5.3 THERMAL CONDUCTIVITY

Thermal conductivity measurements on 277 pitch vs temperature as well as
on partially pyrolyzed KA, KB and 277 pitches did not show extreme variations,
except in cases where bubble formation was noted. The influence of outgassing,
percolation and turbulence is probably more significant than molecular changes.
The effect of pressure on thermal conductivity in a pyrolyzing system would
probably be more due to repression of these phenomena, bringing the thermal
conductivity of the system closer to values for the undisturbed specimen. The
influence of pressure per se on thermal conductivity does not appear to be more
than about 10-15% for naphthalene at around 460K using the generalized equation

- €
i et
in which 6. 2 and é] are conductivity factors based on the reduced tempera-
ture and pressure of the liquid in question (29).

Considering the turbulent environment of the pyrolysis reaction, it is
questionable if knowledge of the thermal conductivity of the pitch, even cor-
rected for temperature and pressure, would be of significant help in evaluating
rates of heat transfer in transient processing situations. Useful empirical
factors could perhaps be derived by measuring at room temperature, the thermal
conductivities of specimens removed from quenched, partially pyrolyzed speci-
mens and relating the data to porosity, solids,mesophase content, and location
in the pyrolysis chamber. Where pyrolysis is occurring within a relatively
dense body such as a porous graphite or fibrous preform, the heat transfer

process would probably be dominated by the properties of the solid phase.
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Empirical corrections would be relatively simple to make, with pressure exert-

| ing a minor effect.
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Figure 2. Gel Permeation Chromatograms of Partially Pyrolyzed Koppers Type

B (KB) Pitch (Top) and Allied 277-15V Pitch (Bottom)

38

s

P




Figure 3.

Koppers Pitch, Type A, After Pyrolysis at 748K for 2, 4 and 7
Hours at 6.2 MPa (Top) and 3.4 MPa (Bottom). 1.5X
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Figure 4. Koppers Pitches After Pyrolysis at 748K for 2, 4 and 7 Hours. Top -
A at 0.5 MPa, Bottom - Type B at 6.2 MPa. (1.5X)
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1 Figure 5. Koppers Pitch, Type B, After Pyrolys
Top at 3.4 MPa, Bottom at 0.5 MPa.
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is at 748K for 2, 4 and 7 Hours.
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Figure 6. Allied 277 Pitch After Pyrolysis at 748K for 2, 4 and 7 Hours.
Top at 6.2 MPa, Bottom at 3.4 Mpa. (1.5X)
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Figure 7.

Allied 277 Pitch After Pyrolysis at 748K for 2, 4 and 7 Hours
at 0.5 MPa. (1.5X)
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Figure 15.

Connected Bubbles at Container Wall in Koppers Type A Pitch
Pyrolyzed 7 Hours, 6.2 MPa (50X ), Top; Large Mesophase Spheres
Sinking to Interface of Unconverted and Coalesced Koppers Type B
Pitch, During Pyrolysis at 6.2 MPa for 7 Hours (100X)

o




SANOH [/ “NEZL “BdW t°€ - Yd3Ild ¥ 2dAL saaddoy pazA{oukd A||eLI4Bd UO SJU3Ae] 9IRHUNS

9| aJ4nbiy




Figure 17.

Surface Layers on Partially Pyrolyzed Koppers Type A Pitch - 6.2 MPa
748K, 7 Hours Showing Smooth Glassy-like Structure Beneath Surface
Layer of Loose Particles.
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Figure 18. SEM Views of Larger Mesophase Droplets, Formed by Pyrolysis at
3.4 MPa, 7 Hours, 748K. Top Koppers Type A Exhibits Less Surface
Debris Than 277-15 Pitch at Bottom.
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Figure 19. SEM Views of Koppers Type A Pitch After Pyrolysis for 2 Hours at
6.2 MPa and 748K - Note Small Spherical Particles on Particle
Surface.
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Figure 20.
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SEM Views of Koppers Type A Pitch Pyrolyzed 7 Hours at 3.4 MPa
and 748K.
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Figure 21. SEM Views of Koppers Type B Pitch After Pyrolysis for 4 Hours at
6.2 MPa and 748 - Fine Particles Appear to be More Coherent Than
Those in Type A (Figure 19).
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Figure 25. Calibration Curve - Sound Velocity at 6.5 MHz in Water vs. Pressure
at 303K (30°C). Solid Line from Data in Ref. 7.
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Figure 26. (Sound Velocity)3 at 6.5 MHz vs. Pressure in
Phenanthrene at Various Temneratures.

[ ]
o
-
T~
e
o TENP
7 O 993.3
O 414.4
A 440.0
+ 485.0
w X 490.5
o ¢ §519%.9 ‘
o 4 537.8 :
X 562.2 ;
ng i
L B :
» - i
> i
i
i o =
e (V] .
o~ &
Qe a +
-] L) X
x
a ®
= + *
e Q .
1 ? x x
L 4
8 ¥ '
"ﬁ LA T L Li A R . é
“b.00 20.00 40.00 60.00 80.00 100.00 120.00 Lot

0
PRESSURE (MPR)

62




Figure 27. (Sound Ve]ocwty)3 at 6.5 MHz vs. Pressure in
Phenanthrene at 393.3K (120°C).
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Figure 28. (Sound Ve]ocity)3 at 6.5 MHz in Phenanthrene vs.
Pressure at 414.4 K.
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Figure 29. (Sound Ve]ocity)3 at 6.5 MHz in Phenanthrene
vs. Pressure at 440.0K.
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Figure 30. (Sound Ve]ocity)3 at 6.5 MHz in Phenanthrene
vs. Pressure at 465.0K.
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Figure 31. (Sound Ve1oc1ty)3 at 6.5 MHz in Phenanthrene
vs. Pressure at 490.6K. ;

TENP=z 480.8

1.51

1

1.50

1

1.49

.48

1.46

<44
bttty

cwnie emerghe e RS aw e
P

y .00 20.00 40.00 80.00 $0.00 100.00 120.00
PRESSURE (MPA)

43

67

Cmem . JORVESIN W T



Figure 32 . {Sound Velocity)3 at 6.5 MHz in Phenanthrene
vs. Pressure at 513.9K.
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Figure 33. (Sound Velocity)3 at 6.5 MHz in Phenanthrene
vs. Pressure at 537.8k.
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Figure 34. (Sound Velocity)3 at 6.5 MHz in Phenanthrene
vs. Pressure at 562.2K.
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LASER BEAM \J ASTRO GAS PROTECTED WINDOW
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Figure 37, Apparatus for Measuring the Thermal Diffusivity of Tar Pitch
as a Function of Temperature.
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TEMPERATURE

TIME OF LASER PULSE

TIME

TRANSIENT THERMAL WAVEFORM AT THE BACK FACE OF THE SAMPLE
(WITH SIGNIFICANT HEAT LOSS)

FIGURE 38
’ LASER FLASH DIFFUSIVITY DATA FORM

74




—— e e e - - T

(20) FUNLYYIdW3L

00€ 00¢ 00L 0
] L \ T ] v [
w
-
lWM. m
0Zp mm
1£6000°0 + €E1¥°0 - €/8°0 = d) -
WOY4d Q3LVINITVY o
lre. —
a3gnsvai O =
- —
[
=
i TR
2
o
==
)
le =
a
s
4ss°
~09°

ASL HOLId d¥L W0J 40 SLY3IH JI14103dS G31VINDIVI GNV O3dNSV3N

6€ NI




aanjedadwal "sA Ydlid AGL-/[2 PALLLY JO A11AL3ONPUO) [BWMBYL Of d4nBiy

D) FA3NLVIIdHIL

@09 00S Q0 00E 002 _ ﬁ
‘ : ! - - g * * 9'0 L
LINTOd :
- ONINIL40S— . £
o 8'0 3
g3ssSvaLno - &
| o ve)
—,—lu.ll ™~
fe' 1l [
b2
>
A
"2l o
RS
3
/ I
X X
a3AI3D3Y SV 9 1 i
\)
g8 |




PISTON/INSTRON CELL

|__—GUIDES
|~ SEALS
|
%a NEEDLE 3.43 cm x 0.41 cm
7 Bl b MEASURING COIL-PICKUP
¥ /tz,; % R~ ASSEMBLY: TIME = 0
| @ |
| | VISCOMETER CHAMBER
I h—
| : HEATER
I /
EXPERIMENTAL FLUID
S | ,,,JI/'/
- | '
|
| |
| !
& o LOWER MEASURING COIL-PICKUP
iy .~ ASSEMBLY: TIME =t
LOWER SEAL
ASSEMBLY

L8

PLUG

FIGURE 41

SCHEMATIC OF HIGH PRESSURE VISCOMETER
WITH FRICTION SEAL




Distance between sharp peaks indicates distance
traveled by sinker in inches/second

5 . TEST RUN - DISTILLED WATER
TEMPERATURE = 24 DEG. C

23.9 + 0.3 m_

ANPLITUDE
w
3 4
-
L}

t = 4.42 sec.
2 4
) T =23.9 +0.3
t = 4,39 sec.
‘ f 4
T=24.4+0.3
= 4.34 secC.
° —— v -

TIME CSECONDSD

- FIGURE 42
CALIBRATION OF HIGH PRESSURE VISCOMETER
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VISCOSITY <(Cepd

'.3

1.2

8.3

FIGURE 48

VISCOSITY OF NAPHTHALENE VS
TEMPERATURE AT 0.1 AND 101 MPa

D Ref. (19)
O Ref. ( 20)
4
-
L § L L3 L]
340 360 380 400 4208 449

TEMPERATURE CK)

-4

PP Py




Figure 49. Positive Print of Radiograph Showing Needle (1) Within Viscometer.

Lower Electromagnetic Coil is Shown at H. A Solid Brass Stop (J)
was used to Prevent Needle from Falling Below Retrieval Point.
Light Area Within Tube is Coal Tar Pitch. Needle is Cylindrical
Above a Narrower Pointed Cylinder to Give a Hydrodynamically More

Stable Leading Edge.
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TABLE 1

PROPERTIES OF PITCHES USED IN PYROLYSIS STUDIES

KA KB 277
Softening Point OC 152 128 95
Benzene Insol. % - - 16.6
Quinoline Insol. % nil 0.9 6.0
Xylene Insol. % 33 25
Coking Value % 64 57 46.2
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TABLE 2

ANALYTICAL DATA ON PARTIALLY PYROLYZED PITCHES

A. T = 748K
- KA KB 277
P(WPa] 5.2 3.4 05 62 3.4 05 6.7 3.4 05
1. Quinoline Ins.
t hrs 7 73.5 80.4 79  54.8 58.1 40.2 63  59.4 72.8
4 66.0 47.8 35.5 40.3 24.9 27.8 51.7 50.5 39.3
2 15.3 13.7 36.1 13.2 11.0 17.9 30.5 23.3 24
0 0 0 0 0.9 0.9 0.9 60 6.0 6.0
2. % Wt. Loss
t hrs 7 8.6 8.1 8.2 12.6 9.0 4.6 14.2 12.7 21.6
| 4 6.1 54 58 8.2 4.6 2.3 14.6 12.0 17.0
'” 2 7.8 3.9 3.8 7.5 0.7 5.2 13.8 9.4 12.7 ‘
3. CVC 3
t hrs 7 85.3 85.3 84.8 79.6 79.4 72.5 79.0 78.4 83.9
4 81.7 78.6 75.7 74.7 70.4 70.9 75.9 75  73.6
2 73.1 70.2 74.7 70.1 64.1 68.4 70.1 64.4 65.8
l 0 64 64 64 57 57 57  46.2 46.2 46.2
4. 5.p. OC
t hrs 7 300+ 300+ - 300+ 300+ - 300+ - -
4 300+ - - 225 - - 300+ - - ,
2 177 - - 187 143 - - 1s0 - 1‘
: 0 12 - - 18 - - %5 - - ,
B. T=723kK t=7hrs. P=3.4MPa L
.
KA KB 277
1. Q.I. % 16.1 22.6 22.2
2. % wt. loss 5.6 10.1 16.2 o
3. CVC % 7.2 7. 68.1 |
4. s.p. oC 172 300 - 1
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TABLE 4

SOUND VELOCITY-PRESSURE DATA
FOR WATER (300C) AT 6 MHz

Pressure Velocity (km/sec)
Kg/cmé MN/m2  psig Increasing P Decreasing P
0 0.1 0 1.504 1.498
92 9.02 1310 1.514 1.513
| 307 30.1 4360 1.547 1.556
‘ 613 60.2 8730 1.600 1.606
920 90.2 13100 1.649 1.653

o 91




TABLE 5
SOUND VELOCITY IN PHENANTHRENE
(Km/sec)
TEMPERATURE PRESSURE_MPa
K oc 0.1 33.77 67.53 101.3 A
393.5  120.5  1.333 1.332 1.334 1.336 0.006
M4.7 4.7 1.287 1.289 1.291 1.293 0.006
440.2  167.2  1.234 1.236 1.237 1.239 0.005
465 192.0  1.182 1.183 1.185 1.187 0.005
_ 491 7.8 1.129 1.131 1.133 1.134 0.005
" 514 2010 1.081 1.082 1.084 1.085 0.004
538 265 1.032 1.033 1.034 1.036 0.004
562 289 0.981 0.982 0.984 - --
|
|
|
; |
-
X |
L ] i
P ‘
:“i
S ‘
i |
| |
N !
SN !
:
92
g
.} i
BT T DNk r 2 bt S




TABLE 6

SOUND VELOCITY IN ALLIED 15 V PITCH
AT ONE ATMOSPHERE

TEMPERATURE VELOCITY (km/s)
oc K AT 2 MHz
149 422 1.51
149 422 1.50
165 439 1.49
167 440 1.46
i 181 454 1.45
> 182 455 1.43
198 an 1.41
200 473 1.38
214 487 1.32
| 214 487 1.34
231 504 1.32
231 504 1.27
250 523 1.23
250 523 1.26
268 541 1.24
268 541 1.23
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TABLE 7

SPECIFIC HEAT OF 15V PITCH
EQUILIBRATED 15 MINUTES AT TEMPERATURE OF MEASUREMENT

TEMPERATURE MEASURED(2) CALCULATED(b)
°C (°F) BTU/1b__ °F BTU/1b_°F

65.6 (150) 0.353 0.316

176.7 (350) 0.424 0.428

287.8 (550) 0.477 0.532

(a) A .
Perkin-Elmer Differential Scanning Calorimeter

(b)

Encyclopedia of Chemical Technology, 19, p. 676. (Ref. 12)

Cp = 0.873 - 0.413 + 0.000937
d20

doo = density at 20°C = 1.29 g/cm3

T

Temperature, °C

In Reference (7), the third term on the right appears as
0.0093T, evidently a misprint.

94




00°2 g2l €0°S 288"
61 g2l S6°v 289"
w1 9°y 16°€ 622"
2t 6°L 0z'e 622’ 1°229
e 6°€lL $9°S $6S°
e 6°ElL 9°S $65° €906
0€°2 £ pl €€°9 1Ss°
€re 1°st L9°9 16§°
62°2 €ol 1£°9 265"
8L°2 9°tlL 86°G 265" [ 4 4]
06° 1L g1l 82°S 8e¢”
£8°1 Pt L0°S 82¢’ 9" LEY
06° 1L 81l 9t"°S 99¢” -
oLt 9°0l 6L° ¢ 99¢” v oty l£°2 byl 8L°8 £8t° o

62°2 £yl 's 11 6°v62
£8°1 | 2Bt 0L°S 265"
wi 0°Ll £€5°S 265" 8°89¢€ L L1zt 20° ¥ 622’

89° 1 04 e 622° 6°01S
22 8°€El 1679 €€s”
0z°e L'elL s8°9 €es” 5°99¢ 9t°2 Ll 25°S 1.1

; 89°Z 6°91 L9 ;T4 8 8ty
ol'e L'eL s°L €€s”
oLz L€l 857 ¢ 113N 9z | 2 18°9 o019’
¢ 0"l £2°9 s0E” 912 el 18°9 ot9° 2 tet
891 G0l 86°S So0¢”
eLe 2°EL €5°¢L 18€" e 1) 19°8 899°
S6°1 1'el 00°¢L [£:15 £°962 14 A4 2'St 19°8 8y9° £0¢
(¢-01 X p-0L X (g-0L X p-0L X
do-39s-34/010) N-WI/s33em (y-0L x Uﬂm\NEov (was) A Jo-29s-33/n18) A-wd/s33eM Avub— X Uom\wluv (o) b )
ALIALLINONOD TVWU3HL ALTAISNIJIQ WWM3HL  “NOIHL “dHIl ALTATLINANOD TVIRIIHL ALIAISA441C TWMNINHL  “NIIHL “ddL
a3ssvoLno Q3SSVOIN0 10N
HILId AS1-£42 40 ALIAILINGNOD ONV ALIAISNAAI0 TWWYIHL
8318VL
P i mamans et b g . Ih. T o, '—, \1 s ..v.\ e »1”
— [ J . - ‘. K ¢ g aad}




P - e
TABLE 9
THERMAL DIFFUSIVITIES OF THREE PARTIALLY PYROLYZED COAL TAR PITCHES
<= DIFFUSIVITY en?/sec t = THICKNESS, IN.
A. KOPPERS TYPE A (KA)
6.2 MPa 0.5 MPa
2 HRS 4 HRS 7 HRS 2 HRS 4 HRS  AS-RECEIVED
o ot 0% ot 0%t ', t ohe ot 0he ot
6.10 .0118 8.38 .0182 9.34 .0204  6.09 .0151 7.30 .0172 6.13 .0106
6.95 .0121 6.00 .0131 6.96 .0157  5.80 .0164 6.62 .0138 5.73 .0121
7.26 .0161 4.92 .0103 8.29 .018  6.09 .0157 5.90 .0147 5.26 .0128
8.25 .0164 6.88 .0152 7.05 .0176  7.43 .0153 6.50 .0142 5.77 .0134
AVG 7.14 6.54 7.91 6.35 6.58 5.72
g s.D. 0.89 1.6 1.13 0.73 0.57 0.36
B. KOPPERS TYPE B (KB)
6.2 MPa 0.5 Ma
| 2 HRS 4 HRS 7 HRS 2 HRS 4 HRS  AS-RECEIVED
1wt 10t ot 10t ot 0%t 0%t 0%t
6.38 .0126 5.94 .0142 7.04 .0165  6.43 .0124 6.79 .0181 6.60 .0171
5.37 .0116 7.05 .0188 6.66 .0155  5.37 .0117 7.42 .0187 6.43 .0141
5.87 .0137 6.50 .0143 5.60 .0144  6.14 .0134 6.79 .0166 5.95 .0120
6.94 .0123 5.79 .0125 6.29 .0156  5.47 .0117 6.00 .0109 6.75 .0141
- AVG 6.13 6.32 6.39 5. 85 6.75 6.43
: 5.D. 0.67 0.57 0.61 0.51 0.58 0.35
C. ALLIED 277-15V
6.2 MPa 0.5 MPa
2 HRS 4 HRS 7 HRS 2 HRS 4 HRS
oty t obe t 0%t whae t 0w ¢
6.23 .0118 6.38 .0140 7.3¢ .0138  6.98 .0139 6.81 .0178
| 6.16 .0100 6.84 .0117 8.41 .0168  5.93 .0153 8.46 .0106
. 7.25 .0114 7.83 .0187 9.07 .0197  6.06 .0111 5.96 .0110
: 6.49 .0127 7.56 .0150 7.68 .0172  6.83 .0157 7.75 .0112
“ AVG 6.53 7.15 8.13 6. 45 7.24
s.D. 0.50 0.66 0.77 0.53 1.09
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TABLE 11
CELL CONSTANT DETERMINATION i

Constant Co x 103

Needle Diam In H20 In Castor 0il
(em) (in) v]= .890 cp N = 986 cp
0.3208 (0.1263) 2.65 7.07
0.3739 (0.1472) 1.53 2.53
0.4067 (0.1601) 0.804 0.808
TABLE 12

CASTOR OIL VISCOSITY

Temperature Viscosity (cp) i
K oc Handbook Measured .
283 10 2420 - ‘Y,j
293 20 986 - !
294.7 21.7 - 700
L'ﬂ
303 30 451 - ‘
313 40 23 245 1
324.1 51.1 - 134 4
333. 60 - 47.8
. 333.6 60.6 - 55.8
-4 373 100 16.9 -
]
5
o 98
l..4
ot

-— - - Py o~ — e - - .
B . N #




TABLE 13. VISCOMETER DATA FOR PHENANTHRENE

(DROP DISTANCE = 25-24 cm)
15.3¢4

TEMPERATURE PRESSURE DROP TIME
K (MPa) lsecondsi
396 0.1 3.21
" 34.3 4,31
" 66.7 5.15
" 70.7 5.36
423 0.1 2.38
" 34.3 2.92
" 34.3 3.00
" 67.0 3.66
" 101.3 4.37
. 473 0.1 1.36
" 0.1 1.35
iy 33.7 1.94
" 33.7 1.955
" 67.7 2.345
" 106.3 2.725
1.030
1.255
1.265
1.790
2.050
0.885
0.990
1.040
1.415
1.620
1.630




TABLE 14. VISCOMETER DATA FOR NAPHTHALENE
(DROP DISTANCE = 26~24 cm)
5.4
RUN_NO. TEMPERATURE PRESSURE  DROP TIME !< J
(9C) (psi) (seconds) c cp
: corr. no corr.
1 89.0 15 1.865 .803 .804
2 89.0 15 1.910 819 .82
3 89.5 2000 2.060
a 90.0 2000 2.055
5 90.0 2250 2.070
6 101.5 5000 2.090
7 102.5 10000 2.592
8 102.5 5300 2.125
9 102.0 9875 2.555
10 102.0 15 1.635 705 708 _
1 1.5 15 1.280 553 552 ;
12 Mm.7 5000 1.908 ;
13 112.0 10000 2.355 |
14 2.2 14000 2.705 |
15 121.5 15 1.227 531 529 f
16 121.4 5000 1.790 !
17 121.6 10000 2.160 |
18 89.5 15 1.875
19 121.0 14900 2.620
) 20 1211 15000 2.690  1.157 1.160
_ 21 140.6 14950 2.270 .979 .979
. 22 140.7 10000 1.928
ey 23 141.2 5000 1.540
! 24 141.2 15 1.100 477 474
4
3 25 160.4 15000 1.980 856 .854
- 26 160.4 10000 1.700
27 160.4 4975 1.202
28 160.6 15 1.015 442 .438
; 29 180.6 15000 1.860 .807 .802
30 181.0 10000 1.630
, 3 180.8 5000 1.165
32 180.8 15 0.942 AN 406
A 33 100.0 5000 2.14
[ L]
100

ai " dgl -
e TR .
TR A A
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TABLE 15. ALLIED 277-15V PITCH: VISCOMETER DATA

(DROP DISTANCE = 2524 cm)
5

RUN # TEMP. PRESSURE 1544 DROP TIME

K MPa ISGC . ,

5 608.2 3.2 23.7

6 609.2 33.7 38.7

7 608.2 67.8 69.5

10 609.2 68.7 68.9

8 609.2 101.8 105.6

9 609.2 101.7 107.3

1 598.2 3.0 28.5

2 598.2 34.2 43.2

3 599.2 67.3 68.4

\ 1 600.2 68.3 17.4
12 599.2 68.5 79.2

. 4 599.2 102.0 113.0

. 13 601.2 101.2 118.9
14 597.2 100.8 136.7

15 573.2 3.4 41.5

16 574.2 34.2 69.7

17 575.2 68.7 123.6

18 573.2 67.3 129.3

‘ 19 573.2 102.0 237.9
21 543.2 2.7 79.1

22 542.2 33.8 150.9

23 541.2 67.7 296.1

24 544 .2 67.8 281.6

25 543.2 101.3 573.0

L 20 464.2 0.1 1607 .4

101

(a)Calculated using densities corrected for temperature.

LOG t
cp
1.3747 10.0
1.5877 16.3
1.8420 29.3
1.8382 29.1
2.0237 44.5
2.0306 45.2
1.4548 12.0
1.6355 18.2
1.8551 28.8
1.8887 32.6
1.8987 33.4
2.0531 47.6
2.0752 50.1
2.1358 57.6
1.6180 17.5
1.8432 29.3
2.0920 52.0
2.1116 54.4
2.3764  100.1
1.8982 33.2
2.1787 63.4
2.474 124.4
2.4496  118.3
2.7582  240.8
3.206 672




TABLE 16
DROP TIME IN ALLIED PITCH VS TIME AT TEMPERATURE AT 101 MPa
t (min) TEMP_(K) PRESSURE (MPa) DROP TIME (SEC)
0 627.6 3.36 -
30 611 99.7 -
53 628.8 101 65.3
120 629.3 101 66.5
274 629.3 101 70.1
L 344 628.5 101 74.8
392 629.3 101 74.9
‘
“
K, | 102
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