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Abstract

The fluidity of a rapidly heated, bituminous coal was studied with a capillary
rheometer. Quantitative measurements of overall fluidity, of transition from no flow
to flow, and of the effects of presence of the gaseous phase were the principal objec-

tives.

Separate measurernents of the density of the coal indicated that the major changes
in density with time were due to the production of gas by decomposition. The volume

fraction of gas was calculated from the density measurements.

The relationships between volumetric flow rate and pressure drop were expressed
in terms of an overall, or "effective,” viscosity. The overall viscosity displayed values
as low as thirty poise, and its rheological classification was Newtonian within the accu-
racy of the experimental equipment. The transition from no flow to flow was quite

sudden, and it was independent of the volume of gas present in the reservoir.

The multi-component, multi-phase flow of coal was considered to be a two-
component, two-phase, liquid-gas systern. Various correlations found in the literature
were applied to the overdll viscosity data, and estimates of the viscosity of the liquid
phase were made. A constitutive relationship for the density as a function of tempera-
ture, time, and pressure was developed. Closed-form solutions of the simplified
momentum equation were generated based on definitions of a mean viscosity as a
function of the viscogities of the liquid and the gas, and the volume fractions of the
liquid and the gas. Because of the magnitude of the volume fraction of gas, the

visoosity of the liquid phase was greater than the overall viscosity of the mixture.



"In the beginning, we saw the mountains as mountains

and the sea as sea.
During our studies, we saw the mountains as sea

and the sea as mountains.
Now that we have completed our studies we again see the

Mountains as mountains and the sea as sea.'

Lao Tze Tung
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Chapter 1
1.1 Introduction

This chapter begins by providing a brief overview of the experimental procedure.
A history of the measurement of the fluidity of coal is provided from two points of
view: the general literature and the apparatus. The goals of the present research are

stated, and the assurnptions used are presented in chronological order.
1.2 Overview

Industrial interest in codl research varies inversely with the perceived supply of
other hydrocarbon sources, principally oil. In countries with very large, proved
reserves, codl is the first source to be considered in times of scarcity and the last to
actually be used. The problems assodated with large scale use of coal are plentiful.
The field of coal research, therefore, is wide open. Gorbaty et. al.? discussed at length

the many and varied opportunities in coal research. In addition, they stated that:

"More fimdarrentol knouledge of coal (krouledge of s structure and ifs behavior during
coal cornersion processes) 1s essertial before ue can generate new lechrologies necessary for
the efficient use of coal tn the fulure."

In order to understand better the behavior of biturminous coals upon rapid heating,

anew experimental technique has been developed and applied. W ith this technique, a
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small sample of coal is rapidly heated from room temperature to 410 °C to 450 °C.
Once isothermal conditions have been approximated, the experiment continues in a
manner similar to measurements with a capillary viscometer or rheometer. A pressure
gradient is applied by piston, and the velocity of the piston is determined by a meas-
urement of the position of the piston versus time. The directly measured variables
are, therefore, temperature, pressure, radius of the capillary, position of the piston,
and time. Of course, rapidly heated ooal is a very heterogeneous, multi-phase sub-
stance which undergoes many chemical changes. Although the equipment resembles
many conventional capillary rheometers, the analytical procedure is much more com-

plex.
1.3 Hislory of the M easurement of the Fluidity of Coal.

The fluidity of rapidly heated, bituminous coals has been studied for the last fifty
years with one principal instrument, the Gieseler plastometer. This instrurmnent was
developed by Gieseler® in 1934, and with some minor modifications it is now an
ASTM standard procedure®. Lloyd* described the instrument’s use with coal as fol-

lows:

"This mrethod rreasures the resistonce of a mass of uell-packed, pulverized coal o the
rotation of a rabble-arm stirrer uhich is driven through o constant-torque cluich.”

The prindple is that the speed of rotation should be some function of the viscosity of
the sarmple. Two criticisms are immediately apparent. One is that the measurement is
only qualitative. Any attermpt to make a quantitative measurement of viscosity based
on this extremely complicated flow would be hazardous at best. Second, there is a
free surface between the coal and the environment through which products of devola-

tilization will pass. No attempt was made to contain these gaseous products.

The termperature history of the coal sample is crudal to understanding and model-

ime the hehavior of the cnal during rapid heating. Of particular interest are the
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"isothermal’’ measurements made by Fitzgerald®, van Krevelen®, and Lloyd™® Based
on these isothermal measurements and the resultant fluidity curves, a large body of
literature has attempted to explain and model the fluidity data. Though these models
rmatch the fluidity data well, the models can not be considered any better than the data
upon which they were built.

Lloyd's™® measurements on the Gieseler plastometer are of particular interest since
he measured a Pitt 8 coal from the same batch that was used in these experiments.
Lloyd found that the time of maximum fluidity occurred approximately twenty
minutes into the run, and the estimated two to three minutes to achieve the isother-
mal conditions were not significant when compared to the fluidity time-scale of twenty
minutes. The data of van Krevelan, Huntjens and D ormans® showed a very similar
time scale of fluidity with the meaximum fluidity again occurring at ten to twenty
minutes. In all of these measurements, the maximum fluidity was followed by a
decrease in fluidity due to coking. Because the coking of bituminous coals is of vital
importance to the metallurgical industries, the time scale for coking may be indepen-
dently confirmed by various_ instruments. Davis®® provided a good review of the cok-
ing process and its dependency on temperature and heating rate. It would appear rea-
sonable, therefore, to attribute the reduction in fluidity at the ten to thirty-minute
time-scale to be due to coking. The time-scale to maximum fluidity of ten to twenty
minutes, however, could not be verified with the present experiment and may be an

artifact of the Gieseler plastometer.

Of course, the data acquired from the Gieseler plastometer have been used for
physical and chemical modeling since its inception. A Imost immediately, two different
interpretations of the increase in fluidity were enunciated. A udibert!! was the first to
suggest, even before the use of a plastorneter, that the coal was melting. W aters’®
showed that the incresse in fluidity measured by a Gieseler plastometer was reversible,

thorsher anreecting some sort of melting process. Fitzgerald® thought the increase in
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fluidity was due to a intermediary product called a "metaplast’. Van Krevelen and
Chermin®® and Lloyd” built upon this chemical-change model. Lloyd® even combined

the two processes of melting and "metaplast” to explain the plastometery data.

Even if the isothermal data from the Giesler plastometer were accepted as valid,
use of the fluidity values in modeling has at least one serious flaw. All of the models
assurmned that the concentration of either the "metaplast” or the melted fraction was
proportional to the fluidity values. The actual flow, however, contained significant
volurne fractions of gas and perhaps solids. The relationship, therefore, between a

metaplast or meltable fraction and fluidity is complex and unknown.

1.4 History of the Experimental A pparatus

The first application of capillary-rheometer techniques to coal in its plastic state was
described by England and Ryason'* as part of the coal-pump project at JPL. Their
experimental work was intended to support the application and development of extru-
sion technology for the introduction of coal into high-pressure reaction vessels. The
rheorneter used by England and Ryason had a capillary diameter of 0.15 centimeter
and an approximate heat-up time of seven minutes. A constant-force compression
cage was used to apply a pressure gradient across the capillary. The instrument was
used principally to determine the temperature at which extrusion would begin.

Further work in support of the coal-pump project was conducted by Feinstein®®
with a rheometer which had a capillary diameter of 0.053 centimeter and an approxi-
mate heat-up time of ninety seconds. The piston for this experiment was driven at a
constant velodty which was found to complicate greatly the rheological equations. A
modified form of this equipment was developed by Feinstein'®. It applied a constent
force to the piston head by means of a hydraulic cylinder. The capillary tube and the
heat-up rates remained the same. This capillary rheometer, designed by Feinstein,

was essentially the same instrurnent used in this investigation. It is discussed in more



detail in Chapter 2.

In addition to the rheometer, JPL also supplied the coal used in this investigation.
Analysis of this coal was subcontracted to W. Lloyd at the University of Kentucky,

and the results of his analysis are given in Chapter 2.
1.5 Goals

The principal goal of this research was to provide a technique of experimentation
and analysis that would allow a more quantitative examination of the rheology of
bituminous coals in their plastic state. Included within this objective was determina-
tion of the principal phases present and their effect upon the measurements. Ideally,
the analysis of the experimental data would allow an estimate of the viscosity of the
liquid phase of the coal. The information so gathered is important for process design,
especially in the scaling of equipment.

In order to establish the viscosity of the liquified coal, the flow regime of this
multi-component, multi-phase fluid had to be estimated. Then the effect of the non-
continuous phase or phases had to be estimated so that the viscosity of the continuous
phase could be determined. In the particular case of the Pitt 8 coal, the viscosity of
the continuous phase was estimated from the overall, apparent viscosity and the
volumne fraction of gas. A model that estimated the mass fraction of gas based on the
temperature and time was developed in order to estimate better the viscosity of the

continuous phase.

Another goal was a closer look than previously available at the transition of coal
into its plastic state. This information would apply directly to the understanding of
chemical change and melting models and might even allow an estimate of the molecu-

lar weight of the continuous phase.



1.6 A ssumptions

Because of the complexity in characterizing coal that is being rapidly heated, many
assurmnptions were necessary. Great efforts were made to minimize the number and
extent of these assumptions. These assumptions were developed in the analysis and

are discussed below in the order in which they were applied.

In Chapter 2, the principal assumption made and used for the remainder of this
work was that all the coal samples were similar. This assignment was difficult because
the variability of coal even within the sarme seamn is often significant. In addition, it
was assumed that the calibration runs for density and viscosity made at ternperatures
less than 80 °C dernonstrated significant accuracy for the high temperatures encoun-

tered during measurements of the coal.

In Chapter 3, the assumption of thermal equilibrium after ninety seconds was
based on a conservative analysis of heat transfer. Also, the volume fraction of gas
was estimated using one further assumption. The maximum density displayed by the
coal was assumed to be a good estirnate of the density of the solid and liquid phases.
It should be noted, however, that the assumption used to estimate the volume frac-

tion of gas did not enter into the measurement of the overall, apparent viscosity.

In Chapter 4, the continuity and momentum equations were developed in macros-
ocopic form with a minimum of assumptions. The principal assumption was that the
density in the capillary tube was not a function of angular or radial coordinates. The
neglect of the angular coordinate is common in this geometry, but the assumption that
the density was not a function of the radius was obviously wrong and implied an
overall measurermnent. This assumption is discussed in more detail at the beginning of
Chapter 4. Because of the presence of significant volumes of gas and a large pressure

drop, the density was treated as a function of axial position.
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In Chapter 8, a two-component, two-phase fluid was assurmed in order to apply the
correlations developed in the literature. In addition, the flow regime was assumed to

be frothy, based on various flow-regime analyses found in the literature.

In Chapter 7, the density was modeled on the assumption of an incompressible
liquid and an ideal gas. D etailed assumptions on solubility and equilibrium were also
made in this chapter, and the effects of surface tension between the phases was
neglected. In addition, the development of a mean viscosity of the liquid assumed
that the viscosity of the gaseous products could be assumed to be the viscosity of

methane.



Chapter 2
2.1 Introduction

This chapter begins with an overview of the experimental equipment, including a
discussion for the design objectives and a grouping of the equipment by function. The
variables that are actually measured are discussed in light of the overall system. The
calibration of measurement modes for both density and viscosity is described. Finally,
the performance of the system is discussed relative to design objectives and further

improverments.

2.2 Ovaview

The measurement of the viscosity of a multicomponent, heterogenous, chemically-
reacting material is a difficult engineering challenge. W hen this material is coal, the
additional problems of coal variability, even within the same searn, aging, and prepara-
tion are encountered. Surprisingly, the final form of the equipment is a straight-
forward application of the technology of capillary rheometry. The equipment was ori-
ginally designed by Sam Feinstein of JPL. His major design objectives were stated as

15

1. retention of all decomposition products



2. rapid and reproducible heating

3. uniform and isothermal conditions after heating

4. measurement of bulk density under viscosity conditions for viscosity
5. constant monitoring of temperaure within the viscometer block.

The final configuration of the equipment is shown schematically in Figure 21. The
equipment is divided into five functional systerns: control of pressure, termperature,
movement of piston head, operation of viscometer block, and introduction of coal
samplie. M echarnically, the systern is sirnilar to a capillary rheometer with a constant
pressure-drop. Thermally, the system has the ability to maintain a constant high tern-
perature, and the viscometer block provides a large thermal inertia for rapid heat-up
and accurate control of temperature. A dditionally, all components in contact with the
coal have high conductivity to ensure rapid heat transfer. The system is discussed by

functional groups in greater detail below.

M easurements of bulk density were made with the same equipment by replacing
the hollow capillary tube with a solid rod of the same outer diameter. In this way,
bulk density measurements were made under essentially the same conditions encoun-

tered during a viscosity measurermnent.
2.3 Coal Characterization

Most of the measured variables were independent of time. The variables were
termperature, pressure drop (or pressure for density measurements), sample mass, and
type and preparation of coal. In this work, the coal used was a large sample of Pitts-
burgh Nurnber 8 seam coal, refered to as Pitt 8, from W est Virginia. The coal was
dried and turnbled in an environment of nitrogen and then ground to -80 mesh. (Tyler
sieve size.) Proximate and ultimate analyses of a portion of this sample were per-

formed by Dr. Lloyd and are given in Table 2.1.%7



-10-

jusudinbg Tejuswriadxy 8yl JO wWeIBBRT(Q OTIBWIYDS

Y37704 LNOD
eI E
L
¥3ILIWLIOA ﬁnw
NOILONNP mu4aaouogmmz
3ON3YI 43 mmwkqu:
¥3LINLI0A ﬁmmrxz)(:)xg ¥31708LNOD
31V3H
H¥313NO0ILNILOd 431v3
HV3NI lh
—_— >mukkqm
_—
1YVHD dIddsS JATIVA NMOQ
/vHLN3N/dN
HIANITAD :
OINVHAAH P
39Nvo > NNY3Hd
38NSS34d /NN
HOLYINO3Y
371108 JHNSSIHd
N3I90YLIN

*T°¢ 2and1y

35Nv9
34NSS3Hd

=3

dJOLVvIN93Y
JHUNSS3Hd



( mH, ule3lsulej woiy )
*390Tq 1933WODSTA pu® pEBIY uoistd @2yl Fo weadefp POTFEBI®P V °"T°C 2and814g

-11-

wnNaagAtow P4

ausnval [ wod [
woiN £ Cssvay [

INA10A ONIY ONINIVIIY AAVTUDYD

NOI1231100

31vanil X3 AdV111dvD "Q°1 .8020°0

: \ ,

/ 7 _

~%ow . 2 \\ :
BLWOSIA / f—a, \\\\

7] .
| I

NOUVINSNI
ADNU83 S
Q3HSNYD

/ / Rt
/ .. ”“,.,

£ 4<mm UOAVYD
314WVS TYOD HLIM) a_oimm:\ 1304 D1

\\\JMM““““““WWWM\\\\ | ¥LVIH ONvE
Zhy

i
B\\ : . T~ %2078
YOLVINSNI D NOLSI4/¥31V3H Q¥VNO




-12-

Table 2.1 Characterization of the Pitt 8 Coall”

Proximate
Property Percentsge by M ass

M oisture 0.25

Ash 8.08

Volatile M atter 39.61

Fixed Carbon 52.06

Ultimate
Property Percentage by M ass

- Carbon | 77.17

Hydrogen 5.16

Nitrogen 0.97

Sulfur 2.36

Oxygen ( by difference ) 6.26
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2.4 Starting Procedure

The time-dependent variable was the position of the pistonn head which established
the volume occupied by the coal and its decomposition products. The overall viscosity
of the heated coal was computed from the data taken during a viscosity run. D ensity
data that were taken under the same conditions were also used to cormpute the overall
viscosity. The computation is discussed in detail in Chapter 4. Further analysis was
needed to include the effects of the multiphase nature of the heated coal. This

analysis is described in detail in Chapter 6.

Because of the strong dependence on time of the density and viscosity of heated
coal in the apparatus, it is important to understand how tirne was measured. Upon
insertion of the roomrtemperature coal into the high-temnperature viscometer block,
the time was recorded with an initial value of zero. The piston head was then inserted
into the viscometer block. For the runs at 450 °C, a nominal pressure of 50 psi was
applied during the warm-up period. For the runs at 410 °C, the run pressure was
applied immediately. It appeared necessary to reduce the pressure during heat-up for
the higher temperature runs to insure an adequate suppy of coal in the reservoir for
the viscosity measurement. After 80 seconds, thermal equilibrium was assurned , and
the run pressure was applied for the 450 °C runs. The data reported elsewhere in this

report were based upon this procedure.
2.5 Pressure System

The pressure for the rheometer was supplied by high-density nitrogen from a pres-
surized tank connected to a hydraulic cylinder whose piston was mechanically con-
nected to the piston-head systern. A pressure gauge provided a measurement of the
pressure in the hydraulic cylinder. The reading of the pressure gauge wes referred to
as the nominal pressure for all subsequent measuremnents. This measurement was

converted to the force provided by the piston in order to determine the absolute pres-
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sure in the reservoir of the viscometer-block systermm. The radius of the hydraulic

cylinder was 3.2 centimeters, and the force transmitled to the piston head was given
by:
FZ',=7T3.22X (1Dg+14.7)>< Cp-cps dynes (21)

where F, is the force, F, is the pressure gauge reading, and Cg-¢gs converted the pres-
sure reading to the cgs systern. Two pressure regulators were arranged in parallel and
were selected by a switch. This arrangement allowed two different pressures to be
available for the schedule of heating described in the start-up section of this chapter.

2.6 Piston-H ead System

The piston-head system accepted the force generated by the hydraulic cylinder and
transmitted this force through a molybdenum rod to the reservoir in the viscometer-
lock system. There wes an electric heater which elevated the piston head to the run
temperature. Also connected to the electric heater were a controller and two thermo-
couples. Figure 2.2 shows the details of the piston head and seal. The seal was doth
of woven carbon fiber and had a thickness of 0.030 in.. The material was manufac-
tured by D urametallic Corporation: of Kalamazoo, M ichigan and is called Grafoil. This
Grafoil seal was able to withstand the high termperatures and still retain the products
of decomposition. Its sliding friction against the reservoir wall was negligible. The
piston head itself was made of brass to improve heat transfer. The conical shape of
the piston head also improved heat transfer by increasing the surface area. A linear
potentiometer was connected to the piston-head system to to provide a voltage that
was directly proportional to the vertical position of the piston head. This voltage was
recorded on a strip-chart and provided the volume occupied by the coal in the reser-
voir. The force provided by the hydraulic cylinder produced a pressure in the reser-

voir based on the area of the piston head normal to the applied force:
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p=-l2_ dres (22)

TR  om?

where F, is the pressure in the reservoir, and R, is the radius of the resevoir.
2.7 Viscometer-Block System

The viscometer system consisted of the reservoir, capillary tube, and thermocou-
ples surrounded by an electric heater and insulation. The viscometer block was made
of molybdenum to fadlitate heat transfer. Figure 2.3 shows the system in greater
detail, and includes the placement of the two thermocouples. The disposable capillary
tube was made of a nickel alloy and had an interior diameter of 0.026 centimeter, a
length of 2.7 centimmeters, and a length-to-diameter ratio of 51. An estimate of the
expansion of both the radius and the length of the capillary tube due to ternperature
chenge wes based on the thermal expansion coefficient ® and was found to be not
significant for either measurernent. The reservoir was tapered to match the shape of
the piston head. This shape also reduced the effect of any entrance losses due to con-
stricting flow.

2.8 Thermal System

The temperature of the viscometer was controlled by an electric heater with vari-
able power. Thermocouple number 2 in Figure 2.3 provided the feedback for tem-
perature control. The temperature of the piston head and rod was controlled by an
on/off, electric heater. Thermocouple number 1 in Figure 2.2 gave feedback for con-
trol. Thermocouple number 2 in Figure 2.2 and number 1 in Figure 2.3 provided
independent measures, respectively, of the temperature of the head and viscometer

block.
2.9 Density Calibration

The density of ordinary tap water at 23 °C was measured by a modification of the

capillary rheometer. A solid rod replaced the capillary, and the piston-head-position
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measurement provided the volume occupied by a sample of water. The mass of the
water was also measured, and the density was calculated. Ten independent samples
were measured, and the resulting mean density was 0.993 gm/m® with a standard
deviation of 0.0267 gm/em®. The published value® of the density of water at 23 °C is
0.997538 gm/cm®. The results indicated that operation of the equipment and analysis

for density were sufficiently accurate.
2.10 Viscosity Calibration

Figure 2.4 presents the results of the calibrations of the capillary viscometer. In
addition, the four points measured by the manufacturer of a calibration standard pro-
vided by Canon Instruments* are plotted.

The experimental results and the manufacturer’'s data were compared by indepen-

dently fitting the function of the form
T-T,
p=ppge T (2.3)

where p and w, are viscosities, & is a constant, and 7 and 7, are temperatures, to each
group of data. A representative point, u, and 7,, was chosen, and the constant & was
chosen to pmducé the minimum least-squares error. The A rrhenius equation® might
have been more appropriate, but the manufacturer provided information on the
change of viscosity with termperature, and this information appeared to be worth using.
The constant, &, represents a fractional rate of change of viscosity. This result may

easily been seen by differentiating Equation 2.3 to produce

dy
drl’

Ha

=k (2.4)

The manufacturer reported that & ranged from -0.096 at 20°C to -0.074 at 40°C.
The constant that produced the minimum least-squares error for the manufacturer’'s

data was found to be equal to -0.084. The standard deviation for the manufacturer's
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fit for viscosity in Equation 2.2 was 0.499 poise. The approximation is plotted in Fig-

ure 2.4 and labeled as Equation 2.5.

W hen Equation 2.3 was applied to the experimental results, & was found to be
-0.1085. The standard deviation of the viscosity for this approxiamtion was 0.385

poise. This function is also plotted in Figure 2.4 and labeled as Equation 2.6.
To summarize, the manufactuer's data were fitted to the function
Mzﬂoe-o,omu'—ra) (25)

with p,=17.48 poise and 7,=35.0°C. The experimental data were fitted to the function

) (2.6)

with 14,=17.20 poise and T,=35.0°C.

Figure 2.4 indicates that the measurements of the viscosity and temperature by
means of the capillary-rheometer system were reasonably accurate. The apparent
differences in the values for k& are probabiy related to two factors. First, the least-
squares fit was based on an arbitrary point, u,, 7,, which was not varied to reduce the
error. Also, the fit for the experimental data was weighted toward the lower tempera-
tures because there were more measurements per temperature at the lower end.
Second, Equation 2.3 is not the best empirical function for the correlation of viscosity
and temperature. Although it might be possible to refine further the analysis of the
data in order to provide a closer fit, the results of the calibration trials show a
sufficient accuracy relative to the expected performance of the equipment and to the

fotal error in the experiment.
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Chapter 3
3.1 Introduction

This chapter discusses the measurement of the density of coel in the modified
rtheometer. The usefulness of independent measurements of density is outlined. The
temperature history of the coal sample is estimated, and actual density measurements
are presented and correlated. Behavior of the coal upon rapid heating is discussed,
and volume fractions of gas are deduced. Results of the density measurements are

surmrnarized.
3.2 The Need for Density M easurements

The density of the coal upon rapid heating is a strong function of the type of coal,
temperature, reservoir pressure, and litne. M easurement of the density under run-
conditions allowed a direct application of the momentum equation to determine the
viscosity. In addition, measurement of the density allowed observation of the
behavior of the coal under much simpler conditions than those that prevailed during
measurement of the viscosities. Thus questions concerning degasification rates and

modeling were more easily addressed.

3.3 Heat Transfer
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One of the advantages of the experimental equipment was the ability to heal the
sample rapidly. Its thermal history in the reservoir was estimated using a simplified,

two-dimensional analysis. A ssumptions necessary for this analysis are reviewed.

The geometry of the sample of coal within the reservoir was a cylinder with conic
end sections, convex at the top, and concave at the bottorn. Neglect of the conic end
sections reduced the surface area available for heat transfer without changing the total
volurne. This procedure gave a conservative estimate of the rate ol temperature rise,
ie., alonger time to reach thermal equilibriumn. Further, by cpnsidering the cylinder
to be of infinite length, a two-dimensional analysis was used so that the governing

energy equation was again conservatively estirnated.

Another simplification assumed no dependence of temperature on the angular
coordinate. This assurmnption is common for the symmetrical geometry under con-
sideration. Initially, the density, heat capacity, and thermal conductivity were treated
as constant even though they would most certainly be functions of both position and
time. A heat-transfer analysis based on a two-dimensional slab was also developed.
This analysis estimated more accurately both the areas available for heat transfer and

the maximum distance from a boundary.

The two-dimensional energy equation in cylindrical coordinates with no heat
sources, no angular dependencies, and constant coefTicients is given as

=107

(r=——)= -~ (3.1)
where 7 is the radial coordinate, £ is the time, « is the thermal diffusivity of coal, and
T is the temperature. A ssume a product solution of the formm:

T(r.t)=R(r)0®t) (3.2)

where F iz a function of radius only, and @ is a function of time only. Equation 3.1

separales to
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1 8, dR(r) 188

Ry ort or 7w ot (33)

where ¥ is the separation constanit. The solution of the temporal equation is exponen-
tiel, and the solution of the radial equation yields Bessel functions. Based on Carslaw
and Jaeger®!, the solution to Equation 3.1 is available with the following boundary con-
ditions:

T=R5°C for {<0, Ry>7>0 (3.4)

T=Ty for =0, r=FR, (3.5)

where R, is the radius of the coal sample, and 7, is the temperature applied at the
boundary. The thermal diffusivity of coal was estimated from Van Krevelen and

Schuyer® as 2.5x107° Besed on this value, Equation 3.1, and the boundary

sec °C’
conditions, the temperature at the centerline after ninety seconds was estimated as

sixty percent of the applied temperature.

An estimate of the temperature history of the coal sample that would more closely
reflect both the areas available for heat transfer and the maximum distance to a boun-
dary would be based on the {Wo-djlnensional, semi-infinite slab. The area available for
heat transfer would be conservatively estimated by assuming the depth of the sample
to be the thickness of the slab. Since the depth of the sample was a time-dependent
variable, a conservative value based on a corresponding density of the sample of
0.75 gm/em® was used. With the same estimate of the thermal diffusivity as before,
the termnperature at the center of the sample after forty seconds was within ten percent

of the temperature applied at the boundary.

A number of important physical parameters have been simplified to make the esti-
mate of the temperature history tractable. The diffusivity of the coal was sssumed
constant when, in fact, it would be a function of temperature. Increasing temperature

would increase the heat capacity and thereby reduce the diffusivity of the coal. Based
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on the available data®, the change in diffusivity would not significantly alter the esti-
mates of the temperature history. Any endothermic or exothermic reactions, while
likely, were neglected because the small quantity of coal could not store or release
enough energy to significantly affect the estimates of the temperature history. The
chenge in overall diffusivity due to the presence of gaseous products was also
neglected because isothermal conditions were achieved before a significant volurne of
gas had been produced. It would appear likely, based on these estimates of the tem-
perature history, that the assumption of isothermal conditions after ninety seconds is
justified.
3.4 Density M easurements

Figures 3.1 through 3.8 display the density versus time of a Pitt 8 coal at 410 °C
and nominal pressures of 75, 100, 150, and 200 psig respectively. The solid lines in
these figures represent the best least-squares approximation based on the general

equation
pr(t)=a+be ) (36)

where p, is the dénsity in the reservoir, £ is time, and a, b, k, and 4, are the constants
to be established. Table 3.1 shows the values of these constants for each pressure and
temperature and the standard deviation arising from each fit. This exponential fit was
chosen for convenience and did not imply any physical interpretation. These measure-
ments gave density as a function of time, temperature, and pressure with a maximum
standard deviation of 3 percent of the minimum value of the density. Greater accu-
racy was prevented by a systernatic error in the experimental procedure and efforts to

eliminate this error were unsucecessful.

Coadl in the reservoir could be inspected by opening the piston and aborting a den-
sity run after 90 seconds. The appearance of the coal in the reservoir was as might be

expected. Reduction of the pressure in the reservoir to atinospheric caused gas
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pockets of various sizes to form throughout the coal. The coal was sticky and fluid,
giving the appearance of a froth. This visual evidence reinforced the assurmption that
the coal behaved as a viscous fluid, not as a solid. The apparent fluidity of a rapidly

heated coal is more of a liquid-gas than a gas-solid flow.

Table 3.1 An Empirical Fit to the M easurements of the D ensity
Temperaturg  Pressure a’ b* k* t, * |Standard D eviation
(°Celsius) |(psig nominal)|(gm/cm®)(gm/crmd)( 1 /second)|(second) (gm/cm®)
410 200 0.86 0.47 0.0038 Q0 0.0045
410 150 0.60 0.56 0.0017 g0 0.0058
410 100 0.48 0.51 0.0017 90 0.0060
410 75 0.51 0.39 | 0.0042 90 0.0054
430 125 0.33 0.64 0.0053 90 0.0055
450 100 0.30 0.41 0.0054 90 0.0058
450 75 0.36 0.26 0.0081 90 0.0057
450 50 0.31 0.23 0.0204 90 0.0020

* constants fit to Equation 3.6, pr(t)=a+be~k(t_t°).
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3.5 Volume Fraction of Gas

One of the most important factors in measuring the viscosity of a multicomponent
systern is the volume occupied by the gaseous phase. Therefore the amount and

volurme of the gas present in the rapidly heated coal must be estimated.

Density decreased rapidly with time, and that result probably was caused by gas
being produced during devolatilization. The bulk density of bituminous coals at stan-
dard temperature and pressure is approximately 1.2 gm/om® ** Upon insertion and
pressurization of the coal in the reservoir, the density increased to a maximum value
after 10-20 seconds. The maximum density appeared to be a function of the tempera-
ture only. The maximum density for the runs at 410 °C was measured as 1.32 gm/cm®
with a standard deviation of 0.057 gm/m®. The maximum density for the runs at
450°C was measured as 1.14 gm/om® with a standard deviation of 0.032 gm/em®. Thus,
by neglecting any further density change of this solid and liquid phase with time, the
reduction of density represented the production of a gas. A dmittedly, the solid and
liquid phase probably changed density with incressing temperature. Large ( 50% )
density reductions will be considered, however, to be due to gas production only. Any
further thermal expansion of the solid and liquid phase will be neglected.

W ith the above assumptions, the volume fraction of gas may be deduced from the

density data as follows. The volume fraction of liquid, ¢, , is given by

v
o= —If- (3.7)

where V; is the volume occupied by the liquid and solid phase, and V is the total
volume. Though this ratio may be computed directly from the density measurements,
it is easier to use the overall density values reported earlier. Thus Equation 3.7

becomes
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o= L (3.8)

P My

where p; is the density in the reservoir, p; is the density of the liquid and solid phase,
m,; ig the mass of the solid and liquid phase, and m; is the total mass of the sammple
measured at the beginning of the run. By assuming the ratio of masses to be unity,

Equation 3.8 becomes

Or
oy = 3.9
' Pi ( )

the error in assuming the mass ratio to be unity is proportional to the mass fraction of
gas and is not believed to be significant. This assumption is equivalent to stating the
volume occupied by the solid and liquid phase does not significantly change during

devolatilization.
Because the volume fraction of gas, ¢ , is given by
og=1-0y (3.10)
Substituting Equation 3.9 into 3.10 gives

ag=1-%:- (3.11)

By using the empirical relationship for the overall density, Equation 3.8, and the meas-

urement of the solid and liquid density , Equation 3.11 becomes

1 ~k(t-t,)
o,=1———(a+be ° 3.12

where a, b, k, and £, are functions of temperature, pressure, and coal type, and p, is a
funclion of temperature. Figures 3.9 and 3.10 give the volume fractions of gas versus
time for a Pitt 8 coal at 410 °C and 450°C and a nominal pressures of 75 and 100 psig
respectively. All of the density measurements given in Table 3.1 were used with

Equation 3.12 to produce the volume [ractions of gas.



3.6 Condlusion

The overall density of a Pitt 8 coal was measured as a function of time, tempera-
ture, and pressure. The change of the overall density with time was shown to be
significant for the calculation of the volumetric flow rate into the capillary tube. The
history of the temperature of the coal in the reservoir was estimated and the coal was
considered to be at thermal equilibrium with the rheometer within ninety seconds.
The major changes in density with time were recognized to be principally caused by
the production of gas. The density of the liquid phase was measured as a function of
ternperature and the volume fraction of gas as a funclion of time, temperature and

pressure was calculated.
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Chapter 4
4.1 Introduction

This chapter applies the equations of motion to the rheometer under flow condi-
tions. The continuity equation was used {o develop the volurnetric flow rate from the
position of the pistonn head. The momentum equation was used to establish the wall-
shear stress and to determine the magnitude of the various forces. For a given rum,
the density was considered to be a function of time and pressure, and the volumetric
flow rate was shown to be a. function of pressure and postition of the piston. Rate of
strain was developed as a function of the volumnetric rate of flow. D ifficulties in inter-
preting the meaning of an apparent, overall viscosity for the multiphase system are
discussed. Finally, various potential errors arising from the use of a capillary- rheorne-

ter are estimated.
4.2 M acrosoopic Contimiity Equation

The control volume was first taken to be the reservoir, with coal streaming out into
the capillary tube and the volume shrinking with time due to the movement of the

piston head. The macroscopic continuity equation states
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) Y
ggfpdv+fpu'zt4 =0 (4.1)

where p is the density, V is the instantaneous control volume, % is the velocity vector

of the coal, ¢ is the time, and A4 is the surface area of the control volume.

The only flux across the control volume was at the entrance of the capillary tube.
Furthermore, since the reservoir was at uniform pressure, the density was not con-

sidered to be a function of spatial position. Hence, Equation 4.1 becomes
8 -
'ld—{(prv) +p-&;=0 (42)

where @, is taken to be the volumetric flow rate into the capillary tube and p, is the

density in the reservoir.

Throughout this development, the density was taken to be a function of time, tem-
perature, and pressure only, thereby eliminating the need for detailed knowledge of
the distribution of gas. This assurnption was consistent with the macroscopic develop-
ment of the equations of motion and was not considered to significantly effect the
results of the continuity equation or the force balance. M easurement of the viscosity,
however, depends strongly on knowledge of the distribution of gas. Problems that

arise fromn a lack of this knowledge are discussed in Section 4.4
Differentiation and rearrangement of Equation 4.2 yields

3
V 8pr 8V (4.3)

Since
V=4,h, (4.4)

where 4, is the cross-sectional area of the piston head and A, is the height of the pis-

ton from the bottom. The time derivative of the control volume becomes
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8v_, @
e v g; =Agp (4.5)

where 1, is the velocity of the piston-head. Therefore, Equation 4.3 yields

=Y 8o _
= pp Bt APUP (46)

The instantaneous volume and the velocity of the piston-head were derived from
the measurement of the position of the piston-head. The density as a function of time

was available from the measurements of the density.

The control-volume was extended to indude the capillary tube in order to deter-
mine the volurmetric flow rate out of the capillary tube, @, . With vV, taken to be the

instantaneous volume of the reservoir and capillary tube, and assuming that the den-

sity is not a function of radial position, Equation 4.1 becornes
o r -
o7 PAVrtpo @o=0 (4.7)

where p, is the density at the exit of the capillary tube. The volume integral may be

split into two integrals, for the reservoir and for the capillary tube. Thus, &, becornes
Qo= ——[—-— Jrdv+ fpdv)] (4.8)

where V, is the volume of the capillary tube. Since the density was constant in the

reservoir volume, Equation 4.8 becomes

1.2
Q== 5Hp, )+ o7 fpaVe] (4.9)
And, as before
Bpr
Q=¥ 7 +ordptyt 2 fpar.] (4.10)

or
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N lapr 18
Qo=— o A= o S pdV, (4.11)

Because the capillary tube had a constant cross-section, and assuming the density

was not a function of angular position, Equation 4.11 may be written as

Pr. V. 0pr,
Po pr O

0

1
Q= Ap%]—;;-Ac 5 - [pdz (4.12)

where A, is the cross-sectional area of the capillary tube. D efining

L

h[b—*

where 5 is the length-averaged density, and L is the length of the capillary tube, Equa-

tionn 4.12 becormnes

__Pr.V % a9
QO_ po [p-r TAP%] AC po at (4‘ 14)

By teking the worst-case values and assuming the time rate of change of the length-
averaged density was of the same order of magnitude as for the measured densities, as
noted in Chapter 3, the final term in Equation 4.14 may be neglected in comparison

with the other terms. Thus the volumetric flow rate out of the capillary tube is

pr; vV 9

The added complexity of this result when compared with Equation 4.6 shows the

difficulties associated with the density being a function of pressure as well as time.

Finally, a relationship between the density and the volumetric flow rate at the

entrance and the exit is developed with the continuity equation as follows
=M =pr0; (4.16)

and
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Pr@i=p, Bo=p& (4.17)

where m,; is the mass flow rate at the entrance of the capillary tube, v, is the mass

flow rate al the exit, and & is the volunetric flow rate as a function of axial position.
4.3 M acroscopic M omenturm Equation
The control volume for the macroscopic momentum equation was taken to be the
capillary volume, yielding

% [0tV + [ (p)idi= [pgdv— [Rid— [ di (4.18)

where § is the gravitational acceleration, P is the pressure, and ¥ is the shear slress
tensor. The velodty was assumed to be in the axial direction only. The axial com-
ponents of Equation 4.18 were developed individually, starting from the left and mov-

ing across. Expeansion of the first term gives

9 -0
7. pudV= 6t2‘rrffpwdrdz (4.19)

where u is the velodity in the axial direction, and no dependence on the angular coor-
dinate is assurned. Furthermore, by assuming the density was not a function of radial

position, Equation 4.19 yields
o —on 0 =9
6t2ﬁffpwdm’z—27r atfziz,ofwrb‘- Btprdz (4.20)
Substitution of Equations 4.16 and 4.17 yields
—a——fpudV=L —é’—m. (4.21)
ot ot ¢

The second term of Equation 4.18 in the axial direction gives

J(puywdd = [ (pu)udd - [ (pu)uda (4.29)

Then, again neglect any angular dependencies to obtain
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J(pyuia =zn f(puyurdr— [ (pwyurdr] (4.23)

Equation 4.23 is recognized to represent the change in the kinetic energy of the flow
from the input to the output. Because of the pressure dependence of the density, the
exit stream had a higher velocity than the entrance stream. The error incurred by
neglecting Equation 4.23 was estimated in a conventional manner in Section 4.5.

A dditionally, the magnitude of this term was estimated by use of the following:
e[ [(puyurdr— [(puywrdr]~ (pT%4 ), —(pT°A); (4.24)
2] T
where @ is the mean velocity at the indicated positions. Rearrangment and substitu-
tion gives

m

J(puywian 7(0,-Qy) (4.25)
The third term in Equation 4.18 was expanded to yield

fpﬁdv=gff2ﬂpmhiz (4.26)

where g is the axial component of the acceleration of gravity, and g=(0,0,g). Again,
no density dependence on angular position is assumed. Furthermore, by assuming no

radial variations of the density, Equation 4.26 becomes

gA [pdz=gV.p (4.27)

where p is the length-averaged density, and V, is the volume of the capillary tube.
The fourth term of Equation 4.18 represents the pressure exerted on the control

volume at the entrance and exit of the capillary tube, that is
JPIA=(P,~-B)4, (4.28)

where F, and F, are respectively the pressures at the entrance and exit of the capillary
tube.
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The fifth term of Equation 4.18 represents the shear force acting on the surface of
the control volume. In the axial direction, this term was written as @
SHdh=— f1,Cdz—] [To2mmdr— [T 2mrdr] (4.29)
[ i
where T, is the shear stress in the axial direction acting on the r-normal plane and
evaluated at the wall, 7, is the shear stress in the axial direction acting on the z-

normal plane, and C is the circumference of the capillary tube. Examination of the
first term of Equation 4.29 gives

— [1,Cde=~C [T,z (4.30)

Thus, the meacroscopic momentum eguation in the axial direction becomes,

through Equations 4.22, 4.25, 4.27, 4.28, 4.29, and 4.30 :

0p:Q; 7 _
L =57+ 4 Q= @) =gVp=(Fo=R)Ae=C [rude=2n( [rardr~ [Tarar]  (4.31)

where p; is the density in the reservoir, also refered to as p,.

Equation 4.31 represents the full macroscopic momentum equation with the axial
velocity as a function of r and z, and the density as a function of time and pressure.
With the above restrictions, Equation 4.31 represents a precise description of the
forces acting on a complex, multicomponent, multiphase flow through a capillary tube.
From laboratory data, the magnitude of the various forces was estirnated, and result-
ing simnplifications were made with confidence. The final term in Equation 4.31, which
containg the 7, term, may not be determined, however, without further modeling.
The area on which this force acts was small, and the total force was not expected to
be significant. After the introduction of an apparent viscosity, the 7., term was exam-
ined in detail.

Expansion of Equation 4.31 to input the laboratory data and neglect of the 7, term

for the moment, gives



dp; . 00;
[p ka

—Q+ T Qo=@ ]=gVep—(F—P)Ac—C [Tz (4.32)

Development of the difference in the volumetric flow rates into and out of the capil-
lary tube by use of Equations 4.6 and 4.15 produces

v Bpr
pr Bt

Q,—@i=—[ ) f— ~1) (4.33)

Substitution of Equation 4.33 into 4.32 leads to the final form of the macroscopic

mormentum equation:

Bpr 0 Q-,; V apr y

LIt 5l T A ) BE) [ Vg ~(Po=R) Ae=C [tz (4.39)
c 0

All the terms on the left-hand side of Equation 4.34 were evaluated with the labora-
tory data and compared with the right-hand side. Table 4.1 shows the maximurm
values for these various terms. Table 4.2 compares the magnitude of the resultant
forces with the magnitude of the smallest pressure force used. From these comparis-
ons, Equation 4.34 was simplified to

L
—~(P=F)Ac=C [T,dz (4.35)
0

Though this result is similar to simple capillary flow, it is based on laboratory meas-

urernents of a complex fluid. Finally, by defining the length-averaged shear stress,

= [Tz (4.36)
L c
Equation 4.35 becomes
P,—P)A
( OCL 'b) - ( 4. 3,?)

which completes the force balance.



Table 4.1 The M aximum V alues of Various M easured Quantities

Term M aximum Value Run Number
Opr
T 0.005 38
@, 0.20 87
08
o 0.055 85
m
1 31.63 95
v 2813 94
Pr
Apti, 0.115 95
Pr_ 4 21 35
Po




Table 4.2 The M agnitude of Various Terms in the M omentum Equation

Force M agnitude Ratio to M inirmumn Pressure Foree
(dyne) (dyne)
(R—R)A. 7704 1.0
8
L —é’{—@i 0.0027 3.5% 1077
30,
Lp, a% 0.193 2.5x 1078
m, V 00r,, Pr
—{——){— -1 0.442 5.7%x 1075
Ac (pr ot )( P )
Z?%(Apu}))( g:— -1 3.63 47x107%
2Veg 5.61 7.7%x 1074
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4.4 Rate of Strain

The volumetric flow rate was defined as

T

Q= Bn{u(r)w (4.38)

where the velodty was assumed to be independent of angular position, and 7, was the

radius of the capillary tube. Integration by parts yields

TD
Q=—2ﬂf—a-y—1:—-dr
0

T

(4.39)

By using the estimates of the magnitudes of force from the previous section, the

momentum Equation for a differential volume within the capillary tube gives

18
3z ='-';"6—T-(T‘rn) (4.40)

where 7, is the shear stress in the axial direction acting on the r-normal plane.
Integration over the entire radius vields

T
aF ,
{W—d(r'r,z)

(4.41)
dP T*
E?z% T 4.42)
Integration to any position = yields
dP 7°
E; 5-2'7‘7' = (4. 43)
Dividing Equation 4.43 by 4.42 and rearranging vields
T T
;_a——- ™ (4.44)

Finally, defining the true viscosity, ur, in a conventional manner, and neglecting any
vield or viscoelastic effects,
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B
pr( 6_r)———1— (4.45)

and substituting into 4.39 for the rate of strain yields

L]

72
=2r [T & 4.46
¢ ﬂ{#:r g (4.46)

Equation 4.45 shows that the viscosity is a function of rate of strain or shear stress
due to the potential of a non-Newtonian fluid. Following Van W azer,? the apparent
viscosity (u) was used as a constant, and any variation of its magnitude with flow con-
ditions will indicate a non-Newtonian constitutive equation. If necessary, the true
vigcosity may then be determined from the behavior of the apparent viscosity versus,
say, volumetric flow rate. Substitution for the shear stress with Equation 4.44 pro-
duces

T

Q=2m [( =

W
o M T

TU
T\ TR Ty
—) —dr= r°dr 4.47
o KT { (447

Thus

T Tuly”

o (4.48)

&

The viscosity may be obtained by rearrangement:

T Tl

20 (4.49)

where both 7, and @ are funclions of axial position.

At this point in the development, the difficulties of a multicormponent fluid become
evident. The macroscopic momentum equation showed that the changing density with
pressure does 1ot produce a significant change in the kinetic energy of the flow. In
addition, evaluation of the continuity equation showed that though the time rate of

change of the density within the capillary did not significantly alter the volumetric flow
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rate, the changing gradient of the density did affect the actual volumetric flow and,
therefore, the rate of strain. Thus, Equation 4.38 was stated in terms of the length-
averaged shear stress, and Equation 4.49 was dependent on the axial position. In
order to obtain a value for the overall viscosity,it was necessary to carefully define
what is meant by the overall viscosity. By substitution for 7,,, from Equation 449, in
Equation 4.36 yields

L

sQu , _ —(h-R)A
{ - = (4.50)

where @ is a function of axial position. Additionally, since the apparent viscosity is
defined for a given 7, and T, is a function of axial position, Equation 4.50 can not be

used to experimentally determine the apparent viscosity.

The usual method to overcome this difficulty was to define an overall viscosity
based on the value of the volumetric flow rate at the entrance to the capillary tube.

Substitution of Equation 4.38 into 4.48 yields

7’ y —(A-R)A

e ol (4.51)

7

where the mean shear stress was used for r, and the volumetric flow rate was taken to
be the value it had at the entrance of the capillary tube. Such a procedure was neces-

sary to define the overall viscosity of a multi- compenent, rmulti-phase fluid.

Note that Equation 4.5] uses an arbitrary definition of an overall viscosity. W hile
this definition is cormmon in the literature, it must be recognized that the measure-
ment of an overall viscosity was, at least, a function of the length of the capillary tube.
Chapters 8 and 7 will develop a relationship for density as a function of pressure, and
then solve the differential momenturm equation to find the pressure distribution. The
corisiraint of an arbitrary definition of viscosity based on the volurnetric flow rate at

the entrance was a serious drawback to any meaningful measurements. This treatrnent
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should be helpful, however, in estimating the flow performance of rapidly-heated
coals.
Finally, an estimate of 7, from Equation 4.3l was made. The force (F) may be

written as

To

F= [2rrredr (4.52)
()

and its estimation will produce the magnitude of the last two terms in Equation 4.3L
From Bird, et al. &, 7, may be written as

- u_2ey.»
Te= RS, 5V %] (4.53)

From the general continuity equatior.

=100
vV o oz (4.54)
for axial flow only. Thus
: Bu 2 ud
F= —f47r7‘,u—dr—f27rr/,e 35 —&o?' (4.55)
L)
___ _ g
F= f 4rrpuBudr f Bﬂ'r,u, —a-%-dr (4.56)
Equation 4.14 yields
T
=_J 2mrupdr=constont (4.57)
0

Substitution of Equation 4.57 into 4.56 produces

2
F'"zﬂ (") 3 ﬁ%%ez‘m

= 3 L2 ml
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-t 8L
F= S'wmﬁz(p) (4.58)

The gradient of the inverse density may be estimated as

A1
el HIm Ft (4.59)
and use of Table 4.1 gives
F=0.013xu (4.60)

Comparison of this force with the forces in Table 4.2 showed that it could be

neglected in the momentum equation.

Thus, the macroscopic momentum equation was safely simplified to the form used
in Equation 4.38. A fter carefully noting what was meant by overall, apparent viscos-
ity, Equation 4.6 was used with the measurements of piston-head position and applied

pressure drop to deduce the viscosity.

4.5 Error Estirnation

Several major sources of error resulting from capillary rheometer readings must be

addressed. The non-Newtonian nature of the flow somewhat complicates the estima-

tion of these errors.

The kinetic energy of the issuing stream represents some of the energy from the
total applied pressure that is not balanced by the viscous forces. Following the

development by Van W azer ®, the difference is given as:

2
B P =D Facna= 25— (4.61)
]

For Newtorian fluds, o is unity. For non-Newtonian pseudoplastic fluids, a may
range from one to two. Thus, by choosing « as one as the worst cese, we may deter-

mine the order of magnitude of the kinetic energy effect. By using the following
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representative values:

W 0.05 T AN omd pR 1 gn"—;’— 7,~ 0.025 om

the volumetric flow rate is determined by the piston-head velocity and area which
neglects the changing density with time. This estimate should be sufficient for an
order of magnitude estimate. Forming the correction term yields:

32400 %ﬁ—s 1,45%1075 —Z =0 47 gsi

cm.z

This correction factor represents about 0.1 per cent of the applied pressure and may be
neglected. If significently different flow magnitudes are encountered, this estimate
should be recalculated.

Bogue # discusses the end effect loss for non-Newtonian fluids repesented by the
power-law models. He presented his results by comparing the end effect losses with
the kinetic energy losses. The end effect loss for pseudoplastic behavior never
represented more than 17 per cent of the kinetic energy losses. From the previous
estimate of kinetic energy loss we may salely neglect the end effect. In addition, M erz
8, working with pseudoplastic polymer melts, states that the end effect may be
neglected for L/D ratios greater than 20 to 120. Our L/D ratio of approximately 51

qualifies.

C apillary viscometer calculations are based on the assumption of laminar flow. The

lamninar flow regime is easily determined from the Reynold’s number as

PT“Ds 2100

for Newtonian fluids. For non-Newtonian fluids, a generalized Reynold’'s number is

enerated from the power-law model. Examination of these results has shown that



-53-

pseudoplastic fluids transition at higher Reynold's numbers. ® Using the same esti-

ates of volumetric flow rate as above we find that

> 0.01 poise

for laminar flow. The actual Reynolds’ numbers were less than 1075.

Another source of error comes from pressure losses prior to the capillary tube.
This loss was due to two main sources, piston-head friction and introduction of
material into the capillary. Van Wazer 3 states that the latter is found for highly
viscous fluids with yield values. The well designed entrance for the capillary énd the
lack of a yield value for our coal suggest that the latter loss is not appropriate. The
piston-head friction is so slight that the piston head easily drops to the bottom, even

with a fresh Graphfoil seal. It would appear that these losses are not applicable.
After ninety seconds of preheat, the coal in the reservoir was considered to be
isothermal. In addition, the capillary-wall termperature was assumed to be held con-

stant at the run termperature. The temperature profile in the capillary tube during runs
was estimated as shown below.

First, fo]lowing Toor, 3 use a Newtonian relationship for rate of strain:

2
5, 1dP,_314x10F om
"wrE g = (4.62)
__ dP_11x10° dyes
T M cmPsec (4.63)

Finally, the centerline-to-wall termperature difference well past the point where there

was a thermal entrance effect is given as

W _ 24
(Tc"Tw)(): Z}k = “

°C (4.64)

Thus, even at the highest shear, the temperature difference will only be one degree
Celsius. The effect of the thermal entrance length will be described after the following



calculation.

The coal mell may appear to behave as a pseudoplastic fluid. A power-law model
approximates the coal melt behavior better than a Newtonian model. A thermal
analysis based on the power-law model with pseudoplastic parameters should point out
any discrepancies between our flow and the Newtonian thermal analysis. A gain fol-

lowing Toor, 3

DU
™ 1p= o (4.65)

where B is an intermediate result. W e choose n=3, a good pseudoplastic value.

3

=0 g 1 3P \

A gain approximate the pressure gradient as constant,

Uy =1.17X 10°8
w= —qu%=4. 04x 1087

Past the thermal entrance distance, the centerline to wall temperature difference is

given as

(Tc—Tw)°=z%~raz—"’:—=?,01x 10*R (4.67)

Fit of the power-law model to the worst case of flow yields,

om?

n=3  B=11Xx107° ———m——
thnes” sec

Substitution inte our result gives

(T,~T)o=0.78 °C

Thus, the effect of pseudoplastic flow does not change the magnitude of viscous-
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energy generation. It should be noted here that the value of thermal conductivity is

taken from Van Krevelen # and is very conservative for our operating pressures.

Finally, the thermal-entrance length may be found besed on a five-per-cent

difference from the steady-state values. A gain, following Toor,

RTo
L. -S—X(—T——%—’-‘—)=93.5 cm. (4.68)

n, 6°° o
Thus, the flow never approached the steady-state value. That is, the entire flow is
within the thermal entrance length. Toor 3! solved the entrance problem and showed
thet the termnperature distribution, which starts uniformly, smoothly approaches the

steady-state values. Therefore, our temperature difference will never reach the values

calculated above,

Table 4.3 summarizes the potential errors and the model used for their estimation.
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Table 4.3 The M odeling of Potential, Experimental Errors

Error Estimation M odel

general power law Newtonian order of magnitude

kinetic X X X X

end effect X X X

turbulence X X X
viscous heating X X

entrance effect X
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4.6 Concdusion

The volumetric flow rate was shown to be a function of density, time, and axial
position at a temperature and pressure by application of the continuity equation to
various control volumes. The macroscopic momentum equation was simplified with a
minirmurm number of assumptions by using the experimental data end the significant
terms were shown to be the pressure gradient and the shear stress at the wall. The
flow was shown to be laminar and the energy generated by viscous dissipation was
insignificant. Though detailed knowledge of the radial distribution of the density was
not considered important for the continuity equation or the force balance, this
knowledge was shown to be essential for any meaningful measurement of the viscos-
ity. These difficulties with the application of the viscosity to rmulti-phase capillary flow
necessitated an arbitrary definition of an overall viscosity. Benefits and drawbacks of
such a definition were discussed and varicus potential errors arising from the use of a

capillary rheometer were estirnated.
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Chapter 5
5.1 Introduction

In this chapter the overall viscosity is determined from the experimmental data and
the equations developed in Chapter 4. The overall, apparent viscosity is presented in
tabular and graphic forms as a function of time at a given pressure drop and tempera-
ture. A least-squares approximation is applied to the viscosity data as a function of
time, and the behavior of the apparent, overall viscosity as a function of pressure drop
and temperature is described. A lower bound for the time rate of change of the
overall, apparent viscosity is estimated and then compared to estimates of the volume

fraction of gas, the degasification rate, and the temperature.
5.2 Rheological Equations

Based on the position of the piston head as a function of time, and the density as a
function of time, the volumetric flow rate into the capillary tube was given in Equation

46 &s

Qi=—p1%§——,4p% (5.1)

By use of the length-averaged shear stress at the wall, the overall, apparent viscos-

ity was developed in Equation 4.51 as
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- ”Tos r "(Pa'—Pi)Ac

= 40, L CL ] (52)

It should be stressed that w is based on the convention of using the volumetric flow
rate at the entrance to the capillary tube.

Equation 5.1 was substituted into Equation 5.2 to produce the overall, apparent
viscosity as a function of time at constant temperature and pressure drop. After the
least-squares approximation was applied to the viscosity -time data, the overall,

apparent viscosity was displayed as a function of pressure drop and ternperature.
5.3 Data

Figures 5.1 through 5.8 present a representative sample of the overall, apparent
viscosity as a function of time at constant temperature and pressure drop. A least-

squares approximation of the form
u=a+b(t—t)+c(f—t,)? (5.3)

where g, b, ¢, and £, are constants to be established, and ¢ is time, was applied to the
viscosity data. The constants that produced the minimum error for each value of tern-
perature and pressure drop -are given in Table 5.1 with the standard deviation arising
from each approximation. This parabolic fit was chosen for convenience and did not

imply any physical interpretation.

A's can be seen from the data, the viscosity measurements are characterized by a
sudden and large reduction in viscosity, then a relatively constant value for most of
the run, and finally a rise in viscosity at the end of the run. The sudden drop in
viscosity at the beginming of the run was easily the most dramatic feature of the entire

experiment and was looked at in more detail in Section 5.5.

The increase in viscosity at the end of the run might be attributed to the coking of
the coal, to the end effects of the reservoir becoming significant, other unknown fac-
tors, or some combination of the above. Coking of the coal, which is strong function
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of termperature and rate of heat transfer, would increase the measured viscosity. The
effects of coking on fluidity were dearly dermonstrated in the experiments with the
Gieseler plastometer 576925 A nother possible cause of the increase in viscosity at the
end of the run was thought to be a result of the entrance losses becorning significant
as the distance between the piston head and the reservoir wall approached the magni-
tude of the radius of the capillary tube. These end effects would result in a large
increase in the measured viscosity, and this increase in measured viscosity would be
expected to occur, and was observed to occur, at approximately the same position of
the piston head. The rise in viscosity at the end of the run was, therefore, taken to be

an artifact of the experimental equipment.

Table 5.2 represents a constant approximation of the viscosity data after the two
large changes in the viscosity at the beginning and at the end have been removed.
This approxirmation was applied to a time period in which the flow was considered to
be both frothy and steady. This estitnate of the overall, apparent viscosity, ¢ , is not
meant 1o be an accurate rmeasure of some property of the heated coal; in fact, u was
expected to be a function of the length of the capillary tube. Rather, the grouping of
parameters of flow which u represents, as in Equation 5.2, was very useful in provid-
ing the estimates of the viscosity of the liquid alone. Chapters 6 and 7 take on this
difficult task of estimating the viscosity of the liquid during the time spans indicated in
Table 5.2.

Figure 5.7 deserves additional cormment. Of the two viscosity runs plotted in this
figure, one of the runs showed the expected transition to flow at 98 seconds. The
other viscosity run displayed a relatively flat plot because the transition to flow had
occurred before the warmmr-up period of ninety seconds had expired. These differences
in the time-to-transition were directly related to the mass of the sample, the larger

mass transitioning at a latter time.
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Table 5.1 An Empirical Fit to the M easurements of Overall Viscosity

Temperature| Pressure a’ b’ c’ t, ° |Standard D eviation
(°C) | (psi nominal) | (poise) |( £ (22 |(second)|  (poise)
410 () 296.8 -0.086 | 0.120 173.5 33.90
410 100 420.8 -0.422 | 0.143 214.0 25.24
410 150 482.6 -0.552 | 0.248 124.0 36.60
410 200 340.3 0529 | 1.66 98.0 53.26
450 50 941 | -0.457; 0.968 109 13.74
450 75 45.0 -1.294 | -0.0024 | 104 2.57
450 100 0.974| -10.104 | -0.205 126.0 7.447
450 125 45.87 0.011| 0.959 108.2 7.506

* constants fit to Equation 5.3, u=a+b(t—t,)+c(t—1,)?
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Table 5.2 The M ean, Overall Viscosity

Temperature Pressure M ean Viscosity | Standard D eviation | Time Range
(°C) (psi nominal) (poise) (poise) begin | end
410 7 355.7 29.39 130 220
410 100 586.0 20.34 145 275
410 150 528.1 32.98 85 145
410 200 493.6 57.48 g2 120
450 50 33.69 5.33 100 116
450 75 52.83 R.77 91 108
450 100 64.96 8.30 106 122
450 125 65.48 7.58 100 112
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5.4 Behavior of the Overall, A pparent Viscosity.

Figure 5.9 displays the viscosity versus nominal pressure drop at both experimental
temperatures. The behavior of the viscosity as a function of pressure drop determines
the rheological dassification of the fluid, Newtonian or non-Newtonian. Though the
overall, apparent viscosity neglects the effects of the volume fraction of gas, which was
very significant, Figure 5.9 indicates that the viscosity does not significantly vary with
pressure drop. It would appear reasonable to assume that the viscosity is Newtonian
within the limits of accuracy of the experimental equipment, espedially for the runs at
450 °C. The large change in viscosity of approximately thirty per cent at 410 °C
deserves additional comment. Reexamination of the data suggested that the lower
value for the overall, apparent viscosity that was found for the run at a norminal pres-
sure drop of 75 psi and a temperature of 410 °C was due to instabilities in the frothy
regime that were excessive when compared with the instabilities found for the other
runs at the same temperature. Since the overall apparent viscosity did not appear non-
Newtonian within the accuracy of the experimental equipment, it would not appear
reasonable to attempt to use the estimates of the viscosity of the liquid alone to clas-

sify the heated coal as Newtonian or non-Newtonian.

Figure 5.9 also displays the large change in viscosity with temperature. This viscos-
ity reduction with temperature, which is significant within the accuracy of the equip-
ment, may be explained as a simple physical occurrence and may be modeled by the

A rreyhaus equation.
5.5 The Rate of the Reduction of Viscosity

The most remarkable aspect of the flow of the heated coal was the sudden onset of
flow. In contrast to the continuous viscosity reduction displayed by isothermal studies
with a Geiseler plastometer by Lloyd and others 7894413 the capillary-rheometer data

showed a sudden and swift transition from essentially no flow to the maximum flow
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rate observed. In addition, once this sudden change had occured, the overall,
apparent viscosity remained relatively constant until the end-of-the-run increase was
observed. This phenomenom of sudden viscosity reduction would seem to indicate
that a major structural change had occurred. Since this sudden reduction in overall
viscosity occurred approximately forty to fifty seconds after isothermal conditions

existed, the reduction was associated with an "induction," or waiting, period of time.

Table 5.3 displays a lower-bound estimate of the magnitude of the change of
overall viscosity with time. In addition, the times at which the transition began, %,
and ended , £, , are given. It would appear that the viscosity reduction occurred
independently of degasification rate which was estimated from the density data An
upper bound on the time rate of change of the density was available from Equation 3.6

as
‘—fﬁf—’- < —kb (5.4)

where the values for k and b are available from Table 3.1. M ore important than the
magnitude of the rate of change, however, was the continuous and slowly varying
nature of the degasification reaction. It would be difficult to relate this reaction with
the sudden viscosity reduction. Barnea and M izrahi * discussed a similar reduction in
the effective viscosity of a solid and liquid system when the volume fraction of solid
passed a certain critical value of approximately fifty per cent. Equation 3.12 and Table
3.1 have shown, however, that the volume fraction of gas at the entrance at the onset
of viscosity reduction varied from one per cent to seventy per cent. A critical volume
fraction of solids, therefore, would not be expected as a cause for the sudden reduc-

tion of viscosity.



Table 5.3 An Estimate of the Time Rate of Change of Viscosity
Temperature Pressure Tun —dﬁ— y L t*
(°C) (nominal psi) ( —3&%} (second) (second)
410 75 79 -36.1 95 115
410 100 77 -97.9 105 145
410 180 84 -35.5 05 110
450 50 85 ~23.3 o2 g6
450 50 87 -32.1 94 102
450 100 90 -88.8 g2 100
450 125 91 -23.4 92 100
450 125 92 -96.6 92 102

* the rate of change of the apparent, overall viscosity with time

** the beginning, %, and the end, %, of the time period in which this approximation

was applied
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5.5 Conclusion

Results of the measurements of the volumetric flow rate, temperature, pressure
drop, demnsity, and position of the piston head versus time were reported as an overall,
apparent viscosity versus time at a constant temperature and pressure drop. D ata were
fitted to a second-order polynomial and the overall viscosity was shown to be accu-
rately represented as constant for a specific time period. W ithin the accuracy of the
experimental equipment the overall viscosity was Newtonien though a rheological
classification based on a measurement of a multi-phase fluid is certainly inexact. The
overall viscosity was a strong function of temperature. A lower-bound estimate for
the time rate of change of viscosity was estimated and contrasted with the
degasification rates. The change in solids content as a cause of the sudden reduction
of viscosity was discounted. Finally, the measurements of the overall, apparent

viscosity were compared with the fluidity data reported in the literature.
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Chapter 6
6.1 Introdudction

In this cheapter, the complex nature of the coal melt is discussed, and a sirnplified model ofv
the fluid is introduced. The major parameters of the flow are considered in light of the model
and the assumptions within the miodel are detailled. Relevant correlations of pressure drop are
reviewed, and a representational sample is detailed for use in the determination of the liquid
viscosity. The Lockhart and M artinelli correlation was modified to match more closely the

conditions of flow for the coal.
6.2 The Two-Component, Two-Phase M odel

The coal melt is a complex, heterogeneous, chemically-reacting fiuid Formation of gas pro-
duces a bubbly mixture in the reservoir that greally complicates the rheological relationships.
In eddiﬁon. mineral solids are present, and perhaps .some rminerals are in solution. Thus the
flow is at least three-phase; solid, liquid, and gas. Finally, because the armount of gas present is

mainly due to chernical reactions, the density of the fluid is time dependent.

It is suggested that the correlations developed for two-component, two-phase flow would
adequately provide the pressure-drop relationships necessary for an estimate of the viscosity of
the liquid coal. In addition, the assumption of a frothy flow would be used in the selection of

the appropriate correlations.
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Before applying these correlations , sorme justification of the assurnptions should be given.
The treatment of the coal as a liquid and gas only may be checked by studying the model's
representation of the data. If, in fact, the coal displays flow behavior related to the solids con-
tent, the apparent viscosity would be of a dilatant nature. If this behavior is not evident, how-

ever, then the assurmption of ges-liquid flow would appear reasonable.
6.3 Flow Regime Delermination

The coal melt in the reservoir was assumed to be a frothy or bubbly mixture of gas and
liguid. This assurmption was checked by examining the reservoir under the run conditions.
The flow through the capillary tube rmust be examined, however, to deterrmine the type of two-

phase flow expected.

A recent paper by Husain et. al.®® reviewed the various methods of flow regime deterrrina-
tion and presented an improved correlation for the prediction of frothy flow. Data for many
different fluids induding oils of relatively high viscosity were used to form and test this
improved correlation. The indusion of the high—viscosity oils indicated that the correlation
would be applicable to the flow of coal melts. The correlation stated, quite simply, that the cri-
terion for frothy flow was that the total mass velocity must exceed a certain value for frothy

flow. That is, for frothy flow

Gr= 2% 108 (Tﬂ‘—l-%t_zs_ (6.1)

where Gy is the total mass velodity. A nalysis of the flow conditions of the coal melt showed a

total mess velodty in the renge of 10° to 10% Ib/(hr £t?).

This range indicated that the flow was in a transition regime from frothy to slug flow. The
initial frothiness of the coal in the reservoir indicated, however, that the entrance flow was
frothy. The sppearance of the coal at the exit suggested that the flow remained frothy

throughout the capillary tube.
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A reasonable interpretation of the transition flow would be to have it frothy upon entrance
to the capillary tube with transition to slug flow at some point down the tube. This result can
be understood physically by realizing that as the bubbles moved down the tube and experienced
a reduction of pressure, the diameters of the bubbles expanded until they would attain the size
of the capillary tube at which point the flow would be in the slug regime. Observation of the
coal melt, however, at its exit from the capillary tube showed that it was frothy. In addition, the
recordings of the piston-head movements indicated smooth motion with only the occasional

spurts that might indicate slug flow.

These observations were interpreted as showing that the flow was frothy with occasional,
and short-lived, transitions to slug flow. These occasional chugs were visible in the raw-data
plots for the viscosity shown in Chapter 5, especially at the higher temperatures, Thus, in the

following analyses and correlations, the flow was assumed to be principally frothy.
6.4 Equations of ¥ olion

The equations of motion in Chapter 4 were specifically developed in a general manner in
order to reduce the number of sssurrptions. The additional assumplions to be made in the

two-phase, two-commponent model allowed a somewhat more detailed analysis.

Before considering the momentum equation, any phase-velocity differences should be
addressed. A rough estimate of the relative velocity of a bubble in aliquid due to the pressure
gradient was made by replacement of the hydrostatic pressure gredient in the relationship™ for
the buoyant velocity of a bubble at low Reynolds’ number with the actual pressure gradient.
The relative velodty of a bubble was a strongly increasing function of the radius of the bubble.
W ith the radius of the bubble equal to half the radius of the capillary tube, the relative velocity
of the bubble was less than 5 percent of the mean velocity of the liquid Since the radius of a

bubble in frothy flow would not be expected to be larger than half the radius of the capillary
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tube, the assurmption of no relative motion of the phases appeared correct.

A rigorous and systematic study of the conservation equations of two-phase flow has been
undertaken within the last decade. Yadigaroglu and Lahey™ have presented one form of these
equations which agrees with the various developments found in the literature. It is important
to link the developments of Chapter 4 with these general equations. Yadigaroghu and Lahey™

gave the Langrangian form of the momentum equation for the two-phase mixture as

oP c *
~ 5 GTu Af E=I; +1Ip (6.3)

where G is related to the forces arising from the gravitational field, Cy is the wetted circurnfer-
ence, £ is the net volumetric force due to evaporation, "sometimes called the M eschersky
force”, and /; and /; are the inertia forces for the liquid and gas respectively. The inertia
forces were shown to be insignificant in Chapter 4, and the buoyancy force was discussed
above. Flow was considered to be two-component, thereby eliminating the evaporative term.

Equation 8.3 therefore becomes

or_. &
az —lw Ac (6'4)
which is sirmilar to Equation 4.50. The wetted circumnference was also expressed as
Twa=Twlq+ngCg (65)

where Ty and Ty, ¢ are the shear stresses at the wall exerted by the liquid and gas, respectively,
and y and (; are the dreumferences touched by the gas and liquid, respectively. Equation 8.5

will be useful in a later development.

Two problemns prevented the exact solution of Equation 6.4. The first problem was an exact
developrnent of the density as a function of pressure and temperature, A constitutive relation-
ship for the density was developed in Section 7.3 that was consistent with the assumptions of
the two-cormponent, two-phase model. The second problem was involved with the definition of

the volumetric-flow rate in Equations 4.38 and 4.39. The rate of strain must be known as a
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function radius as well as axial position. Alternately, by using Equation 4.41, the shear stress
was required as a function of radius. Equation 4.39 therefore requires a detailed knowledge of
the radial distribution of the gas phase. This problem was sidestepped by teking various
definitions for the mean apparent viscosity as a function of the volume fraction of gas. No
further development of the equations of motion was necessary, however, in order to apply the

various correlations available in the literature for two-phase pressure drop.
6.5 Liquid-Gas Carrdations

The two-phase flow of steam and water through pipes has been of engineering interest for
many years. A search of the approplate literature has shown that no exact solution has been
obtained. Therefore, numerous correlations have been developed to help predict the pressure
drop in flow of such a mixture. Idsinga et. al.% , provided a comprehensive evaluation of eigh-
teen of these correlations. It was found that the various correlations were accurate in only very
specific regions of the flow parameters such as volume fraction or Reynolds Number An

accuracy of twenty to thirty per cent is about the best that can be expected.

Application of a steamrand-water correlation to the coal-rheology experiment presented
meny difficulties. The major differences between a stearrrand-water flow and the flow of coal

and gas were in turbulence, phase velocities, and buoyancy.

M ost engineering interest has been focused on the turbulent flow of steam-and-water mix-
tures. The coal rheology experiment, however, was laminar in both phases, due to the rela-
tively high viscosity of the coal. The analytical methods used for larminar flow are less complex
than those used for turbulent flow and should provide a greater degree of accuracy. The histor
ical lack of interest in the high viscosity, laminar flow of two-phase mixtures may explain why
the acouracy for correlations applying to these conditions are no better then those for more

difficult flow parameters.

The second principal difference in the two types of flow was the differing velodities of the

phases. In steamr-and-water mixtures buoyancy plays a key role in laminar flow whereas
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buoyancy is not important in the flow of coal and gas. Brown and Kranich™ have shown that in
the laminar flow of steam and water, buoyancy is an important force for both horizontal and
vertical orientations. Again, the somewhat simpler parameters of the flow of the coal mixture

should, but did not, allow a more accurate correlation.

The Lockhart and M artinelli correlation®® has been a standard for steamn and water flows
since its publication in 1949, 1t is felt that any study of two-component, two-phase pressure
drop should be compared with this standard. The Lockhart and M artinelli correlation is based

on the equation
(BB =200 (5D, (6:6)

where (éﬁ) p is the two-phase pressure drop, ¢ is the correlation function, y is the correla-

L

tion variable defined below, and ( —AZE-)L is the pressure drop for the liquid flow rate alone in the

same pipe. The correlation variable y is defined as

(AP
L WiPgldy
= = 6-7
X (éf_) WP ity &n
L g

where (%—15) ¢ is the pressure drop for the gas-flow rate alone,w is the mass-fliow rate for the

liquid or gas, p is the density for the liquid or gas, and w is the viscosity for the liquid or gas.
The Lockhart and Martinelli correlation was used by selecting the appropriate y based on the
flow conditions, determining the appropriate value of ¢ from the correlation, and then using
Equation 6.6. Since x is directly proportional, however, to the density of the gas, this model is
based on the assumption of an incompressible gas phase. The gas density is then determined
by the 'aversge’ pressure. Since the pressure distribution is unknown and probably non-linear,

this "average’ pressure is somewhat nebulous.

The variable of correlation for the correlation of Lockhart and M artinelli ® was given by

Equation 8.7 as



8.8
WoPL g (68)
Since
P
and
Gi=ou Gy=og@ (6.10)
the correlation variable of FEquation 6.8 becomes
a
= SH (6.11)
Qghlg :
The correlation itself was given in Equation 6.6 as
AFP AP
( T)T_P=¢2(X)( T h (6.12)

The pressure gradient for the two-phase mixture was given by the length of the capillary tube
and the pressure drop, and was expressed in Chapter 4 as Equation 4.51, the defining equation

for the oversll, apparent viscosity. The pressure gradient of the liquid alone is given as

AP, _Bu@
( L )l_ 7TT04 (6' 13)
Substitution of Equations 8.13, 6.10, and 4.51 into Equation 6.12 gives
=gk (6.14)

P00
Equation 8.14 was solved in an iterative manner by first estimating y, computing y; from Equa-
tion 8.14 , and then estimating a new x from Equation 8.11, The viscosity of the gas was taken

to be the viscosity of methane at the run termperature. The volume fractions were taken to be

the values at the entrance to the capillary tube.

Table 6.1 displays the results of the application of the correlation of Lockhart and M artinelli

to the oversll-viscosity data of Chapter 5 . Due to the large magnitude of the ratio of the
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estimated viscosity of the liquid to the viscosity of the gas, the values of y were always greater
than the range of the correlation. The value of ¢ used, therefore, was based on the largest

given value of x .

The inadequateness of applying conventional stearn-water correlations to the flow of heated
coal is exemplified by the Lockhart and M artinelli correlation. The magnitude of x, as given in
Equation 6.11, was much larger than steamrwater, or even most oil-water flows. The applica-
tion of the correlation of Lockhart and M artinelli was, therefore, considered to be only an esti-

mate of the viscosity of the liquid



Table 6.1 An Estitnate of the Viscosity of the Liquid
Based on the Correlation by Lockhart and M artinelli®®
T ernperature Pressure ogln * Oversll Viscosity Liquid Viscosity
°C) (psi nominal) (poise) (poise)

410 i) 0.41 356 490
410 100 0.33 bB6 710
410 150 0.14 528 498
410 200 0.01 494 404
450 50 0.68 34 86
450 7 0,47 53 87
450 100 0.42 85 91
450 125 0.19 85 65

* the volume fraction of gas at the time period defined in Table 5.2 and evaluated at the

entrance to the capillary tube.
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The assumption of an incormpressible gas phase was appropriate to the types of flows that
were used for the correlation. In the coal rheology experiment, however, pressure drops were

observed which were much greater than those used by Lockhart and Martinelli. Therefore, it

wes proposed that the two-phase pressure drop given by Lockhart and M artinelli, (éf) Tp, be

approximated as
APy 4P

(T~ — (6.15)
and then Equation 8.8 becomes

dP AP

‘d;‘=¢2(x)( T h (6.16)
From Equation 8.7

x=kgP (8.17)

where the density of the gas was assumed to follow the ideal gas law, £ is the pressure, and k3

is defined as

Wiy ,
fg= —2 ,
3 = (8.18)

where F is the specific gas constant, and 7" is the absolute temperature. Thus, from Equation
8.17

dyx=kgdP (6.19)
and substitution of Equations 6.15 and 6.19 into Equation 6.6 yields

af . _dx __(APy 5, (8.20)

©3(x) kap¥(x) L

Rearranging and then integrating over the length of the pipe, L, gives
x{L) ,
_ax . (éﬂ) I (6.21
AL )

where x(0) is the initial condition. Equation 6.21 was solved in an iterstive manner by
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estimating ¥ at the entrance and exit, solving for the viscosity in X5, and then using the new
value of the viscosity for a better estimate of the range of the integration. This muodification
was similar to the correlation of Martinelli and Nelson®, which was developed for the flow of
boiling water. Once again, the magnitude of y, as given in Equation 6.11, was much larger
than what it would be for stearm-water, or even most oil-water flows. The epplication of this

modified correlation of Lockhart and M artinelli was not, therefore, applied to the viscosity data

Husain et. al.* recently compiled a review of the various theories and correlations for frothy
pressure drop. In addition to presenting their own pressure-drop theory, they computed the
average fractional deviation and the standard deviation of these various correlations by applying
these correlations to the data bank of pipeline pressure drops compliled by M andhane et. al.%
For volume fractions of gas less than 0.5, the correlation of Happel?® developed for the viscos-
ity of suspensions of solid spheres provides the best prediction of pressure drop. Happel’s
correlation is

aﬁag

- 1__39%!

wrp=pme % (6.22)

where i 7p is the viscosity of the two-phase mixture, ag is the volume fraction of gas, and y; is
the viscosity of the liquid Equation 8.22 was used to provide one estimate of the viscosity of
the liquid based on the overall viscosity found in Chapter 5 and the volume fraction of gas
found in Chapter 3. It should be noted that the estimate based on Happel used the entrance
conditions for the volume fraction of gas and therefore neglected the change of volurmne fraction
of gas with axial position. Since Happel's correlation was developed for solid and liquid flow, it

is surprising that this correlation gave the best results for liquid and gas.

The correlation developed by Happel, Equation 6.22,

aﬁag
Sgag

1_.
purp=ie % (8.23)

wes applied to the viscosity data based on the volume fraction of gas at the inlet, oy}, ; and
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based on an estimate of the length-averaged volume fraction of gas, o, . The length-averaged

volume fraction of gas was estirmated as

= aglm;agio (6.22)

where oy o is the volume fraction of gas at the exit of the capillary tube. The volurne fraction
of gas at the exit was calculated from the estimate of the density at the exit of the capillary
tube. Table 6.2 shows the application of the correlation developed by Happel to the viscosity

data.

The estimates of the volume fraction of gas showed that the optimum range for Happel's
correlation had been exceeded, especially for the runs at the higher temperature. 1t is impor-
tant to note, however, that the effect of a solid phase on the flow behavior of the liquid is given
by Happel’s correlation. The volume fraction of gas might be increased by the volume of a
solid phase with minimal effect on the estimates of the viscosity of the liquid since the volume

fraction of gas was large.



Table 8.2 An Estimate of the Viscosity of the Licquid
Based on the Correlation by Happel®
Termperature Pressure gl & wlagln) © w(og)

(°c) (nominal psi) (poise) (poise)
410 75 0.41 0.586 91 41
410 100 0.33 0.52 212 B6
410 180 014 0.43 365 124
410 200 0.01 0.37 476 161
450 50 0.68 0.74 1.87 1.17
450 . 75 0.47 0.64 12.5 4.72
450 100 0.42 0.61 15.9 B.74
450 125 0.19 0.50 38.0 10.8

* nomenclature:
&g |in the volume fraction of gas at the time period defined in Table 5.2 and evaluated at the

entrance to the capillary tube. ’
By the length-aversged volume fraction of gas as given in Equation 6.24.

p(0g i) estimated viscosity of the liquid based on the volume fraction of gas at the

entrance.

()  estimated viscosity of the liquid based on the length-averaged volume fraction of gas.
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For volume fractions of gas greater than 0.5, Husain 3 recornends a modification of

Happel's correlation as follows

1
Mgp=phgt+ (it —Hg ) 5;—1)3 (6.25)
where
2.50(!
.l
pe=pme !%:0.5 = 8.036 g (8.26)

Substitution of Equation 86.26 into Equation 6.25 gives

+14g)/ 8.036 (6.27)

Table 8.3 shows the application of the modification by Husain of the correlation developed by

Happel to the viscosity data



Table 6.3 An Estimate of the Viscosity of the Liquid
Besed on the Correlation by Husain™
Temperature Pressure g lin oy mlog ln) © m(ag) ©
“C) (nominal psi) (poise) (poise)
410 i) 0.41 0.56 19 121
410 100 0.33 0.52 11 123
410 150 0.14 0.43 0.38 37
410 200 0.01 0.37 - 16
450 B0 0.68 C.74 B4 130
450 i) 0.47 0.84 6.1 49
450 100 0.42 0.61 4.1 41
450 125 C.19 0.50 - 11

* nomenclature;
0y ln the volume fraction of gas at the time period defined in Table 5.2 and evaluated at the

entrance to the capillary tube. .
0y the length-averaged volume fraction of gas as given in Equation 8.24.

y(og ln)  estimated viscosity of the liquid based on the volume fraction of gas at the

entrance.

#(@;)  estimated viscosity of the liquid based on the length-averaged volume fraction of ges.
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6.6 Condusion

The complex, rmuti-phase, multi-component flow of heated coal was considered to be a sirrr
ple, two-component, liquid and gas flow, The flow regime was calculated to be in transition
from frothy to slug flow but because of the unusual conditions of the flow of coal the flow
regime was considered frothy. Various correlations were applied to the overell-viscosity data in
order to estimate the viscosity of the liquid The inadequacies of these correlations were
related to the parameters of the flow and, as demonstrated by Table 6.4, the predictions of the
viscosity of the liquid were somewhat ervatic. The Lockhart and Martinelli correlation was

modified to match more closely the conditions of flow for the coal.
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Table 8.4 A Summary of the Estimates of the Viscosity of the Liquid

T eriperature Pressure Overall Viscosity Estimate
Viscosity LandM * Happel® Husain®
(°c) (nominal psi) (poise) (poise) (poise) (poise)
410 75 356 480 41 121
410 100 586 710 86 123
410 150 528 498 124 37
410 200 494 404 151 16
450 50 34 B6 12 130
450 (6] 53 B1 4.9 49
450 100 65 91 B.7 41
450 125 65 65 11 11

* T,ockhart and M artineli®
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Chapter 7
7.1 Introduction

In this chapter, a detailed model of the density was developed and then applied to
the density measurements. The equations of motion were established with the use of
the density model. A mean-apparent viscosity was defined, and the momentum equa-

tion was solved in dosed form for the determination of the viscosity of the liquid.
7.2 The Two-Component, Two-Phase M odel

It is Suggested that a two-component, two-phase model composed of an ideal gas
and an incompressible liquid would adequately provide the rheological relationships
necessary for a quantitative measurement of the viscosity of the liquid coal. In addi-
tion, the assumptions of a frothy flow and a density as a function of only pressure and

time at constant termperature, would be used in the analysis of this model fluid.

A s was discussed in Chapter 4, the time dependence of the density was important
in the continuity equation but not the momentumn equation. Once the mass fraction
of gas had been determined at the entrance of the capillary tube, the important
changes in density down the tube were caused by the reduction in pressure, not by

devolatilization. The residence time of approximately four tenths of a second rein-



-04 -

forced this assumption. The assumption of frothy flow was discussed in Chapter 8.
7.3 Density M odel

As was stated in Section 6.4, the equations of motion could not be developed
further without a constitutive relationship for the density. For the conditions of time,
temperature, and pressure in the ooal-theology experiment, the system was a
chemically-reacting, and consisted of three phases, a solid, a liquid, and a gas. To sim-
plify the heterogeneous nature of the system, the density model considered the fluid
to be an incompressible liquid and an ideal gas. Though the gas, in particular, was a
mixture of many different products, it was treated as a single gas with an average
molecular weight. A dditionally, a mean solubility was considered as a function of time
and temperature. The phases were considered to be at the same pressure, thereby
neglecting any forces due to surface tension. With these simplifications, the system
was treated as a two-phase, two-component mixture with three degrees of freedom.
Thus, at equilibrium, the density would be completely determined by three indepen-
dent properties. By specifying an equation of state, however, for the simplified two-
cormponent systerm, the density could be determined by two properties, say termpera-
ture and pressure, at any given time. The non-equilibrium factors were initially

neglected. The density of the model fluid was therefore given by

9
pr(1+ l—'rg)
p= (7.1)

where p is the density, P is the pressure, p; is the density of the liquid, 7, is the mass

fraction of gas not in solution, and P’ is defined as
P=pR'T (7.R)

here T is the temperature, and £’ is the spedific gas constant for the average behavior

of the gas products. Equation 7.1 is similar to a development by Ryason and Lewis*.
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The model given by Equation 7.1 estimated the mass fraction of gas not in solution
with the assumption that the cheange in the overall density was due to a gas phase
which occupied a volume predicted by the ideal-gas law at equilibrium and with no
surface tension. The mass fraction of gas not in solution at a certain time and temn-
perature was found to vary with pressure. A total mass fraction of gas, n, was there-
fore assumed to be both a function of temperature and time only, and expressible as a
function of a solubility constant which also was a function of time and temperature

only. That is, the mass fraction of gas not in solution was given by
1,(T . P.t)=r( T t)-s(T t)xP (7.3)

where 7;, the total mass fraction of gas, and s, the solubility constant, were functions
of temperature and time. This model considered the gas in solution to occupy an
insignificant volume. The density of the liquid was available from the measurements
given in Chapter 3. It should be noted that this model in its present form was only
applicable when there was gas present in excess of the solubility limit. For this reason,
the model was only applied to densities significantly less than the density of the liquid.
In addition, if the reservoir contained gas in solution only, the difficulties presented by
the change in solubility with pressure as the coal moved down the tube would lead to
a critical point, where some gas would suddenly come out of solution. The difficulties
of such a flow situation was discussed in detail by C. D. Han et. al.*, and such a flow

situation was studiously avoided in this investigation.

The mass fraction of gas was expected to be small so that Equation 7.1 was
simplified to

- pl( 1+Tg)
rgP’ .
P

(7.4)

Tables 7.1 and 7.2 present the applications of Equation 7.4 to the density data at

A10°C and 450°C respectively.
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Table 7.1 Estimate of the M ass Fraction of Gas in the Reservoir at 410 °C

Time Total M ass Solubility Constant M ean M olecular
(seconds) Fraction of Gas ( ;;:‘; x 10'9) W eight

90 0.00079 0.050 1
100 0.0016 0.103 2
110 0.0024 0.148 3
120 0.0031 0.101 4
130 0.003¢9 0.229 5
140 0.0039 0.222 5
180 0.0081 0.443 10
160 0.0082 0.432 10
170 0.0121 0.608 15
180 0.0177 0.872 20
190 - 0.0227 1.085 25
200 0.0280 1.297 30
250 0.0480 1.866 85
300 0.0775 2.444 80
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Table 7.2 Estimate of the M ass Fraction: of Gas in the Reservoir at 450 °C

Time Total M ass Solubility Constant M ean M olecular
(seconds) Fraction of Gas ( o x 1019) W eight

20 0.010 0.898 6
100 0.020 1.65 11
110 0.030 2.41 16
120 0.031 2.38 16
130 0.031 2.35 16
140 0.032 2.15 17
150 0.032 2.25 16
160 0.034 .27 16
170 0.035 2.25 16
180 0.036 2.21 16
190 0.036 2.15 16
200 0.036 2.05 16
250 0.044 1.71 20
300 0.0580 0.68 25
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In the reservoir, the mass fraction of gas changed slowly at constant pressure and
temperature and therefore allowed equilibrium modeling of the solubility. For the
modeling of the mass fraction of gas in the capillary tube, the residence time of less
than a half of a second precluded an equilibrium calculation of the solubility. Thus,
for the density model applied within the capillary tube, the mass fraction of gas was
considered constant for two reasons. First, as previously discussed, the production of
gas due to devolatilization was considered insignificant within the capillary tube due to
the short residence time and small volurme. Second, again due to the short residence
time, the change in the mass fraction of gas not in solution due to the pressure change
was not considered significant. Thus, the meass fraction of gas not in solution
throughout the capillary tube was taken to be the value found at the entrance to the

tube at a given temperature, pressure, and time.
7.4 Visoosity M odel

The two-component, two-phase model of the coal melt combined with the density
model and a definition of mean-apparent viscosity allowed an approximate solution of

the equations of moticmn.

The result of the force balance in Chapter 4 produced Equation 4.35

L

—(P,~B)A.=C [ 1,0z (7.5)
o]
or, in differentjal form
A
- =ra) (7.6

A dditionally, Equation 4.38 for the volumetric flow rate gave
" Bu T2
T — L —
Q= Zn{ g (7.7)

By assuming a mean-apparent viscosity, %, such that



-99-

— T
R=—5a (7.8)

or

where 7 is a function of axial and radial position, Equation 7.7 may be written as
@=2n [T Tar (7.9)
0/ 2

As in Chapter 4, any non-Newtonian behavior of the fluid should be evident from

various runs at different pressures.

By use of Equation 4.44, Equation 7.9 may be written as

{ ETT—E—dr (7.10)

Tw
T
The shear stress at the wall, 7, was taken outside of the integral. In addition, the
mean-apparent viscosity was assumed to be a function of gas and liquid viscosities and
volume fractions of gas and liquid. Since frothy flow was assumed, the volume frac-
tions were not considered to be functions on radial position. These assumnptions neglect

any bubble migrations. Thus, Equation 7.10 simpifies to

Q= dr 7.11
ﬁ"b{ ( )
or
T Twle
=—= (7.12)
a

where @, 7, and i are functions of axial position only. Rearranging Equation 7.12

for T, yields

= 4nQ
Tw - (7.13)

and substituting Equation 7.9 into Equation 7.6 produces
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-l }%’— (7.14)
- Since
A=TTf (7.15)
and
C=2nr, (7.16)
Equation 7.14 simplifies to
- %: %?; (7.17)

Equations 4.16 and 4.17 allow the volumetric flow rate to be written as

Q(z)=-"1 (7.18)

Substitution of Equation 7.4, the density model, gives

g

TP
+
(1)

- pi( 1+'rg)

Q(2) (7.19)

where the mass fraction of gas not in solution, 7y, Was considered constant. A combi-

nation of Equations 7.19 and 7.17 produces

]

m( L 1)
-4 g P (7.20)
dz qrt  p(l+r)
Finally, the mean-apparent viscosity was taken to be
= Oglug+ 041 (7.21)

A dditional possible forms of the mean-apparent viscosity, such as a form used suc-
cessfully by M cA damns®, were also considered. Though these alternate forms for the

mean viscosity also lead to closed-form solutions of the momentum equation, applica-
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tion of these solutions to the data was difficult and these forms of the solution were

not considered as accurate nor as appropriate as the solution generated by EQuation

7.21.
The substitution of Equation 7.21 in Equation 7.20 gave

, ‘(:!l_]i‘_.;.l)
- dP_B8m P ;
gz gt py(l+7) \

Use of Equation 7.4 to form the volume fractions leads to

1
T, P’
P

o=
1+

and

Substitution of these results into Equation 7.22 produces

ap__ By (rgP'Ng,l)
gz nrip(ltn) " P i

s

D efining
k= By,
R T N
mrapi(1+75)
and
- Ty P Ly
i

Bty +0ully)

(7.22)

(7.23)

(7.24)

(7.25)

(7.26)

(7.27)

where k; and k; are not functions of axial or radial position, and using these

definitions, Equation 7.25 becomes
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dP

_ ke
% ka1t =)

Rearrangement and integration by parts yields

k
Ju- P+iz)dP=fk1dz+Cl

or
P—kn(P+ks) =k z+C,
where C, is a constant of integration. A pplying the boundary condition
P=F o z=0

gives

C1=F—kqln( B+kg)
A dditionally, since

=F, o z=L
Equation 7.30 becomes

B, ~kpIn( B, +ko) =k L +C,
Substitution of Equation 7.32 for C, gives
Fy—koIn(F, +kg) =k L + F—koln( F+iko)

or

Rtk
Btk

Fp—F—keln( )=k 1L

(7.28)

(7.29)

(7.30)

(7.32)

(7.33)

(7.34)

(7.35)

(7.36)

Examination of the definitions of %, and k; in Equations 7.26 and 7.27 shows that the

only unknowns in Equation 7.36 are the viscosities of the liquid and the gas. The

viscosity of the gas was taken to be the viscosity of methane at that termperature, as

was done in Chapter 6.



- 103 -

In order to most easily apply Equation 7.368, a rearrangement of Equation 7.26 was
made by substitution of the definition of the overall, apparent viscosity . That is,
since

4
= PTTe (AP

(1) (7.37)
from Equation 5.2, Equation 7.26 becomes
ko= b B (AT (7.38)

Tt po L

Substitution of the density model, Equation 7.4, and Equation 7.23, Equation 7.38

produces

_ Gl pr AP

Since the mass fraction of gas in Equation 7.27 and the volume fraction of liquid in
Equation 7.39 were functions of time, an estimate of these values was made based on
the mid-point of the times reported in Table 5.2. In addition, the mass fraction of gas
in Equation 7.27 was based on the mass fraction of gas not in solution. These values
were taken from the density model of the previous section, based on the model that
induded the effects of solubility. A s was discussed in Section 7.3, the mass fraction of

gas not in solution was considered constant in the capillary tube.

The values needed for the application of Equation 7.36 are given in Table 7.3. The
actual solution of Equation 7.36 was done in an iterative manmner, and the results of

that application are shown in Table 7.4.

The main advantage of the solution of Equation 7.30 was considered to be the ‘
establishment of the pressure distribution as a function of axial position. With this
solution and the density model of Equation 7.4, the volumetric flow rate and the shear
stress at the wall were determined as a function of axial position, and these values

were used to provide an estimate of the viscosity of the liquid that was not dependent
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upon the conditions under which the experiment was conducted. Thus, the viscosity
of the liquid was more accurately estimated, though the definition of a mean-apparent

viscosity was somewhat arbitrary.
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Table 7.3 The M ass Fraction of Gas Not in Solution

T emperature Pressure 7 By ln Time

(°C) (nominal psi) (second)

410 75 0.0082 0.41 170
410 100 0.0072 0.33 170
410 150 0.0050 0.14 170
410 200 0.0029 0.01 170
450 50 0.019 0.68 110
450 i) 0.015 0.47 110
450 100 0.010 0.42 110
450 125 0.0062 0.19 110

* nomendature:

7, the mass fraction of gas not in solution at the entrance to the capillary tube

04 lin the volume fraction of gas at the entrance to the capillary tube
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Table 7.4. An Estimate of the Viscosity of the Liquid

Temperature Pressure M ean Viscosity Liquid Viscosity
€¢) | (nomina ps) (poise) (poise)
410 75 356 603
410 100 586 875
410 150 528 614
410 200 494 499
450 50 34 108
450 7o 53 100
450 100 65 112
450 125 65 80.2
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7.5 Concdlusion

An estimate of the mass fraction of gas not in solution was made through use of a
model of the density. Since the mass fraction of gas not in solution was found to be a
function of pressure in addition to temperature and time, a relationship for the total
mass fraction of gas was developed based on a solubility parameter. The total mass
fraction of gas provided a good indication of the rate of degasification. The momen-
tum equation was developed with the use of the model of the density and, based on a
mean viscosity, the resultant equation was solved for the viscosity of the liquid. Vari-
ous forms of the mean viscosity were applied and the definition considered the most
accurate and appropriate was applied to the data. This estimate of the viscosity of the
liquid was tailored to the specific flow parameters and provided an estimate of the
viscosity of the liquid that was considered more accurate than the estimates of Chapter
B.
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Chapter 8
8.1 Summary and Results

An experimental investigation of the fluidity of a repidly heated, bituminous,
highly volatile coal was conducted with a high-temperature capillary rheometer sirnilar
to the devices used in the polymer industry. The principal goal of this investigation
was to provide a quantitative measurement of the fluidity of coal in its plastic state.
The only instrument currently used for fluidity measurements of coal, the Gieseler
plastormneter, pi"ovides only qualitative measurements of viscosity. In addition, meas-
urerments with thé capillary rtheometer have showmn that the transition from no flow to
plastic flow occurs over ten to thirty seconds, which is quite different from the twenty

minutes required in a Gieseler plastorneter™®8,

The radius of the capillary tube in the rheometer was 0.026 centimeter and the
length-to-diarneter ratio was 51. The rheometer was operated at two temperatures,
410 °C and 450 °C, and pressures in the reservoir reached a maximum of 141 bars. A
high-ternperature seal insured retention of all products of decomposition in the reser-
voir. The capillary tube was removable and disposable. In addition, a solid tube
replaced the capillary tube for density measurements. The rheometer was constructed

)

with molybdenurn because of its high thermal conductivity, and the rheometer had a
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large thermal mass compared to the coal sample in order to insure rapid heating. Fig-
ures 2.1 through 2.3 presented schematic representations of the experimental equip-
ment. Thermal analysis of the sample of coal in the reservoir was given in Section
3.3. This section also discussed the possible errors caused by the assumptions of the
analysis, and concluded that isothermal conditions existed in the reservoir within
ninety seconds of insertion of the coal. The rheometer was calibrated by measure-
ment of the viscosity of a standard-calibration fluid. These measurements weré made
between 20 °C and 40 °C and viscosities between seventy poise and ten poise. This
range of viscosities was the same as the lowest range of viscosities encountered in the
coal-flow measurements. Section 2.10 described these calibration runs, and Figure 2.4
showed the results. Section 2.11 described the measurements of the density of water

in order to insure that the measurements of density were accurate.

M easurements of the position of the piston head versus time at 410 °C and 450 °C
and pressure drops of 35.3, 53.0, 70.6, 88.3, 106, and 141 bars were reported with
both the capillary tube inserted for viscosity measurements (Chapter 5) and the solid
rod inserted for density measurements (Chapter 3). The measurements of the density

in the reservoir were fitted to the empirical function:
p,.=a+bxe_k(£_t°) (8.1)

where p,. is the density in the reservoir, t is time, and a,b,k, and £, are the constants to
be established for each temperature and pressure. The values of these constants were
given in Table 3.1. Equation 8.1 modeled the density as a function of time with a
maximum standard deviation of 0.0090 gm/ar®, or five percent of the minimum value
for the density. Equation 8.1 shows that the greatest rate of change of density with
timme occurred before the wartrrup period of ninety seconds. Section 4.2 and Table 4.1
showed that the time-rate of change of the density was important for calculation of the

volumetric flow rate.
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In Sections 4.2 and 4.3, the macroscopic continuity and momentumn equations were
applied to volurnes containing the reservoir and the capillary tube. Equation 4.32 gave
an expression of the momentum equation applied to the volume of the capillary tube
in terms of experimentally measured variables. Based on Equation 4.32 and the
laboratory data given in Table 4.2, the significant forces acting on the volume of the
capillary tube were the shear stress at the wall and the pressure drop along the tube, as

described by the following equation:
L
~(P,=R)A=C [T,z (8.2)
¢}

where P, and F, are the pressures at the entrance and the exit to the capillary tube,
respectively, A is the cross-sectional area; L is the length; € is the circumference of
the capillary tube; z is the axial coordinate; and 7, is the shear stress at the wall.

In Section 4.4, the difficulties associated with the multi-component, multi-phase
flow of coal becarne evident upon introduction of the definition of viscosity through
the rate of strain described by the following equation:

T
8 2
Q=-2m { -—a%%_dr (8.3)

where ¢ is the volumnetric flow rate; r, is the radius of the capillary tube; u is the axial
velocity, and r is the radial coordinate. W ithout detailed knowledge of the distribution
of the gaseous phase, both the velocity distribution and the radial gradient of the velo-
city distribution were unknown. It was necessary, therefore, to put the results of the
measurerments of the position of the piston head versus time in terms of an overall
viscosity. Sometimes called the 'effective’” viscosity, the overall viscosity was com-
puted using the value of volumetric rate of flow at the entrance to the capillary tube.
Because the volumetric flow rate was a function of axial position due to the gaseous

phase, the overall viscosity was not a constant of the material but rather a result of the
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conditions under which the experiment was conducted. In addition, this overall
viscosity was based on an initial assumption of a Newtonian fluid, and was, therefore,

more accurately termed an apparent, overall viscosity.

In Chapter 5, the measurements of the overall, apparent viscosity were fitted to the

empirical function:
u(t)=o+b(t—t ) +e(t—t)? (8.4)

where p is the overall, apparent viscosity, and a,b,c, and £, are the constants to be
established for each temperature and pressure drop. The values of these constants are
given in Table 5.1. Equation 8.4 modeled the overall, apparent viscosity as a function
of time with a maximum standard deviation of 53 poise, or ten percent of the
minirmum value for g, at 410 °C, and a meximum standard deviation of 14 poise, or
thirty percent of the minimum value for u, at 450 °C. The behavior with time of the
apparent, overall viscosity was consistent over all the temperatures and pressure drops.
An initial and quite sudden transition from no flow to the maximum flow rate was fol-
lowed by a constant-flow rate until the disténce between the piston head and the bot-
tom of the reservoir was of the same order of magnitude as the radius of the capillary
tube at which time the flow rate decreased. M easurements based on this constant-flow
rate gave a constant value for the overall, apparent viscosity during the specified time
period with a maximum standard deviation of 57 poise, or 13 percent of the minimum
i, at 410 °C, and a maximum standard deviation of 8 poise, or 12 percent of the
minimumn &, at 450 °C. Table 8.1 gave the actual values of the overall viscosity for
each temperature and pressure drop, and Table 5.2 provided further detail. W ithin the
accuracy of the experiment, the apparent, overall viscosity was not a function of pres-
sure drop. This result was important because, if the solid phase were affecting the
measurements of viscosity, then the apparent, overall viscosity would increase with

pressure drop. Any rheological classification based on the overall viscosity of a multi-
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phase system, however, must be considered approximate. Contrary to the measure-
ments made with the Gieseler plastometer®”?, the transition from no flow to flow was
swift, sudden, and independent of the volume of gas produced. M easurements with
the Gieseler plastometer®®813 had also linked the maximum rate of production of gas
with the minimum viscosity while the present experiments consistently showed that
transition from no flow to flow occurred after the maximum rate of production of gas.
Because conditions for heat transfer were much better in the capillary rheometer than
in the Gieseler plastometer, it is suggested that the assumption of isothermal condi-
tions in the plastometer was incorrect and that non-isothermal conditions caused these

discrepancies.

Amnother goal of this present investigation was to determine the viscosity of the
continuous phase in order to allow scaling of process equipment. It is important to
recognize that any measurement of viscosity as a property of the coal, and therefore
independent of the conditions under which the measurement was conducted, must be
expressed as a viscosity of the continuous phase. In Chapter 6, the flow regime was
determined to be frothy, and the flow was considered to be a two-phase, two-
cormponent systern. The density of the liquid phase was taken to be the maximum
density measured during the warmrup period. This maximum density was 1.32
gm/cm’® with a standard deviation of 0.057 gm/cam?® at 410 °C, and 1.14 gm/crr? with a
standard deviation of 0.02 gm/cm?® at 450 °C. Use of the messurements of the density
of the liquid and of the overall-density measurermnents allowed the calculation of the
volume fraction of gas in the reservoir for the period of time for which the flow rate
was constant. These values of the volume fraction of gas are given in Table 8.1, and
were found to be relatively insensitive to variations in the density of the liquid phase.
Estimates of the viscosity of the liquid, based on two-phase correlations found in the
literature® 33363840 and the volume fraction of gas at the entrance to the tube, were

considered inadequate because the flow parameters of the coal were significantly
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different irom the conditions for which the correlations were developed. In addition,
because the high overall viscosity of the coal caused large pressure drops, the volume
fraction of gas was a strong function of axial position. None of the correlations
reviewed by Idsinga® or Husain® were able to deal with such large variations in the
volume fraction of gas. The most reasonable values for the viscosity of the liquid
based on these correlations were those values given by the application of the Lockhart
and M artinelli® correlation. Table 8.1 gave the viscosity of the liquid based on the

application of this correlation to the overall viscosity.

An estimate of the viscosity of the liquid based on the flow parameters encoun-
tered in the flow of coal was developed in Chapter 7. A model of the density of the
coal was developed in Section 7.3 by considering the liquid to be incompressible and

the volume occupied by the gas to be given by the ideal-gas law, that is,

_ P£(1+Tg)

L,
P

(8.5)

where 7, is the mass fraction of gas not in solution; P is the pressure; p is the overall
density; p; is the density of the liquid phase; and P° is a constant related to the idedl-
gas law and defined by Equation 7.2. Since decomposition could be considered to be a
function of temperature alone, the density model included solubility as a function of

pressure as follows:
(T.P.t)=r(T t)—s(T £)xP (8.8)

where T is the temperature, ; is the total-mass fraction of gas, and s, a function of
temperature and time, represents a linear relationship between the pressure and the
mass fraction of gas in solution. The total-mass fraction of gas was a function of tern-
perature and tirmne, and the mass fraction of gas not in solution gave reasonable predic-
tions of the overdll density. The mass fraction of gas was constrained to increase with

time, and more measurements of the density at different pressures would increase the
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accuracy of this model. Figures 8.1 and 8.2 show the mass fraction of gas in the reser-
voir versus time, and the standard deviation of the prediction of the density in the
reservoir based on Equations 85 and 8.6. By developing this model of the overall
density, one degree of freedom for the simplified, two-phase, two-component systern

was removed.

In Section 7.4, the momentum equation was re-examined with the model for the
density incduded. By taking a definition for the mean viscosity of the fluid as a func-
tion of the viscosities of the liquid and the gas and as a function of the volume frac-
tions of the liquid and the gas, several closed-form solutions of the momentum equa-
tion were generated. These solutions showed pressure distributions that were not
linear, as expected, though the deviations from linearity were quite small. One partic-

ular function for the mean viscosity (&),
B=oglgtogry (8.7)

where y; and p, are the viscosities of the liquid and gas, respectively, and o; and oy
are the volume fractions of the liquid and gas, respectively, was applied to the viscos-
ity data, and the results are given in Table 8.1. Under the flow conditions of the coal-
rheology experiment, the non-linear term in the solution of the pressure distribution

was insignificant, and, therefore, the solution was written as

'_(Po"Pi)— (88)

o (1+7y)

where 7 is the mass-flow rate, 7, is the radius of the capillary tube, and p, is the den-
sity of the liquid phase. Equation 8.8 allowed measurement of the viscosity of the
liquid from experiments on gas-liquid capillary flow. Though the application of this
solution of the momentum equation appeared quite reasonable, the results were

affected by an arbitrary selection of the form of a mean viscosity.
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8.2 Condlusions

The major conclusions related to the initial goals of this investigation are listed

below.
1. The capillary rheometer provided quantitative measurements of the overall viscos-
ity of coal in its plastic state with the following relationship:

_1° —(B-R)A

=20l | (8.9)

where p is the overall viscosity, and @; is the volumetric flow rate at the entrence
to the capillary tube. The empirical representation of the overall viscosity had a
standard deviationn of less than twenty percent. The accuracy of these measure-
ments was quite good for multi-phase flow, and it was transition from frothy flow
to slug flow that prevented even greater accuracy. Though measurements of the
overall viscosity were dependent upon the conditions under which the experi-
ments were conducted, these results indicated a significant improvement over the
qualitative measurements of fluidity made by the Gieseler plastometer. Cormn-
parison of these results with measurements made with a plastometer was not pos-
sible because the relationship between a plastormneter measuremnent and viscosity is

complex and unknown.

2. The differences between the measurements made with the capillary rheometer and
the measurments made with a Gieseler plastoreter were most noticeable in their
descriptions of the ttansi’tibn from no flow to flow at the maximum flow rate.
The plastometer indicated that this transition occurred over a time period of
twenty minutes, while the capillary rheometer showed a time period of transition
of about twenty seconds. In addition, the plastometer showed decreasing viscosity
until the effects of coking began to increase the viscosity. The capillary rheome-

ter, in contrast, measured a constant viscosity once transition had occurred.
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These measurements by the capillary rheometer were quite short, however, last-
ing about forty seconds at 410 °C and ten seconds at 450 °C. This different
description of transition was atiributable to the superior heat-transfer characteris-
tics of the capillary rheometer, and suggests that a large number of theories on
coal in its plastic state*5689.13 must be revised.

. A review of the theory of two-phase flow did not uncover an accurate method of
determining the viscosity of the liquid. The correlations reviewed by Idsigna® and
Husain® were developed for flow conditions so different from the flow of coal
that use of these correlations was questionable. In general, the gas produced by
decomposition made the overall viscosity less than the viscosity of the continuous

phase.

. Development of a model for the density of the coal in Section 7.3, and selection
of a form for the meean viscosily in Section 7.4, resulted in a solution of the
momentum equation that was specifically tailored for the flow of coal in a capillary
tube. Use of the density model,

o= EL(EI'EL , (8.5)
£l +1
F
resulted in the solution for the pressure drop:
Brig, L
~(B-R)=— (8.8)

B 7l +Tg)

The viscosity of the liquid was calculated from this solution and the experimental
data, and this result was independent of the conditions under which the experi-
ment was performed. Though the experimental data may not be used to confirm
or deny the validity of this solution, comparison of this solution with the correla-
tions discussed in Chapter 6 showed that this solution was reasonable, well-
behaved, and appropriate.
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The plasticity of coal has piqued the curiosity of researchers for almost a hundred
years. The development of an instrument that allows a quantitative description of this
plasticity is important in many ways. The descriptions of plasticity and the transition
to plasticity provided by this instrument will be of great interest to the chemists and
chemnical engineers who are concerned with the basic structure of coal. The overall
viscosity data and the estimates of the viscosity of the liquid phase will enable the
design of equipment to take advantage of the temporary fluidity of biturninous coals.
Finally, the application with perhaps the greatest potential would be the treatrment of
coal in its plastic state to reduce its pollutants and improve its usefulness as an alter-
nate fossil fuel. The predictions of pressure drops and transition to plasticity are

essential in the development of these applications.

Table 8.1 Surnmary of the Viscosity M easurernents
Temperature | Pressure Gas Volume | Overall Liguid Viscosity
Drop Fraction * Viscosity | L and M | D ensity M odel
(°Celsius) ( bars ) | (poise) (poise) (poise)
410 53.0 0.41 356 4980 603
410 70.6 0.33 586 710 875
410 106 0.14 528 4908 614
410 141 0.01 494 404 499
450 35.3 0.68 34 86 106
450 53.0 0.47 53 87 100
450 70.6 0.42 65 91 112
450 88.3 0.19 65 85 80

* at the entrance to the capillary tube and during constant flow

** oorrelation of Lockhart and M artinelli®
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Appendix A

Density D ata

The overall density was computed from the mass of the sample and the volume of
the reservoir. The volume of the reservoir was a function of time, and was computed
as a cylinder with a radius of 1.0 centimeter and a height given by the position of the
piston head. Each sample was a Pitt 8 coal, and the data were taken at the indicated
temperatures, pressures, and samp]ing rates. 'Time starts at’' indicates the period of
time that ooccurred between insertion of the sample and initiation of the collection of
data. Nominal pressure is converted to absolute pressure with the following two rela-
tionships:

F=n3.22X (F+147)X Cp_cgs  dipnes (2.1)

where F, is the force, F, is the nominal pressure, and Cg-cgs converted psi to dynes

per centimeter squared, and

Fp e
Retm OF (22)

where F. is the pressure in the reservoir, and £, is the radius of the resevoir.

density run
run number 11
sampling interval (seconds) 30.00
nominal pressure (psig) 100.00
termperature 408.0
time starts al ninety secs
mass (grams) 1.9779
position of piston head (centimeters)
0.675 0.683 0.700 0.700 0.718 0.742 0.758 0.783 0.800 0.812
0.825 0.852 0.858 0.868 0.882 0.887 0.900 0.917 0.925 0.932
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0.938 0.947

density run not used
run number 12
sampling interval (seconds) 30.00
niomninal pressure (psig) 100.00
temperature 408.0
time starts at ninety secs
mass (grams) 1.8704
position of piston head (centimeters)
0.720 0.720 0.742 0.767 0.775 0.775 0.775 0.785 0.803 0.827
0.842 0.863 0.872 0.882 0.890 0.913 0.218 0.928 0.937 0.948

density run not used
run number 13
sampling interval (seconds) 30.00
nominal pressure (psig) 100.00
temperature 408.0
time starts at ninety secs
meass (grams) 1.3740
position of piston head (centimeters)
0.382 0.393 0.397 0.405 0.410 0.417 0.420 0.425 0.430 0.433

0.437 0.443 0.447 0.450 0.458 0.467

density run
run number 14
sampling interval (seconds) 30.00
nominal pressure (psig) 100.00

temperature 408.0
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time starts at ninety secs

mass (grams) 1.3730

position of piston head (centimeters)

0.442 0.462 0.482 0.498 0.517 0.530 0.56R 0.575 0.587 0.598
0.608 0.620 0.633

density run
run number 15
sampling interval (seconds) 30.00
nominal pressure (psig) 100.00
temperature 408.0
time starts at ninety secs
mass (grams) 1.3734
position of piston head (centimeters)
0.410 0.422 0.432 0.442 0.450 0.482 0.470 0.480 0.488 0.502
0.513 0.525 0.533 0.545

density run not used
run number 17
sampling interval (seconds) 30.00
nominal pressure (psig) 100.00
temperature 410.0
time starts at ninety secs
mass (grams) 1.2780
position of piston head (centimeters)
0.363 0.377 0.383 0.392 0.398 0.405 0.415 0.427 0.437 0.445
0.436

density run
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run number 18

sampling interval (seconds) 30.00

nominal pressure (psig) 100.00

temperature 408.0

tirne starts at ninety secs

mass (grams) 1.2830

position of piston head (centimeters)

0.417 0.428 0.433 0.435 0.438 0.450 0.457 0.472 0.483 0.497
0.505 0.515 0.520

density run not used
run nurnber 20
sampling interval (seconds) 30.00
nominal pressure (psig) 100.00
ternperature 410.0
time starts at ninety secs
mass (grams) 1.3090
position of piston head (centimeters)
0.457 0.477 0.478 0.478 0.478 0.488 0.503 0.518 0.530 0.542

0.557 0.565 0.577 0.587 0.600 0.610 0.618

density run
run number 23
sampling interval (seconds) 30.00
nominal pressure (psig) 150.00
ternperature 410.0
time starts at ninety secs
mass (grams) 1.3034
position of piston head (centimeters)
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0.353 0.353 0.355 0.362 0.372 0.378 0.382 0.400 0.408 0.415

0.425 0.430 0.438 0.443 0.452

density run
run number 24
sampling interval (seconds) 30.00
norninal pressure (psig) 150.00
temperature 410.0
time starts at ninety secs
mess (grams) 1.1488
position of piston head (centirmeters)
0.323 0.333 0.342 0.350 0.358 0.367 0.375 0.383 0.380 0.397

0.405 0.412 0.420 0.425 0.430

density run not used
run number 22
sampling interval (seconds) 30.00
nominal pressure (psig) 150.00
temperature 410.0 |
tirme starts at ninety secs
mass (grams) 1.3240
position of piston head (centimeters)
0.273 0.275 0.280 0.282 0.300 0.307 0.317 0.325 0.332 0.340
0.347 0.353 0.360 0.367 0.373 0.380

density run
run number 25
sampling interval (seconds) 30.00

nominal pressure (psig) 150.00
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temperature 410.0
tirme starts at ninety secs

mess (grams) 1.2769

position of piston head (centimeters)

0.342 0.342 0.352 0.353 0.363 0.377 0.383 0.385 0.403 0.408
0.415 0.423 0.432 0.438 0.445 0.448 0.455

density run not used
run number 26
sampling interval (seconds) 30.00
nominal pressure (psig) 200.00
termperature 410.0
time starts al ninety secs
mass (grams) 1.2766
position of piston head (centimeters)
0.347 0.353 0.362 0.363 0.373 0.378 0.388 0.395 0.400 0.407
0.413 0.418 0.422 0.427

density run
run rumber 27
sampling interval (seconds) 30.00
nominal pressure (psig) 200.00
termnperature 410.0
tirne starts at ninety secs
mass (grams) 1.2698
position of piston head (centimeters)
0.298 0.310 0.328 0.337 0.338 0.358 0.363 0.373 0.378 0.378
0.383 0.392
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density run
run number 29
sampling interval (seconds) 30.00
nominal pressure (psig) 200.00
termnperature 410.0
time starts at ninety secs
mass (gramns) 1.3197
position of piston head (centimeters)
0.318 0.328 0.343 0.367 0.373 0.373 0.393 0.400 0.408 0415
0.422 0.427 0.433 0.440 0.443 0.450

density run not used
run number 30
sarmpling interval (seconds) 30.00
nominal pressure (psig) 200.00
temperature 410.0
time starts at ninety secs
mass (grams) 1.3624
position of piston head (centimeters)
0.305 0.293 0.288 0.305 0.338 0.342 0.348 0.353 0.372 0.378
0.363 0.390 0.395 0.403 0.408 0.413

density run
run number 31
sampling interval (seconds) 30.00
norminal pressure (psig) 75.00
temperature 410.0
time starts at ninety secs

mass {(grams) 1.1117
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position of piston head (centimeters)
0.357 0.378 0.402 0.422 0.440 0.458 0.477 0.495 0.510 0.523

0.537 0.550 0.563 0.577 0.587 0.600

density run not used
run number 32
sampling interval (seconds) 30.00
norminal pressure (psig) 75.00
temperature 410.0
firne starts at ninety secs
mass (grams) 1.1024
position of piston head (centimeters)
0.315 0.330 0.345 0.358 0.388 0.383 0.403 0.422 0.438 0.455

0.465 0.478 0.485 0.510 0.522 0.532 0.542

density run
run number 35
sarmpling interval (seconds) 5.00
nominal pressure (psig) SO.bO
ternperature 450.0
timne starts at forty seconds
mass (grams) 1.1029
position of piston head (centimeters)
0.342 0.373 0.397 0.435 0.483 0.487 0.512 0.538 0.558 0.577

0.580 0.602 0.613 0.628 0.637 0.650
density run

run nurmber 36

sarmpling interval (seconds) 10.00
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norninal pressure (psig) 50.00

ternperature 450.0

time starts at forty secs

mess (grams) 0.8040

position of piston head (centimeters)

0.278 0.2683 0.365 0.438 0.485 0.525 0.563 0.588 0.617 0.840

0.667 0.688

demnsity run
run number 38
sampling interval (seconds) 5.00
niorninal pressure (psig) 50.00
temperature 450.0
time starts at forty secs
Imess (grams) 1.1457
position of piston head (centimeters)

0.388 0.427 0.468 0.507 0.542 0.577 0.845 0.673 0.705 0.728

density run
run number 33
sampling interval (seconds) 30.00
norminal pressure (psig) 75.00
ternperature 410.0
time starts at ninety secs
mess (grams) 1.2112
position of piston head (centimeters)
0.445 0.475 0.498 0.525 0.545 0.563 0.580 0.597 0.612 0.628

0.643 0.657 0.670 0.683 0.693 0.705
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density run not used
run number 34
sampling interval (seconds) 30.00
nominal pressure (psig) 75.00
temperature 410.0
time starts at ninety secs
mass (grams) 1.1834
position of piston head (centimeters)
0.357 0.405 0.427 0.448 0.487 0.480 0.492 0.505 0.525 0.540
0.5563 0.665 0.577 0.590 0.603 0.612 0.622 0.632 0.640 0.645

density run
run number 39
sampling interval (seconds) 10.00
normninal pressure (psig) 100.00
temperature 450.0
time starts al ninety secs
mass (grams) 1.1048
position of piston head (centimeters)
0.497 0.498 0.500 0.522 0.542 0.562 0.583 0.597 0.622 0.658

0.677 0.688 0.700 0.712

density run
run number 40
sampling interval (seconds) 10.00
nominal pressure (psig) 100.00
termperature 450.0
tirne starts at ninety secs

mass (grams) 1.0128
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position of piston head (centimeters)
0,528 0.527 0.527 0.54R 0.553 0.575 0.590 0.603 0.817 0.635
0.650 0.663 0.675 0.687 0.695 0.707 0.715

density run
run number 41
sampling interval (seconds) 10.00
nominal pressure (psig) 75.00
temperature 450.0
timne starts at ninety secs
mass (grams) 1.0358
position of piston head (centimeters)
0.583 0.583 0.585 0.607 0.633 0.658 0.678 0.703 0.725 0.745

0.770 0.785 C.805

density run
run nurnber 42
sampling interval (seconds) 10.00
nominal pressure (psig) 125.00
temperature 450.0
time starts at ninety secs '
mess (grams) 1.1123
position of piston head (centimeters)
0.375 0.375 0.378 0.397 0.402 0.417 0.433 0.442 0.460 0470

0.483 0.493 0.500 0.510 0.518 0.525
density run

run number 43

sampling interval (seconds) 10.00
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nominal pressure (psig) 125.00

temperature 450.0

timme starts at ninety secs

mass (grams) 0.9131

position of piston head (centimeters)

0.300 0.305 0.307 0.338 0.357 0.372 0.387 0.398 0.410 0.423

0.433 0.443 0.457 0.467 0.477 0.487 0.485 0.505 0.512

density run
run number 44
sampling interval (seconds) 10.00
nominal pressure {psig) 75.00
termperature 450.0
tirne starts at ninety secs
mass (grams) 1.0231
position of piston head (centimeters)
0.518 0.518 0.518 0.520 0.547 0.572 0.593 0.612 0.628 0.643
0.657 0.675 0.690‘ 0.687 0.708 0.723 0.730 0.740 0.750 0.760

0.773

density run
run number 45
sampling interval (seconds) 10.00
nominal pressure {psig) 100.00
termnperature 450.0
time starts at ninety secs
mass (grams) 0.9856
position of piston head (centimeters)

0.417 0.41'7 0.422 0.443 0.462 0.480 0.497 0.510 0.525 0.540
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0.552 0.565 0.573 0.585 0.593 0.605 0.612 0.622
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A ppendix B

Viscosity D ata

The volumetric flow rate was computed from the time rate of change of the
volumne of the reservoir, separate measurements of the density, and the radius of the
capillary tube, 0.026 centimeter. The volume of the reservoir was a function of time,
and was computed as a cylinder with a radius of 1.0 centimeter and a height given by
the position of the piston head. Each sample was a Pitt 8 coal, and the data were
taken at the indicated temperatures, pressures, and sampling rates. 'Time starts at”
indicates the pericd of time that occurred between insertion of the sample and initia-
tion of the collection of data Nominal pressure is converted to pressure drop with the

following two relationships:
F=n3.2*X BX Cp_cgs dynes (2.1)
where F,, is the force, F,; is the nominal pressure, and Cg-pgs converted psi to dynes

per centimeter squared, and

p=-t2_ dpes (2.2)

R om?

where F. is the pressure drdp, and R, is the radius of the resevoir. The relationships

between volumetric flow rate, pressure drop, and viscosity were given in Chapter 4.

viscosity run not used
run number 75
sampling interval (seconds) 5.00
nominal pressure (psig) 100.00
temperature 410.0
time starts at ninety secs
mass (grams) 0.0000
position of piston head (centimeters)
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0.437 0.437 0.437 0.437 0.437 0.437 0.435 0.432 0.428 0.418
0.412 0.403 0.395 0.380 0.368 0.343 0.322 0.317 0.300 0.280
0.255 0.238 0.208 0.190 0.162 0.135 0.085 0.080 0.050 0.013

viscosity run not used
run number 76
sampling interval (seconds) 5.00
nominal pressure (psig) 100.00
ternperature 410.0
time starts at ninety secs
mass (grams) 0.0000
position of piston head (centimeters)
0.503 0.507 0.508 0.508 0.508 0.508 0.508 0.505 0.498 0.480
0.480 0.463 0.443 0.418 0.388 0.347 0.362 0.340 0.320 0.297
0.278 0.263 0.243 0.223 0.208 0.187 0.168 0.145 0.128 0.112

0.097

viscosity run
run number 77 .
sampling interval (seconds) 5.00
nominal pressure (psig) 100.00
temperature 410.0
time staris at ninety secs
mass (grams) 0.0000
position of piston head (centimeters)
0.403 0.403 0.403 0.403 0.403 0.402 0.400 0.398 0.395 0.392
0.387 0.378 0.370 0.362 0.353 0.343 0.335 0.325 0.313 0.305
0.280 0.278 0.268 0.255 0.242 0.227 0.210 0.193 0.178 0.162

0.147 0.130 0.112 0.095 0.082 0.068 0.0565 0.043 0.033 0.028
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0.023 0.017

viscosity run
run number 78
sampling interval (seconds) 5.00
nominal pressure (psig) 100.00
temperature 410.0
time starts at ninety secs
mass (grams) 0.0000
position of piston head (centimeters)
0.4130.413 0413 0413 0.413 0.412 0412 0.412 0.410 0.407
0.403 0.395 0.383 0.378 0.348 0.337 0.338 0.345 0.335 0.323
0.312 0.285 0.280 0.272 0.2067 0.237 0.223 0.205 0.188 0.173
0.158 0.140 0.125 0.110 0.095 0.080 0.070 0.057 0.047 0.040
0.033 0.028 0.027 0.025

viscosity run
run number 79
sampling interval {seconds) = 5.00
neminal pressure (psig) 75.00
ternperature 410.0
time starts at ninety secs
mass (grams) 0.0000
position of piston head (centimeters)
0.487 0.485 0.483 0.478 0.472 0.463 0.453 0.443 0.425 0.415
0.405 0.370 0.372 0.357 0.340 0.323 0.302 0.252 0.270 0.255
0.235 0.207 0.195 0.178 0.155 0.140 0.120 0.103 0.082 0.078

0.072 0.062 0.057 0.047
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viscosity run
run number 80
sampling interval (seconds) 5.00
nominal pressure (psig) 75.00
temperature 410.0
time starts at ninety secs
mass (grams) 0.0000
position of piston head (centimeters)
0.418 0.417 0.417 0.410 0.407 0.397 0.393 0.407 0.403 0.383
0.358 0.350 0.352 0.358 0.348 0.328 0.312 0.305 0.275 0.262
0.283 0.252 0.247 0.212 0.195 0.180 0.122 0.143 0.128 0.110
0.103 0.097 0.080 0.082 0.078 0.075 0.072 0.068 G.065 0.063

0.062 0.060 0.058

viscosity run
run number 81
sarmpling interval (seconds) 2.00
norminal pressure (psig) 200.00
temperature 410.0
timne starts at ninety secs
mass (grams) 0.0000
position of piston head (centimeters)
0.238 0.217 0.207 0.190 0.167 0.153 0.138 0.123 0.107 0.100
0.088 0.077 0.060 0.047 0.047 0.038 0.032

viscosity run
Tun number 82
sarmpling interval (seconds) 5.00

niorninal pressure (psig) 150.00
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termnperature 410.0

time starts at ninety secs

mass (grams) 0.0000

position of piston head (centimeters)

0.347 0.327 0.307 0.282 0.257 0.220 0.200 0.172 0.137 0.107
0.082 0.063 0.052 0.043 0.040

viscosity run
run number 83
sampling interval (seconds) 5.00
nominal pressure (psig) 150.00
temperature 410.0
time starts at ninety secs
mass (grams) 0.0000
position of piston head (centimeters)
0.345 0.303 0.275 0.275 0.248 0.220 0.202 0.153 0.122 0.088
0.065 0.055 0.040 0.033 0.028

viscosity run -
run iumber 84
sampling interval (seconds) 5.00
nominal pressure (psig) 150.00
temperature 410.0
time starts at ninety secs
mass (grams) 0.0000
position of piston head (centimeters)
0.383 0.375 0.362 0.348 0.333 0.298 0.292 0.272 0.248 0.222
0.212 0.162 0.133 0.107 0.077 0.042 0.048 0.037
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viscosity run
run number 85
sampling interval (seconds) 2.00
normninal pressure (psig) 50.00
temperature 450.0
time starts at ninety secs
mass (grams) 1.6320
position of piston head (centimeters)
0.687 0.693 0.685 0.658 0.628 0.595 0.562 0.528 0.498 0.463
0.397 0.322 0.168 0.128 0.112 0.102 0.088

viscosity run
run number 87
sarmpling interval (seconds) 2.00
normmninal pressure (psig) 50.00
temperature 450.0
time starts at ninety secs
mass (grams) 1.6518
position of piston head (centimeters)
0.673 0.678 0.678 0.678 0.678 0.675 0.658 0.612 0.568 0.520
0.442 0.358 0.275 0.107 0.083 0.050

viscosity run
run number 89
sampling interval (seconds) 1.00
nominal pressure (psig) 100.00
termnperature 450.0
time starts at ninety secs

mass (grams) 1.0831
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position of piston head (centimeters)
0.333 0.310 0.292 0.275 0.260 0.243 0.232 0.215 0.200 0.187
0.1730.153 0.140 0.128 0.113

viscosity run
run number 90
sampling interval (seconds) £2.00
nominal pressure (psig) 100.00
ternperature 450.0
time starts at ninety secs
mass (grams) 1.6195
position of piston head {centimeters)
0.800 0.600 0.600 0.600 0.597 0.583 0.567 0.548 0.525 0.482

0.457 0.400 0.350 0.323 0.273 0.237 0.183 0.127

viscosity run
run number 91
sampling interval (seconds) 2.00
niominal pressure (psig) 125.00
temperature 450.0
titne starts at ninety secs
mass (gramns) 1.5854
position of piston head (centimeters)
0.537 0.525 0.513 0.490 0.460 0.422 0.367 0.307 0.240 0.168

0.108
viseosity run

run niumber 92

sarmpling interval (seconds) 2.00
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nomminal pressure (psig) 125.00

temperature 450.0

time starts at ninety secs

mass (grams) 1.6714

position of piston head (centimeters)

0.562 0.562 0.562 0.545 0.530 0.508 0.473 0.420 0.363 0.267

0.208 0.138 0.072

viscosity run
run number 94
sarmpling interval (seconds) 1.00
nominal pressure (psig) 75.00
temperature 450.0
time starts at ninety secs
mass (grams) 1.4348
position of piston head (centimeters)
0.568 0.553 0.535 0.518 0.498 0.477 0.462 0.442 0.423 0.400
0.378 0.362 0.340 0.325 0.308 0.272 0.245 0.222

viscosity run
run number 95
sampling interval (seconds) 1.00
nominal pressure (psig) 75.00
temperature 450.0
time starts at ninety secs
mass (grams) 1.3717
position of piston head (centimeters)
0.512 0.487 0.468 0.450 0.428 0.410 0.388 0.360 0.328 0.283
0.262 0.220 0.203 0.188



A sample of Gieseler plastometer data

coal by Lloyd.4
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