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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 objectives.
Separate measurements 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 t.h.e accuracy 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 twocomponent., two-phase, liquid-gas system Various correlations found in the literature
were applied to the overall Viscosity data, and estimates of the viscosity of the liquid
phase were made. A constitutive relationship for the density as a function of temperature, 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 viscosities of the liquid and the gas, and the volume fractions of the
liquid and the gas. Because of the rrngnitude of the volume fraction of gas, the
viscosity of the liquid phase was greater than the overall viscosity of the mixture.
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"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

-vList of Symbols
a

ronst.ant fitted to llie data

A

area
cross-sectional area of llie capillary tube
area of llie piston head
ronst.ant fitted to llie data
intermediate result (Equation 4.65)

c

oonstant fitted to llie data

c

circumference of llie capillary tube

CE-CGS

oonversion factor, psi to dynes/crn3

C1

wetted circumference

Cg

circumference in contact willi gas

Ci

circumference in contact willi liquid

Ci

constant of integration

a.A

elemental surface-area vector

E

net volumetric force due to evaporation

F

force

Fp

force excerted on llie piston

g

gravitational acceleration constant
gravitational acceleration vector
forces related to the gravitational field
total-mass velocity
position of llie piston head
inertia force of llie gas
inertia force of llie liquid
constant fitted to llie experimental data
constant defined by Equation 7.26

-vi-

oonstant defined by Equation 7.'2:7
oonstant defined in Equation 6.18
length of the capillary tube
mass-flow rate
mass of the liquid and solid phases
tot.al mass of the ooal sample
mass-flow rate into the capillary tube
mass-flow rate out of the capillary tube
pressure
pressure in the hydraulic cylinder
pressure at the entrance to the capillary tube
pressure at the exit of the capillary tube
pressure in the reseiv oir
constant defined by Equation 7.2
volumetric flow rate
volumetric flow rate into the capillary
vollimetric flow rate of the liquid
volumetric flow rate at the exit to the capillary tube
r

radial variable
mass fraction of gas not in solution
radius of the capillary tube
tot.al-mass fraction of gas

R

function of radius only (Equation 3.2)
radius of the reseivoir
specific gas constant

t

temporal variable

tu

time at the

start of constant-flow rate

-vii~

time at the end of coTu:."iant-fiow rate
initial time
T

temperature
temperature at the centerline of the capillary tube
initial or boundary temperature

temperature at the wall
u

velocity in the axial direction

-+

velocity vector

u

intermediate result (Equation 4.62)
velocity of tile piston head

u

relative velocity of a bubble in a liquid

v

instantaneous volume of the reservoir
volume of the capillary tube
reservoir volume occupied by the liquid and solid phases
instantaneous volume of the reservoir and tile capillary tube

w

intermediate result (Equation 4.63)
intermediate result (Equation 4.68)

z

axial variable

a constant (Equation 4.61)
volume fraction of gas
length-averaged volume fraction of gas
volume fraction of gas at the entrance to the capillary tube
volume fraction of gas at the exit of the capillary tube
volwne fraction of liquid
{3

bubble radius
separation constant (Equation 3.3)
thermal diffusivity

-viiirp

correlation function

p

overall density

p

length-averaged overall density

Po

density of a bubble

Pi

density at the entrance to the capillary tube

Pt

density of the liquid phase

Po

density at the exit of the capillary tube

Pr

overall density in the reseivo:ir

e

function of time only (Equation 3.2)
shear stress
shear stress tensor
shear stress in the axial d:irection acting on the r-nonnal plane
shear stress at the wall of the capillary tube
length-averaged shear stress at the wall
shear stress at the wall exerted by the gas
shear stress at the wall exerted by the liquid
shear stress acting in the axial d:irection and on the axial plane
apparent viscosity
mean-apparent viscosity
constant defined by Equation 6.26
viscosity of the gas
viscosity of the liquid
initial viscosity (Equation 2.3)
true viscosity
overall viscosizy of a two-phase mixture

11

kinematic viscosity
mass-flow rate

-ixmass-ft.ow rate of the gas
mass-ft.ow rate of the liquid

x

correlation variable

-x-

FIGURE

CAPTIONS

Figure 2.1

Schematic diagram of the experimental equipment.

Figure 2.2

Detailed diagram of piston-head system.

Figure 2.3

Detailed diagram of viscometer-block system.

Figure 2.4

The viscosity of a calibration standard versus
temperature.

Figure 3.1

The density of a Pitt 8 coal at 410°C and a nominal
pressure of 75 psi.

Figure 3.2

The density of a Pitt 8 coal at 410°c and a nominal
pressure of 100 psi.

Figure 3. 3

The density of a Pitt 8 coal at 4100C and a nominal
pressure of 150 psi.

Figure 3.4

The density of a Pitt 8 coal at 410°c and a nominal
pressure of 200 psi.

Figure 3.5

The density of a Pitt 8 coal at 450°c and a nominal
pressure of 50 psi.

Figure 3.6

The density of a Pitt 8 coal at 450°c and a nominal
pressure of 75 psi.

Figure 3.7

The density of a Pitt 8 coal at 450°c and a nominal
pressure of 100 psi.

Figure 3.8

The density of a Pitt 8 coal at 450°c and a nominal
pressure of 125 psi.

Figure 3.9

The volume fraction of gas versus time at a nominal
pressure of 75 psi.

Figure 3.10

The volume fraction of gas versus time at a nominal
pressure of 100 psi.

Figure 5.1

The viscosity of a Pitt 8 coal at 410°C and a nominal
pressure drop of 75 psi.

Figure 5.2

The viscosity of a Pitt 8 coal at 410°C and a nominal
pressure drop of 100 psi.

-xiFigure 5.3

The viscosity of a Pitt 8 coal at 410°c and a nominal
pressure drop of 150 psi.

Figure 5.4

The viscosity of a Pitt 8 coal at 410°C and a nominal
pressure drop of 200 psi.

Figure 5.5

The viscosity of a Pitt 8 coal versus time at 450°c
and a nominal pressure drop of 50 psi.

Figure 5.6

The viscosity of a Pitt 8 coal at 450°C and a nominal
pressure drop of 75 psi.

Figure 5.7

The viscosity of a Pitt 8 coal at 450°c and a nominal
pressure ~iop of 100 psi.

Figure 5.8

The viscosity of a Pitt 8 coal versus time at 450°c
and a nominal pressure drop of 125 psi.

Figure 5.9

The overall viscosity of a Pitt 8 coal versus
nominal pressure drop.

Figure 8.1

The total-mass fraction of gas versus time and the
standard deviation of the prediction of the overall
density based on total-mass fraction of gas in the
reservoir at 410°c.

Figure 8.2

The total-mass fraction of gas in the reservoir versus
time and the standard deviation of the prediction of
the overall density based on the total-mass fraction
of gas at 450°c.

-xiiLIST OF TABLE HEADINGS
Table 2.1

Characterization of the Pitt 8 Coal

Table 3.1

An Empirical Fit to the Measurement of the Density

Table 4.1

The Maximum Values of Various Measured Quantities

Table 4.2

The Magnitude of Various Terms in the Momentum Equation

Table 4.3

The Modeling of Potential, Experimental Errors

Table 5.1

An Empirical Fit to the Measurements of Overall Viscosity

Table 5.2

The Mean, Overall Viscosity

Table 5.3

An Estimate of the Time Rate of Change of Viscosity

Table 6.1

An Estimate of the Viscosity of the Liquid Based on
the Correlation by Lockhart and Martinelli

Table 6.2

An Estimate of the Viscosity of the Liquid Based on
the Correlation by Happel

Table 6.3

An Estimate of the Viscosity of the Liquid Based on
the Correlation by Husain

Table 6.4

A Summary of the Estimates of the Viscosity of the
Liquid

Table 7.1

Estimate of the Mass Fraction of Gas in the Reservoir
at 410°c.

Table 7.2

Estimate of the Mass Fraction of Gas in the Reservoir
at 450°c.

Table 7.3

The Mass Fraction of Gas Not in Solution

Table 7.4

An Estimate of the Viscosity of the Liquid

Table 8.1

Summary of the Viscosity Measurements

-xiiiTABLE OF CONTENTS
Page
ACKNOWLEDGMENTS

ii

ABSTRACT

iii

LIST OF SYMBOLS

v

LIST OF FIGURE CAPTIONS

x

LIST OF TABLE HEADINGS
TABLE OF CONTENTS
CHAPTER 1:

xii
xiii
1

1.1

Introduction

1

1.2

Overview

1

1.3

History of the Measurement of the
Fluidity of Coal

2

1.4

History of the Experimental Apparatus

4

1.5

Goals

5

1.6

Assumptions

6

CHAPTER 2:

8

2.1

Introduction

8

2.2

Overview

8

2.3

Coal Characterization

9

2.4

Starting Procedure

13

2.5

Pressure System

13

2.6

Piston-Head System

14

2.7

Viscometer-Block System

15

2.8

Thermal System

15

2.9

Density Calibration

15

-xiv2.10

Viscosity Calibration

CHAPTER 3:

16

19
3.1

Introduction

19

3.2

The Need for Density Measurements

19

3.3

Heat Transfer

19

3.4

Density Measurements

22

3.5

Volume Fraction of Gas

32

3.6

Conclusion

34

CHAPTER 4:

37

4.1

Introduction

37

4.2

Macroscopic Continuity Equation

37

4.3

Macroscopic Momentum Equation

41

4.4

Rate of Strain

47

4.5

Error Estimation

51

4.6

Conclusion

57

CHAPTER 5:

58
5.1

Introduction

58

5.2

Rheological Equations

58

5.3

Data

59

5.4

Behavior of the Overall, Apparent
Viscosity

71

5.5

The Rate of the Reduction of Viscosity

71

5.6

Conclusion

74
76

CHAPTER 6:

6.1

Introduction

76

6.2

The Two-Component, Two-Phase :Model

76

-xv6.3

Flow Regime Determination

77

6.4

Equations of Motion

78

6.5

Liquid-Gas Correlations

80

6.6

Conclusion

91

CHAPTER 7:

93
7.1

Introduction

93

7.2

The Two-Component, Two-Phase Model

93

7.3

Density Model

94

7.4

Viscosity Model

98

7.5

Conclusion

107

8.1

Summary and Results

108

8.2

Conclusions

114

CHAPTER 8:

LIST OF REFERENCES

120

APPENDIX A:

DENSITY DATA

125

APPENDIX B:

VISCOSITY DATA

138

APPENDIX C:

GIESELER PLASTOMETER DATA

146

- 1-

Chapter 1
1.1 Introch.J.dim

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 assumptions used are presented in chronological order.
1.2 Overview

Industrial interest in coal research varies inversely with the perceived supply of
other hydrocarbon sources, principally oil.

In countries with very large, proved

reserves, coal is the first source to be considered in times of scarcity and the last to
actually be used. The problems associated with large scale use of coal are plentiful.
The field of coal research, therefore, is wide open. G orbaty et. al. 1 discussed at length
the many and varied opportunities in coal research. In addition, they stated that:
"Mom .fimdmrrznJn1 lawvledf]e of coal (k:rovledge of 1Js sf:rudure and 1Js behavinr during
coal co711ETSinn processes) is essenJ:ial before

'l1E

can generolE new IEch:rolngiBs necessary for

fflE ef!ici:mi use of coal m fflE juhffe."

In order to understand better the behavior of bituminous coals upon rapid heating,
a new experimental technique has been developed and applied. With this technique, a
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small sample of coal is rapidly heated from room temperature to 410 °C to 450 °C.

0 nee isothermal conditions have been approximated, the experiment rontinues in a
manner similar to measurements with a capillary visrometer or rheometer. A pressure
gradient is applied by piston, and the velocity of the piston is determined by a measurement 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. 0 f rourse, rapidly heated roal is a very heterogeneous, multi-phase substance which undergoes many chemical changes. Although the equipment resembles

many ronventional capillary rheometers, the analytical procedure is much more romplex.
1.3 H isl.my of the M easuremmt of the Fluidify of Cool.

The :fluidity of rapidly heated, bituminous coals has been studied for the last fifty
years with one principal instrument, the Gieseler plastometer. This instrument was
developed by Gieseler2 in 1934, and with some minor modifications it is now an
A SI'M standard procedure3• Lloyd4 described the instrument's use with roal as follows:

"This mz!Jwd rrnaszns fhE resisfn:nce of a

'TfUBS

of UBU-p:u:iced, pul'Vfrl'i2£d coal fu fhE

rofr:diDn of a robble-comstirrer v.hidi is driven through a cansfanfrtorquB clukh."

The principle is that the speed of rotation should be some function of the viscosity of
the sample. Two criticisms are immediately apparent One is that the measurement is
only qualitative. Any attempt to make a quantitative measurement of viscosity based
on this extremely complicated flow would be hazardous at besl Second, there is a
free surface between the roal and the environment through which products of devolatilization will pass. No attempt was made to contain these gaseous products.
The temperature history of the coal sample is crucial to understanding and model;T"o...,.

n,o h"'h::ivkrr

of the cnal durin,g rapid heating. Of particular interest are the
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"isothermal" measurements made by Fitzgerald5, van Krevelen6, and Lloyd7. 8• 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
match the fluidity data well, the models can not be a:msidered any better than the data
upon which they were buill
Lloyd's7. 8 measurements on the Gieseler plastometer are of particular interest since
he measured a Pitt 8 ooal 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 isothermal oonditions were not significant when oompared to the fluidity time-scale of twenty

minutes. The data of van Krevelan, Huntjens and D ormans9 showed a very similar
time scale of fluidity with the maximum fluidity again oa:mring at ten to twenty
minutes. In all of these measurements, the maximum fluidity was followed by a
decrease in fluidity due to ooki.ng. Because the coking of bituminous coals is of vital
hnportance to the metallurgical industries, the time scale for coking may be independently oonfumed by various instruments. D avis 10 provided a good review of the ooking 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 aa::iuired from the Gieseler plastometer have been used for
physical and chemical modeling since its inception. Almost immediately, two different
interpretations of the increase in fluidity were enunciated. A udibert11 was the first to
suggest, even before the use of a plastometer, that the coal was melting. Waters 12
showed that the increase in fluidity measured by a G ieseler pla5tometer was reversible,
tl-.c"""l-..n <:!'11rrrrP!tlina l"mnP

sort of melting process. Fitzgerald5 thought the increase in
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fluidity was due to a intermediary product called a "rnetaplast". Van Krevelen and
Chermin13 and Lloyd7 built upon this chemical-change model. Lloyd8 even combined
the two processes of melting and ''metaplast'' to explain the plffitornetery 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. A 11 of the models
assumed that the concentration of either the ''metaplast" or the melted fraction was
proportional to the fluidity values. The actual flow, however, contained significant
volume fractions of gas and perhaps solids. The relationship, therefore, between a
metaplast or rneltable fraction and fluidity is complex and unknown.
1.4 H istary of the Experimental Apparatus

The first application of capillary-rheometer techniques to coal in its plastic state was
described by England and Ryason14 as pa.>t of the coal-pump project at JPL. Their
experimental work was intended to support the application and development of extrusion 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 Feinstein15
with a rheometer which had a capillary diameter of 0.053 centimeter and an approximate heat-up time of ninety seconds. The piston for this experiment was driven at a
co&'"iant velocity which was found to complicate greatly the rheological equations. A
modified form of this equipment was developed by Feinstein16• It applied a constant
force to the piston head by mearu; 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 instrument used in this investigation. It is discussed in more
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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.
1.5Gmls

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
bit1.uni.11ous coals in their plastic state. Included within this objective was deteIT!1Jnation 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 proa::ss design,
especially in the scaling of equipmenl
In order to establish the viscosity of the liquified roal, the fl.ow regime of this
multi-component, multi-phase fluid had to be estimated. Then the effect of the noncontinuous 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
volume 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 molecular Vfeight of the continuous phase.
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1.6 Assumptions

Because of the complexity in characterizing roal that is being rapidly heated, many
assumptions were necessary. Great efforts were made to m:inirnize 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 roal samples were similar. This assignment was difficult because
the variability of coal even within the same seam is often significant In addition, it
was assumed that the calibration runs for density and visrosity made at temperatures
less than 60 °C demonstrated significant

a~uracy

for the high temperatures enroun-

t.ered during measurements of the coal.
In Chapter 3, the assumption of thermal equilibrium aft.er runety seronds 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
roal was assumed to be a good estimate of the density of the solid and liquid phases.
It should be noted, however, that the assumption used to estimate the volume fraction of gas did not enter into the measurement of the overall, apparent viscosity.
In Chapter 4, the continuity and momentum equations were developed in macroscopic 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

~aular

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 measurement 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 6, a two-component, two-phase fluid was assumed 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 surf ace 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.
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Chapter2

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
improvements.
2.2 Overview
The measurement of the viscosity of a multicomponent, heterogenous, chernicallyreacting material is a difficult engineering challenge. When this material is coal, the
additional problems of coal variability, even within the same seam, aging, and preparation are encountered. Surprisingly, the final form of the equipment is a straight-

forward application of the technology of capillary rheomet.ry. The equipment was originally designed by Sam Feinstein of JPL. His major design objectives were stated as
15

1. retention of all decomposition products
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2. rapid and reproducible heating
3. unliorm and isothermal conditions after heating
4. measurement of bulk density under viscosity conditions for viscosity

5. constant monitoring of temperaure withln the viscometer block
The final configuration of the equipment is shown schematically in Figure 2.1. The
equipment is divided into five functional systems: control of pressure, temperature,
movement of piston head, operation of viscometer block, and introduction of coal
sample. Mechanically, the system is similar to a capillary rheometer with a constant
pressure-drop. Thermally, the system has the ability to maintain a constant high temperature, and the viscometer block provides a large thermal inertia for rapid heat-up
and aCX!Urate control of temperature. A dditiornilly, all components in contact with the
coal have high conduc+J.vity 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 encountered during a viscosity measurement
2.3 Coal Charad:.erization
M ost of the measured variables were independent of time. The variables were
temperature, 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 Pittsburgh Number 8 seam coal, refered to as Pitt 8, from West 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 performed by Dr. Lloyd and are given in Table 2.1. 17
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Table 2.1 Characterization of the Pitt 8 Coal17
Proximate
Properly

Percentage by Mass

Moisture

0.25

Ash

8.08

Volatile M alter

39.61

Fixed Carbon

52.06
Ultimate

Properly
Carbon

Percentage by M ass
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 piston head which established
the volume occupied by the roal and its decomposition products. The overall viscosity
of the heated roal was romputed from the data taken during a visrosity run. D ensity
data that were taken under the same ronditions were also used to rompute the overall
visrosity. The computation is discussed in detail in Chapter 4. Further analysis was
needed to include the effects of the multiphase nature of the heated roal. This
analysis is described in detail in Chapter 6.
Because of the strong dependence on time of the density and visrosity of heated
roal in the apparatus, it is important to understand how time was measured. Upan
insertion of the room-temperature coal into the high-temperature viscometer block,
the time was rerorded 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
L11e higher temperature

I'Uil$

to insure an adequate suppy of coal i...-ri the reservoir for

the viscosity measuremenl After 80 seconds, thermal equilibrium was assumed , 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 pressurized tank ronnected to a hydraulic cylinder whose piston was mechanically ronnected to the piston-head system A pressure gauge provided a measurement of the
pressure in the hydraulic cylinder. The reading of the pressure gauge was referred to
as the nominal pressure for all subsequent measurements. This measurement was
ronverted to the force provided by the piston in order to determine the absolute pres-
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sure ID the reservoir of the viscometer-block system The radius of the hydraulic
cyllnder was 3.2 centimeters, and the force transmitted to the piston head was given
by:
(2.1)

.Fp=7T3.z2x (.Pg+14.7)x CE-CGS dy7£s

where .Pp is the force, Pg is the pressure gauge reading, and

CE-CGS

ronverled the pres-

sure reading to the cgs system Two pressure regulators were arranged ID parallel and
were selected by a switch. This arrangement allowed two different pressures to be
avail.able for the schedule of heating described in the start-up section of this chapter.
2.6 Piston-Head System
The piston-head system accepted the force generated by the hydraulic cyllnder and
transmitted this force through a molybdenum rod to the reservoir in the vismmeterblock system. There was an electric heat.er which elevated Lhe piston head to Lhe run
temperature. Also connected to the electric heater were a controller and two thermocouples. Figure 2. 2 shows the details of the piston head and seal. The seal was cloth
of woven carbon fiber and had a thiclmess of 0.030 in. The material was manufactured by Durametallic Co:rpOration of Kalamazoo, Michigan and is called Graf oil. This
Grafoil seal was able to withstand the high temperatures and still retain the products
of deromposition. I ts sliding friction against the reservoir wall was negligible. The
piston head itself was made of brass to improve heat transfer. The ronical shape of
the piston head also improved heat transfer by increasing the surface area A llnear
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
rerorded on a strip-chart and provided the volume occupied by the coal in the reservoir. The force provided by the hydraulic cylinder produced a pressure in the reservoir based on the area of the piston head normal to the applied force:
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F.
~
P,.= rr RPa 2 cm,2

where

(2.2)

Pr is the pressure in the reservoir, and R is the radius of the resevoir.
0

2. 7 Visrometer-Block System
The viscometer system consisted of the reservoir, capillary tube, and thermocouples surrounded by an electric heater and insulation. The viscometer block was made
of molybdenum to facilitate 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 centimeters, 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 temperature
change was based on the thermal expansion coefficient

18

and was found to be not

significant for either measurement The reservoir was tapered to match the shape of
the piston head This shape also reduced the effect of any entrance losses due to constricting flow.

2.8 Thermal System
The temperature of the viscometer was controlled by an electric heater Vvith variable power. Thermocouple number 2 in Figure 2.3 provided the feedback for temperature 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 control. 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 ocnipied 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/c:m.3 with a standard
deviation of 0.0267 gm/cm3 . The published value 19 of the density of water at 23 ° C is
0.997538 gm/cm..3 . 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 provided by Canon Instruments44 are plotted.
The experimental results and the manufacturer's data were compared by independently fitting Lli.e function of fae form
(2.3)
where µ, and µ, 0 are viscosities, k is a constant, and T and T0 are temperatures, to each
group of data. A representai;ive point, µ, 0 and T0 , was chosen, and the constant k was
chosen to produce the minimum least-squares error. The Arrhenius equation20 might
have been more appropriate, but the manufacturer provided information on the
change of viscosity with temperature, and this information appeared to be worfu using.
The constant, k, represents a fractional rate of change of viscosity. This result may
easily been seen by differentiating Equation 2.3 to produce

(2.4)
The manufacturer reported that k 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

- 17 fit for viscosity in Equation 2.2 was 0.499 poise. The approximation is plotted in Figure 2.4 and labeled as Equation 2.5.
When Equation 2.3 was applied to tlle experimental results, k was found to be
-0.1085. The standard deviation of tlle viscosity for tl1is approxiamtion was 0.385
poise. This function is also plotted in Figure 2.4 and labeled as Equation 2.6.
To summarize, tlle rnanuf actuer' s data were fitted to tlle function
µ=µoe

-0.0B4(T-T.)

o

(2.5)

witll µ 0 =17.48 pYise and T0 =35.0 °C. The experimental data were fitted to tlle function
µ=µoe

-0.1085(T-7'. )

o

(2.6)

with p,0 =17.20 JDise and T0 =35.0°C.

Fjgw---e 2.4 indicates that the measu.1.""ements of t.."'1.e viscosity &'1.d temperature by
means of tlle capillary-rheometer system were reasonably aa;urate. The apparent
differences in tlle values for k are probably related to two factors. First, tlle leastsquares fit was based on an arbitrary point, µ 0 , T0 , which was not varied to reduce tlle
error. Also, tlle fit for tlle experimental data was weighted toward tlle lower temperatures because there were more measurements per temperature at the lower end.
Second, Equation 2.3 is not the best empirical function for tlle correlation of viscosity
and temperature. Although it might be possible to refme further the analysis of tlle
data. in order to provide a closer fit, tlle results of tlle calibration trials show a
sufficient accuracy relative to tlle expected performance of tlle equipment and to tlle
total error in tlle experiment

Figure 2.4.
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Chapter3
3.1 Inlrodudion

This chapter discusses the measurement of the density of coal in the modified
rheometer. The usefulness of independent measurements of density is outlined. The
temperature history of the coal sample is estimated, and actual density rneasurements
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
summarized.

3.2 The Need for Density M easu:rernents
The density of the coal upon rapid heating is a strong function of the type of coal,
temperature, reservoir pressure, and time. Measurement of the density under runconditions 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 heat the
sample rapidly. Its thermal history in the reservoir was estimated u.sIDg a simplified,
two-dimensional analysis. A ssurnptions 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 bottom. Neglect of the conic end
sections reduced the surf ace area available for heat tran..c;;f er without changing the total
volume. This procedure gave a conservative estimate of the rate of temperature rise,
i.e., a longer time to reach thermal equilibrium. Further, by considering the cylinder
to be of infinite length, a two-dimensional analysis was used so that the governing
energy equation was again conservatively estimated.
A nother simplification assumed no dependence of temperature on the angular
coordinate. This assumption is corrnnon for the symmetrical geometry under consideration. 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 bofu the areas available for heat transfer and
the maximum distance from a boundary.
The two-dimensional energy equation in cylindrical coordinates Vl'ith no heat
sources, no angular dependencies, and constant roefficients is given as
(3.1)
where r is the radial roordi..11ate, t is the time,

IC

is the thermal diffusivity of coal, and

T is the temperature. A ssume a product solution of the form:

T( r, t) =R (r)@ ,~ t)

where R is a function of radius only, and
separates to

e

(3.2)

is a function of time only. Equation 3.1
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a (r aR(r) )- _ 1 ae(t)
R(r)r ar
ar -"Y- tc9(t) at

(3.3)

where "Y is the separation constant. The solution of the tem]Xlral equation is exponenti.al, and the solution of the radial equation yields Bessel functions. Based on Carslaw
and Jaege:r2 1, the solution to Equation 3.1 is available with tile following boundary conditions:
T=25° C

for

T=To

for

t< 0,
t~

R0 ~ r~

0, r=R0

0

(3.4)
(3.5)

where R0 is tile radius of tile coal sample, and T0 is tile temperature applied at the
boundary. The thermal diffusivity of coal was estimated from Van Krevelen and
Schuye:r22 as 2.5x 10-3

3

cm

sec °C

. Based on this value, Equation 3.1, and the boundary

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 tilat would more closely
reflect both the areas available for heat transfer and the maximum distance to a boundary would be based on the two-dimensional, 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 correSJXlnding density of the sample of
0. 75 gm/c:m3 was used. W ith the same estimate of the thermal diffusivity as before,
the temperature 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 estimate of the temperature history tractable. The diffusivity of tile coal was assumed
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

- 22-

on the available data22 , the change in diffusivity would not significantly alter the estimates of the temperature history. Any endothermic or exothermic reactions, willle
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
change in overall diffusivity due to the presence of gaseous products was also
neglected because isothermal conditions were achieved before a significant volume of
gas had been produced. It would appear likely, based on these estimates of the temperature history, that the assumption of isothermal conditions after ninety seconds is
justified.
3.4 Density M easuremmts
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 -k:(t-~)

(3.6)

where Pr is the density in the reservoir, t is time, and a, b, k, and ta 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 fil This exponential fit was
chosen for convenience and did not imply any physical interpretation. These measurements 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 accuracy was prevented by a systematic error in the experimental procedure and efforts to
eliminate this error were unsuccessful.
Coal in the reservoir could be inspected by opening the piston and aborting a density 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 atmospheric caused gas

- 23pockets 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 assumption 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 Measurements of the D ensity
Temperature

Pressure

a

.

b ..

k'"

"ta ..

(°Celsius) (psig nominal) (gm/ems) (gm/ems) (1/second) (second)

Standard D eviation

(gm/ems)

410

200

0.86

0.47

0.0038

90

0.0045

410

150

0.60

0.56

0.0017

90

0.0058

410

100

0.48

0.51

0.0017

90

0.0060

410

75

0.51

0.39

0.0042

90

0.0054

450

125

0.33

0.64

0.0053

90

0.0055

450

100

0.30

0.41

0.0054

90

0.0059

450

75

0.36

0.26

0.0081

90

0.0057

450

50

0.31

0.23

0.0204

90

0.0090

"' constants fit to Equation 3.6, Pr(t)=a+be -k(t-t,,).
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3.5 Volume Fraction ol' Gas
One of the most important factors in measuring the viscosity of a multicomponent
system is the volume o<XUpied by the gaseous phase. Therefore the amount and
volume 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 standard temperature and pressure is approximately 1.2 gm/c:m3

.22

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 temperature only. The maximum density for the runs at 410 °C was measured as 1.32 gm/cm3
with a standard deviation of 0.057 gm/ems. The maximum density for the runs at
450 °C was measured as 1.14 gm/ems with a standard deviation of 0.032 gmlem3 . 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. Admittedly, the solid and
liquid phase probably changed density with increasing temperature. Large ( 50% )
density reductions will be considered, however, to be due to gas production only. Any
further therm.al 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, cxi , is given by
(3.7)
where VL is the volume o<XUpied 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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(3.8)
where Pr is the density in the reservoir, Pt is the density of the liquid and solid phase,
mi

is the mass of the solid and liquid phase, and

mt

is the total mass of the sample

measured at the beginning of the run. By assuming the ratio of masses to be unity,
Equation 3.8 becomes
Pr
Pi

(3.9)

exi=-

the error in assurnillg 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,

a.g ,

is given by
(3.10)

Substituting Equation 3.9 into 3.10 gives ·
Pr
ex =1-Pt
g

(3.11)

By using the empirical relationship for the overall density, Equation 3.8, and the mefil>'urement of the solid

a.~d

liquid density , Equation 3.11 becomes
1

ex =1---(a+be
Pi( T)
g

-k(t-t )

a)

(3.12)

where a, b, k, and t,, are functions of temperature, pressure, and coal type, and pi is a
function 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 psjg
respectively. A 11 of the density measurements given in Table 3.1 were used with
Equation 3.12 to produce the volume fractions of gas.
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3.6 Conclusion.
The overall density of a Pitt 8 roal was measured as a function of time, temperature, 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 roal in the reservoir was estimated and the coal was
ronsidered to be at thermal equilibrium with the rheometer within ninety seconds.
The major changes in density with time were remgnized to be principally caused by
the production of gas. The density of the liquid phase was measured as a function of
temperature

ai.1d

li.11.e volume fraction of gas as a function of time, temperature and

pressure was calculated.
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Chapter4
4.1 Introduction

This chapter applies the equations of motion to the rheometer under flow conditions. The continuity equation was used to develop fue volumetric flow rate from the
position of the piston head. The momentum equation was used to establish the wallshear stress and to determine the magnitude of the various forces. For a given run,
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 postilion of the piston. Rate of
strain was developed as a function of the volumetric rate of flow. Difficulties 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- rheorneter are estimated.
4.2 M aausoopic Cantinuizy 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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a. r

r ... ...

(4.1)

{itJ pdV+ J pu·dA =O

where p is the density, V is the instantaneous control volume,

u is the velocity vector

of the coal, t is the time, and A 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 considered to be a function of spatial position. Hence, Equation 4.1 becomes
(4.2)

where

Qi

is taken to be the volumetric fl.ow rate into the capillary tube and Pr is the

density in the reservoir.
Throughout this development, the density was taken to be a function of time, ternperature, and pressure only, thereby eliminating the need for detailed knowledge of
the distribution of gas. This assumption was consistent with the macroscopic development 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 from a lack of this knowledge are discussed in Section 4.4
Differentiation and rearrangement of Equation 4.2 yields

v apr

av

Q·------at
Pr at
i-

(4.3)

Since
(4.4)
where Ap is the cross-sectional area of the piston head and hp is the height of the piston from the bottom. The time derivative of the control volume becomes
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(4.5)
where~

is the velocicy of the piston-head. Therefore, Equation 4.3 yields
(4.6)

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 include the capillary tube in order to determine the volumetric flow rate out of the capillary tube, Q0

•

With Vn; taken to be the

instantaneous volume of the reservoir and capillary tube, and assuming that the density is not a function of radial position, Equation 4.1 becomes
(4.7)

where p 0 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, Q0 becomes
(4.8)

where Ve is the volume of the capillary tube. Since the density was constant in the
reservoir volume, Equation 4.8 becomes
(4.9)

And, as before
(4.10)

or
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(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

a .r
] 1
Pr [ V apr
Qo=-- ---+Ap11p --Ac-JPdz
at
Po
Po Pr at

(4.12)

where Ac is the cross-sectional area of the capillary tube. D eftning
(4.13)

where p is the length-averaged density, and L is the length of the capillary tube, Equation 4.12 beoornes
Q0

a A ]-A ]:_ER_
J:..-12:..+
=-£!:..[
c Po at
p'llp
Po Pr at

(4.14)

By talcing 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 oilier tenns. Thus the volumetric flow rate out of the capillary tube is
Q0 =-E!_[ L apr A ]
p'llp
Po Pr Bt

(4.15)

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
(4.16)

and
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(4.17)
where

mi is the mar:;;s flow rate at the

entrance of the capillary tube,

m

0

is the mass

flow rate at the exit, and Q is the volumetric flow rate as a function of axial position.

4.3 M aausropic M ommtumEquation
The control volume for the macroscopic momentum equation was taken to be the
capillary volume, yielding

ZtfpudV+ j(pu)u·dA= fpgdv-JRiA.-fr·dA
where

g is

(4.18)

the gravitational acceleration, P is the pressure, and 7- is the shear stress

tensor. The velocity was a...."lSumed to be in the axial direction only. The a"'(ial components of Equation 4.18 were developed individually, starting from the left and moving across. Expansion of the first term gives

:tfpudV= Ztzrrf fpurdrdz

(4.19)

where u is the velocity in the axial direction, and no dependence on the angular coordinate is assumed. Furthe:rn:mre, by assuming the density was not a function of radial
position, Equation 4.19 yields
(4.20)

Substitution of Equations 4.16 and 4.17 yields
(4.21)
The second term of Equation 4.18 in the axial direction gives
j(pu)WA = j(pu)WA-j(pu)WA
a

i

Then, again neglect. any angular dependencies to obtain

(4.22)

- 42j(pu)udA =Zrr[j(pu)urdr-j(pu)urdr]

(4.23)

i

0

Equation 4.23 is recognized to represent the change in the kinetic energy of the flow
from the input to the outpul 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.
Additionally, the magnitude of this term was estimated by use of the following:
2rr[j(pu)urdr-j(pu)urrir ]'rd (pu2A ) 0 -(pu2A )i
0

where

u

(4.24)

i

is the mean velocity at the indicated positions. Rearrangment and substitu-

ti.on gives
j(pu)udA'rd :(Q0 -Qi)

(4.25)

c

The third term in Equation 4.18 was expanded to yield

=

f pgctV g f f 2rr prdrdz
where g is the axial component of the

~leration

(4.26)

of gravity, and g=(O,O,g). Again,

no density dependence on angular position is assumed. Furthermore, by assuming no
radial variations of the density, Equation 4.26 becomes

gAfpdz=gVcP

(4.27)

where p is the length-averaged density, and Ve 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
(4.28)
where
tube.

-R

and Pa are respectively the pressures at the entrance and exit of the capillary
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The filth 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

23

f7-·dA=-f-rwCdz-[f-rz:2rrrdr-f-r'i!Z2rrrrir]
0

where

Tw

(4.29)

i

is the shear stress :in the axial direction acting on the r-normal plane and

evaluated at the wall,

T 'ilZ

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
fir.st term of Equation 4.29 gives
(4.30)
Thus, the macroscopic momentum equation :in the axial direction becomes,
through Equations 4.22, 4.25, 4.27, 4.28, 4.29, and 4.30 :

where Pi is the density :in the reservoir, also ref ered to as Pr·
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 esfunated, and result:ing simplifications were made with confidence. The final term :in Equation 4.31, which

contains the

T 'ilZ

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

~nificant.

After the :introduction of an apparent viscosity, the

T 'ilZ

term was exam-

:ined :in det:lli.
Expansion of Equation 4.31 to :input the laboratory data and neglect of the Tz: term
for the moment, gives
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(4.32)
Development of the difference in tile volumetric ft.ow rates into and out of tile capillary tube by use of Equations 4.6 and 4.15 produces
VBpr
](Pr
Q -Q·=- [ 7L
-1 )
o i
Pr at- +Ap--p
Pa

(4.33)

Substitution of Equation 4.33 into 4.32 leads to the final form of the macroscopic
momentun1 equation:

All the terms on the left-hand side of Equation 4.34 were evaluated with the laboratory data and compared with the right-hand side. Table 4.1 shows the maximum
values for these various tenns. Table 4.2 compares the magnitude of the resultant
forces with tile magnitude of the smallest pressure force used. From these comparisons, Equation 4.34 was simplified to
L

-(P0 -Ji)Ac=C Jiwdz

(4.35)

0

Though this result is similar to simple capillary fl.ow, it is based on laboratory measurements of a complex fluid. Finally, by defining the length-averaged shear stress,
(4.36)

Equation 4.35 becomes
(4.37)

which completes the force balance.
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Table 4.1 The Maximum Values of Various Measured Quantities
Term

M a"Ximum Value

Run Number

apr
at

0.005

38

Qi

0.20

87

aQi
at

0.055

85

I

-m

Ac

I
II
I

I

31.63

95

-v

2.813

94

Api~

0.115

95

2.1

35

Pr

I

I

i

fr__ 1
Po
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Table 4.2 The Magnitude of Various Terms in the M ornentum Equation
Force

Magnitude

(dyne)

(dyne)

(Pa-~)Ac

0.0027

3.5X 10-7

a Qi
Lprat

0.193

2.5x 10-5

0.442

5.7X 10-5

u \(Pr - 1)
Po

3.63

4.7X 10-4

pVcg

5.91

7.7X 10-4

m( x:_ a~r)( Pr
I

I

m (A

Ac

1.0

apT
LfjtQi

Ac Pr at
I

7704

Ratio to Minimum Pressure Force

p pl

_ l)

Po
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4.4 Rate of Strain
The volumetric flow rate was defined as
1'o

J

Q = 2rr u(r)dr

(4.38)

0

where the velocity was assumed to be independent of angular position, and r0 was the
radius of the capillary tube. Integration by parts yields

(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
(4.40)

where

Trz

is the shear stress in the axial direction acting on the r-normal plane.

Integration over the entire radius yields

(4.41)

4.42)
Integration to any position r yields
dP,,2
--=r-r:
dz 2
TZ

(4.43)

Dividing Equation 4.43 by 4.42 and rearranging yields
r

'Trz

-=-

(4.44)

Finally, defining the true viscosity, µr, in a conventional manner, and neglecting any
yield or viscoelastic effects,
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(4.45)

and subsU.tuting into 4.39 for tile rate of strain yields

(4.46)
Equation 4.45 shows lliat tile vismsity is a function of rate of st.ram or shear stress
due to tile potential of a non-Newtonian fluid. Fallowing Van W azer, 24 the apparent
visrosity (µ) was used as a constant, and any variatJ.on of its magnib1de willi flow mnditions will indicate a non-Newtonian constitutive equation. If necessary, the true
viscosity may llien be determined from tile behavior of tile apparent viscosity versus,
say, volumetric flow rate. Substitution for tile shear stress with Equation 4.44 produces

(4.47)
Thus
1TTwTa 3

Q=--4µ

(4.48)

The viscosity may be obtained by rearrangement

(4.49)
where both T w and Q are functions of axial position.
At lliis point in tile development, tile difficulties of a multicomponent fluid become
evident The macrosmpic momentum equation showed lliat the changing density with
pressure does not produce a significant change in tile kinetic energy of tile flow. In
addition, evaluation of the continuity equation showed lliat lliough tile time rate of
change of the density williin tile capillary did not significantly alter tile volumetric flow
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rate, the changing gradient of the density did affecl the actual volumetric flow and,
therefore, the rate of strain. Thus, Equation 4.38 was stated in terms of the lengthaveraged 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

Tu,,

from Equation 4.49, in

Equation 4.36 yields

(4.50)
where Q is a function of axial position. A dditionally, since the apparent viscosity is
defined for a given

'w·

and

'w 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.
Subs'dtution of Equation 4.38 into 4.49 yields

(4.51)
where the mean shear stress was used for r w and the volumetric flow rate was taken to
be the value it had at the entrance of the capillary tube. Such a procedure was necessary to define the overall viscosity of a multi- component, multi-phase fluid.
Nate that Equation 4.51 uses an arbitrary definition of an overall viscosity. While
this definition is common in the literature, it must be recognized that the measurement of an overall viscosity was, at least, a function of the length of the capillary tube.
Chapters 6 and 7 will develop a relationship for density as a function of pressure, and
then solve llie differential momenturr1 equation to find the pressure distribution. The
constraint of an arbitrary definition of viscosity based on the volumetric flow rate at
the entrance was a serious drawback to any meaningful measurements. This treatment
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should be helpful, however, in estimating the flow performance of rapidly-heated
coals.

Finally, an estimate of -r::z from Equation 4.31 was made. The force (F) may be
written as
(4.52)
and its estimation will produce the magnitude of the last two terms in Equation 4.31.
From Bird, et al.

25

,

-r::z may be written as
(4.53)

From the general continuity equation:

v ·u=- u E.8P

az

(4.54)

for a-xial flow only. Thus
Ta

Ta

2 u an .
au J 2rrrµ-----'-CD'
F=-J4rrrµ~3 p az
az 0
0

(4.55)

To

Ta

2 u an .
J2rrrµ-7p-'-ar
aJ
F=-az
3p
az 0 4rrrµ'Zufir- 0

(4.56)

Equation 4.14 yields
To

m= J 2rrrupcir=cansfm?t
0

Substitution of Equation 4.57 into 4.56 produces

2 .a(1)
.a(1)
F =- 2µmaz -p
3
az -p +-µm-

(4.57)

- 51 F=- 4 µm.2._( 1-)
az p
3

(4.58)

The gradient of the inverse density may be estimated as
1

1

(4.59)
and use of Table 4.1 gives
F=0.013xµ,

(4.60)

Comparison of this forre with the forres in Table 4.2 showed that it could be
neglected in the momentum equation.
Thus, the macrosoopic momentum equation was safely simplified to the form used
in. Equation 4.38. After carefully noting what was meant by overall, apparent viscosity, Equation 4.51 was used with the measurements of piston-head position and applied

pressure drop to deduce the viscosity.
4.5 Error Estima.tion

Several major sourres of error resulting from capillary rheometer readings must be
addressed. The non-Newtonian nature of the flow somewhat complicates the estimation of these errors.
The kinetic energy of the issuing stream represents some of the energy from the
total applied pressure Umt is not balanced by the viscous forres.

Following the

development by Van W azer 26 , the difference is given as:
(4.61)

For Newtonian fluds, ex is unity. For non-Newtonian pseudoplastic fluids, ex may
range from one to two. Thus, by choosing ex as one as the worst case, we may determine the order of magnitude of the kinetic energy e:ffecL By using the following
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representative values:

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. Farming the correction term yields:
32400

~s

1.45X 10-5

~

=0.47 p;i

cm,2

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

27

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 tha.'1 17 per cent of the kinetic energy losses. From the previous
estimate of kinetic energy loss we may safely neglect the end effecL In addition, Merz
28 ,

working with pseudoplastic polymer melts, states that the end effect may be

neglected for LID ratios greater than 20 to 120. Our LID ratio of approximately 51
qualifies.
Capillary vismmeter calculations are based on the assumption of laminar flow. The

laminar flow regime is easily determined from the Reynold's number as

puJJ ~ 2100
µ

for Newtonian fluids. For non-Newtonian fluids, a generalized Reynold's number is
generated from the power-law model. Examination of these results has shown that
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pseudoplastic fluids transition at higher Reynold's numbers.

29

Using the same esti-

mates of volumetric fl.ow rate as above we find that
µ"2 0.01 prise

for laminar flow. The actual Reynolds' numbers were less than 10-3 .
A nether 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 W azer

30

states that the latter is found for highly

viscous fluids with yield values. The well desi..gned entrance for the capillary and 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 G raphloil seal. It would appear that these losses are not applicable.
A ft.er ninety sea:mds of preheat, t.l.e coal in the reservoir was considered to be
isothermal. In addition, the capillary-wall temperature was assumed to be held constant at the run temperature. The temperature profile in the capillary tube during runs
was estimated as shown below.
First, following Toor,

31

use a Newtonian relationship for rate of strain:
cm
sec
dP l.lX 109
w=--'lim-=
dz
µ

(4.62)

(4.63)

Finally, the centerline-to-wall temperature difference well past the point where there
was a thermal entrance effect is given as

ro2.u.! 2.4
( T.c -1:w)o=--=°C
8k
µ

(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
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calculation.
The coal melt may appear to behave as a pseudoplastic fluid. A power-law model
approximates tl1e coal melt behavior better tlmn a Newtonian model. A fuermal
analysis based on fue power-law model wifu pseudoplastic parameters should point oul
any discrepancies between our flow and fue Newtonian fuermal analysis. A gain following Toor,

31

(4.65)

where B is a11 intermediate result We choose n=3, a good pseudoplastic value.
(4.66)

A gain approximate fue pressure gradient as constant,

Past the fuermal entrance distance, the centerline to wall temperature difference is
given as
( Tc-Tw) 0 =-for0 2 ~ =7.01X lrfB

(4.67)

Fit of the power-law model to the worst case of flow yields,
n=3

B= 1. 1X 10-5

4

cm
ciynes2 sec

Substitution into our result gives

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 22 and is very conservative for our operating pressures.
Finally, the thermal-entrance length may be found based on a five-per-cent

difference from the steady-state values. Again, following Toor,

31

(4.68)

Thus, the fl.ow never approached the steady-state value. That is, the entire fl.ow is
within the therm.al entrance length. Toor

31

solved the entrance problem and showed

that the temperature 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 u.-sed for their estimation.

- 56-

Table 4.3 The Modeling of Potential, Experimental Errors
Error
general

power law

Newtonian

order of magnitude

x

x

x

x

end effect

x

x

x

turbulence

x

x

x

x

x

kinetic

vi~cous

heating

I

I

Estimation M odel

entrance effect

x
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4.6 Conclusion

The volumetric flow rate was shown to be a function of density, time, and axial
position at a temperature and pressure by application of fue continuity equation to
various control volumes. The macroscopic momentum equation was simplified wifu a
minimum number of assumptions by using the experimental data and U1e significant
terms were shown to be fue pressure gradient and fue shear stress at fue wall. The
flow was shown to be laminar and the energy generated by viscous dissipation was
msignificanL Though detailed knowledge of fue radial distribution of the density was
not considered important for the continuity equation or the forre balance, this
knowledge was shown to be essential for any meaningful measurement of fue viscosity. These difficulties with the application of the viscosity to multi-phase capillary flow
necessitated an arbitrary definition of an overall viscosity. Benefits and drawbacks of
such a defiilition were discussed and various potential errors a.rising from the use of a
capill&.ry rheometer vrere estimated.
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Chapter5

5.1 Introduction
In this chapter the overall viscosity is deterrnmed from. the experimental 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
4.6 as

v on

Q·=--.::..c:._-A
u ..
•
p at p-1'

(5.1)

By use of the length-averaged shear stress at the wall, the overall, apparent visoosity was developed in Equation 4.51 as
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(5.2)
It should be stressed thatµ is based on the convention of using the volumetric flow
rate at the entranre to the capillary tube.
Equation 5.1 was substituted into Equation 5.2 to produre the overall, apparent
viscosity as a function of time at constant temperature and pressure drop. After the
least-squares approximation was applied to llie viscosity -time data, llie overall,
apparent viscosity was displayed as a function of pressure drop and temperature.
5.3Data

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 leastsquares approximation of the form
(5.3)

where a, b, c, and ta are constants to be established, and t is time, was applied to llie
viscosity data The constants that produred the minimum error for each value of temperature and pressure drop ·are given in Table 5.1 with llie standard deviation arising
from each approximation. This parabolic fit was chosen for convenienre and did not
imply any physical interpretation.
As can be seen from llie 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 llie beginning of llie run was easily the most dramatic feature of llie entire
experiment and was looked at in more detail in Section 5.5.
The increase in viscosity at the end of llie run might be attributed to llie coking of
the coal, to the end effects of the reservoir becoming significant, oilier unknown factors, or some combination of llie above. Coking of the coal, which is strong function
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of temperature and rate of heat transfer, would increase the mea&1red visoosity. The
effects of ooking on :fluidity were clearly demonstrated in the experiments with the
Gieseler plastometer

5.7.B.9. 13_

Another possible cause of the increase in visoosity at the

end of the run was thought to be a result of the entrance losses beoornillg significant
as the distance between the piston head and the reservoir wall approached the magnitude of the radius of the capillary tube. These end effects would result in a large
increase in the mea&1red visoosity, and this increase in mea&1red 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 visoosity data after the two
large changes in the viscosity at the beginning and at the end have been removed.
This approximation was applied to a time period in which the flow was considered to
be both frothy and steady. This estimate of the overall, apparent viscosity, µ , is not
meant to be an accurate mea&Ire of some property of the heated ooal; in fact, µwas
expected to be a function of the length of the rapillary tube. Rather, the grouping of
parameters of fl.ow which µ·represents, as in Equation 5.2, was very useful in providing 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 oomment. Of the two viscosity runs plotted in this
figure, one of the runs showed the expected transition to fl.ow at 98 seconds. The

other visoosity run displayed a relatively fl.at plot because the transition to fl.ow had
occurred before the warm-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 Measurements of Overall Visoosity
Temperature

(oc)

Pressure

a

•

b ..

c

•

"'° ..

(psi nominal) (poise) ( : ) (=2) (second)

Standard D eviation
(poise)

410

75

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

0.529

1.66

98.0

53.26

450

50

-0.457

0.969

109

13.74

450

75

-1.294

-0.0024

104

2.57

450

100

0.974 -10.104

-0.205

126.0

7.447

450

125

0.011

0.959

108.2

7.506

9.41
45.0

45.87

*constants fit to Equation 5.3, µ,=a+b (t-fo) +c(t-fo) 2
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Table 5.2 The Mean, Overall Visrosi.ty
Time Range

Temperature

Pressure

Mean Visrosi.ty

Standard D eviation

(oc)

(psi nominal)

(poise)

(poise)

begin

end

410

75

355.7

29.39

130

220

410

100

586.0

20.34

145

275

410

150

528.1

32.98

95

145

410

200

493.6

57.48

92

120

450

50

33.69

5.33

100

116

450

75

52.83

2.77

91

108

450

100

64.96

8.30

106

122

450

125

65.49

7.59

100

112
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5.4 Behavior cl. the Overall. Apparent. Visa:Eity.

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. classification of the fluid, N ewt.onian 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, especially for the runs at
450 °C. The large change in viscosity of approximately thirty per cent at 410 °C
deserves additional comrnenl Reexamination of the data suggested that the lower
value for the overall, apparent viscosity that was found for the run at a nominal pressure 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 nonN ewtonian within the aa:uracy of the experimental equipment, it would not appear
reasonable to attempt to use the estimates of the viscosity of the liquid alone to classify the heated coal as Newtonian or non-Newtonian.

Figure 5.9 also displays the large change in viscosity with temperature. This viscosity reduction with temperature, which is significant within the accuracy of the equipment, 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 mnst remarkable aspect of the ft.ow of the heated coal was the sudden onset of
ft.ow. In contrast to the continuous viscosity reduction displayed by isofuermal studies
with a Geiseler plastometer by Lloyd and others

5.7.B. 9.iE. 13,

tile capillary-rheometer data

showed a sudden and swift transition from essentially no ft.ow to the maximum ft.ow
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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, 4,,
and ended ,

ta ,

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
!!:!?_<-kb
di -

(5.4)

where the values for k and b are available from Table 3.1. More 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 32 discussed a similar reduction in
the effective viscosity of a solid and liquid system when the volume fraction of solid
passed a rertain critical value of approximately filty per cent. Equation 3.12 and Table
3.1 have shown, however, that the volume fraction of gas at the entranre at the onset
of viscosity reduction varied from one per cent to seventy per rent. A critical volume
fraction of solids, therefore, would not be expected as a cause for the sudden reduclion of viscosity.
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Table 5.3 An Estimate of fue Time Rate of Change of Viscosity
Temperature

Pressure

(o C)

(nominal psi)

410

75

79

410

100

410

run

4, ...

~

....

di
( piise )

(second)

(second)

-36.l

95

115

77

-97.9

105

145

150

84

-35.5

95

110

450

50

85

-23.3

92

96

450

50

87

-32.1

94

102

450

100

90

-88.8

92

100

450

125

91

-23.4

92

100

450

125

92

-96.6

92

102

serxmd

* the rate of change of the apparent,
**

!!:./!:_ ..

fue begi.nrllng, 4,, and llie end,

was applied

overall viscosity with time

ta.

of the time period .in which this approximation
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5.5 Conclusion

Results of the measurements of the volumetric fl.ow rate, temperature, pressure
drop, density, 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 acx:urately represented as constant for a specific time period. Within the accuracy of the
experimental equipment the overall viscosity was Newtonian though a rheological
classification based on a measurement of a multi-phase fluid is certainly inexacl 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.

Figure 5.9.
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Cbapter6

6.1 Introdudim.
In this chapter, the complex nature of the coal melt is discussed, and a simplified model of
the fluid is introduced. The major parameters of the flow are considered in light of the model
and the assumptions within the model are detailed 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 Martinelli correlation was modified to match. more closely the
conditions of ft.ow for the coal.

6.2 The Two-Component., Two-Phase Mode!
The coal melt is a complex, heterogeneous, chemically-reacting fluid Formation of gas produces a bubbly mixture in the reservoir that greatly complicates the rheological relationships.
In addition, mineral solids are present, and perhaps some minerals are in solution. Thus the
flow is at least three-phase; solid, liquid. and gas. Finally, because the amount of gas present is
mainly due to chemical 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 , some justification of the assumptions should be given.
The treatment of the roal as a liquid and gas only may be checked by studying the model's
representation of the data If, in fact, the coal displays fiow behavior :related to the solids content. the apparent viscosity would be of a dilatant nature. If this behavior is not evident, however, then the assumption of gas-liquid fiow would appear reasonable.
6.3 Fl.ow Regime Detenni.natian
The coal melt in the reservoir was assumed to be a frothy or bubbly mixture of gas and
liquid. This assumption was checked by examining the reservoir under the run conditions.
The fiow through the capillary tube must be examined however, to determine the type of twophase fiow expected

A recent paper by Husain et al. 33 reviewed the various methods of flow regime determinati.on and presented an improved rorrelation for the prediction of frothy fiow. Data for many
different fluids including oils of relatively high viscosity were used to form and test this
improved rorrelation. The inclusion of the high-viscosity oils indicated that the correlation
would be applicable to the fl.ow of coal melts. The correlation stated quite simply, that the crtterion for frothy fl.ow was that the total mass velocity must exreed a certain value for frothy
fl.ow. That is, for frothy flow
lb

(hT /t2)

(6.1)

where Gr is the total mass velocity. A nal.ysis of the flow conditions of the coal melt showed a
total mass velocity in the range of HP to 106 lb/(hr ft2).

This range indicated that the fl.ow was in a transition regime from frothy to slug flow. The
initial frothiness of the coal in the reservoir indicated however, that the entrance fl.ow was
frothy.

The appearance 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 ftow.
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. Motion

The equations of motion in Chapter 4 were specifically developed in a general. manner in
order to reduce the number of assumptions. The additional assumptions to be made in the
two-phase, two-component 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 a liquid due to the pressure
34
gradient was made by replacement of the hydrostatic pressure gradient in the relationship for

the buoyant velocity of a bubble at low Reynolds' number with the actual pressure gradient.
The relative velocity of a bubble was a strongly increasing function of the radius of the bubble.
With 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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~ti.on

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 Lahey35 have presented one form of these
equations which agrees with the various developments found in the literature. It is import.ant
to link the developments of Chapter 4 with these general equations. Y adigaroghu and Lahey35
g&e the Langrangian form of the momentum equation for the two-phase mixture as
(6.3)
where G is related to the forces arising from the gravitational field,

c1 is the wetted circumfer-

ence, E is the net volumetric force due to evaporation, "sometimes called the M eschersky
force", and

h and le 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 6.3 therefore becomes
(6.4)
which is similar to Equation 4. 50. The wetted circumference was also expressed as
(6.5)
where / w i and / w g are the shear stresses at the wall exerted by the liquid and gas, respectively,
and Cg and Ci are the circumferences touched by the gas and liquid, respectively. Equation 6.5
will be useful in a later development.

Two problems prevented the exact solution of Equation 6.4. The first problem was an exact
development of the density as a function of pressure and temperature. A constitutive relationship for the density was developed in Section 7.3 that was consistent with the assumpti.ons of
the two-component, 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 taking 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 pres:rure drop.
6.5 Liqui~Gas Correlations

The two-phase flow of steam and water through pipes has been of engineering interest for
many years. A search of the appropi.ate 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. 36 , provided a comprehensive evaluation of eighteen 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
ruxuracy of twenty to thirty per cent is about the best that can be expected.
Application of a steam-and-water correlation to the coal-rheology experiment presented
many difficulties. The major differences between a steam-and-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 mixtures. The coal rheology experiment, however, was laminar in both phases, due to the relatively high viscosity of the coal. The analytical methods used for laminar 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 accuracy for correlations applying to these conditions are no better than those for more
difficult flow parameters.
The second principal difference in the two types of flow was the differing velocities of the
phases. In steam-and-water mixtures buoyancy plays a key role in laminar flow whereas
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buoyancy is not important in the ft.ow of coal and gas. Brown and Kranich37 have shown that in
the laminar ft.ow 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 Martinelli correlation38 has been a standard for steam and water flows
since its publication in 1949. It is felt that any study of two-component, two-phase pressure
drop should be compared with this standard. The Lockhart and Martinelli correlation is based
on the equation
(6.6)

where (

!:J.:)

TP

is the two-phase pressure drop, rp is the correlation function.

x is the correla-

tion variable defined below, and ( !::,:)i is the pressure drop for the liquid ft.ow rate alone in the
same pipe. The correlation variable x is defined as

(6.7)

where ( 6: ) g is the pressure drop for the gas-ft.ow rate alone, c.> is the mass-flow rate for the
liquid or gas, p is the density for the liquid or gas, and µ is the viscosity for the liquid or gas.
The Lockhart and Martinelli correlation was used by selecting the appropriate

x based on the

ft.ow conditions, determining the appropriate value of rp 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 'average' 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 Martinelli
Equation 6. 7 as

38

was given by
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(6.8)

Since

E..:e!l.=Q
p

(6.9)

p

and
(6.10)
the correlation variable of Equation 6.8 becomes
(6.11)

The correlation itself was given in Equation 6. 6 as
(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 overall, apparent viscosity. The pressure gradient of the liquid alone is given as
(6.13)

Substitution of Equations 6.13, 6.10, and 4.51 into Equation 6.12 gives
(6.14)
Equation 6.14 was solved in an iterative manner by ftrst estimating x, computing µi from Equa:tion 6.14 , and then estimating a new

x from Equation 6.11.

The viscosity of the gas was taken

to be the viscosity of methane at the run temperahlre. 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 Martinelli
to the overall-viscosity data of Chapter 5 . Due to the large magnitude of the ratio of the
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estirn.ated viscosity of the liquid to the viscosity of the gas, the values of

x were always greater

th.an the range of the correlation. The value of rp used, therefore, was based on the largest

given value of x .
The inadequateness of applying conventional steam-water oorrelations to the :flow of heated
ooal is exemplified by the Lockhart and Martinelli oorrelation The magnitude of

x.

as given in

Equation 6.11, was much larger than steam-water, or even most oil-water flows. The application of the correlation of Lockhart and Martinelli was, therefore, considered to be only an esti-

mate cl the visoosity of the liquid
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Table 6.1 An Estimate of the Viscosity of the Liquid
Based on the Correlation by Lockhart and M arti.nelli38

*

Temperature

Pressure

(a C)

(psi nominal)

Cl..g

lin

,.

Overall Viscosity

Liquid Viscosity

(poise)

(poise)

410

75

0.41

356

490

410

100

0.33

586

710

410

150

0.14

528

498

410

200

0.01

494

404

450

50

0.68

34

86

450

75

0.47

53

87

450

100

0.42

65

91

450

125

0.19

65

65

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

entrance to the capillary tube.

- 85The asrurnption of an incompressible 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
woo proposed that the two-phase pressure drop given by Lockhart and Martinelli, ( t,,:)rp, be
approximated as
(6.15)
and then Equation 6.6 becomes
(6.16)
From Equation 6. 7

x=ksP

(6.17)

where the density of the gas was assumed to follow the ideal gas iaw, Pis the pressure, and k 3
is defined as

(6.18)
where R is the specific gas constant. and T is the absolute temperature. Thus, from Equation
6.17
(6.19)
and substitution of Equations 6.15 and 6.19 into Equation 6. 6 yields
(6.20)

Rearranging and then integrating over the length of the pipe, L , gives

( 6.21)
where x(O) is the initial condition. Equation 6.21 was solved in an iterative manner by
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estimating

x at the

entrance and exit. solving for the viscosity in k 3 , and then using the new

value of the viscosity for a better estimate of the range of the integration This modification
was similar to the correlation of Martinelli and N elson45 , which was developed for the flow of
boiling water. Once again, the magnitude of

x.

as given in Equation 6.11, was much larger

than what it would be for steam-water, or even most oil-water flows. The application of this
modified correlation of Lockhart and M artinelli was not. therefore, applied to the viscosity data
Husain el al. 33 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
39
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 Happel40 developed for the viscosity of suspensions of solid spheres provides the best prediction of pressure drop. Happel' s
corr-elation is

(6.22)
where µTP is the viscosity of ti:-e two-phase mixture,

ag is the volume fraction of gas, and µi is

the viscosity of the liquid Equation 6.22 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 volume 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,

(6.23)
was applied to the viscosity data based on the volume fraction of gas at the inlet,

ag lin ; and
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based on an estimate of the length-averaged volume fraction of gas,

exg . The length-averaged

volume fraction of gas was estimated. as

(6.24)
where

exg lo

is the volume fraction of gas at the exit of the capillary tube. The volume 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. It is important 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 pb...ese wit..11. rni.r>jrnal effect on the estimates of the viscosity of tl1e liquid sL.'"lce the volume
fraction of gas was large.
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Table 6.2 An Estimate of the Viscosity of the Liquid
Based on the Correlation by Happel40
Temperature

Pressure

(o C)

(nominal psi)

ag Im

..

_ ..
O.g

JLi ( ag Im) ..

µi(rxg) ..

(poise)

(poise)

410

75

0.41

0.56

91

41

410

100

0.33

0.52

212

86

410

150

0.14

0.43

365

124

410

200

0.01

0.37

476

151

450

50

0.68

0.74

75

0.47

0.64

12.5

4.72

450

100

0.42

0.61

15.9

5.74

450

125

0.19

0.50

38.0

450

.

1.87

1.17

10.8

* nomenclature:
ag Im the volume fraction of gas at the

time period defined in Table 5.2 and evaluated at the

entrance to the capillary tube.

CX-g

the length-averaged volume fraction of gas as given in Equation 6.24.

µl ( ag Im)

estimated viscosity of the liquid based on the volume fraction of gas at the

entrance.

JLi ( a..g)

estimated viscosity of the liquid based on the length-averaged volume fraction of gas.

- 89For volume fractions of gas greater than 0.5, Husain 33 recomends a modification of
Happel' s correlation as follows

(6.25)

where

(6.26)
Substitution of Equation 6.26 into Equation 6.25 gives

J.l.i=(

µTP-µ

g +µg)/6.036
1
(--1)3

(6.27)

O.g

Table 6.3 shows the application of the modification by Husain of the correlation developed by
Happel to the viscosity data
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Table 6.3 An Estimate of the Viscosity of the Liquid
Based on the Correlation by Husain.33

,.

-

.

Temperature

Pressure

(o C)

(nominal psi)

410

75

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

50

0.68

0.74

450

75

0.47

0.64

6.1

49

450

100

0.42

0.61

4.1

41

450

125

0.19

0.50

-

11

ag lin

ag

µl ( ag !tn) "'

µl(ag) "

(poise)

(poise)

54

130

* nomenclature:
ag lin the volume fraction of gas at the time period defined in Table 5.2 and evaluated at the
entrance to the capillary tube.

Cig

the length-averaged volume fraction of gas as given in Equation 6.24.

µt ( ag lin)

estimated viscosity of the liquid based on the volume fraction of gas at the

entrance.
µl ( a 9 )

estimated viscosity of the liquid based on the length-averaged volume fraction of gas.
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6.6 Candusi.m.

The complex, rrn.lti.-phase, multi-component flow of heated coal was considered to be a simple, tw"o-component. liquid and gas flow. The :fiow regime was calculated to be in transition
from frothy to slug flow but because of the unusual conditions of the flow of coal the :fiow
regime was considered frothy. Various correlations were applied to the overel.1-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 erratic. The Lockhart and Martinelli correlation was
modified to match more closely the conditions of flow for the coal.
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Table 6.4 A Summary of the Estimates of the Viscosity of the Liquid
T ernperature

Pressure

Overall

Viscosity Estimate

Viscosity

L andM ,.

Happel40

Husain33

(o C)

(nominal. psi)

(poise)

(poise)

(poise)

(poise)

410

75

356

490

41

121

410

100

586

710

86

123

410

150

528

498

124

37

410

200

494

404

151

16

450

50

34

86

1.2

130

450

75

53

81

4.7

49

450

100

65

91

5.7

41

450

125

65

65

*Lockhart and M artinelli38

11

11
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Chapter7

7.1 Introduction
In this chapter, a detailed model of the density was developed and then applied to
the density me&Ui""tments. The equations of motion were established wtlh Lhe

U..5e

of

the density model. A mean-apparent viscosity was defined, and the momentum equation was solved in dosed form for the determination of the visrosity of the liquid.

7.2 The Two-Component. Two-Phase Model
It is suggested that a two-romponent, two-phase model romposed 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 addition, the assumptions of a frothy ft.ow and a density as a function of only pressure and
time at ronstant temperature, would be used in the analysis of this model fluid.

As was discussed in Chapter 4, the time dependence of the density was important
in the continuity equation but not the momentum equation. Once the mass fraction
of gas had been determined at the entrance of the capillary tube, fu.e important
changes in density down the tube were caused by fu.e reduction in pressure, not by
devolatilization. The residence time of approximately four tenths of a second rein-
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forced this assumption. The assumption of frothy flow was discussed .in Chapter 6.
7.3 Density M ode1

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-rheology experiment, the system was a
chemically-reacting, and consisted of three phases, a solid, a liquid, and a gas. To simplify 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 clifferent products, it was treated as a single gas with an average
molecular weight A dclitionally, 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 surf ace 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 independent properties. By specifyjng an equation of state, however, for the simplified twocornponent system, the density could be determined by two properties, say temperature and pressure, at any given time. The non-equilibrium factors were initially
neglected. The density of the model fluid was therefore given by
Tg

-

p-

Pi(l+-- )
1-rg
Tg

p•

(7.1)

----+1
1-r11 P

where p is the density, P is the pressure, Pt is the density of the liquid, r 11 is the mass
fraction of gas not in solution, and p• is defined as

(7.2)
here Tis the temperature, and

n• is the specific gas constant for the average behavior

of the gas products. Equation 7.1 is similar to a development by Ryason and Lewis41•
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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 change 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 ternperature was found to vary with pressure. A total mass fraction of gas, r,, was therefore 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, tile mass fraction of gas not in solution was given by
rg( T,P,t)=rt( T,t)-s( T,t)xP

(7.3)

where rg, tile total mass fraction of gas, ands, 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 lirnil 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 el al. 42 , and such a flow
situation was studiously avoided in tbis investigation.
The rnao;;s fraction of gas was expected to be small so that Equation 7.1 was
simplified to

(7.4)

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

41nor.

:mrl 4500C respectively.
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Table 7.1 Estimate of the Mass Fraction of Gas in the Reservoir at 410 °C
Time

Total Mass

Solubility Constant
r:m,2

Mean M olecular

Fraction of G as

(--x1010)

90

0.00079

0.050

1

100

0.0016

0.103

2

110

0.0024

0.148

3

120

0.0031

0.191

4

130

0.0039

0.229

5

140

0.0039

0.222

5

150

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

0.0490

1.866

55

300

0.0775

2.444

80

(seconds)

dyn2

weight
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Table 7.2 Estimate of the Mass Fraction of Gas in the Reservoir at 450 °C
Time

Total Mass

Solubility Constant

M ean M olecular

2

Fraction of G as

(am x1010)

Weight

90

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

2.27

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

0.050

0.68

25

(seconds)

dyn2
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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 hali 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 volume. Second, agahl 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 mass 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 Visrosity Model
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 motion.
The result of the force balance in Chapter 4 produced Equation 4.35
L

-(Pa-~)Ac=C

Jlwdz

(7.5)

0

or, in differential form
(7.6)

Additionally, Equation 4.39 for the volumetric flow rate gave
To

Q=-2rrfau4
0 ar 2
By assuming a mean-apparent viscosity,µ, such that

(7.7)
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i
µ,=--

au
ar

(7.8)

where µ is a function of axial and radial position, Equation 7. 7 may be written as
To

Q=21T

,rz

J0 -:..-:Jr
µ 2

(7.9)

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
To

Q =2rr

iw

i3

J -7-d:r
P, 2ro

(7.10)

O

The shear stress at the wall,

1 un

was taken outside of the integral. In addition, the

mean-apparent viscosity was assuined to be a function of gas and liquid viscosities and
volume fractions of gas and liquid. Since frothy fl.ow was assumed, the volume fraclions were not considered to be functions of radial position. These assumptions neglect
any bubble migrations. Thus, Equation 7.10 simpifies to

(7.11)

or
(7.12)
where Q,

1 w•

and µ are functions of axial position only. Rearranging Equation 7.12

for 1 w yields
(7.13)
and substituting Equation 7.9 into Equation 7.6 produces
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(7.14)
Since
(7.15)
and
(7.16)

Equation 7.14 simplifies to
(7.17)

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

m.

Q(z)= p(z)

(7.18)

Substitution of Equation 7.4, the density model, gives
r, p•
m( gP +1)
Q(z)---- Pt( 1+rg)

(7.19)

where the mass fraction of gas not in solution, rg, was considered constanL A combination of Equations 7.19 and 7.17 produces

(7.20)

Finally, the mean-apparent viscosity was taken to be
(7.21)
Additional possible forms of the mean-apparent visoosity, such as a form used successfully by M cA dams43, were also considered. Though these alternate farms for the
mean visoosity also lead to closed-form solutions of the momentum equation, applica-
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ti.on of these solutions to the data was difficult and these forms of the solution were
not oonsidered as areurate nor as appropriate as the solution generated by Equation
7.21.
The substitution of Equation 7.21 in Equation 7.20 gave

(7.22)
Use of Equation 7.4 to form the volume fractions leads to
~=

1
r.P'"

(7.23)

1+-g-

p

and

(7.24)

Substitution of these results into Equation 7.22 produces
(7.25)
Defining

(7.26)
and
(7.27)
where k 1 and k 2 are not functions of axial or radial position, and using these
definitions, Equation 7.25 beoomes
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(7.28)
Rearrangement and integration by parts yields
(7.29)
or
(7.30)
where C 1 is a constant of integration. Applying the boundary condition
P=Pt

at

--n
;c;-v

(7.31)

gives
(7.32)
A dditionally, since
P=P,,

at

z=L

(7.33)

Equation 7.30 becomes
(7.34)

Substitution of Equation 7.32 for C 1 gives
(7.35)
or
(7.36)
Examination of the definitions of k 1 and k 2 in Equations 7.26 and 7.27 shows that the
only unknowns in Equation 7.36 are the visrosities of tile liquid and the gas. The
visros:lty of the gas was taken to be tile visrosity of methane at that temperature, as
was done in Chapter 6.
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In order to most easily apply Equation 7.36, a rearrangement of Equation 7.26 was
made by substitution of the definition of the overall, apparent viscosity . That is,
since
4

m= Pr1TTo ( bP)
Bµ

L

(7.37)

from Equation 5.2, Equation 7.26 beoomes
(7.38)
Substitution of the density model, Equation 7.4, and Equation 7.23, Equation 7.38
produces
(7.39)
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
included the effects of solubility. As was discussed in Section 7.3, the mass fraction of
gas not in solution was oonsidered oonstant 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 manner, 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 ft.ow rate and the shear
stress at the wall were determmed 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 wa<s conducted. Thus, the viscosity
of the liquid wa<s more accurately estimated, though the definition of a mean-apparent
viscosity wa<s somewhat arbitrary.
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Table 7.3 The Mass Fraction of Gas Not m Solution
T ernperature

Pressure

(oc)

(nominal psi)

rg

..

CXg

lin

..

Time
(seamd)

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

75

0.015

0.47

110

450

100

0.010

0.42

110

450

125

0.0062

0.19

110

* nomenclature:
r 11

the mass fraction of gas not m solution at the entrance to the capillary tube

exg Im the volume fraction of. gas at the entrance to the capillary tube

- 106-

Table 7.4. An Estimate of the V isoosi.ty of the Liquid
Temperature

Pressure

Mean V isoosity

Liquid Visoosity

(oc)

(nominal psi)

(poise)

(poise)

410

75

356

603

410

100

586

875

410

150

528

614

410

200

494

499

450

50

34

106

450

75

53

100

450

100

65

112

450

125

65

80.2

- 107-

7.5 Conclusion

An estimate of the mass fraction of gas not in solution was made through use of a
model of the densizy. 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 visoosity, the resultant equation was solved for the viscosity of the liquid. Various 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 fl.ow parameters and provided an estimate of the
visoosity of the liquid that was oonsidered more accurate than the estimates of Chapter
6.

- 108-

Cb.apt.era
8.1 Surnrnavy and Results

An experimental investigation of the fluidity of a rapidly heated, bituminous,
highly volatile coal was conducted with a rugh-temperature capillary rheometer similar
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
plastorr...eter, provides only q-µalitative measurements of viscosity. In addition, measurements with the capillary rheometer have shown 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 plastometer7·8 •
The radius of the capillary tube in the rheorneter was 0.026 centimeter and the
length-to-diameter 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-temperature seal insured retention of all products of decomposition in the reservoir. The capillary tube was removable and disposable. In addition, a solid tube
replaced the capillary tube for density measurements. The rheometer was constructed
with molybdenum because of its high thermal conductivity, and the rheometer had a

'

- 109-

large thermal mass compared to the coal sample in order to insure rapid heating. Figures 2.1 through 2.3 presented schematic representations of the experimental. equipmenl 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 o:mcluded that isothermal conditions existed in the reservoir within
ninety seconds of insertion of the coal. The rheometer was calibrated by measurement of the viscosity of a standard-calibration fluid. These measurements were 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 L.1.at the measurements of density were accurate.

Measurements 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 willi
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:
Pr=a+bxe

-k(t-t)
-o

where Pr is the density in the reservoir, tis time, and a, b,k,

(8.1)
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/cm3 , or five percent of the minimum value
for the density. Equation 8.1 shows that the greatest rate of change of density willi
time occurred before the warm-up period of ninety seconds. Section 4.2 and Table 4.1

showed that the time-rate of change of fue density was important for calculation of fue
volumetric flow rate.
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In Sections 4.2 and 4.3, the macroscopic continuity and momentum equations were
applied to volumes containing the reservoir and the capillary tube. Equation 4. 32 ga;ve
an expression of the momentum equation applied to the volume of the capillary tube
Based on Equation 4.32 and the

in tenns of experimentally measured variables.

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

-(P0 -~)Ac=C

where P0

and~

JTwrfz

(8.2)

0

are the pressures at the entran.re and the exit to the capillary tube,

respectively, Ac is the cross-sectional area; L is the length; C is the ci.rcumference of
the capillary tube; z is the axial coordinate; and

Tw

is the shear stress at the wall.

In SecUon 4.4, the difficulties associated with the multi-component, multi-phase
fl.ow of coal became evident upon introduction of the definition of viscosity· through
llie rate of strain described by the following equation:
To

Q=-2rr

2

aur
J-:.._m.
0 ar 2

(8.3)

where Q is llie volumetric fl.ow rate; 70 is fue radius of fue capillary tube; u is the axial
velocity; and r is the radial coordinate. W ifuout detailed knowledge of fue distribution
of fue gaseous phase, bolli fue velocity distribution and the radial gradient of fue velocity distribution were unknown. It was necessary, fuerefore, to put the results of the
measurements of the position of the piston head versus time in terms of an overall
viscosity. Sometimes called fue "effective" viscosity, fue overall viscosity was computed using fue value of volumetrtc rate of fl.ow at the entrance to the capillary tube.
Because fue volumetric fl.ow 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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oonclitions under which the experi..ment was oonducted.

In addition, this overall

visoosity was based on an initial assumption of a Newtonian fluid, and was, therefore,
more accurately termed an apparent, overall visoosity.
In Chapter 5, the measurements of the overall, apparent viscosity were fitted to the
empirical function:

µ(t)=a+b (t-~)+c(t-~)2

where µ is the overall, apparent visoosity, and a, b, c, and

(8.4)
~

are the oonstants to be

established for each temperature and pressure drop. The values of these oonstants are
given in Table 5.1. Equation 8.4 modeled the overall, apparent visoosity as a function
of time with a maximum standard deviation of 53 poise, or ten percent of the
minimum value forµ, at 410 °C, and a maximum standard deviation of 14 poise, or
thirty percent of the minimum value for µ, at 450 °C. The behavior with time of the
apparent, overall visu;sity was cons'is'"tent over all the temperatures and pressure drops.

An initial and quite sudden transition from no flow to the maximum flow rate was followed by a oonstant-fiow rate until the distance between the piston head and the bottom of the reservoir was of the same order of magnitude as the radius of the capillary
tube at which time the flow rate decreased. Measurements based on this oonstant-fiow
rate gave a oonstant 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
µ, at 410 °C, and a maximum standard deviation of 8 poise, or 12 percent of the

minimum µ, at 450 °C. Table 8.1 gave the actual values of the overall visoosity for
each temperature and pressure drop, and Table 5.2 provided further detail. Within the
acxuracy of the experiment, the apparent, overall visoosity was not a function of pres-

sure drop. This result was important because, if the solid phase were affecting the
measurements of visoosity, then the apparent, overall viscosity would increase with
pressure drop. Any rheological classification based on the overall visoosity of a multi-
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phase system. however, must be considered approximate. Contrary tD the measurements made with the Gieseler plasi:Dmet.er3· 7•12, the transition from no flow tD flow was
swift, sudden, and independent of the volume of gas produced. M easurernents with

the Gieseler plasi:Dmeter5· 6•8•13 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 tD 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 G ieseler plasi:Dmeter, it is suggested that the assumption of isothermal conditions in the plasi:Drneter was incorrect and that non-isothermal conditions caused these
discrepancies.
Another goal of this present investigation was tD determine the viscosity of the
continuous phase in order tD 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, twocornponent system The density of the liquid phase was taken to be the maximum
density measured during the warm-up period.

This maximum density was 1.32

gmlcrn3 with a standard deviation of 0.057 gmlcrn3 at 410 °C, and 1.14 gm/cm3 with a
standard deviation of 0.02 gmlcm3 at 450 °C. Use of the measurements of the density
of the liquid and of the overall-density measurements 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
literature32•33•36•38 •40 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 from the ronditions for which the rorrelations were developed. In addition,
because the high overall visrosity 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 Idsinga36 or H usain33 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 iliese rorrelations were those values given by the application of the Lockhart
and M artinelli38 correlation. Table 8.1 gave the viscosity of the liquid based on the
application of this correlation to the overall visrosity.
An estimate of the viscosity of the liquid based on the fl.ow parameters enrountered in the fl.ow 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,
(8.5)

where rg is the mass fraction of gas not in solution; P is the pressure; p is the overall
density; Pi is the density of the liquid phase; and p• is a constant related to the ideal.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:
rg( T,P,t)=rt( T,t)-s( T,t)xP

(8.6)

where T is the temperature, 1t 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 ternperature and time, and the mass fraction of gas not in solution gave reasonable prediclions of the overall 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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voir' versus time, and the standard deviation of the prediction of the density in the
reservoir' based on Equations 8.5 and 8.6. By developing this model of the overall
density, one degree of freedom for the simplified, two-phase, two-component system
was removed.
In Section 7.4, the momentum equation was re-examined with the model for the
density included. By taking a definition for the mean viscosity of the fluid as a function of the visoosities of the liquid and the gas and as a function of the volume fraclions of llie liquid and the gas, several closed-form solutions of the momentum equation were generated. These solutions showed pressure distributions that were not
linear, as expected, though llie deviations from linearity were quite small. 0 ne particular function for the mean viscosity (µ),

(8.7)
where µi and µg are llie viscosities of the liquid and gas, respectively, and a 1 and rxg
are the volume fractions of llie liquid and gas, respectively, was applied to the visoosity data, and the results are given in Table 8.1. Under the flow oonditions of the coalrheology experiment, the non-linear term in the solution of llie pressure distribution
was insignificant, and, llierefore, llie solution was written as

(8.8)
where

m is the mass-flow rate,

r 0 is

the radius of the capillary tube, and Pt is the den-

sity of llie liquid phase. Equation 8.8 allowed measurement of the viscosity of llie
liquid from experiments on gas-liquid capillary flow. Though the application of this
solution of the momentum equation appeared quite reasonable, llie results were
atfected by an arbitrary selection of the form of a mean visoosity.

- 115 -

8.2 Ccmdusions
The major conclusions related to the initial goals of this investigation are listed
below.
1. The capillary rheometer provided quantitative measurements of the overall visoosity of coal in its plastic state with the following relationship:

= 7TTa 3 [ -(Pa-Pt)Ac]
µ

CL

4Qi

where µ is the overall viscosity, and

Qi

(8.9)

is the volumetric flow rate at the entrance

to the capillary tube. The empirical representation of the overall vismsity had a

standard deviation of less than twenty percenl The acorracy of these measurements 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 experiments were conducted, these results indicated a significant improvement over the
qualitative measurements of fluidity made by the G ieseler plastometer. Comparison of these results with measurements made with a plastometer was not passible because the relationship between a plastometer measurement and viscosity is
complex and unlmown.
2. The differences between the measurements made with the capillary rheometer and
the measurments made with a G ieseler plastometer were most noticeable in their
descriptions of the transition 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 t.>ie viscosity. The capillary rheorneter, in contrast, measured a constant viscosity once transition had occurred.
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These measurements by the capillary rheometer were quite short, however, lasting about forty seconds at 410 °C and ten seconds at 450 °C.

This different

description of transition was attributable to the superior heat-transfer characteristics of the capillary rheometer, and suggests that a large number of theories on
coal in its plastic state4·5.6· 8 ·9 · 13 must be revised.
3. A review of the theory of two-phase fl.ow did not uncover an accurate method of
determining the viscosity of the liquid. The correlations reviewed by Idsigna36 and
H usain33 were developed for fl.ow conditions so different from the fl.ow of coal
that use of these rorrelations was questionable. In general, tile gas produced by
decomposition made the overall viscosity less than the viscosity of the continuous
phase.
4. Development of a model for the density of the coal in Section 7.3, and selection
of a form for the mean visrosity in Section 7.4, resulted in a solution of the
momentum equation that was specifically tailored for the fl.ow of coal in a capillary
tube. Use of the density model,
(8.5)

resulted in the solution for the pressure drop:
(8.8)

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 experiment 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 oorrelalions discussed in Chapter 6 showed that this solution wa;; reasonable, wellbehaved, and appropriate.
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The plasticity of roal 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
chemical engineers who are roncerned with the basic structure of roal. The overall
viscosity data and the estimates of the viscosity of the liquid phase will enable the
design of equipment to truce advantage of the temporary fluidity of bituminous coals.
Finally, the application with perhaps the greatest potential would be the treatment of
roal in its plastic state to reduce its pollutants and improve its usefulness as an alternate fossil fuel.

The predictions of pressure drops and transition to plasticity are

essential in the development of these applications.
Table 8.1 Summary of the Viscosity M easurements
Temperature Pressure
Drop
(°Celsius)

(bars)

410

53.0

410

70.6

Gas Volume
Fraction

..

Liquid Viscosity

Overall

Viscosity L andM .,,,

Density M odel

(poise)

(poise)

(poise)

0.41

356

490

603

0.33

586

710

875

410

106

0.14

528

498

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

65

80

* at the entrance to the capillary tube and during constant flow
** rorrelation of Lockhart and M artinelli38

,_
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Appendix A

D ensity D ~ta
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 sampling rates. 'Time starts at" indicates the period of
time that occurred between insertion of the sample and initiation of the collection of
data N orni....-rial pressu..-re is converted to absolute pressure with the following two rela-

tionshlps:
(2.1)
where Fp is the force, Pg is the nominal pressure, and CE-ccs converted psi to dynes
per centimeter squared, and
(2.2)
where P,. is the pressure in the reservoir, and R 0 is the radius of the resevoir.
density run
run number 11

sampling interval (seconds) 30.00
nominal pressure (psig) 100.00
temperature 408.0
time starts at 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
nominal pressure (psig) 100.00
temperature 408.0
time starts at ninety secs
mass (grams) 1.9704
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 0.918 0.928 0.937 0.948
density run not used

run number 13
sampling interval (seconds) 30.00
nominal pressure (psig) 100.00
temperature 4D8.0
time starts at ninety secs
mass (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 0.562 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 0.462 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
0.455
density run
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run number 18
sampling interval (seconds) 30.00
nominal pressure (psig) 100.00
temperature 408.0
time 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 number 20
sampling interval (seconds) 30.00
nominal pressure (psig) 100.00
temperature 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
temperature 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 0.392 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
nominal pressure (psig) 150.00
temperature 410.0
tirne starts at ninety secs

mass (grams) 1.1488
position of piston head (centimeters)
0.323 0.333 0.342 0.350 0.358 0.367 0.375 0.383 0.390 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
time starts at ninety secs

mass (grams) 1.3240
position of piston head (centimeters)
0.273 0.275 0.280 0.292 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
time starts at ninety secs

mass (grams) 1.2769
position of piston head (centimeters)
0.342 0.342 0.352 0.353 0.363 0.377 0.383 0.395 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
temperature 410.0
time starts at 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 number 27
sampling interval (seconds) 30.00
nominal pressure (psig) 200.00
temperature 410.0
time 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
temperature 410.0
time starts at mnety secs
mass (grams) 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 0.415
0.422 0.427 0.433 0.440 0.443 0.450

density run not used
run number 30
sampling inte1val (seconds) 30.00
nominal pressure (psig) 200.00
temperature 410. 0
time starts at mnety secs
mass (grams) 1.3624

position of pi.ston head (centimeters)
0.305 0.293 0.288 0.305 0.338 0.342 0.348 0.353 0.372 0.378
0.383 0.390 0.395 0.403 0.408 0.413

density run
run number 31
sampling interval (seconds) 30.00
nominal pressure (psig) 75.00
temperature 410.0
time starts at mnety 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
nominal pressure (psig) 75. 00
temperature 410.0
time st.arts at ninety secs
mass (grams) 1.1024

position of piston head ( centirneters)
0.315 0.330 0.345 0.358 0.368 0.383 0.403 0.422 0.438 0.455
0.465 0.478 0.495 0.510 0.522 0.532 0.542
density run
run number 35
sampling interval (seconds)

5.00

nominal pressure (psig) 50.00
temperature 450.0
time starts at forty seconds
mass (grams) 1.1029

position of piston head (centimeters)
0.342 0.373 0.397 0.435 0.463 0.487 0.512 0.538 0.558 0.577
0.590 0.602 0.613 0.628 0.637 0.650
density run
run number 36
sampling interval (seconds) 10.00
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nominal pressure (psig) 50.00

temperature 450.0
time starts at forty secs
mass (grams) 0.8040

position of piston head (centimeters)
0.278 0.283 0.365 0.438 0.485 0.525 0.563 0.588 0.617 0.640
0.667 0.688

density run
run number 38

sampling interval (seconds)

5.00

nominal pressure (psig) 50.00

temperature 450. 0
tirne stat-ts at forty secs
mass (grams) 1.1457

position of piston head (centimeters)
0.388 0.427 0.468 0.507 0.542 0.577 0.645 0.673 0.705 0.728

density nm
run number 33

sampling interval (seconds) 30.00
nominal pressure (psig) 75.00

temperature 410.0
time starts at ninety secs
mass (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 0.467 0.480 0.492 0.505 0.525 0.540
0.553 0.565 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
nominal pressure (psig) 100.00
temperature 450.0
time starts at 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
temperature 450.0
tiine starts at ninety secs
mass (grams) 1.0128
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position of piston head (centimeters)
0.528 0.527 0.527 0.542 0.553 0.575 0.590 0.603 0.617 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

tin1e starts at rrinety 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 0.805
density run
run number 42
sampling interval (seconds) 10.00
nominal pressure (psig) 125~00
temperature 450.0
time st.arts at ninety secs

mass (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 0.470
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
time 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 0.495 0.505 0.512
density run
run number 44
sampling interval (seconds) 10.00
nominal pressure (psig) 75.00

temperature 450.0
time 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 0.697 0.708 0.723 0.730 0.740 0.750 0.760
0.775
deusity run
run number 45
sampling interval (seconds) 10.00
nominal pressure (psig) 100.00

temperature 450. 0
time starts at ninety secs
mass (grams) 0.9856
position of piston head (centimeters)
0.417 0.417 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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Viscosity D at.a
The volumetric flow rate was computed from the time rate of change of the
volume 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 period of time that occurred between insertion of the sample and initiation of the collection of data Nominal pressure is converted to pressure drop with the
following two relationships:
(2.1)

where Fp is the force, Pg is the nominal pressure, and CE-ccs converted psi to dynes
per centimeter squared, and
(2.2)
where Pr is the pressure drop, and R 0 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)

- 139-

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 0.095 0.080 0.050 0.013
viscosity run not used
run number 76
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)
0.503 0.507 0.508 0.508 0.508 0.508 0.508 0.505 0.498 0.490
0.480 0.463 0.443 0.418 0.398 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 starts 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
0.290 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 0.055 0.043 0.033 0.028
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0.023 0.017
viscosity run
run number 78

sampling mterval (seconds)

5.00

nominal pressure (psig) 100.00

temperature 410.0
time starts at nmety secs
mass (grams) 0.0000

position of piston head (centimeters)
0.413 0.413 0.413 0.413 0.413 0.412 0.412 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 0.295 0.280 0.272 0.257 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 mterval (seconds). 5.00
nominal pressure (psig) 75.00

temperature 410.0
time starts at nmety 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 0.092 0.078
0.072 0.062 0.057 0.047

- 141-

visrosity run

run number 80
sampling interval (second<s)

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 0.393
0.358 0.350 0.352 0.358 0.348 0.328 0.312 0.305 0.275 0.262
0.263 0.252 0.247 0.212 0.195 0.180 0.122 0.143 0.128 0.110
0.103 0.097 0.090 0.082 0.078 0.075 0.072 0.068 0.065 0.063
0.062 0.060 0.058
viscosity run
run number 81
sampling interval (seconds)

2.00

nominal pressure (psig) 200.00
temperature 410.0
time 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

run number 82
sampling interval (seconds)

5.00

nominal pressure (psig) 150.00
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temperature 410.0
time start.s 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
sampnng interval (seconds)

5.00

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

rn..ass (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 0.098
0.065 0.055 0.040 0.033 0.028
viscosity run
run number 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 0.0?7 0.042 0.048 0.037
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viscosity run
run number 85
sampling interval (seronds)

2.00

nominal pressure (psig) 50.00
temperature 450. 0
time starts at ninety secs

mass (grams) 1.6320
position of piston head (centimeters)
0.697 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
sampling interval (seconds)

2.00

nominal pressure (psig) 50.00
temperature 450.0
time starts at ninety secs

mass (grams) 1.6516
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
temperature 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
0.173 0.153 0.140 0.128 0.113
viscosity run
run number 90
sampling interval (seconds)

2.00

nominal pressure (psig) 100.00

temperature 450.0
time starts at ninety secs
mass (grams) 1. 6195

position of piston head (centimeters)
0.600 0.600 0.600 0.600 0.597 0.583 0.567 0.548 0.525 0.492
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

nominal pressure (psig) 125.oo

temperature 450.0
time starts at ninety secs
mass (grams) 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
viscosity run
run number 92
sampling interval (seconds)

2.00
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nominal 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

vismsity run
run number 94

sampling 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

vismsity 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 0.293
0.262 0.220 0.203 0.188
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APPENDIX

C

A sample of Gieseler plastometer data for the Pitt 8
coal by Lloyd. 4
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