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ABSTRACT

There is a paucity of experimental and literature data on the thermal
conductivities of coal liquids and slurries of coal and liquids derived
from coal at elevated temperatures and pressures. The few literature data
that do exist generally are questionable because they were obtalned under
static conditions, whereby the slurries have been subjected to elevated
temperatures for extended time periods 1n an autoclave during the measure-
ment process. This report describes instrumentation and techniques that,
when used in conjunction with a unique bench-scale flow system for coal
liquids, enabled thermal conductivity measurements of fresh, slurried
coal-solvent mixtures under more or less dynamic flow conditions.

The transient hot-wire technique was selected as the method of
choice, and a high-temperature, high-pressure cell, rated for temperatures
to 850 K and pressures to 30 MPa (4366 psig), was fabricated from type 347
stainless steel. The cell, constructed of two identical manifolds joined
by a length of pipe (34.9-mm OD x 19.7-mm ID), contained a platinum hot
wire gauge (40 SWG, 0.076-mm diam) ~29 cm in length. The measurement
system consisted of a commercilally available, precision dc current source
(programmable and capable of current output to 164 mA) and a custom~built,
switching/voltage amplification network with a digital oscilloscope for
data acquisition. Measurements of the voltage drop across the hot-wire
gauge (4096 data points) were transferred to a minicomputer for analysis
and long~term storage.

Measurements performed at the laboratory bench with this system on
toluene at temperatures to 348 K differed by <2.3% from smoothed, inter~-

polated literature data. A few measurements on toluene with the system
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installed in the bench—scale Coal Liquids Flow System (CLFS) showed
larger deviations from the literature data and somewhat lower precision
(mean C.V. 3% compared to 1.1%).

Thermal conductivities were measured on a Wilsonville solvent and a
slurry prepared from this solvent and Illinois No. 6 coal over a tempera-~
ture range of 295 to 505 K. Therwal conductivities for both the solvent
and the slurry decreased with increasing temperatures, similar to the
trend showed by toluene., The solvent decreased from 1.23 to 1.02 md cwm™ ! K1
over the temperature range 296 to 438 K, while the slurry decreased from
1.51 to 1.02 oW cm™} K™! over the range 295 to 505 K. Applying the
Rayleigh equation (used to estimate the thermal conductivity of hetero-
geneous mixtures of monodispersed spheres in a liquid) to density-vs-
temperature data for slurries of this same solvent and coal resulted in
computed thermal conductivities which fell within, or slightly below, the
range of values observed for a variety of coals by direct measurements on
lumps of coal. 'This was an indication of internal self-consistency for
these data.

Measurements were attempted at tempevatures >505 K; however,
resistances measured from the hot~wire gauge to the body of the cell were
too low for them to be completed. We were unable, in the time remaining
on the project, to determine if carbon bridging across the Macer seals or
increased conductivity of the slurry was the cause of the difficulty. If
increased conductivity at higher temperatures is causing the problem, it
may preclude use of the transient hot-wire method for slurries at tempera-

tures >500 K.
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GLOSSARY OF TERMS

a cross—sectional radius of hot-wire gauge
b radius of cell

Cp specific heat at constant pressure
q total power input to hot wire, W

d fluid thickness in cell

Gy Grashof number

g acceleration due to gravity

I current

k thermal conductivity

L length of hot~wire gauge

Py Prandtl number

Rz Rayleigh number

T temperature, K

Greek Symbols

a  temperature coefficlent of resistance change
o' thermal diffusivity

B thermal expansion coefficient

Y Fuler's constant, 0.577...

Y' exp Y

p density

n viscosity
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THERMAL CONDUCTIVITIES OF WILSONVILLE SOLVENT AND
WILSONVILLE SOLVENT/ILLINOIS NO. 6 COAL SLURRY

J. E. Mrochek
J. H. Wilson
J. K. Johnson

1. INTRODUCTION

In an attempt to develop advanced technologies for the conversion of
coal into a clean-burning product, the U.S. Department of Energy (DOE) has
contributed funding for several synthetic fuel projects to demonstrate
the technical, environmental, and economic feasibility of converting
high-sulfur coals into solid and liquid fuels. MNumerous process develop-
ment units (PDUs) and at least three pilot plants have been constructed
and operated for this purpose. Numerous heat exchangers and a relatively
large preheater containing miles of expensive tubing are generally
present as an integral part of the design for any demonstration (or
larger) coal liquefaction plant. Proper, cost-effective design of these
components requires accurate measurement of the thermal conductivities of
the process liquids and solvent-coal slurries under process conditions
of temperature and pressure.

The objectives of this work were to develop, test, and install in
the Coal Liquids Flow System (CLFS) an instrument capable of measuring
the thermal conductivity of coal-solvent slurries under typical process
conditions present in SRC and H~Coal liquefaction processes. This capa-
bility would permit freshly prepared slﬁrries to be used at each tempera-—

ture, enabling measurements to be made under conditicns similar to those



in the actual process and overcoming the thermal aging problem asscciated
with batech processing in an autoclave.

An instrument wae designed and constructed at the Oazk Ridge National
Laboratory (ORNL) for the purpose of measuring the thermal conductivities
of coal liquids and coal slurries at simulated process conditions. This
instrument was tested with toluene and Wilsonville solvent at relatively
low temperatures in a static mode of operation. Tt was then Installed in
the CLFS to determine the thermal conductivities of coal-derlived materials
at high pressures [up to 13.9 MPa (2000 psig)] and high temperatures [to

700 K (8060°F)].
2. BACKGROUND

Measured thermal conductivities of coal liquids or solvent—coal mix-—
tures are virtually absent from the literature. The only data published
on slurries are those of Grayl for SRC-II solvent—coal mixtures to
temperatures of ~500 K (440°F) and those of Droege et al.? for
Wilsonville SRC~L solvents mixed with Kentucky No. 9 coal to ~700 K
(800°F). These same authors have reported thermal conductivity values
for solvents from the same processes, and more recently, Perkins, Slioan,
and Graboski3 have presented data on SRC~-I and COED solvents to ~490 K
(422°F). The unifying factor among work from these three groups 1s the
use of the transient hot-wire technique on batch samples contained in an
autoclave. An inherent problem with baftch samples in an autoclave
involves their subjection to a particular thermal aging history during
heatup, which can produce chemical teactions that may affect their
stability and may also alter important physical properties. This is
particularly a problem with coal slurries since the occurrence of a

"gelation” region is well known . 4



2.1 METHOD SELECTION AND JUSTIFICATION

The thermsl conductivity, k, of a substance is defined by
do/dt = -kA dT/dx, (1)

where d© is heat transmitted in time dt along a temperature gradient
(dT/dx) perpendicular to an area A. Tait and Hills> have classified
apparatus for the determination of thermal conductivities of liquids into
two broad classes — steady-state and transient wmethods.

A primary example of steady—~state methodology is the guarded hori-
zontal parallel-plate technique as described by Fritz and Poltz® and
employed by Poltz and Juge17 to measure the thermal conductivities of
toluene and five other organic fluids. Two disadvantages of this method
are that smooth (0.3 um), planar plates are required, and radiation has
significant effects on the measurements. Convection 1s also a major
problem, which may be minimized by decreasing the interplate spacing; in
this way, we ultimately approach the measurement of thin liquid films.
The tendency of coal particulates to settle in thin films and the effect
of elevated temperatures on interelectrode spacing and dimensional stability
of the apparatus preclude consideration of such techniques for measuriag
the thermal conductivities of coal slurries under process conditions.

Non-steady—-state methods are characterized by the measurement of
temperature as a function of time after imparting a known pulse (small)
of heat to the systems The source of heat is restricted to oune
displaying low heat capacity, and fine wires ("hot wires") are generally
employed. The dimensions of the "hot wire” (small radius, approaching
zero; length approaching infinity) tend to reduce radiation effects.

Extrapolation backward In time minimizes errors due to convection, and



the acquisition of data over short periods of time nminimizes variations
arising from the temperature dependence of thermal conductivity. The use
of short times is attractive for measurements on coal slurries since a
minimum particulate settling should be observed. The transient hot-wire
method was selected for this experimentation because of this advantage
over steady-state methods.

The transient hot-wire technique normally employs a vertical,
cylindrical symmetry in which the wire serves as both the heat source and
the thermometer. Platinum is usually the material of choice because of
high thermal conductivity and a nearly linear relationship between
resistance and temperature over a broad temperature range. The wire is
pulsed electrically to introduce heat into the liquid cylinder. Heat
generated by the low power pulse (1 to 8 wW/cm) diffuses radially outward
from the wire into the surrounding liquid, generating a temperature
gradient that is a function of the fluid's thermal conductivity.

2.1.1 Mathematical Modeling of the Translent Hot-Wire Device

Convection should be absent in any experimental determination of
fluid thermal conductivity; heat should only be transferred by pure con-
duction. The onset of natural convection actually sets a limit on the
duration of the measurement since absolute corrections for its adverse
effects cannot be computed.

The non-steady-state hot-wire cell is modeled mathematically as an
infinitely loug line source immersed in an unbounded isotropic medium.
The resulting Fourier conduction equation for the fluid, assuming

temperature~independent properties of the medium, is

T N (E)ZT 1 aT> 2
pCy ~— = e I
P ar? r ar



The medium, initially at uniform temperature, 1s subjected to constant
power per unit length (q/L) originating from the line source at time = 0
and r = 0. The temperature at time t referred to the initial value (at

constant pressure) may be computed as8

q/L re
e = - o {E( zm't)} ' &

The exponential integral function E;{~x) can be approximated as?

o e"‘u
~E4{(~x) =f —— du
X

u
(4
= (-1)Px"
= -y - 1ln x =% ~———-
n=l nn !

(| arg x' < H) .

Therefore, from Eq. (3), the temperature at some specified radial distance

2
r
r becomes (after substituting . for x),
4o t
/L[ 4a’t r?
T(r,t) = In ""Y+ ” ™ eee
4IN | r? ba t
] (5
q/L ha” r?
BB e ll’lt+ln ,+ - ™ ees 3
4IN | réy ba t
where
y' = exp Y and Y = Euler's coastant (= 0.577...);
a" = thermal diffusivity, k/(pg sz) (k = initial estimate of
thermal conductivity);
Py = density of the fluid;
c = heat capacity of the fluid.



The temperature of the hot wire may be approximated (neglecting any
interfacial resistaoce between the wire and the medium) by substituting
r = a, the radius of the hot wire, into Eq. (5) and assuming that a?/4o’t
is negligibly small in the time range t; to t3. Thus, we may describe
the temperature rise of the hot-wire gauge as

q/L to

T(a,t - T(a,ty) 2~ In — . 6
2) 1 ATA t ( )

This line-source solution expresses the temperature tise of the line
source as a linear function of 1n{time). Thus, thermal conductivity may

be estimated as

q < 4T >"1
A = e | . @)
A7L \d 1n t

Since the hot wire serves as both a heat source and a resistive thermom—
eter, the transient temperature behavior may be related to the change

in resistance by defining the temperature coefficient of resistance as

1 4dr
Q@ = - s (8)
R, dT
where
R, = resistance at some initial temperature (e.g., 0°C);
a = temperature coefficient of resistance for the platinum hot wire.

For a hot-wire cell to which constant curreat is applied, Ohm's law leads fo
I dR =4V ,

with the power (q) applied to the hot wire expressed as



q=VI=I%2R |, (9)

where V 1s the voltage drop across the hot~wire gauge.

Now, Eq. (7) may be rewritten as

13R?2¢ dv -1
A= . (10a)
41IL d 1n t

Because a may not be a constant, a more convenient form of Eq. (10a) for
the high temperatures to be employed in the measurement of thermal

conductivities for coal slurries is

drR
I3; 37/ av \ !
, (10b)

4111, dIn t

where Ry 1s the resistance of the hot—wire gauge measured at the initial
temperature conditions for the measurement, and g%'is the slope of the
temperature~vs-resistance curve (evaluated at that same temperature) fér
the hot-wire gauge (Ef'is approximately constant over small increments in
temperature). Thus, thermal conductivity may be estimated from the slope
of a linear plot of voltage vs In(time) for the hot-wire gauge immersed
in the medium to be measured, from the known constant current input, and
from the initial resistance, length, and slope of the resistance~vs-
temperature curve for the platinum hot~wire gauge.

The time for onset of natural convection for a cell with cylindrical
geometry was estimated according to McLaughlin.lo He suggested that the
onset of convection is determined by critical values of the product of

Prandtl and Grashof numbers known as the Rayleigh number (R, = P, * G,).

The Prandtl number 1s a dimensionless measure of the ratio of molecular



diffusivity of momentum to the molecular diffusivity of energy

(Pp = nCp/k). The Grashof number (Gy = ngzATd3/nz) is a measure of the
relative importance of the buoyancy and viscous forces acting on the
fluid. The critical Rayleigh number for concentric cvlinders is 1000,11
This suggests that no convection would be expected provided R; < 1000 for
the fluid under investigation in a cell of given geometry. Applying these
criteria to toluene at 333 K in the cylindrical hot~wire system indicated
the time for ouset of convection to be >6 but <6.5 s (see Appendix).

This computation is strongly affected by fluid viscosity. If the viscosity
of the fluid increases by a factor of 2 (at 333 K, n = 0.38 cp for
toluene), all other factors remaining constant, the time of onset of con~
vection would increase to ~9 s. The viscosities for coal liquids

and slurries of coal im coal liquids are generally of the order of 1 and
20 to 30 cP, respectively, for temperatures of interest in this work.
Thus, since the other parameters do not change appreciably from those of
toluene, convective heat flow should not be a problem for measurements
under 10 s.

The effect of radiant heat transfer has been examined in the case of
poorly absorbing fluids, such as benzene, toluene, nitrobenzene, m-xylene,
and carbon tetrachloride. Poltz and Jugel,7 employing parallel plate
geometry to measure thermal conductivity, determined the radiation
contribution to show a functional dependence on interplate spacing.
Measured thermal conductivities were 5 to 7% too high using their maximum
plate spacing (~2 mm). McLaughlin and pittmanl? eliminated time-
dependent errors (including the radiative contribution) by extrapclating
back to time = 0 for their experiments on toluene using the hot-wire

gauge. (Poltz and Jugel also eliminated the effect by extrapolating to



zero plate spacing.) Of course, these corrections were all made on
poorly absorbing fluids. For the case of strongly absorbing fluids, such
as those from coal, the radiative contribution will rise at very early
times to a constant value; thus, back extrapolation procedures would
fail to eliminate it. Poltz and Juge17 have shown experimentally that
increasing 1ir absorptivity for liquids reduced the effect of radiative
losses and the influence of interplate spacing on thermal conductivity.
Thus, errors due to an uncorrected radiative component should be less for
coal liquids and slurries than for a poorly absorbing fluid such as
toluene. Compared with the total conductive output of the wire,
~3000 J m~%s™! (150 mA current through a 0.076-mm wire, 29 cm in length,
having a resistance of 9.2 R), radiation (assuming toluene at 60°C) is
computed to be <0.1%7 of the total power output for toluene.l3

The line-source solution [Eq.(6)] is based upon the assumptions of
an infinitely long hot-wire gauge and thus the absence of axial tempera-—
ture varlation. However, the hot-wire gauge, of necessity, must be
connected to heavier wires to make electrical connection to it. 1In
practice, these heavier wires (Pt, 24 SWG) will cause a drop in the
temperature of the hot-wire gauge near its ends. The maximum heat loss
through the ends of the hot-~wire gauge was computed for the cell of this
study containing toluene at ~350 K. It was found to be 6 x 10~ W or
<0.3% of the total power to the wire gauge (150 mA at 9.2 @).13 This
loss is attenuated considerably since the heavy wire leads to the hot-
wire gauge were sealed in glass to 1insulate them from contact with the
fluid to be measured.

One major factor that must be considered in the measurement of

thermal conductivity by the transient hot-wire method is the finite
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diameter of the gauge. It is highly desirable to employ a hot wire of
the smallest practicable diameter with a recommended diameter being
0.001 in.12 1t was felt that this diameter was too small to withstand
the rigors of high-temperature cycling and the pumping of coal slurries,
so a nominal wire diameter of 0.003 in (7.6 x 10™2 mm) was selected. The
effects of this finite wire size on measurements of thermal conductivity
are discussed more thoroughly in Sect. 4. Summarizing for purposes of
this discussion -— corrections to the measured temperature of the hot~
wire gauge are ~1 to -3% for measurement times between 0.5 and 0.2 s on
toluene at ambient temperature. These corrections are ~0.7 to -1.2% for
a coal solvent and ~0.4 to —-0.437 for a coal slurry, beth over the same
time frame and at 450 K. Such corrections fall within the limit of

experimental error for this apparatus at elevated tewmperature.

2.2 INSTRUMENTATION

A simple, rugged, easily operated measurement system was desired
since the device was ultimately destined to be used to measure thermal
conductivities of coal slurries in the near-pilot-plant environment of
the CLFS.14 The system, shown schematically in Fig. 1, consists of a
programmable precision dec current source, a switching network, and three
high-gain instrumentation amplifiers with precision voltage suppression
circuits for removing the large dc component of the signal so that small
changes are more readily monitored. One of the amplifier circuits is
employed to aid in the adjustment of a ballast resistor to match the
resistance of the hot-wire gauge. A second amplifier circuit is utilized
to continuously monitor system current across a precision 10-8 resistor

in conjunction with a digital panel meter, The third amplifier circuit
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Fig. 1. Schematic diagram of instrumentation for measurement of
thermal conductivity,
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provides a gain of 1000 to amplify the microvolt drop across the hot-wire
gauge into the millivolt range for acquisition and weasurement by a
digital oscilloscope.

The ballast resistor is provided to minimize the switching transient
when the current source is counected to the hot wire. The selected out—
put signal is low-pass filtered at 20 Hz to reduce noise from 60-Hz sources
and ripple from the current source. The resulting resolution is 1 v,
referred to the fnput voltage. Switching transients are damped out
within 150 ms after current is applied to the cell.

2.2.1 Anmplification Circuitry Module

Three similar amplifier modules are used to acquire the signals of
interest, to remove large undesired dc offsets, and to boost the
submillivolt signals to levels near 1 V. A simplified schematic of the
circuit used is shown in Fig. 2.

A precision "bucking” or zero—suppressing adjustable voltage source
is placed in series with the input to allow the large dc offset present
in each signal to be nulled. The remalning signal is amplified by a gain
of 1000 using a precision instrumentation amplifier, a Burr-Brown Model
3630. This amplifier was chosen because of its low input noise, low
drift, and high common-miode noise rejection ratio. 1In constructing the
amplifier circuits, a special solder was used in the signal paths to mini-
mize the possibility of thermally generated voltages introducing errors
into the measured signals. Care was faken to eliminate any inadvertent
ground paths that could compromise those measurements "floating off of
ground” or that could create noise~inducing ground loops. A driven
shield is used Lo guard against noise pickup in the voltage leads to the

remotely located filament.
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2.2.2 Power Source

A digital current scurce (Hewlett-Packard, Model 6140A) equipped
with a Pocket Programmer (Model 14533B) was employed as the constant-
current source for the system. 'The source has two current ranges, 0 to
16.3835 mA and O to 163.835 mA. Accuracies for the two ranges are
1 yA = 0.01% and 10 pA * 0.01% of programmed output, respectively.
Calibration demonstrated that all measured values,; except that at
50,00 mA (10 uA + 0.02%), were well within the claimed accuracy limita—
tions.

Accurate measurements of the initial resistance of the hot-wire
gauge at temperature required the input of a known current in the range
of 1 mA. Use of the low range of the power source enabled a programmed
input of 1.000 mA as determined by independent measurement., This
allowed direct readout of resistance to four or five significant figures
on a digital multimeter (Hewlett-Packard Model 3490A).

2.2.3 Data Acquisition

Data are acquired from the amplifier module by means of a digital
storage oscilloscope (Nicolet Medel 2090-2 equipped with Model 201-2
plug—in unit). Storage capacity of the scope is 4096 words by 12 bits;
maximum vertical sensitivity is %10 mV with an A/D resolution of 12 bits.
The scope is equipped with an RS-232C interface (Model 2082), which is
utilized to transmit the stored voltage~vs—time data to a digital com-
puter for long-term storage and/or analysis. A FORTRAN-77 program was
written to implement the acquisition and storage of the data from the
Nicolet oscilloscope. Transfer of 4096 data points to the PDP-11 computer

required ~30 s.
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2.2.4 Cell

The cell components were fabricated from 347 stainless steel — two
identical manifolds (50.8 x 57.2 x 101.6 umm) jéined by a 1eﬁgth of pipe
(34.9-mm OD x 19.7-mm ID) (see Fig. 3). The assembly was rated for
pressures and temperatures as high as 30 MPa (4366 psig) and 850 K,
respectively. Fluid inlet and outlet openings were located at the
extreme ends of the gell to eliminate potential dead volumes where gases
might accumulate.

The hot-wire gauge consisted of ~29 cm of platinum wire (40 SWG,
0.076~mm diam), which was brazed dr laser—welded on either end to a
heavier platinum wire (24 SWG, 0.5 mm) to enable electrical connections
to be made to the hot wire. The heavier wire exited the cell through
Conax fittings with two Macor™ insulators sandwiched around a crushable
lava seal, as illustrated in Fig. 4. The electrical leads inside the
cell were insulated from electrical contact with the walls of the Conéx
fittings by glass encapsulation, as shown in Fig. 4. This encapsulation
also served to reduce heat losses from the ends of the hot wire, slowing
the onset of convection and preserving the linearity of voltage-vs~-
In{time) data [see Eq. (10b)] over lounger periods of time.

2.2.4.1 Flow Systems

The cell was tested in two flow systems. Initial tests were per~
formed with toluene that was transferred from a reservoilir into the cell
via a small (2 mL/min) positive displacement pump. Both the reservolr
and the cell were contained in an insulated vessel filled with a 1:1 mix-
ture of ethylene glycol which was maintained at constant temperature by

means of a Lauda (model K-2/R) controlled-temperature system.
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The high~temperature, high-pressure thermal conductivity cell was
principally designed for the CLFS (Fig. 5). This unique system will
permit the rheclogical and other physical properties of reacting coal-
solvent slurries to be studied under continuous flow conditions at the
temperatures and pressures used in direct coal liquefaction processes.

Coal was slurried with a solvent in the feed tank at ambient tempera-—
ture and pressure, mixed continuously by an air-driven stirrer, and
recirculated through an external loop by a progressive cavity pump
(Moyno, Model 3L2 with Viton stator). A slipstream from the slurry
recirculation line was pumped via a positive-displacement pdmp (Bran~Lubbe
Model N-K51, high pressure) to the preheater at a maximum rate of 1.2 g/s.
The weight of the feed tank was monitored continuously by a National
Controls weigh cell with a Donic 420 digital readout connected to an
on-line Digital Equipment Corporation minicomputer (DEC PDP 11/34). Thus,
continuous measurement of the slurry mass feed rate was possible. The
slurry preheater was fabricated from a 12.1-m (40-ft) section of 6.35-mm
(1/4-~10.)-0D by 2.77-mm (0.109~in.)~1ID medium~pres§ure tubing (Autoclave
Engineers) which was electrically heated (maximum heat rate = 22 kJ/s *m?)
and insulated.

The high-temperature, high-pressure thermal conductivity cell was
connected into the CLFS immediately downstream of the preheater (see
Fig. 5) by means of an ORNL-modified three-way valve (Autoclave
Engineers) equipped with two air activators. The modified valve differed
from the standard valve by the addition of two ports to enable a solvent
flush stream around the valve stems to preclude the deposition of solids

in this critical area. Momentary isolation of the cell for a thermal
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conductivity measurement was achieved by closing the port to the cell and
opening the port to the bypass line.

2.244.2 Cell Temperature Control

The thermal conductivity cell was 1initially suspended in a heated
sand bath during off-line static, high-temperature studies, both for
calibration of the wire and measurements on toluene and coal liquids.

The heating system, however, showed some deficiencies, specifically an
extreme sensitivity to operating parameters and the need for a long
equilibration period. Since measurements on coal liquids and slurries
involved using the CLFS, which can be difficult to operate, the long
delays would make measurements difficult, or even Impossible. Therefore,
a new heater was developed to correct the deficiencies of the sand bath.

The new system for controlling the temperature of the thermal
conductivity cell was heated electrically and used the mass of the heater
and the cell to damp out temperature oscillations. The heater vessel was
fabricated from a 6l-cm (24-in.) length of 12.7-cm (5-in.)~ID stainless
steel pipe and contained six 220-V, 1-~kW strip heaters which were
attached to the exterior of the vessel. The thermal conductivity cell
was suspended from a mounting bracket so that it was centered both
radially and axially in the heated portion of the contalner. Copper shot,
which was used as the heat transfer medium, was poured arocund the cell.
Because the center of the cell was found to remain slightly warmer
(by ~2 K) than the ends, two coliled Calrod heaters with independent
controls were placed in the copper shot around each end. External
thermocouples were placed at the ends and at the center of the cell;

also, a thermecouple was installed in the inlet line to the cell at a
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distance of ~15 cm from the cell. Temperatures were recorded by the

PDP-11 computer; the CRT display of all temperatures was updated every 20 s.
3. EXPERIMENTAL PROCEDURES

Before a thermal conductivity measurement was performed on the CLFS,
the cell was first equilibrated at the test temperature. The “"metal
bath” temperature controller was set at the desired temperature, and the
solvent or slurry feed was pumped continuously through the CLFS preheater
and then through the coonductivity cell. The preheater temperature was
adjusted so that the temperature of the fluid immediately upstream of the
cellrwas the same as the external temperature of the cell body. To
ensure that isothermal conditions had been attained, the resistance of
the platinum wire in .the cell was monitored after fluid flow was stopped
temporarily. A resistance that remained constant (within %5 mQ equiva-
lent to 0.2 K) over a 60-s period indicated that the fluid was being.
neither heated nor cooled by the cell body. This minimization of
temperature differentials within the cell was extremely lmportant in
making accurate measurements of thermal conductivity.

When temperatures were lined out, the fluid flow was bypassed around
the thermal conductivity cell and, at the same time, the set point on the
unit pressure controller was raised to a high level. (The latter was
necegsary to prevent the letdown valve from opening during data
acquisition.,) After a few seconds had been allowed for the fluid that
had been isolated within the cell to come to rest, the current to the
hot-wire gauge was triggered and the voltage drop~-vs—time data were
recorded at l-ms Intervals over a total time span of 4 s by the Nicolet

oscilloscope. The set point of the pressure controller was then lowered
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to the operating level, and fluid flow through the cell was reestablished.
The 4000 data points were transferred from the oscilloscope to a computer
disk file.

In one test made with toluene;, a set of thermal conductivity
measurements was taken during a period in which flow through the cell
was not interrupted. Our objective was to demonstrate that this technique
could be used, if necessary, for slurries because of problems associated
with solids settling at higher temperatures. The experimental procedure
was as described above, except that fluid flow was maintained through,
rather than bypassed around, the thermal conductivity cell during the 4-s
measurement period. Intuitively, for an infinitely long wire or for a
wire with a large length/diameter ratio and a short measurement time, the
response of the wire should be essentially unaffected by the presence of

flow 1f the flow 1s laminar.

4. DATA ANALYSIS

Therwal conductivity is typically determined from the voltage-vs-
In{time) data by, first, computing apparent thermal conductivities using
dv/d 1n{time) values measured over increasing Intervals, with each inter-
val beginning at the same fixed time [e.g., 0.5 s (0.51.0, 0.5-1.5)].
Then these apparent conductivities are plotted vs linear time (the final
time in the particular interval), and the data are extrapolated to time
zero. (Obviously, if the V-vs-ln{time) curve is linear over the full
range of time, thermal conductivity is independent of time and extrapola-
tion is not necessary,) This procedure minimizes time-dependent errors
such as those due to convection and wmitigates the temperature dependence

of thermal conductivity.



23

As long as the variation in apparent thermal conductivity over the
full 4-s time interval is falrly small [{i.e., V vs 1n(time) is reasonabdly
linear], the preceding method works well., However, when V vs ln(time) is
quite nonlinear, as is the case when convection is apparently a problem,
extrapolation to time zero yields thermal conductivities that are much
too high. Toluene data obtained with a temperature differeantial of 3 K
between the bottom and top of the cell (the bottom being hotter) are
illustrated in Fig. 6. The curvature in this plot is considerable.
Apparent thermal conductivities calculated from Fig. 6 over increasingly
longer time intervals (e.g., 0.5-1.0, 0.5-1.5, 0.5-2.0 s) are shown
plotted vs time in Fig. 7. Extrapolation of these values to time zero
yielded a value of 1.240 nW cm™! X! for the thermal conductivity of
toluene at 354 K. This may be compared with a value of 1.141 mW cm~! K~!
obtained from dV/d 1n{time) for the earliest time interval (0.18 to 0.5 s;
see Fig. 6), which 1s within 27 of the 1.164 obtained by interpolation
from McLaughlin and Pittman's tabular listingl> of smoothed thermal
conductivities vs temperature for toluene. Such close agreement, in the
case of toluene, from the use of the dV/d In(time) value at ﬁhis early
time Iinterval is probably fortuitous and is likely due to a cancellation
of errors. The curvature induced by convection increases apparent thermal
conductivity. Temperature corrections required to compensate for the
finite diameter of the hot wire over this early time interval are negative,
however, causing dV/d In(time) to increase and apparent thermal conduc—
tivity to decrease because of the inverse proportionality [see Eq. (10b)].

The temperature corréctions needed to compensate for the finite
diameter of the hot wire ia this early time regime are not only dependent

on wire diameter but alsc on w (= 2 Py sz/pW pr) [see Carslaw and
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Jaeger8 and Jaeger16 for details of the mathematical development]. The
density, py, and heat capacity, pr, of the wire show minimal changes
over the temperature range of interest. Thus, w is only dependent on the

properties of the liquid, Py

and Cp,» A value of u = 1.03 was estimated
for toluene at ambient temperature.' At 450 K, w = 1.3 is estimated for a
coal solvent [p = 0.88 (ref. 4), Cp = 0.51 (ref. 17)], and w = l.41

is estimated for a typical slurry [p = 0.99 (ref. 4), Cp = 0.49 (refs. 17
and 18)]. Using the method described by Jaeger16 and assuming perfect
thermal contact between the hot wire and the surrounding fluid, estimates
of the temperature corrections needed over the early time regime (0.2 to
0.5 s) are calculated in percent for a hot-wire diameter of 0.076 mm {see
Table 1). These results illustrate the fact that, as w increases from

1 to 1.4, the temperature corrections to compensate for the finite wire

diameter diminish significantly; the effect of these corrections on

dv/d 1n(time) also decreases.

Table 1. Estimated temperature corrections for the effect of
finite hot-wire diameler on thermal conductivity measurements
for toluene, a2 coal solvent, and a coal slurry

Time Covrection (%)

(s) Toluene? SolventD Slurry®
0.2 —2.7 -1.2 ~0.43
0.3 -1.9 ~1.0 ~0e¢49
0.4 -1.4 ~0.9 =0.45
0.5 1.2 ~0e7 ~0.40
1.0 ~-0.6 -0.4 ~0.26

8Ambient temperature, w = 1.03, p = 0.867 g/cm3,
Cp = 0.41 cal g~! k1.

D450 K, w = 1.3, p = 0.88, Cp = 0.51.

450 K, w = l.41, p = 0.99, Cp = 0.49.
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Good agreement between experimental thermal conductivities for
toluene (measured in the CLFS) and those reported in the literature (as
discussed later) support the use of the initial V-vs-In(time) data when
convection is present. Also, in thermal conductivity measurements with
coal solvent at a particular temperature, the use of the initial
V~vs~-1n(t) values from the curved plots gave excellent agreement with the
results from the linear V-vs-ln(t) plots. Convection apparently caused
no problems since it was present 1n some runs and virtually absent in

others.

5. RESULTS

The thermal conductivity of toluene was measured in the off-line
system as a function of both temperature and current to the hot wire. The
results are presented in Table 2; a comparison with literature values is

shown 1n Table 3.

Table 2. Thermal conductivities of toluene measured
by the transient hot~wire technique

Temperature Thermal conductivity (mW em™ ! K™D
(x) 75 mA? 100 maAd 125 mAd
328 1.240 1.234 1.222
338 1.217 1.201 1.190
348 1.142 1.147 1.156

Current to the line-source gauge.

Thermal conductivity measurements were made on the CLFS with
toluene, with Wilsonville solvent (sample V-178, tray 8, March 28, 1983),
and with a slurry comprised of this solvent (API gravity = 7.5) and

Illinois No. 6 coal at a solvent~to-coal (§/C) weight ratio of 2:1. These
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Table 3. Comparison of measured thermal conductivities
of toluene with previous work and literature data

Temperature Thermal conductivity (mW en~t KD
(K) This work? LiteratureD
328 1.232 (0.009)¢ 1.228
338 1.203 (0.013) 1.198
348 1.150 (0.018) 1.177

AMean of data in Table 2.
bTaken from McLaughlin and Pittman, 1971 (see ref. 15).
CNumber shown in parentheses is standard deviation.

measurements covered a temperature range of 295 to 500 K. The results
are presented in Tables 4 and 5 and in Fig. 8, Literature values for
toluene are included in Table 5, and slurry data from the literaturel»2
are shown in Fig. 8. The latter data were obtained for a slurry of
Kentucky No. 9 coal and Wilsonville solvent at an S/C weight ratio of
2:12 and for a slurry of Powhatan No. 5 coal and SRC-II recycle solvent.l
Several attempts were made to measure thermal conductivity on coal
slurries at temperatures >505 K. In each instance, resistance from
the wire gauge to the cell body indicated the establishment of a conduc-
tive path. It seemed likely that this path was through the slurry;
however, 1n the time remaining we were not able to establish this conclu-
sively. Other possibilities were increased conductivity through the Macor”
seals or carbon bridging across these seals. 1If high conductivity in the
coal slurry was actually the problem, use of the hot—-wire technique would

be precluded.
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Table 4., Thermal conductivities of coal solvent and coal slurry

Thermal
Temperature conductivity No. of Standard
(K) [mW cm~! K1) measurements deviationb
Solvent?
296 1.23 9 0.03
338 1.21 3 0.002
375 1.12 3 0.02
438 1.02 3 0.03
Slurry?
295 1.51 6 0.02
339 1.39 3 0.04
374 1.27 3 0.04
438 1.15 3 0.03
498 0.92 1 -
505 1.02 3 0.01

2850lvent was Wilsonville sample V-178, tray 8, March 28, 1983.
Slurry was prepared from Wilsonville solvent and Illinois No. 6 coal at a
solvent/coal weight ratio of 2:1.

bstandard deviatious are given for each set of measurements. Pooled
standard deviation (excluding slurry data at 498 X) is 0.03 with 27 D.F.
Corresponding 95% confidence limits are *0.037, %0.026, and *0.021 for
three, six, and nine determinations per set, respectively.
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Table 5. Thermal conductivity of toluene

Thermal 95%
Temperature conductivity No. of Standard confidence

(K) [oW em~t k1) measurements deviation limits
2984 1.318 3 0.008 %0.020
300 1.35 7 0.039 #0.036
3262 1.233 2 0.0005 *0.004
334b 1.17 3 0.044 $0.11
3403 1.191 2 0.0008 +0.007
395,54 1.082 4 0.005 0,003
398 0.93 3 0.012 .03

ATaken from Mclaughlin and Pittman, 1971 (see ref. 15).

bMe asurements were taken while toluene was flowing through the cell.
Temperature was calculated from the resistance of the platioum wire.
Temperature of the cell body was 353 K.

6. DISCUSSION OF RESULTS

6.1 MEASUREMENTS ON TOLUENE

Table 3 demonstrates the precision and the accuracy, by comparison
with literature values, of the thermal conductivity measurements of
toluene in the off-line system at relatively low temperatures. Table 2
shows that thermal conductivity is unaffected by the hot-wire current
over the range of 75 to 125 mA. (Typically, at least three thermal
conductivity measurements were made for all fluids at every temperature
level; each measurement was made at a differeont hot~wire current.)

Compared with literature values, the CLFS results for toluene at room
temperature are accurate within the range of experimental error, as seen
from Table 5. However, at 398 K, the CLFS thermal coanductivity for
toluene 1is significantly lower than the literature value, based on 95%
confidence limits. It 1s possible, though, that the cell was not
completely full of toluene during the measurements made at 398 K. For

this run, in coatrast to the usual procedure, the cell was imitially
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filled with fluid and the flow was then stopped. Subsequently, the
temperatures were stabilized and the measurements made. Even though the
system was pressurized to 13.9 MPa by a continuous flow of nitrogen
introduced downstream of the cell, toluene could have been lost from the
cell during the temperature stabilization period. This loss could have
been caused by pressure fluctuations resulting from operation of the let-
down valve. Another cause of the lower value at 398 K could be the
greater positive correction required (as discussed in Sect. 4) because of
the lower viscosity at the higher temperature. 1If this were the case,
convection currents would have to be absent, which is unlikely under the
low~viscosity conditions., Consequently, the toluene data at 398 K need
to be rechecked. The measurement at 334 K, which was taken while toluene
was flowing through the cell (as described in Sect. 3), alsc agrees
(within confidence limits) with the literature value at that temperature.
The 95% confidence range, though, is relatively broad. Part of the
reason for the variance in the data 1s that the CLFS preheater was not
operating during this run. Thus, the feed toluene was being preheated
only as it passed through about 2 ft of tubing within the hot bed of
copper shot before entering the conductivity cell. As a result, the
toluene within the cell was colder than the cell body; the fluid tempera-
ture, as indicated by the resistance of the platinum wire, was ~19 K lower
than that of the cell body. Convection currents at the cell wall
undoubtedly existed, in addition to the nominal fluid flow during this
measurement. Agreement with the literature value was surprisingly good,
considering the crudeness of this experiment. These tests at 334 K indi-
cated that acceptable thermal conductivity data can be obtained with

fluid flowing through the cell. For slurry measurements, this method
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could alleviate problems with settling of solids. Although additional
measurements at the higher temperatures would be desirable, the accuracy
of the CLFS data is believed to be demonstrated by the thermal conduc-

tivity values determined for toluene at 298 and 334 K.

6.2 MEASUREMENTS ON SOLVENTS AND SLURRIES

The precision of both the slurry and the solvent measurements 1is
very good (Table 4), with a pooled standard deviation (S.D.) of 0.03.
Based on this S.D., the 95% confidence limits calculated according to
Student's "t" test are, on the average, *37 of the experimental thermal
conductivity value. The one value for slurry at 498 K (which was not
used in calculating the pooled S.D.) appears to be incorrect since it lies
well outside the 957 confidence interval for the slurry value of 505 K.
(The difference was too large to be explained by the 7-K temperature
difference,) .Therefore, this data point was ignored in drawing the curve
in Fig. 8.

As discussed previously, the high viscosity of"the slurry eliminated
convection as a problem in the thermal conductivity measurements.
Consequently, the V-vs—1In(t) curves were generally quite linear over the
full 4-s time range and, therefore, the thermal conductivity data are
believed to be accurate. As seen in Fig. 8, the slurry data exhibit no
unusual or unexpected behavior with temperature. Although measurements
at more than four temperature levels would provide a more definitive pic-
ture, the behavior appears to be consistent with that of the slurry.
However, because of the few number of temperatures, it is instructive to
examine the solvent data at each temperature level briefly.

Thermal conductivities of the solvent at room temperature, 375 K,

and 438 K are believed to be accurate because of the linearity of the
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V-vs-In(t) curves and the reproducibility of the data, as shown by the
S.D. values In Table 4. Although the solvent data at 338 K show
excellent reproducibility, each of the three V-vs—-1n(t) curves at this
temperature exhibits a considerable amount of curvature, probably due to
convection currents. Thus, the thermal conductivity reported at 338 K is
believed to be too high., However, it is not possible to calculate the
required correction, if any. 1If the value at 338 K were to be decreased
somewhat, the behavior of the solvent and of the slurry data with tempera-
ture variation, as shown in Fig. 8, would appear to be more consistent
with one another; that is, thermal conductivity would decrease quite
linearly with temperature up to ~440 K. The linear regression line sug—
gests ﬁh;t the value at 338 K should be somewhat less than 1.2 mW cm~! K™1,
At room temperature the thermal conductivity of the slurry approxi-
mates the slurry measurement by Droege et al., as seen in Fig. 8. The
ORNL data, however, are seen to exhibit a significantly greater temperature
dependence than either of the two other slurries shown. Of course,
different coals and solvents were used in the referenced cases. Although
this may explain the differences between the slurries, other effects may
be contributing to the behavior of the referenced data with temperature.
For example, these data were generated by static measurement methods;
consequently, with higher and higher temperatures, the slurry is "aged”
or reacted over longer and longer periods of time due to the heatup time
required for the apparatus. Production of heavy material from tChe coal
during this "aging" period could increase the thermal conductivity of the
slurry; convection is also a possible effect. To prevent coal from
settling, a stirred autoclave was utilized in one investigation (the

stirrer was shut off just prior to the measurement)., With such equipment,
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a heating wantle is typically wounted in a concentric fashion, and the
top head of the autoclave, through which the stirrer shaft passes, is
exposed to the atmosphere. Thus, temperature gradients at the vessel
wall and, consequently, convectlon currents within the fluid might be
anticipated.

Thermal conductivity data for coal liquids are plotted vs tempera-
ture in Fig. 9., The data include those from Perkins et al. on SRC-I
and COED solvents3, from Gray on SRC-IT liquid,l from Droege et al. on
SRC-1 solvent,2 and from this work. With the exception of the SRC-I data
from Perkins et al., the thermal conductivities lie within ~10% of
one another over the indicated temperature range. The lower values of
the SRC-I liquid from Perkins et al. may be attributed to the low specific
gravity of their solvent. This would tend to agree with conclusions from
the SRC~II studies where thermal conductivity was found to increase with
increasing specific gravity and boiling point. However, the COED
liquid generally exhibits the highest thermal conductivity, even though
its density 1is next to the lowest. Thus, other properties of the coal
liquid apparently affect thermal conductivity. For example, Gray men-—

tions the effect of heteroatoms (e.g., oxygen) on thermal conductivity.l

6.3 CALCULATED THERMAL CONDUCTIVITIES FOR COAL

The thermal conductivity of the Illinois No. 6 coal used in this
work was calculated by applying the Rayleigh equation19 to the experimen-
tal results for the solvent and the slurry. This equation, which 1s a
theoretically derived correlation for estimating the thermal conductivity
of heterogeneous mixtures of monodispérsed spheres in a liquid, is as

follows:
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3%y
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k- kp kp + 0.75k

where
k = thermal conductivity of the solvent,

= thermal conductivity of the coal particle,

=
7] )
i 1

= effective thermal conductivity of the slurry,

Xy = volume fraction of the particles.

The thermal conductivity of the coal was calculated as a function of
temperature, utilizing density-vs—temperature data for Illinols No. 6-

Wilsonville solvent slurries from previous ORNL work% to estimate Xy,

The results, along with results calculated using a straight line fit to
the solvent thermal conductivity data, are shown in Table 6. The thermal
conductivities of the coal are seen to fall within, or slightly below,
the range of values that were determined for a variety of coals by direct
measurements on lumps of coal,20 as shown in Table 7. Assuming that the
coal does not react with the solvent, this agreement appears to support
the earlier observation that the ORNL thermal conductivity data for the
solvent and for the slurry are consistent with each other. As seen in
Figs. 8 and 9, the slurry and the solvent data of Droege et al. and of
Gray do not show consistency. That is, the thermal conductivity of the
coal as calculated from the solvent and the slurry data at the higher
temperatures would be much greater than expected, based on Table 7. For
example, at 438 K the thermal conductivity of the cnal is estimated to be
3.9 oW em™ ! K~! from the data of Droege et al., while a value of

1.6 wW cm~! K~! was obtained from the ORNL data. At room temperature,
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Table 6. Thermal conductivities of [llinois No. 6 coal,
calculated from the Rayleigh equation, over the
temperature range 296 to 438 K

Temperature Calculated thermal conductivity?@ (mW em™ ! k7Y
() From data From regression line
296 2.47 2.38
338 1.96 2.07
378 1.76 1.73
438 1.60 1.58

3Calculated using ORNL data for solvent and slurry density-vs-—
temperature data.

Table 7. Measured thermal conductivities of coald
over the temperature range 293 to 1073 K

Thermal conductivity
(W cen~ ! K7D

Temperature

(x) Mean Approx. range
293 2.76 2.30 — 3.35
373 2.30 1.88 — 3.35
473 2.34 1.88 — 3.35
573 2.38 1.88 — 3.35
673 2.13 1.88 — 3.35
773 3.35 2.51 — 5.02
873 5.36 3.56 — B8.37
973 8.87 5.44 — 13.8

1073 12.0 9.62 — 20.9

ATaken from Meredith, 1959 (see ref. 19).
Measurements made on 12 coals covering a wide range of
rank and swelling number.
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the results of Droege et al. and the ORNL data yield approximately the
same conductivity value. 1t should be emphasized here that an ITSL
(integrated two-stage liquefaction process that vwtilizes catalytic
hydrogenation} solvent was used in the ORNL experiments. Comsequently,
this solvent would be expected tokbe more reactive than a "thermal”™ SRC-I
solvent. Thus, the slurry and solveant data obtained by ORNL, by Gray,
and by Droege et al. have shown internal consistencles and inconsisten—
cles as well as external agreements and disagreements. A considerable
effort would be required to unravel the various effects of solvent type,

*

coal type, Taging,” convection, etc., that have been discussed here.

7. CONCLUSIONS

1. Thermal conductivities measured on the solvent emploved in these
experiments are in general agreement with existing literature data,.
Thermal conductivities of the slurry were considerably lower than litera—
ture data at elevated temperatures, possibly due to the use of freshly
prepared mixtures that had not been subjected to the thermal “aging”
conditions typical of static measurements in an autoclave.

2, The strong temperature dependence of the thermal conductivity of
the slurry will significantly affect the design of a feed slurry pre-
heater for a commercial plant.

3. With increasing temperature, the thermal conductivities of a
Wilsonville solvent and a Wilsonville solvent and Illinois No. 6 coal
slurry decreased from 1.23 to 1,02 mi/em™Lek™) (296 to 438 ¥) and from
1.51 to 1.02 rtﬁ»!/c:m"’l~1<"l (295 to 505 K), respectively. The data were
internally consistent, and measurements on a reference liquid, toluene,

were within 37 of literature values to 348 K.
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4, TIf difficulties arise because of problems such as solids
settling, thermal conductivity measurements of a slurry may be made while

the fluid is flowing through the cell.

8. RECOMMENDATIONS

Thermal conductivities of coal slurries obtained using the CLFS are
unique in that they were measured under more or less dynamic conditions
simulating actual conditions in a coal liquefaction faclility. Maximum
measurement temperatures achieved during this study were 505 K. Thermal
conductivities of coal solvents and slurries are needed up to 700 K
(800°F) under conditions which simulate the time at temperature history
in a coal liquefaction plant. During this study, several attempts weve
made to measure the thermal conductivity of coal slurries at temperatures
in excess of 500 K without success., Time and funding constraints preveunted
pilnpointing the actual reason for the failures. However, before any
attempts are made to accomplish these measurements (>500 K) using the
hot—wire method, electrical conductivities of coal solvents and slurries
should be determined at high temperatures. Some experimental evidence
was obtalned which indicated that high electrical conductivity was at

least a contributory factor in the failures.
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APPENDIX

Onset of natural convection (see ref. 11)

gBp%C :
Ry = Py » Gp = —-—k—-R ATd3 < 1000 . (A1)
n

The solution of Laplace's equation (V2T = Q) for concentric cylinders

at steady state assuming constant pressure 1is

b

qlo—

a

k

= . (A.2)
27L(Ty, ~ Ty)

Here, q 1is the heat lost by conduction from the hotter surface at

Ty to the colder surface at T}, a and b are the inner and ocuter radii

of the concentric cylinders, and L 1s their length., The temperature

differential of the pseudo-steady state given by Eq. (A.2) is equated

to the nonsteady state temperature differential of Eq. (5); however,

the distance b in Eq. (A.2) is the radius of expanding high-temperature

fluid surrounding the hot-wire gauge and must be determined.

q/L b
T(r,t) = AT = — In — , (A.3)
2wk a
or
Z2nkAT
b = a exp ( ) R (A.4)
q/L

21kAT
and d = b ~a = a { exp < > ~1 } . (A.5)
q/L
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Now, substituting Eq. (A.5) for d and the major terms for T(r,t) = AT

[Eqg. (5)] into the Rayleigh expression, Eq. (A.1), with the substitutions

th = 4kt/(pCpa2) . (A.6)
t*x
and T* = 4mwkAT/(q/L) = 1ln -, (A.7)
Y
3
sz a3 T#*
yields EP A7 0 Il exp( —) - 1| $< 1000 . (A.8)
nk24wL 2

Now, for toluene at 333 K:

0.38 cP = 3.8 x 1073 g em™} 51,

i

n

k

[

1,225 x 1073 J em™ ! s~1 k71,

Cp = 1.7 J g™l k1,

q = 0.207 W = 0.207 J s™},

B =11 x 107" K~! (thermal expansion coefficient),
a' = k/pCp = 8,707 x 107" cm? s™1,

Substituting in A.8,

g8p2qa3Cy,  (980) (11 x 107%)(0.83) 2(0.207) (3.81 x 1073 %(1.7)
nk24nL (3.8 x 1073)(1.225 x 1073)2(47m)(29)

= 6,935 x 1073 ,

Solving for A.6 —-

t* = 4a't/a? = 2.399 x 102t ,

and A7 —




47

3 1000
1n(134.78) [exp (1/2 1n(136.78) ) -1] < = 1.442 x 105,
6.935 x 10~3
t (s) A= 1n (134.7t) B =exp (A/2) C = [B - 1]3 D=A+C
8 6.9822 32.823 3.223 x 10%  2.250 x 105
6.5 6.7746 29.586 2.336 x 10% 1.583 x 10°
6 6.6946 28.426 2.063 x 10% 1.381 x 10°

Therefore, time (t) for onset of convection for toluene at 60°C is

6 <t < 6.5 s,
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