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Special research methods were developed for studying a flow in a tube
and the dynamics of the combustion and gasification of a single drop.
For a laser-heated small fuel particle, combustion dynamics and gasi-
fication were studied with automatic measurement and data processing
for its temperature, and its photo-electric and gas-analytic charac-
teristics. From the combustion of a drop of coal-water mixture, we
demonstrated that these methods enable the investigation of thermo-
metric, pyrometric and concentrational dynamics for the combustion
of a single fuel drop. This technique gives us the total combustion time,
it registers the duration of the combustion phases, the moment and the
temperature of the drop's ignition, and it gives us information about the
combustion mass rate and the products of gasification. It is possible to
control the duration of the combustion process through fuel composi-
tion in coal-water mixtures: the ratio of a fast-reactive component to a
slow-reactive one.

Introduction

The coal-water mixture (CWM) is a new kind of fuel suitable both for large-scale
and small-scale power plants [1]. The practical interest in this kind of fuel is due to its
technological and economical aspects: the fuel deposits are usually far away from the
consumption sites. CWM has several advantages in comparison with regular micronized
coal fuel: these fluidized reactive mixtures can be transported over long distances
through pipelines, safety requirements are met, and the burning of this fuel yields a lesser
quantity of pollution — oxides of sulfur, nitrogen, etc. Expensive heavy oil can be
substituted for another fuel.

' Nowadays CWM is used in many industrial countries. Russia also is having
positive experiences in the production, transportation and the combustion of coal-water
mixtures (CWM). Being prepared in ”Ugleprovod, Ltd.” (Belousovo) the coal-water
mixture is supplied through a 298 km-long pipeline to the Heat Power Station NS5 in
Novosibirsk. The solid fraction (62%) is the coal from the Inskaya mine in Belovo-city
(Kuznetsk deposit). The dispersed media is water (37%), and the rest 1% is a plastificator
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- sulfate salts of naphthalene-formaldehyde with surfactant properties (the admixture
C-3). The solid phase of the CWM has a grain-size in the range of 20-350 ym. The
technology specification for the CWM supplied to boilers dictated the level of viscosity
at about 800 centipoise.

Regardless of the listed advantages of CWM, its wide usage is restricted by the
insufficient knowledge of mechanisms and other factors governing its transportation,
ignition conditions, and gasification.

Rheological properties of CWMs

The solid fraction in our experiments with CWM was prepared from different
types of coal: anthracite graded as ASS (1-13 #m) from Gorlovka deposit (Novosibirsk)
— the slow-reactive but high-calorific component; fast-reactive coal with the D-grade from
Kuznetsk deposit, and lignite from Kansk-Achinsk and East-Siberia deposits. The main
physical and chemical characteristics of these coals are summarized in the Table 1. The
ASS anthracite and lignite coals were crumbled up in a laboratory mill. The powder from
Kuznetsk coal (R, =27%, R,  =4%) was sampled from random sites within the
hammer mill volume at the Novosibirsk's Heat Station N5. Using a regular procedure [2],
we obtained the mixture with the following composition: 0-68 gm — 62%; 68-100 pm —
15%; 100-160 pm - 15%; 160-200 um - 4%; 200-315 pm — 4%. This composition is very
close to that used for pipeline transportation from Belovo to Novosibirsk.

Table 1. Coal characteristics

L L Ash Moisture il 0 s e "“Vb‘latile"

N Coal | content | = content Low margin of the | Sulfur e

Cp ot basis (asresived | calorific value content | piel d
0 | (dryweight) | | basis) ' DSy
Lignite 7-10% 35-38% 4244 W 0.6% 46.5%

2 | Anthracite 18% 10% 6709 W 0.3% 39%
Coal

3 grade D 10% 16.6% 6105 W 0.3 39%
Coal

4 erade B3P 22% 23% 4674 W 0.9% 43%
Coal 3 -

5 grade DD2 19.4% 6% 6453 W 0.4% 45%
Coal 4

6 grade 2B 15% 36% 3965 W 0.5% 43%

The ”dry coal” composition was 60%, and the percentage of “enlighten” water
in the mixture was 40% (pH=11.5 after ash removal). There was no plastificator in the

mixture.
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The problem of the mixture's sedimentation stability, hydraulic transporta-
tion and its pulverization requires for information of its fluidity properties and time
stability. These parameters were investigated in the automatic regime on the rotation
viscosimeter Rheotest-2 [3]. Experiments (Fig. 1) were performed for the shear
velocity of D = 5.4-48.6 5™ (f = 20 °C). The prepared CWM (used as the reserved fuel)
has a reasonable operational viscosity n=1.5 Pa-s at D=48.6 s™\. Figure 2 confirms that
viscosity of CWM is stable for the studied time interval.

4.0
n[Pas] 1 -
Figure 1. Rheological proper- ok
ties of CWM: C - CWM pre- H
pared from the D-grade coal 300k
(Kuznetsk deposit); CA - E
CWM prepared from the
mixture of high-reactive 250 CA
D-grade coal (Kuznetsk) and ]
5% of low-reactive r
ASS-grade coal 20
15
L | ! 1 1 ! 1 | L
0 10 20 30 40 50
D [s7]
4.5
LSRR ¥
n [Pa S] il " ,...-..'.'...‘.-'.- {l\.-...l...-v-/l E-NE-RE
R B L
l-l...l---l-'-
35
I 2,000000%00 %00, gq 0% to
. 0,000
3.0 r\.'..‘.,... o
L AdAAdAd by g AcgAa
Figure 2. CWM’s = aaty ‘,A-A—A"“\‘ pohAa kAT A ': ‘-AA-:‘A i
y Ko . VYV YN Yy Yy vy Yy T Ry vy ¥y T
viscosity vs. time and shear L. S Vet i i
velocity (tixotropic f
properties) ; oot
1.5 20000000, 0ok s 00ty
f $000.9%0, ..’,.\ .‘“/‘\. ."..q ‘,0
1.0 . I 1 i ! ; I ; 1 1 !
0 200 400 600 800 1000 1200

7 [s]
—8— 545 ——90 —a— 162 —v—243 —e— 486

47



THERMAL SCIENCE: Vol.2 (1998), No. 2, pp. 45-59

Our experiments on CWM rheology were performed without a plastificator:
However, our test on the effect of the regular C-3 admixture on the sedimentation resistance
demonstrated that this 1% admixture (from the solid amount) to the SWM makes the
sedimentation of the solids by 3 times longer — under the conditions of a natural convection.
Under the conditions of uniform forced convection, the effect of the admixture on sedimen-
tation time was insignificant. However, the effect of small media-affecting admixtures on
CWM s transported for a long distance, requires for special study. This is due to hydrodynamic
maldistributions which may occur both along the pipe and across it.

Hydraulic transportation of CWMs

Experimental data plotted in Fig. 1 reveals the reverse relationship between the
viscosity = 7/D (plotted here as fluidity ¢ = n7') and the shear stress. For the most
important range for the shear stress, we may write down the following ratio:

o= @o+07 @

where ¢y is the fluidity at = — 0; and @ is the coefficient of structural instability of
CWM; and ¢ = ¢ !(dW,/dr) is its fluidity. Here dW./dr = D.

From the balance of surface forces acting the elementary pipeline's cylinder
(Apnr*=2nrrL) we obtain the following distribution of the shear stress over the cross-sec-
tion:

7/t, =rR=g 2
where ris the current diameter of the pipe; z,, is the wall shear stress - it equals r,, = ApR/2L,
(4p - pressure drop, R - tube radius, L —is the tube over which this pressure drop Ap = p; -
- P, Occurs).

From (1) and (2) we can make the formula for the mean velocity of CWM in a
pipeline:

|
(w) =2 OI W, EdE = 0.25p, Rz, + 02RO, 3)

The expression for the dimensionless velocity distribution is as follows:

L BT
) _IiV___ ; —5 3 ®0 Tw( 5 ) 2
= 170 o
I
59
Profiles of flow velocities in a round tube are shown in Fig. 3 (calculated by the
formula (4)). In contrast to ordinary liquids with 6 =0 (water, glycerin, oil), the profiles
for CWM flow are steeper and the velocity gradients near the wall are higher. For
considerable values of 6¢,/p, ratio, deformation rates in the core flow are low, so CWM
flows through the most part of the cross-section with undisturbed structure.
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Structural changes in the medium (out of the flow core) causes a nonlinear
dependency between the pressure drop and flow rate fora CWM [see formula (3)]. Thus,
the change in the pressure drop along the pipeline makes ambiguous effect on the flow
rate, as well as on its heat and mass transfer, for instance between the tube and soil, and
in the tube-shell heat exchangers for CWM heaters, etc.

Regarding formula (3), the expression for the drag coefficient of CWM flow in
a round tube takes the form:

_ B S %_/3_)
o Ty {(” 5 Rey) “
where fy = —p(@)’; Req = gop(@)d.

Po

For a certain coal-water mixture, characterized by the structural parameter 3,
and for a given pipeline capacity, one can calculate the required pressure drop.

Calculation data from formula (5) are presented in Fig. 4. It is obvious that
CWM media structuring reduces the flow resistance. This is caused by a higher fluidity
of CWM near the wall. Fluidity increases with dissipation of the CWM structure and
successive orientation of solid asymmetrical particles along the streamlines — due to the
action of shear velocity gradient.
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Technique for investigation of CWM combustion

The difference in the sizes of furnaces and dispersed fuel drops is enormous.
Therefore the main information concerning CWM combustion and gasification (e.g.,
ignition temperature, time of water evaporation from a drop, complete gasification time,
diameter of pulverized drops can be obtained by studying single drops [4].

To ignite a small amount of fuel, several methods of heating are available (ohmic
heating, plasma, spark discharge, etc.). None of them allows us to trace down the real
dynamic of combustion for a wide temperature range (especially, at the beginning). The
plasma and spark method make inconveniences by direct contact between the drop and
ambient medium. The ohmic heating is limited with its temperature (below 1200 °C). It
is also hard to study the initial stage of combustion because the time of the drop deliver
to the desired place in the furnace is about the time of initial processes: heating-up, water
evaporation and evaporation of volatile components. In our experiments the heating of
animmovable CWM drop begins from the opening of the laser's shutter. Unlike the ohmic
technique, the laser heating method allows us to perform experiments at higher tempera-
tures, to study the dynamics of combustion [5] and gasification of small fuel drops,
providing automatic measuring of the temperature, photoelectric characteristics and to
perform gas analysis.

The experimental setup (Fig. 5) includes the CO,-laser (wavelength ~10.6 pm,
N~25 W) with water cooling. The adjusted and partially diaphragmed beam passes
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through optical lens made from BaF,. Laser radiation comes to the drop's hemisphere
at the thermocouple junction. The power of laser radiation can vary due to a longitudinal
shift (transfocal shift) of optical lens, and due to an admissible current drift at the
high-voltage laser source. Since the light beam diameter is by order greater than the
drop's diameter, the unused portion of radiation is forced to returned using a copper
spherical mirror at the opposite side of the hemisphere. Therefore, the amount of light
energy at both hemispheres of the drop must be the same. This may be achieved by
accurate calculation (of the focus distance) and positioning of the thermocouple's
junction. To reduce the heat losses through the thermocouple's wires, the 2-mm section
nearby the junction was positioned along the beam axis. The thermocouple (Pt — Pt with
10%Rh) was manufactured from a wire with 100 pm in diameter. The junction diameter
did not exceed 120 pm. The heat and cooling time testing revealed that the thermocou-
ple's time constant is less than the time scale of combustion phases - it is about 0.25 s.
The thermocouple was fixed at a collet hemispheric hinge to provide easy fitting to the
beam. There were two visible-light photodiodes placed at a small angle to the laser beam.

This way we were able to measure both thermometric (contact) and pyrometric
(color) temperature [6]. Unlike the first approach, the radiation technique for tempera-
ture measurement has less inertia, so the temperature-time pattern of combustion stages
(combustion of volatile components and coke residues) and data on the combustion mass
rate are more detailed. However, it is better to use thermocouples for measuring of the
drop heating stage, when the radiation spectrum is in the infrared region. For this
temperature range, there was no combustion yet, so this thin Pt-Pt/Rh thermocouple is
reliable for tracking down heat disturbances.

A crucial point in pyrometric analysis is to determine the absorptivity of the
emitting medium during combustion. For this method, it can be find out from the
algorithmic solution of the reverse problem for the absorptivity parameter (slag after
combustion) relative the equilibrium temperature (thermometric technique). In this
case we assume that optical properties of the slag and the burning drop are identical;
another assumption is that absorptivity of all phases of burning medium has a slight
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temperature dependence. Thus, in our experiments the slag residue's absorptivity is used
for studying of the previous combustion stages in the visible spectrum.

There exist methods for fuel drop temperature measurement using the meas-
urement of black-body radiation. These methods use a simplified Plank’s law for the
energy distribution of the body. This simplified relationship (Wien's displacement law)
for a visible radiation range and the temperature 7< 3000 K takes the form:

&
I(A,T)=¢, /1—5' exp(-C, / AT)... (6)

Here 4 is the wavelength; ¢, - is the absorptivity coefficient; C,, C, are Plank's
constants; and 7 is the true temperature of the body.

If one measures the radiation flux (for instance, by a photodiode) from the
surface § for the wavelength interval ;- 4, = A4, the energy radiation within the space
angle w is described by the formula:

I(T)=| (1. TydrdSdo... 7

Taking relationships (6) and (7), one can calculate the true temperature of the
body 7. The main difficulty is that for calculation of the true temperature one have to
know the space angle of observation @, the emitting area and the spectral absorptivity
coefficient.

If the experiment is conducted with the two-point registration scheme (two
photodiodes) — two wavelengths — the logarithmic form the relationship (6) is as follows:

11’1[(,) = lnSM - SIM, +IDC1 = CJA,T

where i=1, 2
or ; l
A € Z‘I C2 1
1:{—'—} =ln——-3h—t | ol
1’12 812 Z,z I[i 12 /1|
Therefore, the color-technique measured temperature is the following:
&' -4")
e 3
I}"I Ay € ®)
Infii=—isSiln wo e
I, 5 A €3

We see from formula (8) that for calculating 7 we need information about two
wavelengths for which measuring is carried out, and data about the selectivity of the
emitting source. There are two variants. If the photodetectors with narrow-band filters
perceive light energy at a specific wavelength, the problem of calculation of T reduces to
obtaining of the drop's emissivity for the two wavelengths.
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If our photodetectors obtain energy of light at unknown wavelength (wide-band
spectrum), then the algorithm of calculation of 7’must include the wavelength calibration
of photodetectors. This testing is executed according to Wien's law (6) with assumption
of black-body emission at two specific temperatures.

ITZ Cz(AT)
In i = Th) ©)

It was mentioned above that, according to equation (8), the crucial point of
calculation of the true temperature from measured the color temperature- 7 is our prior
knowledge about emissivity of the medium at two wavelength A, and 4,. In our experi-
ments this problem is solved by finding of Ing x,/€;, from thermometric measurements
in the temperature equilibrium range with assumption of & 2, and &, being independent
of the temperature. Another assumption is that elementary content of the emitting
substance is stable.

These two supplementary methods (thermometric and pyrometric), for studying
the dynamics of a small fuel drop combustion with the following computer processing, allow
us to study in detail the temporal combustion phases (for a wide range of fast processes),
and to determine the mass of fuel, which burns per time unit and per surface unit.

To determine this parameter, we can write down the heat balance of a burning
immovable (Re — 0) particle in air with a one-side radiation into the ambient medjum.

For a small particle we have Bio’s criterion Bi = a,d/24 <1, Fourier’s criterion
Fo = (az, / d 2) >1.Herea,A, 1+,d are the temperature conductivity, heat conductivity,
burn-out time, and the particle diameter, correspondingly. That is, we can assume that
the temperature gradient across the particle is small (external heat and mass transfer)
and the change in the internal energy due to nonstationary effects is negligible.

Our experiments (Fig. 6) demonstrated that a carbon particle burns in air mainly
into CO,. Since molecular weights of air and CO, are close, we may write down the Lewis
criterion as Le = D/a ~ 1. Therefore, the similarity between the temperature and
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concentration fields takes place in the outer combustion zone. Therefore, these condi-
tions Re—0, Fo >1, Bi < 1, Le~1, with all the mentioned assumptions concerning
emissivity coefficients of the burning particle and slag, give us the opportunity to write
down the heat balance equation:

m.Q =, (T -Ty) + Eoy(T* - T}}) (10)

Here @ is the total heat release per a mass unit (fuel calorific value); m, is the fuel
consumption rate (mass flux or combustion rate); «; is the convective heat transfer
coefficient (from the particle to air); E is the emissivity coefficient for a burning particle
(or slag); oy is the Stephan-Boltzman constant. Temperatures T, Ty, Ty correspond to
experimental values of the temperature of the particle, ambient media, and slag particle.

The procedure of temperature and radiation intensity measurements is as
follows. First, the laser beam shutter is closed. The fuel drop is put to the thermocouple
edge. The drop diameter is measured by a microscope. The drop is heated from the
moment when the PC gives a signal to open the beam shutter. The laser beam heats the
drop up to the temperature determined by the experimental conditions.

Figure 5 presents the scheme for combustion of a single fuel drop in different
media with various aerodynamic and temperature conditions. The drop may be stream-
lined by hot gas or vapor, efc.

In our experiments on gasification the volatile components together with over-
heated water vapor were sucked into the primary converter (a gas analyzer developed by
the Institute of Thermophysics), then it passes the mechanical filter and the vapor
absorber (a filter with silicagel). The water vapor begins to blow the drop only after the
moment of shutter opening. The vapor stream was uniform over its cross-section, the
mean velocity was W=0.1 m/s, and Reynolds number Re~35.

The data processing was carried out through the scheme: a signal from primary
transformers (thermocouple-photodiode-gas analyzer) — amplifier - ACD — com-
puter — printer. All data were read with a frequency of 25 Hz from the computer and
treated by the software with outlay to the display and printer.

Measurement results

In our experiments on fuel combustion in air at the standard pressure we
measured the drop's temperature and the emission intensity from it. As for water-vapor-
gasification, the outlet was obtained from CO and CO, measuring by a gas analyzer. The
result of this study was the influence of drop's size, content and temperature on dynamics
of combustion and gasification. The existence time of a fuel drop, gasification time,
ignition temperature, and combustion rate were determined. We also cleared out the
relative role of every combustion phase (heating, water evaporation from the coal-water
mixture, combustion of volatile components and of coke residue).

Figure 7 presents the dynamics of combustion of a single CWM drop with
measuring of the thermometric and color temperatures. The thermocouple (7;) and
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photometric (/) measurement lines are supplementary. The initial stages (drop heating
and water evaporation) cannot be detected by the photodiode. It measures the particle's

radiation intensity at high

temperatures (combustion of volatile components and coke).

The thermocouple track down the temperature within the particle, but the photo sensor
operates from the moment of flaming of volatile components.

The zone 4 in Fig. 7 is characterized by nonstationary discharge of volatile
components, by fuel mass decrease and by repulsion of the oxidizer from the combustion

surface. This causes a de-
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stage before the coke
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This phenomenon can be connected with
reaction of carbon with vapor decomposition
products (besides oxygen), and with highly de-
veloped oxidation surface because of micro-
burst pattern of combustion (due to intensive
water evaporation).

Naturally, the total combustion time de-
pends on the energy flux to the drop (laser
radiation) — that is, from the furnace tempera-
ture. Experimental data in Fig. 10 demonstrate
that the combustion time for CWMs is a con-
trollable parameter. It can be changed by mix-
ing of a high-calorie low-reactive coal (e. g., a
fine fraction of anthracite with grade ASS)
with a low-calorie fast-reactive coal (e. g., lig-
nite).

Using the balance equation (10) and ex-
perimental data (see Fig. 7), we present in Fig.
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11 the dynamic of fuel drop combustion (Q ~ 30-10° J/kg). A sharp peak in this graph
corresponds to the outcome of volatile components with fuel heating. One can see that
this time interval is much less than the total time of mass decrease due to combustion.

If we perform experiments on combustion of a small drop in conditions of
natural convection, we have the following criteria: Re — 0, Gr = (gBAtd®)/(v?) =~ 40,
and Nu = (ad/21) = 2.5 [4].

Our estimates of contribution from the convective and mass terms reveal that
they make up about 15% from the radiative heat transfer.

For a carbon particle combustion in air, the Stephan’s flux for oxygen diffusion
and corresponding reaction products is negligible [7]. Therefore we don't account it in
the heat balance.

In some sorts of coal the content of volatile components may be as high as 40%.
Their heat-caused emanation takes away some heat from the particle. Unfortunately, the
physical properties of multicomponent volatile substance are usually unknown. So we can
only estimate this heat
loss. However, experi-
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Typical time charts for primary data on temperature and concentration of CO for
water-vapor gasification are presented in Fig. 12. The gasification time was determined from
the moment when the concentration curve comes to the initial level.

In contrast to combustion, temperature curves for water-vapor gasification are
monotone. Dramatic rise in gasification rate occurs then the temperature achieves the
gasification temperature, and then intensity of CO release comes down.

Figure 13 generalize the data obtained for different grades of coal from the
East-Siberia deposit. For the studied temperature range, we observed a slightly non-lin-
ear dependency of the combustion time 7, on the fuel drop diameter. Usually CWM is
transported with special pumps, and CWM application for coal gasification seems to be
promising under higher pressures — this suspension is easy fed to the chamber (unlike dry
coal) and vapor generators are not required for water-vapor-gasification.
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Naturally, these experimental data are not the real pattern of combustion
(gasification) of small particles in a real furnace. But this model allows us to estimate the
effect of different factors (drop's temperature, size, composition) on the total combustion
time. It also clarifies the main stages of combustion and burn-out velocity at different
stages.

Conclusions

1. Coal-water mixtures for power production are media with rheology properties.
The pipeline transportation for them is governed by rheodynamic parameters, which
depend of the media structural aspects and external effects.

2. We developed the technique for investigation of temperature kinetics and
concentration during combustion (or gasification) of a single fuel drop. It is based on
simultaneous measuring of the thermometric and color temperatures with analysis of the
gaseous products composition. These complex measurements give us the total combus-
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tion time, duration of different stages of the process (heating, evaporation, combustion
of volatile components and coke residue), as well as the combustion mass flow rate.

3. The CWM combustion time can be controlled through adding of fast-reactive

fuel to low-reactive fuel.

4. The CWM drop combustion is a multistage process. The specific of this

process is the water evaporation from the drop. This makes a high porosity of the particle
and enhances the intensity of diffusion combustion.
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