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In MHD power plants, significant amounts.of seed and slag particlés are prés‘ent in the combustion gas. The
existence of these particles will significantly affect the performance of MHD components. Therefore, it is
essential to be able to measure or predict the spectrum of the particle size and number density. A series of
experimental tests has been conducted to measure the particle sizes and number densities of seed and fly-ash
particles by using two-color laser transmissometry. The measured values have been compared with the predic-
tions from a theoretical model, and a reasonable qualitative agreement has been obtained between measurement
and theory. The present work has demonstrated our ability to measure and predict particle evolution in MHD

environments.

Nomenclature

A =cross-sectional area

C =particle number, mass, or volume density
¢ =constant

¢, =heat capacity

d =diameter

Jn =particle size distribution function
H =enthalpy

h = convective heat-transfer coefficient
I =incident radiation

J =nucleation rate

K =agglomeration kernel

k =thermal conductivity

¢ =effective pathlength

m =mass flow rate or refraction index
N =average number density

Nu = Nusselt number

n = particle size distribution function
Pr =Prandtl number

Q =extinction coefficient

Re =Reynolds number

r =radius or r coordinate

T =temperature or transmittance

u = velocity

x = axial distance or x coordinate

€ =emissivity

A =wavelength

o = Stefan-Boltzmann constant or Mie extinction cross sec-
tion

p =density

¢ = stoichiometric ratio

u = viscosity

Superscripts

m = constant

. =rate

- = averaged

Il

critical value
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Subscripts

e = extinction

f = fluid

g = gas stream

in = inlet

m = measured or mass
n = number

o = clean gas stream
out = outlet

t = thermocouple

v = volume

w = wall

Introduction

URING the combustion of pulverized coal in conven-

tional boilers, it has been estimated that about 1% of the
mineral inclusions are vaporized.! The remaining inorganic
species tend to oxidize and fuse together as the char particles
are transformed. Particle sizes arising from this latter process
typically range between S and 75 pum. As the gas stream is
cooled in passing to the convective sections of the facility, the
vaporized species will .grow via homogeneous and heteroge-
neous nucleation mechanisms. Generally, particle sizes be-
tween 0.03 and 1 uim have been observed.!?

In contrast, the extremely high temperatures requlred in the
magnetohydrodynamic (MHD) topping facility will result in
increased vaporization of the coal ash during combustion.
Consequently, the ultimate concentration of submicricon ash
particles formed in the cooler downstream section of the MHD
facility will be higher. Depending on combustor operating con-
ditions (such as temperature, equivalency ratio, and residence
time), the extent of the initial vaporization of the coal ash has
been estimated to be potentially as high as 40% .3 The introduc-
tion of an easily vaporized seed material during combustion
will also contribute to the formation of additional submicron
particles in the MHD bottoming facility.

As is the case in conventional boilers, the ash partlcles that
do not vaporize during combustion will slag and possibly fuse
together to form larger, micron-sized particles. Although most
of this slag will be rejected by the MHD slagging combustor,
some.of the larger slag particles will pass through the down-
stream components, forming a liquid slag layer on the walls of
the topping cycle components and the radiant boiler and con-
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tributing to the fouling of the steam-cycle convective passes.
Some of the liquid slag on the walls of the upstream compo-
nents may also be re-entrained in the combustion gas as much
larger particles. The size distribution and number density of
the seed and/or slag particles formed in the MHD process can
have a significant impact on the efficiency and durability of
MHD components, as is discussed briefly.’

The slag layer flowing in the channel is considered beneficial
because it provides a protective coating for the generator elec-
trodes.* Additionally, since the slag is ionic, a high conductiv-
ity level throughout the generator is thought to be maintained.
Unfortunately, anionic fly-ash species, whether entrained in
the. gas stream or flowing on the component surfaces, can
interact with the potassium seed cations.>® If the reaction oc-
curs in the gas phase the free electrons in the plasma will be
reduced. ‘Also, a moderate fraction of the particles can in-
crease electron scattering. Both of ‘the processes mentioned
previously will effectively decrease the generator performance.
If the seed/slag reaction occurs at the liquid-gas interface some
portion of the seed can be lost.”' The potential seed depletion
from these reactions, which theoretically should be less than
5% in the entire facility, may render the process economically
unacceptable. Options for minimizing these seed/slag interac-
tions are under consideration.!-12

As may be inferred, the slag and seed particles absorb, emit,
and scatter thermal radiation because they are electrically con-
ductive. Theoretical studies'>'* and experimental observa-
tions’’ indicate that at high gas temperatures these particles
can significantly enhance thermal radiation heat transfer. An
assessment has been made! of the potential for thermal dam-
age to the radiant boiler back wall due to the high radiant and
convective heat transfer resulting from the seed and ash in the
high-velocity gas jet exiting the diffuser. Calculations'® reveal
that this particle-laden jet may burn out the back wall because
of the highly intensified particle radiation. In an extreme case,
the outer surface of the backwall could erode, owing to the
high inertial force of the impinging slag particles.

The MHD combustion temperature of about 2800 K results
in the production of a much higher concentration of nitric
oxide (NO) than that allowed by U.S. Environmental Protec-
tion Agency (EPA) regulations. Thus, NO decomposition in
the radiant boiler is a key issue in the MHD environmental
control strategy. Because the NO decomposition rate is
strongly temperature-dependent!” and the cooling rate of the
gas is strongly governed by the seed and slag in the gas (due to
the radiation enhancement),!* the prediction of NO decompo-
sition can be significantly improved if the size and number
density of the particles can be accurately measured or calcu-
lated. In addition, the possible effects of particle size and
number density and NO decomposition and suppression of
NO formation have not yet received any attention.

As the particles proceed through the radiant sections of the
plant, a portion of the ash particles entering the radiant boiler
is deposited on the walls and collected at the bottom of the
furnace through a slag tap. The seed principally remains in the
vapor phase until the gas temperature is cooled below the dew
point. This temperature is normally observed in the platen
superheater. Here, the seed vapor can condense on entrained
ash particles (heterogeneous nucleation), be deposited on heat-
transfer surfaces (vapor condensation), and self-aggregate (ho-
mogeneous nucleation).

Condensation of seed and/or deposition of entrained parti-
cles on superheater tubes can severely affect heat transfer by
thermally insulating the tube surfaces.'® Possible results of this
potentially difficult-to-remove seed/ash fouling include the
following: reduced steam téemperature; increased flue gas tem-
perature, which shifts the material deposition zone into the
reheater section of the component; bridging between tubes;
and increased corrosion.

Clearly, the presence of seed and slag particles in the com-
bustion gas passing through MHD components will signifi-
cantly affect the predictions of heat transfer rates, NO decom-

INVESTIGATIONS OF ADVANCED ENERGY SYSTEMS 553

position, potential burnout and erosion of the back wall of the
radiant boiler, and fouling deposition in downstream compo-
nents. These effects are governed mainly by the size, number
density, and, to a lesser extent, the chemical composition of
the particles. Therefore, it is essential to be able to measure or
calculate the particle size and number density. -

To this end, we have initially a study of particle characteris-
tics in MHD facilities. A theoretical model!® that has been
developed calculates the evolution of particles from the incep-
tion stage. Additionally, average particle diameters and num-
ber densities have been measured in an MHD simulation facil-
ity using the technique of transmissometry.?® The initial
experimental and theoretical results correspond to the particle
evolution of seed and fly-ash particles. Trends in the experi-
mental and theoretical results based on facﬂlty operatmg con-
dmons are in qualitative agreement.

This paper is organized as follows. In the next two sections,
the particle evolution model and scattering formalism are
briefly described. The experimental measurement section pre-
sents details of the instrument, facility characteristics, and test
conditions. Results of the experiments and comparisons with
the theoretical model are described. Finally, we summarize our
findings and consider additional experiments pertinent to the
study of ash and seed nucleation.

Theoretical Model of Particle Evolution

The theoretical model of the evolution of seed and slag
particles in MHD systems has been developed.'® This model
calculates the rate change in particle size spectrum as a result
of homogeneous nucleation, heterogeneous nucleation (or va-
por condensation), agglomeration, and convection. This rate
change of particle sizes is governed by the population balance
equation’®
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where r, = (3 — r{)!”* and n(r,x) is the particle size (r) distri-
bution function at each position (x). The first and second
terms on the left-hand side of Eq. (1) represent convection of
particles and the particle growth rate due to vapor condensa-
tion on existing particles, respectively. The first term on the
right-hand side represents the rate of particle formation of
critical size r* from vapor phase due to homogeneous nucle-
ation at supersaturation condition; the second term accounts
for the formation of particles of radius r due to particle-parti-
cle collisions; and the third term represents the disappearance
of particles of radius r due to their collision with all other
particles in the spectrum. Therefore, this governing equation
includes particle interactions with the bulk flowfield, existing
vapors in the flow, and other particles.

Expression K(r, ry) in Eq. (1) is an agglomeration kernel.
For the particle sizes in MHD systems, Brownian diffusion is
considered the primary mechanism of particle agglomeration.
The particle growth rate () is a function of particle size, Knud-
sen number, partial pressure of the condensing vapor, satura-
tion pressure at particle temperature, vapor diffusivity, and
the work function. Homogeneous nucleation is calculated
based on the classical nucleation theory, and the critical size of
the embryo is computed from the Gibbs-Thomson relation-
ship. The seed/slag vaporization and equilibrium chemistry
are also included in the theoretical model.

The details of this complicated theoretical model can be
found from Ref. 19. In summary, the evolution of particles
from their inception stage can be obtained by solving the pop-
ulation balance equation (containing a term for the homoge-
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neous nucleation process). The size distributions of the parti-
cles developed in the flowfield are the result of the competition
among three processes: the homogeneous nucleation process,
forming new particles; the heterogeneous nucleation process,
limiting the growth of number density by condensing vapor on
existing particles and relieving the supersaturation for self-nu-
cleation; and the particle agglomeration process. The rates of
homogeneous nucleation, heterogeneous nucleation (or vapor
condensation), and agglomeration, as well as particle growth
rate, supersaturation ratio, and number density and size distri-
butions, can be calculated from the model. The average num-
ber density and particle size (Sautér mean radius) at each flow
location are calculated from the following equations:

N(x)= j n(r,x)dr 2

% @

r’n(r ,x)dr/j r2n(r,x)dr 3)

[s]

r(x) = j

(4]

Two-Color Transmissometry

The theoretical framework of two-color transmissometry
has been described elsewhere???! and will not be repeated in
detail here. In essence, the transmittance 7 of incident radia-
tion 7 through a monodisperse (single-sized particle) distribu-
tion is given by Beer’s law?2:

T\ = [I(V/1] = exp( — C, o) @

where C,, is the particle number density, {is the effective path-
length, and o, is the Mie extinction cross section. In the case of
dielectric spherical particles, o, depends on the incident wave-
length \,, the particle radius , and the refractive index m. The
Mie cross section is normally expressed in terms of an extinc-
tion coefficient Q,, which is defined as

Q. = o./(wr?) ®)

The number density in Eq. (4) can be replaced by the mass or
volume density

Cn = 0C, = (p47r3C,)/3 (6)
Thus,
T = expl( — 3(C,Q.r?)/(4nr?)] 7
X, = 0.325, M = (151, -3.46E - 03)
Ap= 3390, M = (1.35,-2.08E- 02)
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Fig. 1 Mean extinction ratio Q.1/Q.> as a function of particle size
D3;, wavelength A, and refractive index M.
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Generalization of the preceding equations to polydisperse
(different-sized particle) systems is straightforward. All of the
parameters that depend on r become average quantities with
respect to some form of a distribution; therefore

T = expl( — 3C,Q.)/ (4ry)] ®

where the ratio 73/r? has been replaced by the Sauter mean
radius,

®

ryp= j r’fn (r)dr/j rifn(r)dr )

o o

and where fn(r) is a normal-like particle size distribution func-
tion while n(r,x) in Eq. (3) needs to be solved numerically and
implicitly from Eq. (1). The extinction coefficient can be writ-
ten as

@ =]

aefn(r)dr/-n-j r¥fn(rydr (10)

o

Qe=ae/(7r;2)=§
[e]
The expression for &, is the result of a nontrivial calculation®
and is solved using Ricatti-Bessel and spherical Bessel func-
tions.?*

The basis of a two-color transmissometer measurement is
Eq. (8). Determination of the transmittance of a sample at two
distinct wavelengths eliminates dependence on any factors
other than those related to the mean extinction coefficients:

T (\)/tn TO) = O/ Ot 1

The dependence of the ratio Q,,/Q., upon the particle size
can be displayed as a plot of the ratio as a function of the
particle radius or Sauter mean diameter, ds,. An example is
given in Fig. 1. For this compilation, the distribution function
is scaled in equal increments over the ds, range of interest while
the shape of the distribution is kept constant.

If the measured Q.,/Q.; values correspond to the linear
portion of the curve the average particle size can be determined
safely. Previous studies have been concerned with the possible
errors imposed on dj; by different shapes of the assumed dis-
tribution and possible variations in the refractive index.?%*
Current modeling efforts indicate that these errors are small
and that d3, can be determined to within 0.1 um by assuming
that the coal type or injected material (seed) to the combustor
is known.? These results are in qualitative agreement with
those determined previously.2%2

Experimental Measurement

Two-Color Laser Transmissometer

A block diagram of the optical configuration of the mi-
croprocessor-controlled transmissometer is given in Fig. 2.
The current version of the instrument incorporates three dif-
ferent lasers, although simultaneous measurements at only two
wavelengths are necessary to determine the extinction effi-
ciency ratio. Measurements at a different wavelength combi-

|
o0
M '{\DDI
ARGON ION LASER o RN
______________________ M : ‘I :
HELIUM_CADMIUM LASER _ F--p | | i
o m == - ]

oMy 1BS!!

HELIUM NEON LASER A o R et
b= e N XA -

M _CH.gg !

oy B8

L
i

Fig.2 Diagram of optical configuration of transmissometer;
M = flat reflector, CM = coal mirror, CH = chopper, BS = beam
splitter, D = low wavelength detector, D ° = infrared detector,

X = beam director.
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Fig. 3 Test train of the MSU oil-fired MHD simulation facility.

nation such as 0.5145 — 3.39 um can be used to confirm ratios
collected with the 0.325 —3.39 um pair. The theoretical re-
sponse functions, similar to that given in Fig. 1, will have
different inflection points corresponding to the measurement
wavelengths. The radiation from an argon-ion laser
(A, = 0.488 or 0.515 pum) with that from a helium-neon laser
(Ao = 3.39 pm) is merged on the cold mirror CM and passed
through the chopper CH operating at 165 Hz. A fraction of the
radiation is directed by the beam splitter BS to the reference
detectors D and D°. The remaining portion of the beam is
reflected from a mirror at point X through the optical port.
After traversing the gas stream once or twice, the superim-
posed beams are routed to an additional pair of detectors using
another cold mirror. A similar optical component is employed
for the reference beams.

Quite recently, a helium-cadmium laser (A, = 0.325 um) has
been added to the instrument. In this case, the radiation passes
through the unused side of the chopper, and a separate series
of optical components and detectors is required. Because of
the low power output of the HeCd laser and the moderate
particle loadings encountered in this work, the transmission
measurements at this wavelength are limited to a single pass.

The signals from the various detectors are amplified and
routed to the microprocessor for preliminary evaluation and
temporary storage. Commands necessary for specifying the
parameters for the data collection routines, as well as general
operating protocols, are incorporated in the software and ac-
cessed through a hex keypad. Raw intensities from the detec-
tors are displayed on a 20-column printer and stored in the
computer memory. When a memory-full condition exists, the
entire contents of the buffer are transferred via a general-pur-
pose interface bus (IEEE-488) to a microcomputer. Ulti-
mately, the data are stored on a hard disk for later analysis.

Appropriate software is used to analyze the raw intensities
according to Eq. (11). Initially, the dc offset levels are sub-
tracted from the reference and through port detector signals.
The intensity through the channel is then normalized to ac-
count for possible variations in laser output power. The result-
ing intensity 7 is compared with that observed with a clean gas
stream [, and the ratio Q,,/Q,; is determined. The value of
Ox»/ Q. is then used to interpolate the appropriate data table
(originally calculated on the mainframe computer and stored
in the microcomputer software) to find the parameter ds, and
the corresponding cross sections. Number and/or mass densi-
ties, C, or C,, values, are then calculated from Eqgs. (4) and (5).
Ultimately, if no trends are observed during a specific operat-
ing condition the results for the parameters are averaged.

Test Facility

All of the experiments reported in this work were performed
on a simulated MHD test stand.?”-?® The current version of the
facility is a 500-kW-throughput oil-fired system capable of a
maximum combustion core temperature of 2350 K. Air, at 1.1
atm pressure and a flow rate of 227 kg/h, is preheated to 1100
K by resistance heaters and used to oxidize fuel oil (diesel #1).
A primary fuel pump and a peristaltic pump allow the injec-
tion of the fuel and K>SO, in slurry, respectively, to the com-
bustor at a maximum rate of 20 kg/h. The remainder of the
system consists of the test train (see Fig. 3), slag tap, wet
scrubber, and gas exhaust system (not shown). It should be
noted that the maximum combustor temperature is sufficient
for evaluating the nucleation of K,SO, particles; however, this
temperature is too low for studying the corresponding nucle-
ation of fly-ash. Further modifications to the existing test train
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Fig. 4 Measured gas stream (solid symbols) and wall (hollow sym-
bols) temperatures along the test train.

or measurements at other facilities will be required in order to
investigate the evolution of fly-ash particles.

The test train is composed of water-cooled, 0.2-m-inside-di-
ameter (ID) piping of various lengths. Sections near the com-
bustor have been packed with refractory; at those locations at
which the transmissometer was positioned (ports 3, 4, and 5),
the pipe is unaltered. Water cooling for the channel is accom-
plished using a pump with a 100-hp motor, two sets of fluid
coolers, and a 1.14-m3 water tank.

The test sections are equipped with optical ports, located at
specified distances, consisting of a 0.05-m gate valve shutter
mounted on 0.05- or 0.078-m-1D pipe, which is welded to the
test section. The gate valve can be remotely operated. A 0.078-
m-ID pipe is mounted on the outer flange of each valve and
provided with a nitrogen purge and a mount for a quartz
window (0.025 m thick by 0.1-m diameter). In this work, par-
ticular attention was given to the cleanliness of the windows.
Particle deposition on the windows will lead to decreased
transmissions, which in turn lead to inaccurate determination
of gas stream particle diameters.

The entire facility is instrumented with an array of flowme-
ters, thermocouples, pressure regulators, and other measuring
devices. System control and monitoring is achieved through
the use of an HP 1000 computer configured to have 125 analog
and 16 differential inputs. Equivalency ratios and feed rates
can be varied using the control software.

Typical gas and wall temperature profiles along the test train
are given in Fig. 4. Gas stream temperatures were measured on
the basis of a Pt/Rh thermocouple inserted in the gas stream
7.55 m from the combustor. Measured temperatures 7, were
corrected to gas stream temperatures T, by equating the con-
vective and radiative heat transfers of the thermocouple

R(T, = Tyy) = oer (T — T?) (12)
or
T,=T, +1;-’ (T4 - T%) 13)

where T, is the wall temperature, o is the Stefan-Boltzmann
constant, ¢, is the emissivity of the thermocouple,? and # is the
convective heat transfer coefficient. This last quantity is calcu-
lated from the Nusselt number Nu:

h =Nu k/d, (14)

The Nusselt number, in turn, is related to the Reynolds and
Prandtl numbers:

Nu = cRe™pPr0-3 (15)
where

Re =pu d,/u (16)
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and

Pr=pc,/k 17
where p is the gas density, u is the velocity, d, is the diameter
of the thermocouple, and u is the viscosity. The quantities k&
and ¢, are the gas thermal conductivity and heat capacity,
respectively. In order to calculate the gas temperature at the
beginning of the test section, an energy balance is established
on each section to relate the heat lost by the gas phase to the
heat gained by the cooling fluid:

mg(Hin — Hy) = mf cpf(Tf,out - Tf,in) (18)
where i, and i, are the mass flow rates of the gas stream and
fluid, H is the enthalpy at the entrance and exit of the section,
¢y is the heat capacity of the fluid, and T signifies the fluid
temperatures. Equation (18) is solved for Hj,, which is then
related to the inlet gas stream temperature. This latter temper-
ature is then used as the exit temperature from the next up-
stream section and the process is repeated. The temperature
profile of the test stand is calculated in reverse.

The gas stream temperatures at the port locations investi-
gated with the transmissometer are below the lower limit of the
sodium line reversal technique.?® The proximity of the instru-
ment location to the thermocouple, however, implies that the
necessary input gas stream temperatures required for the nu-
cleation model are relatively accurate.

Test Conditions

Several tests have been performed under a wide range of test
conditions. The nominal conditions of these tests are summa-
rized in Table 1. The average particle sizes and number densi-
ties of the seed particles have been measured at view port
numbers 3, 4, and 5 (see Fig. 3). Note that the ranges of the gas
and wall temperatures listed in Table 1 represent the tempera-
tures from the inlet (combustor) to the outlet test train. Typical
gas and wall temperature profiles along the length of the test
train have been plotted in Fig. 4. These typical gas and wall
temperatures measured at view port numbers 3, 4, and 5 can be
obtained from Fig. 4. During the tests, a sodium line reversal

Table 1 Nominal conditions of particle evolution test

Parameter Value

Combustion feed rates, kg/h

Air 220-235

No. 1 Diesel Oil 12-17

K2S04 2.1-2.7

Fly ash? 0.3-1.4
Stoichiometric ratio, ¢ 0.875-1.230
Temperature, K

Gas in test train 2250-810

Wall 1680-350

Air preheat 965-990

“Montana Rosebud ash with initial size of 6 um was used.
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(SLR) instrument was used to measure the gas temperature at
an upstream location (view port number 1). The results of the
SLR measurements agree with those of the bare thermocouple
measurements.

Results and Discussion

The model calculations of homogeneous nucleation and
growth rate are very sensitive to the gas cooling rate and the
surface tension of the nucleated droplets.!® In the present
study, the wall and gas temperatures directly measured from
the test section were used as inputs for the theoretical calcula-
tions. The cooling rates were maintained almost constant dur-
ing the tests. Because the surface tension of seed droplets has
not been reported in the literature, the calculated results shown
in this paper were obtained by using the surface tension of the
bulk liquid. Montana Rosebud ash with average initial size of
6 um was used. Other input parameters to the model calcula-
tions included system pressure, seed and fly-ash mass flow
rates, air and fuel mass flow rates, and the dimensions of the
test train.

Table 2 compares the measured and calculated values of
average particle sizes and number densities for the tests per-
formed at MSU over a wide range of test conditions (see Table
1). Both the measured and calculated results shown in Table 2
resulted from averaging the data from each test period, and
these results are for seed (K,S0,) particles only and for seed/
fly-ash particles. Some values show very good agreement in the
measured and calculated results for both particle size and num-
ber density; other comparisons show up to an order of magni-
tude difference in the number density and a maximum of
about 1-um difference in particle size. A main reason for this
disparity in calculated and measured number densities is
thought to reside in the fact that the particle number density
changes quite rapidly during the nucleation process. For the
gas stream temperatures encountered in this study, the onset of
particle evolution is confined to upstream locations. The deter-
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Model predictions and their comparison with measured

Table 2 Comparison between calculated and measured average particle size and number density

6 B 3
Distance from Seed/ash mass Stoichiometric d32(pm) Ca 10° particles/cn
combustor, m flow rates, Kg/h ratio Measured Calculated Measured Calculated
5.270 2.27/0.0 1.07 1.06 +0.14 1.20 4.66 +2.0 2.07
2.22/0.0 1.03 0.87 +0.14 1.50 9.10x2.3 0.92
2.37/0.0 1.15 0.86 +0.15 1.47 7.85 2.6 1.01
2.22/0.0 1.23 0.87 £ 0.16 1.14 410+ 1.6 1.34
2.66/0.0 0.88 0.91+0.14 0.99 5.83+2.2 3.87
2.32/0.32 1.03 1.02 £0.22 1.75 5.60 2.0 0.91
2.42/0.66 1.04 1.20 £ 0.20 1.93 3.90+ 1.0 0.80
2.45/1.34 1.03 1.67 £ 0.13 2.60 1.24 £ 0.5 0.47
6.485 2.17/0.0 1.05 1.19+0.14 1.22 2.35x0.6 2.06
7.704 2.13/0.0 1.05 1.22 £ 0.16 1.21 293x1.0 2.43
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Fig. 6 Effect of gas temperature profiles on particle size predictions.

mination of the particle number density is very sensitive to the
nucleation process; therefore, the difference between the mea-
sured and calculated number densities is larger at locations
closer to the initial nucleation zone. At downstream locations,
the nucleation process is almost complete; consequently, the
measured and calculated number densities and particle sizes
are in better agreement. Considering, however, the complexity
of the particle evolution processes involved in the computer
model and the processes involved in data reduction from the
experimental measurements, the comparisons between the
measured and calculated values in Table 2 exhibit reasonable
qualitative agreement. In Table 2 both the measured and calcu-
lated data also show that the stoichiometric ratio does not have
a significant effect on particle size and number density.

Figure 5 shows the model predictions of average particle
size, number density, and supersaturation ratio of the seed
material along the test train for one of the tests for seed parti-
cle only. Also shown in Fig. 5 are the measured average values
of particle size and number density at the three measurement
locations. Note that these measured values at different loca-
tions were based on three separated measurements (see Table
2 for seed flow rates of 2.66, 2.17, and 2.13 Kg/h) while the
calculated values were based on one of the measured condi-
tions (Record #550 for seed flow rate of 2.66 Kg/h at View
Port #3). The supersaturation ratio is defined as the ratio of
partial pressure of the seed vapor to its saturation pressure.
Theoretically, if this supersaturation ratio is higher than one,
the homogeneous nucleation process starts. This figure indi-
cates that the seed vapor starts to form a large number of
particles at a supersaturation ratio of about 3. Note that the
supersaturation ratio increases and subsequently decreases
very rapidly over a very short distance, in which homogeneous
nucleation is initiated. The increase in number density along
the test train at downstream locations indicates additional ho-
mogeneous nucleation as the gas continues to cool.

Figure 6 shows the sensitivity of the gas temperature profile
used in model calculations'® on the particle size predictions.
The solid line in Fig. 6 represents the average particle size
along the test train (see Fig. 3), calculated by using the mea-
sured gas and wall temperature profiles of Record #550’s test
condition as inputs for the model calculations. With the wall
temperature profile unchanged, the dotted and broken lines in
Fig. 6 represent the calculated average particle sizes that result
from decreasing ( — ) and increasing ( + ) by 100 K the mea-
sured gas temperature profiles, respectively, as inputs for the
model predictions. As expected, this sensitivity study indicates
that the higher the gas temperature profile used, the further the
distance along the test train before homogeneous nucleation
occurs. It also shows that the higher the assumed temperature
profile used, the larger the predicted particle size at the down-
stream locations. This may be due to the reduced vapor con-
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Fig.7 Typical calculated particles size distribution function along
the test train for one of the experiments.

densation on the wall surfaces because of the relatively higher
gas temperature; this vapor can then condense on the existing
nucleated particles by heterogeneous nucleation at down-
stream locations. At the two lower gas temperature profiles
used in the model calculations the calculated average particle
sizes remained constant at downstream locations, and the av-
erage particle sizes are smaller than those calculated at the
highest temperature profile. This may be due to increased
vapor condensation on the wall surface of the test train at the
lower gas temperatures. With respect to particle growth, this
sensitivity study shows that if the measured gas temperatures
are within =+ 100 K of the actual values, the model predictions
of particle sizes and number densities are still within an accept-
able range.

Figure 7 shows the calculated particle size distribution func-
tion # along the test train for one of the experiments. This
figure indicates that at x <3 m (curves 1 and 2) the particle size
distribution corresponded to the size distribution of the fly ash
in the slurry fuel. (Note: the fly ash is not vaporized during the
combustion in the present experimental system.) At values of
x >3 m, the model predicts the homogeneous nucleation of
small seed particles and a shift in the particle size distribution
curve to very small particles (curve 3). At downstream loca-
tions (curves 4, 5, and 6) the peaks of the distribution curves
shift to larger particle sizes due to agglomeration and vapor
condensation on existing particles. The normal-like particle
size distribution functions n(r,x) have been calculated at
downstream locations consistent with fn(r) used in the mea-
surements. This may also explain why a better agreement in
measured and calculated number density and particle size is
obtained with increasing distance from the combustor.

Although additional experiments and calculations are
needed, the good agreement between theory and experiment is
encouraging. In the future, more tests will be performed with
particle size measurements at different cooling rates and dif-
ferent locations along the test train, in particular, at those
locations where the calculated particle size is rapidly changing.
Ultimately, comparisons of the model predictions with trans-
missometry measurements will be performed on a large-scale
coal-fired facility.

Conclusions

Particle evolution in MHD systems has been theoretically
and experimentally studied. A series of experimental tests have
been conducted to measure the average particle sizes and num-
ber densities of seed and fly-ash particles by using two-color
laser transmissometry. The measured values have been com-
pared with theoretical predictions. A reasonable qualitative
agreement has been obtained between measurement and
theory.
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The measured gas and wall temperature profiles along the
test train have a significant effect on the predictions of particle
nucleation, especially for the inception stage. The higher gas
temperature profile will delay the nucleation to further down-
stream locations. With respect to the particle growth, the cal-
culations show that even if the measured gas temperatures are
within = 100 K of the actual values, the predictions of particle
size and number density are still within an acceptable range.

The present study has demonstrated our ability to measure
and predict the particle evolution in MHD environments.
More theoretical and experimental studies are needed for both
seed and slag particles. These studies should include the effects
of gas cooling rate, the surface tension of droplets, the mea-
surement of vapor condensation on the wall surfaces, and the
presence of vaporized or partially vaporized slag particles in
the gas stream.
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