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HEAT TRANSFER INCLUDING RADIATION AND
SLAG PARTICLES EVOLUTION IN MHD CHANNEL-1 *

Kwan H. Im and R. K. Ahluwalia
Argonne National Laboratory
Argonne, Illinois 60439

Abstract

! heat transfer in the magnetohydrodynamic channel
are provided. Calculations performed for a base

i load-size channel indicate that heat transfer by
gas radiation almost equals that by convection for
smooth walls, and amounts to 70K as much as the

. convective heat transfer for rough walls. Carbon
dioxide, water vapor, and potassium atoms are the

i principal participating gases. The fcvolution of
slag particles by homogeneous nucleation and con-
densation is also investigated. The particle-size
spectrum so computed is later utilized to analyze
the radiation enhancement by slag particles in the
MHD diffuser. The impact of the slag particle
spectrum on the selection of a workable and design
: of an efficient seed collection system is dis-
cussed.
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Nomenclature

cross-sectional area
magnetic field, electric field and
current density
enthalpy and flow velocities
black body intensity and its value at
wall temperature
nucleation rate
Knudson number of gas and vapor
Boltzmann constant
mass and volume of a condensable mole-
cule
total number density and its value at
channel inlet
distribution function
pressure of gas and vapor

convective and radiative flux at wall

radiation flux

growth rate
particle radius and average size
gas constants for combustion products
and slag vapor
gas and particle temperatures
average velocity
Channel width
Cartesian coordinates
boundary layer thickness
density of gas, liquid slag and slag
vapor
shear stress and its value at wall

optical thickness and its value at wall
effective viscosity
cosine of cone angle
ratio of specific heats
spectral absorption coefficient
wavelength
wall emissivity
surface tension
electrical conductivity
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I I. Introduction

; I

An accurate knowledge of heat transfer in MHD
channels is required for proper selection of
material for channel walls, for designing a wall
cooling system, and for optimal integration of
MHD topping cycle with the steam bottoming plant.
In almost all of the studies performed to date,
contribution of radiation to heat transfer has been
omitted in calculations of electrodynamics and the
flow field in MHD channels. Tiiis omission is pro-
bably justifiable for small experimental channels
where the optical beam length is small enough to
make the gas radiation a second-order effect. For
large base load-size channels, it may be antici-
pated that the heat transfer by convection will
exceed that by radiation at the front end of the
channel, where the boundary layer is thin. As the
flow proceeds downstream and the boundary layer
grows, convective heat flux drops off rapidly.
The radiative flux diminishes less rapidly, because
the increase in beam length, resulting from channel
divergence, will partly compensate for the drop in
temperature. Thus, it is conjectured that, at the
back end of the channel, the heat flux by radiation
may be as high as, or even higher than that by con-
vection. Although the total heat flux will de-
crease along the length of the channel, a signifi-
cant heat transfer occurs at the back end, where
the surface area for convection and volume for
radiation are highest. An approximate analysis of
Ref. 1 bears out the validity of this conjecture.
The present study was undertaken to furnish accur-
ate estimates of the total heat transfer rate
, (including radiation) in MHD channels.

In order to calculate simultaneously the heat
transfer by both convection and radiation, the

• quasi-three-dimensional model of Ref. 2 is extended
; in Part A to include a term for gradient of
j iradiant heat flux and an explicit term for radia-
; tive heat transfer to the sidewalls of the channel

, in the energy equation.. The radiation terms nre
calculated by solving the radiation transport and

I gas dynamic equations concurrently. The principal
j ! gases contributing to radiation are water vapor
i jand.carbon dioxide, formed by combustion of fuel,
| |and potassium atoms, formed as a result of seeding

' the combustion products with aqueous potassium
carbonate. The sample calculations performed here-
in for a representative base load-size channel con-
firm that the heat transfer by radiation is as high
as that by convection when the channel walls are
smooth; when the walls are rough, nearly 70% as
much heat is transferred by radiation as by convec-
tion, j

From the coal-fired MHD combustors, whether
linear-can or swirl-flow type, the vaporized ash
and at least some 01 the unvaporized ash particles
will flow into the MI-0 channel. As the gas cools :
down in the MHD channel from the combined effects
of power extraction and. heat loss, the slag vapor
retention capability of the gas decreases. At i

I some point, the supersaturation ratio attains the
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critical valueat which homogeneous nucleatioh of]
slag vapor ensues. Homogeneous nucleation is a i
kinetic process resulting from the collisions of

| monomers, some of which collision may lead to
i cohesion, forming n - mers; the activation energy :
I to be overcome for cohesion to occur is the sur-
face tension energy. Paralleling the homogeneous
nucleation process of slag vapor removal is the

! direct condensation (heterogeneous nucleation) of
'. vapor on the surface of the slag particles already
'. present. The final size and number density distri-
; bution of slag particles evolve as the homogeneous
! and heterogeneous nucleation mechanisms compete
: to strip the gas of slag vapor; the former
mechanism forms new particles, whereas, the
latter tends to restrict the population growth by
condensing vapor on the particles.

An analysis has been conducted, in Part B, to
determine the slag particle spectrum evolving in
the MHD channel. The spectrum information is used
in a following study (see Ref. 3) to quantify the
enhancement of radiative heat transfer by slag
particles in the MHD diffuser. There a-e several
reasons for the demand for accurate information
about the spectrum of particle sizes. For example,
it is possible that the slag particles may act as
a strong electron sink, by providing sites for
electron-ion recombination with attendant loss in
electrical conductivity of the plasma. This
possibility is strongest at the back end of the
channel, exactly where it is difficult and crucial
to maintain high electrical conductivity. Also,
for environmental, as well as economic reasons,
the seed injected in the combustor to provide
free electrons must ultimately be recovered from
the gas exiting the diffuser. The slag particle
spectrum information is basic to the selection of
a workable and efficient design for a seed
recovery system. This aspect of the problem is
more fully discussed elsewhere in the paper.

1I. Part A. Convective and Radiative
Transfer in MHD Channel

i f

In formulating a flow field model, the approach
advocated in Ref. 2 has been followed. The model is
constructed by partially integrating the gas dyna-
mic equations in the sidewall direction. This
procedure leads to a set of quasi-three-dimension-
al equations, in which the displacement effects
caused by the sidewall boundary layers enter
through the boundary layer quantities characteriz-
ing the flux deficit: displacement thickness in
the continuity equation, momentum thickness in the
momentum equation, and enthalpy thickness in the

j total energy equation. Explicit terms also appear
I to account for friction and heat transfer on the
j sidewalls. This procedure presents the advantage
i of having to solve the one-dimensional (radiation
I exchange in the axial direction is negligible)
radiation transport equation, yet the procedure isj
globally exact.

Governing Equations

The gas dynamic equations given below differ from;
those of Ref. 2 because of the inclusion of radia-i
tion terms in the energy equation.

f j [ P U ( W - 2 6 1 S ) J + jjf [Pv(W-261s)J = o (1)

i f j [Puu(W-262s)] + >- [pUv(W-262s)]

• -H £ *
(2)

(3)

Z " ) (W-2«3s>3 + % tPy (h + ? u

= w fe " s r + M S y ( l 1

(°xEx

Where the subscript s denotes sidewall direction,
and &,, 6p, 6. are, in order, displacement momen-
tum, and enthalpy thicknesses, defined for con-
venience as,

(5)

(6)

(7)
pcuc(hc + I \ '

The gradient of the radiant heat flux is given
by the following integral.

3q

3y

r°

J K (T - Ji)
v v b^ 4T'

(8)

where Gv is the incident radiation defined as

Gu(y) =2" J Iv (y.y)
-1

dp (9)

i

and Iy, the spectral radiation intensity, is a :
solution of the jne-dimensional transport equation:

dl
(10)

iTo expedite the numerical solution, a symmetry
about the channel centerline (y = o) is assumed.
;This assumption is neither crucial nor overly
!restrictive. Being singular at v = o, Eq. (10) is
jdecomposed into two regions u>o and p<o. The solu-
tions in the two regions are:
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1 Applying the two boundary conditions,

(12)

(13)

(14)

(specularly reflecting wall)

I v (c,u) can be determined as,

Turbulence Model

The mixing length type turbulence model develop-
ed by Ahluwalia and Doss2 for flow and heat trans-
jfer on smooth as well as rough surfaces is employed
I in the present work. This model incorporates the
I effects of compressibility, pressure gradient, and
)viscous damping on the momentura and enthalpy mixing
|lengths. The turbulence model has been validated
,by comparing its predictions of skin friction and
!heat transfer witn the experimental measurements
.reported In the literature.

:Electrical Model

Strictly speaking, the electrical fisld, £, and
the current density, Ĵ, must be obtained by solving
;theMaxwell equations. The solution is slow and
lengthy and provides greater details of electri-
cal fields than can be realistically us°d in the
overall channel performance computations. A simpl-
er recourse is to invoke an "infinitely-fine elec-
trode segmentation" assumption. Under this assump-
tion, E (x), J (x), E (x,y), and J(x,y) can be

A y y X
determined from the Ohm's law, Maxwell equations
are obeyed in a global sense only. For a Faraday
configuration, the following electr ical solution
can be derived:

B ( <K> -1)

/ Lexp ( ^ ) - (1-ew) exp (-la.) ] (15)

; in terms of I and I ", the incident radiation is:

J L\" (T'-y) + c (T'W)] dli (16)

With the help of the above equation, the gradient :
of the radiant heat flux can be determined from
Eq. (8). Although wall heat flux can be calculated
by integrating the gradient, it is obtained more '.
easily from the following equation:

6 = / d / iI (T ,
i S I ^ 1 V 0

This completes the solution.

(17)

and

•where <|(> is the average load factor (E<E> /<U> B)
and <> denotes a quantity averaged in the"electrode
wall d i rect ion.
i ;
Radiation Properties ;

Carbon dioxide, water vapor, ano potassium atoms
are considered to be the principal tanticipating
gases. The spectral absorption coefMcients for
|carbon dioxide and water vapor are evaluated from
jthe exponential wide-band model*». For atomic
potassium, effective absorption is assumed to occur
lin the range 7465<A(A°)<8199. The following corre-
lations, presented in Ref. (5), are used to calcu-
jlate tha absorption coefficients (Kx(l/cm)) of
iatomic potassium in this range as a'function of the
potassium number density (N^,#K/m3).Near the two
Resonant doublets, the broadening is assumed to be
inf Lorentzian form in the present calculations. i
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Numerical Solution

The gas dynamic equations, Eqs. (1) - (4), are
transformed into Von Mises space and f ini te-dif fer-
enced by an implicit procedure with nonlinear terms
locally linearized. The algebraic equations in the
resulting tridiagonal set are easily inverted. The
radiation terms in the energy equation are treated
as source terms and evaluated for a temperature
distribution prevailing at the preceding step. For
a£?*r,ate sP^ f? 1 integration, the integration domain
(200-15000 en ' ) is divided into ? bands. Integra-
tion over thfcje bands is carried out by adopting a
16-point Gaussian quadrature scheme. Spectral
integration is a slow and tedious process and the
computing cost would be prohibitive i f the radia-

,tion source terms were evaluated at each marching
step. Fortunately, those terms vary rather slowly

;along the axial direction and, therefore, need not
be updated at each station. Some numerical experi-

mentation was conducted, to determine how infre-
jquently the radiation terms can be updated without
[incurring a noticeable loss in accuracy. On the
jbasis of this experimentation, radiation terms were
icalculated once every 50 cm. Similarly, the radia-
|tion terms are not evaluated at every grid point
|either; they are calculated at al l near-wall grid
points and at every f i f th point away from the wall.
For a wider applicability, i t is not Eqs. (11, 12 ;
and 15) that are computer programmed, but a more ' :

general solution to the one-dimensional transport i
equation that includes the possioility of scatter- ! '
ing by particles, i f present. '

Despite the many simplif ications and programming
I t r i cks , a typical execution time for a channel 20 m
jlong is 15-20 CPU minutes on the IBM 370/195 or
IBM 3033. However, no specific attempts were made

I to optimize the structure or the organization of
'-the computer program. - i

Results and Discussion

Thermodynamic properties corresponding to com- ;

bustion of coal with 5% moisture content in oxygen-
v i t ia ted a i r preheated to 967 K are used in a l l
calculations. I t is assumed that 1.0% potassium,
in the form of an aqueous solution of K-CO,, is

j introduced into the combustor. Thermodynamic data
! are obtained by assuming the gas to be in local
! chemical equi l ibr ium6 , and the required thermodyna-
jmic variables: gas density, temperature, sonic
!ve loc i ty , e lectr ical conductivity, and Hall para-
meter, are curve-f i t ted by fourth-order polynomin-

, als as functions of pressure and enthalpy. The gas
temperature at channel i n l e t is takei as 2750 K.

i Therniodynamic data showed that , in the pressure
and temperature range of 4 to 1 -Am and 2750 to
2400 K, the mole fract ion of CO- varied from 0.196

to 0.224, of H20 from 0.113 tc 0.121, and of K from

0.0039 to 0.0042. On the basis of these data, i t
was decided to take mole fractions of ML, H20, and

K as 0.20, 0.12, and 0.004, in that order, for the
gas radiation calculations.

The channel is assumed to be 20 m in length,
1 m x 1 m at i n l e t , and 2 m x 2 m at ex i t . The
mass flow rate is taken as 350 kg/s, and the aver-
age load factor (Faraday configuration) equal tc
0.75. Though not necessarily optimal, these condi-
tions are thought to be representative of base load
operation. A wall temperature of 1800 K - - typical
of slag-coated walls - - is assumed. I t is also
assumed that the magnetic f i e l d builds up from 4 to
6 tesla over the f i r s t 75 cm of channel and drops
from 6 to 3 tesla over the last 17 m.

Cpnvective and Radiative Heat Transfer

Results of sample calculations for the channel
with smooth walls and with moderately rough walls
(roughness = 3 mm) are shown in Figs. 1 and 2.

2.4

2.0

T I ' I
SMOOTH WALL

T

ROUGH WALL 13 mm)

CONVECTIVE HEAT FLUX —

16 208 12

AXIAL DISTANCE.m

Characteristics .of Channe?
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Fig. 2 Heat Transfer Characteristics of Channel

Figure 1 shows that, for the channel with smooth
walls, convective heat flux exceeds its radiative
counterpart for the first 8 m, and then the reverse
occurs. The total heat transfer by the two modes,
however, is approximately equal (see Fig. 2). For
rough walls, the convective heat flux is higher
than the radiative heat flux for the larger portion
of the channel, the crossover occuring at 19 m. As
compared to the smooth wall case, Fig. 2 shows an
enhancement in convective heat transfer of 35%,
from 65 to 88 MW, with roughening of walls; the
radiative heat transfer decreases slightly from
64 to 61 MW.

It is noted in Fig. 1 that the convective heat
flux decreases much more rapidly along the flow
direction than does the radiative heat flux. The
decrease in convection is associated primarily with
the thickening of boundary layer. As to radiation,
the heat flux should decrease because of general
lowering of the temperature. This decrease is
somewhat negated by the increase in optical thick- •
ness arising frorn channel divergence. j

j There are five active bands in C0«> band centers

ibeing at 15, 10.4, 9.4, 4.3, and 2.7 um. The four
jactive bands for H20 have band centers at 6.3, 2.7,

J1.87 and 1.38 ym. Potassium is active at a shorter
jwaveiength around 0.78 pm. From Wien's displace-
ment law, it can be inferred that black body inten-
sity has a peak at 1.0 ym for a temperature of
2750 K, at 1.1' pm for 2600 K gas temperature, and
at 1.2 um for 2400 K gas temperature. This means :

that a substantial contribution to radiative flux •
in the present problem comes from K and from the !
1.38 pm H20 band. It is estimated that half the

radiative flux is from potassium atoms.

Channel Performance

For the base load channel, radiation was found
to have'an insignificant effect on channel power \
output. The effect of wall roughness on boundary
layer voltage is more prominent; for rougn walls,
the voltage drop is 1165 V, compared with 724 V
, for the channel with smooth walls. The channel
produces 285 MW of electrical power and the
; enthalpy extraction rate is 17 percent.

i Gas radiation has a first-order effect on the
boundary layer characteristics. For the channel
with smooth walls, blockage at the channel exit
increased from 7.2% to 10.9% when gas radiation
was taken into consideration. The blockage infor-
mation is required in- computing the diffuser recov-
ery coefficient. With rough walls and gas radia-
tion considered, the blockage at the channel exit
increases by more than 50%, to 17.6%.

Radiation, being a sizeable portion of the
total heat transfer, has a significant effect on
gas temperature. It is worth mentioning that the
two volumic cooling mechanisms, MHD power extraction
and radiation heat transfer, are comparable in
magnitudes. The average power density for the
rough wall channel is 5.72 MW/m3, and the combined
magnitude of divergence of radiation heat flux and
radiative heat transfer to the sidewall varies from
3 MW/m3 at channel entrance to 0.5 MW/m3 at channel
exit. Results indicate that, for the channel with
smooth walls, omission of radiation would result in
the overprediction of the average temperature at
channel exit by more than 65 degrees. With radia-
tion accounted for, the average temperature at
channel exit is 2366 K. It drops to 2322 K with
roughening of channel walls. The axial profiles
of average temperature and pressure are plotted in
Fig. 3.
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Fig. 3 Channel Operating Conditions
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r,These profiles wi l l be used in the second part of ' [ The functions, f(Kn ) and g(Kn), are defined as,
the paper to study the evolution and growth of l i - j '
quid droplets in the MHD channel.

I I I . Part B. Evoluation of Slag Particles •

As mentioned earl ier, in coal-fired MHD plants,
slag w i l l enter the channel in both l iquid and con-

i densed phases. As the gas temperature drops and
; supersaturation ratio rises, parallel processes of
homogeneous nucleation and heterogeneous nucleation

| are in i t ia ted. Under this condition, the alteration
j in the spectral distribution function of slag
! particles |_'n (r , x) ] is governed by the following
• cross-sectionally averaged spray equation.7

(22)

and

g(Kn) = Kn + 1

1+15 ( ^ ) Kn (Kn+1) (23)

jp ~ (n(x,r) A <u>) + ̂  (r(r,x)n) =

J<5(r-r*(x)) (18)

The supersaturation ratio, S, is defined as,

P« (T)
(24)

As a result of the condensation and nucleation pro-
cesses, the change in slag vapor density is deter-
mined by the following cross-sectionally averaged
conservation equation.

In the above equations, * is the work required to
form a spherical droplet from the same volume of
the bulk l iqu id , and is expressed7 as,

F5x K A I'' (25)

' 1 9 ' The expression for the horaogeneous nucleation rate
is

The population spectrum of slag particles con-
tains particles as small as ? ^ , the size of newly-
formed nucleated particles, and as large as 10 ym,
the size of slag droplets brought into the channel
from the combustor. As a comparison, a typical
mean-free path of the MHD plasma is on the order of
a micrometer. Therefore, droplet-gas interaction
(heterogeneous nucleation) encompasses the free-
molecular to the continuum regime. For this situa-
t ion, the following expression for growth rate ( f )
can be derived.7 ,

inhere

(20)

Ts = T J l + f(Kny) psaf.(T) L

n)VyT+ Psat(T) L f(Knv)

- ? 1 1 _r r icf

J = {*-) (=-) exp (-,

(26)

The cr i t ica l radius, r*, which is the radius of the
particle as i t is f i r s t formed, is given by the
Gibbs-Thompson relationship,

r* - 2 a v (27)

Numerical Solution

I Our numerical procedure is geared toward solving
'for the distribution function i t se l f . The f i r s t
[Step of the analysis is to divide the large size
jrange of the particles in up to 79 cel ls. Direct
(finite-differencing of the spray equation encoun-
iters a particularly severe d i f f i cu l ty because the
'homogeneous nucleation term is multiplied by the
!delta function. The nucleation rate of Eq. (26) ;
has a moderately large activation energy with an •
inflection point at a supersaturation ratio of :
;M.8-2.4. For the problem at hand, the nucleation i
Irate changes by approximately 12 orders of magrii- !
jtude near this point. Another source of d i f f i cu l t y :
:is that, before nucleation takes place and.after ]
'nucleation has subsided, the growth rate ( f ) is I
•negative for small particles and positive for largej
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particles. This produces a numerical instability.!
i

The d i f f i c u l t y of handling par t ic les of broad
size range, from 7 A°to 10 um, is a l l ev ia ted by
employing a logri thmic transformation in r. Since
c e l l si^es are preassigned, r = r* may not en t i re -
l y correspond to any par t icu lar ce l l s ize . In
such a case, the nucleation source term of Eq.(18)
is d is t r ibu ted between the two ce l l s adjacent to
r - r*. Within the ce l l in which nucleation
occurs, the delta funct ion is approximated as r e c i -
procal of the ce l l s ize. For numerical accuracy,
in the r* size range, small ce l l s ises, t yp i ca l l y
less than 2 A ° , are maintained.

When a precipitous change in nucleation rate
occurs, the step size (AX) is ca re fu l l y c o n t r o l l -
ed, to minimize numerical er ror . An estimate of
numerical error is maintained in the form of
to ta l number density. The true number density at
any step can be readi ly computed by in tegrat ing
Eq. (18).

A (28)

The difference between NA <u> determined from Eq.
(28) and that calculated from the distribution
function

A <u> J n (x,r) dr

is the error estimate. At each marching step, the
error propagation is arrested by renormalizing
the distribution function in the ratio of the
quantity, NA <u>, as calculated from Eq. (28) and
as calculated from the distribution function it-
self.

The difficulty posed by wave splitting, i.e., r
changing sign with r, is resolved by adopting a
modification that is equivalent to upwinding for
parabolic partial differential equations. This
modification is employed in calculating

|- (f n) whenever f changes sign across the

faces of a c e l l .
i

j With the major numerical problems circumvented,
i the two-step Lax-Wendroff9 procedure y ie lds a
f sa t is fac to ry solut ion of the spray equation, Eq.
I (18).

Results and Discussion

Before discussing the resu l t s , we w i l l i n ves t i -
gate the chemistry of slag vaporization i n the
combustor. This w i l l help in iden t i f y ing reasona-
ble i n i t i a l conditions for Eqs. (18) and (19).

Slag Vaporization in Combustor

For the combustion conditions of Part A, the
constitutions of major slag components are listed
in Table 1 as weight fractions of the total fuel
and oxidizer. In this listing, some of the
chemically similar components, e.g., CaO and MgO,

Table 1 . Slag Vaporization i n Combi/stor I

Weight Fraction at Equi l ibr ium Percen-
Specie Combustor I n l e t tage Vaporized

SiO2

A12O3

: CaO

Fe203

0.011326

0.005161

0.003433

0.000163

0.001822

84.8

0.0

52.5

100.0

100.0

K20 and Na20, have been grouped together. At the

high combustor temperature, 2750 K in th i s case,
some of the slag components vaporize, and chemical-
l y react with other gaseous species. Most of Si

vaporizes to SiO, with some SiO™ appearing at the

higher temperature. When SiO and Si02 condense,

they re-form SiO2A. At typ ica l MHD combustion con-

d i t i o n s , only a neg l ig ib ly small f rac t ion of A12O3

vaporizes, but i t does melt a t 1.2300 K. The
vaporization of CaO leads to the formation of
Ca(0H)2> which, under condit ions favorable fo r

condensation, re-forms CaO^. In an MHD environment,

K20 vaporizes almost completely, and the resu l t ing

potassium reinforces the potassium in jected in to
th b t i th f f KCO
p p
the combustor in the form of aqueous j. This
potassium is unlikely to condense in either the
channel or the diffuser, or even in the radiant
boiler. Fe.^ vaporizes in the combustor and is

present in the gas phase as Fe and FeO in almost
equal proportions. When lower temperature are
encountered in the channel, Fe and FeO may react
with the other gaseous species to form Fe(0H)2-

Under proper conditions, all Fe, FeO and Fe(0H)2

condense as FeO .

The equilibrium composition of slag constituents
corresponding to the channel inlet condition of
Part A, has been computed, and is listed in Table
il. The actual fraction of slag vaporized is less
!than the equilibrium value, and depends upon the
combustor flow configuration. For the linear-type
can combustor, the fraction vaporized will be close
to the equilibrium value. With no apparent attempt
,to reject slag, a weight fraction of 0.00859 liquid
jdroplets and 0.01336 slag vapor will enter the
channel. Point 4 of Fig. 4 corresponds to this
Situation. \

The use of flow swirling in combustors has been
advocated as a means of controlling slag carryover
iinto the channel and of providing a compact •
[efficient combustor design. In a swirl-flow com-
[bustor, coal particles will segregate in the cold
•wall region, so that the amount of slag vaporizing
will be much smaller than the equilibrium value. .
iPoints 1, 2, and 3 denote situations in which only
10, 25, and 50% of the maximum slag vapor that can .
ivaporize (the equilibrium value) does so. The
'vaporized slag flows'into the channel. Simultneous-
ly, depending upon the swirl number, some slag !

L"
j_
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Fig. 4 Combustor Characteristics Regarding
' Ash Carryover

liquid droplets will also enter the channel. Quite
clearly, the higher the swirl number, the smaller
the slag vaporization rate and the smaller the
fraction of the unvaporized liquid droplets that
flow with the slag vapor into the channel. On the
basis of this consideration, two hypothetical slag
carryover characteristic curves for swirling com-
bustors have been constructed. On the low condens-

• ed phase carryover curve of Fig. 4, points 1, 2,
and 3 denote situations in which 2, 5, and 10% of
the unvaporized slag travels into the channel in
the form of liquid droplets. Similarly, points 1,
2, and 3 of the high condensed phase carryover

: curve refer to situations in which 5, 10 and 30%
of the unvaporized slag finds its way into the com-
bustor. For easy comprehension, the total ash
carryover, the more conventional terminology, to
which these points refer is indicated. These
operating curves will be used to study the effect
<of ash carryover on the population spectrum of slag
j particles existing at the exit of the channel.

Evolution of Slag Particles :

| To clarify how homogeneous and heterogeneous
nucleation processes combine and compete with each
other to determine the population spectrum, we will
trace the evolution history of slag particles for
approximately 50% ash carryover condition of point
H3 in Fig. 4. All the calculations will be per-
formed for the axial pressure and average tempera-
ture distributions of Fig. 3. It is considered
that the liquid droplets initially entering the
channel are distributed according to the Nukiyama-
Tamasawa equation:

i more than 70» of slag vapor is composed of SiO.
Therefore, for the purpose of calculating slag
nucleation, the slag vapor is considered to con-
sist entirely of SiO. This is an excel lent approxi

-, nation, because the next major components, Fe
: and FeO, have condensation characteristics very
| similar to that of SiO. For the channel operatinq
! environment of Part A, the saturation vapor pres-
: sure of SiO is:

log P s a t (atm) = 12.5946 - 3.85xlO
4/T (30)

Some other data used in the computations are-
surface tensions (a) = 0.32 N/m, liquid density

,"•' =, ? 5 0 0 kQ/m • and heat o f vaporization (L) =
4.85xlO6 J/kg.

With the initial conditions and the specifica-
tion of relevant physical properties, the numerical
solution can be obtained. Figure 5 depicts the
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For the 50% carryover case, which may approximate I
the behavior of a low-swirl combustor, it is assuuw
ed that the original average size of liquid drop-
lets is 2 urn. From the discussion of the previous '<
section and the data of Table 1, it can be deduced!
"* SiO is the major constituent of slag vapor; j

Fig. 5 Particle Size and Population History

initial distribution of liquid droplets, the dis-
tribution at an intermediate location, and the
final distribution at channel exit. In the front
end of the channel (x<3.5 m ) , the gas temperature
iis high and the supersaturation ratio is slightly
jless than unity (see Fig. 6). In this region,
!liquid droplets vaporize, causing the average size
(of particles to decrease, as shown in Fig. 7. Be-
tween x = 3.5 m and x = 7.8 m, the gas becomes :
supersaturated with slag vapor. However, the ':

supersaturation ratio is not high enough tc :
initiate any significant nucleation of new parti- '
cles. In this region, the slag particles initially
carried into the channel grow in size; this growth
process is shown in Fig. 7. For x<7.8 m, the total
number density of slag particles, expressed as '
ff/cm1,decreases because of the diverging geometry :

8
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of the channel.

Around x = 7.5 m, nucleation of new particles
begins. Figure 6 shows nucleation to occur between
x = 7.5 m and x = 11 m. Because of the exponential
dependence of nucleation rate o supersaturation
ratio and a moderately large activation energy, ,
the nucleation rate increases steeply when the I
supersaturation ratio exceeds a critical value --
1.75 for the 50% carryover case. The nucleation
rate increases by ten orders of magnitude between
x = 7.5 m and x = 11 m, as the supersaturation :
ratio rises from 1.75 to 2.51 because of the drop •
in gas temperature and the logrithmic relationship
of saturation pressure to gas temperature. At j

x = 11 m, nucleation has stripped the gas of slag ]
vapor, so much so that despite decreasing gas tern- :

| perature, the supersaturation ratio begins to drop ;
I and the nucleation rate follows suit. j
i I
j Figure 5 shows emergence of a characteristic bi-
j modal distribution at x = 8.3 m. The bigger
; particles are the ones brought into the channel
. from the combustor. The smaller particles with
i maximum population density at about 0.02 pm havs
originated from homogeneous nucleation. The peak
of the distribution function for larger particles
has dropped because of the area expansion effect;
the distribution function has shifted to the right
as a result of particle growth. The point, x =
8.3 m, lies in the early period of the homogeneous
nucleation regime.

Figure 7 shows a manyfold drop in particle size
in the homogeneous nucleation regime, from more
than 2 pm to less than 0.02 urn, as a consequence
of the appearance of submicrometer-sized nucleated
particles. The region, 11 m <x< 12 m, is the
growth regime. Paralleling the homogeneous nuclea-
tion process of depleting slag vapor, is the homo-
geneous nucleation mechanism. As new particles are
formed, more surface area is available for vapor
condensation (heterogeneous nucleation), and the
particle growth rate accelerates. This accelera-
tion causes further drop in the supersaturation
ratio and, because of exponential dependence of J
on S, homogeneous nucleation vanishes precipitously
at x = 11 m. The rapid reduction in supersatura-
tion ratio between x = 11 m and x = 12 m and the
slow reduction beyond x = 12 m are attributed
entirely to the heterogeneous nucleation process.
Particles quickly increase in size, to 0.1 pm at
x = 12 m from less than 0.02 pm at x = 10 m. As to
the total number density, a four-order increase is
observed in the homogeneous nucleation regime, and
a slight drop is seen beyond x = 11 m, because of
area expansion effect.

Finally, attention is drawn to the size cut-off
phenomenon of Fig. 5. In the slag vaporization
regime (x<3.5 m), the gas is superheated, and par-
ticles of all sizes vaporize with smaller-size
particles evaporating faster than the larger parti-
cles. In the early growth regime, 3.5 m<x<8 m,
smaller particles continue to diappear by growing
in size. In the nucleation regime, 8 m<x<11 m,
submicrometer-size particles are formed while the
already-present particles continue to grow. In

', this regime, the fresh nucleated particles repre-
I sent the smallest-size particles of the spectrum.
•The particles smaller in size than r* have already
I disappeared by either vaporizing in the vaporiza-
!tion regime (x<3.5 m) or growing in size in the
: early growth regime (3.5 m<x<8 HI). This leads to
. the size cut-off phenomenon evidenced by the
'shape of the distribution function at x = 8.3 m.
Next, in the predominantly growth regime, x>ll m,
bigger particles grow while the smaller particles
either evaporate or grow to large size. This
explains the size cut-off of the final distribu-
tion function, as well as its shifting to the
right. At x = 20 m, the slag vapors have almost
vanished.
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As explained in the last section, a characteris-
tic bi-modal particle size spectrum develops as a
result of keen competition between the homogeneous
nucleation and the heterogeneous nucleation pro-
cesses. Since the homogeneous nucleation process

• increases the particle population, whereas the
; heterogeneous nucleation tends to restrict the
; population, the particle size spectrum depends
• intimately upon the parameters that govern the two
; nucleation rates, i .e., channel operating condi-
! tions, namely, axial variation of pressure and
i temperature, ash carryover rate, and liquid drop-
: let-to-slag vapor ratio at channel inlet. I t is
• desirable to acquire information pertaining to

particle size spectrum for three primary reasons.
First, i t is important to maintain a sufficiently
high electrical conductivity in the channel,
especially at the downstream end, where gas temper-
ature is low. This is of serious concern, because
MHD power extraction is a volumetric process and,
because of diverging geometry, the volume per unit
length is maximum at the back end of the channel.
There is a possibility that the nucleated slag
particles can act as sitss for free electro-ion
recombination, with attendant loss of electrical
conductivity. Second, slag particles play a
dominant role in promoting radiative heat trans-
fer in the diffuser. Third, this information is
required for properly designing a slag screen to
remove slag particles from the hot gas stream.

As touched upon earlier, point 1 of Fig. 4 is
representative of a high-swirl combustor, point 2
of an intermediate-swirl combustor, point 3 of a
low-swirl combustor, and point 4 of a linear can-
type combustor. A characteristic of the swirling-
flow combustor is that the larger slag particles
are likely to be rejected and that the smaller
particles entrained by the flow wil l enter the
channel. In the computations relative to Fiq. 8,

10'

10

10"

T"

H O W CONDENSED PHASE
CARRYOVER

J_
10

10'

10"
100

! the average size of particles exiting the swirl j
icombustor and entering the channel was assigned a ;
value of 2 tim

10. For the can-type combustor, be- j

cause al l the unvaporized slag particles enter the'
channel, i t was deemed appropriate to assign a :

higher value, 3 pm, to the average in i t ia l size. :
In Fig. 8, the computed particle size spectra for
the ash carryover rates of Fig. 4 are recorded.

Figure 8 shows that a larger total number densi-
ty and, hence, smaller average particle size is
associated with a smaller slag carryover rate. For
the same vapor carryover rate, higher condensed
phase entrainment leads to lower number density and
larger average particle size. For comparison, for
the 1005i ash carryover case, the number density and
average particle size are 1.9xl07/cm3 and 0.2 |iia,
which changes to 1.4xlO9/cm3 and 0.02 ym when the
ash carryover rate is reduced to 8%. The discus-
sion given in the previous section applies equally
well to all cases considered, and the location and
length of various regimes identified earlier are
given in Table 2.

20 10 60 80

PERCENTAGE OF EOUILIB VAPOR FORMED | !

Fig. 8 Effect of Ash Carryover on Particles Spectrum;
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Table 2 Hucleation and Growth Regimes

HI

H2

H3

LI

L2

L3

4

Evaporation
Regime

x<10.0
x< 6.6
x< 3.5

x< 7.5

x< 4.2

Initial
Growth
Regime

10.0<x<13.2

6.6<x<10.2

3.5<x< 7.8

11.0<x<14.5

7.5<x<10.6

4.2<x< 8.0

0 <x< 5.4

Homogeneous
Nucleation .

Regime

I
13.2<x<15.4

10.2<X<12.1

7.8<x<11.2

14.5<x<17.3

10.6<x<12.6

8.0<x< 9.8

5.4<x< 7.0

Rapid
Growth
Regime

15.4<x<18.0

12.1<x<12.2
11.2<x<11.9

17.3<X<19.2

12.6<x<16.0

9.8<x<11.0

7.0cx< 7.5

Slow
Growth
Regime

x>18.0

X>19.2

X>16.0

x>11.0

x> 7.5

IV. Conclusions and Impacts of Results

1. Heat Transfer in Channel

A quasi three-dimensional model has been formu-
lated and solved numerically to study the electro-
dynamics, as well as flow and heat transfer in MUD
channels. The contribution of gas radiation is
incorporated into the analysis. In the temperature
range of interest, water vapor, carbon dioxide,
and potassium atoms are the principal participat-
ing gases. The results of the analysis indicatfc
that, in the front end of the base load-size
channel, where the boundary layer is thin, heat
flux by convection exceeds that by radiation. The
difference between the heat flux by the two modes
diminishes as the flow proceeds downstream, and
the rad->2tion may exceed convection at the back
end PI the channel. For smooth walls, the total
heat transfer by the two modes are equal, 65 MU
each. With the channel walls roughened to 3 mm,
the convective hedt transfer registers a 35%
enhancement (from 65 to 88 MU); the radiative heat
transfer decreases slightly from 64 to 61 MU.

For the channel studied, radiation is found to
have an insignificant effect on the electrical
power generated by the channel. However, gas
radiation has a first-order effect on channel gas-
dynamics. For smooth walls, if the contribution
of gas radiation is omitted, blockage at channel
exit is 7.2% and the average temperature 2431 K.
With radiation accounted for, the blockage increas-
es to 10.2%, and the average temperature drops to
2366 K. It is emphasized that the blockage is one
of the important parameters that determine the
jdiffuser recovery coefficient.11 Evolution of
islag particles in the channel also depends intimate-
I ly on the average temperature level. ;

12. Slag Particles Spectrum

i The problem of homogeneous nucleation and '
jdroplet growth of the slag vapor carried into the
I channel from the combustor has also been analyzed.
jThe numerical problems associated with solving the '
I spray equation are described and the method of
|eradicating them delineated. The equilibrium \
I vaporization chemistry of coal slag is outlined. j
A reasonable combustor characteristic curve for '
non-equilibrium slag vaporization vs condensed- I
phase carryover rate into the channel is developed..
On the basis of this curve, the slag particles \
spectrum is studied as a function of the ash carry-j

over rate, it is found that the average particle
size increases from 0.02 to 0.20 pm and the total
number density decreases from 1.4x109 to 1.9xlO7

particles/cm3 as the ash carryover is raised to
100% from 8%.

3. After-Gas Treatment

For environmental, as well as economic reasons,
the seed injected in the combustor must be re-
covered from the hot gas exiting the diffuser.
Just as the slag particles were formed in the
channel by homogeneous nucleation and grew in size
by slag vapor condensation, so can the seed parti-
cles (from potassium atoms) at much lower tempera-
ture (less than 1600 K) in the steam superheater.
An additional complexity, however, arises from the
presence of the slag particles in the steam super-
heater. Consequently, whether the seed vapor
(potassium atoms) will undergo homogeneous nuclea-
tion c simply condense on the already-present slag
particles will depend on the gas cooling rate in
the superheater and the slag particle spectrum.
If the gas cooling rate is sufficiently low or the
slag particles surface area sufficiently large, the
seed vapor will preferentially condense directly on
the slag particles. If so, the particle spectrum
of Fig. 5, for example, will essentially remain
unchanged, although the entire spectrum will shift
slightly to the right. The spectrum of Fig. 5,
which is also typical of other spectra, has already
revealed that more than-99% of particles are
smaller than 1 vm in size. Typically, cyclones
are incapable of separating particles from gas
that are smaller than 10 pm15 and, hence, cyclones
are of marginal utility for seed recovery in HHD
systems. ,

| The particles smaller than 1 pm or larger than
J5 urn deposit efficiently on the cooled tube banks
•of the steam superheater. The mechanism responsi-
Ible for deposition of small particles is thermo- :
iphoresis13 — a temperature gradient-induced force.
The particles larger than 5 pm deviate from the
.flow stream lines near the tube surface and are
deposited by direct impingement.13 The intermedi-
late-size particles, l<r(jim)<5, follow the flow
turbulence and are harder to deposit on cooled
tube banks. Their removal will require either a j
baghouse or an electrostatic precipitator. The j
actual sizing of these equipments will depend on :
the kind of spectrum information presented in Fig.
i5. More complete details of the seed recovery j
aspect of the problem are found in Ref. 8.. I
L • : - —- - - - ..
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i In a follow-up study (see Ref. 3), the parti-
: cle spectra whose number density and average

particle size are graphed in Fig. 8 have been
employed to estimate heat transfer rate in MHD
diffusers. The study reveals that the slag parti- n .
cles play a dominant role in promoting radiative
heat transfer in the diffuser. For the 100% ash
carryover case, Ref. 3 calculates the radiative
heat transfer in the diffuser to be 79 MW as 12.
opposed to 44 MW for the 8% carryover case,
comparison, heat transfer by convection is 25 MW.
Reference 3 discusses and elaborates the impact
of the enhancement in heat transfer by radiation 13.
in the channel and diffuser on the overall system
design.
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