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Abstract—Heat transfer in MHD diffusers, by conduction, convection, gas radiation, and slag particles
radiation, is analyzed by simultaneously solving the radiation transport equation and a set of quasi-three-
dimensional gasdynamic equations. Carbon dioxide, water vapor, and potassium atoms are considered to be
the principal gases participating in gas radiation. The non-grey radiation transport equation is solved by
invoking the P, approximation, The absorption coefficients for CO, and H,O are evaluated from the
exponential wide-band model and for K atoms from certain correlations. The efficiency factors for extinction
and scattering by particles are calculated from Mie theory. For a reference diffuser geometry appropriate for
a 1700 MW thermal MHD plant, the heat transfer by convection is found to be 25 MW, and the radiative
heat transfer varies from 44 to 79 MW, depending on the rate of ash carryover into the channel. Results reveal
that the heat transfer is sensitive to the ash carryover into the channel, slag particle size spectrum, electrical
conductivity of ash, gas composition, and wall emissivity. It is observed that, because of multiple scattering,
the particles shield the short wavelength radiation emitted by potassium atoms.
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NOMENCLATURE

A, cross-sectional area;

a,b,, parameters defined in equations (13)
and (17);

a, by, Mie complex scattering coefficients;

Cp pressure recovery coefficient ;

h, enthalpy;

I, radiation intensity;

Iy Planck function at gas temperature;

| . Planck function at wall temperature;

G, incident radiation;

m, complex refractive index ;

n N, particle-size distribution function and
number density;

Ny, {r>e, number density and average size at
diffuser inlet;

D, pressure;

4y radiative heat flux;

r, particle radius;

S, scattering function;

u, axial component of gas velocity;

v, normal component of gas velocity;
w, diffuser width;
x,¥,2, Cartesian coordinates.

Greek symbols

o, parameter defined in equation (21);

B, ., extinction coefficient and scattering
albedo;

T, To, optical thickness and its value at wall;

Ty Ten shear stress and its value at wall;

Py gas density;

Hetts effective viscosity ;

U, cosine of the cone angle;

Epor wall emissivity;

HMT 2438 ~ |

81,83,6,, displacement, momentum and enthalpy
thickness;

é, boundary layer thickness;

Levs Xsv efficiency factors for extinction and
scattering ;

A wavelength;

8, divergence half angle of diffuser;

G electrical conductivity of slag [Sm™~!].

Subscripts

¢, centerline ;

W, S, wall;

v, spectral;

[ average.

INTRODUCTION

IN THE open-cycle magnetohydrodynamic (MHD)
method of energy conversion, air and fuel mixture is
combusted at a temperature of 2700 K or higher, and
seeded with potassium to render the combustion
products electrically-conducting. The combustion gas
is accelerated to a high velocity in a nozzle, and passed
through the MHD channel where a magnetic field is
applied in a direction normal to the flow thereby
effecting a direct conversion of thermal and kinetic
energy of the combustion gas to electricity. The spent
gas exiting the channel still has a significant amount of
thermal and kinetic energy and must be slowed in a
diffuser to allow further processing and to recover
some of the dynamic pressure [1]. The purpose of this
work is to analyze heat transfer in MHD diffusers of
coal-fired plants.

There are three distinguishing characteristics of the
flow entering an MHD diffuser. First, the flow has

1421



1422

thick boundary layers with an inlet blockage higher
than 109 [2]. Second, the gas temperature is high
enough (about 2300 K) for radiation to be a significant
mode of heat transfer. The third characteristic relates
to the presence of potassium atoms and slag particles
in the combustion gas. The source of potassium atoms
is the seed that was added in the combustor for the
enhancement of electrical conductivity. The potassium
atoms do participate in promoting gas radiation [3].
The nature and source of slag particles is more
complex and is explained in the following paragraph.

The high temperature prevailing in the coal-fired
MHD combustor causes a substantial amount of coal
ash to vaporize. The vaporized ash and some of the
unvaporized ash particles flow into the MHD channel.
As the gas cools down in the MHD channel from the
combined effects of power extraction and heat loss, the
supersaturation ratio of ash vapor rises; the super-
saturation ratio is defined as the partial pressure of a
gaseous constituent normalized by the saturation
pressure. At some point, the supersaturation ratio
attains the critical value at which the ash vapors
condense out in the form of liquid droplets (slag
particles) by the process of homogeneous nucleation.
Paralleling the homogeneous nucleation process of
slag vapor removal is the direct condensation (hetero-
geneous nucleation) of ash vapor on the slag particles
already present. The final size distribution of slag
particles evolves as the homogeneous nucleation 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. For more comprehensive details see [2] and
[3]: For the channel operating conditions of [2], all the
ash vapors had condensed out before the gas reached
the channel exit.

The nucleated slag particles are submicrometer in
size and numerous in number (10°-10°/cm?). The coal
slag is electrically conducting and absorbs as well as
scatters thermal radiation. It was found in this study
that in the diffuser the radiant heat transfer attribut-
able to slag particles and seed may exceed that by gas
alone by a factor of two or even three. Besides
potassium atoms and slag particles, other species
participating in radiation are carbon dioxide and
water vapor.

In the past, Doss [4] and Roy [5] have analyzed the
performance of MHD diffusers with high blockages.
Neither of the two studies included the sizeable
contributions of gas and particle radiation to heat
transfer. This work serves to remove this limitation in
the formulations of [4] and [5] by solving a set of
quasi-three-dimensional gasdynamic equations in
conjunction with the radiation transport equation.
The possibility of radiation scattering by slag particles
is included in the radiation transport equation. The
efficiency factors for extinction and scattering (caused
by particles) are evaluated directly from Mie theory
[6]. The absorption coefficients for carbon dioxide and
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water vapor are computed from the exponential wide
band model [ 7], and for potassium atoms from certain
correlations of experimental data [2]. A closed-form
solution of the radiation transport equation is first
obtained by invoking the P; approximation [8] The
complete diffuser model equations are then solved
numerically.

Various diffuser calculations are performed for
diffuser entrance conditions consistent with the chan-
nel exit conditions of [ 2]. The slag particle size spectra
enumerated in [2] are employed in the form of
histograms in these calculations. Although the model
is applied to the flow situation in MHD diffusers only,
the combined conduction, convection, gas radiation
and particulate radiation model formulated in this
paper and its analysis is sufficiently general to be
applied to many situations in which the three modes of
heat transfer are equally important. Typical appli-
cations where the model may be useful include com-
bustion chambers, whether coal, gas, or oil-fired, and
thermal shields for space re-entry vehicles.

DIFFUSER MODEL AND ANALYSIS

The governing equations are comprised of quasi-
three-dimensional gasdynamic equations, an equation
to ensure slag particles number conservation, and a
radiation transport equation. The particle number
conservation equation is linked to gasdynamics
through the average flow velocity. The radiation trans-
port equation supplies the divergence of radiant heat
flux and wall heat flux to the energy equation, but is
itself coupled to gasdynamics through the temperature
field. The gasdynamic equations listed below are these
derived in [9]. Briefly, the approach consists of
partially integrating the gasdynamic equations in the
sidewall direction. In so doing, the sidewall effects
become manifest through the displacement thick-
nesses characterizing the flux deficit because of side-
wall boundary layers, i.e. displacement thickness for
mass deficit, momentum thickness for momentum
deficit, and enthalpy thickness for energy deficit.
Explicit terms also appear to account for friction and
heat transfer on the sidewalls. The principal advantage
of this approach is that it permits a fully 3-D flow to be
analyzed by a set of two-dimensional equations.

Continuity

d 0
E;[P“(W -25,)]+ g;[pv(W -25,9]=0. ()

x-Momentum
0 0
° - h w26
™ [puu(W — 26,9 + 5 Loun( 25)]

ap 3 éu)
=Wl ow iy —2e, 2
W&x + Wéy<ﬁeffay Ts ( )

y-Momentum

3



Heat transfer in MHD diffusers

Total energy
0
55 Puth + 3ut)(W = 285,)]

0
+ —é;[pv(h + Lu?)y(W — 283)]

o[ oT 24
W k- w
6}-’( o 6y) ay

4 C
+ W‘a_(“txy) - 2(‘1&‘ + qrs) (4)
Y
where 3., 6,,, and §,, are, the displacement, momen-
tum, and enthalpy thicknesses of the sidewall bound-
ary layers, respectively [9].

Slag number conservation

d
i (NACu») = 0. %)
x

Radiation transport equation
oI
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+ vaﬁ\. J Sup iy, 1) dp’. (6)
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The foregoing set of equations essentially describesa
two-dimensional development of flow, with certain
correction terms included to account for the displace-
ment effects of the sidewall boundary layers. In the
spirit of parabolic flow analysis, diffusion of heat and
momentum in the flow direction has been neglected in
these equations in comparison to diffusion in trans-
verse direction. Further assumptions implicit in equa-
tions (1)—(6) and those made in the course of the
analysis are the following:

(1) The electrode and sidewall boundary layers are
similar to each other, thus implying that é,,, d,, 63,
and friction and heat transfer on the sidewalls are
equal to their counterparts on the electrode walls.

(2) Slag particles are in velocity and thermal
equilibrium with the gas—a justifiable assumption
considering that the characteristic relaxation time of
submicron particles is of the order of microseconds.

(3) Slag vapors have completely condensed out in
the channels so that no further nucleation can occur in
the diffuser. This assumption is supported by analyti-
cal results presented in [2].

(4) On the basis of order of magnitude type es-
timates, any changes in total number density of
particles due to agglomeration or due to slag de-
position on diffuser walls have been neglected.

Analytical solution of radiation transport equation

The gradient of radiant heat flux can be obtained by
integrating (6) with respect to u and v

4, _, [ G,
E =4n J;) {1- wy)ﬁv(lhv 4n)d" (7)

where G,, the incident radiation, may be evaluated by
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integrating the spectral radiation intensity (I,) as

1

Gy)=2n j 1 {y,u)du 8)

-1

and
a 1
g, =2 f dv J wl(y, p)dp.
4] -1

Equation (7) in spectral form is

y
(- @)y =dnll )l )

where 7 is the optical thickness, defined as

1= J By dy.
o

In order to solve equation (6) for G,, expand I, and S,
in series of Legendre polynomials. Retaining only the
zero- and first-order terms in these series and perfor-
ming the operations indicated in P, approximation
[8], one has

1 3.
I(t,p) = 4—nGv(r) + Z;Qrv(f)ll (10)
dG, +3g,,=0. (1
dr

In writing equation {11), a nonessential assumption
has been made, namely, the scattering function is an
isotropic one. Equations (9) and (11) may be combined
to produce a single equation for G,.

d2G,
—d;—l —a’G, = —4nall,, {12)
where
a,=,/[3(1 - )] (13)

The centerline symmetry condition and the boundary
condition for specularly reflecting walls are

IV(TO’ "'ﬂ) = lf"wlwv'f'(l _8w)1v(1:09ﬂ) ,Ll>0 (15)

Using Mark’s boundary condition [10], u in equa-
tion (11) is replaced by po(=1/,/3). This is the value of
# that makes the second-order solution idemically
equal to zero. Using equation {11), the two boundary
conditions can be rewritten as

dG,
<dt )0_0

and
dG,
Gv(zo)+bv(—‘> = 4zl (16)
dr /.,
where
1 /2—¢
= b 17
b= (2 ) i)

Using the Green function approach and assuminga, to
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be a slowly varying function, the following solution for
G, may be constructed

T

Gv = 4n1wv + 4 J‘ ’ KV(T|€)a3(Ibv - va) dé (18)

0

with
- ) copicod)
x [a, exp(a,r) + exp(—a,0)] t>¢& (19)
a, eXp (avé) + €Xp ( _avé)]
K9 = [ 21 — a)a,
x [exp(a;) + exp(—a,0)] 1< (20)
where
vy —
o, = ba.+ 1exp(—2avro). (21)

This completes the solution.

Radiation properties

Carbon dioxide, water vapor, and potassium atoms
are considered to be the principal participating gases.
The spectral absorption coefficients for carbon di-
oxide and water vapor are evaluated from the exponen-
tial wideband model [7]. For atomic potassium,
effective absorption for potassium occurs in the range
746 <(um) <820 and is given by the correlations
presented in [2].

Mie theory [6] is employed to calculate the scatter-
ing and absorption coefficients for slag particles.
Without going into lengthy details, the following are
the efficiency factors for extinction and scattering

- 2 x>
fon = 2<_f_> @+ DRe(@+b) (22)
1=0

2nr

bl 2 x

Tou = 2(L> T @i)af+ b (23)
2nr ) S

where the coefficients, a; and b,, are complex numbers.

These coefficients are functions of two parameters,

2nr/% and m, the complex refractive index.

For a medium containing particles of many sizes, the
overall extinction coefficient, gas-plus-particles, and
scattering albedo are determined by the following
equations

B.o=xl+m J Yool 2mr/A)n(r)r? dr
0

W, = L{n J‘j 1ol 2mr/7)n(r)r? dr:l.
ﬁv (V]

Finally, the particle spectrum is input to the com-
puter program in the form of histograms so that the
equations for §, and w, are numerically evaluated as

follows:
ﬁ\- = K?’ +n Z Xev(mv 2nri/)')1vifi2 (24)

and
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o= g [ T amamnit | es

where x’; is the absorption coefficient of the gas.

Turbulent model

The two-layer eddy diffusivity model of Cebeci and
Smith [11] is used in the present analysis. Effects of
wall roughness on fluid flow are simulated by displac-
ing the coordinate in the inner region, as suggested by
Cebeci and Chang [12]. Effects of wall roughness on
heat transfer are represented by adopting the effective
Prandtl number formulation of Ahluwalia and Doss

[13].

Complete numerical solution

The finite-differencing method used to solve numeric-
ally the gasdynamic equations is essentially that
described in [9] and, therefore its details are not
repeated here. The new feature is the inclusion of
radiation terms in the energy equation. These terms
are treated as source terms, i.e. they are evaluated for a
temperature distribution prevailing at the immediately
preceding upstream station. Spectral integration in-
volved in equation (7) is made accurate by dividing the
large integration domain (200-15000cm™!) into 7
bands. Integration over these bands is performed by
adopting a 16-point Gaussian quadrature scheme. As
indicated in 2], radiation terms are not updated at
each marching step, nor are they calculated at all grid
points at any step. Had these modifications not been
adopted, the computational time would have been on
the order of 20 h CPU time, as opposed to 15 CPU min
now typically required. Numerical computations were
performed on IBM 370/195 and 3033 machines.

RESULTS AND DISCUSSION

The computed exit conditions of [2] for a channel
with rough walls are taken as the natural entrance
conditions for the diffuser; these are: pressure =
0.85 atm, centerline temperature = 2350 K, and boun-
dary layer thickness = 0.51 m.The mass flow rate
through the diffuser is 350 kg s~ ! and the total thermal
input to the diffuser is 1250 MW. The diffuser is
selected to be 15 min length and, to be compatible with
the channel of [2], measures 2 x 2m at inlet. The
diffuser walls diverge equally in electrode and sidewall
directions and are considered to be moderately rough,
of 3 mm roughness; as is characteristic of slag-coated
walls, a slag surface temperature of 1800 K is assumed.
The base calculations are performed for Rosebud coal
ash, wall emissivity of 0.8 and diffuser divergence half-
angle of 1.43°. Sensitivity of the results to changes from
base conditions is assessed by studying the diffuser
behavior for Centralia power plant coal ash, for wall
emissivity of 0.5, and for diffuser divergence half-angles
of 1.0, 2.0, 2.5, and 3.0 degrees.

To be consistent with the channel calculations
thermodynamic properties corresponding to equilib-



Heat transfer in MHD diffusers

100 % ASH CARRYOVER

_1 —

PARTICLE NUMBER DENSITY, no./cm’
>
o

-3 -2 -l 0 | 2
PARTICLE RADIUS, pum

F1G. 1. Histogram for 1009, ash carryover.

rium combustion of 5% moist coal with preheated,
oxygen-vitiated air are used. Thermodynamic data
showed that in the pressure and temperature range of
interest, mole fractions of CQ,, H,0, and K could be
taken as 0.20, 0.12 and 0.004 in that order [2].

Histograms

As pointed out in the Introduction, slag particles
play a dominant role in promoting radiative heat
transfer in the diffuser. These slag particles originate
mostly from the ash vaporized in the combustor and
subsequently nucleated in the channel. Some of the
unvaporized slag particles also flow into the channel.
Im and Ahluwalia [2] have shown that the slag
particles are not mono-sized but have a characteristic
bi-modal spectrum. This particle size spectrum was
found to depend intimately upon the channel operat-
ing conditions, ash carryover rate, and liquid droplet-
to-slag vapor ratio at channel inlet. The last two
parameters are principally functions of combustor
flow configuration. An objective of the present task is
to study the diffuser performance for the various
spectra of particle sizes at channel exit that were
presented in [2].

It is important to recognize that the complete
particle spectrum must be considered in computing the
radiative heat transfer by slag particles. To emphasize
this point, reference is made to equations (22} and (23),
which indicate the efficiency factors for extinction and
scattering to be functions of two parameters, namely,
the complex refractive index and the nondimensional
group, 2nr//. Equations (24) and (25) further empha-
size the dependence of the extinction coefficient and
scattering albedo on the particle distribution function,
Intuitively, small particles (2ar/2 « 1) absorb more
radiation than they scatter, intermediate-size particles
(2nr/2~1) absorb and scatter radiation in compar-
able amounts, and particles of large size (2rr/2 > 1) are
more effective in scattering radiation. Mie theory
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confirms the validity of this intuition. It is worth
mentioning that a sample calculation of [14] proved
that a cloud of gas containing mono-dispersed par-
ticles has lower emissivity than if it had distributed-size
particles of the same total number density and the
same average size. With this background, we seek an
accurate representation of particle spectra presented in
[2]. A simple and accurate representation is in the
form of a histogram.

Figure 1 is a nine-band histogram representative of
the particle size spectrum for 1009 ash carryover into
the channel. Figure 2 is an eight-band histogram for
the situation in which the amount of ash vaporizing in
combustor is less than the maximum possible. Im and
Ahluwalia [2] should be consulted for detailed expla-
nations concerning the spectra itself. In analogy to the
concept of average size of a distribution function, the
ordinates of these histograms were determined from
the following equation

N

4

N="24 (33)

where i refers to a band, 7, is the median size of the
band, and the summation is performed for all the
particles lying within the band; Ns calculated from
(33) were used in determining f, and @, in equations
(24) and (25).

Effect of slag carryover

Figure 3 shows the variation of radiative and
convective heat flux along the diffuser length for
particle spectra corresponding to the histograms of
Fig. 2. It is seen that whereas the convective heat flux
decreases along the flow direction, the radiative heat
flux does not. The axial drop in convective heat flux is
attributed to boundary layer growth. The increase in
the radiative heat flux along the axial direction is
partly credited to divergent diffuser geometry, which
leads to higher optical thickness downstream. More
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importantly, as fiow Mach number decreases, a con-
version of kinetic energy to thermal energy takes place.
This conversion of energy more than compensates for
the diffuser heat loss in the form of convection and
radiation. Consequently, the centerline temperature,
and the average temperature as well, increase along the
flow direction. This temperature rise is mainly re-
sponsible for increasing radiative heat flux along the
flow direction. This is one distinguishing feature of the
nature of radiative heat transfer from the slag particle-
laden gas in the MHD diffuser. For a black body, the
radiation heat flux is proportional to the fourth power
of temperature. For a real gas, however, the gas
emissivity decreases with temperature so that the
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F1G. 4, Heat transfer characteristics.
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dependence of gas radiation on temperature is less
than the fourth power. For a slag particle-laden gas,
the medium emissivity may increase with temperature
for the reason that the electrical conductivity of slag
particles, a parameter that determines the absorption
coefficient, is exponentially dependent upon gas tem-
perature. Therefore, depending on electrical conduc-
tivity variation and size and number density of par-
ticles, the exponent of temperature for proportionality
between radiation of a gas medium containing slag
particles and temperature may be greater than four.
Another reason that contributes to enhancement of
gas emissivity with temperature is the presence of
potassium atoms which absorb thermal radiation of
short wavelengths around 0.78 um. As the gas tem-
perature is raised, the peak of the black body intensity
shifts toward the shorter wavelength region; this
follows from the Wien’s displacement law. As a result,
with increase of gas temperature, the potassium atoms
become more active in absorbing and hence attenuat-
ing the thermal radiation so that the gas emissivity
rises with temperature.

Figure 3 shows that radiative heat flux increases
with the ash carryover rate into the channel. There are
two reasons for this. First, with a higher ash carryover
rate, in spite of lower number density, the particles
have a greater collective surface area (=ZN;?), and
this leads to a higher absorption coefficient. Secondly,
as the ash carryover rate becomes higher, the number
of particles in the larger size range increases (see Fig. 2).
As mentioned earlier, larger particles (2nr/i > 1)
scatter more radiation than they absorb, thus provid-
ing the smaller particles, which are effective absorbers,
with an additional opportunity to absorb the scattered
radiation. This process becomes more effective with
the possibility of multiple scattering.

The importance of radiation in Fig. 3 is very
pronounced. Radiative heat flux exceeds the con-
vective flux by a factor as high as four. The contri-
bution of radiation can be directly ascertained from
Fig. 4. The heat transfer by convection is nearly
25 MW ; the radiative heat transfer varies from 44 MW
for the case of 10% ash carryover from the combustor
to 62 MW for the 50%, case. For 1009, ash carryover,
the heat transfer by radiation is 79 MW (see Fig. 5).
For all cases considered, the total heat transfer lies
between 70 and 100 MW,

Nature of radiation

To identify the critical parameters that control heat
transfer in the diffuser, results are given in Figs. 6, 7,
and 8 by changing one or more conditions of the
reference case. Curve A of Fig. 6 represents the base
case. Note that radiative flux first increases in the axial
direction and then decreases. At the front end of the
diffuser, the total heat transfer is small enough (be-
cause of small specific volume of the diffuser) that the
conversion of kinetic to thermal energy can com-
pensate for the heat loss, so that there is a rise in
temperature, Consequently, the radiative heat flux
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increases in magnitude. At the back end of the diffuser,
the specific volume of the diffuser is large because of
the divergent geometry so that the heat transfer rate is
high even though the heat flux may be small. Also, the
gas velocity has slowed down to the extent that the
kinetic energy is only a small fraction of the thermal
energy. Consequently, the conversion of kinetic to
thermal energy cannot offset the heat loss and the gas
temperature decreases. As a result, the radiative heat
flux begins to decrease in spite of the higher optical
thickness at the back end.
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Curve B is for a hypothetical situation in which no
potassium atoms are present. Curve C is for 25% ash
carryover. In Curve D, no particles are present; this
would happen, for example, in a gas- or oil-fired MHD
plant, except that mole fraction of water vapor would
be much higher. Curve E represents the hypothetical
situation in which neither particles nor potassium
atoms are present. Curve F represents the contribution
of convection.

The difference between curves A and C is attributed
to the different particle spectra that emerge from
change in the rate of ash carryover into the channel.
The difference between curves A and D is a measure of
the important role of the slag particles in promoting
radiation. It is seen that the particle contribution is
nearly 30-507% of the total radiative heat transfer. The
difference between curves A and B measures the
contribution of potassium atoms for the gas-plus-
particles case, and between D and E indicates the
contribution of K for the gas-only case. The differences
between A and B and between D and E are not the
same, thus proving the non-additive nature of contri-
butions by individual participating species. It is in-
teresting to note that particles tend to scatter the short
wavelength radiation emitted by potassium. The dis-
parity between the difference of curves A and B and of
curves D and E is a measure of the radiation shielding
effect of the particles by multiple scattering.

Figure 7 shows the influence of wall emissivity on
radiation heat transfer. A 30% reduction of heat flux is
observed when the wall emissivity is lowered to 0.5
from 0.8. A wall emissivity of 0.5 is believed to be the
lower limit.

Figure 8 shows the effect of electrical conductivity of
particles on radiative heat transfer. The electrical
conductivity data of [1] and [15] have been curve-
fitted for T > 1600 K by the following correlations
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Rosebud coal: o, = 10exp (12.65-2.3 x 10%/T)
o, = 0.5 exp (13.5-2.08 x 104/T).

Electrical conductivity enters the calculations
through complex refractive index (n=15-i30c,). The
higher the electrical conductivity of slag particles, the
greater is the efficiency factor for extinction. Figure 8
indicates a 309, difference in radiation heat fluxes for
Rosebud coal ash, considered to be of medium electri-
cal conductivity, and Centralia power plant coal ash
[1], considered to be of low electrical conductivity.

Centralia:

Diffuser performance

Figure 9 presents the influence of diffuser half-
divergence angle on heat transfer. As the divergence
angle is increased, the specific volume increases faster
with distance so that the radiative heat flux increases
also. The lowering of convective heat flux with
divergence angle is indicative of a faster rate of
boundary layer growth. In Table 1, the average
velocity and blockage at diffuser exit, (defined as (1 —
28,/W)* for square cross-sections) and the cor-
responding pressure recovery coefficient, are listed.
For 3° divergence angle, the flow may separate any-
where beyond x = 10 m. For all four cases, the average
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F16. 9. Diffuser performance.

exit temperature was ~2300K. For 2.5° and 3.0°
divergence angles, the flow became fully developed
before reaching the exit.

CONCLUSIONS

A quasi-three-dimensional diffuser model has been
formulated and solved by a coupled analytical and
numerical technique. The radiative contributions of
carbon dioxide, water vapor, and potassium atoms are
all included. The formulation also incorporates the
role of slag particles in absorbing and scattering
radiation. The important conclusions drawn from the
results of the analysis are listed below.

(1) Although the convective heat flux in the diffuser
decreases along the axial direction (because of boun-
dary layer growth), the radiative heat flux may increase
in that direction because of diffuser divergence and the
possible rise in gas temperature resulting from the
conversion of kinetic to thermal energy. For the base
conditions of a 1700 MW thermal MHD plant, the
total convective heat transfer in the diffuser is 25 MW,
and the radiative heat transfer lies between 44 MW for
8%, ash carryover and 79 MW for 1009, ash carryover
into the channel. This shows the importance of
accounting for radiation in diffuser heat transfer
computations.

(2) The results demonstrate that slag particles play

Table 1. Diffuser performance

{w>
8 Area ratio (ms™ 1) Blockage C, Comment
1.0 1.58 453 045 0.33  No boundary layer separation
1.4 1.87 406 0.54 0.39 No boundary layer separation
2.5 271 317 0.66 0.46  Fully developed flow
30 3.17 283 0.69 0.48  Separation tendency




Heat transfer in MHD diffusers

a dominant role in promoting radiant heat transfer. It
was inferred that the radiative flux resulting from
particles is more than twice that resulting from carbon
dioxide and water vapor. Moreover, the phenomenon
of particles shielding radiation through multiple scat-
tering was identified. This shielding effect is a manifes-
tation of the particles scattering the short wavelength
radiation that is emitted by potassium.

(3) The sensitivity of results to changes from ref-
erence conditions was established. It was observed
that changing the wall emissivity from 0.8 to 0.5, or
changing the electrical conductivity, modifies the
radiative flux by 30%,. The influence of diffuser half-
divergence angle on heat transfer has been discussed.
In view of the importance of radiation, a systematic
study of the influence of diffuser inlet conditions on
diffuser performance, as studied in [4] with radiation
omitted, needs further elaboration.
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COMBINAISON DE LA CONDUCTION DE LA CONVECTION DU RAYONNEMENT DES
GAZ ET DES PARTICULES DANS LES DIFFUSEURS MHD

Résumeé — Le transfert thermique dans les diffuseurs MHD par conduction, convection, rayonnement du gaz
et des particules est analysé en résolvant simultanément Péquation du transfert par rayonnement et les
équations de la dynamique des gaz. On considére que le gaz carbonique, la vapeur d’eau et les atomes de
potassium sont les principaux gaz qui participent au rayonnement. L’équation de transfert du rayonnement
non-gris est résolue en s'appuyant sur 'approximation P,. Les coefficients d'absorption de CO; et H,O sont
évalués par le modéle exponentiel 4 large bande et celui des atomes K par certaines formulations. Les facteurs
d'efficacité pour I'extinction et la diffusion par les particules sont calculés a partir de la théorie de Mie. En
référence a une géométrie de diffuseur appropriée a une unité MHD de 1700 MW thermique, le transfert de
chaleur par convection est de 25 MW et celui par rayonnement varie de 4 MW a 79 MW suivant la
concentration de cendre emportée dans le canal. Les résultats montrent que le résultat est sensible 4 la
poussicre, au spectre de dimension des particules, 4 sa conductivité électrique a la composition des gazet a
Pémissivité de la paroi. On observe qu'a cause de la diffusion multiple, les particules masquent le
rayonnement des atomes de potassium émis dans les courtes longueurs d’onde.
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DAS ZUSAMMENWIRKEN VON LEITUNG, KONVEKTION UND STRAHLUNG VON GAS
SOWIE FESTSTOFFEN IN MHD-DIFFUSOREN

Zusammenfassung—Der Wirmeiibergang in MHD-Diffusoren durch Leitung, Konvektion und Strahlung
von Gas und Schlackepartikeln wird durch simultane Ldsung der Strahlungstransport-Gleichung und eines
Satzes von quasi-dreidimensionalen gasdynamischen Gleichungen untersucht. Kohlendioxid, Wasserdampf
und Kalium-Atome werden als die wesentlichen Gase betrachtet, die an der Gasstrahlung beteiligt sind. Die
Strahlungstransportgleichung fiir nicht-graue Strahler wird durch Anwenden der P,-Approximation gelGst.
Die Absorptionskoeffizienten fiir CO, und H,O werden aus dem exponentielien Breitband-Modell, die fiir
K-Atome aus gewissen Korrelationen abgeschitzt. Die Faktoren der Extinktion und der Streuung von
Partikeln werden nach der Mie-Theorie berechnet. Fiir eine Diffusorgeometrie, die einem 1700 MW MHD-
Wairmekraftwerk entspricht, wurde der Warmeiibergang durch Kornvektion zu 25 MW berechnet, wihrend
der Wirmeiibergang durch Strahlung im Bereich von 44 MW bis 79 MW liegt, je nachdem, wieviel Asche in
den Kanal gelangt. Die Ergebnisse zeigen, dal der Wirmeiibergang vom Aschegehalt der Strémung, vom
Grofenspektrum der Schlackepartikel, von der elektrischen Leitfahigkeit der Asche, der Gaszusammenset-
zung und dem Emissionsvermogen der Wand abhangt. Es wurde beobachtet, daB die Partikel die
kurzwellige Strahlung der Kalium-Atome durch Mehrfachstreuung abschirmen.

B3AUMOCBA3AHHBIE MPOLIECChI TEIJIONMPOBOAHOCTHU, KOHBEKLUUU
U U3JIYUEHUSA TA3A U YACTHULL B MIr'1 J1HOdY30PAX

Annotaums — [lepenaya Tenia TEMIONPOBOAHOCTBbEO, KOHBEKLIMEN H H3JIyYeHHEM (KAaK OT rasa, TaK M
o7 vactHu wkana) B MI'l nuddysopax aHanMaupyeTcs NMyTeM COBMECTHOFO PEUIEHHUS YPABHEHHS
NEepeHoca H3JIYYEHHS M CHCTEMbI KBA3HTPEXMEDHBIX TIa30JHHaAMHUYeCKHX ypasHenuil. B kavectse
OCHOBHBIX [a3000pa3HbIX KOMIIOHEHTOB, YYAaCTBYIOIIMX B MPOUECCE H3JIYYEHHs, PACCMATPHUBAKOTCA
4TOMBI JIBYOKHCH Yrjepoja, BOASHOIO Mapa M KajHs. YPaBHEHHE NEPEHOCA HECEPOro H3JIydYeHHs
pewiaetcs ¢ noMoupio P; — npubnuxenns. Kospduunents norsouenns ans CO, u H,O paccun-
THIBAIOTCA MO 3KCAOHEHUHAJIbHOH ILHPOKOMONOCHOH MOJenH, a Jis atoMoB K — M3 u3BecTHBIX co-
oTHouleHHH. KoahhHUHEHTB! 3aTYXaHUS W PacCesiHMs HM3JIyYeHHs YACTHUAMH PACCYHTLIBAIOTCA [0
Teopun Mu. HalineHo, 4ro ans auddysopa ITajoHHOH FeOMETPHH, [IPEAHA3HAYEHHOTO [UTS TErUIOBOM
MAarHHTOra3oAMHaAMH4Yeckoil ycTaHoBkH Ha 1700 MBT, BenMuWHA KOHBEKTHBHOIO TEIUIONEPEHOCA
coctasnser 25 MBT, a nyuncToro u3mensetcs ot 44 MBT g0 79 MBT B 3aBHCHMOCTH OT MHTEHCHB-
HOCTH BBIHOCA 30J1bl. Pe3ysibTaThl CBHAETENLCTBYIOT O TOM, YTO TeNAOOOMEH 3aBHCHT OT CKOPOCTH
YHOCA 30JIbl, pacrpeleieHuss Ppa3MepoB YacTHIl LLUTAaKa, JIEKTPOIPOBOLHOCTH 30Jbl, COCTABA rasa H
CTENeHH 4epHOTHI CTeHKH. [1oKka3aHo, YTO MHOTOKPATHOE PacCCesiHMe, BbI3bIBAEMOE YACTHUAMH, JIKpa-
HHUPYET KOPOTKOBOJIHOBOE U3JIyuYeHHE, HCTTYCKAEMOE dTOMAMM KaJus.



