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HEAT TRANSFER INCLUDING PARTICLE AND GAS
RADIATION IN SUBSONIC MHD DIFFUSER-II*

R. K. Ahluwalia and Kwan H. Im
Argonne National Laboratory

Argonne, Illinois 60439

! Abstract :

Heat transfer in subsonic MHD diffusers, by con-
vection and by gas and slag particle radiation, is
'analyzed by simultaneously solving the radiation
transport equation and the quasi-three-dimensional
gasdynamic equations. The efficiency factors for
extinction and scattering by particles are calcu-
lated from the Mie theory. For a reference diffu-
ser geometry, the heat transfer by convection is
found to be 25 HW, and the radiative heat transfer
varies from 44 MW 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 particles 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. The impacts of heat transfer enhancement by
gas radiation in the channel and by gas-plus-parti-
cles radiation in the diffuser on MHD system design
are assessed. It is suggested that, from the sys-
tem design point of view, the diffuser be regarded
as a part of the radiant boiler. No significant
effect of radiation enhancement on the ability to
decompose NO is anticipated.

A

A, B

h, hc

'bv

'wv

ks> k s +

n, N

Nomenclature

cross-sectional area

parameters in mixing length model

. parameters defined in Eqs. (13) and (17)

Mie complex scattering coefficients

pressure recovery coefficient

enthalpy and its value at center line

radiation intensity, and Planck functions
at gas temperature and at surface
temperature

incident radiation ;

wall roughness and its non-dimensional
quantity .

complex refractive index I

particle-size distribution function and
number density

N j <r> number density and average size at
° diffuser inlet

V

pressure

radiative heat flux, its wall value and
its spectral value
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V Ts

Meff

•r particle radius

Sv scattering function

u, uc axial component of gas velocity, its
<u> centerline value, and its average value

uT shear velocity

v normal component of gas velocity

w channel width

x, y, z Cartesian coordinates

<»v parameter defined in Eq. (21)

B y, u v extinction coefficient and scattering
albedo

T, t0 optical thickness and its value at wall

shear stress and its value at wall

gas density and its value at centerline

effective viscosity

v cosine of the cone angle

e wall emissivity

em' eh turbulent momentum and enthalpy diffusivi-
m n ties

\> molecular diffusivity at wall temperature

6,, S-, displacement, momentum, and enthalpy
' thicknesses

S3

6 boundary layer thickness

x , Xc efficiency factors for extinction and
scattering

A wavelength (m)

o divergence half angle of diffuser

i>e electrical conductivity of slag(S)

I. Introduction

The performance of MHD diffusers is closely
tied to the state of the plasmc exiting the channel.
The channel exit conditions depend in general on the
channel size and operating conditions. However, for
base-load applications, three important flow-related
events wil l invariably have taken place in the
channel before the plasma reaches the diffuser.
First, the flow wil l become almost fully-developed.
Second, the slag vapors w i l l , for all practical pur-
poses, be depleted. Third, nucicatior, of new
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r particles or growth of particles formed in the
channel w i l l be precluded in the dif fuser because
no slag vapors are available. Therefore, the
part ic le size and number w i l l remain constant
throughout the diffuser i f changes result ing from
possible agglomeration of part icles and slag
deposition on diffuser walls are neglected.

Because of the thick boundary layer, heat
transfer by convection and radiation w i l l be of
the same orcier throughout the di f fuser. The addi-
t ional complication is that, because of thei r com-
paratively Mgh number density, the slag part icles

, of submicrometer size begin to play an important
role in promoting radiative heat transfer. In
fac t , the heat transfer by part icles may exceed
that by gas alone by a factor of two, or even
three. This is why i t was so crucial in Part I
(see Ref. 1) to trace as closely as possible the
history of the particles formed in the channel.

In the past, Doss2 and Roy3 have analyzed the
performance of MHD diffusers with high blockages.
Neither of the two studies recognizes the sizeable
contributions of gas and part ic le radiation to
heat transfer. At the very outset, the present
work serves to remove this l im i ta t ion in the
formulations of Refs. 2 and 3. The present work
also employs a more accurate quasi-three-dimen-
sional gasdynamic model, which is coupled to the
radiation transport equation. The poss ib i l i ty of
radiation scattering by slag part icles is included
in the radiation transport equation. The e f f i c i -
ency factors for extinction and scattering (caused
by part icles) are evaluated d i rect ly from the Mie
theory."• The absorption coeff icients for carbon
dioxide and water vapor are computed from the
exponential wide band model,5 and for potassium
atoms from certain correlations of experimental
data.6 A closed-form solution of the radiation
transport equation is f i r s t obtained by invoking
the P, approximation.7 The complete di f fuser
model equations are then solved numerically.

Various dif fuser calculations are performed for
entrance conditions complementing the channel ex i t
conditions of Ref. 1. The slag part ic le size
spectra enumerated in Ref. 1 are employed in the
form of histograms in these calculations. I t is
found that , for the reference di f fuser geometry
adopted, heat transfer by convection is 25 MW, and
the radiative heat transfer varies from 44 MW for
8% ash carryover to 79 MW for 100% ash carryover
into the channel.

The impacts of heat transfer enhancement by gas
radiation in the channel and gas-plus-particles,
radiation in the diffuser on system design and on
NO decomposition have Leen assessed, I t is recom-
mended that, for system design considerations, the
diffuser be regarded as part of the radiant boi ler.

I I . 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 part ic le num-
ber conservation equation is linked to gasdynamics
through the average flow velocity. The radiation
transport equation supplies the divergence of
radiant heat f lux and wall heat f lux to the energy
equation, but is i t s e l f coupled to gasdynamics

through the temperature p ro f i l e . The gasdynamic
equations l i s ted beTow are essential ly the same as
those presented in Ref. 1 , except for the absence
of the magnetohydrodynamic terms. The radiat ion
transport equation, Eq. (6) , contains a term to
account for the scattering of radiation by slag
part ic les.

Continuity

~ Cpu(W-2

x-Momentum

iLr.pv(W-2s ls)] = 0 (1)

f j [Puu(W-262s)]fj

y-Momentum

2 s )

(2)

(3)

Total Energy

bu(h ) (W-^S^ + fy »V<h + J u )

where

(4)

and 6, are-, in that order, the dis-

placement, momentum, and enthalpy thicknesses, de-
fined for convenience as,

°3s

In the foregoing equation,
to the sidewalls.

the subscript s refers
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;Slag Number Conservation

gj- (N A <u>) = 0

'jRadiation Transport Equation

81

,-1

? uv $v / Sv {v'v']

'bv

(5)

Equations (9) and (10) can be combined into a
single equation:

(12)

i where

(6)
(13)

Analytical Solution of Radiation Transport
Equation

I The gradient of radiant heat flux can be obtain-
ed by integrating Eq. (6) with respect to p and v

(7)

where G , the incident radiation, may be evaluated

by integrating the spectral radiation intensity
(Iv) as 1

(8)

and

q r = p l
v(y>v)

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

(0,-p) = I V ( 0 , P ) , y >0 (14)

(15)

Using Mark's boundary condition,8
 u in Eq. (11)

is replaced by ^ ( E ^ T T J ) . This is the value of v

that makes the second-order solution identically
equal to zero. Using Eq. (11), the two boundary
conditions can be rewritten as

dS ° > a n d

In order to solve Eq. (6), Iv and Sv are expanded v(To v ldx 'o ' r' wv (16)q ) v v p
in terms of Legendre polynomials and substituted in-
to Eq. (6), to obtain the following equations for
cL and G .
TV V

where

dG

where

=0

e.. (y'J

(9)

(10)

• In writing Eq. (10), a nonessential assumption
has been made, namely, the scattering function is
an isotropic one. Employing \.',^ P, approximation7,
in which only the zero and first-order terms ars
retained, one has

(11)

(17)

• Using the Grten function approach and assuming av to
be a slowly varying function, the following solu-
tion fo.r G may be constructed.

Gv =

...

when

4" J

V

(18)
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'and

» a x - a t

2(l-av)

when (20)

where

-2a T
V 0 (21)

IThi>- -o.npletes the solution.
i
i

Radiation Properties

: Carbon dioxide, water vapor, and potassium
;atoms are considered to be the principal participa-
: t ing gases. The spectral absorption coefficients
:for carbon dioxide and water vapor are evaluated
;from the exponential wideband model.5 For atomic
potassium, effective absorption for potassium

joccurs in tht range 7465 <x(A°) <3199 and is given
,by the correlation presented in the preceding paper
i(see Ref. 1). ;

! The Mie theory1* is employed to calculate the
scattering and absorption coefficients for slag
particles. Without going into lengthy details,
the following are the efficiency factors for extinc-

,tion and scattering: ,

(22)

s.=o

£=o

where the coefficients, a£ and b are complex

numbers. These coefficients are functions of two

parameters, •—• and m, the complex refractive index.

i For a medium containing particles of many sizes,
the overall extinction coefficient, gas-plus-parti-
d e s , and scattering albedo are determined by the
ifollowing equations: ,

I

"v = K
v

9 + * / Xev (in. *f-) n(r ) r2 dr (24)
'o

TI f xs (m. ~~r~) n(r)r dr
u = —**

v B

Turbulence Model

i The following two-layer turbulence model is

(25)

educed 10
esent s ize

used to calculate eddy viscosity and eddy conduc- |
t iv i ty for fully-developed turbulent flow.

Inner Region

j E m = 0.16 (y+Ay)'1 <l-exp[-(y+Ay)/A]r

= 0.176 y(y«y) (l-exp[-(y*y)/A])

(26)

(l-exp(-y/B)) | U (27)

where the coefficients, A and B, depend on the
pressure gradient,

A = 2 6 -

aud

B = 35
26'

(28)

(29)

In F.qs. (26) and (27), Ay represents the coordinate
displacement effect resulting from wall roughness,
and is given as a function of the roughness Reynolds

number, ks
+ (= -^-) as,

: . w

Outer Region

0.0168 /

0.0185I (uc-u) dy

(30)

(31)

(32)

i For smooth walls, the above turbulence model
has been extensively tested by Cebeci and Smith9

for flows with and without pressure gradients. For
rough walls, the hydrodynamic part of the above
model has been verif ied by Cebeci and Chang10 for
flows with adverse, zero, and favorable pressure
gradients. The complete turbulence model, hydro-
dynamics, as well as heat transfer, has been
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recently validated by Ahluwalia and Doss.11

Complete Numerical Solution

Before being finite-differenced, the gasdynamic
equations are transformed into Von Mises stream
function coordinates. The new coordinate system
has the advantages of adjusting itself lutomatical-
ly to the height of the diffuser, of implicitly

I satisfying the continuity equation, and of reduc-
i ing by one the number of equations to be solved,
I without raising the order of the equations. To
ensure that the conservation equations are satis-
fied everywhere, the transformed equations are
integrated over a control volume in the finite

j difference grid network. For accuracy, the depen-
i dent variables are assumed to vary quadratically
I between the grid points in both streamwise and
cross-stream directions. The nonlinear terms are
; locally linearized and the resulting tri-diagonal
; form of algebraic equations easily inverted by
1 using the Gauss elimination technique.

A unique feature of the numerical procedure is
: that no iteration? are required for the specific
I purpose of calculating the pressure gradient. The
: details of the Ihethod of decomposition used to
: accomplish this may be found in Ref. 12. The
radiation terms in the energy equation are treated
; as source terms, i.e., they are evaluated for a
! temperature distribution prevailing at the
immediately preceding upstream station. Spectral
integration involved in Eq. (7) is made accurate
by dividing the large integration domain

(200 cm to 15,000 cm" ) into 7 bands. Integra-
tion over these bands is performed by adopting a
16-point Gaussian guadrature scheme. As indicated
in the previour paper,1 radiation terms are not
updated at each marching step, nor are they calcu-
. lated at all grid points at any step. Had these
modifications not been adopted, the computational
time would have been on the order of 20 hours CPU
time, as opposed to 15 uil minutes now typically
required. Numerical computations viare performed
on IBM 370/195 and IBM 3033 machines.

Finally, the particle spectrum is input to the
computer program in the form of histograms so that
Eqs. (24) and (25) are numerically evaluated as
fol1ows: !

r I I I . Results and Discussion

2ill"
*ev

and
2 i t r i

f — — 2

- - 2
N i r i

(33)

(34) ;

where K is the absorption coefficient of the
gas. v

The exit conditions of the preceding work for ;

ithe channel with rough walls (see Ref.l) are taken
as the natural entrance conditions for the diffuser;
these are: pressure = 0.85 atm, -enterline tempera-
ture = 2350 K, and boundary layer thickness = 0.51 m.
The mass flow rate through the diffuser is 350 kg/s.
The diffuser is selected to be 15 m in length and,
to be compatible with the channel of Ref. 1,
measures 2m x 2m at inlet. The diffuser walls are
considered to be moderately rough, of 3 mm roughness;
as is characteristic for slag-coated walls, a wall
temperature of 1800 K is assumed. The base calcu-
lations are performed for Rosebud coal ash, wall
emissivity of 0.8 and diffuser divergence half-
angle of 1.43 degrees. 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 O.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 combustion
of 5% moist coal with preheated, oxygen-vitiated
air are used. For reasons explained in Ref. 1,
mole fractions of COg, H^O, and K are taken as

0.20, 0.12 and 0.004 in that order.

Histograms

As pointed out in the Introduction, siag parti-
cles play a dominant role in promoting radiative
heat transfer in the diffuser. These slag particles
originate mostly from the ash vaporized in the com-
bustor and subsequently nucleated in the channel.
Some of the unvaporized slag particles also flow
into the channel. Reference 1 showed that the slag
particles are not mono-sized but have a characteris-
tic bi-modal spectrum. This particle size spectrum
was found to depend intimately upon the channel
operating conditions, ash carryover rate, and liquid
droplet-to-slag vapor ratio at channel inlet. The
last two parameters are orincipally functions of
combustor flow configuration. An objective of the
present task is to study the tMffuser performance
for the various spectra of pa. t i de sizes at channel
exit that were presented in Ref. 1.

I t 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 Eqs. (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 nondiinensional group, 2inr. Equations (24)

x
and (25) further emphasize the dependence of the
extinction coefficient and scattering albedo on
the particle distribution function.

Intuitively, small particles absorb more
radiation than they scatter, intermediate-size
particles ( - jpM) absorb and scatter radiation in
comparable amounts, and particles of large size
(~- »1) are more effective in scattering radiation.

A

Hie theory confirms the validity of this intuition.
It is worth mentioning that a sample calculation of
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Ref. 13 proved that a cloud of gas containing mono-
dispersed particles has lower emissivity than i f
i t had distributed-size particles of the same num-
ber density and the same average size. With this
background, we seek an accurate representation of
particle spectra presented in Ref. 1. A simple ;
and accurate representation is in the form of a j

j histogram. I

Figure 1 is a nine-band histogram representa-

1o
>f
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•g
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R

!

10"

I01 0

9

10

I08

IO7

IO6

IO5

IO4

IO3

IO2

IO'

1 1
— f»0= 0.0133 ' ' —

fco= 0.0086 _

i00% ASH CARRYOVER
—

r
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f

—

—
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 IO"2 IO"1 . io°

PARTICLE RADIUS,fun

to1

Fig. 1 Histogram for 100% Ash Carryover

tive of the particle size spectrum for 100% 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. The histogram of Fig. 3

10' 10'

PARTICLE NADIUS./im

Fig. 3 Histogram for Low Condensed
Phase Carryover

is for the case in which the vapor carryover rate
into the channel is the same as in Fig. 2, but the
condensed phase carryover rate is lower. Refer-
ence 1 should be consulted for detailed explanations
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:

10'

I010

I09

" l I08

t" IO1

I • >

- JH

K?

I03

IO 2

10'

I0"5

f,o Ico ~\
-0.0067 0.0046

I—| 0.0033 0.0019
| }..., 0 0 0 , 3 O.OOIO

I0"2
10"' 10"

PARTICLE RADIUS,/im

10' 10'

F ig . 2 Histogram f o r High Condensed
Phase Carryover

N . - (35)

where i refers to a band, r. is the median size of
the band, and the summation is performed for all
the particles lying within the band; N '̂s calcu-
lated from Eq. (35) were used in determining B
and u)v in Eqs. (33) and (34). v

Effect of Slag Carryover

Figure 4 shows the variation of radiative and
convective heat flux along the diffuser length for
particle spectra corresponding to the histograms
of Fig. 2. The axial drop in convective heat flux
is readily attributed to boundary layer growth. I t
is seen that the radiative heat flux increases
along the axial direction. This increase is partly
credited to divergent diffuser geometry, which
leads to higher optical thickness downstream. More
importantly, as flow Mach number decreases, a con-
version of kinetic energy to thermal energy takes
place. This conversion of energy more than com-
pensates for the diffuser heat loss in the form of
convection and radiation. Consequently, the center-
line temperature, and the average temperature as
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CONVECTIVE
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vective flux by a factor as high as four. Figure
i5 presents the results for histograms of Fig. 3.

10

AXIAL DISTANCE ,m

| Fig. 4 Heat Flux Characteristics for
High Condensed Phase Carryover

\ !
•• well, increase along the flow direction. This
; temperature rise is mainly responsible for in-
i creasing radiative heat flux along the flow direc-
; tion. I t is appropriate to point out here that
the radiative heat flux for black body is propor-
tional to the fourth power of temperature. The

, gas emissivity, however, decreases with tempera-
ture, so that the dependence of gas radiation on
temperature is less than the fourth power. The
radiation characteristic of slag particles-laden

; gas can depart from this general rule. The rea-
son is that the electrical condcutivity of slag

' particles, a parameter that determines absorptivi-
ty, is exponentially dependent upon gas tempera-
ture. Therefore, depending on electrical conduc-
t iv i ty variation and size and number density of
particles, the exponent of temperature for propor-
tionality between radiation of a gas medium con-
taining slag particles and temperature may be
greater than four. i

I
Figure 4 dhows that radiative heat flux in-

creases with the vapor carryover rate into the
channel. There are two reasons for this. First,
with a higher vapor carryover rate, in spite of
lower number density, the particles have a greater

collective surface area ( S E ^ F ^ ), and this leads
to a higher absorption coefficient. Secondly, with
• a higher vapor .arryover rate, the number of parti-
cles in the larger size range increases (see Fig.

,2). As irsntioned earlier, larger particles ;

! (-y- >:>1) scatter more radiation than they absorb,
1 thus providing the smaller particles, which are
' effective absorbers, with ah additional opportunity
to absorb the scattered radiation. This process
becomes more effective with the possibility of
multiple scattering. ;

The importance of radiation in Fig. 4 is very
pronounced. Radiative heat flux exceeds the con-

S

0.0033 0.0009
0.0013 0.0004

5 10

AXIAL DISTANCE,in

Fig. 5 Heat Flux Characteristics for
; Low Condensed Phase Carryover

In general, these results support the findings and
discussion given for Fig. 4. The contribution of
radiation can be directly ascertained from Fig. 6.

70

60

50

w

T
LOW CONDENSED °HASE CARRYOVER
HIGH CONDENSED PhASE CARRYOVER

CONVECTIVE —
HEAT TRANSFER

155 10

AXIAL DISTANCE,m

Fig. 6 Heat Transfer Characteristics

The heat transfer by convection is nearly 25 MW;
the radiat ive heat transfer varies from 44 MW for
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the case of 10% of equilibrium value of vapor
formed in the combustor to 62 HW for the 50% case.
For 100% ash carryover, the heat transfer by
radiation is 79 HW (see Fig. 7). Figure 7 shows

0.7

140

120

40 —

LOW CONDENSED PHASE CARRYOVER

HIGH CONDENSED PHASE CARRYOVER

RADIATIVE
HEAT TRANSFER

CONVECTIVE
HEAT TRANSFER

\

L L

0.6 —

Fig. 7

20 40 60 80 100

PERCENTAGE OF EQUIUB. VAPOR FORMED

Relationship Between Heat Transfer
and Ash Carryover Rate

. that results are more sensitive to the total ash
carryover than to the individual fractions of
vapor and condensed phases entering the channel.
For all cases considered, the total heat transfer

1 lies between 70 and 100 MH.

Sensitivity of Results ;

To identify the critical parameters that con-
. troi heat transfer in the diffuser, results are
given in Figs. 8, 9, and 10 by changing one or
more conditions of the reference case. Curve A of
Fig. 8 represents the base case. Note that radia-
tive flux first increases and then decreases. At

1 the front end of the diffuser, specific volume is
small enough that the conversion of kinetic to

i thermal energy can compensate for the heat loss,
j so that there is a rise in temperature. Conse-
I quently, the radiative heat flux increases in
j magnitude. At the back end, because of divergent
i geometry, the reverse happens. <

Curve B is for a hypothetical situation in
which no potassium atoms are present. Curve C is
for 23% 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 attri-
buted to the different particle spectra that ;

100% ASH CARRYOVER
WITH POTASSIUM ATOMS

V
100% ASH CARRYOVER
WITHOUT POTASSIUM ATOMS

23 % ASH CARRYOVER
WITH POTASSIUM ATOMS

WITH POTASSIUM ATOMS
BUT WITHOUT PARTICLES

CONVECTION

5 10

AXIAL DlSTANCE.m

Fig. 8 Sensitivity of Results

15

0.7

e
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O.I —
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= 0.5 (100 % ASH CARRYOVER)

CONVECTIVE HEAT FLUX

5 10 15
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Fig. 9 Effect of Wall Eraissivity on Heat
Flux

result from change in the rate of ash carryover
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' into the channel. The difference between curves A
and D is a measure of the important role of the
slag particles in promoting radiation. I t is seen
that the particle contribution is nearly 30 to 50»
of the total radiative heat transfer. The differ-
ence oetween curves A and B measures the contribu-
tion of potassium atoms for the ga'-plus-particles
case, and between D and E indicates the contribution
of K for the gas-only case. The differences be-
tween A and B and between D and E are not the same,
thus proving the non-additive nature of contribu-
tions by individual participating species. I t is
interesting to note that particles tend to scatter
the short wavelength radiation emitted by potassium.
The disparity between tie differences 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 9 shows the influence of wall emissivity
on radiation heat transfer. A 30% reduction of

! heat flux is observed when the wall emissivity is
i lowered to 0.5 from 0.8. A wall emissivity of 0.5
is believed to be the lower l imit. j

Figure 10 shows the effect of electrical con-
• ductivity of particles on radiative heat transfer.
The electrical conductivity data of Refs. 14 and
16 have been curve-fitted by the following corre-
lations: j

Rosebud coal: aQ = 10 exp (12.65-2.3xl04/T)

Central ia: <*e = 0.5 exp (13.5-2.08x104/T)

Electrical conductivity enters the calculations
through complex refractive index {=1.5-i30Aa ).
The higher the electrical conductivity of slag ?

iparticles, the greater is the efficiency factor
ifor extinction. Figure 10 indicates a 30% differ-
ence in radiation heat fluxes for Rosebud coal ash,
•considered to be of medium electrical conductivity,
and Centralia power plant coal ash,15 considered to
be of low electrical conductivity. ;

Piffuser Performance |

• Figure 11 presents the influence of diffuser

120

100

100 % ASH CARRYOVER

e •- z.y
8 = \A°
S-- \«

5 10 15

AXIAL DISTANCE.m

Fig. 11 Diffuser Performance

half-divergence angle on heat transfer. The
greater the divergence angle, the higher the
specific volume and more is the radiative heat
flux. The lowering of convective heat flux with
divergence angle is indicative of greater rate of
boundary layer growth. In Table 2, the average
velocity and blockage at diffuser exit, and the
corresponding pressure recovery coefficient, are
listed. For 3° divergence angle, the flow may
separate anywhere beyond x = 10 it. For al l f o r
cases, the average exit temperature was ^2300 K.
For 2.5° and 3.0° divergence angles, the flow be-
came fully developed before reaching the exit.
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Table 1 . Diffuser Performance

1.0

1.4

2.5

3.0

Area Ratio

1.58

1.87

2.71

3.17

< u >
m/s

453

406

317

283

Blockage

0.45
0.54
0.66
0.69

IV. Signif icant Impacts of Results

| 1 . System Design

< Heat f lux to channel and diffuser walls i n f l u -
; ences selection of wall material and design of the
: wall-cooling system, and may dictate certain sys-
: tern design considerations for the bottoming plant.
To elaborate upon the impact of heat f lux on the

• system design considerations, a back-of-the-envel-
[ ope calculation has been done. In one of the
i several system design configurations proposed for
1 the bottoming steam plant, feedwater from the con-
! denser is pumped to the economizer and then passes
to the walls of the combustor, MHD channel, and

I d i f fuser . Thereafter, the feedwater flows into a
steam holding drum. From the steam drum, a part
of the feedwater is drained from the bottom, pass-
ed to the wall of the radiant bo i ler , and returned
to the holding drum. Saturated steam is drawn from

: the top of the drum to flow into a superheater.

I t is expected that i ialf the total e lect r ica l
! power w i l l be generated by the MHD topping cycle
and the other half by the steam bottoming cycle.
Therefore, to obtain a rough estimate of tempera-

1 ture r ise of feedwater through the power t ra in
components (combustor, nozzle, channel, and d i f f u -
ser) , assume that, for the channel generating
285 MW , (see Ref. 1) (the diffuser configuration
of the present work complements the ex i t conditions
of this channel), the bottoming plant has a capa-
c i t y of 300 MWe. For a specific steam flow rate
of 5.32 ibs/kWh through the turbine — typical of
a 813 K/813 K/23.7 HPa supercrit ical single reheat
steam cycle — the required water flow rate is
200 kg/s. A conservative estimate of feedwater
temperature r ise through the power t ra in can be
made by assuming that a l l the feedwater flows
sequentially through the combustor, nozzle, chann-
e l , and di f fuser. A simple heat balance calcula-
t ion can be performed by assuming the state condi-
tions of feedwater at the ex i t of the economizer;
allowing for pressure drop, a reasonably accurate
state condition may be 373 K/30 MPa.1G

Depending upon the combustor flow configuration,
a hftat loss (mainly by radiation) equivalent to S%
of total thermal input to the combustor may be i n -
curred across the combustor and nozzle walls. This
translates into 85 MW heat transfer to feedwater
for the channel operating conditions being con-

.sidered. The feedwater temperature rises to 495 K
in response to 85 MW of heat transfer. Reference 1
calculated a heat transfer of 61 MW by radiation
and 89 MW by convection across the rough channel
walls. This 150 MW of heat transfer results in
elevating the feedwater temperature to 650 K.

The present study has revealed conclusively
that the heat transfer in the diffuser depends,

Cp

0.33

0.39

0.46

0.48

Comment

No boundary layer separation

No boundary layer separation

Fully developed flow

Separation tendency

among other things, on the rate of asn carryover
;into the channel. For entrance conditions comple-
menting the channel exit conditions of Ref. 1, Fig.
7 shows a radiative heat transfer (by gas and
particles) of 79 MW and a convective heat transfer
of 21 MW to occur in the diffuser for 100% ash
carryover into the channel. With 100 MW of heat
transfer., heat balance indicates that the feed-
water will boil on its passage through the diffuser
wall; the temperature at diffuser exit will be
740 K if a feedwater pressure drop of 3 MPa is
assumed to occur while flowing from the economizer
to diffuser exit. For ease of comprehension, the
various state points in the feedwater flow circuit
are shown in Fig. 9. The first and foremost con-
clusion is that the feedwater flow design of Fig.
12 may be inappropriate from the viewpoint of

rt Oman i[»rnsm V—10 BAOIMIT BOIIEB

l

Fig. 12 Simplified Feedwater Flow
Diagram

designing the diffuser wall-cooling system. Clear-
ly, ignoring the radiative contribution to heat
transfer in performing channel and diffuser calcu-
lations, would result in an entirely misleading
conclusion. Also, if the channel is scaled-up
from the reference size (i.e., 285 MW ), the above

conclusion regarding system design remains equally
valid. The reason is that the optical beam length,
and, hence, the radiative heat transfer scale-up
with channel size.

2. N0x Problem

We have seen that the large heat transfer rates
in the MHD channel and diffuser, resulting, in part,
from enhancement by gas radiation in the channel
and by gas-plus-particles radiation in the diffuser,
may cause the feedwater to boil in the diffuser.
Therefore, for the purpose of system design analy-
sis, it is more appropriate to regard the diffuser
as a part of the radiant boiler. It is generally
believed that NO can be decomposed if the average

temperature of the combustion products leaving the
diffuser is higher than 2200 K.17 Desoite the

10
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radiation enhancement, the average temperature is '
found to be 2300 K, so that, as far as NO decompo-
sition is concerned, the radiation enhancement
does not add significantly to the problem. ,

Previous to the accurate heat transfer calcula-
tions presented in this work, desinning a radiant
boiler required consideration of two mutually con-
flicting effects. Tfe heat transfer rate in the
boiler had to be mitigated in order to maintain
the gas at a high temperature long enough that NO
could be decomposed. Yet, the heat transfer
rate had to be sufficient to boil the feedwater.
Because the present calculations indicate that
the boiling will take place in the diffuser it-
self, a large amount of h.̂ at extraction in the
radiant boiler appears to be unnecessary. Conse-
quently, if required, the refractory walls of the
radiant boiler can be made as thick as desired.

V. Conclusions !

A quasi-three-dimensional diffuser model has
been formulated and solved by an analytical-cum-
r.umerical 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 absorb-
ing and scattering radiation. The important con-
clusions that can be drawn from the results of the
analysis are listed below.

i

1. Although the convective heat flux in the
diffuser decreases along the axial direction (be-
cause of boundary layer growth), the radiative
heat flux may increase in that direction because
of diffuser divergence and possible rise in temper-
ature resulting from the conversion of kinetic to
thermal energy. For the base conditions, the total
convective heat transfer in the diffuser is 25 MM,
and the radiative heat transfer lies between 44 MW
for 8% ash carryover and 79 MW for 100% ash carry-
over into the channel. This shows the importance
of accounting for radiation in diffuser heat
transfer computations. i

2. The results demonstrate that the slag
particles play a dominant role in promoting radi-
ation. Comparing the curves B and E of Fig. 8,
it can be inferred that the radiative flux result-
ing from particles is more than twice that result-
ing from carbon dioxide and water vapor. The ;
results of Fig. 8 also highlight the radiation
shielding effect of the particles through multiple
scattering. This shielding effect is a manifesta- .
tion of the particles scattering the short wave- !
length radiation that is emitted by potassium. :

3. The sensitivity of results to changes from ;
reference conditions has been established. It was
observed that changing the wall emissivity from '

I 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 \

i radiation, the influence of var ious operating para-
I meters on diffuser performance, as studied in Ref. '

1

2 with radiation omitted, needs further elaboration.

4. The impact of heat transfer enhancement by
gas radiation in the channel and by gas-plus-
particles radiation in diffuser on system design
has been evaluated. A crude, but conservative

'estimate reveal"; that the feedwater will boil in
the diffuser itself, before reaching the radiant
boiler. Therefore, from the system design point of
view, it is more logical to regard the diffuser as
;a part of the radiant boiler. 1

5. Despite the radiation enhancement in heat '•
transfer, the gas temperature at the diffuser exit
is much higher than 2200 K, so that no formidable
difficulty in decomposing N0x is anticipated. More-
over, because the feedwater boils in the diffuser,
the requirement of maintaining a heat transfer high
enough to boil feedwater in the radiant boiler is
relieved. Consequently, the heat transfer rate in
the radiant boiler can be mitigated (for example,
by thickening boiler walls) to as small a level as
desired in order to maintain the gas at en adequate-
ly high temperature. This provision is likely to
simplify the design procedure for an MHO radiant
boiler — which should, perhaps, now be more
appropriately referred to as the NO decomposition
chamber.
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