v, the velocity of the liquid flow, m/sec; V, the liquid volume, m®; W, F, D, the flow rates
of the vat residue, feed, and the distillate, kmole/h; Xis> Xins Xouts XW» X*, the concentra-
tions of the liquid in the i-th section, the inlet and outlet of the flow from the cell,

the vat residue, the equilibrium concentration, kmole/kmole; yin, Yout» YN» ¥YD» ¥¥, the con-
centrations of the vapor at the inlet and outlet of the cell, of the N-th plate, in the dis-
tillate, and the equilibrium concentration, kmole/kmole; Kyx, Koy, the volumetric coeffi-
cient of mass transfer, kmole/(m3-h); Z, the dimensionless lengtK of the liquid path; T,

', the average stay times of the liquid and the vapor on the plate, sec; A, the diffusion
potential factor (A = mG/L); nox, Noy the local efficiencies of the liquid and the wvapor
(gas); nNpy com, the efficiency of the vapor (gas) for the combination model.
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CALCULATING THE RADIATIVE EXCHANGE OF HEAT IN MEDIA
CONSISTING OF NONISOTHERMAL COMPONENTS

E. I. Gorb and D. B. Akhmedov UDC 621.181.016

We have analyzed the combustion of a coarsely dispersed fuel under low-tempera-
ture conditions to ascertain the influence exerted on the radiative exchange
of heat by nonignited fuel particles. The calculations are compared against
experimental results.

There is presently evident a trend in both domestic and worldwide power generation of
utilizing lower-quality lignite coals for fuel, involving an elevated output of ash, a higher
moisture content, slag formation, and a diminished heat of combustion. In this connection,
in furnaces with solid slag removal, an effort is made to arrange the combustion of such
fuels with a coarser fractional composition and at a reduced heating-medium temperature level.
For example, in furnaces with a circulating boiling layer and in low-temperature vortex fur-
naces the fractional composition of the fuel is characterized by R;,q,10it = 40-70%,
RggoolMit = 10-40%, while the temperature in the combustion zone is 1100-1400 K. In view
of the coarse dispersion of the fuel supplied to the furnace chamber with a virtually opera-
tional moisture content and burned at a reduced process temperature level, unlike the case
of high-temperature combustion, the heating medium consists not only of gases, ash, and coke
particles, whose temperatures are close to each other, but it also consists of a congiderable

Kalinin Polytechnic Institute, Leningrad. Translated from Inzhenerno-Fizicheskii Zhur-
nal, Vol. 56, No. 4, pp. 581-586, April, 1989. Original article submitted October 8, 1987.
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Fig. 1. The lateral cross-sectional area F, (the sum of the
coke-residue particles and the volatile-yie%d particles) and the
area F, of the nonburning Irsh-Borodinskii coal particles as
functions of the fractional composition with a fuel flow rate of
20 kg/sec, as well as of various process temperature levels: 1)
1420 K; 2) 14703 3) 15205 4) 1570. Fg, Fp, m2; Ry,,.,104it,
R50001n1t’ z'

Fig. 2. Experimental maximum (1) and midvolume (2) temperatures
in the vortex zone of a BKZ-420-140-9 furnace boiler, as well as
the theoretical effective temperature of the heating medium (3)
when T, = 1500 K as a function of the fractional composition of
the Irsh-Borodinskii coal. T, K.

quantity of particles which release volatile substances at a considerably lower surface tem-
perature, as well as nonburning heated particles whose surface temperature is even lower
than the temperature of the furnace walls. Thus, for example, as shown in Fig. 1, in the
combustion -of unbroken Irsh-Borodinskii coal in a low-temperature vortex (LTV) E-420-140
boiler furnace (model BKZ-420-140-9), the fraction of the transverse cross-sectional area
of all of the particles during the release of the volatile materials from the overall total
may be as high as 307, and as much as 207 in the case of the nonburning particles.

Thus, any given volume of the heating medium in furnaces in which solid fuels are burned
consists of gases at a volume-averaged temperature ToV, of particles which release volatile
substances at an average temperature TvF over thelr ateral cross-sectional surface area
Fy, particles of the coke residue with F, and T.F, particles of the volatile ash with Fp and
TAF, and the heating nonburning particles with F, and T, F. The optical thickness of the
heating medium in this case is

o= Ty ot Ta 4 T+ T, (1)

where i = o is the optical damping thickness, s is the scattering thickness, and a is the
absorption thickness.

Let us assume that the optical thickness of the heating medium must be divided into
n "isothermal" components with respect to the temperature Tj:

n
= X (2)
=1
There exists the concept of the effective temperature of an actual nonisothermal layer,
by which is meant that temperature Ty ., of a hypothetical isothermal layer at which the
spectral radiation intensity of the layer becomes equal to the spectral radiation intensity
of the actual nonisothermal layer [1]:

T

h.m
4 2 T

Th.m“

s (1) e h ™ dr

1 —exp (— 2%, ) (3)

0
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Here it is assumed that at all points t the temperature of the medium, i.e., the term 1t g,
is T(t), and that it is identical for all components. In this case the intrinsic radiation

of the heating medium is

Gy = (L —e B 6T =g 90Ty, - (4)

In the case of a multicomponent heating medium we have to refine the concept of effective
temperature and effective emissivity for the heating medium, with consideration of the con-
siderable nonisothermicity of its components.

Based on the concepts of set intersection and the mathematical model for the effective

emissivity of the given volume, we obtain an expression for the contribution made by each
j~th component to the overall effective emissivity of the heating medium:

=g+ D=~ SICEN 5)
r=1

p=11

r
where }Srl{CZ@» is the sum of the emissivity products composed of a combination of r com-
p=11
ponents of n components, one of which must necessarily be j:

g;=1-—exp (~21f~); (6)
i n . : (7)
&y o= (1 —exp(—27, o) = 2 £
=1
Then, proceeding from the fact that
g 0 2 S;T;‘ = #n.%Th.mv (8)

=1

we derive an expression for the effective temperature of the multicomponent heating medium
in the form

1 & -
Thw=—— X 71 (9)
.o f=1
where in accordance with (3),
% ‘o
J——— O (10)

1 —exp(—27y) 3

Analysis of Eqs. (5) and (6) leads to two important conclusions.

1. The effective temperature of the heating medium is significantly reduced, all other
conditions being equal, with the coarsening of the fractional composition of the fuel fed
into the furnace, as a consequence of the increased content in the heating medium of low-
temperature components (Fig. 2). An analogous effect is observed with an increase in the
moisture content of the fuel. This can be regarded as one way of evening out the tempera-
ture fields of the heating medium and the density fields of the incident radiation, by sepa-
rating the influx of coarser fuel fractions into the zone of assumed maximum temperatures.

2. The method of measuring local heating-medium temperatures, currently in vogue in
coal-dust furnaces, by means of a suction pyrometer, does not yield a uniquely defined con-
cept with regard to the temperature field of the heating medium in LTV furnaces burning
coarsely dispersed fuel. This method can yield data only on the temperature field of the
mixture of the gas component and the particles of the volatile ash, whose numerical values
may differ significantly from the temperature-field values of the heating medium in various
zones of the furnace chamber.
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In connection with the fact that in the calculations of the exchange of heat in the
furnaces the unknown and the given quantities are the temperature of the heating medium at
the outlet from the furnace chamber, i.e., the temperature of the gas-component mixture with
the entrainment particles consisting primarily of volatile ash, it is of interest to obtain
an expression which relates explicitly Tp p and the temperature of this mixture which we
will denote T;:

Trm=T1 Boon/oh.n)> (11)
where

- n » 7 ”
ah.m = zsf (Tf/Tl)lk = Eslt;} ’ (12)

j=1 =1

and then

= 4 4

Jhm=¢& o1 = _O'T .

h.m h.mCo ®h.T i h.m (13)
This approach allows us to calculate the exchange of heat through radiation within the

furnace on the basis of experimental data relative to t;, obtained on an installation which

simulates the conditions of particle reactions in the furnace chamber through measurement

of the particle-surface temperature and that of the gas medium.*

Having analyzed the contribution of heat components of the n-component heating medium
to the density of the incident qJ.Wlnc the reverse qj L€V  and the resultant qy- Jres radia-
tions, we obtain the following expressions:

9,5%"= kig TS — kg, (14)

Gog = kig"SY — ki@ys Gy—na= aw + Gha— @y.an.ns (15)
sh__ res' res

guss = —4; g “kJQW_, (16)

ki = Gy—ilay-ham Gy—j =y -+ 8;— 0, a,

n
by, = (6o 6)/(@h.00y —h.m) @h.n = Y, @,
=
ging, — ﬁ—t(—};‘}f—)ﬂ, qlgve—v/ _ qvt(—awy .
Qi Qv —j
reS = .._qr__ aqu - a]qw )/aw =i

Gy = &y0oly, qj= S;GOT‘}.

In this case

. n N n
inc © _ s> inc"  rev o rev’
Ih.m-w = 2‘ Ji—vws Qw—h.n= Gw —j>
j=1 =1
re; res X res"
B~ v = O, v —i-

i=1

Here a and ey are the absorptivity and emissivity of the external layer of the heating sur-
face; d4" is the contribution of the j-th component to the absorptivity of the heating medium,
determined analogously by means of Egs. (5)-(7), wherecﬁLﬁ=ﬂ—~eXp(——Qt;Jn);aj==L—exp 0~2rf);
Gy is the density of the intrinsic radiation of the heating surface.

By means of Egqs. (14)-(16) we can analyze the effectiveness of the heat exchange for
each component with the heating surfaces:

*In these calculations we made use of the data obtained at the Kalinin Polytechnic Institute
in Leningrad by A. P. Dudukalov for Irsh-Borodinskii and Azeiskii lignite.
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inc' inc"

n
lPw e qw—l/ql‘—w? q:VC]g -m:. Z%—qu~w’ (17)

n
b = ¢S W b= EIPJ'- (18)
i—1

Here |y is the coefficient of thermal efficiency (CTE) of the heating surfaces (HS) on inter-
action with the multicomponent heating medium; Y, .4 is the CTE of the heating surface on
interaction with the j-th component of the n-component heating medium; wJ" is the contribution
to the CTE of the interaction of the j-th component with the HS.

It follows from (17) and (18) that ww-j and vy ", on 1nteract10n of all of the nonburning
particles with the HS, are negative quantities, 51nce Tw > T Thus, the low-temperature
components reduce the density of the resulting radlatlon of the heating medium—HS system
both as a result of the screening out of the high-temperature radiation (incident and re-
flected) and as a consequence of the excess flow of energy to components from the HS when

T, > TjF

In the case of an LIV furnace, based on experimental data, it is enough to divide the
optical thickness of the heating medium into three nonisothermal components Th ? = Tl
To t Tgs To =18 + 1p% + T + 105 + 15, 1, = %, T3 = 1%, Ty =T V= s
TVF, T3 = T, . Then, for the contribution of each of the components to the effectlve emisg-
sivity of the heating medium, in accordance with (5), we obtain the expression

) = &y — (2 + £20)/2 + £re0%/3. (19)

In analogy with (19), we determine £," and e5".

The coarse dispersion of the solid phase in LTV furnaces (the average fractional param-
eters of diffraction are considerably greater than 100) allows us to introduce the following
assumptions into the calculations: 1) to refer all of the optical thicknesses of the heat-
ing-medium scattering components to the first term, since the incident radiation scattered
by the large-scale particles consists primarily of the diffraction portion and can be defined
as penetrating radiation [2]; 2) to regard the constant numerical value of the Schuster cri-
terion as independent of the physical properties of the particles.

In accordance with the findings of [1-3] under the conditions of LTV combustion, we
can assume values for ‘Schuster criterion of S, = 0.6 and, consequently,

w,=1 2(Fi,i/Vi)Li7

T?,i = 0.8 (F],Z/Vz) Li’ (20)
T, = 2.0(F;5/V3) L,

where V; is the volume of the i-th zone, m3; L; is the effective thickness of the radiation
layer of the i-th zone, m; F: ,i is the lateral cross-sectional area of the particles of the
j-th component in the i-th zone

The optical thickness of the gas component of the heating medium is determined from
the familiar relationships found in [4]. The optical thickness of all of the particles mak-
ing up the volatile ash can be determined from the recommendations found in [1]:

a 0.015 b,
Tt =~ VT, [1— 2 u,.L;. (21)
Vi ' [ LA by (my, L) } A

Here the mass concentration of the ash pp; = Mpi/Vy; the average dimension of the ash particles
for Irsh-Borodinskii and Azeiskii coals in LTV combustion is x5,A = (40-45)-10"¢ m

Working with the experimental data of A. P. Dudukalov demonstrated that in the case
of LTV combustion of Irsh-Borodinskii coal, in first approximation, we can obtain

Eh.o— &1 + £:0.316 + £30.017. (22)
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Applying these considerations to the multicomponent heating medium, we obtain expres-
sions for the reduced emissivity of the furnace chamber and the CTE:

ql;?fh.m: eh‘pGOth.m ’
ep= ey n/(@p.nt (I —an.qa) )
| — bap.w/en.m
€w + bk/gh.m— bah.m /Eh:m

(23)

lp:

Here ap = ! —exp(—2tn.q)is the absorptivity of the heating medium, T = T+ Te+ T + 78+
%3 b = Tyu/Th.p is the characteristic of the temperature discontinuity across the boundary
between the HS and the heating medium.

It is important to note that for all t; = 1 andayp, 5 = €.y these formulas correspond
to the expressions for ¢ and €y obtained for coal-dust furnaces in [1, 3].

In using this model for calculating the radiation exchange of heat in LTV furnaces we
find that the fundamental assumptions are: 1) uniformity of distribution in the solid phase
of the heating medium through the volume of the furnace zones; 2) the nature of the distor-
tion caused by the particles with respect to the field of the incident radiation is indepen-
dent of the particle surface temperature; 3) the optical thickness of the heating medium '
is independent of the form of the temperature field in that zone.

The validity of these assumptions when using this model is governed both by the spe-
cific features of LTV combustion and by the theoretical concepts relating to the distortion
of the incident radiation field by the large-scale particles.

Calculations of the radiative heat exchange on the basis of the method described here,
performed for LTV combustion of Irsh-Borodinskii lignite in the BKZ-420-140-9 furnace boiler,
show that the density of the resulting HS radiation depends significantly on the fractional
composition of the fuel (Fig. 3). The optimum grinding fineness of this coal, from the stand-
point of heat-exchange intensification within the furnace, is found in the range Rsooolnlt
8-17%. It is important to point out that as the temperature level of combustion increases
the screening effect of the low-temperature components of the heating medium on the density
of the resulting HS radiation is leveled off, conversely increasing when the combustion tem-
perature level is reduced.
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