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Abstract. Over the last two decades, a comprehensive mathematical model and its corresponding computational program, aimed to
simulate steady-state operations of bubbling fluidized bed equipments, has been continuously improved and tested. Despite its
success, the simulator has employed a simple approach for radiative heat transfers. In cases of high temperatures, thermal radiation
becomes an important energy transfer mode and the original model could lead to deviations above acceptable levels. The purpose of
the present work was to improve the model for thermal radiation heat transfer between all solid particles in the bed section by
applying a two-flux method to a non-homogeneous polydispersed particulate media in radiative equilibrium. Gases in the emulsion
and in the bubbles were assumed transparent to thermal radiation. This first part of the paper presents and discusses the basic
structure of the former mathematical model and of the new one.
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1. Introduction

Fluidized bed equipments are employed in many industrial processes such as combustion and gasification. Among
their advantages over more conventional technologies, one can mention bed temperature control and uniformity, low
pollutant emission rates, high turndown ratios and relatively high heat-transfer coefficients between bed material and
immersed tubes.

Since experimentation is more expensive than computation, modeling and simulation of fluidized-bed equipment
play a mgjor role in design and optimization. Moreover, numerical procedures may be the only permissible way to
explore limiting situations due to safety concerns. Accordingly, a comprehensive mathematical model and computer
program should cover important aspects of the process in order to be able to predict parameters that describe the
operation of the equipment.

Over the last 20 years, a comprehensive simulation program for bubbling fluidized bed eguipments has been
improved and tested against experimental data (de Souza-Santos, 1987). At its present stage, the mathematical model
includes up to 100-coupled differential equations for mass and energy balances. A large number of those were
incorporated in later versions of the program (de Souza Santos, 1989, 1992, 1993, 1994, 1995, 1996, 1997, 1998 and
1999), which evidences the dynamic feature of the smulation program, namely its ability to be extended and updated
with newly published information.

In systems where high temperature levels are achieved, such as in boilers and gasifiers, thermal radiation is an
important heat transfer mode. Despite its success, the present version of the simulator has employed a simple approach
for it. Therefore, further improvements are possible. This work intends to accomplish that, mainly for the treatment of
radiative heat transfers between solid particlesin the bed section.

In order to preserve the basic structure of the original mathematical model and simulation program, a two-flux
approach was applied to a non-homogeneous polydispersed particulate media in radiative equilibrium. The choice of
such method comes also from the fact that therma radiation in participating media is governed by an integro-
differential equation. The addition of such equations in the model would bring great difficulties for the mathematical
solutions of differential systems of equations. The flux models use approximations for the directional dependence of
radiation intensity, therefore allowing integro-differential equations to be replaced by a set of differential ones.

2. Basic description of the current mathematical model

The simulator considers steady-state operations of bubbling fluidized bed equipments. Another major assumptions
are (de Souza-Santos, 1987, 1989):
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e Axia plug-flow regimes for ascending gas in bubbles and gas percolating the particles in the emulsion. Hence, al
physical quantities and operational parametersfor gas phases are function of the bed height z alone.

« Bubblesarefree of particles. Therefore, the emulsion contains al particles plus the percolating gas.

e Solid particles move randomly in the bed.

Figure (1) shows a schematic representation of typical fluidized bed equipment simulated.
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Figure 1. Schematic representation of atypical fluidized bed equipment simulated.

In general, carbonaceous solids are continuously fed into the bed. Other species present in the emulsion phase are
interstitial gas, inert material and limestone. The bubble phase is free of solid particles and the clouds are incorporated
in the emulsion phase. Plug-flow regimes are assumed for the gas in the bubble and for the interstitial gas in the
emulsion. Thiskind of flow is also assumed for the gas flow in the freeboard

At the bed base (z = 0), the only set of boundary conditions completely known refers to the gas stream injected
through the distributor. Boundary conditions for the lowest part of the freeboard correspond to the exiting conditions at
the bed top. However, boundary conditions for the temperature of each individual solid species at the bed base are given
by a convergence routine based on the heat fluxes transferred by convection and by conductionat z=0.

The basic system of differential eguations resulting from the mass and energy balances throughout the bed and
freeboard sections as well as the simulation strategy can be found in the forerunner work (de Souza-Santos, 1987) and
in later versions (de Souza Santos, 1989, 1992, 1993, 1994, 1995, 1996, 1997, 1998 and 1999).

2.1. Energy balances and heat transfersin the bed section: original model

The comprehensive simulation model takes into account many heat transfer modes occurring inside the egquipment,
involving different phases, namely between:
e Gasin the bubbles and in the emulsion;
» Solidsand gasin the emulsion and in the freeboard;
» Solidsin the emulsion and in the freeboard;
e Tube banks and gasin the bubbles and/or in the emulsion in the bed section;
e Tube banks and gasin the freeboard section;
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¢  Tube banks and solids in the bed and in the freeboard section;
e Distributor plate and the bed;
* |nner reactor walls and the bed;
e Inner reactor walls and gas in the freeboard;
e Outer reactor walls and the environment;
e Inner tubewallsin the bed or in the freeboard section and water (liquid or vapor) inside.
The energy balance for a mtype solid (m= 1 for carbonaceous, m=2 for limestoneand m= 3 for inert) in the
emulsion (bed section) is expressed by:

dTSE, m 3 3

FsemCsm Tdz Eqsem ~Emsecem ~Ecsecem ~ z Ecsesemn ~ z Ersesemn ~Erserom ~ Ersewp,m (1)
n=1 n=1

where Fggp is the solid mass flow (kg.s™?), csn its specific heat (Jkg™ K™ and Tse, its temperature (K). The
meaning of each energy source or sink term (W.m™) on the right hand side of the Eq. (1) is:

* Eosem energy released from solid surface chemical reactions;
*  Ewsecem energy transferred between solids and gas due to mass transfer;
*  EcsecEm energy transferred through convection between solids and gas,

energy transferred through convection between solids m and solids n;

energy transferred through thermal radiation between solids and tubesin the bed section;

*  Ersewpm energy transferred through thermal radiation between solids and reactor walls in the bed section;

e Ersesemn energy transferred through thermal radiation between solids mand solidsn .

A similar equation holds for solids in the freeboard. As a model simplification, gas phases in the emulsion and in the
bubbles are assumed transparent to thermal radiation. Hence, thereis no radiative heat transfer term such as Eg secem -

*  Ecsesemn
* Erserom

2.2. Radiative heat transfer between solids: original model

Radiative heat exchange between the various solidsin the emulsion is calculated as

dAse m
dz

Ersesemn :ESEo(TgEm ~Teen )f,;' ; 1<m<3 , 1<n<3 @)

where o isthe Stefan-Boltzmann constant and dAsg, isthe total particle surface areain a differential bed section of
length dz . The “average” emissivity €g is defined in terms of the area fraction " and emissivity &s of the

corresponding solid species, according to

1-¢
1. fro_Sm oy

€ €sm €sn

1_ es’n

+1 ?3)

The model assumes that the m-type particles are surrounded by particles of all types and therefore they “see” n-type
particles through an area fraction f," . In analogy, for the “reverse” radiative heat transfer it is possible to write

dASE, n
dz

4)

= 4 4 "
Ersesenm = 8S,EU(TSE,n _TSE,m)fm

In order to establish a relationship between Eqgs. (2) and (4), the definitions for (dAse/d2) , (dAsen/d2), f" and
fy" should be evoked. In original model, these quantities are given by

d d
fem o s 1-ug) fn e and Asen o s 1-ugy ol ()
dz Vsem dz Vsen
f! f!
fo :—’“655'“ and fo :—"%’E‘” )
Z fi Asex Z fi Asex
k k

where & is the emulsion cross sectional area and vg the emulsion void fraction. For the mtype particles in the
emulsion, Asem and Ve, are their total surface area and total occupied volume respectively whereas f,/ and f,'"
are their number and volume fractions in this order. In the model, these fractions are calculated as
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folV fo !
- ( m SE,m) and fm = ( m pS,m) (7)

" Z(fkm/VSE,k) " Z(fk/ps,k)

Here, psm ismtype solid density and f,, isits corresponding mass fraction, obtained from the mass fraction referred
to the particle size distribution (de Souza-Santos, 1987).
After some algebraic manipulations, it is possible to demonstrate that

dAse m
dz

dAsen

f n
" dz

— fn
= frn

®)

This equation is much like a “law of reciprocity for view factors”, commonly encountered in radiative heat transfer
problems (Brewster, 1992 and Modest, 1993). An important mathematical consequence of inserting the above relation
back into Eq. (2) and comparing the resulting equation to Eq. (4) is that

Ersesemn = — Ersesenm e Ersesemn + Ersesenm = 0 9
The total radiative heat transfer Ersesem cOncerning the mrtype particles is the sum

3
Ersesem = Z Ersesemn (10)

n=1
Because of Eq. (10), at any bed position z the sum of all radiative heat transfer terms Egrsesem equals zero, i.e.,

3 3 3
z Ersesem = z Z Ersesemn =0 (11)
m=1

m=1n=1

since the 9 terms taking part in the above double summation, either cancels each other or are identically null (which is
the case of the 3 terms Egsesemm )-

The condition stated by Eqg. (11) establishes a “conservation” of the thermal radiation exchanged among the solids.
In other words, at a given position z in the bed, the local physical conditions (particle temperature, number fraction,
area fraction, volume fraction) determine the amount of thermal radiation to be exchanged between particles.

3. Radiative heat transfer in participating media

As far as the computational program is concerned, it is assumed that Eqg. (11) is a condition to be imposed by
convergence. Such condition would also be applied in the improvements of the simulation regarding radiative heat
transfer between solids. The new approach follows a two-flux model, which is incorporated to the simulation model.
Therefore, the thermal radiation terms Egr sesem are conveniently redefined as to preserve Eq. (11).

3.1. Thermal radiation within monodisper sed participating media

Radiative heat transfer with participating media is governed by an integro-differential equation known as the
transfer equation. It represents the radiative energy balance on a differential volume element along a given line of sight.
As sketched in Fig. (2), it provides a balance for the radiation intensity | (W.m™2.sr™) as it travels through a distance
dC in participating media. Three processes influence this balance: absorption, emission and scattering.

[+dl

Figure 2. Radiative intensity variation across a plane-parallel particulate system.
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In order to preserve the basic structure of the original mathematical model and simulation program, axial symmetry
was evoked. Therefore, the intensity | at any point becomes independent of the azimuth angle . However, it may
still depend on the polar angle 8 measured from the z-axis. Following other investigators (Modest, 1993), isotropic
scattering was assumed as well. Under all these assumptions and introducing 1 = cos® and dz=dC cos , the transfer
equation for a plane-parallel media (composed by a single solid type) is expressed as

DD ¢, 1)1 20+ Ky I+ Ko (g 13
dz T 4n

where K, and K, (m™) are respectively the absorption and scattering coefficientsand T = T(2) isthe local particle
temperature. The quantity

2mt 1

G=G(2=(1dQ=[[1(z,6,p)sn6dOdy =21t [ 1 (z,W) du (13)
Lol J

is referred to as the incident radiation function and corresponds to the total intensity impinging on a point from all
incoming directions, i.e., over the entire solid angle Q = 4t sr . Notethat |1 = 1(z8) and dQ = 21t sen do , in
accordance to the axial symmetry assumption.

Consider a surface element whose outward normal is A , as sketched in Fig. (3). Hence, the radiative flux onto an
orthogonal surface projection dA; = dA cosB is negative, whereas the radiative flux out of this surface element is

positive. Thenet flux g can be expressed in terms of incident and outgoing intensity as

21t 1

gh= (1 NEdQ = [[1(z6,P) cosBsinddody = 21t[ 1 (z,1) K du (14)
[l J

Figure 3. Radiative heat flux into and out of an surface element.

If energy balances are to be considered for the particulate media, attention should be assigned to the net radiative
energy per unit volume and per unit time leaving a differential volume element in the bed. This quantity is represented
by the divergence of the radiative flux vector, Eq. (14), and may be obtained by integrating Eq. (12) over the full 4rtsr
solid angle range. The result, demonstrated el sewhere (Brewster, 1992 and Modest, 1993), is

D@:%:Ka(«ﬂ“—e) (15)

Independent absorption and scattering were also assumed. Thus, the particles interact with incident radiation
without being influenced by surrounding particles. According to regime maps presented by Brewster and Tien (1982),
Tien (1988), Brewster (1992) and Modest (1993), that is a very good approximation when applied to typical operations
of fluidized bed equipments. Those maps are based on particle diameter, particle center-to-center distance and incident
wavelength. As a result, absorption and scattering coefficients K, and Ky are obtained by adding single-particle
properties. As pointed by Shafey et a. (1993), considering usua thermal radiation wavelengths and particle sizes found
in fluidized beds, geometric optics results can be employed.

For a monodispersed fluidized bed of spherical opaque solids in the large particle limit, the expressions for
absorption and scattering coefficients for agiven solid species m are respectively expressed by (Brewster, 1992)

_ 15f, sem 1-€5m)

dS,m

_ 15y semEsm and

dS,m

(16)

am sm
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where fy sem IS the fraction of emulsion volume occupied by the m-type solids, whose diameter ds,, issupposed to be
constant. It should be mentioned that this fraction do not correspond to the volume fraction fr:' previously introduced.

3.2. Thermal radiation within polydisper sed heter ogeneous participating media

When the bed is composed by particles of different sizes, polydispersion effects take place. For a m-type solid, the
supposed constant particle diameter dsp, in Egs. (16) must be replaced by a mean diameter ds,y, , defined in terms of
its corresponding radius rs;m =dsm/ 2, as suggested by Brewster (1992),

:f r3n.,(r)dr :J::O raN,, (r)dr

: 0 17
erﬁnm(r)dr J;r,ﬁNm(r)dr

r32,m

where nn(r) = N(r) / Ve isthe number of m-type particles per unit of emulsion volume, whose radius lies between r
and r +dr.

In the simulation program, the above integrals are numerically evaluated. At agiven bed height z, thetotal particle
mass M,, obeysthe following relations:

I\/lmzsz,iMm,i hnd 1:Zml—mzzxm,i (18)

where Xmi = Nmi Mni / My, is the mass fraction of the Np; particles belonging to the i-th Tyler mesh opening.
Assuming constant particle density psm , it follows that

_ M. w2 M, X
M mi — Nm,ipS,m ﬂT[ri3 g = Xm,i = Nm,i EpSm—l O Nm,i :LT,I?’ (19)
3 Mm 3 Mp 4psm Tl
Here, 1; isthe averageradiusof thei-th sizeinterval. Then, adiscrete evaluation of ra,, is
3M X
—_~ ~3 motm,l
z N Z d 4 =3 z Xmi
_ 3 _ 1 pS,mmi _ _ 1 2
foam = —=3 = M X O fom =— — (20)
Z I Nm,i zrz m”m,i Z m,i Z m,i
1 ~ -~ ~
I T dpgeTh° 4T i

Thisresult shows that the average diameter ds,,, necessary for the calculation of absorption and scattering coefficients,
corresponds to the very same average diameter szm, as defined in most texts on fluidization theory (Kunii and
Levenspiel, 1969 and Geldart, 1986), or

1 —

dapm = ” =dsm (21)

3

Moreover, for each solid species m, it is possible to relate the distinct volume fractions fy sem (needed for the
evaluation of optica coefficients) and f./". If Vee and Vs are, respectively, the volume occupied by the gas phase
and the solidsin the emulsion, the total volume of emulsionissimply Ve =Vge + V& , and

1—UE :1——:—_ =— D l_UE = fV,SE (22)

where fy s isthe fraction of the emulsion volume occupied by al particles. On the other hand,

V.

3 3 3 V.

SE,m SE,m

VSE = VSE' - l = i = f m , f m = y (23)
mzzl " mzzl VSE z:1 " " VSE

and the desired relation is then obtained as
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fmy, VSEm
fm(l_UE): fmfvysE —_m "SE _ )

0 fn(—Ve) = fvsem (24)

The absorption and scattering coefficients for a given solid type m in a monodispersed particulate media, Egs.
(16), may now be replaced by their polydispersion counterparts, or

:1.51‘r'r'{(1—UE)ssm :1.5fr;;'(l—UE)(l—sS'm)

and

(25)

am sm

d&m dSm
Since volumetric fractions are independent and additive, emulsion bulk absorption and scattering coefficients are simply
given by

Ka=Y Kam and Ks =3 Kem (26)
m m

However, the same rationale should be carefully applied to the emission term in the transfer equation. A non-linearity
arises because distinct solid species may be at different temperatures and the emission depends on the fourth power of
those temperatures. Having thisin mind, Eq. (12) for a plane-parallel heterogeneous polydispersed emulsion becomes

4

oT. K
EM 1+ 25 G(2) 27)
41

d(zy) _
==

Kat K210+ Y Kam
m
where K, and K aregiven by Egs. (25) and (26).
3.3. Radiative heat transfer between solidsin the emulsion: two-flux model
The directional dependence of the radiation intensity remains to be solved and flux models may be employed in

order to simplify the problem. The two-flux model relies on a semi-isotropic distribution of the radiation intensity,
namely

_%'(z) , —l<p<o0

l(zw =0, (28)
B'@ . o<p<#
Integration of Eq. (27) over each range of p resultsin the following differential equations:
1d* N oTgEm K
= =—(K, +K)I"+$ K —+—>G(z 29
>y (KatKs) %a,m o (29)
Jid =—(K,+K)I " +T K Tk + K G(2) (30)
2 dz a s % am an
Another consequence is that the incident radiation function G may now be evaluated as
G=2ml*+17) (31)

As an initial approach, the two-flux method was applied in the bed section in order to obtain an aternative of Eq.
(10) for the radiative heat transfer rate Ersesem- Since O represents the thermal radiation balance within an

emulsion volume element, the idea was to employ that term written for each solid species m. It isthen assumed that

dqg
Ersesem = SeU M, =S¢ d_; =SeKam (40T54E,m _G) (32

where & isthe emulsion sectional area (including interstitial gas) at bed height z . This equation represents a balance
between emitted (40Tnf) and incident (G) radiation for the m-type particles in an emulsion volume element of height
equalsto dz. A schematic balance for asingle particle is shownin Fig. (4).
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Equations (31) and (32) show how solutions 1 *(2) and | (2) are used to compute Eg sesem. Furthermore and as
shown in Fig. (4), the thermal radiation balance is accomplished after integrating all involved intensities over afull 4mt
sr solid angle. For that, the assumption €5, = 0sy, iSapplied.

absorption emission

Figure 4. Thermal radiation absorption by and emission from am-type single particle.

3.4. Adaptation to the former simulation model: radiative equilibrium
Applying the physical-mathematical condition stated by Eq. (11) to Eq. (32), the following result arises:

3 3 dq 3 dq dq
§ E = E S —m — O E —_m -_"d-0 , z=20 33
Z R,SESE,m Z E dz dz dz ( )

In the literature (Brewster, 1992 and Modest, 1993), this condition is referred to as radiative equilibrium and it is useful
when thermal radiation is the dominant mode of heat transfer. Nevertheless, conduction and convection are incorporated
as well into the heat source (or sink) term. As commented by Modest (1993), “the inclusion of a volumetric heat source
allows the treatment of conduction and convection ‘through the back door’ ”. Therefore, the solution becomes an
iterative process due to the mutual dependence among the temperature profiles and the heat source (sink) terms.

If Eq. (33) is valid for all bed positions, it can be shown with the help of Egs. (31) and (32), that | () and | (2
are no longer independent, but related to each other according to

20 1

@@= =Y KamTéem (34)

It should be mentioned that the above condition holds for the two-flux approximation. Therefore, only Eq. (29) should
be included in the computational procedure. Temperature profiles of each solid species are found by solving Eq. (1).
There, the summation Y Egsesemn [EQ. (10)] should be replaced by Eg sesem, @s given by Eq. (32), or

dTy 3
= _EQ,SE,m - EM,SEGE,m - Ec,SEGE,m - Z EC,SESE,m,n - ER,SESE,m - ER,SETD,m - ER,SEWD,m (35)
n=1

FSE,m CS, m

Equations (29), (31), (32), (34) and (35) demonstrate the coupling suggested by Modest (1993).
3.5. Boundary condition for the forward radiation intensity transfer equation

Since all inlet particle temperatures Tsg,(0) are known, Eq. (34) applied at z=0 provides a condition for the sum
I 7(0) +17(0) , namely

+ - _ 20 1 4

17(0)+17(0) —;K—a; KamTsem(0) (36)

A further relation between these two quantities can be obtained with the help of an imaginary radiating gray surface
at temperature T, , with emissivity €, and reflectivity pin, . Such a surface lies just above the distributor plate, whose
corresponding properties Ty, €4 and pg are known as well. This upper surface may correspond to a first layer of the
emulsion, as sketched in Fig. (5). Both surfaces are assumed to be diffusely emitting and reflecting opaque. This is a
typical thermal radiation exchange problem between two infinite parallel flat surfaces facing each other. Writing the
radiosities Jq and Ji,, for each surface and identifying the intensity 17(0) to the irradiation H;y, , and the intensity
I7(0) to the irradiation Hg (which is reasonable, since the separation distance is very small), the following relations
should hold (Goldstein Jr., 1988):
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£40T¢ + (1~ €4)€Eim0Tim and 17(0) = EimOTim * (L~ €im)€q0 T4’

17(0) =
M1-(1-€4)1-&m)] M1-(1-€4)1~&im)]

(37)

/”f B 0 Eim Tim imaginary surface
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Figure 5. Radiative heat transfer between two plane-parallel, gray and isotherma surfaces.

As aprinciple, values for &, and T, should be such that, after their substitution into the above eguations along
the corresponding distributor parameters, the intensities 17(0) and 17(0) do satisfy Eq. (36). Nevertheless, their
definitions are unnecessary because few algebraic manipulations involving the above relations and Eg. (36) lead to the
following boundary condition:

o[P(1-¢g4) 1 4 €4 -4l
1*(0)=— — Y KT (0) + T 38
(0) ana% am SE,m() 2-¢, dg (38)

which isindependent of T, and €&, .

The distributor temperature Ty is calculated by iterative process, which has been used since the early versions of
the program (de Souza-Santos, 1987). The procedure is based upon an empirical correlation developed by Zhang and
Ouyang (1984), as already mentioned.

4. Concluding remarks

As shown, the mathematical model for the radiative heat transfer between all solid species in the bed section of a
fluidized bed has been reformulated. For this region, a new first-order ordinary differential equation wasincorporated to
the simulator. That equation governs the variation of the forward radiation intensity. Its solution allows the computation
of thermal radiation exchange rates between particles in the emulsion. The associated boundary condition and auxiliary
expressions were also implemented in the computational program. Numerical results are presented and assessed in next
part of the paper.
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