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Motivation and Objectives

Motivation:

* Under pulverized coal combustion conditions, char particles burn with
reductions in both diameter and apparent density. The specific surface
areas of chars also vary during mass loss.

* The manner in which diameter, apparent density, and specific surface
area vary with mass loss during char conversion at moderate to high
temperatures cannot be described accurately with present-day models.

Objectives:

« The overall object is to develop the capability to predict accurately the
chemical and physical characteristics of char particles undergoing mass
loss at both low and high temperatures. Efforts are directed towards
developing and validating models for char reactivity, mode of burning,
and specific surface area evolution that depend upon the instantaneous
state of the char.




Power-law Mode of Burning _ _

Almost all char combustion models that attempt to account for
variations in particle size and apparent density during burning employ
the empirically based power-law equations.

Power-law relations
PPy = (Mimg)« D/D, = (m/my)?,
For spherical particle: « + 35=1

Zone |: particles burn at constant diameter, a=1, =0

Zone lll: particles burn at constant density, =0, = 1/3

Zone ll: particles burn with decreases in both size and apparent density,
O<a<landO< f<1/3

A short-coming of this model

The parameters « and g are constants, thus the manner in which
apparent density and diameter vary with mass loss during the early
stages of burning is the same as that during the late stages.

Intrinsic Chemical Reactivity __

R = Intrinsic reactivity [g/m?s] = the rate at which a unit area of
carbon is oxidized to CO and CO,.

Char mass loss rate:
_Ldm 1 dx

= =R,.S
m. dt 1-x. dt

i,C>gc

Sy and R; . vary with conversion and/or time.

R, . = intrinsic char reactivity [g/m?2s]

Sy = specific surface area of char [m2/q]
m, = mass of char [g]

X, = conversion

t=time [s]
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SEM of Partially Oxidized Charsﬁls
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Weight (g)

Char Conversion Rate

Thermogram: raw 36% porosity char Conversion Rate Profiles
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Surface Area Evolution and Reacti\é_ig_
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Intrinsic Char Reactivity

Heterogeneous Reaction Mechanism

k1

2-C+0, -C(0) + CO

-C+-C(0)+0, £ ,-C(0)+-C +CO,
]

-C+-C(0)+0, 2, -

£
C(0) +-C(0) + CO % i
o i

W

-C(0) ¥, -c+cCo
Intrinsic char reactivity:
R¢ = M¢(RR+RR, +RR; +RR,)
Adsorbed oxygen atom site fraction:
df, _
dt

T
. =1800 K
10 particle

-

1600 K

1400 K
01

:
s
i

1000 K

10% //-
? 873K
it
107
0 0.01 0.02 0.03 0.04

= (N, /SXRR,+RR, - RR,)

0.058




Char Conversion Model

An isothermal, spherical char patrticle, initiaIIy of size D,, apparent
density pe, and specific surface area Sy, is divided into K concentric

annular volume elements, V,. The massin each element is OX|d|zed ata
rate dependent on local conditions.

Local rate of mass loss

1 dmg,
= =R.,S
mC-k dt iC,k~gC, k

+

Internal Oxygen Diffusion

X 1 d X A \
2 { eff OTOZJz _RiozpCSgC == RicVozpchc/Mc

a rdr

. . r ‘I’
Local conversion, apparent density and surface ara Kkt

P
Xe=1- mc,k/mco,k Pcx = mc.k/vk Sgc,k = SgCO,k(l_ Xe k pco,k]v/i_ v In(l_ XC,k)
c.k

Overall conversion, apparent density and specific surface area

me = Zk:mc,k Pc = mC/ZVk Sgc = Z(Sgc,kmc,k)/mc
k k

Char Conversion Model

Overall Particle Burning Rate (per unit external surface area)

These expressions relate the oxygen partial pressure at the external
surface of the particle to that in the ambient gas.

L ;/P/P [1+ nDppngcJR_
y g/P 6 iC, ex

Particle Effectiveness Factor

Zﬁiozkpc,ksgc,kvk Zﬁiozkpc,ksgc,kvk
k

k
]7 = = = =~
z Rioz‘ PC, kSgc, i Vk Z Rio2 P, kSgc, i Vk
K k

Char Particle Temperature

Nu K 7T, D Vozq
Dp e~ (TP - Tg)+£O-(TP4 - T\:) K= |\F'}|gC ;Nu

gAH =—




Burning Behavior: Zone | Burningﬁ@_

In the low temperature, Zone | burning regime, the particle is totally
penetrated by oxygen. The oxygen concentration inside the particle is
uniform.

4
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Burning Behavior: Weak Zone |l Burning
E_ =

In the Zone Il burning regime, an oxygen concentration gradienf exists
inside the char particle. Under weak zone Il burning conditions (which
occur at moderate temperatures), burning initially occurs at constant

diameter before a transition to variable size and density burning at high
extents of conversion.
2
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Burning Behavior: Weak Zone |l Burning
E =)

Under weak zone Il burning conditions (low to moderate temperatures),
appreciable amounts of oxygen are inside the particle throughout its
lifetime.
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The oxygen that penetrated the
particle at early times is consumed
by 10% to ~15% conversion. The
mean pore size increases during
this time.

By 20% to 25% conversion, the
mean pore size has increased to
the extent that oxygen more readily
penetrates the particle.

In the late stages of burning, the
oxygen concentration is nearly
uniform inside the particle.

Reactivity Profiles: Weak Zone I Bur%igg
E =

Gradients in oxygen concentration and adsorbed oxygen atom site
fractions lead to gradients in char reactivity inside the particle.

‘ =
. |7 _=1200K, P _ =0.06 atm L4
4107 | 9o 02 RN
4 =
- !
7310 49.8% aﬂﬁ’zam
o VvV EY o o,
E v 7 " 750% Vg oo vvvg
% 2107 §ngm&&gmmgsgmm§_mmm_
3 90.3% & ] &
s 5 15T% u] o]
8 4 A| N o°
o] A O
¢ o7 25.0% s osiw O
O
ggwoj P o
8 10_3 P o G o 9 2.0% comversion
710 sttt 4o°
610° Bl
. coo0@®
510
0 0.2 0.4 0.6 0.8 1

The average reactivity of the
char increases as burning
progresses.

Under weak zone Il burning
conditions, the maximum
reactivity is not necessarily at
the outer particle surface.

Before complete burnout,
reactivity is uniform inside the
particle under weak zone I
burning conditions.
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Burning Behavior: Strong Zone I Bur%ié\g
E =)

At high temperatures (strong zone 1l burning conditions), burning occurs
with reductions in size and apparent density after a very short initial period
of nearly constant diameter burning.
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Burning Behavior: Strong Zone I Bur%ié\g
E_ =

At high temperatures (strong zone |l burning conditions), the oxygen that
penetrated the particle at early times is quickly consumed. Before
significant mass loss, an oxygen concentration profiles is established
inside the particle that is quite steep near the particle periphery.
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Burning Behavior: Zone Il Burnin%@_

The zone Il burning regime is characterized by reductions in size and
apparent density while burning.
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Calculated Effectiveness Factors _

The effectiveness factor varies during char conversion under zone |
burning conditions.

Under weak zone Il burning
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Effectiveness Factor /Thiele Modulus

The effectiveness factor can be expressed in terms of the Thiele
modulus and a parameter m that can be determined from fits to the
calculated n—¢ relation.

The n—¢ relation can be
TE approximated by the expression
2 3 1 1
E 77 =
2 ¢ \tanh(¢,) 4,
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] o T, =1400K 6%0, o, = ¢1/(m +1)/2
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& R T and where the Thiele modulus
——m =1 in ¢-n relation . .
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Char Particle Temperatures

The temperature of a char particle varies under zone Il burning
conditions due primarily to increases in the rates of heat loss via
radiation as particle size decreases.

vi Under weak zone Il burning

2000 600K 12% O — conditions, particle temperature
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by s = o e e . decreases in size, its temperature
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Summary oo

At both low and high temperatures, oxygen nearly completely
penetrates the particle before the onset of significant oxidation.

Under zone | burning conditions (T < 900 K), the power-law mode of
burning model is adequate, assuming constant diameter burning.
Specific surface area evolves in accord with random pore models.

Both particle diameter and apparent density decrease during zone Il
burning. Under weak zone Il burning conditions (900 < T < ~1400 K),
particle diameter is constant until relatively late in burnoff.

Under strong zone |l burning conditions (1400 < T < ~1800 K), both
diameter and apparent density decrease with mass loss starting very
early in the burning process.

Under zone Il burning conditions, power-law mode of burning
relations with constant parameters cannot describe accurately the
reductions in particle diameter and apparent density over the entire
lifetime of a burning particle.

Summary oo

No model has been put forth that accurately characterizes the
variations in specific surface area while burning under zone Il
conditions.

Under weak zone Il burning conditions, effectiveness factors can
exceed unity.

For the reaction mechanism employed, the effectiveness factor can
be related to the Thiele modulus using the following expression:

3[1 1} where 4, = ¢y(m+1)/2

T g anh(g,) 4

A value for m of 1.5 faithfully describes the 7—¢ relation predicted
by the model.
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