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Motivation and ObjectivesMotivation 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.
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PowerPower--law Mode of Burninglaw Mode of Burning

Power-law relations

For spherical particle: α + 3β = 1

Zone I: particles burn at constant diameter, α = 1, β = 0
Zone III: particles burn at constant density, α = 0, β = 1/3
Zone II: particles burn with decreases in both size and apparent density,

0 < α < 1 and 0 < β <1/3
A short-coming of this model
The parameters α and β 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.

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.

ρ/ρ0 = (m/m0)α D/D0 = (m/m0)β, 

TSDTSDTSDTSD
Intrinsic Chemical ReactivityIntrinsic Chemical Reactivity
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Char mass loss rate:

Ri,c ≡ intrinsic char reactivity [g/m2s]
Sgc ≡ specific surface area of char [m2/g]
mc ≡ mass of char [g]
xc ≡ conversion
t ≡ time [s]

Sgc and Ri,c vary with conversion and/or time.

Ri,c ≡ Intrinsic reactivity [g/m2s] ⇒ the rate at which a unit area of 
carbon is oxidized to CO and CO2.
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Synthetic Chars:    θ = 16%

θ = 25%

θ = 36%

Lower Kittanning Coal Almond Shell Biomass
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SEM of Partially Oxidized CharsSEM of Partially Oxidized Chars

t = 0                 Sg = 177 m2/g
m/m0 = 1.0       ρa = 1.21 g/cm3

D = 67.5 µm

t = 47 ms        Sg = 243 m2/g
m/m0 = 0.77    ρa = 1.18 g/cm3

D = 56.6 µm

t = 72 ms        Sg = 246 m2/g
m/m0 = 0.61    ρa = 1.15 g/cm3

D = 49.8 µm

t = 95 ms        Sg = 248 m2/g
m/m0 = 0.50    ρa = 1.11 g/cm3

D = 41.6 µm

t = 117 ms      Sg = 246 m2/g
m/m0 = 0.46    ρa = 1.12 g/cm3

D = 41.6 µm

Θ =25%
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Pressurized TGAPressurized TGA
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Data 
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Composition: inert and oxidizing         Weight Range = 0 – 10g
Pressure = 10-5 torr – 100 atm                Accuracy = 10-6g
Temperature = up to 1373 K
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Thermogram: raw 36% porosity char Conversion Rate Profiles

• Mass loss data is interpreted to 
determine the conversion rate 
• Intrinsic char reactivity is related 
to the specific mass loss rate
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COCO22 Adsorption TestAdsorption Test
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Brunauer-Emmet-Teller (BET)
method relates char surface area 
to the total gas volume adsorbed

BET Plot

Sg =
VmNAV ACO2

22,414
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Specific surface area model
Zone I burning

Intrinsic char reactivity is related 
to the conversion rate

SgC = SgC 0 1− xC( ) ρC 0

ρC

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 1−ψ ln 1− xC( ) RiC =

1
1− xc( )SgC

dx
dt

TSDTSDTSDTSD
Intrinsic Char ReactivityIntrinsic Char Reactivity

Heterogeneous Reaction Mechanism

Intrinsic char reactivity:

Adsorbed oxygen atom site fraction:

RiC = ˆ M C RR1 + RR2 + RR3 + RR4( )

dθ O

dt
= NAV S( ) RR1 + RR3 − RR4( )

2 -C + O2
k1 -C(O) + CO

-C + -C(O) + O2
k2 -C(O) + -C + CO2

-C + -C(O) + O2
k3 -C(O) + -C(O) + CO

-C + CO-C(O) k4
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Char Conversion ModelChar Conversion Model

Local rate of mass loss

An isothermal, spherical char particle, initially of size Dp0, apparent 
density ρC0 and specific surface area SgC0, is divided into K concentric 
annular volume elements, Vk.  The mass in each element is oxidized at a 
rate dependent on local conditions.

Vk

rk rk+1

Dp

r
Internal Oxygen Diffusion

1
mC .k

dmC, k

dt
= RiC, kSgC, k

∂CO2

∂t
−

1
r 2

d
dr

r 2Deff

∂CO2

∂r

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ = − ˆ R iO2

ρC SgC = − RiCνO2
ρC SgC

ˆ M C

Local conversion, apparent density and surface area
xC, k = 1− mC, k mC 0, k

Overall conversion, apparent density and specific surface area

ρC, k = mC .k Vk SgC, k = SgC 0, k 1− xC, k( ) ρC 0, k

ρC, k

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 1− ψ ln 1− xC, k( )

mC = mC, k
k

∑ ρC = mC Vk
k

∑ SgC = SgC, kmC, k( )
k

∑ mC

TSDTSDTSDTSD
Char Conversion ModelChar Conversion Model

Overall Particle Burning Rate (per unit external surface area)

Particle Effectiveness Factor

Char Particle Temperature

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

q =
kd P
γ

ln 1− γ Ps P
1− γ Pg P

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ = 1+

ηDpρC SgC

6
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ RiC, ex

η =

ˆ R iO2, k
ρC, kSgC, kVk

k
∑

ˆ R iO2, max
ρC, kSgC, kVk

k
∑

=

ˆ R iO2, k
ρC, kSgC, kVk

k
∑

ˆ R iO2, ex
ρC, kSgC, kVk

k
∑

q∆H = −
Nu λ
Dp

κ
1− eκ Tp − Tg( )+εσ Tp

4 − Tw
4( ) κ =

γcp, gDpνO2
q

ˆ M C λ Nu
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Burning Behavior: Zone I BurningBurning Behavior: Zone I Burning

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

The power-law mode of burning
model with constant parameters
accurately describes changes in 
this constant diameter burning 
regime.

ρc/ρc0 = (mc/mc0)
D/D0 = (m/m0)0 = 1 

Specific surface area follows the 
Bhatia-Perlmutter random pore 
model.

SgC = SgC 0 1− xC( ) ρC 0

ρC

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 1−ψ ln 1− xC( )

TSDTSDTSDTSD
Burning Behavior: Weak Zone II BurningBurning Behavior: Weak Zone II Burning

In the Zone II burning regime, an oxygen concentration gradient exists 
inside the char particle. Under weak zone II 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.

The power-law mode of burning
model with constant parameters
can not describe accurately the 
changes in this burning regime.

ρc/ρc0 = (mc/mc0)α

D/D0 = (m/m0)β

Initially, α = 1, β = 0.  In the late 
stages of burning, α = 0.4, β = 0.2

No model has been developed that 
describes the evolution in specific 
surface area.
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Burning Behavior: Weak Zone II BurningBurning Behavior: Weak Zone II Burning

Under weak zone II burning conditions (low to moderate temperatures), 
appreciable amounts of oxygen are inside the particle throughout its 
lifetime.

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.

TSDTSDTSDTSD
Reactivity Profiles: Weak Zone II BurningReactivity Profiles: Weak Zone II Burning
Gradients in oxygen concentration and adsorbed oxygen atom site 
fractions lead to gradients in char reactivity inside the particle.  

The average reactivity of the 
char increases as burning 
progresses. 

Under weak zone II 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 II 
burning conditions.
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Burning Behavior: Strong Zone II BurningBurning Behavior: Strong Zone II Burning
At high temperatures (strong zone II burning conditions), burning occurs 
with reductions in size and apparent density after a very short initial period 
of nearly constant diameter burning.

The power-law mode of burning
model with constant parameters
somewhat  describes the changes in 
this burning regime.

ρc/ρc0 = (mc/mc0)α

D/D0 = (m/m0)β

Initially, α = 1, β = 0.  During the 
middle to late stages of burning, 
α = 0.1, β = 0.3
No model has been developed that 
describes the evolution in specific 
surface area.

TSDTSDTSDTSD
Burning Behavior: Strong Zone II BurningBurning Behavior: Strong Zone II Burning
At high temperatures (strong zone II 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.  

Although the particle diameter is 
decreasing with mass loss, the 
oxygen concentration profile 
established after about 20 ms is 
more or less maintained. 

Conversion is only about 3% after 
20 ms of burning under these 
conditions.

Burning is significant only at the 
particle periphery, in a layer less 
than 3 µm thick.
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Burning Behavior: Zone II BurningBurning Behavior: Zone II Burning

The zone II burning regime is characterized by reductions in size and 
apparent density while burning.   

As temperature is increased, the 
O2 concentration profile inside the 
particle steepens at the particle 
periphery.

The oxygen partial pressure at the 
outer surface of the particle 
decreases as temperature is 
increased.

For the coal char examined, weak 
zone II conditions are encountered 
at temperatures between 900 and 
1400 K.  

TSDTSDTSDTSD
Calculated Effectiveness FactorsCalculated Effectiveness Factors

Under weak zone II burning
conditions, η can exceed 1. 

As xc → 0, η → 1, although 
reaction rates are low.

As xc → 1, η → 1.  

At fixed O2, η decreases with
increasing Tp.

At fixed Tp, η decreases with
increasing PO2.  

The effectiveness factor varies during char conversion under zone II 
burning conditions.
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Effectiveness Factor /Thiele ModulusEffectiveness Factor /Thiele Modulus

The η−φ relation can be 
approximated by the expression

η =
3

φm

1
tanh φm( )

−
1

φm

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

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 η−φ relation.

and where the Thiele modulus 
is defined as

φ =
Dp

2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

ˆ R iO2 ,exρC SgC

CO2 ,exDeff

where
φm = φ m +1( ) 2

TSDTSDTSDTSD
Char Particle TemperaturesChar Particle Temperatures

Under weak zone II burning 
conditions, particle temperature 
gradually increases from its 
initial, equilibrium, non-burning 
value to a relatively stable value 
before slightly decreasing in the 
late stages of burning.

Under strong zone II burning 
conditions, particle temperature 
rapidly increases to its 
equilibrium value.  As the particle 
decreases in size, its temperature 
increases until the late stages of 
burning.

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

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

Under zone I 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 II 
burning.  Under weak zone II burning conditions (900 < T < ~1400 K), 
particle diameter is constant until relatively late in burnoff.

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

Under zone II 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. 

TSDTSDTSDTSD
SummarySummary

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

Under weak zone II 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:

η =
3

φm

1
tanh φm( )

−
1

φm

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ φm = φ m +1( ) 2where

A value for m of 1.5 faithfully describes the η−φ relation predicted 
by the model.
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