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Abstract

The transport and reaction characteristics of the product layer formation process in flue gas desulfurization were investigated theoretically
and experimentally. The transport and reaction processes were described by the Thiele number incorporating the influence of the chemica
reaction resistance and the diffusion resistance. The results show that the conversion rate at the end of the process decreased with increasi
Thiele number and increased with increasing temperature and porosity. The conversion rate also depends on the pore geometry and pore si:
distribution.
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1. Introduction has suggested that the ©amay diffuse out through the
product layer to react with the $S@6]. In any case, the for-
The utilization of coal brings with it serious pollution ~Mation of the product layer restricts the reaction rate. In most

problems, such as S@mission which must be reduced [1]. practical applications, the S@bsorption is most important
Several S@ emission control technologies have been asthe pro_ductlayerfor_mg. This paper analyzes the transport

developed and applied in coal-fired power plants. Both dry gnd reaction characteristics during the product layer forma-

flue gas desulfurization and furnace dry injection, which use 10N Process.

solid alkaline powder as an absorbent and react with, 82

important SQ emission control technologies with relatively ) )

low initial investment, less corrosion and lower energy 2 1heoretical analysis

requirements, especially for older plants which need to be

retrofitted at low capital cost. The low utilization rate of the

sorbent is the main disadvantage of those processes which

restricts their practical applications [1]. Several technologies

were introduced to improve the sorbent utility such as

steam reactivation [2,3] and additives [4]. However, these

improvements consume additional energy or incur extra

cost. Engineers are still seeking more efficient technologies

which use less energy or additives.

2.1. Reactions mechanism in porous solids

The gaseous reactant diffuses into the pores inside the
solid reactant to react with the solid reactant. If the chemical
reaction rate is far less than the diffusion rate, the reaction
will occur in an environment with essentially uniform
gas reactant concentration which can be analyzed with
the normal volumetric reaction model. However, when the
chemical reaction is much faster than the diffusion, a

Both dry flue gas desulfurization and furnace dry injec- reaction interface forms inside the particle which separates
tion involve typical gas solid reactions. The product cov- . . . P P
the particle into two regions, the product layer and the

ers the sorbent surface and forms a product layer during the . o
. reaction zone. The reaction interface moves toward the
process. The SPthen has to diffuse through the product ! . ) X
: center of the particle during the reaction process until the
layer to react with the sorbent [5]. However, some research _~ . . /
solid reactant is completely transformed into the product.

This case can be analyzed with the shrinking unreacted core
* Corresponding author. model. However, most gas-solid reactions fall between these
E-mail addresspxf-dte@mail.tsinghua.edu.cn (X.F. Peng). two extremes in a zone with some thickness where the solid
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Nomenclature
a, b, c,d stoichiometric coefficient
Ca gas reactant concentration ........... mol3
Ca0 gas reactant concentration in the bulk fmot3
Car,  Qas reactant concentration at the particle
SUMACE. . oot mol—3
Cs solid reactant concentration .......... nmot 3
Cpo initial solid reactant concentration ... o3
c1,c2 integration constantin Eq. (13)
De effective diffusion coefficient of S®.. m?.s™1
ky volumful reaction rate constant. 3s~1-mol~?!
ro initial particleradius...................... m
Is reactant rate constant for solid
reactant . ........coooeeeueon... %3 1.mol~t
Sh Sherwood number
T reaction temperature ................... °C

the product layer formation length
solid reactant conversion rate
final product layer formation conversion rate

Greek letters

ap SO, convection mass transfer coefficient in the
boundarylayer....................... -gnt

& dimensionless radius

0 dimensionless time

0, dimensionless time for the product layer
formation process

v dimensionless gas reactant concentration

10 Thiele number

XB dimensionless solid reactant concentration

reactant and the solid product co-exist. Ishada [7] and Wen
[8] proposed a dual-zone reaction model to described the
process. In their model, the reaction process was divided
into two stages, the surface reactions with product layer
formation stage and the product layer and reaction region

co-existing stage. In the first stage, gas reactant diffuses

through the pores in the sorbent particles and reacts with
the solid sorbent to form a surface product layer covering

the whole surface. In the second stage, the particles are

divided into two zones, the product layer and the reaction

zone. The gas reactant must diffuse through the product layer
and then into the reaction zone. The product layer thickness

gradually increases until the entire solid reactant particle is
transformed into product [9,10]. In practical applications,
the desulfurization reaction usually lasts a very short time
so more attention should focused on the first stage [1].

2.2. Transport and reaction kinetics

Consider a chemical reaction between a gas reactant (A)
and a solid reactant (B)

aA(g) +bB(s) =cC(g) +dD(s) 1)

The solid reactant concentration is defined as the mass

per volume of solid reactant. The analysis is based on the
following assumptions:

(1) global solid reactant;

(2) irreversible reaction;

(3) first-order kinetics reaction;

(4) pseudo-steady state diffusion; and
(5) anisothermal system.

The proposed physical model is shown in Fig. 1.
The gas reactant diffuses into the inner holes of the
particle to react with the solid reactant during the formation

Cab
Caro

CB

F=-=Z=

—_——— e —_——

Fp—

\ [ .
\\ reactant//

/
7--boundary layer

Fig. 1. Schematic diagram of concentration distributions.

of the product layer. The gas reactant concentration in the

reaction zone can be described by

—2d—(’ W)"f—o @

r /s
wherer; is the local chemical reaction rate defined as

dCp

s =——— =k,CpoC 3
r 5 BoCa )
The boundary conditions are

dc
e | . =ap(Cao = Car) (4)
r=ro

dCyu
i =0 5
dr lr=0 ( )
= O, Cp = CBO (6)
With the dimensionless parametets,—= r/rp and ¢ =
C4/Cao0, Egs. (2), (4) and (5) can be written as:

1d/ ,dy 5
——&"— ) — =0 7
() v @
d

Hl =S e ®)

ds
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dyr 10 p . - » .

rr 9)

dg le=0 "o

where the Thiele numbep, and the Sherwood numb&ty

are defined by 0.6 |

| ©=0.1
aky,Cpo\ Y2 0.4 M
(p = ro( vae ) (10) : $=é
onr 02 | * ¢=5
Sh= 2270 (11) > 910
D, 0.0 * * * : :
By introducingz = v£, Eq. (7) can be written as 0 02 04 06 08 . 1
2

% = (pzz (12) Fig. 2. Gas reactant concentration distribution for various Thiele numbers.

whose solution ig = c1 exp(@€) + co exp(—pé&) or sh(pé)
XBc = 1- (18)

expp) | exp(—¢pf) &sh(e)
¥ =c1 +c2 (13) 3[ chip)
3 £ == 1 19

Xe=—51|¢ she) (19)

For the boundary conditions given in Egs. (8) and (9), ¢ \

_ 1 sh(gé) 2.3. Thiele number

_ = (14)

0 Esh(p) ] ) .
scthg)—1 ; i ) o Egs. (17) and (19) show that the Thiele number is an im-
wheref. = 1+ ==g5— is the dimensionless reaction time  ortant parameter affecting the characteristics of the prod-
of the product layer formation process. The solid reactant ¢t jayer formation process. The Thiele number definition,

concentration is given by Eq. (10), can be rewritten as
t 1/2
b 7o 1
C3=C30—Z/rsdt (p_(De/%kaBoro) (20)
° b 1 shipé) Th(_a numerator r_epresgnts th(_a ch_emical_ reaction resistance
=Cpgo— kyCpoCap—— t (15) while the denominator is the diffusion resistance. Therefore,
a 6 Eshly) the Thiele number is the ratio of the chemical reaction
or resistance to the diffusion resistance. The gas concentration
Cp b sSh(§€) kyCapt distribution inside the particle is plotted in Fig. 2 for
AB=F2"=+7 1 ‘ different Thiele numbers. The gas reactant concentration
BO a&ship) O ) :
shigt) 0 is glmost equal to Fhe surface concentrgtlor] for. very small
=1- — (16) Thiele number, which means that the diffusion is very fast
&sh() 6. relative to chemical reaction rate. On the other hand, the
whered = 2k,Cp¢ is the dimensionless reaction time. The concentration near the particle surface quickly decreases
conversion rate can then be expressed as to zero for very large Thiele number, which means that
the chemical reaction resistance is much smaller than the
I 47r2C dr 1 diffusion resistance and the whole process is controlled by
=1 =1- 3/ £2yp dE gas diffusion. Obviously, the Thiele number, which indicates
Jo’ 4mr?Cpodr 5 the effect of the chemical reaction rate and diffusion rate on
3T ch the gas—solid reactions, is an important parameter describing
(¢) 4 A :
= ?[(p sho) — 1]9—C a7 the process characteristics. Correspondingly, the transport

and reaction processes are controlled by the chemical
The product layer will form when the solid reactant reaction resistance fop <« 1, but are controlled by the

concentration at the particle surface decreases to zero. Thatliffusion rate forg > 1. For ¢ ~ 1, both the chemical

is reaction and diffusion rate are important.

x5 =0 asté=1

Therefore from Eq. (16 = 6., sof, is the dimensionless 3. Experiment

time for the production layer formation process. At this

point, the concentration and the associated solid reactant Experimental tests were conducted to measure the reac-
conversion rate can be expressed by tion rate for various conditions.
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3.1. Reactant samples the furnace assemly : the balance assembly

Twelve samples were used in the experiments. Samples 1
to 7 were different size CaO particles made from reagent
products having purities greater than 98%. The CaO parti-
cles were all less than 1 mm and divided into seven groups
using the sieve having eight kinds of filter meshes. Samples 8
to 12 were CaO particles with different pore size distribution
characteristics made by heating Ca{3tdwder at different
temperatures.

the cabinet asseibly
@)

3.2. Sample characteristics

The sample pore distributions were analyzed using a Balance
mercury porosimeter (Autopore 1 9220). The particle radius V= N\
distributions were measured with a particle radius analyzer ;n
(Coulter LS-230). The average diameters of samples 1 to 7 —~—— Baffles
were 18, 54, 135, 260, 408, 509 and 825 um, respectively. N2 i
The average diameters of samples 8 to 12 were about 4 pm —
with average pore radii of 54, 113, 194, 103 and 202 nm. The & Furnace
cumulative special pore volumes of samples 8 to 12 were !
0.272,0.269, 0.273, 0.485 and 0.476%y?, respectively. Flue gas

Weight signal

Computer

3.3. Thermogravimetric analysis

Temperature signal 1

The 951 Thermogravimetric Analyzer (TGA) was used (b)
to measure the reaction rate between CaO particle and
SOy at different temperature. The TGA consists of three
major sections: a furnace assembly, a balance assembly,
and a cabinet assembly, as shown in Fig. 3(a). The furnace
assembly is a 500 W, resistance wound plug-in unit of the most light increases and unbalances the photodiode
low thermal mass that can be heated rapidly. The balanceamplifier, producing a current flow in the taut-band meter
assembly consists of a balance housing, a control chamberpeam, driving it back to its null position. The magnitude
and a sample chamber. Mounted within the balance housingof the restoring current flow is directly proportional to the
is a taut-band meter movement to which a balance beam issample weight lost (or gained). The sample temperature is
attached. The ends of this beam extend into the sample andbtained from the sample thermocouple located close to the
control chambers. The control chamber contains a shuttersample. The weight measurement error is less than 0.04 full
assembly and a counterweight arm, mounted on the beamgscale(the full scale of the 951 Thermogravimetric Analyzer
and a beam stop pin; a lamp and photodiodes are mounted oris 110 mg). The reaction temperature is pre-selectable and
a member extending from the balance housing. The samplecan be kept constant witk0.5°C.
chamber contains a quartz rod, which is attached to the The experimental facility consists of the 951 Thermo-
beam, a sample pan suspended from the rod, and a samplgravimetric Analyzer (TGA), N container, S@ container
thermocouple. The cabinet assembly houses the balanceind the computer. A schematic diagram of the experimen-
control and associated electronic circuits and the cooling fan. tal facility is shown in Fig. 3(b). The reaction temperatures

The TGA operates on a null-balance principle. Physically were 680°C, 760°C and 890C and the reaction period
attached to a taut-band meter movement, the balance beamig/as 80 minutes. The SGoncentration in the flue gas was
maintained in a horizontal reference position by an optically 9.09 molm=3.

actuated servo loop. Attached to the control end of the  The sulfurization conversion curves were calculated from
balance beam is a light shutter; a constant intensity lamp the weight change recorded by the TGA as
is focused through an aperture slit in the shutter to strike

two vertically mounted photodiodes. When the balance m —mo Mcao
beam is in a null position, the focused light strikes both * :( >
photodiodes equally. As sample weight is lost or gained,

however, the beam becomes unbalanced and moves from thavhereMcao and Mcasq are the molecular weights of CaO
null position, causing more light to strike on photodiode than and CaS@; mg is the initial weight of CaO; aneh is the
the other. The voltage output from the photodiode receiving sample weight at any reaction time.

Fig. 3. (a) 951 Thermogravimetric Analyzer. (b) TGA system diagram.

(21)

Mcasq — Mcao/) mo
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4. Resultsand discussion size in Fig. 6. The sample 1 conversion rate is much
greater than the rate for samples 2—7. The conversion rate
4.1. Sulfurization conversion continued to decrease very slowly from samples 2 to 7.

Correspondingly, The Thiele number was about 20 for

As predicted by Eq. (19), the final conversion rate during sample 1 and was in the range of 70 to 130 for samples 2to 7.
the product layer formation process was determined by The conversion rate was almost constant for particles larger
the Thiele number. The conversion rate decreased withthan 0.2 mm. As predicted by Eq. (20), the chemical reaction
increasing the Thiele number as shown in Fig. 4. The final resistance decreased with increasing particle size, while the
conversion rate decreased quickly as the Thiele numbergas diffusion resistance increased with increasing particle
increased for very small Thiele numbers but changed very size. However, the combined influence of those two trends
slowly for large Thiele numbers as the Thiele number resulted in a nearly constant and, consequently, a conversion
increased. Thiele number less than 1 could be analyzed agate that was independent of particle size.
small values where the diffusion is very fast while Thiele
number greater than 80 could be analyzed as lager values) 2. |nfluence of temperature
where the reaction rate is very fast.

The experimental flue gas desulfurization results at  The conversion rates for sample 2 at different reaction
750°C are presented in Fig. 5 for samples 1-7. Two dif- temperatures are shown in Fig. 7. The conversion rate in-
ferent reaction regions developed during the degulfurlzatlon creased with increasing temperature. The length of the prod-
process. The length of the product layer formation process ct |ayer formation process and the final conversion rate
and the final conversion rate were determined from the inter- \yere found to be a function of temperature as shown in
section of the two regions. Thiele numbers were then calcu- Fig. 8. The length of the product layer formation process
lated from Eq. (19). To comparing the analysis result and the j,creased to a maximum value and then decreased slightly
measured result, the final conversion rate and Thiele num-\ith increasing temperature. However, the final conversion
bers for samples 1-7 at 680, 750, and 88Qvere also plot- a6 grew monotonically with increasing temperature indi-
ted in Fig. 4. The experimental data in Fig. 4 showed the ¢4iing that the final conversion rate is independent of the
same trend with the analysis result calculated from Eq. (19). length of the product layer formation process.

The length of the product layer formation process and  The experimental results indicated that temperature has a
the final conversion rate are plotted as functions of particle gjgpjificant influence on the conversion rate. The Thiele num-

1.0 140 - 1 0.16
L 09
R 08 120 1 014
’ — calculated from Eq.(19) s W
0.7 100 1 012
06 F 0 experiment result at 890 C 1 010
) 80 i
05 r X experiment result at 750 C 1 0.08
04 r . . 60
03 A experiment result at 680°C 1 0.06
02 40 1{ 004
01 r 20 4 002
0.0 0 s . ' . 0.00
0 40 80 120 160 200 0 02 04 06 038 1
@ Particle Size/mm
Fig. 4. Effect of Thiele number on the final conversion rate. Fig. 6. Effect of particle size on the Thiele number and the final conversion
rate at 750C.
0.40 Sample I -a-Sample 2 0.25
-w- Sample -A-Sample X
035 [ | -+ semple3 *-Sample4
L -v-Sample 5 -2-Sample 6 T~ »
0.30 % Sample 7 020 4680 C o
®025 ] " v 750°C

0.15 010 v/
0’ 1 O B ﬁf;’-—-—ﬁ‘_— //“/A———‘—‘f_/
0.05 %o—’f‘:—“— 005

0.00 1 1 1 1 ! 1 1

020 /"/ 0.15 <-890°C / -

t/min t/min

Fig. 5. Conversion rates for samples 1-7 at 760 Fig. 7. Conversion rates for sample 2.
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Fig. 8. Effect of temperature on the length of product layer formation
process and the final conversion rate for sample 2.
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Fig. 9. Cumulative special pore volume for samples 8-12.
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Fig. 10. Effect of pore size on the length of product layer formation process
and the final conversion rate at 750.

with initial porosity, while the length of the product layer
formation process decreases. The results in Fig. 10 show
that the final conversion rates differ for samples with similar
initial porosities. From samples 8 to 10, the conversion
rate increased first with pore size, then decreased. For
samples 11 and 12, the conversion rate decreased with
increasing average pore radius.

For these two sample groups, the length of the product
layer formation process,, increased with average pore
size for the same initial porosity, while samples with larger
porosities had shorter the lengths of the product layer
formation process,. Therefore, the larger porosity and the
smaller pores both facilitated formation of the product layer,

ber decreased with increasing temperature, indicating thatwhich means that the pore size distribution affects reaction

ky/D.1, the ratio of the chemical reaction constant to the ef-
fective diffusion coefficient, is inversely proportional to the
temperature. Therefore, the increaselpf with tempera-
ture must be greater than the increase pfvith tempera-
ture, though botlk, and D,; increase with temperature in
the range of 680-90TC.

4.3. Influence of pore size distribution

The curves of the initial pore distribution for samples 8—
12 are plotted in Fig. 9. Samples 8-10 had similar initial
porosities, but their pore size distributions were different.
Samples 11 and 12 also had similar initial porosities with
some small difference in their pore size distributions. The

and transport process characteristics.

5. Conclusion

The transport and reaction characteristics of product layer
formation process in the desulfurization process were inves-
tigated theoretically and experimentally. The desulfurization
reaction process characteristics can be described using the
Thiele number which represents the influence of the chemi-
cal reaction and diffusion or represents the influence of the
particle size, the chemical reaction rate constant and the ef-

length of the product layer formation process and the final fective gas diffusion coefficient. The final conversion rate is

conversion rate at 75@ were plotted as a function of

only a function of the Thiele number and is independent on

the average pore radius in Fig. 10 for samples 8-12. Thethe length of the product layer formation process.

average pore radii of samples 9 and 11 are similar as are The initial porosity has a relatively large effect on the
the average pore radii of samples 10 and 12. The resultsfinal conversion rate and the length of the product layer
show that the conversion rate for samples 11 and 12 whichformation process. The pore size, including the average

had porosities of about 0.48 émg~! was significantly

pore radius and size distribution, had a significant effect

greater than that for samples 8-10 which had porosities on the dynamic characteristics of the product layer forming

almost 0.27 criig™1, while the length of the product layer

process. Increasing temperatures significantly increased the

formation process for samples 11 and 12 are less than that foffinal conversion rate as the diffusion rate and reaction rate
samples 8-10. Therefore, the final conversion rate increasedncreased.
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