
Chemical Engineering Journal 116 (2006) 139–147

A semi-wet technological process for flue gas desulfurization
by corona discharges at an industrial scale

Keping Yana, Ruinian Lia,∗, Tianle Zhua, Hongdi Zhanga, Xiaotu Hub,
Xuedong Jiangb, Hui Liangb, Ruichang Qiub, Yi Wangb

a Guang Dong J-Tech Science Development Co. Ltd, China
b Beijing Jiaotong University, China

Received 27 June 2004; received in revised form 23 August 2005; accepted 16 September 2005

Abstract

An industry-scale semi-wet technological process for flue gas desulfurization by corona discharges is recommended. Its characteristics are: (1)
it uses an ac/dc power supply to generate uniformly distributed streamer plasmas; (2) it uses a partitioned wet reactor system in which SO2 in the
flue gas is absorbed with ammonia water in its thermal chemical reaction stage and the generated solution is repeatedly sprayed and transferred at
a stage, SO
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n appropriate flow rate to the successive plasma reaction stage under the conditions of keeping liquid flow in balance. In the plasma2

bsorption by the liquid is enhanced by the electric wind and the sulfites in the solution experiences plasma oxidization; (3) drying
iquid to produce powder-typed byproduct and discharging the end gas after heat exchange with the hot gas at the inlet. Through a
2,000 Nm3/h capacity of flue gas with an initial SO2 concentration of about 500 ppm, results of desulfurization rate >95%, energy consu

n the reactor 1.8 Wh/Nm3, ammonia slip less than 5 ppm and qualified fertilizer byproduct are obtained.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Since the effects of DeSO2 and DeNOx by non-thermal plas-
as were discovered in 1970s[1] a good many researches were

arried out in order to develop a practical technique acceptable to
ndustry[2–6]. In 1980s Masuda et al.[7,8]discovered that a pul-
ate streamer corona also has effects of DeSO2 and DeNOx. At
hat time it had advantages in a good many aspects such as simul-
aneous removal of SO2 and NOx, simplicity of the dry process,
o need to reheat the end gas in general, directly discharging the
nd gas and no production of any other wastes but useful fertil-

zer. Under these situations a Committee sponsored by the Japan
inistry of International Trade and Industry concluded that the

echnique of non-thermal plasma flue gas desulfurization and
enitrification is technically the most simple and feasible as the
ext generation technology to be developed[9]. Since then var-

ous test schemes for developing this technique were carried out
10–19]. A pilot test with narrow pulsed high voltage to gener-

∗ Corresponding author.

ate streamer plasma supported by ENEL Italy[11] obtained a
result of acceptable DeSO2 rate at an energy cost of 5 Wh/Nm3.
In the test, H2O2 was used to control the ammonia slip. In 20
Zhao[13] built a pilot rig for flue gas DeSO2 with narrow pul-
sate high voltage corona. The flow rate of the treated gas
20,000 Nm3/h. Under the conditions of temperature 65–70◦C,
water vapor mole fraction of 10% and stoichiometric ratio
ammonia to SO2 of 1:1, the DeSO2 rate reached over 85% wi
a residence time of 6 s and energy cost of less than 5 Wh/3.
The narrow pulsate high voltage power supply used had a
edge less than 100 ns, repetition rate: 50–200 pps, peak vo
100–150 kV and power output: 50–100 kW. The solid byp
uct was collected with a steel brush electrostatic precipit
In 2003, Kim et al.[14] reported results of a pilot test of
dry method flue gas DeSO2 and DeNOx with narrow pulsat
high voltage corona in DOOSAN, Korea. The pulse power
ply was a magnetic pulse compressor with a power of 30
pulse width 500 ns, peak voltage 100–130 kV, repetition
300 pps and maintenance interval 3× 109 pulses. The capaci
of the treated gas was 1800 Nm3/h. After the plasma treatme
about 294 ppm of SO2 was removed from the initial concent
E-mail address: liruinian@vip.sina.com (R. Li). tion 300 ppm. The ammonia slip was 26 ppm. DeNOx rate was

385-8947/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2005.09.030
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Nomenclature

ESP electrostatic precipitator
ki rate constant of theith reaction (m3 s−1 mol−1)
Q1 liquid flow rate in the thermal chemical stage (L/h)
Q2 liquid flow rate in the plasma stage (L/h)
V voltage (V)
Vp peak voltage of ac (V)

Greek symbols
ηSO2 desulfurization rate (%)
τ residence time (s)

12% (no CH4 injection) and 54% (with 200 ppm CH4 injection)
at initial concentrations of 245 and 312 ppm, respectively. Cur-
rently a system with a capacity of 35,000 Nm3/h has been built
up for further tests.

In fact when one tries to implement the electric discharge
DeSO2 technique industrially, pulse power supply is always the
“bottleneck” of the technological process because high voltage,
high speed and repetition rate switches have not been available
in the world market to meet the demands of flue gas treatment
industries in the respects of both price and techniques. Moreover,
there are still a lot of problems to be resolved in building a tech-
nological process, such as high energy cost, the solid byproduc
sticking to the walls of the plasma reactor and too high an ammo
nia slip from the end gas.

Along with the experimental development, exploration of the
mechanism of DeSO2 by plasmas was in progress. In the theo-
retical respects, for years past researches of plasma DeSO2 were
emphasized on the fundamental reactions in gas phase[20] and
no sufficient theoretical results were approximated to the exper
iments. Paur and Jordan[21] discovered that with increase of
water vapor in the gas the DeSO2 rate had a remarkable rise,
manifesting probable existence of two different mechanisms in
his electron beam tests. Jordan[22] considered that 70–90% of
SO2 removal happens on the surfaces inside the plasma rea
tor and filter cake in his E-beam tests. In order to explain the
oxidation processes of SO2 dissolved in atmospheric droplets,
H by
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As for the DeSO2 effect in wet electric discharge reactors, it
has been investigated over many years. In 1971, Adachi[26]
explored the DeSO2 effect in a wet electrostatic precipitator. In
2000, Chao-Heng Tseng[27] also investigated the effects of both
DeSO2 and DeNOx in a wet ESP. Potapkin et al.[28] used the
chain processes Huie provided and obtained theoretical results
under the boundary conditions of a water spray in a E-beam reac-
tor, compared with experimental results at 40–50� and made
developments in heterogeneous reaction mechanism in DeSO2
process. In 2001, Youhei et al.[29] used a piece of paper as a
lining of a tubular electric discharge reactor. The lining was wet-
ted with ammonium persulfate solution to enhance oxidation. At
an initial concentration 400 ppm of SO2 the DeSO2 rate were
95% with an energy consumption∼6 Wh/Nm3. The byproduct
was ammonium sulfate. In 2001, Kim et al.[30] also got similar
results. In 2003, Mizuno[31] discussed the possibility to use
wet plasma reactors for flue gas desulfurization.

Obviously all of these works have not reached the stage at
which they could be used to develop an integrated technological
process.

In this work an integrated technological process for electric
discharge flue gas desulfurization, which may be accepted by
industries, is recommended. Its characteristics are:

1. Using a dc power supply superimposed with an ac voltage to
generate well-distributed streamer plasma in industry-scaled
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uie and Neta[23] provided a set of chain processes initiated
adical SO3

−. Li et al. [24] adopted Huie’s mechanism and c
idered the process should be divided into two steps: firstly2

s transferred into liquid films formed on the surfaces of the s
nside the dry corona discharge reactor and secondly the
als excited by the corona discharges oxidize the sulfites
ormed liquid films. By use of this concept and introduction
ass transfer efficiency factorϕ they made a semi-quantitati

imulation about an electric discharge DeSO2 reactor with som
ater vapor in the gas but no liquid injected around a tem
ture 75◦C. The agreement of the simulation with experime
rovided evidence that the plasma assisted DeSO2 process i
ainly heterogeneous reactions[25]. Thus, it may be asked wh
ot adopt a wet method instead of the dry one? Using a
ethod might avoid byproduct sticking to the walls, but suc
pproach might be advantageous for heterogeneous rea
ts
-

-

c-

i-
e

-

t

s.

reactors.
. Using a partitioned wet plasma reactor system instead

traditional dry ones to overcome the difficulties in stickin
of solid products to the walls and decrease the energy
sumption by a large margin.

. After the end solution is dried up qualified ammonium fe
izer is produced. The end gas is discharged to open air
its heat exchange with the entering hot gas.

. The technological process and the test results

Fig. 1 shows a schematic diagram of the technological
ess for the flue gas desulfurization. After dust removal the
as with a dust concentration less than 100 mg/Nm3 at a tem
erature about 150◦C enters a heat exchanger to elevate

emperature of the end gas of the wet reactor system from
0 to 90◦C for its discharging through a chimney. Then the
as is introduced to a spray dryer to evaporate the end liqui
roduce dry powder of ammonium sulfate. Meanwhile, the
as becomes moistened and cooled and then enters the t
hemical stage in which ammonia water is sprayed to abso
O2 from the gas. Over 80% of the total SO2 is absorbed. Th
enerated liquid is cycled and repeatedly sprayed in this s
hen the concentration of the absorbent liquid reaches
mol the generated solution will be transferred to and spr

n the successive plasma stage at such an appropriate qu
hat the liquid flow in the reactor system is kept in balance.
ue gas with the most SO2 removed is further desulfurized a
he sulfites in the sprayed solution are oxidized by the stre
onna in the plasma stage. By keeping the liquid flow in bal
n the solution at its end may reach about 3 mol in concentra
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Fig. 1. Schematic diagram of the technological process of flue gas desulfurization.

After sufficient plasma treatment the percentage of the sulfates
in the solution reaches over 90% (to be discussed in a separate
issue). The end solution of appropriate quantity is taken out of
the reactor, neutralized to pH 7.0 and dried up. In drying up the
solution the generated water vapor and the volatized NH3 and
SO2 is converged into the main pipeline of the system. Thus, the
water consumption is equal to the saturated water vapor at the
end of the reactor system minus the water vapor in the flue gas
at the entrance of the process.

The characteristics of the semi-wet method lie in wet-typed
reactor with liquid matter generated and dry powder byproduct
generated after drying up the liquid from the reactor with the heat
in the hot gas at the entrance of the process. No solid material is
accumulated anywhere and the entire technological process can
be kept steady and continuous (Table 1).

Fig. 2 shows the outward appearance of the 12,000 Nm3/h
streamer plasma flue gas desulfurization system.

Fig. 3 shows the temperatures at some points of the system
through computing the material and heat balances (mathematical
equations inAppendix A).

Table 2gives the test results of the quality of the ammonium
byproduct from the desulfurization process.

3. ac/dc power supply and the streamer generated

It was proved by experiments that the streamer mode of the
g
t s were
d
n by the

Table 1
The results in a test of the semi-wet corona discharge flue gas desulfurization

Capacity of the flue gas flow (Nm3/h) 6000
Residence time (s) 1.9
SO2 concentration at the entrance (ppm) 572
SO2 concentration at the exit (ppm) 21.6
Desulfurization rate (%) 96.2
Concentration of the generated liquid (mol) 4.66
[NH3]/2[SO2] 0.80
Ammonia concentration in the end gas (ppm) 3.5
Concentration of sulfite in the end liquid (mol) 2.43
Concentration of sulfate in the end liquid (mol) 2.23
Oxidation rate of generated sulfite in the process (%) 47.9
pH of the end liquid 5.2
Gas temperature at entrance of the wet reactor (◦C) 70
Gas temperature at exit of the wet reactor (◦C) 53
Gas temperature at the entrance of the chimney (◦C) 85
dc voltage (kV) 48.4
ac peak–peak voltage (kV) 4.0
Power injected (kW) 1.7
Energy cost per unit volume of gas (Wh/Nm3) 0.28
Mole oxidation energy cost (Wh/mol) 22.1

industries of flue gas desulfurization because no high voltage,
high speed, long life and low price switches are available for
flue gas cleaning industries.

Fig. 4 shows the different modes of gas discharges with dc
positive high voltage and dc + ac between a point and a plate
electrode. When a dc voltage is increased from 0 toVc no
corona occurs; fromVc to Vg appears a weak streamer, which
has too low a power density to initiate significant chemical

Nm/h streamer plasma flue gas desulfurization system.
as discharge initiates remarkable chemical effects[32,33]. For
he decades past, nano-second narrow pulse power supplie
eveloped for generating streamer corona[7–14]. However, the
arrow pulse power supplies have never been accepted

Fig. 2. Outward appearance of the 12,0003
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Table 2
The results of the quality of the dry ammonium byproduct

Items of the quality indices Agricultural product (standard: GB 535—1995) Byproduct

First grade Second grade

Exterior White crystal, no mechanical impurities White crystal, no mechanical impurities White crystal, no mechanical impurities
Ammonia (%) ≥21.0 ≥20.8 21.25
Water content, H2O (%) ≤0.2 ≤0.1 2.49
Free acid, H2SO4 (%) ≤0.03 ≤0.05 0.19

Fig. 3. The temperatures at the points of the system: (1) entrance of the dryer;
(2) exit of the dryer; (3) entrance of the reactor; (4) exit of the reactor.

Fig. 4. dc + ac: I–IV streamer; V glow or streamer; dc: IV-prebreakdown
streamer.

Table 3
The parameters of the ac/dc source

dc power (kW) 80
ac power (kVA) 80
dc voltage (kV) 0–60
Peak voltage of ac (kV) 20–80
ac frequency (kHz) 16–50
Efficiency of the source (%) >80

effects. In a wide range of the voltage fromVg to Vps the glow
mode appears. Within the narrow range betweenVps andVs, the
mode is prebreakdown streamer. When the voltage is increased
to Vs or higher, sparks occur. Streamer has a chemical effect
higher than glow mode of the corona discharge by a 1000 times
[32,33]. Therefore, only streamer discharges can be used for
plasma reactors. In addition though the streamer can initiate
chemical effects the range of voltage and variable gap length in
which the streamer may be generated is too narrow to be used
for industrial plasma reactors. In 1990s[32], it was discovered
that when the dc voltage is superimposed an ac voltage with a
rise rate and peak voltageVp greater than 200 V/�s and 1 kV,
respectively, the Hermstein sheath in the positive glow can be
destroyed and the corona may be transformed into streamer.
A power supply with a dc superimposed an ac is called ac/dc
source. ac/dc sources are even cheaper than nano-second pulsed
power supplies and have even longer life. The successful
fabrication of ac/dc source makes the large-scaled industrial
plasma realizable. The parameters of the ac/dc source used in
this experiment are specified inTable 3.

Fig. 5shows two typical matching networks for superposition
of dc and ac sources.

Fig. 6shows the waveform of the ac used in our ac/dc source.
Fig. 7 shows the uniform distribution of the streamers with

ac/dc power supply in a plasma reactor.

Fig. 5. (a) Direct coupling of dc and ac
. (b) Capacitive coupling of dc and ac.
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Fig. 6. 3 kV/48 kHz Wave of ac power supply output.

Fig. 7. Streamers in the reactor.

Fig. 8. ac/dc power vs. the dc voltage (ac peak = 1.3 kV).

Fig. 8shows the variation of the injected power (W) with the
dc voltage when the peak voltage of the ac is 1.3 kV.

4. The partitioned wet plasma reactor

The reactor in the experiment is partitioned as a front thermal
chemical stage and a successive plasma stage. There is no elec-
tric gas discharge in the thermal chemical stage, in which only
ammonia water is sprayed for absorbing SO2. Meanwhile, the
generated solution is repeatedly sprayed in a circulating manner.
When the concentration of the solution in the thermal chemical
stage reaches about 3 mol/l an appropriate quantity of the solu-
tion is transferred to the next plasma stage under the conditions of
balance of liquid flow. With the action of the plasmas the sulfites
in the solution are oxidized and SO2 in the gas phase is further
absorbed in the liquid with enhancement of the electric gas dis-
charge. In this case the sulfites in the plasma stage have been
concentrated in the solution. Therefore, under the conditions
of the same power injection the reaction speed is much higher
than that in the wet reactors in which both thermal chemical
and plasma reactions proceed in the same space. Partitioned wet
reactors allow a remarkable decrease of energy consumption.
Moreover, the solution produced in the reactors can be drawn
from the reactor and treated outside with an external plasma
reactor in open air or gas with even richer oxygen. The acidity
o opri-
a
s n.

Table 4
The effect of the main technological parameters on desulfurization rate

NH3/SO2

NH3/2SO2 0.58 0.66 0.78 0.95
ηSO2(%) 72 92 98 100

SO2 concentration at the entrance
SO2 (ppm) 490 678 797 987
ηSO2(%) 98 97 95 92

Residence time
τ (s) 3.77a 1.91b 1.20c

Gas flow rate (m3/h) 3100 6100 9700
SO2 (ppm) 987 493 524
ηSO2(%) 96 93 90

a Q1 = 100 L/h (front),Q2 = 100 L/h (plasma stage).
b Q1 = 150 L/h,Q2 = 140 L/h.
c Q1 = 150 L/h,Q2 = 140 L/h.
f the solution in the plasma stage is controlled to an appr
te pH so as to control the ammonia slip below 5 ppm.Table 4
hows the data of the wet partitioned reactor in an operatio

Entrance, SO2 = 1020 ppm; dc/ac = 21 kV/1.3 kV; gas flow
rate = 3100 m3/h; exit temperature = 60± 5◦C; liquid flow: Q1 = 100 L/h
(front) andQ2 = 100 L/h (plasma stage)

NH3/SO2 = 1.32; dc/ac = 21 kV/1.3 kV; gas flow rate = 3100 m3/h; exit
temperature = 60± 5◦C; liquid flow: Q1 = 100 L/h (front) andQ2 = 100 L/h
(plasma stage)

NH3/SO2 = 1.32; dc/ac = 21 kV/1.3 kV
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5. Discussions

5.1. ac/dc power supply and the streamer it generates

As shown inFig. 4, when the voltage increases fromVc
into the range betweenVg andVps the onset streamer becomes
so intense that the electrons generated become more and
more. With the free electron flying to the anode rapidly the
heavy negative ions produced by electron capture of oxygen
molecules are lumped in the vicinity of the anode tip to form so-
called Hermstein sheath (Fig. 9) [34], which shields the field
strength from the anode tip. In this case the streamer only
exists within a small layer between the surface of the tip and
Hermstein sheath. Outside this region only ionic current exists.
As a result, glow mode initiates insignificant chemical effect
[32,33].

However, it takes time to form an Hermstein sheath
[35,36] through negative ion shift and diffusion. With some
enough strong (e.g. an acVp > 1 kV) and speedy-changing (e.g.
dV/dt > 200 V/�s) interference to the ion lumping the streamer
may stretch out and into a large space between the two elec-
trodes[34–37]. That is, the reason why ac/dc generates streamer
corona.The streamer corona generated with ac/dc power supply
is different from that with high voltage nano-second short pul-
sate power supply. The propagation speed of a streamer is about
2× 105 to 2× 106 m/s, which is a weakly increasing function
o gap
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g ulti-
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Fig. 10. Removal of SO2 by electric gas dicharge. dc/ac = 21 kV/1.3 kV;
power = 442 W; NH3/SO2 = 1.08; gas flow rate = 6100 m3/h; Q1 = 150 L/h and
Q2 = 50 L/h.

streamer initiation will be randomly distributed with in a longer
interval of time lag.

This streamer can be called random streamer. Owing to the
long duration of the pulse the ionic current occupies 20% of the
total current.

5.2. Partitioned wet plasma reactor and G–L
heterogeneous plasma reactor

The reactions in the thermal chemical stage have no differ-
ence from those of a traditional ammonia water process for SO2
absorption from flue gas[38]. In the successive plasma stage
SO2 absorption by the sprayed solution is enhanced by the elec-
tric gas discharge[26,27,39,40]. Fig. 10 shows that when the
gas discharge is switched on, the concentration of SO2 in the
gas decreases from 110 to 95 ppm. The mass transfer of SO2 to
the liquid is enhanced by about 10%. It is most important that the
streamer plasma oxidizes the sulfites in the solution to sulfate by
over 50% and denitrifies the flue gas and gives a comprehensive
effect of controlling the ammonia slip to lower than 5 ppm. It is
again proved that non-thermal plasma flue gas desulfurization
mainly lies in the oxidation of the sulfites in the solution[24].
That is, the technical basis of the wet-type process for DeSO2.

When a streamer as a filamentary discharge passes through
air of 1 atm the field in the vicinity of the streamer head may
reach a strength of 100–150 kV/cm, which can excite rich energy
e ak
b ls
O ole
i
v
o ach
7 an
t s
w e to
r

ain
r

f the voltage[34]. In general plasma reactors the discharge
s about 10 cm. The transition time of the streamers throug
ap should be less than the order of 100 ns. That is, the
ate limit to pulse width of any high voltage short pulse po

upply. But the peak voltage can be high so long as the
ge is dropped down before the streamer reaches the ca
he voltage wave is transmitted along the line at a speed
.2 m/ns. To spread the voltage over a corona wire with a le
m, only a period of 20 ns is needed. In addition, the vol

s so high that the time lag of the streamers is negligibly s
37]. It can be considered that the streamers are initiated s
aneously along the wires. Therefore, this kind of streame
e called “synchronous streamer”. However, when ac/dc p
upply is used the duration of each pulse is too long to a
he streamer propagation to the cathode if the peak volta
igh. Under these conditions the only way is to keep the
oltage lower thanv0 times the electrode gap length, wherev0
s the voltage decrease in streamer channel per unit leng
his case the peak voltage of ac/dc power should be low an

ig. 9. (A) Onset streamer, (B) Hermstein glow and (C) prebreakdown stre
r

s

n
e

r.

lectrons of 12–16 eV[34]. The rich energy electrons can bre
onds of molecules such as O2, H2O, N2, generating radica
, H, OH, N, etc., in which OH plays the most important r

n oxidizing the sulfites[23–25]. In moist air (2.4% H2O in
olume, for example) within a volume of 15 mm3 in the vicinity
f the anode tip, the concentration of radical OH may re
× 1014 cm−3 [41], which is 7 order of magnitude larger th

hat of the naturally existing OH[42,43]. That demonstrate
hy compressed air bubbling method takes even longer tim

ealize the oxidation than plasma catalytic method[43].
After OH is transferred into the solution the following ch

eactions are initiated[23]:

OH + HSO3
− → H2O + SO3

−

(k = 9.6×106 m3 s−1 mol−1)

SO3
− + O2·H2O → H2O + SO5

−

(ki = 1.5× 106 m3 s−1 mo1−1)
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HSO3
− + SO5

− → HSO4
− + SO4

−

(k2 = 75 m3 s−1 mol−1)

SO3
2− + SO5

− → SO4
2− + SO4

− (k′
2 = 75 m3 s−1 mol−1)

HSO3
− + SO4

− → HSO4
− + SO3

−

(k3 = 2.0× 106 m3 s−1 mol−1)

HSO3
− + SO5

− → HSO5
− + SO3

−

(k4 = 25 m3 s−1 mol−1)

SO5
− + SO5

− → 2SO4
− + O2

(k5 = 6.0×105 m3 s−1 mol−1)

SO3
− + SO3

− → S2O6
2− (k6 = 1.0× 106 m3 s−1 mol−1)

SO5
− + SO5

− → S2O8
2− + O2

(k7 = 1.4×105 m3 s−1 mol−1)

If favorable conditions are created to improve the gas-to-
liquid mass transfer the apparent chain length may reach over
15. When the sulfites in the solution are sufficiently oxidized the
p e of
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Appendix A. Balance equations of mass and heat

(1) Fundamental chemical and physical data:

AH2O initial volumetric percentage of water vapor in the
flue gas (%)
AN2 volumetric percentage of N2 in the flue gas (%)
excluding water vapor
AO2 volumetric percentage of O2 in the flue gas (%)
excluding water vapor
ACO2 volumetric percentage of CO2 in the flue gas (%)
excluding water vapor
AN2 + AO2 + ACO2 =1
BN2 = 0.251 (cal/g◦C) specific heat of N2
BO2 = 0.291 (cal/g◦C) specific heat of O2
BCO2 = 0.208 (cal/g◦C) specific heat of CO2
BH2O = 0.464 (cal/g◦C) specific heat of H2O (gas)
B =A B + A B + A B

(

(

)

(

uid

ical

uid
H value of the solution can be controlled within the rang
.8–5.3. Under these conditions the ammonia slip in the en
an be controlled below 5 ppm.

As for the concentration effects on the oxidation of the sul
n the solution there are two kinds of chemical actions with c
rary effects. According to the law of mass reaction the rea
peed increases with increase of the concentration on one
n the other hand with increase of the concentration the
bility of oxygen decreases and the radical self-recombin
peed increases, leading to slowing down the oxidation s
nd increasing the energy consumption[44–47]. Under the con
itions of using high concentration OH radicals excited w
treamer plasmas generated by the ac/dc power supply a
ation speed with industrial practical value can be achieve
oncentration of over 3 mol.

. Conclusions

Using ac/dc power source well-distributed streamer plas
an be generated in industrial scale reactors. Using wet stre
lasma reactors divided into thermal chemical reaction reg
nd plasma reaction regions, energy consumption is remar
ecreased and the problems due to the sticky byproduc
esolved. By combination of the two techniques an industry s
emi-wet technological process for flue gas desulfurizatio
orona discharges was implemented. Through a pilot test w
ue gas capacity of 12,000 Nm3/h (normal cubic metre per hou
t an initial SO2 concentration of∼500 ppm, the desulfurizatio
ate is over 95% with an energy consumption of 1.8 Wh/N3,
mmonia slip less than 5 ppm and the byproduct is a qua

ertilizer.
s

d.
-

d

i-
a

s
er
s
ly
re

a

YAN N2 N2 O2 O2 CO2 CO2

BAIR =0.79BN2 + 0.21BO2 = 0.244 (cal/g◦C)
MYAN =28AN2 + 32AO2 + 44ACO2

MAIR =28× 0.79 + 32× 0.21 = 28.8 (g/mol)
Evaporation heat of water 570 (cal/g)
H(t) partial pressure of water vapor (mmHg)
t temperature (◦C)

2) Parameters of environment:

thj atmospheric temperature (◦C)
ν3 relative humidity of atmosphere

3) Technological parameters:

U volumetric flow rate at the entrance (Nm3/h)
S0 SO2 initial concentration (ppm)
ηSO2 desulfurization rate (%)
W power of the electric discharge in the gas (kW

4) Characteristic parameters of the installations:

thy temperature of the trough of the generated liq
(◦C)
χgan heat dissipation coefficient of the dryer (cal/h◦C)
χh heat dissipation coefficient of the thermal chem
stage (cal/h◦C)
χr heat dissipation coefficient of the reactor (cal/h◦C)
U1 volumetric flow rate of the gas carried by the liq
spray (Nm3/h)
U2 the flow rate of the gas for protection of the
insulators (Nm3/h)
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(5) Control parameters of the technological process:

TCHU the temperature at the exit of the dryer, no less than
80◦C
β byproduct recovery rate of the dryer (%)
α concentration of the end liquid/concentration of
saturation
γ αβ

W1 weight of water in the solution drawn from the
end of the reactor per hour (kg/h) = 132.0US0ηSO2/(Cγ ×
22.4E4) [C = solubility of ammonium sulfate (700 g/kg
H2O),ηSO2 desulfurization rate (%), molar weight of ammo-
nium sulfate = 132 g/mol]
W2 water injected per hour (kg/h)>W5 + W1
W3 non-evaporated portion of the ijected water
(kg/h) =W5 + W1
W4 flow rate of water in the circulated solution

(kg/h)
W5 evaporated water from the circulated solution per
hour (kg/h) =W3 − W1

Six unknowns:

ν1 relative humidity of the gas at the exit of the dryer
TRU temperature of the flue gas at the entrance of the dryer
ν ed
T
T
ν r

1

2

3

4. Heat balance of the thermal chemical stage:(
(1 − AH2O)U × 103

22.4
MYANBYAN

+ AH2OU

22.4
18× 103BH2O

)
(tCHU − tf )

= χh[0.5(tCHU + tf ) − thj]

+ (W2 − W3) × 570× 103 + W2 × 103(tf − thj)

5. Water balance of the reactor:

AH2OU
18

22.4
+ W1 + W2 − W3 + W5

+ v3H(thj) × 18

760× 22.4
(U1 + U2) = vfwH(tfw)

760

×
(

18

22.4
(U + U1 + U2) + W1 + W2 − W3 + W5

)

6. Heat balance of the reactor:(
(1 − AH2O)U × 103

22.4
MYANBYAN + AH2OU

22.4
18

× 103BH2O + (W1 + W2 − W3) × 103BH2O

)
(tf − tfw)

R

tion,

l
hem.

eriod
unit at
IAEA-

s
) 1–8

te
OC-

-
1988)

na
nver,
2 the relative humidity of the gas after water is inject
f temperature at the entrance of the reactor (◦C)
fw temperature at the exit of the reactor (◦C)
fw relative humidity of the gas at the exit of the reacto

Six equations:

. Water balance of the dryer:

AH2OU(18/22.4) + W1

= ν1(H(tchu)/760)(U(18/22.4) + W1)

(the injected waterW1 is fully evaporated)

. Heat balance of the dryer:(
(1 − AH2O)U × 103

22.4
MYANBYAN

+ AH2OU

22.4
18× 103BH2O

)
(tRU − tCHU)

= χGAN[0.5(tRU + tCHU) − thj]

+ W1 × 103[570+ 1 × (tCHU − thj)]

. Water balance of the thermal chemical stage:

AH2OU
18

22.4
+ W1 + W2 − W3

= v2H(tf )

760

(
U

18

22.4
+ W1 + W2 − W3

)
(the injected waterW2 is partly evaporated)
+ 8.61× 105W = χf [0.5(tf + tfw) − thj]

+ W4 × 103[0.5(tf + tfw) − thj]

+
(

(760− ν3H(thj))(U1 + U2) × 103

760× 22.4
MAIRBAIR

+ ν3H(thj)

760× 22.4
18× 103(U1 + U2)BH2O

)
(tfw − thj)
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