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Summary

The paper presents a method of utilization of
cleaned sewage from flue gas wet
desulfurization treatment plant. For this
purpose a sewage injection system has been
designed and installed at the inlet of an ESP.
For a horizontal flue gas duct, the designated
operational parameters of the sewage injection
system, such as the permissible drop of
temperature, evaporation time of the sewage
drops, and the length of zone to complete
evaporation have been determined.
Preliminary studies have shown that an
injection of about 2.5 fth of liquid sewage
caused the flue gas temperature to decrease of
about 17-20C, without disturbing the
operational parameters of ESP. An increase of
ESP-precipitated dust particles modal diameter
from 16 to 88um after sewage injection has
been noticed, whereas the characteristic
chemical parameters of the dust have not been
altered. The experimental work on the dust
collection efficiency and dust emission, using
this test installation, will further be continued.

1. Introduction

Polish power generation industry is based
mainly on the combustion of hard and brown
coals that requires removal of dust (fly ash)
particles as well as nitrogen and sulfur oxides
from flue gases. Present Polish allowable
emission limits are 20 mgﬁg&) for particles
and 200 mg/My, for SO that requires
implementation of new high efficient devices
for the reduction of these pollutants. Usually
electrostatic precipitators (ESP) and wet flue
gas desulfurization (WFGD) systems are used
for this goal. However, WFGD installations
generate a large amount of liquid sewage
requiring further accurate cleaning.

One of the methods of liquid sewage
utilization may be the usage of the sewage as a
gas conditioning medium, injected upstream of
electrostatic precipitator (ESP). Flue gas
conditioning for electrostatic precipitation by
means of water or chemical compounds is well
known and often applied to mitigate problems
with the collection of high-resistivity dust
[1, 2]. Flue gas conditioning by humidification
and cooling results in a decrease of flue gas
volume and the reduction of dust resistivity
that improves collection efficiency of ESP.
The hitherto carried-out studies on the effect
of flue gas cooling and humidification on ESP
collection efficiency have shown a significant
increase of the collection efficiency [3, 4].

Current Polish Emission Standards limit the
yearly-averaged mercury concentration in
ambient air to 0.04g/m’>. Therefore, taking
into account the expected more stringent EU
requirements, cutting further the allowable air
pollution limits, also for small emission
sources (below 50 MYV it is necessary to
develop new methods and devices for the
reduction of emission of mercury and
respirable particles by industrial installations,
mainly coal fired power plants, which will
meet the new regulations (PM10 and PM2.5).
In near future, it will be the most difficult task
for Polish power industry, based on the
combustion of coal, which is the main source
of emission of those pollutants, to reduce the
emission. The content of mercury in polish
coals ranges from 30 to over 100§'kg, and
furthermore, the greater is the content of ash in
coal, the higher is the percentage of mercury
in it.

From the results of former studies on
different methods of reduction of mercury,
which had been tested in American power



industry, it can be concluded that the
following solutions are the most promising:
e activated carbon injection into flue gas [5],
e mercury removal in ESP by injection of

active sorbents (reagents) [6, 7],

» wet flue gas desulfurization supported by
different additional oxidizing substances

[8! 9]1
» flue gas cleaning by a sorbent covering

fabric filter (FF) material [8, 10].

At this time, the most advanced method of
mercury removal is activated carbon injected
into flue gasses upstream of ESP or ahead of
FF [5, 11]. The most frequently used sorbents
are activated carbon, Ca(QH)CaSiQ and
modified fly ash. However, all of the sorbents
have reduced collection efficiency of mercury
at temperatures above 2@

Moreover, the consumption of activated
carbon in this process significantly increases
costs of the production of electrical energy.
According to [11, 12], for a coal containing of
about 0.1ppm of mercury, by the cost of
activated carbon of ca. 1.0 $/kg the costs of
production of electric energy should be higher
of about 0.0004 $/kWh. It was also estimated
that the total costs of removal of 1 kg of
mercury from flue gas would be about 30 000-
85 000$%. For a power unit of 250 M\Waving
yearly emission of mercury of 65 kg, the
reduction of mercury emission by 50% would
result in a cost from 1 to 3 min$.

The oxidation of mercury considerably
improves mercury collection efficiency. Some
researches have considered the injection of
chlorine into boiler. However, such injection
has a negative effect on the furnace and other
elements of combustion and gas cleaning
installation, increasing their corrosion that
makes this method less attractive.

Taking into account all the above
mentioned problems, one should expect that
power plants will look after low-cost and high-
effective technologies of mercury emission
control. One of such technologies is that which
utilizes cleaned sewage from flue gas wet de-
sulphurization treatment plant, with the
addition of small amount of properly selected

mercury oxidants. Preliminary tests indicated
that this technology is a cheaper and more
effective solution for the reduction of mercury
emission into atmosphere. The #épns, after
reaction with an oxidant, form solid HgO
particles, which can be easily removed by ESP
together with fly ash particles.

In this paper, a novel design of
experimental installation for the utilization of
WFGD liquid sewage for flue gas

conditioning in an ESP is presented. This
solution has an important impact on ecology,
especially when a large amount of chlorides,
sulfates and heavy metals are contained in the
sewage. One of the important advantages of
this installation is its ability to the reductioh o
emission of mercury, which is released during
the coal-combustion process.

2. Experimental installation description

The investigated wet de-sulphurization

treatment plant (WFGD) is able to clean form

500 000 to 1 600 000m damp flue gasses,

having a temperature between 120 and®C40

Sewage generated in the de-sulphurization

process is lead to a sewage-treatment plant

comprising of the following sections:

* heavy metals neutralization and
precipitation,

» flocculation and separation of particles,

» de-watering of sewage sludge,

« final monitoring of cleaned sewage.

The sewage at the outlet of this installation
has the following parameters: pH=8.5;
chlorides content about 30 000 mg/dem
sulfates contents ca. 2000 mg/dcidowever,
the content of mercury and other heavy metals
compounds does not meet the clean-water
regulations. In order to utilize the liquid
sewage, a special technology installation,
schematically shown in Fig 1, has been
designed.

The liquid sewage is injected into flue gas
prior to entry to ESP, in horizontal part of
the flue gas ducts of cross sectioh
5.0 2.7 m and length of 7.0 m.
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Fig. 1. Diagram of liquid sewage injection systepstnieam of the inlet to ESP: 1 — boiler, 2 —
air preheater, 3 —-ESP, 4 —wet scrubber, 5 — fanpection system

In Fig. 2 are shown injection pipes assembled
in the inlet flue gas duct prior to ESP

Fig. 2. Injection pipes (lances) inside flue gas
duct

The installation comprises of liquid sewage
feeding system and injection system. In the
gas dust are fixed two injection pipes with 12
twin-fluid nozzles. Air needed for injection is
heated in a channel heater.

The cleaned liquid sewage from the WFGD
treatment plant injected to the duct prior to
ESP cools down the flue gas in the process of
complete evaporation of the liquid. It is
necessary to notice that the cooling process
should keep the flue gas temperature about 20-
40°C above the water dew point.

3. Estimation of injection installation

operational parameters

The spray apparatus wused for the
humidification of flue gas leaving a boiler can
be considered as a direct, non-membrane heat
exchanger operating in a setup: hot gasses —
sprayed liquid. The useable (active) volume, in
which the sprayed liquid evaporates
completely, can be determined from the
following equation:

Vo = Q/(k At )
where:
Q — the heat flux transferred from gas phase
to the sprayed liquid, W,
k,—the volume coefficient
penetration, W/(rHK),
Aty — average temperature difference (heat
penetration motive module), °C.
The heat flux transferred from hot gasses to
the sprayed liquidQ, is calculated from the
equation:

(1)

of heat

_m (v _u
Q‘ﬂ(l 't ) (2)
in which:
Coc — IS the liquid specific heat, J/(i0,
“ow. — IS water vapor enthalpy

corresponding to the temperature of flues
gas phasé's,, J/kg (of dry gas),

m, — is the mass flow rate of sprayed
liquid, kg/h,

t's —is the initial temperature of the liquid,
°C.



Water vapor enthalply” .. is described by the
relationship:

", =1970,, + 2493 3)

The length of heat exchanger zone
(evaporation zone) in a horizontal flue gas
duct is:

ap
where:
a, b — are the cross section dimensions of
the flue gas duct, m,
Fap — is the cross-section area of the flue
gas duct, rh
Volume coefficient of heat penetration of non-
membrane heat exchanger, in this specific case
for the horizontal flue gas duct, is:

k = 0{1165 + 5253](& tﬂ] (5)

m, 1000

where:

o —is an experimental coefficient of

proportionality (for a counter-current phase

flow a=1, and for co-flow phase=2),

my—is the mass flow rate of gaseous phase,

kag/h,

tagg — IS @n arithmetic average temperature

of gas in the duct, °C.
The average temperature difference (heat
penetration motive module) in an apparatus is
described by the equation:

At =—ta "l
avi —
’ In Ly —ty (6)
t2g =ty
where:

tig— initial temperature of the flue gas, °C,
tog — final temperature of the flue gas, °C,
tw — wet thermometer temperature, °C.
The average flue gas temperature in the liquid
evaporation zone may be calculated as:

— tl + t2
avg.g % (7)

Gas phase temperature after its humidification
in the flue gas duct can be determined from
the regression equation, derived by the authors
of this paper, based on a set of experimental
data obtained for the liquid evaporation
operational parameters specific to the
investigated installation:

t

_, 11563 001148 -001372
t,, =t [ 1 U

.. —0.13843 0.13087
Eng

(8)

Input data for an example calculation of
sewage evaporation apparatus are:
mass flow rate of hot flue gas (raw)
my, = 520 000 kg/h

- flue gas density at a temperature before
injection plane;o, =0.8543 kg/m,

- sewage mass flow rate before evaporator
m.= 2525 kg/h,

- sewage density, = 1010 kg/nf,

flue gas temperature before evaporator
(apparatus) tig = 140°C,

- humidity of flue gas before evaporator
apparatus:xyg =0.037 kg/kg (of dry flue
gas),

enthalpy of raw flue gas (before apparatus)
l1g = 243.85 kg (of dry flue gas),

flue gas velocity in the gas duct:
Wig = 12.45 m/s.

The results of calculation are
- heat flux:Q=1836x10° W,

- coefficient of heat penetration:
k,=2388 W/mK,
- average temperature difference:

Atay=111.73C,
- useable volume?,,=69.0 nf,
length of evaporation zonkz=5.11 m

The calculations have shown that the cross-
section of a horizontal duct should be
5.0x 2.7 m and its length of 5.11 m in order to
evaporate the sewage flowing from WFGD
with mass flow rate of 2525 kg/h, completely
after its injection into flue gas. In the
experimental installation under investigation,
the length of the duct is about 7.0 m.

The considered experimental installation of
sewage injection has been assembled on a real
power plant upstream of an electrostatic
precipitator. The primary parameters for that
installation will be as follows: temperature of
flue gasses after injection zone (and complete
evaporation of sewages in flue gas) should be
127.7C; flue gas humidity will be
0.042 kg/kgry gas and evaporation time for
drops with maximal diameter of 14®n will
be ca. 0.41 s.



4. Sewage injection upstream of ESP -
primary results

The presented technological installation
(Fig. 1) is an original solution for utilization of
cleaned liquid sewage from WFGD. The
installation has been built at the entrance to a
two-sectional, electrostatic precipitator (ESP)
with three serial zones. Its basic parameters
are as follows: active length of electric field
3 x 3.5m; active height 14 m; gas duct width
300 mm; and designed efficiency of 99.86%.
The ESP is provided to clean flue gasses from
a steam boiler co-fired with hard coal and
biomass (up to 10%).

There are two inlet gas ducts and four
outlet gas ducts. Measurements were carried
out on the left ESP section and basic flue gas
parameters are listed in Table 1.

Table 1. The results of the measurement gas
flow before the ESP

Parameter | Symbol| Unit .V.V/O .W'th
inject. | inject.
Boiler capacity] Qg MW 140 140
g| Steam T. | cc | 202 | 292
5 temperature
Steam volume| Vg t/h 422 422
Flue gas t, | °C | 133 | 113
temperature
Stat. pressure P« hPa | -18.0 -17.0
Oxygen Uoz % 8.7 8.5
@ Humidity X kg/kg| 0.030 | 0.042
% Flue_ gascross| 2 13.5 135
section
2| Flue gas
= . w m/s 9.06 9.42
7 | velocity
8 | Flue gas flow -
Q 3
= | rate (actual) V, m*/h | 440 316 457 860
Flue gas flow Vv 3
rate (STP)) p m/h | 291 107 297 868
Flue gas flow | .
rate (STP dry | Vepag. | m¥h | 277 163 280 900
gas))
During the operation of experimental

installation, sewage has been injected into two
ducts of raw flue gas by means ok 2 lances
with a total flow rate of 5-6 fth. The flue gas
temperature had stabilized at a level of T13
after an hour of sewage injection, without
disturbing the operation of ESP.

Samples of fly ash precipitated in ESP were
taken before and during the test runs in order
to determine the fly ash electric resistivity, its
chemical composition and size distribution.

Fig. 4 presents the size distribution of fly ash
collected from the first collection zone of the

ESP during the tests with and also without
sewage injection. It can be noticed from the
characteristics shown in Figs. 4a and 4b that
sewage injection into flue gas significantly

influences the size distribution of fly ash

particles.
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Fig. 4. Fly ash size distribution of samples
taken from ESP first zone of precipitator; a)
volume size distribution, b) cumulative
volume size distribution.

The fly ash collected from the first zone of
ESP has more coarse particles when sewage
injection is applied. The modal diameter of the
particles increases fromdy,=16um to
Orex=88um for the samples from the ESP
operating without and with sewage injection,
respectively. Similarly, the median diameter
increases frondlsp=24 um to dsp=52 um.



Table 2 shows selected results of
physicochemical analysis of fly ash for these
two cases. The fly ash samples were analyzed
by X-ray fluorescence method in order to
determine their elemental composition. Also
fly ash samples were tested for its electric
resistivity measured at a temperature df0

Table2. Fly ash samples chemical
composition and electric resistivity
Intake point
Parameter | Unit9as ductgas duct hopper
(w/o (with | (with
injection)injection)injection
FeOs % 3.71 3.62 3.42
SGO; % 0.69 0.94 0.68
CaO % 1.88 5.06 3.15
SiO, % | 47.68 43.78 49.18
Al,03 % 32.00 25.69 29.71
NaO % 2.91 2.17 2.80
MgO % | 2.41 3.80 3.17
K20 % 2.22 2.89 2.78
TiO> % 0.82 0.73 0.74
P,Os % - - -
Unburned | % 5.10 8.24 3.86
carbon
Resistivity |Q@m 7.1x10° | 6.8<10° | 7.0x10°

The analysis has not shown significant
differences of the fly ash chemical
composition when sewage injection was
applied and without it. The average content of
fy —ash primary components, i.e.,
aluminosilicates AlO3; & SIiO; is in the range
of 25-32% and 4449%, respectively, which
are typical values for fly ash after PC boilers.
The content of alkaline earth metals CaO +
MgO in fly ash samples has been between 4
and 8%, and the content of alkaline oxides
K20 + NgO of about 5%. The first two
components contribute to an increase in
resistivity of fly ash, but their total percentage
in the tested samples was too low to influence
the resistivity significantly. On the other hand,
the content of alkaline oxides above 2% favors
an increase in bulk conductivity of fly ash.

The results of measurements of fly ash
resistivity in laboratory tests have not shown
any influence of the sewage injection into flue
gas upstream of ESP on the resistivity of
precipitated particles. Likewise, alkaline earth
metals CaO + MgO and alkaline oxides
K20 + NgO are of similar percentage in the
tested fly ash samples like in PC boiler fly ash.

5. Summary
An experimental installation for sewage
injection into flue gas prior to entry into ESP
was used for the utilization of cleaned sewage
from WFGD. The tested installation has met
the expected assumptions regarding its
operation.

It may be concluded that:

- sewage injection effectively contributes to
fly ash particles agglomeration that results
in increased collection efficiency of ESP.

- basic chemical composition and resistivity
of fly ash have not been changed after
sewage injections into flue gasses upstream
of ESP.

These preliminary results needs further
studies for their verification, especially the
dependence of fly ash size distributions and
ESP collection efficiencies on different
operational parameters of ESP and the
injection installation. The studies and tests of
the experimental sewage injection installation
will be continued in order to optimize its
operational parameters and to reduce sewage
cleaning requirements, or even, in particular
cases, entirely eliminate the sewage cleaning.
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