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EXECUTIVE SUMMARY

The emission of environmental pollutants such as sulphur dioxide (SO,) and nitrogen oxides
(NO)) into the atmosphere from heavy industnal activity, and in particular frem fossil fuel burning,
is arousing concemn. These pollutant are the main cause for acid rain, which harms forests, farmland
and lakes. A number of countries around the world have already imposed emission limits to reduce
arr pollution. Also the "Agenda 21" adopted at the Rio Conference in June 1992 for environmental
conservation, is being followed by many countries and international organizations. Such policies have
generated renewed interest in finding viable and cost-effective solutions to SO, and NO, pollution
control. The scientific finding and engineering developments of the past 20 years in the field of
radiation technology indicate that one such needed solution is available as an alternative to
conventional technologies.

The electron beam (EB) - flue gas cleaning process was developed in Japan, later in USA,
Germany and Poland. The main technical advantages of the process are:

- high removal efficiencies for SO, and NO_,
- production of a usable product (fertilizer),
- simple process design,

- no waste water.

Several large pilot plants were built and operated during the eighties. These projects proofed,
that the EB - process was feasible and safe to operate. According to several sources the process costs
were estimated in the same range or even lower than present technology if the investment costs for
the electron accelerators would become significantly low~r and suitable flue gas conditions were
chosen.

This technology, the electron beam dry scrubbing process is proposed to be employed at the
Pomorzany Electnic Power Station in Poland for the simultaneous removal of SO, and NO, from flue
gases emitted by the Benson boilers.

The boilers were manufactured by Babcock - Wilcox Company at Oberhausen Germany in
1959/60 and were reconstructed in 1979. Each boiler has 142.5 MW, power output. The boiler is
connected with turbine and operating at combined cycle and has power output 56 MW, and 50 MW,
After planed reconstruction of turbines which it is intended in 1988, the output will increase to 68
MW, and 100 MW, Annual operating time is 6500 h/year of equivalent to full - load operation.

Boilers fire pulverized bituminous coal that has the following characteristics:

Caloric value 22820 kl/kg
Sulfur content 0.72 + 0.8%
Ash content 21.8%

Moisture content 7.8%

The boilers are equipped with modern flue-gas dedusting systems employing four - zone
clectrostatic precipitators, for which efticiency of removal of fly ash is equals 99.8%. Maximum
volumetric flow of flue fases from one boiler is 270 000 Nm'/h.




Emitted stream of flue gases after treatment in the ESP contains:

SO, 1.1 g/Nm’
NO, 0.6 g/Nm’
0, 7 - 8% vol.
Cco, 8% vol.
Cco 0% vol.

N, to balance
fly ash 0.08 g/Nm’

humidity 5% vol.
The temperature ranges from 145°C to 170°C.
For design purpouses the temperature of flue gas after ESP has been assumed as 145°C.

According to the Polish Mimistry of Environmental Protection regulation enacted on
12.02.1990 existing plants such as the EPS Pomorzany after the year 1997 will have a permissable
emission of SO, of 870 g/GJ of the boiler heat input and NO, of 170 g/GJ.

The abave national standards allow an hourly emission from each Benson boiler of 8§55 kg
SO, and 160 kg NO, as NO, equivalent.

After a detailed analysis it was decided to design and construct the electron-beam installation
treating a maximum 270 000 Nm*/h stream flow of flue gas.

The EB Pomorzany flue gas treatment installation has been designed for the station rated
output reached after retrofit.

High concentration of NO, and relatively low content of SO, in flue gas emitted from Benson
boilers establish the specific conditions for flue gas treatment required in continuous operation. The
parameters of E-B process are chosen so as to guarantee efficiency of removal ot NO, up to 80% and
of up 70% SO, in continuous operation of the installation. For intermittent operation up to 80%
removal of NO, and 90% reduction of SO, are expected.

Duning continuous operation the electron-beam induced reaction will take place in the process
vessel at a higher temperature than that which would be selected for the more typical high removal
case (90% SO,, 80% NO,). The conceptual system arrangement of this situation is shown in Fig. 1.

The main technical parameters and composition of flue gases in the Pomorzany E-Beam
installation are shown in Table 1.

A two-process-train design is proposed with each train processing max. 135 000 Nm'/h of flue
gas. This solution was selected because of existing building space limitation. The flue gac containing
particulate, SO, and NO, enters the existing electrostatic precipitator (ESP) at a design temperature
of 145°C and fly ash is efficiently removed. The gas then passes through an evaporative spray cooler
to achieve 80°C process temperature in a adiabatic ccoling (with the water vapour content up to 11%
volume).

After this humidification step the flue gas flows into the irradiation chamber to be
accomodated in the existing building that formerly housed multi-cyclone dust collectors (two parailel
compartments). This building arrangement is to be generally reconstructed.

At the inlet to irradiation chamber the gaseous ammonia reagent is added to the flue gas via
nozzles mounted at the site of the duct.

The ammonia storage facility will be placed at the railroad siding serving the power plant. In
each irradiation chamber flue gas is treated by beams of high energy electrons emitted by two
accelerator heads each of 300 kW power rating. By-product collection is achieved in a dry ESP of
special design.




After the by-product collection, it will be transported to plant storage and will be loaded and
shipped to buyers.

The treated stream of flue gas will be mixed with dedusted. untreated stream The
proportioning of these streams will be such as to do not harm the existing stack, by acid attack. This
required minimum stack temperature i1s 110°C. There is no need to provide the special anticorrosion
protection of the stack.

The Table 2 shows the main design parameters of the EB Pomorzany installation.

To facilitate the basic engineenng design the EB Process has been divided into the following

major sub-systems.

Flue Gas Cooling System

Flue gas exiting the ESP at a temperature 145°C is cooled to 80°C in a spray cooler, where
atomized water is injected into flue gas stream by means dual fluid air-water nozzles. The spray cooler
1s operated with a dry bottom, 1.e. all of the water injected into the flue gas 1s evaporated - Fig. 2.

Reagent Handling System

Anhydraus ammonta is delivered to the plant by truck or rail and stored in 4 tanks, total
capacity 220 m®. At ambient temperature tanks can contein 13.4 - 15 t of liquid ammonia. which is
equal monthly demend. The ammonia is then vapornized using electrical heating. To ensure good
distnibution n the flue gas duct, ammonia 1s distributed using a multi-nozzle assembly configured as
a gnd in the flue gas duct. The ammonia 1s injected after the spray cooler at a flue gas temperature
of approximately 80°C - Fig. 3.

SO, - NO, Removal System

In the E-Beam Process vessel flue gas containing SO,, NO_ and NH, 1s irradiated by high-
energy electron beams generated by two accelerator-guns 300 kW each (800 keV x 375 mA) that are
installed on the process vessel in series in respect to the gas stream flow.
A radiation dosage of 12 kGy was chosen for removals of 70% SO, and 80% NO, based upon pilot
plant data.

The E-Beam units are enclosed in a concrete structure to that ensure no radiation is emitted
to the external surroundings.In order to minimize the volume of concrete, the entire system is partially
underground to use the shielding effect of the surrounding soil - Fig. 4.

By-product Collection System

The flue gas 1s passed through the by-product collection system. An ESP 1s proposed to
capture the by-product with the particulate emission of less than 20 mg/Nm®. By-products collected
in the ESP are transferred to the buffer storage. Production of 700 kg/h is anticipated. Typically. the

by-product will contain 70% ammonium sulfate, 26% ammonium nitrate, 2% inert solids (fly ash) and
2% humidity.

Flue Gas System

Flue gas leaving the ESP passes through the spray cooler, E-beam vessels, and by-product
ESP. All the ducts connecting this equipment are part of the flue gas system. An ID fan (550 kW,
374 400 Nm'/h x 2600 Pa) downstream of the by-product ESP provides sufficient draft to overcome
the entire pressure loss of the system.

|




Electiical power supply

The electrical consumers in the Pomorzany E-B Demonstration Install: ‘on will be supplied
by two o keV cables coming from the existing transformer station. The scheme of the connection is
given in Fig. 5. In the Table 3 there is presented the electric power demand.

Measuring, monitoring and constrol system (MMCS)

The scheme of the MMCS is shown on Fig. 6,7. The monitoring and control system will have
a distnibuted structure. This means that the computers and modular measuring units of the individual
technological systems, situated in the different places, will be connected together by a common serial
bus.

The modular-microprocessor units, situated in cassettes (measuring units) realize under the
control of the central computer, the control functions related to the following technological systems:
- inlet of the flue gas to the E-Beam installation
- humidification (dosage of water, water steam, and compressed air)

- ammonmia dosage

-accelerators and a process vessel

- by-product electrostatic precipitator (ESP)
-system of the final product transfer

- ventilating system

- outlet system

- environmental monitoring system.

The microprocessor units situated in the cassettes will allow the measurement. control and
stabilization of the parameters of the individual process systems.




Table 1. Technical parameters and composition of process streams at key points of the EB installation.

Stream No. 1 2 3 4 5 6 7 8
System gas Spray cooler | Reaction Plant outlet Spray water | Compressed | NH, By-product
inlet outlet chamber air

outlet

N, 80% vol. 75% vol. 75% vol. 75% vol.

0, 7% vol. 6.6% vol. 6.6% vol. 6.6%% vol.

CO, 8% vol. 7.4% vol. 7.4% vol. 7.4% vol.

SO, 1.1 g/Nm? 1.03 g/Nm’ 0.31 g/Nm’ {031 g/Nm'

NO, 0.6 g/Nm’ 0.57 g/Nm’ 0.12g/Nm*® | 0.12 ¢/Nm’

NH, 0 0 0.03 g/Nm® | 0.03 g/Nm’

H.O 5% vol. 11% vol. 11% vol. 11% vol. max 13.5th | 2100 Nm*h 180 kg/h 700 kg/h

(\H,),S0, 0 0 490 kg/h 0.025 g/Nm?

NH,NO, 0 0 175 ke/h 0.01 g/Nm’

Pressed air 0 0 0 0

Fly ash 0.08 &/Nm® |0.06 g/Nm® |2.45g/Nm® |0.04 g/Nm’

Flue gas 270 000 284 000 284 000 284 000
N:n’/h Nm’/h Nm*/h Nm'/h

Gas temp. 145°C 80°C 90°C 90°C
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Table 2. Design basis for the E-B installation at EPS Pomorzany.

Continuous operation

Intermittent operation

FLUE GAS COOLING SYSTEM

Inlet Temperature of Spray Cooler 145°C 145°C
Outlet Temperature of Spray Cooler 80°C 65°C
Water Flow Rate to Soray Cooler max 13.5 t/h max 13 S t/h
Mode of Opera:ion dry bottom dry tottom
REAGENT HANDLING SYSTEM

Ammonia Storage 15t 15t
Injection Mode gas phase gas phase
Evaporation Media electricity electricity
Ammonia Flow Rate 180 kg/h 200 kg/h
SO, - NO, REMOVAL SYSTEM

SO, Removal 70% 90%

NO, Removal 80% 80%
E-Beam Power Dose 12 kGy 12 kGy
E-Beam System

Required E-Beam Gun Output 1334 kW 1334 kW
Installed E-Beam Gun Output Capacity 1848 kW 1848 kW
Accelerator (800 kV x 375 x mA x 300 kW)

Inlet Gas Temperature 80°C 08¢

Outlet Gas Temperatu:e 20°C AXS
Pressure Drop in Vessel 15 mm H,0 15 mm 1.0
BY-PRODUCT COLLECTiON AND

HANDLING SYSTEM

Collector Type ESP

Removal Efficiency 98.5% 98 5%
Particulate at Inlet to Flue Gas Reheat Mixef < 20 mg/Nm’ <20 mg/Nm’
Exhaust Temperature Loading at Inlet to

Flue Gas Reheat Mixer 90°C 80°C
By-product Yield 700 kg/h 720 kg/h
By-product Storage Root Storage 5 months 5 months
Mode of Transport track track




Table 3. Electric energy consumption.

P P cos@ Q D S
Load Switch. | installed | simul. op.
Voltage Gear kW kW - kVAr { kVA | kVA
Accelerators oS 1334 1334 0.9 727 688 1688
6 kV |Main Fan 0S 550 550 0.9 266 0 611
Total 1884 1884 993 638 2299
Technological Equipment for Accel. 1S 3564 214 0.8 160 0 268
Light 2S 10 8 1 0 6 10
Fans and Pumps associated with Accel. S 148 100 08 25 0 125
Electrostatic precipitator 4S8 92 92 09 45 83 120
Motors assoc. with ESP (14+2+42+42+2) 4S 18.6 10 08 715 0 13
0.4 kV | Heaters associated with ESP 45 100 87 09 65 0 109
By-product management 45, 65 70 65 08 49 0 81
Flue gas humidification 4S 330 220 08 165 0 275
Ammonia storage and Jdosing unit 58 30 90 08 68 0 113
Measurement & Control 25 25 20 1 0 8 22
Total 1150 906 590 77 1084
Total pover 3034 2790 1583 765 3298

P - active power
Q - fundamental harmonic reactive power

D - deactive power (associated with non-sinusoidal current wave forms)

S - apparent power




Investment cost

As an outcome of mitial financial and economic analysis the investment cost has been

estimated as per Table 4.

Table 4. Investment cost specification.

| Total cost in
i Ordinal Specification of objects, work and thousand Portion
number expenditures USD %
1 2 3 4
1. Accelerators 2 900 14,57
2. Flue gas humidification tower 600 3,02
3. Reaction chambers - reaction units 500 2.51
4. Electrostatic precipitator 4110 20,65
5. Booster fan 190 0,95
6. By-product handling system 840 4,22
7. Ammonia storage and dosing unit 830 4.17
8. Measuring, monitoring, and control system 1 500 7.53
9. | Refurbishment of accelerator building 1 100 5.531
10. | Radiation shield walls of accelerators and of 400 2,01
reaction chambers
11. | Ventilation system for accelerator building 200 1,01
12. | Accelerator cooling system 150 0.76
13. | Sygmalling system of accelerator operation 100 0,50
14. | Lightiry system of accelerators building 80 0,40
15. | Electnical power supply 710 3,56
16.  |Flue gas ducts, complete with connections and 1200 6,03
support structures :
17. | Process water pumping system 10 0,05
18. | Compressed air system 230 1,16
19. | Documentation, supervision 1350 6,78
20. |Training 200 1,01
21. |Commisioning 200 1,01
22. | General civil engineering contracting; supervision 700 3,52
on site
23. Total 18 100 90.95
24. {Reserve 1 800 9,05
25. Total 19 900 100,0

* The cost of ESP has been estimated on the basis of the quotation submitted by ABB FLAKT




Sources and time schedule of financing

The sources of financial support for capital funding of the Pomorzany Demonstration E-B

Installation are presented as follow:

- 36% of investment cost: grant from IAEA,

- 30% of investment cost: own resources of investor,

- 24% of mvestment cost: commercial credit, intrest rate 14%, 5 years,

-10% of investment cost: credit from National Foundation of Environment Protection (Poland).
intrest rate 6%, 5 years.

Timeschedule of financing:

(in thousand USD)
Item | Specification 1996 1997 1998 Total
1 Grant from JAEA 7200 7200
2 Own resources 995 995 3980 5970
3 Commercial credit 4740 4740
4 Credit from NFoEP 995 995 1990
Total | 995 13930 4975 19900
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Fig. 5. SCHEME OF THE MEASUREMENT POINTS
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Fig. 7. COMPUTER CONTROL SYSTEM
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PREFACE

The emission of environmental pollutants such as sulphur dioxide (SO,) and nitrogen
oxides (NO,) into the atmosphere from heavy industrial activity, and in particular from fossil
fuel burning, is arousing concern. These pollutant are the main cause for acid rain,
which harms forests, farmland and lakes. A number of countries around the world have
already imposed emission limits to reduce air pollution. Also the "Agenda 21" adopted at the
Rio Conference in June 1992 for environmental conservation, is being followed by many
countries and international organizations. Such policics have generated renewed interest in
finding viable and cost-effective solutions to SO, and NO, pollution control. The scientific
finding and engineering developments of the past 20 years in the field of radiation technology
indicate that one such needed solution is available as an alternative to conventional
technologies.

This technology, the electron beam dry scrubbing process is proposed to be employed at the
Pomorzany Electric Power Station in Poland for the simultaneous removal of SO, and NO,.

After preparation of Feasibility Study for Industrnial Demonstration Plant of Electron-Beam
Process for Flue Gas Treatment at the Electric Power Station Pomorzany, in August 1993,
the next step in industnal application of E-B technology is a more deatiled specification and
description of component elements of this installation i.e. Basic Engineering Study.

This document utilizes expirience and data gained via pilot plants in Japan, USA, Germany
and Poland. The experimental runs carried out in these plant confirmed high efficiency of
simultaneous removal of SO, and NO, from flue gases. The by-product obtained is fertilizer
blending stock useful in agriculture.

Economic comparison of E-B technology with other methods of flue gas treatment has
shown its advantages.

The main system components gas-process flow diagram are:

1. flue gas conditioning system

2. ammomia supply system

3. SO,/NO, removal system (reactor)

4. by-product recovery system (dedusting of gases, handling and storage of by-product)
Basic Engineering will be prepared as a description of apparatuses, their construction and
operation each lied to experimental data from pilot plant operation.

The Basic Engineering herein will consist of the following details:

. Process technology description

. Flue gas conditioning

. Ammonia supply system

. Reactor chamber unit

. By-product recovery system

. Product removal from filter, its transportation and confectioning

. Flue gas duct system and stack discharge

. Monitoring and control systems

. Electric power supply units

10. Appended documentation

11. Material and energy balance
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1. PROCESS FUNDAMENTALS AND SURVEY OF STUDY WORK TO
DATE

1.1. Physico-chemical process principles

High-energy electrons, when moving in a gas , form hundreds of ions and free radicals along
their path of motion. Amount of electron energy absorbed by the various components of such
gas of mixed form is proportional to their mass fraction. Hence, in the case of flue gas more
than 90% of electron energy is absorbed by nitrogen, oxygen, water vapour and carbon
dioxide.

Process radiolytic effectiveness is characterized by the G coefficient, defined as the number
of chemical molecules formed (positive values of G) or destroyed (negative values of G) after
absorption by a gas of energy equal to 100 eV.

The following equations express the process stoichiometry based on this effectiveness.

443N, 100 eV 0.29 N,* + 0.885 N(D) + 0.295 N(*P) (1)
- +187N(*S)+227N, +0.69N' +29 ¢

53770, 100 eV 0.077 0,* + 2.25 O('D) + 2.8 OC’P) 2)
-  +0180*+2070,+1230°+33¢

733 H,0 100 eV 051 H,+0460(CP)+4250H+4.15H (3)
— +199H,0"+0.01 H,; +0.57OH" + 0.67H’
+0060° +33¢

7.54 CO, 100 eV 472CO+5.16 OCP) + 224 CO, +0.51 CO’ (4)
— +007C +0210"+3.03 ¢

From the G - values given by the above equations it follows that the G - value of the process is
in the range of 6 £ 2.

The acidic pollutants SO, and NO, are present at low concentrations in flue gas (e.g. SO, up to
3000 ppm, NO, up to 500 ppm), the energy transfer process is indirect as is illustrated by the
following pathway:

gas matnix (N,, O,, H,0, CO,) = ions, excited states of molecules,radicals = products (5)

During simultaneous removal of SO, and NO, from flue gas from coal combustion the values of
G reach 20 in single stage irradiation.

The above given values are somewhat higher than those indicated earlier, showing that, apart
from irradiation reactions, other chemical processes can take place, stimulated by appropriate
physico-chemical system parameters. On the other hand, the achievable irradiation effectiveness in
the system gives evidence that no chain reactions are possible since the latter would lead to G
values of the order of magnitude of one thousand.

lons formed as a result of an interaction of electrons with gas molecules react very rapidly with
the predominant components of the gas matnx. This results in a redistribution of the absorbed
energy so that the traces of the primary radiolytic reactions become extinet very rapidly The
charge transfer reaction between positive charge ions and molecules are most relevant in this
redistribution.




Besides a simple charge transfer. many reactions of positive charge 1ons and molecules are
coupled with dissociation of the one or both reaction components. leading to the tormation of
neutral radicals Thus, the reacticns connected with positive charge transter are the most relevant
source of radicals in the electron beam processing for flue gas treatment [1. 2. 3].

The most reactive is the OH radical. formed at the rate of hundreds of ppm/s at the dose rate of
10 kGy/s. About 90%5 of OH forms as a result of the charge transfer reactions between posive
ions and molecules. while only 10% are the result of direct decomposition of water vapour.

The overall rate of radicals formation is dependent on the dose rate, an increase in which results
in higher process efficiency.

The formed radicals are reactive with respect to the matrix gases to a very small degree.
They are, however, accessible for the desired decomposition and removal of the gaseous
pollutants. The only exception is hydrogen atoms, which directly bond with oxygen producing
HO, radicals. For a change, this radical reacts selectively at a high rate with NO yielding NO,
and OH. The oxygen atom bonds relatively slowly with molecular oxygen forming ozone,
which is used to oxidize NO and other pollutants.

The OH radical plays a key role in simultaneous removal of NO, and SO, from flue gas. It is
indispensable in forming sulfunc and mitric acid molecules, and in initiating their aerosol
production. While OH is very reactive, four main trace components compete in bringing about
its consumption:

NO + OH + M — HNO, + M k, - [M] = 4- 10" cm¥/sec (6)
NO, + OH + M — NHO, + M k.- [M] = 9- 10™ cmYsec 7
SO,+0OH+M — HSO,+M ky-[M] = 7- 10" cmYsec (8)
NH,+OH — NH,+H,0 k, =3- 10" cm'/sec (9)

The given reaction rate constants correspond to 1 bar pressure and 350 K temperature The
competition is very intensive since the differences in reaction rates are levelled off by the
influence of tie reagent concentration.

The most important conclusions resulting from an analysis of the above considered reactions
are as follows:

- reaction (6) is only partially effective in removal of NO since as a result of heterogeneous
reactions a fraction of nitrous acid decomposes into NO and NO.,,

- reaction (7) is the most important source of nitric acid and further - ammonium nitrate,

- reaction (8) induces the rapid reaction HSO, + O, = SO, + HO,, which causes a nucleation
of the sulfuric acid mist in presence of water vapour. Such a reaction sequence resulting in
substitution of a OH radical by a HO, radical, necessary for NO oxidation, gives evidence
that presence of SO, in a gaseous mixture positively affects NO, removal,

- as a result of reaction (9) OH radicals are substituted by NH, radicals, exhibiting chemical
reduction properties with respect to NO.

While SO, can be removed only by its oxidation to the sulfuric acid radical. removal of NO,
is accomplished both by oxidation as well as by reduction. Nitrogen atoms and NH, radicals
<an reduce NO, to two stable gaseous products - molecular nitrogen and nitrous oxide




NO +N
NO + NH,

NO,+N

NO, + NH,

~N,+0
—~ N, +H,0
—+N,0+0

- N,0 +H,0

(10)
(1n
(12}

(13)

In order to produce N,O the reaction (13) is more important than the reaction (12), so the
N,O emission can be controlled by an appropriately controlied rate of ammonia injection.
Balance of nitrogen usuaily shows a deficit amounting to up to 20% of the initial NO
concentration, dependirg on the process conditions. The phenomenon of molecular nitrogen
formation has been veritied by application of the isotopic tracer N-15 [2, 4].

The above described reaction path of NO, removal is frequently disrupted by decomposition
of the intermediate compounds. The most significant reaction of this type is

NO,+0 - NO + 0, (14)

This reaction results in a non-linearity of the relationships quantifying NO, removal as a
function of the irradiation dose. Formation of the intermediate product HNO, has been
expenmentally verified [S], however, the amount of its generation was less than that predicted
from the model calculations [6].

Main reactions leading to SO, and NO, removal from flue gases are displayed in Figs | and
2[71
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These mechanisms do not account for mass transfer. The process of the reaction product
removal is affected by absorption and adsorption, disolution etc. These phenomena are
strongly exhibited under operating conditions closely matching optimal values of process
parameters, 1.e. at 60-70°C and high absolute humidity (over 10% vol. of water vapour) [8]
Oxidation reactions of S0, are catalyzed at the interfacial surface [9].

1.2. Effect of process parameters on SO, removal effectiveness

From the discussion presented in the chapter dealing with the process mechanism one can

conclude that the overall SO, removal effectiveness is affected by two factors:
- thermal reactions and

- reactions induced by irradiation:
150, =1, (¢, T)+ 1, (D, tyyy, T) (15)

The yield of the thermal reaction is then determined by gas humidity and temperature T.
Depending upon the process conditions this value may reach 20-70%

It should be pointed out that without electron beam irradiation sulfites are also formated in
the gaseous mixture (Fig. 3).
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Fig. 3. Effect of thermal reaction on S0, removal process [JAERI].

Initial Concentration of Water-
0% (@), 3% (V), 5% (0), 7% (e), 10% (@), 15% (©), 20% (a).
Initial Concentrations:

SO, (600 ppm), NH, (1200 ppm), NO (°25 ppm), O, (10%) and N, (Balance).

In the presence of irradiation their rapid oxidation takes place.
An effect of temperature on SO, removal is illustrated in Fig 4.
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Fig. 4. Effect of temperature on the SO, removal process.
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At the sutable process conditions SO, removal effectiveness over 95% is achievable at a
moderate beam power (9 kGy) as is shown in Fig S.
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Fig. 5. Dependence of SO, removal efficiency at dose in temperature of e-b process equal 65°C
and 70°C {JAERI].

However, it should be stresse that the ammonia stoichiometric factor will predominantly affect
the SO, removal from the outlet gas (Fig. 6).
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Also great influence of gas humidity on the SO, removal effectiveness is observed (Fig. 7).
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Fig. 7. Dependence of SO, removal effectiveness on water vapour content in the flue gas.

In practice, in order to attain the SO, removal effectiveness higher than 90%, it is necessary
to humidify gases up to humidity corresponding to 10% vol. of water vapour

The investigations of removal SO, and NO, with high humidity of flue gases achieved 10-
12% vol. of water vapour content confirmed 95-98% :emoval efficiency of SO, In Figs. 8, 9,
the dependency the removal efficiency of SO, on process parameters are shown.
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1.3. Effect of process parameters on NU, removal effectiveness

In contrast to SO,, removal of NO, occurs mainly as result of electron interaction and initial
NO, concentration. Such a dependence presented in Fig. 10.

An effect of temperature on NO, removal effectiveness is shightly different than that for SO,. In
the range 60-85°C we can observe a small increase of the NO, removal effectiveness (Fig 11).

A value of the ammonia stoichiometric factor in the range 0.5 - 0.85 does not influence greatly
on the NO, removal effectiveness (cf. Fig 6).

An inlet SO, concentration also influence the NO, removal effectivencss. With the increasing
concentration of SO, the NO, removal effectiveness is higher, hence the energy demand drops
This phenomenon is illustrated in Fig. 12,
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1.4. Studies of formation and filtration of the solid product
Aerosol characteristics

As a result of flue gas irradiation by an electron beam, due to a number of possible reactions
ammonium salts such as (NH,),SO,, and NH,NO, will be generated.

The salts generated condense mainly as submicron aerosols. Particles of fly ash are also
present in the salts which amount depends mainly on the type of combustioned coal and dust
removal effectiveness in the electrostaticprecipitator limits. The amount of the generated 57 ...
depends mainly on the SO, and NO, content in the flue gases and their further conversion The

resuits of the fractional composition of aerosols are presented in Fig. 13,
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Salts, mainly ammonium sulfate, form submicron particles (Fig. 14).
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LS. Effect of new design developments on SC, and NO, removal effectiveness

Application of a multiple irradiation of flue gases with an electron beam enabled to achieve
high degrees of NO, removal at about 20% lower energy demand (dose) for the reactions

taking place as compared with a single stage exposition process. This dependence is presented
in Fig. 14 [10].
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Deeper analysis of the multistage process of the flue gases exposition by an electron beam
revealed that in the case of NO, removal non-uniform power distribution of the accelerators at
the successive stages will provide further energy savings [11].

- for two-stage gas exposition by an electron beam the optimal ratio of the dose distribution is

0.56/0.44

- for three-stage irradiation: 0.394/0.332/0.274.

The experiments have confirmed theoretical computations, and the results are shown in Fig.
16. However, the energy savings are not so significant as in the case of substitution of a
single-stage irradiation by a two-stage one (Fig. 17).
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2. SURVEY OF RESEARCH ON ELECTRON BEAM APPLICATION
FOR FLUE GAS CLEANING IN REMOVAL OF SO, AND NO,

2.1. Pilot plants for cleaning of flue gas originating from (oal combustion

Apart from the laboratory-scale research carmed out at JAERI, Takasaki, Japan [12], INR
AS, Shanghai, China [13], IPEN, Sao Paulo, Brasil [14], TU, Karlsruhe, Germany [15]. scme
work has been carried out in small pilot plants at volumetric gas flow rates up to 1000 Nm'h
by Ebara Co., Fujisawa, Japan [16] and KfK, Karlsruhe, Germany [17].

Scaling-up of the flue gases cleaning process is only possible after collecting relevant
experimental data in a large, proof-of-concept, pilot plant with volumetnc flow rate exceeding
10 000 Nm*h As far as cleaning of flue gas from coal combustion is concerned, such
installations have been built in the world: Indianapolis, USA [18], Badenwerk, Karlsruhe,
Germany [19], Kawgczyn Poland [20] and Chubu, Nagoya, Japan [21]. A summary of the
main features of these installations is presented in Table 1 [22].

Table 1. Proof-of-concept size pilot plants for cleaning flue gas from coal combustion

Institution Volumetric gas Accelerator Inlet Process
Period flow rate concentration temperature
Nm’/h SO,/NO, ppm °C
Ebara 8-24-10° 800 keV 1000/400 65-150
Indianapolis 2 x 80 kW
1984-1988 = 160 kW
Badenwerk 10-20-10° 300 keV 50/500 70-100
Karlsruhe 2x90 kW 300/300
1985-1987 = 180 kW
Ebara, JAERI 12:0° 800 keV 800-1000 65-75
Chubu 3x36kW 150-300
1992-1994 — 108 kW
EPS Kawgczyn, 20-10° 700 keV 200-600 60-120
INCT Warsaw 2x50kW 250

1990- =100 kW

The installation layouts are shown in Figs. 18, 19, 20 and 21. The tests performed in these
installations proved that high efficiency of removal of SO, and NO, can be achieved.
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Fig 22 demonstrates dependence of SO, removal efficiency on the irradiation dose. At a dose
as high as 9 kGy over 95% SO, removal is attainable.
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Fig. 22. Dependence of the SO, removal Fig. 23. Dependence of the NO, removal
effectiveness on dose effectiveness on dose
(I - Indianapolis, B - Badenwerk, (I - Indianapolis, B - Badenwerk,
N - Nagoya, K - Kaweczyn). N - Nagoya, K - Kawgczyn).

Fig.23 shows a similar dependence for NO,. Application of a multistage irradiation
(N-Nagoya) allows to remove over 80% of NO, at an overall dose 10 kGy. A lower removal
efficiency of NO, at the same amount of energy introduced to the gas (dose) was obtained at
the Badenwerk plant. This was caused by an increased concentration of NO, in the inlet gases.
The flue gases were taken after their preliminary desulfurization. During the course of
oxperiments at the Indianapolis and Kawgczyn pilot plants a positive effect of the higher SO,
concentration on NO, removal effectiveness has been observed (c f. Fig 24).
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2.2. Agricultural utilization of the product

The by-product obtained in the flue gas cleaning process for SO, and NO, removal using the
Electron Beam process is 2 mixture of two ammonium salts-sulfate and nitrate. Depending
upon the sulfur dioxide and nitrogen oxides concentrations in the flue gases, nitrogen content
of the product ranges from 21 to 35%. In the case of a power plant firing bituminous coal with
2.5% sulfur content approximately 630 kg of product yield in achieved per mWe of electrical
energy generation.

A typical product composition obtained at the Nagoya pilot plant, Japan [21], is as follows:

(NH,),SO, 90.2%
NH;NO, 7.0%
fly ash 2.0%
moisture 0.8%

where in chemical constituents are:

NH, 25.4%
2

SO, 65.6%

NO, 5.5%

The product has been registered under the Fertilizer Control Act in Japan as a fertilizer.
Similar research was accomplished in the USA by the fertilizer manufacturer C F. Industries,
which expressed its positive opinion as far as its agricultural utilization is concerned. Also the
by-product from Polish pilot plant was successfully examined by Warsaw Agriculture
Academy.

A solid product obtained in the electron beam process for SO, and NO, removal from flue

gas value fertilizer with properties close to those of commonly used ammonium
salts (ammonium sulfate, ammonium nitrate).

The heavy metals content in the tested product samples is much lower than the nominally
allowed limit for agricultural use and even at only moderate effectiveness in removal of fly ash
this is maintained.

Such product is applicable most importantly as a component of NPKS fertilizer supply or
may be used intermixed with compost |23, 24]
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During the last decade agricuitural consumption of the fertilizers which contain sulfur
increased by 21% (6.2 million ton). At the same time research carned out by the Sulfur
Institute (USA) shows that a significant soil deficit of this element does exist in many regions
of the world [25].

2.3. Process economics

Evaluation of technology applying electron beam to energetic inducing of the outlet gas
components should recognize that removal of boths SO, and NO, is accomplished.

One of the more commonly applied control schemes is that which couples the wet limestone
method for SO, removal with selective catalytic reduction of nitrogen oxides.

Comparison of the investment and operation costs for such a facility against that applying
electron beam is shown in Table 2.

Table 2. Comparison of SO, and NO, removal costs for a boiler 35 mWe (German data [26])

Gas flow rate 120 000 Nm*h

Raw Gas: SO, - 1650 mg/Nm’ Treatment Gas: SO, - 200 mg/Nm*
NO, - 600 mg/Nm® NO, - 200 mg/Nm’
Application of electron beam NIRO/NOELL technology
(dose 12 kGy) (limestone method + SCR)
Capital costs 20 8 million DM | Capital costs 21.6 million DM
Operational costs (DM/h)
Electric energy 2470 Electric energy 1300
(1.9 mWe) (1.0 mWe)
H,0 (4 m’/h) 4.4 Limestone 45.0
NH, (152 kg/h) 68.4 (3300 kg/h)
Maintenance 104.0 NH; (20 kg/h) 90
Steam (12 000 kg/h) 324
Dust removal 240
(480 kg/h)
Water (5.2 m*/h) 5.72
Maintenance 108 0
Catalyst 120.0
423 80 DM/h 474.12 DM/h
15



Continuous work of the installation
4 000 hours work 4 000 hours work
1 695 000 DM/a 1 806 000 DM/a
10% capital charges: 10% capital charges:
2 080 000 DM/a 2 160 000 DM/a
3 775 330 DM/a 3 966 000 DM/a

In Figs. 25 and 26 a comparison of the investment costs for different methods of
simultaneous removal of SO, and NO, from the flue gases [27, 28].
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Fig. 25. Comparison of the type of system versus the capital cost in U.S.$ / kWe (based on
300 mWe and 2.6% sulfur). Publication by Prasha Publications. Coal & Synfuels
Technology, Dec. 23. 1991. Source: Electric Power Research Institute (EFRI).
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As follows from quoted data, the investment cost of technologies based on electron beam
are on the level of 200 $/kWe of the installed electric power. Some what different comparison
of the costs of a combined technology (wet limestone method and seiective catalytic
reduction) with the radiation technology is displayed in Figs. 27 and 28. Significant
competitiveness of the electron beam technology with respect to the various cases of the
combined technology is evident.
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Fig 29 provides the running costs for the various methods in relation to one ton of removed
50, Costs of SO, and NO, removal are particularly attractive for the electron beam
technology when due account in taken of the revenues coming from by-product sale

It should be pointed out that the Electric Power Research Institute (USA) estimated that
from ameng 70 checked technologies for simultaneous SO, and NO, removal from the flue
gas. application of electron beam is one of the four most promising second - generation
methods recommended for simultaneous removal of SO, and NO,.
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Fig. 29. Comparison of type of system versus the capital cost (based on 300 mWe and 2.6%
sulfur). Publication by Prasha Publications. Coal & Synfuels Technology.

Dec.23.1991. Source Electric Power Research Institute (EPRI) - acc to N W Frank,
IAEA-SM-325/168
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3. BASIC DATA FOR FULL LOAD ENGINEERING DESIGN FOR EB
INSTALLATION AT EPS POMORZANY

E-B technology is to be utilized for simultaneous removal of SO, and NO_ from flue gases
em:tted by the Benson boilers.

The boilers were manufactured by Babcock - Wilcox Company at Oberhausen Germany n
1959/60 and were reconstructed in 1979. Each boiler has 142 .5 MW, power output.
In the present each boiler is connected with turbine and this combined cycle has power output 56
MW _and 50 MW_

After planed reconstruction of turbines which is intended in 1998, the cycle power increase to
68 MW_ and 100 MW, Operating time 1s 6500 h/year of equivalent full-load operation.

Boilers fire pulverized bituminous coal that has the following characteristics;

Calonic value 22820 kJ/kg
Sulfur content 0.72 - 0.8%
Ash content 21.8%
Moisture content 7.8%

The boilers are equipped with modern flue-gas dedusting systems-four-compartment
electrostatic precipitators, for which efficiency of removal of fly ash is equals 99.8%
Maximum volumetric flow of flue gases frem one boiler is 270 000 Nm*/h.

Emitted stream of flue gases after treatment in the ESP contains:

SO. 1.1 g/Nm’
NO, 0.6 g/Nm’
0, 7 - 8% vol.
Cco, 8% vol.
co % vol.

N, to balance
fly ash 0.08 g¢/Nm*
humidity 5% vol.

Its temperature ranges from 145°C to 170°C.
For design purpouses the temperature of flue gas after ESP has been assumed as 145°C.

According to the Polish Ministry of Environmental Protection regulation enacted on 12.02.1990
existing plants such as the EPS Pomorzany after the year 1997 will have a permissable emission of
SO, of 870 g/GJ of the boiler heat input and NO, of 170 g/GJ. However, these limits can be made
more stringent by local government, as in the case of this site as required to adequately hmit
ground level pollutant concentration.

The above national standards allow an hourly emission from each Benson boiler of 855 kg SO,
and 160 kg NO, as NO, equivalent.

After a detailed analysis it was decided to design and construct the electron-beam installation
treating a maximum 270 000 Nm*/h stream flow of flue gas.

The EB Pomorzany flue gas treatment installation is being designed for retrofit conditions [29].
The E-Beam Process would be expected to be typically capable of achieving SO, removal of 90%
or greater and NO, removal of 80%. To achieve high SO, removal alone, a relatively low E-Beam
dose 1s required as compared to that needed in achieving both high SO, and NO, removal At
above low minimum E-Beam dose, the primary factors affecting SO, removal are flue gas
temperature, its humidity and ammonia stoichiometry The nominal E-Beam dosage required
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solely for 90% SO, removal efliciency 15 a mimmum of 9 kGy.

The amount of removal of NO, depends pnimanly on the E-Beam dosage and inlet NO_
concentration. Temperature. ammonia stoichiometry and SO, concentration are of secondary
importance. Increase of NO, removal requires exponentially increased irradiation dosage (see
chapter 2). The pilot tests have venfied that multi-stage wradiation (accelerator guns installed in
an in-senes sequence on the process vesset) can reduce the dosages required to achieve the same
NO, removal, typically by up to 20%.

High concentration of NO, and relatively low concentration of SO, in flue gas emitted trom
Benson boilers at EPS Pomorzany estabiish the specific conditions for flue gas treatment required
in continuous operation. The parameters of E-B process are chosen so as to guarantee efficiency
of removal of NO, up to 80% and of up 70% SO, in continuous operation of the installation. For
intermittent operation up to 80% removal of NO, and 90% reduction of SO, are expected.

During continuous operation the electron-beam induced reaction will take place in the process
vessel at a higher temperature than that which would be selected for the more typical high
removal case (90% SO,, 80% NO,). The conceptual system arrangement of this situation is shown
in Fig_ 30.

The main technical parameters and composition of flue gases in the Pomorzany E-Beam
installation are shown in Table 3.

A two-process-train design is proposed with each train processing max 135 000 Nm’/h of flue
gas. This solution was selected because of existiag building space limitation. The flue gas
containing particulate, SO, and NO_ enters the existing electrostatic precipitator (ESP) at a design
temperature of 145°C and fly ash is efficiently removed. The gas then passes through an
evaporative spray cooler to achieve 80°C process temperature in a adiabatic cooling (with the
water vapour content up to 11% volume).

After this humidification step the flue gas flows into the irradiation chamber to be sited in the
existing building that formerly housed multi-cvclone dust collectors (two parallel compartments)

This building structure is to be generally reworked. At the inlet to irradiation chamber the
gaseous ammonia reagent is added to the flue gas via nozzles mounted at the site of the duct

The ammonia storage facility will be placed at the railroad siding serving the power plant. In
each irradiation chamber flue gas is treated by beams of high energy electrons emitted by two
accelerator heads each of 300 kW power rating. By-product collection is achieved in a dry ESP of
special design.

After the by-product collection, it will be transported to plant storage and will be loaded and
shipped to buyers.

The treated stream of flue gas will be mixed with dedusted, untreated stream.

The proportioning of these streams will be such as to protect the existing stack, unmodified. from
acid attack. This required minimum stack temperature is 110°C.

The Table 4 shows the main design parameters of the EB Pomorzany installation.

To facilitate the basic engineering design the EB Process has been divided into the following
major sub-systems.
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Flue Gas Cooling Sysiem

Flue gas existing the ESP at a temperature 145°C is cooled to 80°C in a spray cooler. where
atomized water 1s injected into flue gas stream by means dual fluid air-water nozzles
The spray cooler is operated with a dry bottom, i.e. all of the water injected mnto the flue gas s
evaporated.

Reagent Handling System

Anhydraus ammonia is delivered to the plant by truck or rail and storage in 4 tanks total
capacity 220 m*>. At ambient temperature tanks can contain 13.4 - 15 t of liquid ammonia, which
represents monthly demend. The ammonia is then vaporized using electnical heating. To ensure
good distnbution in the flue gas duct, ammonia is distnibuted using a multi-nozzle aasembly
configured as a gnd in the gas duct. The ammona 1s injected after the spray cooler at a flue gas
temperature of approximately 80°C.

SO, - NO, Removal System

In the E-Beam Process vessel flue gas containing SO,, NO, and NH; is irradiated by high-
energy electron beams generated by two accelerator-guns 300 kW each (800 keV x 375 mA) that
are installed on the process vessel in series with respect to the gas stream flow. A radiation dosage
of 12 kGy was chosen for removals of 70% SO, and 80% NO, based upon pilot plant daia.

The E-Beam units are enclosed 1n a concrete structure to that ensure no radiation is emitted to
the external surroundings. In order to minimize the volume of concrete, the entire system is
partially underground to use the shielding effect of the surrounding soil.

By-product Collection System

The flue gas 1s passed through the by-product collection system. An ESP 1s proposed to capture
the by-product with the particulate emission of less than 40 mg/Nm’. By-products collected in the
ESP are transferred to silo ready to ship. Production of 700 kg/h is anticipated. Typically. the by-
product will contain 70% ammonium sulfate, 26% ammonium nitrate, 2% inert solids (fly ash)
and 2% humdity.

Flue Gas System

Flue gas leaving the ESP passes through the spray cooler, E-beam vessels, and by-product ESP.
All the ducts connecting this equipment are part of the flue gas system. An ID fan (550 kW,
374 400 Nm*/h x 2600 Pa) downstream of the by-product ESP provides sufficient draft to
overcome the entire pressure loss of the system.
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Table 3. Technical parameters and composition of process streams at key points of the EB installation.

Stream No. 1 2 3 4 5 6 7 8
System gas Spray cooler | Reaction Plant outlet Spray water | Compressed | NH, By-product
inlet outlet chamber air

outlet

N, 80% vol. 75% vol. 75% vol. 75% vol.

0, 7% vol. 6.6% vol. 6.6% vol. 6.6% vol.

Co, 8% vol. 7.4% vol. 7.4% vol. 7.4% vol.

SO, 1.1 g/Nm’ 1.03 g/Nm’ 031 g/Nm* |0.31 g/Nm’

NO, 0.6 g/Nm’ 0.57 g/Nm’ 0.12g/Nm* |0.12 g/Nm’

NH, 0 0 0.03 &Nm® | 0.03 g/Nm’

H.O 5% vol. 11% vol. 11% vol. 11% vol. max 13.5t/h | 2100 Nm*h | 180 kg/h 700 kg/h

(NH,),SO, 0 0 490 kg/h 0.025 g/Nm® '

NH,NO, 0 0 175 kg/h 0.0} g/Nm'

Pressed air 0 0 0 0

Fly ash 0.08 g/Nm’ 0.06 g/Nm* |2.45g/Nm* | 0.04 g¢/Nm’

Flue gas 270 000 284 000 284 000 284 000
Nm?h Nm’h Nm’/h Nm'/h

Gas temp. 145°C 80°C 90°C 90°C




Table 4. Design basis for the E-B nstallation at EPS Pomorzany.

Continuous operation

Intermittent operation

FLUE GAS COOLING SYSTEM
Inlet Temperature of Spray Cooler 145°C 145°C
Outlet Temperature of Spray Cooler 80°C 65°C
Water Flow Rate to Spray Cooler max 13.5 th max 135 th
Mode of Operation dry bottom dry bottom
REAGENT HANDLING SYSTEM
Ammonia Storage 151 151
Injection Mode gas phase gas phase
Evaporation Media electricity electricity
Ammonia Flow Rate 180 kg/h 200 kg/h
SO, - NO, REMOVAL SYSTEM
SO, Removal 70% 90%
NO, Removal 80% 80%
E-Beam Power Dose 12 kGy 12 kGy
E-Beam System:
Required E-Beam Gun Output 1334 kW 1334 kW
Installed E-Beam Gun Output Capacity 1848 kW 1848 kW
Accelerator (800 kV x 375 x mA x 300 kW)
Inlet Gas Temperature 80°C 65°C
Outlet Gas Temperature 90°C 75°C
Pressure Drop 1n Vessel 15 mm H,0 1S mm H,0
BY-PRODUCT COLLECTION AND
HANDLING SYSTEM
Collector Type ESP
Removal Efficiency 98.5% 98.5%
Particulate at Inlet to Flue Gas Reheat Mixef < 20 mg/Nm® < 20 mg/Nm®
Exhaust Temperature Loading at Inlet to
Flue Gas Reheat Mixer 90°C 80°C
By-product Yield 700 kg/h 720 kg/h
By-product Storage Root Storage 5 months 5 months
Mode of Transport track track
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GAS CONDITIONING UNIT

1. BASIC ENGINEERING DESIGN FOR POMORZANY

The design for gas conditioning by humidification relies on the continuous availability of 145°C
raw flue gas temperature entering the humidification. Thus method of humidification is a choice
between mechanical atomization and air - water atomization. Based on an examination of all
factors including energy consumptions the speciiied system design is as follows.

2. THEORY AND PRACTICE

The experiments carned on in laboratory and pilot installation have confirmed that the best
conditions for SO, removal from flue gases in the electron-beam irradiation process are: gas dry
bulb temperature 65 - 70°C, with humidity 10 - 12 volume %.

The gas leaving the boiler after dedusting in ESP has temperature 110 - 150°C, (temperatures
below 145°C being typically avoidable inccmmercial application by use of the steam coil air heater
employed to prevent rotary air heater corrosion by tempenng inlet air flow to the rotary heater),
and humidity about 4% to 6% volume of water vapour content_ It 1s essential that gases be cooled
and humidified. This process takes place in a spray cooler.

In the Nagoya, Kawgczyn and Indianapolis Power and Light pilot plants, the spray cooler has
consisted of an open, vertical, downward-gas-flow cylinder with the spray nozzles located at the
top (Fig. 1). The hot flue gases flow down cocurrently with water droplets. which are completelv
evaporated. The spray cooler is operated with a drv bottom.

The heat and mass balance equation describe the relation between nlet and outlet parameters of
flowmg flue gases.

For adiabatic conditions and a complete water evaporation process the relations are as follows.

2.1. Mass balance
m = v(x, - X;) (1]

where:

m - amount of injected water [kg/h]

v - flow rate of gas [kg/h], dry basis

x - humidity of gas [kg H,O/kg of dry gas]
indices

- inlet gas, 2 - outlet gas

2.2. Heat balance
b+ Lo = I, [2]
where: | - enthalpy

If we will take into consideration 1 kg of dry gas, reference temperature 0°C and spray water in
the hquid state, the heat balance equation can be written as:
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L€y T X L) T X FANG - X)) L= b(C, FXCL) X, (3]

in which

¢ - mean specific heat at constant pressure in range from 0°C to t [kJ/kg"C]
t - temperature ['C]

r, - heat of water evaporation in 0'C {kl/kg]

indices

g - dry flue gas

s - water vapour

w - hquid water

> - inlet water

The temperature of flue gas and its humidity after the heat and mass exchange processes is
dependent on the amount of water evaporated.
This amount of water can be easily calculatec from equation (1). The required temperature of
water injected into the spray cooler can be evaluated from rearranged equation (3).

tl(cg_’ - X Csl) - tl(cgl + X csl) rO
t,= + [4]
(x;-x) ¢ c

The values of ¢, c, ¢, for different temperatures are given in Fig. 2 and Fig 3

Based on the equation [4] the same calculations were performed to illustrate relationships between
process parameters in the case of full water evaporation.

The results are shown in Fig. 4 -7

From this, 1t 1s evident that three parameters: humudity of inlet gas, temperature of inlet gas and
temperature of gas after humudification have significant influence on the required temperature of
spray water (t,).

Under field conditions the temperature of flue gas after ESP 1s dependent on working parameters
of the boiler. In case of higher temperature entering spray cooler, decreasing  1ts temperature
to a specified outlet temperature (e.g. 65-70°C) will cause a greater increase in its humidity than
in the case of lower inlet gas temperature.

Humudification of low temperature inlet flue gas will require an excessively high water
temperature.

3. ALTERNATIVE METHODS

Selection of the best method for flue gas humidification depends on local field conditions We
can take into consideration three following possibilities:

I. two stage humidification
2 hunmudificaton with injection of water and steam
3. humidification with partial evaporation of circulating hot water
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Calculations were made for following dry-basis
composition of combustion gas N2 -~ 79,4 % vol;
02 - 11,7% vol; [:02 - 8,9 % vol
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3.1. Two stage humidification of flue gas

This system of hunudification was applied in Nagoya EB Pilot Plant. Beside injection of water
into the spray cooler, an additional portion of spray water i1s added to the reaction vessel
This design results in favorable conditions for most eftective removal of SO, and NO_.
Removal of NO; slightly increases with increase of e-b process temperature (Fig. 11. Vol 1). The
reaction of NO_ removal is better carried out in the temperature of order 80°C
Gas humidification does not so strongly influence these reactions.
The reaction in which SO, molecules participate is better carried out in the temperature range
50 - 65°C and strongly depends on the humidity of the mixture of flue gas with ammonia.
Therefore additional injection of water between multiple irradiation zones seems to be an
appropnate design for multistage treatment of flue gas. Dual-fluid (air - water) nozzles would be
applied for water injection into the reaction vessel.

3.2.Injection of water and steam

In this case the equations for mass and heat balance have the following forms.

3.2.1. Mass balance

My, + M= V(X - X)) [5]
where

Mgy, - mass of sprayed water [ke/h]
m, - mass of injected steam [kg/h]

5

3.2.2. Heat balance
A T A [0]

where:
I, - enthalpy of stream
Similarly as in Eq [3] this can be rewritten as foliows:

t(Cy + X1C0) + X1y + X0+ (X - Xp - X)) Gty = ty(Cpr  KaCyo) + Xu1g [7]

where:

I, - enthalphy of | kg steam

If we define fraction of water added in form of steam as: a = x /(x, - X,).
and after same rearrangement we obtain, based on equation [7];:

L(Cy ¥ X2C0) = 1€y + X000 + (X, - X)) (g - €,.13)
a ;o S [8]
(X, -%,) (1, c,.ty)

10
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Dependency of fraction - a on the temperature of flue gas entering the sgrayv coolor is presented
in Fig_ 8, for which calculations were made for t, = 15°C and steam at 105"C under pressure of
1.2 atm.

3.3. Humidification with partial evaporation of recirculating hot water

Another solution for humidification of flue gas 1s its conditioning by spraying a large amount of
circulating hot water within a direct-contact heat exchanger.
Analysis of the process 1s rather complicated. In the case of cocurrently flowing streams of gas
and water with the assumption that only a small fraction of the circulated water :s transterred to
the gas phase, we can wnte the heat balance equation as follows:

Li,, + Gig = Li, + Gi, [9]

where:

L - water flow rate

G - gas flow rate

Graphiclly the relation is presented in Fig.14.

Knowing the enthalpy (1) of the gas and its relative humidity-x for the beginning and end
conditions of the humidification process we can determine the enthalpy of water 1. 1., as well as
L/Gand ¢, t,,.

The height of spray cooler necessary to achieve this flue gas humidity may be calculated from the
relation:

H=— [ — [10]

where:

k, - mass transfer coefficient

a - gas/ liquid contact area, m*/m’

The values of (i, _ 1) for given 1, as it changes from i, to 1, can be determined based on the
curves shown in Fig. 9. (They are the equal to the magnitude of the vertical distance between
the operational line and the saturation curve).

Approximate value of k, coefficient can be calculated from dimensionless relations.

Sh=2+0.55Re"* S¢" ¥ [11]
if Re <4 (small droplets of sprayed water)

Sh=2 2]
where:

Sk =k, d/D

D - dynamic coeficient of diffusion of H,0 in gas
Accurate value of k,a must be determined experimentally.
This system of flue gas humidification has been tested in the E-B pilot plant at EPS Kawgczyn

12
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4. WATER DISTRIBUTION SYSTEM

For the spray cooler operated with "dry bottom” the water s supplied by nozzles located at the
top. The droplets of water are completely evaporated during their passage through the spray
cooler. If we assume that the droplets all have the same diameter, the time for evaporation can be
determined from the relation

Yc rAdﬂl

L =——— [13]
84, At

where:

t. - time [h]

Y - density of water [kg/m’]
d, - intial diameter of droplet [m]

- heat conductivity of gas [kJ/mhk]
At - mean differance of temeprature [K]
ra - heat of water evaponization [kJ/kg]

Based on the Stokes equation. the relative velocity of water droplets in the gas phase 1s readily
calculated; and then from simple relationship the height of cooler H = vt _. can be determmed
Results of these evaluations are given in Fig. 10.

The shape the curves indicates that the height of the cooler mainly depends on mitial diameter
of droplets and that other parameters 1 ¢ the temperature of inlet gas, gas humidinv as weil as
temperature of injection water. do not have an :mportant iniluence.

Under real condition the nozzles produce different size droplets and calculation of the spray
cooler he zht 1s more complicated

Practical recommendation 1s to make calculation for the largest expected diameter of droplets
The diameter of droplets depends on construction of nozzles, operational parameters of the
humidification process and physical properties of the sprayed medium.

Each type of nozzle possesses its own characteristics.

The curve of droplet distribution usually is experimentally determined by producer

Two types of nozzles for water injection have been applied in spray coolers at EB pilot plants.
1. Water-air nozzles

2. High pressure water nozzles

The first type nozzles were used in the Kawgczyn pilot plant, the second was apphed 1n the
Nagoya pilot plant, and Indianapolis PDU.

Application of water - air nozzles gives the possibility of reduction of spray cooler height, but the
operational costs of the process increase.

Designing of the spray cooler leads to determination of its height and diameter

Real height of the spray cooling column can be calculated from the relation-

H
- [ 1]
12xv
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in which the residence time of droplet is estimated for their maximum size (max diam ).

The fluactuation of pressure and gas flow; cross-sectional non-unifornity and non-uniform
distnbution of droplets are included in the factor 1,2. Value of vin above relation 1s sum ot'v,
and v,

where:

v, - velocity of gas

v, - relative velocity of droplets and gas

The relative water-droplet velocity i1s predicted by Stokes law.

&’ (0. - 0,8

V= (1]
18u,

in which:

o -density

g - acceleration of gravity
i - viscosity of gas

indices:
w - water
g - gas

During evaporation of water from a droplet its diameter goes to zero. It s generally accepted that
for design calculation the "d" in equation [15] is replaced by the value of the imial droplet
diameter.

Diameter of spray cooler can be easy calculated assuming gas velocity in range 10 - 2.0 m sec

5. CONTROL SYSTEM FOR HUMIDIFICATION PROCESS

In the case of a spray cooler operating with dry bottom we will take into consideration two
systems of water injection:
- single-fluid spraying system (water injection system)
- dual-fluid spraying system (water-air injection system).
I'he control system for a humidification process performed by injection of pressurized water is
presented in Fig. 11.
There are two main controllers TRC-3 and TRC-6.
The control system for the second method with water-air nozzles is shown in Fig 12
In comparison to the previous system one more control parameter is added. This i1s PRC-9 for
control of air pressure.
The control system for humidification of flue gases by injection cf water and steam is presented in
Fig. 13.
The control devices for a humidification system with partial evapcration of circulated hot water 1s
shown in Fig. 14 It can be seen that diverse control devices are required

16




h Gas inlet
eating _
medium —-—————_— . . [
' ‘
78
[
Gas X
outlet ! -——
| S
I
1. Heat exchanger @
2. Spray cooler
sludge outlet

Fig. 11. Control system for humidification process realized

by injection of pressurized water

17



1>g

———————

wat er

compressed

heating medium

Gas infet

air

Gas
outiet

oy

—————— TR
E‘_r] 1 \3/

[

T

l

|

|

|

I

I

|

L

CB

T

Fig. 12. Control system for humidification process

of flue gas wusirg water - aic nozzles

—

sludge outlet




sieam l
PANIFANIPANIPAY
heatin g )
‘ 3 Gas
mediym I ;
N inlet
1

>

-

slidge outlet

1. Heat exchanger 6

2.Spray cooler

Fig. 13. Control system for humidification px :ess
of flue gas - injection of water and steam

e e o e e e

19




0T

Fig. 14. Control system for
process of humidification
of flue gas with partical

- — — — o —— o — — ——

o oy o—— -

ey

evaporation of circulated ,

hot water

hot water




6. CCOLING TOWER CALCULATIONS

6.1. Process design assumption
Amount of flue gases

Full load case 270 000Nm'/h,

Minimum load case 150 000Nm’/h

Hunudity of tlue gas

At nlet S vol %o (wvet basis), 31.7 g/kg of dry gas

At outlet 10 to 12 vol % (wet basis), 74 4g/kg of dry gas

Temperature
At inlet 145°C
At outlet 80°C Continuous operation

65°C Intermittent operation
6.2. Material balance

Amount water added to gas in the form of vapour:
Maximum - [4100 kg/h. This amount was calculated for a gas flow rate ot 270000 Nm*/n and
humidities: inlet 5% and outlet 11%.
Minimum - 7836 kg/h. This amount is calculated for gas flow rate 150000 Nm*/h and humidities-
inlet 5% vol and outlet 11% vol.

6.3. Hext balance

Heat balances were performed for two methods of evaporation of the water nto gas with
minimum nlet temperature 145°C.
In this case the maximum amount of heat must be used for evaporation of water.

6.3.1. First means

Evaporation of sprayed water.
Calculations according to equation [4] give temperaiure of inlet water t = 229°C in case of
continuous operation and 137°C for intermittent test operation. These temperature are judged to
be too high, therefore this method of cooling and humidification of flue gas cannot be applied
under the assumed conditions.

6.3.2. Second means

Injection of steam and water.
Assumptions
Temperature of inlet water 15°C
Pressure of inlet steam 1.2 ata.
Steam 1s saturated.
From Equation [8] 1t follows that fraction of water introduced in the forme of stecam,
a 0390 Inthis case should be introduced 5584 kg of steam per hour and 8516 kg

21



ot water per hour for t, = 80"C Fort, = 65”C, a = 0.24 and amounts of steam and water are
3384 ke/h and 10710 kg’h. Temperature of water and pressure of steam chosen as an average in
EPS. In local conditions it 1s possible that these-values would be difterent. From economic point
of view it 1s resonable to use water of industrial grade high temperature and steam with pressure
as low as possible but higher than | ata.

Change of parameters of steam and water flow should be controlied by computer control svstem
according to equation [8].

This system 1s economically accepted in power stations where sources of inexpensive steam exist
In another case 1t may be suggested to use the system of hunudification with partial evaporation
of circulating hot water.

Intermittent cperation case evaporation of water inlet gas temperature 145°C. This 1s the case
when minimal amount of heat is need evaporation of water. Calculations of t, according to
Equation {4] gives t; = 93.6°C It means that 1t 1s easy to reach downstream temp 63°C and
humudity 10.9% vol.

Column diameter:

Linear gas vielocity in cooling tower is assumed, u = 2m/s

then tower diameter 1s 7 3m.

Water distribution system.

It 1s assumed-cocurrent flow of gases and water droplets from top to bottom of cooling tower
Residence time of gases provided in the cooling tower is a hittle higher than the time of
evaporation of the largest droplets.

Spraying nozzles are full cone shape.

Two types of nozzles are proposed:

- hugh pressure up to 40 bar without atomizing medium

- low pressure steam-water

Other assumptions for both options of water distribution systems is given i Fig 15 and 16

7. ASSUMPTION FOR COOLING TOWER CONTROL AND
MEASUREMENTS

7.1. Option 1
Mechanical atomization

Water will be sprayed by high pressure single fluid nozzle
In process following parameters will be controlled:

1. Temperature of flue gas at inlet of spray cooler

2. Amount of added steam

3 Temperature of sprayed water

Scheme of control diagram s presented in Fig. 17. Control algonith according to equation 4 and

8 If value of a from Eq. 8 15 less than or equal to zero steam valve should be closed and spray
water used only. Temperature of water 1s controlled by TRC-3 according to kg 4 If value of a -0
then cold water 1s sprayed

22
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Measured values in option I (Fig.

Measured/
Controled
point

Measured
value

Range and
units

Accuracy

of
measurement

Remarks

TRAM-1

Temperature of flue
gas at inlet to spray
cooler

0-200°C

£ 1°C

Possibilities of
visualization up
to 3h before

MR -2

Measurement of
humidity at inlet

0to 7vol%

+ 0.1 vol%

TRC-3

Control of temp. of
sprayed water

0to 100°C

+ 1°C

Controller PI
or PID

PRA "

Measurement of spray
water pressure

0 to 40 atn

+ 0.1 atm

FR -5

Measurement of
amount sprayed water

O0to 15t/

+ 0,05 t/h

TRCA,"-6

Contiol of te.ap of
flue gas after spray
cooler

0 to 100°C

£ 1°C

Controller Pl
or PID

MRA, -7

Measurement of
hunudity of flue gas
after spray cooler

0 to 15%vol

1 0,1% vol

Indication of water and
sludge level at bottom
of spray ccoler

0.6m

Measurement of steam
temperature

50 to 150°C

+1.5%

Measurement of steam
pressure

0t0 0.6 atn

+2.5%

Measurement of flue
gas flow rate

0to 3-10°
Nm*h

+1,0%

Results of
measurement
recalculated to
normal
conditions

Control of stecam flow
rate

0 to ¢t/h
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7.2. Option 2
Steam - water atomization

Water 1s sprayed with use of steam-water nozzle.
Amount and pressure of steam follows from flow chart of nozzle

Three cases should be taken into consideration.

I. 1n cooling process is needed more of steam than used in nozzle.

2. amount of steam used in nozzle is bigger than needed for proper humidification of gas.

3. from equation (8) follows that steam is not necessary

In the first ase amount of steam added to steam of flue gases should be less by amount of steam
used in nozzle.

For calculation in equation (8) should be taken weighted mean value of 1s from entalphy of steam
added in nozzle and dirzctly to gas stream.

In case 2 steam should be used only a spray nozzle.

In case 3 steam in nozzle should be replaced by air (see option 3)

Measuring and control diagram i1s presented in Fig. 18

7.3. Option 3
Air - water aromization (see p. 8.3)

8. DETALS

8.1. Option 1
Mechanical atomizing nozzles

In this option reduction of temperature of flue gases 1s recomplitet by full evaporation of
spraved water. In case the temperature and entalphy of flue gas 1s low to reach hunudity of order
10 to 12 vol %, low pressure steam 1s added at the inlet of the spray cooler. In this option high
pressure water nozzles model 100, size 1 produced by Schlick (Gerniany) are provided Table |
Eight nozzles are in one head model 60/2 Fig. 19. Spray system consist of 5 heads. Connection
tubes have protection tubes and joint with flanges Fig. 20.

Nozzles and heads are made of steel 1.4401 (5.316) and pipes of steel 1.4571 (S.316 Ti).
Advantage of this system 1s that it does not need air or steam for spraying of water.

Disadventages are: a) necessity to install pump and high pressure spraying system, b) spraying of
less amounts of water needs lower pressure and nozzles generate bigger droplets, ¢) cross-section
distribution of droplets is not uniform, d) diameter of holes in this nozzles is 2.0 mm, which s
much smaller than for dual-fluid nozzles and therefore is more sensitive to plugging Height of
spraying part of cooling tower according to nozzle-producer suggestions should be 15 m
Relations of flow rate and droplets size v.s. hole size and pressure are given in Fig 21 and 22.

8.2. Option 2
Steam - water nozzles

Ir this option water is sprayed with use of dual-fluid, water-steam nozzles.
Dual fluid nozzles give smaller droplets and their size 1s almost independend of water flow rate In
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. Control and measuring points for option 2 (Fig. 18)
' Control or Measured Range and Accuracy of Remarks
measuring value units measurement
point
' TR-1 Temperature of | 0 to 200°C + 1°C Possibilities of
flue gas at inlet visualisation
. MR -2 Measurement 0 to 7%vol * 0.1%vol
of humidity at
. inlet
FR -2 Measurement 0to3x 1% Results of
of amount of | 10°Nm’h measurements
l flue gas recalculated to
normal
l conditions
PR -4 Measurement 0 to 6 atm = 1%
of pressure of
' water before
nozzles
l FR -5 Measurements | 0to 15t'h 3 0.05t'h
of amount of
' sprayed water
TRCA,"-6 Control of 0 to 100°C = 1°C
temp. flue gas
' after spray
cooler
l MR -7 Measurement | Oto 15% vel | +0,1%vol
of humidity of
flue gas after
. spray cooler
PR -8 Measurement | under presure | + 20Pa
' of pressure of | upto 5 kPa
flue gas at inlet
l PI-9 Measurement | 0to 0.6 atm +1,5%
" of steam
pressure
l TT-10 Measurement 5010150°C 1 1%
of temperature
' of steam
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FRC - 11

Control o1’
amount of
steam added to
flue gas

0to 6 t/h

+ 1%

PI-12

Measurement
of water
pressure

O0to 6 atm

+ 1%

PI-13

Measurement
of steam
pressure before
nozzles

0 to 6 atm

+ 1%

PRC - 14

Control of
pressure of
steamn before
nozzles

0 to 6 atm

FR - 15

Measurement
of amount of
steim

0t03.0t/h

+ 1%
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. ) ] TABLE 1
Dimensions:

model 100 — standard design /M
' size ey e ez vek ] k2 T3 ]e s e 7|8 |9 o

connection, G DIN 259 }Ruer|Rinc|R347 (R A|R3C| RY” [RiTAJRI'A] R27| R3®

lengthofthread - L. inmm | 8|l 911 |14]16|19 )20} 21} 24| 30
' total height H inmm 26 ||32 | 40 | 50 | 60 { 80 j 90 (100110160

width of wrench = SWinmm ~§ 17 [J20 | 24 | 271 36 | 46 | 55 | 65 1 80 |120
'_weight brass approx. kgs [[0.030.05/0.08{0,12{0,28/0.70[0.88/ 1,4 | 2.4 | 6,0

\—/ . il 1102

] .
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case when steam should be added to tlue gas it 1s reasonably use as part or all of the amount of
steam use n nozzles for spraving of water The pressure of that steam should be higher. of order
up to 6 atm. In this option are provided nozzles Model 0;50-57 (Fig. 23). Schhick production
(Germany;. Three nozzles are installed in one lance - Fig. 24, All elements are made of
stainless/steel 1.4571/1 4401 (S 316 or 316 Th).

Amount of sprayed water of one nozzle as a function of pressure 1s given in Fig. 25 Sinular chart
for steam consumption is given in Fig. 26. In the case where the amount of steam to be used
nozzles than that needed for humidification of gases the amount of steam may be reduced bv
reduction tts pressure. Nevertheless pressure of the steam should be 0.2 to 0.4 atm higher than
pressure of water.

Producer of nozzles sugests the height of evaporation zone in the spray cooler should be 15 m
Nozzles system 1s able to spray up to 13.5 t/h of water (9 nozzle). Steam consumption if its
pressure 1s 6 atm 1s 2700 kg/h. It is maximum value and may be reduced by a control unit. Bore
diameter of nozzle is 8 mm.

8.3. Option 3
AIlr - water nozzles

In this option are used dual fluid air-water nozzles. Such nozzles should be apphied if inlet
temperature of gas is high anid evaporate an amount of water subficient to achieve a absoiute
humidity in coordinate an outlet temperature of 80°C.

In this option are provided nozzles type 170.881 produced by Lehler GmbH (Germany) For
spraying of 13.5 t/h of water 15 nozzles should be used. Nozzles will work with maximum
pressure of water 3.5 atm and pressure of air 4 atm. Maximum consumption of air is 2100 Nm" h
In case of a lesses amount of spray water, amount of air may be reduced by lowering its pressure
In such case should be fulfilled 2 conditions:

I pressure of air ahould be at least O 5 bar greater than pressure of water.

2 ratio i air flow rate (in Nm'/h) to water flow rate (in 1/min) should be greater than 10
Relations between throughput of air and water and their pressure for one nozzle are given in
Fig. 27

Dimensions of nozzle aie given in Table 2.

Nozzles are made of stainless steel 1 4571 (S 316 Ti). The smallest hole diameter for “vater 15
7.6 mm and for air 2.8 mm.

This option has been selected for application in e-b installation at EPS Pomorzany - Szczecin
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TABLE 2
IR Abmessungen/dimensions fmm] Gewict
: ‘ Mat.
Gw GL 1.457%
Hy D sw, | sw, | 1s0228 |iS0228 | Ly L. | lel
28 25 2 22 Gly GHAa | 15 10 140
28 25 22 22 G ,G%a | 715 10 140
295 | 38 32 32 G%H |GYna [1a 13 540
295 | 38 22 32 G% [G%nAa [1a 13 565
a2 52 46 46 G4 lc¥%a (18 15 | 1275
Sonderausfihrungen: Special designs: Constructions spéciales: Construcciones especiales:
mit koaxialem Anschiul with coaxsal connzztion avec raccord coaxial con racores coaxiales
T
Ab gen/dimensions [mm]
. A G
- H Hy D 07 ] SW ISO 228 L
1
ez 415 34 56 360 22 G's 7E
ewp 2m 415 34 56 6.0 22 Gla 7¢
805 58 70 53.1 32 G 1a¢
805 s8 70 531 | 32 G 1€
1120 91 92 68.8 46 " 18
Andere Sonderausfuhrungen Other special designs upon Autres constructions spéciales Otras construcciones especial
auf Anfrage. request. sur demande. sobre demanda.
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1. Introduction
This volume gives the presentation of ammonia management system for Electron
Beam Flue Gas Punfication.

2. System function. Design criteria

The ammonia management system shall cover the following functions:
- liquid ammonia unloading from (railway) tank cars to storage tanks,
- stoning of liquid ammonia,
- automatic liquid ammecnia transportation to preheater gasificator,
- retention and decompression of gaseous ammonia,
- transportation (transfer) of gaseous ammonia to dosing points.

3. Ammonia (NH3) characteristic

3.1. General charactenstic of NH,

- iquid under pressure,

- colourless,

- pungent odour,

- density

» gas at 0° C temperature - 0.771 g/dm?

e liquid at 0° C temperature - 610 g/dm>-

- explosion danger ut ammonia concentration of 15-28% vol. in the air,

- self ignition point at 630 °C,

- very caustic and toxic, very soluble in water, gas lighter from the air (0.597 in relation to
the air), inflammable, creating with the air, chloride, bromide and iodine tincture explosive
mixture.

3.2, Quality characteristic of NHl

- NH; contents 99.85 % by weight
- Fe contents max S mg/dm?
- dry matter contents 0.15 % by weight
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4. System description

4.1. Ammonia stores (NH;)
4.1.1. Liquid ammonia store
The store coasists of four steel vertical cylindncal tanks 100 m? total capacity, 55 m? useful
capacity each one. Tank max. working pressure amounts 1.6 MPa.
Total useful capacity of the store is equal approximately 220 nr’. It means that at ambient
temperature tanks can contain 134000-150000 kg of liquid ammonia, what mexts completely
monthly demand for SO, and NO, reduction.
Liquid ammonia store is provided with full equipment required by respective regulations,
namely:
- tanks will be based inside concrete basin with walls 0.3 m high, equipped with drainage
system collecting waste water in a drainage pit within the basin, |

- draining of leakage water and rain water from the basin to rain water sewage system or |
neutralizator, stop valves on take-off pipes situated at the distance of 50 m outside the
basin,
- tanks are protected against excessive temperature increase by applying of automatically
activated warter curtains,
- alarm of too high level in the storage tank  (all tanks are protected from
gaseous ammonia pressure increase; the service platform is predicted for operating of
valves situated at the tank heads),
- ammonia store possesses auxiliary compressed air and nitrogen installations,
- ammonia store is separated from other Power Plant otjects by the fence.

4.1.2. Gaseous ammonia store
The gaseous ammonia store consists of steel vertical cylindrical tank 106G m? total capacity,
identical as for liquid ammonia tanks. Tank working pressure amounts 1.6 MPa.
After gasification process in preheater gaseous ammonia (for SO, and NO, reduction
reaction) gaseous ammonia is stored in the tank.
Another task of this buffer-storage tank 1s reducing of ammonia pressure difference between
gasification and distribution section of the system.

Gaseous ammonia is kept in buffer tank under maximal pressure of 1.6 MPa. Before dulivery
to dosing installation ammonia is decomoressed to the pressure of 0.3-0.5 Mpa.
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The buffer storage tank of gaseous ammonia is situated in common with liquid ammonia tanks
at the same concrete basin and has the same safety devices as the remining storage tanks.

4.2 Awaliary installations for ammonia store

Storage and gasification of ammonia requires a lot of special protective measures of which the
main task is to ensure efficient and safe operating of the whole plant.

4.2 1. Reloading installation of liquid ammonia

Liquid ammonia will be delivered to the Power Plant by tank cars. Reloading from cisterns to
store tanks will be carried out by displacement of fluid with the aid of gaseous ammonia
delivered to the cistern from gasificator.

Reloading installation of ammonia consists of the following elements:

- unloading point provided as two fittings of gaseous ammonia under pressure, adjusted to
cistern construction requirements and two fittings of liquid 2mmonia (simultaneous
unloading of two cisterns situated in the protective basin will be possible),

- transfer pipelines of liquid and gaseous ammonia.

Liquid ammonia is gasified, stored, corrected to required parameters (pressure decrease) and
delivered to dosing points of SO, and NO, reduction installation. Gasificators serve also as a
source of gaseous ammonia for liquid ammonia replacement from cistern ¢urs to store tanks.
Ammonia gasification installation consists of:
- three liquid ammonia pumps delivering ammonia to gasificator,
- two gasificators with a heating unit used to evaporate liquid ammonia. Max. working
pressure amounts 1.6 MPa,
- transfer pipelines of liquid and gaseous ammonia, cut-off fittings and fittings protecting
from pressure increase.
Ammonia gasification installation works at fully automatic <ystem.
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4.2 3. Decompression installation of gaseous ammonia

Gaseous ammonia delivered to dosing point should have constant pressure and temperature.
Decompressing installation is to ensure constant ammonia pressure.
It consists of:
- two independent decompressing systems of gaseous ammonia; gaseous ammonia has to be
decompressed from the max. pressure 1.6 MPa (in buffer-storage tank) to the value of
0.3-0.5 MPa,

- electric preheaters stabilising gas temperatur. at the latter part of delivery pipeline.

4.2 4. Decompression installation of gaseous nitrogen

Each emptying of ammonia filled tank requires special protection against explosive mixtures
creation and against leakage of ammonia into the atmosphere. In order to prevent from these
dangers nitrogen is used to displace ammonia into neutralising installation. Nitrogen is fed from
the cylinder after previous reducing of pressure. Decompressing installation of gaseous
nitrogen is supplied as a whole by Welding Equipment Factory "Perun” :n Warsaw. There is
predicted to install an installation with one reducing system, collecting pipeline and fittings to
20 cylinders. Distribution pipelines of nitrogen located within reach of ammonia system have
to be made of steel.

4.2.5. Sprinkling installation (water curtains)

Storage tanks of liquid ammonia are exposed to sun radiation. In the summer time it will cause
excessive pressure increase and as a consequence it will create danger of tanks, pipelines and
valves damage. In order to protect tank surface from excessive overheating by sun radiation
cooling water curtains will be applied. The syste.n consisting of pipes in the form of perforated
rings will start automatically depending on set values of pressure and temperature switches.

4.2.6. Compressed air installation

Compressed air will be used for nitrogen removal from tanks in the period of tank shut down,
routine repair and pesiodical survey. Installation consists of delivery pipeline equipped with
stop valves, control valves protecting against pressure increase above admissible value and
recucing pressure to require” value
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4.2.7. Ammonia neutralising installation

Leakage of liquid and gaseous ammonia from storage installation has to be neutralise due to
toxic and explosive properties of the product. Ammonia bleeding from safety valves, ammonia
from decompression of gaseous space, gases carnied away during run-purge of tanks and
pipelines are directed to neutralizator i.e. to bubbling system in the tank under the absorption
tower with Raschig rings.

Neutralising tank is filled with 10-20 % sulphuric acid solution which is pumped onto the
surface of the tower. System is put into operation automatically after creation of pressure
difference caused by gas flow in the delivery pipeline on the way to barbotage.

Consumption of acid solution has to be systematically controlled and in case of necessity
replaced by new solution. Installation consists of:

- reloading pump of concentrated sulphuric acid,

- preparation tank of 10-20 % sulphuric acid solution,

- neutralizing solution tank under spray irmgation tower with Raschig rings,

- spray imgation tower,

- two recirculating pumps of neutralising solution.
Under standard conditions (i.e. at time of control gas flow to the tower) one pump tumns on,
then liquid flow amounts 20 m3/h. In other conditions two pumps turn on automatically.
Also air drawn out from emergency ventilating hood of technological rooms will be directed
to spray imgation tower.

4.2.8. Electric installation of ammonia pipelines preheating

There is a danger of ammonia outdropping due to delivery of ammonia for long distances (in
the period of low atmospheric temperatures). From above mentioned reasons preheating of
ammonia in specified points of pipeline is predicted. These points will be determined after
definite pipeline location.

4.2.9. Installations of drinking water, sewage system and fire protection water
Ammonta storage installation is supplied with drinking water to meet the following demands:
- water supply of water curtains (tank surface cooling),
- process water (preparation of neutralising solution),
- potable water for staff needs,
- water for tank pressure tests.
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All these water streams together with rain water and post-neutralizing solutions should be
discharged into sewage system. The whole object creating ammonia store has to be protected
by fire protection installation. Spacing of fire hydrants in accordance with respective ammonia
management regulations.

5. Conclusions and recommendations

Ammonia store was located according to suggestion of Investor. This proposal is very
inconvenient from length of liquid ammonia suction pipe point of view. It is recommended to
analyse accepted localisation in detail once more. Ammonia store should be located nearer the
railway track.
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6. Specification of equipment and materials

Item.

Specification of equipment
and its characteristic

Supplier

Symbol

Unit

of equi

Weight /Price

Unit
/ATS

Total
[kel/ATS

2

Storage tank of liquid ammonia
(NH,) D400 H7500, working
pressure 3 MPa

22000

Equalising tank of gaseous
ammonia (NH,) D400 H7500.
working pressure 3MPa

22000

22000

Gasificator of liquid ammonia
(NH,) D1200 L1500 with electric
preheater or steam coil

2500

Liquid ammonia pump (NH;). tvpe
of ANH2 Q=3 m3/h H=20 m H,0

132

Decompression gaseous ammonia
station

- stop valve DN32

- control valve

- pressure reducing valve

Ll L -

20-points decompression station of
nitrogen with supports and fittings
to gas cylinder

Welding

Factory
"Perun” in
Warsaw

200

200

Absorption tower with Raschig
nings and neutralising solution tank
-tower DI1300 H3000

-tank D2400 H3750

2500
4650

2500
4650

10-20% sulphuric acid solution
pump (H,SO,). type of 50 KCZ 30
Q=30 m*h  H=13 mH,0

169

338

Preparation tank of sulphuric acid
solution (H,SO,) D2000 H3000
(with protective coating)

1800

1800

10

Reloading pump of concentrated
sulphuric acid. type of LUT2 M4
Q=210 /min_H_, = 19m

Gaseous ammonia filter
Q= 300 Nm’*/h p=1.6 MPa

12

Ball stop valve with clectric dnive
DN32 (ammonia)

ST123 SGR
BW
EBRO

160500

13

Ball stop valve with clectric drive
DN4O (ammonia)

$T123 SGR
BW
EBRO

15

R792

/131900
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2 3 4 5 6 7
14 |Ball stop valve with electricdrive | ST113 SGR 13 /14258 1185400
DN50 (ammonia) BW
EBRO
15 | Ball stop valve with clectricdrive | ST113 SGR unit 3 n7416 69700
DN80 (ammonia) BW
EBRO
16 | Safety vahve 8 19 152
DN32
17 | Ball stop valve with electricdrive | 11 PVC-U 6 56 333
PVC (H,S0,) | GF
DN40
18 | Ball stop valve 346 PVC-U 2 0.82 17
PVC (H,S0p |GF-
DN50
19 | Ball stop valve (ammonia, 7 35 245
nitrogen. compressed air)
DN32
20 | Ball stop valve (ammonia, 3 6.0 18
nitrogen. compressed air)
DNS5SO
21 |} Ball stop valve 2 22 H
DN80 (ammonia)
22 | Ball stop valve 4 30 120
DN100 (ammonia)
23 | Pressure reducing valve 3 according
DN50 (ammonia) Jand C
24 | Check valve 3 99 30
DN50 (ammonia)
25 | Check valve 1 18.1 18.1
DN80 (ammonia)
26 | Control valve 3 20 60
DN80 {ammonia)
27 | Ball stop valve with electric drive 5 26 130
DN50 _ (water)
28 | Ball stop valve i 6 6
DN5O (water)
29 | Steal pipe m 150 2.75 420
DN32
30 | Steal pipe m 200 3.26 660
DN40
31 | Steal pipe m 350 4.25 1490
DN50
32 | Stcal pipe m 350 838 2950
DN80
33 | Steal pipe m 600 10.3 6180
DN100
34 | PVC pipe PVCB m 40 0.422 17
DN40 40x1.8
GAMRAT
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Specification :

1

12

Storage tank of liguid ammonia D ¢009 H 7500

Equalizing tank of gaseovs ammonig DLCNC H7501

Gasification pressure ‘ank with keating unit 1200 (1500

Liquid ammonia pump lype of LNH2 Q- melh H:20mIH20

Decompression station of gaseovs nilrogen

Decomp i ession station of nitrogen

Absorplion tower of ouliet ammonic DILO0 H 3751 02600 H75M

Pump of sulphuric acid solution type of SOKCZ 30 @ :30m3Ih H=13m

Tank of 10 20 % sulphuric acid soiution D 2000 H 3000

low pressurc a'r compression station
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2 Equalizing tank of gaseovs ammonia DLGAO0 H7500

3 Gasitication pressure *ank with heating unit 01200 {1500

4 Liquid ammonic pump lype of (NH2 Q- JmJIh H:ZOmIHZO

S5 Decrmpression stahon of gaseavs nilrogen

6 cecompiession station of nitrogen

7 Absorption tower of outiet ammonia D1L00 H 3C"F 1 D2L00 H 7500

8 Pump of suiphuric acid sclution type of SOKCZ 30 Q =30m3In H=13m HXO

9 rank of 10 20 % sulphuric acid solulion D 2000 H 3000

12 cw pressure cir  compression station
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BASIC ENGINEERING
Reaction chamber

1. Description of the process kinetics.

I.1. Dependence of the ionizing radiation dose on the specified outlet gas chemical
composition and charactristics of flue gas traversing system:
- density,
- velocity,
- flow rate.

1.2. Determination of the required level of irradiation dose when gas is treated by:
- single - stage irradiation,
- two - stage irradiation,
- multi - stage irradiation.

2. Selection of accelerators.

2.1. Documentation of applicable assumptions in accelerator selection:

- determination of accelerator power,

- technical parameters of the accelerator unit, including: size, power and weight of

feeders, means of cooling - SF, or oil,

- constructional design of the accelerator configuration (coupling feeder-head, length
of hom, length and width ¢f window, means of beam introduction, size and weight
of the units),

- maintenance requirements time duration, frequency of foil replacement, regulation
and control of accelerator),

- method of assembling and fitting units,

- accelerator maintenance (personnel requirements).

2.2. Technical characteristics of selected accelerators (availability for purchase and
application).




3. Technical documentation for BE (basic engineering) of the reaction chamber to
support detailed engineering design.

3.1 Selection of the chamber configuration and establishment of its size (diameter and
length) as a function of gas density and the electron beam range.

W
(28}

- Matenals of construction (carbon steel. alloy steel with anti corrosive coating, and
stamless steel).

3.3. Window construction:
- manner of window mstallation in the reaction chamber accounting for rate of
titanium foil and ease of the window replacements,
- means of window protection from the influence of flue gas particulates (air flashing
under the window),
- means of window cleaning from the chamber side.

3.4. Selected method of cleaning the chamber walls of deposits (scrapers, water nozzles,
water introduction).

3.5. Water feed to the reaction chamber to increase gas humidity (selection of a nozzle
location).

3.6. Determination of thermal expansion compensation in the chamber and piping.

-
)

. Composite drawings (BE) of the reaction chamber with principal dimensions and
cntical provisions in technical project design.
4. Basic engineering of the reactor building.
4.1. Selection of ozone removal method:
- exhaust from the unit (ventilation),
- removal by recirculation to the reaction chamber or gas line.
4.2, Ventilation of the reactor building.
4.3. Installation of SF,isolating gas.
4.4. Accelerator cooling system.
4.5. Selection of generators.

4.6. Ventilation of high voltage generator rooms.

4.7. Ventilation of accelerator rooms.




4.8. Protection against ionizing irradiation including:
- location of permanent biological shields,
- location of mobile biological shields,
- thickness of the shield walls and type of matenals utilized.

4.9. Layout of the reaction chamber unit wit cooperating installations (parameters and
utilities requirements show shown).

4.10. Composite drawings (BE) of the reaction chamber unit including arrangement of
accelerators, generators and accompanying equipment, to permit detailed
engimeenng design.

4.11. Specification of principal non typical and commercialy available units.
4.12. Choice of construction materials.

4.13. Protection against corrosion.

4.14. Estimation of media sources.

4.15. Assumptions for branch designs:

- for structural and construction pan, indicating magnitude and nature of loads,

- for electrical part (listing of installed power supply),

- terminal of the external feeding installations,

- for the monitoring, control and measuring projects, including:

a) dose control and optimization,

b) continuous observation of the gas irradiation system (TV cameras),

c) gas analysis,

d) measurements of the process parameters,

e) installation of measuring and contrn! systems to ensure safety (control of ozone
concentration level etc.).

S. Costs calculation for supply of the reaction chamber system.




1. DESCRIPTION OF THE PROCESS RINETICS.

1.1. Dependence of the ionizing radiation dose on the outlet gas chemical composition and
characteristics of flue gas traversing the system: gas density, gas velocity, gas flow
rate specified.

Oxadizing radicals OH. HO and O are produced m the process energy of transfer from the electron
beam to the molecules of the flowing gas. The mam components of the flue gas such as N,, O,, H,0,
and CO. are almost totally responsible for the energy absorption in this multi component gas system.
The energy absorption by each component is proportional to #ts partial pressure switch also means that
SO, and NO_ relatively Tow i concentration have little impact on primary processes. The SO, and
NO_removal process effictency (G valt . energy cost of the removal process) depends on a number
of competing reactions in which the primary radicals decay.

The principal parameters of radiation technology are related to required dose level, connected to
radiation process ethiciency (G value. required dose level for a specified removal efficiency), energy
requircments and radiation utilization efticiency of radiation, which depends on irradiated matenal
density  and clectron beam spatial charactenstics.

This relation are is well defined by the following equation:

3600
W= F P fkem) (1]

where: W - throughput of the installation: W = m x F. [kg/h],
m - gas - phase mass density, {kgm ].
F-flowrate. ) - 3660 x sx v, [m h].

s - reaction vessel crosssectional dimension, [m ],

v - gas phase linear speed, [m's]

D - required dose, [kGy].

k. - electron beam utilization factor,

P, -clectron beam power, P, -1, xE=PxF,, [kW],

I, - electron beam current. [mA].

E - electron energy., [MeV],

P - electncal power of the radiation facility. [kW],

F, - clecirical efficiency of the accelerator.

It can be easily scen from above that throughput of the removal process depends directly on beam
power level and. for fixed electron energy range, depends proportionally on electron beam current
level. The relation between electron energy level and dose is more complex. Fig. 1.1 represents the
universal cunve relating dose distnbution vs electron energy. The maximum penetration range can be
determined for a specified mass density of the irradiated object and an electron energy.

Electrons interact with matter in several ways, the chief of which are inclastic and elastic collisions
along wath the emission of electromagnetic radiation (important at higher electron energy levels).

6



At lower energies (below several MeV) electrons lose their energy by inelastic collisions with
electrons of the mterfenng matenal resulting i fonization and excitation in the irradiated material. The
equation desnbing the rate of energy loss of an electron as a result of ionization ard excitation, Srst
denved by Bethe and completed (moditied) by Bloch. is given by:

€€ amNezly mE L o83 1-p2eli- gy’ (12)
dx  my? | 20%1-pY 8
where:

E is electron energy [MeV]

X is the distance within travelled by the eiectron the material [m])

N is the number of atoms per cm *

e 1s the charge on the electron (for mixture z,)

Z is the atomic number of the interfering matenal

m,, 12 the rest mass of the electron; 0.511 MeV

v is the velocity of the electron [cm/s)

lis the mean excitation potential fer the atoms of the stopping material [eV]
and B v.cwhere ¢is velocity of light: Ic = 2.99- 10" m/s

The quantity dEdx, i.e. rate of loss of energy with distance, is usually known as the stopping power.
It can be expressed in MeV - cm®/g or in MeV/cm. The main conclusion to be drawn from Bethe's
equation about stopping power of electrons is: The product is equal to the number of electrons per cm’
, 1. stopping power is directly proportional to the electron density and will therefore be much lower
in gases than in solids or liquids. Electrons because of their small mass are readily deflected by the
Coulombic ficld of a nucleus. Although there is no energy loss in eleciric collisions of this kind, such
collisions are important m that they result in a non-linear passage of the electron through the irradiated
medium. When the percent of transmitted electrons is plotted as a function of absorber thickness, a
rapidly decreasing value is displayed with a "tail” that merges with a background value.

The absolute maximum range, R, is determined by the intersection of the tail of the transmission
curve with the background. The extrapolation range, or practical range R, is determined by the
extrapolation of the lincar portion of the transmission curve to the intersection with the background.

The electron range can be calculated by (numerical) integration of the collision energy loss.

On the other hand an empirical relation may be used:

R,/E.Z.0/-ay/1+25E 2-0.9865, (1.3)

0.161cos(0/2) where

ZOI

for0.03- k- 3 MeV
and 0" < 0, <60"
Ring'em’.

~)




The above tormula takes into account etfects of Z and also the mcidency angle. 0. The angle 6
depends on scanning and on electron scatterma in curved window fotls.

The temperature of the gas phase and its prescure have significant mfluer.ce on dose distnbution due
to differng specitic mass density for at each temperature level. The basic parameters of the air and flue
gas are given m Table 1.1

The dose distnbution for certain process parameters and multilayer irradiated object can be
evaluated by computer code. Examples of results that were obtamed using computer simulations
(Tabata. 1989) are presented on Fig. 1.2 and 1.3, Unfortunately different results were obtained based
on calculations ued to different literature data (Table 1.2).

Table 1.1
Physical parameters of air and flue gases.

Parameter Air Flue gases Remarks
Gas composition N.-7545% N,-76 %
0,-232% CO,-13%
Ar- 1.28% HO-11-12%
Density [kg'm’] 1.293 kg'm’ 1.295 kg/m’ 0°C, 760 Tr

1.205 20°C

1.0 80°C

0.946 0.950 100°C , 760 Tr
Stopping power 1.798 1.8328 500 keV

[MeV.gicem’] 1.739 1.7719 600 keV

1.703 1.7340 700 keV
Flectron density 3.03 - 107 3.1 107
Z, 7.64 7.5

7.35 7.2

Mcan value of the dose collected by stream of flue gas can be calculated from the formula:

) T
D. E.;.p‘."_ug.p.__"._P_
\'/ T, P,
where
I: - clectron energy [keV)
I - beam current [A]




F, - clectron beam utilization factor
V - tlue gas flow rate [Nm'hj

p - flue gas density [kg/Nm']

T, - flue gas temperature, ['K]

T, - 273.16 ['K]

P - flue gas pressure (P, - AP)
AP-P_-P_

P, - 760 mm Hg or 1013.2472 hPa
T, (T, + T2 K|

The dose deposited in the flue gas depends on electron beam parameters and reaction vessel
dimensions. When a double window configuration is applhed. additional losses are observed.

The electron beam passmg through accelerator wimdow, layer of air, and reactor chamber window
loses energy. The loss of energy can be evaluated basing on:

1) the loss of energy during transmission of electron, through the accelerator window - usually
titanium foil.
2) the loss of energy in air - layer between accelerator and reaction vessel windows,
3) the loss of energy during transmission of electrons through reaction vessel.
4) absorbed energy in the heated flue gas, imported to the walls of the process vessel
There are several kinds of EB energy losses. as follows:
- backscattering of some electrons. reflected from titanium foils.
- ionization losses in Ti (significant part). with simultaneous electron energy degradation,
- radiation lesses in Th (msignificant fraction),
- partial absorption of some electrons in Ti.

In the measurement and utilization of fast electrons, accurate knowledge of backscattering is
frequently required. One of the quantities characierizing this phenomenon is the backscattering
coeflicient defined as the ratio of the number of backscattered electrons to the sumber of incident
electrons. The backscattening is to a considerable degree due to the clectric field of the nucleus (of the
atom of irradiated material, 1.e. Tt in our case). Hence it is not surprising to sec that it increases with
Z (atomic number).

On the other hand, the backscattering coefTicients mcrease with increasing target thickness until
saturation is reached at a thickness of approximately half the practical range of the incident electrons.
It also depends on incident electron energy y.

The spatial distribution of the electron beam dose from the accelerator inside the process vessel
can be measured using the thin ACT or PVC foil dosimeters that were chosen after critical selection
of published dosimetric methods. The basic parameters of such dosimeters are given in Table 1.3.
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Table 1.3.

The intercompanson of main charactenstics of PVC and CTA film dosimeters

weight and composition

CTA
cellulose triacetate 85%
(CIZHMOK)!-
triphenyl phosphate 15%

T

PVC
polyvinyl chlonide
(C,H,C1), of
approx. 98%

nominal thickness 0.125 mm 5% 0.26 mm
width of tape 8 mm 8 mm
specific weight 132 glem’ 1.4 g/om®

electron density

3.18x 107 /g

3.15x 102 e'/g

effective atomic number 6.7 11.37
(2)
etfective Z/A 0.526 0.5

(A - atomic weight)

mass stopping power
(1 MeV electron)

1.75 to 1.8 MeV/g/cm?

1.64 MeV/g/cm®

lineanty range 200 kGy 5 to 50 kGy
10 to kGy
wavelength (1) 279.5 nm 394 nm
precision 8-10% 6-10%
manufacturer FUJI Co., LTD. Tokyo Kunstoffwerke Staufen
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Dose distribution was measured In Kawgezyn Pilot Plant using fcil dosimeters. The basic data
regarding clectron accelerator are given mn Table 1.4

Table 1.4

Main radiation data charactenzing the EL.V-3A ligh power low energy electron resonance
accelerators

- energy of clectrons 500-700 keV

- nstability of clectron energy 5%

- average electron beam current 100 mA

- nstability of electron beam current 5%

- average electron beam power (max) 50 kW

- homogenity of lincar density of scanned beam

measure at the distance of 50 mm from output +10%

- output window dimensions 75 x 1500 mm

- thickness of titamium window foil S0 pm

- max clectron beam scanning angle +30°

- cooling water tlow rate 1.5 m*/h

- cooling air flow rate 200 m*/h

The process vessel has dimensions: 1.6 m in diameter with a length of 7.5 m. The process vessel
is made of stamless steel IHI8NIT, and thermally insulated using the rock wooi. It is equipped with
two secondary windows made of titanium foil (also of 50 um thickness). Dimensions of the window
(its active part) are 1500 x 75 mm.

Dose spatial distribution inside the process vessel was measured by both PVC and CTA film
dosimeters cut i the form of long tapes (stripes) of about 115 cm. The dosimetric film stripes were
placed m a special by designed square frame of external dimensions approximately 113 x 113 cm in
seven levels 20 cm apart.

For radial dose distribution measurement the frame positioning was perpendicular to the
geometrical axis of the process vessel in the middle of double titanium window of the ELV-3A
a~celerator EB system for injection into flue gas stream.

Longitudinal dose distnbution determination needed consecutive shifting of the frame along the
mam geometrical axis of the process vessel in steps of 35 cm. Four shifts were adequate for
measurement of the inside spatial dose distribution zone (contour). The frame constnuction ensures
that the mutual self-screening of dosimetric film stripes is avoided. The configuration of dosimetric
foil during dose distribution measurements is shown on Fig. 1.4.

The measurement were performed at 500, 600 and 700 keV of electron energy and 1 mA EB
current to keep the 500 mA integral value constant (it is controlled by computer). Radiation induced
absorbance of PVC and CTA stripes was spectrophotometrically sampled with a 3 cm step along each
stripe. At the lowest energy (i.e. 500 keV) the reading level from the seven film stripe of the matrix
closest to bottom was indistinguishable from the unirradiared film absorbance. Obtained measurement
resvlts for electron energy 0.6 MeV are presented in Fig. 1.5.

The dose distribution along the main axis of reaction vessel is shown on Fig. 1.6.

The experimental results of depth dose distribution for different electron energies are presented
on Fig. 1.7. The evaluation of electron beam losses vs electron energy for Kaweczyn Pilot Plant
experimental conditions is illustrated on Fig. 1.8.




1.2. Determination of the required level of irradiation dose when gas is treated by:- single-
stage irradiation, two - stage irradiation, multi - stage irradiation.

The dose rate delivered to the flue gasis one of the major parameters of the irradiation process.
It has direct relation to the NO, and SO, removal efficiency and required electron beam power to be
provided in the process installation (number and size of the accelerators). The results are influenced
by vanation in clectron energy and different configurations of the reaction vessel. This means that
economics of the process strongly depends on the effectiveness of the beam power transmission to the
flue gas.

To get highest efficiency in performance of the flue gas irradiation process the dose distribution
should be optimized.

This can be done in different ways:

- irradiation from the same side in at least two steps with gas mixing 1 reans.
- rradiation from opposite sides.

The electron energy and spatial dose distribution are the key parameters for evaluation of different
uradiation contigurations. Electron accelerators with energv 300 keV can be applied with the thickness
of individual gas channels is beiuw 0,9 m for one side and 1,8 m for two side irradiation. Comparable
values for 800 keV are 2.9 and 5,8 m respectively.

To optimize the electron energy or width of the irradiation vessel the window and wall losses
should be taken into account. Fig. 1.8 shows the optimum electron energy level for a certain reaction
vessel configuration.
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L. SELECTION OF ACCELERATORS.
2.1 Documentation of applicable assumption in accelerator selection.

Technical parameters and application of accelerators to remove SO, and NO, from flue gas are
dependent on clements which can be put together in following groups:

a) factors arising from process technology,
b) factors arising from site specific conditions,
c) factors arising from means of operation and maintenance of accelerators.

Factors dependent on process parameters are:
- accelerator’s beam power,
- accelerator’s beam energy.

These two basic technical parameters are denived from technological assumptions for installation
to remove SO, and NQ, from the flue gas. Technological assumptions for mstallation determme:
- volumetnic flow rate of the cleaned pas.
- reduction ratio of SO, and NO
- chemical composition of the flue gas.

Factors dependent on the site specific conditions are:
- accelerator's configuration (vertical or honizontal),
- method of leading out the beam,
- length of beam's scan,
- parameters of cooperating systems (generators, pumps, tube dimensions, electrical supply
systems)
- method of connecting accelerator’s units
- weight of units
- cooling method (oil or SF,)
If installation is at an existing power station (heating or power station) above listed factors may
be critical for choice of accelerator because they are basic to application of the accelerator unit. They
do not have basic sigificance for application in the newly designed power station.

Factors tied to the influence of the method of operation and maintenance of accelerators are:
- method of accelerator control,
- method of accelerator regulation,
- systems durability,
- durability of the foil of the accelerator window,
- warranty of failure-free operation,
- method of assembly and disassembly of accelerator,
- ease of maintenance,
- ease of service.

Listed factors are important for accelerator operation and may be crucial in the minds of
installation operators as well as technical and service personnel.
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2.2. Technical characteristics of selected accelerators (availability for purchase and
application).

2.2.1. Assumptions for potential accelerators deliverers.

Choice of accelerator m application of SO, and NO, removal technology will be dependent
on below listed technical parameters. Firms competing for supply of the accelerator should
include in offers:

a) for basic parameters relating to the beam:
- accelerator power,
- beam energy.
- configuration of the unit,
- method of leading out the beam,
- beam's current,
- length of scan,
- accelerator’s efficiency,
- matenal and thickness of foil for the accelerator window.

b) for cooperating systems:
- type of power supply units,
- transformers,
- supply units,
- vacuum pumps,
- control panels.

¢) for design arrangements:
- overall dimensions of units (length, width, height),

d) for utility requirements:
- power supply per unit,
- total installed power,
- amount of cooling water,
- type and amount of water consumed (raw, distilled, demineralized),
- temperature of water,
- type of cooling system (open, closed).

e) for supply isolation system:
- i1solating agent (SF, - oil),
- method of isolation and de-isolation in the emergency situation,
- if oil 1solation is applied - technical parameters and chemical composition of oil
(operation and ignii.on temperature, evaporation ratio, protection).
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f) for assembly and operation:
- requirements for installation.
- requirements for assembly,
- requirements for adjustment and positionimg,
- failure-free operation.

g) for accelerator maintenance:
~ method of control and adjustment of the beam,
- frequency of window replacement,
- required qualification of staff following from device construction.
- rehability

h) the cost of investment
- cost of the accelerator
- spare parts cost (cost of exploitation)
- warranty and conditions of delivery

Technical data for diverse accelerators is shown in Table 1.

Technical characteristics of accelerators selected for EB technology are presented in fig. 2.1, 2.2,
23,2425,

Comparison of charactenistic parameters of accelerators is shown i fig. 2.6.

For the EPS Pomorzany siting of accelerators is presented - fig. 2.7.. 2.8., 2.9. and 2.10.




TABLE 1. COMPARISON OF ACCELFERATOR TECHNICAL PARAMETERS

No Parameter Unnt RUSSIA JAPAN
ELV ISE-300 AURORA| NISSIN | NISSIN

1 2 3 4 5 6 7 8

1 Accelerating voltage kV 1000 1000 1000 1000 800
2 Acceleratmg voltage % ~§ £5 <£5 2 12

mstability
3 Number of accelerating 8 4 4 4 4
heads
4 | Position of accelerating vert vert. vert. vert. vert.
heads
5 Number of power 4 4 2 2 2
supply systems
6 | Maximum beam power] kW 8x150 4x300 4x300 4x300 4x300
7 |Maxunum beam current mA 8x150 4x300 4x300 4x300 4x375
8 |Elcctron beam mstability] % <5 +5 <43 £2 12
9 I.ength of scan mm 1600 2500 2000 1800 2250
10 Maximum scan angle ’ 60 60 46 60 60
11 {Surface dose uniformity % <10 £10 <x10 *5 x5
12 AC power supply kW 3x6.0 3x6.0 3x6.0 3x6.0 3x6.0
13 | Accelerator efficiency % >80% >82% >80% >90% >90%
14 Window matenial Ti Ti Al Ti Ti
15 | Power supply isolation SF, SF SF, oil oil
16 Cooling system air air water air air
17 [lime of equivalent full load] h/year { 6500 6500 6500 6500 6500
22
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3. TECIINICAL DOCUMENTATION FOR BE (basic engineering) OF THE REACTION
CHAMBER TO SUPPORT DETAILLED ENGINEERING DESIGN.

3.1. Selection of the chamber configuration and establishment of its size (diameter and
length) as a function of gas density and the electron beam range.

Configuration of the reaction chamber is determined by technological assumptions for mstallation of
SO, and NO, vemoval from flue gases. Its overall dimensions are dependent on:
- the flow volume of treated gas,
- density of the gas,
- type of accelerator chosen.
- selected method of introducing the volumetnic gas stream, (one, two or three pipe flow
paths).

Height of the reaction chamber depends mainly on the range of the electron beam. It is assumed that
for the chamber’s window it's possible to achieve maximum 10% energy losses m use of the electron
stream. Length and width of the chamber depends on process technology parameters tied to the design
volumetric flow of treated flue gas. They indirectly depend on system design so far as electzon beam
geometry, length and width of the accelerator window. construction and dimensions of the tube.
Depending system arrangement (tube parallel or perpendicular to direction of the gas {low) the
reaction chamber can have (in cross-section) the shape of a circle, square or rectangle.

For an assumed amount of gas flow equal to 270.000 Nm’/h and based on the design method. the
reaction chamber can be shaped n two aitemative ways:

a) circles of diameter 2.6 m with two paths of gas purification (2 X 135.000 Nm'*/h)

b) rectangle with height 2.6 m and one purification path (1 X 270.000 Nm'/h).

The size of 2.6 m is related to the electron bearm penetration and optimal size regarding energy losses.
Length of the chamber depends on residence time to be provided between the first and second stage
of electron beam influence on the gas stream.

Based on gase with charactenstics described in fascicle No | the maximum distance between axes of
the first and second stage of influence will equal 7.0 m.

Length of the reaction chamber with above listed process conditions will be m the range of 9.5 - 11.0
m.

The example of the reaction chamber design is presented in fig.3.1. and 3.2.

3.2. Materials of construction (carbon steel alloy steel with anti corrosive coating,
and stainless steel).
Chemical reactions in the reaction chamber and duration of exposure of the camber construction to
corroding chemicals define need for matenials resistant to long term influence of aggressive
compounds. Thus the chamber must be made of durable and non-corroding materials. Materials as

alloy steels (stainless or acid resistant steel. for instance THISNO9T - counterpart of USA-304)

An influencing criteria in material selection for the reaction chamber is cost.
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Coustruction in alloy steel will be the most expensive altemative due to material cost as well as high
cost of fabnication of this type of steel.

In choosmg carbon steel imited durability (faster corrosion) must be anticipated. The matenals decision
is dependant on budget. :

3.3. Window construction.

The reaction chamber must be equipped with the same number of windows as accelerators installed
above it. Construction of the window must be of the same matenal as used for the reaction chamber.
Construction of the window naust allow quick foil replacement im the case of damage as well as
provide a proper method of fastening foil in the frame to be properly and uniformly stretched.
Design of the second window of the chamber can be camed out after selection of the accelerator's
type and fannhanzation wath the construction layout of the accelerator window.

It 1s important to determine the mimmum distance between accelerator window and the reaction
chamber. Minimization of this distance is recommended (because of loss of electron energy in the zone
between windows). On the basis of currently available publications charactenzing construction
solutions, mmimum distance between windows is in the range 50 - 80 mm. This dictance should not
be too high due to ozone production and energy losses of the electron beam. The construction of the
output device and necessity of the window air cooling don't allow practically to reduce this distance
much below 50 mm. The example of accelerator’s and reaction chamber window placement is shown
m fig. 3.3.

An important construction requirement in design of the reaction chamber window is isolation of
window's foil from contact with solid particlate caimied by the flue gas. Phenomenon of carrying solid
particles is more mtensive when efficiency of electro-filters to remove ash from the flue gas decreases.
Avoidance of contact of the gas with the window’s foil can be achieved by biowing the gas through
the slit beneath the foil of the chamber window. Example of the solution is shown in fig. 3.4.
Blowmg air beneath chamber window prevent precipitation of solid particles of reaction product
(mixture of ammonium nitrate and ammonium sulfate) on the window’s foil.

3.4. Selected method of cleaning the chamber walls of deposits (scrapers, water nozzles,
water introduction).

To remove deposits (reaction product) from walls of the reaction chamber periodic washing is to be
provided with change of wastewater to a disposal system. The suitable method to store and dispose
of those wastes should be mstalled. To accomplish this task the reaction chamber is to be equipped
with holes for rotating water nozzles and drainage system to remove wastewater from the bottom of
the chamber.




3.5. Water feed to the reaction chamber to increase gas humidity (selection of a nozzle
location).

Water injection to the chamber is used to entrance SO, removal. In such case suitable stainless steel
reaction chamber should be used to prevent corrosive attack of deposits.

3.6. Determination of thermal expansion compensation in the chamber and piping.
Compensation of the chamber is not necessary because influence of the temperature 65°C is not

significant for the chamber construction. Elongation of pipe runs will be compensated in the same
manner as in professional power industry (expansion joints).

3.7. Composite drawings (BE) of the reaction chamber with principal dimensions and
critical provisions in technical project design.

On BE stage it's possible to determine general assumptions for the construction of the reaction
chamber. Overall dimensions and requirements for the reaction chamber are shown in fig. 3.1. and 3.2.
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4. BASIC ENGINEERING OF THE REACTOR BULLDING.

4.1. Selection of ozone removal method:

Ozone orngiating from air iomzation will be removed from the zone between the accelerator window
and reaction chamber window. It will be removed by local exhaust fans and ventilators. Depeading
on local conditions ozone will be evacuated to the atmosphere (stack for ozone) or introduced to the
reaction chamber Lehind second stage of electron mfluence. The means of ozone removal (schematic)
is shown in fig. 4.1.

4.2. Ventilation of the reactor building.

According to regulations and requirements existing in the country for instances in which nuclear
techniques are applied it's necessary to design and construct a ventilation system for the following
rooms:

- accelerator chamber,
- reaction chamber,
- high voltage generator room.

Ventilation of these rooms must be forced by the mechanical supply - exhaust ventilation system.
Amount of air exchange for ventilation of the reaction chamber is equal to 10 - 20 exchanges/hour,
for remainig rooms, 6 exchanges/hour, according to radiation protection standards.

4.3. Installation of SF; isolating gas.
Installation of SF, isolating gas should be characterized in detail by the manufacturer of the
accelerators. The manufacturer should supply together with the accelerator the compleie system of
SF, feed and removal assuring that SF, will not be released to the atmosphere.

4.4. Accelerator cooling system.
Accelerator systems previded in gas tratment service are equipped with two cooling systems:

- water in a closed system for cooling internal parts of accelerator and tube.

- airbased for blowing air on the accelerator’s foil.

Schematic drawing of the accelerator water cooiing system is shown m fig. 4.2
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4.5, Selection of gencrators.

Depending on the specific manufacturer construction requirements may include one of two means of
internal isolation of generators:

-oil,

- SF..
Choice of specific accelerator in tum fixes the type of generator isolation to be delivered.
Generators filled with oil require additional anti-fire protection.

- hiermetic room,

- additional ventilation to remove heat.

- emergency system for dumping of oil in the case of tank leakage.
Schematic drawing of the oil dump system is shown in fig. 4.3.

4.6. Ventilation of high voltage generator rooms.

In high voltage generators room should be installed mechanical supply-exhaust ventilation providing
6 exchanges/hour.

4.7. Ventilation of accelerator rooms.

Accelerater room must be equipped with mechanical supply-exhaust ventilation provding 6
exchanges/hour. Schematic drawing of the ventifation system is shown in fig. 4.4.

4.8. Protection against ionizing irradiation.

Depending on localization of flue gas treatment installation problems concerning the means for
protection against ionizing radiation must be detailed individually for each Application. In all site
specific instances the requirements of the specific country must be met.
Requirements must be fulfilled conceming:
- radiation shields,
- ventilation systems,
- supply systems,
- signaling and blocking systems,
- alarm systems.
These requircments concerns protection for both operaters and other personnel.
Basic !aws reguiations determining conditions necessary to ensure radioiogical safety in Poland are:
- Atomic Law - the legal act as amended in 1994,
- Chairman of the Polish Atomic Agency instructions from 1988 concerning estimation of
limiting doses.
- Polish standard PN-86/J -80001, Calculations for Permanent Shiclds.

Also for calculations of thickness o shields for protection against ionizing radiation calculations
methodology had been per regulatico< nubiished in;

- DIN Standard 6847 Teil 2. nom 1990,
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- NCPR Report NoS1 - Radiation Protection Design

- Accelerator manufacturer information regarding requirements in protection from radiation
resulting from construction of accelerators.
In this text means of solving problems protecting agaiust radiation are presented for Pomorzany
Electro-power station. In agreement with those conditioins both trains are mdependent in sense of
radiation pritection what allows to provide necessery senvice in one train, whén the second one is under
operation. The details of radiation protection and emergency operation are described in technical
project of facility.

4.8.1. Assumptions for shield calculations due to:
a) accelerator operation.

- n each chamber will be installed accelerators with 600 kW power (for instance 2x300 kW)

- accelerators’ axes are spaced as far apart as possible in keeping with the length of the reaction
chamber and accelerator window.

- operational time of accelerators - 6500 h/year of equivalent full load operation.

b) accelerator maintenance.

- accelerator rooms are accessible only by personnel associated with the flue gas treatment
installation

- employzes of other departments of the electro-power station (for instance staf¥ of transformer
stations) can be present immediately outside of accelerator rooms without dan ger of exposure
to the ionizing radiation.

- during operation of one treatment train the staff can enter (for example to correct

accelerator's malfunction) 1ooms at the level £0.00 m and +5.50 m of another train (to change

titanium foil in accelerator window vr titanium foil of the reaction chamber window) without

possibility of exposure to the ionizing radiation.

4.8.2. Calculation of shielding walls thickness.

In the phase of "basic engineering” calculations of shields will be performed only for direct radiation
and for main dircctions of imminence. Complete calculations of all shields for direct and diffused
radiation will be puformcd in the technical study after choosing accelerators’ type.

In the "basic enginecring” were performed calculations of shielding walls thickness for levels +0.00 m
and +5.50 m, and tie ceiling between these levels. Preliminary calculations will be carried out
assuming application of 800 - i000 keV. 1200 kW (2 X 2 X 300 kW) accelerators.

According to the estimated calculations to ensure radiological protection of the staff work and fulfilling
requirements of radiological protection regilations. existing walls of multi-cycloas chambers should
be made thicker up to 40 cm. New walls and the ceiling between levels £0.00 m and +5.50 m should
be made from concrete of thickness 80 cim and density p-3.2 g'em”. The walls of such a thickness will
be made by adding (in appropriate ratio) barite. hematite or magnetite aggregate {¢re) to concrete.
Estimated required thickness of shiclding walls, and preliminary site specific application of local shields
is shown at fig. 4.5., 4.6.,4.7.,4.8.. 4.9.. 410




4.8.3. Types of materials used for shields against ionizing radiation.

Depending on the kind of shield used and the specifics of surface area and cubage requirements the
fellowing matenials can be used:

- solid brick with density p=1.8 g'cm’

- concrete brick with density p=2.3 g/cm’

- monolithic concrete walls with density p=2.35 gicm’

- monolithic dense concrete walls with density p=3.2 g/cm’ (admitting barite. hematite,

magnetite)

- walls made of lead bricks

- local shields made of lead sheet

- local shields made of steel sheet

To adapt multi-cyclones chambers to meet requirements of accelerators the followmng shielding
material will be used: concrete with density p=2.35 gicm’, steel plates, lead bricks. (for labyrinths
walls) and lead sheet (filling of shielding doors).

4.8.4. Facilities to be supplied to ensure radiological safety.

To ensure radiological safety the following installations will be provided:
- mechanical supply - exhaust ventilation
- mechanical ventilation to remove ozone
- accelerator aenal window cooling system
- reaction chamber window cooling air system
- sound signalling system
- visual signalling system
- mechanical blocking system
- electrnical blocking system
- access control system

4.9. Layout of the reaction chamber unit with cooperating installations (parameters and
utilities requirements shown).

Schematic drawings of the mode of application of the reaction chamber shown in figs. 4.11. and 4.12.

4.10. Composite drawings (BE) of the reaction chamber unit including arrangements
of accelerators, generators and accompanying equipment, to permit detailed
engineering design.

Composite drawings of the reaction chamber unit including arrangement of accelerators, generators
and accompanying equipment can be prepared after selection of enecrgetic unit and accelerators. For
any retrofit installation optimum positioning of each component may be different. Examples of
installation layout (reaction chamber and accelerators) are shown in fig. $.13. 4. 14 415416, 4.17.
(to suit site specific conditions at EPS Pomorzany) and in fig. 4.18., 4.19., 4.20. to include additional
components (270.000 Nm'/h).
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4.11. Specification of principal non typical and commercially available units.
Reaction chamber unit consists of:

a) accelerators
b) reaction chambers
Accelerators form the group of typical commercially available devices equipped with:

- generator (power supply)
- transformer

- accelerating section

- tube with the window

- control panel

- vacuum pump

- ozone removal unit

Reaction chamber is non typical component, individually tailored. Its dimensions depend on assumed
flue gas treatment parameters. The chamber consists of the reaction part and the window with titanium
foil. For Pomorzany Electro Power Station the chamber's diameter equals 2.6 m. and the length of
the window is 2.25 m. In the chamber two windows with titanium foil will be installed. The ballance
of devices dedicated to the reaction chamber includes:
a) among typical devices:

- inlet ventilation fans

- outlet ventilation fans

- water pumps of the primary circulation path

- water pumps of the secondary circulation path

- heat recuperators

- ventilation coolers (for the secondary water circulation path).

b) among non typical devices:
- tanks for demineralized water
- tanks for raw water
- piping supplying flue gas
- piping evacuating flue gas

4.12. Choice of construction materials.

Materials of construction of the accelerator are chosen by the manufacturer. The reaction chamber
must be made of stainless steel. (for. example 1HI8N95). For the chamber's window titanium foil of
50 pm thickness will be used.

Devices of water cooling system (primary and secondary circulation path) will be fabricated of carbon
steel, suitably protected against corrosion.




4.13. Protection against corrosion.

The reaction chamber and accelerators don’t require any specific means of protection against
corrosion. Such protection is necessary for piping for the ventilation system and ozone removal as well
as for water tanks (demmeralized and raw water) They will be protected by primer paint coated with
chlonnated rubber enamel.

4.14. Estimation of med:a sources.

Accelerators will be supplied from within the EPS (6kV and 400 V systems)

Depending on accelerator's producer requirements demineralized water system should be applied.
Demineralized water will circulate in a closed system. Similarly. secondary circulation water will be
supplied with makeup from the EPS water system to match evaporation loss and the amount purged.

4.15. Assumptions for branch designs.

a) In the building part it's necessary to:

- build shielding walls of concrete with density 2.3 and 3.2 g/cm'to protect against ionizing
radiation. Thickness of the walls is estimated in Fig. 4.5. - 4.10. Based on assumptions made
in their thickness calculation discussed in section 4.8 the walls meet requirements and
conditions for radiological protection.

- build auxilliary rooms for accelerator system and radi