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Project Management 2013 / gg,&all 5,15] 1
Time Schedule / wio i/ JosaJ 1.1

1.1.1  Jan-Jun 13
Name Start Finish Jan 2013 |Fab2013| Mz 2013 | Apr2013 | Mai 2013 | Jun 2013
Bl 14 23 11 25 11 25 0B 22 06 20 03 17
Turbine 15012013 | 09.05.2013 AEEEEE v
Delivery of turbine to Ras Nhache 250 USD 15.01.2013 | 25.02.2013 I
P&l Diagram of 40 kW turbine, matching with photos 09.05.2013 | 09.05.2013 1
Electricity Installation at MEAE work hall 03.03.2013 | 11.04.2013 v
Process Control System 04.03.2013 | 26.03.2013
Installation WinCC (including Windows XP Service Packs) 04.03.2013 14.03.2013 H
STEP7 - WIinCC program integration 04.03.2013 | 14.03.2013 H
Example Sensor (temperature) , Actuator integration (local PLC) 04.03.2013 14.03.2013 F
Integration with PROFIBUS coppled S200 04.03.2013 | 14.03.2013 F
Purchasing all vest sensors and actuators from Germany 17.03.2013 | 26.03.2013 | ]
mechanical Integration of MEAE Teststand 02032013 | 17.06.2013 L
Schreibtisch in neue Moschee verschenken (zakat) 02.03.2013 02.03.2013 1
layout of main test stand elements (with CadStd) 02.03.2013 02.03.2013 1
planning of heater pipes (as condensor) without turbineg entering 03.03.2013 03.03.2013
— condensator construction (1x1x2 m*3), 400 X 2m Eiees (1 inch) *mzaiba™ 06.06&)13 1?.062013 =
piping between overheater and turbine and between turbine and condensa| 09.05.2013 18.06.2013 ]
R ETAEFTET EEA A T T W TErR R TS Y EY BT TOE T ¥ T _
mounting of sensors and actuators 04.04.2013 10.04.2013 *
Lol Do—EE) e Y.Lt i *
Testing 08.05.2013 | 28.05.2013 | w v
Test 1: testing of pipes without incineration and without turbine 08.05.2013 08.05.2013 | 1
Test 2: testing of pipes with inceneration and without turbine (3 barvahle a| 09.05.2013 16.06.2013 | *
Working Description | Planned period In deed worked period Man
package with situation power
Process Control Monitoring and 1 month 5 week (1 week delay ) 700$
system: controlling
software
WinCC work 1st monitoring 2 week 2 week ( Stopped doesn't done
choise because of license end )
SIMATIC manager For controlling 1 week 2 week ( Done without Profibus )
work
Python software 2rd monitoring 1 week 1 week ( Done )
choise
Integration of
mechanical parts:
Test 1 Only water 1 day 1 day (failed) caused 3 days delay 100$
Test 2 Testing of 1 day 2 week (failed) caused I month delay 500%

At the left side of the time schedule the

material costs + foreign personal costs appear.
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1.1.2 Planned Scedules for the PCS work:

e Driver built:

Profibus JI ] LoYL PLCS7-300 JI 5l asé ¢ L,
e Analog reading with temp. calculation
Termocouples JI -» Analog <ULy Jlasl (jﬁé SIMATIC manager 3 s LAD Ji =L LS
Lews adndl) 3)) 41 Ol 5 Lxdles 9 sensor

o Valve and pumpe control circuit:
Velleman board JI gl PLC Jl J3s e L)l 2kt (3 Slslanally sleall (Sl o5k o2 3515 5L

e User interface software (GUI)
3 2k k)l WInCC oY) Gkl . j55ena e n B3lal) Blams (Sl 5 2311 Jols iy LS

Python program

1.1.3 Mounting overheater with turbine (Sep 13)

Practicant work, Material costs: 100 EUR

1.1.4  Mounting cooling for condenser (same time using it as building heating at Qubaisi
center) (Oct-Dec 13)

Costs: ca. 1.600 EUR

Costs Jan-Dec 13 /4JKill 290 1.2

Bl dlast| aond O ed

Rent for hall (100 gm hall) for 2013 2.500 €
SaPis 100 acis & Ayl
J}"’""i'uﬁgu U] Condenser pipes in working hall 560 €
Burning chamber 400 €

Personal Costs TEMO-STPP 4-8/13 1.300 €

Cooling for Condensor in Qubaisi
Center 1.600 €

Total: | 6.360 €
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1.3 Offer to LASER (Lebanese Association for Scientific Research) in Dec
2014

" AECENAR

Association for Economical and Technological Cooperation
in the Euro-Asian and North-African Region

YWww.aecenar.com

Bismillah
To
LASER Tripoli

President Prof. Mustapha Jazzar
Investment Offer

Dear sirs and madames,
AECENAR offers LASER the following:
LASER becomes investment partner in the AECENAR power plant project TEMO-STPP

demonstration plant. TEMO-STPP demonstration plant is a small scale power plant project, which

is planned to use mainly incineration to produce electrical power of 40 kW.

The total investment sum of TEMO-STPP demonstration plant is $ 75.380 (please refer to the

attached calculation).

According to this sum an investment partnership could be established. E.g. if LASER pays 50% of
the total investment sum, the LASER will get 50% of the win, when the plant is selled or the
electricity of it. In case of selling only the electricity (and not the plant), the win percentage will be

for a period of 20 years.

AECENAR offers LASER to invest an amount between 35.000 $ and 50.000 $. This amount is
excluding VAT.

The actual not finished plant is installed at Qubaisi Center in Ras Nhache/Batroun. According to
the calculation there is still missing $33.580 to finish the plant.

Please note that there are two potential clients interested in buying the plant (respectively the
electricity) and further plants from us. One of them is Bader Hassun (Khan as-Sabun). The other is
Khidr Balita, an owner of an international operating company. Khidr Balita will provide also insha

Allah some parts for the plant, which are still missing.
Ras Nhache/Batroun, 15.12. 2013

b |

/) s
Sl (Ex el
Samir Mourad (President AECENAR)
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Attachments:

Calculation (updated after offer)

TEMO STPP Incineration Demonstration Plant, total Installation costs
Timeline 7=
(days) Material Costs Staff Costs
[Number of /
Part pieces Total Ta v salary
0z [Steam fiiter i 5200 "
5 Condensor L $3.700 Mechanical integration| |3 Eng 52,000 56.000 T A
condenzor cooling |1 53500 Mechanical Integration 1l |1 Eng. [s2.000 $3.000
tubes Integration
1 (stainless) [10m 1inch _|s900 5900 Turbine Electrics os Eng 52,000 s1.000 f
Integration Process
vaorizer i 53.500 53500 control system s Eng 52,000 s2.000
Prassure tuoe
Stainless 51,500 51500
Control System
(Software&Hardvare
1 Generator 1 55.000 55.000 Development) I Eng. |s1.000 54.000
RECENAR Project
Administration {only to
1 zas burner L 51.200 $1.200 finish the project) s Eng 54.000
System Integration
0.1 furvalve 14Bar [2 5150 5300 inzeri 1 Eng.
o1 Autvalve 15Bar |1 5200 5200
o1 safety valve 1 5150 5150
02 mass flow sensor |1 51.000 51.000
o1 pressure sensor 1 51.000 51.000 [Total Man Power Casts $21.000
fresh viater tank
1 (stainless) 1 5900 5900
incineration burning
chamber (including
s ion band) |1 52500 54,500 Specific Costs stil open
Incineration
sita for incineration specific
3 material 1 54.000 54.000 stand 15.12.13 part $12.000
fume purification apen for full open for
(incl. fiter for €O, incinaration demo Quoaisi
1 502, mi2) 1 52500 52,500 Costs All in all plant 534,250 Demo Plant: 527 250
tems to
be
borrowed
from Khidr
1 [2utom. Crane 1 51.000 51000 $76.050 3alitz 52650
Turbine 40Kw 1 513,300 515,300
rom
AECENAR
lto be payed
o2 Dest. Water 10001 700 inDec.13  [g19800
|20 [Total Material 555.050

Response of LASER

The response was positive, the next meeting between AECENAR and LASER is planned on 9.1.14

1.4 Condensor Construction Dec 2013

Condensor

Part (i)

[WNaTeiial (=)
Stainless 304 (7-¢ L)

Price’ttem [AI\

$250

5500

v ail12 s60
o hokS 11 oo it
0f2 5300 60
pore 42
holes 2 5300 60
¢ 1 s0
safety valve 1
Wanfacioring
e »
(a2 5 s 5320

53.700
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1.4.1 Offer from Naouchi

Materials price

December 22, 2013 at 8:22:35 pm

S5 el oSl das

Naouchi stainless steel

Material price:

1- Rolled Pipe: 32 cm x 250 cm x 3 mm + 2 cap = 400$
2- Seamless (dt. Nahtlos) Pipe: 1" x 6 m x 3 mm , 6 pcs = 500$
3- Seamless Pipe: 4" x 1 m x 3mm = 64$

4- Seamless pipe: 3" x 1 m x 3mm = 48%

5- Socket weld Flange : 15mm Thickness, 4 pcs = 900%
6- Socket weld Flange : 4" - 2 pcs = 320$

7- Socket Weld Flange : 3" - 2 pcs = 280%

8- Bolts/Nuts & Gaskets = 60$

9- Argon Gas + welding rods = 200%

10- Helpers = 150%

11- Material Transport = 200$

Total price = 3122$

Best Regards

Hilal Naouchi

Trading & Contracting.

Lebanon- Tripoli - El-mina - Bawabeh Street
hilalnaouchi@hotmail.com

Phone: +961 6 218060

Fax : +961 6 218060

Cell: +961 3 503431 / +961 3 446027
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Project Management 2014 / g o2l 5,I5] 2

goal of this work / ael/ [ 0 Cdsplly doséo 2.7

The goal of this project phase (Jan — Nov 2014) was to S, z> )t 26Ul 2dost Ezie JLST a Sl
finish the demonstration power plant such that it can

iali Gyleiinl &9 penzy O Al g0l
be commercialized ) garie gomar O b g8l

Time Schedule / wio i JosaJl 2.2

MName Start Finish 2014
Jan  Apr Jul Okt
TEMO-IPP with LASeR 03.01.2014 19.11.2014 h
establishing steady place for demo plant for incineration 03.01.2014 20.01.2014
integration and warking of experimental plant at Qubaisi lab 21.01.2014 2a.05.2014 | NN
Sucessful turbine test 12.05.2014 12.05.2014 *
Demanstration Meeting with LASeR 23.05.2014 23.05.2014 *
Construction and building of incineration based evaporator 12.05.2014 11.10.2014 —
incineration integration to demo plant at Qubaisi center 03.10.2014 24.10.2014 ]
meeting with Liga alkhair, film presentation 05.11.2014 05.11.2014 *
final report (including photos of liga) 13.11.2014 19.11.2014 |

25



Project Management

Costs /4JSil 590 2.3

Total Costs 2.3.1

File path and name: D:AAECEMARAdministrationt Planning\201411111 14AECENAR_Businassplan_Budget2014 xls
last update: 11.11.2014

TEMO STPP Incineration Demonstration Plant, total installation costs
Material Costs (including workers for manufatoring)

MNumber of

Part pieces Price/piece Total

Steam filter 1 5200 5200

Condensor 1 5$3.000 £3.000

condensor cocling 1 53.500 $3.500

tubes

(Stainless) 10m 1inch 5900 5900

Test Vaporizer 1 53.500 $3.500

Test Vap. Pressure tube Stainless 51.500 51.500

Generator 1 5650 5650

diesel burner including fuel feed 1 5750 5750

safety valve 15 bar 1 5500 5300

o 51.000 50

Originally Estimated Costs
from Originally Contract

Dressure sensors 5 360 5300 with LASER

fresh water tank (stainless) 1 5900 3900 5?5.380

incineration burning chamber

(including transportation

band)&vaporizer (climbing tubes. ) |1 514.358 514.358 Extra Budget

fume purification

(incl. filter for CO, 502, NH3) 1 $2.500 $2.500 Costs All in all
$105.358

Turbine 40KW 1 519.300 519.300 LASeR payed 50% of costs

Total Material 551.858

Engineering Staff Costs

[Task M Clualifikation Salary/MM Total Salary

Integration with Test Vaporizer 4 Eng. $2.000 $8.000

Integration with Incineration Vap. 2 Eng. S2.000 S4.000

Integration

[Turbine Electrics 0,5 Eng. $2.000 51.000

Integration Process

Control system 0,5 Eng. 52.000 $1.000

Control System

(Software&Hardware

Development) 4 Eng. 52.000 S2.000

AECEMAR Project Managemsent 9 Eng. 53500 £31.500

[Total Man Power Costs 553.500
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3aall 9 @ ,5all 2.3.2

isolation and outer mateling
extra wider

water tank

and

extra condensor cooling pi
turbine- genarator adaption

27

1 kilocalorie =
4184 joules
heat transter over pipes
24000 keal/mt2
Oil Burner - incineration combination evaporator 100418 kd'm*2
Ahlernative 3 (with reduced volumea) Last updata: 11.11.2014
Dichte Stahl Walumen d. Prica
[kg'm*3] d [m] Stérke [mm]  lenght [m] Stahls [m*3]  m [kg] tube Pricalkg Prica / tuba  of alltubes
pressure
tubes 7850 0,61 16,45 0,189140291 1485 $1,00 $1.485 $1.485
caps for
tubes TEE0 10 0.6 0,0036 28 $1,00 $125 $200
Valume of
# of caps # of tubes tuba
steel A106
Grade B
seamloss 2 1 1652 Soll: 1,75 tsteam
Neaded Stainlass plates (for tube covers)
0,25 Flossenwand
Saamless
climbing tubes price
Needed steel
platas
burning for rast
chamber&vap. covering (1x2 Prica of
Inner Manteling m"2) Stérke [mm]  Mass [kg] Prica/kg all plates # of & m long tubes 22 $52,00
length [m] 5 14,88 25 584,04 $1,30 # curves 2 inch 60 $2,25
Flossen (250x6x0,3 60 $2,70
width [m] 1,2 124,06 meter bai 2 incl 4524 keal
Rohre missen zu
213 Kontalkt mit
heiszar
Brennkarrmer
haben
8,50 UsD
pro Mater Sammelrohr (4 inch) 2 $125,00
|# curves 4 inch 9 $12,50
Matarial
fwelding
incine- rods,
ratien cutting)
pressure control £ McDonald $384 and 24-27 6. 10.-23.8. 1.8-31.8. 1.8-15.10
leval indicator: evaporat
4 alactrodes or
stainless $654|Filters $200 work
# of worlil 4 14 28 40
Pump 16 bar, 1 th $EOD price per ¢ $55 $55 $55 $55
s $3s
Total Rauch-
gasreinigun
it glase P22 4000 USD ] Total
|presstreredusing valve-dires- 400 USE} $14.358
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2.3.3 Budget Feb 2014: 5000 USD

Date Part/Eng. Place of integration Amount
15.02.2014|Condenser Ras Nhache, later Anfe $2.700(partly paid
Integration cooling $200]already paid
purified water $200

cooling valves (2 3-path
electronic valves,

max. 150°C) $316|already paid
vaporizer safety valve
pump Ras Nhache, later Anfe $1.000
fresh water tank Ras Nhache, later Anfe $500
Total $4.916

2.3.4 Budget March-Apr 2014: 25000 USD

Date Part/Eng. Place of integration Amount

Incineration&Vaporizer Anfe $8.000

Container 20 feet $2.300

Engineering Omar $1.500

Valves&Instrumentation |Ras Nhache $2.000

Piping

Measurement Instrument |Ras Nhache $1.500
Total $15.300

2.3.5 Budget May-Nov 2014: 16000 USD
Was not enough. An amount of about 5000 USD had to be paid extra from Samir Mourad.
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Project Management 2018

025t dsx - 08.03.2018

080318Tasks_NLAP-WEDC_| isUnit_|

Schematic of Alkaline Water Ele«
6& Module of 2.5kW Electrolyser

Water
contalner

Specification

Elactrolyser

NLAP-WEDC Electrolysis Unit /
Hydrogen and Oxigen Storage 0803 2018
D
Project managers: Samir
Dates: 09.03.2018 - 31.03.2018
Complete: 0%
Tasks: 2
Pecpie: 2
Tasks
Vorgang Anfang Ende
Electrolysis//Condenser/H2 Storage unit 25kW FreeCAD Design 03.03.18 23.03.18
ToeCAD Dosian

- 26 4w Elecrolysis Une

- Condansor (HRAO2 purfication uni|

- H2 Storage

- 02 Storage

(E3cn deviee i 1 M. e whoie system i 1 tie)

Documentation. Foce List with pricos

manufactoring prototype 24.03.18 30.03.18

Gantt-Diagramm
AT = --- 2018
LA 3_2—< T T I T
|Woche 8 Woche 10 Woche 11 Woche 12 Woche 12
230315 === _ T
240318 300318 Il =
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4 NLAP-WEDC Demonstration Cycle Facility
Sl G > daso o> Gly9l 4.1

e
Jaall 3y
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S 5 TRV — A sy =
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5 ale K sl We Josi w95 20 dilb daso (Steam power plant)
Jujybwugu‘mbﬂxﬁngu‘sjjb -

LS Bl I 4 b Bl |5 » desl 2iby -

s Boiler 0
P i *
8yl e SII I C"A —— m
oo DU 9) Lok B 5) ['urbine %
(95 (e 3! T t f,\jz
' —\ L
i < Condenser -,
|(-I L’j?
3 4 L}

Sl by

asdual) dyyl 1 BBl o e B3l S8 o

The theoretical basic is the Claude-Rankine-Cycle. For thermodynamical basics and elements of a
power plant please refer to “TEMO-STPP Project Report 1 (2006-2008)” and “TEMO-STPP Project
Report 2 (2009-2010)".
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6 General Information on Incineration Power Plants’

INCINERATION is a waste treatment technology that involves burning commercial, residential
and hazardous waste. Incineration converts discarded materials, including paper, plastics, metals
and food scraps into bottom ash, fly ash, combustion gases, air pollutants, wastewater, wastewater

treatment sludge and heat.

It follows several steps illustrated in figure 1-1.

1 Reception hall 9 Economiser

2 Waste pit 10 Siag systom

3 Overhoad crane 11 Turbine / generator

4 Hopper 12 Condenser

5 Fumace 13 Degassor

6 Combustion air system 14 Switchboard room

7 Boller 15 Electrostatic precipitator
8 Superbeater 16 Induced draft fan

17 Flue gas cleaning
18 Waste water treatment
19 Stack

Figure 6-1: steps in a incineration an power plant

The ENERGIZE multistage grate is the core and the bottom surface of the furnace. It carries and

transports the burning solid matter from the feeding section to the ash extractor.
The grate consists of identical elements grouped in 3 zones:
Drying zone, combustion zone, burnout zone.

1. In the drying zone, moisture in the waste is evaporated by the heat in the furnace and the

radiation from the first empty pass which is positioned just above this zone.
2. In the combustion zone, the actual combustion takes place.
3. The burnout zone is a buffer to guarantee the burnout quality and to cool the ashes.

A step between each zone causes the waste to drop from one zone to the next, creating the

necessary mixing of the burning matter!'l.

The 3 zones illustrate in the figure 1-2.

1 from [FatimaHamed 2015]
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Flue gases

Figure 6-2: illustrating of the incineration power plant zone

There are many applications of waste incineration power plants, especially in Europe, see Figure 1-
3, and it is necessary to study them. But it is impossible to view published studies in internet; we

can only see the incineration power plant's design with global studies.

Waste-to-Energy in Europe

« Waste-to-Energy Plants in Europe operating in 2007 Norway

(not including hazardous waste incineration plants) 20 09 o - —
* Thermally treated household and similar waste . 30 45 ia
; )y 20
,: -~ ‘_j‘: atlia
- De: /
S 29°13.5%, Lithuania
. >
Ireland — . ®
- DhitedWKingdom P ‘Q‘;,
& e .\ :l;atr:esrlands . . fol‘]. éf'
ermany a3t
. 7 sogiten 67 175 i
I m— 16 2, bourg Czech Republic
giu:?n 3 04 Slovakia
Data suppbed by CEWEP members . P 2 0.2
uni specfied ohervise - a Hungary |
= . France Switzerland 816 104 Romania f
N
~

130 125 28 36 Slovenia
¢ 51 (] " ;
. \\

Figure 6-3: Distribution of incineration power plant in Europe
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Figure 6-4: An incineration power plant in (A) Torsviksverket in Jonkdping (B) Roskilde, Denmark (C) Esbjerg Denmark (D) near

Bergen (Oslo).

An incineration plant in Sweden Figure 2-2 (A) represents a similar amount of waste in the
industry as well. Waste incineration provides heat corresponding to the needs of 810,000 homes,
around 20 per cent of all the district-heating produced. It also provides electricity corresponding to
the needs of almost 250,000 homes. International comparisons show that Sweden is the global

leader in recovering the energy in wastel?l.

In Roskilde, Denmark figure 2-2 (B) when waste from nine surrounding municipalities and from
places abroad will be incinerated at the Roskilde plant. According to its developer
KARA/NOVEREN, this will be enough to produce electricity for around 65,000 homes and heat for
around 40,000 homes®!.

We can say that the incineration power plant of in Esbjerg, Denmark figure 2-2 (C), attached with
some historic study concerning development of the incineration power plant design and CFD

information! in figure 2-3:

. 28  Residence time (s)
! 2%

Figure 6-5: CFD plot for assessment of residence time in an afterburning chamber in Esberg, Denmark incineration power plant.
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Christoffer Back Vestli says, communications adviser for the Oslo in Bergen figure 2-2 (D):
municipality. "At the moment, the city of Oslo can take 410,000 tonnes of waste a year and we
import 45,000 tonnes from the UK. Europe as a whole currently dumps 150m tonnes of waste in

landfills every year, so there is clearly great potential in using waste for energy."?!

6.1 Arguments supporting and against incinerations

Usage of incineration for waste management is divisive. The debate for incinerators generally

involves business interests, regulations of government, activists of environment and citizens.

6.1.1 Arguments supporting incinerations

The first concern for incineration stands against its injurious effects over health due to production
of furans and dioxin emission. However, the emission is controlled to greater extent by developing

of modern plants and governmental regulations.
Incineration plants are capable for producing energy and can substitute power generation

plants of other sort.

The bottom ash after the process is completed is considered non-injurious that still is capable for

being land filled and recycled.
Fine particles are removable by processing through filters and scrubbers.

Treating and processing medical and sewage waste produces non-injurious ash as product.

6.1.2 Arguments against incinerations

Extremely injurious matter needs adequate disposing off. This requires additional miles and need

special locations for land filling this material.

Although after a lot of regulations and restrictions and developments concerns are still alive about

emission of furans and dioxins.
Incinerating plants are producers of heavy metals, which are injurious even in minor amounts.

IBA (Incinerator Bottom Ash) is consistent over a considerably high level of heavy metals and can

prove fatal if they are not disposed off or reused properly.
Initial investment costs are only recovered through long periods of contract for incinerating plants.
Local communities always have opposed the presence of incinerating plant in the locality.

The upheld view is to recycle, reuse and waste reduction instead of incineration!®l.

6.2 History

In the past, incineration was conducted without separating materials thus causing harm to
environment. This unseparated waste was not free from bulky and recyclable materials, even. This
resulted in risk for plant workers health and environment. Most of such plants and incinerations

never generated electricity.
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Incineration reduces the mass of the waste from 70 to 80 percent. This reduction depends upon the
recovery degree and composition of materials. This means that incineration however, does not

replace the need for landfilling but it reduced the amount to be thrown in it.

Incineration comes with a number of benefits in specific areas like medical wastes and other life

risking waste. In this process, toxins are destroyed when waste is treated with high temperature.

Incineration or thermal treatment of waste is much popular in countries like Japan where there is
scarcity of land. The energy generated by incineration is highly demanded in countries like
Denmark and Sweden. In the year 2005 it was estimated that 4.8 percent of the electricity
consumed by Danish nation was produced by incineration and the amount of heat was some 13.7
percent out of total. Other than Denmark and Sweden many European countries are recovering

heat and electricity from wastel®l.

During the last three or four decades, computer simulations of physical processes have been used
in scientific research and in the analysis and design of engineered systems. The systems of interest
have been existing or proposed systems that operate at design conditions, off-design conditions,
failure-mode conditions, or accident scenarios. The systems of interest have also been natural
systems. For example, computer simulations are used for environmental predictions, as in the
analysis of surface-water quality and the risk assessment of underground nuclear-waste
repositories. These kinds of predictions are beneficial in the development of public policy, in the
preparation of safety procedures, and in the determination of legal liability. Thus, because of the
impact that modeling and simulation predictions can have, the credibility of the computational
results is of great concern to engineering designers and managers, public officials, and those who

are affected by the decisions that are based on these predictions!”!.
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7 Waste Incineration chamber technology?

Incineration (dt. Millverbrennungsanlage) - Overview / dolc 5 b - bl ;0,5 7.1

Zur Turbine Speisewasser

) I | | Rohrpakete
Steigrohre IAuEEﬂ'lal re el?sssetromme

. Kess

Feuerfeste
Alsmauerung

Zur Rauchgas-
Reinigung

Wasserflus

r» Kesselasche

Luft aus dem
kKesselhaus

Sekundaruft-
geblase

Millbunke Schlacke

Stilkelentschlacke

2 [TEMO-STPP/IPP 2011-2013]
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a: Millbunker, b: Rostfeuerung und Damplerzengung, oo Turbosate mit Wirmeauskopplung, d: Elektro-
filter, e Kalkreakior (Siurcabscheidung), I Akuvkohlefilier ( Dioxm/Furan und Schwermetall- Abscher-
dung), g: SCR Anlage (Entstickung), h: Desorption Akuvkoks, 10 Schwermetallausschleusung, 0 Rauch-
gasreinigungs-Reststolle, k: Reaktionsprodukte aus Kalkreaktor, |1 Ammoniakwasser (zur Entstickung),
m: Schlacke, n: Schrott

Bild 16.2: Schematischer Schnitt durch ein Millkmafiwerk mit Rostfeuenung [16.5]

(Bild aus Zahornsky, “Energietechnik”)

MU| I k I’aﬁI we rk Milbunker Kesselhaus Rauchgasreinigung Entstickung
Schwandorf
P e
rzurTurlme | — |
| Id
. T — of _—
Ertladestation -
() 1 13 (@)
@ 0 11 @
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Erlduterung

&

Die Anlieferung von ca. 80 Prozent des Mills erfolgt iber das Fern-
transportsystam. An der Miillentladestation wird dieser auf den neun
Miillumladestationen von dar Strale auf die Schiene umgeschlagene
Abfall in den Miillbunker entleart.

Ca. 20 Prozent des Abfalls werden mit Millfahrzeugen direkt auf der
Stralle angeliefort.

DarMiillbunker dient zur Zwischenlagerung des Mills bis zur Vierbran-
nung. Sein Stapelvolumen von ca. 16000 nd reicht beim Batrigk von
vier Ofenlinien je nach Fahrweisa ca. vier bis sechs Tage.

Die Badienung der Miillkréna arfolgt won der Kranfihrerkabine aus,
die rund um die Uhr besetzt ist. Der Kranfilhrer hat die Aufjabe,

die Anlieferung und den Millbunker zu tiberwachen, den Mill umzu-
stapeln, zu mischen und die Ofen zu beschicken.

Das Fassungsvolumen des Greifars belduft sich auf 5 i baw
2,5 bis 2 Tonnan.

Durch den gefiilltan Millschacht mit Aufgabetrichter wird der
Fauaraum gegeniiber dem Millbunker abgeschlossen.

Der hydraulische Zuteiler sorgt fir eine glaihmaBig dosierta
Aufgabe des Miills auf den Verbrennungsrost.

Der Rost wilzt den Miill durch den Feuerraum und gewidhrlaistet
eine gute Vermischung mit Verbrennungsluft. Er bestaht aus zwei
Rostbahnen (links und rechts) sowie vier bzwfinf Verbrennunas-
zonen, die zum Teil wassargekiihlt sind.

Mit dem Primérluftgebléise wird die notwendige, auf ca. 120 - 160°C
vorgewdrmte Verbrennungsluft dem Millbett zugefithrt. Die Primaruft
wird aus dem Millbunker abgesaugt, um dort einen leichian Untar-
druck zu erzeugen, der den Austritt von Geriichen und Staub verhin-
dert. Der Luftbedarf je Ofenlinie betrigt je nach Fahrweise zwischen
40,000 und 85.000 mYh.

10. Durch die Eindiisung won Sekundiduft arfolgt eine Machverbrennung

der entstehanden Gase und eine Merwirbelung. Der Bedarf pro Ofen-
linia batrigt je nach Fahrweise zwischen 15.000 und 40.000 nd /h.

11. Die Zind- und Stitzbrenner fir leichtes Heizél werden bendtigt, um

den Kessel nach Abstellungen wieder aufzubeizen und gegebenenfalls
die gesetzlich vorgeschriebene Mindesttemperatur van 850°C bei
allen Betriebszustinden zu gewahrleisten.

12. Im Feuarraum findet Gber einen Zeitraum von 1,5 bis 2 Stundn die

gigantlicha Verbrennung bei Temperaturen bis zu 1.000°C statt.

12. Im anschlieBenden Kessaltail wird die Bmperatur des Rauchgases
liber eingebaute Warmetauscher {Uberhitzer, Verdampfer und
Economiser) bis auf 220°C abgekiihlt. Das in den Rohren umflielfende
Wasser wird dabei verdampft.
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19.
20.

. Derim Rauchgas enthaltene Feststoffanteil, die sog. Kessalasche”,

wird an den Heizflichen tailweise abgeschieden und abtransportiert.

. Die bei derVerbrennung entstandena Schlacke fallt in den StHBel-

entschlacker, ein mit Wasser gefiilltes Becken. Darin wird die
gliihende Schlacke abgeléscht und der Feuerraum abgedichtet

. Die arste Stufe der Rauchgasreinigung findet im sog. Reaktor” statt.

Darin wird das 220°C heile Rauchgas durch Eindisan von Wasser auf
ca. 140°C abgekihk. Anschliefend wird aus den Silos Kalk in den
Reaktor eingediist, der die sauren Bestandteile des Rauchgases, wie
z. B.HClund 50, an sich bindet.

. Im Gewebehlter werden die staubférmigen Bestandteile des Rauch-

gases ausgefiltert und iiber entsprechende Férdereinrichtungen in
die Reststoffsilos transportiert.

. Das sog. Saugzugaebldse” fardert das entstaubte Rauchgas zur

nachsten Rauchgasreinigungsstufe.
In der Entstickungsanlage werden Stickoxide und Dioxine zerstért.

Ober den 80 Mater hohen Kamin warden die gereinigten Rauchgasa
abgaleitat.

Technische Daten

Kapazitat: 450.000 t/a

- Kessel 1-3: je135th

- Kiessel 4: je235th

Dampfmenge:

- Kessel 1-3: jed42t/h

- Kessel 4: 72th

- Hilfskessel 30 vh

Dampfparamatar:

- Kessel1-4: 72 bar/410°C

- Hilfskassel: 6 bar/158°C

Turbinen:

- Entnahme-Kondensatin:

- Inst. Leistung: 2311 MW
1x32 MW

Rauchgasreinigung:

- CDAS-Reaktoren: 5

- Geweabefilter: 4

- DeMOx-Linien: 3

- Katalysatorvol.: Ixdam’
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Das Werk - Der Weg durchs Feuer

Der (ber die Schiene antransportierte Miill wird an der Entladestation in den Millbunker
gekippt. Mit groBen Greifern wird er in die Aufgabetrichter gefillt. Von dort aus kommt der
Mull in eine der vier Ofenlinien.

Bei Temperaturen zwischen 850° und 1000°C wird der Mll tGber ein Gegenlauf-
Uberschubrost-System in knapp zwei Stunden durch den Feuerraum gewélzt und
verbrennt dabei. Der Heizwert des Miills ist dabei so hoch, dass der Brennvorgang ohne
Zusatzbrennstoffe auskommt. Lediglich zum Aufheizen des Ofens ist leichtes Heizol
erforderlich. In der Ofenlinie 4 beispielsweise werden 23 Tonnen Mill pro Stunde
verbrannt.

Die anfallende Schlacke wird Uber einen Nassentschlacker abgekihlt. Durch ein
Férderband wird sie zum Schlackebunker abtransportiert. Mit einer Magnettrommel werden
die Eisenteile aus der Schlacke abgetrennt.

Der Eisenschrott wird in der Stahlindustrie wiederverwertet. Die verbleibende Schlacke
wird nach der Aufbereitung in der Deponie Mathiasgrube abgelagert. Sickerwasser wird
dort in einer modernen Sickerwasserbehandlungsanlage gereinigt. Die Restschlacke
entspricht etwa einem Zehntel des urspringlichen Millvolumens.

Mit der bei der Verbrennung gewonnenenWarmeenergie wird im Kessel Dampf erzeugt.
Ein Teil wird als Prozessdampf an benachbarte Industriebetriebe abgegeben. Uber drei
Turbinen wird elektrische Energie gewonnen und ins 6ffentliche Netz eingespeist.

Seit 1996 versorgt das Mullkraftwerk auch das Fernwarmenetz der Stadtischen Wasser-
und Fernwdrmeversorgung Schwandorf mit Fernwarme. Deren Nutzung spart
Primarenergie ein, vermindert Emissionen und leistet einen Beitrag zum Klimaschutz.

Die Rauchgasreinigungsanlage nach modernsten Gesichtspunkten, die den strengen
gesetzlichen Vorgaben zur Luftreinhaltung entspricht, ist zweistufig aufgebaut.

Im ersten Teil, der sog. ,CDAS-Anlage”

(= Conditioned Dry Absorption System) wird in einem Reaktor eine Grobstaubabscheidung
durchgefuhrt und werden Schadstoffe gebunden. Diese werden auf dem anschlieBenden
Gewebefilter abgeschieden.

Im zweiten Teil, der ,DeNOx-Anlage”, erfolgt eine katalytische Zerstérung von Stickoxiden
und organischen Schadstoffen (Dioxine, Furane). Die sichere Einhaltung der vorgegebenen
Grenzwerte wird durch eine Vielzahl kontinuierlicher Messungen nachgewiesen.

TECHNISCHE DATEN

Kapazitat: 450.000 t/a
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Kessel 1-3: je 13,5 t/h

Kessel 4: 23,5 t/h

Kessel 1-3: je 42 t/h
Kessel 4: 72 t/h
Hilfskessel: 30 t/h
Kessell-4: 72 bar / 410°C
Hilfskessel: 6 bar / 158°C

Entnahme-Kondensation:
Inst. Leistung: 2x11 MW, 1 x 32 MW

Rauchgasreinigung:

CDAS-Reaktoren:

Gewebefilter: 4
DeNOx-Linien: 3
Katalysatorvol.: 3x43 m

Combustion chamber / g, X/ &, 7.2

7.2.1.1 Brennkammer bei Rostfeuerung

Aus Strauss, “Kraftwerkstechnik”:

i Sekundarluftdiisen

Feuerraum |

T T AT AT A T AT A T T T T T

- I
® : VT
Abbildung 6.3.

I /J L\ : HIHI /j_l\ %} Schuppen-Wander-

Roststabe Luftzufiihrung Luﬂlregelklappen Ascheaustrag rost, Banart EVT [5]

Kohletrichter

Schicht-
héhenregler

T

Brennstoff- und Luftstellglieder: Zuteiler. Frischliifter etc..
Verbrennungseinrichtung,
Feuerraum,

* & ® °

Einrichtungen zum Austrag der Verbrennungsriickstiinde.

Aus Strauss, “Kraftwerkstechnik”
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4
1 Fiilltrichter 4 Primérluftzufuhr 7 Temperaturwichter
2 Beschickungsrost 5 Luftkanile 8 Aschetrichter
3 Vorschubrost 6 Sekundirluftdiisen 9 Rauchgaskanal

Abbildung 6.6. Vorschubrost zur Miillverbrennung mit mechanischem Antrieb
der Roststibe der Firma EVT [5]

Aus Strauss, “Kraftwerkstechnik”

Kohlebunker

Lastregler des
Dampferzeugers

Luftvor-
warmer i
T A AT T
zum . T pm—
Kamin . | Kohlenstaub-
» ' | brenner
Frischiufio = e Klappe | HeiRluft zu den Brennem :
rischiuft-=~  Kappe |l
Geblase

Abbildung 6.7. Schema einer Mahl- und Feuerungsanlage mit Miihlenluftvorwir-

mer fiir Steinkohlen

Aus Strauss, “Kraftwerkstechnik”

48



Basics

7.2.2 Air preheater

7.2.2.1 Luftvorwarmer

6.2 Feuerungssysteme fiir feste Brennstotte 147

a Rauchgase (heif})
b Rauchgase (kalt)
¢ Luft (kalt)

d Luft (hei)

e Gehduse

f Speichermasse

Abbildung 6.11. Re-
generativ-Luftvorwarmer,
Bauart Ljungstréom

Aus Strauss, “Kraftwerkstechnik”

Steam Generation /54 AJgi
7.3.1 Border of the combustion chamber

7.3.1.1 Umrandung der Brennraums (des Feuerraums)3

Die Dampferzeuger der 1950er-Jahre bestanden fast vollstandig aus Mauerwerk, das mit
Rohren ausgekleidet war. Die thermischen Belastung, denen die Mauem ausgesetzt waren,
fuhrten immer wieder zu Undichtigkeiten und Rauchgasaustritten. Entsprechend oft musste
das Mauerwerk repariert werden. Ausserdem entzogen die Mauersteine dem System relativ
viel Warme. Das Mauerwerk limitierte auch die Grésse des Dampferzeugers, denn tragféahige
und reparable Kesselhduser konnten nicht beliebig in die Héhe wachsen.

Erst mit der Entwicklung der Flossenwand, die auch als Membranwand bezeichnet wird,
konnte auf das anféllige Mauerwerk verzichtet werden. Eine Flossenwand ist aus senkrecht
stehenden, parallelen Rohrstrangen (Steigrohre) aufgebaut, in denen das Wasser siedet
(siehe Abbildung 7). Grundlage fir die Entwicklung der Flossenwand war die Rohr-Steg-
Konstruktion, in der senkrecht stehende Kesselrohre miteinander Uber Stege gasdicht
verschweisst werden. In den 1960er-Jahren vollzog der Kraftwerksbau schliesslich den
Ubergang von den gemauerten Umfassungswénden zu den vollverschweissten
Rohrwénden. Seither werden bei einem Wasserrohrkessel der gesamte Feuerraum und die
Strahlungsziige durch Flossenwénde ausgebildet, die druckdicht miteinander verschweisst
werden, und die von einer thermischen Isolierung aus Mineralwolle umhillt werden.

3 Aus Dr.-Ing. M. Franz, “Dampferzeuger”,www.axpo-holz.ch/Dampferzeuger.pdf
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Abbildung 7 Membranwand eines Wasserrohrkessels
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Abbildung 8, Erster Kesselzug eines Wasserrohrkessels fiir 44 t/h Dampferzeugung, aus Franz,

,Dampferzeuger”
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Austausch der schragen Hinterwand 1-Zug K 13 (Januar 2010)
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7.3.1.2 Strahlungsraum und Konvektionsraum

Das Rohrsystem des Wasserrohrkessel bietet eine bei Beachtung gewisser
Randbedingungen ansonsten freizligige konstruktive Gestaltung, wodurch es méglich ist,
den Kessel beziiglich Grésse und Form den Feuerrdumen und den rauchgasfihrenden
Ziugen anzupassen. Im Hochtemperaturbereich des Kessels werden die Rauchgase mit
Temperaturen von mehr als 1000°C an Flossenwéanden entlang geflihrt, an die sie ihre
Warmeenergie abstrahlen. Die Intensitat der Gasstrahlung hangt neben der Temperatur
auch von der Anzahl der im Strahlengang befindlichen Molekile ab. Die Rauchgase werden
daher im Strahlungsteil des Kessels in leeren Kanélen mit grossen Querschnitten
(Kesselzligen) gefihrt, um die fUr eine Intensivierung der Abstrahlung erforderlichen dicken
Gasschichten zu schaffen. In Temperaturzonen mit weniger als 1000°C wird der
Wérmeibergang vorwiegend durch Konvektion bewirkt. Im Konvektionsteil des Kessels sind
die Rohre daher in enge Pakete gebiindelt, die allseitig von den heissen Rauchgasen
umstrémt werden. Die Kessel werden so ausgelegt, dass ein Grossteil der Warme als
Strahlungswarme Ubertragen wird.
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Abbildung 9, Systemgrenzen des Dampferzeugers mit den zu- und abgefithrten Warme- und

Massestromen (Normalsystem) fiir Abnahmeversuch. Aus Franz, ,Dampferzeuger”.

Die wichtigste Voraussetzung fiir die Berechnung des Wirkungsgrades ist die Festlegung der
Syslemgrenze, Uber die sich die Energiebilanz des Dampferzeugers erstreckl. Die
Systemgrenze muss sich zum einen mit der Liefergrenze des Dampferzeugers decken, zum
anderen missen an den Schnittstellen die Energiestrdme eindeutig messbar sein. In
Abbildung 9 ist die Systemgrenze mit allen zu= und abgefihrten Massen= und

Warmestrémen skizziert, die im Normalfall einem Abnahmeversuch zugrunde gelegt wird.
Dieses Normal-System umfasst das gesamte Wasser-Dampf-System des Kessels mit
Economiser, Verdampfer-Umlaufsystem und Uberhitzer, die Feuerung und den
Luftvorwarmer. In diesem System sind nicht enthalten die Ventilatoren des Primarufts,
Sekundarluft- und Rauchgasrezirkulationssystems sowie die Rauchgasreinigung mit dem
Saugzugventilator,
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Die Warmeverluste des Dampferzeugers setzen sich zusammen aus:

Rauchgasabwérme nach Luvo

Verlust durch unverbranntes CO im Rauchgas

Verluste durch die Enthalpie und das Unverbrannte in der Schlacke und im Flugstaub
Abstrahlungsverluste von Feuerraum und Kessel

Fur die Berechnung des Wirkungsgrades nach der indirekten Methode sind insofern folgende
Messgrassen zu ermitteln:

Rauchgasmassenstrom
Rauchgastemperatur

CO=Gehalt des Rauchgases
Schlackenmassenstrom
Schlackentemperatur
Flugstaubmassenstrom

Anteil an Unverbranntem in der Schlacke
Anteil an Unverbranntem im Flugstaub

Da die Wérmeverluste durch Strahlung und Leitung ¢, im Allgemeinen nicht gemessen
werden kénnen, werden hierfir Erfahrungswerte eingesetzt, die in der Gleichung

Qs = C QX

zusammengefasst wurden, wobei im Falle von Biomassekesseln fur die Konstante C der
Wert 0.0315 verwendet wird.

7.3.1.3 Siedekrise 1.Art (Rohrplatzgefahr!) und 2.Art

0% Dampfgehalt 100 %

[nmen-
wand
OO =
Glattrohr apl A A &
o - -.,_tbﬁ Apbata, A “Lﬁl"
Rippenmhr &
& & .
400 - T _,,.7”
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— Axta - ! Filuid
I : temperatur
i
! |
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glattes Rohr

Fustand:

Druck: 1530 bar
Massenstromdichte: 500 l-;,t:lr,-"[wrn3 5]
Wirmestromdichte: 300 kW im?

— Wasser
O Damplblasen
® Troplen

Bild 4.22:
Temperatuwrerhéhung der Rohr-
wandung durch die Siedekrise
1. At (DNE)

In Bild 4.22 ist die Temperaturerhihung der Rohrwandung durch DNB aufzezeichnet [4.13].
Die Temperaturerhithung betrigt in diesem Fall beim glatten Rohr bei einem Dampfoehalt von
ca. 35 % tber 150 °C. Demgegeniiber zeigt das innenberippte Rohr, das in Bild 4.22 dem
(ilattrohr gegeniibergestellt ist, keine Siedekrise 1. Art. Erst im Austrocknungspunkt (Siedekri-
se 2. Art) bei einem Dampfgehalt von iiber 90 % steigt die Temperatur des innenberippten

Rohres an.
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7.3.2 Natural circulation is the choice for biomass power plants

7.3.2.1 Naturumlauf ist die Wahl fiir Biomassekraftwerke

Die verbreiteteste Kesselbauart in Biomassekraftwerken sind Naturumlauf-Dampferzeuger,
die im Vergleich zu den Zwangsdurchlaufkesseln der grossen Kohlekraftwerke mit einem
geringeren technischen Aufwand gebaut werden kénnen und einfacher betrieblich zu
handhaben sind. Da der Wasserumlauf im Rohrsystem des Naturumlauf-Verdampfers nicht
mit Pumpen sondern allein durch Dichteunterschiede angetrieben wird, kann auf eine
Umlaufpumpe im Verdampfersystem sowie auf zugehérige Armaturen und Regelsysteme
verzichtet werden.

Der Vorteil der Naturumlaufkessel liegt weiter in der einfachen Regelung. Einerseits reguliert
sich der Wasserumlauf im Kessel in Abhangigkeit der Beheizung von selbst, andererseits
beeinflussen sich die Ublichen drei Regelkreise Uberhitzertemperatur-Einspritzwasserstrom,
Trommelwasserstand-Speisewasserstrom und Dampfleistung-Feuerungsleistung gegenseitig
nicht oder nur so, dass sich keine besonderen regelungstechnischen Schwierigkeiten
ergeben. Im Ganzen resultiert eine einfachere und fehlertolerante Betriebsweise eines
Naturumlaufkessels.

Apy =g H (p" = pp)

In Abhangigkeit der Beheizung stellt sich diejenige Umlaufgeschwindigkeit ein, bei der der
Druckverlust des Rohrsystems gleich dem treibenden Umtriebsdruck Apy ist.

Damit ein stabiler Naturumlauf méglich ist, muss in der Kesseltrommel die Trennung von
Wasser und Dampf gut funktionieren. Insbesondere muss durch konstruktive Massnahmen
verhindert werden, dass Dampfblasen in die Fallrohre mitgerissen werden, Denn dadurch
wiirde sich der Dichteunterschied zwischen Fall- und Steigrohren verringern. Die Trommel
wird daher mit Dampfseparatoren ausgestattet, mit denen sichergestellt werden kann, dass
in der Trommel absolut dampffreies Wasser verbleibt, Darliber hinaus werden am Einlauf in
die Fallrohre Strudelbrecher angebracht, und die Fallrohre werden mit grossen
Durchmessern ausgeflhrt, um geringe Stromungsgeschwindigkeiten zu erhalten.

Das Naturumlaufprinzip ist ein selbstregulierendes System. Die Kihlung der
Verdampferrohre erfolgt durch die umlaufenden Wassermengen, die sich in Abhdngigkeit
von der Beheizung selbstandig einstellen. Eine starkere Beheizung der Verdampferrohre
fiihrt zwangslaufig zu einem héheren Umtriebsdruck und somit zu grosseren
Umlaufgeschwindigkeiten. Aufgrund der héheren Stromungsgeschwindigkeiten werden die

Verdampferrohre besser gekiihlt, so dass keine Gefahr der Uberhitzung der
Verdampferrohre besteht, was ein grosser Vorteil des Naturumlaufs ist, Da die Dampfabfuhr
bereits bei ganz geringen Leistungen erfolgt, ist das Anfahren eines Naturumlaufkessels
problemlos. Das Verdampfersystem kann fast bis zur Teillast Null betrieben werden.

55



Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here.

_|

Temperatur
\
II
/I
-

Wasser

P
1

i / i

) N
|1

& o
|1
11
d Bild 4.16:

Radialer Temperaturverlaul m und um Verdamplerohr

Bild 4.17 veranschaulicht die Anordnung der einzelnen Wirmeiibertragungsstrecken im
Dampferzeuger und Bild 4.18 den Temperaturverlauf mit den Wirmestromdichten. Die An-
ordnung der Uberhitzerstrecken und des Economizers kann vom Schema des Bildes 4.17 ab-
weichen. Anstatt oberhalb des Brennraumes kénnen die Uberhitzerstrecken und der Eco auch
auf gleicher Ebene daneben gebaut werden, wobe1 das Rauchgas nach unten gefiihrt wird. Es
ergibt sich dann ein niedriger Dampferzeuger, allerdings mit griferem Flichenbedarf. Die
Brennkammerwandung ist bei allen Wasserrohrkesseln dhnlich gebaut. Die Rohre sind gas-
dicht zusammengeschwelllt, um einen moiglichst grofen Wiirmestrom zu gewiihrleisten. Hierzu
kénnen die Rohre direkt oder iiber Zwischenstege (Flossen) zusammengeschweilit sein.
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A8

b 1

e

5 /

Naturumlauf-Dampferzeuger: a: Rauchgaskanal, b: Brennraum, c: zur
Rauchgasreinigung, 1: von Speisewasserbehilter, 2:
Speisewasservorwarmung (ECO), 3: Trommel, 4: Fallrohre, 5:
Verteilersammler, 6: Steigrohre, 7: Uberhitzer, 8: zur Turbine

7.3.3 Calculation of rise and fall pipes

7.3.3.1 Umlaufberechnung von Steig- und Fallrohren*

In Abh#ngigkeit der Warmestromdichie in der Brennkammer und des Systemdrucks muss
der MNaturumlauf zu ausreichend hohen Massenstromdichten in den Verdampferrohren
fithren, damit deren sichers Kihlung gewihreistet werden kann, Das Umlaufsystem muss
daher so ausgelegt werden, dass sine ausreichends und stabille Zirkulation bei allen
Lastfallen aufrechterhalten werden kann. Im Rahmen der konstruktiven Ausfihrung der Fall=
und Steigrohre eines Umlaufsystems sollte daher stats eine genaue Umlaufberechnung
durchgefiihrt werden, um zu Uberprufen, ob mit den gewahlten Rohrguerschnitten und
Rohrflihrungen insbesondere auch bei Teillastoetrieb, d.h. bei geringen Warmestromdichten,
die Umtriebskréfte genlgen, um einen ausreichenden Umlauf zu bewerksteligen,

¢ Gemaf Franz, ,Dampferzeuger” angewendet auf TEMO-STPP
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7.3.3.2 Kréftegleichgewicht am Fallrohr

Zur Umlaufberachnung werden im arslen Schritt dis Kraftebilanzen am Fall- und Steigronr
aufgestellt, Das Kriftegleichgewicht am Fallrohr ist in Abbildung 11 skizziert. Die Strémung
im Fallrohr soll ausgebildet sein, d,h, das Strémungsprofil &ndert sich nicht und die
Strémungsgeschwindigkeit am Rohreintritt ist gleich der Austrittsgeschwindigkeit, Es gibt
somil keing Impulséndenungen, und as trelen daher auch keine resullisranden Impulskrafle
auf,
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Abbildung 11 HKréftegleichgewicht am Fallrohr

Im Fallrohr wirken die folgenden Krafte:

Druckkraft: Fp =p Ag
Schwerkraft: Fo=mg=AsHpg
Reibungskraft: Frp=1tlU:L

Ar ist die Rohrguerschnittsflache, U7: ist der Rohrumfang und r ist die Wandschubspannung,
fur die der folgende Dimensionsansatz mit dem Reibungsbeiwert A gemacht wird:

A

- 72 2
T=oput g

o] =
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Am Fallrobr herrscht ein Kraftegleichgewicht zwischen Druckkraften, Schwerkraft und
Reibungskraften. Das Kraftegleichgewicht fihrt zur Gleichung (1):

FDl_FDZ+FR_FG={}

1 A
Py Ap =Pz Ar +5Pﬁz T UpL=ArHpg=20
(1)
Die Dichte im unbeheizten Fallrohr ist konstant und kann mit der Dichte des siedenden

Wassers p' gleichgesetzt werden. Flr das Verhalinis zwischen Rohrumfang und
Rohrguerschnittsflache gibt es einen einfachen Zusammenhang:

U wnD4 4

A mwD? D

Damit wird aus Gleichung (1):

1 §o=2 L I
Pi=p2t5 P E ?-D—F—p.qH—D

(2)

Mit EinfUhrung der Massenstromdichte & = p T schreibt sich Gleichung (2) in folgender
Form:

L
2 Dy

1 ¥
pz—p; = w”;—;ﬂ gH

(3)

Infolge der Reibungskréfte tritt im Fallrohr ein Druckverust App = p, = p, auf, der bei einem
konstanten Reibungsbeiwert A quadratisch mit der Massenstromdichte @ ansteigt, und der
um das Gewicht der Flussigkeitssdule im Rohr vermindert ist.

7.3.3.3 Impulsbilanz am Steigrohr
Die stromungsmechanische Situation am Steigrohr ist deutlich verschieden von der am Fallrohr.
Da am Steigrohr Warme zugefiihrt wird, siedet das Wasser und es bilden sich Dampfblasen. Das

Wasser-Dampfgemisch steigt nach oben. Der Dampfgehalt im Steigrohr nimmt mit zunehmender

Hohe zu, entsprechend nimmt die Dichte des Gemisches ab, d.h. es ist P17 P2 Aus der
Kontinuitdtsgleichung folgt, dass dann die Stromungsgeschwindigkeit % im Steigrohraustritt

grosser als die Stromungsgeschwindigkeit im Rohreintritt sein muss:

Ag py Uy = Ag pp U

Y . -
Uy = =— 14 :':"'11-1

Pz

Diese Stromungsbeschleunigung hat eine Anderung des Impulsstroms zur Folge. Der Impuls, der

pro Zeiteinheit in das Steigrohr eingetragen wird, ist kleiner als der aus dem Steigrohr austretende
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Impuls. Am Steigrohr wirken also Impulskréfte F_j, fiir die folgender Ansatz gemacht werden
kann:

Fy=pu® A
Am Steigrohr treten die folgenden Kraftwirkungen auf:

Druckkraft: Fp=pA
Schwerkraft: Fe=mg=pAHyg

Reibungskraft:  Fy == p @2 £ Us Lg
Impulskraft: Fp=p7*A

llﬂz
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Abbildung 12 Stromung im Steigrohr Krifte am Kontrollraum

G

Abbildung 12 zeigt die Stromung in einem Steigrohr. Der Kontrollraum, der daneben dargestellt
ist, und um den die Kraftebilanz aufgestellt wird, umfasst das im Steigrohr befindliche Wasser-

Dampfgemisch. Fiir die am Kontrollraum angreifenden Impulskréfte gilt, dass sie lokal parallel

zum Geschwindigkeitsvektor u liegen, und stets ins Innere des Kontrollbereichs gerichtet sind.

Der Druckabfall am Steigrohr ergibt sich aus der Impulsbilanz. Der Impulssatz fiir stationdre

Stromungen lautet:

F;,+Zf7;,=ﬂ

_ _ 1 _ A
P ufﬂ+r»~.f1—pzu%A—pzﬂ—pmAH.q—Epmua’;lIU_sLs—U

v_zs
4 D

Fiir ein Rohr ist , damit folgt:
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. _ 1
p1I; +py—p2 5 =Py = Pm Hg== pm i 5= L=0

Ds
Mit Hilfe der Kontinuititsgleichung U= P22 =Ps o die folgende Beziehung abgeleitet
werden
p, i — p E'"’—cI:rz(l 1)
z Uz 1 U P

Mit der die Gleichung weiter vereinfacht werden kann. Setzt man die Dichte /1 am Eintritt in das
Steigrohr gleich der Dichte des siedenden Wasser p’ dann folgt fiir den Druckverlust des
Steigrohres:

1

= Ape = L W] ! +p. H +¢-2(] )
Pi—P:z = PS_ZD_.; 5 o Pm 1 g 5 02 PI

(6)

Anhand von Gleichung (6) wird deutlich, dass sich der Druckverlust des Steigrohres aus drei
Beitragen zusammensetzt. Die beiden ersten Terme (Reibungsanteil und statischer Anteil) sind
analog zum Fallrohr, wobei diesmal der hydrostatische Anteil in gleicher Richtung wie die
Reibungskraft wirkt. Jedoch kommt infolge der Phasenwechselvorgange ein dritter Term, ein
Beschleunigungsanteil hinzu. Durch die Warmezufuhr wird ein Teil des Massenstroms verdampft.
Dadurch vergrossert sich das spezifische Volumen entlang des Stromungsweges, und die
Stromung wird von der langsamen Geschwindigkeit der fliissigen Phase auf die der schnelleren
gasformigen Phase beschleunigt. Die Stromungsbeschleunigung fiihrt zu einer gegen die
Stromungsrichtungsrichtung, also in Richtung der Reibungskraft wirkenden Impulskraft. Der
Druckverlust im Steigrohr ist demnach auch vom spezifischen Volumen im Steigrohr abhangig

und kann bei grossen spezifischen Volumina, d.h. bei hohen Dampfgehalten, stark ansteigen.

7.3.3.4 Eintrittsverluste

Beim Eintritt des Siedewassers aus den Sammlern in die Verdampferrohre bzw. aus der
Kesseltrommel in die Fallrohre kommt es im verengten Rohreinlauf zu einer Kontraktion der
Stromung. Infolge der dabei auftretenden Stromungsablosung mit Verwirbelung entstehen an den
Rohreintritten immer Stromungsverluste. Zu den Druckverlusten der geraden Fall- und
Steigrohrenleitungen APronr sind daher jeweils noch jeweils noch die Rohreintrittsverluste Aps

zu addieren.

ﬂ'pgemm: = Apponr + Apg
Zur Berechnung der Rohreintrittsverluste APF Kann folgender Ansatz gemacht werden:

1
Apg =g 3 ®?

(7)
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Darin ist % der Widerstandbeiwert des Rohreintrittverlustes, der in starkem Masse von der
Gestaltung der Eintrittsoffnung abhéngig ist. In Abbildung 13 sind Widerstandsbeiwerte fiir
unterschiedliche Ausbildungen des Rohreinlaufs angegeben. In den Sammlem und in der

Kesseltrommel sind die Rohrmiindungen normalerweise so ausgebildet, dass fiir den
Widerstandsbeiwert ein Wert von {; = 0.5 = 1.7 angesetzt werden kann,

kantiger Einlauf | sehr scharf te = 1,69
normal gebrochen ¢ =0,5

weit vorstehen- sehr scharf g =3

der kantiger (Berda -Mindung]

Einlauf

abgerundeter je nach Glatte {g  =0,008

Einlauf {g bis 0,06
normal e =005

kantiger Einlauf
unter Winkel &,
normal gebrochen

te =0,5+03coss +0,2cos8

Abbildung 13 Widerstandsbeiwerte {; fiir den Auslauf aus Gefdssen mit ruhender Flissigkeit, (Quelle
VDEWirmeatlas, 10, Auflage)

7.3.3.5 Wasserumlaufberechnung

Ein stark vereinfachtes Umlaufsystem mit einem Fallrohr und einer Flossenwand bestehend aus
vier Steigrohren zeigt Abbildung 14. Der gesamte Druckverlust des Druckverlust des
Umlaufsystems setzt sich additiv aus dem Beitragen der hintereinander geschalteten Glieder
zusammen, und ergibt sich somit als Summe des Druckverlustes der Flossenwnad und des

Fallrohres.

Abbildung 14 Umlaufsystem mit gemeinsamem Fallrohr und parallelen Steigrohren.

In der Flossenwand sind die Steigrohre parallel angeordnet. Fiir alle Steigrohre ist der
Druckverlust zwischen dem unteren Sammler und der Trommel gleich. Daraus folgt, dass der
Druckverlust eines beliebigen Steigrohrs gleich dem Druckverlust der Flossenwand ist. Im
Umlaufsystem stellt sich der jenige Massenstrom ein, bei dem der Druckverlust in der
Flossenwand gleich dem Druckverlust im Fallrohr ist. Die Summe der Druckdifferenzen von

Fallrohr und Steigrohr muss Null sein.
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Apg + Aper + Aps + Apes = 0

Fir Ap, wird Gleichung (3) eingesetzt, und fir Aps wurde Gleichung (6) hergeleitet. Flr die
Eintrittsverluste Apgp bzw. Ap¢ wird der Ansatz nach Gleichung (7) verwendet. Dann erhélt
man:

Lg
2 D

LF 2 1 ¥ 1 p

O —tp H +¢2(1 N tazv =0
2D, F 3 S.ﬁm P 78 3 07 Pr) (fsz s =

In dieser Gleichung ist @ die Massenstromdichte im Fallrohr und @ die Massenstromdichte
in einem einzelnen Steigrohr, die aber in jedem der parallel geschalteten Steigrohre gleich
gross ist. Wenn Ag der Rohrquerschnitt aller Steigrohre und A, der Rohrquerschnitt des
Fallrohrs ist, kann unter Berlicksichtigung der Kontinuititsgleichung, nach der die Summe
der Massenstrome durch die Steigrohre gleich dem Massenstrom durch das Fallrohr sein
muss, die Massenstromdichte im Fallrohr als Funktion der Massenstromdichte im Steigrohr
angegeben werden:

As
Pg Ay = Pp Ap = Dp = b —
Ap
Mit Hilfe dieser Beziehung wird die Massenstromdichte im Fallrohr & mit der
Massenstromdichte im Steigrohr & ersetzt, Des Weiteren wird die Gleichung so umsortiert,
dass die Summe der Druckveruste auf der rechten Seite und der Umtriebsdruck auf der

linken Seite zu stehen kommen.

L A 1 1 . AN Le 1 1 1
9H @' = pn) = 5503 (35) At Qon 5 03 () v 4 502 A — + 03 (o)

2D ° \Ag Ap

1 2
+ (g5 E“’SU

A_q Z lra;.- !._g U Ua
(A_F) {U_;AF + {E’F} +D_sﬂ.¢F+ 2 (F— 1) + (g5

1
gH(p'—pm) = 3 [ ERTY

(8)

Gleichung (8) ist die Berechnungsgleichung fiir die Massenstromdichte Ps

Dy

im Steigrohr. Aus

ergibt sich die Wasserumlaufgeschwindigkeit “¢ die als Eintrittsgeschwindigkeit in die

Steigrohre definiert ist.

u, = oo v’

(9)

Die Wasserumlaufgeschwindigkeit stellt sich so ein, dass die Summe der Druckverluste gleich

dem Umtriebsdruck ist. Gleichung (8) lasst sich jedoch direkt nach Ps  auflosen, da das mittlere

spezifische Volumen im Steigrohr “™ ebenfalls eine Funktion der Massenstromdichte ist.
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Dampfgehalt am Ende des Steigrohrs
Zur Berechnung des mittleren spezifischen Volumens und der mittleren Dichte im Steigrohr muss
der Dampfgehalt im Steigrohr bekannt sein. Der Dampfgehalt x ist definiert durch:
Masse des gesittigten Dampfes My
- Gesamtmasse C mp +my

X

Die Masse des nassen Dampfes setzt sich zusammen aus der Masse der siedenden
Flussigkeit my und der Masse des geséttigten Dampfes m,. Auf der Siedelinie ist x = 0, weil
die Masse des geséttigten Dampfes Null ist (m, = 0). Auf der Taulinie wird x = 1, da die
Masse der siedenden Flissigkeit Null ist {(m; = 0).

Die extensiven Zustandsgrofien des nassen Dampfes wie sein Volumen und seine Enthalpie setzen
sich additiv aus den Anteilen der beiden Phasen zusammen. Hierzu miissen die Werte des
spezifischen Volumens bzw. der speziefischen Enthalpie auf den Grenzkurven (Siedelinie bzw.
Taulinie) bekannt sein. Die spezifischen Grofien werden fiir die siedende Fliissigkeit mit einem
Strich, fiir den gesattigten Dampf gleicher Temperatur und gleichen Drucks mit zwei Strichen
gekennzeichnet. Dann gilt fiir das spezifische Volumen und die spezifische Enthalpie im

Nassdampfgebiet:
v=({l—x)v +xv " =v +x(u" —v")
h=({0=x)h"+xh"=h +x(h"=h")
Der Dampfgehalt ldsst sich nun durch die spezifische Enthalpie ausdriicken. Die Differenz der

Enthalpien von gesattigtem Dampf und siedender Fliissigkeit bei gleichem Druck und gleicher

Temperatur nennt man die Verdampfungsenthalpie r.

h—h" h=—h
Ch"=h" 1

X

(10)

Am Austritt des Steigrohrs hat die spezifische Enthalpie den Wert h2. Die Enthalpiedifferenz

!
zwischen Steigrohraustritt und Steigrohreintritt hy =h ergibt sich aus einer Energiebilanz um

das gesamte Steigrohr.
mhy,=1mhh'+ ¢l

11
hy—h =12

T

(11)
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q ist eine konstante Warmebelastung pro Langeneinheit (kW/m), mit der das Steigrohr auf
der gesamten Lange L beheizt wird. Das Produkt aus beiden Gréssen ergibt die gesamte auf
ein einzelnes Steigrohr libertragene Warmeleistung ¢.

Q
hy—h'=
2 s As
(12)
A ist der Rohrquerschnitt eines einzelnen Steigrohres. Mit Gleichung (10) und (12) folgt
dann fur den Dampfgehalt x, am Steigrohraustritt:
=W _ 0
£ r - ¢'S 1"-'[5 r
(13)

7.3.3.6 Berechnung des mittleren spezifischen Volumens im Steigrohr

Im Steigrohr ist das spezifische Volumen im Unterschied zum Fallrohr nicht langer konstant,
Am Eintritt in das Steigrohr befindet sich das Wasser im Siedezustand und hat das
spezifische Volumen v'. Infolge der Beheizung des Steigrohrs bilden sich Dampfblasen und
das spezifische Volumen des nassen Dampfes vergréssert sich mit zunehmender
Steigrohrhéhe. Das spezifische Volumen ist folglich in Strémungsrichtung z veranderich,
wahrend man die Annahme treffen kann, dass im Strémungsquerschnitt das spezifische
Volumen anndhernd konstant ist. Um das flr die praktische Anwendung bendtigte mitilere
spezifische Volumen vu,,, im Steigrohr zu erhalten, werden die lokalen spezifischen Volumina
tiber alle Rohrguerschnitte integriert, Dies fiihrt zum integralen Mittelwert:

L
1
Uy = J_j u(z) dz
o

Das spezifische Volumen u(z), wobei z die Koordinate in Strémungsrichtung darstellt, ist
zundchst unbekannt. Jedoch kann mit Hilfe einer differentiellen Energiebilanz die
Enthalpiednderung dh als Funktion der Variablen z angeben werden, so dass letztlich mittels
einer Variablentransformation, in der die Variable dz durch die Variable dh ersetzt wird, das
Integral gelést werden kann,

-

Z4dz ;
; "y
z!dz?—fﬁ
. —
“ o
7
7 Z

—
s

h,z ?‘?"I.:dl\,.-‘l:;

Abbildung 15 Energiebilanz an einem differentiellen Steigrohrelement

65



Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here.

Die Enthalpiednderung des Wasser=Dampfgemisches lber ein differentielles

Steigrohrelement dz ergibt sich aus der in Abbildung 15 skizzierten Energiebilanz.
mdh=gdz

Unter Beriicksichtigung von Gleichung (11), die aus einer Energiebilanz um das gesamt

Sleigrohr hergeleitet wurde, kann nun die Variable Jz als Funktion der Enthalpieénderung dh
angegeben werden.

]
dz=—dh= dh
q

hy =hy

Mittels dieser Variablentransformation ist es méglich, eine geschlossene Lésung fir das
Integral zu erhalten,

U

f hzu[h) dh

By

“h-hy

by hy 1
J. udh=[ vt (h=h) (v —=v) —dh
h A r

= [u- h+ (% R h.—h) " —v) 'l]::
=v' (h.—hy) + [%(h% _hi'-: ) = h'(h, —hll] (nn_u,}%

Unter Berlicksichtigung der binomischen Formel h$ — h¥ = (h, + h,)(h; — h,) kann die
Gleichung weiter vereinfacht werden,

= (hy—hy) [v 4 (3 (he + h) = 1) 07 =) 1]

Die spezifische Enthalpie im Steigrohreintritt kann mit der Enthalpie des siedenden Wassers
gleichgesetzt (hy = h"). Damit ergibt sich fur den Ausdruck v, /v

u 1 1 v 1 ha=h" "
—“j'=1+(—hz+—h’—h’)(—,—1)—=1+ - (—,—1)
U 2 2 i r .

I"I._z—ﬂ..
¥

Unter Benutzung von Gleichung (13)

v x v.r.i
_”f=1_+_"' (__1)
U 2

= x, folgt schliesslich:

-

u

Im Folgenden wird die Abklrzung m eingeflhrt, mit der sich in den weiteren Herleitungen die
arithmetischen Ausdriicke vereinfachen lassen,

o
v
(14)
Man erhalt dann die Gleichung (15), mit der das mittlere spezifische Volumen im Steigrohr bei
bekanntem Dampfgehalt am Steigrohrende berechnet werden kann.

v, 1
?—E(1+m)

(13)
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Eine analoge Hereitung, die zu einem geschlossenen Ausdruck fiir das mittlere spezifische
Volumen im Steigrohr geflhrt hat, wird im Folgenden fir die mitllere Dichte im Steigrohr
durchgefihri. Die Dichte des in einem Steigrohr strémenden Wasser=Dampfgemisches ist
nicht konstant, sondern nimmt mit zunehmender Héhe infolge der sich bildenden
Dampfblasen ab. Eine integrale mittlere Dichte des Wasser-Dampf=Gemisches im Steigrohr
kann berechnet werden, indem man im Strémungsquerschnitt Gber alle lokalen Dichten
integriert.

[...]
Dann ergibt sich fir die mittlere Dichte im Steigrohr:

In (1 + Xy (%— 1])

1 .
ﬁm—hz_h,fpdh— P

Wiederum wird die mit Gleichung (14) eingefihrte Abkiirzung m verwendet, um den
Ausdruck zu vereinfachen. Die Bestimmungsgleichung fur die mittlere Dichte im Steigrohr
lautet schliesslich:

o Inm
Pm =p ——=

m=1
(16)

7.3.3.7 Solution of water circulation equation

Losung der Wasserumlaufgleichung
Das mittlere spezifische Volumen und die mittlere Dichte im Steigrohr lassen sich also mit den

soeben hergeleiteten Gleichungen als Funktion des Dampfgehaltes im Steigrohraustritt berechnen.
Die Parameter sind Druck und Temperatur. Die Gleichungen (15) und (16) werden nun in die
Berechnungsgleichung (8) fiir die Massenstromdichte im Steigrohr eingesetzt, und es ergibt sich:

3

1, ks 1 As\" (Lg )
- ds v [D—FHS-E(1+mj+2(m—l}+(§5+(A—F) (H—Fﬂ;+§g

\ Inm
gh‘p(l— )

m—=1

(17)
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Zur Vereinfachung der Gleichung (17) hat Brandt' die Kenngréssen A und As eingefiihrt.

A=tls oy 2+(ﬂs)2(L*' Ar 4 )
“2D. " Ces a.) \pp *F Cer

A —“’51 +2
5 2 Ds 5

Wenn fir die Reibungsbeiwerte A¢ und A, feste Werte angenommen werden, kénnen die
Kenngréssen A und A; aus den geometrischen Daten des Umlaufsystems berechnet
werden. Gleichung (17) kann nun mit den Kenngréssen A und Ag wesentlich kiirzer

angeschrieben werden:

In(m 1
ng’(1—m{_ i) == dZ v (A+mAg)

(18)

' F, Brandt: Dampferzeuger, FOBR=Fachbuchreihe Band 3

Gleichung (19) lasst sich unter Einfilhrung der Dampfgeschwindigkeit w;, dimensionslos
anschreiben. uy, ist definiert als diejenige Geschwindigkeit, die der Dampf am
Steigrohraustritt haben wiirde, wenn er den Rohrquerschnitt allein ausfillte. Mit dem den
Dampfgehalt x, im Steigrohraustritt ergibt sich die Dampfgeschwindigkeit aus

Dg x; Q
u = =
Do p_rr p” A_g?‘
(20)
[-.-]
Brandt hat die dimensionslosen Kennzahlen B, € und D eingefiihrt
B = Uy C = u_f?'ﬂ A D= &
Upg g H A
mit denen sich Gleichung (21) wie folgt schreibt:
51— lngm!
Z _ o m=—=1
C 14+mbD
(22)

[...]
Zur Bestimmung der Kennzahl B, aus der dann die Wasserumlaufgeschwindigkeit berechnet

werden kann, muss Gleichung (22) numerisch gelést werden. Zuvor wird mit dem bekannten
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Warmestrom @ mittels Gleichung (20) die Dampfgeschwindigkeit u,, am Steigrohraustritt
berechnet. Damit erhalt man die Kennzahl €. Die Berechnung der Kennzahl D aus den
bekannten geometrischen Grossen ist ebenfalls méglich. Dann kann Gleichung (22)
numerisch geldst werden, und aus B folgt die Wasserumlaufgeschwindigkeit.

Die im Verdampfer umlaufende Wassermenge ist eine wichtige Grosse im Kesselbetrieb. In der
Praxis wird aber anstelle der Wasserumlaufgeschwindigkeit die Wasserumlaufzahl U verwendet,
die definiert ist als das Verhiltnis des gesamten Massenstromes in den Steigrohren zum
Dampfmassenstrom am Ende der Steigrohre:
m U, p' A !
U= _ o P fg =B p_:

- - 7] ¥
Mmp  Up, P As g

2

Der Kehrwert der Wasserumlaufzahl ist der Dampfgehalt *2 am Ende des Steigrohres.

X, = thp/m = 1/U

Die Wasserumlaufzahl ist stark vom Druck abhidngig. Zur Sicherstellung einer ausreichenden
Kiihlung im Rohrsystem zwischen einem 5 bis 12-fachen Umlauf liegen. Dies entspricht einem

Dampfgehalt von 20% bis 8,5% im Steigrohraustritt.

Bei kleinen Umlaufzahlen kann unter Umstinden am Rohraustritt bereits tiberhitzter Dampf
vorhanden sein, wodurch gegebenenfalls die Rohrwandtemperatur so hoch wird, dass der

zulassige Festigkeitswert iiberschritten wird, und das Rohr reist.
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7.3.3.8 Specification of Block Ill of wood power plant Domat / Ems from [Franz, ,Dampferzeuger]

Technische Daten des Dampferzeugers

Frischdampfleistung 42 t/h
Frischdampfparameter 480°C, 64 bar (u)
Kesselfiillung 40 m*

Hoéhe zwischen unterem Sammler und 20.25 Meter

Mitte Kesseltrommel

Steigrohre

Anzahl 350
Aussendurchmesser 44,5 mm
Innendurchmesser 35.5 mm
Wandstarke 4.5 mm
Reibungsbeiwert 0.019
Querschnittsflache aller Steigrohre 0.346 m*
Fallrohre

Anzahl 2
Aussendurchmesser 329.9 mm
Innendurchmesser 285.5 mm
Wandstérke 22.2 mm
Reibungsbeiwert 0.011
Querschnittsflache aller Fallrohre 0.128 m*

Montage. Bei einer Feuerungswarmeleistung von 38 MW werden im Kessel 42 t/h
Frischdampf mit 65 bar(a) und 480°C erzeugt. Die wirksame Hohe des Naturumlaufsystems,
d.h. der Abstand zwischen den unteren Sammlern und der Kesseltrommel betragt 20.25 m.

Der Wasserrohrkessel ist in 4-Zug-Vertikalbauweise ausgefiihrt, Die Wande des ersten und
zweiten Rauchgaszuges bestehen aus vollverschweissten, gasdichten Flossenrohrwanden,
wobei der erste Zug als reiner Strahlungsteil mit einer Schottenheizflache ausgefiihrt ist. Im
zweiten Zug befinden sich zwei Verdampferbiindel und drei Uberhitzerbiindel. Der dritte und
vierte Rauchgaszug sind reine Konvektionszlige ohne Flossenrohrwénde, in die Economiser=
Heizflachenblndel und Réhrenluftvorwédrmer eingehangt sind.
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Vaporizer
Der Verdampfer besteht aus vollverschweissten Flossenwéanden, in denen etwa 360

Siederohre parallel gefihrt werden. Die Steigrohre haben Aussendurchmesser von 44.5 mm
und eine Wanddicke von 4.5 mm. Die Stegbreite liegt zwischen 33 und 60,5 mm, Das
Fallrohrsystem besteht aus zwei Rohren mit einem Aussendurchmesser von 330 mm, die
ausserhalb der Dampferzeugerverkleidung verlegt sind, Das Flachenverhaltnis der
Stréomungsguerschnitt von Steig- zu Fallrohren ist 2.7, Generell solite ein Naturumlaufkessels
so konstruiert werden, dass der Gesamtquerschnitt der Fallrohre 25-50% des Querschnitts
aller Steigrohre betragt. Ein grosserer Fallrohrdurchmesser erhoht die Zuverlassigkeit des
Umlaufsystems, da sich die umlaufenden Massenstrome vergrossern.

2
Zur sicheren Kiithlung der Siederohre muss eine Massenstromdichte von mindest. 600 kg/(m"s)

7.3.4 boiler drum - water / steam separation

Kesselrommel - Wasser/Dampftrennung
Eine Wasser/Dampftrennung wird bei Systemen mit festgehaltenem Verdampfungsendpunkt

in allen Lastbereichen durchgef uhrt, bei Zwangdurchlauf mit Schwachlastumw™alzung dagegen
nur im Schwachlastbereich. Die Wasser/Dampftrennung wird bei Naturumlauf- und

Zwangumlaufsystemen in

Trommeln und bei Zwangdurchlaufsystemen in Abscheidern vorgenommen. Die Abscheider

haben gegen“uber den Trommeln den Vorteil, dad sie wesentlich geringere Wanddicken

aufweisen und damit gréflere Temperaturtransienten zul assig sind, vgl. Abb. 7.4.

[...]

In den Trommeln erfolgt die Wasser/Dampftrennung bei Anlagen mit einer Dampfleistung unter
ca. 250 t/h und Dr"ucken unter ca. 140 bar im einfachsten Falle durch die Schwerkraft oder mit
Hilfe von einfachen Einbauten, vgl. Abb. 7.21.

um Oberhitzer Kesseltrommel mit Demister

i‘:’l_____“ A-B  Demister C-D
Anschluss_ 77777~ Demister i

) 7
Wasser- 74 > ’
1
f erdampfer

TR Bf T I TTI 77 77777777 i I I T 77 i iTT77
Lochblech

Entsalzung ¥ Anschluss Fallrohr

Speisew'rasser-Eintritt

Abbildung 7.21. oben (aus Strauss, ,, Kraftwerkstechnik”) Trommelbauarten. Oben ist eine Trommel
fuer Anlagen mit Driicken bis ca. 150 bar dargestellt, die zur Unterst'utzung der

Dampfabscheidung
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Lochbleche zur Vermeidung einer Wellenbildung und Tropfenfanger (Demister) besitzt.

Die Einbauten miissen so ausgefiihrt sein, dass das abgeschiedene Wasser frei in den Wasserraum
ablaufen kann und nicht von anderen Dampfstrahlen wieder aufgewirbelt wird. Fiir eine gute
Abscheidung muss eine ausreichend grosse Trennflache zwischen der Wasser- und Dampfphase

zur Verfligung stehen.

Die Geschwindigkeit des aufsteigenden Dampfes muss so gering sein, dass keine Wassertropfen
mitgerissen werden. Diese Bedingung verlangt eine Mindestgrosse fiir den Dampfraum einer

Trommel:

v, =2 (7.17)

V. Gréfe des Dampfraumes in m?,
pp Dichte des Sattdampfes in kg/m?.
m, Dampfmassenstrom in kg/s und

A Dampfraumbelastung (V 1

H/V)insT.
Fiir die Dampfraumbelastung liegen Erfahrungswerte vor. Sie hangt wesentlich
vom Dampfdruck und von der Speisewasserqualit“at ab; f ur die maximal
zuldssige Dampfraumbelastung gilt die empirische Beziehung

A =0264-107p "7 AT06 =1 (7.18)

Imax

Hier ist p der Trommeldruck in bar und A die elektrische Leitf ahigkeit des
Kesselspeisewassers in Mikrosiemens pro cm (uS/cm). Zwischen der Leitf ahigkeit
und dem Salzgehalt besteht ein direkter Zusammenhang; durchschnittlich
entspricht einem Salzgehalt von 1 mg/l ein Leitf ahigkeitswert von 2 uS/cm.
Grunds“atzlich nimmt die Abscheidewirkung der Trommel mit zunehmender
Dampfraumbelastung ab. Die zul assige Dampfraumbelastung h"angt nat urlich
auch von der Einfuhrung der Steigrohre in die Trommel und den Einbauten ab.
Bei Dampferzeugern f ur Kraftwerke werden in die Trommel meist kleine Zyklone

eingebaut, die die Wasser/Dampftrennung zus atzlich unterst utzen. Mit

solchen Einbauten werden Abscheidegrade von > 98% erreicht, vgl. Abb. 7.21.
Die zul " assige Dampfraumbelastung verliert bei dieser Konstruktion ihre Bedeutung.
Der Trommeldurchmesser wird vielmehr durch den Platzbedarf der

Zyklone bestimmt. Bei Kraftwerksdampferzeugern werden bei Trommeldurchmessern
von ca. 2 m Leistungen von 50 t/h je Meter Trommell ~ ange erreicht.

Die Zuf " uhrung des Speisewassers soll gleichm ~ a<lig ~ uber die L ~ ange der
Trommel erfolgen und darf weiter den Abscheidevorgang in der Trommel nicht

st " oren. ~ Ublicherweise ist die Trommel etwa zur H ™ alfte mit Wasser gef ~ ullt, wo7.3
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Der Verdampfungsproze< 211

bei im Betrieb ein Mindestwasserstand nicht unterschritten und ein H ~ ochstwasserstand
nicht ~ uberschritten werden darf. Bei zu geringem Wasserstand

besteht die Gefahr, da<l die VVerdampferrohre nicht ausreichend mit Wasser

versorgt und damit "~ ortlich "~ uberhitzt werden. Bei zu hohem Wasserstand und

auch bei starken Wasserstandschwankungen sowie gro<len Dampfentnahmen

kann Wasser aus der Trommel in die ~ Uberhitzer mitgerissen werden. Das Mitrei<len
von Wasser ist deshalb gef ™ ahrlich, weil im Trommelwasser Salze gel ~ ost

sein k ” onnen. Diese lagern sich beim Verdampfen in den = Uberhitzerrohren ab;

durch die Isolierwirkung der Ablagerungen wird das Rohrmaterial an diesen

Stellen langsam "~ uberhitzt und kann schlie<llich rei<len.

Bei der Konzeption derWasserstandsregelung ist zu beachten, da<! es durch

die erh ~ ohte Einspeisung von unterk ~ uhltem Speisewasser in die Trommel zu einer
Kondensation von im Trommelwasser vorhandenen Dampfblasen kommt.

Dadurch kann es unter gewissen Randbedingungen zu einer Umkehr der Niveaubewegung
kommen: Bei einer Erh "~ ohung des Speisewasserstromes sinkt

der Wasserspiegel zun ~ achst und beginnt erst nach einer gewissen Zeit anzusteigen.

Kesseltrommel mit einseitiger Zyklonanordnung

A— ¢ zum Uberhitzer
Anschluss '—1_\‘ A-B C-D

Wasser.
v/ ———— 0 § 7
nAre anild
| T 000 DEEE
K T
5 v v oedbdh .
- il 7 X7 7 l
r Speisewasser-Eintritt Zyklone
Entsalzung JB_,{ Uberlauf
Zum Felieohrsarmmier Kesseltrommel mit zweiseitiger Zyklonanordnung
t zum Oberhitzer
T e A-B C-D
7T 7 7 7 7
infeafenfan
I n/_\u{_\ n/_\r jn PANVANVANY,
=
| 3 HIP Teavan R R
7 7 7 77 A
s Zyklgne
4 t
+
vom Verdampfer vom Verdampfer Anschluss Fallrohr Speisewasser-Eintritt

Abbildung 7.21. unten (aus Strauss, , Kraftwerkstechnik”)

...Die beiden anderen Ausf ~ uhrungen werden f ~ ur Dr ~ ucke groler ca. 150 bar verwendet, wobei zur
Unterst ~ utzung der Wasserabscheidung Zyklone und Leitbleche eingebaut sind
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Overheater /,5J ;5o 7.4

7.4.1 Uberhitzer
Anordnung der Uberhitzer (2 rot, 1B gelb, 1A blau)
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Konzept des Uberhitzers 1A (seit Jan.’09 installiert)
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CFD (Computational Fluid Dynamics) /0 95,0/ d> 53 & 95 CFD s8bo) 7.5
simulations: temperature distribution in an incinerator

CFD (Computational Fluid Dynamics) - Simulationen: Temperaturverteilung in einer

Miillverbrennungsanlage

Super-
heater

Super-
heater

evapo-

rator

Figure 1: CFD model of the biomass furnace and boiler
Explanations: medeled tube bundles and rows are pictured dark
gray: SAN.. .secondary air nozzles, FEIN.. flue gas recirculation
nozzles, TMT... suction p \b

traverses
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Aus: Scharler et. al. 2004, Advanced CFD analysis of large fixed bed biomass boilers ..., 2nd World
Conf...., Rome, 2004

‘000

200
A

00

)

]

Biomasse-Rostfeuerung ausgeriistet mit e
einem Flachschubrost

CO-Konzentrationen [v-ppm] (oben) und
Temperaturverteilung [°C] (unten) in verschiedenen
Querschnitten um die Sekundarluftdisen

1300.00
1200.00
1100.00
1000.00
80000
80000
70000

600.00
50000
400,00
30000
20000
10000
0.00

Isoflachen der Rauchgastemperatur [°C] in der Symmetrieebene der Feuerung (links) und in horizontalen Schnittebenen
(rechts). Aus: http://www.bios-bioenergy.at/de/cfd-simulationen.html
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8 Pressure tubes

8.1 Barlow’s formula®

Barlow’s formula relates the internal pressure that a pipe[1] can withstand to its dimensions and

the strength of its material.

25t
P="——
D
P = (2*S*) /D

where

P = pressure, S = allowable stress, t = wall thickness, D = outside diameter
This formula figures prominently in the design of autoclaves and other pressure vessels.

Barlow’s formula calculator®

8.2 Kesselformel

Die Kesselformel (DIN 2413) ist eine Berechnungsformel aus der Technischen Mechanik. Sie hat eine

elementare Bedeutung bei der Berechnung und Auslegung von Dampfkesseln, Druckbehaltern und

Rohrleitungen.

Spannungen am dunnwandigen Zylinder

8.2.1 Anwendung

Die Kesselformel gibt die mechanischen Spannungen in durch Innendruck belasteten
rotationssymmetrischen Korpern an, wie sie beispielsweise in Rohren oder Druckbehéltern
anzutreffen sind. Sie beruht als Membranspannung auf einem Kraftegleichgewicht, daher sind zur

Berechnung der Spannungen weder Verformungsannahmen noch Elastizitatsgrofilen notwendig.

Die Kesselformel gilt nur fiir diinnwandige und gekriimmte Druckbehilter. Fiir Kessel, die aus

ebenen Blechen hergestellt sind, sowie fiir dickwandige Behalter, gilt die Kesselformel nicht.

Ein Druckbehilter kann als diinnwandig betrachtet werden, wenn seine Abmessungen
(Durchmesser) sehr viel grofler als seine Wanddicke sind (d.h. Aufiendurchmesser /

Innendurchmesser = D/d < 1.2). Die grofite Spannung ist bei zylindrischen Korpern die

5 From Wikipedia, the free encyclopedia

6 http://www.aerocomfittings.com/barlows.html
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Tangentialspannung ©t, weshalb Rohre und dhnlich geformte Behélter immer in Langsrichtung

platzen. Fiir auf Druck belastete ebene Platten ist die Kesselformel dagegen nicht anwendbar.

8.2.2 Berechnung

Die Tangentialspannung und Axialspannungen in einem durch Innendruck belasteten Zylinder, der

an den Enden abgeschlossen ist:

_p-d
Jt_?-s
_p-d
2= U s

e p =Innendruck

e d = Innendurchmesser — AuRendurchmesser D — Mittel-Durchmesser dm = (D + d)/Q
e s =Wanddicke

e Tt = Tangential-Spannung in der Wand

e Ta=axiale Spannung (Langsrichtung) in der Wand
In dieser Form ist die Kesselformel auch als Bockwurst-Formel bekannt. Die Bezeichnung dient

als Eselsbriicke, um sich zu merken, welche der beiden Spannungen die grofere ist. Die

Umfangsspannung ist doppelt so groff wie die Spannung in Langsrichtung, daher

platzen Wiirste bei unsachgemafler Erwarmung stets in Langsrichtung.

Aus der Schubspannungshypothese folgt die letzten Endes als ,Kesselformel” bezeichnete

Vergleichsspannung v mit

_ _ _p-d p
Tv = Omax — Tmin — Ot — 0y — + 35
2-5 2

o Tp= Radialspannung; an der Behalterinnenseite ist Oy = —P an der AuRenseite

(unbelastete Oberflache) ist Oy = U in der Wandmitte wird der arithmetische Mittelwert

verwendet (Jr — —p/?)
bzw.

J__p4d+5)_p-%1
Vo 2.5 2.5

Inklusive Wanddickenzuschlagen errechnet sich die Mindestwanddicke mit folgender Formel:

cd,,
Sminzzp_—+51+52

zul

« 51 Zuschlag fur Korrosion

e 52 Zuschlag fur Toleranzfehler

Bei kugeligen Behiltern gibt es keine tangentialen Spannungen; die axialen Spannungen

entsprechen denen des Zylinders. Deshalb halbiert sich die minimale Wanddicke:
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cd,,
Smin — p—‘|‘51 + 89
4 " Tzul
8.3 Example

Die erforderliche Wanddicke des Behéaltermantels soll rechnerisch ermittelt werden. Fiir den
Geschweildten zylindrischen Behaltermantel wird die erforderliche Wanddicke mit der dafiir vorgesehen
Gleichung aus der RM Kapitel 6 Gl. (6.30a) ermittelt.

D,*p
t = K” e +c,

2§V+pe

t = Bauteildicke in mm,

Da = suRerer Manteldurchmesser in mm

Pe = hochstzuldssiger Betriebsdruck in N/mm:

K= Festigkeitskennwert der Behilterwerkstoffe in N/mm:
S = Sicherheitsbeiwert fiir Druckbehilter (ohne Einheit)

V = Faktor zur Bericksichtigung der Ausnutzung der zuldssigen Berechnungsspannung der
SchweiRnaht ( Druckbehilter)

C1 = Zuschlag zur Beriicksichtigung von Wanddickenunterschreitungen bei Druckbehaltern in mm

C2 = Abnutzungszuschlag zur Wanddicke bei Druckbehdltern in mm (hierzu bitte dringend in der
Formelsammlung auf Seite 52 nachschauen. Erforderlich ob die Zuschlage nétig sind oder
nicht)

Aufiendurchmesser gehen wir von 1150mm aus und Betriebsdruck wurde mit 12 bar=1,2N/mm?

angegeben.

Kommen wir nun zu den Festigkeitskennwert K , diesen ermitteln wir aus der TB 6 - 15 RM
Tabellenbuch. Hier wird 235 N/mmz: bis einer Behaltertemperatur von 50°C vorgeschlagen. Als
Beispiel: zwischen 51°C und 120°C wiirde dieser Wert auf 187 N/mm: sinken. Den
Sicherheitsbeiwert S entnehmen wir TB 6 - 17 auf Seite 85 fiir Walz- und Schmiedestiahle wird
dieser hier mit 1,5 angegeben. Ausnutzungsfaktor v wird iiblicherweise mit “1* angegeben, bei
verringerten Priifaufwand mit 0,85, bei nahtlosen Bauteilen auch mit 1. Zuschlag zur
Berticksichtigung der zuldssigen Wanddickenunterschreitung c1 bei ferritischen Stahlen nach der
Mafinorm, sieche TB1 - 7 RM Tabellen.

Abnutzungszuschlag der Wanddicke c2 wird bei ferritischen Stdhlen oder mit starker
Korrosionsgefdhrdung mit 1 angegeben. Bei nichtrostenden Stdhlen, NE-Metallen geschiitzten
Stahlen wie z.B. durch Gummierung oder anderweitige Beschichtung oder Wandstarken tiber
30mm wird dieser Wert mit 0 angegeben.

1150mm + 1, 2N /mm?

. 235N/mm?
' 1,5

=

+0,4mm+ 1,0mm = 5,2mm + 1, 4mm = 6, 6mm

2 * 0,85 + 1,2N/mm?
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Daraus ergibt sich eine benétigte Wanddicke von 6,6mm entsprechend 7mm.

80



Basics

9 Steam Header Control
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= AECENAR
' conomical and Technological Cooperation North Lebanon Alternative Power
www.nlap-Ib.com

2- Mass ﬂow and hardware

ssociation for

in the Euro-Asian and North-African Region

Steam Generator

| -Steam Flow

o RSN LT T Ty
Header(100% " How. | Enthalpy of steam at 2789.6 k] /kg
'steam) Bkglst e 14 bar
' » - Flow rate of steam 8 kg/s

from the header

(14 bar ,stable)

Specific volume of  0.1408 m*/kg
steam at |14 bar

Volume of 8 kg of  [.126 m?

‘ ‘ steam
Water:
-VZ;:T; v - 60% of the volume Volume of the 339m?
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10 Emmisions & Flue Gas Purification Basics’

Flue gas cleaning /50 4 10.7

10.1.1 Rauchgasreinigung

Das Folgende ist [Seier 1999], einer Studie des Forschungszentrums Karlsruhe (FZK) zu

Kleinmiillverbrennungsanlagen, entnommen.

7 from [Kamareddine 2016], Ch. Basics and [TEMO-IPP 2012]
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10.1.2 Destruction of organic pollutants by afterburning in two moves (because of 2 seconds
residence time of the flue gas) + addition of 25% ammonia for destruction of NOx (at 850-
950 ° C) in the combustion chamber

10.1.2.1 Zerstérung organischer Schadstoffe durch Nachbrennkammer in zwei Zligen (wegen 2s
Verweilzeit des Rauchgases) + Zugabe von 25%iges Ammoniak zur Zerstérung von NOx
(bei 850-950°C) in der Nachbrennkammer

Die Nachbrennkammer mull so gestaltet sein, daB die Verweilzeit der Rauchgase in der
Nachbrennkammer gemessen ab der letzten Sekundirluftzugabe mindestens 2 Sekunden be-
tragt. Die Temperatur muf8 mindestens 850 °C betragen. Diese in der 17. BImSchV festge-
legten Anforderungen miissen auch fiir Volumenelemente des Rauchgases erfiillt werden, die
sich schneller als mit der mittleren Rauchgasgeschwindigkeit bewegen. Eine Verweilzeit von
2 Sekunden und eine Temperatur von 850 °C werden als ausreichend zur Zerstérung organi-
scher Schadstoffe angesehen. Um eine fiir eine Kleinanlage ungiinstig hohe Nachbrennkam-
mer zu vermeiden, wird sie in zwei Ziigen mit einer Umlenkung um 180 ° ausgefiihrt.

Zum Abbau von Stickstoffoxiden wird 25 %-iges Ammoniakwasser mit Hilfe von Druckluft
durch Zweistoffdiisen in den Rauchgasstrom eingediist. Das optimale Temperaturfenster fiir
die Reaktionen des Ammoniaks mit den Stickstoffoxiden (SNCR-Verfahren) liegt zwischen
850 °C und 950 °C und befindet sich damit in der Nachbrennkammer.

Rostascheaustrag

Die auf dem Rost erzeugte Asche wird von der dritten Roststufe per Schieber in einen Schacht
befordert, der in das Wasserbad eines NaBentschlackers miindet. Dort wird die Asche ge-
l6scht. Ein Kratzkettenforderer transportiert die Asche vom Boden des NaBentschlackers in
einen Aschecontainer, in dem sie fiir den Abtransport gesammelt wird.

Abhitzekessel

Die Nutzung des Warmeinhalts des Rauchgases erfolgt in einem Abhitzekessel. Als Abhitze-
kessel ist ein mehrziigiger Rauchrohrkessel mit einer Vorschaltheizfliche und einem Uberhit-
zer vorgesehen. Die Wasserrohre der Vorschaltheizfliche sind in die Nachbrennkammer ein-
gebaut und nehmen einen Teil der Rauchgaswirme auf, bevor das Rauchgas in die Rohre des
Rauchrohrkessels tritt. Der Uberhitzer wird in die Umlenkkammer zwischen dem ersten und
zweiten Zug des Rauchrohrkessels eingebaut.

Mit dieser Kesselbauweise erreicht man Dampfparameter von 28 bar und 380 °C. Diese
Dampfparameter sind flir die Aufgabe der Kraft-Wirme-Kopplung, bei der es um die Erzie-
lung eines hohen Gesamtnutzungsgrades geht, ausreichend. Héhere Dampfparameter erlauben
hohere elektrische Wirkungsgrade, erfordern aber den Einsatz eines reinen Wasserrohrkessels,
der die Investition fiir eine Kleinanlage wesentlich erh6hen wiirde.

In den rauchgasdurchstromten Rohren des Kessels und in den Umlenkungen zwischen den
Ziigen kann es zu Ablagerungen von Flugasche kommen. Daher miissen diese Stellen in re-
gelmiBigen Abstinden gereinigt werden und entsprechend leicht zuginglich gestaltet sein.

20
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10.1.3 Actual flue gas cleaning

10.1.3.1 Eigentliche Rauchgasreinigung

Rauchgasreinigung

Als fiir Kleinanlagen zu energetischen Verwertung geeignetes Verfahren zur Rauchgasreini-
gung wird die konditionierte Trockensorption angesehen. Bei diesem Verfahren wird das
Rauchgas nach Verlassen des Kessels in einen Sprithkithler geleitet, in dem Wasser sehr fein
verdiist wird. Durch die Befeuchtung des Rauchgases werden die Reaktionsbedingungen fiir
die nachgeschaltete Trockensorption wesentlich verbessert. Gleichzeitig wird das Rauchgas
auf eine fiir die Trockensorption optimale Temperatur um 140 °C abgekiihlt. Das versprithte
Wasser soll vollstindig verdampfen. Dazu wird der Sprithkithler so gestaltet, daB der Wasser-
cindiisung eine Verdampfungsstrecke ohne Umlenkungen folgt. Abwasser fallen im Sprith-
kithler wie in der gesamten Rauchgasreinigung nicht an.

Zusitzlich zur Wassereindiisung wird im Sprithkéthler dem Rauchgas das Sorbens zugegeben,
das aus eine Mischung aus Kalkhydrat, Ca(OH),, und Aktivkoks besteht. Das Sorbens wird
bereits als Mischung angeliefert und im Sorbenssilo gelagert. Die KomgréBenverteilungen der
beiden Bestandteile sind so aufeinander abgestimmt, daB eine Entmischung vermieden wird.

Nach einer Mischstrecke wird der beladene Rauchgasstrom auf die Kammermn eines Gewebe-
filters verteilt. Der Gasstrom tritt durch das Filtermaterial, wihrend Flugstaub und das mitge-
tragene Sorbens auf der Filteroberfliche abgeschieden werden, Dadurch baut sich auf der
Filteroberfliche eine Filterhilfsschicht auf, die die Filterwirkung des Gewebes unterstiltzt.
Materialien fiir das Gewebe sind Nadelfilze aus aromatischem Polyamid (temperaturbestindig
bis 180 °C), PTFE (bestindig bis 250 °C) oder GoreTex® (besténdig bis 250 °C).

Die Reaktionen der Schadstoffe im Rauchgas mit dem Sorbens laufen tberwiegend in der
Filterhilfsschicht ab. Saure Schadgase reagieren nach den folgenden Bruttoreaktionsgleichun-
gen mit dem Kalkhydrat:

2HCl + Ca(OH) —» CaCl * nH;0, n=1,2 (1)
SO; + Ca(OH) —» CaSOs* % H:0 + BH,0 (2)
SO; + Ca(OH) —» CaSO: + H;0 3)

2HF + Ca(OH) — CaF, * 2H;0 @
CO; + Ca(OH); —» CaCO; + H,0 (5)

21
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Die Einbindung des HF und des HCI nach Reaktion (1) und (4) verliuft gegeniiber der Ein-
bindung des SO, nach Reaktion (2) energetisch bevorzugt. Fiir diese Schadstoffe wird auch
ohne Befeuchtung des Rauchgases eine hohe Abscheideleistung erreicht. Fiir SO; ermeicht
man dagegen erst durch die im Spriihkithler vorgenommene Befeuchtung des Rauchgases eine
ausreichende Abscheideleistung. Zur Erklidrung der Verbesserung der SO;-Abscheidung geht
man davon aus, daB der Wasserdampf im Rauchgas eine Hydrathiille um die Partikel des Sor-
bens bildet, die den Ubergang des SO- aus der Gasphase auf die Partikeloberfliche begiin-
stigt.

Die Reaktivitit des CO, (Reaktion (5)) gegenitber dem Kalkhydrat ist wiederum kleiner als
die des SO,. Da die Konzentration des CO; aber wesentlich hoher als die der Schadstoffe
HC, SO: und HF ist, fiihrt die Reaktion (5) dennoch zu einer Umwandlung eines Teils des
Kalkhydrats zu Calciumcarbonat, Diese Reaktion ist unerwiinscht, da sie zu einem Sorbens-
verbrauch fithrt. Unter Einbeziehung der CO;-Emissionen bei der Herstellung von Kalkhydrat
stellt die CO,-Einbindung keine Umweltentlastung dar: Kalkhydrat wird mit hohem Energie-
aufwand durch das Brennen von Kalkstein (CaCO;) unter Abspaltung von CO, hergestellt.

Schwermetalle und organische Schadstoffe, u. a. polychlorierte Dibenzodioxine und -furane,
reagieren nicht mit dem Kalkhydrat. Sie werden vom Aktivkoks adsorbiert. Die Rohgaskon-
zentration dieser Schadstoffe und die geforderte Abscheideleistung bestimmen den Anteil des
im Vergleich zum Kalkhydrat teureren Aktivkoks im Sorbens. Ubliche Zusammensetzungen
liegen bei 97 % Kalkhydrat und 3 % Aktivkoks. Als Aktivkoks wird iiblicherweise der aus
Braunkohle sehr giinstig herstellbare Herdofenkoks verwendet.

Fiir eine ausreichende Abscheidung ist neben der Feuchte des Rauchgases die Temperatur im
Gewebefilter entscheidend. Gute Ergebnisse werden in einer Miillverbrennungsanlage erzielt,
deren Gewebefilter bei einer Temperatur von 142 °C bis 145 °C betricben wird (vgl.
Metschke et al. 1997/). Die Grenzwerte der 17. BImSchV werden dort sicher eingehalten.

Durch die Abscheidung von Staub und Sorbens auf der Oberfliche des Gewebes wichst die
Dicke der Filterhilfsschicht kontinuierlich an. Um den Druckverlust iiber den Gewebefilter zu
begrenzen, wird der Filter in regelmiBigen Abstédnden durch DruckluftstdBe gereinigt. Die
Filterhilfsschicht, die aus Flugasche, den Reaktionsprodukten der Schadstoffe mit dem Sor-
bens und unreagiertem Sorbens besteht, fillt in Spitzbunker an der Unterseite des Filtergehiu-
ses. Von dort werden sie mit einer Schnecke zur Entsorgung in einen Filterriickstandscontai-
ner gefSrdert. Der Container dient zusitzlich zur Aufnahme von Flugstaub, der aus dem
Kessel, dem Sprithkiihler und den Rauchgaskanilen abgezogen wird,

22
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Saugzuggebliise

Das gereinigte Rauchgas wird durch ein Saugzuggeblise zum Kamin gefordert. Regelgrofe
fiir das Saugzuggeblise ist der Unterdruck im Feuerraum.

Kamin

Das gereinigte Rauchgas wird durch einen Kamin in die Atmosphire geleitet. Im Kamin bzw.
im Rauchgaskanal zwischen Saugzug und Kamin befinden sich die in der 17. BImSchV vor-
geschriebenen MeBstellen zur Uberwachung der Reingasqualitit. Die MeBdaten werden auf
cinem verplombten Computer gespeichert und der Uberwachungsbehérde zur Verfiigung ge-
stelit. Die Reingaskonzentrationen miissen den Anforderungen der 17. BImSchV entsprechenn

Energienutzung

Der im Rauchrohrkessel erzeugte und auf 380 °C Gberhitzte Dampf wird in einer MD-Turbine
auf einen Druck von 2,5 bar entspannt. Dabei wird elektrische Energie erzeugt. Der Abdampf
aus der MD-Turbine kann zu verschiedenen Zwecken cingesetzt werden, Besteht Bedarf an
einer Femwirmeerzeugung, wird der Dampf in einen entsprechenden Wirmetauscher geleitet.
Besteht kein Bedarf an Fernwirme oder ist der Bedarf geringer als die im Abdampf der MD-
Turbine enthaltene Energie, wird der Dampf ganz oder teilweise in eine ND-Turbine geleitet,
die an einen Kondensator angeschlossen ist. Diese Schaltung besitzt den Vorteil, daB auf
Schwankungen der Wirmenachfrage flexibel reagiert werden kann, ohne daf die Feuerung in
ihrer Fahrweise beeinfluBt wird.

3.2 Techniccha Natan

Glbll gloso 2 09,59 o 5 lls> Soladd plbi .0/ .'o'MI dba/ uccu[,.s 102
FZK study on small incinerators: smallest economic system / 4l oS
approximately EUR 5 million, 2 megawatts electrical power

FZK-Studie zu Kleinmiillverbrennungsanlagen: kleinste wirtschaftliche Anlage ca. 5 Mio. EUR, 2
MWel. Aus [Seier 1999]:
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Reduktionsmittel (Ammoniakwasser) Reingas
E> Kamin
Abfall zur Verwertung
Brennstoff- WD-Rost- Nachbrenn- | _| Rauchrohr- Spriih- Gewebe- Saugzug-
bevorratung [ ] feuerung kammer kessel kiihler filter geblise
] |
E> Verbrennungsluft Rauchgasrezirkulation Flugasche
E> Speisewasser
NaBent-
schlacker
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* Die erste R fe dient der Trocknung und Ej g des B fs. Bei heizwertrei-

chen Abfillen zur Verwertung ist fiir diese Aufgaben nur eine geringe Luftzugabe von ca.
20 % der Priméarluftmenge erforderlich. Entsprechend wird eine niedrig Primiriufige-
schwindigkeit eingestellt.

e Die zweite R fe bildet die Hauptvert Um eine ichende Luftmen-
ge (ca. 50 % der Primérl fiir den OxidationsprozeB zur Verfligung zu
stellen, wird je nach den aktuellen Erfordernissen eine hohe Primirluftgeschwindigkeit
gewihlt. Maximal kann eine Primirl hwindigkeit von 120 m/s am Diisenaustritt er-
reicht werden.

e Die dritte R fe dient dem Ausbrand der festen Vert } de. Die Lufige-

hwindigkeit wird so eil 1it, daB B dteile der Asche oxidiert wer-

den, aber kein SchmelzfluB aufiritt. In dieser Roststufe werden ca. 30 % der gesamten
Primirluftimenge zugegeben.

Die Versorgung der Feuerung mit Primirluft erfolgt iiber ein frequenzgeregeltes Primirlufte-
blise, das Luft aus dem Bunk ich durch einen Schallddmpfer ansaugt und dem Unter-
windverteiler zufiihrt. Von dort werden die drei Roststufen versorgt. Zur Drosselung der
Luftgeschwindigkeit befinden sich Klappen in der Luftzufihrung zu den Rostkisten. Zusiitz-
lich zur Verbrennungslufizugabe kann Luft oder Dampf stoBweise durch die Wirbeld:

geleitet werden. Damit kénnen 11 auft Vi pfungen der Diisen beseitigt wer-
den.

Der Transport des B ffs von einer R fe zur nich erfolgt iiber lufigekithlte
Schieber. Die Schieber arbeiten unabhiingig und sind in ihrer Geschwindigkeit

regelbar. Durch die Schubbewegung wiilzen sie den Brennstoff zusitzlich um und tragen zu
einer Verbesserung des Ausbrandes bei.

Der Feuerraum oberhalb des Rostes ist mit einer schlack isenden und hitzeb di
Auskleidung versehen. Zur Kithlung des Feuerraums wird Rauchgas vom kalten Ende des
Kessels in den Feuerraum zuriickgefiihrt. Das riickgefiihrte Rauchgas wird durch Diisen in
den Feuerraum eingedilst, die sich seitlich iiber dem Rost in den Feuerraumwinden befinden,
Die Rezirkulation bereits t Gase ist er ich, um die Temp im Feuer-
raum zu begrenzen und eine Erweichung der Flugasche zu vermeiden.

Zum Anfahren der Anlage befindet sich im Feuerraum ein Brenner fiir Heizsl oder Erdgas.
AuBer zum An- und Abfahren der Anlage wird der Brenner fiir einen ‘Warmhaltebetrieb ein-
gesetzt, wenn auf dem Rost oder in der Brennstoffzufiihrung eine Storung auftritt,
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Bild 7: Wirbeldiisen.rostfeuerung mit drei Roststufen

Nachbrennkammer

In der Nachbrennkammer werden unverbrannte Bestandteile des Rauchgases ausgebrannt.
Dazu wird dem Rauchgas beim Eintritt in die Nachbrennkammer Sekundiriuft Zugegeben.
Die Diisen zur Sekundirluftzugabe sind iber den Umfang der Nachbrennkammer verteilt.

19
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10.3 DEFINITION Definition OF THE OPERATION OF INCINERATION
PLANTS

An incineration plant and household waste (WTE) is a large oven for receiving
household waste to be incinerated. Combustion, which takes place between 850 and
1000 ° C, reduces the waste volume by 90%. In doing so it produces pollutants
residues potentially dangerous. They are of two types: solid residues, called clinker,
are recovered in the furnace vessel. Depending on their nature, they may or may not
be decontaminated and recycled. In all cases, they are treated according to strict

standards to prevent pollution associated with their production and operation.

The second type of residues produced by waste incineration is the best known and
most feared: these fumes. Because burning waste creates toxic fumes laden with
dioxins, furans, heavy metals or sulfur dioxide and nitrogen. That is why the burning
of waste in open air, or unfiltered smoke, is a disaster, so that ecological health.
Current incineration plants are they equipped with systems to filter the fumes and
recover the so-called REFIOMS (treatment residues from incineration fumes
garbage), ultimate waste which are treated as such in special circuits. So the quality
of the filter, and therefore the smoke pollution level which is effectively rejected by

the stack, determines the level of toxicity of a given incinerator.

The incineration of one ton of garbage left after burning 2-5 kg of fly ash collected in
filters and 300 kg of clinker. The REFIOM are sewage waste incineration fumes
garbage (about 23% of the mass incinerated). They consist of dusts called fly ash and
pressed sludge called filter cake. The bottom ash (bottom ash from household waste)
is the solid residues from incineration, that is to say, the mineral part of the waste
(about 10% of the initial volume of incinerated waste). the result of the combustion of
1 ton from household waste:

700 kg of gas,
300 kg of solid residues including 30 kg of ash (1)

10.3.1.1 PRODUCTS OF OXIDATION

The incineration is a decomposition of the material oxidation, with five types of

programs:

Water.

Gas: CO, CO,, NOx, SO..

Mineral Dust (ashes).

Heavy metals: lead, copper, mercury, cadmium, nickel, arsenic.

Organic Molecules: carbon, chlorinated organic compounds (dioxins and furans ...).

Elements ‘
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Dust 1500-5000 mg/N

3 m3
CcO 20-50 mg/Nm
HCl 800-2000 mg/Nm 3
SO, 20-200 mg/Nm 3
NOx 200-300 mg/Nm 3

Table 1: composition of fumes produced by 1 ton of waste by incineration (5000-6000
Nm3)

5.4 0.8
Table 2:Comparison of emissions to product 1 MWh.

1.1.1.1 DIVISION OF EMISSIONS

Emissions are divided into three groups depending on their size and the degree of

severity:

1* Non-harmful to the environment: nitrogen (N:), oxygen (O), and water vapor
(H:0)

2* Harmful to the environment because they cause acid rain (Acid gases): nitrogen
dioxide (NO), nitrogen oxide, (NO), Sulfur dioxide (SO,), carbon dioxide (CO,)

3* Toxic gases: Furans, dioxins, heavy metals (Hg (from batteries), cadmium, plumb,
zinc)

However, almost 95% of emissions are gazes from the first group which mean that

they are not harmful to the environment and non-toxic.

For example, at temperature of 850 °C and with amount of oxygen 6% of the air, we

obtain:

Carbon dioxide (CO,) between: 186 mg/m 3 and 96mg/m 3.

Nitrogen dioxide (NO.) between: 320 mg/ m 3and 140 mg/m 3
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Furans, dioxins, between: 21 mg/m 3and 5 mg/ m 3
Sulfur dioxide (SO,): 67 mg/m 3. (2)

10.3.2 1.1.1.2THE NEW STANDARDS ABOUT EMISSIONS

EU directives on emissions from various boilers, dependent the type of fuel and the
size of plants. The following list is a short summary of the requirements on emission
to atmosphere for waste burning plants from the two EU directives 2001/80/EG and
2000/76/EG. (3)

Dust: 10 mg/m3.

S0O;: 50 mg/m 3.

NOx: 200 mg/m 3.

HCl: 10 mg/m 3.

HF: 1 mg/m3.

Cd,Tl: 0,005 mg/m 3.

Hg: 0,005 mg/m3.

Other trace metals (Pb+Cu+Mn+Ni+Sb+As+Co+Cr+V): 0,5 mg/m 3.

Dioxins : 0,1ng/m3.

With 1 ng = 1/10 %of gram

parameter half-hour  European Directive refectural stopped
mean value 2000/76 / EC of operating permit
04/12/2000 and French Flamoval of
Decrees of 20/09/2002 17/06/2009
and 03/08/2010

Towdst [ [
Fydrochloricasd ) | |
e I S
Suphurdioside (509 | |
Carbonmonowde(co) | |

otal organic carbon (COT) | | |
Mercury (g oooro0s o005 o004

Cadmium + Thallium (Cd +
TI)

Other heavy metals (Sb +
As+Pb+Cr+ Cu+ Co+ Mn
+ Ni + V)
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Table 3: Emission limit values in mg / Nm 3 to 11% O, dry gas According to EC
20/09/2010 to an incinerator >6 ton/h

In Lebanon:

Maximum
value(mg/m 3)

Table 4: Emission limit values in mg /m 3 to respected (Lebanese environmental

ministry

10.3.3 THE EFFECTS OF SOME EMISSIONS

- DIOXINS:

High stability, slow elimination, fat soluble (ease of accumulation in fat) and very
slightly soluble in water, very persistent in the environment. They are deposited on
soil, grass and fodder consumed by animals, are fixed in their fat and accumulate in
humans through the food chain. (Dairy products, meat, eggs, fish and breast milk for
example (4)

10.3.4 FURANS

polychlorinated or PCDF are a family of cyclic chemical molecules (aromatic
heterocyclic) emitted during incineration of PCBs. They differ from dioxins by the
presence of a single oxygen atom in the central ring. Some of them are toxic to
humans and the environment. Like almost fireproof electrical insulation and excellent
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dielectric and thermal conduction properties, PCBs were used extensively from in:
electrical transformers ;capacitors ; power switches on. (5) (1)

10.3.5 NITROGEN OXIDE (NOx) AND NITROGEN DIOXIDE (NOz2)

Contribute to the formation of acid rain, degrading the soil and vegetation. They
increase nitrate concentration in soils and surface waters (eutrophication). They also

contribute to the formation of ozone.

10.3.6 THE OZONE

The ozone is harmful to a variety of commercial crops and natural plant species. It is
a powerful oxidant that degrades the quality of the rubber, textiles ... Even at low

levels, it also contributes to global warming.

10.3.7 SULPHUR DIOXIDE (SOz)

Contributes to acid rain, degrading soils and vegetation. It also threatens certain

types of stones used in construction. (6)

10.3.8 - CARBON MONOXIDE (CO)

Carbon monoxide contributes to the formation of ozone. It also changes to carbon
dioxide, which is also directly emitted during combustion. CO2 has no direct impact

on health, but this is the most abundant anthropogenic greenhouse gas.

(7)

10.3.8.1 1.2 TREATMENT BY INCINERATION

The pollutants covered are the acid gas and dust, heavy metals, nitrogen oxides and
dioxins, treated with additional processes. The neutralizing reagent can be injected
dry as a powder (lime or sodium bicarbonate), by semi-wet (sprayed lime milk), or in
a wet scrubber with sodium hydroxide. These processes generate waste products,
mainly composed of fly ash dust). The REFIOM stabilized before being stored in class
CSD 1. These methods allow purifying more than 98 incinerations of household
waste fumes.

(Note: REFIDI are the fumes purification of residues from industrial waste

incineration).
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Figure 1: steps of treatment by incineration
1/ trucks emptying garbage into the pit
2 / gripper transports the waste to the furnace

3 / the furnace is fed continuously at more than 1000 °C

4 / the exchange of heat between the hot air of the oven and the water circulating in
the pipes will produce steam that is sold to nearby industrial plant

5 / metals are extracted from bottom ash to be recycled. Clinkers are valued under
road layer

*. 6 / the fumes are treated by injection of lime and activated carbon

7 / the fumes are dusted after passing through filters

8 / Fume Treatment Residues of Household Waste Incineration (REFIOM) are sent
to landfill

9 / the chimney are equipped with analyzers for measuring the quality of air
emissions continuously.

FUMES FACTORS

The following is a list (not exhaustive) of general elements to consider when choosing
the flue gas treatment system: waste type, temperature of the flue gas, composition of
the combustion gases and ranges of variation emission limit values to respect
restrictions on discharges of aqueous effluent vis-a-vis requirements of the visibility
of the field plume and available space availability and cost of outlets for the residues
/ recycled compatibility with the components of the existing process (in the case of
existing installations) availability and cost of water and other reagents possibilities of
energy supply (e.g. providing the heat recovered by the laveurscondenseurs )

allocation of incentives / subsidies for energy exported acceptable waste treatment
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cost (both according to market criteria policies) reduced emissions by primary
processes noise if possible, arrange the various components of the flue gas treatment
system such that, proceeding from the boiler to the chimney, they require
temperatures of becoming

weaker gas. (8)

10.3.8.2 OVERVIEW OF FILTERING

* Electrostatic

20 kg of dust and ash per ton of waste in electrostatic precipitators, ash fly are
electrified (ionized) and stick into electrodes of plate-shaped. These plates are hit
automatically to recover the ashes into hoppers. In electrostatic precipitators, it
captures 99.9% of fly ash (REFIOM). Once retrieved, they are stored in silos and then
transported in landfills for final waste to be stabilized (mixed with "cement") and
buried in watertight compartments.

*

The flue gas scrubbing

The fumes then pass through two washing columns, one the other basic acid, which
will trap the pollutants residual dust, heavy metals, chlorine, fluorine, sulfur oxides.

*  Dioxins

It only remains to destroy dioxins and nitrogen oxides. The gases pass through a
catalyst. It functions as the catalytic converter of a car. These pollutants are

completely broken (their molecules are broken).

In contact with catalysts, the molecules of dioxins and nitrogen oxides are broken.
The reactor is filled with several shaped catalyst layers of the "honeycomb" so that
the contact surface with the flue gases to be as large as possible.

*

The output

The plant discharges its chimney 68% air, 23% water vapor and 9% carbon dioxide.

Other substances in trace amounts are monitored very closely.
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Figure 2: main steps of filtering (9)

Whitewash is widely used in industrial wastewater treatment as acid water

neutralization reagent thereby precipitate heavy metals present in the effluent.

Dissociates into OH™ ions bind to metals to give insoluble metal hydroxides largely.
Ca?*can bind to phosphate or fluoride ions may be present in the effluent to produce

calcium phosphate or calcium fluoride.

*Manufacturing

One can make in small quantities quickly by heating a piece of chalk with a flame
and then dilute the resulting powder in water. Then filtering the resulting mixture
using a coffee filter, or through several thicknesses of absorbent paper in a funnel.
The flame heating decomposed limestone chalk CaCO; (limestone or calcium
carbonate, solid) CO, (carbon dioxide or carbon dioxide gas) + CaO (quicklime or

calcium oxide, solid).
Hydration of quicklime gives the slaked lime according to the following equation:
CaO+ H,O (water) — Ca (OH)z, or calcium hydroxide (slaked lime, solid).

Calcium hydroxide is diluted in water, where it dissolves only very little, giving a
true solution Ca**+ 2(OH"), and an excess of undissolved hydroxide remaining in
suspension in the water. This first step results in a whitish mixture known as milk of
lime. To eliminate fraction undissolved suspended, the next filter whitewash. Finally

reaches clear lime water.

But do not put too much carbon dioxide. It may be that, if we really introduced a
large excess of carbon dioxide, the precipitate just dissolves CaCO; later, and that
happens then the reaction: CaCOs + CO, + H,O » Ca2'+ 2 HCO;, and solution

cleared.
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10.3.8.3 DUST

The black smoke (determined as such according to the associated sampling method)
are carbonaceous particles of diameter less than 5 microns to about 0.1 microns” dust
that are made of solid particles less than 75 microns, the largest emission source
falling meadows.

ELECTROSTATIC

The operating principle of the simplest electrostatic filters, wire concentric cylinder, a
high electric potential is applied to the wire, called emitter electrode. It is placed in
the axis of the vertical cylinder, called the collecting electrode, which is connected
there to ground. The gas carrying the particles to be removed enters through an
opening located at the bottom of the cylinder, the particulate laden gas passes

through the inter-electrode space

OPERATION

The operation of an electrostatic precipitator is relatively simple, but the description
and understanding of all phenomena that come into play in the filtration is still
largely a treaty study subject. Basically an electrostatic generates ions in the vicinity
of a high voltage electrode of small radius of curvature. The gas is ionized by
collisions between electrons accelerated by the electric field and by photoionization
of the excited species. These ions are ejected from the surroundings of the electrode
and are broadcast to the surface of particles to be filtered and to the collector
electrode. By repelling the high voltage electrode of the same charge and attraction of
the wall of the device connected to the ground, the particles migrate to it and settle
permanently until a critical thickness. They then fall by mass effect or by vibration of
the header plate. Commercially, two types of electrostatic precipitators are used:
wire-cylinder electrostatic and electrostatic plate’s wire. The wire-cylinder
electrostatic precipitators are rather used when the recovered particles tend to form a
liquid film to flow naturally and electrostatic wire-plate in the case of dust. Two
classes are distinguished from electrostatic wire-plate, namely wire-plate one or two
floors. When there is a single stage, the gas ionization and particles are at the same
time in the whole volume of the facility, and when there are two stages, the particles
are charged in a small area containing one or more discharge electrodes, and then
deflected in a long plate-plate system. In the case of a cylinder thread, there is always

one floor.

99



Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here.

Figure 3: electrostatic precipitator

clean gas
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(a) % (b) earthed collecting electrode 1_1_.

Figure 3a and 3b: the two main types of electrostatic precipitators: in (a) the wire

cylinder, and (b) wire-plate 1 stage.

The parameters influencing the filtering particles are numerous and complicated to
relate. The nature of the gas, its temperature and pressure influence the discharge
phenomena and the minimum ionization voltage. The ionization of the gas causes a
flow of ions in the vicinity of the high voltage electrode which disrupts the gas

velocity field. The gas itself is more or less subjected to turbulence, and in the case of
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highly particle-laden gas, the movement thereof. The electric field is totally disrupted
by the particulate and ionic space charge. The particles entrained by the carrier gas
and the electric field, charge over time in an electric field and a payload field
nonhomogeneous space. Finally, the space charge is partially driven by the carrier

gas.

Electro-filtration treating the problem, beyond the simplified analytical approaches
demand the resolution of a large number of differential equations highly nonlinear
and coupled. Fortunately, in most cases it is possible to decouple the resolution
electrostatic, fluid dynamics and particle dynamics, without much influence the final

outcome.

OVERALL EFFICIENCY MODELS
The first design method electrostatic proposed by Deutsch and Anderson ignored the

understanding of electrostatic phenomena, such as the structure and operation of the
corona discharge or the kinetics of charge particles. This model is still widely used
and gives very good estimates of the filtration efficiency of various geometries. This
theory assumes that the particles are loaded instantly upon entering the electrostatic
their saturation charge, the electric field is constant, and therefore the velocity of a
particle to the wall collection is the electrostatic constant. Deutsch hypothesized that
the radial particle dispersion coefficient is infinite and zero longitudinal. Cooperman
(1984) improves the model taking into account a finite longitudinal dispersion
coefficient and a possible re-entrainment of particles. The resolution by Cooperman is
often considered perilous to use because of the very high turbulent dispersion
coefficients used by the author. Leonard et al. (1980) use a finite and constant radial
diffusion coefficient and derive their effectiveness from the convection diffusion
equation with a flat radial velocity profile, which seems not to be appropriate near
the walls. Zhibin and Guoquan (1992) use a global turbulent diffusion coefficient
taking into account the electric and a wind profile Non regular speed in the flow. All
global models, however, have a limitation, which is that each relationship giving the
efficiency of the electrostatic filter is valid only for a certain particle size. In order to
calculate directly the mass efficiency, Bai et al. (1995) develop a model assuming a
lognormal distribution of the particles. This approach allows with minimal
calculations have very good estimates efficiencies on polydipsersés aerosols. It
appears that turbulent dispersion of the particles is critical phenomenon in modeling

the efficiency of electrostatic precipitators.

The overall filtration efficiency may be calculated from the particle diffusion equation
(x is in the flow direction, longitudinal direction y perpendicular to the wall of the
electrostatic transverse direction Dp ,i coefficient dispersion in the direction

considered)
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The theoretical efficiencies of Deutsch models Cooperman, Leonard, and Zhiblin are

synthesized by Kim and are more or less simplified analytical solutions of this

equation
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With v. particle migration rate that takes into account the average electric field and

the charge of the particles (which will be explained later in the physical part of the

particles),
b distance wire-plate,
R distance wire-cylinder,

L the electrostatic precipitator
length, u the average velocity
of the gas, and P is the
absolute pressure.

Xiangrong (2002, [14]) offers an analytical solution of the turbulent diffusion equation

charged particles in wire-plate geometry (Cartesian coordinate system), assuming
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zero flow to the high voltage son (symmetry condition. The efficiency is given by the

following relationship:

v,.L
Waiwigiong l—exp| — F

u.b
1
271) 2
o e, 14+ Y= 24 20 —1
v, 2 u Pe_ Pe,,

Ao/ Pe, J(F —1)

tan @ = 5
(2.8/Pe,)? +2.F —1

The values of F and O are found iteratively by successive approaches. The difference

from the Deutsch equation is the inclusion of a longitudinal and radial diffusion.

Finally, Kittelson cites Hinds for a filtration efficiency in geometry wire-cylinder and

in laminar flow of the type:

27.p,,V.L
Tt = 0 In(R/Ry)

These overall efficiency models are all assuming that the speed of particle migration
(for a given size) is constant, which means that the electric field is constant and the
charge of the particles is instantaneous. This is far from the case most of the time. In
addition to these approximations are added all the hydrodynamic phenomena begin
in the actual geometries and not taken into account (not homogeneous turbulence,

wind power, etc.).

The turbulent diffusion equation of the particles is based on the Eulerian method
called resolution of particle migration in electrostatic precipitators, which will be

developed further.

A simplified method of calculation of the turbulent diffusion coefficient of the

particles will be presented.

It is therefore dangerous to rely on overall efficiency models when we want to tackle
the physical description of an electrostatic precipitator with a rather special geometry
and industrial another, or that we are to respect all electrostatic aspects, which are

not nearly as simple as do suggest hypotheses on the electric field and the charge of
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the particles of these models. We will now proceed to a detailed study of electrostatic

phenomena encountered in electrostatic precipitators.

THE CORONA DISCHARGE

The corona discharge is a stable ionization of the surrounding gas of a small radius of
curvature electrode connected to the high voltage. The ionization of the gas is due to
the strong electric field surrounding the electrode surface. The corona discharge can
be established by negative or positive polarity according to the needs. It is generally
found that small units working in confined spaces and cold gases using a positive
voltage, which although not very stable, generates little ozone, while larger
installations for hot gas working negative voltage because the ozone is not stable at

high temperature, and the discharge is more stable.

THE CORONA DISCHARGE: QUALITATIVE DESCRIPTION

Conduction in the gas is very different from the conduction in liquids or metals,
where loads of travel is under a minimal difference of potential. Air naturally
contains a small number of charged species due to cosmic rays and low ambient
radioactivity. The resistivity is then about 1014 (Q-m. From a certain potential
difference applied to the air, naturally enough electrons are accelerated between two
molecular collisions to cause ionization of the gas, followed by electron avalanches.
The resistivity of the air then decreases sharply to values of the order of 103 (2-m. The
onset of conduction in the air begins to fields of the order of 30 kV / cm. In a planar
configuration, the establishment of conduction current causes immediately the

occurrence of an arc.

if the thermal discharge current can be maintained, the effect itself crown is not
observed. As the field is constant, any electronic avalanche is growing exponentially
until breakdown. Using electrodes with very different radii of curvature, the electric
field is very inhomogeneous and only a small volume of air around the electrode
connected to the high voltage is ionized, it is the corona. The field called "disruptive"
is achieved only in a very small sheath around the electrode small radius of

curvature.

If the electric field is sufficiently intense and if the distance between two electron-
molecule shock is sufficiently large, the kinetic energy of the accelerated primary
electrons enables to remove an electron impact on neutral atoms of the gas. The
kinetic energy of impingement of the electrons is measured in eV (1 eV = 1602.10 to
19 ]). In between each clash, there is therefore release of one or more electrons and an
exponential increase in their number: it is the electron avalanche. A portion of the
shock also leads to the passage of neutral molecules electrons to higher roughly
stable orbital. The relaxation of the excited state to the neutral state occurs by

releasing a photon, which in the case of nitrogen is enough energy to ionize itself
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other molecules. This permanent-excitation is also responsible for the violet glow of
the corona discharge. In the case of a corona, the kinetic energy of the electrons
averaged a few electron volts, sufficient to ionize the nitrogen, oxygen and the vapor
from the air to water. Parallel to this avalanche of negative charges to the anode,
positive ions created migrate towards the cathode. Mass generally very high
compared to that of the electrons, and having free course means very low, positive
ions are only slightly accelerated and do not participate in the ionization of the gas.
By against their low mobility locally created a very high load of space, disrupting the

overall electric field.

10.3.8.4 NEGATIVE DISCHARGE

If discharge is easiest to describe, because the electron avalanche takes place in all or
part of the inter-electrode space. The avalanche propagates from the cathode (small
radius of curvature, connected to the negative high voltage) to the anode (large
radius of curvature). The primary electrons in the vicinity of the cathode initiate an
electron avalanche until the electric field, which has a very inhomogeneous become
low enough so that the electron energy becomes insufficient. Ionization then stops
and recombination events between neutral species and electrons take place during
the migration of the electron cloud toward the anode. The arrival of negative charges
is therefore in the form of an electronic cloud that follows a cloud of negative ions.
The electronics then avalanche leaves behind a very strong positive load space, which
will slowly migrate to the cathode. The strong polarity of the cloud will lead
extracting secondary electrons from the surface of the cathode (Malter effect) and
thereby renew the amount of electrons necessary for the corona discharge. The
cathode surface condition affects many electronics extraction. The higher the field
will be intense in the interelectrode space, more landfills will be spread far and
negative voltage discharge therefore ensures high ionization of the inter-electrode
space. Because of the individual aspect of the electronic avalanche, we see that the
current measured in a negative crown is pulsed, and the frequency increases with the
applied potential. Electron recombination and thus the electronegativity of the gas
goes much influence the stability of the discharge. In the case of a very little
electronegative gas, any avalanche breakdown leads to, since no phenomenon
diminishes the amount of electrons in the discharge (recombination). When the
avalanche manages to connect the cathode and the anode, an ionized channel very
low resistivity is formed, and allows the passage of a very high current. The gas in
the channel is heated by Joule effect, the charges are redistributed to form a polarity
medium at about neutral but highly ionized, the voltage abruptly drops: what is the

thermal arc.
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Figure 5: mechanism of discharge

POSITIVE DISCHARGE

In the positive discharge, the anode is the small radius electrode. The anode attracts
to it the primary electrons and avalanche occurs the inter-electrode space towards the
center of the device, in fact a very small volume (due to the considered cylindrical
geometry). The crown is much better defined than in negative voltage, and the

discharge current is almost continuous. The positive charges created then slowly
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migrate towards the cathode. The regeneration of the primary electrons takes place
mainly by excitation of an unstable form of nitrogen in the form of a high energy UV
photon which allows this phenomenon. The de-excitation is not instantaneous; the
phenomenon of positive discharge is relatively steady over time. A lot of edge, the
positive discharge seems much more stable. However, the positive charges created in
the crown have very low electrical mobility and profoundly disrupt the electric field
of the interelectrode space. From a certain load space, the field generated by it is of
the same order of magnitude as the field generated by the high voltage, and the
crown can self-propagate by electronic darts or streamers. These darts have a very
high probability of spread to the cathode and an electric arc. It is found
experimentally that the inter-electrode medium is very quickly saturated with
positive ions and the breakdown occurs at relatively low currents. The positive
discharge is more unstable equivalent current and low electric mobility of the
positive ions that for the same potential, the positive discharge current is lower than
negative voltage. In the positive discharge finally, the region of strong electric field

contains few ions, chemical reactivity within this ring is reduced.

CURVES CURRENT-POTENTIAL

Gradient disrupter

The foregoing description of the corona is valid from the time the kinetic energy of
electrons in the air is sufficient to cause ionization of the gas molecules, i.e. the
reduced scope is sufficient. Peek offers a semi-empirical equation for giving the

minimum air ionization field as a function of the geometry of the system (peek cited

by Kaptzov):
0,0308
0,5.0.R,

E, = 3,1.10%5. fi1+ spherical geometry

b -

S.R,

E, =3,1.10°5.1] 1+ 0,0308( - ) for a cylindrical wire

The figure recalls the geometric conventions used.
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Townsend gives linear relations between the voltages applied to the current

geometry wire

BT i€
Ilbaéique = / R - V(V B VO)
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cylinder for low currents in the air:

This relation is valid until a current criterion given by Townsend:

g = ] 2
EO 'RO 80 'luion

Beyond this limit, Townsend proposes to make the following relation:

Vo LA T, R
V- C=T=Hi L ® In
2 v R,

This is much less obvious to use. In the case of our ESP, switching from one relation
to another occurs to 1 mA discharge current (for a matrix of 20 cm), but results in

very small differences in fine, which does not justify its routine use.

Current wire-plate geometry:
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In wire-plate geometry for low discharge currents, Cooperman offers an alternative

to wirecylinder

En L.
J=—2tm_y(y -,
sbn—-2

RO
4.b b
Rqﬁ’ —— '2—S < 0..3
(2,96.6) b
R, =036.s.exp* > T
2s
xb
s oeol5) b
R ., =—.exp\” . 1.0<—
T n . o 2s
The relation is valid until a current criterion:
b ) 1 J
Gh= : —— <<1
Ey.R In Ry 78y -Llion
RO

Cooperman (1981, cited by Goo and Parker) provides a meaningful relation to the

strong currents in wire-plate geometry:
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El is the maximum electric field on the collector plates, s half-space between two
high voltage electrodes, the b wire-plate distance and ] current per unit area of

collector plates.

White (cited by Ducret) states that for low inter-electrode distances and negative
voltage (of the order of cm), there may be a sharp divergence between the calculated
current and the actual current, because the occurrence of a stream of free electrons.
This can lead to abnormally high measures of ion electric mobility in negative
discharges. Townsend takes the relation rather than a form of the type ILINEAR = k.
(V-VO0).
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Figure 7: current-potential of electro-filter
RESISTIVITY

Resistivity, which is a characteristic of particles in an electric field, is a measure of a
particle's resistance to transferring charge (both accepting and giving up charges).

Resistivity is a function of a particle's chemical composition as well as flue gas
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operating conditions such as temperature and moisture. Particles can have high,

moderate (normal), or low resistivity.

Bulk resistivity is defined using a more general version of Ohm’s Law, as given in

Equation

g

E = pJg

below:
Where:

E is the Electric field strength
(V/cm); j is the Current
density (A/cm2); and p is the
Resistivity (Ohm-cm)

A better way of displaying this would be to solve for resistivity as a function of

applied voltage and current, as given in next Equation below:

AV

=T

Where:

0 = Resistivity (Ohm-cm)

V =The applied DC potential,
(Volts); I=The measured
current, (Amperes); 1=The ash
layer thickness, (cm); and

A =The current measuring electrode face area, (cm?).

Resistivity is the electrical resistance of a dust sample 1.0 cm? in cross-sectional area,
1.0 cm thick, and is recorded in units of ohm-cm. The table below, gives value ranges

for low, normal, and high resistivity.

Resistivity Range of Measurement

Low between 10+ and 10 ohm-cm
Normal between 107 and 2x10%© ohm-cm
High above 2x10© ohm-cm

Table 5: types of resistivity
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Figure 8 : relation between voltage and separation efficiency

1.4.2 TYPES OF ELECTROSTATIC

1.4.2.1 ELECTROSTATIC PRECIPITATORS ESP

ESP sometimes are also called electrostatic filters. The efficiency of dust removal of
electrostatic precipitators is mainly influenced by the resistivity of the dust. If the
resistivity of the dust layer increases to values higher than 10 11 to 10 12 Q-cm the
removal efficiencies are reduced. The resistivity of the dust layer is influenced by the
composition of the waste. This can quickly change with a changing composition of
waste, especially with hazardous waste incineration. Sulphur in the waste (the water
content at operating temperatures below 200 ° C often reduces the resistivity of the
layer of dust as SO,(SO:s) in the exhaust gas and therefore facilitates deposition in the
electric field. For the deposition of fine dust and aerosols, installations that maintain
the effect of the electric field by drop formation in the flue gas (electrostatic
precipitators to condensation and wet electrostatic precipitators to condensation,
electro filter pumps, chillers ionized Pre-installed spray) may improve the efficiency

of removal.

Typical operating temperatures for electrostatic precipitators are 160-260 °© C. An
operation at higher temperatures (e.g. Beyond 250 ° C) is generally avoided as this
may increase the risk of PCDD / F (and therefore discards).

112



Basics

Collecting plate

Figure 9: electrostatic filter

1422 WET ELECTROSTATIC PRECIPITATORS
There are based on the same technological principle as electrostatic precipitators.

With this design, however, the precipitated dust on the collector plates is washed
using a liquid, generally water or CaCos. This can be carried out continuously or
periodically. This technique works satisfactorily in the case where wet or cooled flue

gas enters the electrostatic precipitator.

Dry ESP Wet ESP

Gas Temperature 121 -454C 48-54C

Gas Humidity < 10% typical 100% (Saturation conditions
after wet FGD)

Power Density Variable with coal sulfur Significantly higher than dry

content and ash chemistry ESP

Resistivity Critical design factor Not a design factor

Gas Velocity ~L5m/s ~3mis

Treatment Time >10 seconds ~ 1 = 5 seconds

Re-entrainment Important factor Not a factor

Materials of Construction Mild steel (typical) Specialty metals, plastic or
conductive materials

Table 6: Major differences between dry and wet ESP
(10)
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1.4.2.3 ELECTROSTATIC PRECIPITATOR CONDENSATION

The electrostatic precipitator condensation is used for very fine deposits, solid, liquid
or sticky particles, for example, in flue gases from incineration plants of hazardous
waste. Unlike conventional wet ESPs, the collecting electrostatic precipitators
condensation surfaces comprise vertical plastic pipe arranged in packets, which are

water-cooled from the outside.

1.4.2.4 WET SCRUBBERS TO IONIZATION
The purpose of the Wet Scrubber Ionization (EHI) is to remove various pollutants

from the flue-gas stream. EHI combines the principles of:

* Electrostatic charging of particles, electrostatic attraction and deposition for aerosols
(less than 5 micron)

* Deposition of coarse particles, liquids and solids (greater than 5 mm), and
e Absorption of hazardous, corrosive and malodorous.

The HIE system is a combination of an electrostatic filter and a scrubber packing. It is
said that he needs little energy and has a high deposition efficiency for particles in

the submicron as well as those of the micron.

A high voltage zone is installed prior to each step a fixed packing. The function of the
highvoltage area is to ionize the particles (dust, aerosols, particles less than one
micron) contained in the flue gas. The negatively charged particles induce opposing
loads on the neutral surface of the moistened packing material and the drops of
water falling. Because of this, they are attracted and are then washed in the packing
section. This is referred to as attraction Image / Force (IF attraction), i.e. attraction of a
shift of electrons. Hazardous, corrosive and malodorous are also absorbed into the
same fluid and chemically combined scrubber to be evacuated with the effluent from
the scrubber. Another type of wet scrubber includes Venturi ionization. The pressure
changes that occur through the Ventures allow fine particles to grow and the
electrode the load. They are then collected by the dense layer of deposited droplets

through a nozzle, serving as collecting electrode.

1.4.3 SLEEVE FILTERS

Fabric separators also called sleeve filters are very widely used in waste incineration
plants. The filtration efficiency is very high for a wide range of particle sizes. For
particles less than 0.1 microns, efficiency is reduced, but the fraction of these particles
that exist in the flow of exhaust gas of waste incineration plants is relatively low. Low

dust emissions are achieved with this technology.

The compatibility of the filter medium with the characteristics of the flue gas and the
dust, and the filter of the process temperature are important for effective

performance. The filter is a way that should have suitable properties for thermal,
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physical and chemical -by ex. hydrolysis, acid, alkali, and oxidation). The gas flow

rate determines the appropriate filtering surface, that is to say the filtration velocity.

The mechanical and thermal stress on the filter material determines service life,

energy and maintenance requirements.

Continuous operation, there is a gradual loss of pressure through the filter because
particle deposits. When dry sorption systems are used, the formation of a cake on this
medium helps remove the acid. In general, the pressure differential across the filter is
used to monitor the need for cleaning. Periodic replacement is required when the
residual maturity is reached or in case of irreversible damage (e.g. increasing
pressure loss can be caused by irreversible deposit of fine dust in the filter material).
Several parameters help to control the lifetime of the sleeves: drift of the pressure
drop, visual parameter, microscopic analysis, etc. Potential leaks in the bag filter will

also be detected by increased emissions or by process disturbances.

The application of dry deposition is limited to the dust which is hygroscopic at high
temperatures (300 to 600 ° C) and become tacky at these temperatures. This type of
dust forms deposits in the deposition equipment, which can’t be adequately removed
by conventional cleaning techniques during operation, but may need to be removed
by vibration ultra sound. They may be dust complex salts, for example from waste

containing phosphorus, sulfur or silicon.

Figure 10: Example for a sleeve filters
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1.4.4 CYCLONES (THIS FIRST PHASE CAPTURES SOLID HEAVY METALS, DUST BETWEEN 5 AND
30

MICRON)
Multi cyclones use centrifugal forces to separate particulate matter from the gas

stream. Multi cyclones differ from simple cyclones in that they comprise a number of
small cyclone units. The gas stream enters the separator tangentially and exits
through a central port. The solids are forced towards the outlet of the cyclone and

collected on the sides to be deleted.

In general, cyclones alone can’t achieve the emission levels now applied to modern
waste incinerators. They may, however, have an important role to play where
applied as a pre-cleaner prior to the processing steps of the burned gases. Energy

requirements are generally low because there is no pressure drop across the cyclone.

Advantages of cyclones are their wide operating temperature range and rugged
construction. Erosion of cyclones, especially at the impact point of the burnt gases,
can be a problem when the burnt gas is laden with particles. For the purification of
air and gases, we generally use the extruded activated carbon (compacted into

pellets) or coarse (granular). (8)

Figure 11: design of cyclone
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10.3.8.5 1.5 SIMPLE CYLINDRICAL ELECTROSTATIC

1.5.1 PRINCIPLE OF OPERATION AND EXPERIMENTAL PROCESS:

The operating principle of the simplest electrostatic filters, wire concentric cylinder, a
high electric potential is applied to the wire, called emitter electrode. It is placed in
the axis of the vertical cylinder, called the collecting electrode, which is connected
there to grounded. The gas carrying the particles to be removed enters through an
opening located at the bottom of the cylinder, the particulate laden gas passes
through the inter-electrode space. Corona, there is ionization of the gas wire author,
and creation of ions and electrons. These pollutants bombarding particles becoming
electrically charged and then attracted towards the inner surface of the cylinder
under the effect of the electric field. The particles are deposited on the cylinder,
where they are, are removed by washing, scraping or rapping, collected in hoppers

and finally discharged into the drawer out of the electro filter.

**FEATURE current-voltage

clean gaz <—

—
.

dust laden T
flue gaz < --

Figure 12: electrostatic cylindrical

1.5.2 INFLUENCE OF THE DIAMETER OF THE WIRE

We apply to the wire, a positive DC electric potential gradually increasing the voltage
applied to the yarn and measuring the electric current on the cylinder. We operate in
the same way up to a voltage near the breakdown voltage. Used two different
diameters of copper wire,
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Figure 13: Current-voltage characteristics for two different wire diameters

It can be concluded that the wire diameter is inversely proportional to the electric
discharge. This is quite normal because the electric field on the wire is inversely

proportional to the radius of the wire RO (eq below):

PO
dxmxexRy

Therefore, when R0 decreases, E increases and vice versa.

1.5.3 CYLINDER DIAMETER INFLUENCE

We proceed in the same manner as the previous step using two diameters and
cylinder with a diameter of 0.7 mm constant corona wire copper. We traced the

current - voltage characteristic for a cylinder diameter of 80 mm and 110 respectively

1.40

S ET T = o o o o e e e e

120 +—| e @ cylindre = 80 mm
| === @ cylindre = 100 mm

100 -

0.80

0.60

Courant I (mV)

0.40

0.20

T
0 5 10 15 20 25 30
Tension U (kV)

Figure 14: Current-voltage characteristics for two different cylinder diameters
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his time also, the increase in the cylinder diameter is induced a decrease of the
electric discharge. exegesis can one it by the relationship of the current per unit

length of Townsend:

8 X 7T X Ujon X €0

x Vx(V =Vg)

Ilinéique =

R2 x Iln——
Rp
VO == E()XRO x In——
0
With RO, the radius of the wire, and R is the radius of cylinder (11)

1.5.4 EFFICACY OF AN ELECTROSTATIC

Previously, electrical discharge mechanisms of particle charge and forces acting on a
charged particle in turn have been studied. From these achievements, the
precipitation yield or electrostatic can be evaluated theoretically.

The overall performance of the operation of an electrostatic filter is quantified by a
variable named total collection efficiency (or collection efficiency) nt defined by the
following expression:

n
n=1-—
n

e

Where ns and ne respectively represent the concentrations at the outlet and at the
inlet of precipitator; n may be expressed as number of particles or mass.
(12)

1.6 Treatment of toxic gas.
The flue gases are then processed by wet or dry. This phase can capture the acid gas,

sulfur oxides and volatile heavy metals.

1.6.1 REMOVAL OF SULFUR DIOXIDE AND HALOGENATED (ACID GAS)

The sulfur dioxide and halogen gases are cleaned flue gas by the injection of chemical
or physical agents’ sorption, which are brought into contact with flue gas. According

to the technique, the reaction products are dissolved or dry salts.
Dry systems:

In the dried sorption process, the absorbent (generally lime or sodium bicarbonate) is
fed in the form of a dry powder reactor. The dosage of reagent may depend upon the
temperature and the type of reagent. With lime this ratio is typically two to three
times the stoichiometric amount of the substance which will be filed with the baking

soda ratio is lower. This is necessary to ensure that emission limits are met over a
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range of input concentrations. Generated reaction products are solid and must be

deposited from the flue gas as dust in a subsequent step, usually a bag filter.

Lime over dosage (or other reagent) leads to an increase of the amount of residue,
unless the re-circulation of the reagent is performed, when the non-reacted fraction
can be recirculated

N.B: Halogens comprise the seventh column of the periodic table of the elements.

Fluorine, Astatine, Chlorine, Bromine and Iodine.

If there is no pre-deposition step (e.g. Electrostatic precipitator), particles are
removed with the reagent used and the reaction products. Reagent cake that forms

on fabric filters allows effective contact between the flue gas and the absorbent.

Plumes are rarely visible with this technique.

-
..
-

.

i\

Typical dry process (solid reagent injection in the pipe)
With downstream de-duster

Figure 15: typical dry process (solid reagent injection in the pipe with a downstream

precipitator

Semi wet systems:

These are also called semi-dry process. In the spray absorption, the absorbent is
injected either as a suspension or solution in the flue-gas flow in a sputtering reactor.
This type of process utilizes the heat of the burnt gases for evaporation of solvent

(water). Generated reaction products are solid and must be deposited from the flue
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gas as dust in a subsequent step, for example a sleeve filter. These processes typically

require sorbent overdoses of 1.5 to 2.5.

Here, fabric separator is also an important part of the process. Plumes are rarely

visible with this technique.

1 Crude gas

2 Spray abscrber
3 Addition of sorption
4 Tissue filter
6 Clean gas

Figure 16: Principle of operation of a spray

absorber Wet systems:

The wet cleaning process the flue gas uses different types of scrubber design. For

example:

The scrubber solution is (only in the case of water injection) strongly acid (pH 0-1)
due to the formation of acid in the deposition process. HCl and HF are mainly
removed during the first stage of the wet scrubber. The effluent from the first step is
recycled several times, with a small amount of clean water and venting of the
scrubber to maintain the effectiveness of the acid gas removal. For this acidic
medium, deposition of SO, is slow, so a second stage scrubber is required to remove
it.

Removal of the sulfur dioxide is performed in a controlled washing step at a near
neutral pH or alkali (typically at pH 6 to 7) in which is added sodium hydroxide or
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milk of lime. For technical reasons, this withdrawal takes place in a separate washing

step, in which also occurs further removal of HCl and HF.

If the treated waste contains bromine and iodine, these can be deposited from a flue
gas flow if waste containing sulfur is burned simultaneously. More sulfur
compounds, bromine and iodine in water-soluble salts will form, which can be
deposited by the wet cleaning process of SO, in the flue gas. In addition, the deposit
of bromine and elemental iodine can be improved by the specific use of reductive
washing steps. In all cases, it is important to know which waste containing iodine or

bromine.

If the milk of lime or limestone is used as a neutralizer agent in the wet stages of
cleaning of flue gases, sulfate (gypsum), carbonates or fluorides will accumulate as
soluble residues in water. These substances can be removed to reduce the salt load in
wastewater and thus reduce the risk of scaling in the sewage system. Residues of the
cleaning process (e.g. Gypsum) can be recycled. When using a caustic soda solution
there is no risk because the reaction products are soluble in water. If NaOH is used,
CaCOs may form (depending on the hardness of water), which again will lead to
deposits in the scrubber. These deposits must be removed periodically by
acidification. The diagram below illustrates a typical wet scrubbing system to two
steps. The number of purification steps generally ranges between 1 and 4 with

multiple steps incorporated in each vessel:

Typical wet process (2 stages) with upstream de-duster
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Figure 17: typical wet process (2 stages ) with upstream de-duster
N.B WASTE WATER FROM WET SCRUBBERS.

To maintain the purification efficiency and prevent clogging of the wet scrubber
system, a portion of the scrubber liquor must be removed from the circuit as waste
water. This wastewater must be subjected to special treatment (neutralization,
precipitation of heavy metals), before discharge or use internally. It pays particular
attention to the mercury removal. The compounds of volatile Hg, such as HgCl,, will
be condensed when the exhaust gases are cooled, and dissolved in the effluent from
the scrubber. The addition of reagents for the specific removal of Hg is a way to
remove the process. In some plants, the waste water produced is evaporated in the
incineration plant by spraying it back into the flue gas as a combined tempering with
the dust filter.

1.6.1.1 IMPLEMENTATION OF THE TREATMENT WITH SODIUM BICARBONATE

* GENERAL STEPS
The reaction between the acid gas (5O,, HCl) and the sodium bicarbonate (Na,COs) is
a surface reaction. The solid is usually ground in order to increase its surface area,
ideally to achieve a d50 <20 microns. Upon decomposition into sodium carbonate, the
release of gases (CO,, H,O) further increases the surface area by increasing the
porosity. the BET surface area (Brunauer, Emmet and Teller) of sodium bicarbonate is
of about 0.8 m?/ g after grinding to 20 microns and up to 7 m? / g at decomposition as

Na,CO;, but drops to 2 m? / g after aging a few hours.

The powdered sodium bicarbonate is generally injected directly into the flue gases at
the outlet of the boiler, where it decomposes. The sorbent is then retained by a filter
media which may be fabric or ceramic fibers. This forms a layer of sorbent, having or
not having reacted with the acid gas and fly ash from a few millimeters, called "filter
cake”. Thus, the time of reactive-gas contact cleaned is increased to improve

significantly the effectiveness of treatment. (13)

cacke
Reactant

o

— o}o e

Oooo
0 ° o
0

clean gas

|

dust

o
crude gas

filter media

Figure 18: accumulation of particles in filter media

* FILTER MEDIA
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Filters are formed of several tens of filter media cylinders called candles. This
implementation allows increasing the total surface filtration. The accumulation of
carbonate and fly ash on the walls of the filter causes a gradual increase in pressure
drop across the filter. The measurement of the downstream pressure therefore

provides information on the level of filter clogging. When it exceeds a threshold, an

entire row of filter cartridges is scoured. For that, a compressed air pulse is sent
against the flow within the latter, to create a pressure wave which allows bringing

down the cake into a hopper located below the filter.

output of fumes

cylinders of filter
media

Figure 19: system of filtration

Materials for the manufacture of filter media are: fiber
Choosing as classification criterion their chemical composition, the fibers can classes

into 2 categories, organic and inorganic, the same subdivided into sub categories:

Inorganic fiber: glass, carbon, ceramic, asbestos
Organic fibers:

- natural wool, silk, cotton
- Synthetic: polyethylene, polyester

There is a list of fiber available in the market:

Name manufacturers
NOMEX DUPONT
KERMEL kermel

Ricem Montefibre

Table 7: list of fiber available in the market (14)

0O CHEMICAL REACTIONS:

Treatment by Ca(OH)..
Ca(OH), + 2HCl = CaCl, + 2H,0
Ca(OH)2+ 2HF = Can + 2H20
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Ca(OH), + SO, CaSO; + H,0

CaSO; +1/2 O,— CaSO,
Treatment by NaHCOs:

NaHC03 + HCI = NaCl + C02+ Hzo
NaHCOs; + HF s NaF + CO, + H,O

2NaHC03 + 1/2 Ozl—_; Na2804 + 2C02 +
H,O

In wet case, the reactions are:

acidic step: HCl + H20 — H30 " + CI

HF + H20 — H30 " +F

basic step: SO, + 2H,O — H3O+ HSOs™ HSO;+ H,O+1/2 02 — H302"+S0

ONaOH + 2H;0 " + SO — NaySOs + 4H,0

SO, + 2NaOH — NEhSOa + H,O
HCI + NaOH — NaCl + H,O

HF + NaOH — NaF + H,O

The reaction of sodium carbonate with sulfur dioxide is:

1. NayCOs(s) + SO,(g) —NazSOs(s)+CO,(g)

When the gas cools, sodium sulphite thus formed reacts with oxygen to generate

sodium sulfate:
2. Na,SO;(s)+%20; (g) — Na SO, (s)
Injection Na,CO; also allows trapping the hydrochloric acid present in the hot gases:
3. %NaCOs(s) + HCl (g) — NaCl (s) + ¥%CO,(g) + ¥2H,O (g) Similarly, the
carbonate may also react with HF to form NaF.

Reaction 1 is a heterogeneous reaction (solid-gas). Treatment efficacy is depending
mainly from time reagent-gas contact purify and temperature. However, higher
allowances to 95% of SO, and HCl can be achieved for stoichiometric ratios of 1.2 to
1.5.
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* STUDY OF THE REACTIVITY OF NA;CO; LABORATORY
SO, reaction’s tests are on the thermally decomposed trona. The proportion of
reacted Na,CO; followed by Thermogravimetric Analysis (TGA). They observe two
reaction steps due to changes in the size of pores over time. At the start of the
reaction all of the sites is accessible; the first step is pretty fast. But gradually as the
carbonate reacts, pore size decreases or becomes clogged, the steric bulk of SO, is
larger than that of CO,. The second step being limited by the diffusion of gases in the

pores, it is then slower.

* EFFECT OF TEMPERATURE AND VAPOR
A study indicates that the operating temperature of the sodium carbonate is at least
130 ° C. It observed during tests with dry gases, increasing efficiency up to 150 ° C
and a slight decrease in the test at 220 ° C, especially in the first phase of conversion,

which they attribute to sintering.

Few studies have been done on the effect of water vapor on the capture of SO2 by
Na2CO3. Stejskalova et al. (1996) conducted adsorption test at 150 °© C for two
percentages of H20 in the gas (2% and 5%). They observe a significant increase in the
allowance with increasing humidity. They attribute this effect to a catalytic action of

water vapor and a rate of oxidation of sulfites to sulfates slower.

0 ADSORPTION OF NITROGEN OXIDE
Several authors (Verdone and De Filippis, 2004 Erdoés and Mocek, 1994) studied
thermodynamically and showed the possibility of reactions between nitrogen oxides
and sodium carbonate. Verdone and De Filippis (2004) showed that the reactions of
Na,CO; with NO and NO, are possible thermodynamically to respectively 160 © C
and 360 ° C.

Lippert et al. (1996) conducted tests NO adsorption and NO, in a gas mixture
containing N,, CO2, O2 and H20. They note that:

NO, only seems to react;
The reaction only in the presence of H,O;
The presence of CO, decreases the adsorption of NO,;

Reactivity of Na,COs decreases with temperature between 50 and 150 ° C.

0 ADVANTAGES AND DISADVANTAGES OF THE USE OF SODIUM BICARBONATE
Of course, with respect to other solid adsorbents, there are many solid compounds
other than sodium bicarbonate (NaHCOs) could serve as reagents for treatment of
sulfur oxides by means dried. The most widely used industrially are more sodium
compounds (Na,CO;, Na,CO;.10H,O) or calcium compounds (CaO, CaCO; Ca
(OH).). It is also possible to use magnesia (MgQO), but this method seems little used.

Reactant Advantages Disadvantages
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Sodium * highly reactive with acid gases * cost/kg of reactant

bicarbonate * low consumption rates was higher

(basic reactant to  e]ow residues * very corrosive

SOx)

Quicklime (CaO) * Average Reactivity 0 Difficult Recovery
Highest Temperature

* Cost/ kg lower
* Low solubility of residues
Limestone(acid ¢ Average Reactivity 0 Circulation of CO2
reactanttoacid ¢ Cost/kglower
gas) * Low solubility of residues
Table 8: difference between reactant selected

(13)

1.6.2 TECHNIQUES FOR THE REDUCTION OF NITROGEN OXIDE EMISSIONS

Nitrogen oxides (NOx) may be formed in three ways:

Thermal NOx: When burning a portion of the nitrogen in the air is oxidized to
nitrogen oxides. This reaction occurs only significantly at temperatures above 1300 °
C. The reaction rate depends exponentially on the temperature and is directly

proportional to the oxygen content.

Fuel NOx: when burning a portion of the nitrogen contained in the fuel is oxidized to

nitrogen oxides.

NOx formation via a radical reaction (prompt NOx): Atmospheric nitrogen can also
be oxidized by reaction with CH radicals and intermediate formation of HCN. The

formation mechanism is relatively low importance in waste.
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Figure 20: Temperature dependence of various NOX formation mechanisms in waste

incineration

**NOx reduction side Techniques

The Directive 2000/76 / EC require a daily average value of clean gas NOx (as NO;) of
200 mg / Nm 3. To successfully conform to this level, it is common to apply secondary
measures. For most processes, applying ammonia or ammonia derivatives (e.g. Urea)
as a reducing agent which has proven successful. The nitrogen oxides in the flue
gases mainly comprise NO and NO, are reduced to nitrogen N, and water vapor by

the reducing agent.

Equations:

Two processes are important for the removal of nitrogen of flue gases - the Selective
Reduction Nonanalytic (SNCR) and Selective Catalytic Reduction (SCR).

NH; and urea are applied in aqueous solutions. NHj; is normally, for safety reasons,

delivered in a 25% solution.

1.6.2.1 PROCESS OF REDUCING NON-SELECTIVE CATALYTIC (SNCR)
In the process of Non-Selective Catalytic Reduction (SNCR) of nitrogen oxides (NO +

NQO.) are removed by selective non-catalytic reduction. With this type of process, the
reducing agent (typically ammonia or urea) is injected into the furnace and reacts
with nitrogen oxides. The reactions occur at temperatures between 850 and 1000 ° C,

with higher reaction rates and lower in this range.
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Figure 21: Process of Reducing Non-Selective Catalytic (SNCR)

Reducing NOx by SNCR more than 60-80%, requires a higher addition of the
reducing agent. This can lead to ammonia emissions, also known as the slip of
"ammonia. The relation between NOx reduction, ammonia slip and reaction

temperature is given in Figure 15 below:

NH= 2451
A NH3 sip] 23]

]
-

/
NO>x reduction

[ =
/ I s
¥
| NOx produc'-tion
o I
S00 -1 000 1200

Temperature [CT]

Figure 22: Relation between NOx reduction, production of NOx, and ammonia slip

and reaction temperature for the SNCR process.

In figure 20, it shows that at a reaction temperature of, for example, 1000 ° C, NOx
reduction would be about 85%, and there would be about 15% ammonia slip. In
addition, at this temperature there would be a generation of NOx, from the

incineration of the injected NHs, of about 25%.
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Figure 20 shows that at high temperatures (with ammonia), the percentage of
reduction of NOx is high, and while the ammonia slips decrease, the NOx producing

ammonia increases.

Application of urea instead of ammonia in SNCR leads to relatively higher N,O

emissions compared to the ammonia reduction.

For optimum use of ammonia at different degrees of load, which causes temperature
variations in the combustion chamber, NH; can be injected into different layers.

1.6.2.2 PROCESS OF SELECTIVE CATALYTIC REDUCTION (SCR)

Selective Catalytic Reduction (SCR) is a catalytic process during which ammonia
mixed with air (the reduction agent) is added to the exhaust gas and passes through
a catalyst, usually a sieve (e.g. Platinum, rhodium, TiO,, zeolites). When passing

through the catalyst, ammonia reacts with NOx to give nitrogen and water vapor.

To be effective, the catalyst generally requires a temperature between 180 and 450 °
C. The majority of systems uses waste incinerators currently operating at
temperatures of the order of 230-300 ° C.

The SCR process gives NOx reduction rates (typically over 90%) to almost
stoichiometric additions of reducing agent. For waste incineration, SCR is mainly
applied in the natural gas area, that is to say, after dusting and removal of acid gases.
For this reason, the exhaust gases generally require reheating to the efficient SCR
reaction temperature. This adds to the energy needs of the flue gas treatment system.
However, when the levels of SOx in flue gases have been reduced to a very low value
to the admission of the SCR section, reheating can be substantially reduced or even

avoided. Heat exchangers are used to reduce energy demand further.

SCR can also be used for the destruction of PCDD / F. SCR systems multi layers are
used to provide a combined control of NOx and PCDD / F.

NHj3 feed
SCR reactor

Flue gas :> L ‘:>> Cleaned flue gas

Figure 23: process of SCR (8)
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1.6.3 TECHNIQUES FOR REDUCTION OF COg, NO;

Emissions of nitrous oxide from waste incineration can arise from:

* the use of lower combustion temperatures - typically this becomes interesting below
850 ° C
* the use of SNCR for NOx reduction (particularly where urea is the reagent chosen).
1.6.3.1 USE OF CO: IN THE FLUE GAS FOR THE PRODUCTION OF SODA ASH
CO; reacts with sodium hydroxide to form sodium carbonate. The liquid is odorless

and colorless. Sodium carbonate can be used as crude material, e.g. in chemical

plants, the paper industry.

In this process, the amount of exhaust gas required for the generation of carbonate is
withdrawn in a controlled flow to the end of the flue-gas cleaning and directly in a
CO2 absorption column. The absorption column is made of plastic material
reinforced with glass fiber and contains a plastic material coating. The caustic soda
solution is added through the top of the column. Caustic soda passes through the
coating material and comes into contact with the flue gases produced in the reverse
current. This reacted carbon dioxide and sodium hydroxide and form the sodium

carbonate and water.
COZ +2 NaOH — Na22C03 +2 HzO

The burnt gases escape from the column into the atmosphere via a demister. This
mist eliminator can be cleaned using fresh water that is provided on demand via a

flow controller.

The carbonate solution is pumped from the dewatering trough the column into the

consuming systems with a pump via a level control.

1.6.4 TREATMENT OF DIOXIN BY ACTIVATED CARBON

@

Automate programmable

D

Figure 24: treatment of dioxin
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: new coal Complement. 7: Used coal reject.
: Flow of fumes to be treated.
: Flow of purified fumes.

: mixed charcoal Silo

: Device for coal injection

: coal injection nozzle.

: partial recycling valve.

9: Ruff handle support.

10: horizontal tubular plate.
11: Channel filter textile.

12: Cake normal dioxin filter

NN BAWNHO

8: Compressed air filter cleaning.

Activated carbon is in the form of a fine black talc. Its elementary particles are made
porous by a suitable heat treatment so as to create therein pores having dimensions
of affinity with the molecules to be filtered. So there are formulations of active carbon
adapted to different molecules that one wishes to retain. This product is relatively
expensive and operators have an economic incentive to minimize consumption. This
activated carbon can be also called "lignite coke." The diagram below shows before a
charcoal cake (12), thick enough, which was formed on the sleeve textile (11). Indeed,
the smoke flow plate activated carbon on the surface of the sleeve to form a cake
therein maintained by the dynamic pressure of the gas. The capture efficiency of
dioxins is maximum as the cake is thick enough that the gas molecules "cavil"
through the layer thus formed and meet on their way up to elementary particles to be
adsorbed therein. The limit of the thickness of the layer depends on the loss of
maximum load, so the sleeves do not deteriorate under the effect of pressure and the
flow of smoke is not too slow. It is therefore necessary to "unclog" the filter regularly

when the pressure drop becomes too high.

Polluants Type of treatment | basic operation
SO, ,HCl ,HF | dry way Injecting a solid absorbent basic, usually calcium
)acid gas) or sodium, solid salt formation which can be
filtered by intermediary of a media filtant
semi-wet way The sorbet is injected in the form of a
concentrated solution evaporates. the solid
sorbent reacts as obtained by dry way .
Wet way acid gases dissolved in a basic solution (NaOH)
.the contact can be made either by injecting the
solution into the smoke (scrubber) or because the
smoke passes through the solution.
NOx Reburning Processing gas flame 4 2 (CH, H) which
forms radicals that react with NO
Reduction SNCR Reduction of NOx at high temperature (=800 ° C)
selective non — by reaction with NH3; Reducer example.
catalytique
SCR catalytic Reduction of NOx at low temperature (<350 ° C)
selective reduction | catalyst, usually oxide vanderuim.
organic activated charcoal | Activated charcoal possesses a structure a
compounds microporous structure which gives it a large area
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Metals specifiqueet so strong adsorbent power. activated
carbon is injected into the conduit and then filtered
with the adsorbed pollutants.

dust Multi-cyclones The fumes are accelerated in a cylinder, the

particles will impact on the walls and lose their
speed, they are then recuperated in the filter
bottom.

Electrostatic

The dust through a sufficiently large electric field
to ionize the gas which in turn will charge the
particles of dust .a once charged, they will impact
on the cathode.

Filter sleeves

Big particles will impact on the filter forming a
cake for filtering smaller diameter particles.

Scrubber

Water injected disperses in drops of water in the
trap fumes and dusts which are then recovered in
solution.

Table 9: general systems for treatment fumes ( bicocchi et al, 2009et Le Cloreic 2006) (13)
1.6.5 UNIT OPERATIONS FOR GAS CLEANING:

A large number of unit operations based on primary separation processes can be

used for the gas cleaning of the flue gas generated in waste incineration systems. In

Table 10 for each type of flue gas pollutant, a combination of unit operations is

indicated with the respective typical range of reduction. The well designed sequence

of gas cleaning methods allows for a drastic reduction of pollutants (adopted with
comments from Table 5.2 of the BREF, 2006).

POLLUTANT PROCESS STEPS REDUCTION (%)

SOx Wet scrubber or dry 50-90
multicyclone

HCL Wet scrubber or semi-dry 75-95

NOx Selective catalytic reduction 10 - 60

HEAVY METALS Dry scrubber + electrostatic ~ 70 - 95
precipitator

FLY ASH Electrostatic precipitator + 95-99.9
fabric hose filter

DIOXINS Activated carbon + fabric 50-99.9
hose filter

Table 10:Gas cleaning processes and typical range of specific pollutant reduction by combination

of unit operation
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10.4 Rauchgasreinigung / 8,5/ quis

Im Bereich der Kesselziige anfallende Flugaschen werden in der Regel gemeinsam mit den Flugaschen des haufig im Anschlufl an den
Kessel folgenden Staubfilters erfafit. Diese erste Rauchgasreinigungsstufe wird oft noch dem Verbrennungsteil der Anlage zugerechnet.

Fiir die weitere Rauchgasreinigung stehen verschiedene Verfahren zur Verfiigung:

o die nasse Rauchgasreinigung,
o die trockene Rauchgasreinigung,

o die quasitrockene Rauchgasreinigung.

Schadstoff und Ubliche Rauchgasreinigungsverfahren

Stoff Herkunft Verfahren

Stéube, Salze Gesamtmdill Elektrofilter, Gewebefilter
nasse Rauchgaswasche nach Abkiihlung durch intensive Wésche
mit Kalkmilch,

in einigen Anlagen trockene bzw. quasitrockene Verfahren

HCL (Salzsdure) PVC, anorganische Salze

SO2(Schwefeldioxid)  Papier, Farbstoffe, Gummi

(Eindusung
) Isolierstoffe, Teflon, Kéltemittel, von Kalkhydrat oder Kalkmilch in den heilRen Rauchgasstrom,

HF (FluR3sdure) . B .

Spraydosen Abscheidung der Feststoffe tiber Gewebefilter)

. . Textilien, Nylon, Proteine, Reduktion mit Hilfe von Ammoniak und (in den meisten Fallen)

NO2(Stickoxide) ) .

Sekundérentstehung Katalysator zu Stickstoff und Wasser
Cd (Cadmium) Batterien, Kunststoffe, Farben Schwermetallfallung im Abwasser der nassen
Pb (Blei) Batterien, Farben, Vorhénge Rauchgaswésche, danach mechanische Abscheidung oder
Zn (Zink) Batterien, Farben, Galvanik Sprihtrocknung bzw. Eindampfung
Hg (Quecksilber) Batterien, Amalgan, Thermometer Aktivkohlefilter, ansonsten wie die anderen Schwermetalle

Dioxine. F Holzschutzmittel, Brandriickstande, ~ Schockabkihlung zur Vermeidung eines Temperaturfensters flr die
ioxine, Furane . . .
Sekundarentstehung Entstehung, katalytische Zersetzung Aktivkohlefilter

10.4.1  Trockene Rauchgasreinigung®

Die trockene Rauchgasreinigung wird zum Entfernen von Schadstoffen, die bei Verbrennungsprozessen entstanden sind, eingesetzt.
Bei der trockenen Rauchgasreinigung finden hauptséchlich adsorptive und trennende Methoden Anwendung. In erster Linie soll mit

dem Einsatz ein Beitrag zum Umweltschutz geleistet werden.

104.2 Aufbau der trockenen Rauchgasreinigung

Das bei der Verbrennung entstandene Rauchgas gelangt nach dem Kessel und den Wéarmetauschern in einen Reaktor, wo unter
anderem die sauren Bestandteile gebunden und somit entfernt werden. Im Anschluss an den Reaktor gelangt das Rauchgas zusammen
mit den Adsorbentien in die Schlauchfilter. Dort werden diese durch Oberflachenfiltration abgeschieden. Zusétzlich dient der
Schlauchfilter auch als Adsorptionsflidche der Rauchgase. Das bedeutet, dass beim Durchstrémen des Filterkuchens die verbleibenden

Schadstoffe aus dem Rauchgas gebunden werden.

Trockenadsorption[]

Unter dem Begriff Adsorption versteht man die Anlagerung von Molekiilen an die Oberfliche von Feststoffen. Damit die Adsorption
von Gasen an Feststoffoberflichen moglichst effektiv verlduft, benutzt man adsorbierende Substanzen mit moglichst grofer spezifischer
Oberflache. Durch spezielle Produktionsverfahren werden sehr pordse Adsorbenskdrner hergestellt, die nur kleine Abmessungen
besitzen, um die Diffusionswege fiir die Gasmolekiile durch die Poren moglichst gering zu halten. Es kénnen dadurch Oberflichen von

bis zu 1500 m?/g Adsorbens erzielt werden, da diese einen hohen Anteil an Mikroporen haben.

8  From https://www.itad.de/information/wiefunktionierteinemva/337.Beschreibung mit Animationen.html

o http://de.wikipedia.org/wiki/Trockene_Rauchgasreinigung
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10.4.2.1  Aktivkohle in der trockenen Rauchgasreinigung(]

Ein sehr haufig verwendetes Verfahren zur Reinigung sowohl hoch als auch gering konzentrierter organisch belasteter Rauchgase ist
die Adsorption an Feststoffen. Als Adsorbens wird hierbei Aktivkohle verwendet, die in Form von kleinen Kugeln oder

Strangpresslingen hergestellt werden.

Die feingemahlene Aktivkohle wird im Reaktor dem Rauchgasstrom zudosiert. Durch die hohe spezifische Oberfldche bietet
Aktivkohle eine grofie Angriffsfliche fiir das vorbeistromende Gas. Die im Rauchgas enthaltenen Schadstoffe wie z.B. fliichtige
Schwermetalle wie Quecksilber, Cadmium, Thallium, Selen und Arsen, chlorierte Dibenzodioxine und Dibenzofurane (PCDD/PCDE),
schwerfliichtige chlorierte Kohlenwasserstoffe wie Hexachlorbenzol, Hexachlorcyclohexan, PCB, PAK diffundieren aufgrund eines
Konzentrationsgradienten zwischen der Gasstromung und der Gleichgewichtsbeladung des Adsorbens aus dem Gasraum durch die
Makroporen sowie Mikroporen ins Innere der Kugel und lagern sich dort an der Oberflache an. Ein weiterer Mechanismus der zu einer
Abscheidung fiihrt, ist der sogenannte Sperreffekt. Dieser Effekt wird an kleinen Partikeln wirksam, die wegen ihrer geringen Masse
auf den Stromungslinien um das Korn bleiben, dann auf das Korn stoflen und von diesem angezogen und festgehalten werden (Van-
der- Waals- Kréfte).

10.4.22 Chemische Reaktion/ Natriumhydrogenkarbonat[]

Natriumhydrogenkarbonat wird im Reaktor dem Rauchgasstrom zugefiihrt. Durch die thermische Einwirkung des

Rauchgases dissoziiert das Natriumhydrogenkarbonat zu Natriumkarbonat, Wasser und Kohlendioxid.

Na,HC-Dg,{aq;, + HCl{aq] NaCl{aq;, + CDE{Ej + HED

Die Dissoziationstemperatur von trockenem Natriumkarbonat liegt dabei bedeutend héher (ca. 850°C) als die des
Natriumhydrogenkarbonats (65 C). In wassriger Losung findet die Reaktion bereits bei Raumtemperatur (20 C) statt. Da das Rauchgas
durch die Oxidation (Verbrennung) mit Wasserdampf versetzt ist, kann die Dissoziationstemperatur des Natriumkarbonats auf ca. 165 -
180 °C gesenkt werden. In diesem Temperaturbereich verliert das Natriumkarbonat die kristalline Struktur und zerféllt in Na* und
COs? Ionen. Betrachtet man dabei die Karbonat-lonen, stellt man fest, dass das Gleichgewicht sehr stark auf die Seite von CO2 und H20O

verschoben ist.

2H* + CO% — H,0 + CO,

Damit die Reaktion stattfindet, werden Protonendonatoren (H* - Spender) benétigt die z.B. in Form von sdurehaltigen Gasen (HCI,
H2S04, HF...) bereits vorhanden sind. Die nach der Reaktion im Rauchgas enthaltenen Kationen (Na*) sind jedoch bestrebt eine stabile
Verbindung zu bilden und reagieren zu diesem Zweck mit den Anjonen der Sduren (Cl;, SO4*, F). Es findet ein Kristallisationsprozess
statt, wobei Na* mit den Anionen der Sduren, Salze wie z.B. NaCl, NaF, Na2SO:2 bildet.

10.4.3 Mechanische Staubabscheidung mit Schlauchfiltern[]

Zur Abtrennung von festen oder fliissigen Partikeln aus Gasen werden vorwiegend filternde Abscheider eingesetzt. Das Spektrum der
Anwendungsmoglichkeiten ist so weit wie bei keinem anderen Trennverfahren. Entsprechend groff sind auch die technische

Verbreitung und die wirtschaftliche Bedeutung solcher Abscheider.

Prinzipiell erfolgt die Abscheidung aus einem Gas mittels Gasfiltration durch ein pordses Medium. Solche Medien kénnen
unterschiedlich aufgebaut und aus diversen Materialien hergestellt sein. Ein gemeinsames Merkmal aller filternden Abscheider ist das
Vorhandensein eines Filtermediums, welches entweder aus diskreten, miteinander verbundenen Kollektoren (z.B. Fasern und Korner)

oder einer kontinuierlichen Phase mit durchgehenden Hohlraumen (z.B. Lochfolie) aufgebaut ist.

Das zu reinigende Gas wird durch das Medium geleitet wobei es aufgrund verschiedener Mechanismen zu einer Abscheidung der
Partikel am Filtermedium aus einer kontinuierlichen Phase (Rauchgasstrom) kommt. Dies kann sowohl auf der Oberflédche als auch im

Inneren des Filtermediums geschehen.

Findet der Abscheideprozess dabei vorwiegend im Inneren des Mediums statt, spricht man von Tiefen- oder Speicherfiltration. Bildet
sich allerdings nach kurzer Zeit eine zusammenhéangende Schicht (Filterkuchen) an der Oberfldche des Filtermediums welche dann das

eigentliche Filtermedium darstellt, dann spricht man von Abreinigungs- oder Oberflachenfiltration.

104.4 Einsatzmdglichkeiten[]

Die robuste, einfache und kostengiinstige Reinigungstechnik, die schon seit Beginn der Luftreinhaltemafinahmen in Deutschland die
vorrangig genutzte Technik fiir die Fluor- und Chlorwasserstoff-Abscheidung in der Aluminium- und Ziegelindustrie sowie fiir
Biomassefeuerungen darstellt, wird durch Weiterentwicklung und neue Adsorbenzien auch fiir die Abgasreinigung von
Kohlefeuerungen und Abfallverbrennungsanlagen zuganglich gemacht. Die trockene Rauchgasreinigung erfiillt die Vorgaben der 17.

BImSchV (Verordnung {iber die Verbrennung und die Mitverbrennung von Abféllen).
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10.4.5 Literatur]]

e  Michael Schultes: Abgasreinigung. Verfahrensprinzipien, Berechnungsgrundlagen, Verfahrensvergleiche. Springer,

Berlin u. a. 1996, ISBN 3-540-60621-1.

e  Claus Zimmermann: 15 Jahre Abgasreinigung. Abgasvorschriften, Messergebnisse, Analysen, Bewertungen,

Auswirkungen und Folgerungen. 4. Auflage, Touring-Club Schweiz, Emmen 1999, ISBN 3-908165-00-8.

Prevention of fire and explosion risks

. ATEX Directive 94/9/EC on equipment and protective systems intended for use in potentially explosive atmospheres

* ATEX Directive 1999/92/EC on minimum requirements for improv-
ing the safety and health protection of workers potentially at risk from explosive atmospheres

* ATEX Directive 2014/34/EU on the harmonisation of the laws of the Member States relating to equipment and protective systems intended for use in potentially
explosive atmospheres (applicable from 20.4.2016)

* Seveso Il (Directive 96/82/EC) on prevention of major accidents involving dangerous substances, to be overwritten by Seveso Il (Directive 2012/18/EU) on
1.6.2015

Safety of pressure equipment

u} Directive 97/23/EC on the approximation of the laws of the Member States concerning pressure equipment

Safety of machinery

n] Machinery Directive 2006/42/EC

Electrical safety

. Low Voltage Directive 2006/95/EC
. Electromagnetic Compatibility Directive EMC-D 2004/108/EC

Table 1: Directives on the safety of hydrogen generators using water electrolysis process ( (2))

10.5 Gas Flow in Flue Gas Purification

10.5.1 Anlagen der maschinellen Liiftung®
Liiftungstechnische Einrichtungen, die mit Ventilatoren ausgeriistet sind, haben den Vorteil, dass
eine gezielte Beeinflussung des Raumluftzustandes erreicht werden kann. Die folgenden

Ausfithrungen sind auf Anlagen ohne Luftbehandlungsfunktion (LBF) beschrankt.

Ventilatoren sind das Kernstiick der lufttechnischen Anlage. Die lufttechnisch zu behandelnden
Raume werden von ihnen mit der geplanten Luftmenge versorgt. Die Ventilatoren haben die

Aufgabe die Druckdifferenz zu iiberwinden und die notwendigen Luftvolumenstrome zu fordern.
Grundsatzlich werden zwei Bauarten von Ventilatoren unterschieden:

Kennzeichnend fiir Axialventilatoren ist die in Achsrichtung angesaugte und ausgeblasene Luft.
Hauptbestandteile sind Gehause, Laufrad, ggf. Leitrad und Motor. Sie werden charakterisiert

durch kleine bis mittlere Druckdifferenzen und grofie Volumenstrome.

10 from https://abgs-gmbh.de/2014/04/16/fachartikel-lueftungsanlagen/
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Bild: Axialventilator

Radialventilatoren sind durch axiales Einstromen wund radiales Ausstromen der Luft
gekennzeichnet. Hauptbestandteile sind Gehduse, Laufrad wund Motor. Es gibt
Ausfithrungsformen mit Riemenantrieb oder Direktantrieb. Sie werden charakterisiert durch
kleine bis mittlere Druckdifferenzen und kleine bis groffe Volumenstrome. Sie sind die in

raumlufttechnischen Anlagen am haufigsten verwendete Bauart.

Laufrad
Antrieb

./

!

AN

Saugstutzen

Spiralgehiuse

Bild: Radialventilator

Parallel- und Reihenschaltung

In lufttechnischen Anlagen konnen betriebsbedingt oder aus sicherheitstechnischen Griinden mehr
als ein Liifter zum Einsatz kommen. Beim Parallelbetrieb zweier baugleicher Liifter erreicht man

eine Verdoppelung des Fordervolumens.
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Ventilator 1

Ventilator 2
Bild: Parallelschaltung

Durch Reihenschaltung zweier baugleicher Liifter wird eine Verdopplung der Druckdifferenz

erreicht.

Ventilator 1 Ventilator 2

Bild: Reihenschaltung

10.5.1.1 Verordnungen und Normen:

e Energieeinsparverordnung (EnEV) 2007 und 2009
e DIN 1946 Teil 1 Raumlufttechnik, Begriffe und Symbole

Literatur:

e Anette Becker: Liftungsanlagen, Vogel Buchverlag 2011
e Veroffentlichung des Fachinstitutes Gebdude-Klima e.V. (www.rlt-info.de)
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10.5.2 Einbauhinweise’
Beim Einbau eines Ventilators in ein Rohrleitungssystem ist darauf zu achten, dass die Zu- und
Abstromung ungestort ist und gleichmafig erfolgen kann. Auf der Saugseite ist der Einbau hinter
Querschnittsspriingen, Kriimmern usw. zu vermeiden. An- und Abstrémung diirfen nicht schrag
oder drallbehaftet erfolgen. Die hierdurch entstehenden Stromungsabrisse haben gravierende
Minderleistungen zur Folge. Die auftretenden Schwingungen konnen gefdhrliche Schaden am
Laufrad hervorrufen. In Bild 22 sind einige Einbausituationen dargestellt, die unbedingt zu
vermeiden sind.
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Bild 23: Schlechte Einbaubedingungen

10.1 Fly ashes treatment

The presence of heavy metals in municipal solid waste incineration (MSWI) fly ash is of
environmental concern due to their leaching potential in landfill environments. Acid extraction is a
conventional method of safe treatment of fly ash. In this work, nitric acid was used as the
extraction acid to leach Ni, Zn, Pb and Cu out from the ash. In addition, influence of nitric acid
concentration and liquid to solid ratio on removal ratio of the four heavy metals was studied. It
was found that removal ratio followed the decreasing sequence of Pb > Cd > Cu > Zn for acid
extraction using nitric acid. The optimal extraction condition was 5.3 mol/L of nitric concentration
at 20 liquid to solid ratio, which resulted in a removal ratio of 98% for Pb, 86% for Cd, around 73%

for Cu and around 42% for Zn.12

11 https://ventecag.de/fileadmin/downloads/ventec-wissenswertes-aus-der-lufttechnik.pdf
2H. Y. Zhang and G. X. Ma, "Leaching of Heavy Metals from Municipal Solid Waste Incineration (MSWI)
Fly Ash Using Nitric Acid", Applied Mechanics and Materials, Vols. 249-250, pp. 918-921, 2013

139


https://ventecag.de/fileadmin/downloads/ventec-wissenswertes-aus-der-lufttechnik.pdf

Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here.

11 Ashes Recycling
11.1 Flue Gas Ash Recycling (FLUWA, FLUREC)

Elektrolyse
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11.2 Metals recovery from bottom ash of household incineration

Bottom ash is the main residue, in quantitative terms, of MSW incineration. Its production
depends on the inert content of incinerated waste and on the type of furnace technology

and bottom ash extraction system.

These treatments include physical, chemical or thermal processes.

Metal As Cd Cr Hg Ni Ph Sh 32.0:
(ng g'l} 1.4- 0.25- 0.5- i 28- s i 5 -
114 11 1800 0.06-0.9 200 194-5000| 10-147.5 9890
Al:O; CaO Fe:0s5 K-0 MgO MnO N2O P-0¢ Si0»
8.66= 17.68+ 8.68= 1.08= 252+ 0.12+ 4.73=x 1.26+ 48.40=
6.25 15.37 2.84 0.78 2.10 0.08 2.84 0.88 41.13

11.2.1 Physical separation

e Size classification is a fundamental step in this part
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e Dry separation operates with standard drums or flat deck screens with a typical mesh size of 20-50
mm and 2-10 mm Or Wet separation can be performed through dense medium separation or
attrition washing

e Ferrous and non-ferrous metals are present in the bottom ash in a range of 7-15% and 1-2%,
respectively

e The recovery rates of ferrous and non-ferrous metals from the bottom ash is equal to about 60-
80% and 25-35% of their amount in the waste, respectively.

e Ferrous and non-ferrous scraps can be separated from the bottom ash by using magnets and eddy-

current separators.

11.2.2 Chemical separation

e To remove salts and heavy metals.

e  Washing with water

e Allows to remove the soluble components like chloride, sodium and sulphate

e Sulfate separation: To improve sulphate solubilisation, NaHCO3 or CO2 can be used in the washing

solution, improving the precipitation of Ca as carbonate in place of sulphate forms

11.2.3 Chemical stabilization
e The aim is to promote the formation of low solubility minerals, thermodynamically and
geochemically stable.
e Reducing the leaching phenomena during the ash recovery or disposal.

e Afirst stabilization can be performed through the natural weathering.

1 : . .
The main WE‘HT]IElﬂlg reactions are:

e (Carbonation: CO, (gas) + Ca(OH), = CaCO; + H,O (Eq. 2.1)
¢ Sulphate destabilization: CaSQy4 =2 ca” +s0,” (Eq.2.2)

CaS0,*H,0 = Ca’* + S0/ + H,0 (Eq. 2.3)
e Formation of hydrocalcite (Ca,Al(OH)[Clx(OH)x]*3H,0) (Eq.2.4)
e TFormation of ettringite (CagA;(SO4)3 OH);»*26H,0) (Eq. 2.5)

e In the first case, the time needed to stabilize the ash is in the order of about one month

11.2.4 Thermal Separation

e Sintering and vitrification.
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e Their aim is to reduce the volume of the residues and to improve their characteristics in term of
mechanical strength, porosity, water adsorption, chemical stability and leaching of contaminants.

e Vitrification is performed at 1000-1500°C; the bottom ash is melted and a homogenous liquid
phase is generated, which is rapidly cooled producing an amorphous glassy phase.

e Sintering is conducted at a temperature of about 900°C, below the melting point of the main
bottom ash constituents.

Note: The high energy consumption and thus the high costs have limited the applicability of these
technologies in Europe. However, the vitrification and the sintering of the bottom ash can be achieved
contextually to the waste treatment in other waste-to-energy technologies than incineration, like in
gasification and in pyrolysis, reducing the overall costs of waste and bottom ash treatment.

Heavy metal Quantity estimation (Pb, Cd and Sb)

TABLE 12
The reference of amount of Pb, Cd and Sb in household waste
The amount estimated from the The amount estimated from the Ratio
behavior (g/t) origin (g/t) {origin/behavior)
Pb 121.6 76.66 63%
Cd 3.45 2,94 85%
Sb 9.53 7.61 80%
From [Syc 2010]:
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The decomposition of water by electrolysis is written in a global manner:

l | .- ‘I
| 10, H0,

HO—%0,+2H +2¢ QH +2e—H

H20-> H2+% 02

With an enthalpy of dissociation of water: AH = 285 k] / mole.

This decomposition requires a supply of electrical energy, essentially dependent on the enthalpy
and the entropy of reaction. The theoretical potential of the decomposition is 1.481 V at 298 K.
Typical values industrial cell potential is in the order of 1.7 to 2.1 V, which corresponds to
electrolysis yields of 70 to 85% (by Relative to the PCS of 3.55 kWh / Nm?). The electrical
consumption of industrial electrolyzes (including auxiliaries) is generally 4 to 5 kWh / Nm3. It
should be noted that the heat generated by irreversibility’s must be permanently eliminated.

The minimum water supply of an electrolyze is 0.8 1 / Nm?® of hydrogen. In practice, the actual
value is close to 11/ Nm?. The introduced water must be as pure as possible because the impurities
remain in the equipment and accumulate in the course of the electrolysis, ultimately disturbing the
electrolytic reactions by:

e sludge formation
e the action of chlorides on the electrodes

An important specification on water relates to its ionic conductivity (which must be less than a few
uS / cm).

An electrolytic cell consists of two electrodes (anode and cathode, electronic conductors) connected
to a DC generator, and separated by an electrolyte (ionic conductive medium).

This electrolyte can be:
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e Or an acidic or basic aqueous solution,
¢ Or a proton exchange polymer membrane
e Or a ceramic membrane conductive of O 2 ions.

There are many suppliers offering very diversified technologies, in particular in terms of the
nature of the electrolyte and associated technology, ranging from a possible upstream coupling
with a renewable electricity supply (photovoltaic or wind), to the Direct final supply of hydrogen
under pressure. The combustion of hydrogen generates about 3 times more energy than gasoline at
constant weight.

Low alkaline (<200 ° C) alkaline electrolysis using an aqueous solution of sulfuric acid (H2504) or
potassium hydroxide (KOH); (2)

12.1.1 Alkaline electrolysis

Electrolyte : 30% KOH

- electrolyte Température de fonctionnement : 70-80°C
%] ~ (KOH) Pression de fonctionnement : < 30 bar
/ ‘ \
) 'anode | cathode
Ni. Co, Fe) diaphragm (Ni, C-Pt)

(NiO)

Figure 6: Alkaline electrolysis

anode:2 OH- - % 02+ H20 + 2 e-
cathode:2H,+2e — H, +2 OH"

Alkaline electrolysis is the most widely used process in the industry and therefore mature.

e Electrolysis are in peak or medium capacity modules (0.5-800 Nm?3 / h of hydrogen),

e using an aqueous solution of potassium hydroxide (or potassium hydroxide) Concentration varies
depending on the temperature (typically 25% in Mass at 80 ° C up to 40% at 160 ° C).

e Potash is preferred to soda, essentially for Higher conductivity at equivalent temperature and better
Control of chloride and sulphate impurities.
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The concentration varies depending on the operating temperature to maximize electrical

conductivity:

25% by weight for a temperature of 80 to 90 ° C;
30to 35% at 120 ° C;
40% at 160°C.

HYDROGEN GENERATOR BASICS
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Figure 7:hydrogen generator

The anodes are made of nickel-plated steel at a temperature of Function below 90 °C, and solid
nickel beyond. The cathode is consisted of iron (up to 100 ° C.) with a surface deposit of nickel or a

nickel-base alloy (Ni-S, Ni-Zn ...) to reduce Power surges

Anode Cathode

|Matenal Remarks Matenal |Remarks

« Plain Nickel Overpotential 400 mV  |Raney-Nickel Good & stable @ 80°C
~20% of cell voltage,
good longevity @-100°CJ-Nickel whiskers and  |High specific surface,
Favored end of 1970s. | Nickel foams recrystallize >120°C

- NiCo,0, & Ba,MnReO, | Overpotential -A150 mV  |+Nickel / Mo alloy Improved longevity.

* PTFE-bonded NiCo,0, [poor longevity > 100°C | doped w/ TiO, or ZrO, |13% Mo improves

catalytic activity &

+LaNiO, & La, ,Sr,Co0, ;Suggoslod, but lost out reduces corrosion @
over ime shut-down

* NiCo,0, and Ni,CoO, |Effective & longeval

+C0,0, 12-3 mg/em? < - AB0 mV
|@ 1 Alem?; 90°C

Table 2:technical alkaline concepts

The maximum operating temperature resulting from a compromise between the Overvoltage’s and
corrosion resistance of materials used

The concentration of the electrolyte, defined by the conductivity opium at the temperature Considered
The rapid circulation of the electrolyte makes it possible to avoid deviations of concentration

The geometry of the electrodes to facilitate the elimination outside the electric field of Bubbles formed;
The use of split electrodes (frapped metals) reducing overvoltage’s by one Local increase in area active
The diaphragm which must introduce the least possible drop of ohmic, (thin thickness, Of high porosity,
of a small average pore diameter (<1 um).
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Property| Type Temperature | Thickness Specific Remarks
['Cl [um] Resistance

Plain Asbestos | inorganic <100 2000 - 5000 | 0,74 hazardous

Polymer- composite | <100 200 - 500 0,15-0,2 | superior chemical

reinforced resistance and

Asbestos mechanical stability in
comparison to plain
asbestos

PTFE-bonded | composite | 120 - 150 300 0,1-0,15 | shows excellent stability

potassium in hot caustic

titanate environment

Polymer- composite | <160 200-500 [025 ZrO, on polyphenylsulfon

bonded |attice

zirconia

Table 3:technical concepts for alkaline electrolysis/diaphragms

Maturity
Current dansiy

2-10 bars (most existing madels), 60 bars (potentially)

5% (stata of the art); 20-40% (1% generation models),

Ramg-up froen min Ioad 1o max.: 10 min. before; 10 for new modsls.

$B50 /KW, (todey); $550 JKW,, (projectsd)

Largest plant cperating 150 MW (150 stacks of 1 MW)

Leabme

Figure 8: Three units of 2 MW Enertrag alkaline electrolysis unit - 1000 m3/h
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coUTS DE PRODUCTION DE L'HYDROGENE PAR ELECTROLYSE SUIVANT DIVERS SCENARIOS

Scénario 1 2 3 4 5 6
Codt de I'électrolyseur E/klW 2000 2 500 800 800 800 800
Rendement €électrolyse 60 % 50 % 80 % 80 % 80 % 80 %
Production annuelle klwh 7 000 2 000 2000 1000 500 7000
Co(t de I'électricité stockée €/MWh 70 70 70 140 0 60
Colit de I'HZ2 produit €/kg 70 18,3 6,1 12,2 10,5 3,7
soit $/MBtu 68 177 59 118 102 36
soit €/MIWh 178 463 154 309 267 94

Source : CGSP

Table 4: cost of producing hydrogen by electrolysis according to various scenarios

Using an aqueous alkaline solution as electrolyte is the most common and mature approach in
water EL. For more than 100 years” alkaline water electrolyzes are used in industrial applications
and until today the AEL process dominates the market of water electrolyzes. Potassium hydroxide
with a concentration of 20%-40 wt% circulates as basic electrolyte through the cells. The operating
pressure is mostly atmospheric but commercial systems with pressures up to 1.5 MPa are also on
the market. AEL cells are operated commonly at 323-353 K with typical current densities of 0.2-0.45
A cm? and cell voltages of approx. 1.8-2.4 V. Table 8.1 specifies the general equations of the half-

cell reactions.

The active area of a cell in an AEL stack can be several square meters (up to 4 m?) and is mainly
limited by gas evacuation, which would cause unduly high losses due to bubble over potential at
the electrodes if the active area, and thus the gas production capacity, were too high. Stacks
operating at higher pressures (e.g., the HySTAT)

A series of Hydrogenics) take advantage of the smaller bubbles evolving at the electrodes. For a
given current density, such a stack can be designed to be more compact than a stack operating at
atmospheric pressure. For larger hydrogen production capacities, one stack can be assembled
easily from several hundreds of cells. The largest commercial stack with a production capacity of
760 N-m® Hz h1 was built by Lurgi. It consists of 556 cells and has lengths of more than 12 m and
weights approximately 95 t.

12.1.2 System Layout and Peripheral Components

02
Demister
Gas
holder
Gas
separator =] scrubber
LTI X
Alkaline . 7 w.
: Filt ) Water
Rectifier electrolysis ow: ] C purification
stack
TITTTTTT
Trans- - - " "
former ye tan Feed water
\] pump
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Figure 9: Typical system of an alkaline electrolyzer operating at nearly atmospheric conditions. Purification and gas drying stages
are located after low-pressure compression

Although the stack is the main component of an electrolyzer, the complete system consists of
several additional process components, instrumentation, and control devices. A principal system
layout for an alkaline electrolyzer operating at (nearly) atmospheric conditions is given in Figure 9.

The power electronics consists of a transformer and rectifier and converts the incoming AC power
into a regulated DC current. The gases evolve from the electrodes and drag the electrolyte in a
two-phase flow toward the gas/water separators which are positioned above the stack. Depending
on the system design inside the gas/water separators heat exchangers and baffles are installed to
cool down the electrolyte and to reduce the aerosol content of hydrogen and oxygen, respectively.
Subsequently, the gases flow through demisters (coalescent filters) in order to retain fine droplets
of liquid KOH in the electrolyte circulation. Control valves after the demister regulate the pressure
inside the system. At least on the hydrogen side the remaining KOH is washed out in a gas
scrubber (gas rinser). The electrolyte from both sides is remixed after the separators and impurities
are filtered out. A circulation pump can be used to assist the natural convection of the electrolyte.
Forced convection of the electrolyte is advantageous with regard to heat dissipation and uniform
electrolyte concentration in the cells. Nevertheless, for economic reasons alkaline electrolyzers
mostly operate without a circulation pump, see Figure 10. Due to the common electrolyte
management high gas purity can be guaranteed only if circulation in the cells is fast enough. For
this reason, the lower range of operation is limited to >20% of the nominal hydrogen production
rate in most systems.

A feed water system with a pump is necessary to maintain the concentration of the alkaline
solution at a constant level. The quality of the feed water is guaranteed by deionization in order to
prevent fouling in the system. Most systems have additional heat exchangers for electrolyte and
gas cooling. Often, a (low-pressure) gas reservoir for hydrogen is installed to guarantee a constant
hydrogen flow for the downstream application. [1]

I (e )
Jﬁ\%1 ot
L".”.“”.”.W.’,‘.’.".”.“”.”“”."l(’.’.‘“1”,”{“,”,”W.’I“‘,"““.““".",“.““f".",““.’W‘”“.“”“."{”“Wf”“”U_: =

Figure 10: Front and side views of a large alkaline electrolyzer nde-30 with an electrical power of 2 mw (basic design:
davy/bamag), operating at (nearly) atmospheric conditions (Figure courtesy of ENERTRAG HyTec (McPhy).)

We observed that when the current or amperage doubles, production just about doubles too, the
best electrolyte was sodium hydroxide tied with potassium hydroxide and when increasing
concentration, production also increases. We then built a functional hydrogen generator using
these optimized parameters.
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12.1.3 Hypothesis

Potassium hydroxide (KOH) will be the best electrolyte for the electrolysis reaction of water.

e The higher the current, the more hydrogen will be produced.
e The higher the voltage, the more hydrogen will be produced.
e The gas production will be different depending on the concentration of the electrolyte.[2]

12.1.4 Alkaline Technology
e [IHT, Industrie Haute Technologie, (Switzerland) - electrolysers from 20 to Nm?3 h, from 1

to 32 bar, http://www.iht.ch/technologie/electrolyse/industry/electrolyse-sous haute-

pression-systeme-lurgi.html

e ELT - Elektrolyse Technik GmbH, (Germany): electrolyzers from 330 to 1400 Nm? / h, from
1 to 30 bar (Figure 10), http://www.elektrolyse.de

e Hydrogenics, (Canada) ex-Vandenborre / Stuart Energy, produces the family of
electrolysers, HySTAT from 10 to 15 Nm?/ h, 10-25 bar, http://www.hydrogenics.com/

e Angstrom Advanced Inc. (USA) - electrolysers, up to 500 Nm?® / h, up to 50 bar,

http://www.angstrom-advanced.com/index.asp?page=hydrogenh2o

12.1.5 Technologies: Monopolar and bipolar structures

The first electrolysis apparatus had mono-polar electrodes (i.e., That each anode is connected to the

pole positive and each cathode to the pole negative), the Electrolysis cells then function in parallel.

v
2V

©) © © ® !
H,

Diaphragme

2H,0+2e = 20H+H,(g) 20H— % 0,+H,0 +2e°
Cathode: réduction Anode: oxydation
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UM = Ucell Icell Icell Icell

S T X
anode (+) cathode (-)

diaphragm
Figure 11:Alkaline Monopolar with tank
Bipolar
Diaphragm insulation
The bipolar systems, developed later on,

Role of anode on one side and cathode on the other, the electrolysis cells

Then function serially.

|série.I T T T T T II

H2 Oz H2 D2 H2 02

o ®
! isolants diaphragme !
:% nx(2v) é:
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Iy = Leen o - g = + -
+

Um

/ﬂ

anode (+) cathode (-)

diaphragm

Figure 12:bipolaire

Monopolar Bipolar
Advantages

Simple and rugged design Lower unit cell voltages

Relatively inexpensive parts Higher current densities

Simple fabrication techniques Intercell busbars greatly reduced

Few gasketed surfaces Rectifier costs more easily optimized

Individual cells easily checked Can readily operate at higher pressures
and temperatures

Cells easily isolated for maintenance Pressure operation eliminates
compressors

No parasitic currents in system Easier to control entire system for
temperature and electrolyte level

Minimum disruption to production (say Fewer spare parts required

by, single cell failure) for maintenance

problems

Cells easily maintained on site Individual cell frames can be very thin,

thus providing a large gas output from a
small piece of equipment

No pumps or filters required Fallout from military and aerospace
programs in fuel cells as well as
hydrogen oxygen production generation
has greatly assisted bipolar cell
development

Simple internal gas lift circulation Mass  production of plastic cell
components could result in lower capital
costs

Potential to operate at very high current
densities
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Electrical arrangements of electrolysers
can allow a ground potential where the
gases and electrolyte leave the system, or
electrolyte enters the system

Disadvantages

Difficult to achieve small interelectrode
gaps

Heavy intercell busbars

Inherently higher power consumption
from potential drop in cell hardware

Cell pressures and temperatures limited
by mechanical design

Each cell requires operator attention for

Sophisticated manufacturing and design
techniques required

Parasitic lower

efficiency

currents current

External pumping, filtration, cooling,
and gas disengaging system required

Malfunction of a unit cell difficult to
locate

Repair to a unit cell requires entire

temperature, electrolyte level, and gas electrolyser to be dismantled (in practice)

purity
Sludge and corrosion products collect Higher disruption to production for
within cell maintenance problems

Table 5:comparaison between mono and bipolar cells
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Figure 13: lllustrative cell efficiency and Hz production rate as a function of cell voltage

For aqueous water electrolysis, the reversible voltage can be written as a function of temperature
and pressure (LeRoy et al. 1980) as

RT
Urev(Tr p) = Urev(T) + Eln

J

I(p - pv)l'SPGL
Py (25)
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where R is the universal gas constant (8.3144621 J-mol*-K?), py the vapour pressure of the

electrolyte solution (atm), and p,” the vapour pressure of purified water (atm). Ur(T) can be
expressed according to (LeRoy et al. 1980) and (Tilak et al. 1981) as follows

Urev(T) = 1.5184 — 1.5421 - 10-3T + 9.523 - 10T + 9.84 - 10-8T, (2.6)

where temperature is in degrees Kelvin. The effect of pressure on the reversible cell voltage—
calculated using (2.5) and (2.6)—is illustrated in Fig.
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Figure 14: Reversible voltage as a function of pressure at temperatures T = 25 °C, T = 75 °C, and T = 100 °C in

aqueous water electrolysis. Calculations are for 30 wt% KOH electrolyte which has an electrolyte molality of 7.64

mol/kg.
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Figure 15: Simulated alkaline
electrolyser cell efficiency
(HHV) with varying
temperature and pressure
with a constant current
density i = 0.2 A/cm?2
Efficiency is not simulated at
points where the prevailing
pressure is lower than the
vapour pressure of pure

water.
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Figure 16: Simulated alkaline

0.5 95
s H electrolyser cell efficiency
4D
- . with varying temperature
Ng 035 {85 and current density at
3D
2 =, constant pressure p = 30 bar.
& 03 180 &
2 5
2 025 é
k= 175 &
Q / m
E 0.2
O
0.15 70
0.1 &5
30 100 150 200
Temperature [°C]
H, Figure 17: Overview of a typical
? Hydrogen gas alkaline electrolysis plant viewed
o o O o [ ] / separator from the hydrogen side. Product
(wet) gases from the electrolyser
stacks rise to the gas separator
tanks where they are separated
from the remaining electrolyte.
: : : : Oxygen gas is treated in its own
0,: H,[0, : H,[0, iH,[0,:H
i N e Electrolyte filter gas separator tank. Water is
Press plate : : : : | | / continuously added into the
+ T + i T + i T "'5 - system to maintain the desired
: : : : Electrolyte pump electrolyte concentration
N
- -

Maturity Commercial
Current density 0.2-0.4 Alcm?
Cell area @ <4 m?
Hydrogen output pressure 0.05—30 bar
Operating temperature 60—80 °C
Min. load 20-40%
5 % (state of the art) @
Overload ® < 150 Y(nominal load)

Ramp-up from minimum load to
full load

0.13—10 %(tull 10ad)/second

Start-up time from cold to
minimum load

20 min — several hours
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H. purity 99.5—99.9998 %
System efficiency (HHV) @ 68—77 %
Indicative system cost 1.0-1.2 €/W

0.25—760 Nm*h
1.8-5300 kW

System size range

Lifetime stack 60 000—90 000 h

Table 6: 2 Alkaline electrolyser characteristics. Values collected from (Bertuccioli et al. 2014) except (*) from (Lehner
et al. 2014) and ? from (Decourt et al. 2014).

12.1.6 Pressurized operation
Water electrolysers can be categorized into atmospheric and pressurized electrolysers depending

on the pressure level at which electrolysis takes place. An overview of these two categories is

illustrated in Fig. below:

Non-pressurized electrolyser system

> H
. e Atmospheric 2 . . .
Electricity :-[ AC/DC converter ]_*[ e H Dehydration unit ]_ﬂ[ Compressor ]
I H,, 30 bar
. . *
Water Deionizer ‘Water storage tank 0, H, bulfer storage

H,. 200-700 bar

Compressor ]_‘[H: long-term sluragc]

Pressurized electrolyser system H,, 30 bar

. . P ized =
Electricity :-[ AC/DC converter ]_‘[ Blr::f;;;cr }j[ Dehydration unit ]j[ H, buffer storage ]

H,0 to 30 bar

Feed-water pump

Water -[ Deionizer H Water storage tank J

Figure 18: 10 Overview of exemplary non-pressurized and pressurized water electrolyser systems. Hydrogen buffer
storages store hydrogen gas at around 10-30 bar. From the buffer storage, hydrogen gas may be further
compressed to 200-700 bar. The highest pressure requirement is in mobility end-use applications, typically 350-800
bar.

12.1.7 Main features of commercially available electrolysers

Water electrolyzer systems have auxiliary equipment, which enable the automatic production of
electrolytic hydrogen. Generally, water electrolyser systems comprise the following components

and subsystems:

. power supply and power converter

o water deionizer (and a buffer tank for deionized water)
. water circulation pump

. gas purification unit

. gas storage

. control system
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. ventilation system
Alkaline electrolysis systems need pumps and filters to continuously supply and distribute the
liquid electrolyte. Water is consumed and has to be supplied to maintain the correct electrolyte

concentration. One example of a small alkaline electrolysis system is illustrated in Fig 14.

Figure 19: System components of Teledyne Energy
Balanced

pressure
controls

Systems’ 40 kW alkaline hydrogen generator
(Harrison et al. 2009). Measurements of the enclosure
are 150 x 178 x 75 cm.

User
interface

Hydrogen
drying
H,and O,
phase
separators Electrolyte

pumps

Electrolysis
stack

12.1.8 Power electronic systems

A water electrolyser is a DC load and thus the input power for the electrolyser has to be either

AC/DC or DC/DC conditioned. The control of the power conditioning stage enables the selection

of suitable output power. Principle idea of power conditioning and control is described in Fig. 15

Power Input | p oo Power Output o
Processor
y
Control
Signals
Referenceg _ Measurements
Controller[™

Figure 20: 3 General scheme of a power electronic system
12.1.9 Design of cells
12.1.9.1 PEM Electrolysis (Proton Exchange Membrane)

The acid electrolysis is distinguished from the previous one by a solid electrolyte with a proton-
conducting polymer membrane (FIG. 4). The advantages of this technology are the absence of
liquid electrolyte, compactness, simplicity of manufacture, simplicity of design and operation,
limitation of corrosion problems, significantly higher performance and less influence of variation
in conditions (Interesting for intermittent renewable sources). However, the cost of the polymer
membrane and the use of electro-catalysts based on noble metals, lead to equipment nowadays

more expensive than the alkaline electrolyzers of the same capacity. Polymer membrane
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electrolysis is considered by many to be a technology of the future as it benefits from the many

developments on comparable technology (PEM) fuel cells and the associated cost reduction.

Small-capacity polymeric membrane electrolysis is already a mature technology that has been used
for several decades for underwater applications (oxygen plants aboard US and British nuclear

submarines) and space ( For the generation of oxygen in the life compartments).

These units can operate from atmospheric pressure to several tens of bars, even a few hundred
bars).

This type of electrolyser is particularly suitable for coupling to a renewable energy source because
it supports the variations in available electrical power better than alkaline electrolysis. Moreover,
in view of the better performance of available electrolyzers, this type of acid electrolysis has a

better yield (5 to 10 points more) than that of alkaline electrolysis.

Standards and codes on the design and / or installation of small capacity electrolysers are being
developed, in particular within ISO TC 197 dedicated to hydrogen technologies

57 ~
Cathode (-) ~
120, H; Membrane 4,20,

f t polymére

Plaque

réaction Anode (+) H,0 bipolare

Figure 21: electrolyse pem

anode 2HO=2 O2+4H+4 e
cathode :2 H*+ 2 e = H>

Figure 22: Electrolyser PEM AREVA H.GEN/CETH2 120 Nm3h (2015)
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12.1.9.2 High temperature electrolysis (PCFC or SOEC)
This technology is directly derived from developments in the PCFC or SOFC fuel cell (Figure 6),

operating respectively in the 400 - 600 ° C and 650 - 1000 ° C ranges. It is advantageous if it is
supplied with both electricity and heat in order to maintain the desired high temperature, the yield
can then be greater than 80% if the heat of vaporization of the water is not taken into account. It is
essentially intended to be coupled to a concentrated solar system or to a high temperature nuclear
reactor. It is in the development stage in various laboratories such as CERAMATEC or Idaho
National Engineering and Environmental Lab. In the USA and CEA in France, in particular
through a start-up called Sylfen, which is developing a reversible SOFC (fuel cell electrolysis)
technology.

H;0 + 2e" 5 H, + 0%

cathode §§

membprane and solid oxide electrolyzer cells?

W | IR A e B | 5 PEM IR | SOEC

Electrolyte KOH Bquid Polymer membrane Ceramic membrane
Charge carrier OH- H* o=
Temperature 70.90°C 680-80°C 700-900°C
Current density 0.3 -0.5 Alem? 1-2Alem?’ 0.5-1AMW
Technical maturity Commercial Inttial commercial R&D
Max stack capacity 100 today, 10 today
(KW,,) 3,000 ~1000in Q22013  potential TBD
System capital costs 850 today, 1.000-2,0C0 today, 200 expected at 500
(3RW,,) 550-650 cxpected* 760 expeciedt MW/yr production®
Systot_n qfﬁcieqcy 68-T7% today, 62-77% loday,
at beginning of kfe potent&lly up lo  potentially up to B4% 89% (aborslory),
(% HHV) B2% at 300 mAJcm®  at 1,000 mAlem*  Petentially above 90%
Annual degradation? 2-4% 2-4% 17% (1,00Ch test only)
System lifetime (years 10-20 5 proven, & proven,
SYosm) peoen 10 expected potential TRD

Table 7: Differences between 3 types of electrolyzer

A microprocessor to control an electolyser as trnsys
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12.1.10
e Apply DC power

Voltage and ampere

e Electricity required to produce 1 N m3 of hydrogen is, from Faraday's law, 2393 Ah (Ampere

hours). As this reaction proceeds almost quantitatively, the minimum energy required is 2.94
kWh for 1 cubic meter of hydrogen. Since Er is theoretical equilibrium potential, actual cell
voltage needed to continue the reaction is higher with the addition of ohmic loss of electrolyte
and diaphragm and overvoltage (overpotential) by electrode reaction.

Since the first part of the cell polarization curve has a greater slope, measurement was more
frequent at lower current densities than at high current density. At each step, the voltage was
measured as average of 3 min measurements. Up to 0.289 A, steps were every 0.01 A cm2;
between 0.289 A and 0.578 A, steps were every 0.1 A cm2. Finally, steps were every 0.2 A cm2,
from 0.578 A up to the maximum voltage which was fixed at 2.2 A.

12.1.11 Calculate gas flow rate

EXAMPLE: Calculate the volume of H, gas at 25 °C and
1 atm that will collect at the cathode when water is
electrolyzed for 2.00 hours with a 10.0 A current. for

electrolytic water,
2H,0>2H,+0,

A method is described
production of

employing the system of
tirst dividing the feed

Total charge passed through cell:
water supplied to the

10 Amp x 2.00 hr x 3600 s/hr = 72,000 C

Moles of electrons: electrolysis and water
72,000 C /96,485 C mol-' =0.746 mol e not  for

Moles of H, (2 e per H,):
0.746 /2 = 0.373 moles H,

Volume at 1 atm:
@ V =nRT/P = (0.373)(0.08206)(298)/(1) =9.12 L

anode into water for

electrolysis,
conducting the water for
electrolysis through the
anode chamber to be

electrolyzed, mixing the
electrolytic water
discharged from the
anode chamber with the water not for electrolysis, and second, dividing the feed water
supplied to the cathode into water for electrolysis and water not for electrolysis, conducting the
water for electrolysis through the cathode chamber to be electrolyzed, and mixing the
electrolytic water discharged from the cathode chamber with the water not for electrolysis.
Electrolysis is conducted by charging the anode plate and the cathode plate with at least 1500
coulombs of direct current per liter of electrolytic water actually electrolyzed. This method can
increase free chlorine production efficiency and prevent adhesion of scale to the electrodes.

In addition, the minimum amount of this water for elec trolysis is the amount Sufficient for
replacing the gas pro duced at the anode and the cathode during electrolysis; that is, the
amount approximating the amount of gas production that can be calculated by Faraday's law.
The amount of gas produced at an anode in standard State at a current of 1 A (ampere)
calculated by Faraday's law is 3.49 milliliters/ minute, and the amount of gas produced at a
cathode is 6.98 milliliters/minute.

159



Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here.

Assembling the conditions described above as an approxi mation formula, the range of
minimum to maximum amount of water for electrolysis is given by the following Formulae (I)
and (II):

water for electrolysis on the anode side (milliliters/ minute)=3.5xA to 40xA
water for electrolysis on the cathode side (milliliters /minute)=7.0xA to 40xA

where A is the amperage of the electrolyzing current.

Example 1

This example describes using the water electrolyzer shown in FIG. 3. The size of the electrolytic
bath was 5 cm long, 9 cm wide, and 6 cm thick. An electrode having platinum/lithium oxide
baked onto a titanium plate with an effective surface area of 50 cm and having many holes in it
was used as the anode plate (3), and an electrode having platinum plated on a titanium plate
with an effective surface area of 50 cm and having holes in it was used as the cathode plate (4).
The nonconductive material of a fluorinated resin (Teflon R) sheet with holes was laminated on
the side of each electrode plate facing the membrane. An MF film of unwoven fabric was used
for membrane (1) separating the anode chamber from the intermediate chamber, and a cation
exchange resin film was used for membrane (2) separating the cathode chamber from the

intermediate chamber.

The rigid plates shown in FIG. 2 were used on these membranes (1) and (2), and were made of
synthetic resin. The size of the synthetic resin plates was 50 mmx110 mm, the width of their
striped projections was 2.5 mm, and the width of their depressions was 1.5 mm. These striped
depressions and projections were arranged crossing perpen dicularly at a slope of 90° to
vertical. The thickness, after laminating, of these projections and depressions is 5.0 mm, and
matches the width of the intermediate chamber.

Intermediate chamber (F) was filled with an approxi mately 30% concentration aqueous
sodium chloride solu tion. The electrolyzer was partitioned on the anode side into anode
chamber (D) and water channel (G) by partition plate (13) installed between side wall (A) and
anode plate (3). Water for electrolysis (6) was conducted through anode chamber (D), water not
for electrolysis (7) was conducted [3]
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laminating, of these projections and depressions is 5.0 mm,
and matches the width of the intermediate chamber.
Intermediate chamber (F) was filled with an approxi-
mately 30% concentration aqueous sodium chloride solu-
tion. The electrolyzer was partitioned on the anode side into
anode chamber (D) and water channel (G) by partition plate
(13) installed between side wall (A) and anode plate (3).
Water for electrolysis (6) was conducted through anode
chamber (D), water not for electrolysis (7) was conducted
through water channel (G) for the purpose of cooling the 1
electrolytic bath, and the two waters were mixed again
where they exited the electrolytic bath, then being dis-
charged from outlet (8). Similarly, the electrolyzer was
partitioned on the cathode side into cathode chamber (F) and
water channel (H) by partition plate (14) installed between 1
side wall (B) and cathode plate (4). Water for electrolysis
(10) was conducted through cathode chamber (E) and water
for other purposes (11) was conducted through water chan-
nel (H) for the purpose of cooling the electrolytic bath, then
these were mixed again and discharged from outlet (12).
The direct current charging the electrode plate was 9.0
amperes, and the voltage was 6-7 volts. The amount of
water for electrolysis (6) conducted through the anode
chamber was set at 0.1 liter/minute, the amount of water (7)
conducted through water channel (G) was set at 1.25 liters/ :
minute, and 1.35 liters/minute of acidic electrolytic water
were obtained by mixing these near the outlet from the
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Fig. 3
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electrolyzer. The acidic electrolytic water obtained was pH
2.68, and had 1130 mV ORP and 90 ppm free chlorine
content. Similarly, the amount of water for electrolysis (10)
conducted through the cathode chamber was set at 0.1
liter/minute, the amount of water (11) conducted through
water channel (H) was set at 0.9 liter/minute, and alkaline
electrolytic water was obtained by mixing these near the
outlet from the electrolyzer. The alkalinity obtained was pH
11.54. The electrolysis current (6) in this example was set to
9.0 amperes (5400 coulombs/liter). When tested continu-
ously for 48 hours under these conditions, absolutely no
scale was found adhering to the cathode. The solution
transport phenomenon of solution migrating from the anode
to the cathode was also not found.

Next, a test was conducted by varying the amount of
water conducted through the anode chamber and the amount
of water conducted through water channel (G) while keeping
constant the pI of the acidic electrolytic water. The fluc-
tuation in free chlorine content was measured, and the
solution transport phenomenon was observed. The results
are shown in Table 1. As free chlorine content decreased
with increase in the amount of water for electrolysis in the
anode chamber, it was found that the solution transport
phenomenon occurred at currents of 1350 and 338 cou-
lombs/liter, and the water level in the intermediate chamber
rose.
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TABLE 1
Water Current
Power Water for Not for Free Charge Solution
Voltage Current Consumption Electrolysis  Electrolysis ORP Chlorine  coulomb Transport
\'% A W [/min L/min pH mV ppm s/L Phenomenon
6.5 9.0 58.5 0.03 1.35 2.68 1143 125 23700 none
6.7 9.0 60.3 0.1 1.35 2.68 1139 90 5400 none
6.7 9.0 60.3 0.2 1.45 2.68 1138 90 2700 none
6.8 9.0 61.2 0.3 1.50 2.68 1137 85 1800 none
6.9 9.0 62.1 0.4 1.50 2.68 1136 75 1350 some
7.0 9.0 63.0 1.6 1.60 2.68 1133 40 338 much
12.1.12 Equation for flow rate calculation

Usually, the theoretical ow rate of the product gas can be calculated considering the Faraday's law
of the electrolysis and the practical product gas ow rate can be calculated by using the measuring
ask readings.

Faraday's Law of Electrolysis

The amount of substance (or number of moles) n can be defined by the following expression in Eq.
1 which is called as Faraday's law of electrolysis.

_[><t
T Fxz

n

(1)
Where, I is the cell current in amperes, t is the time in seconds, F is the Faraday constant and z is
the constant of proportionality called electrochemical equivalent (ECE). According to the
electrochemical reaction of the alkaline electrolysis process, the value of z is taken as 2.

Ideal Gas Law

The theoretical product gas flow rate (VH2(g) and VO2(g)) can be calculated by using the ideal gas
law as in Eq. 2.
. : nRT
Viia(9) = Voae) = 5

()

Where, R is the universal gas constant (R = 0:082 L atm k! mol?), P is operating pressure in atm

and T is the operating temperature in K. The amount of substance "'n" can be determined using Eq.
(1) for both H2(g) and O2(g).

Equation for Practical Product Gas Flow Rate

The measuring flask reading can be used to measure the practical product gas ow rate as in Eq.3.

7 7 v n
Via(g) = Vou(g) = e

©)
Where, v is the volume of measuring ask and t is the time required to fill the relevant volume of
the measuring flask. Moreover, the 100 ml volume measuring ask is used throughout all the

experiments to measure the product gas flow rate.
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Figure 23: The hydrogen chain (documentaire)

Hydrogen is a very light gas that can be heavily compressed to reduce its mass volume. The
simplest method of reducing the volume of a gas at constant temperature is to increase its
pressure. Thus, at 700 bar, that is to say 700 times the atmospheric pressure, the hydrogen has a
density of 42 kg / m® compared with 0.090 kg / m® at normal pressure and temperature. At this
pressure, 5 kg of hydrogen can be stored in a 125-liter tank. Today, hydrogen is already distributed
in steel cylinders in which it is stored at 200 bar. To further improve storage capacity, industrialists
are developing composite cylinders or tanks, materials much lighter than steel, that store hydrogen
to a pressure of 700 bar.

12.2.1 Hydrogen storage

Since the volumetric energy density of hydrogen is low, advantage should be taken of hydrogen’s
high energy density on a mass basis. The main ways to increase hydrogen’s volumetric energy
density and to store hydrogen are presented in Table 4.1.

Table 4.1 The six main hydrogen storage methods and the associated phenomena, where pm is the
gravimetric density and pv the volumetric density (Ziittel 2007).

Storage method | pm [mass%] | pv[kgre/m®] | T[°C] | p[bar] | Phenomena and remarks

Compressed gas (molecular
13 <40 25 800 H2) in light  weight
composite cylinder

High pressure gas
cylinders

Liquid hydrogen (molecular
H2), continuous loss of a few %
per day of hydrogen at room
temperature

Liquid hydrogen
in cryogenic | Size dep. 70.8 —252 1
tanks

Hydrogen (atomic H)

Absorbed on in- intercalation in host metals,

terstitial sites in a| ~ 2 150 25 1 metallic hydrides working at
host metal room temperature are fully
reversible
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Physisorption (molecular HZ2)
Absorbed <9 20 80 100 on materials e.g. cgr_bon with a
hydrogen very large specific surface

area, fully reversible

Complex compounds ([AlH4]-
Complex <18 150 > 100 1 or [BH4]-), desorption at
compounds elevated temperature,

adsorption at high pressures

Metals and Chemical oxidation of metals
complexes with water and liberation of
together with <40 > 150 25 ! hydrogen, not directly
water reversible?

Table 8: The six main hydrogen storage methods and the associated phenomena, where pm is the gravimetric density and pv the
volumetric density (Ziittel 2007).

Compression to pressurized tanks is currently the preferred option and hydrogen can be
compressed using standard piston-type mechanical compressors (Ziittel 2007). If the cycling rate of
the storage is high, pressurized tanks are a suitable and cost-effective method in small- and
medium-scale applications (Decourt et al. 2014). Large-scale storage of pressurized hydrogen in
salt caverns could be a possibility.

The boiling point of hydrogen is —253 °C (ISO 2004). Therefore, a lot of energy is needed in
hydrogen liquefaction and liquid storage. In small- to medium-scale storage of electrolytic
hydrogen, liquefaction is an ill-suited option (Decourt et al. 2014). Additionally, to the energy
requirement of the liquefaction, the continuous boil-off of hydrogen limits the possible
applications for liquid hydrogen storage systems (Ziittel 2007).

Hydrogen reacts at elevated temperature with many transition metals and their alloys to form
metal hydrides, for example LaNiHs. Metal hydrides enable a very high volumetric density and
have been identified as an effective method to store hydrogen safely (Ziittel

2007). The safety of a metal hydride storage of hydrogen is due to the strong binding of atomic
hydrogen (H) in the metal hydrides. The absorption and desorption of hydrogen is controlled by
heat exchange. However, Ziittel (2007, p. 360) noted that exploring the properties of light weight
metal hydrides is still a challenge. All the reversible hydrides close to ambient temperature and
pressure consist of transition metals and therefore the gravimetric hydrogen density is limited.
Alternatively, hydrogen could be stored in liquid hydrocarbons, such as methanol and ethanol, or
gaseous hydrocarbons, such as methane.

Prevention of fire and explosion risks
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* ATEX Directive 94/9/EC on equipment and protective systems
intended for use in potentially explosive atmospheres

»  ATEX Directive 1999/92/EC on minimum requirements for improv-
ing the safety and health protection of workers potentially at risk
from explosive atmospheres

* ATEX Directive 2014/34/EU on the harmonisation of the laws of the
Member States relating to equipment and protective systems intended
for use in potentially explosive atmospheres (applicable from
20.4.2016)

» Seveso Il (Directive 96/82/EC) on prevention of major accidents
involving dangerous substances, to be overwritten by Seveso Il
(Directive 2012/18/EU) on 1.6.2015

Safety of pressure equipment

Directive 97/23/EC on the approximation of the laws of the Member
States concerning pressure equipment

Safety of machinery

Machinery Directive 2006/42/EC

Electrical safety

» Low Voltage Directive 2006/95/EC
*  Electromagnetic Compatibility Directive EMC-D 2004/108/EC

Table 9: Directives on the safety of hydrogen generators using water electrolysis process ( (2))

12.2.1.1 Liquid hydrogen in cryogenic tanks hydrogen-weight and volume equivalents

Ib kg L gal cf m?
1.000 0.454 6.409 1.693 192.00 5.437
2.205 1.000 14.132 3.733 423.360 11.988
0.156 0.071 1.000 0.264 29.952 0.848
0.591 0.268 3.788 1.000 113.472 3.213
5.208 2.362 33.381 8.818 1000.00 28.317
0.184 0.083 1.179 0.312 35.328 1.000

Table 10: HYDROGEN - WEIGHT AND VOLUME EQUIVALENTS (http://www.airproducts.com/products/Gases/gas-
facts/conversion-formulas/weight-and-volume-equivalents/hydrogen.aspx)

Hydrogen is a gas at standard temperature and pressure and is the most common element in the
universe. However, free hydrogen is extremely rare on Earth because it evaporates so easily in
space. Liquid hydrogen is most commonly used as a rocket fuel where it's burned with liquid
oxygen and it also has applications in cryogenics as a coolant. Liquid hydrogen is also a useful
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means of storing and transporting hydrogen because it takes up less room than it does as a gas.
Hydrogen gas can be liquefied by applying the correct combinations of pressure and cooling.

Identity the critical temperature for hydrogen as 33 degrees Kelvin. This is the maximum
temperature at which hydrogen can be a liquid, no matter how great the pressure is. The process of
liquefying hydrogen must therefore get it below 33 degrees Kelvin (-423.17 °F/-252.87°C).

Determine the critical pressure for hydrogen as about 13 atmospheres (atm). This is the minimum
pressure needed to keep hydrogen a liquid at its critical temperature. These critical points provide
the parameters for keeping hydrogen a liquid.

Examine the regenerative cooling process. This method pressurizes gas and allows it to expand.
This allows the gas to take heat from its environment, thus cooling it. The gas is then passed
through a heat exchanger, which cools the gas, thereby compressing it. This process is repeated
until the gas cools enough to liquefy.

Apply the regenerative cooling process to liquefy hydrogen as first performed by James Dewar in
1898. Pressurize the hydrogen to 180 atm and pre-cool it with liquid nitrogen. Allow the hydrogen
to expand through a valve that is also cooled by liquid nitrogen.

Repeat Step 4 until the hydrogen liquefies. Dewar's experiment yielded about 20 cubic centimeters
(CCs) of liquid hydrogen, which was about 1 percent of the hydrogen in the experiment (5)
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12.2.1.2 How to Compress Hydrogen to Power an Engine?

Connect the Hydrogen source to the diaphragm compressor inlet using a tapped hose, and leave
the tap closed to prevent the gas from flowing. Use an external pump to push the gas into the
compressor since the compressor itself sucks the gas from the inlet into its hydraulic pump. Make

sure that the connection between the Hydrogen source and the compressor is air tight.

Prepare the gas tank and check for any cracks. Make sure the valve is not damaged in any way
once again to prevent any accidents. Join the compressor to the tank using a hose with a pressure
gauge. The pressure gauge is used to measure the pressure in the tank so that you may tell at what
point you should stop pumping the gas into the tank. It is advisable to store Hydrogen at 800

atmospheres (the units can also be expressed in bars).

168



Basics

Open the tap from the Hydrogen source and let the gas flow into the compressor inlet. Power on

the diaphragm compressor then watch the pressure gauge move and when the reading is 800 bars,

turn the compressor off. Note -- transferring compressed gas from the storage tank to the vehicle

engine causes slight loss in its compression energy

Hydrogen compressor

Quick Details
Condition:
Configuration:
Lubrication Style:
Place of Origin:
Model Number:
Dimension(L*W*H):
Certification:
Power:

Working pressure:
Air tank Volume:
Color:

After-sales Service ...

Supply Ability
Supply Ability:

View larger image

New

Portable

Lubricated

Zhejiang, China (Mainland)

EW20030

1485*855*810mm, 1485*855*810mm
1SO: 9001

15KW/20HP

30 bar

No tank

Yellow

Engineers available to service machinery overseas

100 Set/Sets per Week

Packaging & Delivery

Packaging Details
Port

Lead Time (71

Export standard package
Shanghai

15 days aftrer getting your deposit

30bar high pressure hydrogen compressor EW20030

FOB Reference Price: Get Latest Price

$300.00 - $800.00 / seis

[ Contact Supplier

1 Set/Sets (Min. Order)

(> Chat Now!

Seller Support:

Payment: VISA &

Shipping:

Trade Assurance - To protect your orders fro
TT Online Bank Payment PaylL

Alibaba.com Ocean Shipping Service from C

Get shipping quote

Value-added services: &3 Production View

Type: Piston
Power Source: AC Power
Mute: Yes

Brand Name: Kerex
Voltage: 380V
Weight: 420KG
Model NO.: EW20030
Air displacement:  1.2m3/min
Rotation speed: 820 rpm
G.W: 420KG
Certificate: 1S0: 5001
Warranty: 365 Days
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30bar high pressure hydrogen compressor EW20030: 30bar, AC
Power, 1SO:9001, Ingersoll Rand OEM supplier, Welcome to visit
us!!!

high pressure compressor are widely used in machinery, medcail, textile, food, electricity, iron and
steel, automobile, petroleum, chemical, railway, buliding materials, and military indstries.

Our factory advantage:

1. Ingersoll Rand OEM supplier.
2. 16 years history at compressors systems in China.
3. Good quality, very competitive and fair price.

Specifications of high pressure air compressor hose EW20030 :

Model NO. EW20030
IAIr delivery 1.2 m3/min
\Working pressure 30 bar
Air tank Volume No tank
Motor power 15kw/20hp
Rotation speed 820rpm
Matched power electric motor power
G.W. 420kg
Dimension(L*W~™H) 148578557810mm

12.2.1.3 PEM Electrolysis machine

Main Technical Data - SILYZER 200

= Electrolysis type / principle PEM

= Rated Stack Power 1.25 MW

« Dimension Skid 6,3x3,1x30m
« Start up time (from stand-by) < 10 sec

*  Output pressure Up to 35 bar

= Purity H, 99.5% - 99.9%
(depends on operation)

= H, Quality 5.0 DeOxo-Dryer option

* Rated H, production 225 Nm®h

« Overall Efficiency (system) 65-70 %

= Design Life Time > 80.000 h

= Weight per Skid 17 t

= CE-Conformity yes

= Tap Water Requirement 1,51/ Nm* H,
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12.2.1.4 PEM Electrolysis cost

C | & Secure | https://www.alibaba.com/product-detail/hydrogen-cell-electrolyser-cell-SPE-cell_1...
supplier: Shandong Institute Of Chemical Indust... v

g Home Company Profile Contact Details

{ome > All Industries > Electrical Equipment & Supplies > Generators > Other Generators (6809) Subscribe to Trade Alert

hydrogen cell,electrolyser cell, SPE cell, PEM
cell,water electrolysis cell stack

FOB Reference Price: Get Latest Price

US $200-1,000/ unit 1 unit/Units (Min

Port: Qingdao

[ Contact Supplier

171

% | O



Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here.

C | & Secure | https//www.alibaba.com/product-detail/hydrogen-cell-electrolyser-cell-SPE-cell_1... ¥

Product Detalls Company Profile Report Suspicious Activi

Hydrogen cell stack.electrolysis cell, PEM cells

belong to hightech products in which the solid polymer electrolyte (SPE) that is the most
vanced technology for producing hydrogen in the world. The electrolyser

generates pure hydrogen directly with electrolytic separation of pure water (deionized w.
) by a SPE cell. There is none of alkali solution to use.

Specification:

1. Pure Titanium tnetal polar plate

2 Hydrogen output: 300 -1000ml/min
3. Inside pressure of Cell: 043 MPa

4 Diameter: 126-136mm

5. Cell Voltage: DC2.0V

& Voltage Input:3V-48V

7. Current Input: 30A-40A DC

DuPont membrane PEM

https://www.alibaba.com/product-detail/hydrogen-cell-electrolyser-cell-SPE-
cell 11262735.html?spm=a2700.7724838.2017115.11.1€94b09aky2NnV (Price 200 - 1000 $)
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13 Distilling Water

13.1 Raleigh equation

13.1.1 The Rayleigh Equation

The Rayleigh Equation is useful in the analysis of simple distillation, as it shows how the

concentration and quantity are related.

As the process is unsteady state in nature, the derivation is based on a differential approach to
changes in concentration with time. The equation to be derived (known as the Rayleigh Equation)
shows the relationship between total moles remaining in the still and the mole fraction of the

more volatile component in the still.

[Similar equation can be obtained for the relationship between the total moles of distillate and the

mole fraction of the more volatile component in the condensate receiver]

Material Balance for the still: see the Figure below

L1 = initial moles of liquid originally in still

Lz = final moles of liquid remained in still

x1 = initial liquid composition in still (mole fraction of A)

x2 = final liquid composition in still (mole fraction A)

At any time t, the amount of liquid in the still is L, with mole fraction of A in the liquid being x.

After a small differential time (t + dt) , a small amount of vapour dL is produced, and the
composition of A in the vapour is y (mole fraction). The vapour is assumed to bein
equilibrium with the residue liquid.The amount of liquid in the still is thus reduced from L to (L -

dL), while the liquid composition changed from x to (x - dx). See the Figure below:

+TART OF CASTILLATION EMD OF
OISTILLATIAH IM PROSAESS OISTILLATION
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Performing a material balance on A:
Initial amount in still = Amount left in still + Amount vaporized

We have,

xL=(x-dx) (L-dL)+ydL

xL=xL-xdL-Ldx+dxdL+ydL
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Neglecting the term dx dL, the equation reduces to:

Ldx=ydL-xdL

Re-arranging gives the following:

(Continuous distillation) e/ ,L&//13.2

Continuous distillation is an ongoing separation process in which a liquid mixture of two or
more miscible components is continuously fed into the process and physically separated into two
or more products by preferentially boiling the more volatile (i.e., lower boiling point) components

out of the mixture.
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(Parts of continuous distillation) aiwall il sl 53] 13.2.1

Condenser
COOLING

reflus dlistillate,_product WATER

Receiver,

— Condenser
refiux distillate. product

Column I

or Towver) —— .
¢ ) Receiver,
— Condenser
Feed ——= A
reflu ditillate. product

a—

a—

a—

Receiver,
Condenser
reflu ditillate. product

Receiver,

a—

Rehailer

Receiver

Industrial distillation is typically performed in large, vertical cylindrical columns (see the adjacent
photographs) commonly referred to as distillation columns, distillation towers or fractionators with
diameters ranging from about 65 centimeters to 11 meters and heights ranging from about 6

meters to 60 meters or more.

To provide for the intimate mixing of the upward flowing vapor and downward flowing liquid in
distillation =~ columns, the columns wusually contain a series of horizontal
distillation trays or plates .The distillation trays or plates are typically separated by about 45 to 75
centimetres of vertical distance. However, some columns are designed to use beds of packing

media rather than trays or plates.

To prevent scaling, pre-treatment of sea water can be carried out by adding polyphosphates or
sulfuric acid, adding small balls of sponge, recovered at the outlet, which continuously clean tubes
and tanks or It is also possible to add to the brine seed crystals on which the tartar is preferentially

deposited (so-called germination method).

On the other hand, one of the main problems of distillation multiple effects after scaling is
corrosion due to large amounts of chloride ions in seawater (ions increase the conductivity of
water and Thus accelerating corrosion.) Materials or coatings are used which significantly increase

the cost of the installations and help to limit the number of effects used.
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Figure 25: Schematic diagram of a continuous binary distillation column.

The design of a distillation column depends upon the composition and the thermal condition of
the feed as well as the composition of the desired products. The McCabe-Thiele method and
the Fenske equation may be used to design a simple binary distillation column (as in Figure 1).

To design a column for the distillation of a multi-component feed to provide more than two
product distillates , computerized simulation models may be used for the design as well as for the
subsequent online operation of the column.

Many industrial uses of continuous distillation operate 24 hours per day for as long as 2-5 years
between routine, scheduled maintenance shutdowns. The operational control of a distillation
column may be performed by advanced computer control systems but highly experienced workers
are still required to oversee the online, real time operations and to provide daily routine

maintenance as needed.
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(Column feed) 4321l >g0c 13.2.2
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Figure2: Simplified chemical engineering schematic of Continuous Fractional Distillation tower separating one feed

mixture stream into four distillates and one bottoms fractions

Indeed to transform one kg of liquid water into 1 kg of steam water at the same temperature it takes about
2250 kilojoules

The manner of feeding a continuous column depends upon the column pressure and the pressure
of the feed source. If the feed is from a source at a pressure sufficiently higher than the column
pressure, it may be simply piped into the column at the designated feed entry point. A liquid feed
from a source at a lower pressure than the column needs to be pumped into the column, and a gas
feed from a source at a lower pressure than the column needs to be compressed to a higher

pressure before entering the column.

The feed may be a superheated vapor, asaturated vapor, a partially vaporized liquid-vapor
mixture, a saturated liquid or a sub-cooled liquid. If the feed is a saturated liquid at a higher
pressure than the column pressure and flows through a valve just before entering the column, it
will undergo a flash vaporization (also known as an equilibrium flash or a throttling expansion)

resulting a liquid-vapor mixture as it enters the column.
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(Overhead vaporization system) usuilll 13.2.3

Figures 1 and 2 are based on the assumption that the overhead vapor from a distillation column is
cooled and totally condensed in a water or air-cooled condenser. However, in many cases, the
tower overhead can’t be totally condensed with a typical air or water-cooled condenser and

therefore the reflux drum must include a gas vent for the uncondensed vapor.

In yet other cases, the overhead stream may also include water vapor because either the feed
contains some water or because some steam is injected into the distillation column (which is the
case with crude oil distillation towers in petroleum refineries, shown in Figure 4). In those cases, if
the overhead distillate product is immiscible in water, the reflux drum may contain a condensed
liquid distillate phase, a condensed water phase and a non-condensable gas phase, which makes it

necessary that the reflux drum also have a water separation section
We can view in this following pictures the step to entrance of feed .
Such an installation consists, in particular, of a condenser-evaporator (1), the cylindro-flash (CF), a
boiler (2), a distilled water corridor (24), a circuit for extracting gas (7), a make-up water circuit (3),

a chemical treatment circuit for seawater (5) and a chemical treatment circuit of the distilled water .

Boiler or kettle
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If you boil a liquid mixture Ci, you will get a vapor with composition Cz, which you can condense

to give a liquid of that same composition (the pale blue lines).

If you reboil that liquid C, it will give a vapor with composition Cs. Again you can condense that

to give a liquid of the same new composition (the red lines).

Reboiling the liquid Cs will give a vapor still richer in the more volatile component B (the green
lines). You can see that if you were to do this once or twice more, you would be able to collect a

liquid which was virtually pure B.

The secret of getting the more volatile component from a mixture of liquids is obviously to do a

succession of boiling-condensing-Reboiling operations.

It isn't quite so obvious how you get a sample of pure A out of this. That will become clearer in a
while. (2)

Overhead Demister / Overhead
Vapour | Mist Vapour
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13.2.3.1 The energy needed to heat the water

We need 1 kcal to increase the temperature 1 °C of 1 m? of water (1000 L)
1 kcal=1.16 Wh

Thus, to increase the temperature ,it’s necessary for example:

If T_input=15°C,(100°-15°=85 K)

We need 85 kcal *1000 L*1.16Wh=98.6 kWh

For vaporization :

1L of water ) 2256.103]

Hence,2256.10° k] for evaporation of 1 m® water

-> 1Wh=3600 | 2 256 KJ*Wh/3600]= 627 kWh is needed for evaporation of 1 m3
water.

>98.6 kWh + 627 kWh = 725.6 kWh = 0.73 MWh for distillation of 1 m3 water.

(Safety) olod wlass 13.2.4
eye protection must be worn
foot protection must be worn in this area

do not use mobile telephone

Ll S

caution hot surface
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14 Metal reactions with acids

14.1.1 Reaktion von Metallen mit Salpetersaure®

Versuchsaufbau: Proben von Kupfer, Aluminium Nur Kupfer zeigt eine deutliche Reaktion
und Zink, Zugabe von Salpetersaure.

1.Bild- Es werden gleichzeitig Proben der Metalle Kupfer und Aluminium mit konzentrierter
Versuch- Salpetersdure und von Zink mit verd. Salpetersaure versetzt. Direkt nach der Zugabe findet
saufbau: im Fall von Zink und Aluminium noch keine Reaktion statt, Kupfer reagiert dagegen sofort,

es kommt zur Bildung von braunem NO: nach

Cu+2 HNOs+2 H*—> Cu? +2 NO2 + 2 H.0

2.Bild: Keine Reaktion bei Aluminium, kaum sichtbare Reaktion bei Zink, weiterhin heftige
Reaktion bei Kupfer.

13 http://www?2.uni-siegen.de/~pci/versuche/v44-24-2 html
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15 Liquid-Liquid separation

15.1.1 Definitions and aims™

The liquid-liquid extraction or simply liquid extraction is a process where one or more solutes are
removed from a liquid phase, called diluent, and transferred into a second liquid phase,
called solvent, by simple contact of the two liquids.

The two liquids must be either immiscible or partially miscible so that only the solute, which has a

greater solubility in the solvent phase than in the diluent, separates from this and moves into the

solvent.
Liguid 4 4 Liquid
phase solvent
" phase
» \\ .
- "‘\ bulk
B —a 1B
> e~
‘:' - —ie -1
Flax
Lig-liq interface

Extraction is a common laboratory and industrial unit operation and since it does not involve any
evaporation process, can be carried out also atlow temperature, thus making this process so
convenient also for high temperature-sensitive products.

In the following sections we will focus on the case of partially miscibility between diluent and
solvent, hence on extraction with ternary systems.

In the case of total immiscibility, the extraction problem becomes similar to the absorption and
stripping type of problem. In this case the McCabe-Thiele graphical method, developed for
absorption and stripping, can be easily applied also to design extraction processes.

15.1.2 Process description

The purpose is to recover a certain substance (the solute) at high purity by the use of a high

selective solvent.

In the extraction unit, a solute (yellow) is separated from the feed (orange) and moves into the
solvent (blue). In the further step, in the solvent recovery unit, the solute is finally separated from

the solvent, e.g. by distillation or by other unit operations, and obtained high pure.

Let us exploit, now, the extraction unit (please click on it to see more).

14 http://www .hyper-tvt.ethz.ch/extraction-definitions.php
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15.1.2.1 Liquid extraction unit:

The settler allows for the mechanical separaticn of the two phases due to
their difference in density, which is the driving force for the separation.
This is a critical step since the density difference is never so big (both are

liquids).
The raffinate is the product of the extraction rich in the diluent phase. It
contains also trace of solute agd of solvent since these are partially
F d miscible.
Solveght
v > Raffinate
\ b

Mixer Settler

liguid mixture gontaining the carrier solvent, called diluent, and the
solute is fed to the mixer unit

The solvent is generally pur

and high selective for the solute (high
solubility)

The feed and the solvent phases come in contact and the mass transfer
takes place. During this phase (extraction) the solute moves from the feed

phase to the solvent. We assume that the ideal equilibrium conditions are
reached.

The extract is the product rich in the solvent and sclute. This must be
further treated (e.g. with distillaticn) to recover the solute.
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15.2 Single stage: problem definition

The most simple extraction process can be carried out with a simple mixer and a settler. This is
called single equilibrium stage since the feed and the solvent come in contact in only one mixer

(=stage). Ideal equilibrium condition is assumed.

15.2.1 Feed

Feed
Solvent

Mixer *

, A K o
B — Raffinate
Settler ARSETEIR—D Extract

S (solvent) D (diluent)

The| feed is typically a binary mixture of diluent (D) and solute (A). In an
extraction design, its flowrate F and composition are given DATA.

15.2.2 Solvent

Feed
Solvent

Unknowns

Mixer *

—=> Raffinate

Settler RARRREIERE ., £tract Sxﬁ.,q x5p
S (solvent) D (diluent)

he solvent can contain trace of solute and raffinate or most of the time it is

onsidered as pure. Its composition is therefore always a given DATA. The
flowrate S is a given DATA in a verification problem but it is one of the
UNMKNOWNS in a design problem.
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The mixer is the equilibrium stage. The feed and the soclvent exchange solute
until the equilibrium is reached.

The settler allows for the mechanical separation of the two phases (extract and

raffinate), which have reached the equilibrium in the mixer. No further mass
transfer or thermodynamics phenomena take place in the settler.

15.2.3 Raffinate:

Feed
Solvent
:
Mixer
=R : —=> Raffinate R
Settler 28 > Extract .

S (solvent) D (diluent)

The final content of sclute in the raffinate is the given SPECIFICATION of the
extraction task. The raffinate comes out from an equilibrium stage therefore its

compaosition is on the solubility envelope. Its flowrate R and its content of solvent
and diluent are UNKNOWNS.

15.2.4 Extract

Feed
Solvent
Y
Mixer
—=]> Raffinate
Settler [ - -0 Extract

S (solvent) D (diluent)

The extract composition and flowrate E are some of the UNKNOWNS of the
extraction task. The compasition must be a point of the solubility envelope and
correlated with the raffinate composition with a tie-line (equilibrium condition).
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15.3 Single stage: process design

In the case of a simple mixer (one equilibrium stage), the design consists in sizing the flow rate of
the solvent which must be used to obtain the required extract composition and in calculating the

obtained extract and raffinate flow rate.

In order to do this, typically a graphical method is used as shown in the following procedure.

Please click on the steps here below to run the animation.

Please, note that for the seek of simplicity the solvent is considered to be pure. However, in reality,
most likely the solvent comes from a regeneration step and therefore contains still trace of solute

(see extraction unit configuration - paragraph 1.2)

@ Stepl. Tie-line through the raffinate compaosition --> Extract composition determination
@ Step2. Overall mass balance and lever-arm rule--> mixing point M identification

@ Step3. Application of the lever-arm rule to calculate the flow rates S, R, E

15.3.1 Step 1

@ Stepl. Tie-line through the raffinate composition --> Extract composition determination
@ Step2. Overall mass balance and lever-arm rule--= mixing point M identification
@ Step3. Application of the lever-arm rule to calculate the flow rates S, R, E

Which are the data, the specification and the
unknown? Please move on it and check it out...

Feed
Solvent Specification
[
!
[
1
[
|
[
[
[ X5a "
Seftler RIS NG
[

S (solvent) D (diluent)

The tie-line (equilibrium line) through the given raffinate specification is drawn and the
extract composition can be read on the diagram. The raffinate and the extract are at
equilibrium since they come from the same equilibrium stage (mixer).
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15.3.2 Step 2

@ Stepl. Tie-line through the raffinate composition --> Extract composition determination
@ Step2. Overall mass balance and lever-arm rule--= mixing point M identification

@ Step3. Application of the lever-arm rule to calculate the flow rates S, R, E

Which are the data, the specification and the
unknown? Please move on it and check it ouf...

Specification

Feed
Solvent

S (solvent) D (diluent)

Overall mass balance: F + § = E + RJ= M. Applying the lever-arm rule, the mixing point M
is the crossing point between the line connecting F and S and the line connecting E and R
(tie-line drawn in step 1).
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15.3.3 Step 3

@ Stepl. Tie-line through the raffinate composition -—-> Extract composition determination
@ Step2. Overall mass balance and lever-arm rule--> mixing point M identification

@ Step3. Application of the lever-arm rule to calculate the flow rates S, R, E

Which are the data, the specification and the
unknown? Please move on it and check it out...

Feed
Solvent

Specification

=--

)

)

I

)

)

ixer |
iﬂlhé!p I

' )
|

]

I

I

> Raffinate
et X5
tler PRRSARSIEI> Cxtract xS

P - S (solvent) D (diluent)

Finally the lever-arm rule is applied to determine respectively the flowrate S, R, and E.

15.4 Single stage: solvent range

In the following animation we would like to use the graphical method to show how the change in
the solvent flow rate S impacts on the liquid extraction performance in the case of a simple
mixer (single equilibrium stage).

Please click once on the "up" arrow or on the "down" arrow to run the animation. The animation is

only qualitative.
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Y
Solvent flowrate v

Given F and a certain specification on R, the
lever-arm rule is applied, as shown already in
the previous paragraph, to determine the
minimum amount of solvent S to carry out the
extraction task.

If the amount of solvent S
is different from the minimum one the
performance of the extraction unit changes.

S (solvent)

D (diluent)

Solvent flowrate afﬁfk once

Increasing the amount of solvent, the mixing
point M moves in the direction of the vertex S
(lever-arm rule). In this case the raffinate
obtained has a lower solute concentration
(R2<R).

The maximum amount
of solvent is the one corresponding to a
mixing point M on the solubility envelope. The
raffinate is the purest possible (min. solute
content).

S (solvent)

D (diluent)

Sol

Decr
point
rule)

raffin
(R2> E>
extra S e === - - -—-----=
since G (solvent)

need

S (solvent)

D (diluent)
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D (diluent)

Solvent flowrate @&

Increasing the amount of solvent, the mixing
point M moves in the direction of the vertex S
(lever-arm rule). In this case the raffinate
obtained has a lower solute concentration
(R2<R).

The maximum amount

of solvent is the one corresponding to a

mixing point M on the solubility envelope. The
F raffinate is the purest possible (min. solute
content).



Basics

Solvent flowrate %

Decresing the amount of solvent, the mixing
point M moves in the direction of F (lever-arm
rule).

In this case the
raffinate has a higher content of solute
(R2=R). If R was the given specification, the
extraction task can not be reached anymore
since the solvent is less than the minimum
needed.

S (solvent) D (diluent)

15.5 Counter-current: column configuration

The best configuration for a cascade of mixers and settlers (= single stage) is the so-called counter-
current configuration. This layout allow for still better separation for the same number of stages

compared to a cross-current configuration.

The cascade of stages is finally arranged in a column, called extraction column. Please, refer to

the contactors section to learn more on this topic.

Please move on the schema here below to run the animation.
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Feed
(Rr+1)

Solvent Ey E;
(Eo)

In the counter-current configuration a cascade of N stages (mixer+settler) is
arranged like in the figure.

Ideal equilibrium conditions are assumed within each stage.

@ column configuration 1 @ column configuration 2

PSolvent = Philuent Do Psalvent < Philuent

Raffinatej_rsowe”t Extracti 0 reed

FEEdMEKtraCt ESD'VEﬂtnRafﬂnate
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Equifibrium condftions are assumed within gach stage. e extract
e raffinate streams coming out from the game stage Are at equilibrium. For
ntion these streams take the index name/of the stage (Rj, E] come out of stage

affinate stream is fed to the next stage in counter-current with the extract. For
ention the concentration in the raffinate phase is indicated with "x3" for a stream
hg stage j and "x3+1° for a stream entening stage j.

Th

e fresh solvent is fed at stage 1 of the cascade of stages. It comes in contact with

the raffinate stream flowing counter-currently with respect to it.
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15.6 Liquid-liquid extraction columns

The video illustrates the operation of a mechanically agitated, counter-current liquid-liquid
extraction column, which employs a rotating agitator driven by an axial shaft.

There are several types of such columns that are
commercially available, e.g. the Scheibel, Oldshue,
Rushton, K?hni columns and the rotating-disk
contactors.

In all cases, the agitation enhances mass transfer by
promoting the dispersion of one phase into the other
and the creation of interfacial surface. The agitators
create mixing zones, alternating with settling zones
along the column.

The difference among the various commercial
columns lies in the design of the agitation elements
(indicated with ain the figure) and the stator disks
(indicated with b in the figure).

The particular column presented in the video is a pilot
K?hni column. The column is installed for separation
development and customers tests at the Basel headquaters of the Swiss company K?hni, which has
been successful in developing and commercialising this process equipment for a fews decades.
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The aim of the extraction process is to purify an aqueous stream (heavy, dispersed phase) by
extracting a polluting solute with a water-immiscible organic solvent (light, continuous phase).
The pollutant has a larger affinity for the organic than for the aqueous phase, hence it is
transferred  from  the latter to the former phase along the  column.
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15.7 Practica in Process Engineering: Liquid-Liquid Extraction®

Introduction

Extraction is a process in which one or more components are separated selectively from a liquid
or solid mixture, the feed (Phase 1), by means of a liquid immiscible solvent (Phase 2). The
transfer of the components from the feed to the solvent is controlled by the solubility behavior
of each component in the corresponding phase. Two phases result from the extraction step: one
enriched (EXTRACT Phase) and the other depleted (RAFFINATE Phase) in the components
to be separated, respectively. Afterwards in order to regenerate the solvent, another separation
step (e.g. distillation) is finally required. Liquid-liquid extraction is most widely used and will be
considered within this laboratory. It is applied e.g. to remove heavy metals or acids from waste
water or for the production of aromatic compounds from mixtures of hydrocarbons. Another
application is gas-liquid extraction which is also called absorption.

Figure 1 shows the four streams involved in the extraction process with the common nomen-
clature in the case when component B is separated from the mixture of A and B by means
of a solvent C, i.e. AB + C — > A 4 CB. This nomenclature will be kept during the whole
theoretical part of this handout.

Solvent: C l Raffinate: A (+B)

Extract: C+B T Feed: A+B

Figure 1: A typical extraction step.

Compared to distillation, extraction processes have the disadvantage that a new component is
added to the system. This leads to additional impurities as complete immiscibility does only
exist in theory., Furthermore a subsequent separation process is required to regenerate the
solvent. However, there are a number of situations in which extraction is advantageous and they
are summarized in the following:

e Omne or more components in the mixture are not thermally stable.

e The components in the mixture have a very high or low boiling point requiring vacuum or
cryogenic distillation, which is very energy intensive.

e The boiling points of the components are very close or they form azeotropes.

15 https://www.ethz.ch/content/dam/ethz/special-interest/mavt/process-engineering/separation-processes-
laboratory-dam/documents/practica%20in%20process%20engineering%202/extraction.pdf
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e Two components with very different boiling points have to be separated at the same time.

e The components to be separated (pollutants or valuable products) are only a small fraction
of the mixture.

If you have not altended any course about extraction yel, it is highly recommended to have a look
at the Hyper-TVT homepage [1], which explains briefly the concept of counter flow extraction

columns (Section “Liquid-liquid extraction”)!

Theoretical background

The concept of extraction: the one stage extractor

The simplest form of an extractor apparatus has only one stage and the process is performed
in two steps. In the first step, the feed is mixed with the solvent to create a high surface area
allowing to achieve high mass transfer rates. The mass transfer stops when thermodynamic
equilibrium between the two phases is reached. Equilibrium is characterized by an equal tem-
perature, equal pressure and equal chemical potentials in both phases. In the second step the
two phases are allowed to separate (settling process). Finally, after decanting one receives the
raffinate and the extract. Figure 2 illustrates the concept.

Settling & separation

R: A (+B)

Lag

Figure 2: The one-stage extractor.

To allow an optimal extraction process, it is erucial to ensure a good mixing between the solvent
and the feed, to have enough contact time between the two phases and to give enough settling
time to separate the two phases. Considering this process, a number of requirements for a
suitable solvent C can be specified:

e high capacity for component B
e high selectivity for component B

e low solubility in A (and vice versa)

IPE Separation Process Laboratory - ETH Zurich 2 Zurich, February 6, 2014
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e simple separation between B and C
e considerable difference in the densities compared to A
e low surface tension
e low viscosity
e chemical and thermal stability
e nontoxic
e N0 or low corrosivity
e low cost

However, in order to obtain the required separation several steps of mixing and phase separation
are mostly needed. Therefore, in practical applications multi-stage extractors are usually used.
As for many separation processes, a co-, a cross-, or a counter-flow coneept can be applied [1].
Some of the important aspects for designing multi-stage extractors are discussed in the following

sections.

Multistage exercise and 3-component diagrams

In this exercise, we will discuss how to combine thermodynamic data (represented by a 3-
component-diagram) with a mass balance in order to design an extraction process. In our case,
we have an aqueous phase (water), an organic phase (toluene) and a component (acetone) which
is meant to be extracted. Please note that for eduecational purpose, the acetone concentration
in this exercise is much higher than during vour experiments (safety concerns).
3-component-diagrams

Have a look at the diagram (handed out during the experiments):

Where are the pure components?

¢ Where is only one phase, where are two phases?

What is the name of the lines crossing the diagram?

Where can one find the following compositions (all values as % mol):
A: 15%H20, 10%T oluene, 75% Acetone
A 40%H-0, 50%T oluene, 10%Acetone

1-stage extractor

As production engineer, you are responsible for a pharmaceutical plant, were toluene is used as
a solvent. Acetone is added to receive a final mixture of 5% mol acetone. Unfortunately, one
of your employees poured too much acetone into tolune because he was distracted by a young
accountant passing by, so that you find a mixture of 30% mol acetone and 70% mol toluene (50
kg in total). The unwanted acetone has to be removed. You decide to use water as an extraction
agent. Your employee can add the water, mix it well and decant the two phases afterwards.
How much water does he have to add?

IPE Separation Process Laboratory - ETH Zurich 3 Zurich, February 6, 2014
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cross current extractor

After vesterdays accident you are fascinated by extraction and order your employee to prepare
the same mixture as yesterday. However, this time you will use a 3-stage cross flow extractor.
For every stage you will add approximately one third of the water that you added in the previous
one stage process. You are really curious to find out if you can reach an even lower acetone
concentration?

e Draw a short scheme of the cross flow process
e Solve the problem graphically (use diagram)

counter current extractor

As your CEO finds your results very interesting too, he orders you to design an extractor for
a continuous flow of 10[]11g of the 30% mol acetone and 70% mol toluene mixture. The final
acetone concentration must not exceed 5% mol. The feed to water ratio shall be 1:4 in moles.

e How many stages will be needed?

e After a graphical solution, check your streams and compositions by using a mass balance!
(zeneral questions on extraction

¢ What is the main problem of extraction?

e In which cases is it a good idea to use extraction?

e Draw two 3-component-diagrams: One for a system were extraction is not possible, one
diagram where extraction should work!

e Discuss the effect of the slope of tie lines on extraction!

Hydrodynamics

A high specific surface allows to increase the mass transfer, thus improving the extraction
efficiency. The ecommon method is to generate small droplets of one phase that are dispersed
in the other, continuous phase, as in the stirred column used in this laboratory. Interactions
between droplets and droplets and with the continuous phase result in complex fluid dynamic
problems that are usually treated using empiric equations. Main factors to be considered for
the operation of a extraction column are:

¢ Droplet size: Droplets usually range into the mm region. Big droplets can not provide a
sufficient sized specific surface, whereas smaller ones result in high demand of energy for
the dispersion process. Furthermore, the velocity of the droplets decreases with decreasing
size; the operating limit of the column is reached when the droplets are too small to move
and it is defined as the flooding point.

e Droplet size distribution: A uniform droplet size distribution is desired in order to
increase efficiency. Furthermore due to the fact that most caleulations are done with a
mean droplet diameter the results are more accurate for a uniform droplet size distribution.
However, the droplet size may change along the length of the column.

IPE Separation Process Laboratory - ETH Zurich 4 Zurich, February 6, 2014
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e Holdup: The total volume of all droplets (or the volume of the disperse phase) divided
by the total column volume is called holdup e. If operation conditions are set close to the
flooding point of the column, the holdup increases and may not be stabilized any more.

Vrﬁsperse

£ =
r T
]"disperse + I’coutinuous

e Axial dispersion: Axial dispersion follows from different phenomena, e.g. turbulence or
differences in the droplet sizes, and results in lower column efficiency.

All these factors prevent a direct modeling approach of an extraction process, which is therefore
usually designed with the help of empiric models. Two common design techniques will be
discussed briefly.

Design concepts for multi stage extractors

As for the most thermal separation processes, two design techniques can be distinguished:
e based on mass transfer.
e based on equilibrium stages.

The design based on mass transfer is mathematically more complex and requires more informa-
tion about hydrodynamics and property data. The calculation in a simplified case is discussed
below. For the design based on equilibrium stages several methods exist, which differ in their
assumptions and therefore in the accuracy and modeling complexity. The main methods are:

e McCabe-Thiele diagram (graphical).

e Kremser equation (analytical).

e graphical method in the ternary diagram.
e rigorous process simulation (e.g. Aspen).

Below only the method applying the McCabe-Thiele diagram is discussed. During the laboratory
a short introduetion to the method using the ternary diagram will be given and can be found
in [1]. For the McCabe-Thiele method as well as for the simplified mass transfer calculation it
is assumed that the phase flows are constant over the whole column. Therefore mass loadings
(Y : [%g% L X [Eg%]) and mass flows of A (called F) :and C .{ca,lled S) are used in the following.
Assuming very low solubility of A and C, the flows F' and 5 can be assumed constant.

HTU-NTU concept - a mass transfer concept

If the volume of a column can be regarded as a continuum, average mass transfer exchange rates
are used for design purposes. In the easiest case, one assumes that two non-miscible flows are
passing each other as plug flows along the column. Phase velocities are regarded as constant
over the whole length of the column. Using a differential balancing approach and integration
over the whole length of the column yields in:

! FoooYee
H=— X = — / dYy
KxaA Jx,, X —X* KyaA Yin Y*—-Y
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where H is the height of the column, A the cross section of a column, a the specific surface, Ky
and Ky the mass exchange coefficients, and X* and Y™ are phase equilibrium loadings (X~ is
the loading of the solvent phase in equilibrinm with the actual loading of the feed phase and
vice versa). _

Referring to the solvent phase, the term R'x% is called HTU which stands for height of a transfer
unit. The integral is called NTU which stays for number of transfer units. The same is true
referring to the other phase, which results in different mumbers for the NTU and HTU wvalues.
The NTU integral is usually solved numerically. It describes the thermodynamic separation be-
havior and is a measure how difficult the separation is. Typically, Y* is expressed as a function
of X. The HTU value depends on the flows and the column parameters (specific mass transfer
area etc.) and describes how effective the column works. Knowing both values the required

height of a column can be caleulated H = HTU - NTU.

Equilibrium stage concept

Comparable to distillation or absorption, the McCabe-Thiele diagram can be used in extraction
to determine graphically the theoretical number of equilibrium stages. This requires the knowl-
edge of the equilibrinm line and the operating line. The equilibrium loading Y* is generally
given as a function of X:

Y* = f(X)

By means of a mass balance of component B the operating line can be calculated:
S
Y = Kﬂ + _(X - Xoui)
F

Figure 3 illustrates a typical construction in a McCabe-Thiele diagram. It is worth repeating
that loadings (Y : [%g%], X [%g:]—‘]) instead of mole fractions are used and that for the operating
line the pure mass flows of A (called F') and C (called S) are taken.

Once the number of theoretical equilibrium stages N.q is known, the HETS value (HETS: height
equivalent of a theoretical stage) or the efficiency of a real stage 5 can be used to caleulate the
column height H or the number of real stages required N, respectively:

H = HETS - N,
N = Neg
7

Please note that in our case, we are NOT using an equilibrium stage column as we do not
have separated stages. In our case, the column is comparable to a constant counter-current
stream with zones of higher and lower mixing intensity.

Experimental part

In the scope of this lab course, the toluene-acetone-water system will be considered, i.e. acetone
(B) will be extracted from toluene (A) with the solvent water (C). The equilibrium of this system

IPE Separation Process Laboratory - ETH Zurich 6 Zurich, February 6, 2014
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Figure 3: McCabe-Thiele diagram with equilibrium and operating line.

is given by the following equation:
Y* =0573X +5.066X% —17.17X3

The experimental setup and procedure will be described in the following sections.

Laboratory equipment

Figure 4 shows a scheme of the laboratory setup.

A stirred column (1) is used for the extraction (column type Oldshue-Rushton). Two tanks (3)
hold the feed (toluene and acetone) that is pumped (5) to the cohmmn, fresh water from the tap
is used as the solvent. Several valves and pumps (5) allow for setting up different experiments.
Flow rates are indicated by rotameters (4). The filling level of the column is being controlled by
a siphon (7). Once the toluene has left the column it flows through a (safety) water separator
(6) and back to the tanks (3). As toluene has a lower density, the toluene flow direction is
from bottom to top. For safety reasons, the continuous phase is always water and the organic
phase toluene is dispersed. More details about the operation will be given during the laboratory.
During start-up and shut-down of the equipment as well as when you reach the flooding point
(stirring speed > 250 rpm) an assistant should be always at the column!

Measurements

During the laboratory, two issues will be investigated. The first part deals only with hydrody-
namics whereas in the second one the extraction performance is studied. For both parts the
flow rates are kept constant at 30% and 20% for toluene and water respectively.

1. The holdup will be measured at different stirring speeds. For this the glass valve in
the lower half of the column is opened and a 100 ml cylinder is filled with dispersion.

IPE Separation Process Laboratory - ETH Zurich 7 Zurich, February 6, 2014
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Figure 4: 1: column, 2: tank (aqueous), 3: tank (organic), 4: rotameter, 5: pump, 6: decanter, 7: filling
level control, 8: stirrer motor.

After waiting for settling of the two phases, the volume of toluene and the total volume
is measured. This measurement is repeated at stirring speeds of 50, 100, 150, 200, and
250 rpm. After changing the stirring speed the conditions in the column have to reach a
steady state, therefore it is important to wait for about 15 minutes before taking the next
sample. At stirring speeds slightly larger than 250 rpm the column is expected to reach
flooding conditions. Therefore, after taking the sample at 250 rpm the stirring speed is
increased very slowly until the flooding point is reached (an assistant should be at the
column). For this part only water and toluene (without acetone) are used.

2. The extraction performance is studied at different stirring speeds. Acetone is added to
the toluene to obtain a concentration of approx. 2-3 wt%. The stirring speed is increased
stepwise (50, 100, 150, 200, and 250 rpm) and samples from the two outlet streams are
taken. Additionally, one sample is taken from the feed in order to obtain its exact com-
position. The samples can be taken from the pipes using a syringe at the provided places.
The samples are collected in vials and will be analyzed by GC during the following week.
Please note that due to the high volatility of acetone, samples have to be sealed.

Report

After the successful completion of the laboratory work, a short report has to be prepared. The
report should consist of the following sections:

e Introduction and brief explanation of extraction as a separation process (about 1 DIN A4

page).

IPE Separation Process Laboratory - ETH Zurich 8 Zurich, February 6, 2014
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e Experimental procedures and setup (about 1 DIN A4 page).

e Results and discussion (detailed analysis of the experiments). This section should give a

comprehensive answer to the following questions:

1.
2.

8.

Plot the hold-up versus the stirring speed.

Do you expect an increase or a decrease of the hold-up with increasing stirring speed?
Based on the theoretical part during the laboratory course, explain why you expect
a decrease or an increase.

Is the plot in line with your expectations? If not, specify the measurements that
don’t match with the expectations. What could be the causes for the deviations?

Do you always expect a better purification of your feed stream hy increasing the
stirring speed?

. Plot the extract and raffinate composition versus the stirring speed. Does the plot

confirm your expectations?

For the 5 operating points, determine the number of theoretical stages (NTS) with
the McCabe-Thiele method.

Calculate the slopes of the operating lines for the 5 operating points. Which value
do vou expect? What could be reasons for possible deviations?

Plot the number of theoretical stages versus the stirring speed.

o Perform a theoretical analysis of an extraction process by solving the exercise presented

earlier on page 3 and 4.

Data

Densities

o Density of water: 998%’5

e Density of toluene: 866%

o Density of acetone: TQD;R;%

The extraction column

Length of the stirred section: 1 m

Column diameter: 73 mm; Stage height: 50 mm
Free cross section area of the stators: 38 %
Number of stirrers: 19

Stirrer diameter: 50 mm; Stirrer height: 10 mm

IPE Separation Process Laboratory - ETH Zurich g Zurich, February 8, 2014
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Rotameters

The two rotameters have been calibrated for water and toluene. Figure 5 can be used to
determine the set-value of the rotameters at the desired volume flows.

80 ——water
toluene

0 10 20 30 40 50
volume flow [I/h]

Figure 5: Rotameter calibration data.
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15.8 Metal recycling by Single-Stage LLE

15.8.1 Single stage extraction liquid liquid extraction:

Product category: multistage counter-current extraction device, multistage cross current extraction
device, single stage centrifugal extractor.

single stage extraction liquid liquid extraction is a new type, fast and highly efficient liquid-liquid
extraction separation equipment, it is different with traditional extraction equipment such as mixer
settler, extraction tower. Centrifugal extractor using the motor driven drum to reach high speed,
the densities of different and not mutually mixed solution of two liquids in drum or blade rotation
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shear stress under complete mixing and mass transfer, and in high-speed rotation drum of
centrifugal force under the action of rapid separation
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15.8.2 Centrifugal extraction work principle:
1. Mixed and mass transfer process
The two solution according to a certain proportion mix together, the two-phase dispersing, two-

phase solution obtained sufficient mass transfer, mixing and mass transfer process is completed.
2. Two phases separation process

Mixed fluid in vortex disc or feeder into the drum,stay in certain area, mixture quickly and
synchronizing drum rotary, under the action of centrifugal force, serious than liquid to flow in the
process of gradually away from the drum center and leaned close to the drum wall; a small
proportion of the light phase liquid gradually away from the drum wall and leaned toward the
center, clarification of the two-phase liquid were eventually through their respective weir plate
into collecting chamber and the draft tube are respectively extracted from the machine and

complete phase separation process.

light phase heavy phase mixed phase

TS

vy phase outlsl

ght phass ol

heavy phase | ight phase Inlas
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Product Model
Drum dia Flux peak Inlet dia
Model Power(kw) Size(L*W*H)mm Weight (kg)
(mm) (L/H) (mm)
CWL50-M 50 50 DN20 0.18 400*400*800 18
CWL150-M 150 1000 DN40 0.75 620%630*1150 120
CWL250-M 250 3000 DN50 1.1 750*750%1400 460
CWL350-M 350 8000 DN65 1.5 950%950*1688 680
CWL450-M 450 15000 DN80 2.2 1000*1000*1800 880
CWL550-M 550 30000 DN100 3.0 1200*1200*1760 1100
CWL650-M 650 60000 DN125 4.0 1350*1350*1960 1800
CWL800-M 800 100000 DN150 5.5 1600*1600%2400 2500

1. Equipment material will be chosen according dto the feed physico-chemical property, common
used S5304/316L/904L, common composite material, fluoride material and so on;
2. Above table is general parameter, real device has a little devitation, please refter to the matched
technological manual;
3. Above flux is under ideal condition, ratio of oil and water is their flux sum when 1:1.

Product application

15.8.3 Application of single stage extraction liquid liquid extraction :

1. Oil water separation( crude oil/heavy oil/diesel and so on except water, salt);

2. Pharmaceuticals( such as used for ethyl acetate, methylene dichloride, normal butanol,
choroforom and so on);

3. Extraction of chinese traditional medicine;

4. Pesticide(malathion extraction and so on);

5. Bioengineering(nutrient solution extraction and interferon extraction and so on);

6. Chemical and fine chemical( catalyst extraction and so on);
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7. Hydrometallurgy( used mutilstage extraction and back extraction and so on to extract nickel,
copper, uranium and other rare metals);

8. Food( edible oil, spice, refined oil, food color and so on);

9. Perfume industry;

10.Printing and dyeing industry( printing and dyeing wastewater treatment and recycle);
11.Environmental protection( used multistage extraction and back extraction and so on technology
to treat wastewater with phenol, oil-water separation of marine sewage, groundwater separation
or extraction or purification and so on);

12. Cosmetics industry( to extract nutrient ingredient);

13. Liquid/two gas phase separation( to remove bubble in liquid phase and so on).

Our Company

BN A—~AREBERERL
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15.8.4 Zhengzhou Tianyi Extraction Technology Co. Ltd.

Zhengzhou Tianyi Extraction Technology Co.Ltd(short for ‘TIANYI EXTRACTION’) was
established in 2005, and mainly specialized in developing, manufacturing liquid-liquid separation
and mixing equipment centrifugal extractor and extraction groove. TTANYI EXTRACTION have
more than 100 staff, and already obtained more than 20 patents, and have more than 30 sets
processing machinery. Now we have one application research center, one pilot-plant experimental
base for extraction (expanding test), two modern production and processing center, and already
got the certificate of ISO9001 and CE certification. In 2016, we obtain the prize of “High-Tech
Enterprise”, our product are mainly used in industries such as fine chemical, Hydrometallurgy,
Pharmacy and Environmental protection and so on. Tianyi has strong R&Dé& Manufacturing
strength, and excellent quality positioning, and perfect service after-sales system, leading domestic
and foreign indsutries. Taken the management idea of integrity, professional, practical, innovation.
And according to advanced processing equipment, strict quality control system, high-quality
technical team and perfect after-sell services. TTANYI EXTRACTION dedicate to provide a full
technical solution. Taken “Mutual benefit and Win-Win” as our aim, TTANYI EXTRACTION will
provide you a high quality service.

Certifications

|
L3
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This series extractor is our the 4th product with our independent intellectual property rights, and
patent number: ZL.2014205865573. Under the same handling capacity, this series of machine
energy consumption is 10%~30% of traditional annular type. At the same time, and it has short
duration, split phase velocity, high extraction rate, save cost and solvent could be recycled and
reused.

Our Service & FAQ

15.8.5 Our service

1. R&D, manufacture and sale on  extraction and mixing equipment;
2. contraction on related supporting project, such as planning layout on extraction production line,
installation and adjustion on extraction equipment, construction on related construction facilities.
3. Project test in every stage, such as lab-scale test, pilot test etc.

15.8.6 FAQ

Q1. Are CWL-M serious centrifugal extractor fit for our liquid?

A: CWL-M series extractor are widely used in liquid liquid extraction or separation. Liquid liquid
extraction, using the the difference of solubility and distribution coefficient of two materials,
transfer the solute from one solvent to another solvent. CWL-M series centrifugal extractor mainly
used in industries such as oil water separation, pharmacy, pesticide, hydrometallurgy,
environmental protection etc. So if your process is liquid liquid extraction and no solid, you can
use our centrifugal extractor.

Q2: How do we judge the treatment effect of CWL-M centrifugal extractor?

A: we have research center in our company, to provide client test before sale and extraction
process etc, in our research center, we have more than 20 centrifugal extractor for laboratory or
pilot test, and after some years test, we have accumulated many experience on hydrometallurgy,
chemical, pharmacy industries. We welcome you to visit our research center for laboratory or pilot
test.

Q3:What is the difference between CWL-M series centrifugal extractor and others?

Right now, most centrifugal extractor in the market are traditional annular centrifugal extractor,
CWL-M centrifugal extractor are our forth generation product(patent Z1.2014205865573) and have
advantage such as no bottom bearing and seal, no leakage risk, free maintenance; more energy
saving, only 1/3~1/10 power consumption of traditional equipment; our equipments” material are
perfluorinated polymer materials, corrosion resistance to strong sulfuric acid, hydrochloric acid,
mixed acid.Applied to easily emulsifying system, mix thoroughly and high efficiency.

(Q4: How do we choose suitable centrifugal extractor?

A: There are five issues that must be take seriously when election:

(1).Dimension and power

(2).Anti-corrosion property

(3).Anti-explosion property

(4).Equipment structure

(5).Environmental protection

(6) Price.
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The main distinguish is property and configuration. Some extractor with heater or more control
program. Sometimes spare parts cost is higher than main engine. When choose, except main
engine, you should pay more attention on the rotor( quantity and species), the necessary material,
bowl, wire structure and so on. All of these included are the complete price of full centrifugal
extractor.

Q5: Are CWL-M series centrifugal extractor anti-explosion and automatic controlled?

We can equip related anti-explosion and automatic control function as per client necessary.

If you were not satisfied, please feel free to return, and the back goods freigth we shall bear!

Contact Manager: Annie

Tel:+86 15237168511
Wechat: muzi5279

Email: annie10@cncuiqu.com

15.9 Commercial LLE extraction column (Made in China)
Overview
Quick Details
Condition: New
Type: Extraction Equipment
Product Type: liquid liquid extraction column
Place of Origin: Henan, China (Mainland)
Brand Name: TIANYI
Model Number: RDC-1000
Voltage: Customized
Power(W): standard
Weight: standard
Dimension(L*W*H): dia80*1000mm
Certification: ISO9001/CE
Warranty: 12 Months
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After-sales Service Provided: Engineers available to service machinery overseas
Function: immiscible liquid liquid extraction

Capacity: 1-60000L/h

Application: Chemical&pharmacy&hudrometallurgyé&envrionmental protection etc
Operation: Continuous

Material: SS/Fluorine/Compoiste

Machine name: liquid liquid extraction column

Company type: R&D&Manufacturing

Corlor: Cutomized

Advantage: high stage efficiency

Continuous: continuous production

Packaging & Delivery

Packaging Details as per customer requirement

Delivery Time 30-60days

Product Description

Liquid-liquid extraction is a technically advanced, niche separation technology. It is applied when
simpler alternatives such as distillation are not able to meet your requirements. Components are
extracted from your feed with the help of a solvent, without an energy demanding evaporation
step.

15.9.1 Liquid liquid extraction column introduction:

Extraction column is a kind of column extraction equipment of mechanical stirring, it is composed
by upper settling chamber, emulsion chamber and bottom settling chamber. the emulsion chamber
is cylinder type, and is divided into several extraction chambers by static ring baffle, there is a
fixed turnplate between two static ring baffles, and rotating with shaft together. When work,
heavy phase(aqueous)and light phase(organic phase) enter the equipment from column top and
bottom respectively, and contact countercurrently in column. Under fixed turnplate stirring, the
dispersed phase formed small droplets, to enlarge mass transfer area and finished extraction
process,and then Heavy phase and light phase discharge from the different exit.

15.9.2 Liquid liquid extraction column characteristics:

1. Cover a small area, low maintenaince cost;

2. Large capacity, suitable for continuous production;
3. High stage efficiency, small solvent sluggish flow
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Detailed Images
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Product Model

Model  Column Model(mm) Valid Height(mm)

RDC-50 Dia 80 1000
RDC-80 Dia 80 1000
RDC-100 Dia 100 1000/1500
RDC-150 Dia 150 1500/2000
RDC-200 Dia 200 Customized
RDC-300 Dia 300 Customized
RDC-500 Dia 500 Customized
RDC-1000 Dia 1000 Customized

1. The common material is transparent organic glass, PP, Hard PVC, glass, stainless steel etc;

2. Above technology parameters are experiment parameter, the special application will be

designed accoprding to customer's requirement.
Product application

15.9.3 Liquid liquid extraction column application area:
1. Separation of systems with similar boiling points (e.g., separation of aromatics from aliphatic

hydrocarbons)

2. Separation of high boiler and low-con-centration solutes from aqueous solutions(e.g., phenol)
3. Separation of mixtures with high boiling points (e.g., vitamins)

4. Separation of temperature-sensitive compounds (e.g., acrylates, biotechnology)

5. Separation of azeotropic mixtures(extraction of acetic or formic acid from aqueous media

using,e.g., MTBE as solvent)
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6. Extraction of organic compounds from salt solutions (e.g., caprolactam)
7. Extraction of salts from polymer solutions (e.g., ketone resins, polyols)

8. Extraction of metal salts from low-grade ores(e.g., copper)

Liquid-liquid extraction is expected that importance of solvent extraction will increasae as the
feedback of chemical processes changes from crude oil to biomass. The components obtained in
the first processing steps from biomass have more functional groups and are less volatile than the
key components obtained from crude oil.Thus, it maybe economically more attractive to use
extraction with suitable solvents (including extractants like ionic liquids) than to use distillation at

low pressure.

Our Company

BN A—AREBERERZ é)

219



15.9.4 Zhengzhou Tianyi Extraction Technology Co.,Ltd.

Zhengzhou Tianyi Extraction Technology Co. Ltd(short for ‘TIANYI EXTRACTION’) was
established in 2005, and mainly specialized in developing, manufacturing liquid-liquid separation
and mixing equipment centrifugal extractor and extraction groove. TIANYI EXTRACTION have
more than 100 staff, and already obtained more than 20 patents, and have more than 30 sets
processing machinery. Now we have one application research center, one pilot-plant experimental
base for extraction (expanding test), two modern production and processing center, and already
got the certificate of ISO9001 and CE certification. In 2016, we obtain the prize of “High-Tech
Enterprise”, our product are mainly used in industries such as fine chemical, Hydrometallurgy,
Pharmacy and Environmental protection and so on. Tianyi has strong R&D& Manufacturing
strength, and excellent quality positioning, and perfect service after-sales system, leading domestic
and foreign indsutries. Taken the management idea of integrity, professional, practical, innovation.
And according to advanced processing equipment, strict quality control system, high-quality
technical team and perfect after-sell services. TTANYI EXTRACTION dedicate to provide a full
technical solution. Taken “Mutual benefit and Win-Win” as our aim, TIANYI EXTRACTION will
provide you a high quality service.

Our Service & FAQ

15.9.5 Our service

1. R&D, manufacture and sale on extraction and mixing equipment;

2. contraction on related supporting project, such as planning layout on extraction production line,
installation and adjustion on extraction equipment, construction on related construction facilities.
3. Project test in every stage, such as lab-scale test, pilot test etc.

15.9.6 FAQ: How to select solvent extraction agent of Liquid liquid extraction column?

The solvent is the key to a successful separation by liquid-liquid extraction. The several criteria are:

1. Distribution Coefficient This is the ratio (at equilibrium) of the concentration of solute in the
extract and raffinate phases. It gives a measure of the affinity of the solute for the two phases. A
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distribution coefficient other than unity implies that the solute must have different affinity in the
two phases. If only one solute is involved (such as in the recovery of an impurity from an effluent
stream), only the distribution coefficient need be considered, and it is desirable for this to be as
large as possible.

2. Selectivity (Separation Factor) If there are more than one solutes (say two solutes A and B), then
consideration should be given to the selectivity of the solvent for solute A as against B. The
selectivity between the 2 solutes A and B is defined as the ratio of the distribution coefficient of A
to the distribution coefficient of B. For all useful extraction operation the selectivity must exceed
unity. If the selectivity is unity, no separation is possible.

3. Insolubility of Solvent The solvent should have low solubility in the feed solution, otherwise the
separation is not "clean". For example, if there is significant solubility of solvent in the raffinate
stream, an additional separation step is required to recover the solvent.

4. Recoverability It is always necessary to recover the solvent for re-use, and this must ordinarily
be done by other means, eg. distillation. If distillation is to be used, the solvent should form no
azeotrope with the extracted solute and mixtures should show high relative volatility. The solvent
should also be thermally-stable under the distillation temperature.

5. Density A large difference in density between extract and raffinate phases permits high
capacities in equipment. This is especially important for extraction devices utilizing gravity for
phase separation.

6. Interfacial Tension The larger the interfacial tension, the more readily coalescence of emulsions
will occur but the more difficult the dispersion of one liquid in the other will be. The more readily
coalesces the emulsions the easier phase separation will be. Low interfacial tension aids dispersion
and thus improves contacting mass-transfer efficiency. Coalescence is usually of greater
importance, and interfacial tension should therefore be high.

7. Chemical Reactivity The solvent should be stable chemically and inert toward the other
components of the system and toward the common materials of construction.

8. Viscosity, Vapour Pressure, Freezing Point These should be low for ease in handling and
storage, for example, a high viscosity leads to difficulties with pumping, dispersion and mass
transfer rate.

9. Availability and Cost An excellent solvent may not be commercially available. Or it may
represent a large initial cost for charging the system, and a heavy continuing expense for replacing
inevitable operating losses.

10. Other Criteria Toxicity and flammability of the solvent are important occupational health and
safety considerations. Stability of the solvent (i.e. resistance to breakdown), particularly in the
recovery steps, is significant, especially if the breakdown products might contaminate the products
of the main separation. Corrosivity of the solvent leads to the usual problems with materials of
construction. Finally, compatibility of the solvent with the mixture to be separated can have many
manifestations, particularly when easily contaminated materials such as food or pharmaceuticals
are being handled. Note: The solvent may not always be a single chemical species. For example,
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the most appropriate liquid may not have suitable physical properties for direct use as solvent. In
such cases it can be used dissolved in another suitable liquid. The active component of the mixture

is then known as the extractant and the liquid in which it is dissolved as the diluent. The solvent
comprises the two together.

If you were not satisfied, please feel free to return, and the back goods freigth we shall bear!

Contact Manager: Annie

Tel:+86 15237168511
Wechat: muzi5279

Email: annie1l0@cncuiqu.com
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16 Heavy Metals Recovery

16.1.1 pure Zinc recycling with FLUREC
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16.1.1.1 FLUWA
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16.1.2 Zincex process (ion exchange process)'
D:\ Central_Library\ Chemie\ Tenova Settler and Pulsed column.mp4
Hydrometallurgy Volume 70, Issues 1-3, July 2003, Pages 63-71:

Abstract

Solvent extraction separation of divalent metal ions, Cd(Il) and Zn(ll), with an
organophosphorus extractant, D2EHPA (di(2-ethylhexyl)phosphoric acid), and an aqueous
hexadentate ligand with nitrogen donors, TPEN (N,N,N',N'-tetrakis(2-
pyridylmethyl)ethylenediamine), was studied. The extraction process consists of two steps,
namely, the complex formation between TPEN and the divalent metals in the aqueous phase,
M(TPEN)?* (M=Cd or Zn), and the formation of a hydrophobic complex between M(TPEN)?" and
D2EHPA in the organic phase. The stability constants for the formation of Cd(TPEN)? and
Zn(TPEN)?*, which were measured by potentiometric titration technique, were evaluated as
higher than 10%. By the addition of TPEN in amounts equimolar with the divalent metal in the
aqueous solution, more than 99% of divalent metal was coordinated with TPEN at pH above 2.5,
where the protonation of TPEN is negligible. Under these conditions, the extraction of Cd(II)
with D2EHPA was promoted; on the contrary, that of Zn(Il) was depressed remarkably. TPEN
acts as a synergist for the extraction of Cd(II) and a masking agent for that of Zn(Il). Then, the
separation factor of Cd(II) was increased by more than 500 times than that without TPEN. TPEN
is an excellent synergist that functions by small additions in the aqueous solution and promotes

extraction selectively for soft metals such as Cd(II).

16.1.3 The phase equilibrium of ternary mixtures
Solvent extraction, or liquid-liquid extraction is a separation technique
isothermal in a heterogeneous liquid medium.

The method is based on the existence of a difference in the solubility of a substance in two

immiscible liquids. The process has three steps, as shown in Figure 1:

- Mixture of the two immiscible liquids, one of them containing the solute,

- Obtaining physico-chemical equilibrium, leading to demixing,

- Separation of the two new liquid phases obtained based on the difference of

densities.

16 K. Takeshita; K. Watanabe; Y. Nakano; M. Watanabe (2003). "Solvent extraction separation of Cd(Il) and
Zn(Il) with the organophosphorus extractant D2EHPA and the aqueous nitrogen-donor ligand
TPEN". Hydrometallurgy. 70: 63-71. doi:10.1016/s0304-386x(03)00046-x.
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Figure 26 : principle of a separation stage by obtaining a balance

Practically, solute B dissolved in the diluent A is contacted with the solvent S. The solute B,
generally more soluble in the solvent than in the diluent, passes from the solution in the solvent,
the solvent enriched in solute is the extract E while the diluent depleted solute is the residue (or
raffinate) R. The passage of solute B from diluent A in solvent S takes place as long as the
equilibrium physico-chemical is not reached. So that the driving force of transfer remains almost

constant, the two liquids feeding the column flow against the current.

In order to transport the material as quickly as possible, the area of the transfer surface is

increased by various artifices. These objectives can be obtained in a column.

16.1.3.1 The partition coefficient

A substance B placed in contact with two partially miscible solvents or immiscible S and A is
distributed unequally between the two phases that are formed when the physicochemical
balance is reached. The ratio of B concentrations in these two phases is the partition coefficient

m.

16.1.3.2 The ternary diagram

At equilibrium, these biphasic systems are trivariant. At pressure and temperature constants,
they can be represented in a system of triangular axes. The equilateral triangle has the advantage
of allowing an equivalent representation for all the constituents. The right triangle has the
advantage of being able to expand the scale of one of the axes. It is often interesting to limit the
plot to the "useful" part. Each vertex of the triangle represents a pure component. The solute
content B, in solvent S and diluent A is expressed in mol%, mass, volume, etc ... and is obtained

by a suitable projection on the axis chosen as shown in Figure 2.
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100% de B

100% de A ’ S >

100% de S

Figure 27 : ternary diagram

It is easy to demonstrate that the quantity of S and the quantity of the mixture N are in a ratio of
the lengths of the MN and MS segments (rule of the lever arm) and that the quantities of two

components are in the ratio of projections of the segments on the binary axis corresponding.
Conversely, if the mixture N is added a mass of solvent S, the ternary mixture

result is represented by the point M on the line NS such that:

massof N_MS
massof S MN

16.1.3.3 The demixtion
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Figure 28 : Isothermal and isobaric demixing curve.

In a ternary system with limited mutual solubility zone (1) stable states, characterized by a
complete miscibility, is separated from the zone (2) unstable states constituting the miscibility
gap or diphasic zone, by the solubility isotherm (3) or line "Critical" or demixing curve or

equilibrium curve or saturation curve.
Within the miscibility gap, no mixture can exist indefinitely:

any system whose overall composition is represented by point M is divided into two
composition phases R and E, points at the intersection of the equilibrium line (4) or conodal
RME and the demixing curve f'ff ". At the critical point f the two phases in balance have the

same composition.

16.1.3.4 Solvent separation

B B
YBI:‘
£ f
P MO\ e 7/
I 1 - .,
f ' S X(R) X

BR

Figure 29 : Representation of a ternary system with limited miscibility

In the zone of total miscibility no separation can take place. However, if starting from an initial
mixture F, by the addition of the solvent S, a system whose composition is global M lies within
the miscibility gap, which separates into two phases R and E. Phase R, rich in diluent A is the

raffinate, while phase E, rich in
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solvent S, constitutes the extract.
In general, the concentration of solute B in the raffinate is designated by x and in

the extract by y. It is then possible to draw the distribution curve or equilibrium curve which

represents y in terms of x.

16.1.4 Countercurrent extraction

16.1.4.1 The principle

F - 1
XF * E1: E
C v )

Rl* L N
C 2 )

R
2* T Ej
R
4 e
Ri‘ ? Ein
R11—1‘ E
n
n
R =R A S
X - v
n S

Figure 30 : diagram of countercurrent column

16.1.4.2 the material balance

The writing of the material balance makes it possible to know the composition of the global

system and of each of the subsystems (stages).
Balance sheet on the column:

Global: mF + mS = mE + mR =mM

Solute B: mF xF + mS yS =mE y1 + mR xn = mM xM

This system of two equations with eight unknowns can be solved if six variables are otherwise
known. In practice mF, mS, xF and yS (= 0) are imposed. By fixing two other variables, for

example xn and mR, this system of equations can be solved.
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Moreover, the combination of these relationships makes it possible to determine the position of
the point M in the ternary diagram. Graphically, F and S determine M. The point M is both on
the FS and ER lines. R (Rn)being known, E (E1) is obtained by the intersection of RM and the

demixing curve. At point E1 the conodal matches R1.

Balance sheet on the stage i:

Global: _
MR + Mg, =ME; +Mg;

Solute:
mRL.[ Xj.l+ mEi_[ Vil = mE.l ¥i + ij X;

16.1.4.3 The existence of a pole P

The writing of the overall balance successively for the column and for each of the floors allows

to show the existence of a pole P through which all RiFi + 1 lines pass.
Column: mR - mS =mF - mE = Cte =mP

The PRS and PFE points are aligned.

The FERS points being known, P is determined graphically.

Stage 1: mp, -Mg, =M -Mg = Mp

PR1E2 points are aligned. R1 being known, point E2 is in turn.

Step by step, it is possible to write:

Floor i:

Mg; -Mg;,, =Mg -Mg = Mp

The points PRiEi+ 1 are aligned and the point Ri is known by the graphic construction previous

point, the point Ei+ 1 is determined.
Gradually, all the points Ri and Ei are determined.
The construction stops when the right PRnS goes through R or "exceeds" R.

Each line RiFi constitutes a theoretical stage.
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Figure 31 : Graphical construction of theoretical floors

16.1.4.4 Remarks

The previous graphical construction is easier if on the same graph the demixing curve and the

operating curve.

If an operating line passing through P was confused with an equilibrium line EiRi it then an
infinite number of theoretical stages would be required. The ratio of the mass of solvent to that
the power supply would then be the minimum usable to effect the separation. In practice we
consider the equilibrium line passing through F as confused with the straight line passing
through P. The intersection of the lines FS and E1minRn gives the point Mmin hence the value of

the ratio (mS / mF) min.
The choice of the value of the solvent rate p =mS / mF is done by taking;:
a) a value of mS / mF greater than (mS / mF) min,

b) a value of the extraction factor

m .r. . . mass flow of extract
E =mp=m —E - partition coefficient Jlow of

mg
between 1,2 & 2.

mass flow of raf finate

231



Error! Use the Home tab to apply Uberschrift 1 to the text that you want to appear here.

16.1.5 Overview of metals recovery system
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16.1.6 Cobalt?”

Cobalt — The extraction of cobalt from hydrochloric acid using alamine 336 in meta-

xylene.l2! Cobalt can be extracted also using Cyanex 272 {bis-(2,4,4-trimethylpentyl) phosphinic
acid}, Marmara University

17 Filiz, M.; Sayar, N.A.; Sayar, A.A. (2006). "Extraction of cobalt(II) from aqueous hydrochloric
acid solutions into alamine 336-m-xylene mixtures". Hydrometallurgy. 81 (3-4): 167-
173. d0i:10.1016/j.hydromet.2005.12.007. ISSN 0304-386X.
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Extraction of Co(II) from aqueous hydrochloric acid solutions into organic Alamine 336-m-
xylene systems was investigated. Extraction experiments were conducted with initial metal
concentrations of 1, 3 and 6 g L- 1, each at 1, 5, 8 and 10 M HCI. It was observed that the
extractability of Co(Il) increases with increasing acidic molarities. Alamine 336 diluted with m-
xylene was found to be a suitable extractant for Co(Il) for 5 to 10 M. In parallel, extractant
volume-domain dynamics were investigated. A mathematical model was developed to correlate
metal extractability and Alamine 336 volume content. Optimal Alamine 336 contents were

estimated for single stage extraction.

Extraction of cobalt(Il) from aqueous hydrochloric acid solutions into alamine... | Request PDF.
Available from:

https://www.researchgate.net/publication/229310411 Extraction of cobaltll from aqueous hyd

rochloric acid solutions into alamine 336-m-xylene mixtures [accessed Mar 25 2018].

16.1.6.1 Recovery of Co(Il) and Ni(Il) from hydrochloric acid solution of

alloy scrap?®

I..I Available online at www.sciencedirect.com
uclENcE@n:nEcT~ Transactions of
‘ Nonferrous Metals
Sci Society of China
clence
5 3 “hi ) 262-12
Press Trans. Nonferrous Met. Soc. China 18(2008) 1262-1268

www est.edu.cn/ysxb!

Recovery of Co(Il') and Ni( II) from hydrochloric acid solution of alloy scrap

SHEN Yong-feng( f1 55 1§)" *, XUE Wen-ying(#% 3 §)’, NTU Wen-yong( 3 #)’

1. Key Laboratory for Anisotropy and Texture of Materials, Ministry of Education,
Northeastern University, Shenyang 110004, China;
2. School of Material and Metallurgy, Northeastern University, Shenyang 110004, China;
3. State Key Laboratory of Rolling and Automation, Northeastern University, Shenyang 110004, China

Received 2 January 2008; accepted 23 April 2008

Abstract: A hydrometallurgical process was developed for recovery of nickel and cobalt from
the hydrochloric acid leaching solution of alloy scraps. The process consists of five major unit

operations:
1) leaching with 6 mol/L hydrochloric acid under the L/S ratio of 10:1 at 95 °C for 3 h;

2) copper replacement by iron scraps under pH value of 2.0 at 80 °C, and stirring for 1 h;

18 http://www.tnmsc.cn/down/upfile/soft/2008928/2008928164134995.pdf

alloy scap = legierungsschrott
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3) removal of iron and chromium by chemical precipitation: iron removal under pH value
of 2.0 at 90 °C by dropwise addition of sodium chlorate and 18% sodium carbonate
solution, then chromium removal under pH value of 4.0 at 70 °C by addition of nickel

carbonate solution, stirred by air flow for 2 h;

4) selective separation of cobalt from nickel by extraction using 30% trialkyl amine+50%
kerosene (volume fraction) and tri-n-butylphosphate (TBP) as a phase modifier with the

O/A ratio of 2:1, and stripping of cobalt with 0.01 mol/L HCI;

5) crystallization of nickel chloride and electrodeposition of cobalt. It is found that the
nickel recovery of 95% and the cobalt recovery of approximately 60% with purity over

99.9% are obtained by this process.
Key words: alloy scrap; nickel; cobalt; recovery; trialkyl amine
1 Introduction

The demand for nickel and cobalt has recently risen for their promising use in rechargeable
batteries. The increase in the industrial demand for these metals has brought forth a steady
growth in the need for refining of the metals. More importantly, the recovery of nickel and
cobalt from secondary sources such as alloy scraps and/or spent batteries could minimize
landfill disposal and the waste of natural resources. It is also technically feasible and economical
in comparison with refining cobalt and nickel from ores. To date, some typical
hydrometallurgical processes have been reported for the recycling of cobalt and/or nickel from
lithium ion batteries[1-3] and nickel metal hydroxide batteries[4-7] as well as Ni-Cd batteries[8].
These hydrometallurgical routes consist of acid leaching, separation of cobalt from nickel and/or
lithium, and recovery as chemicals. For example, nickel has been recovered by means of both
galvanostatic and potentiostatic electrowinning after separating Ni from Co by SX methods[9].
In addition, the recovery of Co(Il) and Ni(Il) from different sources, including polymetallic sea
nodules[10-11], cobalt enriched Ni-Cu matte [12], low-grade sulfide flotation concentrates[13]

and low-grade Ni-Cu sulfide tailings [14], has been achieved by different research groups.

However, there have been only a handful of published works on cobalt recovery from waste
alloys[15]. A variety of organic solvents or their mixtures have been tested for the extraction of
nickel(II) and cobalt(Il) from aqueous solutions and for separation of cobalt from nickel. Among
the acidic organo-phosphoric compounds, di(2-ethylhexyl) phosphoric acid (D2EHPA) and
extractant 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (EHEHPA, commercially
known as PC88A or P507), have been widely used for separation of Co from Ni [11-1 6].
Whereas organo-phosphorous acid derivatives such as bis(2, 4, 4-trimethylpentyl)
dithiophosphinic acid (Cyanex 301) extractant can extract cobalt and nickel at very low pH value
as well as the ability to reject metals such as calcium, manganese and magnesium, holding a
position for separation of cobalt and nickel[17-18]. The investigation on the purification of nickel

showed that di-2, 4, 4-trimethylpentyl phosphinic (Cyanex 272) was most effective for selecting
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17 Methan as Energy Ressource from Waste

17.1 LANDFILL GAS (Methane gas from waste)»

Created during the decomposition of organic substances, landfill gas consists of methane,
carbon dioxide, and nitrogen. The controlled collection and combustion of this problem gas is an
indispensable step in the modern operation and re-cultivation of a landfill site. In addition, the
high calorific value of landfill gas makes it a viable fuel for gas engines that can be effectively
used for power generation. With more than 25 years of experience in the combustion of landfill

gas throughout the world, GE’s Jenbacher gas engines provide an excellent solution for using

your waste gas as an energy source.

17.2 Methane liquefaction

17.2.1 Pre-cooled liquefaction process of natural gas (EP 2 251 625 A2 EUROPEAN PATENT
APPLICATION)

17.2.1.1 LNG Proprieties

LNG has the best safety record of all fossil fuels: Not flammable or explosive in liquid form

Noncorrosive and nontoxic

Stable and stored at low pressures

Evaporates quickly and completely leaving no fire hazard puddle

LNG is refrigerated around -160°C

Volume reduction 600 times with the same calorific capacity

LNG is composed mainly from methane (more than 90%)

The liquefaction factory consumes nearly 10% of the natural gas while functioning

The LNG will be stocked at an atmospheric pressure in storages made from concrete or metallic

tanks, possessing double wall and thermal insulation.

The principals LNG exporters are: Qatar, Australia, Malesia, Nigeria and Indonesia (more than
two-thirds)

The principals LNG importers are: Japan, South Korea, China.

17.2.1.2 The process of producing LNG is in three steps.

Feed gas from the interior

19 https://www.gepower.com/applications/waste-gas-to-power
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Step 1-
Water (H20) and mercury from the
Feed Gas)

Treatment (Remove CO?2,

Step 2 -

“Condensates”(Remove

Removal of
heavier
hydrocarbons (NGL’s) by Fractional
Distillation)

Step 3 - Liquefaction of Natural
Gas(Cool light
hydrocarbons to-162°C to liquefy)

remaining

Acid gas (mainly carbon dioxide), water and mercury

are removed from the gas delivered to Oman LNG.
This

liquefaction of the natural gas and a safe product for

clean-up” is a necessary step to enable

our customers.

Condensates (natural gas Liquids made up mainly of
pentane and hexane) are removed by Fractional
Distillation of the feed Gas after treatment.

The gas (now mainly methane) is sent to the Main
Heat (MCHE),
condenses to liquid at -162°C. The liquid is sent to

Cryogenic Exchange where it

special storage tanks awaiting shipment by LNG

vessels to customers in Asia and Europe.

17.2.1.3 LNG Production diagram (US5053209A)
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SUMMARY OF THE INVENTION

In a broad sense this invention comprises a process for treating raw natural gas prior to
liquefaction which comprises (a) passing a stream of raw natural hydrocarbon gas or liquid
through a zone containing activated carbon impregnated with sulfur, at conditions effective to
remove mercury from said natural gas; (b) passing the effluent stream of natural gas thus
treated through a sweetening zone operating at conditions effective to remove carbon dioxide
and hydrogen sulfide and/or then passing the effluent stream through an amine treating system
where additional hydrogen sulfide is removed, (c) subsequently passing the effluent through a
drier or dehydrator where water vapor is removed and (d) finally passing the effluent through a
heat exchanger to a further product treatment zone. In this invention there is positioned in the
flow line, preferably downstream of the dehydrator, or dryer, a body of activated carbon, silica,
alumina, or silica-alumina supports, which can be honeycomb shaped, extrudate, granules,
beads, and pellets containing free silver in an active state such that it forms an amalgam with
mercury. The silver preferably is deposited in a dispersed form on activated carbon, or even
more preferably on gamma alumina, although other supports can be used such as silica, other

aluminas such as alpha or beta, and silica-alumina. This technique is particularly useful in
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removing the residual mercury still remaining in the gas stream even after it has been treated

under optimum operating conditions by equipment located upstream.

17.2.1.4 Natural Gas Treatment
Stepl: Mercury removal

DETAILED DESCRIPTION OF THE INVENTION

In the prior art the most popular absorbent used to remove mercury is sulfur loaded on

activated carbon. The reaction between the sulfur and mercury is:
2Hg+S.sub.2 —2HgS
The optimum operating temperature has been determined to be about 170° F.

The substrate utilized in the method of this invention is metallic silver dispersed preferably on
activated carbon or on gamma alumina. Other usable support materials include other types of
alumina, silica, silica-alumina, silicates, aluminates and silica aluminates, as well as synthetic
and natural zeolites, to increase the metal surface area to greater than 0.01m:/g to improve
activity for mercury removal. The concentration of silver metal on the activated carbon or
gamma alumina should be between 0.1 and 20 percent by weight (preferably between 1 and 5
percent). The silver can be dispersed onto the carrier by impregnation, co-precipitation or other
well-known methods. The absorbent can be in the form of extrudate, beads, pellets and granules.
Pressure drop across a body of absorbent can be minimized by using absorbent in the form of

honeycomb, or "multi-lobe" configuration.
EXAMPLE

An adsorbent consisting of silver deposited on gamma alumina was prepared by saturating the
gamma alumina with an aqueous solution of silver nitrate, drying and calcining the
impregnated alumina, and then reducing the silver nitrate to free metallic silver by contacting
the alumina with formaldehyde. The adsorbent contained approximately 5 percent by weight of
silver. An initial test of the adsorbent in which 0.1 gram of the adsorbent was contacted with 100
milliliters of air equilibrated with mercury indicated that 98 percent of the mercury in the air

was removed.
Step2: Treatment CO2 removal
Amine Units

Amine-based solvents are an effective method for processing acid gas, from natural gas,
associated gases or unconventional gas sources which have varying compositions of hydrogen
sulfide and carbon dioxide. Depending on the composition of raw gas, we implement

formulated or generic amine based solvents for an optimal selective processing plant.
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Typical operating range Pump

absorder : 35 to50°c and 5 to 205 atm of absolute pressure

Regenerator : 115 to 126°c and 1.4 to 1.7 atm of absolute pressure
at tower bottom

Acid Gas Removal Amine Wash
Membrane Technology

In case of carbon dioxide rich gas, meeting product specifications requests a particularly efficient
method of removing carbon dioxide. In collaboration with Air Liquide Advanced
Separations/Porogen, Air Liquide Engineering & Construction offers hollow fiber membrane
technology for selective permeation of carbon dioxide while minimizing hydrocarbon losses.
This technology combines high permeability with high hydrocarbon resistance, making it an
attractive option for bulk carbon dioxide removal. In addition, the operation is highly flexible, it

requires little maintenance, making it ideal for remote and offshore locations
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Acid Gases Acid Gases

Raw Gas Sweet Gas

Cryogenic technology

For natural gas with high CO:zcontent, Cryogenic technology, alone or in combination with the
Air Liquide membrane technology, can produce pipeline specification natural gas. High
CO:zpartial pressure favors the partial CO: condensation and making its separation from natural
gas even easier. The CO:z and heavy hydrocarbons condense in the cold box and are collected at
high pressure. This Air Liquide Engineering & Construction proprietary technology also allows

Natural Gas Liquids recovery with almost no additional cost.

NG to Pipeline

@

RawNG
®
- CO,toEOR
@ Simple Pre-treatment (Dehydration, Mercury removal)
@ Cold Box
@ Membrane stage
@ Recycle Compressor
® CO, product Compressor

CO2 Removal Cryocap
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Step 3: Water removal (Glycol dehydration)

Dry
/T\Gas Flash Water
\I\ - gaes vapor
]
<
e p—— still
TEG 1
J Flash column
| S drum -
L
Glycol . Reboiler
Contactor
1
— | Filter
Wet : N
— TEG :
Inlet \'/
scrubber

The wet gas enters the inlet scrubber to remove solid particles. Then it will pass to the glycol
contactor. In the contactor the flow of wet NG will meet with the lean Triethylene glycol (TEG).
During the contact in the contactor the TEG will be invested by water and flows out of the
bottom out of the contactor. The Rich TEG continue to the internal heat exchanger which is
incorporated at the top of the still column in the regeneration section of the adsorption unit then
it flows to the flash drum where the flash gases are released and separated from the stream. The
TEG then runs to the cold side of the TEG-TEG heat exchanger. Just afterwards, the warm TEG
is filtered then runs into the regeneration system where it’s spread in the still column. From
there the TEG runs into the reboiler. The regeneration energy is around 282 kj/L of TEG, the
temperature should not exceed the decomposition temperature of the TEG. The regenerated
TEG is pumped to the hot side of the TEG-TEG heat exchanger and the NG-TEG heat exchanger

at the top of the contactor.
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17.2.2 Pre-cooled liquefaction process of natural gas

FIGURE 1
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101: pre-cooling apparatus

102: pre-cooled stream

103: hydrocarbon scrub column

104: stream

105: heavy hydrocarbon stream

106,107: stream

108: partially condensed feed stream

109: stream

110: vapor-liquid separator

111: liquid stream

112: pump

113: cold liquid reflux stream

114: vapor stream

115: the main liquefaction exchanger

116: stream

117: methane make-up stream

130: low pressure, warm main liquefaction refrigerant stream
131, 135: inter-cooled compressors

132, 134, 138: stream

133: intercooler

136: driver (electrical motor or gas turbine)
139: after cooler

140: high pressure fluid stream (P: 30-80 bara)
141: pre-cooled stream

142: separator

143: lighter refrigerant stream

144: heavier refrigerant stream

145: stream

146, 149: J-T valve

147,150: cryogenic refrigerant stream
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148: stream

154: multi-shaft gas turbine

158: multi-stage HFC compressor
160: stream

161: HFC condenser

162: sub-cooled HFC stream

163, 164, 165: combined stream

164 el

/

Description:

Step 1: Returning to Figure 1, a natural gas feed stream (not shown) is pre-treated for removal
of heavy hydrocarbon oils, particulates, CO2, and H2S before being sent to driers (not shown).
Drying may be performed using sea water cooling if the sea water is substantially below 22°C or
can be performed using the HFC refrigerant. After cooling the natural gas feed stream to a
temperature between 22-25°C, the natural gas feed stream is then sent to drier beds where
moisture is removed (not shown). The dehydrated natural gas feed stream 100 is then sent to be
pre-cooled at pressures ranging between 30-85 bara. Pre-cooling of dehydrated natural gas feed
stream 100 is performed in 1-5 cooling stages in series, for example, represented by the pre-
cooling apparatus 101. Figure 1 illustrates a 3-stage pre-cooling system. These serial cooling
stages use an HFC refrigerant at sequentially descending temperatures by lowering J-T valve
pressures making the HFC refrigerant supplied to the cooling stage (n) colder than that supplied
to the cooling stage (n-1), for example. The greater the number of cooling stages, the greater the
efficiency of pre-cooling due to close approaches of the cooling curve. If there are a total of (n)

HFC pre-cooling stages, then the feed cools in (n-1) stages to yield the pre-cooled stream 102.
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Step2: Pre-cooled stream 102 may then be sent to a hydrocarbon scrub column 103 which scrubs
away heavier (C3+) components of the feed using a cold liquid reflux stream 113 in order to
adjust the heating value of the final LNG. A bottoms stream 105 is sent either to a fractionation
train or to storage (not shown). It should be noted that due to space constraints on FPSOs, the
heavy hydrocarbon stream 105 exiting the scrub column 103 may be potentially shipped and
fractionated at a LNG receiving terminal. If fractionation is undertaken on the FPSO platform,
one aspect of the current invention also allows for the HFC refrigerant to supply refrigeration to
condensers of the various columns (such as a deethanizer) that may be involved in a

fractionation train.

Step 3: Stream 104, taken from the scrub column 103, constitutes the lighter overhead stream.
Part of stream 104 (i.e., stream 107) may be partially condensed using the HFC pre-cooling
apparatus 101. The partially condensed feed stream 108 may then be combined with the
uncondensed portion of stream 104 (i.e., stream 106) to form stream 109 and then sent to a
vapor-liquid separator 110 which disengages the vapor from the liquid. The liquid stream 111
from the vapor-liquid separator 110 may then be pumped in pump 112 back into scrub column

103 as stream 113 to act as the column reflux.

Step 4: The HFC pre-cooling refrigerant may be used to supply all of the scrub column reflux
condenser 110 duty without the need to use the main liquefaction refrigerant for such purpose.
Using the HFC pre-cooling to supply all of the scrub column reflux condenser 110 duty will
improve the efficiency of the system since typically cooling duties supplied by the typical
hydrocarbon refrigerants require much higher incremental compression power than the HFC
refrigerant. This is because of the significantly lower compressibility factors of typical HFC’s
when compared with lighter hydrocarbon refrigerants like CH4 and C2H6. Use of the HFC pre-
cooling to supply all of the scrub column reflux condenser 110 duty also reduces the size of the

main liquefaction exchanger 115 and simplifies control issues and plant layout.
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Step 5: Vapor stream 114 from the scrub column reflux condenser 110 may be sent to the
cryogenic section of the plant that fully condenses and sub-cools vapor stream 114 to form LNG
product stream 116. The cryogenic section comprises the main liquefaction exchanger 115. In the
cryogenic section, either a refrigerant consisting of mixed hydrocarbons with 0-30 mole% N2 or
pure N2 may be used, for example. In one embodiment, the main liquefaction refrigerant may be
a mixture containing 0-30% N2 and hydrocarbons such as methane (0-50%), ethane (0-75%), and
butanes (0-50%). In another embodiment, the main liquefaction refrigerant may be a mixture
comprising a first stream of methane derived from a natural gas stream, a second stream, where
the second stream is an ethane enriched stream that is predominantly ethane, and a third
stream, where the third stream is a nitrogen enriched stream that is predominantly nitrogen. The
methane stream can be derived from natural gas in one of two ways. If natural gas stream 100
(illustrated in Figure 1) is lean (i.e., contains more than 90 mole % methane and less than 3 mole
% propane) then a part of that stream may be used to make up the mixed refrigerant. If natural
gas stream 100 (of Figure 1) is not lean (i.e., contains more than 3 mole % propane) then it may
be pre-cooled against the HFC in pre-cooling apparatus 101, scrubbed in a scrub column 103 (of
Figure 1) that removes excess propane and other heavier hydrocarbons, and pre-cooled further
to produce the methane make up stream 117 (of Figure 1). This procedure ensures that the
methane make up stream used to make the mixed refrigerant contains low enough amounts of

propane for safety.

The use of propane, which is considered to be unfavorable for use on the FPSO due to the
possibility of formation of flammable clouds at surface level, may be eliminated, or nearly

eliminated when using HFC’s as a pre-working fluid.
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Step 6: The main liquefaction exchanger 115 may be a wound coil exchanger, a plate-fin
exchanger, or any other exchanger typical for cryogenic service. Vapor stream 114 may enter the
main liquefaction exchanger 115 where it is condensed and sub-cooled and exits as LNG
product stream 116 at a temperature between -140°C to -170°C and pressure between 30-85 bara,

for example.

Step 7: The condensed and sub-cooled LNG product stream 116 may be further processed by
reducing its pressure in a liquid expander (not shown) or a flash valve (not shown) to around 1.2

bara, forming flash gas and a liquid LNG product. The LNG product may be subsequently sent

LUl g

to storage, for example.

141 3

[~ 130

Step 8: The low pressure, warm main liquefaction refrigerant stream 130 may be sent to a
sequence of inter-cooled compressors 131, 135 where the stream 130 is first compressed in
compressor 131 to form stream 132, cooled in intercooler 133 to form stream 134, further
compressed in compressor 135 to form stream 138, and then further cooled in aftercooler 139 to
emerge as a high pressure fluid stream 140. Compressors 131 and 135 are driven by driver 136.
Driver 136 can be an electrical motor or a gas turbine. High pressure fluid stream 140 may be at
pressures ranging between 30-80 bara and a temperature dictated by: (1) the working fluid used
in the intercooler 133 and aftercooler 139; and (2) the size of the intercooler 133 and aftercooler
139. While Figure 1 illustrates the mixed refrigerant compression system having one intercooler
133 and one aftercooler 139, multiple intercoolers and aftercoolers may be implemented, for
example. The working fluid used in the intercooler 133 and aftercooler 139 may be air, or
typically for FPSO applications, sea water, or fresh water, which is in turn cooled by sea water,

for example.
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Step 9: The cooled high pressure refrigerant stream 140 may be pre-cooled using pre-cooling
apparatus 101 resulting in pre-cooled stream 141. Pre-cooled stream 141 may be separated into
lighter refrigerant stream 143 and heavier refrigerant stream 144 in separator 142. The lighter
refrigerant stream 143 may then be condensed and sub-cooled in the main liquefaction
exchanger 115 to form stream 148, expanded in J-T valve 149 to generate cryogenic refrigerant
stream 150 having a temperature between -180°C to -120°C, before it is then vaporized in the
main liquefaction exchanger 115. The heavier refrigerant liquid stream 144 may also be sub-
cooled in the main liquefaction exchanger 115 to form stream 145 where it may then be
expanded in J-T valve 146 to generate cryogenic refrigerant stream 147 to also be vaporized in
the main liquefaction exchanger 115. The current process may also include a hydraulic expander

(not shown) before J-T valve 146 to improve efficiency.

The combined cryogenic refrigerant streams 147, 150 boil at successively higher temperatures
while flowing down the main liquefaction exchanger 115 before eventually exiting the
exchanger as the vapor stream 130 at or slightly above dew point thereby completing the

refrigeration loop.
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MCHE:

The MCHE is a spiral wound heat exchanger consisting of bundles with thousands of tubes to
provide sufficient surface area needed for a close temperature approach between the inlet gas
and the cooling medium. These bundles can be classified as warm and cold bundles and are

arranged in a vertical shell with the warm bundle on the bottom and the cold on top.
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The high pressure mixed refrigerant is first cooled by propane and is subsequently separated
into light and heavy mixed refrigerant streams. The high pressure mixed refrigerant and feed
gas streams flow upward through the tube side of the MCHE while the high pressure mixed
refrigerant undergoes a series of flashes dramatically reducing the temperature. The cold flashed
mixed refrigerant flows counter current (shell side) to cool both the inlet gas and the inlet mixed
refrigerant. A final cooling stage is accomplished through a J-T valve or hydraulic expander to
further cool the liquid and remove any excess nitrogen. At this stage, the gas stream is fully
liquefied to -160°C, and is pumped to storage. The warm vaporized MR stream is taken off the
bottom (shell side) of the exchanger and enters the first stage suction of the MR compressor. The
compressed MR is first cooled with air or water followed by propane before returning to the

MCHE to repeat the process.
Thermal Design

A Spiral wound heat exchangers (SWHEs) is generally used in LNG plant.
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As to suit process requirements three bundles are arranged in series, installed in a common
shell. Each bundle has a diameter of 1,325 mm and the total installed heating surface amounts to
3,900 m2. Bundle no. 1 is used to liquefy heavy hydrocarbons of the natural gas stream. Bundle
no. 2 leads to partial liquefaction and in bundle no. 3 total liquefaction and sub-cooling to
around -162°C are achieved. Each bundle has a separate distribution system for the shell side
MRC.

Mechanical Design

All parts of the exchanger are in aluminum alloys whereby particular care was taken to select
the appropriate alloys for critical items. Design pressure for the shell side is 28 barg due to

overall plant conditions and for the tube sides 48 barg. Design temperature is +55 / -175°C.

The SWHE is designed in such a way that each of the three tube bundles has its own mandrel,
support star, distributor system and shroud. Each bundle is hanging freely on several support
arms via special shaped support bars so that shrinkage and expansion of the tube bundle due to
rapid temperature changes during start-up or shut-down occurs with a minimum of stress

between tube bundle and shell.

Each tube bundle is to be wrapped into a shroud which is seal-welded on the upper side to the

shell to avoid any by-pass of refrigerant between bundle and shell.

The bottom section of the SWHE is designed so that it can be used as a separator. As the SWHE
had to be installed in a cold box all bonnets and nozzles had to be designed for adequate
elevation and orientation in particular in view of interconnecting piping and wall penetrations.
The cold box was designed to accommodate the SWHE with a diameter of 1,500 mm and a total
height of 28,600 mm including separator, all interconnecting piping, control valves, drains, vents

and all instrumentation.
Manufacturing

First the mandrels with support arms and the drilled tube sheets placed in their final position

were fabricated and assembled.
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Three Bundles during Winding

Then the tubes were wound helically on the mandrel with a constant pitch and the winding
direction being changed at each layer. Spacer bars were installed between each layer to provide
the required spacing. Each tube was wound individually as to ensure proper line-up of the
tubes. Particular attention was paid to keeping unsupported length of tubes between bundle and
tube sheet within given limits. The bundle winding was performed in parallel on three winding
benches. The tube ends on the tube sheets were then prepared for welding. A special welding

process was developed for this rather critical welding seam and applied with excellent results.

After the three tube bundles had been wrapped into shrouds they were assembled with the
prefabricated shell sections and completed to one exchanger. As soon as the pneumatic pressure
tests on shell and tube sides had been carried out, the SWHE was installed in the cold box.

Prefabricated pipe sections were connected to exchanger, separator and valves. The
instrumentation was installed followed by an additional pneumatic pressure test for all systems.

Finally, the completed cold box was sealed and prepared for transport.

SWHE Installation into Cold Box The SWHE Cold Box

OPERATION AND PERFORMANCE

To demonstrate and prove the thermodynamic and hydraulic design as well as the mechanical
integrity the exchangers are equipped with a large number of flow -, temperature -, pressure -
and pressure difference indicators. As a special feature about 30 calibrated temperature

indicators are installed in the three bundles to compare predicted with actual temperature
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profiles of the SWHE. These temperature indicators provided a complete detailed picture of the

temperature profiles of each bundle.
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FRICR ART

A main heat exchanger of a type known in the natural gas liquefaction field is shown in the
schematic drawing of Fig. 1. This particular exchanger utilizes two coil wound bundles for the

final cooling and liquefaction of a pretreated natural gas feed.

Stepl: Main heat exchanger 1 comprises pressure vessel 3, warm heat exchange zone 5, and cold
heat exchange zone 9. A first coil wound heat exchanger bundle is utilized in cold heat exchange
zone 5 in which a feed gas provided in line 11 is initially cooled in tube circuit 13 against a
vaporizing refrigerant (later described) on the shell side of the bundle. Tube circuit 13 represents
multiple tubes which are part of a coil wound bundle, wherein the bundle also includes tube
circuits 31 and 39 as described later. Tubes typically may be made of aluminum. Feed gas in line
15 which has been cooled and at least partially condensed optionally is reduced in pressure

across throttling valve 17.

The reduced-pressure feed then flows via line 19 into tube circuit 21 in cold heat exchange zone

9, wherein the feed is further cooled and withdrawn as product via line 23.
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Step2: A two-phase compressed refrigerant, typically a multicomponent refrigerant containing
light hydrocarbons and optionally nitrogen, is supplied via line 25 from a refrigerant
compression system (not shown) and flows into phase separator 27. Refrigerant liquid is
withdrawn via line 29, subcooled in tube circuit 31, and reduced in pressure across throttling
valve 33. Optionally, a hydraulic expansion turbine may be used to extract work from the

refrigerant liquid prior to throttling valve 33.

Step 3: The refrigerant from throttling valve 33 is combined with refrigerant flowing downward
from cold heat exchange zone 9 (described later) and the combined refrigerant is distributed via
distributor 35. The combined refrigerant flows downward over the outer or shell side of the coil
wound bundle therein while vaporizing and warming to provide a portion of the refrigeration
for cooling the feed gas in tube circuit 13 as earlier described. In addition, the vaporizing
refrigerant provides some of the refrigeration to sub-cool the refrigerant vapor in tube circuit 31

and to cool the liquid refrigerant in tube circuit 39 (described below).

Step 4: Vapor refrigerant is withdrawn from separator 27 via line 37, is cooled and may be

partially condensed in tube circuit 39 in warm heat exchange zone 5, and finally passes through
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tube circuit 41 in cold heat exchange zone 9, wherein it is liquefied and optionally subcooled.
This refrigerant is reduced in pressure across throttling valve 43 and distributed via distributor
45 in cold heat exchange zone 9. This refrigerant flows downward over the outer or shell side of
the coil wound bundle and vaporizes to provide a portion of the refrigeration for cooling the
feed gas in tube circuit 21 as earlier described. In addition, the vaporizing refrigerant provides
some of the refrigeration to cool the refrigerant in tube circuit 41. Distributor 45 is shown
schematically and may include means for phase separation and distribution of separate vapor
and liquid refrigerant streams to heat exchange zone 9. Two-phase refrigerant leaving the shell
side of cold heat exchange zone 9 enters warm heat exchange zone 5 and joins with the
refrigerant discharged from throttling valve 33. The combined refrigerant is distributed via
distributor 35 and flows downward over the outer or shell side of the coil wound bundle in
warm heat exchange zone 5. The refrigerant is typically totally vaporized upon reaching the
bottom of heat exchanger pressure vessel 3, and is withdrawn as vapor via line 47. This vapor is
compressed in the refrigerant compression system (not shown) and optionally precooled to

provide the two-phase cooled compressed refrigerant via line 25 as earlier described.
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Step 5: Tube circuits 13, 31, and 39 in warm heat exchange zone 5 are parts of a single coil
wound tubing bundle which is installed in warm heat exchange zone 5 of heat exchanger
pressure vessel 3. This coil wound tubing bundle can be fabricated by methods known in the art
of coil wound heat exchanger fabrication in which groups of long aluminum tubes of similar
length are helically wound about an axial central core or mandrel. The mandrel may be a
cylindrical pipe having a length, outer diameter, and wall thickness which impart the required
structural strength to support the desired layers of tubing. In one method of bundle fabrication,
solid rods may be wound helically about and in contact with the mandrel, spacers may be
installed on the wound rods parallel to the mandrel axis, and then tubes may be helically wound

in a first layer in contact with the spacers.
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18 Electrical Systems in Power Plants»
Summary

This chapter covers grid requirements, station power systems, and major electrical components in
THERMAL POWER PLANT thermal power plants (IPP). Grid requirements at an IPP location are
discussed in terms of reliability and availability of off-site power, the need for a secure electricity supply
for the electrical generation process, and the role of electricity in ensuring the safety of THERMAL
POWER PLANT thermal power plants. The chapter also describes the operating principles of the major
pieces of electrical equipment found in a THERMAL POWER PLANT plant.The chapter is divided into
four parts. In the first part, general and thermal safety-based principles and practices for the design of
electrical systems in THERMAL POWER PLANT 6 plants are listed.

In the second part, the main electrical connection to the power grid is explained. The concepts of
switchyard, protection schemes, grid connection, and synchronization are also addressed from a
THERMAL POWER PLANT IPP point of view. The chapter considers situations involving electric
power production during normal operation, as well as power consumption for maintaining plant safety
during shutdowns. The relationship between internal station power, generated power, and grid power is
clarified in light of incinerator safety.

The third part discusses the internal plant electrical system. The section offers a detailed classification of
power sources by their reliability levels and explains the interrelationships among them. The section also
provides a justification for the classification of these power sources and introduces the concepts of DC
power sources, standby power supplies, and emergency power systems.The final section briefly introduces
the major electrical systems and devices in a THERMAL POWER PLANT plant, including the generator,
transformers, voltage/current transducers, and circuit breakers. The section first explains the operating
principles of these systems and devices and then provides their specific ratings and designs in a
THERMAL POWER PLANT plant.

To facilitate learning, a list of exercises has been compiled at the end of the chapter. The reader should
attempt to answer these questions to gain further understanding of the materials presented. Additional
information on electrical systems in thermal power plants can also be obtained through the list of key
references provided at the end of the chapter.It is important to note that electrical systems may vary
slightly in different THERMAL POWER PLANT plants. For example, some diagrams may show
elements of shared systems, the THERMAL POWER PLANT 6, as a single unit design where the design
principles exclude sharing except for the switchyard. The main goal of this chapter is to provide a basic
knowledge of electrical systems in a THERMAL POWER PLANT plant, rather than to examine details of
a specific plant.

Learning outcomes

2 [Essential], Chapter 11
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The goal of this chapter is to provide students with a clear understanding of the importance
of the availability of electrical power for maintaining the safety of a thermal power plant
under conditions different from the normal mode of operation, but which are, however,
within the conditions evaluated in the safety analysis report.

Students should be able to explain why grid power is as important to the safety of an IPP as
the power output from the IPP is to the grid.

Students should be able to identify any deficiency in the reliability of the power grid at the
power station location.

Students should be able to read the station power distribution diagram by identifying
different classes of power sources, i.e., Class I through Class IV. They should also be able to
match the names of the safety-related systems with the corresponding power classes.

Students should be able to describe the relationships among the different classes of power
sources.

Students should be able to explain the functionalities of both standby generators and the
emergency power system.

Students should be able to list the major systems involved in power generation and
transmission.

Students should be able to explain the principles of energy conversion from mechanical
energy to electrical energy through synchronous generators.

Students should be able to describe the functionality and working principles of the excitation
and cooling systems of the synchronous generators.

Students should be able to describe the working principles of transformers and
voltage/current transducers, as well as to identify where in the plant they are used.

Students should be able to identify and describe the different types of circuit breakers and
disconnect switches.

Finally, students should be able to explain how the generated electricity is delivered to
millions of customers.
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