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Ab tract 
I n  thl· the'is, the model ing and imulat ion of the absorption of d i l ute CO� into fal l i ng 

f i lm of aque us solut ions of a tcrical ly hindered amine, 2-amino-2-methyl - l -propanol 

(/\ lP), \\;1. canied out u ing 0 is L f\lu l t iph;sics Versi 11 3.3. The operat ing en 'es \vere 

d iv ided i n  t\\ 0 groups: (f) ga, turbine operat ing cases (C02 3 mol 0 0 ) and ( I I )  boi ler operat ing 

cases ( 2 8.5 mol 0 0 ) . The key operating parameters for the studied cases are CO2 part ial 

pre' ure, operat ing temperature and amine concentration i n  the aqueous solut ion. The 

: imulat ion fo u cd 011 thc fol lowing: (I) O2 Loadi ng i n  aqueous AMP ol ution; ( 2 )  

Required contact t ime t o  reach equi l ibrium; (3) pH o f  rich AMP aqueous solut ion; and (4 )  

Total required i nterfacial  area Ic ircu lated AMP aqueous solut ion .  

The modding was validated by solv ing the model under specifi c  experimental operating 

condit ion and compari ng the predicted CO2 loading with expelimental resul ts. The 

perc�ntage error b tween the model ing and experimental was 3.97 %. The CO2 loading i n  

A MP aqueous solut ion approached one for ome cases and i s  below 0.5 for other cases. H igh 

operat ing pressure, low operating temperature and low A M P  aqueous concentration enhance 

CO2 loading. The compression requirement for gas t urbine flue gas was found to be h igher 

than for boi l er flue ga . The pH of rich AMP aqueous solut ion at maximum CO2 loading was 

. The requ ired contact t ime to reach equ i l ibrium decreases with temperature i ncreases. 

F i na l ly, the resu l ts were uti l ized to estimate the lower bound to the size of a structured 

packed column a absorber for 100 M MSCFD total flue gas f low rate. 
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CH A PTER 1 
I T R O DUCTION 

fhe green house effect is t hat certa in  gases in the I'artb', atmosri > It ]' I I ] , , < ,  lcr� � sun 19lt t lroug 1 
(0 the Earth': surfac�.  and the ll trap (absorb) olltlloin () in (" ra r,,· 1 (\ ) d' " " < '-U ong-\\ ave ra JatlOn, much 

I l 1  the amc wa) that a greenhou e prevent heat trom escaping th gh't I \ 1 rou 1 g ass pane s. T 1e 

gas " t hat' n t ri bute mo, t to the greenhou e effect are carbon di x i  de (C02), methane (CH4), 

n itrous oXide ( 2 ) ,  and il uorine compound ( 1 1 . 

A 
:0': " "_,,.tl�� .",:twn. ,d.·,hc" I""'" Ull we). 

V 
'l /IJ- ;>iIlh �:�:urt':l"r: 

L GU;"" .. -·r: 11 ... ·'11 1.'1.htlkd fr 0111 ILr: "'-iI1h 
1: p.iIh.'111 =..- db,,(.! b, d by gt .:t'lIhou:;e g,:"��,,. 
'.J;:lu ch U1CI n'�t":? til.>: ":!1 th'" ,,'<-t'l ... go:" it-ttL P""- dtUl: e 

ATMOSPHERE 
(CoIllposed ofless l!i.'Ul1 �.:) 
&. t'1-Jl0U:.�t:" g . .iSt-SI 

EARTH'S 
SURFACE 

F igure 1 -A:  Green house effect phenomena PI 

The A E's CO2 emi s ions increased from 60,809,000 tonnes in 1990 to 94.163,000 

tonnes i n  2002. Present l y. the country h as one of the highest per capita commercial energy 

consumption rates i n  the worl d .  Due to better technology and t ransit ion to more natural gas in 

power plants,  emis  ions o f  CO2 per capita have decreased. In  1990 t he U E emitted 32.6 

tonnes CO2 per person per year. I n  2002 the figure had dropped to 25. J tonnes per person per 

year. l ea\
'Jllg  AE as number 4 on the top emi tter per capita g lobal ranking l ist. On January 

26lh, :2005 A E  became a member o f  United ations Framework O lwent lon on C l i mate 

Change ( FC C) after i t  _ i gned the Kyot Protoco l .  
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Figure 1- B: Annual  CO2 em issions for certain countries [2] 

Burning of fos i l  fuels is the main cause of emis ions of greenhouse gases. The most 

important stationary art ificial  sources of emi sions in Abu Dhabi are :  

• Oil  refineries.  

• Oi l gathering centers. 

• O i l  pl atform . 

• Petrochem ical and fert i l i zer plants. 

• Power-and desal ination plant [2 ] .  

There are five main techniques to  recover CO2 from flue gas: chemical and physical 

absorption, o l i d  p h ysical adsorption, cryogenic separation, membrane separation and 

alkal ine salt based process. Each technique has some advantages and disadvantages related to 

operation design and economics.  The main objective of the thesis is to find an economical 

recovery technique, based on the results of simulations carried out by systematica l l y  

changing several operating parameters for two case studies; gas turbine case study and boi ler 

case study .  Based on the resu lts from simulations, the prel iminary design of the absorber 

tower was carried out. 

3 
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Figure l -C:  Key sources of CO2 emissions in Abu Dhabi [2 ] 

The report is organized into even chapters the first of them being a general introduction 

about the green house phenomena, comparing UAE yearly CO2 emission with other countries 

and identi fying the main sources of CO2 emission in UAE. The second chapter highl ights the 

main objective of this the is which is to recover CO2 in a practical and economic way. The 

third chapter stud i es the main techniques to recover CO2 from flue gas which are chemical 

and phy ical ab orption sol i d  physical adsorption, cryogenic separation, membrane 

eparation and a l kal ine salt based proces to screen them and select the most suitable one as 

thesi subject. The fou rth c hapter develops a model for the selected technique which is CO2 

ab orption into amine aqueous sol ution. As simpl ifi cation, the wetted column model was 

adopted . The fifth c hapter presents the results of the model ing under different operating cases 

for gas turbine and boi ler fl ue gases. The sixth chapter reports the results of calculation aimed 

at estimating the lower bound to the ize of a structured packed column as absorber for 100 

MMSCFD flue gas from gas turbine and boi ler. Fina l l y, the seventh chapter contains the 

conclusi ons and recom mendations for future work. 

4 



C H APT E R  II 

O BJ E C TIV E 
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C H  PT E R  II 

O BJECTI V E  

1 he general obJective' of [hi thcsi arc: 

• T find an economical technique that recovers CO2 with high purity by searching 

in scientific pap r and report ; 

• Tl identify and c"aluat the available applied or propo ed tc hnique to recover 

C 2. b tudying the principle, advantages and disadvantages of each; 

• To develop a modeling with high degree of accura y for the selected technique, 

capable of cal ulating the required parameters in a wide range of practical 

operating conditions. 

The specific objecti es of this  thesis  are: 

• To apply the modeling for actual available applications 111 the United Arab 

Emirates (gas turbine and boiler); 

• To optimize the operating condition required for the selected applications (gas 

turbine and boiler) by systematically changing the operating parameters. 

• To reduce the operating cost by minimizing the requirement of compression and 

cooling of flue gas. 

• To reduce the cost of pumping. the size of absorber and stripper columns, and the 

reboiler heat duty by maximizing the concentration of circulated AMP solution; 

• To carry out preliminary design estimation of the absorber tower based on the 

optimization study. 

6 



CHAPT E R  I I I  

L I T E RA T U RE R E V I E'V 
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H APT E R  III 

LITERA T U R E  REV I E\rV 

3.1 Introduction 

ThlS chapter re\ iew and tudie different, eparation proces cs used to rec ver CO2 from 

tlue gas. Each eparation technique was tudied and summarized from the viewpoint of 

de ign and operating i ue and limitations. There are five main apl roaches to recover O2 

rr0111 t1uc ga /3]: 

I. hcmical and Phy, ical Absorption 

2. lid Phy ical Adsorption - pressure wing and temperature swing adsorption 

3. Low Temperature Di ,tillation (Cryogenic Separation) 

4. lembrane Separation 

5 .  Alkaline Salt Ba ed Process 

3.2 hemical Ab orption 

Alkanolamines are u ed to absorb CO2 from flue gas streams. The chemical reactions 

that take place are exothermic. Different amines have different reaction rates. Alkanolamines 

can be di vided into three groups: 

1. Primary Amines whose members include monoethanolamine (MEA) and 

diglycolamine (DGA); 

2 .  Secondary Amines whose members include diethanolamine (DEA) and di­

i opropylamine (DIP A)· 

3 .  Tertiary Amine whose members include triethanolamine (TEA) and methyl­

diethanolamine (MDEA) f3]. 

Table 3 .2-A:  Chemical formulas of alkanolamines [4] 

Arnines FOlmula 

MEA CH2 OH CH2NH2 

DGA CH2NH2 CH20 (CH2h OH 

DEA (CH3)2 CH2 Hz H 

DIPA CH H CH (CHzh (CH3h (OHh 

TEA (CHz)s CH2N (OH)3 

MDEA CH3 (CH2)4 (OHh 

8 



The, tandard proce flow diagram ( P FD) of Regenerable Alkanol amine Proce se for 

recovery of O2 from flue ga i pre ented in Figure 3 .2-A. 

Flue 

('Ot)lul� 
\VMel Blowe! 

Direct 
-��Contact 

Cooler 

\v .. teI to 
Recycle 

E..�t '+:1.' 
(Rl h III 

N, 

AJUllle 'oolel 

R1 c II .-\.1ll1ll e 
Pump 

Refill'\: 
-'011 lellsel 

CO� to 
[)e.lwdrab.on • 

RefIll,\: Pump 

Steam 

Boostel Pump 

Slud�e 

Figure 3 . 2-A:  Standard PFD of regenerable a l kanolam i ne proces for recovery of CO2 

from flue gas [4] 

Prior to e ntering to the ab orber, the flue gas needs to be cooled by a d irect contact 

cooler, as it i too hot, as wel J  as treated to reduce the particulates and other i m purities such 

as SOx and NOx to tolerable levels by add i ng caustic sol ution to cooling water. A feed bl ower 

provides the necessary pressure for the pretreated flue gas to overcome the pressure drop i n  

the absorber [4] .  The flue gas stream and liquid amine sol ution are contacted by 

countercu rrent flow in an absorption tower. Usual l y, the flue ga to be scrubbed at the bottom 

of absorber, flow up, whereas the sol vent enters the top of the absorber, flows down 

(contacting the flue gas), and gathers at the bottom. Di lution of the circulating amine with 

water is done to reduce viscosity of the circu lating fl uid [3]. The amine selectivel y  absorbs 

CO2 from the flue gas by chemica l l y  reacting with it. Smal l  amounts of oxygen physical l y  

di o]ve in the amine sol ution [4] .  

9 



The nch amine ,olution. i,e. the liquid amine oluti n containing the absorbed tlue {!,<l" i 

pumped D th lich I an heat exchanger and then to a regeneration unit where it i heated and 

CO2 i lIberated [31. mall portion f it i fed to a reclaimer, where heating to a higher 

temperature and ad lition of oda a h or cau tic s da facilitate precipitation of any 

d gradation b 'Products and heat table amine alt which are products of Ox and Ox 

reaction with the amine in the ab orption column [4]. 

Regeneration of amine i often carried out at low pressure to enhance desorption of CO2 

from the amine lution. The C02-rich vapor stream from the top of the stripper is passed 

through a retlux conden er where it i partially condensed resulting in the separation of a CO2 

tream and a conden ate tream which is fed back to the stripper. The main function of the 

conden er is to recover all carryover amine solution [4]. 

The hot lean amine solution then flows through a heat exchanger (shell side) where it is 

contacted with the rich amine solution (tube side) from the contact tower. Then lean amine 

olution i returned to the flue gas contact tower [3] . 

The detailed de ign of the unit shown in Figure 3.2-A depends on many factors, among 

which the type of alkanolamine used to absorb CO2. There are three key aspect to be 

considered: (1) the solubility of C02 in the aqueous alkanolamine solution which affects the 

amount of CO2 that can be absorbed per unit amount of solvent; ( 2 )  the rate of absorption 

which is a kinetic aspect that affect absorption equipment size; ( 3 )  the heat of absorption and 

de orption. as it affects the amount of energy required to recover the solvent for recycling. 

The next section discus es key aspects of the main types of alkanolamines that are either used 

1I1du trially or are being considered for use, according to the literature [3). 

3.2.1 Primary Amines ( M EA) 

Primary amine such as MEA are the traditional solvent of  choice for carbon dioxide 

ab orption. MEA is the least expensive of the alkanolamines, has the lowest molecular 

weight. and has the highest theoretical ab orption capacity for carbon dioxide. This 

theoretical upper absorption capacity of MEA is not realized in practice due to corrosion 

problems [3]. As result, uninhibited MEA solutions are generally limited by corrosion 

problems to about 1 5 -20 wt% MEA. The low MEA concentration raises the reboiler duty. For 

example, the reboiler duty increa es 20% when the MEA concentration decreases fi'om 30 to 

1 5  \\ to,o. The required pump power increases even more. Some corro ion inhibitors in 

conjunction with a quantitative oxygen and NOx removal system allow the MEA 

concentration to be rai ed to 25-30 weight percent [5]. 
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In addi t i  n l EA ha the highe t vap r pre ure of any of the al kanolamine and h igh 

sohent carr ver dunng ab rpti n and regeneration. I n  order to reduce olvent 1 0  e ,  a 

\\'ater wa h of th puri fied ga tream i u ua l ly  requir d .  

FU11hemlore, reacts in-eversibl  with m inor impulit i  s uch a 0 ,  CS2 and Ox 

re ult ing in olvent degradation. Foaming o f  the ab orbing l iquid  M E  due to the bui ld -up o f  

impuri t ie  can a l  0 b e  a cone rn [3 1 .  

For MEA ab orber yst ms, the ab orption and desorption rates are reasonably high. 

Ho\ ever, the column packing represents a sign i ficant cost, and i ts energy consumption is 

also i gn i ficant for flue gas treatment .  In add i t ion, the stripping temperature hould not be too 

high. Othen i e, d imerization o f  carbamate may take place deteriorating the absorption 

capabi l i ty o f  M EA [3J.  

I n  a commercial proce s, concentrations o f  MEA up to 30-wt% have been employed 

uccessfuUy to remove 0% - 90% o f  the carbon dioxide from the feed gas. The process has 

been u ed to treat flue gas, however, some cool ing and compression o f  the gas i s  required to 

operate the system. A nother commercia l  process, which uses 20% M EA with i nh ib itors, i s  

also offered for flue ga treatment [3] . 

The Econamine FG process uses an inhibi ted 3 0  wt% M E A  solut ion.  These features a l low 

the widespread use o f  carbon steel and give the process the lowest stripper reboi ler steam 

demand among all of the wel l -establ ished commercial  processes. It can recover 85-95% o f  

the CO2 i n  the flue gas and produces a 99.95+% pure C02 product (dry basis) .  The i nh ib i tor 

not only tolerates oxygen and NOx-contain i ng flue gas, but al 0 require oxygen to maintain 

i t  act iv i ty. The process can be used with SOx-contain ing tlue gas after S02 scrubbing. The 

aJdit i  nal S02 scrubbing return an environmental benefi t .  The Econamine FG proces is not 

appl icable to reducing gas streams, for i nstance streams contain ing l arge amounts of carbon 

monoxide and hydrogen, on streams that contain more than I ppm hydrogen sul fide, or on 

stream that ha  e less than 1 vol% oxygen. The process is app l i cable to pressurized gas 

streams, but the fu l l  commercial advantage of th is  process l ies in atmospheric pressure 

appl i cations [ 5J. 

Kerr-McGee/AB B  Lummus Global has l i censed four units that use 1 5 -20 wt% M EA to 

recover CO2 from coal -fired flue gas. The plant capacit ies vary between 1 80 and 720 

tunnes day [ 5 1 . 
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3.2 .2 econdary and Tertiar. mine 

ec ndary mmn hu\. e ud antage ver primary ami ne 10 that their heat o f  reactIOn with 

carbon di xide i 10\\ er. Thi mean that econdary aml I1e require Ie heat in the 

r generation step than primary amine . Tel1iar mni n  have lower r act ion with carbon 

d Ioxide than primary and econdary ami ne thus require higher c i rculation rate of l i quid to 

rem e carb n d iox ide compared to primary and econdary amines. A major ad antage o f  

tert iary amine i their low r h at requirements for carbon diox ide desorption from the carbon 

di xide ontain ing s I vent. Table 3 .2 .2-A displays data for the heat of reaction between three 

amlO e  and carbon dioxide [31. 

Table 3 .2 .2-A: H eat of reaction between Amines and CO2 [3] 

Amine M E A  D EA MDEA 

( Primary) ( Secondary) (Terti ary) 

llHrfor carbon dioxide ( BTU I Ibm CO2) 820 650 577  

Tertiary amines show a lower tendency to  form degradation products than primary and 

secondary amine , and are more eas i ly  regenerated. In addi tion,  tertiary amines have lower 

corrosion rate compared to primary and secondary ami nes [3]. 

The energy required to regenerate ami ne i s  an important factor for amine election. For 

thi type of appl i cation the regeneration energy is referred to as reboi ler heat duty. The 

reboi ler heat duty is essential ly a sum of the energy ut i l i zed for three main purposes: rais ing 

the temperature o f  CO2- loaded solut ion to the boi l i ng point, breaking the chem i cal bonds 

between CO2 and absorpt ion solvent, and generat ing water vapor to establ i  h an operating 

CO2 partial pre sure needed for CO2 stripping. The l evel o f  reboi ler heat duty relates d i rect ly  

to the quant i ty o f  CO� stripped from the regeneration column and the  qual i ty of lean solut ion 

fed back to the absorption column.  That is ,  a higher heat duty resu l ts in  a larger amount of 

CO� pr duct and a l eaner solut ion leaving the regeneration column r 6]. 

Figure 3 .2 .2-A shows the reboi ler heat duty of MEA, DEA, and MDEA at 0 .50 mol/mol 

rich-C02 loading and 4 .0  kmollm3 alkanolamine concentration .  As the reboi ler heat duty 

increases, the l ean-C02 loading decreases and fi nal l y  stab i l i zes at a min imum value 

(equ i l ibrium condit ion ) .  The min imum lean-C02 loading is  speci fi c  to each alkano lamine, 

i .e . ,  0 .22 mol mol for MEA, 0.06 mol/mol for DEA, and 0 .02 mol/mol for MDEA. The 

mi nimum lean-C02 loading is an indication of the l iquid c i rculation rate. A h igher min imum 

lean-C02 load ing uggests a greater l iquid circulation rate. MEA requires a greater l i quid 
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c Irculat l  n rate than D and I D EA to apture a given amount of  O2. lvl E appear to 

require the h igh t reb !Ier heat dut f I lowed by DE and M DE 16J. 
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Figure 3 .2 .2-A:  Reboi ler heat duty of M EA, DEA and M DEA solut ions [61 

Terti ary ami nes show a lower tendency to fonn degradation product than primary and 

econoary amines, and are more ea i l y  regenerated . In addit ion,  tert iary amine have lower 

corrosion rates compared to primary and secondary ami nes 131. 

l t  may be pointed out that COITosion has been a serious IS ue 1 11 aml l1e processes. I n  

general, al kanolamines themselves are not corrosive t o  carbon steel; the d issolved CO2 is  the 

primary corroding agent. As such, the alkanolami nes indirect ly  i nfluence corrosion rate due 

to their ab orption of CO2. The observed corrosivi ty of a lkanolamines to carbon steel IS 

general l y  i n  the order (Primary Amine > Secondary Amines > Tert i ary Am incs) (31. 

3.2.3 Sterical ly Hindered Amines 

Pri mary and secondary ami nes react rapidly with C02 to fonn carbamate with a 

stoichiometlic loading of 0 .5  mol of C02/mol of amine. The CO2 loading in the sterical l y  

11 lndered amine approaches a val ue o f  1 .0 mol o f  C02/moi of amine a in  the case of the 

tert i ary amine M DEA, whi le the react ion rate constant for CO2 is much h igher than that for 

CO2 i n  iDEA \71. 
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The Jdea of  u ing h indered amine i ba ed n the reaction rate of the acid ga e with 

di fferent amme molecule . In the ca e f O2 remo ai ,  the capacity of the sol vent can be 

bTfeat ly enhanced If one of  the intern1 d iate r act ions, i .e. thc carbamate forn1ation reaction 

can be ' Iow·cd Jown b pro\. iding t lic hindrance to the reacting CO2. Thi hi ndrance dIect 

can be achieved by attaching a bulky sub t i tute to the ni trogen atom of the amine molecule 

1 3 / .  With a hindered amine, the carbamate can forn1, but i t  is  unstable. The formation of 

table carbamate cau e a stoichiometric absorption or loading l imi tation of 0 .5  mol of CO2 

per mole of amine [ 8 J .  
I n  adJi t ion to 10\. ing do\ n the overall reaction, bulk ier substitute give rise to less stable 

carbamates. By making the amine carbamate unstab le, one can theoretical ly  double the 

capacity of  the solvent [3]. S i nce the steri ca l ly  h indered ami ne does not  form a stable 

carbamate, bicarbonate and carbonate ions may be present in the sol ution in l arger amounts 

than carbamate ions [7J. 

One of the main factors of amme selection is corrosIon rate as i t  causes senous 

operational di fficul ties. I t  seems to occur everywhere part icu l arly in regenerators, reboi lers, 

and rich- lean heat exchangers. Both un iform and loca l ized corrosion have been observed, 

dependi ng on the design and the way in which the equ ipment is  operated. The major 

paran1eters contributing to the corrosion process are dissol ved carbon diox ide (C02), 

di  solved oxygen (02) ,  alkanolamines, degradation products, temperature and solution 

velocity. The average corro ion rate in  the AMP (2 -amino-2-methyl- l -propanol )  sy tern are 

lower than those in the MEA system when absorption of pure CO2 and absorption of a 

mixture of 52 ° 0 CO:! and 48 00 air (see F igure 3 .2 . 3 -A and Figure 3 .2 .3 -B)  [ 9 J .  
n i ndustria l  company and electric  power company i n  Japan de eloped a hi ndered amine 

cal led KS- l as an MEA replacement for flue gas appl ications. KS- l has a lower circul ation 

rate (due to i ts h i gher lean to rich CO2 loading di fferential ), lower regenerat ion temperature 

( 1 1 0°C), and 1 0- 1 5% lower heat of  reaction with CO2. It is non-corrosive to carbon steel ( less 

than 5 mpy) at 1 30aC i n  the presence of oxygen. A second sterical ly hindered amine, AMP,  

may have s imi l ar properti es to  KS- I [5]. 
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F igure 3 .2 . 3 -C shows the regeneration effic iency for each am1 l1e at 1 .0 kmo1im3 

alkanolam l l1e concentration and regeneration temperature 383 K .  I t  is apparent that MEA 

gave the lowest regenerat ion efficiency of 88 .3% in the fi rst cycle, whereas, A M P  o ffered the 

h ighest performance of 98 .3%. With this figure, the regeneration perfonnancc can be ranked 
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in the foI l  w l l1g order: I P  t OE > DE > 0 A > I I E  . Thi perfonnance order i 

imi lar to that f the regenerat ion pcrfonnance in the econd y Ie .  Figure 3 .2 . 3 - also shows 

that the regeneration efficiency of I E  ha the m t pronounced lrop between cycles, 

dccrea. ing from . ' o� in  the fi r t cycle to 77 .60 0 in  the econd cycle. However, AMP 

maintain the highe t regeneration effi ' iency of 97 .  % .  This i s  because M P  has a molecular 

stru ture of terical h ind ring, which result  in the steri cal ly  hindered ami ne bei ng eas i ly  

regenerated and how. better degradation resi tance, in compari on to oth r a lkanolamines 

I lO ]. 

) 00 
8 . 3 

20 

o 
A M P  MEA 

94 . 5  
90.2 92 .6 
-.- 87 0 

D E  
A m i n c  

LJE J A M DEA 

F igure 3 .2 .3 -C :  Amine solution regenerat ion efficiency [1 0] 

Vapor- l iqu id  equ i l ibri a of  fi ur absorbents were measured u 1l1g 1 L equ i l ibrium 

apparatus. Table 3 .2 . 3 -A shows the experimental measured CO2 loading of  absorbent at 

d i fferent operating temperatures 40°C for absorber and 1 20°C for stripper. The CO2 part ia l  

pressure for both absorber and stripper i s  9 .8  kPa [ 1 1 ]. 

Table 3 .2 . 3 -A :  CO2 load ing of  absorbent [ l 1 J  

CO2 Loading Effective CO2 Loading 

Amine 
Concentration (mol CO2 / mol amine) (mol CO2 / mol amine) 

(kmollm3 ) Absorber Stripper 
Condi t ion Condi t ion 

M EA I 0 .606 0.204 0 .402 

KS- l 1 0 . 80 1 0.23 1 0 .57 

A M P  1 0 .755  0 . 1 58 0 .597 

DEA 1 0 .6 1 4  0. 1 3 7 0 .477 
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.2. 3-A, the [P ffect ive O2 l ading i higher than that of K - 1  at 

the abo\ e ab, orber and tri pper ond it ions. 

3.2,4 B lending of A mine 

The goal when u ing an aqueous mi ture of  alkanolamin s is to max imize the des irable  

qual i tie of the individual a lkanolamine , that is ,  to  retain much of the high absorption rate 

f primary or econdary a lkanolamines, to offer low regeneration costs, and to decrease both 

corro ion and circulation rates [ 8 ] .  

The rea l ization o f  such benefits depends on proper equipment design, which reqU l res 

knowledge of equ i l ibrium solubi l i ty of CO2 in amine b lends. In addit ion,  equi l i b rium 

s l ubi l ity of the CO2 in  aqueous a lkanolarnine solutions determines the min imum circulation 

rate of the olv nt .  I t  a lso determ ines the maximum concentration of  CO2 can be left in the 

regenerated solution [7 ] .  

A b lended ami ne solvent, which is  an aqueous b lend of a primary or  a secondary amine 

with a terti ary or a h indered amine, combines the h igher equ i l ib rium capacity of  the terti ary 

or h indered amine with the h igher reaction rate of the primary or secondary ami ne. (AMP + 

M E A  + H20) and (AMP + D EA + H20) appear to be attracti ve new blended amine solvents 

i n  addi tion to (MDEA + M E A  + H20) and ( MDEA + D EA + H20) blends for the gas-treat ing 

proce es. The lower vapor pressure of DEA and the fact that it is less corrosive than M E A  

makes the D E A  based b lended amine solvents more attractive i n  principle than M E A-based 

ones [7 ] .  

3.3 Physica l A bsorption 

The physical absorption of  CO2 depends on temperature and pressure and is favored by 

h igh partial  pressure of CO2 and by low temperature. The physical solvents are then 

regenerated by ei ther heat ing or pressure reduction. The advantage of  this method is that i t  

requires relat ively l i t t le  energy, b u t  CO2 must b e  a t  high part ial  pressure. For this reason i t  i s  

suitab le  for recovering CO2 from I ntegrated Gasi fication Combined Cycle ( IGCC ) systems 

where the exhaust CO2 woul d  leave the gasifier at elevated pressures. Typical physical 

solvents are Selexol (dimethyl ether of pol yethylene glyco l )  and Recti s I (cold methanol )  [31 ·  

Selexol ha been used i nce 1 969 to  sweeten natural gas both for bu lk  CO=,- removal and 

H2S  removal . Absorption takes place at low temperature ( 0  - SOC). Desorption o f  CO2 from 

the rich Selexol solvent can be accompl ished either by pressure reduction or by stripping 
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( \  ith air, I I1crt ga r team) .  The lo\. ab orpt ion temper ture u ed require that the I an 

solvent be retumed to the ab 'orber via a refrigerat ion unit  [ 3 1 . 
Recti 01 ha mainly been u ed t tr at nthe i ga , hydrogen and gas tr am and 

remove mo ,t impuri t le . Rectisol proce cparate O2 from mixture of H2• CO and CO2 . 

In  general ,  the olvent i chi l led methanol but other olvents are al 0 avai lable for recial 

applications / 3 1 . 
R cent studie about u i ng ionic l iquid to recover CO2 show that they may be attractive 

due to their good fi atures : rea onabl th rmal stab i l i ty, negl igib le  vapor pressure, and h igh 

2 olubi l ity. Ioni l iquid wi th imidazol ium-based cation are found to be the best to 

reco er CO2 from flue gas. Tab le  3 .3 -A shows the Henry 's  constants of CO2 i n  some ionic 

l iquid . By comparing the Henry's  constant of CO2 in ionic l iquids with amine, the CO2 

solubi l ity in ionic l iquids is typical ly  1 0  t imes h igher than in amines. However, the viscosi ty 

of ionic l iquid i s  h igh :  for example [bmim] [BF4] is  40 t ime more viscous as compared to 

30% MEA at 3 3°C . H igh i scosity of ionic l iquids decreases the d iffusion of CO2 and 

ab orption capaci ty and i ncreases the time to reach equ i l ibrium condition ( maximum 

absorption ) .  B lending of  ionic l iquid wi th water or some common organi c  solvents l i ke 

pol yethylene glycol reduces the mixture viscosity and consequent ly  enhances the rates of 

ab orption and de orption.  Another option to enhance CO2 absorption is  to blend 

a lkanolamines with ionic l iquids in order to combine their advan tages, i .e. negl i gib le  vapor 

pressure, h igh thermal stab i l i ty and low heat capacity of ionic l iquids, and fa t capture 

k inetics and low viscosity of alkanolamines. F igure 3 . 3-A present the CO2 absorption of 

orne cOl1Yentional aqueou amine sol utions (30 wt% MEA or M DEA) at 40"C, I -n-butyl -3 -

methyl imidazol ium tetrafluoroborate [bmim] [Tf2N]  a t  30°C and task spec i fic  ionic l iquids 

( [Am-im] [ B F4] and [Am- im] [DCAJ)  at 30°C. Observing Figure 3 . 3 -A, the chemical 

absorption by alkanolarnines is  better than ion ic  l iquids. Regeneration of ionic l iquids can be 

carried out by vacuum separation, by applying heat or by bubbl ing nitrogen through the 

absorbent .  However, task specific ioni c l iquids mixed with amine require vacuum heat ing 

[ 1 2 ] .  

1 8  



Short Name 

[bmi m ) [Tf2N] 

[bmp ] [ Tf2N] 

[ bmi m ] [ BF4 ]  

Table 3.3-A: Henr y '  constants o f  O 2  i n  ionic l iqu ids [ 1 2 ]  

Hc02 
Ionic l iquid 

25°C 400C 
Ful l  name 

l -n-butyl -3-methyl i midazol ium 
bi  [ t ri fluoromethylsu l fony l ] im ide 

I -n-butyl - I -meth lpyrrol id inium 
b is( tri n uorometh y lsul fon y l )amide 
l on-but l -3-methyl im idazol ium 
tetrafl uoroborate 
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Figure 3 .3-A:  Molar CO2 loads in olvent volume for some conventional am ines and ionic 

l iquids [ 1 2] 

3.4 Sol id Physical Adsorption 
An ad orption process consists of two m ajor steps: adsorption and desorption. The 

technical  feasibi l i ty of a proce s is  stated by the adsorption step, whereas desorption step 

control s  its economic feasibi l i ty .  Strong attraction of an adsorbent for removing CO2 from the 

flue ga is essent ial  for an effect ive adsorption step. The stronger the attraction, the more 

d i fficult  i t  i to desorb the flue gas i m purity and the h igher the energy consumed in 

regenerating the adsorbent for reuse in the next cycle [3 ] .  

The main advantage o f  physical adsorption over chemical or physical  absorpt ion is its 

simple and energy efficient operation and regeneration which can be carried out with a 

pressure wing or temperature swing cycle [3 ] .  A combi nation process o f  pres ure and 
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tempcratur \V l l1 g  ads rption ( PT A )  ha been tested at the bench cale and pi lot-scale level 

by fokyo Electric P )\;\ er Hnpany (TE P  ) & Mit  ubi h i  H ea y indu tlies, respect i \  ly .  

Bench 'calc PT te t ,elected n ad rbent ze l i te for havjng a high capacity and 

select l \  ity. J lowcver, thi p i lokcale It:. t from a power stat ion burning coal/o i l  m i x  and a flue 

gas \\ i th a c I1centration of 1 0. 80 0 (h igher than th gas power plant fl ue gas) and CO2 

generated a rcc v er o f  900 0 0;:. Using PTSA compared to PS reduced the power 

consumption requ ired for eparation by I I %. U nder the current state of technology, 

ad orption i '  yet not considered at tract ive for l arge scale separation of CO2 from flue gases 

becau e of the capaci ty and CO:! elect iv i ty of ava i lable adsorbents is low [ 13]. 

3.5 Low Temperatu re D isti l lation (Cryogen ic Separation) 

Low temperature d ist i l l at ion ( cryogenic separat ion) i s  a commercial process commonly 

u ed to l iquefy and puri fy CO2 from relatively h igh pur i ty (> 90%) sources. I n  this 

technology, CO2 is  separated from other gases by condensing  CO2 at cryogenic temperature, 

based on lowering the temperature and rais ing the total pressure to equ i l ibrium cond i tion .  The 

triple point  of CO2 is - 56.6°C at a pres ure of 5 . 1 8  bar abs. At temperature lower than that of  

the trip le point, i t  i s  not poss ib le to  obtai n  pure l iqu id  CO2 m ak ing such condit ions unsuitable 

for d i  t i l lat ion. Above the trip le  point CO2 can be part ia l ly  separated by d ist i l lat ion [ 13]. 

Dist i l lat ion general ly  has good economies of scale. This method is pract ical considering  

where there is a h igh concentrat ion o f  CO2 in  the waste gas [3] .  Therefore, cryogeni c  

d ist i l lation i genera l ly  used commerc ial l y  for puri fication of  CO2 from streams that a l ready 

have h Igh C 2 concentration (> 50 % ) . I t  i s  unusual to use cryogen ic d is t i l lat ion for d i l ute 

C02 streams such a tlue gas from boi ler and gas turbine as the amount of energy requ ired for 

refrigerat ion is uneconomi c  for this condit ion [ 13]. The other d isadvantage of  th is  process i s  

the necessary removal of  component that have freezing points above nomlal operating 

temperature to avoid freezi ng and eventual blockage of  process equ ipment r3]. 

For post combustion fl ue gases, the waste streams contain water and other t race 

combustion by-products such as Ox and SOx several of which m ust be removed before the 

stream is i ntroduced to the low tern perature sect ion [31. 

These tend to make cryogenic process less economical  than others in separat ing CO2 from 

flue ga . But, i t  might appear more attract ive when combined with other C02 capture 

techniques espec ia l ly  when h igh puri fication and l iquefact ion are requ ired [ 1 3 ]. 
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3 .6 l\ lembran epara tion 

Membrane ' u tTer from b th the c t o f  compression and heat exchange to obtain a h igh 

pres ure feed and In that they produce an impure O2 product. For exampl , S parex 

mcmbrane ' 'tcm ' ar currently offered by UOP for feed pres ures staJ1 ing at 285 1 kPa.  

fhere are currcntl y no commercial appl ication f membrane for recovery of  CO2 from fl ue 

ga e" though they ha\ e been used in large EOR projects to recycle O2 fr m the as ociated 

gas. fhe presence o f  fly a h and the tTect o f  trace components such as Ox, N Ox, HCl ,  and 

H F  are al 0 pot nt ia l  compl ication [ 1 3 ] .  

1embrancs for ga eparation are u ual l y  formed as hol low fibers ananged i n  the tube­

and- hel l  con fi guration or a flat she ts, which are typica l ly  packaged as spiral -wound 

module . Compared to absorption separat ion, the advantages of the membrane process are: 

I )  I t  does not require a separat ing agent, thus no regeneration i s  required; 

2)  I t  i s  compact and l i ghtweight .  So, i t  i s  more suitable for o ffshore appl i cations. 

3) Modular design al lows opt imization of process anangement by using mul t i -stage 

operation;  and 

4) Low maintenance requirements because there are no moving parts in the membrane 

uni t  ( 5 ) .  

number o f  sol id  polymer membranes are commercial l y  ava i lable for the separation o f  

CO2 from gas treams primari ly  for natura l gas sweetening. These membranes select ive ly 

transmit CO2 versus CH4 .  The driv ing force for the separation i s  pressure d i fferent ia l  across 

the membrane. A uch, compression is required for the feed gas in order to provide the 

driving force for penneation, and the separated CO2 is at low pressure and requires addi tional 

compres IOn to meet pipe l ine pressure requirements. The required energy for gas 

compressIOn is s ign i ficant when a very h igh pressure is required [ 5 1 . Membranes cannot 

usua l ly  achieve h igh degrees of separation,  so mult ip le stages and/or recycle of one of the 

streams i '  necessary. This leads to increa ed complexi ty, energy consumption and cost [ 1 3 j .  
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3.7 Alka line ' a lt Ba  ed Proce 

Ikal l llc sal t r weak acid were propo ed and te ted to recover O2 from Hue ga . The 

conventl nal u 'ed a lkal ine aJ t  1 11 industry are sodium and potas ium al ts. The primary 

advantagcs of alkal ine sa lt ba d proce are low 01 ent co t and negl igib le sol ent 

dcgradatl n, HO\ve\ er, the meth d ha many disadvantage , 1 3 1 : 
• l ka l ine  aI t  o lution react lowly with CO2. 

• R quired r generation heat is much higher than al kanola rn ine proce 

• Vacuum i required during the stripping regenerat ion.  

• Vapor r c mpr ion may be required, 

• Alkal ine al t  sol ution i l imited by salt precipitation. 

• Foaming was h igh l ighted to have significant impact of alkal ine saIt process. 

• Corro ion inh ib i tor is requ ired to mit igate the server corrosion rate for carbon steel .  

3.8 Summary of the Literature Review 

Chemical absorption by aqueous amine current ly  is most economic and suitable method 

for CO2 reco,'ery from gas turbine exhaust (post combustion ) where the pressure is a lmost 

atmo pheric, resul t ing in a l ow CO2 part ia l  pressure. Cri t ici sm of this method i ncludes 

aspects such a h i gh energy consumption during regeneration, corrosion, and thennal 

stab i l i ty. Despite such cri t i ci sms,  absorption by ami ne sol ution has been used for m any years 

in indu try for natural gas sweetening. The absorption-stri pping ystem is part icularly 

intere t ing as i t  can operate continuously in c losed cycle. Among di fferent type of amines 

(primary, secondary and tert i ary amines), sterical l y  h indered amines are found to have h igher 

ab orption rates, lower circulation rates, lower regeneration temperature and lower corrosion 

impact against carbon steel . 
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C H  PT E R IV 

l\ 1 0 D E L I  G O F  CO2 BSO R PTION INTO A lV I I N E SO L U T I O N 

FA L LI N G  FIL [ H  
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C H A PT E R  I V  

l\< I O D  L I N G  O F  CO2 A BSO R PT I O N I N TO A lV I I N E  S O L U T I O N  

FA L L I N G F I L lV I  

.t. l I ntroduction 

Based on the l i terature review, MP wa elected t be tudied in thi thesi due to i ts 

go d feature . The obj ective was to develop a model for the absorption of CO2 in  an A M P  

olut ion.  A n  immediate sol ut ion for thi model ing p r  blem using HYSYS Version 3 . 2 ,  

comm n l y  uti l ized b y  chemical process indu trie , was not possible because A M P  i s  not 

included in its Amine Package. Moreover, HYSYS is unable to s imulate the react ion­

di ffu ion problem haracteri st ic  of this absorption process. This problem can be solved in fu l l  

d tai l i n  a computational fluid d ynamics program, but the complexi t ies associated with 

imulat ing a packed react ive column are h igh .  As simpli fication, a wetted col umn model was 

adopted. which was implemented and sol ved in COMSOL Mul t iphysics V ersion3 . 3 .  

-1.2 Reaction Scheme and Reaction Mechanism 

The react ions between anunes and carbon dioxide (C02) have been studied and 

examined.  CO2 reacts in aqueous amine systems indirectly as bicarbonate and d i rect ly 

( carbamate reaction) .  

CO2 + AA1P + H 2 0 <  
K) , k " k_, 

> AMP + + HCO:; 4.2- 1 

CO2 + OH- ( K" k2 , k_, > HCO:; 4.2-2 

HC�- ( K3 ,  k3 ' k-3 
) H+ + CO}-

where: 

4 .2 -3 

4 .2-4 

4 .2-5 

K i : Equi l ibrium constants for the reaction 4 . 2 - 1 , 4 . 2-2, 4. 2-3 , 4 .2-4 and 4.2-5  

k, : Forward reaction rate constants for the reactions 4 . 2 - 1 , 4 .2-2 , 4 .2-3 , 4 .2-4 

and 4.2-5 

k_r : Backward reaction rate constants for the react ions 4.2- 1 ,  4 .2-2,  4.2-3 4 .2-4 

and 4 .2- -
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Al l the rca tion are re er ib le .  React ions 4 .2- 1 and 4 .2-2 have tinite reaction rate . 

React ion 4 .2-3,  4 .2-4, and 4 .2-5 are a umed to reach equi l ibri um instantaneously [ 1 4 J. 

c L Mul tiph ic rate constant for a l l  rea tion . Approximation to the 

a 'sumption that react ions 4 .2-3 ,  4 .2-4 and 4 .2- are in tantaneou , the reaction con tant k3 . 

k -4 and k, are a sumed to be equal to 1 000 t ime k2 .  

Ba 'e-catalyzed bicarbonate fOlmation i f und to be a l i kely mechani m for a l l  amine 

ba 'e . Direct formation of bicarbonate pecies from carbamate species is  found to be unl ike ly 

[ 1 5 J .  Primary und secondary ami n  s can form arbamates. However, tertiary and hindered 

amine- cannot tonn table  carban1ate becau e of low tab i l i ty constan ts which causes 

carbamat s to readi ly  undergo hydroly is  fonning bicarbonate and releas ing free amine that 

can again react with CO2 [ 1 6]. 2-amino-2-methyl - l -propanol (AMP )  i s  the hindered fonn of 

M EA.  The bulky group attached to the tert i ary carbon atom of AMP i nhib i ts the formation of 

table carbamate ions [ 1 7]. S ince the sterical ly  h indered amine l i ke AMP, does not fonn a 

stable carbamate, bicarbonate and carbonate ions may be present i n  the sol ut ion i n  l arger 

amount than the carbamate ions [ 1 6]. 

For con enience the concentrations of chemical species are renamed as fol lows: 

C] = [COJ 
c4 = [HCO; ] 
C7 = [H+ ]  

-t.3 M odeling De cription 

C2 = [AMP] 
Cs = [OH- ] 

C3 = [AMP+ ] 
c6 = [CO;2 ] 

The model ing describes C02 ab orption into amine based on the princip le of a fal l ing 

laminar fi lm that involves d iffusion and reaction processes for C02 mass transfer i n  aqueous 

sol ution. The l aminar fi l m  of aqueous amine sol ution fal l s  in annu lar flow with a free l iqu id  

surface fac ing the center of  a tube. Fal l ing laminar fi lm provides a wel l -defi ned velocity 

pro ti l e  in the l iquid phase in order to obtain an analyt ica l  est imation of the d iffusion 

boundary l ayer. The gas i s  i ntroduced i n  the middle of the tube and is absorbed through the 

free surface of the l iquid .  The contact surface between the gas and the l iquid i s  confined to 

the free surface inside of the t ube. F igure 4 . 3 -A hows a schematic of the fal l ing ti lm at the 

tube '.,"a l l .  

\ hen model ing a stat ionary convect ion-di ffusion proces ' that has negl igible onvect ive 

transport i n  one direction ( in th is  case, the rad ial d irection ) and negl igible di ffusive tran port 

in the other direction ( i n  this case, the ax ial direction), it i possible to refonnulate the 
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c mvect ion-di ffu Ion equation by \ i tching the axia l  deri ati  e to a t ime derivative. T be 

able t d s ,  the elocity fi ld along the a ia l  d i recti n must not change. Thi enab le  to 

reduce one pace d imen ion of the probl m, mak i ng i t  a I D  problem (x ,  t ime) .  In OMSOL 

lu l t iph ic . th i  i s  a "pseud -2 D equation" I l 8 1 .  

t d t l l l!..! I d l l l 
, 

I II W \\ , t i l  

1---'\1> 

Figure 4.J-A:  Schematic of  the fal l i ng  fi l m  at the tube wal l [ 1 8 1  

... ,4 l\ lodel ing Assumptions 

In order to fomml ate the model ,  the fol l owing assumption are considered : 

1 .  Steady tate; 

2 .  Laminar flow in  the  l i qu id phase; 

J .  I sotherma l  system; 

-to  ewtonian fluid ;  

5 .  Constant densi ty and v iscosity; 

6. The l iquid flows downward u nder the i n fl uence of pres ure d i fference and gravi ty; 

7.  The rad i us of the tube i large enough, in compari on to the thi ckness o f  the fal l ing 

film to neglect effects o f  curvature i n  the tube; 

8.  The tube length i s  very l arge with respect to the tube rad i us so that  " end effects" can 

be ignored' 

9.  The contri but ion o f d i ffu ion to the fl ux  o f  species i s  negl igible i n  the  d i rect ion o f  the 

convect ive flow, i . e . ,  i n  the vert ical d i rect ion;  

1 0 . There is  no s l ip  at the wal l ;  

1 1 . A J I  the react ions are considered elementary; 

1 2 . The thickness of flu id l ayer is much smal ler than cy l i nder radius I J1 order to u e 

Cartes ian coordinates; 

1 3 . CO2 is assumed to be pure in gas phase to e l im inate mass transfer resistance in the gas 

phase; 
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1 -+. I I  the react ion' are re r'ible.  React ion. -+. _ - 1  and -+.2-2 have fin i te react ion rates. 

Reaction -+.2-3 4 .2--+, and 4.2- - are a umed to reach equi l i br ium in tantaneous ly; 

1 5 . The rat io  0 f d i  ffu ion coefficient to that o f  '02 i about 0.3 for al l other pecie 

( MP,  

" .5  l\Iomcntum Balancc 

Th \ elo� i ty d ist ribut ion 1': (x )  for the laminar ,  i ncompres ib le  flow of a Newtonian flu id  

i n  a 1 ng \ ertical  tube i parabol i c  and is de cribed by the fol l owing equation [ 1 9 ] :  

where: 

v: : Vert ical elocity (m/s) 

f.l : Dynamic viscos i ty C Pa.sec) 

p : Density (kg/m3) 

g : Gravi tat ional acceleration C m/sec
2
) 

o : Fal l i ng fi l m  th ickness (m) 

4.5- 1 

The rad iu  o f  the tube i s  assumed large enough, i n  comparison to the thickness of the 

fal l i ng fi l m  to neglect effects of  curvature i n  the tube and assume the segment as stra igh t  

l i ne.  The fol lowing figure i l l ustrates t h e  type o f  veloc i ty distr ibution pred icted by Equation 

-+ . 5- 1 .  

- . -

�. 

, 

>- l I t i 
Figure 4 .5-A :  Veloc i ty  d i str ibution for the fal l ing fi lm [ 1 0 1 
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The m a I m um eloc i ty 7. rnax I the veloci ty at ga - l iqu id i nterface (x  = 0) 

\ ' .: . ma'\ 

Therefore 

The Cl\ Crage veloci ty < /> over a ro section of thc fi lm is obtained a fol lows; 

ff f> v= dwl} 1 i6 < V > = 0 0 = - \. d:c = rW rO" cL:cdl 0 0 = -Jo Jo -

p g o 2 2 
= = - v 3ft 3 l.max 

l' = 1 . 5  < v > = ,1I'nX ;: 

Therefore 

* \ ;: 
Then d imensionless elocity ( v.: » can be determined a fol lows [ 1 9 J :  <v 

.: 

-4.6 i\ Jass Balance 

-+ .5-2 

4. 5-4 

4 .5-5 

4 .5-6 

4.5-7 

D i ffusion into a fal l ing l iquid fi l m  (gas absorpt ion)  i con ider d a forced convect ion 

m ass transfer, i n  which viscou flow and d i ffusion occur under such condi tions that the 

velocity field can be assumed to be unaffected by the d i ffusion. Spec ifica l l y, the absorption 

of  CO2 by a l am i nar fal l ing fi lm of A IP aqueous sol ut ion i s  considered. F igure 4.6-A 

i l l u  trates absorption of  CO2 into fal l ing fi lm of A 1P aqueou sol ut ion .  
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Figure 4 .6-A:  Absorption of CO2 into fal l ing fi lm o f  A M P  aqueous solut ion [ 1 9 ]  

The fl u e  gas flow upward the wetted column start ing from the bottom and A M P  aqueous 

sol ution flows downward start ing from the top. 

In order to carry out the mass balances, a mass balance equations was formu lated for each 

component i ,  which not only d i ffu es and flows but a1 0 reacts at a net reaction rate Ri.nel • 

The combined molecular d i ffusion and convecti e molar flux o f  each species can be 

obtained from Equat ion 4.6- 1 

3c, JV = - D - + c v I I a I = 
X 

where: 

N, : Combined molar flux vector for specie 

sol ut ion ( moll m3 .sec ) 

4 .6- 1 

into fal l ing fi lm o f  A MP aqueous 

D, : Binary d i ffusion coeffic ient for specIes i nto fal l i ng fi lm of A M P  aqueous 

. � 
solutlOn (m-/sec) 

CI : Molar concentration of species Il1 fal l i ng fi l m  of AMP aqueous solut ion 

(mol/m3) 

Based on the prevlOus assumptions 1 11 sect ion 4 .4, the d i ffusion-react ion can be 

fonnulated USl l1g the fi I l owing equat ion 

\1 - R  - 0 
.1 I I . n et 

-

By adding Equat ions 4.6- 1 and 4 .6-2, the fol lowing equat ion results r 1 9 1 :  
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-+ .6- ., 

We can rewri te Equat ion -+ .6- '" b u, i ng the tran [onnat ion z = < z> t \vh ich i s  val i d  

under the constant \ clc c i ty pro fi l e  a'sumpt ion .  

2C  cc _ D  __ I + y  
I - R = 0 I ::l ::  = ::l( t )  I .nel 

L X  L ' < 1 ' _ > " 

a 2  c - DI _C_11 + _).-='z_ 
ci - RI ,nel = 0 

ax - < V _ >  I 

* 

i nce v.: 
'\ 

z 

<v > 
z 

4.6-4 

The dimen ionless veloci ty Equation 4 . 5 -7 obtained from momentum balance can be added 

to Equat ion 4.6-4. This  gives us the final  system of equat ions i n  our domain [ 1 8 ] :  

- D  _I + l . 5 1 - -=- _I - R  = 0 a]. C [ (  x J 2 ] ac 
I ax2 5 at I , nel 4.6-5 

Accord i ng to the Reactions 4.2- 1 ,  4.2-2,  4.2-3 4 .2-4 and 4.2-5,  the net rate reaction of each 

species i can be formulated as fol lowing 

4 . 6-6 

4.6-7 

4 . 6- 8  

4 . 6-9 

4 .6- 1 0  

4.6- 1 1 

4.6- 1 2  

The thennodynamic rel at ionship between the forward and backward react ion rate 

constants is shown in Equat ion  4 .6- 1 3 . 

k k = _1 

1 K I 

4.6- 1 3  
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4.7 Boundar) C o n d i t i o n  

The boundar cond l l i  n '  t ol \ c  the ct f part ial  d i fferential  equations o f  the 

mod I are: 

• B.C. I :  At z = 0, the concentrati n '  of  the chemi cal peel are equal  to their l i quid 

bulk concentrations, I . e . ,  

- " ( ' - \ ') 7 ) c, - C, I - , _ , . . . . .  , at :: = 0 4 . 7- 1 

I n  thi  project, the amine l iquid solution i as umed to be free o f  di solved C02.  

0, C, i equal to zero except C2 [ 1 9 1 .  

• B.C.2: . t x = 0 (ga - l iqu id  i nterface), the fluxe o f  non-vo lat i l e  chemical pecl es are 

equal t zero, which leads to ec, = ° for a l l  i except i = 1 (C02) .  For the volat i l e  ax 
component ( C02), the ma s tran s fer rate i n  the gas near the i nterface i s  equal to the 

ma transfer rate i n  the l iquid near the interface 

at x = 0 4 .7-2 

where: 

kg :  Gas phase mass transfer coeffi cient ( mollm3 . sec) 

PI : CO2 part i al pressure ( pa) 

HI : Henry's  constant o f  CO2 in to AMP aqueous solut ion (pa.m3/mo l ) 

For the case o f  pure CO2 i n  the ga phase, the i nterfacia l  part i al pressure of CO2, 

• 

PI , i  the same a the bu lk  p 1ii a l  pressure of  CO2 PI , and there is negl i gib le  mas 

tran fer resi tance in  the gas phase. Equation 4 .7 -2 can be reduced to [ 1 6 ] : 

• PI C = c = - at x = O 
I J H J 

4 .7-3  

• B.C. 3 :  At  x = <5 the d iffusion of  any chemical  pec ies on the wal l  i zero, which 

l eads to [ 1 9 ] :  

ac, = 0 at x = 5 
ex 

3 1  

4 .7-4 



-t.8 Ph), iochcmical  prope r t i e  a n d  model  p a r a m e t e r  

-t.8. J React i o n  E q u i l i b r i u m  R a t  on t a n t  

The \ a lucs of  the  cqu i l ibli u l 1 1  COl1 'tants KJ  lor the Reactions 4.2- 1 ,  -+ .2-2 ,  -+ .2-3, 

-+ .2--+ and -+.2-: are ddeml ined from the fo l lowing correl at ion 1 1 -t 1 :  

( I 1 1 -+26 1 3 .6  ( ) , log l O  l ' , = 90 A83 -
T 

- 4229. 1 95 log l o T + .7 84- T - 0_0 1 29638 r " 
l\.. , 4- .8- 1 

+ I . l 506 10-5 T '  - -+.602 X 1 0-9 T 4  

IOg ,{ �: J = 1 79.64 + 0.0 1 9244 r - 67 .34 1 Iog l O ( r )- 749�44 1 

1 a (K ) - 6 9 - 0 0') T _ 2902 .4 
Ob l O  3 - A . _ 3 

T 

I n
(K4 J = 

- 726 1 . 78 - 2_ .4773 In (T ) + 1 42 . 5 8 6 1 2  
Ks T 

K = K2 K4 
I K-) 

where: 

T: Temperature ( K) 

4. -2 

4 .8-3 

4 .8-4 

4 .8-5 

The corre ponding uni t  of K 1  to Ks according to equation 4.8- 1 , 4 . 8-2, 4_8-3, 4 . 8-4 and 

-+_8-5 are shown in Tab le  -+ . 8 . 1 -A 

Tab le 4 . 8 . 1 - A :  the un i ts o f K 1  to Ks 

K ,  K2 K3 � 
Unit  Dimensionless m3/kmol kmollm 3 m3/kmol 

Ks 
6 7 

m Jkmol-

Tabl e  -+ . 8 . 1 - B shows the calculated values o f  reaction equ i l ibrium constants at 

di fferent temperatures 
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Table 4 . .  1 - 8 :  :.t 1 cu l ated alue of react i  n equi l ibrium n tants at d i fferent 

temperatures 

T (K )  K J  K2 (m' mol) K3 (mollmJ) � (mJ/mol) Ks (m�o/mol-) 

293 . 1 � 29 1 6  56505 4 . 1 7 E-08 759 1 546 1 47 1 06733 

298. 1 5  2 1 9X 4 1 1 1 6 4 .65 E-0 5 3 3 5 509 99806074 

303 . 1 5  1 656 3 0 1 1 7  5 . 1 2 E-08 3 798603 69 1 0 1  2 5  

' 08 . 1 1 246 22 1 95 5 . 56E-08 2 7365 1 9  -+87477 1 2  

3 1  . 1 5  937 1 6449 5 .98 E-08 1 992960 3499 1 666 

3 1 8 . 1 5  70-+ 1 22 5 4  6 .36E-08 1 466 1 76 25527575 

323 . 1 5  528 9 1 75 6.69E-08 1 088 864 1 89078 1 7  

32 . 1 5  396 6903 6 .97E-08 8 1 5 863 1 4205 802 

3 3 3 . 1 5  297 5 2 1 8  7 . 20E-08 6 1 6462 1 08 1 7652 

4.8.2 Kinetic Rate Constants of the Forward and Backward Reactions 

The reaction rate constants of the first and second reactions ( fi ni te reaction rates) are 

determ ined from the fol lowing correlat ions [ 1 4 ] :  

k ,  = 1 . 399 x l 0'  eXPl- 2:2: 1 J 
_ 2 95 

log l O  (kJ = 1 3 . 63) - T 
where: 

T: Temperature ( K )  

k J :  Forward react ion k i netic rate constant o f  React ion  4.2- 1 (m3/kmo l . s )  

k 2 :  Forward react ion k i net ic  rate constant o f  React ion 4 . _ -2 (m3/kmo1 . s )  

4.8-6 

4 . 8-7  

COl [SOL 1u l t iphysics expects rate constants for a l l  react ions. Approx imation to the 

assumption that reactions 4.2-3,  4 . 2--+ and 4.2-5  are i nstantaneous, the reaction constant k3. 

k ... and k-5 are assumed to be equal to 1 000 t imes k2. Table  4.8 .2-A shows calcu lated values 

of forward reaction k inet i c  rate constants for Reactions 4.2- 1 and 4.2-2 at di fferent 

temperatures. 

..., ..., 
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Table -+. alculat d forward reaction kinet ic rate con tants for React ions 4 .2 - 1 and 

-+._-_ at d i ffi rent temperature 

T (K)  k l  (mJ/mo1 . s )  k2 (mJ Imo1 .  ) 

_9'"' . 1  - 0.665 5 . 748 

_98 . 1 5  0 .7  8 .-+ 1 6  

303 . 1 5  0.923 1 2 . 1 69 

30  . 1 5  1 .079 1 7 . 387  

3 1 3 . 1 5  1 .256 24.560 

3 1 8 . 1 5  1 .454 34 .3 1 8  

323 . 1 5  1 .675 47.458 

328 . 1 5  1 .922 64.985 

3 3 3 . 1 5  2 . 1 97 88 . 1 50 

4.8.3 CO2 Solubi l ity i n  AMP Solution 

The CO2 solubi l i ty in AMP solution was est imated at di fferent A M P  

concentrations and operating temperatures using the n i trous oxide analogy method [ 1 4] :  

4 .8-8 

where: 

HC(),-al1lllle : Henry ' s  constant of CO2 into A M P  aqueous solut ion ( Pa.m3/mol )  

H O-ilI1lIllC : Henry · s  onstant of  20 i nto A M P  aqueous solut ion ( Pa.m3/mol ) 

H rO, - '.\ aler : Henry ' s  constant o f  CO2 i nto water ( Pa .m3/mo l )  

H \ (}- \\ atcr : Henry ' s  constant o [ N�O into water (Pa .m3/mol ) 

The solub i l i ty o f  n i trous oxide In am me solution was estimated USIng the 

fol lowing equation; 

- 6 ( - 2 1 66 J H \  o_mmn<: = (.) ·52 + 0 . 7C)x l O exp 
T 

4.8-9 

where. 

' : A P concentration (kmoJ/mJ ) 
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The L olubi l i ty  of nitrou oxide and carbon d ioxide in water were e t i mated using 

the fol lowing equation, : (- 22 4 J H v �O-walcr = .54 70 x 1 0(j exp T 

(i ( - 2044 ) 
H rf}l -water = 2.8249 x 1 0  exp 

T 

Henr 's  constants of CO2 into A M P  aqueous 

4.8- 1 0  

4.8- 1 1  

O lut ion ( H  ) were Oz-amine 
calcu lated at different temperatures and AMP concentrations and the resu lts are shown 

in Figure 4 . . 3-A. 
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Figure 4.8.3-A: Calculated Henry s constants of CO2 into A M P  aqueous sol ut ion at 

d ifferent temperatures and A M P  concentrations 

I n  general as Henry ' s  constant increases the gas solubility in liquid phase decreases. 

Figure 4.8.3-A shows t he effect of temperature and AMP concentration on Henry' s  

constant o f  CO2 into A M P  aqueous o lution. Higher temperature and A M P  

concentration leads t o  higher Henry' s  constant and subsequently lower C O 2  sol ubility 

into A M P  aqueous sol ution. 
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4.8.4 Den i ty  o f  A I P  o l u t io l 1  

rhc ocn ' i t )  of IP  so lut ion wa est imat d at d i rferent A P e ncentrat i n and 

perat ing temperature u ing the Redl i ch-Ki  ter eq uat ion fI  r the ex e molar volume 

( 2 0 1 :  

where: 

T c 3 
1 2 : exee s molar volume (cm fmol ) 

XI : A I P  mole fract ion 

X 2 : water mole fract ion 

AI : pair parameters, are assumed to be temperature dependent and can be 

e t imated u i ng Equation 4 .  - 1 3  (see Tab le  4 .  A-A);  

J Ai = a + b T + c T -

Where a ,  b ,  c are parameters and they are avai lable i n  Table  4 .  A-A. 

4 .8- 1 2  

4 . 8- 1 3  

Tab le  4 .  A-A : B inary parameters of  the Red l ich-Kister equation of the excess molar 

volume 

A i AMP ( 1 )  + H 20 (2) 

a - 6 .5 1 042 

Ao b 5 . 02584 x 1 0-J 

c 1 .08578  X 1 0-0 

a 5 . 55560 
A I 

b - 1 . 1 32 5  X 1 0-
1 

After comput ing Ao and A I  using Equation 4 .8- 1 3  and Table  4 .8A-A, the excess 

molar vol ume can be e t imated us ing Equation 4 .8- 1 2 .  

The molar volume o f  A M P  sol ut ion can b e  calcu lated by 

4.8- 1 4  

\\ hcrc: 

1 '", : Molar \' l ume of A M P  solut ion (cm3fmol ) 
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XI : lo le  fra tion o f  peCl e  MP ( I )  o r  water ( 2 )  

I�" : Pure m l a r  \ '  )I ume of  pe ie i AMP ( 1 )  or water (_) ( cmJ 1mol ) 

The p ur e  molar \ olumcs ( � :" ) of  AMP and watcr are req u i red to lind molar 

volume f the 11l 1 '( tu rc .  The densi t ie ( P," ) of  pure AMP and water are calcu lated hy; 

4 . 8- 1 5  

where : 

P,O : P ure den i t ie o f  pecies i A M P  ( 1 )  or water (2 )  (glcm3 ) 

Table 4 . . 4-B :  Parameter of the den i ty  equation for pure flu id .  

P ure F luid a l a2 a3 

A l P  1 . 1 5632 -6.76 1 70 x 1 0-4 -2.67580 x 1 0-1 

H2O O. 63559 1 .2 1 494 x l O-J -2 .57080 x 1 0-b 

In rder to e t imate the pure molar volume of A M P  and water from 

corre ponding den i t ies, the compound chemical molecular weight was d ivided by its 

density; 

4 .8 - 1 6 

F inal l y  the densi ty  of  A M P  solution ( Pm )  can be est imated by the fol lowing 

equation 

L-\ AI , 
Pm = r '  4 .8- 1 7 

m 

The densi t ies of  A M P  aqueous solution ( Pm )  were est imated at d i fferent 

temperatures and AMP concentrations and the results are shown in Figure 4 .8 .4-A . 
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Figure 4.8.4-A: Calcu l ated den ities of A M P  aqueous sol ution at d ifferent temperatures 

and A M P  concentrations 

4.8.5 Dynamic Viscosity of AMP Solution 
The kinematic viscosity of AMP sol ution ( vm ) was estimated at d ifferent A M P  

concentration and operating temperatures using Red l ich-Kister equation for the 

visco ity deviation [2 1 ] :  

m 
6v1 2 = .x;  �LA,(.x; - x2 Y  

i=O 

where AI are pair  parameters, determined by: 

b A = a + --I T + c  
where a, b c are parameters, avai l able in Tabl e  4 .8.5-A.  
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Tab le 4 . .  5- : B inar parameter. o f  the Red l ich-Ki  ter equation for the vi co ity 

deviation 

AI M P  ( 1 )  + H20 (2 ) 

a -t . 0 1 2 3 l) 

() b 2 .498 56 x 1 0-

c - 2 . 65 7 1 2  x lO-
a - 2 . 68462 

I 
b 0 

2 C 0 

The k inematic vi cosi ty o f  the pure fluid required to calculate the viscosity 

deviation a in  Equation 4.  - 1 8  i s  calculated a fo l lows: 

Q ,  
In  " = a l  + -

T + a3 4. 8-20 

where al are parameters ( see Table  4 . 8 . 5 - B )  and are detennined from kinemati c  

\'i c o  i t i e  o f  pure fluids .  

Table 4 . . 5-8: Parameters o f  the k inematic viscosity equation for pure flu ids 

Pure Fluid a t a2 a3 

M P  -4 .36785 9 . 96598 x 1 O� - 1 .92984 x 10-
H 2O -3 .28285 4 . 5 6029 x 1 0

2 
- 1 . 5 4 5 76 x 10-

The k inemat ic  v isco i ty  o f  A M P  sol ut ion ( vm ) can be e t imated by the fol l owing 

equat ion : 

\' = exp(b1' + � x In v J  m I �  � I I 
,� I  

4 . 8-2 1 

\-\'here v i the k i nematic v i scosity. The ubscrip ts m and i represent the mixture and the 

i -th pure fluid respecti vely. 

F inal ly, the dynamic viscosity o f  A M P  solut ion ( Pm )  can be est imated using Pm 
a described in  sect ion 4 . 8 .4 :  

J im  = Vm  Pm 4 . 8-22 
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The dynamic Vi c itie of AMP aqueou solution ( flm )  were esti mated at 

d i fferent temperature and A M P  concentration and the resu l t  are shown in Figure 

4 .8 .5-
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Figure 4.8.5 -A:  Calculated dynam ic viscosi ties of AMP aqueous sol ution at d ifferent 

temperatures and A M P  concentrations 

4.8.6 CO2 D i ffusion Coefficient in A M P  Solution 
The CO2 d i ffusion coefficient in AMP solut ion was estimated at d i fferent AM P 

concentrations and operating temperatures using the nitrous oxide analogy method [22] : 

4.8-23 

where :  

Dco2-arnme : Diffusion coefficient of C O 2  into A M P  aqueous sol ut ion (m
2
/s) 

DNp-amine : Diffusion coefficient of N20 into A M P  aqueous solut ion (m
2
/s) 

DC02-water : Diffusion coefficient of CO2 into water (m
2
/s) 

D N20-water : Diffusion coefficient of N20 into water (m
2
/s) 

The d i ffusion coefficient of nitrous oxide in amine sol ution was estimated using the 

fol l owing equation [ 22 ] :  
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2. 1 2 x 1 0- 1 4  T 
DIy ,O-arrunc = O S2 4.8-24 • f-Lm' 

The di ffu. ion coefficient o f  ni trou oxide and carbon dioxide ill water were 

e. ti mated using the fol lowing equation [ 1 4 ] :  

- 6  (- 237 1 ) 
D, p-watcr = 5 .07 x 1 0  exp 

T 

-6 (- 2 1 1 9) 
DCO, -water = 2.35 1 0  exp 

T 

4.8-25 

4.8-26 

The d iffu ion coefficient of CO2 into A M P  aq ueous solut ion were e ti mated at 

d i fferent temperatures and AMP concentrat ions and the resu l t  are shown in  Figu re 

4 . . 6-A. 
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Figure 4.8.6-A: Calculated d i ffusion coefficients o f  CO2 into A M P  aqueous sol ution at 

d i fferent  temperatures and AMP concentrations 

It  is i nterest ing to anal yze the effect of AMP concentrat ion by observ i ng Figures 

4 .8 .3-A and 4 .8.6-A. H igh concentrations of A M P  higher the val ue of the Henry ' s  

constant ( Figu re 4.8.3-A) a n d  thus decrease t h e  solubi l i ty of CO2 i n  t h e  A M P  Solut ion. 

Also, h igh concentrations of AMP decrease the d i ffusion coefficient of CO2 in A M P  

olution , making the mass d iffusion proce s slower (Figu re 4.8.6-A). Both solubi l i t y  

a n d  d i ffusion coefficient correspond to t h e  physical absorpt ion. However, high 
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conccntratl n '  of  M P  i ncrea e the chemi al absorpt i n .  Th refore, the absorber de  ign 

hou ld repre ent a compromi e between phy ical and chemica l  ab orpt ions . 

... . 9 CO� Loading in A M P  Aq ucou Sol u tion 

The CO, load i ng i n  I P  aqu o u  o lut ion ( a )  (mol  CO2 /mol M P )  can be calculated 

u. i ng the 1'0 1 1 0\\ i ng equation I L "' I :  

Cl + C-l + 6 a = ---=------''------'� 

[ . LUP J i n i t i al 
-l .9- 1 

The equi l ibliull1 C02 I adi ng i n  A I P  aqueous sol ut ion at the speci fic  operat i ng condi t ion 

(C02 part ia l  pre ure. operat i ng temperature and amine concentration )  can be deteTIll i ned by 

'oh l J1g th model and observ ing the change in CO2 load ing in A M P  aqueous so lut ion along 

with t ime. The t ime r qui  red to reach the equi l i brium condi t ion i s  the contact t ime ( f) ) . 
on 'cquent ia l ly, the circulat ion rate o f  AMP aqueous solut ion can be est imated using the 

equ i l ib ri um CO2 l oading in A M P  aqueous solut ion . 

... . 1 0  \\'ctted Column Interfacial Area 

The i nterfacial  area (AI) o f  the wetted col um n  can be calcul ated as fol lows 1 23 ] :  

h : Height  o f  the wetted column ( m )  

d : Diameter o f  the wetted column (m)  

{; : Liquid fi l m  thickness ( m )  

The l iqU Id  vel c i ty (vz) can be calcu lated using; 

h 
1 ' - = -

- [) 

QL QL \' - = --------'=-------- = ------='-----Thickness Cross Section Area 

\\ here: 

QL : \'olumetric l iquid flow rate o f  AMP aqueous solut i  n ( m3/sec ) 

From Equations .t , 1 0-2 and .t . l  0-3 : 

h 
o 

QL = ----=-==------

,7 ') 2 
(d - - (d - 25) ) 

.:+ 

J.? 

4 . 1 0- 1  

4 . 1 0-2 

4 . 1 0-3 

4 . 1 0-4 



rhcrefore; 

" _ __ (J_Q..c::..L __ _ 

IT ''' • .., ( £1 - - ( d  - 2() ) - ) 
-+ 

By ubst i tutl llg )f  quation -+ . 1 0-5 i n  Equation 4 .  L O- I :  

Ai = J[ ( d  - 2() ) f) QL 
J[ ")  ") 

( d - - C d - 2 0) - ) 
4 

= -l tJ OL ( d - 20) 
- ( d  2 - ( d  - 20) 2 ) 

= -l e 0 L ( d  - 28) 
- ( d 2 - (d 2 - 4d5 + 45 2 )) 

Ai = -l e QL Cd - 25) 
(-ld5 - -t02 ) 

By as uming d >'> (� : 

-+ . 1 0-5 

4 . 1 0-6 

4 . 1 0-7 

Equation 4 . 1 0-7 shows the interfacia l  area is  main l y  function o f  contact t ime, 

volumetric tlow rate of aqueous A M P  solut ion and thickness of the fal l i ng fi lm .  

-+.1 1 p H  of  A M P Aqueous  solution 

Estimat ing of AMP aqueous sol ut ion pH i essential  for design and operation. Both low 

and high pH cause perat ional troubles .  pH below 7 is  con idered corrosive med ia  and high 

pH increases cale fonnation i f  A M P  solut ion is prepared with non de-mineral ized water. For 

this reason,  i t  is h igh ly  recommended to use de-minera l ized water to avoid  sca le  fonnation. 

A l o. the pH of lean A I P  aq ueou solution indicates the regenerat ion perfonnance. 

pH of A M P  aqueous solution can be detennined using fol lowing equat ion 

pH = - log[kdJ 
� 1 000 

4. 1 1 - 1  

\\ here [ H  ] is  hydrogen concentration in  mollm3 

The pH o f  A I P  ( 0 . 1 M )  i s  1 1 . 3 as per A M P  material safely data sheet prepared by 

Calcdon Laboratories Ltd [24]. 
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C H A PT E R  V 

R E  U LT A N D  D I S C U  I O N S  
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5. 1 I n t rod uction 

CHAPTER V 
RESULTS AND D I SCUSSIONS 

I n  t h i ,  the, i the model ing and imulat ion of t he ab orption of di l u te CO2 i nto fa l l i ng fi lm 

of aqueou. , o l utions o f  a sterica l l y  h i ndered amine, 2-ami no-2-methyl - l -propanol (AMP) 

a, carried out  u ing COM OL M u l t i phy i Version 3 . 3 .  CO2 loading of aqueous AMP 

ol ution wac  esti mated at  d i fferent operat i ng parameters; CO2 part ial pre sure, operati ng 

temperature and amine concentrat ion.  The thickness of fal l i ng fi l m  was assumed constant and 

equal to 1 10'4 m .  

5.2 Model Validation 

Figu re 5 .2-A shows the re u lt of calculation of CO2 loading i n  AMP at same 

operating condit ion of Table 3.2.3-A:  CO2 part ia l  pressure 9.8 kPa, A M P  1 kmol/m3 and 

temperature 40°C [ 1 1] .  
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Figure 5 .2-A: CO2 loading of A M P  at d i fferent  t imes (seconds) 

From Figure 5 .2-A, the predicted CO2 load i ng using t he thesis model is 0 . 725 , which 

is s imi lar to the experimental measured value 0 .755 [ 1 1 ] .  Therefore, the model i ng 

percen tage error is 3 .97 %. Moreover the model predicts meani ngfu l trends for the e ffect 

of CO2 part ia l  pre sure,  temperature and A M P  concentration on the absorption process. 
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5.3 

The op rat ing ca c were cia i ti cd in tv 0 group : ( l) Gas Turb ine operat ing case 

ano ( 1 1 )  Boi ler operat ing ca e . Typi a l ly  0;: 'ontent i n  f lue ga composi t ion i s  3 vol  0 0 

and .5 \ 0 1 0 0 f r ga turbine and boi lcr, respect i \ ely. '02 content i n  ga turbine flue 

gas i s  lower than i n  b i l er f lue ga ' bccau e of  excc s air ut i l ize for coo l ing. For 

· to l chiometric combust ion, thc ga turbine requ ire approximately one-fourth o f  the total 

air i t  compre , e  . The excess air is used to cool thc combu tion chamber and mixe w i th 

the combust ic  n product to reduce the gas temperature a t  the in let to  the fi rst turb ine 

L tagc. 

Tables 5 . 2- and - .2 -B hows all studied operat ing ca es requi red to carry out the 

operat ing parameters optimization for ga turbine and boi l er case . 

Tabl e  5 .2-A:  Operat ing parameter of  ( I )  gas turb ine cases 

AMP Aqueous Solution Concentration 
Operating Operating 

Case lline P ressure Temperature 

krnollmJ AMP M ass % Psig °C 

I-Case A . I . 1  1 9 0 20 

I -Case A . I .2 1 9 0 40 

I-Case A.2 . l 1 9 1 00 20 

I-Case A .2 .2  I 9 1 00 40 

I -Case A.3 . 1  1 9 200 20 

I -Case A . 3 . 2  1 9 200 40 

I-Case A.4 . 1 1 9 3 00 20 

I -Case A.4 .2  1 9 300 40 

I -Case B . 1 . 1  2 1 8  a .  20 

I -Case B . 1 .2 2 1 8  a 40 

I -Case B . 2 . ] '2 1 8  1 00 20 

I -Case B . 2 . 2  2 1 8  1 00 40 

I -Case B . 3 . 1 2 1 8  200 20 

I -Case B . 3 .2 ') 1 8  200 40 

I -Case B A. l 2 1 8  300 20 

I -Case B . 4 . 2  2 1 8  3 00 40 

I -Case e 1 . 1  3 2 7  0 20 

I -Case C . 1 . 2 3 2 7  a 40 

I -Case C .2 . 1 3 27 1 00 20 

I -Case C .2 .2  3 2 7 1 00 40 

I -Case C . 3 . 1 3 27  200 20 

I -Case C . 3 . 2  3 27  200 40 

I -Case CA . ] 3 2 7  300 20 

I -Case C .4 .2  3 27  300 40 
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Tab le 5 ._-B :  Operati ng par meter of  ( l J )  b i ler en e '  

Case �allle 
M P  Aqueou olution Concentration 

kmol/m-' AMP M ass % 
I I -Case A. I . I  I 9 
U-Case A. I . 2 I 9 
I I-Case A.2 _ 1 1 9 
I I-Case A.2 .2  1 9 
U-Case B . l .  J 2 1 8  
I I -Case B . 1 .2 2 1 8  
I I-Case B.2 . 1 2 1 8  
I I -Case B.2 .:?  2 1 8  
I I-Case C. l . I  3 2 7  

I I-Case C . l .2 3 27  
I I-Case C.2 . 1 3 27 
I I-Case C .2 .2  3 27  

5.4 Cases Results 

The imulat ion of model ing focused on the fol lowing resul ts :  

1 .  CO:c Loading i n  aqueous AMP sol ution 

2. Required contact time to reach equ i l ibrium 

3 .  pH of rich AMP aqueou olution 

Operat ing 
Pres ure 

Psi.g 
0 
0 

1 00 
1 00 
0 
0 

1 00 
1 00 
0 
0 

1 00 
1 00 

-+. Total required interfacia l  area Icirculated A IP aqueous solution 

Operating 
Temperature 

DC 
20 
40 

20 
40  
20 

40 
20 
40 

20 
40 
20 
40 

Tables 5 .3-A and 5 . 3 -B  summarize the re ult  of  ( l ) Gas Turbine ea es and ( I I )  Boi ler cases. 
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ab le 5 .3 - umm ry  table f (I) ga turbine ea c resul t  

Requi red Contact 
Total required 

CO2 Loading pH of  Rich interfacial area / 
t ime to reach 

Circulated MP 
i n  AMP AMP Aqueous 

Ca e llme equi l ibrium 
Aqueous Sol ut ion 

Aqueou Sol ut ion Solut ion 

Seconds 1m 
Mol CO2 / 
Mot A M P  

I - a e A. 1 . 1  _00 2000000 0 .750 9 .30 

I-Case A. I . _ 1 40 1 400000 0 .525 9. 1 6  
I -Case A.2. l 60 600000 0.950 8 .50  
I -Case A .2 .2  50 500000 0.850 8 . 54 
I -Case A.3 . 1 40 400000 0.970 8 .2 1 
I -Case A.3.2 40 400000 0.9 1 3  8 .28 
I -Case AA. l 30 300000 1 . 000 8 . 1 0  
I-Case AA.2 25 250000 0.950 8 . 1 4  
I -Case 8. 1 . 1  300 3000000 0.625 9 .53  
I -Case B. 1 .2 200 2000000 OAOO 9 .3 8 
I -Case B .2 . l 1 00 1 000000 0.900 8 .80 
I -Case 8.2.2 60 600000 0 .733 8 .80 
I -Case B.3 . l 60 600000 0.950 8 . 55  
I -Case B.3 .2  50  500000 0.825 8 . 5 8  
I -Case BA. l 55  550000 0.967 8AO 
I -Case BA.2 45 450000 0 .875  8A5 

I -Case C. 1 . 1  480 4800000 0 .550 9 .65 

I -Case C . 1 . 2 260 2600000 0 .333 9 .50 

I -Case C.l . l 1 40 1 400000 0.860 9 .00 

I-Case C.2 .2  80 800000 0.650 8 .96 

I -Case C.3 . 1 1 00 1 000000 0.9 1 7  8 . 75  

I -Case C .3 .2  70 700000 0 .760 8 . 77  

I -Case CA.  1 1 00 1 000000 0.940 8 .60 

I -Case C.4 .2 60 600000 0.8 1 3  8 .63 
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Case rune 

1 I- a e . 1 . 1  

I I -Case A. I .2 

I I -Case A.2 . 1 

I I -Case .2 ._  

I I-Case B. 1 . 1  

I I-Case B . l .2 

I I-Case B.2 . 1 

I I  -Case B.2 .2  

I I-Case C. l . l  

I I-Case C . 1 .2 

I I-Case C.2 . 1 

I I-Case C .2 .2  

Tab le 5 . 3 -8 :  ummar table of  ( I I )  boder co. e re ul t  

Total required CO2 Loading 
Required Contact t ime i nterfacia l  area I i n  AMP 
to  reach equ i l ibrium Circulated A1vl P Aqueous 

Aqueous Solution Solut ion 
Second 1m Mol CO2 I 

Mol AMP 

90 900000 0. 880 

70 700000 0. 700 

30  300000 1 .000 

_2  220000 0.950 

1 60 1 600000 0 .79 

1 1 0 1 1 00000 0.567 

55  550000 0.967 

34 340000 0 .875 

240 2400000 0 .7 1 7  

1 40 1 400000 0.483 

80 800000 0.945 

60 600000 0. 8 1 7  

5.5 Effect  of the Key Parameters 

The result of Tables S .2-A, 5 .2-B, S . " -A and 5 . 3 -8  show that : 

pH of 
Rich AMP 
Aqueous 
solution 

8 .900 

8 .875  

8 .042 

8 . 1 04 

9. 1 8  

9. 1 1  

8 . 375  

8 .4 1 7  

9 .333 

9 .250 

8 .58 

8 .60 

r The CO2 loading in  AMP aqueou solut ion approached one for some cases and below 

0.5 for other co. es. 

r High operating pre sure increa es CO� 10ad l l1g a i t  increa es the part ia l  pressure of  

CO2 and  consequent ly increases the equ i l ibrium CO2 solubi l i ty concentrat ion a t  the 

interface. This can be ob erved by comparing cases 1 .A . I . I , I .A .2 . 1 ,  LA .3 . 1 ,  and 

I .A .4 . 1 .  for example. 

r Low operating temperature decreases Henry ' s  constant of  O2 in AMP aqueous 

sol ution, i ncreasing the equ i l i brium C02 ol ubi l i ty concentration at the i nterface. 

However. low operati ng temperature decreases the speed of react ion.  The overal l  

effect of  lowering the temperature is to enhance O2 load ing. This can be ob erved by 

comparing cases I .A . l . l  with LA. 1 . 2 ,  cases l .A .2 . t with 1 .  . 2 . 2 ,  ctc. 
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r Low I P  aqueOlL concentrat ion increac e CO2 I ading as it decreases the vi cosi ty 

thereb increa ' ing the d i ffusion coeffic ienl .  Thi can be ob erved by comparing ca e 

I .  . l . 1  I . B . 1 .  L and 1 . . 1 . 1 ,  for example. 

� The c mpre ion requirement for gas turbine flue ga is found to be h igher than for 

the boi ler flue gas becauc e O2 part ia l  pres ure i s  low i n  case of gas turb ine. 

r The pH of  rich I P  aqueou s lution at maximum O2 loading was 8 .  H aving the 

pH of  rich ami ne l arger than 7 reduces the risk of  h igh corrosion environment. 

r The required contact t ime to reach equi l ibri um decreases with temperature i ncreases 

because of fa ter p ds of reaction.  This can be observed by comparing cases LA. I . l  

with I .A . l .2 ,  case LA.2 . 1 wi th I .A.2 .2  etc. 
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H PT E R  V I  

D E  I G N  E '1 1  I AT I O N  O F  T R U C T U R E D PA C KE D  A BSO R B E R  

C O L U l\ l N  F O R  G S T U R B I N E  A N D BO I L E R  C A S E  STU D I E S 

6. 1 I n t ro d u c t ion 

The result b'om chapt r 5 werc ut i l i zed to est imate the lower bound to the s ize of 

ab orher.' for the ga ' turbl l1e and boi l er ea  e stud ies for 1 00 M MSCFD total flue  gas flow 

rate; \\ hieh i in the range 0 f two to three ga turbine units in  simultaneou operation. It i s  

recommended t o  a v  i d  xce s ive coo l ing o f  flue gas i n  order t o  the required amount o f  

cool ing water. loreo\' r ,  the higher temperature decreases the contact t ime to reach 

equ i l ibrium condit ion. A lso, i t  is recommended to min imize the operat ing pressure o f  

ab rber column to avoid l arge com pres or requ i rement that results from compressing flue 

gas from atmo pheric pressure. In general using higher concentration of A M P  sol ut ion 

reduce the circulated A IP solut ion flow rate. However, h igher concentration decreases CO2 

loading of A IP olut ion. 

6.2 De ign E t i m a t i o n  o f  S t r u c t u r a l  Packed A b  orber fo r Gas Turbine C ase S tudy 

I -Case B.2.2 wa selected to be the most suitable case for gas turbine. Only 1 00 psig is 

required to compres the flue ga down tream the direct cooler. 40°C temperature is requ i red 

to run the ab orption unit  which w i l l  reduce the requi red amount of cool i ng water o f flue gas. 

6.2 .1  E s t i m at io n  of C i rc u l a ted A I P  A q u eo u  S o l u t i o n  

An est imate o f  min imum ATvIP  flow rate can be  obtained from equ i l ibrium CO2 loading 

[ 2 5 ] .  For  I -Case B . 2 . 2  the A lP  CO2 10aJing is 0 .733 mol-C02/mol-AMP. The molar CO2 

flow rate calculated as: 

CO2 l\. fo lar Flow = CO2 lo le  Fractie n * Total F lue Gas alar Flow 6 .2 - 1 

= 0.03 * 1 00 I I CFD = 0.03 * 1 1 9786500 mo l/day = 3 593595 mol/day 

CO2 lass Flow = CO2 Molar Flow I l WC02 6 . 2-2 
= 3 593595 moJlday / 44 = 1 58 . 1 ] 8 M .tonnes/day. 

A IP Pure 10 lar flo\\' ( M i nimum) - CO2 molar now CO2 Load ing 6 .2-3 

= ') 593 595 mol/day / 0 .733  mo l -C02/mol-AM P = 4902585 mol/day 

.\� lP  olut ion 10 lar now ( M in imum) - A M P  P ure lo 1ar now ( M inimum) / A M P  Mole  

Fract ion 6 .2-4 

= 4902585 mol/day 1 0.0425 = 1 1  Y' 63 1 42 mo l/day 
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AMP 'o lution (vIa: ' il l \V ( hn imum ) I P  olution olar flow ( Min imum ) * l WAf\I P 

SOIUt illJ1 6.2-5 

1 1 536 1 42 mol/day * 2 1 .042 g/mol = 24275 1 5677 g/day 

lP olution olumetnc tlow ( l i n imum ) = 1 P  Solution Mas flow ( Mi n imum) / 

6 .2 -6 

24_ 75 1 677 g/da * 0.9903 g/m L = 2 . 83 7 x 1 0,02 m3 1 s 

a erag 1 P  olut ioll d 'nsity 

6.2.2 E t i ma t i on of  Total V o l u me of t r u c t u red Packed Col u mn A bsorber 

The charmels fonncd by the tructurcd packing elements are presumed to pass l i quid and 

\ apor i n  counter flow contactl l1g. i nce the g ometry i well -defined and the packi ng surface 

area i known preci, ely it ha been found po s ible to model the mass transfer process using 

wetted wal l theory. Thi s  idea was adopted by many investigators i n  the tudy of  structured 

pack d columns ( 26 1 . Structural packing materia ls  are produced of metal ,  plast ic, cerami cs, 

and carbon. Structural packing material are produced of meta l ,  p lastics and ceramics. The 

required height of tructural packed column is  lower than random packed column . A lso, the 

pres ure drop aero s tructural packed column is lower than random packed col um n  [ 2 7 1 .  

Ceramic  tructural packi ng was selected due t o  i t s  h igh corrosion resistance. A lthough i t  

can sustai n  h igher temperature than metal , i t  i s  not recommended t o  use i t  i f  there i s  

potent ia l  for them1al shocking. So, this idea shou ld c lear appear i n  startup and shutdown 

pol ic ies to avoid damaging of column intemal . Among the groups of ceramic  structural 

packing 250Y model was selected. The wave angle and speci fie surface area of 250Y are -+5° 

and 250m� m' , respect in' ly 1 2 8 1 .  The total min imum interfacial area requi red can be 

calculated using the result of 1 - ase 8 . 2 . 2 .  Th is  i s  a lower bound to the actual i nterfacial  area 

for packed column because it i calculated under the a umption that a l l  the packing  surface 

area is avai lable for mass transfer. HO\\ ever, a part of the packing surface area may not be 

wet and, e\ en if wet, i t  could be at a tagnant location that does not part ic ipate of the mass 

transfer process. C lose to the tlood ing condit ion, the wetted column interfacial area and the 

surface area of packing are s imi lar [ 29 J .  

Total i nterfaci al area required = 2 .83 7  x 1 0,02 m3/ * 600000s/m = 1 7022m
2 

Volume of structured packed column ( mini mum ) = Total interfacial area 1 specific surface 

area of structural pack ing matelial 6 .2 -7  
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6.2.3 E ' t i ma t io n  o f  t ru ct u red Packed Co l u m n  A b  o rber D i a meter a n d  H eigh t 

Th� d ial11�t�r of  any type of  col umn depend' on the tl ding condi t ion as wel l as l i quid 

entraUUJ1l:nt .  FUlr and Br<l\ o C ITclated tl ding data for I l I apak 250Y pack ing. Their 

con"el atlOl l shown 1 11 Figur 6 . _ . 3 - A .  Their olTel ation u e a t100d i ng region that is  

characterized by a rapid increa e in  pre ure drop with s imul taneous 10 s of eparat ion 

effic lenc  [ 28 1 .  Thi ,' is a lower bound to  the actual d iameter because i t  i s  calcu lated at the 

tlooding coml l t i  n wi th ignoring the cffects of foam i ng .  

AI ,  )pg 
low Paramet r = -. - -

iV (T PI ..... 

where: 

MI : A M P  l i qu id  ma flow rat 

v g : F lue gas mass flow rate 

PI : A I P  l iquid densi ty 

Po : Flue gas d nsity 

F low P aramet er = _2_4_27_5_1_5_6_7_7 -=gJ_d_a-=---y 
33 54022000 gJday 

1 -

e 
�') �-----,!- - - - - ---

r � 

'-
0 � 

� I u 
0 

L C " I >. 
-
u C

2

1 

Ll 
Cl 
0 

I 
'-..i 

� . 
c o  :; 0 2  0 0 : G O L  

0. 53 1  Ib/ft 3 
----- = 0.067 
6 1 . 824 I b/ft 3 

I I I I 

0 0 6 0 0 8 0 1  0 ::  

Figure 6 .2 .3 -1\ : Flood ing capaci ty of Mel l apak 250Y packing [ 28 ]  
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hom Figure 6.2 .  - , the capacit  factor I 0 .333  f s. 

G 
ap aclt ) ract or = 

p 

JPg(PI - Pg )  
\\ here:  

Gp : Tower \ npor load i ng ( Ib/ fi ee ) 

'apa ' I t)  Factor i n  unit  o f  fils 

PI and Pf!. i n  uni t of Ibm) 

Gp == 0 . 3 3 '" n s * JO. 5 '"  1 I b/ ft
3 * ( 6 1 . 824 I b/ft - 0.53 1 I b/ft ) = 1 .900 I b/ft

2 
ec 

olumn ero," 'ect ion area = Mg / Gp 
= 5 . 583  Ib/sec / 1 .900 lb/ft

2 
sec = 4. 1 85 m

2 

C I 
. 

d '  J 4 * A rea 
o umn ero e t lOn l ameter = . iT 

= J4 * 4 . 1 85 
= 2 .3 m 

j[ 

Column height = C l umn Volume / Cross Sect ion Area 

= 68.0 8m3 / 4 . 1 85 m
2 

= 1 6 . 3  m 

6.3 De igll  E t i ma t i o n  o f  t r u c t Ul -cd Packed A bsorber for B o i l e r  Case S tu d y  

6.2-9 

6.2- 1 0  

6 .2- 1 1 

6.2- 1 2 

I I -Ca 'e B . 1 . 2 \\ 'as selected to be the mo t suitable case for boi ler .  No need for com pre sor 

and -1-0�C temperature is requ i red to run the absorption uni t  which w i l l  reduce the requi red 

amount of  coo l l l1g \ ater o f  flue ga . As i n  the previ ous case, the column sizes represent 

est imated lo\ver bounds to the actual val ues, for the reasons mentioned in Section 6 .2 .2 .  

6.3. 1 E t i m a t ion o f  C i rc u l a ted A I P  A q u e o u s  Sol u t io n  

Thi section u es a procedure s imi lar  to that of sect ion 6 .2 . 1 .  For I I -Case B . 1 . 2 the A l P  

CO2 l oading i s  0.567 m I -CO]/mol-A 1 P .  The mo lar CO2 flow rate calculated as : 

CO2 Molar Flow = 0.085 * 1 00 tvl M SC F D  = 0.085 * 1 1 9786500 mol/day 

= 1 0 1 8 1 853 mol/day 

CO2 f ass Flo\\' = 1 0 1 8 1 853 mol/day / -1-4 = -1--1-8.002 M . tonn s/day. 

J\ l P  Pure :- lolur flow ( m in imum ) - 1 0 1 8 1 853 mol/day / 0.567 mo l -C02/mol-Al'vI P 

= 1 79574 1 2  mol/day 

A I P  Solutiun l olar now ( m in imum ) = 1 79574 1 2  mol/day / 0.0425 = 4225573 5 1 mol/day 
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M P  olution l'vl a, ' now ( m i n imum ) = 4225 5 7  5 1  mol/day * 2 1 .042 glmol 

= ) '9 1 6 1 4594 gtday 

r\ lP olution olumctri c nov" ( m i nimum) = 9 1 6 1 45 4 glday * 0.9903 glm L = 1 .039 x 

1 0 0 1 1 11 ' , 

6.3.2 E t i ma t i o n  o f  T o t a l  V o l u me o f  t r u c t u red Packed C o l u nm A b  orber 

Thi s  sect ion use' a procedure s im i l ar to that of sect ion 6.2 .2  and tbe ame packing 

material ( 250Y).  

Total reqUired in terfacial  area can be calculated using the resul t  o f  I I -Case B. l . 2 :  

Total required i nterfacial area = 1 .039 x 1 0-0 1  mJ/s * 1 1 00000 s/m = 1 1 43 1 2  m2 

a lum o f  tructural pack d column = 1 1 43 1 2  m2 
1 250 m

2
/m3 = 457 m3 

6.3.3 E t i ma t i o n  o f  S t r u ct u red Packed Col u mn A bsorber D i a meter a n d  Height 

ThlS ection u es a procedure i m i l ar to that of sect ion 6 .2 . 3 .  

F l  P 
89 1 6 J 4594 glday 

ow arameter = ------"---

3354022000 glday 
0.068 I b/ft

3 

----- = 0.088 
6 1 . 824 I b/ft

3 

From Figure 6 .� .3 - the  capacity factor i 0.3 1 ft/s. 

G p = 0 . 3 1 ft * J 0 .068 I b/ft 3 * ( 6 1 .824 I b/ft - 0.068 I b/ft
3

) = 0.635 l b/ft
2 

sec 

Column cra ect ion area = 85 .583  I b/sec / 0.635 I b/ft
2 

sec = 1 2 .5 1 1 m
2 

Column height = Column Volume I Cross ect ion area = 457 m 3 I 1 2 .5 1 1 m
2 

= 36 .5  m 
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6.4 u m ma ry o f  Rc u l t  

' I he summar} o f l lle  r u l ts of  th is  chapter are hown i n  Table 6A-A.  

Table  6A-. \ :  ummary o f  rc u l ts f r tnlctured absorber co lumn of gas turbine and 

boi ler case tud ies 

Paramdcrs Gas Turbine Boi ler 

2 111 IG ° 0 in F lue Ga 3 . 5  

Op 'rat ing Pr ' sure (psig) 1 00 0 

Op rat ing Temperatur 40 40 

A I P  o lut i  n Concentration w t  % 1 8  1 8  

CO2 [ as Flow ( LtonJday) 1 58 44 

l in imum Circulated MP Solut ion F low 450 1 647 
(USGPM) 

Column Type Ceramic Structura l  Cerami c  S tructural 
Packjng Packing 

Column lodel 250 Y 2 50 Y 

Column Diam ter ( m )  ( l ower bound) 2 .3  4 

Column height (m)  ( lower bound) 1 6. 3  3 6 . 5  

The results of  column sizing diameter and height could not b e  found i n  the open l i terature 

for � im i  lar operat ing condi t ion .  Therefore, i t  i s  not possible to compare the re u l ts  o f  this 

chapter wi th l i terature data. 
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C H A PT E R  V I I 

CONC L U  I O N  A N D S UG G E ST I O NS FO R F UT U R E  W O R K  

I n  th l - t h  ' i s  the model ing and imu lation of  the ab_orption of  d i l ute O2 i n to fal l i ng ti lm 

of aqueous sol ut ions o f  a terica l l  h indered amine, 2 -amino-2-methyl - l -propanol (AMP)  

\\ J, carried out using 0 [ OL l u l t iphysic ersion 3 . 3 .  The operat ing ca 'es were d ivided 

in  t\\- o groups: ( I )  gas turb ine op rat i ng ca es ( O2 3 mol %) and ( 1 1 )  boi ler operat i ng cases 

( O2 .5 mol 0 0 ) . The key operat ing parameters for the stud ied cases are CO2 part ia l  

pre c. ur , operat ing temperature and amine aqueous o l ut ion concentrat ion.  The s i mu lat ion o f  

model ing focu_ e d  on the fol lowing: 

1 .  CO2 Loading in  aqueous A M P  solut ion 

") Required contact t ime to reach equ i l ibrium 

3 .  pH o f  r i  h A I P  aqueous solut ion 

.+. Total required interfacial area Ici rcula ted A M P  aqueous sol ut ion 

The model i ng wa val idated by solv ing the model ing under the speci fi c  experimental  

operati ng condit ion and comparing  the predicted C02 load i ng with experi mental  resu l ts .  The 

percentage error between the model and experimental i n format ion was 3 .97  %. The CO2 
load ing in A I P  aqueous o lut ion approached one for orne ca es and below 0 . 5  for other 

case . H igh operati ng pressure, low operat i ng temperature and low A M P  aqueous 

concentrat ion enhance CO2 l oading. The compres ion requ i r  ment for gas turb i ne fl ue gas 

wa_ found to be h igher than for boi l er flue ga . The pH o f  rich A I P  aqueous solut ion at 

max imum C02 loadi ng was 8. The required contact t ime to reach equ i l ibrium decreases with 

temperature i ncreases. F ina l ly, the results were ut i l ized to est imate the s ize of tructured 

packed col umn absorber for 1 00 I l SCFD tota l fl ue gas flow rate. 

The main suggestion for future work i to repeat the study u ing aqueous o f  mi xture o f  

A \ l P  (<;terical l y  h indered amine) with primary orland secondary ami nes. Thi m i xture  could 

enhance CO2 loading with sui tab le  operat i ng cond i t ion .  A l so, the presence o f  oxygen in CO2 
stream can cause severe impact i n  p ipe l ine i n tegri ty  and pl ugging of reservoi r  pores 

fonnat ion .  For th is  reason,  i t  is recommended to tudy sol ub i l i ty of oxygen in A M P  aqueou 

solut ion . The maximum oxygen in the i njected C02 i 1 00 ppmv as ment ioned in Dakota 

Gdsi ficat lO n  Projec t ' s  CO2 Speci Jication for EOR 1 3 0 ] .  nother suggest ion i s  to tudy 

absorption  at temperatures h igher than 40°C . A fi nal  suggestion i s  to carryout experimental 

\vork for more complete model val idat ion.  
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APPEN D I X  A:  O P E RATI NG CASES ( I )  OF GAS TU R B I N E  

Thi appendix di  play t he re u J t  [or ga turbine c a  e . The code names are 

defined in Table 5 .2-A. 
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