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~ .' ~» ABSTRACT . .. - ¢
. i [V}
!

A ‘single sphere absorber 'was used to determine the
' d1ffuslq3 coeff1c1ent7§f nltrous oxide (N,0)'§n aqueous

solutions of methyldiethanolamine (MDEA).V’Measqrements-were

«. -

nade’over'a temperathreﬁrange of'25°c to 75°C and for

solutlon strengths of 20 wt % and 40 wt %~ EA The

.dlffu51on coeff1c1ents were found to lie in the range of

"o, 6x10) 0 2.9x10 =9 m? /s.. The'accuracy of the diffusion

'data is esttmated to be within 5 %.

a

\\\‘ The s1nqle sQ'ére absorber was used to debermlne the
. rate constan% fbr the aqueous phase react1onknetween carbon

d10x1de (CO;) and. MDEA.' Measurements were taken. over a

,temperature range of 25°C to 75°C and for solutlon strengths.

. T L
of 20 wt % and-40 wt %,MDEA. The sphere absorber operated
in the fast reaction regime and under pseudo-first‘order*
conditionsj The second order rate ‘constants were found to

vl1e 1n t ange of 5 to 65 m /kmol-s. The actlvatlon -
ﬂ

energy of the reaction ya$ estlmated to be . 42 7 kJ/mol MDEA.

The accuracy of the rate constants is* estlmated to be w1th1n

~

. «X]O % . o v - .4

'The rate of absorption'of COQ in 40 wt % MDEA solution

containing: from 0 kmol/mJ to 0.4 kmol/m p1peraz1nejwas

'measured at a te?perature of 40°C.  The. absorptlon‘;afe wa53

fzund t011ncrease with p1perazmne concentratlon.“'

v&\ii \ ) ’ . JA
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l . . ».
A nonequ111br1um stage.model based on the é;ay

4

w——

effic1ency concept was developed to s1mulate the absorpt1on'

of H.S and coz on a tray in an 1ndust{ral contactor. «The (a

‘ model 1ncorporates the exper1mental rate constants and other

fundamental mass transfer parameters to pred1ct the stage

. . ) ’ .
efficiency of H;S and CO, on each tray in a multistage V-

model " Bquilibrium and kinetic data for monoethanolamine,

,dlethanolamlne, methyld1ethanolam1ne and tr1 thanolam1ne

have been 1nc1uded."The Ish11 Otto approach was used in the

developmenﬂPof a new algorithm to solve the rigorous model

. . . ’ ‘e . . . : \-/ .
- when the_traypeff1c1ency is 1ncluded in the stage eguations.

K

A steady state process 51mulat1on package was developed

~

('
to modet/am1ne b?“atlng facilities for process de51gn

purposes. - The multistage nonequ111br1um model was used to '
L4

simulate the performance of.contactors and regenerators.
Ve

'Other process un1t modules such as heat exchangers and flash

tanks are avallable in the 51mu1ator. A dlrecf!‘;bstltutlon

N\gethod was used in the sequentlal modular solution, procedure

to obtaln an overall flowsheet mater1a1 and energy balance.

v
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interfacial surface area of laminar .jet, (m?)

concentration of solute gas in the bulk l1qu1d

’ A} .

NOMENCLATURE .
cross—sectiqnel area of coluhn, (m?)
actualwinterfaéial surface ared of sphere, (m?)

7

surface area»of a\dry sphere, (m?)

-

‘interfacial area per unit volume of dlspefsxon,

(m /m“) . ) S

interfidcial area per unit tray area, (m’/m’)

" surface.area of .dry packing, (m?)

eoncentration"of'solute gas, (kmol/m’)

component material 1mbalance function def1ned by .
Equation (122), (kmol) o ‘ | /

discharge coeff1c1ent d1mens1onless :

concentration of solute gas 1n “the bulk liquid at
equilibrium, (kmol/m )

(kmol/m?) oy ‘ , o

moleculer diffusion coefficient, (m?/s)

' mblecular diffusioh coefficient gf the dissolved
solute gas 1n water, (m /s) ' :

molecuka? diffusion coeff1c1ent of the solute. gas 1n

the géas phajpe, (m2/s) N

;Anominal-packing size, (m)

diameter of sieve tray holes, (m)

diémeter«of gas bubble, (m)

‘diameter %f the jet, (m)

’ energy imbalance functlon deflned by Equation (123)

(kJ)

MUfthee vapor- stage efficiency, dimensionless

_ U A ' .
~vaporization eff1iﬁency, dimensionless



.fugacity,.(kPa)

- enthalpy of vapor; (kJ/kmol)

9molar'feed rate, (kmol/s) -

[

general nonlinear equatlon used in Equatlon (127)'

fugacity of pure 11qu16 (kPa) . .

¥

rate of absorpt1on of the solute gas in the lquId
(kmolzs)

superf1c1al gas mass veloc1ty, (kg/m’- s)

 rate of absorptlon of solute gas .in the llqu;d jet,‘
: kmol/s) . v

rate of absorption of solute gas in the llqu1d over
\the sphere, (kmol/s) y ‘

-

acceleration due to grav1ty, 9. 80665 {m/s?)
Henry s .law coeff1c1ent (kPa-m? /kmol)

Henry's law coeff1c1ent, (kPa/mole fractton

. ‘."‘
\‘ i

3 Henry .8 Law coefficient of the d1ssolved solute gas

in water, (kPa-m®/kmol) .
nthalpy of feed, (k3/kmol)

heat of solutlon, (kd/kmolj | . . ,
latent heat of vaporization, (kJ/kmol) M - -

enthafby of llquld (kJ/kmol) | z/'
salting-out. parameter in Equatlon (211) %m /kmol[~

herght'or‘length of jet, (m) -

taie—off heignt (m)

‘enhancement factor, dimensionless -

1on1c strength of 11qu1d solutlon,v(kg 1on/m )
equ111br1um ratio, K=Y/X ' ‘ |

overall ligquid-phase mass- transfer coeff1c1ent,

(m/s)



-pseudo—flrst order overall rate constant, (s~')

r .
3

'_overall gas phase mass- transfer coeffxcxent,_

(kmol/s m?"kPa)

: . . _ X
amine protonatlon'constant,,(kmol/m’)

" water d15soc1at10n constant (kmol?/m*)

equ1l1br1um constants defined by Equatlons (q72) to
178) - -

Boltzmann's,constant, ! ._38053&10'—28 (k3/K) ..

iteration number_

lsecond order rate constant, (m’/kmol-s)

rate constant for the forward reaction glven by
Equation -(203), (m®/kmol-s)

rate constant for the reverse reaction glven by-
Equatlon (203), (s-*)

rate constant for the react1on glven by Equatlon _
(204), (m*/kmol-s) . -

2 .-

re

3as phase mass- transfer coeff1c1ent {‘mol/m’ AR kPa)
s

eudo flrst order rate constant for CO; hydrolys1s,
(s-1'). v , , ﬂ ,

liquid—phase mass-transfer coef(icient; (m/s%‘

llqu1d phase mass-transfer coefficient without

chemical reaction, (m/s)

second order rate constant for reaction of. CO, .with.

AOH' (m?/kmol-s)

A}

volumetric 11qu1d flow rate. (m*/s) ;e U'?‘

molar liquid flow rate, (kmol/s)

superficial liquid mass velocity, (kg/m?-s)

overall material imbalance function deflned by s
Equation (121), (kmol) . -

NG

'molecular weight, (kg/kmol)

concentration of alkanolamine in liquid, (kmol/m3)
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‘partial pressurejr(kPa)

" volumetric flqm'rate of liquid, (m?/s)

f
el .

numbej of ccmponents B

"number of‘holes on sieve tray

number'of overall gas phase transfer units:

numbeér of'stages

stage eff1c1ency 1mbalance function defined by.

‘Equation (124);, (kmol)

‘total pressure, (kPa)

heat duty, (kW)

radlus of sphere, (m)

. ideal gas constant, 8. 31434 (kPa-m? /kmol K)

.

'Reynolds number of liguid phase, dlmen51onless

-
Reynolds number of gas phlase, dlmens;onless

raterof react1on of solute gas, (kmol/m

jsummatlon 1mbalance function deflned by Equatlon

(125)' dlmen51on1ess

length of bubble travel on a tray, (m) | iﬁ‘

- Schmidt numbar§o£ gas phase, dlmen51onless

m

‘Sherwood number of gas phase,\dlmen51onless -

molar flow rate of side llqu1d,‘(kmol/s)

molar flow rate of side vapor ,. (kmol/s)

'temperature, (K)

at

‘time, (s) : e

welghthg factor in multistage solutxon procedure

diffusion t1me available for mass transfer, (s)

_gas liquid contact t1me, 5)

moéﬁr vapor’ fﬂow“rate, (kmol/s) L



Vo . Qelbciey of liquid free 5ur£aée, (m/s)

v ' superficial velocity: through’tray, (m/s)
}vé ' superf1c1al veloc1ty of gas phase in the absorptxon
chamber, (m/s)
‘vt ﬁgterminal risé velocity of bubble, ‘m/ék
vy .~ velocity along 'streamline v, (m/s) |
W length.of ouflet wéir, (m)
X mole fract1on fthe liquid
x: , ?;€th 1nté 11qu1d measured from the free surface,
Y mole fractlon in the vapor
y - depth of penetration, dlmen51onless )
-2z height above tray*deck, (m)’ K\
Y4 . mole fraction in feed | -
i

z. . .. electrical charge of ion i

‘Greek Symhols

a : parameter definéd'by Equation (51)

'« - bulR phase Co, loadlng, (mol Co; /moi.MDEA)'

« mole‘rat1o in 11qu1d (mol ac1d gas/mol amine)
a matrix deflned by Equatlon (141)

B coefficient used 1A.Equat1on (50)

B “A‘ matrix'defined-by Equation (141)

r | Ga@ma function’ _

y = coefficient used in Equation (50) -

Y ' matrlx defined by Equation (141)

. o]
Y n ,llqu1d p@ase act1v1ty coeff1c1ent, d1mensxon1ess

- 1
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£ matrix defined by Eqaation'(140)

. kinematic vi5cosity, (ma/s)

0 1

‘ e \ ! N .
1thi¢kne4s of the liquid film around the'sphere, (m)

. . . , . -0
numerical dlfference (i.e, new minus old)

thickpess of the liquid film at the equator of the
sphere, (m) . :

vector defined by Equation (ﬂ41) \

characterlstlc Lennard -~Jones enerpy used in
Equations (79) and (83), (K)

convergence tolerance ‘
parameter deflned by Equation (43) - )

parameter defined by Equation "(49)

<parameter gii;ned by Equation (88)

parameter defined by Equation (89)

stage efficiency defined by Equation: (105),

dlmen51on1ess

épsolute viscosity of-gas phase, (jp/m-s)

angle betweel the vert1ca1 axis of sphere and a
radial line, (radlans)

parameters used in Equations (74) " (75) and (77),
and listed in Table 3 ° '

maxrix defined by Equation (139)
generalized ihdependent variable

parameters used in Equatlon (82) and listed in
Table 3 -

‘absolute viscosity of liquid phase, (kg/m-s)

‘3

‘matrix defined by- Equation (140)

matrik‘defined by Equation (1487)
A

. matrix defined by'Equation (139)

density, (kg/m>)

’y
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'matr1x defined by Equation (141)

N,
Ve,

‘'stream function, (m*/s)

| AN
.characteristic len%’h“used_)n Equatxcns (74) and .
(81), (&)

éurface ténsion of 1¢quid (dyne/cm)

E)

critical 11qu1d surfdce.tension for packing
_material, dyne/cm)

- reduced. temperature given by Equatlons (78) and

(83), dimensionless n RS

~

longltud1nal angle, (rad1ans)

Wilke parameter for gas‘hixﬁgh~f
dimepsieriless . N

matfix defined by Equation (139)
matrix defined by Egquation (149)

functionality of flowsheet equations

diffusion coll1szon integral de&lned by Equation
77), dlmen51onless.

viscosity collls1on 1ntegra1 def1ned by Equatlon
(82), dimensionless

matrix defined byLEQUaEion (145)
mat;iX'definea'by Equation (J47)
parameter defined by Equation (60)

1 a(r(d 78r)) , __1__ d(sin6(d /26))
r’ or r*siné a6

R 1 93
ri(sinf)?® de¢:?

) 1

. sy 12 iy 1 3
~r or 9 r 00 ¢ r sinb 03¢

concentration in liguid phase, (kmol/m’)

uclidean norm of matrix X

[N



. subscripts

CL

clear ldquid

feed.

gas‘phase

component number
géé—li uid interface
stage number |

liquid phase

‘total
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1. INTRODUCTION

"

A The removal of acid gases such as hydrogen sulphide
(H,S), carbon diaoxide (CO;) and’trace sulphur compounds . such
aé carbonyl sulphide (COS)G;cérbon disulphide (CS;) and |
alkyl mercaptans (RSH) from gas streams is often requ{reé in
natural gas plants and in oil refineries. Jhere are many |
t:;ating processes available; however, no éingle procésé is
ideal for all applications. The initial selection of a
particular process may be based on feed arameters such as
comp051tlon, pressure, temperature and the nature of the
1mQur1t1es, as well as product specifiications, Thefe
conzldérations are described by Tennyson and Schaaf (1977).
Final selection is ultimately based on process economics,
reliability, versatility and environmental constraints.
Clearly the selection procedure is not a trivial hatter and

any tool which provides a reliable'mechanism.for process

design is highly desirable. “

‘Ehlgdz&nski (1986) c&nsidered the processes available
to remove aoid.gaé impurities and caiegorized them as:
absorption, physical séparéqion! regenerable direct
conversion, nonregenerable direct conversion, and dry bed
processes. ,Absorptioﬁ“processes can be further subdivided
éccording'to the nature of the solvent as either chemical,
physical, .or ﬁixed solvent types. Table 1 lists sbme of Ehé
commerc1a11y avallable gébcesses in each category. 1In this

work, attention is focused only on the chemlcal absorpt1on

~



category.

The list of processes employing chemical absorption
technology is dominated by the alkanolamine-based process,
' Conventional’alkanolsmines include: monoethasolamins (MEA);
diethanolamine'(DEﬂT) B,Bﬁ4hydtoxy-aminoe£hylether (DGA),
diisopropanolamine (DIPA),,methyldiethanolaminé (MDEA) and
triethanolamine (TEA). Kohl and Riesenfeld (1985) and
Stenson (1985) present ;xcellenﬁ reviews of the ﬁistory of
the alkanolam1ne treating process. Whilé the chemﬁcal
absorptlon processes in Table 1 vary in the formulat1on qfn
the chemical solvent used, the same ba51c process flqwsheet'
is used. The conventional alkanolamine tsea;ipg process
consists of an absorption step taking plsée at relatiye;y
high pressure and loQ temﬁerature, followed by a solvent.

regeneration steb at relatively low pressure and high

temperature,

>

Figure‘1 shows the conventional process qonfigufaﬁion‘
for a gas~treating system using aqueous alkanolamine
solution. The sour gas feed is contacted _with amine
solut1on countercurrently in a trayed or packed absorber.
Acid gases are absorbed into the solvent which is then
heated and fed to the top. of the regeqeration column.
Stripping_stéam.prodUCed by the reboiler causes the acid-
‘gasesfto desorb from the amine solution as it passes down
the column. 'A_cbndenser provides réflux and the acid gases

are recovered overhead as a vapor product. Lean amine

R



Table 1. ‘ ‘

Processes Available for ACid Gas Removal :
e Chemical Absorption " B
MEA . Potassium carbonate
DEA ADIP
DGA Amine Guard ,
. DIPA Beavon sulphur removal/MDEA
- MDEA - Econamine
TEA ' ~ Catacarb
Activated MDEA SNPA (P)-MDEA.
FEEXSORB SE ' SNPA (P)-DEA’
FLEXSORB HP ' SCOT
Merox Gas/Spec FT .
UCARSOL HS 'UCARSOL CR
Benfield . .
e Physical Absorption - *
‘Methanol - Sulfolane
- Selexol Sepasolv:
Propylene carbonate Rectisol
N-methyl-2-pyrrolidone - Purisol
. v , ‘

,,

Mixed Solvents

Amisol N Sulfinol
Sylfinol M o FLEXSORB PS
UCARSOL LE Optisol

Selefining

Physical Separation

Ryan-Holmes Membranes
L Regenerable Direct Conversion .
SEéeéigrd ' _ Catasulf ~
e Nonregenerable Direct Conversion
Ztvc oxide : Chiemsweet
L Slurrjsweet : Iron Sponge

Caustic

Dry Bed

Molecular sieve SULFREEN

—
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"solutlon 1s cooled ‘and. recycled to the absOrber. A

fpartlally stripped semi- leanwﬁ%nne stream may be. thhdrawn

from the regenerator and fed tqkthe absorber in the

spllt flow modi ication to the conventlonal plant flowsheet:
:A three-phase separator or flaSh tank %a% be 1nstalled at
~the outlet of the absorber to allow for the recovery of

dlssolved and entralned hydrocarboﬁ% in the rich amlne and

to‘reduce the hydrocarbon content ofvthe.ac1d gas product.

Inkthe‘past, amine”treating unitS‘have ‘been designed to'
.remove essentlally all of the H,S and CO, in thc Aerd gas.‘.
Recent 1ndustr1al 1nterest has led to the deve o>pme t of gas
absorptlon processes for the select1Ve removal oL H s from
r'gases conta1n1ng substantlal amounts 'of CO;. " - Goar (1980)

-presents a few gas proce551ng schemes whlch\employ selective

absorpt1on technology and descrlbesﬁgngral advantages of {//

us1ng aqueous solutlons'of tert1ary alkanolamlnes such as'
methyld1ethanolam1ne (MDEA) over other alkanolag¢ne
solvents. Tertlary amlnes such as MDBA may be u5ed to
-process gas mixtures w1th very low HzS/COz mole ratlos’
(<1:10) -In some cases, 1t is possfble to remove.
essentlally alljgf the H S from the feed gas yet allow 90. %

or'more of the coz to pass through the contactor wlthout’

.. belng.absorbed.

The alkanolamlne treating. process 1s also used to
~remove bulk quantltles of COz from- gas streams as . an

alternatlve to.cryogenlc fractlonatlon or membrane.

2
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jseparatlon technology.w Pr1mary and secondary anlnes are -
capable of removing: COz to very low (ppm) leVels, but thelr
use results 1n exce551ve energy requ1rements for solution
regeneratlon. Tertlary amines such as MDEA are capable of .
remoV1ng bulk quant1t1es of CO, to moderately low levels (<T
mol %) w1th reduced energy costs: ow1ng ‘to thelr lower heats
ofAsolutlon.v However, the rate of absorptlon of coz in
tertlary amlne solutions is much lower than in pr1mary and
WSecondary amine solutlons of comparable molarlty. ‘ -
"Consequently, process developers have 1nvestlgated%the"use

of mass-transfer promot ing additives.

‘ Astarlta et al (1981) and Astar1ta et al. (1982) dlSCUSS
the use of arsen1te as a promoter in the hot potass1um
'carbonate process to enhance the COz absorpt1on rate."
‘Slmllarly, Appl et al.(1982) propose the addltlon of small -
.quantities of monomethylethanolamlne (MMEA) or‘plpera21ne to
MDEA solutlons to accelerate the rate of absorpt1on of Co,.
nThis increaséd absorptlon rate perm1ts lower solutlon * -
c1rculat10n rates and reduces the capital and operatlng

costs of the plant."

The design of

PN
0

™ne treating units involves the

| selection 'ocess'contiguration,'the amine type_and‘
concentratlon the solution clrculation rate, the reboiler
heat: requ1rements, and the operatlng pressures and. - ‘f;.
'temperatures. The mechanlcal tray de51gn and the number of

stages in the contactor are known to affect the process -
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performanceyand are particularly important in selective

i

fabSorption applications.

. 4

Amlne treat1ng un1ts have been de51gned in the past

g hand calculatlons and operatlng exper1ence.~ De51gn

iditions were typlcally chosen w1th1n a conservatlve range

. in order to coVer the def1c1enc1es 1n the data used in the

fhand‘Calculatlons.t Goel et al. (+982) dlscuss the 1mportance

of accurate data in gas treat1ng'deslgn.~ Computer modell1ng‘

of amine‘treating'units has become a popular means of

obtalnlng a su1table\process design.
Q\
In order to successfully model and pred1ct the H:S

selectivity in industrial contactors that use MDEA,

~ Blauwhoff et al. (1§83) indicate that three factorshmust be -

con51dered' 1) there must be an understanding of the‘
kinetics of the chemlcal reactlons between H; S/CO, and MDEA

.solut1ons, 2) the mechanical design of mass transfer

&

,equipment affects_the select1v1ty, and 3) ‘the equxllhrium o

conditions of,the system must be known. Furthermore, the

~

absorptxon of” pure H,S or pure COz by MDEA solutxons must be

&

-

fully understood before the problem of 51multaneous

‘absorpt1on can be con51de§%% "In Chapters 6 to 10, a

nonequ111br1um stage model which addresses each of these
cons1deratlons is presented. The focus of research 1n
Chapters 2 to'5 is on the experlmental measurement of CO,

absorpt10n,k1net1cs.



The absorptlon of CO, in aqueous MDEA splutions is a
mass transfer process accompan1ed by chemical react1on in
the liquid phase. *In aqueous alkanolamine systems, the
'llqu1d phase mass-transfer coefficient for CO; transfer is a
funct1on of temperature, the d1ffu51on coeff1c1ent of CO; in
the solvent, the reactzon rate constant, the reactlng
species concentrations;wand»the physical prcpertles of the.

e,

’golution.' For process design Calculations, this transfer .

_ z v v
coefficien? must be estimated; however, experimentaledata Qi\)
for diffusion coefficients and the reaction rate constant in.
-MDEA.sOIUtiens are limited.

In This investigation, experimental measureménts of the

.rate'of absqrpgion of CO, into aqueous solutions of MDEA
VWere taken. Temperatures and MDEA concentration studied -
~were 'in a range ef industrial’interest. A labo- ry
vabsorber was used such that fundamental mass transfer
parameters fere obtalned from the absorpt1on measurements. .
These fundamental paranmeters can be used in a nonequlllbrlum
stage model to predict the performance of industrial
ontactors using MDEA as the chemlcal solvent. The

)
enhancxng effect of p1pera21ne on the coz absorptlon rate

was also studied.

Background material om-the chemical reactions which
occur between acid gases and alkanolamines is contained in
-

'~ Chapter 2, along w1th a rev1ew of prev1ous work in thlS

area. Chapter 2 also covers the theoretlcal expre551dns

. l
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that were used td obtain the fundamental mass transfer
parameters from raw absorptiaon rate data taken using the
51ngle sphere absorber. Chapter 3 presents a descrxptxon of

the experlmental apparatus'and procedures used to obtain the

raw data. Experimental results are presented in Chapter 4

and discussed in Chapter 5.

Ford (1979) describes the value and use of“process
simulation for'engineering desién. In the research and
development stage, 51mulat1on of a process using a minimum
of input data can prov1de a means of checking the economic
feasibility of a process. In the cr1t1cal exam1nat1on

"stage, once a f1nanc1ally attractlve process has been

“identified, different flowsheet conflguratxons and operating

conditions.can be tested to.determine optimum values. For

‘ -example3 the program could be used to establish the

sensitivity of plant operatlon to changes in reboiler heat
duty or amine c1rculat10n rate. Use of the simulator 'in the
pllot plant stage may help obtaln estlmates for the
operatlng conditions of the full scale plant. Slmulat1on of
the full-scale plant would prov1de the process data requ1red
for the deta11ed de51gn of mechanical equ1pment. These
1nclude the temperature proflle within each column and the
vapor and llQUld loadlngs on each tray.' Flnally, the
s1mulat1on of an exlst1ng plant may be useful 1f there is a

need to change ‘the operatlng cond1t1ons. In this stage,

; 51mulat1on is an ideal way of~search1ng for bottlenecks or

for adapting existing equlpment to new feedstocks or,product

-~
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A theorethcal model has been developed to 51muli}e the

10

performandijk& the alkanolamine treating process. . Chapter 6

contains a rev1ew of the prevxous modelling work documented

in the open literature. The noneqﬁilibrium stage concept,

upon which the_simulator»is\based, is described in Chapter 7

"ijiong with the generalized multicomponent multistage .
rigorous‘separation'model Chapter 7 also covers the |
"numerical technique used to: solve the nonlinear multistage
~model equations and the calculation of the acid gas stage
efficiency;‘ Finally, Chapter 7 closes with a discu551on of

. the 1nd1v1dual thermodynamic and phy51co -chemical models
used to generate equilibrium ratios, phase enthalpies,

reaction rates and fluid properties.

In Chapter 8, the individual process unit-modules
ﬁdeveloped in Chapter 7 are combined‘to assemble a process
flowsheet simulator suitabie for engineering design ‘
calculations. The approach to 51mulation, the recycle
convergence technique ‘and the capabilities of the model are
described;‘lchapter 9 contains an extensive evaluation of
the proposed model. Examples of 51ngle-.and multi-column
‘process configurations u51ng primary, secondary and tertiary

alkanolamine solvents are presented A discussion of the

model follows in Chapter 10.

Finally, the'COnclusions that' can be drawn from the

* experimental and modelling studies in this work are



summarized in Chhpter 11.:
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‘2. BACKGROUND MATERIAL FOR EXPERIMENTAL STUDY

" v

2.1 Amine Cheﬁlgtrx

Amines are generally grouped according to the nature

and extent of .substitution of the amino group and are either

'primary, secondary, or.tertiary. Figure 2 gives the

molecular structure of several amines used in ‘gas and liquid

treat1ng appllcat1ons. .The structural dlfferences of these

- amines plaxs a major role in governlng their react1v1t1es-

with'H,S and COs. Sartori and Savage (1983) have defined

- sterically hindered amines as those for which either a

prfhary amino group is attached to ‘a tertiary carbon atom or

a secondary amino group is attached to a' secondary or.

“tertiary carbon atom. AMP and PE are-examples of sterically

hindered amines.

The absorption and desorption. of H.S and CO: in aqueous

amine solutions is a complex phenomenon involving mass

tranSf?% with chemical reaction in thE'liquid phase.
Detailed analyses of the reactions of H:S and CO. with :

primary, secondary, and tertiary amines may be found in

.'Astarita (1967), Danﬁkwerts (1970), Astarita et al.(1983)

and Kohl and Riesenfeld‘(1985). These acid gases react with

amines according to the following scheme



Triethanolamine (TEA)

Figure 2, Selected Amino Compounds
Primary
N
Ammonia /l\
H
* H *
Monoethanolamine (MEA) NCH,CH,0H
B H‘
N
2— Amino—2—methyl—1—propanol (AMP) /N——C-——CHZOH
H CH4
. Secondary CHZCHZOH
Diethanolamine (DEA) H—N
CHoCH,0H
H
I CHoCH,0H
2—Piperidineethanol (PE} N
- Piperazine H—N N—H
‘ _/
~ Tertiary CH | '
‘ 2CH20H
- Methyldieymnolamine (MDE"A) CH3—N
CH7CH,0H
CH,CH,0H

HOCH,CHp—N.

CH,CHZ0H

13



Primary and Secondary Amines

R,R,NH + H,S T—" R,R;NH,* + HS" (1)
R,R;NH + CO, == R,R,NCOO- + H* o (2)
R,R;NCOO- + H;0 <= R RsNH + HCO," - (3)

Tertiary Amines

R,R,R,N + Hz§ === R\R;R,NH® + HS~ (4)
RyR;R3N + CO; —— .NO carbamate formed . (5)
I/Q,,RZR,N + CO, + nyo;—_’ RyRazRyNH* + HCO;“«( (6)

4 .

where R,, Rz, and Ry repcesent the substituted groups and R,

L

is a proton in the case of primary amine.

»
)

Dissolved H.S reaéts!directly with free amihe as shown
in Equations'(1) and (4) by exchanging abproton. ‘This
reaction can occurnghfh primary, secondary, and tertlary
amines and proceeds at a rate'whlch is virtually

instantaneous.

Primary andpsécondary amines‘reabﬁ directly with CO, to
‘form a carbamate ion (R1R;NCOO") as given by Equation (2).
Carbgﬁate can be further hydrolyzed to bicarbonate. This
slow hydrolysis reaction, shown by Equation (3), occurs in
the bulk llqu1d 'and regenerates free amine. The reactions -
given by Equatlons (2) and (3) proceed in parallel. The
carbamate reversion reactlon generally becomes s1gn1£1cant
at high CO; loadings when the concentration of carbamate ion

in the lquId is substantlal



’
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-

‘Goettler (1967) emphasizes the.neeé to study the kinetics of -

o
Tertiary amines cannot rsact directly wi;h CO; to form
The ovefall reaction betweeh CO, and tertiary
ps is givsn in Equation (6). Herein li€s the reason why
tef%iary amines are used in applications which call for"
gelective H,S removal. While primary and secondary amines
exhibit some kinetic selectivity for H,S at low pressures,
they generally coabsorb the acid gases at comparable rates.
Because there is no diré;t,reaction with CO,, tertiary‘
amines absorb the gas at a much slower rate. The desired
extent of CO, removal can be achieved with careful design of
the mass trsnsfer equipment and selection of operating

variables such as gas-liquid contact time.

Wwhen H,S and CO, are absorbed simultaneously, there is~

an interaction between the two absorption rates because both

gases compete for the free amine reactant. Although

simultaneous absorption of H;S and CO; in these types of
systems, there is still some uncertainty of the role that
MDEA plays in the CO; absorptlon process. Experimental

study of the‘31ngle—gas system can answer some of these

‘ questlons and provides a basis to develop future exper1ment=

involving the simultaneous absorption of both H; S and CO;.

Carbon dioxide undergoes the following two reactions in
aqueous solutions

k .
: H,0
CO, + H.0 " HCO," + H® (7)



k

: OH-
CO, + OH- == HCOy" (8)

Measured raﬁ:s of CO, absorption in aqueous tertiary amine
gsolutions are vell in excess of the rate predicted by theory
assuming that the two parallel reactions (7) and (8) occur
as indicated. It is generally accepted that MDEA acts as a
'caiﬁlyst for the CO, hydrolysis reaction (7)7 however, there

is no general agreement on the catalytic mechanlsm.

Astarita et al.(1981) and Savage et al.(1984) suggest
that chemical species with a pyramidal structure and a lo?e
pair of electrons on the nitrogen atom may act as
homogeneous catalysts for CO; hydrolysis. For example,
sulphite, arsenite and selenite are recognized rate
promoters for CO. absorption in potassium carbonate
solutions. A reaction mechanism postulated by Donaldson and
Nguyen (1980) suggests that the tertiary amine MDEA acts as
a base catalyst for the CO; hydrqusi;~reaction. Hydrogen
bonding between]ahiue'and water weakens the H-O bond and
increases the nucleophilic reactivity of the water with CO:.
This mechanism is ih‘accordance with the findings of

Blauwhoff et al.(1983), Barth et al.(1984) and Versteeg et
al.(1986). S X

/

Recently, Kim and Savage (1986) have proposed another
viable reaction mechanism by drawing an analogy with the
known chemistry of aminothiols. *In the new mechanism,

tertiary amines which contain the N-C-C-OH structural group,

16
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" data such that . .

’

form a highly-polarized internal-salt-like intermediate and
provide nucleophilic assistance to the subsequent CO,

reaction through the polarized hydroxyl group.

Barth et al.(1981) and Yu et al. (1985} specu&agg'that
MDEA may alternatively form a zwitterionic intermediate with
CO;. This unstable intermediate would then react w

jth water
to regenerate free amine and form bicarbonate ioné\
b} ' '

The rate of absorption of CO, im agueous MDEA solutions

may be expressed as the sum of three terms
‘eo, © ka,o *+ kgy- [OH"T .+ k,[MDEA])([CO:] (9)

where k, is the second- order*rate constant for the 1ncrease
in the CO. absorpt1on rate which is a result of MDEA base
catalysis. This rate expression is seen to depend on
[MDEA] the cBncentration of free amine in the 1iqu1d When
measured using. a laboratory absorber, an overall reactlon

rate constant, kov , is obtained from the raw absorption’

“ s

rco‘;'* [COz] ) (10)

Pinsent et al.(1956) present a correlation for the

pseudo-first ‘order rate constant for reaction (7)

17265
T

log g kH,o = 329.80 - 110.54 log,q T -

; | - . 4
The second-order raté constant for reaction (8) at infinite

()

17
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dilution is given by . o .
log,q kgy- = 13- 635 - 2295 T v ()

‘of.Asgafitafetfal;(1983)

.
rﬁ
. i
Wy
é

i - a

a .
/

v [on 1= (K, /x ) B (13)

' whete'dviS‘the'BulRVphase CO,; loading in mol CO: pér mol’

'nThe‘hYdrchI ion concentration ma& be estimated by the model "

~

N

.8 <
MDEA Sweeton et als (1974) g1ve ‘an expre551on for the water
. ’) "\‘
dissociation constant g
o 31286 X - . .
~ logyy K, = =772 + 94,9734 1n T - 0.097611 T s
| | 2170870 - gog.522 .t (14)

o

‘constant ‘of MDEA

S N

14,01 + 0,018 T - . . (15)

logio 5? = -14. V. T R
A T O
: The alcohollc group of an alkanolamlne may part1c1pate

d1rectly in an- aqueous reactlon w1th coz ‘under certaln'

‘n cond;trons. h%e formatlon of monoalkylcarbonate from: CO.

and | trxethanolamlnnfizEkigxs d@scrlbed by Jnrgensen and

Faurholt (1954).
values abbve»io , \ L  'f Lo g,,.'y

S o ‘ : o o

. CO; +'RyRyNR;OH + OH® T—=' R R;NRsCO;~ *+ H;0 .  (16)

-

"Reacthn (16) reportedly occurs only at pH

”Ba:th et al.(1984) present a_éorrefation‘for the protonation:

At lower pH values, the contribution of this reaction to the

20
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overall rate of absorpt1on of COz may be “assumed to be -
3

-1;pegl1glble This assumptlon is in accordance with the

E conclusions of Blauwhoff et al (1983), Yu et ai.(1985)p;éﬁd“

lVersteeg et al. €1986)

2.2 Literature Review

¥
2».2'._1 Previous Studies of Al.kan'olamine'Re:ac.:t'i.on Kin!c’s

The Eechnieal literatufe pnycbz~alkanolamihe reactioﬁ
,kinepics;is'dominatea by studies of systems cohtaining
monoethanolamine‘(MEA%’ahaldiethanolamine (DEA). For MEA
,,systems, ‘'some examples are those by Shneerson and LEIbUSh
(1946), Clarke-(J964) Thomas (1966) ‘Sada et al. (1976a),
Sada et al:(1976), Hikita et al.(1977) Hlklta et al. (1979)
Laddha'and Daﬁckwerts.(1981) ‘Alvarez-Fuster et al. (1981)
Penny and Ritter (1983), and Sada et al. (1985) ‘For DEA
systems,'the studles of Sada et al (1976b), Hikita et
‘al.(1977) Danckwerts (1979) Glavarlnl et al. (1980)
Alvarez-Fuster et A1.(1980), Alvarez- Fuster et al. (198i)
‘Laddha and DanckweLLs (198i), Blanc and‘Dema;axs (1981),
aLaddha and Danckwerts (1982)f.Bareh.e;.al.(1983), Blauwhof f
et al.(1983), Barth et al.(1984), Sada et al. (1985), Savage

and Kim (1985) and Sada et. al (1986) are Qell known

6

These 1nvestlgat10ns generally involved the use- of a

lam1nar ]et absorber, a wetted wall column, or a quxescent



'surtace st1rred-ce11 reactor to measure the rate ‘ot

L

.absorpt1on of pure CO, into’ alkanolamlne solut1ons. ‘Sada et

“/
“,alJ(1976) stud1ed the 51multaneous absorption of H,S and CO,

1nto MEA solutlons. “Alvarez-Fuster: et al. (1981) Sada et
al. (1985) and Sada et al. (1986) measured the rate of : .

absorptlon of CO; . 1nto mixed solven;s conta1n1ng alcohols

'and‘e1ther MEA or DEA Savage and Kim (1985) used a single 1

sphere absorber to determlne the abSorptlon k1net1cs of CQz ‘t'-

with DEA and dxlsopropanolam1ne (DIPA) solut1ons.

Other studies have been performed to evaluate potent1al

" new gas_treatrng_sglvents. Weiland and Trass (1971) used a'

lamlnar jet to measure the absorpt1on kinetics of CO; in

'ethylenedlamlne (EDA) sﬂlutlons. G1avar1n1 and Moresi

(1982a) used a stlrred cell reactor to measure the

absorptlon kinetics @f CO; in neopentanolam1ne (NPA)

‘»solutlons. G1avar1n1 and More51 (1982b) then studied .

‘modified tetraethylenepentamlne (TEPA) solutlons.

Chakraborty et al (1986) measured the rate of absorptlon of
CO, into agueous soluyfons of sterlcally h1ndered AMP '

Z1oudas and Dadach (1986) measured the simultaneous

_absorptxon of H,S and COz 1nto aq%eous solutlons of AMP.

e . | | |
EXperimental stud1es*of*G@z absorption kinetic% in
aqueous MDEA solutlons have be avallable only recently

Fraz1er and Kohl (1950) and Mlller and Kohl (1953) present

~ pilot-scale operat1§% data for a: 'MDEA: contactor. The data

1llustrate the selectivity of MDEA for H S in the presence~"
. -‘&a .
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- of CO;. MDEA‘fell out’' of favor due to its cost untilwi977 =
when V1daurr1 and Kahre (1977) publ1shed new laboratory data
pand proposed its commercial uSe.

Barth et al. (1981) performed experiments using a 4
stopped-flow method to measure the rate of absorption of €O,
in dilute MDEA solutions. Their study}cdvered‘a range of
MDEA " concentratlons from 0.02 kmol/mJ to 0.2 kmol/m® and a
'range of temperatures from 20° to 40°C. -Blauwhoff et
al. (1983) used a stlrred cell reactor to measure the
absorptlon rate of CO, 'in MDBA solut1ons. The1r
1nvestlgat10n was performed at 25°C and covered a range. of
 MDEA concentrations from 0,45 kmo&/m’ to 1.63 kmo%/m‘

Barth et al (1984) reexamlned their earlier data in view of
the paper of Blauwhoff et al (1983) ‘and concluded that their .
new data-were con51stent w1th a re n mechan1sm that
included the base-catg;-ﬁed | hydrol!

ﬁ* %
Haimour and Sandalln(1984) measured the rate of,

" reaction.

' bsorptgbn of CO,; - 1n MDEA solut1ons u51ng a lam1nar jet
absorber. Thelr study covered a range of MDEA
concentratlons from 0.855 kmol/m’ to 1.71 kmol/m’ MDEA and a
‘range of temperatures from 15° to 35°C. They found that the
h12 ms contact t1me of the laminar Jet was 1nsuff1c1ent to

allow'anyrreactlon to occur between_COz and MDEA.

Yu et al. (1985) measured the rate of absorptlon of CO,
~in MDEA solutions using a stlrred;cell reactor. The1r

investigation covered a range of ‘MDEA concentrations-from‘
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0r25‘kmol/m?'tolz.ﬁlkmol/m{ ahd temperatures rahging from

40° to 60°C.

et al.(1983) for MDEA solutions using a stirred-cell
reactor. NeWJdata are preseﬁted‘for MDEA co'n,'ce'n'trations‘!l
ranging from O.Zrkmol/m‘ to 3.0 kmol/m® and temperatures '
ranging from 20° to‘60°C. | -

RN

Brabson and Bullin (1986) constructed a single—stage
'contactor to measure the rate of absorpt1on of CO: in 0.85

kmol/m® MDEA.: D1ff1cult1es in operatlng the equxpment were

experienced and the results agree-poorly w1th other studles.

~Cr1tchf1eld and Rochelle (1987) used a stirred-cell reactor

to measure rates of absorptxon of CO; into 2. 0 molal MDEA

‘solut1ons at temperatures ranglng from 9.5° to 62°C.

Khalil (1984) used a stirred—cell'reactor-to measure
the S1multaneous rates of absorpt1on of H.S and CO, into
MDEA - solutlons. Bldarlan and sandall (1986) studled the .

s1multaneous absorptlon phenomenon using a, packed column.

2.2.2 Previous Experience with the Sphere Absorber'

‘A s1ngle sphere absorber may be used to measure the
rate of absorpt1on of - sparlngly soluble gases into l1qu1ds.
In operatlon, degassed liquid flows over a SOlld sphere

enclosed in an absorpt1on chamber fllled with solute gas.

Versteeg (1986) extended the measurements. of Blauwhoff '

22
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The rate of.absorption of gas into the laminar film is
determined'by‘measuring the rate‘at which gas is added to
the absorptlon chamber to maintain a constant pressure in
the chamber. The absorpt1on chamber may be enclosed in ab
controlled- env1ronment to enable measurements to be taken at
rdifferent temperatures. When the system under study

" involves only phy51cal absorptlon, the: molecular d1ffu51on‘
coefficient can be,calculated from the measured rate of
‘:absorpt1on of gas into the llqu1d fllm on the sphere. when

a f1rst order chemlcal reactlon occurs in the 11qu1d phase,
the react1on rate constant can be calculated from the gfﬁ
measured rate of absorptjon. General comparlsons between‘
laboratory absorbers such as the lam1nar jet, the wetted

wall column and the s1ngle sphere absorber are presented 1n
Astarlta‘(1967), Charpent1er-(1982) and Astarlta et

al.(1983).

L)
i)

N

s

The single sphere absorber may be selected over other
by : _
laboratbry absorbers for the following reasons: ’

1) The d1ffu51on or contact time can be in the order of

0.1 to 1-s. This is desirable for operatlon in the

- fast reaction regime, : _ ¢

2)  The hydrodynamics are known to the extent that
rigorous calculations of the diffusion time-and

surface area can be made.

'3) The high surface area per unit volume_of flowing .

fY



liquid makes it suitable for studies involving

slightly soluble gases.

'@) The entrance and exit effects !re much less than
those of other laboratory absorbers such as the

wetted wall column.
N . , 'd).

5) Relatively high liquid flow rates are possiblezwith

the absence of surface rippling.

‘Several experimental studies involving the use of the
,slngle sphere. absorber have been reported in the 11terature.'
Lynn et al. (1955¢) used a single sphere absorber to measure
the,absorption rate of sulphur dioxide (SQ;) into water.
Davidson'and Cullen‘(1957) measured the diffusion J
coefficients of CO;, nitrous oiide\(NzO), ongen,.hydrogen,
chlorlne and SO, in water at various temperatures. ‘Ratcliff{
and Holdcroft (1961) used the sphere absorber to determ1ne
the f1rst order rate constant for the reactlon between CO;
‘and sod1um carbonate -bicarbonate solut1on, and the rate

: const nt for the react1on between 1 dlmethoxyethane and
'aqueOZS hydrochlorlc ac1d. Goettler and P1gford (1968) -
studled the’ 51multaneous absorpt1on of COz and SO. 1nto’
'aqueous solutions of sodium hydroxlde. wild and Potter
(1968) measured the rate of absorptlon of COzvinto potassium
carbonate-bicarbonate solution. Olbrich and wild (1969f

present exper1menta1 results for the absorptzon of nrtrogen

in cyclohexane. 'Wild and Potter (1972) measured the rate of



absorptlon of CO; 'in water. Kalra et al (1972) determ1ned
the dlffusion coef£1c1ent of hydrogen in lzquxd
amlnomethane. ‘Kalra and Otto (1974) measured the

pseudo- flrst order rate constant for the exchange of
deuterium between hydrogen and amlnomethane catalyzed by
potassium%methylamxde. Malcolm.(1977) extended the range of
data for the deqteriumﬁexchange reaction usinngotassium and
lithium methYlamide cataiysts. Savage et al.(JéBO) and
Joshi (1980) used a sphere absorber to measure the
absorption and desorptlon rate of CO, from hot carbonate
solut1ons.o Sartori. and Savage (1983) measured COz
vabsorptlon rate. data for several sterically hindered amines.
‘Tseng et al. (1986) measured the rate of absorptlon of CO,
'1nto promoted carbonate solutlons. Kim and Savage (1986)

used the absorber to etermine the absorptlon k1het1cs of

- €Oz in diethylaminoet anol’ {DEAE) .

Moore (1971) and Kalra (1973)‘present detailed
‘discussions of the important factors to conaider in the

operation of sphere absorbers.

2.2.3\End:Effecté and Surfaoe-instabilitz

In laboratory‘absorbers‘which are based on a moQing
vgas—liquid interface,.end effects,_surface instability_and
_wettlng problems must be controlled. End effectsﬂinvolve
the dlstdrtlon of the velocity prof*re in the v1c1n1ty of -

the gas-liquid 1nterface.' ThlS dlstort1on may affect the

25



/’ 26.

mass transfer process in a way which is usually not provided
‘for in the theoretical analysis of experimental data. End
effects (entrance and exit) must therefore . be minimized. As
mentzoned in the prevxous sect1on, some laboratory absorbers
are prone to more severe end effects than other absorbers.

For example, wetted-wall columns are generally affected by

end effects more than sphere absorbers.

The severity of entranceleffects depends on the nature
of the dev1ce used to admit liguid’ onto the sphere. Liquid
on the top hem1sphere is relatively fresh, and for physical
absorption studles, most of the absorption takes place in’
this reg1on. L1qu1d should be adm1tted to the sphere 1n
sqch-a way 'that a stable,,r1pple—free spherical fllm is

‘quickly established. Kalra (1973) reports that the
stabxllty of the spher1cal film is affected by the stability
of the 11qu1d feed system. Goettler (1967) notes that the
presence of small gas bubbles in the liquid feed can disrupt

the formation of a stable-fllm.

Several deS1gns exlst for feed1ng 11qu1d go a sphere
-absorber. ‘These 1nclude. 1) vetted support rod, 2) internal
flow types, and 3) a laminar jet. | Davidson and Cullen
" (1957) used a 3 mm support rod to feed 11qu1d to a* 38 mm
table tennis ball. Joshi (1980) fed 11qu1d 1nternally, up
through the‘base of a 50 mm sphere and out a hole at the top
. of the sphere. Goettler (1967), bMoore (1971) and Kalra

(1973) used a lam1nar jet to feed lquId to a sphere
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"absorber. '

With a lam1nar jet feed system, the stab111ty of the
jet is determlned at low flow rates by the break-up of the

jet and at high flow rates by turbulence.  Goettler (1967)
: <«
established by experimental obse vation, a.general criterion

for the upper stability limit b d on a jet Re}nolds nuﬁber
’ ’ ‘ ( ‘

'Rej =;r—d———u—=‘ 3500 , : : (17)

yAnothet consideration {s the length of the}laminar jet.
Wheh.the'jet‘is too long, turbulence can occur. If the jet
is tgb short, the liquid may spray or form a cone between
the nozzle and the sphere. Goettler (1967) bsedijet lengths
'between 3.5 to 6.0 mm while Moore (1971) and. Kalra {1973)

recommend_a‘jet length of. 2.0 mm.

Other investigators using sphere absorbers, including

Davidsan and Cullen (1957), Goettler (1967), Moore (1971)

and Kalra (1973)!hava noted an exit effect which is a
function of the exposed 1énjth af support fod, referred to

| as"tﬁe,take—off iength effect. The exit effect has been
described. aa a sta§ﬁant monolayer of liquidxwhich develops
.on the surface of the liquid on,pﬁ% support rod down to the
take of f llqu1d level. This stagnant layer eventually -
saturates- w1th solute gas whlch in turn reduces the rate of
absorptlon oﬁ'gas over that_surface area. When the stagnant
layer'reacheé}the junctian between the sphere and the

support rod, ﬁhe,gas-liquid interfacial area on the support
) - na : .

g



% Lctive to mass transfer. If the

rod is essentiallff
»

stagnant layer is orced up on the surface of the sphere,
and if the diameter of the sphere is much greater than the
support rod, a dramatic' decrease in‘the observed rate of
absorption will result. If the stagnant layer is maintained
at the junction of the sphere and the support rod, the rate
of gas absorptxon on the support rod can be neglected. The

take- off length at this p01nt is referred to as the optimum

take-off length.

Davidson and Cullenn(1957) found no effect of liquid
receiver geometry on the optimum take¥off lengrh., For the
. 38 mmﬁsphere, they used a 15 mm tékefoff lefigth. Goettler
(1967), Moore (1971) and Kalra (1973) each used a take-off
length of 20 mm in their work. Goettler (1967) observed no

effect - of liquid flow rate on the optimum take-off length.

The theoretical analysis of absorption rate data from a

‘sphere absorber is based on the assumption of
fully-developed laminar flow. Sﬁrface'instability can
result in waves or ripbles forming in the liquid which
dlsturb the lamlnar flow veloc1ty prof11es. This
1nstab111ty is a complex function of system properties, flow
conditions,,film thickness and the peculiarities of a.

: part1cular<apparatus Vibrationyof the apparatus and
convect1on currents formed due to density dlfferences in the

liquid may also contrlbute to ripple formatlon.

-

A
)
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Goettler (1967) reports that surfacéiﬁaves can increase
the interfacial surface area by 2.51%, thereby affecting the

mass transfer coefizcxe ralculated from experimental data.

More ~?nportant than in reased surface area is the potential
for localized m1x1ng of \the 11qu1d. This may result in 50 %
to 100 % 1ncreases in the observed absorption rate. ’
Goettler. (1967)'and Kalra (1973) report the Reynolds number

crlterlonAfor the onset of surface r1ppl1ng. The - Reynolds

-

number of the sphere is g1ven by

tRes = TRy ‘ (18)

ﬂ’

Based on.experimental observation, their results suggest:

-

that Res'should be less than 37 and 50 respectively. Moore
(1971) presents a comprehensive review of several authors'
experience with incipient wavy flow,

surfactants may be used to dampen out surface rippling
- : . ¢

and to avoid spurious results. Opponents claim that surface

active agents introduce 1nterfac1al resistance to mass

29

transfer and 1mpede the gas absorption process. In ~ o

add1t10n,‘surfactants may affect the mixing mechanism at the
jet—sphere junction and the sphere-support rod junctien.j'
Many studies have been performed in which surfactants have
been successfully used to reduce surface r1pp 'ing and to
promote wetting of a solid;surface. In special cases, mass
trapsfer experiments can be perforhed using liquids Qith and

o

without surfactant to obtain a direct comparison of gas
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absorption rates,

.y
Lynn et al.(1955a, 19555,1',19555) used 0.05 wt % Teepol™
in water to study the absorption ot SO, using a single-
.sphere absorber, a wetted-wall column, and a string of
spheres absorber. Cullen and Davidson (1956) used 0.2 wt %
Teepoli in a lamin;r jet ébsorber to demonstrate thé
stagnan%)layer effect using the CO,-water system. Davidson
et al.(1959) used\1.0 vol % Liésapol“ in water to study th;
absorption 6£ CO, using a string of spheres absorber.
Nysing and Kramers (1958) used a. "small amount” of Lubrol-w™
in a Qetted-uall column to study the absorption of CO; in
carbonate-bicarbonate solutions. They reported no decreaée
in the rate of absorption of CO, with the addition. of
Lubrol-w™. Roberts and Danckwerts (1962) also used
Lubrol-Ww™ to study the absorption of CO; in alkaline
solutions and reported ho‘surface resistance toAmass
transfer as a result of the surfactant Hikitih:t‘al.(1979)
used 0.01 vol % to 0. 05 vol % Scé&rol—100” in CO,-MEA
system to SUpressArlppl1ng and interfacial turbulence due to
thé Marangoni effect. Khalil (1984) used 0.1 wt %.Tween-80“
in waﬁer to measure the rate of akgorption of H,S and CO: in

a laminar jet absorber with no reported interfacial

resistance

4ﬁ | RS



" 2.3 Theoretical Analysis

[

2.3.1 Hydrodynamics'of a Spherical Liguid Fiim

'
L ‘

The-hydrodynamic behavior of the spherical liquid film
flowing over the sphere ;bsorber has been analyzed by Lynn
et al.(1955¢), They assumed that the fiim thickness of the
liqhid‘flowing at any latitude on the sphere is'theVSame as
it would be for the same flow rate per unit length on an
inclined plané making the same angle with the vertical.
This aSsumption was later verified and used by DayidSon and
Cullen (1957), Raécliff and Holdcrofé,(1961), Goettler
(1967), Wild and P

er (1968), Moore (1971), Kalra (1973)

and Malcolm (197 Byure and Krantz (1983) analyzed they

hydrodynamics of minar spherical f£ilm using a

pérturbétion method and obtained expressions for_the film

~~ thickness at any radial position.

F ‘
——  Figure 3 shows the geometry of the flow system. The

liquid film thickness A at any angle 6 is given by

A= [ %%%E 1173/ (sin 6)2/3 - 09

<

The velqacity distribution along a streamline y in the film

is éiven by , , N ;

1.

v, = Ve [ 1= (x/a) ] | - | ' (20)

»

where Vo, is the velocity of the free surface and is given by
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.g'

] / (sin 6) 1/3

.‘Aozis‘the £ilm thickness at the;equatorvoffihe sphere‘anduis

given by

‘Ao=[

The diffusion

3vL“']1/3
" 27%Rg .

&} ’
(22)

t1me t. available for mass transfer to a .

NP p

surface element of liquid flow1ng over the sphere is g1ven

',F(7/6)

.“v . by t v : . *
3 “ . T T
F tDtpj. Vo : '
. (] . o ’ ’
L . 4mR* . 3p- 41/3,.-2/3 1/3 4 |
X =3 [ 27‘,{?9 ] L f sm 8) (23)
P I S »-‘é; ' o ’ '
"':;e‘ wheref"
. . ’ . X R " ’ “ey , i
’-";'f(sin 9)1/3 g - DLQATL/2) 5 sg712 <
“Jo

’_function. W1ld

- ek

.Lnume?;cal study

‘was to con51der

the analysis to

ﬁ, ‘the resultlng integral 1is a closed

and Potter (1968) used Equation (21) in a.

of'?lpw over a sphere. Their recommendatlon”

oﬁly‘the domain from. 9'# 4°%to 6 = 176° in

av01d 1ndef¢n1te values of Vo.
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12.3.2 Physical_Absofption of a Single Gas in a Spherical

Liquid Film
,‘ v ' ‘,'.?‘

The continuity equation fd; the solute gaé may be.

" written as

g_% + !~VC"=‘ ovic. ~ o (25)

where the térms represent accumulation, convective transfer,

and moleculér,diffuéioﬁ respgctive;y. In the spherical
‘co-ordinate system}-Equation‘(ZS) may be expanded to give

[

C , aC 1 %% N 1 ‘.
- 3 " Ve o " : Vo T 51n§ 5— o
R o Lot (ac/ar)) , __ 1 2(sin8(dC/30))
: £? or o r*siné 08
O ,) . B . * r? (sme)’ 37 } (‘261)

where vr / ve and v¢.represent the components of veloc1ty in

‘lthe r, 9 ‘and ¢ dlrectlons respectlvely.. -

. - , &
- 7 s . ’- "- . v)
Assume thaf'the flow field is streaming such that e

lies along a s#reamline. Hefice

e .
o (28)
o i "w
. ‘f“ - Y : . : .
“"‘ﬁ55ume'th§t;the flow field is unitorm in.the ¢ * .
O direction. | | |
v,=0 SR AR €15
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‘Hence due to,symmetfy, bulk transfer and diffusion in the e

difection‘a:e identically zero.:

’
¥

Assume that mass . transfer in the dlrectlon of flow is

domlnated by. bulk convectlon so that d1ffusxon ‘in the 6

d1rect10n 1s negllglble | Assumlng that the den51ty of the

olut1on gnd the melecular d1ffus1on coefficient D are

.! ‘4

jgy‘ow field, the steady state equatlon of

™

cont1nu1ty m;y be wtitten as

Ciac . 1 alriac/er) | o .
VW?.W"D{F——T_—}’ o (30)

Expanding-fu:ther gives

1 3C - p{ LI '2r.%€_+ ,z'g_;g 1}

Changing: the co—ordinate system using

d 3 ' ‘ g

3w 5 T BT o o . _ (32)
and'assumihg-that r = R results ih C ‘J”i

' Furthermore, 1f the liguid £ilm thlckness A is assumed tQ be

small relatlve to the sphere radius R, then Equat1on (33)

reduces to i S - 'J - . ) A .
: a;é \ ' 9C ¢ : AU \
Rl 557 lg = vy Lo by o e

with the following boundary conditions.
RSN | : _ ‘
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9 =0 x;> 0 C Co . (35)
9 >0 x =0 C=C; - o ' (36)-
6>0 x=4 Fo=0 RERENE L R

-

.'Equations (34) to (37) descrlbe the steady-state phy51ca1 :

» absorptlon of a solute gas 1n the spherical 11qu1d £ilm.
Equation (34) has ‘been solved by several authors 1nclud1ng
Lynn et al.(1955¢c), Davidson and Cullen (1957) and Olbr1ch
and wild (1969) The formulatlon of Olbrich and Wlld (1969)
is an extens1on to the solutlon by Davidson:and Cullen
(1957) _ Moore (1971) and Kalra (1973) present comprgﬁen51ve”
rev1ews of the solutlon to Equatlon (34) as documented by
various authors.. B

e :
Dav1dson and Cullen (1957) define a dimensionless depth

LS

3
of penetratlon ywr x/A and introduce. 1t into Equat1on (34)

a°C 3C

DR( 'a—y1' ]9_ =""'sz¢1 { Y] ]w - }&:& B (.38)'
‘ . il o
SubstitutingiEquetion (20) for vw-and rearféngingﬁgives
e 31C _ VeA*(1:y?) ac .
Davidson and Cullen (1957)-define_e stream function ¥ /
. ST _ v .
X | : . «
W(y) =.(vw 2n(R+A—xl)vsin 6 dx' S (40) .
o . CoT z o

By substltutlng Equat1on (20) for vw and. negleoting A and x'

in comparlson to R, Equation (40) becomes

Wy = %L<y—§—)- N L0
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Since ¥ is a function of y only
= e, _opBC L | | |
e ohw ttw D
Defining § such thati
as-'z _ R ° . . .
[ 55 1y = voa7 .- | BERNIE
one obfains

.with the following boundary conditions

{=0 y>0 Cc=C, . . . (45)
$ >0 y=0 C =C; . | (46)
| oo aC _ . '
§ >0 ¥ o= % o» “ e

The ovérail absofptién rate of solute gas in the
sbherical”liqpid £ilm, G, , is obtained byvintegraténghthe -
intgrfacial‘concentration &radiént‘over'thé surface oﬁ'the
sphere. V : o ‘ ‘\._ ] .

G - 3—22]_[ %% ly=o & - o 48
_ | o R . .

For a spheré
So = 1.121752 229 11/3 g7/3 Lm4/3 « (49)
.~ Equation (48) is presenﬁéd“by-Davidsonrand Cullen (1957) in_

the form of a finite series expansion
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‘ e |
Gs. L(c; - ¢, ) I ,=§,Ba e i "] o . (50)
where | | - o

w = 3D¢, = 3.3653n( 329 }1/3 p R7/3 1743 (51)

Olbrich and Wild (1969) extended the solution of Davidson

VL . \ _
and Cullen (1957) by adding more terms in Equation (50).

‘The eoefficients ﬂi and Yi are listed in Table 2.

Equatlon (50) considers the gas- i&;\\a interfacial

surface area to be equal to that of a dry sphere of rad1é§

'R, Goettler (1967) indicates that the actual 1nterfac1a}

surface area 1s larger.than the area of a. ‘IY sphere due™to
the thickness of the liquid film and suggests the use of the

follow1ng average correctlon

Ay /Ag = 1% 2.§8712A°/R . o (52)

The rate of absorption of solute gas in a laminar jet,

G. , may be calculated from the rate predicted by the

-

. penetration theory

Gy = 4‘/h3 Lp (C; - G ) . (53)

38



Table 2.

¥

Coefficients Used\ in the Physical Absorption Series Solution

i B v
E 0.7897026 3.414446
2 . 0.09725511 . 26.440559
| 0.03609362 ©70.832821
. 0;01868637 " 136.57071
0.011401760 223.64880
0.007675970 ‘ 332.06472
0.005517943 . 421. 1720 -
8 o 0.004157034 | 612.9054511 -
9 . 0.003243974 ' 785.32896
T o 0:00260f795 t. 979.08735

3‘ ,9 sbiTy
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3

2.3.3 Absorption with Chemical Reaction of a Single Gas 'in a
( T —

Spherical Liquid Film

The occurrence Qf’a chemical reaction between the

solute gas and a component in the liquid affects the rate of °

labSdrption by decreasing the concentration of the dissolved

solute gas in the bulk phase. This increases the
concentration gradient at the gas-liquid interface'for
systems in which the liquid phase is the controlllng
resistance to mass transfer. The cont1nu1ty equation- for
the‘solute gas is 51m11ar to Equat1on (25),.but includes an
additionai term which represents the rate of reactlon of - the

solute gas

¥ +yvc=opvic- | - (54)

Using the same assumptions as in the previous section, the

analog torequatidn (33) becomes’

a1C | ac 3C ‘ A

Assuming that the reaction occurs under first order or

pseudo- flrst order reaction conditions, Equation (55) may be

‘written as

: v 93C _ _
DRI 337 g, ZD{ 5 Jo - { 71y ,
| + Rkov (c - C0~)f (56)
!
with the following bohndary conditions o ) L e

\



i v

60 x>0 C=C, | (57)
950 x=0 C=C; | . (58)
>0 x=A gE=0 C L (59)

Solutions to Equation (56) have been presented by Ratclsz
and Holdcroft (1961), Astarita (1967) and Wild and Potter
(1968)3 Kalra (1973) presents a review of these three

solutions and compares the assumptions that went into each

solution. | ',

.
fWildﬁand‘Potter (1968) define a parameter w such that
dw = [ a6 =T %E—X—E ] (sin 6)°/3 a8 (60)

whére Vo, A and Ao are glven by Equations (21/ (19) and

(22) respectlvely. Integratlng gives

w =I§w - 4rR’D [ 2 ]1/3J(51n 9)5/3 46 (61)
o o !
where ‘ ’
J(sin 6)5/3 ap - ”ll{ﬂ%%/” = 1.62863 - (62)
Q : -

. The sdlutions‘obtained by Wild and Potter (1968) are given

by. o ' _ o ';//
G, =L k;ﬁ; - C, )V/:\F‘%_ | | (63)

- 41



2) k. t. < 1.0

ov D
Gy = L (C; = Coo Jyw [0.455 kg, tp + 1,693} (64)
3) 1.0 < kg, tp < 5.0
G, = L (C; - Ceq )‘/ {1. 428‘/ !
o + grééﬁf____ | (65)
ov D
4) 5.0 < kov tp < 25.0° \ :
Gg = L (C; - Cq )‘/ {1428‘/ |
+ 54t } (66)
ov D

5) kov ty > 25.0

G, =L (c; - ceq %¢99{1.428‘/k°v ty } ' (67)

Note that in Equations (64) to (67) the bulk llqu1d

¥

concentration Co has been replaced by C the chemical

eq '
| equilibrium value. By substituting Equation (23).for.tD and

Equatiof (61) for w, Equation (67) can be rewritten as

Gy = 4ﬂR"/kov D (Cy - Coq ) - - (68)

which is the more familiar form. As in the case of thsical‘
absorptibn, Equation (52) may be used to make the minor
correction to the interfacial surface area to account for

the thickness of the liquid film.



2.4 Gas Phase Resistante

'

For gas absorption'accompanied by chemical reaction iﬁ
the l1qu1d phase, the liquid mass-transfer coeffxcxent, kL ,
increases as the rate of reaction increases; bas phase 3!"
resistance to mass transfer muét be considered when
determining the value of k. from ébsorptionbmeésurﬁgfnts

. : ‘e, . .
taken using a laboratory absorber. Gas phase resistance:hys

~ the effect of altering the interfacial concentration of
solute gas, c. . Thisuconcentratign is required when

determinihg reaction rate constants from chemical absorption
S£udies; A similar but much smalle; correctio; may be
applied in the analysis of experimental data when enly <;
physical absorption occurs. Goettler (1967) determined the
gas-phase mass-transfer coefficient experimentally for a 38
mm sphere at 25°C to be in thefo:der of 5310%6 .

L]

kmol/m?-s-kPa.

o C’\'

Based on the two- fllm theory of mass transfer, the

‘overall llquld phase resistance-may be expressed as a sum of

J

the two.individual film resistances

K YA - ' (69)

In this model the interfacial resistance to mass transfer is

assumed to be neglig;ble;

Kalra (1973) and Malcolm (1977)_used'the equation

developed by Froessling (1938) to estimate the mass transfer
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coefficient kg for forced convection mass transfer from

gases to"spheres

1/2 “1/3
Shq = 2.0+ 0.556 Reg seg ‘ | (70)
where e
‘ ,%w 6
* k ' o

= 2k TR/D 271
Shg 2 g R / g (71)

= 7
Reg = 20 Vg R/1g g (72)

. | ;
»ch Vg /Dg o . ( 3)

The diffusion coef£1c1ent of the solute gas in the gas phase
may be est1mated us1ng the Wilke-Lee modification to the ‘
Chapman-Enskog equat1on_for binary gas systems at low
pressures. This cOrrelation is presenggd in Reid et

al.(1977).

' - 1/2
101.325x10" % . p3/2 L{M,*M,) /M, n,]

Dg = ) : | ‘pT 0‘29 (74)
where y ﬁ
~ a ' 1/2
Ky = 0.00217 0.00050 [(M1+Mz)/n Mz] F
012
QD =
T = kT/qu

‘[u,/k)(ez/k)



- . -

viscosity may be estimated using the. Chapman-Enskog..

equation. 'These correlations are also presente§n1n~neid et

al.(1977).

| .
- Yin, Yan,
g " ¥ + Y1612 Y ¥ F Y621 . .(80)
where J N
1/2 ,
n = 26.69x107) ML | (81)
A |
Q, = k,/r z 4 x,/exp(kuf) + A /exp(kgf) | (82)
"t = kT/e (83)
o o L1t (/) 2 (Maym, ) 174 2 o
12 - VI8l + M\/Mz)]
- nz2M, ’ ’
$54 _nj“z ®12. \ : (85)

Table 3 contains the values for the parameters used in the

above eqdﬁtions.

The superficial gas velocity used in Equatién (72) may
' be estimated by éonsidéring the geometry of the system and ‘
the flowing condition;. A suitéble equation of state may be 1!
used to determine the3pen§§ty of thé‘g?s ph;se. '»g
¢ s

2.5 Nitrous Oxide Analogy

)

| The determination of the reaction réte constant kov
from experimental chemicalhabsdrption studies requires an
accurate knowledge of the molecular diffusion coefficient
and the phy51cal solub%llty of the reacting gas in the

liguid. However, these cannot be measured dxrectly because
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parameter Values,Used to Estimate GaS'bhéée Properties

y'v;‘ e -

o *é/k’?k),-"
-‘h?f(ﬂ5 | -

M (kg/kmol)

T

195.3
s.961
44,010

3.828

. ‘.‘ k N Y

Parameter

1

. value

Value:

iy ’ .

A

' 0.47635 -

1.06036

~0.15410

0.19300

Co ‘k.
1.03587

135299 -

1.76474

3.89411

*

1.16145

. 0.5248%

. 0.77320
TN

o 2.43787

o

L 0.14878

Co2.i6178 v
B



‘nitrous oxide (N 0) and.Cozi

of the chem1ca1 reactlon””

“

The“simiiafrey

Abetween the cr1t1cal propert1es and'molecular we1ghts of

the "N zO Analogy" to 1nfer thii_ {~¢t of amine concentratlon

on the molecular d1f£us1on coeff1c1ent and the phy51cal
A
SOlUblllty of CO; from correSpohdlng measurements taken with

,N O Table 4 shows the cr1t1cal propertles of CO. and N,O.

o A part1al llSt of authors that have used the N,O analogy in

.The values of HN o and h N,O must be determlned by

the1r analys1s 1nclude- Clarke (1964), H1k1ta et al. (1977)

Sada~et'al.(1976 1985, 1986), Laddha et al. (1981), Blancd

vand Demarals (1981), Blauwhoff et al. (1983), Halmour'and'

Sandall (1984 sBldar1an and Sandall (1986) and Versteeg et
. . . . 4
al-(1986). g Kl

Follow1ng this approach the Henry s constant for Co,
in MDEA solutions, H.. , may be assumed to be g1v§ﬁ by
_ R ; CO.
Hep, = Hy,o0 [
\
experlmental measurement. The Henry s constant "for CO; in

water, H° co, ' °an be estlmated from the equat1on of Mason
e U2

",%nd Kao (1980)  , = -

CO;

o R
_ everal authors to*use

He = 101.325 p 10°' | (M)

47

COz /HnNzo ] ' C : ' o . (86)



. . ~Table’ 4.
e
Critical Propér;@@s of Gases

Property : e ) CO, N.O
_ . { ‘
. ! ) N ’ ! .
Critical Ptessure P_ 7380 . 7240
(kpa) E .
) . . . '»"‘%}u
Critical Temperature - 304.2 -309.6
T, (K} ;
y"
Acentric Factor 0.225 . 0.160
N .A"“\ ' -
't‘ i,;wwi;? ‘ . .
. . S
.

T
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§, = 3.822 **7;8665x10*¢vex§(§,)1- 0.08145 a2 e '
-~ 17.457 o Coay
K e P : - | ‘ ‘(88)
2 = T/100 . : . T (89)

This equatlon predicts the CO; solub111ty within 5 % of the’

equation g1ven by Edwards . et al. 41978)

i \;

The diffusivitywof CO, in MDEA solutions,

~assumed.to beﬁgiéen«by

‘Do, = Px,o [D°co,_/P°N,o e . (90)

The value of DN o must be - determlned by experlmental
measurement. The dlffu51v1t1es of N 0 and CO, 1n water have
k2]

been reported by DaV1dson and Cullen (1957) Thomas and

"Adams (1965), and Halmour and Sandall (1984)

‘DCO§ , may beﬁ



L. 3, ‘pmsmn,qr EXPERIMENT .

3.1 Scoge
o2 -
The object1ve of th1s study was to measure the rate of

absorptlon of .CO, into. aqueous SOlUthnS of MDEA in order to

determlne the rate constant for the 11qu1d phase reactlon.

A 51ngle sphere absorber was de51gned and constructed for
- -th;s purpose.'_A detalled description of the sphere absorber

follows in this chapter.
o . ‘ .
Upon ssembly, the equ1pment was 1n1t1ally used to

‘ﬁu; meggg§e the rate of absorption of .CO, info pure water at
o v

u 25°C. The COz—water system was. chosen as a. standard to

‘{ ver1fy the operatlng procedure and to-determine the
3 ra

h sen51t1v1ty of the measured absorptlon rate and the

h,‘calculated d1ffuslon coeff1c1ent to equ1pment operat1mg

- oA : ' : o

& varlables. LT e o : . ,j

»

¢

li
»

_ —The absorber was used ta measure the rate of pﬁy51ﬁal
- absorptlon of Nzo 1nto 1.71 kmol/m?* (20 wt %) and 3 42
o h‘ig'kmol/m (40 Wt %) MDEA solutions at 25°' 50° and 75 C »
| 4dent1cal me;surements were. then taken of the rate of
T chemlcal absorptlon of CO ‘gnto the same solutlons at the

7

. same temperatures. o , R R -
V £

The 40 wt % MDEA solution was used to study the effect

of p1perazlne on. the 'CO; .absorption klnetlcs. Rate-

measuremen s were taken ‘at 40 C w1th p1pera21ne R



concéntrations of 0.0, 0.05, 0.10, 0.15, 0.20 and 0.40 .
‘kmol/mdi o o

i'_estimate7tpeﬂdensity of the 1iqu1d.

51,

8

Interpretatlon of absorptxon rate data obtalned using a.

. 51ngle sphere absorber requlres an accurate knowledge of
~*several system propertles. These properties include: the
. physical 50¢ubility of the solute gas atvthe'gas-liquid

vlnterface, the k1nemat1c v1scos1ty and the dens1ty of the

liquid solutlon. Exper1mental measurements were taken of

- the equ111br1um phy51cal Solub1l1ty of N0 and the klnematlc E

-viscosity of MDEA solutions.

The physical solubility‘of N,0 in pure=water, 20 wt %
and 40 wt % MDEA solutlons was determlned by Dr. F.-Y, Jou

at 25 , 59°,‘75° 100° and 125°C u51ng an equilibrium cell

. apparatus as described by Jou et al. (1982) The kinematic

~v1sc051ty ‘of aqueous MDEA solutions was measured over a

range of<woncentrat1ons from 10 wt % to 50 at % MDEA and

over a- range of temperatures from 25° to 75°C. A .

Cannon- Fenske Routine v1scometer was used for thlS purpose.

-Addltlonal detall of the equ111br1um solubility and

*

v1sc051ty experlments may be found in Appendlx 4. The

JV1scos1ty of water was obtained from Perry and Chllton

.(1973) and Bird et al.(1960). Publlshed data were used to

>
'
PRI
4



‘3.2 Description of Ecluigmant

ﬁ The design of the baS1c sphere absorber was fashioned
yafqggfthose used by Goettler (1967), Moore. (1971), Kalra‘
,(197 } and Malcolm (1977) Some of the or1gxnal equ1pment
of Moore (1971) was salvaged and modified for re yse in thas
study. A smmpllfxed schemat1c dlagram of the equ1pment is
‘given in Figure 4, All parts of the equipment 1n contact
with the amxne solutlons were made of 316 stainless. steel
Teflon or Pyrex glass unless otherw1se noted.‘ Tubxng was
| generally 6 mm (1/4 1nch) nominal’ dlameter and liquid lines
were 1nsulated with 10 mm. Armaflex 1nsu1at10n whereVer
iposszble. General purpose valves were spec1fred as Wh1tey
SS-1VS4 and. m1nor control valves were spec1f1ed ‘as Whltey
SS-1RS4 fOrged body regulatlng valves. ' The equipment -
con51sted of six major systems- h ’ | - .

1) Absorpt1on Chamber | »

é) Gas Feed System

3) L1qu1d Feed System ‘ ‘

4 4l-‘L1qu1d erculatlon Systgh 0
5) Temperature Control System
6) Amine Regenerat1on System _ .‘

Each of these 1nd1v1dua1 systems Wlll be dlSCUSSEd in’ thlS

,seit;onr

1y .
oy * . e

PR - . . - s v

eSS . : - ' N

A, , . :

¢ . TN [y i - . ) ) .

S . el . L - ' . o
8 lenr) N . . - . . B SRR
¢ gt ’ . - L me I
Y WY ‘ - - Ly % “
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. 3.2.1 Absorption Chamber .

The design ofethe single sphere'absorptioﬁ~chamber'was
similar‘in concept to the absorber of Goeftler (1967). A
schematic diagram of the absorption chamber is given in
Figure 5. A 165 mm thick- valled glass pipe section. w1th an
inside diameter of *127 mm was ‘used for the chamber ‘wall and
the steel end flanges of Moore (1971) were used to pnov1de'
the necessary inlet and outlet ports. ”Steeiladapter flanges_
and neoprene gaskets vere. used to mate the grass sect1on |
with‘the end,flanges.‘ The cross sectlonal area of the
chamber was 127 cm?, This m1n1m1zed the volume of the

. chamber but provxded sufficient clearance between the
chamber wall and the sphere to avoid any. mechan1cal

"éistufbance of the Liquid film due to gas circulation. i
Goettler (1967) noticed this effect in his otoginal chamber
design. | | ’ |

A laminar® jet was osed to introduce the amine solution

» onto the sphere. The laminar jet as described bf Moore
(1971) was designed in a similar manner to that of Goettler
(1967) The jet nozzle consisted of a prec1sion -bore ruby

' watch jewel whlch was press fltted into the nozzle cap.
Nozzle 51zes ranging from 0. 45 mm to 1.16 mm were tested
‘For ‘the range of llqu1d flow rates enconnte{ed in this

" study, the 0.60 mm nozzle provided the be§ @erformance.

The lamlnar jet was al1gned accurately w%?% the north pole
. _ . 7 .

ol o g '- - (g%w‘
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Figure 5.
' "

e

Schématit Diagram of the Absorption Chamber ’

by
s . N
BN . N

Y

pproach ‘[dbe

Top Flange ,— d

[ 2

NoQV.F. o
Glass Section ————— -

Jet Nozzle

Adapter

Tie Bolt — Sphere |

" Support 'R'od

Glass Collector
Take—off Tube

Adapter

_ Liquid Qutlet >

.
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of the sphere using an eccentric mechanism that was mounted
in the top.flange of\the=absorption chamber.“ Alignment was
ldohe viSually. ' a

Spheres made from ceramic, polypropylene, glass and
Teflon”ﬂwere investigated as candidates, but dteel was. =*ﬁs
considered the most appropriate material to w1thstand the
temperature and corr051¢e conditions in thzs study, as well
as being the mogt convenient material to mount on the
9upport rod. A;SO 8 mm sphere was machined from 316
staxnless steel stock to a sphericity of 0.15 mm and was -
pol;shed until tt;was sh;ny. The tolerance on spher;c1ty
was deemea acceptable. A hole was drilled in the sphere to
-enable mounting on a 300 mm support rod with ‘a diaﬁeter of
.3.2 mm. The rod was maohined from mild spring steel; which
provided sufficient strength and rigidity to support the
sphere. The rod,waé’machined to a diameter of 1.6 mm over a
Iength of 25 mm extehding below’the south pole ot the sphere
and the entire length was chrome plated. The support rod
passed through the centre of the take of f tube and through
l thevflow diverter elbow. A Teflon® bushlng was used to
mathtain the 'liquid seal in the flow diverter. A knurled-
knob was attached to the end of thevsupport.rod."By turning
the support\roéﬁ\the entire surface of the sphere could by
v1ewed, and the sphere elevat1on relatlve to the floor of -

the absorption chamber could be adjusted by up to 10 mm,



Liquid flowing over the sphere and the support'rod
passed through a glass collector cap mounted on a 12 mm
~1diameter take-off tube. This connectxon was fabricated from
a Kova? joint;, The take-off tube passed through an O-r1ng
seal in the bottom flange of the absorber and was connected
to the flow d1verter. The support rod was centered in the
.take-off tube byotwo perforated Teflon® ‘inserts. Liquid
level in the take-off tube was contrplled py a WhiteyQ
§S-31RS4 union bonnet metering value'on the outlet liquid

flow‘line.

v
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A 25 mm diameter side .port equipped with a stainless S

steel slide valve aSaembly was added to-the absorption \
~ chamber wall to. provide direct access to the sphere. This
port was temporarily opened during start- up to allow Qhe

operator to wet the entire surface of the sphere, ‘The sllde

valve was sealed with neoprene o—rings} Adequate purging .- °

time was provided following the wetting process to vent any

contamination by air.

Details of the top flange housing»the,ectentric

mechanism and the bottom base flange may be obtained in the

thesis of Moore (1971).
\

The absorption chambér was mounted on a steel cage
frame Wthh rested on rubber vibration arrestors. The
entire apparatus sat on a bench made from 1ron beams. The
 sheer we1ght of the support1ng equipment provided a
.relathely.vipration-free environment.

T | - ‘ -



3.212rGas‘Feed System

absorber pressure in three stages. A high pressure Q%f% “*@ﬁé
. \\§§k,¢‘ w
regulator connected to the cy11nder delivered gys at e af .
apprqx1mately 350 kPa absolute to a Matheson Model 71 qu ) 3? !
Pressure Line regulator. Thxs second regulator further
reduced the gas pressure to approximately 125 kPa absolute.
Final, pressure reduction was achleved with a bleed regulator
used to control air pressure in 1ndustr1a1 pneuﬁat1c control
systems.‘ The bleed regulator prov1ded precise control over j‘
a range of.pressures from 2 to 6 kPa above ambient. With -
this arrangement gas was dellvered to the absorpt;on'chamber N
at. approximately 96 kPa absolute. _Chamber pressure was
measured directly with a Meriam Instrument Co. Model

10AA25WM 30" Range U-tube manoneter using water.as the
indicating,fluid., The maximum flow rate of gas that could

be delivered to the absorption chamber was 150 mL/s at this

pressure. This was well above the maximum absorption rate

of 2.5 mL/s that was encountered in this study.

-

The gas flow rate was measured with a soap film meter
which was enclosed in a SOImm”nominal“diameter Lucite tube
kpacked with glass wool to isolate it from environmental ' -
temperature variations. Three soap film meter sizes were
available for use. The choice between thei10 mL, 25‘mL'and :

100 mL sizes was made so that the time‘required to sweep a



r“ ¥

soap bubble\through the meter was in the order of 1 minute.
Each was graduated'with 0.1 mL divfsio . The calibration
of the soap f1h% meters is contained,in Appendix 3. Soap’

traps were installed at both ends of the soap film meter to

prevent contamination of the absorption chambgr and bleed

regulato‘? N
©

r

Gas from the soap film meter was fed'diceat}y into the
absorption chamber. The gas temperarure was meagured at the"
soap film meter w1th thermocouple 3 and at the ‘inlet port of
the absorpt1on chamber w1th thermocouple 4. 5uff1c1ent
residence time was ava11able in the hot tub1ng and top
adapter flange of the absorption chamber to heat the feed
9§5€%? the system}temperature,

Sy Co ' ‘

Sty o |
’“%‘qas circulation loop was installed to saturate the

s absorpt1on chamber vapor space with 11qu1d and to ensure gas

'!’
fphase homogeneity. Gas was w1thdrawn from an outlet port on

the absorpt1on chamber top flange and fed to the inlet of a

a Robblns ? Myers Mod&l MB-158 1/10 hp metal bellows pump. A "/"
! 8

4 bypass?cirqu1b.was ancluded to control the c1rculat1on rate.

f
Pump outpqt was directed to a 203 mm Q.V.F. PS 1/8 glasés'

f.ﬂﬁ; plpe sectlon % th an ‘inside diameter of 25 mm. Steel end

a {ianges were held in place by tle‘bolts. The saturator was
h,packed with 20 mm 1enqths of 6 mm steel tubing and fllled

‘s
half full\wlth d1st111ed water. The packlng served to

‘reduce the surging and entra1nment of llqu1d cidused by the

ﬂﬁ'_bellows pump.
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’

Gas leav1n@ the saturator was metered by a Broohs Full

thw 150 mm rotameter and passed through a 150 mL gas

‘gsampling bomb whlch served as'a llQUld knockout vessel

- quu;d free saturated gas exlted the bomb\/kfough a. 51de*a;m

and was. fed to an 1nlet port on - the absorptlon chamber
k K
bottom flange. Thermocouple 5 was. used to measure the

temperature of the saturated gas as ;t entered the

L}

absorptlon chamber and thermocouple 6 measured the gas
_temperature leav1ng ghe absorber. T -

v i . : - \‘ I

*~’;In o atlon, the absorptlon chamber was 1n1t1ally

3

purged w1th solute gas td- exﬁel any 1nert gases “which’ may

V have acCumulated iR thexchamber or the gas feed system,'

o

1 4

vj;\w : : “u}}:' S
nxqu1d Feed System

\".

A 200 mm" th1ck walled glass pipe sectloh with. an 1n51de

diameter of 150 mm ‘was used as,a/c;hstant head reservo1r “for

‘vliqUid'feed. A schemat}c dlagram of Phe reserv01r 1s glven

¥

vn‘ln Flgure A2 1 of Appendlx 2. Steel end flanges wereaheld

7'1n place by tle bolts. The reserv01r was wrapped thh 25 mm

>

‘Babcock and W11cox Kaowopl ceramlc flber 1nsulat10n to gn;

'reduce the heat loss from the‘xot llquld The reserv01r was’

R iy
A ,mounted apprpx1mately 2m above the absorptnon chamber and
%‘, , =~_ o [ g

R

provﬂdeq/pulsatlon free llqu1d feed flow to the sphere.’ *

Co . _ . e
quu1d was drawn from the reserv01r at a- rate ranglng

ERS

| %>
fromfb 4 mL s to 2 0 mL/s. ’Flow rate was regulated Wlth a.

'gr ‘ . : “ oo

60 °
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PRI o x , 61
meter1ng valve -and. measured by a Matheson ?50 mm ro:\\Eterv

Vtube #603 equwpped with glass. and sta1nless steel floats.

“All measurements were taken wlth-the steel float. The "flow

'callbrated dlrectly for each flUld at each, temperature.”t

"Detalls of the rotameter - callbratlon may be found 1nr

‘»Appendlx 3. The liquid temperature at the rotameteraras

measured with thermocouple 7. = “"" ? f*.‘

*4" ’& ” ‘..

quu}d leav1ng the rotameter passed througﬁ a settion"

o& tublng wh1ch was wrapped w1fh 2 m of electrlcal heatlng

tape,' Thlg heater was. regulated manually w1th a Super1or

| Electrlo Powerstat avarlable autotransformer (var1ac) and
h“hcompensated fov the heat loss 1ncurred from- c1rculat1ng the‘

.11qu1d out51de the air bath A6.1m length of tublng

ig a dlametef of 90 mm was 1nstalled 13 the a1r bath

N?‘\‘

‘jmnd priwf%gd sq&fjgg%%k re51dence @ﬁme for the 11§h1d feed

£y
‘to atta’n the temperature of the*system. Thermocouple ! was

. ‘\‘used to measure the temperatﬁ?e*of’the 11qu1d feed as it’

'diameter and7673fmm in%heightrlapproﬁimateIYhﬁl,LN

vvw1th a EﬁgCISlon needle valve as dlscussed eanlier,

ﬁspent solutlon was blanketed with he11um (He)

entered the‘approach tuge to,the lam1narvj€h.

" LiqUiégleav1ng the absorptlon chamber was regulated

v

) %

11qu1d leav1ng the absorber.,)Spent solut1on W

Thermocouple %}was used to record the temperat re of the
?%'col etted

f o * - 3
_1n a stalnless steel rece1v1ng tank wh1ch was > 310 m,“"

» coit
e -

s i’ N
+’ ' ". Lo ( R i . g
| s S
o . ’

,meter was 1nsulated w1th 10 mm Armaflex 1nsu1atlon and was(\,'

b

syl
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. equallzlng vent llne was connected to the He purge'SYStem.‘
L1qu1d sampl1ng faoflltles were 1nstalled in the liquid
11nes enterlng the rotameter and leav1ng thepabsorptioni:"
chamber.' L1qu1d was . occas1onally Sampled at,the rotameter
and analyzed for CO,. content and solut1on normal1ty

Nt ,

-

-

3.2.4 Liquid Circulation System

-

L4

A liquid circulation'syStem was required,to maintain
the llQBld level 1n theeconstant head reserv01r.'_Fresh

degassed 11qu1d~feed was preheated to the system temperature _sA

®
in” a 51 L sta1nless steel feed tank 51tuated 1n51de the air

bath, The feed tank had the 1dent1cal dlmenslons of the v

“spent solution rece1v1ng ‘tank. The feed tank. was blanketed -

B p

~with He and the 1nternal pressure was balanced by a vent

-

11ne connected to the He purge system. A vacuum line
"conneqted to a Central Scientific Ca.‘Cenco Hyvac 2 vacuum
p\'s 1nstalled on thé top of the feed tank to enable “‘the

transfer of regenerated am1ne from the reb01ler to the feed

« 7
tank. The vacuum transfer also served to further degas the f"

" lean solutlon. f . L o
<Al . . . . . ‘ t',‘

L1qu1d was drawn fromﬁthe bottom of the feed tank and

ﬁﬁ!d to a 208 W Little Glant[’Model 5- MQ -SC centr1fugal pump

{

. Pump output was, regulated by a Whltey SS- 1RS4 needle valve rll
. o

and sent to an 1nlet port .on . the top fuange of the constant

: headvreserv01r.: The tublng sectlon from the pump to the

PR



on.shut-down. e

~

Vr AN

) reservolr contalned a Ca;on 60 um sta1nless steel 51ntered

-
U
metal fllter and a glass wool fllter to remove any

partlculate matter in the 11qu1d ‘ A 2 m length of tub1ng
was wrapped w1th 3m of electrlcal heatlng tape whlch was
regulated by a second variac. The temperature of the liqg%d

enter1ng the reserv01t was mon1tored by a Thermo Electric

Id1glta1 temperature 1nd1cator.) .

L1qu1d fllled the constant head ‘reservoir to a depth of

approxlmately 165- mm. Liquid overflow{was returned dlrectly

S ,‘ ‘,

63

to the feedutank through a 12 ‘mm - d1ameter overflow 11ne. A

51ght glass was Fnstalled on the>constant’head reservo1r to
' VI 57

"{'t the - lquId level The ‘vapor space *above

purged Wlth He on start- up ‘and a pressure

vent was. co nected to the: He purge system. A

rd

-

~ . ) 4

p—

. 3.2,5‘Temperature Coritrol System’ ’

- - - '
~~ The’ absorptlon chamber supportlng frame ‘and the lquId

iy

feed tank were houséd 1n a 1.06 m? a1r bath Wﬂ%h 1n51de

d1mens¢onsgof 1.4 m X 2 m x O 6 m. The bath temperature

L

was maintained.at 0.5° C of the setp01nt by a Hall1ka1nen

Instnuments Thermotrol temperature controller. The air

bath walls were 1nsulated wlth 40 mm £1ber 1nsulatLon made

by "orty Elght Insulatlon Inc.’and were llnlﬁ Wlth stalnless,;i“

i -

' a R

R

v
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3

steel sheet1ngt Sevenvgbo W Chromalox electrxcal str1p
héaters provided suff1c1ent capac1ty to malntaln the bath at
temperatures rang1ng‘from 25° to” 100 c. TYO of the f1nned
heaters were under manual control and were only used to.’
‘bring the bath up to temperature 1n1t1ally The a1r bath
heatlng system also 1nc1uded a Chromalox Type ARC 260 High

Temperature L;mlt Control.

N er Q- .
At least 12 h were requxred to allow the large volume
RS ST ki
of Ilquld in the feed. tank t‘l’qu111brate when setp01nt

changes were made in the a1r bath temperature. A'coppenu»b

?
pxpe,coollng sgﬁtem prov1ded excess ‘heat loss and stabilized

KRy O

"% the a1r bat tgmperature when absorptlon measuriﬁpnts;we:e

*  taken.at tempef§§gfes Below 40°C. A 250 mm dlametﬂr 4 -blade

fan drlven 3%7a 1/4 hp e&ectr‘?‘mot r at 1725 RPM

¢
contlnuously mlxed the a1t£w1th19 the bh&;.

. , gy R
» .

P

- were. measured with irop- censtantan ‘Type J thermocoupbgs._§

Cle

" The- thermocouples were calibrated agalnst a Leeds and w~\§.

N rthrup platmum reslstancef \thermometex) 1n the temperature

r nge’of »nterest. A Leeds ang Northrup M1111volt;.

) )
Jpot ntlometer was‘used to. measure each thermocouple ‘«
! ~ »
potential relat1ve to a’ cold‘]unctlon ma1nta1ned at 0°C. A

- ;r" ©

Thermd Electrlc 12 p01nt low re51stance 51lver tonductor

The temperatures of the flowDk iiquid and gas phases,§

64 ..

'switch-mounted on,the spherekabsorber main control panel was
- M '

‘ usedvto’ségectathe~thermoqouple to';;?measured.

.

. . [
PN . . ) ’ B ) LR o e A
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"v3,2.6 Amine Regeneration'§y§teh7

E

-

! - A regeneratlon system was\_used to strip the sol*e gas
frqg the am1ne solut1on so that 1t‘cou1d be reused. " A

'schemat1c diagram of the. regenerator 1s g1ven 1n Flgure AZ 2
oo oo

§

of Append1x 2 éThe regenerator pons1sted of a Q.N.F., . ‘VS
20/PL 20 L spherlcal glass vessel for a reb011er\\a\9 V.F.

PS 3/18 glass p1pe sect1on and a ng F% HE3 glass

[

condenser. The reboiler was f.‘

portd?’a 25mmm access port, on{ ; 5n access»portlon
- A : )

: . ) v‘. ) : 'u*we e ”
‘ -‘bheptqa:hemlSph: *"=nd one ext-?" ”,‘ mm port on the

~bottom. The 3ZNEE rts were“each capped WIth stalnless

's't_eel];‘:lange' » e ‘~'t_he use. of‘S,(wagel_ok tublng 7

4 ‘ .

connectors .

-~
»

The kettle rested in a Glas Col Apparatus Model TM-HBS ; '
ueatlng mantle equ1pped w1th two 770 W heaters and was '
supported by a steel’ f~ra*$olvent vapors passed through

. the 1htermed1ate plpg sec'ﬁon and entered th°e overhead T ]
condenser. Water 4low1ﬁb throy the condenser ‘was cold |
> enough to provrde total reflux. ~& vent ‘Fine was attached ‘t_o .

...‘1.':'\ 9

'd .
' n%tﬂae*topof the condenser to equallze the internal and e

external pressures,‘ and exihusted to a fume hood N1tr}ogen 3
§ was purged through the . regenerator durmg l1qu1d transfer to

prevent aWospherzc oxygeﬂ from enterlng the rebpﬂer and

‘7

. »

.- o L ]

" .re_?tlng w1th} the ‘hot am1ne solutlon. T

(84

. . _ .
N . 1 .
+ T .
. - : . ' . . e
Wy o . R . s
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Detalls'of the operat1ng procedure may be found in -

Append1x 2. Tr1a1 regeneratlon runs. were

performed ustmg 20

..\',? e
PR

wt %'MDEA solut1ons saturated wlth Co, at

pressure., Measurement of the coz content e@ the am1ne

v"“!‘ i

solutlon after regeneratlon showed that the devrceowas
o capable of strlpping the solutlon to a load1ng of ﬂf . 3

o

approx;mately 0 03 mol COz per mol MDEA.

’j ’

. Al " .
K : : ; ~. 3

3.3 Qperatlon of Equ;guint R o ‘“}%
e . \ ) ,." ) o v . ) “ . .

‘The sphere absorber ap 'cggus was operated contlnuously

o

and consequently a cond1t1o of steady state was requ1red

'i

before any measurements could be @aken., A detajied

.

desc1pt1on of the ‘rocedure used to br1ng ‘the absorber to a°
»

stea state can be found in Appendlx 2 _The equipment can
o

, . be run by one exper1ence’a operator howe‘r 1t is adv1sed
| that a second opepator be.present 'on occasion throughout the
: ¥

runt A typical set of data may be collected in, f1ve to six’

hO_UrS ) . ) L . o —_— é‘ .
Special attention was given to the assumptign'of

e 1am1nar flow over the aprface of the spnere. 'Initfal
a s »

attempts to ach1eve flo; rates of 11qu1d s1mIlar te those a
J ,

//reported by Goettler (T967) Savage and Klm (1985) and K1m

LU

and Savage (1986) resulted in 11qU1d fllms w1th V151bke-
Lot By

- r,ppl1ng* To avoid surface r1pp11ng, llQU1d flow rates we{e

)1:".1 [

' restrlcted to less than 2.0 mL/s. In %£eratlon, the 1am1nar

€ . ) . -‘ . ) S } . . . .
’ -t . . : E . .
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.~ jet length and;lxquii.hake-offvlengxh%were maintained at 2.0’
b

o L ()
s .

; mm ‘and 25 mm respectively.

'The‘sﬁrface‘wettiné'chafacterfstics cf'the-solutions‘fn,
thls work were found to detefba;g%q,W1th 1ncveased . @,
témperature and 1ncreased water. content.‘ All attempts | -
5p0551ble were made to el1m1nate any contamlnatlon of . the,
quu1d feed sfsﬂﬁm by 0115 and greases The sphere waf
fthoroughly cleaned with ow- pressure steam and only handled

E?Q h}th opt1ca1 ‘lens cleanlng paper. - The spherlcal fllm was
v 6 7

p;ﬁﬁp_ ea511y ruptured at- temperatures above 40°C when the 11qu1d

* Sy N

d1d not contain any surfactant ]ﬁ was not

L e g “‘“ﬁ;cﬁ’*‘ & Ly -
possible to wehathe sphere durlng start up‘ A depxsxon was '

& & .
T made to 1nvestlgad.-the yse 3 a surface act1ve agent to

1mprove the ab111ty of the 11qu1d to wet the solld surface .

~‘the sphere, L .. ' . - ﬁ ,A o o

-

Sodlum 1auryl sulphate (Teepol™) was used as the
surface act1ve agentiln thlS study Teepol“ was added to V

: the 20 w% % am1ne solutien to ma1nta1n a stable fllm at
:75 C. 'The m1n1mum amount - requlred was found to be 0 01 "

wt %. ThlS concentration was used for’ all runs with the 20
<. . "4

wt %'solution; A surfactant content of Q. 0075 wtd% was used.-’

. $for the 40 wt % MDEA solutlon. A surfactant concentratlon :
‘3' .
. R e

- ) of 0. v wt % was needed to ma1nta1n a stable f1lm of water at

| 25 C. Experlmental measurements of the rate of abserptlon

of N, O in 20 wt % MDEA solution were taken at 25°C -before ’»;\'
and after the addmtlon of sﬁrfactant. The absorptlon'rates

‘v/‘ﬂ}_ . ”3 - T ( .

™~
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Co , 68
were identiCal and the ef;ect of Teepol™ was assumed to be

negligible,

3.4”Chemicals‘and Gases

The aqueous MDEA SOlUthﬂS were prepared from dlst1lled C

wa&;r and N- methyld1ethanolam1ne supplled b<~Aldr1ch

x"

fcal Co., The MDEA had a minimum purlty of 99°% and was

LY

iNipd the MDEA suppli

uqedqﬁlthout further purlflcatlon Chakma and M%‘een (1985)

: d by Aldrich by gas chromatography
gﬁd COnf“?%ed the 99 %® urlty spec1f1catlon ‘Samples of

&‘ #

MDEA stock were anal zed by gas chromatography us1ng
e‘fﬁbns packed with Chnp osorb W and Poropak Q The 0.4 % -
1?&Lr1ty was found to be water. : ' N o R

wggdgf," Am1ne solut1ons weqe prepared by welght_in,AS kg
L "‘i“vf .
"r“;k

\ !
ﬁ“i; itock was not accounted for in the solutlon preparatlon
%\ N Iy

patches in a polypropyléne carboy.‘ The water in the MDEA

L. I

1al care was taken to reduce the time that the solutlon
'Wﬂérexpoyed to atmgsphe ic oxygen and CO: wh1le be1ng )\
pwepareh The sod1um Hauryl sulphate (Teepol”) was supplied

by Flsher Sc1ent1f1c C4 in powdered form. The plpera21ne

was suppl1ed by Aldrlc% Chemical Go. and had a- m1n1mum
) .

purity of 99 %. J | | , j |
s E ', ‘ ‘Sf“r’ ‘ - s
The He and n1tr0ﬂen gases used in the experﬂhent were

- :supplled ‘by L1nde and had m1n1mum purltles of 99. 996 % and

99,93 x,respectlyely.‘ The,COz and N, O were also SUpplled by :

ot

PR



‘Linde and had minimum purities of 99.9 % -and 98.5.%

;.S Measurement of Data = . e
J%’?ﬁ‘: .w(» ,‘vw" B e !

69

o

respectively. The N}b was analy;ed by gas chromatography

and found to have a purity of 99.4 %.

oy .
LR TR *

The sphere absorber variables which were recorded
#

durlng an - exper1mental run are shownﬂbelow. Estimates of
o
the ex erlmental prec151on in measuring each varlable are

abso included,'

e Barometric pressure (x0.1 mm Hg)

Room tempegatpre (£0.5°C)

AbsBrber pressure (#5 mm H,O0)

Jet length (+0 02 mm)

L1qu1d take off length (+0 02 mm)

L1qu1d rotameter readang (£0.5 mm)

. Standard gas volume 1n ~soap f1lm Meter (+0,05 mL)

e Time required to sweep a soap. bubble through -
the gas volume. (20.1 s) = :
.

¢ Seven process temperatures (%1 uV)
w» o Variac-and Thermotrolhsettings'

L )

[}

- Once a ‘steady state condition was aehieved “the data were
SN : & e

recorded' Ether varlables wh1ch were recorded 1ncluded
MDEA concentratlon, the: solute 'gas type, piperazine ."

concentratlon, Teepol“ concentratlon, the jet nozzle o

' dlameter, and the elapsed tlme. Approxlmately ten

-
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'%bsorption,rates were revorded at each liquid flow rate

stud}ed. Three liquid flow rates were generally tested each
| S ) .
day in operation. - ; $
ot “ .
"!’
The seven process temperdtUres measured were:

R

T, - '~ Amine to, Absorption Chamber

o7, Amine from Absorption Chamber L
@3 ' / o .
T, Gas at Soap Film Meter
Ty Gas at Absorption Chamber P
Ts - Gas from Circulation Pump
v ' X$J Te Gas to Circulation Pump
“P"b' . L . @ » *
~ Ty Amine at Liquid Rotameter ﬁj
'~ I'd ’ 7: &
» ~ Process temperatures were recorded at the start an¢y§:d of .
_"each liquid flow rate. , , - A :
A : . o i . . . ‘ .
o ’ . " . o " " ' .,
| U A
; . , v ’ & i
3.6 Analysis of\Data _ T WP

The phy51ca1 absorptlod‘process on the sphere was
o~ assumed to be-descrlbed by Equation 150), thé extended ~

series solution of Olbrich and wild (1969) The physlcalf_/ /f”

4 T

absorptlon on the jet was assumed to be de5cr1bed gy/ )

Equatlon (53) glven by the penetratlon the6?\¥ Any errors

T

incurredfby neglecting the entrance/;eg.on effects in the

laminar jet itself were considefed.to be small.‘ This was Y

-

3ust1f1ed by the relatlvely small active surface area of ‘the ~

jet 1n compar1son to: the surface area of the sphere.

)

:
»

-
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Nevertheless, ‘the presence of the lam1nar jet was st11L

considered in the analysis of the raw data. & .
l :

The measured ovelhll absorptlon rate of solute g8 13 a

combination of absorption by the laminar jet, G,

o and o

3

absorption by liquid on the sphere, Gg | o
- ' ' , | .fznzg

G =Gy + G o | B ~(91)

Absorption of gas into the liquid onfthe support rod was A

assumed to be negligible. This was later verified when

measurements were taken at different liquid take-off N

lehgths. The fraction of the total absorption rate that

occurred on the laminar jet was later determined to be 0.02

~

or less. ' 0 v

-
g .

e : : R .
Both Gj and.G. are nonlinear functions of tke molecular .

diffusion coefficient D. Hence the value of D was

determined numericaldly using an iterative procedure. o

+

Correlatlons of the phy51cal solublllty of N.O in MDEA

soi3t1ons, the klnematlc ulscozlty and the density of MDEA

g

golutions ai descrlhed in Appendlx 4“were used in the

analysis. ‘density was estimated.using the ideal gas

law. The average of T1 and T, was used to evaluate the
phys1c¢l propertles of the system.- It Was assymed that e
)
, there ‘was no increase in the 1nterfac1al temperature due to

.’(

* heat of splution, and interfacial turbulence;wasfassumed“to.aij

~ L

. be negligible. "
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" .The interfacial area of the laminar jet was Calculatédi“' '

from the nozzle diametgr and the measured jet length'ﬁ—'} ;T ;, oy
A. = . h- ! ¥ ; _‘ . \* ogm #; *“ ‘
7~Tﬁe interfacial area of the spherical film was esti"”’ !
.Equation (52). '* I
The value of K, was calculated from the measun plute
gas absorptlon rate: by using the followzng expresdfig »
CL e+ Gy ) = (A + A, ) K TR-c T (93)
Equations (70) to (85) were then used tq'eétimate the value
of kg . The value of kL was calculated usingiEquation'(GQ).
“,\gx;equating the mass transfer rates inboﬁQ\i;;ms
IR 1 4 . ‘ ‘
-, . \ . .
4
kg (Ay *Ay )[Pp - PH,0 ~ HC; -
. : . ™ :
;» . | o ke, (k% +A . )[Ci Co ] . (944 .
1 .f” . o 4 . «$¢ . ) ]
’.ﬁear;’ahg‘ing gives - . o I
(;»..Ci = [k'g (Pp ~Py,o ) * Ky Co 1/Iky + kg HY - (98)
This valuk of C. was used in all‘subsequent‘calCulations{ -
The bulk phase gas cohcentration iﬁ/thé liguid entering the
absorption'chambe: was assumed to be zero. Q?mplgte mixing- |
: : o - P L
,was assumed to occur at. the jet-sphere junct1on, such that
",the concentrat1on of sdﬁute gas in the bulk iiquld enterlng
tﬂb spher1caL L&n 'Q-$w«‘;.-- B S Tg] , :,' ,
P R R AR oy , .
R ‘-“? } : ' ’ ‘
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. The overall gasgabsorpt1on rate was'calculated from the
soap fllm meter volume !ﬁ‘ the soap bubbﬁe sweep time, and
was, converbed to kmol/s usxng the ideal gas law, The.‘ '
average value of all the. measurements of G for a single
11quld flow rate was used 1n‘2ie calculation. ' “.!'

The amount of solute gas absorbed by the laminar jet
4as estimated‘by first guessing the value of‘the diffusion:
coefficient and.thehﬂusing’Equation (53) to calculate Gl .
The value of G was determined.from Equation (91) and was
scaled to the dlameter of the dry sphere using the area.
correction, A /A . Equat1on (50) was solved for the value
of D which caused the predicted absorption: rate on the
sphere to equal the measured experimental value. " This
calculated value of D was then used to revise the estimate*
of the amount of sofute gas absorbed by the laminar jet.

The calculatlon procedure was contlnued until the value of D .

. d;d/not change™py more than 0.01 %.

, (" The solution procedure, similar to that used by Moore

-

(1971) » involved a bisection method search routine. A

compuﬁir program was develo ed to carry out these, ‘ e
calculat1ons and 1s llsted n‘Appenulx 6. B - ‘
- N ' LI ’- » ‘ -

¢ 3 , The chem1cal absorptlon process on’; t e sphere was

g % assumed ‘to.be descrlbed by Equatlons (63) to (67) tpe ‘model

. ’ e
-

-~ i

° .
. ) . i3
* .- - . i
. : - - \ : : N\
, . . N . . N



y

°

,jet was assumed to be descrlbed by the model of Danckwerts

" (1970)

G5 = 4‘/hj LD (C; = Cu ) (1 + ko, £/3) 5 (9N

g

where t is the gasfliquid,contact timefof.the\laminar jet..

The nitrous ox1de analogy was used to. estlmate the'

9,

molecular dlffusion coeff1c1en} and the phy51ca1 solublllty

of«coz 1n‘MDEA solutlons.” The phys1ca1 property

'correlatlons, gas phase res1stance correlatlon, and : .
‘ 1nterfac1al area correctlons descr1bed above vere also used
‘1n'the analy51s of CO, absorption rate data. In general,. ‘e

‘the logic reguired to determine the value of k from the - -

-

raw absorption rate data is analogous to the procedure used S

to calcuMrte the molecular diffusion_coeffieient from N0

'ahsorption rate data. Once)the'value“of kév,uas determined,

the pfoduot k0v ty was alculated to check_whether the

‘mproper‘Equation (63) to.(67) mas‘used»in the‘analysis._

- The contrlﬁutlon of uncatalyzed COz hydroly515, kH:O J

given by Equat1on (11) was assumed to'be negllg1ble

'relatlve té the magn1tude:of kov . ance the solution pH was

usually below 9, no formation of'alkyloaqunates,was’assumed

to occur in the liquid. The rate of reaction of CO, with

110H’ 1on was assumed to be ‘given by Equation (12)“’ The‘

3
3

kOH_‘was assumed to. be small The concentaﬁglon of OH was

‘ 74
of W1ld and Potter (1968) The absorptlon on the laminar o

: effect of the 1on1c strength of the solutlon on the value of*

Lo



: concentratlpn of.free COz 1n the llqu1d C
. ' N j
- to be zero. S1nce the Coz/load1ng was small the

‘ concentration of_frze amlneﬂyas-assumed-tdgg//flven by

estimated with Equations ( 13) 9 ~‘(-'1,s’) A

per mol MDEA by exper1menta1 measurement as descrlbed 1n

Chapter 3 2 6. T The average COz/loadxng 19/Lhe spher1cal

'fxlm was used in Equatlon (13) The equlllbrlum

eq ’ was assumed.
\)

/

i
¢ N
E

[MDEA] = ['MDEAJ_Q” (i-a) (98)

i
[’ K

"Appendlx 7 contains a sample calculatlon which prOV1des
,addltlonal detail of the data reduct1on procedure. A

'computer program was developeﬁ to carry out. .these

H

calculatlons and us 11sted 1n Appendlx 6..

¢

The 1n1et CO; load1ng was &evermlned to be 0. a3 mol COz‘



. S EXPERIMENTAL RESULTS

The sphere absorber was 1n1t1ally used to measurefthe
rate of phy51cal absorptlon of CO; into water ' To dete mine-

whether th%re was an effect of l1qu1d take- off length on the -

_obServed absorptdon rate, measurements ‘were taken at
i

‘take-off'lengthsvrang1ng from 7 to 28.mm. Figure 6a.~,dc

illustrates the g;ject of thevliquidftake:off.length,on the

observed absorpthmugate of CG.. The ekperimentaludata were

| ‘ : 4 , : . S .
collected on 85/11/22 at a constant temperature of.24°C and
L : : ST .

‘a constant liquid flow rate of 0;77”mL/s;'using‘a jet length’

of 1.7 mm. . Raw’ data for all‘runsvusing_the sphere absorber
: . ’ T ‘
are qpntained in Appendix 1 and may be consulted for

* additional detail about the experimental conditions. -
' R - i . . ) - : d‘

.~ The data suggest that there is a definite effect of

take of f length At take-off lengths larger than 20 mm, the

absorpt1on rate remains relat1vely unchanged When the
lquId level r1ses above the 20 mm mark the stagnant

monolayer 1s forced onto the surface of the sphere anq the

absorptaon“rate,;s decreased. The rate was reduced by’ 11‘%
~when the take-off length:.was changed from 20 mm to 8 mm.
) ) - o ( [

2

A similar study was berformed at a later date as,

‘ check using 20 wt'%‘MDEA;and'N'O as3the solute gés='””
-Slmllar behavior was. revealed and is shown 1n Flgure 6b

The data collected on-86/05/06 were at a temperature of
75°C; using a llqufd flow rate of 0.82/°mL/s -and a ]et length
"dof 2.05 mm, In v1ew of these results,. the opt1mum take of f

% : -
76 S |

{
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length was assumed to be 20 mm and’ all experiments . were"5

-

’conducted uszng this: length

AN
®

Once the optlmum take off\l:hbth had been establlshed
the operatlng procedure was verified by calculatlng the

molecular d1ffu51on coe&f1c1ent -of. coz in water and

,ycomparlng the value to those foundn1n the llterature. Using

.

the sphere absorber, the dlffu51on coeff1c1ent at 25 C was

-9

determ1ned to be 1.97x10 m /s.. The -gas phase re51stance

to mass transfer was estlmated to be 2 2 % of the total

+ il ol
¢

. resistance. Table 5 contains a comparlson oﬁhexperrmgntgl ‘
" PR . S "-—-‘-.M
values of DoCO au 25 C as reported by several authors. “The

results of th1s work compared favorably, and the equ1pment - *l

waskconsrdered to be operational.
Following the CO.-water.study, the absorption appa tus -
was used to measure;thé rate ot.ahsorption'ofszoainto MD
solutions. The raw data, contained in Appendix l were '
utprocessed u51ng the methodsﬁdescr1bed in. Chapter 3. 6 ‘Table
6 conta1ns a summary of the pertlnsnt results obtalned in
R _

the data}reductlon procedure. Results-are presented for -

iadh of thg’tWO amine solutlons at three temperatures. The

‘calculatea @glpes of the N 0. d1ffus1on coeff1c1ent are
: W
l1sted 1n the f1£th column of the table and are believed to

v v
:be knownito an accuracy of %5 %. ) o : ,

The phy51ca1 SOlUblllty of N O in MDEA ‘solutions and
¥ ,
the glnematlc viscosity of MDEA solutlons were measured

experxmentally. Detalks‘are descrlbed 1n.Append1x 4.,
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A

N, Absorption Rate, ( kmol/s ) x 10°

. {kmol/s ) x 109

sorption Rate

b

© N
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]

Rigurels;
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Effect of Take-of f Length on Gas Absorptibn”Rate

@

. Liquid Take—o?f Length, -( mm )

. )
13.0 r . . - '
125 - [/ COp — Water ' B
» |
Y120 : i
§
L T=24C " '
1.5 , -
J. ° L=0.77 mL/s .
o ® 85/11/22 Data .
1.0} T -
A | . i B 1 1 .. 1.~
10.55 5 10 15 N 20 25. 30

\\
3.0}
29}
‘ .
. .T=785°c %
2."8 L=082mL/s
® 86/05/06 Data
27k S -
‘ _ 1 : I B S S
2.6 5 R} 15 20 25 30

Liquid Take—off Length, ( mm )
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' Table §. t
-. ~ |
\quﬂgpsiOn-Coeffjcient fqr CO, in wafpr at 25°C
. D x109 Reference
- (m?/s) \
f S 1.92 - Dav1dson and Cullen (1957)
g S— '
4 .92 : Ratcliff and Holdcroft (1963)
2.00 - Vivian and K1ng (1964)
g S .
:Q;RQS Thomas and Adams ( 965)
193, Rhalil (19887 -
1.97 . This work

S
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Table: 6. :

e ‘fJ Diffusion, Coefficient for N;O in MDEA Solutions

-

Wt § MDEA T 4 x10° Gas Phase D x10°
| (°c) . . (kg/m-s) Resistance (m?/s)
(% N
: \
209 25,0 1.94 . 0.94 ©0.934
‘ . . o .‘«\ ' »\—4
: 20 49.6 - 1.02 0.89 1.87
20 74.7 . 0.642 ' 0.83 2.82
. = 4‘(1
T ~
‘40 25,0 . 5,31 /  0.55 - 0.629.
40 49.6 2.30 0.70 1.40
40 ©© 74,8 - 1,23 0,77~ 2.28
b
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Correlations of the physical N,0 solubility;‘the kinematic
gisccsity and the solftion density'were used in the'analys;s
of the'absqrbtion rate data. The third golumn of Table 6
contalns the predicted value of the absolute viscosity of
the amine solution at experimental conditions. - The das .
-phase resistance in the fourth column was.estimated using

the techn1ques descrlbed in Chapters 2.4 a,‘_ ' _'The

circulation of gas through the satu7ﬂfiﬂg“ft absorption

chamber ‘was ma1nta1ned at 110 mL/s. Th1s corresponde@?ﬁ:‘. A

effectlve superf1C1a1 gas phase velocity of 0. 87 em/s in the

ahsorption chamber. . _ i .

The raw experimental measurements for the CO,
absorptlon studges are cod%alned in Appendlx 1 and were
processed using the technlques presented in Chapter 3.6.
Table 7 contains a summary of the, results of the data.
reduct1on_procedure. Results are presented for each-of the

two amine solutions at four temperatures.

The free amine concentrvation was estimated using

Equation (98) and the gas phasJ’re51stance in the thlrd

o

column was est1mated using the ‘same approach as for the N,O
- studies. Thevf0urth column contains the overall observed
rate' constant that is calculated ﬁrom the experimental data.

~ The fifth column g1ves the pseudo f1rst order rate constant

for the base cataly51s contrlbutlon and the 51xth column

lists thelsecond-order rate cornstant.~, The second- order rate

S
¥
R

constants are believed to be known to an accuracy of *10 %.

o4
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Revieﬁing Equations (9) and (10) may proQide some

clarification of the various rate constants. Recall that

thé value of kHzo was assumed to be negligible.

]

The sphere absorber was 'then used to determine the

effect of piperazine on the CO, absorption rate when used
[ ’

an additive to MDEA solutions. The 40 wt % MDEA sqlution
was maintained at 40°C and measurements were taken of the
rate‘o(‘abso;ption of CO, at a constant liguid flow rate.

The results of the experiments are listed in Table 8. The

ideal gas7law was used to convert the soap film meter

volumetric flow rate to molar absorption rate.

-

as

82



. ~ N L . . 83
.Y Table 7. :

[

Rehction Rate Constaht'for-Col_Absorption in MDEA Solutions

20 vt % MDEA Solution

T ‘K[MDEA]' Gas . kg, 'k , [MDEA ] k
(°C) (kmol/m®) Resist  (s7' ) . ..(s"')  (m*/khol:s)
(%)
1
25, 1 4.1 9.7 9.0 5.5
49,7 .61 1.2 4.9 39,0 24.2
59.9  1.56 8.2 65.4 53.8 33,7
74.8 1.58 10.7 130.3 99.1 ™ 62.8
40 wt %.MDEA Solution
-~ . -‘?’ )
25.3 3.35 4.1 7 19.3 . 18.5 . 5.5
40.2 3.32 6.0 '43.5 . 40.2 12.1
. - » - N ‘l A
49.9 3.30. 7.6 CARY: 64.1 : 19.4
74.9 3.23 - 13.4 246.7 207.2 . 641
&



Table 8| ¥’

Effect of Piperazine Concentration on CO,; Absorption Rate in

40 wt % MDEA at 40°C

Liquid Flow Rate = 10,58 mL/s

[Piperazine] : . G x108
_ (kmol/m?) ~ (kmol/s) s
\
0.00 | 3,13
. 0.0 ﬂ 3.66
| 0.10 4.36
0.15 5.08
0.20 © 6.03
0.40 9.18
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S, DISCUSSION OF EXPERIMENTAL RESULTS

5.1 Physical Absorption Studies
: o v ,

The results of the analysxs of the N,O absorption

stud1es may be conven1ently represented 1n graph1cal form as

-

" shown in Figure 7. This plot 111usiFates the combined
“influence of ;zmbe{ature and liquid viscosity on the N,0

: . . »
diffdsion coefficient. The experimental data from this work

are plotted aldéng with data from other sources. The data of

- Thomas and Adams (1965) are for N,O absorption in
£ . -

water-glycerol solutions at.20°C. The data of Haimour and
Sandall (1984) are for N,O absorptxon in water and QO wt %

MDEA solutions at temperatures ranglng from 15° to 35°C.

¢

All the experimental datanboints display the same general

trends. Diffusivity is seem to increase with temperature

-«

and to decrease with increasing liquid viscosity.

~ The theory of }iquids‘has not yet progressed to the
‘feVEI where;théoretical ﬁredictions ofﬁthe m?lecular
diffusion coeffieaent may be made with confidence The
exxstlng ‘methods for pred1cQ1ng dlffu51on coefficients are
based .on emp1rical correlat1ons of exper1mental data. Re1d

kN

et al. (1977) have rev1ewed several correlat1ons such as the

' -

Wilke-Chang method.’ AMost models have the followlng form
N » . 1

‘ 1 . ~ - :
where C, and C, are funcfions of solute and solvent

85 BN

e
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} \f‘ Symbol . Reference o
2+ ® 20 wt% MDEA Thiswork, * . -
A 40 wt% MDEA  This work
0O 0 wt%MDEA Haimour and Sandall
- O 20wt% MDEA  Haimour ald Sandall -
vV 0 wt% MDEA Thomsas and Adams
10+ -
'N_ » |
(&) 8 ol -
x
4 6 1
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£
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otooefties; Us%pg thls approach the data for the 20 wt %

and 40 Wt % solutlons were correlated w1th the . followlng

| expre551ons . vf S T »
20 wt % MDEA °
‘InD, . /T = -31.8133 - 0.8558 in- 4 ~ ~ (100)
" Pns0 2181387 DA AL T
. 40'wt % MDEA -
+ 1n Dy o T = -30.9420 - 0.7785.1n u o 101)

;These‘correlationS'were required-to interpret‘the"reSUIts
from the chem1cal aBsorptlon stud1es us1ng COz and are shown _

' as the solid 11nes in F1gure 7

¢

niThe(géfé ffom this‘work show’a‘similar effect of

‘the data of Thomas . anwams (1965)

dall (1984).

solutlon v1sc051ty as

\but‘dlffer'from the results of\ﬁaimour and S
tv_The}r data were cortelated w1thra slope of —0,63 whiie the
f;resultStOf. hisvﬁofk'§Uggest‘a-valie of ahoutf;o d":$he
‘Jddlfference is. belleve to be caused by the values of

solut1on v1sc051ty and den51tx used in the1r data apaly51s
It was of iﬂterest:to‘dete%mine‘whether.or not thé
fexperlmental data followed the same trends in llgUld flow
Lo / :
frate as the - theoret1cal expre551on predlct Equatlon (100)

. ¢ .
: was used in conjunctlon WIth Equat;ons (50) to (53) to

,estxmacejthe overall rate of‘absorptlon of.N{O\\n a

[N



jet sphere system.. F1gure 8 shows the 51mulated overall N,O

‘fabsorptlon rate as a functlon of IIQUId flow rate for 20

/

t/ wt % MDEA at '50°C u51ng an absorber pressure of 96 kPa and a

|

- of 2.1-mm by 0 60 mm used 1n the s1mu1at1on were the same ' as
those in the experlmental data set collected on 86/05/05

s The exper1menta1 data are plotted-;n the figure as_well.

f‘ Although‘the experimental data‘were*used to generate the -

1 'correlatlon in Equation tTOO) the data clearly display a

1/3

general relatlonshlp where G is proport10na1 to L ;_

(I
I

dev1ce for determining the molecular d1ffu51on coeff1c1ent
for sparlngly soluble gases such as N O in aqueous . .v{; .
solutlons._ The apparatus ‘is a steady state device and: |
provides . suff1c1ent interfacial surface area to obta:n

meaéurable absorpt1on rates At‘the h1gher tempe atures

where gas solub111t1es are low, other laborator ‘absorbers'

such as the lam1nar Jet would be unable to ob}é1n measurable

absorptlon rates. R R /

/,

There is scope for 1mprovement in the theoret1cal
‘-models, considered in Chapter 2 wh1ch descrlbe the -
hydrodynam1CS'of the-spherlcal fllm and the gas absorption

process. Surface ten51on plays a role in the force balance

used to establash the boundary condltlon at the free

T
S \

&5 surface.‘ Temperaturef\or compo51t1on - dependent liquid

~density will have an effect on the concentration of = \\

<

| dlffu51on coeff1c1ent of 1. 85x10 =9 m? /s._-The ]et d1mens1ons

The sphere absorber apparatus proved to be an effectivé



9

i N2'O‘ Absorption Rate, { kmol/s ) .x 10°
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Figure 8.
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molecular spec1es in the 11qu1d phase...Temoerature~ or
comp031tlon - dependent 11qu1d v1scoslty will have an effect
on the shear forces along a. Streamllne. These effects will
alter the:-shape of the free surfac% whlch will alter the
veloc1ty proflle within the spher1cal fxlm. The” mass’
‘transfer rate_of‘absorblng gas will be affected in €urn
‘ghecause the material balance expression in Equatﬁon (26l is
‘coupled &o the hydrodynamlcs of" the -system through the .

J

veloc1ty proflle in the bulk convectlon term. A more
accurate understandlng of the hydrodynamics of the f11m
would provide a basis.to improve the mass transfer.model
which describes the concentratlon‘profile of the SOIote‘gas‘
within the liqoid £ilm. IThese‘nontrinial modifications to
the.models were-beyond the scope of this stody

5.2 Chemical Absorptjonf§tudies

. o : 4 -
 The results of the analysis of‘th;7eoz absorption
studiesla;é\summarized in Table 7. Most points were found

to-lie in the fastreaction regime, however, the
measurements for both”solutions at’ 25°C fell into the

'ntran51t10n zone from the (fast to slow reactlon reglmes

Th1s in fo way affected the results at 25 Cc./ When

_,calculatlng the Xalue of k ' Equatlon (66) was used rather.

' than'Equatlon (67). The overall reactlon rate constant is

_ seenmto range from 9 to 250 s -1 and to increase w1th

Y

vitemperature and free amine koncentratlon./“wh

A

90



In order ‘to quant1fy the catalytlc effect of MDEA, the

eontr}butlon of hydroxyl 1on was el1m1nated u51ng the,
methods described 1n'Chapter 2.1. The pseudo—flrst order
teact1on rate constant for. the CO; hydroly51s reaction,
k,[MDEA]! is plotted in Flgure 9 as a function of rec1pr6cal
" temperature and’ amxnefconcentrat1on- Thevdata ‘of Yu '(1985)
for 30 wt %lMDEn (2.5 kmol/m*) arevincluded'fot comparison..

The results compare favorably with the data of Yu 11985).

To confirm the depenoence of the pseudo—first order
rate constant ‘on the free am1ne concentratlon, the data -from -,
”Table 7 vere plotted in Figure 10 aga1nst free amine
concentrat1on. On a. log log stale, a slope of«one indicates

,*\
" a dlrect dependence of the rate constant on free’ ‘amine

IA‘

concentrat;on3 To a good apprOX1mat1on,‘the experlmental

: data’lndicate that the dependence isylinear. Therefore, it ]
can be assumed that the base-catalyzed hfdrolysis reaction
proceeds.at a rate which ls pro ortional to‘the free am}ne'

. ' ) “ ‘h
concentration, -

<
/

The data of Yu (1985) and fhe correlatlon Jeveloped by'
Versteeg et al. (1986) are plotted on Figure 10 for
comparlson.. The correlat;on of Versreeg et al (1986) is
'approxlmately 19 % lower than the results of this work In:
view of the fact that’ these results were obtained by a
completely different experlmental techn1que, th15_d1fference
‘ may'be'explaineé by three bossible causes. Assuming that ln

both methods, the measured absorption rate was-the same, a
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10 % difference in the correlations used to estimate the
‘physical solubilityfof CO; in the.solution would cause this
discrepancy. In a similar manner, a 19 % d;ffefence in the
correlations Qsed to estimate the molecular diffdsion ©
cd!‘ficient of CO; . in the solution would.éau§e%this
~digctepancy. Versteeg t‘al.(1986) did not consider gas
phAase resigtgpce to QJE: transfer in their analysis of data:
Table 7 shows tﬁ;t’iﬁ %his work, thi gas phase resistance’
for chemical abSorptibn studies‘ﬁés éstimated'toabe an order
of‘magnitude greater than for the case §f pure physical: |
absorption. For CO, absorption, the\vas'phasenresistancé
was estimated to be approximately 5 to‘lb %. ,Thereiofe,“by
'Equaéion (65), if the resistance, wag ignoréd, ;he Qaiue of‘
$L would~decrease by about the same#emodnt. This would have
ihe same effect as differences in the estimates of physical
éolubilityl 1 | '
The pseudo-first order r?actiqn rate gonstants in Table

7 were divided by the free amine concentration to calculate
the second brder réte constant k., which is indgpendeni of
conceritration: The values of“kz“ézriQed from the
expérimehtak‘data'afe piotted’in-Figure 11 as a function of
reciprocal temperature;' The values reportéd by Yg‘(1985),
Versteeg et al.(1986), and Bidarian and Sandall (19865 are
_iﬁcluded for comparisoqh_bThe éxperiméntai~data fof k, were’

correlated with the following expression o .
' o : 0

kg = 1.6152108 exp( =138 - (102)

7
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Effect of Temperature on the Second Order Rate Constant
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The act1vat1on energy vas calculated to be 42 7 kJ/mol (10 2

kcal/mol). This compares with the values o; 38 5 kd/mol and
42.%2 xJ/mol as determlned by Yu (1985) and ¥

al.(1986) respect1vely.

‘ﬂ. d1e5, the use

C]ate constants

proved to be successful. Jd§here
E absorber over a stirred-cell react: f‘ }f‘”a -\fs a
/Qteady-state device. The gas phase "sees" a f%g%id with a

constant composition; therefore the device can be operated
with a fresh amine solution such that effects due to
reversible reactions or CO, backpressure can be Virtually

eliminated.

Wt

5.3 Absorption Rate Promotion

It is known that tcacc amounts of certain additives can
have a dramatic effect on the rate of;absorption of CO; into
alkaline solutions. An.additional objective in this
experimental study was to quantify the effect of a rate
promoter on the absorption rate of CO, in MDEA solutions.

‘ _ .
Appl et al.(1982) déveloped a oulk removal‘prccesc which
usec'the diamine piperazine to increase the rate cf
absofptﬁon of CO, in MDEA solutions. This process ié

"covered in US Patent #4,336,233.
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The patent calls for the use of 1.5 kmol/m* to!

kmol/m? MDEA with 0.05 kmol/m® to 0.8 kmol/m°® piperaz
an absorpfion accelerator. The scrubbing temperature should
be approximately 40°C, Pxperazine may be used by 1tself in
amounts from 0.81 kmol/m® to 1.3 kmol/m’ but is not of \
1nterest for 1ndustr1a1~app11cat1ons since these low
concentrations do not provide -sufficient cyclic capacity for
“treating units. At high CO, partiel.pressures, the
carbamate of plperazi;e prec1p1tates as a solld

Furthermore, the solubility of p1peraz1ne in water at 20°C
is onlyl1.5 kmol/m’;

. P
Figure 12 contains a plot:.of the experimental

absorption rate'data from Table 8. The COz absorption rate
~can be seeﬁ‘to’incgease with piperazine cancentration.

" Using 0.40 kmol/m® (=3.5 wt %) piperazine in the 40 wt ¥
MDEA solution, the CO; absorption.fate was increased by a

factor of three over the rate into MDEA with no promoter.

The patent briefly describes laboratory experiments
that were conducted to demonstrate the superiority of
piperazine es anbabsorption aceelerator. Using a laminar
‘jet absorber,-Co; absorptioh rate measurements wese\taken at
*standard conditions" for a solution containing 3.5 kmoi/m’
MDEA and 5 mol % piperaiine. This corresponds to
) abpfoximately 14 wt % piperazine;m The patent data suggest
that the ra;e.is increased by a fitth”Of B.H over the case

where the solution contains no piperazine. From an
3

¥



Figure 12,

[%

Effect of Piperazine Concentration on Absdpption Rate of CO,

into 40 wt X MDEA at 40°C
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industrial application standpoint, these data suggest that a

substantial reduction in solution circulation rate can be
realized in bulk CO, removal schemes using MDEA solutions
with piperazine as an édditive. )

A rigorous analxsis of the absorﬁtion rate data calis
for a mass traﬁsfef model whfch accounts for the parailel
reactions of éoz with both MDEA and piperazine in the léquid
film. The‘scenario is further complicated since piperazine
is a secondary amine and reacts directly with CO, to form a
carbamate salt as well as participating insthe hydrolysis
reacgion. The the?retical work of Chakravarty et al,(1985)
and Critchfield and. Rochelle (1987) ﬁay be used to develop
such a model, but this was beyond the scope of the present

study.

The studies of Astarita et al;(198J, 1982), Mahajahi
and Danckwerts (1983), and Yih and Sun (1987) have dealt

with the promotion of Co, absorption in carbonate -

‘bicarbonate solutions. On a purely speculative basis, the

promdtion in the piperazine-MDEA syétem may be described by
the "shuttle” mechanism., At the gas-liguid ihterface, CO,;
is dissoived in the liquid and reacts directly;with the
piperazine to form the carbamate ion. This reaction
increases the=C0, cohcentratio;~gradient at the interface
and results in enhancement of the mass-transfer_rate‘ovgf‘ .

the case where only MDEA is present. The reversion of the

carbamate to bicarbonate is a slow reaction which takes

99
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place in the bulk liquid after the carbamate ion has |

dif{uéed from the interface.,* The réversion regenerates
piperazine which then diffuses back to the interface where
it c;n further react with CO;. This "shuttle" behaQior
proceeds in parallel Qith the base catalysis effect of the

MDEA on the CO, hydrolysis reaction, .
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o 40 mole %.NH,V-‘ _1' o

6. BACKGROUND MATERIAL FOR MODELLING §TUDY =«

°

[35;1-NatufgfgfpthejAlkanolamine“Treating Process

¢ , 4 0 . N ’ .
Alkanolam1ne treatlng un1t9, or. ‘amine plants, have been

e
-

used for decadeﬁ to pur1fy sour gas streams. -The" chemlstry,,“?
englneerzng and operatlonal aspects of conventlonal amlne‘
technology are descrlbed 1n detall by Butwell et al (1982)

Astarxta et al. (1983) and Kohl and Rlesenfeld (1985) .inv'

'recent years, spec1allzed appllcat1ons of am1ne treamlng

technology have been 1nvestlgated These appllcatzons

1nclude bulk co, removal and selectlve absorptlon of H, S

from gases conta1n1ng substantlal amounts of Cozu

-

Schendel (1983) descr1bes a process u51ng the
formulated UCARSOL HS solvent and- Petty and Ho (1984)

present pllot plant data for a TEA plant whlch is %sed to .

recover bulk quantltles of COz from-produced gases"

':Zassoc1ated w1th Coz—m1sc1ble floodlng for the enhanced

b

‘f'lre00very of-o1l (EOR) Melssner and Wagner (1982), Melgsner,

(1983) and Rlpperger and Stover (1986) promote the use-off

qctlvated MDEA in. 51m11ar appllcatlons. Gdddin (1982) shows.

b
TEA based bulk COz recovery to be compet1t1ve w1th cryogenlc

methods when the coz content oﬁ the feed gas 1s greatér than

\?

vs‘"

The Eoncept of se}ect1ve absorptlon u51ng aqueous

AN amlnes has been around for some tlme.‘ It is generally

»

'_accepted,that_MDEA is the,preferred alkanolamyne forg

)f"- . ' ;” . N ;/ o - [
e
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select1ve absorptlon appl1cat1ons. Frazier and Kohl (1%%
=‘and M111er and Kohl (1953) presen%ed p1lot plant data for

1am1ne treat1ng unlts USI@QgMDEA At that tlme, the cost

advantage of selectlve gasﬁtreatlng vas, 1nsuff1c1ent to
justrfy the\Qse of'the more.eypen51ve MDEA over a_cheaper

MEA solvent, B %

i

hIn-thehiateeﬁ970’s and earlv 1980'5, the increased cost
of energy brought‘selective:abéirptionrtechnolegy baék into
| the induStrial scene. fvidaurri‘and Kahre (1977) presented
pllot plant data whlch 1llustrated the relative rates of
eabserptlon of H.S and CO: between dlfferent ﬂgknnolamxnes‘
and showéd‘MDEA as the most suitable amine Pe. ce (1978)
discussed Pow Chemical's experienge with MDEA Goar (1980)
described‘the use of,MDéA to enrich the feed streams.to:
Claus'Sulphur Recovery Units (SRU) and @resented a scheme
where an amine plant used a common regenerator with a %a}l
‘Gas Clean Up (TGCU) process. Sincé then, research onf/eplcs
relating to amine treatlng have'been éonfined to'
‘exper1mental studles of gdas absorptlon k1neg1cs‘1n varlous
solvents, ﬁhe\development of. spec1allzed solvents for
selectlve H.S removal and the development of. 1mproved

process conﬁrgurations ‘and mechanical tray‘designs.,

N fhe‘literature review presented in Chapter 2 2
summarized the recent experlmental studles of ac1d gas -
. absorptlon k1net1cs in varlous alkanolamlne solvents. Most

studies ;nvolvedvmeasurement of the rate of,absorptlonfof‘

102
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CO,; in aqueous solutions of alkanolamines. A few

1nvest1gat10ns dealt w1th s1mu1taneous abSOrptlon of st and

COz but few fundamental data are avallable for the -

»
¢

‘absorptxon k1net1cs of ac1d gases in the proprletary

a

~formulated solvents or in- am1ne blends.

Some of the spec1alty solvents are mgst likely blends

,'of tert1ary amines, generally MDEA, and phy51cal solvents

~'such as. Sulfolane,.or blends'of MDEA and other lower order
amlnes and rate promoters.} Sulfinol M, as desoribed by
-'Flynn'et al.(1978), is a nbxed solvent con51st1ng ‘of MﬁEA
Sulfolane -and water and complements Shell's conventlonal
vSulflnol“solvent. The Exxon Research and Enginepring
solvents consisting of FLEXSQRB SE, ELE‘XSOR’B HP, and
FLEXSORB‘PS as described.by.Goldstein (1983), Chludzinski
(1985 1986), and. Weichert et al (1986) are proprietary
blends of tertlary and/or hlndered amlnes and organic
“phy51cal’solvents.’ Slm1lar1y, Un1on‘Caro1de Corporatxon has
developed a‘compelitide suite_of proorieﬁany~solventsﬂ |
including UCARSOL HS, Uc-ARsoL ¢R and UCARSOL LE. These are«
brlefly descrlbed by Thomas (1985). As with~the FLEXSORB |
lsolvents, each has a. spec1f1c appllcatlon, elther for hlgh
H.S select1v1ty, bulk COz removal or mlxed solvent |
‘”appllcatlonss Other more exotlc tert1ary am1ne solvents
ﬁ‘suon as tropine and dlethylmonoethanolamlne (DEAE)_have been
proposed and studied by Stogryn_etvel.(1983), o

<
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. For modifications to the conventional process |

| confignrarion, sgveral examples include: Union'Carbide's.HS

process for selective H,S removal as discussed by Sigmund et

1.(1981), the BKSF'Activaﬁed ﬁbEn process for bulk co;’

oval as presented by Meissner (1983), and the Selefining
ess for mixed solvept selective absorption as described

by Snamprogettils Gazzi et al.(1986).

~Novel contactor designs include the structured packing
products of Koch Engineering Co. and Sulzer Brothers Ltd: A
recent contactor design described by Schedg:l (1986) and
Bucklln and Won (13 87) consists of a rotatlng packed bed.

The HIGEE Liguid Vapor Contactor is cla1med to pro¥1de

advantageous cond1t10ns for selective st absorption.

At this point, one can' recognize the plight of a deSign'
englneer faced w1th selectlng and de51gn1ng a gas treatlng
1nstallat10n. In order to justify the selection of a |

;partlcular process, adequate compar1sons must be made Wwith-

~ one or more process alternat1ves. Slmulat1on tools.which

. can be used>£or "the ratlonal design oframlne_treat1ng_
facilities assist the engineer at this Stage and provide new
Aopportunlties to selec;-oa@émum values for process operating_

parameters.

 Traditional procedures for am1ne ‘plant des1gn relled
'heav1ly on rules of-thumb derlved from operating experlence
Goar (1975) d;scusses some of these rules-of-thumb by

developing a hypothetical MEA plant design. The contactor'
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- and regenerator were typicaliy designed to ese 20 staées,
regardless of the pinimum number requxred The reb01ler was
desxgned to operate with a heat duty rangxng from 925 to
1200 BTU per gallon of circulating amine solution (260 to
335 kJ/L ~ Amine cireulation rates were usually based on a
net amlne 1oad1ng of 3. 0 ‘SCF. acid gas per gallon c1rculat1ng
.solut1on (0,0224 m’/L)‘or on a maxrmum rich amlnp loading.

A‘15 wt % MEA solution was a common solution'strehgth. .

Similar ggﬁdelines‘exist for DEA systems. - = i
More recently, the aeSign of centactihg devices in an
' am1ne treatlng unit-has been based on the steady state
solutxon of the equatlons describing an equilibrium stage
model. It was usually assumed that 4 or 5 ideal stages
could be used to simulate the perfprmance of amiﬁezabsdrbers :
and regenerators., An overall column efticiendy £ =25 %;was
then applied to account for deﬁieiencies_in the uata used

for design}stb accouﬁt for inadequate mixing on a stage, or
to,account‘for gas'phase resistance to mass transfer. In
~any event, the dlsign was usually.padded yith contingency
factbrs.l This approach was very successful fbr'hiéﬁ |
pressure MEA and ‘DEA systems. However, H,S stlectivity has
been observed in.a low pressure DEA contactor (Donnelly and
'HenderSOn, 1974).f In,addltlon, the use of. an overall column.
efficiehcy'implied.that the individual component stage

efficiencies were equal. T
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Exgerimeneml and operating data presenteé ytvidaprri
and Kah;e'(19?7), Pearce (19785, Ammons and Sitton (1981),
Blanc et'al.(1981), Davﬁet et”ali(j984)_and Harbison and
Handwerk (1987) show aubstantiai‘evidenee that the
performance of a contactor u51ng MDEA solution is affected
by the rélative rates of absorpt1on of H,S and CO, under
‘different operatxng condltlons. ‘These data suggest that the
absorpt1on of acid gases into am1ne{solut1ons must be

C . ) &
-considered as a rate process.’

S

6.2 Simulation of Amine Treating Units .

Technology to Fiéorously simulate»absorction and.
.adistillation nnittcperations has been available for many
decades, butnhas,bnly tecently been applied to simhiate
amine tteating-facilities. Reliable and accurate simulation
of the amine treating'proceSS-can only“be acnieved with a
_comb1nat1on of a realistic and- fundamentally based
generallzed stagewmodel /a robust and efficient. numerical
procedure to obtaln a convergent solutlon,'and an
'establlshed thermodynamlc and physico- chem1ca1 propertles
data base. In the model, an ‘appropriate approach_to account

for the complex mass transfer and rate phenomena on a stage

is to use the concept of a stage efficiency.

106

Perhaps the most w1dely used eff1c1ency is the Murphree

vapor stage eff1c1ency.~ Rowland and Grens (1971) used a
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”stageato~stage method which included Murphree vapor '

efficienc1es to model the performance of MEA and—pEA

contactors. The Murphree vapor stage eff1c1ency, Ei j is
given by |
S Y e VORSE Y s (103)
. iszuhere Y i and Y L5+ represent the average comp051tions of
'the vapor leav1ng stages ] and j+1 respectively. The
quantity K1 j X, ] represents the eQuilibrium vapor
composxtlon above- liquid of - compos1tion X, j .

In their work, values of E were caiculated fordeach
wcomponent on:each stage‘as functions of composition and
temperature using an expre551on similar to Equation (119)
described later in Chapter 7.1. The dependence of Murphree .
vapor stage efficiencies on composition and temperature was ’
represented in terms of individual- phase\mass transfer
‘coeff1c1ents. “The mass-transfer coefficients were assumed
to be constant on all stages and the calculated efficiencies
were assumed to be equal for all components on a stage;'but
the efficiencies were ailowed to. vary through the column.
The analysis of Rowland and Grens (1971) demonstrated the
importance of considering the tray eff1c1enc1es in the stage
model., In their MEA contactor example, E for CO, ranged
from 0.0442 to 0.667r An equilibrium or.ideal stage’is

represented,by E = 1.0,
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Browne (1976) combined the rigorous multistage

multicomponent separation model of“?@ﬁ&i”and'Otto (1973)
"with the vaporiiatibn efficiency de@cribed by Holland (1981)
“and presented simulation resultézfor MEA' and DEA contactors

and regenerators. The vaporizatiqh'efficiencyg e, is

'3
given by

L : . " | \
. Y;;J «;-.1,;‘J K{, 3 x;’3| _ . (104)

»

Valueé of e range from 1.0 to. = fpr contactors énd ffom O;Q
"tb 1.0 for regénerators. Bﬁbwne-($976) dséalfuédamental |
vmass-}ransfef’parameters to estimate the values~o£;éi’j for
H,S and CO, in a MEA absorber and calculated the
corresponding Murphree stagé efficiencieé.‘ These'were found

to lie in the range'0.8 to 1.0 for_HzS and from 0.26 to 1.0

for CO, transfer in his example.

e
;

Bréwhe (1976) was able to demonstfate the utility of an
amine unit:simulatqr by evalﬁating thg processing benefits
.ofAéhe split-flow ;5nfigurafion and by berfdrming several
sensitivity studies on process variables to determine the
effect on the_predictéd treated gas composition.' Browée
(1976) concluded that the program.prédictiods were highly
dependent on the acid-gas equilibrium solubility mode  Uused
‘and that-stage efficiencies are iﬁpor;ant and must “e
‘consideted for écéurate process design. The need -

reliable fundamental absorption rate data required -

estimate stage efficiéncies was also identified.
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Bullin et al.(1981) developed a process simulation
' program\which models the“performancéﬁof amine treating
facilities, Little technlcal 1nformataon about the program
has been released, althoﬁ@h the multlstage model is claxmed
K to use the approach of Ishii and Otto (1973), comPtned with

a klnetxc model that accounts for the chemical reaction

rates and difféusional mass transfer rates. No reference has .

-

‘beenr made to'any particulan equilibrium solﬁbility model or
:any*mass—t;ahsfer.cbefficients and kinetic rate constants

. used in thé model. %pplicat}ons of thé proéram have been
Qfésented\by Bullin and Polasek 11982), Daviet et al.(1984),

Holmes et al.(1984), and MacKenzie et al.(1986).

Krishnamurthy and Taylor (1984, 1985a, 1985b,‘1985c,
v1986) égveloped a nongquilibrigm stage model in which each
sﬁage is characterized.by a set of component maés-transfef

' ratevexpressions, an overall material balance, a
\\ heat-transfer rate between the vapor:and liquid phase, and
byﬂthermodYnamic equilibrium.in‘the bulk liquid phase.
o Published correlatibns for 'mass and heat transfer
lfﬁﬁg“-coefficients, interfacial surféce areé and reéctibn rate
constants are used.’ When several stages are‘combined'to
represent an'absorber or regenerator, the large set of
%
'resu1t1ng equat1ons must be solved s1mu1taneously The . .
numerical complexity of the resulting system of equations
has restricted the use of this model-to computerS»whgre

sophisticated algorithms fdr-solving large systems of

‘nonlinear equations are available. Despite the numerical
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difficulties in this approach, sevdral examples presented by

‘Slvasubraman1an et al.(1 57, Sardar ‘et al.(1985), Katti and
Langfitt (1986), and Katti and McDougal (1986) Bave shown
that the model is capable of simulating existing columns and

may be used to design(new facilities.

Othey studies of the rous simulatioh of multistage
devices, in which mass transfer involving H.S, CO; and.
'aqueous alkanolamxne solutions is accompanied by chemical
reaction in the llQUId phase, include those of: Bourne et
al.(1974), Ouwerkerk-(1977), Vaz et al.(1981T7"Majeed et
al.(1982), Suenson et ai.(1985),.Marini‘et al.(1985), |
Blauwhoff et al.(1985), De Leye and Froment (1986b) and
Thompson (1986). The rigorous simulation of packed columns
in amine treating units has been investigated by Trass and

Weiiand (1971), Krishnémurthy and Taylor (1985d), De Leye

and Froment (1986a) and Yu and Astarita (1987a, 1987b).
: {



7. MODELLING ABSORPTION AND REGENERATION COLUMNS1

7.1 ﬁonequilibrium Stage Model

In order to simulate the operation of a stage which is

under pseudo-steady-state mass-transfer conditions, a

e

nonequilibrium stage model is proposed. The nomenclature
and configuration for stage j in a column are shown in
?igure 13. The modqi is based on the component stage

*3 J

/ 4 v
efficiency concept. The stage efficiencies may be different )

s

for different compongnts and the values may vary from stage
to stage. This represents an improvement over equilibrium

stage models wher’e an overall stage efficiency is used.

This model can be expanded to the multistage case and be

used to represent many common column configurations.
"y

The stage operates at a pressure Pj and at. a

-temperature Tj . Vapor of composition Y, and with

PJ* .
enthalpy Hj+1penters stage j from the'stage below (j+1) at a

molar flow rate of V. . Similarly, liguid of composition

1+

X,

i,5-1 and with-enthalpy h.'1 enters from the‘stage above

J- 1

(j=1) at a molar flow rate of Lj-1 . Feed of compositioﬁ

Z. . and with enthalpy H is admiétgd at a molar feed rate

1,3 Frj
of Fj . Energy is added or removed from stage j at a rate of

Qj . Vapor of composition Yi 3 leaves stage j at a molar

flow rate of (Vj + SVj ) and with an enthalpy of Hj . Liquid

of composition X, 3 leaves at a molar flow rate of

’

(L; + SL. ) and with an enthalpy of h

j 5 j-1 Vap?; or liqu%d

111
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Figure 13,

Generalized Stage Model

Xi i1 L1 hja

Yi o1 Vier Hyen X; i Lo by
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side product streams may be removed from the device at molar

draw rates of Svj and SLj respectively.

It is assumed that the produgt streams leave the tray
with an approach to equilibrium that is characterized by a
modified Murphree vapor‘efficiency. The efficiency, ﬁi,j ,
Feor any component i is given by

¥ ;
(vj + SVj )Yi,j - Vj+1 Yi,j+1
. . : hd
7yt ‘ _ - (109)
V37895 a5 %15 7 Vin Ta g
The value of n. . relates the moles of component i leaving:

1,3

stage j in the vapor phase to the number of moles that would

leave if it were an equilibrium stage.

By including the molar flow rates in the definition,
the material belance problems that arise when using the
Murphree efficiency in cases where there is a substantial

difference between V. and V. can be avoided. It is

] I+1
assumed that the vapor and liquid phases leave in thermal

equilibrium, that there is complete'mixing'of liquid on the
tray, and that the vapor phase is completely mixed between
stages but unmixed in passing through'the liquid dispersion.

When 7. 3 = 1.0 the model reduces to the equilibrium stage
' - - :

ca where Y. . =K., . X. . ., When V
se where Y; i,5 %4,3 'e
definition of i, reduces to E.
: ' } .

.
. S

j+1- = (V, + SV, ) the

the Murphree vapor

efficiehcy.

-
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The value of ny, 3 is a function of pressure,
temperature, phaso composxtions, Flow rdtes, phybic.l
properties, mechanical tray design and dimensions, as well
as kinetic and mass-transfer paramgters. Furthermeore, "i,j

may be.d{fferent on each stage in a column. S
b

Consider the flow of liquid and gas on a tray with an
etfectfve cross-sectional area of A, as showg in Figure 14.
In a real tray, the active tray area is essentially the
entzre tower cross-sectional area less the area taken up by
the presence of the liquid downcomer baffles. Assume that
.the gas stream bubbles uniformly through this liquid and .

that the tray is maintained at a total pressure P. Let Z

denote the average total height of liquid dxsper51on on the

o _
tray and a denote ‘the interfacial surface area available for

mass transfer per unit volume of dispersion. .Let Y
-
represent the actual mole fraction of the vapor phase at any
t ‘ .
point and KX represent the vapor phase composition that

would be in equilibrium with a liquid of composition X. Let

"V denote the molar flow rate of vapor at any point.
‘Consider»a diﬁferehtial section of dispersion with

thickness AZ. As éas passes through the liquid, material is

absorbed into thetli§u§d according to

v

VY!Z:Z =

VY|y a7 * Kog (2AP)(Y - KX)AZ - (106)

where Kog is the overall gas-phase mass-transfer—

coefficient. Rearranging gives /-

114
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C Figdre 14,

. Mass Transfer Model = A
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A ‘sb‘w . “f" . " o

¥ gageag T V¥lgag )/A2 = Kog (2AP)(RX =) (107)
“!Jﬁ‘ T L g - } | ] . - ) ) ‘
i When Az?approaches zero, the limit becomes .

<", ‘N :

Moo o \ : S

a"wy : _ -

Ti— = Kog (Q_AP)(KX . Y) | . (108)

e Differentiating the product givés 

oav . . av . o S :
| Vaz * Y ag = Kog (g§P)(Kx, Y) | ; (109)-
" where v . - . 4 : o ‘
v - Vi ‘ at 2 =0 \ ‘ _'(110)
V=v,+SV. atz=2, , | 111)
5 s a " T . ' . )3‘; ( 1 )
R |
The vapor flow rate derivative in Equation (109) may be
approximated by - o | »;_" o
@ C (Vy + 8Vy = Vi )/ 2 , R A(112)_
_ Equation (109) can then be expressed as
... dav,dy av _ ey -
[ vj+1 + 2 Iz ] & + Y az — Kog (aAP) (KX - Y) | (113).
. . ’ '
' ‘Rqar;anging gives
%%,=:[ Kog (aAP) (KX - ./ - ¥ g%.]/[ vj;1 + Z<§% ]
' | | - B (114)
o ) .
where s .
| | ' |
LA PR at 2 =0 \ - (118)
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Equation. (114) may be used in the caee of gas absorption or

gas descrpticn. fnﬂthe limit, if VJ+1 (vj‘+ svi ) = vV,

then g% = 0 and Equation.%114) can be s;mplified to a
QY |y AR gy -y | C (11e)
az " "og 2 TV - x ‘

which can be rearranged to give

av AP . | I -
W-KOQQTdZ ‘. ‘ ‘(117)

4 . : N ) ]

Integratlng the left ‘hand side from Yl j41 © i3

right hanstide'from zero to I, gives-

In(1

|
(o]
n
|
=
|
™~
"
|
2
o)

or

‘Ei’je 1-e0g ‘ (119)

where%N og is the number of overall gas phase transfer un1ts.

The Murphree vapor efficiency can be calculated analytlcally

- " with Equatlon (119) if the value of N" is known. The more

uk and thefcalculated value of Y

°g .
complex form of nifj ?dp,es not perxplt‘ the separation of

variables as in Equation (117), therefore 'the efficiency

cannot be calculated analytlcally.g Equatlon (114) muSt be
g :

“integrated u51Mg the 1n¥!§al condltaon in Equatlon (115),

# ot 7 = 2 is then used 1n B

i, 7 T
‘ Equatxon (105) to calculate the value of n, =

.



The overall gas-phase mass-transfer coefficient‘Ko ‘may -

‘be estimated from the ‘sum of the’ two individual film

re51stances
1o H_ - -
z = T A . . (120)

og . g L . . | i
where I is the enhancement factor that acconnts forachemicel
reaction in the liquid phase. .In this model the interfacial
resistance to mass transfer is éssdmed to be negligible.
Values of I may be estlmated from fundamental pr1nc1ples 1f
:“% nature of the react1ng system is understood For
example, it must be determ1ned whether the reaction ta*es
place in'the fast or 1nstantaneous reactlon reglmes. Values
of a, k ﬂand k®

g L
correlations. ‘Phys1co—chem1ca1 propertles of the solute

usually are obtaimed from emp1r1ca§n

gases 1n the am1ne solvent 1nclud1ng the - phys1cal
solubllxty, or Henry [ constant H a‘olecular ,dl-‘:“.fusiv"ity..y
DL are requ1red in the qalculatlon of ¥he enhancement
factor. The Henry s- consﬁght and the molecular d1ffu51on
cOetficie@t.can only be obta1ned rel1ably.by egperlmental
méasurement. _Solvent density and vfscoeity, as .shown in
r,Chapters 4 and 5,'also influencevthe mess tranefer rate of

the.absorbing solute ‘gas.

-

118.



7.2 MuitistegeaMﬁlticOMponent-Separation'Modely

| Using the nonequilibrium stage model as a basis,
cons1der the generallzed multistage model shown in Figure
15. The model provxdes for a feed stream to any stage, 51Qe
o doolers or heaters on any stage ‘and side product streams.
éy'. . These may be elther ‘vapor (SV) or 11qu1d (SL) 51de streams.ﬁ
| vW1th these optlons{ the»model may be used to represent a .

wide®variety of separation devices including amine
: X ﬂ

contactors and regenerators. -

T bal functions M. C; 5+ Ei P, . and S.
he 1m alance fu cti ] i,9 3 i3 an 5

can be deflned to represent the overall, component material,
: \ \ ‘
and energy balances, the stage eff1c1ency relagionship arid

the mole fraction summat ion respectively. These nonlinear’

algebraic'imbalance functions are listed below

L8

; , Overall Material Balances’

F. + L. .+ V. . - (L: +SL. ) =~ (V. +sV. )
37 71T e (Lg 50 7y i)

(121)

(]
£
"
o

T e

.1 S j. S NSTG

Component Material Balances

-

F. 2. . +L. . % . . +*V.. Yo . .= (L. +SL: )X,

119,

i 1,3 j=1 %i,3-1 0 T3+ T, 3+ 5 T8y V% 5 .
- (V. +SV. )Y, . =C. . =0 122
( SRR ) i,3 Cl(J . - (1227
-1 £ 1 £ NC. - ¥

1< 5 < NSTG -

-2
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Figure 15, '

Generalized MUltistagé Model

o




Energy Balances

F.H
j Hr,;5

- (L. +SL
N ;

. : ‘ l‘
§ * Q5 " et Py T Vien By

‘h, - (V. +SV. . . o=
hy = (V5 +SVy JHy = By o= 0

j j J

1 5. < NSTG .
o | »
Stage Efficiency Relétionships

me . K. L X, . (V. 4SVL ) = (V. +SV, )Y, .
i, Ki,g By, (Vg rSVy ) - (Vg esvy Yy

Py Wi Yy 5 BB 70

1 €1 s NC

1 £ 'j < NSTG
Summation Equations

Y. . -1.0 E;S. =0
i 1,3 J
z
i

X. . - 1.0=58.
i,] A

1 £ j < NSTG

]
o

1,3

ili i : here Y. . = K. . X. ..
equilibrium stage case where i Kl’J xl,]

w8rk, ,the liquid phase composition, X5 ¢ is always

’

Note that when n: ; = 1.0 the model reduces to the

. In this

H , o :
renormalized to satisfy Equation (126).

-

' The dependent variables on each stage include:

(123)

"(124)

(125)

(126)

component mole fractions in both the vapor (Y, . ) and .

. 143
11q91d (}*:.1'j
(vj‘) and liquid (Lj'), and the stage temperature (Tj4)

) phases, the overall phase rates of vapor

Therefore, there are NSTG(2NC+1) unknowns in a column with

121
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-

NSTG stages and NC components. The object of'the.design'
calculation is. to f1nd a set of vapor and liqu1d flow rates,
vapor and l1qu1d mole fract1ons, and temperatures which
satisfy all the equations of the model and force the
imbalance functions to zero. Alternat1vely, it‘is desired
to determlne the values of the variables which remain after

an appropriate number of 1ndepehdent varlables have been

specified.

Smith (1963) presents an excellent discussion Of the

‘degrees.of freegom in multistage multicomponent separation

ptocesses and describes common sets of system

specifications. For a simple absorption unit with one

"liquid and one vapor feed, there are 2NSTG+2NC+5 dedrees of

freedom..- The pressurej”ﬁleerature, molar flow rate and

composition of each. eed,ﬁgfeam is specified; NC+2 items per
, AR : _

feed are fixed. The number of stages NSTG are specified as

well as the preésure and heat leak'Qj on each stage. For a

~ stripper with a partial condenser and a single feed, there

are 2NSTG+NC+4 degrees of freedom. , In add1t10n to feed
spec1f1cat10n, pressure and. heat leak on each tray, four
other varlables are fixed. These.may 1nclude the total
numbe r of stages, Nsmer the feed stage locatlon the
condenser temperature and the reb01ler heat duty » Using-
this set, the condenser heat duty replaces the condenset
temperatur!.as an~unknown. Other_combinations‘of

specifications are possible.:

LN
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7.3 Multistage Model Solution Procedure

In.general, the nonequilibrium multistage model
A )

equations form a. complex system of nonlinearlequations, and
therefore, numerical techniques are required to gbtain a
solution. A general nonlinear equation f(1A)=0 may be

expanded using a Taylor, series. .
E(N + AN) = £(A) + £/ (A)AN + .., S ' (127)

Assuming that E(A+8)) =0 ‘and that the hlgher order
derivatives may be neglected in comparlson’to the flrst
order tenms, the series can be truncated_after the linear

term to give

A L R Y ' (128)

"1In this example, f mayebe.refe:red to as an imbalance

function. In the Newton-Raphson method, values of Ax. are
determined by solvxng Equat1on (128) 1terat1ve1y until f£(})
approaches zero. In the nonequ111br1um stage model the o,
mbalan funct re M. , C. . , E. , P, . and S. .

i ce funhc 1one are 5 i,3 IR aﬁ S]

&

The model equatlons may be l1nearlzed u51ng the
approach descr1bed by Ishii (1973) The equxllbrlum_ratios[
the vapor and liquid phase enthalp;es and the component> .
stage efficiencies are complex fUnctiens'of pressure,
temperature, composition, These qaantities are,calculated
as such at each iteration in the solution procedure.

I3
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However, for purposes of linearization only, the following

functional forms are assumed

(P, , T, , X, . )  a (129)

. . = K,
KlrJ 1,3 ) ] 1,3
bj e hj (Pj ’ Tj ) . k | (131)
ny,5 Constant o (132)

s 4y !

Since the stage efficfencies are assumed constant in the
linegrization, an outer convergence loop is required in the
soluf&pn proéedure to obtain a converged set of |
efficiéncies. In the general multistage.algorithm{ the

followiné‘partial derivatives are required

oK oK oH and oh
3 ' ' o7 3T

for all stageé j and components i. In tbis wark, the
K-value derivatives were det;;mined numeriﬁally at each
iteration, and thé;heét cabacities were determined
ana;yticall&. Using the recommendations of Ishii and Otto “
.(19;3),‘tﬁe Jééobianﬁmatrix is reduced to include only the

partial defivétiwes ngch have a dominant influence. on fhe

solution. This simplification in no way affects the rigor

of tthe solution. The values of Fj ; SLj’, SV. , Q. and HF

j j J
are specifiediquantities and therefore do .not appear as
wvariables in the linearized model. The linearized model
equations are

) iR 4
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Overall Material Balances

. + . - AL. - AV, = -M,
ALy, + AV, 3 37 M . (133)

in general

AL. = L M
' 3k k

1 Sk S j

AV, - A, | (134)

Component Material Balances
* AV Y5

- (L, + SL. J)AaX. .
(] \ J) 1,]

AL;L) Xy o5oq * L

AY

84, 5-1

Vier AYy geq 7 ALy Xy g
- AV. Y. . - (V. + SV. )AY. .
i, j 5 ) i,3

- 12
Ci,j | . (135)

j-1

"

Energy Balances

AL . ho_, + LjJ1 (ahj_1 /aTj_1 ) AT . + A

3-v It H

j-1 7 AV5e1 Hye
* Ve (BHy, /T;4q )BTy = ALy hy = AV, Hy

- L. + SL. )oh. /3T. + (V, + SV. )OH. /9T. JAT.
[ ] J ) J / J ( J J ) J / J ] J

Stage Efficiency Relationships r

. . XK. . V. (3K. . /3X. . ) + 1. . K. . V. .
[y 5 Xy 5 Vg Ok 5 /0%; 5 )+ my 5 Ky 5 Vg i,3

ML IR PO A PRI S PR U L U P B

+ [n. . X. . V. (3K, . ' T.
[ny 5 Xy, 5 Vg Ky 5 /0T )1ATy

1, %05 ¥y 7 Vs 1Y ot
1AV, = <Py ) (137)

+

173
+ [(1 -7, . )Y

i,3 i,3+1 i,3
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Summation Iquaticns i

LAY, . = -S, e | " (138)

The linearized overall material balance may be substituted

-

into the componeht material and energy balance equations to

eliminate all terms involving ALj . The resulting equations

may be written in a simpler form using matrix notation where

the underscore denotes a d}mension of NSTG

dBmponent Material Balances

1 £1 <NC
Energy Balances
@ AT + £ AV = E o (180)

Stage Efficiency Relationships

a; DR, o+ By AY, + y, AT + ¢, AV = 8, (141)

1 €1 £ NC
Summation Equations-

£AY, = - S ‘ » (142)."
1 . !

1 <isNC

The tridiagonal matrix a, may be inverRed using the-
procedure described by Ishii and Otto (1973). Rearranging -

Equation (141) gives



Substituting Equation (143) into Eguation (139) and

rearrang&%g gives

aY; = 2 [¥; {gg * y; )laT
-1 _ :
©8; (¥ (a7 g -0 lay
- -1 ' |
U AR T CTR AR (144)
where
) e . |
g, = (A - % (¢ B8] - ' (145)

Summing Equation (144) for all components and substituting

Equation (142) gives

LAY, = wAT + $AV + y = =S °  (146)

w = Z“l (147)
i
1

v =18 (149)
1

8 is also a‘tridiagonal matrix andﬁéiy éasily be inverted.

From Equation (140)
’ -1
AT = (©

E) - (87 D)ay . | (150)

Substituting ~(150) into (148) gives
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(£ - w@ ' D)oy = <(5 + ) - w@

E) '\ (151)
. \

which is a system of linear equations with dimension,
NSTGXNSTG. The system may be solved by .Gaussian

elimination.

Method of Soiution.

A. suitable iterative procedufe to obtain a convergent

solution is as follows : T

1) Assume init values for X.

lrj'
", :

2) cCalculate 0K 9K  9H 3h

. Hj , hj ' 3T 0 BR ' BT and T using

the current stage variables - ‘ |

3) Evaluate the coefficient matrix and right hand side
vector in Equation (151) and solve for Avj using
Gahss;an elimination

&

4) Using the new Avj., solve Equation (150) for ATj

5) Using the new Avj\and the new ATj‘, Solve'Equation

° (144) for each value of AYi,j
’6) Uﬁing ;he new AVj , the‘new ATj and the new Ayi,j*’
solve Equation (143) for each value of Afibj
7) CHeck‘the convergence criterion and go fo Step 12)

if converged )
8) Update the independent variables using

k+1 k
i

A = 2.5 + AN, (152)
1 1 '

. 1 i o a , . . rxo .
where kl is either VJ , TJ ' Y1,] 0 i,



9) 'Calcuiate new Lj using Equationl(121) with'Mj =0

b ‘  10) Reno;malize X, i3 to avoid truncation errors

4

11) Go to §tep 2) "i- ' S
“12) Calculate new n i using.EqUations (F%4) and (115)
sw1th‘the newvcolumn_prbfile da;a , o T o

'’13). Check the cenvergence‘of n-values and stop if -
" ‘ . es an »

14) Update the values of n 3 using direct substitution

#“ ~15) Go to Step 2) oo ’

As recommendedfby Holiahd (198f),JCOnstfaints‘were placed on”
- the individual valueé of AVj and ATJ to dampedrsevere
. ’correctlons. The value of AV was tralnedqso as to
" j C T

p'event VJ from be*ng 1ncreased or reduced by more ‘than a
*

v;;factor of 2.0. - The value of ATJ was constralned to within
b U £30.0 K. The value of t- may be chosen by an approprlate
‘51ngle v@rlable search technlque such that the follow17f is

'satzsf;ed T S  >_' e

jekiﬁ,s X S . | o e - sy
.whefe‘k”denotes'the.1ter;tlon number VValueS'ofﬂt‘rapge" .
from ‘0,;'0 < t' S.1.0"1‘- 'I‘he convergence crlter&?n - i.sv“,giveh" .
. _ : S - o LA

1297
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‘ = I 2 o+ Z P . )3+ S o - =
€ 3 ( SJ ( i3 ) - - : B
S (154)

' Calculations are completed when e is fedoced to a value less

than NSTG x 1077 . ©® S

»With a knowleébe of a, Kog ,. and Zo Equafion (114)
' can be'integréted over the depthiof theiliquid'dispersion'on

stége'j The resultlnq\vapor flow and comp051tlon proflles

can be used in Equatlon (105) to determlne a revised
estlmate of the eff1c1ency‘ni,’j on eaoh stage 1n‘the colum&.
- The new values of 7. ,j are thenensed.in;the multistage modei
to determine new values of VJ , Tjh, Yy o5 and x:’j .'This
‘%; ‘1terat10n i's contlnued until convergence of n; j‘is
. bach1eved'-'In thls wo%k the procedume was continued until

“succe551ve iterations did not result in the values of- ny

i,
'ng changed by more than NSTG x 1079 . . '

theat duty (e g adlabatac operatlon) ‘It is often de51rable\
‘:to 1nterohange some of bhe spec1f1ed varlables with the,
‘ﬁunknown v;h;egies.‘ Fot dlstlllatlon prohlems,lit is oeualv
to specify'the amount_of‘top.product and the,external reflux
‘ratio; andnto treat the neboilernand condenser heet.duties

as unknowns."simiiérly, in‘the‘case of é reboiled absorber,
the vapor ‘flow rate leav1ng ‘the top of the column, V,, is

o SRR : R .

. * - . A o
o . ’ . 2
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usually specified and the reboiler heat duty is treated as

v
an unknown.

In order to 1mpose other types of column spec1f1cat10ns
on the stage model 1t is necessary to. modlfy the form of
the linearized‘model equatlons on those stages of 1nterest.'
If the top product rate is specified in a rebo1led absorber,.
then the dependent varlable V, is a constant | Consequently,f
the value of AV, is’ always zero. "In order to meet the vapor
‘rate spec1f1cat1on in thés case, the reboiler heat duty is
allowed to vary ThlS 1ntroduces a quantity AQNSTG.1nto the
11nearlzed energy balance on the bottom stage. All the

‘

coeff1c1ents for AV, ‘are set to zero and the ‘guantity AQNSTG'

lS used to replace the vapor correction AV,. For example,

~ the linearized energy‘balance on thgtbottom stage would’be__

JAT

A0St * [LNSTG 1 PNsTG- 1 /aTNSTG 1. 18Ty 1 RN
" iy Ihystt /aTNSTG | | |
* (VNSTG * SVnste. Y eHygrg /3Tygre 18Tgsrg |
* lhygnger = Hyst ]AVNSTG;" * | v
’ENSTGY;:(g'MthsmG-% * (Z M)hNSTG - (155):

-
»

.Similar expﬂe551ops can be developed for other column

conf1gurat10ns._ Table 9 cdntalns the replacement Newton

"

.'correctli”s whxgh may be&@ncorporated 1nto the solut1on

Ke for theseacases. For an an am1ne regeneratorh’the
csnflguratlon stud1ed in, th1s work was a dlstlllatlon column

w1th spec1f1ed condenser temperature and reb01ler heat duty.
-4
SR o o
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«

Specification : Original -

Replécement{

Replacement Newton Corrections for the New ‘Algorithm .

Correction Correction
Bottom o AV AQNSTG"
Product. Rate .. un° . '
e o
e
f"‘ ‘ bt
Reflux Ratlo' 1” Av, 'AQNSTG .
: Bottom = - av, AQ,
. Product Rate ‘
Condenser . . AT, AQ,
Temperature -
: Reboiler . ATyerg AnsTg
. Temperature : ‘
.

Iy
. L
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7.4 InitialfAssumptions

-

!

‘The'itefative solution~proceduﬁe requires initial . °
valueS‘for Vj ’.ij' Tj , xi j and Y1 j The convergence
characterlstlcs of a particular multlstage solut1on

gwprocedure often depends on the initial column proflles o
. \ -
provided to the method. Although the present multlstage

. . Az

solution procedure is robuSt;‘a‘knowledge of the operating -
. ‘_ - [y o ‘\
" characteristics of alkanolamine treating units can add -

insight to the prudent selection of initial column profiles.
; ' , . g

‘ : ' " Vapor Flow Rate, Vj
Contactor B ' ¥

A

Hydrocarbon and agsoc1ated nonhydrocarbon components

ra

.can be assumed to p%sg through the contactor unabsorbed.

The amount'of'acidfgas absorbed may be estimated'by‘the
initialdsiage effic%ency. ‘For examp&e, if the stage
eff1c1ency for co, transfer 1s 1n1t1allzed at 0. 25, qgen

0. 75 of the COz may be assumed to pass through the
contactor. US1ng these gu1del1nes, an 1n1t1a1 vapor proflle

in the contactor can be generated.

: i , 2
' ,*Aegenera tor

After estlmatlng the amount of ac1d gas that will be

ffabsorbed in each contactor serv1ced by the regenerator, the
regenerator top product rate, Vi, may be . 1n1t1allzed to this

’value. Using a start1ng reflux rat o of 2 0 perm1ts the

-
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value of V, to be determined.. The remaining vapor rates in
the co1pmn maf.be'assumed to‘equai Vi.

Liquid Flow Rate,.Li

Once the value of Vj has been determined in each -

column, the values of Ly can be obtained from Equation (121)

with Mj 0. | ’

v

Temperatpré, Tj

‘Contactor o » ,

k linear iﬁterpolation,between the tép'and bottom stage’ -
temperatures is geherally'sufficieAt,. The tempéfature of
the top‘staé;.may be set tb equa; the lean éﬁine feed‘
temperaﬁure. After>estiméting the amount of.HQS and CO,
gﬁat will be absofbéd in the contactor, approximate heats of
solution can be used to détetmiﬁe the amduntjof energy that
will be'rebeasgd‘in‘tﬁe'iiquid when the gases are absorbedl»
Using the flow rate of amine splutioﬂ'énd aﬁ évefagé ;iquid :
heat capaéity,'the botﬁom stége temperature can be

estimated.

Regenerator

In-the regenerator, the condenser température is a .

spe¢ifiéd qguantity. Using the specified values of Pj.on=
4 o ' / : L4
each stage, and assuming that the liquid is pure water, a

correlation of saturated steam temperatures can be used to .

determine the temperature on each of the remaining stages.
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Liquid Phase Composition, X, j
. . . [}
Con;ggto: o
The liqﬁid composition on all stages can be initialized
to the'composition of the lean amine. Using the assumed
‘stage efficiency for H,S and CO. absorption, the acid gas .

(U - _ .
compositions on the bottom few stages can be corrected to

account for the estimated moles of gas that will be
absorbed. 1t can be assumed that amine and water are
involatile and that hydrocarbons and associated _ ¥
nonhydrocarbon gases remain in the %apor phase.
| " ' A
Regenerator - f .ii- ;

© . The liguid composition in the overhead condenser can be
estimated tp'be 1 mol .% amine and 99 moitxfwater. Using the
number of moles of dissolved gases in the rich amine‘feed,
tﬁe condenser presSuré_and the Henry's constant for each |
éas,lthé-solubilities‘in water may be used’ as a starting
cqmboéition. This composifion may be carried down the;
. . : : -
. cblumn_until'thé feed staée, where the composition of the
rich amine feed is used. fhe rehaining'stage compositions
can be initialized using'a f%near interpolation from the
rich amine feed acid gas ccatent, to zero acid gas ,content
in the lean aminé.
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.- Vapor Phase Composition, Y, 3
: . ’

Once thebliquid phase compositions have been estimdtéd
/
and normalized, K-values can be determined for all stages in
each column. The values of Y . can be estimated by

1,3
assumihg‘a'stage efficiency of 1.0.

7.5 Thermodynamic and Physico—chémical Models

~'9.5.1 Gas Solubility

-

. [ ]
Equilibrijum ratios, or K-valueé, for H,S and CO, above

amine solutio‘s are requiréd in rigorous multistage
eparatlon algorlthms used to 51mulate absorption and
regeneratlon columns. An equlllbrlum ratio represents the
distribution of a component between'two phases and is given

by

o A &'.'_"l -v ’ ‘ ' | | . ' ! |
- ‘ .".-,,. ‘! o . : . . .
K, = ¥, /R ~u3; £ /¢; P - (156)
_ . . ‘ _

where v, is thé liquid phase activity coéfficiént,_f’oL is
the fugac1ty ‘of the pure -liquid, and’ ¢0; is‘the vapor phase
fugacity coefficient. If the liqu;d‘phase activity
'co%ffigient and the vapor phaée fugacity‘coéfficieht;are
aésdﬁed to equal unity; and if the pure liquid fugacity is
aﬁbroximated by the vépor pressure, K-values may be
' determined from . |

K, = p; /(P X ) & S (1s7)

1
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where P; iS‘tbe partial pressutei P is the total pressure

and Xi‘is the mole fraction in the liquid phase., When
Caiculating'the éqgilibrium ratios of H,S and CO,; in contact
xwith aqueous solutions of alkanolamines, it is therefore
necessary to predict_the’eﬁuilibriﬁm vapor pfgssure of the
acid gas above the liquid soiutiOn at a constant

temperature. _
. ]

o

The Kent. and Eisenberg (1976) model was chosen as a
basis for this study. For the H,S-CO,-water-alkanolamine
system, the following chém}cay reactions were %ssumed to

take place in the liquid phase under equilibrium.conditions

Primary and Secondary Amines _
RyR,NH + H,0 == R,R;NH,* + OH" - (158)

,2 RyR,NH + CO; =—" R,R;NCOO~ + R,R,NH;" -~ (159)

Tertiary Amines

RyR;RsN + Hp0 Z=== RR;R;NH* + OH- L (160)
T | ; |
Aqueocus Solutions

H20 . == u +‘6H' .. (181)

H,S == H ¢+ HS- , (162)

CO, + H,0  T0= H* + HCOs" | . (163)

‘HS'b L T W +sT L (e
HCOs~ T/ " +cCO,m - n’ (165)

HaS(gy ::::'H;s(t) | , ' (166)

A
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wvhere R denotes a substituted group on the amino nitrogén

atom. For example, for DEA, R, and R, represent the

-CH,-CH,;0H group. )

In addition to the above chemical reactions, three
material balance expressions and an electroneutrality

expression can be written
b | . X ' ‘ ;

L)

Amine Material Bélance
m ;;[R1R2R3N]v+ [R\R;NCOO-] + [R,R,R,NH"] | (168)

77 J

Sulphuf Mdterial Balance

Mooy g = [HaS) + [HS™) + [S7 ] (169)
v ’ i .

Carbon Material Balance

M aeg,

[co,1 + [HCO,"] + [CO,™ 1 + [RyRyNCOO"]  (170)
Electroneutrality Expression
[R\RzRsNH'] + [H*] - [HCO3p] - [R{R2NCOO"]

-2 [co," ] -~ [HS") - 2[sT ) - [OH] =0 (17.1)

In the case of tertiary amines, the concentration of the
carbamate ion, R,R,NCOO-, is identically zefo.
Corfespoﬁding equilibrium_constadt expressions mdy be

written for each of the reactions identified above

[H*JTR,R,RsN] . * 5
_ [HCO,~1[R,R;NH] | o -
Kz = R R,NCOO-T | (173)
q, - lHalHCOs 1 | | (174)

! [CO 2 ,] . ’
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Ke = [H*][OH"] | | | (175)
Ky = 5?&%&?9} ] ; | (176)
Ry = L A[gs ] (177)
(He)[s” 1 0 ,

Ky = HS - i (178)

/

The physical equilibrium of acidlgases may be expressed as

4

g

' . \
Pu,s = Hu,s [H,S] | (17935
where H and H ére the Henry's'constants.for st.ahd

H,S CO;
COo. respectively.

The equilﬁbrium and Henry's constants in the model are
strong functions of teméerature, solution composition and
ionic strength., However, the literature'velues for these
guantities can usually only be applled at infinite dilution,
and sufflcaent information to prov1de quantltatlve exten51on
to higher ionic strength is not yet ava1lah}e. If the
literature values for all equilibrium and Henry s tonstants
are used in the model, the partial pressure predictions are

in poor agreement with experimentaf data.

U51ng publlshed values for all Henry' s constants and
1on1zat10n cornistants except the two constants that descrlbe

the amine equ111br1a, all thefnonldeal1t1es of the system
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may be combined into the parameters. K, and K;. Vapor phase
fugacity coefficient ana the liquid phase dctivity
coefficient were assumed to be uhit;; The values of K, and Q!'T

K, were backed out of the model by using available

experlmental acid gas equilibrium data for each of- thypmxnﬂ

systems. The constant K, was detefm1ned from data on the
p .

system H,S-RR;R3N-H,0 and then the constant K, was

determined from data on the system CO,~-R,R;R,N-H,0 using the

“value of K, determined in the first step. These parameters

were determined to be functions of temperature, amine type
and concentration, and acid gas loading. For tertiary ami
systems, where no carbamate is formed, two values of K, were

obtaingd from H,S and CO, data.’

The values 0f Ky to K,, H ', and HCO: were eétimatedﬁ
using Fhe functlons presentedkby Kent and Eisenberg (1976).
Two minor‘.corrections were made to- the constants presented
in. their paper: for Ky, E = +1.429§; for Ke, C = -€.31007.
Péramétérs K, and K, for MEA, DEA, TEA, MDEA and DGA were

obtained from the experimental data sets of: Atwood et

~ al.(1957), Murzin and Leites (1971), Murzin et al.(1971),

Lee et al.(1972, 1973a, 1973b, 1974a, 1974b, 1975, 1976a,
1976b, 1976¢), Lawson and Garst (1976), Nasir and Mather
(1977), Martin et al.(1978), Isaacs etlal.(1?86), Lal et
al.(1980), Jou et al.(1982), Dingman et al.(1983) and Joﬁ et
al.(1984, 1986). 1In general, the model i% able to'repfoduéé
the available paftiél pressure dafa at fixed lgading to

within an average absolute relativedevjjfion of 15 %. Datay
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have. been correlated over a loading range of 0.001 to 1.0
mol acid gas per mol am&ne;.for‘temperafures ranging from
25° to 125°C and for soiution strengths frbmﬁﬁbout 1.0

kmol/m*® to 4.0 kmol/m?.

‘ The partial pressure; P; for use in Equation (157)
was caleelated from either Eqégt1on (179) or (180). Hencefr
"ih order to calculate“a single K-value for H,S and CO,, the
values of [H.S) and [602] must be determined. By specifying
the system temperature} m, ay g and‘acoz , the values of
{H,S] and [CO,] can be calculated_by solving Equations (168)

to (178) simultaneously. " o

The solub1l1ty of llght hydrocarbons ‘and assoczated

nonhydrocarbons in the aqueous 11qu1d phase was estlmated

K

'y
[

using a, Henry' s“constant approach

K, = H, /P

Chilton (1973) Lawspn_and Garst (1976) an‘f
.(1984) were used'to establish the Henry”'
solub111ty of H,;S in the overhead condenseg

‘o ,ﬁ‘@
was calculated using the expre551on for wazgx ?1ven by Lée-; MR

and Mather (1977), and the correlatlon of; v~; ‘} S i;

e it

(1980) was used for CO,.

¢
o '
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7.5.2 Mass Transfer  and K¥hetic Parameters
‘ Y

\ .
The ?Sp of Equation (114) to calculate the amount of

‘ . N ‘ :
H.S and coé that is removed from the gas phase when a"bubble

\ e e g
passes .thrpugh the liquid dispersion on a tray requires 14\
gstima*es of the values of é and Kog .
L o '

Interfacial Surface Area in Liquid Dispersions

| f .

Estimaﬁes for tﬁg jnterfacial sur face area available
for mass transfer u;ually are obtained from correlations
based on opqéating data. For trayed towers, the value of a
depends on the depth of Liquid on the tray, the superficialgu_
velocity of gas bubbling‘through the dispersion, the surface
tension of ﬁheviiquid, the densities of the liquid and vapor
phases and the meChanicél design of the tray. fExperimental
]

and theoret1cal studies §q qgierm1ne tﬂe effect1ve .
1nterfac1al area availablet for mass transfer in gas 11qu1d

contactors include those of: Calderbank (1959), Onda et
' al.(1968), Onda et.alf(1968), Sharma e£ al.(1969), McNeil
(1970), Stidharan-and Sharma (1976), Landau et al.(1977), -

fukushima et al.(1978) and Sedelies et al.(1987).

' Calderbank (1959) presented an equation for g on sieve

trays ‘ ‘ ¢
a =038 (v. v 29775 (), sNep, )0.125
< U Vg 7Tt gL °"L

oy g/(1000 Do) /3 o (182)



:where vg is the superf1c1a} velocxty of the,gas through the

active tray, area, v, 1s the term1ﬁLl rise ve oc1ty df the '.; *

gas bUbble,'Vg is the number of holés on the '1eve4tray,_A

13 the cross- sectlonal area of the s1eve tray, Do is theli

"dzameter.of the 51eve ‘holes and o is the 1nterfac1al surface S
‘vl \ -

e -

3
tensxon betdeen the gas and 11qu1d 1n»dynes/c

B A e T e TR DL L R L LR TR LI

iz f@hda?bt al.(1968) developed atcorrelatisi;torrthe

‘J_'

ewetted SUnface area invpached columns '; T ;(T%S"
a/a, =1 - exp( ~1,45 (a /a)0 75 ( —E—EL— )O"1 ' R
- ' ; 8ok hé
R ' L)t‘) ) . ' . ' . ¢
* Liao  =0.05 L2 0.2 e
' ( Pr, g e (510000aopL ) (183).

‘where do- is the surfaqe area of dry packlng, 17\125 theo

v

E-T :

,“crltlcal surface ténsion and L. is. the superf1C1al mass

'Qh v ocxty'of theAl1qu1d. {J‘ - - o
Sharma e&kal (1969) used the theory of gas absorptloni
accompan1edkby fast pseudo f1rst order reactlon in: the kR

k"llquld phase to determlne the effectlve 1nterfac1al area on’

-5 a bubble cap tray under varlous hydrodynamlc condltﬁons.; B

.
Based on the results of Coz absqﬂpt1on 1nt0’a number of :

'f chem1cal solvent ] they dgveloped the tollow1ng correlatlon ow

v‘3h?‘ where‘S 1s thewlength of travel of a bubble in the
e dxspersxon.'fBiau:ioff et al. (1985) used the- correlatlon of
’ S : W o . v . i : T . ! :

a



" Nonhebel (1972)

v-depend1ng~on-the_conrelatlon used.
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. L asNAigas
_—ZT = 30 (pg Vg ?} Py

(185)

y

= % w7 T
‘ 9. L ‘
T 40 0.515 - L ‘ -
gy /0510 | | (8e)

where G:-and L are the superf1c1al 'gas and liquid mass .

aﬁ;veloc1t1es and d is a characterlstlc length (@ = 1 m).

Values of a typldally lie between 100 and 600 m?/m?,

Predlcted areas u51ng pquatlons (182) to (186) vary somewhat

N *
S , /!
“ '.
)
LR N

LigUid Dispersien'Height

The dispersion helght in 1ndustr1al contactors is a

3

,.complex functlon of system propert1es, gas veloc1ty and‘\tay

3fde51gn~ Blauwhoff et al (1985) used a dlsper51on helght.of

0.30 m to 51mu1ate the relative performance of a contactor

u51ng MDEA and DIPA solutlons McNe1l (1970) measured a
; 1

‘dlsp r51on height of 200 mm in a 152 mm dlameter bubble cap

with a superf1c1al gas veloc1ty of 0.385 m/s and a

11qu1d flow rate of 5. 66 mL/s. To determxne the he1ght of

gclear llquld on a tray, the equat1ons developed by ‘Gerhart

. e 4 y
e . ) . iJ .‘?"“ B2

) L] [
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and Gross (1985) for flow over a full- span_sharp crested
“y LT w

'we1r may be used The geometry *of' the phy51cal system is.
,1llustrated 1n Figure 16.‘ The voldmftr1c flow rate of

. 1'|ﬁ - .
' liquid leaving the stege, Q', may be calculated by

Q' t oL, .
J 1 St

where M 1s the molecular welght of the llqu1d and p is-the

©lxX

ﬂen51tyyof the l1qu1d The adéltlonal be1ght of liquid, Az,

‘flow1ng over the outlet weir. of length w and he1ght '

RS

weir

can be calculated u51ng

145

. ‘ ‘ - (187)

Q' = ¢y -——512"'32 w’Az3/2. - ?- SR (188Y
Cq = 0.611 +. 0. 075 AL . (189)

WElI‘

where the height of clear 1iquid on the trayf Zop is given

by 5‘wvg 
o Rl a ‘ , L s

- ?CL —,zwefr * Az : . S ‘(190)-
For fixed Values 0fQ', W and z, . , Equations ('188') and

weir
(189) can be éﬁlved 51multaneousﬁ$m%or AZ .and Equatlon

(190) can be used to determlne the total clear liquid’ helght‘

ZCL" The height of 11qu1d dlspevs1on may be est1mated by

J

~the use of a relative dlsper51on dens;ty, (]

} 9 = ZCQ

-Values of relatiye dispersloh density generally lie within

the range 1.0 to 0.2,

/Ty SR e o v(19'1)“',

e "'ﬁ-:'i
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Gas-Phase Mass—Transfer Coefficient

Experimental and. theoretical studies to determine the

-

gas- phase mass-transfer coefficient in gas- 11qu1d contactors
1nclude»those.of Vidwans and Sharma (1967) Onda et
~al.(1968), Onda et al.(1968), Sharma et al.(1§69) and |

Sridharan andeharma (.1976) . Onda}et al.{1968) correlated

L2

gas-side transfer coefficients with

: - - :'.i R TN 0.7 L W 1/3
L kg 5. 23 (aoD /R° T) (G/aoug ) (ug /p By g ) ,
S étﬁ (aoD y~2:0° S ° | (192)

where Dg is the molecular diffusion coeff1c1ent of the

isalute gas in thé gas phase and Dp is the nomlnal packlng
) : ,

'51ze
‘%5' Sharma et al (1969) performed experlments to measure °
! T

he gas phase re51stance to mass transfer in bubble cap{““w

zfé‘ .
trays They developed an expre551on for kg based on the _” N
ﬁ%sults of ammonla, sulphur d10x1de and chlor1ne absorptlon‘:

1nto a number oﬁ chémlcal solvents. ;v

I S 1/4 1/2 ' - e
Wi k= 2,214 R Ty, D, /S) ' 19
kg BRIe R T TR 0g /T e

¥ .

Mashelkar (1970) dlscussed an approximate gas phase

A

‘ mass transfer coeff1c1ent glven by

a2

tg /(d/2)%] - (198)

e

= {-d/6éR* Ttg } (1.- ﬂ; exp(fbé,#z
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'whefe d'is the bubble diameter aﬁd’té‘is thé'gaselihu?d‘
contact tlme. Blauwhbff et al.(1985) used the following
_correlatlon for 51eve trays at h1gh pressure

oo L * 0.6 .
; igﬁg’- 0;10 R T (VL,pL ) V-Vg /HCOz | (195)

where v is the superf1c1al veloc1ty of the 11qu1d phase and

ch is the Henry s constant for CO, in the solvent.
2

Scheffe and Weiland'(1987),mea§ured gas-phase transfer
coefficients in a Glitsch V-1 valve tray and correlated the

data 1ith

)0.865~( Ld )0f130

- Gd
' a'k .Pd/p D = 9,93 ( — _
' 0.389 0.5 o
(Zyeip /)7 707 lug /og Dg 172 (196)

4

where. d is a characte:istic.}ength (d. 2 1 m).

.Valueé oerg for trayed'towe;s are typica;ly in the
order of’3k10_6 kmoi/m’-s;kPa. Depending on the
correlation, values predicted by Equatioﬁé (192) to (196)
Qary'éomewhat'about this guidelihe;

)

Liquid-Phase Ma;s-fransfer Coefficient

) : o 4. _
The exper’imental and theoretical studies of: Sharma et ' |

-al (1969) Aklta and Yoshlda (1973), Srldharan and. Sh‘ﬁﬁa
’(n976) Fukushimia et al. (1978) and Sedelies et al (1987)

" were de51gned to deternnne the l1qu1d phase mass transfer

MH e 4!& x 1 .



. sieve trays at high pressure

sl

lcoef£1C1ent in gas liquid contactors of var1ous types. The

l1qu1d phase mass-transfer coeff1c1ent in the absence of

chemzcal reactlon, k® Lo may, for example, be estimated for.

'bubbld&%?& trays u51ng the expre551on of Sharma et al.(1969)

ke, '+ 3.478 vg‘/4 (g, /$) '/2 - (191

where Db is the molecular diffusion coefficient of the

"~ gsolute gas in the liquid phase. Onda et al.(1968)

'correlated‘k°L data for packed célumns‘with“

L

%

ke = 0.0051 (up g/pp ) /3 (w/au, 123w /op b )TVE

149

* (a,p_ )04 | ' (198)

P

’ .

‘Blauwhoff et al.(1985) used the follqwiﬁg expression to

estimate the liquid-phase mass-transfer coefficient for .

e =7 | 0.6 1.2
ak®, = 4.9310A (v pp )7, 3

Scheffe and Weiland (1987) mea;hgfdzlﬁquidfphase

transfer coefficients in a Glitsch V-1 valve tray and

~ correlated the data with - . o

( ﬁd )0 .684 - ( Ld - )0.08?

a'k3‘fpd/ﬁg*-n = 125

welr

*,‘ 0.051 u "o.s L
.(z Q" (nL foy 2 0% o (200)

@

v. T (199)




@alues of k°  for .'-yed tewers are typically in the
‘order of 3x10;4 m/s. Depending on the correlatxon, values
‘predicted using Equatlons (197) to (200) vary somewhat about

this gu1de11ne.

gﬁhancement Factor
R

a

150

The enhancemént;:factor, 1, is a meaSure o@ow much the’

R
rate of mass transfer across the gas 11qu1d 1nterface is
increased by the gresence of chemlcal reactlon, and it can

'be expressed as a function of the reaction rate for a give#

v

reaction regime: .

S

ki

=k, /K°, . S (201)

To calculate the local enhancement factors for H,S and CO.,

a suitable kinetic model was regquired to account for the

molecular dlffu51on and the - chemlcal reactions that occur in

tne lxqu1d phase. A model for the H $-CO.- DIPA Hzo system
Cis described by Blauwhoff and Van Swaaij.(1985). The

d%tails;cf their model are'beyond‘the.scope of this study,
but the concepts may be used as a casis in_tée;future to

‘4
upgrade -the model developed in this work.

In order to determine the reaction rate 'and the"

reaction regime, the nature of the chemical reactions that

take place must be understood. Briefly, the major chemical_

4react10na that must be accounted for in the rate’ expre551ons

~are: - "‘;ﬂﬁ. - ey
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o
' Primary and Secondary Amines
HyS + R,RzNH Z———=  R;R;NH,* + HS- ‘ (202)

f N k3
CO; + RyR;NH —— R/R—,-bknf‘coo- ) , (203)

k.3
R,R;NH*COO" + R,RzNH
} kb’ .
— RyR;NCOO- + R{R;NH,* ' (204)_

kOH'. ‘ .
CO, + OH- T = HCO," -

(205):

Tertiary Amines

(206)

I
N
wn
+
o)
o)
»
o)
z
>

R R,R;NH* + HS- |

+
o]

X

[X]

o
w . T -
4

+

X

~

o

Co,
———  R,;R;R,NH* + HCO," (207)

COz + .OH" ‘ — HCOg- . . . >(208)
» :
b~and kOH-'a:e the rate constants for
S (|
the appropriate reactions. \
, ‘ A
As discussed in Chapter 2.1, the H,S reactlons 1nvolve 5 {i

- <o
a simple proton transfer and may be regarded as o & o

1nstantaneous for all amlnes of 1nterest. For the case of
51multaneous absorptlon of st and CO;, the H,S enhahcemént

factor is given by Danckwerts and Sharma (1966% as

1

- [R R;R;N] A
Ty,s = U FI_TST_— (DR@;R,N /DH s )}‘ *5

- ‘[Daz's /PR\RsR,N "

B
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B: v
£ =1 +aleoal; Doy, [IH2S]y Dy g | o (210)
The ‘concentration of free amine, [RyR;R;N], must be
f)’

estlmated by a su1tab1e thermodynamlc/mass transfer model,.

_Thewvalue of q is the number of moles of amlne.that react

w1th dlssﬁ}ved CO; in the 11qu1d phase. For primary and
secondary amlnes q = *for tertiary amines, q = 1. The
concentratlon of H3S and COz ab the gas- liquid interface may
be estlmated by Equatlons (179) and (180) respectlvely The
Henry's constant‘%br H, S may be obtained by correcting the
value in‘water, H® H,S for ionic strength effects.

Danckwerts (1970) gives the following expression

L}
10910 (Hy g /H°st ) = hJ ‘g o v (211)

where J is thé ionic strength of the solution and h is a

. constant® salting-out parameter comprised of a sum of

~contributions of different ionic species in the solution.

C)

h=h. +h +h ' o . (212)

When H S is absorbed ifto/amine solution, the liquid in the
v1c1n1ty of . the 1nterfaye is concentrated in R yRzR3NH* and

HS} ions. The Salt1ng out

’

rameter for the cation is not .

{

known but may be assumed to be zero. This was used by

T o (209)

152
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Hikita et al.(1977) intheir analysis of CO, absorption into
DEA solutions. The value for the HS- anion can be assumed .

to be similar to that of OH- which has h.=0.066 m?/kg-ion,

Danckwerts (1970) also gives the salting-out parameter for "%

H,S gas as hg =-0.033 m?/kmol.

A}
The ionic strength of the amine solution is given by

L

e o g 2
J =3 % [ion I]Zi ‘

1 (213)
where Z. is the eleétpical charge of the ‘ion. - N

The molecular diffusion coefficient for H.S méy be
obtained by correcting the value in water for solution
viscosity effects using the Stokes-Einstein relationship

presented by.Haimqur and Sandall (1984)
. - . .

- Dy.g w074 s - 3.456x10’14* } ' | (2194N>
2 . .

The molecular diffusivity of amines in aqueous solutions
were measured by Hikita et al.(1980) and were correlated
with

u 1)—2/3»'
M

m (215) -

D = D°(

where D° is the diffusivity at infinite.dilution and u’and
~u® are the absolute viscosities of_aminé,solution ahd water
reSpec£ively. The infinit dilution diffusivity was assumed
to obey thé Stokes—Einste%n relationship. The Henry's

‘coidtant and aiffusivipy #f CO, in amine solutions may be

i

f .
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f'estimated'using the nitrous oxide analogy as described in - |

. Chapter ¢.5.

There'aré no explicit expressions for'Icoz that apply
for the general case of sxmultaneous absorption of HzS and
CO: and‘are'validvfor all amine' types over’the entire. range
of concentrations encoungered in industrial solutions. As a
first approximation, the 51multaneous ;bsorption of, H S and
Co. may be assumed to proceed independently w1th no direct
1nteract1on other than through‘the”conoentration of free
amine in the liquid film. Yu and Astarita (1987a)fsuggest
that the rapid absorption'of‘H S into lean amines at the top
of industrial contactors results in an acidic liquid fiim
which tends to reduce the 51multaneous rate of CO.

absorption. Hence ‘a more rigorous simultaneous absorption

rate model must consider these effects.

2

The concentration of CO, at the gas-liquid interface is
approximately the same as in the bulk liquid if the

following condition is satisfied '

i o [RRRN]' L .
¥ Pco. Kov HKL U W’ o (218

where ko fepresents the overall pseudo first order reaction .

rate éonstant.' 1f thls holds true, and 1f

7

[\

o A ‘ ‘ '
Deos Fov 2 KL - | ) E (217)

then CO, undergoes a pseudo-firstvSEder reaction and the

enhancement factor may“be(épproximated by



. 2. T e
Ico,,-'\r(k L * Pco, kov /XL

ov : OH-

V‘I ' ‘: i v -

The value of kov may be determined for all alkanolamines " )
using . ' , A

k.= ky ko, [OH"] o o (219)

where the second term accounts for the parallel reaaotion of -
CO, with hydroxyl ion, Additional detail on methods that

estimate the contribution of hydroxyl ion to

>

can be used to

the overall CO, reaction rate are described in Chapter 2.1.

For primary and secondary amines, an apparent
first-order rate constant may be defined for the reactions

of Cozgwith amine as

_ . s ! k-/3 v
kl - ka[R1RzNH]/{1 + kb [ﬁ1R2Nm } (220)

For tertiary amines, the analogous rate constant is given by

ky = kz[RyRRsN] =~ g . (221)

:
’

Taple 10 contains a list of the reaction.rate constants that

¥

were used in the model. t ' L

.
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T 4, ‘Table#10. -
Rate _Constants for the Agueous Reactxon Between Col;and
Alkanolamines .
o & fu
o
§ : Amine Rate Constant Expression
4§ : .
MEA log,o ks = 10.99 - 2152/F
DEA log,q ks = 10.4493 - 2274.5/T
_, “}. MDEX | In k, = 18,9001 - 5134.07/T
TN .
( k ST e
L S
PG
W, _
R AR &
L Ref‘erences. .
Ca ) N “w
MEA*“- Hikita et al. (19{7)
"\ ,‘ ( “*DEA l—’Bla;nc* and Demara1s (1981)
~ 3 ', 3 ' '
;o ﬁbEA -’Thls work »
“’l ..‘g-"l v’ A ! . ‘ t)
M ) ‘1‘ [
5 ¥ %ui l\lf
vid v ‘; . 4
R = n ¢’
. ;’/ y’\ i- -
o g 5 \ *

A.'f.
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”hnlts, the absorptlon/desorptlon of acid.gases into the

‘amine- solutlon is accompanled by substantlal heat effects.

-,The predlqted tempenature proflle in the contactor is

vy

”strongl; dependent on the ac1d gas heat of solution that is

’_used in the model

, regenerator is used to

S1Mularly, the energy supplled to the

A}

reverse thé chem1cal reactlons that

bin8 ac1d gih;ln ‘solution,

therefore, the degree of

Lo

[

_ str;pplng also depends on the Heat of solutlon used in the ‘

. model

4 -

¥

Heats of solutlon of H,S and COz in amlne solutlons o

have

Murzin

iMather (1975) eeérce (1978),

'and R1esenfeld (1

985)

’jn publlshed by Dow (1964),

Blanc et al. (1981)

Un1on Carblde (1969)

‘and Leites* (1971), Ouwerkerk (1976) Kahrlm and

and Kohl

They may .also be determlned by

'maklng use of the experlmental equ111br;nm SOlUblllty data

' and the follow1ng thermodynamlc relatlonshlp

. o’
Y N

A)

3

3ln £, -

1

X

o

R

& .

-
S

A

whereftheHSUbgcript 1"refers to the acid gas afd X is. the
L. . . L | L K - . o

q&mole'traetion df'the acid”gas in thé?&i&uid ' Jou-et"

'47.5.3 Phase Enthalpies .
- = " -
, 4 i :
e The sxmulatlon of a mult1stage separatlon deV1ce ;
o “usdally 1ncludes the con51dera;10n of the overall energy ‘
“;5f7 ’,balance.. For the spec1al case.of alkanolahtjg,treat1ng =
) .

(222).--

‘al. (1SGfT sed this method in the;m analy51s of %he MDEA .

S v
EER S CONRTI S

”'

.

a

e

A



; v o S | ":_ 158
system and were able to. demonstrate the effect of \\\\; o

o
temperature and solut1on 1oad1ng on AHsoln g

The molaﬁ“enthalpy of a pure component in the' vapor
phase, Hi , was assumed to be equal to the 1deal gas
enthalpy. Enthalpy departure was assumed to be negllgible;’ L
The.tabulated ideal éas'enthalpy‘coefficientskavailable.in |

the API*Technical'Data Book  (1970) were used in the
following polynomial expression , . Vi'

Y
’ Hi"t= o + aT + azT’. + a;T? +_ a“'/T-, J & ”(223
s 4 \" . : o . ’

Ty Ideel gas enthalpy ooefficients for componehts not,ln the‘v

'; . API. Technlcal Data Book (1970) were obtalned by 1ntegrat1ng

*

l1qu1d heat capac1t1es over a range of temperature to der1ve N

;°1Lqu1d enthalples, and addlng on the latent héat of

- A

-

Vaporlzatlon. These vapor , enthalpy values were then

corfelated accordlng to Equat1on (223) R QA

Lo g : w8
ok i A PR S

. ¥
The molar én h’gpy of a. gas m1xture was calculated
. ' ) : i, ’h ) e R . h g
ST using - S , : ~ ' o . : o,
Hy £ LY Hi> TR - o (224)

t [* 4
fz;;uming-thEEXthe-heat of mixing waspnegligihle.

’ ) .4

- N s T L SR Ny
- . _The Iatentxreat of vaporlzatxon, AHV , for. conden51ble
.components spuch”as wéter and alkanolamlne,ghas of:




»

5 ..g* y.

V MR ‘hl. =‘; x. , h._ S : [ ; %;’i"" - (228)

*

ap . . £ . ar P - j

. 4 ' R ‘ : .
The latent heat was tben correlated as a functlon of .

temperature.u51ng -
‘h .

BH, = bo *+ byT + bsT? C e  (226)
?"M ) o v ' :

The molar enthalpy of a pure component in the llqu1d phase,
hi‘; was assumed to be glven by

Fa

hy =-Hy N AHvri -VAquln;f

I . : @

The values of AH . and AH

. wer ] -zero f
v, i soln ; were equal to zero or

nonconden51ble and nonreactlng components respectively.  The

molar enthalpy of a liguid mixture was calculated wsing

Al

When calculat1ng the enthalpy of the llqu1d phase, it'

¥
is 1mportiat to use the 1ntegra1 heat of solut1on, .&'

AH and ‘not the dlffe;entlal'heat of olutlon, ,

soln, 1

AH Appendlea'centains a-theoretical analy51s of the

soln,d °
1ntegral heat of solutlon in the case of alkanolamine

io
system A comparlson between the dlfferentlal and 1ntegral
heat of solutron for MDBA is- sh&ﬁn in F1gure 17 The data

of Jdﬁket al (19%2) were used to Eetermxne Ah .-The

~v1ntegra1 heat of solutlon is higher than the dlfferentlaL

14

hj;t of soiutlon at: the same acid gas loadlﬁﬁ

159

(227)

»

N
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; - Figure 17. % R
| "“‘:T"‘_‘_.n * L | o o “" |

Comparison of Integral and Differential Heats of Solution
: - for H;S and CO; 1n MDEA Solutions :
Iy : ' + N . “ ' ' . '

4

70 B AR : T T : T —~ ’
\
3
& "
(3‘
‘ e .
, Iz}
. <
\ —
r ol
E ‘
; ™
x .
R * : \
< o
' o B~
T
e I _
/\_«:; | - Integral . .
‘ g N ——a—— Differential .
;4 * - N R ‘
kY = .
10 ‘ -
. -
g . ) ‘ o ‘ : . ) e
EE oL A ) i 1 | i\ : .
T V 0.0° 02 .° 04 06 -08. 1.0 . 1'236 1.4 ‘ ,
‘ : : ' A o '
N : : ¢ . a , mol Acid Gas / mol MDEA .
' Ll , ] LY '
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7.5.4.Fluid Properties

o

I

" The dehsity of pure saturated liquid water was

eorrelated withvthe:following,polynomial expression

s .
. b

\ f

. - o . -~
p° =‘K5/‘(Ko + K4 o+ kyT? '+ kaT? # KqT.) (229)
. ’ .9.° ) ’ ‘ . -
; , ‘ ’
where o
’ . . 3 ‘\)‘ ¢
o = 0.037648 '“ ‘ . .
‘,_1 <, . o . ‘ : -
Ky = —2 2948x107% . 8 ,,
a : . - '
k= e 91:32x1o -7 - »
5 -.r1 5347x10 2 v
'*.;c, - 0484){ 032 @
. - “ a
) 16. 0185 ""‘* T e *
e : ~;¢y ST ”‘?5 }
. : > s - ~ - . ° -
The data presentéa by Dow (1965} Uﬁ&nn arb*ﬁe (1969) ‘and
Pennwalt (1980) were used to. generate co relag%Ons ﬂUr amlﬁé
solut1on den51t1es w1th the followlng f W ’\ ' ;
) . - ) ot ‘ . e ):3"\» -’“‘\““&
po=p° + wt % (Bo * g.m) . (@30 d
;.V t % repreaemts the weightfberceht amine in the liqufd
and B, nd B, are constants. ’ g ' ! 2
s . -, N ]
L1q id phase klnematlc v1sce&4t1es wete correlated
L" » ) Il
~ Us1fg an equatlon of the following form
In v = Soif.%l‘+ %% o ;¥~‘ (231) *
‘ ek BN o ‘
SR P oo L
where {,o, S, and :§, are parameters that w!}e determgned‘to‘ R



be funétions of amine weight pe,réen;, o = ; Lo
> tuncti ‘ - - ( IR _

Dlngman (1963) presented. data whlch 1llustrated the&' ‘..'\
effect of temperature and solutlon loadxng on the phy51ca1 -

A}

propertTés of- MEA solutions. ~The solution V1scos1ty anbd

density a;e shown to,be affected by the presence 6f ° - ... 4
dissolved H;S a-nd“ Cé‘. " o ' : : | \
. Gas phase dens;ty was est:.mated Usg}‘g e ideal gas

1“

law. Gas phase vzsﬁc-omty and dlgfu
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" ﬁfprogram or a. flowsheetln?program. Motard et al (1975) :

: steadY‘state chemlcal proceﬁs clmulatlon.

developmensg_ in computer hardware have remov"he,
h

.
,ﬂfstrlct1ons on program size and rigor. %Wit

© . structurg, that the prggram &éthors

\

8. DEVELOPMENT hor‘mani'r: TREATING PROCESS SIMULATOR

Process 51muIat1on is the representatlon of a chem1cal

,‘

précess by a mathematlcal model which 1s then so&wed to

'6bt§1n 1n£ormat10n about ‘the performance of. the chemical

'Q}f !

:’procesé The mathemat1cal model is usually a computer Nf

program and is generally known as a, process 51mulatlon“;

present an excellent ;evggw of methods avallable for . "%

»
s Bl

N,

N e C, : '.
Process 51mu1at10n has been &l by chemical englneers

4 in s1mulat10n capab111t
Ea
have been restrlcted by computer techﬁ%logx ‘and by

llmxtatlons in the avallablé’thgpretlcal models._ Recent e

. A

¥

LY .
eoretical

‘.

Yy

models such as those developed*ln Chapter 7, it is pd}sible

b4

.to .assemble a simulation model for amine treatlng process

analy51s and desfign. - N ‘ ii’J;-
C T ' , . . S
Early simulators werefdeveloped with such a compLex

oere the only ones who

»

‘could effectlvely use the program. Present day samulators

$

are developed with much more emphaéﬂs on the user 1nterface
5 ) :

-

-and the moduLa;;tx\;f the program. Indeed software
"eng1neer1ng hat become a thr1v1ng fleld of study, Largely a
ja,result,of an increased industrial demandggyr slmulatlon

R - . . . L P . R ’

‘software for process design and controlg® Myers (1978';) and

a0

7 163
& 163,

i
a{n

s
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Falrley %1985) d1scuss the important concepts that need to

gff}ons1dered when de51gn1ng and manag1ng a 1arge scale

" computer program such as"a process simulator.
\"wﬁ, " v

f.8,1 Apégoach'to“Process Simulation ., .

A

oy ')

v *» 5

The first"fmndamental decision to be addressed‘in the

'és de51gn of a process 51mulator is whether the program Wllld

A operate in the S1mulat1on mode or. in the des1gn mode. In
S s

f‘fr“y\'u B

, g’?’* ﬁéﬂsﬁh@atlon mode, all system 1nputs and de51gn parameters

:'/fg'l*lare spec1f1ed and the 1nformatlon flow 1% in the same
dzrectlon as energy and material flow 1hﬁthe®p1gnt;“w¢@ bh1€”
mode, feedﬁstreams must be spec1f1ed sFor example, amine'

!ﬁﬂ. ’ c1rculat1on rate and rebollef heat duty must be fixed, and

plant outpqﬂg such as temperatures and comp051t1ons are

g ed by the iwogram. In the de51gn mode, information

»

flows*ln‘the opposite direction; system 1nputs andwdeslgn

' barameters are calculated from specified outputs. In this

. case, amine c@rculation rate gnd;reboiler heat quty are

A célcUlated by the program to meet specifications suchas"‘O
?
treated gas re51dual H,S coritent or net r1ch amlne loadlng

Both modes of 51mulat10n are’ requ1red by 1ndustry. A th1rd

mode‘1nvolv1ng opt1m1zat10n of a cost funct1on comb1nes both
»* »
3

1.:ilmulatlon and de51gn., Var1ables assoc1ated thh feed
streams and de51gn var1ables may-be left unspet1f1ed and. the
N program w111 determlne the1r values accordlng to spec1f1ed

. equallty and 1nequalyty constralnts.

N
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A s1mulator can real1st1cally only be written to '

operate in one of these- modes. Furthermore, the simulation °

' .

mode is generally mote stable numerically. For this reason,
nearly all commerc1al programs ‘perform de51gn calculat1ons

using 1terat1ve 51mulat1on in whxch external calculatlon

Fd

loops“are used to force de51gn constralnts on thd.glmulatlon

resuﬂ!g A dzscuss1on of the process 51mu;atlon and

"

Lopt1m1a§tﬁnn problem 1s presented by Klsala et al. (1986) in.

mode i giﬁetlmes referred tQ as the performance ratlng

. :‘ i ‘t‘-; v i A,
- model. 0," 5 '
» N AR e
R S

,Thé secon& fundamental dec151on to be addressed is the
M

N

L

Gépprodbh to 51mu1at10n. In the flexlble flowsheet approach,
;Er'o .
: mulator is des1gned to model any comb1natlon of process

',
WL

; 3 ) L .g h' ' .
3 '{t. 1¥§ TN On the other extreme, the program may be set . <::
up to$§QMulafe a part1cular process wlth a fixed plant h

‘ flowsheet Erdoess un1t modules are 1ndependent

= mathemat1cal models that represent spec1f1c unit operatlons

such as 1sothermal fldsh), heat exchanger or absorber 0

calcdlatlons.
"The flexible flowsheet approach has‘heenmused by st
‘commerc1al flowsheet simulation programs such 'as Simulation

Sc1ences«1nc.$PROCESS", Aspen Technology Inc. ASPEN PhUS",

Monsanto'co. FLOWTRAN™, ‘Badger America Inc. GMB™ an&



ChemShare DESIGN II“, becaaae cf the general nature”of their
app11cat1on. Russell (1980) reports that these programs are
“uall similar in function and that the differences -lie in the
areas of program structure, . style of input,—physical
_ propitty fa¢;11t1es and features which provide conven1ence
qk‘aﬂd flex1b111ty. The unit modules w1th1n the,program are

connected accord1ng to the user's spec1f1céilon of the

flowsheet cqnflguratlon and an execut1ve program supervises

the flow of data and organ1zes the calculation sequence to “ff

obtain~a convergent solution to the problem. Although the
flexible flowsheet approach provides unlimited simulationc
capability, the.disadvantages include: the need for

additional logic to keep track of individual unjt module

‘stream connections,” efficient equation-tearing -me

required to solve rééycle calculations, and a tende Y«fdr

. . . . - A‘q *“ '..
users to "6ver-simulate" a process and to Lo%e§s1gn;
important unit operations.,

‘

The classical %ixed flowsheet approach to simulation is

merely an extended mathematical problem in which all
» : , )
equations and constraints gre dei?ned. :In this method, the

)

programialready knows which unit modules are required and'

R ’ e
the 1n£er11nk1ng aﬁream connectlons. An executive program

H

is not needed 51nce the software desxgner has, already ."

"hard- coded“ the flowsheet conflgurat1on into the 51mulator.

L B

Although the cla551cal fixed flowsheet approach provides no

freedom to change the flowsheet conflguratlon, it is

S computatlonally more efflclent than the flexlble flowsheet

I
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. approachqbecaUSe of the reduced housekeepihﬁ oVer%fad,

‘m*

. In view of the objectlves in thlS study, it was
considered(unnecessary to develdp a generalized chemical
process simulatioh program, However, it was of interest to

3

be able to compére several mod1f1cat1ons to the conventional

' amine treating process rrlustrated in Figure 1, and to
‘evaluate the sen51t1v1ty of plant operatlon to certaln ...
process var1ab1es. Therefore, the- program was set up to
ogerate 1n the 51hg}atlon mode and a hyb;1d approach was
developed to ‘combine the advantages of the flexlble and

BPPEER classacal f1xed flowsheet approaches to process s1mulatlon.

)

Y B

‘

8. 2 Flowsheet Solut1on Techn~ es - . o oo
. e 5

'For;simplE'prOCesses involving no material or‘eneggy"w%nwa *
recycle, solution of the flowsheeg is obtarned by simple
— propagation of information from upstream to downstyeam unit
"ﬁ;dules._ Starting with the feed streams,‘putputs‘from the -
f1rst unit are calculated and‘dlrected to the next module.
ThlS continues untll the outputs for the laéﬁpug}txfre

calculated. . : g &

.~ ' . ' t
Industrlal processes frequently have recycle streams,
such as 1in the amine treatlng process. In these cases,
simple propagatxon of 1nformatlon w1ll not be suff1c1ent to
‘% , :

obta1n 2 solution slnce at some point, the recycle inputs to

" a unit module will be 1n1t1ally undefined, - There are

-
.



. .-.basically two methods of finding convergent solutions to

A‘1ts plaCe.‘ The example shomddsubstantlal

/generally been restricted to spec1f1c flowsheetlng problems

_#nvo;w1ng mu1t1ple d15tullat1on columns. It 1s»gener

complex separ%tlpn éystems are more effect1ve1y perfo med

‘ J

recycle processes:. simultdneous and sequentidl.

‘ - -
In the simultaneous‘solution procedures, the

,performance of the 1nd1v1dual process units in the flowsheet ?¥

are linearized around an assumed steady state, and the B
resultlng system of equations are solved $1mu}taneously. S r}f&
New valpes for the streanm variables are used tOxsimglate_the |
individual process:unit modules and the f;owsheetdis again
linearized using the new calculated ootputs. This procedurev
is repeated until'SUccessiQe iterations result in no

appreciable change in the value of stream variables. The"

method is sometimes cdj}led successive linearizatien,

e

v
Ford (1979) dlscusses Several 51multaneous solutlon‘

methods. Clarke (1986) presents an«example using ASPEN

PLUS™ where the standard Sequentlal solutlon method was

bypassed and a user-defined simultaneous method was used in

1mprovement in

PR w
convergence alth ugh Clarke (1986) comments that the

'1ncreased englneerlng time required to develop the

-

convergencé routine offsetvthe,savrngs in computer time.
. : - " . N
,\‘ . . . ] ' E LY
The eqUation-oriented approach to 51mu1atlon has

st

-

¥ : ~ !

X

recognazed that 31mulat1on or de51gn calculatloﬁ for

o
&% ;

us1ng a 51mu1taneous rather thgn sequent1a1 approach. That



; o o L - . i
hs ’rather that repeatedly solve a’ sequence of s1ngle . e %

columns unt11 a solutlon to the entire system ;s obta1ned

al (1966) involves the individual solution of unit moduldsf"

s

{ .but these 'single column problems are converged

51mu1tane9usly rather than repeatedly one at a time. ﬁb’!'

Aed

was an exten51on of the S1ngle column 9 method developed by

Lyster et al.(195%a, 1959b, 1959c) The method was later
_modlfled by Billingsley (1971) to simplify the mult1un1t !
?'f['l system*gquat1ons and elim1nated the e's.. An exa ple '

| | appllcltlon of the method is Presented by Petrysch and

K Johpson (1968).

’ . i ) : N
/ & N 6‘3

“j'v\‘” Browne ot al. (197") proposed gon51der1ng the system of ’7
Y ‘:quatxons fBE all un1t modules 51multaneously. .This conggﬁt
\ is charecterist1c of an entire group of methods described by'l'
HarclesQZE and Géntry:(1972),’Jelinek et al.(1973), Kubicék
et,al€(1976), Hess et al.(1977), Hofeling and Seader (1978),

and Stadtherr and Malachowski (1982). ;

JRSREL N These methods- are well-suited to systems inwol%ing

j_'* d1st111at1on un1ts, however other dev1ces such as. vessels

AT in wh;ch chemlcal reac;mons occur ‘are more’ nonllnear and'
A\/l - W . Eh b * .

;;f:f:m*mofe d1ff1cult to coovég%@'ﬁ*Parge sdale gccepteﬁo%&ho S
f?ﬂ' b }mplementat;on of equatron oriented methods for more general
:;Zih: ”rflowsheetlpg problems wlll réqu1re development of 1mprowed

7* D =techn1ques to manipulateé large sparse’matr1ces, to handle v
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. design ‘Spec.,i'ficta'ti’on’s;“within_ﬂch unit module, and to
' : .- o .

-

@

i
|

establish a Systematic'approaéﬁ to evaluating the Jacobian
matrix. ’In prlntxple, the 51mu¥taneous methad is
computat1onally more sophlstlcat dfihan sequential methods

but is more o1ffncult to apply an

retain flowsheet

.generality. Moreover, for systemsknnvolv1ng highly nonideal

£

-vapor- llqu1d equ111br1um, as in alkan lamine systems, the

51multaneous approach has a poor record of convergence.
Browne (1976) reports that iheAconverg nce characterxstlcs
for the multicolumn system may be totally different than the

‘same approach applied to a single colu\n;" '

The most common flomsheet solutiomztechnique is the j
sequential solution method. When used in simulators nith
.distinct_process unit°modu1es, it is referred to as the
sequential modular approach. In thejsequential solution
approach, the values of stream variables including
composﬁtfon and floriates, for certain.recycle streams
called tear streams, are initially assumed so that the ’_ v
entire flowsheetvcan be simulated sequentially as a simpIe

flowsheetc HaV1ng caiculated the values of the recycle

’

.
Stream varlables, these m&y be co ared w1th the assumed

-

values and new estlmates made fof the next 1teratlon.l Tb;s
'l

procedure 1s contlnued unt1l recycle stream v rlables do'ﬂot

ra .t

@%e Wlth succe551ve 1teratlons. Complex f owsheets w1th

-

\
many recycle streams may often be decomposed 1n such a way

that several c0mb1nat40ns of tear streams “are poSS1ble.»

v .
" E ; N -
. . -~ . .o
- f . . .
- » - - ¥

r
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Shacham (1982) reports that the. sequent1al modular' B ﬁ

fW approach has ‘some advantages over other methods for process

ﬁlowsheetlng. SRS R ;' ,f ffn"

+

1) Un1t modules can be prepared and tested separately

Ed

and are ea51ly expressed as a computer programw

2

subroutlne.
Y © . 2) Each un1t module can conta1n an opt1mum solut1on"
»method for that type of problem.

3) Data enter1ng unit modules can. ea51ly be checked for'

L4

"completeness and con51stency B .

\

4) New unit modules can ea51ly be addeﬂ orfreplaced[ln;‘

2

“the s1mulator as ‘they are developed. -

-
New estlmates for the tear stream varlables may be;d

‘obta1ned by dlrect substitution, accelerated SUbstltutlon or

’ﬁ'Newton Raphson methods.‘ Let Xk~= (x,, ’Xa, ...xn )k

denote the vectbr*of 1nput tear stream varlables and let Yk

1‘1/;;1, Y2, y;,’...y )k denote the vector of calculated

. varlables‘at the k- th flowsheet 1terat1on such that

¢ ‘ N . . . —_—

— .

Ty )“ B (232) .

?

»

\

‘ where w represents the ﬁunctlonallty of the flowsheet

.conflgurat1on. The problem is to fand “the SOlUthﬂ such

B R e L PR N b L T Cowoo(233)



-

,converge. Accelerated substxtutlon methods such’ as the

~ e

- ~
/
In d1rect subst1tut1on,.the calculated teaq stream‘

var1ables are used as estlmates for the next flowsheet

. . ’ : . » : FA ] ‘
..1t»erat-10n. ’ N o Y o ' ,//, )

. “ L ; . N ' t\\ . : . “ " -v f R L. X ' hox
R L | / ST (234)

\
\ ' . /

Whlle thlS method is' 51mp1ef it is sometlmes slow go

.ln

‘JWegsteln “domlnant elgenvalue or . Newtpn Raphson methods may

l
be- used to merove the rate of convergence of d1rect

~

~subst1tutlon.' Kllesch (1967) applled Wegsteln s method to.

multlvarlable systems but found‘lt necessasy to bdund the

X , .
acceleratlon step to ensure stable convergence.

J /. \ o

‘~Instabrl1t1es ‘ilse 1n Wegsteyn S\method because no

cons1derat10n is given to 1nteractlon between: varxablesf,

Dom1nant elgenvalue methods developed by Orbach and ¢rowe.

\

(1971) _sollman (1981) and Crowe (1984; are 51m11ar tn

nature to “the Wegsteln method but take varlable 1nteract10n

“into account. | f, ./ o

: " i ' 'y
H - /
) El

The convergence characterlstlbs of each of the above
é

' mentloned sequent7a1 methods are 51m11ar to those o : A’.

exper1enced in oﬁher numerical appllcatlons.. The
Newton Raphson‘&ethods converge most rapldly, prov1ded that

the 1n1t1al tear stream varlables are close to the solutlon'

A
\//v ."'
AR -

. o , 72
‘_where €. > 0 15 the de51red tolerance limit and ||X|| is some’

dﬁ;
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‘and that the Jacoblan matrlx is non51ngular at the solutton.
- 1f the 1n1t1al guesSes are poor, the method will usually
dlverge. The main drawbacks are the larQe computer storage
requlrement for ‘the 1nverse Jacoblan matr1x and the
additional co utatlonal effort,requzred to evaluate the
e

matrix, - The gste)n and/d1rect substltutlon methods are

comparable in 51mp11c1ty.;

tod
P

A sébuent1a1 modular solutlon procedure was chosen for~
‘Tflowsheet convergence 1n ‘this study because 1b’wou1d allovJ
for easy future4modlflcatlon to the flxed flowsheet.
Considering the strong 1nteract10n between the lean am1ne

ac1d gas re51dual loadings, the dlrect subst1tutlon method

was chosen because of its stab111ty and051mp11c1ty

- A—— “, e

‘8.3 AMine‘Treating Unit SIMulator,,AMSIM

The AMlne treatlng un1t SIMulator (AMSIM) was 1n1t1ally s

developed toksemulate 51ngle—column systems. ., The advantages
3 of'the original pbogram were quickly realized andrthe scope
of the prOJect was expanded to include limited process

flowsheetlng capab111t1es. The AMSIM system is a completely
A‘1ntegrated set of routlnes wr1tten in FORTRAN 77 The uset
of FORTRAN over other programmlng langugges was con51dered
approprlate S0 that the system would be portable_and easy to
modlfy and ma1ntaln. The program has been successfully ' _
h 1mplemented on the Amdahl 5870 malnframe computeiviifthe ' | ﬁ

)
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University of Alberta and of IBM RC/XT and PC*AT personal _

Cdomguters. . B

S .
-

»

The AMSIM system presently conta1ns about 12000 ‘lines

X,

‘fo§¢FORTRAN 77 source code The main execut1J§\£}owsheet1ng
‘routine only accounts for approx1mate1y 3% of the total |

'line.count.‘ Input proce551ng constltutes about 45 % of the

.
‘ «convergence routines take up about 32 % of the. program and

entlre system. Unit. module calculatlons and supportlng

the rema1n1ng 20 % is .used by report generating output

5

‘routines.

g;ocess'Unit‘Modules’
) N . ‘ . . —d

»

AMSIM contains several major process un1t modules which
_numerlcally s1mulate the performance of common deV1ces found

in gas cond1t1on1ng fac;lltles.p These 1nc1ude.

° Absorber

e Regenetator : -

* Rigorous Heat Exchanger . T\ 1
e ;Ad1abat1c Flash

B’L' .. i L B 4 , .

‘e Isothermal FlaSh

o’ Slngld}Phase Heah;,f
A :

'The program also contalns ot%er m1nor un1t modules requ1red

L 4
for-thetlnterconnect1ng process streams;~
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e Single-Phase Stream Addition ™

.oh NSinglefphase?Stream split
¢ Two-Phase Stream addition ',
' . Equate Stream Fac111ty

¥

o' ‘Stream Phy51ca1 Property Generatbr_

. \i?ream Convergence ethod B

Con51derable attentlon wa g1ven to ensurlng a h1gh degree
, of re11ab111ty in all of the un1t moduﬂes. Extens1ve

testing. was performed to locate and resolve problem areas Ll
Y
that ‘the credlb111ty of thé system would not . be comprom1sed.

¥

'Each un1t modﬁle 1s hlghly 1ndependent and 1s part1t1oned
into a hlerarchy:whlch‘g1ves the ‘program a top-down

structure.
T |
Thermodynamlc and phys1co chem1cal data requkred by the
un1t modules are obtalned from the’propertles}package. For
N

example; equ1l1br1um ratios, reactlon rate constants,

Henry's constants, 6hase‘enthalpies or solution

.a}e provided:by sdbrOUtines in the propertie ‘package. The

thermodynamlc and phy81co chem1cal propertle packagefis the

the lndustrlal research standp01nt. Thls was
& »

for undertaklng the'%xperlmental studles descrlbe

Chapter.3 - The accuracy of the entire program hlnges on the

credibilit?\of these routlnes. .
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;cause that program to be- complled ‘and linked prlor to~
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| __ Flousheet configuration K * ‘ .
‘ L”, ¢ . | ' . . o . ". . - - y 4
. With these process unit modules aS‘building blocks, + - ¢
th the oces : 5 ng block K

consideration was given to all of the potential flowsheet

conf1guratlons that mlght be of 1h§ust%1al 1nterest._ F1%:re
‘18 shous the flowsheet\ﬁhat was used as the ba51s for the

AMSIM program. .The lagic to solve the recycle calculatlons

+

_for th;s flowsheet is.contained within the program, \Other

'conf;guratlons are studled by- 51mp11fy1ng this bas1cik\

flowsheet and 1nstruct1ng AMSIM to 1gnore certa1n unit _,"

modules. e f%pqﬁu/ R

The f&o(\:eet proce551ng eiecutlve calls the _ T
. *‘ "'\\

appropriate su rout1nes¢§o perform un1t module ‘and recycle
calculatlons according to the sequenptial- order of the _——
s - & ¢ .

flowsheet: topology. The executive program is exactly the

same no matter what 1s being 51mulated. -This is Y

: conceptually similar -to the GMB™ system descr1bed by Russell

(1980) and is termed the "fixed strutture" by’ Motard et
al. (1975) The matchlng of streams to un1t modules and the

[N

-calculat1on path is determ1ned by dat; suppl1ed by the user’,

Th1s is in contrastgto other "varlable structure

51mulatops WY 1ch create’ a prograp of subrout;ne calls. and

executlon. These programs tend to reduce the memory

requ1rements by only linklng the necessary subroutrnes, but
4
the extra overhead of compilétxon and linking is 1nc1uded in

each run.- Thﬂs may hg‘a relat1ve1y small cost percentage

B

\:
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for ?efy large proplems but represents a.substahtiag‘cost R
for smal} problems.’ FRA ..‘\‘ |
W1th the basic Aﬂﬁlu flowsheet it‘is'possible to
51mulate the followlng 1mportant ;£3§ schemes as well as
many* others: -
> ‘ \ o
] s1ngle Absorber
. 51ngle ngeneratoriﬂ e
- ° Absorber - Regenerator System w1th Rich Amln h
L Absorbers in Series w1th .a Common Regenek-
° Parallel Absorbems with a Common Regeneratorf'?'
e Sp11t-Flow Conflgurat}ons,to either Absorber
e Multiple Lean Amine Feed Points
N e Absorbers with Amine Pdmparound 4 - &

e Cocurrent Static Mixing Element , .

Data Storage

FunBamental to the AMSIM structure is the use of
process stream vectors for data storager_ These vectorsaare
ma1nta1ned in.an imternal "database" and contaln stream
names; individualmcomponent flow rates, pressure,
temperatﬁre, enthalpy, l1qu1d fractlon and addltlonal
'phys1cal property data. When stream compositions and
.condltlons are regh1red for unit operation calculatlons, tﬁe
program retrleves the stream data from the appropriate
vector.A Similar data areas 1n'memory are reserved to hold

A
L .
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current informatxon ‘about the unit operations. 'For example, g
— . ’
1nternal phase rate, temperature And composition profxles -

'for multistage dev1ces are -saved prior to leav1ng the
-wabsorber/regenerator module., .The data-storage areas permit
the generation of summary reports for each stream and unit

“module in the flowsheet at the end of the simulation run,

~

~

A global data management routine controls the storage

-
N

and retr1eva1 of 1nformat1on from the process stream vectors

W

and»the internal databése. . Dur1ng.the sequential solution

procedure, the dath management routine moves data on request
. N ‘. . .

from the storage areg to a work area which is used by the

t

process unit modules. When a un1t module calculatiopn has

been completed, the: nﬁaated data are moved back 1nto storade—_ _
for futﬂte proce551ng This arrangement relieves

subrout1nes that generate or use problem data from haV1ng to
know how or where the data are stored. The subrout1ne need

only "see" the data work area.

- Data Input

When using the program, the f wsheet topology must
first be identified, then the fodlowing information must be °

specified:. , ' v .

1) All components present in the process'must be’
specified.

- 2) The process operating and design variables\euch as

~
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pressure of the 1ash tank, the.tray design and.

dimens1ons, or the mln;mdﬁetemperature approach in a

heat exchanger must be supplied. ‘ ~
AN

3) ‘The compoeltlon and ¢ondition of each stream“whlch

. “enters the plant must be specxfled. .

* I

The model also requares 1n1t1al estlmates for any recycle
streams in the processn From this 1nformatlon the AHSIM
<y program calculates the steady-state. operat1on of the'entxre
§~_plant.- o \\ S ' L o
; , \ , 3 . :

_ X
‘pata is entered into the program in the form of a
free format keyword—orlented command f11e sxmxlar to that
described by Rosen and Pauls (1977) for the FLOWTRAN“
system. Data may be entered in either Eng1neer1ng units
(psia, °F, lbmol/h) or in SI. units (kPa, °C, kmol/h).
Components are 1dent1f1ed by mnemonic keywords. An example‘
~ data file for a comblned absorber- regenerator system 1s |
'lxsted in F;gure 19, The entries are structured in a
logical sequence and unitvmodules are easily identified. ‘
Data 'may appear in virtually any order end may be separated

C . v
”~ ) ..

by blank lines or by comment lines as shown in Figure 19, A

‘preprocessor takes this information and converts 1t into a'
t;rm which can be used by the main srmulator.“ The data are
checked for syntax errors-and consistency. Errors in the
data file will prevent the executlon of the flowsheet ‘
sxmuTator. D1agnost1c messages are produced to assist the "

— -

\
\ . ~
‘i ~



Figure {9. o

: : ~y - )
xample I t D Fil

TITLE
Example AMSIM Input Data File '
UNITS
INPUT-IMP OUTPUT=IMP PRINT-LONG
COMP
H2S8 H2O CO02 N2 H2 Ci C2 C3 N-C4 1-C4 N-C5 MDEA

’

*---------nunns-------'n:----:I:

* Absorber Unit Module

P TR EEST N TEASERERNERETREERETED

COLUMN
TYPE=ABSA
- 'SPECS
STAGES=13
PRESS TOP=12.9 DROP= . 15
. EST
TEMP TOP=100 BOT=130
. FEED
TYPE=LEAN P=15 T=100 WT=25 FLOW=120 AH2S=. 01 ACO2=.01 .
FEED - »
TYPE=GAS P=14,85 T=130 '
RATES | | :
7.74 84.64 75.39 405.11 18.7 1.78 .89 .36 .07 .07 .04 O
EFF -

H2S=.5 CO2=,04
*============;===========;===== 4

* Regenerator Unit Module

*===============_§========:_-======

: COLUMN )
TYPE=REG -
SPECS : . N
. STAGES=16 REB DUTY=5.86E6 <t

PRESS COND=27.4 TOP=29.4 DROP=0.15
TEMP COND= 130

FEED o
TYPE=RICH P=30 STAGE=3, g
| EFF _ :
H2S=1 CO2=.08 . ‘
o END



user in correcting the problem.

Program Qutput

The calculéted resulfs show the. pressures,
‘temperaﬁures, phase rates, enthalpies and/ﬁr heat duties for
each unit module in the flowsheet*and the complete
composition, condition and fluid propérties for every
procesé str;;m," Data are presented in concise sum ary
.repbrts; Figure 20 contains g process stream summary report
for a rich ahine stream leavé:;p:~contactor. In addition,
preliminary mechanical design information is‘generéted for
the major unit operétions. Diagnostic messages are produced

in the event of a nonconverged unit module or flowsheet

calculation,
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Figure 20, -

e

Example Process Stream 8umﬁnry_¥egort
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AMSIM V3.0

!
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i

Example AMSIM Output fos a Rich MDEA'Streqm"

Stream 8
Component

H2S

Cco2
MDEA
Water
‘Methane
" Ethane’
Propane
Nitrogen

Total

4

Temperature

Pressure

Enthalpy

Mol. Wt.

Liquid Fraction

Std. Vol. Flow Rate
Actual Vol. Flow Rate
Weight % amine

Std. Density

mol H2S/mol amine
mol CO2/mol amine
Std. Residual H2S
Std. Residual CO2
Viscosity

Heat Capacity
Thermal Conductivity

(

Rich Amine from Absorber A

kmol/h,

11.533
3,117
29.050
211,537
0.288
0.022
0.008

v/~ 0.000

255.556

qollfrc.'

0.045131 ..

0.012195

0.113673 .

0.001128.
" 0.000087

0.000031
0.000001

27.872
5919.000
533.754
30.558
1.000
118.426
118.989
47.597
1099.028
0.397
0.107
55310.928

19302.962

7.655
3.196
0.350

C
kpa
kw

L/min
L./min

ké/mj

mg/L
mg/L
mpa-s
kJ/kg=C
W/m-C

-
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In this Chapter, f1ve example problems are presented to

.f‘,1llustrate the use “of the nonequ111br1um staqe model and the~,;
:qu‘ AMSIM s1mulator to analyze the performance of a%1ne treatlng "
facilit1es. The problems 1nvolve the ‘use of. MEA DEA and
MDEA and demonstrate the dependence of component stage ‘
eff1c1enc1es on tray de51gn varlables, pressure and: the type"‘
d}f; Aof alkanolam1ne used For con51stency, the’ mass-;ransfer=’;
?}?:_ coef£1c1ent models presented by Sharma et al (1969) were
used 1n all problems., As well, it was assumed that the
towers in each example were equ1pped w1th bubble—cap trays.tit'
Append1x 9 contalns sample output from the AMSIM program.
Thls should g;ve an 1nd1cat1on of the amount of 1nformatlon

| 'g'.suppl1edvbg the.program. A SRRCTIE I ~'.» L

In th1s example, sour gas contalnlng 0. 44'&@1 % H,S and

"9.'1‘.High-pr7eésurex MDEA Contactor'

4

r;'O 88 mol % coz 1s treated with a Soﬁwt % MDEA solutlon at
r'f6 0 MPa 1n a mult1stage contactor that has amlne feed:

,nozzles 1ocated on stages T 5 and 10 numbered from the top

.

?‘tray of the contactor. It is of 1nterest to éetermlne]t.

&

‘ Aeffect of the number of contactlng stages on the

'omp051t1on
"of the treated gas i The gas andiquld feeds to the |

,’ﬂ 3~contactor are llsted 1n Table 11
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‘>Tab1? 11Ew  ”’7i SRR 3“‘@

. R i
- Component
//

f

Gas'and{LiQui

{
!
!

{

P
i

Sour Gas
(kmol/h)

d Feed Composffipns‘in Example 9.1

Lean Amine

(kmol/h) -

n-C 5.[‘
»~n-‘C_‘-,r1

1

rTotai

Tempéra;urek(?C)

.10
207

2041

100 ¢
50

10
10
10

RN

2268

35

0,032 -
0.096 °
31.845

©210.619

0
.0
0

oo

O OO

242,592

25
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The tower was assumed to have an 1nternal dlameter of .

» .

'1.067 m. The outlet weir dimensions were set to 63 5 mm by

”0'6402 m, The active tray area was calculated to be 90 % of

the cross sect1onal area.
\

v‘ﬁfmi ----- ; The simulation resultsvindicate that the treated gas
.'conta1ns less thanﬁl§2 ppmv st 1n each of: the three cases,,
but the amount of COz that passes through the contactor is
"_affected by the number of contactlng stages. - The pred1cted

COzfcontent of the treated gas.ls ngen below.
CO, Feeleate*{nvSour Gas: 20 kmol/h

 Number of ‘CO{ in Treated "'.CO;.Slﬁppagevf

- Ccontactor Stages ' Gas (kmol/h) %
10 © 15.286 . T3 5
s 13.330 67, 4
20 11.686 - B8 .

«

- Thls coz sllppage rate is 'in accordance with the performance '\",;
_‘test data presented by Ammons and Sitton (1981) which was. !sf.
~collected from the MDEA contactor at the Waveland Gas Plant

in Mississippi.’

L As expected the COz stage eff1c1enc%fy§r1es from ahout
2 to 3 % throughout the column and 1s plotte in Flgure<21

”vas a funct1on of cohtactor stage number for the case with- 20

h-
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,,stages. The co, eff;cxency proflle was‘Iound to follow the
same trend as the temperature profxle in the column. This
is also to be expectéd since the value of k is a function
of k , the react1on rate constant. The H S‘stage

'eff1c1ency remains relatlvely constant at 91 % on each

stage. Averade values of K og were 3 6x10 -6 kmol/mz s kPa -
for H,S and 3.2-4. 5x10 “8 kmol/m?-s-kPa for cos. The
predicted value of a was: 217 m 2/m?., S

4 . “» .

9.2 Low-Pressure DEA Contactor

n

~

ThlS example 1llustrates the 1mportance of con51der1ng

tray eff1c1enc1es when des1gn1ng ‘amine treatlng
fac111t1es. The data in thls example are similar to those
&

presented by Donnelly and Henderson (1974). A 20-stage

contactor is used to treat a sour solution gas stream

contaxnlng 8.5 mol % H2S and 2 2 mol“% COg'with'éo wt % DEA.

The gas is ava1lab1e from the surface separatlon silities
at 262 kPa and is to be partially sweetened at thfiz7‘ |
}pressure prlor to belng d%mpressed to 11ne pressures. A
second DEA contactor 1s installed downstream of the
compressor for final treating to p1pe11ne spec1f1catxons.
In order to des1gn the hlgh pressure absorber and select

‘materlals for the compre551on equlpment, it is necessary to

__predlct the performance of the low pressure contactor. “The

gas and llqu1d feeds to the low pressure contactor are

s
1

)

e

" 187



. " o . "4 A"' ‘ o
. , ' o .o w188
‘ Figure 21 S o
‘ L :
CO; Stqge Eff1c1encz as a Punction of Stage Number 1n
Example 9 .
\
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listed in Table 12V ' ‘ BRI -

5

-

. . ' . e o ) . o
The tower was %ssumed to have an interpal diameter of
- 1.2 m. The outlet we1r dxmens1ons were set. to 50.8 mm by
0,90 m, The act1ve tray area ‘was cald%lated to be 78 % of

i the total cross- sectlonal area. i

_The predicted treated Qas composition is 29 ppmv . H,S

P
and 0. 154 mol % COz. The calculated tray efflcignores are

81 % for H.S and range from 12.6 to 14.0 % for CO;. If the

| contactor is simulated with 20 1dea1 stages, the treated gas
compos;tion ‘is estlmated to contaxn‘za ppmv H,S -and only 6
ppmv £0z2. 'The model therefore predicts an effect of

pressure on the rate of CO. absorpt1on—under these - _—
condltrons. .Donnelly and_Henderson (1974) observed . ~‘;

'cohsiderable selectivity for H,S in a similar‘absorber. f‘
. - ‘ )\ il‘ - ‘_' . » . )
In thié example, average values. of qu wereIS.le,O—6
~ kmol/m?-s-kPa for H,S and 4.4-4.9x10" .kmol/m?:s kPa for
' -

€0,. [the predicted value of a was 342 mi/m?.

. .
[ L.
3

9.3 Low-Pressure MEA Contactor with Amine Pumparound

Amine/pontactors areroocasionally_used‘to’reoover.Cbz
‘from flue gasesdin coz production plants. Arnold et
al.(1982) presented guldellne rules Whlch can be used to
design MEA contactors for this purpose. The most striking

difference between the operat1ng conditions of a .
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v ~ Table 12. '
Gas' and Lthuid Feig Cdﬁpbsitions in Example‘9{2
' Component , Sour Gas lLéah'Amine
: . ‘ (kmol/h) ¢ (kmol/h)
5 ‘ o e o
» . ‘ . . . .
A H,S . '20.58 0.767
' o o 5,23 1.043
‘DEA . o 80.214
~ H;0 S 2.90 1092, 159 .
c, . 135.33 0
C, . 32,38, 0
C, ’ ‘ 25.63 0 \
n-Cu . 13.49 0 ,
N, . . 6.89 0 g
v
Total - 242.43 . 1174.183 ®
. \ X .8
- . i F . &
Temperature (°C) 25 37.2 - '
. . \\‘
. . i ..

ey
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highrptessure~3333131 gas treeDﬂr and 'a low-pressure flue

v

" éas'abSGrber is the reqﬁired‘amine cirCuletion'rate."High

pressure’absorbers may requ1re about 0.35 L amine solut1on
s

for every Nm' of feed gas while atmospher1c towers may use

5%4-L/m° gas.. The aesoq1ated regeneration costs be;ome a

"conttolling factor in the operation'of flue gas treating

facilitiest

. The large irculatiqn requireg'ht is primarily due to
h

backpressure from'the amine solution.. When

the CO,; is absorbed from the gas, the heat of solutlon .

r‘

1 ralses the temperature of the ;1qu1d to a po1nt where thev

;coqun. To ‘avoid thip effect, large volumes of amine

_solution are circulated to smooth out this temperature:

equilibrium partial pre§sure above the‘solut1on aesroaches

that in the gas phase and a "pinch" point occurs in the

~

~ bulges i ‘ L .

I3

In this example, 30 wt % MEA is used to recover CO,
from a flue gas containing 8.8 mol % CO,, 81.4 mol % N, and
the balancé'water. The gas is available at 105 kPa and 46°C

and at a rate of 5875: kmql/h In order to reduce the total

191"

~amine c1rculat1on to the regenerator, an 1ntérn91 recycle. or‘

pumparound circuit is used. The process confifuration is

shown in Figure 22.

Lean amine at 46°C.is fed to the contactor at a rate oL

5.8 m‘/mih and contains 0. 20 mol COQ/mol MEA. Total liquid

is withdrawn from stage 16 and cooled to 46°C. One third of

-

14
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y " R ’
. o © Figure 22, s
* .. hEN :
; Process Confiquration for Exampl‘{e 9.3
R , i
_ Sweet : -
: Gas ) /
[} N.-v
Lean . ¥
«« Amine - . ‘
Y L _Z_
3 ’
s
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& . '
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the stream is returned to stage-17 and the ainder 'is ‘

pumped back to stage 5 in the contact%g&v ﬂhis arrangement(

effectively increases the 1nterna1 c13culation of amine from

- F

an overall value of 2.5 L/Nm’ gas to 8. 2 L%NmJ—on the mlddle

12 trays in the column. The external cooler that removesq\ &
the heat of reaction, from the system is relatiyely
inefpensive‘to install and operate as it only treats a’

'single-phase liquid’’

rangee-from 20.3 % toy40.3 % and the outlet gaiﬁvgu'\f
0.04 mol % CO; on a dry basis. The CO, loadxngiﬁhi

circulated pﬁ%paround was calculated to be 0. 396 mol/mol
while the rich amipe contains 0.484 mol CO,/mol MEA, The
‘pumparopnq cooler heat duty was predicted to be_'23.2x106

k3/h. A comparable ohce-through flow scheme would require

80 % -more circulation of amine.
. . ol

" 9.4 Multiple-Column Split-Flow DEA System

In this example, the Elowsheeting capability of the
. AMSIM program is demonstrated by simulating the performance
_of the gas condlt10n1ng fac111t1es of a western Canadian
natural gas processing plant.. The flowsheet conf1guratlon
shown in Figure 23 involves high and medium pressurev o

contactors which treat gas from inlet separators and Operate

in parallel, rece1v1ng amlne solutlon from a common



regenerator} The medium-pressure contiactor treats a very |
_gsour gas stream and'emﬁloys éhe,hplit low option. Rich . | .\‘
amine from the two contactors is mixed and fed to a flash
tank prior to flowing through"the heat exchanger train.. The “E
ric"h amine is stripped in the regenerator to’proéuce lean -
-ané.semi-lean amine streams which are recycled back to the

-

contactors. | . ' . —

The 10- foot 1nterna1 diameter high-pressure (HP) :
contactor contalns 20 bubble cap. trays with outlet weir
dimensions of 3.1nches by 95 inchef. The top tray operates
at 9i3 psia and there is a 3.0 psi preséure drop .across the
column. _The_ 9-foot idternal—éigmeter medium-pressure (MP)
contactor contains 16 bubble-cap traYs with outlet weir

dlmen51ons of 3"inches by 88 inches. The top tray operates

-8

at 230 psia and there is a 6 0 psi pressure drop across the
column, Semi—lean amine is fed to tray 8 in the MP

-

contactor.

The compos1t1on and condition of the two gas streams
are g1ven in Table 13: A 33 wt % DEA solutlon is used in
this plant. Sufficient air cooling capacity is available .to

oA

‘cool the léan and semi-lean amine streams to 113°F befbre
pging fed to the contactiors. Lean amine is intgoduqea’to
tﬁe HP ‘contactor at a rate of 1535 US gai/min and 717 US

gal/min are directed'ﬁo the MP conﬁaétor. éemi-lean amine

is fed to-the MP contactor at & rate of 625 US gal/min. The

* combined rich ahine is sent to £he.f1ash'tank‘which operates

&

) .
N . 1 .
PN
- . &
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Table 13,

ey , ,
Gas Feed Compositions in Example 9.4
[

' Component ' . HP Gas ~ MP Gas
; (1bmol/h) (lbmol/h)
H;S 1410 ‘ 1330
CO, ' 395 91
H,;0 10 10
c, 7140 ' . 763
C; . 1355 572 |
Cs 678 565 .
i-C. 89 | 110
n-Cu - 166 - 236
n‘CPs 56 72
n-Cs 15 ' '3
n-C, 20 5 g
N, BREY 3 ,
Total 11465 - 3760
Presgure'(psia) 930 ‘ 246 "

Temperature (°F) 105 : 106




‘ 4 7
at 80 psia. The liquid/liquid cross exchangers are ‘?
specified to run with a 40°F minimum temperaturg ;pg;oacg.
Vaporizationylopses of DEA and water- are made up by . ,
injecting these components into the lean amfhe upstreaﬁ of

. .
the lean amine cooler, :

The regeneratdr contains 19 stages,.a'condenser and a
reboiler. The overhead reflux accumuiator operates;at 25 |
psia agd 118°F. The top tray pressure is 28'psia\and-theré”
is a‘5.3 psia pressure drop acrqsé the column. The reboiler
supplies 172 MMBTU/h to the stripping column, Rich amine is
fed tg the third tray'in the column and semi?leﬁn amine is-
drawn from the 14th tray. A kinetic model to simulate the’
rate of desorption was not developed in this study,
therefore the regenerator was agsumﬁh to operate with'a H;$
stage efficiency of 80 % and with a CO, stage<effidiency of
15 %. Experience. has shown that when these values are used,
’ A}

the model adequately represents the performance of

industrial amine regenerators.

The results of the simulation are summarized in Tables
14 to 16. Although no industrial performance tesf da;a are
available to evaluate the simulator predictions for this
plant, the po¢eﬁti?1 capabilities of the program are
demonsfrated by tﬁiswcomplek example,

RN /
(NG



Table 1hf' - | SRR f;‘;

 predicted HP and MP. Residue Gaées in'Exampie.9;4 L e

‘Componertt g,

‘HPhRgéidhe,Gas'  f : ME_R;éidueWGégA‘
~ (1bmol/h) - © 0 (lbmol/h)

Y E R Lo v

“H,S oo .0.0100 - . - 0.043F
€0 - 0.008 - 0.100

H, 0 ¢« .. 17.693 . - - 13.789

C, . =7118.105 760.935

ey 351,033 "~ 570.516
A o . §76.393 . ' - 563.798
=@ 'BBL9T6 < - 109,977

 neCe . . . 165,955 . 235,950
oI R e g T
\ S 55,978 e 71,978
- aece 14.993 . 2,999 -
e, 19.989." 4.998 -,
U N, 13047900 . 1249960

e 1
1
e}
w

cd

Total - 3639.921° = 2338.079

\ Pressure (psia) . 913 o 2300
:uiTemperature;(°F)v'“y‘-- 113,00 0 0 113.0

»
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Table 15." ‘

Predicted Flash .and Acid Gases in Example 9.4

Component oo Flash Gas AT

; A Acid Gas
(1bmol/h) i -(lbmol/h)

N

AN N

R Y
14,205 . . 272@4?52 |
2.315 . 483,581
1 2.957 , 221,480
R - 2Mus
e

4,938 - 0.513 .
2,589 . 0.220
0,047 0
0.094 ‘ © 0,001

o .

. 0.083 ' 0.001
n-Ce _ - 0.008 0
0. 1 0
0

202 | 0.012,

Total - - - 49.023 - 3433.898
| ;-

:Pressure.(psia) . - B8O R 25
Temperature (°F) 163.04 118.0

\1‘.,//'
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| - Table 16. | ~ |

Additional Calculated Stream Properties in Example 5.4

: Prope;t§ 2 S . mP o MP .
oo I ‘ Contactor Contactor
. 3 )
Lean Amine " o ' S
H,S residual (mol/mol)‘ : . 0.008 - ,0.008
CO., residual (mol/mol) _ ' 0.005 . - 0.005
Semi-Lean Amine . I .
H,S residual (mol/mol) . - - ©0.019
co, re51dual (mol/mol) ‘ C - 0.015
. H2S Stage Effic1ency (%) P ,:95;8f ' - 93.5
. co, Stage Bfficiency (%) 44.1-51,1  33.6-38.6
Rich Amlne ‘ s o S
H,S loading: (mol/mol) _ 0.573- .  0.666 o
coz loading (mol/mol) : . 0.163 .. 0.062
Temperature (°F) 167.97 157.88
Regenerator
‘Reflux Ratio (L,/V,)  ~ -~ 0.669

Condenser Duty (MMBTU/h) : ~ 46.669




’

9.5 Low-Pressure MDEA Contactor

\

In thlS final example, the AMSIM program was used to

201

\predlct the performance of MDEA when used in a low pressure;: -

Contactor. ‘Harbison and Handwerk (1987) recently presented

detalled data for a gas plant operated by Marathon 011 in

~ northern Wy ‘The amine’ plant. was'des1gned to

selectively remove H,S from a gas 'stream availahle“at 134

psia using 30 wt % MDEA, The plant was inadvertently run

-with an amine blend ¢ontaining 21,8 wt % MDEA and 4.2'wt'%'

"DBA in water. Therefore,‘only'a qualitative”compariso;r-
between program pred1ctlons and measured data was. possible
- since the AMSIM program was| not cqgable of modelllng the

equilibrium and kinetic properties of amine blends.:

lhe'lo-stage contactor has an internal.diameter of 36
“inches and outlet we1r dlmen51ons of 2 1nches by 28 5
1nches. The active tray area accounts for 712. 6 % of the
_‘total cross- sectlonal area of the column, Lean amine
residual loadlngs were measured at 0.004 moI;st/mol amine
‘and 0.02 mol‘Cog/moluamine. The measured and predicted gas

,compositions'are given in. Table 17.

In this example, the predicted H. 'stagezefficiency was

about 85.5 % while the CO;.stage_effiolency§ranged_from'2.76'

to 3.06 %¥. The interfacial surface area waS»estimated to*be

approxlmately 280 m /m’ “The predlcted st content of 33

ppmv is lower than the measured 217 ppm. Th1s-d15crepancy



W, -

‘Measured and Predicted Gas Compositions in Example 9.5

Component . MeaSured T Uncorréctéd Predicted -
~.Contactor Contactor - Contactor
"Feed Gas Residue Gas " Residue Gas
(1lbmol/h) (1bmol/h) (1bmol/h)
H:S 13,54 0.13 0.02 .
*CO, ~125412. - 86.24. 93.95
Ch 383.77 - 380.67 383.57
C., 55.72 56.79 55.69
Cs 32.18 31.53 . 32.16
i-Cy 7.58 © . 7.94 7.58
n-Cy 13.67 - 14,44 13.67
Cs's 9.12 10.05 9.12
Ce 3.49 3.98"° 3,49
N, 7.46 7.81 . 7.46
Total 651.65 599,58 606.71
Temp. (°F) 94 125

202



SR N 1
_may be dué to an‘OVerestimatidn of the value af kg when the .
‘ generalxzed correlat1on ngen by Bqua%lon (193) is used 4,¢f X

Despite the- dlsagreement in the HzS .content, the predicted
- CO. sl1ppage of 75 % is in accordance with the neasured 69 %

value.



10. DISCUSSION OF uonnt.tmo RESULTS |
‘@‘ ‘ . . . » oy

i ’ 3

The'or1gfnal objectlves of the work set out in Chapters

f

6 to 8 included theﬁde51gn and 1mplementat1on of a new

,nonequ1l1br1um mult1stage model for analyzing the
performance oflamine treating units. The problems presented
in Chapter ‘9 were real ~life examples and they demonstrate
" the potentlal of -the AMSIM program to be a valuabie
engineerin 1fb°1' ln comblnationwath the,experimental
results,of%éﬁqpte:s 4 and 5, the nonequilibrium stage model
is capable of slmulating the performance of amine.units i
which are governed by reaction k1net1cs and mass-transfer
con51derat10ns,' 1t may therefore be stated that the overall

ob]ect1ves were successfully realized.

y
The use of ‘the component stage efflcrency concept 1n
the multistage model has been shown in Chapter 9 to be
capable ot reproduc1ng exlst1ng plant data and may be used
tpo predict the operatlon of new fac111t1es. The component
stage eff1c1ency 1s known to be a complex funct1on of
pressure, temperature, phase cqmp051t10nsp‘flow rates,
physical progerties, kinetic and mass—transfer'parameters,
chemical equilibri%m conslderations and mechanical’tray |
desxgn and dxmen51ons. rNevertheless,’the fundamental model
_ developed in’ Chapter 7 pred1cts efficiencies for H4S and COz
| absorption that‘are in accordance,with those values required.
to match the observed pertormancekof amine contactors in

selective absorption appligations.

/

L.

Fal
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| of chemical reaction in the liguid. 1In general, the
- v : ] Ib
‘predicted CO, stage efficiency decreases in the following

order

An intangible advantage of the Murphree-type efficiéncy

approach is the knowledge that'n is constrained to the

region’ in and near the 1nterva1 from 0.0 to 1. 0. In

¢ \NN“
contrast, the vapor1zatxon effxcxency ranges from iﬁb to ®

'fo:.contactors and from 0.0 to 1.0 for regeneratgrs. This
open- range makes it difficult to es}ablish guideline

efficiencies.é , ’ : @ '

A
g

.
?

liquid phase. Hydrogen. sulphlde generally reacts in the’
1nstantaneous reactlon reglme for all alkanolam1nes' o -

therefore, the predlcted H,S stage efficiencies (n) are

_the other hand usually reacts in the fast reaction regime.

Consequently the rate of. absorptlon is related to the rate'l

s

I

i

"mMEa > "DEA-” "MDEA . S (235)
. o | |

' according to the value of k,, the second-order reaction rate

.constamt.'_The,physical'significance of ‘the 5tage'e£ficiency

4 . i . ;
aids in understanding the mass transfer processes that occur

/

on the stage. . N : e

The approach to calculate the component stage

efficiency developed ‘in this work is relatively simpte and

. there is scope for future improvement. For example,ﬁitvwas

Eff1c1enc1es are related to the rate of reactlon in the

e

&

205

~similar for MEA, DEA and MDEA solut1ons. Carbon'd1ox1de} ont .

s



assumed‘that the ;iquid'on the tray was well mixed and that
the vapor passed through-the stage in plug flowy ‘Further

studxes should be undertaken to introduce a liguid mixing

5mode1 to quantxfy the effect. of backmixing on. absorpt;on

rates, This. would lead to a stage model that would account
for composition grad1ents in the liquid as it passed over

‘ o ‘ & ’

the tray..

. ¢
8

The calculated component stageveffiCiencies'were
affected.by'the predicted values for mass-transfer
coeff1c1ents and 1nterfac1al surface areas. ‘These

quant1t1es were obtalned from empirical correlations and

No comparison studies were performed in this work to
idéﬁtify differences between correlatfons{ -Additiona; nork‘
will'be'required‘in the future to properly evaluate the
"best" correlation for a édven problem type. The structure
of the AMSIM procram makes thisdrelatively simple as
side-by-side comparisons of simulation }uns using different

ks

correlations can be made easily.

The majoritywof applications of this model will be .

cases vﬁgﬁ 1nvolve the sxmultaneous ‘absorption of H,S and

-

'Coz, The 51mple mass-transfer model used to est1mate local

enhancement factors was adeqbate for.eva;uation purposes,

£

" but a more complex and rigorous model would provide’a better

206

thereby introduceéd uncerta1nt1es into the’model predxct;onsf

12 ks : .
indication of thé dynamic interaction between the acid gases\\

and alkanolamine dyring the simultaneous absorption process

v



o

¢

in. the liquid film. Both H;S and CO; compete for

alkanolamine as a reactant.

@

The expressions given by Equations (219) and (221) used

.to calculate the.CO, stage efficiency require eetimates'for

_ the concentration of OH- ion and free amine in the liquid

film at the’gas-liquid‘iﬁterface( There are similar
requirements‘when‘calculating the H,S enhancement faétor.
Thermodynamicall§ - bqsed vapdr—liquid equilibrium models
such as those discussed by Deshmukh and Mather (1977),- .
Dingmen ee al.(3983), Chakraverty (1985), Gaetam and Wareck

(1986), and Vickery and Weiland (1986) offer a rigorous

207

description offthe=concentra£ion of 1iq01d-pha§e ionic and ..

molecular species. It would be of interest to combine the:
Deshmukh—Mather model with a simultaneous absorption rate

model to predict the amounts of H,S and CO; that would be

_ abserbed from the gas passing through the liquid dispersion

on the tray. The acidic film effect described by Yu and

Astarita-(ﬁ987a) should also be considered. The
physicoeéhemical properties of the”liquﬁd film are affected

by the presence of absorbed acid gases which tend to reduce

‘the pH of the.liquid film.

~ 1t is impeftant to note that the model developed in

Chapier 7 is capable of reproducing the temperatufe profiles

' ¢bat,are measured in industrial contactors and regenerators.

£ .

The temperature profile in a contactor is affected by the

‘relative mass flow rates of gas and liquid, the amount of

;
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chemicai reaction that occurs on each tray, and ;y the vater
saturagion ofithe sour feed gas. WAter\eVapofation and
condensation‘represents a significant heat effect on the

bottom few stages in a_ cbntactor and can dra@gtically change
the simulated profile if the feed gas water saturation is
neglected, particularly‘at low pressurea. "All of the feed

gases in the examples in® Chapter 9 contain nater.

A
W

The methodology estahlﬁshed to obtain a convergent
solution to the multistage model equations proved to be very
e£f1c1ent. Absorber and regenerq;or simulations generally
converge 1n less/than 10 column iterations. The procedure
was’ 1nsen31t1ve to 1n1t1a1 assumpt;aﬂ; Qﬂd nonconvergence
'was us ally an 1nd1catlon of unrealistic input data rather
than a 1 mxtatlon of the method. Futuue work should foéus
on calcu ting the component stage efficiencies as a stage
-varlable :? the solutlon procedure rather than u51ng a |

decoupled outer loop. > : ‘ -

,The direct—substifution mechod_of converging the plant ‘
flowsheet was :fqund to‘be sufficient. The nonlinearities in’
the system acteo to destabiiize the Wegstein method and.
cause 1t to fall._ Th composifion'of the lean amine leaving
the reboiler is relat]vely unaf fected by small compos1t1on
echanges in the rich amine; therefore,.most simulation runs P
converge in fewer than fonr flows eet'iteration;. . Of |
course, hetter initiaﬁ estimates 3; the tear stream

compositions will result in fewer flowsheet iterations,




" treating solvent

11. CONCLUSIONS

A single 8 here absorber apparaths has been constructed

to measure th ”bsorption kinetics of CO; in poﬁential gas

8. The equipment has been used to‘determipe
the rates of absorptign of N,0 and CO; in MDEA solutions of
industriaé?Xnterest. The diffusion coefficient of N,0 in
MDEA solutions and the second-order rate constant for the
reaction between CO, and MDEA.were obtained from an analysis

of the physical absorption and chemical absorption studies

respectively. .

New data are provided-for ‘the second-order reaction

' rate constant at temperatures ranging from 25° to 75°C and

for MDEA concentrations of 20.wt- % and 40 wt ¥ in water.

The activation energy of the reaction was determined to be
42.7 kJ/mol. The‘experimehtal data suggest that MDEA acts
as a basé catalyst in the CO, hydrolysis reaction. The
results of this study extend the data of Yu (1985), Versteeg
et al.(1986) ané Bidarian and Sandall (1986) to higher
temperatures and MDEA concentrations. These data are
required to predict the rate of absorption.of CO, in MDEA
solutions and to éstimaté the CO, Stage efficiency in

industrial trayed contactors. \

This work also provides new data for the solubility and
d1ffus1v1ty of N,O in MDEA solutions at temperatures ranging
from 25° to 75°C and for MDEA concentrations of 20 wt % and

40 wt % in water. The results extend the work of Haimour

209
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higher MDEA concentration. These data are required when the

"N,0 Analogy" is used to interpret the results of

corresponding rate measurements using CO,.

The sphere absorber has been used to measure the effect
of piperazine on the rate of absorption of CO; in a 40 wt %
MDEA solution at 40°cC. Expertmental data are presented for
piperazine concentrations ranging from 0 kmol/m® to 0.4
kmol/m*. A threefold increase of tne CO, absorption rate
was observed when the MDEA solution contained 0.40 kmol/m’
piperazine. These data represent experimental confirmation
of the claims in US Patent #4,336,233 that piperazine is an‘
effective absorption rate-promoting additive that may be
used in bulk CO, removal processes which employ agqueous

MDEA. The mass-transfer rate promotioni%ppears to follow

the "shuttle" mechanism.

The s1ngle sphere absorber is a complex cont1nuous flow‘
device that is very d1ff1cu1t to operate, but is capable of
'permitting accurate absorption rate measurements if proper
attention is given to the control of experimental
conditions. The ditfusﬁon coefficient and second-order rate

‘ congstant were determined indirectly from experi@ental
~absorption rate data and therefore their accuracy depends on
the careful control of experimental conditions and the
accuracy of gas solubility, solution viscosity and density‘

L
data. The occurrence of ‘surface rippling was of primary
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concern in the operation of the sphere absorber, Additional

work is required to esteblisﬁ~reliable criteria to estimate’

the maximum allowable iiquid‘flowliete that will result in a
ripple free spherxcal txlm. Futther development of the
hydrodynamic model is required to include the eftects of !

" surface. tensxon and temperature-rand compos1t1on dependent -
physxcal properties when calculating the solute Qas - (\;

\;
concentration profile in the liquid film.®

3
The resulfs of this work have demonstrated the
successful use 65 :he sphere aﬁsorber to measu}e parametere
neededmto predict the rate of absorption of CO; in
industrial contactors. Similar studies may be undertaken in

" the future to measure data for other potential gas treating

solvents. -

A steady-state nonequilibrium stage model has been
developed to permit the rational design of amine coﬁtactors o
when kinetically-selective'abserpt%on of H,S from gases
containing CO, and H;S occurs. The stage model ig;orporates
a modified Murphree vapor$efficiency“which'can be related to
fundamental kinetic and mass-transfer parametefs. The
compohent tray efficiencies are strong functions of these
paramefers anﬁ operating‘variab}es such as gas-phase
velocities and the interfecial irea and dispersion heiéht
generated on a tray. The modelyconveniently makes it
possible to evaluate the effectwof }heee variables on

contactor performance.

X
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R A e T P P, .
o : A new algor1thm des1gned to obtaln a solut1on to théhmw//
A A : -
" mult1stage model equatlons was’ developed\to handle the case

o

vwhen the component eff1c1ency 1s 1ncludedyas a stage - EER IRy
"\“‘ﬁable.‘ Based on the approach of Ishii. (1973), the o \vw..

“Q{ procedure is characterlzed by rap1d and rellable convergence
-zand works well for both absorpt1on and’ dlstlllatlon type
’problems.. | ' |

’ . . . .
L The stage model and solutlon procedure were comblned in,

‘rfafsystem of i grated programs called AMSIM to. prov1de
":;ftlowsheeg 51;tlltlon capah@11t1es for purposes of
veng1neer1ngl%naly51s and process de51gn' The experlmental
'1resu1ts of Chapters 4aand 5 were used in the tray eff1c1ency
.model for MDEA based systems. Publlshed data were used . tp
d‘supply the k1net1c parameters for the other amines 'in the
”:program. A modafled Kent and E1senberg (1976) model was f' f}i
used to. pgedlct the equ111br1um solublllty of ac1d gases 1n |
”.the alkanolamlne solutlons. The AMSIH program has beenz
‘jdemonstrated to accurately predlct the performance of amlne

‘5

'_treatlng units that use MEA DEA,.and MDEA solut1ons.-"'
The ‘program uses a hybrld flxed flowsheet approach to
?151mufat1on and solves recycle calculat1ons u§1ng a d1rect’ e
j{subsgltutlon method ' The sequent1al modular 51mulator
. contalns un1t modules to handle the majorlty of gas

cond1t10n1ng flowsheets.' Con51derable,aft:ntTon was glven

‘¢ 3

to’ ensurlng a h1gh degr '111t in all of the un1t SR

37f modules.; The program contalns a global data management

e
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system | ekbffect%vely move data to and from a work area when’
¢ Eﬁ . .

"

“t modules. Sy

The AMSIM program has been developed for use both on‘
malnframeﬁand persmhal computers. ' The mainframe. program

| 1ncludes an ea51lyvunderstood free format ‘command file E

.preprocessor whlch 51mpl1f1es the organ1zat1on of 1nput |

'vdata. The PC ver51on is completely 1nteract1ve ‘and prov1des .

‘idehtical capablllty.to the malnframe program wlthout the |
CPU charges. The. AM§JM program generates concise technlcal

- 0=

: isummary reports of - calculated results. The ease of use " ‘.e
reduces the engineering time and effort spent on the des1gn

- of alkanolam1ne-treat1ng unlts.‘ This allows ‘the de51gner to
1nvestlgate complex alternat1ve flow schemes ‘and to arr1ye

S

at an optlmum process de51gn$

The results of thlS work w1ll prov1de 1ndustry w1th the
ftechnology requlred to des1gn new fac111t1es wh1ch use
, conventlonal or select1ve solvents to treat gas streams-' L;l'
”-containing H;S and COze ln parallel, the AMSIM program w1111'A
provide a reliable methodologyfto'simulate the performance
of existing progessing eqdipmeht for purposes of retrofit

modifications.
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APPENDIX 1 D

ﬁaw'Experimental Data

The raw exéerimental data that were measured using the
sphere agsofber apparatus ar? contained in~thfs appendix.v
Table A1.1 contains a chrqnological record of the conditions
stpdied‘ih exper ilments usiﬁg N0 and CO: in'pﬁyéicall
absbrptioﬁ studies. Table'h1;2 contains a similar record

for experiments using CO, in chemical absorption studies.
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Table Al.1 ' R :'}:) v
Summary of Pertinent System Variables for Experimental Runs

Involving Physicaltbbsbpétioﬁ

Date Gas MDEA . Teepol Piper, Témp.
wt % ..  wt %  kmol/m’ - °¢
85/11/22 €O, o 0.1 0 25 »
86/03/13 co, 0 0.1 0 25
86/03/17 O, 0 - 0.1 0 25
86/03/19 = CO, 0 0.1 0 . 25
86/03/21 - CO, 0 0.1 0 . 25
86/04/02 - ' CO, 0 0.1 0 25
86/05/01 - N,0 20 0.01 0 50
86/05,/02 N.,0 20 0.01 0 50
86/05/05 . N,0, 20 0.01 0 50
1 86/05/06 'N20 20 1 0.01 0 75 *
86,/05/07 N0 20 0.01 0 75 *
86/05/08  N,0 20 0.01 0 75
86/05/12 N.0 20 0.01 0 25
86/05/13 N0 20 0.01 0 25
. 86/05/23 N0 20 0.01: 0 25
86/05/28 N0 40 0.0075 0 25
86/05/29 N 20 40 0.0075 0 . 25
ss;oé?ozz N,0 40  0.0075 0 50
867/06,/03 N30 - 40  0.0075 0 50
86,/06/05 N0 - 40 0.0Q75 - 0 75
as/os;os N 20 40 0.0075 — 0 75 .
86,/06,/09 N0 40 0.0075 - . 0 75
86/06/10 N,0" Q\' 40~ 070075, 0 50

/

* the effect of liquid take-off level was measured.
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. N Table pl.2 .

Summary of Pertinent System Varjables for Experimental Runs

In&olving Chemical Absorption

Date Gas, ~ MDEA Teepol Piper. Temp.

wt % wt % kmol/m?* ° °c

'86/04/08 0.01 0 gg,‘
86/04/09 0.01 0
86/04/10 0.01 0 25
86/04/14 0.01 0 25
86/04/15 0.01 0 25
86/04/16 . 0.01 0 25
86/04/25 C0.01 L 0y 50
86/04/29 “ 0.01 ¥ o0 50
86/04730 0.01 0. 50
86/06/ 11 0.0075 0 75
86/06/12 0.0075 0 75
86/06/13 0.0075 0 50
86/06/17 0.0075 0 50
86/06/18 0.0075 0 25
86/06/19 0.0075 0 25
86/06/20 0.0075 0 40
86/06/23 0.0075 0 . . 40
86/06/25 0.0075 0.05 40
“86/06/26 0.0075 0.05 40
86/06/27 0.0075 . 0.05 40
86/06/30 0.0075 0.10 40
86/07/01 0.0075
86/07/03 0.0075 ~
86/07/04 0.0075
86/07/08 0.0075
86/07/09 0.0075
86/07/11 «  0,0075
86/07/28. 0.01
86/07/29 0.01
86/07/30 ; . ‘ 0.01
86/07/31 - CO,” 20 0,04

/08/01 . CO, T 20 .0.01

6/08/13 co. 20 . '0.01
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Date of Experiment 1985/11/18

I G S G e e Sy —-----—--——-—--—-————-———-—---‘———-——-——----—--—”

MDEA Conc - 0.0 wtX Absorbing Gas co2
Piperazine Conc 0.0 kmol/m3 Surfactant 0.1000 wt% -
Barometric Pressure 711.1 mm H Rotameter Tube 603
‘-Room Temperature . 23.0 deg o Nozzle Diam 0,60 mm"’
Manometer Right Leg 6.0 in H20 Thermo Coarse 0.0
Manometer Left Leg 5.3 in H20 Phermo Fine 0.0
Jet Elevation §8.710 cm Feed Variac 0.0 %
North Pole 88.525 cm Circ Variac 0.0 %
South Pole 83.405 cm
Liquid Take- off 80.995 cm \
Flovwmeter ' 30, mm _ 60, mm
SFM Volume 15, mL . 15, mL
Time 1 50.34 s 40.53 s
Time 2 50.20 s 40.17 s
Time 3 50,88 s ~ 40.45 s
Time 4 50.87 s 40.31 s
Time 5 50.59 s 40.70 s
Time 6 50.87 s 40.42 s
Time 7 50.65 s 40.66 s
Time 8 50.25 8 54.55 s.
Time 9 50.51's. 40.66 s

, Time 10 50.21 s 40.92 s°
Time 11 50.12 s . 40.93 s
Time 12 50.62 s 41.07 s
Time ' 13 50.82 s 41.13 s
Time 14 0.0 s 41,17 s
Time 15 0.0 s 40.92 s

‘ Start Time 15:50 16:45
- End Time  16:25 17:25
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: D@te of Experxment 1985/11/19 s
" MDEA Conc T 20,0 wek “Absorbing Gas ‘Y ocoz
-Piperazine ‘Con¢ 0.0 kmol/m¥ Surfactant . 0, 1000 wt% .

'”‘.‘ABaromAtrxc Pressure 713.9 mm“Hg ' Rotam ter Tube * 603 .
'Room Temperature ° , 22,0 deg C Nozzle Diam.- '0.60 mm
- Manometer Right Leg 6.0 in H20 '~ Thermo €oarse . 0.0
~ Manpmeter Left Leg 5.2 in H20.  Thermo Fine 0,0
‘ Jet Elevation’ . 88.730. cm  *  Feed Variac 0.0 %.°
" "'North Pole ‘88.535fcmuv " €irc Variac 0.0 %x
.. South Pole - ~.83.,435 cm ' ' :
}L1qu1d Take off~- 80.985 ¢m: .

w-Flowmeter* 30 mm GOg‘mm 40, mm 56, mm -

-« SFM Volume -+ 15, mL ‘15, mL 15. mL 15, mL '
————————— : —w-—- ‘--*-.-'.-—-‘—-———‘-—————————-—-:—————-———-.-———-—-—-—
Time 1 - -50.83 s 41.52 s 47.62°'s 45.47 s \¥\*, ”
Time 2 . 50.93 s 40,68 s 47.95 s 45.41 s i
Time. 3 ~ 50.88 s 41,14's 48,38 s 45.24 5
Time 4 - 50,73 s  41.47-s 48.06 s  45.28 s
Time .. 5. '50.84 s 41.11 s 48.09 s 45,62 S% ks
Time 6 .50.35 s 41.33 s - 48.06 s 45.51:s '

Time . 7 51.14 s 442 s 48.24 s 45,59 s

Time 8 51,17 s 41,58 s = 48.21.s 45,51 s
Time . 9 . . 51.35.s 41,70 s. 48320 s ,45.82 s :
Cpime 10 51,12 s 41,13 s 48,29 s  45.88 s AR

. 'Time , 11« 51.06 s 41.97 s 48.00 s 45,83 s 5
Time 12 ' 51.26 8 42.12,5 . 47.41 s  46.02 s -\;]71~ 6}
T1meg 13 51 24’ s.  41,85°s 48,31 s 0~0 . s
-—_—\A-—--—-——-q —————— —— - - o i~ O i W o o

gT/C R Strt"1.225 mv 1,480 mV . 1,440 mv 1,450 mV ‘
T/C 2 Strx 1.202 mV 1.452 mV- 1.415 mV 1,411 mV .
‘T/C. 3 Strt 1,130 mV 1.330 mV  1.325 mV 1% 305 mV N
S T/GN Strt .1.168 mV 350 mvV 1,332 mV 1.315 mV. |
. .T/C 5 Strt 1.170 m“$¥1'350 mv . 1.332.@mvV 1,317 mV '

. T/C 6 Strt. 1;172.Ey,r1;350 mv 1,340 mv:. 1.320 mV

tjc 7 strt . 1.312 AV 1,600 mV .1.585 mV 1.595 mV

CT/C 1 Epd 1,119 mV. 1.487 @V " 1.431 mV 41,453 mv

T/C 2 End, 1.186 mv 1,450 mV ~ 1.400 mV: 1.415-mV
T/Ct3 Epd 1,125 mVv 1,348 mV 1,310 mV 1,293 mV
. r/c74 End 1.142 mV  1.335.mv 1.315 mV 1.312 mV

. /C 5.End- 1,144 mV 1.335 mV “1.319'mV 1,313 mV ’

©.T/C 6 End .~ 1.145.mV‘ 1.335 mv_ 1,345 m¥. 1.312 mV.

: T/CMV Bnd 4.335 mV - 1.6 ' mv ~1.598 mv’

‘v-StartuTlma 13:17 163 15,

“End  Time _ 13350 16340 4
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Date of Experlment 1985/11/20
'MDEA Conc ' g ) ‘, 0.0 wt% Absorblng Gas - COo2
‘Piperazine Conc -~ 0. 0--kmol/m3 ‘guyfactant.: - 0.1000 wt¥%
Barometric Pressure  708.0 mm Hg - 'ameter Tube 603 ‘
- Room Temperature . 22.3 deg. C  Nozzle Diam . 0.60 mm
Menometer Right Leg 7.1 in H20 . Thermo Coarse = 0.0
+Manometer Left Leg: 5.3 in H20 ' Thermo Fj ey 0.0
. Jet Elevation ~88.825 cm * Feed g 0.0 %
North Pole o 88.650 cm . Circ 0 0%
South Pole : . 83.,430cm .
Liquid Take-of f. 81 045 cm :
Flowmeter 60, mm - «70. mm - 50. mm " I T

. SFM Volume 15, mL 20, mL 15, mL

1
.
3 e
4 1.
5 1.
6 -1
7 1.
1 1.
ic 2 1. 314 mv 1.
T/C 3 .End 1.206 mVv 1,205 mv 1,201 mV
T/C & End  1.284 mV .1.245 mV_ 1.220 myv
;?/ 5 End 1.285 mv 1.250 mv 1.220 mV -
" T/C 6 End > 1.295 mv. 1. 250 mv 1.220' mVv
N\ T/C.7 End 1.365 mv '1’378-mV. 1.376 mV
Start Tife - 14.10 14:55 ' 15:45

j}ggﬁr,Time 14345 - 15:10a. 16:20

Y . ‘ st



'Date of Experlment 1985/11/21 . _ : ;
.A.MDEA Conc - | L 0.0 Wty . Absorh GaS‘ © €02
.. piperazine Conc- " 0.0 . kmol/m3 . Sutfadtant - 0.1000 wt%
Barometric Pressure 713.1 mm Hg Rotameter Tube 603
. Room Temperature " 21.% deg C Nozzle Digm  0.60 mm
" Manometer Right Leg 7.0 in H20 :  Thermo Coarse 0.0

r.
LWy

End*{“Time

13:15

*14:30

153 30

Manometer Left Leg 5.0 in H2Q  Thermo Firn& - 0.0

. Jet Elevation  88.770 cm Feed Variac 0.0 %
North Pole - 88,600 cm Circ Variac 0.0 %
South Pole . .« 83.445 cm
Liquid Take-off . 81.065 cm . \
Flowmeter =~ 30. mm 50. mm 60.‘mm‘: 40. mm’ 30. mm
SFM Volume 15. mL 15. mL 15. mL 15. mL 15. mL
Time ' 1 52,53 s .43.77 s @ 41.30 s . 48.12 s, -53.95
Time - 2 - 52.10 s 43.06 s 40.99 ¢ 47.86 s 54.31
Time 3 52.95 5 43,66 s - 41.11 s " 47.84 s 54.39
Time =~ 4 53.08 s - 43.75's 41,20 s 48.09 s .53.84
Time - 5 51.75" s 43.67 s 41,20 s 48.54 's . 54,11
Time 6 53.32 s "43.89 s 40.63 s 48.54¢ s  54.40
Time 7. §3.03 s 43.57 s . 40.78 s 47.81 s 54,28
Time 8 53.27 s 44.16 s 41,16 s 47.99 9; 54.30
Time 9 53.92 s 43.80 s,  40.86 s 48.02 s 5420

. Time 10 53.80 s 43.85 s 40.93 s 48.01 s 54.52
Time 11 52.09 s - 43.80 s 41,00 s 47.92 s 54,31
Time 12 53.36.s 43.49 s 40.87 s 47.86 s 54.09
Time 13 0.0 s. 0.0 s 0.0. s 48.02 s 54.35
Time 14 0.0 s. 0.0 s 0.0 s . 48.20 s. 050
T/C 1 Strt~ 1.240:mV 4 1 286 mv 1.309 mv 1,275 mv 1.250 mV
7/C 2 Strt  1.230 mv 1.273 mv 1,290 mV 1,261 mV .1.239 mV
T/C 3 Strt 1.205 mv 1,230 mV 1.214 mV 1.182 mv: 1.172 mV
T/C & Skrt 1,209 m¥ 1,230 mv  1.226 mV 1,210 mV 1.203 @V
T/C 5 Strt 1.213.mv 1,238 mV - 1.225 mV 1.212 mv . 1.203 mV"
T/C 6 Strt. 1.209 mv ,1.233 mv 1,225 mv 1,212 mV 1.203.mV
.T/C 7 Stré 1.314 mv . 1,345 mv  1.375.mV. 1,370 twW 1.356 mV
T/C 1 End 1,250 mv. 1,295 mv 1,300 mV - 1,275 mV ~1+.255 mV,
T/C 2 End  1.239 mV  1.280 mV 1.283 mV 12860 mV 1,231 mv°
T/C 3 End 1.226- mV .3.232 mV 21,184 mv. 15177 mv 1,160 .mV
T/C 4 End: 1.218 mV 1,231 mv- 1.213'mV 1,210 mV 11196 mV.
T/C 5,Bnd  1.224 mV- 1.231 nV_ 1.215 mv. 1,210 mV - 1.196 mV"
T/C 6'Bnd  1.219-mv 1,231 mv 1,213 mv  1.210 mV. T1.210 mV
T/C 7 End  1.326 mv 1.363 mV, 1.376 mV' }.374.mvth1"§57‘mv

. Start Time 11:30 12:45 .. 13:50 - 14:56 5:50

12:00 16:30.



Date of Experxment 1985/11/22

- . - - - " e

MDEA. Conc . L 0.0‘Wt% » Absorbing Gas ~ CO2

;Pxperaz1ne Conc. - 0.0 kmol/m3 Surfactant 0.1000 wt%
Barometric Pressure 708.0 mm Hg ' Rotaméter Tube = 603
Room Temperature 22.0 deg C Nozzle Diam’ 0.60 mm
Manometer Right Leg 7.0, in H20' Thermo Coarse 0.0
‘Manometer -Left Leg 4.9 in H20 Thermo Fine 0.0

- Jet Elevation -88.700 cm Feed Variac . 0.0 %

- North Pole .. 88.,530'cm Circ Variac 0.0 %
South Pole . 83.335 cm - J . 0
Liquid Take-off - 82.505 cm o

e e e e e e e o i e o i o e e e B e e —————— e o i e o
Flowmeter 40. mm
SFM Volume 15. mL e

_____________ e o o o o e o e o e o M e e e
T1me 1 | 53.41 s
Time 2 54.45 s

“Time 3 53.79 s
Time = 4 54.38 s
Time . 5 53.84 s

- Time 6 * 53.99 s
. Time 7 54.17 s
:,sgngime 8 54.96 s - //’

. Time 9 . ,53.66 s

. Time * 10 ~  54.09 s . - ,

» Time 11 53.54's E °
© Time 12~ 54.70 s )

~T1me' 13 53.64 s

. s
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knnte ofgﬂ periment 1985/11/22 ‘ .

V. ..__....._---...--.-.-..--——-——-—--—---‘- —————— e ———— L :
-MDEA Conc 0.0 wty -, Absorblng Gas -~ CO2
Piperazine.conc.. . . 0,0 kmdl/mB',Surfactant '0,1000 wt%

Barometr1c(Pressure 708.0 mm Hg Rotameter Tube 603
" Room. ?emperature '22.0 deg C Nozzle Diam = 0.60'mm
. Manometer Right Leg 7.0 in H20 ThermO'Coarsé 0.0 S

Manbmeter Left Leg - 4.9 in H20 Thermo Fine . 0.0 .

. 'Jeg,Elevat1on - 88.700 cm ¢ Feed Variac 0.0 %

" North Pole - .88.530 cm , C1rc Variac. 0.0 %

. south,Pole - 83.335 cm '

‘ Laqu1& Take- of f 82.000 cm
Flowme%er 40, mm 5
SFM Volume 15, mL o
'.—"“'""f&}-—-""""‘—"v"-""-—“‘""‘ ------------------------------- 7"‘" v
Time 1. 49.86 s o ‘
Time - 2% 49.51 s
Time. 3. 50.06 s
Pime. 4 . 50,01 s
Time 5 % 49,80 s
Time 6 49,55 s R
Time 7 - '* 49.95 s o
Time 8 ! 50.02
Time 9 7 49, 7;5% :
Time 10 . 50,0/
Time 11 : 50837 s
Time =12 . 49.76 s
T/C 1 Strt- '].245 mV
T/Q 2 Strt 1.230 mv
T/C 3 Strt- 4,177 mV -
T/C 4 Strt’ 1.190 mVv
T/C-5 Strt 12190 mV
T/C 6 Strt . 1.190 mV
T/C 7 Strt  1%320 mV (
T/C 1 End  1.248 mV A
T/C 2 End 1,230 mV g
?/C 3 End - 1.180 mV ¥ .

- - T n - . - ———— ——— -

Start Time "ﬁ12€50
'-;End Time
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Date of Experlment 1985/11/22

e - . 4 - " " > - L L ) iy i o G oy o e o o s - - - -

MDEA Conc . ..0,0 wt¥% Absorblng Gas 002 ‘
Piperazine Conc 0.0 kmol/m3 Surfactant -~ 0.1000 wt%
Barometric Pressure 708.0 mm:Hg ‘~1Rotameter Tube - 603 # . oo
Room Temperature 22,0 deg C Nozzle Diam .,0.,60 mm
Manometer Right Leg - 7.0 in H20 Thermo Coarse 0.0 '
Manometer Left Leg . 4,9 in H20 Thermo Fine , 0.0
‘Jet Elevation . 88.700 cm: . - Feed Variac - 0.0 %
North Pole o '88.530 cm Circ Variag 0.0 %-
South Pole . 83.335 cm . I '

. Liquid. Takehoff 81.500.cm )
-Flowmeter 40, mm

SFM Volume = 15, mL

- T . - - S S om N e S G G R s e S e e e S e e ey e A ER M S S S e e e e

Time 1 47.88 s N
Time 2 47.91 s
Time 3 47.61 s *
Time 4 47,82 s .
Time 5 47 .86 s :
Time 6 48.53 s
Time 7 47.68 s
Time 8 48,02 s
Time 9 48.62 s "
Time .10 47 .84 s
Time 11 48.15 s i
Time 12 47.84 s
T/C 1 Strt 1.250 mV ¢
T/C 2 Strt: -1.236 mV
T/C 3 Strt 1.179 mV
T/C 4 Strt  1.190 mV
T/C 5 Strt 1.190 mv
T/C 6 Strt™ 1.190 mV
T/C.7-Strt 1.340 mV
T/C 1 End 1.255 mv
T/C 2 End - 1.235 mV :
T/C:3 End 1,179 mV ,
T/C 4 End” 190 mVv
6-.
7

Start Time = 13:50
End - Time  14:25



| Q Date of Expéfiment f985711/22

---.---—-----u-------———-—-——--u-—-—-—--—-ua---—-_--_—————---—

MDEA Conc .. 0,0 wtk Absorbing Gas ~° CO2
‘o _ Piperazine Conc . 0. 0 kmol/m3 Surfactant 10,1000 Wty
7. . “Batometric’ Pregsure 708,0 Im Hg -~ “ Rotameter Tube 603 -

o Room Temperature ' 22.0 deg c Nozzle Diam. 0,60 mm

P Manometer Right Leg 7.0 in H20 '~ThermotCoarse + 0.0
o Manometer Left Leg 4.9 in H20 Thermo'Fine 0.0
T Jet Elevation, "w 88,700 .cm ‘Feed Variac - 0.0 %
+%  NorthPole 84530 ¢m Circ Variac 0.0 %
A ‘South Pole 3.335 em '
g”ff;' Jg1qu1d Take- off + '81,000 cm
J o .. lnwmeté{ 40,  mm -
L -'SFM Volume 15, mL

Time 1 47.42 s

Time 2 . 47.67 s

Time 3 47.74 s :

Time ' 4 48,17 s

Time 5 48,35 s

Time 6 47.93 s

Time 7 47,95 s "

Time . 8 . 48.14's

Time 9 47.88 s

Time 10 48.36 s

Time 11 48.38. s

! Time 12° 48,27 s

T/C 1 Strt 1.258 mV

T/C 2 Strt 1.236 mV

T/C Strt 1.176 mV
- T/C 4 Strt 1.190 mV

@ s > . . . o S o T G A mm e e e e S e e e e R T S G S e S e e e e e S e 2SS S



MDEA Conc 0.0 wt% ‘ Absorbing Gas . CO2
Piperazine Con 0.0 kmol/m3ge Surfactant 0.1000 wt¥%
. Barometric Pres ire 708.0 mm. Hg WgRotametér Tube 603 . ..
Room . Temperature : 22.0 8eg C =~ Nozzlé Diam 0.60 mm
Manometer Right Leg 7.0 in H20* Thermo Coarse 0.0
. Manometer .Left Leg 4.9°in H20 Thermo Fine 0.0
Jet. Elevation 88.700 cm Feed Variac = 0.0 %
North Pole , 88.530 cm ., Circ variac 0.0 %
South Pole . - + 83.335 cm . :
Liguid Take-off 80.500 cm
Flowmeter 40, mm
SFM Volume/ :d5. mL
--—------—-:\_,{é'-, —————————————— I-;-----—.-—------—---—-—--'-’— ------
Time 1 + 48,04 s -
Time 2 48.57 s oy
Time ‘3 48.65 s td
Time 4 48,77 s ¢ '
Time 5 48,44 s
Time 6 48.84 s
Time 7 48.34 s
Time 8 48.37 s L
Time. 9  .48.75 s i
Time 10 48.47 s R
Time 11 48.75 s il
Time 12 48.53 s ’
T/C 1. Strt 1.275 mV .
T/C 2 Strt - 1.259 mv
T/C-3 Strt: 1.190 mV
T/C 4 Strt ' 1,205 mV
T/C 5 Strt 1.225 mV
T/C 6 Strt 1.234 mV
T/C 7 Strt 1.367 mV .
T/C 1-End  1.271 mV
T/C 2 End 1.250 mV
T/C 3 End -1.186 mV .
T/C 4 End 1.200 mv
5
6
2

Date oﬁ Experiment 1985/11/22
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Date -of Experiment 1985/11/26

—--——-——---——---_———--,-——---——-—--——¢———-—-——————_————-—--—-

- MDEA. Conc
Pxperazlne Conc . .
-Barometric Pressure
Room Temperature
Manometer Right Leg’
Manometer Left Leg

0.0 kmol/m3 Surfactant  0.4000 wt%
708.6 mm Hg... Rotameter Tube ' 603
21.5 deg C/ Nozzle Diam .0.60 mm’
.7.0 in H20  Thermo Coarse 0.0
. 5.0 in’H20  Thermo Fine 0.0
87.765 cm " Feed Variac 0.0 %
87.560 cm Circ Variac 0.0 %
82.410 cm : . ‘
079,930 cm
60, ‘mm 40, mm’ 50. mm 60. mm
15. mL 45, mL 15. mL 15. mL
39.67 5 46.65 s 43.07 s 40.02 s
40.16 s 46.41 s 42,88 s 40.53 s
39.46 s 46.20 s  43.05 s '40.57 s
39.91 s 46.46 s 42,83 5 -40.38 s
39.69.s 46.27 s 43.05 s 40.36 ¢
39,91 s 46,58 s 43,09 s '40.62 s
40,06 s 46,16 s 42.87 s 40.50 s
40,11 s 46.35 s 43.13 s 40.50 s -
39.99 s 46.13 s 43.11 s 40.25 s |
40.11 s- 46,05 s 43.09 s 40.69 s
40.10,s 46.60 s~ 42,95 s~ 40.75 s
39,82s 47,04 s 43,01 s 40,54 s
0.0 s 46,43 s 0.0 s 40.63 s
1.200 mv 1.182 mv 1.210 mV 1.225 mV
1.190 mv 1.170 mVv  1.194 mV 1.208 mv
t+.137 mvV 1.140 mv. 1.144 mv 1,140 mV
1.145 mv  1.130 mv, 1.135 mv '  1.131 mV
1,145 mv 1.130 mv® 1.135 mv  1.131 mV
1.142 mv  1.130 mv 1.135 mV 1,131 mV
1,250 mv  1.260 mv 1.291 mv 1.302 mV
1.200 mV 1.190 mv 1.210 mV 1,228 mV
1,190 mvV  1.173 mVv' 1.194 mv 1,211 mV
1.140 mV 1.138 mv 1.140 mvV 1.141 mV
1.139 mv 1.130 mv 1.130mv 1.132 mV
1.139 mv 1.130 mv 1.130 mV 1.132 mv
1.139 mV 1.130 mv  1.130 mv 1,134 mV
1 258 mv 1.275 mv 1.295 mv 1.307 mV
13:08 14.00 14:55 15:45
13:30 15:23

12:38

Jet Elevation:

~ North Pole B
“South Pole
Liquid Take-off
Flowmeter 30, mm
SFM Volume 15; mL
Time 1. 51.41
Time 2 51.31
Time 3 50.94
Time 4 51.69
Time '% 51.67
Time 6 51,34
Time 7 51.30
Time 8 51.13
Time 9 51.18
Time 10 51.36
Time 11 51.26
Time 12 - 51.56
Time 13 51.34
T/C 1 Strt  1./203 mV’
T/C 2 Strt - 1.197 mV
T/C 3 Strt 1.130 mV
T/C 4 Strt 1.176 mV"
T/C 5 Strt 1,180 mV
T/C 6 Strt 1,180 mV
T/C 7 Strt 1.223 mV
T/C 1 End 1.165 mV
T/C 2 End 1.165 mV
T/C 3 End 1.135 mv
T/C 4 End 1.140 mv
T/C 5 End 1.140 mv
T/C 6 End ~ 1.140 mV
T/C .7 .End 1.230 mv
Start Time 12:10
End Time

0.0 wt%

- Absorbing Gas

14:30°

Cco2

16513

&
§
R S

~
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‘ Date of Experiment 1985/12/ 3

14:50

" co2

- MDEA Conc 0.0 wt¥%: Absorbing Gas .

Piperazine Conc ‘0.0 /kmol/m3 Surfactant 0.1000 wt%
‘Barometric Pressure: 694.7 mm Hg- -  Rotameter Tube - 603
"Room Temperature = 21, 51 deg C | Nozzle Diam  '0.60 mm
. Manometer Right Leg 7.0 in H20 ; Thermo Coarse 0.0

‘Ma eter Left Leg 5.0 in H20 ‘Thermo Fine ' . 0.0

Jet ‘Elevation | 87.800 cm + Feed Variac’ 0.0 %
.North Pole 4 ‘87 595 cm Circ Variac 0.0 %
" south Pole" j 82, 515 cm :

Liquid Take off % 80,055 cm .

e —————— 4&------—-—-——----4 -----------------------

;Flowmeter 30. mm? 40, mm 50. ‘mm 60. mm

'$FM Volume - 15. mL 15, mL 15, mL 15. mL

--------------------- Fabatubatatle ke vl St Sl ety

Time 1 53.74 5. 46.36 5 42465 s  39.51 s ’

Time 2 53.80 s - 46.51 s 42,11 s 39.71 s

Time 3 53.41 s 46.36 s 42,50 s 39.89 s

Time § 53244 g, 46.43's 42,45 s° 39.77 s

Time 5 . 53.83 s 46.49 s 42,52’ s 39.91 s

Time 6 - , 53.88 si; 46.80 s 42.46 s 39.84 s

Time 7 54.03 s™ 46.38 s 42.56 s  40.16 s

Time 8. 54.09 s- 46.66 s 42.66 s 40.29 s

Time 9. 54.02's, 46,36,5 42.59 s, 39.74 s

Time 10 53.96-s 46.47 s 42.42 s ! 39.95 s

Time 11 53.83 s 46.57 s 42.63 s 2 40.05 s

Time 12 54.13 s 46.4Q s 42.37 s 40.20 s

m?me 13 0.0 s 0.0 s 0.0 s 39.79 s

T/C 1 Strt 1.210 mV 1,237 mV 1.266 mV 1.307 mV /

T/C 2 Strt 1,197 mv 1,217 mV 1.248 mv /- 1,281 mv

T/C 3 Strt 1.161 mV 195 mv  1.207 mv 1.196 mV

T/C .4 Strt 1.170 mV .186 mv 1.180 mv 1,190 mV

T/C 5 Strt 1.164’mv 162 mv 1.161 mv 1,170 mV

T/C 6 Strt 1.175 mv 1,180 mv . 1.7185 mV 1.191 mv .

T/C 7 Strt 1.240 mv 1,267 mV 1.301 mV 1,350 mv

T/C 1 End 1.221 mvV 1,246 mv 1,285 mv. 1.315 mV

T/C 2 End 1.205 mV 1.228. mvV 1.260 mv . 1,289 mV

T/C 3 End 1.184 mv 210 mv  1.205 mv 1.193 mV

T/C 4 End¢ 1.170 mV 180 mv 1.185 mv ~1.190 mV

T/C 5 End 1.155 mV 160 mv . 1,165 mv 1,180 mv

T/C 6 End  1.170 mV 181 mv 1.186 mv 1,195 mV )

T/Cl7 End 1.255 mvV  1.280 mv 1.326 mv 1,358 mV

Start Time 12:25 13:25 14:25 15320

End Time 12:58 13:55. 15:52

.;{
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MDEA Conc
Piperazine Conc .
" Barometric Pressure
Room Temperature
Manometer Right .Leg
Manometer Left‘Leg
Jet Elevation

- o . b - —— - A v — - . Y e S G S e G W e G N G WS SR e S e e n e s e O R e e

Absorbing Gas
- 00,1000 wt%

Surfactant.

Nozzle Diam

Feed Variac
Circ Variac

Rotameter Tube

Thermo Coarse
Thermo Fine

0.60 mm

- —— . O S S - W b S e mn S e G En AT EA e S G e Ae e S L e S G AR G e T M e e e S e e

- - - ——— — —— T —— - - - e G m G e TS e o G S G S S e T e W e e e T e o

1,188
1.185.
1.. 185
1.174

1,175

.175
1.200"

. - e . = - - S o e o - = T S e e T S M e e S g e A eSS s n e e e

0.0‘wt%
0.0 . kmol/m3
705.0 mm Hg ',
22.0.deg C
" 7.0 in H20
5.0 in H20
87.735 cm
North Pole -87.525 ¢cm
~South Pole- 82.445 cm
Liquid Take-off 79.995 cm
Flowmeter 30, mm 50, mm 60, mm
SFM Volume 15, mL 15, mL 15. hL
Time 1 51.68 s 42.65 s 40.58 s
Time 2 51.76 s 42,92 s 40,53 s
Time 3. 51.59 s 42.57 s 40.82 s
Time 4 51.77 .8 42.77 s . 40.99 s
Time 5 52.02 s 42.90 s 41.01 s
Time 6 51.77 s . 42,93 s . 40.65 s
Time 7 51.74 s 42.91 s 40.67 s
Time 8 52.16 s 42,89 s 40.69 s
Time 2 52.09 s 42,85 s 40.93 s
Time 1 52.09 s 42,64 s 41,02 s
Time 11 52.20 s 42,68 s 40.91 s
Time 12 51.93 s 42,79 s 41,07 s
Time 13 0.0 's 43,07 s 0.0 s
Time 14 0.0 s 0.0 s 0.0 s
‘T/C 1 Strt 1.165 1.176.mv. 1,181 mV
T/C 2 Strt 1.175 mV 1,176 mv . 1M83 mv
T/C 3 Strt 1.153 mVv 1,160 mv 1:170 mV
T/C 4 Strt 1.16¥ mv 1,160 mv 1.170 mV
T/C 5 Strt. 1. 165“”V 1.164 mv 1.170 mV
T/C 6 Strt 1.165 mv 1,170 mv 1.171 mV
T/C 7 Strt -1.181 mV - 1,198 mV 1.194 mV
T/C 1 End 1,169 mv 1,176 mV  1.186 mV
T/C 2 End 1.170 mV 1,175 mv. 1,182 mV
'T/C 3 End 1.143mV 1.162 mV -1.170 mV
-T/C 4 End 1.152 mV: 1,162 mv 1.165 mV
T/C 5 End _1.155 mV 1.163 mv 1.165 mV
T/C 6 End 1.155 mv 1.161 mv 1.165 mV
T/C 7 End 1,200 mV - 1.195 mV 1.205 mV
Start Time 12:00 13:00 14:00
End Time 12:27 13:30 » 14:27

15:00

15:30
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MDEA Conc ‘ 0.0 wt¥% Absorbing .Gas Co2
Piperazine Conc 0.0 kmol/m3 Surfactant  0.1000 wt%

Barometric Pressure 702, 5 mm Hg : Rotameter Tube 603

Room Temperature -~ - 22.0 deq*C *~ Nozzle Diam - 0,60 mm
- Manometer Right Leg 7.0 in H20. Thermo Coarse 0.0

Manometer Left Leg 8,0 in H20 Thermo Fine 0.0

Jet Elevation - -87.775 cm Feed Variac 0.0 %

North Pole . 87.525 cm Circ Variac 0.0 %
~South Pole 82.415 cm v : o

Liquid Take-off 80.025 cm . '
_ Flowmeter * 30, mm 60. mm 40. mm 50, mm

SFM Volume 15, mL 15, mL - 15. mL 15, mL

Time 1 51.66 s 40.27 s 47.16 s 44.56 '8

Time 2 52.52 s 40.08 s 47.04 s - 44.52 s

Time 3 52,77 s 40.40 s 47.20 8 44.52 s

Time. . ¢4 52.49 s 40,38 &  47.23 s 44.14 s

Time 5 52.53 s 40.42 s 47.61 s 44.46 s

Tinle 6 52.77 s 40.77 s 47.44 s. 44.11 s

Time 7 52.95 s 40.50 s 47.68 s+ 44,50 s

Time 8 53.08 s 40.41 s 48.08 s 43.89 s

Time 9 52.56 s 40.16 s 48.04 s 44.13 s

Time 10 52.34 s 40,93 s 47.85 s 44,25 s

Time 11 - 52.72 s 40.53 s 47.78 s 44.45 s

Time 12 53.03 s * 40.52 s 47.43 s 44.41 s

Time 13 53.08 s 0.0 s 47.77 s  44.38 s

T/C 1 Strt 1.145 mv 1,145 mV 1.145 mv 1,150 mV

T/C 2 Strt . 1,157 mV 1,155 mV 1.144 mV  1.147 mV

T/C 3 Strt 1.136 mV 1,155 mv 1,160 mv 1.150 mV

T/C 4 Strt 1.143 mV 1.131 mV 1,127 mv . 1.129 mV

T/C 5 Strt 1.143 mV 1,131 mV 1.129 mv  1.129 mv

T/C 6 Strt 1.143 mv 1,131 mV 1.129 mV 1,129 mv

T/C 7 Strt 1.170 mV 1.155 mv 1.166 mV 1,183 mV

T/C 1 End 1.136 mv 1.151 mv 1,151 mv 1,150 mV

T/C 2 End 1.141 mV “ 1,150, mV '1,145,mV '1.145 mV_

T/C 3 End 1.145 mVv 1,157 mv 1.150. mVv 1,145 mV

T/C 4 End 1.122 mv 1,125 mvV  1.126 mV 11.127 mv

T/C 5 End  1.122 mVv 1,125 mV S1.126mv 1,127 mvV

T/C 6 End 1.125 mv 1.125 mv 1,126 mVv 1.127 mV ¢

T/C 7 End 1.175 mV 1.161 mv 1.180 mv 1.180 mV

Start Time . 12:20 13:40 14:30 15233

End Time  13:10 14:05 15:07 16:07



Date of Experiment 1986/ 2/ 3

MDEA Conc T 2000 wex Absorbing Gas |

Piperazine Conc 0.0 kmol/m3 Surfactant 0.0100 wt% ‘WW'
Barometric Preasura 699.8 mm Hg Rotameter Tube 603 | 3;
- RooMm Temperature - 23.0 deg C- - Nozzle Diam ,-.016Q\mm1~
Manometer Right Leg 6.5 in H20 ' Thermo Coarse' 0.0 |
Manometer Left Leg - 5.4 in H20 Thermo Fine 0.0
Jet Elevation . 87.330 cm Feed Variac 0.0.%
' North Pole- - 87.120 cm Circ Variac - 0.0 % %
South Pole © 81.950 cm ﬂ . .

Liguid Take-off 45 79.600 cm ‘ ‘ - o
Flowmeter 60. mm'(
SFM Volume 10. mL

Time 1 66.74 s

Time 2 '67.13 8

Time 3 67.38 s N
Time 4 67.38 s

Time 5 67.18 s

Time 6 67.64 s

Time 7 66.78 s ;
Time 8 66.54 s o

Time . 9 66.38 s

‘Time 10 66.91 s

Time 11 67.36 s .

Time 12 . 66.17 s

Time 13 66.88 s

T/C 1 Strt 1,195 mV

T/C 2 Strt 1.195 mV

*T/C 3 Strt 1,145 mV

T/C 4 Strt 1.190 mV

T/C 5 Strt 1.190 mV

T/C 6 Strt 1.190 mV

T/C 7 Strt 1.215 mV

T/C 1 End 1.193 mv y

T/C 2 End . 1.193 mV

T/C 3 End 1.145 mV

T/C 4 End 1.180 mv .
T/C S End 1.180 mv

T/C 6 End 1,180 mVv

T/C 7 End 1.212 mV

- v - . " S o e n = M T A G e TS G e e TR e e S S S s e e
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¥,

MDE! Conc /' 20. 0 wt% Absorping Gas ‘l&o
Piperazine Conc 0.0 kmol/m3 Surfactant 0.0100 wt¥%
Barometric Pressure 699.8 mp Hg / Rotameter Tube 603
' Room Temperature . -.23.0.d€g C  Nozzle Diam. ¢ 0,60 mm .
4Manometer Right Leg 6.5 in"#20 Thermo®oarse 0.0
¥ Manometer Left Leg 5.4 in H20 Thermo Fine 0.
Jet Elevation 87.330 cm Feed Variac
North Pole 87120 cm Circ Variac
South Pole 81,950 cmi. .
Liquid Take-offgL ~120 cm
Flowmeter 60, mm
SFM Volume 10. mL , ‘
Time . 1 70.75 s
Time 2 71.12 s
Time R 70.83 s
Time 4 71.19 s ’
Time 5 69.90 s ‘
Time 6 71.29 s
Time 7 69.95 s
Time 8 70.76 s
Time S 69.22 s
Time 10 71.56in8
Time 1 7ﬁ\62_.$ 4
Time 12 74,02 .8+
Time 13.. 70.40°s ¢
Time 14 ° - 6983 s *
Ti}ne;‘. 15 11,06 s
‘n/CC Str% n.2b5”mv R
T/C 2 5trf 15205 mv
, T/C-3 Strt b.145 mv
T/C 4.Strt, 1 499 mv i %
T/C 5 $tre 1,199 mv K . b ‘
T/C. 6-Stre”* 1,207, mw i L i
CT/C TosErt i2ai md b
T/C 1 End “q.zo8md - o T
- T/C 2"End .w 210 mv:- .
CP/C3ERG, L1ut4lmvo . )
~'r/c 4.Eng’ 5‘1 215 mv . L "
T/¢;5 End.t ¥1.215 mv ' b
T/C 6 Ehd{. 5 1.224 MV
T/C T Endi~”;.186 mv o
_—-,_r ——————— " _______________________________________________
Start . Tlme ‘*13.2v. Y ‘
End T1me 13:57 3
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Date of Ex riment 1986//2/ 3

. MDEA Conc ' . 20,0 wt%.
‘Piperazine Conc 70,0 kmol/m3~
Barométric Pressure 699 8 mm(Hg
Rogm. Tempe;ature. +23.0 deg C -
quometer Right Leg~ 6.5 in HZO'
- Mafhometer . Left Deg 5.4 in HQO
Jet Elevatlon 87.,330-cm’
"North ®ole 87.120 cm‘.
SOuth Pole "+ ' - B81.950 cm ..
Liquid Taie*off + 80,735 cm

> -———-_-—-——————————_————_—_._—_.,—

C1rc Varlac

" Flowmeter, 60. :mm
SFM Volume 10. mL
Time 1 " 66.66
JTime . ~2-- 66.83
Time " 3 67.46
Time 4 +  65.67
Time - 5 . 67.3]
Time 6 = 68.13
Time 7 . 67.40
Time 8 67.2
Time - 9 67.
Time 10 67.99
Time 11 68
Time = 12 67.42
Time 13 - 67,32
Time 14 66.81
T/C 1.Strt. -1.170 mV
T/C 2'Strt ~1.181
T/C 3 'Strt . 1.145
T/C .4 Strt - 1.180
T/C.5 Strt. 1.180
T/C 6 Strt 1.180
T/C T Strt. 1.178
T/C 1" End 1.185
T/C .2 End. :1.18
T/C 3 End 1.
f/c 4 End. -1.170
T/C 5 End: ' 1.170.
T/C 6 Bnd® 1:,170
T/C 7 End  1.2080 :
e e S S S ST T e 3
Start Time . 14
End  Time - 15¢
R T -

254

Absorbing Gas N20O «
Surfactant . 0,0700 wth,
.Rotameter Tube 603
Nozzle Diam 0.60 mm
“Thermo Coarse 0.0
Thermo Fine 0.0
Feed. Varlac 0.0 %

0.0 %



20. 0

wt%

| Absorb1ng Gas

e rtd : 0.0 kmol/m3 Surfactant 0. 0100 w&ﬂ
Barometric Pressure 699.8 mm.Hg  ~ Rotameter. Tube
Room. Temperature . 23.0 deg o Nozzle Diam 0,60 mm
' Manometer Right Leg 6.5y H30 . Thermo Coarse o

‘Manometer Left Leg . 5.4 in H2O " “Thermo Fine

Jet Elevation 87.330 cm Feed Variac %
North Pole . . 87,120 cm . Circ Variac %
‘South Pole . '81.950 cm ' :
Liquid Take off 78.690. cm
Flowmeter 60,-mmﬁ
SFM Volume 10, mL

Tlme-‘f1. 67.03 s e e ¥
Time 2 66.50 s . ‘ :
Time"* 3 67.02 s e -~ ‘
Time = 4 67.24' s = S o,
Time 5 67.52 8 K . 4-’5’
Time .6  66.70 s S
Time ' 7 . 67.61 s * !
Time 8, 67.¢82 s Py
Time 9. ... 67.55 s :
- Time: 10y, 67.79 s R
Time 11 .. 67422 S. i
“ Time 12 . 68.16 §

T/C 1 Strt. 180 mv .

T/CT2 StrE, 1.183 mv
T/C 3 Strt  1.144 mV . )
T/C 4 Strt 1,170 mv_ " - .

T/C 5 Strt 1,170 mv. .
T/C 6 Stre .1.070 T el o e ot .

TIC 7 Strt 1.5196 mig AR T &gﬁﬁ‘ AR

T/C 1 End 1,190 mv. - v g L
T/C 2 'End - 1,190 mV» 4 N I
T/C-3 End 1.146 mV" D T

~T/C 4 End  1.167 mV o~ X

T/C 5 End ™ 1.167°mV , - |
T/C: @ End 1.168 m® \ . N
T/C 7 End . 1.210 mV o 2 8 |
Start Time ¥5:30" i :

\End Time  -15:55 “hgﬁ -

. yﬂ - ; 5 ’
¥ s - T o
, >




":Date of Expeglment 1986/ 2/ 3
MDEA Conc 20.0 wt% = Absorbing Gas  N20 |
Piperazine CGD 0.0 kmol/m3 Surfactant  0.0100 wt% '
Barometr1c Pre'ssure 699.8 mm Hg. ARotameter‘Tube 603
ROOM Temperature - 23.0t deg C .1 Nozzle Diam 0.60 mm

Manometer Right Leg. . 6.5 in H20 ‘ Thermo Coarse ' 0.0

* Manometer Left Leg 5.4 in H20 " Thermo Fine 0.0 :
Jet‘EleVation . 87.330 cm, Feed Variac - 0.0 % .
. No Pole - 87.120 cm Circ Variac 0.0 %
“w _ Soulth. Pole. . 81,950 cm . ° ‘
quuxa.Take off. 80,115 cm

——-’--«—-————'— -—_-——-.-—————_——.._———-——_———_——_——_-_._....—

"1

 Flowmeter . ~60.7fm ‘ . T

SFM Volumé 10. mL N : .

e ————— ,.i'.__;..__...-_..‘... _________ e R —————————— — -
Time 1 67.23 s - , “ co e

Time 2 67.57 s

‘Time - 3.° 67.03 s

Time 4. 67.23-s .

Time - 5 67.95 °s

Time 6 67.09 s

Tige 7 68.01 s '

Time 8 " 68.30 s ¢ v

Time = 9 68.48 s .

‘Time 10 67.84 s, :

Time 171 68.39 s _

Time 12 '67.83 s B .
Time 13 67.73 s - ‘

Time 14 67.43 § ,

Time 15 66.60 s - )

A iataiah bk Lt bbbt bbb ubaiea it St e e A ..
T/C 1 Strt 1.180 mV . YT
T/C 2-Strg . 1.185 mv . =% s .
T/Ce3 Strt - 1.150 mv"

- T/C 4., Strt 1.165 mV

. T/C ?trt ‘1,165 mv. |
‘ T/C trt 1.165 mv y {
- T/C7 Strt, 1..18*
T/C 1 End 1.175
T/C 2 End 1.176,mv. s - S
T/C 3 End = 1. 147 mv e L : . , e
T/C 4 End 1.160 mv. S R F

" %/C.5 End - 1.160 mv . O S " ‘
T/C 6 End 1.161 my B « .
?/C 7 End  -1.195 V- Y , b
L ittt b ot indeh Satab R et ik bt b Rk Vit ainsiei st
‘Sart Time 16 10 e o 3 e )
hEQ% _Tlme 1645 T

L . . \
R ] v
, B .
- : - '3



Date of Exper1ment 1986/ 2/ 7
‘MDEA.- Conc °, K 20.0 wt% "‘Absorb1ng GasL ‘ N20
’ Plpera21ne Conc 0.0 kmol/m3 Surfactant " .. 0. 0100 wt¥
_Baromettic Pressure 710.1 mm Hg ~ Rotameter Tubé. ,603
Room Temperature 23.0 deg C ~ Nozzle Didam- %0, 60 mm
- Manometer ‘Right Leg 6,1 in H20 .  Thermo. Goarse 0.0
‘Manometer Left Leg 5.8 in H20 Thermo Fine "”, 0.0 .
~Jet Elevation* - 87.585.cm. Feed Variac. ~~ 0.0'%
‘North Pole .- ' 87.380 ¢m Circ Varidc 0.0 %
South Pole ~82.230 ¢m SR
qudfa Take-off - 79.860 cm . .
. ---—~-~~—-—"-~--?‘-F--r—*-f-1--*rqff-~-—-—*---~* --------- -
'Flowmeter - * 45. mm ~ 75. mm ' 30..mm. . 60. mm
SFM' Volume 0. mL 10, mL ~ 10. mL 10. mL
Time 1 ‘ 77.81 s 63.02 s 92.73's 66.25%s
Time 2. »77.95 8 62.86 s 92.07 s 68.01 s
Time 3 77.61. 8 62.37 s 93.21 s 67.87 s
Time. 4 - 78.31.s -62.20 s 93.09°s 68.34 s .,
Time 5 - 78.03°s  61.79.s. 92.54's  67.80 s . .
. Time: 6 77.7¢ s .. 62.21's" " 93.21 s  67.71 s
‘Timeyr 7.7 77.67 s 62.27 s 93.57 s 67.76 s
Timei’ 8 77.8% s . 62,87,)s 92,78 s 68.23 s S
Time 9 , 75.87 s 63.08 5. 93.33 5 67.21 s K28
Time 10 76.84 5 . 62~ '7.93.58 5 ,68.76 s . N .
~ Time ' 5 s  6iyas 93.87 s' .67.58.s "
Time ’ s s+ 93.51%  67.33 s .
Time s s 0.0 s 0.0 s N
Time S S 0.0.,s 0.0 s.
Time s S 0.0 's .0.0 s .
- Time s 9.0 s 0.0 s.
- Time . s 0.0 s 0.0 s
___________ e :
T/C
. T/C 2,
T/C
-T/C
.T/C
T/C, 6
"T/Cw 1 v
T/C?;, s 1. , - 1.187
T/C 2 End 1,186 mv. 1,185 av- 1,171 mv -1,180 mV
,T/C 3 End 1,170 mv 1'170,mV<'1.165 mv 1,169 mV
T/C*4 End - 1.174 mv 1.,169.mV 1,163 mv  17167-mV e
T/C'5 End  1.17¢ mv 1,169 mv  1.%63 mv- .1.166 mV ~ *
T/C 6 Bnd 1,174 mv 1,169 mv 1,163 'mv 1.

 Start.Time  12:00 ' 18:10  18:02 - 15:15. S
" End  Time  12:47 . 13:36 14:50 - 15:45 » ‘
. v . e coo x
: :;?W o N . ! St |
5 R - | ¥
i Coew L ‘ . T T ’ s y
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MDEA Cmnc S 0.0 wt% \)Ahﬁorb1ng Gas ~ CO2°
- Piperazine-.Conc . " 0.0 kmol/m3 - Surfactant - 0,1000 wt%
Barometric Pressure  697.2 mm Hg * }Rotameter Tube 603
Room Temperature- w 25.0 deg C Nozzle Diam. = 0.60 mm:
. Manometer Right Leg 6.5 in H20 . Thermo Coarse 5,02
Manometer Left Leg - %.5 in H20 ~Thermo Fine- 0.0
.. Jet Elevatiohgy =~ 87:400 cm. Feed Variac 0.0 %°
o North Pole 87.190 cm 'Circ Variac - 0.0. % -
- South Pole 82.060 cm T ‘ S
"quu1d Take- -off «» 79.695 cm
Flowmeter 30 mm 60. mm , . . . o
" SFM Volume 15. mL . 15. mL ‘ -
50.79 s+ 38.65 s o
51.15 s 38.66 s @
50,81 s 38.77 s ,
50.%6.s,. .'0.0 s .
50.82€. 0.0 s Y N
51.06 s 0.0 s : Rl *
51.09°s x 0.0 $
49396:s - 0.0. s |
50,782% '0.0 2] ;
51’. 1'3' ¢~ 1 0 ". WS . .
w5L09§_'&%gs- .
51,19 s + 0,0 ~S 'ﬁg
T 50.97s 0.0 ¥ . - Y
0.0 s °

ime ~ 51 13's . < | ,qsi
‘.T/C 18trt . A T
T/C 2 §trt ’ ;
T/C 8 Strt
T/C 4 strt’
T/C.5 Strt
T/C.6 Strt
T/C 7 Strt
T/C 1"End °
T/C 2 Egd-
T/C 3 Enp’
T/C 4 €nd
J . T/C 5 End
: .T/C 6°End
T/C 7 End

Start Time
End \'I‘i_me




‘;kfg;..
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Date of- Exper1ment 1986/ 3/14 Lo . L
MDEA Conc N 0.0 wt% * Absorbing Gas co2 . .-
Piperazine Coenc ‘ 0.0 kmol/m3 Surfactant. 0.1000 wt%
 Barometric Pressure 698.3 mm Hg Rotameted®Tube 603
Room Temperature - 22.5 deg C ' -Nozzle Diam: 0,60 mm
Manometer Right Leg 6:5 in H20 - Thermo.Coarse  5.10 . -
- Manometer Left Leg 5.57in H20 "Thermo Fine -~ "~ 0.0 L
Jet Elevation . B87.435 cm.’ Feed Variac 1.0 %
North Pole. ‘“»&, 87.225. cm Circ Variac 0.0 % @
South’ Pole 782,115 cm o,
‘-Liquid Take- off - 79.700 cm e 7
' Flowmeter 30. mm 60.'mm’ '-‘0 mm SOL;mm ‘s
, SFM Volume 15. mL 15. mbé‘
Time 1 ' 51.06's 38.78 s
Time 2 51.12' s 38.83.s
Time 3 50.37 s 38.71«s
Time . 4 50.80 s - 38. 7815'=
Time - 5 50.57 38.75 s
Time 6 -50.81 3857 S.
| 7 , .82 ¢
5 .§§53
‘9 50.81

. -38.69 s
Time * 8 . '
Time 9
Time 10 51.00
Ttme 11 50.73
Time 12 50.66
Time 13+« 51.17
Time . 14 0.0
Tidiler 15 * 0.0
: 18 ~-_"' - 0.0
- T1 17 0.0 :
Time 18 0.0
Time ~ 19°. 0.0
T/C 1 Strt. 1,490 mv 1 W 201 mv
T/C 2 Strt /f'355 mv . "1.320. 30 MV 1,316 mv’
T/C 3 Stry/ 4,240 mV 1,246 mV TT. 8- mUM 1,248 MV e
T/C 4 Stft T1.369 my 1.390 mV 1.357 mv -1,380 @V °_ I
T/C 5 Strt 1.369 mV ~41.390 mV @358t wv - 1.3805mv
T/C 6 Strt -1.375 mv 1,390 mV 1 358 mV 1,380 mv
T/C'7 Strt ¢”179 mv 1.195 my . 1,212 mv 1,174 mv ~ -
T/C 290 mv 1,295 mV 1,284 mV 1,300 mv
T/c.z 40,mvvu1f325‘me?ﬂ 312‘mv. 1,335 mv . v
“T/C 3!Eﬁd'- 1,285 mv". 12249 m¥ -1.254 mv  1,25% mV
- T/Gy4 End 1,365 mv.. 1.390 mV' 1. 365 mV 1.384 mv .. E
?/C 5.End 1,365 -mV 1,390 my 1,365 mV_ 1,384 mv e
T/C 6 End  1.366. mv. 1.390.mV 1,365 mvV_- 1,380 mv- ~
© r/c 7 End. 1,160 mV' 1,214 mv 1,189 mV 1.250 mV. Lo
Bk Satniaty “--fff-"’T"‘*ﬁg*'*'"-'“"“'?P'TTﬁ;:‘T’f'?‘"*f‘“4“
Start T?ﬁé,;" 257 5 13120 14:15 ° assi0 .
' End - Time,. 12:5§& = :13:53. 14247 15:50 KNI
o T : K S )
9 e R N 3.‘.‘*~ 4] 3
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'MDEA Conc . 0.0 wtx . Absorbing Gas . CO2
Piperazine. Conc . 0.0 .'kmol/m3 Sdrfactant 0.1000 wt¥%
Barometric Pressure 701.7 mm Hg ,j.Rotameter Tube = 603
Room Temperature 23.0 deg'C ', Nozzle Diam. *

Manometer Right Leg ~ =6.5 in H20 ° ‘Thermo Coarse -
. Manometer Left Leg ' . _5.5 in H20, Thermo Fine

Jet Elevation: . - 87.380 cm -~ . Feed Variac .
‘North Pole 7 87:%70 cm = Circ Variac =,
S Pole~itk < '~ 82,065 cm o o e
. Li u1d Take of £ ,.79.600 cm N s R
Y- "'-'r' ---------- e-—,".,'----—-——?‘.’7-5-—4-‘f--—Fr—.---wa‘-;---—-;—-A R
Flowmeter - “'mm. . 50, s 6b. mm . ‘ ' K
'SFM Vglume ' '
Time ~1.: -] :
Time .~ 2 . s s %
Time 3 s s 44
Time 4 s 5. '35
Time 5 s s ¥
Time . 6 ' s s ,
Time . 7 s s 42
Time 8 . 44,74 s s ¥
Time 9 "~ 45.04 s 40,728 .50.91 s .
Time Jﬁ‘; 45.14 s 40,95 s  51.05 s
T4me 45.34 s 41.09 s . 50.97.5 3} .
Time 12 - 45,33 s 41.05 s 51t.17 s 8
Time ,13+ 45.40 s 41.85 s 51.15 s :
Time 14  45.42 s 41,77 s 1.34 s
- Time. 1% = 45,40 s 41.56' s 1.36 s» . '
Time 16 . 45.49 s ~41.46 s 51.37 s ) . ‘
Time™ 17 45,30 ‘i 41,78 s 51.41 s R - T
Time 18 45.41 s  41.82s ' 0.0°% . o]
Time 19-'¢ 0.0 s. ~41.69 s 0.0 s ' : SR
" Time: 20 0.0 s 41.71s - 0.0 8 :
"""'""’""“""v'_‘_"‘.,"".'W""'"""“""‘""'"-',"-*"._"_"‘—‘f_"_ ------
., T/C.1 strt 1,260 mv_ 1.280 mV 1,285 mV R
T.r/C2 Strt .1.324 mv 1,302 mv  1.306 mV. . - ' e T
T/C 3 Strt 1.261-mV 1.269-mvV  1.266 mV I o
T4€ 4 'Strt .1.365 mV- 1.345 mV 1,367 mV n
T/C 'S Strt 1.365 mV - 1,345 mV 1.367 mVv w
T/C 6 Strt 1.366 mV ' 1.344 mV 1,367 mV oL : .
T/C 7 Strt 1.157 mv 1,205 mV 1.244 mV . - * , ot
_T/C 1 Bnd .1,271.mV  1.280 mV. 1.268,mV :
.T/C 2 End - 1.303Hv 1.303 mVy .1.296 My '
T/C 3 End  1.267 mV . 1.275 mV~ 1.266 mV
T/C 4 End 1.347 mv 1,358 my 1.365 mV
- T/C. 5 End 1,347 mv  1.358 mV¥~ 1,365 mV" o ' Co
T/C+6.End . 1.346,mV 1.357 mV. 1.365mvV . .~ o lgm
T/C 7~End_ 1.190 mv H1,23o mv  1.210 mV L8 o T
Start %ime = 12: 00 43:25 - 15:00 S .
End - Time 12:40 - 14210  15:35 o Lot
2% , M . ‘;N s o .‘ e ; \ . ) :‘. . ":4.. N “- . ‘ B‘\?@a
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Date of Experlment 986/ 3/18 :
e MDEA Conc ' ';’ " 0.0 wty - bsorblng Gas. co2-
-ﬁx"m‘ﬂ Piperazine Conc 0.0 kmol/m3 "Sur factant 01000 wt%
‘v Barometric Pressyre 703.8 mm Hg' 4Rotameter Tube 603
' Room-Temperafure © 22§5-deg C - Nozzle'Diam . 0.60 mm
Manometer t Leg .6.5-in H20 Thermo Coarse - 5.10
~ Manometer L Leg 5,5 in H20 . Thermo-Fine . 0.0
"Jet Elevation 87.285 cm’ Feed Variac .». 0.0 % ,
North Pole ~ 87.060 cm | Circ Va?&Q% I'f 0.0 % . .
N~ sbuth'Pole. . ; B81.955cm v .
. 11 ‘fy . ‘-
- Ei%‘_‘id_'f?'_‘f_‘ZEf__":t;;;Z?%;?__EE;ET__;_.___-________.;_‘-:;_:\,,___:_,
' . ‘Flowmeter  '30. mm 4}, mm - °
L d SFM. Volume 25. mL 25.>mL. ° ’
\ S ‘ - s e e e e e e ,_._._')_._.‘..__L_-_—-.L-_..—___._..'.‘_._.__L ______
S 77.77-s
) 77.65 's
S Time. ‘v‘ 8 s 78.83"s .
R T T;men§#5 im E@? Y s 0.0 s
s g Time~ "6 . < 88. 9§.sr' 0.0 s
r%*'*?"’Tlme'y 7 '>89 07 s 0.0 s | ‘
‘ * Time - 8 89.67 s 0.0 s ° : e
/| . Time .9  89.63's 0.0 s PR N A
- ~ Time - 10 . 89.13 s 0.0 s .
Lo Time | 11 &9 34 s 0.0 s . @
' T ’ . S 0.0 s " A
1.361°nv
1.361 mv
1,361 mV
1.175 mVv-
1.280 mv
316 mv - Y
.240 mVv’ 'y ;' : \
1.361 mV ‘ . T
1.361 mV
1 361 mV
175 mv
13: 05 ' “
13:15
¥ ¥ o ! . .
. ,
Yo ”
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Date of Exper1ment 1986/ 3/19 '

—-—-——-————-————.—-—.—n-..._-.—_-—-—-———_—-...—.--_—--—_______._.._.._...._

'MDEA Conc - 0.0 wt% Absorbing Gas  CO2
Piperazine Conc 0.0 kmol/m3 Surfactant 0.1000 wt%
Barometric Pressure  A06.4 mm Hg . Rotameter Tube 603
Room Temperature 22.5 deg ¢ - Nozzle Diam - 0.60 mm
Manometer Right Leg 6,5 in H20.- Thermo Coarse = 5.00
Manometer Left Leg . 5.5 in H20  Thermo Fine ..0.0
. Jet Elevation:” . 87.270 cm Feed Variac 0.0 %
~ North Pole . 87.060 cm: Circ Variac ‘ 0.0 %
South Pole - 81.940 cm ' : n
Liquid Take-off 79. 590 cm . . , .
Flowmeter = 30. mm

- SFM Volume 25. mL

- Time 1 S 68.08 s
Time 2 s .68.24 s
Time 3 s 68.23 s
Time 4 s 68.35 s w»
Time 5 s 68.44 s :
o ngme*f.§u ﬂ .8 68.88 s
L N A “s, . .68.38 s
: ~T§w:, 8 s 68.8Y s
* Time 9 s. 68.61 s
Time .10. s- 69.07 s
Time 11 s 69.14_ s
Time 12° € 68.79%s
Time 130 s 68.86 s
“Time 14 . s 68.81 s - )
ime® 1537 | s .88 s 69.06 s
Time 16 . p 6" s 7%.59:s 69.45 s
_____ e - .!.a__,__..-____.._-_._..__;.‘____..-________-__.,;;.--______e-—/

[;*i(.,w 286 @V 1.250 mv 1,275 mV ° ot
ri%3.386 mV  1.280 mv  1.295.mV

4265 mv 1,270 mV 1,287 mV

“w iig; /, -1.300 mv 1,305 mV
D SETLHY: V510300 mv - 12305.mY
T/C 6 Strt L3688 My . 1.300. mv 1,305 mV -

"T/C 7 Strt - Oﬂﬂr ﬂ,JZO mv  1.255 mV

T/C 1End 1,287 hV  4.260 mv 12270 mv -

T/C 2 End  1.324 v ~1 280 mv  1.280 mv .~ . o
T/C 3°Ehd. . 1. 279" mv .277-mv 1,285 mV S i

T/C 1

T/C 4 End  1.365 mV"1 302 mV  1.296 mV

T/C 5 End. 1.365-mV ~1.302 mv: 1.296 mV

T/C 6 End ‘.1 365 mV. 1.302 mV 512296 mv

T/C 7 End - 180 mv 1 225'mv  1.263 mV * ¢ )
Start T1me 12.10 - .13:30 15305 . - - . o . .
End Time. 12:50 ~ 14:10 15:35 : ' : :

>t



Date of Bxper1ment 1986/ .3/21 ' | .

----------------------------------------------- Y S
0. 0 wt% Absorblng Gas Co2 :
0.0 kmol/m3. Surfactant 0.1000 wty
691.9 mm Hg otameter Tube 603
23.0 deg C = Nozzle Diam 0.60 mm
" Manometer Right Leg 6.5 in H20 ' Thermo Coarse 5,01
Manometer Left Leg . 5.5 in HZO Thermo Fine 0.0
Jet Elevation - 87.270 cm Feed Variac -0.0 %.
North Pole . 87.045 cm Cer Varlac 0.0 %
South Pole " 81.950 cm : '
L1qu1d Take-off 79.540 cm .
------------- w-—-—‘-?:r}?‘-v—--—-—-‘---7—-—'—~—--—--—--—---—--—-———-—
Flowmef\% . mm 40 mm 50. mm
SFM Voluhe = 5. mL - 15, mL 15, mL .
Time . 1 *~50.95 s 45.48 s 41.70 s 0
Time | 2 51.38 s 45.56 s 41,92 s ¢
Time '3 51.04 s 45,76 s 41,33 s
Time | 4 51.34 si# 45.12 s 42,00 s
Time 5 51.01 s 44,91 s 42.02.s
Time | 6 51.27 s 45.64 5 41,56 s
Time ' 7 . 51.37 s 46.14 s 42.11 s
Time 8 50.82 s 45.63's 41.99 s
Time 9 - 51.95 s 45.37 s 42.21 s
Time 10 51.09 s 45,97 s 42.47 s
Time 11 - 50.87 s 46,09 s 42,46 s
Time 12 .- 51.7¢4 s 4%9.87 s 42,34 s
Time - 13 51.01 s 45.79 s 42,21 s
Time - 14 0.0 s 45,43's 42,38 s g
Time 15 0.0 s  45.54.s 42,09 s
Time 16 0.0 s 45,73 s 42.09 s’
T/C 1 Strt 1,275 mV. 1.267 mV 1,282 mV .
T/C 2 Strt 1,325 mw¥ .1,301 mV 1.305 mV o
T/C 3 _Strt 1,266 mV 1.259 mV 1.279 mV. %
m/C 4 Strt  1.340 mV 1,332 mV 1,350 mV
T/C 5 Strt  1.340 mV  1.332 mV 1.351 mV
T/C 6 Strt 1.340 mV. 1,332 Qz 1.351 mv
T/C 7 Strt 1,156 mV 1,165 mv 1.195 mV
T/C. 1 End 1,284 mv. 1,286 mV 1.285 mV
T/C 2 Bnd 1,309 mV 1.300 mV . 1.306 mV
T/C 3 End 1.261 v 1.260 mv 1,280 mV
T/C 4 End 1.336 mV 1,341.mV 1.346 mv ™
P/C 5 End 1. 336,mV 15341 mv  1.346 mV
T/C 6 End-. 1. 336 -mV ,1.341 mV 1,346 mV .
T/C 7 End 1. 207 mv 1.216 mv 1.250 mV a
‘Start Time: _11.50 13:0% 14525 "
End’ - Time é2:25 13:45 15:00
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264
MDEA Conc 0. O)Wt% Abs rbing Gas co2
Piperazine Conc 0.0 “kmol/m3 .Surfactant . 0,1000 wt%
Barometric Pressure 700.9 mm Hg Rotpmeter “Tube 03
Room Temperature 22.5 deg C Nozzle D1am : .60 mm_—
‘Manometer Right Leg 6.5 in H20  Thefmo 5,01 9
Manometer Left Leg ' 5.5 in H20' TheJmo 0.0
Jet Elevation 87.235 cm Feed Variac 0.0 %
North Pdle 87,025 cm Circ Variac 0.0 % -
"South Pole . 81.860 cm
Liquid Take- of f - 79.525 cm
Flowmeter ;30 - m 4 mm 50. mm
SFM Volume 15 mL 15. mL 15, mL
i = v e - —— — - WP e e ot o o o —— ———————— ——
Time 1 50.03 s 44,33 s 40.57 s
Time 2 50.34 s 44,.18.s 40.40 s
Time -3 50.41 s 44.24 s 40.56 s
Time 4 50.44 s 44.35 s 40.56 s

. Time 5 50.24. s 44.26 s 40.54 s

© Time: 6 ., 50.31 s "44.57 s 40.56 s
‘7 4, 50.35 s 44.53ps 40.80 s
Time 8 - .50.47 & ,; 44.63s 40.86 s
~ Pime 9 50.60 s 44.347s 40.27 s
Time 10 50.51 s "44.67 s 40.29 §
Tié <11 50.43 s 44.09 s 40.65 s
Time 12~ - 50.63 s 44,27 s 40.55 s
Time 13 $0.48 s 44:27 s 40.75 s
Time 14 .50.52 s 0.0 s 40.60 s
Time 15 %% 50,245 9.0 s 40.23 s
T/C 1/ Strt 1.280 mV 1.290°hv 1.296 m¥ -
T/C 2 Strt 1.316 mV . 1.306 mV 1.315 mV
T/C 3 Strt” 1.253 mV. 1,250 m\{ 1.246 mV
- T/C 4 Strt t.345 mV  1.347 mV 1,337 mV
T/C 5 Strt 1.345 mVv 1,347 mVv 1,337 mV
T/C 6 Strt  1.345 mV  1.347 mV  1.337 mV:
T/C 7 Strt 1.136 mV.  1.2256 mv  1.274 mV
T/C 1 End 1.285 mv 1,306 mV 17290 mv
/C 2 E 1.315 mv . 1.325 mV 1,311 mV
/C 3 End 1.250 mv 1,255 mV  1.246 mV
T/C 4 End }.345. mV 1,342 mV 1,336 mV
T/C 5 End 1.345 mV- 1.342 mV 1.336 mV
T/C 6 End~ 1.345 mV  1.342 mv 1,336 mV
T/C 7°'End 1.201 mv 1. 254 mV  1.263 . mV
Sta:t Time _11:40, 12:50 13 55
End~ Time 12:05 . 13:13 .
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Date of Experiment 1986/ 3/27 . ! :

' MDEA Conc - 0.0 wt¥% Absorbing Gas C02 o
Piperazine Conc 0.0, kmol/m3 Surfactant 0.,1000 .wt¥% e
Barometric Pressure 692, 0 mm, Hg Rotameter Tube 603 -

.., -Room Temperature 23.0 deg C . Nozzle Diam - 0.60 mm

'Manometer Right Leg . 6.5 in H20 Thermo Coarse . 5.01
Manometer Left Leg 5.5 ip H20 ‘*Thermo [Fine 0.0
Jet Elevation 87.265 cm " ‘Feed Variac 0.0 %

North Pole =«  87.060 cm ~_ Circ variac 0.0 %

. South Pole- 81.970 cm . g , -
Ligquid Take- off .79.570 cm

- Flowmeter ¢ 30. mm : . <
SFM Volume - 15, mL :
Time 1 50.02 s ' .

Time 2 50.10 s '
Time 3. 66.25 s
Time 4 66.34 s ‘
Time °5 66.90 s ~{ﬁ“
Time 6 66.56 's
_ Time 7 ., 67.02 s e ,
— _Time 8- 66.67-s5 TT—0 .
Time 9 66.61 s T e /
Time 10 67.06 s . T
Time 1% 66.73 s T T ,
Time 12 67.08 s ‘ -
Time 13 67.45 s S ,
Time 14 66.67 s T
Time 15 67.02 s o ,
Time 16 66.83 s
T/C 1 Strt 1.291 mv
T/C 2 Strt 1.316 mV
T/C. 3 Strt 1.259 mv
T/C 4 Strt 1.335 mv
T/C 5 Strt .1.333 mv .
Téc 6 Strt . 1.333 mv J
T/C 7 Strt 1,211 mv | -
T/C 1 End  1.290 mv s L IRN
/C 2 End 1.314 m‘( \ A
r/C.3 knd 1,260 v . '
T/C 4 End 1.333 mv
T/CY¥% End  1.333 av “
T/C 6 End 1.333 mV .
T/C 7 End  1.246 mV: !
‘-—-_.---h_—___———_?—("——.—_--—-—-_——-—_-_-_—---——----_——-——_--- .
N start Time 12:00 77 . ,
End Time = 12:37 ioon Lot
& \ | i -~ -~ i . B K
N~ ‘ T T s
" o N = !\ :
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OL ﬁf Experment 1986/ 4/ 2
\,«' Mm:A cdnc ' © 0.0 wt% - Absorbing Gas €02 |
"+ Pipérazine Conc 0.0 kmol/m3 ' Syrfactant 0.1000 wt%
._"'Barometric Pregssure 708.8 mm Hg Rotameter Tube . 603 )
Rodm empé.rature 22.0 deg C Nozzle piam - 0.60 mm
Manometer 'R ?ht Leg 6.5 in H20 Thermo Coarse 5.0 *
., Manometer Lh t-Leg - 5.5 in H20 Thermo Fine 0.0 -
#+ Jet Elevation : . | 87.335 cm Feed Variac 0.00% -
. North Pole 87:130 cm Circ Variac ' 0.0 %
- ,South Pole - 82.000-cm '
'L1qu1d Take- off 79.570 cm - .
- *F,lowmeter - 30 mm 40, mm o !‘xj
SFM Volume  15. mL 15. mL - . g
1 51.66 s 45.42 s ¥
2 51.02 s 46.07 s 4
3 51.60 5 45.83 s ﬂ
4 50.56 s 46.02 s =
.5 "61.90 s 45.73 s
6 .51.70 s 45.74 s
27 51.57 s  45.77 s
8 50.95 s 45.70 s . .
9 51.19 s 45.58 s .
10. 50.93 s 45.88 s ' N
N %51.5% s 45.92's : o
12 50#37's 45.84 s |
13 ‘51,64 5. 0.0 s |
strt 1.265 mv 1.285 mv~ 1 -
Strt 14302 mv 1.305 mV N V
Strt. 1.228 mvV. 1,230 mV"' L
Strt 1.336 mV* 1.344 mV
tr¥s 1,336 mv,,".344 mV - ’
tytr 1,336 mv* 1.344 mv ¢
Strt 1,110 mV 1,242 mV" . -
End 1.265 mv 1,275 mV
End 1.300 mv  1.300 mV -
End 1.224V  1.230 mV
End 1.336mV  1.335 mv. .
End 1,336 mV 1.239 mvV
End 1.336 mv 39 mv
End 1,160 mV 1,183 mV
Time 11.40 . 12:51 )
Time  12:13 13:15 . ’ , . ‘
. v &
, R " Prooo oo g
. "‘., : oy N
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S Date of Experxment 1986/ 4/ 8" C P R
T L e L L E LR S L PP moremabmemesale
‘4. ' MDEA Cont ‘ 20,.0 wly . Absorbing Gas. CO2-
T P1perazine ‘Conc. - 0.0 kmcl/m3 Sur{pctant 0.0100: wt%
Barometric Pressure . 700.6 mm Hg  Rdtemeter Tube 603
) Room Temperature . - 24.0 deg € 5Noz21e Diam 0.66 mm-
LRI Manometer Right Leg .. 6.5 in ‘H20° 'Thergo Coarse 5;01
R AT, Manometer Left Leg 5.5 in H20  Th{o Fine 0.0
B ’ Jet Elevation 87.525 cm FeeByVariac : 0.0 %
North Pole. 87.315 em Circ Var1ac 0.0 %
_ 'South Pole % 82.175%em 1
c quuxd Take -off . 77.790 cm -
e PR e ——— - _f.'? ______________
Flowmeter 30, mm 40. mm> 50, mm |
.SFM Volume 25, mL 25, mL 25, mL
Time 1 46.71 s 45.38 s 43.65 s
Time 2 46.79 s 45.54 s 43.66 s
Time 3 46.95 s 45.47 s 43.68 s
Time 4 46.83 s 45.59 8 —44.10 s
Time 5- 46.74 s 45.64 s 43.99 s
Time 6 46.73 s 45,62 s 43.82 s
Time 7 47.04 s 45.44 s 43.73 s
Time 8 46.82 s« 45.60 s 43,90 s
Time 9 46,99 s . 45.68 s . 43.79 s
Time 10 47.02 s 45.63 s+ 43.62's
Time 11 47.00 s 45,60 s 43,80 s :
Time 12 47,02 s 45.48 s 43.77 s
Time 13 47.87 s 45.75 s 43.74 s
Time 14, 46.91.s 45.68 s  43.88 s
Time 15 46.80 s 0.0 s 43.77 s
fime 16 47.11 s 0.0 s 43.74 s .
img 17 0.0 s 0.0 s 3.59 s *
Time 18 0.0--s - 0.0 s 3.72 s
T/C 1 Strt 1.270 mV 1,280 mV, 1.290 mV
T/C 2 Strt 1.336 mV 1,321 mV 1.325 mV "~ .
TYC 3 Strt 1.275 mV  1.296 mV-' 1.306 mV
T/C 4 §trt 1,305 gV 1.310 mv 1.340 mv
. _ . T/C 5'Strt 1.35 mV 1.310 mV ' 1,340 mV
N O r/c 6 Strt 1.305 mV  1.310 mV  1.340 mV
*' Ve /g 7. Strt 1,126 mv 1,200 mVv  1.241 mV
7/C¢1 End -~ 1.270 mV  1.290 mV  1.295 mV .
'T/C 2 End 1.322 mv .1.320 mVv  1.326.mV-
, T/C 3 End 1.275 mV  1.302 mv _1.309 aV
T/C_4 End  1.295 mV 1.334 mve 7.340 mV
T/C 5 Engl 1,293 mV. 91.332 mV 1.340 mV
T/C 6 End 1.295 mV 1,330 mV 1.340 mv. X
T/C 7 End .1.196 mv 15205 mv 41,230 m‘l
Start Time ’11 45 " 13:00 14:200 . s
End Time _12 10 - -"13:30.° 14:40
. 3 Ny AT ST R P 5 ’ '
o fﬁ%jﬁ ‘Q»’ |



Date of Experlment 1986/ 4/ 9

o - o o pn ——————.--———--———————--——-———_——-———————n————

'MDEA Conc =~ . 20,0 wt% . Absorbing Gas . €02
‘Piperazine Conc 0.0 kmol/m3 Surfactant . -0,0100 wtk -
Barometric Pressure 706.7 mm Hg Rotametéroube 603
_Room Temperature - - 23,0 deg c ‘Nozzle Diam 0.60 mm
Manometer Right Leg °~ 6.5 in H20 Thermo Coarse . 5.01 ‘
" Manometer Left.Leg 5.5 in.H20 . Therme Fine 0.0 -
Jet Elevation . 87.675 cm Feed Variac. . 0.0 %
North Pole : - B87.465 cm Circ Variac 0.0 %
South Pole o 82.315 cm B R
L1qu1d Take- off 79 910 em ‘
Flowmeter 40. mm..  50.-mm 60. mm .
SFM, Volume - 25, mLz . 25. mL - 25. mL. .
Time 1 45.,56-s = 44.71 s ~ 43.83 s
Time 2 45,50 s - 44.38 s 43.83. s
Time 3 45,31 s 44.71°s * 43.79.8
Time 4 -+ :45.53 s - 44.48 s . 43.91 s
Time 5 45.57 .s  44.55 s 43.80,s
Time : 6 45,66 s 44.30 s 43.91 s
Time 7 45.64 s 44.59 s; 43,74 s i
Time 8 45.56 s - 44.3] §°  43.74 s
Time 9 - 45.63 s 44 . .S 43,81 s
Time- 10 45.59 s 44 .38 s . -43.69 & ,
Time 11 45,84 s - 44.52 s 43.84 s -
Time 12, 45.59 s 44 .52 s 43.77 s
Time 13 45,51 s '~ 44.45 s 43.74 s
Time 14 45,61 s 44 /32 's 43.80 s
Time 15 45.63 s ~ '44.45's 43.81 s :
Time 161£ 0.0 s 44.40 s 43,80 s
._‘?"'—-—\3:\1— ——————————————————————————————————————— P —m ————————
T/C 1 Strt 1.279 mVv 1,290 mV 1.277 mV
T/C 2 Strt- 1.330 mv 1,315 mV' 1,312 mV
T/C 3 Strt 1.250 mV .1,250 mV  1.245 mV
T/C 4 Strt 1.335.mv. 1,329 mV 1,327 mV
T/C 5-§trt 1.333 mv- 1.329 mV 1.327 mV
T/C 6.Strt ~1.333 mv 1,329 mV 1,325 mV
T/C 7 6trt  1.1322mvV 1,257 mV 1.226 mV
T/C 1 End 1,273 mv 1,290 mV 1,277 mV
'T/C 2 End -T.322 mv 1,319 mv 1.312 mV
-T/C 3 'End 1.255 mv 1,252 mV 1,245 mV s
T/C 4 End  1.331 mv 1,327 mV. 1.327 mV
T/C 5 End 1.330'mv. 1,327 mv 1,327 mV
T/C 6 End.  1.330 mv 1,327 mV  1.325 mV s -
T/C 7 End  1.130 mV 1,250 mV 1.225 mv
tart Time 11335 . 12345 14 05

End . Time 11:55. 13315 . 14:30 o S

RRR ¥
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-Date of Experxment 1986/ 4/10 EY A . /}

------------------ St € e e S
MDEA Conc 2 ‘ 20,0 wt% . '*vasorbgng-Gas . C02 .
Piperazine Conc - ~*+ 0.0 kmol/m3 -Surfactant - . 0.,0100 wt%
Barometric Pressure 704 O mm Hg ' Rotameter Tube - 603
Room Temperature = 23.0 deg'c - Nozzle Diam 0.60 mm
Manometer Right, Leg 6 5 in' H20 - Thermo Coar§§ 5.06 1
Manometer Left Leg . ‘5.5 .in 'H20 . Thermo Fine. 0.0,
Jet Elevationm, - = 87.495 cm /., . ‘Feed variac . . 0.0 %
North Pole + .# ' +87.285 cm. =~ . Circ yariac 0.0 %"

" South Pole - °~ B2.150 cm . ‘/) o
Liquid Take-off - 779.785 ch '

Flowmeter 30. mm 40./md,/ 50. mm '
- SFM 'Volume - 25..mL 25./mL  25. mkL
Time _1 45.50 s . -43.42. 58  42.73 s ‘

Time 2 45.30 s 43.52's - 42.54 s v
Time - 3 "45.70 s 43.63 s 42.52 8 'y
Time 4 . 45.70 5 . 43.48 § 42.41 s
Time . 5  45.56-5  “43.66.5 " 42.40 s *

Time = 6 . 45,59 s / 43.64 s 42.41 s , -

Time 7 - 4®58 5,/ 43,68 s ' 42.43 s |
Time 8 45,65 § 43,46 s 42.33 s
Time - 9 45.59 43.49 s 42.66 s B
Time 10 45.66/s, 43.51 s 42.68 s "

Time. 11 45.47 s = 43,36 s 42.70 s
Time 12 . 45.44 s ~ 43.48 s.  4&2.53 s
Time 13 45758.5, 43.52 s .42.60 s
Time 14 45566 s 43.42 s 42.59 s
Time 15 ~ 45.51's 43743 s  42.59 s

.. Time 16 45.63 s * 43.55 s  42.59 s

Time 17 ~ 45.56 s ‘0.0 s 42.48 s °
Time, 187 ./ 0.0 s .. 0.0.'s 42153 5
———— e e .....__.._..__..______.‘.,._-_é,. ________________________

Strt/ 1,290 mv  1:275 mV 1227g,mv?*
Strt/ 1.300 mv 1,321 nqv  1.317"
strt 1,120 mv 1.128 mV_ 1.118 mV
1Strt 1.333 mV_ T3345 mV. 1,346 mV
Strt 1.337 mV - 1.345 mV' 1,346 mV _
Strt 1.327 mVv 1,345 mV 1,344 -mV ¢
trt "1.140 mv  1,170'mV 1,207 mV
- 7/C 1/End . 1.290 mV  1.279 mV - 1,266 mV
t/C 2 End % 1,320 mV  1.324 mV - 1.315 mV S
3 End - 1.121mv 1,125 mV 1,113 mve &
“T/C/4 End 1,336 MV 1.345 MV .1.346 mV "
- 7/€ 5 BEnd- 1,340 mV' 1,345 mV - 1.346 mV ¢ :
T/C 6 End  ~1.33¢ mV 1,345 mv 1,342 mV -~ = .
T/C 7 End .. 1.140 mV. 1.170 mV. 1.206 mV :

/
-3
~
(@)
NN W N -

—-—‘——.—— ——————————'——u————————_————— — . - — n—— - wwt W g e G mm an - — a— ane

- /start Time . 12:20  13:40° 14341
# End  Time = 12:49 - 14:00 }‘* 15105 - -

// R S ) 4
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Date of Exper1ment 1986/ 4/14 ' ‘o .
_______ - —-—-———————-——-———-.,—————————..—_—-..._--_..—----..—.... ,
MDEA Conc . - 20,0 wt% Absotbing Gas® €02 ..
Ay Plperaz1ne Conc. 0.0. kmol/m3 . Surfactant . 0.0100 wtk
3arometr1c Pressure 707.8 mm Hg. Rotameter Tube 603
Room Temperature' 23.0 deg C Nozzle Diam. 0,60 mm
Manometer Right Leg 6.5 in HZO'-.Thermo,Coarse 7 5.04
Manometer Left Leg - 5.5 in H20 . Thermo Fine 0.0
Jet Elevation - B7.475 cm ' Feed Vaﬁlac» 0.0 %
North Pole :87.270 em Circ Varlac 0.0 %
South Pole { 82,120 em
L1qu1d Take-of - 79.720 cm -~ 5 SRR
__________ _'—L'———_--/‘-_--,'_—-———_—_——_-_—————-__—-"_"."-—"'"___—
Flowmeter  30. mm ~ .40,.mm  50. mm .
SFM Volume 25. mL - 25, mL - 25, mL e .
Time 41 * 45.27 s 43.53 s 42.47 s . '
Time =2 45,28 s 43,73 58 42.48 s a
Time 3 -+ 45,14 s 43.66 s 42.49 s ¢
Time 4 15.%6 s  43.d4 s . 42.42 s
Time 5 45,19 s 43.66 s 42.48 s >
Time 6 45.31 s - 43.38 s  82.38 s ;
Time 7 45.41 s 43.70 s 42.39 s s
Time 8 45..60 s 43.47 s 42,45 s
Time 9 . 45.48 s’ 43.45's ~42.24's
Time 10 45.24 s 43.53 s 42,28 s
Time 11 45.25 s 43.51 s - 42.44 s
Time 12 45.34 s 43,53 s 42.36 s
Time 13 45,36 s - 43.39 s 42.42 s
Time 14 45.37 s 43.24 s- 42.41 s #
Time 15 . 45,39 s 43.38 s 42,38 s
ime 16 45,37 s 43.51 s 42.49:s
Time 17 45,29 s 43.36 s 42.42 s
Time® 18 45.35 s 0.0 's 42.39 s
Time 19 0.0 s 0.0 s 42,42 s -
T/C. 1 Strt 1.275 mv  1.275 mV- 1.278 mV -
T/C 2 Strt 1.340 mv 1,320 'mV -1.321 mv
T/C 3 Strt 1.120 mV 1.1256 mV_. 1.127 mV
-7/C 4 Strt 1.330 mv  1.350 mV 1.356 mV ;
. T/C 5-Strt 1,330 mv 1.350 mvV - 1.356 mV
. T/C 6.Strt 1.330 mv. 1,350 mV 17.356 mV
T/C 7 Strt 1.070 mv. 1.145 mV 1.179. mv
. T/C 1 End 1.272 mv © 1.280 mV  1.275 mV
©.T/C 2. Engd 1.320 mv  1.325 mv '1.325 mV;
T/C 3 End 1.122 mv 1,130 mV  1.133 mV
T/C 4 End 1.312,my \1.355 mv 1,357 mV
T/C 5 End- . 1.312 mV. 1.355 mv 1.358 mV S o
T/C 6 End 1.312 mv 1,355 mv 1.358 mV oo
T/C 7 End 1 065 mv 1,169 mv 1.188 mv
Start Time 10 - 13 45 14:5% ‘ e

End Time 13:00 S .14:07 ° 15:20



N

. SFM Volume

a

"y Date ot Exper1ment 1986/ 4

'MDEA Conc .
Pxperazine -Conc.

. Barometric Pressure

Room Temperature

Manometer Right Leg“

Manometer- Left Leg
" Jet Elewation
North Polé - |

‘Sou Pole -
‘Liquid Take-of f

- pn - - ———-——_—'———————_——_—-_———_——___-.._—.—.‘___—_

30, mm
25. mL

Flowmeter

\ .

WEJOAUIE WN -

-3
-
3
o

NOUIP W = OGP WN =

ST 271,
/ - ‘
20.0 wt¥% - Absorbing Gas - CO02
- 0.0. kmol/m3  Surfactant . 0.0100 wt%
700.8. mm Hg' . Rotameter Tube~k 603 .
23.0-deg C Nozzle Diam "0.60 mm
6.5 in H20 Thermo Coarse  5.04
- 5.5 H20 Thermo Fine 0.0 )
..87.520 cm™ .-Feed Variac - 0.0 %
- 87.300 cm - Cirec Vvariac 0.0 %
- 82,165 cm - -

79.770 cm - ‘ .
40. mm 50-. mm "
25. mL 25. mL
43.84 s 42,40 s °
43.88 s 42.46 s
43.7% s . 42.3%'s
43.68 s 42.49 s
43.67 s 42,41 s
43.74 s 42.41 s
43.63 s 42.39 s
43.66 s 42.47 s

L 43.60 s 42.38's s
: s 42,48 s
.8 42.55 s
S 42.39 s
s 42.31 s
s 42.49's
s 42.33s )
S 42.40 s
s 42.38..s g
S 42.43 s -
mv 1.275 mV.
mV. 1,320 mVv :
mv 1.128 mV . :
mv 1.356 mV . A
| mV. 1,356 mV
mV 1,356 mV
»m¥ 1,190 mv’ -
mv 1.276 mV. )
mv 1.321 - mV
mv 1.132 mV
mv 1.355 mV .
mV  1.360 mV .
mvV 1,355 mV .
mv. 1.190 mV .. -~ '
13:45
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- Date of Experlment 1986/ 4/1‘

.—--——-----—-— ——--'----'-'———---‘---?"-—-P—v'—---énmm‘
MDEA Conc . % _ 20.0 wt% - Absorbgng Gag - -
- Piperazine Conc ' "0.0  kmol/m3 ’Surfactant 0.0100 wt%
' Barometric,Pressure - 695.4 mm Hg " Rotameter “fube -~ 603 -
Room Temperature ° .23.0 deg C . -Neozzle Diam - '0.60 mm
Manometer Right Leg . 6.5 in H20  Thermo Coarse 5.03
. Manometer Left Leg. - 5.5 in H20 Therm¢ Fine . 0.0
- Jet Elevation = . 87.435 cm Feed Variac - 0.0 %
"North Pole 87.215 cm Circ Vvariac 0.0 %
South Pole , - 82,070 cm S -
L1qu1d Takg-off ' 79.660 cm o . -
30. mm
25, mL
1 45.37. 5 |
2 45,27 s
3 45.45 s
4 45.28 s _ i
; 5  45.25 s ¢ ; "
_ Time . 6. = 45.47 s
[ i 7 45,33 s .
//‘ ‘'‘Time ‘8 ° 45.36 s .
Time 9 45.39 s N
Time 10 . - 45,35 s
Time 11, - 45.33 s-
Time .12 45.36 s
Time” 13 45.34 s _
Time 14 45.31 s
Time .15 45,20 s -~
Time 16. 45,21 s )
Time 17 45.28 s ) .
Time 18 45.31 s )

e o e e . i o o e - e - —— A o o e e e e S e A G S T S M G T e RS S s S b SS e S S S s

T/C 3 Strt 1.140 mV B

_T/C 4 Strt 1.310 mV

T/C 5 Strt -1.311 mV

T/C 6 .Strt 1.311 mV , .

T/C 7 Strt 1.050 mVv ™ v

T/C 1 End  1.265 mV

T/C 2 End  1.316 mV :
3
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Date of Experxﬂ%nt 1986/ 4/18

--—-——-———-_———-—————-- —————— -—-—'-.---—_——---u—-—--———--——-—

..MDEA Conc .
Piperazine Conc

" 'Barometric Pressure’

.Room Temperature
Manometer Right Leg
‘Manometer Left Leg

Jet Elewation ~
‘ .87.420 cm

Nogh Pole -
50uth le

Flowmeter 30. mm
SFM Vqrhme 25. mL

End | Time 12100

0.0 kmol/m
700.8 mm Hg
24.0 de¢’' C
6.5 in H20

" 5,5 in H20

87.635 cm

82.300 cm
79. 875 cm

12255
13:15

Absorbing Gas co2

3 Surfactant. 4 0.0100 wt¥%
~* ‘Rotameter?Tube 603
..Nozzle Diam: 0.60 mm
Thermo Coarse 5.51 -
Thermo Fine - 0,0 .
FeeqUVarlac 60.0 %
Circovariac 105.0 %

13:15 14130 -
13:35 14:85
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Date of Experxment 1986/ 4/21

MDEA Conc
P1peraz1ne Conc

Manometer Left Leg
t Elevation

" Barometric Pressure
- Room Temperature
. Manometer Right Leg

Rotameter Tube
Nozzle :Diam
Thermo Coarse
Thermo Fine.
Feed Variac
Circ Variac

C02
00 wt%
603 .

'0.60 mm

0,0
b
0

i d
0 % °
0 %

" - -———_--————_-—————-———————_——__.——‘——_—_-__———._——__—__-..__—..

_—-w-.-} ————————————————— - o — - - - - - - - - '

—————————*——————d-—-————————---—‘-————4—-—-————-———————'—-!_.—‘—

m
L

m'mm'-mmuimmmmmtnmmmuxm

—_—._—_—_._-—_....-—_-——-.._.-...._—-__—_-_—..——__—-——--———_——.-——_-—_———-

otth Pole
South Pole
Liquid Take-off
Flowmeter 30. m
SFM Volume 25 m
Time 1 27.99
‘Time 2 28.06
Time 3 27.98
Time. 4 28,11
Time 5 27.96
Time’ﬁ 27.91
- Time 7 27.91
Time- 8 27.98
Time 9 ' = 27.87
‘Time 10 27.86
Time 11 28, 11
~ Time ¥2 27.93
Timpe T8 . —~—27.95
Tigz 14 /‘\§8 10
. Time 15 28..13
Time 16 28.12
- Time 17 . 28.05
T/C 1 Strt 3.925
T/C 2 Strt 3.965
T/C 3 Strt 1.144
T/C 4 Strt 3.960
J/C 5 Strt 3.987
T/C 6 Strt- 3.942
T/C 7 Strt 3.142
T/C -1 End  3.920
T/C 2 End - 3.962
T/C 3 End  1.155
T/C 4 End 3.960
T/C 5 End  3.991
T/C 6 End 3.941
-T/C 7 End 3.144
Start Time = 11:15
End Time 11:45

s 5
- @
20.0 t%‘ Absor
p.0 kmol/m3 Surfa
698.5 mn Hg
23.0\639 C
6.5 in H20
5.5 in H30
87.645 cm :
87.440 cm
82.325 cm
79,905 cm
40. mm 50. mm
25, mL 25, mL
26.95 s 26.07 s
26.97 s 26.01¢s
-26.81 s  25.95ps
26.85 s 25.91 s
27.09 sV 25,98 s
27.01 s 26.03 s
26.83 s 26.01 s
26.94 s '26.01. s
26,93 s 26.10 s
26.92 s 25.95 s
26.99 s 26.02 s
? 27.13 s 26.06's
27.06 s  25.91 s
27.05 s 25.97 s
. 26.95 s 26.13 s
27:07 s 25.86 s
27.06 s 0.0 s
3.924 mv . 3.915 mv
3.962 mV 3.950 mv
1.162 mv, 1,175 mV
3.960 mv 3.960 mV
3.993 mv- 3,992 mv
3.940 mV  3.940 mV
3.306 mvV 3.400'mV
3.922 mv 3.915 mV
3,965 mv ..3.950 mv
1.170 mv . 1.180 mV
3.960 mv 3.962 mV
3.995 mv, ,3.992 mV
3.940 mV 3.943 mV.
3.340 mv- 3,395 mV
12:40. 13:55
13:05 14:25

~
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MEEA Conc o ﬂ 20,0 wt%- . Absorbing Gas  Co02
Piperazine Conc * 0.0. kmolM3 Surfactant 0.0100 wt¥%
. Barometric Presgure 697.4 mm Hg ‘Rotameter Tube 603

'Room Temperature 24.0 deg C Nozzle Diam 0.60" mm
Manometer Right Leg - 6.4 in H20 Thermo Coarse 5.27
Manometpr Left Leg * 5.6 in H20 Thermo Fine 0.0 -
Jet Elevation  , 87.525 ctm Feed Variac 0.0 %
North Pole 87.320 cm '+ Circ Variaq 100,0 %
South Pole 82.180 cm’ ~ “
Liquid Take-off - 79,780 -cm

_-—-.—-—-—._— -—————--_——_— M - o o - - G M - e e e e S T S Me e P e P e e e

Flowmeter - 50 mm
.SFM Volume ., 25. mL

i e e e e e - S e R e S S T e —— - e e
Time 1 27.?0 s
Time 2 27.27 s
Time 3 27.35 s
Time 4 27.25 s
Time 5 27.40 s
Time 6 27.26 s
Time 7. 27.34 s
Time g’ 27.34 s .
Time 9 27.23 s .
_Time 10 = 27.16 s S !
Time 11 .. 27.16 s
Time 12 27.18 s
Time . 13 27.30 s ,
Time 14 . 27.18 s !
Time 15 27.31 s
Time 16 27.28 s
Time 17 27.23 s
Time 18 27.17 s
Time 19 27.28 s
T/C-1 Strt 2.600 mV .
T/C 2 Strt 2.625"mV
T/C. 3 Strt. 1.150 mV
‘T/C 4 Strt 2.611 mV -
T/C 5 Strt 2.621 mV
T/C 6 Strt 2.606 mV
T/C 7 Strt 2.560 mv
?/C 1 End 2.600 mv s
T/C 2 End  2.625 mV d
T/C 3 End 1.155 mV
T/C 4 End 2.615 mv
T/C 5 End 2.625 mVv
T/C 6 End 2.605 mV
T/C 7 End 2.570 mv

Start Time 14:40
End Time 15:10

RN
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' Date ‘of Exper1ment 1986/ 4/29 ' . ey

———————————————————————— P"‘"\’ —-———,——-———-———--;-J-—————————— .
'MDEA Gonc o 20.0"wt .+ Absosbing Gag co2
P1perazlne Conc 0,0 kmol/m3 urfactant 0.0100 wt%
Barqmetric Presgure 696 4 mm Hg otameter Tube 603
Room Temperature 23,0 deg C Nozzle Diam 0.60 mm
Manometer Right Leg 6.4 in H20, Thermo Coarse 5.27
Manometer Left Leg "§,6 in H20  Thermo Fine 0.0
Jet Elevation . 87.500'cm Feed Variac 9070 %
North-Pole « 87.290 cm ~ Circ Variac 35.0 %
South Pole 82,175 cm. .
Liquid Take-off -~ 79.720 cm 7
Flowmeter < 30. mm 40, Mm-+ 50, mm .
SFM Volume- 25. mL 25, mL 25. mL !
______________________ Femmmmmmmm = mmomme— oo —nmm——e—eoo oo
Time 1 .
Timé 2
Time 3
Time )
Timg 3 _
Time ¢ §&
Time, . 7
Time 8.
Time . 9 K
Time . 10
Time™ 11.
Time 12Oy
Time 13°%
Time 14
Time 15
Time 16
Time 17
Time 18
T/C 1 Strt
T/C 2 Strt
T/C 3 Strt
T/C 4 Strt
T/C 5 Strt
T/C 6 Strt
T/C 7 Strt
T/C 1 End
:T/C 2 End
T/C 3 End
T/C 4 End
T/C 5 End » 2. _ . 3
T/C 6 End 2.596 mV 2 596 mV 2.597 mV
7 End 2.270 mV 2,406 mvV 2.473 mV

_—__——-——_.__——__—--—_—.____——_..._.-—_—————_—.—__._—._—__——_-._—__———
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Date ‘gt Bxpcriment 1986/ 4/30

MDEA Cong ' 20.0 wt¥%. Absorb ng Gas co2
Piperazine Conc - - 0.0 kimol/m3 Surfactant 0.0100 wt%
-Barometric Presshye 701.9 mm Hg . Rotameter Tube 603
Room Temperature - 24.0 deg C —- Nozzle Diam 0.60 mm
_Manometer Right Leg . 6.4 in H20 Thermo Coar e ° 5,27
'Manometer Left Leg 5,6 in H20 Thermo Pin 0.0

Jet Elevation 87.440 cm Feed Variac 36.5 %
North Pole 87.235 cm “Circ variac 90.0 %
South Pole 82.120 cm : .

Liquid Take-off 79 710 cm : ' .

Flpwneter - 30. mm 40, mm 50. mm
SFM Volume  25. mL 2%. mL 25. mL

[ - - - " = - on % = o - e g A e ol - -
Time ' 1 28.80 s - 27.79 s 27.21 s
Time 2 28.75 s 27.76-s 27.23 s
Time 3 28.89 s 27.79 s '27.24 s "
Time 4 28.84 's 27.73s 27:20 s .
Time 5 28.78 8 27.69 8 27,23 s -
Time 6 28.91 s 27.83 s. 27.21 s .
Time = 7 ', 28.95 s 27.69 s . 27.20 s
Time g . 28.75 s 27.75 s 27.27 s
Time * 9 28.74 s 27.77 s 27.24 s
Time 10 $ 28:85 s 27.90 s i;;27 s -
Time 11 28.85 s 27.81 s .20 s
Time 12 28.75 s 27.81 s. 27.19 s
Time 13 28.70 s 27.75 s 27.20 s
Time 14 28.80 s 27.85 s 27.13 s
Time 15. 28.98 s 27.98 s 27.35 s
Time 16 . 28.79 s 27.94 s 27.21 s
Time 17 28.89 s 27.76 s 0.0 s
Time 18- 28.91 s 0.0 s 0.0 s
T/C 1.Strt 2.575 mV 2.581 mV 2.586 mV
T/C 2 Strt 2.615 mV 2,620 mV 2,616 mV
T/C 3 Strt 1.150 mv 1,160 mV 1,160 mV Oy
T/C 4 Strt 2.605 mv 2.609 mv 2.606 mV
T/C 5 Strt 2.615 mV 2,620 mV 2.620 mV
T/C 6 Strt 2.595. mV 2.600 mV 2.599 mV
T/C 7 Strt 2.265 mV. 2.415 mV 2.491 mv =
T/C 1 End .575 mV 2.580 mV  2.580 mV . «
T/C 2 End 2.615 mV 2.616 mV 2.610 mV .
3
4
5

T/G 6 End 2.595 mv 2.600 mV 2.598 mV

. sfart Time 10:55 12:00 13106
- End Time- 11:20 12:20 13:33
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Date of Experiment 1986/ 5/ 1

- - .- - - - o - - " - - - " . 4o . o

U MDEA Conc !

Piperazine

Barometric Pre
Room Tompar“?urc
Manometer Right L

Manometer Left Leg
Jet Elevation

]

eg

Absorbing Gas
Surfactaht
Rotameter Tube.
Nozzle Diam
Thermo Coarse
Thermo Fine
Feed Variac
Circ Variac

N20

5,27

0.0
36.0 %
9Q.0 %

0.0100 wtX
* 603
- 0.60 mm

- e S . A W Wn e G R e B Gwe G S G G M e e A e S0 RGN EE e N Em e e

- T e G . - . . W e S e A% SN W G R e P T M W e R R R S OIS WD G e W e m e e G G S G e R G S e e e

— - o - W G . " e A - e - - i - A - - e M Ve S G e S MR S S M e e e Am e G e e e S

—‘_—————-———_-—-_.—_———_————_—-—_-—-——_——---—_—.__—_-_-—_—-_—_—_— .

North Pole

South Pole

Liquid Take-off
Flowmeter 30, mm
SFM Volume 10, mL
Time 1 97.99 s
Time 2 88.21 s
Time 3 98.26 s
Time 4 98.62 s
Time 5 101.09 's
Time 6 ' 100,55 s
Time 7 99.25 s
Time 8 99.31 s
Time 9 100.99 s
Time 10 99.86 s
Time 11 99.74 s
Time 12 101,16 s
Time 13 100.62 s
Time 14 99.13 s
Time 15 898.70° s
Time™ 16 101.04 s
Time 17 0.0 s.
T/C 1 Strt 2.575 mV
T/C 2 Strt 2.590 mV
T/C 3 Strt  1.147 mV
T/C 4 Strt 2.605 mV
T/C 5 Strt 2.615 mV
‘T/C 6 Strt 2.598 mV
T/C 7 Strt 2.281 mV
T/C 1 EfAd 2.580 mv
T/C 2<End 2.590 mv
T/C 3 End 1.168'mv
T/C 4 BEnd 2.605 mv
T/C 5 End 2.615 mV '
T/C 6 End 2.596 mVv
T/C 7 End 2.285 mv
Start Time 10:30
End Time

11:10

, 20.0 wtX
0.0 kmol/m3
710.5 “mm Hg
24.0 deg C
6.4 in H20Q,
5.6 in H20
87.600 cm
87.390 ¢m .
- 82.240 cm
79 855 cm
40, mm 50. mm
10. mL 10. mL
86.80 s 79.65 s
87.45 s 79.28 s
88.48 s 79.42 s
87.98 s 79.74 s
87.63 s 79.58 s
88.67 s 81.33 s
87.27 s 80.65 s
87.49 s 80.20 s
87.60 s 78.84 s
87.45 s .80.13 s
87.60 B 78.93 s
87.95 s 81.03 s
" 88.56 s 78.43 s
88.42 s 80.18 s
BB8.66 s 80.33 s
88.27 s 80.70 s
0.0 s 80.66 s
2.593 mv. 2.592 mV
2.600 mv 2,600 mv
1.163 mv 1,138 mv
2.606 mv 2.606 mV
2.616 mv  2.616
2.600 mv 2.595 mv
2.413 mV  2.475 mv
2:594 mv 2.590 mv
2.599 mv 2.595
1..150 mv - 1,137 mV
3.605 mv 2.601 mV
2.615 mvV 2.615 mV
2.595 mv. 2.595 mv
2.421 mV  2.472 mV
11:50 13:05
12:25 7 $3:40



Date of Experiment 1986/ 5/ 2 -

. A G G M M R U WA R W R W G R U G G G G S W G N e KR G R G Gm e EA D AR W G G G G Y R RS W G o G A G G G s e

'MDEA Conc , 20.0 wtX Absorbing Gas N20
Piperazine Conc 0.0  kmol/m3 Surfactant 0.0100 wt¥
Barometric Pressure 705.3 mm H _Rotameter Tube X 603
Room Temperature ~ 23.5 deg Nozele Diam . 0.60 mm
;  Manometer Right Leg 6.4 in H20 Thermo Coarse 5,27
Manometer Left Leg 5.6 in H20 Thermo Fine 0.0
Jet Elevation 87.540 cm Feed Variac 90.0 %
North Pole 87.320 cm Circ variac - 37.5 %
South Pdle- 82.200 cm -
Liquid Take-off 79.770 cm
Flowmeter 30, mm 40, mm 50. mm

SFM Volume 10, mL’ 10. mL 10.. mL

—--——-_—-—..-——-—-—-—-—-—_--..--————————-————-——-.——_——-.————-—-—

Time 1 102.12 s 88,62 Bj).16
Time 2 101.75 s 89.20 i.ZB
., Time 3 1 3 s 89045 89.55
Time .4 zﬁ;;724 s 89.60 79:06
Time 5 00.43 s 89.24 80.78 *
Time 6~ 98.24 s = 88.31 80.59
Time 7 100.74 s -~ 88.99 81.05
Time 8 101.13 s 89.72 81.32
_Time 9

Time - 10 100.81 s 88.61
Time 11 100.66 s - 88.33
Time 12 100.44 s ' 89,36
Time 13 101,03-s 89,16
Time .14 101.38 s 89.26
Time 15 100.66 s 89,56
Time 16 100.30 s 89.09

s s

S s

S s

s s

8 8

s 8

S s

s s

99,31 s 89.84 s 81.63 s
S s

s s

s s

s s

s ]

s 5

s S

Time 17 100.61s -~ 0,0 s s

T/C 2 Strt 2.591' mV 2.600 mV “2.595 mV
T/C 3 Strt 1.153 mVv 1,145 mV 1.150 mV
T/C 4 Strt 2.605 mV 2,606 mV 2.607 mV
T/C 5 Strt 2.615 mV 2.616 mV 2.617 mV
T/C 6 Strt 2.597 'mV. 2.599 mV 2.600 mV -
T/C 7 Strt '2.265 mV 2.407 mV 2.470 mV
"T/C 1 End  2.585 mV& 2.600 mv 2. mv
T/C 2 End- 2.590 mV 2.605 mvV 2.595 mV
T/C 3 End 1.148 mv 1,150 mV 1,153 mV
T/C 4 End 2.600 mV 2,605 mV- 2,607 mV
T/C 5 End 2.611 mV 2.616 mV 2.618 mV
T/C 6 End 2.593 mV 2,598 mV 2.6Q0 mV
T/C.7 End 2.265 mV 2.418 mV 2,475 mV
Start Time 10:00 11 25 12:45
End Time 10:36 - 12:00 = 13:15.
A hd - ! "



End - 2.594 mVv 2,598 mv 2.600 mV

N\ "
S : 80

Date of Exporiment 1986/ 5/ 5 o W : T S
............................... ol - - - " - " - .- " -
MDEA Conc 20vQ wtx ' Absorbing Gas  N20 -
Piperazine Conc . 0,0 kmol/m3 Sur€actant . 0.0100 vex
Barometric Pressure 696.%) mh Hg Rotameter . Tubn 603 PR
Roomn Temperaturé ~ 24.0 deg C - Noszle Dtam ~ ~ "0.60 mm =
Manometer Right Leg 6.4 ih H20 Thermo Cbagso - 5,27 7
Manometer Left Leg 5.6 in H20 Thermo Fine 0,0

Jet Elevation 87.485 cin ‘Feed Variac  37.0 %

North Pole - 87.275 cm Circ Variac 100.0..%

South Pole B2.145 cm B ' N T
Liquid Take~o£f 79.760 cm o
Flowmcter 30. mm 40. nim 50. mm’ .- o g
SFM Volume 10. mL 10, mL 10, mL L RN
________."_'. _______________________________ g - - - *
Time t+ - .100.61 s 88.81 8 81,46 s

.Time 2 100.99 s . 89.53 s 82,09 s ° ,
Time 3 101.08 s 89.30 s 81.60 s

Time 4'Y 100.51 s 88.29 s B82.13 s+

Tim¢ 5 101,04 s 88.74 s B81.34 s

. Time 6 101.49 s 88.30 8 81.50 s

‘Time 7 101.83. 8 88,86 8 B81.63 s

Time 8 101.99 s 88.71 ¢ 81.24 s

Time 9 101.79 s 89,01 s B81.12 s L
Time 10 100.99 s 88.53 s 82.01 s ‘ .
Time 11 101.83 s B88.96 s 81,81 s | &

- Time 12 102.49 s 88.93 s B81.15 s » '

Time 13 100.20 s 88.27 s 81.47 s -

Time 14 # 101.03 s 88.92 s 80.84 s

Time 15 101.46 s 88.47 s 81.21 s -

. Time 16 101.57 s 88.63 s 81.33 s ’ij -
Time 17 0.0 s 89.59 s 0.0* s

Time 18 0.0 s 89.59 s 0.0 s .

Time 19 0.0 s. 88.98.s. 0.0 s N

T/C 1 Strt 2.578 mV 2.601 mv 2.595 mv

T/C 2 Strt 2.592 mv 2.601 mv 2.598 mV

T/C 3 Strt 1,120 mv 1,150 mv 1,155 mVv s

T/C 4 Strt™"2.605 mv 2.607 mv 2.610 mV

T/C 5 Strt 2.615 mv 2,620 mV 2.620 mV . .

T/C 6 Strt 2.597 mV 2,600 mv 2.601 mv

T/C 7 Strt 2.255 mV  2.420 mV 2.490 mV -

T/C 1 End 2.581 mv 2,601 mv 2.595'mV ~
T/C 2 End 2.594¢ mv_ 2.601 mV 2.600 mv

T/C 3 End 1.146 mV 1,160 mV 1.151 mV

T/C 4 End 2,605 mv 2,606 mV 2.606 mV

T/C 5 End 2.617 mv 2.616 mV. 2,619 mV

6
7

— - . — o T S W S A G e U e S e M W M S TR W G AR ML S LGP S M e e e e R e S

Start Time 10:45 12:10 13:45
End Time - 11:30 . 12:42 14:00
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‘~Date of Expeélment 1986/’5/ 6 , " ; S : SO
"MDEA Conc 20 0 Wty fAbsorblng Gas CN20 L
“P1peraz1ne Cbnc _ 0.0 kmol/m3 ~Surfactant ~ 0.0100 wbg
. Barometric Pressure 700 9 mm Hg - Rotameter Tube 603 .
. Room Temperature 24 .0 deg of Nozzle Diam 0,60‘mm R
" Manometer Right Leg =~ 6.4, 1n‘H20 Thermo Coarse ‘5. 51 '
 Manometer Left Leg. 6.6 in H20 - Thermo Fine . 0. o) -
Jet Elevation 87,615 cm _Feed;Variac - 60, 0 %
“North Pole: © . 874410 cm“! . _Circ Variac, 100.0 % -
South Pole L - 82.,260-em T I ‘
fL1qu1d Take off .78, 820 cm R T '
‘Flowmeter f qo. mm. -
SFM Volume’' 5. L .
Time 1 65.85 s- iy .
Time 2 - 64.10 s = L
Time 3 67.47 s SRR
Time . 4. | 66.52 s : o f
Time 5\ | 66.83 s '
Time 6 .,  68.49 s
Time 7 69,43 s
Time . 8° 68.83 s
. Time 9« 68.61 s -
‘Time - 10 = | 69.66's A
Time 11 ... 68.64 s =
Time 12 62.51 s
Time 13| 65.89 s : ; - .
Time ~14 68;91 s R St R
. T/C éj;trt ﬁ3 930, mV 5 e : S
‘T/C 2 Strt ~3 930 mV S _‘ : e T e
'T/C 3 Strt A58 mv %
T/C.4 Strt 33 960 mv
T/C 5 Strt :3.990.mV C
. T/C 6 Strt 3.935mv. .
T/C 7 Strte 3.290 mV .- o
. .T/C 1 End 3.938 mV ’.Nﬂy_ S ¥
T/C 2 End -3.94&mv L R
T/C°3 End - 1.178mv - 0 : :
‘T/C 4 End  3.983 mv: .
“T/C 5:End - 4.,000mv © e
T/C 6 BEnd . 3.976 mVv . " T VIR
fI/C-J‘EndJ‘13 273 mv
Stagt Tlme[,'11:15;" B f’ ' Lo
'End. ‘.Time =~ 12:15 S TR el s
e R e e e )
-

eeon

N
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Date of Experlment 1986/ 5/ 6 - '

" 'MDEA Con¢ .. U i0.0 wey “YAbsorblng Gas - N20 e
‘Piperazine Conc 0.0 kmol/m3 ‘Surfactant ~ 0.0100 wt%
Barometric Pressure 700,9 mm Hg Rotameter Tube ~ 603 .
Room Temperature 24,0 deg C Nozzle Diam = = 0.60 mm
Manometer Right Leg- GﬁZ in H20 - Thermo Coarse 5.51
‘Manometer Left Leg 5.4 in H20  Thermo Fine 0.0
Jet Elevation 87.615 cm Feed Variac 60.0 %
North.Pole - -87.410 cm . Circ .variac = 100.0 %

- South Pole ;82,260 cm - _ ' ‘ - EE
L1qu1d Take-off 79.810 cm. ,
————————————————————————————— i o e N o - - - - - o - ——

. Flowmeter 40. mm

. SFM Volume ‘5, mL
Time .1 65.41 s
Time 2 63.04 s
Time = 3 64.07 s°
Time 4 - 63.31 s :

Time 5 64.40 s

Time 6 64.19 s

Time = 7 64.40 s |
Time 8 65.00 s f
Time 9 67.45 s 7

., Time 10 . 64.88 s J

Time:™ 11 66.48 s ’

Time 12 66.61 s

T/C. 1. Strt 3.930 mV

T/C 2 Strt. 3.948 mv /

T/C 3 Strt 1.183 mv /

T/C 4 'Strt 3.985 mV /

T/C 5 Strt .3.996 mV /

.T/C 6 Strt 3.978 mv /

T/C. 7 Strt 3.275 mV /

T/C 1 .End 3.920 mv /‘  ' : S Y el

T/C 2 End - 3.941 mV: /o | D
T/C 3 End ~ 1.185 mV .

T/C™ End. .3.985 mV .

T/C 5 End  4.000 mV , / —-
T/C 6 End 3,981 mv s

T/C. 7 End™ 3.266 mv ‘ // .

' $tafth1me ,12.45»
End ~ Time - 13:15



- Date of Exper1ment 1986/ 5/ 6

———-————_——--.—-——_-————-—————————-——-—-——-————-..——-q‘—-...--.-‘-————

MDEA Conc = 20,0 wt% . Absorbing Gas = N2O
.. Piperazine Conc: - 0.0 kmol/m3 Surfactant 0.0100 wt%
Barometric Pressure 7Q0.9 mm Hg Rotameter Tube . 603 ’
" Room Temperature - 24.0 deg C Nozzle Diam - 0.60 mm -
Manometer Right Leg . 6.4 in H20 Thermo Coarse 5.51
Manometer Left Leg 5.6 in H20 Thermo Fine 0.0 -
.Jet Elevation . 87.615 cm’ Feed Variac 60.0 %
- North Pole .87.410 cm Circ Variac 100.0 %
South'Pole : 82,260 cm: -
L1qu1d Take ~off © 80.325 cm
Flowmeter 40. mm

-——-—.--———'——-————————————-——————————_——-———.—m-—.—-————.—_——-———

Time 1 66.10 s

Time 2 . 67.21 s =

Time 3 65.31 s

Time 4 64.04 s

Time 5 65.21 s

Time 6 61.86 s

Time ~ 7 64.94 s ;

Time 8 67.71 s - '
2 .97  64.46's ‘

Time 10 ~ 66.70 s

- —— . - T e S e e e e

T/C 1 Strt 3.920 mvV
T/C 2 Strt 3.949 mvV
T/C 3 Strt 1,180 mV
T/C 4 Strt 3.986 mV
T/C 5 Strt . 4.000 mV
T/C-6 Strt 3.981 mV "’

T/C. .7 Strt ~3.265 mV.

T/C.1 End 3.939 mv

'T/C 2 End 3.950 mV

T/C 3.End . 1.180 mV

T/C 4 End . 3.990 mv. - S
T/C.5 End  4.001mv° o
T/C 6 End - 3,981 mV o :

7

‘End } 3 266 mv

Start Time  13:40 : N ﬁﬁﬁf | :
End Time  14:05 . - .~ ‘ o A S

-
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Date of Exper1ment 1986/ 5/°6 | . o T .
MDEA .Conc : = 20 0 wt% . Absorbing Gas:  N20
Piperazine Conc .7 0.0 .kmol/m3 Surfactant - 0 0100 wt¥%
Barometric Pressure .700.9 mm Hg . Rotameter Tube. 603
Room Temperature 24.0 deg C~ ° Nozzle Diam - 0.60 mm
Manometer Right Leg . 6.4 in H20 Thermo Coarse 5.51
Manometer Left Leg 5.6 in H20  Thermo Fine - 0.0
Jet Elevation = 87.615 cm Feed Variac’ . 60.0 %
North Polé -87.410 cm Circ. Variac 100.0 %
South Pole . 82.260 cm '
L1qu1d Take off - 80.905 cm
Flowmeter' . 40. mm o e . o ' if
SFM Volume: 5. mL* , . R __ \
. .
Time 1 65.00 s . v
Time 2 66.06 s \
Timé 3, 67.92 s
Time. 4 65.24 s | ‘
Time 5 65.83 s
Time 6 68.68 s
Time. 7 66.13. s
Time 8 65.85 s _
Time .9  69.16 s >
Time 10  68.06 s
Time 11 ° - 65.91 s
Time - 12 69.11 s
Time 13 68.91 s T
Time 14 65.76 s P
Time 15 66.35 s
T/C 1 Strt 3,930 mV .
T/C. 2 Strt .3.951 mV
T/C 3 Strt 1.180 m¥
T/C 4 Strt 3.990 mv
‘T/C 5 Strt 4.001 mV L
T/C 6 Strt 3.983 MV o
T/C 7 Strt- 3.262 mV
T/C 1 End 3.931 mv
T/C 2 End ; 3.953 mV
T/C 3 Eng” 1.176 mV
T/C. 4 End 990 mV "
T/C 5 End 4.004 mv .
6
7
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Start Time °.14:25 .
“End Time 14:55



.
Date of Exper1ment 1986/ 5/ 6

MDEA Conc | 20.0 wt%.
- Piperazine Conc 0.0 kmol/m3
 Barometric Pressure 700.9 mm Hg
Room Temperature - 24.0 deg.C
Manometer Right Leg 6.4 in H20
Manometer Left Leg 5.6 in H20
~Jet Elevation 87.615 cm.
North Pole 87.410 cm
South,. Pole . ‘ 82.260 cm
. Liquid Takeboff 81.505 cm

—-————-—n——-————_———————‘———————-——-—_

Flowmeter
SFM Vélume 5. mL

- o b - = - G S S s

Time 1 70.88
Time. 2 71.88
Time 3= 71.85
Time 4 71.88
Time 5 - -74.22
Time 6 71.81
Time 7 71.44
Time 8 73.88
Time 9 70.78
Time, 10 73.53
Time 11 73,22
Time 12 72.66°
Time - 13 71. i
Time 14 72..27
T/C 1.Strt 3.928
T/C 2 Strt 3.951 -
T/C 3 Strt 1.176
T/C 4 Strt 3.991
T/C 5 Strt 4.005
T/C 6 Strt ©3.985
T/C 7 Strt 3.253
'T/C. 1 End 3.922
T/C-2 End - 3.945
T/C 3 End 1.179
T/C 4 End 3.990
T/C.5 End 4.004
T/C 6 End - 3.985
T/C 7 End 3.247
Start Time 15: 15
Time 15:45

_______________________ »
. Absorbing Gas N20 - -
Surfactant 0.0100 wt¥%
Rotameter Tube 603
Nozzle Diam 0.60 mm
',Thermo Coarse 5.51 .
'Thermo Fine 0.0 "
Feed Variac 60.0 %
- Circ Variac 100.0 %
- I
‘ }Wi
T EE n ‘3‘
/ -
. - i AN
’ 2/
- #
C
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‘Date of. Exberlment 1986/ 5/ 17 s N
‘‘‘‘‘ r-“-—-—-‘-—_--—_-__"--_---"-"-""'---‘----——--—————-——--—
MDEA Conc ' 3 .20.0 wt¥% Absorbing“Gas . N20
Piperazine Conc © '0¢{0 kmol/m3 Surfactant - 0, 0100 wt%
"Barometric Pressure 700 7 -mm Hg - Rotameter Tube .603.
Room Temperature 25,0 deg C Nozzle Diam" 0.60 mm
Manometer Right Leg 6.4 in H20 Thermo Coarse 5,51
Manometer Left Leg 5.6 in’ H20 Thermo Fine . 0.0 .
Jet Elevation . 87.525 cm . Feed Variac 60.0 %
North Pole. 87.310 cm~ Circ Variac. 90.0 %
. South 'Pole . 82.180 cm . , : o
'L1qu1d Take -of £ 79 770 cm
Flowmeter 30, mm . 30. mm 40, mm ~ 50. mm
SFM Volume 5. mk # 5. mL 5. mL 5. mL
Time 1 76.38 s 73.02 § . 67.69 8 ~ 59.65 s
Time 2 76.63 s 71.77.- s 66.93 s 59.70 s
Time 3 75.47 s 72.08 s - 65,07 s - 59.18 s
Time 4 75.70 s 72.28 s 67.27. s 58.07 s
Time 5 76.96 s 72.14 s. 67.29 s 59.06 s
Time = 6° 77.95 s %4.86 s 66,11 s 59,45 s
Time 7 76.26:S 1.87's 68.03 5 60.01 s
Time * 8 78.75's 73.08 s  65.44 sr 60.01 s
Time 9 75.84 s 73.98 s  65.43 s 62.05 s
Time 10 '76.62 s . 72.49 s 64,33 s 60.08 s
Time 11 - 76.14 s . 71.84 s .63.005 59.69 s
Time 12 76.13 s~ 72.56 s 66,00 s, 60.18 s
Time - 13 0.0 s 74.40 s 6.06 s 59.92 s
Time 14 0.0 s '72.41 s 65.16 5‘1; 58.88 s
Time . 15 0J0 s .73.13 s  66.21 s* -58.95 s
Time 16 0.0 's 71.67 s 66.07 s 57.91 s
Time 17 + 0.0 s ®*.0 s 0.00 s 5767 s
Time 18 . 0.0 s 0.0 s- 0.0 s 59,27 s
T/C 1 Strt '3.930 mv 3.921 mV. ‘32932 mV 3.921 mV
T/C 2 Strt 3.940 mv 3.939 mv. 3.935 mv 3,935 mV
T/C 3 Strt 1.160 mVv_ 1.190 mV 1.205 mV - $»,233 mV
T/C 4 Strt ~3.961 mvV  3.964 mv 3,961 mV 3.963 mV
T/C § Strt 3.991 mv  3.994'mv 3.991 mV' 3,995 mV
T/C 6 Strt 3,935 mv 3.940 mv, 3.938 mV 3 945 mv
T/C 7 Strt ~3.080 mV 3.062 mV 3.225 mv  3.345 mV
. TAC -1 End 3.921 mV 3.915 mv 3.933 mv 3.929 mV
"..$¥C‘2 End 3.939 mv 3.933 mV 3.945.mV  3.940 mV
T/C 3 End 1,190 mV  1.196 mv 1,220 mV 1.240 mV
T/C 4 End 3.964 mV 3.963 mv - 3.966 mV 3.965 mV*
T/C 5 End /3.994 mv 3.991 mv 3.995 mv 3.995 mV -
'T/C 6 End 3.940 mV 3.939 mV 3.940 mV’ 3.945 mV
T/C 7 End 3.062 mV 3.060 mV ' 3.225 mV 3.350 mV '

——————-——————-—-—_——_———————-———_—,——-_—-———-—————_—-——_—_——_-

Start Time  11:00 11:35, 13:00 - - 14:40
End Time 11:¢30 - 12:00 13:35— 15: 10
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Date of Experxment 198%6/ 5/ B . - 8
MDEA~ Conc = T 20.0 wt% - Absorbing Gas - N20 -

Piperazine Con 0.0. kmol/m3 Surfactant . 0.0100 wt%

‘Barometic PreSsure ,705.3 mm Hg Rotameter Tube 603
" Room Temperature 25.0 deg C Nozzle Diam . 0.60 ‘mm
- Manometer Right Leg 6.4 in H20 Thermo Coarse 581 .

Manometer Left Leg .- 5.6.in H20 ' Thermo Fine 0.0

Jet Elevation ~  87.440 cm . Feed Yariac 62.0 %
\North Pole - - 87.225 cm_ Circ riac 95.0 %

"South Pole, - 82.120 cm* . S o

Liquid Take- off : 79.700' cm ‘ .

Flowmeter 30.'mm 40™mm  50. mm

SFM Volume 5. mL 5. mL - 5. mL2

Time 1 72.94 s 68.24 s 58.84 s

Time 2 70.75 s 66.30 s 60.49 s

Time - 3 73.87 s 67.20 s 60.08 s

Time 4 69.84 s 66.39 s 60.61 s

Time —5 74.93 s 63.41 s 59.66 s

Time 6 70.89 s 66.06 s 61.00 s

Time 7 71.37 s 63.48 s 58.93 s

Time 8 72.50 s 64.40 s 58.75 s

Time 9 75.06 s 66.45 s  '59.14 s

Time 10 71.76 s= 67.45 s  60.18 g

Time 11 - 74,17 s 63.65 s 60.16 s

Time 12 74,12 s .64.14 s 60.09 s

Time 13 72.80 s+ 65.74 s 60.03 s ‘

Time 14 73.25 s 64.06 s 59.84 s !

Time 15 +72.38 s 66.10 s 59.39 s

Time 16  ~70.33 s 65.95 s 58.40's

Time 17 72.63 s 64.85 s 60.38 s

Time 18« 72.82's 63.59 s 59.51 s

Time 19 74.91 s 63.74 s 0.0 -s

Time 20y 0.0 s 66.24s 0.0 s

—————.———_—_—_-——-,———_—--———-_—_——__—_-———_—_.._——-—_——_._-.—_——_

End  3.993 mVv 3.992 mv 3.995 mV
.BEnd 3.937 mv 3.%942 mV 3.941 mV,
End 3.050 mv 3.227 mv 3,350 mV

- e o . . - - T Wh M - S M e e S e M T G e W S e o S O S e S mn =S S S e S S

T/C 1 Strt -3. 9& 3,935 mV 3,925 mV.
T/C 2 Strt 3.940 mv  3.931 mV
T/C 3 Strt 41»160 mv’ 1.196 mv. 1.205 mV
T/C 4 Strt 3.962 mV. 3.964 mV 3.961 mV
T/C 5 Strt. 3.992 mV  3.991 mV 35991 mV ‘ o
T/C 6 Strt 3.940 mV 3.945 mV 3.940 mv S
T/C 7 Strt 3.066 mV 3.232 mV - 3,346 mV : R
T/C 1+ End 3.920 mV 3.930 mV 3.928 mV
T/C 2 End 3.932 mvV 3.936 mVv 3,935 mV.
T/C. 3 End’ 1.174ﬁ;mb 1,200 mV  1.211 mV
T/C 4 End 3.962 mvV - 3.96) mV 3.965°mV
5
6
7
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—~—pate of Expe\>ment 1986/ 5/12

- MDBA Conc - o 120.0rwt%. . Absotrbing Gas N20
. Piperazin® Conc 0.0 kmol/m3 Surfactant 0.0100 wt¥
. Barometric Pressure 696.5 mm Hg "Rotameter Tube 603
- Room Temperature 23.5 deg C Nozzle Diam 0.60 mm-

Manometer Right Leg. 6.4 in/H20 - Thermo Coarse .5,04

.Manometer Left Leg . 5.6 'in H20 Thermo Fine- 0.0

Jet Elevation . 87.635 cm . Feed Variac 0.0 %

North Pole _ - 87.430'cm = Circ Variac 0.0 %

South Pole - " B2.265 cm ’ ‘

_Liquid Take-off 79.915 cm

Flowmeter 30, mm : 40. mm 50. mm

SFM. Volume -5, mL "5, mL - 10, mL

Time -1 45.32'5 39.27 s 69.42 s

Time 2 45.% s 39.29 s '69.24 s

Time 3 ''45.50's .39.13's 70.14 s

Time 4 46.04 s 38.84 s 68.88's

Time = 5 46.00 s 38.52 s 70.43-s

Time 6 45,79 s 38.45 s . 69.96 s /

Time 7 45.35 s, 38.99 s 69.95 s

Time 8 46.27 s 38.92 s 69.57 s

Time 9 46.31's" 38.56 s 69.99 s

- Time 10 ~ 46.21 s ~ 38.86 s ‘$69.45 s

Time 11.  46.20s 38.75 s 69.77 s

Time 12 47.66 s 39.49 s 69.61 s

Time 13° 45,05 s 39.29 s 69.77 s

Time - 14 46.45 s 38.44 s 69.66 s

Time 15 46.70 s. . 38.73 s 0.0 s

Time 16 46.49 s 38.35 s 0.0 s

Time 17 46.02 s 39.02 s 0.0 s

Time 18 46,92 s. 38.90 s 0.0 s —

T/C 1 Strt 1.293.mVv 1,266 mV 1,274 mV

T/C 2 Strt 1.336 mVv 1,300 mV 1.301 mV

T/C 3 Strt 1.121 mVv 1,139 mV 1.145 mV

T/C 4 Strt 1.351 mVv "1.351.mV 1.350 mv

T/C 5 Strt 1.352 mv 1,351 mV 1.349 mV

T/C 6-Strt 1.352 mv 1.351 mV 1.349 mV

T/C 7 Strt 1.015 mv 1,140 mv 1.210 mV

T/C 1 End 1.283 mv_ 1.274 mV 1,276 mV

T/C 2 End  1.325 mv  1.308-m¥ 1.305 mV

T/C 3 End 1,126 mv 1,145 mV .1.150 mV

T/C 4 End "~ 1.346 mv 1,351 mV 1,350 mV

T/C 5 End 1.346 mV. 1,351 mV - 1,350 mV

T/C 6 End 1.345 mV 1 351 mv 1,350 mV

T/C 7-End ~ 1.015 mV 1.137 mV 1.201 mv

Start Time 11222 12:50 - 13 59

_ End - Time ~ 11:54 13:11 14325



. Date of Experiment 198

!
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0.0100 wt%
?» 603

0.60 mm
5.04
0.0

0.0 %
0.0 %

- —— - o

5/13
-MDEA Conc - _— 20.0 wt% . Absorbing Gas
Piperazine Conc - 0.0 kmol/m3 Surfactan
Barometric Pressure 686.9 mm Hg Rotamete
Room Temperature 23.5 deg C Nozzle Diam
Manometer Right Leg 6.4 in H20 Thermo Coarse
Manometer Left Leg 5.6 in H20 Thermo Fine
Jet Elevation 87.770 cm . Feed Variac
North Pole 87.560 cm Circ Variac
South Pole 82.430 cm
Liquid Take-off 80.000 cm .
Flowmeter 30. mm 40. mm 50. mm
SFM Volume 10. mL 10. 'mL 10. mL
Time 1 83.06 s 77.57 s 68147 s
Time 2 82.12 s 78.38 s, 70.32 s
Time 3 92.99 s 78.10 s 68.98 s
Time 4 90.50 s 77.02.s . 70.07 s
Time 5 91.28 s 77.86 s 70.17 s
Time 6 92.89 s~ 77.31 s . 69.57 s
Time 7' 93,04 s 78.10 s 68.51 s
Time 8 . 92.86 s 77.93 s 69.85 s
Time 9 91.74¢ s 78.01 s .69.30 s
Time 10 92.44 s 76.72 s 69.62 s
Time 11 91.82 s 77.75 s 69.96 s
Time 12 92.40 s 77.25 s 69.84 s
" Time 13 92.02 s * 78.11 s '69.§é s
. @ime 14 92.31 s 77.29*s -69.90 s
Qsme 15 91.76 s 0.0¢ s 69.87 s
T/C 1 Strt 1.200.mv  1.272 mV 1,275 mv
T/C 2 Strt 1.330 mV ~1.305 mV 1.303 mV
T/C 3 Strt 1.120 mV 1,134 mV  1.144 mV
T/C ¢ Strt 1.352 mv- 1,355 mV 1.356 mV
T/C 5 Strt . 1.352 mV 1,355 mV 1.356 mV
T/C 6 Strt  1.352 mV 1,355 mV. 1,356 mV .
T/C 7 Strt 1.010 mV 1,125 mV 1.196 mV "
T/C 1 End 1.289 mv  1.281 mVv 1.283 mV
T/C 2 End 1.328 mV 1.310mv 1.308 mv
T/C 3 End 1.125 mv 1,140 mV  1.146 mV
T/C 4 End 1.352 mv 1,355 mv 1.356 mV
T/C 5 End 1.352 mv  1.355 mV  1.357 mV
T/C 6 End 1.352 mv 1.355 mv 1.356 mV
T/C 7 End 1.028 mv 1.153 mv 1,205 mV
Start Time 10:40 11:50 12:50
End Time 11:10 12:20 13:30



Date of Exper1ment

Absorbing Gas co2
Surfactant 0.0100 wt% -
Rotameter Tube 603 .
Nozzle Diam '0.60. mm\\

Thermo Coarse 5. 14
Thermo Fine
: Fggd Variac

_-—_—.——_—_.—-_—.—_———__—_,_—_._—_-_—-‘-_-————-————--——_—_-———.---——-.—

12:0

1986/ %/ 14
MDEA Conc . ).0 wt¥
Piperazine Conc 0.8 kmol/m3
Barometric Pressure§ 693.4 mm Hg
Room Temperature - 2440 deg C
Manometer Right Leg ~ 8.4 in H20 '
Manometef Left Leg 5.6 in H20
Jet Elevation 87.810 cm
North-Pole - 87.610 cm
South .Pole 82.475 cm
L1qu1d Take-of f 80.055 cm
‘ Flowmeter 30. mm 40, mm
SEM Volume  25. mL 25. mL
Time 17 34,22 s 33.27
.+ Time 2 34.32 s 33,24
Time 3 34.5% s 33.36
Time -4 34.31 s 33.34
Time 5 34.48 s 33.19.¢
Time 6 34.21 s 33.38 %
Time 7 34.09 s 33.13 4
Time 8 34.38 s 33.31-
Time 9 34.47 s 33.32
Time 10 34.20 s 33.27
Time 11 . 34.44 s 33.37
Time 12 = 34.38 s 33.06
Time 13 34.09 s 33.36
Time 14 34.28 s 33.17
Time 15 34.50 s 33.38
Time 16 34.28 s 33.17
_ Time . 17 34.35 s 33.10
Time 18 0.0 s .33.41
Time 19 0.0 s 33.24
T/C 1 Strt 1.785 mv 1.780 mV
T/C 2 Strt 1.870 mvV .1.847 mV
T/C 3 Strt 1.165 mv 1,168 mV
T/C 4 Strt 1.889 mv 1.889 mV
T/C 5 Strt 1.892 mv 1.894 mV
T/C 6 Strt 1.885 mv 1.885 mV
T/C 7 Strt 1.664 mV '1.745 mV
T/C 1 End 1.786 mv 1.782 mV
T/C 2 End. 1.865 mv 1,850 mV
T/C 3 End 1,170 mv 1,170
“T/C 4 End 1.889 mv 1,888
T/C 5 End 1.892 mv 1.894
T/C 6 End 1.884 mv 1,885
T/C. 7 End 1.665 mvV 1,746
Start Time 10:45 11:45
End 11:08 7
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MDEA Conc 20,0 wt¥% Absorbzng\Gas C02
Piperazine Coﬁ% 0.0 kmol/m3 Surfactant'  0.0100 wt¥%
Barometric Pressure 701.3 mm Hg Rotameter ﬁpbe 603
Room Temperature 24.0 deg C Nozzle Diam\ 60 mm
Manometer Right Leg 6.4 in H20 Thermo Coars 14
Manometer Left Leg 5.6 in H20  Thermo Fine 0
Jet Elevation 87.955 cm Féed Variac 0.0 % ~-
North Pole _ 87.740 cm Circ variac | 0.0 %
South Pole ~ 82.620.cm . . o

L1qu1d Take-off 80.185 ecm :
___________________________________________________ e ———
Flowmeter 30, mm 40. mm 50. mm \

SFM Volume 25. mL 25, mL 25, -mL. \

Time 1 34.33 s 33.26 s 32.46 s -
Time 2 34.27 s 33.29 s 32.36 s

Time 3 34.15 s 33.38 s 32.29 s

Time 4 34.24 s 33.11 s 32.43 s

Time 5 34.49 s 33.20 s 32.45 s

Time 6 34.32 s 33.3¢ s 32.36 s

Time 7 34.43 s 33.32 s 32.42 s

Time 8 34.49 s 33.09 s 32.47 s

Time 9 - 34.49 s 33.21 s 32.49 s

Time 16  34.32 s 33.28 s 32.43 s

Time 11 34.60 s 33.33 s 32.57 s

Time 12 34.47 s 33.26 s 32.66 s

Time 13 34.35 s 33.32 s 32.45 s

Time 14 34.41 s 33.31 s 32.41 s

Time 15 34.21 s 33.45 s 32.15 s

Time 16 34.51 s 33.23 s 32.62 s

Time 17 34.42 s 33.34 s 32.40 s

Time 18 0.0 s 33.39 s 32.36 s )

Time 19 0.0 s 33.33 s 0.0 s

Time 20 0.0 s 33.19 s 0.0 s

T/C 1 Strt 1,776 mV - 1.772 mV 1,786 mV

T/C 2 Strt 1.850 mv 1.835 mV - 1,835 mV

T/C 3 Strt 1.152 mVv' 1,140-mV 1.162 mV *
"T/C 4 Strt 1.875 mv 1,874 mv 1.878 mV

T/C'5 Strt 1.875 mv 1,880 mv 1.881 mV

T/C 6 Strt 1,870 mv 1.870 mV 1.873 mV

T/C 7 Strt 1.663 mV 1.747 mV 1.790 mV .
T/C 1 End 1.779 mv 1.775 mV. 1,784 mV '
T/C 2 End 1.850 mv . 1.837 mV. 1.836 mV.

T/C 3 End 1,156 mV 1,160 mV 1,158 mV \

T/C 4 End 1.876 mV 1.876 mV 1.876 mV RN

T/C 5 End 1.880 mv 1.880 mv 1.880 mV

T/C 6 End 1.872 mv 1,873 mv 1,870 mV

T/C 7 End. 1.669 mv 1,750 mV - 1.790 mV

Start Time  10:08 - 11:00. 12:05

End Timg 10:28 T 11:23 12:30
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MDEA Conc 20.0 wt¥ . Absorbing Gas  CO2
Piperazine Conc 0.0 kmol/m3 Surfactant 0.0100 wt¥
Barometric Pressure 706.0 mm Hg Rotameter Tube 603
Room Temperature 23.0 deg C NoZzle Diam . 0,60 mm
Manometer Right Leg 6.4 in H20 - Thermo Coarse 5.08
Manometer Left Leg 5.6 in. H20 Thermo Fine 0.0

Jet Elevation 88.005 cm Feed Variac 0.0 %
North Pole 87.800 cm Circ Variac 0.0 %
South Pole 82.670 cm

Liquid Take-off 80.215 cfy

Flowmeter '~ 30. mm 40. mm 50. mm

SFM Volume 25, mL 25, mL 25..mL

—— . - — - - - T m e i N G R R W G G W M G G G N e W WR SR T G M W e A e e M S e e R A n e e e e e

Time ‘1 37.63 8 36.74 s 35.74 s

Time 2 37.76 s 36.77 s  35.74-s .
Time 3 37.66 s 36.78 s 35.79 s

Time 4 37.84 s 36.74 s 5.80 s

Time 5 37.77 s 36.78 s 25.83 s

Time 6 . 37.83 s 36.74 s 5.81 s

Time 7 37.80 s 36.81 s 35.78 s &
Time 8 37.88 s 36.65 €: 35.73 s

Time 9 37.84 s 36.63 s 35.82 s

Time 10 37.84 s 36.69 s 35.84 s

Time 11 37.91 s "36.70 s 35.77 s .

Time 12 37.79 s 36.69 s 35.72 s

Time 13 37.97 s 36.74 s 35.72 s .
Time 14 37.83 s 36.61 s 35.80 s

Time 15 37.75 s 36.74 s 35.76 s

Time 16 38.03 s 36.65 s 35.73 s

Time 17 37.73 s 36.74 s 35.77 s

Time 18 37.82 s 36.70 s 35.70 s

Time 19 37.77 s 36.68 s 356.70 s

Time 20 37.70 s Q.0 s 0.0 s

— . . . - S e = s e S S e e D WD S S e G MR W MmN T AR SR M e S M e T A R S e e W em s e S S e e

1
1
T/C 3 Strt” 1.141mVv 1,124 mV 1,132 mV . .
T/C 4 Strt 1.610 mv 1.602 mV 1.605 mV
T/C 5 Strt 1.610 mV 1.606 mV 1.608 mV
T/C 6 Strt 1.605 mv 1.601 mv 1,603 mv
T/C 7 Strt 1.466 mV 1.510 mV - 1.550 mV
T/C 1 End 1.543 mV 1.538 mV 1.545 mV
T/C 2 End 1.599 mv 1.585-mV 1.585 mV
T/C 3 End 1.132mv 1,130 mv 1,139 mv
T/C 4 End 1.601 mVv 1,605 mv 1,605 mV
T/C 5 End 1.605 mv 1.606 mv. 1.607 mV »
T/C 6 End 1.60t mv -1.601 mv 1,601 mvV. ‘
7

End 1.455 mv 1,515 mVv 1,551 mV~

Start Time  09:50 10:50 11:50
End Time 10210 11210 12215
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MDEA Conc . 20,0 wt¥% Absorbing Gas co2
Piperazine Conc 0.0 kmol/m3 Surfactant 0:0100 wt¥%
Barometric Pressure 691.8 mm Hg Rotameter Tube 603 X
Room Temperature 25.0 deg C Nozzle Diam 0.60 mm
Manometer Right Leg 6.4 in H20 Thermo Coarse 5.08
Manometer Left Leg 5.6 in H20 Thermo Fine 0.0

Jet Elévation 87.970 cm Feed Variac 0.0 %
North Pole 87.760 cm Circ Vvariac 0.0 %
South Pole 82.620.cm - ‘
Ligquid Take-off - 80.165 cm

Flowmeter 30. mm 40, mm 50. mm 50. mm

SFM Volume 25, mL 25. mL 25, mL» . 25. mL

Time 1 37.63 s 36:11 8 35,17 8 35.45 s

Time 2 37.57 s 36.15 s 35.13 s 35.40 s

Time 3 37.66 s 35.95 s 35.20 s 35.48 s

Time 4 37.75 s 36.06 s 35.14 s 35.40 s

Time 5 37.71 s 36.03 s 35.23 s 36.66 s

Time 6 37.59 s 36.21 s 35.08 s 35.38 s

Time 7 37.70 s+ 36.16 s .35,15 8  35.44 s

Time 8 37.59 s 36.14 s 35.31 s 35.54 s

Time - 9 37.66 s 36.13 s 35.27 s 35.31 s

Time 10 = 37.95 s 36.24 s 35.24*% 35.29 s

Time 11 37.12 s 36.12 s 35.24 s 35.31 s

Time 12 37.84 s 36.08 s 35.40"s 35.26 s

Time 13 37.66 s  36.13 s 35,38 s 35,48 s

Time 14 37.75 s '36.16 s 0.0 s 35.58 s

Time* 15 37.72 s 36.22 s 0.0 s 35.25 s

Time 16 37.62 s 36.11 s 0.0 s 35.44 s -

Time 17 37.66 s 36.18 s 0.0 s 35.28 s v,
Time 18 37.69 s .16 s 0.0 s 0.0 s ;
T/C 17"°Strt 1.555 mv’ 1.560 mv 1.550 mV 1.546 mV

T/C 2 Strt 1.609 mv 1.601 mv 1,596 mV 1.590 mVv

T/C 3 Strt 1,178 mVv 1,200 m¥ -1.230 mV 1,230 mV

T/C 4 Strt 1.610 mV 1,610 mv 1,610 mV 1.610 mV >
T/C 5-Strt 1.610 mV 1,611t mv 1.615 mV_1.811 mV

T/C 6 Strt 1.608 mv 1,606 mv 1.610 mv 1,609 mV

T/C 7 Strt 1.492 mVv 1.564 mV 1.525 mV 1.530 mV

T/C 1 End 1.557 mvV 1.565 mvV 1.550 mv 1.550 mV

T/C 2 End 1.610 mV - 1,602 mvVv 1.590 mv 1,590 mV

T/C 3 End 1.194 mv 1,212 mv 1.230 mVv 1,235 mV

T/C 4 End 1.611Tmv 1,610 mVv 1.610mV 1.611 mV

T/C 5 End 1,615 mv 1.611 mVv 1,611 mV 1.611 mV

T/C 6 End 1.609 mv 1,606 mv 1.609 mv 1,609 mv

T/C 7 End 1.505 mv  1.570 mV 1.530 mV 1,550 mV

~Start Time 09:40 10745 - 12:00 . 12:20
End Time = 10:00 11:05 12:20 12:40
= : 4
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MDEA Conc,'

Piperazine Conc 0.0 kmel/m3 Surfactant 0

20.0 wtX

Barometric Pressure 69%.3 mm Hg
24,

Room Température

Absorbing Gas

Rotameter Tube
. Nozzle Diam

Manometer Right Leg 6.4 in H20 Thermo Coarse
Manometer Left Leg 5.6 in H20 Thermo Fine
Jet Elevation 88.405 cm

/

Feed Variac

coz’

-0100 wt¥ .

603 .
0.60 mm
.03 :

- 0.0

0.0 %

0.0 %

.North Pole 87.800 cm Circ Variac
South Pole ‘ 82.675 cm

Liquid Take-off .280 cm

Flowmeter 30. mm 40. mm .50, mm

SFM Volume 25. mL 25, mL 25. mL
----------------------------------------------- P, - -,
Time 1 42.56 s 40.89 s 39.84 s

Time 2 42.45 s 40,83 s 39.74 s

Time 3 42.39 s 41,03 s 39.65 s

Time 4 42.45 8 41,02 s 39.83 s

Time 5 42.29 8 41.03 8 39.69 s

Time 6 42.36 s 40.99 s 39.61 s '
Time 7 42.44 s 40.87 s 39.53 s

Time 8 42.33 s 40.98 s . 39.89 s

Time 9 42.24 s 40.86 s 39.82 s

Time 10 42.34 s 40.81 s 39.63 s -
Time 11 42.22 s 40.81 s 39.53 s

Time 12 42.43. s 40.83 s 39.82 s .

Time .13 42.39 s 40.81 s 39.74 s

Time 14 42,27 s 40.95 s 39.82 s

Time 15 42 .38 s 40.86 s 39.79° s

Time 16 42.20 s 40.96 s 39,75 s

-..__._( ______________ Rt it bbbkttt bbb b
T/C 1 Strt 13277 mV 1,265 mVv 1,270 mV

T/C 2 Strt 1,325 mv 1,300 mv 1.300 mV

T/C '3 Strt 1,167 mV 1,177 mv 1,180 mV

T/C 4 Strt 1.315 mv 1.311 mVv 1,314 mV

T/C 5 Strt 1,315 mVv  1.314 mv 1,314 mV

T/C 6 Strt  1.315 mVv 1,312 mVv 1,314 mV | N
T/C 7 Strt 1,126-mV 1,195 mV 1.240 mV

T/C 1 End 1,275 mv 1.275 mv 1,278 mV

T/C 2 End 1,323 mv 1.307 mv 41,303 mV

T/C 3 End 1,173 mv 1,180 mv 1,181 mV

T/C 4 End 1.315 mv  1.315 mv 1,315 mV ™
T/C 5 End 1.315 mv 1,315 mv 1,315 aV

T/C 6 End 1.315 gV 1.315 mv. 1.315 aV

T/C 7 End 1.122 mv ;1,220 mv. 1,238 mV
Start\Time  10:00 11:05 12:07

End Rime  10:21 11:27 12:30
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~ 'MDEA conc ,2050 Wik Absoragng Gas coz‘é
. Piperazine Conc 0.0 kmol/m3 Surfactant 0.0100 wt% -
'Barometrlc Pressure 697 2 mm Hg , Rotameteg Tube, 603 o
' Room Temperature - ' 23.0 deg,C Nozzle Diam - 0.60 mm
“Manometer ‘Right Leg. 6.4 1n H20 - - .Thermo- Coarse 5.03. - PR
Manometer Left Leg« 5.6 in H20 Thermo Fine 0.0:w 7
Jet Elevat1on ... - 87.990 o’ Feed Variac .. 0.0 %
W'\ -North Pole . . . . B7. 780 cm ~Circ Variac 0.0 %
- South Pole LR Lo B2, 635 cm < ‘
“quU1d Take -off ~  80.235 cm
‘ Flowmeter ' \30 mm. .1140;‘mm : 50 mm.
"-‘SFM Volume - 25, mL . 25. mL - 25. mL
Time 41 , ,43~02-5‘ 40.91 s - .39.86 s
Time * 2 '~ 43.27 s 40.95's  40.05 s
Time - 3 43.14's * 40.84 ‘s 40.05 s
Time -4 43,17 g 41.06 s 39.99's 2
Time 5 . 43.04 s . 41.05°s 39.97 s ‘
Time . 6 43.25-s'. 40.96.s . 39.88 s
Time: 7 }g.ssjsf_ 40.94-s 39.74 s
Time 8 2.98 s~ 41.09 s 40.00 s
. Time - 9 42.94 s 41.01 s 39.93 s
. Time 10 42.97 s 40.94 s 39.84 s
Time 11 . 43.06 s, .40.95 s 39.76 s-
Time 12 43.06.8 41.05 s 39.80 s\
Time 13, 43.04 s 41.01 s 39.90 s
Time 14 43.11 s 41,00 s 39.98 s
Time 15 43.03. s 40.94 s 39.71' s
* Pime” 16 - - 42,98 s - 41.05's 39.91 s .
, Time 17 43.06 s .~ 0.0 s 0.0 s ‘.
T/C 1 Strt. 1,260 mv 1,276 mV  1.280 mV '
T/C. 2 Strt 1.313 mv  1.305 mV.  1.306 mV
T/C 3 Strt 1,111 mv 1,115 mV 1,116 mV
bo.T/C 4 Strt 1.309 mv. 1.306 mVv "1.310 mV
T/C S Strt - 1,310 mv 1,307 - mV 1.310 mV LRy
T/C 6:Strt - 1.310 mv 1,305 mv 1,310 mV
T/C 7 °Strt 1,095 mv: 1,261 mV 1,284 'mV
T/C 1 End - 1.261 mV  1.276 mV . 1,282 mV
< ~T/C 2 End 1.313°*mv. 1,306 mv. 1,308 mV
- T/C3End 1,111 mVv. 1,115 mv  1.117 mV
T/C 4 End  1.306 mV 1,306 mv 1,310 mV
T/C 5 End 1,310 mvV 1,308V 1.311-mV
T/C 6 End . ®.306 mV 1.305. mV  1.310 mV -
“T/C 7 End 1,110 mV» 1.265 mv 1,281 mV ‘
start Time  10:%0 - 11:45 12146

‘End.  Time .10:30 12:05 13:06

m’* .
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" MDEA Conc = . 20.0 wt% Absorb1ng Gas * \ N2D
‘Piperazine Conc 0.0 kmol/m3 Surfactant . O. 0100 wty
. Barometric Pressure;x702 8 mm Hg ©~ Rotameter Tube - 603
" Room Temperature ~ 23.5 deg C Nozzle Diam ©0.60 mm
“Manometer Right Leg. ~ 6.4 in H20 _ Thermo Coarse, = 5. Q@u
“Manometer Left Leg nws 6 in H20 Thermo Fine . 0.0
Jet Elevation . §L3915 cm Feed Varlac 0.0 %
Nbrth»Pole : o 710 cm _ Circ Variac 0 0%
South P¢ ‘ 82 ?05 cm
‘Liquid Te e -off' ' 80.165.cm
__________________ "-_—_..._.-_.___...._._ﬂ,_____..__....-..__..__.___._._.....___._
Flowmeter . = 30. .mm }AW; mm, as 0. .mm
SFM Volume . 10. mL . “10: mL 10. mL
Time 1 91.37 s 77.52 s 69.91 s
Time 2 91.40 s 77.3% s 69.79 s
Time 3 90.73 s 78.13 s - 69138 s
Time -4 ° 91.94 s . 77.18 s 70.13 s
Time .5 '90.41-s 77.29 s 69.05 s
Time 6 '90.40 s 77.62 s 69.68 s
Time . 7 90.41 s 76.98 5 69.90 s
Time '8 91.08 s 77.09.s 69.30 s
Time 9 90.38 s 77.27 s . 70.34 s
Time 10 - 91.21s_ 77.07 s '69.74 s
Time 11 90.73 s~ 77.31's  69.90 - ;
Time 12 90.51 s 76.89 s  69.76 ¢
Time: 13 90.88 s 77.09 s  69.57 s
Time 14 91.08 s 76.93 s 0.0 s
Time . 15 92.33 s 0.0.-s 0.0 s
T1me 16 91.87 s 0.0 's 0.0 s

T/C 1 Strt 1.280 mv 1.280.mv 1.280 mV -

T/C 2 strt) 1.310 mV 1,296 mV  1.300 mV ="
T/C 3 Strt 1.124 mv 1,150 mV 1,154 mV

T/C 4 Strt 1,329 mV 3256 mv . 1.325 mV

"7/C~5 Strt’ 1.329 mVv  1.325 mV - 1.325 mV

T/¢ 6 Strt  1.329 mV 325 mvV . 1.325 mV

T/C 7 Strt . 1.095 mV 235 mv  1.250 mV

T/C 2 End 1,308 mV

. T/C 3 End ~1.137 mV
T/C 4 End - 1,325 mV

~.T/C 5 End 1.325 mv.
'T/C 6 Endy 1.32¢4mv 1. v
‘T/C 7 End,” 1.090 mV 1.237 mv. 1.265 'mV

: Start_Tlme 09:40 11:00 12:05 o

End = Time  10:15 = 11:22 - 12:30 -

1
1
1
o , |
T/C 1 End  1.277 mV 1.287 mV 1.288 mV
1 _
1
1
1
1
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MDEA Conc 40.0 wt% Absorbing Gas N20 !
Piperazine ‘Conc {7'0 0 kmol/m3 Surfactant 0.0075 wt%
.Barometric Pressure }702.2 im Hg  Rotameter Tube - 603 |
Room Temperature 24.0 deg C Nozzle Diam 0,60 mm -
Manometer Right Leg - 6.4 in H20  Thermo Coarse .5.03
Manometer Left Leg 5.6 in H20 Thermo Fine 0.0

Jet- Elevation . 87.955 ¢cm Feed 'Variac 0.0 %
North Pole 87.750 cm .Circ Variac 0.0 %
‘South Pole - 82.615 cm 5 .

'Liquid Take-off 80.225 cm

Flowmeter 45. mm 60, mm 70. mm

SFM Volume 5., mL~ 5, mL + 45, mL

"'"-"_""‘- —————— ) e e e e o o A M e e m ST MR s s m e S S .
Time 1 78.74 s 65.95 s, . 59.02 s

Time 2 78.06 s 65.78 s 60.00 s

Time 3 78.43 s .66.08 s .59.83 s

Time 4 79.08 s 65.86 s 60.10 s

Time 5 . 78.74 s 65.68 s 59.71 s

Time 6 78.66 s 66.45 s - 59.44 s

Time 7 79.13 s 65.59's - 60.00's

Time 8 - 77.87 s = 65.64s ,59.6T s~

Time 9. 78.59 s 64.90 s '58.74 s

Time 10 . 78.07 s 65.75 s 58,93 s

Time 11 78.73.s 65.25 s~ 60.12 s

Time 12 78.81 s 65.48 s 59.87 s

Time 13 78.89 s 64.84 s 59.55 s

Time 14 0.0 s 0.0 s 59.04 s

Time 15 0.0 s 0.0 s 60.00 s

Time 16 0.0 s 0.0 s . 59.13 s

Time 17 0.0 s 0.0 s 60.47 s

T/C 1 Strt '1.290 mV 1.270 mV- 1.284 mV

‘T7/C 2 Strt 1.315 mV_ 1.296 mV 1.300 mV

T/C 3 Strt 1.155 mVv 1,170 mV 1.185 mV

T/C 4 Strt -1.325 mv 1.325 mVv 1.325 mV

T/C 'S5 Strt 1.325 mv 1.325 mV_ 1.325 mV

T/C 6 Strt 1.325 mv 1,325 mV 1.325 mV

T/C 7.Strt 1.091 mV  1.172 mV -1.250 mV -
'T/C 1 End 1.290 mV . 1,278 mV  1.292 mV

T/C. 2 End 1.314 mv 1.300 mv 1,306 mV .

T/C 3 End 1.164 mVv 1.176 mV 1.190 mV

T/C 4 End 1.325 mv' 1.325. mVv  1.325 mV

T/C 5 End . 1.325 mV 1,325 mV- 1.325 mV

T/C 6 End ~ 1.325 mVv 1,325 mV. 1.325 mV .
T/C'7 End 1.090 mV 1.200 mV 1.265 mV >

Start’Time  09:50 . 11:00 12:05
End Time 10:18 - 11:25 12:37
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MDEA Conc 40.0 wt% Absorbing Gas N20 :
Piperazine Conc . 0.0 kmol/m3 -Surfactant -0.0075 wt%
Barometric Pressure 702.2 mm Hg . ' Rotameter Tube . 603
Room Temperature 24.5 deg- C Nozzle Diam 0.60 mm
~Manometer R1ght Leg 6.4 in H20  Thermo Coarse ' 5.03
Manometer Left Leg 5.6 in H20. "Thetmo Fine. ~ 0.07
Jet Elevation 87.825 cm. Feed Variac - 0.0'%
North Pole . 87.620 cm Circ Variac 0.0-%
-~ ith Pole 82.500 em . .

Liquid Take-off 80.055 cm’

”Flowmeter 45, mm 60. mm 70. mm .

SFM Volume 5. mL 5. mL  .5. mL ¥

Time 1 77.99 s 65.88's 60.84 s

Time 2. 77.79 s 65.60 s 89.45 s

Time 3 79.20 s 65.30 s 58.69 s

Time 4 77.91 s 65.42 s 59,52 s

Time 5 78.45 s 65.64. s 59.34 s

Time 6 78.19 s 65.28 s 59.49

Time 7 78.16 s 64.93 s 59,76 s

Time 8 78.83 s 65.26 s . 60.15 s

Time g . 78.18 s 64.81 s 60.00 s

Time 10 78.3%8 s 64.99 s 59.74 s

Time 11 . 77.90 s 65.14 s 60.03 s

Time 12 78.50 s 65.07 s 60.80 s Z

Time 13 78.39 s 65.90 s 59.7%t s

Time 14 - 79.32 s 65.28 s 59.48 s

Time .15 79.02 s 0.0 s 58.99 s

T/C Strt 1.289 mv 1.275 mVv 1,290 mV

T/C Strt 1.315 mv. 1.297 mv 1.305 mV

T/C Strt 1.164 mv. 1.176 mV 1,190 mV

T/C 4 Stet 1.325 mv 1.323.mV  1.325 mV

1

Strt 1.325 mv  1.324 mv 1.326mv -«

End  1.325 mV d.szs,mv :

, ‘ ' 1.240 mv
T/C End 1.289 mv. 1.285 mv 1.28%5 mV
T/C End 1.315 mv  1.301 mv. 1.303 mV
T/C End 1.170 mvV. 1,185 mv  1.196 mV
T/C End 1.325 mv_ "1.325 mv 1.325 mV

~ 1
1
| :

Start Time 09 45 - T 10:53 - 11:55 A -
- End ' Time  10:07 11:15 o 12:20 .



Date of Experiment 1986/ 6/ 2

____________ i
MDEA Conc ' : 40,0 wt% Absorbing Gas N20
Piperazine Conc 0.0 kmol/m3 Surfactant 0.0075 wt%
Barometric Pressure .700.2 mm Hg Rotameter Tube 603 ‘
Room Temperature 24.0 deg C Nozzle Diam . 0,60 mm

. Manometer Right Leg 6.4 in H20  Thermo Coarse 5.27 ‘
Manometer Left Leg 5.6 in H20  Thermo Fine 0.0
Jet Elevation 87.930 cm Feed Variac. 30.0 %
North Pole 87.720 cm . Circ Variac: 100.0 %
South Pole 82.605 cm , ‘ -
Liquid Take-off - 80.200 cm -

Flowmeter 45, mm 45. mm 60, mm 70. ‘mm
SFM Volume 5. mL . 5. mL 5 mL ' 5. mL
Time 1 60.62 s 64.78 s 53.43' s 50.24 s
Time 2 61.59 s 65.33 s 53.24 s 50.41 s
Time 3 61.09 s 68.35 s 52.42 s 50.62 s .
Time 4 59,49 s 64.19's 53.37 s 50.00's v
Time ©5 61.12 s 64.28 s 53.65 s 51.28 s
Time 6 61.33. s. 62.8B8 s 53.59 s 50.14 s
Time 7 - 61.79 s . 62,75 s 53.74 s 50.33 s
Time .8 62.3¢4 s 64.52 s 53.65 s 50.74 s
Time 9. 0.0 s 63.97 s . 53.88 s 50.75 s
Time 10 0.0 s 63.9 s 53.70 s* 50.73 s
Time 11 - 0.0 s 62.99 s . 54.16 s 51.03.s
Time 12 0.0 s 62.80 s = 53.69 s 50.27 s
Time 13 -0.0 s 63.10 s 54.25 s 50.32 s
Time 14 0.0 s 62.86 s 0.0 s 0.0.. s
T/C 1 Strt 2.590 mv 2.595 mv 2.596 mv 2,593 mV
‘T/C 2°Strt 2.612 mv 2.610 mV 2.609 mV 2.600 mVv
'T/C 3 strt 1.1200mV  1.137 mV 1,205 mv 1 ‘98 mV
T/C 4 Strt 2.627 mV 2.627 mV 2,623 mV < +23 mvV
T/C 5 Strt 2.636 mV 2.636 mV 2,633 mV 2.635 mVv_
T/C 6 Strt 2.616 mV 2,615 mv 2.615-mV 2.618 mV

CT/C 7 Strt 2.412 mV  2.425 mV 2,584 mV 2.645 mv

- 7/C 1 Bnd  2.595 mV' 2.593 mv 2.590 mV 2.596 mV
T/C -2 End. 2.610 mv 2.610 mV 2.600 mVv 2.605 mV.

T/C 3 End 1.137 mv - 1.155 mv  1.210 mV 1.196 mV
T/C 4 End 2.627 mV  2.625 mV 2,622 mV 2.625 mV
T/C 5 End - 2.636 mV 2.635 mv 2.632 mV 2,635 mi
T/C 6 End 2.615 mv  2.611.mv 2,610 mV 2.615 mv
T/C 7 End 2.425 mv  2.430 mV - 2,587 mV 2,654 mV
Start Time 09:45 . 10:00 11210 12:13

End Time 10:00 7 10:20 7 11:30 12:49
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40.0 wt% " Absorbjhg Gas N20

'MDEA cong |

P1perazane Conc
Barometric Pressure
"Room ,Temperature
Manometer Right Leg
. Manometer Left Leg
Jet Elevation

North Pole:

South Pole
Liquid Take off

24.5 deg C Nozzle Diam - 0,60 mm
6.4 in H20 . Thermo Coarse . 5.27
5.6.in H20 Thermo Fine - 0.0

88.135 em . Feed Variac ' 3010 %
87.925 cm Circ Variac 100.0 %
82.810 ¢cm
80 355 cm .
60. mm 70. mm
5. mL 5. mL B
55.10 s 52.63 s .
55.20 s 52.82 s »
54.12 s 51,16 s

'55.41 s 50.96 s
54.95 s 52.50 s
55.53 s. 52.33 s
55.50 s 52.38 s
55.49 s 52.32 s
55.65 s 52.15 s
54.41 s 50.94 s
‘56.57 ‘s 51.63 s
56.20 s 52.67 s
55.81 s 52.32 s
55.80 s 52.49 s
56.09 s 52.03 s
55.49 s 52.37 s

0.0 kmol/m3 Surf

nt 0.0075 wt¥%

705.7 mm Hg _Rotameter Tube 603

-_..—__—...._—-—_—_——_—_-———_——_—_——————_————--—_-—_——‘__.._—_-._-._

2.582
2.600

L1625
2 625~
2.635
2.615
2.381

mv

“mv .

‘myv
mvV
mv

my -
mv

2.585 mv

2.600
1.170
2.624
2.635

2,615

2.390

mv
mvV

mv’

mv
mv

2.615 mv 2.620 mV
2.565 mV. 2.625 mV .

——_-—_——__—_——._.—-——————_—-—-_.-—_—-———.—.——_——_-————-——_—————-—

Flowmeter
" SFM Volume
Time 1.

Time 2
Time 3
Time 4
Time 5
Time 6
Time 7
Time 8
Time 9
Time 10
Time - 11
Time 12
Time 13
Time 14.
Time 15
Time --16
T/C 1 Strt
T/C 2 Strt
T/C 3 Strt
T/C 4.Strt
T/C 5 Strt
T/C 6 Strt
T/C 7 Strt
T/C 1 End
T/C 2 End
T/C 3 End
T/C 4 End
T/C 5 End
T/C 6 End
T/C .7 End
Start Time
£nd

09:45

. 10:05

10:50  12:00
11:20 12:25



o o ‘ . 301
Date of Experiment 1986/ 6/ 5 \ )

ﬂDEA Conc ‘ . 40.0 wt% Absorbing Gas N20
- Piperazine Conc 0.0 kmol/m3 Surfactant '0.0075 wt%
Retometric Pressure 701.2 mm Hg Rotameter Tube 603
om Temperature '24.0 deg C Nozzle Diam 0.60 mm
. Manometer Right Leg 6.4 in H20  Thermo Coarse 5.51
Manometer Left Leg "~ 5.6 in H20 Thermo Fine . 0.0 -
Jet Elevation '88.205 cm Feed Variac 60.0 %
North Pole ' 87.995 cm Circ Vvariac 110.0 %
South Pole 82.895 cm '
Liquid Take-off ' ' 80.470 cm )
Flowmeter 45 mm 60, mm - 60. mm 70. mm
SFM Volume 5 mL 5. mL 5. mL .5, mL
Time . 1 75.69 s 69.88 s 69.25 s 63.50 s
Time 2 75.27 s 71.94 s 68.96 s 63.90 s
Time 3 75.46 s 69.91 s 67.94 s 64.46 s
Time 4 75.62 s 70.79.,s 67.93 s 62.58 s
Time = 5 76.19 s 70.82 s 68.16 s 63.80 s
Time 6 76.37 s '69.70 s 68.55 s 64:75 s
Time 7 75.06 s 0.0 s 68.73 s 64.16 s
Time 8 75.62 s , 0.0 s 69.37 s 62.77 s
Time- 9 '76.49 s - 0.0 s 68.65 s 62.83 s
‘Time 10 76.07 s 0.0 s 68.35 s 63.99 s
Time 11 75.82 s 0.0 s 69.37 s 64.13 s
Time 12 0.0 s ‘0.0 s 68.07 s 62.54 s
Time 13 0.0 s 0.0 s 0.0 s 62.96 s .
— - . A — . G W e e i D G W G MR W G G D WR T I MR S W e R R G M et AR R S e e de e em e g G e P G - A ?—_—_—
T/C Strt 3.933 mv -3.938 mV -3.,930 mV 3.935 mV
T/C Strt 3.935 mv. 3.940 mV 3.940 mV 3.940 mV
T/C strt 1.155 mv 1,165 mv 1,170 mV 1,177 mV
T/C strt 3.960 mv 3.960 mv 3,961 mV 3.961 mV
T/C 5 Strt 3.990 mv 3.990 mv. 3,996 mV 3.993 mV
T/C Strt 3.935 mv 3.935 mv. 3.935 mV 3.945 mV

Start Time  10:05 . 11:20°  11:30 12:38
: 11:30 11:55 13:05
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MDEA Conc 40.0 wt% * Absorbing Gas . N20 -
Piperazine Conc " 0.0 kmol/m3 Surfactant . 0.0075 wt%
Barometric Pressure 698.2 mm Hg Rotameter Tube '603
Room Temperature ’ 25, 2,§eg o Nozzle Diam 0.60 mm
Manometer Right Leg 6. n Hﬂ@h .Thermo Coarse 5.51 ‘
Manometer Left Leg ‘5,6 in Hzo Thermo Fine 0.0
Jet Elevation '88.245 cm Feed Variac 59.0. %
North Pole-— ‘ 88.025 ¢m () = Circ Variac 110,0 %
South Pole -82.910. cm ,
quuld Take-of £ 80.475 cm
Flowmeter 45, mm ' 45. mmﬁJ -60,. mm 70. mm
SFM Volume . 5. mL 5. mL 5. mL 5. mL
Time 1 76.30 s 72.72 8 < 68.73 s 63.34 s
Time 2 76.46 s 72.80 s 68.80 s 62.31 s
Time . 3 74.02's "72.36 s 69.96 s 64.63 s
Time - 4  75.37 s 72,80 s 69.94 s 64.16 s
Time 5 - 75.83 s 72.37 s .69.21 8 1 64.20 s
Time * 6 75.36 s 72,07 s 67.89 s ~ 64.39 s
Time 7 75.79 s 72.32 s 67.09 s 64.45 s
"Time 8 75.87 s 71.63. 8 69.09 s 63.77 s
Time 9 ~75.63 s 71.34 s 68.64 s 4.27 s
Time 10 76.37 s 72.77 s 67.93 s 63.37 s
* Time 11 , . 74.79 s 73.92 s 68.44 s 64%20 s
Time 12 .74.89 s 73.77 s 69.17 s 61.03 s
Time 13 0.0 s 73.15 s 67.15 s 63.92 s
T/C 1 Strt 3.930 mV 3.925 mV 3.934 mV 3.936 mV
T/C 2 Strt 3.935 mV 3.940 mv 3.940 mV 3.946 mV
T/C 3 Strt 1.210.mV  1.221 mV 1.226 mv 1,225 RV
T/C 4. Strt '3.960 mv 3.961 mv 3,961 mV 3,966 m
T/C 5 Strt 3.990 mv 3.991 mV 3.992 mv  3.995 mVv
T/C 6 Strt 3.934 mV 3.940 mVv 3,940 mV 3,940 mvV
T/C 7 Strt 3.318 mv 3.314 mV 3.460 mv 3.515 mV
T/C 1 End 3.925 mV "3.921 mV 3.940 mv 3,930.mV ,
T/C 2 End 3.940 mv 3.935 mv 3.950 mV 3.941'mV
T/C 3 End 1.221 mV 224 mv 1,230 mv 1,228 mV
T/C 4 End 3.961 mv 3,961 mvV 3.961 mV 3,969 mV
T/C 5 End 3.991 mVv 3,990 v 3.995 mv  3.997 mV
T/C 6 End 3.940 mV 3.935 mV 3.940 mV 3,943 mV
"T/C 7 End— 3.314 mV 3.312 mV 3.460 mv 3,513 mV

Start Time  10:00 010:30  11:30 12:40
End  Time 10:30 10:50 12:00 - 13:20
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MDEA Conc 40.0
Piperazine Conc 0.0
Barometric Pressure 704.3
Room Temperature - 24,5
Manometer Right Leg 6.4
'Mancmeter Left Leg 5,6
Jet Elevation - 88. 180
North Pole ,. . 87.975
South Pole "~~~ 82.850
Liquid Take-off 80.425
Flowmeter 45. mm  60.
SFM Volume 5. mL- 5.
Time 1 74.54 s 69.3
Time 2 - 74.73 s 67.1
Time 3 76.24 s 69.4
Time 4 75.06 s :69.0
Time' '5 75.70 s 68.3
Time 6 73.94 s 67.9
Time 7 75.90 s 67.1
Time 8 _ 75.756 s 67.0
Time 9 75.56 s .69.3
Time 1§ 73.95 s 69.9
Time 11 75.21 s 68.2
Time 12 75.12 s 6732
Time 13 0.0 s 68.7
Time 14 0.0 s  69.8
T/C 1 Strt 3.932 mvV 3.936
T/C 2 Strt 3.942 mV 3.946
T/C 3 Strt 1.175 mv 1,195
T/C 4 Strt 3.964 mvV 3.966
T/C 5 Strt 3.992 mV 3.995
T/C 6 Strt 3.940 mv 3,940
T/C 7 Strt 3.317 mV 3.461
T/C 1 End 3.935 mv  3.935
T/C 2 End 3.945 mv 3.946

3

4

5

6

7

- - — . - - A T ¢ e e SR M M M TR S S S e e S S e A oS S S S S e

Start Time = 10:15 11:3
End Time 10:45 . 12:0

wt¥ Absorbing Gas N20
kmol/m3 Surfactant. 0.0075 wt%
mm Hg Rotameter Tube 603
deg C Nozzle Diam 0.60 mm
in H20 Thermo Coarse 5.51
in H20 Thermo Fine 0.0 ,
cm Feed Variac ‘69,0 %
cm " Circ Variac - 110.0 %
cm :
cm
mm 70. mm
mL 5. mL
4 s 62.50 s
2 s 62.53 s
9 s 63.47 s
7 s 62.78 s
7 s 63.03 s
3 s 62.70 s
6 s 63.37 s
8 s 62.53 s .
7 s 63.81 s
3s 62.66 s
7 s.- 63.72 s
8 s 62.07 s
4 s 62.57 s
5 s 0.0 s
mv 3.930 mV
mv 3.943 mV
mv  1.225 mV
mv 3.968 mv
mv 3.995 mv —
mv 3.943 mV
mv 3.510 mV
mv 3,929 mV
mv 3.940 mv
mv -1.228 mv
mv 3.966 mV
mv 3.995 mV
mv- 3.945 mV
mv 3.500 mv
5 12:45
0 13:20
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MDEA Conc . 40.0 wt% Absorbing Gas . N20
Piperazine Conc 0.0 kmol/m3 Surfactant £.0075 wtk
Barometric PresSure 703.3 mm Hg Rotameter .Tube 603 :
Room Temperature ) 25.0 deg C Nozzle Diam 0.60 mm
Manometer Right Leg’ 6.4 in H20 Thermo Coarse 5.27
Manometer Left Leg/ 5.6 in H20 Thermo Fine 0.0
Jet Elevatign 88.170 cm Feed Variac 30.0 %
North Pole 87.960 cm Circ Variac 100.0 %
South Pole" ' 82.830 cm

Liquid Take-off 80,360 cm

Flowmeter 45, mm 60, mm 70, mm

SFM Volume 5. nL 5. mL 5. mL

Time, 1 60.23 s 54.99 s 52.86 s

Time 2 60.87 s 55.99 s 52.56 s

Time 3 60.27 % 55.29 s 52.58 s

Time 4 61.29 s 56.10 s 52.7B s

Time 5 60.46 s 56.20 s 53,10 s

Time 6 61.57 s 55.61 s 52.44 s -
Time 7 60.25 s 55,51 s 53.26 s

Time 8 61.34 s 56.21 s 53.17 s

Time - 9 61.74 s 56.06 s 52.86 s

Time 10 61.85 s 55.50 s 53.16 s

Time 11 61.73's 54.93 s 53.09 's

Time 12 62.05 s 54.87 s 53.10 s

Time 13 62.37 s 55.37 s 52.89 s

Time 14 61.74 s 55.68 s 52.16 s

Time 15 62.53 s 0.0 s 52.68 s

Time 16 0.0 s 0.0 s 52.57 s

Time 17 0.0 s 0.0 s 52.75 s

T/C 1 Strt 2.595 mv 2.593 mv 2.596 mV

T/C 2 Strt 2.610 mvV 2,600 mV 2,603 mV

T/C 3 Strt 1,195 mv 1,210 mV 1.224 mV

T/C 4 Strt 2.620 mV ;2.619 mVv 2.620 mV

T/C 5 Strt 2.630 mV 2.630 mV 2.630 mV

T/C 6 Strt 2.610 mV 2.610 mV 2.610 mV

T/C 7 Strt 2.425 mv 2,597 mV 2.650 mV

T/C 1. End 2,587 mv .2.598 mV 2.595 mV

T/C 2 End 2.602 mv 2.605 mv 2.605 mV

T/C 3 End 1.195 mv 1,220 mv 1,230 mV

T/C 4 End 2.620 mv  2.620 mv 2.620 mV

T/C 5 End 2.630 mvV  2.631 mV 2,630 mV

T/C 6 End 2.610 mv 2.611 mv 2.611 mV

T/C 7 End 2.427 mV. 2.600 mv 2.655 mV

Start Time 10:00 11:15 12:25

End Time 10:30 11:40 12:55
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MDEA Conc 40.0 ey .Absorbing Gas Co2
Piperazine Conc 0.0 kmol/m3 Surfactant 0.0075 wt¥%
Barometric Pressure 700.1 mm Hg Rotametet Tube 603
.Room Temperature 25.0 deg C . Nozzle Diam 0.60 mm
Manometer Right Leg 6.4 in H20 Thermo Coarse 5.51
Manometer Left Leg 5.6 in H20 = Thermo Fine 0.0
Jet Elevation 88.235-em Feed Variac 60.0 %
North Pole 88.020 cm Circ variac 110.0 %
South Pole 82.905 cm :

- Liquid Take off 80.510 cm
Flowmeter 45, mm 60, mm 70. mm 50. mm 50. mm
SFM Volume  25. mL° 25. mL 25. mL 25, mL 25. mL
.............. e e e o e o " - —— - " - -
Time 1 20,17 s 19.18 s 19.34 s 19.66 s 19.14 s
Time 2 19.79 s 19.14 s 19.32 s 19.64 s 19.37 s
Time 3 20.06 s 19.16 s 19.14 s 19.66 s 19.06 s
Time 4 20.06 s 19.18 s 19.13 s 19.82 s 19.09 s
Time 5 19%81 s 19.18 s 19.20 s 19.56 s 19.26 s
Time™ 6 20.92 s 19.09 s 19.04 s 19.67 s 19.21 s
Time 7 19.83 8 19.00 s 19,20 s 19.42 s N9,32 5k
Time 8 20.2% 8 19,36 s 19.25s 19,67 s 19.28 s
Time 9 19.93 8, ~19.27 § 19.28 s 19.66 s 19.13 s
Time 10 20.10. 8" 19.27 s 19.07 s 19.53 8 19,20 s
Time 11 19.84 s 19.31 s 19.27 s 19.79 s 19.31 s
Time 12 19.76 8., 19,19 s 19.34 s 19.52 s 19.25 s
Time 13 19.88 s * 19,17 s 19.3¢4 s 19,74 s 19.20 s
Time 14 19.93 s 19.02 s 19.21 s 19.52 s 19.24 s
Time 15 19.91 s 19.31 s 19.18 s 0.0 s 0.0 s
Time .16 19.94 s 19.34 s 19.14 s 0.0 s 0.0 s

Start Time 10:00 11:00 11:50 12:50 13:10
End Time 10:20 - 11:20 12:15 13210 13227

x
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MDEA Conc 40.0 wt¥ Absorbing Gas Cco2
Piperazine Conc 0.0 kmol/m3 Surfactant 0.0075 wt¥
Barometric Pressure 706.6 mm Hg = Rotameter Tube 603
Room Temperature 24.5 deg C Nozzle Diam - 0,60 mm
Manometer Right Leg 6.4 in H20 Thermo Coarse 5.51
Manometer Left Leg - 5.6 in H20 Thermo Fine 0.0
-Jet Elevation 88.025 cm Feed Variac -.59.5 %
North Pole 87.820 cm Circ variac  110.0 %
South Pole . 82.685 cm

Liquid Take-off 80,295 cm

Flowmeter 45. mm 60. mm 40. mm

SFM Volume 25. mL 25. mL. 25. mL

- o - vt . S A Sae S B WM e M M AR AR WD W L G R N N UM W e G S G ED G G N N W W S R MR G R e R G e M N e T N G e e

Time 1 19.96 s 19.06 s 20.06 s ¢
Time 2 19.93 s 19.03 s 19.86 s

Time 3 19.84 s 19.14 s 19.89 s

Time 4 19.84 s 19.12 s 20.01 s

Time 5 19,67 s 19.34 s 20,07 s

Time 6 19.87 s 18.92 s 20.20 s

Time 7 19.64 s 18.82 s - 20.14 s

Time 8 . 20.02 s 18.99 s 19.89 s

Time 9 20.01 8 19.09 s 19.94 s

Time 10 - 19.80 s 19.19 s 20.14 s

Time 11 19.99 s 19.20 s 20.18 s

Time 12 20.00 s 19.03 s 19.85 s o
Time 13 20.11 s 18.92 s 20.02 s

Time 14 19.93 s 18.95 s 0.0 s

Time 15 19.87 s 19.25 s 0.0 s

Time 16 20.27 s 19.45 s 0.0 s

Time 17 0.0 s 19.13 s 0.0 s

T/C 1 Strt 3.926 mVv 3.915 mv 3 911 mv

T/C 2 Strt- 3.955 mV 3.960 mv 3:980 mV

“P/C 3 Strt 1.157 mv 1.185 mv 1.205 mV

T/C 4 Strt 3.940 mv 3.960 mvV 3.965 mVv

‘T/C 5 Strt 3.974 mv 3.991 mv 3.995 mV

T/C 6 Strt 3.915 mv 3.935 mv 3.943 mv

T/C 7 Strt 3.275 mv 3.435 mv 3.188 mV

T/C 1 End 3,926 mv 3.911 mv 3.913 mV .
T/C 2 End 3.962 mvV  3.957 mv 3.980 mV

T/C 3 End 1.163 mv  1.191 mv 1,210 mV

T/C 4 End 3.947 mv 3.956 mV 3.965 mV

T/C 5 End 3.985 mv 3.991 mv 3.996 mV

T/C 6 End 3.924 mv  3.935 mv 3.941 mV

T/C 7 End 3.275 mvV  3.430 mv 3.186 mV .

e - W — — W e Wb S W e MR e W e W e mm e oem A o on S S SRR eSS

Start Time 10:05 11:07 12:02
. End Time 10:25 11:25 12:18
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MDEA Conc 40.0 wt¥% Absorbing Gas  C02 -
Piperazine Conc 0.0 kmol/m3 Surfactant 0.0075 wt%
Barometric Pressure 707.5 mm Hg Rotameter Tube 603
Room Temperature 24,0 deg C  Nozzle Diam- 0.60 mm
Manometer Right Leg -. 6 ‘Mzn H20 Thermo Coarse 5.27
Manometer Left Leg 76 in H20 Thermo Fine 0.0

Jet Elevation - . 87.990 cm Feed Variac 32,0 %ame
North Pole - 87.785 cm Circ Variac 110.0 %=~
South Pole 82.655 cm

Liquid Take-off . 80.255 cm o
Flowmeter - 40. mm 50. mm 60. mm

SFM Volume 25. mL 25, mL 25, mL

Time 1 g+ 25.67 s 25.28 s
Time 2 26.40 s 25.65 s 25.16 s
Time 3 26.25 s 25.59 s 25.18 s
Time 4 26.38 s 25.72 s 25,17 s
Time 5 26.52 -s 25.37 s 25.18 s
Time 6 26.50 s 25,76 s 25.16 s
Time 7 26.34 s 25.63 s . 25.23 s ¢
Time 8 26.53 s 25.77 s 25.27 s
Time 9 - 26.46 s 25.77 s 25,38 g
Time 10 26.56 s 25.76 8 25.36 8
Time' 11 26.38 s 25.71 s 25.14 s
Time 12 26.07 s 25.80 s 25.27 s
Time 13 26.50 s 25.77 s 25.19 s
Time 14 26.56 s 25.72 s -~25.16 s
Time 15 26.51 s 25.67 s 25.21 s
Time 16 26.39 s 25,79 s 25.13 s
Time 17 26.47 s 0.0 s 0.0 s
T/C 1 Strt 2.595 mv 2.580 mvV 2,595 mV
T/C 2 Strt 2.640 mv 2.631 mV 2,628 mV
T/C 3 Strt 1.150 mv 1,165 mv 1.171 mV
T(C 4 Strt_ 2.616 mV 2,617 mV 2.620 mV
T/C 5 Strt. 2.630 mv 2.630 mV 2.631 mV
T/C 6 Strt 2.606 mv 2.610 mV 2.611 mV
T/C 7 Strt 2.305 mv 2.455 mvV 2.558 mV
T/C 1 End 2.594 mv 2.580 mvV' 2.595 mV
T/C 2 End 2.640 mV 2.622 mV 2.629 mV
.T/C 3 End 1.160 mv 1,170 mvV  1.174 mV
T/C ¢ End 2.619 mv 2.620-=mV .2.620 mV
T/C 5 End 2.630 mvV - 2.632 mV 2.633 mV
T/C 6 End 2.609 mv"- 2,611 mV 2.611 mV
T/C 7 End 2.310 mV  2.460 mV 2.565 mV
Start Time 09:30 10:25 11:20
End Time 09:47 10:45 11:35
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MDEA Conc 40.0 wt¥ Absorbing Gas co2
Piperazine Conc 0.0 kmol/m3 Surfactant 0.00785 wt¥%
Barometric Pressure 700.7 mm Hg ‘Rotameter Tube 603
- Room Temperature. 24.0 deg C Nozzle Diam 0.60 mm
Manometer Right Leg 6.4 in H20 Thermo Coarse 5.27
Manometer Left Leg 5.6 in H20  Thermo Fine 0.0
Jet Elevation ~ 87.825 em Feed Variac 30.0 %
North Pole ) 87,715 cm Tire variao 110.0 %
South Pole 82.605 cm:
Liquid Take-off 80,205 cm
Flowmeter 40. mm 50. mm 60. mm
SFM Volume 25. mL 25, mL 25, mL
Time 1 26.54 8 25.70 s '25.25 s
Time 2 26.47 s 25.72 s 25,32 .8
Time 3 26.59 s 25.81 8  25.34 8
Time 4 26.46 s 25.63 8 25.27 s-
Time 5 26.63 s 25.78 s 25.21 s
Time 6 26.49 s 25.83 s 25.31 s
Time 7 26.56 s 25.97 s 25.23 8"
Time 8 26.48 s 25.66 s 25.17 s
Time 9 26.41s 25.81's 25.29 s
Time 10 26.54¢ s 25.85 s 25.31 8
‘Time 11 26.59 s . 25.59 s 25.37 s
Time 12 26.61 s 25.83 s 25.38 s .
Time 13 26.41 s 25.73 s 25.31 s
Time 14 26.57 s 25.74 s 25.23 s
Time 15 26.50 s 25.77 s 25.27 s
Time 16 0.0 s 25.66 s 25.18 s .
T/C 1 Strt 2.587 mv 2,580 mV 2.595 mV g
T/C 2-Strt 2.628 mV 2,621 mV 2.62§ mV
T/C 3 Strt 1.159 mVv 1,162 mV 1.170 mv
T/C 4 Strt 2.610 mV 2,610 mV 2.611 mV '
T/C 5 Strt 2.620 mV 2,620 mv ,2.625 .4
T/C 6 Strt 2.600 mV 2.601 mv 2.605 mV
T/C 7 Strt 2.315 mV 2.470'mV 2.571 mV -
T/C 1 End 2.590 mV 2.585 mVv 2.598 mVv
T/C 2 End 2.630 mV 2.622 mV 2.628 mV
T/C 3 End 1,160 mV 1.166 mVv 1.175:mV
T/C 4 End 2.610 mV 2.610 mV 2.613 mV
T/C 5 End 2.620 mV  2.621 mV 2.625 mV
T/C 6 End 2.600 mv 2,600 mV 2.605 mVv
T/C 7 End 2.320 mV  2.475 mv  2.575 mV
Start Time 09:35 10:25 11:15 a
End Time 09:50 10:4 11:42



-

<2 End 1,372 mV 1,330 mV 1,320 mv 7
+End 1,190 mV . 1,195 mV . 1,208 mV

4 End 1,350 mV. 1,344 mV 1,340 mV_

TYC 5 End 1.350 mV- 1,344 mv. 1,340 mv . ” : |

T/C 6 End 1,350 mV 1,344 mV 1.340 mV | .

‘T/C 7 End ° 1.000 mV. 10,996 mv 1.165 mV - | .

' o2 | ' o - 309
‘ Date of Exper1ment 1986/ 6/18 ‘ o SRR
MDEA Conc . - 40.0 wt% ‘ Absorb1ng Gas co2
‘ ,Pzperaz1ne Conc 0.0 kmol/m3,,Su{£actant . 0.0075 wt%”
_ Barometrjc-Pressure - 698+2 mm-Hg ,"Rgpameter Tube = 603 . .|
‘Room Temperature ~~ 24.0. deg C '\ Nozzl¥ Diam =~ -0.60 mm
Manometer Right Leg -~ 6.4 in H20 Ther Coarse 5.03
" Manoteter Left Leg. 5.6 'in H20 " Therm® Fine ~ . 0.0 -
Jet Elevation 88.-070 cm . Feed, Variac.. . 0.0 %
¢ North Pole - .87.860 cm Clrc Variac 0.0 %
. South'Pole’ 9 82.740 cm . o
~ L1qu1d Take-off . .80.365 cm ‘o
_Flowmeter . 45. mm 60, mm  70. mm '
SFM Volume 25, mL 25, mL 25. mL
Time 1 44.95 s © 44, 84 s 43.31 s
Time 2 45.09 s -45.09's  43:42 s
Time' *3 45,11 8 . 44.667s: 43.47 s /-
Time 4 45.02 's 44.72 s. 43.41 s
Time~- 5 44.95 s  44.69 s . 43.52 s
~Time 6  .44.83 3 44.82 s 43.63 s
" Time 7 ¢ 44.99 s 44.79 s = 43.45 s S
Time .8 ‘44.97 s 44.73 s 43.65 s R .t
Time - 9 45.09 s  44.85 s 43.56 s : S
Time 10 44.85 s - 44.80 s . 43.68 s oo
Time 11 44,88 s 44 .52 s 43.47 s '
Time 12 44.85 s 44.57 s 43.34 s
Time 13 45.01 s 24,75 s -+ 43.52 s
Time 14 0.0 ‘s 44, 71 s . 43.54 s
“T/C-1 Strt 1.317 mV ;1,260 mv 1.270.mvV
T/C 2 Strt 1.375 mv 1,332 mV 1,322 mV
T/C 3 Strt 1,185 mV 1,190 mV. 1.205 mV
T/C 4 Strt 1,355 mV: 1,345 mV~ 1.356°mV
. . m/C 5 Strt 1,355 mV 1.345 mV 1.346 mV
@l T/C 6 Strt 1,355 mV. 1,345 mV  1.354 mV-
: . T/C 7 Strt  1.005'mv . 0,972 mV  1.154 mV
T/C 1 End. ~1.314 mv 1,260 mv 1,272 mV
2
3
4

‘Start Timeb. 09:40°  10:40  11:40 °
End - R1me_‘ 10300 _ 11:00 - 12300




Date of Exper1ment 1986/ 6/19
7 MDEA Conc .7 40,0 wt% . Absorbing Gas  CO2
- Piperazine Conc ! 0.0 kmol/m3" Surfactant 0.0075 wt%
' Barometric Pressure 694.1 mm Hg ‘Rotameter Tube ~ 603
‘Room Teémperatute 23,0'deg C ' " Nozzle Diam  0.60 mnf
Manometer Right Leg ~ 6.4 in H20  Thermo Coars¢  5.03
Manometer Left Leg 5.6 in HZO ‘Thermo Fine. 0.0
- Jet Elevation  88.090 cm - =~ Feed Variac 0.0 %
- North Pole ~ - . .87.885 cm ‘Circ Variac , 0.0 %
~ South Pole - 82.755 cm '
Liquid Take-off - 80.375 cm
Flowmeter ,»~ 45. mm  60. mm 70, mm
SFM Volumei; 25. mL 25. mL ° 25, mL K
Time . 1 45,14 s 44.25 s 42.41 s <
Time 2 44,99 s 43.91 s 42.56 s
«=Time 3 44.95 s 43.95 s 42,63 s i
¥ Time 4 45,12 s 44,25 s 42.52 s
Time 5 = 44.93 s 44.13,s 42.74's
Time 6. 44,88 s 44 .11, s 42,76 s
Time 7 44,91 s - 44,13 s 42.71 s
Time . 8 44,76 s 43,74 s 42.49 s
Time 9 . 44.82 s 43.91 s 42.53 s
Time 10 " 45.00 s 44.06 s 42.62 s
Time 11 44.66 s 43.93 s 42.50 s
Hime 12 44.66 s 43.89 s .42.57 s
Time 13 44.93 s - 43.67 s 42,61 s
Time 14 44,98 s 43.78 s 42.49 s
Time 15 0.0 s 0.0 s 42.58 s
T/C -1 Strt. 1.300 mv 1,270 mv 1,290 mV
T/C 2 Strt 1.350 mv - 1,323 mv - 1.330 mV
T/C 3 Strt- 1.145 mv 1,145 mV 1,150 mV
T/C 4 Strt 1.336 mVv 1,333 mV- 1.336 mV
"T/C 5 Strt " 1.337 mv 1.333 mV 1.336 mV
L T/C 6 Strt 1.336mv 1.333 mv 1.336 mV—
T/C 7 Strt. 1.050 mV 1,141 mV 1 255 mv
T/C 1 End 1.296 mv 1,279 mV  1.295 mV
T/C 2 End 1,350 mv. . 1,325 mv 1.330 mV
T/C 3 End 1.150 mv . 1.149 mV - 1,155 mV
T/C 4 End 1.335 mv: 1.335 mv- 1,335 mV
T/C 5 End 1.335 mv 1,335 mv 1.335 mV
T/C 6 End 1.335 mV 1.335 mV 1.335mV
T/C 7 End 1.Ciz mv 1,188 mv 1.270 mV ®
 ‘Start Time. 09:30  10: 20 11817
- End Time 09:45 ‘10:43 11:40



Date of‘Expen1ment 1986/ 6/20 - .

—_—--------—————-—-—-_—--—_—-.—_---———————-—-——u————-—.--—--——

MDEA Conc = . 40,0 wt¥%’ Absorbing Gas. co2
Pxperazine Conc 0.0 kmol/m3 Surfactant = 0.0075 wt%
 Barometric Pressure 698.5 mm Hg  Rotameter Tube 603 '
Room Temperature 24,5 deg C . Nozzle Diam - 0,60 mm
.Manometer Right Leg 6.4 in H20 Thermo Coarse 5.19
Manometer Left Leg 5.6 in H20 Thermo Fine - 0.0

Jet Elevation 88.295 cm Feed Variac. = 25.0 %
North Pole 88.095 cm Circ variac 0.0 %
‘South Pole - 82.980 cm o

Liquid Take-off ~ 80.590 cm -

Flowmeter 45, mm 50. mm  60. mm o ..
SFM Volume - 25. mL 25. mL _25. mL '
Time . . 1 31.31 5 - .31.06 s ¥ 30.48 s

Time 2 31.33 s 31.07 s 30.56 s

Time 3 31.46 s 31.08 s 30.61 s

Time 4 31.37 s 31.11 s 30.41 s o
Time 5 31.41s 31.07s 30.59 s

Time 6 31.35 s 31.07 s 30.46 s

Time =~ 7 31.44's 31,118  30.40 s

Time 8 31.65 s 31,16 s 30.51 s

Time 9 31.46 s 31.02's 30.56 s

Time 10 31.31 s 31.08 s 30.47 s

Time 11 - 31.45 s 31.16 s 30.56 s

Time = 12 31.32 s 31,12 s 30.52 s

Time ; 13 31,30 s 31.11 s 30.45 s

Time ' 14 31.35 s 0.0 - s 30.51 s

Time 15 - 0.0 s 0.0 s 30.48 s

T/C 1 -Strt 2.085 mV 2,072 mV 2.076 mV

T/C strt 2.119 mv 2,125 mV 2,122 mV

T/C 3 .Strt . 1,17¢mV 1.181 mV 1,195 mV

J/C 4 strt 2,133 mv 2,137 mV 2,135 mV

T/C 5 Strt 2,139 mV 2.140 mvV. 2,140 -mV

T/C Strt 2.126 mV = 2,125 mV- 72,130 mV

~ Start Tim 09:35 . 10:30 ¥ 11:20-
“ End  Timé = 09: ssggp 103 48 3 11140




\Date of Experiment 1986/ 6/23

o o o e e o e o o

10:45

11:00.

~12:00

'MDEA Conc 40,0 wt% Absorbing Gas co2
: Pxperaz1ne Conc 0.0 ‘kmol/m3 Surfactant 0.0075 wt¥%
'~ Barometric Pressure 703.0.- mm Hg Rotameter Tube 603
Room Temperature - 25,0 deg C - “Nozzle Diam. - 0.60 mm
Manometer Right Leg ,6.6=1n H20 Thermo Coarse 5.19 ‘
Manometer Left Leg . 5.4 in H20 . Thermo Fine 0.0 -
Jet Elevation 88.370 cm Feed Variac 20.0 %
North Pole - 88.160 cm Circ Variac " 0.0 %
“South Pole: .83.040 cm '
Liquid Take-off 80.620 ‘cm
atn

Flowmeter 45. mm 60, mm

" SFM Volume 25, mL 25, mL !
Time . 1 - 31.46 s 30.56 s

Time 2. 31.47 s 30.62 s

Time 3 31.56 s 30.61 s

Time 4 31.49 s 30.52 s '
Time = 5 31.45 s 30.59 s

Time . 6 31.52 s 30,60 s

Time =~ 7 31.45 s 30.58 s

Time -~ 8 31.48 s 30.49 s

Time 9 31.52 s 30.56 s

Time 10 - 31.61 s 30.56 s

Time 11 31,65 s 30.60 ‘s

Time 12° 31.50 s 30.52 s

Time 13 31.56 s 30,58 s

Time 14 31.53 s 30157 s

Time 15 S.O s 30.59 s

T/C 1.Strt  2.065 mV 2,065 mv

T/C 2 Strt 2.135 mV 2,120 mv

T/C 3 Strt 1.205 mV 1.225 mV

T/C 4.Strt 2.143 mV . 2,143 mv

T/C 5 Strt 2. 15{ﬁmv o 2.149-.mv

T/C 6 Strt 2,140 -2, 2.138 mV

T/C 7 Strt 1.835 m ,11 904 mV 1.900 mV 1.960 mV

T/C 1 End  2.060 mv. 2,063 mv 2,063 mv 2.066 mV

'T/©2 End 2.135 mV 2,125 mVv 2.125 mv  2.120 mV

T/C 3 .End 1,206 mv 1.213 mVv 1,215 mV  1.226 mV -

T/C 4 End 2.143 mv -2.140 mv 2,140 mV 2,141 mV -
'T/C 5 .End 2:149 mV 2,147 mV 2.146 mV 2.150 mV g
'T/C 6 End 2,139 mv 2.137 mv 2.136 mV 2.137 mV .

T/C 7 End 1.839 mv 1.900 mV 1.902 mv 1, 961 mv

Start Time  09:30. 10 25 10: 45 11:30

End - 09:50



Date of Exper1ment 1986/ 6/25

-----——-——_————-——--—-—_—— -——-—————-—_—.—_---—_-—_—__________

10:05

- 10:55

313,

MDEA Coic 40.0 wt% Absorbing. Gas co2.

Piperazine Conc 0.05 kmol/m3 Surfactant  0.0075 wt%
- Barometric Pressure ..699.6 mm Hg Rotameter Tube 603
. 'Room Temperature 24.0 deg C . Nozzle Diam - . 0.60 mm
. Manometer Right Leg 6.7 in H20 Thermo Coarse 5.19 - -
- Manometer Left Leg ' 5.3 in H20* . Thermo.Fine 0.0

© Jet Elevation 88,300 cm Feed Variac 22.0 %

*North Pole 88.100 cm Circ Variac 0.0 %

South Pole . . 82.980 cm

L1qu1d Take-of f ~-80.575 cm

Flowmeter 45. mm 50. mm 60, mm ¢

SFM Volume 25, mL 25, mL 25. mL

Time 1 27.58 s 26.80 s 25.81's

Time 2 27.60 s 26.82 s -25.81 s

Time 3 27.66 s = 26.82 s 25,86 s

Time .4 27.63 s 26.85 s 25.83 s-

Time = 5 27.62 s 26.78 s 25.79's

Time ~ 6 27.57 s 26.82 s 25.84 s

Time 7 27.58+8 '~ 26.77 s 25.87 s

Time 8- 27.61 s 26.79 s 25.86 s

Time 9 27.57 s 26.86 s 25,84.s

Time 10 27.64 s 26.78 s 25,79 s

Time 11 27:62 s 26.84 s = 25,89 s

Time 12 27.52 s 26.75 s 25.88 s

Time 13 27.59 s 26.85 s 25.82 s

Time 14 27.61 s  26.80s 25.79.s

- ——— . . . - - -~ — - - - - o = - e o S - - - —— v - ——
T/C 1 Strt 2.045 mVv 2,052 mV 2,052 mV

.T/C 2 Strt 2.121 mv 2.121 mV 2.115 mV

"T/C 3 Strt 1.180 mV 1,180 mV 1.176 mV

T/C 4 Strt 2.135 mV 2.135 mV 2.135 mV

TfC..5 Strt 2.140 mV . 2,142 mV ' 2.140 mV’

T/C 6 Strt 2.130 mV 2,130 mV 2.130 mV

T/C Y Strt 1.786 mv. 1,865 mv 1.930 mV

T/C-1 End 2.046 mV 2.054 mv 2.055 mV

T/C 2 End 2.123 mv 2.124 mV 2.115 mV

T/C 3 End 1,180 . mv 1,180 mvV 1.180 mV

T/C 4 End 2.135 mV. 2.135 mV 2.135 mV -

T/C 5 End 2.140 mV~ 2.142 mV 2,140 mV

T/C 6 End 2.130 mv  2.130 mV 2,130 mV

T/C 7 End 1.798 mv 1,867 mv  1.930 mV .
Start Time  09: 45 10:40 11.30“

‘End 11:45



B

Date o£ Experiment 1986/ 6/26

MDEA Conc 40.0 wt% . Absorbing Gas co2 ,
Piperazine Conc 0.05 kmol/m3 Surfactant 0.0075 wt¥%
Barometric Pressure 702.5 mm Hg  Rotameter Tube 603
Room Temperature 24.0 deg C Mozzle Diam 0,60 mm
Manometer Right Leg 6.8 in H20 Thermo Coarse 5.19
Manometer Left Leg 5.2 in '‘H20- - Thermo Fine 0.0 '
Jet Elevation 88.270 cm Feed Variac 22.0 %
North Pole 88.070 cm Circ Variac 0.0 %
South Pole ) ..82.955 cm ' : \ o
.Liquid Take of £ 80.535 cm

Flowmeter 45, mm 50. mm _60. mm h

~ SFM Volume  25. mL 25, mL 25, mL-

Time 1 27.44 s 26.81 s 26.00 s
Time . 2 27.42 s 26,92 s 25.99 s
Time 3 27.51 s 26.90 s 26,02 s

- Time 4 27.53 s 26.82 s 25.82 s

- Time - 5 27.56 s+ 26.85 s 25.95 s
- Time 6 - 27.46 s 26.74 s 26.05 s
Time 7 27.37 s 26.80 s 25.93 s
Time 8 27.40 s 26.81 s 25,95 s
Time 9 27.30 s 26.85 s° 26,02 s '
“rime 10 27,49 s 26.93 s 25.91 s
Time: 11 27.38.s 26.69 s 26.05 s
‘Time 12 27.37 s 26.83 s 26.02 s
Time 13 27.50 s 26.72 s .26.03 s
Time 14 27,38 s 26.84 s 26.05s
Time 15 27.41 s 26.78 s © 26.02 s
T/C 1 Strt 2.050 mV 2.055 mV 2.045 mV
T/C 2 Strt 2.125 mV 2.124 mv 2.115 mV
T/C 3 Strt 1:160 mV 1,170 mV 1.165 mV
T/C 4 Strt 27135 mv 2.135 mv 2.125 mV
T/C 5 Strt 2.140 mVv '2.140 mV. 2.132 mV
T/C 6 Strt 2.128 mv 2.130 mv 2.120 mV \
T/ 7 Strt 1.810 mv. 1.869 mv 1.918 mV
T/C/ 1 End 2.054 mv 2.055 mv 2.045 mV
'T/C 2 End 2.130 mv 2.125 mv  2.105 mVv
T/C 3 End © 1.165 mVv 1.175 mV' 1.170:mV
T/C .4 End 2.135 mv 2.135 mv 2.125 mV
T/C 5 End - 2.140 mv 2.140 mv 2,130 mV
T/C 6 End 2,128 mvV  2.128 mv 2,120 mV

7

‘start Time 09:30 10320 . 11:12
'End  Time  09:47 = 10:40 . 11:30



Date of Experiment 1986/ 6/27

. 315

————-——-—-—--—--————-—-————-a— e Y G S e P S - -

MDEA Conc.
Pxperazxne Conc
Barometric Pressure
Room Temperature
Manometer Right Leg
Manometer Left Leg
Jet Elevation

North Pole

South Pole -
“quu1d Take-off

' Flowmeter .
SFM Volume 25. mL

704.7

Absorbing Gas
Surfactant
Rotameter Tube
Nozzle Diam

co2-
0.0075 wt%

- - ———— -

Time 1 27 .55
Time 2 27.52
Téme 3 27 .64
Time 4 27.53
Time ~ 5 27.48
Time .6 27 .47
Time . 7 27.42
Time 8 27'.45
Time 9 27.45
Time 10 27.43
Time: 11 - 27.46
Time 12 27.52
Time 13 27 .40
Time 14 27.38
Time 15. 27 .43
Time 16 0.0
T/C 1 Strt 2.045 mV
“T/C 2 Strt 2.120 mVv
T/C 3 Strt 1,150 mV
T/C 4 Strt 2,128 mV
T/C 5 Strt 2.135 mV
“T/C.6 Strt. 2.121 mV
T/C 7 Strt 1,797 mV
T/C 1 End 2.050 mv
T/C 2 End 2.122 mv
T/C 3 End 1.156 mV
T/C 4 sﬁd 2,126 mvV
T/C 5 End  2.135 mV
T/C 6 End 2,120 mv
T/C 7 End 1,810 mV
Start Time 09:20
End Time 09:38

6.8 Thermo Coarse"
- 5.2 in H20 . Thermo Fine *
88.340 cm Feed Variac
88.130- cm Circ Variac
.83.015 ¢cm ‘ .
80. 6151cmv
50; mm 60. mm
25, mL 25¢ij
26.92 s °'25.84 s - 5
26.77 s  25.95 s
26.84 s 25.97 s
26.82 s. '25.96 s
26.90 5 = 25.94 s
. 26.91 s 25.97 s
26.82 s .25.88's
2%.84 s 26.01 s
26.89 s 25.99 s
26.86 s 25.99 s
26.74 s 25.96 s
26.70 s - 25.99 s
26.85 s 25.89 s
26.73 s 26.02 s R
26.92 s 25.96 s |
26.83 s 0.0 s .
2.045 mv 2,047 mVv
2,115 mv 2,110 mV
1.160 mv 1,165 mV
2.125 mv 2,128 mVv
2.133 mv 2.132 mV
2.120 mv 2,122 mV
1.860 mV 1,915 mV
2.049 mv 2,047 mv
2.115 mv 2,110 mV
1,163 mVv- 1,168 mV
2.125. mv 2,126 mV-
2.131 mv 2,134 mV
2.120mv 2,120 mVv
1.861 mv_ 1,913 mV
10 10 11:00, -
- 10:27



'Date of Experlment 1986/ 6/30 . >

» .
MDEA Conc : 40,0 wt¥% Absorbing Gas co2
~ Plperazxne Conc - 0.10 kmol/m3 Surfaectant 0.0075 wt¥
‘Barometric Pressure 701.7 mm Hg Rotameter Tube 603
Room. Temperature = . 23.5 deg C. - Nozzle Diam.  0.60
Manometer Right Leg - 6.8 in H20 Thermo Coarse 5.19
Manometer Left Leg - 5.2 in H20 . Thermo Fine 0.0
. Jet Elevation 88.525 cm Feed Variac 22,5 %
~North Pole 88.325.cm. ~ Circ Variac 0.0 %
South Pole - 83.180 cm ‘ ’
Liquid Take-off 80 795 cm
Flowmeter = 45. mm 50. mm 60, mm
SFM Volume 25, mL .25, mL 25, mL
D ———— e —— e -’_..-_,E:*_‘.._..___:.._.._' _______________
Time 1 23.53 s 22.56 s 21.56 s
Time = 2 23.47 s 22,60 s 24.56 s , - C
Time 3 23.56 s 22,52 s 21,52 s
Time 4 23.35 s 22.59 s 21.52 s
Time 5, 23.43 s 22.60 s 21.53 s
Time 6 23.23 s 22,49 s 21.54 s *
Time 7 23.20 s 22.46 s 21,53 s
Time 8 23.18 s 22,55 s 21,57 s
Time g 23.19 s 22.56 s 21,48 s
Time 10 23.17 s 22.46 s , 21,63 s
Time 11 23.28 s 22.47 s 21,51 s
Time 12 23.29 s 22.52 s 21,47 s )
Time 13 23.21 s 22.64 s 21,56 § :
Time . 14 23.21 s 22.57 s 21.52 s
Time 15 23.27 s 22.49 s 0.0 ‘s
Time. 16 23.23 s . 22747 s 0.0 s
Time 17 23.24 s 0.0 \s 0.0 s
Time 18 23.24 s Q\0.0g;s . 0.0 s
T/C 1 Strt 2.036 mv 2.045 mVv 2.050 mV
T/C 2 Strt 2.125 mV 2.125 mv 2.116 mV
T/C 3 Strt 1.157 mv 1,155 mV 1.160 mV
T/C 4 Strt: 2.130 mv 2.125 mvV - 2.130 mV
T/C 5 Strt 2.135 mV 2.133 mV 2.135 mY
T/C 6 Strt 2.122 mv 2.121 mV 2.125 mv
T/C 7 Strt 1.750 mv 1.835 mv 1.910 mV
T/C * End 2.048 mv. 2.048 mv 2.050 mV
T/C 2 End  2.130 mV 2.126 mV 2.117 mV
T/C 3 End 1.160 mV 1.157 mV 1.162 mV
T/C 4 End 2.129 mv  2.130 mv . 2,130 mV
T/C 5 End 2.135 mv 2,135 mv 2.135 mV
.T/C 6 End 2,120 mv 125 mv 2,121 mV
T/C 7 End 1.770 mvV 1.841 mv 1.910 mV
e e mimm———— i ———————— e — e mmmmmmmiem e —————
‘Start ‘Time 09:30 10:20 11312

End Time  09:48 . 10:37 S 11:30



Date of Experlment 1986/ 7/ 1
{MDEA Conc - _ 40.0wwt% ' Absorbing Gas o2
" Piperazine Conc 0.10 kmol/m3 Surfactant. -~ 0,0075 wt%
Barometric Pressure 702.9 mm Hg - Rotameter Tube - 603
Room Temperature 24,0 deg.C - Nozzle Diam  0.60 mm
Manometer Right Leg 6.8 in H20  THermo Coarse 5,19 %
Manometer Left Leg . 5.2 in H20 Thermo Fine 0.0
Jet Elevation 87.975 cm Feed Variac 20.0 %
North Pole . 87.775 cm Circ Variac - 0.0 %
South Pole 82.630 cm
Liquid Take-off 80. 245'cm
,Flowmeter .45, mm - 50, mm 60. mm »
_SFM Volume  25. mL 25. mL 25. mL -
23.07 s 22.49 s- 121.56 s
23.07 s 22,45 s 21.50 s
23.16 s ,22.54.8 21.55 s
23.09 s 22.59 s 21.46 s
23.08 s 22.68 s 21.49 s
23.07 s 22.62 s 21.47 s
23.17 s 22.54 s 21.49 s
23.12 s 22.64 s 21.51 s
23.12 s 22.59 s 21.54 s
23.14 s 22,47 s 21.58 s
23,12 s 22.60 s 21.46 s
23.11 s 22.52 s 21.52 s
23.12 s 22.45 s 21.50 s
23.15 s 22.61 s 0.0 s <
23.14 s 22.52 s 0.0 s

- e e - . W M S G W W M G e W e A G . G e T R UM W S MG G M G Y A M T e S e T e S M e G e e S e e e

_ Start Time  09:10 10:00 - 10:50
End Time  09:30 10215 11:08



Date of Experxment 1986/ 7/ 3

- G o Dy W - wh ——_----——-—_-—-.—-..-—-a—-———-——-——--—-—-——-——_——

MDEA Conc 40.0 wt¥ " Absorbing Gas . CO2
Piperazine Conc 0.15 kmol/m3 Surfactant = 0.0075 wt%
Barometric Pressure 695.5 mm Hg Rotameter Tube 603 k
Room Temperature 24.0 deg C° < Nozzle Diam , 0.60 mm
Manometer Right Leg - 6.8 in H20 Thermo Coggse ' 5.18
Manometer Left Leg 5.2 in H20: Thermo Fine 0.0
Jet Elevation 87.925 cm Feed Varigc’ 15,0 %
North Pole 87.715 cm Circ Vm;L} 0.0 %
South Pole : 82.585 cm: '
Liquid Take-off '80.195 cm “
- T e - . - — - - - - - - . - —— - r-—-—--- ?-_
Flowmeter_ 45, ‘'mm ‘50, mm 60. mm
SFM Volume 40. mL 40, mL  40. mL
¢ -~
Time 1. 31.55 s 30.61" s 28.93 s
Time 2 31.31 s 30.55 s 28.92 s
Tipe 3 31.70 s 30.53 s 28.91 s
Time 4 31.57 s 30.63 s 28.91 s —— -
Time 5 31.43 s 30.56 s 29.00 s
Time 6 31.57 s 30.49 s 28.79 s
Time 7 31.56 ¢ 30.72 s 28.98 s
Time 8 31.48 s 30.57 s 28.76 s
Time 9 31.68 s 30.67 s 28.94 s
Time, 10, 31.61 s 30.61 s 28.91 s
Time 11 31.71 s 30.57 s 29.03 s
Time 12 31.33 s 30.49 s 28.84 s
Time 13 31.69 s 30.67 s 28.91 s
Time 14 31.52 s 30.42 s 28.84 s
Time 15 0.0 s, 30.60 s 28.99 s
Time 16 0.0 s 30.55 s 28.79 s
T/C 1 Strt 2.050 mV 2,045 mV 2,045 mV
T/C 2 Strt L160 mV 2,146 mV 2,135 mV
?/C 3 Strt 1.166 mV 1,195 mv 1.213 mV
T/C 4 Strt 2.156 mV 2,155 mV 2,155 mV
T/C 5 Strt 2.163 mV 2.162 mV 2,162 mV.
T/C 6 Strt 2,15f mV 25152 mv 2,151 mV
T/C 7 Strt 1,820 mV 1,880 mv 1.950 mV
T/C 1 End. 2.050 mV 2.048 mV 2.046 mV
T/C 2 End 2,162 mv 2,150 mvV 2,135 mV
T/C 3 End 1.180 mv -1,200 m 1.225 mV
T/C 4 End 2.1% mV 2,156 2.155 mv
T/C 5 End 2.163 mv 2.162 mv 2,160 mV
T/C 6 End 2.152 mv  2.152 mv 2,150 mV d
T/C 7.End - 1.825 mV 1.885 mV 1.950 mV
Start Time 09:15 10:00 10:45

End  Time 09:30 S 10:15 11:00
: >



Date of Experiment 1986/ 7/ 4

MDEA Conc v
P1peraz;ne C
Barometric P
Room Temperature

Bsure

. Manometer Right Leg’
Manometer Left Leg

40.0
O. 15
692.8
24.0
6.8
5.2
87.780
87.580
82.470
80.080
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Jet Elevation.

North Pole

South Pole

Liquid Take- of f
Flowmeter 45, mm
SFM Volume 40. mL
Time 1 32.04
Time 2 31.94
Time 3 31.99
Time 4 32.03
Time 5 31.84
Time 6 31.84
Time 7 - 31.85
Time 8 31.77
Time 9 31.76
Time 10 - 31,83
Time 11 31.64
Time 12. 31.70
Time 13 31.66
Time 14 31.77
Time 15 31.62
Time 16 31.72
T/C. 1 Strt 2.045 mV.
T/C 2 Strt 2.146 mV
T/C 3 Strt 1,218 mv
T/C 4 Strt 2.155 mV
T/C 5 Stft 2.160 mV
T/C 6 Strt 2.150 mV
T/C 7 Strt 1.773 mV
T/C 1 End 2.056 mv
T/C 2 End 2.159 mv
T/C 3 End 1.220 mv,
T/C 4 End  2.155 mV
‘T/C 5 End -2.160 mV
T/C 6 End 2.149 mv
T/C 7 End 1.805 mV
Start- Time  09:10
End Time 09:35

09:1
. 09;3

wt% Absorbing Gas Co2
kmol/m3 Surfactant 0.0075 wt%
mm Hg , Rotameter Tube . 603
deg C Nozzle Diam 0.60 mm
in H20  Thermo Coarse 5.18
in H20 Thermo Fine 0.0
cm Feed Variac 15,0 %
cm Circ Variac 0.0 ¥
cm
cm-
mm 50, mm 60. mm
mL 40, mL 40. mL
7 s 30.44 s 28.91 s
6 s 30.45 s 28.80 s
9 s 30.45 s 28.77 s
9 s 30.47 s 28.77 s-
3s 30.40 s 28.89 s
1 s 30.43 s 28.91 s
4 s 30.45 s 28.88 s
6 s 30.48s 28.77 s \
3s 30.38 s 28.83 s
8 s 30.42 s 28.71 s
7 s 30.45 s 28.79 s
4 s 30.41 s 28.77 s
5 s 30.49 s 28.84 s
s 30.43 s 28.75 s
s 0.0 s 28.86 s
S 0.0 s 28.76 s
mv 2.055 mv 2.046 mV
mv 2.150 mv 2.135 mV
mv 1.222 mv "1.230 mV
mv 2.155 mv 2.153 mV
mv 2.160 mv 2.160 mV
mv 2.148 mv 2.146 mV
mv 1.878 mv 1.946 mV
mv 2.050 mv 2.050 mv
mv 12.150 myv 2.135 mV
mv 1.231 mv 1.231 mV -
mv 2.155 mv 2.155 mVv
mv 2.160mv 2.160 mV
mv: 2.149 mv 2.147 mvV
mv 1.880 mv 1.947 mV .
0  10:05 10350 (1
5 10220 11:10 o ¢

«



MDEA Conc 40.0. wt% g:lsorbing Gas co2
Piperazine Conc 0.20 kmol/m3 Surfactant 0.0075 wt%
Barometric Pressure 704.0 mm Hg Rotameter Tube 603
Room Temperature 24.5 deg C Nozzle Diam 0.60 mm
Manometer Right Leg 6.8 in H20 Thermo Coarse 5,18
Manometer Left Leg 5.2 in H20 Thermo Fine 0.0 .
Jet Elevation 87.910 cm Feed Variac 15.0 %
North Pole 87.7059cm - | Circ Variac 0.0 %
South Pole - 82,580 cm

Liquid Take-off - 80.200 cm

Flowmeter ~ 45. mm 50. mm 60. mm 50, mm

SFM Volumet 40. mL 40. mL  40. mL 40, mL

Time 1, 27.06s - 26.06 s 24.48 s 26,01 s

Time 2 27.04 s 25.81 s 24.31 s, 26.10 s

Time 3 27.34 s 25.99 s 24.41 s 26.00 s

Time 4 27.12 s 25.89 s 24.20 s 26,09 s

Time 5 27.24 s “26.13 8 24.46 s 26.08 s

Time 6 27..30 s 25.94 s 24.46 s 25.96 s

Time 7 27.24 s 26.09 s 24.48 s 25.99 s

Time 8 g*'27.04 s 25.86 s 24.26 s 26,03 s

Time 9 27.29 s 26.02 s . 24.38 s 26,13 s

Time 10 27.16 s 25.95 s 24.33 s 26,01 s

Time 11 27.26 s 26.05 s 24.32 s 26.23 s

Time 12 27.07 s 25.99 s 24.39 s 25.95 s

Time 13 27.16 s 25.77 s 24239 s 26,06 s

Time 14 27.30 s 25.92 s 24.40 s 25.94 s

Time 15 27.06 s 26.05 s 24.20 s 26.06 s

Time 16 0.0 s 25,77 s 0.0 s 0.0 s

Time 17 0.0 s 25.96 s 0.0 s 0.0 s

Time 18 0.0 s 25.89 s 0.0 s 0.0 s

T/C 1 Strt 2.053 mv 2.047 mV 2.054 mV .2.060 mV

T/C 2 Strt 2.169 mV. 2:1589 mv 2,146 mV 2.165 mV

T/C 3 Strt 1.191 mVv 1,225 mv 1 240 mvV  1.241 mV

T/C 4 Strt 2.145 mV 2.146 mV. 2.149 mV 2,147 mV

T/C 5 Strt 2.151 mv 2.166 mV 2,156 mV 2.154 mV

T/C 6 Strt 2,139 mvV 2.139 mv 2.145 mV 2.144 mV "
T/C 7 Strt 1.826 mV 1.896 mV 1,966 mV 1.906 mV

T/C- 1 End 2.050 mv 2.053 mv 2.054 mV 2.055 mV |

T/C 2 End .164 mV 2.166 mV 2.146 mV 2.160 mV

T/C 3 End 1.195 mV  1.235 mV  1.240 mV  1.249 mV

T/C 4 End 2.144 mV 2.149 mV 2.148 mV 2,146 mV

T/C 5 End 2.150 mv 2.169 mv 2.155 mV 2,154 mV

T/C 6 End 2.139 mv, 2.140 mV 2,143 mV 2.143 mV

T/C 7 End 1.843 mv 1,904 mv 1,966 mV 1,906 mV

—— e o - o . - = — - n W e M e s P WA e M e e P S G G e M e S e E SR M AP T e W dm S S s e eSS

Start Time  10:00 11:00 11:55 12:30
End Time 10:25 11:20 12:10 12:55



Date of Experiment 1988/ 7/ 9

" MDEA Conc 4 40.0 wt¥ Absorbing Gas, , CO2
Piperazine Conc '~ 0.20 kmol/m3 Surfactant 0.0075 wt%
Barometric Pressure 701.0 mm Hg Rotameter Tube  603.
Room Temperature 24.58eg C Nozzle Diam 0.60 mm
‘Manometer ‘Right Leg 6.8 in W80  Thermo Coarse - 5.18
Manometer Left Leg 5.2 in H20 Thermo Fine 0.0
Jet Elevation . 87.880 cm Feed Variac 14.0 %
North Pole 87.680 cm Circ Variac 0.0 %
‘South Pole 82.545 cm :

Liquid Take-off 80.165 cm
Floymeter 45, mm 50. mm . 60, mm

SFM*#olume 40. mL 40. mL 40, mL

- o e W G W M A T T e S S G G AR A e e e G G G T S R G N e S Gm 0 G e T MW e me e M e S S e S e e S e e

Time ] 27.23 s 25.96 s 24.42 s
Time 2 27.06 s 26.01 s 24.41. s
Time 3 27.20 s 26.04 s 24.47 s
Time 4. 27.13's 25.96 s 24.33 s
Time S 27.15 s 25.98 s 24.46 s
Time 6 27.20 s 25.99 s 24.37 s
Time 7 27,25 s 26.01 s 24.36 s
Time 8 27.12 s 26.02 s 24.36 s
Time .9 ©27.13 s 25.93 s 24.39 s
Time 10 27.21 s 26.02 s 24.28 s
Time 11 27.05 s 26.09 s 24.50 s
Time 12 27.06 s 26.06 s 24.39 s
Time 13 27.16 s 25.90 s 24,35 s
Time 14 27.13 s 25.99 s 24.38 s
Tim%= 15 0.0. s 25.97 s 24.52 s
Time: 16 0.0 s 0.0 s 24.34 s
Time 17 0.0 s 0.0 s 24.40 s .
Time 18 0.0 s 0.0 s 24.43 s
T/C 2.037 mv 2.042' my, 2.043 mV
T/C 2160 mv. 2.154 mV  2.141 mV
T/C 1.235 mvV 1.249 mv 1.260 mV
T/C 150 mV  2.150 mv 2.153 mV
T/C .155 mvV 2,156 mV 2.158 mv

/C .145 mV 2.144 mV 2.149 mV

/C 1.805 mvV 1.883 mV 1.952 mV

C .043 mv 2.041 mV 2.044 mV
T/C 165 mv 2.151 mv 2.140 mV
T/C 1.247 mVv  1.250 mv  1.261 mV
T/C 2.148 mV  2.149 mv 2.150 mv
T/C 155 mv  2.158 mV 2.156 mV
T/C 143 mv 2.146 mV 2.146 mV
T/C 820 mv 1.888 mv 1.955 mV
Start 09:50 10:32 . 11:30
End

10:05 10:56 < 11:55



Date of Experiment 1986/ 1/11
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MDEA Conc
Piperazine Conc
Barometric Pressur
Room Temperature
Manometer Righf Le
Manometer Left Leg

Start Time 09:40

S

Jet Elevation

“North Pole
South Pole
Liquid Take-off
Flowmeter 45. mm
SFM Volume 80, mL
Time 1 35,71
Time 2 35.74
Time 3 35.74
Time 4
Time 5
Time 6
Time 7
Time 8
Time 9
Time 10
Time 11
Time 12
Time 13
Time 14

~ Time 15 -
Time 16’
Time 17
Time 18
Time 19
T/C 1 Strt mv
T/C 2 Strt mV
T/C 3 Strt mv
T/C 4 Strt mv
T/C 5 Strt mv
T/C 6 Strt mv
T/C 7 Strt mvV
T/C 1 End mv
T/C 2 End mv
T/C..3 End mv
T/C 4 End mv
T/C 5 End mv

6
7.

vV LLOLRLOLOLLEODODLOLOLOY

“
322

N e an g R, W

40.0 wt¥% Absorbing Gas = CO2
0,40 kmol/m3 Surfactant 0.0075 wt¥%
695.0 mm Hg Rotameter Tube - 603
.24.0 deg C Nozzle Diam 0,60 mm

6.3 in H20, Thermq Coarse 5.18
5.7 in H20 Thermo' Fine 0.0 .
88.040 cm Feed Variac 14.0 X
.835 cm Circ vVariac 0.0 %
.705 cm '
" 80.315 cm Y
50. mm  60. mm
80, mL - 80. mL
33,79 s 31.48 8
33.70 s 31450 s
33.83 s 31.46 8
33.84 s 31,65 s »
33,75 s 31,39 s
33,70 s . 31.51 s
33.84 s 31,47 8
33,73 s 31,53 s
33,70 s 31.36 s
33,74 s " 31,62 8
33.67 s 31.40 s
33.76 s 31.56 s ¥
33.78 s 31,45 s
33,70 s 31,66 s.
33.70 s 31.31 s
0.0 s 31,34 s
0.0 s 31.31 s
0.0 s 31.62 s
2.035 mv 2.038 mV
2.190 mV 2,170 mV
1,231 mv  1.234 mV
2.141 mv 2,141 mV
2.150 mv  2.150 mVv
2.136 mV  2.139 mV
1.875 mVv 1,947 mV
2.036 mv 2.035 mV
2.190 mv 2.170 mVv
1.240 mv 1,235 mV
2.141 mv 2.141 mV :
2.150 mv  2.150 mv
2.136 mV  2.135 mV ¥
1.878 mv 1.945 mVv
_________________________________________________ i e o -
10 40 11:30 .
11:55

End Time 10:10

10:58 -
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Date of Exper1ment 1986/ 7/23 S e ’
MDEA conc EON 20,0 wt% Absorblng Gas COZ
Piperazine Conc . = 0.0 kmol/m3 Surfactant 0.0100 wt%
. Barometric Pressure 699.5 mm Hg Rotameter Tube 603
" Room T€mperature 24.5 deg'C  Nozzle Diam 0.60 mm
Mariometet Right Leg 6.2 in HZO Thermo Coarse =~ 0.0
Mancmeter Left Leg 5.9 in H20 “Thermo Fine . .~ 0.0 .
Jet Elevation = 88.025 ¢m . - Feed Variac 0.0 %
- North 'Pole v 87.810..em Circ Variac ‘0.0 %
. South Pole . 82,720 cm o C ERRCE
- Liquid Take -off 80 290 cm v o S e
‘F;owmeter- :30. mm 40; mm- - 50. mm L :
SFM Volume 30 mL 30, mL . 30. mL - R
Time 1 49.89 s 46.99 s . 45,18 s
Time 2. 49,71 s 47.02°s  45.04 s
Time '3 49,26 s 46.92's ~45.19 s
Time 4 - 49.36 s - 47.30's ~ 44.88's :
Time 5 49,27 s "47.07's  44.80°s
Time 6 49.12 5 47.03 s 45,06 5’ . B
Time 7 ~_48.86s 47025 45.16s
Time 8 % 48.77 s 47.02 s 45,13 s
Time 9. 48,78)s 46.89 s 45.13 s
i ' ' s .26 s . s
s _g:f» .88 s
s Y s
s . 's
S s
s s
5 s
s p
s s
1
“F/C 4°Strt 1.342-mVv 1.303 mV 1.300 mV | o e
T/C 5 Strt t.340 mv 1.302mv -1.301"mv . I &
T/C 6°Strt 1.343 mv. 1,302 mv 1.300 mV o L e
T/C 7 Strt . 1,035V  1.222%mV - 1,338 mV : IR AR
T/C 1 Bnd  1.271mV "1.279 mV " 1.304 mv - = T
T/C 2 End 1.355'mV 13306 mV 1.317 mV_ - N i
T/C 3 End’ 1.259 mv  1.251 mV 1., 25Q mv . R BRI
‘T/C 4 End ~ 1.340 mV' 1,298 mV  1.299@mv. s SR
T/C 5 End  1.336 mV~ 1.299-mV ‘1 02V - -
‘®/C 6 End  1.338 mV =1 299 mv  1.300mv -,
T/C 7 End * 1, 015°mv 1.284 mV 1.330 mV A
Start Time 11:10 , ’12:'50 © 7 13:52
i 11:40

13:200 1330 r"v

. .. ’ v ‘ ° L
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Da;e of Experlment 1986/ 7/24 S SRR _‘--' o
'MDEA Conc - 20.0 wt% Absorbing Gas * €02 @
: Plperazlne Conc 0.0 ‘kmol/m3 - Surfactant 0.0100 wt%
Barometric Pressure 701.5 mm Hg - Rotameter Tube 603 .
Room Temperature - 24.0 deg C Nozzle Diam 0.60 ‘mm
- Manometer Right Leg = 6.1 in H20 Thermo Coarse 0.0
Manometer Left Leg . 5.9 in H20 ° Thermo Fine - 0.0 -
Jet Elevation 88.065 cm = .~ Feed Variac = 0.0 %
North Pole -~ =~ 87.860 cm " Circ Variac 0.0 %
South Pole © 82,720 am '
"Liquid Take-off, 80.335 cm*

Flowmeter 30. mm . 40. mm  50. mm .
SFM Volume & 30. mL 30..mL - 30. mL:

Time 1 50.34 s 47.13 s 44.78 s

Time 2 50.35's 47.45 s  44.67 s

Time 3 50.29 s . 47.27's 45.00 s

Time 4 50.13 s 47.23 s 44,91 s

Time 5 48N79 5. 47.14 s 44 .87 s 4

Time 6 50.26 s 47.31 s 45.15 s

Time 7  50.16-s 47.28' s 44.95 s

Time 8 . 50.10°s . 47.06 s 45,16 s v
Time 9 50.16 s 47,11 s 44,99 s’ .
Time . 10 -80.17 s . 47,23 s 44,87 s _
Time 11 49.78 s . 47.14 s 45,02 s

Time . 12 50.07.s 47.12 s  44.95 s

Time 13 - 50.21 s  47.46 s 44,85 s

Time , 14 49.89 s *47.01's 0.0 s

" s . s

Start Time 10:45 11: 55 ' 13:05
End Time 11:20 12:23 13332
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Date of Experiment 1986/ 7/28 %%

MDEA Conc 20.0 wt% Absorbing Gas  CO2
Piperazine Conc 0.0 kmol/m3 Surfactant 0.0100_ wt%
Barometric Pressure 698.4:mm Hg  Rotameter Tube 603 '
Room Temperature 25.0 deg C . Nozzle Diam 0.60 mm-
Manometer Right Leg 6.1 in H20 Thermo Coarse 5.27
Manometer Left Leg . 5.9 in H20 Thermo Fine 0.0
Jet Elevation = 88.150 cm Feed Variac 0.0, %
North Pole 87.945 ¢cm Circ Variac 0.0 %

. South_Pole .4 82,845 cm , :

L1qu1d Take-off - 80.435 cm’

Flowmeter = 30. mm. 40, mm 50. mm

SFM Volume 30. mL 30, mL 30. mL

Time 1 - 33.04 s~ .30.31 s 29.50 s

Time - 2 32,97 s 30.48's 29,55 s

Time 3 33.25 s 30.57 s 29,76 s

Time .4 '33.12 s 30.60 s 29.65 s

Time. 5 33.09 s 30.62 s 29.70 s

Time 6 33.27%s 30.61 s 29.78 's

Time 7 33.20 s 30.46 s 29.88 s B
Time 8 33.43 s 30.58 s 29.69 s "
Time g .": 33.41 s 30.60 s 29.69 s

Time 10 33.31 s  30.36 s 29.54 s ,

Time  11. 33.3¢ s 30.47 s | 29.62 s

Time 12 33.25 s 30.60 s~ 29.53 s ’
Time 13 33,17 s - 30.54 s 29.56 s ‘
Time 14 33.36 s 0.0 s 29.64 s

Time 15 33.36 s 0.0.s. 29.53 s

Time 16 33.33 s 0.0 ;s 29.59 s

Time 17 33.22's 0.0 s 0.0 s

- Tme 18 .33.22's 0.0 s. 0.0 s
T/C 1 Strt 2.535.mV «24576 mv . 2.:594 mV
T/C 2 Strt . 2.650 mV 2,630 mVv 2.640 mV
T/C 3 Strt 1.225 mV -1.240 mv -1.253 mV
T/C 4 Strt 2.665 mV- 2.661 mV -2.665 mV
T/C 5 Strt 2.675 mV 2.674 gV .2.G76 mV v
T/C 6 Strt - 2.655 mV. 2,654 mV 2.656 mV _ g
T/C 7 Strt 2. 387 mvV 2.516 mV 2.600 mV '

T/C 1-End -, 2.554 mV - 2,579 mV 2.595 mV

T/C 2 End *;2.633 mV 2.634, mV. 2.636 mV

,T/C'3 End - 1.235 mVv  1.253 mV 13260 mV
T/C4'End + 2.664 mV 2.664 mV 2.665 mV
T/C 5 End = 2. 675'mVj 2.675 mv: 2,675 mV
T/C g'End 2.655 mvV 2,655 mV- 2.655 mv
T End 84 '2.523 mv 2,605 mV
: /g..w..__-u ‘___,zg-_.gg ______________ g______;_-______.J_____-;__-
’ '%rt Time’  10:51 .. 11: 10 125 :

Time V1 06 $12:03 "13:08 . e

' wy',md.‘ '

A
s
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V:Date of é&pex1ment 1986/ 7/29

. MDEA Conc

Piperazine Conc
Barometric Pressure
Room Temperature
Manometer Right Leg
Manometer Left Leg
Jet Elevation

699 5 m
- 24.5
6.1
5.9
88.135

87.930

82.845

' 80.425

e e e - = e - — o o o - G " e A A e L - " e M T W - v = o -
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'V1f:5
1211

North Pole -

" South Pole
Ligquid Take-off
Flowmeter 30. mm
SFM Volume 30. mL
Time = 1 33.16 s
Time.~ 2 83417 's.°
Time 3¢ ,'?¢§§Q1 s
Time ~ . &y §§ﬁ70 s
Time o5 ‘k83v 30 s
Time 6p _33 37.s
Time 7 33.32 s
Time 8 33.34 s
Time 9 0 33.17 s
Time 10 . 33.36' s
Time 11 " 33.34 s
Time 12 33.22 s
Time - 13 33.33 s
Time 14 - 33.34 s
Time 15 33.43 s
Time 16 0.0 s
Time 17 0.0 . s
T/C 1 Strt 2.584 mv
T/C 2 Strt 2.639 mV
T/C 3 Strt 1.204 mv
T/C 4.Strt 2.656 mV.
T/C 5 Strt ~2.668 mV
T/C 6. 'Strt 2.648 mV
T/C 7°Strt 2.345 mV
T/C 1 End 2.589 mv
.T/C 2 End - 2.645 mV
T/C 3 End 1.218 mV
T/C 4 End - 2.659 mV_
T/C 5 End" . 2.670 mV.
T/C 6 End 2.649 my
T/C 7 .End  2.364 mV.
Start Time . 10:33
End 11:02

wt¥ Absorb;ng Ga, % co2
kmol/m3 Surfactant 10,0100 wt¥%
mm Hg Rotameter Tube. 603
deg,C . Nozzle Diam - 0.60 mm
in H20 Thermo Coarse 5.27
in Hzo -Thermo Fine 0.0
cm Feed Variac 30.0 %
cm Circ Variac 90.0 %
cm | ey
cm
mm 50. mm
mL 30. mL
2's 31.02 s
5 s 31.10 s .
3 s 31.15 s
7 s 30.97 s X
2 s 31.09's '
5 s 30.99 s
12 s 31.13 s .
9 s 31.16 s
1 s 31.07 s 5
1 s '30.96 s .
0 s 31.24 s
4 s  31.08 s
Ss 30.91 s
2 s 31.09 s
2 s 31.0¢ s
s -31.04 s
s 31.12 s’
mv . 2.585 mV.
mv :2.631 . mVv
my - 1,225 mv
mv - 2,659 mv
mv 2.671 mvV RS
mv 2.651 mv EE
mvV. 2,579 mV
mv 2,585 mV
mv 2.629 mV:
mv 1,230 mV
mv 2,660 mV -
mV 2.671 mv
mv 2,651 mv
mv 2.585 mv
0 12:57° .
6 13:30
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Date of Expeiment 1986/ 7/30, L,

MDEA Conc 0:0 wt% - . Absorbing Gas =  C02
- Piperazine Con¢ = . Q0 kmol/m3 Surfactant' , 0.0100 wtk
Barometric Pressure “l 4, 4. mm Hg Rotameter Tube . 603
Room Temperature 25.0 deg C Nozzle Diam - 0,60 mm
Manometer Right Leg 6.1 in H20 Thermo Coarse ' 5. 27
Manometer Left Leg 5.9 in H20 Thermo Fine -~ 0.0°

Jet Elevation 88.170 cm" Feed Variac + 27, 0 %
North Pole .’ 87.960 cm Circ Variac - 90, 0 %
South Pole 82.860 cm ' . ' ,
L1qu1d Take-off 80 450 cm’

Flowmeter = 30. mm '40. mm 50. mm

SFM Volume 30. .mL  30. mL 30, mL

Time 1 33.16 s 31,65 s 30.87 s

Time 2 . 33.20 s 31.38's. 30.82°s *

Time 3. 32.89 s 31.59 s 31.07 s . ;.
Time 4 32.66 5 ,31.44 s 30.78 s

Time 5 . 32.66 s 31.61 s 30.98 s

Time 6 32.93 s 31,70 s 30.94 s _ -
Time 7 33.25 s 31.55 s 30.87 s '

Time 8 32,63 s 31.54's 30.98 s “w

Time 9 33.12 s 31.54 s 30.70 s

Time 10 32.75 s+ 31.80 s 31,12 s

Time 11 32.99 s 31.60 s+ :31.06 s

Time 12 . +32.70 s 31.45 s 30.98 s

Time 13 33,18 s 31.68 s 30.99 s

Time 14 ~ 33.86 S 31.67 s 31.06 s

Time 15 32492 s 31,48 s  .30.97 s

Time '16 ' 32791 s 31.38s 30.99 s

Time 17 B2,91 s 31.60 s 30.84 s .
Time 18 83,05 s 31.66s 30.99 s

Time 19 . 0.0 s 31.67 s 0.0 s

____________ e ittt

T/C 1 Strt- Z.570 mV 2,580 mW: 2.580 mv 3
T/C 2 Strt 2.636 mV 2.632 m@%< 2.630 mV B
T/C '3 Strt 1.226 mV 1.243 mV  1.259 mv. .
T/C 4 Strt. .2.656 mV 2.656 mV 2.658 mV . U
T/C 5 Strt 2.678 mV 2.676 mV 2.680 mV
T/C 6 Strt 2.650 mV 2.644 mV. 2.645 nV
T/C 7 Strt 2.346 mV 2.494 mV 2,584 mV-
T/C-1 End 2,571 mV_ 2.585 mV. 2.579 mV
| 2 End. 2.640 mV 2.635 mV 2,626 mV
Z/C 3 End 1.239 mV 1,260 mV. 1.251 mV
. -J&/C 4 End -2.656 mV:. 2.660 mV 2.656 mV
5 End 2.676 mV 2,681 mV 2,67% mV
6 End 2.645 mV 2.646 mV 2,643 mV
7 End  2.360 mvV .2.508 mV - ~2.585 mV.
“Start Time - 10:38  11:400  12:46
-End  Time 11:01, 12:05 . 13:12



V‘Date of Experiment 1986/ 7/31

- n - de —_———_---———————--——_-——-——----—-—————--—-—u—--—————-

'MDEA Conc ©720.0 wt¥ Absorbing Gas ' CO2
Piperazine Conc . 0.0 kmol/m3 Surfactant 0.0100 wt%
Barometric Pressure 706.2 mm Hg- Rotameter ‘Tube 603 ,
Room Temperature - 25,0 deg C Nozzle Diam . 0.60 mm
. Manometer-.Right Leg 6.1 in H20 Thertho Coarse 5.51
Manometer Left Leg , 5.9:in H20 Thermo Fine 0.0
Jet Elevation QB;SOO cm Feed Variac  57.0 %
North Pole B8.290 cm Circ variac. ~100.0 % :
South Pole - 83.180 cm ' ' .
Liquid .Take-off 80 755 cm
Flowmeter 30, mm 40, mm 50. mm

SFM Volume  30. mL 30, mL ~ 30. mL-

)
@ - - - —— - - — A - = - - o i J e S e . . = e - - -,

Time 1 30.43 s 29,88 s °2B.03 s !
Time 2 30,36 s 29.84 s 28.09 s '
Time 3 30.44 s 29.68 s 28.49 s

Time 4 30.56 s 29.79 s " 2B.41 s

Time 5 30.65 s 29,72 s 28.20 s

Time 6 30.64 s. 30.06 s 28.08 s

Time 7 30.64 s 29.92 s 28.17 s

Time 8 30.61 s 30.03 s 28.25 s

Time 9 30.66 s 29.79 s 28,18 s

Time 10 "30.57 s 29.88 s 28.17 s

Time 11 30.63 s 29.90 s 28.04 s

Time " ]2 30.61 s 29.65 s 28.08 s )
Time 13 30.59 s 29.88 s 28.24 s

Time 14 30.69 s 29.89 s 28.17 s

Time 15 0.0 s 29.66:s 28.25 s

Time 16 ° 0.0 s 0.0 s 28.15 s

Time 17 0.0 s 0.0 s 28. 18 s

T/C 1 Strt 3.900 mV. 3.916 mV 3.900 mV

T/C 2 Strt 3.966 mV 3,971 mV 3.950 mV

T/C 3.Strt ¢1.239 mV- 1.256 mV 1.261 mV ' -
T/C 4 Strt. 4.010 mV 4.018 mV' 4.014 mV *.
T/C 5 Strt 4.036 mV 4.049 mV' 4.045 mV ‘

T/C 6 Strt 3.985 mV 3,995 mV 3.990 mV

T/C 7 Strt 3.177 mV 3.344 mV 3.431 mv,

T/C 1 End 3.900 mV' 3.910 mV 3.899 mV

T/C 2 End 3.970 mvV 3.970 mV  3.950 mV

~T/C 3 End = 1.242 mV_ 1,260 mV 1.267 mV .

T/C 4 End - 4.010 mV 4.016 mvV 4.015 mV

T/C 5 End 4.040 mV 4,046 mV 4,045 mV

"T/C 6 End 3.980 mv  3.995 mV  3.991 mV

T/C 7 End"  3.178 mV 3.338 mV 3.416 mV

———,——-——_—-—_————-——.———-———_——’——-————-————'——-—-——-————.—-—-—-—_.—.

Start Time , 11:00 12230 13:32
End . Time - 11:25 13:01 14:03
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‘Date of Experzment 3986/ 8/ 1

—-—-----—-—---——-_-——_———_——_——----_—-.—-——_—__——-‘_—o_-——-__-

~Time  11:12

12:35

0. 0100 wt%
- 603
0.60 mm
5.51
0.0
56.0' %
100.0 .%

MDEA Conc +20.0 wt% Absorbing Gas
Piperazine Conc 0.0 kmol/m3 Surfactant
Barometric Pressure 706.6 mm. Hg Rotameter Tube
Room Temperature . 25:;5 deg Nozzle Diam .
Manometer Right Leg 6.1 In H20 Thermo Coarse
Manometer Left Leg . 5.9 1n}H20 Thermo Fine
. Jet Elevation 87.990 cm . 'Feeq)Var1ac
North Pole 87.785 cm Circ Varxac
South Pole . 82.695 cm
Liquid Take- off .80.265 cm
Flowmeter 30. mm 40, mm 50. mm ___
SFM Volume. 30. mL 30. mL 30. mL
T1me,~ 1 30.29 s 29.21 s 28.09 s
Time 2 30.27 s. 29.05 s 27.84 s
Time 3 30.33 s 29.16 s 28.09 s
Time 4 30.41-s 28.84 s ~ 28.06's
Time 5 30,35 s 28,89 s 28.04 s
- Time 6 30.40 s 29.05 s . 2B.13 s
“Time 7 30.38 s 28.99 s 28.06 s
Time 8 30.32 s 29.02 s 27.94 s
“Time 9 30.56 s 29.320 s 28,03 s -
"Time 10 30.20 s 29.03 s 27.85 s
Time: 11 30.46 s 29,07 s.  27.98 s,
- Time. 12 30,41, 29.15 s 28.17 &
Time 13 30.46 s 29.13 s 28.03'%
Time 14 30.38 s 29.05 s 28.31s
/Time 15 30.42 s '28.96.s 27.95 s
Time 16 30.30 s 0.0 s 0.0 s
T/C 1 Strt 3.900 mv 3,905 mVv 3.914 mV
.T/C 2 Strt 3.971 mv 3.965 mv 3,960 mV
‘7/C 3 Strt 1.270.mV 1,289 mV 1.298 mV
T/C 4 Strt 4,018 mv 4,015 mV 4.020 ' mV
T/C S Strt 4.045 mV 4.046 mV 4.048 mV .
T/C 6 Strt 3.989 mv 3,995 mv 3.997 mV “
T/C 7 Strt 3,201 mv 3.341 mV- 3.430 mV
T/C 1 End 3.905 mv. 3,905 mv : 3.908 mV
T/C 2 End - 3.976 mV 3.967 mV 3,960 mV
T/C 3 End " 1.281mV 1,297 mV - 1.300 mV
T/C 4 End 4,015 mV . 4.020-1MV 4,020 mV
T/C 5 End. 4.048 mV " 4.049 mV 4.047 mV
T/C 6 End  3.989 mv 3.992 mV 3.998 mV
T/C 7 End  3.190°mV ¢3.336- mV 3.420.mV
Start Time 10:33 12:05 13:02
13:41



Date of Experiment 1986/ 8/13

_—_—_--_—_-—_—_—.._-...—-.._—-_.._-----___--_-—-—'—_-..__.___.._'..'_.._

- 10:38

MDEA Conc 20.0 wt% Absorb1ng Gas - Cco02
.Piperazine Conc "0.0 kmol/m3 Surfactant 0.0100 wt¥%
Barometric Pressure 701.5 mm Hg | Rotameter Tube 603
- Room Temperature 25.0 deg C Nozzle Diam ~ 0.60 mm
Manometer Right Leg 6.1 in H20 Thermo Coarse 5.36
Manometer Left Lég 5.9 in H20 "Thermo Fine 0.0
Jet Elevation © 88.110 cm Feed Variac 40.0 %
North Pole "87.910 cm: Circ Variac 100.0 %
South Pole 82.790 cm . '
‘Liquid Teke off 80.380 cm
Flowmeter 30. mm 40, mm 50, mm
" SFM Volume 50. mL 50. mL 50. mL
Time 1 51.86 s 49.73 s 48.39 s -
Time 2 51.74 s * 49,61 s 48.28 s
Time 3 51.70 s  49.48 s . 48.22 s
Time 4 51.86 s 49.46 s 48. s
Time 5 51.94 s 49,52 s 48, s
Time 6 51.65 s 49,76 s 48.12 s
Time . .7 51.67 s 49.42 s 48,22 s
Time 8 51.83 s 49.62 s 48.23 s
Time 9 51.86 s& 49.53 s 48.22 s
Time 10 52.07 s 49,76 s 48.16 s
Time 11 51.77 s 49.57 s. 48.37 s
Time 12 51.59 s ,49.51 s 48.33 s
Time 13 51.91 s 0.0 s 48.37 s — - :
Time 14 51.71 s 0.0 s, 47.90 s . '
Time 15 0.0 s 0.0 s 4830 s
_________ r—T-——_———_-—q-_—f_-_—__——_ﬁ___-.—_...--___q__-_...___.._
T/C 1 Strt 3.109 mv 3,109 mv 3 121 mVv
T/C 2 Strt 3.181 mv 3,163 mV 3.158 mV
T/C 3 Strt 1.260 mV¥ 1.268 mv 1,280 mV ‘
T/C 4 Strt .,196°'mV 3.183 mV 3 186 mV
T/C 5 Strt, 3\210 mv 3.203 mv' 3.202 mV
T/C 6 Strt 73.191 mvV 3,176 mV 3.180 mV
T/C 7.Strt 2,700 mV 2.851'mV 2.945 mV )
T/C 1 End 3.102 mv 3.119 mv 3.120 mV '
T/C 2 End 3,170 mV  3.165 mv 3.161 mV
T/C .3 End 1.274 mV - 1.276 mV 1,286 mV
,T/C 4 End 3.191 mv 3,187 mv 3.189 mV
T/C 5 End 3.205 mV.  3.203 mv 3.205 mV
T/C 6 End  3.179 mV 3.176 mV 3.180 mV
T/C 7 End 2,707 mV- 2.858 mV 2,949 mV .
Start Time. 10:18 11: 08 12:12
End . Time 11:38 12:44 -



. , APPENDIX 2

ggyipment‘netails '

]

This appendix contaihs.addifional detail about the
sphere absorber apparatus and the operating procedure.
Figure A2.1 contains a schematlc dlagram of the constant
head reserv01r, descrlbed in Chapters 3. 2 3 and 3.2.4%,:
show1ng the construct1on of the dev1ce and the plumbing
arrangement.\ Flgure A2,2 contalns a schemat1c diagram of
the amlne regenerator descrlbed in Chapter 3 2.6. Table
AZ.1 contains a brief descr1pt1on and 1dent1fy1ng code for
eaéh-valve asspciated-with the sphere absorber apparatus.
Table A2.2 contains the detailed description of the
'dﬁerating procedufe used to obtaih the expefﬁmenta;
measurements. 'Table,A2.3'descr£bes the method used to
regenerate amine which had passed:through the ‘absorption

chamber.

) ‘ 331
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Figure A2.1,

e S

| M

Schematic Diagram of the Constant Head Reservoir
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Figure A2.2. '

Schematic Diagram of the Amiqe Regenerator
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.

Table Az.i o4

'
. =

Description of Valves on Sphere Absorber Apparatus

[

Valve . Dedcription
V1 Helium to constant headf&"grvoir “!J*
V2 Constant head reservoir drain EER
V3 | Manometer isolation. ;
, ﬁﬁ?
V4 ~ CO,/N;0 to absorber
V5 Lean amine to feed tank
V6 o Liguid circulation pump regulaéing valve
v7 - Absorber bypass
v | K\,/E9Lﬁ amine to absorber
V9 - Rich amine shuﬁ—bff ,’- )
V10 | | Rich amine flow control
‘AR Helium to helium’'reservoir
V12 C0, /N30 inlet to gas circulation pu
V13 L CO;/N,0 outlet from gasAcirculétio v
V1<§j' - Gas circulation pump_ven£ to aimosphere .
V15 Gas circﬁiatﬁon pump bypass S
V16 : ~ Amine feed tank drain
V17 Liquid .to liquid ciréul;tion pump °
ALK Rich amine drain valve
A . Feed taﬁk vent
va20 | | Feed tank vacuum
V21 : :Helium to feed ﬁank ‘ﬂ. C .

v22 _ CO0,/N,0 purge to absorber
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vas3 Gas out pf absorber

V24 Gas“out éf base of knoc'ko‘;xt bomb

Va5 Saturator gas tok;bsorber
Va6 Reboiler base, port

‘va7 Amine transfdr from reboiler to feed tank

v28 Absorber slide valve ¥ .

; I .
. & -

»
#




% '.”~Table A?f?

e

- Detailed Operating Procedure for Spheré Absorber

1) Open CO./N;0 cyMinder and He cylindervmain regulators.

a »

2) Purge overhead tank with He for approximately 1/2 h by
epening valve V1 slightly.

-

3) Purge CO;/N;0 soap film meter by opening the top soap
trap temporarily. \

4) Open valve V22 to maintain éressure in the absorption
chamber. Let the system equilibrate for approximately
15 minutes. '

5) Open valve V3,

6) 1Increase chamber pressure to 24 inches of wafer'by

adyusting the low-pressure bleed regulator on the
control panel,

o )

o —_
"7) Close valve V22, ‘ 3
o \ Y
8) At lo'w‘ temperdtures, let the system ;each thermal *
equilibrium for about 15 minutes. - -
T S " -
9) Check for pressu;éidrop in the system,

10) Close valve Vi..

. _
11) Opern valve V11 to the He reservoir and valve V21 to the
' amine feed tank.

12) .Open valve V19 to release any internal He pressure in
the amine feed tank. .

13) Close valve V214 N



Pl

.

-«

2

‘J17)‘Start liquidjcl:qulation‘pump,"

.I‘Q,Q . . '\ ' )

4

| e T
14) Open valve V17 between the amlne feed qsfmfand the
\ lxquxd c1rculat1on pump. y Lo -

t.
. v
-

‘16) Open valve V5 to . allow L1qu1d overflow to return the the

amxnelieed tank

T

'.ﬁ,

A

18) Set Var1ac 2 .on the 11qu1d c1rcu1atlon 11ne to the. L
- desired. sett1ng :

v

bel

“in the 51ght glass and to ensure. proper operatio
20) Close,yaIVe Vzewhen\the‘sight oTass operates prOperly.
v ’ - . P
. L -

21) As the l1qu1d leyel approaches the overflow level, close
valve V6 to approxlmately 1 1/2 turns open.  If more
turns are required, check the liquid_feed,filter for
clogglng. I o : 5}7 0 :

4

22) Check the in-line 51ght glass 1n51de the air bath for
" proper. 11qu1d flow. If no flow 1s v151ble, check valve

VS. E K > ) . ) : .
23) aben valve VB to allow llqu1d to enter the absorptlon -

-chamber.

hY

24) Adjust the l1qu1d flow to obtaln a rotameter settlng of
approxxmatel} 30 to 40 mm. : . v L
. 'Ji\ef

25) Set ‘Variac 1 on the~l1qu1d feed 11ne to. the de51red
set 1ng. LU T o

AN ' - R .

o : t

. N . _ g :
26) Open valve V10 about 5 turns and check that valve - V9 1s‘

- open.
D . ) . . ‘ v ~

27) If"the,sphere needS“to*he_wét‘manﬁally,'p

N

33% ,

‘19) Open/close valve V2 repeatedly gb\:emode trapped&fub?les

£
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o 27.1) Turn off the air bath fan. . 7

27,2)"‘9pen the absorption chamber slide valve V28,

s

27.3) Open valve V10 to prevent the take off tube
~ from overflow1ng.

27.4) Wet the sp arefully by rotating the

. v~ support ro ¥spreading the liquid with a
" spatula. TaRe care not to qcratch the -
~surface of the sphere.l

L

27.5) Close valve V28 and ensure that the liquid

: -~ film covers the entire surface of the,
‘sphere. .

- 27.6). Maintain a liquid flow rate of 30 to 40 mm
‘ ~on the liquid rotameter to prevent the film
‘from ruptur;ng

28) Ad]ust va&ve V10’ to maintain a take- off helght of about
‘3Acm _ .

'29)l0pen valve V23 inside the air bath.

30) Open valve V12 on the control panel.

™

I

"y

31) Open valve V14,

32) Open valve V10 to maintain a 3 cm level in t?e take- off
. ‘ ' ! tUbe : )

33) §hrge~the system fotAZO‘mihutes with pure CO:/N:0.,

»

e

S, 34) Adjust the sphere elevatlon to: obtaln a jet length of
Lol approx1mately*2 mm.

-Takenthe‘cathetometer measurements.

“:Cloéefvalve VT@. The liquid take-off level will go

LR



[ S e T i ¢ R . : . T -
/ . L. P . .

1339;
- . ‘; " . . “8
down. : W N A
. P N R
' 37) Open valve V13 and vaiye V24 at the bottom of the
. gaturated gas knockowt.bomb.. -~ .. . o x5
. ) : PRCEN s ' ) ‘o
o }¢’ :

~38) PurQe théfsys£em for fO‘ﬁﬁhutegz The gas rotameter will_
' read about 20 to 30 % on ‘¥he linear scale. o

; .
"39) Close valve V24e,

.4

40) Opeﬁevalve'VZSMbetQ%en the knockout bomb and the
 absorption_qhambgr fully open. ‘ '

41) Ensure that valve V1% is fully open. = . .

)

42) Closé valve Vi3,

43)k5tart the gas circulation pugp. P N
44) Open valve V13 fully open.

. =" : ' v .o .
45) Adjust the circulation pump bypass valve V15 to obtain a
‘circulation rate of about 50 % on the gas rotameter.

,‘ §: -
‘46lkAdjﬁstftBe CO3/N,;0 preSsOré in the ébsorption éhambef tpﬁ‘
' read about 12 inche’s of water on the-manometer. The .
' 1ighid take-off level will rise and must be controlled
'Ry opening valve- V10. . ) SRR P
i e e 7. v o . ) ' ) - .
\ - . e

47) Open,walve Vé-at the sg@p film meter.. °
%g,{." . ‘ , S, A'__ : N ]

48) Close valve V22 at'the)ba&k_bf.théféif_ﬁafh."

S

»' _“ ~- . ) . . P . 5 (\
'49) Make the final adjustment of‘llqu?d flow rate using
’ valve V8. R ' S ,

'50) Adjust the liquid take-off level using valve V10 so that‘-
‘the meniscus is at. the change of diameter. on the support
l'od. 3 .. ‘ ) - ' : o . . h I .

N



51)

52).

- 53)

54)

' 55)

- 56)

57)

58)

'5'91)

'temperatures to equlllbrate.

~and after each liquid rate. Ensure that. the take-off .

| 340,
Run the gas saturator for 15 m1nutes. o

If the gas saturator is run dur1ng the experlm@nt,'
proceed to step 57.

’
. " .
Fl Wi

Open‘vaIVe V15“fullyjopen.

Close valve V13.

3

Shut off the gas circulation pump.

Close the two bLgck valves V23 and V25 to isolate the
absorptlon chamber. '

Run the- system for 15 minutes to allow the flow1ng

—

%

Control -the lean am1ne feed temperature T, w1th Variac 1
and fine tune to the de51red level

Condxtlon the soap fllm meter by passmng several’ soap
»bubbles through it. : ,

Measure all the dataI takxng 15 readings of abso;ptlon
rate for each liquid flow rate. Measure T, to T, before

.. -height 1s steady hygcontroll1ng valve V10. Record all

60)

1)

C62)
63)

64)

‘Closeivalyehv4.

gressurgs o

.

Open;§alye V22,

Open valve V23, S T )

Open valve Vf2. L - B 'v«frgw”-fl- SR

e e

Opeh valve‘Vigzshfﬁﬂ




- 65). Open valve V24, -

66) Watch the lxquxd level in ‘the take- off tube to prevent

an”overB®ow. Control the level w1th valve vi0.

67),Purge the system for 5 minutes. This will expel 1nerts
which have accumulated in the absorpt1on chamber over
the last hour. : , ¢

¢8) Close valve V24.

69) Open valve V15, . . . . . y | ~
L N - R ’

70) Close valve. V13,

71) Open valve V25 between ‘the knotkout bomb and the
- absorptzon chamber ful v. open.,

“4

£§§ Statrt the gas circdlatiOn‘pump.

¥

o o
73) Open valve VAKM

74ﬁ\Close the bypass valve V15 to maintain a rotameter
settxng of approxlmately 50 % . - :
. . ) N B

'74.1) . »Saturate-.the system,fot 5 m?nutes. oL
*’3‘ R

74.2) Repeat steps 52 to 56. - s
a Ut e R

75). Open valve V4,

i

. , e . ).’., . )F ‘. .
"76)'c1oseiva1ve.v22.

77);A¢JUSt the llqu1d flow rate carefully to the next .

.settlng u51ng valve V8

78) Maiﬂtaih the liquid level using valve V10.

=
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79)

1 80)

81)

82)

83)

34)

. 85)

86)

87)

88)

89)

90)

91)
92)

. 93)

§

Adjugt Variac 1 to control temperature T.;

-

Repeat procedure from step 56 to collect data for all

l1qu1d flow rates.

Cloee valve V8 to stop liquid feed to the absorber.

T

When finished, shut off both Variacs. '

Stop_ the amine circulation pump.

Close valves V17 and V6.

Isolate the manometer by closing valve V3,

Dra1n the constant head reservoir. and ‘close valve V21
when the tank has emptied.

when the liquid has ‘drained from the rich am1ne lxne,

close valve V10.

Close valve V5 to isolate the amine'ﬁeed tank.

Close valve V4 to isolate thexsoap'film meter. -

Shut the regulators and close
supply cyllndéts.

vClose valve V19.

Shut off the He supply.

Close valve Vi1,

L

*

342,

all main“valves on the gas

\
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Table A2.3

.

Detailed Operating Procedure for Amine Regenerator

.t

1) Ensure that valve V10 is closed.

,‘Cénnect the low-pressure He supply line to the amine

,ﬁﬂmﬁvent port on the rich amine tank.

‘3)g Open the He supolyiand'pressurize'thé'tankfto 10 psig. -

4) Open valve VIi8.

5) Fill: the reboxler approx1mate1y 1/2. full. Make sure
that enough liquid is present to cover the glass exposed
~ to the mantle.. If there is not enough l1qu1d postpone
*_the regeneration step.

6) Close Va;ve v18.

7) shu"g off the He éppply._

8) - Depressur1ze the rich amine tank by carefully

‘disconnecting the He supply line.

. '
’ : -

9) Regonnect the rich amine tank vént line to Ehe<port.,“

:10)"Slowly start coollng water c1rculat1ng through the

overhead condenser.

11) Power up both heating mantie@, L R u o

aet

‘12)°Heat for appro“1mately 1 to 1. 1/2 h until the so}ution

comes to a rollxng b011

(X3

: 13)-Power down the top element in thé heating mantle.
RN R . o ' ,
f14)*negene:a;i4§he,golgp1on;for at least 1 h.

PP 1 . . . L
. 7 (8 ) . . = Ty, #s
A )

R A
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15) Power down both heating mantle elements.:

16) Let the system stand for 15 minutes.

17) Opeﬁ the N shpblx.

185 Purge the regenerator with:Nz for 2 minutes.
19) Start the vacuut transfer pump.

20)‘6pen vaite V£0 slotlyi

‘215'Ma1nta1n 87 cuum in the amine feed tank at approxlmately
28 1n. H on the 1nd1cator gauge.

{

22) Fill the bucket with ice or water, dependxng on the~"
‘ temperature of the alr bath.-

23) Qleee:tﬁe\codling coil in the becket;
24) OpeﬁlvaiQe V26.
. 25) Ope;;val;e v27.
26);If nebeSsary, maiqtain‘tbe ice level infthe chket.
27f when the reboiler ehpties,tclose valve V286,
28)kTurn'off the‘Nz burée.
29) Close vaive VZ%.
\305 antinQe vacuu&*for'18°mihute;f

f 31)5Closeivalve v20.

.:32} Shut off the vécuumvpump.J

¥



33)

34)

35)

36)’

37)

©.38)

39)

Open the He supply to 10 psig on the regulator.
‘ ' ' R B N

Open valve V21 at the back of the air bath for
approximately 3 minutes. n

Open valve V19.
Close v;lve V21;
Shut qff the He supply.
Close Yél;e V1.

Turn off the condenser cooling vater.

345



APPENDIX 3

Calibration Data
. i ] . ’ . .
This appendix contains information regarding the
calibration of tﬁermocouples,‘rotameters and soap film

-mqters. For a more detailed account of the instrument

-

callbratlon, the reader is referred to the sphere absorber

1
r&ference materxal-wh1ch is available in the laboratory.

( . . : P
v

.

i1 s

o
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Caliﬁration of Thcrmdcouples

-, Type J igﬁn-constantan/thermocouples were used to
determine the‘température,df‘key process streams in the
sphere absoéber apparatus. The.thefmocouplés numbered
'UA8410 through UAB419 were calibrated with the platinum
reéiSképcelﬁhermometer (PRT) #UA0120831 in the Instrumeﬁq‘
Shop Standards Laboratory (E404), over a fange of
temperatures frém 0° to 200°C, Tﬁé actiual calibration'
tables may be fouhd.in the referencé material in the
laboratory. Tﬁe’fqllowing nomenclature: was used to ;gfer to

'S

process temperatures

Temperature | Thermocouple - Description

\T," : UAB4 14 . Amine to Absorption Chambeft

T, : UA8415' Amine from Ab;orption.Chamber
L T; | UA8410 Gas at Soap Film Meter

Te e UAB&TT Gas at. Absorption Chamber @

Ty N ﬁﬂ8413 Gas_from,Ciféulatibn Pump

T,-l “ UAB419 » Gés to Circulation Pump

xT7‘ , UA8412 - Amine at Rotameter |

To UAB417 Reféfeﬁce Junctidh
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‘The standard EMF tables for converting from mV to °C
'werevcorrelated,with‘the.folloving expression

T = aeo + 8, +‘ a;!’ + a,e’ + a./e .t a;’ln ¢

The following coefficients were used

ao -0.2902502066

a, 17.31101383

a;, . 0.07400533679 :

a,  -0.004800534311 ; ,
a. ' 2.572484" |

as 4.377872676

where T is in °C and e is in mv u51ng a reference junctlon

malntalned at 0°C.- The above correlat1on is valid from 20°

o

~ to 120°C and has a maximum error of -0.376 % (-0.09°) at

r
24°C. .

/; ‘.' v . \

To calculate the temperature of the test thermocouple
with a measured potential of eiT/C , the following
expressions were used

T, = £( ei§TD )
where
f = do + aq € +‘azfz + a,e’ + a./é' + asg lne

i

. | '°v - 4
€UAB4 1T ae OQC‘-‘+0.00§1 mv



‘Vﬂlueﬂ of g were calculated by using tht 'BRT thefmocduﬁﬁe ' -
‘calxbratlons and the standard EMF tables. " The values oﬁﬁk,Aﬁumx e

Bo- B, were obtained by least-squares’ regresé&on anq&ysxs a,’

éfe listed in Table A3.1. ’ , ' ‘%; R



'Table‘A3.j

Error Correction fér T‘.@mOCngle EMF

. s, 7/ o |
Thermo@dag}e ;ﬁq' By Ba Bs
No. UA ' :
p' ia T o ,
o 8410 -5.3460 -17.1750  +0.3300 "+0.,4408
8411 -7.6516 -14.9870 © -0.3151. +0.54015
8412 -7.4650 -15.3803 -0.4767- +0.53053
8413 -6.7735 -18.0780  +1.6850  +0.2497
8414 -7.0530 -12.8770  ¢2.6390  +0.7763
8415 -6.0775 -20.9390  +3.8254  -0.0603
8416 ~4.9756 -16.5360 +0.0450 +0.45061
. s 8417 -5.9118  -19.5580  +2.3734 +0.13940
TG 8418 -6.7965 -16.5790 -0.1467  +0.5442
I A VRT- _5.4220 -15.8000 -0.7680 -+0.6216
N @
; ;;“K’ .» .
PR T C A
%0 where " |
S : e
A * $ g = Bo ¥ Bre t Bae? + B¢’ S
"‘2 ":."my}‘ 2 e * : B . { ’
W oo e isdnimV A2
" A '
LRI g 18 ;@'\_'*uv
¥ L 1
W . b
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v

f volumetr1c flow rate 1# the absorptrvyzthamber. ‘A dlrect

s

» SR * Calibration of Rotameters ° . 5 S

B

L1qu1d feed rate was measured u51n9-a Matheson 150 mm

v

rotameter mlth a #603 tube equ1pped wlthh%lass ?nd s@blnless .

steel floats. A reliable correlatlon was requlred to

-~

convert the scale readlﬂg of the rotameter float tovﬂl

‘;.» % ) «

grav1metr1c téchnlque was used to obtaln the callbratlon for"

7*4\

each solutlon ﬁt each operatlng temperature. Thls

| eliminated the need to est1mate the effect of llquld rp K

comp051tlon and v1sc051ty on the rotameter readlng.
L )
. EEEE R

The temperature of the flow1ng llquld was/recorded at

A\
the rotameter and at the approach tube in’ the absorptlon

. chamber. The volumetrlg flow rate of 11qu1d in” the .

fmass flow rate by the solutlon den51ty at the absorber

-~

'absorptlon chamber was’ estlmated by dividing the callbrated o

v

13

7ftemperature.; Mass flow rates at temperatures between those

T e

r wh1ch d1rect cal1brat10n ex1sted were es%imated by

"fllnear 1nterpolat10n.‘_ , , v :

. o : : (i

A detalled actount of ‘the grav1metr1c technlque used to g

“obtaln the callbratlon curves cSh be found 1n the.sphere

» R K

- ‘absorber reference mater1a1 The callbratzon cﬁrves were

Cw

. each correlated w1th a flfth order polynomaal of the form

R i€ L . o a ’ . .
.; o .~ \ N Cy g W ‘ . L. ]
el : RRERRAN . e : v 4
f .= @o + anx + azx¥ .+ azx’ + agx“f_asx‘ ,
) . ) i ,v‘ L. ; . “ A!‘ - B . ' »’ , ) - .
. - % kY SN Cw
v where f«1s the mass flow ratg\ig'g/s and X 1s the~scale I R



readlng in mm from the stainless steel rotameter float‘ The

values of ao-as for each ca11bratlon are presented 1n Tables

1

A3.2lto A3.4." . - B

..
. SR P
.
oo ‘o
.
* ’
"
Y
,
.
C
L v -
e KE
- ’ - ¥ .\
» b
. ’( H "a ; A
; r 4 L
. . T E.3
.

%,

o ' S | ,’?r - .352

. e
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Table A3.2

','Pafametérsvfor Water Flow-Correlation

]

‘ 255¢

RN

- 353

ok

ag - " 2.6342815

a {0,5726597
L,  i.252393x1d‘2 .
Yay "f2;515804x1o’4“
s 2.67175%107°

Cay . -1.07274xa07°

wheﬂg'f . | _4 S

f=aqg +t ax+ a:x? + &F3x® + agxt + asif

A

SO - _’ B
f is in g/s - . C IR

P Th

x is the stainless steel float reading in mm .

-~
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... Table A3.3

NI .1‘1w.‘vo;«‘m;wz_a.$mf
L

Parameters for 20

wt %, MDEA FIow-Qg;relation'

o ,”E- . o
25°C 80°C 75°C _

1.078327x10"2

‘ 9.427604x10"°
3av7rixa0d

» —4.414908x{0'5

2.178295x10°

- -2.572552x107 '

"-5.31112x10"

1

©2.382154

5.99597x10 2., . -2.4500928F0 '

-1.395817x10"

2.477809x107°

-2.241557x10"/

7;8993467Jo'1°

3 1.134012x107

. -2.34374x10°

)
{

2358951076
-9.323651x107° V.

cey o )
w . .
K2 ) C ke
N ‘ ) <~‘~1‘-i
where *%?;; - = ' N
. , :’ 20 3 Lo ' . R
£ - a,x + azx? + azx’ *.azx! *-?sx’ T

. ' ’g/s

S

- fx\igwéhe'stainless steel float reading in

>

“',<G.;_

3
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o > ' 385
. Table A3.4- '

" parameters fgr 40 wt% MDEA Flow-Correlation
25°C | " os0°c - - 75°%C

a -0.448478 . -0.388295 . =0.492547

&, 1.951922x107% . 1.965263x1072.  3.736211%107 %"

as 1.667114x107°

6

72.Q70948x10—4 p

-7.132243x107°

8 .

3.014302x30"% ¢
) 6

ay -2.822739x10" -8.171372x10"

a. - 4.109065x10™®  7.449426x107°

10

1.771181x10"

g L. . =1.899019x10° -2.393638x10 "0 - -9.032819x1e”""
PR o | X1

N

= i _ - = _,‘-
. Cd M . - w
o ) o m“«b\

Y A e ! ) . , '
PR R . .,"., . L . . .
whete ° ‘/‘ﬁ' no ' ’ o :
f = a% fw,,z'ﬂ; X+ @azx? + @ik’ +tlayxt + asx® @
. - v - , ‘;”' )
) . ST i d ‘
£ is in g/s . & S 5%% o -
, i ) o N i . ;o - , . . o
o5 P Y"1

x is the stainless steel float redding 4in mm’

R
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- . calibration &f Soap Film Meters el
/] . ‘ . : . ' ] 7 o N
“The-rate‘of absorption of solute gas into the'liquid

flowlng over the: sphere was. heasured w1th a soap f1lm meter

. (SFM) . The 1nterna1 volumes of. each SFM Were meas red ustng

q

grav1metr1c analy51s w1th water as the test £1u1d.

'ﬁ%asured volume of water at a known temperature was.

'delxvered thr?ugh the SFM, collected and we1ghed The} 3

/

dens1ty of wdier was used to convert .the del1va;5$\mass to

volume. - A ) S ' .
‘aé . ’zﬁ L T ' |
o g 19,

Eath SFM was found to de :

* o

acdgptabhe l1m1ts ( < 0. %

NP . a4
N ) TEy e 2 e S
c‘bcalg@rathn resulis. can be £ouj«':~_ e sphere absorber
referente ma® ‘
V . L y r]
: ¥ ;
' 4 v *
' of ° ‘ . " . °
1
U .
1
i3 ¢ ‘ - /
*® '
A . ‘
. [ ' ot [ ‘ ° ¢ =~ . L
- - ’ .
. \‘; ., N4 ”f .
N . - - ": .
) y 7 . - . ij.
il . I 2 . \"



Correlat1on of anslcal Progertles . | e

The correlatzons used’ in the an‘:ys1s of the rjﬁ data

e

are conta1ned i'n th1s appendlx. The propertles 1nclude.
‘*d-r’ -

” A
o

1) Den51ty of MDEA solutlons o . N

s B «3.,," et

2) K1nemat1c v1scosxty of MDEA- solut1on5"\




ki

S g Density of MDEA Solutions

& . . T
. The dehs1ty ‘W(%:aqueous solut.tons of MDEA was assumed to
“ agre® w1th the figures publxshed by Pennwalt Chemlcals. “The
> den51ty of pure water was taken from Table 3- 29 in Perry and
Chllton (1973) Selected pomts yere taken from these ‘
fources and used to obtam a M{nomlal expressmn of the -
e p = a0t KT % a;T% + a;T° + a,T* + ayT° »
i‘;'};he coeifm:;ents obtalned are &1sted in Table A4, _'I‘he
*: '(t§<§’bove correlatlon is valid for temperatures ranging from 20° .
to 85 C The presence ef resuiueéks carbon . dlox1de (~0. 03 mol ‘
COz/mol MDEA) was assumed noA: to mgn?gflgant\f‘f/ %ff‘ec'@' the . * d
® den51ty of t%;me 8lmt10n. ' @ ' 5 .



iy ' , 359

giile A4, 1

Correlatlon of MDEA: Solution Density

0 owt% 10 we% 20 wt%
. ) ‘ o ' : . . a
ao ©1,000244355 : 1.0142473 =« 1.0256906
a, 1.941636x1075  -0.457723x107°  -0.494247x107°
"a, | -6.543792x10 "6 0.119919x10”%  0.123157x107% ‘!V
Cas 2. 984752x10 B _p.252978x1076 .. -0.324908x107%
PERRS . § 3 ’
' ~8.223252x10" "% 0.127470x10 0.278452x107°
0 .200840%x10"'%  -0.831680x107 "
[ . * )
;730 we% | 40 wt% | 50 wt%
Y . ' ' _
1.0322227 » . 1.0459222 ' 1.0654460
-0.872888x18°%  -0.482704x1073 © -0.143623x1072,
s e o o RS -
20.352015x107>  © 0.117230k107F - +0.382244x10 & -
.0.109310x10"6  -0.490963x107%  -0.835901x107°
".\ T """ ‘J~ ' ' -
0.172301x107° 0.640395x10°8  0.838608x1078
-0.747054x70" "' -0.286903x10" " -0.323155x107'°
’ . T . . ."\
' [ Y o ¥ . . : K ) . N !
“’er ph: 2o *'a,T + a,T* + a;T: + agT* + asT* ‘ N

- - )

wherétT';s in °C and p is in g/Cm° To obtain density in

¢ kgym the value of J must be multlplled by 1000

4



Kinmmatic'viscosity of MDEA Solutions

- ' . V B J

‘e 'v

The kinematicﬂyiséosjty of aqueous solutions of MDEA

was determined experimentally using the Cannon-Fenske
Routlne Vlscometer in the Instrument Shop Standards
Laboratory (E404) In principle,. a known ‘volume of 11qu1d '
efflu§ £ime 1s a direct measure of the k1nemat1c v1scoS1ty
of the 11qu1d. The'standard procerre outlxned-xn ASTM

D-445 was ‘used to measure the ¢1sc051ty of 10, 20, 30, 40,

( i(and ﬁo wt % MDEA solut1ons at temperatures ranglng from 25°

to 75°C. Addltlonal detall on the experlmental procedhre

and methods used to calculate the v1s¢051ty may be found. in

‘the sphere absorber reference mater1a1 The results of the

exper1méhtal measurements are contalned in Table A4.2.

: ._gjhe kimematic viscosity data were correlated with a ™
poly

smial function of the form’

by
+
|

In v = ao, +

&
-

-
®

7

The coefficiients obtained are given in Table A4.3.° This
correlation is valid over a temperature range of 20% to

. . R . | ) . : ," ' A\ .
™0°C, and an. amine concegtration range from 0 wt % to 60

wt % MDEA. The prgsence of resiaual carbon dioxidé (~0.03‘

. mol COz/mOl MDEA) was assumeé Pt to 51gn1f1cantly affect

»
the klnematlc v1sc051ty cf the- solution,

360"

A is allowed to flow by gravity through a caplllary tub€.. .Theé

. . . ) . . ‘o 3’ X
. C e
’ . % AN ) .
.

2t
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Table A4.2
. , L .
Raw Data~from Viscosity Experiment
wt % MDEA' Tube # T - Constant Efflux Viscosity
N ' (°c) " o + Time (s) (cs)
0 © F50-442 2gja“~ ,0.0025771‘1r 360.87 0.93
0 -  F50-442 233 ' 0.0025733 361.41  0.93
o} F50-442 ~  23.3 0.0025780 360.75 0.93 -
0 F50-442 . 39.15 0.0025262 261.66 0.661
ot F50-442 39,15 . 0.0025244 26184  0.661
0 ' F50-442 39,15 0.0025251 261.77 0.661
0 * " F50-442  77.2 0.0024841 150.96 _ 0.375
0. % F50-442 = 77.2 0.0024882 ~ 150.71 0.375
0 ~ F50-442 77.3 ., 0.0024809 150.75 0.374
0 F50~-442 77.3 0.0024819 150.69 0.374
0 F25-26 77.6  0.0017808 209.46 . 0,373
0 o F25-25 77.7 0.0017661 ~ 210.6 0.372 °
0 F25-25 7727 0.0017715 209.08.  0.372
..10.000  F50-442 23.3 0.0025767 517.76  1.33
10.000 F50-442 23.3 00025767 517.53  1.33
,10.000. & F50-442 23.3 '0.0025767 517.64  1.33
“10.000 ' _F50-442 ~ 39.15 0.0025252 357.76 . 0.903
10,000 F50-442 39:15 0.0025252 357.57 . 0.903
10.b00 F50-442 v 39,15  0.0025252. :'357.64 . 0.903
10.000 F25-25 - 77.2  0.0017728 270.20 0.479
10.000 = F25-25 - 77.2 . 0.0017.728 268.75 0.476™
10.000 F25-25 77.3 8 . 269.05 0.477
19,994  F50-442 ' 23.3 Q) 67  785.52, 3.02 ,
19.994 , F50-442 4 23.3 0.00257¢7 - 780.21 _.2.01 ° °
19.994 'F50-442- #%°23.3  0.0025767 781.13 52.0)
19.994 .F50-442  39.15  0.0025252 511.17 1.2
19,994 F50-442 . 39.20 0.0025252 ~«.510, oou%h4»294m o
15,994 °~ F50-442 39,20 0.0025252 510.63 .29
» 19.994 F25-25 77.6 0.0017728 351.04 o 622
19.994  F25-25 7707 0.0017728 - 351.10 0.622
- 19.994 F25-25 - 77.7. 0,0017728 , 351,09 , 0.622
29.993 C100-J871 25.2 0.0136388 225.09, 3,07
29,993 C100-J871 : 2%.2 0.0136388 224.96 . 3.07 -
29.993 C100-J871 25.2 - 0.0136388 224.28  3.06
29.993 F50-442 40.0 © .0.0025232 771.52° 1,95 -
29.993° - F50-442 40.0 0.00%523 766.19  1.93
29.993  F50-442 40.0 0.0025232 ! 748.71 1.89
29.993 F50-442 77.7 0.0024833 334.52 .0.831,
29.993 F50-442 77.7. 0.0024833 332.84 0.827
29.993 F50-442 77.8 0.0024833 333.00 , 0.827
29.993 F25-25 77.7 0.0017728  475.16 0.842. 'y
29.993 . F25-25 - 77.7 0.0017728 - 473.64 0.840 '

$29.993 F25-25 77.8 0.0017728 . 474.04 -0.840 ~
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40.010 C100-J871 25.2 '0,0136388 370.72° 5.06
40.010 C100-J871 25.2 0.0136388 373:63.4 5,10
40,010 C100-J871 25.2 0.0136388 374.07 @ 5,10
40.010 C100-J871 40.0 0.0136283 220,63 3,01
40,010 C100-J871 40.0 0.0136283 220.65 3.01

~40.010 C100-J871 40.0 0.0136283 220,63 3.01°
40,010 F50-442' 77.6 0.0024833 464.47% 1.15
40,010 - F50-442 77.7 0.0024833 468,15 "1,16
40,010 F50-442- 7.7 0.0024833 462.56 - ‘1,15
49.998 C100-J871 1 0.0136388. 658.16 _ .8.98
49,998 C100-J871 0.0136388 660.13 - 9Q0
49.998 C100-J871 0.0136388  661.84 ' 9,93
49,998 C100-J871 0.0136283 ~.360.86 4.92°
49.998 C100-J871 0.0136283 360.22 4,91
49.998 C100-J871 0.0136283 362.10 4,93
49,998 F50-442 0.§024833 659.05  1.64%.
49.998  F50-442 0.0024833 663.94  1.%65 '
49.998 - F50-442 0.0024833 660.16 1.64

{(' vy
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v . Table A4.3 . R

N Correlation of MDEA Solution Kinematic Viscosjt} f',"{."v ' .
<, h ¥; ) . ’
wt % MDEA . ao a, SR az- % .
% @ * P ¥y
0 0.6641 ' -2549.5 L
. : ) -
o T 1.6001 -3183. 1. a
20 ~ 2.6484 © -3920.3.
30 | 2.2170 -3762.1 -
40 ‘ 1.5084 ~3404.2 .
L 50 ©2.7418 - -4344.8 1247827
. In V.= ag + %‘- + %‘g’ !

4

. ‘#eyhere v is in cs and T is in K. To dbtain Yisc‘osity in

AR T o
"+ &m*/s, the value of v fust’ be multiplied by 1

< absolute viscosity of a solutian, u, may be calculated by
" . ) » e ’ ‘ ~
multiplying the kinematic viscosity by the density (i.e. u =

¥

N * » .
i * . .
vp) . , 40 TS
. R L .
N n
f
3 '
’
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.
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The phy51cal solnphl1ty qf n1trous oxide (N;O) in

Ve

“aqueous solut1one 3f MDEA was determ\ned experlmentally thh

a visual equ111br1um eiaﬁd The measugements were taken by

. -

ﬁx. F. -Y ~Jou at temperatures rang1ng frOm 25° to 125°C &nd
for, 0 wt % 20 wt % and 40 y} % MDEA solutions, Jou et

al.(1986) descr1be the experimental apparatus and procedu?e

‘that were used. The results of these experiments are given

in the gorﬁ of Henry's constants in Table A4.4.

K

, } oy
The Henry's constants were correlated with an equation

-

of the form : ‘ v _ | -

N’* .

§

In H = ap + a T +

'—lluﬂ'

D)

The coefficients for this equation are given in Table A4.5.

ThlS correlation is valid over a temperature range of 20° to

¥

130 cC, and an amine concentration of 0 wt % to 50 wt % MDEA,
. The data have been compated to those of Blauwhoff et
(1983) and aalmour and Sandall (1984). The sets agree at

25°C, although the results of thlS work Span a much 1arger

y]

temperature range. The Henry s constant was found to be a

'~ . polynomigl 1n,1nverse temperatute. o if

strong functlon of temperature. The data of Ha1mour and

Saridall’ (i984) suggest that varles linearly WIth inverse

’temperature._ The results of this study show~that;;he‘

" Henry s constant must be repcesented by a hlg er order

.

L 4

e 3 64_ L

A



A compar1s¢n between the experzmental and predlcted L

i
42! _-
Henry s constant 1s 1llustrated in F1gure A4 1.

~



. Table A&.4
;4,:‘5.1?:: R S o R ‘\ S ;

i s

o T U S
. Henry's Constant for NZOrin MDEA Solutions

)
N s a5 /-

' Temperature ' Water 20 wt % MDEA ?0 wt % MDEA

o T e ' / B ‘
C . . ' . \ i/ )
o st LT - o ] \_‘/, A

< ' — , ) " .

1.

25 . 228.3 ... 212.6 /1918 Y
50 407.4 352.1 ./ . 292.9

75 . - 606.6 _ . AMT5.6 371.9
“ 100 - - 764.8 o 583.57 © 420.8.
125 858,17 . . @ 627,ﬂf S asa2

PR

. R { : > T
‘where the Henry's.constant is in MPa/mole fraction.

'1,1, .

PR
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. Table At.5 .

IR TRy

AT

R R

-
e’

<a o

Wt % MDEA™ ©

Correlation offN:OVReh;y‘s‘Cohﬁtahtvin‘MDEA.Solﬁtions‘4‘

1

oo
NN

‘#‘az,'

_ -( ’:.\'
0 _— ‘)31‘5347

200 .28.7470"
40 . t—-27.8522

b

© -0.0301286

7>20.0274130

- .

1-0.0278120

-5149.67

'« -4263.8"

-4535.4

-
‘where |

© InH =a,* a,T+

 ahd H is in. MPa, T is Tn K.

e
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. APPENDIX § = . .. -

R A . - e - IR SR . ot ‘ . ML LT DS N ",‘-,.,q.,’;.
i ; , ;

_Error Analysis
For dny function F(x,, X, X3, X4) the standard §rqor~‘u

9

* in F is g}ven.by"’
X2 ""5§;')iOX5 ’A o
o S N ¢ - D I

2 =

_-(Z'F..— ”."“(

' 9F "
(m) Ox‘
F_ ya, 3
( m) Ux“l 3

.

A4

where 0. , ¢. 0. #&nd o, are the .standard errors in the . .
RS X1 X2 ~ X3 - Xy . . ~ . :

‘means of X, Xz, Xy and.Xs.

e 369



o ’f ‘ - U oot “; o 370 ,
© 7., Molecdlar d;ﬁfusion‘ngjf{Cient ‘ Y
T —— J,.f,yﬁ;wi,l RN ;;;_A.7
' The rate of phys1cal absorptxe? of solute ga# into the
s

L1qu1d £ilm on the sphere\absorber

G/'L(Ci“C)[‘I'U}\?ia] ' ’
LemLie - G ) £ .' - (50) -

given by Equg;ion (50)—
% J . \'} ~‘

LI 4

where SR " . . .
' 7 o0 SRR TN
a = 3.3653n( 3—3 )13 3 R/3 ~4/3 " R \*511)
Equatxon 550) ‘may be expressed 1n general as o ‘

GS-F(L (i )' f'a‘)' o | \(As 2). "

'Abplyxng Equat1on (AS 1; t¢‘Equat1on (AS. 2) gives
R (3G, /L) o} S (aG /a(C ))f O(Cl-Co) : o
+ (ac /an)\= + (aG ,\/av) o, - (a5.3)

L o v - C af‘1 = ,"‘~ '«
3G, /oL = ‘51,-Co‘)£3+ L(C; -Cg4 )( EE ) <. . (55'4);

but a ."‘ o . ) . . | . / - . .

..OGS

£ =1 - ;ZBe_.\Ya T . 4(a5.5)
etherefore , 4 |
2 B2y S o (a5.6)
where o S - |

g = Ipye " B P ¢.X- 0% *
“rand - ' . ‘ ' Co 1‘ e |

* : : - ' .— -4 v ’ .
g—g = 3. 36531r( 3—-1 )1/3 D R7/3 (LB = (A5:8)
Therefore :‘ SR o '

'-86 /3L= (c; ¢, )[fk- 4«9/3] e :

. In a s;mllar .manner; the follow1ng may be . deruvedA e b w'5e
[ _ . , T ’
.96, /alcyoe, ) =(Lf \\ o (as.a10)

i, ' . L



T S BN

86, /3D = L(g, ¢ ) ge/D T L i LT s

| “ac T T R G R (As’\z)*

Substibuting Equatxons (A5.9) to (AS 12) 1nto Equation o :

“ 'VXAS 3) glves, s 1 ‘ B "tf. u‘~' N

g t te; < e -39 1 }io Lty "0{cimco) o

e {L(c - )ga/nl-(a L3 {L(c. o) B 1o, (a3
Dividing Equatxon (AS5. 13) by G i to obtaxn fractional

' errors and reagrang1ng (assum1ng all errors are add1tﬂbe)

ng;s

§ gag /e (e 88 yygapiop s W
T (/910 15 -co) /(ci'co )+ (1/3)7, P
o {f/ga}’(oGs VGS )2 - 'v“i .~ (AB,14) ¢
| ' . .. - o
R ,
)/ A :
. B
’ ”S t
2 ' )
i 4 o
LU



Reedtionkﬁaﬁe Constent‘ . PR
N/ ‘ . R 0 . k

“ N L. ‘,\ il L oM M NN

o The rete of chem:cal absorption of solute gas 1nto the

'11§uid film on the sphere absorber is g1Ven by Equatxon (68)

. “ r .' v

Gy = 4WR VE (G- -C eq ) C ‘ . (6@)}
Equation (68) may be expressed in: general as _ .
Gg = F(kOv wD,.(C ~Ce )) : \-" . - : (AS 15)
Néte that C eq was assumcd to eq?al zero. Applylng Equat1on

(A5.1). to Equat1on (AS 15) gives,
":063'I = (?gs\/akOV ) akov,ﬁ f,(aGg /aD)'?D :
AN f.(aGs /3(Ci ‘Ceq ))’b(ci;Ceq)-’

-NowA

3G /ak = 47R*VK ""(c'--'ce_ql )/dev( - : (A5.17)
(3;~ac /3D = anR*VK_"D(C; q..)/213 o © (a5.18)
/a(c 4ceq ) = 4uR=/kov D T (A5 19)

"Subst1tut1ng Equat1ons (AS 17) to (AS, 19) into Equat1on
' .(AS 16) gives - L ‘ '
9%Gq 1 g {4nR’V (C jCeq‘)/ZkovA}’okov"

o+ {4nR’/ (c. -C_ )/2D}=aD 2

+ {4nR’vE D}* O(Cl (A5 20)

-Ceq) :
-D1v1d1ng Equatlon (AS. 20) by G 2 to <obtain fractxonal

o

errors ahd rearrang1ng (assumlng all errors are dadltlve)

 gives— ’_: T ' : ‘ SR

, L /Eov’)l’8A4(°és /G )' + (o /D)2 | | |
T 4locioceq) /(€5 Ceqg M Bs.2n

‘e
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- ) APPENDIX 6 B

-~ Computer Programs

o

\J
&

This appepdix contains listings of the computer

programs, used to calculate the molecular diffusjon
. ’\

coefficient-and the segond order rate constant from raw

L]

experimental data. - - - -
“ “’ \ . '-» \F’
1 . ‘ . i
/
oo - -
_ /// ,
)

373



) T '
5 - 4 '
. . 373
» ; *
# ’ "‘
s N : \..
l‘ .x.
‘\-\
[} " \ ! » ’
- * ~
- . \\'
~7 N '
h ¥ . e
1 3 .
Program 1 - Analysis for Diffusion Coefficient
X ) R . .
. \\: . T ’
‘ ‘ ) o R . ’x.\\ ‘ . L ] . .
Program 2 - Analysis for Reactlon Rate Constant
N
b [ - .
. _ A A‘gl
. ot -
»
o ‘\\ ;
\
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APPENDIX 7 - —

i

¥ Samgle“Cglculations.

« .

a

Calculation of Molecular Diffusion Coefficient
. . ' ' »

The following procedure was adopted to Ealculate the
value of the molecular diffusion coefficient from the
absorpt1on rate data collected with the sphere absorber.
The data of May 2, 1986 for the apsorption of N,O into 20
wt% MDEA solution at 50°C are used to illustrate the
celeularion'sequence. éhe raw éata are eontained in

Appendix 1.

'-Length of Laminar Jet

The laminar ier length is the difference between the
elevation of rhe'jet nozzle and the north pole of the
Asphere. . h L

87.540 - 87.320 = 0.220 cm = 2.20 mm

Liquid Take of £ Length

'The lxqu1d take- off length is the d1fference between the
south pole of the §pherevand the liquid 1eve1 in the
take4off tube. o | |
182200 - 79.770 = 2,430 cm = 24.30 mm
:JThxs was very clBse to the optlmum value, therefore the

absorﬁ%1on ratevon the support rod was considered to.be.

/
/

negligible.

Barometrlc Pressure'

4

The. barometrzc pressure was read from the mercury manometer

4i4



in the iaboratory,
PBARO = 705.3 mm Hg = 94.03 kPa -

Manometer Pressure

The manometer pressure is the difference betWeeR the right
‘lég and the left-leg readings. »

PMANO = 6.4 + 5.6 = 12,0 in H;0 = 2.98 kPa

Absorpt1on Chamber Pressure

The absolute cell pressure is the sum of the atmospher1c and
gauge pressures.

" PCELL = PBARO + PMANO = 97.01 kPa

Consider the run using tﬁeﬂfirst»liquid flow rate,

)

. i'; Absorpt1on Chhmber Temperature

US1ng ‘the thermocouple (T/C) ca11brat1on described in
Appendix 3 the follow1ng temperatures were calculated from
the mV readings | | |

Start of Run

T/C.#1 (1iguid entering chamber) : 49,39°C

T/C #2'(1iQuid leaving chamber )".749:58°é K

Ebd of Run S ‘,‘{_.v L o -

T/C #lv(liquid entering:chambér) : 49. 37°C

T/C'#é (1i vidhleaving chamberko : 49 56° C-

The temperature of thevabsorptieh chamber was taken to be
the t1me -averaged l1and temperawure.

T = (49.39 + 49.58 + 49,37 + 49, ss)/4 = 49.47°C

Den51ty of L1qu1d

Thetden51ty of the 20 wt% MDEA solut1on at 49 47°C may be
Y
I -4.1)

415
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" .16

estimated usiﬁb the method describedf 3k Appendix ¢.

p = 1006.26 kg/m?

Amine Concentration

-Using this den%ity, the concentration of amine in the

solution may be determined. Assume 1 m® of 20‘wt%'solution
]
Moles MDEA : 0. 20(1006 26)/119 17 = 1.689 kmoi/m

Mole Fract1on Water in Liquid

Assume 100 kg of 20 wt% MDEA solut1on
Moles MDEA = (20 kg)/(11§ 17 kg/kmol) = 0.1678 kmol MDEA
" Moles H;0 = (80 kg)/(18.018 kg/kmolQ )
= 44,4400 kmol‘H,O _
Mole fraction gs}er = 4.4400/(0.1678+4.440) = 0,96357
The molecular weight of the liquid may“then be calculated
MW = 0.96357(18.018) + 0.03642(119.17) = 21.7022 kg/kmol

A\\R‘Vapor~Pressure of Water

The'vapor'pressuQé:Qf water at 49.47°C was estiméted'using
 steam tables | - ’
PWATER = 12.01 kPa |
By Raoult's'laql the partial pressure of water is reduced
accbrdihg to the mole fraction of water in the”liquid
solution. N o y |
PWATER = 12. 014(0 96357) = .58 kPa

Partlal Pressure of 'N,O in Absorpt1on Chamber

The partxal pressure of N;O in the absorptxon chamber is the
dxfference between the total pressure and the _partial

pressure of water in the chamber. Vaporxzat1on of amine was

 assumed to be negligible.



. . \ ‘ t - o )
PN20 = PCELL - PWATER - B ’ ﬁ
= 97.014 - 11,577 = 85,44 kPa

Henry's Constant for N;O

Using the correlation developed in Appendix 4, the Henry's
: ' .9
constant may be determined

TK = 273.15 + 49.47 = 322.67 K .

H = exp(28.747 - 0.027413(322.62) - 4535.4/(322.62))
= 345.5 MPa/mole fraction '

>

To‘Cénvert to the proper units, .the molecular weight and the *_

solution density are ;equired.
H = 345500 kPa(21.7022 kg/&mol)/(1006.26 kg/m?)
: o
= 7451.94 kPa-m’/kmol

Kinematic Viscosity of Liquid

The kinematic v1scos1ty of the 20 wt%¥ MDEA solution at

49.47°C was established uSTng\iij coriizfi;on described in .

Appendxx 4,

-6

v = 107° exp(2.6484 - 3920,3/322.62

+ 990917/(322 62)?%)

T

= 1.017x10°% mi/s
Gas-Phase Mass-Transfer Coefficient
. .

The gas-phase mass-transfer coefficient was estimated using

Equation (70). ‘Using the appropriate data, the following

values were calculated for the 50.8 mm diameter sphere

b

Re = 41.74 , : e I
Sc_ = 0.540
. c g ’
Sh_ = 4.92 o o
g 925 ~
-7 N

k_ = 7.087x10

g kmol/s -m? -kPa

G
g
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Average Overgll N;O Absorption Rate
The averaqe overall absorption rate .was calculated,LFom the

:floap £i1m meter measurements of the rate of gaé ‘uptdake,  The

’ “

The gas absorption ra

‘average sveep time for the 17 measurements was determined to

be

SWTIM = 100,664 s
The average temper;ture of %%e-gas in the soep film\metere
over.the'dureﬁion of the'ruﬁ was caiculated to be 2%.219°C.
For all measurements in this run, the sweep volume was

SWVOL = <10.0 mL

can be calculated f%om
GAVG = (PCELL-§WVOL)/(R® -T-SWTIM)

-‘3.925x “9 kmol/s | "

Ligbid Volumetric Flow Rate
The rotameter correlatibn in Appendix.3 wes used to
determine the flow of 1iquid'to the absorption chamber. The
average temperature of the 11qu1d flow1ng through the |
rotameter was calculated to be 43.34 C. ;t a rot etef
floet reading of 30mm, the.flow”rate was calculated to be

QLIQ = 0.5171x107% kg/s

Using the denSity of the liquid at the condirions of the

Va

: absorpt1on chamber, the 11qu1d volumetr1c flow rate was

'estxmated to-be

9x10
L1qu1d Fxlm hlckness _ &

"L o= 0.5171x107 /1006. 26 = 0.5 m*/s

The thickness of the 11qu1d film at the equator of the

g

sphere was est1mated using Equatzon (22) -



Lo

'ahd from'Equatiéﬁ (69)

',i\
= 1.0008x10" % m

tnterfacial Surface Area of Spherical Film

Using Equation (52) '
“ [N

A, = 47R?(1 + 2.58712A/R)
- 8.190x10" > m*

Interfacial Surface Area of Laminar Jet

The dimensions of the jet can be used to calculate the
surface area available for mass transfer..
. = nd. .
Aj mdy by
= 4.15%x10°% m?

Gas-Phase Resistance to Mass Transfer

From Eguation (93)

e

K. = 4.177x107°

L m/s

5

k. = 4.211x10 ° m/s

L _ .
The gas-phase resistance to mass transfer can be calculated
by S o
RESIST = 100 K, /(Hkg )
= 0,791 %

Interfacial N,O Concentration

£

 Using the above coeff&cients‘in’Equation (95) gives

kY

C, = 0.01137 kmol/m?®

Percent Saturation

The liquid leaving the absorption_chamber was partially
saturated with N,O. The percent saturation may be

calculated by

$19 .

-
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% . sat. -'100‘GAVG/(L c; ) | c |

. . - "ﬂ 67 ". 1 | . - ..‘ I\\"»' "
‘C’uh Thls vas w1th1n the 11m1ﬂs that have been egtabllshed for
| ‘\\‘ | “ : y N ks ’ .
~ the use °f EQuatlon (50) v . S
P ' , . ‘
Estlmatlon of Molecular D1ffus1on Coeff1c1ent

The 1terat1ve solutlon procedure to calculate the value of D
I

R {requlres an 1n1t1al estlmate for D(i?The equatlon of

o

'”~4fDav1dson and Cullen (1957) was used to prov1de a startlng

:,value.v The/jract1on of the total absorptzon rate that

=%

—occurs on the sphere was estlmated u51ng o "._

% FSPH = ZSPH/(ZSPH + ZJET) . e i)

R T

wh?e . . E N K . . ‘ . ... . ’.‘\‘\‘l | . ‘:

ZSPH ‘4, 49( 5—3 )1/6°R L1/3*‘ . SR R
8 172x10 T3

e zdﬁT“,*':-4(hj '/
B . ‘ 4

e

LN er.38a10
- Therefore

0 9838

'ffpsPn

GAVG(FSPH)‘_ 3. 861x10 -9 kmol/s

‘ _.f‘;ﬁ\.' -

GAVG - GSPH 6 345x10 kmol/s

'

“‘The N O concentratlon enterlng the spherlcal f11m can twi

: »GJET

be estlmated as ; 1* s
: . . 6 . ’ - - oo
o Cb" GJET/L 1 236x10 kmol/m’ﬂ

The 1n1t1al estlmate for D can then be obtalned US1ng

‘Jj;5,17 “poa_ (GSPH/ZSPH(C Qé'))?




\ - - . _
. -

‘=‘1e76i10q9.m’/s I

~ The .equations for gas absorption into a spherical liquid
film are based on the dry-sphere radius, therefore the value

“of GSPH must~be 5caled by the area correction factor

SPH/(1 + 2, 58712A0/R |
3.822x1077 kmol/s ST

- AR : D

A bisection method was used to calculate the daffu51on

.GSPH

'cceffﬁcient; For a. glven set of parameters, the correct
_ valﬁeie£:DKWasfassumed to&lle within the range’
. 0.5 De <D < z{o Do v
or 1n this case'-" -

10 -9

8. 82x10 m:/s <D < 3.53x10 ° m*/s

-10

Using a value "of D=8.82x10 m? /s in Equat1on (50) results

»_1n a predlcted absorptlon rate of

L

GSPH f 2.69x107° kmol/s Cg
-9

’.Simllarly, a value of D 3 '53x10

m*/s gives a predicted

"9 m:/s results in.a

~9

_iThlS 1s Stlll above tne target value of 3 822x10 m’/s.»f, .

vthe nexsf‘teratIOn """" thg domaln of D is reduced to

"8.82x107 ' m*/s £ D < 2.20%107° m*/s

_9'

.Alfaveragé:vaiue of‘D;1;54x10» m’/sxreSUlte ihra.predicted~

value of L . S

GSP ”='3.51x1059 kmol/s -



R

which ié*toollou.‘ The blsectlon procedurg LS cont1nued L
untilfil? ~ | —— R
, ; | : %2 [ p 10 5 v.
“Ihwthis case, when D=1 869x10" 2 m?/s the pred1cted N,O - "
.‘nebsorption rete<on.the sphere -is exactly}3.822310-g.gmol/s.
' Using this value of D,.a neu‘eetluate of the absorption rate
.'onithe.lamin?r jeE is given by Equation,(Sé) ‘
. GUET = 6.613x10" " kmol/s _' Yo S
,,iand tﬁerefore | | | i - o
c, =.1.287x107% kmol/m® .
 GsPH = 3.858x10"° kmol/s e . |
The value of GSPH is - scaled by the area factor and the
procedure 1s cont1nued Thls 1teratlon results in
D= 1.868x107° m/s R
f,The outer loop is contlnued unt11 values of D do not ch;nge
: f7by_more than-0.01 %. The flnal converged results gives
ol D = 1.8679x107° m*/s © D R
A s1m1lar calculat1on is performed for each lyquﬁd flow:
{éte-v . -
. o - ; 'y 3
i N :
,;\\\ i, A 5 ., - N
. . ;s N
o o
R g oo
S ¢ : S
R T T i
.’ o - \ Lo »O o i



) Calcuietiondotﬁkeaction Rareléonstant f“
P g : —— TR
"The foliowing ﬁrOCedure was adopted'to caloulate rhe fl
'value ‘'of the second order reactlon rate constant from the?
absorpt1on rate data collected w1th the sphere absorber.‘
The data of June 11, 1986 for the absorpt1on of CO, into 40
wt% MDEA solution at 75 C are used to 1l¢ustrate the
calculat1on sequence. The raw data are contalned in

Appendlx e . - N e
' ' TR ! o
b .Ff"&j;:'l A

(4 o
5 -

,i;%%i ally the same as’

'-The calculat1on procedurezlﬁ
the tase of pure’ phy51cal absorptlon, e;cept that a
dlfferent'system of governlng ratevexprgssxons are used.
'Using the same rechniques as.described earlier,'the : 5
follow?hg v%%ues are ootained\’ |

th =.2.15 mn

‘Length = 23.95 mm-
93.34 kPa

=-2,98 kpa . . L
Feha i . . : . .

96.32 kPa
bonsider thé'ruhtqs}ag tﬁe'fourch'quuid £16w rate.
R T o Q
Chamber, Temperature = 74.83°C ‘

Y

p = 1003.20 kg/m' ..o

Am1ne Concentratlon '3 36?'kmol/m’

0 90843

‘1Mole fract1on water 3 i
wMolecular ~weight of 11qu1d = 27, 2802 kg/kmol
:Vapor Pressure of water = - 38, 28 kPa =

ak,




~

-»¢.solv1ng for k

o T
Wl

<}’Henry s Constant for N.0 in water = 11142, 89 .kPa - m’/kmo@

kg = 7.338x10

‘L1qu1d Volumetr1c Flow Rate

';\4 P e E 2
. ot R SN Te s g s g Lt
RS T g L T

Part1a1 Pressure of CO, = 61,55 kPa

kPa'm’/kmOI

™
.MDEA = 6739, Bs\kPa m /kmol

K1nemat1c V1scos:ty of llqu1d = 1 22110 -6 m /s

R = 31,55
eg ‘
"='§'0. 02
ch 6 -
h m n. ' . ‘\.- '
Shy 638 v

£7‘kmol/s-m‘4kPa

)

| e st s
Pértial Preéssure of water = 34.7’ kPa

'COz lefus1on Coeff1c1ent = 2, 345&10

v,
» e "

Yol ‘
;,gb})

‘lk-'-r,

k]

z/sA

" Henry's Constant for N,O in 40 wt% MDEA = 40139.30

'Henry 5 Constant for coz in water = 7406.96 kPa - m@/kmol

| Us1ng Equation (86) Henry s Constant for COz in 40 wt¥%

t“‘

\

Average Overall CO; Absorptlon Rate w4, 984x10 -8 kmol/s '

4

A;7=‘1;2507x1o-, m

The - 1terat1ve soLutlon procedure to calculate kz 1nvolves

i

. --‘L

- SRS,
A, = 8.211x10

| Aj = 4. 05x1075‘

4;m/,5 ‘._4 \,‘

= 7 675x10 -m/s

K.~ = e 644x10

“L

g = o(do7905fkmdl/m’

Estlmatlon of Second Order Rate Constant .

0. 3359x10

-6

m*/s

Y

B

u31ng Equatlons (63) through (67) along w1th
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Equatien (97). "The value ef ko' vas bel;eved to lie within
the range of 0.1 to 1000 s fdr all condit1ons encountered
‘1n the experxment, therefore these bounds were used as the
high and low lim:ts to the b15ect1on method. |
| 0.1°< Ky, < 1000 LTy

The initial rete,of'absorpt1on,of CO, into the laminar jet

- was asSumed“to invqive only physical ahsorption., "Using

.,Equat1on (53)

 GUET = 6.49x10" " kmol/s
Tﬁerefore o _ - : n

. GSPH = 4.9775x10°° kmol/s ,

Sbalxng the value of GSPH u51ng the area correctlon factor

- ) _ .
‘ .results in ’ B o . “

GSPH = 4.9148x10 BZ;;Bl/s W,
\

>U51ng the same blsectlon search technlque as for the case of

-

Aphy51cal apsorptlom,.values_or ko vere used to predict the
rate of CO, apeerpéion iﬁto,the‘spher1cal llqu1d gllm. ’If'
',the predictedlapsorption rate ras too high, the next trial
. valuevof k,, was eqmewhatrlower.r For each trial value of
ka ,‘thevprqdqet of'tﬁehdiffusion time épd ka'}ere
calcﬁlated to,seleSI(;;;ch rate expression, Equations (63)

425
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'toi£67) would be used. iThe’diffusion t ime may be_calchléted,

‘using Equation (23) . :
’ SN
"tD = 1. 0461 S-
The b1sect1on procedure is continued untll
. - 5 =
f ‘|Ak°vﬁ/k°v | < 10
v oy N ' - 1

In.tﬁis cesé,_when L. =249.34 8 the'predicted CO;  -
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\

absorption rate on the sphere is 4 9148x10 8 kmol/s., Using
this value of ko , a_new estimate of the absorption rate on

_the laminar jet is

GJET = 6.886x107'" kmol/s Y
and therefore . | _ ’ - -
GSPH = 4. 9771x1o'{3 kmol/s' |
“The value of GSPH is scaled by the area factor and the.
procedure is continued. The final converged results give "
kg = 289.30 57 A | -
The average CO, loading in the llqu1d may be calculated as '
follows T . .
cO; in with liguid ¢ (0.03 mol/mol)-CONC L oo i

Average amount of CO, absorbed : GAVG/2.

Therefore ) ' - S Lo . SR
}z . o = 0. 03885 mol CO;/mol MDEA |
The free amine concentratlon may then ' be estimated u51ng

Equation (98)

' FREEAM = 3,236 kmol/m’
The concentrétion of OH- ion in the liquid y be estimated :
.uSLng Equation (13) ‘ //a 'v o

[OH"] = r. 9495104

kmol/mJ
Using’ these values, the second- order rate tonstant can be
calculated as N | “
k, = 64.58 m*/kmol-s
A similar‘calculation igtperformed for each liquid flow '
rate. | R o |

”ﬂga
. -"r‘g:‘}. g



o o " APPENDIX 8

’

" Integral Heat_of”Solution .

Con§iaer a mixing process where n, moles of amine
solution with an enfhalpy of h,° are mixed with'ng moles of
.a pure acid gas, say CO,,’w1th an enthalpy of: hz , The
}'am1ne solut1on consxsts of nA moles. of amzne and nw moles of

water. An energy balance may be wrztten as

g 4

_AH = H

"soln -nn‘h;o - n’hzo o . (aBlT)

-

Using part1al molar enthalp1es, Equat1on (a8.1) may be\

wrltten as

BH = ny(h, - h,%) na(h, - hzo )

~Dividing Equationi(A8.2) byvn, gives‘

. Af{ ' ’
AHi = ﬁ.—z- =,2—; (h1 - h‘o ) + (hz "'h" ) o (A8'3)
’ N ’ ‘l”‘, E ""' .
= Dtoaw, + oo T (A8.4)

N nz d
; N . )

'The form of this express1on is 1llustrated in- Flgure AB.
The value of AHd_1s the dlfferentlal heat of solutlon and

AH, is;the}integral heat of solution. Hence
' \ 0 . . 4

3AH,;

- n_‘. .v b . . - -"; N - . :
M=oy Loty Je,r * Ma v, (8.5}
- ' w ' q"} .. | ( 4 - . : - ;
but : - _ ' o : S
K . ’ . ! . 4'

427
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. Figure AB8.1.

*

A~Integr$1 Heat of Solution as a Function of Mplar Mixing

Integral Heat of Solution, AH;~

Ratio
4 ¢

AHy

428
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- Equation (AB.9) can bewinteg;ated to give

i ;x

A

ny/n, ; (ﬁAY+ N )}n; ? a , : (AB.6)
and . |
rony /(nAk¥ ny ) = ng = tbnstaﬁt - A  - (A8.7)
Therefore
/(o) = a Lo C e

I

~where a is the acid gas léadin% in moles acid gas per mole

1
It

" . . ) o
amine, Substituting Equation (A8.8) into Equation (A8.5) ~ ..

gives }
c 1 . dAH, S S .
\AHi ICRRIVA ?.Ep/f;;T A , A8
8 - i

. 3 g

i
.
1
{
{
4

AH. = = AHd da . (AB8.10)

‘Equation (AB.10) may be used %o calculate the:integral'heat

. . # : a
of solution from data for the differential heat of solution,
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