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A New Method to Solve Film Model for C02 Absorption
with Aqueous Solution of N-Methyldiethanolamine
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ZHOU Minghua(周明华)
DepartI⋯el l of Environmental Engineering．Zhejiang Univm'sity，Hangzhou 310027，China

Abstract The shoeting Inethod and the difference method are used for numericsl simulation of C02 absorption

wltll叫㈣us solution of methyldiethanolamine(MDEA)It is demonstrated that these methods村e available for
the steadv-state Inodel．which may be expressed as a set of differential algebraic equations(DAEs)with two—point

bonndarv values This mcthed make㈣it ssible not only to obtain the concentration profiles for MDEA systein，but
also Lo feveal the effect of C02 interfuelsl concentration on the eDhailceiilellt factor．With this nnllleriGal simulation，
ttLe n㈣transfee process with multicomponent diflusion and reactions coil be better understood
Keywords film model，numericsl simulation，carbon dioxide，methyldiethanolamine

1 INTRoDUCTIoN

Absorption with chemical reaction沁widely used

in industry．such as CO·absorption with alka_

nolamines，and H2S removal by alkali solution It

is necessary to predict the e如ct of chemical reac-
lion on absorption process by using models of rate

of n]ass transfee，which may take the forms of the

well-known fihn．penetration or surface reuewal theo—

ries However，the models for general reaction schemes

are cmtpled nonlinear ordinary or partial differential

equati()ns Since it is diflicult to get their analyti．

cal solutions．numericsl soInlions are unusually con．

sidered Perry and Pigford[“．Cornelisser et al川and

Versteeg et al，isl studied the nunlerical techniques for

the models involving one reaction scheme Glasscock

and Rochelle[4J Hagewiesche et a1．【5』and Rinker et

a1．州obtailied tile solutions for lnulticomponent dif-

fusion aild reactions by using the code DASSLl7 and

DDASSLtsJ．However．these codes have some restric．

tions For example，they are only available for the

initial-value problems，sad the rigorous forill of tile

equations are required[s

C02 absorption with aqueous soIntion of N—

methyldiethanolanfine fMDEAl is a typical mass

transfer process with nmlti—reaction．Bused on the

fihn theory．this process can be expressed as a set of

ditterential algebrMc equations fDAEsl with two—point

boundary vahte8，Although the fihn model is consid．

ered a simple one．it is not easy to solve the problenl．

In this paper two difierent numeric“techniques are

used to solve the problem with the purpose of obtain—

ing available methods for this kind of inass transfer

rate model

2 MoDEL oF 002 ABSoRPTIoN WITH
MDEA
When COa is absorbed into an aqueous solution

of a tertiary alkan⋯olanline，MDEA，the foll州ing re—
actions may occur【⋯

C02+MDEA+H20童马MDEAH++HC(圬

C02+OH一拦HC07
HCO．i十OH盘col一+H20
MDEAH++OH÷_K—4}IvIDEA+H20

2H20÷_K_5 OH一+HaO+

Since the concentration of hydronium ion is very

low under the condition of simulation，reaction(5)can

be neglected 141．F。r convenience．the concentral，ions

of chemical species are represented as：el=[C021，
c2=[MDEA]，c3=[MDEAH+]，e4=[HCO；]，
c5=[oH一】and c6=[coI一]The liquid bulk con-
centration is denoted as c?(o=1，2，3，． ，6) ’l、hus，

the following equations are obtained．

Overall carbon ffrom C02)balance

c：十c：+c：=L x【MDEA]“。l (6)

OveraH MDEA balance

c：+c：=【MDEA]t。t。l (7)

Electroneutrality balance

c3=c：+c：+2×c：

All reactions are at equilibrium
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Table 1 Model paraxxleters for MDEA system

—Fpar—ame—ter—s—百Eqjuat面ionsi万聂巧而『_—————_T面em二pe磊rarture
range,K

KRoaIefere。dLnceis矿——一一k．19k⋯13 635 2895／T 273—313 Piasent et al㈦

K5 lgK；=8909 483—112613．6／'l’+ 293—573 Oloffson and Hepler¨1

4229 19519T+9．7384T—O 0129638 71 2+

115068×19～5T3 4 602×10 9Y
4

K2 lg(K2K5)=179 648+o 0192447—67 341 293--523 Simulated from the data of

lgT～7495 441／T Read[12]

K3 lg(KJⅣ5)=6 498一o 0238T一2902,l／J 293--323 Danckwerts and Sharma⋯1

K4 [g(K4K5)=14．01 1 O 018T 298--333 Berth et al【“J

K1 KL=K2{K4 293--323

2翌里里皇 里翌里里生三!：：!!兰坐二!坚：：．：!：：兰：：!： !竺墅兰：： 坚!矍=：!!!!兰!!!!：!!

旦0 O：凰 (10)
c{‘。5

—113 、‘。，

亲：凰 (11)
c2c2
儿4 r叫

The first two reactions have finite reaction rates，

which are given
as follows

R·一即心+瓮掣t (12)

如=一№c5十瓦k2 c4 (13)

The tbllowing equations describe the diffu—

sion／reaction processes

C()2 balance

D1v2c1=R1+R? (14)

Total carbon(from COs)balance

DLV2cL+D4V2c4+D6V2c6=0 C15)

Total MDEA balante

D2V2e2+D3V2c3=：0 (16)

Electroneutralitv balance

D3v2r：{一D4v2c4一D5V2。5—2DoV2c6=0(17)

Instantall∞Us reactions(3)and(4)ue assumed to

be at cquilibrimn

—cs K3
c4岛

(18)

』L：K4 f191
C3C5

The model is expressed by Eqs(14)一(19)，with
tile following two boundary conditions

(。=：一鳄(?一1．2，-．6)，at Y=YL (20)

August，2003

Vc。=0(i=2，3，，6)，cl=c；=；}when if is
assumed that there is no InaSs transfcr resistant(、in

the gas phase)at

1，=0 (21)

The expressions of some model paraineters are giyen

iIll阻ble 1．

The nitrous oxide analogy inethod is used to es—

timate the C02 solubility(HI)and the diffusix’ity
(D1)㈣in the aqueous solution of MDEA．The vis—

cosity of MDEA solution can．be obtained frOI[L tlte

xvork of Al—Ghawas et al[⋯．arid the diffusion COt诬一

cieuts of other ionic species are assumed to be equal

toth越ofMDEA【5 J

At T=318 K．80ine parameters fronl Glasscock

and Rochelle[4J are used to compare our restdts with

the solutions obt“ned by the code DASSL[4

3 NUMERICAL SoLUTIoNS FoR THE
MoDEL
3．1 Shooting method

Shooting is one of the techniques that have been

-widely used for boundary value problems[1s／．We t'aTl

reduce second order differential equations(14)and

(15)to first order ones by introducing the variable

V=加l，tt2．u3]T And the differential equations(【6)
and(17)can be transformed to algebraic equati(ms
with the boundary conditions．Thus，the modeI‘an

be represented
as

Viet，c4，c6]1=V
DIVVl=Rx^R2

DlVvl+D4Vv2+DoV”3二=0

D2c2+DaCe=Dec2+DeC2(221
Dee3一D4e4一Dscs一2D6。6 2

、’

D3Ce。一D4cO—Dr,co一2D6cg
06恐e4c5=0
02一^f4e3(5=0

For given X=旧，口￡，u旷(the value of V at
Y=扎)，we cml getVV+(thevalueofw=【C1．v2，M{]
at Y一0)by solving the initial—value problem(22)
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Since W4 is dependent on X it is necessary to find 3．2 Difference method

out the solution x ofEq(23)to make Eq．(22)satisfy We divide the interval[0，YL]by N parts to dis—
the boundary conditions Eqs．(20)and(21)． cretize tile differential equations

x‘叭)===x‘“)～DfiX(‘’rlfix(％k=0，1

where Dfixl“”is the Jacobi matrix of fiX(“
its elemellt can Jbe印proximately expres8ea as

Ofi[x㈨]
日z，

2···

f24)

and

These proeedm'es are accomplished by using Matlab
R12 given in Fig．1．The solution of tile model by

using shooting method is illustrated in Fig．2．

Figure 1 Flow chart for sinlulation with shooting
method

1000

80()

r‘

E 600

=

：400

I) 0 2 04 0 6 0 8
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Figure 2 Concentration profile for MDEA svstem
with the film theory solution

(T=298K：k?；l 5×10～5m S一1，L=o．01．
ci=O 3mol m一3，【MDEA】Ⅻ“=1000tool—m一31

Ⅳ1

等≯哦(j瑚‘，M啪1
Equation(22)Call be transformed抽correspond+
ing difference equations at jth point，if the deriwative
of Ci，J is replaced by Eq(26)(ei，，is the value of({at
tile jth point，J=1，2，3， ，Ⅳ)，the boundary COU-
ditions are given as

271

Consequently,we have 9×N+9 algebraic eqtta—
tions，which ca,D_be solved by Newton method．I?he

concentration profiles of some(^emical species al'e

given in Fig 3 when the interfacial concentratio】l of

C02 is 0．3 mol m一3 and 3．0 mol m一3 respectively It
coil be found from Figs．2 enid 3 that the results of

shooting method and difference method meet faMv
well under the same condition

y／yl

Figure 3 Concentration profile at two interfaciaI

concentrations C02

(T=298K，衅=1．5×10—5In．S--1，L：o et，

㈨弘[M3D。E耐A]‘o峭tal=㈦100：0仁mol赋?olI，。；

E3稿。：篙警=嚣(詈)㈣
f28)
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Other concentration profiles(F瞎．4)are also obtained
with the parameters from Glasscock et al㈦Figs．4
and 5 show all excellent agreement between this work

and tim solutions given by DASSL[⋯

Figure 4 Concentration profile for MDEA system
(T=318K，k￡=1．46×10—5 ms一，c81=o．1m。1-m，
L=o 005，[MDEA]t。㈨=2000toolm 3)

Figure 5 Effect of COa interfacial concentration for

the MDEA system
T=318K．L=0．005．k?=1 46×10 5m s一1

【MDEAltotai=2000tool m一3)
——this work；O GIasscock e c df．[训

4 CoNCLUSIoNS

(1)The concentration profiles given by the shoot—

ing method and the di虢rence method agree well un—
der the salile eondition．And the effect of interfaeial

concentratioll of C02 on enhancement factor is the

same as that given by Glasscock e￡ⅡZ．惮1．These re-

suits show that the methods of shooting and difference

are available for solving the rigorous model．And they

provide a reliable way to understand the absorption

of CO，bv aqueous solution of MDEA．However。fur—

ther experiments are necessary to determine whether

fihn model represents reasonably well tile process of

absorption．

(2)Tlie shooting method and difierence method

both lead to a set of nonlinear algebraic equations．

It is indicated that the arbitrarv 1nitial values have a

great eriect on stability of these equations when New-

ton method is used．However．we can use modified

Newton method，or choose a suitable difference equa-

tion and step to reduce the dependence on the initial

values at some cases．

August，2003

(3)凡r an unsteaay-state model(鲁=也丽O'-'ci)
a discretization tecnnique,sue№鲁z堕≯兰，
can be applied to transform the unsteady—state model

into a steady—state olle．In a sense．the techniques

discussed in this paper may reveal new insights ia

sohdng tile models based on penetration and surface

renewal theories

NoMENCLATURE
。 concentration of species。in the liq。叫pht辐e，

molm一’

【MDEA]㈨。l
N

Superscripts

Subscripts

c。丑centr矗i。n。fspecies}m油e iiqH心phase
tool l：n—o

intel'faeial concentration of C02，mo[in一。

diffusion coefficient of species i in the aqueous MIsol㈣ti m2-s 1
enhancement factor

Itenry’8 law constant for C02．Pa iTlo nlo】3

distance step in the liquid

equilibrium constant for reaction i

rate coefficient of reaction i m3 m01
1
s
l

ill；!1．SS transfer coefficient in liquid phase n12 S～1

C02 loading of the aqueous MDEA solution．

mol mol_1(ba*ed on[MDEA]㈨d)
total concentration of MDEA tool m一3

number of points between interval[0，YL]
absorption rate of COn per unit interfaciaI area

mol nl一2,s-1

partial pressure of C02，Pa

reaction rate of reaction i．㈣noi一3 s 1
absolute temperature，K

time，s

distant variable

dimensionless distance from the interface

6r8t。rder differential。p㈣at r，—d-
sec。nd order di乳rential 0pera姚uy孑d2
the given precision

step oftime，s

viscosity of MDEA solutioil Pa s

chemical species

designation of the point in【0，”L
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1.外文期刊 ZHONG Zhantie.LI Wei.SHI Yao.HE Feng.ZHOU Minghua A New Method to Solve Film Model for
CO_2 Absorption with Aqueous Solution of N-Methyldiethanolamine 
    The shooting method and the difference method are used for numerical simulation of CO_2 absorption with aqueous solution of

methyldiethanolamine (MDEA). It is demonstrated that these methods are available for the steady-state model, which may be expressed

as a set of differential algebraic equations (DAEs) with two-point boundary values. This method makes it possible not only to obtain

the concentration profiles for MDEA system, but also to reveal the effect of CO_2 interfacial concentration on the enhancement

factor. With this numerical simulation, the mass transfer process with multicomponent diffusion and reactions can be better

understood.

2.外文期刊 Hiroshi Suzuki.Tomofumi Yamanaka.Wataru Nagamoto.Takahide Sugiyama Modeling of liquid
film along absorber cylinders in an absorption chiller 
    A two-dimensional liquid film model of LiBr solution falling along absorber cylinders has been studied to obtain boundary

conditions for computing vapor flow in the absorber-evaporator of an absorption chiller. The model was established based on the

assumptions that LiBr concentration and temperature profiles in the liquid film obey the third order polynomial expressions. It was

indicated that mass flux and absorbed heat on the liquid surface can be calculated with simple numerical computations on the present

analytical model. The overall heat transfer coefficient and total absorbed mass per second calculated with the present liquid film

model was compared with experimental data for validation. The results calculated with the present model showed good agreement with

the experimental data. Then, it was concluded the present model was useful enough for determining surface conditions on the LiBr

liquid film around absorber cylinders.

3.外文会议 Chao-Hui Zhang.Shi-Zhu Wen.Jian-Bin Luo Lubrication Theory for Thin Film Lubrication
Accounting for the Ordered Film Model 
    In this paper, the features in thin film lubrication (TFL) are investigated with the use of nematic theory accounting for the

ordered film. In TFL, in which dominated by the ordered molecules, the alignments of molecules can roughly be described by a unit

vector, the director, and then the phenomena can be construed accordingly. The fundamental continuum flow theory is applied to the

two-dimensional lubrication geometry. The angular distribution profile is solved from the angular momentum equation which couples the

viscosity and elastic effects. Other than in nematic case, in which the Leslie coefficients are the properties of lubricant, the

Leslie coefficients are determined by the combination of solid walls and the lubricants in TFL. A parameter named as viscosity-to-

elasticity ratio is introduced to account for the relative effect of viscosity to elasticity.

4.外文期刊 Maurizio BOTTOM Molecular Approach to Sodium Vapour Condensation, Rewetting and
Vaporization in LMFBR Bundle under Hypothetical Accident Conditions 
    In the frame of safety analysis of Liquid Metal Fast Breeder Reactors (LMFBRs) under hypothetical Unprotected Loss-of-Flow (ULOF)

conditions, two phase flow of sodium is simulated in a reactor core. Traditional approaches used in safety analysis codes to simulate

sodium vapour condensation and vaporization rely upon application of macroscopic semi-empirical correlations for heat transfer and

vapour condensation or evaporation rates. As an alternative to this macroscopic approach, we developed a microscopic methodology

based upon the application of the basic laws of the kinetic theory for the determination of the evaporation and condensation rates of

vapour in a reactor bundle. This microscopic approach is based upon a Monte Carlo simulation of the molecular trajectories, collision

rates between vapour molecules and of the molecules with the surfaces of the claddings of the pins of a reactor bundle. The pins

surfaces are treated in the Monte Carlo simulation as diffusely reflecting surfaces. Scattering of sodium particles is simulated with

the "hard sphere" collision model. The "step splitting" technique is applied, which consists in separating the collisions dynamic

calculation from collisionsless paths of the molecules. Vapour particles are assumed to condense on the surfaces of the pins when,

after diffuse reflection, their velocity would be less than one third of the most probable velocity corresponding to the wall

temperature. Rewetting of dried out regions of the cladding surfaces is simulated with a dynamic film model which computes the

velocity distribution of the liquid across the film thickness and then the mean liquid film velocity. Evaporation of sodium molecules

from the film yields a source of molecules which re-enter into the Monte Carlo calculation of the molecular dynamic approach. The

coupling of the micro- and macroscopic models has been applied to the numerical simulation of an out-of pile sodium boiling

experiment run at the Nuclear Research Cent

5.外文期刊 Feng. YH.Qu. JP.He. HZ.Jin. G.Cao. XW.Song. J Simulation of nonisothermal flow of melt
during melting process of vibration-induced polymer extruder 
    A simplified 2D melt film model was established to simulate the nonisothermal melt flow during the melting process of the

vibration-induced polymer extruder of which the screw can vibrate axially. Since polymer has time-dependent nonlinear viscoelastic

characteristic with vibration force filed (VFF), a self-amended nonisothermal Maxwell constitutive equation that can reflect the

relaxation time spectrum of polymer was adopted. Using the 2D melt film model, melt films of two kinds of thickness representing

different melting stages were simulated to investigate the influence tendency of the same VFF on the different melting stage. Special

flow patterns and temperature distribution of melt in the melt film between the driving wall and the solid/melt interface with

various vibration force fields were systematically simulated. It is found out that within a certain range of vibration strength, the

application of vibration can optimize the time-averaged shear-rate distribution, improve the utilization efficiency of energy, and

promote melting process; and the thinner the melt film is, the more intense the nonlinear viscoelastic response becomes with the same

VFF; moreover, there exists optimum vibration strength to make the melting process fastest, which is in accord with the visualization

experimental results. (c) 2006 Wiley Periodicals, Inc.

6.外文会议 Hui Ma.Hong Liang Yao.Zhao Hui Ren.Feng Wen.Bang Chun Wen NUMERICAL SIMULATION AND
EXPERIMENTAL RESEARCH ON PEDESTAL LOOSENESS OF A ROTOR SYSTEM 
    The mechanical model of looseness of fastening bolt on the bearing pedestal is set up based on the project practice. Using the
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nonlinear oil-film model put forward by Adiletta, the dynamic characteristics were investigated by numerical Runge-Kutta method. At

last, the experiment is performed to investigate the pedestal looseness by a test rig and the fault signals are analyzed by the

spectrum cascade and reassigned wavelet scalogram. Numerical simulation and experiment all show that system motion state changes

frequently with the increase of the rotating speed. And the experimental results coincide with the simulation results.

7.外文会议 Hui Ma.Hong Liang Yao.Zhao Hui Ren.Feng Wen.Bang Chun Wen NUMERICAL SIMULATION AND
EXPERIMENTAL RESEARCH ON PEDESTAL LOOSENESS OF A ROTOR SYSTEM 
    The mechanical model of looseness of fastening bolt on the bearing pedestal is set up based on the project practice. Using the

nonlinear oil-film model put forward by Adiletta, the dynamic characteristics were investigated by numerical Runge-Kutta method. At

last, the experiment is performed to investigate the pedestal looseness by a test rig and the fault signals are analyzed by the

spectrum cascade and reassigned wavelet scalogram. Numerical simulation and experiment all show that system motion state changes

frequently with the increase of the rotating speed. And the experimental results coincide with the simulation results.

8.外文期刊 R. Greef.J. G. Frey.J. Robinson.L. Danos Adsorption of rhodamine 6G at the water-air
interface 
    We wanted to detect and quantify adsorption of Rhodamine 6G (R6G) at the air/water interface to supplement previous work using

second harmonic generation [1-4]. We found that at incidence angles close to the Brewster angle this can be achieved, even at very

low bulk concentration. Fitting to a single film model, we found that adsorption can be measured down to very low concentrations of

10~(-7)M. This is contrasted with the behaviour of other dyes and other solvents. Outside the wavelength range of the dye absorption

band the refractive index of the surface approaches that of pure water.

9.外文期刊 Hiroshi SUZUKI.Wataru NAGAMOTO.Takahide SUGIYAMA Simulation on Vapor Flow in the
Absorber/Evaporator of an Absorption Chiller 
    Two-dimensional numerical computation methodology for vapor flow in the absorber/evaporator in an absorption chiller has been

suggested and the effect of pitch ratio of cylinders in the absorber/evaporator has been discussed. Pseudo-diffusion effects of

surfactants added to lithium bromide solution flowing along cylinders in the absorber were considered into liquid film model

suggested in the previous study. From the results, the present model was found to agree well with experimental data in a rather wide

range of the pressure in the present system. The present model effectively reduces the computational load for vapor flow in the

absorber/evaporator including 176 cylinders. Near the top and bottom walls of the absorber/evaporator, the high velocity regions were

observed and the recirculating regions were also found to be formed just inside of the high velocity regions, This high velocity

region is intensified with pitch-to-diameter ratio decrease because the vapor flow penetrating from the back side of the absorber

increases for the pressure drop increase of front side of the absorber.

10.外文会议 Nicolas Kruse.Kuo-Huey Chen Exterior Water Management Using a Custom Euler-Lagrange
Simulation Approach 
    The reduction of hardware vehicle models during development drives the necessity to transfer most hardware tests to VR

Simulation. Exterior water management is one of the topics, where complex physics meet everyday situations. A vehicle contamination

test conducted in a wind tunnel is selected to be transferred to numerical simulation. The method of choice is the Euler-Lagrange

approach with modeled "liquid" wall particles. A new wall film model has been developed in the present study to include the observed

liquid properties in physical test. This model takes the local wetting conditions into account and constitutes a reformulation of the

local force balance of the wall liquid. Also the wall film separation model has been refined and improved. With this new approach,

the gas/liquid, liquid/solid and liquid/liquid interaction has been remodeled. The application of the custom Euler-Lagrange

Simulation Approach to the selected contamination test procedure proves the practicability to generally resemble the spread of liquid

over a vehicle observed in physical tests by numerical simulation.
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