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ABSTRACT  

A mathematical model was formulated using the absorption of carbon dioxide by 

monoethanolamine amine as an absorbent in a falling film reactor. A program wrote in  

Fortran language  was used to obtain these profiles via using of multi grid method through 

programming of kinetic and thermodynamic equation and physical properties of the studied 

system. Through the formulated model film thickness, surface temperature, velocity, 

concentration and temperature profiles were obtained.  

The mathematical analysis validated by a test run in a Baiji refinery through 

intrusion of liquid flow rate, liquid concentration and gas fraction. In this study we have 

four factors as independent variables ,they are mole fraction of hydrogen sulfide in gaseous 

mixture (Y) (0.05, 0.75 and 0.1), molar concentration of absorbent (monoethanolamine) 

(CMEA) (0.05, 0.075 and 1 M), volumetric flow rate of liquor MEA (QMEA) (5, 10, 15, and 

20), and its temperature (T) (30, 35, 40, 45, 50 and 55◦ C).  

It is found that the entrance effect of the falling film absorber can be related to the 

axial distance from the reactor entrance exponentially:- 

)exp( 10 yBBE   

The constants B0 and B1 were calculated by optimization technique.  

The mathematical model describes the effect of the process variables, through 

the following profiles: 
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The highest concentration of  MEA used in this study (3 M)  solution is more 

efficient in absorption than the lower one (1 M) , this is consistent with the recent 

researchers trend line in using high concentration of MEA solution in the range (2- 5) M . 

The optimum operating condition for the highest H2S  conversion (92.84%) was 

found to be : CMEA: 3 M , Y: 0.1 , QMEA: 20 L/hr ,and  T: 55°C. 
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INTRODUCTION  

Due to presence of sulfur in the 

petroleum crude, oil refining inherently 

involves sour gas treating to remove 

hydrogen sulfide formed during oil 

processing. 

 The principle amines used in 

amine sweetening plants are MEA, DEA, 

DGA, DIPA and MDEA. The rate of 

reaction between the amine molecule and 

sour gas species are similar for MEA, 

DEA and DGA. MDEA and DIPA are 

known as selective amines, because there 

is a significant difference in the reaction 

rate between the amine and H2S and CO2. 

The reaction rate with H2S is fast 

(instantaneous) with alkanolamine 

molecules. In comparison, the reaction 

rate with CO2 is slow due to the 

intermediate zwitterionic reaction 

mechanism through a carbonic acid 

intermediate
[1]

. Falling film gas 

absorption, in particular, is a very 

common phenomenon to be encountered 

in industrial operations specifically in 

exothermic gas-liquid reactions such as 

chlorination, sulphonation,  nitration, 

detergent and wetting/dispersing agent 

industries, polymerization units, 

fermentation processes and waste 

disposal systems. Absorption of a gas in a 

falling liquid film may take place with or 

without reaction
[2]

. The reactant gas 

absorbs at the liquid interface due to 

diffusion perpendicular to the direction of 

liquid flow. Previous mathematical 

models for falling film reactors in the 

field of sulphonation reaction have been 
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proposed by Johnson and Crynes
[3]

, Davis 

et al. 
[4]

, Mann et al. 
[5]

, Gutierrez et al. 
[6]

 

and Dabir et al. 
[7]

. Bhattacharya et al. 
[8]

 

and Nielsen and Villadsen et al
. [9]

 studied 

the gas absorption for chlorination 

reactions. All these studies predict 

chemical conversion and interfacial 

temperatures as the most important 

variable in product yield and product 

quality. The aim of the present work is to 

develop mathematical models for the 

falling film reactor, which can be used for 

laminar and turbulent films. The coupled 

partial differential equations, which 

describe the mass and heat transfer in the 

liquid for first and second order reactions 

are solved by finite difference backward 

implicit scheme. Many other researchers 

[10-16]
 enabled the designer to simplify his 

work by performing their kinetic studies 

on H2S- MEA reactions. 

MATHEMATICAL MODELING  

The mathematical model consist 

of differential balance equations in the 

liquid phase with their corresponding 

boundary conditions. Through these 

equations, velocity, concentration, and 

temperature profiles are obtained. The 

equations are for steady state operation, 

common in industrial and laboratory 

reactors. 

1-The Principle Assumptions 

 Modeling of the liquid phase was 

based on the following assumptions:- 

1) the liquid circulates in a laminar 

flow, and the gas circulates co-

currently in a turbulent flow. 

2) The liquid film is symmetric with 

respect to the reactor axis. 

3) The film thickness is small 

compared to the column radius. 

4) Liquid reactant and liquid product 

are assumed to be nonvolatile at 

working temperatures. 

5) The solubility of the reactant gas in 

the liquid reactant and in the 

reaction product is ideal according 

to Henry's law. 

2-Equations of Mathematical Model 

 The column is divided into N 

number of annular segments figure (1), so 

we have N number of equations for the 

liquid reactant and another system with 

the same number of equations for the 

dissolved gas. 

 To formulate a comprehensive 

model, it must include the effect of 

hydrodynamic, mass transfer, kinetics, 

and heat transfer. 
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2.1 Hydrodynamics 

 the liquid shear and velocity 

profiles are obtained using Navier-

Stockes equations, which states that for 

an element volume of moving fluid, the 

rate of change of momentum equals the 

net of the forces acting on the element 

volume
[17]

 mathematically expressed with 

respect to fig (1) as: 

Rate of change        viscous force         

pressure force       gravity force 

of momentum    =   on element per   +  

 on element       +  on element 

Per unit volume      unit volume       

per unit volume     per unit volume 
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Which is for steady state one-

dimensional flow reduces to : 
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Or in the form of shear stress:- 
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For a constant axial pressure gradient 

equation (2) becomes: 

L

y
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            ……………..(4) 

Where,  = 
y

P
g yL




 = constant  

 The gas phase exerts an interfacial 

shear Ri on the liquid film, and the 

velocity varnishes at the solid 

boundary, so according to figure (1), 

we can write the boundary conditions 

as:  

At x= , 
L

iy R

x

U







     …………..(5) 

    x = 0   , Uy=0 

 

Hanaratty and Engen
[18]

, Cohen 

and Hanaratty 
[19]

, and others have 

measured interfacial shear in two phase 

gas-liquid flows, reporting the interfacial 

friction factor i defined by:  

i = 
GG

i

U

R
2

..
            ……………..(6 ) 

Integrating equation (4) twice, and 

applying boundary conditions, we 

obtain: 

1Cx
dx

dU

L

y






      ……..…….(7) 
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   ……..(8) 

Substitute equation (5) into (7), to get 

, C2=0  

Substitute equation (6) into (8), to get:  
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Substitute equation (9) into (3-8) : 
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Where : 

a= 
L

iR



 2
        ……………..(11)  

b=
L



2

2
                  ……………..(12)  

Equation (10) describes the velocity 

profile in the liquid film. 

To develop the equation which describes 

the shear profile through the liquid film; 

from equations (7) and (9):  
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iRxR  )(          ……………..(14) 

At the wall, equation (14) becomes,  

Rw=+Ri                     ……………..(15) 

From equation (6)  

GGiه UR 2..         ……………..(16) 

The film thickness is obtained from the 

volumetric flow rate per unit length of 

wetted perimeter, (
LQ ) which is related to 

the velocity distribution by: 

dxxUQ yL ).(
0
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           ……………..(17)                                   

Substitute equation (10) into (17);  
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Substitute equations (11) and (12) into 

(18);  
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Equation (19) is cubic equation in () 

which is readily solved by means of QL, 

Ri,  and L.  

To evaluate the interfacial friction 

factor (i), due to turbulent gas, Blasius 

equation 
[20]

 is used;  

25.0Re).04.(  Gi E      .…..(20) 

E is a correction factor introduced by our 

model for account of the gas entrance 

effect, since the gas flow in our 

experimental work is not fully developed 

turbulent flow.  we assumed further that E 

decreases exponentially  with the axial 

distance from the reactor entrance: 

E= B0exp( – B1y)              …………..(21)                                                    
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2.2 Mass Transfer  

There is zone of reaction between 

gaseous solute H2S and liquid reactant 

MEA, which moves a way from the gas – 

liquid interface taking up some position 

towards the bulk of the liquid. The final 

position of this reaction zone will be such 

that the rate of diffusion of H2S from the 

gas – liquid interface equal the rate of  

diffusion of MEA from the main body of 

the liquid. 

 Figure (2) represents the paths of 

solute (i.e., H2S), liquid reactant (i.e., 

MEA), and liquid product in the liquid 

form, so H2S diffuses through the gas 

film as a result of driving force (PG-Pi) 

and diffuses to the reaction zone as a 

result of driving force (Ci) in the liquid 

phase. The MEA diffuse from the main 

body of liquid to the reaction zone under 

a driving force q, and non volatile product 

diffuses back to the main bulk of liquid 

under a driving force (m-n).  

2.2.1 Concentration Profile  

 For H2S (i.e, A component) and 

MEA (i.e., B component) ,  
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Similarly for liquid reactant (B), the 

differential balance equation is :  
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D1= DA                                   ……….(24)                                           

D2= DB  

 

  A
A

A
A

y r
x

C
D

xy

C
U 





















.    …….(25)                                            

  B
B

B
B

y r
x

C
D

xy

C
U 





















.    …….(26) 

2.2.2  Boundary Conditions  

 The boundary conditions required 

to integrate equation (25) and (26) are:  

(a) On  y=0,  CB= 0

BC , CA= 0   ……. (27)                                                

(b)  On  x=0,  0




x

CB  , 0




x

CA   ...(28)                                            

(c)  On  x=,  0




x

CB  , 

 IG

A

G

AGA CCKN           ……….(29)                                                                           

Where        NA= 
x

C
D A

A



  

The condition (b) indicates that the 

components mathematically and in fact, 

can not pass through the wall. 

2.2.3  Equilibrium Conditions 

(a) Rate of absorption  

 In the steady state process of 

absorption, the rate of transfer of material 

through the gas film will be the same as 
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that through the liquid film, and the 

general equation of mass transfer
[21]

 may 

be written as: 

 *

222 CO

G

SH

Sg

OG
SH PP

TR

K
N      ……….(30)                                                                           

Where: 

SHN
2

: molar flux of gaseous reactant 

(H2S), kmol/m
2
.s 

OGK  : overall gas phase mass transfer 

coefficient, m/s  

 Rg: gas-liquid interface temperature, K
0
. 

G

SHP
2

: partial pressure of H2S in gas 

phase, N/m
2
. 

*

2SHP : partial pressure of H2S in gas phase 

which is in equilibrium with bulk liquid 

phase, N/m
2
.  

 (b) Henry's Constant  

Dankwerts 
[21]

 mentioned that in 

many cases, so long as the concentration 

of dissolved gas is small and the 

temperature and pressure are far removed 

from the critical temperature and pressure 

of the gas, Henry's law is obeyed and the 

concentration [H2S] of dissolved gas in 

equilibrium with a partial pressure Pi of 

the gas is given by  

    SHHP eSH 2

*
2
               ……….(31) 

 [H2S] : concentration of unreacted H2S in 

solution, kmol/m
3
 

Where He is the Henry's law constant, 

(N/m
2
), m

3
/kmol) 

If the gas reacts in solution, 

Henry's law does not apply to the total 

concentration of unreacted gas. 

For the H2S -MEA system, at the 

temperature range of (0-100) C and (0.5-

3 M ) MEA Bendall
[22]

 reported a relation 

given by: 

ST

e eH
0793.0

3486.2


         ……….(32)   

Where TS is the gas –liquid interface 

temperature K. 

c) Conversion of gaseous H2S 

When H2S is absorbed in MEA 

solution it reacts according to the 

following overall reaction ; 

  HSHRNHRNHSH 222  ….(33)   

The equilibrium condition is given by:  

  
  22

2

RNHSH

HSHRNH
K



             ……….(34)     

Z

Z
m

K

H
P e




1

2
*

 
[156]

             ……….(35) 

Where: 

m: total H2S concentration, kmol/m
3
 

Astarita 
[23]

 proposed a simplification by 

replacing 
K

H e  with constant  
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Substitute equation (36) into (30); 
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SH

SSH

M

AN
Conversion

2

2


     ……… (38)   

Where : 

AS: total area of mass transfer, m
2
 

SHM
2

: Initial molar rate of H2S, kmol/s. 

2.2.4 Mass Transfer Coefficients 

a) Gas-Side Mass Transfer Coefficient  

0704.0)(  GGiG ScUIK        ………..(39) 

b) Liquid side mass transfer coefficient 

 To estimate the liquid side mass 

transfer coefficient, the correlation of 

Wilkes
[24]

 is used. They investigated the 

characteristics of H2S-H2O system in a 

wetted wall column and suggested the 

following equation: 

KL= 

3/1
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Where : 

DL: diffusion coefficient of solute in 

liquid, m
2
/s 

gy: gravitational constant=9.8 m/sec
2
. 

L: length of wetted wall, m. 

L: viscosity of liquid, N.s/m
2
. 

L: density of liquid, kg/m
2
 

KL: liquid-side mass transfer coefficient, 

m/s 

c) Overall mass transfer coefficient 

 The overall mass transfer 

coefficient for the absorbed component 

CO2 consist of the gas, and liquid side 

mass transfer coefficients and is 

expressed as:  
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Substitute equation (41) into equation 
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                                           ………….(43) 

2.3 Heat Transfer  
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Equation (44) is used to formulate the 

temperature profile through the column. 

With the same boundary conditions of 

item (2.4.1) and gas side mass transfer 

coefficient of item (2.4.2).  Applying 

Newton- Raphson method on the 

resultant equation (44) through the main 

program (NAG Library Software) to 
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estimate the interfacial H2S –MEA 

temperature. 

3. Solution of the mathematical model  

 Equations (25), (26) and (44) are 

two dimensional second order non linear 

partial differential equation include: 

),( yxfCA   

),( yxFCB   

),( yxST   

Through the liquid film, where f , F  and 

S  are functions of two independent 

variables (i.e., x and y). the above 

equations can not be solved analytically. 

So this is done numerically. 

Concentration and velocity profiles will 

be obtained by means of the same 

techniques in sections (2.1) and (2.2). 

 

RESULTS AND DISCUSSION  

 Results of the Present Model   

  The present model is formulated 

to predict velocity, concentration, and 

temperature profiles through the liquid 

falling-film radially and axially along the 

reactor. The axial conversion of the solute 

in the gas phase and the axial interfacial 

temperature can be also predicted.  

 Figures (3 to 7) show the output 

results of the present model, taking a test 

run of a refinery as an example. 

1-Interfacial Temperature Profile     

 Figure (3) shows the model 

prediction for the interfacial temperature 

along the reactor. Analyzing the behavior 

of the curve indicates an average increase 

of interfacial temperature (= 8°K ) 

through the first meter of the reactor 

while through the rest of the reactor the 

cooling effect of the gas stream begins to 

diminish the interfacial temperature lower 

than the initial input temperature of 

liquid. 

2-Concentration Distribution   

 The present model has the 

capability to predict concentration profile 

of the reactants through the liquid film, 

axially and radially. These are shown in 

figures (4-6). 

Figure (4) shows a linear surface 

distribution of free hydrogen sulfide 

concentration in the liquid film. Studying 

the concentration profiles of figures (4) 

indicates that the reaction between 

hydrogen sulfide and monoetanolamine is 

instantaneous and this is consistent with 

Davis 
[4]

.  
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3-Temperature Distribution  

 Figure (5) represents the linear 

surface distribution of liquid temperature 

along the reactor. From the mentioned 

figures we can observe that: 

1- The liquid temperature 

distribution presents a typical 

bulge shape. This is due to the fact 

that the exothermic reaction 

produces heat and the heat is 

absorbed by the liquid and gas 

streams.. This means that the 

liquid absorbs most of the heat in 

the top of the reactor 

2- At constant H2S  content in gas 

stream, the liquid flow in the 

column is relatively small, thus 

the liquid heat capacity is small. 

As a consequence the liquid 

temperature gradient at the top of 

the absorber is very steep. Even 

though the reaction occurs 

throughout the column, the 

temperature starts to decrease in 

the middle of the column, because 

the liquid is cooled by the flue gas 

flowing up the column till a 

constant value of temperature.  

3- The average increase of liquid 

temperature along the first meter 

of the reactor length is within (6 

°K). 

4-Velocity Distribution  

 Figure (6) represents the linear 

surface distribution of liquid velocity 

along the reactor. It can be seen from 

equation (3) that the maximum liquid 

velocity occurred at the gas-liquid 

interface and the minimum value (i.e., 

Uy=0) occurred at tube wall, equation (3) 

is used by the present model to predict the 

velocity profile in the liquid along the 

reactor. The parameters influences the 

velocity profile are gas flow rate, liquid 

flow rate, liquid viscosity, and tube wall 

roughness. Liquid velocity is proportional 

to gas and liquid flow rate while it is 

inversely proportional to liquid viscosity 

and tube wall roughness. 
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NOMENCLUTURE  

Symbol Definition Unit (SI 

System) 

CA Molar concentration 

of H2S  in liquid  

kmol/m
3
 

G

AC  Molar concentration 

of H2S  in gas  

kmol/m
3
 

IG

AC  Molar concentration 

of H2S  at gas-liquid 

interface 

kmol/m
3
 

CB Molar concentration 

of unreacted H2S  in 

liquid  

kmol/m
3
 

0

BC  Initial molar 

concentration of MEA 

in liquid 

kmol/m
3
 

[H2S] Molar concentration 

of MEA in liquid 

kmol/m
3
 

CPG Specific heat of gas  J/kg.K 

CPL Specific heat of 

solution  

J/kg.K 

DA Molecular diffusivity 

of H2S  in liquid 

m
2
/s 

DB Molecular diffusivity 

of MEA in liquid  

m
2
/s 

DE Eddy diffusivity  m
2
/s 

gC Conversion factor  kg.m/N.s
2
 

gy Gravitational 

acceleration  

m/s
2
 

hG Gas- side heat transfer 

coefficient  

W/m
2
.K  

hx Grid spacing in x- 

direction  

m 

H Henry's law constant  N/m
2
.m

3
/k

mol 

ΔHL Heat of absorption 

and reaction of H2S  

with MEA solution 

kJ/kmol 

ΔHR Heat of reaction of 

H2S  with MEA  

kJ/kmol 
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Figure (1) Falling film reactor 

divided into N annular segments each 

of length y and thickness . 

Figure (2) Physical absorption representation with film theory 

Figure (3) Interfacial temperature 

profile along the reactor length as 

predicted by present model for operating 

condition refinery test run 
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Figure (5)Surface distribution of 

Temperature through the liquid along 

the reactor length for operating 

conditions of Baiji Refinery 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (6) Surface distribution of 

liquid velocity for operating condition 

of Baiji Refinery  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4) Surface distribution of free 

H2S concentration in the liquid film for 

operating condition of Baiji Refiner as 

predicted by present model 
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يل رياضي للتفاعل اللحظي لغاز ثاني كبريتيد الهيدروجين في مفاعل الطبقة المتساقطة إعداد مود  
 ماهرة ربيع قاسم       احمد دحام وهيب       د. صبا عدنان غني             

 مدرس مساعد                 مدرس    مدرس                       
 جامعة تكريت –كلية التربية –قسم الرياضيات                              جامعة تكريت -قسم الهندسة الكيمياوية

 
 الخلاصة 
ان الهدف من العمل المقدم هو دراسة تأثير  دأدع دوامأل التأع تدعأا دمراو مع ميأاو يأع امتأثان  أان يأا ع     ترأد  

ككأأ  المأأولع لثأأان يأأا ع     ترأأد الهرأأدرمنرن م هأأع معأأدن ن  أأان الكأأاالم ت  رأأث المأأادع المأأانعم درنأأة  أأ ارع الكأأاال م ال
 الهردرمنرن يع المث ج الثاني.

تأأت تكأأو ن موديأأل ر اجأأع م تظ   أأع لز أأام امتأأثان يأأا ع     ترأأد الهرأأدرمنرن واسأأتيدام ا أأادي اي أأا ون ا مأأرن 
 كمادع مانع يع مفادل الطبقة المتكاقطة.

 م هذه أهت المعادلات التع تت  التوصل إلرها:
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تأأت تيأأملت التظأأارن ددأأل   أأام العوامأأل المتعأأددع م تأأت دراسأأة العوامأأل المأأ ي ع ددأأل ت أأون  أأان يأأا ع ام كأأرد  
( م ت  رأأث الكأأاال 0.1 ,0.075, 0.05الكأأارنون جأأمن المأأدتات التاللأأة: الككأأ  المأأولع لثأأان يأأا ع     ترأأد الهرأأدرمنرن  

 50م 45م 40م 35( لت /سأأادة م درنأأة   ارتأأ   20م 15م 10م 5عأأدن ن  أأان ال ظمأع  مأأولاري( م م 3 , 2,1المأان  
 م(. 55م 

تأأت إدأأداد م  أأامج مدثأأة يأأورت ان لد يأأون الأأدمان الياصأأة والكأأ دة م درنأأة ال أأ ارع م الت  رأأث واسأأتيدام تقزلأأة  
والاسأتعا ة اتاأاو وأاليوال الفرث االأة الشبكات المتعددع من خألن م مظأة المعأادلات ال   لأة م ال  موديزاملكلأة لدز أام م 

 لمكو ات الز ام.
م تت ال يون ددل دمان الت  رأث م درنأة ال أ ارع م الكأ دة مأن خألن بلأا ال   أامج م  أذلا دأدع دمان وعدتأة  

 اخ ى بات اهملة.
ظ مف التشثرل لذلا ال   امج من خلن التشثرل المأوقعع لميأفل الشأمان نم تت ادخان مظمودة من ال لا ات الياصة 

/ميأايع ملظأأع  والزكأبة لز أأام يأا ع   ر ترأأد الهرأدرمنرن(. م إن مأأدى ا طبأاي الموديأأل ال  اجأع لأأ  دلقأة ميلقأأة ومأأدى 
 دقة الزتااج. 
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اسألة مأا المكأاية الم ور أة تبعأاو م قد ت رن أن تثير  المدخل لمفادأل الطبقأة المتكأاقطة تمكأن ان يأ تبق وعلقأة  
 لدمعادلة :

)exp( 10 yBBE  
 من الزتااج التظ   لة  B1م  B0م قد تت استي اج قلت ال وامت  

 م قد ت رن ان التفادل يع هذا الز ام هو تفادل مري م التفادل ت دث دزد الكطح ال رزع.
 ان تتزاسا اسلاو ما طون المفادل.ان  كبة ت ون يا ع     ترد الهردرمنرن يع الطور الث 
ان الموديأأل ال  اجأأع مصأأر تأأثير  متثرأأ ات العمدلأأةم م هأأع معأأدن ن  أأان الكأأاالم درنأأة   ارتأأ  م ت  رأأثه م  

 الكك  المولع ل ا ع ام كرد الكارنون ددل معدن الامتثان.
ا ان الت  رأث ا ددأل للمأرن ان هذا الوصر دنَّ ددل ان العمدلة تكون اك    فاءع دزأدما يأتت ت   أد المفادل.كمأ 

مأأأأأولاري ( يث أأأأأد مأأأأأن معأأأأأدن الامتأأأأأثان م هأأأأأذا يتوايأأأأأا مأأأأأا تونأأأأأ  البأأأأأا  رن  اللأأأأأاو   أأأأأو اسأأأأأتيدام الت اكرأأأأأث العاللأأأأأة  3 
 ( مولاري. 5-2من الامرن يع دمدلات امتثان م يزااع     ترد الهردرمنرن  

    
 الكلمات الدالة

  ا ادي اي ا ون الامرنم  مذنة-يزااع     ترد الهردرمنرن مفادل الطبقة المتكاقطةم    لة م   ام  ان
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