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Abstract − In absorption refrigeration system, it is well known that water vapor absorption into aqueous lithium bromide

(LiBr) solution is enhanced by addition of surfactants. The Marangoni effect plays a role but its mechanism is not clearly
understood yet. In the present study, the enhancement of heat and mass transfer due to Marangoni effect was investigated using

mathematical modeling and numerical simulation in the falling film type absorber. We have developed an advanced Marangoni

convection model which is able to predict the velocity, temperature and composition distribution in the falling film type

absorber. Based on the model, the effects of Marangoni convection on the heat and mass transfer in the absorber have been

examined. As results, the efficiency of heat and mass transfer has been increased due to Marangoni effect. And the sensitivity

analysis of different operating conditions for Critical Marangoni Number has been carried out. The Critical Marangoni Num-

ber has decreased as the inlet temperature and composition of the water/LiBr solution has decreased. In other word, these con-

ditions of solution can favor instability of the falling film.
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" `nS ^_CV ^_1(Qc)6 bd,� C- Q 6 1) Z+,-

WXS 1236E U�� hi ��� ab`�� !"S ab,V�

y:� 1(Qe)) ./,- [) Z+,- WXS ./0 !m`69. .

/0 123� e\ ��) �� �B  �S 9�� ��
� ��C

f �9. c ���� �� 6-methyl-2-heptanol, 2-heptanol� ]B R

VZe�H �{ �S,�) x ?@� e\6 13.4-31.7% aS,- [

6 rE
 6p 6� ]B RVZe�H 6+� ./0 123� e\

��� 4�  �S Zb,� ��CE T9[1]. `��  � ���:

z RVZe�� �� ./0 123� e\��B ./`s�� �f

k- ��E'(Marangoni) ��� �� 1 � $�l� ��6 c �#

# [
� ��8
k 6j� �� de� �� ��� � '¡� e

\��) ¢�� K / T- RVZe�� £� c�E �S�~,-

RVZe�� ¤P �6 ��#� �B ¥G�� ¦§E 6� 4�  

�S �¨P
� ��CE T9. RVZe�� �� ��E' ��S

�fk- WX ©n� ©mB ��� �� ª«��E 6� #� 1

� $�l� ¬m ­� "X ª«��- [
� ¥G® T9. ¯°�

6j� ©m � l�±�� �� ��� /²P &³´b � /@&

*H µ� �e;¶B ·¸P  �� ¹º /�Cf®~ �9. �»

¼� ½½  ��A� �� ��E' ��� �� /²P &³¾�

/@&*S /�C¿
k `�  �� WX ·� ./0 123� .

/`s��- �fk- mP qÀ(dynamic film or falling film)-�Á

� �� +q6 1�>` ÂÃ) Äjs�V� ÅeC- qÀ-) �

�
� ,� ¦E RÆ� Ç�e) �� �P qÀ(static film)-./

S �fk- VÈ y:� ÉÊCf TE kË� WR- Ì
� Íj

ÎJ ÏÐ6 L6 ÅeC- qÀ-) ��
�  �H /�,�
g

�ÑP# Ò� Hozawa[2], Daiguji[3], Grossman[7] �6 �P qÀ) �

�
� ��E' ��� �� /@&*  �� ·¸P  �H /��

Ó T9. mP qÀ) ��
�- Kim[6]� Ji[4] �6 ��E' ��

� ��  �H /�,�
k l�� WX ·¸P  �� cÔE p

�� WX ÕÅ	�e ;¶  �� c@- �� ��
 ��H rE

,�9. ¯°� Ö  ���- `� &³) Ó×
� mP qÀ s�

� �fk- ��E' ��H &*,` �� /²P &³) ´b,�

E 6 &³) 6+,J ./`� 1 � $�l�� ��E' ��S

Ø@- Ù�) ;¶,�9. ÚÈ ('° ·� �ÛÜ� Ý¹
 ./

`� WX 9�� Þß
� àl,- [6 S\,9. ¯°� ��E

' ��� �� ./` e\��) ¤�� ,` ���- ./` Þ
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� ©�,J~ �9. Ö
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��E'/H �¹
�v àlÞß6 ��E' �� de� Ø@-

Ù�) ;¶,�9.
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�>`� æB À) Åe,g y ��
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êP
� �fkM� �ëS�� z ��
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K / T9E S�,J 2í� /@&³) ��
�  �H /�,�9.

c�E 6j� è���� 2í���� �UP#  ¨0� àm��0

c�E �<� � $�/�0B 9î� ]9.
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(2)

(3)

(4)
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]6 �ð,�9[2].

ρ∂
t∂

------ ∂
x∂

----- ρu( ) ∂
y∂

----- ρυ( )+ + 0=

ρ ∂u
∂t
------ u∂u

∂x
------ υ∂u

∂y
------+ + 

  ∂p
∂x
------– µ ∂2u

∂x2
-------- ∂2u

∂y2
--------+

 
 
 

ρgx++=

ρ ∂υ
∂t
------ u∂υ

∂x
------ υ∂υ

∂y
------+ + 

  ∂p
∂y
------ µ ∂2υ

∂x2
-------- ∂2υ

∂y2
--------+

 
 
 

ρgy+ +–=

ρCp
∂T
∂t
------ u∂T

∂x
------ υ∂T

∂y
------++ 

  k ∂2T

∂x2
--------- ∂2T

∂y2
---------+

 
 
 

=

∂w
∂t
------- u

∂w
∂x
------- υ∂w

∂y
-------+ + D ∂2w

∂x2
--------- ∂2w

∂y2
---------+

 
 
 

=

Fig. 1. Comparison of (a) vapor compression heat pumps and (b) absorption heat pumps.
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(1) +qB èi_e Newtonian ©n6g �ÛÜB ����69.

(2) ÑV?Á) �y� +q� 1ñ²P $eòA� �� � ó�S

Ø@- Ù�B ì�K / T) ��� ô9E S�,�E ÑV?ÁB

��� �õö��6÷ ó�� ¹/� S�,�9.

(3) ̀ -q RVB 1ñ²P ÂÅ��69.

(4) ̀ n�� $�l� � 1l� høB ì�K / T9.

(5) !ã/� �� Tc- ��,9.

(6) ùe�Æ øB ì�K / T9.

J`� 1l��� �ÆR/- ��� +�� ó�� ¯° =,�È

./0 123� ./` s ©,qÀB úºS "X æB ûÀ) Åe

� ��� ÂÃÅ 1�>`V) ¯° Äjs�g `-q WRV�� .

/S �fkE qÀ s:� 1 � $�l�6 �f�9. ̄ °� qÀ ú

ºS "X æ` x�� ��� +�� ó�� ¯° 1l��� �ÆR

/S =,- [B ì�K / T) ��� ô9E S�,�9.

�� �ê��0) ìí�� ,` �� 9î� ]6 ìí� =/H

�ð,�9.

�UP# �ê��0 (1)-(5)� ü� S�� ìí� =/H �ð,V

�ÛÜ� �� ìí� �ê��0 � WRÞßB 9î� ]9[3].

 ¨0: (6)

àm{��0: (7)

(8)

�<���0: (9)

$�/�0: (10)

WRÞß 1: x=δ�� &ý y� �,J(1�>` ÌV)

u(δ, y)=0, v(δ, y)=0, T(δ, y)=0,  (11-14)

WRÞß 2: x=0�� &ý y� �,J(̀ -q RV)

u(0, y)=0, T(0, y)=Funceq[w(0, y), p(0, y)] (15,16)

(17)

(18)

J`�, ãã� ìí�/(dimensionless number)� ��- 9î� ]9.

WRÞß 0 (16)B 1ñ²P ÂÅ 4RH kþsg *+� 0B Table

1� kþs¿9. 0 (17)B ̀ -q RV��� �<�/�H 0 (18)B l

ÿ ^Á(shear stress)� ÑV?Á(surface tension)� �� ^Á�� /�

H kþs- ìí�069[4].

���� �},��6 Ö  �- `��  ��� �P qÀ) ��


� /@&*H /�� [�- �� mP qÀ) ��
� ,�` x

�� +q� ÏÐ ��# y ��
�� àm{ /�0# 0 (8)� �Á

� �� N�S Ý¹Cf T9. ¯°� `�� /@&*  ��� ��

*+� í;� ��# ©�í;�) *+,- �� ©�:��(Finite

Volume Method, FVM)) 6+,J �ê��0� WRÞß) /@&*

,` �� í;�,�9[5].

2-2. ��
� ����

Ö  ���- �h ©m?(velocity field)) �,` ��� �UP
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------- δ y,( ) 0=

∂T
∂x
------ 0 y,( ) E
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------ 0 y,( ) MaT
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------- 0 y,( )+=

Sc
µ

ρD
-------=  Pr

µCp

k
--------- E

∆HρD we w0–( )–

k Te T0–( )
------------------------------------------=,=,
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∂σ
∂T
------ 
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∂σ
∂w
------- 
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Fig. 2. Schematic diagram describing the gas absorption in the falling
film absorber.

Table 1. Physical properties and dimensionless number

D 1.43�10−9 [m2
� s−1] P 2.315�103 [Pa]

g 9.8 [m� s−2] Sc 1774.0
µ 3.83�10−3 [kg � m−1

� s−1] Pr 16.17
ρ 1.62�103 [kg � m−3] E 1.4
w0 40 [wt%] T0 290 [K]

Te=1.458we+242.6 at 2.315�103 [Pa] Eq. (16)
���� �40� �2� 2002� 4�
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� 	 ¥G� PatankarS ��� SIMPLE ¥E�
[5]) P+,J /@

&*,�E, 9î
� �� � ó� ?) �,` ���- 9î� ��

� ¯° RÆ,�9[8].

(1) +q� â`�� T0� x� ÂÅÞe weH ÂÅ4R[0(16)]
�

:z ��9.

(2) ̀ -q RV��� �<� /� 4R[0(17)]) 6+,J ÂÅ ��

TeH ��9.

(3) �� Te � x� ÂÅÞe weH ÂÅ4R[0(16)]�:z ��9.

(4) ÂÅ �� Te� ÂÅÞe weS /�K x¼� (1)-(3) ��) Uª

RÆ�9.

(5) ./` 
6��(y ��)
� one step l�,J (1)-(4) ��) U

ª RÆ�9.

Ö  �� /@&*��- 20�500� ��� ��� ��H *+,

�E `��� RÆ) �� *+� $eò� ìí�/H Table 1� �

�,�9[3].

3. �� � 	


3-1. ��
�� �� ���� �� ���

�h ��E' ��� bd J:H �#,` �� ��E'/S 0 �

x� 10� x c�E ��À
� 100� x� ./`s� ©, qÀ�

¨�?) RÆ,J ��H Fig. 3� kþs¿9. �h ��E'/S 0

� x- RVZe�S �SC� ¦B WX� 6[B �UP
� ¥G

� ./`s� +q� ÏÐ6 ÅeC- WX69. c��� 6 WX-

��S 4�C� ¦E �� ÌV��� ¨�S 06E `-q RV��

©¨6 S? �� Ý$Õ Å�� ¨� ;ÝS wf�- [) ¥ / T

¿9. cjk 6� �� ��E'/S 06 (� x(MaT=10 and Maw
=10)- ©, qÀ �:� ��S bd,- [) 4�K / T¿
g �

�E'/S ��V(MaT=100 and Maw=100) � }�� ��S bd,

- [) � / T¿9. 6� ]B ��S bd,- 6©- 9î� ]6

��K / T9. RVZe�S L- WX�- `-q RV�� `n �

� �� ©, qÀ
�� àm{ l�B ì�K / T) ��� ô�È

RVZe�H �ð,- WX `-q RV�� �� � ó� í� #�

ÑV ?Á �êS d`� CE 6� #� l�C- àm{B ì�K /

L) ��� ��� 
9. ̄ °� ©m?� WRÞß6 Ó�� CE �

Á �� Ù�6 ôB ©, qÀ �:��- ��S ÅeC� C- [6

9. �� ©, qÀ��� ��E' ��- �Á �� 9� Ù�� �

� �:�� bd,- ��S �¨C� D,E ��� ��
9- ·

Fig. 3. Flow pattern: (a) MaT=0 and Maw=0, (b) MaT=10 and Maw=10,
(c) MaT=100 and Maw=100.

Fig. 4. Profiles of mass fraction of water(a) and temperature(b) at the
exit of absorber.
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¸P *·) Kim �6 rE,�-Q Ö  ��� /�� /@&*�

��� 6j� ©, qÀ��� ��E' ��� �e) 	 kþs-

[) �#K / T¿9[6].

3-2. ���� ��� � � � !"� #�$ %&

RVZe�� �� ��E' ��S ./`s� 1 � $�l�� Ø

@- Ù�) ;¶,` �� ´b� /²P &³) 6+,J ./` s

:� �� /@&*H /�,�9. 3-1�� �},��6 ©, qÀ �

:�� ��S bd,- [) �#K / T¿9. ̄ °� Ö  ���-

��S bdK WX ©, qÀ s:�� 1 � $�l�6 �Æ� ��

�êP
� �fk- [6 ('° ��� �� �êP
� �f� [


� Ò�,�E 6� WX ��S bd,� ¦( �Æ� �� �êP


� �fk- WXr9 1 � $�l�6 Zb,� �f� [
� Ò

�,�9. 6[) �#,` �� ��E'/� ¯� ./` Ê����

ó� � �� ;ÝH /@&*H µ� �,�E c ��H Fig. 4� k

þs¿9. Fig. 4H µ� ¥ / T�6 ��E'/S 0-10� x- ��

S l� bd,� ¦¬k bd,�°� c N�S ØØ,J ©, qÀ

s:�� ÅeC- �� � ó� ?6 �Æ� �� �êP
� �f�

1 � $�l� ��) µ� ��C¿9. cjk ��E'/S 10-102

� x- }�� ��S bd,�CE 6� #� ��� �� �êP#

1 � $�l�6 �fk ./` Ê���- ¬�  �,E 7B ��

� ó� ?6 ÅeC- [) ¥ / T¿9. 6j� ���:z RVZ

e�� �� �fk- ��E' ��- ./` s� 1 � $�l� e

\) ���!- [) �#K / T¿9.

3-3. '�( 	
) ���� �� *+� #�$ %&

3-2� ���:z ��E' ��S bd,- WX� ./`s 1 � $

�l� e\6 ��S bd,� ¦) xr9 X/¹) ¥ / T¿9. ¯

°� RVZe�H �ð¹
�v ./0 123� e\��6 S\K

[
� `�
9. cjk RVZe� �ð� �� ./0 123� e

\��) ¢��,` ���- ./0 123 �� ./`� àlÞß

) e\ �� N�S ¢�� " / T�# ¤P� ��f~ K $%S

T9. 6H �� Ö  ���- �h ./`� â` �� � â` ó�

S ��E' �� de� Ø@- Ù�) ;¶,�9. /@&*H µ�

ãã� àlÞß�� ��E'/H =��&SV� ./` Ê����

�� � ó� ?) �,J c ¬m6 ±h,� �°�- �ù) '(

c x� �°E'/H äR ��E'/� �,�E àlÞß� =��

¯° 6 ò6 f(� =,- �H �,J Fig. 5� kþs¿9. Fig. 5

�� â` ó�� ��S )(�/# äR ��E'/S ô(�- [

) ¥ / T-Q äR ��E'/S ô(�V cÈ* �ÛÜ6 +	�

��� CE ��S ,� ©bC- [) �Ø�9. ¯°� â` ���

ó� &ú ))/# ��S ,� ©bC- [) ¥ / T¿E 6j�

��H µ� ./S Zb,� �fk- Þß�/# ��S ©bC`�

,9- [) ¥ / T¿
g c 6©- ./S 	 �fk- Þß�/#

RV��� ó�� ��=�S -` x�� ÑV ?Á �ê� �� ^

Á6 ��` x�# [
� dã
9.

4. � �

./0 123� ./`s�� �fk- ��E' ��� �� /²

P &³¾ � /@&* �H /�,�9. `��  �A6 �� E�
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Fig. 5. The effect of initial temperature of solution (a) and mass fraction
of water (b) on the critical Marangoni number.
���� �40� �2� 2002� 4�



������ ��	 
�� 
�� ����� �	 �� �� �� 279

ill,

n

Int.
¥ / T¿9. Ö  �H µ� ´b
 ��E' ��� �� /²P &

³B `�� �P qÀ) ��
� � &³A� �2e) ¢ª,E m

P qÀ) ��
� ,�9- ?ù) S�E T- UV !ã/� N�

k RVZe�� $�l� N� �) EG,� D� �2e) S�E

T9. ¯°� 6H ��  � �) 3p� ��K Ò�6g ·¸P  

� ­� 4�K Ò�69.

� �

Ö  �- ©=|� �5z(�6�²Yÿ ERC)�  ���� ��

/�C¿
g 6� 76 8*÷9'9.

�
��

Cp : heat capacity of solution [J/g:oC]

D : diffusivity of solution [m2/s]

g : gravitational acceleration [m/s2]

∆H : heat of absorption [J/kg]

k : thermal conductivity of solution [J/s:m:oC]

L0 : width of absorber [m]

p : pressure [Pa]

t : time [sec]

T : temperature of liquid [K]

T0 : initial temperature of liquid [K]

u : velocity of liquid in x direction [m/s]

v : velocity of liquid in y direction [m/s]

w : mass fraction of water [kg of water/kg of solution]

w0 : initial mass fraction of water [kg of water/kg of solution]

x : coordinate in the horizontal direction [m]

y : coordinate in the vertical direction [m]

,�)- ./

µ : viscosity of solution [kg/m:s]

ρ : density of solution [kg/m3]

δ : thickness of falling film [m]

σ : surface tension [N/m]
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