
HWAHAK KONGHAK Vol. 40, No. 1, February, 2002, pp. 34-42
(Journal of the Korean Institute of Chemical Engineers)
��� ���� �	 
�: n-Hexadecane �
 ��� ���� ��

���†�Joseph L. Katz*

����� ���� �	
��
(2001� 7
 30� ��, 2001� 11
 3� ��)

A Study on Heterogeneous Nucleation: The Condensation of Water 
Vapor on n-Hexadecane

Yo Soon Song† and Joseph L. Katz*

Faculty of Applied Chemistry, Chonnam National University, Kwangju 500-757, Korea
*Department of Chemical Engineering, The Johnes Hopkins University, Baltimore, Maryland 21218, USA

(Received 30 July 2001; accepted 3 November 2001)

� �

�� �� ��� �	
� �
� ���� ���� ��� ��� Volmer�� n-hexadecane �� �� �� ! ��

"� #� �$"%&. �� '(�) Volmer �� *+, -."� thermal diffusion cloud chamber/ �$"0 n-hexadecane

'( �� 1� ��"� �
� ���� 23 45� �6"%&. 789 :#;<=>� Volmer ��� #?9 :#;<

=>@& 	A&. B3 CD EFG� H- I>9 �
� ��� J>�K Volmer ��) L3 M; NA&. 45�) L3

:# ;<= M� �GM��OP Q� 
� �I� #(RSH T�� 1�M� ���� �UV� W�� �XH 1�M

; YZ[ � \&� ]^"%&. 3Q :# ;<=� 23 _H! 45M; �GM� &`  ab� c MK d�! e �

\&� ]^"%&.

Abstract − The classical Volmer’s theory of heterogeneous nucleation on solid surfaces was applied to a condensing system

of water vapor on n-hexadecane liquid surface. The Volmer’s equation was newly analyzed in the case of liquid surface and an

experiment was carried out to study the condensation of water vapor on the surface of n-hexadecane in a thermal diffusion

cloud chamber. The observed critical supersaturation was smaller than the theoretical value calculated from the Volmer’s the-

ory. And the critical supersaturation predicted by a kinetic theory was found to be equal to that by the Volmer's equation. The

discrepancy of critical supersaturation between experimental and theoretical values probably stemmed from the difference in

the value of interfacial tensions between macroscopic and microscopic states. Also this discrepancy seemed to be reasonable

since the theoretical and empirical definitions of the critical supersaturation were different.
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@Q�R C�[1]. ]�I T^
 Q� _�` �
 ��QO a

� ���
 ���bc �d $R� ef�I g*N�. h 
iO e

f�I 
4�jc k l� m�I n
� 	
No pqrsI Q�


 pqrs� �E <�I tYuvc w�I xy& �Y� 	
N

jz, {� ef��&O T^
 	
No  �A |�� T^}� ~

c� �� �c�� ]��
 �� ��� �	 ]"No ��A�[2].

hq� �c� ]�� ]I�� ��� ef� ��
 � xjc w�

O �	 ]"No ��Qj �� � �Y& xj� T^
 	
C�. 


� 9
 ���I 	
Q� �No <�I no pqrsI QO e$

� ���
Y� C�.

���
 ��� � 
5 �LNO �
 GO �\0 a� ���


Y� NO. 
O K� ef�I *|A�. /0 1� }� �\ ��

�&(25oC) ]��� 4� $R� ef�I g*N�[1, 2]. BC ���
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 �O �� �a� ���
Y
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��, w�(BO N�A w�)0 �wN�R N�, �� ?�N�R C
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0 �wNO �� 
�iR ���
Y� N�, �� ?�No � �

�C �� �iR� �C ���
Y� C�[3]. 
� 9� oq Ij

�a� ���� a� ���� �¡ Z¢£ {� ef��&R ��

�
 ��� ( �� ��� �a� ���
 ¤
 
@A�. a� �

�� �\9
 K� ef�0 ijN� �¡&O �¥j g*¦
 ¤

� {� ef��&O ���
 ERI db& ���I §j �v�

�a� ���� {� ef��&R ���
 	
Q� a� ����

�¡ ��� ERI %\ ¨©�.

VolmerO �� �c ��& ]�� ��� ER0 T^��� ��

�ce� �cª� « �cª�� ¬(� �	No �a� ���� ­

¡ ®¯� ER°� >	N±�[4]. a� ���� �\ ��� ER0

iRNc Kelvin °v� ²#Q� Volmer� 
³°
 a� ��� e

$� ´ µ¶Njz �� �c�& �a� ���� iRC Volmer °

� 6·¸e ´ ¹j �O �\I ¤�[5-7]. 
iO Volmer °� ��

�c
 }7�º»v� ¼�£ a�N�O I$ N� iRQjz 6·

»v� ¼�£ a�C �c� ½O �� �I¾N�� ' ( ��. B

C ER°� �c ª�
 %\ )*C -�I QO. \7I ¿$À (

�O ª� Á� Â�¸� <�I ¤
 no�O �	��&� ¸� ¿

$NÃ Qjz, 6> ���
 ���O ÄÅ� �O ( l�& (Æ l

� 5	»- <� (Ç� Â�¸
 »@Q7Y  ÈQ� ��
�. ¼

�£ a�C �c� FÉ�& �c �� �c
 �� �c�� ÊË a

�N�� ' ( ��[5, 7, 8]. Sheu Á[8]� �� �c ��&� ���

ER0 ]���& }<�I Ì� ÍÎNo �ªNO �\� ÏÐA }

<�� 
Äv� �,
 xjO nÑ� °� iRC Ò ��. Ó �|

O }� �Ô Ï(Nj �� �� ��& ���
 ���O �\� h

ÄÅ Volmer° �Õ� iRA °� _ÖÃ ¡×N�, n-hexadecane �

� �c ��& }� T^	�O. »@¡ �Ø� BC <� `Ä³�

�¡ iRA ��� ER°� ef�R� Ù� ��� ER0 �ÚN

o Volmer°e �Û¡ �Ø�.

2. Volmer� ��� 	
�

��»- ��� ER°� J=A exp(−∆G*/kT)� �	Q� o�& JO

��	Ü « �� c»Ý(�a� ���� �\) BO HÞÝ(a� �

��� �\)  �QO �,(BO pqrs)� l(
�. AO j(ß �

(� <� ÍÎ 
³v� iRU ( ��, a� ���� �\ à 1031

m−3sec−1 $R� %\ á ¸-.R 
 ¸� ��� ER J� 5JO â

ã� ef�R� �¡& ÊË äåNj ��[1, 5, 9]. ∆G*O ���I

���O. (�NO æ� �i�¥j �� ç �¬(
� kO Boltzmann

�(�. �� �c� T^NO ��� ER� ef�� F�°� 1926

èR� VolmerI >ÅN±� 
 °� ��� ER0 �	NO ��»

- °v� ­H< 
³ ER°� é$NO. 
@Q�ê�.

2-1. �� ���

}
 ]"No ]��v� �LNO �0 ëÈ	��� Á�v� �

^	�c ef�I  �Q� ]��� }� ��v� T^C�. T^


 ���c }� �i�¥j ��O å�NÃ Q� ��� �c� �

c�¥jO ]INo 
 ì e$� í� �� |� w�� �jî
 ]

I¬� �i�¥j ��I ]IN�I æ��jî�� w�I xjc

�i�¥j ��I �	 å�No h �ïHsO ���
 ¨©Ã ð

ñA�. µV� µL� }� ]�� ��� �i�¥jY� N�, T^No

 �O HÞ0 Vc, h7� T^ w�� �c»� AcY� N�. �I �

NO. (�NO �i�¥j ��0 ∆GY Nc �ïe 9� °
 �ò

C�.

(1)

o�& nL� T^}� �� HÞÝ <�� l(
�, σvcO }e ��

e� �cª�, ç }� �cª�
�. ~�
 Qc �ºóôõ� ]�

� ��
 nì 9ÃA�. 
 �\ ��� �ºfôõ� ~c ���&

� ]��� peY� �c µL=µV(pe)I A�. hqc µLµV=µV(pe)−µV(p)

I Q�, dG=−SdT+Vdp °� åÅNc, dµV=VdpI Q� ]��� 


���Y� I$Nc µL−µV=−kTln(p/pe)I A�. h7� p/pe� �0

ef�R S� $�C�. T^
 |�v� 
4�; � h ��� r
Y

Nc, �i�¥j ��O �ïe 9
 �	A�.

∆G=−4/3π r3 nL k T ln(p/pe)+4π r2σvc (2)

Áö ÷�ø °� ù ú� }
 T^¬� ÙY&  �O �i�¥j

��� å� ú
�, ûü ú� �� w�I  �ý� Ù� �i�¥j

��� ]I ú
�. o�& ° (2)O �� r
 >�Hs �ªN� xj

c ∆GR ]IN�I ®�É� RtN� �	 å�C�. ®�É� Rt

NO ��- æ��� r*� |N� �No r� ° (2)� 5<No h ¸

� >�� QO, ç d∆G/dr=0, ∆G*O �ïe 9
 $�A�.

(3)

��� ¯�� r
 xþ� ÙY ∆G ¸R xjO |Ü�&O w��

�ÿ ��� ]��
 xy& T^}� �	 ��A�. hq� ��


r*� ¸�� xjÃ Qc T^�� �c� ]��� h�� ��� <

��� 
Wy& h�Hs ¨©Ã w�I xy& T^
 ����. �

�e �i�¥j °� F�0 Fig. 1� �	N±�. h7� w�I Å$

NÃ xj� 	
NO æ��� r*0 |¡�c

=2σvc/nLkTln(p/pe) (4)


 A�. 
�� T^}� �ÿe ]��� F�0 ��� i¶C

Kelvin� °e 9�[2].

2-2.�� �	 
��
 ��� ���

�� �c�& T^}
 �� �� n�� Fig. 2� 9� n�
Y�

N� T^}� �� �ce ��È θ� ¸v� �c� u���. 
q

C ��& �i�¥j ��°� �ïe 9�.

∆Gsolid=nL(µL−µV)Vc+σvcavc+(σcs−σvs)acs (5)

o�& σvc� σcsO ÈÈ T^}e ���
� �cª� « T^}e �

��
� �cª�v� �c�¥j (j°� cosθ=(σvs−σcs)/σvc
�[10].

È ��7 ��N� �O c»� �ïe 9� °v� �	A�. avc=2

G∆ nL µL µV–( )Vc σvcA c+=

G*∆
16πσvc

3

3 nLkT Sln[ ]2
-------------------------------=

r*

Fig. 1. Gibbs free energy change for nucleation with increasing radius
of water droplet.
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πr2(1−cosθ), acs=πr2(1−cos2θ). �� �� �YO T^}� HÞO �ïe

9� °v� �	A�. Vc=(4πr3/3) · (2+cosθ)(1−cosθ)2/4. o�& (2+cosθ)

(1−cosθ)2/4O �� r� �O |� HÞ )� �� �� T^C HÞI

�jNO �	� ��
� �v�� HÞ <	
Y� À ( �vc �

�È θ� ÙY& n�
 #$ýv� shape factorY� N�R C�. h

HÞ <	� f(θ)solidY� Nc ° (5)0 �ïe 9� °v� $7A�.

∆Gsolid=−4/3πr3 nLkTln(p/pe) · f(θ)solid+ 4 πr2σvc · f(θ)solid (6)

o�& f(θ)solid=(2+cosθ)(1−cosθ)2/4 
� 0�& 1 �
� ¸� �O�.

° (6)� �� � v� �	Nc �ïe 9�.

∆Ghetero=∆Ghomo· f(θ)solid (7)


 °� a� ���� �\� �¡& �i �¥j ��I f(θ)solid z�


Wð �� �o�� �
j ú�� a� ���� �\� 9�. æ�

��� |N� �No ° (6)� 5<No, ç d∆G/dr=0, $7Nc �ï

e 9�.

(8)

BC æ��� r*0 |¡�c r*=2σvc/nLkTln(p/pe)
 A�. 
 ¸� °

(4)�& �� a� ���� ¸e 9�. ç �� �� ���
 ���

O �� �i�¥jI a� ���� �¡& 
Wð HÞ �	z� 


Wj� 9� ��� �O T^}
  � � Å$NÃ Q� w�� xð

�O �5�.

3. �
 �� ���� ��� ��� 	
�

3-1. Volmer� ��
 ��� ���

�� �c�& ���
 ���c pqrsO �H �� E� ���

� �� �� }<�� pqrsI � �O Fig. 3e 9� n�
 A�

� ' ( ��. 
qC �Nn�� �O ]��, } « T^NO. g*

C �c� >PNO �� �;� ­¡ �i�¥j�� °� �� �c

�ïe 9�.

(9)

σvc, σcs, σvsO ÈÈ �cª�v� }e ��, }e �;(T^À �c� >

PNO ��) « ��e �;�
� �cª�
�. BC avc� acsO }


 ]�� ��C c»e �;e ��C c»
�. BC avsO }
 �

; �� T^No Éi¬v�� �; �c
 G�ð z�� c»
�.


 �\� �c (j°� �ïe 9�. σvccosθ1+σcscosθ2=σvs, σvcsinθ1=

σcssinθ2
 �òC�[5, 8, 10]. ��È θ1 « θ2� T^}
 ]��e �

�Q�jO �c� �ÿ� �(- ��� r� À � ÈÈ� c» avc «

acs0 re cosθ1 « cosθ2� ��� ( ��[5, 7, 8].

° (9)� �	 �lNo ��� �\ HÞ <	 f(θ)solid� 9� �Õ

� °v� $7¡ ��� C�. Fig. 3�& ]��� ��Q� �O �

c� T^}� ��� r
Y� N� �� r� �O |�HÞ0 �Çv

� À � �� �� �øv� �JNO HÞ <	� �� �c �� T

^e ��Ij� (2−3cosθ1+cos3θ1)/4
�. h7� W�ø �� �� E

� �  Ô �O H<� HÞ <	� $7Nc (2−3cosθ2+cos3θ2) · (sinθ1

/sinθ2)
3/4
�. 
 û� �Nc ([2−3cosθ1+cos3θ1]+[2−3cosθ2+cos3θ2] ·

[sinθ1/sinθ2]
3)/4I A�. BC �c �¥j ]I� ú� ­¡& �lN

c �ïe 9�.

4πr2 ·σvc · sin2θ1 · (1/[1+cosθ1]+1/[1+cosθ2] · [σcs/σvc]

−1/2 · [σcs/σvc])/2 (10)

h!. �c �¥j (j°� »@Nc, ° (10)� 4πr2 ·σvc · sin2θ1 ·

(2/[1+cosθ1]+2/[1+cosθ2] · [σcs/σvc]−[cosθ1+cosθ2 · [sinθ1/sinθ2]])/4I Q

� 
 °� $7Nc �ïe 9�.

4πr2 ·σvc · ([2−3cosθ1+cos3θ1]+[2−3cosθ2+cos3θ2] · [sinθ1/sinθ2]
3)/4 (11)

° (9)� ß�& iRC úv� �	 Üéb �c 

∆Gliquid = nL(µL−µV)Vc + σvcavc+ σcsacs−σvsavs

= nL(µL−µV) · 4/3 ·πr3 · ([2−3cosθ1+cos3θ2]+[2−3cosθ2

+cos3θ2] · [sinθ1/sinθ2]
3)/4+4πr2 · σvc · ([2−3cosθ1+cos3θ1]

+[2−3cosθ2+cos3θ2] · [sinθ1/sinθ2]
3)/4

o�& �� �c �� T^NO }� HÞ <	� �ïe 9
 $�À

( ��.

f(θ1, θ2)liquid = ([2−3cosθ1+cos3θ1]

+[2−3cosθ2+cos3θ2] · [sinθ1/sinθ2]
3)/4 (12)

ÙY& ° (9)0 �	 $7Nc �ïe 9
 Q�

∆Gliquid = nL(µL−µV) · 4/3 ·πr3 · f(θ1, θ2)liquid

+ σvc · 4πr2 · f(θ1, θ2)liquid (13)


 °� �� �c ��&� }� �a� ���
 ∆Ghetero=∆Ghomo · f

Ghetero
*∆

16πσvc
3

3 nLkT Sln[ ]2
------------------------------- f θ( )solid⋅=

Gliquid∆ nL µL µV–( )V c σvcavc σcsacs σvs– avs+ +=

σvcavc σcsacs σvsavs=–+

Fig. 2. A spherical cap embryo of liquid (C) in contact with its vapor
(V) and a nucleating surface (S).

Fig. 3. A liquid droplet (C) on an insoluble bulk liquid (S) under a
vapor phase (V).
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(θ1, θ2)liquid� �	A�. 
O ��� �\� ��Ij� a� ��� �

i�¥j ��¸�� HÞ<	� "C �ÕI Q� ��� ���c


� ���c�&� ���
 ¼�£ 9� i�� °
 A�. ÙY&

° (13)� ��� �� ��& T^}
  � � nì ]��� ��Q�

�O �c� �ÿ
 a� ���� �\� 9� �ÿ� �O ��
 æ�

��
 U �Hs �,
 �#�O �� =C�. BC �a� ���� �

i�¥j ��O T^}
 ��� ��Q��O �c� ��v� NO |

� ­¡& T^A HÞ� �	� ��
O <	z� å�C�. ��Ij

� æ� ef�R�& �i�¥j ��0 |¡�c �ïe 9�.

(14)

æ���� ° (4)� 9
 Q� �� �c�&R �a� ���� 9�

�R�&O a� ���e 9� ��� �O �v� �	N� ��. a

� « �a� ���� ��& �jîe �¥j ª$� �FF�0

Fig. 4� ��
%�. h&�& �' a� « �a� ���� ]���

��A �c
 9� �ÿ� I; � æ���
 Q� ∆G*¸� HÞ <

	z� 
Wþ� ' ( ��. BC Volmer 
³� �� �c �� T^

À �� �� �c �� T^À � nì ��È� ¬(� NO HÞ<

	z� �i�¥jI å�C�O �5I Q�, 
 I$
 �òÀ ��

��È� T^­� �c� n
O <�� l(� F�G
 nì �$

N�O �
 �>I Q�( C�.

3-2. �� ���� 
� ��� ���

���
 �c�& ��� � pqrsI xjO e$� ]���&

T^}� Ì� H)Ô& ]IN��, WXc �c�& *Ì
O }<�

� 
Ä� �¡& pqrsI x; ( ��. 
� 9� e$
 Fig. 3�

��. C+ il� }<�� 
4�ð pqrs�  � ERO �ïe 9


 �ZÀ ( ��[8].

J(i) = [βaoi
2/3+αloi

1/3]n(i) − [γao(i+1)2/3+δlo(i+1)1/3]n(i+1) (15)

o�& J(i)O il� }<�I n- pqrs(BO �,)  � ,-r

(clusters m−2 · s−1)
�. β « γO ÈÈ T^}� ���& }<�I H

)£O ER « T^}�& ]��v� tW�O ER
�, α « δO
ÈÈ T^}� ÏÐQ� �O �c }<�I H)£O ER « T^}

�& �; �cv� tW�O ER
�. ���
 ���O pqrsO

]���& Ì� H)£��, �c�& 
ÄNO }<�� næv� x

ð�. ÙY& h ERO <� `Ä³� �No ]���& pqrs�

H)£O <� ,-rO �ïe 9�[2].

β = p/(2πmkTv)
1/2 (16)

BC �; �c�& *Ì
O �� �
Ý <�� (O �ïe 9�[8].

α = n(1)(πkTs/32m)1/2 (17)

o�& n(1)� �c� ÏÐQ��O }<�� l(
�, m� }<�

C l� ;¦
� Tv, TsO ÈÈ ]��e �; �c�&� �R-. Ó

6·� 
@C thermal diffusion cloud chamber(./Ú |î��) Å�

&O 9�. BC ao� loO ÈÈ }<� N�I T^Q� Fig. 3� n�

v� Q� ��� À �� T^}
 ��� ��Q� �O c»e m�


� ao=2πr0
2 (1−cosθ1) « lo=2πr0sinθ1�. o�& r0� <�N�I Fig. 3

� n�� À �� �jî r� ¸
�. °(15)0 Ü�£ �ZNc �ï

e 9Wð�.

J(i) = f(i)n(i) − b(i+1)n(i+1) (18)

o�& f(i)O i <�I n- pqrsI }<� N�0 0W � á p

qrsI  �O xjO iE
�, b(i+1)O i+1 <�I n- pqrs

I }<� N�0 1� � 
� pqrsI  �O iE
�.

~�
c J=0I Q� h�� β� αO ÈÈ �ïe 9�.

βe= pe/(2πmkTs)
1/2 (19)

αe= ne(1)(πkTs/32m)1/2 (20)

� °� 
@No ° (18)� $7Nc �ïe 9� ®2°� ½O�[8].

(21)

o�&O �c ��& 
ÄNO <�0 3	Nc(α=0) �ïe 9


Ü�NÃ A�.

(22)

� °� ���
 ��� �� ���& }<�z H)Ô& pqrs

I �#�� À �� °
�. BC ���& pqrs� H)£O <�

0 3	Nc(β=0) �ïe 9�.

(23)

� °� ���
 ��� �� �c� ÏÐA }<�� 
Ä� �¡

&z T4No pqrsI �#�� À �� °
�.

C+ �c� ÏÐA }<� ( n(1)e <� p�� F�O �ïe 9

�[11].

(24)

o�& peO f�]��, kaO ÏÐ [R� F5A �(, TsO �;�

�R, kO '6z �(
�, a2� b2O ÈÈ 2�m van der Waals �(


�. ��
 �j �vc ° (24)O �ïe 9
 Ü�NÃ A�.

Gliquid
*∆

16 π σvc
3

3 nLkT Sln[ ]2
------------------------------- f θ1 θ2,( )liquid⋅=

J β α+( )
βao αl o+( )n 1( )

ne 1( )
ne i( )
------------

i 1=

i

∑  
j 2=

i

∏
βeao j 1–( )2 3⁄ αelo j 1–( )1 3⁄

+

βaoj2 3⁄ αl oj1 3⁄
+

------------------------------------------------------------------

------------------------------------------------------------------------------------------------=

J β( )
βaon 1( )

ne 1( )
ne i( )
------------

i 1=

i

∑
βe

β
----- 

 
i 1– 1

i2 3⁄
-------

----------------------------------------------=

J α( )
αl on 1( )

ne 1( )
ne i( )
------------

i 1=

i

∑
αe

α
----- 

 
i 1– 1

i1 3⁄
-------

----------------------------------------------=

p
pe

----
kan 1( )

1 b2⁄( ) n 1( )–
------------------------------- n 1( )

1 b2⁄( ) n 1( )–
-------------------------------

2a2n 1( )
kTs

-------------------–exp=

Fig. 4. Gibbs free energy changes for nucleation with increasing radius
of water droplet: in homogeneous nucleation and in heteroge-
neous nucleation on solid and liquid surfaces.
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p/pe= kab2n(1) (25)

}<�� �\ a2� b2� ̧ � ÈÈ 19,600×10−32 erg · cm2
�, 13.1×

10−16cm2� ̧ � �� ���[12] W� á ��
 W7 �\�O ° (25)

0 �@¡R á ÷�O G�. ~��&O p/pe=1
 Q� h�� ÏÐA

}<� (0 ne(1)� C�. ÏÐA }<�� }<�1
 no& A pq

rs (� FC �FF�O �ïe 9�[8].

ne(i) = ne(1)exp[−W/kTs] (26)

o�& WO pqrsI  �QO. *|QO ®� I� ��& �ï

e 9
 �ÚA�.

W = σvcavc+σcsacs−σvsavs (27)

C+ σvc=aoi
2/3, acs=aocsi

2/3, avs=aovsi
2/3v� �ÚC�. o�& aocs� aovsO

ÈÈ }<� N�� Fig. 3e 9� n�v� 
4�y �� �� acs�

avs� c»
� �ïe 9
 �ÚC�.

aocs=2πr0
2(σcs/avc)

2(1−cosθ2), aovs=πr0
2sin2θ1.

4. � �

�� �c �� }
 T^NO �a� ��� 6·� N±�. �� �

cv� >PQO �;� *| ?8� 6· ?8�& ]��
 {W(

Q�, }e 9��
 G�( N�, }e �c ª�
 I¾C C �Ã t

Y( N�, }�� :RI {W( C�. 
� 9� ?8� z;	�O

��O �©= �Y<
 =�. ]��
� ���& ��� �LNj

�O ?8 Á� �bÀ �� n-hexadecane
 Iª »íN�[5, 7, 8].

4-1. ����

6·ªJO thermal diffusion cloud chamber0 
@N±�. 
 ªJ

O ef�0 " 	> ( �O ªJ� 1939è Langsdorf[13]I �ÅC


� a� « �a� ��� 6· ªJ� 
@N±v� ¤� �|�1

� �¡ "�� 
4� ê�. ªJ� Ü�C l?RO Fig. 5� ��. 


ªJO �R0 ?@À ( �O �N ì l� 345A DEB « Ì�


 0.2 m- m�� i7� |�Q� ��. � B� 6· ) �$C �

R� ijQ�, W�B� ef�0 z1� �¡& �R0 �B�� K

Ã ij¡( N� ��� hot plateY� ¶¶C�. W�B� à 0.003 m

$R� D
� ¯2(}� E�ð (?(pool)I ��& }
 ]�I Q

� �� /ÚNRF Q���. DEB W�O circulation bath� �#	

G }� �R0 ��	> ( �RF N±�. �B�R ú�?0 �#	

G �R0 �$NÃ ij	> ( �RF N±�. ì DEB �
� P

Ü� .�RI ´ QRF �2R(99.999%, Ultra High Purity, Matheson

Co.)� (�� EH�. n-hexadecane� Sigma�� ÂI ��� �@N±�. 

4-2. ����

Sï� �B� �RO 23oC� �$NÃ N� W� B �R0 3 oC�


b }� ]��� Jo& �B Kª� u��O }� 8?	L�. �

� 3	Ü 
� ij	G �B Kª�  ��O }<�0 ¼�£ �©Ã

N±�. h �ï �B )M� µJC NO³ �� ÒP� n-hexadecane

� �wNo �»� zQ�. h R 3	Ü $R 9� �R0 ij	G �

Be �» �c �� �O }<�R >�	S�. h R W�B� �R

0 &&£ Tb �Be 9� 23oC� �R0 ij	S�. 
UÃ Qc

VW 
� �RO �� PÜ �J�& 23oC� ijQ� ��. VW Å

� �RI �$N� ��� }� <�� ]��e 9� ~�� ��.

h �ï W�B� �R0 0.1oC/min ER� X�	S�. W�B �R

0 ]I	�c ]��R ]IQ� W�ø� (]�� YR(<�)O ]

IQ� (]�I �� /ÚNÃ A�. /Ú
 Q�& TYÜ ]�O K

ª� RtNO. Kª� �RO W� ø �� {� ��� Kª �c�

& T^
 	
C�. W�B� Z��O }� �c Ò� ��&O }�

]��e <�
 ú� 9�. C+ Kª� �RI 26oC $RI Qc K

ª� T^Q� �O }
 � Kª �c� »	Ã Q�& Kª �	 W

�� 9
 }� <�e ]��
 9Ã A�. W� � ì }� �c �


� �R « (]� YR <fO .�t �$°e };�t �$°� 


@No �R� ]�� <�� �ÚNc [�¬(I Q� �R <� n

ì [�»v� å�A�[3, 5]. �R� Ù� ]��� j( ¬(I Q�

<���O 
W W�Be �B �
� PÜ�O ef�I 
4�jÃ

A�. ef�O /Ú �
 )Ü
 Iª K� �v� �ÚQ%�[3, 5]. 


ef�I �Ã ]IQc a� ���
 ��� ( �� a� ���


���� �� �� �c
 �LNc �a� ���
 ����. 6·�

&O NO³ ��� ÒP \� %t] n-hexadecane �c� }� T^


 �O �� �	 20� Z5�v�(Titan Co. ZMM-45B) F^N±�.

�a� �cv� 
@ �@C ���O n-hexadecane _� n-tetradecane

« acetophenoneR �@N±�, n-hexadecane� �\� X�ER� âã�

3W�� �No 0.03oC min−1Hs 	
¡& 0.05oC min−1, 0.1oC min−1,

0.3oC min−1, 0.5oC min−1� �` 2a� ER� 6·� ¡ �Ø�. 

5. ���� � ��

5-1. Thermal diffusion cloud chamber�  !� "#$� %&

n-hexadecane �c� F^C #e W�B }� �RI TYI ef�

I ðñQc n-hexadecane �c� C ì l� T^}
 �
� 	
C

�. 
�� ef�O à 1.005 $RI QO. �RI �E TYI& e

f�I � xjc n-hexadecane �c� ¤� pqrsI �
�R N�,

n-hexadecane �c ��� Ål 9� w�� H)b
 �
O 2Ü


��. 
 2Ü� æ� ef�Y� $�N±�. h�� W� B �R0

¿$No T^}
  �O jÉ� NO³ ��ÒP \� %t] n-

hexadecane �»� >� N�H� �J� ���
 ����� �� h

�J�& �R� ]��� �ÚNo ef�0 ¿$À ( �%�. �Ú

A æ� ef�O �� 1.048-1.078 �
�& F^Q%�. h Ý	� W

�B �RO 38-42oC-. ���
 ���O n-hexadecane �c� �

RI à 25-26oC$RI A�. 25oC�& a� ���
 ���O ef

�O 4� �ÝC á ̧ 
�, h�� ��� ERO à 1012 m−3 $R� ¸
Fig. 5. Schematic diagram of the upward thermal diffusion cloud cham-

ber used.
���� �40� �1� 2002� 2�



��� ���� �	 
� 39
� �O�. �R 26.18oC�& }e n-hexadecane� �cª� « �c

ª�� Table 1� $7N±�.


 ̧ � 
@No �� �c�&� }� ��È� |¡�c θ1� 37.3o


� θ2O 124.9o
�. 
 ̧ v� ° (12)0 
@No HÞ <	 f(θ1, θ2)liquid

0 |¡�c 0.3838
 A�. 
 �R� �\ a� ����& ���


c"£ ���O æ� ef��&� �i�¥j �� ∆G*O à 10−19 Joul

� ��0 �O�. h!. f(θ1, θ2)liquidI 0.3838� ¸�&O h�� 


³ ef�O �� 2.3� Q�( a� ����&� ef�R 4� ­T

NO ¸� �O�. hq� Ó 6·�& ½� ef� ¸� 1.048-1.078�


� ¸
�. 
UÃ 
� d�� ef�0 Ijbc HÞ <	R 
W

( QO. ­? f(θ1, θ2)liquidI 10−5� ��0 Iy( C�. 
UÃ 
�

HÞ <	� }
 a� ���
 ��� � �� (Æ�& (Kej�

}<�� 
4�þ[2-4]� ' �� �I¾N�. ÙY& Volmer°� 


@No 
� ef��& ���
 ���O 6· ER°� /¿NO �

� �� 37I ��. Table 2�O n-Hexadecane �c �� }
 T^

À �� æ� ef�I 
4�ð �R�& oq �Y5s� ¸� $7

N±�.

�� �|�1� 6·R Volmer °eO +
I ��� "�N±�.

Ó 6·¸�� 
� ¸v�O Mitchell[5]� 1.0145�& 1.0167� ¸�

�O�� "�N±�, <ð ���c �� }� ��� �|C Chen Á

[6] 1.0052�&R ���
 ����� N±�. Scheludko� Chakarof

[14]O }� n-hexadecane �c ��& �. fg	�O � v� T^

	G ��� ER0 �|C Ò 1.3 $R� �� á ¸� ½%�.

Table 3�&O n-hexadecane _� n-tetradecane « acetophenoneR �

a� �cv� �@N±� �� æ� ef�0 �±�. n-Tetradecane�

�cª�, :R, @¡R Á
 n-hexadecanee �Ã �©j ���  È

À ( �� /�­� 6·#eI n-hexadecane� �¡ �Û µ¶À zC

�� #eI �÷j �Ø�. Mitchell[5]� h�(I 12l- n-dodecane�

�@No 6·� C #e shape factor f(θ1, θ2)liquidO 3.5% $R å�

N� æ� ef�O 0.25%� àÜ ]IN±jz 6· ÷� d� Å�

#eI ½�i�� ' ( �%�. Acetophenone� �a� �cv� �

@C �\O �� ef�I g*J �O �v�  ÈQ%�. Thermal

diffusion cloud chamber 
� ef�I ��Qbc �B Kª� }


T^Q� �©Ã »	� � R
�. h�� W�B� �RO à 25−
26oC �

� h�� ef�RO 1.001�& 1.002�
�. Mitchell[5]�

<� |?� 3jT�I �O n-dodecyl alcohol� 6·� C #e ef

�I g*Nj �ØO. Ó �|�&O kl�I �O acetophenone�

�\�R ef�I g*J �Ø�. T^}� force balance0 mn�c

σvc>σcs+σvs� �\I Qc T^}
 �; Ev� 1�I 
� }�o


  �O 	rp
  �O �v� 3biO.[5], Ó 6·�&R ef

�I  �QbO 	É�&Hs acetophenone �c� �î
 �
� [

¶RI q�jO �� �W ���
 ��r� 3 ( �%�.

X� ER� âã� �5 �� $R� Âs£ tYð É
 G%�. 


³»v�O X� ERI tYjc $��Õ� 
©O 	Ü
 � u7

( �� eR�Õ�& 6·� (ñÀ \bI ��. hqc n-hexadecane

� �c �RI /�N� �O ¸�� {W; ( �� ��� h� �

ÚA ef�RO {� X� ER�& {� æ�ef�R0 ½Ã A�.

hq� 0.5oC min−1� X� ER�& ½�jO æ� ef�O 0.1oC

min−1�� 9�� àÜ K� �\I �%O. 
O �5 �� $RI

WX%� W�B� �E¡& �RI �XQ� ��� �R �F� 	

Ü�� �C ÷�Y�  ÈQ%�. BC 0.1oC min−1�� � {� X�

ER- 0.03oC min−1, 0.05oC min−1�&O 0.1oC min−1e 9� #e

0 ½%�. Mitchell[5]� 0.1oC min−1Hs 0.6oC min−1ej oq X�

�R ¸� 
@¡& 6·� (ñ¡ Ó #e ½�ð ef�RI �
I

GO �v� �W& 
 d��&O thermal diffusion cloud chamber 


� $��ÕI ´ 
4�jO �v� #³j%�.

5-2. %&' "#$��  !() �� ���� 
� ��� ��

� *+

Sheu Á[8]
 >ÅC <� `Ä³v� ER° (21)� 
@No ��

� ER0 ¿$¡ �Ø�. �R « (]�� <�� n-hexadecane� �

c��� No �c� (]�� T^}� F^C �R « <�� �@

N±�. }<� N�I Fig. 3e 9� n�� N� �� �� θ1, θ2�

¸� �Çv� m� lo, �c� c» ao, aocs, aovs « �jî r00 |¡�c

�ïe 9�. lo=1.0085×10−9 m, ao=9.0143×10−20 m2, aocs=3.778×10−19

m2, aovs=8.094×10−20 m2, r0=2.650×10−10 m
�. h7� ��� ER°

� |N� �No β0 |Nc, β=1.314×1026m−2 s−1
�. α0 �ÚN

bc n(1) ̧ 
 g*C. h ¸� ° (24)�& �' ka0 |¡( C�.


�� 6·v� |¡( NO. �� ��&� ka0 |N�O �� �

I¾No �ïe 9� �Çv� n(1)� ¸� é$¡�Ø�. \[ ��

<�� (� 2/3X ¡ÝQO l(I �c� P H)Ô& h 
�
 �

c� �LN� ��� �c 26oC�& ���&� <� l(0 åÅN

c à 0.9×1016 m−2
 A�. �c�O 
 (�� �� ¤�� ' ( �

�& à 1×1017 m−2 $RI ��� I$N±�. 
 n(1) (� ��O �

�� ER°�& �Ã ��Nj �� ���[1, 3, 5, 7-9, 14, 15] 0.9×1016

m−2�& 1×1017 m−2ej� ¸
c »ÝN�� ' ( ��. ° (24)�&

�c 2�m van der Waals �( ¸e �Û¡ �c n(1)� 7×1018 m−2�

�O 
W( N�� Ó �|�& I$C ¸
 �ÝC ¸
Y�  ÈÀ

( ��. 
 d�� (�&O ° (24)0 [�v� Ü�C ° (25)0 
@

NoR 0.9×1016 m−2
N�&O ì °� �I 1% 5zv� ÷�I �

� G�, 1×1017m−2�&R 7% 5z� ÷�z �� V
�. hq��

n(1)� 1×1017 m−2� N±� �� α ¸� 1.077×1018 m−1 s−1� ¸�

�O�. ER° J0 |N� �¡&O ne(1)/ne(i)� ¸
 g*C., h ¸

� ° (26)� �¡& exp(W/kTs)� �ÚÀ ( ��. 
 �Ú� g*C

I�� WO σvcavc+σcsavc−σvsavs=(σvcao+σcsaocs−σvsaovs)* i2/3v� �Ú

À ( ��.

Fig. 6�O ef�R ScI 1.078, 1.5, 2, 2.3 « 3� �� J(β+α)� E

R0 �±�. æ� ef�RI 
Ã Qc pqrs�  � ERI �Ý

£ 
� �c� á }<�I YRY�  ÈQO 1,300lI n- pqr

s� YRR 10−230m−2 s−1
N� W� 
W& ���
 ���� b1

�. ÙY& 6·�& |C Sc=1.078� ��� ERI �Ý£ 
� �$

C ER� 
4j vC�. �c ScI 2 
� Qc ��� ER J(β+α)

Table 1. Surface and interfacial tensions of liquids at 26.18oC

Water n-Hexadecane Ref.

Surface tension 0.0721 0.0269 [5]
Interfacial tension* 0.0532 [5]

Unit: N/m
*n-Hexadecane-Water

Table 2. Experimental nucleation results of water vapor on n-hexadecane
surface

θ1 θ2  f(θ1, θ2)liquid  Sc Surface temperature

37.3o 124.9o 0.3838  1.078 26.18 °C

Table 3. Critical supersaturation of various surfaces

n-Hexadecane radecane  Acetophenone

Sc 1.048-1.078  1.05-1.078  1.001-1.002 
Surface tension*[17]:  0.0271  0.0261 0.039

*: Unit: N/m, and Temperature at 25oC.
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O } <�(I 200l 
��&O 10−2 m−2 s−1 $R� ¸
�O Nj

z �$NÃ (w¬� �
�I, Sc=2.3
 Qc pqrs�  �ERO

à 107 m−2 · s−1� ¸� RtC�. 25oC�& a� ���� ¸
 1012

m−3 · s−1- $R-. ��0 åÅÀ �� �c�& 
 $R ERc a

� ��� ER� 9�� ' ( �� h�� ef�0 Í<£ æ� e

f�Y� ' ( ��. æ� ef�RI � x& 3
c W� á  � E

R0 �Ã QO. 
qC á (� pqrsI  �� 
�� T^}1

� &� T4No �c� ¼�£ »	Ã U �
�. }� a� ���

� 25oC�&O à 4 $R� æ�ef�I g*N�� 3bð Év�

�W& 2.3 $Rc ÊË {� ¸�& æ�ef�I ��A�� ' (

�v� 6·�& ½�ð 1.078�& T^}
 F^A�O É�&O 


³¸� WÌR K� ¸
�. h7� Sc ¸
 �c ef� ¸� ÙY&

° (21)�&� <nú� �d �$C ¸� RtNo ER J(β+α)I �

$C ¸� (wN� ScI 1.5 
N�&O <nú
 �$C ¸� (wN

j �� �E xy& J(β+α)I (wNj �Ø�. ScI 2.3
YO x�O

∆Ghetero=∆Ghomo· f(θ1, θ2)liquid� F�°�& �a� ���
 a� ��

�e 9� ER0 I; �� �a� ���� �i�¥jI f(θ1, θ2)liquid

� z� 
W; �� ­TNO ef�R� ¸
�.

Table 4�O æ� ef�I Sc=2.3� �� ° (22)� ]��z� �C

 �ER J(β)�, ° (23)� �C �; �c ��& 
ÄNc& iwQ

O }<��  � ER J(α), h7� J(β+α)O h ì ER0 íC °

(21)� �¡ �ÚC �
�. }<�� �c
Ä� �C ER°- J(α)I

]���& }<�I H)Ô& xjO J(β)�� pqrsI 
� �O

1,000�$R ¨©�I �)� pqrsI xjc à 100�$R ¨©�,

J(β+α)O ì ER¸� �C z� ¨©�. }<�� �c 
Ä� �C E

R� ]�� H)b� �C ]I ER0 �­»v� �ÛN� �No

�ïe 9� ( R� $�Nc �ïe 9�.

R=(α lo i1/3)/(β ao i2/3) (28)

�­»- ��0 3� �No ° (16), (17)� ­wNc,

R=[n(1)(πkTs/32m)1/2 · 2πr0sinθ1 · i1/3]/[p/(2πmkTv)
1/2

· 2πr0
2(1-cosθ1) · i2/3]

 

 


����& p=nkTæv� � °�

(29)

o�& n� ]���& �� HÞÝ } <�(
�. ÙY& R� �c

� ÏÐA } <�( n(1)� ÙY& �N�, BC T^A w�� ���

ÙY �NO. T^}� <�( i� ­¡&O i−1/3 �	� �C�. h 


iO ��� ¯�� }<�I íy ��O ��O %\ 
W& ]���

& H)£O <�(O »�, ���& ízjO <�I �­»v� %\

��. hq� pqrsI xjc avc� c»
 P�� ]���& H)Ô

]IQO <�(R ¤Wj� ��
�. Ó �|�& n-hexadecane �c�

�\O R=990 i−1/3� $R� ̧ � Ið�. C+ n(1)
 0.9×1016 m−2- �

\�O R=90 i−1/3$R� ¸
 Q� J(α)O J(β)� �¡ 10-100� ¨©�. 

n-Hexadecane �c�& (]�0 T^	> �� ef�RI {ÃO

1.048 $R�& �c� T^
 F^Q� 1.078 $R�O �� �; �

c� }� T^}
 F^Q%v�, 
 ¸� 
@No �ÚC ER°v
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Fig. 6. Nucleation rates, J(ββββ+αααα), of water vapor on n-hexadecane with
respect to number of water molecules.

Table 4. Nucleation rates of water vapor on n-hexadecane surface at Sc

=2.3

Number of molecules J(β) J(α) J(β+α)

115 2.714×1019 1.600×1022 1.602×1022

110 5.198×1016 2.435×1019 2.440×1019

120 1.707×1013 6.350×1015 6.367×1015

150 8.822×1077 2.426×1010 2.435×1010

100 1.108×1057 2.475×1077 2.486×1077

200 4.377×1047 9.101×1067 9.145×1067

500 4.377×1047 9.101×1067 9.145×1067

Unit: numbers m−2 s−1

n(1)=1×1017 m−2
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acs : condensate-substrate interfacial area 

avc : vapor-condensate interfacial area 

avs : original substrate surface area 

ao : lens shape vapor-substrate interfacial area of one water mole

adsorbed

aocs : lens shape condensate-substrate interfacial area of one water m

cule adsorbed

aovs : original substrate surface area of one water molecule adsorbed

a2 : two-dimensional van der Waals constant

A : preexponential factor

Ac : surface area of condensate

b(i+1) : backward rate, the rate at which molecules leave the cluster

b2 : two-dimensional van der Waals constant

f(i) : forward rate, the rate at which molecules are added to the cluste

f(θ)solid : shape factor concerning a water droplet on solid surface

f(θ1, θ2)liquid : shape factor concerning a water droplet on liquid surfac

∆G : change in Gibbs’s free energy

∆G* : change in Gibbs’s free energy at critical supersaturation

i : number of water molecules

J : nucleation rate per unit volume per unit time 

J(i) : nucleation rate of size i per unit area per unit time

J(α) : nucleation rate by migration of absorbed water molecules 

unit area per unit time

J(β) : nucleation rate by direct condensation from the vapor per u

area per unit time

J(β+α) : nucleation rate per unit area per unit time

k : Boltzmann’s constant

ka : constant related to the strength of adsorption

lo : circumferential length of one water molecule adsorbed in le

shape

m : mass of one molecule

n : number of molecules per unit volume in vapor phase

nL : number of molecules of condensate per unit volume 

n(i) : number of molecules of size i per unit area

n(1) : number of water molecules on liquid surface per unit area

p : pressure

pe : equilibrium pressure

r : radius of condensate

r* : radius of condensation at critical supersaturation 

R : ratio of two-dimensional migration to direct vapor addition

r0 : radius of one water molecule adsorbed in lens shape

S : supersaturation defined as S=p/pe

Sc : critical supersaturation

Vc : Volume of condensate

W : minimum reversible work required to form a cluster

,- . /�

α : rate of two dimensional migration per unit circumferential leng

per unit time

β : rate of direct vapor addition per unit interfacial area per unit tim

σcs : condensate-substrate interfacial tension

σvc : vapor-condensate interfacial tension

σvs : vapor-substrate interfacial tension
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g-
θ : contact angle

µL : free energy of a water molecule in liquid state

µV : free energy of a water molecule in vapor state
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