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The first seven Virial coefficients of hard spheres are positive 
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A fluid �solid transition at high density has been inferred from computer simulations of hard spheres 
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The critical point (that is singular)  of inflexion of the critical isotherm in the P-V plane� 
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Bubbling bed is the classical approach where the gas at low velocities is used and fluidization of the solids is 
relatively stationary, with some fine particles being entrained. 
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Vibratory Fluidized beds are similar to stationary beds, but add a mechanical vibration to further excite the 
particles for increased entrainment. 
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They are usually ceramic or metal and provide a large surface area within the volume of the column for 
interaction between liquid and gas or vapour 
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They form what is now known as random packing, and enabled Raschig to perform distillations of 
much greater efficiency than his competitors using fractional distillation columns with trays 
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the vapour and liquid pass each other counter currently in a small space 
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Thus less volatile material tends to go downwards, more volatile material upwards. 
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Thermodynamics is a powerful tool in physic, chemistry and engineering. However, its power is narrow, since it 
says nothing�Whatsoever about time-dependent phenomena 
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It is important to recognize that thermodynamic laws are generalization of experimental observations on 
systems of macroscopic size 
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The validity and and applicability of the relations are independent of the correctness of any model of molecular 
behavior adduced to explain them 
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However, while the formulations differ somewhat, the equations that finally result are, of course, identical. 
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� � 

   

 
A

Y t sin t , arc tan
 

        
   

    
2 22 22 2

2
11 2

��

� �A   

   

2 1
1 1��

� � 
   

   Y t sin t sin t     

    
2 2

2
1 1 2 1 1 1

��

� �arc tan
    

     
 

2 1 1 1
1 1 2��
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     
d t

P t e t / tu t / u t
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
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 
     

  

1 2 3 4
1 1 2 2 3 4

4 3 1 2 2 3 41��
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2
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Y mX /

  
  

 

1

1
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�� Ê¼¿�\�ZÀ»�k�]�Á{��Y�®Ë�pÌÅ�d�Y�|»Zm�cY�}�ÉY�Y{��ËZ»��Z§�Ä¯�Ê¿Z»���{�|�Z]����
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uL L
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

2
��
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  
  

 

1
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� �L
f f G f
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P

 
  

 

1
2��

� �
G

G
T

Q

u
A

W


1 2��
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 
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 
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x
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Y Y Y
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 
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   
 
 
 

0 2 0

0 2
��

� � S
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mol

E E y /
S

    1 280 1 0 25 210��



�ƶŤƃŹƾưǀƃ�ƾſŶƴƸƯ��
ŽŹŵ���Ŷůřƹ�šŚǀƬưƗ�ƹ�ƭźū�ƩŚƤŤƳřæ�ƹ�ç� �ƶŰƠƇ�������

��

� �
/

Y Y
/ Y

/

/

 
       





1 1
1

0 25 1
300 351 0 25 3 7 21 50 25 1210 21

2 700 251 2

��

� �

Y  1
2
21

��
ÊËZÌ¼Ì��ÉZÅ�Âf¯Y��s���Á�®ÌfÀÌ���

ææëº �ÄÀË�³�d�Y�d��{��� �
Ã{Z»�d�¸£��j¯Y|u�É����À¯YÁ��{�µÁY�Äm�{�d·Zu��{�Ê¿ZÌ»�É����

� �
K K

K K K KRm

A

KC

C K

 
 

     
     

  

2 1
2 1 1 1

2
21

0 2

1 1
2 4��

ææìº Ë�³�ÄÀ�d�Y�d��{��� �
Ä·Â·�ÉZÅ�Âf¯Y��Ê»��Y|ËZa�c�Â��Ä]� Ã|¿Â���Â¸z»�Á�ÉY�Ä·Â·�ÉZÅ�Âf¯Y���{� Á�|À�Z]��É| ]�®Ë�cY�ÌÌ¤e�ÉY�µÂ��ÉZf�Y���{��¬§� ���{� Á

�Ä]�d^�¿�cY�ÌÌ¤e�Ã|¿Â���Â¸z»��Âf¯Y�z , y , x{�Y|¿�{ÂmÁ�0Ô�Y�����
ææíº �ÄÀË�³�d�Y�d��{��� �

� �   
K K tR

A

KC
e t

C K K
     

  
1 21

0 1 2
1��

� �R

A

K KC
K K K

C K K K
     



1 2
1 2 1

0 1 2 1

34 1��

� �S

R

C

C
  3��·Zy�­Y�Ây�S S

R R

KC C

C C K


 



20
0 1

��

ææîº �ÄÀË�³�d�Y�d��{��� �
�� Ã{Y{�Ê³|À¯Y�a�Ä¯�Ê¿Z»���{�Ê»�{ZË��ZÅ�d�Y�\�ZÀ»�Ê·Y�´f¿Y��Á��|�Z]�� 

�� Ä·{Z »�Ê»�Ê·Y�´f¿Y�Á�Ê¸Ì�¿Y�¨Ë{��Á��Á{��Y�Ã|»M�d�{�Ä]�d����É��Y�Ë��|�Z]�cÁZ¨f»�|¿YÂe�Á�½ÂÌ��³���]���§�Ê·Y�´f¿Y��Á���{
d�Y�Z�y�Á��|u�� 

��� º�Ì¿Z°»��{�Ê»�\�ZÀ»�Ê¸Ì�¿Y�¨Ë{��Á��Ã|ÌrÌa�ÉZÅ�|�Z]����
æçåº �ÄÀË�³�d�Y�d��{��� �

Ê»��Ì¤f»�ºnu��À¯YÁ�|�Z]���
� �A


   

4 3 1 1
1 4 4��

� �
A

A
A A

A
A

A

C

C
x x

C

C

 

    

  

0

0

1 31 1 124 4
1 1 17 1711 4 4 16

��

� � A A A AN N x N mol
 

         
 

0
12 5 201 4 1 417 17 17��
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æçæº �ÄÀË�³�d�Y�d��{��� �
Ë�³��{�ÄÀ�Á�Á��À¯YÁ��{�Ä¯�Êe�Â���{�d�Y�Ã|���¯}�ºnu�½|¿Z»�d]Zi�������d·Zu��{�d�¸£�cY�ÌÌ¤e�Ä·{Z »��¨��Äm�{�ÉZÅ  0�

Ê»��Ë��c�Â��Ä]�|�Z]���
� �  A

A A
A

K
Ln x t

C


  

0
1��

æççº �ÄÀË�³�d�Y�d��{��� �
Ê»�Ê·{Z e��À¯YÁ�|�Z]����
�µ{Z e�Ä�v·��{�Ê¿ÓÂ��ZÌ�]�½Z»��� �

e eA BK C K C1 2��
� � A A B B B B A AC C C C C C C C      0 0 0 0��

� � Ae AeK C K C K K     1 2 1 212 4 8��
� �K

K
2

1

1
2��

æçèº �ÄÀË�³�d�Y�d��{��� �
�Ë~aZ¿�d�³�]�µÁY�Äm�{��À¯YÁ��{����

� �A A A ALn C Ln C Kt Ln C Kt Ln C      0 0��
��Ë{Z¬»�¾ËY�]ZÀ]ALn C��{�AC  1��{�Á�{Â]�|ÅYÂy��¨���]Y�]�AC 0 1d�Y{�|ÅYÂy�Ê¨À»�É�Ë{Z¬»����À¯YÁ�Ä¯�Êe�Â���{��Äm�{�ÉZÅ

|¿�Y|¿�¹Z¼eY�½Z»��®Ë����
æçéº �ÄÀË�³�d�Y�d��{��� �

� �A A A
A B A

B

dC C dC
KC C , KC

dt C dt
      

20
0

1��

� �A

A A A A

x
. Kt

C C C x
  

0 0

1 1 1
1��

� �/
K K

/
     3

1 0 2 144 0 8 4
��

� �/
.t t min

/
   3

1 0 5 1 164 0 5 4
���¹Á{�d·Zu��{��

æçêº �ÄÀË�³�d�Y�d��{��� �
Ä·{Z »��À¯YÁ��{�ºnu��ÌÌ¤e�É�Ê»��Ë��c�Â��Ä]��Ì¤f»�ºnu�ÉZÅ�|�Z]���

� � A AV V x  0 1��
� �A A

n
y

a

 
     

2 1 1 11��
� ���Ë~aZ¿�d�³�]��À¯YÁAx  1��
� � V V cm    3

0 018 1 1 9��
æçëº �ÄÀË�³��d�Y�d��{���
�Ã{Z»AÊ»�Ã|ÀÅ{��À¯YÁ��Ê»�º¯�½M�d�¸£�Äf§��Äf§��Á�|�Z]�{Â����

� �A A A AP C RT C P   ��
�ÊW�m��Z�§�¾ËY�]ZÀ]AÊ»��ÅZ¯�0Z �«��|]ZË���

� � A A
a

P P
n

  


0 0
1 2

 
��

�¹�e�Ä¯�¾ËY�Ä]�ÄmÂe�Z]�Ê»�d^j»�Ã�YÂ¼Å����À¯YÁ�¾ËY��{�Á�|�Z]n0�Y��¹�e�¾ËY�]ZÀ]�d��Á�Ã{Â]�d^j»��Ì¿�  0Ê»����Z�§��a�|�Z]
Ê»��ËY�§Y�ºf�Ì��¶¯�{Â]��z�»�ºÅ�É�f»ÂÌ¯Âf�Y�\ËY���ÉÁ���Y��»Y�¾ËY�Ä¯�|]ZË����
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æçìº �ÄÀË�³�d�Y�d��{��� �
�ÉZÅ�Âf¯Y�Plug�Á�MixedÊ»�ZËZa�c�Â��Ä]��Ä·{Z »��{�Á�|À�Z]�d�¸£�cY�ÌÌ¤e�¹�e�ZÆ¿M�{�°¸¼��É{�Y|¿�{ÂmÁ�½Z»��d^�¿�����

æçíº �ÄÀË�³�d�Y�d��{��� �
� �A B B B

A B A A A
dC C C C

KC C , C C C
dt


     2 0

0 2 2��

� �A
A

A A

dC
KC Kt

dt C C
    3

2 2
0

1 14 8��

� �A

A

K /
C

K /

K
C


     


      

    



2
0

2
0

1 1 8 0 5 604 11 8 60 0 51 1 48 1 601

��

� �K K  
3 32404 960��

æçîº �ÄÀË�³�d�Y�d��{��� �
Êf�Ì·ZeZ¯�ÉZÆ�À¯YÁ��{���

� � A
c

A

C
Ln K K C t

C
  1 2

0
��

� � A
c

A

C
Ln K K C

C
  1

1 2
0

2�d·Zu��{����

� � A
c

A

C
Ln K K C

C
  2

1 2
0

4�d·Zu��{�����

� �
A

A AA

A A A

A

C
Ln

C CC
C C C

Ln
C

 
    

 

1 2
1 20

2 0 0
0

1
2��

� �A A AC C C1 2 0��
æèåº �ÄÀË�³�d�Y�d��{��� �

��]Y�]��j¯Y|u�d����Êf�Ì·ZeZ¯ÂeY��À¯YÁ��{tKC2

4Ê»����{�Ä¯�|�Z]A RC CÊ»�©Z¨eY��|f§Y���

� �t t
A Max t

KC C
r C    

2 249 34 4��

� �t R A t R R
mol

C C C C C C
lit

     
32 2��

�cZÌ�ZË���É{�]�Z¯É{|��/���
æèæº �ÄÀË�³�d�Y�d��{��� �

� � x y x x y y    2 1 2 0��
� �x

y y y
x x

 
    

  2
1 2 0��

� �   
x

p x q x
x x


  2

1 2��

   q x ,p x��{�x  0Àf�Ì¿�Ê¸Ì¸ve���a�|x  0d�Y�Ä·{Z »�{�¨À»�Ä�¬¿�®Ë�����
� �   xp x x , x q x  21 2��

��{�ÓZ]�c�Z^��Á{��Åx  0��a�|Àf�Å�Ê¸Ì¸ve�x  0Ê»�º�À»�{�¨À»�Ä�¬¿�®Ë��|�Z]����
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��

æèçº �ÄÀË�³�d�Y�d��{��� �
� �   n n

n n
d

x J x x J x
dx 

  
  1��

� �   n n
n nx J x dx x J x C   1��

� �   n x J x dx x J x C   
2 2

1 22��

æèèº �ÄÀË�³�d�Y�d��{��� �
�Z]�d�Y��]Y�]�Ä¸X�»�¾ËY��Y|ËZa�[YÂm����

� � 
C C

C x Ax B A
xx

 
     



2

2 0��

ºË�Y{�É��»��ËY���µZ¼�Y��Y���
� �   

C
x A C x B

x


     


0 0 0��

� �   C x B C x     1 3 3 3��
��{�É��»�����½Âqx  0d�Y�Ê�ÂÀÌ�¯�Ã�ËÁ��]Ze��a�d�Y�¹Á{��Â¿�� ���{�É��»����x  0��{�Á�¹Á{��Â¿�x  1��{�d�Y�µÁY��Â¿�

ÄnÌf¿�� �n n
n n

L

    
         

   

2 1 2 1
2 2��

æèéº �ÄÀË�³�d�Y�d��{��� �

� �u u u
r m u r m u

r r rr

    
      

    

2
2 2

20 0��

� �     r u ru m ru u r C J m r C Y m r      2 2
1 0 2 00 2 2��

æèêº �ÄÀË�³�d�Y�d��{��� �
Ê»�¾Ë�´ËZm�µÁY�Ä·{Z »��{�Ã|��Ã{Y{�É���ÉÁ���Y�Y��¹Á{�Á�µÁY�ªf�»�ºÌÀ¯���

� �
 

 

n
n

n n n
n n

n nn
n

n

Y na x

n n a x a x

y n n a x





 
  


 




  



   

  





 



1

1 2 2

2 02

2

1 0
1

��

�ºÅ�µÁY�Ä¸¼m�½YÂe�Ä¯�¾ËY�ÉY�]n  2�,{Â��n�Ä]�Y��n  4Ê»��ÌÌ¤e��ºÌÅ{����

� �      n n n
n n n n n

n

a
n n a x a x n n a a a

(n )(n )



 
  




          

  2 2
4 4 4

2
4 3 0 3 4 0 3 4��

� � 

æèëº �ÄÀË�³�d�Y�d��{��� �

� �  x x xx x e dx x e x e
 

      
6 4 2 6 2 4 2

0 0 0
��

ºË�Y{�Á�]Á���Ì¤f»��ÌÌ¤e�Z]����
� �u

x u du dx , x   2 2 2��

� �u uu du u du
e e

 
    

    
    

6 4

0 02 2 2 2��

� �u uu e du u e du
 

   
6 4

7 50 0

1 1
2 2

��
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��

ºË�Y{�Z»Z³��]Ze�¦Ë� e�Ä]�ÄmÂe�Z]���

� �         x nn e x dx n n !


          
1

7 50

1 17 5 1
2 2

��

� �   ! !    7 5
1 1 720 24 396 4 128 32 82 2

��

æèìº �ÄÀË�³�d�Y�d��{��� �
� �x y xy xy y y y

x x
         

2 2 42 4 0 0��
� �   y y p x yq x    0��

ºË�Y{��� �   
x x

p lim xp x , q lim x q x
 

  2
0 00 0

��
� � r r rp q    0 01 0Ê�Ë|¿Y�Ä·{Z »���

ºË�Y{�d�e�¾ËY��{�Á����
� �

x x
p lim x , q lim x

x x 

 
       

 

2
0 00 0

2 42 0��

� � r r r r r r ,         21 2 0 3 0 0 3�Ë|¿Y�Ä·{Z »�Ê��
æèíº �ÄÀË�³�d�Y�d��{��� �

�ÉZf�Y�� Á{��Å� �{�É��»��ËY���ºÌ�ËÂÀ]� Y��É��»��ËY����³Yx� Á�y�ÉZf�Y�� �{� Á�µZ¿Â³Âe�ÁY��]YÂe�Ä]� Á�d�Y�¾´¼Å�x�Ã�ËÁ��]Ze�|ËZ]�
n

cos x
L

 
 
 

|�Z]����ÉZf�Y���{y�|ËZ]�Ã�ËÁ��]Ze�m
sin y

H

 
 
 

��{�½Âq�|�Z]�y  0d�Y�µÁY��Â¿�É��»���������

æèîº �ÄÀË�³�d�Y�d��{��� �
æéåº �ÄÀË�³�d�Y�d��{��� �

� � 
x x

x xe dx erf x e dx 
   

 
2 2

0 0

2 2
5 5��

� �   erfc x erf x /     
2 31 1 0 65 5��

æéæº �ÄÀË�³�d�Y�d��{��� �
��Y|ËZa�d·Zu��{T

t





0Ê»��|�Z]��ºË�Y{��a���

� �T T T
x C

xx x

  
        

 

2 2
12 210 0 10 10��

� �T x C x C    2
1 25��

� �   

   
steady

T
x C C

x T x

T x C C


          

        

1 1 2
2

2 2

0 0 0 10 0 0
160 5

4 80 80 5 4 160
��

æéçº �ÄÀË�³�d�Y�d��{��� �
�Ê¿�Á��]Ze�Z]�|»Z f»�Ä�Â¼n»�¶�]��]YÂexÊ»��|�Z]����

æéèº �ÄÀË�³�d�Y�d��{��� �
� �     nx y xy n n y x y xy y

            
12 21 2 1 0 1 2 2 0��

�µÁY�Ä^e�»��|¿Y�·�Ä·{Z »�[YÂm n  1Ê»��Ë��c�Â��Ä]��|�Z]���
� �     y x C P x C Q x 1 1 2 1��

� �       P x x , Q x Q x P x  1 1 0 1 1��
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��

� � 
x x

Q x ln
x

 
  

 
1

1 12 1��
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