


  )(

     



  

  :                 

  :               

 

i f
System

Environment 

Q > 0

W < 0

W > 0

Q < 0



         :

          :
 



Pi

Vi

Ti

i f

Pf

Vf

Tf



          

      
       

ds        
        

Heating source

P , V

A

Fg = PA

F1

Heating source

P , V+dV

ds

F2

Fg = PA



             ds)  dV:(

PdVPAdssdFdW 


.


f

i

V

V
PdVW

          
     iV   fV  

       )fV< iV (     
       )fV>iV (      




f

i

V

V
PdVW

      P-V

P

V

P

V



    :

-   :      

0)(  
f

i

f

i

V

V if

V

V
VVPdVPPdVW

          
         

Q > 0  :     
W > 0       



-   :      

            
     .

Q > 0

0 
f

i

V

V
PdVW



-       :

i →  a :  W = 0  ,   Q < 0

a →  f :  W > 0  ,   Q > 0

  a  f        
           

      

P

V

i

a
f



-  :

i →  a :  W < 0  ,   Q < 0

a →  f :  W = 0  ,   Q > 0

  i  a        
          

P

V

f

a
i



P

V

f

a
i

b
P2

P1

V1 V2

-:

          
   

i →  a →  f    →  b →  i :

Wt = W1 + W2 + W3 + W4 =

= P1 (V1 – V2) + 0 + P2 (V2 – V1)

= (P2 – P1) (V2 – V1) =   



        

P

V

W > 0

P

V

W < 0



P

V

i

f

  :

   :

 *               
    :Q , W , Q+W , Q+2W , …

 *       :Q-W

2W–2Q= 1W–1Q

)     (

    +Q

      +W

(1)

(2)



  

               
       .

                
i

f

dWdQdE

WQE

EEE if







int

int,int,int

 



       :
      
    

  :
Q < 0 ←     
W > 0 ←      

  :
Q > 0  ←     
W < 0 ←      

W = - W 



      

-    :
              

     :

Insulator

   
             

Q = 0     →    ΔE = -W

      W > 0   → ΔE < 0   

     W < 0   → ΔE > 0   



 (        
)  (

    F       
      Δx :

W = F Δx > 0

W = -W < 0 

ΔE = - W > 0

          

gas

(a)

Δx

(b)

F0

F



 (        
)  (

    F       
     Δx :

W = -F Δx < 0

W = -W > 0 

ΔE = - W < 0
(b)

F

Δx

(a)

F0



      

-   :
  

                

QE

PdVW
f

i

V

V



  0



      

-   :

                   
 .

WQ

WQ

E





0

0
P

V

if



      

-  :
                    

      

0

0,0




WQE

WQ


