
 1 

§!  "#$%&'()*+,-./0%12!
!

! 34&56"#$%&'(789:;*<=>;$"#$?@+,-.A$BC

D=E:F;$G>H'($IJ$KLMNOPQR

! 

(1/2)k
B
T$+,-./CS9

=E:T*$+,-./0%12UD=E:FVWXOYMZR

! 

k
B
W Boltzmann[

\Z]:^!;$_`*PQ>R7ab[\*PQ>34&56"#$[cd-ec

fW(3/2)R*g:Fhijk(&$l+,-./C

! 

k
B
T*g:;*<=>mngo

$34&_p$d-ecfW 3R*g:;*>qr>34&_pZgs>It$u

vBN n0w$4&7xyuz{_p$d-ecfW 3n0R*g:F;EW>|YZ

$}#$d-ecfNJ~Q$ Dulong-Petit$�2NO��:FP<P>;E=$

�2W�Y��ZW��Pg~Fqr>�4&%&ZW�YZU+,-./0%1

2W��PQ~g~F!!

!!

1-1)!56"#$%&'(!

! �$��g3�g�[�56"#$�[�7�~Q>c�*e����N]:"
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! ! ! ! ! ! ! ! ! ¼½Û$'(f! ! ! ! ! ¼½Ü$'(f 
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!      

! 

mv
1
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1
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! ! !
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1
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! !    
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f
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! ! !  
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i
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2
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i
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Z]:F÷øQRl%&!

! 

N = n
1
+ n

2
+ n

3
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i
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! ! !
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i
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*g:F 

 

1-2�%&$�$%&ÉM*56"#$��ÇÈB  

! ;;Z>"#%&$�$%&ÉM�mean square velocity, 
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1
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+ n
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2
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i
v
i

2
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;$�$%&ÉM�mean square velocity, 

! 

< v
2

>�W>þÿM$'ë7(àQ>ÉM

$%&7�$PrU$Z]:F;E7)�*>(10)W*3NÍà:F 

! !     

! 

F = F
i

i

" = m # N# < $ 2 > /R                             (12) 

Å#c�$lØ+¡W

! 

(4"R2)Z]:<=>F7;$lØ+¡Z,EÑ>"#$��

(P)*g¿> 

! ! ! !

! 

P = {m " N" < # 2 > /R}/(4$R2) = m " N" < # 2 > /((4$R3)       !  (13) 

Z]:FÅ#c�$l#¡W

! 

V = (4" /3)R3Z]:<=, 

        

! 

P = m " N" < # 2 > /(3V ) =
2

3
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1
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m < # 2 >]/V              !  (14) 

*g:F 
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! 
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1
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2
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2
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i
(
1

2
mv

i

2
) + " " "  
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1
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2
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3
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*g:F;EW>�$%&ÉM�mean square velocity, 
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< v
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! ! !      

! 

P =
2

3
E /V ! ! .W! !

! 

PV =
2

3
E !           ! ! ! ! ! (16) 

EW?@+,-./U$;*Z]:<=R 

! ! ! ! ! !

! 

PV =
2

3
U                                           (16') 

;EW Bernoulli�/-0/1�$B*2ÑERe�vZW3s;*C®¯g~_

`Z]:F 

! (16')$45WF6s7=EQ~:56"#$��ÇÈB>"#$d-\78>"

#[\7 R*�:*R

! 

PV = "RTNO��:F  

                   

! 

PV =
2

3
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! 
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A
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1
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2
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! 

2
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(
1
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2
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A
)T = k

B
T                           !  (18) 

! 

R /N
A
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B
7 Boltzmann[\*;�F;EW"#[\ R7 NA=Avogadro\Z,ør
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U$N0P~F(15)<=

! 

E = N " (
1
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m < v

2
>) Z]:<=> 

! 

(
1
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m < v

2
>) = E /N = " ! Z

]¿>;EW%&IwÙ¿$'(+,-./N0P~F(18)<=R%&IwÙ¿$

�$'(+,-./

! 

(
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2
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! 
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*g:F 

 

1-3) "#$%&'(Nßà:+,-./0%12  
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!
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2
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2
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2
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2
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! 
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2
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2
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2

>  

Z]:F:NR(19)W�$;*7ÓÔ�:F 

!  ! !

! 

" #
1

2
m < v

2
>=
1

2
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2
> + < vy

2
> + < vz

2
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3

2
kBT ! ! ! ! (20) 

! ! ! ! !

! 

1

2
m < vx

2
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1

2
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2
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2
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2
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1

2
kBT! ! ! ! ! ! ! (21) 
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(1/2)k
B
T$+,-./CS9=E:;*7

ÓÔ�:F;E7"#$%&'(Nßà:+,-./0%12*;�F�¬*

PQ$ab$*3g�vj@)<=YM$ÓÔCABNgørF 

!  (19)<=>!d-$56"#789:*>C57 NA=Avogadro \DPrU$C

l+,-./Z]:<=>;EW!d-$56"#$?@+,-./(U)$;*Z

]:F 

! ! ! ! !
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U = E = " N
A

=
3

2
k
B
N
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T =

3

2
RT ! ! ! ! ! ! ! ! ! ! ! ! (20') 

*g:FU 7>#¡I[NPQ>YM T ZE%PrU$C>[cd-ecf CvZ

]:<=> 
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! ! ! ! !

! 

C
v
" (
#U

#T
)
V

=
3

2
R                                   (22) 

*g:F56"#$[cd-ecf CvW>(3/2)R*g:F 

!  

1- 4) +,-./0%12*34&"#R�4&%&"#$ecf  

! *;-Z>±ª$_`W>!�56"#$%&'($ ��A·�$�[7ß~QD

=EQ~:FFN>!

! ���!  $"#%&$#¡WRc�$#¡N¢£Q¤%N¥¦sR§"#%&W!

! ! ! ¨©ªR#¡7«Pg~�¬*g�;*C®¯:F!

$�[<=�:*>G©$abuvHZ>;ENIIJz�:$W34&"#Z]

:KabZ]:F! (22)$56"#$[cd-ecf Cv=(3/2)R 7>G©$ab$

Cv7s=£:*R34&ab$ CvWB<N(3/2)RNIL�:;*CM:FP<P>

%4&%&Z]: H2, N2, O2, N4&%&Z]: H2O, CO2 go$ CvW(3/2)RNl

sILPg~�Ø!�F 

!  

Ø!F"#$[cd-ecf©Oæ*PQæ$¢R 

"# Cv (J/mol/K) 

(©Oæ) 

! ! ! Cv (J/mol/K)  

! ! ! (3�PQæ) 

He 12.62  (-180°C) (3/2)R=12.47 (34&ab) 

Ar 12.51  (15°C)      =12.47  

H2 20.29  (0°C) (5/2)R=20.79 (24&%&) 

N2 20.62  (16°C)      =20.79 

O2 21.13  (16°C)      =20.79 

Cl2 25.08  (15°C)      =20.79  

CO2 29.30  (16°C) (5/2)R=20.79 (ÏS 34&%&) 

H2O 27.76  (100°C)    3R=24.94 (TÏS 34&%&) 

CH4 27.05  (15°C)    3R=24.94 (TÏS 54&%&) 

 

%4&%&H2, N2, O2 $CvWR(3/2)R=12.47(J/mol/K)ZWgs>(5/2)R=20.79(J/mol/K)

NU~æ*gøQ~:FrùP>Cl2! ZWA=<N(5/2)R�¿VÎgæZ]:F;
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�:*>%J$J$�¬Õ$ìíW�NI[$4&Õìí7]JF;$^_`aN

�¿>Z[\bÖ4&%&$'($KLMW>KLg%4&$'($KLM< xÖ

ñc�¿!ùàdg~e*g:F+,-./0%127¶~:*>Z[\bÖ4&

%&!d-$l'(+,-./�?@+,-./RU)WR 

! ! ! ! ! !

! 

U = E = 5 " (
1

2
k
B
T)N

A
=
5

2
RT ,      

! 

C
V

=
5

2
R! ! ! ! ! (23) 

*g:FØ!ZW H2, N2, O2 $ CvW;$æNT�NU~F 

! �$��NU89:;*C®¯:FZ[\bÖ4&%&$'(ZW>%4&%&

$'f$gh'($KLMC<Z]:F;E±²N>%&l#$õi'(CjkZ

]:F'f7l¿_zmNnÏg+?N]:%J$m�Á<$ x* z$m�$o¿

$õi'(C89=E:FÖ4&$_zÇê�Á<$ ym�7m*�:õiW>4

&7�¬*g�p¿>q»d/rstCu*g:$Z89gsQU6~Fõi'

($KLMWÖZ>zPZ'($KLMWe*g:F;$�vWRÏSb$�4&

%&7Y#j%&*89:p¿��_`Ng:FÁwNX���N>CO2WÏSb

$<4&%&$xZ]:F 

x 

y 
z 

Á<FY#jN_zPr[\b$Ö4&%& 
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! H2OU<4&%&ZW]:C>ÏSbZWgs><4&$�$ô�W�I�+?

N]:FTÏSb$�4&%&7Y#j%&*�:*>'f$gh'($KLM<

*NJ$ÏymNË�:õi$ 

 

 

 

 

 

 

 

 

KLM<C]:$Z>'($KLMWcZ> 

             

! 

U = E = 6 " (
1

2
k
B
T)N

A
= 3RT ,       

! 

C
V

= 3R        (24) 

*g:F<w±ª$zJ$4&<=g:%&ZU;$_`WÒ{=g~FØ!$3

�PQæW~ÆEU>Y#j%&*+,-./0%127�[PrU$Z]:F 

! P<P>Ø!$¢RZW>CO2, H2O, CH4 $[c¢e$©OæW>A=<NY#

j%&*+,-./0%1<=$PQæ�¿VÎ~FCl2ZW (5/2)R�¿ 20%±ª

VÎgæ*gøQ~:;*<=U>Y#jg_zZWgs>|,$��N4&Õ$

_zìí$}~k(goC�¦E:��g�v789rÇC6~F Cl4&$ 

 

 

 

 

 

 

 

 

ÏSb<4&%& 

CO2 

TÏSb<4&%& 

H2O 

ÁwFÏSb%& CO2*TÏSb%& H2O 

Ö4&%& <4&%& 

ÁeFk(�:�4&%& 
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�fW>H, N, O 4&$�f�¿VÎ~<=>k($KLM$�SW Cl2ZWVÎ

sg:;*CÙÚ�6¦E:FCO2, H2O, CH4! $�zU;$��gk($KLM7

89:£ÎZ]:F 

! 56"#Z]øQU>34&56"#*%4&56"#ZWecf$æW�IZ

Wg~F[cecfCYM$ë$Ë\Z]:;*W56"#ItZ�lPQ~:C>

[cecf$YM�þ»W>%&$?@��N�þPQ~:F��W> (20') 7Y

M TZE%PQ (22)$[cecf 

! ! !

! 

U = E = " N
A

=
3

2
k
B
N

A
T =

3

2
RT ! ! �! !

! 

C
v
" (
#U

#T
)
V

=
3

2
R! ! ! ! ! ! ! !   

7Dr$Z]:C>;EW34&56abZ]ør<=�¦E:;*N�ÓP��F

%4&%&.WÏS%&$[cecf7> 

! ! ! !

! 

U = E = 5 " (
1

2
k
B
T)N

A
=
5

2
RT ,      

! 

C
V

=
5

2
R! ! ! ! ! (23) 

TÏS%&$[cecf7 

! ! ! !

! 

U = E = 6 " (
1

2
k
B
T)N

A
= 3RT ,       

! 

C
V

= 3R       ! !  (24) 

*Pr$W>e�v$��<=�:*�ÙW>

! 

C
V
7�[PQ>?@+,-./7

[Þ:;*7�ør$Z]:Fòó> 

! ! ! !

! 

U =U
0

+ C
V
(T)dT

T0

T

" ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (25) 

7�[Pr$Z]:Fù<=R�U7YMZE%PQ

! 

C
V
CÝq:�*�:$W�Ù

W�s�sbZ]:F56"#$��ÇÈB

! 

PV = "RT*W��NR?@+,-.

/*YM$ËÌ7�[PQ~:*5=�:�ïC]:F  qrRYMN�þPg~

! 

C
V
WR�+�N89:*�e�v$�N�2�N���:FIJ$U�*PQ�

¦EQ~:N��g~Fù<=R�ÙWR (25)  *PQR 

! 

C
V
Co$��gYM$

Ë\ZgàEÑg=g~<789�ïC]:F                            
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! %&$[cecfNW>ItN>gh>õi>k('($lQC�SPQ~:F

P<P>�¬*PQ$34&abZW>VÎ¦7��ZÎ:�¬ù<=> $�¬

$?@���W��N®¯g~Fù<=>õiRk('(W89gsQU6~F*

;-CR�%4&%&RN4&%&�go$;�W> $%&C>¬ZWgsR 

Õj¡C¿7¢ør{�Z> $?@��NJ~Q$7£C¤ND=EQ~:;*

7ÓÔ�:F÷øQ> $'(W>%&$'f$gh$ëg=Æ> $?@��7

¥¦Pr%&$õi�k('(U89§Ñg=g~F©OæZ]:"#$ecfN

WR"#$?@��C¥¦PQ~:F;$�ó$k('(NJ~QW>H2, N2, O2 $

Ö4&%&$�zW�YZW¨o�SPQ~g~FòóR�YZW>k('(NW

+,-./C0Ps,¿ÙQ=EQß=Æ>+,--./0%12W>gh*õi

'($ëN��PQ~*;9:F±©ZW>;$k('(NJ~Q89:F  
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1- 5) !"#$%&'()*+,-  

! ./&0123*45 k678!"#$%9:$;<=>?&'()*+,-6

@A>B 

 

 

 

 

 

 

 

  

 

 

C&#%&:$DEF  

! 

m
! 
" =
! 
F GH

! 

m(d
2
x /dt

2
) = "kx  IJ>BC&KG 

! ! ! ! !

! 

x = Acos("t + #)                                      (26) 

IJ>BLM;H

! 

" = k /m  IJNHCOGP#$&Q#$5IJ>B#$5!R

GH 

! 

" = k /m = 2#$H&STUJ>B

! 

AG#V&45H

! 

"GWXYZ6[\45

IJ>B 

! C&!"#$%&)*+,-(E)GH:$)*+,-(Ek)RY])*+,-(Ep)&

"IJ>^_H 

     

! 

E = Ek + Ep = (1/2)m(dx /dt)
2

+ (1/2)kx
2  

               

! 

= (1/2)m{"#Asin(#t + $)}2 + (1/2)k{Acos(#t + $)}2 

               

! 

= (1/2)kA
2

= constant                             (27) 

! `DHP#$&aXRQbc&STGH

! 

" = 2# /T
0
IJ>B`aXdN&:$)*

+,-R`aXdN&Y])*+,-GHeOfO6 tgh^_ tgThiIjk;L

l&IJ>BCO_6 ThImOnH:$)*+,-&?o'(p (<Ek>) RY])

*+,-&?o'(p(<Ep>)R2>B 

x=0   x 

3*45! q &#%!

./B3*45 kRrs m&!"#$% 

rs m 
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! 

< E
k

>=
1

T
0

(1/2)m{"#Asin(#t + $)}2
t= 0

t= 2% /#

& dt = (1/4)kA
2         (28) 

 

      

! 

< Ep >=
1

T
0

(1/2)k{Acos("t + #)}2
t= 0

t= 2$ /"

% dt = (1/4)kA
2          ! (29) 

!"#$%&'(

! 

sin
2
x = (1/2)(1" cos2x),       cos

2
x = (1/2)(1+ cos2x)  )*+,-./

012! N>>1345 t6N T789/$:;<=>?@3AB<=>?@$89CD

EFGHIG<Ek>3<Ep>JK4LM12NO(N PQR/'MSTU/FV'WG

XYHZJM12[\( 

! !      

! 

E = Ek + Ep =< Ek > + < Ep >= (1/2)kA
2 

                   

! 

< Ek >=< Ep >= (1/2)E                        (30) 

/]12̂ _/':;<=>?@3AB<=>?@$89CDE345<Ek>3<Ep>

3`4OPG89CDE3abac)d45(eJ(:;<=>?@3AB<=>

?@GEk3 EpG3fg5F5FhS2 

  

1- 6) ijk&k$l;:;  

! ijk&k$l;:;', im$jk$no)Hpq_/r+",hSs#G 

!") xtJuvb2 

 

!  

 

 

 

 

 

 

 

&k$:;<=>?@3AB<=>?@'Gw"x"G 

x67 

m1 m2 

x1 x2 

yz2ijk&k$jk$no3{| 



 14 

      

! 

E
k

= (1/2)m
1
(
dx

1

dt
)

2
+ (1/2)m

2
(
dx

2

dt
)

2
= (1/2)m

1
( ˙ x 

1
)

2
+ (1/2)m

2
( ˙ x 

2
)

2   ! (31)! ! ! ! !  

      

! 

Ep = (1/2)k(x
2
" x

1
)
2                                     ! (32) 

!"#$(31)!%&'()*+',-./012345678#. %&'9:;%

&'()*+',-./0<=>?@?= 

       

! 

X
G

=
m
1
x
1

+ m
2
x
2

m
1

+ m
2

 

! ! ! !

! 

E
G

= (1/2)(m
1

+ m
2
)( ˙ X 

G
)

2
= (1/2)(m

1
+ m

2
)[

m
1
˙ x 

1
+ m

2
˙ x 

2

m
1

+ m
2

]
2  

!"#ABC(31)<D'EFGHI#J 

!

! 

E
k

= (1/2)m
1
( ˙ x 

1
)

2
+ (1/2)m

2
( ˙ x 

2
)

2
!  

! !

! 

= (1/2)[
(m

1
˙ x 

1
+ m

2
˙ x 

2
)

2

m
1
+ m

2

] + (1/2)m
1
( ˙ x 

1
)

2
+ (1/2)m

2
( ˙ x 

2
)

2
" (1/2)[

(m
1
˙ x 

1
+ m

2
˙ x 

2
)

2

m
1
+ m

2

] 

    

! 

= (1/2)(m
1
+ m

2
)[

m
1
˙ x 

1
+ m

2
˙ x 

2

m
1
+ m

2

]
2

+ (1/2)
m

1
m

2

(m
1
+ m

2
)
( ˙ x 

2
" ˙ x 

2
)

2
! ! ! ! !     (33) 

KLMN%&'()*+',-./0!"O=KPMN2Q'R+'*+,-./

0168$R+*+SI1TU#'!CVW5CX?1

! 

E
k
;8?YC 

! ! !

! 

E
k

= (1/2)
m

1
m

2

(m
1
+ m

2
)
( ˙ x 

2
" ˙ x 

1
)

2,  

! 

Ep = (1/2)k(x
2
" x

1
)
2             !  (34) 

;Z#$

! 

(x
2
" x

1
)<P[Q'\]^31"B_8ABC

! 

(x
2
" x

1
) = XC;H`$abC

! 

m
1
m
2

(m
1
+ m

2
)
<cdef;gY?=

! 

m
1
m
2

(m
1

+ m
2
)
" µ! ;H`;= 

! ! !

! 

E
k

= (1/2)µ( ˙ X )
2,  

! 

Ep = (1/2)kX
2                             !  (35) 

;Z#$X?< 5)!hibjkR+QG]8#l2mno;pqr'1s`$tuC

vewxGyzN{A|Cew'\]^3!}a#~����.GE#�z'�N

��8#��<C,-./0���N��8#�$X?<=��z�'����C

�UYC�z������=�[�! �=�� �¡=�L¢z��£�¤¥! ¦=§¨

H©�¡ZªG«¬N"#$ 
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! !"#$ (34)%&'((35))*(+,-./01234

! 

Ek + Ep = const.! 3%&

5/! 6)789+,3:;<&=4 

    ! ! ! !

! 

µ( ˙ X )( ˙ ̇ X ) + kX( ˙ X ) = {µ( ˙ ̇ X ) + kX}( ˙ X ) = 04  

=>&?

! 

˙ X = 0(@A)B3(>')3$

! 

µ( ˙ ̇ X ) + kX = 0! CB3%&? 

! ! ! !     

! 

µ(d2X /dt 2) = "kX                                   !  (36) 

!"#$5)3DEFG*@AH)IJ m 9KLIM!

! 

m
1
m
2
/(m

1
+ m

2
) " µ  -NO<

&PQ34(26)RS)TUCV)WWXY<&6=CZ&? 

 

1- 7) [\]^_`;ab=cd)efM  

! [\]^_`;ab5/<&=4gh T )i=3ejk-%&G*@AH3(4

! 

< Ek >=< Ep >= (1/2)kBT=>&?!"#4G*@AH)l[\]^_( 

                  

! 

E = 2 < E
k

>= k
B
T ! ! ! ! ! ! ! ! ! ! ! ! ! (37) 

=>&?m5m4n-oFpq-4rsH;Htu)vsH;H3i4wg3(4

@A-([\]^_(`;axy#'>'?1z4gh T)e{=ejk-%&c

d9|X<&sH)e@A9DE&}~(4G*@AH)l[\]^_

! 

k
B
T(wg

3%"#i���>��9��}~Cv�%&? 

! ��-�<pq-$��cd)��HJ-�1)sHC��<&�sHcd9D 

E&?Yz�H)�sH($�>�=i$���)��)sH=)����9m>

C/e@Am#'&=DE��>/>'?V)�sH)j�)��(��HJ-1

�<&C4gh T3e@A-p&: N�9,¡>�¢£¤m#'&?6y(v¥

¦§=m#)�H@A=m#¨£©q6=C3ª&m4X«t¬H«)®¯)�

°>±5/4e@A9²³<&6=i3ª&?´-µ¶&pq-4·A)¸¹h=

G*@AH)º»]5/cd)@A[\]^_9TU3ª&? 

 n �)sHC%y�4V)·A)¸¹h(43n 3%&?cdl¥(¼½m#'&

=<&=4l¥=m#)¾¿·A=®À·A(Á'=DE&?!"#46)cd l

¥-ÂQ&@A·A)¸¹h(Ã3n-6Ä=>&? 
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! !"#$%&'()*+,n -./01234565789:;<$3=>?@

ABC,DE7FGH-! (3n-6)!3n! AI:JKLM NOP7QO-RSTUV

=%WX*:YZ, (3n-6)!3n [7\]7^_DEOBC@7%&`ab:L?A

cd#T()?Mef:,@7%&=7gDEhVij5(E)-klm#hVij5

nop`qrs?As*+k 

! ! ! !    !

! 

E = 3(n " 6)k
B
T # 3nk

B
T! ! ! ! ! ! ! ! ! ! ! ! ! (38)! ! ! ! ! ! ! ! ! !  

A$?ME-tuhVij5U7@A=>?BCk@7vw$xQO%&7yiz

{| Cv-,}~��7�WA\�TI:, 

!            

! 

C
V

= (
"U

"T
)
V

= 3k
B
N

A
= 3R                           (39) 

A$?M 

! �QOBC$?�W�%&=>f:J,\]7^_DEOBC@7%&`=<:

L?A7cd'�)+,]yi7�W�'��s?���T�*?gQO3' n0

AI:,�QO�W�%&7yiz{| Cv-,xQO%&7�W7 n0�T$?M

x 

y 

��MxQO%&NOP7QOA�7zDEM 

 

z 



 17 

!"# SiO2$%&'(n0=3)*+,-./0123(39)'( 

! ! ! ! ! !

! 

C
V

= (
"U

"T
)
V

= 3k
B
N

A
n
0

= 3n
0
R!                      (40) 

04+,56'3Dulong-Petit 701289:;<;62=+>?@AB+CD$

EFGHIJ@&KL+, 

! 1:1(M?@4+0CD$EFGNOJ'3PQ@ Dulong-Petit 7:;'R6

23ST12U9,V$ST$WX'3YZ[0@\4+,M?)$CD$EFG

'3T]^)^@_`950aHIb@<;62=+,cdefghij7klO

L+035$m7'3nopqkrs)t4=$0uvwx@3M?)$CD$E

FG$yZkrsz{4=,Einstein (1907)'3Planck(1900)$GX|k}`t35

$M?@~B+CDEFG��E���$��k��1�,56'�$����)

�|L+ 

 

 


