e |

X 0 j< (Preliminary) 4
x0.1 x aEga” F gx ai»¢cb” G i 4
X0.1.1TS wT™"t pv >»—0q‘M Y <
x0.1.2 Y6!:wi6 I ¢
x0.2a—qfH°O S
x0.2.1 oiAéD"w () Uostl || 8w pqT, w
VqgS rorrrrrrrnnrnrr oo 12
x0.2.2 oiAéb"w (2) :g$tl || H°O >9Sp~” 13
x0.3Se[wea S £ o)
x04a—9qTw:T || rsTwibq ; I S
x04.12!": : (two variables function) : : : oo 17
x0.4.2 -0 (totaldierential) :::::::::::::::000 00 18
x0.43 0 :qgq-U 2 |
x04.4 &a—qfMwel : 2 )
x0.45 &a—qw q!:x 2m >coorrrnrrrnrinnrnn 24
x046 < :t b~ Amw-U: ;oo 26
x0.4.7 TeuwzAGUUE S 10
x1a—9fUAi3R¢ 33
x1.01M || O”r1:*“8§S!: (y—=~9S)wMU{M-
(0111 G |
x1.1a—qJUAiI3Re (1) °auEcg?a” Sl 34
x1.1.1U UMmp<a—9NUAiI3RB¢cts”""ZpxsM s 36
x1.1.2 a—TJUAI3RBRcw®;g»T1$ ;Q S ¥
x1.2a—TUAiI3Re (2)]| x mEcga” R £
x1.2.1 Legendre! 6 || g!:w!dq pv f'o TS ::::: 38
x1.2.2 xpugqgehx aEcga” F xa—9fUAi3R¢eswT 40
x1.23Yd| A™7s 3!::qH°O Y < ¥4
x1.3a—TUAi3Re (3)|| w=i»¢h” i 43
x1.4a—TUAiI3Re (4)|| x mi»¢h” Ciiiiiii 45
X15ALwtqS ;oo 47
x151M wifqS oo B0
X152 qg!':wa|Mew«™ A S X |
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X153 a4a—TUAiR¢gx> «taWsM it B2

x154Y6M Uga—fNUAiZRcw«™ A A . V.

x 2 Maxwell w U 55
x21716 (x04.7)]] !':um qif weiM U i bb
x 2.2 Maxwellw Uw«<Z - ¥ 4
x221[j<« 1a—TAsUw q!:w> S < Y 4
Xx2.22[<ZO Al T+uwzZAGUUEtT” S o1
x223[«ZO B] «uwgqg,;6tT"MO N ¢ [
x2.3Maxwellw Uwl g™~ R R o ¥ §
x231Uwl ::::iiooorrriiiiirriiiiirrro6l
x2.32ug$™ q;0 S ¢ V24
x3a—fw°e U 66
x3.01gY>. || Y6M Uqqs 2!: ::::::::::: 67
x3.1oEc¢a”wM Uq JoulewO ool 68
x3.1.1[<ZO Al 4a—9fNUAi3R¢cwb; S o
x3.1.2gY>.w JoulewO A 4 0
x3.1.3cEc¢c2”wM Uqx S (72
x3.14[«<ZO B] H°O t81t ' hUO S £
x3.15[<Z0O C]feiuwee-t""%w$MO (E) : ::::::: 75
x3.240"qg Mayerw U :::::::iciiiiiiiiiiiiiiiii 79
x3.21Y6\!: "qg'owa0” N A° |
x3.22 0a0”’q yao”w q!: A < 0
x3.2.3 Mayerw Uw«<Z O o 1<

x 3.3 Joule{Thomson®L [¢«C2 ]| :::::::rrrr 97
x 3.3.1 Joule{Thomson :w«Z N * F 4
x3.3.2[C2]JT :w <ZO N *

x 3.3.3 Joule{Thomsonig || -kqo89S I
X4 =JUAI3R¢q% Mh% 103
x41 ,AEY| U qRuqi A 1 O <
x4.1.1 ai (material) g (molecule) : : :::: 0103
x4.1.2 Ri (component) : @ : @i s r 104
x4.131 (phase) : : ;oo r o104
X414 {7 , 0, >0 cocoon s n s n s s 0105
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x4.151i!'= (phasechange): :::::::::::::: 000000105

x4.1.6 Avogadro: || =fwi6 ::::::iiririiiii106
X4.2 % Mho| Pc:U!=b"% oLirioririoioir108
x4.3 =fUAiI3R¢ R 1 0 1 |
x4.3.1 Gibbs{DuhemwU : ::::::::: o109
X4.4 % Mh%wa—9TAsU|2 !::T’ 31 :e S 112
x4.41G tOb”a—9TAsU S B 2
x4.42 > G T'{S"U O B RS
x443H,F,U tOb”a—9YAsU N 1 NG
x4.44 =fUAi3RctOb” Maxwell w U :::::::::115
X445 dn w™7|| H°0O tee%=1$“A || Cor 117
XxX45sex oi»ghb” GU oM”WT O ¢ RS
x46gY>. w=fUAi3R¢ {0
x5 a—97% cUEq!=wM?2 122
x501a—1T% ¢cgx I 224
Xx5.1}q..4%qeiAéD”"7Gwjg A 24
x5116J ::::rcorrrrrrrrrrrorrrrorrrrn 123
x5.1.2 O hM\q S 2
x5.1.3 fwhSw*é N 24
Xx5.1.4 H°O qPa&cEc2"w!= S 245)
x5.150”"!:wiCQ S 02
x5.16 qg!':' Q S 2
X517 [ e |oiAébD"w!=M2 Jld S 0 ::::::::128
x5.18[° @ |H5wa—JUAi3R¢ || =niAéeD” D131
X519 -%iee :::::rrorrrrrrrnr o132
x5.2 0s9%qgx mEcga"7-wjg S RS 151
x5.2.1 x sE¢2"xn—b” ld F O::::::::::::135
X522 0s9%wa—91$ cUE A 1 ¥
x5.23\x "mEca"wiug$™ O 10
Xx53 ys9%qgx mingb”"7-wjg AV Y24
X531 x ai»¢gb”"«<n—Db” [d G 0 ::::::::::142
x5.32 ys9%wa—1T%$ ¢cUE A 2 77
X543qS :coiiiiiiiiiiiiiiiiiiiiiiiiiiiiiilds
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A— 1 [ ¢ %o

rp-» : U)o
3F305-»¢é , °¢ 5254
https://kanagawa.kz.tsukuba.ac.jp

1. O qRwW°A : iw 100:-:& 60:Zi wOutoe "DOpK” i
H1s:10D70(U) 2i-"A 6 [10 D17 O(D) Yo ~ 1. 3: V283
H2s:10D140(U) —ApA [1]: 3: ¥
H3s:10D210(VU) —AuA [2]: 4:

H4s:10D280(U) —ApA [3]: 4:
H5s:11D2O(+)® —AuA [4]: 4:
H6s:11D110(U) —ApuA [5]: 4:
H7s:11D180(U) —AuA [6]: 4:
H8s:11D250(U) —ApA [7]: 4:
H9s:12D20O(U): sApA :15: ¥
H10s: 12D9 O(U)Y

H1ls: 12D16 O(U): 8n 8%g :55: ¥

—ApA , cApA , 8o 8Y¥gwMce« , —SW &[%oeq%oiti?
(10:10 | ) b"wp— xkb pK” Y. Ej "/ED ,iSs&£ADpK
yI o "plITXa&i:>)Q"U , —11Z2<x~"00" .59.999... :x/&EUu" qs”
2 5010D7 O(U) wi1l:30t, manabaT'd. e [wY ¢UUC” +$b . ei«E
w]OtHlo ,manabaT’ Z oXi™"M
3 72i-"Awfd (manaba €° ) xa—9 | wS2> tSX .\w™™p 6:t b”
YA sse[px , Yy M°OtA,re” tsMg T’ , —ApA [1]iz :U 1:yM .

511 D2 O(+) xU5e[OpK”

Y6 "YtAl 450 Sw¥%g>a2e0O . c“*AlxaloEWb”
Y _AuAxae~“sMU , (i) cApAsrts e , (i) y>Me0se[” , (i) 8oY,
gt2ZhiA>=e0' pK”
Y8 % elv> 2VveT'!'Eb"DOQUK"“tb . fwOu , Alx «Tt*EMh tb
YWl«™] &%gxj @ sMU , ==t*""YFw=n8UoYigw% el Z2t Z Ne
hOutv* , 128 U|b” (% adJIxZJ sM ).
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". °b&dSS‘|baswa—1 H(wU’'rpu ) pia h—ApA
gr Yagwa " woJ>€RtT6b"\q<«li "M y11y12y13

2. SJéx , R 284S»T3pAUT %e®a—T I"w™ &[pK”
"hUlo ,a—1911 woe> "A"p , Tm, fwe[°0>6"A"q
MO2 wceqpeé[>bbS” 14 d. wgrS> o'mm , a—1
| wWi6>&S “OeoxeXcww , X*R—>84 " oM”

3. SM || Seé[¢ %t loX{>a&0 .y JOWAOD>: %tGLA
“swp , X{px , -xKt“{Tc , tUw2%q$ t :>Ko”
a—1T1“c :w:0> , KUTmApt{OhS , X{"xzu$t
Xs” Y5 16 Y8,5"q , KIgMO tmMo+ZsXs” yiTyis

Y100 padstpx ,4a—T1l w2ReaeixU' Urp® , MRaeiixU ¢ E\U]rp~reo
MhU, S&SxU'Uforpb” . "hUlo , MRauwe[°0w s’'c ,a—9qln
1.9’ owel[wve , @0oewq, , &[M , °AM sSrUGVXIE~"e" (gxM
Q 6d. ZZx ,«™MwWZAQxsMi—-O ). hqQy , b&dStpia oMhe ¥%g
> -“hU (-sw—AuAUfet"pb” ), a"wa YagwZJ« (TA )x, dJ
Bq o&L&;b"qg'Mi-0

Il a"wvgdJds> Ib”g x ,rp-»U d. t{S”xaS$S >, 381ugqqctOb
hSpK” . <IgMQy , Jéwes$ , xaeOc¢ , o+ "AE>é.$t Ob %" p
K"q!Z lo,”™M \W™Tp o, gXt (= ) ¥%gdds>x] itSV , levt?u
847re0M”T , SJéw°"¢cUr\tK”Tsr>BQsU’ , 16t “E%\qUI
M. ZIw™M$T "T" Ot , SASw-AuA«8aygtSMo , a” 897X %o
adJxZJNesM ("IJxZJb"D6QUK” ). T sU’ ,a dp-:U 7
ws'y (\exrtw%G>™ "sM ), S&Sw¥%gtSMo«d-pp-:> “pV
"pK-0

2. 0'x , a"w¥%gdJ>i“&"\gqsX , ,EWYBT %gdJ>*"R oM” (nds
w¥gdJwA2 isrUYs"\qT '@nXTc esM ). fwhS , AL$t , a~
wdJgqAh3Jts"\gxK“Q"U . BEpIX%°WBIts"\qgxK“QsM

YBI(S]rOp<«M\gpxK”U , U'w:—sM “we°mt ,seT , a—Tw%gdJ
ARUO“mmK"wp |, %g8Jw 2x , ™, &tY " X!"loeX\qU'YA.

" (%o—08 E>SS‘| E:x° t-he"U ).

4 R 28 8S»T3uAUT %eewa—T [>!1é"oMsMM (T , 17 , ¥%C»
1 *EqeEca’» sEZZwf\wd.~!&>04 %b ) x, pTJéewel[¢
%> I"tbwp , €sX “ZoXi*M .[4 10U Urpb”e[wYow¢ %o x ,
U'z€Eew HP T'%u¢ié”AD6phb . https://kanagawa.kz.tsukuba.ac.jp

15 5 g1 pc, ° "wT6>uSy , % Gb,V-UxASo—sM\gqt>nZhxcpK
"U,a—THIl pxMt—sXs” . fex , "eeU XiAXs"\qg>™ b”

Y6 [oew [ ]75 GUwé[wose ~ whStx ,750w'6S"| 150 iwi6U2 gs”
U(a—T1pé-h ), SJewdu , '6xEApKlo ,225 iwi6 >84b”

Y \ewW , T6WeZW™ p , KQo-s —ApA>T2° 6w606=>$" . SJet
vic , ,AlJégxu~OvJeépKlo , TI6HVtée[tmMo*Z"\gxK“QsM

I8 [(S]i6dctiswe[>IMo , hgQ® " Tlh gq¥lhqg o« , foxG , ®\
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eétKhlo , 0s” g 'ts’sM‘Oty™ o0,'M {X\qg , I

X\q , grb”\qU%itpV” hStx , 2sweé[°0wi6U?Z

"pK”"U , fep«<sS , 0>t tCZ"\gxpVsM L \ereZ”

™ $p, manabatX {whp> Lb"wp L UAStAE: "0, M V19,
4., ¢[°0 || gY>.w> > “+M , {.~+.~>.tzésga >

¢ Y0 ©78"A>»e 0SX . x aEcga’gx ai»cH” (x 0),

a—JUAiZR¢cqa—TAsU (x1), Maxwell w U (x2), °°
U(eEca”wM Uq JoulewO ,Mayerw U , Joule{Thomson®
L)(x3) =TUAI3B¢cq% Mh%  (x4)?, 4—1$ ¢UE (x5), i!
=qi ¢cUE (??).

5. sse[°0 | x oEcga” qx ovi»ch” qMOy " M“&>
<O Y2 3—9H°0 gqHEO (gXtaiAeD” )>i6 hi
p, "“wl pisZitzAqs”:1$j<>a&0

seqsX ""Tlh™>tsloM”iZpb . 16°0osMf\t0O oé[> 0«
»qT\WS“MUE%SAL (e[l U™ >sAsM )ts“tb . —si6>]b\qg
XG!T< sfdeeU , —ApAw>:x , -»tqlo<ixE”"Aé"«swphb . tS
X, a—T1 q% 7t , A'fpd_"oj< Fbwp , Vjegj<olg 't 0 .-
AuAp::>TMpSZy , >t8oYigpae "0« , U">~"\gxsMp 0

V19 X{“¢ |, % —-»WEWA >E"At{Veb,VpK” (8izZs'y , ™
manaba>_"T , t “ey'M ). U'Uéb' wAo> (vSsr« S ), Dbésv
“m«tGb‘Ot huU , ¥MmVpé o $0O\g« MpK-0 . éuUs«hU , gt
TX, S¢%o>f‘tpf6b \gqpK”

Y20 [5tTee~P ™Ma2w\e ] a—TIx>.wIdgMOED >EmT\U M ‘Ot _!
Z'«"U ,\ex i7si" pK” . {{wa—1 || .uU!l="sMwpxsX , Lul!
=T itsTb” | gMO :> , gXtP%~Te~P™o2w{\xEm\qg>b
bS” . g¥>.yT“«O7e"g w 1 mtx , 0tdJUA“sbMT’ igMO\q
Ue[’s” . Z;Q,;QUOMT’\f 2843w °wz.Je (1g>tX ) pKq
«MQ" .

2 x5t0"tpx ,\a—fw° U "gMO° Vwoiq'o Qo) §QsM . \e
'woex ,a—fw ;udat b'qMQ” .rsY Il pd.Aw 0Ot b” M
gr >Ab” . hi> , :w=U>a08$tE”"2AxsX , %o —® eligxeliw)Y
x?T w'OsSiiZUOAQs” . UCzZ¢«sesuM Usl<*“$trX"w E
gqxYs”

Y2 \e'x , &a—TUAIR¢S‘|a—TAsUqMO :T’x , @@oEca"S‘|n
i»cBb”’q EU M . fwr®etSMo , §8—spAs>Lhb:T$A ¢t , ¢ RIA

¢!d (Legendre transform) Ue[’e”
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X0 j< (Preliminary)

x01l x oEcga” F gx gi»¢h” G
a—19I1l pge’yZw Y6!: Y2 x, x nEcg?” F
F U TS (0.1)
S| , x gi»gD” G
G H TS (0.2)

PDx hlh\siz PK” Y525 \o'w [W% GtT cqc<A% MO >
™\b”"U Y% fcx \w 2m>G1 "o, M Y7 °xmEc¢a” Uqoi»
¢cD” H wfegeT’ TS qMOu>%Mo , x sEg2” F gx @i
»cD” G U [fe0M”:t>nZy , G1t ExsM Y%

X011 TS wT ™"t pv >»-0q‘M

a—9Y1pfei,oix¢gh” H w [U

H U+pV (0.3)

Y2 1[. ]Y6!: (statevariable) qx , Y6” (state quantity) q%[pK"U , 2 wMU®!
. pK"\g>8bpV” . a—TUAISRcw e (x1) wé«ts’'lo2 >; M
"L[16 INY6T "w [\, Na "e\VY6"qrw'Os tKIhT

241, ]x mEcga” (free energy) w\q> , Helmholtz( O¢cUxcA ) wx mEc¢a”
q‘e\gq<K” . th, x ai»¢h” (free enthalpy) w\q> , Gibbs( 20 u ) wx
oEg2” q'e\q<K” .[Ga] x ni»gD” (Gibbs wx oEg¢2” ) x, Gibbs w
, E>qloGeg G>;M"U , x nEg?a” (Helmholtz wx aEg¢2” ) x, @i»
¢chb"wGg H qw %>1tZ"hStGe F>;M” ({at‘loYs” ).

Y [Yatx ] eé[wak (x4)p, =TUAICRcqgMOY6!:<<Ob”U , fep¢sS
\'hlh 3 m" taWsM .

y26. [ (denition) x [swiT’ , ®QoSXty h\gxsM . = U (formula) « g
(theorem) w %o Gx*‘"sMU , [XE'vyet'sM gMORBRQMX(Qg "e"<w
pXsMT’ pK” . ®se\w'Ot [b"WT wtQx ,11 DIif fpf« o,
M.

Y27 H1 s—ApAp® (0.1)(0.2) >{V<d »>ZJb” . ses’'y ,\+HE’'ctis
Ziwe[>IMo<A™ pK* , -»qT\WOMtqloE%ts“O"T pK”

Y28 x aingD” G wW®QMx opK” . x mEg?a” F w(.1) E%H1 ow°ean
Eca” U U, si»ch” H t!"lhiz pK” .
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>x ai»ch” Gw [U (02 tEOb”q |,

G H TS=U+pV TS=Y ,TS+pV=F+pV (0.4)
Fwl

bsj ,F gG>AlmzZ”"\quUDOo6gslh . g (0.4) x, q (0.1)(0.2)
‘““¢« (b qMQ” . ses’'y ,aiAéDP” S> tsMT’ pK” . aiA
6D "X T“tXMT '« hMU'M WpK” Y20

(04 W7E% G=F+pV x, r\T" F,G H w [U (0.1)(0.2)(0.3)
qAoM”’qoasMi-OT . °2oEc2” U tu pV> h* y0 oz
sEc¢a” U T'u TS>%Mh“ 0 , oi»gD” H ex nEca” F
U [fe0M” y31,

ql:px , x sEcg?” F gx oi»¢h” Gwiug$™ t-"\
gx, 0>q<"fq<«MQsM . [ (0.1)0.2) w% GtT'cq<« , \*'w
[UTXXpuS<w pK"\qx ,x1ZfApl'Tqgs” y32,

8dJ 1. (0.4)><z Y%,

Y9 [70A]®aiAéD">MTt 0o«bT , BiAED T MTLE["T™ . \eUS
e[w JpK* , \e> 100sZiEzb”"pK-0 . Lh o®oiAéD"x " T"e
bM™qtQ” UM”i-OT (AT, U'c\etp®uiAébD"x>"M qtQ”

Z€ tZqlh\qUsM ). iT'\f«bMU‘M . \O Xq®% t« 0‘Mw
T srqB>tq’«"T< esM . gl:px®q G=H TSwS ‘“< ,q
G=F+pVwpqV w,0U Up{MebM™ | \Ost 0S\O

YO T1it 1pV g9_"q , ji$“Aw pdV qae§M fOts”"T< ssM LT L \ww
i“x=TtwY\qUDO pK” . "sGlw«qgp ,

H=U#+pd U 0.5
ea! ©-5

i)

w'Ot , vw U te—s pdV > bU ( em)>, jlo{V< 0o flhgb”

T, — RQey , E%H20we-"Xxj)p TsX , b™MTsrsM\gqt —p>
nz" , x pi“>yYd” . tMBQey ,\w'OsjGqgx , vge—wa gMO
,Sb’IX tmMoMsMAEt s'sM .[*=” 1hgQy ,dv=1=1 q Y’
b"g‘'M (kus [pxsM ).

¥l \w‘'Os ,uTS qu pvVv w "%VwarUOAQs” (x1 pA\ ). sS, a—19I px
KMiMt h (&aiElwuaappgm "gq ;iw :T’\,h ), ai»cD"w [
wZpuQ<« x1ZfApl'Tqgs”

82 resU’ ,x1>fcep«<sS ,F qgGwiag$™ > it grb”\gx Ei-O .11
DifT oft ,X5@4 ¢cUEq!=wM2>&\b”Mt , Mt MT™M T w
p,1 TDxf« 0, M . fetpx , Seée[x ,F gGw:g$ “{Mt >SX
(bIV* sMQ@¥0i-0U ,\WMU“fswpK” ).

Y3 H1s—ApApzZIb"DEQUK” . ™$>RQ0°"q M
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X012 Y6!:wi6

(0.1){(0.3) >*X""q , 76w Y6!:wfJoUqgesoM” pXsSMT Y34
[>0"&I0S\O
() %w” (i” )>yn ocl="sM , 8S(08)!: x¥6 y_pq

9S TY¥ whlh 2mizpK”» Y%

(i) %wi”tz« 0oynb” O”!: qg'ox ,0uV,°%°xcEc¢c2” U, &
i»cD” H( U+pV)®, aiAéD” S UKIh ¥ \et  (0.1)(0.2)
wx oEca” F gx ai»¢h” G w2mUAC~reh Y. sS,

Y3116 ] Tg 0S\O : (i) y— (pressure)p[Pa] qOu (volume) V [m3] x, — T (mechanics)
p«<76pKIh . (i) a&—19THO0 O (the zeroth law of thermodynamics) >,t , "09S
(temperature) T[K] U [~<h (&—1T12R&[¢% Xx1). (i) H1O q%lit , °een
Eca” (internal energy) U[J] Uqgeh . (iv) si»¢cD” (enthalpy) H[J] x, ya
(isobaric process)tSMo ;soE¢2”pKlh (sepKIhT ). (v) H20 w U
=q o , oiAéD” (entropy) S[J=K] U [~eh (x0.2pi6 ).

8 1. 10" (extensive variable) qw)Y>§D b, X ,Z™ O8l:pxsX \8§sS"!
. (intensive variable) g{X . <j—ce , O8!:q8S!:x% [pK”

Y TO0A«] -éwy— (G>y)p q9S (>9)T x, ~ wW*“tSMo« , -fCUtSMo
<, (v*sX )s'M . \ex ,y—q9SU%w"t' "sM\g>0Obé.«pK” .

Y87 [; ]1°09S (4—9T$9S)>, 0t \9S"qth .[OA(0*) oeU-g3¢usS [ C]

pxsX , -¢li  [K] pK"\g>heoxs’'sM .[C2 (EsU) f«fc , a—Tqx
sUpxsXEsUtg ne” —TgMQ” (HEO >¥M&fO ). K"EsUwTt%>
x pA’qVt ,x wYUUEIs'y , £sgw2VU t’'sM . f\p , 9S>yt
0, gee.%U E° b"'Ot“EcepSXZAUK” . "09Sw [xfwi¢ gMm
Q". iMt ,x5Z7fp, £sUwt%>9SpA"qVt , "09Sw“aew8 t>nXi
-0. sS, S..p<9SpA“%>20U , sU>0Agqb”hS , 8Jtxs’'sM

Y8 [C2]H3w8S!:qg'0 ,x4pT=TUAi3R¢ (chemical potential) UK” . f o
o¢i"Kh*wO"!: | hgqQyzai»¢hb” (speci ¢ enthalpy) h = H=m [J/kg]
SrwzY6!: | <8S!:pKlh (m x%wi” ).[16 ]zY6!:U8S!: p K
"g >\, (a—19n.

Y91, Jri»egb”>  Gibbs wa :qMO\q<«K” . \et0 o , x ai»¢h”
> Gibbs wx oEc¢2"q‘e\q<K” (y24).

¥490 116 ] Doa (reversible process)s’y , siAéD” = x,

s 140
. T

q [*+h . oiAéD " fwcwpxsX ,oiAéD” \l= "pK"\qt«™>Ab" .
aiAép"l=x v” (nite value) pK” . ses’'y , ful :w \e—"" dQ=T
>\ v "wa puii"oM"T'pK"~ f«]e=" dx > vwa 1 x 3pud
"hALx ,2gMO v’qgs” (-TS* ).

Y41 1Gg]l §Sl:wy— pwr— Ep{V ,9S T qfowO"!: (V,U,H,S,F,G) x
G Ep{X . {ut‘lox ,y—tG Ew P >-0c«w<K”

6 c 2016 Tetsuya Kanagawa

https://kanagawa.kz.tsukuba.ac.jp



O"l:x ,Zi 6mwE"u"dt'lo A:t [DO6 pK” .

A 1. °enEc¢2” U, mi»gD” H, x nEg?2” F, x oi»cD”

G, \* 4 mwroEc¢2a” "x, &—fTUAiR¢q'y-"OuUK” yaz,
Ao ,U xq<TX ,H,F,G xSpteEc¢a"T li>=TS® ¥4 phs~
j,pV S| TS wiixq<«taEga” wii []pK"T>-TS" yadyas

x02 &—TH"°O

a—fTH°O w™ b "q\-gx :

(%wleaEca”l= )=(Z,T"%w0a ) (%UZ,th”*“A )
(0.6)

pKIh Y8 \w i Y 5{V<fO

dU=dQ dw (0.7)

Y42 Ix1 pA\ ] a—TJUAI3RcpxsX , a—191 :q'*\q«< M T, S % px
®UAISR¢ QMO g uAs$t>;b” .\e’ 4 mwoEc¢2"U , y—e9Ssr
gMlh , 751 (»7T ;1 ) OAsY6!:>-%b”"hSw \ “é (UAi3R¢ ) tsl

oXe” "gMO™ H 8D hMT'pK”

¥43 sU A=B tSMo , (i) (% A gE% B wiixs'M . (i) A Ue="5"y B <o—
"pK” (A iZUe+-"p B UvVv'pK"\gxK“QsM ). ses'y , sgpAye
oM”"T" pK” . \exda—1Tt> w«™pK”"U , \w'Os\qg> ph“2g¥~c
t-TS$”66 UOApPK” .[4 ]A « B UodoUpxsX 0UpKIlo<%7pK”

Y4 aiAéP"tmMox , Doa woiAép w [ dS=d%Q=T tqjisy'M
T, 0iAéb”w [U>G1ldcg<A%MO> x0.2.19 x0.22p°pb”
Y48 [x1p X-"U ] U(0.1){(0.4) tgeoM” ,TS g pvV qMO\ 8§8S!: (T gqp) q0”

I (SqV)wu(bs™j ,TS qpV)'t«é "0S\O .sS, v " TS q, Doa
we— sOa” (heatquantity) TdS=d%Q > % 0xs’'sM

¥4 116 ] 4a—9pO0Agb aiw\q> %(system) qM O. %w*“> Z, (surroundings) K
"Mx*“e ¥q'| , %qZ,w > ¥, (boundary) gMO.

VAT, ]®el U< XXx®+-"t0b"H°0O "srqMO\q<K” . Sel (w,
..T10) px,su [+— (Av—_:innitesimal) != , «=” ]1t0b” Uw >;M” .
S$t v'px g sM . g X™MtiT”i-0
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\\p , (%x°eoEcg?” Uwe—I= pK*,E%H°0 (04)dQ S*
|[E%HEO (b"“A )dW xqct =" pK” Y49 ogpaoEcga’x | Y

6!:pK"U*Qt , 1«0 dU p g*soM” . \st0"0 , FE1T e
Ud°p reoM”"tY6!:wa” dQ S*|“A  dW >, «iGg d >;
Mo g oK[vys'sM Y0 XwOux , mWw2 mw> >SX

() ji$ a tSMox ¥, “Aw—T$ [ Yt huOq ,O0u V we
—!= (0 )dV qy— p>;Mo ,

dW = pdv (0.8)

SH_UU(Toh . \'X , [pXSXAL pKn y53

y48 16 ] aK”Mx&a” (heat quantity) q“A (work) x, *— \""pKlo , = \ 1= " px
SM. \e’witY6!:x ,a (A¢)* "pKlo , Y6 (1) "pxsM

9 vyOw [S‘|Ugt«™d"

Y0 TOA] kus™ puiipVsMT pK” . ulpVsMq "wpK” .a—1T1p\,h
‘Ot , ®fce- "o , *ullgMO8 t$T" , 7T™tul o, »q ;i ;

Hp_
s v>{S”"\qU,S"“t pK” .

Ylljisa ]1Z,U%tlb—wGVAq%UZ,tlb—wGVAUG“G0a >!b i
i$a xAvtelX“q & ,a WKMix & ¢Y6Uxt-he”

Y52 176 ] %w!es (displacement) q, %t”~;b”— (force) wu>™ "p”

53 4—91 —-AuA (H2s, H3s)qe Yagpx \0.8) >7Eq 0<Zdct;Mo*‘M
q\,hhSte8§M oM"T< +sM .(0.8) x\ AL" pKloOb,VA® pK”
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(i) Doa Y tSZ"oiAébD” S w [ Ys5ys6ys7

d
ds ;.Q (0.13)
T
> b”q L, 2, T %074 dQ x,
dQ = TdS (0.14)
¥%4 116 ]| Doa gqx , °tpMQy , oeDO6s (ié“tib\qUpV” ) a pK” .t
h, £Doa >tib"tMs" (a—THEO )tx :UK"U , fw°«>+[0S
\O :®yOW%T'69w%ta> “Ad"qVt L %S| Z,t?2welc\AsM
a xTq&EDGOpK”™
¥55 116 ] £Doa (irreversible process)< S”s'y , oiAép” S x,
dQ
s — (0.9)
qTz” (Q xO4a). ssUboat , EsgUALZDoa t0 b” . sS, ADoa w
aiAéb"x , 4—91%$ ¢UE (x5) q!Qoi6b”wp , ql:pxheo<'M
Y5G[«TM]Z<W‘OSiGU_!Z""
_dQ
9S=ar
sei“T . (%xe=" (*0)p, E%x v” (0 \ : ") pK”" . +="q V’'XsS
gpAy"\gxK“QsM .[mMMpsU’ 1E%Xx (kus™ pw )+l :pb’sM
Y57 [y50 w*t$76 ] e—!= dS T’ vi= S t{V~80S\0 . 4 cY6 (thermal
equilibrium state)1 T'& ¢Y6 2fp ul (deniteintegral) b”q , IU>0"
ZZ
S, S S = aQ (0.10)
. T
[>s 2«]Z<>S*"QoSMo, M () 9SU : (T=To) wbhos9 a s'y
ZZ ZZ
dQ _ 1 Q12
S = —_— = = daQ= = 0.11
1 To To 1 Q To ©011)
qs” .2meéewsgpxful : (igtegrand) ts 9 (isothermal) wUE>&;" ,3 me
2
wsgxe—“Awuitw [ Q12 d%Q tHIh . \\t ,Qu xa ¢Y6 1T’ 2
1
>Aea  12tSz"0apK” . (i) Do..aas'y ,dQ 0-Qt,iU>0"
dS=0; S =0; S$=5 (0.12)
[Go] &—1T1 px\,sTlhU , tE 12" gw %>wY,X ,a 12>a 1! 2q
{Mh* , Q12 > Qu 2 g{X\qg<«K” .[8] DooiAéb”w [T’ZC o0 , Ziw
:UwWRQ>-TS"
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qg qpVv” . [U (0.13)> %G o< MU , >gr-oMsz

*yG he” Y89 f\p ,x0.219x0.22tSMo , ®aiAép"U
se\O [Ae"wT™ tOb” (sgrOo> 0°'0
(@) ** , a&—TH°O (0.7) x Y91 ji$g \ Tm" Do$ Y2 s”>

wegqp , IwOt{VveQ'e"
dU=TdS pdVv (0.15)

Se[wJAowzC:xU (0.15) pK” Y% ZhAweeilpx , Y6!:iZp

r"@&>bbS"wp , tY6!:waq“Ax tgesM . Eif-uGeg d°U

«Qo,iMe0Gg diZp g*r*oM” \gx«éb,V:pK”

LA 2. ji$a tSMo , %UZ, tbh"“A>)Q"U (0.8) »<Z

58 [16 | Doa woiAéb”w [w qslh , Dot «¢tODb” Clausius uiw
fui :w Il bs”j d%Q=T s"Y6!:w O I w EAdo>hsoM”s’

y, °Sxi6b,VpK” T sU’  , oiAéD"w [>{XhS$izt , xt\\
Fpu“&"wx " fpxsM . S¢%opx, (sU“&“M> , x0.2.1qx0.22p\,”
¥ ri’TgMQy , ! [w (0.14) >®Q"MU'Mi-0 (g x x0.2.1).

0. ]a—9fYH°0O qMO; x , XwOux , U@0.7) bs~j \&atp Sh "=wmEg
ar. (conservation law of energy)>!b . f o ,(0.15) w'Ot , siAéP” S's
r> “ ep! "hALX , H°O gx‘ysM{u« M . T sU’ , (0.15) p«
sS, fw Gg$™ x \( %) sEc¢a’w- O "T1="sM . \e>§Pb" ™"

p, Se[pxKQo ,;: ®H°O H2@tZ 0o;M” . ix ,(0.15)>! b"q , K
qg3SwrEc¢a”- U<Te"wiU (x1.2{x1.4), fe'tmMo< \H°O "gM
OtMs >uAs$t>;b”

YL y6Ow V ] TdS=dQ qxa—TJHEO w°apK”"T’ , ®U (0.15) xkptx H°O
gHEO wE"u"d q‘s,VpXxsMT gMOSa&<«K”i-0 . \wSexY’
M. T sU’ ,Seé[ (U )x,(() HEO w h”ttx/&ADoa >'bgRQ"\

q, S*| , (i) U(.15 UH°O wH°[$™ h"nEca"- > g oM"\q
\e'w T’ , —'G~T<+sMU ,(0.15) KQoH°O q‘| , - gMO
@>8D b” . [<j—e ]~ x ,(0.15)>H°O gHEO wE"u~"dqg‘cep<«M

Y2 TOA~28M : ]ji$gD0$SX%<pxsM . ji$pxK”UDo$pxsM (&£
Do$s ) ««, Do$pxK"Uji$pxsM«<« Ob” [ fefe ]ji$qgDo$U
%o<pK"TqTw”raex , ASoE'M izZpsX , {at'lofw [UYs” @UK
" [feeQ ]Seé[px ,\et O“b"\gqxtZ” . sT tqlofcOAs\qgx ,
>w 1mlm>a0%$tar b"\gpKlo , 0esS«t™Ys>+0Owxfwip‘M
[S « (counterexample)] 2 "w>.>AvtelX“q 0u”*d”a x , jiSpK*“s
U', £DopK” ( U>.>itid"xcUsM ).

Y3 M ] S¢%px, SMoM”> wio>fwNSIO b” . hqQy ,x4 tpx , a xD
0% (reversible) Tmji$ (quasi-static) tI\” gxtGb (—‘"m\Xqg«Ghb ).
64 —~ U, ™mMw-AuAwtSsrp , FcsSt{V<bwx\wUpK-0 . Ziw™Tp
(0.15) w EA0"QQgrpVoSey , a—91 wiegq oxGigMQ” (x4 Zi>9

*hStx ,\eiZpx&EGuUpK”"U ).
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8J 2. ji$sDoa t0"oRgb”U (0.15) ><Z Y85,

8J 3. ji$sDoa t0O"oRqgb”iU><«Z

F _ U p

d = = ZdT  —=dv (0.16)
G H v

d = = dT+—dp (0.17)

[r] [ (0.1)(0.2)>(%tEO 0 , uwei-U (0.18y%5 ;> | H°O
(0.15)>EOb” . (0.16)wrtw"Ob  Y67yes.

F U
%)=d = =d = S
((%)=d = =
1 1
= udT +?dU ds
U TdS pdVv R
= —dr+ 22 PV ys=(Ew (0.21)
| | —f—)
y68 H°O
Y65 H1s-ApuApzZJb”"D6QUK” . hi> ,(08) wcZxd"sM (I wMyipKI
o, OApsMgMO ™ pxsM . Mi't{V<dsMs'yi6b,VpK"” ).
¥66 ™ tqei>:MoOb Ot (83 4), 10>;M”
d(fg) = f dg+ gdf (0.18)
wuw < o (.0 (derivative) K”Mxe«iZ  (dierential quotient)) w-Uq,
:wuw <0 (dierentiall w-UxVYs”<wpK”U , "TAQ>™Yb,VpK"”
Y67 (0.17) w<ZM x (0.16) wOUQq% °pK"hSrt>2th”U ,\wOux , ji$Tm
Do$sa tSMoRgb”"ai»¢b” wa—9fH°O (x1.3)
dH = TdS+ Vdp (0.19)
>&;b":UOApPK” . ix , 1Ux , M\b’a—TAsU (1.22)wlmpK”U ,x1>
4hcq< ,q WEYiZp\e><ZD6pK” [ R 26 4Sa—1T 1l o Yag (1A )
S'| R 274Sa—1T16%g [8J Al pZJA (6%gwdIx i"sMU ,U'ze

ew HP t LA : https://kanagawa.kz.tsukuba.ac.jp)].

8 4 mewsg (E%H10) URgb” Ex , mWw< :w-%tK”

daT 1_ 5 1 1
e T =) dT *= ﬁdT (0.20)
(gXt!g:TU™ pKIh{\x ) \e>ph“2w\qQq¥l0% % pAtb\qU
MU, xt< : (0 : )w-%wjgtgjilo{V<b \g«fxtOApK”~ .S
es'y , ~ xti df gMO\ elfex. "w [b’feepMsMT pK” (< :
x0ip<«76iU ) el tw [> , Age* |, «lit!/A>oM”"\qUOApPK”
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x021 ©iAéb’w
\W\ipi6bey
K"Mx (0.14)] pK"\qt>nX
[>hehqg o0«
>0>t6qpV”

(i)

fwhStx

“AWE"AX?p)Q " T
Ou V w!= pK” Y0

axf«f<E"MU
g, 'lhl:xoTAéD”

w” > bt&~s!:pxsMwT
xdV gqAhe"CZtK"qMQ"”

, aw8”7x9

(i)

(1) Uostl
, ®QO0SX,VxaiAép”
y69.
, 8S1:qO0”"!:WEM~"Qgr oS-y
PV, T, Sw4d!l:>Tg

y—p pK”

S

SizZpK”

Il g8"w pqT,"wVaqqgsS

Swl[iz [U(.13)
, ATAéD”w

, Tx (0.14)
"0SZy'M

a°G10et *

“Aw”>"b,Vx?T

y71y72y73 b

\w!= dS \fU
, ">"bqgMO ™ p

T U&~s|2qgMQ”

y4, , &

f o , ds

Y69 HeO (0.7) x YS",V

$“A (0.8) x AL iT'pK”

(&g$tRQo«

YO [OAs Y'' ]E q—ce>ztb”
VIOpK” . fex

UPpAislb— (y—) UGVMT pK”

sy , —@Qq% WA (PuAiwyV )UDG(Qs”
() y—wG-t'lo“Aw
\”"(“AWUU(

\AL"gq'ow.uU&~qMQ”
, TMUZA s\qU"T"i-0

pxsM . Zi>1qS”
U, (i) y—wG—-iZpx“Aw
X, yV~eh
Zp°Ab"WXAET-Tup
“htl> “i[oM”
Y1 LZequA”O
T "wLa>
input) >YgSXU

T“sb”t ao

Y2 [«] p”1"WSGsaZeqH ;w— =Zepx

20C pz pca@”Us>=+"0M”
xqpVc (i) aw”>"gqb”hSt
TiiCw? peae”U " E teXq
cOM”\g>&th”
yXf N"eoM"'OpK”

y73

f¢-""tiUmMoM”"\gqt>nX
T'PK” . %>% p«a"U
ZexZ,q ' 0&~qMQ U
Z.,9x
40iT'pK” . ¥,tGUCEb"wx
SaZes’y , Z,Ww9S!l=we1lx
tcte . UMVWE"®i%¢ Awa a&q

¥ ol -

Y4 «"0q Qo«<‘'M

'e”XcwsM

. E
, —ewMU—EjiT pK”

, fegew9Ss>z+ 0 ey°@ZupkK”
, ™ U\%(i>)e"wLa>e$qgb”
, &S, La (heatoutput) p< gb”

( 20
™Th” () 9Sxaw8§”> gb”hStx&~pK”U
, 9SZZw?2TwY6!:>:™ph VvV

, E"®iva¢ AizU
. 0ew? p«ae’U‘“«MEP>-IoM”h$S
. -07 e0iw* Ot
«2"UQqE"®iY%¢A>]jE eth "oM”3.pé0bb q
. \e

, BVZ WaZexZ,0 0E&~pK”
, %qé'l'"AW'“q“)‘O<?Wé1<!ZC
, 2, UE&~pK"\gq>™ b”
C ¥, (T

>T

. 8iAéPD"qMOO6"bW”"“&t0 0

12

) agO  pK”" ,ji
‘Ye—oewMU , Tt , >.>yVp
L A—T$tMQy ,(Z,tM" ) —ce
. T sU’ , E pKloc« L1 >»2Z
. feeQ , —iZp“Asnr®mb,V

\ 82" (CTw A ) xzxpV”
) xzxpVc (i) “Aw”>"bt
L7 (Lu ) T8N (y—) WM
[«] \\px U >0t

. f'o

. sS,2x \%(i%)
[S¢%px, | , %ewOa (heat
].

, GVAUTXYs”U |, 9Sx%aX
25C U- &Q9S ). \exiw 3:
, (i) 9Sizpxaw”fp
pK”

>

, VCVwW=aZep- ~
, - 9SU
, #VZ w-Zep , Oewz p
, E"®ivag Aw
,E"®i¥¢ Awr*w9SI=U9 M
. Z.>*"wi>q sbq , VCV -
. ses’y
, 9S<° t-he"gY$s
RESEEVY
)>9S 0% (Z p«a’U
,\eUTopV”

X

)

,Z,0" ey

, @xT< esMU
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t1qS”q , OAs\gx , mWw2U> OT$tES” :tK” Y5

dW = pdv (0.8)

dQ = Tds (0.14)
“Ax ,y—(8S)pq.u (O0”)e+-1= dV wupK” . &x, 9S (8S)T
quiAén” (O”)e—1= dSwupK” Y8 AA ciAéD""Q@’S

UpVey'M wpK” Y8
§S!l:x \6—p, 0"l:x \R—Lq«QoS\O Y&

X022 =©iAéb"w (2) :g$tl || H°O >9Sp~”

2 . pxU0>01"sU’'niAéD"tg“£EMhU , S...px:Ut
"oniAéD”>elb .

Eifeu d°gx, kpys™ p siupVsM \q, feeQ uilipVsM

Y5 [OA~“t ] &t_QsM®a > "T“sbMgoda” UM”"i-OT . SE'X  99%w
U (U'cS ) a“<“AwMU ICVebM , Y” +bMQtQ"t§Ms
M. \wgi>Ut® .y Mg\-pxK”U L\ dt 12%0b” "\gxtzZo ,\ “Aqg
0 nZsU’awe"nz>s”,Vi "qQ..b"t.* , fesi@ oM’wpK”

y76.(0.14)>_"q , "cTsU’ , "T“ebXslh>Ub” .mte, a((%)dQ x&£iT
ci*Qt{MtXMU , FW T tX 7> , 8iAéD” (E%) TdS w™T*“tX"tu
ypVh (,Zh ) T'pK” .d°Udt!"lh\gp , suuduUDOts" , tT$tx{
MebXslh (x0.22pA\ ). [M ] aw dQ «niAép” dS <, q«t"T*“tXX
Y" < EpK"U ,IGwg p , :1$tx{MebM S tT"\g>M gb” .

Y7d%Q=Td tSMo,| S gKoxS”0®pK” .S wiix [JK] iT® ,9S 1K w
[CK"Mxy<wh3tAb”aw” qMQ” . [mMpsU’ ]p{V ¢$q T{S ¢$wOT
, bs™j , Natgs!: (pgT), #at0"!: (V qS) Ue”b"\g<¥M&
foO .

Y78 «“Aw">"b V >TiAt |, aw"toiAép” S>KoxSh . \waeOx Y"'»
E 0S* , kustigxMQsM . dW =pdV ><MhgqVw'Ot , 00t
opqV Uxugge"wpxsX ®dQ qT T'Ag-“ dS >%lA“Zb™q Y”
"o, M

Y1 [«] Yagw™:tx , 6—q ow,w' Q" (8S!': )g, R—q owfv6l (671
) Uqct/)b” . rj’T"Mp "\gxpVsM Cy7Oy7ly72 s04&"q ] U
PDuAitlby —« , 7 *w9S¢ ,(Git )!Q"\gxpVsM . \e'x , Elo\
feho— (f-1 gowQo ) > b8S!:iT pK” . T sU’ [ reiZw
Lusl=~Ad T , reiZwa>cOTx , R—IH (Tf1 IH ) p!Q"\qUpV
"oex* , “Ae&a>8S!:qO0”!:wup bl\qUgt&loM” g>nX .
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\g>™"b” ¥ H°O (0.7)>—‘ 6 0SX
dQ=dU+dW (0.22)

\gY>. "w\ji$ "a >BRQ'O Y& \wqV , E%w20xfege

mRT
dU = CydT; dW gz {)d\ﬁ v (0.23)
=2 _ Y
jii$ -
gy>.
qTZh ¥ \e5;Mo , H°O (0.22)>{V6Qo0"
MmRT
dQ = C,dT + v —aVv (0.24)
E%UulipVsM\qt>nMhi-OT . ®MeMe+ , E%H1 0x
Z
CydT = Cy T + const: (0.25)
w'Ot (&£ )ulipV’pxsMT qSeaeb”i-0OU Y84 E%H2 0x
Z Z
mRT T
——dV=mR —dV 0.26
v v (0.26)
ppAsOd _">QsM . seswT .V puii'hMwt , T gMO w!:
U >b”"T’ pK” . T Urw'Ot V t“ b"wTU"T’'sM T'p
Y8 [rsq I ulxeliwo % Qg 0 [*+"<wpXxsM .eliquix , fegefX
gs %q 0 [Ne” . sUquiU“Mtow %pK”"\gxAL pK” . \e> o
tutiTw,S g (fundamental theorem of calculus) g M O.

8law> x , éqU! U'A$ts"\g>t1Z"hSw«OtaWsM

Y2 [Ys3]®Do$sa >RQsX0'MwT +® dQ x\witw p‘MwT srq¥
OT<c esM . oiAéb">°"¢ctel oM” wiT’ , \w"Spat0 0?T
>> T 0X , €2tg“E£Z"XC<SMpXSMT

Y8 [16 ]Cy x 040" [IK], m x%wi” [kg,R xi"O"pw>. : [B=kkg K)] p
Klh . mMpsU’ , 0z&a cy[J=(kkg K)] >;M”"g ,Cy =mcy p<Klh . ‘M;q
pK"wp , a—1T1>¥MZ 0, M

84 [¢j—e JE%H°OxulipV” .[16]gY>.w 040" Cy, 0z& oy, >. :

R x :pKlh . th, a—T1 wc“px%wi” m < :gq-h [«™x4 ZApx
%wi”U!l=b”0u> “{O .
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K” ¥, «Qt®E%XxulipVsM UAaxpK” y86,

f'o , E%Qq(%xsgpAyeo tloM” wiT® , ®(%«ulp
VsM qt™_">QsM . fex
Z
dQ =772 (0.27)
>™ h” . \\p IT > 0S\0 . a—1T1tSZ7aw uiw |
Z,
dQ  Qu (0.28)
1
gqx, 0s"Ggw”V8Q taWsTlhwpK” y8r7,

T sU’ |, ix®uuDds t! b’\gxhebM . (0.26) wE
%W >«™ X ey ®1t%> T pAeyuipVfOpxsMT™ qMO\
qt>nX . 1Mt , H°O (024)wt%> T p~q , i0>0"

dQ dT dv
- = — 4+ - .
== Cy—+ MR~ (0.29)

E%xI'Tt (£ )uiDé6épK” y88y89-
Z z

dT av
CV?+ mRV:CV INT + mRInV + const: (0.30)
E%UulpV wiT’ , \eqsgpAy oM"®(%<«uiD6 gQ...
b” . bs™j , afwtiw dQ pxuiipVsM Zerc
dQ
— 0.31
T (0.31)
qx, £if«iGg d°> eepMsU’'uiipV” | V\OA&nZzZ’'e"
8 gy>.wYeM U« , T=pVA{mR)g T(p;V) pK” . bs”j ,T x,pqV t
b” 21!: :pK"wp , J™wuix T(p;V)=VdV gs” . uipV”"xcUsM
Y8 \w‘Osuili-%>TapV”xc<sM . \eZiBRQhqg o« , 'Ttul&£DO6
s swiT’ ,'@sU’ , RQ"w>L:'0 S"MU"fpK” )
Y8 ot , uliGe "p ,Qi12 qMOG@> [ThiZswpK” . kps™ Tpw ui»i

@ oMh”ZpxsM .[16 ]Qwn x&a ¢Y6 1T’ 2t "a tSZ"0&apKlh
Y8 [rsq Il !:um (variables separable)w+suM U>¥MOT,*

Y8 [Gg] S¢%opx, xpo: :Gg In x, (base)> Napier(E B2 ): e=2:718: qgb

", a—1Mpx ,10> qb"x;0: :Gg log x XwOuqgesMwp , Y%owU X
sM. {Gt‘lo66USOwWp«™>Ab"U , U?pK"TizUSi pK"wp , G
VsdJdpxsM
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dQ=T gx, uiiD6s \e=" "swiT’' ,i7«0Gg d>;Mo b
\qUpV” . fex , 2'TwY6!: (Y6” )t s'sM . bpt~ x>
nNMoM”'Ot , \e\fU ,

bs”j , ciAéD” dS s"Y6!:w [t s'sM 0. +gqS* 0
(i) £ifeu dgx, ulipVsM\g>™ pb”
(i) H°O x d°> %owp , fwifpxuupVsM

(III) H°O »>9S T pAn ” \WeOW'OSAArT’ CH°0 Uui
D6gs” , %oltaiAéD"Uxpuq [~

(iv) suupVsMafwit “< , *uUDO6soiAéD"t!6 hM
U —sXg<:I$t{MsbM yoL,

x03 Seée[we?2

gY>.w> > “+M , >.~+.~{.tzésM U > X (x3)%2
fw™, +waCw’'Os , +.T'>.ew il= »>{O (x4{??). fwj«q
o, 4a—9fYUAiERcqa—TAsUw“a (x1), S*| , Maxwell w U
(x2) Uz"qs” Y8 gY>.>0Ag ' oMha—¢ ltz, , ~&@U"A$
ts* , feeQ , :M”:JUZuS$tO S ts” Y94,

Y90 aifAébD"w [qx , HEO w Aw°aepK” . HEO >8Db sMqtlhyT
“pK"wp , \\px O“ sM [T , °tpMOg ]H°O xmEga’w \
>, HEO xoEc¢2"w \i">tth”«cwqMQ”

YI18] KXtp \:$tx "pK” . agfgox , »1q oxrOi-OT . »Aq0q
<ssy , AWMU Tlo<' QsbMwpxsT-0OT . Oxgé®aUK” w 'Ot
\a"x.“ Cp<«EloM™U ,° ¢¥%x \aiAéb” "w OsrE”xc<«<sMT’
pK” . \w'OstQwsMo>BQ"\gxixtOApK” .

Y92 \ex , Boyle{Charles wO w‘'Os Y6M U>;:MsM \g>™ b~

Y3 \\p"Mo £0q , 0 “X1%,X<sM . festZ"hSwibw;qq o , —
sw—ApA> ®t£E; 0, M
94 dgMO«iGgiZzUqgeha—1 | gx0°$t , sUG@f ts” (a"w¥%gd
J>€° ).
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x04 a—qTw:T || rsfwi6eq ; Il

rsT LI S| ;:fweé[°0Owfot6 YA gMO?2 w«
qpeé[>bbS”U , X, ;M"Utx XxsM . % —, cT —:wU
PA>-TtgrpVoM”TqT U a—9p ;b"Mwsgaqgs” . fw™
p,A»UloZ<t»eb” yos,

x041 21!:: (two variables function)

I f Ul xq!: yw:pK'qV X qy»> q!': ,f(xy) > H
l: gMOVY®% \ex ,xgy>' "o ,xaSo f U>t"gMO™ p
K" Y. f 5> xqyw2!: : q M O Y98y99,

a—9TIl wx3fpx 2!: »{Owp o101 - fyy - 1 $ “{MxA

Y [M J°>t»eb”wp , ql:pfo>gr *Ogx¥"sMMU‘M . Z™welp ,
iMta—1Tt ;b"ap , S...tqji“sU’ f't6e0*Zy'M [fwS@ ] KX
tp<A:wH.pK”wp , &S, rsfw-J{sr>€° sU’ , ST . %$tg
rb,Vp«K” .[€EB{ ]a—9p;M"«00O (di erentiation) tmMox , mWwe€R{
>bbS” : —GE, GgwhSw ;:1 (AZzj), pp. 1{6, 11{16.

YB® [ yr ] 7e"eU!l b (M3D6s ) <wU q!: (independent variable), x pts
v’ (M3 Es ) «<wUH !: (dependent variable) [K"M x° E !: (unknown variable)
«°@E : (unknown function)] g Y” "0SXq‘'M

Y7 otMOs’'y ,f >»>S"s’y ,X gy x0 b”"T .0 b"s’y , Tw'Ot0 b
"T . : (point) T. A¢ (curve) T. MXmTwé.«>e[sU'RQo""

Y8 [Gg]\e> z=Tf(xy) q{X\q«K” .\p ,f x q!: (x;y) qH !': 250
nz” \ : (ep) wpApKlo ,°Mp zUH \!: "gMO™ 0MpK” . :q
l:ta >{ShMgqOw U -% GiU , TTUtXZey O“sXqge'M

YO [rsq 1,11 !: y=f(x) wOu<« ,x > q!: ,y>H l:q‘°U y 10
w g!:qH !':wa x ,21: swOutz,"q , OASXyMgMQ” . ses
'y ,11!: :wo : (inverse function) x,f >;Mo ,x=f %y) q)Q’'+"U-+Q
t,x U>f"\gx , feiZp y w>  >™ h"T ' pK” xXxqy wrj" T'>
flo<"MwpK” ). "T sU’ ,2 1 swOuux , \w'Os\gxTX™ dc ,
q!:qH !:wa \fUSi gs” . feeQ , !: :wo :tx«™>AD
" (x0.4.6).

Y10 [« 7] a—1Ttx 11!: :cqe” . hqQy , gY>.ws9a t0Ob” Boyle wO
ya tOb” CharleswO , ...4da t0Ob” Poissonw Usr>{V<d . ogqliw
x:U 2mT’ I mtn—"hwx ,s9, vy, ...éserE>]‘hT‘pKIo , 11X
xus<ApK” .[8] ~tUE>]dy , gl:w:U, éx , bs™j : {0
OUUK” . fw'Os«>RQ"

yiolrqge! ]x3fpx 2!: :péU a”u X4 Ziipx 31!:: (enit:: )«
“{O . gxMQ, rsYT Il pTeei‘Ot O R 2 1: :-W:Atx° w
E> b"U , F\"Qiftgr oSy , 21T C A n'::
ew!AxhebM . “hUlo ,2!: :weliO (s0 )t,1!: :weliO (xe
i) g EnZo6Y 0SX\qUOAA$“sM
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SoOApK” . Us°«q o ,gY>.wYB6M U>¥M&fO y102.

mRT MRT pVv
=~ =p(\V;T); V= ——=V({;T); T=-o==T(pV .
p v p(Vv; T); 0 (p; T); TR (p;V)  (0.33)
y—p, .u V, 9STsrw Y6!:U 21!:: pK”\qU°eéZupK
"YI8 g, —qgx¥Ys* Y% a—9qpx, ql:gqH !':w \OM' UY
61: pK"\gqt«™>Ab” y105

x0.4.2 U (total dierential)

q!: x gy U\lqgect (%It) “cTt!=b"qV yi6 H o1
f(x;y) xrw‘Ot!=b”i-OT IO \wqVv , .0 df(xy) gx,

df (x;y)

izl Gy Iy izt )
X w 0 y w el

- @ @y (0.34)

@x @y

102 176 Im[kg] x%wi” (mass),R[J=kg K)] xi"O"p>. : (gas constant) pKlh

Y8 gy > .>«0 hg ] otfw UreQtpKlo , gY>.psXo<Y6!:x 2
Lo pK” (x4 fipx ) sS,y—pw q!:x VgT tv'sM (™tA\ ),

Y04 [ —qi:eb. w—9fpx . oql:xl tp,H!:xS v(t) srpKlh . P %o
—fpx, qgql:Ui 22 X p, H!":Ux“wh™" (X) srpKlh (g¥~e
") v.—Tpx , q':U (t;tx) p, H!:U S u(t;x) ey— p(t;x) srpKilh
[x =(x;y;z) xi 220«A¢ . Mcec , qg!:x"e"sU! b"cw , H 1
x{S”,VcwpKIlhU*Qt , ql:gH :w)Ytae™>+"sXqe Tl
hO@U TlhwpxsT-0OT . T sU’ ,a—9px, qgH wt!:U , {S
" VYB!:pK’qMO ™ pVzC qMQ” . \\t«™>Ab”

Y511 1 hqQyy—qMOY6!:>{loM”qVt , fex , a”"Dés q!:T , {S
",ZWH l:wrj'swT t«™>+0ZAUK” . th,() y—U g!:w 1 ms’
y, <O 1 mw gq!:x?swT . (i) y—UH l:s'y ,y—> S 2mw q!
X?sWT . \e'>xts"66<OApK”

Y6 [ eiqfed ] elx ,Xx\ViZ "K"Mx y\izZ "U!= b"Ou>BQ” . \eUT-
g suw> $s)YpK”

IO TOA~ Y ]®f (x;y) Ul=b”" gM~+hs'y , fwjvaxiw 3 eé“tdunz
pV” i () x gy Ugct = (i) x iZ Ul= (i) yiz U!=.\e>;M"q T

ew™ h"g\->
(i) = (i) + (i)
qTZ” . \W(%qE%U , fege (0.34) W(%gqE%t s'sM . éswpkK”
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q)Q’eh  YIOBIOMIO Guwlmlms, 4tES0s\O

() E%t % @f=@xx, q!: y>{ “hc:pKlo yii
foo. f(x+ x f(x; . f
@r im [ y) Ty o T (0.35)
@x x! J X } x 10X
y Xx"MoMsM
q [/\.h y112y113 \\p ,@f:@)X < Q‘Y' yll4,X We—I=
tOb” f we—l=w \zp (AU)"'>™ " b” . @f=@% X we—!=
dx >»Zh ,(@f=@&Xx x,X we-!=t"" f we—I= \fwcw "p
Klo , \s\fU U pK” VS @f=@x, <0 (@f=@=HxX
¢, q<t y>{ “oM” [Teu (0.34) E%HL1 o]
@@ <0 \fYowe ">q"q \f"-elts” USipK” . X we—I=
dx t'7 f we-Il= (@f=@"#Xx q,y we—=!= dyt'” f we-I=
y18 Sa(x , pd, Teuw U (0.34) w2 &et§ e .\w™U> 100sx{Mo<O

Y19 11,9509 ] E%wdx qdy w{VheU M wp«™w\q

YO0 [kputx ](0.34) w2 seéx, Teiw [pxsM . SRs’'y , T«iu D6Q (dierentia-
bility) seeaoT'felw Us>*eeb,ViU , S¢%pxAjb” . sS®TeuUDO6
s’y siiDO s"EJ (proposition) xY MU , \woxY Mgxv’sM (rsT
M).[; 19+t> \ifed "gMO\q<K”

Y[ —"@ EX J\x iZU " “cTt!="hqVw f w'cTsl=w \zp">™b”
Y112 [Gg] ,étUnZ"Gax , X psXqg¢< , hgQy : ap«?pc¢M . sS,x ¢
{Xq, tUt \e=" "igT \-~s!l= "iqgTe8&8§Mb” U MU L Fc c\eUs
-"pK"ZAsrsM . fofe , ,étUnzZo tOowiT’ , fwGVvVArxaJts”
xcUsMpxsMT . [mMpsU’ ]Taylor f:2%wo6iwo (higher-order terms) >~

@b”MsrtSMoc« , % we8§M>b” UASo M (=TS ).

Y3 7E% (A€o ) px, 0 > f f(x+ x5y ) f(xy) qSMh.

Y& -1 e e sUZ gMO\g<K” . S¢%px,( )< ,()su: ()
eUZ>a dct , %o[gq o;M” . [6lfpx ]l :gx , < :t> woEOD
“hew>!b\gqU TlhwpxsMTqg¥~«"U , Sé[pxa “sM

IS - 1@f=@x +igae§Mb” UASo MU ,ifpKT o\ el "gx, ()

f(xy) > X p® <0 \b”" " qMO"°% (verb) ;Oe , % —, (i) ® ulo, M
‘v w'Osé't?t b"\qwMU M .

Y6 [grz" 1(0.34) w2 ®@@E%H10tSMo ,y U{ "eoM" ™" >grpV”i-0
T.Xqy x“Mt qswiT’ , () 0 dx tx yw!=UpOb”"(*srsXo , X
iZU cTt!= oML ATt (i) < @f=@p<« y x{ "*oM"\gx
[ (035) T'°eZupK” .[sS1(0.34) w2 &eiZ>ESo« , Jeiw™ Db”q\-
X"T“ebXxsMi-0 .1eeew™ CZ p_IX*qgr ' oSX\q<OApK”~
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(@f=@%ly w\ " U, f w\ " e—I= (\ §" <0 ) df(xy)>)Q"

Oy + @fdy fe yg (0.36)
e AT
X t f wi= ytxn f wl=

(i) df,dx,dy w3 mxfo «—" pK” YRV qeg (S*|et , o0 P

Xe="pK"U , < X \VA pK” (-TS‘ )y120y121_
(iv) Zaw~repx , fe0 (0.34) >ZC: gb”"\qUGj pK” . hgQ
y,y Ul="sMOu Y2 ,8QhMs’y ,dy=0 gqSMo,df(xjy) >,

. @f

df (X;y)]y=const:: @EX (0.37)

qT X Y224 «Qt ,x iZK"Mx y iZU!=b"OupKloc« :

Y7 [Gg]ld UCXs’'y , =" (innitesimal) g"s’o‘M . hi> ,1!: 1w« :
dy=dx x, *—"pxsXo<¢j—ce v” (nite value) pK” . u: (fractional number) T
qtx«™dvys’'sM (Goed>tTUtES”,VpxsM ).

8 [ y” le-="gx , hgQy 10 % w'Ot , Oeg-"s<>™ "sM .10 %0 x v
"pK” . GvGtMOs'y , AvGGg>;Mo ,+="> 1=1 q Y”° “0o‘M . m
f“x , <UO "sM,rt—~X , Gapw ™ H5cm>Y$s"pK”

YIS [kputx JelqfeuxVYs”U , ql:px%°1 0<GVsdIxsM (x1 pA\).

Y120 Qi (Alt ) «="q v’wu (product) xe—" , e—"(qe—"weé (sum) xe—"
e—"q v'wex v'pK” . \e’»>-0q ,(0.34) w2 &2etSMo

(7E%): V” .—” + V" .—” = .—” + .—" = .—” :((%)

qs” (=TS ). ‘lo , AlxsM

Y12l a7 (el , o=1= | Av=" ) x, e=I= \p"pxsM . ot , i :x , e="pX
sXoe— 1= \p(A0)" pK” .[8DP]; wOes)Y '“<¢ , *U \Z"s"tMs"
T'<"T"' Ot , %o — @f=@XJ+-"pxsXo v’ pK":t«™p VpK”~

Y122 \ex® y>{ b"O0 *® X izU!=b”00 qMMTQ’s”

V123 "G ] \w (%> , iw'Ot2t 0{Mo<M

. f . f
df jy=const : = %)QX; df jy = %)gx (0.38)
y124 [« ™ U (0.37) WE% W < > ,@pxsX d>;Mo ,
. df .
df (Gy)iy = ook (= (0.39)
w'Ot >"o{Moxs’'sM . MtMQy , iUw'Ot{Mo ,dx pyd® , T%>
df q"sbsrdJZpK” . ses'y ,f x21!:: f(xy) iT'pK” . hgQy
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fesfetiwe t S” \qUpV” .(0.37)x, "tpqge" (x 3).

8J 4. f-u>;Mo , IU>AId" yi2s,

d(fg) = f dg+ gdf (0.18)
[M ]fg hqgSXq "5 H 1: hwql!: Q> L h(f:g) g sb\
qUPV” . \et ,21: :t0b”fei (0.34) >&:b"
A 3. AvGg>;Mo ,21!: : z=f(X;y) wy t b” « : @f=@y
w [U>TZ . ~t ,1!:: y=f(x) we 1w [UcTZ
VA 4,31 f(x;y;z) wle df(xy;z) >, «i>;Mo{V<d

x043 o0 :q-l

11: : y(x) we @ dy=dx q,y(x) wo : x(y)*?" w« :  dx=dy
w tRgb”-UtxA>" Mi-0O . bs”j ,1U0URQDb”
dy 1
— = A4
dx  dx=dy (0.40)
\e>77q ,\ U$s "yuw > oM”\gx ,
dx dy
———==1 0.41
dy dx ( )
q{V8Qo<«"T"i-0 viZ8\\ T 11! :w < : dy=dx >_hs
'y ,dx o dy > U$t{qTht“t"s 0o‘M \qu~T” Y29,
> g sbY <pc« , E%w < :tSMox y ' Qx«QsM wpK” .
Y125 qeii><O h\qgp ,a—9T1 px1<“t\,h=U> , kus™ pAiD6qgslh

Y126 S X tpc«<sMT< esMU

Y121 1Gg] : (gp: mapping)f >;M”"s’y Y=FX)0 x=f Yy) pK” . <« »{
XMtc , @ f >;M"MUA>"«bM <M”i-0 .

Y128 [rsq 1](0.41) xuR : (composite function) weii-UtAoM”>U sMi-OT

Y129 [« ™] \ox: T $t 100%kpus s Mgx...tpVsM (—sXqg<, :7T psMU”’
tx'@esU’'x6UsM ). T sU’ ,ugftSMox , Git¢e¥%V>"oM”"an
qMQ” . Seé[px ,\e>YOwpxsX , “éq 0ob;b”q0>q”
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g\-U , a—TpOAQgs” 2!:: f(x;y) s'yrOT . rsT Il p
feei‘Ot

f 1
@6 — (0.42)
@x @x=@f

pK” Y30 \\ptMhM\qgx , 21 :wo :w “{MgMO**

¢ Y8 g — 0 el cwOUuX @x+ @ysr>{qThit“gq"sb\qg

XeNesM \qg , \et V~

s'y , ?2>{gqTht“q"sdy'MwT . o0 % pK” L1
D, 20 , 3! :wMcepKlo« ,
d @ @
—f(x); =f(xy); —=f(xy;z 0.43
o (0 gl gleeyi) (0.43)
w'Ot , U:p{Mh <0 % >{gTht“g"s o , % U~N;b”
f gx~“m o0ES"wpK” yis2,
A 5. »p ; "e”0 :w°mt , 0~ arcsinx, arccos, arctanx
Ue['e” 133 50 (0.40)>@&-"0 , \e'W«< :>-%d" y34,

Y10 g 5BQY .y I=pUD* % T’ pK” . E'o , E/low-U (chainrule) >i6d
‘. [«]A2216 x=rcos =x(r; ) gy=rsin =y, )>«00 ,2!: :wo
:=UqUuR :=0Uros”"T>{V<'0"" .

Y181 1M, Sé[px ,2!: :x ;b"U ,21: two X (,S$t ) b; sM

Y132 5S¢ :pKIlo<% 7t ,g%f(x;y)w‘OtES-y‘M LAl i<w @% wi:
(exponent) w2 gx , x> pxsXo ,(@¥ >™ b” . \W'OtA€>2th"Fyt«
™dt (1! cwOUup<«% 7 ). Z<w'OtES”"q‘'M

e _ @ ¢ @ °
— = —f=—f= = f 0.44
@i @ ~(@¥ = ox 049
Y133 0 OAC¢ :sr<»tSMo ;7 e”
yI3%% ALw"Ob . gt ,oYm(sine) : , o(m (cosine) : , oY€ (tangent) :pK”
d arcsinx = 971 . 4 arccosx = {9771 .4 arctanx =
dx T PT x2 dx - 1 x2 dx T 1+ x2
[Gg] o~ : (inverse trigonometric function) >, sin 'x g{X\q<«K” o \e
1=sinx =(sinx) ' q % 0xs’'sM
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X044 a—fwel :

a—T1tSMox ,gY>.w 040" Cot E'0 ,IUURQg’h
dH
dH = CpdT: K"Mx Cp= — (0.45)
dT
gY>.wai»ch” H x9S T wl!: :pK"U+Qt Y15 & w dH
t,ji$sDoa tSZ’mi»¢h” wH°O (0.199>EOQO 0
dH TdS+ Vdp
= —= —— A4
Co = ot dT (0.48)
q USt-% 0<8IxsM . \WEwWU! x  x3p™\b”
a—9f1lpx,gY>wa0” (+z& )xz« :pK”g\,hU , X,
gY>.tv'sM&a0”x 21: :pKlo , Y6!l:w 1mpK” (x3.2p
A\). hgqQy , yao"wOu
@HT;p
Cp= ——— 0.47
p aT (0.47)
q{Z” . "0, \wi tH°O >EOb”a"xeresM\qx"~T"i
_OT Y38 s'yrOb"T . v' Hw [U (0.3)>EOb" “Zt“x
SM. Mcet 0« ,()dH g @H>%°1 0xs’sM \g Y7, (i)
dw %tSMo @=@x{qThif“q"sb \qg ,\*"’UOApPK”
Y185 oty mi»gP” H < STfowY6!:x 21: :pK” (x4 Ziipx 31!::
qs” ). feeQ ,g¥Y>w H ULl!: :pK”"\gx , %o —«Zt b" . [Joule w
O (x32wWE “)] gY>.weaenEca”"x9Sw 11: pK”\q [U=f(T)]

»iM"q ,H U+pV=UT)+ mRT = H(T) U<T+" (g¥>.wY6M Uc;M
h). \w! >, tySoSXqgq‘M

Y16 dH gxYs* ,@H>{qTht“gq"sb\qUes*esMwpK"”

YI3T [e[U %ap~So«™h” ] Z<wU! x  foi* pK” (g >RQ" )
Co = @HT;p) 5 T@SH V@p6 TdS + Vdp6 TdS+ Vdp
P eT @T @T dT
“T'sU’ , Z<xY'M
_@HT;p _ @ _ @uU_@pv
“="er "ot "M e et
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x045 &a—9fw q':x 2m

®Y6!:x 21:: 2'"Ug ) Ua—TwGj pK” yi38 A
tK”"Y6!: (p, T,V,U H,S, F,G, )waT’ 2m>"Z 0 q!:
t-e wpK” . f0 , ql:UStY" " XO.8"" \qU7h” Ep
K"\gt , ~x ™M>nXi-0

q':U 2mpK”\gx > pK’U , > 0G~s> pxsX , &0
$ATpKlo Y39 \e5¥YS0&a—TxC2 0Vh y140,

Us«Ogq'o ,gY>.wY6M U (Boyle{CharleswO ) x
pVvV = mRT =( 1)U (0.48)

q{V<ne” VI \\p ,1meéwsgx p=mRT=V «Qt ,21!:

p=f(V;T) (0.49)
>™ 2mewsgx p=( HU=V «Qt ,\ w"2!:

p=9(V;U) (0.50)
>™ T Y42 \eU®YG6!:UA:tK"U+Qt , ql:uety”
X “1""«pKlo ,(0.49)tSZ” T U(050)tSZ” Ut “I7]
h. sS,2mw gq!:w=|MxU™pK”wp , (0.49)(0.50)ZZw q<K
“Qr Y143,

(0.49)(0.50)tSMo ,f 6 g pK"\gt«™dvys’'sM . bsTj ,y

—qgMO\ Ug$™ U%aY6!: "pc, fer)Q” : UVYs” \qgx
Y138 Yy otx® x3wc“ipx pK” X4 ZiAx , 31 teqlAne”

Y139 [E "« ]Boyle(@ ¢ ) q Charles(3R¢¢ ) x, iMt , y—U.uq9Sw 2 1!: :pK
"\q (gY>.wY6M U )>,fw : <« Soig$tO h .

yli0  gqi:Uu  2mpK”> U ,1qAgq’o0 ("ps ( "$s ) ™M p) Y MxcsrsM
\ gl:wx:x<lqg MMU‘M (D6s’yAvx )"qMORQU]XxupK”
T'sU' , XwigALx\w> w%pQ>8E ‘oM” .

Y4l 7E%w pV = ( DU x_h\gUsMxcpK” . 4—fH°0 t,A>SMo
Boyle{Charles wO >{V8QhiZpK” (x3.2p«<XU ,q wWEYp«czZDo6 ). [1
6] Cp=0Cs/ Xzadz ,Cp qcy xfege yzdq 0za

yl42 \\pxy—tmMorMhU , 0utmMoOrMo<% 7pK” (~-TS* ).

yi4 y_—w : x ,f e gtv'cA:tk*O” .Y6M Uw:izK"
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OApK” . y—pwOu Vtb” <« »>BQo ‘0O .f6g-Qt ,

@Ev;T) . @pV;U
|_W\L) 6 |_W\L) (0.51)
T{ U {
pK” . ses’'y , (%xs9a dT=0) tSZ"y—w <« : @p=@Y
Klo , E%x°&eaEca”>° t-jsU’w (dU =0) @p=@VT’ , E
SoM”"gA (a ) UfcfcYs” wpK” Y¥ \ex 1«tbWc ,pw
: txAvxUKIlo , ql:xeéfy ' x “17” q\,h . “hul

0,(051)wi w¥%: (A€°)w'Ot , <O 1mw q!:U?2pK"WT>
10 b"\qUSiqgs”

qg\-U , < :wi t gq!:»I0Ob”qevqgs” . \wevhs
wY,X ,a—1T> woé«pK”U , 0w ql:»2XT7"t
;T
@p;T)  @p (0.52)
@V @V ;
w'Ot , <4QEt<O 1mw q!:>10 b” Y45 bs~j , E%W4QE
wT gx,T>{ o (° qg°s’o ) sl>eeOqMO™ pK” ylaeyl4r
Y4 grpVsZey , «iiq < :w [>¥M&b\q
YIS TG ] ql:UxipxsMa—1 > w GpKlo , —N(i:~6.~E .w—1 )
ers (7 )w-J{tx , ~mOqgesM> , ?2"A0ZIiw™M$csM AT ()
ftSMox , xaSt z=f(xy) qit'oSZy , fw™MwretSMoc« ql:xx
IpKlo , g!':U “!""\gx (~mOx) sM. (i) —Tp<, hgQy p(x;t) w
‘Ot ,y—p Ul tqgi22 xt" b’qMQyfeiZp'M C\er ()i) px,
?2>{ "oM"TxxipKlo , <4QEp8&Pb"g xsM . a—Tw ql:Uét
Y" X “1""UeQw ,a—Tt{ w G swpK”
yl46  ql:q orw 2m>-aepM”Tr>xtar sU’-%> S ZAUK” . feo
Q, *i>a&0 q!: (q!': A izpsX ,{b”q!: ( q!: B) <zcl
Odvys’'sM . \e>2t 0oxH~ (hgqQy>: ) t;"'sM
Y47 ¢j—e , AQE"GqgA€°ow q!:10> ;0 , MWw'Ot{Mo<«'M
@pv;T) @pv;T)
@V @v -
\epx , 0 wev™»TtZ"gMOpsw™;tS* , fth, <O 1 mw qg!:>EOt
10b”\qqs”U , 2’0JXSM . % —"T“«bM <M”i-0 (-"wdJIpK
") S¢%op<Ct\w G>;M” (x1.\ ql:U?T "~Q;"+yd8JxsM
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x 0.4.6 <t b” 4 mw-U

<t b"mwWw=-U » ,X3ZfAp ;b” y148.
@x @
oy @i =1 (0.53)
@Xx @y @z

— — =1 0.54
@y, @z, @x, 059

@y @y @y @t

= = = 4 = = 0.55

@x, @x, @t, @x, (0.55)

@y _ @y @t

@Zx_ @tx @ZX (0.56)
o (xy;z;t) x, hgQy (p;V;T;9 w'Ota—TwY6!:tipb”

(053)x iSw-U qg‘ye” . (%w2mw < :Uqc«t z>{"
oM"\qT ' "T" Ot , 11 two :we¢ :=0 (0.41) » 2 !:
t1A “h«wp , gr (ESM) xz+$0>qMQ”

(054)x e w-U q'ye” . UwWESM>\,” |3 mw!: (xv;2)
wOj 2m>-0cp < >N , " 1m>4QEtmz” . b’q ,3
w < >A""\qgUD6pK” .\ >»ZhALU (bs™j (xv;2) p

\e "AdhALU ) E%w 1pK” Y4%50 (053)qxVs* ,(0.54)wE %
1wUgt«™ (d°
t-U (0.53)(0.54)tSM0o070Aswx ,(X;y;z) fegew!:w!=U

“Mtéet " KO:pK” . X Ul=b"s’y , Yy gzwOMU!=b” . mt
“, K7liwl=x 2mw!:w!=>YX . hUlo , : UK"wx
21 \tp"pKlo ,3!:w tx : xsM . \exiUpqne”
f(x;y;z)=0 (0.57)
E%w,éU : UsM \g>-QoXeoM” . (057)x, a—TwY6M
Ufw«wpKlo ,(Xy;Z) xa—TwY6!:q%°t 0'X , feeQ

Y48 [eR{ ] ~P) , a—9T (AZj ), pp. 185{187(C &).

Y149 {j < (denominator), (i (numerator), 4 Q E (subscript) t , (x;y;z) >fege 1scm

% ‘Ote (circulation) "do , »~d"wpK” . E%ULl pxsM \gqt«™>Ab
" (Albeyo~pV” )-
Y1011 twe two :-U (0.41) w2 !: :[tipb”q Y" pV”
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~U  (0.53){(0.56) Wa—ftSZ"OAQ< T”i-0 yis1,
\e'x  ,ix ,a—fTw~ U><XMopxputcTe"cwp<K”
qgXt-U (0.55)(0.56)xfw 2U8Mwp ,x3tSMoAIl>)Q"\qq"’
0, ql:pxSStTt-Uw “>>grb”iZp<)"8§QsM y152y153,

8J 5 iSw-U (053)S‘|e w=U (0.54) >Ald*  YISHISHIS6 (7,

Tey"T"' Ot 21 Hs{owiT'a—fwY6!:fwcwpK”

\QUOApK” Y157,

(rO 1) %w$sMO|| U0.53)>""g ,x=x(y;z2) Tmy=y(zx) pK
"\quU~T" VIS8 el :>"Z hMwiT’ , fei>RQ”
dx(y;z) S*| dy(z;x) x,

@x @Xx

dx(y;z)= — dy+ — dz (0.58)
@y, @z,

ayzx= & g+ @ & (0.59)
@z, @x

YISLA\w™™p 21 :w «i0Otx«™dvys’'sM [4 mw-U (0.53){(0.56) >gr
T, E", —M\sd” ‘Ot oS X ].

y152.(0.56) x 1 !: :wlUR :wei0>)Q"-Ut"A ‘oM"\qU"T"i-0

y153 (0.55)(0.56) tx 4 mw q!: (x;y;z;t) UgeoM”U , > 0 ,4!: :e 31
>{loxMsM . (0.53)(0.54) q%o 7t , ox“ 2 1: : pK”"\g> , @ow < >
«™ X 0°0-TS" .[t] eub”!:p 1m {b"l:p 1m - 2mp-Tt
21 :pK”

Y15 gqi:px , A;is:1-Uw'0Ot_Q"i-0 . T sU’ |, ix\<wfoU a—
fwhaes>aeOopxpuqqge” (™\). fw™™p , ASo tgT1$s-U gMQ”wp , A
I>ATtb,VpxsM . ™MIUK” x , =U (0.55)(0.56) wAit< “E%q‘M

Y155 (0.54) x, rsT Il pd.Awa lzi (Jacobian K”Mx Jacobi & » U) >;MoOb\
q<D6pK” .y w—GEWT{tA M

y15%6 A1>4Qo , -UwRga qfw™ 5gr hs'’y , It~ ueé!b,V\igx ,
o>x xOt—M\sb\qgtK” .

yIsr «gpbU , gswx 2!: \fp"pKlo 3!:x gpxsM Cf(Xy;z) =0, \ec
a—qTwY6!:q%7pK” .o , Z<wAItSMo<% 7pK” L qtTX 21
ttwld!

VIS8 [«™: ] () \ex ,Xx >H !:q 0""s'y , fw gl:x (y;z) gMO ™ pK
"L (i) x x,1U0eépxH iU ,2U0eépx gl:pK"\qt«™>Ab” . (i) U
(0.54) <K"do""q ,Z=2z(X;y) pK"\q<"T"U , \ex;MsM
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pK” . (0.58)WE%H1owdyt (0.5 E%>EQ" , Tgh” Y%
" #

@x @y @x @y @x

1 dx+0 dz= — — dx+ = =) 4 =
@yz @Xz @yz @ZX @Zy

(0.60)

dz

\eU U™wdx S| dz t0OCoRq b"hStx Y fc, t%

wdx w :Us XsZeys’'sM\qT’ , 1S=-U (0.53)>0" :
@x @y
— — =1 0.53
@y, @x, (0.53)
mWt, t%wdzw :Us " MAe"‘"“ , 1U>0”

@x @y+ @x

@y, @z, @z, (0.61)

\w(%H 10wu>ES”q ,e -U (054 tASoUM pK”\
gt>nX . fi\p ,(061)wtHwt (@Qz=@x>»Z"\q>¥MmX

@ @y @z , @x @z

Y160 gy S|

= = = =" =2 -9 0.62
@y, @z, @x, |@ZZ@X¥ (0.62)
(0:53) ““ 1
Wp , (%HEOt , <MhyT“wiS-U  (0.53)
@Xx @z
— — = 0.53
@z, @x, (0.53)
>&;°0 , (WHEO>E%t 0b"q ,e -U (054)>0" :
@x @y @z
= = = = 1 0.54
@y, @z, @x, (0.59
Y159 ot ,(0.59) t (0.58)>EO 0<«'M . tU (0.58)(0.59) >E"u~d”\qUSi pK”

dz tOb”AsU (identity) qMO™ pK” :

Adx + Bdz= Cdx + Ddz | A=C TmB=D
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(rO 2) U $sMO Y616 iSs-0U (053)>_"q ,2mw < :Uq
<t z>{ oM"\q (° YU"T” . \e>€RBt , +u (0.58)
tSMo ,dz=0 gSXq Y3
@Xx

dx= = d 0.63
@yzy (0.63)

>O0”"U , \wt%> dx(60) p~q Y iw'Ot! pVv”

@x dy _ @x @y

=" =1 .64
@y, @y, @x, (0.69

lmewsgp , xe0Gg dU «iGg @t!"lhg U T"i

—OT Y65 qeii (0.59)> ey "T"' Ot , H 1oy xfefe
(z;x) >» g!:qb” 21 :pK”~ . hUlo , q!: (z;x)
w"'M (bs~j z)>{ dvy Y166 et ( el ) ArXADO6OpPK”
mwt, e -U (054)>0b . feu (0.58)tSMo , (%> dx=0
qSVsU’ Y t%> dz p~"qiU>0" y168

@x dy, @x _ @x @y _ @x

oy, " 0:,° @ =0 (0.65)

@y, @z, @z,

«™5Ab"wx , ex“ 1méwsgtK” Y% Kgxis-U (0.53)

Y11 (rO 1) xkpgMQ"U |, -%"U M . feeQ , eeU $sMOp<Ai>)QoSX

y162 ««M1fOU $s_M>«[0S\O :1S-U (053)>""q ,x=x(y;z) Tmy-=
y(x;z) pK"U , Mf,z>{ oM "wiT’ , U$t 11!: :9q"sb\qUpVo
(% x %% qg°sd”U ,1!: :wo :w< :=U (0.40) ** , \ex 1ts M

Y163 \OSMhs'y , ZawU! pxxt z U{ N

Y184 dx =0 pK”G xsM .dx=0 s’y (bs”j x U :s’y ), X w< :< ,xt0b
"l=pc , A'taU  (0.53) <™ 55AsM  (fege>—TS ).

Y165 MVs“ «GagUqe":> , boes“qgr'UhMT«< esM CixU« \wee
O>Kt“-FsMwp ,2e5°p hwpk” .(rO0O1)q(rO 2) wgr ' «bMMO
tTey‘M

Y166 yaSt z >{ h\qT'"T"'Ot ,{b” gl:w-RTx z 2ZtsM

Y167 x { sSRQhMT pK” . feu (058)>_"q ,z{S‘l y{xgeoM’U ,x
{ x$i°U]iT \f \OSMhwpK”

VI8 [OA] t%> d pA’qVix ,\~ >{ sU’'— "q, 2>{ oM"T>\,”
\qQUOApPK” . "csXy «uGgxqgesM

y169 ¢xe ,\wg WTIixZEAi-OU , fepec 2t{X |y x(xz)t b” 2|
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>&; ,(rO 1) wO“q% 7pK”

X047 feuwzZAGUUE

21 P(x;y) g Q(x;y) T'Ae"mWw 21: HRQ” y170;
P(x;y)dx + Q(x;y)dy (0.66)
\eU , K” :wfelip Ne” OQu>RQ” . fw :» z(X;y) qSZy
dz(x;y) = P(x;y)dx + Q(x;y)dy (0.67)
K”M x
@z @z
— dx+ —= dy=P(x;y)dx+ Q(x;y)d 0.68
Gx X @y W= PO Qv (0.68)
q{zZz” . bs”j ,dx qdy wAsUq"sbg , iUURqgb”
@z @z
P(xy)= — Xy)= — 0.69
()= gy i Q= g (0.69)
x2px,(0.69URgb”hSw ZAGUUE > ;b” VITWIT2  fex |t
sT Il pYfeei*Ot ,iUp)Q’+h Y73,
@P @Q
- 0.70
@y @x (0.70)
A 6. 2AGUUE (0.70)>Ald"
. :pKlo , fwl=pc < :q 0o q”e"U , Mfdx=0bs™j] x U{ "
*OM”WpP ,X W!=x0Jts'sM . SR,y x21!:t" "oN#A t!=b"U
1 mw!:>{ b"\qp , fwl=UseHMAe” q Y pVv” (U $t1 ).
YIO [OA] +—s 21: :pK” (‘X od* ).
Y17l ®(0.67) UiT (iTw )e+iM UpK’'hSWZAGUUE +® (0.66) Ufeiip~
Ae'hSWZAGUUE™  srqtM8Q”"\q<DopK”

yi72 [ 1 2AUE (necessary condition), G i UE (su cient condition), Z2AGUUE (necessary
and su cient condition) w™ >6-Yd" . :felgTtgrt'c , &g »>;Q"
iptZzoé+esMOS gMQ”

Y73 [« ™] U (0.69) q (0.70) > %b”J\UASo0o M . «™5Ap”
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A 7.(067)K"Mx (0.68)>.6qSMheiiM U Y74 bs~j |

@z @z
dz(x;y)= — dx+ — dy=P((xy)dx+ Q(x;y)dy=0 0.71
(Xy) @x, ay y = P(x;y) Q(x;y)dy (0.71)
W° rx
z(x;y)= C (0.72)
Y74 jqeaM U (ife0 , K'Mx , 17 weiiM U ) gMO.
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p ) Q 1 e (C X U ™ - )y175y176y177y178y179_ \e> o d

yIrns [ AiUgrZEGusT\ip: ] seU™ U 1xswT. fex ,1S«0M UIT
'pK” . se 1Ss’y 1xwU™Q> %wWT . fex ,1sullb”T’'pK”

Y176 [y175w V ] ®n SeiiM Ux n xwU™MQ(U™ :K"MxU™!: ) > % . \w
Gj x , UM Uw “+rOt"cRqgb” . ° ul'oMsMTw'Ot_Q”
ro ({uoue; sM‘Os+iiM U ) pKlo<« , SistxfwS:uwuiseel
oM”wpK” . fh,\x"«0M UUS:dwx:wU™ \' "> %wt0 0 A
M UxS:dwx:wUm™ VIl (2 )'> % (;:Tpd.A . X3 pb; ).

YITT [+]1 1yl76 W' Ot A$sd (EJ)>d[TZ'+0 lhqVtx , 7<omseUM
Utgjiloé.$tRQe-y'M () 7< osxs0iM Uqgx %ol (jT ) w

18 ::¢ xetM U
df

&—O (0.73)
PK=0 ( > %U ). pV'v“3iOc¢t hMwiT’ , tjloOWE%x_ éqS
V, o< 1qSZy‘'M . "o, uii-%iZs'ydi\p<DopxK”U , KX ¥
p, M Uw; >;Mort ‘0O .(0.73) w°rx , t%> X p& uilibey , h
ijt{t” (C xum™ :
f(x)= C (0.74)
(i) 7< os M Uqgx , 21 t0b”" %ol (il yw1s : :¢
siM U
@ixy) _
7
@x (0.75)
gqMQ O . “T  , «iM Uw® rtx«™ sAb” . t%> x (iZ ) puiib”w
iT" ,U™MQWC tx y t* b"D6QU " (\wl:pgrpVsXg<M ).
bs™j ,(0.75) w°
f(x;y)= C(y) (0.76)
pK” . mt*, «uM Uw° rx , M UwS:awU™ \ 1 (U™ : ") »
% WpK” . \\t ,C xyizZt  b”U™I:pKlo , pxsM
VI E"XRQoxs’sM ] %g>a2e0q,(0.75) w°'r> C(y) pxsX C(x) « C qf
X Uip:M” . 6°pwtUs% % pAtdo , -TSrae” SMT pK” . tc (au
8§ip<«Mwp ) °"r>{V<'o , fTwt%>TMt X p el'o0 , Vjoeeqg (0.75)
ti"wT (bs"jE%x, éts"wT N \e>éUt-TSey‘MiZpK” N\
w wodJx , > o0,prX«<wpxsM\q>8P oSVhM TN , Y177 p x

®grpVsXg«M g{MhwpK"”
YITO [it ]®f (x;y)=C (hi® C xU™ : ) pc<YrpxsMwT qtQ"T< esM i

“pK" . h™Tt ,\ex (0.75) wrpK”"\gtx8§MsMU , o1 (o) pKIo ,
>0 (0.75) W°‘rpst g A] ffe L °rw \°" "gx?>™Th'wT . °
r > ,o>Yrw [gfe’ W)Y>\ (rsq ).
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x1 a—fUAI3Rc
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"TUXX{MtXMY6!:>{S” EtOB oM”ws'y , fo
»0QotzZ” \gq< fqMQ” .ses’y ,2mw q!:"Q Tey y186,
“wWlowH 'U-%pV'\qUa—TwGj iT'pK» Y187y
Y180 [x0]\e 4 mwY6!:x ,\O0""l:qg'ow \©oE¢2” "pK”\g>heoxs’
sM.
Y18l x4 tpx , ji$sDoa wWHRQ” . ,tTe0\w W«™>6 h"U , X p<
?>> ToM"wWTtxt«™>+0 ,VpK”

y182 5 wG\x , kpQ'“<U $gr> Eb”

Y183 § ap vey‘MiZiT pK” . hqQ8§ eUA pKloc« Jev ™3
%wOA> sy'M . +Qt , GVs EpxsM
Y18 gux~"T"i-0OU ,.us'y EAt“sM .07 "\qUpVsM

y185 &t QsMAE (10 9, U «é (10 ® !"vs'yS i[pK”

V18 [«Z]2 m=egMloc , <j—ce , uS =m=V qOu V wE"a"de , zOu v=
1= =V=mqOu V wWE"0U"dpx™ 55 sM (m x%wi” ). seA™M TRQ"

Y87 [OA] \wg”¢ct 10"QM-ey , X WNOW'M‘Ot®-V% t \gracep
‘M. \e\fU , &—fwb:pK"q%ItE " DK

y188 16 1a—Tpx, q!:gH ':wOMUYG6!: pKlh

33 c 2016 Tetsuya Kanagawa
https://kanagawa.kz.tsukuba.ac.jp



fw 2mw q!:>8S!: | gXt y—q9StWb,V pK”"\q

U Ziwrae “xugq¥MOTe I8 _ewy—qg~ w**wy—xs"
M(G>y). 9S<-éw "tp°7pK” (>9 20C). 1>'C>¥M&~
cq< , y—gq9Sx , "« eUGUMMhqVT -OYY oM”,rt
Usa—1T$Y6!:pKlo , fw {MebArxi.gA" pK?” YRl T
"\f , 8S!l:wb:tT” wpK” .

“hUlo ,Z™ y—q9SiZpfowY6!:> b.% (-%MO) >
N” \qteseb” YIOY193  fwhSw“t>Z<p\,”
x1.1 &a—9fYUAi3Rc (1) meaEc?2”

ji$sDoa t0'o , MWwa—TH°0O (0.15)URqg h Y%

dU=T@S peM (1.1)

a—fwY6!:x 2mU q pKIh\g>¥M&b 19 (1.1) WE %>
o , 0 (=" )dS gdvV w Ot>nX\qUOApPK” . AaeT'M
O|| °amEc¢2” U w2mw q!:» SqgV g> brgVvtv* K

Y18 uxH 3 ©4te’nZ’+"qMlo‘M

YI% [OA] x tqlow®U $"T“ebA ({Msb~ ) U|b"\qgx , gXta—1q
> ;b”IpOAALt“sM .ses’ ,fwU > , a—Twx Swoé~rqE"u"d”
\qtR-pVhs'y , ®7's" T ebr> tOe"\q«DO iT ' pK”

YL @ {M+*b”"gx , SRx, x'wW0Ae«igt aoQ...b,VpK” . .u° w.tw
Ca(a. )w'Ot.u V U “sbMig<« Ob” . \\pweés$x , 0AtMvAes
M° $s:U>cX \gtk"U , fw"AQ+Qt Y”'U Ets“TvsM . fo
>tZ”, X, KQo, *» $s®{M+bM gMO q<;MsU’ "a&> S~

Y192 [OA] \*UiRbey , »7 ;i< ;s“éqgqs”_é& 'UmVfOqgoa” . ses
Y L, \W-%.%> , ~ x‘Uelb \ A"t s " ;t "h“éeq ,\ x xOt
(V% t )" 18b"\qUpVTfO iT' pK”

Y198 [c2] {.*+.wa—TtSMox , Y6M UUKZ$“T<re0osM TN , &—
TUAI3RGe Maxwell w U (x2) sr>f«™[>8§DP 0SVhM . ses'y ,z
+$ - TebMy—q9SW@CU¥%MLtc< " eh ( pVh ) qVt, feZZw!:
> b \gs't . -%t‘lo , fowY6e!:> \ (t "{&"\quDs6 iT'p
K”. [«™ gxMQ, AAxY6M Uw \ : "UZzAqs”wiU (x1.5.4 g x3).

Y19 [« 11 Z™, £Y6!:waq“Ax2@txqgesM . Y6!:we-I= iZp qb”
[«2] Y-tx , HEO dQ=TdS < “ cepM”U , S¢%px\e>8§D sMq\

,h (x0).
Y19 [x4 Ziipx ( x>t sXo0'M )3 mw!:U gts* ,31: »{0
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"8 >$T+"wpK” 1% g >Z<ttib” | tc (L) w(%x,

AUS:V) = TdS  pav (1.2)
ql:>
q{VEQ’'+" . mWt,x042pi6 hf«ii  dU(S;V) >{V<b YL97Is%.
@Uu @uU
du(s;v)= —_ dsS+ — dVv 1.3
SV= Gg 9+ gy (13)
(1.2) g A.3) w(%xqg<e<t dU(S;V) ps'MT' |, E%<s XsZeys’
c, I[UURQgb”
@Uu @u
TdS dv = —_  dS+ — dV 14
P @s @V . (1.4)
sU (1.4) x, U™MwdS q dV t0OoRq b” (AsU). “hUlo ,dS
qdV w :Us XsZeys'c , TUWRqUAen."
@u
T= = =T(S;V 15
gs, = TSV (1.5
@u
= —_— = S,V 16
P av . p(S; V) (1.6)
2mwgS!: TqgpuU, O"l: Uw i %>0S 0<T"Ul
t>nXi—-0 Y920 Et cxeaEca” Uwql:w' Q> u(s;Vv)
YI96 [l ° tx  U(S;V) psXg<'M . gl!:w=|Mxx (U™ pKlo , \e\
fua—9qIwE ~ swpK” .x111Zfip?S<«™b” . tiao, M

Y197 116 (x0.4.2)] <tiw \fo"weé>q”q ,\f"eiutslh\g>¥M&fO

Y19 [TG (x0.45pA\ )21 1w < 1w«ex , <O 1mw ql:U?pK"Tt"
‘oY¥s” . fw Z>1Z7,X , w ql: ({ b” q!: )>, AEw<t4QE
(subscript) g 010b”

19 [clgMOq ] <« :w 2m( o) U,U,V,SqgMOO"!:iZpiR"e0M"\

qt«>nX

Y200 (161 J\w‘Os\qtx w—iZp>CZ"hStx ,:U>*X 0b”"YN>66
nZvys’'sM . ag$™ H>gr h™p , xuwt?p , OS p3qS”A6<u%o,
VPK” . Y M:U>Y X<X\qx-TtOApK” CCTsUT L A—Ts (t )
b;b” "qOtK” e+ etqglox , <Teh:0Uwlg$™ H>Y Xgrb”\qU ,
<lgOApK"~ . (1.5)(1.6) w<Z>gr h“% Gb”"iZp- "oxs’'sM . Sf’
X~ <daoM” Ot , a—9Tx, :U7qeU! x.x , ST % fw w,AJeq
z+x 0<«zx$0>sa2’'t b"gMQ” (hida—9Y Il wc“tptvU ). T
sU’ , ag$™ H>gr~ Y” b "\gx0>pxsM (U <HEO Zftfw 2
>0a0M” ). Gisl >TZo “E%ZZt L, Aa—Twe wU“xK“QsM

35 c 2016 Tetsuya Kanagawa
https://kanagawa.kz.tsukuba.ac.jp



q ShU , eow < :>_ o0« , T U(S;V) pkK” Y91 1qS*

O ®uiAéb” Sq.u V>>S"q ,°@cEc¢2” U U>f"" Y202
\w™ p , q!: (S;V) », U w\ xus q!: "g‘*\qgb”

(1.1) K"Mx (1.2) > 4—9TAsU (thermodynamical identity) q*| , (1.2) (%

wleeoEc2” U(S;V) x, a—TJUAiIER¢ w{gmpK” Y%
7<kptx ,(12)>Z<w‘Ot{V<b\qUpV”

dU(S;V) = T(S;V)dS  p(S;V)dV (1.7)

x1.11 U UMmp<a—TUAI3Rcts""ZpxsM
AaeT’\,” || U(S;V) xa—TUAi3R¢iU , hgQy U(p;T) x

a—TJUAiIRcpxsM Y204 tM6Qey , a—9fNUAiIZRcts”hS

w gl:wa|Mtxx Sx'*e0oMsM wpK” .
g >\,” 1RO y—q9SU{MebMgMOU >,t (x1.0.1), >

t, V% t UPE;T) g $°0 Y95 (i) fe0 dU(p;T) »{V< 0"~
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>nX Y27 7ZiU ,U(p;T) s'ya—TUAiI3R¢q ' o0fMoXessMg

pK” . a—fNUAiRBe US;V) w gq!:  (S;V) w=|M> \ xp" qMl

h E«\\tK” y208,

20L[ A (ph“2pK"UA«™ )] sUw (%gE%w q!:x% a pK” . iT'\f , TE
%w ql:c< (S;V) pK” («™ X=TS* ).

202 2wh8t ]S¢%px,\Doa tSZ"niAéD” ">ot \miAéD” "g{X\
qUK” . £h,\"09S ">o0t \9S"g{X\qUK"”

y203 [ 1a—9qUAi3R¢ (thermodynamical potential) x, a—9 : « a—9>Q : (ther-
modynamical characteristic function) srq<‘ye”

Y204 [« ™M U(S;V) q U(p;T) wMcepc ,U U°guEg2"pK”\qtx! “sM . b
sTj ,ug$™ xA&E! pK”.

205 g —fw2mw gq!:w-|[Mxx pKlh . feeQ , MTs”~|MpKloc« , 2
yS'e" VcwpxsM

y206 [« ™] > gH°O (1.2) pxsM . (1.1) q (1.2) w(%w)Yt«™d"

Y207 Adp+ BdT = CdS+ DdV s”AsUUcT+" . W\T'2TU™«"i-OT . bq
hsM.

y208. 5 x, U! xXE"XxsMU , BQMXE "M . se\"M
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VBQhM. T sU’ |, 1A’c°2cm %hSt , fcx 1mw q!:

>"VEQ \qteae O
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qMORBRQUxupK” Y19 ozxoEc¢a” U(S;V) >TFt'o , ‘“7T¢
*bMY6!:H>A"\qxpVsMi-OT . <IlgMOq ,(15) > »T*
t'o , oiAéD WE""t \9S"> qlitne \qU1"sMi-0
Ty220l

fwOs!:> , {qgfc F(T;V) q{Mo Y2, °goE¢2” (4—1

y214 nvg ™\p” Maxwell w U (x2),Joule wO ,Mayer w U , Joule{Thomson
sr (x3) >< %o

¥215 \w OsY6t . "\qUpVey L A—T1l w7GweOw 1m>Et hqgMQ”

Y216 [16 ] 7TOA+Qt “&DbU ,2MWYB!:UEeeyfeiZp'M wpK” . T\
'Ot , °euEcga’ZZw 3mwa—fTUAiIZRcw<«O>9S 0 , WY6!
W% ZMO>(btb” \qgUa—1T Il w JpK* , Soi>Tee$pcK”

217§ xmWw Y>€Rt h I e<$™ A—T( é ,2014).

Y218 Se[px , KXtp«“éq 0-0q0>q" , cISkurt X-"\gx sM (O
ApsMgMO ™ pxsM ). [4 ]rs—9 (analytical mechanics) p;M’«" Legendre
16gx°e'sM gUK"” .

Y219 yt“coiAéPp"wWMU " T“«bMgoda” x , X pxK“QsM

220 se9S T r>-ceiwT .x1.0l1weéawqS* ,Tqgp> q!:t'hMT’'pK” f
‘o ,p xi...p<Ob”

y221 ix , \sUE\wx oEcga” (0.1) ts™M . "T° , 1T tpx—‘4lo,”M
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UAi3RB¢ 1DUS;V) T'9S T >«XU (152 >mWw'Ot! b”
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T(S:V)= — (1.8)
@, S 0,_%Q
Fo
GoF > <« :wi t'S % p ['h . \e> U tmMorX
_ @u _
v -
(L9Yw2mewsgU , x osEg?” Fwl[U (01), bs~j
F U TS (0.1)
>xpugq)QoM” . ti F wiag$™ x TpxsMU 22 U TS gMO
°tt?'TwA<f o0zZpuQ»>0asMi-0OT .(199wlmewsg [(1.8)
7TE%wW [Gg ]x, ~"tl%!: F>Ej ceil\g>™ b” y224y225y226
TS U§S!:qO0”"!:wu pK"\qt«é ‘0 . \w‘Oot ,TS K

"Mx pV[y—(&8S)qg.u (O”)wu]>,\iw"a—9fqUAi3RB¢ (H !

¥222 se\es—OwWT . EjwUwaT’ T 5>-QoX+"Uss o , _mZhwpK”
Y223 (1.8)(1.9) w"Spx , ti F tag$™ xEjl\eepMsM . A;isGaq¥lo'M
224 11 . (linear function) qO nZ” . bs~]
dy
= +b=—=x+b 1.10
y = ax dxX ( )

g(1.9 >0 CZsy opK”
@u @u
@s @s

V (slope)a(=dy=dx) x, yMA—TUAISRGT -% " e"H !: (y'M qg!
), bs”j T=(@U=@% tipb” . ~" (intercepty b Uy X<O hMa—1qU
Ai3B¢ e+, bs”j F pK”.

U= S+ = S+F (1.11)

225 gf'X Z oM”i—OU , 0 A;pK” . "xZ<wqS“pK”

t~a—fUAiR¢ y~a—9fJUAiR¢
t~a—TJUAi3R¢cw q!: ('E2 )

y~a—9fNUAisR¢cw q!: =

(%x, T~a—9TUAISRGT «<T+"H l:w 1mpK” . hgQy ,T(S;V) gx,
-Ttt~a—TUAi3R¢ U(S;V) T'<Te"H !:pKlh C\eUy~a—1TU
Ai3Bcw ql!:gs” . s_pgrpV’xcUsMwp , «™ X 4t-Yd!

y226 ey () <« »>)upUA® (kptxUA oxMsM ), (i) U ta—9gUA
iR CIE2w« e 5O (USIEb wiT' ), (i) G<w!E2wex, éqSX
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,A 8. (0.1){(0.4) wfoU , Legendre!3pK”\q>-TS" y221,

x1.2.2 xuqgehx oEc¢g?2” F xa—TUAi3RgswT

Spt ,F x (T;V) > ql:gqb”H !l:swi-OT .y Ma—1
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(1:1) >EO
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@S S S 0 S 0 ( )
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(1.14)x, H°O (1.1)>EO h\qT'"T"'Ot , ji$sDoa
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@F
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@F
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i) Sx vp ,dT xe—pK"T’ , U SAT Xxe—
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PR [OA(L14) w Spx ,F w(~t pgSw gl:U (T;V) pK'ZpuQxrite

sM. a—Twg¢"¢px , ql:gq'o , Y6l:waT’ 2m>U™t-ep'MT’p
K”. T'sU’' ,(1L.14) E%>ES"q ,(@) q!:> (T;V) t-ceis’y , (i) e
is”“é ((1.15) E%) >b;b"\qUpVo , (iiiy fwip 0as™ U (1.17)(1.16) >

NefQi gMOYpUmX. \w™™p |, :1$ZuQqMO‘“<lg$ZzZuQqmMQ”
Y234 (1.14) WE% U, dF pxsX ,dF(T;V) q"s*«oM”"T’'pK”
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fwsggx , U™MwdT g dvV t0CoRq dvys'sM . “hUlo , fe'w U
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x nEcga” F(T;V) U, a—9fYUAi3B¢cq o , bs~jy—q=
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x ai»gh” (gXt™ )x ; b’"\gqts”wp , S Ow6E™>* *0SX
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YgE"0"do , x sEcg2"w- (1.15) ><X\g>qS’ o ,
‘OeX \Ug"> ApV” wpK” .F,H,G w [UweigH°O
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T A e y242_
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Y243 =qS wig>¥MOT,0""q'M
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@UuU u H
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SVI= Gy, v (1.20)
qGg H > [b”qg (FwOuq%7),

H=U+pV (0.3)
>O” . (1.20) w"SpxGg H xA;is~"tbWsM . T ,(0.3) > _
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H°O (1:1)
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dH = TdS+ Vdp (1.22)
UH3wa—TAsUpK” . \ex , 4a—9T1pYei‘Ot ,ji$sDoa
tOb” ai»¢cb” wa—fIH°O , K"Mx , ai»¢cb”w- O
srgqMO\q«D6pK” y248
(1.22) WE%>"0 ,H wxps qg!:t (S;p >-+,V pK-0gqR

Qo, (%> dH(S;p gSX. ses’'y ,H(S;p wfeuU

@H @H
dH(S;p= —. dS+ — d 1.23
SiP= g 95 gy O (1.23)
q)Q " T’ pK” . a—9TAsU (1.22)w(%x dH =dH(S;p gs”
y245 (1.22) TE%t,”! tSMo a—fH°0 (L1) >»-0izZ pK” . O6whA>mmX
‘Os:Ux>"0-"sM . 7TYyvWEYQq , xtjgt,nMoUGA>BRQ"YN~ QK-
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b*q ,(1.22) wE%qf-0 (1.23) wE%UsgpAy-" 7 hijt 9
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y248 16 (A—1T1)] mi»cD”x , °@oEc2” ("TsMuEg2” )t,vOqvz ("X
sEc¢2” )> Sh«wpK”qg\,h . afE!»fp ;~+"q<\,h . \w'Os
0®% [K"Mx ;«tx , U $gr> b”b:UK”cww , kpQra{b”
tx0"UeTsTlhi-0O . W\px“égMO :p\,h . fex:U>T<0S
VvV, itfwag$™ t-"\qU ,GgTwx_$ gqMQ"U , g,x fegepK
. a—fJwOu, "t_fs :T'BQvy , grx EpK” . AAx, l&ipw -
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TmP= o1 (1.30)
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Nev  YBHHS 4 avwxps (> s ) a|M, bsTj ,(S;V), (T;V),
(S;p), (T;p) t0O 0 , feget ah a—fUAI3RcU , U(SV),
F(T;V), HS;p, G(T;p) g 1 mt0 b” wpK” Y65 “huUlo , &
—YUAi3B¢cgx , a—fwY6!l:wV~So> sOugMQ”

(v) hgQy (1.33)tSMo , <«li>a20 q!: (G<)U2e“w qq
<t Sph°pK”\q-e , H!1: (0 )wgeMwF Qsrt>n
X ¥267y268

(Vi) (1.33){(1.36) 5rw'Ot—MUZey‘'MT L —MUZ”,VswT . é
.« (a )> O'sU'R0 'O . hgQy , EsoiAéD”

S>-%tlo{ShMU , 0a wiqU EsY tOB oM”
gb” . \wqV ,(1.36)w ea (g 1)>-OwpxsXo , 7E% (~

qg2)>-0] bs”j ya wig>é}b I gMOE€[“t¥M
V8 AW ™ T 1 mwY6!:>-%b"ip-MUZDO0s 2e"
y263 \e A mwY6!:x , “Agqa>-QoX+"qMO™ tSMo L, 7<,A$Tm ~T“
*bM Y6!:pKlo (eiAeD "X " T“tXMU ), \e'w> txA<UK” .S
es’ ,p{V ¢SU“A> ,T{S ¢$U&a> , fege-QoX+"T ' pK” (x 0).

y264 y~*S00As:pK” AT 215U ™Mtaes'y , fwEud (combination) x,
4Co=6 “pK”U , \wOjw 4e“xa—TUAi3R¢>)Q” (R-). ' 2e&"
xa—TUAi3R¢>)QsM (& ). 6i:71>16b">Up\e>-TS" .

Y265 \e \4 mwaT’'U™t "gMOtMs tc«™>Ab” .\e' 4mZZwY6!:>
ql:qg’oU™t-ceiq o« , a—TUAiI3R¢x0 “sM (SpT. U|d* ).

Y266 \e'Z77w-|Mpxa—TUAiZR¢X 0 'sM .(1.32)>_sU’ at-TS"

y267 (1.33){(1.36) > XESey , w>At«>nXi-0 . fexTg 0SXq'M . se\
w'Os oUZAswT Lfex , x pi*Yb\qgUpV'—tmsU"T ' pK”

Y268 [(S]1GIw'Otlu="hOtpferGsAodx ,hgQ 1 0r)8 hqg o« , Ya
g™t 1TD<&oy , fw,geer (gXtle ) xheo ' fOwU~mOpK” (°+1
Zw s'y:0™tx?<¢’'sM ). iT'gMlo , x~0qt "2AsrsM .u’
M‘OpxK"U , x $tx , WG1—xGY!g>¥t0QoXyT“pK" Ot
daoM” (U'wWG1—tdJUK”iZT< esMU ). fepc ,\w'Ot,>u"
UloBRQh\gx , EYwW px’’'sXqc« , ZEU[tv cOX\Esrwr\Tp
ATtZEVOM"\q>10b”0@x—sXsM . SJéxz.Jeéiu ,~V 80EWT
»U°\a—JwEY>-0gMO\gqxK“Qc , Xq¢< 10Et-hsMi-O . a—¢
w @$Sp,If MEY>Te\qUeéSswpxsX , 0w XWEY\fUOApPK
“ fw'OsfT—\f , GY Afpt tCZoSX,V<wpxsMi—-OT

Y269 [ai’iqé® (combustion)] “teeini’i (Otto( 1¢A” )+ «¢ )w 0€®>-
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w U> tOeh . \ex ,a—TwY6B!'>E"hSwASo :s
“6wNRt s'sM y270

(vil Ziw~rex , {.*+.> SMTs"%t«&;D6 pK” Y271

8 6.F,H,Gw [UT'zZC o Y212 (] %> M , ji$sDoa

t0O"oRqgb” 4Swa—9TAsU (1.1)(1.14)(1.22)(1.28)> <Z  Y273274,

8J 7. ji$sDoa tSMo ,Amwa—JUAI3Re  U(S;V), F(T;V),
H(S;p, G(T;p w «ia”>qS 0 q!:><MoXe"U (1.33){(1.36)27
>Ald: Y278,

x151 M witqg$S

7c’<« ,UF,H Gwq,p<O~ [dvys'sM~ZpxsM y27r,

T sU’'  , 1<“$sgr>tz”, X , Z<wM >qoofe>fae h

() y—q9S> gql:qb”a—JUAi3R¢>N” qgMOeéa>f “h
%b”qVt (1.36) w q 1>, AY” ¢ai’i (Diesel + «¢ ) w yé®>-%b”
gVt (1.36)w q 2>, fege—MUZ"\g>¥MmX . T «gqct , "kx 0
a *Qt , >w-%Xx q 1t§ Ne” \w'ot L, 18T V"2 éfw i gw
§—QUITopV” . Alx°é; »q Ewe[tec” (rEg2a”»q ;1g (3 a
), €®»Y (343), nEcg2a”;+ (343) sr ).

Y270 \\'tp\,hKh*p , a—9fTAsUqa—TUAiI3R¢>2.Je (a—q1) g’ of
+23qgfw»T$ ;Qt , —p>CMo, McwpK"”

271 y6M U (gY>.t0b” Boyle{Charles wO sr ) x?’—-loMsMT'pK” . S
PT. ®¢%t{MoK"T' pxsX , X p,ati“&lo, M

Y272 [3]U,F,H,G w4 !:wZ?é:q 0 L, Z<w 2:5>-TS () O"1:pK”\q , (i)
[iUnEcga” [J] pK”\q

¥23 opnEga” U tmMox , 4—TH°0O >MVs“0 ~do‘M

Y214 [14,gpZJb”Ou ] &a—T1wqVQq% 7t ®—T'ZC o—tp><Z~ qMO*‘0
t,ZC: (7®) gxa: (°E)>zclOb” . °Eq7E>a b"\gxxuJyts
Z"7<,5S$s6Sw°m iT'pK” .[sS]S8Jx , R 264SS‘| R 278Sa

—Tll e Yag (1A ) pq<tZJA (8J w gxYs”U ).
Y275 (J (1.5)(1.6)(1.16)(1.17)(1.24)(1.25)(1.30)(1.31) q %0 ° p K "

Y276 5 _qAsU><Zqd~+hs'y (8J 6), g!':x?pKlo<'M . T su
a—9fUAi3R¢qt ehs'y . qlix U(S;V), F(T;V), H(S;p), G(T;p) 27
tK“QsM (y259>€° ).

Y277 MOtp¢sX , \wq,tHOZAxsM . Yagp< Legendre '6xd"sM . F,H,G
WZAQq >8P hTlhU-Qt , \O\,hizpK” . grw“Mx fegep
‘M .
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(i) q!:>!'8b”hSw"é > Q (Legendre!d ), (i) txab”hSw*
O(a—9fH°0O Tl )>TQh . (i) -ug-% h“ag$™ H>AT
tb”wpxsX ,\ “ebM "e\-% ebM "srwU < SoRo" s

U’ (i) >Tee h . (v)() wrtq ox gi»¢h” G(T;p >O "h
a—fJUAiI3Rct Eb”U! x , R{pKlo< , A;ip ?sG
\t4eb”\qU M . TeTewe $x , U! p= b”\gpxsM . X
t»] ;><_>Qvys’'sM . fw'Ose$™Ywcqgp , KQo1l<*
sMOt ' hUOwpxsX , ugTifofwEtK”»q ;i XUS p

4Amwa—TUAIRRcwW«OtR- “hgMQ”

x1.5.2 gl:w=a|[Mew«™

(1.33){(1.36) tSMo ,1 mw q!:>)Q"U (a—TJUAi3Rcw
¢ )Uu2eé“ K'\q (sgU 2mt«™b,VpK” . hqQy,9S T >
)Q U (1.33)wou,
rems OBV |y, @4
| {z S {z f

a':  (SV) q!:  (S;p)

(1.37)

w'Ot 9Sw q!:UVYs” 218 T sU’ ,9SgMOGg$™ t!=
XsM. <IgMOq , 9Sw g!:w-|Mx , 1IGZZt<hqQy T(p; V)
srA:tk“Q” 29 *T sU’  , 9S>a—9fNUAI3RCc>p  0- %o
"hMws'y ,(1.33)ZZt-RfxsM (-TS" ).

®K"qVtx q!:pKlh!:U , Mmw tTH !:qslh* ,
ql:pK”t<TT’c q!:>» b>qMOASoyps:~ >, bY
NEgrpV” xExupK” 280 mMpsU’ , a—fpx, q!:qH
l'wt UY6B!:pK”"\qt<«™>0vo0SX (x3 pA\ e,

Y278 y,: (8¢ wewGeg )>-Yd' .2méw q!':U ,V T’ ptT-loM”
Y219 g¥>. wYB6M U>«O o , T=pVA{mR)= T(p;V) >¥M& 0"* (x0.4.1).
y280 0>tgrpV”"UtpxsM . Giusl »»Zo , X w,wapTgb”"ZZt“xs

M. 5 ““<ig$™ S :1$ qt«™>+0,VpK” .t TebW’q
Z>YVTvsM

y8L[(C2) —T194a—9T] —T1ga—1Tx, qgql:w{MtSMoffs)YUK"” .1 8ilwi
e w (y/ ) —Tpx, gql:xxipKlo 1t T “T""\gxsM . fe
*Q, KQogb"re"\q<—sMwpK” [E .—T (v.—1Tsr ) ewO“t ] g
Foxl t gi 220 «A¢ X =(X1;X2;X3) w2 mpK” (Riup:Q’"s’y 4 mq
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X153 &4—9fNUAi3Rcx> «taWsM

(1.33){(1.36) w(%p , q!:>IG sTlh (IGEDOpKIh )g
>\, . hgQy ,\a—TJUAi3R¢cq ow "ai»cD"x L, (1L.33)wW7E
%q(l.35)w eeaUOb'Ot ,H(S;p pK” . T sU’ ,\eZZtc
ai»ch”w q!l:tx H(V;T) « H(V;p sr A:w-|M UK” ¥ ¢
*pKlo« \oingb” "gMOUg$™ x!="sM .SgpgMO2!
‘t* b"qVtvlo , mi»cD”  H(S;p U, a—fTUAi3Rcq 0
\«"fMoX+” \> sO0 " UK"wpK” .°zoEc¢a” U, x oEg
ar F, ai»gb” H, x ai»¢b” G U mvta—9fTUAi3R¢p
K'qee§M oxs’'sM y283 -0 "gqb”s’y :

Y6!: a—TJUAI3RC

qTZ” . \w™ ™ p , Z™ U, F,H,G> _hgVtx , fw® q!:U?
T txt«™>+"vys'sM y284,

Z>tz"hStx L fWNS , ?2U gp?UH T>«™ X ob”
"TsM . Ox\Epx , .u>° t-migcKey (.twCéa ), y—>°
t-m-k<«<K” («”@” ). fet<TT 'C , °"$s gre} oM
"WiT' ,\ ql:Uety” X “177 "Wx]Xxp S<ApK”

x154 Y6M Uga—9fTUAiIZRBcw« ™

hgQ,(1.32)w'Ot G(T;p) q)Q’+0 ,fwip T gpté.$s«<

>EO hT'gMlo ,JeesU’ , ti G wcee : >{S"\gxpVs

MY®5 ses’'y , gl:px ,Y6M Uw : U)Q'soMsM (~TI
MQ”). E.—qx ,!e~ S~C Ssrwa"| (kinematics) $@C, S*| , y—~
HS~9Ssrwa—9 (thermodynamics) $@C>H !: (°E®!: )gb"ge.%pkK
". sS, —9Y(mechanics)qa” T (kinematics) xYs” . 4" fx , 4a—9T$3C>0Aq
dc, SOT “’«"@CizZ>"@&b”"<wpK” . mMpsU’' , i—1 (statics) q~
— 9 (dynamics) gMO " <K” . P% —fxi—fw°aeqMQ”

Y282 5 _qw2mw gqsY6!:w -|[MUU™ gMOG2 (> )>¥M&dy , pupK”

y283 s x®@&§Mb"wUOe&pK” . Gisl >»»Zo°m°mTgb” TsM
Y284 0tMQy , ql!:t«™>+0\q*"QpVoMey , \woipfTeAodx , ixASo
—sM\gt>nz”i-0 . IMt , S..w°0x , : pAfd’R{< MwiU t
grb”hStxip”wf6UzZApK”
Y285 G ZZwY6!:wOU<% 7pK”
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oMsM) T'pK” Y86 otMQy , Y6M U (%t ah \PAg¢") ~"Q>
Sey , ToU-%pV”
U“&-0 . gY>.>> dcqc« , Y6M Ux , ° 't

p=f(V;T) (1.38)
q)Q’eh Y® K"Mx , A :"Gpx Y88
g(p;V;T) =0 (1.39)

qTzZz” . \w f e« gw : U'T'sMv* , Y6!:5-%b"\qxp

VsM. MMTQey , : f ¢« g\fUY6M U swpK” Y28,
gY>.tv'c Y290 10>, eU™Mw{.K"Mx+.t0 0« feg

W U Tey'MwiU , fex EqQMQ” y291 Se[px ,Y6M U

y286 [Y6M Uw : ]M Uwé.$s w\gpK” . hgQy ,gY>.w BoylewO p
X,p=C=V, bs™jSz« U : pK”~ .

Y287 [a— 11 2Re&[¢ % x1.3.6(p.26)>A16 ] ?2S< “&bU ,Y6M U (1.38)tSMo ,
q':uU V gT psZeys’sMzZuQxr\t«<sM . q':UhqgQy ue-sS
pKlo<'M

y288 (1.39) > b || E%w,éU, ®3 mw ql:wt: xsM (,6), ®3 mw
l:x qpxsM™ , ® gs!:x 2mtp” g-QoXeoM” . (1L39)w'OsSY6M
Uw™qgq> , A :7G (implicit function representation) qMO. Y6M U g=0 > q
I: ptmMorMh«wU f swpK” . <j—ce , q!: V o« T tmMorX\qc«
D6iU , fwOux ,f pxsM wE : (explicit function) U0 b” .f pxsX gt
T'ws'y ,3!: :w «i0>&-b"2AUK” ILAT qliw)Yx?T

Y289 \e5 8D b, X . p= p(V T) pxsX , KQo p=f(V;T) q{MthK (E%> pp
xsX f g{Mh ). rji’w q<:1$tY M\qxMOfpcsM T'su’ , S
.Whr®>R€b”q , ™ wMUUg$tiZs g>)QoM"qgMQ”"i-0

Y20 [4—9q 1] gY>. (idealgas)>«Ob”s’y i

p=f(V:T) mRT=V (1.40)
g)Q’'<h (m x%wi” [kg],R xi”O"u>. : [J/(kg K)]). bs™j] , y—x, 9
St0 0z« , .ut0 0SSz« tK" ,fw z« ;U mR qYVY bey'M
[«(C2 )] : mR gqx,Hooke t,nX¢ TEwyv :K”"Mx¢ ,Q.w Young
pe ,Newtonv. ( —qg{c” SU¢ ) wéQ :+ , Fourier wa;<O wa;
< : (&;<p )srt"AoM”\gt>nXi-0
y29L gXt , {.wY6M U>KoxS"\q , 1 b"\gx , ASo EqMQ”i-0 . ™
fsU'x ,{.wY6M Uw O>E’sM" , +.WwY6M Uc¢ 1m TE’'sM .~
T ,>.s’yu 1'sXq<M .1 (10) >. (realgas)ywOux, TEs van del

Walls(NeiAgé”¢cp ywY6M UsrU ®pK”
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w o txe” fc , OA>Mv sM° @>3%V V2%b”U y292 g

Y>>&S«0 0é.$sgr<e!lb . fwAL ,4a—9T1pxgY>.t
My~reoMh~ Ue~O U ,gY>.gqMO 1>meo , 0A>MvDb
"\gs XA Ne”  \efpwALUgY>.tv *eoMh:>q $

tr b"gMO ™ ;w<qgp ,gY>.w> > “slh~ U><Mh™

t, f\T'gY>.+Ww<A>¢-TS"” . \sUZAwe[w JgMQ”
fwj<go<M0oSTvys'sM70A“éU , Maxwell w UpK”

8J 8. iw Gibbs{Helmholtz w U ><z 2%,

@F_Tz@F

U=F T —. = = = [EUTV 1.42
o or T EUTVI e
@G , @ G
o, ar T R (1.43)
a—TUAIRBcq ow F(T;V) K"Mx G(T:;p) >EO, «ii'o ,°en
Eca” U(T:V) K'"Mxgi»ch”  H(T:p >{S"hSwUpK”  y294/295,29
y292 ps~j ,Y6M Uwé. xEO sM (:tp>/dsM ).
293 fw:q-0 (Al"0o"* )>-0q'M
@y _ @y
Xaoxx . 1 @x . Y (14D
Y294 [ ™M EA (O b" F(T:V) q G(T:p) x4—JUAI3RepK"U , AL (Z—) w

U(T;V) H(T;p) x&a—TUAi3R¢pxsM \qt>nX

Y295 .0 (OA) 4a—TUAiRB¢cwOj ,U(S;V) S| H(S;p w2 mx, - £DG6sn
iAébp” S q!: (! b,V!: )t % . feeQ ,S>EO'0 U(SV) S|
H(S;p) >{S”"\qgx (,...) EDO6pK” . fw°Mp ,F(T;V) S‘| G(T;p) w q!
:w p,V, T xJo- D6 (0>) pK"U*Qt ,F(T;V) q G(T;p) >E”"\qxheb

M. [“t ]Zi'" , E"\qUO>s F(T;V) « G(T;p) tT“sU’ , U(T;V) g H(T;p)
>{S” wpK” . \w q!:»""q AU qgH xa—TUAi3R¢cpxsMU , fw
Gg$™ tl=xsM "s"Qiw——t>nX . \ex , a—TUAIRcUMMmMPp<h
gmgxv'sM «gMQ” .['T" ]1(@5b)>;Mey ,T(S;V) »E"\qUpV"” . \e
sbibey L U(T;V)= U(T(S;V);V)= U(S;V) »O” . a—9fTUAiI3R¢ U(S;V) »
{S"\gx ,1xDoswpK” . [\\x=lt Zb”i-0O . ,atul|'o,'M |

y29% [C2 (w-—1fpx )] ftcx nEga’>{SoT’ , @ OoECGa">-%0" , 0za
ov >{S , fesTgcqzxb” . th, =9 ¢cwdJdpx , fex mingb"r¢q

t ¢ >> " , ai»cb">"eb” (??2Zfip™\' ). \e'x®%Fc F qG
>E"\qUOAs« t b” .

54 c 2016 Tetsuya Kanagawa
https://kanagawa.kz.tsukuba.ac.jp



x2 Maxwell w U

U«pteEcw U (Maxwell's relation) x, Se[w70AA0pK”

x21 16 (x0.4.7) l:0m qif wedM U y291
(i) !':im weiiM U 2% gx
dy P (x)
=2 = 2.1
dx - Q) @1

q)Q’eh Y29 \ex

P(x)dx + Q(y)dy =0 (2.2)
q{VoQ «"UQt Y30 uii-%tlo° r>{S"\qUpVh
(i) fweMp , 17 (if-U ) weilM Ugx
dy P(xy)
=2 = 2.3
dx Q(x;y) (2:3)
q)Q’e , \e<%o 7t
P(x; y)dx + Q(x;y)dy =0 (2.4)
q{VveQ " y301L T [ (24) x, I'Ttull EpxsMT .miEe
XhSw»EUIfe” . Z<px ,(24) w(%tEeb”\qq ‘O

Y27 [*7{ 1g»%:TwO”U TA (110e&, p{3 )w3a"f> ,ifeuM Utv’

c*"b” (gXt , xeiM U (H5¢), !: :weiiul (H7¢&), M U (H
10¢&)). 1 pxsX ,»97 «0g¥f U{MoM”":U>ApK” . Amazonweda”
W°A<OM . [mMpsU’ | x«pxsMU , U'w{htxfe loM”

y298 . (O,A) «uM Uqgxc : (s : , e0Z)> %M U pKlo , >0, i
dx > %M UpxsM . < :gx ,dy=dx w'Os v’pK”

29 [Ga] y(x) x°E!: (H!': ) xxq!: ,P(X) gQ(y) xfege xqyt' b
"7TEwWU™ - (U™I1: ) pK” .

Y300 \warx , (1) wt%t dx >»Zo \soceqgsX "yiu hg s 0¢M . T sU
", kptx L, "6uidOw-Ut,nXRQMUIE M (t6d* ).

y301 . 22)« 24w >_ 0 , !:im (variables separable)qi (exact) wteuM U
U, ®\e’'x<¢ : (e : )> tsMwp , «0M Uw [tSb”" g "sbwx
i“ pK” . ses’ , < > % 1S«uM Uw «q{Vib\qUDO6iT pK
"L [«]tiim (21) gqiT (23 w> $s)¥Yx , E%w¥:,(X) T (xy) TtK”

55 ¢ 2016 Tetsuya Kanagawa

https://kanagawa.kz.tsukuba.ac.jp



e_g 21 - y302y303

P(x;y)dx + Q(x;y)dy (0.66)
>BQ” . (0.66) U,\ K” : "z(x;y) wfeu dz(x;y) p A+"Ou>RQ”
fwOugx , IUURgb”Out s’sM :

@z @z
P(x;y)dx + Q(x;y)dy = — dx+ — dy=dz(x; 0.67
(x;y) Q(x;y)dy @x, @yxy (x;y) (0.67)
S.x:fwrepK” , Gw ?2"whS4QE>2th” y304,
WT'UOApPK” .x0.47p Al "h*Ot ,(0.67)URgb”"hSw 2
AGiu UEx, iUp)Q’«h y30.
@P_ @Q
— = — 0.70
@y @x (070)
[AT]ZAUEs y0>tOA~e” . (0.67)*“I0UURQb”
@z @z
P(x;y)= —; X;y)= — 0.69
()= gy QXN = g, (0.69)
P>ypei’ , «iwqg,!d>&Qy 306 «TtZAUEUON"
@pP_ @ @z _©@ @z _Q@Q (2.6)
@y @y @x @x @y @x '
y302 (5] Spt (0.66) x*—"T . v’ge-"wugéw :T'-Yd" (y231).

Y303 [TG]° :w{ux ,PgQwaqg!: (xy)»>2tto ,Pdx+ Qdy qg{MoM”wp
«™5>Ab” . \w2tx<j—e§MpxsMU , ql:xIGb”ty h\gxsM
—9f+:fq¥s* ,a—Tpx ql:U&ty" X “1”"T’ pK” .

y304 4 _qpx4QEUZ" iU, :1s'y4QE>2M0<«dJsM . gl:Uetxy™
X “1I""xc<sMT'pK”

Y305 [e1 Jdx » dy >« (dierential) g‘s . “hUlo , (0.66) <eligMIo‘M (-TS
“). fe0 (170 ) gx, ciGwOjw> sOu pK” .

y306 [rsq Nj2!: : z(x;y) »BQ” . (i) suwgq,t'’ct < :U O , mi*
@z _, z e S o UactE
@x@ys | @—W@XUq t Ob”"qb ] (i) N 2mw :Uq<tE :p
K"qb” . (@) q (i) >-h"o , sSo, \s" 2mw < :xs " MgMQ"”

@z _ @z
@x@y @y@x (25)
“hUlo , ?wU]|<s t , *iwq,>O0+8Qoxs’'sM\qt«™>Ab”
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X 2.2 Maxwell w U Y30H308809,y 7
x221 [j< ]a—TAsUw q!:w>

Amwa—TJUAI3RBe , bs™j ,U(S;V), F(T;V), H(S;p, G(T;p) t

Ob” 4Swa—fAsU (oEge’- ) »{V<b e106L
PG TS pgY oV @)
dFE(T;V)= S(T;V)dT p(T;V)dV (2.8)
dH(S;p = T(S;pdS + V(S;pdp (2.9)
dG(T;p) = S(T;pdT + V(T;pdp (2.10)
(2.7{(2.10) (%w q!:* Qx , fege L U(S;V), F(T; V), H(S;p), G(T; p)
q°s’h wiT’ Y2 \e'we_I=>)QoM”" (%X , a—fJUAiI3R
cwleiit s'sM . feeQ , (%qsopAysoM”AsU (2.7){(2.10)
WE %<, U(S;V), F(T;V), H(S;p, G(T;p) wlsut§MsM Y313
~ xqO0 , E%we-="w \ : "w g!:* QU floM”\qt ,
Y&>EloM”xcpK” .\wYdx OAAt“sM wp, Z<pr«b”

307 1?20>9tSZ2’® Maxwell wW\M U" gqw) =w™p AU qEC;
"rZAX

hwpxsMTgx $tYp oM”U , Se[pxt » ;"sMwp , \i
sM.

8 E] ;:f.a—1 <« S ,U'we[¢%px ,JT WE2>8»8/&FpxsX6
p{MoM"U , fw™$w 1mx, i~ t'loC; (§»8&)UYs"\g>1Z"h
SpK” . ~ U¥%gsrprtbh”Mtx , 8»8/Ep<6 p«?’dIsM

y309 fwb(QQgq8—Q>10b"wx , X3 ftp4loMhiX\gqgs”

Y310 [OAJU,F,H, G Ua—JUAi3R¢ts” Ot , a—TAsUtSMo q!:* Q
sbpt Sh . fw™™p , Ujg<« x1T'Ey’h .[«™ &a—TAsUgMO;t ,4&
—9fUAiI3R¢qgs” q!:* Q>]bTqTtx , «™M>="sX g M . {at
‘lo66UYS™ , 8J pfwNS!Ob"T'pK”

VU [OA~«™] (%> , 0 dU pxsXofei du(S;V) s h \gqt«™d* . \w
‘Os slqfeliw)Y sgrdctn:”~e” U , «4ip:M”

Y312 116 1(2.7){(2.10) w(%tSMo , q!:>10 h\gqtx™ UK"” . \wa|MZ2Z
pxa—TUAi3RB¢ts’sTlh \g>¥M&fO  (x1.5.3).

338 mt“x , (%UA—TUAiI3R¢cqs”'Os gq!:w=|Mw t«eé “oM”"gqM
O™ pK” . Aew ?°wS@ , f\t,”ITs &>FWtda"T< +sMU C(

%AE%>«™ XES"ZZtU“xsM
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hgQy ,(2.7)we=" dS w :x , 0 dU(S;V) >»{VzZdy ,

@u @u
T= = = T(S: V) ; = —_— = 'V 2.11
@s, Y P7 ev,” MRy W
qli«™ qli«™
pKIh . \e>>"0 2t 0xs’'sM BUT'Tt , (%wT-UgqE%
We—"W W q!:X% a pK"\qU"T”i-0 315 AlxsM

X222 [<ZO A] J-uwzAGUUEtT”

x221* , 4a—TAsU (2.7){(2.10) wWE % wfeget0 0 , ZAG
UE (0.70) U-h”evys’'sM 316 hqQy ,27)w(%xTeupK”w
T,

@uU @uU

du(s;V) |~{%} T(S;V)dS p(S;V)dV |{%} @Svd8+ @V de (2.12)
AsU el
qTZ” .2meéwsgRqwWZAGUUE (0.70)‘* , IUwWRQqUAe"s”
T
er _  @p (2.13)
@V ¢ @S,
\eU ,Maxwell w U wilSepK”
%7t, ' 3mwa—TAsU (2.8){(2.10) wfeget0 0<UE (0.70)
>—0q , Kg3SwMaxwellw UUTe” . fesZ<ttqS*‘O
Y314 [OA] \es>ttdctn:~e” Uip: M"wWp«™ 0, M
[8] \w«tv'c LY 6mw o cw gl TMt{VZ 0o-TS"
BBV {<p Spei’h \™x Tx(SV)> ql:gb” 21 T(S;V) gqs” .
Y316 ¥y o5 qoa"T< esMU ,I1x , Tei>> “hqVtbpt% <pKlh wpK” .
\eU-h”e"\gs t ,\etpw”ra@xRqgdcTo |b” . \w™™p | ASox
HS:T$SAE pK” . fth, Gg$t%h <K"MxsAq!ZO«", VpK” .
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Maxwell w U (@1 S¢ M U )

@T _  @p
@vs  @s,
@ _ @S
@T @V
@T _ @V
@ps @S,
@v _ @S
@T, @p,

(2.13)
(2.14)
(2.15)

(2.16)

‘OeX , .uwel (e=!=" )dV pxsXo , .uw =!= \p"(\
"qow < : ) w(@V=@JT Uqgeh . '=w VAU">-QoXe"
:UwJOx , a—1ftglosSopK*“ , t§MsM  YS17y318y319y320

\Y

VU7 [OA~™[] GIwa—T (<IgMQy—91T" ) wSigx ,\e—sl= (i) >a{
ou"Ov” (ul) ar"t s's™M AT , *00quiO (rsf )>;M"wp
K”. fwb:>Ayb” [l (i) \etptgeh vw!=" V x,!=™qgl=2w
JtbWe , a wa{xZEDo6pK” . {gXjt V. gMlo<« , "f_tfs&i (a )
UK“O"T'pK” (Y6!:xY6 (:)‘ "pKlo ,a (A¢)tsM\gr¥
M&FfO ). (i) a ES"\qUDGse—1=" dV <gqshU , «=” (M~y 1=1)
tx:<U0 "sMU-Qt , » T ;tx&"sM (i) < oox , V'pK“sU’
e—sl=p ('=A0 )>)QoXe" \qgtA<UK” . —TtSZ"«< :q’ow S
(e"w!=p )v=dx=dt >¥M&dy , fw™[UgrpV”"i—-0O .

[4 1]x3ZhAiwraew,qeerx ,!=p (<: )> %:0 , bs”j UM U
§ Me” [ [4 2]awa{gx ,Gvit«Q”’s'y , Atwuiuqg owctui (line
integral) w*aet " Ab” (rsT U, 6E : ).

38 C2][rsT H(uU"As g>{S” iZiSy‘M )] Maxwell w  Uw ~q>°
pb” . 1:18w  Jacobian(Jacobiee»U, a 1zi )>;M”q , (2.13){(2.16) >{q%
qSt o qpV” (-TS* ):

Q@T;S) @T=@p @T=Q@QV.

@p; V) @S=@p @S=@\ (2.17)

y319 [y318 ew4  1]Jacobianwee gq»>®Q'esMT\UM "wpxsT-OT . bs7j ,1
®2»eq 2®&1»e]lJEtG1 oM"WpxsT-0T . \es>th” xSi
»_eloM” . &»U(determinant) swiT’ , a(row) g» (column) UO8"loM
0¢dJsrsM (-TS* )

ar;s) @T=@p @S=@p @T=@p @T=@V
@p; V) @T=@V @S=@V @S=@p @S=@V

(2.18)

Y320 [y318 ew4 2] J >;Mo , uii!l:w!d (variable transform) >ee O\qUD6pK”
ZZ ZZ
dTdS=  JdpdVv (2.19)
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(2.14) q (2.16) x“éq o ;
SM(x3>feap>nX
3:> opVoM’s'’y
() (%gE%pu ~i<>»Zo0

pV [J] a TS [J])
(i) tT%wiu qu<t l1scm

(i) T%w q!':U%apK”\q

b”U , Tx (2.13)q (2.15) xK £ “—"

). (2.13){(2.16) > % Gb"2AxsM . f o , Z<w
, iG-% Up<K“QsM
(hbv»Z ), 1iU [J ts” \qg (Yo

(p;V;T;9 Uge"\q

,A 10. (2.13){(2.16) > _sU’ , iG (i)(i)(iii) wRg>=-TS"
X223 [<ZO B] euwq,!6tT"MO ys21
[<ZO Al x1<“$bWo , blIV“'sM , KTMxptXjsM <M
"T¢ esM 322 hqQy , (2.12)tqji"q ,2meéwsgxU™w dS q
dv t0OoRg dvys'sM . feeQ , T%wdS q dV fegew U

Ss'M \qUAens”

. b”q , (15)(16)U~S0cTe"

@u
T= —= 15
o5 . (L5)
@u
= =" 1.6
= v, (1.6)
\W\p , (15 wt%>,S »>»{ "sU V pei b"q,
@T @ @u _ @ @u _ @p (2.20)
Z Z A ¢ :
@V I{}@v @S, ¢ @s st}|({§) @S,
q 10 (4E«TM||)
qs” . bs”j , euwgq,|6>&0 323 (1.6)>EOb”"\qp , Maxwell
w Uw 1me(213)UcTeh Y324
y21 [rsq 1] ZAGUUE (0.70) wWZAUEWAIT (x2.1pi6A ) gqSi$tsApK” .
[MMpsU’ ]ZAUEwWAIx0>iU , GUWUEWAIXMA"TyppK” (i6d* ).
Y322 x4 p{0O 31: :wOutx [<ZO B]>;M”
32 g Ux, q!: V qgSwE :pKlo «UDO6pPK”\g>> “0OM”
y324 (vo )[<ZO B] px, <ib”qMO~cTsCY (z AYZ )UzAqgs” . U’x
x, \WCYtzpQ>06asMh$ [<ZO Al w:1$&£ qgMOxpus<wtTlh . q
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x2.3 Maxwell w Uwl g™~

y'M:U>"hs'y , JUs*XESoUw: %1 » o , fwa
g$™ 5grb”\qUOApPK”
x2.31 Uwl

(1.33){(1.36) x, 4 mwa—9fUAi3R¢ (®Ec¢c2” )YU,F,H,Gw =

UarT’ ¥ 4mw q!: || y—p, 9S T, .u V, aiAébD” S|
><«X<«<wpKlh . \et0 0 , (2.13){(2.16) x, \** 4 mw qg!:w
w >-QoXeoM” . A—9fNUAiIZRexr\tc teoMsM y326,
\ew q!: (gXt ,pq T, i:p V)x, x osEcg?” F oex
ai»chb” Gtz o ,x"Tt “ebXTm{MebX , JA$sY®6
't b” . feeQ ,\eH>E"\qxASo ;pK” ysa1,
(2.13){(2.16) w°E!: (H !': ) x,p, T,V,SwdmpK”"U , °E!:
qgl:w Oga t«™ >Ab” Y2 Uw:x 4SpK” . \w'Ot ,°
E:w:qM UwS:U°e b'qV , fwEqeiM U («0M U% ) x,
(:9%t ) aoM”’gMO (closed set/system).«uM UU aoMsMs’
y, fwr>{S"\gxpVsM y329y330y331,
XMQ,[<ZO Bl wMU!ZOs+sebM@< X , "x>Ut‘lo<Ys” . [<z0 A]
q~[<ZO Bl wrj'>;M"Tx , ~ X" w-"woJp<«Klo , Y M:U>xeg$
tAlsX<Z"ws'y , <VMx8JpxsM
Y325 [«™] f-f- ,U,F,H,G w q!:x2th” .\e'U , a—9fUAi*Rcqgs”h
Sw q!:x?pKIhT>x p4i b"\g>66nZo, M
Y326 TOA] \ex% ' — b: gMQ”. UAiSRBggx " T“tXM” (60tw” ) pKlo

“T“ehbM” (Yagw™: ) ><XhSw“étbWsM q\,hyT“pK”
¥2IpqV U>flhs’'y  p{V ¢$U “A >, T gSU>%lhs'y T{S ¢$U &>, fe

g+-QoXe” . \w™Tp , x mEga" F «%@nEc¢?” U ‘“< T ebX :
Tm, §—qMQ”. Y6!:T'°2 cep ,"TeebM“Aqas{S"\q\fua—
Twe€Awes$ gMQ'"T'pK” (ax"T“tXMgMOSa«K”"i—-OU~— ).

328 [OA~«](13)wOu, °E!:x T qgpp, q':x VgSpK’. T ,R214)w
Ou, °E!:x pgSp, q!:x TqgV pK”. bs™j ,(213){(2.16) 1.9 o

g ,p T,V,S wdmx, ql:pK“sU °E!:p<K” . \WE"*x , ¢
UetY™ X “1""a—fw>YQ+QqMQ”i-0 .

Y329 [«] mMWWEQ1iM UUrZzsM\qgq%apK” X+y+z=0x+y z=1.

330 [d¢] hqgQ aoMo<« , »ftge”"+iM UtSMo ,gees$t ( -%p )ru{z
"OuxASoCpK” . 3¢ +iM UwOUO , ,..=Tt :«rO tT"\qgs” A\
W OsUU>-% —1 (computational mechanics) gMIh“b”

yBlv.—q ]y/—1>«0Ob”s’y , hgQy , i>«+gMlh Newton v.wa">a"

61 c 2016 Tetsuya Kanagawa

https://kanagawa.kz.tsukuba.ac.jp



(2.13){(2.16)%2 x\ ::  "w\l S"\ ¢ " UM U pK» V333334335

X232 ug$™ q;0

(2.13){(2.16) xrw OsO @ ppgmwi-OT . 6S‘'XES”
() (2.13) g (2.15)tSMox , “tXMuoiAép” S U(%t<E%t

< TeoM” . «™ X ob"q , (%W4QE S gx \Do" ...4a
- wO t,nMoG\b” Navier{Stokes M U% (2 SwEqt¢ <iM U ) w
kur (exact/analytical solution) x, °iC_"eoMsM . \ex ,100 AgULZ’+h
UeCzURAESJ pK” . T 'sU’ , :<$Z€ (numerical/computational study) weé
®f MC2t'lo , XwUAr (approximate solution) U™’«oM” . 't , fw,
A>™Mhe~0O (perturbation method) q‘y+”"UArOt‘"r<OApKlo , gX
ti"sp srf¢ Qw MqgA (weakly nonlinear phenomena)t0 " oeu”eo0M
".[mMpsU’ J]U'wSpwedx ,a—TqgMO‘“<v.—TpK”

Y332 [y, —q J\et"b” «uM Ut , Cauchy{Riemann M U (6E : ) «,210ity
VOs vew SUATIRGcqve 1> CZ"UUse[’ " . ™ 5b;0 vV
ew S (v )>{S"\qUpV"”

Y8383 [ ] ::qfp<\,hU , x«iM U> ODE (ordinaty di erential equation) qt°
«iM U> PDE (partial di erential equation) qtb\qU M

Y334 i qwWOAQ ] »felgYtqge” qAwfoU «iM Ut‘loG\re” qMI
ocatpxsMi-0O . E"$s¢ <0M UwzfU , 1 (a5« )M Us p™ M
Usr , agqgAtlo b’ \qUfw° mwAEqMQ” ( ;:9p<\,h ). TMt
»fwdIw Xx , <M U>rX\qt<£b” . xe M U (rsT Ml x, hqg
Qyi 1iiw x3Jt'TO pVec , fwOsigAx O°QsM . fw™p
qi>_"s’y , UM UwrO-w6YUAS0OA pK” . «iM Ux , ¢ M
U(H !:efwe tw 21Ziwo> fsMcw Ygt¢e MU (¢ M UZZw
CW )t ne” .sT x ,3c, -%pru{t”¢ «iM UwrOt6Yb,Vp
K”. fw™p, ¢ «0M U>:<$t (-%;>;Mo )rX Ot Sy‘M (y331).

385 [ -:q  (™MR]2 iA¢ (quadratic curve) qw " AQ (zA£é " :analogy) T’ , !, M
U (diusion equation), p"M U (wave equation), LaplaceM U> , fege , LG

(parabolic), OA (hyperbolic), * (elliptic) gu”""h . \wi"x , :<rse-% —
fwiutSMogXtOAqQs”

62 c 2016 Tetsuya Kanagawa
https://kanagawa.kz.tsukuba.ac.jp



¥336y337y338 , 1 A h"h A>Lh oM” . fw°M , E%px, ciAé

P "tOb”!=p>™ " B9 ziv E% > “o(% >E
"6 0ox , ;Qx84pVs~rfOpK”™ ,TM K1“;MsM

(i) (2.14)q 2.16)w(%>ES"q , - “*bMy— p, 9S T, fth.u V
iZpTRAs0OM” . °M, E%x, niAéD” S x > siib"\
g>™7b” ¥ “hUlo , (%t p, T,V w- GEO 0E%>{
§7v6 || “tXMY6!:pK” S>-%b"§—s“é || q'o
——>C4b"\qU84Ne" . hgQy , (214 wt%>/& uiib"q

Z
@p
S(T;V) = —  dV+S 2.21
TV= gh VS (2.21)
>O0” (Sp xuid @ ) (221)) E%tY6M Uw : p=f(T;V)
>EObey , i %q/E ui>é.$tiepV” y342,

iMtx , “ég o0& S'| ;b"wx (2.14) q (2.16) pKlo ,

Y36 [OA~n:A%~16 (DogqZDo)] \\p®Do q{Vheo , Gin:~e” Ui
p: _1Z’e” . f\fp n:b”’t<b’g yZ<t\,” ] (i) Doa s'y , o
iAéb” S x0&aq nzZ's ,dQ=TdS gq [~+h (HEO ). (i@ ' ,SU
° bs7j dS=0 s’y ,dQ=0 bs~j...aU<Ab” ("09Sx¥py pT>0>8
€A). \w2 tx , Doa U> "eoM” pxsMT . feeQ \Do" ..aa q{T
vys’'sM wpK” . (i) °M, £Doa s'y ,oiAéb’x dQ<TdS p)Q’-
h. (iv) (i) ‘* ,dS=0 s’y dQ<05>0” . >0 dQ=0 pxsM . «Qt , £Do
as’'y ,oiAéb"U° pKloc« , ..apxK“QsM . (v) (i) w4d g’o ,"0
9S T>0w™[>8Pbb” (fw w™[w.0X , X5 Fp4loMhiX\gqqs”U ).

Y337 [y336w V ] Mt,S>{ "h <« :>RQoM”\gx ,(2.13) q (2.15) > _sy°eZ
pMpK” . iT'gMlo®...aa q\,"iZpxAGiswpK” . ..aatx ,D
0..aa g/A&Do..aa w 2e“UK” . DowMU% —> swpKlo , eTew
ws“t2eoM”wx/AEDoa pK” . iT’\f ,>«w \'Do"»>t’oxs’'sM
[MMpsU’ ]..4aa tv'c , Towa x , Doa q&Doa tiz's"" s i
$a qji$psMa tcine” . % —0e ji$sDoa gqx5iwiee pK” .

y338 [y337w V [x1wsSpet h'Ot , Mfx,>«q’ow \Do"a tSz"aiAé
P'w [ dQ=TdS »>2t 0”a&> SoM” \g>hsoxs’sM . f7o ,x5
px‘“qit "hAEDoa >{Owp , «™M5Ap”

y339 (2.15) E% XxmWWwW”>-Qo X" | ®oiAéDP"U cTt!="hqVt.uUr
«izl=b"wT . \w”> "\gx E'fO q'YAe”

y340 (2.14) E% xmWwW”>-QoXe" | ®.uU cTt!l="hqVteiAéD"Ur
«iZl=b"wT  ~. \w"> "\qc« E'fO q'YAe”

341 [Gg] <j—ce , ul : (U™ : : arbitrary constant) > C srq{Mo<'M

y342 gY>.wY6M U>«O 0Ro 0"" . [C2]Boyle{Charles wO , bs~j , y—-~
.u~9St'" q p=f(V;T) >, aiAéD”">;Mh q S=g(p;V) *q{VdQ

o™ (mif*,gw: >{S" ) \W-%xM~A2TevpK” (x3.2p«X ).
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(2.13)q (2.15) pxsM . bs”j , x nEc¢a” F qgx oi»ch”

Gt E>SXUU ;  Ae"wpK” . \wAix ,ex“ , [U (0.1)

qg(©0.2) ewzpQg™|[>'0"rd” «<wgoasMi-OT

x3w ;«piMtOb‘Ot , ‘w Utge"oiAéb w <
>, Maxwellw U (2.14)(2.16)w (% p"VEQo , - “*bM”iZ
p gb” . \w™ ™ p  Maxwellw UxASo§—spA>Lhb L&
bU, EXMY6!:>TUt{S” ExtZo , A«>elbwU™f sSwp
K” . ® 1:AQ " TeyJoU "T” qMO&A—TS’ pXW>i> X
tNuw'M‘Ot-0 wpK” .

Maxwell w  Uw (% w°aetx , JA$sY6!:U teo0M” y343,
8J 9. (221) wWE%tgY>.wY6M U>EO o0 , 10><Z

S=mRInV +C (2.27)

\Wt ,C xul :pK”~

8J 10. gY>.>«0'0  Maxwellw U (2.13{(2.16) wWRqg>-~TS* ¥4

V34314 (% GAEMN \etpop sTIhY6B!:>e[” .\e’X  ,0Q<q'0 Q"
\g<« MU |, kptx!:pKlo , Y6M U>E%tEO 0fwNS - %o b,Vw
pK” . *X_"q ,Maxwell w Uw(%p7Zw < :U , \e’WE %t te0M
" ay— : ((2.14) (%) q.rAp (U(2.16) (%). [« ™M \e’WwVY6!:X
°*xYt b"wp , [>E”"ty h\gxsMU , Vagpx% GXAEAPK” . Y6!
:x , A:t [D6pKlo , fwlee>G1lb"\qt™ xsMgBQ"T'pK” . h
i, Uw>EShgVvt , fwag$™ xtipVv”'Otb,VpK” . Z<w 5m>
«[0SX :; (speedofsound),s9yVp (isothermal compressibility), s9.u,Qp
(isothermal bulk modulus), .rAp (coe cient of thermal expansion), 4y — : (thermal
pressure coe cient):

S
@p
a — 2.22
@ . (2.22)
1 @V
s9yV : = — 2.23
yvp T V @p, ( )
@p 1
s9.u, N \Y = 2.24
Qp T @VT T ( )
] _ 1 @V
.rAp v @rp (2.25)
B} @p
ay— — 2.26
y aT ., (2.26)
y344 [™Mpeey'M ] bs”j , (%qE%t ,gY>.wY6M U>EQ" , fweesOdy
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8J 11. ji$sDoa tSMoRqgb”iU>0d y345,

@uU _ @p _ -2 @ p
= -7 = -T2 = F
@v @r, " @T T
@H @V , @
-+ & Lv=- 7
@p - @t ,”

(2.28)

(2.29)

—H|< <

@T .

8J 12. ji$sDoa tSMoRqgb” Maxwell w U (2.13){(2.16) >«
7 ¥346y347

‘M. "T'sU’ ,q wEYpx EpK” .ses’ ,fi S> %Y6M U>-Qo
MsMT'pK” .x3.2pTe*" iU , — BQey , «X\gxDO6pK” . Boyle{Charles
WO qH°0 >E"u~d”iZpK"” .

VS [TiA 1]1seS-p\e>ZJ hwT [TPA 2183 3(x0.2)>b;b”g'M (tco
J3>rMo” ). [TiA 3]a—TZ2w:TwdJt b"q<MQ” J[TTA 4 -E°
[s:U"gt “e0oxs’sM .jgj t'hUlo , 3TOCtRQey'M

y346 Se[p70AgQMQ”wp , r\Tp =7tZJb” . 8J t)Q"wp Us>% Gb”z
AxsM . hi® , «Z” ‘Ot o0SX . ™7gr ToSX . —M\sd” ‘Ot oS X

347 O hyT*w  (2.13){(2.16) >;Mo , "fXé.$s8J>rVhU T« esM
«>E“hU"T<C esM fwrtU I T'w x3w JpK”
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x3 a—fw° U

S.px ,e8Ec2”wM U ,Mayerw U , Joule{Thomson :qMO
3 "w UM U >cv 38 fwigs™ HP,” . \e'X
p ghe"<wpKlo , \efpwe-"wrae'“<elb,V»T ;e
wmUUM. a—TH°O (1.1) T'ZC o0\*'><Xq , 'ees\gqt
"TYtXMoiAép” Sw«:UzZc t°0°10 350 f\p
AéD">«"b,X , <MhyT*“w Maxwell w U (2.14) q (2.16) >b
cb7g ¥, cUw™ U...uqé ebXs” . fwip , ~ tA> "™ M
gY>.ew<A 70" ,° Uw8—Qqge¢cw»T ;ew_e& >
‘\qUS -wes$pK” y352y353,

x0.4pj< h:9> :b” . fwapc e (rsf ) tyf'c
UM U ( ;:f )tb"EYUZ" qs” Y4

, V”

a .I.

348 [ A] «uM Uqx vigiow < : (U : , sUZ )> %M UpK”

Y39 [+ 1S¢%px,\e’ 3m>®a—fTw°> U (general relation) q‘s> , ®a»T"
we[w-J{pcfe>>:"0M" ((eeqi ,\ ;4a—7 "("A${ ,1995). ‘T s
U, \w; U;M’«"\gx , XXSM‘Otc 1Ze” . \etp , fw &;c
“>gY>.tMvAreoMha—Tw~ Uw®° =">é!b gMO™ "« dEm

Y30 [0A] UwetaiAéb"U t+"s'y , feUMTs”UpKlo« , fwag$s™™
UEIZts"qwQ o«tMaWpxsM . _h t® S>«b™qQ.. b,VpK”

y3BL 9% it , a—TUAiIZRe  U(S;V), F(T;V), H(S;p), G(T;p) T’ q!: p, T,V,S»
(XU (1.33){(1.36) ><b:b” .

y352 gY>.ew<A x~ tA>" Mi-0 (a—1T1. ©° UtgyY>.wY6M U>»
EOb”q ,JoulewO (Joule wigAL )+ Mayerw UU , igALT pxsX:U
T'<Te” wpK” .
[« 1] a—T1 pYJoeiwx , gY>.tv ~eh Mayer w UpKIlh . [« 2]Joulef
Thomson ®Lgx , gY>.pxsXo ,1 >. (realgas)p\c”’qApK” (x3.3).

Y353 gEca'wM U (x3.1), Mayer w U (x3.2), Joule{Thomson : (x3.3) wqjp\
VU ™METT 0t , \w 3 mwqgjtxix™ UK” . “&bU , OAs\gx ,
Maxwell w U>:Mo , TTUtXMaiAéD ">« , TTeebM:U>A”

[ \et V” . xaSté\b”oE¢2”wM Ux , fweZw % U7<0>Mee
“t b”

Y34 [rsq LILIHE g ;:7 J\e'x ,g»%wilp?>b”t o« . JAw,Aw, A
pK*, ToUOAs“épKlo , d.gos "q6°UG?2 pK” . ;:ffweéeln
t<6~§D h:Ot . ifwe[°0x L a—ftv'c L, ST w% fJdes'|t
ZEW,"tp , ™MOgMO-tuob”wp , 0¢° 7 , °d. , Egr xipw
R—>Ab” . U'x , ;:Twid+)80p<5i0 b”wp , UASt i»«A°
0, M .[Ae]l a—1"“<:TwI6wMUOAgMIlo«tMaWpxsM (OMep_
ey ). 1IXZ;QU¢X , 0A>Mv'sM . —sXqg<«)§8 0 b”"\gxsMi-0
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x3.01 g¥Y>. ]| VY6M Uq qs 2!:

\w®gY>..w<A H>*&b”<j<q 0 , X1.5.4576 s U
', gY>.w EA0>16"0S\0 . Seé[px ,gY>.qx
(i) Boyle{Charles wO (gY>.wY6M U )

V=mRT = f(T 3.1
PV=mRT e 1 (M) (3.1)
TiZw :
t"huo>.> )" , th, (i) gY>.wa0”ezax :pK"qgb” y355,

JA 11.[16 JgY>.wY6M U (3.1)>, mWw t{VdQ" y3%6,

pv= RT (3.2)
p=RT (3.3)

Wt ,v( V=m=1=)[m3=kg] xz0u , ( m=V =1=V)[kg=m°] xuS , m

xi” ,R xi”O”pw>. :pKlh y357,
JA 12,116 %8 mwWw(gY>.tv'sM YY6M Uw®" U™ p”
g\—»>\,*
p=f(V;T) (1.38)
g(p;V; ) =0 (1.39)
[tr ](1.38)x 2!:U gpK”"\g>™"b” . bs”j ,E%w.u V q9
STgMO2mw q!:U>Fey , H 1:pK"(%wy— p X, x°$
t 21 : f UYQoXes” gMO™ pK” ¥ (1.39)WE%w, éx ,3
y$5 1. (c2)] (@) iZz>-hbOu> \RgY>. "q‘«OuUK” . bs”j ,RgY>.s

'y , 407+zax!:pKlo<i"sM
y3%6 {V6Qoc¢« ,sS, fwag$™~ (Boyle{Charles wO ) U!"’sM\qg>-TS"*

Y7116 1] bcO pwe° >, : Ro [J=(mol K)] qu ” M [g=mol] >;M"q ,i"0”
HW>. > ,R=Ro=M [J=(kg K)] q-%pVh (€,Uw k=10° x>t sTlh ).
[16 2] b¢cO"pw Rg x>.w "t*’sMifs : pK”°Mp , i"0”pw R

x>.w "t* "h .

Y358 49 1(2R) e[¢%w x1.3.60Se[¢%w x1.54>716w\q

YO [ME»T$s V7 ] g':x0— (©"@”A>_ X ), H!:xZ— (pUxwphbC
»"wép ) qBRQ"q‘'Mi-0
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U qgpx \sM(,é)" \g> A"oM” y360,
WWpx ,f < g<, rw'Os :pKlo<'M y3e1,

x3.1 w©Ec¢2”wM Uq Joule wO

®gY>.wlenEca"x9SiZt' b~ | \ex ,Joule("&”
¢)t'” EsTgALpK”

\e>:UiZpOblqUS...w° " ¢pK” 62 6 wVMUK* |
feget°O°yUK”U , fex , 1<“$iZer< (sMOp<Xqg\
~T'+S'0

x3.11 [<ZO Al a—TUAi3RB¢cwb;

ex“ ,ji$ sDoa»RQ”

x osEga” F T'y— p><MoXehU (1.17)
@F
= i 1.17
P @V ; (1.17)

T'ZC 'O 63864 Fopt F w [LEO , elw-%>iaeb’q ,

_ @F _ QU TS
T aev, ev .
U TS U S
. eu , @as _ @u ., . @ .,
@V ; |_@%ZV_§ @V ¢ @V
T{w V -i
y360 [r 1E%w,éqx , : U \'sM(,é)"\g>™ b” . ° mTr\-wsM™
qt<6a’U ,® qt-,"wx 21: \Vip"pKlo ,3!:x gpx \'sM(,é )~
q dygr ebM [ 139 >Y6M Uw A :  (implicit function) "GgMO . 1
MxKt“;MsM® , Se[p«-"sMU , grxOApK” . rsTpfeeiqYpb”
y361 o> pKlo , %b’> "oMsMwiT pupK” {.p<r.p« , TO>.p«
2p<cM
¥362 se:UizpOb\qtA<UK"WT . reiZ "uTmoAs- ;+ (measurement
apparatus) >; ™ “hq o« , Tgtxij) (error) UCVUpK” . fw°Mp , :Ttx
iyw“aUsM (UAGg>-"sMv* ).
y383 [66nzZ* 1 (%w p gE%iu<w V qwu (hbV»Z )pV UnEca”wlii [J] pK
“ fex F wiig«s™M . \w'Os  ¢“sU%>sMU’ -tdc66énZo, M
y364 (1.17) >;M"\gt>nXwx0>qxRQsM .\sU , 1<“g\,hg pK”
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tp! pvh WS _< gpb"q ,iU>0"

@u  _ @S

ov.--T av. P (3.5)

\\p ,21!1:: US'l Swaql:w Imx «tU>20!: V p, <O
Imx sGwMt{ b"!: T pK” . bs™j , q!:" Qx U(T;V)
pKlo , \exa—JUAI3Rcwxpus q!: U(S;V) gx¥s” \q
>9°X«™ 0SVhM y366

(35) x, jissDoa tOb” a—TH°O0 (1.1) t \r\gsXx "A
oM"goasMi—-OT .85 wt%t \seeqsX "dV >»Zey (1.1)t\
seqsX "<E£ fOpxsMT y367y868 \ex | ASoph“2pK” . (1.17)
X, f<f<cH°O > Et<TehwiT’ , PUW<ApK?”  Y369370

(35)>ES”q , E%H10t- EsoiAéD” SU ft-o0M”p
XSMT . "T“tXM . flp ,S >« 0X«"UxsMTq , Maxwell w
Uw 4 m(2.13){(2.16) SES"wpK” . b"q ,(214)>EObe-y'M\q

@ars) i @ .

—_— tSM , T U° «Qt , *U0 % — wZtZh

@V . 0 X Q u 7o @VW

y366 [OAl mt“, swOO ,U xa—TUAi3R¢cpxsM .seT.Uwgqgl:U (S;V)
pPXsMT'pK” . T sU’ ,Uw ql:UMTs"«wpKlo« , CenEcga”
gMOuUg$™ U!""\gxsM

¥365 2 mew ¢

Y67 [«™Il] >0 ,(35) wt%t dV >TZo @V>+loxs'sM SA\wanrX: TSt
AesM . "T sU’  , Uo0e0bOc¢s’'y ,ifs §MgxMQsM AT ,\r\g
sX"e\sceqsX "qSij>Y hwpK”

y368 [y367 w: T (x0.4.3{x0.4.4)] df=dx » @f=@xw‘'Os< :tZqlhqVtx , o0 %o
d=dx « @=@x{qThf“gq"s”vys’'sM . T sU’ ,11!: :wOulx
«Z$t ,df=dx wi df qu< dx >, fege , {qTht“q"sb %U+"r«"0O

OUKIh (UOR :s0 :w< : ). df=dx t dx >»Z”q ,df gs”Ou«Klh

("5utO ).

Y369 [¢1qT-0  (x1.2)] (1.17) x, fcf< F tob”a—9fAsU (x oEc¢2"w- )
> Et<Teh . fwAsUx , 4a—TH°0 (°Pa@oEc¢a"w- ) > EtcTe
h. mt“, AA, H°O ZZw?Up<sX , ToxH°O qu€tmsUloM” wp
K”. (117)w iZ_"q , H°O gx°_A toao ftOU , fexi“pK?”

Y370 [8]y369 >TMtx p-TS" . bs”j ,(@17)w<ZtSMo , SptH°0 »>-lo
MhT. \w-TSxAS0OApK” . ses’ ,~«<«<>nMoM"‘Ot , A—19tqe
"e—_"X , 08"Aisei (:71) gH°O WEO (Ug) tG ~e"T’ pK” .
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t>nv ¥ jU>0”

U
T |_ZV }
- D6
aiAéD”>«” PVh\qQUASOOApPK” y372,
x3.12 gY>.w Joule wO
aiAéD"U«QhgxMQ , i B 7)w™ xX"T"xc<sM . A
p, g't gY>. >> “o0"” . gY>.wYeM U (31)t hUlo
(3.7 ) E%H10wW < :>-%b”
@p _ @mRT=V) ~_mMR @T _ mR _p (3.8)
QT ., @r , V @T, V T '
\e> (B7)E%tEOb”q , E%U,éqs* , OASAL>O"
T,V
—@LQ ) =0 (3.9)
v
YBILIOA~A: JrwUs>;Mey'MwTt , BHAUAYs «t>nXMO UK” . Maxwell w
Uw% GxZEAig\,hU ,q W@CizT’
@S @p
=2 =-. = 3.6
qE%>* "{V<b\gxD6 pK” . ses’ , i qu<whbV»ZpliiU°«b
"hStx ,\w "ZZtsMT’'pK” 0T, 0@ yTUx , Tiw :T'x4i
pVsM. Kgx, (@) ¢%>ESoOg>4ib” ,([i) a—TAsUT <X , wMceTt
T ® =+ q@’'S bey'M . (i) »mceiq o« , Ab"-%"x"cT:aepA%

372 g5 (214) >EOD"WT . EOdvys'sMwi-OT | Y&Ui‘qOTe . oik
ED"X{MN'M . _&5'X°hM . {M+bMYB!:t!8pVsSMT . 18b”h
StxrOb,VT . Ejw*“étx?UK”’T ,—Q"T || srqMOag$¥R\f
U, EOb,VigMOCYtmsuU” ] “&bU J\Wipx |, %t?'Mv>] oMs
M. >x ,a U ji$TmDo$ t %\qiZpK”
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\ex7< 0s 1S «iM U pK” Y3 1%> V puiibey , °'rx

U= [g; (3.10)
q{S’” .\t L f(T) xT izt b Um™i: (U™Mwll!l: : )p
K”. ull-%It ,!:w T qV >ASo §QebX (V) g{X U«é
M w p « ™, Ap” y374y375y376y377

AL>3gS‘O ||(3.10) xgY>.w Joule wO q'ye Y8 ®gY
> wlaeEcga’x.ut'’c9SizZw »™Th” Y79ty Joule

3 [ (i1 )] YAtx® V%Il (ji )w\ :: "L S\¢ " .M UTpK
".[16] cuM Uxrw'Oti"~ehT ( ;7 (™MR). :w suM Uw
ape< , ji w 2S¢ +uM Ux , ;TOAA%“sX , * (elliptic),
La (parabolic), OA (hyperbolic) w3 “tii"~eh

Y34 [AS0OA ( ;:Twi6>lvo p. 32 wyl75{yl79 <jcep, M )] °°r (3.10) wt
%>, T >{ "0 V p «iib"q , E%x,éqs* , UM U (39 t<£b” .\
W woJx ®,pxsX prx— «<wpK” . qtTX , pocltfOp‘MT’ , o0
>s{V<> | fe> eli’0”0 , %pTgT>A8 2iAcd"p-TS"MUU" p K
".[hi> ] M U (39 T'°r (310)t,”-%> , 06iedcwos”uii-%
q¥~ct , 1S¢ <M Uwe° r>{Sh wigqgr oSX,VpK”

375 y374w4 I nS ;¢ \ x" oM Uw° ru ,nxwU™Y s %\ gx
‘X™MYAer | ST sU’ ,nS ::¢ \' "euM Uw°'ru ,n xwUm™y\ |
(0 )" > %\qt0 ox , MYU™M U M. \wg w°mt , «iM UwO
ux, x«i0M UwOuqgz+ o , CTrewp U™X (Kt“{"sM ), % —, s8
<¥ <dJwrewpy USM\gqUe['¢"i-0 L i ]1s8<BJe¥ <0
Jgx?T . th, &a«M Uep™M Uws8«¥,<dJqfwr>«Od" .

36 [«™(SZ §MebMwp Utb,V«pxsM )] xeiM U du=dv =0 w°'r
x,U=C pK” (CxU™ : ) AT ,\e5tT% V pelibeyiweaM Ut<Ab
"(“&bU , °'r>elit0oeiM Ut<£b"T>-TS"\qU , 7< (sU%
pK” . gXt,A$ssuM Us'y , sSwlgpK” ). iT'\f ,V pelb”"T
\f ,°r (E%wU™ : C)wat V' QU fsoxs'sMwpK” C[fwe
Mp] M UwOu xrOs”T . ql:U VgTw2mpKlo ,T U{ *e0
M":UOApPK” . { "eoM”U-Qt ,TUU™L:wotO"wpK” . E%> V
p eU hqVt,éqgs*® , Tm, T " Q>""0STvys'sMwpK” .=
e E%wU U :pK"D6Q<K”U ,f(T) q{MoSzy , :wOlU || bs7j
f(T)=C(C xU™ : )] s« So \° "=pV” L iT\f \°Y "rgtye”

Y37 [rsq I 7,A)]@ «uM Uw°"r (general solution), > r  (particular solution), >
Y r (singular solution) w [q)Y>\, , E T«>«Od" . A¢ (family of curves) q
>rw >$0d" @) ::weuM Uq!: :weiM Us>zx 0 , Ul
qrow) Yo\, (i) »0M UwS:qgfwe rt t«”U™Qwx:w
>, g < So\," . (iv) «iM UUC pK"gx?>™ b"T (V) £ %l (]
i) weiM Uw«se[* .

38 0 gMOq , <T*"«w ( ge~U ) pxsX , 1<“$tYS”«w>!b\quOeé
iU, \exee-»s«Zt b” .

Y379 ALizZx6lagp6lhi-0O >0 A Mey , \e>Ob\q«<D6pK”
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x, igpU (3.10) >~h Y80y38L382883 Mt FgALtT”"\qsX , - %o
iZT' JoulewO U<Teh . fex , U“&ey"T" 'Ot , Maxwell w
UwST[pK”® y384 ¢ lgMQy , fw2 wH°O wST[pK”

x3.13 w©Ec2”wM Uqgx

gY>.w«Op “>>mToeig\-p , 6] (83.7)ti—O . \ex =&E
ca"wM U q'ys"\qU MU V385386 fyy R>Z<t\,” 13.7)
(4—1T1 px{"sTIhU , Xwa—Tw{utxLIom” ).

y380 [Joule wig (..ax rA ) $xX{ ]0+ A g0+ B>— (vave) wmMh pmsW , A
ti> (g¥Y>. )>¢0O° ,B> i (vacuum)t oSX . Z,T'wél> tbh,X -
g="wl. (% >6.w...aP (rigid insulation) p“% . —>% Xq , i>x A T' B

g\°>t "¢sU".

y3®l y380(a—Tw&; )] \wa x , <j—ce ji$pxsM U, Gul U&lh™tx ;>
X.U Va+Vg teU“ , 4 cV6tL,” L 1=2wY6Ql=™MwYBUfegea ¢
tk”s'y , a (!=2q!=™>A+A¢ ) Ud ¢tsXgq<a—TU&;pVh . f
\p , !'=2q!=™ta—19q>;M" I %(0+ A gB S| ) weatSMox , “A
gawolvse“q“Usne”U \NZ,0%w tSMox ",o..a-Qtawe“q“x
SX, 8.Qt“Ac sM . 70> , A—9fH°0 tEObey , rAw2™tSMo%
wleaEca"x!l="sMgQMOA&>0"

y382 [y380(1g )] \e>igpUA " hMwiU , euEcga’xfcfc pVsM A
p,Joule xrA2™w9StEe" , 9Sw!=Uv“sX, é pK”\qgq> "h \w
TgAix , g!:* Q> U(T;V) g"sbg , iw'0ot:U qpV”

U(T;Va)= U(T;Va + VB) =) U=1(T) (3.11)
9SUAE! (T{ )s'y ,.uUl= (V !=p ) 'Oq«°@oEca’xA!pK”
\qUQI hwpK” . \ex ,JoulewO w <M Ut q (3.9)

@Vu
— =0 3.9
oV . (3.9)
t s'sM . (311)> +0'0-TS0"" L(3.11) ““< (3.9) WMU“T“<bMT«
“esM .[EB Y ]~P) ,\a—1"(AZj ,1989), pp. 25{26.
y383 [y380(4 )] Joule wigqg'ys"<wtx 2 "UK” . ..arA‘“<Z2ts”eh ,
Aw“Ap”w (1843 &) <o['" (a—11).
y384 Maxwell w UUsZeyrOs”T . r\i{praepVhi-OT .(385) fppK” .\
w'Ot , << Ejw“és> U—sXslhs'y , X tgqlorw'OsZbuU
\a0"wT >RBQ"\qxAS00ApK”
Y35 [ 1 qXtEf>CZsM{G<« M . 8iAéD" >« b"2wU (3.5) <nEga"w
M Uqg‘s\qUK"” .[pusU’ 1; gx , <«<VM>gr® , Ug$™HE" , -MM
>6” "hAL , xug®Qo tO<«wpKlo , 3 1Z>E"\qt™ xsM
386 E 9 (v.—9T,Q0—9T (K'"MxP%—1T)) pMOg\-w®sE¢a"M U (m
Eca”- w «uM Ut'"q ) pxsM
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WE%H10( O<pw pwT tOb” « : ) X, gY>.psXqc« Y
6M U p=f(T;V) w : f "Q"TloMe.y , €.$t-%DO6pK” :
fw™p, t%> (E%T.> ).u V puiib”’\gq<hebM . “hUlo ,
(3.7)x, gY>.tv"\gsX ceaEca” U>)Q"pA >Lhb
7<0OAswx ,(3.7) wE%wfoU- DOs!: p, T,ViZT'IR
NeoM”:pK” Y387 i T\f , (%W U U-%pV"wpK”

x3.14 [<ZO B] H°O t§it hUO

4—TH°0 T'ZCh"qMO , Gjt "MOpK”U , Mo-%ot
SMo, KutBQ” ,r® IX“\s” »0a”"Do6QUOM y388,
ji$sDoa t0O"oRgb"H"°O 11 T'2C ‘0O
dUu=TdS pdv (1.1)
1<“sU’ , (Ll we-" UgqSwaq':"*Q> , q<t  U(T:V) q
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MUt> % . fetS o0 , ALq 0" «"oEca"wM U (3.7) x, E\w'Ot
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[*-—g vwa g™ ](1.1) xe—="t0b"<wpK"U Ve el (v" )
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«—"p~ree> So , T™tulo , »7 ;i< ;s vw<pAL>~"\qU,

S“tpKlh . [AT]:0+X ,\efpw \e—" "T'w 15mseo0 \ovw <
(e=!=p )'>)Q" U>"oM" pXsMT . \eUOApPK"”
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Xx3.15 [<ZO C] feuwe—-t'"%w$MO (E)
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@Uu @V
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>0 . \w T%t (@S=@V >»Zo , iS-U (0.53) pit’oTg bey ,(3.5) t<£
b” (~T8* ). fet<TT 'cC Si%p S tEe hwx , .u'“«aiAép”
WMUOt"T“tXM!IIT'Et« ' 0°tSOqgMOéee _ tbWsM .

y402 oxv 'S w2mew q!:t° Q>EhdhwiU , =T K"Mx =p qgé.$t
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w elx |,

. @s @s
ds(vi )= gy v+ 5 Vd (3.14)
pK” . \e> (L3) WE%wdStEOD”
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@u @u @S @uU @S
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(3.15)
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pxsXo dU(V; ) q s”he” . f\p L, el dU(V; )
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duvi)= Gy Vg Vd (3.17)
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(1.5) q (1.6) > (3.18) WE%tEODb"q

@u @S
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() sEc2”wM U (3.5 q(3.7)><Z
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M UUO b”wpK” . \ex? EXUPXSM . ses’ , %avEcg2”iT
" pK” .
Y407 [« ™] 4 —qUAI3Rcq ow H(S;p tOb” (29) T'ZC oxs’'sM . feof
<,(29) q(1.22)»%°1 oxs’'sM .seT. gq!:" QUYs"T pK” (-T
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H(S;p) gx gq!:UYs” t«™>AD” .[<ZO B]tT"ws'y , T%> dp pA
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_dQ
C= 7 (3.28)
T sU’ , U > _ey™"T" Ot , Vexkpus™ pwc (0 : ) pxsX
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Y24 [AY]dT q dV "TgeoMsM wiT’ ,U(T;V) ZZw-~|MxK“QsM . <j—c |,
a—fwgrgtiey ,U(T;V) ZZpKlo<'MU , WpxA™qgs”
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Y426 4 1(2R) €[¢ % (x4) px, E%wU tmZ”4QE (V { )>2t h

Y427 \\>2 §M 0xs’sM DZ<w o< rw [ (y428) q"AWRQMpK”
y428 [_AuA [8] wS2] <« : (@f=@y% tSMo ,y >{ "d"wx X p eib” \°
"tv” . el0°h \ ™ix ,y X X q¥%aX!:pK* Z" .y U :swpxsX
AvGgT ' AitreoM”iZ pK” . \epcgrpVsZsy L Z<wW o< w [
Us>:1 ES® (x0.4.2):
@f im Lt xy ) fixy) (0.35)
@Xy x !0 | {(7 }
y x"MoMsMU ; :pxsX!:
Y49 [qeg (16 )]V { gx ,dV =0 >™"b"wp , *TtE% H20x«Q" :
: . . @Uu :
du(T;V)=dU(T;V)jy +dU(T;V)jr; \\t ; dU(T;V)jy = @t dTjv
v
y40 [ (x0.4.2)] x Ufeli>grpVoM”wT>x8dxt 0, M . A—fp:M”:
TWEYX]X—: (felq < : , UM Uw]X°a ) pK"U , lee>”=tg
roVoMsZey >bX7e” . [aBRQMIiZUOApPpK”U , [U>ot{VvZ
d’\gxgr>™ "sM" , W 60J>rZ"zZA<XsM .
YBLOA]V { s’y U=U(T) s” 1!: :t<Eb”"qMORQXxj“pK” . th,
cUGE> @>% txeUGg dt!'E hiUc¢j“pK” :
. du
dU]V—ﬁdT
% @=@P{qThi“pK™ , < @UT;V)=@Tp{qThi“swpK"” . h
gQ VvV »>{ "o« ,UtSMo<« ,Uw <« :tSMoc« ,UwV * QU«Q"\gx
sM(x04.2).[4 ] < :w | (x0.4.2) tgjilo<"T" Ot , Ih, (@QU=@V
WA4QE V > 0T Ot , < IpX V xi‘“{ "e0S*" , MtV >
g] hg\-p , < IX?<!7'sM .
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\e'  (3.34){(3.36) >E"u"d"q , 0a0">Y6!:iZ ¥432 n g
b” U >O " y433y434:

@u

CV = — = CV (T,V) (337)
@T |
(3.26) p1<“$t\,h‘Ot ,Cv(T;V) gMO q!:* QUQge+h . (3.37)
x > 040"w [gq sb\g<«K” 45 \\tpx , a Uji$pK
"\qZZt> >]"oxMsM y436,

8J 17. %UgY>.wOux ,Mayerw U (3.29)WE%XxrOs”T

[rlgY>.wY6M U (31)t ' hUlo , E%w2mw < :>-%b”

@ _mR. @V _mR

= — = 3.38
@T | v @T D p ( )

Y432 [OA] 4gqMOtVY6!: dQ U«O h . \\UOApPK” . \ep , :1$t" " t{M-
bXs“ , x teulipV” T'pK”

y433 o g lhe~ wxVYpx .,z (+40” )gx, O™'"0Q«g 0€b”"\qU Mi
-0. feeQ ,S..0,p®&0"xY6!:q\,hqVtx , 8¢0>0aht8Ms
M. "T> ,(837) WE%>""q , <xe« &40"UY6!: pK"\qtYO(ssrsM

y434 (337) wt%t USt @T>»Zo , mWw'Ot{Xwx j“ pK”:
@UE= Cy@T; dU = CydT
hi* , ™ x, g¥>.tSMoxRqb"OuaUK" (™\S‘|  x0.4.3).

¥435 (3.37) x, [pXxSXOALpXxSMTQ¥OT«< «sM . AeT'MOq , rj’'p<
M. (83.37)> 0a0"w [g°0G1 0«<'M .\t "fpwraeUbvpK”)\
g<g wemswiU , Gl>*b”,ript ;Tm§—s-UpK"\q<thG
Vsg pK”

y4%6 mit“ , \\tpx , £Doa pKlo<«&;pV” \g>™ " b”
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\e> (B29)WE%tEOb”q , 4— 11 p<ZAwiUt<£b” y437y438.

Cr Cy=mR (3.41)
0J 18. ji$a tSZ” yao” Cp wmWw®  q><Z

Ce(T:p = %‘: p (3.42)
[TiAgqr ]S..q%7w gpK” . (“é 2)wE™ t ,ji$a tOb”
ai»¢D” WH°O (ai»gD”w- O )

dQ=dH Vdp (3.43)

»»M"\g . S*| ("€ JYwETt  H(T;p wl-t ¥

@H @H
dH(T:p= — dT+ — d 3.44
(T;p @t @p - p (3.44)
> M\ qZZt)YXxsM ya440  x g, tQ' 'V < :U , bpt

iU 344)E%H10OtgeoM” \gt>nXi-0

Y87 E%ymR U : (UQ<¢) qslh\qUOApPK” . ZC: (3.29) w"Spx , E%x!:
pKlo :pxsM . hgQ, Y6!: (p;V;T) wfegeU " TlOMoO< , fors
¢z'U || Y6M U (Y6!:w w : bs7j: N UEIpKey  f
e Zi-%b"\gxpVsM . Mf, (381 w'OotgY>.>«0"0 , p=f(V;T)
>)QhwiT’ , E%U!:T’ :gslhwxASoxp s<ApK”

48[4 1a—T1 p<O h'Ot , Yyza4 ¢ =Cp=mq 0z4 o/ =Cy=mtmMoc< ,
(329) t"AwUUZD6pK” . bs"j , tzaw)>q"q

@p @v
e Cv=T — — 3.39
p Cv eT, er, (3.39)
gs” (v xzOupKlo , E%w)Yx\iZpK” ). \WE%tgY>.wY6M U
pv=RT >EOb”q ,Mayerw U>0"

¢, oy =R (340)
70> ,(3.29) « (341)>0ti” m pA’\gsX<Mo"*

Y9 IRQM]\w q!: (T;p)* Qw> w™$x_HZo, M . (343) E%H2 otx ,dV
pxsX dp U t+oM"T'pK” L A0"BQWIT’ T >me\qexipK”

Y40 \WEW-%x® p{ H>RQ"iZpK” . -%WAIx , S..wATaés “&°qgs
"wpAjb” . "T’sZeyU’'tp v’\q
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dJ 19. jisa tSMo ,gY>.w ya0” Cp q 040" Cy xI
Up her  yaalysaz.

du dH

Cv(T)= ﬁ; Cp(T) = aT (3.45)
() 040”"S‘| yao’we°'$°U (3.37)(3.42)t , gY>.w> >
]Jbg , (345 t<£> ,Cp < Cy <9Sw 1!: :qgqs” . \e>0d
(i) (3.45)T’ZC 0 , iU>cz ¥4
Z Z;
U(m) = Cy(T)dT + Uy; H(T)= Cp(T)dT + Hg (3.47)
To To
\\p ,quHo xudu :pK“ ,U(To):UO,H(To):HO QSMhy444.

(i) Cvy qCp Uget T t' "sM ( :pK” )s'y ,U qgH xqg«t

y#4l [c21a—1T1px, Z>wY,X ,gY>.wa0"qzax :pK”g\,h .ix o, g
Y>.pKlo« , kptx :pxsXo , 9SS Q> b’OuUK” . TMt , (3.45)
WE%>_ "q ,1I'’Tt T wll!: :pK” . "hUlo ,\sgsgpAy.oM”" (%
wao"«< , T wl!: :t s'sM

y42 [Cc2]lw-—Tt'ey ,1ix ,gY>.wlarEc2"x9Stz«b”"\q @ai: )yu
QIApK” . Seé[xw-—Tw <c“te” tsMU , 0llgp6lhTc s
M.["hUlo JU > T p1S+iub”q :qgs” .\wOu , (345 WE%X :iT’
(%wa0”< :qs” . fw'osOuU , fa (i) w(350)tipb” . gY>.w
XwOux\et b” . feeQ ,a—91wil:px :pK”’g\,hwpK” .

[hi* ] “&bU , (345 w"Spx ,U=U(T) pK“*"Qbey‘Xo  ,110 :pK"z
AxsM . f\p , KQo(%<« C(T) q{Mo , 40"w9S* Q>i0"h
y431:07q ] ul>eOui!l:w T q,ulic“ivw T >a b”™™p
Zy
Cv( )d (3.46)
To
w'Os qwMUkugMQ” W\t xw%0rr: (dummy variable) pK” . sS, u

ga fvw TH>UMWCPEY6 2, <vw Tg >S8W7EY6 1qg Qey , a—95$t
"THebMTc esM

Y44 ~mOx, s89S Ty=0[K] tSZ"°seaEc¢2”"w<>,éqSX\quU M" , \wq
V, aincb"wcc, €éQs” .m3* ,U(Tp)=Up=0 pK” . \e>U| ' 0SX |l
™\w (3.51) tSMo , T=Ty=0[K] qSXq, s8ri»¢chb” H(To) x

H(To) = U(Tg)+ mMRT, =0+ mR 0=0 (3.48)
iT" ,s8%°&uEcg?2” U(To) g% aX, 6 éqgs”
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T tz« b” (L1 : ) \e>gb”iUscz yA45y446.

U(T)= CyT+ Uy H(T)=CpT " Hp (3.50)

[r )] gY>.w JoulewO (3.10), bs™j U= U(T)* s” 11:
w G> (337)t;M"q ,2!: 1w eilx 1! twxeit
i<’ ,2 UQNe” Y48 mwt, osi»egBD”w [U 03)t, g
Y>.wY6M Uqgq JoulewO >EOb”q ,

H U+ pV = P(T) ¢ mRT = H(T) (3.51)
z
T w™t!
iT' |, \e>:M"q , ™ (%o 7waegpOne”
[r (ii)] (3.45) 1%t dT >»Zo”6uiliw-U>&;" ,uia [T T] py#
ZTdU ZT
(E%wuil)= —dT |5 du = U(T) U(Ty)
nodr o 2
0 "ouwl 0
Z ¢
= U(M) Up= Cy(MdT=((%wui ) (3.52)
To
g uipVvVo , obey @B47Nt,” . ™ wH(T) <% 7pK”
[r (ii)] : Cy >ulGowZtZ 0-%b” (™ %7 ):
Z
U(T) = Cy dT + Uy= CyT + Up (3.53)
To=0
Y45 1Cc2]\e'x  , yVQwv.—T (>.—9fsr )p ;TmA;~A+"OA-UpK” L f

\px ,Up=Hpg=0 gSX\qu M

y446 14 1\+t0 "o ,gY>.w 0z& Cv g yza ©p t0'0¢<¢ , %oa> weqp
Y%o7TW e URQg , %o 7W:UU<cTe" :

u=cyT+ Uy h=cpT+ hg (3.49)
Y474 1\\px ,U=1(T) psX U(T) q{MhU , <j—e% [pK” . 2w gx ,!
: TqU>0 CZ” : f >™MY o ,2@tZ hiZw\qpK”

y448 [JoulewO w ;Q ]J\w‘Ot ,gY>.w Joule wO (3.10) U§—qs"T’ \f , =»
Ec2”M Uq Joule wO (x3.1)>, 40" (x3.2) ‘““<Et\,hwpK” . tMBQ
ey , fw Swg taWsMqgq«MQ"”

YA vy 1a—9$tMOs’'y ,7EwWY6 Top T'ZC'o , U™MwY6 T >&{b”
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dJ 20. gY>.wji$sDoa tSMo ,aiAép” S0 x oEc¢

a” F, x ai»¢h” G x, fegeiUp ne” . \e>0d
S=CyInT+mRInV+ S, (3.54)
F=C/T+Uy T(CyInT+mRInV + Sp) (3.55)
G=CpT+Hy T(CyInT+ mRInV + S) (3.56)
Wt , Sy xull :pK” y451y452

8J 21. gY>.wY6M U 3.1)T'9S T»>«""o , “@nEcg2” U
K'Mxai»¢ch” H >;Mhi qt{VvoQ" y453,

V= —TH=( 1)U (3.57)

Wt cp=6, =(oy + R)=6, =1+ R=¢, xzazpKlh y454y455

490 [4—qI(™R wi6 ] eiAép” \1="pxsX , osiAéb” \fw«w "pK” .

Y%L [OAs\q ] “+"+U- D6s9S ,0u, 40" (za)izZp , "T“tXM S,F,G>
“qb”"\gtR-"h:pK"” (uh >TX ).
[t ]1(3.54)> (T;p) * (;V) p gb”"\gq<DO6pKlh . W g«<Mo™"

Y452 [(354) w<ZM ] MOtp«sX , fowZC:xa—9fTH°O (1.1) pKlo , \sqg
Y>.wY6M U (@1 >E"u"d"\qUfopK” . -%"xee MU , EUs %o
t—>«[y‘M . IV4Qey ,&a—TIWEY>i"»b"\qt>nXi-0 . sS,\
wgq¢< ,yvQwv.—Tp‘X-0

Y453 4 —qwY6!:xAvxK” (O"1:UA:t [D6pK”"\g>¥M&FfO ). feoo
Q, gY>.wYBM Uw gx , Y6l:w:iZ , bs™j , AvxK"wiUu , fw Yo
>a0b"\gxSi$pxsM . (31) wmWtOAs qU (357)gMQ”.

Y454 TowVY6!:>-%b”"° q ] Y6I:U 2m~"Tey , Tow@CXx"T"q8P o0
M"U, é.«>0S 0-TS"\gqs "t , TOXK“QsM . "+"et UsgV>.
»«0 0 ,\e>Z<tid0 070 () 9S T x,y—pqgq.u V U Tey ,

_ PV _ .

T= mR—T(p,V)
T hijt-%opV” . (i) ceenEg?2” U qgei»c¢b” H x,(3.57) K"Mx (3.50)
t7Ew T >EObey{t" . (i) niAéD” S x,(354)t T qV >EObsy"
M. (iv) x aEcga” F gx ai»ch” G x, (3.55)(3.56) t\«'>EOQbey‘'M :
ZiU ,pqV w@CizZp ,U H,S F,G >-%pV'\qw-YpK” . a—fwY6
l:xA:t [D6pK"U+Qt , \eiZpx \Tow"a—9qM$@Cqg..txpVsM
U, fepc , KgcTs“éU tOsy , fw wY6B!:<-%D6pK”"qMlo*
Mi—-0O .

Y45 zazt b"~-U« , fwb,o0U , ex“H°0O tlo>"X<«wpKlh L \esd
6d (&a—1T12Ré[¢% x4.4). [mMpsU’ (6 )] zaz (ratio of specic heats) t
SMo, heat\s" wé: t« ™>ADb” . zauodé: (2x)iT'pK”
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[M ] (350)pUs=Ho=0 qSMo T tmMorV ,(B1)wT tEOb” 456,

x3.23 Mayer w Uw«Z

a uUjis \TmDo$ "7t %> w<p , E\w\° $s "Mayer
w U (3.29)><\0

ya0” Ce(T:p) g 040" Cy(T;V) w U (3.37)(3.42)T’'zC"
o,(@{) HA4w «i-U (056)>&;"> Y58 (i) a—TUAI3RB¢cq ow
H(S;p g U(S;V) T'9S T(S;p »)Q”’U (1.33)>EObey‘M

@+ _ @H @S _ . @S

Co= — = = = = — 3.60
i @T p @S p @Tp @Tp ( )
U U S S
= 1,7 s, er, 1 e 361
| v {(%') v ¥ @3y v
UR :w« :
7TE%t T Uge"wx , liw :T'xppK”™® , "T“tXM S >KQ
0°tEj eiU! wg p<«K” y4s9,
¥4 \wqV ,UgH x, * R>;Mo ,Z<w'Ot ~«h
U= CyT = leT; H=CpT= leT (3.58)
Y47 [OA]l se , \\pDo$s”"> >]bwT .7 Sey"T Ot ,d%Q = TdS »2
gb”"T’'pK” . mt*, Maxwell w U>;M"T 'pK” . \eUgrpVsM x
Maxwell w Uw<Za (x2.2) p]"h> >i“&lo"" .
Y48 [OA] \W-Ux , — %oqgxpqecTe"wiU (U@B.70),11!: :w UR 1w«
cw-U
dy dydt
dx _ dtdx (3.59)

w2 ! g Y"”b"g‘'Mi-0

y49 [OA~U! g ] a—TUAiBRecwU  (1.33), bs™j ,T= %‘; >U“&"Ep«
sX, liw :T'0>t4ipV” . Z<px H tmMo\,"U ,UpWOUp<%o7p
K”: () H > >a—TJUAi3RB¢ct“qo”\qUDG6toa” . ses’'y ,H xiu t”
Te0S“ ,H W< :U wWY6!:5)Q"D6Q>+SoM"T" pK” . (i) T
VH w g!:f Qx H(T;p) pKlo , a—fYUAi3B¢ H(S;p aqx¥s” . (i) q
XMQ,S q T xDépKlh T, 08UDGOpK” . fi\p , KQo"T“tXM S t£
eéb” (lV) @-' = @-' QS ql boy O>t @-'
- @T , @s, @17, ' @s ,
ses’'y ,T gS wuUoEg2"wii [ >~” T'pK” . (v) a—fTUAi3R¢
U(S;V)V x pqD6+Qt , yhsa—TUAI3R¢ H(S;p) UO “oM” .[sS]a
0"quiAéD wiixs M (~TS* ). [mMpsU’ (16 )]2mwa—fUAi3R

=T w'YUgm .
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Co gqCy w)rgqlo , {V~So0SX

#
@S @S
C Cv=T — — 3.62
p Cv eT, @t ., (3.62)
q!':* Q>Tg 0S\O . E%wH10T' S(T;p U, H20T' S(T;V)
U, fegerjpV” ya60y461 - f\p | el dS(T;p) S| dS(T;V) >{V
<'oBo ‘O
@S @S
dS(T; — dT+ — d 3.64
(T;p aT, @b, p (3.64)
@S @S
ds(T;V — dT+ —=— dV 3.65
(T;V) @t , @v . (3.65)
(3.62) > Mayer w U (3.29) tUnzZ”qgMOeé2a > &loxs’s
M. MfgeoM”!:x ,S,V,p, T wadmpK”U , E%wdT, dp, dV gM
O3!:> 21:tTg hM. (3.64)q (365 WE%p,dT UOG6 0JO"
oM"\qt«e’ Y462 dp K"Mx dV wfsiu>RQorj Ttw® b”
\gréa&e% . \\px ,p=pV;T) g°s ofet>{V<'0"" y463;
@p @p
dp(V; T — dv+ — dT 3.66
p(V;T) @v . @t , (3.66)

¢ U(S;V) g H(S;p w g!:tSMo ,V gpxD& pKlh .[fqS]\ep , "T¢

tXM S >KQo-lhg U"TIlhi-0O .H(S;p) g U(S;V) gMO a—9fNUAi3R
¢tT“hTlh T pKlo ,\w q!:* QT’ , TTUtXM SH>{"_">Qs
Tlh . feeQ ,S>;Mo0OUR :t{V8Qh . fwAL , xug T Uqeh .
Y460 [OA] \\p< ,Sw ql:U&tY" X “I"loM” . %0oaniAéb"pKloc
S(T;p) q S(T;V) >%°1 0xs’'sM
y461 (3.62) WE%tSMo , %aS wWT <« :t_Qoc« , {b” q!':U80s’y
< :xYs” \gqte™d*
@S @S
— 6 — 0 3.63
QT , @T | (363)
iT'\f , 4QE-«- q!:>2t (=x) "htST'n:b">:,jcYp=~ne”
y462 [AS0OASRQM ] () E%t !:U 3 m< feoM” . (i) gswxhlh 21:sw
iT® ,reT 1m>«b MU-%xpU"TtA%i-0O .« XZupxsMgxMQ , &
O {S"WXXxuso@iT pK” L(@i)dT U2mwot F«"U-Qt ,dT >«b

WX@WQgQ .. " . (iv)dp TdV wMceTw« U ( tA% . TMt , S px dp
w« >=R™h .(v) 10 dp(V;T) »qS’o ,dp> dV q dT t{VdQh

y463 [4 1V =V(T;p qSMo<«M (\OSMo<« , OtXeX\g>~TS" ). sS, bpt
SwWIUXRQoM "WiT’ ,VeZi S wTeu>BRQo<A™ pK”
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(3.66) > (3.64) WE%H20w dp tEQ 0 , Tgb”
@S @S @p @p
dS(T:pp= — dT+ — — dv+ —=— dT
@S @S @p @S @p
— — — T —_— — dv (3.67
@Tp+ @p, @T, * @p, @V, ( )

iU B67)wWlaee(%tSMo , OAs\gx

dS(T:p):CfS(T;gV;_T)?:dS(T;V)Hi} @S dr + @s dv  (3.68)
et

@T, @V .
(Tv)
bs™j , q':U (T:p T' (T:;V) t “I"Ih \qtK” 464465 T
'\f ,(3.68)7E%wWYUURgb”"wWpK”
(3.67)(3.68)W7E%x , q«t dS(T;V) q"s”«h . “hUlo , \«’
xs@pAyeo , ™'t ,U™wdT qdV tOoRgb”AsUq s”"e
" dT w :z+T' , H3w +i-U (0.55)tipb”U Y466 y Te"
@S @S @S @p
- 3.69
@t,” @1," @p, @T, (3.69)
(idVv w :zxT’ , HAw «t0-U (056)tipb”UU<Te"

@s _ @S @p

= - =7 4
@v. @p. @v, (3.70)

>O” . mEc¢a”wM UwOu (x3.15) q% 7t , <i-U (0.55)(0.56)

Y44 [OATMEt ]())S x, T qpt b”U [S(T;p], (i) \w"Mw p U,V gqTt'b

" p(Vi; T (i) mit,Sx,VgTt' b” [S(T;p(V;T) = S(T;V)]. \p<« , q
l:uety” X “I"loM” .

Y465 [«™] > 0 , S(T;V;p ge8§M oxs’sM . seT . a—fwY6!:x 31!: :p
XsMT’ pK” .

Y466 [6 1 % Gb”"2ZAxsMU , °SxAl> |, Y M\g>06~" , &;pV”'Otb,Vp

K”. OR :weiOq"A AdTq T “ebM

@y _ @y @y @t
- @Xt+ . @x, (0.55)
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U, a—TwU! w7atxpugqK’'~eh y467y468,
Mt! "hMUXx (3.62) pKlo , “égq 0o"hUx (3.69) pK” . %
>ES”"q ,(3.62)E%>, KIgQMO tVeMtpV”
" #
@s @s , @s @p ) _ @s  @p
QT , QT , @p, @T, @p, @T,
(3.71)

—

(362) E%=T

aifAéb” S U teoMOX " T“tXM y469y470 T\ f , Maxwell
w U (216)>EODb"q Y7W42 ° s Mayerw U (3.29)>0"

@v  @p

— 3.29
@1, @T, (3:29)

Cp CV:T
(3.29) WE%wW2!: :x , gY>.pMOg\-w>. : mR tip
S, a—Tw%>>AnzZ"«wpKlo , °TtY<«  >qr VA4 “hUulo
®Aa—TW%UMTS”GiT ' TRA*0Oq« , ya0”"x 0ao”‘“

Y487 [OA]\W™ p , ix , *u-U (0.55)(0.56) wWG1S‘|AiItT"2Ab’sM\qU
Qi'h . % —, a—Tw U><Xq%lt , S¥Z (C %)qg o, xpuq:71-0U
<Te” q Q"MU-f M . (0.55)(0.56) xa—TpA;re"U+Qt , ASo ug1$
s:f-U gMQ".
[m.:TpxsXo ] ;:7 (Ug:TK"Mx»A:q ) g sb :UOApPK”

¥468 Spt |, (3.69)(3.70) x (0.55)(0.56) qSAT . GgUSOiZig¥~ct , ATS:

y469 [0 A (Maxwell Uw' O )] (@S=@p >« hM . iiqg ql:w : T’ ,
(@QV=@F t{VvoQ '="\gxYpuUmX . T, Ogtpx' £OpK™"T’ ,
\W™M™MxZ<wMceTtTey'M () Swqgl:x (T;p) qi” *"U , \etO
b’ a—TUAI3RcxX G(T;p) pK” . G t0Ob”a—TAsU (1.28)><MoOg>s
" (i) TeUwWZAGUUE"" , SAT Vdp U6q~re" (OgipxAEIl ). \\p ,
g':uU (T;p) pK"\gt>nXxciU , hgQ>nTcq¢ , rwAsUT SweéeuU
xmX. —sXqg<« 4ST0>{V<b xtZ's” .

VA0 [ “&bU ] aiAéD"x “tXX/E(pK” . a—fwY6!:x ,hlh 2muU qT
mU™MgMO>OtbUsy ,S x«"pV’WpxsMT . fwhSw*é (2.16) xbpt
TloM” . \w'OtBQo , O0a tSZ"y—w9S!=pgMO , UTm{M-b
MYG6!:t"VBQhwpK"”

YATL T\ f ,ji$ Tm\ Do$"swpK” . Maxwell w U>-OT’'pK” (A76 ).

Y472 [x mEcga”qx mi»cD” ] 2.16) wlox?pKIhT . th’o< ,G=H TS
pKlh . sS,V=V(T;p) qSMo<«Z> Shs'y (elo”" ), (2.16) pxsX (2.14)
>;M”"\qQgs” .ex" JF gGw [*wuUus™ ' AdTo

YA hqQy , gY>.s'y mR UYog\gxxipK?”

yAa74 [Cc2]1°t ,E%UY<«pK”"\g>Alb”tx , a— 9 &£ s U (thermodynamical inequal-
ity) tT"\qU ®pK"” .?72fipa—9T&sU>{OD6QUK"”
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«GVM "qMOOAsQiUQI h YATS:

Cp >Cy (3.72)
{.e+.pX , 040" Cy >U€ b"\gx E At“sM Y478,
feeQ ,tc Cp> 0T’ , (3.29)WE%W-%>9S 0 ,Cy >-%b
"wpK” . \w™ ™ p (3.29)xASo ;s“éqMQ”
sS, m«tpU”As<ZM0O<«O 0S\0 yart,
0J 22. ji$sDoa >»BQ”
() 40" C w"09S T gDoa tSZ"oiAén” S t"Tq

(3.60)(3.61)><Z Y478,
(i) +i-0 (3.69)(3.70), S‘| ,(3.71)><Z
(i) Maxwellw U>b; o ,Mayerw U (3.29)><Z Y479

8J 23. ji$sDoa tSMoRqgb”iU>fegeOd

@p @p
@p @T
T — +Cy —, =0 3.75
VA5 % 7t, °°t yzawMU 0z&'“<GVM (cp >cCy).
Y476 seT . .uU ItlI=" , 1tsTh”"T'pK” . AvGw SprAs‘|)vb”
qMO Y" U0 b”
YATT H3w «0-U (055)>7Eq o;M”q (°Als'y>EjugMqgoa”xcpK
"U), 0>tcTe" :
# " #
@S @S @S @S @V @S
Cp Cy=T — = -7 = z= & =
Py @r, @r, er, @v, er, @,
-7 @ ov _. @ ov (3.73)

ev, er, | er, er,

4meéwsgpx ,Maxwell w U (2.14)>;Mh . \ex , S p;Mh (2.16) qxYs”

U, fepc ,\ x "oEc¢2"tTlh t«eb,VpK” .2meéewsgt, "Mt , H
3w «i-U (055 >;Mh . Mcetd* , =U (055 UeeeepM”"gMO™ tSMo
Si$txTX%a pK” . %—-0 \W<ZMO<°StbWc , t<A:tK“O”

yar8 [mgl \w-Ux ,Mayer w Uw<Ztv'c ;2«"T pK”

YA \w-dwq,t *sXo<'M . <ZMOXx8"sM
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3J 24. ji$a tOb"a—TH°O (3.30)>, iw t! d° y480ya81

d0=cyar+ p+r &Y av=cuar+T &P g (3.76)

@VT @TV

[r] 040" Cy(V;T)w U (3.37)tSMo , °@aEca’w q!:"
QUU(V;T) pK"\q U"T” . f\p ,\wTfel>qlo™”

@U @U @u
du(v;:T)= — dv+ — dT = — dV+ CydT 3.77
ViD= v . o . ov VO (3.77)
7TE%tSMox , 0a0”"w U (3.37)>EO h . \e> , a—TH°O

(3.30)WE%H°0tEC)b”q , J™(@B.76) w1l méwsgUQne” . fw™

sEc¢a”wM U  B37)>,dvw: [ ]JtEOb"g ,(3.76) 7TE%t "~

[C2](B.76) T'< Mayerw UU«Te"™gp , \e>ZJ h y482,

y80 MOtp¢sX , SUx, U™wji$a tSMoRqgb” . th,V >{ "oMsMwi
T, OpK"ZAxsM .Cvy UgeoM"T'gMIlo Otxv’'sM (OA. a—1
| p?2S<«™A ).

Y48l rZy~T" Ot L \WKh*T'  , MAATee\"Xs*® ,a—1T> whaeqU! t
O0esMT < esM T sU’ , leete™s>+MsU’ , X Wp laele>aYb
ey , °~w ExsM

Y82 [ r 16:wrO>e[h™pK”™" , ETMgc¥ e"wp , KQom«tObU |, \w
E+ fp_n'M tx L, 'G[> ib"wp , U'tp “Z"\q (Z2Jc“Z ).

[M gr ]bpt , H°O (3.76) sw 040"  Cy(T;V) w<OXif 'h . mwWt, vy
40" Cp(T;p) <«<Ob,ViU ,Cpr wqg!:* Q>"0 ,V=V(T;p wiei>¥
M,” . ses’ ,(376) T’ dV >« " | T"“t dp >Ej %hSpK” . « "”
H !':w©4x , T gV iU, ao"tEe oM"wiT’ , T >« 0oXi< ¢<sM
"o, TeU>{V<'o , Mtoopo{ b (yg'sb )
" #
. @V @V @V .
dVv(T; = — dT+ — d = — dT 3.78
(T:Pip et , @p . |0p et , Ip (3.78)
mWt, (3.76) wt %t < yw> >] h™t , fW7E%H 10t (3.78)>EOb"q
" #
_ @p @V .
dQjp,= Cy+T aT, @Tp dTjp (3.79)
>O” . "o, yao”’ Cp w [gXx
dQjp = Cr (T; P)dTip (3.80)
pKlh (\wWt%<¢« y<pRgb”\qt«™d* ). ZI>E"0"doTghb”q , Mayer
w U (329,0" .
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8J 25. ji$sDoa tSMoRqgb”iU>fegeOd

@p

TdS=CydT+T — dV 3.81
v or . (380
\
TdS=CpdT T @ dp (3.82)
8J 26. ji$sDoa tSMo , 40"U° t-hb U>"a&b”
(i) yao” Cp g 040~ Cv t0CoRqgb”iU>0Od y483,
\
—@G = T —@ (3.83)
—@Q =T @ (3.84)
@V . @F |
(i) %UIiU>-hbqgb”
@G
— =0 3.85
= (3.85)
\w%wY6M UU Y# [0Up)Q’+"\gq>0Od y485y486,
p(V;T)=f (V)T + g(V) (3.86)
Wt ,f ggxg<t ,V w't- b’U™ : (U™1: ) pK” .
Y83 ["m\MUGB«™ ]40” (qza ) xY6!: pKlo , :gxv’'sM
y84 \wJ™x \ M U (385 we°'rU "qgqsApK” .[«™]<¢j—e ,gY>.tx
v'sM Y6M UgMO™ pK” . Y6M Uqg Xq , tUtgY>.>¥MOT,o
"F0 <« Mwp«™5AD” {.p«r.pciO>.pc< , Y6M Ux O b” . f
w o >{S"wU EiT’ , _TZ"\qU—sMiZswpK” .
[MMpsU’ ] 6itgw-J{px , ®Y6M U e®>.wY6M U qizZ{Te-
oM”"\qU Mwp , ex“6lugwa—Txhe”, VpK” . 0itg>wQ > hM
wpxsX ,; w [w)YUeEttmsU“TvsM T pK” .
Y485 Sfax , i1 (™R w <c“>0gfe»Teq ;b"tKh* , 7<0>Tm,
A$so«t b”
y486 165,A>8D  (TiA )In S : :¢ xs0M Uw® rx ,n xwU™ : (arbitrary
constant) > % . \+t0 0 ,nS ¢ \ 0 "M Uw° rx n xwyUm™\
(': ) > % . \w,AAd>_Xqg Ujgs”g w 1mt,® «iM UwOu
X, ° rt :>Ko"\qU—sX , $8<¥ «8Jtu >/d"Ouu MT’ U
e['+"i-0 (Jé>u“&lo™ ).
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[r ()] [rO 1]B.84)tmMow " Ob Y8 J™Mw(%t 040"w U

(3.37)>EO" , -iwq,!d 488 w™ aEca’M U (3.7)>
EOQ ¥ E%eq,”"MO
(%)= @ _ @ @u _ e au
@V TI @V @TV}| @T @V Ty
(337)>EO q.10 (4QE«TM)
@T @T v @T | @¥ | @T
(3.87)
[rO 2p*° 0a0"woiAéD"t'" q (3.61)>EQ" ,
uwq,!6>&0 ,Maxwellw U (2.14)>EO" , (%t ,”"MO
(%)~ @1 @ _ @ @s
av' er, . @v erT, .
@ @S @ @p .
=T — =T= —= =(E% 3.88
@T @V, , @T @T, , (E%)  (3.88)
2meéwsgp , 9S T U siGogwZtZhwx ,T{w 04
ANMT pK” (4AQEt«™ )91
[r ()] J™* , y—ptOb”Y6M Uw qUBd eoM"WIiT’ ,
(3.84)t (3.85)>EO'0 ,T60 >REb”q ,2S¢ +uM U
@p
o . (3.89)
y487 (3.83) WAIM X X% 7pK” . (rO 1) g oxmi»¢gD” waE¢ga”"M U
(8322) W7E%>b;:’0 ,(rO 2) g ox Maxwell w U (2.16)>EObey‘M
y488 [y306] 2!: :w slwq,!|B8x ,2e"w < :U slwgq,t'’c O° , T
m, fe’UQq<tE :pK"qVte~reh
YIS TOAN=®EG2” "M U (3.7) we<ZwZC:x , x nEga” F w- (1.14) T«
T«"U (117) pKlh . ~t ,F w- T'<Te” Maxwell w U (2.14) ><; M
h\g<OApK” . bs™j , foUx \aEc2” "w [tlo >SMoS*“ | ex*
F ew™ q2uQ>0asMi—OT At 1(3.83) wAlit:M”  \amingh” "
woEca"M U (3.7) x,(2.16) bs™j x \@i»¢gD” "w [ T'<Teh\q>

¥M&bqg ,G t«™ ™ s0a”
Y490 \e* 7 7 t< ,E% T'(% t,"MORBQ'e"
ya91 o178 . SZ 80 UM .V gqT > % b"jtu M
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»O0” . \T'ZCb” . itc,t%>, T pls/Ak ui ‘O

@p
— =f(v 3.90
@t , V) (3.90)
V { wegpw TuilipK’UeQt , E%xU™ :pxsX Vw
U™ : gs” Y92 (0 1s,T p& uiub’q ,J™>,Q" Y9344

Z Z

p(V;T)= (V)T + G(V)=f(V) dT+ G(V)= (V)T + g(V)
(3.91)

Wt ,f,9G xJfo VwU™ :pKlo ,7E%p G> gt”V

8Qhwx , H1owT WA ulw-%Ilt\c”ui :» G tu
)", ~S0 ggSMhiZzw\gpK” y45 28 oM UpK”
T, °rtx 2xwU™ U fe” y49%6
Y492 [OA] \WBRQMx , ®Q” (K”Mxgrb” )gMO‘“< , iMtfwOfwOp , °'r
wt%> "0 , UM U>-hbTqT>-TS” Vart b” . fwMU |
“4X , Z°waY>qS o , gr< %o
Y498 4t-Yb"AUB66CMOMey , ?w E«sMdi:1e0¢qMQ"U , » X, Tt
§Q” UM .\w'Os 21 :wul-%>>"0 Utbh,VpxsM . U!

p<, "eew2%tSMo« , letllo«c™>+0\g>66nZo, M . 0Q¥"c
sgw{gm{gm>,at-TS"\qUOApPK” :

y4% mMpsU’ , 040”U-hb : , bs™j° rx ,Cv = K(T) pK” (K xT w
U™ : ). \ec , pug¥ ctaTS"

Y45 [OA~:T,AA0  (rsT Il g ;:1 )] «uM Uw°’r (general solution) g>r (>

r : particular solution) wg8M»>gr ' oM”i—-OT . grroMsM x , hqQy ,
p=V; p=C;; p=CyT; (CxU™ : ) (3.92)
srwrceiM U (3.89) >=hbpxsMT ,\ec° ' rgMQ"wpxsMTqY3§
1b"i-O . h Tt ,(3.92) xMce< (3.89)>- b"wp (-TS* ), (3.89) wrt
X&§MsM . T sU’ ,\ex °rpxsXo , ATtK">rwOjwem pPK” . r
(392) s'yeiM U  (3.89) >-hbU , fwoxRg sM\qt«™>Ab" .UM
Uw °“rgx , rt $«7U™Q (xs0M UwOuwU™ :e oM UwO
awuU™ : ) t?25! “o« , SS, rpK* Z"*Osr >ib L iTN\f , el
M Uw®° rtx ,VagTew' QU , °rwatU™Qq o feoM"wpK”
1 mweiM U>-hb> rxA:t Ob”U ,°rx 1m TO “sM
y4% oM U> \2 s"uub"wiT’ A2 x"wU™QU te” . th,\21: " > \1!
" T pulib”wiT’ , U™ :x \2 1=11: " :pK” .
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x 3.3 Joule{Thomson ®L[*sC2 ]

i>>-eb\qx , 9S"\qtz,o0 , ASOE"M . \ex , hVPq
MOY/$sSMO , «"8"+-Z+qMIhqE$AT p>¥MOT,"fp
«<sX , &g$t"T"\qq<MQ” . \\px , >.UMTs”UE<p-k
NewT P,

x 3.3.1 Joule{Thomson TwW<Z

“a"¢c~AULI®L (Joule{Thomson e ect) >é.$t°pb "2t yasr,

\e>G\b"y M Y6!: q o ,Joule{Thomson : (Z<,JT :qt
b) > [b” v

@T

= 3.93
@p 4 ( )

ALT Et\,” . \ex , mWw'Ot! b"\qUpV” y499.
" #
QT 1 @S 1 @V
= = VT =2 = T =V 3.94
@, G @, G ' er, (3:94)
7TE%t, "Mtx , \efpg% 7t ,Maxwellw U (2.16)>—M Y00 aj
Aéb’>«""h ysoL,
JT :w U B94) wcZxhebM . y&a0” Cr = (@H=@7F [U
(3.42)] qJT =(@T=@p Uze o 3!: (H;T;p) >eeaoM” .\
«t>nX\qUSipK” 592 ses'y ,>nzZhs’y , xugq, H2w

Y497 Etag$™ H>E“hMql% T< esMU ,° UweZx , \ep7™pK”w
p, 6e0oM”"0Ojt°>t<M0 $SOgMO¥ipK” . MtMQy L, ugTgx , S
Rx, gA>G\b”"M Uer><MoT’ (K"Mx , TgAL> 70T’ ), fw™™
>Bob”wUx_pK”

Y498 3T w [>®Q"2AXSM (OApsMgMO ™ pxsM ). l:w [«; >G1
b"\q‘“«< , >"hgVtag$™ UtipVo , &~sU! UpV"\qUOA p
K”. sS, l..x4pqe"=TUAi3RB¢x , 0«i , Gg »>-0\qU MU |, %
wia xsMpK-0

Y90 1()(@S=@p>_0 , (@V=@F *w{VdQ>" b" (G6g°- ) (i) q!
:x (p;T) *Qt , a—9fUAi3Re G(p;T) UO b” ; (i) G wAsU>{V<b

Y500 mit«  x mi»ch” Gw [gfw- (2.10) tlo>S X
Y901 [68§D] “&bU , \w":x , oiAéD"x “n’'X , D6sS'y« hMT’ pK”
¥502 \ex , >0 , hthtESoMo>nX—>!bwpxsM .0 T ,aY6!l:w |
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oUﬂUWe _|U (0-54)){V<\0M”XCiT’pK” y503:

@T @p @H

— -— =1 3.95
@, @H, @T, (3.95)
(%w 1me,3mew <« :U , fege JT : |, yad0”"pK"\q
t eTt>nMo , {VdQ"”
@p
C — =1 3.96
" oH - (3.96)

t%t (@H=@p >»Zo , H1w «i-UwiS-U (0.53y%% 5:M"q

1 H
= — @— (3.98)
C:P @pT
w>0” . 7™t oi»cbD”tOb”aEca”wM U (3.22)°% 5 E%
tEO 0Tgb"q JJIT 0 (B.949) WT7E%>Q” YS06y507,
>'XESo ,fw™ ™ b”gq\->3qS”ap , XHg>CZ"'0Ots”—>'b
y503 EoowlUgta™d"
Y504 1 1: :wo :we a0 (0.40) w2 !: :[tipb”
dy dx @y @x
11 D —=——=1,; 21 = — =1 3.97
ax dy @x, @y, (397
Y505 13J 15wrt ]ji$sDoa tSMoRgb”ai»¢gh” wH°O
dH = TdS+ Vdp (1.22)
wt%> dp p~"q
@H @S
— =T — + 3.99
@. | @. " (3:99)
gs” . U™Mt=," 2mw q!:wOj ,1meéUpp,2meéx e« iU, -Vt (U™t)
—ep'MwiT’ , J™>RQ0 , 4QE T > 0 ,* =T q9Sth” .[4 ] % tS
Mo‘MwTq , 8§eo0>0a”"i—-0OU , 'MwpK” (a—fp;M":74a"U ., W—
TgxGVXTZmeoM” :< ,\WKh“gMQ” ).
Y506 \w<«VMpx , @iAéD"xqesTIh'Ot"Q”U ,(3.22) wcZa >u“&ey :
aiAébD"UqgesMwpxsX , aTAéD">bpt« oMh\qt>nXi-0
Y507 y506 weMp , MTteiAép T 'tZsU’ , tUs><«XT>U|b"\q<OApK
swOu ,Cp g w [>ESey , T\t S srgeoMsM\gt>nX .™
Y$t S >{O ET'tz” wpK” .
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x332 [C2]JT :w <ZO

ai»ch” H tob”a—9YAsU (1.22)

dH = TdS+ Vdp (1.22)
>"0 , TT“tXMaiAép” SH>«fOQq¥M,” .Swg!:" QU
EJgMQ”U , Mt (H;T;p) w UlfeoM”\g>¥MI\" , Mt

w o[ y,HH>7™¢t° gSX\g>_>Q-ey , dS(T;p) gSXwUxp
gM Q" :
@S @S
dS(T;p)= — dT+ — d 3.100
(T;p) @t , @p p ( )

0(3.100)>U (1.22) WE%H10tEODb"q

@S @S @S
dH=T — dT+ V+T — dp=CpdT+ V+T — d
@t @, T @p, "
(3.101)
qs’U Y% sai»chb”a tE€ hMwiT’ , (% dH >,éqSX
S
0= CpdT+ V+T @ dp (3.102)
@p H
\\p , tT%> H >{ "sU’ dp p™” q,(@T=@p Uge* ,(3.94)t,"
@T 1 @S
— = — V+T — 3.103
@pH CP @pT ( )
dJ 27. Joule{Thomson : (3.94)><Z . <ZOxd"sM Y%
x 3.3.3 Joule{Thomson 1g || -kqo89S
JT :w [w (394) T’ , sei»gb”a tSZ"y—!=tPO
9S!= \p"»> b\qU"T"i-0 . gxMQ, soi»cb”a qiZz
M~e0< , ?2w\gT , Y" " UCXXc<sM . ix , U qMO»Ti0OA
y508  ya0"weiAéD"t' " q (3.60) >;Mh
y509 g yAx , yao” Cp qJT >MTt"Zb"T tk” . fw‘'Os 3 mwY6
l:w=|M>RQo"" . \wMO0ZZt« ,U|'0""
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sa U ,sai»¢gcb”a t0 b”
a—T1pfeei‘Ot
R-"h«wU Joule{ThomsonigpK*

,Joulewig>~"*"

,a»>ji$t S"\qt
, Joule{Thomson ® L Y1511 5 ¢

y510[ ] «"@"we T \Q” \34a”’¢ "gqMO;U ,JT ®Lt0 b~ [\O"'I' "qgMO,
0 ETWA; (>.w..a8yV ) pxsM ] I >gS’o , yVAeh> . Y
y thbVZ oS* , >.w-ak (-é)>iqg'oM”

YWI [ 10xt«Qo¢ , hgQy, hVPw'Ot , Gi>9S"wx0>pK”"°Mp , o
bMO|| «"&”¢-Z« || xUE$bs~j EqQMQ” . feeQ ,JT ®L>-kU
[*q ;>ejbws’y , 089SUDO6sv“6MUi>—0\qgU bgMQ” (—s
Xq¢, x9ZipsMqg , iDtx—QsM ). «”&”¢= sw- X , ~ <*EW'O

t, NéisrU;:M'soM"
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h. Ta’\othwAIxm«t\,” y512y513y514y515y516_
TgAL> T{p ¢3$t3\O . soin¢gb”a «Qt ,H»>°m] b
sy°mwA¢CUO b” .1 >, t0o ,\w*t$>0b (X{). a x ,

¥512 [Joule{Thomson wig (1) ~; ]Joule wig (y380)tSMo , @oEca"w!=UUZ

NesTlhwxseT . %U\GVs"..aPgqMOZ,pd~+oMhT pK” . tM©0
Qey , Z,UAVGWA0"><m&aK (heat bath) pKIhU«Qt , 0+°wi>T’"

ey ,i>wi”sr éts X , feeQ ,"cTs9S!=U- pVsTlhwpK”

At a wxaSqdTUiZx , feged CYBLK  cww ,a wMexji$
pxsM (<j—eDop«sM ). °*p>.UsUlo fOU-Qt , ;U qU Ep
K” . \eow=:>" b,VpK”~ .

Y513 [y512(2) U“ (throttling) Tg ($x&SX{ )] ...4aPp~’«h w cent , 20NE£¢
AsrpZRh , >.UéaD0s..a%$s— (1,- :porevalve)>gS” . —w(>—= A,
E>—=- Bq , -wEztsS'Tt"XDuAi B>'X . —=aAt.u Vaw’ w >
>gS” . \ex ,gY>.psXo¢X , 1 >.pl"sM . >>gShqVv , -~
A<B«, & ¢gYBtK” . DuAi A>;Mo , -~ Aw>.>!" " ,jist  yVv
‘0eXQg , >.x—>0S“sU’—= Begq "~ ,ji$trA 0eX - A ws
.U-= Btfo ™ , f\p , & ¢cY6t, Ih

514 [y512(3) y—~.u~9S ] ,A$sY6!:w!=>RQ'0 . > .XrAb"wiT’ ,
Vo <Vg pK” . —=w OU *>"0 , >.XVvetXXs"wp , DPUAT A U>.>!
b(vb) —wGVAwMU, DuAi B U(veoR” )>.>8Q"—wGV"'“<GV
M. "hUlo ,pa>pe pPK” . —wST[p , AvtelX“g>.>vb\qUpVo ,
Joule wigw=:>4Q" . TPuAitlb—x° pK* , —wWwm*“KMURQqb” . f
eeQ ,y—U° «q”ji%a gs” (°"wji$a px , Yy—X° pxsM ).
9SxrOs”wT

515 [y512(4) U=qsoi»ch” ] 4 cYBtK WiT’ , &—fU-Qo, a—fH°O
»qo” . U 1AxZ<wqgS“pK” () Z,9%w ,th,AgBw pwawe
“q“xsM (i) c@@oEcga’w!=x U =Ug Ux pK” ;(iii) Z,x%t“Asb
" bs"j ,°y— papVao! %wiT’ , DA (Z,) U== A(% tb”]
i$“Ax

Zy,
Wy = Pa dv = pAVA (3104)
0
gs” (ji$a gx , Tt ,y—°H>™TsM ). —= BUZ,th”ji$“Ax ,
Zy,
Wg = Ps dv = Ps Ve (3105)

0

“hUlo , %UZ,tb"*A W=Ws Wa g, °®@8Ec2"w!=>:Mo ,
U = W=W,u Wg = pAVA pBVB (3106)

gs”"U«Qt , smin¢gb”a pK"\qU™T”

HB = UB + pBVB = UA + pAVA = HA (3107)
\wqV , rAtAb"“A W wiliz , °eaEc¢a”’xn—b” (Ua > Ug). [8] >.
UgY>.pK|O ,QS!ZU,éS’y ypAVA:pBVB *Qt ,Uar =Ug qs"\q> ,
Joule wO >;MoOd
y516 [y512(5) C2] Xw>.x , €9p-k®LUK” . \e>b; 0 , >k += b”
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y—Un—b”"M2eq ab”\qU"T”
\wqV , y—y<tPlo9Sxith”

“,\wqV , y—y<tPlo9S«y<b”
UEx,JT wi UYwqVpK”

1 ov

V @TIo

JT
s"9S»

. X

, Yy—V<tPM , UcT’'Y<ceq~“8""
089S T,w qMM, iUp)Q’

xaSx JT :UU«pK* ,
. Ax>0Q”q ,JT :UYoq

(-kUE )»Y7. “huUlo , -k
y518.

> (3.108)

1
T

. JT :U . éq

@T

Tiw =V

089S7<
LpKH

pigr>ae0q

JA 13. gY>.s'y , mvt

@V,

, >.W 9Sxy<
.JT ®Lx, ji$pxK"UEDo$

=0 qs”\g>-TS"

(3.109)

b” . \e«U Joule{Thomson ®
t %oa pK” Y519,

Y520

\qgUpV” T sU’
T, e9prAb’q , 9Si¢>YX
M”. Oe¢Uw=+=tR-"hwx

v~ (super uidity) +O ;<
6~a—79 , pp. 89{90, 199{201.

. \e’x
, 1908 aw

Y517 9sUy—t‘lo!l=b"\gx

Y518 ph“2pxK”U

y519 ot

, a0"x , mvtYeq”
, ji$qDO$SXx%e<pxsMg\,h .
e»%t Us«pcK”

y520

bs”j ,gY>.tSMox , ~kxlI\'c

102

, +E (200K) +O & ¢U (100K) wo89Sx

(superconductivity) wZ€tP>CZh

, ph*“2g¥0OT< esMU

, 089Sx0

, >97<pK”
, . ArAt""+=UE " MgM~ 0
Kamerling{fOnnes wRLpK” . \sU
.[€ERB] slgXb”

, O

, OApPK” .

JT ®Lx, \wS«w°mpKlo , e
‘sM
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X4 =FUAT3R¢cq% Mh %

\etpx Y2 PuAity Aeh psro> , &—Tw%q 0«0
oVh. f\px , %>IRb”Giwi”>° g"s h . "T'sU’ , a
w etPlo , Oéxi”<l=b" . pXx, i"Twl=w®§" (8S) q
XMT,rT . \e>-QoXe"Y6!:\fU , =TUAiI3Rcq‘ye" :
a—1¥2p7™tJOb”l:swpK”

Se[wZfiwfowailipx , > TW«™UsMVY  , i"Ul=b"% ,
tM6Qey , =TUAISRC>REL"%>{0O Y523,
x41 ,AEY| U gRUQI

i"U!'=b"%qx , C.rw'Os«<wswTU , Fe>ts"Tc e
sM. "T sU’ , fwgrwhStx , Z<p ;b oi=Tea—71 | w
kpToeiEYs; >E’Vys’'sM . 3h, 06 "®pMsM=1
. t<« A>oa”\qi-0 524 f\p ' TsM‘'Ot , Tcx16T e

S,;> 1mlm, at<O 0+\0

x4.1.1 0i (material) qU (molecule)

(a—9Tw) %>IRb”"®pPE > , Ui g*...0. MTs”ti<i T’
IRM"e"wp Y25 (ixi wBuU. PK”"qRQo <M Y526,
« 1. ZE@iO>RBQ” . @iO**wi>>Z,q s’ , 21073 (w.
P)>¥,q"sbs’y , %x@i0°WZE (K"MxZEU 0Oy) pK” .

y21 ® qXta—9y | tSMox qMO,VpK-0

Y522 ¥ atx , 4—9f1 ga—9 Il wé[c“°tv "oM”

Y923 \e T {O®i"U!=b"% x , \etp{loVh®i"U!="sM% >A b
. ™MwAxtSMo , i("A!wWAvs>qey'MT ' pK” . “hUlo , \etp‘®
<°"$s"a@U2%pV”

y524  Xw x , GT!'gZRw 1&Rw , =Tt (,qcer )TeoMsMxcpK”

Y525 ¢j—oe , <lqU«ét_ ey , i (molecule) >TRb"j (atom) ” (quantum) t
p<U_Q” . T , Seé[wc“px ,j " tqjO”"\gxsMwp L Uiz
™YbeydJsM

Y526 y otMOq , U't«xdUsMwp , ®RBQo \¢«"*M q{Mh . a—Tqgx, 0 wY
.srt-"\gsX , et (St$t ) %>ESsU’ , %wQi>s"TdpKlo (a—
f12R&[¢% x2.2.1), Se[p«fwqO>q”U , ZUPXSMT’'pK”
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x4.1.2 R0 (component)

%>IRb”Gixu T'TR”~«"q\,h Cfwi ow Twx: >,

ROUQ‘'..O.Xx "wi T'IR""%>® X Ri% gMO .

«

Sé[px ,1RU% T{"sM ¥,

2. () +x,H,OgMO1 "wi T'TR”«"wp ,1RU%pK”

(i) ZEO, <« 1IRU%pK” Y%

i) i>x , E N, gZE O, gMO2 "wi T'IR"Ae"w 2RO
(iii) q q p

%pK” .

x4.1.3 i (phase)

EUAQTD ™Mo+ (\S“"¢c ), mt“, «cUOMoOM”+> |, %
q'oRQo"*'0 . «q+X%oa+pK sU’ , «+wop , Ys” 6pz
"oM” . \w'Os%x (i $t )EipxsM Y2 Seg[w\efpwh
@x, \W'OSEEis%pxsXo , DPuAiwat EitgS’eh >.s
rtv ~eoVh
MtT’ “{OFEEis%tSMozAqs”“aU , 1 pK?” Y30, ey
PMQy, £Eis%tSzZ” , Eisael (ui)>i gMO.
« 3. «+>7.9° 0 ey EEiiZer« , «q+X , fegeEiqgMQ
" Y88l “hUlo |, «<+<ipK” . sS, «i A +>i BgqECZey ,n
iwgM>"T“ebXa b”"\qUpV"” Y532,
ys27 RU%wWMU«j-OApK”"U ,waAMpr"hé , ~ tUd”"\gqqb”
51, Ri%w«>m«pisoeXU ,SepT4Qh™tGia fDopK”
Y528 +xEj U (diatomic molecule) p, ZExoj (monatomic molecule) iU , ®R

y529
y530

y531

y532 -

U"wraetSMox ,\w)Yxd8Jgs’'sM

®°7pxsM qtlhMU " T“ebMT< esM
0i=Tpx®6 qzoeiT< *sMU , *x“ [>Eyb”
[«™ kpQ>a{b” x , ®«U+t9Z«SoM”"U-Qt , f<fc |, «+x ¢Y6
tsMwpxsMT srq i"b"T< esMU , fw'OsSe&ex!ZCZsM . épu
Adiwzcl »”U , "+t«rjist ( AvtelX* ) dO h" tvey , %X
¢cY6tK"g sd”
T, ™M\w‘Ot , «>{i , +>+ig‘s\qU,qoerpK”
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x4.14 {i , =i, >i

+gMOUuix , «(ice), + (water), +a> (watervapor) qMOi>q” Y%,
«> {1 , 4> =i, +a>> >i q‘s Y3 GvatMQy , {i~+i~>i
qx, fege ,{.~+.~>.5!bgq"s’0'M y535y536,

{i ,+1,>ix , fegeEistipK” . +waop, {ig+i , i
q>1 , >iq{ix , fege , ¥,>9S 0€1 ‘oM YOI,

+X, «, +, +a>qMO (—sXq<« )3 “wi> b"U ¥538 H,0 gM
Ol "wi T’s” l1RU%pK"\gqt«™ 0, M

igRU> %  0xs’'sM ys39,

x4.1.5 i!= (phase change) >4

K”iU wieq!=b"qA> , 1= gqgMO. hgQy , agiw+>
Cab’g+a>UpV"\q | bs™jaC || qx,il=w/ «w 1m
y533 +7ZwlitmMo< , <j—e% 7w e URQgb”
y53 @+qMO\Gi ""wWEfqg , ®+gMO \+i ""WET> % 0oxs’'sM
Y535 [kutx ]igx , >0 ,{.~+.~>.>a b’hSw“apxsXo , FEis%t
SZ” , Eisoai>a b’hSw* aepK” . "hUlo , hqQ%ai T’'s”{.
pKlo< , fwiiS«A¥i t'lo , ¥s”1 (bs"jYs”"Qi )> b”OUUK
", T, Sé[wc“°tSMox ,{.~+.~>fege{i~+i~>iQ s
‘o« , GVs 8§Mt "\gxsMpK-0
Y536 [(«) «wi ] «x 10 " wYs”i> b” \qUE'*oM” . 50Cw=Zepn’
ch"% " %wa Aq, 10CwW-Zepr eh%ZTZw« BwQiU§O\qxtO
tp«<sM . «Agq« Br+iw+tOehqV , « B x« A<« sTt%Zo 0O
(%r).
Y537 \w®¥, qx , >0, %qZ,w W°¥, +pxsX .1 AQgi Bw w®¥, pK
" %> Rb"GIUI Aqi Btiz'e"qb"qV i Agl Bw t®¥, AB™
U Ob”iZpsX , %qZ,wt ,bs"j%wZ t , ®¥, 4.3 < Ob” .\
O{XQge+*\"MQ@¥0i-0OU , fWNSY¥ tE2>CZey %w0l xsM

Y538 [C2\ —sXqge« "gws hwx ,y536w(qgS*“ , «tx—sXqg« 10x wY¥s”iU
Ob”"T'pK”~

Y539 [« ™ fwx:qRUWX:x qpK”

y540 18 gMO\g<K” . 6 x%7pK”
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pK” Y544542 gi:px , ®il="qMO; "QEIl0Ss+y'M Y543,

«4.30CwW FOte%o«+w«pMQy , <« ({1 ) xreeree%zZ , +(+1)
t >IQoe-V , *UofoU+qgs” . \w%Xx , %r gMOI!'=>PO%
t s'sM yo44,

« 5. 0ot, «+7.> 20C w-Z+tO+'0 . b"q , «w*“w+Ur
cereZloeV , Uo0foU«qgs” . \ex , %B{gMOI!=>PO%p
K”.

x 4.1.6 Avogadro : || =fwie ¥

~“@w«0Ox°"X hwp , 6ilwge=Twi6t -0

%>TRb"Giw”> , f wWEwqS* , 0i” (bg¢: )gMO. Ggn p
— , lix  [mol] pK” Y54,

%>IRb”0 wx:> , ex“fwEwqS* ,U: gMO. GgN p
™ Y7 fix  [x] pK" Y5,

x4dwo,p®ui” (Pgc: )U!=b"%>{0O q\,h . P¢c: n U!
=b”s'y , 0 : N <I=b” . T'sU’ ,ix ,n>>Sey N U10

Y541 J1=wE «>E “0¢[0S\O I +iU>jeq!=b"acC (evaporation) <°
Xx>= , >IU+ieql=b"%LV (condensation), {iU+ieq!=b"%Tr (melting)
CXx+=, =iU{ieq!=b"%{ (freezing) srUK” . 61=7>¥MZb\qp
K-0.

y542 [«] FOtx , 2 p«a”U>xMpi,vy , KIgMO t9ZVIo 10 C\ex
E§M%r>PO%t b~

Y543 22 pil=t X" %' pK” . gql:px , tm«t ,il=t Eb"'<EY>
\,"\qgb” . kps [x ??p™\b”

Y544 [tMs wi6 ] a w2x 2i%pK"U ,aw™x 1i%pK” . sS,\wOu, a
gx%rqMOil!=>bgRQo‘M . f70 ,aw2™5987¢c ,1RU0%p<«<K”

Y945 4 91 2Re[¢%w Xx34p, S..w°ae><0OApK” (16d* ).

Y546 [« ™] i [kg] qai” [mol] x, hlh 1 Ew§Mswp , lGw«™>=<]0, M

\W %>tZ”™p , S¢kowZiiwaelpx , Gi"q% [W®bPG:™ (mole number)
>UASE;M”

Y547 \wKh“x , Gewo66U{0it aogXtGVXVYs” wWp«™AehM . th, 0 p
x s X{ , 0 :psX{ :q‘<{lsTr , [*66<+)2 pK” LT, %
Udeéct®reT 1mw [t"hUQy (K”Mxx p [bey )"?2'8JxsM

Y548 i swiix J[x1ag{Mo< ,[{] bs"jAlig s 0« , rj’p<'M . "Sw rad
UATipK”\q | Tutwiis rad/ls qTMo« 1/s q{Mo<Si$t!™’s
M\qg || g% 7qgMQ” .
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1t0 b”° , 0<tfhp“pK” . fwT XX , Avogadro( 2@ Aé )

Na qMOY n gN >\1 01"t nZoXe" :tKlh . mt“,
|{|¥} :l{E} N a (4.1)
s” WRQ>¥MZ 0, M y550y551 “\\t | Avogadro: Np x ¥°°2,
Na 602 107 [x=mol] (4.4)
We> b” ,(19s ) : pKlo , Giw “srt* "sM
“hUlo , Gi”w!=>PO%>{0ipx ,Pc: nTi : N wr
i'T 1miz>!':q sdy‘M Y583 S ¢ % px, 66ts’lo , Pc: n
>l1:q o;M”\qqb” y554,
®\eftp , dITXi"O”upra@> SoVhwt , seMVs“bg¢
:O"utéJ8db wT ™ qYd>JVeSoM”"\qi-0O Y555 g xI
(pK” . =9S »«{MhMT' 'pK"” .Mt dil= , hgQyaCqagx

Y549 Npo w<4QEw A x \A'vogadro t Rb”
Y0 [iT'«<I"TpK-0

Y51 [gY>. wYBM U (A—9f12R¢% x3.35€° )] IUW7E%$p>! d

NRoT
V = mMRT = nRoT = = NKT 4.2
p rn {Z 0-5 NA ( )
76 (4—1 1) | Z. }
y30
Wt , k [J/K] x,Bolzmann( @¢AUi ) : q'ye ,(>.w "t'’'cifs )
pK”T
Ro .. 23 [1—
Kk —° 138 102 [J=] (4.3)
Na
7E%w g+ Boltzmann :x , w-—f+” —pGAE b” .U tp><EShM
ws'y , xYq oEIoSX,VpK”

Y92 [Gg] sg = pxsXUAGg >;Mh . UAGagtx ,' - sr<Klo , fege
tkus—-MiuzZ>{S"Ou«<K"U , S¢%px, wH>;M ,UAGow-MiZtx
AE'sM.

¥553 [ AfUOA [Na U :iT'pK”

Y554 i N prae> S"{u«K"U , -"wdJpKlo )Y xSipxsM L << L

N tp UK”s'y ,P¢: n>{Sh™t N=nNp tEOQObey'MiZw\q
pK” .

¥555 pv \qgs'’y , U« ,i”"izpre>bbShM . i"gbg:w OX@WiT’'p

K
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+1T’>ieqU Ui‘'tZoeXqgAt s’sM Y586 j1=qx , Si

$ti eOc¢p\c”"gApK”"hS , 0 w~"tM>,jt"epV 'b¢
'pPRQhMU(bswpK” yss7,

i"qgbpc:wMceTp~raeb”Tx , otb(QwadlJdiZpKlo ;N
L,rSipxsM y558,

X42 % MhW bc:U!=b”"%

bc: (Gi” )U!=b"%> , % Mh%qg'es Y5560 % Mho%qxé.

$trw'Os«cwswT .2..p [ hyT*“w; »>;Mo , 3 MW «>

ES‘O .

(i) aiwzo* (vO~vzZ ) +* X% Mh%WE «qMQ” .+
T+ eq™ .. Ne”+xvOpK* , 4w T ZoeX+x
vZpK” Y8l \w'Ot ,\=7"S >P "sXqc« , UiwZO“>P

O%X ws“t2eoM”

@ it= | >ig+riU>+¥ @>-cep€i oM”%X , aCq¥»nV
>PO Y82 acCqx , +iT'>iequ U"|Z 0eX\g>™ " ,
“BVagx, >iT ' +ieqi U] cepX”\g>™ b” Y563\ e

Y556  @tESoMox , <j—eel w Vsr_Q”xc<sM . ST sU’ , >ig+iw
,Dti“qoy , >iT'+ieqi‘t"|Z 0 XU WY> pV”

y557 5 L whrex, =TS >PO% t<&;pV” (™\). »7 ;w :T’x , Bi‘iow
€ ® (combustion) «P  (ame) woJ+*é% ?‘ (fuelcell) cpw=9S Ue['"
\wOu , i"“<bg:>-—OMU , "@U, ts"\gxtOftp«sMpK-0

y558 *T suU’ |, 6ilwgae=pJO h :wevsG@>¥M& 0<"T" Ot , oo
\"M\gtx8§MsM . °t ,\\pfo>Tg 0oSX,VpK”~

Y559 9%, L%qMO\g<K” . \«t0 0 , \eftp{loVh%> ah% gMO. 06ts
"ThwiU , \w; wtMs x , MAAT Y7 tXM @<K"i-0 . %o Mh%
ax, 2,q%w p GiwZO“>PO% q Qo<'M . ah%xaiwzO“>P~
sM.

Y560 nusU’ L Gi* [mol] Ul=eyi”  [kg] <!™"

Y6l 4 ¢ psXq« ,p»Tiwaei icwi>wvOZ>¥MOT,"q' M

Y562 [>+¥ @ (gas{liquid interface)] >1 (%A) q+1 (%B) >BQ"qV , %A q%B w¥
WDO>T¥ dgMO

Y563 \w*Ot , hgqQ@>qS " 0€i oMo« , fw@uUi wea (Giw ~ ) >ebc
wpK”s'y , aCg%Vt'lo , Uiwe" “Uae™e” . DpxsX®S gMO\
g« M (x5).
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X, 0w "bs~jzO“t s’sMT"’ , \N\waiwzd“>PO

%() tA Ne”
i) =1S Y% hgQ, GiwzO“UsXq<« ,a U=7S >PO
s'’y ,S w2™tSMo , b¢:U (0 :U )!=b” . “hUlo , %o

Mh%w¥ O“pK”

Xx43 =fUAi3R¢ Yo

=fUAiI3R¢ >1<“t [b” . 1U>®Q*0
= 4.5
- (4.5)
Wt ,n xbg¢: (Gi” )[mol] p,G xx @mi»cH” [J] pKIh Y36 mi
“,1b¢cKh*wx ai»¢h” U=TUAi3R¢ [J/mol] w [pK” Y567,
®hTUA”iZTq X_h x ,§Sl:w 7>?'gr oMsM
[ (45 wSix , 0eb¢:Kh*w x ai»ch">RQ"\qt'lo :
O”l:w G »>8S!:w t!opVv” tK"T'pK” yo68,
X 4.3.1 Gibbs{Duhem wU
[ (45)>"cTt{V~S"”
G=n (4.6)

Y564 [E "« ] mi ioWé®@Ue['o" [«™ =9S qx , 0 eBcplc”<wpK”

Y65 1= \UAi3R¢ "x, a—9fN\UAi3RB¢ "pxsM . Ki“tc """Mwp«
™ g

y566 [Yd]se ,U,F,H pxsX ,G»>-OwT . fwtQx , — Epxcql'Tts” . B
0, se=fJUAiR¢cw [UZAswTwtQ« , %olt1’Tgs”wp , Ty A4l
o, M

Y567 [Yd] sebc¢: (Gi” )n pA"wWT . fex , ={!=>Y "oM”"T’'pK” S
m pAlox%VYgqMO~“ZpxsMU , £(t8§MsM .

Y568 [16 ] 0«i"Kh"“wOu (zOu ) v V=m[mi=kg] *0-i"Kh*woeaenEga"
(z°@oEc¢2” )u U=m[J=kg] srw \ z"Y6"xJ0§S!: pKIh . \\t , 0
uVmd s°ernEcga” U] x, <j—eO"l:pK” SO iTeqi” (b
¢: ) pA’q , §S!:t!dpV” wpK” .
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T%we-">RQ" (eUb™ )¥°09:
dG= dn+ nd 4.7)

\W\p , bPc: nUEIWOIRQ” Y70

P@? =( gy +nd )jn = nd (4.8)
n{->io .€
"o, ,{V< o<lh ,G t0b”a—9TAsU (1.28)>¥M&fO

dG = Vdp SdT (1.28)

iU (1.28) x, ah%bs™jp¢c:UAEIWOU>0Agb”«wpKIlh
feeQ ,(1.28)W(%x ,dG=dGj, q{V~S”"\qUpVo ,

dGj, = Vdp  SdT (4.9)
g{X\qUpV”
(4.8) w(%q (49 w(%xs M\qt>nV L 10>
nd =Vdp SdT (4.10)

\e> , Gibbs{Duhem( 20pu~AacU )wUgMO. Uwi g™ b"q
\—>Z<t»e ‘0 :

() \efpe“ ,a Uji$TmDo$t %qMO> w<p<«Teh

(i) soU \O”"!:q8S!:we—-I=wu "pK” ¥ hqQy , E%H
10w Vdp x, O"!:w.u V g8S!:wy—we-!= dp wup
K”.

(i) T%woox , oEg2"wii ] > b”  (=TS* ).

(v "T> ,U,F,H,G srwaEc¢?” (MtMQy , Aa—TUAI3Re )
x.X , r\tc £sM

Y89 [kutx J21: : G=n=G(;n) wfei dG(;n) > "qRQe-y‘M
Y570 \ex ,n=const: K’Mx dn=0 >™"" | ah%swAv >RQ"\qt s’'sM
5711116 1 (%w nd x, O"l:wbg: ng, §8S:w=fJUAi3Rcwe—!= d w

upK”"\g>8bb”
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(v) E%wdp qdT > ES"q , (%w wxps g!:w=|MU (T:p

PK”'Ot¥QoX" Y872,
(vij ®3 mwsgS!: p, T, Ufege qt!=b"\gxe”resM \
q>-QoXeoM” ysT73,
8J 28. ji$sDoa tSMoRgb”U (4.10) ><Z Y574,
8J 29. ji$sDoa tSMoRqgb”iU>«Z :
[TTA JU@.100tSMo , q!:* Q> (T;p) g sb Y5776,
@ \ @ S
= =, = = = 4.12
@p, n° @T, n #12)

Y572 [C2] \ex , 2 A¢+ Clausius{Clapeyron Uw"a (??) tSMo O“b”

Y3 [A*XMSO ] hqQy , (%w Ul=b"s’y  (bs“j d UK”<qg’s'y i
wl=0> , E%wdp gdT w2mUVjeq!Z-SoK[vys'sM CbsTjo, =1
UAi3RG , y—, 9SwW3mU-V% t ( gt ) !=b"\gxeresM . hgQy ,
E%wy—q9Sw 2mU-VLJtkeoc , fwl=wfo> , (%w=TUAi3R¢U
fo!Z-SoXs"ws'y , fw‘Osa x<j—ceiqpV” :

Y574 5-ppr\TpZJb” .S )V >iSy T Ot , OAA$“sMT pK”

Y [oebg:Kh* JU@10)wt%>, bg: n(60) p~"q ,

\

d :Hdp %dT:’\‘/dp &dT (4.11)
q«<Tz” . \Wt , ¢ V=n[m®=mol] xb¢gzOu (o+bg¢:Kh“wOu ), &
S=n[J=(mol K)] xb¢czoiAéD"” (oebP¢c:Kh*“woiAéD” ) pK” .

Y576 [y575 w4 ] zOu v [mi=kg] gxo*i”Kh“wOupKlh . \ega b,X , b¢
zOu ¢ [m3=mol] gMO; ><O" , Gog<) =>%lh T, ZuQxsM™ | Zc
“<° $s gp«<sM . fwNS®o+ || Kh“wOu g‘*MU , Olh’> X0
a"Zerc« , Y%ow2exsMpK-0
[sS]z0u<bczOuc« , O"l:pxsX , 8S!:pK” (-TS* ).

[MMpsU’ ] E£6esbc:wIOtae”"zZAxsX , \etpeé* ot , () eGawl
ix?T , (i) (%gE%wiiU°« oM"wT qMOe«“s"Aw >EUtiabe
y'M .
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X44 %Mh%wa—TAsU]|2 l: T 31: :e

Gibbs{Duhem w U (4.10) x, 4 xwa—JUAi3R¢ct0Ob”a—9TAs
Ugxe"CZUYs” YST7YS78  \\p , %o Mh%t!'Areha—TAsU>«
\O .

x441 G tOb”"a—9YAsU

(410) WE%p) Qe nd >,47)WE%H20tEOD”
dG 1) nd + dn= | SdT{Z+ Vd?r_{zd_? (4.13)
(4:7) (4:10) E% % Mh%
\eU , %Mh%t!Areh GtOb”a—9YTAsUpK"” .\ ah% "wA
sU (128 qw)Yx , E%H30 dnw Aiz pKlo Y dn w O\f
U%Mh%>RBQ"qMO\qswpK” Y580,

(413) 7TE%t \3 m"woU Ob” . bs™j ,Gx\3 !: " :t'A A
s0oM” .3mw g!:w-|Mx<j—ex pK”U , E%wdT, dp, dn t
£éb’q , xpus q!:x (T;p;n) q"sd” Y8 f\p ,31: :wf
U dG(T;p;n) >{V<'0"'0 yo82;

@G @G @G
dG(T;p;n) = — dT + — dp+ — dn (4.14)
@T p;n @p T;n @n T;p

Y17 seT . r\tc G sr> tsMT ' pK”

518 [ ~16  (x1)] a—TAsUqgx , s woEc¢a”- > b:U pKlh . hi’
Zc <\w; »="sXq<«'M

Y579 \Ot~e"q , dn wag$™ U>ts”i-OU , fex™\p” . tcx ,4Swa—
TAsU>'Ab"hSwU! tBab”

Y80 [ ah%ew<f ] bg:® ,bs™j ,dn=0 s’y ,(4.13)x ah%wAsU (1.28)t
<£b”

yS8l [16~; ] xus ql:qx , fwaEca”Ua—9TUAi3R¢cq sd”*Os q
I'pKlo , ™t 1

Y82 [Gg] <« :w4QEwx:U 2mtslhU ,\efpeé“ ,\e’w 21:5{ b"q
MO™ pK” .
[OA~,A (rsf I3 !: : f(xy;z) w < : @f=@w [U>{Z . f>ES

o, h"Tt ygz U\{ "7~eoM” \g>grd’
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x442 > G T'{§"0

AsU (4.13)w (%<« dG(T;p;n) q"sb . b”q , (4.13) WE%q (4.14)
WE%UsgpAye” Y8 U™MsdT,dp,dn w :Ufeges XsZe

ys'sMU«Qt Y584 —qUAI3RC X
@G
= — = (T.p; 4.15
@n ., 1520 (4.4
31
wOt , a—TJUAI3Re G U-QoXe” Y88 “huylo , «:

(@G=@np, W-%xhebMgMQ”i-0O
%It , siAéD” S(T;p;n) qOu V(T;p;n) <, a—JUAI3R¢
G(T;p;n) T'<Te” yo87:

@G @G
S(Typsn) = ——  ; V(T;pin)= — (4.16)

x443 H,F,U tOb"a—TAsU

G, H,F w [Utqgjiey , gl , %Mh%t!Areha—TAsU
>«X\qUpV” . \etpe* ,T0\gsX ,() [Uweiiqg (i) =Eg
arw- S>E"0"dey‘M . é.$srMf>Ob2t , AL>»e 0
Y583 2.+ p g% 7WgOpK”
Y584 ®(4.13) WE % q (4.14) WE%UsgpAy+" gx , ®dT, dp,dn tmMowAsUpK

"TQtMB Qe .
Y585 Xwigxs9 y<pshe” UeQt ,9S T qy— p>{ b"\gx0>qMQ"
9% [«] +t > e"qMIhig>e0q ‘O . MOtfp<sX ,s9Tm ygMOY U

¥MOTe. .

yS87 gt n>%: ,bs”j ,G,S,V>3!::q°0“{"vys'sM:2Z
X, \etpqg?’'!7’sM
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S\O Y88,

dG= SdT + Vdp#+ . d 4.17
PSR (4.17)

%0 M h %
dH = TdS+ Vdp#+ . d 4.18
Pish (4.18)

%0 M h %
dF = SdT dV + . d 4.19
pdV it .An (4.19)

%o M h %
du = TdS V + d 4.20
pd e (4.20)

%0 M h %

Mce< , E%H30t dn UCC/ehiZpK” yo89,
fegewxpus gql:w=|M , bs"ja—TUAI3R¢xX :

G(T;p;n); H(S;pin); F(T;Vin); U(S;V:n (4.21)
pK” . =fUAiI3R¢ X, MCowa—TUATIRCT «<Te” y590;
SECLE L (4.22)

@n ;, @n g, @n 1.y @n gy

3J 30. (4.18){(4.20) ><Z . [tr ](4.18)w"Ob .G > H t{VdQey"
M. f\p , [ G=H TS we-!=>RBQ-y y591

dG 1z} dH TdS SdT (4.23)
[

qs” . °M, G tmMowa—TAsUx , AV,r<Mh

dG |{%} SdT + Vdp+ dn (4.13)

y588 “swp , <ZAw G tmMoc<« G 0SX

y589 % Mh%wAsUtSMo , dn ZZwox ah%t0 0o7t<MhAsUqs M N\
wATx ®Q"A<UK” gMQ”"i—-O . fObey , x p ,%th%WASU)(th
Vi, fit $¢TvsM-%Up>x pYd” .

Y590 [ gl:it«™d" ]G T'<T+"wx (T;p;n) pK”U ,H T'<Te"wx (S;p;n)
pK” . \w‘Ot ,G,H,F,U wMce>;M"Tt‘lo , =TUAi3RBcw q!:
uety” X “17»

Y®¥L[tOtp«<sMU JH,F,Gw [x , %Mh%pKlo< , ah%wOuq! ~’'sM
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pKih . TUWE%>ES”q , SdT Uitre ,dH tmMorz”\qt

>nX. bs”j ,dG wEpg'ow dH w<«OtR-" ,(4.18)>0"
dH = TdS+ Vdp  d (4.18)
Wizyz

% 7WrMfp , [ H=U+pV >;Mey (4.18) T’ (4.20)UcTe"
VF=U TS>;Mey (42007’ (4.19)UcTe” Y592

x4.44 =fUAiRctOb” Maxwell w U Y%

Maxwell w U (2.16)U, %Mh%Ii” &i || =TUAi3R¢ qb
C: N> i | tlAre"\q<'Ywc]pK” . tc, (4.15)(4.16)
>6 ‘0O

@G @G @G
= — ;. S= — V= — (4.24)
@n T,p @T n;p @p n;, T
>,ngp>{ “sU’ Tp et oT’ , (415)>EOQ" , elw
g,/0>2&0
" # " #
@T n;p @T @n T;p n: @n @T np T
| P Z 3
4QEt«™ eliwg,|0
°Mp,S>, T gp>{ ‘suU’ npeib” Y%
" #
S G
s _ @ @ (4.26)

@nT;p_ @n @T n;p

T;p

\exiU (4.25)7E%Qqs M . «Qt , %Mh%wMaxwellw Uw 1m>

Y592 [ r 1G=F+pV >;Mo (4.13) T’ (4.19)><Mo<'M
[«™] Z1> , > 0% %oSrpAt~rct , fo>x w p<Mo-TS*

¥593 x 2.2.3 wee OtHO \qgs”
¥594 -y (pK” . (425) WTE%T"'Y hwpK”
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O n y595 .

Q@ @S

= = = 4.27
@T n;p @n T.p ( )
dJ 31. %o 7waeOt‘'lo ,’“ 2mwMaxwellw U><«Z
V
@ _ o 29
@p n, T @n T,p
es _ oV (4.29)

@p, = @T .,

8J 32. %Mh%wH,F,U tmMowa—9YNAsU (4.18){(4.20) T’ , feg

o, mWwMaxwell U U<«Te+"\qg>0d y596.
e _e e _ e’  aev _ eT
@p s @n g, @s ., @n g, @S @p sin
(4.30)
@ _ e e _ @ _ @ _ @s
@V n,T @n T;V ’ @T n;, v @n T;V’ @T n; Vv @V T;n
(4.31)
— = @p Q = QT @p = @T
@VnS @nSV @Sn;v @nSV @Snv @V S;n
(4.32)
° 6vs >"oM"U , _»ZW ZZw?Up<sM . () U qgu<wh
bV»ZpoEc¢2 wii [J] >~7: Y97 (i) q!:q4QEew«!? y598,
\w 2:7"Q5'sZey , <Z<U% < , NMtx»few ;<hebM
Y59 «Mh™t |, (i qi<>hbV»ZpESo ,® gnwu, T qgSwup, gq«taEg
arwii [J] tsloM”™ \gew-Y>66nZ" . \ex , 4AQEWHZXjew«™
‘““«OAgQMQ” . ses’'y ,liUYsloxi< «<sMT’'pK” .
y5% 0q9Q>_Zdy , <Z<U%< opK”
Y597 qn, TqS,pqV whlh 3 "pK” . McewE 0"d« , UUnEg2"wii
[O] ts"\q>-TS"
598 (j—ce ,4Swa—TAsUt0Ob” 4mwa—TUAIRcw q!:q% °pK” .4
QEtx , «lb” q!:ZZw 2m>{Zy‘MiZpK"”
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X445 dnw™T||  H°O te%=71$“A ||

dn s”0x , MIhM?>™ b"wT

\et-"hStx , 7< 0$sAsU , bs™j , %Mh%t!Areh U
tOb”a—9TAsU  (4.20)>ESo , 4—TH°O , bs”j°&euE¢?2”
w- O w :T'Bob”\qU‘rfOtoa” 59 AeT'MOgq ,
du =T, + 4.33
S (4:33)
0a  _q$ A =7s$*A
q~Z’ " .dn x, =1$“A < Xx GiwvOZt"“A q‘e\qu
M yGOOI

(433) WE%X, %Mh%p< ah%p< , aq“Awl&ipzi>™"
b”«<wpxsM . bs™j

(E%)=TdS (pdv dn) dQ dWwW (4.34)
qSXs'y ,dW >—1$“Aq=9$“AtuApV”
dW =dWy +dWe = pdv  dn (4.35)

% Mh%wH°O (4.33)tSMo , ®%UZ,tb"“A dW gx , ®%UZ

b —9%  (.ul=t'” ) “A pdvV T, ®Z, T %tvOb"ai
UEj %“A (=71%$“A ) dnH3%Mh«wswpK?” y6o1,
w_M>MSO . tf£ébey°eZupK” . TdS, pdv, dn wfoU
§S!: O"l:w (o= )!I=
w > oM”"\gt>nX . ssw x0p, y—x“Aw8”p , 9Sxawsg”
59 seT . E’fOsdJtUB hqVitx , IYUtE"XRQ"wpxsX , S“t¥
Qo«, °S, 7¢,S$sq\-tqji”",ViT’ pK” . \ex , a—1ftv'c , g
»>TeipwpuwYNgMQ” . <j—e , E'M3J>* $t—-E X Q"MO
&>q b"«cwpxsM
Y600 =qg“Agx , %tvOb"GIUE] %o Ecg?a” , %wepw=9S t‘lo\c”
“Asr , "f_fs QMUK” . ‘“é.$tx , 6@t "aw\Rp« , %tve %o
Y 'uU b”oEg2"p« ,s@p<'M
¥60L \\px®b”“A7q 0{qtqStRQhhS ,thy ' MG@>6:<O hh$ , ®b
"Tq®7e" "wa UUGT“tXMT< esMU , <j—e XRQaW"2AXxsM
hgQy , YOw [>~So , ® pdV >*«"“A"q"sdy'M
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pK”\q , th, .u!l=U“Aw”> , siAép"I=Uaw”>™ b”
\g>\,h . \+t?20q , =1%$“A dn tSMo , =fUAiI3R¢ q
X=1$“Awg"> , Pc:wl= dn gx=9$“Aw”>"b y602,

VA 14, dn U“Awii [J]>Em\g>-TS*

3J 33. %Mh%t0b” U tob”AsU (4.20)>7Eqb” . \+>ZC:

g0 ,F,H,G tob"AsU  (4.19)(4.18)(4.13)>qicz Y603
X455 sex mi»cb” GU oM”WT
<MhyT*w |, %Mh%wx gi»¢cb” Gtob”a—9fAsU
dG= SdT + Vdp+ dn (4.13)
WE%>ES”q , xus q!:w=|Mx ,G(T;p;n) pKlh . \\p , g
l:'w 2mwT gpU8&S!:p ,3meéew q!: nqH !: GuUO"!

- pK"\qUOApPK”
hqQy , +wuai” (bP¢: )n > 10 t h’ Y604 +wx ami»ch”

G w’xrOs”i-OT .10 ts"t>floM” .G(T;p;n) w®” >>
S"Wx n ZZtK“QsMT’'pK” y605y606 2 UtMhMwT . fex ,G U
Y602 pe:wl= |, bs”j ,uw "~ (vO)wGVAw8rU=TUAiI3R¢qg Y" p

N

Y603 [73 ™G] Tx , \waeOp , %oMh%wAsU (4.20)(4.19)(4.18)(4.13) > <X {GWMU  (z
+$) M. bs"j ,Uw ah%wa—TAsU (1.1) wE%t, =1$“Awo dn >

"o ,F,H,G wAsU (1.14){(1.28) >qi!A osV ,GtmMowAsUU<«Te+"q

% it , Uosb¢:Kh“w G ts'M\g>I'Tth"qMOa&O0pK” .

[See] T sU’” ,\waeOtSMo , U'x , =71$“Awo dn wi<“$s<Ow &
>1ZOEM

[f\p ]1S¢%px, *oU EeAYpxK”U , wl<*“$s [T'ZC" ,G,H, F,
U wqtAsUs>'A oeX I bs”j , H°O tipb"U (420) U7 ™tcTo
"I qMOoweeO>qlh .

[axMQ](4.20)>YSo0 , (4.19)(4.18)(4.13)>qi<XgMOa~x.x , t1$tx0>p

K"UeQt , °Sxe*l0oSX,VpK”~ .
[fwrMf J\etpgq%7t ,F=U TS srweiiq (420)>E"0"d”iZpK”

Y604 b U T“tXZey , i"e0up Y” "0<'M
Y605 n 727w ql: Tqgpx,\8S"!:pK”"U-Qt ,Gw\”"">-QoXe"xcc<sM
Y606 \wKh“p , 0s”; taWsTlIlh ®8S!: q®0O0"!:"wa U , Aa—TtSM

oMTtSipK”T t«>nXi—-0
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ntz« "0,

G(fsp;n)=ng(T;p;n=1)= n (T, 4.36

(Fzp:m = ng(T;p ) (T:p) (4.36)
§S

g{Z"\gpK”~ (g xImolKh“wx oi»c¢cb” G). <j—ce ,g x=

TUAiI3RC [J/mol] t s’sM\q> , bpt e“exEloM” y607,

bpt n=1mol qSMhwiT’ , x,nt‘ sM 21 (T;p ¢

“sd”

\ep , x mi»¢D”"\fU , =TUAi3R¢ || oebPg:Kh*w
aEca” || > qb”t&~pK”\qU " TIhi-0 . woEg?”
H,F,U px%YswT . %YswpK” . ses’y , q!:* QU

H(S;p;n); F(T;Vin); U(S;V;n
iT'pK” .n, S,V xO"!:pKlh . 0"l 2m %woEca”  (H
qF)e*3mc %aEca” (U) T’ , =JUAi3R¢U (bs™j , oebg
‘Kh*woEc¢a”u ) Ne"XC<SMpxSMT y608y609,

3J 34. (436)izZT’ (4.15)><Z

[r]1(4.36)w (%> ,pqT>{ "sU’ npe+<t° ,G n >EODb”
Q@GT;p;n) _ @n(T;p _ Q(T;p) _
—@an 1@ —an . ®@" —a@n ..+t 17

e TP ywei | {z T;?
6
(4.37)
\W\px , (T;p s” q!':" Q<Qt , (@=@n.p=0t«™dvys’
SM. bs™j , J™U<«Teh
@G
= — (4.15)
@n ;,
y607 KQo, Ys"Gg g>;MhU , MVs*® g{Mo<M
Y608 E“hMwx , %w”>!=~rd"qVt , 8Eca”U? ts"TpK” . bgc:2ZwO
"l cep tlox , "aeUodvtslo M , i< <sM . bP¢: nZZw2mw
q!': (T gqp)>8S!:gb”"oEg2"x ,(A&—TUAiR¢q ow ) x @i»
cD” G ZZtsM . \ex G w>VqMQ"
Y609 tM3Qey , ah%w G tOb”AsU (1.28)><Mhi:p ,bs”j ,G(T;p) s~
q!:* Q>_Z hl:p ,\WA©>'YpVoMhq«MQ”i-0
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x46 gY>.w=TUAi3R¢

dJ 35. b¢:U : NnpwgY>.ws9a >RQ” . bs™j ,°9S T,
we<gp , >.wy—> po T’ p ftpl!=~dq , > . w=TUAiI3R¢X

o T’ tp!'="h . \wqV , >{S* .(pP¢cO"pw )° >. :t

RO ' M

[r]rw'OsdJpKloc , H°O , bs”j ,a—TAsU (413)>%tcq
0" ({V<b )\gtx!"“sM y610;
dG = SdT + Vdp+ dn (4.13)
{S",V=TUAi3R¢ x,G q° bg¢: Ng >;:Mo
dG =d(ng )= ned (4.38)
qTZo Y1 dn=0 gSzZ” . Mt ,s9«Qt ,dT =0 p«<K” Y612
Zi' , mWweiM U>rXaJeq<£b”
nod = Vdp (4.39)
° . l:im ge§M fOpK”U , fexIXwi“pK” Y613 E 9
tSMo , !: V Urw'Otul!: pt:b’wTU"T’'sMU-«Q
t, UGpVsMT pK” . f\p , gY>.qMO> w«q , Y6M U
(Boyle{CharleswO ) >{V<fO Y64
RoT
BV = noRoTy =) V= p° 0 (4.40)
Y610 4 "wa—qUAiRcwa T’ Gor-eiwx , ot, =fUAI3R¢cqg E MT’

pK” . S.. . wael>i“&y"T"i-0
y611 =qUAi3Rcw [U G=n =ng t hulh
Y612 \w‘'0Ot , «™b,Vx , P¢c:q9SU° pK”"\qiZpK”
Y613 (% izZxulupV”U
Y142 :«™ () i"O"uw  pV=mRT pxsX , b¢:0"¢w pV=nReT >;Mh . \\

t,R[J=(kg K)] xi"O"pw>. :p , Ro[J=(mol K)] x° >. : (PcO " pw
>, :p ,>.w "t''sM \ifs " : ) pKlh . (i) 4QEw\0" wOj,Rg x°
>, >10b"hSw, épK”"°Mp , PN, T t4Q eh éxI™w, épKl
0, IX™MTUMUYs”"wWp , % 0XS'sM
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\e> (439 tEOb”"q ,!:Um weuM U

d
nod = noRoTon (4.41)
t<EpVo , %olt , T%wng xithe” Y615 fw e rx , £ ul
Z Z
dp
d =ReTo — (4.42)
p
>fee’ o0,
= RoTolnp+ C (4.43)
pK"U (C xU™ :K"Mxuu : ), J™w U E Yy616y617
P=PoP = o (4.44)
>>M’g , : C U= b~
C= o RoTo In Po (445)
(4.45)> (4.43)tib . {S",VgY>.W=TJUAI3RcUTe." y618.
= ot RoTolnp RoTolnp(): ot ROT0|n pB = (p) (446)
o
«<Z™t , §S!: w : >'XESo , feUD”I:t “sM\qg :
h Tt§S!:iZT'TR"*0oM"\q>=-TS"\qUOApPK" y619,
Y615 O Al \WATXOATmph“2pK” . =TUAi3Rcxf<f<§S!:pKlo )
¢c:t" b"’XcUsMT ' pK” AT, Z<w o wr>_ey T Ot , PcisB
QoMht« "¢ , Pc:UtQt fesM® , bc:ZZtc |, MTs"O"l:«¢
tsM. w : x8S!:iZT'IR""AT> , g <« Sogrb,VpK”
Y616 [ ]\e>s8UEiqT¥,UEqzoep< MU , A—Tx1 «i ({"sMwp
kptx- -1 XxsM 7 z,
Y617 £ uilipxsX , ulig's’o , bs7j S wuilic“>f "o , - %o>
fee 0<'M ’ "
Y618 AA, \wOuw X,pizZt' b” 11 (p) pK”UeQt , fe>7E%tI
O'h.
Y619 [ r ]Gibbs{Duhem wU (4.10) wU>;Me+y , <lq 0t<ZDO6pK” (elo”™" ).
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x5 a4—1% cUEq!=wM?

“e“ex ,\eipxa—1T>b;b"qOtKlh . a—9fx?>2 q
b"wT . fex , %U&a ¢tK”\gpKlh 620 5 —qwesx , K"a
¢cY6Qq WA ¢Y6>Aca tE£e" , YBl:wl!l=e , aq Awe
“>-% b”"\qtKlh .a wMax , & ¢tsXq<«<'Tlh

a ctsMs'y , *7exrO0 b,Vi-OT . fafe , a ¢
qx?T . Y6!l:w!l=qx?T L I=XxrwOsM2t %ow T =X
w'OsqVt-1"wT .S X, \eWAMtOb”7¢,S$srt>)
Q"\g>e$qghb”

a4 ¢r2 t , a—qfw° U>axaoMh X1{x4 qxRiuU!~”
4—1% cUEwWR0>9gS 0 , x oEga"wY.qgx oi»¢gh”w
Y.<I’'Tgs”

x501 a—1T1% cqgx

“Mt€7 oM” 2mw%>BQ” . \wqV , T%w9SUs M\qg>
4$ ¢ (9S ¢ )gMOY? t%wy—Us M\g> —9%$ ¢ gMO. t
%w=fUAI3R¢cUs M\q> =$ ¢ gMO. 4% ¢cqg—1919% ¢q
=7 cwfJoU-h~re"qV , %Xx®3a—1%$ ¢~ tK’qgMO . “huUl
0, 4% ¢cgx , a4—T% cw°eaepkK” Y622 \e5a b, X , 2™ ®&
C PXSX®a—19I$ ¢ qMO; >;:M” y623y624 S  p{Owx , &
$ cwUEpxsX ,4—1T% ¢cwUEpK”

PX, 4—f$ ¢ W™ b g\-=x Y5 ffc?pKIhT LMt
€1 o0M” 2mw%t ?2«!'=UI\"sXslh gv,2mw%xastm*
Y620 \etp ,2 h”& ¢tx , U$s [pi*="oVhgMlocatpxsM

¥621 \etpx , \e>4d ¢cq'ceepVh

Y622 U4 —1T9% ctK”s'y , fw%xa$ cU-hreoM” . T sU' |, oxRq
b"gxv’'sM

Y623 \etp;MoVh; ®& ¢ (thermal equilibrium) gx ,®&a—1$ ¢ (thermodynamic
equilibrium) "'w™ " 0Mp;MoVh

Y624 [« ™M \\x , 0s”; WEyq Qo , XBQbW"2ZAxsM . A4—T1tSMo®a
¢ [ThMtx , tOftpesX , =TUAI3R¢+=9$ ¢>%VUMtZbh
Sw'«EYb'sTIhT'pK” .Z™Mwaeipx, ®4 ¢ q®a—1T1%$ ¢ wa
>{S”U , ot, ‘““kpus gq>:M”iZpKlo , i >)E’X Q"2ZAxsM

Y625 \\px , &a—9fNI w®4 ¢ qS..w®A—T$ ¢ >%°1 0'M
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glhgMM , \eU&—9$ ¢cw [pK” ¥626y627

2mw%U&a—9$ ¢Y6tK”s'y , fexOb ?2'Tw S U [p
Vo, fA\T 9S> [ “h (a—11). 9Sw<«Ot'lo ,2mw%wasm
“UM>ttpV”\qg , \eU&a—19% cw“aeew8 pKIlh . 9S»>xa
Sqgb""t_ts Y6!:xa—1T$ ¢>2 g’ 0 [ NeoVh . %>
>AnzZ”Y6!l:wcOtlo , ‘OeX , Y6w!=>ac” Y28\q«D
0qslhwpK”

a—1T% cw““ax , ®!I="sM qgMOtMs T'<* ~e" 0O
t, “e~"ewlUoOt,nX &g taWsM . \etpwraewfo> , a—1
$ ¢>2 t2% oVhU , 0tMOq , 4&—191% ¢U ’¢"s’y ,\
ctpwreEex™ H>sAsM Y629 \\px , &g $sgrtT”\gsX , &

—qwO (4—9YH10 gqH 20 )>“éq'0 , ®4—1T$ cU-h~
<"UEQqx?T~ Y30 waMtOb”rt>:U qgb”

Xx51 }q..4%quiAébD"7Gwjg
x511 0oJ

\ ..& Ppreh V6. "™ "p“fteh% C>RQ” Y2 \wqV

%C xZ,T’}g 0S* (}g% ), Z,T'was“Aw$!xsM’ , ai
wZO“csM Y638,

%C x, K"a—1$ ¢Y6tK"a 1% Ag, wa—1T$ ¢Y6tK
"®2el% BT IR"e” .AgBw¥,x \D""w\lea ™ §"pK"“ , Oi
Y626 @ 1=UfeZi tsM™ K'Mx ®!=UpAsO0b"~ qcqpV” . sS,S..p

X, ; ®a g®!=">a dct;M” .

62T 4—1$ ¢T'°2 eiEt ,4&—THOO UK” . HOO x , 4a—1T%$ ¢cqUM*
epK"U , %°1 oxs’'sM

Y622 hqQy , 9Sw!i= T =T, Ty« dT sr .

Y629 4 —_qH10 S‘|H 20 5> ; hAL ,\etpt , XwE > tOehU L Tx
\e'x ,a4—17% cwUEtAl 'sM . \ex , xipxsX , a~TSvys’'sM \q
pK” .

Y630 1=UpAs;Ob”hSwUE- L l=wM2wras>< %o

Y83l “ e $>X{p40

Y632 y x..a6. p , 2. xfwZ pK”
Y633 dITX , %0Mh%t!A hyT“swiT’ (x4), aiw = (bg:w!= )w :>h
*0XS'sM
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W ">eb qb” Y4 A:>Z<ttqS”

M\D "g 'hwx ,AqBw w “Awe" * (.ul= )s>”r&e’hMT’
pK” . (i)\ «a"qg 'hwx ,AgBw w aw ~ »>*& hMT pK”
i)\ 3"ghwx ,AgBw¥,>qS ow ai © (i"wvOZ , bs”
j,uw" )>r@ hMT’ pK”

"o,AqB»>, ¥, >p 0€1rd'O . €i1rdhgVtx ,AQBT
A 1.% C xa—191$ ¢cpxsM y635y636  £1q %o it ,A QgqBw
paq“Aquiw$! (bs™ja ) Ula”" T pK” T L, 7% C
x, *UoK”a—1T$ ¢cY6t,” . fwgqVU!=w4ft0 b” \w

€igx , £Doa t s'sM Y637,

x512 O hM\q

1. % CUa—9%$ ¢cY6t,"UE gx, rw' ot ~e"wT> , 1
<“t\,0SX . a% cgMOtMs T'* "e” Ot , 9St0 o
TA:TB (51)
UAenNe” . "T° | \eiZpxAGUup , Y—tOb"m“KM
Pa = PB (5.2)
Y634 (1ibs”jlu weac<eb:t«™>AD” . @U%Mhse M3>¥MOT,"q"
M.
Y635 [OA] @ i%fegeUa—T9$ ctKloc , 0%\ %oBUA—TS$ ctsMs'y ,
T.0°07"qga—1$%$ ¢cpxsM
Y636 [OA] %A q%B >ali%, %C>1.%q" " . "o ,®sexlU%>f b"wT +®s
e2mw%>RQ"WT™ srwYd& EmxcpK” . «™5)Qo0S\0 || hgQ, %
UlmizZpKloc« , I=x\a” . ses’'y |, %>“%Z,T'waq“Aquiw$!
UK"T'pK” . \\p OAswx, Z,qx!=>!ZsMaK (heat bath) MO :pK
", Z,Xx , GUGVXAvwa0o'>«mU+Qt , %gawe” “>'0¢9SU° t
-he"qgMO , gY¥$s (NUw‘'M ) doswpK” . 1=U %tmeo , fw‘OsZ,
(4K) t“tsoM”"%w9SU , Z,w9Sqgs Xs"\gxxigMQ” . fepMo
I=>1Z"WX%iZ pKlo , Z,XNUw*‘M OpK”T’ , €lsrOZsM
[Axe] 4—91% ¢cwUE>"&b”hStx , —sXg< 2mw%>;™ b, VswpK”
YT [LAlbpt , K’a—9$ ¢Y6ta hT.% C>iIRb"®eiU% A qB wfsge>
i‘wa—19%$ ¢cVY6 AqBtib\gx£ZD6 iT'pK” .[«™ £Doat b”
16>!QsU’"a&> S"U , X0ea—9T I(™R we[°0>76d"
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Sl , =fUAiI3RBctOb"m*“KM
A= B (5.3)

<ZApK” Y38 ses'y ,hgQ,AgBw9SUs Xq« ,y—K’"Mx

=fUAiSRcUYs"ws'y , fw)Yx , «Uo9Sw)Y><XT’'p
K?” y639l

a—T1%$ ¢cYe Y0t "qv ,(.1GB2GB3URGb"\gx , &g
g o®ph“2-w\qq , UostgrpVv” . fOpxsXo ,\e¢> , a
—qwO >;MoAI b’\qU , S..wé$pK”

x513 fwhSw“é

“éxa—9Y pK”.bs"j] ,ada—TfH10 gH 20 »&-b"q , @
iIAéD"7Gwijg , X oEG2"7-wjg (x5.2), x mi»¢cD"7-
wjg (x53)w t<£b” Y64l ix , (5.1){(5.3) x, \e’wjgT «Te
" wpK”

7TEs(-lo'M )\gx , 2U%A qeeli% B Ufegea—9T$ ¢V
6tK"\qpK” . "Es (O°hM)\gx , 1.% CU&a—T$ cY6t
.lhs'y , UGB.D{(5.3) UcTe" \gqpK” Y4

x5.1.4 H°0O gqPaeucEc¢a’w!=

}1g...a %C>BQOoM"wiT’ , %C UZ,*b"“A dW <, %C U
Y638 hs~j ,2 mw%ws§S!:wJoUs Ms'y , a—T1%$ ¢cY6 qgMQ”
e [ AlvYel:u 31I:: pKIh\g>¥M&fO . K"Y6!l:wew) Y x , WY6
lrwew) Yo Y X
Y0 Al1a—1T% ¢cY6qgx , feZll="sMY6pKlh . 4—T% ¢> gqb” S
g0 ,9SU [~eh (Aa—THOO <\t E ). feeQ ,8—1T% ¢cwUEQ"
0, 9SUs M\grAeb "wxxp qMQ” .
Y64l \e'5 G\b" 3SwAEsU(4a—9TAsUtZA£DoQ« “Oehcw ) UOAQs” .
642 54— 9% ¢wUEw:U qtSMo ,se, 9SS, y— =TUAIRGc>:M"WT .Y
d>0a’T< *sM . tQx®\w 3 mx8S!: (intensive variable) iT’ pK” .Y
6!:w-RIxAvtK”U , O”"1: (extensive variable) tT"\gx“fpxsM . %
W tz« ON#A t<>1Q0 tOT pK” . 9S,y—, =TUAiR¢ Q"

Tey , WYB!:<-%pV”
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2, T'1274 dQ «,épKlo

dQ=dW =0 (5.4)
URgb” . “Atx , —T1$“Aw’s’c=71$“A< % U , OMU é p
K. %CqgZ,x 6. »>é’0o m~reoM’WIiT’ , %C gqZ,w p
X, .ul=<bg:l=¢ épK” y643,

7. % Ct, a—TH®°0 »>&;b"q ,

dUc =dQ dW =0 (5.5)
U7¢0 , 9.%wlaaEcg?a” U w!l=x,épK” . \e>uilib”qg ,
Uc x :pK"\qU~T” yb44y64s.
duc =0 =) Uc = const: (5.6)
Y68 [ A~«™~0A ] t“feoM”WiT’ , ®%C qZ,w px Giw "~ (Pg:!
=) xK“*QsM . T sU’ , %A g% B xSpu.. " oM "WiT’ , ®%A q% B
w px Giw ~ (Pg:!'= )>PO.
¥644 ®1q...a% (isolated adiabatic system)iT’ , caeoEc2”"UA!IpK"\qxxipK
"qT , U iZpQ..b,VpxsM . H°0O t,A>sSvV , 1Us>{V< o , ,at
-TS”,VpK”
Y845 [« ™) 20154 STawe Yagwd 5tSMo , ?w E<«sX ,Uc > :q{Mh Uip
:S* , fwAL , Gitn:feh . \ex ,a—fH°O t E>"X<wpKlo >
oxlpxsM . \stv'c , E>sMU =t htST’'x , Gitn:b”wp«™
NehM .
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x515 O"!:wiCQ

4mw©”!:q‘o , UV, °aenE(;a" U, P¢: n, oiAéD” S
>RQ” Y46, §.% Cq, %A qgBw <t , I UURgb” Y&

Ve = VA + Vg = const: (5.7)
Uc = Up + Ug = const: (5.8)
Nc = Na + Ng = const: (5.9)
Sc = Sa+ S F _Cf)znit}: (5.10)

« ™I

\\p !VC1UC)nC ue qASd”g )Z<t»°b”

() D"Sw "tPlo , @U%A wW.uqaeli% B w.uxfege!=b"

U 6. (Z,)p“tehT.% Cw.ux® pK” Y848 (i) H°O (5.6)
‘o, Ue x° pK” oL (i) SxU >ébwp , @0%wny qng x!=b”
CWW , 1.%W nc(=na+ng) x° pK» Y649,

x 5.1.6 g!:* Q

(5.7{(5.10) tq*"Gow:>:Q"q , . 1tU 12x<K"'Ot_
Q"U, fw'Otu b”"ZAxsM Y650 t¢,Uc, Ve, Nnc U :pK”U
eQt , TMw !:wx:X 5xtbhWsM Y5 pbs~™j , l:x , Va, Ua, Na,

Y4 [OA~RQM] ®se V,U,n, SiZ«Ob"wT™ qYd EmxcpK” . U(5.1)(5.2)(5.3)
\fU , “e"eU  Ob,V°EA0 swiT’ ,\w"8tSMo ,y—p 9S T, =TUA
i3B¢ > tZ0«<™ UsM pXxsMT .[4 ]ji$sDoa wH*°O (4.20)
tqe"Y6!:wOj , 8S1:2Zw0"!:>"Zb"q ,V,U,n, S wadmpK”\
gqT’'<grpV”

Y647 22 1 %A g B wE€TtPOa >RQ"qV , 8—919% ctsMwxT.% CpKlo , &

U%A qB xa w7op«cfegeda—1T9% ¢ctK” . ®@U%A gB wfegeU , &

—9% ¢cY6tK"WIiT’ ,A QB fegetaiAéD"wc<UO b” \wqVv LT

.%woTAéD”> , @U%woiAébD"weép b \qUpV” . \es O7"1:wi
CQQMO. O"1:iT &p As” .

Y48 [ A16.5gx?T . ,Q3qw8Mx?T
Y649 (8] seT . [t]T1.% CU p“teoM”T’

850 ¢j—e , tcx,at Ewx:>:Qo ,12xw O>™Y 0,"M . fw™palX*
RQo, !:U—sXs"\q>Tdbey‘M
¥51 > 0 \9 x" pxsM .Vc U :pK”T’ ,Va >>Sey Vg xx"$t>1" . bs~
j+Va qgVs x°0°pK” . °guEcg2’qb¢:tmMo<%7pK”
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Sa,Sg W eT S5 mpK” Y892

X4 tpgq% 7t , Y6éw!= (Y6!:w!= )s>ac”hStx , H !:
t?>-¢T>Q... 0 , fw gl Q>«>Svys’'sM ¥653 - (5.7){
(5.10)>€Rt , oiAéD”">H !:t , .u, °@ecEc¢?” |, bc:w 3!
> qlitae \ggq o Y4 fc,

Sa(Va;Uaina);  Sg(Vs:Us;ng) (5.11)
qT\O . A€°5ES”"q ,°_, q!:U 6x<K"*0Ot_Q"U , (5.71

(5.9 >¥M&bg ,Sg tmMo
Sa(Va;Ua;na); Sg(Vc Vaj;Uc  Uasng  Na) (5.12)

q{VvUd” . Vg, Us,nc woU :pKlh\g>¥M&dy , Qg'!:x
(Va;Ua;na) whlih 3 xpK” . f'o ,7.% CwoiAéb” S¢ x, (5.10)

SC SA + SB

:SA(VA;UA;nA)i"SB(Vc VA;l-i% Ua;Nc nA;

Tix (Va;Ua;na) U q!:

= ISC (VA {ZUA, nA? (513)

4QEt«™

gs” Y% “hUlo ,\etpé* Y%, 31: :w “{Mp a”

X517 [° @& |oiAéD"w!=M2 I dS 0

rswhSw“é> Q”,X , °t, ° et eb”

a—19% ct,"tpwa x , £#Doa pK"U-*Qt , £FD0Q« (&
y652 <j—ce ,Va wT7“t Vs >—|$p<‘M\ ,Ua wT7™ t Us >—l%p<‘M\ , Na W

T"“t ng »-ep<'M . At Sy WT™t Sc >=cep<'M
¥658 ®>8" qMOQqE X \Q"U . xus ql:U?T>_Zdy'MiZpK”
654 1<“t\,hU ,\w gl Qw> U&~pK”\gx ,X5.1.8pl1'Tqgs”
Y655 [OA] 1.%w.u , °aecEca” | bg:x :pKlhU , 8TAéD"X :pxsM
¥856 ®\etp gx , <j—e ,Xx4p!A"h%Mh%w\g>!b
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—qMHEO < ) So RQvys’'sM YOSN8 t¢c (%Mh%w H°O q
HEO > Gb” y659y660.

dQ=dU+dW =dU+ pdvV  dn (5.17)
dQ Tds (5.18)
tU>3qSo{V<bq , ji$s/EDoa t Ob”H°0O gHEO
>%UpV”
dQ=dU+pdv dn TdS (5.19)
dQ w¥x, <xe , & ®®Sh . —"0b"q ,
du TdS pdVv+ dn (5.20)

>O” Y6l sg®="Rq (Do) wqVt , £sg(&A£DoQ ® > ShH
°0 (5.20) x, °@cEca"tob"a—TAsU (4.20) t<£ b" .
}q...a%tSMox , (5.7){5.9), bs™j ,V,U, nwfoU : pK”

Y657 [16 ] £AD0Q>a@c”0 Ua—THEO pKlh

Y658 [16 ]| Doa waiAéb”!=x

ds $ =)  d%Q=Tds (5.14)
q [~h . MItTO , £Doa wOux

ds > $ =) dQ<TdS (5.15)
qs” . "09SxUwq’'sMT’ , Esgw2Vx!="sM (,ApK”U , OApK
TLATON , "09Sw [t™ UK” ). sU (5.14) bs™jDoa q , £sU (5.15)
bs“jEDoa > ,¥qSogq ‘0O '

dQ TdS (5.16)
[16 1 U(5.16) >, Clausius uiitpqgjilo , °SXx<MoSX,VpK"” N
gji"\gx"fgxMQsM . A—T1lwc“tSMo , ®Q"A«wK”"Uq«MQ”
Y659 HeO tSMo ,1 meéwsgxH°O fwew ,2meéwsgxji$a w> t*”

«<wpK” .pdV w's'c , dn <ji$w> tHIoM” . bs™j ,aiw ~  (bg
‘w!= ) «®AvtelX“q @& +0M” wpK” .
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Fa + Fg. (II) Tc U @ . (II) q':* Qx , Fa = FA(VA;nA) Tm Fg = FB(VB;nB).
(i) Ve =V Va tSMo Vc U :p ,ng=nc hp tSMo< n¢ U :

YO [«™] S...px, ZC:T’'xa:tp , SS9 ¥<gMO E&° ‘h> w<p”a>20
hS, q!:T’9S>tXarUsnre” LT sUr 2 ttx L, { brlixet
Y"UX “17"UeQt , gXt x3tpw°0tSMox , £Gis Ew<qp q!

> _nb arxkbDpK”
Y11 [16 I nc q Ve U :pK"\g>¥M&dyxipKlh
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M, Fc wVat b” < : (Na { < )>-%b” Y

@Y ., @Y ., - @Y ., Y o,
|+Z—} |_Z_'}
4E A gB t«™ Uwa$! (™))
I:_p{°z i‘} =0 (5.39)
y712
\WWp ,1@@eW7E%HEOXZ<w'Ot-% h y7is3,
Q@E _ @k _ dVs @k
@y , @V, Us) | diVc Vg) @¥ ,
SO Pl e St PR ¢ 3
0s"{VdQ UR :w«< :=U
dVe Va) @B @k
- = - 541
V. @Y , @4 ., (5.41)
“hUlo ,y—w ¢UE (—1$ ¢UE ) U<Te”
PA = P8 (5.42)
AgqgBw=TUAI3R¢cUs M\gq>Ob\gchebM .Fc > na p

yrz2 116 1 £sU(.34) wsgRqwqgV ,F tOb”a—fTAsU (419 t<f> ,y—pq=

TUAiI3R¢ x, fege , IUT'{S’*h (-TS* )
@F @F
= — ; = — 5.38
@V T;n @n T,V ( )
MiBRQoM”a—19Y$ ¢cY6(qx , SBRQqlt s’sMwp , \e>:Mh
Y3 [« 1] 7E%pP, 4QEwW ny Ung t!"lhwx ,0t ,na=nc ng Tmnc U :p
K"UeQt ,na >{ b"\gx ng { qsAiT pK” . sS,ot{ w™>;Q"
hSWA4QEPK"T' , Ugt>> "2AxsM [«™2]2@épi w Vg > Vo Va
g{véQh“ oM"U , Ws'y ,1!: :t0Ob”0 :w<¢ :=U (61:1q
rsf 1)>;Mo<'M
dVg 1 1
= = — = 1 4
iVe Vo) dVe Ve)udve 1 (540)
\WWx , 0s"-%U[wépKlo , £7,VSi$UtT'x M
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(Va >{ "sU’ ) elUbey ,

@ = % + % = % @
@n , @n , Qn , Qn Ve | B v
(G41) a% 7
¢
gs”"wp Y =qUAiI3R¢w ¢UE (=1% cUE ) ««Te”
A= B (5.44)
s9 0%w!=U-%" (a—19% c¢t.” ) gV, ®@ui%A qgB wy
— 9S, =fUAi3R¢gxfeges M . a—19T>;Mo , \e>Alb”
\qgUpVh

8J 38. 0s9%tSZ"a—19%$ cUE><«Zd®

x523 \ x "mEc¢a'wug$™~

7™t, x sE¢g2”w™ q:Mt-"\qq ‘O . °tpMQy , x
t“At18pV"oEga” pPK” . a Uji$pK”srw> >ST
ct Y5, H°O gHEO >E"u~d” :

dle{i} du +d°\N|{Z} TdS (5.45)
He HE
TE%WAEsgw Ex , HEO (5.16) pKlh Y16 _—° ¢6°0S\0
dw (du TdS) (5.46)
q\—-p , S9 ¥<px mEg?a” Fw[U>etb"q :
dFjr =(dU TdS SdT)r=dU TdS (5.47)

Y14 [« ™1]y712w (5.38) >;Mh . [«™2]7™wsgw EXx , 4—T$ ¢cY6w> tK”

YIS\ “A "fex >rab”hSt , (-s> >Ej "hXsMT’ pK” . “Awotx
—1$“AiZpsX=1%“Ac cep<‘Mqgb” .[hi> ] x sEga”w™ t-
"\qiz>e$qb”s’y , Aees ?tb, X , =T1$“AxA1 0<*Mi-0

Y116 [« ™] sgpxsX0EsgUK " wWiT’ , Dogxv’'sM . £DopK” .
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URQ h Y. (546) WE %t (547)>EOb"q , OAs U>0”

dWijr dFjr (5.48)
v'p g hMU T“«bMwp ,a 12t "oul"oSX
Wir  (F1 Fjr (5.49)

S9< p%UpPV”"“A Wiy tx , ive (sgRql ) UK"\qU"T
", fex , x mEga"w \n—""F, F,t s’sM y718y7i9y720 |\ x " g
Eca’x , K”> w ¥<p yr2l «“Agqto \x t " “Zd"mEcg2”
>™ " _ \w™ ™ p |, x asE¢g2”> gae7G“A (maximum theoretical
work) q<M O .

AAF w [U (0.1)>ES" "« , 0°hMU "T“«bMi-0

el (®-51)
x 1

UWE%w2mwox, q«taEg2”>™ " .U wOoj\xt "-Q"

(“Ag o “Zd” ) sEc¢a"U F pK” . ; ® \'x "oEc¢?a" w

x\\tK” . x nEcg?a” Ft0Olo ,TSx-QsMoEg2"pK* :

Y7 [kputx ] 7E%w dU q TdSt< , T { >10b,VpK”U ., Gw 2% E o ,
\w G»>2t h

Y8 [« ™M \\p7O0Aswx , x sE¢2"w«.."U“A>)Q" \qtk” . E£sgU"T
“tZey , fexEwig o‘'M (OApsMgMO ™ pxsM ).

Y9 [OA~é.« ] owhS |, sgRqI>BQ” . f o ,Wyr =(F1 Fy)r =100 40 =60
g 'O . Z<w\qU"T” (i) %T'“A> “Zb,X , %U- b"x nEg?”
> 60 «...b"\gq h . fwAL , x sEc¢a”x 100T’ 40tpn—"h . \eUsg
RqipK” . (i) £sgte” <O . Wit < 60 pK”"UeQt , 7Gpc 60°-w“A
"TpVsM . ‘Xo< 59T, gMs’'y 10 Sw*“A " TpVsM\g><-QoXso0
M”.

Y20 59 0%t0b”"x mEc¢2"7-wjg (x5.21)t'ey , ADoa w &tPM F
xn—b” . hUlo , E%F; Fs xYogrlgx , PHQ<MQ"”

YL A1s9Z7Zt , hqQy...4 ¥<pxrOi-OT . H°0O >qo‘'0
dWj =@d%Q du) = du . =) Wpr=U U (5.50)

“hUlo ,\ ...&" <tSMo%T’q“id"“Ax , “@oEc¢a"wn—iqgs M S\
> ,\'s9"<tSMox aE¢2"T' “Zd”"“Aq0f$tgr oSXqgq‘'M

[« ™M \wOUux , &« b”wp , 4aquiAéD"wG—- > “ %\qUpVsM

(bs”j ,HEO ><OpVsM ). feeQ , £sUw txpVc , “Aw \7G""w"
&eftpxZED6pK”
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loEga” q‘ys” . ®TS «<“At!dpVsMwi—OT gq¥0i-

OU, fexAjpK” . ses'y ,%kenEc¢2” U=F+TSwfoU“A
t!d6Dbégb”q , Y%owoaoEca"x ét,"U , \exa—qfUe*"s
MT pK” Y2272 opx7c°auEca”>- dvys’'sM T pK”
TS U 1aEcga"q‘'ys"g <« , °@uEca"’q o0 , %t 170
'yb"gMO : tK”

\ep ,(0.1)tSMo , épxsX \)"q ox mEc¢2”> ["hg
U'T"i—-0 Y2975 xaSt , 8,Uqg'o ,TS>YR" U T'% Mo
SV, x t-Q”SU F>["hwpK” yrae,

Xx53 ys9%qgqx mi»ch”"7-wjg

x531 x mi»¢cbD’<n—Db” [l déG O
x aEcga” FwOuq%7t , x ai»¢ch” G wAsU (4.13) t,
ADoQ> gb"Esg>E| %o .G F+pV we-!= Y27
= + = +
dG =d(F + pV) ch_TZpi\ﬁ Vdp (5.52)
(5:34) EOD6
Y122 [4 _{HEO ]®°euEc2’wfo>“At!6b"\qx&EDG (ax, fweae T
“Atx!8pVsM ) H>¥M&FO . [~tMQy ]°%euEcd’gx , %>iRb”i
WA oEc2"T’ [~eh (4—1T1). "hUlo , °aenEc¢a"U éts”’qgx ,
%>IRb”0 w«O , bs™j , %w«O>™ b"U |, \ex4a—TJwG2 tSh”
23 [ A~i6 ] A£Doa gqx , hgqQy , ZrawC\>™ b~ \wqV ,dQ<TdS t°
hUloaiAéD”"U\RA"e” .\wWA,s S U, 1nEc¢?” (bound energy) TS t
0 b"q Q"q'M
Y24 [«] 9,0 U=F+TS wOj, Uset 17+” 8,0U TS, x t%XD6sOe,U
UF q Q"q'M
y2%5 >« TS <*Aq 0-Q”"qgb"q ,U U, ,éts"D6QUK” . T sU’ , \e
xa—fTwG?2 tSb” . °2oEG¢a"X V> 'Vys'sM .

Y26 [« (SUwép S” )] TS xOl«ae ,F x—cMg¥Qy‘'M . fR” UEF+TS) w

Oj, x t—-Q"-cMU F pKlo , TS xOtl«eq ' owS0SZvys'sM .S
eT. Ait lhs'y , h"Tt , Riwa «)OU°I$t, éts”"\gqxK”i—
0. "T'sU’ , TR U, éts"\qxK“QsMT pK” ( Ubsy‘MiZpK
"). ['hUlo ]°@&eoEg¢2”"x , >"0,éts”"\qwsM , TRt s'sM
Y27G H TS qG F+pV wMce> [q s 0«I"sM (x0px2 > [q°
hUu). ®F wAEsU((.34) U7t " «oM”"wp JF > %™ >eii’o0 (5.34) tEO
b"MU opK-O qMO™$T'1 > &~ . <j—oe ,2>e0b"\qT’ZC
"0¢'M (% —,l0"0 , T OT'WALwW®°e>-TS" ).
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W7E%H10gH 20t ,F tOb”&EsU (5.34)>&;b”q Y2 (U>0"

dG | SdT + %édp+ d? (5.53)

X" X% a

“hUlo , y, s9, bg¢:° qMOUE>]bs’y ,
dG 0 (5.54)

gs“ , 4—1T1%$ ¢Y6tSMo ,G xA-oq” Y,
aw a&tPM ,G xzcn— b”. K'qVt ,G UA-«qlhs’

y, fwqvu , feZil=wi\"'sMa—1$ ¢Y6-wxa > ™ T
Q-I-AéDn S Xbe”U ,X QEQa” F qX DT»Q‘D” G X
g«tn— b”"\gt«™ 0, M y730

dJ 39. %oMh%wji$s/AEDoa tSMoRqgb”&£sU (5.20)(5.34)(5.57),
S‘] ,H tob"A&£sU

dH TdS+ Vdp+ dn (5.57)
>fegecZ
Y28 1T 10T \f .S, F,G wqteeah wpK” . rn\T’ |, a—fwaeg.%w E
° QezpuQrodard’Utw 1mpK” (~6xsMU ).
Y29 [c2]a ¢cUEw qtSMo , 10O (variational method) w ™ G>:M”"\q< M
S=0; F=0; G=0 (5.55)
e0Gg dU V (7 )»> bwtO o , 10Gag X Vw &&M2 (a w4E:T’
“cTtcehqVw!= ) >™"b” . (555)x, 4E£:tSMo!l="sM \g>™ "b” .
kptx ,21iwli<c;M"2AUK” . bs”j ,!=U, rw'Ot!=b"T >G\b
"mWw gpK”
25<0;, 2%F>0, 2G>0 (5.56)
hqQy ,S U7G«qMO4£:t |h™t , >tr\Tt"Xws'y , Nn—ZZw-R
fxsM\g> , £sgU-QoXsoM” . bs™j ,1liw!i iZpxEGlup ,21iw
i 2>-losSo Sw* U3Z” . Si%px, !iow gt O“b"\gxCQ

"(OApsMgMO™ pxsM ).
Y0 \W™™p | % —, 0iAéD"WMU«Z , tM3Qey , ErpK”’gMO\qUpV”
i-0 .
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X532 ys9%wa—91$ cUE

x5.1.1wdJ> x522wdJ “<A° , <C*>¢[hM . bs™j ,
%qZ,x , ¥,>0S’o , aw’s’'c “Awe“q" >cae0qb” . fw
hStx , w™ "> “O«’\qUAED=pK” . we°a || hqgQyi
z|]l w™»D” q° W2 ptoxjigt" X qb” . \wqV , Z,w
y—g%WwWy—Xxs X-he” Y33 fezZwfow x06. pK”

2,97.% Cxs My—tK”q\,h . \wqgqV , 1.% C>IRD
"el% Aqel%Bwy—«<«<s ' XsZeys'sM . "hUlo , —1% ¢
UE

Pa = pg =const:  pc (5.58)
WRgxxIgMQ” . 2t ,2.q%7t, %qZ,xs M9St<K”w

pY3 9s ¢cUE

Ta = Tg =const:  T¢ (5.59)
WRg«xipK” . “hUlo , Ob,Va—1$ ¢UEXx ,AqBw=1U
AisRBcUs M\q (=1%$ ¢UE ) w pK”

SO y% ,bs"j] , gq!: Tqgptob™ Q (~"tM )>-QoX
0”1 (a—TUAi3R¢ ) x?pKIhT . x mi»¢h” G(T;p;n)
wZjpK” . °tx ,G x3!: iU , SW% Cxs9Tm ypK”
UeQt ,

Gc = Ga(na) + Gg(ng) = Ga(na)+ Ge(nNc  Na) = FC&”A? (5.60)

CqgA t«e™

q{Zo Y 11!: :w “{Mp a”

Y31l osowrAeyVit‘lo , Z,tb"*A>RE hMT pK”

Y132 pK"wp , Z,9%w pwuai “x ,\efpe“RQsM

Y73 7 UD" t]b—wGVAq%UD" t]b—wGVAUs M\g>™ b” i
$a w [>76d" (4—11). sS, D" xZ,q%w tK"wiT’ , D" x¥
nq she”

Y734 95 qZ ,w w¥,UsaiT pKlh

Y135 [«™1]19Sqy—Us M\gx7EpK”"T’ , bpt q!:T't""h [«™2] O
"l:s’pxwiCQ>;Mo , @U%A geli% B weT'f.% C>IR™h
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GtOb”"AsU (554)UitpK” . a4—T% ¢cY6tSMoX ,dG=0

Uahnre® . 70 () Ge > na peti” (i) fwet :U=JUAI
3R¢ts " M\gob;® yr36 (i) a—9T1% ¢Y6gQMO> > Etse
pA- :

dGc(na) _ dGa(na) [ dGg(nc na) _ _
dn. = dn. il- @A \ = A B r{i? (5.62)

urR :-0T"! d*

\w'Ot , =1%$ ¢cUEU<«T«h

\''yv "s9%x, {.q+.p ;s \ 0 "s9%tz,0 , x9xy<pw
i>wrAgMIh>. wa—9ftSMoudb”\qU M \w™Tp | x
Bi»cD"x>.p ;qMQ” yIsT, T suU'  , a—19> t“éq o
M”qOtK” e etqlox , lw:M I x ai»cb”U , =
fTUAI3Rc>p O , =71S tSMo ;2~+"qgMOAT | w,OU,
% —OAQMQ"i—-O Y738,
8J 40. ys9%tSZ"a—9T$ cUE»><«Zd*

x54 1qgS

a—1qt'ey ,aw &tPlo , IWUEU= ~e”

() }q..4%tSMox , aiAéD” S xyCb”

(i) 9SsUZ,qs X , .uUE!'w% Y tSMox , x sEcg?a” F x
n—b”.
Y36 G wn tOb”el :x pKlh (4.15):
dG
= (5.61)
[4 ] sx ,1!: :welipK”hS , *iGg @pxsXxsiGg d>;Mh

Y37 ai»eb’gqx ,\ "X "oEc2"t«Q’¢«h\g>¥M&fO (a—1T 0.

Y38 [ . 1 =1S (chemical reaction) x, ~mO ys9<pea&e~«"hS , X Oi»gD”
U-—>C4b” . é® (combustion) «, é%?* (fuelcell) °w=1S -%osrX , X B
I»cD"t§ Ne” (é®xs9pxK“QsMU ). PiT\f , X 8i»cb"qu
€s tk*® , X oi»cD”’>®8S!:q 0 ;QoX*"=UAiI3R¢c> , f

w »T“q ofeeiwpK”

Y739 9%w.ux° <>-mU , %wW.uxZ,gs XsM fdfe  , Z,t.ugMO“eaex
sM. \wae§M>wY™™p ,0é& 2w.uq ,0& 3wy—tmMo, M$$t qw)Y
>)Qh
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(i) 9Sqy—UZ,gs M%tSMox , X Bi»ch” Gxn—b”

aqgx ,xC$TmADoS$tI\” «<wpK®* , U0 ,S U7G (K"~
MxF « GU7-)wY6t,” .\« UActab”\qx , 7<t sa
— 1% ¢Y6 tK"\g>™ b~ . aw &wWSUM>°Ab"Y6!:
q'o ,8iAéb” , x mEc¢a” | x mi»¢cD"wpAw 1m>, \\t
_Zb\qUpV”

x nEcga” F, x ai»¢h” G U, a—TUAiI3R¢ts”"qV ,
fegew qg!l:Xx ,F(T;V;n), G(p;T;n) pKIh Y40 a4 _qUAi3R¢
F(T;V;n), G(p;T;n) gx, > wUE || 0s9 (Tmbc¢:A&E! ), S| ,

ys9 (Tmbg:&£! ) W<p7—="e""0t:1$tTR"ehY
6!: gMQ” . \\t , x aEc¢2"’gx mi»chD”’w<O°mwpA>
<_Zb\qUpV”

8auvag ( : 55:)

1.[01]12D16 6(U)10:10{11:25(12:15t pw Ort><D )., — lg&
D. E £D. T\A> O

2.[T6WA:S*|ZJU iA ] manaba t51 © Y4l c“T'ZJb
"U, °ZJw x4 ZAwecE AUGVM

€0 Y
Se[¢%wa tKhlo€Rt h , As{v>e[” yraz,

Y0 x1 px, y—q9S> ql:gb”a—TUAi3R¢>~"\qUeé&2pKlh . fwr
tUx ai»¢cb”pKlh (76d* ).

'l U ivaCcVp Ob"U , _€~sM\q . hi> ,U28tSz” z>tz2”",X , 12

D14 O(+) ZAWEYywDO6QxASoyM .20154Sw Y%gwd 5>rMoSX\q

Y142 g o* " {p<K”

—zo°a , af (f°GYz[q , 1980).

~P), a—9q (AZj ,1989).

~P), A 6%@"7a—9  (Azj ,1989).

—:E~ ,slgXb” 6~a—1 (e$p , 1997).

a—91(0S;+1qg ($), 2002).

e<$™ a—T(2qZ[ ,2014).
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