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1 INTRODUCTION
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Figure 1: The first principle from Feynman Lectures.

Bl 1:&Richard Feynman FTEARR) “tHFHEZOHIR” o YEH AR
FERER o RIEARLEES, AR A9 it 57 1370 F 57 i) R AR KEF
4, RBERREERCERNFHAGHEFZER T, WIERANEFZ
57 TR BB T Z ARG | TR R T4 6 h 1 -

ERURE L (RFRZRAREAHN10""m) | FFMsFENMERZ
BZH, BERTFENTFE - % ke, WESBEFRE. JFoTH
LitaFash R E T ¥R, BRREERIN N NEENE TR -

B, AFrPFehal U BEE AL (V = L) B TSP REEE R MRl -
R AR 2

T
En_ﬁkz,k:T (1)

HRERAEMINE 2. 7] 0 H R R AR, ERNTBRFIIRERSEH S
A o FIANXTIMET, ARFRIE AN (L¥GIN) |, RNERERZE RN, K RE S
RNBERIRA o AR, o IR AE P AL B i PR3 AT LU U P
s o BT A IR o o T ROAREN A LUR T A FH RS R TR (harmonic
oscillator) GEMLl. &% (F) MEBEVPEMEMES (x) ERET
AR (F=-kq) , HAE: U= Tkx?. BERTRIREREEH N 3FTRI
HESAEESR: (k= mw?)

E, = (v+ %)hw (2)
TP N ERRLFRIRER, SR TS FZEPBEE . ¥l ¥5h . IR

FRERHIREE MM TREMAIBER, SR NNRE
INBEFE N FIRER 2 A AR AL A LT = 2% S

* all things are made
of atoms, 108 cem
in dimension

* move around in per-
petual motion, the
faster the hotter

* They stick together
in complicated pat-
terns

* They resist being
packed too close to-
gether
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HEHES (Cycloid Pen-
dulum Clock)
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Figure 4: International Prototype of the Kilogram (Le Grand K)
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Figure 5: Old and New SI unit

IR & 1) B AL B AP AR R TE , [EI5%5 HY TR IHSIAAL 2 [ 5

o HIEE UMV G [R]85 R A R T AR R R B AR AR AE Y 7 — I e O R
(hyperfine structure, hfs) BXITHRE LT (s) - e GLLERE VARES

Av(133Cspgs) = 9192631770 (7))

B URD PR B 5 7 AR — D RO T R HAEC 91926317701 o % FH B8 5 1 A [ R 2
H R s S & (Figure 6) , FILLHRA B (atomic clock) -
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RFRE L BAZH, Blan AR — DR R AR AT 7T IR E = 5N
Br & A% (nuclear clock) o 55— 7ESTRLR OGN _EF B TR 4451
POTT R AR T (FHTREMTER) M21EXE%.
HYEFRIRER A ISR RRER R, & X T RERMHEE L T & -
E=h-v (3)
=m-c? (4)
Ho@ e FRR, B 2% (Hz) ; hAPlanck® 4L, YHE L h#
PRI T IR R - B ULIE T B EPlanck 3k, 7T LUE LREE M BRALEE
J) -
h=6.62607015x 10734 (J - Hz 1)
FHARGT T8 PTG AR, R T DAE 0 B 18 FR 063K 8 U — M 4T
KERRAAK (m) -
¢ =299792458 (m -s7!)
AT EPlanck H L, HE L THE=1TYHEAN, REMRa T (kg) |
R R kgt iR TRARERBMEERN T RA:

fi?

]:kg-mz-s_2

FEMYERACRRER SRR (K) , HYEE GRS S AR E
EEEEMMS, B (InQ) IRAEEE, HUEET BoltzmannH £ & -
FATKIREE?
kg =1.380649 x 1073 (J - K1)
TP A B & FH Avogadro FEL (N ) BXR, Bl mol ¥1JiHY
aaliOp AR A'E
Ny = 6.02214076 x 10%3

ST EAESE, EVMEREE S (271.15K 101.325kPa) R AIEE/RIKFA .
V = NpkpT/P = 22.41396954... L3mol ™
OIS S AR 4> 25 B Loschmidt H 40 -

L = P/(k,T) = 2.686780111...x 10> m™>
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Fig. 1. Some of the major milestones in the improvement of clocks over the past 400 years. A clock with ~1 s uncertainty
per day was required for crossing the Atlantic in 1750, and the Harrison chronometer demonstrated advancements that
allowed such accurate navigation. The Shortt clock is the most accurate mechanical clock. Ephemeris time, as determined
from astronomical observations, was accurate to ~0.1 ms per day. A clock based on a pulsar could have less than 1 ps of
uncertainty per day. GPS time represents what typically can be achieved with a single receiver.

www.sciencemag.org SCIENCE VOL 306 19 NOVEMBER 2004 1319
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Fig. 2. (A) Cesium beam frequency standard. A beam of Cs atoms emerges
from the oven. This beam is collimated and directed through a Stern-Gerlach | .<or
magnet (magnet A), which deflects and focuses those Cs atoms in the correct -~ Laser
state through a hole in the magnetic shield. The atomic beam then enters the = “«..@ [
U-shaped Ramsey cavity where the microwave interrogation fields are -
spatially separated. Atoms leaving the magnetically shielded region at the =" 4 ::
right edge in the figure pass through another Stern-Gerlach magnet. Atoms La/
N X . . ser [ Laser
that have changed state as a result of the microwave interaction are directed Laser|

to the hot-wire ionizer and detected. Maximizing the current induced in the
hot-wire ionizer maximizes the number of atoms making the transition and
thus assures that the frequency of the microwaves matches the atomic resonance frequency. (B) Cs fountain clock.
The basic operation of the Cs fountain proceeds in a sequence of steps. First, a sample of ~108 cesium atoms is
laser-cooled at the intersection of six laser beams to below 1 uK. These atoms are next “launched” upward at
~4 m/s by frequency detuning of the laser beams. The lasers are then turned off and the Cs atoms continue along
their ballistic flight path. These atoms now enter the microwave cavity. The passage through the cavity on the way
up provides the first pulse of the two-pulse (Ramsey) microwave interrogation sequence. The atoms reach apogee
above the microwave cavity and eventually fall through the microwave cavity a second time. Atoms that have
made a transition in state due to the interaction with the microwave field are detected optically with a laser.
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Figure 6: Cesium Frequency standard and Cs clock.
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2 BASIC STATISTICAL THERMODYNAMICS

P RGTT RS -
MO AR B H %, W i A AR AT LUE VR R &k 8 i P LR T 7= A=
HI7EFTE Al RER & T RER L 1950 -
KHEH ANE AR H IR ANF R - SRR R FERER UL, RE—
Brinciple of most probable & ay gt ity Sy AT HUR L AT HA A0 20, R 9 SR 49 (most probable
distribution) - 4 F P4 & B BT BN 5 IR SR -
RO F AT A5 A EAR RN 2 SRR, &S Fe2 A8 RN oA
Principle of equal a priori  ZEHH[F] - SFMHL, EREAGEMSM, EE TSRS AIRE . B4k
probabilities Ui, ERZEMIE (ensemble and reservoir) BHIE T EAT &KL -
A] LA R 25 B[R] 725
BREIHSIEN R%E (microcanonical ensemble, NVU) o XFF—"RA%
Ao, AREEMNEER (U) FIRNT (BFRV . KFEEN;) | FrEHIARESR

iSSP 1
PZQU, v, N) (%)
AR (entropy) TELH:
S = kyln Q) (6)
SEMY:
S=-ks Zpi Inp; (7)

FEERRIPENL, Y REWARFHZRMNGE, RESTEM N — 5T
A, XAV KT G AN o Y R E TR R G A B VR AL N
FIJ7 AR - BRI Al 2 K, R T AR E T R AR T2 1
LILE

ZEIENR%E (carnonical ensemble, NVT) . IS, &R RAREEA] LUK
B (BKT%E) @%5%%5@?&?(1[3:@%)1‘9@0

Pi oC QEB = QE—E,- = eln(QEfEf) (8)

HTE,/NTE, ATLMEZREIEIT:

dlnQ
In(Qp_g,) = ln(QE)—ei( ;E E)+ 9)
Gibbs 1902 FH It AT DAS 33 44 K Boltzmann 437 -
P; oc e i (10)
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HIA— 1Yy b =1, LGRS

P= (11)

TE SFREUR T BRI BC 5 BREL (partition function) :

Q=) eta (12)

E A, Boltzmann S A AT LA F A& BH H e FIE15 8] - X TN
F, AMEmTRELEMEN, EETRE LS HE I, BN T #%
Hny, ny, ..., n, B0 EHIABEE S

N!

W= — 13
nylnyl..., ny,! (13)

% A] e IR 9340 75 20AT LR A U3 IR AR (! R A Rk 2, 9%

JES SKARAERITIEIR R « LRI SR BUE E AR R I S RER (N BE) [E
E o
N = Zni (14)
U= Zpiui (15)

Hrfp; = n;/N NERER HIAIEE .
RPN A RS A BA H e BB ER 2 E, BaT LSk 5 ] g
#1534 772, Boltzmann 4 i (EEF’B = k}%) :

n; ePei

N = (16)
i

Boltzmann 43 1 s& S0 1T 9 Hh f0A%0 0 JBAR - 200 7 A B4R AT DL ZBE
B, UMK T /& 7 50 #LER AT UIR &F #1358 {2l A Boltzmann 481t 43 47 -
Boltzmann7r i K, ANRIBERFI S MMBSREEMIBE TEAXR, R
i, oA, S YRR T e P BIELL -

Boltzmann S f B AR E B . W TFHEAESMK, b+FHEE/ERRHEE
Al LIZRE, SRR T2 Tiashishee, MERMNGEERRE TR TED)
AEREN L ABoltzmann 777, MIMIRE T RINEE - FICEESERINGE
SERERRERE, HERSANNEEERERENR. —&ms, JEEE
SETEZESFZEMEEANSEE, HaFalieimEE R . 4N
AR, EEMHZ W BERE, JEDEULMRRERE B3 005710,
BEA =R, BEZREEE LIRS FFIEZ R .

QU EIRE R, MERE LA TEIEEIE N - Bl A& AT

LSt REL IR Ten!, T ARIT (L (Stirling approximation ) & % A AT (LT 1% -

NAKLF A EE Sy eN

%&@?: Bose-Einstein i
it #FKF:. Fermi-Dirac
&Gt £ 9
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DEERARIRE MARER SR T2 0P ETE. o RBER I+
AR OB . For MR R AR RSOTHE R, AT LT R R/
I ER -
FILMERE, fEARFZEERR T, BoltzmannfHfiZ&BAN, #H AT (17)/
i
e_fi

= Ze—ﬁ

P; (17)

ANFAIZEE IR N BB R CAR AT LARE S

Q=) ¢ (18)

& RIFH LegendreZEHt (Massieu function) #BA] AG AL FIEA:

S[---]=kgInQ (19)

FENVERZEH, RRANGE (U) ZEER; MAENVTRZEH, KARMEE
(B) RFEER, HEERAIFREIER /I

3 2*InQ

(O =~ = )

=-——1|  =kgT?Cy (20)
N,V Jp

N,V

BERFNVT # S5 BE Bk 5 P18 0 HUE FE R 7 R0 3 il i s

Bih. 2
U (1
) ~ O(\/_ﬁ) (21)

flan, *TEESE, Cy=3Nkg, M(U)=3NkpT,

(22)

(U2 1
3

(U) _\/27N

10
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3 THERMODYNAMICS

RS2SR - SPATS R E AR BORRER 2R, W5 AR [RITE K,
T EREFURE « ) 2AARARE, BN — P oa St %, X4
ek {Th - s, ABIRETHP S -

B — PESERBERKNEGE (U)
HIBE/REL (Ny, Ny, .., N,) RAE -

- R (V) MLAEE AR

PhzEBREZ. HMEERNPESKE, £ & extensive proper-
ties), “FHSMHEERIAEHAK -
lig: N
S=S5(U,V,N;, Ny, ..., N,) (23)
Pk = MEERINME . ZNEERES AT RITIHE K%L -
PO BT ERSEE
U
% VN = 0 (24)
AL :
S—>0asT—0

R RBIR S NREE IR IEA R, RN GEd AT LU D i e -

U=U(S,V,N,N,, .., N,) (26)
MU EEAR R, 7] LAEE]
_ 1 Pav_H
as = TdU+TdV TdN (27)
dU = TdS-pdV +pdN (28)

AL, P T B LS R (LT S BT, P, i o Bt I8
BT [Ehip- M5 .

1 dS

p dS ‘

= = == (30)
Wi dS

= = — (31)
T aN U;VrNj;:l

11

AN TR S A HY

(25)
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AT LU — G B A0 A RERIER R T K

_ 1 p Mi
S(UV,N) = ZU+=V 7N
US,V,N) = TS—pV+) N,

Gibbs-Duhem % %

SdT—Vdp+Z:Nﬂpp:O

M (15) 7T LSS
dUu = ZUidpi + ZPidUi
ATLLERA, 230 (125)% 0T

dU = TdS - pdV

H AR — T NG H 58 00 DL AR Eh
dU = 0Q - oW

(35)

(37)

BT — R EROXERSQ, oW HERRERMNZ - M LA E
M) 7> BN BB TSR RN E T RNERZL . B 7 5H T RIASH
DS - MU R SRR LN AE R, SRENENETR, B

I SN ANMETARS R AT - SRR (isoentropic) -

N B ERRREMUE, EAREEMNERIL . BTREREERM
WOSEANTII G I, REE UAERAN SUARANE D 28 SAh) Al A ~F T b — >N T )

Lecture 2 (2 hour) PREL, S RNENMPIRGEER/ ML - SLAHI THAERIER,
28" February 2025 LBIEFEAFRPIZENSEHE, BWAEEE AFRPFRETR, £ IFE (2)54

REH THEMBRMERERT TG . HHEENYEE UEMIIIGES -
{5141, Helmholtz B HAERFIRARAIMIIGET ., £ (enthalpy ) EZAE
reversible work FEERRIMINEET), Gibbs HHEERFRF LA RKIMIIFET - B2
PR, ARAREFIREEIE IR SR AR Gibbs H HEEAE

o

12
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Figure 7: The first law

132 Alternative Formulations and Legendre Transformations The Energy Munimum Principle 133

The Pla[‘e_>

FIGURE 5 1 ~
The equilibrium state 4 as a point of maximum S for constant U. FIGURE 52
The equilibrium state A as a point of minimum U for constant §.

[ SR S SIC SR U SIC SN VL thoe cmtns it

Figure 8: The second law
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parameters

partition function

entropy representation

entropy derivatives

U, V,N;
1/T,V,N;

UV, -4
YT, V,-4
U & N;
T, 5 N;
Ut

VT, &, -

Q=Q
Q= ¥ exp(~7t)

j
Q = Y exp(L #Nij)
] 1

Q
I
™
o
>
=X
|
<l
+
™

r
e
Z

S(U, V, Nl) = %U'ﬁ‘ %V_Z%Nl
S[1/T,V,N;] =S - LU

SIU,V, E]l=5+Y BEN;
S[1/T,V,%]=S- 42U+ ¥ EN;

S[U, £, N;]=S-&v

dS = 1dU+ £dv -y LaN;
ds[1/T,V,N;] = -Ud+ + £dV - ¥ HdN;

ds[U,V, ¥]=1dU+ £dV + Y N;d4
dS[1/T,V, %] =-Udt + £dv + Y N;d

ds[U, §,N;] = 1dU - Vd g - ¥ fdN;
dS[1/T, £, N;] = -Ud1 - VdE -y HdN;

dS[U, £, 8] =1dU-VdL + Y N;dE

ds[1/T, %, 5] = -Ud} - vdE + T N;d§ =0

Table 1: entropy representation

ONIJdINIDONYT TVINIdHL

(Z0%211229012)
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parameters | Gibbs’ name | Free energy name energy representation ‘ energy derivatives
S,V,N; Microcanonical - U=U(S,V,N;) =TS -pV +u;N; dU =TdS — pdV + } nidN;
1/T,V,N; canonical Helmholtz F[T,V,N;]=U-TS dF = -SdT — pdV + ) p;dN;
S,V,~% - - U[S, V] =U- L wN; dU[S, V, ;] = TdS — pdV — Y N;dy;
1/T, V,—% Grand canonical - U[T,V, 1] =U-TS-Y i;N; dU[T, V, ;] =-SdT — pdV - ) N;dp;
S, %,Ni - enthalpy H=H(S,p,N;)=U+pV dH =TdS+ Vdp + ) p;dN;
/T, & N; - Gibbs G=G(T,p,N;) =U-TS+pV dG=-SdT + Vdp + Y_p;dN;
S, %-% - - U[S,p, il =U+pV -2 wN; dU[S, p, pi] = TdS + Vdp — ¥ N;dy;
T, &, -4 - - U[T,p, il =U-TS+pV - w;N; =0 | dU[T, p, ;] = =SdT + Vdp -} N;dp; = 0

Table 2: energy representation

NIT NIHONNX
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Lecture 3 (2 hour)
5" March 2025

4 IDEAL GAS

HASME2F KT ER AR TS - B R B R,

TUIN AR5 RS BE 20 BRSO

I N
QZEq

I 1R —HE BRI HIRED ] FHpartical in a box AR IR:

" 8mL?

AR RER A A

SRS BRI —4E~F SR EC 7 B AL

o= ) et

n=1
C 2
— e—(” _1)[361611/1
J
1
~ [ e Be gy
J
0
1 2 T
_(Eﬂ(3ﬁ
2TUm 1
BN FAEXYZ =7 [ S ER 43 BRI
2Tm 3 A\

(38)

(39)

Bt A = h/QumksT): BEKERL, 5REBMEENFEHRBERL, K
N FRIFGEENE K (thermal wavelength) - X TR FHIER T, 25

16
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A KA /N T o> T B EE o BN S E1 bar 298K, A =71.2pm, T4
TREEFEI 3 nm, A LVE/ERHEAR S .

N/SKLF I BC 50 BRI R

Q(NVT) = % (%)N (48)

HAS AR RER AT LA AL ) eR 20T RS2

Uy = %%%V (49)
) _éaa_cé v 50
_ é%%f%%%% (51)
- é%%i%ﬁ% (52)
- %%:%N@T (53)

ABN TS TIEENEEEILER (U= 30RT) £ G METRE
) 5 IR 9 LkpT -

AR SRR TR
dlnQ N
br = —y ﬁ:V:" (54)
pV = NkgT =nRT (55)
BARTFERIpY = ks T -
Ju
Cy = ﬁv (56)
. 3
v = EkB (57)
JH d(U + pV)
C, = —| =—~"_F "7 (58)
b JT|, aT |,
5
ép = EkB (59)

WFWETF S, WAS - B, 6y = 3kp, ¢, = Sk -
FASARETN, PSSO RGO, B R FIEE S b 3

17
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YRR LT ) AT IR 4 IR e 2

S 5
ﬁ = kB (11’1 Q% + E) (60)
5
ekaT
= kB [11’1 pA3 ) (61)
Sackur-Tetrode A2\, A LURF AR SR A S INVE K AL
3
V 4amm U\3] 5
S(U,V,N) = Nikg [n|— (Wﬁ) l+ 5} (62)
U v
_ NkB( lnN+lnﬁ+So) (63)
4dttm 5
SO_NkB(Zan+—) (64)
LRI EATFEE AL
v
S;-S; = Nkpln-L = —Nkgln Zf (65)
av
ds = NkySr (66)
éle?"E 121S{mf*;”’r4{ETE’J“'“E/ N (ZRR) | AT AN E A
)Tjju-\-r/ T%I.
3 U \%
S;-8; = ENkBanerNkBanf (67)
Ty Vi
= Cvlnf +NkBln7i (68)
ds = Cvd—T + NdeVV (69)
B R A ISR R TR
3 U V. p
S;-S; = Enganf;+NkBanJ;—NkBln—f (70)
T T
= CylnL + Nkgln =L - Nkgin 22 (71)
TZ Tl l
T
_ I Pr
= Cyln T NkgIn v (72)
dT dp
R L (73)

18
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XF M RESN, AELEWERE)

Pf \/j
~s; = cylnZLic,inL 4
Sf—S; Cvnpi+Cani (74)
B dp av
as = Cv =+ Gy (75)
A, TR (MR R
dp av
-~ - = 7
> VY (76)
pVY = Constant (77)
Hrly = C,/Cy WINEL - BIFETSMN5/3 , WETSHENT/5 -
T Z AT R
2
1
W= jpdvz—m(szz—Plvl) (79)
1
Nk
- —n_Bl(Tz—Tl) (80)
- Yl (81)
= —, 1<(k-T
BT ,
wt:dep:n w (82)
1
R E .
g=AU+w=(1-—)Cy(T, - Ty) (83)
AT LSRR .
Cu= 2 Cy (84)

AL RAIT R A SEEER 4-

LACarnotfEEA Y - Carnot{EIAEFE Rl Al iR 2 [AZEHE FE4h & SR
REAOIEES « AT LA T pVIEL 9 HiCarnot fEENEFET,, T, 1 NEE RITE Ml T i K
WA TR0 (HREKR) | ZFMEET LS - FiRIKEZ R R4
RO RS, BOE ARG . SRR EAR RS RE, B 20
18, MARSHERACH, RFFFEFEAER, AR R IR Z 18 1% 54
AN, R R R SEME AR TR AT LASE 2 T -

HofEHud R ATV HEUSE]
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adiabat

isotherm (T};,,,)

(a)

InP

1 (b)

isotherm (T,

adiabat

4
adiabat

isotherm (T, )

isotherm (T ) 3 3
\'% InV
Figure 9: Carnot JEI
Table 3: RHEIEM AT FEMTH 5 EAIE L
FUETEM T R HIw f£H5Q

SRWK (1-2)  wi,=-NkgTIn()  NkgTyIn(2)
EEFY IS (2 3) wy 3 = Cy(T, - Ty) 0
SORESE (3-4) wy4=-NkgTy ln(%) NkT, ln(%)
MRS (4-1) wy 1 = —Cy(T, - Th) 0

TR S5

w = Nkg(T; - To)In(g})  —Nkp(T; - Tp) In(g})

CarnotTEEAHIRLR

20
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Table 4: AR SAE R H ST A AKX CEHEIAE)
25 SRR
pV" ERITEN = oo | ERITREN =0 | ElmidfEn =1 I E =y Z I En
I ARFFAE V=&l p=7€ T =%EE s = EMH
TpVZ AR R % = % = % piVi = p2 Vo P1V1T =poVy 1 Plvfl1 =p2Vy )
=Y =y o T
Tip,” =Top,’ Tip," =Tap,
Au Cy(T, - Th) Cy(T, -Ty) 0 Cy(T, - Ty) Cy(T, - Ty)
Ah Cp(T, - Ty) Cp(T, - Th) Cp(T, - Ty) Cp(T, - Ty)
T T \’ T
As Cyln £ Cpln 2 Nkg In VZZ 0 Cyln %—f — Nkg 1n§
~Nkgln 22 Cyln . ~ Ny In
P
. CV In p—l + Cp In Vf
P _ Nk _ N n-y
H:,.i\(\‘ﬁ‘c CV = YTf Cp = y—lB (0] 0 ECV
2
FHEHw = [ pdv 0 p(Va = Vp) NkgT In {2 ~Au N (T, - my)
1 Nkp(T,~T) | -NkgTln2 | N 1) | oyt -T)
y-1 n-1
NkgT, Y Nkg T, P2\ n
un[1-(2)7] | e [-3)7]
2
HARZIw, = [vdp | V(p1 - p2) 0 w ~Ah "NKs (Ty - T,)
1 &(Tl - T2) nNkBTl _ P2 %
vl -1 n—1 1 (p_l)
YNkBTl 1 _ (&)T
y-1 p1 Wi = hw
w; = yw
AR Au Ah T(s, — 51) 0 TCy(T,-Ty)
q=w=w;

NIT NIHONNX
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HOMEWORK 1

1. Boltzmann 5 ffi & WA EE Y o

o HIEKTEMg ~ 5.9722 x 10%4kg, HTHIERZERIERFRA), HRIEH
Bl e, ALEE—AEEER . SEIERT, KRSESD

BB RE T REHOHLEE
M
F= sz ® = mg, G~ 6.67430 x 1071w kgl s? (87)
;

o DHNEFHEFRIERE /1P =101325Pa , fHEHEKKSZEFHZ DN
HF

o ESSEEEeH B Maxwell-Boltzmann 43 4fi

o BIFANDH T, EREENIN, BRIEWHEFIEEE N FE 54, Rl
BORFRREEH N3, BREITTEIER, Bk FZELZER
SEZPIBEYREESRCH, BRIFEERRESMETE -

2. MRIEBHR N ZEIEESR: https://janaf.nist.gov/ , HFFTAFERI 5K
BiE I B AR L A
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Lecture 4 (2 hour)
7th March 2025

5 STEAM

KEBRRIAE, ATIREVLAR . KIMHEERLE 10 FEp-TEH, Al WIE
Z|FHF# (phase equilibrium) Ff, KEEMZERE (p) SIEEFW T LA

(g_\S])T (g_?)v (88)
(Z—?) - QZI;:ATZek?IE (89)
dlinp) = ) (90)

npe = A_I?BIE (91)

log,(p / MPa)

PRESSURE =

’— “
gl
ot
T (- C
|
} GAS
+ 4
E oS e
Y= 3
50V 2 § .............
S
GAS + R,
LIQUID 7
A 1,
B GAs+soLp D

Figure 10: phase diagram of water

IKFIRAE SRR T LB 11, iapws-IF97HUEE T - https://www.iapws.org/relguide/IF97-
Rev.html
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p = 100 MPa 623.15 86:?.15
100 - - ‘
@ {peza(:‘r)
- f,(p,T) Te2s(P) |
o i :
s Pro |« @ x| %eh @ |5
o 2 2| T (p,h) n
@ E g4 (paT) ﬁ V3 (pls-) gz(PrT) [
3 (o] w
o T, (p.s) P3 (h.s) T, (p,s)
p, (h,s) v3(e:T)  p,(h,s)
25
22064 |-—-}--—-—-———-—————1 , 9s(p,T)
16529 |-—-}---—- - p.(T) 5s(e.T)
R L(p)
0.000611 |-——- } D)
| P=pi(273.15K)  p47.095 i |
1 I L | L) [
273.15 473.15 673.15 873.15 1073.15 2273.15
| 1 I I I I ) L o sgo
> t/°C
0 200 400 600 800 2000
Figure 11: Mollier diagram of water
| 1 1A —
o
=
=
2 3000 77
= i
= 7
84|
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s000> 3 6 7 8 9 0
LT LT T ]
j/(é H, BEHES,
7 ; . -
: /1]
/1
7
=
e
LI
4000 4000
o0
<
=
& 3000 3000
£
=
s3]
2000 2000
1000 1000
2 3 4 5 6 7 8 9 10
Entropy, kl/kg-K
FIGURE A-10

Mollier diagram for water.
Copyright © 1984. From NBS/NRC Steam Tables/1 by Lester Haar, John S. Gallagher, and George S. Kell. Reproduced by permission of Routledge/Taylor &

Francis Books, Inc.

Figure 13: Mollier diagram of water

o
&

KSR (BE/RE) & 13,7 VR T BT BT E B
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Lecture 5 (2 hour)
12" March 2025

6 1D FLOW

REEREVE - BB (Maikaett) - E . BEEAE  WHOVE RS B

g
d dp
;0= 5+ V- (pih) = 0
d _  doit R B
Epu—w‘va (u®b_l’)——Vp (92)
d P\_
dt\pv]
2% R — R s G O
dp  du  dp _
§+p$+uﬁ—0
du du 1dp
§+u8_x+68_x_0 (93)
d(p 3
E(a)”
—HRBIFSHEERE N B
pu=C
p+pu2:C (94)
h+u%/2=C
EFIENT, BEERTFEESEABHHS, SSIREMNEERE S, W
FEAENESEE
02 v p u2 a2 u2 u2
7+y_16——+y_1—7+h—?+CpT—C (95)

3 5.5 7% & (Stagnation value) IR SUERBEE (GHE) 2EEL AN
£ (rx) EREE -
2
Y Po_ 4% _ . _ _
y_la—‘y_l—h()—CpT()—C (96)

o>

Hu, = a, I, BIEHAZSHEp,, 0., T, by o A LR HE AN EERF 5 HHE
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FtE:

u, - - -C (97)

DR I A 2 s 5 7 o

y+1 -
a: = C 98
2(y-1) (%8)
YeRRET
d d dT dh 2v da
p Y Y-

T e
_ —_— = | — =|— =\|— = + — a
Po Po Ty hg ag 2

Her, mTEENEEMITENER (HEE) PRABUT KRG

i Y gr=—Y g7, (101)
2 T y-1 1
T y=1, 5\"

Al LFR R AR ARRI R, T IR E N o EERE TAREMi A2
ZRIWE. SEEBENEAEE, B S2EEZ G IES %
=L HAE:

-
y-1

1+ LIMa?)
P1 _P1 Po _ : ai (103)
P2 Po P2 |1+ 1X-Mal
XEFIAT SfEMa = u/a,
e (104)
P 2

FI DRI T AR
AR (R N
%

J

( ) "= a2 (105)
= yRT (106)
:/E\:EF(R:NA’CB/MD

ik 14FTR A

1
ina= — 107
sin o= (107)
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Stationary M=0 Sonic M=1

Subsonic 0<M<1.0

SupersonicM>1

/
A
R

Figure 14: FRHIEHE

WPGI T, HESTES AN EREESFIEM S ESFERE Th-sEH
f\JFannoZE flIRayleigh%% - M A& A= 70 M 75 3 2130 75 3 A D) Haad A2 -

TES AR - % B RS I—ERENES (Rayleigh flow) |
SFEEEE M TR, Hfu = MayyRT

pu=C
{ (108)

p+pu2:C

XERRESTEMSETERNTRE, BTRIEAR, R MRS ER
T EMNUERADAT AT LSRRI LUR R A&

p2 1+ ]/Mu%
p1 1+yMa2
E — P201 — pauy — [Ma2(1 + ‘YMQ%)]Z (109)
T, pip2 pim1 [May(1 +yMa?)
p2 4y Maj(1l+yMa3)
01 Uy Ma3s(1 + yMa?)

FEIEEABOLS, BRRREEZML T, iU SR BT, ERER IR
ASRBIPREAHE, ZEEERER -

AT LU TG — 8L (AS > 0)FIRFURAE (Ma = 1) FHEEIL(AS = 0)h
ERRE - T HERMEBR RN ARIRE GG, BT BTy E E /Y,
ARSI B RS (Fe9R) SR (113) .
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Fanno curve

&

Rayleigh curve

Figure 15: Fanno Line
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p__1+vy
P 1+yMa?
T | Ma(l+vy) g
T | (1 +yMa?)
P u _ Ma*(1+7)
F_u_*_ 1 + yMa? (110)
Ty ToT T y=1. o\ [Ma(+ )P, y-1\"
T T T*T*_(1+ 2 M )[1+yMu2] (1+ 2 )
po_ y+1 2+ (y-1)Ma? i
py  1+7yMa? y+1
PEIASE N 16 HIT-s B 3 2 o 754 TR A SRR
(#) = oo + o (111)
(4)=0 (112)
Ma = 1 (113)
75 _E I A HORIR T
dT
(E) =0 (114)
Ma = 1//y (115)
TSRS P8 B R, 7 0P SRR A B O T S S R R

Table 5: The effects of heating and cooling on the properties of Rayleigh flow

P ‘ Heating ‘ Cooling
roperty ‘ Subsonic Supersonic ‘ Subsonic Supersonic
u T ! l T
Ma 7 l l )
T, 1 1 l l
T T for Ma < 1/kY/2 1 | for Ma < 1/kY/2 !
| for Ma > 1/k1/? 1 for Ma > 1/k/?

P l T T l
P 1 1 T T
p 1 T T l
S T T 1 !
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Ma, =1
>
\)
Figure 16: Rayleigh Line
7 NOZZLE
YRS EBEER (A) BUNER RS (WRSERE) - SFIETT
FEA.
puA =C
du dp
P T ax T (116)
d (p)_
()0
it
do, du dA
P U A
pudu :—dp:—azdp (117)
@ —Mazd—u
o u
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T2 S AR RE B AR 2R AR AL R A o
dA ) du
I = (Mﬂ - 1)7

du 3 1 dA 119

U Ma2-1 A (119)
AT D00 S AR A R O R I T T FR AR AR o R A AR R A R M R A
o

(118)

Table 6: The effects of area on 1D isentropic flow
[AlulpeT

TiL
veer |T[1]1

T
vt |1 [T]

AR BT S SO R

A-p-u=C (120)

y+1
2(y-1)

1
A-Ma-(l +YTMa2) -C (121)

L
A 1 [2+(y-1)Ma? |00
A  Ma y+1

ANFLIWRE T LU B B 6 5 ¥po Topo, HR4E Hh 11 [E 1 p Bl A 425
H T TR (100) - BERTE

(122)

m=pju;Ay = Poﬂ0A1&a—lMﬂ1 (123)
Po 4o
_rt 7L
2 Pl) v (Pl) v
= ppdpAi| — || — 1= 124
Pofto 1JY—1 (Po ] Po {124

A LA SE e T H /LR R - RS RTHRE W AED NiEFES
i, AHAE - BT A HAGRER = E, FEAGEZE (choked) -

y+1
/ + 1\ 2671
Mypax = ApO RLTO (YT) (125)

A WAFRERSNEE ERERIE A ENZ T T2, X MERZ0.5283)
H A RIATFE Al i, S SRARSERE (R T AN E - HERFF N ED IR
EERERF SR — M AZ Ntk DM EsIRE 5%, kA
BN SRR L4 -
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I AR A R, TR SR AR R R MR A S - AR R R Maik
T TR EAME R R ERERER AR (117). 3 R &K H
mEBE (pu) , FASER/NEIE EFE (123). B B3 i mi v
(converging diverging nozzle) , WHNFLFL/RMIHE (Laval nozzle)
BEA G 17 A3, 1S ENACA-TR-1135, Equations, tables,
and charts for compressible flow
https://ntrs.nasa.gov/citations/19930091059

HOMEWORK

L. B—19.5MWIH NS, AN E198mm A AN H B & I =5 <=
e NOSENEES0HKE - 1IMPa- 20kg/s, K O&H?  (#
#y=1.4, ¢,=1.00 kJ/kg/K- )

2. FH A EXA HEESIR - RER/RE - IS ERH, S5 Ma = 3 -
HE225cm?~ FF208% K E ~ 50kPa- KA OS82 M8 & E R
=2? ESHINER?

33
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Figure 17: random walk

Lecture 8 (2 hour)
215 March 2025

8 THERMAL DIFFUSION

?f“ﬁﬁlL%xL&T AR T HIREPLAT ER AL T - BlanE I — 1 —4ERFEHLAT

N AS 0L VA #5 T TR

o (126)

e_ 202t

1
G(x, t) =
(1) ovV2mt

S 8] — B RO B RE AN ZS (B — B AT B & -

IS HES
Zazp_ azp_ 8(_Dap)__9] (127)

dp _o

gt~ 2tdx?  9x2 dx\ ox| ox

dx

AT NAERIT L, € ULEg = -AVT, BRI BT E:

Ju
5 = AV?T = -V - (-AVT) = -V g

(128)
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XERY =cp. A

aa—lf = AV2T + 8Q (129)
i_f - AveT+ 2 (130)
RMIFT, FTREY BLFick’s law :
dC 9°C
SR HO RORG B
dou  do;  d dou
W—‘ax—‘a( 8x) (132)
BT QRIFERI AR, R8I U R BT, FTRIS 4 -
d pd) L,
900y = 2O v (oTg) = V- (v + 5, (133)
EHEITCHRIREOL, SRR TR R AR R T2 -
aV’T =0 (134)
P BOTRENBHRE NS AE .
F—RNFEM, MEDFIRE .  (Dirichlet boundary condition)
Table 7: AN[EBEH AL SAH R A
B FRETRfE 5 [ fey e P e BREEFA(E 5
WMo TR | LA =0 | -L(-2mr)Adl) =0 | -L(—(4nr 1)xdT)_o
o T=Cr+C T=C/Inr+C T=Ci7+C
B | 1on o T, L Inrinn T-T, _ 37w
TZ_Tl - =1 TZ Tl - 11’11’2—11’17’1 TZ_TI - i_%
RAEH | 9= A0 = | 4=t =g | 1= -Aa =
B Q= AT Q= AT Q= AT
Ry Z'MIA 4'rcr242

FoRIDFEMN, WEDFIEARBAIRRE -

tion)

FERANFEM, IEDFMEE (Neumann boundary condition)

(Robin boundary condi-
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IARHES BREONFRYE  BERAT REK A et oA
fermion KT anti-symmetric 1 e, D, He3 Fermi-Dirac
boson FH A F symmetric o0 photon, H, He* Bose-Einstein

Lecture 9 (2 hour)
26" March 2025

9 RADIATION HEAT TRANSFER
ANTF] B R PR BT ST R R

HTFETHO T, BERNETAREERRFER, It TiERE
EICTHER (3 E — IMRE D fi

dN B 812 1

v - o —eﬁ’”’—ldv (135)

A LU S BALRR N e i RE R o0 -
dN _ 8mhv® 1

u,dv :hv~7 3 eﬁhv—ldv (136)
Planck TEAZ HI T YIRS
w, =8l oL L (137)
w, =2l W 1] (138)
uy =8 gL 1 (139)
wy, =2 Gl [ 1 (140)

cip = 2hc? is first radiation constant for spectral radiance

2% R D ERRATRE I E, -

2hc? 1 W 1
N5 TN 2

Ey =mx

c; = 2mhc? is first radiation constant; ¢, = he/ky is second radiation constant

Wien’s law
xe*
-5=0 141
=1 (141)
x =4.965114231... (142)
c
Amax = x_rzr (143)

Stefan-Boltzmann:
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3 2n5k§ 3 nzké (144)
T 1523 T 6032

* % %
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POSTULATES OF QUANTUM MECHANICS*

HEARRES, BATEEZIETHANEFEA . 8T 1505 M EARH
(postulates) &I | &+ /1 2¢ T H A ERIARRE - 23

o JFHE— 5 R ASCIRS R B2 Hilber t 25 (7] I [F &

FEEMGEB N NS g e =g mr i m s, ERNHR
I 2 A AT R o TR S B & T 1 2E e BN S 2 Hilbert 2 lEﬂ (BHEA
FRZSME]) A= - MmHilbertzS 8] H AFR ) E X -

mw»=f¢wdw

X, FARA T Diractf 5 FRNR « 7] WE IR A K - 20

FPNFGEI B EE PR A -

(DY) = (Dlp)”

A DL NARN A R R SRR, X AE IR TR MR o AT LA ST s ] ) 1

i, AZEzsfEl (bra) MUAZER] (ket) SZHCESHHERONIHZE . A2 (AH

El/]mim)) A HHE R ZEZS AP R E( ], TR EIYE (complex
con]ugate> KA

(¥l =)'
SHAES AT FEEEEIN R A:
|6} = lap) = [b) a & (¢l = (ayl = a" (Y|
o JRE
- HEHULRGY3E 2 1 & Hilbert 25 7] 1 fHermit B4 -

- W EF DBWIME, EHermitBHRFHIAE(E -
- YHEEREMNBEE M ERENIETFT -

—|+

Hermit B 5 7E 72 25 Al Fl A5
23 (| AR A

# A EHilbertZS H P RUERF, A5 (% T)EP%Z%‘AEI’J%E LEEAY, HE

HAAESN (&) RIS
0 = A1Y) & (¢l = (9] AT
Hermit BUAFAOTE SR FAEEAE, RIS BAEHES A 5 H0% .

A=A

MR (RS RET %) B 2E
SPR#E, https://newquanta.com/ (FHILS12%HHE) F#Hi/, https://newquanta.com/ (&F

T2 T8y

YRR, BLA (BT AEFIR) BIREE, MK (REETHY) IR

F1E

38
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Hermit & A7 G W NS
1. Hermti & FFFIAMEAE /4L -
(DlAp) = THL

2. HermitBEFFHIARIAMEER N A AIER B Z AFIEAL R AR -
3. Wi Hermit BT A, BEHELFEIMAMERE, WHAERFHEN KA
[A,B]=AB-BA=0

BHermit BFF AR AIEE|a, ) EREA, W— MRS (&) ATLEAE
SAEHRCR

W) =) cilai)

AT BT 5 T RO A AR RS R . IR AR
(A=) Icla; = (blAIp)

o FH=X5KZA (commute) fr BRI E R HAEAY)
HE, HMYHEEHLE

- BRTRRBER (R, FHREHG (B, BMHERE  HX
[X:, X;]1=0,[P,P;]=0,[X;, P;] = ih §;
— IR BT HAAM I 5

AR RN S, WERRAIEREREA, 7T HERNE TR,

AVATDL—&HAE - BT (O8N MARAZRRT ¥ REENF A (Figure

18) , F—MRTIEMBEN AN ZHRAR, FETETHNFIANER
H.

AA-AB> =[[A B (145)

N =

flan, KA EFIEEZ ERAER R

ox - p ~ I (146)

o JRHVUZE) i HE (Schridinger)

d H (1))
~ — 147
57 [b(£)) 7 (147)
HA, K AHamiltonian B N 1E REEREFT - REENE, I FAEH

39



THERMAL ENGINEERING (210622117402)

Brwin Schrsdinger
LV 188F + 4.1.1761
(-7, P ~
Rnnemaric ochrsdinger
%31.X11.1896 +3X.1565

Figure 18: Uncertainty Principle and Schréodinger Equation
H=T+V (148)

AIUHT R RS E, FETSD NESFERED: [O(1) = ) f(t) FEIE

ST
HIp) = E[}) (149)

X &R ZAHamiltonian I AMEE A2, 7] LSS ARIEE <€j> FAIERS
(lajy) . FAHES R ER 5

—lEjt

[b(t)) = [Pye™ (150)
Schrodinger 14 - ‘ ‘
HRAER, SER a5 7’88 A] LS HiHeisenberglE =
Heisenberg K14
B S, SAEE N
4 = AOH] (151)
dt ih

o FETARKNT 2R TRISRE, SEEE X, BURAZ (B6E
T, PlIET) IR Bk, FlInET) -
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Table 8 HLER [ 42 8 ) 2N B T 1 2 AERA L A LR -

‘ Classical ‘ Quantum
variable = YESEE N FH S [B] (Buclidean) TCRR4E R N A 25 7] (Hilbert)
q = (qx 9y, 92) [b)
. 142 = Gx14x2 + Gy,19y,2 + 42192, (xly) = [x*pdt
]j\—‘[*/\ ~ *
di1- 92 =q2 - q1 (xly) = (ykx)
Nk | q1 +q2 |
% |
A |
it (xlay + bz) = (x|yya+ (x|z) b
(ay + bz|x) = a* (y|x) + b" (z|x)
norm | il =va-q | (x|x)
angle | [1-d2 = |q1]|q2|cos O |
projection ‘
orthogonal ‘ Gx"qy =0 ‘ (Xolx1) =0
basis set ‘ %92 ‘ la;)
Transformation I?ilfl:;rit}l; UEIX{? r_y B
1 functions real eigenvalues
Wy real func g
- f(@p) (x| H |x)
X5 A (4 Qy] =0, [px py] =0 [Xil XJ] - [ ir ]] =0
(92, Py] = 0ij [Xi, P;] = ih &;;
: aH F) _ Hip()
e =57 - e
qg={qH },p—{p, ) Alt) = =7

Table 8: Comparison between Classical Mechanics and Quantum Mechanics.

41



	Introduction
	Basic Statistical Thermodynamics
	Thermodynamics
	Ideal Gas
	steam
	1D flow
	nozzle
	Thermal diffusion
	radiation heat transfer

