
6 APPLICATIONS OF THE FIRST LALO (SPECIFIC)1] THE SPEED Of SOOND
THE CORRECT PREDICTION FOR THE SPLED OF SOND REQUIRES THE
THERMODYNAMILS OF ADiA BATIC PROCESSES.
FIRST A DERIVATION, OF THE EQUATION FOR SOUND PROPAGATIONi) FORCE LACO : M a : LF LON PRESSE AX HEM PRESSURE

9 ( e s x A )   0 - A R K 을 - A R ARA BIL VELOCITY
A → し
メ ー ル メ X+DX

sx → dx → e 24 = - 22
ス ー ツ

¿i) MASS CONSERVATION: 27 = A (AREA X MASS FUX)→ (sA) ? = Aculx-4 -   A l u l x + 坐
Ax → dx 응 는   - ⅜ ( e a )

SIMPLIFYING ASSUMPTIONS
i) SUPPOSE DENSITI CHANGE IS SMALL COMPARED TO DENSiTY ITSELF

2 6

C) SUPPOSE PRESSURE IS
• P= P(e) =

ONLY A FUNCTION Of DENSITY (AS INDON p.25)
*de ax

D → Co 34=-() 32
2 →

DEFINE C5 = 吃
de AND ASSUME APAROXIMATELY CONSTANT

THEN, ELIMiNATiNG C FROm 1 + Q '   G u e s3E = C3 2E : THE WAVE EQUATION 3SOLTIONS GIVE eCx,+) = f(x-Cst) + g(x+ct) FOR NBiTRAZI frg.So CS = VAP/dl DESCRiBES SPLED OF RIIOHT- MUD LEFT PROPRAINA DESER.NEWTON USED P= PROT WITHIT-CONSTANT TO PREDICT CS- VRAT = 1281/3004) = 29 MS
So AT T=300K C = VYRT = (75) (287)(300) = 350m/s



2] DIFFUSiON OF HEAT
HEAT PASSES THROUGH SOLIDS BY CODUCTION. THE EVOLUTiON
OF TEMPERATURE THROUMM A SOLD I S FOND IMROUGI RELATiNG (HEAT)
ENARGY FLUX TO TEMPERATURE CHANDES ANS THROUCH PNGY CONSERVATION.

i ) FiCK'S LAC: ENERGY FLOUS FROM HOT TO COIS AT A
RATE PROPORTiONAL TO THE TEMPERATURE DIFFERENCE:
I N I D 于 = k 放 ，IN WHICH K DES THE "THERMAL CONDUCTIVITY"
Leg FOR WATER k = 0.58 mK ... HECHEST Of AUL BUT LEGLO METAS)

¿ ) ENERGY CONSERUATION : JE = D(ARLA X ENERGY FLX)

下

BuT DE 2 Cp (e AxA) AT X 坐張 ~
》 許 、 宛 【 蒸 ⽔ ⼀ 篆 k - 祭 了 / A X

1 x → d x う =   x   ¾ 지2 x 2

WiTH X=ÇO , THE "THERMAL DIFFUSIUITY(   F o R   W A T E R   2 4   =   1 0 . 5 8   ! น ) / 1 1 4 2 2 1 0   5 1   1 0 0 0 3 ) )
=   1 . 4 2   x   1 0 ° 7   ต ำ 1 5

IS CALLO THE "HEAT EQUATION" (AKA "DIFFUSION EQUATION)
EXAMPLE: FOR A POINT Of HIGH TEMPERATURE AT CREGIN AT t O IN

AN UNBONDED MEDiUM, THE SOLLTiON OF O IS
T(x,t) = E t% ExP [-x*/(4Kt)],

FOR A CONSTANT & RIAT DESENDS ON THE INITIAL ENERGY.

SO HEAT SPREADS OUT LUIT DiSTANCE AS O=Vxt
THIS CAN BE USED TO ESTiMATE THE TiME TO HEAT A SOLID:
THE TiME TO HEAT ALSOM THiCK IRON DAN (XT=2.3X10 M/S) IS ON THE
O R E R   t ~   L   =   1 0 . 0 0 5 m ) /   ( 2 3 x 1 0 ต % )   =   L 1 5 .



28
2] (couTd)

SALT DIFFUSION EXAMPLE3 8 =   x   5 4   ) U M   X   T H E   S A T   O R R U S U T Y
AND C= lLI+ Bs(S)] 0(30)

EXPECT p(E,t) IS "SELF-SIMiLAR" SO THAT (= F() COTH ME t
2S ・ 装 選 ＝ ⼀ ス も ん や ニ ー 気 も ク チ

=

H E N C E   ( 8 )   = >   - ½ 7 f

LET g=f° → g' = $79
→ 9 = 5 C-1/4 6 - INTEGATON COUSTANT

So f = S 2 7ี   + 6 2
THIS LOOKS LiKE AN ERROR FUNCTION: BITCX) = FA
LET M= 5/2 → f = 22 / c a m + 62 = 28 t erf(½) + 62
→ f(y) = Cerf(½) + 62 （ c ， ≤   2 8 M ANOTHER CONSTANT .

FIND CONSTANTS SUPOSING ((Z→00,+) = l, , l/z→ -00, t) = lz

3 ) . C ,   =   똑 ,   C x   4
So fem) = E(e, -la) erf(½) + ≤(l, +k)
④ C l z . t ） = 之 （ & . + & ） - ⽀ （ 6 - 0 . ） e c f （ 融 ）

Y U h E R   T M E
M 2 i 8 s t

→ C
E A M E

FoR NaCl SOrTION, X5 = 2x10 5cM/s
SO FOR A THEN INTERFACE TO TMiCKEN TO dE8cM TAKES t Re



3] POTENTIAL TEMPERATURE
W E HAVE ALREADY FOUND THAT IN AN ADiABATIC AROCESS

DEFINE "POTENTIAL TEMPRATURE": O= T(P/Po)x (oT.).
THIS I S THE TEMPERATURE. THAT GAS C i T TEMPERATURE T
AND PRESSURE P WOULS HAVE IF BROUGHT ADiABATICALLY
TO A HEIGHT WHERE THE PRESSURE IS PO.

IN ATMOSPHERIC SCIENCE, IT IS CONVENTIONAL TO SET P. = / BAR(=1000 ma)
SO O IS TEMPERATURE AIR WOULD HAVE IF BROUCHT TO GROUND.

EXAMPL: 1) DURING A CHINOOK WIND EVENT, AIR WiTH
TEMPERATURE - 20°C AT 500MBAR (ABOUT 5Km UP) IS BROUGHT TO
GROUND WHERE PRESSORE IS PO= 1000 MBAR. WHAT IS ITS
TEMPERATURE AT GROUND?
SOLT,, POTENTiAL TEMPRATURE IS O→(273-20) (500 me) -27

= 0=(253) (05) 77 = 308K = 35°C
BY CONSTRUCTiON THIS IS TEMPERATURE AT GROUND//2) THE SAME PARCEL DESCEROS ONLY TO 950 MBAR (ABaT 400M UP).

WHAT Is TEMPERATURE?
Soü,: WE ALLEDAY FOUND = 308K, WAiCH DOESNT

CHANGE DURING ENTIRE DESCENT. SO
308 = T (950 mBa/1000 mBAR) 41
→ T : 3 0 8 （ 8 ） 1 2 3 0 4 5 = 3 1 ° c /

BECAUSE O DOESN'T CHANGE DURING THE ADiABATiC MOTiON
OF AIR, I T IS A FUNDAMENTAL QUANTITI IN ATMOSAMERIC
MODELLING. BECANSE POSTION CANCES IN TIME, ONE CURRiTES

3х + 29
3 x + 5 , + พ ร 2   -   3 2 + 4 . 0 D O

D t
A THE "MATERiAL DERiVATIVE".



4) POTENTAL DENSITI AND STABILiTY
AS CITI POTENTiAL TEMPERATURE, CUE CAN USE P= Po (ello)
TO DEFiNE THE POTENTIAL DENSITY CAT = l (P/P.) -48 (= lo)
IN CUMICH eg 8=1S FOR AIR.

THIS CAN BE USED TO ASSESS THE STABiLITY Of THE ATMOSPHERE
TO BUOYANT CONVECTION.
EXAMPLE: AN AIRj AT THE GROUDED (PO= 1000 MBAR) HAS DENSITY

1.30 Kg/M. IT IS CARRiED ADIABATiCALY UPWARDS 1Km
WHERE THE PRESSURE IS 900MBAR AND THE SURROIDING AIR
HAS DENSITY 1.25 Kg/M. IS THE ARRELL BUOYANT?
SOL: THE PETENTAL DOUST Of THE PARCEL IS G+130 ) 130 gi

TO ASSESS STABiLITY WE CAN TAKE ONE Of 2 AFPROACHES
¿) CALCULATE DENSITY OF AIR PARCEL AT 900MBAR:

1 . 3 0   =   (   ( 9 0 0 / 1 0 0 0 ) - ( ( 7 5 )
→ e =1.30 (0.900/511 = 1.21 Kg/M°

THIS IS LIGHTER THAN SURNDING AIR, SO PARCEL IS
BUOYANT AND CURL CONTiNUE TO R I S E

¿i) CALCULATE POTENTIAL DENSITY Of AIR AT 900MBAR:
CaT, 900 = 1.25 (900/1000) ' = 1.35 kg/m > lAT

BECAUSE THE POTENTAR DENSITY Of AIR ALOFT IS LARGER
ThAN POTENTIAL DENSiTY Of AIR PARCEL, THE PARCEL IS BUOYANT

FROm A SNAPSHOT Of THE ATMOSPHERE, CAN MEASURE DENSTY AND PRESSEAS A FUNCTION O HEIGHT. AND SO CAN COMPETE A PROFILE OF THe
POTENTIAL DENSITY: CRO(Z) = e(E) [PEE/POJ-8 / R CUSTABLE

THE ATMOSPHERE IS STABLE IF dESO - NEUTRALLY STARE
SHABLL

Por (7)

IN PRACTISE, STABiLITI IS USUALLY ASSESSED BY POTENTiAR TEMPERATURE.
SINCE CrOT/lO = TO/O LEXERiSE HAVE STARLiTY If 2 > , 0



3D5 ] THE ISOTHERMAL ATMOSPHERE (GOCO FOR STRATOSPIRE)
SUPPOSE TIz) = To AND ASSUME N O MOTION 5 0 THAT
PRESSURE CHANGES ONLY BECAUSE OF THE LOLIGHT Of AIR ABOUE IT:

Z + d z

ARRA A (lAdz) 9
SO FORCE OVER ARLA A AT Z IS GREATER THAN FORCE AT Z+ dE
BY WEIGHT ((Adz)g. = Ap - A(p+dp) = (eAdz) g
I. e d z = - "HYDROSTATIC BALANCE"

BEING ISOTHERMAL
S o 0 → d

AT EACH HEIGHT P= e RaTo- - （ 2 ） 9   - （ ） P - - 市 P 2
IN COMiCH Hp = RaTo/9 (A CONSTANT) IS THE " PRESSURE SCAL HEIN"
Eg. foR To=250K, Hp * (287 4)(250 K)/9.813) = 7.3 km.

SOLVING 2 GIVES P= P. C-Z/Hp → COHERE PO IS PRESSURE
AT Z=0. (THIS COULD BE THE GROUND OR ARBITRARiLY HIGHER UP)

ALSO URNs O=T (PIR) * = To (e 7/4p) -X Z/Ho
= To e

CoMBa HO HP/S IS POTENTAL TEMPERATURE SOME HELONT (Ar 280K, HO -26)
TYPICAL PROFILES LOOK LiKE Прийт-

0 9 :   3 0 0 , 8 4 2 250K 250 2 n
SO THE AIR GETS "THINNER" STRECTLY AS A CONSECUENCE O

2 3 3 3 K

HYDROSTATiC BALANCE AND EGUATION OF STATE,
NOTE OLZ) IS AN INCREASINA FUNCTiON (dO d E D FOR ALL Z)
SO AN ISOTHERMAL ATMOSPHERE IS VERY STABLE. VERTICAL
MOTiON IS INHIBITED AN FLUID FOLS IN HORiZONTAL LAYBES... HEN STRATOSARRE



③6 , THE NEUTRALLY STABLE ATMOSPHERE (GOCO FOR TROPOSPHERE
THE ATMOSPHERE I S NEUTRALLY STABLE I F OLz) IS
CONSTANT [THE EDUEVALENT FOR WATER IS HANING UNIFORM
DENSITY. CONVICTION OCCURS IF HEATED BUDO OF COOLED ABOVE ].
USING O(E) = TE) (PE/Po) -K , THE CONDiTION FOR
NEUTRAL STABiLiTY I S

0 =
x （ ｝》 O = 將 - X T ⽔ 鴿

NOO INVOKE HYDROSTATIC BIALANCE
0 = 2 - x$(-es)

AND USE EQUATION OF STATE P= CRaT
0 = 87 + x9/Ra

FINALLY, RECALL
5 0 d =-g% = -g(1- E)/(C-cv) = - 9/G

DEFINE T = 9/C| TO BE THE " (DRI) ADIARATIC LAPSE RATE
THUS WE HAVE FOND THAT IN A NEUTRALLY STABLE ATMOSPHE
THE TEMPERATURE DECREASES LINEARLY LOITH HEIGHT

(z) = To - Nz

For AIR, = (9.8 m/5)/(1005 J/(gK)) = 9.8 x 1ổ K/n
= 9.8 K/km.

THIS IS CUMY, EVEN THOUGH HOT AIR RiSES, IT IS COUS ONMOUNTAIN TOPS. IN A 'CELL-STIRRED TROPOSPHERE, RISING
AIR EXPANDS AND COOLS BY ~ 10°C FOR EVERY KELOMETER.

EVEN IN SUMMER AT 20°C ON GROUND CAN HAVE SNOW AT TOP OF 2000M MONTAN



3 3
6 A SCALE HEIGHTS IN GENERAL

SUPPOSE TIZ) IS THE OBSERVED TEMPERATURE
PROFILE Of THE ATMOSPHERE.

5041

200K T

HYDROSTATIC BALANCE GIVES 器 i ' e g = — 9SOLVING GIVES P(Z) = P, EXPLI7 9.
R , T ぎ ）

WHERE 4p(z) =受   T i ）
(EXPLiCiT DEFiNiTiON IS

IS PRESSURE SCALE

= - ( pde)'

= B E X E   6 H a そ う を
HEIGHT
)

UING E Q
Of STATE e = 居 AND HYDROSTATiC BALANCE

2 물 :   골 [ 루   늘   + 추 물 ] : - 무 월 + ☆ ( e S )三 - 号 ［ 点 + ］ r : 72 = % IS ADiABATiC LAPSE RATE
So Не

NOw FEND POTENTIAL TEMPRATURE SCALE HETENT HE=+ dE)
IN TERMS of T U S I N G DEFiNITION 0 = T (P/Po) -*器 ： （ 影 設 ＋ T （ X ） （ 影 ） ～ ⾔

.   우   [ 일   +   좀
So (3)

NOTE THAT THE THREE SCALE HEIGHTS ARE INTER-RELATIO:

Họ =

-I=

Не
Fle

+ RaF(x=1) (USONG T= RS)
(USAG 8 = 1x)

IN THE TROPOSPHERE dE I-M SO ( 3 → Ho → ∞0



34
6 B THE BUOYANCY FREQUENCY

IN A "STRATIFiEO" LOUTO ITS DENSITY DECREASE WiTH HEIGHT
DUE TO DECREASING SALiNiTY OR INCREASING TEMPERATURE. I F

A FLUID PARCEL I S VERTiCALLY DISPLACED IT EXPERiENCES AN OPPOSING
BUOYANCY FORCE. THE RESULTiNG MOTiON 2

CAN BE EXPRESSEA BY NECUTONS LALU: 26

lo d De = - 9 4e P o i e 8 ）
WHERE D IS THE DENSTY DIFFERENCE BETWEEN THE PARCEL AND THE
A M B E N T   A T   8 = 8 d x   :   4 - 6 - 2 ( 3 실 )

TAILOR SERiES → = lo - Le(a) + d2/80121
=   -   웅   중   0 2

So в de ' = (9 e(%) Az
d'De + (- Po liz) Az = 0
262 + N°82 = 0 = TME SPRING EQUATION
C O i T H N° = -78217020

SOLUTIONS ARE
SO THE PARCEL OSCILATES
"BUOYANCY FREQUENCY

VERTiCALLY W i の H

N = WHERE loo IS

e d z loo dz
THE BUOYANCY PERiOD I S

IN STABLE STRATiFICATION dE 10 SO NIS REAL-VAWES.
ExAmpLE: A GUASS Of SALT WATER HAS DENSTY DECRASE LENARLY FROM

e =   1 . 0 3   g / e m   T o   1 . 0 0 g / m   O U E R 15 c m .
5 o   N   =   [ - 9 / 0 0 )   ! ] = [ - ( 1 8 0 0 / 5 1 1 0 0 g u m )11.00 - 103

15
~   [   1 9 6   £ ] , = 1.40 5"'

So T3 = 4.495



6 8 ] (CONTd)
NOw ADAPT THIS TO A GAS ACCONTENG FOR DENSiTY DECREASE
OF A FLUID PARCEL AS IT MOVES UPLOARD INTO LOWER PRESSURE.

そ

2. BzDURING ADiABATIC ASCENT, DENSiTY CHANGES
COiTH PRESSURE ACCORDING TO P = l (P/Po)%8
SO THE DEUSTY Of THE DISPLACED PARCEL IS

i . e .   （ e e s - l ） / l o ⼆ ⼨ 管 加 a = ⼀ ⽂ 市 A
WHERE Hp = ($dE) IS THE PRESSURE SCALE HEICHT

THE DESiTY OF THE SURROUNDING AIR AT ZODZ IS
CBIG = l (Z+DE) = e(2) + e(z) Az

i . e e l a ） b a ： Не Аз
W H E R E   H e   =   -   ( E S E ) "   I S   T H E   D E U S i T I   S C A L E   M E T O T

S

THE RELATNE DENSITY DIFFERENCE BETWEEN THE PARCEL A BIOD I S

USING THE RELATiONSHiP BETWEEN SCALE HEZGHTS (equD ou p. 3la)
→ De/lo = Sa/Ho
EN WHICH HO = (ode) IS THE POTENTiAL TEMPERATURE STALE HERONT

SO NEWTONS LAO GEVES
+ N A 2 - O

I N COMICH THE BUOYANCY FREQUENCY IS NOO DEFiNED BY

N = 1 / = ［ ⾳ 袋 了
IN THE STRATOSPHERE A TYPICAL VALUE IS N= 9.8 m/5*

20,000 m = 0.025'
THE CORRESPONDINA BUOYANCY PERiOD IS TB = N = 3005 ~ SMARTES



7 HEAT ENGINES: THE CARNOT CYCLE
A HEAT ENGINE USES HEAT TO CREATE WORK. THERE ARE
MANY THEORETiCAL AND PRACTiCAL MANIFESTATIONS OF SUCH
ENGINES. BUT THE MOST EFFiCiENT IS THE IDEALIZATiON
DUE TO CARNOT (1796-1832) WHO CONCEIVED OF A
REVERSIBLE CYCLE ALTERNATING BETLUEEN ADiABATIC AND
ISOTHERMAL CHANGES TO A CLOSED SYSTEM CONTAINED
BY A PISTON AND IN CONTACT CITH DIFFERENT THERMAL BATHS.

THE 4 STEPS Of THE CYCLE ARE REPRESENTED ON A 'PU-DIAGRAM:
PusH DOwN P 伝

i) ADJABAT: paV-8
PISTON т і н і

INSULATED I N S O U A T I D VA

GAS HEATS AS IT I S ADiABATICALLY

i )

ic)

Heated Gas
PUSHES ON

COMPRESSED

ISOTHERM: p a v '
> VPiSTON

ISOTHERMALLY โ ร ร ร
GAS PUSHES ON PISTON MAINTAININ CONSTANT T BY ABSORBENE, HEAT

PULL UP
= ADIABAT: POV-8

PISTON → V
INSULATED I N S U A A T E D

GAS COOLS AS IT EXPANDS ADiABATICALLY
P.

iv)
COOLED GAS

=DRACUS DESTOO
D o u N

COLD

T 2
3 2 5
C o L D

ISOTHEM: pXV
→ V

GAS DULLS ON PISTON MAINTAINING CONSTANT T CUMiLE LOSTNA HEAT



/ (CONTd)
THE CARNOT CYCLE IS SUMMARiZED BY SHOLDINE ALL
4 STEPS ON ON PU-DiAGRAM

ALONG AB: 0=0, → P= PA (VA) -8
QBC

RDA
i v

C
T! A L N G B : T ⼆ T ， 》 P - P e （ 品 ） ”

ALONG CD: 0:02 → P = Pc(Ve)-8
→ ALONGDA: T= T2 → P = Po (Vo)

THE WORK DONE IN EACH STEP IS SPLV. THE TOTAL WOORK
IS THE AREA OF ABCD. WE WILL CALCULATE THIS
EXPLiCiTLY AUD, INMPROCESS, FIND THE RESULT CAN BE FOUND INTUITiVELY.
FIRST NOTE HOW VOLOMES• VA, VB, Ve ANS VO ARE RELATED

Pa (Vs) = Ps = (Vs) Pe ※ （ ※ ） （ 先 ） 品 】 ： （ 当 ） （ 笑 ） （ 岩 ） 間 ］（ 器 ） ” ： （ 长 ） （ 步 ） （ 岩 ）→ （ 脂 ） （ 愛 ） ＝ 1 → （ ¥ ） = 1
So | Vc/VB = Vo/VA,

1) CHANGE IN. INTERNAL ENERGY (STEPS i 7 iLL)
ON AB AND ED NO HEAT ENTERS OR LEAVES THE SYSTEM (SQ=0)
→ d u = - PaV (Ie WORK CHANGES INTERNAL ENERGY)

SIMILARLY UCO = PaVe Di[(V) - 1]

D + 3》   U e o = B a l e 六 【 （ 需 ⼴ ⼩ ： 【 只 （ 留 ⾏ 怕 六 【 開 ） 了 ⼆ 太 開 了
→ Uco = - UAB

(DE COULD HANE GUESSED THIS BÉCAUSE U DOES NOT CHANGE
ON BC OR DA AND THE FiNAL STATE IS THE SAME → AU = 0



7J (CONTd)
2) CHANGE IN HEAT (STEPS Li ANO EV)

ON BE AND DA INTERNAL ENERGY DOES NOT CHANÉ ON ISOTHERS
→>0=8Q - PdV (i-e WORK COMES AND GOES AS HEAT)

AND QDA = MRTa Ln (VANO)
[NOTE QIBC> O BECAUSE VC VE, QDATO BECAUSE VA<VD
USING

=>
D GDA = nRTz Ln (NeVe) = - 7 QBc

TE QDA

LATER WE WiLL SEE THAT THiS IS A STATEMENT THAT ENTROPY
CHANGES ALONG ISOTHERMS, NOT ADIABATS.

3) TOTAL wORK
WE HAVE SEEN THAT THE WORK I N STEP L i CANCELS THAT
IN STEP i. SO TOTAL WORK RESULTS FROM THE HEAT
ENTERING AND LEAVING THE SYSTEM THROUG ISOTHERMAL PROCESSES:AW = QBC + QDA = QBC + (-7, QG) = QBc (1 - 7, )

FROm THIS RESULT CUE FINO A SIMPLE FORMULA FOR THE
"EFFICIENCY" OF THE CARNOT HEAT ENGINE DEFINED BY

M= COST CBC → 亓

EFFICIENG IS BETTER IF TI«T,. BUT CAN NEVER BE 100% EFFiCIENT
EXAMPLE: IF HOT STEP HAS T, = 100C AND COLD STEP AS TE = 20C THEN

273+201 - 分 7 3 + 1 0 0   ~ 0 . 2 1
REAL ENGINES HAVE ADDiTiONAL LOSSES DUE TO FRECTiON, e t e



8 REFRiDGERATORS
IF WE CONSiDER THE CARNOT CYCLE IN REVERSE, THE
WORK I S INPUT TO EXTRACT HEAT. THIS IS THE
ESSENCE OF REFRiGERATION AND AIR CONDiTIONING.

E N G I N E REFRIDGERATOR
H o r   R E S E A V O I R Hor RESERbURJay → wORK WORK

f   G c
COND RESERVER COUS RESERVOTR

39)

Он<0
COMPRESI

I N THE REFRIDGERATOR THE COOR I S DONE IN CONTACT WiTH
ThE COLD RESERVOIR. I . e . AFTER A PISTON I S PULLED UP TO
EXPAND I GOOL A GAS, THE CHAMBER DRAWS HEAT FROM THE FRiDGE;
ThE PISTON THEN COmPRESSES THE GAS AND THIS EXCESS HEAT I S

THEN EXPELLED INTO THE ROOM.

THE WIRK ALONG ÃO IS GAD • S"APdV= nRTa LA(Ve) > 0
HEAT IS EXPELED ALONG ER: GOB = nRT, LA (VE) = 72 RAD <O
THE TOTAL WORK IS AW = 1GEB| -QAD = QAD (# - 1)

THE EFFiCTENCY OF A REFRiDGERATOR (ITS "COEFFiCiENT OF PERFORMANCE)
I s C.O.P =

NoTE TAT PERFORMANCE IMPROVES IF T, IS NOT MUCH LARGER
THAN TR. BUT AGAIN FRICTiON, etC: DEGRADES PERFORMANCE.



91 A GASOLINE ENGINE
AN IDEALiZATION OF A COMBUSTiON ENGENE THAT EXPIODES GAS
INSIDE A CYLINDER TO DRIVE A PISTON IS SHOWN ON A PV-DIAGRAM:

P

IGNiTION 1 POLDER DURING EXPANSION
(ADIABATIC)

C

LADIABATTIC) • A
EXHAUST (ISOCHORIC)

→ VV,
AB BC

TO CALCULATE CUOR, IGNORE CHEMiSTRY Of COMBUSTION AND MASS GARN
AN LOSS DURING FUEL INJECTION AND EXHAUST.

BECAUSE BC I DA ARE ADIABATS (NO HEAT LOSS/GAIN) -AW = AUL,
T H E   C H A N G E   W N   I N T E R A L   E N E Z G Y   D O R I N G   T E   E X P A N S O N - C O M P R E S S O N   S B S .

THE INTERNAL ENERGY GAIN DURING IONiTION STEP, AB, IS GIVEN BY
dU = CudT = SQ
→ QAB = CU STAB = CV A(PRA) = CUNRAP = CV NR (PE-PA)

BuT nR = Cp-C As 8=CP/CV
→ GAB = 8-T V2 (A3 - PA)

THUS, FRom O THE EFFiCIENCI I S
=   ผ ล   =   1 -   ( V / V , )   8 - 1

NOTE: THE COMPRESSiON RATiO (NOT TEMPERATURE RATiO) IS
MOST IMPORTANT FOR EFFiCiENCY.



10] THE ATMOSPHERE AS A HEAT ENGINE
THE REASON WE EXPERiENCE CUINDS I S BECAUSE THE EARTH
CONVERTS HEAT ENERGY FROM THE SON INTO MECHANICAL
ENERGY. THIS IS DONE EFFiCiENTLY TA R O U COmpRESSiON
A N EXPANSION PROCESSES FOR AIR DESCENDING FROM A
COLD RESERVOIR (HE STRATOSPHERE) AUD RISING FROM A
HOT RESERVOIR (THE GRAND) - STRETESPItE COLD

EXPANSiON
COMPRESSION

Far EXAMPLE, CONSIDER AN IDEALiZATION dE 7 
：

A HURRICANE: TROPICAL OCEANHOT
¿) AIR TAKES UP HEAT (AND MOISTURE) EROM THE ~ 300K (27°C)

OCEAN CUMiLE COMPRESSED AT ~ 1000 MBAR.
¿ ) THIE
¿) THE RELATIVELY HOT AIR RISES BUOYANTLY CEN FACT, AS WATER

VAPOUR CONDENSES WHiLE EXPANDING AIR COOLS, MORE HEAT IS RELEASED
INTO THE AIR PARCEL, DRiVING ITS MOTiON ALL THE WAY TO THE
STRATOSPHERE. BUT WE'LL IGNORE MOISTURE HERE.)

L¿i) THE EXPANDED AIR STOPS JUST BELOCO THE STRATOSPHERE
AT ~ 100MBAR (ABOUT 16KM UP IN TROPICS) COMERE
THE TEMPERATURE IS ~ 150K (-123°C)

¿V) THE COCLED (AND ORY) AIR DESCENDS AND THE PROCESS REPEATS.

CRUDELY MODELLING THIS AS A CARNOT CYCLE, THE
EFFiCIENCY IS

7 : 1 -   ⼆ 1 - 15OK
300K = 50%

A VERY EFFiCIANT ENGINE INDEED!
NO WONDER HURRICANES PACK A WHOLLUP.


