HeaL- I de tb I b Fl’mbulmi”m 41.Fills the foreshore 54.“First, there is a winter called the Fimbul-

with dead men, winter, when snow drives from all quarters, the
A reddens reigns abode frosts are so severe, the winds so keen and
%) with red gore; piercing, that there is no joy in the sun.There are
m black was sunshine three such winters in succession, without any
N ﬂ J;(g\ .’ 0 the summer after, intervening summer.”
CoROER] C0TS0RDER) the weather unsafe. -Glyfaginning, Prose Edda, Har replies to

Understand ye yet, or what? Gangleri’s questions on preludes to Ragnarok

En -Véluspa, Poetic Edda, Odin visits a seeress (extract)

who narrates the events before Ragnarok

Entropy is of ben intreduced as 0. Measure of ‘disorder’ Let us explore o lees "classical definition of entropy 0s o
measure of the number of microstates consiskent with a. qiven macrostate . [S=kelh 2]

Let’s ploy o. game where 2. dice are bassed and e are bold only the Sum of the 3. faces ofter a. throw. The possible
Sums 2,%,4;5,---,12 Would be the macrostates and the combinations possible to get o. Sum , the microstabes.
e-9.-We can geta sumof 3 For (4,2) and (2,1).

The macrostate correspond to the *lorge-Scale’and observable part of the system and the microstate, the small-scale
configurations which we can only infer.

D
SuM CONFIGURATIONS

te: The
2 @ G Macrostate ? has hiﬂhesbeﬂmpg-'ﬂ'e micrestates No mean corres pond

with 7

'ﬁ are more “spread out” in the probability space for 3. ) .
3 @ @ @ @ The notion of disorder comes from thie. There are : The microstates ose

Many ways to get 7. equiprobable.

; 00 00 0000 00 00

11 2 ond 12 have minimum entropy by bhis definition.
Only one poscible configuration leads to either
12 \ / Qord?2.
jon tor as
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Consider a. box OOnl:ninhg.M ideal gos. Tt has o Specific pressure Volume  bemperature and number of molecoles . This is
the picture of the gos os o Whele. The (Macrogtate of Izheg qos is defined by the voriables (P,V,T,N).

2coming in on the gas,in the microscopic picture, We see o huﬂg number of Molecules constantly bumping into the wWalls
of the container and inko themgelves. One important atiribute of these Molecules is their Velocities The distributien of
Moleculer velociby ressembles . normal distribution. few with veny low or Very high and most. ok the mean.

N\ The temperotore of the
The moving molecules mate up the intermal energy U of the qas. By elostidity of gas Is o measure of the
Molecvlar collisions (and conservation of frergy ), L molecules knocking into each other average Velocily of Molecules.
simplyexchange their velocities. = 1€ for 4 molece and +4.€ for another does not

Chonge the overage.

While fixing & given State, (P,V,N,T), 0l now ask ourseives how mony Such differat. confiqurabions axe possible
Which leave the State fixed.

The number of microscopic configurakions mierostates) consisbent Wih ONE Macrosbabe
)))- . . is the entropy of the system!!

XF we Slowly cavee a. small disturbance te the gas by Changing (P,V)N,T), eventually
the gas will Stabilise ok o new equilibrivm . We will again gee the typical behaviour
of gases. The equilibrium positions corresponds to max entropy for thak stake.

N



M icroscopic View

C lo-ssical Thermaedynamics originally Starbed as an investigakion on Steam €ngines The birth of this field led
to the industrial ero.. Analysis of macroscopic behaviour of Systems Was enough for engineers Lo improve engines.
Watt refined the steam engine, Okto ond Diesel pioneered the first madel of avtomobile engines.

For the engineers, the classical model Was enovgh to Work with. However for scientists, mony concepts remained
unexplained. When considering okoms in the microscopic View, the Clossical Mechanics Storted to be Somehow
lacking. A new Mechanics 10 Needed For the small particles ; Guontom Mechanics.

Principol quontum number

= 1 r m X'CM
A parl:icle ina 1D box |/ =2 ee e p}:u?:gn::’;dtssin SM'; “9\'5)

Q ?
Yo E=nh =1, .-.
” " SmL"&_! o ) =2 Porticle can hove only these
. \ S T e

A= | & Brogie relation)
™mv

° L
We ghall simplify our diagram as follows = (3 ——— 3 e i
4) Consider only 32 porticles oo - o o
2) Abstract the energy levels " - i
Mow, this State of S€ cen have differot configurations, e The configurations represent different permutations. Classically, We See
o . . . this as particles of same mass hitking ints each other (clasticolly) and
BoTeTTT s T o TG Simply cxchn‘sirg velocities ( Kinetic energy). 20 m| of waber contains
e ‘ ' more than 16° particles. TF We gob Somany arrangements with 3 particles,
Y Y e e T ulee think aboouk One billion billion billion billion portickes! Trmagine For

andsoon... 0. glass of water.
Adding £negg to the System

There are a lot of ways ko do 20+ 1) Pumping more particles into the system  2) Crushing the System
3) Placing the systemovera candle  ¢) Passing o. force ficd through

Let’s Looxc at ). ond 3. They represent. energy transfer as Work (2) and Heat (3).
-H-E-AI S ﬂ : Heabing up the walls cavee the molecules there to vibrake VIOLENTLY in o. RANDOM fashion.
~fY + 7 | The gas molecoles moving randomly bos,knock into the wall molecvles , They bounce ba.ck
with odditional energy but randomly aktbributed . \ibrakions in wall arc too wild to give
all colliding molecules Same energy . Some that collide May get o. lot while others,litde .

We see that ofber

fs ¢ ¢ 6 — The absorption of energy by gas heating , e have access
? T ‘i’ ] ? . Z’ s molecules is randorn. Zach has ko Morc permutakions.
o — . & L e 0. chance of cawh'"\:, 1¢. tach
€ —0—@—— € —efH— =« _(9_._ € —o—g— SGW State Mﬁ its OwnSel ThlS 1S hw\j hed.\:

Vssg V=3¢ V=3¢ V=€ of permutakione. is associokal With

Snl'fopy.

This is same as the dice garee. When we got o 5, it : : Cooling is heaking
coud have been (2+3)18+2),(4+4) or(d+0). | pepmeret bt g o o e e o e another objeck .
5 has o higher entropy than 3 which could only mﬁ‘l‘:‘;’:ﬁ :ml::'mz’;;“ﬁ‘*% _‘g’:;m“’; The Syskem partides
be (1+2) or(2+4). are said to be in thermodynamic eqyilibriom and Bhis occurs drop down rechricting

at a Certain temperatue . Heak Flow stops. no of microstabes

occessible.




RK Let's now look ak Work . Consider a. cimple gos- Picum Setup. We expend energy 0 We moKe o
& macroscopic force F act on the gos ko compress it. By Conservakion of energy, the gas must

Store this added energy (Which digrupts its initial, eqyilibrium),

2 We see that tlf.«':‘v!:ns'nsa\e

(i | ‘E We sael;ho.l;expanded energy ?En = nzh Wlﬁm

— T ko compress the gos. Q_m—"t”mps( -1, 8) e
Work is a. litthe different. Tt BROADENS the qaps bekween the energy levels. Popwlatin diipeibibio
£6 mommmmnn ‘ We See that Work covee no change in the energy distribution
:" — o 166222502 hen the particles cellide with each other and exchonge Velocities.
P sl AEM > BB The number of permutation is same ok injtial and Final
¢, -------mil e 8 e & ewoilib'iom.\”om Ccals=g no chanac ine'\bropy.
U= 4¢ U=5¢
\} Dg:fnt by sqrezing

Tn our 3D World , We are not limiked to only length The wave function for the particle in a. box becomes :

Y n,nyne = Asin kﬂ}_"r_"‘) in kﬂ}_‘"_ﬁ sin \'l'il) + It is the product of 3 4D considerations. Tt iso 30
Standing wave. b by Ls

The 3 tevms (for ideal parl:ide) represent the 3 degrees of fraedom for Kinetic enengy inxc,y,2.

When we de work on o System, We exert a. Mocroscopic force ina. particvlar direction (W= F-ds)e.g. the 2 direction.
Transferring this energy to the gas corresponds to energizing the o d-0-F in all particles. To reject: back the werk,
01 particles, get rid of the energy added in their oc d-o-F . The reverse occurs. The piston which pushed the gas in

the oc direckion is pushed back by the gas porticles. The eneryy released from the o d-o-F corresponds to o masroscopic
force which push back the piston.

Quling to its inkrinsic mechanism, heak transfers energy randomly. A particle getting energy in the x d-0-F covid

as likely get it in y or 2 degrees of Freedom. Real qoscs are nok resericbed bo thete, ng can rotate or Vibrate
Eeo. Lhen We Want work done Lin a particdar direction) ,We most likely desire all partides to give up €nergy

in the concemed d-0-F Lo get a. macroscopic Force out put. But heak does not energiae only one kind of
degroe of Frecdom (unlike work),

The is o certoin numler of energized o d-o0-f , Certain number of Y and same for 2. TF our piston needs o move
in the oc direction,We can only Use energy from the (few) o degree of Freedom. The rest Ly and 2 d-o-F)
represent unaveilable work. Thers is still energy which we got from heak ,but by its nature a portion of it
cannot push the piston. Thic is why thermel energy is seen a.8 o. LOW GRADE energy Form. When it is injeded
into o system, not all of it can be vsed to do Us=Ful work. Worke when injected into o system con be
Vsed by the System ko do other Work.. Work From electrical, Hinetic and Chemical, is seen as HEGH GRADE.

LEAD to(some) G-OLD
Trying to kurn low grade stuff ko high grade Seems like the Lork of enginecrs The French ormy engineer Sadi Cornot
propesed on Lideal) mechanism nowadays knewn as the Carnot Cycle. Tt s o. cycle builk to get work From heok.

LTn | Even operating in ideal. Conditions, the enging does not. reach Full efficiency. Some. of the
Qy energy Unavailable bo do work Must be rejected in the Cold reservoir, decreasing ePFic’\ems.
w
wwa) g Qe
Qe Camot —
Qw
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E—F—L\&Aﬁdﬂﬂmg-rm are many processes in Nakure Which Seems o occur in only one direction
despite the reverse being in accord with the lows of physics.

V4 X We never observe the 99 mogiml l3 reconstituting a.ndjump’ms vp From the Floor.This is becavse

e99 J/ T thak process is associated witha. decreage in entropy!
When the egq hits the Floor, Now, When the eqq hits the Floor,
We can see that thew is an increase Some of ks Kinetic €neryy is converted
in distribubon of mass l-}imugh Space . to thermal eneryy 1 the Floor(heat released).
The mass of the object beforc Falling Like we previously Saw , heak is associoted
was Cencentrated in o Small asea, the eqq - with Entropy dmac .Conversion of work ko Heat

This gpreadingof mass is an increase in entropy. means Entropy inceased. Friction between Shods
and air olso releases heak .
Suppose the reverge is to occur ; there was no physical Laws Forbidding the air and ground moletiles concentrating to
Bheir prior single degree of freadom. Classically , the moleculor collisions reverse bransfering Kcinekic energy to molecules
n atr which push back the shards to the original. Location. As physieal veconstitution reackes complelion, the. qrowd
Molecdes align and push the eqg back vp.

This is very unlikely! Statistics shows this. A new law Was needed in physics bo account For this. Tt is the very
Famous Second Low of Thgmodgnamics; dSuniv >0 Linb'optj of univeree always imvmeeg). Another Way of
Sauying this is Hme progreses in direckion of increasing Entropy .

New, one might it down and bring all the pieces l:oﬂethcr. He might even give the reconstitubsd eqy a kick vp. But
n doing So, the person expends his energy and Sweats (releasing heat) and increages Suniv even more. He coud
gt o machine Which does Mot Sweat ; but it roleases heat by friction (4 Sumiv even moe), He could also build a
heak engine o convert the heat from the eqq impoct to work to push it up. But inefficlency of thess engines
release Seme heat: by its opersting principle and by internal Friction Lreol case). Realizing the desired reconstibuted e9g
propulsion inceases Suniv even morc Ther is ne winning From this .

Work Can be done Lo decreoge enbropy in one arca. bot 0n the Universel. Scele | entropy incoased . This is the
rinciple of the refrigerator, it moves heat from colder region to hotter o keep food cold. Nabwvully, heat Flows
rom hot to cold as it incrases &nl:rupy.m friction in compressor ond Codlant incicases entropy More than thak
movemegt of heat. ASumiv = ASsys + AS svrr . WhenTAS surr > ASsys =) ASwnv > 0.All process=s

are limitked by the Laws of Thermodynamics!

The Heat Death

As We Saw, all processes resulk in the entropy of the universe inercasing . Eventually, Ehis reaches o maximum valve
o) we then say that the universe itself is in thermedynamic equili rium . Everywhers is thermodynamically
indfskinguishale ‘The Whele univerae is ok the Some temperature. Since it is very large, the even distribution of thermal.
energy results in a cold eternal Winter,

There i< no gradient . Heat exchange is nok possible and Neither are heat engines ko extrock Work . Everywherc in the
Universe ig uniform
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The universe reaches thermodynamic equilibrium ok Mosimum entropy. Everyihere is even. Buerywhers is cold.
Al the energy in the universe has been distributed in the \uacrzsien. )| forms of energy becorme heakt

\Work cannot be done as it requires
o disturbance . Buk everywhere {s the same- There can be né exvermal. Work as it is the Whole universc which

is in equilibrium .There s no heat Plow as everywhers is al the Same bemperatore. Heak. engines do not Wonte.

Long beforc the hea: death, the following events concerning vs Would occur.

Tf Climate chan%e, centinves as it does so,ecolegical Catastrophe could ensve.Mass Migrations ond mass
extinctions become more likely.

As the Earths Core cools down, ik loses its mognetic ShieW ond Sun Commal Mass ejections quickly vip apart
ovr atmogpherc.

Then it is the tum of Ehe Sun ko cool down and in the process of LGaom'mj a. White dworf incinernte us.



The piston simulbaneously enevg’\e:s all the

0 Molecules by the some ampunt. The disturbame created

in the gas represents the energy added . If We give the Sysiem enough time, eventually the system Wil

reach o. new eqyilibrium (molecular inkerackions even out distrbance). Elee, the systemcan return back
Eo its original Stake by rejecting the Work input.
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Now, this State of S€ can have differot configurations

It s also Worth remembering that €ach molecue can bale the place of another Lpermutations) .This

¢
gives rise to o. large number of ways to arrange. 20 ml of waker has abouve 10 particles of Waker.
Tf we got So many arrangements From 3 particles,imagine with One billion billion billion billion particles !

V=S¢ vese y Now thinx for a glass of water.
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Link ng Microstakes ko random energizakion of d-0-F in particles.

Entropy first appeared as a concept in the field of Thermodynamics . In this, the modes of transfer of €

chanac .

Farm cimalioite conaiden thic 40 hax Elled 12tk

nergy in Form of
heal: and work are stuied in debails. They bransfer energy by distinck mechanisms. Heak. Flow always accompantes entropy

We tant ka Ermncber 4 addit:anal 1nid



5 ideal gos particles The porticles move ondomly  of energy to the m W=47
} } )’ and the inbemal energy U depends Sdely on the S

bemperakure ; ultimakely on the a velocity of g
HEAT Q=4T the molecules. (Pv= NKT,\):E‘;?S\;.Assmeach ' > RK
_ e e N ONORONONO) Elastic collisions \v; = \p
% . Sk e fel. Vel before = Up - (-Um) =Up-+Urm
N el Popyesarlfoe - vel Vel ofter = ~(Up-Vm) = Vm-Up
X o s = Vm =Un+2Up
: * Energy is spend for an extemal macroscopic forze to act on the system. By
* Heating up the box cause the dall ) ) .
molecoles b6 Vibrote RANDOMLY. Conseriation of Cnergy, Ehis extermal. energy is comertd Lo inkermal eney
- Gas particles collide with the + We See that afler collision, the L - component) Veelocity inceoses (:+20p) for
wall Gnd receive soms energy ALL molecvles. The higher velocity results in inceasad intemol gnergy.
. * (Al molecules get mup additional snoag)
+ ) @57 ©OO O O
0-37 0-43 o'gsa 02T 03s= 47 —5In contrast ko heab)l:hc isneo

® @ ST s, © 00 O ©
. \le 8ee mons order in energy
- Collisions cavse random distribution of molecula.r N distribution Brom (rewersitie) work.

velocity.
“The problem of Trreversikiliy. /Z [
b The o
/e Kevie o frove
fw«.

// T

dispersion in moleculor energy.

If an alien Sc.n:ios‘ you Lravelling through Space and time into dark empty Spoce ,bJoe dg'mj look ok your entropy-meter.
Now Suaiv ¥ 107 "k . By loouing & the valve, you will know if you are in the post or fubire. Alwags keep gour
entropy-meter on yov. Being ost in Space does not aluways need For yov to be lost in time!

[rgns@'gg 2&1‘3% :Th:rmodjmmics Studies 2 common Method of ‘EmrggTwsFer-, H&&M

Heat is ga\emllg referned as microscopic Energy transfer while Werk is Mocroscopic.
}> )’ Heat exchange is usually associabed with chonﬂe in System Entropy.

Tt must: be greoter or thak process wovld not be statistically fecsnble by vriwc



AL Hler‘mod\ljthic c$d|ibium H\g E(v;,poyb'{-joo‘ﬂmm Stakeg ';h&.l'- a" w d o F ..

) ’ ! -0-F Qyadratic in energy are
eqpelly Filled- No work can be done. Tmaging pushing a ball up then douwn , left ug,n'aht. No ne- i
s dom.fo fet ork, We must disturb i:beeq’mlibﬁum. We input Some efergy . To resolve the disturbance
We Molkte it go through & mechanism to taue in energy from only one degree of fraedom. The Mmachine ’
Will tokie Ehal: energy From that potiadr dof ond the system will go back to eqyilibrivm.

Tt might be a new one o8 whn we choyed
wdidvied ) e sys. we covkd have cheged stated.

Hiso, He inpvk Eresy covld be b o
O,/?) 6]0/ ) PVF Erezy cov Yy heat o vorh,
Collbe Cleehicd Work world be Jie ﬁg
2 pisto Comected +0 — V T —
Nyedes, rogret; f?::m , é’j‘?@m w0
N / micogtate
O [Pora i T rjectin pushes te oth pigron.

\No chege in stoe Same ew:’)ﬂnm).
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The degrees of freedom all et filled in thermodynamic Ec[,uilibrium'.
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Refriggqu Ca—@l’,

Reverse of CARNOT CYcle
—_———
T

Ka, w7

W

stk & ¢ UsorT)

'
U Evoly
C B Fo o s s
Adiabatic Compression ot otgragictind
IR P et
200 =-pv  (D=3md)

Temperokue of codat rises
o heot exchoge - Tenbopic

BioA
“Tsothermal Compressio
BT =0 = p0=0
DoR= W
Temperaturs femains Consiok
U gained by compression Work is equal
toU lost as G Ujockad heat)
S decreasez in System.
9 AkeD
iabatic Exponsion
§ﬂ=D,AIl=—FAV U:2pRrr
as expands paid by decreng® int
T coolant drops Ba!l’nw ur.;a.,:b,,
NO heat ev)ntﬁd = Tsenbropic

q

®©

Dt C

Tsothermal €xpansion

AT=0 =) AU=0 =) AQ=-PAV
Gas expands w/o deoreareinT/y .
Q s injected from refri

S increags in System.

Temp. represents ).
'Tmpis offected Bj TAR

Temp. is averoge Ex ot total .

Adichokic & Tsothermd, Trocessag

A-

c-D

B * Tsothermal

€xponsion
Hok reservoir provides beat to Sysbem (+TE
L+S

: Adiabatic Expansion (Reversible)

Reservoir shyt off

Heat €rgiee Gl

CARNOT CYCLE

T HoT

@ S A (Highr7)

AR

Tsothermal Expansion

OT=) 240=0 = a8=-PaV

Heat @ from hot reservoir cavte work Via geg expancion.
Temperature doet et Change (80 = 0)

S increaget in System

Btol

Adiabatic Expansion

2@=0 = aU=-P&V

Expassion oolnst abmosphere is paid by V-
T deccoser

No heat transfer = Tsentropic

®
C te D
“Tsothermal Compession
BT=D DAV=D D AR= ~PaV
U gained by compessin werk eqpals to U lost as
QG rejected in cold TEevOIT
S decrcages In Syst=m.

@

D to A

Adiabatic Compression

AQ=D = AU = - Pav (Zxpansion covee | bo incrase)
[Temperatore riges

o heat exchrged =) Tsentropic

due bo €

@Hea:

m res.)

Expansion contimies o cost of inbernal gy (- TE o Work)

Gas cools.
S = Constant .

: Tsothermal Compression
Surroundings do Work on gas

Ga:s cools doun due ko heak rqjection in cald reservi (— TE as heat)

i-s

+ Adiabatic Compression (sz;rsihh)
FF.

Reservairs Shuk of .

Sorroundings campres gas, beating it up (+TE ag Work)fram Surr.
Gos €nds up in Same Stabe prior ko cyde
: S = Constort
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@ Tsothermal Expansion T= Cons};a*. =2 AN =-PAN
The HEAT is providing Energy Por the exponcion of te get-

énbropy Incronses (HEAT Traml?or)

)
@ SSinee We do not allow Tempervture bo dw\ao,l:hc %
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Principle of (Yperation : © Tsothermal. Expansion of Lhe os inside.

The System is placed on o hot reservarTh and ollowed to expand. The process is isothermal

Meoning that AV =0 =[a@=-PAV |

by Sy ot
€9, dses Mo
work? .
Prston.
T But like oll processeg,this comes at a price!

Fiston is a macraxeqpic

Mechoris m whi . , .
g SN Let's take o closer look ot whob i Wﬂg!

™Modecviay by i) o £/en,

T Stort. with Sysem before heab inpok- Tk doeg no

Ia)ly doFey work Lo move the piston as itis in thermodynamic
nok bonee e equilibriom. All dof inkernadly concel. each Other .
ff:fm.a Lo mole cue of gas with 9c- energy gives it ko

s’?;w;' one Who lacks ond the bovne it between themselves

7 mern? E=KT - Equipartition theorem),

Egwhbrivwm 2 Capiport )

thi> Now let’s pump heat. into ovr system (one Segment).
Rondomly , it adds mors energy to the o¢ ,y and 2

2 d-0-F.oc 4-0-f ho.sa.wasjboad:rid of thax
energy, it gives it to the piston ko do work.

('27, Note that net all molecvies get oc enerqy -Thoee

who randemly geb an excess of it give it bo the

2 piston beforc Sharing thesr oc energy with other
ool At molecles. The 3'! 2 nergies which get added randomly
'4»4;«;4 Get Shored.

Al E T states thab all d-0-¢ hove Same Envgies Memirg

raoe=! thot x"tfeeps Soree. For itsd to shoe to reach
Same new hi d-0-f vale. New {:hmnod:’mmic
iq,uiﬁbﬁum is reached.

Heal hes incrested Enbro y Meaning that thee
is rclatively fevoer d-o-FFor that Worw..

Now as the 3 d-0-F arc Spart, itis reploced
bﬂ More by randemness of heat. Bvbbur'so
Catch ! Enbrepy hes increeted ard heot hes moe
o get energy into Non-oc d-0-F compoed
toox .Th?gbbmw work legs viable at highe-

i Entrepy.
7%)% £
Vot
Corexdim This? T
M werh £XPessie XY v Is. precepf
Conprecero c 3 o do:nj work which br»'o’{
0!‘ P O\w\) e e 2 w7l$.,'m.
¢

Thig is due to riging
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® The Wortk is done when Moving bebueen

the eqyilibrium points . (We disturb the
Systern by changing pressure or Volume
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less Work is being dbtamed .
€ntropy increasing

Kind of only 1d-0-F for work
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(i) Combustion of Coal = C g, + Oug,—wm@ ASZ +9-9 Tmol 'K

.l.vmp of Solid L} i 72 Carbon in form of COL gas. Melecules
Coal Terperatwe | - ° | are Mo dispersed and possess More
— 1 ExCornpareq bo dids.

Work Can be done ko decrage entropy in one area. bot 0n the Universal Scele | enbropyincased . This is the
r})nncipb of the mﬁnﬂerutor it Moves heo.l: from colder region to hotber Lo keep food cold. Nobwvally, heat: Flows
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