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Heat and Work

Heat (q), Work (w) and the First Law of Thermodynamics
AUSqg+w

Example calculations of q, w, U for reversible and
irreversible expansions of ideal gas (comparisons and
‘take home messages’)

Molecular picture of heat and work energy transfers
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Chemistry 163B reserve books 2020 (S&E Library) m handout #2

STAR
a few definitions ,etc. to get us going ﬂ

» df is ‘differential’ representing an infinitesimal change

final

« to calculate Af afinite change A4f = I daf -

initial

« if fis a state function, the integral around a closed (cyclic)
path (finish=start) is

par=o

!
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the change in some aspect of the system can either be

independent of the path taken
(depends only on the initial and final values of the state variables)
or
depend on the path taken

if change is path independent = exact differential,
there is underlying STATE FUNCTION

if change is path dependent = inexact differential,
no underlying property of the state of system

more in Lecture #5 (math !!) I 5

all transfers of energy can be classified as heat (q) or work (w)

We will see (and demonstrate):

» heat (q) and work (w) are NOT PROPERTIES of a system but correspond
to TRANSFERS of energy into (+),,s or out of (=) the system
[e.g. there is no underlying property “heat” of a system”]

» when a system goes from an initial to a final state,
eg. (P,V,T) = (P,V,T,) the values of g and w wil DEPEND ON THE
PATH taken between the states

+ asmall changes in a path-dependent quantities are INEXACT
DIFFERENTIALS indicated by e.g.(@)q and @w
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the FIRST LAW of thermodynamics g E&R,,, pp.30, 39-41
U

U is symbol for INTERNAL ENERGY of a system

. =qg+whH * |dU =dqg + dwl+ . dn;=0 closed system,
AU q w X ’ v 1 i M ignore for now

AUsys=_ AUy, (conservation of energy)

—_

U is state function

AU does not depend on path equivalent
— | statements

(only on initial and final states)

dU is an exact differential

heat capacity (E&R section 2.11),y,

% =C  heat capacity [J K"] extensive
the amount (transfer) of heat required to raise substance 1K
. % =nC molar heat capacity [J mol™! K*'] intensive

the amount (transfer) of heat requires to raise 1 mol substance 1K

C generally depends on T and conditions

for example ideal monatomic gas

. = 3
molar heat capacity at constant volume C, = ER

#

. —~ 5
molar heat capacity at constant pressure C, = ER

3
E = 5 nRT (true!!) but why does it take more heat toraise T at constant P than at constant V 2?

stay tuned!! 8
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transfers of energy: HEAT and work (sec 2.2 ),
change of energy by heat transfer

dq=CdT = nCdT (C is extensive,
q= I dq= I nCdT  C is intensive)
path path

C will generally depend on T and path

(i.e. conditions)

q > 0= energy (heat) gained by system

. cools surroundings
(endothermic) 9

q < 0= energy (heat) lost by system

(exothermic) warms surroundings .‘,‘

heat only transfer; thermal equlibrium (also zeroth law; E&R p11) 4,

T

ol

(NI

initial

vacuum

T, n1,E‘,1 T, n2,61 «

TSI TS,

e T

a‘qI:nIE]dT1 qu:nZEZdTZ

assume C's independent of T

T, T
[ nCdr=n (1,-1) q-|nCar-nc, (1,1,
T T,

q.+q =0 :>T:T+M
U 4 ‘n,C1+nzC2

Y

(T)=(To)=Ty

final Ts, n1,61 Ts, nz,az

I TTITIITISS

P A,

T Y

10

10
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transfers of energy: heatand WORK (sec. 2.3) 4y,

change of energy by work done ON system
energy into system

dw = dwey + @ e.g. electrical,
gravitational, etc.
derive in a dwry = —Peud
moment. -

wey = I dwey = I —Pex dV

path path

w >0 = energy gained by system
(work done ON system)
w<0 = energy lost by system

(work done ON surroundings)

11

11

processes: definitions of constraints

* jsolated q=0; w=0
* isothermal AT=0
* adiabatic q=0
* “against constant
pressure” P, const

* reversible process P~ P,

a (ideal) process that proceeds so slowly
that an infinitesimal change of conditions
causes the process to proceed in the
opposite (reverse) direction

* irreversible process

all other (real) processes proceeding at finite
rate 12

12
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derivation of w = -PAV (work of expansion or PV work)

w*,,= work done ON SURROUNDINGS | - pressure=foreelarea
P=F/A F= P xA )
_F ?

* W*,,,= Force x Distance

P=

b

N

oo
. _ .
* W= F x Ah

surr™

U
*w*, =P xAxAh
Ah y

g
- W*,= P x AV=PAV

*w=- PAV
to be consistent with
work done ON system

N 2\

(a) Initial (b) Final
state state

13

13

ideal gas and energy, heat, work

for IDEAL GAS
* U(ZE) depends ONLY on T (ideal gas, previous class)
- isothermal, AT=0,

* AU=0=qg+w (ideal gas)
° q:-W

« adiabatic: q=0, AU=w (in general)

* monatomic ideal gas
*U=(3/2)nRT
* Cy= (3/2) n R (~prove later)
* Cp= (5/2) n R (prove later)

14

14
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work of expansion ideal gas (3 conditions)

P= 10atm | P=1 atm

1 mol 1 mol

T=Tiital > T=Tfna

Vi = RTi /10atm Vf=RTf/‘Iatm

+ isothermal against constant P,
+ adiabatic against constant P,
 isothermal reversible

- adiabaticreversibte (later)

why ?7?
 understanding of thermodynamic conditions
+ how to calculate w=- Pdv

« compare W, VS Wi,

* AND lots of ‘rewards’ on HW and EXAMS

15

15

Pre . .. . 3 . gainst
system is gas inside piston; weights are surrounding

P=10atm  isothermal AT=0 Pex=1atm

!

expansion

isothermal expansion against constant pressure (irreversible) |

ssystem is piston and gas inside; weights represent external pressure of surroundings
* Pexi=1atm (during volume change) ; Avsys > 0; Wiys= - P Avsys <0
« work (<0) is done BY SYSTEM ON SURROUNDINGS (1 atm weight lifted)
« E for ideal gas depends only on T
isothermal ideal gas AT=0 = AU=0 since w< 0; g=-w > 0 ; heat absorbed by system

16

16
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Pre . .. . ) . gainst
system is gas inside piston; weights are surrounding

adiabatic q=0
P=10 atm Po=1 atm
1 adiabatic 1
expansion AV

adiabatic expansion against constant pressure (irreversible) |

* system is piston and gas inside; weights represent external pressure of surroundings
* Peg=1atm (during volume change); AVgyg > 0; Wg = - Poy AV <0
» work (<0) is done BY SYSTEM ON SURROUNDINGS (1 atm weight lifted)
* w< 0; q=0 (adiabatic); Egs(EUg\6)< 0;
energy (potential) of surroundings increases —energy of system decreases=gas cools AT<0

17
17
Pressure-Volume work reversible expansion
P=10 atm Pe = 10 atm — 1atm
isothermal AT=0
reversible o
o
(o]
o
expansion
Vinitial AT=0 heat
* W ON SUIT rev > w on surr irrev (more weights raised in irrev)
* W= - I Pextdv
* Pext = Pint = nRT/ V = w= _I nRT/V dv
« isothermal = T=const = w=- nRT | dV/V
W == nRT In (Vo Vigitar) 18

18
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Wouer (E & R p. 32),,, Table 2.1 Types of Work

change of energy by work done ON system

dw = dwev + d Wother
dw = —PexdV + d Wother

w ZI—Pext dV+J.d—Wother

Types of Work
Gias expansion
and compression

Spring stretching and
COmpression

Bubble expansion and
cantraction

Current passes
through condictos

Varialdes, System definition

Pressure in the surraundings at the system
surroundings boundary { Py ). volume (V)

The gas is the system.

Force (F ), distance {x)
The spring is the system.

Surface lension (y ). surface area (o)
The content of the babhle is the system.

Electrical potential difference {db),

electrical eharge ()

Equation for

The conductor is the system.

I

Done lifting a

weight against Mass (m),

ravit; iti
?weigi‘;t is position (h)
surroundings)

System-Based Work 81 Units
-V
_f P dv Pam’® =1
v,
iy
we [ Nm=)
S
g N
" [ yier (N i) ()
0
" g’ ve=1
Ja
hy
kgm2s2=
w= —J m g dh gm?s2=d
hl

19

19

Isothermal expansion: P, ;= const ideal gas (irreversible)

P=10 atm

!

isothermal AT=0

expansion

1mole
300K
10 atm

Po=1 atm

!

AV

1mole
300K
1 atm

20

20

10

10
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Isothermal expansion: P,,= const; ideal gas; Graphical Interpretation

final
Weystem = j -P,.dV

ext

initial

Wy = -Area under P, -V  curve
10 = 3 W, = Area under P -V curve
I:,ext
(atm) all AV against
P.:=1atm
1 = .
Vi vy
V(L)
21
21
Isothermal expansion: P, ;= const ideal gas (irreversible)
Po=1 atm
PIO atm  jsothermal AT=0 1
expansion | AJV
R

w=- VJ" P dv PV=nRT
1mole Vi 1mole
300K w =-1atm (V,-V,) 300K
10 atm v 300KR(1mol) 300K R (1mol) 1 atm
v > 1atm '~ 10atm v,

1 1 1
w= -(300 K-mol)(1 atm) R ( - ]
1atm 10 atm
w= -2244 J= -2.244 kJ
(- sign implies net work done ON surrounding) 22
22

11

11
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Pressure-Volume work reversible isothermal expansion; P, =P;,,

P.. =10 atm — 1atm

ext —

P=10 atm 1
isothermal

o

(o]

o

9atm °

expansion °
> (o]

Vfinal
1mole 1mole
300K 300K
10 atm 1 atm
A \

23

23

isothermal irreversible vs isothermal reversible:
which does more work on surroundings ??

P.~=1atm

!

irrev
AV W= -2244 kJ

AT =
P=10 at siP sys
l o '\\'Ye\’er ] * 1 W =+2244 kJ

~
\ ’e"e,s,. Peq = 10 atm A 1atm
0/,
\ e 1

'

9 atm

rev irrev

surr surr

24

24
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Isothermal expansion: P, .= P;, ideal gas; Graphical Interpretation

10 = _ nRT
Pext final P dv
(atm) Wsystem - InJﬁa, “ext
W gem =-Area under P, -V curve

w, =Area under P, -V curve

ext

Vi Vv,
25
25
Pressure-Volume work reversible isothermal expansion; P, =P;,,
P, = 10 atm—1atm
ext
P=10 atm
isothermal AT=0
o
(¢}
o
9atm
(¢}
expansion °
> (¢}
Vi nRT
=- [ P.av P, =P, =—r
w I wud o= Py Vinal
Viigal vy
w=- | oRT 4y =-nRTJldV=—nRTln£
ooV iV v,
1mole ™ ’ 1mole
300K R (1mol) 300K R (1mol)
300K V, = Vv, = 300K
1 atm 10 atm 1 atm
10 atm w=- (300 K-mol) R In 1220
\V 1 atm V2
1 W= 5743 J=-5.743 K]
(more work done ON surroundings
by reversible than irreversible; w ~ =-2.244 kJ)
e 26
26

13

13
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Pressure-Volume work: irreversible adiabatic expansion P,,, = constant

P=10atm adiabatic g=0 P.=1atm
adiabatic 1
expansion

BENINININL,
| adiabatic expansion against constant pressure (irreversible) |

1mole AU=0+W=—1’N(V2—V|)=—1atm[ﬂ—"1;f'] :]I_mfls
300K Will soon show 3 ’ I 1 za.tm
holds for ideal —nC. AT => -
10 atm [, o 1992 9% AU = nC, AT = 3 nR(T,~T)) vV
V 2
! —latm (1mol) R[ I, _ 300K ] =2 (mon)R(T, -300K)
latm  10atm ) 2

b ’ no q in, less work done
FF S T,=192K w=-1347J=-1.347kJ  than isothermal (-2.244 kJ) 27

27

2
molecular correlates of heat * and work for ideal gas

» total energy:
sum of [number of particles in energy level (v) x energy of that level (¢)]

E=2,v,€,

* heat only (no work):
redistributes particles among levels
q>0 = more particles to higher energy levels
q<0 = more particles to lower energy levels

* P-V work only (adiabatic)

particle in 3D cube: cLiEn 163A DON'T FRET
e Lo
£, "R——7H where n is an integer (1, 2, .. .)

8mV 3

larger volume (w<0) = energy levels lower and get more closely spaced
smaller volume (w>0) = energy levels higher and less closely spaced

28

28

14

14
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molecular picture of heat and work:
constant volume heating (E&R p 44-45) ,,

He gas in 10 nm ‘box’; 0.2 K He gas in 10 nm ‘box’; 0.3K

141078 14 % 10 !3-:
N\ 7\

12%10°2 -4

Energy (joules)
Endrgy (joules)
@

x
=
o

heating of He, constant V
w=0; >0

1. energy levels same spacing: 4V=0, W=0 (no change in size of box)
2. greater number of atoms in higher energy levels: g> 0 raises U;
3. AU>0 (4E>0)

29

29

molecular picture of heat and work:
reversible adiabatic expansion {E&Rp-Fig2-10),,,

He gas in 8 nm ‘box’; 0.31 K ———— He gasin 10 nm ‘box’; 0.2 K

Arrows show how
energy of each level
14 %102 decreases as length of
: box increases

1.2 x 1072

n=8
1x10°23

8x 107 ]

Energy (joules)

6x 10724 -

4x10°24 \

2x 1024 m—\
—

for reversible adiabatic expansion (no heatin) populations in levels do not change
does total energy E=Zn;g; and thus temperature increase or decrease ?7? 30

eus

30

15

15
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Figure 2-10 Energy levels for a He atom confined to a one-dimensional box. Boxes are of
length (a) 10.0 nm and (b) 8.00 nm. Circles indicate the probability that the He atom has an
energy corresponding to each of the energy levels at 0.20 K. Each circle indicates a
probability of 0.010. For example, the probability that the energy of the He atom corresponds
to the lowest energy level in the 10.0 nm box is 0.21

Arrows show how

isothermal expansion AU=0 e e
box increases
1.4%x1072 —:
12x10°3 : ]
1 ) =8
= L1078 L/ !
8 ] ]
3 : ]
2 8x 102 7] d
o
g A ]
@ n=8 (] 4
& 6 X 10’2“€__/ 1
4x10°% —
2x107% :
(a)a =10.0 nm 020K (b) a = 8.00 nm 020K
AT=0 energy levels and occupancies both change
@Pfs‘c!rmn Copyright © 2019, 2013, 2010 Pearson Education, Inc. All Rights Reserved
31
v Heat (q), Work (w) and the First Law of Thermodynamics
AU=qg+w
v' Example calculations of q, w, U for reversible and
irreversible expansions of ideal gas (comparisons and
‘take home messages’)
v" Molecular picture of heat and work energy transfers
32
32

16

16
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End of

Lectures 2-3

33
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