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Today: heat engines

heat input (cyclic) work out
heat

AQin =TLAS engine AW = AQin — AQout

, B e “waste” heat output

Tmax = — 7

AQout > T-AS
iston
Today:closed-cycléneat engines -

e working fluid in container . N
e no fluid leaves or enters working

Friday: internal combustion engines
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Components of alosed-cycle heat engine

-
¥ > i
! N
E
1. Heatin 2. Expand=- do 3. Release heat 4. Contract
work = cycle

Processes need not be distinct

(e.g.isothermal expansion combines 1 + 2)
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Thermodynamic Processes

What we need from thermodynamics for heat engine analysis:

We will analyzethermodynamic processea working fluid
—TFollow processes in terms efate variablep,V,S T
—Assume near equilibrium at all times (quasiequilibrium)

—Combine thermodynamic processesheat engine cycles
o FirstlansdQ=dU + pdV (quasieq— no free expansion)
e Definition of temperature- dQ = TdS (quasieq.)
e Heat capacitydU = C, dT (assumeCy independent of’)

o Ideal gas lawpV = NkgT
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Thermodynamic Processes

expanding fluid
does work on piston

fluid kept at
temperature T

Isothermal expansion

reservoir at temperature T

Constant temperatures dU =0 = dQ=pdV

Note:W = [ pdV = area under p-V curve!
Pt
pV = NkgT
) = constant o >
P2
v, v, S s,
Vv S
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Thermodynamic Processes

Quasiequilibrium processes

In real process,
gradient= heat flow(q = —kVT)

But for slow expansion, temperature

expanding fluid approximately constant at each time.

does work on piston

Quasiequilibrium assumption:
fluid kept at No gradients, system in equilibrium at
temperature T eaCh tlmd

With quasiequilibrium assumption:
isothermal expansioreversible

reservoir at temperature T

Process reversible> dSpiq = 0!

So desire reversible processes for efficient
engines.
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Thermodynamic Processes

3 expanding fluid
<L does work on piston
Adiabatic ; dU = &,NkgdT
eXpanSiOﬂ fluid cools as = Cv(pdV+ Vdp) = —pdV
: expands
(reversible) P = (& + 1)pdV + &Vdp=0

= pV? = constanty = ¢,/¢,

dQ =0, no heat added
No heat addeds> dQ=0 = dU=—-pdV, dS=0

ol pV? = constant

(Vair = 1.4)

P2 T+

vy Vy $1=S,
S
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Carnot engine

1—-2: Isothermal expansion &t
Heat in, work outAQi, = Wy_,»

Carnot Heat Engine _ . .
2—3: Adiabatic expansion,

AQ = AS=0, WOI’szi}g

o, L ) 3—4: Isothermal compressioii()
! Heat out, work inAQoyt = Wa_.4
pV = const 4—1: Adiabatic compression,
pV? =cons AQ = AS=0,work inWy_,1
Spy+ 4
P2 2 -
pV” =const  Total work: area
ps 1 B 3 W = Wip + Woz — Wag — Wy
pV = const
= Qin — Qout = (Th — Tc)AS
—t 4 4 7/ - W/Qin - (TH - TC)/TH - T/C

Vv, v, V,
v
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Carnot engine

Compare: pV and TS plots

P ] heat in
T, =T. ! ‘ 2
1= 27 *
[-% — Ta=T4+ ‘ 8
bl o 4y
heat out
Py
ViVs Vs S-S, 5,5,
\ S

W= [pdV=AQ= [TdS

Net work out = net heat in = area on both graphs

Cycle analysis~ Sudoku—4 relationp, Vi = poVa, pV, = psVy, ...
= solve given 4 independent variables (5 includirig or N)
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Carnot engine

Carnot engines achiewstimal efficiency
But generally very little work/cycle

Previous example had unrealistic= 2.5.

With y = 1.4
Pit 1
T, =T, ! 2
-} = Ta=Ty+
4
Ps T 4
P3 3
Vi Vo Vo Vg S1=84 S2=S3
v s
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Stirling engine

Better: Stirling engine

Need new process +sometric heating
Easy to do irreversibly, more tricky reversibly

No change in volume> dQ = dU = CydT = dS= C,dT/T

V = constant

S=constant+Cy InT

Vi=Ve Sy S,
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Stirling engine

Stirling cycle(note different [engineering] labeling 1-4!)

3 4
P3 T 3 Ta=Tat
T,=T, 1
P2t 2 =Tt
2 1= 12 2
[=3 [

Pa 1
Py T 1

Vo=V Vy=V, S,Ss S,y

\Y S

1 — 2: Isothermal {c ) compression, heat 0@, work in W,.
2 — 3: Isometric heatinc — T4 , heat inQy, no work.

3 — 4: Isothermal Ty ) expansion, heat i@;,, work Wy

4 — 1: Isometric coolingly — Tc , heat oufQ, no work.

Key: heat outpu@. stored inregenerator returned a),

Achieves Carnot efficieneybut greater work output than Carnot!



Stirling engine

Stirling engine implementation (example)

(b) ‘ displacement

Cool | o
L ‘ \\J (n

Regenerator
Expansion space Compression space
i

— (1)

13/16
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Stirling engine

Stirling

cycle: example

Usely = 100°C, Tc = 20°C, V1 =1L, Vo, =04L, p; =1Atm

1. UsepV = NkgT = p's
p3 = pz% = 3.18 Atm

2. Work=AQ= [pdV

JipdV=psVzin ¥

_ PVi_
= Hpt =25Am

Qn=129J(In 2.5~ 1187

pg == 1.27 Atm
4 out =101 J (In 2.5 9257
W = Qout — Qin =2 25.5J

Compare Carnot: Vi& 8.6 J

| |

Vo=Vg=04L V=V =1L
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Stirling engine

Stirling engines

Maximum (Carnot) efficiency

Higher work/cycle than Carnot for given p, V extremes
Theoretically very promising

Variant: Ericsson cycle—constant pressure regenerative process
External combustion, arbitrary fuel source (solar, nuclear, rice. . .)
Currently used in niche apps (space, mini cryocoolers. . .)

Technically challenging!
—Hard to get true isothermal expansion
—Seal problems at high pressure (Beale: free piston SE)
—Materials exposed to high T for long time

Maybe widely used in future? (vehicles, solar thermal?)
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SUMMARY

e Thermodynamic processes/cycles: use state varigb\est, S U
quasiequilibrium assumption, reversible processes.

e Isothermal expansion/compression: add heat, do work
dQ = dW, dU = 0. pV = constant,T = constant.

e Adiabatic expansion/compression: no heat added
dU = —pdV, dQ = 0. pV? = constantS = constant.

e Isometric heating/cooling: reversible witbgeneratoy no work
dQ = dU. V = constantS = Cy In T+ constant.

e Carnot cycle: IT exp., Ad exp., IT compr., Ad compr.
Maximum (Carnot) efficiency, but small work done per cycle.

e Stirling cycle: IT compr., IM heat, IT exp., IM cool.
Maximum efficiency, more work/cycle than Carnot

e — S — S — S —— e — el
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