Thermodynamics and energetics I: Exercise 8, Solution

1. A Carnot power cycle is operated with steam/water as the working fluid. During the
isothermal expansion, the water is heated from an initial state 1, with pressure p;, tem-
perature T and the quality 15 %, to saturated vapor state 2. The vapor then expands
isentropically to a state 3 with temperature T3 and pressure p3 < p;. Isothermal compres-
sion then bring state 3 to state 4, and then back to state 1 with an isentropic compression.

Note the specific entropies at the saturate states satisfies s,(ps) < s4(p1) < s¢(p1) < s¢(ps)

(a) Sketch the states and the processes in the pv diagram. (Don’t be concerned about the
specific shape of the isentropic curve)

(b) Describe how you would obtain the specific internal energy and specific entropy for
each of the 4 states in the Carnot cycle. Provide an analytical expression, not a
numerical solution.

(c¢) Determine the expressions for heat and work transfer for each process, assuming you
know the specific internal energy and specific entropy for each of the 4 states in the
Carnot cycle. Provide an analytical expression, not a numerical solution.

(d) Provide an expression for the thermal efficiency.

(a) The Carnot cycle consists of the following processes:

1-2: Isothermal expansion

2-3: Adiabatic, reversible expansion (isentropic)

3-4: Isothermal compression

4-1: Adiabatic, reversible compression (isentropic)
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e state 1

z; = 0.150
Tl = Tsat(pl)
uy = us + 1 (ug — uy)

s1 = s¢+ x1(sg — 1)

e state 2

To = 1
Process 1-2 is isothermal: T, = T}

In the two-phase region it holds that if T = constant also p = constant. py = p;

Uy = ug<p2)
So = Sg(pQ)
e state 3

Process 2-3 is isentropic: s3 = s
S3 — St

T3 —
Sg — Sf

TS = Tsat(p3)
ug = ur + x3(ug — ur)

e state 4

Process 3-4 is isothermal: Ty = T3, py = p3
Process 4-1 is isentropic: s; = 1
S4 — S

Ty =
Sg — Sf

uy = us + x4(ug — uy)

(c) First law of thermodynamics (closed system): AU = Q — W



e 1-2 (isobaric and isothermal)

2

Wio = m/ pdv = mp;(ve — vy)
1

Q12 = m(ug —uy) + Wio

or

2
Q12 = m/ Tds =Tim(ss — s1)
1

Note: Although 1-2 is an isothermal process, AU # 0 because it is not an ideal
gas/liquid. In the last equation.

e 2-3 (adiabatic)

Q2 =0
Was = —Ugs = —m(u3 - U2)

e 3-4 (isobaric and isothermal)

4
Wiy = m/ pdv = mps(vy — v3)
3

Q34 = Usy + Wsq = m(uy — ug) + Way

or
4
Qs34 = m/ Tds = Tysm(sy — s3)
3
e 4-1 (adiabatic)
Qu =0

Wy =-Uy = —m(u1 - U4)

W12 + W23 + W34 + W41

MNtnh = 01
Or
Tc T3 T
arnozl__zl__zl__
TCarnot T T T

R

Mair =29 | — Rair =
g/mo Mair

— 286.7 J/(kg K)



Vi

T = =586.0 K=31285°C =Ty, =Ty
Mivyiy
NCarnot = TH

TC = (1 - nCarnot)TH =2344 K= -38.77 °C = T3 = T4

(b) First law of thermodynamics (closed system): AU = @Q — W

e 1-2 (isothermal)

Under the hypothesis of perfect gas, AUjp =0
W12 — Q12 - 40 kJ

V.
pV = mRy 1 =piVi = p= Pl—l

V
2 2
Vi Vs
Wi = [ pdV = 2V = pViln | 2
12 /129 /1P1V D1 IH(VI)
Wi
Vs :V1-exp( 12) = 0.3045 m?
mVi
()
airT
Py = % — 5.517 bar
Process 2-3 is isentropic:
mRairT

pV7 = constant — TV” = constant — 7 - VO™V = constant

_ 1y (v=1) ﬁ_ 13 ﬁ_ 3
\/3—(T3V2 =V, T, =3.009 m

Process 4-1 is isentropic:

IR
Vi=VWV; (-1) =2.372 m*
T,

o mRairT4

P4 = v, = 0.2833 bar




(d)

state 1 2 3 4
plbar] 7 5.517 0.2233 0.2833
V[m? 0.240 0.3045 3.009 2.372
T [°C] 312.8 312.8 _38.77 _38.77
T [K] 586.0 586.0 234.4 234.4
e 2-3 (isentropic)
Q23 =0
V7 = constant — p = py2.
pV? = constant — p = pyyr
3 3 g 2
V p2Vy' 1— p2Va — psVs
= dV = 24qV = =2 - )= "= =2520kJ
Was /QPV /2102‘/7 4 1_7(‘/}, Vo) o

e 3-4 (isothermal)

Ws4 = p3Vsln (V

Vi

3

> =—16 kJ

AU34 =0— Wiy = Q34 =-16 kJ

e 4-1 (isentropic)

Qu=0
1
— 4V,
W41:/ pdvzplvl PaVa
4 L—x
W[kJ] Q[kJ]
1-2 40 40
2-3 252.0 0
3-4 -16 -16
4-1 -252.0 0
p 2
1
4

= —252.0 kJ

v




3.

(a) Note: This is a Carnot cycle.

[

\ 4

A 4

J
My = 29 g/mol — R, = 286.7 k—

g K
F fect 1 R 716.8 J
T T LGy = iy = O T
or perfect gas: c o— ks K
airT
v = My gy
D1
RairT
Vv, = it 6 079 m?
P2

1

T\ 71
Process 2-3 is isentropic (see 3c): V3 =V, (Tz) =0.125 m*

3

RairT
p3 = m 3 = 4.579 bar
Vs
S
Process 4-1 is isentropic: Vy = V; (%) =0.025 m®
4
RairT
Py = m 1 =22.90 bar
Vi
plbar] | V[’ T K]
1 50 0.014 500
2 10 0.072 500
3 4.579 0.125 400
4 22.90 0.025 400




(¢) e 1-2 (isothermal)

V;
Wi = p1Viln (5) = 115.4 kJ

1
AUis = 0, therefore: ()10 = Wiy = 115.4 kJ

e 2-3 (isentropic)

Q23 =0
Was = —AUsz = 35.84 kJ

e 3-4 (isolthermal)

Vs

AUsy = 0, therefore: Q34 = W34 = —92.29 kJ
e 4-1 (isentropic)

Qu =0
W41 == —AU41 - —3584 kJ

WTkJ] Q[kJ] AU [kJ]
1-2 115.4 115.4 0
2-3 35.84 0 -35.84
3-4 -92.29 -92.29 0
4-1 -35.84 0 35.84

(d)

Qnet = Q12 + Q34 = 23.07 kJ

Whet = Wig + Wag + Way + Wy = 23.07 kJ
(e)

Wiag + Waz + Way + Wy
Neh = =0.2
Q12




(f) Each process is internally reversible, therefore it is possible to write:

_ (%€ _ [
ds_(?)m - AS—/T

rev

26Q Q1154 kJ
AS, = — =——=——=0.23 —
12 /1 T T 500 K
3 5@
A = _—=
523 /2 T 0
16Q Qs —98.29 kJ
St /3 T Ty 400 023 %

15@
AS41—A ?—0

)
AScycle = j[ ?Q = ASjs + ASy3 + AS54 + ASy; =0

Note: The entropy variation in adiabatic and internally reversible processes is zero
(isentropic processes). Being a state property, in every cycle (either reversible or
irreversible) the total variation of entropy is zero.



