NOTES ON THERMODYNAMICS, FLUID MECHANICS, AND GAS DYNAMICS

3.8. Common Thermodynamic Cycles

Important: The reader should read the Conservation of Mass, First Law, and Second Law sections of
Chapter 4 prior to reading this section since this section involves applying these relations to control volumes,
which have mass crossing the control volume boundaries.

In this section we review several thermodynamic cycles encountered in practice, including;:

the Carnot cycle (not common in practice, but real cycles are often compared to this ideal cycle),
the Rankine cycle and improvements to the Rankine cycle,

the Otto, Diesel, and dual cycles, and

the Brayton cycle and improvements to the Brayton cycle.

3.8.1. Carnot Cycle

The Carnot cycle is one particular type of internally reversible cycle and serves as a point of comparison for
other real and internally reversible cycles. Carnot cycles include power, refrigeration, and heat pump cycles.
This section, however, focuses specifically on Carnot power cycles. The Carnot refrigeration and heat pump
cycles are similar to the power cycle, but operate in the opposite direction.

The Carnot power cycle consists of the following four internally reversible processes:

(1) Process 1 — 2: Isothermal expansion at Tp.

(2) Process 2 — 3: Adiabatic expansion (Q23 = 0).
(3) Process 3 — 4: Isothermal compression at T¢.
(4) Process 4 — 1: Adiabatic compression (Q41 = 0).

As mentioned previously, a Carnot refrigeration or heat pump cycle would operate in reverse, i.e., Process 1
- 2 would be an isothermal compression, Process 2 - 3 would be an adiabatic compression, etc.

Notes:

(1) Figure 3.39 illustrates the four Carnot power cycle processes for a piston-cylinder arrangement. The
corresponding processes are shown on the p-v and T - s diagrams for a substance remaining entirely
in the vapor phase throughout the cycle. Note that Carnot cycles can also involve working fluids
that change phase.

(2) One can also have a Carnot cycle involving a system of components, as shown in Figure 3.40. The
same four processes described at the beginning of this section occur in this system. In the particular
case shown in the p-v and T - s plots, the working fluid is a saturated liquid vapor mixture.

(3) Since each of the processes in a Carnot cycle is internally reversible, the entire Carnot cycle is
also internally reversible. Furthermore, in a Carnot cycle, the absolute temperatures at which the
energy is added to or removed from the working fluid via heat transfer are Ty and T¢. Hence, the
efficiency and coefficients of performance of a Carnot cycle are given by,

Tc

oy =1 — 2 3.189
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Tc
COPretroy = —S 3.190
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Paproy = ————. 191
COPup e T — To (3.191)

(4) In order to be internally reversible, the heat addition and removal processes with the thermal
reservoirs must not occur over a finite temperature gradient, i.e., the temperature of the system
must equal the temperature of the thermal reservoir during the heat addition and heat removal
processes. In a real system, there must be some finite temperature difference to drive the heat
transfer process, which is one reason a real cycle would not be reversible. Similarly, in order to be
internally reversible, the working fluid must have no viscosity, there should be no friction in the
system, and all of the processes must be in quasi-equilibrium.
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F1GURE 3.39. A sketch of the four processes of a Carnot power cycle for a piston-cylinder
system. The corresponding processes are sketched on p-v and T - s plots for a working fluid

that remains entirely in the vapor phase throughout the cycle.

(5) It’s possible for a system to have the same set of processes as the Carnot cycle (isothermal expansion,
adiabatic expansion, isothermal compression, adiabatic compression), but not be reversible. For
example, the heat transfer may occur over a finite temperature difference or the working fluid may
be viscous. In that case, the efficiency of the cycle will be less than the Carnot efficiency.
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FI1GURE 3.40. A sketch of a Carnot power cycle and p-v, and T - s plots for a simple vapor
power cycle in which the working fluid remains as a saturated liquid-vapor mixture.
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An ideal gas within a piston-cylinder assembly undergoes a Carnot refrigeration cycle. The isothermal compression
occurs at 325 K from 2 bar (abs) to 4 bar (abs). The isothermal expansion occurs at 250 K. Determine:

a. the coefficient of performance,

b. the heat transfer to the gas during the isothermal compression, in kJ per kmol of gas,

b. the heat transfer to the gas during the isothermal expansion, in kJ per kmol of gas, and

c. the magnitude of the net work input over the cycle, in kJ per kmol of gas.

SOLUTION:
—— hot reservoir, Ty bp A : isothermal expansion
! ideal gas I 4 bar : adiabatic compression
i | UH,cycle . .
: isothermal compression

Weycle 2 bar | : adiabatic expansion

QC,cycIe

|
cold reservoir, T¢ 2 Tc

v

Since a Carnot cycle is reversible, the coefficient of performance is,

T
COP,, =——
revv TH - TC

with Ty = 325 Kand T¢ =250 K => |COPref,rev = 3.33|.

The heat transfer to the gas during isothermal compression (process 3-4) can be found using the 1% Law for the
process. From the 1% Law applied to the system identified in the figure, specifically for the process from 3 to 4,
AEsys,34 = Qimo sys,34 + Won sys,34 = Qinm sys,34 = Wby sys,34 7 (2)

where AE;ys 32 = 0 since we’re assuming no change in kinetic or potential energy during the process, and since the

process is isothermal and we’re working with an ideal gas in which u = u(T), AUss = 0. The work done by the system

during this compression is,

mRT,
Vv

(1)

Vy
Wby sys,34 = dev = J
V3

Vs

Vy

dV:mRTde—VszTH 1n(&j=mRTH h{&), (3)
vy 14 V; Ps

where the ideal gas law has been used a couple of times (pV = mRT) couple with the fact that the process is

isothermal with T = Ty and m = constant. Since we’re asked to find the heat in kJ per kmol, re-write Eq. (3) on a per

mole basis (recall m = n/M and R = MR,, where M is molecular weight),

_ W .. -
W,, st = (n/M)(MR,)T,, ln(&j = b3 R h{&] . (4)
Py n Py
Combining Egs. (4) and (2) gives,
Qinlo sys,34 — I_euTH ln[&] . (5)
n Py

Using the given data,
R, = 8.314 kJ/(kmol.K)
Th=325K
ps3 = 2 bar (abs)
pa =4 bar (abs)
=> |Qinto sys,34/Nn = -1870 kJ/kmoI| (heat is leaving the system during this compression process)
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To determine the heat transfer during isothermal expansion, make use of the definition of the absolute
temperature scale,

O T, T, T,

] =—= = —_— = = — -, 6

Orle, T, 0T 200y, (6)
cycle

where Qc = Qinto,12 and Qy = -Qinto,34- Using the given data,
=> |Qinto,12/n = 1440 ki/kmol |

The magnitude of the net work input over the cycle may be found using the definition of the coefficient of
performance for a refrigeration cycle,
CO ref = QC = Won sys.net = QC * (7)
on sys,net | COPref

Using the given data,
=> [Won sysnet/n = 433 kl/kmol.
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Two kilograms of air within a piston-cylinder assembly execute a Carnot power cycle with maximum and minimum
temperatures of 750 K and 300 K, respectively. The heat transfer to the air during the isothermal expansion is 60
kl. Atthe end of the isothermal expansion the volume is 0.4 m3. Assuming the ideal gas model for the air,
determine:

a. the thermal efficiency,

b. the pressure and volume at the beginning of the isothermal expansion, in kPa (abs) and m3, respectively,

c. the work and heat transfer for each of the four processes, in kJ, and

d. sketch the cycle on a p-V diagram.

SOLUTION:
s hot reservoir, Ty p A 1 1-2: isothermal expansion
' air i | A 2-3: adiabatic expansion
H H WH,cycle . .
2 3-4: isothermal compression
Weyde 4-1: adiabatic compression
QC,cycIe 4 TH
cold reservoir, T¢ |3 Tc
0.4m3 v
Since the cycle is a Carnot power cycle, which is reversible, the efficiency is given by,
T,
=1--X, 1
nl’eV T ( )

H

Using the given temperatures (T¢ = 300 K and Ty = 750 K) => .

The pressure and volume at the beginning of the isothermal expansion (state 1) may be found combining the 1%
Law applied to the system shown in the figure, with the given heat transfer, and the definition of the power cycle
efficiency. Applying the 15 Law to the system for the process from 1 to 2,

AE, =0 +W. = Wby,lz =Cinou2 » (2)

into,12 on,12
whereWay,12 = -Won,12. Furthermore, AE1; = 0 since the change in kinetic and potential energy in going from state 1
to state 2 is zero, and since the process is isothermal and the system is an ideal gas (u = u(T)) => AU12 = 0. The heat
added to the system in going from 1 to 2 is given (= 60 kJ) and thus the work done by the system is also known.
The work done by the system may also be found using,
V; V, v,
ot _ fmRT, _ FdvV Vv,
Wi, 12 _ledv_ll , dV—mRTH‘V[IV—mRTH IH(VI]' (3)
where the ideal gas law has been used (pV = mRT) along with the fact that the process from 1 to 2 is isothermal
with T=T,. The mass is constant too. Since the volume at the end of the isothermal expansion process is given (V-
=0.4 m?), we can solve for V3,

W,
W,y 1, = mRT, ln(%] =V, =V, exp[—m;—”T‘;] , (4)
with,

Vz =04 m3,

Wby,12 =60 kJ,

m=2kg,

Rair = 0.287 ki/(kg.K),

Tu=750K,

= [y =0.348 mJ,
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The pressure at state 1 may be found using the ideal gas law,

_ mRT,
Vi

=> |p; = 1.24 MPa (abs).

P (TL=Tw), (5)

The work and heat for process 1-2 have already been calculated. The heat for processes 2-3 and 4-1 are zero, i.e.,

since these processes are adiabatic.

The work done on the system during process 2-3 may be found using the 1% Law,
AE,; = Qimo,23 TWons = Wons = AU, = m(”s - ”2), (6)

where u; = uy(T> = Ty) and us = us(T3 = T¢) since the air is being treated as an ideal gas. These specific internal
energies may be looked up in a table, e.g., Table A-22 from Moran et al., 8" ed.,

U =551.99 ki/kg and u; = 214.07 kl/kg => |W0n,23 = AU»3 =676 kl|. (7)
If a perfect gas model is used, then,
AUys = mc.,(Tg - Tz) => AU =673 kJ, (8)

where ¢, = 0.748 kJ/(kg.K) (Table A-20, Moran et al., 8" ed.). This result is less than 1% different than the ideal gas
result.

The work done on the system during process 4-1 will be identical in magnitude, but opposite in sign to the work
done on the system during process 2-3 since both processes are adiabatic and operate between the same

temperatures. Hence, |Won41 =-676 kl|.

For process 3-4, the heat transferred into the system may be found using the definition of the absolute
temperature scale (since the process is assumed reversible),

o| _T I !
é . = i = QC = QH T_C = Qoutof.34 = Qimo,l2 T_C ’ (9)
cycle

H H
Using the given data, |Qout of 34 = 24 kJ|.

Since the process from 3 to 4 is isothermal, we’re dealing with an ideal gas, and there is no change in kinetic or
potential energy, the 15 Law gives,
AE34 = Qimo.34 + Won,34 = Won,34 = Qoul of 34 7 (10)

=> Won,34 =24 kl|.

As a check, we can substitute the heat and work values into the definition for the power cycle efficiency,

W Sys,net
= (11)
Qinto sys,12
where Wbysys,net = Wby,lz + Wby,23 + Wby,34 + Wby,41 = (60 kJ) + (676 kJ) + (-24 kJ) + (-676 kJ) =36 kJ,
=> 717 =0.6, which is exactly the value expected from part (a).
Also, from the 1% Law applied to the entire cycle (recall AE.,e = 0), we must have,
Qinto,net = Wby,net,
where Qinto,net = Qinto,lZ + Qinto,23 + Qinto,34 + Qinto,41 = (60 kJ) + (0) + ('24 kJ) + (O) =36 kJ, which is preCiSGW Wby,net
found previously.
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