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Figure 5.1 Hlustration of a Carnot cycle based on steam in T-§ coordinates.
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Figure 5.1 Hlustration of a Carnot cycle based on steam in T-§ coordinates.

The Carnot cycle has a major advantage over other cycles. It operates at the highest tempera-
ture available for as long as possible, reducing irreversibilities at the boundary because the system
approaches the reservoir temperature during the entire heat transfer. In contrast, other cycles may
only approach the hot reservoir temperature for a short segment of the heat transfer. A similar argu-
ment holds regarding the low temperature reservoir. Unfortunately, it turns out that it is impossible
to make full use of the advantages of the Carnot cycle in practical applications. When steam is used
as the working fluid, the Carnot cycle is impractical for three reasons: 1) It is impractical to stay
inside the phase envelope because higher temperatures correlate with higher pressure. Higher pres-
sures lead to smaller heat of vaporization to absorb heat. Since the critical point of water is only
~374°C, substantially below the temperatures from combustion, the temperature gradient between a
fired heater and the steam would be large; 2) expanding saturated vapor to low-quality (very wet)
steam damages turbine blades by rapid erosion due to water droplets; 3) compressing a partially con-
densed fluid is much more complex than compressing an entirely condensed liquid. Therefore, most
power plants are based on modifications of the Rankine cycle, discussed below. Nevertheless, the



5.2 THE RANKINE CYCLE

In a Rankine cycle, the vapor is superheated before entering the turbine. The superheat is adjusted to
avoid the turbine blade erosion from low-quality steam. Similarly, the condenser completely reduces
the steam to a liquid that is convenient for pumping.
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Example 5.1 Rankine cycle

A power plant uses the Rankine cycle. The turbine inlet is 500°C and 1.4 MPa. The outlet is 0.01
MPa. The turbine has an efficiency of 85% and the pump has an efficiency of 80%. Determine:

(a) The work done by the turbine (kJ/kg)
(b) The work done by the pump, the heat required, and the thermal efficiency;
(¢) The circulation rate to provide 1 MW net power output.

Solution: We will refer to Fig. 5.2 for stream numbers. The recommended method for solving
process problems is to establish a table to record values as they are determined. /n this text we
will show values in the tables with bold borders if they have been determined by balance calcu-
lations. The turbine outlet can be read from the temperature table without interpolation. Cells
with standard borders refer to properties determined directly from the problem statement

Ste T'(C) | P(MPa) g HJkg) | S(kIkeK) | Vim'kg)
3 500 14 supV T 34748 7.6047
4 45.81 0.01 0.927 2409.2 7.6047
a 45.81 0.01 0.972 25158 7.9388
S,satl | 4581 0.01 0.0 191.8 0.00101
6 compl. 191.6

Becausce the turbine inlet has two state variables specified, the remainder of the state propertics
arc found from the stcam tables and tabulated in the property table. We indicate a superheated
vapor with “supV"” compressed liquid with “compL.”™
(a) Stepping forward across the turbine involves the same specifications as part (c) of
Example 4.13 on page 168. The propertics from 4 and 4" are transterred from that
cxample to the property table. The work done is —959 kl'kg.

(b) The outlet of the condenser is taken as saturated liquid at the specified pressure, and

those valucs arc entered into the table. We must calculate Qn and l'f'.m. So we need
Hgand WM which are determined by calculating the adiabatic work input by
the pump to increase the pressure from state 5. Although the reversible calculation for
the pump is isentropic, we may apply Egn. 2.61 without direct usc of entropy, and then
correct for efficiency. For the pump,




A s = WS pump = IVdPu VAP .

_ 1010 cm3(l.4-0.01) 1] kI _
AH' - = 14 klk
pewp kg emMPa | 10°] ’

Ws.ymp = W's.pump/"c = 14/08 = 1.8 kl'kg

Thus, the work of the pump is small, resulting in A, = 191.8 + 1.8 = 193.6 kJ'kg. The net
work is F'g, = -959.0 + 1.8 = 957.2 kI/kg. The only source of heat for the cycle is the
boiler/superheater, All of the heat input is at the boiler/superheater. The energy balance
gives Q= (H;— H)=3281.2 kJ’kg. The thermal cfficiency is

W
Smet - (BTL) _ 2917

o = Qu 281

If we neglected the pump work, the efficiency would 29.23%. Note that the pump work
has only a small cffect on the thermal efticiency but is included for theoretical rigor.

(c) For 1 MW capacity, "}s = MW g e, the circulation rate is

s -9572| h
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Conskler a modification of Example 5.1, If we limit the process to a S00°C boilen'superheater
with reheat, we can develop a new cycle o mvestigate an impeovement in efficiency axl circula-
tion rute. Let us operate a oycle utilizing two reversible turbines with 7z = (.85 and a pump with
#1e = 0.8. Let the fised to the first turhine be stesrn wt SO0°C and 6 MPa. Let the fieed to the second
stage be 1.4 MPa and S00°C (the sume as Example 5.1). Determine the improvement m effi-
ciency and circulation rute relative o Example 5.1,

Selution: Refer to Fig. 5.3 for stream numbers. First, lot us find state 3. The inlet state values are
eatered in the table, % = Pc because we neglect the heat exchunger pressure drop. Upon expan-
sion through the first revensible turbine, we look st the 5% i 1.4 MPa und find it lower that Se.
Therefure, the reversible stute is superheated. Using {S.P} to find /7,

. 68526 — 67488 - _ )
' = 292794 59557 6 7488 488(3040.9 2927.9) = 3001.2 kl'’kg
Correcting for efficiency.

Al = WS.I = D.BS(3001.2 -3423.1) = 0.85(-421.9) = -358.6 kl'kg

A, = 34231 - 358.6 = 30645 klkg

Sate | TPC) | PMPa) | Hkdkg | SOdkgK) | P (mikg)
3 500 6 | 342 68826 i
& 14 S001.2 68820
3 3064.5

7satl | 4541 | a0l 191.8 0.00101

State 5 was used m Example 5.1 (as state 3). Solving the energy halance for the reheater,

O, ey = (H— 1) = 34748 - 3064.5 = 4103 klikg

Turhine 1T was unalyzed in Example 5.1. We found W= -959.0 klkg and the total work out-
pubis g o tine, = (-358.6 -959.0) = ~1317.6 kIkg The pump must raise the pressure to § MPa.
Using Egn. 2,61, and correcting for efficiency,

6-0.01) 1
A s = WS purep = unowiﬁ - 7.6 kikg

Stute 7 is the sume 2= state 5 in Example 5.1 and has heen tabulated in the property table,
Hy = Il W g gy = 191.8 + 7.6 = 199.4 kX'kg. The net wurk is thus

Ws g = —1317.6 4 7.6 = ~1310 kikg

The heat for the boilen'superheater is given by (b = I — Hp=3423.1 - 1994 = 32237 kl'kg.




Example 5.2 A Rankine cycle with reheat (Continued)

The theemnal efficiency is

g - _Wsuu - —WSnu - 1310 036

Oy Oopow Opr) 4103132237
e = S1O00)3600) _ 2048 kgh

(-1310) o
- . (036 -0.29) N st -
The efficiency has mmproved by 029 % 100 % = 24%, and the circulstion rue has | prows Bamed
been decressed by 27%. ' oficuncy
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Example 5.3 Regenerative Rankine cycle

Steam (1) exits a boiler/superheater at 500°C and 5 MPa. A process schematic is shown in Fig.
5.7. The first stage of the turbine exits (2, 3) at IMPa and the second stage of the turbine exits (4)
at 0.1 MPa. A feed preheater is used to exchange heat with a 5°C approach temperature between
streams 7 and 8. Find the net power output per kg of flow in stream 1.

1 3

Boiler/ 2 4
Superheat ] Con d‘j@‘

A7

Figure 5.7 Regenerative Rankine cycle for Example 5.3.

Solution: First, notc that strcams 2 and 8 are on the same side of the feedwater preheater and are
thus at the same pressure. Streams 7 and 6 must be at the boiler pressure by similar arguments.
And stream 5 must likewise be at the condenser pressurc. Strecam § Icaves as saturated liquid at
the 1 MPa, thus we find Hy=762.5 kl'kg, and Ty = I80°C. Stream 7 is thus at 175°C and 5§ MPa.
Following Example 2.6 for a compressed liquid, H, = 741.02kJkg + (5-0.893MPa)(1.12cm’/g)
= 745.6 kJ'kg. Often, onc of the key steps in working a problem involving a regenerative cycle is
to solve for the fraction of cach flow diverted rather than solving tor the individual flow rates.

Stream | 7(°C) | P(MPa) | H(kIkg) | SkIkeK)
1 500 5 34347 69781
2 300 1 30516 71246
4 0.1 2615.7 72000
5 0.1 4175
6 4227
7 175 5 745.6
8 [ED) 1 762.5

The tlow rates of streams 7, 6, and 5 arc equal to the flow rate of stream 1, and we may writc the
cnergy balance around the feedwater preheater using the mass flow rate of strcam 1 together
with the mass flow rate of stream 2, #t (H.— H,) +#,(H, - Hy) = 0. Dividing by 1, and
substituting values gives (423 — 746) + (#h, /w1y (3052 = 763) = 0, and rity /iy = 0.14.
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Solution: First, notc that strcams 2 and 8 are on the same side of the feedwater preheater and are
thus at the same pressure. Streams 7 and 6 must be at the boiler pressure by similar arguments,
And stream 5 must likewise be at the condenser pressurc. Stream § Icaves as samurated liquid at
the 1 MPa, thus we find Hy=762.5 kl'’kg, and Ty = I180°C. Strcam 7 is thus at 175°C and 5 MPa.
Following Example 2.6 for a compressed liquid, 5, = 741.02k)%g + (5-0.893MPa)(1.12cm’/g)
= 745.6 kJ'kg. Often, onc of the key steps in working a problem involving a regencrative cycle is
to solve for the fraction of cach flow diverted rather than solving for the individual tlow rates.

Strearn | 7(°C) | POMPa) | Akikg) | Sikke-K)
1 500 5 34347 69781
2 300 1 30516 71246
4 0.1 2615.7 7.2000
b} 01 417.5
6 5 4227
7 175 5 745.6
8 180 1 762.5

The flow rates of streams 7, 6, and 5 arc cqual to the flow rate of stream 1, and we may write the
cnergy balance around the feedwater preheater using the mass flow rate of stream 1 together
with the mass flow rate of stream 2, # (H— Hy) +iii,(H, — Hy) = 0. Dividing by s, and
substinating valucs gives (423 — 746) + (i, /iy (3052 = T763) = 0, and mry /iy = 0.14.

The net work is given by
E-’S.m.'f = pi:,(ws_,)+m3(ws_”)+ml(Ws_m) , and on the basis of onc kg from the

boiler/superheater, B"’ﬁ'=(W )-(l—”ﬁ)(W )= (W ) , and using enthalpics to
? 'hl s ""1 ST S.m ?

calculate the work of cach turbine,

ﬁ.’S.ncf_ <+ = —kl
o (3052 - 3435) = (1 — 0.14)(2616 — 3052) + (423 - 418) 7s3kgmm]

Referring to the tabulated valucs,

(f)_" =H —Hy, =3435-746 = 2689L =y -
ity kg strcam | 2689

esmmgbr
fovwrate raios In
regencratve oyckes
can be helpdd when
tha otal flowraie ks



5.4 REFRIGERATION
Ordinary Vapor Compression Cycle

As with the Rankine cycle, we make some simplifications that would have to be recvaluated in
a detailed engincering design. Again, we negleet pressure losses in piping. We assumc that the vapor
is saturated at the inlet to the compressor, and that the outlet of the condenser is satarated liquid.
Thus, saturated vapor enters the compressor and exits heated above the condenser temperanure, then
cools in the condenser until it condenses to a satrated liquid. In the cyclic process, the saturated lig-
uid is passed through a throttle valve at constant enthalpy and cxits as a two-phase mixture. The
cvaporator is assumed to be isothermal, and accepts heat at the colder temperature to complete the
vaporization. The OVC cycle is often characterized using a P-H diagram as shown in Fig. 5.9.

Hot Side. O 3
4 —
—1: Condenser )

: J - — /I
1 4/ N
X Throttle Valve Compressor,” . A ) '

— - 1 .r\._
= Evaporator | : 2
1 e 2
Cold Side, Q. s

Kigure 5.8 OVC refrigeration cycle process schematic and 148 diogram.

Kigure 5.9 OVC refrigeration cycle ploited on the /
more commonly wsed P-H diogram.
State numbery correspond to Fig. 5.5,
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Kigure 3.8 OVC refrigeration cycle process schematic and 148 diogram.
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Figure 5.9 OVC refrigeration cycle plotted on the / 3

maore commonly wsed I-H diagram. 1 /
State aumbers correspond to Fig. 5.5,

H
The COP can be related to the conditions of the process streama.
COP = QoW Qc = (H2— HY
Energy balance: W =AH2 33 = (Hs— Hy
= COP = (H, - H\)/{(H; - H,) = (Hy — H)/(H; - H,) 53 Omph”

nary vapor om-
preasion oycke.



Example 5.4 Refrigeration by vapor compression cycle

An industrial freezer room is to be maintained at —15°C by a cooling unit utilizing refrigerant
R134a as the working fluid. The cvaporator coils should be maintained at —20°C to ensure cffi-
cient heat transfer. Cooling water is available at 10°C from an on-site water well and can be
warmed to 25°C in the condenser. The refrigerant temperature exiting the condenser is to he
30°C. The cooling capacity of the freczer unit is to be 120,000 BTU/MR (126,500 kI/h); 12,650 kI'h
is kmown as onc 7on of refrigeration because it is approximately the cooling rate (cooling duty)
required to treeze onc ton of water at 0°C to one ton of ice at 0°C in 24 h. So this refrigerator
represents a 10 ton refrigerator. As a common tframe of reference, typical home air condition-
crs are about 2-3 tons, but they typically weigh less than 100 kg. Calculate the COP and recircu-
lation rate (cxcept part (a)) tor the industrial freezer in the following cascs:

(a) Camot cycle.

(b) Ordinary vapor compression cycle with a reversible compressor.

{c) Vapor compression cycle with the throttle valve replaced with an expander.
(d) Ordinary vapor compression cycle for which compressor is 80% cfficient.

Solution: We will refer to Fig. 5.8 for identifying state by number. The operating temperatures
of the refrigeration unit will be

Ty=Ty=303K Te=T>=253K

(a) Carnot cycle

Note that 73 will be higher than 7}, but we use the condenser outlet 7 as the benchmark tem-
peramre.

cop._tc_ - _253
T,—T. 303-253

(b) Ordinary VC cycle with reversible compressor

We will create a table to summarize results. Values determined from balances are shown in bold-
faced table cells. Other valves arc from the R-134a chart in Appendix E. State 2 is a convenicnt
place to start since it is a saturated vapor and the temperarure is known, T3 = =20°C, from the
chart, H," = 386.5 klikg and 5, = 1.7414 kJ/’kg-K. The condenser outlet (state 4) is taken
as saturated liquid at 30°C, so the pressure of the condenser will be P,,"'" (30°C)=0.77 MPa, and
Hy = 241.5 kJ’kg, S5 = 1.1428 kJ'’kg-K. Because the throttle valve is isenthalpic (Section 2.13),
Hy =H,.

= 5.06

O 42 00 kam

|5 known as a fan of
refigeration
epecky.



Example 5.4 Refrigeration by vapor compression cycle (Continued)

State TK)  P(MPa) | Bk | S kgK)
1 253 013 241.5 |
1" (for part (€)) | 253 0.13 235.0 T4 |
2, satV 253 0.13 386.5 1.7414
Y 31 0.77 a24 17414
4 303 0.77 241.5 1.1428

The compressor calculation has already been performed in Example 4.17 on page 174. If the
process is reversible, the entropy at state 3' will be the same as §,. Finding /' from §4'=1.7414
kJkg-K and Py = (.77 MPa, using the chart, H3' = 424 kJ/'kg. Notc that the pressure in the con-
denser, not the condenser temperature, fixes the endpoint on the isentropic line from the satu-
rated vapor.

Oc _ H-H) _ (H-H) _ 386.5-241.5 _

COF = - == = = 3.87
Weoer '—H,) (Hy-H,) 424-3865

The required circulation rate is

Q = 126,500 = mQ, = m(H,—H,) = (3865 —241.5), which gives i = 872 kg/h.

(€) ¥C cycle with turbine expansion

The throttic valve will be replaced by a reversible expander. Therefore, §' =83 = 1.1428 klkg-K.
The saturation vahies at 253 K are 5 = 0.8994 kI/kg-K and §** = 1.7414 kJ/kg-K; therefore,
S)'= 11428 = ¢-1.7414 + (1 — ¢')0.8994, which gives g'= (.289.

Then, using the saturated enthalpy valucs and the quality, H|' = 235.0 kJ/kg. In order to calcu-
late the COP, we must recognize that we arc able to recover some work from the expander,
given b}' Hy'—Ha.

cop =2 - (Hy-Hy) _ 386.5 -235.0
Wy et (Hy—Hy)+(H'-H;) (424-3865)+(2350-2415)

= 4.89

The increase in COP requires a significant increase in cquipment complexity and cost, since a
two-phasc expander would probably have a short life duc to erosion of tarbine blades by droplets.
(d) Like (b) but with irreversible compressor

States 1, 2, and 4 are the same as in (b). The irreversibility simply changes state 3.

Q- (Hy—-H))  (Hy-Hy

0.8 = 0.8(4.08) = 326

COP = =
(Hy—H,) (Hy'—H,)

Snet




Refrigerant choice is dictated by scveral factors:

1.

2.

Environmental impact (Freon R-12 depletes ozone and has been phased out; Freon R-22 s
being phased out). HF( 1234yt is beginning to supersede R134a.

Vapor pressure ~ atmospheric at Lp— Conscquently, the driving force for leakage will be
small, but an cvaporator pressure slightly above atmospheric pressure is desirable to avoid
air leaking into the cycle.

. Vapor pressure not too high at 7}, so that the operating pressure is not too high; high pres-

sure increascs compressor and cquipment costs.

. High heat of vaporization per unit mass.
. Small Cp /Cy of vapor to minimize temperamure rise and work of compressor.
. High heat transfer coefficient in vapor and liquid.



Flash Chamber (Economizer) Intercooling

When the temperature difference between the condenser and evaporator is increased, the compres-
sor must span larger pressure ranges. If the compression ratio (P ““/P™) becomes too large, inter-
stage cooling can be used to incrcase cfficiency. Because the process temperanwres are usually
below cooling water temperatures, a portion of the condensed refrigerant stream can be flashed to
provide the interstage cooling, as shown in Fig. 5.10. The interstage cooler is somctimes called an
economizer. The cconomizer is considered adiabatic unless otherwise specified, and serves to dis-
engage the liquid and vapor exiting the inlet valve. The quality out of the inlet valve is cqual to
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Cascade Refrigeration

In order to span extremcly large temperature ranges, a single refrigerant becomes impractical,
because the compression ratio (P ™/ ) becomes too high and the COP decreases. A typical guide-
line is that the compression ratio should not be higher than about 8. Therefore, to span extremely
large ranges, binary vapor cycles or cascade vapor cycles arc used. In a binary cycle, a refrigerant
with a normal boiling point below the coldest temperature is used on the cold cycle, and a refriger-
ant that condenscs at a modcerate pressure is used on the hot cycle. The two cyeles arc coupled at the
condenser of the cold cycle and the evaporator of the hot cycle as shown in Fig. 5.11. Because the
heat of vaporization is coupled to the saturation temperature for any refrigerant, usually the operat-
ing temperatures are selected, and the circulation rates are determined for each cycle. Certainly,
there are many variables to optimize in a process design of this type. For extremely large ranges,
such as for cryogenic processing of liquefied gases, cascade refrigeration can be used with multiple
cycles. For example, for the liquefaction of natural gas, the three cycles might be ammonia, ethyl-
ene, and methane. Note that the evaporator in each cycle must be colder than the condenser of the
cycle below to ensure heat is transferred in the correct direction.

ITot Side

/ P
. 12 Condenser /f' 1
Mot Side

7 Condenser Throttle Valve Compressor/_ N\
L |
E\.aporator' N L

Throttle Valve Compress Condenser / 7

./ Evaporator/ \
4 '\ Condenser /= 3

Evaporator! _6 |
Condenser 3

2 Throttle Valve Compressm:él

1l  oea 2
——_ Evaporator >—

Cold Side

i Evaporator ) 2

Cold Side

Figure 5.11 Binary cycle (left) and three-cycle cascade (vight) vefrigeration cycles. The refrigerants do
not mix in the evaporatoricondensers.
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5.5 LIQUEFACTION

Linde Liquefaction

The Linde process works by throttling high-pressure vapor. The Joule-Thomson coeflicient, (g—;} .
H

must be such that the gas cools on expansion,” and the temperature must be low enough and the pres-
sure high enough to ensure that the expansion will end in the two-phase region. Since less than 100%
is liquefied, the vapor phase is returned to the compressor, and the liquid phase is withdrawn. Multi-
stage compression is usually used in the Linde liquefaction process to achieve the required high

) __ N
/. -\ |
| \( Heat Exchanger |
' /
- — 4y “Systemll
|
rottle N
Flash Drum | - vahe , " N
5 " Two-Phase Region
/
/ A

_— e e e e o

Liquid
Praduet

Figure 5.12 Linde liguefaction process schematic. The system boundaries shown on the left are
used in Example 5.5.



Example 5.5 Liquefaction of methane by the Linde process

Methane is to be liquefied in a simple Linde process. The feed and recycle are mixed, compressed
to 60 bar, and precooled to 300 K. The vapor then passes through a heat exchanger for additional
cooling before being throttled to | bar. The unliquefied fraction leaves the separator at the satura-
tion temperature, and passes through the heat exchanger, then exits at 295 K. (a) What fraction of’
the gas is liquefied in the process; and (b) what is the temperature of the high-pressure gas enter-
ing the throttle valve?

Solution: The schematic is shown in Fig. 5.12. To solve this problem, first recognize that states
3, 6.7, and 8 are known. State 3 is at 300 K and 60 bar; state 6 is saturated liquid at 1 bar: state 7
is saturated vapor at | bar; and state 8 is at 295 K and 1 bar. Use the furnished methane chart
from Appendix E.

(a) The System I energy balance is: Iy~ [gHg + (1 — )] =0

- Hy—Hg  p1(60,300) — H(1, satl) 1130 - 284
Hg—H, H(1,295)—H(1,satl) 1195284

=q = 0.9286 = 7.14% liquefied

(b) The energy balance for System I is: [y — Hy = ~g(Hg — H7) = ~0.9286(1195 — 796.1)
=-370.5 = Hy= 780

= Hy=780 @ 60 bar = chart gives —95°F = 203 K

. |
Hcat Exchnngcr\l \

~~ Two-Phasc Region ~
A

Liquid
Product

Figure 5.12 Linde liguefaction process schematic. The system boundaries shown on the left are
used in Example 5.5.
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Claude Liquefaction

The throttling process between states 4 and 5 in the Linde process is irreversible. To improve this, a
reversible expansion is desirable; however, since the objective is to liquefy large fractions of the
inlet stream, turbines are not practical because they cannot handle low-quality mixtures. One com-
promise, the Claude liquelaction, is to expand a portion of the high-pressure fluid in an expander
under conditions that avoid the two-phase region, as shown in Fig. 5.13. Only a smaller fraction of

the compressed gas enters the irreversible throttle valve, so the overall efficiency can be higher but
more sophisticated equipment is required.
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Figure 5.13 The Claude liquefaction process.



