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 Evaluate the performance of gas power cycles for which the
working fluid remains a gas throughout the entire cycle.

* Analyze vapor power cycles in which the working fluid is
alternately vaporized and condensed.

* Analyze power generation coupled with process heating
called cogeneration.

 Investigate ways to modify the basic Rankine vapor power
cycle to increase the cycle thermal efficiency.

* Analyze the reheat and regenerative vapor power cycles.

* Analyze power cycles that consist of two separate cycles
known as combined cycles.
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Heat source ‘ T-s diagram of two Carnot vapor cycles
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The Carnot cycle is the most efficient cycle operating between two specified temperature limits
but it is not a suitable model for power cycles. Because:

Process 1-2 Limiting the heat transfer processes to two-phase systems severely limits the
maximum temperature that can be used in the cycle (374°C for water)

Process 2-3 The turbine cannot handle steam with a high moisture content because of the
impingement of liquid droplets on the turbine blades causing erosion and wear.

Process 4-1 It is not practical to design a compressor that handles two phases.

The cycle in (b) is not suitable since it requires isentropic compression to extremely high
pressures and isothermal heat transfer at variable pressures.
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Carnot Vapor Cycle Using Steam
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Meokanical Englnooriag 2. Rankine Cycle : Ideal Cycle {q
for Vapor Power Cycles

TA

Many of the impracticalities associated with the
Carnot cycle can be eliminated by superheating

3
*wlurh.out

the steam in the boiler and condensing it i f——

completely in the condenser. , \t
The cycle that results is the Rankine cycle, IY’ 2 4/\
which is the ideal cycle for vapor power plants. Ml

The ideal Rankine cycle does not involve any
internal irreversibilities.

-2 Isentropic compression in a pump

2-3  Constant pressure heat addition in a boiler

3-4 Isentropic expansion in a turbine

4-1 Constant pressure heat rejection in a condenser
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The efficiency of power plants in the U.S. is
often expressed in terms of heat rate, which
is the amount of heat supplied, in Btu’s, to
generate 1 kWh of electricity.

3412 (Btu/kWh)
Heat rate (Btu/kWh)

Th —
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Energy Analysis of the Ideal Rankine Cycle -
Steady-flow energy equation
(Gin = Gou) + (Win — Wou) = he — I (kJ/kg)
Pump (¢ = 0): Woump.in — 12 — Iy
Gin } o Woumpin = V(P2 — Py)

Boiler (w = 0): Gin = h3 — I
Turbine (g = 0): Wearbour = N3 — Ny
Condenser (w = 0): Gou = ha — Ry

1

Whet — 9in = Yout — 1’Vturb,out o 1"”'pump.in

Wihet — 1 Yout
(] in (] in

nth -

The thermal efficiency can be interpreted as the ratio
of the area enclosed by the cycle on a T-s diagram to
the area under the heat-addition process.



Mechanical Engineering

1.pump
my =1, = m T
F:+—ﬁ?mw——ﬁ5hq
I pump — m(h hl)

dh=Tds +vdP
dh=vdP

2
Ah =Tyl = | vdP

v=v, = CONST.

hy—h =v(F -F)

H;mp =m(h, —h)=nmv,(F,-F)
HI L
w pump Tj? = -I'JI(PE o 'R}

MU XIHSA|A A A A (ECOS)
Energy Conversion System Lab.

Energy Analysis of the Ideal Rankine Cycle

2. boiler
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3. turbine

1y = ;3?4 = m

shy = W, +mghy
Wy = 115 — )
Vird = h h

4. condenser

Sy =8;+ X8,

hy=h,+x,h,
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Wechanical Engineering Ex 10-1, The Simple Ideal Rankine Cycle
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3. Deviation of Actual Vapor Power {q
Cycles from the Ideal Ones

The actual vapor power cycle differs from the ideal Rankine cycle as a
result of irreversibilities in various components.

Fluid friction and heat loss to the surroundings are the two common
sources of irreversibilities.

Th

[rreversibility
in the pump

IDEAL CYCLE

| 1. Fluid friction causes pressure drops
Pressure drop
in the boiler

23 2. Heat loss from steam
\ Irreversibility to surrounding

—_——
—— e

/“' 7 ll in the turbine
W\’
ACTUAL CYCLE \

______ \ 5 4
Pressure drop /‘

in the condenser
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3. Deviation of Actual Vapor Power {q

Cycles from the Ideal Ones

(b) The effect of pump and turbine irreversibilities

Isentropic efficiency
of pump

w. h,.—h
UP — — 2S 1
w, h,-h

on the ideal Rankine cycle.

- W pumpin  Vi(P,—R)

W

pump,in

Tp
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Ex 10-2, An Actual Steam Power Cycle

Whet = turb,out _Wpump,in

_ Ws,pump,in _ Vl(PZ B Pl)

Wpump,in - Wturbine,out — 77T Ws,turbine,out
T Mp
15.9 MPa
350C 15.2 MPa T
©) 625°C
. Boiler

(2) 116 MPa

Wiurh,out
Wipump,in —
Puimp I"'"
Ne = 085

9 kP,
0 "3H'-'EI'1

Condenser
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wecnanicat ancerna 4, HOW Can We Increase the Efficiency {q
of the Rankine Cycle?

The basic idea behind all the modifications to increase the thermal efficiency
of a power cycle is the same: Increase the average temperature at which heat is
transferred to the working fluid in the boiler, or decrease the average
temperature at which heat is rejected from the working fluid in the condenser.

Lowering the Condenser
Pressure (Lowers T,y avg)

To take advantage of the increased
efficiencies at low pressures, the condensers
of steam power plants usually operate well
below the atmospheric pressure. There is a
lower limit to this pressure depending on the
temperature of the cooling medium

Side effect: Lowering the condenser
pressure increases the moisture content of the

steam at the final stages of the turbine.
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Superheating the Steam to High {*w
Temperatures (Increases Ty avg)

Mechanical Engineering

Both the net work and heat input
increase as a result of superheating the Increase in w,,,
steam to a higher temperature. The
overall effect is an increase in thermal
efficiency since the average
temperature at which heat is added
Increases.

Superheating to higher temperatures
decreases the moisture content of the | 4 4
steam at the turbine exit, which is
desirable.

po
-

¢ Superheat the vapor
Average temperature is higher during heat additon.
Moisture is reduced at turbine exit (we want x; in the above example >
85 percent).

- ¥

The temperature is limited by metallurgical
considerations. Presently the highest steam temperature

OlUXIESA2-ARE(ECOS) gllowed at the turbine inlet is about 620°C in USC Bolier
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Increasing the Boiler Pressure (Increases Tgp ayq)

T4
For a fixed turbine inlet temperature, the

cycle shifts to the left and the moisture i /\———3' —3- 7,
content of steam at the turbine exit \ i / /
Increases. This side effect can be \/ Decrease
corrected by reheating the steam. " // i we
-> Reheating has both 2 \
benefits ‘
| ) 4 4

t Y

¢ Increase boiler pressure (for fixed maximum temperature)
Availability of steam 1s higher at higher pressures.
Moisture is increased at turbine exit.



A supercritical Rankine cycle

Today many modern steam
power plants operate at
supercritical pressures (P >
22.06 MPa) and have thermal
efficiencies of about 40% for
fossil-fuel plants and 34% for
nuclear plants.

- 2.7MPa in 1992 to over
30MPa today

- output 1000MW

- 150 Super-critical Plants

Critical 22|06MPa,
point  647.1K(374.1C)

y
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Clean Coal Technology in power generation sector

O Future development of the high-efficiency coal fired thermal power generation

- A-USC: Advanced ultra super critical pressure power generation

- IGCC: Integrated Coal Gasification Combined Cycle

usc A-USC IGCC(1,500degC )
Configuration Boiler Boiler Gasifier HRSG
.I j}-: y
GT

ST ST ST
Thermal 42% 46% 46~48%
Efficiency
CO2 Emission Base A11% A13%
Reduction
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Roadmap for High-efficiency coal-fired power generation- Japan
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