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Objectives

Obijectives of this Lecture are to:

* Introduce Basic Thermodynamics of Power Plant
Cycles;

* Present Thermodynamic Cycles of Thermal and
Nuclear Power Plants; and

* Present Possible SCWR Cycles.
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Part 1
Basic Thermodynamics

Textbook: Yunus A. Cengel and Michael A. Boles,
“Thermodynamics. An Engineering Approach”, 7t ed.,
McGraw-Hill, New York, NY, USA, 2011, 1024 pages.
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Forms of Energy
— —

Macroscopic Microscopic
_ £ Total energy
- m_ mass

1. Thermal 1. Internal

2. Mechanical 2. Nuclear

Kinetic |/=3nV..Ba22| | 3. Chemical

Potential[PE=mgz....Eq 2-4) 4. Latent Heat

Pressure F) (Phase Change)
_ . kinetic energy of the
4. Magnetic . molecules
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Energy Conversion Efficiencies

Desired ouput

Efficiency or Performance =

Required output

i

- ~ Energy utilized
lClCnCy e El‘lcrgy Supplied to appliance ‘ g
_3kWh _
=2 = 060 I5SW 0w
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Energy Conversion Efficiencies

Water
heater
Type Efficiency
(Gas, conventional 55%
Gas, high-efficiency 62%
Electric, conventional 90%

Electric, high-efficiency 94%
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Efficiency of Water Heater

(] Amount of heat released during combustion
T combustion = Hl/ =

Heating value of the fuel burned

Annual fuel utilization efficiency (AFUE)

Includes ,

Combustion efficiency

Heat loses to unheated areas

Start up and cool down losses

Overall Efficiency of a power plant

®
W net, electric

n overall — ncombusﬁo/ﬂ Iherma/n generator —

[ ]
%
HHV*m,,
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Mechanical Efficiency

M echanical energy output  E, o ou

77mec/7 —

Mechanical energy input  E

mech,in

1 . mech,loss

E

mech,in

Pump Efficiency

Mmech, fan =

50 W 42 m = 0.50 kg/s
JORNE - - ()

Fan

AEmcch.l'luid i ;}1V§/2

Winattin Wihattin
_ (0.50 kg/s)(12 m/s)*/2
- 50 W

=0.72

M echanical energy increased in the fluild = A Emech.iuid =~ W pumpu

7 pump = . 1 3 X
M echanical energy input W shatiin W pump
Turbine Efficiency
. B M echanical energy output  Wanatiout W urbine
turbine — . i id | .- o
M echanical energy decreased in the fluid AE meeh fuia W wrbinee
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Motor Efficiency

M echanical poweroutput = W shafiout

77molar _

Electric powerinput W etetric.in

Generator Efficiency

Electric power output W clect,out T i
" generator = M echanical powerinput T 2 em
p p Wshaﬁ,in /\
Pump T/
Combined pump and motor Efficiency §om
3 7 AP = 400 kP
— Wpump,u A Emech, fluid OilT 4
npump—motor — npumpnmofor — . — IS 3
Welect in W elect,in 0-1mes
’ ’ Nturbine = 0.75 T’generator =0.97

Combined turbine and generator Efficiency _

- - Turbine
. o \%% elect,out W elect,out
nfurb/ne—gen - nturb/nfﬂgeneralor T e _ .
W binee | A E mech, fluia _
nturbine—gen - nturbinengenerator

=075 %X 0.97
=0.73
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Temperature °C

Phase change process of Water under P= 1atm

Compressed
or Super
cooled Liquid

STATE 1

T-100 °C
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Saturated
Liquid

STATE 2

Liquid vapor
mixture

STATE 3

Pressure (P) = 1 atm all the time
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Saturated
vapor

STATE 4

P=1atm
T=100C

Saturated Liquid-vapor mixture
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Superheated
vapor

STATE 5

=i tm
T =300°C
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Property Diagram for Phase Change Process

Critical Point

Point at which the
rturated liquid and
saturated vapor states are
identical

<

373.95

Saturated Saturated

i liquid vapor
|
|
|
| .
For Water 0.003106 v, m*/kg
Pcr=22.06 MPa, Tcr=373.95°C, Vcr=0.003106 m3/kg 3
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The P-T Diagram

P A
Substances Substances
\ that expand that contract
\\ on freezing on freezing
\
.....
\\ o** »t " Yo,
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* \ QO .
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SOLID \ .
\
k,‘ Triple point
L 4
0...
At tiniiannnannnnnnns NAPOR
.o
5
oS
N

Critical
point

Triple Point

Paths a Substance passes
from Solid to Vapor

1. Solid -> Vapor ( We call this
as SUBLIMATION)

2. Solid->Liquid->Vapor

e e
. o~ 2 e . .08 o 2

.3 ]
¥ 3 VAPOR %, &
; % S D, $ T8
Lo s

P st 30 4
AT >

LIQUID

At triple-point pressure and temperature, a substance exists in three

phases in equilibrium
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Thermal efficiency for cyclic devices such as heat engines,
refrigerators and heat pumps

. Wnet,out
High-temperature reservoir Mo = Q
at 7}/ H
) —1— &
Cn 77th o 0
H
\“ Here
HE —
5 E] net ,out 0 0
/ Q, = Magnitude of heat transfer between
: the cyclic device and the
Or high-temperature medium at temperature
TH
L “';'rc EESENOLE Q, = Magnitude of heat transfer between
Heat ‘“E 2 ine the cyclic device and the
g low-temperature medium at temperature
Always p, <1 .
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Irreversibilities
Factors that cause a process to be irreversible are

called irreversibilites.

Factors
Friction

Unrestrained expansion
Mixing of two fluids

Electric Resistance

Inelastic deformation of Solids

Chemical Reactions

Heat transfer across a finite temperature

difference
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The Carnot Cycle

* The Carnot cycle, first proposed in 1824 by French
engineer Sadi Carnot.

 The Carnot Heat Engine: the theoretical heat engine
that operates on the Carnot cycle.

- The Carnot Cycle: fully reversible and is composed of
four processes, two isothermal and two adiabatic as
given below.

. Reversible Isothermal expansion
. Reversible Adiabatic expansion

1

2

3. Reversible Isothermal Compression
4. Reversible Adiabatic Compression
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Carnot Heat Engine

(1) =2}

Encrgy :
source
e - :

Qy

const

T

(¢) Process 1-2

Reversible Isothermal expansion

PA

| ] (4)

Const,

Insulation
~
>~
=
- "
~1

Insulation
o
- '.‘._‘Q

(h) Process 2-3

(o) Process 4-1 7= Const,
. = - . 3 = . . .
Reversible Adiabatic Compression . Reversible Adiabatic expansion
%
a T, o ;L )
rk - Most
(€) Process 3-4

efficient
Cycle
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Reversible Isothermal Compression
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Quality of Energy

A
High-temperature reservoir LKk
at TH
2000 Quality

TH’ K 'hh» %o

925 67.2 1500 |~
Rev. HE 800  62.1 Thermal

N 700 56.7 energy
500 39.4 -
350 13.4 1000
500
Low-temperature reservoir
at 7, =303 K

* Note: Thermal efficiency values show that energy has
Quality as well as quantity

* Higher the temperature higher the quality
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Part 2
Thermal Power Plants Thermodynamic Cycles
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The simple ideal Rankine cycle

Gin

l_ Boiler* -
o} [© T

/ Wiurh.out
Turbine E%

:éCﬂ "
: Winrb.om
Pump @ Gin
. -
"Iqml
@«» Condenser
——-
l " 3
) \ 4 out
- “'pump.in -
1-2 Isentropic compression in a pump ‘\
2-3 Constant pressure heat addition in a boiler W
: L : _ ""net __ Wnei _ qoui
3-4 Isentropic expansion in a turbine i = 0 — =1-
4-1 Constant pressure heat rejection in a condenser n Gin Gin
¢ BN
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Increasing the efficiency of the Rankine cycle
TA

/

Increase in w

w ¥
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Increasing the efficiency of the Rankine cycle
T A

Increase in w,,

-
A

The effect of superheating the steam to higher temperatures on the ideal Rankine cycle
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Increasing the efficiency of the Rankine cycle

T A
Increase 3' 3
inw,., 5
\ Decrease
o /
/ N Wye
Y
2!
=&
1
>
)
The effect of increasing the boiler pressure on the ideal Rankine cycle
. = ‘,/ \
Tonne o, 2 s o SO A ematonal Aoic Enray Agoney (5%}




Increasing the efficiency of the Rankine cycle

) s T
Ty = 600°C
3
3 T, = 350°C
I MPa I MPa
|
2 2
10 kPa 10 kPa - 10 kPa
| 4 | 4

- ?

-
-~

(a) (b) (c)

Thermal efficiency increases from 33.4% (a) to 37.3 (b) and to 43.0% (c)
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Increasing the efficiency of the Rankine cycle

Two possibilities:

1. Superheat the steam to very high temperatures before it enters the turbine
(problem — materials reliability at high temperatures).

2. Expand steam in the turbine in two stages, and reheat it in between. Reheating is
a practical solution to the excessive moisture problem in turbines, and it is
commonly used in modern steam power pla?tf,.

Reheating

High-pressure
turbine

/ Low-pressure
{\ turbine
: High-P Low-P '
Boiler turbine = turbine e
Reheater 4 U

» P !
IJ = , B l,lcht‘.:!
6

Condenser

rJ

Pump

®——

The ideal reneat Rankine cycle (thermal efficiency increases by 4-5%)

-1

744
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Increasing the efficiency of the Rankine cycle

I °CH

— 0 Reheating
& 1, =45%
15 MPa 5 600 - . ;
15 MPa g

Low-P

turbine ':'f

10 kPa

15 MPa

Boiler @

—
Reheater

) ==  wm I
I-ﬁ—l.‘\"llc-\'.u

10 kPa

.

®

15 MPa Condenser

Pump
+ 10 kPa
® @ \
®

The reheat cycle was introduced in the mid-1920s, but was abandoned in the 1930s, because of
operational difficulties. The steady increase in boiler pressures over the years made it necessary to
reintroduce single reheat in the late 1940s and double reheat in the early 1950s.

The reheat temperatures are very close or equal to the turbine inlet temperature. The optimum reheat
pressure is about one-fourth of the maximum cycle pressure.

The sole purpose of the reheat cycle is to reduce the moisture content of the steam at the final stages or
the expansion process. If we had materials that could withstand sufficiently high temperatures, there
would be no need for reheat cycle.
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The ideal regenerative Rankine cycle

< !
|
Botiler I Turbine :_3_
s \ 5 5
| =%
g 3
Open |
FWH ,
.; -y
xa . ./'_.- N\ ')
3 . \ \
_C‘ | |
[ ) \ /
_/ ‘ < |
Pump Il % Condenser 7
I\___/ |

Pump |

The ideal regenerative Rankine cycle with an open (direct-contact) feedwater
heater. The thermal efficiency increases as a result of regeneration, because the
regeneration raises the average temperature at which heat is transferred to the
steam in the boiler by raising the temperature of the water before it enters the
boiler. The cycle efficiency increases further as the number of feedwater heaters is
increased (modern plants have up to eight heaters).
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The ideal regenerative Rankine cycle

Ways to increase temperature of the feeding

1.

water before it enters the boiler:

Transfer heat to feed water from the T

expending steam in a counterflow heat
exchanger built into the turbine, that is to
use the regeneration. However, this
solution is impractical because it is difficult
to design such heat exchanger and it
would increase the moister content of the
steam at the final stages of the turbine.
Practical approach — extract or “bleed”
steam from the turbine at various points.
The device where the feedwater is heated
by regeneration is a regenerator or a
FeedWater Heater (FWH). Regeneration
not only improves cycle efficiency, but also
provides a convenient means deaerating
the feedwater (removing air that leaks in
at the condenser) to prevent corrosion in
the boiler.
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The ideal regenerative Rankine cycle
T

Boiler

Mixing

chamber l Closed
9 A A A |FWH

4 3
Condenser
|

Pump 11 Pump |

J

-

The ideal regenerative Rankine cycle with a closed feedwater heater.
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Single-Reheat-Cycle 600-MW,, Tom’-Usinsk Thermal Power Plant (Russia) Thermal Layout
Cyl — Cylinder; H — Heat exchanger (feedwater heater); CP — Circulation Pump; TDr — Turbine Drive;
Cond P — Condensate Pump; GCHP — Gas Cooler of High Pressure; and GCLP — Gas Cooler of Low
Pressure (Kruglikov et al., 2009)

30 | 3447 20 | 3447 0.32 |23-|T.4
17132 ] 600.0 77 ZIE&?I} 111151816

7.3 |3885.7 \J/
157351 620.0 "‘-----h___q__hl
— HPCyl |— — - 2xLPcy
Steam | — _
% 6 Generator 45 35345 T =
75 130794 Ta7 | 5aid
171321 3754 ale
27 |3366.2 e ]S
_|_1n4_s 4578 g e
11 ]31137 = E 5 g E
1841 ] 3302 8 N = =
: m P 0.003 | 2267 6
LI 1.0 3137 “ § % B51.8]11.35
ol 7.2 |3079.4 705 l2203 ~ @
el 137 ]av22 Deaerator g
el E = Condenser
B - S E
"] 4.4 |3534.5 p = ;
AT i 5403 | _ 26 |3366.2) 3 & = =
104.8 | 457.2 ra = - i
S g 2 H2 e
0.87 [3113_? Py - = =
4 f | 1135 13288 N - [ 3 ,3-
= a = o
- - = ~ = B B
& 5 o o & =l | S
= £ o 8 ~ A =] B
2 - ] E m|@ @l
H B 18 e Lo S S[8
B | Cond P 1
H8 H1
33 H7
:: 62.1 I 56.0
“ g [ " 0.31 | 457.2
%% F e Ele 93.5'}_1%0
o2 2 P MPa|H kJ/kg
= E
= £.005 2406 3] m th [T°C (y%)
GCHP ' @; I‘r' GCLP
F
L
. . A4 \
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Increasing the efficiency of the Rankine cycle
T A
3

Critical
point

S
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Increasing the efficiency of the Rankine cycle

Steam parameters in modern supercritical turbines:
Main “steam”: 28.5 MPa / 600°C

Reheat steam: 6 MPa/620°C

Efficiency: 47%

Double pass reheat.

The High Pressure (HP) turbine design is based on a barrel-type concept so the HP
turbine has no horizontal joint. The turbine sections use 12CrMoVCbN and similar
Cr steels material to match the thermal expansion characteristics of the rotor
material, using both forged 12CrMoVCDbN and cast 10CrMoVCDb or CrMoV steels.

Reheat limitations:

The use of more than two reheat stages is not practical. The theoretical
improvement in efficiency from the second reheat is about half of that which
results from a single reheat. If the turbine inlet pressure is not high enough,
double reheat would result in superheated exhaust. This is undesirable as it
would cause the average temperature for reheat rejection to increase and thus the
cycle efficiency to decrease. Therefore, double reheat is used only on
supercritical-pressure power plants.
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Increasing the efficiency of the Rankine cycle

23.5bar
120 bar 120 °C

720 *C =
375 bar L. -
700 C -
h h . e
. A? 5 . '4.5' -

11}
%
7

ECO

2
25 bar A5

1521 mbar
AS 5-10 °C

350 *C A6 (To Deaeratorn Al E

Advanced SC Power Plant of 2010 (Source: elsamprojekt.com)
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Combined cycle gas-steam power plant

Qin
‘ T4
Combustion
chamber
GAS CYCLE
Gas -]
Compressor RS .C:

;:ir @ @ Heat exchanger

Exhaust I _\/\N\N
gases

©F: STEAM T®
Pump
d Condenser
1

Slea.m :Cz
turbine

O1 . ®

w1
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Example of actual combined-cycle power plant

K4
n,=266% — gascycle
- n,=408% — steamcycle
n,=48.7% — combined cycle
500°C
7 MPa
450
300
TN

-
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Examples of actual combined-cycle power plants

A 1090-MW Tohoku combined plant built in Japan in 1985 has efficiency of
44%. This plant has two-191-MW steam turbines and six 118-MW gas
turbines. Hot combustion gases enter the gas turbine at 1154°C, and
steam enters steam turbines at 500°C. Steam is cooled in the condenser
by cooling water at an average temperature of 15°C. The compressors
have a pressure ratio of 14.

A 1350-MW combined-cycle power plant built in Turkey in 1988 by Siemens
of Germany has efficiency of 52.5%. This plant has six 150-MW gas
turbines and three 173-MW steam turbines.

Some modern combined-cycle power plants have efficiencies close to 60%.
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Part 3
Subcritical-pressure water-cooled
power-reactors cycles
(next slides are courtesy of AECL)
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fossile power

plant

nuclear

power plant
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Nuclear-electric generation
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Peaxktop BB3P - oTtnycK aneKkTpoaHeprum notpeburento
Reactor VVER - Electricity to the consumer

PWR-type reactor

MaporeHepaTop

Cy3 Steam generator
Control rods

- TpaHcdopmaTtop
Transformer A

|
f It

N

L

AR

i

leHepaTop

TypbuHa Generator

Turbine

TR

Mpyp-oxnagurens
Cooling water pond

HoHpeHcaTop
Condenser

LvpKrynAymoHHbIA Hacoc
Circulation pump

ryH
Main coolant pump

VVER-440

Fuel el. OD 9.1 mm

2:;:;‘;‘;:::‘:;;“" Wall thickness 0.65 mm
Length 2.5-3.5m

Tonnuso
Fuel

Hopnyc peaktopa
Reactor vessel

e e 126 el. in one bundle
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Major

Parameters of Russian Power Reactors

Parameter VVER-440 | VVER-1000 | RBMK- | RBMK-1500| BN-600
1000

Thermal power, MW 1375 3000 3200 4800 1500
Electrical power, MW 440 1000 1000 1500 600
Thermal efficiency, % 32.0 33.3 31.3 31.3 40.0
Coolant P, MPa 12.3 15.7 6.9 6.9 ~0.1
Coolant flow, t/h 40,800 84,800 32,000 48,000 25,000
Coolant T, °C 270/298 290/322 284 284 380/550
Thermodynamic cycle | Indirect” Indirect™ Direct Direct Indirect™
Steam flow rate, t/h 2700 5880 5600 8400 660
Steam pressure, MPa 4.3 5.9 6.6 6.6 14.0
Steam T, °C 256 276 280 280 505
Core: D/H m/m 3.8/11.8 4.5/10.9 11.8/7 11.8/7 2.1/0.75

VVERs are PWRs; RBMKs are pressure-channel boiling reactors (outlet fuel-channel steam quality is
14% (maximum 30%) (in BWRs - about 10%); BNs are sodium-cooled fast reactors.
Usually, turbines consist of a high-pressure cylinder and 2-3 low-pressure cylinders with a single steam
reheat / moisture separator in between them for higher efficiency. * Indirect - with a steam generator.
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Typical parameters of US PWR (Shultis, J.K. and Faw, R.E., 2007)

Power Steam generators
Thermal output, MW, 3800 No. 4
Electrical output, MW, 1300 P, MPa 6.9
Thermal efficiency, % 34 T, °C 284

Core m, kg/s 528
Length, m 417
OD, m 3.37

Reactor coolant system Reactor PV

P, MPa 15,5 OD, m 4.4
T, °C 292 Height, m 13.6
Touts °C 329 Wall thickness, m 0.22
Mass flow rate (m), kg/s 531

Usually, turbines consist of a high-pressure cylinder and 2-3 low-pressure cylinders
with a single steam reheat / moisture separator in between them for higher efficiency.
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Boiling Water Reactor (BWR)

Rod
Recirculation Pumps
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Typical parameters of US BWR (Shultis, J.K. and Faw, R.E., 2007)

Power
Thermal output, MW,
Electrical output, MW,

Thermal efficiency, %

Core
Length, m
OD, m
Reactor PV
ID, m
Height, m

Wall thickness, m

3830
1330

34

3.76
4.8

6.4
22.1

0.15

Reactor coolant system
Reactor coolant system

P, MPa 717
Tfeedwater’ OC 21 6
Tout steam? OC 290
Outlet steam flow rate, kg/s 2083
Core flow rate, kg/s 14,167

Core void fraction ave/max 0.37/0.75

Direct cycle

Usually, turbines consist of a high-pressure cylinder and 2-3 low-pressure cylinders
with a single steam reheat / moisture separator in between them for higher efficiency.
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CANDU-6 Nuclear Power Plant (NPP)
(Simplified Scheme)
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Current CANDU-6 NPP Layout (Pickering NPP)
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HEeAT TRANSPORT SYSTEM DESIGN DATA
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HeAT TRANSPORT PuMP DATA

4
2228
‘i

Rated flow [L/s]
'Motor rating [MWe]

Figure 2-7 Heat Transport System Pump
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Steam Outlet Nozzle
Manway

Secondary Steam Separators

Main Steam Separators

Emergency Water System
Shroud Cone

Reserve Water System
U-Bend

Shroud
Grid Tube Support Plate Tube Bundle

Tube Bundle Cold Leg

Tube Bundle Hot Leg

Preheater Section

Main Feedwater Inlet Nozzle

Tubesheet

Coolant Outlet Nozzle Coolant Inlet Nozzle

Figure 2-8 Steam Generator
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STeEAM GENERATOR DESIGN DATA

Number 4

Type Vertical U-tube /
integral preheater

Nominal Tube diameter [mm] 159 (5/18)

Steam temperature (nominal) [°C] 260

Steam pressure [MPa (g)] 4.6

CANDU NPP thermal
efficiency about 30%
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Figure 2-18 Qinshan Low-Pressure Turbine Rotor
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Steam Turbine Composition One high-pressure cylinder,
two low-pressure cylinders

(*) Site cooling water dependent






