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Course description

+» Contents

® Chapter 1 Principal Characteristics of Power Reactors Nuclear system

= Will be replaced by the lecture note
= Introduction to Nuclear Systems

® Chapter 4 Transport Equations for Single-Phase Flow (up to energy equation)
® Chapter 6 Thermodynamics of Nuclear Energy Conversion Systems:

Nonflow and Steady Flow : First- and Second-Law Applications
® Chapter 7 Thermodynamics of Nuclear Energy Conversion Systems :

Nonsteady Flow First Law Analysis Thermodynamics
® Chapter 3 Reactor Energy Distribution NUCLEAR Heat trans.port
® Chapter 8 Thermal Analysis of Fuel Elements SYSTEMS hcezrgirac:s?cgr
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6. Thermodynamics of Nuclear Energy Conversion Systems
Nonflow and steady flow: First- and second-law applications
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Complex Rankine cycle analysis

Complex Brayton cycle analysis
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Energy Equation

** Entropy equation in Chapter 4: control mass approach

® Definition of entropy

_ _ a measure of a system's thermal energy
_ Q Entropy Is an extensive :
ds=| — oroperty of a system per unit temperature
T int,rev ' that is unavailable for doing useful work.

® The second law of thermodynamics

= Entropy exchanges with the surroundings are associated with heat interaction with the
surroundings in a control mass system.

Dt |dt| T T

S

DS ( ds ) , (doidr),,,

system

where T = temperature at the lecation-where-the-energy-(G)-is-supplied-as-heat——

Q _lc (dQ/dt)cm
( dr ]c.m B Sge" i I,

S

(4.25b)

S,., = rate of entropy generation due to irreversibilities


http://en.wikipedia.org/wiki/Thermal_energy
http://en.wikipedia.org/wiki/Work_(thermodynamics)

Energy Equation

** Entropy equation in Chapter 4: control mass approach

® The second law of thermodynamics

ds : dQ/d
( ) =Sgen +( Q t)c.m. (425b)

dr T

S

= Reversible adiabatic process

(%) = (0| reversible adiabatic process




Energy Equation

**» Entropy equation in Chapter 4: control mass approach

® The second law of thermodynamics

EXAMPLE 7-1 Entropy Change during an Isothermal Process

A piston—cylinder device contains a liquid-vapor mixture of water at 300 K.
During a constant-pressure process, 750 kJ of heat is transferred to the
water. As a result, part of the liquid in the cylinder vaporizes. Determine the
entropy change of the water during this process.

Assumptions No irreversibilities occur within the system boundaries during
the process.

¢ 750kl
I'f"'ﬂr--"--'*ii il = -
fysasothermal 300 K

EYE

= 25kJ/K

Discussion Note that the entropy change of the system is positive, as
expected, since heat transfer i1s to the system.
0 =750kJ



Energy Equation

**» Entropy equation in Chapter 4: control mass approach

o EXAMPLE 7-2 Entropy Generation during Heat Transfer
Processes

A heat source at 800 K loses 2000 kJ of heat to a sink at (a) 500 K and (b)
750 K. Determine which heat transfer process is more irreversible.

(a) For the heat transfer process to a sink at 500 K:

ﬂ‘Smume - = = _25 k'] K
e =T TR00K /
A, = Sox _ 2000KT _ 0 kJ/K
ik T\ink 5[}0 K .

and

Sgcn - "ﬁStnmI - A'-5'1:ﬂ::-1.|1~|:|.3 + &Ssink - (_25 + 4{]) kJ/K = 1.5 kaK

(b) Repeating the calculations in part (a) for a sink temperature of 750 K,
we obtain

ASsource = =239 kJ/k
ASg = +2.7kJ/K
and

Sgen = ASw = (=2.5 + 2.7) kI/K = 02 kJ/K



Introduction

** Summary of the working forms of the first and second laws

® First law for control volume

i
E

=l

!
Uc.v. = E mihi £ Q _H/shafl - Wnomml
=l

® Second law

I
Sc.v. = m;s; + Sgen T T
i=1

S

cv. — E 'hi(hio 23 8%; ) g Q £ Qgcn - Wshuﬁ _W

normal ~ 2 shear

Control volume surface

Control volume

Component



Thermodynamic Analysis of Nuclear Power Plants

** Analysis of NPPs

® Provides the relation between the mixed mean outlet coolant temperatures (or enthalpy for

BWR) of the core through the primary and secondary systems to the generation of electricity
at the turbine.

® Cycles used for the various reactor types and the methods of thermodynamic analysis of
these cycles are described.
= Rankine cycle for steam-driven electric turbines(PWR, BWR)
= Brayton cycle can be considered for gas cooled reactor systems

= Both cycles are constant-pressure heat addition and rejection cycles for steady-flow operation

5
3 6 Primary coolant, rhp
: Electric
Determlned Steam Turbine |—| Generator _ _
[\ by material generator power Pinch point, AT,
»
Reactor corrosion 5
=
limit 4 =
. Condenser g
Main —— ]
< Atmospheric g
condensate ( ) &
> flow stream
pump 3

FIGURE 6.6 S!mphﬁed PWR plant. Fractional length, z/L



Thermodynamic

** Analysis of NPPs

® Simple Brayton cycle

Analysis of Nuclear Power Plants

2 d‘é"s
Reactor
We U
\—> Compressor Turbine || Generator F—s Electric
—* power
‘i Heat exchanger
1 r_/\/\/_l 4

R

Atmospheric
flow stream

Maximum temperature of the Brayton cycle (T;) i
reactor core material limits far higher than those
is set by liquid-cooled reactor core materials limi

FIGURE 6.8 Simple Brayton cycle.

s set by turbine blade and gas cooled
for the Rankine cycle, which
ts .



Thermodynamic Analysis of Nuclear Power Plants

*» Efficiency to assess the thermodynamic performance of components and cycles

® Thermodynamic efficiency (or effectiveness): C

= The ratio between the actual useful work and the maximum useful work
® Isentropic efficiency: ng

= Special case of thermodynamics efficiency

= Adiabatic case

= |Important for devices such as pump, turbine, compressor
® Thermal efficiency: 1n¢p,

= The fraction of the heat input that is converted to net work output

= The cycle efficiency that we are interested in.



Thermodynamic Analysis of Nuclear Power Plants

“* Thermodynamic efficiency (or effectiveness):

Wu.actua]
W

u,max

=

® Maximum useful work

= No entropy generation

dw | IE+p,V-T,S) Lo
(_ )ummx - —|: at }c.v. i i_zlmi (h _T0S+gz)i

dr
1__ _Q dQ dw
dr dr en dr L car

= Fixed, non-deformable control volume with zero shear work

= Negligible kinetic and potential energy differences

W, =— [a(Ua”)} Zm(h T,s), +(1—%)Q 6.32)

S

where T, = temperature at which heat is supplied and (dQ/d1),., is treated as part of dU/dz.

(4.46)



Thermodynamic Analysis of Nuclear Power Plants

“* Isentropic efficiency: ng

u,max

= Wu.aclual . .
Iy = W C=m, for an adiabatic control volume
Q=0

® Useful actual work for an adiabatic control volume with zero shear and negligible kinetic and
potential energy differences

dw I(E + p V=T '
i —— — 0 hO _ T .
( dt l.aclual |: :Ic.v. Z} ( OS + gZ),

Q 0O dw :
+[1 1 Jdt (dt lm ( dt Lw TS

&), -foarso g

/ —
= For steady state W, sctual 2 m;h, m;h.

i=]




Thermodynamic Analysis of Nuclear Power Plants

“* Thermal efficiency: n¢p,

® Cycle efficiency

u,actual

Qin

W,

= For adiabatic systems, it is not useful.



Thermodynamic Analysis of Nuclear Power Plants

** Example problem (a)

® Thermal efficiency: n¢,

® Thermodynamic efficiency (or effectiveness): C
W, o 30 30
= .u.ac ua S — 0 T Rp— 42.90
G %% 50 60% 70 o

u,max




Thermodynamic Analysis of Nuclear Power Plants

** Example problem (b)

The plant receives Qur = 25 kW at temperature Tyr = 825°C. The plant also
receives Qur = 50 kW at temperature Tyt = 24.00(3. The plant rejects heat to the
environment at Ty = 20°C and produces power W,,, = 12 kW.

a) Determine the Second Law efficiency of the power plant.

n = Wu.actual C_,= Wu.actual B
th — . = . . P
Qin Wu.max QHT 25 kW "
power plant
THT: 825°C ] L I"i'i)m: 12 kW
QHT + QMT — QO,rev + Wouf,rev
Maximum useful work = no entropy generation =~ Y= 0 kW ———

Entropy in = entropy out

Ty =240°C 4] _
- Fﬂ T, =20°C

Qur Qur QO,rev Entropy decrease in hot reservoirs
Tyt T Tur - T, = entropy increase in cold reservoir




Thermodynamic Analysis of Nuclear Power Plants

** Example problem (b)

The plant. receives QHT

25 kW at temperature Tyr = 825°C. The plant also

receives Qur = 50 kW at temperature Tyt = 24QOC. The plant rejects heat to the

environment at Ty = 20°C and produces power W,,, = 12 kW.

a) Determine the Second Law efficiency of the power plant.

—12—16fy '
75 07

W,

u,actual

Qin

Tlm -

Oyp =25 kW ———

T,,.=825°C

HT

QHT 4 Q.PVIT . QO,f‘ev
Tur  Tur To

Qorey = 35.2 kW

0, 7=50 kW ——

-

QHT + QMT — QO,rev + Wom‘,rev Wout,rev = 39.8 kW

power plant

— > Wou=12kW
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Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System

® One component with multiple inlet and outlet flow streams operating at steady state and
surround it with a non-deformable, stationary control volume

® Energy equation

* Turbine * Condenser
1 I . . . .
s . > Q = 0, Wshaft >0 > Q < 0, Wshaft =0
Z (mh);x — Z (M7 gy = Wopart — O > Leftside >0 > Leftside>0
k=1 k=1
*  Pump * Steam generator
: : > Q=0,W <0 » Q>0,W =0
® Mass conservation equation . feft e Zhgft > feft e ihgft
/ I
m= Zmim ;= 2 m..
- = Wshaft Control volume surface
T e— / ....................... 4// Component
i —— T
T,




Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System
® Turbine

= Shaft work, no heat addition = adiabatic turbine
= Actual turbine work is related to the ideal work
by the component isentropic efficiency.

= |sentropic efficiency

hin - houl

MNr = ﬁ houl.s =ﬂp(hout)’sin]

in out,s

® Pump

= Shaft work, no heat addition = adiabatic pump

Ideal work required _ A, — &

out,s

" Actual work required  h, —h,,,

MNp

Temperature, T

Saturation
line

A

. hout,s - hin

B hout - hin

Entropy, s

Y



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System
® Steam generator

= Heat transfer between the primary and the secondary

; ! /
’nP _ (houl _hin )s = h . _ nh _ W B y
’hs - (l _hout)P gl(m )‘“~k Z’(’ )OUl.k shaft Q

mn

= Pinch point temperature

— Minimum temperature difference between the primary and the secondary
— Inversely related to the heat transfer area

» Small temperature difference: large heat transfer area

A
Primary coolant, s,

» Large temperature difference: small heat transfer area

— Directly related to the irreversibility of the SG

» Large temperature difference: large irreversibility Boiling
occurs

Temperature, T

— Important design choice based on tradeoff between

cost and irreversibility

Recirculating steam generator
|

T
0.0 1.0

Fractional length, z/L

»
L



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System

Primary coolant, rhp

® Steam generator 6 — 8
3
Pinch point, AT,
mP (hout — hin )s dh &
" = c,dT g
m (h'in - llom )p p %
£
S

m,  ¢[Ts —(T, +AT,)] ~ ¢[(T, +AT,)—T,]

S

I
0.0 1.0
Fractional length, z/L

® Reactor plant

= Actual work

W, et = Wi + W = [, (hy, — By )l + [t (i = Bou )l N, = h..in— houl
| 1, b —h
= [ ’ns‘ (hin - houl S )] + [:_‘_ (h’in - hou S )i| — —_ OB out.s
nT | Y nP ) P nP hin il houl

Positive or negative?

Y



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System

® Reactor plant

= Maximum useful work

Wu.nmx - mp(hnul - "ﬁ‘in )R = fhp (h’i - h(])

— Insection 6.4.2.3
= Maximum useful work expressed

with the secondary side properties

W,

Wu.max = mp (hi - h()) = ms (h’! - h'z)

= Thermodynamic efficiency or effectiveness:

C = [m‘ (hin — hom ) + [ms(h - hout )]P

n

u,max — mp(h()ul - hin )R = ['hs(houl - hin )]SGS

Temperature, T

Y

Fractional length, z/L

"15

Reactor

3

Steam

) Electric
P Generator
erator

power

Condenser
Main

condensate
pump

Atmospheric
flow stream

Single turbine case

['hs (houl - hin )]SGS

(= =hith =

hy —h,
W,

_ u,actual
ﬂm - .

Qin



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System

Example 6.4: Thermodynamic Analysis of a Simplified PWR Plant

PROBLEM

1. Draw the temperature—entropy (7-s) diagram for this cycle.
2. Compute the ratio of the primary to secondary flow rates.

3. Compute the nuclear plant thermodynamic efficiency.

4. Compute the cycle thermal efficiency.

® Assume that the turbine and pump have isentropic efficiencies of 85%.

My

Reactor

Steam
generator

Main
condensate
pump

Turbine

|« Electric

— Generator |—
—— power

4
v Condenser
<—) Atmospheric
( > flow stream

TABLE 6.6

PWR Operating Conditions for Example 6.4

State  Temperature °R (K)

1078.2 (599)
1016.9 (565)

T,+26(T,+14.4)

m}mqmu\hmm-—

Pressure psia (kPa)
1(6.89)

1124 (7750)

1124 (7750)

1 (6.89)

2250 (15,500)

2250 (15,500)

1124 (7750)
2250 (15,500)

Condition

Saturated liquid
Subcooled liquid
Saturated vapor
Two-phase mixture
Subcooled liquid
Subcooled liquid
Subcooled liquid
Subcooled liquid
Saturated liquid
Subcooled liquid




Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System

® Example 6.4: Thermodynamic Analysis of a Simplified PWR Plant

= Draw the temperature-entropy (7-s) diagram for this cycle.

[ S

Electric
power

Main
condensate
pump

Steam
generator
Atmospheric

flow stream

A
Saturation
line

7.75 MPa

Temperature, T

A
&
«

6.89 kPa

Temperature, T

Saturation
line

Y

Entropy, s

Y

Entropy, s



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System

® Example 6.4: Thermodynamic Analysis of a Simplified PWR Plant

= Compute the ratio of the primary to secondary flow

’hP l% _'ha ,% —'hQ

m, ¢, [Ts—(T, +AT)]  ¢,[(T, +AT,)~T;]

S

From steam tables:

rates.

hy = hy(sat. at 1124 psia) = 1187.29 Btu/Ib (2.771 MJ/kg)
h, = h{sat. at 1124 psia) = 560.86 Btu/Ib (1.309 M)/kg)

T, =sat. liquid at 1124 psia = 1018.8 R° (566.0 K)
Hence

m,  2.77 x10° -=1.309 x 10°
m,  5941[599 - (566 + 14.4)]

=13.18

Temperature, T'

Entropy, s

Main
condensate
pump

Generator

Y

Electric
power

Atmospheric
flow stream



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System

® Example 6.4: Thermodynamic Analysis of a Simplified PWR Plant

= Compute the nuclear plant thermodynamic efficiency.

_hy—-h,+h—h

I A S

— Calculate the enthalpies of each state!

State 1

From the steam tables:

h, = h;(sat. at 1 psia) = 69.74 Btu/lb (0.163 MJ/kg)

TABLE 6.6

PWR Operating Conditions for Example 6.4

State  Temperature °R (K)  Pressure psia (kPa)

— 1(6.89)

— 1124 (7750)

— 1124 (7750)

— 1(6.89)
1078.2 (599) 2250 (15,500)
1016.9 (565) 2250 (15,500)

— 1124 (7750)
T, +26 (T, + 14.4) 2250 (15,500)

m}mqa\mbmw—

Condition

Saturated liquid
Subcooled liquid
Saturated vapor
Two-phase mixture
Subcooled liquid
Subcooled liquid
Subcooled liquid
Subcooled liquid
Saturated liquid
Subcooled liquid

Temperature, T'

Saturation
line

Entropy, s

Y



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System

® Example 6.4: Thermodynamic Analysis of a Simplified PWR Plant

= State 2

— Isentropic efficiencies of 85%.

hin - houl,s
T‘P = I’Z _h
in out
h'_:_- s -hl hk“. - hl
Me

— Isentropic process

s, =, = 0.13266 Btu/Ib°R (557 J/kg K)
Ps, = P, = 1124 psia (7.75 MP,)

— hys = h(pz, Szs)

h,, = 73.09 Btu/lb (0.170 MJ/kg)

- T B o P B 0.171M)/kg

0.85

TABLE 6.6

PWR Operating Conditions for Example 6.4

State  Temperature °R (K)  Pressure psia (kPa) Condition

| — 1(6.89) Saturated liquid
2 S 1124 (7750) Subcooled liquid
3 — 1124 (7750) Saturated vapor
4 — 1(6.89) Two-phase mixture
5 1078.2 (599) 2250 (15,500) Subcooled liquid
6 1016.9 (565) 2250 (15,500) Subcooled liquid
7 Subcooled liquid
8 Subcooled liquid
A — 1124 (7750) Saturated liquid
B T,+26(T,+14.4) 2250 (15,500) Subcooled liquid

Saturation
line

Temperature, T'

A

Y

Entropy, s



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System

® Example 6.4: Thermodynamic Analysis of a Simplified PWR Plant

= State 3
— h3 = h(p3)
= State4

From the steam tables:

— lsentropic efficiency

_ hin - houl
nT - h "'h

mn

hs = hy — ny(hy = hy)

out,s
— Isentropic process
» S3=Ss=(1—x)-sp+x-34

v, =SS _13759-013266 _ o,
Sig 1.8453

> hyg=(1—x) hp+x-hy

hss = hf + X4shy, = 69.74 + 0.674(1036.0)
= 768.00 Btu/lb (1.79 MJ/kg)

hy = hy — mr(hs — hy) = 1187.29 — 0.85(1187.29 — 768.00)
= 830.9 Btu/lb (1.94 MJ/kg)

TABLE 6.6

PWR Operating Conditions for Example 6.4

State  Temperature °R (K)  Pressure psia (kPa) Condition

| — 1(6.89) Saturated liquid
2 S 1124 (7750) Subcooled liquid
3 — 1124 (7750) Saturated vapor
4 — 1(6.89) Two-phase mixture
5 1078.2 (599) 2250 (15,500) Subcooled liquid
6 1016.9 (565) 2250 (15,500) Subcooled liquid
7 Subcooled liquid
8 Subcooled liquid
A — 1124 (7750) Saturated liquid
B T,+26(T,+14.4) 2250 (15,500) Subcooled liquid

Temperature, T'

Saturation
line

Y

Entropy, s



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System

® Example 6.4: Thermodynamic Analysis of a Simplified PWR Plant
= Compute the nuclear plant thermodynamic efficiency.
(= h,—h,+h —h,
hy —h,
¢ = 1187.29 — 830.9 + 69.74 — 73.69

(English units) = 0.317
1187.29 — 73.69

_ 2.771-1.94 + 0.163 - 0.171 (Sl units) = 0.317
273 | =1,17]

A

Y

Temperature, T'

Entropy, s



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System
® Example 6.4: Thermodynamic Analysis of a Simplified PWR Plant
= Compute the cycle thermal efficiency.

W,

u,actual

Qin

T]th -

- Qin = mgs(hs — hy)

Temperature, T'

- I/i/i,actuatl = mg[(hs — hy) — (hy — hy)]

= Thermal efficiency (cycle thermal efficiency)

= plant thermodynamic efficiency

Nin = C



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System
® Improvements in thermal efficiency for this simple saturated cycle

" Pressure

— Increase the pump outlet pressure/decrease turbine outlet pressure

0.50

a+c Increase in energy supplied
b—c Decrease in energy rejected

0.4

»

O T O R ‘Ideal pump -
and turbine -

0.45 -

03 -

040 Ibbitcdadtin

mperature, T

a—(b+c) Increase in energy supplied
¢ Decrease in energy rejected

A

Te

. .

Cycle thermal efficiency, 1,

£
=
=
<
=
2
K .
i : 0.35
E |5 Entropy, s
5 g
5 & 0.30 |- saludna ki e S T O O O O
= | E RO U 0
24 o : L : O - I
%) B -t Ideal pump -
0.25 |iodbondindidondonns i jandturbine ;.
..................... LiiMp=mp=085]
aol 4 B 1 &0} a4 k€4 d by gqEfidfyd T IEBIERIINEEIERT TN ASSNNEEEL LN
0 5 10 15 20 25 0.00 0.20 0.04 0.06 0.08 0.10 0.12 0.14

Turbine inlet pressure, p; (MPa) Turbine exhaust pressure, p, (MPa)

FIGURE 6.14 Thermal efficiency of Rankine cycle for a saturated turbine inlet state for

FIGURE 6.13 Thermal efficiency of Rankine cycle using saturated steam for varying tur-
varying turbine outlet pressure. Turbine inlet: 7.8 MPa saturated vapor.

bine inlet pressure. Turbine inlet: saturated vapor. Exhaust pressure: 7 kPa.



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System

® Improvements in thermal efficiency for this simple saturated cycle
= Pressure

— Increase the pump outlet pressure/decrease turbine outlet pressure

a—(b+c) Increase in energy supplied

A . .
¢ Decrease in energy rejected
=
3 3 Added heat !
% 3 Rejected heat U
S 4 a
L 2 Net work 1!
e Z
g b Efficiency )
=~ 1 4’ | 4
C =

>



Thermodynamic Analysis of A Simplified PWR System

** First Law Analysis of a Simplified PWR System

® Improvements in thermal efficiency for this simple saturated cycle
= Pressure

— Increase the pump outlet pressure/decrease turbine outlet pressure

a+c Increase in energy supplied

A b—cDecrease in energy rejected
=
- Added heat 1l
¥
—
- Rejected heat U
b
=
L Net work 11
o
E Efficiency 1
)
-
)

Entropy, s
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5. More Complex Rankine Cycles: Superheat, Reheat, Regeneration, and Moisture
Separation



More Complex Rankine Cycles

*» System Superheat, Reheat, Regeneration, Moisture Separation
® Improvements in overall cycle performance

= Can be accomplished by superheat, reheat, and regeneration
— Each approach leads to a higher average temperature at which heat is received by the working fluid

® Minimize erosion of the turbine blades

= Multiple turbine stages with intermediate moisture separation

= The superheat and reheat options also allow maintenance of higher exit steam quality, there by
decreasing the liquid fraction in the turbine.

s/G




More Complex Rankine Cycles

*» System Superheat, Reheat, Regeneration, Moisture Separation
® Superheat: limited degree in PWR

= Once-through SG: B&W
= Recirculating SG: CE and Westinghouse

A A
(o]
At most 620°C
5
p3 Primary coolant
Turbine inlet
~ ~
S 0 6
£ g 3
= =
S o Secondary coolant
o, o. o *4
: : ;
= &
Ly 2
4 Turbine outlet € >l > »
1\ Subcooled Saturated Superheated
x=08x=09 .
Entropy, s 0 1

Fractional length along the steam generator, z/L

FIGURE 6.16 Heat exchanger and turbine processes in a superheated power cycle.



*» System Superheat, Reheat, Regeneration, Moisture Separation

® Reheat

Temperature, T’

More Complex Rankine Cycles

= The working fluid is returned to a heat exchanger after partial expansion in the turbine.

In PWR

— Moisture separator and reheater

4 o

Entropy, s

Y

QIn\

Superheater

High-P turbine

Pump

Low-P turbine

Wturb

—>

4

Condenser

Qout



More Complex Rankine Cycles

*» System Superheat, Reheat, Regeneration, Moisture Separation
® Regeneration

= Extracting steam from various turbine stages and directing it to a series of heaters where the
condensate or feed water is preheated.

= These feedwater heaters may be open (OFWH), in which the streams are directly mixed, or closed
(CFWH) in which the heat transfer occurs through tube walls.

D O

B 4

Wr Saturation

mS line \w
Turbine

> 3
3’ :
Y my
> ¢4 . ,
3 " - rh‘ ’ 3
o 3 :
N g Y m - my
7 «
Y m Y m E <
[-?4 m3//
8 Y r;ls—’h:;'—}hs”:rh;;
my Pump #3
2 Pump #2
OFWH #2 -®- Pump #1 < +
Y z OFWH #1 ity
z
Wps

Y

Entropy, s




*» System Superheat, Reheat, Regeneration,

® Analysis of the regeneration with OFWH

= Thermal efficiency

W,

u,actual

N = 0

= Actual useful work

— Turbine work — pump work

WT - me(hq _h’_‘&')
+(mg —my )(hy — by ) + my (hyr = hy)

WP =m, (hl' - h1)+ (m4 + M, )(hz‘ - hz)
+(r, +m,. +m, )(h2 — hy)

Qin = ms (h3 o h2)

More Complex Rankine Cycles

Moisture Separation

%)

Sy

Turbine

4
37 )

v 4

T
Y ,h3, 4 ,h3,,

8

Pump #3
2 - Pump #2
WH #2
, Pump #1
Y z OFWH #1 2
z ‘ 1
. 1,
W3 5
WP'Z é
Wp
A )
Saturation
line \S\i
> 3
T ms
- < 3
g "3 -
g Y g =" g!
o
£ < ;
E, ity
Y g — thgr — g =
< 4
my

Y

Entropy, s
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*» System Superheat, Reheat, Regeneration, Moisture Separation
® Analysis of the regeneration with OFWH

b o

> Wy
= First law & mass conservation = Turbine /
I 1 . 5
— For OFWH No. 1 ity = Y () = Wl 2 )
k=1 k=1 3" !
D O D D . ’;14 7
hZ (m3" + m4 ) - m3"h3" + m4 hl T T % Gondenser
8
. . . . g Pump #3
(. +m, ) = (h, —m, ) S s ] £
Y z OFWH #1]
z , .1
. 1
" . . . Wps
mf;ul?qu "‘I" m4hll m3”}l/3" + m4hl' v.(/l"z .
h,=—— : = . : (6.91) Wy,
: My, +my m, — My,
T Saturation
line
— For OFWH No. 2 Rl , .
4 ’hs
. . . . < 5
hyms == m3-h3- + (mS - m3- )th :‘ my N )
£ m,— my
hq+( )h = s
1713: 3/ m - m3' Z’ Y mg—my — mgr =my
h, = b (6.92)
i ms 4 4

Entropy, s
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*» System Superheat, Reheat, Regeneration, Moisture Separation

Closed feedwater heaters
® Regeneration with CFWH - Drained backward
- Pumped forward

ow

/ Wr Saturation

) A
Turbine

line

Throttling

3’
Pressure
reducer

Temperature, T’

my o
>y X vy
CFWH#2 CFWH#1
b
1, €01\ \ > NN
2 y
my = (mg—my —my)
= < 4
Main
my + g’ condensate
x 7 pump

Y

Entropy, s
Drip pump

p2
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*» System Superheat, Reheat, Regeneration, Moisture Separation
® Regeneration with CFWH

Desuperheating
zone shroud
Drradns mnlet
Utubes Vent Baffles and Desuperheating Shell skirt Feedwater outlet

tube supports  zone baffles

Steam inlet

V4

¥ Snorkle

Drains subcooling
tone enclosure

Drains outlet Channel

i
Water level /
Tie rods

!
Heater support and spacers Drains subcooling Feedwater inlet
zone baffles

Closed feedwater heaters
- Drained backward
- Pumped forward




® Analysis of the regeneration with CFWH

First law & mass conservation

— For CFWH No. 1
m4hy = m4h1l + m3IIh3II + m3lhxl - (m3| + msn )hZ

Lty iy tivghy =ity + 1 h,

b 4 .

my

— For the mixing tee, at position y’
(m, +my +my.)hy, = (M, +my ), +m,h,
m, = m, + M, +Mm,.

titgh, + (rity, + ity h,
m

S

More Complex Rankine Cycles

*» System Superheat, Reheat, Regeneration, Moisture Separation

3
—— e
g} / W

(6.93)

(6.94)

Temperature, T’

[ B3

< Y
ducer
A 3 Condenser
CFWH#2 CFWH#1
.

Main
/ + ma» condensate
pump

3
mg \\
—€ ¥
lﬂji
. .Y
(n1g— my)
- 3
mye
Y
iy = (K= ity — nige)
<« 4
<

Entropy, s

Y
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*» System Superheat, Reheat, Regeneration, Moisture Separation

® Analysis of the regeneration with CFWH - |
. . gy /WT
= First law & mass conservation Turbine
— For CFWH No. 2
m.h, + m,h, =m.h, +m_h..
s 2 3" X 373 sty s »—L
.fi?-;ﬂ (h/;r S h ) -+ m h . ’hsT g g
h‘z o ot 5B i 577) (6.95)
m

5

Wy
Saturation
line
A
\\ \
g \\
—€ ¥
”131

B~

o

E]

= . 4

£ (n1g— my)

a

§

=

- 3
mye
Y
P rf}_}= (”I's' Wity —m 37)
4
<

Entropy, s

Y
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*» System Superheat, Reheat, Regeneration, Moisture Separation
® Moisture separator

= The steam from the high pressure turbine to a moisture separator

= Separated liquid to a feedwater heater while vapor passes to a low-pressure turbine

o Xq, M
3 3 3 Y
: ’, W, } %
pressure pressure Saturation
turbine turbine line
g B ¥ 3
‘—> 2 " 41 QJ )ns
3’ Moisture 5 A2
I~~~ separator ‘L &
~ g (1-x5)m
Cond < = 1 3 = ANEe— o TS P— > § 3
57 on ens:r ) & 3’
(1—xg)mmg 4 xyng Y
OFWH 4
1 4
Feedwater >

W pump Main Entropy, s
p2 condensate

pump Wpl
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*» System Superheat, Reheat, Regeneration, Moisture Separation
® Moisture separator

= First law & mass conservation i

s

High
pressure
turbine

Low /
pressure

turbine

= Saturated state of liquid and vapor

— For the separated water (3”) 3 Moisture i
I~ separator v
Y — — Y — - ( Condenser
m3u - (1 X)ms h3|| i h.I: (p3|) (1_13‘)’.}15 i 3 —
) 2 OFWH
— For the separated vapor (3"") A 1 ‘_7@4_4.4
eedwater
) ) h h - pump i

— = P condensate
m3'" - XmS 3™ g ( p3') pump Wp]
— Feedwater heater exit enthalpy (1’)

A
v\ — Y v Saturation
hllmS —_— h3ll (1_ X:?)l)mS + h1X3-mS line
~ > 3
hy (1 = Xy i1, + by Xy i
’l-‘;" = x:" m. l.X';"n' ® Y
h, == et L (6.96) 2 (1=, ‘
’ns EE ....................... e 5 » 3
xyan Y
< p

Entropy, s

Y



More Complex Rankine Cycles

Example 6.6: Thermodynamic Analysis of a PWR Cycle with Moisture
Separation and One Stage of Feedwater Heating

PROBLEM  This example demonstrates the advantage in cycle performance gained by add-
ing moisture separation and open feedwater heating to the cycle of Example 6.4.
The cycle, as illustrated in Figure 6.22, operates under the conditions given in
Table 6.8. All states are identical to those in Example 6.4 except state 2, as states

9 through 13 have been added. The flow rate at state 11, which is diverted to the
open feedwater heater, is sufficient to preheat the condensate stream at state 13
to the conditions of state 10. Assume that all turbines and pumps have isentropic

efficiencies of 85%.

5 3 \ ( l __/) . y ~
- : ' w/l'l "’L W/IZ
: ., Fligh- / Low- /
n
P pressure pI‘ESSU re
- Steam turbine turbine
Reactor g
9 - 11
Moisture *4
L _~~Jseparator
N
112 Condenser i
- N . 8
e - { fm,
2 OFWH
10 13 Kq
' Boiler !
1% feedwater Main

2
P condensate

pump pump Wi



More Complex Rankine Cycles

Example 6.6: Thermodynamic Analysis of a PWR Cycle with Moisture
Separation and One Stage of Feedwater Heating

P < . . I
: 3 /W (1) iy i, f is not given!
m, Tigh-
< e TABLE 6.8
gcncratnr

Reactor g

PWR Operating Conditions for Example 6.6

pr— o 4
e ! 5 State  Temperature °F (K) Pressure psia (MPa) Condition
,,-,“‘2 i s l 1 (6.89 x 10-3) Saturated liquid
oruml - 2 1124 (7.75) Subcooled liquid
el 10 13 1 3 1124 (7.75) Saturated vapor
Wy, feedwater conI:l‘:ri:;ate 4 | (6.89 x 10%) Two-phase mixture
P pump Wor 5 618.5 (599) 2250 (15.5) Subcooled liquid
6 557.2 (565) 2250 (15.5) Subcooled liquid
7 Subcooled liquid
1. Draw the temperature-entropy (T-s) diagram 8 Subcooled liquid
for this cycle, as well as the temperature a 1124 (7.75) Saturated liquid
fractional |ength (T vers us Z/L) diagram b T,+26(14.4) 2250 (15.5) Subcooled liquid
for the steam generator. 9 50 (0.345) Two-phase mixture
) ) 10 50 (0.345) Saturated liquid
2. Compute the ratio of primary to secondary . 50 (0.345) .

flow rates. 12 50 (0.345) Saturated liquid
3. Compute the cycle thermal efficiency. 13 50 (0.345) Subcooled liquid



More Complex Rankine Cycles

Example 6.6: Thermodynamic Analysis of a PWR Cycle with Moisture
Separation and One Stage of Feedwater Heating

T-s diagram

Saturation
line

pressure

‘ :
]

turbine
Reactor 4 ~
Moisture 3 &
L _~~Jseparator =2
A [
7 o
% ( -
My ; & pinezseenescent{ionisssasansanaresnagarassesasensss
3 v f"’g 8 =
OFWH
10 13 b1
) Boiler '
W, feedwater Main
- condensate .

pump pump Wpl

Y

Entropy, s
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** Example 6.6

® Compute the ratio of primary to secondary flow rates.

With given information only

Energy conservation

mp(hS _hG): ms(h3 _hz)

mp(hS _hb): rhs(h3 _ha)

Information is not enough.

Information is enough.

(hy—hy)=c,(Ts-T,)=¢,(T; - T, -14.4)
T, =T, +14.4

M ___M-h 4314
m Cp[T'S == (Ta - A.l;))]

State

oORE D Sn R W R —

— e e = D
W -2

A%

L

Reactor

s N

m

-

Temperature °F (K)

618.5(599)
557.2 (565)

T,+26(14.4)

m

Steam
generator

Pressure psia (MPa)

I (6.89x 107%)
1124 (7.75)
1124 (7.75)
1 (6.89x 107%)
2250 (15.5)
2250 (15.5)

1124 (7.75)
2250 (15.5)
50 (0.345)
50 (0.345)
50 (0.345)
50 (0.345)
50 (0.345)

Condition
Saturated liquid
Subcooled liquid
Saturated vapor
Two-phase mixture
Subcooled liquid
Subcooled liquid
Subcooled liquid
Subcooled liquid
Saturated liquid
Subcooled liquid
Two-phase mixture
Saturated liquid
Saturated vapor
Saturated liquid
Subcooled liquid



** Example 6.6
® Compute the cycle thermal efficiency.

= Neglecting pump work,

mg(hy = he) + (1= f)my(hyy — hy)
ms(hi - hz)

Mih =

" hz = by steam table

* hyq; = by steam table

* hqi9 = hqy; = by steam table
= Unknowns: 1y, ho, hy, hy, f

Ihg

Sy =Sgs =S¢ + Xgs(Sg =S¢ ) =S¢ + XSy

Sgs — S
hgs =y +X95(hg —h;)=h; +—hgf
gf
h, —h
UT:ﬁ h9:h3_77T(h3_h95)
3 'lgs

More Complex Rankine Cycles

Temperature, T’

ca‘n:oc-.‘lom.p.wm-—-g
1
(=l
2]

— e e
[FS I O I -

618.5 (599)
557.2 (565)

T,+26(14.4)

| (6.89 x 10~%)
1124 (7.75)
1124 (7.75)
[ (6.89 x 10-3)
2250 (15.5)
2250 (15.5)

1124 (7.75)
2250 (15.5)
50 (0.345)
50(0.345)
50 (0.345)
50 (0.345)
50 (0.345)

Saturation
line
Mg
> 3
ng
............... I Ny T 3
I g )
f""s 9.9 (1-£) g
h 4
Entropy, s
Temperature °F (K) Pressure psia (MPa) Condition

Saturated liquid
Subcooled liguid
Saturated vapor
Two-phase mixture
Subcooled liquid
Subcooled liquid
Subcooled liquid
Subcooled liquid
Saturated liquid
Subcooled liquid
Two-phase mixture
Saturated liquid
Saturated vapor
Saturated liquid
Subcooled liquid



** Example 6.6
® Compute the cycle thermal efficiency.
= Unknowns: Thg,hg, hy, hy, f
= Ty, T
h9 = hf +X9(hg _hf)
h9 o hf

Ih4

S11 = Sps = S¢ +X4S(Sg _Sf) =S¢ + XSyt

Sys — Sy
he =hy +%, (h, —h,) =h, +2= 1 h

of

h,=h, —n; (h11 - h4s)

of

h11 B h4

U h11 o h4

S

More Complex Rankine Cycles

Temperature, T’

State

ooRE o0~ O h B —

_— e = = O
Wk = D

Saturation
line

o
ng
............... 4f;g W 1 (15
) 5 4
Entropy, s ”
Temperature °F (K) Pressure psia (MPa) Condition

618.5 (599)
557.2 (565)

T,+26(14.4)

| (6.89 x 10~%)
1124 (7.75)
1124 (7.75)
[ (6.89 x 10-3)
2250 (15.5)
2250 (15.5)

1124 (7.75)
2250 (15.5)
50 (0.345)
50(0.345)
50 (0.345)
50 (0.345)
50 (0.345)

Saturated liquid
Subcooled liguid
Saturated vapor
Two-phase mixture
Subcooled liquid
Subcooled liquid
Subcooled liquid
Subcooled liquid
Saturated liquid
Subcooled liquid
Two-phase mixture
Saturated liquid
Saturated vapor
Saturated liquid
Subcooled liquid



More Complex Rankine Cycles

** Example 6.6

® Compute the cycle thermal efficiency.

Saturation
line

= Unknowns: 1y, ho, hy, hy, f

Vs.
P

& 3
" hy,andf 5 \ iy
[(1_ .I:)mg + mf + fmg] hlo — mshlo E) ............... - S— f;g ............ és '9k 11 ros
= (L f)mh, +m,hy, + fm h, <« i
= [(1— fym, +m; + fng S

mshlo o mgh13 o mf h12

5 ) . (1=f) m, 5
f - 7 Wi /)y Wi,
= m ,-
. : s High- /
— " pressure ressure /
mg (hll h13 ) ‘ 2 tutbine [:urbine
] 3
Reactor g 1
9 Moisture 4
L~ ~Jscparator
— 7
S10 = Sp50 Ny = T(F3,8;,) % (
h —hy, 6

th ( 2s h

My j;hg 8
No =+ < OFWH
h h 77 - 10 13 b1
p Boiler
W{, ,  feedwater Main
pump condensate

pump Woi
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** Example 6.6

A
® Compute the cycle thermal efficiency. |
5 Saturation
line
. - b
Mo = my(hy — hg) + (1 - f)mg(hn - hy) . i 3
th — : s
mq(hy — h,) E g
g
E b\ 11
[ SIIIIIIIIIIIN I:Z:ZZZ:ZZ::.’:::::# """""""" e A
- Siig a-f) g
5 5 4
Try by yourself!
Entropy, s
State = Temperature °F (K)  Pressure psia (MPa) Condition
| | (6.89 x 10-%) Saturated liquid
2 1124 (7.75) Subcooled liguid
3 1124 (7.75) Saturated vapor
4 I (6.89x 107%) Two-phase mixture
5 618.5 (599) 2250 (15.5) Subcooled liquid
6 557.2 (565) 2250 (15.5) Subcooled liquid
7 Subcooled liquid
8 Subcooled liquid
a 1124 (7.75) Saturated liquid
b T,+26(14.4) 2250(15.5) Subcooled liquid
9 50 (0.345) Two-phase mixture
10 50 (0.345) Saturated liquid
11 50 (0.345) Saturated vapor
12 50 (0.345) Saturated liquid
13 50 (0.345) Subcooled liquid
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** More complex Rankine cycle analysis
® 4loop WH PWR
® Efficiency of the turbines
® Cycle efficiency
® Pump efficiency: 75 %

in._, ‘ m
~ 7
7 o
()
—| - / .
\ s (o)
\/

\\. HP Turbine 4L
(39

- &/ ~

(O g
n, v
1y / FH ‘1 \/‘ FH 2 ‘ Condenser
1)
29
@ % @ ® 0
NN N | | " T
: - h @ Condensate Pump
iny N/ Y e Hm) e © ~ (a9 )
RCP () - /18
®_ ]T: N
HP Feed Pump _/"
LP Feed Pump




** More complex Rankine cycle analysis
® 4loop WH PWR
® Efficiency of the turbines
® Cycle efficiency
® Pump efficiency: 75 %

=
P D LNV WN R

W W WWNNNNNNNNNNRERRERERPRER R
WNPRPOWOBNOOUDWNREROWOWOONOOWUNWN

More Complex Rankine Cycles

State Point  Temperature (oC) Quality Pressure (MPa) Enthalpy (kJ/kg)

226.7
1 6.895
2.827
1.896
1.206 2530.7
215.6
268.3
0.483
0.310
0.110
0.046
0.00517 2330.7
98.9
127.8
146.7
205.6
14.651
293.3 15.513
326.7
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** More complex Rankine cycle analysis
® Solution procedure

= Step 1: evaluate the efficiencies of the high pressure turbine and low pressure turbine

— — M2hs hio—his
T’HPT hz—hs,s T’LPT = m
» hy; = hy(P) : saturated steam
» hs = 2530.7 : two-phase mixture

Nupr = 0.779 nppr = 0.745

» hsg = h(P,s3)

in, | | RH1(8) \L RH 2
> ' [ |1~
@ M — .
/ A 1S _ | ] J
| — - () |,
- - DR
\ ing |~
\ HP Turbine
ren.| X
3% L
Fan ™
2 =
f;\
a o Ay g
iy YT
,
RX ) \]/ /S N
iy FH 1
[ / [ | / | Condenser
PN
/39— (1) e =
. p— 7 6)
(2 - L 'an
MO [
™ \\ /I (30) — [ Condensate Pump
— Ny i ™
2 ()
RCP
 a P
HP Feed Pump Ny ( /\
LP Feed Pump
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L)

* More complex Rankine cycle analysis

= Step 2: evaluate the enthalpies of each state

hy = h(P,T) :subcooled liquid, T; — given
h, = hg(P)  :saturated steam

h3,S = h(P, 52)
hs = f(hz, hss,n)
hs : given

he = hg(P)  :saturated liquid
h; = hg(P)  :saturated liquid
hg = h(P,T) :Tg— given
hg = hg(P)  :saturated liquid
hio = h(P,T) :Tyo— given

More Complex Rankine Cycles

HPT hy—hy g

-y
™
LD

LP Feed Pump




L)

More Complex Rankine Cycles

More complex Rankine cycle analysis

= Step 2: evaluate the enthalpies of each state
- hs = h(P, s10)

_ hqo—hy
— hyy~hiy = f(hio, Ri1,sM) Nipr = m
— hys : given
— hye = he(P) : saturated liquid
— hy75 = h(P, s16)
- hy; = f(hie hy751) : subcooled liquid, Npymp — given
— hyg = he(P) : saturated liquid
— higs = h(P, s13) : saturated liquid
— hig = f(hg, higs, M)
— hyo = hs(P) : saturated liquid

-y
™
LD

LP Feed Pump




L)

L)

More Complex Rankine Cycles

* More complex Rankine cycle analysis

= Step 2: evaluate the enthalpies of each state

h,y = h(P,T)
hy, = hf(P)
h,3 = h(P,T)
has = hf(P)
hys = h(P,T)
has = he(P)

h27,s = h(P, 526)
hy7 = f(ha6, h27,5,1M)

: subcooled liquid, T,; — given
: saturated liquid
: subcooled liquid, T,3 — given
: saturated liquid
: subcooled liquid, T,5 — given
: saturated liquid

: subcooled liquid, 7pymp — given

-y
™
LD

LP Feed Pump
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More complex Rankine cycle analysis

= Step 2: evaluate the enthalpies of each state

— hyg = hs(P) : saturated liquid

— hyg =h(P,T) : subcooled liquid, T,9 — given

— hgo = hs(P) : saturated liquid

— hsz, = h(P,T) : subcooled liquid, T3, — given

— hz3 =h(P,T) : subcooled liquid, T35 — given, P33 = (P31 + P33)/2

— Wpgeps = v(P3; — P3q)
— Wgep :WRCP,s/TI

— h3y = h3; — Wgep

-y
™
LD

LP Feed Pump




** More complex Rankine cycle analysis

= Step 2: evaluate the enthalpies of each state

O 00O NO UL B WN -

=
o

h
975740.4
2773765.5
2644676.6
2590034.0
2530700.0
799286.7
992814.1
2854763.3
1262030.7
2976593.1

11
12
13
14
15
16
17
18
19
20

More Complex Rankine Cycles

h
2828965.9
2767621.9
2637452.8
2539523.6
2330700.0

140246.9
140300.9
331879.5
333473.2
428835.3

21
22
23
24
25
26
27
28
29
30

58

h
415294.2
566217.1
537648.7
634466.5
618500.1
799286.7
807899.2
896155.4
879667.6
992814.1

2783890.2
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** More complex Rankine cycle analysis

= Step 3: evaluate the mass flow rates using mass and energy conservation equations

in, ‘ | RH1 (? RH 2
H\. m? MS ) H“—a-_& - 1 rﬂh““x - mLPT
)
\Z/ (10)
R 1 f_ ]:r]s /_ \\__/
o DO 4
\ 9
\ HP Turbine —L ~ LP Turbine -
(339~ \ ing QP
= \
- 3/ B
(o - !
NS 44
i YN gl
RX ‘L

my / FH‘I / FH 2 ‘
g o) s | (9

RCP

G+ C
(32) 1 <
] BN Y @ @
D

HP Feed Pump

LP Feed Pump
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** More complex Rankine cycle analysis

= Step 3: evaluate the mass flow rates using mass and energy conservation equations
— Feed Heater 1

m,h,y +m,hy +mhy, = mh +(m, +m,)hy,

’;’r/lz(hsi _h30)+”?14(h3 _h30.) :hl _h29 (1)
~ m
where m, =—
m,

— Feed Heater 2

mh,, +mh, +mh, +(m, +m, )y, = mhyy +(m, +nm, +nm, +ny)h,

mz (hzo - hzx) + m3(h7 o hzx ) s 17'14(h30 o hzs) T ms(hz; o hzx) - h29 o h27 (2)
— Moisture Separator

11, X5 = 11,y = 0 my (1=2x5) =y =0

(3) (4)
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** More complex Rankine cycle analysis

= Step 3: evaluate the mass flow rates using mass and energy conservation equations
— Feed Heater 3

m, prhys +mgh, +mohs +(m, +my, +m, +mg)h,, =mh,,

’;12/728 + ”773/728 s ’/;24/?28 + ’/;15}128 o ”T%hs £ ”773}16 + ’/;ILPTh25 = h26 (5)
— Reheater 1

mLPThgs + m3h3 = mLPThS + m3h7

ity (hy = hy) + 1y (hy = ) =0 (6)
— Reheater 2

mLPThS + mZ h2 = mLPThIO + m2h9

’;‘2 (hy —hy) + n%LPT(hS — ) =0 7
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** More complex Rankine cycle analysis

= Step 3: evaluate the mass flow rates using mass and energy conservation equations
— Feed Heater 4

mLPThZB + m‘)hll = mLPThZS + ﬂ’l9/’l24

My pp (yy = hys ) +mg (B =1,y ) =0 (8)
— Feed Heater 5

1, oy, + gy +mghy, =y, hy + (g + )b,
mLPT (h21 o hzz) + m9 (hz4 o hzz) + mlo(hlz - hzz) =0 (9)
— Feed Heater 6
1, prhyy + 01y By + (my +my )y, = my e hy + (g + iy, +my )by,

I/;;ILPT (g = Iyy) + ’;39 (1 =Ty ) + ”210 (yy =y ) + ”711 1y =y ) =0 (10)
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** More complex Rankine cycle analysis

= Step 3: evaluate the mass flow rates using mass and energy conservation equations
— Feed Heater 7

(mLPT —my —m,, —my, _mlz)hn + ’lehH + (m9 +m, + mu)hzo = mLPThIS

];;"'LPT (hn _h18)+ ’;’9 (hzn _hn) +’;’10(h20 _h17)+ ’;‘11(}’20 _hlv) + ’;’12(//‘14 _hn) =0 (11)

— Mass balance on Feed Heater 3

Since 11, = M,x; and My =m,(1—x;)
m, +m, +m, +nms +mg +n, =m,

m, +m, +m, +ms +mg+m, =1 (12)



More Complex Rankine Cycles

** More complex Rankine cycle analysis

= Step 3: evaluate the mass flow rates using mass and energy conservation equations
— Alinear system of 12 equations in 12 unknowns

m?2 0.054
m3 0.029
m4 0.049
m5 0.035
m6 0.061
m7 0.772
m8 0.098
m9 0.025
m10 0.037
ml1l 0.021
m12 0.044

mlpt 0.673



More Complex Rankine Cycles

** More complex Rankine cycle analysis

= Step 4: evaluate the turbine works and pump works
— High pressure turbine

Wm;; = (my =1, )hy = (my +mm, )by — msh, — (mg +m; )hs

W, [ =(1- m )y, —(my +my)h, —msh, —(m, +m.)h,
— Low pressure turbine

Wﬁp = My pypyy — Mohy — 1y by — iy By — g, by — (g = mg — iy, — iy — gy ) Ay

W

ip [y = mphy —mghy —myh, _muhu mlz 14 (mLPT My — 1y — 1y — 1y, ) s

— Condensate pump

W, = (i —my —ny, — 17) p

cp

W, /ml:(mLPT_m9 mlO mu mlz) We

cp



More Complex Rankine Cycles

** More complex Rankine cycle analysis

= Step 5: evaluate the turbine works and pump works
— Low pressure feed pump

W, e — MpprWipp

WLP/p / m, = mLPTWLpr

— High pressure feed pump

WHP_;jp = M Wypg,

— Reactor coolant pump
Wep = M, Wiep
» Mass flow rate ratio between primary and secondary sides
myhy, +m b = myhy, +mh,

mo _ hz _hl
ml h33 o h.ﬂ




More Complex Rankine Cycles

** More complex Rankine cycle analysis

= Step 6: evaluate the cycle efficiency

77 . W”g)‘ . VVrhp + VVﬂp + M/cp + WLpr + WHP]jb + WR('P
Q reactor Qi‘en clor
B (Whp + W.’.’p + ch + WLPﬁ) + WHP@ +Wep) /1,

Qrmc.'or / ml

=32.8 %



