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PREFACE

This book, viz. “Applied Thermodynamics: Software solutions — Vapor Power cycles
(Rankine cycle)” is a supplement to the Part-II of the popular, free ebook series on Applied
Thermodynamics: Software Solutions by the same author, published by Bookboon.

In this book, as with other books of this series, the focus is on the solutions of problems
using computer software. Only the essential theory and summary of equations required for

calculations are given at the beginning of the chapter.

Here, we have particularly focused on solving problems with the very useful software,
Mathcad. Since Mathcad does not have built-in functions to determine the properties water/
steam, we have first written useful functions for properties of water/steam using data from
NIST. Then, we demonstrate the ease with which one can do calculations, produce tables
and graphs of results, and perform ‘what-if analysis’ with Mathcad, by solving a variety

of problems.
Advantages of using computer software to solve problems are reiterated:

1. It helps in solving the problems fast and accurately

ii. Parametric analysis (what-if analysis) and graphical visualization is done very easily.
This helps in an in-depth analysis of the problem.

iii. Once a particular type of problem is solved, it can be used as a zemplate and solving
similar problems later becomes extremely easy.

iv. In addition, one can plot the data, curve fit, write functions for various properties
or calculations and re-use them.

v. These possibilities create interest, curiosity and wonder in the minds of students

and enthuse them to know more and work more.

Useful data for water/steam are generated from NIST website, i.e.
http://webbook.nist.gov/chemistry/fluid/.

And, using the NIST data, Mathcad Functions are written for both saturation properties
of water and superheated steam properties. These Functions are then used in solving
problems, illustrating the ease of using Mathcad in calculations and graphing. Further,
the Mathcad programs are given clearly and transparently, so that the students, teachers,

researchers and professionals can reproduce them for their works.
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Several Functions are written in Mathcad to simplify the standard and most often
required calculations for Rankine cycle and its variations, which, the students, teachers

and researchers may find very useful.

S.I. Units are used throughout this book. Wide variety of worked examples presented
in the book should be useful for those appearing for University, AMIE and Engineering

Services examinations.
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ABOUT THE SOFTWARE USED

Following software is used while solving problems in this book:
Mathcad 7 and Mathcad 15 (Ref: www.ptc.com)

For a brief introduction to Mathcad, EES and EXCEL see the chapter 1 of the following
free ebook by the author:

“Software Solutions to Problems on Heat Transfer — CONDUCTION-Part-I"’:

http://bookboon.com/en/software-solutions-to-problems-on-heat-transfer-ebook
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VAPOR POWER CYCLES

Learning objectives:

1. In this chapter, “Vapor Power cycles’ are analyzed with particular reference to Rankine
cycle and its variations, used in Steam Power Plants.

2. Cycles dealt with are: Ideal Rankine cycle, Practical Rankine cycle with the isentropic
efficiencies of turbine and pump considered, Reheat Rankine cycle (with both
ideal and actual processes), Regenerative Rankine cycle and Reheat-Regenerative
Rankine cycle.

3. Several useful Mathcad Functions are written for properties of water/steam in
superheated and two-phase regions using data generated from NIST website, since
Mathcad does not have built-in Functions for water/steam, and these Functions
are used in solving a variety of problems.

4. Problems from University question papers and standard Text books are solved
with Mathcad.

360°
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1 INTRODUCTION

Mathcad does not have built-in functions for properties of Water/steam.

So, we have written Mathcad Functions for properties of Water/Steam, that are essential

for problem solving.

H2O/Steam properties are generated from NIST website [1], i.e.
http://webbook.nist.gov/chemistry/fuid/

Procedure to use the above NIST website to get both the saturation properties and

superheat gas properties for different fluids is explained in detail in the earlier free ebook

by this author (See pp. 4048 and pp. 60-66 of that book), published by Bookboon:

Cryogenic Engineering: Software Solutions: Part-I

http://bookboon.com/en/cryogenic-engineering-software-solutions-part-i-ebook
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2 DEFINITIONS, STATEMENTS AND
FORMULAS USED [2-8]

While analyzing the following cycles, quantities of interest are: heat supplied in boiler (q, ,
in kJ/kg), heat rejected in condenser (q_ , in kJ/kg), work output of turbine (w, in kJ/kg),
work required by pump (w . in kJ/kg), net work (w,_, in kJ/kg), thermal efficiency (n),
Specific Steam consumption (SSC, in kg/kWh), and Work ratio.

In the following sections, most of the block diagrams are taken from Ref. [8].

2.1 CARNOT CYCLE FOR STEAM

Bq_'tler

=y |

Turbine

N (2)

[

For Carnot cycle:

Process 1-2: Isentropic expansion in turbine
Process 2-3: Isothermal heat rejection in condenser
Process 3-4: Isentropic compression in pump

Process 4-1: Isothermal heat addition in boiler
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) DEFINITIONS, STATEMENTS AND FORMULAS USED [2-8]

Then, per unit mass of steam circulating, we have, in units of kJ/kg:

T1 -T2 _ Qout

R — e = =1- With termp in Kelvin
Qin = hl — ht Necarnot T1 i
Qout = h2 — h3 n o= E-IDI}
Qin
wT =hl-h2 3600 . Wt
58C = Work Ratio:  WR = —
Wat wT

Whet = WT — Wp

Y I Y " f‘,
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES

(RANKINE CYCLE) + PROBLEMS (MATHCAD)

2.2 |IDEAL RANKINE CYCLE FOR STEAM

Boiler —
Hh“*-\. \i_)r
-y | J—

Turbine

“ondenser

i

/_\ 3
((Conden -

A

.43- 2

Here, we have, per kg of steam circulating:

gin = hl - h4
Qout = h2 — h3
wT =hl-hl

“‘ﬂE[ = “.'T - ‘..Tp

Wnet

Qin

M= 100

Pump work: (with sp. vol =v{3 in m"3/kg, P1, P2 in kPa::

wp = vi3-(P1 - P2) kJ...pump work
hi=h3i+ Wi
S8C — 3600
Wt
. Wnat
Work Ratio:  WR =
‘.TT
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) DEFINITIONS, STATEMENTS AND FORMULAS USED [2-8]

2.3 ACTUAL RANKINE CYCLE FOR STEAM

Boiler —
e \i_j
o
: |I —]
Turbine
Pump )

—-'-’z -“,-' .
, /_\\ 2.3
<} Condenser R

£

@ L;

Here:

Process 1-2: Ideal isentropic expansion in turbine
Process 1-3: Actual expansion in turbine

Process 4-5: Ideal isentropic compression in pump

Process 4-6: Actual compression in pump
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) DEFINITIONS, STATEMENTS AND FORMULAS USED [2-8]

2.4 REHEAT RANKINE CYCLE, WITH IDEAL PROCESSES FOR STEAM

igh-P
Boiler Reheater @ urbine

2 @

©+ .

Condenser

mp + !

M.‘r
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) DEFINITIONS, STATEMENTS AND FORMULAS USED [2-8]

For this case, we have:

7 Wia
Qi = (hl — hé) + {h3 — h2) "= ﬂ"[-ll}l}
in
Ql}u[ = hi — h3 )
qEE o 3600
Whet
Wp = vf5-(P§ - PJ) kJikg
, Whet
B} B} Work Ratio:  WER =
hi = hi + Wp W

W = (hl - h2) + (h3 — hd)

Wyet = WT - Wp
2.5 ACTUAL, REHEAT RANKINE CYCLE FOR STEAM

= —]

r‘k-l/tgh-P
Turbine

Reheater e -

|

)
/ﬂl-l

1/_
o
[,

~)

l.'.r.,‘r
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Various parameters are calculated as:

h8 — h7
i =Thl — h%) + (hd - h3) =—
Qin =1 fRat ) Npump he — I
Qout = h6 — 17 _hl-h3
Niurbl hl— o
Wigrh = (hl — h3) + {hd — hf) _ hi — b
b e s
h8 = h7 + vfT-(P1 — P3)
Wet
wp=h§l—h7 = t -104)
in
Wnat = 1II1'7[1.1\1."[! - “-p . 3600
. Wnet s8C= b
Work Ratioc WR = Whet

Wiurb

2.6 REGENERATIVE RANKINE CYCLE, WITH ONE OPEN FEED
WATER HEATER (FWH), WITH IDEAL PROCESSES FOR STEAM

> i -

.| Boiler

- "'._

Open

* f l—ﬂ— FWH
'Lm;ﬁ—'—‘—

@ A/ (o
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) DEFINITIONS, STATEMENTS AND FORMULAS USED [2-8]

Various parameters are calculated as:

hi — hi

in=hl- h7 vE —
din © hl-h3

ot = (B3 — h4)-(1 - ) 7= hé + vi6-(PT — P§)

= 1 T ] — v
wr=(hl-h) + (R =m)-(1 =) 5 ey vpaps - Py

wpl={hi-hd)-{1-v)

Fnet
n= ——-100
Qin
wpr=h7 - hé -
S5C = 3600
\ Vet
Wist = WT — |_“1:r1 —+ “-P:_:'
. Wnat
Work Ratioc WR =
"."1'1"

[ ]
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2.7 ACTUAL, REGENERATIVE RANKINE CYCLE, WITH ONE OPEN
FEED WATER HEATER (FWH), FOR STEAM

Various quantities are calculated as:

ho — hi
V=
© hi-h8

gip = hl — hil

Jout = (b3 — 16)-(1 - y) h7 = h6 + vf6-(PT — P6)
- L A

- _ I+ k3 = Bl — =
wT=(hl - h3) + (h3 - h3)-{1 - ¥+)

h10= he + vf-(P10 — P9)

wpi= (h8 - hi)-{1 -+

Wiyl
n= —— 100
Qin
wpy = hil — ht .
< 604
55C = 2
Wnet
Wyat = WT — I“P'_ + “'F:I

Wneat

Work Ratio: WERE =

WT

2.8 REGENERATIVE RANKINE CYCLE, WITH ONE CLOSED FEED
WATER HEATER (FWH), WITH IDEAL PROCESSES FOR STEAM:

Another type of feed water heater is the ‘closed’” type. Generally, this heater is of a shell
and tube arrangement, where the extracted steam condenses over the tubes inside which the

feed water to be heated flows. The condensate is dealt with in one of the following ways:

a) The condensate is pumped to a higher pressure and is sent forward to mix with the
feed water in a mixing chamber, or
b) The condensate is throttled to a lower pressure in a ‘trap’ and sent back to the

condenser or to one of the previous heaters.
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) DEFINITIONS, STATEMENTS AND FORMULAS USED [2-8]

Both the arrangements are shown schematically below [4]:

Following are the respective schematic diagrams of these two types [8]:

w

Boiler

Mixing
Y
@ Chamber

®

Boiler @
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) DEFINITIONS, STATEMENTS AND FORMULAS USED [2-8]

2.9A REHEAT-REGENERATIVE RANKINE CYCLE, WITH ONE OPEN
FEED WATER HEATER (FWH), WITH IDEAL PROCESSES
FOR STEAM:

Open
FWH

With us you can
shape the future.
Every single day.

For more information go to:
www.eon-career.com
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2.9B REHEAT-REGENERATIVE RANKINE CYCLE, WITH ONE CLOSED
FEED WATER HEATER (FWH), WITH IDEAL PROCESSES
FOR STEAM:

¢

Rotler J W
~ I"-._ g - I
Fro, __.‘- - | il

1 ~— Closed %
\—D‘_ Mixing ‘3 FWH

1 Chamberj < _J AN o
@

L 4

k

@
) Yo

Note: There are several other variations possible, with a combination of open and closed

FWH, taking in to account the isentropic efficiencies of turbines and pumps etc.

2.10 SECOND LAW ANALYSIS (OR, EXERGY ANALYSIS) OF VAPOR
POWER CYCLES [3]:

Second law analysis enables us to find out where in the cycle the irreversibilities occur and

what their magnitudes are.

Exergy destruction for a steady flow system is given by:

Qnut

Q-
- N (mdot-s) - = kWY
— Thin

Kdest= To3zen= Tol Sout = Sin/ = Ty} (mdots) +

out
ot m

On a unit mass basis, for a one inlet, one exit, steady flow device, we have:

fdest = Iﬂ'sgen= Tyl sa— 85+ —— - — | kdikg

where Tb, and Tb_ are the temps at system boundary where heat is transferred in to and

out of the system respectively.

For a cycle with heat transfers at a source temp TH and sink temp TL, exergy destruction
is given by:

"Qout  %in |

Egoct = T, — |
dest™ "0 "7 1H)

kg
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And exergy of flow for a fluid stream at a state (P, T) is determined from:

v, 82 kJikg
2-1004) 1000

P ={h-hy) - Tp{s—sp) +

where (h, s) are enthalpy and entropy at state (BT), and (h, s) are enthalpy and entropy at
ambient conditions of (PO, T0). Temp should be in Kelvin. V is the velocity in m/s and Z is

the elevation in meters. Generally, for the cases we come across, V and Z are taken as zero.

2.11 SECOND LAW EFFICIENCY, n [9]:

Thermal efliciency for heat engines and coeflicient of performance for refrigerators are based

on the first law of thermodynamics and referred to as the first-law efficiencies.
Second-law efficiency is defined based on II Law:

The second-law efficiency for a heat engine is defined as the ratio of the useful work output
to the maximum possible work output (for work-producing device, such as turbine), or the
ratio of the minimum work input to the actual useful work input (for work-consuming

device, such as compressor).

For refrigerators or heat Pumps, it is defined as the ratio of the actual COP to the COP of
reversible process. For mixing chambers, the second-law efficiency is defined as the ratio of

the exergy recovered to the exergy supplied.

Summarizing:
Heat engine Ny / M.,
Work producing device (ex: Turbine) W, /W_
Work consuming device (ex: Compressor) W_ /W,
Refrigerators/Heat pumps COP / COP_,
Mixing chambers/heat exchangers Exergy recovered/Exergy supplied
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) DEFINITIONS, STATEMENTS AND FORMULAS USED [2-8]

For an adiabatic turbine:

For a turbine the second-law efficiency is defined as:

W

u

dl'l‘;l -
I"w

rew

where W is the actual useful work and W is the reversible work.
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) DEFINITIONS, STATEMENTS AND FORMULAS USED [2-8]

From an energy balance, neglecting kinetic and potential energy differences compared to

the enthalpy change of the fluid, we get:
Wy=m(h;-h )

The reversible work for adiabatic turbine, the reversible work equals the difference of the

flow exergies at the inlet and the exit:

W oey=m (Efi - E*fe:'

Then, second-law efficiency of an adiabatic turbine is given by:

hi_he
'I'I";I]I=—
Efi_ﬂfﬂ

Similarly, second-law efficiency of a mixing chamber is:

Similarly, second-law efficiency of a compressor is:

NIl = (ef —ef) / (h, — h)

For heat exchangers and mixing chambers, their second-law efficiencies are given as the ratio

of exergy recovered to exergy supplied.
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For a heat exchanger: the second-law efliciency is:

m cofd'(ef 4 - f 3)
mhnt'(Efl - ef:)

T

where m_ , and m, are mass flow rates of cold and hot fluids respectively. And, ef stands

I
for exergy of flow.

Here, m  and m, are mass flow rates of hot and cold fluids respectively. And, ef stands for

exergy of flow, as usual. Then, second Law efficiency is:

m o ef3—ef2)

ml'(Efl - Ef3)

7=
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES

(RANKINE CYCLE) + PROBLEMS (MATHCAD) DEFINITIONS, STATEMENTS AND FORMULAS USED [2-8]
Summarizing:
Device Second Law efficiency,
T Bi-he
Adiabatic turbine =
ef - ef o
of ;- ef .
Adiabatic compressor 0=
hij-h,

_m i (of 4 - of3)

Heat Exchanger (non-mixing) 7=
m oy (ef | - of 5)
Adiabatic Mixing chamber s
T '(efq - ef )
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Exergy balance: Exergy losses can be found out for a given component by making an exergy

balance for that component.

Exergy balance is written for each component of a system to find out the relative magnitudes
of ‘exergy losses’ in those components so that corrective action can be taken to reduce the

losses.

Writing the exergy balance for components of a steady flow system, such as compressors,

turbines, throttle valves, heat exchangers etc is as follows[6]:

Remember:

Exergy of heat:

Exergy of work:

Exergy of work is that itself since there is no thermodynamic restriction on its
availability.

Exergy of flow of mass flux:

ef = (hy — hg) - Tp{sy —sp)  kd/kg...per unit mass
Exergy balance is written as:

ef] + 8ql + W1 = ef) + €g) + W + de
where, 1 represents inlets and 2 represents exits, and Ae is the exergy loss.
As an example, for & compressor we can write:.

gf] + w= e + Ae
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If the compression is adiabatic: q =0, and eq =0; and if it is reversible, A2 =0
Therefare:
W= ef) — ef]
If the compression is adiabatic, but irreversible, then:
w=(en — ef) + Ae
For an isothermal compression at ambient temp T0, we can write:

W= ef) — ef]

since though an amount of heat q is evolved during compression, its exergy
eq = 0, compression being at TO.

Similarly:

For an expander, insulated, and with inlet at 3 and exit at 4, we can write:
Bl= 84+ W+ _"Leﬁp

ie. Aegyp = le3— Eq} - W

And, if expansion is isentropic:

_"ueﬁp= 0
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3 PROBLEMS SOLVED
WITH MATHCAD

Note:

Generally, while solving problems on vapor power cycles which use Water/Steam as working
substance, we have to refer to tables often to get properties of water/steam at various

state points.

Instead of using property tables, here, we shall first develop few simple Mathcad

Functions for water/steam based on NIST data:

Ref: http://webbook.nist.gov/chemistry/fluid/, and then use them in solving problems.
These Functions use the built-in linear interpolation function ‘linterp’ in Mathcad to get

interpolated properties.
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Mathcad Functions for properties of water/steam:

First, Tables are prepared for Saturated and Superheated H2O based on data tables generated
from NIST website, i.e. http://webbook.nist.cov/chemistry/Huid/

Next, we write Functions for sat. properties of H20 and also in the two-phase region:

Here, the Sat. pressure Table is generated from NIST website, and is copied as a Matrix
in to Mathcad:
Properties of Water-Steam: Ref: NIST

Units:  psat (kPa), tsat(C), vf, vg (m3/kg), hf, hg (kl'kg), sf.sg (kd/kg K)

Psat Tsat vf Vi hf hg sf 0|

;’JI}.Ei-lllfi-j 001 00010002 20599 000061178 23009 —232E-13 9_1jjj”"|_
087238 5 00010001 14701 2102 25101 0076234 90248
12282 10 00010003 1063 42021 25192 015109 83008
17038 15 00010009 T77.873 62081 25283 022446 B.7R03

23393 20 00010018 37737 33014 25374 029648 B.666
31699 25 0001003 43337 10483 2534635 036722 83366
4247 30 00010044 32878 12573 25553 043673 8432
5620 33 0001006 23203 14663 23643 030313 83317
73849 40 00010079 19513 16733 253733 035724 82333
9393 43 00010099 15232 18543 23824 043361 81633
12352 50 00010121 12027 20934 25913 070381 B.OT48

15762 35 00010146 D.5643 23026 26001 076802 70808
12046 60 00010171 7.6672 25118 26088 033128 79081
25042 65 00010199 6.1933 27212 26175 0.8%363 7.829%G
312010 7O 00010228 3.0303 29307 26261 093313 7754
38393 75 00010238 41280 31403 263446 10158 74812
47414 80 00010281 34032 335Mm 2643 10736 76111
57867 B85 00010524 28233 33601 26513 11346 73434
700182 90 0001036 23501 ITT4 26593 11920 T4781
84608 93 00010396 19304 30800 266746 12304 74131
10142 100 00010435 1.6713 41917 26736 13072 T334
14338 110 00010316  1.2093 45142 26911 141838 72381
198.67 120 00010603 080121 30381 27059 15279 71201
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27028 130 00010697  0.668 54638 272001 16346 70284
36154 140 00010798 030845 58018 27334
M sat HXO =| 47616 130 00010905 039243 63218 274390
61823 160 0001102 030678 67547 27374 19426 67491
79219 170 00011143 024239 71908 27679
10028 130 00011274 019384 76305 27772
12552 190 00011415 0.13636 80743 27853 22355 63039
15542 200 00011365 012721 85227 2792 23303 64302
19077 210 00011727 010429 89763 27973 24245 63363
23196 220 00011902 0.084002 04358 28009 25177 6284
27971 230 0001209 0071303 99019 28029 26101 62128
33469 240 00012285 0059703 1037.6 2803 2702 61423
39762 230 00012517 0.030083 10858 28009 27935 60721
46023 260 00012761 0042173 1133 27066 28840 60016
3503 270 0001303 0033621 11853 27897 29765 3934
6416.6 280 00013328 0.030133 12369 27709 30683 3.8379
T4418 290 00013663 0023335 1220 27667 31612 5783
83879 300 00014042 002166 1343 27496 32352 37039
98631 310 0.0014479 0018335 14022 27279 3331 3624
11284 320 0.00149%  0.013471 14622 27006 34484 335372
12858 330 00013606 0012979 15259 2666 33318 54412
14601 340 00016376 01010781 15945 26218 36601 33336
16329 330 000174 00083024 16709 23636 37784 5211
18666 360 00018234 00069493 17617 248135 39167 50336
21044 370 000022152 00049544 18007 23345 41112 48012
21297 371 00022798 00046903 101046 23083 41412 47386
21334 372 0.0023682 0.0044084 193 3
\ 21814 373 0.0025083 0.004045 19697 22298 42308 4-.633-!-}

i
laa
o
o
o

To write the Functions, we extract each column from the Table as a vector:

> »
psat_H20 = M_sat H200 tsat_H20 = M_sat 520"
(2> (3}
visat H2O = M sat H2O vgsat H20 = M_sat HIO

: {5
A W =N 2
hfsat E20 = M_sat 20 hgsat_H20 = M_sat_H20

Y 7
sfzat H2O =M _s at_HlD{ﬁ sgsat_HIO = I‘-.-i_sat_HlD{"
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Now, use these data vectors to get interpolated values, in conjunction with the linear

interpolation function ‘linterp’ in Mathcad.

TSAT H2O(P) = interp{cspline{psat HIO tsat H20) psat H20 tsat HXO . F)

PSAT H2OT) = interp{cspline(tsat H20 psat H20) tsat H2O psat H2O T)

HESATP _HXO(P) = linterp{psat H20 hfsat H2O0,P)

HESATT H2O{T) = linterp{tsat H20O hfsat HXO_T)

HGSATP _HXO(P) = linterp{psat H2O hgsat HXO F)

HGSATT H2O{T) = linterp{tsat H20 hgsat HXO T)
HFGEATP HXO(P) = HGSATP H2O(F) — HFSATP H2XO(F)

HFGSATT HO(T) = HGSATT H2O(T) - HFSATT_H2O(T)
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SFSATP HXOWP) = linterp{psat H2O sfsat HIO F)

SESATT H2ONT) = linterp{tsat H2O sfsat H2O . T)

SGSATP HXOWP) = linterp{psat H2O szsat H2O P

SGSATT H2OT) = linterp{tsat H20Q sgsat HXO . T)

SFGSATP H2O(P) = SGSATP HXO(F) — SFSATE HXO(P)

SFGSATT HXO(T) = SGSATT H2T) — SFSATT HXT)

VGEEATP H2OWP) = linterp{psat H2O vgsat HXOF)

VGESATT _H2O(T) = lnterp{tsat_H20 wvgsat H20 . T)

VESATP _H2OP) = linterp(psat_H20 ~fsat H20.F)

VESATT H2O(T) = lnterp{tsat H20 ~fsat H20 . T)

VFGSATP HXO(F) = VGSATP HXWF) — VFSATP_HXO(F)

VFGSATT HXOT) = VGEATT H2(T) — VESATT _HXT)

UGSATP H2O({P) = HGSATP HXO(F) — P-VGSATP_HXOP)

UFSATP HXNF) = HFSATP HXO(F) — P-VESATP H2XO(F)

UFGSATP HXO{P) = UGSATP H2O{P) — UFSATP _HXO{F)

UGSATT H2O(T) = HGSATT H2O(T) — PSAT _HXXT)-VGSATT H2XO(T)
UFSATT H2T) = HFSATT HXO{T) — PSAT HXO({T)-VFSATT HXNT)

UFGSATT H2O(T) = UGSATT H20(T) - UFSATT_H2(T)

SFSATHF H2O(hf) = linterp(hfsat_H20, sfsat H20 hf)  ..finds sfwhen hfis given
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Plot the P-T curve (vapor pressure curve). Note that here ‘spline interpolation’ is used:

T=10.5.373 define a range variable

Psat vs Tsat for H20

22:10* 7
2.1x10* /
210* ]
1.0x10"
1.8x10" 7
1.7x10" 7
1.6:10° ;
1.5%10
1.4x10
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12107
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Psat vs Tsat for H20
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Further, following additional functions for finding out the quality, entropy and enthalpy in

the two-phase region are written. They are very useful in calculations related to vapor power

cycles (Rankine cycle), using H20O/Steam.

In the following programs: psat = sat. pr.(kPa), tsat = sat. temp (C), s = entropy (kJ/

kg.C), h = enthalpy (kJ/kg), x = quality:

quality Ps H2(O{psat, s) = |return "psat should be between 0611 kPa and 21814 kPa!" if psat = 0611

sf « SFSATP H2O(psat)
sfz « SFGSATP_H2O(psat)

5 — =f
X —

sfz
Ex psat = 30 5=29

quality Ps H2OWpsat,s) = 0.278

quality Ts H2O{tsat,s) = |return "tsat should be between 001 Cand 375C 11"
return "tsat should be between 001 Cand 373C !
sf « SFSATT HXOYtsat)

sfg « SFGSATT _H2Otsat)

g — =sf
X —

sfg

Ex tzat = 30 5=7

quality Ts H2O{tsat s) = 0.6

return "psat should be between 0611 kPa and 21814 kPa! " if psat = 21814

if tsat < 0.01

if tsat = 373

quality Th H2Wtsat h) = [return "tsat should be between 001 Cand 373 C 1"

hf « HFSATT H20(tsat)
hfg « HFGSATT H2((tsat)
h — hf
hfg

N

Ex tsat -= 180 h = 1500

quality_Th_H2O(tsat,h) = 0.366

return "tsat should be between 001 Cand 375 C 1"

if tsat < 0.01

if tsat = 373
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quality Ph H2O{psat h) = |return '

i

Ex psat = 1000 h = 2700

return '

‘psat should be between 0611 kPa and 21814 kPa! " if psat < 0.611
‘peat should be between 0611 kPa and 21814 kPa! " of psat = 21814
hf « HFSATP HXO{psat)
hfg « HEGSATP H20{psat)
h — hf
hfg

quality Ph H2O{ps=at_h) = 0.942

entropy_2phase Pz H2O{psat.x) = |[return "psat should be between 0.611 kPa and 21814 kPa! " 4 psat < 0511

return "psat should be between 0611 iPaand 21814 kPa! " if psat > 21814
PSAT « psat

sf « SFSATP HXO{PSAT)

sfg « SFGEATP HIOWPSAT)

s +— sf + x-sfg

Ex psat = 1000 x:= 0403

entropy_2phase_Px H2O{psat.x) = 3.959

entropy_2phase Tx H2XOtsat.x) =

Ex: tsat = 180 x=109

return "tsat should be between 001 Cand 373 C 1" if tsat < 0.01
return "tsat should be between 001 Cand 373 C 1" if tsat = 373
sf « SFSATT H2(Wtsat)

sfg « SFGSATT H2O{tsat)

s« sf + x-sfz

entropy_2phase Tx H2O(tsat x) = 6.14

entropy_2phase Th H2O(tsat h) =

return "tsat should be between 001 Cand 373 C 1" ff tsat < 001
return "tsat should be between 001 Cand 373 C!" o tsat> 373
sf « SFSATT H2O(tzat)

sfz «— SFGEATT HXOtsat)

%+ quality Th H2O{tsat h)

s+ sf + x-=sfz
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Ex: tzat = 180 h = 2300
AAAAAA Ao

return "psat should be between 0.611 KPaand 21814 kPa! " if psat > 21814
PSAT < psat

hf « HFSATP H2O(PSAT)

hfg «— HEGSATP H2O{PSAT)

h « hf + xhfg

Ex psat = 1000 x=03

-
-

enthalpy 2phase Px H2O(psat.x) = 1.77 = 10

enthalpy 2phase Tx H2O(tsat.x) = |return "tsat should be between 001 Cand 375 C!" if tsat < 0.01
return "tsat should be between 001 Cand 373 C!" o tsat= 373
hf « HFSATT H2O{tsat)

hfg « HFGSATT H2O{tsat)

h « hf + x-hfz
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Ex tsaf = 30

enthalpy 2phase Tx H2O(tsat,x) = 335.01

enithalpy 2phase Ts H2O{tsat,s) = [retum "tsat should be between 001 Cand 373 C 1" if tsat < 0.01
return "tsat should be between 001 Cand 373 C! " o tsat > 373
% «— quality Ts H2O{tsat,s)

hf « HESATT_H2O{tsat)

hfg « HEGSATT H2O{tsat)

h « hf + x-hfz

Ex tzat .= 80

5
Erotreh Aot

=209

enthalpy 2phase Ts H2O{tsat,s) = 970.291

enthalpy_2phase Ps_H2XQ(psat.s) = |return "psat should be between 0.611 kPa and 21814 kPa ! " if psat < 0.611
return "psat should be between 0.611 kPaand 21814 kPa! " |if psat > 21814
i+ quality_Ps HIO{psat,s)

PSAT « psat

hf « HFSATP_HXO{PSAT)

hfg « HFGSATP H20(PSAT)

h « hf + xhfz

Ex psat = 1000 < -=128

Laa

enthalpy 2phase Ps H2OWpsat,s) = 1.108 = 10

Next, for Superheated steam:

For each pressure, the Table is copied as a matrix in Mathcad, where the columns give data
on P (kPa), T (deg.C), v (m”3/kg), u (kJ/kg), h (kJ/kg) and s (kJ/kg.C). Linear interpolation

is done to get intermediate values.
Data Matrices are written for the following pressures: 5, 10, 50, 100, 200, 300, 400, 500,

600, 800, 1000, 1200, 1400, 1600, 1800, 2000, 2500, 3000, 3500, 4000, 4500, 5000,
6000, 7000, 8000, 9000, 10000, 12500, 15000, 17500, 20000 kPa.
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A sample set of data written for a pressure of 5 kPa are shown below:

At 5 kPa: T....C

g’iBE.ST-I- 28.185 24198 23607 3.3933“[
300 200781 24444 25033 B4975
4830 2473 28312 84113

@0 33492 230146 26691 B.T185
0.3 27071 B.8203

130 37193 23302 27451 89172
82 27834 90093

170 40891 26174 28218 20083

6.7 28604 01837

N 210 44336 26763 28003 02438
- . 62 20383 0343
62 207746 94216

270 300127 2766.5 30171 94837
200 31974 2797 30369 23676
310 33821 28278 300969 04374

330 55.667 2858.8 313701 9.7053
350 57514 2890.1 31776 9.7713
370 59361 29216 32184 98357
390 61207 29534 32594 08985

| 410 63033 29854 33007 929598

Then, all the data matrices written for the different pressures are combined into a single

program with linear interpolation applied for any desired pressure and temperature:

This Function returns enthalpy (h, kJ/kg) and entropy (s, kJ/kg.C) when pressure (P, in
kPa) and temp (T, in C) are input.

First, a data vector is created for all the pressures for which we have collected data:
Pressures H20 = (3 10 30 100 200 300 400 300 600 300 1000

1200 1400 1600 1800 2000 2500 3000 3300 4000 4300 3000 6000 7000

8000 9000 10000 12500 15000 17500 20000) ...kPa
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Explanation of the Function:

In the Function below, P and T are the inputs, and h and s are the outputs.

If the input P value exactly matches with one of the values in the Pressures_ H2O data vector,

that particular Matrix is accessed and the h and s are found out by linear interpolation.

However, if the input P does not exactly match with any of the values in the Pressures_ H20
data vector, then the pressures PL and PH which bracket P are found out, and the h and s
are first calculated for pressures corresponding to PL and PH, and then the h and s values

at the required P are found out by linear interpolation:
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Now, write the function:

h and s SuperheatH2O(P . T) =

return "'T < Tsat; use two-phase Functions" o T « TSAT H2OWP) ~ P« 220464
retumn "P should be between 5 kPa and 20000 kPa" if P < 3 P 20000
for k= 0.30

if P= Pressures_I-DDDrk

| {
4 2
h e hnterp[l_li_H—Dszssum_Hl Oy il

: \¢
; 2
g ]Jnterp|:|.1'-.1_H_ DPress.urzs_H_Z 0.:.:k:l

® v @m0 3
| M Pfessu:::s_HlD.:.:k:' :

o {4
/ 2
’ |.M—H_ DPIESS.UIE z H2 D.:.:k:' ; T:|

("Enthalpy (iIkg)" "Entropy (kg K)" |
h s JJ
if P Pressures_I-DDD g™ P = Pressures H20

ettt

0. k+1

PL « Pressures_I-DDD i

PH « Pressures_HlDD:k_'_l
s < tinterp (M 0 1 (a0 1Y T
A < Imterp| {M_H20p; ) = -{M_20g; |~ -

i

B« ].interp|: M_H20p,|

{30
_:\-I_H_ﬁ DPH_:' . r}

fP-PL "
he A+ —— {B-A)
\\PH-PL)
. Lo
C « linterp (M_E20p, | (M _H2

DPL:.{"{} __ r]

700 L{D'}_I}_-j Bln) l.{q"}_T—l
BRI [

{ P-PL
sec+——lm-q

D Eﬂfﬂw'-'_l M H
rL|. —

("Enthalpy (kI'ke)" "Entropy (Jkg K)" )
h s JJ

retutn

Ex: P =100 kPa T=3 C

h_and s SupetheatH2O{P_ T) = "T < Tsat; use two-phase Functions"
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Further, for convenience and uniformity, we write the following programs to get enthalpy

and entropy of H20/Steam when P and T are given in kPa and deg.C respectively:

enthalpy H2O(P.T) = |return "P should be between 5 kPa and 20000 kPa" i P« 3 P 20000
return T should be between 32.874 Cand 1000C" o T« 32874 T = 1000
tzat « TSAT HIO(F) if P = 22064

h « h_a.ﬂ.d_s_Su]:nE:rhe:an'.I-]_?CJ'[l:‘_.'l'}I_EI if (T =z tsat ~ P = 22084)

h « h_md_s_SuperheatI—]_?D[P_.T}l 0 if (P> 220684)

(return "State point in two phase region— use 2 phase Functions" ) if (T < tsat ~ P < 22084)
Exx P=215 ¥Pa T=133 C
Al Aot

enthalpy HIO(P,T) = 2.778 x 10°

entropy HIO(P, T} = |return "P should be between 5 kPa and 20000 kPa" o P« 5 P> 20000
return T should be between 32874 C and 1000C" if T « 32874 T = 1000
tsat «— TSAT H2O(P) if P = 22064

5 h_md_s_SuperheatH_?'D[P,T}l_l if {T = tsat ~ P = 22064)

5 h_md_s_SuperheatI—DD[P,T}l i if (P> 22044)

(return "State point in two phase region—use 2 phase Functions" ) of (T < tsat ~ P < 22064)

Ex: P =200 kPa T=140 C

St

Function to find h when P and s are known:

As a first step, get T when P and s are known:

P = 15000 kPa

5=685 klkgC
T=500 C..guessvalue
Given

entropy HXOP T) ==
Temp HXOP. s) = Find(T)

Temp H2O(P,s) = 659711  C
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Now, write the Function to get h:

enthalpy H20 Ps(P.s) = |return "P should be between 5 kPa and 20000 kPa" if P < 3 P = 20000
T« Temp HIO{P.s)
h « enthalpy HIOWP.T)

Ex: P =400kPa 8 kdikg.C

g =
Hhh

enthalpy HI0 P3(P,5) = 3343 » 103 kJ/kg

Function to find s when P and h are known:

As a first step, get T when P and h are
known:
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P= 13000 KPa h = 3737 kJ/kg

A

T =600 C...guessvalue
(Given
enthalpy H2OWP. T)=h

Temp H20 Ph(P.h) = Find(T}

Temp H20 Ph(P.h) = 639.765 C

Now, write the Function to get s:

PROBLEMS SOLVED WITH MATHCAD

entropy H20 Ph(P h) = |retum "P should be between 30 %Pa and 20000 EPa" o P« 30w P 20000
T+ Temp_H2O Ph(FP.h)
s « entropy H2O(P . T)

Ex P=200 kKPa h =2830 kg

entropy H2O0 Ph(P. h) = 7464

Temp H20 Ph(P.h) = 139.704

Function to determine Exergy of mass flow:

This function returns the specific availakility of HZO in kJfkg as a function of

T[C]. F [kFa). and 'dead state' FO (kPa), TO ()

Exergy flow H20(h,s, TO.P0) = |hi « HFESATT H2XO(TO)
s0 « SFSATT HXO(TO)
retum 0 if h=hi ~ s=s0
(h — hiy — (T0+ 273)= - =0)

Ex P == 3000 kPa T =350 C
Then:

Exergy flow H2Q(h, s T0,PY) = 5332084

BO=1013 kPa T0=17 C

klJ/kg .... exergy of mass flow
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Now, let us work out some problems using the above written Mathcad Functions for
H20/Steam:

Note: Diagrams for Rankine cycle and its variations are from Ref: [8]

Prob.3.1 A steam power plant works on Rankine cycle between pressure ratio 20 bar and
0.05 bar. Steam supplied to the turbine is dry, saturated. Find thermal efficiency, work ratio
and Specific Steam Consumption (SSC). What would be the efficiency and work ratio in

case of Carnot cycle operating in the same pressure limits? [M.U.]

B{E:tJET

Fot [

Turbine

“ondenser

oo
N

1Y

Fig.Prob.3.1 (a). Schematic diagram of simple, ideal Rankine cycle

Fig.Prob.3.1 (b) and (c). T-s diagram of simple, ideal Rankine cycle, and of Carnot cycle

Solution:
Data:
P boiler = 2000 kPa P cond =3 KkPa
il =1 ..steam supplied to turbine is sat. and dry.
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First, calculate the properties at salient points in cycle:

State 1:

hl = HGSATP_H)O(P_boiler)  i-8. hl=2798x 10° kJikg ... enthalpy at entry to
turbine

s1:= SGSATP HIO(P boiler) e s1=634  klkgK

State 2:

s2=s1 .forisentropic expn in turbine

x2

quality Pz H2OWP cond, s2)
e, x22=074  ___quality of steam after expn in turbine

h? = enthalpy 2phase Px HXOP cond, x2)

e, h2=1831=x 1|:||3 kl/kg .... enthalpy at the end of expn in turbine
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State 3:

h3 = HFSATP HIO(P_cond)
i.e.  hi=137.118 kJ/kg ... enthalpy of sat. lig. at entry to the Pump
s3 = SFSATP HXO(P cond)

ie.  s3=0474 klikg K _.. entropy of sat. lig. at entry to the Pump

vi5 = VESATP HXO(P cond)

-

e = 1005x 10 m*3/kg _sp. vol_ of sat_ lig. at entry to the Pump

Therefore, Pump work:

w_P = v{3-(P_boiler — P_cond)

e, w_P=2006 kJikg .... Ans.

State 4:
hd=h3+w P ie hi=130123 kl'kg .... enthalpy at exit of pump

zd =23 __forisentropic compression in Pump

Now, find out the parameters required:
Turbine work:

w_T :=hl-h2 lLe. w T = 866806 kJ/kg ... Ans.

Net work:

wnet=w_T-w_P ie. w_net = 36430 kJ/kg ... Ans.

Heat supplied in boiler:

gin=hl-hi ie gin=265%9x10 klkg...Ans.

Heat rejected in condenser:

qout=hl-h3 ie qout=17%x10 kJkg ... Ans.

Thermal efficiency:

eta = w_net e, eta = 0323 =325% ..... Ans.

q_in
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Work Ratio:

w_net

WR = e, WR =098 ..work ratio .... Ans.

W

Specific Steam Consumption:
3600

w_net

33C =

e, 88C=4162 kg/kWh .... Ans.

For a Carnot cycle, working between same temp. limits:

State 1 and State 2 remain the same. State 4 is dry, sat. at boiler pressure, and state 3 is

such that s3 = s4. So, problem is to find out corresponding h3 and h4 for Carnot cycle,
i.e, find h3_prime and h4_prime:

State 4-prime:
ht prime = HFSATP H2O{P_ boiler)
I8 hi prime = 207.927 kl/kg ... enthalpy at state 4 for Carnot cycle
sd prime = SFSATP H2O(P boiler)

e, s4 prime = 2443 kJ/kg ... entropy at state 4 for Carnot cycle

State J-prime:
53 _prime = s4_pnme . forisentropic compression in pump
h3_prime = enthalpy 2phase Pz HXO{P cond,s3_prime)
.. h3_prime = 740046  kJ/kg ... enthalpy at state 3 for Carnot cycle

x3_prime = quality Ph H2XOP cond h3_prime)

e, x3_prime = 0249 ..-quality of steam at point 3_prime for Carnot cycle . entry to
puUmp

Now, calculate the required parameters for Carnot cycle:

Pump work:

w_P Camot = hi prime — h3_prime

8. w_P_Camot = 167.88 kJ/kg .... Ans.
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Turbine work:
w_T Camot = hl — h
l.e.  w_T_Camot = 566806 kJ/kg .... Ans.
HNet work:
w_net Carnot = w_T — w_P Carnot
8.  w_net_Camot=699.015 kJ/kg ... Ans.
Work Ratio:

WR_Camot = S=nettamot

w_T Carnot
l.e. WER_Camot= 080§ ...Ans.
Efficiency:

T boiler — T cond
T boiler + 273

eta Carmot=

T boiler .= TSAT HXO(P boiler) 1 T boiler = 212377 C
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T _cond = TSAT HIO(P cond) 1e T _cond= 32873 C

Therefore:

T boiler — T cond
T boiler + 273

eta_Carnot =

i.e.  eta Camot= 037 =37 % ...Thermal effcy.. Ans.

Prob. 3.2 Write a Mathcad program to find out the parameters of interest for an Ideal

Rankine cycle operating between a condenser pressure P_cond, Turbine inlet temp T1, and
boiler pressure of P_boiler.

Boiler —
fﬁh"ﬁ. \j_.)r
o
| R

Turbine

/./__\ (2)
<} Condenser N
- i1
©) N

27

h
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Solution:

Here, pressures are in kPa, temp in deg.C.
Tdeal Simple Rankine(P cond P boiler  T1) =

T2 « TSAT H2O{P cond)

h3 « HFSATP H2O(P_cond)

s3 « SFSATP HXO(P cond)

vi3 « VESATP H2XO(P cond)
w_ P+ vf3-(P_boiler — P_cond)
hi«—hi+w P

hl « enthalpy HXO(P boiler T1)
q in+« hl - hd

sl « entropy H2O(P boiler \ T1)
sd « sl

12 +— quality Ps H2XWP cond s2)
h? « enthalpy Iphase Tz HIO(T2 x2)
w_ T+« hl-h?

w net+w T —-w_ P

g _out «— h2 — h3

woniet
eta «— ——
g m
3600
88C «
w_tiet
WorkRatio « —=
w_T
5’"w_1'[kag}" "w_ PlkIkg)" "w_netikI'kz)" "q in{kIlkz)" "q out(klkg)" effey "qualityx2" "SSClkgEWh)" "\K‘orkRatio"L\_
. w T w_ P w_tet g in g out eta 12 88C WorkRatio j
Ex:

P cond =10 kPa P boiler = 3000 kPa T1=450 C
Ideal Simple Rankine(P cond P beiler T1) =

("w_TIks)" "w_P(Ikg)" "w_net(dks)' "q in(kIkz)' "q out(kikg)" "effey” "qualityx2" "SSC(kz’kWh)" "WarkRatia" |

| 1157 x 107 5.041 1152 107 | 3121107 1968 100 0369 0.823 3.125 0996 )
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Explanation for the above Function:

This function gives all the important parameters of performance of Ideal Rankine cycle.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where temperature T1 is in deg.C and pressures P_cond and P_boiler are
in kPa. Outputs are presented compactly in a Matrix in the last step on the RHS. In the
output matrix, we have: Turbine work (w_T), Pump work (w_P), Net work (w_net), Heat
input in boiler (q_in), Heat rejected in condenser (q_out), Thermal efficiency (effcy), quality
of steam at turbine exit (x2), Specific Steam Consumption (SSC) and Work Ratio. Units

of each quantity are also given in output.
The line structure is the RHS of the Function.
Each step therein is explained below in the same order:
e Sat. temp T2 in condenser is calculated, knowing the P_cond

* h3, the sat. liq. enthalpy at point 3, i.e. at entry to pump is calculated
* 53, the sat. lig. entropy at entry to pump is calculated

* vi3, the sp. vol. of sat. lig. at entry to pump is calculated

-
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* Isentropic work of compression in Pump w_P is calculated as w_p = vf. AP
* h4, enthalpy at the exit of pump is calculated

* hl, enthalpy at the turbine inlet, is calculated

* q_in, heat supplied in boiler is calculated

* sl, the entropy at entry to turbine is calculated

* 52 = sl, for isentropic expansion in the turbine

* x2, the quality at exit of turbine is calculatedated

* h2, the enthalpy at turbine exit is calculated

* w_D, the Pump work is calculated as vf.AP = vf3. (P_boiler — P_cond)

* w_net, the net work output is calculated

* g_out, the heat rejected in condenser is calculated

* cta, the thermal effcy is calculated

* Specific Steam Consumption is calculated

* Work Ratio is calculated

* Finally, output Matrix contains all the calculated parameters of interest in a

compact table

Prob. 3.3 In an Ideal Rankine cycle, steam enters the turbine at a temp 400 C and
pressure of 4 MPa, and condenser pressure is 10 kPa. Determine the cycle efficiency and

other parameters.[3]

Investigate the effect of changing the condenser pressure, boiler pressure and turbine inlet

temperatures on the cycle efficiency, SSC and the quality (x2) at the turbine exit.

Solution:

We use the above written Mathcad Function straightaway:

Data:
P cond = 10 kPa P bojler = 4000 kPa ;};L:: 00 C
Then, we get:

Ideal Simple Rankine(P cond P boiler T1) =

("w_TOdkg)' "w_P(dkz)" "w_net(Tkgz)" "qin(klkz)" "q out(klkz)" "effey.” "qualityx2" "SSClkg/kWh)' "WorkRatio" |

| 107 = 107 4051 1.066 x 107 3019 % 107 1.855 = 107 0.353 0.516 3.376 0.996

Note that cycle efficiency = eta = 0.353 = 35.3%...Ans.
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Let us write the different quantities as functions of P_cond, P_boiler and T1 so that

we can easily plot the results later:

MP‘_mnd P _boiler | T1) = Ideal Simple Fankine(P cond.P _boiler, T1) 1.0
MP_n:nnd P _boiler | T1) = Ideal Simple Fankine(P cond P boiler T1) 1.1
WP_cnnd P _boiler | T1) = Ideal Simple Fankine(P cond P _boiler, T1) 12
mP_::nnd,P_buﬂer,Tl} = IdEal_SiJ‘nplE_RﬂnkjﬂE[P_EDﬂd_.P_bD:ilEI’_.Tl}lra
WP_mnd__P_bnﬂer,l'l} = Ideal_Simple_Rankjne[P_u:nnd__P_bniler_.Tl}lr__1
effev{P_cond.P_boiler, T1) = Ideal Simple Rankine(P _cond ,P_boiler T1) 13

quality x2(P cond P boiler T1) = Ideal Simple Eankine(P cond P boiler T1) 1.6
MP_cnnd__P_bnﬂer,Tl} = Ideal_Simple_Rankjne[P_u:nnd__P_bniler_.Tl}lr;.

WorkRatiofP_cond P _boiler T1) = Ideal_SimplE_RanLdne[P_u:nnd_.P_builer__l'l}l 2

i.e. we get:
w_T(P _cond P boiler T1) = 1.07 10° kdikg
w PP cond P boiler T1) = 4031 kdikg
w_net(P_cond P boiler T1) = 1.066 10° kdikg
q P _cond P boiler T1) = 3.019 1I:I'3 kdikg
g out(P cond.P boiler, T1) = 1833 x 1I:I'3 kdikg
effcv(P cord,P boiler T1) = 0.333

gquality x2P_cond ,P_boiler, T1) = 0.814

SSC(P _cond P boiler T1) = 3.376 kag/kK\WWh

WorkEatic(P_cond ,P_boiler ' T1) = 0.9%5

Download free eBooks at bookboon.com

59



APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Now, plot the effect of changing condensing pressure on performance parameters,

keeping P_boiler and T1 constant:

We have: P boiler = 4000 kPa  T1=400 C

P cond =3 1060 ....define a range variable
We get:
P _cond = effcy(P_cond ,P_boiler, T1})  35C{P_cond.P_boiler | T1) quality x2(F cond.P_boiler, T1)

] 0.373 3.138 0.795
10 0.353 3.376 0.816
15 0.341 3.54 0.829
20 0.231 3.673 0.839
23 0.324 3.785 0.847
30 0.317 3.883 0.854
33 0312 3.971 0.859
40 0.307 4.054 0.865
45 0.303 4.13 0.869
30 0.299 4,201 0.873
33 0.295 4.269 0.877
] 0.291 4,333 0.881
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Also:
P cond = w_T(P cond.P boiler T1) w_net(P cond P boier T1)
5 1.151°103 1.147°103
10 1.07-103 1.066°103
15 1.021°103 1.017°103
20 984.117 980.068
25 855.119 951.065
30 031.234 027.178
35 910.607 906.546
40 892.06 B87.994
45 B75.811 B871.745
50 860.972 856.904
55 B47.417 B43.348
&0 834.5811 830.741
Plots:

Ideal Rankine cycle - efficiency vs condenser pressure

0.37 \

ElTiciency

10 15 20 23 30 35 40 43 50 35 60

Condenser pressure (kPa)
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Ideal Rankine cycle - Sp. Steam Consumption vs Condenser pressure

4.4

44

3.8 —

36

SSC (ke/kWh)

34
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=]
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Condenser pressure (kPa)

Ideal Rankine cycle - Quality at turbine exit vs Condenser pressure

09
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0.88 ——
0.87
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08
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0.78
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J

i Juality

2

10 15 20 23 30 33 40 43 50

Condenser pressure (kPa)

If the quality at turbine exit should be limited to 0.85 (i.e. moisture should not be

more than 15%), what should be the lowest permitted condenser pressure?

Condenser pressure can be found out from the above graph.
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Alternatively, use the ‘Solve block’ of Mathcad:

P boiler = 4000 kPa Tl =400 C
P cond = 10 kPa ... tralvalue
Given
quality x2(P_cond ,P_boiler T1) = 0.83
P cond = Find(P_cond)

P cond = 27.083 kPa .... Ans.

Plot the effect of changing boiler pressure on performance parameters, keeping P_

condenser and T1 constant:

P _condenser := 10 kPa Ti=400 C
P bojler = 2000,2200.. 3000 _...define a range variable
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P boiler = effcy(P_cond P _boiler, T1) S5C(P_cond.P boiler T1) quality x3P cond P_boiler T1)

2:103 0.283 4.209 0.902
2.2:103 0.293 4.152 0.895
2.4-103 0.297 4.098 0.889
2.6°103 0.301 4.048 0.883
2.8°103 0.304 4.007 0.878

3-103 0.208 3.967 n.872
3.2:103 0.211 3.935 0.867
3.4°103 0.313 3.904 0.863
3.6°103 0.316 3.870 0.833
3.8103 0.219 3.851 0.854

4-103 0.321 3.826 0.85
4.2-103 0.323 3.806 0.846
4.4°103 0.325 3.786 0.843
4.6°103 0.327 3.767 0.839
4.8-103 0.329 3.751 0.836

5-103 0.331 3.735 0.832

Also:
P boiler = w_T(P_cond.P _boiler T1) w_net(P_cond P boiler T1)

2:103 857.306 855.292
2.2°103 869.274 867.056
2.4'103 881.242 878.819
2.6°103 891.886 889.259
2.8°103 001.206 B98.375

3-103 010.526 007.491
3.2°103 918.093 914.854
3.4'103 025.66 022.217
3.6°103 8932.559 928.911
3.8-103 838.789 934,937

4103 045.019 040.963
4.2:103 950.217 945.957
4.4-103 055.415 050.951
4.6°103 060.213 055.545
4.8°103 964.611 959.738

5'103 069.009 063.932
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Plots:

Ideal Rankine cycle - Sp. Steam Consumption vs Boiler pressure
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Ideal Rankine cycle - Quality at turbine exit vs Boiler pressure
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Plot the effect of changing turbine inlet temp (T1) on performance parameters, keeping

P_condenser and P_boiler constant:

P condenser = 10 kPa P_boiler = 4000 kPa

T1 = 260,280.. 600 C....define a range variable

We get:

Tl = effey{P_cond P _boiler, T1) 33C(P_cond.P_boiler, T1) gquality x2(P_cond ,P_boiler, T1)
260 0.305 4,626 0.738
280 0.307 4.483 0.775
300 0.309 4.356 0.791
320 0.211 4.239 0.804
340 0.313 4,129 0.817
360 0.316 4.024 0.829
380 0.318 3.923 0.84
400 0.321 3.826 0.835
420 0.324 3.732 0.86
440 0.327 3.641 0.87
4460 0.33 3.333 0.879
480 0.333 3.468 0.888
300 0.336 3.385 0.897
220 0.34 3.305 0.905
340 0.343 3.227 0.913
360 0.346 3.151 0.921
280 0.35 3.077 0.928
600 0.353 3.006 0.937
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Plots:

Ideal Rankine cycle - efficiency vs turbine nlet temp
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Ideal Rankine cycle - Quality at turbine exit vs Turbine mlet temp.
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Prob. 3.4 A steam power plant has a steam generator exit at 4 MPa, 500 C and a condenser
exit temp of 45 C. Assume all components are ideal and find the cycle efficiency, turbine

and pump works, heat transfer in boiler and condenser and the SSC.[3]

Tj.

h

4
b =
-
8
Data:
P hoiler -= 4000 kPa Ti=3500 C
T cond =45 C ___condenser temp
P cond = PSAT HIWT cond)
i.e. P _cond = 9383 kPa . carresponding condenser pressure

Now, apply the Mathcad Function for Ideal Simple Rankine cycle, and get all parameters

immediately:

And, we get:

Ideal Simple Rankine(P cond P boiler  T1) =

(" T(Ikg)" "w P(Tkz)" "w_net(kI'kz)" "q in(kIke)" "q out(lkg)' "effey” "qualityx2" "SSC(kzEWh)" "WorkRatio"

\ 1204 % 10° 403 12x 10° 3254100 205x 100 0369 0.858 2900 0007 )
Thus, we get:

Cycle effcy = 0.369 = 36.9 % .... Ans

Turbine work =w_T = 1204 kJ/kg ... Ans.

Pump work =w_P =4.03 kJ/kg ... Ans.
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Net work = w_net = 1200 kJ/kg ... Ans.
Heat supplied in boiler = g_in = 3254 kJ/kg ... Ans.

Heat rej. in condenser = gq_out = 2053 kJ/kg ... Ans.

Specific Steam Consumption = 55C = 2.999 kg/kWh ... Ans.

Quality of steam at exit of turbine = x2 = 0.858 ... Ans.

Prob. 3.5 Net power output of a steam power plant operating on an ideal Rankine cycle
is 100 MW. Steam enters the turbine at 8 MPa, 600 C and the condenser exit pressure is
8 kPa. Assume all components are ideal and find the cycle efficiency, SSC, mass flow rate

of steam in kg/h, turbine and pump works, heat transfer in boiler and condenser.

T"'"

/

Data:

P boier = 2000 kPa ALL; 600 C Power = 100 MW

Prond =8 kPa.

Now, apply the Mathcad Function for Ideal Simple Rankine cycle, and get all parameters
immediately:

And, we get:
Ideal Simple Eankine(P cond.P_boiler T1) =

:‘J"w_l'[]aﬂkgj" "w_ PkIkz)" "w_netklkz)" "q inklkz)' "gq out(klkg)" effey.” "qualityx2" "S3Ckz/EWh)" "\VorL'Ratio"\‘-_

| 14461 x 107 8.0596 1438 % 107 3461 % 100 2023 < 107 04135 0.8419 2.5034 0.9944

Download free eBooks at bookboon.com



APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Thus, we see that:
Cycle effcy:

effcy = 0.4155 =41.55 % .... Ans.
55C and mass flow rate of steam required:

855C = 25034 kg/kWh
Then: MassFlow = Power-1000-55C

ie. MassFlow = 2.5034 = 1||:||j kg/h.... mass flow rate of steam required to
produce 100 MW .... Ans.

Turbine work:
Fram the Function above: w T=14461 kdkg

w_T-MassFlow
3600

W_Turbine = kWY

ie W _Turbine = 1.006 x 10° KW ..... Ans.
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Pump work:

From the Function above:  w P = 80506 kd/kg

w_P-MassFlow

3600

W _Pump = kWY

l.e. W _Pump = 560436 kWY ..... Ans.
Heat transfer in boiler:
Fram the Function above: g _in = 3461 kJikg

g_in-MassFlow
3600

Q_boiler = kWY

i Q boiler=2407% 10" kW ..... Ans.

Heat transfer in condenser:

From the Function abave: g out = 2023 kl/kg

g_out-MassFlow KW
3600

3

l.e. Q condenser = 1407 = 10 KW ..... Ans.

() _condenser =

Prob.3.6 A steam power plant operating with an ideal Rankine cycle has a high pressure of
5 MPa and a low pressure of 15 kPa. The turbine exhaust state should have a quality of at
least 95% and the turbine power generated should be 7.5 MW. Find the necessary boiler

exit temp and the total mass flow rate. [3]

T4
/
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Solution:

Data:
P boiler = 5000 kPa P cond =15 kPa

Power_output = 7300 kW
To find T1 such thast x2 = 0.95

Take a trial value for the turbine inlet temp, T1, i.e.  T1 =400 C ... trial value

Using this trial value of T'1, apply Mathcad Function for Ideal Simple Rankine cycle:

Ideal Simple Eankine(P cond.P boiler T1) =

("w Tdkg)" "w_P(Ikg)" "w_net(klkg)" "qin(klkg)" "q out(kikg)" "effey.” "qualityx2' "SSCkg’kWh)' "WorkRatio" |

L 143107 5.053 1.038x 100 2966x 10°  1.928x 107 0.35 0.812 3.467 0895 )

Now, of course, the quality is not 0.95, but it is 0.812.
We now, use the ‘Solve block of Mathcad to get exact value of T1 required:
Given

Ideal Simple Rankine(P cond P boiler T1) 1.6 =093

T1 = Find(T1)

Fufufuridy

ie. Tl=736103 C....value of T1 required to get turbine exhaust 0.95 dry..... Ans.

So, with this value of T1, again use the above Mathcad Function to get other parameters:

Ideal Simple Eanline(P cond P boiler T1) =

("w_TIkz)" “w_P(Ike)" “w_net(kIks)' g in(dke)” "q out(dkg)" effey. "qualityx2" "SSC(kg/kKWh)' WorkRatio" )

I 1.553 = 107 5055 1.548 x 107 3.802 x 107 2254 % 107 0.407 0.93 2325 0ge7 )
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We note that:
Thermal effcy. = 0.407 = 40.7 % .... Ans.
§SC = 2325 kg/kWh

Therefore, mass flow rate of steam required to get a power output of 7500 KVV:

MassFlow = Power output-35C kg/h

4

i.e.  MassFlow = 1.744 x 10’ kg/h .= 4.844 kgls .... Ans.

Prob.3.7 Write a Mathcad Function to calculate the parameters of interest for an actual,

simple Rankine cycle, i.e. taking in to account the isentropic efficiencies of turbine and pump.

[ ]
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Bailer
i

Condenser

Mathcad Function:

Actual Simple Bankine(P cond.P _boiler Tl eta T.eta P) =

T2 « TSAT HIXO(P_cond)

hi « HESATP H2O(P_cond)

vf4 «— VESATP_H2O(P_cond)

vii- (P _boier — P cond)
eta P

w P

hé «— hi +w_P

hl « enthalpy HIO(P boiler T1)

sl « entropy H2O(P_boiler T1)

g2« =l

12 +— quality Ps H2WP cond . s2)

h? « enthalpy 2phase Tx H2O{T2|x2)
h3 « hl — eta_T-(hl — h2)

hg «— HGSATP HXO(P_cond)

T3+ T2 if hi=hg

T3 « Temp H2O Ph(P cond h3} i h3 > hg
q i1+ hl — hé

g _out « h3 - hi

w_T + hl - h3
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W_fet < “'_I - “'_P
w_net
q in
3600

w_net

efa «—

55C «

w_tiet
w T
:'J"“'_I(L:.Tkg}" "w_PEIEg)" "w_netklkg)" "q in(klkz)" "q outklkg)" effey.” "Temp.T3" "SSCkzEWh)" "‘\Vorlaﬂatio""-_

WotkRatio «—

w_T w_ P w_net g in q out eta T3 38C WorkRatio J.'-

Explanation for the above Function:

This function gives all the important parameters of performance of an actual, simple

Rankine cycle.

This function is similar to the Function written earlier for parameters of Ideal Rankine
cycle, except that now, while calculating turbine and pump works, their isentropic

efficiencies are also considered.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where temperature T'1 is in deg.C and pressures P_cond and P_boiler are in
kPa, and eta_T and eta_P are the isentropic efficiencies of the turbine and pump respectively.
Outputs are presented compactly in a Matrix in the last step on the RHS. In the output
matrix, we have: Turbine work (w_T), Pump work (w_P), Net work (w_net), Heat input
in boiler (q_in), Heat rejected in condenser (q_out), Thermal efficiency (effcy), Temp of
steam at turbine exit (T3), Specific Steam Consumption (SSC) and Work Ratio. Units of

each quantity are also given in output.

Prob. 3.8 A steam power plant operates on Rankine cycle, with boiler pressure of 15 MPa
and condenser pressure of 10 kPa. Steam enters the turbine at 600 C. For turbine, isentropic
effcy = 0.87 and for pump, isentropic effcy = 0.85, find the thermal effcy of the plant. Also
find the power output if the mass flow rate of steam = 15 kg/s.
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Solution:

Data:

P boiler = 135000 kPa Ti=600 C MazsFlow = 15 kg's

P cond =10 kPa. eta_T = 0.87 eta P =083
Then: T cond = TSAT H2{P cond) i.e. T cond=453806 C .. condensertemp.
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Using the Mathcad Function written above:

Actual Simple Bankine(P cond.P boiler Tl eta T.eta P} =

("w_Tkg)" "w_P(Ikg)" "w_net(lkg)' "qin(lkg)' "q out(kIkg)" "effcy.” "TempT3" "SSC(kgkWh)" "WorkRatio" )

| 12773 % 10° 17.8156 12393 107 33738x 100 2.1143x 100 03735 45.8063 2.3582 09861

We see that:

Thermal effcy. = 0.3733 = 37.33 % ... Ans.

And:

w net = 123035 kl'kg ... net work output

Therefore, Power output:
Power = MassFlow-w_net kW

4

ie. Power = 1.880 % 10 kW .... Ans.

Plot the thermal effcy and power output as isentropic effcy of turbine varies from 0.6

to 1, other conditions remaining unchanged:

First, write the relevant quantities as functions of eta_T:

Effcv(eta_T) = Actmal Simple Rankine(P cond.P _boiler.Tl.,eta_T. eta_P}l 5 e, Effcy(eta_T) = 0.373

W_net{eta_T) = Actual Simple_Rankine(P_cond .P_boiler Tl eta_T. eta_P}l . el Wo_net{eta T)=126= 10

Power output{eta T) = W _net{eta T)-MassFlow I.e. Power output(eta T) = 1.889 x 1|:I'._1

Now, we have:

eta T = 06 0651 ...define a range variable
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And, we get:

eta T = Effeyv({eta T) Power_output{eta_T)

0.6 0.256 1.295-10%
0.65 0.278 1.405-10%
0.7 0.299 1.515-10%
0.75 0.321 1.625-10%
0.8 0.343 1.735-104
0.85 0.365 1.845-10%
0.9 0.386 1.955-10%
0.95 0.408 2.065-104

1 0.43 2.176-10%

And, plot the results:

Actual Rankine cyele - Thermal efficiency vs isentr. effey of Turbine
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Actual Rankine cycle - Power output vs 1sentr. effey of Turbine
2.2x10*

2 110
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Prob. 3.9 Steam enters the turbine of a power plant at 5 MPa and 400 C, and exhausts to a
condenser at 10 kPa. The turbine produces a power output of 20 000 kW with an isentropic
efficiency of 85%. What is the mass flow rate of steam and the rate of heat rejection to
the condenser? Find the thermal effcy of the power plant. How does this compare with a

Carnot cycle? [3]

Solution:

Data:

P boiler = 5000 kPa Tl =400 C Power output -= 20000 kWY

Fufufuridy

P cond =10 kPa. eta T == (.83 eta P =1
Then: T cond = TSAT H2WP_cond) i.e. T cond=45806 C .. condensertemp.

Using the Mathcad Function written above:

Actual Simple Bankine(P cond P _boiler Tl eta T.eta P} =

(M T(Ikg)" "w_P(Iks)" "w_net(kIkg)" "q in(klks)" "q out(kTkz)' effey” "Temp T3 "SSC(kzkWh)' "WorkRatio" )

5
.

9280158 5.041 9220748 3x 107 2077% 10° 03077 45.8065 3.0004 09946 )
Thus, we see that:

S5C = 39004 kg/kWh

AR

Therefore, Mass flow rate of steam to get a power output of 20000 kVV:
MassFlow = SSC-Power_output ka/h

4

i.e.  MassFlow= 7801 % 10" kg/h ... = 21.669 kg/s .... Ans.

Download free eBooks at bookboon.com

82



APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES

(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Thermal efficiency of the plant:

Effcy = 0.3077 = 30.77 % .... Ans.
Rate of heat rejection in condenser, Q_cond:

g out = 2077 kJikg

Therefare: ()} _cond = q_c:.ut-M
- 3600
e 0 _cond = 4301 x 1IZI"_1 kW .... Ans.
Carnot cycle efficiency:
eta_ Camot = (T1-T _cond)/T_hoiler ...all temps being in Kelvin
We have:
T cond = TSAT HXOP cond) l.e. T cond=45806 C .. condensertemp.
Therefare:
T1-T cond
eta Camot = —————
I.e. eta Camot= 0526 =52.6 % .... Ans.

Keeping the power output constant at 20000 kW, plot mass flow rate of steam and
thermal effcy of the plant as the turbine isentropic effcy changes from 0.6 to 1:

First, write the relevant quantities as functions of eta_T:

Effcyeta T) = Actual_Simple_RanLdne[P_mﬂd_.P_bni.ler,Tl,eta_l'_.eta_P}l 5 i.e.  Effey{eta T) = 0.308

Wonetieta T) = _—"'u:tual_Simple_Ra.ﬂkjne(P_mnd_.P_bniler_.Tl,eta_]'_.eta_P}l L e W _net{eta T) = 522873

Power_output

MMassFlow(eta T) =
- W_net{eta_T)

ky/s  ie.  MassFlow(eta_T) = 21.660
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We get:
eta T = 0.6,065..1 _..define a range variable
eta T = MassFlow{eta_ T}  Effevi{eta_T)
0.6 30.768 0.217
0.63 28.384 0.235
0.7 26.343 0.253
0.73 24.576 0.271
0.8 23.031 0.289
0.835 21.669 0.308
0.9 20.459 0.326
0.95 19.377 0.344
1 18.404 0.362
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Plot the results:

Actual Rankine cycle - Mass flow rate of steam vs 1sentr. effcy of Turbine
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Actual Rankine cycle - Thermal efficiency vs 1sentr. effcy of Turbine
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Prob. 3.10 Consider a 210-MW steam power plant that operates on a simple ideal Rankine
cycle. Steam enters the turbine at 10 MPa and 500°C and is cooled in the condenser at a
pressure of 10 kPa. Show the cycle on a 7-s diagram with respect to saturation lines, and
determine () the quality of the steam at the turbine exit, () the thermal efficiency of the

cycle, and (¢) the mass flow rate of the steam. [2]

Ti

/

Vi

First, let us consider the Ideal, Simple Rankine cycle, and use the Mathcad Function written

to calculate various parameters for that cycle:

Data:

Power output := 210000 kKW
P boiler = 10000 kPa Ti=500 C P cond = 10 kPa

Using the Mathcad Function for Ideal, Simple Rankine cycle:

Ideal Simple Rankine(P cond P boiler T1) =

("w_TIke)" "w_P(Ikz)' w_net(kIks)" "qlin(kiks)" "q out(klks)" effey.’ "qualityx2" "SSClke/kWh)' "WorkRatio"

| 1.2858 = 107 10.0921 12757 = 100 31734 x 100 1.8977 = 107 0402 0.7932 2.822 0.9922

We see from the Function output that:

CQuality of steam at turbine exit, x2:
quality, x2 = 0.793 .... Ans.

Thermal effcy. of cycle:

efffey= 0402 =402 % .... Ans.
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Mass flow rate of steam:

Mote that: gaC =2822  kg/kWh

Therefore:  MassFlow = SSC-Power output kg/h
e MassFlow = 5026 x 107 kg/h = 164.617 kg/s .... Ans.

Prob. 3.11 Repeat the above problem assuming an isentropic efficiency of 85 percent for

both the turbine and the pump. [2]
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Now, use the Mathcad Function written for Actual, Simple Rankine cycle:

Data:

Power output = 210000 kWY P ocond =10 kPa P boiler = 10000 kPa

Ti=50 C T cond = TSAT H2O(P cond) ie. T cond=45806 C
eta T := 083 eta P = 0.83

Using the Mathcad Function for Actual, Simple Rankine cycle:
Actual Simple Bankine{P cond.P boiler Tl . eta T,eta P) =

(M"w T(Ikg)" "w PIkz)" "w_net(Iks)' "q in(kike)' "q out(kIkz)" "effey” "TempT3" "SSCkgkWh)" "WorkRatia" )

| 1.083 x 10° 11.873 1.081x 107  3172x 100 2081 100 0341 45.806 3.33 0ess )

We see from the Function output that:

Thermal effcy. of cycle:

efffey=0341  =234.1% .... Ans.

Mass flow rate of steam:

Mote that:  8s8C =333  ko/kWh
Therefore: MazsFlow = 35C-Power output kg'h

ie. MassFlow = 6993 x 107 kg/h = 194.25 kg/s .... Ans.

Quality of steam at turbine exit, x2:

From the Function output:  w T = 1083 kl/kg

We have: hl = enthalpy HIO(P_boiler T1)
e h1=3373x 100 kJikg

Since turbine wark, w_T = (h1 - h3), we have:

hi=hl-w_T
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Also, note from the Function output that temp T3 = 45.806 C, the sat. temp at the
condenser pressure of 10 kPa, i.e. turbine exit is in the two phase region. Let the quality

of steam at turbine exit be x3.

Then: x5 = quality Ph HXO{P cond h3)
ie. x3=10874 ..guality at point 3, the exit of "actual’ turbine .... Ans.

Prob. 3.12 Write a Mathcad program to find out the parameters of interest in an ideal,

reheat Rankine cycle.

Mathcad Function:

Ideal Eeheat Fankine(P cond P boder P2 T1.T3) =

hl « enthalpy H2O{P boiler T1)

sl « entropy H2OP boiler T1)

g2 « sl

sg2 « SGSATP H2O(F2)

12 +— quality Ps H2O(P2 52} if s1 = sg2
%2« Temp H2O(P2 s2) if sl sg2

h? « enthalpy 2phase Px H2OWP2 x2) of s1 < sg2
h2 « enthalpy H20 Ps{P2 52} if sl sg?
h3 « enthalpy H20{P2, T3)

g3 « entropy H2O(P2 T3)

sd « =3

Teond « TSAT H2OP cond)
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(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

w4+ quality Ps H2OP cond.sd)

hd « enthalpy 2phase Tx H2O{Tcond,xd)
h3 « HESATP H2O{P_cond)

vi3 «— VESATP H2XO(FP cond)

w P+ vf3-(P_boiler — P_cond)

hé «— hi+w_P

q in < {hl — h)} + (h3 - h2)

w_T « (hl — h2} + {h3 — hd)

w et w_ T —w P

g_out < hi - hi

w_net
efa «— ——

q in
3600

w_net

S55C «

g""w_T(kJ ke)' "w P(dkg)" "w net(lkg)' "q in(dkg)’ "q out(lkg)' "effey.” "qualitysd” "2 orT2(C)' "SSClkg/kWh)" \
;._ w_T w_P w_net q in q_out eta xd x2 S5C JJ
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Explanation for the above Function:

This function gives all the important parameters of performance of an Ideal, Reheat

Rankine cycle.

This function is similar to the Function written earlier for parameters of Ideal Rankine
cycle, except that now, we check if the exit of HP turbine is in two phase region or

superheat region, and determine the enthalpy accordingly.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where Turbine inlet temperature T1 and reheat temp T3 are in deg.C and
pressures P_cond, P_boiler and reheat pressure P2 are in kPa. Outputs are presented compactly
in a Matrix in the last step on the RHS. In the output matrix, we have: Turbine work
(w_T), Pump work (w_P), Net work (w_net), Heat input in boiler (q_in), Heat rejected
in condenser (q_out), Thermal efficiency (effcy), quality of steam at LP turbine exit (x4),
quality of steam at HP turbine exit (x2) or its Temp (T2), and Specific Steam Consumption
(SSC). Units of each quantity are also given in output.

Prob.3.13 In an ideal steam reheat cycle, steam enters the high pressure turbine at 3.5
MPa, 400 C and expands to 0.8 MPa. It is then reheated to 400 C and expands to 10
kPa in the low pressure turbine. Calculate the cycle thermal efficiency and the moisture
content of the steam leaving the low pressure turbine. Also, plot the variation of efficiency
and dryness fraction, x4 as reheat pressure P2 varies from 600 kPa to 1500 kPa, other

conditions remaining the same.[3]

T""

Solution:
Data:
P boiler = 3500 kPa P cond = 10 kPa

P2=300 kPa Ti=400 C T3=400 C
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Applying the Mathcad Function written above straightaway:

We get:

Ideal Feheat Fankine(P cond.P_boiler P2 T1.T3) =

("w_TIkg)" w_ P(Tkg)" "w_net(klkz)" g in(klkz)" "gq out(klkg)" “effey.” “quality.xd” "x2 or T2(C)" "SSClkg/EWh)" |
L1238 % 107 3.526 1.236 = 107 3444 % 107 2208 x 107 0.359 0.923 205.298 2913
1.€.

Cycle efficiency = 0.359 = 35.9% .... Ans.

IMoisture content of steam at low pressure turbine exit:
We have, quality, x4 = 0.923.

i.e. moisture content=1-0.923 =0.077 =7.7T % .... Ans.

Plot the variation of efficiency and x4 as reheat pressure P2 varies from 600 kPa to

1500 kPa, other conditions remaining the same:

First, write effcy and dryness fraction x4 as functions of P2:

EH'::&“PE} = Ideal Reheat Ranline(P_cond.P_beiler P2.T1.T3), . Effey(P2) = 0339

Cuality_x4({P2) = Ideal Feheat Rankine(P_cond .P_boiler P2 T1. T3}, . Quality _x4{P2) = 0.923

To plot the results:

P2 = 500,550.. 1500 ....define a range variable
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And, we get:

P = Effey(P2) = Quality_x4{P2)
200 0.357 0.953
230 0.357 0.947
a00 0.358 0.941
230 0.353 0.937
700 0.358 0.932
730 0.359 0.928
a00 0.359 0.923
850 0.359 0.9z
Qoo 0.359 0.91a
as0 0.359 0.912
1+103 0.359 0.909
1.05°103 0.359 0.908
1.1-103 0.359 0.903
1.15°103 0.359 0.9
1.2°103 0.359 0.897
1.25°103 0.359 0.895
1.3°103 0.359 0.892
1.35°103 0.359 0.589
1.4:103 0.358 0.887
1.45°103 0.353 0.885
1.5-10°3 0.358 0.883

Plots:

Ideal Reheat Rankine cycle - Thermal efficiency vs Reheat pressure

______

Thermal elficiency

.....

= o P o e T T T ey . |
300 600 700 800 000 110 L1x107 12x107 13x107 1.4=10

Reheat pressure (kPa)
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Ideal Reheat Rankine cycle - Quality at LP turbine exit vs Reheat pressure
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Prob.3.14 A steam power plant operates on an ideal reheat Rankine cycle. Steam enters
the HP turbine at 15 MPa, 600 C, and is condensed in the condenser at 10 kPa. If the
moisture content of steam at the exit of LP turbine is not to exceed 10%, determine the

reheat pressure and the thermal efficiency of the cycle. Assume that the steam is reheated

to 600 C.[2]

Solution:

We shall assume a trial value for reheat pressure P2 and apply the Mathcad Function

written earlier.

Obviously, quality_x4 in the output will not be 0.9 as required. Then we shall use the
‘Solve block’ of Mathcad to determine P2 such that quality_x4 is 0.9:

Data:
P boiler = 13000 kPa P cond =10 kPa

Ti=600 C T3=600 C
P2 =300 kPa . trial value

Applying the Mathcad Function written above straightaway:

We get:

Ideal Reheat Rankine(P cond,P _beiler P2, T1,T3) =

(M TIkz)' "w PTke)' "w net(klke)" "q in(kIks)" "gq out(klkg)' effcy." "qualityxd" ":2eorT2(C)" "SSClkzKWh)' )
| W_l\KIRE) _TARL RS _Nehri sg) q il EE) q_ounElkEg) Y q 5 Wl \EE L

| 1928 % 10° 15.143 1813 % 10° 43107 2388 1070 0445 0.998 173.727 1.882

Note that quality, x4 = 0.998
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Use ‘Solve block’ of Mathcad to get the value of P2 which will make x4 equal to 0.9:
Quality, x4(P2) = Ideal Reheat Rankine(P_cond P boiler,P2,TL.T3), ¢
Given
Quality x4(P2) = 0.9
P2 = Find(F2)

e P2=3772x10° kPa....Reheat pressure.... Ans.

Now, with this value of P2, again use the Mathcad Function for ideal reheat Rankine cycle,
and get effcy etc:

Ideal Feheat Fankine(P cond P _beiler P2, T1,T3) =

("w_T(dks)" "w_P(dkg)" "w_net(ldks)" "g in(lkg)" "g out(klkg)" "effey "qualitysd" "s2erT2(C)" "SSCkgkWh)" |

L1778 % 107 15.143 1.763 = 107 3916% 100 2153 = 107 0.43 09 365.814 2.042 J
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We see that:

Thermal effcy of the plant = 0.45=45% .... Ans.

Plot the reheat pressure, P2 as the quality of steam at exit of LP turbine varies from
0.85 to 0.99:

Now, re-write the Solve block as follows:

x4 =09 .. quality required at LP turbine exit
Quality x4(P2) = IndEﬂl_FLf_-hF:at_Ra:a];:i:ﬂna{P_u:u::nﬂrd_.P_‘r::c:uilf_'r__P’_‘-_.'l_'l_.l'ij._r5
Given
Chuality x4{P2) = =4

P2x4) = Find(P2)  ...write P2 as a function of x4, so that we can get P2 for various
values of x4, and plot the results.

aa

e, PXxd)=3772x 100 kPa....Reheat pressure.... Ans.

Now, to plot:

x4 =10853,087.099 . define a range variable

And, we get:
w4 = P2(xd) =
0.85 7.955-103
n.87 5.935-103
0.89 4,302-103
0.91 3.235-103
0.93 2.371-103
0.95 1.725-103
0.97 1.256-103
0.99 915.039
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Now, plot:

Ideal Reheat Rankine cycle
8=10°
7210 RJLheat pressure vs CQuality at LIP tuihine exit
- 64x10°
2 5610
?, 4 8107
= 4107 \\\
2 33ad
k]
_— 3
2410
1.6:10° —
. S
—l |

a0
8.85 0836 087 088 03% 09 091 082 093 054 095 0% 097 093 099

Quality, x4

Prob.3.15 A steam power plant with a 100 MW output, operates on an ideal reheat Rankine
cycle. Steam enters the HP turbine at 8 MPa, 480 C, and is condensed in the condenser
at 8 kPa. If the moisture content of steam at the exit of HP turbine is 1%, and the steam
is reheated to 440 C, determine the reheat pressure, thermal efficiency of the cycle, mass

flow rate of steam and heat transfer in condenser. [4]

Download free eBooks at bookboon.com

98



APPLIED THERMODYNAMICS: SOFTWARE
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Note that here, exit of the HP turbine (i.e. state 2) falls in the two-phase region.

Data:
P boiler = 3000 kPa T1=48 C  Ti=440 C

P cond =8 kPa Power output = 100000 kW  x2 =099 _ quality of steam at
exit of HP turbine

Assume a reheat pressure, say 1000 kPa, and calculate. Obviously, x2 will not be 99%;

So, use the ‘Solve block of Mathcad to get the value of P2 to make x2 = 0.99. See below:

P2 = 1000 kPa ... trial value

And, applying the Mathcad Function,
Ideal Feheat Fankine(P cond.P beiler P2, T1,T3) =

(w_TOdkg)' "w_P(dkz)" "w_net(kIkz)" "qin{klkz)" "q out(klkg)" "effey” 'quality.xd" "x2orT2(C)" "SSClkzkWh)" |

L 1512x 107 5.06 1.504 x 107 3706 x 1070 2202x 107 0.406 0916 193.537 2393 J
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES

(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

We see that x2 = 193.57, which means that with our assumed value of P2 (= 1000 kPa),
the HP turbine exit is in superheat region, and the temp T is 193.57 deg. C.

Now, let us apply the “Solve block” of Mathcad:

(Hven

12 = Ideal FEeheat Rankine(P cond P _boiler P2 T1,T3) 1.7
P2 = Find(F2)

ie. P2 = T03.098 kPa....... Ans.
So, correct value of P2 is 703.098 kPa.

Now, apply the same Mathcad Function again, with the updated value of P2, to get correct
performance parameters:

Ideal Eeheat Rankine(P cond.P boiler P2, T1.T3) =

(Mw TIkz)" "w_Plklkeg)" "w_net(lkz)! "q in(kIkz)" "g out(klkg)" "effcy” "qualityxd" "x2orT2(C)" "SSClkz/kWh)" |

I 1.333 % 107 8.06 1.525 =< 10° 3.78 % 107 22356 x 107 0.403 0.93% 0.99 2.361 J

Therefore, we have:
Thermal effcy:
eta = 0.403 =403 % ..... Ans.

Mass flow rate of steam:

From the Function output:  w net = 1525 klJ/kg

Therefore:

Power_output

MMassFlow = kgls
AR

w_net

=3 MassFlow = 65574 kng ..... Ans.
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Heat transfer in condenser:
We seethat: g out =2256 kJkg
Therefore:

Q_cond = MassFlow-q_out kWY

e Qcond=14793x10° KW ..=147.93 MW...... Ans.

Investigate the effect of changing reheat pressure, P2 on the thermal effcy and condenser

heat transfer:

First, write effcy and condenser heat transfer (q_out) as functions of P2:
effey{P2) = Ideal Feheat Fankine(P cond.P boiler P2 T1.T3) i3

q out(P2) = Ideal Feheat Rankine(P_cond.P boiler P2, T1.T3), ,

Now:

P2 =500,600..1500 kPa ... define a range variable

P2 = effey(P2) = q_out{F2} =
500 0.401 2.304-103
@00 0.402 2.278-103
700 0.403 2.256°103
800 0.405 2.235-10°3
Qo0 0.405 2.218-103

1+103 0.40a 2.202+103
1.1-103 0.40a 2.188-10°
1.2+103 0.407 2.174+103
1.3+103 0.407 2.163+103
1.4-103 0.407 2.151-103
1.5+103 0.408 2.141+103
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Plots:

Ideal Reheat Rankine cycle - Effcy vs Reheat pressure
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Ideal Reheat Rankine cycle - Condenser heat transfer

2 4107
i 235x10°
)
5 23%10°
= 2255107
2 225107 B
5 I
E ) -\"""——._\_\_\_\_\_\_\_\_\_\_\_H
= 2152107
21107

500 600 700 800 900 1x10° 1.1x10° 1.2x10° 1.3x10° 1.4%10° 1.5x10°

Eeheat pressure, P2 (kPa)

Prob.3.16 Write a Mathcad Function to determine parameters of interest for an actual,

reheat Rankine cycle.

M.‘r
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Mathcad Function:

PROBLEMS SOLVED WITH MATHCAD

Actual Eeheat Eankine(P cond P boiler P2 T1 T4 eta T.eta F) =

hl « enthalpy H2O{P _boiler, T1)

sl « entropy H2(P boiler T1)

g2 « sl

sg « SGSATP H2O(F2)

%2« quality Ps HIWP2 =2 if s1 % 522

h? « enthalpy 2phase Px FH2O{P2 x2) if sl < sg2
h? « enthalpy H2O Ps(P2 32} if sl sg2
h3 « hl — eta_T-{hl — h2)

hd « enthalpy H2O{P2, T4)

s4 « entropy H2O(P2. T4

g5« =4

Teond «— TSAT H2O(P cond)

13 +— quality Ps H2O{P cord. s3)

h3 « enthalpy 2phase Tx HXO{Tcond, x3)

h6 « hd — eta T-{h4 — h3)

hg «+ HGSATP H2O(P_cond)

16 +— quality Ph H2O{P _cond . h§) if hi = hg

16 = Temp H2O0 Ph{P cond. hf) i hi> hg
h7 « HFSATP H2O{P conc)

viT «— VEFSATP H2XFP cond)

viT-(P_boiler — P_cond)

w P
eta P

hi—hi+w P
(h8 — h7)
eta P
g i« {hl — h¥) + (hd — h3)
w_T +« (hl — h3} + {hd — ht})

w nete—w T -w_P

hY «— h7 +

q_out «— hi — h7

wWotet
efa «— —
g m
3600
S5C «
w_net
WorkRatio « —=e'
w_ T
5""“‘_1'[1;.T -kg}u ”“'_P[kj 'kg}" ”\‘l'_ﬂEtl:kJ -kg}u "q_jil[kj -kg}n ”q_O'L'lt[kJ -kg}u ||Eﬁ":}__-||
. w T w_P w_net qin q_out eta

"WorkRatio" |

WorkRatio )

"6 0r T6(C)" "SSC(kgkWh)"
16 55C
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Explanation for the above Function:

This function gives all the important parameters of performance of an Actual, Reheat

Rankine cycle.

This function is similar to the Function written earlier for parameters of Ideal Reheat
Rankine cycle, except that now, we check if the exits of both the HP and LP turbines

are in two phase region or superheat region, and determine the enthalpies accordingly.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where Turbine inlet temperature T1 and reheat temp T4 are in deg.C and
pressures P_cond, P_boiler and reheat pressure P2 are in kPa. Eta_T and eta_P are the
isentropic efliciencies of the turbines and of the pump respectively. Outputs are presented
compactly in a Matrix in the last step on the RHS. In the output matrix, we have: Turbine
work (w_T), Pump work (w_P), Net work (w_net), Heat input in boiler (q_in), Heat
rejected in condenser (q_out), Thermal efficiency (effcy), quality of steam at LP turbine exit
(x6) or if the exit is in the superheat region, its Temp (T6), Specific Steam Consumption
(SSC), and the WorkRatio. Units of each quantity are also given in output.
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Prob.3.17 In Prob.3.15, let each turbine stage have an isentropic efficiency of 85%, all

other conditions remaining the same.Then, determine the thermal efficiency of the plant.

Also, plot the thermal efficiency as each turbine stage isentropic efficiency varies from 85%

to 100%. [4]

Data:

P boiler = 3000 kPa L1 =480 C T4=40 C

P cond =8 kPa Power output = 100000 kW 12 =099 . .quality of steam at
exit of HP turbine

P2 = 703.098 kPa eta T:=085 etaP=1
Using the Mathcad Function for Actual Reheat Rankine cycle, we get:
Actual Feheat Rankine(P _cond P _boiler P2, T1, T4 eta T.eta P) =

Mw TTkz)" "w PkIkzZ)" 'w_net(klkz)' "q in(kIkg)' "gq out(kI'kg)" "effev. xS or T6(C)" "SSC(kgkWh)" "WorkRatia" |
| L = St 2J _net; = q =) q_out] =y 3 st \XE ) ]

| 1303 x 107 8.06 1295 = 107 3.689 % 107 2304 % 107 0.351 0.997 2.781 0.994

Thus, we have:

Thermal effcy: effey= 0351 =35.1% ... Ans.

To plot the thermal effcy. And condenser heat transfer as each turbine stage isentropic
effcy. varies from 0.85 to 1:
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First, write effcy andq_out as functions of eta_T:

effeyfeta T) := Actual Feheat Ranline(P cond P boiler P2 T1 T4 eta T eta F),

g _outfeta T} = Actual Reheat Rankine(P_cond.P_boiler P2, T1. T4 eta T.eta F),

Now:

eta T:=0835085.1 . _define arange variable

And, we get:

eta T = effey(eta_T) g out{eta T} =

0.85 0.351 2.394-103
0.86 0.355 2.385-103
0.87 0.358 2.376°103
0.588 0.362 2.367°103
0.89 0.365 2.357"103
0.9 0.369 2.348°103
0.91 0.372 2.339-103
0.92 0.376 2.33°1073
0.93 0.379 2.32103
0.94 0.383 2.311-103
0.95 0.386 2.302-103
0.96 0.39 2.293-103
0.97 0.393 2.283-103
0.98 0.396 2.274-103
0.99 0.4 2.265°103
1 0.403 2.256°103
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Plot:

Actual Reheat Rankine cycle

041

Thermal effcy. vs Isentr. effcy. [of tutbine [stage

04

0.39
L

0.38
.,-""-,-‘/

0.37

Thermal elliciency

,_‘,f"

036

,_/_,-/
93’//

T0.85 086 087 083 080 09 001 092 093 094 095 09 097 098 090 1

Isentr. effcy. of turbine stage
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Actual Reheat Rankine cycle

24x10°
- "ondensern heat transfer \Js |EE!ILtr'. effcy. J:f turbine stage

238x10°

236210°

- E
234=10°7 —

3
23210

23x10°

228x10°

ondenser heal transfer (klikg)

e

A
-l

226:10°

{

2245107 = -
085 086 087 08% 089 00 001 092 003 094 005 0096 097 008 099 1

Isentr. effcy. of turbine stage

Prob. 3.18 In a reheat cycle power plant, steam enters the HP turbine at 5 MPa, 450 C
and expands to 0.5 MPa, after which it is reheated to 450 C. The steam is then expanded
through the LP turbine to 7.5 kPa. Liquid water leaving the condenser is pumped to 5
MPa and returned to steam generator. Each turbine has an isentropic effcy of 87% and a
pump effcy of 82%. If the total power output of turbine is 10 MW, determine the mass
flow rate of steam, the pump power input, and the thermal effcy of the power plant. [3]

l.'.r.,‘r
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Solution:
Data:
P boiler = 3000 kPa  Ti=450 C
P2 =300 kPa T4=450 C
P cond =75 kPa eta T:=087 eta P:=082
T cond = TSAT HIO(P_cond) le. T cond=4020 C

Turbine Power = 10000 kKW

Applying the Mathcad Function written above:

Actual Eeheat Eankine(P cond .P_boiler P2 T1. T4 eta T.eta ) =

(e _TkIkg)"  "w_P(kIkg)" Uw_net(kIkg)" g in(kIkg)” "q out(kIkg)" “effew.” "x6 or T6 (C)"

I 1.278 = 107 6.1371

Note: T6 = 51.5246 C in the above Function output means that the state of steam at the

12719 = 107 360743 100 24269 x 107 0344 51.5246

exit of Turbine is in the superheated region.

We see that, total turbine work is: w T = 1278 klikg

Therefore, mass flow rate of steam:

MassFlow = M
Lt ey “__1_
ie.  MassFlow=7825 Kg/s.... Ans

Pump work: w P-= 61371 klkg

Therefore, Power input to Pump:

Pump Power = w_P-MassFlow

e Pump Power = 48021 kW .... Ans.

Thermal effcy. of the plant:

Efffey = 0344

= 3}.4% .... Ans.

Download free eBooks at bookboon.com

110

PROBLEMS SOLVED WITH MATHCAD



APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Plot the thermal effcy as eta_T varies from 0.6 to 1:

Effcy(eta T) = Actual Reheat Rankine(P_cond.P_boiler P2, T1. T4 eta T, Eta_P}l 3

eta T=06,065.1 . .define arange varable
We get:
eta T = Effcy(eta_T)
0.6 0.247
0.65 0.266
0.7 0.284
0.75 0,302
0.8 .32
0.85 0.337
0.9 0.354
0.95 0.371
1 0.388
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES

(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD
Plot:
Actual Reheat Rankine cycle
0.4
038 TheLmaI effcy. vs lsentr. effcy. of|turbine stage
.2
.. 036
2
2034
2
S 03 /
5 03
‘ 0.28
0.26

D_%.ﬁ- 0.63 0.7 0.73 0.3 0833 0.9 0.93 1

Isentr. effcy. of turbine stage

Prob. 3.19 A steam power plant operates on the reheat Rankine cycle. Steam enters the
high-pressure turbine at 12.5 MPa and 550°C at a rate of 7.7 kg/s and leaves at 2 MPa.
Steam is then reheated at constant pressure to 450°C before it expands in the low-pressure
turbine. The isentropic efliciencies of the turbine and the pump are 85 percent and 90
percent, respectively. Steam leaves the condenser as a saturated liquid. If the moisture
content of the steam at the exit of the turbine is not to exceed 5 percent, determine ()

the condenser pressure, (6) the net power output, and (¢) the thermal efficiency. [2]

l.'.r.,‘r
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Note: Start with a trial value for P_cond and apply the Function; obviously, the quality
at exit of turbine, x6 will not be 0.9. So, apply the ‘Solve block’ of Mathcad to get the
correct value of P_cond to have x6 = 0.9. Then, with this new value of P_cond, apply the

Function again:

Data:
P boiler = 12500 kPa  T1:=3550 C eta T=085 eta P:=09
P2 .= 2000 kPa Ti=450 C Mass_Flow = 7.7 kog/s

P cond =7 kPa . _ trial value

Applying the Mathcad Function written above:
Actual Beheat Fankine(P cond,P beiler P2, T1, T4 eta T eta P) =

("w_T(Ikz)" "w_P(dkz)" "w_net(klkz)" "qin(kIkg)" "q out(klkg)" "effcy.” "x6or T6(C)" "SSC(kz/kWh)' "WorkRatio" |

I 1.3802 » 107 13.285 136623 107 362883 107 22642 100 0.3765 0.94 2635 D.osse

Now, the quality x6 is 0.94. So, apply the “solve block’ of Mathcad to get x6 = 0.95:
Given

Actual Eeheat Fankine(P cond P boiler P2 T1, T4 eta T.eta B | 5= 0.93
P cond = Find(P cond)

P cond =274 kPa
i.e. the value of P_cond = 9.74 kPa, to get x6 = 0.95...Ans.

Applying the Function again, we get other parameters:

Actual Eeheat Bankine(P cond P boiler P2 T1 T4 eta T.eta F) =

;’f"xv_l'(k]kg}” "w P(kIkg)" "w net(klkg)" "gqin(kTkz)" "g out(klkg)" "effey.’ "s6orTE(C)" "SSClkgkWh)' "WorkRatio"

| 13441 x 107 14.0171 13301 % 107 36022x 107 22737x 107 0.3682 0.95 27066 09886 )

Thus:

Condenser pressure: P _cond=974 kPa ... Ans.
Net power output:
We have: w net = 1330.1  kJ/kg

Then: Power output = Mass_Flow-w_net
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ie.  Power output=1.02¢x 100 KW ..=10.24 MW ... Ans.

Thermal efficiency:

Effcy = 0.3692 = 36.92% .... Ans.

Plot Thermal effcy. and quality at turbine exit, x6 vs turbine effcy. for eta_T = 0.6 to 1:

First, write themal effcy. and quality as a functions of eta_T:
EE-.C»:!:S eta T) = Actual_Reheat_Rankjhe{P_cnnd,P_boﬂe:r,Pl,Tl,T:l,eta_T,eta_P'}l 5
Cuality xf{eta_T) = Actual_Reheat_Rankine{P_cnnd,P_bnﬂe:r,Pl,Tl,T4,eta_T,eta_P}1 5

eta T:=06.065.1 . define arange variable
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We get:

eta T = Effev{eta T) Cuality_xf{eta_T)
0.6 0.269 120.424
0.65 0.29 92.81 Temp. T6, deg.C
0.7 0.31 63.19 /
0.75 0.33 0.994
0.8 0.35 0.972
0.85 0.269 0.95
0.9 0.3588 0.928
0.95 0.407 0.90a
1 0.426 0.834

Note: In the above Table, for eta_T = 0.6, 0.65 and 0.7, the turbine exit is in superheated
region, which is indicated by showing turbine exit temps as: 120.424, 92.81 and 65.19 C

respectively.

And, plot:

Actual Reheat Rankine cycle

Thermal|effcy. vs Isentr. effcy.|of turbine stage
fan
&
= 0.38
k]
RE
= 036
=
B o
023
g
706 065 07 075 08 085 09 095
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Actual Reheat Rankine cycle

1
0.00
023
097
0.96
093
0.84
093
092
0.91

0.9
0.32

Quality $t turbine exit vs Isentr. effcy of turbine stage

uality al turbine exil, xo

D'Sg.?i 0.3 0833 0.9 0.93 1

Isentr. effcy. of turbine stage

Prob. 3.20 Consider a steam power plant that operates on a reheat Rankine cycle and has
a net power output of 80 MW. Steam enters the high-pressure turbine at 10 MPa and
500°C and the low-pressure turbine at 1 MPa and 500°C. Steam leaves the condenser as
a saturated liquid at a pressure of 10 kPa. The isentropic efliciency of the turbine is 80
percent, and that of the pump is 95 percent. Determine: (2) the quality (or temperature,
if superheated) of the steam at the turbine exit, () the thermal efficiency of the cycle, and

(¢) the mass flow rate of the steam. [2]

Data:
P boiler .= 10000 kPa Tl =300 C eta T =08 eta P =003
F2 = 1000 kFa T4 =500 C Power output -= 80000 kWY

P cond =10 kPa
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Applying the Mathcad Function written above:
Actial Eeheat Banline(P cond P bodler P2 T1 T4 eta T eta ) =

("w_T(Tke)' "w_P(dkg)' "w_net(lkg)' "q in(kikg)' 'q out(kIke)" "effey "6orT6(C)' "SSC(kgkWh)" "WorkRatio" |

| 12879 % 10° 10.6233 12773 107 37496% 107 24720 100 03406 87.875 2.8183 D901 )
We see that:

Temp at turbine exit: Té= 57873 deg.C ... Ans.

Thermal effcy.: effey = 03406 = 34.06% ..... Ans.

Mass flow rate of steam:
We have:  w net = 12773  kd/kg

Power output

Then: MazsFlow =
PSRN “._ﬂet
ie. MassFlow = §2.632 kg!s ..... Ans.
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Plot Thermal effcy. and quality, x6/temp. T6 at turbine exit, vs turbine effcy. for eta_T =
0.6 to 1:

First, write themal effcy and x6/T6 as a function of eta_T:

Effevieta T) = Actual Feheat Rankine(P cond P _boiler P2, T1, T4 eta T.eta P) i3

Quality w8leta T) = Actual Reheat Rankine(P_cond.P_boiler P2 T1. T4 eta T.eta P), .

eta T=06062.1 .. definearange variable
We get:
eta T = Effcy{eta_T) Cality xf{eta_T)
0.6 0.263 194.03 "\
0.6z 0.271 183.525
0.64 n.27a 172.998
0.6o 0.287 162.433
0.68 0.295 151.851
0.7 0.302 141.225
0.72 0.31 130.588 Turbine exit temps.
0.74 0.318 119.926 >' & T6, deg. C
0.76 0.326 109.259
0.78 0.333 Q8.567
0.8 0.341 87.875
n.82 0.348 77.183
0.84 0.356 66.509
0.86 0.363 35.872 -)
0.88 0.37 1 =
0.9 0.378 0.991
0.92 0.385 0.983 _ _ _
.04 0392 0074 >_ Turbine exit quality, x6
0.96 0.399 0.966
0.98 0,408 0.957
1 0.413 0.949 J
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Note that for eta_T = 0.6 to 0.86, the turbine exit is in superheated region and the
corresponding turbine exit temps can be read off from the above Table. For eta_T = 0.88,
the turbine exit is just sat. vapor (quality x6 = 1). For eta_T > 0.9, the turbine exit is in
the two-phase region and the corresponding qualities of turbine exit (x6) can be seen in

the above Table.

Now, plot the results:

Actual Reheat Rankine cycle

044
Thermal|effcy. vs Isentr. effcy.|of turbine stage

0.42

0.4

038

0.36 /

0.34

032

I'hermal elTiciency

-

06 0.63 0.7 0.73 0.8 0.83 0% 093 1

Isentr. effcy. of turbine stage

Actual Reheat Rankine cvcle

E‘Iuallit\r af turhkne elxit VS IserLtr. effcy of turILine stage
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0.99
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0.965
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0.935
095
0.945

CJuality al turbine exil, x6

0.9
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Isentr. effcy. of turbine stage
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Actual Reheat Rankine cycle
200,

100 emp. TR Lf turhing exit vs lsentr nﬁrL_uj_tu;hiu_e_m_a_g_e_

180
170
160
150
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120
110
100
0
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70
&0

l'emp. al turbine exit, T6

]
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Isentr. effcy. of turbine stage
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Prob. 3.21 In a steam power plant operating on a reheat Rankine cycle, steam is supplied
to the turbine at a pressure of 32 bar and a temp of 410 C. Steam is reheated at 5.5 bar
to a temp of 400 C, before it is expanded down to 0.08 bar. What will be the dryness
fraction at the exit of LP turbine and the efficiency of the cycle? [VTU]

Data:
P hoiler == 3200  kPa Ti=410 C P cond = 8 kP3
P2 =530 kPa T3 = 400 C

Applying the Mathcad Function for Ideal, reheat cycle, written earlier, we get:

Ideal Feheat Rankine(P cond,P _beiler P2, T1,T3) =

("w_T(Tkg)" "w_POIke)" “w_net(klkg)" "qin(lks)’ "q out(kikz)" "effey. "qualityxd” "SSC(kz’kWh)' "WorkRatio" )

1285 107 3219 1282 % 107 353> 100 2253 10° 0.363 0.937 2,800 0.997

Dryness fraction at LP turbine exit= x4 = 0.937 ..... Ans.

Thermal effcy of the cycle = 0.363 = 36.3% .... Ans.

Prob.3.22 In a reheat Rankine cycle, steam at 500 C expands in a HP turbine dill it is
saturated vap. It is then reheated at constant pressure to 400 C and then expanded in a LP
turbine to 40 C. If the max. moisture content at the turbine exhaust is limited to 15%,
find: (i) the reheat pressure, (ii) pressure of steam at the inlet to HP turbine, (iii) net specific

work output, (iv) cycle efficiency, and (v) steam rate. Assume all ideal processes. [VTU]
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Boiler Reheater . @ | urbing
|
3 | >
I

@t |

mp . |

Condenser

Data:

TL=500 C T3=400 C Te=40 C  ;4=08 g@=1
i P cond =PSAT HXO(TY)  ie P cond=7385 kPa
Then, we have:
54 = entropy_2phase_Tx_H2O({T4.x4) e, s4=7103 klkgK

Now, we use the ‘Solve block’ of Mathcad to find P1 and P2, very easily:
P1:=20000 kPa _ trialvalue

P2 = 4000 kPa ... trial value

At
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Given

entropy HIO(P2,T3) = =4 ....for isentropic expn in LP turbine

entropy_HIO(P1,T1) = SGSATP_H20(P2)  ...forisentropic expn in HP turbine

-

{ 47
[ 1.5666 » 10
Find(P1,P2) =

| 21153 = 10° )
l.e.  Pl=15666 kPa=136.7 bar ....boiler pressure.. Ans.

P2=121153 kPa=21.13 bar ...reheat pressure .... Ans.

Further, note that: P hboiler = P1

Now, let us apply the Mathcad Function for Ideal, reheat cycle, to get other parameters:
Ideal Feheat FRankine(P cond,P beiler P2, T1,T3) =
!""W_T[k.'l kg)" "w_PkIkg)" "w_net(kl'ksz)" g in(klkz)" "gq out(kl'kg)" effey.” "quality.xdt" "SSC{kg EWh)" "V.'orkRaﬁo"“‘_

L 1.536x 107 15.782 1321 = 100 3366 100  2.043x 100 0426 0.85 2.367 09 )
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Therefore, we note from the above:

Net work output: w_net= 1521  kJ/kg .... Ans.
Cycle efficiency: effey = 0.426 = 42.6% .... Ans.

Sp. Steam Consumption: §sC=2367 ko/kWh ..... Ans.

Note: To appreciate the power and elegance of Mathcad Functions presented above, try

to work out the above problem using only Water/Steam Tables.

Prob.3.23 In a reheat Rankine cycle, steam at 20 MPa, 550 C expands in a HP turbine.
It is then reheated at constant pressure to 550 C and then expanded in a LP turbine to
15 kPa. If the max. moisture content at the turbine exhaust is limited to 10%, find: (i) the
reheat pressure, (ii) ratio of pump work to turbine work, (iii) ratio of heat rejection to heat

addition, and (iv) cycle thermal efficiency. Assume all ideal processes. [VTU]

ie. P ocond =17 kPa P boiler = 20000 kPa

We have to find reheat pressure P2:

Start with a trial value of P2, ie. P2 =4000 kPa
Mow, apply the Mathcad Function for Ideal, reheat Rankine cycle.
In the output, observe the quality x4. Obviously, it will not be 0.9

S0, use the "Solve block” of Mathcad to get correct value of P2 to make x4 = 0.9
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Ideal Feheat FRankine(P cond,P beiler P2, T1,T3) =

;""\x'_l'[k.Tkg}" "w Pdkg)" "w_net(kg)" g in(klkg)' "q out(lkg)' "effey.” "qualitysd” "SSC(kgkWh)' "WorkRatio" )

| 1663 x 107 20266 1643 % 107 | 3763% 1070 212 107 0437 0.893 2191 0988
Mote that in the output, we get x4 = 0.893.

Mow, apply the "Solve block’ of Mathcad:

Given
Ideal Feheat Rankine(P cond,P beiler P2, T1,T3) | 6= 14

P2 = Find(P2)

e P2=363Tx10° kPa ..... reheat pressure .... Ans.
With this value of P2, apply the Function again to get other parameters:

Ideal Feheat Fankine(P cond.P _boder P2 T1.T3) =

("w_T(dkg)" "w_P(dkg)' "w_net(idkg)” "q in(dke)" "q out(lkg)' "effey." "qualityxd" "SSClkgkWh)" "WorkRatio"

L 1673x 107 20266 1633 100 | 3789x 100  2135x 100 0436 0.9 2178 0gss )

Therefore, we get:

Pump work: w P=20266 kJikg .... Ans.

Turbine work: w T=1673 kJ/kg .... Ans.

Their ratio: = o = 0012 ...Ans.

Heat rejection: g out= 2135 klikg .... Ans.

Heat added: g in=373¢ klikg .... Ans.
Their ratio:

—_ = —— = {383 e AN,
EX)

Cycle effcy.: effcy= 0436 = 43.6% ... Ans.
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Prob.3.24 In a reheat Rankine cycle, net power output is 80 MW. Steam at 100 bar, 500 C
expands in a HP turbine. It is then reheated at 10 bar to 500 C and then expanded in a LP
turbine to 10 kPa. Find: (i) quality of steam at exit of LP turbine, (ii) thermal efficiency,

(iii) mass flow rate of steam. Assume all ideal processes. [VTU]

T 'y
S-"
Data
JLL:: 500 C h{ﬁﬂ: 500 C Power gutput = 20000 KW

ie. P ocond =10 kPa P boiler = 10000 kPa E%,: 1000 kPa
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Now, apply the Mathcad Function for Ideal, reheat Rankine cycle:

We get:
Ideal Eeheat Rankine(P cond.P boiler P2, T1.T3) =

(w_T(d/kg)" "w_P(kIkg)" "w_net(ilkg)" g in(klks)" "q out(lkgz)’ “effcy.” "qualitysd” "SSC(kgkWh)' "WorkRatio" )

| 16009 x 107 10,0921 159083 107 | 3869 1070 22602 107 04133 0.0485 22503 08837

From the Function output, we see that:

Quality of steam at exit of LP turbine = x4 = 0.9485 .... Ans.

Thermal efficiency = effcy = 0.4135 = 41.35 % .... Ans.

Mass flow rate of steam:

MNow, we have: 85C =22503 kg/kWh
Then: MassFlow = 55C-Power_output kg/'h
ie. MassFlow = 18x 100 kg/h = 50.007 kgs .... Ans.

Prob. 3.25 Write a Mathcad program to find out the various parameters of interest for a

Regenerative Rankine cycle, using one open Feedwater heater (FWH), with ideal processes

for steam.
Solution:
- I _
® —
~ furhine
Boiler
A
y 2t
Open

‘L | l—ﬂ— FWH
’L:m\{'ﬁr—|—1—

@ A
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Ideal Regen Rankine(P cond.P beiler P2 T1) =

hl « enthalpy HXO{P boiler T1)

sl « entropy H2O(P boiler T1)

g2 + sl

sg? «— SGSATP H2O{F2)

12+ quality Ps HIOWP2 =2} if s2< 3
h2 « enthalpy 2phase Px HIO(P2 x2)
h2 « enthalpy H20 Ps{P2.s2) if s2 % sg2

g3 « sl

523 « SGSATP HXOP cond)

Teond « TSAT _H2O{P _cond)

i3 +— quality Ps H2WP cond . s3) if =32 sg3

h3 « enthalpy 2phase Tx H2XO{Tcond x3) if 53 = 523
h3 « enthalpy HXO Ps(P_cond.s3) if s3> 523

13 = Temp H20 Ph(P cond.h3) i s3> sg3

hi « HESATP H2Q{P cond)

vi4 «— VESATP H2O(P cond)

h3 « hd + vf4-(P2 - P_cond)

ht « HFSATP HXO(P2)

vih «— VESATP H2O(P2)

ST o

PROBLEMS SOLVED WITH MATHCAD

Download free eBooks at bookboon.com

128



APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
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h7 «— hé + vf5-(P_boiler — P2)
hé — h3
.& —_—
h? — h3
w Pl (hi-hd)-{1l-v)
w_P2+« h7 - hé
w T« (hl - h2} + {1 — ¥)}-{h2 — h3)
w et w_T — (w_Pl+w P2)

q in « hl - h7
gq_out «— (h3 — hd)-{1 - v)

wWonet
efa «— —

g m

3600
w_net
5""“'_1'(1(.] kz)" "w_PUETERz)" "w PUETERg)" "w_netklkz)" "gq in(klkg)" "q outklkz)" "effcy” "SECkzEWh)" "v" "sSor T3 (C)" L‘l
! w T w_Pl w_P2 w_net g in q out eta S8C A ] j

S8C «

Explanation for the above Function:

This function gives all the important parameters of performance of an Ideal, Regenerative

Rankine cycle.

[ ]
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This function is similar to the Functions written earlier for other variations of Rankine
cycle, and here also we check if the exits of both stages of turbine are in two phase

region or superheat region, and determine the enthalpies accordingly.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where Turbine inlet temperature is in deg.C and pressures P_cond, P_boiler
and extraction pressure P2 are in kPa. Outputs are presented compactly in a Matrix in
the last step on the RHS. In the output matrix, we have: Turbine work (w_T), Pump
works (w_P1 and w_P2), Net work (w_net), Heat input in boiler (q_in), Heat rejected in
condenser (q_out), Thermal efficiency (effcy), Specific Steam Consumption (SSC), fraction
of extracted stream (y), and the quality of steam at turbine exit (x3) if the exit steam is in
two phase region, or its temp (T3) if the exit steam is in superheat region. Units of each

quantity are also given in output.

Prob. 3.26 In an ideal regenerative cycle, steam enters the turbine at 4 MPa, 400 C. After
expansion to 400 kPa, some of the steam is extracted from the turbine for heating the
feed water in an open feed water heater (FWH). The pressure in the FWH is 400 kPa and
the water leaving it is sat. liquid at 400 kPa. The steam not extracted expands to 10 kPa.
Determine the cycle efficiency. [3]

Solution:

Data:

P boiler = 4000 kPa P cond =10 kPa P2 =400 kPa

L

Tl =400 C

LU
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Applying the Mathcad Function written above, we get:

Ideal Bezen Rankine(P cond P beiler P2.T1) =

0 1 2 3 4 5 6
0 ["w_T(k/kag)" [w_P1(kd/kg)" [w_P2(k)/kg)" Ww_net(kJ/ka)" | "q_in(kJ/ka)" |g_out(kJ/ka)" "effcy"
981.094 0.329 3.9 976.865|  2.607°103 1.63'103 0.375
7 8 9
5SC(kag/kKWh)" "v " ['x3 or T3 (C)"
3.685 0.165 0.816

We note from the Function output that:

Cycle effcy. = 0.375 = 37.5%...Ans.
Fraction of extracted steam =y = 0.165 = 16.5%...Ans.

Plot the effect of varying extraction pressure on net work output and thermal effcy,

other conditions remaining the same:

First, write the net work output and thermal effcy. as functions of P2:

w net(Pl) = Ideal Regen Rankine(P_cond.F_boiler . P2.T1), .

Effcv(P2) = Ideal Fegen Rankine(P_cond.P_boidler P2 TI1), .

To plot the results:

P2 = 200,300.. 1000 ....define a range variable
P2 = w_net(P2) = Effcy(P2) =
200 1.011+103 0.273
300 Q92277 0.374
400 076.865 0.375
S00 063.373 0.375
G0 951.349 0.374
700 041.002 0.274
800 930.538 0.374
ano 821.657 0.373
14103 012.485 0.373
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Plots:

Ideal, Regenerative Rankine cycle
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
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Ideal. Regenerative Rankine cvele

o Therma echy. Lzs EExtrLactiLJn preLsu*e

I'hermal elficiency

00 250 300 330 400 430 300 530 600 650 700 750 200 850 900 930 1x10°

Extraction pressure, P2 (kPa)

Prob. 3.27 In an ideal regenerative cycle, steam enters the turbine at 6 MPa, 450 C. After
expansion to 400 kPa, some of the steam is extracted from the turbine for heating the
feed water in an open feed water heater (FWH). The pressure in the FWH is 400 kPa and
the water leaving it is sat. liquid at 400 kPa. The steam not extracted expands to 20 kPa.

Determine: (a) net work output per kg of steam, (b) the cycle efliciency. [2]

Data:

P boiler = 6000 kPa P cond =20 kPa P2 =400 kPa

LA
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Applying the Mathcad Function for the ideal, regenerative Rankine cycle:

Ideal Fegen Fankine(P cond.P _boiler P2 T1) =

We see from the Function output that:

Net work output:

Cycle

w net= 1017 kdlkg ..... Ans.
efficiency:
effcy = 0.378 = 37.8% ... Ans

Plot cycle effcy as extraction pressure, P2 varies from 200 kPa to 1500 kPa:

First write the cycle effcy as a function of P2:

Effcy(P2) == Ideal Begen Fankine(P cond P boiler P2 T1) P

Now:

Pl=2
2 =1

00,300 1300

6

kFa .... define a range variable

Download free eBooks at bookboon.com

i} 1 2 3 4 35 5]

0 wOTKkg)' | "woPi(k/ka)' | "w_P2(Ki/ka)'|  "w_net(kl/kg)" o_in(ki/ka)" | "gq_out(k)/kq)" "effoy"
1 1.023-103 0.33 6.067 1.017-103 2.693-103 1.676°103 0.378
7 8 9
"SSClkg/kKWh)" My ! "x3 or T3 (C)"

3.54 0.14a 0.832




APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

And, we get:

P2 = Effey(P2) =
200 0.3746
300 0.37a65
400 0.3776
500 0.3782
&00 0.3785
700 0.3787
800 0.3786
Qo0 0.3785

1-103 0.3783
1.1+103 0.3781
1.2°103 0.3778
1.3°103 0.3775
14103 0.3771
1.5°103 0.3768
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APPLIED THERMODYNAMICS: SOFTWARE
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Plot:

Ideal, Regenerative Rankine cycle

0.379

0.3785
/ ]
0.378

0.5773

/ e
0377
0.5763 /
0374 /
0.3733 /

0.373

Thermal elliciency

0.3745

0.374
200 300 400 300 600 700 800 900 1107 D1.1x107 12107 1.3x10°7 14107 15107

Extraction pressure, P2 (kPa)

Prob. 3.28 In a single heater regenerative cycle, steam enters the turbine at 30 bar, 400 C.
After expansion to 500 kPa, some of the steam is extracted from the turbine for heating the
feed water in an open feed water heater (FWH). The pressure in the FWH is 500 kPa and
the water leaving it is sat. liquid at 500 kPa. The steam not extracted expands to 10 kPa.
Determine: (a) SSC, (b) the cycle efficiency. [VTU]

Data:

P boiler = 3000 kPa P cond =10 kPa P2 =500 kPa

LA

T1=400 C
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Applying the Mathcad Function for the ideal, regenerative Rankine cycle:

Ideal Fegen Bankine(P cond.P boiler P2 T1) =

We see from the Function output that:

Net work output:

w_net= 932659 kJ/kg ..... Ans.
Cycle efficiency:
effcy = (.36 = 36% ..... Ans.

5p. Steam Consumption:

8SC = 3.86 kg/kWh . Ans.

] 1 2 3 4 5
0 w_T(k/kg)" | "w_Pi(ki/kg)'| w_P2(ki/kg)'| ‘"wi_net(ki/kg)" "g_in(ki/kg)' | "q_out(ki/kg)" "effcy”
1 935.8 0.41 2.731 932.659 2.589-103 1.657+103 0.36
Fi a q
"S5C(kg/kWh)" "y "¥3 or T3 (C)"
3.E6 0.172 0.838

Prob. 3.29 Investigate the effect of extraction pressure on the performance of an ideal

regenerative Rankine cycle with one open feedwater heater. Steam enters the turbine at
15 MPa and 600°C and the condenser at 10 kPa. Determine the thermal efliciency of the
cycle, and plot it against extraction pressures of 12.5, 10, 7, 5, 2, 1, 0.5, 0.1, and 0.05 MPa,

and discuss the results. [2]
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Data:

P boiler = 135000 kPa P cond =10 kPa P2 = 12300 kPa

LA

T1=600 C
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Applying the Mathcad Function for the ideal, regenerative Rankine cycle:

Ideal Regen Rankine(P cond.P beiler P2 T1) =

0 1 2 3 4 5 5
0| woTke)'|  "wPl/kg)'|  "w_P2(d/kg)'| "wenet(ki/kg)'|  "g_in(ki/kg)'| g out(ki/kg)" effcy”
1 915.049 7.638 3.866 903.545 2.068°103 1.164°103 0.437

7 2,
"SSC kg kKWh)" "y " "¥3 or T3 (C)"
3.984 0.395 0.504

We see that:  effcy= 0437 =43.7% .... Ans.
To plot the variation of effcy. as P2 varies:
First, define effcy as a function of P2:
Effcy(P2) = Ideal Fegen Fankine(P cond P _boiler P2 T1) n: Effey(P2) = 0457
Now, put the desired values of P2 in a vector:
P2 = (12300 10000 7000 3000 2000 1000 300 100 30) -..vector of P2 values

At

k=0,1.7

We get:

_..define a range variable for index k

P2y, = Effey(P2, ||
1.25:10% 0.437
1104 0.443
7103 0.451
5103 0.456
2103 0.463
1103 0.463
500 0.461
100 0.451
50 0.446
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Now, plot the results:

Ideal, Regenerative Rankine cycle

0.47

0.4635

é.dﬁ / |

Thermal elliciency

0.433

043
0 =107 2¢10° 3107 4x10° 100 6107 =107 8x107 0107 1x10% 1.1%10% 12107 1.3x10°

Extraction pressure, P2 (kPa)

Prob. 3.30 Write a Mathcad program to find out the various parameters of interest for
an Actual, Regenerative Rankine cycle, with one open FWH. Take eta_T as the isentropic

efficiencies of turbine stages, and eta_P as the isentropic efficiencies of pumps.
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Mathcad Function:

Actual Fegen Fankine(P cond.P _boiler P2 Tl eta T.eta P} =

hl « enthalpy HXO(P boiler T1)

sl « entropy H2O(P boiler T1)

g2 « sl

hg? «+ HGSATP_HIO(PZ)

sg2 « SGSATP _HIO{PZ)

12+ quality Ps HMWP2 =2 if 52 < 522

h2 « enthalpy 2phase Px H2O(P2 x2) if s2 = 522
h2 « enthalpy H20 Ps(P2 52} iof 2% sg2

hi« hl - {(hl - hl)-eta T

[JJ
I,
g
3
o

%3 i uraliter P HIOWED 3 af
= hr S i e b B

s3 + entropy_2phase Px H2OWE2 x3) if h3 £ hg2
L

sg4 « SGSATP HXOWP cond)

hd « enthalpy H20 Ps{P cond.sd) if s> sgd
14 +— quality Ps H2O{P _cond,_si) if s4 £ sz4

hd « enthalpy 2phase Px H2WP cond xd) of =4« sgd
hi « h3—- (h3 - hd)eta T

hgd « HGSATP HXO(P cond)

13 +— quality Ph H2O{P cond.h3) i hi = hgd
x5« Temp H2O Ph(P cond_h3) if h3> hzi

h6 « HFSATP H2O{P_cond)

vih «— VESATP H2O(P_cond)

vi§-(P2 — P_cond)
eta P

h? «— HFSATPF HXO({P2)

vi9 « VFSATP HXFP2)

vi%-(P_boiler — P2)

hi «— hi +

hil « h% +
eta P
h% — h8
y
; hi — h3

w_Pl « (hi - ha)-(1 - v)
w_P2« hll — h?

PROBLEMS SOLVED WITH MATHCAD
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w_ T+« (hl — h3} + {1 — ¥)-{h3 - h3)

w_net< w_T - (w_Pl+w_P2)

g in + hi - hit
q_out « (hS — h)-(1-y)
eta w_net

g in
S8C « 3600

w_net
s TIkg)" "w PlkIhg)" 'w PAkIkeg) "w onet(klkg)" "q in(kkg)" "q out(klkg)' "effey” "SSCHgkWH)' "y "xS or T3 (C)
w T w_P1 w_P2 w_net q in q_out eta S8C v x3

Explanation for the above Function:

This function gives all the important parameters of performance of an Actual, Regenerative

Rankine cycle.

This function is similar to the Functions written earlier for other variations of Rankine
cycle, and here also we check if the exits of both stages of turbine are in two phase
region or superheat region, and determine the enthalpies accordingly. While calculating

the works of turbines and pumps, their isentropic efficiencies are taken in to account.
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First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where Turbine inlet temperature is in deg.C and pressures P_cond, P_boiler
and extraction pressure P2 are in kPa. Isentropic efficiencies of turbine stages and of pump
are eta_T and eta_P respectively. Outputs are presented compactly in a Matrix in the last
step on the RHS. In the output matrix, we have: Turbine work (w_T), Pump works (w_P1
and w_P2), Net work (w_net), Heat input in boiler (q_in), Heat rejected in condenser
(q_out), Thermal efficiency (effcy), Specific Steam Consumption (SSC), fraction of extracted
stream (y), and the quality of steam at turbine exit (x5) if the exit steam is in two phase
region, or its temp (T5) if the exit steam is in superheat region. Units of each quantity are

also given in output.

Prob. 3.31 Consider a regenerative vapor power cycle with one open feedwater heater. Steam
enters the turbine at 8.0 MPa, 480_C and expands to 0.7 MPa, where some of the steam
is extracted and diverted to the open feedwater heater operating at 0.7 MPa. The remaining
steam expands through the second-stage turbine to the condenser pressure of 0.008 MPa.
Saturated liquid exits the open feedwater heater at 0.7 MPa. The isentropic efficiency of

each turbine stage is 85% and each pump operates isentropically.

If the net power output of the cycle is 100 MW, determine:

(a) the thermal efficiency, and (b) the mass flow rate of steam entering the first turbine

stage, in kg/h. [4]

Data:

P boiler = 8000 kPa P cond =8 kPa P2 =700 kPa

At

T1=480 C eta T := 083 eta P =1

Aot

Power output = 100000 kW
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Applying the Mathcad Function for the actual, regenerative Rankine cycle:

Actual Fegen Fankine(P cond.P boiler P2, Tl eta T.eta F) =

i} 1 2 3 4 3 (5}

0 w_T(K/ka)" | "w_PL(k/kg)"| "w_P2(ki/ka)'| "w_net(ki/kg)" "g_in(ki/kg)" | "q_out(ki/kg)" "effoy”
1 985.53 0.561 8.087 976.882 2.645-103 1.669-103 0.369
7 8 9
"SSC(kg/kWh)" My "x3 or TS (C)"

3.683 0.19a 0.864

We see from the Function output that:
Thermal effcy. = 0.369 = 26.9% ... Ans.
lMass flow rate of steam:

We have:  w net = 076882 kllkg

Power_output

Then: MassFlow = kg's
AAAARAAAARAANAR '“-_ﬂEt
e MassFlow = 102,367 kgls = 3.685 x 10 kg/h ..... Ans.
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Plot Thermal effcy and net work output as feedwater heater pressure varies from 500

kPa to 3000 kPa:

First, write the relevant quantities as functions of feedwater heater pressure, P2:

W net(P2) = Actual Regen Rankine(P_cond.P_boiler P2, Tl eta T eta F) {3

Effcy(P2) = Actual Regen Rankine(P_cond P_boiler P2 Tl eta T eta F) N

To plot the results:

P2:=500.700.3100 ....define a range variable
We get:
Pl = W _net(P2) = Effcy(P2) =
300 996.837 0.369
700 a76.882 0.369
anan Q60.802 0.37
1.1+103 046,014 0.369
1.3103 032.329 0.369
1.5+103 919.75 0.368
1.7-103 a08.137 0.3a7
1.9-103 896.835 0.367
2.1+103 886.614 0.366
2.3°103 876.594 0.365
2.5°103 866.847 0.364
2.7+103 857.839 0.363
2.9-103 848.926 0.362
3.1+103 840.451 0.361
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Plots:

Actual, Regenerative Rankine cycle

TthmaI effcy. vs Fe¢dwater heater pressure

I

Thermal elTiciency

N

500 700 900 1.1x10° 1.3%10° 1.5:x10° 1.7x10° 1.0x10° 2.1510° 2.3%10° 2.5%10° 217x10° 295107 3.110°

Feedwater heater pressure, P2 (kPa)

) Actual, Regenerative Rankine cycle
1107

MNet work output vs Feedwater heater pressure
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Feedwater heater pressure, P2 (kPa)

Prob. 3.32 A power plant operates on a regenerative vapor power cycle with one open
feedwater heater. Steam enters the first turbine stage at 12 MPa, 520_C and expands to
1 MPa, where some of the steam is extracted and diverted to the open feedwater heater
operating at 1 MPa. The remaining steam expands through the second turbine stage to the
condenser pressure of 6 kPa. Saturated liquid exits the open feedwater heater at 1 MPa.
For isentropic efliciencies of the turbines and pumps = 80% each, determine for the cycle:
(a) the thermal efficiency and (b) the mass flow rate into the first turbine stage, in kg/h,
for a net power output of 330 MW. Investigate the effects on cycle performance as the

feedwater heater pressure takes on other values. [4]
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Data:
P boiler = 12000 kPa P cond =6 kPa P2 = 1000 kPa

Ti=3520 C eta T =048 eta P =048

At

Power output = 330000 kWY
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Applying the Mathcad Function for the actual, regenerative Rankine cycle:

Actual Fegen Ranline(P cond.P boiler P2 Tl,eta T eta P} =

0 1 2 3 4 5 6
0 " T(K/kg)"|  "w_P1{ki/ka)"'| "w_P2(ki/kg)'| "w_net(ki/kg)" "q_in(kl/kg)" | "g_out(kl/kg)" "effoy”
1 1.002°103 0.972 15.499 985.699 2.62510% 1.64-103 0.375
7 8 9
"SSClkg/kWh)" "y "#5 or T3 (C)"
3.652 0.223 0.873

We see from the Function output that:
Thermal effcy. = 0.375 = 37.5% ... Ans.
IMass flow rate of steam:

We have:  w net = 983699  kl/kg

Power_output

Then: MassFlow == ———=——— ka's
A "-T_ﬂEt
ie MassFlow = 334,788 kg/s = 12.05 x 105 kg/h ..... Ans.

Plot Thermal effcy. and net work output as feedwater heater pressure varies from

500 kPa to 5000 kPa:

First, write the relevant quantities as functions of feedwater heater pressure, P2:

WonetPY) = Actual Regen Fankine(P cond P boier P2 Tl eta T eta P) |3

Effcyv(P2) = Actual Fegen Rankine(P cond,P boiler P2, Tl,eta T.eta F). .

To plot the results:

P2 = 500,1000.. 5000 ....define a range variable
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(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD
We get:
P2 = W _net(P2) = Effey(P) =
300 1.028-103 0.374
1-103 285.699 0.373
1.5-103 Q534 487 0.375
2103 Q27 837 0.374
2.5-103 a04.280 0.372
3103 883.10a 0.371
3.5°103 863.613 0.269
4-103 845.484 0.z2e7
4.5°103 828.704 0.365
5-103 812.9449 0.363

Now, plot:

Actual, Regenerative Rankine cycle

TheL‘maI effcy. mlu Feedwater heater|pressure

_f"’#f h'“‘*-—_,,

Thermal elTiciency

500 1x10° 15x10° 2x10° 2.5x10° 3x10° 35x10° 4x10° 45x10° 5107 shx10°

Feedwater heater pressure, P2 (kPa)
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Actual, Regenerative Rankine cycle

1.05x10°
- Net‘work outputvs Fleedwzlter heater p‘ressu re
Y 1x10°
El 950
¥ 900 B
E -\\\-\-\-\-\-\-\-\-"‘-\q
= 830
Z -\_\-\-\-\-\""—\—\_\__

w\_.___h__i
800

500 1x10° 15210 2x10° 2.5%10° 3x10° 35x10° 4x10° 4.5x10° 5:10° §5x10°

Feedwater heater pressure, P2 (kPa)
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Prob. 3.33 Steam at 30 bar and 350 C is supplied to a steam turbine in a practical

regenerative cycle and the steam is bled at 4 bar. The bled steam comes out as dry saturated

steam and heats the feed water in an open type FWH to its saturated liquid state. The

rest of the steam in the turbine expands to a condenser pressure of 0.1 bar. Assuming the

turbine effcy. to be the same before and after bleeding, determine: (a) the turbine effcy

(b) steam quality at inlet to condenser (c) mass flow rate of bled steam per unit mass flow
rate at turbine inlet, and (d) the cycle effcy. [VTU]

Data:

P boiler = 3000

T1 = 330

At

C

kPa

eta P=1

P cond = 10 kPa P2 =400 kPa

_..assumed, since effcy of pump is not mentioned in data

First, let us calculate the Turbine stage effcy, and then we shall use the Mathcad Function

for Actual, regen. Rankine cycle, written earlier:

hl = enthalpy_H2O(P_boiler, T1) e, hl=3116x 107 kdikg
51 = entropy_H20(P_boiler, T1) e sl = 6743 kg K
s2s =351 __forisentropic expn in turbine stage

ils = guality Ps H2O(P2 s2s) ie. s =097

hls = enthalpy Jphase Px HIO(F2.x2s) 1&  hls=2674x 10 klikg

x=1 ..bydata

12 = HGSATP_H20(P2)

aa

e h2=2738x 10 kdikg
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Therefore:

eta T= ———— ie. eta_ T = 08336 .._turhine stage effcy.

Now, applying the Mathcad Function for the actual, regenerative Rankine cycle to get other
performance parameters:

We get:

Actmal Eegen FRankine(P cond P boiler P2 Tl eta T.eta ) =

0 1 2 3 4 5 6
0 " T(kkg)" | "woPL(K/kg)' | "w_P2(klfkg)"| "w_net(kl/kg)" "g_in(k)/kg)" | "g_out(k/kg)" "effcy”
1 775.18 0.33 2.817 772.032 251103 1.738°10% 0.308
7 8 9
"SSC(kg/kWh)" "y " "¥5 or T3 (C)"
4.663 0.162 0.867

Therefore:

Turbine stage effcy:

eta T= 08336 ..... Ans.

Steam quality at inlet to condenser (or, at turbine exit):
x3 = 0.867 ....quality of steam at inlet to condenser ... Ans.
lass flow rate of bled steam per unit mass flow rate at turbine inlet:

lLe.  y=0.162 ....fraction of bled steam ... Ans.

Cycle efficiency:
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Prob. 3.34 Write a Mathcad program to find out the various parameters of interest for an
Ideal, Regenerative Rankine cycle, with one closed FWH, from where Pump-II pumps the

condensed steam to the feed water line. Take ideal processes for steam.

The Wake
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

T

Mathcad program:

Ideal Fegen Rankine closed FWH_A(P cond P _beoiler P2 T1) =

hl « enthalpy HXO(P boil=r T1)

sl « entropy H2O(P boiler T1)

52 + sl

sgd «— SGSATE H2O(PL)

i «— quality Ps HIWP2 =2} of s2 £ s22

h2 « enthalpy 2phase Px HIO(P2 22y if 52 £ sg
h2 « enthalpy H20 Ps{P2 s2) if 523> sg2

g3« =l

sg3 «— SGSATP HXOP cond)

Teond « TSAT H2O(P cond)

13 «— quality Ps H2OWP cond.s3) if =3 % sg3

h3 « enthalpy 2phase Tx H2O{Tcond,x3) i s3 = sg23
h3 « enthalpy HXO Ps(P zond s3) if s3> sg3

13+ Temp H2O Ph(P _cord. h3) if s3> 523

h4 « HESATP HXO{P cond)

i« VESATP H2O(P_cond)

hi « hd + vi4-{P2 - P _cond)
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h7 « HFSATP H2OQ(P2)

V{7 « VFSATP_H20(P2)

h8 « h7 + viT-(P_boiler — P2)
h6 « hS

h? « hs

hi — h3
Vo
) (h2 — h7) + (h6 — h3)
w_Pl « (h3 - hd)-(1 - %)
w_ P2+ (h8 - hT}-v
w T« {(hl — h2} + {1 — ¥}-{h2 — h3)
w_net «— w_T — (w_P1 + w_P2)
g_in < hl - h
g out < {h3 — hd)-{1 - )

w_net

q_in

efa «—

3600

w_net

58C «

(M"w_T(Ikg)' "w_PI(Ikz)" "w_P2kIke)" "w_net(klkg)" 'q in(lkg)' g out(klkg)" "effcy’ "SSCgkWh)' 'y "s3orT3 ()"

w_T w_P1 w_P2 w_net q in q out eta 88C ki 13
Explanation for the above Function:

This function gives all the important parameters of performance of an Ideal Regenerative
Rankine cycle with one closed FWH. Condensed extracted steam from the closed FWH
is pumped forward to the feedwater line.

This function is similar to the Functions written earlier for other variations of Rankine
cycle, and here also we check if the exits of both stages of turbine are in two phase

region or superheat region, and determine the enthalpies accordingly.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where Turbine inlet temperature is in deg.C and pressures P_cond, P_boiler
and extraction pressure P2 are in kPa. Outputs are presented compactly in a Matrix in
the last step on the RHS. In the output matrix, we have: Turbine work (w_T), Pump
works (w_P1 and w_P2), Net work (w_net), Heat input in boiler (q_in), Heat rejected in
condenser (q_out), Thermal efficiency (effcy), Specific Steam Consumption (SSC), fraction
of extracted stream (y), and the quality of steam at turbine exit (x3) if the exit steam is in
two phase region, or its temp (T3) if the exit steam is in superheat region. Units of each

quantity are also given in output.
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Prob. 3.35 In an ideal regenerative cycle, steam enters the turbine at 6 MPa, 450 C. After
expansion to 400 kPa, some of the steam is extracted from the turbine for heating the
feed water in a closed feed water heater (FWH). The pressure in the FWH is 400 kPa and
the water leaving it is sat. liquid at 400 kPa. The steam not extracted expands to 20 kPa.

Determine: (a) net work output per kg of steam, (b) the cycle efhiciency. [2]

Note: This is the same as Prob.3.27, which was solved for an open FWH. But, now a
closed FWH is used.
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Data:
P cond =20 kPa P boiler = 6000 kPa P2 =400 kPa
TL=430 C

Applying the Mathcad Function for ideal, regenerative Rankine cycle with a closed feed

water heater, written above:

We get:

Ideal Fegen Fankine closed FWH_A{P cond. P boiler P2 T1) =

0 1 2 3 4 5 G
0 e T(kIka)" | v PL(kifka)" | "w_P2(kifkg)" | "w_net(kifkg)" "q_in(ki/kg)" | "gq_out(kl/kg)" "effoy”
1 1.022-103 0.329 0398 1.021-103 2.693-103 1.672-103 0.379
7 8 q
"SSC kg kwh)" "y " "¥3 or T3 (C)"
3.526 0.148 0.832

Thus:

Net work output:

w_tlet= 1021 kJJrkg e ANS,

Cycle efficiency:

effey= 0372 =37.9% .... Ans.
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Plot cycle effcy as extraction pressure, P2 varies from 200 kPa to 1500 kPa:

First write the cycle effcy as a function of P2:

Effcy(P2) = Ideal Begen Ranline closed FWH A(P cond P boiler P2 T1) |6

Now:

P2 :=200,300..1500 kPa ... define a range variable

We get:
P = Effey(P2) =

200 0.3763

300 0.3781

400 0.3791

200 0.3797

o00 0.38

700 0.2801

a0a 0.38

qoo 0.3799

1-103 0.3797
1.1-103 0.3794
1.2°103 0.3791
1.3-103 0.3788
1.4-103 0.3784
1.5°103 0.378
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Plot:

Ideal, Regenerative Rankine cycle

Thermal elliciency

0.37% /
0.378 - - - - - )
200 300 400 500 600 00 800 000 D107 10107 12107 13107 1.4x107 15107

Extraction pressure, P2 (kPa)
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Prob. 3.36 Write a Mathcad program to find out the various parameters of interest for an
Ideal, Regenerative Rankine cycle, with one closed FWH, from where the condensed steam
is sent back to the condenser via a trap (where steam is trapped and the liquid is throttled
to condenser pressure). Exit temp of feedwater stream at the feedwater heater (T6) is given.

Take ideal processes for steam.

Iq'

[ N —
RBoiler GJ Turbine
'-.’::h_r\ '
3+

Closed
1- @' I-';\?E-I
AAY A
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Mathcad Function:

Ideal Begzen Ranlkine closed FWH _EB(P cond P boiler P2 T1.T§) =

hl « enthalpy H2O(P _boiler T1)

sl « entropy H2O(P _boiler T1)

52 « sl

sg2 «— SGSATP _H2O(F2)

i «— quality Ps H2OWP2,s2) if s2 < 522

h2 « enthalpy 2phase Px FROWP2 x2) if s2 = sg2
h? « enthalpy H2O Ps(P2 52} of 52 sg2
g3« sl

sg3 « SGSATP H2O(P _cond)

Teond «— TSAT _H2O(P cord)

13« quality Ps HIWP cond s3) of =32 sg3
h3 « enthalpy 2phase Tx H2O{Tcond,x3) if s3 = 523
h3 « enthalpy H20 Ps(P cond.s3) if s3> sg3
13+ Temp H2O Ph(P cond h3) if s3> sz3
h4 « HFSATP HXO{P cond)

it «— VESATP H2O(P_cond)

h3 « hi + +vf4-(P_boiler — P_cond)

h7 « HFSATP HXO({F2)

hfs « HFSATT HXO(T6)

viG «— VESATT H2O{T6)

psaté < PSAT HIO(TH)

hi « hff + +v{5-(P_boiler — psatd)

h8 « h
h6 - h3

y &«

T om-n7

w_ P+ (hi-hi)

w_ T« (hl—h2) + {1 - +)-{h2 — h3)
w et w_ T —w P

g in « hl - hé

gq_out «— (h3 — hd)-{1 - v)

wWonet
efa «— —

g m

3600

w_net
5“"u‘_1’[kJ kg)" "w_P(kIkg)! "Tecond(C)' "w_net(kIkg)" "q inkIkg)" "gq out(klkg)" "effey” "SSCkgEWh)' "v" "x3 or T3 (C)" ‘\
! w_ T w_P Teond w_tiet q in q_out eta 38C ¥ 13 J.'

S38C «
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Explanation for the above Function:

This function gives all the important parameters of performance of an Ideal Regenerative
Rankine cycle with one closed FWH. Condensed extracted steam from the closed FWH

is throttled and sent back to the condenser (or, the previous low pressure heater).

This function is similar to the Functions written earlier for other variations of Rankine
cycle, and here also we check if the exits of both stages of turbine are in two phase

region or superheat region, and determine the enthalpies accordingly.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where Turbine inlet temperature is in deg.C and pressures P_cond, P_boiler
and extraction pressure P2 are in kPa. T6 (deg.C) is the temperature of feedwater going out
of the closed feedwater heater, before it enters the boiler. Outputs are presented compactly
in a Matrix in the last step on the RHS. In the output matrix, we have: Turbine work
(w_T), Pump work (w_P), Condenser temp. T_cond, Net work (w_net), Heat input in
boiler (q_in), Heat rejected in condenser (q_out), Thermal efficieny (effcy), fraction of
extracted stream (y), and the quality of steam at turbine exit (x3) if the exit steam is in

two phase region, or its temp (T3) if the exit steam is in superheat region. Units of each

quantity are also given in output.
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD)

Prob. 3.37 A power plant operates on a regenerative vapor power cycle with one closed
feedwater heater. Steam enters the first turbine stage at 120 bar, 520 C and expands to
10 bar, where some of the steam is extracted and diverted to a closed feedwater heater.
Condensate exiting the feedwater heater as saturated liquid at 10 bar passes through a trap
into the condenser. The feedwater exits the heater at 120 bar with a temperature of 170 C.
The condenser pressure is 0.06 bar. For isentropic processes in each turbine stage and the

pump, determine for the cycle (a) the thermal efficiency and (b) the mass flow rate into

PROBLEMS SOLVED WITH MATHCAD

the first-stage turbine, in kg/h, if the net power developed is 320 MW. [4]

w

_,—'—"'_'_'_'_F'_
f/'l'urbim:

_|Boiler
L
b -._,.-}'
g - Closed

C':';;' FWH [—4

| 6

5 \

D+

Solution:

Data:

P cond =4 kPa P hoiler = 12000 kPa
A.];L]i.\.i\.:= 20 C T6=170 C

Power output := 320000 KWW

P2:=1000 kPa

TSAT H2O(P2) = 179878 C
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Applying the Mathcad Function for ideal, regenerative Rankine cycle with a closed feed

water heater, written above, we get:

Ideal Regen Ranline closed FWH B(P cond P boier P2 T1.T6) =

0 1 2 3 4 5 6
] "wi_T(KI kg)" "wi_P(K/kag)" "Tcond (C)" "wi_net(kd/kg)" "g_in(kl/kg)" "q_out{kl/kg)" "effoy"
1 1.172-103 12.071 36.16 1.16-103 2.672-103 1.338-103 0.434
7 a8 9
"SSC kg kKWh)" "y "¥3 or T3 (C)"
3.103 0.254 0.773
Therefore:

Thermal efficiency:
effcv= 0434 =42.4% ... Ans.
Mass flow rate:

We see from the Function output:  w net = 11603 kl/kg

Power output
Then:  Masz Flow = Tonwer_output
wIAA w_tiet

[S%]
L

75791 kgls =9.928 x 105 kg/h ..... Ans.

i.e.  Mass Flow=

Prob. 3.38 Reconsider the cycle of Problem 3.36, but include in the analysis that each
turbine stage has an isentropic efficiency of 82%. The pump efficiency remains 100%. [4]
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Data:
P cond =46 kPa P boijler = 12000 kPa E%M: 1000 kPa
Il=320 C TI6 =170 C TSAT HXO{P2) = 179.878 C

Power output = 320000 kKW eta T =082

Let us calculate the enthalpies at various state points:

hl = enthalpy HIO(P_boiler, T1) e, hl=3403x 11}3 kd/kg
51 = entropy HIO(P_boiler, T1) i.e.  sl=636 A

s2s =51 ._forisentropic expn in first stage of turbine

szl = SGSATP_H2O(P2) e sg2=63585 klkgK

We see that sg2 = s1. Therefore point 25 is in two phase region.
Therefore:  x2s = quality_Ps_H2O(P2,sls) e, x2s=109%4 .quality at 2s

Then:

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES

(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD
hls = enthalpy 2phase Px HIO(P2 :2s) e hls=2766x 107 klikg
Therefore:

w_T1 = (hl - hl2s)eta T e, w T1=3522733  klkg ... work of first stage

turbine

And:

h2=hi-w_Tl ie.  h2=281x10"  klkg

hg? = HGSATP H20(P2) hg2=27T7x 100 klikg

We see that h2 = hg2. Therefore, point 2 is in superheat region.

Then:

52 = entropy_H20_Ph(P2,h2) e s2=6803 hklkgK
sis =52 ... forisentropic expn in second stage turbine

sg3 = SGSATP HXOP_cond) le. sgi=8331 kd/leg K

We see that sg3 = s2. Therefore, point 3s is in two phase region.

x3s = quality Ps HXOWP cond,s3s) le. x3s=0804 _qualityat3s
Then:
his = enthalpy 2phase Px H2O(P cond x3s) 1.8 hi3s=2084x 1IZII3 Al
Therefore:
w_T2:=(h2 - h3s)-eta T e, w T2=643057  kdkg ... work of second stage
turbine
And:
hi=hl-w_T2 le.  h3=2233x 1IZII3 kJikg
Mow, hg3 = HGSATP H2O(P cond) 18 hgd=21366x 1IZII3 kd/kg

Since hg3 = h3, point 3 is in two phase region.

Further:
hi = HFSATP_HIO(P_cond) ie. hi=151046  klikg
Vi = VFSATP EDO(P cond) ie wii=1006x10°  m'3kg
h3 = hi + vfi-(P_boiler — P_cond) i-8. hi= 163117 k/kg

h7 = HFSATP HXO{P2) ie. h7 = 762463 klikg
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(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD
To find h6:

hfs = HFSATT H20(T6) 8. hff=712.08 kl/kg

+f5 = VFSATT H20(T6) e ff=1114x 10 m*3/kg

psaté = PSAT H2O(TE) e psatf = 792.19 kPa

bt = hff + v{6-(P_boiler — psatf) l.e. hé=T31.569 klikg

To find y, the fraction of steam extracted:

h6 — hS
o= .
T m2-nl e

L
I
=
b
o
(==

Pump work:
w P o= (hi - h) e, wP=12071 klkg
Total turbine work:
w T =(hl-h2)+ (1-y)-(hl - h3) le. w T=994667 klkg
Het work:
wnet=w T-wF i.e. w_net = 982596 kl'kg
Heat supplied:
g in=hl-hé ie. g in= 2672 1IZII3 kdikg
Heat rejected:
gout=(h3-hi)(l1-y) ie qout=155x10" klkg

Thermal efficiency:

wWonet
efd = —
i.e.  eta = 0368 = 36.8%....Thermal efficiency .... Ans.

Download free eBooks at bookboon.com

167



APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Prob. 3.39 A power plant operates on an Ideal reheat-regenerative Rankine cycle and
has a net power output (W-net) of 100 MW. Steam enters the high pressure turbine stage
at 12 MPa, 550°C and leaves at 0.9 MPa. Some steam is extracted at 0.9 MPa to heat the
feedwater in an open feedwater heater with the water leaving the FWH as saturated liquid.
The rest of the steam is reheated to 5000C and is expanded in the low pressure turbine to
the condenser at a pressure of 8 kPa. Determine (a) the thermal efficiency (nth) of the cycle
and (b) the mass flow rate (7:) of steam through the boiler. (c) plot the thermal effcy for
boiler pressures of 3 to 12 MPa, and (d) what would the thermal efficiency be if the steam
entered the turbine at 15 MPa? [8]
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> J
Boiler J (1)

¢

Open
FWH
Data
P cond = kPa P boiler = 12000 kPa EM:= opp kPa
E-LL:: 350 C T5 =500 C TSAT HXO(P2) = 175352 C

Power output := 100000 KWW

Let us calculate the enthalpies at various state points, writing relevant quantities as functions

of P_boiler, since we have to plot later:

hI(P_boiler) = enthalpy_HIO(P_boiler T1)  i.2. hi(P_boiler) = 3482 x 107 kJikg

E1(P_boiler) = entropy_H2O(P_boiler T1) s1(P_boiler) = 6657 klkg K
S)(P_boiler) = s1(P_boiler) ..for isentropic expn in HP turbine
sg) = SGSATP_HIO(PY)  ie sg2-662 klkgK

We see that sg2 < sl. Therefore point 2 is in superheat region.

Then:

hX(P_ boiler) = enthalpy H20_Ps(P2.s2(P_boiler))

e hYP boiler) = 2788 = 107 kJ/kg
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And:
hi(F_boiler) = h2(F_boiler)

hi4(F boiler) = h2(F_boiler)

13 := enthalpy_HIO(P2,T3) ie h5=348x100  klikg
=3 = entropy H20({P2.T3) le. s5=7817  klkgK

s6 =<3  _forisentropic expn in LP turbine

sgh = BGEATP HIOP_cond) e, sg6=823 kdikg K

We see that sg6 > s6. Therefore point 6 is in two phase region.

#6 = quality Ps HIP cond, s6) ie. x6=0046 _quality atB
Then:
h§ = enthalpy_2phase Px HIO(P_cond,xf) 18  hé=2446x 107 kJikg

h] = HFSATP_HO(P_cond)
ie. h7=173347 klikg
V7 = VESATP H2O(P cond) e, w7 = 1.008 x ll]'_3 m"3/kg
h8 = b7 + vf7-(P2 — P_cond) ie. hg=174246 klikg
ho = HFSATP HIOF2) ie. ho = 741588 kJikg

Mow, we get by energy balance on the open FVWH:

he — h8
h4(P_boiler) — h8

Z(P boiler) =

8. z(P beiler) = 0217  _fraction sent through the open FVWH
And,

Y[B_boiler) = 1- z{P_boiler)

i.e. (P _boiler) = 0.783  .fraction sent through the reheater

.

+f9 == VFSATP_H2O(P2) e vi=1121x10°  m'3kg

h10(P_boiler) = h¥ + vf%-(P_boiler — P2)  i.e. h1(P_boiler) = 754031  klikg
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Pump works:

w_PUP boiler) = {1 — z{P_boiler))-(h8 - hT)

8. w_P1(P_boiler) = 0.704 klikg ... work of Pump-1

w_P2P_boiler) = h1lP_boiler) — he

I.e.  w_P2(P_boiler) = 12443 kJ/kg ... work of Pump-2
Total turbine work:

w TP boiler) = (h1{P_boiler) — h2{P_bailer))

i.e. w_TIP boiler) = 693.604 kl/kg ... for first turbine

w THP boiler) = (h3 — hi)-v(P_boilet)
e, w_T2(P_boiler) = 809.724  kJ/kg .. for second turbine

w T(P boilet) =w_TLP_beoiler) + w_T2(P_boiler)

e w T(P boiler) = 1.503x 107  kJ/kg ... Total turbine work
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Met work:

w f1et(P boiler) = w_T(P_boiler) — {w_PLP_boiler) + w_P2P_bkoiler))

e w_net(P_boiler) = 149 x 107 kl/kg

Heat supplied:
g_in(P boiler) = (hl(F_boeiler) — h1l{P_beiler)} + wF_boiler)-(h3 — h3(P_boiler))

e, qin(P_boiler) = 327x 100 klikg

Heat rejected:
g outlP_boiler) == (hé — h7)-(1 — z{P_boiler))

i, g out(P_boiler) = 1.779 % 10 ke kg
Thermal efficiency:

w_net{P_boiler)

etal(P boiler) =
P ) g (P boiler)

l.e.  eta(P_boiler) = 0436 = 45.6% ..... Ans.

Mass flow rate:

Power output

Massz Flow(P boiler) = ————————
w_net(P_boiler)

i.e.  Mass_Flow(P_boiler) = §7.106 kgls = 2.416 x 10° kg'h ... Ans.
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Now, to plot efficiency for different values of P_boiler:

B boiler = 3000,4000. 12000 ...define a range variahle

We get:
P boiler = eta(P_boiler) Mass_Flow(P_boiler)
3-103 0.401 81.151
4-103 0.416 76.806
5:103 0.426 74.018
6103 0.434 72.08
7:103 0.44 70.634
8-103 0.444 09.564
9-103 0.448 08.708
1-10% 0.451 08.044
1.1104 0.454 67.5533
1.2°104 0.456 67.10a
Plots:
Reheat- Regenerative Rankine cycle - Effcy vs Boiler pressure
046
0.4 |
a\-‘ ,_:-'—'"_'-'_'-'—'-'_FF
= 0.44
=
= 0.43
5 0.42
‘ 041
04

3107 4x10°  5x10° 610’ B0® gx100 @10’ 1x10"  11x10*  12.10°

Boiler pressure, P_boiler (kPa)
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Reheat- Regenerative Rankine cycle - Mass flow rate vs Boiler pressure

a0,
o 83
E;
— a0
=z
s —
= 63

60

w100 4x10° 5x10°  6x10° 7107 8x10° 0 10° 1100 11x10% | 1210

Boiler pressure, P_boiler (kPa)

When P_boiler is 15 MPa:

We have:
P cond = 8 kPa P boiler = 15000 kPa P2 =000 kPa
TL=330 C 3= 350 C TSAT_H2O(F2) = 173332 C

Power output -= 100000 kWY
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Then, we get

h1(P_boiler) = enthalpy H2O(P_boiler, T1)  i.2. hi(P_boiler) = 343 x 107 klkg

5P _boiler) = entropy HIO(P_boiler, T1) sI(P boiler) = 6523 klkg K
32(P_boiler) = s1(P_boiler) . far isentropic expn in HP turbine
<22 = SGSATP_HIO(PY)  ie sz2=6624  klkgK

We see that sg2 = s1. Therefore point 2 is in wet region.

Then:
X2(P_boiler) = quality_Ps_HO(P2,s2{P_boiler)) i& x2(P_ boiler) = 0978 ..quality at 2

hAP boiler) = enthalpy Jphase Px H2O(P2.x2(P_boiler))
8. h(P boiler) = 2727 x 107 kJ/kg

And:

h3(P_boiler) = h2(P_boiler)

h4P boiler) = h2(P_boiler)

13 = enthalpy_H2O(P2,T3) e hi=348x100  klikg
53 = entropy_H2O(P2,T3) e, s5=7817  klkgK

=6 =<5 _forisentropic expn in LP turbine

At

sg6 = SGSATP_H2O(P_cond) e sg6=823 klikg K

We see that sgb = s6. Therefore point 6 is in two phase region.

b = quality Ps_H20(F_cond, s6) ie. w6=0946 ..qualityath
Then:
h6 = enthalpy_2phase_Px H20(P_cond xf) 1.8  hf=2446x 10° kdikg

h7 = HFSATP_H2O(P_cond)
e, h7=173347 klkg

-

a

3f] = VFSATP_H2O(P_cond) i vil=1008x 10 m*3/kg
18 = h7 + viT-(P2 - P_cond) ie. h8=174246  klkg
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h0 = HFSATP HJO(P))  ie  hO= 741.588 klikg

Mow, we get by energy balance on the open FUWH:

h? — hi

P boiler) =
""( - ) hi(P_boiler) — h8

l.e.  z(P boiler) = 0222 fraction sent through the open FWH

And,
YIP_boiler) =1 — z{P_boiler)

2. vwP_beiler) = 0778  _fraction sent through the reheater

-

319 = VFSATP_H2O(P2) e v®=1121x10°  m'3kg

h1(P boiler) := h% + vf%-(P_boiler — P2) I8, h1NP_boiler) = 757324 kl/kg
Pump works:

w PUP boiler) = (1 — z{P_boiler))-(h8 — hT)
2. w_PI{P_beiler) = 0.7 kdfkg ... work of Pump-1
w PUP boiler) = hll{P_boiler) — h?

8. w_PYP_boiler) = 15806 kJ'kg . work of Pump-2
Total turbine work:

w TUHP boiler) = (hl{P_boiler) — h2{P_boiler))
8. w_TI(P_boiler) = 722.854 klfkg ... for first turbine
w TP boiler) = (hi — hi)-v(P_boiler)

e, w_T2(P_boiler) = 804407  kl'kg _._ for second turhine

w T(P boilet) =w_TIP boiler) + w_T2{P_boiler)

e, w T(P boiler) = 1.527x 10°  kJ/kg .. Total turbine work
Net work:

w net(P boiler) = w_T(P_boiler) — (w_PLP_boiler) + w_PAP_boiler))

e w_net(P_boiler) = 1.511 = 10° kJ/kg
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Heat supplied:

g P beier) = (h1(P_boiler) — h1l{P_boiler}} + v(P_boiler)-(h3 — h3(P_boiler))
e, qin(P boiler) = 3278 x 100 kJ/kg

Heat rejected:

q_oufF boiler) = (hé — h7)-(1 - z{P_boiler))

3

i.e. g out{P_boiler) = 1.768 x 10 kd/kg
Thermal efficiency:
» net{P_boil
.'E-EE'-[P—bDﬂEI} = M
q_in{P boiler)
e, eta(P_boiler) = 0461 = 46.1% ..... Ans.
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Mass flow rate:

Power output

Mass Flow(P boiler) = ———————
w_net{P_boiler)

i.e.  Mass_Flow(P boiler) = 66.192 kgls = 2.383 x 10° kg/h ... Ans.

Now, to plot effcy. for different values of P_boiler:

P boiler = 13000, 14000.. 20000 -..define a range variable

We get:
P boiler = eta(P_boiler) - Mass_Flow(P_baoiler)

1.3-10% 0.4577 66.741

1.4-10% 0.4593 00.465

1.5-104 0.4608 66.192

1.6-10% 0.4619 66.023

1.7-104 0.4631 05.855

1.8-104 0.464 63.727

1.9-10% 0.4648 65.636

2:104 0.4656 65.546

Plots:
Reheat- Regenerative Rankine cycle - Effey vs Boiler pressure

0466
0.463
= 0464
= 0.463
E 0462
= 0.461
= 0.46
E 0.459
= 0438
0.457
0456

132100 14x10 1510 160t 170t 18x10° 1010? 210"

Boiler pressure, P_boiler (kPa)
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Reheat- Regenerative Rankine cycle - Mass flow rate vs Boiler pressure

67
66.8
66.6
66.4
66.2
56
63.8
6.6
634
63.2
63
1.3x10* 1.4x10* 1.5x10* 1.6x10% 1.7x10* 1.8x10% 1.9x10* 210

Muss Now rate (kgfs)

Boiler pressure, P_boiler (kPa)

Combining both the solutions obtained above (i.e. one for boiler pressures below 12 bar,

and the other, for boiler pressures above 12 bar), we get:

P boiler(kPa) eta  Mass_Flow (kg/s)

3.00E+03 0.4007 81.151
4.00E+03 0.4157 76.806
5.00E+03 0.4261 74.0138
6.00E+03 0.4337 72.08
7.00E+03 0.4335 70.854
8.00E+03 0.4442 69.564
9.00E+03 0.448 68.708
1.00E+04 0.4511 68.044
1.10E+04 0.4535 67.353
1.20E+04 0.4558 67.106
1.30E+04 0.4577 66.741
1.40E+04 0.4593 06.465
1.50E+04 0.4608 66.192
1.60E+04 0.4819 06.023
1.70E+04 0.4631 B5.835
1.80E+04 0.464 65.727
1.90E+04 0.4648 65.036
2.00E+04 0.4656 65.546
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And, plots:

Ideal Reheat - Regen. Rankine cycle -
Effcy. vs Boiler pressure

047 -
046 -
045 -
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043 A

Thermal efficiency

042 A
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ﬂsg T T T T 1
a 5000 10000 15000 20000 25000

Boiler pressure (kPa)
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Ideal Reheat - Regen. Rankine cycle -
Mass flow rate vs Boiler pressure
BS
BO ~
E;
@ 75 -
e
=2
% 70 A
s
65
ED T T T T 1
a 5000 10000 15000 20000 25000
Boiler pressure (kPa)

Prob.3.40 Repeat problem 3.39, but replace the open FWH with a closed FWH. Assume
that the feed water leaves the heater at the condensation temp of the extracted steam and
that the extracted steam leaves the heater at state-10 as a saturated liquid before it is pumped

to the line carrying the feed water. Determine: (a) thermal effcy. (b) mass flow rate of steam

through the boiler. [8]

Boiler

3

F 3 |_IL
v
©

Mixing @ Cl;l\?jrf A
Q%z) Chamberj <+ é) AN
> o
Data:
P cond =8 kPa P boiler = 12000 kPa P2=000 kPa
T1=3550 C I3 =300 C TSAT H20{P)=175352 C

Power output = 100000 KW
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Let us calculate the enthalpies at various state points, writing relevant quantities as functions

of P_boiler, since we have to plot later:
h1(P_boiler) = enthalpy H)O(P_boiler T1)  i.e. h1(P_boiler) = 3482 x 107 klikg

3I(P_boiler) = entropy_H2O(P_boiler T1)  i.2. s1(P_boiler) = 6657 kl'kg.K

5)(P_boiler) = s1(P_boiler) ..far isentropic expn in HP turbine
522 = SGSATP_H2O(PY) e sg2=664 klkgK

We see that sg2 < sl. Therefore point 2 is in superheat region.

Then:
hX(P_ boiler) = enthalpy H20_Ps(P2.s2(P_boiler))
e hYP boiler) = 2788 = 107 kJ/kg
And:
hi(P beiler) = h2(P_boiler)

BYP boiler) = h2(P_boiler)

3 = enthalpy_H20(P2,T3) e hi=348x10°  klkg
53 = entropy_H20(P2,T3) e, s3=7817 klkgK

=6 =53 _forisentropic expn in LP turbine

A

sg6 = SGSATP_H20(P_cond) e sgf=823 kdikg K

We see that sg6 > s6. Therefore point 6 is in two phase region.

Therefore:
6 = quality Pz _HIO(P_cond, s6) e, x6=0946 _qualityath
Then:
6§ = enthalpy_2phase_Px_HIO(P_cond,xf) 18  hé=2446x 1IZII3 kdikg
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Now:
h] = HFSATP_H20(P_cond)
e, h7=173347 klkg
vf] = VFSATP_H2O(P_cond) i-e viT=1008x 1070 mtdfkg
h8 = h7 + vf7-(P_boiler - P_cond) I.e. h§= 13544 klikg
Also: T9 = TSAT HIO(P2) e T = 175352 C ... temp at state 9
Therefore:
hi =HFSATT _HIO(TY) l.e. he=T42612 klkg
And:

hil = HESATP H2O{P2) e hid = 741.538 k/kg

Mow, we get by energy balance on the closed FWH:

h9 — hS
h4(P_boiler) — h8 — h10 + h?

E"[P_bnﬂer} =

i.e. z(P_boiler) = 0214  _fraction sent through the closed FWH

[ ]
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And,
Y[B_boiler) = 1- z[P_boiler)

l.e. (P _boiler) = 0.786  .fraction sent through the reheater

-

30 = VFSATT_H20(T9) e v9=1121x10 "  m3kg
Pump works:

w PP boiler) = {1 - z{P_boder))-(h8 — hT)

e, w_PIP boiler) = 2503 klikg ... work of Pump-1

-

vf10 == VFSATP_H20(P2) e, wfl0=1121%10 °  m*3kg

h11(P_boiler) := h10 + vf10-(P_boiler — P2) ie.  h1l(P _boiler) = 734031  klikg
And s PYP boiler) = z(P_boiler)-(h11(P_boiler) — h10) kJ/kg . work of Pump-2
e w_P2(P_boiler) = 2663  kl/kg ... work of Pump-2
Alsa:
h12(P_boiler) == (1 — z{P_boiler))-h% + z(P_boiler}-h11{P_boiler)

8. hiX(P_boiler) = 745056  klikg

Total turbine work:

w THP boilet) = (hl{P_boiler) — h2{P_boiler))

I8, w_TI(P_boiler) = 693.604 kJ/kg .. for first turbine

w THP boiler) = (h3 — hi)-vw(P_boiler)
l.e.  w_T2(P boiler) = §12.887 kdikg .. for second turbine

w TP boiler) =« TUP boiler) + w_TXHP baoiler)

l.e.  w_T(P boiler) = 1.506 = 1|:|-3 kdikg _.. Total turbine work

Met work:

w net(P boiler) = w_T(P_baoiler) — (w_PUP_boiler) + w_PYP _boiler))

e w_net(P_boiler) = 1494 % 107 kJ/kg
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Heat supplied:

g m(P boiler) = (hl(P_boiler) — h12(P_boiler)) + y(P_boiler)-(h3 — h3(P_boiler))

=3 q (P boiler) = 3281 « i klikg
Heat rejected:

g_out(P bailer) = (hé — h7)-(1 — z(P_beiler))

-
3

ie. g out(P_boiler) = 1.786 x 107 kJ/kg
Thermal efficiency:

. w_net(P_boiler)
gta(P_boiler) = ———=——
g in{P_ boiler)

e eta(P_boiler) = 0.435 = 45.6% ..... Ans.

Mass flow rate:

) Power output
Mass Flaw(P boiler) = +tp
w_tiet{P_boiler)

i.e.  Mass_Flow(P_boiler) = 66.92 kgl/s = 2.409 x 105 kg'h ...

Now, to plot effcy. for different values of P_boiler:

P boiler = 3000.4000. 12000 ...define a range variable

Ans.

P boiler = eta(P_boiler) - Mass Flow(P_boiler)
3+103 0.3991 81.438
4+103 0.4142 77.003
5+103 0.4248 74.146
G103 0.4325 72.152
7103 0.43280 70.675
8103 0.4434 69.54
9-103 0.4473 g8.641
1-104 0.4506 67.936

11104 0.4531 67.406
1.2-104 0.4555 06.92

Download free eBooks at bookboon.com



APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Plots:

Reheat- Regenerative Rankine cycle - Effey vs Boiler pressure
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0.43

0.42

041
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039
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Reheat- Regenerative Rankine cycle - Mass flow rate vs Boiler pressure

a0
— 23
B
— 30
=
= —
= 63
60

100 4x10° 5x10°  6x10° 7x10°  8x10° 9x10° 10" L1x10% 1200

Boiler pressure, P_boiler (kPa)

Prob. 3.41 Net power output of an ideal reheat-regenerative Rankine cycle is 80 MW.
Steam enters the high pressure turbine stage at 80 bar, 500°C and expands till it becomes
saturated vapor. Some of the steam then goes to an open feedwater heater and the balance
is reheated to 400°C after which it expands in the low pressure turbine to the condenser
at a pressure of 0.07 bar. Determine (a) the reheat pressure, (b) the steam flow rate to the

HP turbine, and (c) the thermal efficiency of the cycle. [VTU]

Open
FWH

r@

P cond =7 kPa P boiler = 8000 kPa

T1 =500 C T5=400 C

Power output = 30000 KW
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Let us calculate the enthalpies at various state points:

hl = enthalpy HIO(P_boiler T1) 2. hl=3399x 107 kd/kg
51 = entropy HIO(P_boiler, T1) e,  sl=6726 kdileg K

To find reheat pressure, P2:

PZ is found out very easily using the "Saolve block” of Mathcad.

52=:sl _.for isentropic expn in HP turbine

Use the "Solve block’ of Mathcad:

P2 =35000 kPa .. trial value

XA
(Hven

s2= SGSATP_H2O(P2)

l.e.  P2= 665495 kPa ..... reheat pressure .... Ans.

h2 = HGSATP_H2O(P2)

ie. W=276x10 klkg

And:

h3 =h

HLIL: h2

b3 = enthalpy_H2O(P2,T5) e h3=327x10° klikg
53 = entropy_HXO(P2.T3) e, s3=7665  klkgK

56=s3 _forisentropic expn in LP turbine

526.= SGSATP_HIO(P_cond) e sgh=18277 kJikg K
We see that sgb = s6. Therefore paint 6 is in two phase region.

26 = quality Ps_HIO(P_cond.sf) ie. x6=0021 _quality atB
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Then:
h§ = enthalpy 2phase Px HIO(P_cond,xf) e hé = 2381 = 11}3 kJ/kg

] = HFSATP_H2O(P_cond)
e h7=162949 klikg

3] = VFSATP_H2O(P_cond) I8 vi7=1007x 10 0 mdikg

18 = hT + v7-(P2 - P_cond) e h8=163612  klikg
19 = HFSATP_H)O(P2) e ho= 687319 kJikg

MNow, we get by energy balance on the open FVWH:

L h8-ns
“ hi— he

le.  z=10202 .fraction of the stream sent through the open FWWH
And,
y=1-z

e y=0798 _fraction of the stream sent through the reheater
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-

39 = VFSATP_H2O(P2) e v®=1105x10 °

h10 == ho + vf3-(P_boiler — P2) i.e. hl0 = 695426
Pump works:

w Pl := (1 - 2)-(h8 — h7)

le.  w_Pl=0353 kJikg ... work of Pump-1

w P2 = hill - ho

lLe. w_P2=38.107 kdikg ... work of Pump-2
Total turbine work:

w T1:={hl-h2)

e, w_T1=639.197 kd/kg ... for HP turbine

w T2 :={h3 - hi)vy

le.  w_T2=T09.803 klfkg .. for LP turbine

w T=w Tl+w T2

e, w T=1340x10 klikg ... Total turbine wark

Met work:

w net =w_T— (w_Pl+w_P2)

kl/kg

e, wonet=134x ll]'3
Heat supplied:
g in = (hl — hll) + 3-(h3 — h3)
e qin=3111x100  klikg
Heat rejected:

g_out = (h - h7}-(1 - z)

ie. gqout=177x10"  klkg

PROBLEMS SOLVED WITH MATHCAD

m*3/kg

kl/kg
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Thermal efficiency:

w_net

g in

efg =

ie. eta=0431 =43.1% ..... Ans.
Mass flow rate:

Power_output
Mass Flow = ——————
AAAAAIAPIT ARSI AR

w_net

i.e.  Mass_Flow = 39.683 kgls = 2.149 x 105 kg/h ... Ans.

Problems on Second Law analysis [3]:
We have:

XdESt = ID Sgeﬂ= II} |_SCI1_1'I: - Sm:' = TD [mdnt- 5} +

. m
out in

On a unit mass basis, for a one inlet, one exit, steady flow device, we have:

-

| Qout 9in |
) = T.- =T . - Ik
idest™ 10 Sgen™ 10 Se— 5T | kllkg
- \ Togute I‘binj

where Th,, and Th_ ,; are the temps at system boundary where heat is transferred in to and
out of the system respectively.

For a cycle with heat transfers at a source temp TH and sink temp TL, exergy destruction
Is:

i o
[ Qout  Yn |
xdE5t= Tl}. E“ TL - E_,-' kJ-"kg

And, exergy of a flow for a fluid stream at a state (P, T) is determined from:

-
-

gZ
+ —_—
21000 1000

P = (h - hy) - Ty:(s - sp) + kJikg

where (h, s) are enthalpy and entropy at state (P.T), and (h0, s0) are enthalpy and entropy

at ambient conditions of (F.0, T.0}). Temp should be in Kelvin. V is the velocity in m/s and z
is the elevation in m.
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And, when changes in KE and PE are negligible, we have:
p={h-hy)-Tyl{s-s5)  klkg

Prob. 3.42 Write a Mathcad program to find out the exergy destroyed in various processes
for an Ideal Rankine cycle operating between a condenser pressure P_cond, Turbine inlet
temp T1, and boiler pressure of P_boiler. Ambient conditions: PO (kPa), TO (C). Assume

heat is transferred in boiler at a constant temp TH (deg.C), and heat is rejected to ambient

at constant temp TL (deg.C).
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Bailer
™

®

Condenser

T"‘
A

Exergy ldeal Banlune(P cond P boder T1 TH. TL PO, T} =

T2 « TSAT H2O{P cond)
h3 « HFSATP HXO{P cond)
s3 « SESATP HXOWP cond)
i3 «— VESATP H2O(P_cond)
w P« vf3-(P _boiler — P _cond)
hd «— hi+w P
54+ 53
hl « enthalpy HXP boiler T1)
q i+« hl - hd
sl « entropy H2O(P boiler | T1)
52 + sl
x2 «— quality Ps H2P cond,s2)
h? « enthalpy 2phase Tx HIO{T2 x2)
w_T« hl-h2
w_netsw_ [ —-w_ P
g out «— h2 — hi

w_net

q_in

efa «—
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X_dest_boiler « (T0 + :-'.33-[51 Y ﬁ}

(TH + 273)
t
¥ dest_cond « (T0+ 273){s3 — s2 + — =0
(TL + 273)
¥ _dest_cycle « X _dest_boiler + X_dest_cond
efl «— Exergy flow H2O(h1, s1 TO PO

{("w_net(llkg)" "g_in{klkeg)" "g out(klkg)" "effcy” “quality,x2" "X_dest_boiler (dkg)" "X_dest cond (Ikg)" "X dest_cycle(klks)" "efl{klkg)"

w_net g in q_out eta =2 H_dest_boiler 3 dest_cond X dest_cycle efl

Explanation for the above Function:

This function gives exergy destroyed in various processes of an Ideal Rankine cycle.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where pressures P_cond, P_boiler are in kPa. Turbine inlet temperature,T1,
Source temp for heat supplied in boiler, TH, Sink temp for heat rejected in condenser, TL,
are in deg.C and ambient conditions are (PO, T0). Outputs are presented compactly in a
Matrix in the last step on the RHS. In the output matrix, we have: Net work (w_net), Heat
input in boiler (q_in), Heat rejected in condenser (q_out), Thermal efficieny (eta), quality
of steam at turbine exit (x2), Exergy destroyed in boiler (X_dest_boiler), Exergy destroyed
in condenser (X_dest_cond), Exergy destroyed in cycle (X_dest_cycle), and Exergy of flow

of steam leaving the boiler (efl). Units of each quantity are also given in output.

Prob.3.43 Consider a steam power plant that operates on a simple ideal Rankine cycle.
Steam enters the turbine at 10 MPa and 500°C and is cooled in the condenser at a pressure
of 10 kPa. Determine (2) the quality of the steam at the turbine exit, () the thermal

efficiency of the cycle, (¢) exergy destroyed in boiler, condenser, and the cycle, and (d) exergy
of flow at turbine exit. Take TH = 1500 K, and TL = 290 K. Ambient conditions: PO =
101.3 kPa, TO = 290 K. [2]
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/i

—N

P boiler = 10000 kPa  T1=350 C TH=1500-273 C

Data:

TL=290-273 C

P cond =10 kPa Tn=TL P0=1013 kPa
T cond .= TSAT H2O{P _cond) i.e. T cond =45806 C

Note: In the above data, we have written TH and TL in deg.C, since for our Mathcad

Functions, we have uniformly put the input pressures in kPa, and input temp in deg.C.
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Now, apply the Mathcad Function for exergy losses in Ideal, simple, Rankine

get all parameters immediately:

Exergy_ldeal Rankine(P _cond P _boiler T1, TH, TL PO.TH) =

:’i"“'_net(L;JL:gj" "g in{kIkz)" "q outlzlkg)" effcy” "guality, x2"

1276 % 10° 373 % 107 1.898 « 10° 0.402 0.793

"X dest_boiler (kT'kg)" "X dest_cond (kIkg)" "X _dest_cycle(klkg)" efl{klkg)"

1.112 = 10° 171.973 1284 x 10° 1463 = 107 )

Thus:

Qualityof steam at turbine exit = x2 = 0.793...Ans.
Cycle effcy = 0.402 = 40.2%...Ans.

Exergy destroyed in boiler = 1112 kJ/kg...Ans.

Exergy destroyed in condenser = 171.973 kJ/kg...Ans.
Exergy destroyed in cycle = 1284 kJ/kg...Ans.

Exergy of flow at turbine exit = efl = 1463 kJ/kg...Ans.

Note:

cycle, and

1. Exergy of flow at turbine exit efl, is obtained in the above Mathcad Function, by

using the earlier Function written to find the Exergy of flow.

2. Exergy destroyed in Turbine and pump are zero since the processes in those

components are isentropic.

Plot the exergy destroyed in boiler, condenser and the cycle as boiler pressure varies

from 2 MPa to 12 MPa:
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First, plot the relevant quantities as functions of boiler pressure:
X dest boiler{P boiler) = Exergy Ideal Eankine(P cond P boiler T1 TH_ TL PJ.TD), -

X dest_cond(P boiler) = Exergy Ideal Ranline(P cond.P beiler T1 TH TL PO T0).

o
(=11

X_dest_cycle(P_boiler) == Exergy Ideal Ranline(P_cond.P_beiler T1 . TH.TL.P0.T0), .

Now:
P boiler = 2000,3000.. 12000 _..define a range variable
We get:
P boiler = ¥ _dest_boiler(P_boiler) X dest cond{P_boiler) X _dest cycle(P_boiler)
2:103 1.335°103 196.045 1.531-103
3+103 1.28'103 190.336 1.47°103
4103 1.24+103 186.192 1.426°103
5-103 1.21-103 182.899 1.392-103
6103 1.184-103 180.144 1.364°103
7:103 1.163°103 177.759 1.341°103
8+103 1.144-103 175.641 1.32'103
9-103 1.127-103 173.728 1.301-103
1-104 1.112°103 171.873 1.284°103
1.110% 1.099-103 170.425 1.27°103
1.2°104 1.086°103 168.878 1.255°103

Download free eBooks at bookboon.com



APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Now, plot the results:

Ideal Rankine cycle - Exergy destroyed in boiler vs Boiler pressure
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Lixergy destroyed in boiler (klflg)
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Ideal Rankine cycle - Exergy destroyed in condenser vs Boiler przssure

Fxergy destroyed in condenser (klfkg)

160
210 3100 4x10° 5100 6x100 100 w10 ex10® =10t 11:0* 12a0%

Boiler pressure, P_boiler (kPa)

Ideal Rankine cycle - Exergy destroyed in cycle vs Boiler pressure
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Prob.3.44 Consider a steam power plant that operates on a simple ideal Rankine cycle and
has a net power output of 45 MW. Steam enters the turbine at 7 MPa and 500°C and is
cooled in the condenser at a pressure of 10 kPa by running cooling water (cp = 4.18 kJ/
kg.C) from a lake through the tubes of the condenser at a rate of 2000 kg/s. Determine
(@) the thermal efficiency of the cycle, () the mass flow rate of the steam, and (¢) the
temperature rise of the cooling water. Determine the exergy destruction associated with the
heat rejection process. Assume a source temperature of 1500 K and a sink temperature of

290 K. Also, determine the exergy of the steam at the boiler exit. Take 20 = 100 kPa. [2]

Ti

/

Data:

P boiler = 7000 kPa Ti=500 C TH=150-273 C TL=290-273 C

P cond = 10 kPa TO =TL P0=100 kPa cp w=418 klkgC

Power output = 43000 kW M cooling H20 = 2000 kg's

T cond = TSAT H2O(P cond) i.e. T cond= 43306 c

Now, apply the Mathcad Function for exergy losses in Ideal, simple, Rankine cycle, and
get all parameters immediately:

Exergy_Ideal Rankine(P cond,P beiler T1, TH,TL PO T0) =

("w_net(ilkg)" "qin(dke)" "q out(klkz)" “effey" ‘quality, 2"

1251 % 107 3213 % 107 1962 % 10°  (.389 0.82

"X dest_boder (kIkg)" "X dest cond (klkg)" "X dest cycle(kIkz)" "efl{kIkz)" x‘-_

Laa

1.163 = 10 77.759 1341 % 10° 1442 % 10° )
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Thus, we have:

Thermal effcy:
effev= 0382 =38.9% ... Ans
Mass flow rate of steam:

We have: w net = 1231 kJ'kg

Power_output

Therefore: Mazss_flow = kgls

w_net
ie. Mass_flow = 33.971 kgls ..... Ans.
Temp rise of cooling water:

We have, heat rejected in condenser:

g out = 1962  klikg
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Therefare, temp rise of cooling water:

AT = q_out-hass flow
M cooling H2O-cp w

ie AT=18442 C..... Ans.

Exergy of steam at exit of boiler:

efl = 1442  ...kJ'kg .... Ans.

Further, we see from the output of the Function:
Exergy destroyed in condenser:
¥ _dest_cond= 177759 kJ/kg .... Ans.
Plot exergy destroyed in condenser as a function of condenser pressure:
First, write exergy destroyed in condenser as a function of condenser pressure:

X dest cond(P_cond) = Exergy_ldeal Fankine(P_cond.P boiler T1. TH.TL.P0O.TD), .

Then:
P cond = 10,1560  ....define a range variable
We get:
P cond = ¥ dest_cond(P cond)

10 177.759
15 223.994
20 257.814
25 284.151
30 305.616
35 324.006
40 340.431
45 354.608
30 367.653
a5 379.417
al 390.306
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Now, plot:

Ideal Rankine cycle - Exergy destroyed in condenser
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Prob. 3.45 Write a Mathcad program to find out the exergy destroyed in various processes
for an Actual Rankine cycle operating between a condenser pressure P_cond, Turbine inlet
temp T1, and boiler pressure of P_boiler. Isentropic effcy of Turbine and pump viz. eta_T
and eta_P are given. Ambient conditions: PO (kPa), TO (C). Assume that heat is transferred
in boiler at a const. temp TH (deg.C), and heat is rejected in condenser to ambient at

const. temp TL (deg.C).

Boiler
e

Condenser
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Exergy_Actual Bankine(P cond P _boder Tl eta_T,eta P, TH. TL, PO, TO) =
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T2 « TSAT HXO(P ccnd)

hi < HESATP H2O(P_cond)

54 +— SFSATP HIO(P_cond)
i« VESATP_HIO(P _cond)

w P s« vii(P boiler — P cond)

hi «— hi+w P

sf «— SFSATHF HXO(L6)

hl « enthalpy H2O(P _boiler T1)

sl « entropy H2O(P boiler T1)

g2 « sl

12 «— quality Ps H2OF cond. s2)

h2 « enthalpy 2phase Tx H2O(T2 x2)

h3 « hl — eta_T-(hl - h2)
hg « HGSATP H2O(P_cond)
T3« T2 if h3<hg

g in <« hl — hé

g out <« h3 — hd

w_ T+« hl - h3

w_nete—w [ —-w_ P
w_fiet

q_in

efa «—

¥ _dest_boiler «— (T0 + 2?‘3}-|:51 - =6 - [

¥ dest_cond « {T0 + 2?3}-[53 —sd+

X_dest_turb « (T0 + 273)-(s3 — s1)
¥ dest pump «— w P-w P =

W

T3 « Temp H2O Ph(P cond h3)} i h3 > hg

13 +— quality Ph H2O(P cond h3) if h3 £ he

£3 «— entropy_ 2phase Tx H2O(T3 x3) if h3 = hg
g3« entropy H2O(P _cond, T3} if h3 = hg

wonat q in g ot 2tz 2 dest boiler

TH + 233}}

gq_out
(TL + 273)

}

3 dast_cond

PROBLEMS SOLVED WITH MATHCAD

¥ _dest_cycle «— X _dest_boiler + X_dest_cond + X_dest_twb + X_dest_pump

_"'\:'_ten{kJ' ke g oin(klkE)" g oowtkTkE)" Celyt "M dest boilenkTkeE) "I dest_cond(kTk=)" N dest tueb(klh=)® "M dest pumplkTksE) "3 dest_owcle” \'.
i X dest b 3 dest_pump X _dest cpele
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Explanation for the above Function:

This function gives exergy destroyed in various processes of an Actual Rankine cycle.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where pressures P_cond, P_boiler are in kPa. Turbine inlet temperature,T1,
Source temp for heat supplied in boiler, TH, Sink temp for heat rejected in condenser, TL,
are in deg.C and ambient conditions are: (PO, T0). Also, eta_T and eta_P are the isentropic
efficiencies of the Turbine and Pump respectively. Outputs are presented compactly in a
Matrix in the last step on the RHS. In the output matrix, we have: Net work (w_net),
Heat input in boiler (q_in), Heat rejected in condenser (q_out), Thermal efficieny (eta),
Exergy destroyed in boiler (X_dest_boiler), Exergy destroyed in condenser (X_dest_cond),
Exergy destroyed in Turbine (X_dest_turb), Exergy destroyed in Pump (X_dest_pump), and

Exergy destroyed in cycle (X_dest_cycle). Units of each quantity are also given in output.

Prob.3.46 Consider a steam power plant that operates on an actual, Rankine cycle. Steam
enters the turbine at 7 MPa and 500°C and is cooled in the condenser at a pressure of
10 kPa. Given: isentropic effcy of turbine and pump are 0.87 each. Determine (2) the
thermal efficiency of the cycle, and (b) the exergy destruction associated with the various
processes. Assume a source temperature of 1500 K and a sink temperature of 290 K. Also,
determine the exergy destroyed for the whole cycle. Take PO = 100 kPa.[2]

Data:

P boiler =7000 kPa T1=500 C TH=1500-273 C TL:=200-273 C

P cond =10 kPa T0=TL P0:=100 kPa
T cond = TSAT H2O(P cond) e T _cond= 43808 C
eta T := 087 eta P = (.87
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(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Applying the Mathcad Function written above for an actual Rankine cycle, we get:

Exergy_Actual Rankine(P cond.P boiler Tl. eta T.eta P, TH. TL,P0,T0) =

5'i"“'_net[k.Tkg}" "g inlalkz)" "q outklkz)" "effey” "X dest boilerklkg)"

-

a

1.086 % 10° 3212% 100 2125 10 0.338 1156 % 107

"H dest cond(kTkg)" "E dest twb(klkg)" "X dest pump(klkg)" "X dest_evcle” H‘I

4058 % 107 148.598 1.055 5363 % 100 )

Thus, we have:

Efficiency:  effey=0338 = 33.8% ...Ans.

Fxergy destroyed in various processes:
Yy

In boiler: ¥_dest_boiler = 1156  kJ/kg .... Ans.

In condenser: X dest_cond= 4038 kJ/kg .... Ans.
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In Turbine: 3 dest twb= 148398 kJ/kg .... Ans.

In Pump: X_dest_pump= 1055 kJ/kg .... Ans.

In Cycle: ¥ dest cvele= 5363 kJ/kg .... Ans.

Plot the exergy destroyed in the condenser and turbine as the turbine effcy. varies

from 0.6 to 1, other conditions remaining the same:
First, write the relevant quantities as functions of eta_T:

X dest condleta T) = Exergy_Actual Fankine(P_cond .P_boiler Tl eta T.eta P TH. TL.P0O.T0), .

i

H_dest_turb(eta_T) = Exergy_Actual Rankine(P_cond .P_boiler Tl eta T.eta P TH. TL.P0O.TU), .

Now, to plot the results:

eta T=106,065.1 _..define a range variable
And, we get:
eta T = X _dest cond{eta_T) X dest turb{eta_T)
0.6 4.702°103 453.431
0.65 4.586°103 300.028
0.7 4466103 343.06
0.73 4.346-103 283.865
0.8 4.226+103 228.67
0.85 4.106-103 171.476
0.9 3.986-103 114.281
0.95 3.866°103 57.086
1 3.746-103 -0.109
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES

(RANKINE CYCLE) + PROBLEMS (MATHCAD)

Plots:

Exergy destroyed in condenser (klikg)

Fxergy destroyed in urbine (klfkg)

48107
47x10°
462107
15107
4.4x10°
43x10°
1210°
41x10°

4x10°
3.8x10°
3.8x10°
3.7x10°
3.6x10°

PROBLEMS SOLVED WITH MATHCAD

Actual Rankine cycle - Exergy destroyed in condenser

0.6 0.63 0.7 0.73 0.8 0.33 0e 0.93 1

Isentr. effcy of turbine, eta T

Actual Rankine cycle - Exergy destroyed in turbine

250

200

150

100

b5

0.63 0.7 0.73 0.8 0.85 09 0.93 1

Isentr. effcy of turbine, eta T
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Prob.3.47 Write a Mathcad program to find out the exergy destroyed in various processes
for an Ideal Reheat Rankine cycle operating between a condenser pressure P_cond, Turbine
inlet temp T1(deg.C), and boiler pressure of P_boiler. Reheat pressure = P2 and reheat
temp = T3. Ambient conditions: PO, TO (C). Assume that heat is transferred in boiler at a
const. temp TH (deg.C), and heat is rejected to ambient at const. temp TL (deg.C).

igh-P
Boiler Reheater @ urbine

3 L

-+ . .
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

T"‘

Exergy Ideal Beheat Rankine(P cond.P beiler P2 T1 T3, TH, TL PO TO) =

hl « enthalpy H2OP boiler T1)

sl « entropy H2OWP boiler T1)

g2 « sl

sg « SGSATP H2O(P2)

12 +— quality Ps H2O/P2 s2) if s1<sg2
h? «— enthalpy 2phas= Px HAOWP2 x2) f s1 = s22
h? «— enthalpy H2O Ps(P2 52} if sl 522
h3 « enthalpy H2O{F2, T3)

s3 « entropy H2O(P2L, T3)

L

Teond « TSAT H2OP cond)

14« quality Ps H2O'P cond . s4)

hd « enthalpy 2phas= Tx H2O{Tcond,zd)
h3 « HFSATP H2O{P cond)

53 « SFSATP _HXO(F_cond)

s +— g3
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vi3 « VESATP H2O(P _cond)
w_P +— vf3-(P_boiler - P_cond)
ht «— hi+w P
q_in_boiler < (hl — hé)
g_in_reheater « (h3 - h2)
g in_tot «— g_itn_boiler + q_in_reheater
w_T « (hl = h2} + (h3 - hd)
wnetew T —w P
g _out « hi — hi
w_tiet

g in

efd +—

in_boil
¥_dest_boiler « (T0 + :-'.33-[51 - M}

i T L 7Ty
(TH + 273)

- I . in_reheater
¥_dest_reheater «— (T0 + _"-‘-:uj-|:s:. - 52 q__—:|

i T 1L 27Ty
(TH + 273)

T
%_dest_cond « (T0 - :'.33-[55 _sds ﬁ}

N oL T
(TL + 273)

X dest_cyele « X dest_boiler + X_dest_reheater + X _dest_cond

w_net{kT ey o in tot(kT kgl q_outkTke) i guality, x4 H_dest boilenkl kg H_dest rehestenll kel _dest_cond{kT k) H_dest_cypclakTke)" |

w_met q_in_tot q_out ] =4 J_dazt_boiler J_dest_rehester M _dest_cond J_dest_cwcle y.

Explanation for the above Function:

This function gives exergy destroyed in various processes of an Ideal Reheat Rankine cycle.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where pressures P_cond, P_boiler and the reheat pressure P2 are in kPa.
Turbine inlet temperature,T1, Reheat temp. T3, Source temp for heat supplied in boiler,
TH, Sink temp for heat rejected in condenser, TL, are in deg.C and ambient conditions
are (PO, T0). Outputs are presented compactly in a Matrix in the last step on the RHS. In
the output matrix, we have: Net work (w_net), Heat input in boiler (q_in), Heat rejected
in condenser (q_out), Thermal efficieny (eta), quality of steam at turbine exit (x4), Exergy
destroyed in boiler( X_dest_boiler), Exergy destroyed in reheater (X_dest_reheater), Exergy
destroyed in condenser (X_dest_cond), and Exergy destroyed in cycle (X_dest_cycle). Units

of each quantity are also given in output.

Prob.3.48 A steam power plant operates on the ideal reheat Rankine cycle. Steam enters
the high pressure turbine at 8 MPa and 500°C and leaves at 3 MPa. Steam is then reheated
at constant pressure to 500°C before it expands to 20 kPa in the low-pressure turbine.

Determine the net work output, in kJ/kg, and the thermal efficiency of the cycle. [2]
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Also, determine the exergy destroyed in various processes. Ambient conditions: PO =
101.3 kPa, TO = 300 K. Assume that heat is transferred in boiler at a const. temp TH =
1800 K, and heat is rejected to ambient at const. temp TL = 300 K. Plot the exergy losses

in boiler and condenser as the reheat pressure varies from 1 MPa to 5 MPa.

| =
| ! igh-P

Baoiler Reheater @ urbine

Condenser
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

8
Data:
P boiler =3000 kPa Ti=3500 C  P2=3000 kPa T3=3500 C

Pcond =20 kPa TH=180-273 C  TL=300-273 C

T0 = TL P0=1013 kPa

A,

T cond = TSAT HXO(P cond) 1.2 T cond= 60038 c

Using the Mathcad Function for Exergy analysis of Ideal, Reheat Rankine cycle, written

above:

Exergy Ideal Beheat Rankine(P cond P boiler P2 T1 T3 TH, TL PO TO) =
;'f"w_net[]d kg)" "gin totklkz)" g out(klkg)" effey "gqualityxd" "X dest_boiler(kIkz)"

1350 % 10° 3403 % 107 2134 % 107 0.437 0.905 12435 % 107

"H_dest_reheater(klkg)" "H_dest_cond(klkg)" "E_dest_cycle(klkgz)" h‘l

-
a

04033 212 609 1352 = 10 _,J
Thus, we have:

Met work output:  w_net= 1339 kJ/kg .... Ans.

Thermal effcy: effey= 0437 =43.7% ... Ans.

Exergy destroyed in various processes:

In boiler: X_dest_boiler = 1245 kJ/kg .... Ans.

In condenser: X _dest cond = 212.602 kJ/kg .... Ans.
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In Reheater: X_dest_reheater = 94033 kJikg .... Ans.

In Cycle: X dest cyele= 1532 kJIkg .... Ans.

To plot the exergy destroyed in the condenser and reheater as the reheat pressure varies

from 1 MPa to 5 MPa, other conditions remaining the same:

X _dest_reheater{P2) := Exergy_Ideal Feheat Fankine(P cond.P bodier P2 T1, T3, TH,TL PO, T,

(=11

X dest cond(P2) = Exergy_ldeal Reheat Rankine(P_cond.F_boider P2.T1.T3.TH,IL.F0.T0),

Now, to plot the results:

P2 = 1000,1200.. 5000 ...define a range variable
We get:
Pl= H_dest_cond(P2) H_dest_reheater(P2)

1-103 230.148 205.315
1.2°103 227.285 186.296
1.4-103 224.855 170.41
1.6°103 222.737 156.762
1.8-103 220.863 144.814

2:103 219.178 134.185
2.2°103 217.74 125.259
24103 216.301 116.377
2.6-103 214.987 108.367
2.8-103 213.798 101.174

3+103 212.609 94.053
3.2+103 211.592 88.007
3.4-103 210.576 82.026
3.6+103 209.622 76.434
3.8°103 208.731 71.286

4103 207.84 £6.136
4.2:103 207.044 61.595
4.4:103 206.249 57.086
4.6:103 205.491 52.785
4.8-103 204.771 48.754

5103 204.05 44,738
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And, plot:

Ideal Reheat- Rankine cycle - Exergy destroyed in condenser and reheater

240
I

220 Condenser
200
180
160
140
120
100

Reheater

Fixergy destroyed (kllkg)

1x10° 1.5x10° 2107 2.5:10° 3x10° 3.5%10° 4107 45:10° 5107

Eeheat pressure, P2 (kPa)
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APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES
(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Prob.3.49 Write a Mathcad program to find out the exergy destroyed in various processes for
an Actual Reheat Rankine cycle operating between a condenser pressure P_cond, Turbine
inlet temp T1, and boiler pressure of P_boiler. Reheat pressure = P2 and reheat temp = T4.
Isentropic effcy of Turbine and pump are: eta_T and eta_P, respectively. Ambient conditions:
PO, TO (C). Assume that heat is transferred in boiler at a const. temp TH (deg.C), and
heat is rejected to ambient at const. temp TL (deg.C).

' o
! igh-P

Boiler Reheater @ urbine

3 T oo

Condenser

Exergy Actual Reheat Eanbine(P cond P boder P2 T1 T4 eta T.eta P TH TL PO TD) =

hl « enthalpy HXO(P boiler T1)

sl « entropy H2O(P boiler \ T1)

sd « =l

sg «— |SGSATP H2O{FP2)

%2 «— quality Ps H2OWP2,52) if sl < sg2
h2 « enthalpy 2phase Px H2OWP2 =2y if s1 = sg2
h? « enthalpy HXO Ps(P2 s2) if sl sg2
h3 « hl — eta_T-{hl — h2)

£3 « entropy H20 Ph{P2 h3)

hd « enthalpy H2O{P2, T4)

s4 « entropy H2O(P2. T4

5« =4
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Teond « TSAT H2OMP _cond)

523 +— SGSATP H2OWP cond)

13 +— gquality Ps H2XWP cond, s5) if s3 = sg5

h3 « enthalpy Iphase Tx HIO(Teond . x3) if =3 < =23
h3 « enthalpy H20 Ps(P cond,s3) if s3> sg3

hi « h4 — eta_T-(h4 — h3)

hz « HGSATP H2O(P_cond)

18 «— guality Ph HXOWP _cond hg) if hé < hgz

i < Temp H20 Ph{P_cond. hf) i hi = hg

sf + entropy H20 Ph{P_cond h§) i hi > hz

s8 «— entropy 2phase Tx H2OTeond x8) if hé < hg
h7 « HFSATP_H2O{F_cond)

57+ SFSATP H2O(P_cond)

viT «— VESATP H2O(P_cond)

w P s« vi-(P_boiler - P cond)
viT-({P_boiler — P cond)

w P
eta P

ht «— h7+w P

s® «— EFSATHF HXO(h9)

g_in_boiler « (hl — h?)

g_in_reheater «— (hd — h3)

g in tot < g _in boiler + g in reheater
w_T « (hl — h3) + {h4 — hf)

w et w T —w P

g_out «— hi — hT

w_net
efd «— ——

g in_tot

in_boil
X dest boiler « (T0 + 273} s1 — 58 — A _bore
(TH + 273)

i heat
X_dest_reheater « (T0 + _?3}-[54 —s3i- M}

(TH + 273)

X_dest_cond « (T0 + _?3}-[5? —s6+ L‘ﬂ}
(TL + 273)

X _dest_pump «— w_P—w_ P =

X dest_turbines « (T0 + 273)-[{s3 — s1) + {s6 — s4)]

efl «— Zxergy flow H20(hl, s1,T0, PO}

(W nendI ke "qUin_tot(kTke)" "q outkIkg)" “=Ey." "x6or TE(CY" "X_dest boile(ilke) "XK_dest|rshester(kTke)® "X dest_cond{llke)® "X_dest_pump(kTkg)' "X _dest_tusbines(kTke) “efl(Tke)
! w_nat q_in_tot q_out etz xb J_dest_boiler Ji_dest_rsheater _dest_cond X_dest_pump J_dest_turbines il
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(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Explanation for the above Function:

This function gives exergy destroyed in various processes of an Actual Reheat Rankine cycle.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where pressures P_cond, P_boiler are in kPa. Turbine inlet temperature, T1,
Reheat temp. T4, Source temp for heat supplied in boiler, TH, Sink temp for heat rejected
in condenser, TL, are in deg.C and ambient conditions are: (PO, T0). Also, eta_T and eta_P
are the isentropic efficiencies of the Turbine and Pump respectively. Outputs are presented
compactly in a Matrix in the last step on the RHS. In the output matrix, we have: Net work
(w_net), Heat input in boiler (q_in), Heat rejected in condenser (q_out), Thermal eflicieny
(eta), quality of steam at turbine exit (T6) if it is in two phase region, or its temp (T6) if
it is in superheated region, Exergy destroyed in boiler (X_dest_boiler), Exergy destroyed in
reheater (X_dest_reheater), Exergy destroyed in condenser (X_dest_cond), Exergy destroyed
in pump (X_dest_pump), Exergy destroyed in Turbines (X_dest_turbines), and Exergy of

flow of steam leaving the boiler, efl. Units of each quantity are also given in output.

EXPERIENCE TF
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Prob.3.50 Consider a steam power plant that operates on a reheat Rankine cycle and has a
net power output of 80 MW. Steam enters the high-pressure turbine at 10 MPa and 500°C
and the low-pressure turbine at 1 MPa and 500°C. Steam leaves the condenser as a saturated
liquid at a pressure of 10 kPa. The isentropic efficiency of the turbine is 80 percent, and that
of the pump is 95 percent. Determine (@) the quality (or temperature, if superheated) of the
steam at the turbine exit, (&) the thermal efficiency of the cycle, and (¢) the mass flow rate
of the steam. Determine the exergy destruction associated with the heat addition process
and the expansion process. Assume a source temperature of 1600 K and a sink temperature
of 285 K. Also, determine the exergy of steam at the boiler exit. Take PO = 100 kPa. [2]

;-'
Data:
P boiler = 10000 kPa  T1-=3500 C  P2:=1000 kPa T4=350 C

P cond =10 kPa JTH = 1600 — 273 C T =285-273 C

A

T0=TL P0:=100 kPa eta T:=08 eta P =005
T cond = TSAT HXO(P cond) i.e. T _cond = 43806 c

Note: This problem is the same as Prob. 3.20, except for exergy aspects.

Applying the Mathcad Function for Actual, reheat Rankine cycle, we get:

Exergy Actual Feheat Eankine(P cond.P _boiler P2 T1 T4 eta_T.eta P.TH TL. PO T =

il 1 2 3 4
0 "w_net(kl/kg)" "q_in_tot(kd/kg)" "q_out(kd/kg)" "affoy.” "6 or Ta (C)"
1 1.2773°103 3.7501-103 2.4720:103 £.3406 87.875
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Thus, we have:
Temp of steam at turbine exit (i.e. state &):
Té= 87875 degq.C ... Ans.
Thermal effcy:
effey= 03406 = 34.06% ... Ans.
Mass flow rate:

We have:  w net = 12773 hkdlkg

Power output = 30000 kKW
Therefore:

Power output
Mas= Flow = Zower_output
A AR A -
w_tiet

e :‘n,-:ass_Elnw = §2.832 kg.lr.‘.'r ..... Ans.

Exergy destroyed in various processes:

In boiler: ¥_dest_boiler = 1245 kJ/kg .... Ans.
In Reheater: X_dest_reheater = 158.8 kJ/kg .... Ans.
In condenser: ¥_dest_cond = 26768 kl/kg .... Ans.

In Pump: ¥_dest_pump = 0.5312 kl/kg .... Ans.

In Turbines (1 and 2): X dest_turbines = 247 333 kJikg ..

Exergy of flow of steam leaving the boiler:

efi= 14953  kJikg .... Ans.

.. Ans.
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To plot the exergy losses in the reheater, condenser, and turbines as the reheat pressure
varies from 1 MPa to 5 MPa:

First, write the relevant quantities as functions of Reheat pressure,P2:
X dest reheatngZ} = Exexg:,r_Actual_Reheat_Rankjhe{P_cnnd,P_bnﬂer,PZ,Tl,T4,eta_T,eta_P,'I'I-I,'I'L,P'I],TD}l 5
A dest cond;PE} = Exe:rg:,r_ﬁctual_Reheat_Rankjhe(P_cnnd,P_bnﬂer,PZ,Tl,T4,eta_T,eta_P,"IH,'I'L,Pﬂ,Tﬂ}l 7

X dest_turbines(P2) = Exe:rgj,r_Actual_Reheat_Rankjhe{P_cnnd,P_bnﬂer,PZ,Tl,T4,eta_T,eta_P,'IH,'I'L,P'D,T'IJ}l 9

Now, to plot the results:

P2 = 1000, 1200.. 5000 _..define a range variable
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And, we get:

|

1 v

103

1.2

103

1.4

103

1.6

*103

1.8

103

2 B

103

2.2

103

2.4

103

2.6

*103

2.8

103

3 B

103

3.2

103

3.4

103

3.6

103

3.8

*103

4 B

103

4.2

103

4.4

103

4.6

103

4.8

103

]

*103

H dest reheater(P2) X dest cond{P2)

158.802

146.487

267.681

136.161

263.371

127.151

260,039

119.144

257.648

112.028

255.534

105.912

253.848

00.860

252.624

04.345

231.4

89.345

250.278

84.439

249,258

80.105

248.238

73.988

247.359

72.023

246.479

g8.312

245.651

64.718

244.874

61.442

244.097

58.174

243.397

55.093

242.608

52.191

242.029
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241.392

49.288

240.754

H dest turbines{P2)
247.533
247.332
246.814
245.988
245.362
244.591
243.742
242.933
242.208
241.594
240.929
240.509
239.876
239.447
239.029
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238.17
237.7849
237.421
237.053
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And, plot:

Actual Reheat- Rankine cycle - Exergy destroyed

260 Condenset

240 ——— ]
Turbines

Bxergy destroyed (klfleg)

100
—_|

| Reheater
60 ]
40— - - - - - - - .
1=10°  15=10° 2x10° 2.5x10° 3107 33x107 4=107  4.5x10° 5107

Reheat pressure, P21 (kPa)

Prob.3.51 Write a Mathcad program to find out the exergy destroyed in various processes for
an Ideal, Regenerative Rankine cycle with one open feed water heater (FWH), operating
between a condenser pressure, P_cond, Turbine inlet temp, T'1, and boiler pressure of P_boiler.
Extraction pressure = P2. Ambient conditions: PO, TO (C). Assume heat is transferred in
boiler at a constant temp TH (deg.C), and heat is rejected to ambient at constant temp.

TL (deg.C).
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Exergy_Ideal Regen Fankine(P cond P _boiler P2 T1, TH, TL.PO.TD) =
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hl « enthalpy HXO{P boiler T1)

sl « entropy H2O(P boiler | T1)

52 + sl

sgd «— SGSATE H2O(PL)

i «— quality Ps HIOWP2 =2} iof 52 £ 522

h2 « enthalpy 2phase Px H2OWP2 x2) if s2 < sg2
h2 « enthalpy H20 Ps{P2.s2) iof 52> sg2
g3« =l

sg3 «— SGSATP HXOP cond)

Teond « TSAT H2O(P cond)

13 +— quality Ps H2OWP cond.s3) if s3 = sg3
h3 « enthalpy 2phase Tx HXO{Tcond,x3) if s3 = 523
h3 « enthalpy HXO Ps(P_cond, s3) if s3> sz3
13 «— Temp H20 Ph(P cond. h3) i s3> sg3
hd « HESATP H2Q{P cond)

it «— VESATP H2O(P_cond)

hy « hd + +f4-(P2 - P _cond)

sd « SFSATP H2O(P cond)

s3 « SFSATHF HXO{h3)

sf «— SFSATP HXO(FP2)

ht « HFSATP H2O({P2)

viG <« VFSATP H2O(FP2)

h7 « hé + vi5-(P_boder — P2)

] «— =6
hé — hi
; h? — hs

w_Pl« (hi - h4)-(1 - )
w_P2 « h7 - hf
w_T « (hl — h2) + {1 - ¥)-{h2 — h3)
w_net «— w_T — (w_Pl + w_P2)
g in« hl - h7
g out « (h3 — hd)- {1 - v}
w_net

q_in

efa +—
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¥_dest_boiler « (T0 + :-'.33-[51 —sT- ﬁ}

i T L 7Ty
(TH + 273)

T
¥_dest_cond « (T0 + 3?.;3-[(54 — s (1-v) + ﬁ}

(TL + 273)
HK_dest OpenFWH « (T0 + 273)-[s6 — y-52 = (1 — v)-53
¥ _dest_cycle «— X _dest_boiler + X_dest_cond + X_dest_OpenF'WH

w_natkTkeE) g indkThE)" g ouvnklkE)" "eEy." v "3 dest boilenldE) "X dest CpenFWHRTRE) "X dest condkTkE)" "I dest cwcle(klkE) "_

w_nat q | in q out 2tz ¥ X dest boiler X dest OpenFWH X dest cond 3 dast_cycle

For clarity, the last line above, i.e. the output matrix is reproduced below:

:'J"w_net[]sﬂ k=)' "gq mn{kIkz)" "g out(klkz)" effcy” v "E dest botler(kIkg)"

w_tiet q_ifl q_out eta N ¥_dest_boiler

"H_dest OpenFWH{EIkz)" "X _dest cond{kIkz)" "X _dest cycle(klkz)" M'-_
¥ _dest_ OpenE'WH X _dest cond H_dest_cycle |

Explanation for the above Function:

This function gives exergy destroyed in various processes of an Ideal Regenerative

Rankine cycle.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where pressures P_cond, P_boiler and the extraction pressure (or feedwater
heater pressure), P2 are in kPa. Turbine inlet temperature, T'1, Source temp for heat supplied
in boiler, TH, Sink temp for heat rejected in condenser, TL, are in deg.C and ambient
conditions are (PO, T0). Outputs are presented compactly in a Matrix in the last step on the
RHS. In the output matrix, we have: Net work (w_net), Heat input in boiler (q_in), Heat
rejected in condenser (q_out), Thermal efficieny (eta), fraction of steam extracted (y), Exergy
destroyed in boiler( X_dest_boiler), Exergy destroyed in open FWH (X_dest_OpenFWH),
Exergy destroyed in condenser (X_dest_cond), and Exergy destroyed in cycle (X_dest_cycle).

Units of each quantity are also given in output.

Prob.3.52 A steam power plant operates on an ideal, regenerative Rankine cycle. Steam
enters the turbine at 6 MPa and 450°C and is condensed in the condenser at 20 kPa. Steam
is extracted from the turbine at 0.4 MPa to heat the feedwater in an open feedwater heater.
Water leaves the feedwater heater as a saturated liquid. Determine (2) the net work output
per kilogram of steam flowing through the boiler and () the thermal efficiency of the cycle.
Also: determine the exergy destruction associated with this regenerative cycle. Assume a

source temperature of 1500 K and a sink temperature of 290 K.[2]
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Data:

P boiler = 6000 kPa T1=450 C TH=150-273 C  TL=20-2713 C

P2 = 400 kPa P cond =20 kPa  T0=TL P0=100 kPa
T cond = TSAT HXWP cond) i.e. T cond = 60058 C

360°
thinking.

Deloitte.
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Applying the Mathcad Function for exergy of Ideal, Regen. Rankine cycle, we get:

Exergy ldeal Begen Fankine(P cond P boier P2 T1 TH. TL P0. T0) =

5"“1.1-_net[kJ kg)" "g in(klkg)" "gq outklkg)" "effey” v "E_dest_boilenklkg)"
1.017 = 1IZII3 2603 = l[r3 1.676 = 1IZII3 0378 0146 914.307
"E dest OpenPWH{EIkg)" "X _dest cond(klkg)" "X _dest cycle(kIkz)" H‘l
23.699 217344 1.155 = 1IZII3 j
Thus, we have:

Met work: w net= 1017 kJ'kg .... Ans.
Thermal effcy of cycle:
effey= 0378 = 37.8% .... Ans.
Exergy destruction for the cycle:

¥ dest cvele= 1155  kJ/kg .... Ans.

To plot the exergy destroyed in the condenser and open FWH as the extraction pressure
varies from 0.4 MPa to 3 MPa:

First, write the relevant quantities as functions of extraction pressure,P2:

X dest cond(P2) = Exergy Ideal Regen Eankine(P cond.P_boier P2 T1.TH, TL PO, Tl}}l .

X _dest_OpenFWH{PY) = Exergy Ideal Fezen Rankine(P cond.P_boiler P2 T1, l'H_.'l'L__PI]'_.'l'[I'}1 6

Now, to plot the results:

P2 = 400,600.. 3000 ...define a range variable
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And, we get:
P = ¥ _dest_cond(P2) X dest OpenFWH(P2)
400 217.344 23.699
600 211.699 30,917
800 207.381 36.679
1-103 204.314 41.466
1.2°103 201.658 45.697
1.4°103 199.352 49.512
1.6°103 197.256 23.039
1.8'103 195.447 56.223
2:103 193.769 29.211
2.2:103 192.217 61.796
2.4°103 190.798 64.31
2.6°103 189.519 67.028
2.8°103 188.216 £9.364
3-103 187.143 71.739

Now, plot:

Ideal Regen.- Rankine cycle - Exergy destroyed

240

20—
200 — Condenser

130/
160/
140)
120
100

Open FVWH

Fxergy destroyed (klikg)

400 600 800  1x10° 1.2%10°1.4x10° 16107 1.8%10° 210° 2251072 410° 2610728107 3x10°

Extraction pressure, P2 (kPa)
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Prob.3.53 A power plant operates on a regenerative vapor power cycle with one open
feedwater heater. Steam enters the first turbine stage at 12 MPa, 520 C and expands to
1 MPa, where some of the steam is extracted and diverted to the open feedwater heater
operating at 1 MPa. The remaining steam expands through the second turbine stage to the
condenser pressure of 6 kPa. Saturated liquid exits the open feedwater heater at 1 MPa. For

isentropic processes in the turbines and pumps, determine for the cycle:

(a) the thermal efficiency and (b) the mass flow rate into the first turbine stage, in kg/h,
for a net power output of 330 MW.

Plot the thermal efliciency and the rate of exergy destruction within the feedwater heater, in
kW, versus the feedwater heater pressure ranging from 0.5 to 10 MPa. Let 70 = 293 K. [4]
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Data:

P boiler = 12000 kPa ;LLF 520 C P2 = 1000 kPa

m:= 1500 - 273 C MI:{_'_ﬂ:= 203-273 C

Pcond =6 kPa £:= TL m: 1o kPa

T cond = TSAT HXO(P cond) ie T cond=3616 C

Applying the Mathcad Function for exergy of Ideal, Regen. Rankine cycle, we get:

Exergy ldeal Begen Rankine(P cond P boier P2 T1 TH, TL P0.T0) =

!r-'“"..‘-_ﬂet[k;r kg}ll Ilq_m[:k.'r kg}ll Ilq_Dut[k-T kg:}ll “Eﬁr_"}-—_“ II}-_II “X_dEst_bDﬂEr‘[kJ kg:}ll
L L197x 107 2628x 100 1432x 107 04355 0234 782298
"E_dest OpenEWH{EIkz)" "X _dest_cond(kIkz)" "X _dest cycle(klkz)" h‘l
60.155 75.117 917.57 )
Thus, we have:

Thermal eficy of cycle:  effcy= 04355 =45.5% .... Ans.
Met work: w net = 1197 kJ/kg .... Ans.

Mass flow rate:

Power output

Mass Flow = kals
PRI

w_tiet
I8 Mass Flow= 275680 kgls =9.925 x 10° kg/h .... Ans.

Exergy destruction for the cycle:

¥ dest_cycle= 91757 kJ/kg .... Ans.
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To plot Exergy destroyed in open FWH against the Feedwater heater pressure, P2:

First, define the exergy destroyed in the FWH as a function of P2:

X dest DBEﬂFV&"EfP_"-‘j = Exergy Ideal Fegen Rankine(P cond.P boiler P2 T1, TH,TL PD, T0),

(=11

Mo

P2 =3500,1000.. 10000 ...kPa ... define a range variable

We get:
P2= H_dest OpenEWH{P2Z)

200 44,537
1-103 a0.155
1.5-103 70.289
2-103 78.32
2.5-103 84.084
3+103 90.657
3.5-103 095.653
4-103 100.144
4,5-103 104.172
5103 107.868
5.5-103 111.03
f-103 114 4473
6.5-103 117.213
7+103 120.099
7.5:103 122.584
8103 125.082
8.5-103 127.304
9-103 129.538
9.5-103 131.51
1-104 133.541
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And, plot:
Ideal Regenerative Rankie cycle with one open FWH
140
A
2 120
% 110
= 100
Tz 20
=
S 30
E 70
28 60
E -
e 30 7
40

0 1x10° 2107 3107 4x10° 5x10° =107 7x10°  8x10° o0x10°  1x10?

Feedwater heater pressure, P2 (kPa)
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Prob.3.54 Write a Mathcad program to find out the exergy destroyed in various processes
for an Ideal Reheat Regenerative Rankine cycle with one open feed water heater (FWH),
operating between a condenser pressure P_cond, Turbine inlet temp T1, and boiler pressure
of P_boiler. Extraction pressure = P2. Reheat temp. = T5. Ambient conditions: PO, TO
(C). Assume that heat is transferred in boiler at a constant temp TH (deg.C), and heat is
rejected to ambient at constant temp TL (deg.C).

Exergy ldeal Eeheat Begen Ranbine(P cond P boier P2 T1 T3 TH. TL.P).TO) =

hl « enthalpy H2WP boiler T1)

sl « entropy H2OP boiler T1)

g2+ sl

g3 + sl

54« sl

sz «— SGSATP_H2O{PY)

i < quality Ps HIO(P2 s2) if s2 £ sg2

h2 « enthalpy 2phase Px H2OWP2 x2) if s2 = sg2
h2 « enthalpy H20 Ps(P2 =2} if 52> sg2

h3 « h

hd « h

hi « enthalpy H2O{P2 T3]

=)« entropy HINP2L 13)

sf +— 53

sgh «— SGSATP HXOWP cond)

1 < quality Ps H2O(P cond, s8) if sg6 = =6

hi « enthalpy Jphase Px H2WP cond . xf) if sgf = s6
hé « enthalpy H20 Ps(P cond.s8) if sgf < =8
h7 « HFSATP H2O(P_cond)
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s7 « SFSATP H2O(P_cond)
V7 « VESATP_H2O(P_cond)
h8 « h7 + vi7-(P2 - P_cond)
58 « SFSATHF H2O(hS)
h9 « HESATP HIO(P2)
s9 « SFSATP HO(P2)

h9 — hS

hi— hd
v « VESATP_H2O(P2)
10 « h8 + v3-(P_boiler — P2)
510 « SFSATHF H20(h10)

w Pl (hi-hN-({1-12)

w_P2 « hl) - ho

w_T1+ hl- h2

w_ T2+« (hi - h8)-(1-2z)

w_T tot«—|w_T1+w T2

w_net « w _T tot - (w_P1 +w_P2)

g _in_boiler « hl — hld

g in reheatzr « (h3 — h3)-{1 -z}

q i tot <« g _in boiler + g in_reheater
g_out « (h6 — h7)-(1 — z)

w_tnet

q_in_tot

efa «—
in_boil

X_dest_boiler « (T0+ 273){ 51— s10 - ===
(TH + 273)

i heat
X_dest_reheater < (T0 + 273) (55— s3)(1 - 2) — =0 20
(TH + 273)

X_dest_cond « (T0 + 273){ (s7 = s6)-(1 — 2) + — =20
(TL + 273
¥ _dest OpenFWH « (T0 + 273)-[59 — z-54 — {1 — z)-55]
X dest cyele «— X dest_boiler + X dest_reheater + X _dest_cond + X dest Openf'WH

_"".:'_r.ev{]:.T L2y "gin_totddkE)” "goutddkg)” =Ry "z "X _dest beilenddkz)” "X _dest_shesten(lhE)' | "X dest condiTke)” "X dest OpenFWH(EKT Kz "X dest cycla(kl kgj-"'_
w_ret q in_tot q out £ z _dext_boiler IE_dest_sshaater X dest_cond X dext OpenFWH I _dest_owele

For clarity, the last line above, i.e. the output matrix is reproduced below:

5'i"“'_net[k.'f k=)' "goin tot(kIkz)" "g out(klkz)" effoy" "z "E_dest_boilerklkz)"

w_net g in_tot g_out eta z X dest_boiler

"X dest_reheater(klkg)"| "X_dest_cond{(kl'kg)" "X _dest OpenFWH(kIkg)" "X_dest_cycle(klkg)" H‘I
¥_dest_reheater H_dest cond H_dest OpentF'WH H_dest_cycle J.'
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Explanation for the above Function:

This function gives exergy destroyed in various processes of an Ideal Reheat Regenerative

Rankine cycle.

First line is the LHS of the Function, and defines the Function. Quantities inside brackets
are the inputs, where pressures P_cond, P_boiler and the Reheat pressure (or feedwater
heater pressure), P2 are in kPa. Turbine inlet temperature,T1, Reheat temp. T5, Source temp
for heat supplied in boiler, TH, Sink temp for heat rejected in condenser, TL, are in deg.C
and ambient conditions are: (PO, T0). Outputs are presented compactly in a Matrix in the
last step on the RHS. In the output matrix, we have: Net work (w_net), Total heat input
in boiler (q_in_tot), Heat rejected in condenser (q_out), Thermal efficieny (eta), fraction of
steam sent to open FWH (z), Exergy destroyed in boiler( X_dest_boiler), Exergy destroyed
in open FWH (X_dest_OpenFWH), Exergy destroyed in condenser (X_dest_cond), and
Exergy destroyed in cycle (X_dest_cycle). Units of each quantity are also given in output.

[ ]
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Prob.3.55 A steam power plant operates on an ideal reheat-regenerative Rankine cycle and
has a net power output of 80 MW. Steam enters the high-pressure turbine at 10 MPa and
550°C and leaves at 0.8 MPa. Some steam is extracted at this pressure to heat the feedwater
in an open feedwater heater. The rest of the steam is reheated to 500°C and is expanded in
the low-pressure turbine to the condenser pressure of 10 kPa. Determine (2) the mass flow
rate of steam through the boiler and (4) the thermal efficiency of the cycle. Determine the
exergy destruction in the reheater and open FWH. Assume a source temperature of 1800 K
and a sink temperature of 290 K. [2]

800 kPa

P cond = 10 kPa P boiler = 10000 kPa B2

i

1
L
=1
=
o

TH = 1800 — 273 C TL =290 - 273 C Tl =550 C T
T0 =TL m: 100 kPa Power outpuf = soo00 KW
T cond = TSAT HX(P cond) I.e. T cond = 43806 C

Applying the Mathcad Function for exergy of Ideal, Reheat Regen. Rankine cycle, we get:

Exergy ldeal Beheat Regen Fankine(P cond, P boder P2 T1 T3 TH,TL.P0,TD) =

0 1 2 3 4
0 "wi_net(kJ/kg)" "g_in_tot(kl/kg)" "g_out(kKl/ka)" "effcy.” "z"
1 1.467°103 3.305°103 1.838-103 0.444 0.202
5 6 7 8 9
"X_dest_boiler(kl/kg)" | "X_dest_reheater(kl/kg)" "X_dest_cond(kJ/kq)" ["<_dest_OpenFWH(kl/kg)" "X_dest_cycle(k)/kg)"
913.784 171.051 166.427 47.201 1.293-103
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Thus, we have:

Thermal effcy of cycle:  effev= 0444 = 44.4% ... Ans.
Met work: w net = 1467 kd/kg .... Ans.

Mass flow rate:

Mass Flow = Power_output kg's
AT

w_net

2. Mass Flow= 543533  kog/s =1.963 x 10° kg/h .... Ans.

Exergy destruction for the reheater and open FWH:

X dest_reheater= 171051 kJ/kg .... Ans.

X dest OpenFWH= 47201 kJ/kg .... Ans.

PROBLEMS SOLVED WITH MATHCAD

Plot exergy destroyed in the reheater, open FWH and the whole cycle as the feed water

heater pressure varies from 500 kPa to 5 MPa:

First, define the exergy destroyed in the reheater, open FWH, and tin he Cycle as a function

of P2:

* dest reheater(P2) = Exergy_Ideal Feheat Fegen Rankine(P _cond,P _boiler P2, T1, T3, TH.TL.PD. I'EI'}1 6

& dest OpenPWH(P2) = Exergy_ldeal Reheat Fegen Rankine {P_u:nnd_.P_bniler_.PE_.TI_.Ti_.TI—I_.TL_.PD_.TD}l g

& dest cvcle(P]) = Exergy Ideal Reheat Regen Ranlkine [P_u:nnd_.P_bniler_.PE_.TI_.Ti_.TI—I_.TL_.PD_.T[I}l 9

M ow:

P2 =500,1000..5000 ..kPa .. define a range variable

Download free eBooks at bookboon.com

239



APPLIED THERMODYNAMICS: SOFTWARE
SOLUTIONS: VAPOR POWER CYCLES

(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

And, we get:
PR = X dest_reheater{P2) X _dest OpenFWH({P2) X _dest_cycle(P2)

300 216.315 37.137 1.385°103

1-103 150.654 52.481 1.259-103
1.57103 115.716 63.134 1.188-103
2:103 92.15 71.742 1.139-103
2.5°103 74.841 78.876 1.102+103
3-103 61.265 85.066 1.072-103
3.5:103 50,178 80.535 1.046°103
4103 40.851 05.475 1.024-103
4.5°103 32.848 99.902 1.005°103
5-103 25.833 103.992 088.31
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(RANKINE CYCLE) + PROBLEMS (MATHCAD) PROBLEMS SOLVED WITH MATHCAD

Now, plot the results:

Ideal Reheat- Regen. Rankine cycle with one open FWH
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