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| _§O_b' critica: 30 - _

-Brayton simples: 25.~:35 % &
Brayton/Rankine: 45 ~65%

Rankine simples: 30 - 40 %

Thermal efficiency of power generation

Type of power plant Efficiency %
Open cycle gas turbine 25-35
sub-critical coal 30-38
supercritical coal 35-45
solar thermal 32-38
nuclear 32 -36
gas turbine combined cycle 45 - 60
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Ciclo de Brayton associado a um ciclo de Rankine com reaguecimento
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1000,

P IR ) / I
/S250200150300, 250, £200, b 150, b 100, b o0, 1,y

Agua

Wiz = hy —hy; = =0,7K]/kg
qz3 = h3 — hy, = 3935,27
w34 = hy — hy = 1494,3
qs1 = hy — hy = —2441,67

_ Wizt W _ 50950,

q23

27: water: Saturation points (at equilibrium)

Liguid | “apor Liguid Wapar Liguidt Wapar Liguid | “apor | Liguid | “apor
Temperature | Pressure | Density | Density | Volurme | Volume |Int Energy| Int. Energy| Enthalpy | Enthalpy| Entropy | Entropy
G (bar) | tkafm®) | (kafm®) | (m¥kg) | (mitka) | (kdfka) | (kdfka) | (ki) | dkedfkad | tkdfkgK) | (kdfkg-)
1 25,000 0.031699 | 997.00 | 0.023075| 0.0010030 | 43.337 104,83 24091 10483 | 25465 | 036722 | B.5EEE
2
B 28: water: Specified state points
pec po =N Hom >
C O rn O-I- 7019 E o Temperature | Pressure| Density | Wolume  |Int. Energy| Enthalpy | Entropy Cluality
G thar) | (koim®) | (m¥ko) | (kdika) | (kdikg) |ikdikark)| o (kofka)
1 750,00 20017 [ 1.4851 067333 35694 4040.8 | B.5566 | Superheated
25012 20017 | 95731 | 00010027 | 104,82 105,53 | 036722 | Subcooled \
TR\YA




nitrogénio @ 100bar

wy, = hy — hy, = —184,38 k] /kg
Gaq = hy — hy = +405,17
Wys = hy — hs = +407,21
Ge1 = hy — hg = —187,51

Wio + W
n=—2—"%_ 154999,
q34

23 = h3 — hz — +215,45

de1 = h'l - h6 = —210,28

Carnot=70,9 %

1000,

~
@

250, ——

0,000 =——

5,50

750°C
' ’ .
_ Proxim
- a aula..
LT 1 | | | | | 1 | | | —
I I Entropy ‘(k.l!kg—K) | I 250 C
34 nts ‘?“?”F‘
Temperature | Pressure| Density | Yolume |[Int Energy| Enthalpy | Entropy Quality
'7 (0 (bar) | (kg/m?) | (m%kg) | (kdfka) | (kdka) [(kdfkg-K)l  (kakg)
e 1 25,000 20,000 | 22670 [0.044111| 216.88 30510 | 59371 | Supetheated
i 2 201,39 100,00 | 68,013 0014703 342,45 489,48 | 59371 Undefined
q23 q56 3 396.62 100,00 | 48.201 [0.020747 | 497.46 70493 | 6.3173 Undefined
4 750,00 100,00 | 31,837 [0031410] 796,02 11101 | 6,8021 Undefined
5 396,62 20,000 | 99766 | 010023 | 50242 702,89 | 68021 | Supetheated
b 201,39 20,000 | 14089 |0,070976| 350,65 492,61 | 56,4313 | Supetheated
7




1.2000

r = 1.1800

Proxim i 1.1600

a aula.. >
- 1.1400

1.1200
— Cp @ Pmax

Cp (KI/kg/K)

9 A 1.1000 ——Cp@Pmin

1.0800

7 1.0600 mCP@Pmin < mCP@Pmax

s o 25°C 1.0400
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water

0.0317 bar
25.0000 °C
104.8292 kl/kg

0.3672 kl/kg/K

7.0010 bar
750.0000 °C
4040.8090 kl/kg

8.5366 k)/kg/K

0.0317

wl2
g23
w3d
g4l

inbalance
wlig
rend

25.0000 104.8292  0.3672

-0.6989 kl/kg
3935.2809 klikg
1494.3036 kifkg

-2441.6762 kifkg

0.0000 ki/kg
1493.6047 kifkg
37.95%

7.0010 23.0128 105.5261

s2 P3
0.3672 7.0010 750.0000 4040.8090  8.5566 0.0317 25,0000 25465054  5.5566

rsre j -]

nitrogen

20.0000 bar
25.0000 °C
305.0985 kl/kg

2.9371 kdikg/K

100.0000 bar
750.0000 °C
1110.1129 kl/kg
6.8021 kJ/kg/K

P1
20.0000

wil2
g23
g34
wdb
096
g6l

imbal
imbal int
wlig
rend

T1 hi

-184.3611 klikg
215.4369 klikg
405.2164 kliikg
407.2534 kikg
-210.2743 klikg
-187.4867 klikg @

0.0000 kfkg
5.1626 kifkg
222.8923 kikg
35.01%

25.0000 305.0985

sl
5.9371

Calor trocada a
alta temperatura

—

P2

P3

T6lavg 113.1851 °C
eblavg 42.8125 ki/kg

eb6liwlig

T2
100.0000 201.3703 489.4596

T3
100.0000 396.5907 704.8965

19.2%

s2 P4 T4 hd sd ] TS h3 s3
100.0000 750.0000 1110.1129  6.8021 20.0000 396.5907 702.8595  6.8021

sd P& Té hé s6
6.3172 20.0000 2013703 492.5852  6.4312

TEPC




temperature
A

cdlculo das vazoes mdassicas

t o|[@]|=

Liquid | Vapor Liquid Vapor Liquid Vapor Liquid | Vapor | Liguid | Vapor
Br 1, n Temperature | Pressure | Density | Density [ Volume | Volume |Int Energy|Int. Energy| Enthalpy | Enthalpy| Entropy | Entropy
ayio f (ban) | (kgim) | (ka/m?) | (mkg) | (m%kg) [ (kdkg) | (kdka) | (ki/kg) | (kdikg) |(kJikgK)| (kdikg-K)

43337 | 10483 24091 10483 | 25465 | 0.36722 | 8.5566

1 25,000 0,031699 | 997,00 |0,023075( 0,0010030
2
B 35: water: Specified state points [F=2 E=R ==

Temperature |Pressure| Density | Volume |Int. Energy| Enthalpy| Entropy Quality
n = 54,99%

Q61 + 0g9 =0

mpg - (hy — hg) + mg - (hg — hg) =0

(ban) | (kg/m?) | (mkg) | (kdkg) | (kdkg) [(kdkgK)|  (kg/kg)

1 201,39 0,21495 | 0,098251| 10178 26630 | 2881.8 | 85566
25,000 021495 | 997,01 | 00010030 | 10482 | 10485 | 0,36722

Subcooled

mB_hg_h

a =

8
= = 14,81
meg h6 — h1

_a(wys + wyp) + (Woo + wyg)

A(34

n=-=60,58%

An = 5,58%

Carnot=70,9 %

» entropy



1000,

O ciclo de 750
Rankine simples
com agua ndo é I
adequado a

temperaturas tao

baixas (25°C) e
nem tao altas e -
(750°C) - n=12,07%

0,000

Entropy (ki/kg-K)

B8l 36: water: Saturation points (at equilibriur ‘i”i”i‘

Liquid | Vapor Liquid Vapor Liguid Vapor Ligquid | Vapor | Ligquid | Vapor
Temperature | Pressure | Density | Density | Volume | Volume |Int. Energy|Int. Energy| Enthalpy| Enthalpy | Entropy | Entropy
Q) (bar) | (kg/m?) | (kg/m?) | (mfkg) | (m%kg) | (kdkg) | (kdkg) | (kd/kg) | (kdkg) [(kIkgK|(kdkgH)

1 25,000 0,031699| 997.00 | 0,023075) 0,0010030 | 43,337 | 10483 24091 104,83

Carnot =70,9 % R — S

Temperature | Pressure| Density | Volume |Int. Energy| Enthalpy| Entropy Quality
Q) (bay) | (kg/m?) | (mkg) | (kdka) [ (kikg) |(kdfkaK)[  (karkg)

1 201,39 0,21495 | 0,098251| 10178 2663,0 2881,8 | 85566 | Superheated
25,000 021495 [ 997.01 | 00010030 | 104,82 10485 | 036722 [ Subcooled

2546,5 | 036722 | 85566




mB_hg_h

8 — 0,746

asz_h6_h1

_a(wys +wyp) + (Woo + wyg)

B X(q3a4
n=---=6195%

An = 6,96%

Carnot=70,9 %

250,

AL L L LY L L A
— // 44: carbon dioxide: s = 1,6498 kJ/kg-K EI@
- 200°C Temperature | Pressure| Density [ Yolume  [Int Enengy| Enthalpy| Entropy | Quality
' e thar) | (ko) [ (ko) | (edfkd) | (kdikg) | (ko] (Rofka)
1 50,000 93,287 | 31323 | 0.0031925| 3750k 404,85 | 16495 | Undefined
2 75,000 134,11 38702 | 0.0025839 | 381,83 416,45 | 1,6498 | Undefined
I 3 100.00 193,02 [ 461.86 | 0.0021652 | 38853 430.32 | 16498 | Undefined
arbitrado 4 126.00 278,55 | G36.09 [ 00018654 | 39545 44741 | 1.6498 Undef!ned
= 150°C 5 160.00 40107 | 60822 | 00016442 | 40283 468.79 | 1.6498 | Undefined
B 1756.00 57251 | 67746 | 0.0014767 [ 410.87 495,38 | 1.6488 | Undefined
7 200.00 80511 [ 74367 [ 00013447 41979 528.05 | 1.6498 | Undefined
8 225.00 11126 [ 80706 [ 00012391 42974 BE7.E4 | 16488 | Undefined
3 250.00 16089 | 86602 | 0.0011520( 441.07 61491 | 16498 | Undefined
100, ]OOOC /
(h7 — hg) + (he + hy) o
= Py— =17,33%
(hg = hg)
N 254273
=1- = 29,55%
n = 0
)
0. 25°C 150 + 273
O'UUP,DD | ‘ | | 1,50 | ‘ ‘ | Z‘L ‘ ‘ Z,LI BLD
Entropy (kJ/kg-K)
— == tempersture
Liguid | “apor Ligquict Wapor Liquict “apor Liquid | “epor | Liquid | “apor
Temperature | Pressure| Density | Density | Yolume | “olume [Int. Energy|Int. Energy| Enthalpy | Enthalpy| Entropy | Entropy
Q) {bary | fkg/m? | fkgfm? | (ko) | (mitko) | (kdtkg) | fedfko) | (edfen) | (ko) | (kdfkgK) | kdikg-K)
1 25.000 £4.342 | 710,50 | 24273 | 00014075 ) 00041198 | 26573 36782 | 27478 | 39443 | 1.2485 | 16498
2 201°C
4T: carbon dicxide: Specified state points EI@
- Weanino
Temperature [Pressure| Density [ Yolume |Int. Energy| Enthalpy| Entropy [ Guality n=12,07%
(G (hany | (eofm® | (mitkg) | (kdfkg) | (kdfkg) (koK) (ko) Jsrc
1 150,00 40117 | 608,22 | 00016442 | 40283 | 468,79 | 16498 | Undefined
2 #3.021 40117 | 84724 | 00011803 | 28154 | 328.89 | 12845 | Undefined
3 entropy
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~Andlise entrépicardo giclo de poténcia...




750°C

UA
>
Q
) G §
e
750°C
fuel =z
>
BBBBHH
qir

Z!.l:nitrcgen: Specified state points [ = H = H &3 ]
Temperature | Pressure| Density Int. Energy| Enthalpy | Entropy Quality
(C) (bar) | (kg/m?) (kdika) | (kdkg) |(kdkgK)|  (kalkg)
1 25,000 20,000 | 22,670 216,88 30510 | 59371 | Superheated
2 201,39 100,00 | 68,013 342,45 469,48 | 59371 Undefined
3 396,62 100,00 | 48201 497,46 70493 | 6.3173 Undefined
4 750,00 100,00 | 31,837 796,02 11101 | 6,8021 Undefined
5 396,62 20,000 | 99766 502,42 702,89 | 6,8021 | Superheated
b 201,39 20,000 | 14,089 350,65 49261 | 64313 | Superheated
7




t
.
750°C
UA
@ — @
Q
® G- §
iyl e
Q
750°C
fuel =z
>
A TaYaToTaTs

HHHHHHH

uuuuuuu
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T + Xm; 1 Sik — LMo Sok + Sgen =0  Obs.:regime permanente
k

S

gen = MpS3 — MpSy + MpSg — MpSs

“ ¢

3%,62°Cé5
H
mpCp,3 = MmpCpsg

®
A

201,39°C
mBCp23 > mBCp56 - Sgen 0

v




.

xXk

— XMy 1 Sok + Sgen = 0

Tk
Qn QL —Qu  —0L
S =0-S =
—mg(hy —h3) —mpg(hy — he)
Ty Ty

Obs.: regime permanente

k
—0233—]

~ Sgen kg K
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Variacdo da temperatura da fonte (nao ideal) de calor

comb.gases

A
_
® - ® Ts Texn
PR Qy AT>>0 «m,-Cp, =m-Cp;
iyl e
QL Té Tcomb
Lol » temperatura
vel =z
Pode-se tentar gjustar a pressdo para
88888080 aproximar as capacidades térmicas do fluido
~ 3 de frabalho (gds) e dos produtos de

combustdo...



Variacdo da temperatura da fonte (nao ideal) de calor

comb.gases

A

_

@ ® Ts T
PR Qy AT—0 «mg-Cp, ~m; - Cp,
il e
QL T6 Tcomb
i » temperatura
fuel =—>zzZZ
2
8844880 A geracdo de entropia é

~ 7 Mminimizada



A = drea de transferéncia de calor

| 2R SN

\ 4

Q= quP,q ' (Teq - qu) Mg, Teq

Q=m¢Cpy - (Ter — Tsr) < My, Ter
- Teg —Toq  ATq  meCpy T
Tsf — Tef ATf mq Cp'q =
AT,
"""" A I
qup,q > Mg Cp,f - ATq < ATf f qu ,,,,,,,,,,,,,,,,,

v



A = drea de transferéncia de calor

Q= quP,q : (Teq - qu) Mg, Teq & t & >
Q=m¢Cps - (Ter — Tsr) < My, Tes
- Teq —Tsq ATy meCpy :
Tsf — Tef ATf mq Cp'q =
quP,q > My Cp,f - ATq < AT¢ ATcl
myCpq <meCpg = ATy > ATy PR -l 1
AT; -
Tef

v



-

Q=mgCpgq- (Teq — qu)

Q =m¢Cps - (Ter — Tgr)

Teq —Tsq  ATq  meCpy

Tsf — Tef ATf mq Cp'q

quP,q > my Cp,f - ATq < ATf

quP,q <mgCps — ATq > ATy

A = drea de transferéncia de calor

| 2R SN

T

\ 4

mCl' €q

A

My, Tes

v



-

Q=mgCpgq- (Teq — qu)

Q =m¢Cps - (Ter — Tgr)

Teq —Tsq  ATq  meCpy

Tsf — Tef ATf mq Cp'q

qup’q > Mg Cp’f - ATq < ATf

quP,q < mg Cp’f - ATq > ATf

m

A = drea de transferéncia de calor

Q’ Teq

J

\ 2 |

\ 4

A

My, Tes
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Energia térmica
ndo aproveitada

v



-

Q=mgCpgq- (Teq — qu)

Q =m¢Cps - (Ter — Tgr)

Teq —Tsq  ATq  meCpy

Tsf — Tef ATf mq Cp’q

quP,q = Iy Cp’f - ATq = ATf

&

A = drea de transferéncia de calor

2R N

qr 'eq

A

My, Tes

v

A - o = T = Teq € Tsq = Ter

NAO HA GERAGAO DE ENTROPIA ! (T, - T; = 0)



A = drea de transferéncia de calor

qr 'eq

-------------------------- - mf, Tef
dQ = —In¢ Cp’f . de

A

dQ=+U-A(Tqy—Tf)

q

ef

v

dA



A = drea de transferéncia de calor

qr 'eq

dQ = —my Cpq - dT,

\ 4

A

dQ = —In¢ Cp’f . de

dQ=+U-A(T,—T¢)

GO@

Q=UA (Teq B Tsf) _ (qu B Tef)
In Teq - Tsf
qu - Tef
Q=mgCpgq - (Teq - qu)
u Q=m¢Cpy - (Ter — Tsr)

Mg

T

r lef



Variacdo do calor especifico com a temperatura e pressdo...

Cp (k/kg/K)

1,30
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200

400

600

temperature (°C)

1000

Air

1bar
= 10bar
——— 100bar

1200

1,30

1,25

1,20

Cp (kI/kg/K)

1,10

1,05

1,00

200

400

600

temperature (°C)

1000

N2

1bar

= 10bar
—— 100bar

1200



Te —Ta) — (Tx — T

. o ya (5T = (T =)
iy ln(ﬁ)
Te — T,

QRzm'(hS_h6)

QR=m'(h3—h2)

(— [




Qy T i (Ts — T3) — (Tg — T) QQ

Qr = UA l (Ts — T3)
n T6 _Tz

Qg = m - (hs — hg)

QR=m'(h3—h2)

(— [

fi=Qr —m- (h3(T3) —hy) =0

~ f2=Qr—1-(hs —hg(Te)) =0

UA
f3=(Ts —T3) = (Tg = T,) - exp <Q_R ((Ts —T3) — (Tg — Tz))> =0



BBIs proprietarias x BBLs Organizacoes Tabajara (Excel)

O)
3 QR =m-: (h3 (T3) — TZ) |
\
B h3(Ty) = h(T) @ 100bar | nutelids
e |

Qr = m - (hs — hg(Te)) |
he(Te) = h(T) @ 20bar | nutelidd
e |




750°C

276

81

f« | nitrogen

A A B G F
1 IFIuido nitrogen .I
2 P1 40 bar xk
3 |m 150 °C QR 257,201 kW
4 hi 436,504 ki/kg T3 507,084 °C
5 sl 6,09815 kJ/kg/K T6 301,009 °C
6, 4
7 |P2 100 bar xk+1
8 T2 276,192 °C QR 257,201 kw
9 h2 571,783 ki/kg T3 507,084 °C
10 s2 6,09815 kl/kg/K T6 301,009 °C
"
12 P4 100 bar
13 T4 7502C
14 _h4 1110,11 ki/kg
15 s4 6,80206 kl/kg/K
16
17 PS5 40 bar
18 T5 533,729 °C o
19 hS 856,188 ki/kg
20 's5 6,80206 kJ/kg/K
21 |
22 | m 1 kg/s
23 UA 10  kw/k
24 eps 0,001 -

R =%, —[oF/0x,] " 1,

H 1 J K L M
fk QR B T6
f1 0 1 1 -1,13337 0
f2 0 2 il 0 1,08311
f3  0,00000 3 0,00736 0,03593 -0,0377
dxk QR T3 T6
dar 0 1 04293 0,47101 13,5407
dT3 0 2 -0,50354 0,41559 11,9472
dT6 0 3 -0,39636 0,4884 -12,5017
500
as0
400
T 3% —_—13
:5' 300 —T
2 20 —n
i-i 200 6
210
100
50
0
1 10 100 1000

UA (kW/K)




A B C D E F G H J K L M N 0 P Q R |

1 |Fluido nitrogen
2 p1 20 bar xk fk QR T3 6
@ 3 M 25 °C QR 210,274 kw f1 0 1 1 1,11262 0 )
4 |h1 305,099 ki/kg T3 391,952 °C f2 0 2 1 0 1,06303 @
QH 5 |s1 5,93705 kl/kg/« T6 201,37 °C f3 -0,00002 3 0,48659 21,0072 Qy
6
@ 7 P2 100 bar ) dxk QR T3 6 @
8 |12 201,37 °C QR 210,274 kw dar|  6E15 1 5,3E09 1 2,8E10
9 |h2 489,46 kl/kg T3 391,952 °C dT3  -5,4E-15 2 -0,89878 0,89878 2,5E-10
10 |s2 5,93705 kl/kg/« T6 201,37 °C dT6  5,6E-15 3 5609 5,1E09 -2,6E-10

v i
391,9°C [ O] 396,6°C A 100 bar
13 |T4 750 °C 396,591 T5

14 |ha 1110,11 ki/kg T3 391,952 < 4,63854 delta
<j Qg 15 |s4 6,80206 ki/kg/K

16 201,37 T6

17 |Ps 20 bar T2 201,37 1,2E-09 delta

18 |15 396,591 °C

@ 6 201,3°C 19 |hs 702,859 kl/kg
1 20 |s5 6,80206 ki/kg/K h3 699,734 wil2 -184,361
21 | s3  6,30947 w45 407,253
22_ m 1 kg/s 0 =balango energia
@ 23 | UA 1000 kw/k h6 492,585 q34 410,379 0,00158 = balanco de entropia
Q 24 | eps 0,001 - s6 6,43122 g61 -187,487
L 25
26 q23 210,274

@ 27 q56 -210,274

Sgen = MpS3 — MpS, + MpSg — MpSs

2qg—2w =0 g
Mostrar que com a
diminuicdo de UA, os delta
T's aumentam e, conseq., Qr — e —
aumenta fambém a ZT_ +Xm;Six =0 Sgen 0,00158 &f/kg/K
k

geracdo de entropia.
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