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Ciclo de Brayton associado a um ciclo de Rankine com reaguecimento
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CONCEPTUAL DESIGN OF A THERMOSOLAR POWER PLANT...

® F— o
B
57 MW 20 MW
How much energy Qres Qs
is available for D
conversion ¢ < J
SR * S
Qcop

Average solar energy (W/m?2) collected at earth’s surface by a
2D collector placed at lafitude ¢, disregarding the presence of
clouds and other random losses.

f (solarenergy) d¢p dn

hour

Qeao® = 35575,




DefIﬂITIOﬂS ond Weli dgle] formuloe

=1 _ . i ' SUNSEQUATORIAL COORDINATES

zenith

Obs.: depends on
the day of the year

Obs.: dep‘en;ds on the
(Sl o : hour of the day (local
g — s s hour; 12h€Q —>0=0)




_ Definitions 'dnd WYelidgle] fbrmullce.'_._.

[ . £ " Definition of the day of the year ohd_of the hour of the day

+ .

n=12--365 ¢ = —90°, —-89°,---+ 90° T

4+

Calculus of the solar elevation (h):

.

+

o sin(h) = sin(¢)sin(8) + Co$(¢)COS_(5)COS((P) :

+
+

" Calculus of the s8for azimuth (A):

Sun's elevation at noon in Séo
Carlos (22°01"S = -22,017°) -

() = sin(¢)sin(h) — sin(6)
o Y T T os@)eost)
Déf'iniTi@n of ’rhé sofar vector (VS): | 72 |
i i I 47 Jr_.

VS = cos(h) cos(A) i + cos(h) sin(A) j +sin(h) k  +




Anallse dos CIC|OS a vapor
O ciclo de ’ﬁankme



Ciclo de Carnot: definicao

[ caldeira ]

Attention to
Filler Words

1-2) Compressao isentropica (bomba)
2-3) Aquecimento isotérmico (caldeira)
3-4) Expansao isentropica (turbina)

4-1) Resfriamento isotérmico (condensador)
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Ciclo de Carnot: definicao

1-2) Compressao isentropica (bomba)

caldelrs ] 2-3) Aquecimento isotérmico (caldeira)
3-4) Expansao isentropica (turbina)
4-1) Resfriamento isotérmico (condensador)

temperatura

N

2 N B 0
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w € ﬂ
Qcond

entropia

Nicolas Léonard Sadi Carnot
em 1824, aos 28 anos de idade...

REFLEXIONS

PU IbbU\(,.L MOTRICE

DU FEU

SUR LES MACHINES

PROPRES A DEVELOPPFER CETTE PUISSANCE

Pan S. CARNOT,

A PARIS,
CHELIER, 1




Ciclo de Carnot: dificuldades de realizacao pratica

* Okay controle da temperatura

e Erosdo na turbina devido a formacao de gotas ()

* Baixa eficiéncia hidromecanica no bombeamento de uma
mistura bifasica
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N
Ll

entropia



Ciclo de Carnot: dificuldades de realizacao pratica

* Okay bomba, turbina e controle da temperatura condensador
* Pressao liguido comprimido impossivelmente elevada
* Dificil controle da temperatura nas regides monofasicas (%)

temperatura

N
Ll

entropia




Ciclo de Rankine: definicao

1-2) Compressao isentropica (bomba)
2-3) Aquecimento isobarico (caldeira)

3-4) Expansao isentropica (turbina)

4-1) Resfriamento isotérmico (condensador)

. /. '
temperatura IsoP Vo ce 1ese /Z%L '
N T V
‘o William John Macquorn Rankine
. University of Glasgow
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Ciclo de Rankine Padrao

1-2: bombeamento isentrdpico
2-3: aquecimento isobarico
3-4: expansao isentrdpica

4-1: resfriamento isobarico

Q,

Q

Attention to
Filler Words

[> 350°C @ 3MPa




Ciclo de Rankine Padrao

1-2: bombeamento isentrdpico
2-3: aquecimento isobarico
3-4: expansao isentrdpica

4-1: resfriamento isobarico

caldeira

_
=
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Calculo do trabalho demandado pela bomba

bea _Wbba :m'hz_m'h1

o w0

Q a_Wbba:m'hZ_m'h1
(@
W?ba =h;-h, [ E \ ’

$ Wipa =14 —hy

> Wy, <0 — absorvido




Calculo do calor gerado na caldeira

Qcal_Wcal :Ih'h3 _m'hZ

2 g
Qcal _%:rh.h3 _Ih.hZ WBHC/\>
0 1 g
ﬁclal =hz —h,
? eal = h3 h2




Calculo do trabalho produzido na turbina

Qy
Qtur_wtur:rh.h4_m.h3 % E | W

o- -0
%‘ Wi =m-h, —m-h; wy—(?)
(@
Wtur

=h; -h,

? W tur :h3 _h4

> Wy, >0 — rejeitado




Calculo do calor rejeitado na torre de resfriamento

Qcon _Wcon :Ih'h’l —ﬂl'h4

-
Qcon _%:m'h1 _Ih°h4
we—~()
©-
Q?On =h,;-h,
m

$ Qeon = h1 _h4

> Ocon <0 — rejeitado




x=0 @ 75kPa S, =S, @ 3MPa
h, = 384,44 k)/kg/K h, = 387,44 ki/kg/K
s, = 1,2132 ki/kg/K T, =91,946 °C
5m | = =
om — — 3000kPa 75kPa
om 35_0°C Q
23:3.8°C E
9127°C -\Xzo Q _;
>y




=10m

350°C @ 3MPa

@

h, = 3116,1 kl/kg

s, = 6,7449 ki/kg/K

S,=S, @ 75kPa

Sig = 1,2132 kl/kg/K  h

W

= 384,45 ki/kg

lig

Suap = 7,4557 ki/kg/K  h,,, = 2662,

x =0,886

h, = 2402,7 ki/kg

| ‘ /fom P f:a Fa
3000kPa 75kPa
5,00



> Wr — Y Wy
2. Q¢

N " = (hg —hy) — (h; —hy)
| 1 (hz —hy)

T]:

~ (3116,1 — 2402,7) — (387,48 — 384,44)

(3116,1 — 387,48)



29,4% 65,8% 11,5%

| | ' ‘ | ™ e e
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|
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TL =91 .7°C Ncarnot = 1 — T,/ T
,mMin ’
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350°C @ 3MPa

QH\ .

: {// ™ oTl

Attention to E Q,

Filler Words

X=0 @ 75kPa
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x=0 @ 75kPa S, =S, @ 3MPa

+3{]m -(J:- @ @
; |

h, = 384,44 kl/kg/K h, = 387,48 ki/kg/K
s, = 1,2132 ki/kg/K T, = 91,946 °C
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=10m

350°C @ 3MPa

0

h, = 3116,1 ki/kg

s, = 6,7449 ki/kg/K

S;=S,@T,,/3MPa

v

s, = 6,7449 kl/kg/K
T, =233,8°C P, = 1,231 MPa

h, = 2897,0 kl/kg

| e i
3000kPa 75kPa
Q 9

350°C
233.8°C
200,— :‘%
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350°C @ 1,231 MPa S. = S, @ 75kPa

0 0

he = 3153,5 ki/kg Siq = 1,2132ki/kg/K  hy, = 384,44 ki/kg
Svap = 7,4557 ki/kg/K  h,,, = 2662,4

s. = 7,2012 ki/kg/K

S x=0,959 he = 2569,0 ki/kg
| e fe
om — 3000kPa | 75kPa
o 35_0°C Q ﬁ
t\



+30m

+25m

+20m

n:

2 Wr — 2 Wpg
2. Qc

[(hs —hy) + (hs — he)] = (h, — hy)

T]:

e (hs — hy)+(hs — hy)

[(3116,1 — 2897,0) + (3153,5 — 2569,0)] — (387,48 — 384,44)

(3116,1 — 387,48) + (3153,5 — 2897,0)

Twr — W
n = TQC :> nreaq = 0’268 Otimizacdo da

pressao do estagio

NRank = 0263 intermediario...
dn )
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turbine process puMmp

4 steam
super heaters evaporator economizers
supplementary ; : |
gas injection /_\ g <«
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~ TRABALHO MECANICO E*€ALOR‘DE PROCESSO




USINA DE CANA DE ACUCAR CONVENCIONAL — ACUCAR, ETANOL E ELETRICIDADE

water CO2 CO2
sunlight water CO, 1000 t/h 2t/h 98 t/h
- harvesting
20 - 40 kha rvest o
(35 t/h)
ethanol
(42 m3/h)
electricity
(50 MW)

nutrients solids vinasse ~ 100 MUSS
(1 ton/h) 1-10t/h 500 m3/h

Attention to TRL 9 — “Turn Key” contracts
Filler Words



USINA DE CANA DE ACUCAR CONVENCIONAL — ACUCAR, ETANOL E ELETRICIDADE
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USINA DE CANA DE ACUCAR CONVENCIONAL — ACUCAR, ETANOL E ELETRICIDADE

sugarcane
mechanical straw
processing
E
L Y
iui bagasse
uice ® exer surplus
J . L] J steam gY —> P
extraction dw generation exergy
drive heat
crystallization conventional
boiler
centrifugation molasses
! = N
sudar juice CoO, flue
9 fermentation H,O gases

T air

wine
distillation

ethanol vinasse



evaporation <
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{XD process process
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> E
‘ v
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fermentation H,O compression
A
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USINA DE CANA DE ACUCAR AVANCADA — ACUCAR, ETANOL, ELETRICIDADE, CO2 SUPERCRITICO, ETC.
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Aproveitamento do calor rejeitado (22 Lei da Termodinamica)

fornecedor de
calor Qq
\
W

o -0
trabalho
éC/\> Meiclo + rnproc Meicio
bomba
absorvedor de
calor
© m vapor saturado

1° Lei: Q= Q + W [\ 5 —>
2° Lei: W/Q, < 100% D E \

calor &
rejeitado

liguido saturado
proc «—




Aproveitamento do calor rejeitado (22 Lei da Termodinamica)

fornecedor de
A Wliq T Qproc <1

T’lcog o —

Qq
n _ Mg [(h3 ~h ) — (h -h )]+ Ifnproc ) (h - hl)
sRseluecionde i Micio (h 2)
1° Lei: Qg = Q; + W My, =M,
2° Lei: W/Q, < 100% ‘l'
n _ [(h3_h4)_(h2_h1)]+(h4 _hl)
i (h3 - hz)

Neog = 1




CIC|0 de Rankme com aqueamento
e g regener%tlvo %




Attention to
Filler Words

350°C @ 3MPa

camara de

X=0 @ 75kPa

borbotagem 233,8°C @ 1,231 MPa



temperatura °C
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=10m

x =0 @ 75kPa

v

S,=S, @ 1,231MPa

v

h1 = 384,44 kl/kg/K hz = 385,65 kJ/kg/K
s, =1,2132 kl/kg/K T,=91,834°C
| fe i
3000kPa 75kPa

1232kPa 7

b\




equacao de mistura 350°C @ 3 MPa

seom 0:', @ @

hy=... hy=... h. = 3116,1 ki/kg
o S3 = ... S4 = ... sc = 6,7449 kJ/kg/K
m | ' foe i
<. 3000kPa 75kPa
o “"“-:— 1232kPa —
o 350°C




S =S, @ 1,231 MPa Se =S, @ 75kPa

¢ |

he = 2896,9 k/kg h, = 2403,0 kJ/kg
s, = 6,7449 ki/kg/K x, = 0,88614 kg/kg
' | = Ao
om — 3000kPa 75kPa
” m.:— 1232kPa
o 350°C

\ X=0 b \
|
3,00 6,00 9,00




Determinacao do estado da mistura vapor/liquido

hy = (1-y): hgty - h, m —
(1-y).m

hy <N iio |1 23mpa= 803,64 ki/kg y.m

sat,liqg

s3 = h| P3,h3(y) |

L

Parametros arbitrados no projeto (e.g. y = 0,98, P,=12,31bar)

h;=(1-0.98)-2896,9 + 0,98-385,65 = 435.87 kl/kg

?
s3=h(P;, h;) =1,3486 kJ/kg/K S3=(1-y) sg+Vy-s,

O processo de mistura e e e ?
gera entropia E E E s; >(1-0.98)-6,7449 + 0,98-1,2132 = 1,324 kl/kg/K



equacao de mistura

+30m o7 @

P, = 3000 kPa

h,=437,72 kl/kg/K
s, = 1,3486 kJ/kg/K

| e A
3000kPa 75kPa

.= 1232kPa

=10m

b\



2. Wr — X Wpg

n =
2. Q¢

_ [m - (hs — hg) + ym - (hg — h;)] — [ym - (h; —hy) + m - (hy —h3)]

! m - (hs — h,)

_ [m/- (hs —he) + ymi - (hg —h;)] — [ypd - (h; —hy) +mi - (hy — h3)]

L ’ ol - (hs —hy) ’

[(hs —hg) +y - (hg —h7)] — [y (h, —hy) + (hy — h3)]
(hs —hy)

T]reaq — 0'268 Devem ser

_ comparadas as
NRank = 0,263 nregen = (0261  configs otimizadas
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|

I o -
M~ k
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