SEMO0551 Fendmenos de Transporte

PROPRIEDADES TERMODII:III-\\MICAS:
DIAGRAMAS DE EQUILIBRIO




Aula passada:

22 lei de Newton aplicada a um sistema de
particulas... relacao algeébrica entre pressao,
volume e temperatura (gases perfeitos)




Como explicitar a vinculacao entre
diferentes propriedades termodinamicas
para uma substancia genérica ?

-



Demonstracao do uso de “tabelas eletronicas”...

n REFPROP {water) - NIST Reference Fluid Properties

T T AT —

File Edit Options Substance Calculate Plot Window Help Cautions
2: water: V/L sat. T=0,02 to 370, °C = ey [ S e =]
Gas phase
o o o talar mass Triple pt. temp. Marmal bailing pt. dipole at NBP
Liquid | “apor | Liguid | ‘Yapor Liquid | Yapar [ 1605 katkmal | 00 °C R [ 1,556 debye
Temperature | Pressure | Density | Density | Enthalpy | Enthalpy| Entropy | Entropy
(') (har) thaf/m®) | (ko) | (edfed) | (kdfiad | (kiR | Ckdfleg-K) Critical Paint
Temperature Pressure Denazity Acentric fackar
1| 0.020000 00061210 999,79 [ 0.0048573|0.042511| 25009 | 000015445 | 91552 R [ 22064 bar 322 kain [ 03443
2 50200 00037379 999,92 [ 00068112 21104 25101 0.076556 9.0243
3 10,020 0.012298 | 99965 | 0.0094180 | 42106 2519.2 015138 8.8993 Range of applicability
4| 1s020 [ oo017080 | 99205 | 0012857 | 63065 | 26284 | 022475 | 67798 MOz, iz, WEEEEYE ST eely
5| 20020 | 0.023422 | 99816 | 0017334 | 53998 | 25375 | D0.29677 | B.6655 oo | meat | 10000.bar | 13324 kgl
b 25.020 0031737 | 937.00 | 0023101 10491 2545.5 036751 85562 MIST Rec: FEQ Helmholtz equation of state for water of WWagner and Pruss [2002). -]
7 30,020 0042518 | 99560 | 0030448 | 12582 25556 043703 8.4516 LITERATURE REFEREMCE g
a8 36,020 0.05R352 | 993498 | 0039716 | 14672 25646 0,50540 83513 ‘v\_lfagr'i;fh‘ﬁsapd PrLIJSS'A-fSSEF N P i Ord
"The armulation or the Thermodynamic Properties of Ordinary =
5 40,020 0073928 | 99217 | 0051284 | 167.R2 26735 067267 8.2552 \wiater Substance for Gereral and Scientific Use."
10 45,020 0.096049 | 99016 | 0065628 | 18852 26825 0,63885 8.1630 J. Phys, Chem. Ref. Data, 31(2):387-535, 2002
The uncertainty in density of the equation of state is 0.0001% at 1 atm
= . i, . in the liquid phase, and 0.001% at other liquid states at pressures up
R S S =_| O | X to 10 MFa and temperatures to 423 K. In the vapor phaze, the uncertainty i
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Fases de uma substancia pura: aquecimento a P=cte

(@)

u

v’ Fase solida: seu volume tem forma propria
v’ Fase liquida: ocupa parcialmente o volume do recipiente

v Fase gasosa: ocupa totalmente o volume do recipiente



Construcao empirica do diagrama de equilibrio
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Construcao empirica do diagrama de equilibrio
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Construcao empirica do diagrama de equilibrio

temperatura

A

Al
@ o
s 8%‘5 F




Construcao empirica do diagrama de equilibrio
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Diagrama de equilibrio da agua (Refprop)
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Diagrama de equilibrio do CO, (Refprop)
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Fases de uma substancia pura, pressurizacao a T=cte

[

ula

"1 o H - = -H - H 4 -EH -1=
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Meio com capacidade

infinita de absorver de calor, i.e
absorve calor sem alterar sua
temperatura.
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Aplicacao:
sistema de extracao com

CO, supercritico



Transformacao isocorica (v=cte)

volume
vapor

volume
liquido




Transformacao isocorica (v=cte)
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Variacao de p;, e p,,, COM a pressao e a temperatura...

REFPROP {carbon dioxide) - MIST Reference Fluid Properties

=

| -E )

File Edit Options 5Substance Calculate Plot Window Help Cautions
11: carbon dioxidedrho = 500, kg/m®
Ligquid “apor Liguid Sapor
Temperature | Fressure| Densiy | Density | Density Volume | Wolume “alume
("C) (bar) | (ko™ | (kfm®) [ fkgfrm®) | (ko) | (mika) | (miko)
1 14.000 49,658 [ &OO0.00 | &28.70 155,11 0,0020000 | 0,0012053 | 0.0064472
2 15,000 hO.6Y1T | &OOO0O | 821,21 160,73 | 0,0020000 | 0,0012177 | 0,0062216
3 16,000 h2,108 | &O0.O0 | &12.41 166,66 | 0,0020000 | 0,0012308 | 0.0060003
4 17.000 h3.368 | &OOO0 | 803,27 172,93 | 0,0020000 | 0,0012443 | 0,0057628
5 18.000 h4.657 | BOOOO | 743,76 179,57 | 0,0020000 | 0,0012545 | 0,0055658
b 149,000 h5,8955 | &OOO0 | 783,81 186,64 | 0,0020000 | 0,0012755 | 0,0053578
7 20,000 h7.291 | &OOO0O | 773,39 194,20 | 0,0020000 | 0,0012930 | 0,0051493
g 21.000 hoB4E | &O0,00 | 76240 202,32 | 0,0020000 | 0,0013176 | 00045427
9 22.000 60037 | &O0OO0 | 78077 211,08 | 0,0020000 | 0,0013320 | 0,0047375
10 23.000 61,440 [ 500,00 | 73836 220,k | 0,0020000 | 0,0013543 | 00045326
1 24.000 Bz.ad7 | hOO00 | 72502 231,10 | 0,0020000 | 0,00137493 | 0,0043272
12 25,000 64,342 | &OO.00 | 710,50 242,73 | 0,0020000 | 0,0014075 | 0.00411498
13 26,000 B5.837 | BO000 | 644,46 25h,86 | 0,0020000 | 0,0014400 | 0,0034053
14 27.00a 67,361 [ BOO.O0 | BY6.36 271.M 0,0020000 | 0,0014785 | 0.0036833
15 28,000 G3.918 | &O000 | BRGZE 284,11 0,0020000 | 0,0015261 | 00034539
16 29.000 70,609 | &O0O0 | BZ29,36 312,03 | 0,0020000 | 0,00155883 | 0,0032048
17 30,000 72,137 | 500,00 | 593,31 345,10 | 0,0020000 | 0,0016855 | 00025977
15 30,963 73,748 | 500,00 | 500,00 437,72 | 0,0020000 | 0,0020000 | 00022546
19 31.000 73812 | 50000 | 500,00 | Undefined | 0.0020000 | 0,0020000 | Undefined
20 32,000 75,609 | 50000 | 500,00 |Undefined | 0.0020000 | 0,0020000 | Undefined

b
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Variagao de pj, e p,,, COM a pressao e a temperatura...

REFPROP...




Variacao de p, e p,,, COM a pressao e a temperatura...

densidade
(kg/m3)

829,7 — liquido

saturad
liquido
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vapor
___—saturado
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57bar 20°C

\l

72bar

i N

30°C

\'

102bar 46°C

_,.\“"IH',‘
A =

194,2kg/m3 312,0kg/m3

733,4kg/m3 629,4kg/m3 500,0kg/m3

. _ 500,0-733,4 . _ 500,0-629,4 . _ 00,0 -500,0
©194,2-733,4 © 312,0-629,4 ~ 500,0-500,0

x =0,433 x =0,408 > x£20,408







Sistema de extracao com scCO,
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Producao de oleos essenciais

Curcuma Extracted liquid of Chil Extracted liquid of Black pepper Exiracled liquid of Colxlacryma-jobi Extracted liquid of
curcuma chils Dlack pepper COoix Iacryma-jodi

O
Aguilaria Extracted liquid of Rosmarinus Extracted liquid of Phacophyla Extracted liquid of Roe Extracied liquid of

aquilaria rosmarinus phasophyta roe

T = &
‘ 4' !
~ ®-%

‘ J
Extractod liquid of Radix Salviae Extracted liquid of Chinese Angelica Extracted liquid of Chinese cinnamon Extracted liquid of
thodiolnrosea Miltiorrhizae radiz salviae milbarmizae chinese angelica chinese cinnamon

Antrodia cinnamomea Extractod Hquid of Mushrooms Extracted liquid of Agardwood
antrodia cinnamomea mushrooms

Extracted liquid of
chamaecyparis




Graos de café descafeinado
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agua

Cafeina
dissolve
em agua

— —> agua+ cafeina

“lavador”
de COZ




Diagramas de equilibrio
solido-liquido-vapor

-
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Mars Global Surveyor
March, 1999
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Camada superficial de CO2 forma-se no inverno e sublima “explosivamente” no IR ol (our sun) ,
A Mars Reconnaissance Orbiter (MRO)

verao. Isto gera ventos de ~400km/h que transportam particulas do solo, BT o oo rr ()

transportando-as por todo o planeta. (Mars Reconnaissence Orbiter) BESERR 15152 il
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JPL News Release 2010-180




* Geleira do Lago Grey,
- Pg Nacional de Torres del Paine, 03/2013




Retracao das Geleiras

Glaciar Grey, Campo de Gelo Patagdnico Sul



Retracao das Geleiras

Glaciar Grey, Campo de Gelo Patagdnico Sul
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Superficie P x v x T

-



Pressure




pressao /

press&o /

Liquid + Vapour |
|

Solid + Vapour

pressdo 4

N
. - ’,
_’/. | |
i ) : / | |
.-”—: V\‘. \\\ 5
\ el :
S~ \,\ - ) i
S~ X \--
5% < T
-
. - N ~ $ ] ; \‘\
L'qun = 4 b 3 \ \
7 it
*ponto critico
.', \‘.\
1 ‘l\
| \
\
\
\
\.

J
/

J

/
/!

' inha tripla
_,/

|

volume

volume



DiagramaP x T
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Diagrama P x T: dioxido de carbono

* pressao total

Pressao (bar)
10+ —
solido
10+ —
107 — 30.98°C
73,77bar

atmosferada terra  10"! —
Nitrogen 78,08%
Oxygen 20,94%
Argon 0,934% > -—------------------------
Neon 0,002%
Helium 104 %

101 —
Carbon dioxide 96,0% 102 —
Argon 1,90% _ (o]
Nitrogen 1,90% ——>F----- : 122,5°C
Oxygen 0,145% i 0,006bar
C. monoxide 0,006% 103 ! | | | | | | | | | |
atmosfera marciana

-140 -120 -100 -80 -60 -40 -20 0 +20 +40 +60 Temp (°C)




Formacao de neve de dioxido de carbono em Marte

Heavy Frost, or Snow, Deposit at Viking Lander 2 Site (Viking Lander Image 211093)



Aplicacao:
transferéncia de calor a
pressao constante — entalpia

-
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temperatura
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critica

-

-
_____ —__—’/

aguecimento

1 — 2: aquecimento isobarico (P=cte)
2 — 3: compressao politropica (P.v'=cte)

3 — 4: resfriamento isobarico (P=cte)

>

volume



Aplicacao da 12 lei da termodinamica

YRR

aguecimento
isobarico
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Aplicacao da 12 lei da termodinamica

s R

AR

° o .
(X X )
Jepesee

I

aguecimento
isobarico

AE=Q-W
Uz _Ul :le _le




Aplicacdo da 12 lei da termodinamica W =F - AX

U2 _Ul — Q12 - W12




Aplicacdo da 12 lei da termodinamica W =F - AX

U2 _Ul — Q12 - W12

2 2
UZ_U]_:Q]_Z _LPdV:Q]_Z _PLdV




Aplicacdo da 12 lei da termodinamica W =F - AX

U2 _Ul — Q12 - W12

2 2
UZ_U]_:Q]_Z _LPdV:Q]_Z _PLdV

U, —U; =Qq; —P-(V; = V)




Aplicacdo da 12 lei da termodinamica W =F - AX

U2 _Ul — Q12 - W12

2 2
U2_U1:Q12_LP'dV:Q]_z_P'LdV
U, -U; =Qy, _P'(Vz—Vl)

U2 o Ul — Q12 — P2V2 + P1V1




Aplicacdo da 12 lei da termodinamica W =F - AX

U2 _Ul — Q12 - W12

2 2
U2_U1:Q12_LP'dV:Q]_z_P'LdV
U, -U; =Qy, _P'(Vz—Vl)

U2 o Ul — Q12 — P2V2 + P1V1

Q= (U, +P,V,) = (U +PV))




Aplicacao da 12 lei da termodinamica

Uz _Ul — Q12 — W12

W =F - AX

2 2
U, -U; =Qy; _LP'dV:le —P-LdV

Uz_U1:Q12_P'(V2_V1)

U, -U; =Q., —P,V, + PV,

Qi =

(U, +P,V,)

(U; + P V))

!

entalpia 2

!

entalpia 1



Aplicacao da 12 lei da termodinamica

def
H=U+PV




Aplicacao da 12 lei da termodinamica

def
H=U+PV

Qp =(U, +P,V,) - (U, + P V,)




Aplicacao da 12 lei da termodinamica

def
H=U+PV

Qp =(U, +P,V,) - (U, + P V,)

Q12 — Hz _H1




Aplicacao da 12 lei da termodinamica

def
H=U+PV

Qp =(U, +P,V,) - (U, + P V,)
Q12 — Hz B H1

Q. =m-(h, —h,)

A entalpia pode ser interpretada como a quantidade
de calor transferido a pressao constante
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Diagrama P x h do CO,
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Diagrama P x h do CO,

pressao (bar)
(L L

calor trocado no
aquecedor

ne T trabalho de
R compressao

l l T

100, 200, 300, 400, 500, 600,

entalpia (kJ/kg)

10,0



Voltando ao problema de
converter calor em
trabalho mecanico...

-



Motor de Stitling — "combustao externa”

Reverendo Dr. Robert Stirling
em 1816

v' Mais eficiente que os
motores a vapor

v" Fontes de calor a baixa
temperatura
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... mas este &€ um assunto
para as proximas aulas !

-
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