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Hipóteses Simplificadoras



𝐻1
Somente dois componentes no gás: água e etanol. Considera-se que o etanol não é adsorvido 
pelas peneiras moleculares.

𝐻2 Gás ideal

𝐻3 Velocidade constante

𝐻4 Sistema adiabático

𝐻5 A resistência à transferência de massa segue um modelo linear (LDF)

𝐻6 Isoterma de Langmuir

⋮ ⋮



Volumes Finitos



Volumes Discretos de Mesmo Tamanho

𝜙1 𝜙2
𝜙𝑁𝜙𝑁−1...

L

𝑃𝑊 𝐸𝑤 𝑒



Conservação de Massa da Fase Fluida



Modelo

𝜕𝑐𝑎

𝜕𝑡
=

𝜕2(𝐷𝑎𝑥 ⋅ 𝑐𝑎)

𝜕𝑧2 −
𝜕

𝑢
𝜖 ⋅ 𝑐𝑎

𝜕𝑧
−

1 − 𝜖

𝜖
𝜌𝑠 ⋅

𝜕𝑞𝑎

𝜕𝑡
Concentração molar de água

𝐷𝑎𝑥 ⋅
𝜕𝑐𝑎

𝜕𝑧
 
𝑤=0

−
𝑢

𝜖
⋅ 𝑐𝑎  

𝑤=0
= −𝑢𝑓 ⋅ 𝑐𝑎𝑓

Condição de contorno em 𝑧 = 0

𝜕𝑐𝑎

𝜕𝑧
 
𝑒=𝐿

= 0 Condição de contorno em 𝑧 = 𝐿



Concentração em um volume interno P

 
𝑤

𝑒 𝜕𝑐𝑎

𝜕𝑡
𝑑𝑧 =  

𝑤

𝑒 𝜕2(𝐷𝑎𝑥 ⋅ 𝑐𝑎)

𝜕𝑧2 𝑑𝑧 −  
𝑤

𝑒 𝜕
𝑢
𝜖

⋅ 𝑐𝑎

𝜕𝑧
𝑑𝑧 −  

𝑤

𝑒

𝑆𝑐 𝑌, 𝑇, 𝑃 𝑑𝑧

𝜕𝑐𝑎𝑃

𝜕𝑡
⋅ Δ𝑧 = 𝐷𝑎𝑥 ⋅

𝜕𝑐𝑎

𝜕𝑧
 
𝑒

−
𝜕𝑐𝑎

𝜕𝑧
 
𝑤

−
1

𝜖
⋅ (𝑢 ⋅ 𝑐𝑎)  

𝑒
− 𝑢 ⋅ 𝑐𝑎  

𝑤
−  𝑆𝑐 ⋅ Δ𝑧

𝜕𝑐𝑎𝑃

𝜕𝑡
=

𝐷𝑎𝑥

Δ𝑧
⋅

𝜕𝑐𝑎

𝜕𝑧
 
𝑒

−
𝜕𝑐𝑎

𝜕𝑧
 
𝑤

−
1

𝜖Δ𝑧
⋅ (𝑢 ⋅ 𝑐𝑎)  

𝑒
− 𝑢 ⋅ 𝑐𝑎  

𝑤
−  𝑆𝑐

𝜕𝑐𝑎𝑃

𝜕𝑡
=

𝐷𝑎𝑥

Δ𝑧
⋅

𝜕𝑐𝑎

𝜕𝑧
 
𝑒

−
𝜕𝑐𝑎

𝜕𝑧
 
𝑤

−
1

𝜖Δ𝑧
⋅ (𝑢 ⋅ 𝑐𝑎)  

𝑒
− 𝑢 ⋅ 𝑐𝑎  

𝑤
−  𝑆𝑐

𝜕𝑐𝑎𝑃

𝜕𝑡
=

𝐷𝑎𝑥

Δ𝑧2
⋅ 𝑐𝑎𝑃+1

− 2𝑐𝑎𝑃
+ 𝑐𝑎𝑃−1

−
1

𝜖Δ𝑧
⋅ (𝑢𝑃𝑐𝑎𝑃

− 𝑢𝑃−1𝑐𝑎𝑃−1
) −  𝑆𝑐

Aproximação de primeira 
ordem para os termos 
advectivo e dispersivo.



Concentração no primeiro volume

𝜕𝑐𝑎1

𝜕𝑡
=

𝐷𝑎𝑥

Δ𝑧
⋅

𝜕𝑐𝑎

𝜕𝑧
 
𝑒

−
𝜕𝑐𝑎

𝜕𝑧
 
0

−
1

𝜖Δ𝑧
⋅ (𝑢 ⋅ 𝑐𝑎)  

𝑒
− 𝑢 ⋅ 𝑐𝑎  

0
−  𝑆𝑐 𝑃 = 1

𝜕𝑐𝑎1

𝜕𝑡
=

𝐷𝑎𝑥

Δ𝑧
⋅
𝜕𝑐𝑎

𝜕𝑧
 
𝑒

−
𝐷𝑎𝑥

Δ𝑧
⋅
𝜕𝑐𝑎

𝜕𝑧
 
0

−
1

𝜖Δ𝑧
⋅ 𝑢 ⋅ 𝑐𝑎  

𝑒
+

1

𝜖Δ𝑧
⋅ 𝑢 ⋅ 𝑐𝑎  

0
−  𝑆𝑐

𝜕𝑐𝑎1

𝜕𝑡
=

𝐷𝑎𝑥

Δ𝑧
⋅
𝜕𝑐𝑎

𝜕𝑧
 
𝑒

−
𝐷𝑎𝑥

Δ𝑧
⋅
𝜕𝑐𝑎

𝜕𝑧
 
0

−
1

𝜖Δ𝑧
⋅ 𝑢 ⋅ 𝑐𝑎  

0
−

1

𝜖Δ𝑧
⋅ 𝑢 ⋅ 𝑐𝑎  

𝑒
−  𝑆𝑐

𝐷𝑎𝑥 ⋅
𝜕𝑐𝑎

𝜕𝑧
 
0

−
𝑢

𝜖
⋅ 𝑐𝑎  

0
= −

𝐹𝑓 ⋅ 𝑊𝑎

𝑀𝑀𝑎
= −𝑢𝑓 ⋅ 𝑐𝑎𝑓

Condição de contorno em z = 0

𝜕𝑐𝑎1

𝜕𝑡
=

𝐷𝑎𝑥

Δ𝑧
⋅
𝜕𝑐𝑎

𝜕𝑧
 
𝑒

+ (𝑢𝑓 ⋅ 𝑐𝑎𝑓
) −

1

𝜖Δ𝑧
⋅ 𝑢 ⋅ 𝑐𝑎  

1
−  𝑆𝑐

Aproximação de primeira ordem 
para o termo advectivo

𝜕𝑐𝑎1

𝜕𝑡
=

𝐷𝑎𝑥

Δ𝑧2 ⋅ (𝑐𝑎2
− 𝑐𝑎1

) + (𝑢𝑓 ⋅ 𝑐𝑎𝑓
) −

1

𝜖Δ𝑧
⋅ 𝑢 ⋅ 𝑐𝑎  

1
−  𝑆𝑐

Aproximação de primeira ordem 
para o termo dispersivo



Concentração no último volume

𝜕𝑐𝑎𝑁

𝜕𝑡
=

𝐷𝑎𝑥

Δ𝑧
⋅

𝜕𝑐𝑎

𝜕𝑧
 
𝑒

−
𝜕𝑐𝑎

𝜕𝑧
 
𝑤

−
1

𝜖Δ𝑧
⋅ 𝑢 ⋅ 𝑐𝑎  

𝑒
− 𝑢 ⋅ 𝑐𝑎  

𝑤
−  𝑆𝑐 𝑃 = 𝑁

𝜕𝑐𝑎

𝜕𝑧
 
𝑒

= 0
Condição de contorno em z = L

𝜕𝑐𝑎𝑁

𝜕𝑡
=

𝐷𝑎𝑥

Δ𝑧
⋅ 0 −

𝜕𝑐𝑎

𝜕𝑧
 
𝑤

−
1

𝜖Δ𝑧
⋅ 𝑢 ⋅ 𝑐𝑎  

𝑒
− 𝑢 ⋅ 𝑐𝑎  

𝑤
−  𝑆𝑐

𝜕𝑐𝑎𝑁

𝜕𝑡
= −

𝐷𝑎𝑥

Δ𝑧
⋅
𝜕𝑐𝑎

𝜕𝑧
 
𝑤

−
1

𝜖Δ𝑧
⋅ 𝑢 ⋅ 𝑐𝑎  

𝑒
− 𝑢 ⋅ 𝑐𝑎  

𝑤
−  𝑆𝑐

𝜕𝑐𝑎𝑁

𝜕𝑡
= −

𝐷𝑎𝑥

Δ𝑧
⋅
𝜕𝑐𝑎

𝜕𝑧
 
𝑤

−
1

𝜖Δ𝑧
⋅ 𝑢 ⋅ 𝑐𝑎  

𝑁
− 𝑢 ⋅ 𝑐𝑎  

𝑁−1
−  𝑆𝑐

Aproximação de primeira ordem 
pra trás nos termos advectivos

𝜕𝑐𝑎𝑁

𝜕𝑡
= −

𝐷𝑎𝑥

Δ𝑧2 ⋅ 𝑐𝑎𝑁 − 𝑐𝑎𝑁−1 −
1

𝜖Δ𝑧
⋅ 𝑢 ⋅ 𝑐𝑎  

𝑁
− 𝑢 ⋅ 𝑐𝑎  

𝑁−1
−  𝑆𝑐

Aproximação de primeira ordem 
centrais nos termos dispersivos



Conservação de Massa no Sólido



𝜕𝑞

𝜕𝑡
= 𝐾𝐿𝐷𝐹 ⋅ 𝑞𝑒𝑞 𝑧 − 𝑞

 
𝑤

𝑒 𝜕𝑞

𝜕𝑡
𝑑𝑧 = 𝐾𝐿𝐷𝐹  

𝑤

𝑒

𝑞𝑒𝑞 𝑧 𝑑𝑧 − 𝐾𝐿𝐷𝐹  
𝑤

𝑒

𝑞 𝑑𝑧

𝜕𝑞𝑃

𝜕𝑡
Δ𝑧 = 𝐾𝐿𝐷𝐹 ⋅ 𝑞𝑒𝑞𝑃

⋅ Δ𝑧 − 𝐾𝐿𝐷𝐹 ⋅ 𝑞𝑃 ⋅ Δ𝑧

𝜕𝑞𝑃

𝜕𝑡
= 𝐾𝐿𝐷𝐹 ⋅ 𝑞𝑒𝑞𝑃

− 𝑞𝑃



Conservação da Massa Global



𝜕𝐶

𝜕𝑡
= −

1

𝜖
⋅
𝜕 𝑢 ⋅ 𝐶

𝜕𝑧
−

1 − 𝑒

𝑒
⋅ 𝜌𝑠 ⋅

𝜕𝑞

𝜕𝑡

𝑢 ⋅ 𝐶  
𝑤=0

=
𝐹𝑓

𝐴 ⋅ 𝑀𝑀𝑡𝑜𝑡

Condição de contorno em 𝑧 = 0.

𝜕𝐶

𝜕𝑡
= −

1

𝜖Δ𝑧
𝑢 ⋅ 𝐶  

𝑒
− 𝑢 ⋅ 𝐶  

𝑤
−  𝑆𝐶 𝑌, 𝑇, 𝑃

Equação em termos de fluxo

𝜕𝐶𝑃

𝜕𝑡
= −

1

𝜖
𝑢 ⋅ 𝐶  

𝑃
− 𝑢 ⋅ 𝐶  

𝑃−1
−  𝑆𝐶𝑃

𝑌, 𝑇, 𝑃
Aproximação de primeira ordem 
para os termos advectivos

𝜕𝐶1

𝜕𝑡
= −

1

𝜖
𝑢 ⋅ 𝐶  

1
− 𝑢 ⋅ 𝐶  

0
−  𝑆𝐶𝑃

𝑌, 𝑇, 𝑃

𝜕𝐶1

𝜕𝑡
= −

1

𝜖
𝑢 ⋅ 𝐶  

1
−

𝐹𝑓

𝐴 ⋅ 𝑀𝑀𝑡𝑜𝑡
−  𝑆𝐶𝑃

𝑌, 𝑇, 𝑃



Conservação de Energia



Conservação de Energia

𝜌𝑔𝑐𝜌𝑔
+

1 − 𝜖

𝜖
𝜌𝑠𝑐𝜌𝑠

𝜕𝑇

𝜕𝑡
=

𝜕2(𝑘𝑒𝑓 ⋅ 𝑇)

𝜕𝑧2 −
𝜕

𝑢𝜌𝑔𝑐𝜌𝑔

𝜖 ⋅ 𝑇

𝜕𝑧
− 𝑄 ⋅

1 − 𝜖

𝜖
𝜌𝑠 ⋅

𝜕𝑞

𝜕𝑡

𝑘𝑒𝑓

𝜌𝑔𝑐𝜌𝑔
+

1 − 𝜖
𝜖 𝜌𝑠𝑐𝜌𝑠

= 𝛼
𝑢𝜌𝑔𝑐𝜌𝑔

𝜖 𝜌𝑔𝑐𝜌𝑔
+

1 − 𝜖
𝜖 𝜌𝑠𝑐𝜌𝑠

= 𝛽
𝑄 ⋅

1 − 𝜖
𝜖 𝜌𝑠

𝜌𝑔𝑐𝜌𝑔
+

1 − 𝜖
𝜖 𝜌𝑠𝑐𝜌𝑠

= 𝛾

𝜕𝑇

𝜕𝑡
=

𝜕2(𝛼 ⋅ 𝑇)

𝜕𝑧2 −
𝜕 𝛽 ⋅ 𝑇

𝜕𝑧
− 𝛾 ⋅

𝜕𝑞

𝜕𝑡



Temperatura em um volume interno (P = 2:N-1)

𝜕𝑇

𝜕𝑡
=

𝜕2(𝛼 ⋅ 𝑇)

𝜕𝑧2 −
𝜕 𝛽 ⋅ 𝑇

𝜕𝑧
− 𝛾 ⋅

𝜕𝑞

𝜕𝑡

Assumindo que a densidade varia 
pouco com o tempo e com z.

𝜕𝑇𝑃

𝜕𝑡
Δ𝑧 = 𝛼

𝜕𝑇

𝜕𝑧
 
𝑒

−
𝜕𝑇

𝜕𝑧
 
𝑤

− 𝛽 𝑇  
𝑒

− 𝑇  
𝑤

− 𝛾 ⋅
𝜕𝑞𝑃

𝜕𝑡
Δ𝑧

𝜕𝑇𝑃

𝜕𝑡
=

𝛼

Δ𝑧

𝜕𝑇

𝜕𝑧
 
𝑒

−
𝜕𝑇

𝜕𝑧
 
𝑤

−
𝛽

Δ𝑧
𝑇  

𝑒
− 𝑇  

𝑤
− 𝛾 ⋅

𝜕𝑞𝑃

𝜕𝑡

𝜕𝑇𝑃

𝜕𝑡
=

𝛼

Δ𝑧2 𝑇𝑃+1 − 2𝑇𝑃 + 𝑇𝑃−1 −
𝛽

Δ𝑧
𝑇𝑃 − 𝑇𝑃−1 − 𝛾 ⋅

𝜕𝑞𝑃

𝜕𝑡

Aproximação de primeira ordem 
para os termos advectivo e 
dispersivo.



Temperatura no primeiro volume (P = 1)

𝛼 ⋅
𝜕𝑇

𝜕𝑧
 
0

− 𝛽 ⋅ 𝑇  
0

= −𝛽 ⋅ 𝜖 ⋅ 𝑇𝑓

Assumindo que a densidade varia 
pouco com o tempo e com z.

𝜕𝑇1

𝜕𝑡
=

𝛼

Δ𝑧

𝜕𝑇

𝜕𝑧
 
𝑒

−
𝜕𝑇

𝜕𝑧
 
0

−
𝛽

Δ𝑧
𝑇  

𝑒
− 𝑇  

0
− 𝛾 ⋅

𝜕𝑞1

𝜕𝑡
P = 1

𝜕𝑇1

𝜕𝑡
=

1

Δ𝑧
⋅ 𝛼 ⋅

𝜕𝑇

𝜕𝑧
 
𝑒

− 𝛽 ⋅ 𝑇  
𝑒

−
1

Δ𝑧
𝛼 ⋅

𝜕𝑇

𝜕𝑧
 
0

− 𝛽 ⋅ 𝑇  
0

− 𝛾 ⋅
𝜕𝑞1

𝜕𝑡

𝜕𝑇1

𝜕𝑡
=

1

Δ𝑧
⋅ 𝛼 ⋅

𝜕𝑇

𝜕𝑧
 
𝑒

− 𝛽 ⋅ 𝑇  
𝑒

+
1

Δ𝑧
𝛽 ⋅ 𝜖 ⋅ 𝑇𝑓 − 𝛾 ⋅

𝜕𝑞1

𝜕𝑡

𝜕𝑇1

𝜕𝑡
=

1

Δ𝑧2 ⋅ 𝛼 ⋅ 𝑇𝑃+1 − 𝑇𝑃 − 𝛽 ⋅ 𝑇𝑃 +
1

Δ𝑧
𝛽 ⋅ 𝜖 ⋅ 𝑇𝑓 − 𝛾 ⋅

𝜕𝑞1

𝜕𝑡



Temperatura no primeiro volume (P = 1)

𝛼 ⋅
𝜕𝑇

𝜕𝑧
 
0

− 𝛽 ⋅ 𝑇  
0

= −𝛽 ⋅ 𝜖 ⋅ 𝑇𝑓

Assumindo que a densidade varia 
pouco com o tempo e com z.

𝜕𝑇1

𝜕𝑡
=

𝛼

Δ𝑧

𝜕𝑇

𝜕𝑧
 
𝑒

−
𝜕𝑇

𝜕𝑧
 
0

−
𝛽

Δ𝑧
𝑇  

𝑒
− 𝑇  

0
− 𝛾 ⋅

𝜕𝑞1

𝜕𝑡
P = 1

𝜕𝑇1

𝜕𝑡
=

1

Δ𝑧
⋅ 𝛼 ⋅

𝜕𝑇

𝜕𝑧
 
𝑒

− 𝛽 ⋅ 𝑇  
𝑒

−
1

Δ𝑧
𝛼 ⋅

𝜕𝑇

𝜕𝑧
 
0

− 𝛽 ⋅ 𝑇  
0

− 𝛾 ⋅
𝜕𝑞1

𝜕𝑡

𝜕𝑇1

𝜕𝑡
=

1

Δ𝑧
⋅ 𝛼 ⋅

𝜕𝑇

𝜕𝑧
 
𝑒

− 𝛽 ⋅ 𝑇  
𝑒

+
1

Δ𝑧
𝛽 ⋅ 𝜖 ⋅ 𝑇𝑓 − 𝛾 ⋅

𝜕𝑞1

𝜕𝑡

𝜕𝑇1

𝜕𝑡
=

1

Δ𝑧2 ⋅ 𝛼 ⋅ 𝑇𝑃+1 − 𝑇𝑃 − 𝛽 ⋅ 𝑇𝑃 +
1

Δ𝑧
𝛽 ⋅ 𝜖 ⋅ 𝑇𝑓 − 𝛾 ⋅

𝜕𝑞1

𝜕𝑡



Temperatura no último volume (P = N)

𝜕𝑇

𝜕𝑧
 
𝑒

= 0 P = N

𝜕𝑇𝑁

𝜕𝑡
=

𝛼

Δ𝑧

𝜕𝑇

𝜕𝑧
 
𝑒

−
𝜕𝑇

𝜕𝑧
 
𝑤

−
𝛽

Δ𝑧
𝑇  

𝑁
− 𝑇  

𝑁−1
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Simulação



Desidratação de Etanol

M. Simo, C. J. Brown, and V.
Hlavacek, “Simulation of pressure
swing adsorption in fuel ethanol
production process,” Comput.
Chem. Eng., vol. 32, no. 7, pp.
1635–1649, 2008.

X 100



Concentração de Água no Gás

0 < t < 20

N = 200

𝐶0 = 18.8 𝑚𝑜𝑙/𝑚3



Concentração de Água no Gás

𝑁 = 50 | 𝑇 = 1: 0.01: 20 | 𝐶0 = 18.8 𝑚𝑜𝑙/𝑚3



Água adsorvida por kg de material adsorvente

𝑁 = 50 | 𝑃 = 𝑁/2 = 3.65 𝑚 | 𝑞𝑠 = 10.6656 mol / kg



Curva de Ruptura

𝑁 = 50 | 𝐶0 = 18.8 𝑚𝑜𝑙/𝑚3



Variação de Temperatura

𝑁 = 50 | 𝑇0 = 440𝐾



Obrigada


