|l inear M ass Balances



The buck stops here

Anonymous
(sign on President Truman’s desk)
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Solution of M ass Balance Equations

- N

The linear mass balances on various units are combined to
analyze the ethanol process.

#® Step 1. Guess P and T levels in the flowsheet. Specify
recoveries, split fractions, ... (use degrees of freedom
for each unit).
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Solution of M ass Balance Equations
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The linear mass balances on various units are combined to
analyze the ethanol process.

#® Step 1. Guess P and T levels in the flowsheet. Specify
recoveries, split fractions, ... (use degrees of freedom
for each unit).

#® Step 2: Determine coefficients for linear models in each
unit (agm, B, N, €).
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Solution of M ass Balance Equations

- N

The linear mass balances on various units are combined to
analyze the ethanol process.

#® Step 1. Guess P and T levels in the flowsheet. Specify
recoveries, split fractions, ... (use degrees of freedom
for each unit).

#® Step 2: Determine coefficients for linear models in each
unit (agm, B, N, €).

# Step 3: Setup linear equations and solve for flowrates
of each component.
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Solution of M ass Balance Equations

- N

The linear mass balances on various units are combined to
analyze the ethanol process.

#® Step 1. Guess P and T levels in the flowsheet. Specify
recoveries, split fractions, ... (use degrees of freedom
for each unit).

#® Step 2: Determine coefficients for linear models in each
unit (O‘k/na 5, N, 5)

# Step 3: Setup linear equations and solve for flowrates
of each component.

#® Step 4: Check guessed values from the first step.

o |
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Solution of M ass Balance Equations

- N

The linear mass balances on various units are combined to
analyze the ethanol process.

#® Step 1. Guess P and T levels in the flowsheet. Specify
recoveries, split fractions, ... (use degrees of freedom
for each unit).

#® Step 2: Determine coefficients for linear models in each
unit (O‘k/na 5, N, 5)

# Step 3: Setup linear equations and solve for flowrates
of each component.
#® Step 4: Check guessed values from the first step.

o Calculate P and T from flowrates. If different from
Step 1, go to Step 2 using these values of P and T.

o |
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Solution of M ass Balance Equations

- N

The linear mass balances on various units are combined to
analyze the ethanol process.

#® Step 1. Guess P and T levels in the flowsheet. Specify
recoveries, split fractions, ... (use degrees of freedom
for each unit).

#® Step 2: Determine coefficients for linear models in each
unit (O‘k/na 5, N, 5)

# Step 3: Setup linear equations and solve for flowrates
of each component.

#® Step 4: Check guessed values from the first step.

o Calculate P and T from flowrates. If different from
Step 1, go to Step 2 using these values of P and 7.

L s If flowsheet does not meet specifications, change P J
and/or T or modify flowsheet.
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Ethanol BFD
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M : Methane EL : Ethylene PL : Propylene
DEE : Diethyl ether FEA: Ethanol
LI PA : Isopropyl alcohol W . Water J
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Ethanol BFD
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M : Methane EL : Ethylene PL : Propylene
DEE : Diethyl ether FEA: Ethanol
IPA : Isopropyl alcohol W . Water

Croton aldehyde is neglected in the mass balance.

|
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M ixer

Basis: 100 gmol/s of ugo (ethylene feed)
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M ixer

-

Basis: 100 gmol/s of ugo (ethylene feed)
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M ixer

-

Basis: 100 gmol/s of ugo (ethylene feed)

s,
Water
HOI—) Mixer | M1
—C VR E

H oo
Ethylene
Mg

(01 + 102 T+ 51 T (H81 = 41
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Reactor



Reactor

Reactor

(2)




Reactor
u ", -

Reactor
> 2) >

The following reactions are occurring:

EL+W — EA 1 =007 (ELtoEA)
PL+W — IPA 1y =0.007 (PL toIPA)
OEA = DEE+ W
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Reactor

My H,
> Reactor >

(2)

The following reactions are occurring:

EL+W — EA 1 =007 (ELtoEA)
PL+W — IPA 1y =0.007 (PL toIPA)
OEA = DEE+ W

Equilibrium can be maintained via recycle at 590 K and
69 bar according to:

[DE E] [W]
EA?

= (.2
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The mass balance for the reactor can be written as:

- N

o |
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The mass balance for the reactor can be written as:

- N

o (M) = (M) (Inert component)

Linear Mass Balances — p.7/27



The mass balance for the reactor can be written as:

- N

o (M) = (M) (Inert component)
p2(EL) (1 =m)p(EL)
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The mass balance for the reactor can be written as:

- N

o (M) = (M) (Inert component)
po(EL) = (1—m)u(EL)
pe(PL) = (L —m)ui(PL)
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The mass balance for the reactor can be written as:

- —

o (M) = (M) (Inert component)
po(EL) = (1—m)u(EL)
pe(PL) = (1 — n2) 1t ( L)
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The mass balance for the reactor can be written as:

- —

o (M) = (M) (Inert component)
po(EL) = (1—m)u(EL)
pe(PL) = (1 — n2) 1t ( L)

Solving for the remaining components:
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The mass balance for the reactor can be written as:

-

o (M) = (M) (Inert component)
po(EL) = (1—m)u(EL)
pe(PL) = (1 — n2) 1t ( L)

Solving for the remaining components:

pe(EA) = mu(EL) + m(EA)
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s —p.7127



The mass balance for the reactor can be written as:

-

o (M) = (M) (Inert component)
po(EL) = (1—m)u(EL)
pe(PL) = (1 — n2) 1t ( L)

Solving for the remaining components:

pa(EA) = mui(EL) + p(EA)
pe(IPA) = mou(PL) + um(IPA)

Linear Mass Balance

s —p.7127



The mass balance for the reactor can be written as:

-

o (M) = (M) (Inert component)
po(EL) = (1—m)u(EL)
pe(PL) = (1 — n2) 1t ( L)

Solving for the remaining components:

p2(EA) = mu(EL)+ m(EA)
p2(IPA) n2pi1(PL) 4 1 (IPA)
p2(W) pir(W) —mp(EL) — nap (PL)

Linear Mass Balance

s —p.7127
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The mass balance for the reactor can be written as:

o (M) = (M) (Inert component)
po(EL) = (1—m)u(EL)
pe(PL) = (1 — n2) 1t ( L)

Solving for the remaining components:

pe(EA) = mu(EL) + m(EA)
pe(IPA) = mou(PL) + um(IPA)
pe(W) = wm(W)—mm(EL) — nap1(PL)

We choose to use p; (W) = 0.6u1(EL).
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s —p.7127



-

The mass balance for the reactor can be written as:

o (M) = (M) (Inert component)
po(EL) = (1—m)u(EL)
pe(PL) = (1 — n2) 1t ( L)

Solving for the remaining components:

pe(EA) = mu(EL) + m(EA)
pe(IPA) = mou(PL) + um(IPA)
pe(W) = wm(W)—mm(EL) — nap1(PL)

We choose to use p; (W) = 0.6u1(EL).

LLimiting component is actually !
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Flasn Unit, il >
1, |
»1 Flash N
(3)

]

We want to take the reactor effluent to cooling water
temperature and separate the liquid product from reactants.
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Flasn Unit, il >
1, |
»1 Flash N
(3)

]

We want to take the reactor effluent to cooling water
temperature and separate the liquid product from reactants.

#® Assume a pressure drop of 0.5 bar from the reactor and
operate the flash at 68.5 bar.
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Flasn Unit, il >
M, |

o »1 Flash N
(3)

]

We want to take the reactor effluent to cooling water
temperature and separate the liquid product from reactants.

#® Assume a pressure drop of 0.5 bar from the reactor and
operate the flash at 68.5 bar.

® Choose DEE as the key component, n, because of its
iIntermediate volatility.

o |
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Flasn Unit, il >
1, |
»1 Flash N
(3)

]

We want to take the reactor effluent to cooling water
temperature and separate the liquid product from reactants.

“

Assume a pressure drop of 0.5 bar from the reactor and
operate the flash at 68.5 bar.

Choose DEE as the key component, n, because of its
iIntermediate volatility.

Assume &, = 0.5 for DEE and calculate split fractions of
remaining components. o
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Flash Unit ! >

u l
: »| Flash N
(3)

]

We want to take the reactor effluent to cooling water
temperature and separate the liquid product from reactants.

#® Assume a pressure drop of 0.5 bar from the reactor and
operate the flash at 68.5 bar.

® Choose DEE as the key component, n, because of its
iIntermediate volatility.

#® Assume &, = 0.5 for DEE and calculate split fractions of
remaining components. It needs to be verified later J
that this recovery is possible.
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fSplit Fraction Calculations at 7' = 310 K T

k M EL PL DEE EA IPA W
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fSplit Fraction Calculations at 7' = 310 K T

k M EL PL DEE EA IPA W

PY 211,000 55,500 11,360 824 1145 751 471
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fSplit Fraction Calculations at 7' = 310 K T

k M EL PL DEE EA IPA W

PY 211,000 55,500 11,360 824 1145 751 471
QI 256.1 67.3 13.3 1.0 0.138 0.091 0.057
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Split Fraction Calculations at 7' = 310 K
k M EL PL DEE FA IPA |44
P’ 211,000 55,500 11,360 824 1145 75.1 471
Ok /n 256.1 67.3 13.3 1.0 0.138 0.091 0.057
& 0.996 0.985 0.932 0.5 0.121 0.083 0.054
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Split Fraction Calculations at 7' = 310 K
k M EL PL DEE FA IPA |44
P’ 211,000 55,500 11,360 824 1145 75.1 471
Ok /n 256.1 67.3 13.3 1.0 0.138 0.091 0.057
& 0.996 0.985 0.932 0.5 0.121 0.083 0.054

Given the split fractions, we can write down linear mass
balances.
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Split Fraction Calculations at 7' = 310 K
k M EL PL DEE FA IPA |44
P’ 211,000 55,500 11,360 824 1145 75.1 471
Ok /n 256.1 67.3 13.3 1.0 0.138 0.091 0.057
& 0.996 0.985 0.932 0.5 0.121 0.083 0.054

Given the split fractions, we can write down linear mass
balances.

pz1(M) = 0.996u2(M)
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Split Fraction Calculations at 7' = 310 K
k M EL PL DEE FA IPA |44
P’ 211,000 55,500 11,360 824 1145 75.1 471
Ok /n 256.1 67.3 13.3 1.0 0.138 0.091 0.057
& 0.996 0.985 0.932 0.5 0.121 0.083 0.054

Given the split fractions, we can write down linear mass
balances.

ps1 (M) = 0.996 2 (M) V apor
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Split Fraction Calculations at 7' = 310 K
k M EL PL DEE FA IPA |44
P’ 211,000 55,500 11,360 824 1145 75.1 471
Ok /n 256.1 67.3 13.3 1.0 0.138 0.091 0.057
& 0.996 0.985 0.932 0.5 0.121 0.083 0.054

Given the split fractions, we can write down linear mass
balances.

ps1 (M) = 0.996 2 (M) V apor

p32(M) = 0.00412(M)
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Split Fraction Calculations at 7' = 310 K
k M EL PL DEE FA IPA |44
P’ 211,000 55,500 11,360 824 1145 75.1 471
Ok /n 256.1 67.3 13.3 1.0 0.138 0.091 0.057
& 0.996 0.985 0.932 0.5 0.121 0.083 0.054

Given the split fractions, we can write down linear mass
balances.

ps1 (M) = 0.996 2 (M) V apor

/ng(M) — O.OO4ILL2(M) Liquid
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Similarly
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Similarly
p31(E£L) = 0.985u2(EL)
p31(PL) = 0.932p2(PL)
,LL31(DEE) =0 5,LL2(DEE)
pu31(EA) = 0.121p(EA)
131 (IPA) = 0.0831u2(1 P A)
(

|
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Similarly
131 (EL) = 0.985u9(FL)  pso(EL) = 0.015u2(EL)
131 (PL) = 0.932u9(PL)  pga(PL) = 0.068uo(PL)
B DEE) = 0.5u3(DEE)
b .

Note that we ASSUMED a key component recovery.

o |
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Similarly
p31(EL) = 0.985u2(EL)  ps2(EL) = 0.015u2(EL)
p31(PL) = 0.932u2(PL)  ps2(PL) = 0.068u2(PL)
131(DEE) = 0.5u2(DEE)  psa(DEE) = 0.5u9(DEE)
pz1(EA) = 0.121p2(EA)  ps2(EA) = 0.879u(EA)
,ugl(] A) = 0.0SS/LQ([PA) ,ugg(] A) = O.917/L2([PA)
pz1(W) = 0.054p2(W) pz2(W) = 0.946u2(W)

Note that we ASSUMED a key component recovery.

Once the flow rates are established, we need to verify if this
assumption corresponds to our desired temperature and
pressure specifications.

o |
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There are 4 degrees of freedom:
P, T, key component recovery
and liguid feed rate.
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Absor ber

<
2
M, § <
There are 4 degrees of freedom:
P, T, key component recovery
and liguid feed rate.
My

# We want to run the absorber at low temperature and
high pressure because:

|
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Absor ber

<
2
M, § <
There are 4 degrees of freedom:
P, T, key component recovery
and liguid feed rate.
My

# We want to run the absorber at low temperature and
high pressure because:

» Reactor is at high pressure.
» We want to condense as much of the product as

L possible. J
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Absor ber

<
2
M, § <
There are 4 degrees of freedom:
P, T, key component recovery
and liguid feed rate.
My

# We want to run the absorber at low temperature and
high pressure because:

» Reactor is at high pressure.
» We want to condense as much of the product as
L possible. J

® Choose P=68barand T =310 K
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® Choose ethanol recovery to be 99% (&,, = 0.99)

- N

o |
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® Choose ethanol recovery to be 99% (&,, = 0.99)
f #® Choose liquid flow rate of solvent from: T

o |
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® Choose ethanol recovery to be 99% (&,, = 0.99)

f #® Choose liquid flow rate of solvent from: T
Ae 10 4y
Vn—i—lKEA

o |
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® Choose ethanol recovery to be 99% (&,, = 0.99)
f #® Choose liquid flow rate of solvent from: T

L
A= O 14
Vn—i—lKEA

Ppa(310) _ 2.25 x 1073

Kpa =

o |

Linear Mass Balances — p.12/27



® Choose ethanol recovery to be 99% (&,, = 0.99)

f #® Choose liquid flow rate of solvent from: T
L
A= =14
Vn—i—lKEA
Py, (310
Kpa = 2ABL0) _ o5 s 102
Thus:

103 = 1131(2.25 x 1072)(1.4) = 3.15 x 10> 3y

o |
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® Choose ethanol recovery to be 99% (&,, = 0.99) T
#® Choose liquid flow rate of solvent from:

L
A= O 14
Vn—l—lKEA

Ppa(310) _ 2.25 x 1073

Kpa =
Thus:

103 = 1131(2.25 x 1072)(1.4) = 3.15 x 10> 3y

How much water do we lose in the overhead vapor (in j41)?

|
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For Epa = 0.99 and A4 = 1.4, the number of equilibrium

ftrays IS: T

o |
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For Epa = 0.99 and A4 = 1.4, the number of equilibrium

ftrays IS: T

ln{ r— Apa }
No A=) ],

ln(AEA)

o |
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For Epa = 0.99 and A4 = 1.4, the number of equilibrium

ftrays IS: T

- { r— Aga }
No A=) ],
ln(AEA)

We determine the split fractions for the other components
from:

o |
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For Epa = 0.99 and A4 = 1.4, the number of equilibrium

ftrays IS: T

- { r— Aga }
No A=) ],
ln(AEA)

We determine the split fractions for the other components
from:
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For Epa = 0.99 and A4 = 1.4, the number of equilibrium

ftrays IS: T

- { r— Aga }
No A=) ],
ln(AEA)

We determine the split fractions for the other components
from:
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For Epa = 0.99 and A4 = 1.4, the number of equilibrium

ftrays IS: T

ln{ r— Aga }
No A=) ],
ln(AEA)

We determine the split fractions for the other components
from:

414 L L 1=AYH . 1—AY
k_CvkEA_VKk N 1 — Ay N_l_l—Ak
U?VH 5ka 11k 1k ka 1\ & 1 k

k, J— J—
= + v 0N =11 I+ 1——— v

BN -1 . .
LNote that — fraction of [j In vapor v, J
BN
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AtT = 310 K we have:

-



AtT = 310 K we have:

f 47.1 1.4 T

o |

Linear Mass Balances — p.14/27



AtT = 310 K we have:

|7 47.1 1.4 —‘

BY =3.05 x 10° B =893 x 104

- |
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AtT = 310 K we have:

|7 47.1 1.4 —‘

— L 041 Ay = ——— =34I5
BY =3.05 x 10° B =893 x 104
BN 1
Thus —%— = 0.293
BN

- |
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AtT = 310 K we have:

|7 47.1 1.4

— L 041 Ay = ——— =34I5
BY =3.05 x 10° B =893 x 104
BN 1
Thus —%— = 0.293
BN

Thus, 29.3% of the solvent goes into the vapor phase.

Linear

Mass

|

Balances — p.14/27



AtT = 310 K we have:

B 7 L B

— L 041 Ay = ——— =34I5
BY =3.05 x 10° B =893 x 104
BN 1
Thus —%— = 0.293
BN

Thus, 29.3% of the solvent goes into the vapor phase.
The assumption of isothermal operation is probably
violated.

o |
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AtT = 310 K we have:

B 7 L B

— L 041 Ay = ——— =34I5
BY =3.05 x 10° B =893 x 104
BN 1
Thus —%— = 0.293
BN

Thus, 29.3% of the solvent goes into the vapor phase.
The assumption of isothermal operation is probably
violated.

® |[ncrease P

o |
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AtT = 310 K we have:

B 7 L B

— L 041 Ay = ——— =34I5
BY =3.05 x 10° B =893 x 104
BN 1
Thus —%— = 0.293
BN

Thus, 29.3% of the solvent goes into the vapor phase.
The assumption of isothermal operation is probably
violated.

® |Increase P - Expensive

o |
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AtT = 310 K we have:

B 7 L B

— L 041 Ay = ——— =34I5
BY =3.05 x 10° B =893 x 104
BN 1
Thus —%— = 0.293
BN

Thus, 29.3% of the solvent goes into the vapor phase.
The assumption of isothermal operation is probably
violated.

® |Increase P - Expensive
® Decrease T

o |

Linear Mass Balances — p.14/27



AtT = 310 K we have:

B 7 L B

— L 041 Ay = ——— =34I5
BY =3.05 x 10° B =893 x 104
BN 1
Thus —%— = 0.293
BN

Thus, 29.3% of the solvent goes into the vapor phase.
The assumption of isothermal operation is probably
violated.

® |Increase P - Expensive
® Decrease T - Expensive

o |
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AtT = 310 K we have:

47.1 1.4 T

— L 041 Ay = ——— =34I5
BY =3.05 x 10° B =893 x 104
BN 1
Thus —%— = 0.293
BN

Thus, 29.3% of the solvent goes into the vapor phase.
The assumption of isothermal operation is probably
violated.

® |Increase P - Expensive
® Decrease T - Expensive

® Increase Absorption factor Ar 4 and hence increase
solvent flow rate J
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Suppose Agg = 10
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Suppose Agg = 10
fThen, o3 = 0.0225u31 and N = 1.95.



Suppose Agg = 10

fThen, o3 = 0.0220u31 and N = 1.95. —‘
10
Ay = — 24.39
AW/EA

o |
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Suppose Agg = 10

fThen, o3 = 0.0220u31 and N = 1.95. —‘
10
Ay = — 24.39
AW/EA

BN =528.7 and BYV_, = 21.68.

o |
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Suppose Agg = 10
fThen, o3 = 0.0220u31 and N = 1.95. —‘

1
Aw = Y o439
AW/EA
B =528.7 and gY_, = 21.68.
14
Loss of water in the overhead vapor is %ijl = (0.041.
N

A loss of 4.1% is acceptable.

o |

Linear Mass Balances — p.15/27



Suppose Agg = 10
fThen, o3 = 0.0225u31 and N = 1.95. —‘
10
Aw = = 24.39
AW/EA

BN =528.7 and BYV_, = 21.68.

|44

Loss of water in the overhead vapor is %ijl = (0.041.
N

A loss of 4.1% is acceptable.

M31(W) ﬁzv\[f/—1

W) —
ILL4]-( ) T ﬁx[f/

|44
6}@/ :LLOS( )

o |
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Suppose Agg = 10
fThen, o3 = 0.0225u31 and N = 1.95. —‘
10
Aw = = 24.39
AW/EA

BN =528.7 and BYV_, = 21.68.

|44

Loss of water in the overhead vapor is %ijl = (0.041.
N

A loss of 4.1% is acceptable.

W) | By_
M41(W) _ :u31§/v )_|_ Nwl,UOS(W)
N N
0.00194131 (W) + 0.000924131

o |
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Suppose Agg = 10

fThen, o3 = 0.0225u31 and N = 1.95.

1
Aw = L = 24.39
AW/EA

BN =528.7 and BYV_, = 21.68.

W

Loss of water in the overhead vapor is %ijl = (0.041.
N

A loss of 4.1% is acceptable.

W) | By_
M41(W) _ MBlE/V >_|_ Nwl,UOS(W)
N N
— 0.0019731 (W) + 0.00092731

Since uo3 IS pure water, uos(k) where k # water 1S zero.

o

Linear
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Suppose Agg = 10

fThen, o3 = 0.0225u31 and N = 1.95.

1
Aw = L = 24.39
AW/EA

BN =528.7 and BYV_, = 21.68.

|44

Loss of water in the overhead vapor is %ijl = (0.041.
N

A loss of 4.1% is acceptable.

W) OBy
pa (W) = ”31%/ )+ Nwluos(W)
N N
— 00019431 (W) + 0.000927131

Since uo3 IS pure water, uos(k) where k # water 1S zero.

LWe can calculate 41 (k) and pq2(k) In terms of us;.

Linear

Mass

|
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-

It can be shown that:



-

It can be shown that:

-

k O /n A OBy Bn-r par(k) 142 (k)

M 1854 00054 1 T i (M) 0

EL 4863 0021 1.021 1.021 0979 (EL)  0.021u;(EL
PL 995 0.101 111 110 0.901u3(PL)  0.099u3 (PL
DEE 724 138 417 230 0.24u31(DEE)  0.76p31(DEF
EA 1.0 10 9892 979 0.0lu31(EA)  0.99us(EA)
[PA 079 12.66 1532 12.02 0.0065u31(IPA) 0.993131 (1P

o

|
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-

It can be shown that:

-

k O/ Ar  On Bn-1 par(k) paz (k)

M 1854 0.0054 1 1 i (M) 0

EL  486.3 0021 1.021 1.021 09793 (EL)  0.021us (EL)
PL 995 0101 111 1.10 0.901uz(PL)  0.099us1(PL
DEE 724 138 417 230 0.24u31(DEE)  0.76p31(DEF
EA 1.0 10 9892 979 0.0lu31(EA)  0.99u31(EA)
[PA 079 12.66 1532 12.02 0.0065u31(IPA) 0.993131 (1P

o

Note that the component balance of each component £ In

streams 41 and 42 can be written in terms of linear relation

of stream 31.

|
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Splitter



Splitter
MszT

Splitter
(5)




Splitter
HSzT T

Splitter ¢
s (3)

A\ 4

#» We need to specify the purge rate £ to avoid
accumulation of inerts.

|
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Splitter
MszT

A\ 4

#» We need to specify the purge rate £ to avoid

MSI

Splitter
(5)

accumulation of inerts.

#» Specifically, methane entering the reactor should be

less than 10%.

Linear

Mass

|
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Splitter
- oA N

Splitter
s (5)

A\ 4

#» We need to specify the purge rate £ to avoid
accumulation of inerts.

#» Specifically, methane entering the reactor should be
less than 10%.

From mass balance:

L 52

51

Epan
(1 - 5)#41 J
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fAssume that EA, IPA, and DEE are negligible in the recyclej

o |
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fAssume that EA, IPA, and DEE are negligible in the recyclej

entering reactor

- Mole fraction of M _

p1 (M)

pi(M) + pi(PL) + p (EL) + pa (W)

|
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fAssume that EA, IPA, and DEE are negligible in the recyclej

entering reactor

EL Balance

- Mole fraction of M _

p1 (M)

pi(M) + pi(PL) + p (EL) + pa (W)

|
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fAssume that EA, IPA, and DEE are negligible in the recyclej

entering reactor

EL Balance

- Mole fraction of M _

p1 (M)

pi(M) + pi(PL) + p (EL) + pa (W)

p1(EL) = ps1(EL) + 96

|
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fAssume that EA, IPA, and DEE are negligible in the recyclej

entering reactor

EL Balance

- Mole fraction of M _

p1 (M)

pi(M) + pi(PL) + p (EL) + pa (W)

p1(EL) = ps1(EL) + 96
ps1(EL) = (1 — &§)uar(EL)

|
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fAssume that EA, IPA, and DEE are negligible in the recyclej

entering reactor

EL Balance

- Mole fraction of M _

p1 (M)

pi(M) + pi(PL) + p (EL) + pa (W)

p1(EL) = ps1(EL) + 96

ps1(EL) = (1 — &§)uar(EL)
par(EL) = 097931 (EL)

|
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fAssume that EA, IPA, and DEE are negligible in the recyclej

| Mole fraction of M _ B py (M)
entering reactor (M) + p(PL) 4+ pui (EL) + pp (W)
EL Balance

p1(EL) = ps1(EL) + 96
ps1(EL) = (1 = &)par(EL)
par(EL) = 097931 (EL)
p31(EL) = 0.985u2(EL)

|
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fAssume that EA, IPA, and DEE are negligible in the recyclej

| Mole fraction of M _ B py (M)
entering reactor (M) + p(PL) 4+ pui (EL) + pp (W)
EL Balance

p1(EL) = ps1(EL) + 96
ps1(EL) = (1 = &)par(EL)
par(EL) = 097931 (EL)
p31(EL) = 0.985u2(EL)
p2(EL) = 0.93p (E'L)

|
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fAssume that EA, IPA, and DEE are negligible in the recyclej

| Mole fraction of M _ B py (M)
entering reactor (M) + p(PL) 4+ pui (EL) + pp (W)
EL Balance

p1(EL) = ps1(EL) + 96
ps1(EL) = (1 = &)par(EL)
par(EL) = 0.979u31(EL)
p31(EL) = 0.985u2(EL)
p2(EL) = 0.93p (E'L)

Thus pi(EL) = (1 — £)(0.979)(0.985)(0.93) 1 (EL) + 96

o

|
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fAssume that EA, IPA, and DEE are negligible in the recyclej

| Mole fraction of M _ B py (M)
entering reactor (M) + p(PL) 4+ pui (EL) + pp (W)
EL Balance

p1(EL) = ps1(EL) + 96
ps1(EL) = (1 = &)par(EL)
par(EL) = 0.979u31(EL)
p31(EL) = 0.985u2(EL)
p2(EL) = 0.93p (E'L)

Thus pi(EL) = (1 — £)(0.979)(0.985)(0.93) 1 (EL) + 96

96

LThiS implies that ;i (EL) = 011096 J
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- N

We can write down similar component balances for PL and
M.

o |
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-

We can write down similar component balances for PL and

M.
PL Balance

p1(PL) = ps1(PL) + 3
ps1(PL) = (1 — §)par (PL)
pa1(PL) = 0.901p31(PL)
p31(PL) = 0.932u2(PL)
1o(PL) = 0.9931 (PL)

Linear

Mass

-

|

Balances — p.19/27



- N

We can write down similar component balances for PL and
M.
PL Balance

p1(PL) = ps1(PL) + 3
ps1(PL) = (1 — §)par (PL)
pa1(PL) = 0.901p31(PL)
p31(PL) = 0.932u2(PL)
1s(PL) = 0.9931 (PL)

Thus p1(PL) = (1 — €)(0.901)(0.932)(0.993) 11 (PL) + 3

o |
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- N

We can write down similar component balances for PL and
M.
PL Balance

p1(PL) = ps1(PL) + 3
ps1(PL) = (1 — §)par (PL)
pa1(PL) = 0.901p31(PL)
p31(PL) = 0.932u2(PL)
1s(PL) = 0.9931 (PL)

Thus p1(PL) = (1 — €)(0.901)(0.932)(0.993) 11 (PL) + 3

This implies that 1 (PL) = 017 fo 33

o |
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fM Balance




fM Balance

ps1 (M) = (1 — &) par (M)
pa1 (M) = pz1 (M)
pz1(M) = 0.996p2(M)



fM Balance

Thus p (M) = (
This implies that (M)

o

1
~0.004 + 0.996¢




fM Balance

)
Thus 1 (M) = (1 — €)(0.996) 1 (M) + 1

. . 1
This implies that p (M) = 0.004 1 0.096¢

W Balance

(W) = 0.6p(EL)

o

ances — p.20/27



fM Balance

pr(M) = ps1 (M) + 1

ps1 (M) = (1 — &)par (M)

par (M) = pz1 (M)

pz1 (M) = 0.9962(M)

p2(M) = 0.93p1 (M)
Thus 1 (M) = (1 — €)(0.996) 1 (M) + 1

1
~0.004 + 0.996¢

This implies that (M)

W Balance

Assumed earlier

pi (W) 0.6u1(EL)

o

|
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fM Balance

Thus p (M) = (
This implies that (M)

W Balance

1 (W)

o

= 0.6u1(EL)

)
1 — €)(0.996) 1 (M) + 1

1
~0.004 + 0.996¢

Assumed earlier
53.6

0.1+ 0.9¢

|
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flf the mole fraction of M entering the reactor is equal to O.lﬂ
then using the equation:

| Mole fraction of M - B p1 (M)
entering reactor (M) 4+ p (PL) + p1(EL) + (W)
we have:

o |
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flf the mole fraction of M entering the reactor is equal to O.lﬂ
then using the equation:

| Mole fraction of M - B p1 (M)
entering reactor (M) 4+ p (PL) + p1(EL) + (W)
we have:
1
0 0.004 + 0.996¢
T 1 3 96 53.6

0.004 + 09966 017 +0833¢  01+00f " 01+00¢

o |
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flf the mole fraction of M entering the reactor is equal to O.lﬂ
then using the equation:

| Mole fraction of M - B p1 (M)
entering reactor (M) 4+ p (PL) + p1(EL) + (W)
we have:
1
0 0.004 + 0.996¢
T 1 3 96 53.6

0.004 + 09966 017 +0833¢  01+00f " 01+00¢

Solving for £ by trial and error, we get £ = 0.0019.

o |
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flf the mole fraction of M entering the reactor is equal to O.lﬂ
then using the equation:

| Mole fraction of M - B p1 (M)
entering reactor (M) 4+ p (PL) + p1(EL) + (W)
we have:
1
0 0.004 + 0.996¢
T 1 3 96 53.6

0.004 + 09966 017 +0833¢  01+00f " 01+00¢

Solving for £ by trial and error, we get £ = 0.0019.
We need to choose ¢ to be greater than 0.0019 to ensure
Lthat M entering the reactor is less than 10%. J
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flf the mole fraction of M entering the reactor is equal to O.lﬂ
then using the equation:

| Mole fraction of M - B p1 (M)
entering reactor (M) 4+ p (PL) + p1(EL) + (W)
we have:
1
0 0.004 + 0.996¢
T 1 3 96 53.6

0.004 + 09966 017 +0833¢  01+00f " 01+00¢

Solving for £ by trial and error, we get £ = 0.0019.

We need to choose ¢ to be greater than 0.0019 to ensure
Lthat M entering the reactor is less than 10%. J

Let us choose ¢ = 0.005.

Linear Mass Balances — p.21/27



M ixer
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Mixer
N ] -

Mixer

(6)

<

We can write down a mass balance for each component as
follows:

o |
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M ixer

u34 i 1, -

Mixer

(6)

<

We can write down a mass balance for each component as
follows:

paz(k) + p3a(k) = pe(k)
where k = M. EL, PL. DEE. EA, IPA. W

|
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o

M ixer

“32; i H 4

Mixer

(6)

<

We can write down a mass balance for each component as

follows:

paz(k) + psa(k) = pe(k)

where k = M,EL, PL,DEE. EA, IPA, W
Note that we wrote component balances for u32(k) and

uqo(k) earlier.

Linear

Mass

|

Balances — p.22/27



Dewatering Column



Dewatering Column

M71

<«—
lJ6

(7)

Dewatering

T



Dewatering Column

f l’l71
Jr

(7)

Dewatering

T

Specifications:



Dewatering Column

f M
ek

(7)

Dewatering

T
72

Specifications:

#» 90% of the water goes to the bottom product.

ances — p.23/



Dewatering Column

. < N
S

(7)

Dewatering

T

l’l72

Specifications:
#» 90% of the water goes to the bottom product.
#® 99.5% of the F'A goes as the top product.

o |
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Dewatering Column

. < N
S

(7)

Dewatering

u(
72

Specifications:
#» 90% of the water goes to the bottom product.
#® 99.5% of the F' A goes as the top product.

#® We operate this column at low pressure so that all the
DEE goes out in the top.

o |
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Dewatering Column

. < N
S

Dewatering
(7)

u(
72

Specifications:
#» 90% of the water goes to the bottom product.
#® 99.5% of the F' A goes as the top product.

#® We operate this column at low pressure so that all the
DEE goes out in the top.

L # We want to recycle as much of the DEE as possible. J

Linear Mass Balances — p.23/27
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Key Components:



-

Key Components:

lk=FEA



-

Key Components:

lk=EA  &gq=0.995



-

Key Components:

lk=EA  &gq=0.995
hk =W



-

Key Components:

lk=FEA  €¢pq=0.995
k=W &y =0.1



-

Key Components:

lk=FEA  €£pq=0.995
k=W &y =0.1

® FL PL,and DEF are lighter than the light key.

o |
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-

Key Components:

lk=FEA  €£pq=0.995
k=W &y =0.1

® FL PL,and DEF are lighter than the light key.
® [PA s distributed between A and .

o |
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-

Key Components:

°

lk=FEA  €£pq=0.995
hk=W &y =0.1

FL,PL, and DEFE are lighter than the light key.
IPA is distributed between EA and V.

If we run this column with cooling water (at 7' = 310 K),
a partial condenser may be needed to remove trace low
boiling components of £L and PL.

|
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114

= —— =243

47.1



PR, 114

—£4 _ " _94
- AW S p0 T gy o -
From Fenske Equation:
1 —
o |
N = uk Wl — 8.4 stages

In [k /]

o |
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PR, 114

From Fenske Equation:
1 —
e
N = uk Wl — 8.4 stages
In [k /]
N
ATpaswsW
§1pa = / = (.96

L+ (afpapw — Déw

o |
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PR, 114

From Fenske Equation:
1 —
e
N = uk Wl — 8.4 stages
In [k /]
N
ATpaswsW
{IPA = ~ / = 0.96

1+ (O‘IPA/W — 1)éw

Thus we have:
k M FL PL DEE FEA IPA W

&k

Linear

Mass

|
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PR, 114

From Fenske Equation:
1 —
e
N = uk Wl — 8.4 stages
In [k /]
N
ATpaswsW
§1pa = / = (.96

L+ (afpapw — Déw

Thus we have:
k M FL PL DEE FEA IPA W

& 1.0 1.0 1.0 1.0 0995 0.96 0.1

Linear

Mass

|
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PR, 114

From Fenske Equation:
1 —
e
N = uk Wl — 8.4 stages
In [k /]
N
ATpaswsW
{IPA = ~ / = 0.96

1+ (O‘IPA/W — 1)éw
Thus we have:

k M EL PL DEE EA IPA W
& 1.0 1.0 1.0 1.0 0995 0.96 0.1

pr1(k) = Sppe(k) and uza(k) = (1 — &) pe(k)
 where k= M, EL, PL, DEE, EA,IPA,W

Linear

Mass

|

Balances — p.25/27



De-ethering Column



De-ethering Column

< ]
o Moy
k= (—|
O
_
£®
&
(@)
<!

=
0
)



De-ethering Column

f ® DFEFE Is removed overhead
and recycled.

<

De-ethering
(8)

—:T
o0
\]



De-ethering Column

f ® DFEFE Is removed overhead
and recycled.

® Specify Eper = 0.995 (light key) and
£pa = 0.005 (heavy key).

<

De-ethering

(8)

T_

=
S



De-ethering Column

<
f ® DFEF Is removed overhead Mo,

and recycled.

» Specify {ppr = 0.995 (light key) and
Epa = 0.005 (heavy key). <«

lVl82

#® M, EL and PL are lighter than the light key. /PA and
W are heavier than the heavy key.

|

De-ethering
(8)

o |
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De-ethering Column

<
f ® DFEF Is removed overhead Mo,

and recycled. ]

» Specify {ppr = 0.995 (light key) and
Epa = 0.005 (heavy key). <«

lVl82
#® M, EL and PL are lighter than the light key. /PA and
W are heavier than the heavy key. There are no
distributed components.

|

De-ethering
(8)

o |
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De-ethering Column

< ]
' » DEE is removed overhead s o
and recycled. 5. <«
® Specify éppp = 0.995 (light key) and g
Epa = 0.005 (heavy key). <«

lVl82

#® M, EL and PL are lighter than the light key. /PA and
W are heavier than the heavy key. There are no
distributed components.

Thus we have:
k M FL PL DEE FEA IPA W

&k

o |

Linear Mass Balances — p.26/27



De-ethering Column

< ]
' » DEE is removed overhead s o
and recycled. 5. <«
® Specify éppp = 0.995 (light key) and g
Epa = 0.005 (heavy key). <«

lVl82

#® M, EL and PL are lighter than the light key. /PA and
W are heavier than the heavy key. There are no
distributed components.

Thus we have:
k M FL PL DEE FEA IPA W

& 1.0 1.0 1.0 0.995 0.005 0.0 0.0

o |
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De-ethering Column

< ]
' » DEE is removed overhead s o
and recycled. 5. <«
® Specify éppp = 0.995 (light key) and g
Epa = 0.005 (heavy key). <«

lVl82

#® M, EL and PL are lighter than the light key. /PA and
W are heavier than the heavy key. There are no
distributed components.

Thus we have:
k M FL PL DEE FEA IPA W

& 1.0 1.0 1.0 0.995 0.005 0.0 0.0
pe1(k) = Eppri(k)

o |
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De-ethering Column

< ]
' » DEE is removed overhead s o
and recycled. 5. <«
® Specify éppp = 0.995 (light key) and g
Epa = 0.005 (heavy key). <«

lVl82

#® M, EL and PL are lighter than the light key. /PA and
W are heavier than the heavy key. There are no
distributed components.

Thus we have:
k M FL PL DEE FEA IPA W

& 1.0 1.0 1.0 0.995 0.005 0.0 0.0
pe1(k) = Eppri(k)

pg2(k) = (1 — & )pri (k)
- where k = M, EL, PL,DEE, EA, IPA,W »
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Final Azeotropic Separation

- N



-

Final Azeotropic Separation

91

<
190 proof EA
(@)
g=
G o
ST €
- Ho
-

=
S



Final Azeotropic Separation
- h

190 proof EA

# This last column is used to obtain the
ethanol product at the azeotropic
composition 2

Finishing
9)

g
S

o |
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Final Azeotropic Separation
- h

190 proof EA

# This last column is used to obtain the
ethanol product at the azeotropic
composition (85.5% EFA and 14.5% W). 2

Finishing
9)

g
S

o |
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Final Azeotropic Separation
B : -

<
190 proof EA

# This last column is used to obtain the
ethanol product at the azeotropic
composition (85.5% F A and 14.5% W).

® Specify &,, = 0.995

Finishing
9)

g
S

o |
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Final Azeotropic Separation
- : -

<
190 proof EA

# This last column is used to obtain the
ethanol product at the azeotropic
composition (85.5% F A and 14.5% W).

® Specify &,, = 0.995
No more than 0.1% [ PA.

Finishing
9)

g
S

o |
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Final Azeotropic Separation

- LN

190 proof EA
® This last column is used to obtain the

Finishing

ethanol product at the azeotropic 2 | e
composition (85.5% F A and 14.5% W). e
® Specify &,, = 0.995 .

No more than 0.1% [ PA.

# To follow these specifications, it Is necessary to know
the molar flow rate psg-.

o |
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-

Final Azeotropic Separation
a

190 proof EA
This last column is used to obtain the
ethanol product at the azeotropic

composition (85.5% F A and 14.5% W).

Specify &,, = 0.995
No more than 0.1% [ PA.

To follow these specifications, it is necessary to know
the molar flow rate psg-.

Finishing
9)

|

l/l92

Once ugs IS known, a simple mass balance can be used
to calculate 191 and 9.

|
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