Mass Balance-
in Non-Reactive System

Multi unit system




By the end of this topic, you should be able to:

« Performed material balance for system for multiple unit.
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Bypass Stream

» Similar to a recycle, but a fraction of a stream is diverted

around a process unit, rather than being returned to it.

» Calculation approach is identical.

Feed . | PROCESS . Prociuct
§ g UNIT g

Bypass stream
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Recycle Bypass, and Purge Calculatlons-

v

A recycle stream is a term denoting a preeesg 4

" streamrthat-returns material-fromdownstream of a
process unit back to the process unit.

A bypass stream is the one that skips one or more

stages of the process and goes directly to another
down stream stage.

A purge stream is a stream bled off to remove an
accumulation of inert or unwanted material that

might otherwise build up in the recycle stream. y
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Feed’| Process |proquct

1. About the entire process

2. About the junction point at which the fresh feed
Is combined with the recycle stream

3. About the process only A

4. About the function point at which the gross *
product is separated into recycle and net produéf’ W2
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Recycle

It IS seldom cost effective to waste reactant fed that does not react to
product. More often, this material is separated (recovered), and

recycled (returned to its point of origin for reuse).

10 kg A/min
100 kg B/min

I |
| . |
—————————— |
i | | : |
110 kg A/mint {1 200 kg A/min ! | 100 kg A/min 1 !
Ly L »| REACTOR = | SEPARATOR | |
/ : | J' 30 kg B/min I : 130 kg B/min | I
| e | | I |
Fresh feed ! | o ————- 1 ! :
! By sl :
: Recycle stream ¥
|
: 90 kg A/min
I 30 kg B/min
1
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Reasons to recycle

recover catalyst
typically most expensive chemical constituent

dilute a process stream
reduce slurry concentration

control a process variable
control heat produced by highly exothermic reaction

circulation of a working fluid
refrigerant
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Note:

At  splitting
points, the
components
mass
fractions
remain the
same. The
ONLY
difference is
the mass
flow rate.

INPUT

“Splitting
Points”

“Mixing
Points”

» OUTPUT

A

-----

Bypass

3
*
.

“Mixing
Points”

» OUTPUT

Recycle

“Splitting
Points”




Eﬁ("éh'iiale : Recycle without Chemical Reacilon

..‘H-

(A distillation column separates 10 OOO“kthr ofa /
BUW‘benZQﬂQ_iU_"u toluene mixture. The product D——
recovered from the condenser at the top of the

column contains 95% benzene, and the bottom W

from the column contains 96% toluene. The vapor
stream V entering the condenser from the top of the
column is 8000 kg/hr. A portion of the product from

the condenser is returned to the column as reflux,

and the rest is withdraw for use elsewhere. Assume
that the compositions of the streams at the top of

the column (V), the product withdrawn (D), and the /’
reflux (R) are identical because the V stream is /
condensed completely. Find the ratio of the amOL{rft

refluxed R to the product withdrawn (D).
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\Ba5|s : 1 hr (equal F = 10,000 kg)

“(_Overall Material Balances: N BURG

P ; s
“Totalmaterial — —
F=D+W
10,000=D+W
Component (benzene)
Fog = Dop + Woy,
10,000(0.50) = D(0.95) + W(0.04)
Solving for W and D
W = 4950 kg/hr
D = 5050 kg/hr
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= 2

Balance around the condenser 1

“( Total material: >/ IR

T~ \[=R+D
8,000 = R + 5,050
R = 2,950 kg/hr
R/D = 2950/5050 = 0.58
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\Example : Recycle without chemical reacti-::m

“\The manufacture of such products as penicillin, ﬁ
tetracycline, vitamins, and other fine organic
compounds, usually requires separating the

suspended solids from their mother liquor by
centrifuging, and then drying the wet cake. What is

the Ib/hr of the recycle stream R?

-

This is a steady-state problem without reaction and
with recycle.
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98 Ibjhr | . Continuous
20% V Centrifuge : ,
80% 1,0 Filter J-

-
i
r
-
’
"
o
C ‘
- -
L
-
-

e 60% V
40% H,0

W=2?

H,0 100% 96 % V
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T Sl
v, Basis : 1 hr (F =98 Ib) =)

“ " 2@E
‘. Overall mass balances N LYPY

—  m - —— Out | &
V:  0.20(98) = + 0.96P

0
H,O: 0.8098) = (1.00W+ 0.04P
Total: 98 = W + P

Solving for P and W

( R=7? N A
e Y00 0.286V _—
Sfemis. 0.714H,0—— E
F :": .
98 Ibjhr : Continuous
0%V Centrifuge )
80% H,0 Filter
\ o
60% V
40% H,0
e e P=7
W=? 4% H,0
H,0 100% 96 % V 5




"_Tdtél balance on filter
[T e C=R+204

Component V balance on filter
C(!)C -— R(!)R + P(ﬂp

0.6C = 0.286R + 0.96(20.4)
Solving for R
R =23.4 Ib/hr

( R=? N LA
e Y00 0.286V _—
s S 0714 H,0—— E
F :": .
98 Ibjhr : Continuous
0%V Centrifuge )
80% H,0 Filter
C=2
60% V
40% H,0
-‘,“'“ ----------------------------------- _,.-""‘ P = ?
H,0 100% 96 % V 5




Example: Bypass Calculations

In the feedstock preparation section of a plant
manufacturing natural gasoline, isopentane is removed
from butane-free gasoline. Assume for purposes of
simplification that the process and components are as
shown in figure. What fraction of the butane-free
gasoline is passed through the isopentane tower? The
process is in the steady state and no reaction occurs.
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] ;*.H"" -\| ||
B Q P, i
Y Isopentane side stream,
ﬂc " CoHip 100% 5,0/
| - Y "— el ; B > ﬁ)
Y kg
n-C.H,, 100%
F =100 kg _ ”
F'CsHu 80% To natural gasoline plant, P kg
-CsH,, 20% n-C;H,, = 90%
-C.H,, = 10%
From diagram part of the butane-free gasoline bypasses ¢
the isopentane tower and proceeds to the next stage in /<
the natural gasoline plant. / L’
:-I .F'I..__:;I;:‘:F
\$hs*
f-’: o B Y
B A e *-;:'EE.\ LR, e £ .“]-r::;:'
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“Basis: 100 kg feed

(Overall balance //0'”;}
Tcﬁlﬁa-teﬁal-balance In=0ut—— '
100=S+ P (@)
Component balance (n-C5H,,)
100(0.8) = S(0) + PP(0.9) (b)

We get, P =889 kg and S = 11.1 kg
Balance around isopentane tower

Total material balance: x =11.1 +y ()
Component balance (n-CsH;5,)
x(0.8) =y(1) (d)

We get, x = 55.5 kg, y = 44 .4 kg, therefore the fraction of

butane free gas passed through isopentane tower is

55.5/100 = 0.55 /
— \ l y

Isopentane side stream, S kg g
T CsHy, 100% - @ ‘::!.__..-___:::5.;, .

X kg Y kg
n-C.H,, 100%

F =100 kg

n-C;H,, 80% J To natural gasoline plant, P kg
-CsH,, 20% n-CsH,, = 90%




([ points1and 2
= “ﬁ1“hnh,‘ﬁhﬂﬁh_

We get, x =55.5 kg

Total material balance: (100-x) + y = 88.9
Component balance (i-C5H;,): (100-x)0.2 = 88.9%0.1

-

Balance around mixing point 2

(e)

"2 Another approach is to make a balance at mnung

ololololioliolfol D[
U |

F =100 kg

Isopentane side stream S kg

Sl DN _.R_:' S—
- \ ,’:, v N =4
T B Hﬂf>” o o
Y kg

n-C.H,, 100%

n-C.H,, 80%

-

To natural gasoline plant, P kg|
I"I-C5H12 = 90%
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EXAMPLE [ 4

Fresh orange juice contains 12.0 wt% solids and the balance water, and
concentrated orange juice contains 42.0 wt% solids. Initially a single evaporation
process was used for the concentration, but volatile constituents of the juice escaped
with the water, leaving the concentrate with a flat taste. The current process
overcomes the problem by bypassing the evaporator with a fraction of fresh juice.
The juice that leaves the evaporator is concentrated to 58 wt% solids, and the
evaporator product stream is mixed with the bypassed fresh juice to achieve the
desired final concentration.

Draw and label the flowchart. Perform the degrees of freedom analyses. Calculate
the amount of product (42% concentrate) produced per 100 kg fresh juice fed to the
process and the fraction of the feed that bypasses the evaporator.

0

i
y;‘

i Mixing

Bypass Point

! m., (kg W) :

| [

R o ™
—7 = Evaporate N TR TN .- .
{ 0.a12kgs (kg { o.12kgsS kg [ | 0.42keW (ke { o.42kgs (kg
0.833kgW [k 033 kgW kg | ' 0.53kgW/k
m;

oaz2kes (kg
0.88kgW (kg



Step 1. Draw and label the flowchart.
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A M1x1ng
Bypass Point
I T
II m, (kg W) I
)
O ML Y ™
» Kivaporate - >
NP | vap 058kgS/ kg U7
{o.12kgS/kg } {0.12kgS/kg | 0.42 kg W / kg {o.42kgS/kg}
0.88kg W / kg 0.88kgW / kg 0.58 kg W / kg
m
\ 4 2

{ 0.12kg S / kg }
0.88kg W / kg




Step 2. Choose a basis of calculation: Given 100 kg fresh juice.
Step 3. Perform the DoF analysis.

A

r—_—_—_—_—_—_-_—_—_—_—_—_—1

| |
I m, (kg W) I
! 100 kg m, - m, m, I -
' 012kg S / ke [o12kgs /Ig }' Evaporate {os8ksS /ks }“{ 0.42kg S /K | e
A | { 0.98 kg W / kg } 0.88kg W / kg 0.42kg W / kg 0.58kgW /kg/ |
§ , v m, |
g I {o12ksS ks | I
a]
o M Degrees of Freedom
5 Overall : 100 = m, + m, > Unks. (m,, m,)
S : (0.12)(100) = 0 + 0.42m, “ o s
W : (0.88)(100) = m, + 0.58m, 0 DoF




Step 3. Perform the DoF analysis (Continuation).

m, (kg W)
100 kg B _| m, m, m,
{ 0.12kg S / kg }I_ _I{ 0.12kgS / kg } Evaporate { 0.58kg S / kg }A 0.42kg S / kg .
0.88kg W / kg 0.88kg W / kg 0.42 kg W / kg 0.58 kg W / kg
v m,
{ 0.12kgS / kg }
0.88kg W / kg

Balances
- Degrees of Freedom

Overall : 100 = m, + m, 2 Unks. (m,, m.,)
. 1) 2

||# S : (0.12)(100) = 0.12m, + 0.12m, ||# —-21E’s

W : (0.88)(100) = 0.88m, + 0.88m, 0 DoF

Bypass




Step 3. Perform the DoF analysis (Continuation).
A
e e i e e e e e =
| !
100 kg I m, R m, : m, R
{ 0.12kg S / kg } I{ 0.12kg S / kg "| Evaporate { 0.58kgS/kg It { 0.42kg S / kg } .
0.88 kg W / kg I_0.88 kg W / k 0.42kg W / kg : 0.58 kg W / kg
\ 4 m2
{ 0.12kg S / kg }
0.88 kg W / kg
Balances Degrees of Freedom
= Overall : m,=m, + m, 3 Unks. (m,, m,,
S S:o0.12m, = 0.58m, —
S 1 DoF
= W:0.88m, = 0.42m, + m, —




Step 3. Perform the DoF analysis (Continuation).
m, (kg W)
100 kg m, - m, =1 m R
{ 0.12kg S / kg } { 0.12kg S / kg } Evaporate 058 kg S/ ke —“-{' o.4§ llzg sv/ kf;; }
0.88kg W / kg 0.88 kg W / kg {0:42kgw/kg} 0.58 kg W / kg
m2
{ 0.12kgS / kg }
0.88 kg W / kg
o Balances Degrees of Freedom
5 Overall : m, + m, = m; 3 Unks. (m,, m,,
~ m,) — 2 IE’s
= | S:0.12m, + 0.58m, = 0.42m, | S
X 1 DoF
> W:0.88m, = 0.42m, + 0.58m; —_—
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bypasses the evaporator.

Step 4. Do the algebra. Solve the balance equations.
Calculate the amount of product (42% concentrate) produced per 100
kg fresh juice fed to the process and the fraction of the feed that

Let’s start with the Overall Process because DoF = o

Recall the material balances for overall process

Overall: 100 = m, + m,
S: (0.12)(100) = 0.42m,

W: (0.88)(100) = m, + 0.58m, ——

1

2

From (2) : ‘ms = 28.6 kg I<

From (1) : m,=714kg

Amount of product !




Step 4. Do the algebra. Solve the balance equations (Continuation).
Include the new values that we have obtained.

2 unknowns (m,, m,)
-21E’s

0 DoF

Overall : m, + m, =m,

S:o0.12m, + 0.58m, = 0.42m,

W: 0.88m, = 0.42m, + 0.58m

71.4 (kg W)
28.6
100 kg m, R m, : = -I kaq .
{ 0.12kg S / kg } { 0.12kg S / kg } Evaporate { 0.58Kkg S/ k'g.} L 1u 0.42kgS / kg }
0.88kg W / kg 0.88kg W / kg 0.42 kg W / kg 0.58 kg W / kg
A\ m2
{ 0.12kg S / kg }
0.88kg W / kg
Balances _
DoF (updated) Known m, = 28.60 kg

Solve for m, = 18.70 kg

m, = 9.95 kg




Step 4. Do the algebra. Calculate the amount of product (42%
concentrate) produced per 100 kg fresh juice fed to the process and the
fraction of the feed that bypasses the evaporator (Continuation).

71.4 (kg W)
28.6 kg
100 kg m, - 18.70 kg R
{ 0.12kg S/ kg } { 0.12kg S / kg } Evaporato { 0.58 kg S / kg }“ { 0.42kg S / kg } ]
0.88kg W / kg 0.88kgW/kg’ T 0.42kg W / kg 0.58kg W / kg
] 9.95 kg
{ 0.12kg S/ kg }
0.88kg W / kg
The bypass fraction = M, _ 3.95
100 100
=0.0995
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EXAMPLE )

A liquid mixture containing 30.0 mole% benzene (B), 25.0% toluene (T) and the balance |}
xylene (X) is fed to a distillation column. The bottoms product containing 98.0 mole% X
and no B, and 96.0% of the X in the feed is recovered in this stream. The overhead
product is fed to a second column. The overhead product from the second column
contains 97.0 % of the B in the feed to this column. The composition of this stream is 94.0
mole% of B and the balance T.

(a) Draw and label flowchart. Do the degree-of-freedom analysis to prove that for an
assumed basis of calculation, molar flow rate and compositions of all process streams
can be calculated from the given information.

(b) Calculate: (i) the percentage of the benzene in the process feed (the feed to the first
column) that emerges in the overhead product from the second column and (ii) the
percentage of toluene in the process feed that emerges in the bottom product from the
second column.

100 mol/h #; (mol/h) 7, (mol/h)
— " Column 1 Column
0.300 mol B/mol 1 Xz, (mol B/mol) o
0.250 mol T/meol X, (mol T/mol) 0.940 mol B/mol
0.450 mol X,/ maol 1-X__ -X_ (mol X/mol) o.060 mol T/mol
¥ (mol/h) X, (mol B/mol)

#is (mol/h) l Xy, (mol T/mol)

o.020 mol T/mol 1- X, Xps (mol X/mol)

0.980 mol X,/mol
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EXAMPLE

(a) Draw and label flowchart. Do the degree-of-freedom analysis to prove that
for an assumed basis of calculation, molar flowrate and compositions of all
process streams can be calculated from the given information.

100 mol/h i, (mol/h) ny(mol/h)
Column Column >
0.300 mol B/mol 1 X3z, (mol B/mol) 0
0.250 mol T/mol X, (mol T/mol) 0.940 mol B/mol
0.450 mol X/mol 1 - Xp, -Xo, (mol X/mol) 0.060 mol T/mol

) X3 (mol B/mol)
ns(mol/h) l Xi: (mol T/mol)
1 - Xp, -Xp; (mol X/mol)

l s (ol/h)

0.020 mol T/mol
0.980 mol X/mol
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EXAMPLE N
. (a).D 100 Iﬂﬂl}'rh H’E (m[}]..-'lh} f:j:nl_(mﬂ ll'rll) assumed y
basis — Column 1 column lculated g‘
from - 0.300 mol B/mol 5 X5, (mol B/mol) o 7/
0.250 mol T/mol X, (mol T/mol) 0.940 mol B/mol
0.450 mol X,/ mol 1- X X (mol X/mol) o.060 mol T/mol
75 (mol/h) . l X,. (mol B/mol)
0.020 mol T/mol nis(mol/h) Xy (mol T/mol)
0.980 mol X/mol 1- Xg; Xr; (mol X/mol)
Column 1
DoF Col 1 S .
04 - 96% X Recovery:  0-960(0.450)(100) = 0.9803
- 3 Independent eq" Total mole balance: 100 =Ny + Ny (2)
- 1Recovery of X : = )
o DoF B Balance: 0.300(100) = Xg2ho (3)
T Balance: ~ 0.250(100) = X72Np +0.020N3  (4)
DoF Column 2 Column 2 : .
4 unknowns 97% B Recovery: 0297OX-|32I’]2. =0.940Ny (5)
- 3 Independent eq" Total mole balance: i, =ry + N (6)
- 1Recoveryof X ) _— . .
0 DoF B Balance: Xgolly = O.94On4 +XggMs (7)
T Balance: XT 2No = 0.060Ny4 + X755 (8)
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EXAMPLE

(b) Calculate:
(1) the percentage of the benzene in the process feed (the feed to the first column) that

emerges in the overhead product from the second column and
(i1) the percentage of toluene in the process feed that emerges in the bottom product

from the second column.

Solving all the balances and obtain these results:

N3 =44.1mol/h Ny =30.95mol/h
Ny =55.9mol/h Ng =24.96 mol/h
Xgo =0.536 molB/h Xg5 =0.036 molB/h

XT2 =0.431molT/h XT5 =0.892mol T/
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EXAMPLE

(b) Calculate:

(1)  the percentage of the benzene in the process feed (the feed to the first column) that emerges
in the overhead product from the second column and

(i1) the percentage of toluene in the process feed that emerges in the bottom product from the
second column,

Ny =30.95mol/h

Overall Benzene Recovery: 0.940(30.95) X100%=97%
0.300(100)
0.892(24.96 N5 =24.96 mol/h
Overall Toluene Recovery: ( ) X100%=89%
0.250(100) X5 =0.892 mol T/
1oo mol/h %, (mol/h) 71y (mol/h)
1E/mol Column 1 (mol B/mol) |
gi;g 11111121 'I;"II]IJISI ' Xi (mol T/mol) 2 0.940 mol B/mol
0.450 mol X/ mol 1- X -X__(mol X/mol) o.060 mol T/ mol
#i3 (mol/h) Xz, (mol B/mol)

Fi5(mol/h) l X, (mol T/mol)

0.020 mol T/mol 1- Xg. -Xr. (mol X/mol)

0.080 mol X,/maol




Two-Unit Process Example

ARG

Degree-of-freedom analysis

0‘0

K/ K/
0‘0 0‘0

K/
0‘0

overall system: 2 unknowns — 2 balances = o (find m,, x,)
mixer: 4 unknowns — 2 balances = 2

Unit 1: 2 unknowns — 2 balances = o (find m,, x,)
mixer: 2 unknowns — 2 balances = 0 (find m,, x,)

»

. 40.0 kg/h J
0.900 kg A/kg
0.100 kg Blkg

 30.0 kg/h
0.600 kg Alkg
0.400 kg Blkg

100.0 kg/h

0.500 kg A/kg
0.500 kg Blkg

i kgh) =y ring(kg/h)
vy (kg AVkg) L A1 (kg Alkg)

ms(kg/h)

x3(kg A/kg)
1 - x3(kg B/kg)

i

—e =Tl e ==

| 1-x(kg Brkg) [ 1 - alke Brkg)

30.0 kg/h
0.300 kg Alkg
0.700 kg Blkg




Extraction-Distillation Process

lM (solvent)

Feed
50% A, 50% W

»| MIXER

| ‘SETTLER \

A = acetone (solute)
W = water (diluent)
M = MIBK (solvent)

fliolfalialialiolfollo)

O

lM (solvent)

Raffinate 1 | MIxer Raffinate 2
Mostly W and A 93.1% W,
some M and A
—p
Extract 1 Extract 2
1 Mostly M and A Mostly M,

some A and W

w

Product: 97% A, 2% M, 1% Wl»

Combined extract

Most of A in feed, M DISTILLATION

COLUMN

Recovered solvent
Mostly M, some A and W
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Class work

Extraction-Distillation Process

100 kg M 75 kg M
=== —=c== - =
|, = = = = - - -
; i i : Y -_a |
3 1100 kg | my(kg) | 143.1 kg
> EXTRACTOR | EXTRACTOR WA
} : 0.500 A | Maz (kg A) i 0.053 kg A/kg |
y | 0.500 W | w2 (kg M) I — — 0.016 kg M/kg '
| T myo (kg W) 0.931 kg Wkg |
| my (kg) m3 (kg) |
0.275 kg A/kg 0.09 kg A/kg ;
Xy (kg M/kg) 0.88 kg M/kg
I (0.725 — xp1)(kg W/kg) 0.03 kg W/kg
\ EEES |
Y ! \
: -1 : [ \ 0.97 kg Akg |
m.(ka) || i 0.02 kg M/kg
) RS i [DISTILLATION| ' 0.01 kg Wikg
| mpq (kgA)  T|  COLUMN !
' nyy (kg M) ; i :
myg (kg W)y I +Me(kg) R
: l _ ——1 mpg (kg A) g
mye (kg M)
e (kg W) J
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Extraction-Distillation Process

100 kg M 75 kg M

_I____'_________'_________ L L L L L L L L L L T

I 1y - - === 1 ______ | —————— t ————— : |
:::100k i i i431k :i
Ly g I I .1 kg

: > — ACTOR | -
1, | 0.500A EXTRACTOR | Mpo (kg A) . EXTR I 0.053 kg A/kg N
110,500 W Uy, (kg M)V ——y—— | 0.016 kg M/kg ||

| itk alaily < o (kg W) 0.931kgWhkg 1

: ny (kg) ms (kg) :

! 0.275 kg Alkg 0.09 kg Alkg !

! xyy (kg M/kg) 0.88 kg M/kg |

l (0.725 — xyy)(kg W/kg) 0.03 kg W/kg !

: |

h 4 1 Y

' ' . ___ ms (kg) !

| | 1 ] 5 |
! N l I " 0.97 kg Alkg |
. ! 1 0.02 kg M/kg |

: X i, [DISTILLATION | ! 0.01 kg Wikg |

. mag (kg A) | COLUMN |1 .

| | |

| myg (kg M) 1 . |

: Ahywa (kg W) | I ! ! >
I !_ ___________ I Mpg (kg A) |

: mye (kg M) :

! Mg (kg W) JI
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Extraction-Distillation Process

100 kg M 75 kg M
:]::::::::::::1::::::F::::::::::::::::i::::::::::::::::::31
| L I
i — T §
0 X | EXTRACTOR f— L | EXTRACTOR {8 T
1} 0.500 A | Mpo (kg A) L 0.053 kg Akg 11~
| : I 0.500 W Jl mp (kg M) ! 0.016 kg M/kg I
A myo (kg W) 0.931 kg W/kg ! :
: my (kg) m3 (kg) !
| e i) 0.88 kg Mk '
| xpm1 (kg M/kg . g M/kg '
l (0.725 — xpy1)(kg W/kg) 0.03 kg Wikg :
| ¥ .’ I ¥ l
: T e ms (kg) N
| B . [ "0.97 kg Alkg |
| For either (just 1) extractor unit, : | 8-8? tg w&g :
I solve acetone, MIBK, and water | DISTILLATION |} 0.0L kg Wikg
! . mag (kgA) V[ coLUMN |1 .
| balances to determine Mpy, My, ) (kg M) | !
| and my,. myg (kg W) | | : —
I !_ ___________ | Hipg (kg A) |
: mye (kg M) :
| |

Mg (kg W)



Extraction-Distillation Process

100 kg M 75 kg M
|_|___:_::_:__:_:_:_:_:_:_: _:_:_:_:_:_:__________________________________ ______________________________________I_|
] 1 ! il t ----- i ¥
1 1100ke | e ACTOR bt | exTracToR |43 ke R
I} ) 0.500A | Mpo (kg A) L : 0.053 kg A’kg ! |
1 110.500 W Ty (kg M) 1 e ' 0.016 kg Mikg |
T T mwe ke Wy _O9SlkgWhkeg It
I my (kg) ms (kg) :
! 0.275 kg A/kg 0.09 kg A/kg !
. xyy (kg M/kg) 0.88 kg M/kg i
: (0.725 — xyy,)(kg W/kg) 0.03 kg Wkg !
: v |r T : k4 :
l ! T —mmmmo——— - 15 (kg) N
| N | [ I~ 0.97 kg Alkg
| | | 0.02 kg M/kg 1
: Y L, |DISTILLATION | ! 0.01 kg Wrkg |
. mpq (kgA) 1| COLUMN |1 l
I I I I
I Mua (kg M) : I I
: myg (kg W) | ! R
I D __ | mpg (kg A) 1
: mye (kg M) |
I mye (kg W) J'

ARG




ARG

Extraction-Distillation Process

100 kg M 75 kg M
_I________________________ e N

e :
1 | | | :
A8 | Y TRACTOR | | EXTRACTOR |t R
I, | 0.500A | Mpo (kg A) L 1 0.053 kg A/kg ! 1
111 0.500W ——T1—— Smyp (kg M) e | 0.016 kg M/kg
R mwy keW) | _O93lkeWhkg |t
| my (kg) ms (kg) :
! 0.275 kg Akg 0.09 kg Akg !
! xyy (kg M/kg) 0.88 kg M/kg i
: (0.725 — xpy1)(kg W/kg) 0.03 kg W/kg i
i Y Ir : 4 :

; o __ me (kg)

I L_1_1 " 1’5 N
! | | I 0.97 kg A/kg :
I | 1 0.02 kg M/kg 1
: \ 1, |DISTILLATION || 0.01 kg W/kg |
. mag (kgA) 1| COLUMN |1 .
I I I I
| ﬂlm4 (kg M) : I |
: mya (kg W) | | ! ,
| !. ___________ | n1A6 (kg A) |
: mye (kg M) |
| |

mye (kg W)



ARG

Balances on an Air Conditioner

Q process cools and dehumidifies feed air.
Q unknowns: n,, n,, n,, n,, n. (requested by problem).
A degree-of-freedom analysis critical to solution.

! ng(mol) :

[ . I

I 0.983 DA 1 :

| 0.017 W(v) |

S : !

| .

: 4. I : r_._.balms
ny(mol) 1y 3 1 np(mol) : AIR 1 ng(mol) i t 1100 mol
0.960DA | ! ! 0977DA 1| COND. fi 09g3pA ! ! 0.983DA
0.040 W(V): 0.023 W(v) : J| 0.017 W(v) : 0.017 W(v)

e L J

DA = dry air

W = water \4

I’Ig[m0| W(l)]



fliolfalialialiolfollo)

Balances on an Air Conditioner

0 Overall system
« Ny = 2 variables (n,, ny) — 2 balances =0

T ngmo) :
i I

| 0.983 DA T

! 0.017 W(v) .

S N oo ooss 1 |

1 : l :

| - = -] ="
nymol) i1} 1 np(mol) ! AlR | ng(mol) 1|77 1100 mol
0.960DA | ' ' 0977DA 1| COND- fi 0og3pA ! ! 0983DA
0.040 W()] 0.023 W(v) | 10017 W) 10.017 W(v)

Y ]

DA = dry air

W = water Y

ns[mol W(I)]




AAALELG)

Balances on an Air Conditioner

dMixer
% Ny = 2 variables (n,, n;) — 2 balances = 0

: ng(mol) :
% |

| 0.983 DA o

| 0.017 W(v) |

| — \ |

| - =" el Bl | I
ni(mol) 1 {370 ny(mol) AR |1 mamod 17T 1100 mol
0.960DA | ! ' 0977DA 1| COND. 1t 0o9g3paA! ! 10983DA
0.040 W(v)! 0.023 W(v) | I 0.017 W(v) 10.017 W(v)

Y ¥

DA = dry air

W = water Y

nzlmol W(1)]



AAALELG)

Balances on an Air Conditioner

QCooler
< Ny = 2 variables (n,, n,) — 2 balances = 0

! ng(mol) :
% 1

| 0.983 DA o

| 0.017 W(v) !

| I, — — — — — — — — — 1 |

| : l :

| - =" el Bl |
ny(mol) 11 7T np(mol) AR [1mamoh  1TTTT 1100 mol
0.960DA | ! ! 0977DA 1| COND. i 0o9g3pA ! ! 10.983DA
0.040 W(v)! 0.023 W(v) | I 0.017 W(v) 10.017 W(v)

Y R ¥

DA = dry air

W = water A4

Hg[m0| W(D]



ARG

Balances on an Air Conditioner

Q Splitter
< Ny = 2 variables (n,, n;) — 2 balances = 0

only 1 independent balance can be written on the splitter because
the streams entering/leaving have the same composition.

: n5(mo|) :

l ) 0.983 DA }

| 0.017 W(v) l

T . I

| : I :

| r—=—n r—=—f—n
n1(mol) R 2 no(mol) : AIR | na(mol) I 1 1100 mol
0.960DA | ! 1 0977DA | COND. I1 0983pA ! ! 0.983DA
0.040 W(v)' 0.023 W(v) | I 0.017 W(v) 10.017 W(v)

U ]

DA = dry air (0.983)n, =(0.983)n, +(0.983)(100)

= water
nalmol W(1(0.017)n, = (0.017)n, +(0.017)(100)



ARG

Balances on an Air Conditioner

O Overall: ng = 2 variables (n,, n;) — 2 balances =0
O Mixer: ng = 2 variables (n,, n;) — 2 balances =0

O Cooler: ng = 2 variables (n,, n,) — 2 balances = 0
O Splitter: ng = 2 variables (n,, n;) — 2 balances = 0

! ng(mol) :
% 1
| 0.983 DA o
: 0.017 W(v) I
T . I
I : I :
| -] =" -] ="
ny(mol) 11 47T np(mol) " AR |1 matmod 17T 1100 mol
0.960DA | ! ! 0977DA 1| COND. Ii 0o9g3pa ! ! [0983DA
0.040 W(V): 0.023 W(v) : JI 0.017 W(v ) :0.017 W(v)
e y
DA = dry air To find requested unknowns, solve overall
W = water Y balances followed by mixing balances.
nzlmol W(I)] ’ °

There is no need to solve the cooler or splitter

balances.



Balances on an Air Conditioner

O overall dry air balance
2 overall mole balance

AAALELG)

(0.960)n, = (0.983)(100) = n, =102.4mol
n, = n, +(100)= n, = 2.4 mol H,O condensed

! ns(mol) :
% |

| 0.983 DA o

| 0.017 W(v) !

I e 1 I

| : l :

| - —n bl Bl |
ny(mol) 11 71 np(mol) ' AR |1 mamoh 17T 1100 mol
0.960DA | ! ' 0977DA 1| COND. It 0o9g3pA ! ! 0.983DA
0.040 W(v)" 0.023 W(v) | I 0.017 W(v) 10.017 W(v)

Y ¥

DA = dry air

W = water A4

nzlmol W(I)]



ARG

Balances on an Air Conditioner

overall mole balance n,+n; =n,
water balance (0.04)n, +(0.017)n, =(0.023)n,
solved simultaneously: n, =392.5 mol; n; =290 mol
A ns(mol) :
R 0.983 DA S
| 0.017 W(v) |
Ty ememe——————— 1 |
| | ! |
ny(mol) {377 ny(mol) AR |1 matmoh 77T 1100 mol
0.960DA | ! I 0977DA | COND. Tt 0og3pa ! ! [0983DA
0.040 W(v)! 0.023 W(v) | 1 0.017 W(v) 10.017 W(v)
VY D ¥
DA = dry air
W = water

n3[m0| W(I)]



Evaporative Crystallization Process

-1 Calculate:
< rate of evaporation

< rate of production of crystalline K,CrQO,

< feed rates to evaporator and crystallizer

< recycle ratio (mass or recycle/mass of fresh feed)

[HzO

4500 kg/h 49.4% K,Cr0,

>
w

EVAPORATOR
33.3% K,CrO,; 1

Filtrate

”-

. |CRYSTALLIZER

AND FILTER

AAALELG)

Filter cake
K,CrO,4 (solid crystals)

36.4% K,CrO,4 solution l

F N

36.4% K,CrOy4 solution
(the crystals constitute
95% by mass of the
filter cake)



ARG

Evaporative Crystallization Process

» Overall system:
ng = 3 unknowns (m,, m,, m:) — 2 balances — 1 spec =0
specification: m, is 95% of total filter cake mass

rm, =0.95(m, +m,)

ro(kg W(v)/h)
"““'"“'“,ZZZZZIZIZZZ,"““““I_'_'_'_'_'_'_'_'_'_'_"
Fresh feed : : I : Filter cake
r—n= . . 1 .
4500 kg/h |1 rin(kg/h) ! | CUAPORATOR 1 7it3(ke/h) 1| cRYSTALLIZER i n.z4(kg K(s)/h) R
0.333kgKkg | '1] x; (kgKkg) | ' 0.494 kg K/kg1 | ANDFILTER | !} /iic(kg soln/h)
0.667 kg Wikg (1 -x1)(kg Wikg) ! 10.506 kg Wikg| 1} 0.364 kg K/kg soln
“““““““““““ 0.636 kg W/kg soln

Filtrate (recycle)

”}6(kg/h) A 4

0.364 kg K/kg
0.636 kg Wikg




ARG

Evaporative Crystallization Process

—1 Feed/recycle mixer:
O ng = 3 unknowns (mg, My, X;) — 2 balances =1
O underspecified

rio(kg Wv)/h)

] ; l
Fresh feed ! ! ! : ! | Filter cake
r—n-n - . I -
4500kgh  1i 7 rinlkeh) ! evaroraton | ri1(kg/h) i | crsTALLIZER | i rirg(kg K(syh) :
0.333kgKkg | 11 x; (kgKkg) | | 0.494 kg K/kg ! AND FILTER | 1} siz5(kg soln/h)
0.667 kg Wikg | | (1 -x;)(kg Whke) ! 10,506 kg Wikgi 1} 0.364 kg Kikg soln
N ) | 0.636 kg W/kg soln
: Filtrate (recycle) |
: meg(kg/h) ¥ :
! 0.364 kg Kikg l
i 0.636 kg Wikg !



ARG

Evaporative Crystallization Process

» Evaporator:
ng = 3 unknowns (m3;, m,, X;) — 2 balances =1

underspecified
mo(kg W(v)/h) . ] -
m, = O.95(m +m )
4 4 5
.’_____________::::_:::::,__________I________________:____,_l _
Fresh feed : : ! | ! | Filter cake
r—= . . | .
4500 kg/h I iy (kg/h) ; CVAPORATOR ! miz(kg/h) 1| CRYSTALLIZER ! i ny(kg K(s)h) .
0.333kgKkg | ! 1] x (kgKkg) | 1 0.494 kg Kikg ! AND FILTER | 1y /i25(kg soln/h)
0.667 kg W/kg : (1 —xq)(kg W/kg) : J' 0.506 kg W/kg J' : 0.364 kg K/kg soln
: _ : 0.636 kg W/kg soln
, Filtrate (recycle) [
! mg(kg/h) 1 !
! 0.364 kg Kikg l
i 0.636 kg Wkg !



» Crystallizer:

Evaporative Crystallization Process

Ny = 2 unknowns (m;, mg) — 2 balances = 0

solvable

AAALELG)

Once m3;, mg are known, mixer or evaporator balances can be solved.

ro(kg W(v)/h)
'"""'"'"',ZZZZ:IZZZZZ,'""""'I_'_'_'_'_'_'_'_'_'_'_'
Fresh feed : : I
P=a . - |
4500 kg/h || my (kg/h) ; EVAPORATOR !m3(kg/h) | CRYSTALLIZER
0.333kgKkg | '] x (kgKkg) | | 0.494 kg K/kg 1| AND FILTER
1

0.667 kg Wikg

(1 —x;)(kg Wikg) 10506 kg Wikg|

Filtrate (recycle)
g (kg/h)

0.364 kg Kikg
0.636 kg Wikg

_____________________________________________

Filter cake

(kg K(s)/h) My = 0'95(m4 * m5)

ms(kg soln/h)
0.364 kg K/kg soln
0.636 kg W/kg soln



Evaporative Crystallization Process

» Overall system:
K,CrO, balance
water balance
total mass balance
specification

(0.333)(4500)*% =m, +(0.364 )m,
(0.667)(4500)*€% =m, +(0.636 )M,

4500 =m, +m, +m,

(kg W(vy/h)

1! Filter cake m =1470 w

1 | CRYSTALLIZER

(kg K(s)/h) |

0.333 kg K/kg
0.667 kg Wikg

vy (kg Kkg) |

]
yity (kg/h) l
|
|
|

T (1 —x))(kg Wikg)

Filtrate (recycle)
mg(kg/h)

o 494 kg Kikg | AND FILTER

Jl 0.506 kg W/kg|

0.364 kg K/kg
0.636 kg Wikg

_____________________________________________

ms(kg soln/h) —-775 kg SO|UtI0n
0.364 kg K/kg soln
0.636 kg Wikg soln 0. 364 kg K/kg solu

0.636 kg W/kg solu




olfolfolfoldolioldolo

Evaporative Crystallization Process

O

solve for m, with knowns m, and m;
(0.333)(4500)*¢% = i1, +(0.364 ),

» Overall system:
o K,CrO, balance

kg K s .
o water balance (0.667)(4500)5* = rh, +(0.636 )ni,
kg o 0 0
o total mass balance 45004 = m, +m, +m;
o specification m, = 0.95(m, + )
i, =2950 %0

Fresh feed . lr____:I _____ .: : ___________ .: Filter cake m 1470 kg Kerystals Kcrystals

4500 kg/h 1 (k) l CAPORATOR its(ke/h) : CRYSTALLIZER i 11y (kg Kis)h) R

0.333kgKkg |11 o (kg Kkg) | | 0.494 kg K/kg ! AND FILTER |1 4i15(kg soln/h)

0.667 kg Wikg (1 -x7)(kg Wikg) ! | 0.506 kg Wrkg| 11 0.364 kg K/kg soln

""""" - “=====F===="1 0.636 kg Wrkg soln

Filtrate (recycle)
mig(kgr/h) 1

0.364 kg K/kg " — kg solution
0.636 kg Wikg ms =77.57=

b o o e e d 0.364 kgK/kgsolu
0.636kgW/kgsolL




Evaporative Crystallization Process

olfolfolfoldolioldolo

» Overall system:

O

only 3 equations are independent

o K,CrO, balance (0.333)(4500)%* =rhn, +(0.364 )i,
o water balance .
(0.667)( )gT =m, +(0.636)m,
o total mass balance @ _
L 45002 =m, +m, +m;
O specification
iy, = 295062 = 0-95 ms)

Fresh feed _. :r““:I _____ 1: — ': Filter cake m, =1470 m

4500 kg/h . ! rir (kg/h) | CUAPORATOR |n'r3 kg/h) i CRYSTALLIZER| ! img(kg K(s)/h) .

0.333kgKkg | 1] (kg Khkg) | | 0.494 kg K/kg"u AND FILTER [ I} 725(kg soln/h) ]

0.667 kg W/kg (1 —xq)(kg Wikg) ' __________ Jl 0.506 kg W/kg!_ __________ _: 0.364 kg K/kg soln

Filtrate (recycle)

0.636 kg Wrkg soln

_____________________________________________

ffle(kg/h) m =775 kg solution
0.364 kg K/kg > '
0.636 kg Wikg 0.364kgK/kgsolu

0.636kgW/kgsolL




Evaporative Crystallization Process

» Crystallizer:
total mass balance

water balance

m, =2950-1°

mo(kg W(v)/h)

ARG

solve simultaneously for m, and mg
m, =m, +m, +m;
, =(1470+77.5)% +m,

(0. 506)m3 (0.636)m, +(0.636 )M,

o e 1 ________ m, =7200% ___________

| r-————f----- mm—m—————————
Fresh feed : ! 1: : 1:

F=a . : I

4500 kg/h o my(kg/h) SI EVAPORATOR 1713 (kg/h) :I CRYSTALLIZER :
0.333kgKkg | !'1] (kg Kkg) | | 0.494 kg Kikg ! ANDFILTER | !
0.667 kg W/kg : (1 —xq)(kg W/kg) ' J' 0.506 kg W/kg| _:

N e ST e e

: Filtrate (recycle) M, = 5650€

! mg(kg/h) ¥

! 0.364 kg K/kg

! 0.636 kg W/kg

m, =97.4°¢ +1.257m,

m 1 470 kg K crystals

Filter cake
na(kg K(s)/h)

o

1

1

1

1

1

| 1i25(kg soln/h)
| 0.364 kg Kikg:m; =77.5
1

1

1

1

1

1

1

1

1

kgsolut|on

0636 ke Wik 0.364 kg K/kgsol u
0.636kgW/kgsolL



AUAEVALIELA)

Evaporative Crystallization Process

» feed/recycle mixer:
total mass balance
water or K,CRO, balance could be used tp find x, if desired

4500 +m_ =m, =m, =10150-€

L e aA1en kg_::::::I:::::"______________________________'l _ kgKnyStals
Fresh feed i . r:nl _IOISOT: | " : 1: ! Filter cake M =1410
4500 kg/h L riry(kg/h) ; EVAPORATOR m, =7200* : CRYSTALLIZER| ! ! ng(kg K(S)/h) ‘
0.333kgKkg |14} x; (kgKkg | | 0.494 kg K/kg . AND FILTER | !} /ii5(kg soln/h)
0.667 kg W/kg : (1 —xp)(kg Wikg) : Jl 0.506 kg W/kg. Jl 1 0.364 kg K/kg soln
I [ R : 0.636 kg W/kg soln
: Filtrate (recycle) | kg I
: H"!6(kg/h) mg = 56507 3 :
! 0.364 kg K/kg l
! 0.636 kg W/kg :



Evaporative Crystallization Process

» If recycle is not used,
crystal production is 622 kg/h vs 1470 kg/h (w/ recycle)
discarded filtrate (m,) is 2380 kg/h, representing 866 kg/h of

potassium chromate

AAALELG)

» What are cost consequences of using recycle vs not?

4500 kg/h

Ir}'ﬂl[kg W(v)/h]

> EVAPORATOR

0.333 kg Kkg
0.667 kg Wikg

rio(kg/h)

0.494 kg K/kg
0.506 kg W/kg

CRYSTALLIZER
AND FILTER

nslkg K(s)/h]

(kg soln/h)
0.364 kg K/kg soln
0.636 kg W/kg soln

0.636 kg W/kg

mg(kg/h)
0.364 kg K/kg



Assignment:

/
0035 kg S/ ke
0965 kg H,0/ kg

1;5:,[1:3}110;11]

st (kg /)

1 x;(kg S/ kg)

l 0100s#, (kg H,0/ h)

1-x;(kg H,0 /kg}

Ll

4

ting (kg / )

| g (kg [ h)

l 0100s, (kg Hy0O/ h)

Xy (kg S/ke)

1-x,(kg H;O/ kg|

1() | 0050kgS/ke
0950 kg HyO / kg

l 01007, (kg HyO/ h)




