Chapter 5

Material Balances



Conservation of Total Mass

Total mass Is conserved.

System Boundary

Accumulation
Input Rate —P[ Rate ]—> Output Rate

Accumulation Rate = Input Rate — Output Rate

When acc. rate = 0, steady-state.

Input Rate = Output Rate



Ex. 5.1. Three different streams deliver contaminated oll
to a waste oil tank. At what mass flow rate must the oll
be withdrawn to maintain a constant scale reading?

(at steady-state)

i, = 196.7 Ib, /hr
i, =243.9 b /hr
iy = 119.3 b, /hr

. — 9
>mout_’
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Ex. 5.2. At what volumetric flow rate must the oll be
withdrawn to maintain a constant scale reading?

(at steady-state)

V, =274 gallhr, p, =531 [[,m/ﬁ.%

n'z2 =2439 [b /hr

m
Vy=194 gal/hr, py =460 Ibm/ft3 j_l_‘_(

(

Waste
Oil

Scale
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Total Mass Balance

At steady-state

§ Mgtream = § Mgtream

inlet outlet
streams streams



Steps for analyzing
material balance problems

Draw a diagram
Write all known quantities

ldentify and assign symbols to all unknown
guantities

Select a basis If needed (if no flow rates are
known)

Determine the appropriate set of equations
(# of equations = # of unknown)

Solve algebraically and then numerically



Ex. 5.3. Your company uses a process to concentrate orange juice by
freeze drying. What is the density of the concentrate?

Given conditions V.'
V=025V, 7 =072
P

Ice

>V =9 p, = 3
T V=7 p;,=093 g/lcm

v
p;=1.01 glem’

Vv , (unspecified) Concentrate

» V=7 p-="
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Conservation of Total Mass

Unlike total mass, total moles are not always
conserved.

A+B—>C

Mass Balance

= NOT Mole Balance

= NOT Concentration Balance
= NOT Volume Balance



Material Balances with Reactions

Chemical Reactions
= Formation (= additional input)

= Consumption (= additional output)

Input (+) —»

\_

Accumulation

Formation (+)

Consumption (-)

— Output (-)

J

Acc. rate = In. rate — Out. rate + Form. rate — Con. rate




Material Balances with Reactions

Acc =In -=0ut + Form — Con

Accumulation rate
= |nput rate — Output rate
+ Formation rate — Consumption rate

d( )
dt




Material Balances with Reactions

At steady-state

| 0
Awhrmg

= Input rate — Output rate
+ Formation rate — Consumption rate

Input rate+ Formation rate
= QOutput rate + Consumption rate



Material Balances for Multiple Species

Mass of Species A at steady-state:

§ mA,stream + Rformation,A — § mA,stream + Rconsumption,A

inlet outlet
Sstreams streams

ThA —_ xAm —_ MWAT.lA — MWAyAn — MWACAV

my X,m

Mw,  Mw, AT A

ny



Ex. 5.4. Natural gas, which is essentially pure methane,
undergoes steady-state combustion by injecting it into a
small burner into which air is also injected. At what rate is

the methane being burned (consumed)?

Natural Gas Input S Burner ————3% Flue Gas
= ; m =0.09 g/s
Myethane, nat.gas input — 4.61 g/s methane, flue gas J
Air Input

n o =
1]71(?[/1(1/16, air input

Example 5.4
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Material balances with formation or consumption
where chemical reaction stoichiometry is not given

Ex. 5.5. Penicillin is produced in reactors containing the bacteria of the
species Penicillium chrysogenum. A nutrient stream (containing no
penicillin) is fed to a 10L reactor containing the bacteria. A product
stream containing penicillin leaves the reactor (the bacteria stays in the
reactor, and the penicillin concentration in the product stream is the
same as inside the reactor). The densities of the nutrient and product
stream can be assumed to be equal. What is the production rate of
penicillin? The molecular weight of penicillin is 334.4.

Nutrient Stream Reactor Product Stream
= —0.002 gmol/L >
Cpenici[lin, nutrient — 0 Cpenic'illin, reactor ~ " gmo

nutrient ‘formation,penicillin — *
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Material balances
with no formation or consumption

Ex. 5.6. Benzene and toluene are partially separated using a
distillation column. The feed stream of 100kg/hr contains benzene at a
mass fraction of 0.4, with the balance being toluene. In the overhead
output stream, the benzene flow rate is 36kg/hr, and in the bottoms
output stream, the tolune flow rate is 54kg/hr. What are the toluene
flow rate in the overhead output stream, and the benzene flow rate in
the bottoms output stream?

Overhead Output Stream

A )
mben., ovhd = 36 kg/hr
oed Mo > Mo, ovhd = ?
mfeea’ =100 kg/hr
Yben., feed = 0.40 kg benzenelkg Bottoms Output Stream
m =
Distillation ben., bot

Column mtol., bot — 54 kglhr

Example 5.6
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Material balances with formation/consumption
where chemical reaction stoichiometry is given

More convenient to use mole balances

[
Z nA,in + rformation,A = Z nA,out + rconsumption,A

input output
streams streams

v A+v;B —>v.C+v D

rconsumption,B i VB r.formation,C . VC rformation,D . VD
= : — : =
rconsumption,A VA r.consumption,A VA rconsumption,A VA
r tion,A — XA Z Ny - i i
consumption, in X,: fractional conversion of A

allinput
streams



Ex. 5.7. You are designing a process to convert excess butane to
ethylene using the reaction. Of the incoming butane, 84% is converted
to ethylene. What will be the concentrations of ethylene and butane in

the butane-rich outlet stream?

C,H; —2C,H,

Ethylene-Rich Stream

T
n, .., = 25.5 lbmol/hr
Pure Butene Feed - Yeth., erich = 0.92
mfeed =865 ib, /hr
Butene-Rich Stream
T

§ — 3
Vi i = 240 ft°/ hr
Ceth., b.rich — ? Cbut., b.rich — ?

Example 5.7
© John Wiley & Sons, Inc. All rights reserved.



Decision-tree diagram

for solving material-balance problems

Material Balance

N

Is Adequate

Total Balance Species Balance(s)

Needed

/

No Formation/
Consumption

N\

Formation/
Consumption

Known
Stoichiometry

RN

Unknown
Stoichiometry

Is species information required, or will a total balance suffice?

If species information is required, are there formation/consumption terms?
If there are formation/consumption terms, is the reaction stoichiometry

known or unknown?




