Chemical Engineering principles— First Year/ Chapter Six

6.1 The Concept of a Material Balance

A material balance is nothing more than the application of the law of the conservation of

=
1
n
7]

“Matter is neither created nor destroved”

6.2 Open and Closed Systems
a. System
By system we mean any arbitrary portion of or a whole process that you want to consider

for analysis. You can define a system such as a reactor, a section of a pipe. Or, you can define the

limits of the system by drawing the system boundary, namely a line that encloses the portion of

the process that you want to analyze.

b. Closed System
Figure 6.1 shows a two-dimensional view of a three-dimensional vessel holding 1000 kg of H>O.
Note that material neither enters nor leaves the vessel, that is, no material crosses the system
boundary. Changes can take place inside the system, but for a closed system, no mass exchange

occurs with the surroundings.

System

' o

1000 kg
H,0

Figure 6.1 A closed system.
¢. Open System

Figure 6.2 is an example of an open system (also called a flow system) because material

crosses the system boundary.

System
boundary

FAVAV AV AV AV AVAVAY /

imekg >
H,0 100 kg Ho0
min

—_—
100 kg H,0

min

Figure 6.2 An open steady—state system.
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6.3 Steady-State and Unsteady-State Systems
a. Steady—State System
Because the rate of addition of water is equal to the rate of removal, the amount of water in
the vessel shown in Figure 6.2 remains constant at its original value (1000 kg). We call

such a process or system a steady—state process or a steady—state system because

1. The conditions inside the process (specifically the amount of water in the vessel in
Figure 6.2) remain unchanged with time, and
2. The conditions of the flowing streams remain constant with time.
X Thus, in a steady-state process, by definition all of the conditions in the process (e.g.,
temperature, pressure, mass of material, flow rate, etc.) remain constant with time. A
continuous process is one in which material enters and/or leaves the system without

interruption.

b. Unsteady—State System
Because the amount of water in the system changes with time (Eigure 6.3), the process and

system are deemed to be an unsteady—state (transient) process or system.

X For an unsteady-state process, not all of the conditions in the process (e.g., temperature,
pressure, mass of material, etc.) remain constant with time, and/or the flows in and out of

the system can vary with time.

) System
boundary
AVA VAV Ve FaVavs" /
e 1000 kg >
100 kg H0O H,O 90 kg H20
min min

Figure 6.3 Initial conditions for an open unsteady—state
system with accumulation.
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X Figure 6.4 shows the system after 50 minutes of accumulation (Fifty minutes of

accumulation at 10 kg/min amounts to 500 kg of total accumulation).
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System
boundary
VaVaVaVaVoVaVaVaV
100 kg H,O Akg H,0
min min
L 1500 kg N
> H,0 >~

Figure 6.4 The condition of the open unsteady—state system with accumulation after 50
minutes.

* Figures 6.5 and 6.6 demonstrate negative accumulation.
Note that the amount of water in the system decreases with time at the rate of 10 kg/min.

Figure 6.6 shows the system after 50 minutes of operation.

—e

P P

> 1000 kg =

min min

System
boundary

Figure 6.5 Initial conditions for an unsteady—state process with negative accumulation.

System
/ boundary
......__._.._,.. A ANAAANNNN >
90 kg H,0 500 kg 100 kg H>0O
min H,0 min
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Figure 6.6 Condition of the open unsteady—state system with negative accumulation after 50
minutes.
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* The material balance for a single component process is
{Accumulati(m of material} B {Total flow into} B {Total flow out} 61

within the system the system of the system

Equation 6.1 can apply to meles or any guantity that is conserved. As an example, look at Figure

6.7 in which we have converted all of the mass quantities in Figure 6.2 to their equivalent values in

moles.
System
/ boundary
VAVAVAVAVAVAVAVAY

——mei- -
sssigmalke0 | 22X9MO! | 555 kg mol H,0

———— 2 ———e

min min

Figure 6.7 The system in Figure 6.2 with the flow rates shown in kg mol.

If the process is in the steady state, the accumulation term by definition is zere, and Equation 6.1

simplifies to a famous truism
What goes in must come out (In = Out) ...6.2
If you are analyzing an unsteady-state process, the accumulation term over a time interval can be

calculated as

Final malerial} _ {lnitialmaterial} 63)

{Accumulation} = { . .
in the system in the system

The times you select for the final and initial conditions can be anything, but you usually
select an

interval such as 1 minute or 1 hour rather than specific times.
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% When you combine Equations 6.1 and 6.3 you get the general material balance for a

component in the system in the absence of reaction

Final material Initial material Flow into Flow out of
in the system ) — ¢ inthesystem ; = thesystem ) — { thesystem -.6.4
att, at t, fromt, tot, fromt, tot,
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Example 6.1

Will you save money if instead of buying premium 89 octane gasoline at $1.269 per gallon
that has the octane you want, you blend sufficient 93 octane supreme gasoline at $1.349
per gallon with 87 octane regular gasoline at $1.149 per gallon?
Solution
Choose a basis of 1 gallon of 89 octane gasoline, the desired product. The system is the gasoline
tank.
e For simplicity, assume that no gasoline exists in the tank at the start of the blending, and

one gallon exists in the tank at the end of the blending.

e This arrangement corresponds to an unsteady-state process. Clearly it is an open system.

The initial number of gallons in the system is zero and the final number of gallons is one.

Let x = the number of gallons of 87 octane gasoline added, and
y = the number of gallons of 93 octane added to

the blend. Since x +y =1 is the total flow into the

tank,

Ly=1-x

According to Equation (6.4) the balance on the octane number is

Accumulation Inputs

|89 octane | 1 gal _ |87 octane|x gal {93 octane| (] — x) gal

| gl 1 gal 1 gal

The solution is x = 2/3 gal and thus y =1 —x = 1/3 gal.
The cost of the blended gasoline is (2/3) ($1.149) + (1/3) ($1.349) = $
1.216 A value less than the cost of the 89 octane gasoline ($1.269).

6.4 Multiple Component Systems

Suppose the input to a vessel contains more than one component, such as 100 kg/min of a
50% water and 50% sugar (sucrose, C12H22011, MW = 342.3) mixture (see Figure 6.8). The mass

balances with respect to the sugar and water, balances that we call component balances.
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System
boundary
100 kg solution  hrAANANNN /
min 1000 kg 100 kg min
- b — ——
comp. Mass fr. ‘HZO comp. Massfr.
_ (initial _— —
condition)

H,0 0.50
Sucrose  0.50

H 20 WH20
Sucrose  wgerose

Figure 6.8 An open system involving two components.
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For Example, look at the mixer shown in Figure 6.9, an apparatus that mixes two streams to
increase the concentration of NaOH in a dilute solution. The mixer is a steady—state open

system. Initially the mixer is empty, and after 1 hour it is empty again.

Basis = 1 hour for convenience. As an alternate to the basis we selected, you could select E; = 9000

kg/hr as the basis. or F> = 1000 kg/hr _as the basis: the numbers for this example would not

change — just the units would change. Here are the components and total balances in kg:

Flow in
Balances F, F, Flow out Accum.
NaOH 450 500 950 =0
H,0 8,550 500 9,050 =0
Total 9,000 1,000 10,000 =0

We can convert the kg shown in Figure 6.9 to kg moles by dividing each compound by its

respective molecular weight (NaOH = 40 and H,O = 18).

NaOH: Y - 11.25 Ll 12.50 oY 23.75
T 0 ‘ a0 7 40
8550 500 9050
H,0O: —— =475 — = 217.78 — = 502.78
- 18 18 18
Then the component and total balances in kg mol are:
Flow in )
Balances Fy F, Flow out Accum.
NaOH 11.25 12.50 23.75 =0
H,0 475 27.78 502.78 =0
Total 486.25 40.28 536.53 =0

Feed 1 = 9000 kg/hr Feed 2 = 1000 kgh
Component  Mass fr. kg Component  Massfr. g
NaOH 0.050 450 NaOH 050 50
H,0 0.950 8550 H;0 050
Total 1.000 9000 Total 1.00 100
\T—/ Product = 10,000 kg

Component  Massfr. g
NaOH 0.095 0
H,0 0.905 %030
Total m Eﬁﬂ?
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Figure 6.9 Mixing of a dilute stream
of NaOH with a concentrated stream
of NaOH. Values below the stream
arrows are based on 1 hour of
operation.
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Example 6.2

Centrifuges are used to separate particles in the range of 0.1 to 100 pm in diameter from
a liquid using centrifugal force. Yeast cells are recovered from a broth (a liquid mixture
containing cells) using a tubular centrifuge (a cylindrical system rotating about a
cylindrical axis). Determine the amount of the cell-free discharge per hour if 1000 L/hr is
fed to the centrifuge, the feed contains 500 mg cells/L, and the product stream contains 50
wt.% cells. Assume that the feed has a density

of 1 g/em’.

Solution

This problem involves a steady state, open (flow) system without reaction.

Basis =1 hour

Concentrated cells P(g)
50% by weight cells

Feed (broth)

1000 Uh it
500 mg cells/L_ | “SMriuge
Cell-free
discharge
D(g)
Figure E6.2
M.B. on cells
In (mass) = Out
(mass)
1000 L feed | 500 mg cells lg _ 0.5 g cells Pg
1 Lfeed |[1000mg lgP
P=1000 g
M.B. on fluid
In (mass) = Out (mass)
1000 L |1000 em’| 1 g fluid _ 1000 ¢ P|0.50 g fluid | o
IL | tem' 1gP e

D=(10° - 500)g
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6.5 Accounting for Chemical Reactions in Material Balances
Chemical reaction in a system requires the augmentation of Equation 6.4 to take into
account the effects of the reaction. To illustrate this point, look at Figure 6.10, which shows a

steady—state system in which HCl reacts with NaOH by the following reaction:

NaOH + HCl — NaCl + H,O
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System
boundary

100 L/min 100 Lmin
—_— T —
1000 kg

1.0 molar HCI H,0 1.0 molar NaOH

200 L/min
—-

1.0 molar NaCl

Figure 6.10 Reactor for neutralizing HCI with NaOH.

Equation 6.4 must be augmented to include terms for the generation and consumption of

components by the chemical reaction in the system as follows

Input Output
Accumulation thr:u h thr(l:.:lh Generation Consumption 6.5
¥
within the | = - BY 3 4+ withinthe $ —{ withinthe } O
the system the system
system . . system system
’ boundaries boundaries ; :

6.6 Material Balances for Batch and Semi-Batch Processes

¢ A batch process is used to process a fixed amount of material each time it is operated.
Initially, the material to be processed is charged into the system. After processing of the
material is complete, the products are removed.

¢ Batch processes are used industrially for specialty processing applications (e.g., producing
pharmaceutical products), which typically operate at relatively low production rates.

¢ Look at Figure 6.11a that illustrates what occurs at the start of a batch process, and after

thorough mixing, the final solution remains in the system (Figure 6.11b).

/ System /

boundary -
)
9000 Ib o . 1000 Ib
| 100% H0 5 i 100% NaOH
| SR
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Figure 6.11a The initial state of a batch mixing process.

65

System
boundary

10,000 Ib
0% H,0
10% NaOH

Figure 6.11b The final state
of a batch mixing process.
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¢ We can summarize the hypothetical operation of the batch as a flow system (open system)
as follows (Figure 6.12):

Final conditions: All values =0 Flows out:

NaOH = 1,000 1b
H,O0 =9.0001b
Total = 10,000 Ib

Initial conditions: All value =0 Flows in:

NaOH = 1,000 1b
H>O =9,000 1b
Total 10,000 Ib

System
boundary

9000 Ib P _ '] 1000lb
100%H,0 [ 1 <7 100% NaOH

10,000 Ib
90% H,O
10% NaOH

Figure 6.12 The batch process in Figure 6.11 represented as an open system.

In a semi-batch process material enters the process during its operation, but does not
leave. Instead, mass is allowed to accumulate in the process vessel. Product is

withdrawn only after the process is over.

A Figure 6.13 illustrates a semi-batch mixing process. Initially the vessel is empty
(Figure 6.13a). Figure 6.13b shows the semi-batch system after 1 hour of operation.
Semi-batch processes are open and unsteady — state.

Only flows enter the systems, and none leave, hence the system is an unsteady state — one

that you can treat as having continuous flows, as follows:

Final conditions: Flows out: All values =0

NaOH = 1,000 Ib
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H>0 =9,000 Ib
Total = 10,000 Ib Flows in:
NaOH = 1,000 Ib
H>O0 =9,000 1b
Initial conditions: All values =0 Total = 10,000 1b
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System
boundary

System
boundary

i

9000 Ib/hr H,0 1000 Ib/hr NaOH

10,000 Ib
90% H,0
10% NaOH

o —

100% H,O 100% NaOH

N

Figure 6.13a Initial condition for the semi-batch Figure 6.13b Condition of a semi-batch
mixing process. Vessel is empty. mixing process after 1 hour of operation.

Example 6.3

A measurement for water flushing of a steel tank originally containing motor oil showed that 0.15
percent by weight of the original contents remained on the interior tank surface. What is the
fractional loss of oil before flushing with water, and the pounds of discharge of motor oil into the
environment during of a 10,000 gal tank truck that carried motor 0il? (The density of motor oil is
about 0.80 g/cm’).
Solution

Basis: 10,000 gal motor oil at an assumed 77°F

The initial mass of the motor oil in the tank was

(10000 gal)(3.785 lit/1 gal)(1000 cm?/1 1it)(0.8 g/cm’)(1 1b/454 g) = 66700 Ib

The mass fractional loss is 0.0015. The oil material balance is

Initial unloaded residual discharged on cleaning
66,700 = 66,700 (0.9985) + 66,700 (0.0015)

Thus, the discharge on flushing is 66,700 (0.00 15) =100 Ib.

uestions

1. Is it true that if no material crosses the boundary of a system, the system is a closed system?
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Is mass conserved within an open process?

Can an accumulation be negative? What does a negative accumulation mean?

Under what circumstances can the accumulation term in the material balance be zero for a
process?

Distinguish between a steady-state and an unsteady-state process.

What is a transient process? Is it different than an unsteady-state process?
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7. Does Equation 6.4 apply to a system involving more than one component?
8. When a chemical plant or refinery uses various feeds and produces various products, does
Equation 6.4 apply to each component in the plant?
9. What terms of the general material balance, Equation (6.5), can be deleted if
a. The process is known to be a steady-state process.
b. The process is carried out inside a closed vessel.
c. The process does not involve a chemical reaction.
10. What is the difference between a batch process and a closed process?
11. What is the difference between a semi-batch process and a closed process?

12. What is the difference between a semi-batch process and an open process?

Answers:
I. Yes
2. Not necessarily — accumulation can occur
3. Yes; depletion
4. No reaction (a) closed system, or (b) flow of a component in and out are equal.
5. In an unsteady-state system, the state of the system changes with time, whereas with a

steady-state system, it does not.
6. A transient process is an unsteady-state process.

7. Yes

8. Yes

9. (a) Accumulation; (b) flow in and out; (¢) generation and consumption
10. None

11. A flow in occurs

12. None, except in a flow process, usually flows occur both in and out

Problems

1. Here is a report from a catalytic polymerization unit:

Charge: Pounds per hour
Propanes and butanes 15,500
Production:
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Propane and lighter 5,680
Butane 2,080
Polymer missing

What is the production in pounds per hour of the polymer?
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2. A plant discharges 4,000 gal/min of treated wastewater that contains 0.25 mg/L of PCB,
(polychloronated biphenyls) into a river that contains no measurable PCBs upstream of the
discharge. If the river flow rate is 1,500 cubic feet per second, after the discharged water has
thoroughly mixed with the river water, what is the concentration of PCBs in the river in

mg/L?

Answers:
1. 7740 Ib/hr
2. 1.49 *10° mg/L

Supplementary Problems (Chapter Six):
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Problem 1

The input is 1.5 kg in one hour.
The output is 1.2 kg in one hour.
Assume the process is unsteady state. Then the accumulation in the soil is 0.3 kg in one hour.

Assume unsteady state. If not, the accumulation would be zero and perhaps some leak from
the closed system occurred (as would likely occur in the field).
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Problem 2

F =100 kg/hr P = 60 ka/hr

mass fr mass fr
EtOH 0.50 EtOH 0.50
MeOH 0.10 MeOH 0.10
H:O0  0.40 H:0  0.40
1.00 Woer kgt 1.00
kgthr  or mass fr
EtOH mEICH wEIOH
MaOH mMeOH aMeOH
H20 mH:0 aHO
W 1.00

An obvious basis is one hour,
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Problem 3
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The variables whose values are unknown are either (a) mgron. mMeon. and my,o plus W,

or (b) ®ioH. ®Meon. and ®y,o plus W. Either set of four is acceptable as they are equivalent.
We have four unknowns. and need four independent equations.

Total: F = P + W F = P + \\Y
EtOH: 050F = 080P + mgioH 0.50F = 0.80P + ogogW
MeOH: 0.10F = 0.I5P + 1m\eOH or 0.10F = 0.15P +oMe0HW
H-O0: 0.40F = 0.05p + MDHO 040F = 0.05P +omoW

In addition you know one more independent equation holds for the components in W

MEOH T MMeOH T MH20 = W or OEtOH T OMeOH T OH20 = 1

The solution of the equations 1s (using the total and first two component balances)

m; (kg/hr) ®; (mass fr)
EtOH 2 0.050
MeOH 1 0.025
H>0 37 0.925
40 1.00

As a check. we will use the third component balance. the one for H>O. a redundant
equation

9

0.40(100) = 0.05(60) + 37 or 0.40(100) = 0.05(60)+ 0.925(40)
40 = 3+37 40 = 3+37
Chapter 7

A General Strategy for Solving Material Balance Problems
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