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Lesson objectives: To provide an understanding of the fundamental material and energy balances that
underpins process engineering. To provide knowledge and understanding of the methods of calculating material
and energy balances around a process flowsheet and to practical laboratory experience in engineering
processes.
Lesson outcomes:
A2.2.1 – Understand the principles of material and energy balances.
Exemplar material balances based on rudimentary designs.
A2.3.1 – Be familiar with, and able to apply, a range of appropriate tools such as dimensional analysis and
mathematical modelling.
For unit conversion.
Tasks:
1.

System in the Context of Processes – The ability to build a process and instrumentation diagram starts
small because they are a vast collection of small processes linked together. Explore how to build the
process diagrams, how to define their boundaries, the parameters you wants and the overall conditions.

2. Classification of Process Operations – Once the outline of a process has been defined, the state of that
operation needs be determined because this will impact on the rate of the process operation. Investigate
the examples given and explain why you have decided on the operation type.

3. General material balance equation – With a process boundary, an operation type it is now time to
determine what the material balance of the process will be. Explore the types of material balances.
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Introduction
Material balances are nothing more than the application of the law of conservation of mass, which
states that mass can neither be created nor destroyed. Thus, you cannot, for example, specify an
input to a reactor of one ton of naphtha and an output of two tons of gasoline or gases or
anything else. One ton of total material input will only give one ton of total output, i.e. total mass
of input = total mass of output.
A material balance is an accounting for material. Thus, material balances are often compared to
the balancing of current accounts. They are used in industry to calculate mass flow rates of
different streams entering or leaving chemical or physical processes.

System in the Context of Processes
In terms of engineering, a process is any operation or series of operations by which a particular
objective is accomplished.
A system is any arbitrary portion of the whole of the process to be analyzed. It is defined by a
boundary that circumscribes the portion of the process to be analyzed.
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Open system: is one in which material is transferred across the system boundary, i.e. enters or
leaves the system, or both.

Closed system: is one in which there is no material transfer across the system boundary during the
time interval of interest or analysis

The system boundary is often defined according to interest. It is not necessarily fixed, and can
change as the process goes on.
Example: For a polymer melt in a large reservoir to be extruded into a small mould, the system boundary is
the surface of the polymer melt contacting the reservoir’s internal wall before extrusion, but extends to the
mould during and after extrusion.

The time interval specified for a closed system differentiates it from an open one.
Example: If the wall of a reactor is considered as the system boundary and the analysis is focused on the
reaction after charging the reactants but before removing the products, the system is closed.

Continuous Steady-State Process
In such a process, accumulation = 0, and the balance equation becomes
input + generation = output + consumption

nin + ngen. = nout + ncons

The material flow rates (ν = dn/dt ) in a continuous process at steady-state are of great
importance, and the balance can be made for flow rates, or at an instant time in the process.
Differential balance equation
vin + vgen.= vout + vcons.

dnin dngen. dnout dncons.
+
=
+
dt
dt
dt
dt

If the balance is made for the total mass, or non-reactive species (system), ngen. = 0, ncons. = 0;

input = output

dnin dnout
=
dt
dt
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The differential equation is also useful for processes at unsteady-state or transient-state.

Example: An equi-mass mixture of benzene (B) and toluene (T) enters a distillation tower at a steady rate of
1000 kg/h to be separated. The steady mass flow rates are respectively 450 kg B /h in the top output stream
and 475 kg T/h in the bottom output stream. Write balances on B and T to calculate the unknown component
flow rates in the output stream.
Steady-state → nacc= 0;
Non-reactive → ngen.= 0, ncons= 0.

nin = nout
vin = vout

Benzene balance: 500 kg B/h = 450 kg B/h + vB2; → vB2 = 50 kg B/h
Toluene balance: 500 kg T/h = vT1 + 475 kg T/h; → vT1 = 25 kg T/h
Total mass balance (check):

output = (450 + 50) kg B/h + (475+25) kg T/h
= 1000kg/h = input
[7]

Example: A mixture containing 45% benzene (B) and 55% toluene (T) by mass is fed to a distillation column.
An overhead stream of 95 wt% B is produced, and 8% of the benzene fed to the column leaves in the bottom
stream. The feed rate is 2000 kg/h. Determine the overhead flow rate and the mass flow rates of benzene
and toluene in the bottom stream.
[12]
A labelled flowchart of a continuous steady-state two-unit distillation process is shown below. Each stream
contains two components, A and B, in different proportions. Three streams whose flow rates and/or
compositions are not known are labelled 1, 2 and 3.

Calculate the unknown flow rates and compositions of streams 1, 2, and 3.

Batch Process
A batch process features (1) an initial input at t = t0 and a final output at t = tf, but that (2) in
between t0 and tf, there is no material crossing the system boundary, i.e. input = 0 and output = 0.
The balance equation then becomes
accumulation = generation – consumption
Accumulation also equal to what accumulates in the system from t0 to tf (integration), i.e.
accumulation = final output – initial input
5
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Combining the above two equations:
initial input + generation = final output + consumption
The above is actually an integral balance equation for a batch process running from the time of
initial input to that of the final output, but has the same form as the differential balance equation
for a steady-state continuous process.

Example: Consider two propanol-water (P-W) mixtures. The 1st contains 40.0 wt% P and the 2nd contains
70.0 wt% P. If 200 g of the 1st is combined with 150 g of the 2nd, what are the product mass and
composition?
Non-reactive process:

gen = 0, cons = 0

Total mass: input = output, m = 200 g + 150 g = 350 g
Propanol (P) balance: input = output
(200 g0.400 g P/g + 1500.700 g P/g = m g  x g P/g)

Water (W) balance (check result): input = output
input = 200 g  0.600 g W/g + 150 g  0.300 g W/g = 165 g W/g
output = 350 g  (1 – 0.529 g Pg) = 165 g W/g
Example: 100 kg of a solution containing 5% sodium hydroxide is mixed with 50 kg of a solution containing
10% sodium hydroxide. Make balances for this system.
Example: A 10-gallon aquarium contains 2 percent salt by weight. How much salt would you need to add to
bring the salt concentration to 3.5 percent salt by weight?

Semi-Batch and -Continuous Processes
Both concern with processes at unsteady-state, and the differential balance equation applies. In
combination with integration of the differential equation between two specific instants of time,
complex process problems may be solved.
Example: Air is bubbled through a drum of liquid water at a rate of 0.100 kmol/min. The gas stream leaving
the drum contains 10.0 mol % water vapour. Air is insoluble and non-reactive in water. Estimate the time
required to vaporise 10.0 m3 of the liquid.
[ρair=1.2kg/m3, Mwwater (RMMwater)= 18 kg/kmol]
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Differential balance on air (flow rate):
accumulation = 0, generation = 0, consumption = 0,
input = output

v = 0.111 kmol/min
Integral balance on water:
time interval: t0 = 0, tf =t.
input = 0, generation = 0, consumption = 0,
accumulation = – output (∆n = –v  t)
∆n: M3 → kmol
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