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Chapter 1
Dimensions, Units, and Their Conversion
1.1 Units and Dimensions

Dimensions are our basic concepts of measurement such as length, time, mass, temperature, and so

on; units are the means of expressing the dimensions, such as feet or centimeters for length, and

hours or seconds for time.
In this lectures you will use the two most commonly used systems of units:
1. SI, formally called Le Systeme Internationale d’Unites, and informally called SI or more
often (redundantly) the SI system of units.
2. AE, or American Engineering system of units.
Dimensions and their respective units are classified as fundamental or derived:
e Fundamental (or basic) dimensions/units are those that can be measured independently and
are sufficient to describe essential physical quantities.
e Derived dimensions/units are those that can be developed in terms of the fundamental
dimensions/units.
Tables 1.1 and 1.2 list both basic, derived, and alternative units in the SI and AE systems. Figure
1.1 illustrates the relation between the basic dimensions and some of the derived dimensions.
One of the best features of the SI system is that (except for time) units and their multiples and

submultiples are related by standard factors designated by the prefix indicated in Table 1.3.

1.2 Operations with Units

The rules for handling units are essentially quite simple:

1.2.1 Addition, Subtraction, Equality
You can add, subtract, or equate numerical quantities only if the associated units of the quantities
are the same. Thus, the operation

5 kilograms + 3 joules
cannot be carried out because the units as well as the dimensions of the two terms are different. The
numerical operation

10 pounds + 5 grams

can be performed (because the dimensions are the same, mass) only after the units are transformed
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to be the same, either pounds, grams, or ounces, or some other mass unit.
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Table 1.1 SI Units

Physical Quantity

Name of Unit

Symbol for Unit*

Definition of Unit

Length

Mass

Time
Temperature

Molar amount

Power
Density
Velocity
Acceleration

Pressure

Heat capacity

Time
Temperature
Volume
Mass

Basic SI Units

metre, meter
kilogramme, kilogram
second

kelvin

mole

Derived SI Units

joule

newton

watt

kilogram per cubic meter

meter per second

meter per second squared

newton per square meter,
pascal

joule per (kilogram - kelvin)

Alternative Units

minute, hour, day, year
degree Celsius
litre, liter (dm?)

tonne, ton (Mg). gram

W

min, h, d, y
°oC
L

t, g

- m

-m? - 572 — Pa- m?
g-m-s2—=J -m!

cm?-s3 ). .51

—3

m-s-!

m- 572

N-m=2, Pa

J. l\'g‘l K-l

Table 1.2 American Engineering (AE) System Units
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Physical Quantity ~ Name of Unit Symbol
Some Basic Units
Length foot ft
Mass pound (mass) Ib,,
Time second, minute, hour, day s, min, h (hr), day
Temperature degree Rankine or degree Fahrenheit “Ror °F

Molar amount

Force

Energy
Power
Density
Velocity
Acceleration
Pressure

Heat capacity

pound mole
Derived Units

pound (force)

British thermal unit, foot pound (force)
horsepower

pound (mass) per cubic foot

feet per second

feet per second squared

pound (force) per square inch

Btu per pound (mass) per degree F

Ib mol

Ibg
Btu, (ft)(lbr}
hp

Ib,/ft3

ft/s

ft/s2

Ibg/in.2, psi
Btu/(Ib,,)(°F)

m
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Figure 1.1 Relation between the basic dimensions (in boxes) and various derived dimensions
(in ellipses).

Density
P\ specific volume /=%

Flow
| N N

Volume Time Mass

= 5
<

A

Y |

Table 1.3 SI Prefixes

Factor Prefix Symbol Factor Prefix Symbol
109 giga G 10~ deci d
100 mega M 10-2 centi c
103 kilo k 10-3 milli m
102 hecto h 106 micro m
10! deka da 10-9 nano n

1.2.2 Multiplication and Division
You can multiply or divide unlike units at will such as
S0(kg)(m)/(s)
but you cannot cancel or merge units unless they are identical. Thus, 3 m*/60 cm can be converted

to 3 m*/0.6 m, and then to 5 m, but in m/s°, the units cannot be cancelled or combined.
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Example 1.1
Add the following:

(a) 1 foot + 3 seconds (b) 1 horsepower + 300 watts

Solution
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The operation indicated by
1ft+3s
has no meaning since the dimensions of the two terms are not the same. In the case of
1 hp + 300 watts
the dimensions are the same (energy per unit time), but the units are different. You must transform
the two quantities into like units, such as horsepower or watts, before the addition can be carried
out. Since 1 hp = 746 watts,
746 watts + 300 watts = 1046 watts

1.3 Conversion of Units and Conversion Factors

The procedure for converting one set of units to another is simply to multiply any number and its
associated units by ratios termed conversion factors to arrive at the desired answer and its
associated units.

If a plane travels at twice the speed of sound (assume that the speed of sound is 1100 ft/s), how fast
is it going in miles per hour?

We formulate the conversion as follows

2 X 1100 ft] 1 mi 60 s |60 min
S 5280 ft| 1 min 1 hr

ft mi mi

s\ s min

Example 1.2
(a) Convert 2 km to miles.  (b) Convert 400 in.*/day to cm’®/min.

Solution

(a) One way to carry out the conversion is to look up a direct conversion factor, namely 1.61 km =1

mile:
2km| 1 mile _
= 1.24 mile
1.61 km
Another way is to use conversion factors you know
2km|10° em| 1w | 1 | 1 mile _
- —| = — = [.24 mile
| km |2.54 em| 12 ur. | 5280 #7
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(2.5—1 cm)"’
1 1in.

In part (b) note that not only are the numbers in the conversion of inches to centimeters raised to a

3
1 hr __cm
— = 4.55—
60 min min

400 in.}
day

| day
24 hr

b)

power, but the units also are raised to the same power.
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Example 1.3

An example of a semiconductor is ZnS with a particle diameter of 1.8 nanometers. Convert this

value to (a) dm (decimeters) and (b) inches.

Solution
1.8 nm|107° m| 10 dm 3
(a) = 1.8 X 107°dm
| nm I m
1.8 nm|107? m|39.37 in. 3.
(b) = 7.09 X 107°in.
| nm I m

In the AE system the conversion of terms involving pound mass and pound force deserve special

attention. Let us start the discussion with Newton’s Law:

F =Cma (1.1)

Where:

F = force

C = a constant whose numerical value and its units depend on those selected for F, m,

and a, m = mass

a = acceleration

In the SI system in which the unit of force is defined to be the Newton (N) when 1 kg is accelerated
at 1 m/s?, a conversion factor C = 1 N/(Kg)(m)/s2 must be introduced to have the force be 1 N:

o AN |lkellm o (L.1)
(kg)(m) s?
52
C m a

Because the numerical value associated with the conversion factor is 1, the conversion factor seems

simple, even nonexistent, and the units are ordinarily ignored.
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In the AE system an analogous conversion factor is required. If a mass of 1 1bn is hypothetically
accelerated at g ft/s®, where g is the acceleration that would be caused by gravity (about 32.2 ft/s’
depending on the location of the mass), we can make the force be 1 1brby choosing the proper

numerical value and units for the conversion factor C:
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1(1bg)( s> 11t fit
i = ( (.)t)(s ) - )( Dm g’ ) = j lhf
32.174(1b,,) (ft) a (1.2)
C mo g

The inverse of the conversion factor with the numerical value 32.174 included is given the special
symbol gc (Note: in eq. [1.2], g=32.2 ft/s%)

(ft) (Iby,)

g, = 32.174——22

(82)(lhf)

But never forget that the pound (mass) and pound (force) are not the same units in the AE system.
1 Ibf=32.174 Ibm ft/s’

Example 1.4
What is the potential energy in (ft)(1bfr) of a 100 1b drum hanging 10 ft above the surface of the

earth with reference to the surface of the earth?

Solution

Potential energy=P=m gh

Assume that the 100 1b means 100 Ib mass; g = acceleration of gravity = 32.2 ft/s>. Figure E1.4 is a

sketch of the system.
drum
+ 100 Ib,
10 ft
* reference plane
Figure E1.4
100 Iby, |32.2 ft| 10 fi s7)(Iby
P = == ( )(. ) 1000 (ft)(1bg)
s~ 32.174(ft)(1by,)
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Notice that in the ratio of 32.2 ft/s* divided by 32.174[(ft)(Ibm)]/ [(s*)(Ibf)], the numerical values are
almost equal. Many engineers would solve the problem by saying that 100 1b x 10 ft = 1000

(ft)(1b) without realizing that, in effect, they are canceling out the numbers in the g/g. ratio, and
that the Ib in the solution means Ibs.
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Example 1.5

In biological systems, production rate of glucose is 0.6 pg mol/(mL)(min). Determine the
production rate of glucose for this system in the units of Ib mol/(ft*)(day).
Solution

Basis: 1 min

0.6 g mol | 1 g mol [ Ib mol | 1000 mL I L 60 min |24 hr

(mL)(min)|10° pg mol | 454 ¢ mol | L 3531 X 10°2f| hr day
Ib mol

= 0.0539

(ft“)(dal_\-’)

1.4 Dimensional Consistency (Homogeneity)

The concept of dimensional consistency can be illustrated by an equation that represents the

pressure/volume/temperature behavior of a gas, and is known as van der Waals’s equation.

( +ﬁ)V—1)—RT
p Vz( h) =

Inspection of the equation shows that the constant a must have the units of [(pressure)(volume)’]

for the expression in the first set of parentheses to be consistent throughout. If the units of pressure
are atm and those of volume are cm®, a will have the units of [(atm)(cm)ﬁ]. Similarly, b must have

the same units as V, or in this particular case the units of cm’.

Example 1.6

Your handbook shows that microchip etching roughly follows the relation

d=16.2~- 16200211 <200

where d is the depth of the etch in microns (micrometers, um) and t is the time of the etch in
seconds. What are the units associated with the numbers 16.2 and 0.021? Convert the relation so
that d becomes expressed in inches and t can be used in minutes.

Solution

Both values of 16.2 must have the associated units of microns (um). The exponential must be

dimensionless so that 0.021 must have the associated units of's .
10
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60s
| min

Il m
10° m

= 6.38 X 1074(1 — ¢ 1?0Mmin) inches

16.2 um

39.27 in. [ —0.021
HCRD—

Imin }

I m

Nondimensional Groups:

As you proceed with the study of chemical engineering, you will find that groups of symbols may
be put together, either by theory or based on experiment, that have no net units. Such collections of
variables or parameters are called dimensionless or nondimensional groups. One example is the

Reynolds number (group) arising in fluid mechanics.

Reynolds number =

where D is the pipe diameter, say in cm; v is the fluid velocity, say in cm/s; p is the fluid density,
say in g/em’; and g is the viscosity, say in centipoise, units that can be converted to g/(cm)(s).
Introducing the consistent set of units for D, v, p, and u into Dvp/u, you will find that all the units

cancel out so that the numerical value of 1 is the result of the cancellation of the units.

em|em| £ |(em) (%)
£ len?| £

Example 1.7

Explain without differentiating why the following differentiation cannot be correct:

d /—>C 2ax
—VI1 + (x/a”) = —F————
dx V1 + (xa)

where x is length and a is a constant.

Solution

11
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Observe that x and  must have the same units because the ratio x*/a” must be dimensionless
(because 1 is dimensionless).

Thus, the left-hand side of the equation has units of 1/x (from d/dx). However, the right-hand
side of the equation has units of x* (the product of ax).

Consequently, something is wrong as the equation is not dimensionally consistent.

12
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Questions

1. Which of the following best represents the force needed to lift a heavy suitcase?
a.25N b. 25 kN c.250N d. 250 kN

2. Pick the correct answer(s); a watt is
a. one joule per second b. equal to 1 (kg)(mz)/s2 c. the unit for all types of power
d. all of the above e. none of the above

3. Iskg/s a basic or derived unit in SI?

4. Answer the following questions yes or no. Can you
a. divide ft by s? b. divide m by cm? ¢. multiply ft by s? d. divide ft by cm? e. divide m
by (deg) K? f.add ft and s? g. subtract m and (deg) K h. add cm and ft? i. add cm and m>?
j.add 1 and 2 cm?

5. Why is it not possible to add 1 ft and 1 ft*?

6. What is g.?

7. Is the ratio of the numerator and denominator in a conversion factor equal to unity?

8. What is the difference, if any, between pound force and pound mass in the AE system?

9. Could a unit of force in the SI system be kilogram force?

10. Contrast the procedure for converting units within the SI system with that for the AE
system.

11. What is the weight of a one pound mass at sea level? Would the mass be the same at the
center of Earth? Would the weight be the same at the center of Earth?

12. What is the mass of an object that weighs 9.80 kN at sea level?

13. Explain what dimensional consistency means in an equation.

14. Explain why the so-called dimensionless group has no net dimensions.

15. If you divide all of a series of terms in an equation by one of the terms, will the resulting
series of terms be dimensionless?

16. How might you make the following variables dimensionless:
a. Length (of a pipe).  b. Time (to empty a tank full of water).

Answers:

1. (¢)

2. (a)

3. Derived.

13
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4. (a) - (e) yes; (f) and (g) no; (h) and (i) no; (j) no.

14
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5. The dimensions are not the same.

6. A conversion factor in the American Engineering system of units.

7. Yes.

8. 1Ibris force and Iby, is mass, and the dimensions are different.

9. The unit is not legal in SI.

10. In SI the magnitudes of many of the units are scaled on the basis of 10, in AE.
Consequently, the units are often ignored in making conversion in SI.

11. (a) 1 Ibrin the AE system of units; (b) yes; (c) no.

12. 1000 kg.

13. All additive terms on the right-hand side of an equation must have the same dimensions as
those on the left-hand side.

14. All of the units cancel out.

15. Yes.

16. (a) Divide by the radius or diameter; (b) divide by the total time to empty the tank, or by a
fixed unit of time.

Problems

1. Classify the following units as correct or incorrect units in the SI system:
a.nm b. K C. sec d. N/mm e. kJ/(s)(m3)

2. Add1cmand 1 m.

3. Subtract 3 ft from 4 yards.

4. Divide 3 m'’ by 2m®”.

5. Multiply 2 ft by 4 Ib.

6. What are the value and units of gc in the SI system?

7. Electronic communication via radio travels at approximately the speed of light (186,000
miles/second). The edge of the solar system is roughly at Pluto, which is 3.6 x 109 miles
from Earth at its closest approach. How many hours does it take for a radio signal from
Earth to reach Pluto?

8. Determine the kinetic energy of one pound of fluid moving in a pipe at the speed of 3 feet
per second.

9. Convert the following from AE to SI units:

a.4 Ibn/fttokg/m  b. 1.00 Ibw/(ft*)(s) to kg/(m*)(s)
10. Convert the following 1.57 x 107* g/(cm)(s) to Ibw/(ft)(s)

15
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11. Convert 1.1 gal to ft’.

16
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12. Convert 1.1 gal to m’.
13. An orifice meter is used to measure the rate of flow of a fluid in pipes. The flow rate is

related to the pressure drop by the following equation

Where u = fluid velocity

Ap = pressure drop 1force per unit area’

p = density of the flowing fluid

¢ = constant

What are the units of ¢ in the SI system of units?

14. The thermal conductivity k& of a liquid metal is predicted via the empirical equation

k= A exp (B/T)

where £ is in J/(s)(m)(K) and 4 and B are constants. What are the units of 4 and B?

Answers:
1. (a), (s), (d), (e) are correct.
2. Change units to get 101 cm.
3. Change units to get 9 ft.
4. 1.5m.

5. 8 (ft)(Ib).
6. 1, dimensionless.
7. 5.38 hr.

8. 0.14 (ft) (Iby).

9. a.5.96 kg/m; b. 16.0 kg/(m>)(s)
10. 1.06 * 107 Ibm/(ft)(s)

11.0.15 ft°
12.4.16 * 10> m’.

13. c is dimensionless

14. A has the same units as k; B has the units of T
17
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Supplementary Problems (Chapter One):

Problem 1
Convert the following quantities to the ones designated :

a. 42 ft2/hr to cm?/s.
b. 25 psig to psia.
¢. 100 Btu to hp-hr.

Solution
207 1om 10" en’] Lhr 108 cm2/s
hr | 3.2808 ft/ [ 1.0m” [3600 s
3.93 * hp-hr
b. 100 Btu|3.93 x 107 hp-hr _ 3.93 x 102 hp-hr
1 Btu
80.0 1b,[32.174 (Ib,)(f)| 1ke | 1m | IN _ 356N
(Ib)sf  [2201b,,[3.2808 ftl1 (kg m)s)~ T
Problem 2
: cal
Convert the ideal gas constant : R=1.987 (emol)(K) 0 T(Ib1
Solution
1.987 cal | 1Bt [454 gmol| 1K Btu

= 1.98
(gmol}(K)|252 cal| 11bmol | 1.8 °R (Ib mol)(°R)

18
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Problem 3

Mass flow through a sonic nozzle is a function of gas pressure and temperature. For a
given pressure p and temperature T, mass flow rate through the nozzle is given by

m = 0.0549 p /(T)%-5 where m is in Ib/min, p is in psia and T is in °R

a. Determine what the units for the constant 0.0549 are. _ _ '
b. What will be the new value of the constant, now given as 0.0549, if the variables in
the equation are to be substituted with SI units and m 1s calculated in SI units.

Solution

a. Calculation of the constant.

19




The first step is to substitute known units into the equation.

b, Ib,
—2 = 0.0549 ———
min (in )(°R)°’
b, |(b,Xin) (°R)"* ()
(in® ](°R)°'S| (min) 1b, ) _ (min)
. ‘ (Ib,, )(in)’ °R)"
Units for the constant 0.0549 are
(min)(1b;)

b. To determine the new value of the constant, we need to change the units of the constant to
appropriate SI units using conversion factors.

0.0549 (Ib,, )(in’ °’| 0.454 kf (14.7 1b, / in*) I 1 miu)| (1K)” | (p)
(Ib, )(mm) | (11b,,) |1013 x 10°N/m’[ (60's) [(1.8 °R)"|(T)

P
(T)°-3

m = 4.49 x 10-8 (m) (s) (K)0-5
Substituting pressure and temperature i SI units

(p YN/ m’ )ll kg/(m)s)’

m - 449 » 108 (m) (s) (K)0-3 (T)O'S(K)o'jl N
k (p)
m (T—rsg) = 4.49 « 10-8 (T)0-5 where p is in N/m? and T is in K
. Problem 4

An empirical equation for calculating the inside heat transfer coefficient, h;. for the
turbulent flow of liquids in a pipe is given by:

0.023 GO0.8 K0.67 Cp0‘33
hi = DO-2 1 0.47
where h; = heat transfer coefficient, Btw/(hr)(ft)2(°F)
G = mass velocity of the liquid, 1by,/(hr)(ft)?
K = thermal conductivity of the liquid, Btu/(hr)(ft)(°F)
Cp = heat capacity of the liquid, Btw/(Iby,)(°F)
1= Viscosity of the liquid, 1by,/(ft)(hr)
D = inside diameter of the pipe, (ft)

a. Verify if the equation is dimensionally consistent. _ _ _
b. What will be the value of the constant, given as 0.023, if all the variables in the
equation are inserted in SI units and h, is i SI units.

20



Solution

a. Fust we introduce American engineering units into the equation:

- 0.023[(Ib,,)/(ft)’ (br)]™" [Bw/ (hw) £t °F)] " [Bru/(1b,, ) °F)|"
i (ft)™ [1b,, /(fi)(hr)]
~0.023(Btu)?-67  (Iby,)0-8 (f1)0-47 (1) (hr)0-47

L, =

[(lbm)o.ss (lb,11)0-47] [(ﬁ)l -6(ft)0-67(ft)0-2] [(01:)0.67(01:)0.33] [(lu‘)O.S(lu-)O.ﬁ’f]

Btu
(hr)(ft)? (°F)

hj = 0.023

The equation is dimensionally consistent.

b. The constant 0.023 1s dimensionless: a change m units of the equation parameters will not

have any effect on the value of this constant.



Chapter 2
2.1 The Mole Moles, Density and Concentration

In the SI system a mole is composed of 6.022 x 10* molecules (Avogadro’s number). To

convert the number of moles to mass and the mass to moles, we make use of the molecular weight

— the mass per mole:

. M
Molecular Weight (MW)= ass
Mole
Thus, the calculations you carry out are
h | = ~ massing
the g mol = molecular weight
mass in 1b
the 1b mol =

molecular weight

and

Mass in g = (MW) (g mol)
Mass in Ib = (MW) (Ib mol)

For example

100.0 g H,0| 1 g mol H,0

18.0 g H,0
1 Ib mol O,

+» The atomic weight of an element is the mass of an atom based on the scale that assigns a
mass of exactly 12 to the carbon isotope '*C.
¢ A compound is composed of more than one atom, and the molecular weight of the
compound is nothing more than the sum of the weights of atoms of which it is composed.
Example 2.1
What is the molecular weight of the following cell of a superconductor material? (The figure

represents one cell of a larger structure.)






Solution

Element Number of atoms Atomic weights Mass (g)
Ba 2 137.34 2(137.34)
Cu 16 63.546 16(63.546)
0 24 16.00 24(16.00)
Y 1 88.905 1(88.905)
Total 1764.3

The molecular weight of the cell for each mole is 1764.3 g/g mol.
Example 2.2
If a bucket holds 2.00 1b of NaOH (MW=40), how many

a) Pound moles of NaOH does it contain?

b) Gram moles of NaOH does it contain?

Solution

2.00 Ib NaCﬂ-Il 1 Ib mol NaOH

(a) = 0.050 1b mol NaOH

40.0 Ib NaOH
2.00 Ib NaOH | 1 Ib mol NaOH 454 g mol
e = —> 7
(by) 40.0 Ib NaOH ‘ {omol 2> gmol
2.00 Ib NaOH |454 g |1 1 NaOH
(b)) — 2 ' g‘ e 22.7 g mol

11b | 40.0 g NaOH

Example 2.3
How many pounds of NaOH (MW=40) are in 7.50 g mol of NaOH?

Solution

SO0JuNaOM, = 0.661 Ib NaOH

7.50 g mol NaOH' 1 1b mol
1 1b mol NaOH

454, g ; mol

2.2 Density

Density is the ratio of mass per unit volume, as for example, kg/m’ or 1b/ft’. Density has

both a numerical value and units. Specific volume is the inverse of density, such as cm®/g or ft*/Ib.



densi mass m
ensity = ——— = —
y volume Vv

Il

P

. volume V
specific volume = - = —
‘mass m

=
Il

For example, given that the density of n-propyl alcohol is 0.804 g/cm’, what would be the volume
01 90.0 g of the alcohol? The calculation is

90.0g| 1 cm’
0.804 g

= 112 cm?



+»+ In a packed bed of solid particles containing void spaces, the bulk density is

total mass of solids
total empty bed volume

pp = bulk density =

% A homogeneous mixture of two or more components, whether solid, liquid, or gaseous, is

called a solution.

For some solutions, the density of the solution is

n

V= Z V; where n = number of components
i=1

n
m = Em,—
i=1

_ m
Psolution = T/_

For others you cannot.
2.3 Specific Gravity = s Jil)
Specific gravity is commonly thought of as a dimensionless ratio.

(glem?) , _ (kg/m*) , _ _QE‘{{‘})A

sp.ar. of A = specific gravityof A = =
PE pectic sravity (gem),ey (kg (ID/FD),;

¢ The reference substance for liquids and solids normally is water.

¢ The density of water is 1.000 g/cm’, 1000 kg/m’, or 62.43 Ib/ft’ at 4°C.

¢ The specific gravity of gases frequently is referred to air, but may be referred to other gases.

For Example If dibromopentane (DBP) has a specific gravity of 1.57, what is the density in (a)
g/em’? (b) Ibw/ft’? and (c) kg/m*?



or

(a)

(b)

(c)

DBP H,O
g 1008 2

T _ DBP
i

H,0 : 3
100810 em
cm
1b DBP Ib H,O

f 62:4 i Ib DBP

1.57

— ?' _—
1b H,0 I
ft

1.57g DBP’(]OOcm)-"' Lk _ | o ookeDBP

cm’® 1 m 1000g 2

kg DBP [ 1.00 X 10°kg H,0O
157~ 3
m m

kg DBP

= 1.57 X _10°-
kg H.O 1.57 X 10°=—

1.00==5




Example 2.4
If a 70% (by weight) solution of glycerol has a specific gravity of 1.184 at 15°C, what is the density

of the solution in (a) g/cm’? (b) [bm/ft*? and (c) kg/m’?

Solution

(a) (1.184 g glycerol/ cm®)/(1 g water/ cm®) * (1 g water/ cm’) = 1.184 g solution/cm”.

(b) (1.184 1b glycerol/ft’)/(1 1b water/ft’) * (62.4 1b water/ft’) = 73.9 Ib solution/ft’.

(c) (1.184 kg glycerol/m’)/(1 kg water/m’) * (1000 kg water/m>) = 1.184 * 10° kg solution/m”’.

The specific gravity of petroleum products is often reported in terms of a hydrometer scale called

°API (American Petroleum Institute). The equation for the API scale is

141.5
°API = — 1315 sravi
SO°F (API gravity) (2.1
Sp.gl‘.m
or
o 0r 60 _ 1415 R
SP-Bl 600 = SAPI + 1315 . 22

60 o =15 oC Note: Top =1.8 ToCc +32ToC= TeF -32/1.8

The volume and therefore the density of petroleum products vary with temperature, and the
petroleum industry has established 60 F as the standard temperature for volume and API gravity.
Example 2.5

In the production of a drug having a molecular weight of 192, the exit stream from the reactor flows
at a rate of 10.5 L/min. The drug concentration is 41.2% (in water), and the specific gravity of the
solution is 1.024. Calculate the concentration of the drug (in kg/L) in the exit stream, and the flow
rate of the drug in kg mol/min.

Solution

Take 1 kg of the exit solution as a basis for convenience.

Basis: 1 kg solution

10.5 L/min
sp.gr. = 1.024
—» Reactor -
Drug 0.412 kg
Water 0.588 kg Figure E2.5
g soln > H,O
1024222211 00052 e
cm’ i gs
density of solution = ——— — — = 1.024=—
2 m’

gH
1.000 3

cm



10%cm?
1L

0.412 kg drug
1.000 kg soln

1.024 g soln

lem?

I kg
10° g

= (.422 kg drug/L soln




To get the flow rate, take a different basis, namely 1 minute.

Basis: 1 min = 10.5 L solution

.5 L soln|0.422 kg drug|1k 1d
B3 L sohn 88| 8O T8 . 0.023 kg mol/min
| min 1 L soln 192 kg drug
2.4 Flow Rate

For continuous processes the flow rate of a process stream is the rate at which material is
transported through a pipe. The mass flow rate () of a process stream is the mass (m) transported

through a line per unit time (t).

The yolumetric flow rate (F) of a process stream is the volume (V) transported through a line per

unit time.

|4
F=—
t
The molar flow (») rate of a process stream is the number of moles (n) of a substance transported

through a line per unit time.
. n
n=-
p

2.5 Mole Fraction and Mass (Weight) Fraction
Xl Mole fraction is simply the number of moles of a particular compound in a
mixture or solution divided by the total number of moles in the mixture or solution.

Xl This definition holds for gases, liquids, and solids.

Similarly, the mass (weight) fraction is nothing more than the mass (weight) of the
compound divided by the total mass (weight) of all of the compounds in the mixture or

solution.

Mathematically, these ideas can be expressed as

. . moles of A
mole fractionof A = ————
total moles

; : X mass of A
mass (weight) fractionof A = ————
_ total mass



Mole percent and mass (weight) percent are the respective fractions times 100.

Example 2.6

An industrial-strength drain cleaner contains 5 kg of water and 5 kg of NaOH. What are the mass

(weight) fractions and mole fractions of each component in the drain cleaner container?



Solution

Basis: 10 kg of total solution

Component kg Weight fraction Mol. Wt. kg mol Mole fraction
5.00 0.278
H,O 5.00 100 0.500 18.0 0.278 0403 0.69
! * 5.00 _ 0.125 _
NaOH 5.00 iO.(m = 0.500 40.0 0.125 0403 1
Total 10.00 1.000 0.403 1.00

The kilogram moles are calculated as follows:

SO0kgHO| I kgmol HO _ oo
(80kg H,0 0 &motth
5.00 kg NaOH | 1 kg mol NaOH

““““““““““““ = 0.125 N
[40.0kg Naom 0125 kg mol NaGH

Adding these quantities together gives the total kilogram moles.

Example 2.7

In normal living cells, the nitrogen requirement for the cells is provided from protein metabolism
(i.e., consumption of the protein in the cells). When individual cells are commercially grown,
(NH4)2S04 is usually used as the source of nitrogen. Determine the amount of (NH4)2SO4 consumed
in a fermentation medium in which the final cell concentration is 35 g/L in a 500 L volume of the
fermentation medium. Assume that the cells contain 9 wt. % N, and that (NH4)2SO4 is the only
nitrogen source.

Solution

Basis: 500 L solution containing 35 g/L

500 L {35 g cell
L

0.09g N

= 7425 g (NH,),S0O,

I gmol N 5% ‘] g mol (NH,),S0, | 132 g (NH,),S0,

lgeell | 14gN 2g mol N 1 g mol (NH,),SO,

2.6 Analyses of Multicomponent Solutions and Mixtures

The composition of gases will always be assumed to be given in mole percent or fraction
unless specifically stated otherwise.

The composition of liquids and solids will be given by mass (weight) percent or fraction
unless otherwise specifically stated.



For Example Table below lists the detailed composition of dry air (composition of air 21% O2 and
79% N32). Calculate the average molecular weight of air?

Basis 100 mol of air



Component Moles = percent Mol. wt. Lb or kg Weight %

0, 21.0 32 672 23.17
N, 79.0 28.2 2228 76.83
Total 100 2900 100.00

The average molecular weight is 2900 1b/100 1b mol = 29.0, or 2900 kg/100 kg mol = 29

2.7 Concentration

Concentration generally refers to the quantity of some substance per unit volume.

a. Mass per unit volume (Ib of solute/ft’ of solution, g of solute/L, Ib of solute/barrel,
kg of solute/m?).

b. Moles per unit volume (Ib mol of solute/ft® of solution, g mol of solute/L, g mol of
solute/cm’).

c. Parts per million (ppm); parts per billion (ppb), a method of expressing the
concentration of extremely dilute solutions; ppm is equivalent to a mass (weight)
fraction for solids and liquids because the total amount of material is of a much
higher order of magnitude than the amount of solute; it is a mole fraction for gases.

d. Parts per million by volume (ppmv) and parts per billion by volume (ppbv)

e. Other methods of expressing concentration with which you may be familiar are

molarity (g mol/L), molality (mole solute/kg solvent), and normality (equivalents/L).

Example 2.8

The current Occupational Safety and Health Administration (OSHA) 8-hour limit for Hydrogen cyanide
(HCN) (boils at 25.6 °C) (MW = 27.03) in air is 10.0 ppm. A lethal dose of HCN in air is (from the
Merck Index) 300 mg/kg of air at room temperature. How many mg HCN/kg air is 10 ppm? What
fraction of the lethal dose is 10.0 ppm?

Solution
Basis: 1 kg mol of the air/HCN mixture
10.0gmol HCN  10.0 g mol HCN

The 10.0 ppm is ——— - =
¢ PP is 10°(air + HCN)g mol 10° g mol air

10.0 g mol HCN

10° g mol air

1000 mg HCN « 1000 g air
1 g HCN I kg air

H

27.03 g HCN l 1 g mol air
1 g mol HCN

=93 "N/ko ai
29 g air 2 mg HCN/kg air

9.32
b. m = 0.031

Example 2.9



A solution of HNO3 in water has a specific gravity of 1.10 at 25°C. The concentration of the HNO3
is 15 g/L of solution. What is the

a. Mole fraction of HNOs in the solution?



b. ppm of HNOj3 in the solution?

Solution

Basis: 1 L of solution
Density= 1.1 x 1g/cm’= 1.1 g/em’ (density of solution)

15 g HNO;

1 L soln

oln

1L I 1em? g HNO,
3

——— |~ _ = 001364
1000 cm?| 1.10 g soln 0013 g

Basis: 100 g solution
The mass of water in the solution is: 100 — 1.364 = 98.636 g H>O.

g MW gmol
HNO:3 1.364 63.02 0.02164
HO 98.636 18.016 5.475
Total 5.4966

0.01364 13,640
1 108

or 13,640 ppm

Example 2.10

mol fraction
0.00394
0.99606

1

Sulfur trioxide (SOs3) can be absorbed in sulfuric acid solution to form more concentrated sulfuric
acid. If the gas to be absorbed contains 55% SOs3, 41% N2, 3% SO», and 1% O2, how many parts per

million of Oy are there in the gas? What is the composition of the gas on a N free basis?

Solution
(a) _l_r..L.Ll_Q.Z_ = M or lo‘ ppm
100 mol gas 10° mol gas
(b) Basis: 100 mol gas
answer
Comp. %= mol mol fr. ormol %
SO, 55 0.932 93.2
SO, 3 0.051 5.1
0O 1 0017 1.7

Total 59 1.000 100.0



Example 2.11

To avoid the possibility of explosion in a vessel containing gas having the composition of 40% N3,
45% Oz, and 15% CHas, the recommendation is to dilute the gas mixture by adding an equal amount
of pure N>. What is the final mole fraction of each gas?

Solution

The basis is 100 moles of initial gas



o Original Mixture After Addition Final Mixture
Composition
mol% Na Mole Fraction
N2 40 + 100 140 140/200 = 0.70
-

0)) 45 45 45/200 = 0.23

CHg4 15 15 15/200 = 0.07
Total 100 200 1.00

Example 2.12

Calculate the empirical formula of an organic compound with the following mass analysis: carbon,

26.9%; hydrogen, 2.2%; and oxygen as the only other element present.

Solution

Mass () combining / g
Moiar mass (M) / g mol”!
Number of moles combining
(mass + molar mass)

Ratio of number of moles

Simplest ratio

Basis: 100 g of compound

£
26.9

12
26.9/12
=224
2.24/2.20
= 1.02

1

~Hd_ _Q

2.2 70.9

1 16
22/1 709716
=220 =443
2.20/2.20

= 1.00 =2.01

I 2

The empirical formula of this organic compound is C,H;0,.

uestions

1. Answer the following questions true or false:

a. The pound mole is comprised of 2.73 x 10°° molecules

b. The kilogram mole is comprised of 6.022 x 10*° molecules.

c. Molecular weight is the mass of a compound or element per mole.

2. What is the molecular weight of acetic acid (CH3COOH)?

4.43/2.20

3. For numbers such as 2 mL of water + 2 mL of ethanol, does the sum equal to 4 mL of the

solution?

4. Answer the following questions true or false:

a. The inverse of the density is the specific volume.



b. Density of a substance is the mass per unit volume.

c. The density of water is less than the density of mercury.



5. A cubic centimeter of mercury has a mass of 13.6 g at Earth’s surface. What is the density of
mercury?
6. What is the approximate density of water at room temperature in kg/m>?
7. For liquid HCN, a handbook gives: sp. gr. 10°C/4'C = 1.2675. What does this statement
mean?
8. Answer the following questions true or false:
a. The density and specific gravity of mercury are the same.
b. Specific gravity is the ratio of two densities.
c. If you are given the value of a reference density, you can determine the density of a
substance of interest by multiplying by the specific gravity.
d. The specific gravity is a dimensionless quantity.
9. A mixture is reported as 15% water and 85% ethanol. Should the percentages be deemed to
be by mass, mole, or volume?
10. Answer the following questions true or false:
a) In engineering practice the compositions of liquids and solids are usually denoted in
weight (mass) fraction or percent.
b) In engineering practice the composition of gases is usually denoted in mole fraction
or percent.
c) e. A pseudo-average molecular weight can be calculated for a mixture of pure
components whether solid, liquid, or gases.
11. Do parts per million denote a concentration that is a mole ratio?
12. Does the concentration of a component in a mixture depend on the amount of the mixture?
13. Pick the correct answer. How many ppm are there in 1 ppb? (a) 1000, (b) 100, (¢) 1, (d) 0.1,
(e) 0.01, (£) 0.001?
14. How many ppb are there in 1 ppm?

15. Does 50 ppm represent an increase of five times a value of 10 ppm?

Answers:
L. @T, ®)T; (T
2. 60.05
3. No
4 @T,(®T; ()T



5. 13.6 glem®
6. 1000 kg/m’



10.
11.
12.
13.
14.
15.

The statement means that the density at 10°C of liquid HCN is 1.2675 times the density of
water at 4 C.

(a) F — the units differ; (b) T; (¢) T; (d) F.

Mass

@T; () T;(0) T

For gases but not for liquids or solids.

No

0.001

1000

No (4 times)

Problems

1.

A

10.

Convert the following:

a) 120 g mol of NaCl to g.

b) 120 g of NaCl to g mol.

c) 120 1b mol of NaCl to Ib.

d) 120 1b of NaCl to b mol.
Convert 39.8 kg of NaCl per 100 kg of water to kg mol of NaCl per kg mol of water.
How many 1b mol of NaNOj are there in 100 1b?
The density of a material is 2 kg/m®. What is its specific volume?
An empty 10 gal tank weighs 4.5 Ib. What is the total weight of the tank plus the water when
it is filled with 5 gal of water?
If you add 50 g of sugar to 500 mL of water, how do you calculate the density of the sugar
solution?
For ethanol, a handbook gives: sp. gr. 60°F = 0.79389. What is the density of ethanol at
60°F?
The specific gravity of steel is 7.9. What is the volume in cubic feet of a steel ingot
weighing 4000 1b?
The specific gravity of a solution is 0.80 at 70°F. How many cubic feet will be occupied by
100 b of the solution at 70°F?
A solution in water contains 1.704 kg of HNOs/kg H>O, and the solution has a specific
gravity of 1.382 at 20°C. What is the mass of HNO; in kg per cubic meter of solution at



20°C?



1.

12.

13.

14.

15.

16.

17.

18

19.

20.

Forty gal/min of a hydrocarbon fuel having a specific gravity of 0.91 flows into a tank truck
with a load limit of 40,000 Ib of fuel. How long will it take to fill the tank in the truck?

Pure chlorine enters a process. By measurement it is found that 2.4 kg of chlorine pass into
the process every 3.1 minutes. Calculate the molar flow rate of the chlorine in kg mol/hr.
Commercial sulfuric acid is 98% H>SO4 and 2% H>O. What is the mole ratio of H>SO4to
H>O?

A compound contains 50% sulfur and 50% oxygen by mass. Is the empirical formula of the
compound (1) SO, (2) SOz, (3) SO3, or (4) SO4?

How many kg of activated carbon (a substance used in removing trace impurities) must be
mixed with 38 kg of sand so that the final mixture is 28% activated carbon?

A gas mixture contains 40 Ib of Oz, 25 b of SO2, and 30 1b of SO;. What is the composition
of the mixture in mole fractions?

Saccharin, an artificial sweetener that is 3000 times sweeter than sucrose, is composed of
45.90% carbon, 2.73% hydrogen, 26.23% oxygen, 7.65% nitrogen, and 17.49% sulfur. Is
the molecular formula of saccharin (a) Ci4Hi0OsN2S2, (b) CsH703NS, (¢) CsHoO2NS, and
(d) CsHsO3NS?

. A mixture of gases is analyzed and found to have the following composition: CO; 12.0%,

CO 6.0%, CH427.3%, H29.9% and N2 44.8%. How much will 3 1b mol of this gas weigh?
A liquefied mixture of n-butane, n-pentane, and n-hexane has the following composition:
n-C4H10 50%, n-CsHi2 30%, and n-CsH14 20%. For this mixture, calculate:

a) The weight fraction of each component.

b) The mole fraction of each component.

¢) The mole percent of each component.

d) The average molecular weight of the mixture.

How many mg/L is equivalent to a 1.2% solution of a substance in water?

Answers:
1. (a) 7010 g; (b) 2.05 g mol; (c) 7010 1b; (d) 2.05 Ib mol
2. 0.123 kg mol NaCl/kg mol H.O
3. 1177 Ib mol
4. 0.5m’/kg

5.46.21b



6. Measure the mass of water (should be about 500g) and add it to 50 g. Measure the volume
of the solution (will not be 450 mL). Divide the mass by the volume.



7. 0.79389 g/cm’ (assuming the density of water is also at 60°F)

8.8.11 f¢

9. 2ft

10. 870 kg HNO3s/m” solution.

11. 132 min

12. 0.654 kg mol/hr

13.9

14. SO,

15. 14.8 kg

16. O2 0.62; SOz 0.19; SO30.19

17.(d)

18.72.17 Ib

19. (a) C4: 0.50, Cs: 0.30, Ce: 0.20; (b) C4: 0.57, Cs: 0.28, Ce: 0.15;  (c) Cs: 57, Cs: 28, Ce: 15;
(d) 66.4 kg/kg mol

20. 12000 mg/L

Supplementary Problems (Chapter Two):

Problem 1

Calcium carbonate 1s a naturally occuring white solid used in the manufacture of lime
and cement. Calculate the number of Ib mols of calcium carbonate in:
a. 50 g mol of CaCOs.
b. 150 kg of CaCOs.
¢. 100 1b of CaCOs.

Solution

50 g mol CaCO3 | 100 g CaCO3 | 11b CaCO3 |11b mol CaCO;3 B
a- [ Temol CaCOj |54 g CaCO3 | 100 Ib CaCO3 =0.11 1b mol

150 kg CaCOg3

2.2051b CaCO3 | 1 1b mol CaCO3
I'kg CaCO3 | 100 Tb CaCO3 = 3.30 1b mol

100 Ib CaCO3| 1 1b mol CaCO3
C. | 100 Ib CaCO3 =1.00 1b mol CaCO3




Problem 2

Silver nitrate (lunar caustic) is a white crystalline salt, used in marking inks, medicine
and chemical analysis. How many kilograms of silver nitrate (AgNO3) are there in :
a. 13.0 Ib mol AgNO3.
b. 55.0 g mol AgNO3

Solution

13.0 Ib mol AgNO3 | 1701b AgNO; ‘ 1 ke = 1002 kg or 1000 kg
a. 1 Ib mol AgNO3 5 1b

55.0 o mol AgNO; | 170 g AgNO3 | _1ke 0 35 I
b. 1 g mol A2N03| 1000 g oY Kg

Problem 3

Phosphoric acid is a colorless deliquescent acid used in the manufacture of fertilizers and
as a flavoring agent in drinks. For a given 10 wt % phosphoric acid solution of specific gravity
1.10 determine:

a. the mol fraction composition of this mixture.

b. the volume (in gallons) of this solution which would contain 1 g mol H3POy.

Solution
a. Basis: 100 g of 10 wt% solution
g MW g mol mol fr
H3PO4 10 97.97 0.102 0.020
H»,O 90 18.01 5.00 0.980
_ _ Psoln o
b. Specific gravity = The ref. liquid is water
Pref
3 3 '
The density of the solution is 1.10 g soln/em® soln ‘1’00 g HyOlem = 1.10 g soln
1.00 g HyO/em? ‘ cm?
1 cm3 soln | 1 g soln ‘97.97 g H3POy ‘264.2 gal
10 gsoln [0.1 g H3POz |1 g mol H3POy | 106 cm3 0-24 gal/g mol



Problem 4

The density of a liquid is 1500 kg/m?3 at 20 °C.
a. What 1s the specific gravity 20°C/4°C of this material.

b. What volume (ft3) does 140 1by, of this material occupy at 20°C.

Solution
Assume the reference substance is water which has a density of 1000 kg/m? at 4°C.

fic oravity = Pooln  (keg/m?)soln 1500 kg/m? .
. Speeifiemity = U7 = s < l000kgms 1S

1 m3 liquid | 1 kg |3S.31 ft3 ‘ 140 1b
[S00kg (22016 | |3 | = = 150

The 1993 Environmental Protection Agency (EPA) regulation contains standards for 84
chemicals and minerals in drinking water. According to the EPA one of the most prevalent of
the listed contaminants is naturally occuring antimony. The maximum contaminant level for
antimony and nickel has been set at 0.006 mg/L and 0.1 mg/L respectively.

A laboratory analysis of your household drinking water shows the antimony
concentration to be 4 ppb (parts per billion) and that of nickel to be 60 ppb. Determine if the
drinking water is safe with respect to the antimony and nickel levels.

Assume density of water to be 1.00 g/cm3

Solution
Antimony

0.006 mg Sb | 1 L soln | 1 cm?3 soln | l g __6¢g5Sb B
ILsoln 11000 cm3 soln |1.00 ¢ H2O | 1000 mg — 109 g soln 6 ppb

Nlickell 5
%Ni | 1 L soln ‘ 1 cm3 soln ‘ l g 9 g N1

1 L soln | 1000 em3 soln ‘ 1.0 g H-,O ‘ 1000 mg ~ g9 g soln =100 ppb

House hold drinking water contains less than the EPA mandated tolerance levels of antimony
and nickel. Drinking water is therefore safe.
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Problem 6
Wine making involves a series of very complex reactions most of which are performed
by microorganisms. The starting concentration of sugars determines the final alcohol content
and sweetness of the wine. The specific gravity of the starting stock is therefore adjusted to
achieve desired quality of wine.
A starting stock solution has a specific gravity of 1.075 and contains 12.7 wt% sugar. If all the
sugar 1s assumed to be C12H»20; 1, determine

a. kg sugar’kg H,O

b. 1b solution/f83 solution
¢. g sugar/L solution

Solution
Basis: 100 kg starting stock solution
12.7 kg sugar ‘ 100 kg solution kg sugar
- TT00kgsoln | §73kgH0 145 %¢ H,0
1.075 g soln/cm? ‘ 1.00 g HyO/em? | 11b ‘2.832 <10%em® 671 1b soln
1.0 g H,O/em? ‘ |4‘M 8‘ ft3 777 ft3 soln
1.075 g soln/cm? ‘ 1.0 g HoO/em? | 12.7 g sugar ‘ 1000 cm?3 g sugar
c. 1.0 ¢ H,O/em?3 ‘ | 100 g soln ‘ 1L =136 T 5oIn
Problem 7

How many ppb are there in 1 ppm? Does the system of units affect your answer?
Does it make any difference if the material for which the ppb are measured is a gas,
liquid, or solid?

Solution

a)
b)

c) Yes, because for solids and liquids the ratio in ppb is mass whereas for gases the
ratio is in moles. '
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Chapter 3

Choosing a Basis

+» A basis is a reference chosen by you for the calculations you plan to make in any particular
problem, and a proper choice of basis frequently makes the problem much easier to solve.
% The basis may be a period of time such as hours, or a given mass of material, such as 5

kg of CO», or some other convenient quantity.
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+¢ For liguids and solids in which a mass (weight) analysis applies, a convenient basis is often

1 or 100 1b or kg; similarly, 1 or 100 moles is often a good choice for a gas.

Example 3.1
Gas mixture 10.0% H», 40.0% CHas, 30.0% CO, and 20.0% CO,, what is the average

molecular weight of the gas?

Solution
Basis: 100 kg mol or 1b mol of gas
Percent = kg
Component mol or Ib mol Mol wt. Kgorlb
o, 200 44.0 880
CcO 30.0 28.0 840
CH, 40.0 16.04 642
H, 10.0 2.02 20
Total 100.0 2382
A Jocular weight = —oeS— = 23,8 kg/kg mol
verage molecular weight = ———— = 23. g mo
g & 100 kg mol gke

Other Method for Solution:

Average molecular weight =0.2 * 44 + 0.3 * 28 + 0.4 * 16.04 + 0.1 * 2.02 = 23.8 kg/kg mol
Example 3.2

A liquefied mixture has the following composition: (Butane) n-CsHio 50% (MW=58),

(Pentane) n-CsHi2 30% (MW=72), and (hexane) n-CsHis 20% (MW=86). For this

mixture, calculate: (a) mole fraction of each component. (b) Average molecular weight of

the mixture.

Solution
Basis: 100 kg
% =kg wt fr MW kg mol mol fr
n-C4Hyo 50 0.50 58 0.86 0.57
n-CsHys 30 0.30 72 0.42 0.28
n-CgHyy 20 0.20 86 0.23 0.15
100 1.00 1.51 1.00
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Average molecular weight =  fotal mass = _100 kg = 66
total mol 1.51 kg mol

Example 3.3

A medium-grade bituminous coal analyzes as follows:

Component Percent
S 2
N l
0 6
Ash 11
Water 3
Residuum 77

The residuum is C and H, and the mole ratio in the residuum is H/C = 9. Calculate the
weight (mass) fraction composition of the coal with the ash and the moisture omitted (ash —
and moisture — free).
Solution
Take as a basis 100 kg of coal because then percent = kilograms.
Basis: 100 kg of coal
The sum of the S + N + O + ash + water is 2+1+6+11+3=23kg

We need to determine the individual kg of C and of H in the 77 kg total residuum.

To determine the kilograms of C and H, you have to select a new basis.

Basis: 100 kg mol (Because the H/C ratio is given in terms of moles, not weight)

Component Mole fraction kg mol Mol. wt. kg Mass fraction

H o _ 0.90 90 1.008 90.7 0.43
1+9

C I 010 10 12 120 0.57
1+9 100 100 210.7 1.00

H: (77kg) (0.43) = 33.15 kg
C: (77kg) (0.57) = 43.85 kg

Finally, we can prepare a table summarizing the results on the basis of 1 kg of the coal ash-free
and water-free.
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Component kg Wt. fraction
LB 43.85 0.51
H 33.15 0.39
S 2 0.02
N 1 0.01
0 I 0.07
Total 86.0 1.00
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Supplementary Problems (Chapter Three):

Problem 1

1 mol of gas containing O2 20%, N2 78%, and SO 2%, find the composition of the gas on an

SO, — free basis, meaning gas without the SO init.

Solution
Basis: 1.00 mol gas
Components Mol fraction Mol Mol SO, free Mol fraction SO, free

0, 0.20 0.20 0.20 0.20

N, 0.78 0.78 0.78 0.80

SO, 0.02 0.02

1.00 1.00 0.98 1.00

Problem 2

In a ternary alloy such as NdssFe77B1ss the average grain size is about 30 nm. By
replacing 0.2 atoms of Fe with atoms of Cu, the grain size can be reduced (improved) to 17
nm.

(a) What is the molecular formula of the alloy after adding the Cu to replace the Fe?

(b) What is the mass fraction of each atomic species in the improved alloy?

Solution
Basis: 100 g mol (or atoms) of Nd4sFe77B1s5
(a) The final alloy is Nds.sFe76.8B18.5Cuo.2.

(b) Use a table to calculate the respective mass fractions.

Component  Original gmol  Final gmol MW g Mass fraction
Nd 4.5 4.5 144.24 649.08 0.126
Fe 77 76.8 55.85 4289.28 0.833
B _18.5 18.5 10.81 199.99 0.039
Cu _02 63.55 12.71 0.002
Total 100.0 100.0 5151.06 1.000

Problem 3 (Basic Principles.... Book, Page 87)
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Read each of the following problems and select a suitable basis for solving each one. Do not
solve the problems.
a. You have 130 kg of gas of the following composition: 40% N>, 30% CO>, and 30% CHsin a

tank. What is the average molecular weight of the gas?
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b. You have 25 Ib of a gas of the following composition: CHs 80%, C2Hs 10%, and CoHs 10%.
What is the average molecular weight of the mixture? What is the weight (mass) fraction of each of
the components in the mixture?

¢. The proximate and ultimate analysis of coal is given in the following table. What is the
composition of the “Volatile combustible material” (VCM)? Present your answer in the form of the

mass percent of each element in the VCM.

a

Proximate Analysis (%) Ultimate Analysis (%)
Moisture 3.2 Carbon 79.90
Volatile combustible material 21.0 Hydrogen 4.85
Fixed carbon 69.3 Sulfur 0.69
Ash 6.5 Nitrogen 1.30

Ash 6.50

Oxygen 6.76
Total 100.0 Total 100.00

d. A fuel gas is reported to analyze, on a mole basis, 20% methane, 5% ethane, and the remainder
COz. Calculate the analysis of the fuel gas on a mass percentage basis.

Solution

(a) A gas requires a convenient basis of 1 or 100 g moles or kg moles (if use SI
units),

(b) A gas requires a convenient basis of 1 or 100 1b moles (if use AE units).

(c) Use I or 100 kg of coal, or I or 100 Ib of coal because the coal is a solid and mass
is a convenient basis. '

(d) Use 1 or 100 moles (SI or AE) as a convenient basis as you have a gas.

Problem 4 (Basic Principles.... Book, Page 88)

Choose a basis for the following problem: Chlorine usage at a water treatment plant
averages 134.2 Ib/day. The average flow rate of water leaving the plant is 10.7 million
gal/day. What is the average chlorine concentration in the treatment water leaving the plant

(assuming no reaction of the chlorine), expressed in milligrams per liter?

Solution

Pick one day as a basis which is equivalent to what is given - - two numbers:

(@) 13421 C1 (b) 10.7 x10° gal water.
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Chapter 4

Temperature

% Temperature is a measure of the energy (mostly kinetic) of the molecules in a system. This
definition tells us about the amount of energy.

X Other scientists prefer to say that Temperature is a property of the state of thermal
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equilibrium of the system with respect to other systems because temperature tells us about

the capability of a system to transfer energy (as heat).

Four types of temperature:
Two based on a relative scale, degrees Fahrenheit (°F) and Celsius (°C), and two based on an

absolute scale, degree Rankine (°R) and Kelvin (K).
X Temperature Conversion

A°F = A°R
A°C = AK

Also, the A°C is larger than the A°F

A°C

—— = 1.8 y A°C = 1.8 A°F
A°F or

AK

_A"li= 1.8 or AK = 1.8 A°R

Also, because of the temperature difference between boiling water and ice (Celsius: 100°C

—0°C =100°C; Fahrenheit: 212°F — 32°F = 180°F), the following relationships hold:
A°C =1.8000 A°F and A K =1.8000 A°F

The proper meaning of the symbols °C, °F, K, and °R, as either the temperature or
the unit temperature difference, must be interpreted from the context of the equation or
sentence being examined.

Suppose you have the relation:

To]’: =a+ b?a(‘-

What are the units of a and b? The units of a must be °F for consistency. The correct
units for b must involve the conversion factor (1.8 A°F\A°C), the factor that converts the

size of an interval on one temperature scale
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1.8 A°F
A°C

Lp—

b

TCF = deop + Tnc

Unfortunately, the units for b are usually ignored; just the value of b (1.8) is employed.

* The relations between °C, °F, K, and °R are:

1 A°R
Teg = TOF(I AOF) + 460°R Or Tor = Top +460)]
1 AK
Tg = To + 27:
K C(l A"C) 273K
1.8 A°F
Top — 32°F = Top| —
F TC( I A° )
Toc = (T — ’&20}3)( 1 A°C ) Or Tx = Toc +273
¢ B 1.8 A°F
Or Top =1.8 Toc +32

Example 4.1
Convert 100 °C to (a) K, (b) °F, and (c) °R.

Solution

1 AK
a) (100 + 273)° ~ =373
(a) (10C ZT)CIA°C 373 K

or with suppression of the A symbol,

1 K
(100 + 273)°C—= = 373K
1°C
1.8 A°F
b) (100°C + 32°F = 212°F
®) (100°C) =~

[+

1 A°R
212 + 460)°F —— = 672°R
() ( ) [ AF
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or

1.8 A°R
1 AK

(373K) = 672°R

Example 4.2
The heat capacity of sulfuric acid has the units J/(g mol)(°C), and is given by the relation

Heat capacity = 139.1 + 1.56 * 10" T
where T is expressed in °C. Modify the formula so that the resulting expression has the

associated units of Btu/(Ib mol) (°R) and T is in °R.

Solution
Top = 1.8 Toc+ 32 wamp Toc= (T —32)/1.8
Tor =Top+ 460 wemp Top= Tor — 460

<. Toc=[Ter— 460 — 32]/1.8

Toq

454 g mol
1 Ib mol

r°c
1.8°R

heat capacity = {139.[ + 1.56 X ]0_'[(’&]{ — 460 — 32)1—15{1} X 1] ‘ 1 Btu
' (gmol)(°C)| 105517

conversion factors

= 23.06 + 2.07 X 10T

Note the suppression of the A symbol in the conversion between °C and °R.

Problems

1. Complete the following table with the proper equivalent temperatures:

°C °F K °R

69.8

2. The heat capacity of sulfur is C, = 15.2 + 2.68T, where Cpis in J/(g mol)(K) and T is in K.

Convert this expression so that C, s in cal/(g mol)(°F) with T in °F.

42



Chemical Engineering principles— First Year/ Chapter Three

Answers:
1.
OC oP-! K DR
-40.0 —40.0 233 420
25.0 77.0 298 537
425 796 698 1256
—234 —390 38.8 69.8

2. Cpy=93.2+0.186 Tk

Supplementary Problems (Chapter Four):

Problem 1
Complete the table below with the proper equivalent temperatures.
°C °F K °R
-40.0 mmmmmmmmme eemmmmmmmees meeceeeeee-
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Solution

The conversion relations to use are:

°F = 1 8YE + 32
K = %€ + 243
°R = E + 460
°R = 1.8 K
i & °F K 2R
-40.0 - 40.0 233 420
25.0 77.0 298 437
425 797 698 1257
- 235 -390 38.4 69.8
Problem 2
The specific heat capacity of toluene is given by following equation
Cp = 20869 + 5.293 102 T where Cp, is in Btw/(LB mol) (° F)
andTism°F
Express the equation n cal/(g mol) (K) with T i K.
Solution
First, conversion of the units for the overall equation 1s required.
[20.869 + 5.293 x 102 (Tep)] Btu |25 ‘ 1 Ib mol ‘ 1.8 °F
Cp= 1 (Ib mol) (°F) | 1B ‘ 454 ¢ mol‘ I K

cal
=[20.869 + 5.293 x 102 (T-p)] (g mol) (K)

Note that the coefficients of the equation remain unchanged in the new units for this particular
conversion. The T of the equation 1s still in °F, and must be converted to kelvin.

Teg = (Tg - 273)18 + 32
Cp, = 2069 + 5293 x 102 [(Tg - 273)18 + 32]

Simplifying C, = -3.447 + 9.527 x 102 T
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Chapter 5

5.1 Pressure and Its Units Pressure

Pressure is defined as “the normal (perpendicular) force per unit area (Figure 5.1). The
pressure at the bottom of the static (nonmoving) column of mercury exerted on the sealing plate is

F
;J=Z=pgii+p” N |

Where p = pressure at the bottom of the column of the fluid, F = force, A = area, p = density of fluid
g = acceleration of gravity, h = height of the fluid column, and po = pressure at the top of the column

of fluid

Atmospheric Pressure

Figure 5.1 Pressure is the normal force per unit area. Arrows show the force exerted on the

respective areas

For Example, suppose that the cylinder of fluid in Figure 5.1 is a column of mercury that has an
area of 1 cm” and is 50 cm high. The density of the Hg is 13.55 g/cm’. Thus, the force exerted by

the mercury alone on the 1 cm” section of the bottom plate by the column of mercury is

_ 1355g/980cm|S0cm|1cm?| 1kg | 1m | I(N)(s)
cm’ s 1000 g [ 100 cm | 1(kg)(m)
P P=F/A ...F=P*A =pgh*A

The pressure on the section of the plate covered by the mercury is the force per unit area of the

mercury plus the pressure of the atmosphere

(b
Im

_ 664N

(1 m*)(1 Pa)
I cm?

(IN)

QKb
1000 Pa,

p + pp = 66.4kPa + p,
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If we had started with units in the AE system, the pressure would be computed as [the density of

mercury is 845.5 [by/ft’]

- 84551b,132.2ft|50cm| 1lin. | Ift (s)*(Iby)
1 | & 2.54 cm |12 in.|32.174(ft)(Ib,,) 7
Ib,
= 1338521 + po

5.2 Measurement of Pressure

Pressure, like temperature, can be expressed using either an absolute or a relative scale.

Vacuum b

Absolute

J
Ah=11.0in. Hg
5 -

Figure 5.2 (a) Open-end manometer showing a pressure above atmospheric pressure. (b)

Manometer measuring an absolute pressure.

The relationship between relative and absolute pressure is given by the following expression:

Gauge Pressure + Barometer Pressure (atmospheric)= Absolute Pressure .52

P vacuum— P atmospheric — P absolute

Xl The standard atmosphere is defined as the pressure (in a standard gravitational
field) equivalent to 1 atm or 760 mm Hg at 0°C or other equivalent.
The standard atmosphere is equal to
¢ 1.00 atmospheres (atm)

¢ 33.91 feet of water (ft H2O)
¢ 14.7 pounds (force) per square inch absolute (psia)
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¢ 29.92 inches of mercury (in. Hg)
¢ 760.0 millimeters of mercury (mm Hg)

¢ 1.013 * 10’ pascal (Pa) or newtons per square meter (N/m?); or 101.3 kPa
For Example, convert 35 psia to inches of mercury and kPa.

35 psia[29.92 in. Hg ]
———|————— = 71.24in Hg .
14.7 psia And, 35 psia|101.3 kPa
— | = —— = 241 kPa
14.7 psia
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For Example, What is the equivalent pressure to 1 kg/em’ (i.e., kg/em®) in pascal (g = 9.8 m/s?)
[1 kg/em?] * [9.8 m/s?] * [(100 cm/1 m)*] = 9.8 * 10* N/m? (orPa)

Example 5.1
What is the equivalent pressure to 60 Gpa (gigapascal) in

(a) atmospheres (b) psia (c) inches of Hg (d) mm of Hg

Solution

Basis: 60 GPa

60 GPa|10° kPal 1 atm
— =2 " )59 x 10°
) 1GPa |101.3Kkpa 00 X 107atm

(o S0.GPa|10° kPa| 14696 psia
1 GPa | 101.3 kPa

= 8.70 X 10° psia

60 GPa| 10° kPa|29.92 in. Hg
—|- ——= =177 X 107in. H
I GPa | 101.3 kPa X8

60 GPa | 10° kPa | 760 mm Hg

— | — = 4,50 x 10 H
1 GPa | 101.3 kPa SRS

Example 5.2

The pressure gauge on a tank of CO; used to fill soda-water bottles reads 51.0 psi. At the same time

the barometer reads 28.0 in. Hg. What is the absolute pressure in the tank in psia? See Figure E5.2.

51 psi
Figure E5.2
Solution
R e 280in.Hg| 147psia _ .
tmos 2I'1IC pressure = = .
pleric pressu 29.92 in Hg Ees

The absolute pressure in the tank is

51.0 psia + 13.76 psia = 64.8 psia
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Example 5.3

Small animals such as mice can live (although not comfortably) at reduced air pressures down to 20
kPa absolute. In a test, a mercury manometer attached to a tank, as shown in Figure E5.3, reads 64.5

cm Hg and the barometer reads 100 kPa. Will the mice survive?

64.5 cm Hg

Figure ES.3

Solution

You are expected to realize from the figure that the tank is below atmospheric pressure because
the left leg of the manometer is higher than the right leg, which is open to the atmosphere.
Consequently, to get the absolute pressure you subtract the 64.5 cm Hg from the barometer

reading.

The absolute pressure in the tank is

645 cmHg| 101.3 kP
cm g 2 =100 — 86 = 14 kPa absolute

l a—
00 kpa 76.0 cm Hg

The mice probably will not survive.

5.3 Differential Pressure Measurements

When the columns of fluids are at equilibrium (see Figure 5.3), the relationship among pi, p2, p3,

and the heights of the various columns of fluid is as follows:

Pit+tpidig=P:+p2dag+psds g .53
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I

T

Fluid 1, p, —

[TTTTTIIITITR11)

__ —

|EEEERE

~—Fluid 2, p,

Figure 5.3 Manometer with three fluids.
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Note

If fluids 1 and 3 are gases, and fluid 2 is mercury, the density of the gas is so much less than that
of mercury that you can ignore the term involving the gas in Equation (5.3) for practical

applications.

X Can you show for the case in which p; = p3 = p that the manometer expression reduces to

the differential manometer equation:

Pi—-P2=(p:-p)gd, ...54

Example 5.4

In measuring the flow of fluid in a pipeline as shown in Figure E5.4, a differential manometer was
used to determine the pressure difference across the orifice plate. The flow rate was to be calibrated
with the observed pressure drop (difference). Calculate the pressure drop p1 - p2 in pascals for the

manometer reading in Figure E5.4.

Flui Orifi
uid . . L/ rifice
Water, p=10"kg/m 2,
"
P T32mm
d
—{'10 mm

Manometer fluid,
p,=110x103kg/m?

Figure E5.4

Solution

In this problem you cannot ignore the water density above the manometer fluid.

p1—py=(ps—p)gd

(22)(107)m | 1(N)(s?)

(kg)(m)

1(Pa)(m?)
1(N)

(1.10 — 1.00)10° kg |9.807 m
N m’ s

=21.6Pa

Example S.5
Air is flowing through a duct under a draft of 4.0 cm H>O. The barometer indicates that the

atmospheric pressure is 730 mm Hg. What is the absolute pressure of the air in inches of mercury?

See Figure E5.5
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Air —————

4.0cm Hzo

Figure E5.5
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Solution
In this problem you can ignore the gas density above the manometer fluid and the air above the

open end of the manometer.

At heri 730 mm Hg |29.92 in. Hg T
mospheric pressure = —————— | —— = 28.7 in. Hg
*P P 760 mm Hg in-Hg
Next, convert 4.0 cm H>O to in. Hg:
40cmH,O| 1in. 1ft |29.92in. Hg )
- = 0.12in. Hg
2.54 cm|121in.[33.91 ft H,O

Since the reading is 4.0 cm H2O draft (under atmospheric), the absolute reading in uniform units

is

28.7in. Hg - 0.12 in. Hg = 28.6 in. Hg absolute

Questions
1. Figure SAT5.1Q2 shows four closed containers completely filled with water. Order the

containers from the one exerting the highest pressure to the lowest on their respective base.

.
> —

Figure SATS.1Q2

2. Answer the following questions true or false:
a. Atmospheric pressure is the pressure of the air surrounding us and changes from day
to day
b. The standard atmosphere is a constant reference atmosphere equal to 1.000 atm or
the equivalent pressure in other units.
Absolute pressure is measured relative to a vacuum.
d. Gauge pressure is measured upward relative to atmospheric pressure.

e. Vacuum and draft pressures are measured downward from atmospheric pressure.
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You can convert from one type of pressure measurement to another using the
standard atmosphere.
A manometer measures the pressure difference in terms of the height of fluid (s) in

the manometer tube.
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3. What is the equation to convert gauge pressure to absolute pressure?
4. What are the values and units of the standard atmosphere for six different methods of
expressing pressure?
5. What is the equation to convert vacuum pressure to absolute pressure?
Answers:
1. 3 is the highest pressure; next are 1 and 2, which are the same; and 4 is last. The decisions

are made by dividing the weight of water by the base area.

2. All are true

3. Gauge pressure + barometric pressure = absolute pressure

4. See lectures

5. Barometric pressure - vacuum pressure = absolute pressure
Problems

1. Convert a pressure of 800 mm Hg to the following units:
a.psia b.kPa c.atm d. ft H.O
2. Your textbook lists five types of pressures: atmospheric pressure, barometric pressure,
gauge pressure, absolute pressure, and vacuum pressure.

a. What kind of pressure is measured by the device in Figure SATS5.2P2A?

Vacuum

Helium

::::}:Z!_-I::::::

Figure SAT5.2P2A

b. What kind of pressure is measured by the device in Figure SATS5.2P2B?
c. What would be the reading in Figure SATS5.2P2C assuming that the pressure and
temperature inside and outside the helium tank are the same as in parts (a) and (b)?
3. An evaporator shows a reading of 40 kPa vacuum. What is the absolute pressure in the
evaporator in kPa?
4. A U-tube manometer filled with mercury is connected between two points in a pipeline. If

the manometer reading is 26 mm of Hg, calculate the pressure difference in kPa between the
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points when (a) water is flowing through the pipeline, and (b) also when air at atmospheric

pressure and 20°C with a density of 1.20 kg/m’ is flowing in the pipeline.
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5. A Bourdon gauge and a mercury manometer are connected to a tank of gas, as shown in
Figure SATS.3P2. If the reading on the pressure gauge is 85 kPa, what is h in centimeters of
Hg?

Figure SAT5.3P2

Answers:
1. (a) 15.5;(b) 106.6; (c) 1.052; (d) 35.6
2. (A) Gauge pressure; (B) barometric pressure, absolute pressure; (C) 50 in. Hg

3. In the absence of a barometric pressure value, assume 101.3 kPa. The absolute pressure is

61.3 kPa.
4. The Hg is static. (a) 3.21 kPa; (b) 3.47 kPa
5. 63.8cm Hg

Supplementary Problems (Chapter Five):
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Problem 1

A solvent storage tank, 15.0 m high contains liquid styrene (sp. gr. 0.909). A pressure
gauge 1s fixed at the base of the tank to be used to determune the level of styrene.

a. Determine the gage pressure when the tank is full of styrene.

b. If the tank is to be used for storage of liquid hexane (sp. gr. 0.659). will the same
pressure gage calibration be adequate ? What 1s the risk i using the same calibration
to determine the level of hexane i the tank.

¢.  What will be the new pressure with hexane to indicate that the tank 1s full.

Solution

a. The liquid in full tank will exert a gage pressure at the bottom equal to 15.0 m of styrene.
The tank has to operate with atmospheric pressure on it and in it. or it will break on
expansion at high pressure or collapse at lower pressure.

p=hpg
~ 15.0 0.909 ¢ styrenefmn3| 1.0 g H20/em3 | 103 kg,f1113|9_80 m/s2 | 1 Pa
Um0 ¢ H,O/em? | | 1 g/cm? | |l (kg)(m)-1(s)2

= 134 x 103Pa =134 kPa gage
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b. Hexane is a liquid of specific gravity lower than that of styrene: therefore a tank full of
hexane would exert a proportionally lower pressure. If the same calibration 1s used the tank
may overflow while the pressure gage was indicating only a partially full tank.

c. Newp=hpg

s 0.659 g hexane/cm3 | 1.0 ¢ H>O/em3 | 103 kg/m3 | 9.8 m/s2 | 1 Pa

=150m 1.0.0 g HyOlem? | ‘ ‘ |l(kg)(1n)-l(s)'2
- 96900 Pa=96.9 kPa

- Problem 2

. A U-tube manometer is used to determine the pressure drop across an orifice meter. The
liquid flowing in the pipe line is a sulfuric acid solution having a specific gravity (6(°P/60°) of

' 1.250. The manometer liquid is mercury, with a specific gravity (60°/60°) of 13.56. The
‘manometer reading is 5.35 inches, and all parts of the system are at a temperature of 6(°F.
‘What is the pressure drop across the orifice meter in psi.

Solution

First we calculate density of acid and mercury.

1.250 62.4 1b/ft3 | ft3 , . o
Pacig = 1728 x 103 in? = 0.0451 Ib/in-
13.56 62.4 Ib/ft3 [ ft3 ﬂ
- . = 0.490 Ib/in3
PHg 1.728 x 103 in3 .
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Sulfuric acid
spgr. 1.250 . .

Py
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left column right column
Atzg pp + pabirg = py + pabyg + pHghsg
Py - Py + pPalhp - h)g = pHghyg
Py - P + pah3g = PHgh3g
P - P> = (PHg - Pah3g
(0.490-0.0451) Iby (5.35)in 32.2ft/s2 , :
Pr-P2= in2 } }32.174(ft)(lbm):‘(sz)(lbr) = 2.38Ibyfin? (psi)

Problem 3

The pressure difference between two air tanks A and B is measured by a U - tube
manometer, with mercury as the manometer liquid. The barometric pressure is 700 mm Hg.

a. What is the absolute pressure in the tank A ?
b. What 1s the gauge pressure in the tank A ?

Solution
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a. AtZp Pa T hipy,g = p, (neglecting the effect of air in the U - tube) (1)

at Z; P, = hapy,sg (2)

Eliminate py, from the equations
p, + hlPHg g = hy Pug &

pa = (112 - hl) pHg g
= 840 mm Hg absolute

The pressure measured by this manometer system is the absolute pressure because the reference
(pressure above the mercury) in the vertical tube is a vacuum.

b. p, = 840 - 700 = 140 mm Hg

Chapter 6

Introduction to Material Balances
50



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
63



Chemical Engineering principles— First Year/ Chapter Seven

7.1 Problem Solving

An orderly method of analyzing problems and presenting their solutions represents training

in logical thinking that is of considerably greater value than mere knowledge of how to solve a

particular type of problem.

7.2 The Strategy for Solving Problems

1.

A AT o B

Read and understand the problem statement.

Draw a sketch of the process and specify the system boundary.

Place labels for unknown variables and values for known variables on the sketch.

Obtain any missing needed data.

Choose a basis.

Determine the number of unknowns.

Determine the number of independent equations, and carry out a degree of freedom analysis.
Write down the equations to be solved.

Solve the equations and calculate the quantities asked for.

10. Check your answer.

Example 7.1

A thickener in a waste disposal unit of a plant removes water from wet sewage sludge as shown in

Figure E7.1. How many kilograms of water leave the thickener per 100 kg of wet sludge that enter

the thickener? The process is in the steady state.

100 kg 70 kg
Thickener >

Wet Sludge l Dehydrated Sludge
Water =?
Figure E7.1

Solution

Basis: 100 kg wet sludge
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The system is the thickener (an open system). No accumulation, generation, or consumption occurs.

The total mass balance is
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In = Out

100 kg = 70 kg + kg of water

Consequently, the water amounts to 30 kg.

Example 7.2

A continuous mixer mixes NaOH with H>O to produce an aqueous solution of NaOH. Determine

the composition and flow rate of the product if the flow rate of NaOH is 1000 kg/hr, and the ratio of

the flow rate of the H>O to the product solution is 0.9. For this process,

1.

e B e

Sketch of the process is required.

Place the known information on the diagram of the process.
What basis would you choose for the problem?

How many unknowns exist?

Determine the number of independent equations.

Write the equations to be solved.

Solve the equations.

Check your answer.

Solution

1. The process is an open one, and we assume it to be steady state.

System

/ boundary

Mixer -—
H.O NaOH

l Product

Figure E7.2

2. Because no contrary information is provided about the composition of the H O and NaOH

streams, we will assume that they are 100% H>O and NaOH, respectively.
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System boundary
Wkg _ System D F = 1000 kg
H,0 100% Mixer NaOH 100%
P kg

Y

Component kg o (add if useful)

NaOH P P
NaOH mlﬂaDH - NaOH
P
H,0 Ph,0 ofio  _ Puo
Total P 1.00 P
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3. Basis (1000 kg or 1 hour or 1000 kg/hr) (all are equivalent)
4. We do not know the values of four variables: W, P, Pnxaon and Pmoo.
5. You can write three material balances:

e one for the NaOH

e one for the H,O

e one total balance (the sum of the two component balances)
Only two are independent.

Note: You can write as many independent material balances as there are species involved in

the system.

6. Material balance: in =out or in—out=0

NaOH balance: 1000 = Pyyon or 1000 — Prouw = 0 (1)
H,0 balance: W = Pio or W—PFyo=0 (2
Given ratio: W = 09P or W—-09P =0 (3)

Sum of components in P: By,on + Pyo = PorPyou + Puo — P =0 @)

Could you substitute the total mass balance 1000 + W = P for one of the two component mass
balances? Of course In fact, you could calculate P by solving just two equations:

Total balance: 1000 + W = P
Given ratio: W = 09pP

7. Solve equations:
W = 0.9 P substitute in total balance 1000 + 0.9 P =P
. P=10000 kg & W = 0.9 * 10000 = 9000 kg (The basis is still 1 hr (Fnaon= 1000 kg))

From these two values you can calculate the amount of H,O and NaOH in the product

NaOH balance: Py.on = 1000 kg
From the you get
H,O balance: Py,0 = 9000 kg
Then

p _ 1000kg NaOH _

@NOH 10,000 ke Total

, _ 9.000kgHO Note

@0 = 10,000 kg Total Whon T oo = 1

8. The total balance would have been a redundant balance, and could be used to check the answers
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Prnaon + Prpo = P

1,000 + 9,000 = 10,000
Note: After solving a problem, use a redundant equation to check your values.
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Degree of Freedom Analysis

The phrase degrees of freedom have evolved from the design of plants in which fewer independent
equations than unknowns exist. The difference is called the degrees of freedom available to the
designer to specify flow rates, equipment sizes, and so on. You calculate the number of degrees of
freedom (Np) as follows:
Degrees of freedom = number of unknowns — number of independent equations
Np=Nuvu- Ne
* When you calculate the number of degrees of freedom you ascertain the solve ability of a

problem. Three outcomes exist:

Case Np Possibility of Solution

Nu= Ng 0 Exactly specified (determined); a solution exists

Nu> Ng | >0 | Under specified (determined); more independent equations required

Nu<Ng | <0 Over specified (determined)

For the problem in Example 7.2,
Nu=4

Ng=4
So that
Nop=Nuy—-Ng=4-4=0

And a unique solution exists for the problem.

Example 7.3

A cylinder containing CH4, CoHs, and N> has to be prepared containing a CH4 to C2Hs mole ratio of
1.5 to 1. Available to prepare the mixture is (1) a cylinder containing a mixture of 80% Nz and 20%
CHa4, (2) a cylinder containing a mixture of 90% Nz and 10% C:Hs, and (3) a cylinder containing
pure N2. What is the number of degrees of freedom, i.e., the number of independent specifications
that must be made, so that you can determine the respective contributions from each cylinder to get

the desired composition in the cylinder with the three components?

Solution
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A sketch of the process greatly helps in the analysis of the degrees of freedom. Look at Figure E7.3.
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C,Hg 0.10
N, 0.0
1.00

T‘ Figure E7.3

CHd XCH, - Nz 1.00
CoHg Xy,
N2 XN;

Y

Do you count seven unknowns — three values of xj and four values of Fi? How many independent

equations can be written?

¢ Three material balances: CHa, C2Hs, and N>
¢ One specified ratio: moles of CH4to CoHs equal 1.5 or (Xcua/X con6) = 1.5
¢ One summation of mole fractions: ¥ x;* =1
Thus, there are seven minus five equals two degrees of freedom (Np = Ny —Ng=7-5=2). If

you pick a basis, such as F4= 1, one other value has to be specified to solve the problem to calculate

composition of F.

uestions

1. What does the concept -solution of a material balance probleml mean?
2. (a) How many values of unknown variables can you compute from one independent material
balance?

(b) From three independent material balance equations?
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(c) From four material balances, three of which are independent?

If you want to solve a set of independent equations that contain fewer unknown variables
than equations (the over specified problem), how should you proceed with the solution?
What is the major category of implicit constraints (equations) you encounter in material
balance problems?

If you want to solve a set of independent equations that contain more unknown variable than

equations (the underspecified problem), what must you do to proceed with the solution?
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Answers:
1. A solution means a (possibly unique) set of values for the unknowns in a problem that

satisfies the equations formulated in the problem.

2. (a) one; (b) three; (c) three.

3. Delete nonpertinent equations, or find additional variables not included in the analysis.

4. The sum of the mass or mole fraction in a stream or inside a system is unity.

5. Obtain more equations or specifications, or delete variables of negligible importance.
Problems

1. A water solution containing 10% acetic acid is added to a water solution containing 30%
acetic acid flowing at the rate of 20 kg/min. The product P of the combination leaves the rate
of 100 kg/min. What is the composition of P? For this process,

a. Determine how many independent balances can be written.
b. List the names of the balances.

c. Determine how many unknown variables can be solved for.
d. List their names and symbols.

e. Determine the composition of P.

2. Can you solve these three material balances for F, D, and P? Explain why not.

0.1F + 0.3D = 0.2P

09F + 0.7D = 0.8P

F + D= P

3. How many values of the concentrations and flow rates in the process shown in Figure

SAT7.2P3 are unknown? List them. The streams contain two components, 1 and 2.

ER— —i
Wy = 0.2 Wpy= 0.95
Weo= 0.8

P
mlpzz 01
Figure SAT7.2P3

4. How many material balances are needed to solve problem 3? Is the number the same as the
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number of unknown variables? Explain.
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Answers:

1. (a) Two; (b) two of these three: acetic acid, water, total; (c) two; (d) feed of the 10%
solution (say F) and mass fraction @ of the acetic acid in P; (e) 14% acetic acid and 86%
water

2. Not for a unique solution because only two of the equations are independent.

F, D, P, op2, ®p1

4. Three unknowns exist. Because only two independent material balances can be written for

the problem, one value of F, D, or P must be specified to obtain a solution. Note that

specifying values of wp2 or wpi will nothelp.

Supplementary Problems (Chapter Seven):

Problem 1

. A contmuous still is to be used to separate acetic acid, water, and benzene from each other.
' On a trial run, the calculated data were as shown in the figure. Data recording the benzene

- composition of the feed were not taken because of an instrument defect. The problem is to

' calculate the benzene flow in the feed per hour. How many independent material balance equations
-can be formulated for this problem? How many variables whose values are unknown exist in the

 problem?
System Boundary \ ===
s =

109% HAc
#Hi Hp ) Wb
Y 674 Bz

Aqueous {30% acetic acid (Hﬁc) =

Eod Solution } 20% water (H,0)

Benzene (Bz)
(data not available)

\ e o o o Product P
5 350 kg HAc/hr

‘Solution
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Three components exist in the problem, hence three mass balances can be written down
(the units are kg):

Balance F in W out P out

HAc: 0.80(1 — o, p)F = 0.109W + 350 (a)
H,O: 0.20(1 — oz p)F = 0.217W + 0 (b)
Benzene: oz gF = 0.67W + 0 (c)

The total balance would be: F =W + 350 (in kg).
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Problem 8.1
A liquid adhesive, which is used to make laminated boards, consists of a polymer
Ivent. The amount of polymer in the solution has to be carefully controlled for this
PrOblem 2 0 the suppllel of the adhesive receives an order for 3000 kg of an adhesive
solution containing 13 wt % pol\ mer, all it has on hand is (1) 500 kg of a 10 wt % solution. (2)a
very large quantity of a 20 wt % solution. and (3) pure solvent.
Calculate the weight of each of the three stocks that must be blended together to fill the

Use all of the 10 wt 2% solution.

order.

Solution
This is a steady state process without reaction.
A = 500 kg

mass Ir
polymer 0.10
solvent 0.80

Bkg € 6 © O ® Blendinge © o o o o
mass fr.

polymer 0.13
solvent 0.87

mass Ir
polymer 0.20
solvent 0.80

C kg
e © © © o

mass fr.

pure solvent 1.00
Basis: 3000 kg 13 wt % polymer solution

Two unknowns: B and C . (A is not an unknown since all of it must be used).

Total balance: 500 + B + C = 3000 (1)
Polyvmer balance: 0.10 (500) + 0.20B + 0.00(C) = 0.13 (3000) 2)
0.90 (500) + O0.80B Bs 1.00(C) = O0.87 (3000) (3

Solvent balance:

We will use equations (1) and (2).
from (2) 0.1 (500) + 0.20B = 0.13 (3000)
B = 1700 kg
from (1) 500 + 1700 + C = 3000 .
C = ES00 kg

Equation (3) can be used as a check.
0.90 A + 0.80B + C = 087 P
0.90 (500) + 0.80(1700) + 800 = 2610 = 0.87 (3000) = 2610

Chapter 8

Solving Material Balance Problems for Single Units without Reaction
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The use of material balances in a process allows you (a) to calculate the values of
the total flows and flows of species in the streams that enter and leave the plant equipment,

and (b) to calculate the change of conditions inside the equipment.

Example 8.1

Determine the mass fraction of Streptomycin in the exit organic solvent assuming

that no water exits with the solvent and no solvent exits with the aqueous solution. Assume
that the density of the aqueous solution is 1 g/cm® and the density of the organic solvent is
0.6 g/cm’. Figure E8. 1 shows the overall process.

Solution

This is an open (flow), steady-state process without reaction. Assume because of the low

concentration of Strep. in the aqueous and organic fluids that the flow rates of the entering fluids

equal the flow rates of the exit fluids.

Organic solvent S

10L/min p=06 gjcmi!
No

Strep
Aqueous solution Aqueous solution
A ] Extraction
200 L/min Process 0.2 g Strep /L
10 g Strep /L
p=1g/cm3

Organic | solvent

Extracted Strep

Figure E8.1

Basis: 1 min
Basis: Feed =200 L (flow of aqueous entering aqueous solution)
e Flow of exiting aqueous solution (same as existing flow)
e Flow of exiting organic solution (same as existing flow)
The material balances are in = out in grams. Let x be the g of Strep per L of solvent S
Strep. balance:

200Lof A(10gStrep  10LofS|OgStrep  200Lof A|02gStrep  10L of S|x g Strep
[ ILof A 1LofS 1 Lof A 1LofS

x =196 g Strep/L of solvent
To get the g Strep/g solvent, use the density of the solvent:
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196g Strep| 1L ofS l cm®of S
—— = 0.3267 g Strep/g of S
ILofS 10000m30t‘s‘0.6g0f5 i
0.3267
 fracti =——"—— =02
The mass fraction Strep T+ 03267 0.246

Example 8.2
Membranes represent a relatively new technology for the separation of gases. One use
that has attracted attention is the separation of nitrogen and oxygen from air. Figure
E8.2a illustrates a nanoporous membrane that is made by coating a very thin layer of
polymer on a porous graphite supporting layer. What is the composition of the waste

stream if the waste stream amounts to 80% of the input stream?

High-pressure | Membrane | Low-pressure
side - ; side

21% 0, [ s 0, 25%

I (Input) T&- .
79% N, — ow 1 N,75%

Product (Output)

O, Nz
waste stream

Figure E8.2a

Solution

This is an open, steady-state process without chemical reaction.

F (g mol
O | eromne, e
mol fr g mol mol fr g mol
02 0.21 nsz 02 0.25 nB,‘,
N, 079 nf, N, 075 nf,
1.00 W (g mol) 1.00
mol fr g mol
02 YOz n‘g;
N2 YN'_) HWZ
100 W

Basis: 100 g mol = F
Basis: F =100
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Specifications: n(‘_-p,z = 0.21(100) = 21
nk, = 0.79(100) = 79
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Y6, = nbJP =025  nb =025p
nG/P =075  nf, =075P
0.80(100) = 80

P
YN,

=
I

Material balances: Oz and N>

Implicit equations: =n}" = W or Sy = 1

In Out In Out

Oy 021(100) =025P + y§,(80) or 0.21(100) = 025P + n},

N;: 079 (100) = 0.75P + yX, (80) or 0.79(100) = 0.75P + nf},
1.00 =8, + ¥, or 80 = ng, + ny,

The solution of these equations is
nd, = 16 and n\, = 64, or y§, = 0.20 and }{{ =080,and P=20 g mol.

Check: total balance 100 =20+ 80 OK

 Another method for solution

The overall balance is easy to solve because
F=P+W or 100=P+80
Gives P = 20 straight off. Then, the oxygen balance would be

0.21(100) = 0.25(20) + nf,

ng: = 16 g mol, and ng_, = 80 — 16 = 64 g mol.

Note (Example 8.2)

“52 + nf, = F 1s aredundant equation because it repeats some of the specifications.
Also, nf, + nf, = P is redundant. Divide the equation by P to get o, + ¥k, = 1, arelation that is
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equivalent to the sum of two of the specifications.

Example 8.3
A novice manufacturer of ethyl alcohol (denoted as EtOH) for gasohol is having a bit of difficulty

with a distillation column. The process is shown in Figure E8.3. It appears that too much alcohol is
lost in the bottoms (waste). Calculate the composition of the bottoms and the mass of the alcohol
lost in the bottoms based on the data shown in Figure E8.3 that was collected during 1 hour of

operation.
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Solution

The process is an open system, and we assume it is in the steady state. No reaction occurs.

System -~ ot
Boundary Vapor Heat \
Jf Exchanger |
| /
I _j
i Refl
: Sl /," Distillate (Product) P = kg
Fi # 60% E10H
i eed: Distillation - 0%
F 10% EtOH =t==={ Column P 40% H,0
90% HO | P P=1/10 feed
i //
]
\ 5%
\ + Bottoms (Waste) & = kg
\ w4 E1OH ?
~ v
Seeeem N H,0 ?
Figure E8.3

Basis: 1 hour so that F = 1000 kg of feed
We are given that P is (1/10) of F, so that P = 0.1(1000) = 100 kg

Basis: F= 1000 kg Specifications: mf,oy = 1000(0.10) = 100
mi,o = 1000(0.90) = 900

mon = 0.60P

miy,0 = 0.40P
P=(0.1) (F) =100 kg
Material balances: EtOH and
H>O Implicit equations:
Smf = Bor Sof =1
The total mass balance: F=P+B

B =1000-100 =900 kg

The solution for the composition of the bottoms can then be computed directly from the

material balances:

kg feed in kg distillate out kg bottoms out Mass fraction
EtOH balance: 0.10(1000) — 0.60(100) = 40 0.044
H,0 balance:  0.90(1000) - 0.40(100) = 860 0.956
900 1.000

As a check let’s use the redundant equation
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B B _ B . T
meon + mp,o = B or  wgon + wh,o = |

40 + 860 =900=B
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Example 8.4
You are asked to prepare a batch of 18.63% battery acid as follows. A tank of old weak
battery acid (H2SO4) solution contains 12.43% H>SO4 (the remainder is pure water). If 200
kg of 77.7% H2SO41s added to the tank, and the final solution is to be 18.63% H>SO4, how

many kilograms of battery acid have been made? See Figure E8.4.

Added Solution 200 kg = 4

H,S0, 77.7%
H,0  22.3%
/Sysfem \

H,S0, 12.43% — H,50, 18.63%
H,0 87.57% - H,0 81.37%
Original Solution F kg Final Solution Pkg

Figure E8.4

Solution
1. An unsteady-state process (the tank initially contains sulfuric acid solution).

Accumulation = In — Out
2. Steady-state process (the tank as initially being empty)

In = Out (Because no accumulation occurs in the tank)

1) Solve the problem with the mixing treated as an unsteady-state process.

Basis = 200 kg of A

Material balances: H»SO4 and
H>0O The balances will be in

kilograms.
Tvpe of Balance Accumulation in Tank In Out
Final Initial
H,SO, P(0.1863) - F(0.1243) = 20000.777) - 0
H,0 P(0.8137) - F(0.8757) = - 200(0.223) - 0
Total P - F = 200 - 90

Note that any pair of the three equations is independent.

P=2110kgacid & F=1910 kg acid
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2) The problem could also be solved by considering the mixing to be a steady- state process.

Ain Fin P out
H,S0, 20000.777) + F(0.1243) = P(0.1863)
H,0 200(0.223) + F(0.8757) = P(0.8137)
Total A + F = P
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Note: You can see by inspection that these equations are no different than the first set of

mass balances except for the arrangement and labels.

Example 8.5
In a given batch of fish cake that contains 80% water (the remainder is dry cake), 100 kg of
water is removed, and it is found that the fish cake is then 40% water. Calculate the weight

of the fish cake originally put into the dryer. Figure E8.5 is a diagram of the process.

W =100 kg H,0

/Sysfem Boundary
e e =

-

I
1
Wet A [

Fish Cake = ? kg \I Burner

0.80 K0 e

020 B0C* =———~ oo

. _1 Sy Fish Cake = 7 kg
! e e 0.40 H,0
| Tie Component
e e e —— - 0.60 BDC*®

*Bone Dry Coke
Figure E8.5

Solution

This is a steady-state process without reaction.

Basis: 100 kg of water evaporated =W

In Out
Total balance: A =B+ W=B+ 100
mass balances
BDC balance: 0.20A = 0.60B

A =150 kg initial cake and B = (150)(0.20/0.60)

= 50kg Check via the water balance: 0.80 A =

0.40 B + 100
0.80(150) = 0.40(50) + 100
120 =120
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Note

In Example 8.5 the BDC in the wet and dry fish cake is known as a tie component because the
BDC goes from a single stream in the process to another single stream without loss, addition, or

splitting.
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Example 8.6
A tank holds 10,000 kg of a saturated solution of NaxCOs3 at 30°C. You want to crystallize

from this solution 3000 kg of Na;CO;.10 H2O without any accompanying water. To what
temperature must the solution be cooled?

You definitely need solubility data for Na,COs as a function of the temperature:

Solubility
Temp.(°C) (g Na,CO,/100 g H,0)
0 7
10 12.5
20 21.5
30 38.8

Solution
No reaction occurs. Although the problem could be set up as a steady-state problem with flows in
and out of the system (the tank), it is equally justified to treat the process as an -unsteady-state

PIOCeEsSS.

System Boundary

- "~ - ~—
~

- 10,000 kg E? e N

/ \ [T Nayco \
————— 0 ‘
{ Saturafed NazC0s l - 273 | | Saturated |
[ Solution ]’, | Sol'uhgn |
\ T=17 |
30°C H,0 | ————- - \ H,0 )

\
\"- \// \\ ///
Initial State Final State

N02C03 - 10 H20
3000kg
Crystals Removed

Because the initial solution is saturated at 30°C, you can calculate the composition of

the initial solution:

38.8 g Na,CO;, 5585 B g 2
Y. = (U t :
38.8 g NaZCO’g + 100 g Hjo mass Iraction INap 3

Next, you should calculate the composition of the crystals.

Basis: 1 g mol Na,CO:.10 H:O
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Comp. Mol Mol wt. Mass Mass fr
Na,CO4 I 106 106 0.371
H,O 10 18 180 0.629
Total 286 1.00
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Basis: 10,000 kg of saturated solution at 30°C

s ~ rd .
r ~ 4 b
! AY Fa b
10,000 kg \ / F=7kg \
Ve \
Na,COj 0.280 NaCO3  Miajycog
il I
.| BO 0.720 / -\ H,0 M0 /
\ /
A A" 4
hY ~ s
~ . rd
~ "~ < s e . - -~
Initial Final
state state
3000 kg
Na,CO, 0.371
H,0 0.629

Crystals
removed

An unsteady-state problem, the mass balance reduces to (the flow in = 0)

Accumulation = In — Qut

Basis: 1 =10,000 kg

Material balances: Na,COs3, H,O
I - I Fr _ F . Cr _ . C .
Note that @'/ = mi, o F =m;, and 0;"C = m; are redundant equations.

Also redundant are equations such as

2w; = | and Zm; = mygy).

Accumulation in Tank

Final Initial Transport out
Na,CO; MiayCO, - 10,000(0.280) = -3000(0.371)
H,O mito -~ 10.000(0.720) = -3000(0.629)
Total F - 10,000 = -3000

1

The solution for the composition and amount of the final solution is
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Component kg

mﬂaz co, 1687

mi, o 5313
F (total) 7000

Check using the total balance:7,000 + 3,000 = 10,000

To find the temperature of the final solutiQs87 kg Na,CO;  31.8 g Na,CO;

5,313 kg H,0 100 g H,0
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Thus, the temperature to which the solution must be cooled lies between 20°C and 30°C. By linear

interpolation

38.8-31.8
30° —— e 0° = [
0°C = S5 5oy 5 (100°C) = 26°C

Example 8.7

This example focuses on the plasma components of the streams: water, uric
acid (UR), creatinine (CR), urea (U), P, K, and Na. You can ignore the initial filling of the
dialyzer because the treatment lasts for an interval of two or three hours. Given the
measurements obtained from one treatment shown in Figure E8.7b, calculate the grams per

liter of each component of the plasma in the outlet solution.
Solution
This is an open steady-state system.

Basis: 1 minute

Sin = 1700 mL/min

B" = 1100 mL/min Bout = 1200 mL/min

{r=1.16 g/L BOY = 60 mg/L.
Blfa=272g/L _ BRY = 120 mg/L
Bl =18g/L ' By =1.51glL

n =077 gL St =2 B2Y! = 40 mg/L
B =577 gL 42 B! = 2.10 mg/L
Bla=13.0g/L S =2 BRY =5.21 glL
Bliaer= 1100mUmin  gau _ 5 oty = 1200mUmin

S=?
SR =7
out -7
rater = *
Figure E8.7b

e The entering solution is assumed to be essentially water.

The water balance in grams, assuming that 1 mL is equivalent to 1 gram, is:

1100 + 1700 = 1200 + S44er hence:  Soaer = 1600 mL

The component balances in grams are:

UR: L.1(1.16) + 0
CR: 1.1(272) + 0

1.2(0.060) + 1.6 S 0 = 0.75
1.2(0.120) + 1.6 SX S = 1.78
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U:
P:
K:

Na:

1.1(18) + 0 = 1.2(1.51) + 1.6 SY™

1.1(0.77) + 0 = 1.2(0.040) + 1.6 Sp™
1.1(5.77) + 0 = 1.2(0.120) + 16 SR"
1.1(13.0) + 0 = 1.2(3.21) + 1.6 S{4
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uestions

1.

Answer the following questions true or false:

a. The most difficult part of solving material balance problems is the collection and
formulation of the data specifying the compositions of the streams into and out of the
system, and of the material inside the system.

b. All open processes involving two components with three streams involve zero
degrees of freedom.

c. An unsteady-state process problem can be analyzed and solved as a steady-state
process problem.

d. Ifa flow rate is given in kg/min, you should convert it to kg mol/min.

2. Under what circumstances do equations or specifications become redundant?

Answers:

1.

(@) T; (b) F; (¢) T; (d) F

2. When they are not independent.

Problems

1. A cellulose solution contains 5.2% cellulose by weight in water. How many kilograms of
1.2% solution are required to dilute 100 kg of the 5.2% solution to 4.2%?

2. A cereal product containing 55% water is made at the rate of 500 kg/hr. You need to dry the
product so that it contains only 30% water. How much water has to be evaporated per hour?

3. If 100 g of NaxSOg4is dissolved in 200 g of H>O and the solution is cooled until 100 g of
NaxS04.10H20 crystallizes out; find (a) the composition of the remaining solution (the
mother liquor) and (b) the grams of crystals recovered per 100 g of initial solution.

4. Salt in crude oil must be removed before the oil undergoes processing in a refinery. The

crude oil is fed to a washing unit where freshwater fed to the unit mixes with the oil and
dissolves a portion of the salt contained in the oil. The oil (containing some salt but no
water), being less dense than the water, can be removed at the top of the washer. If the
“spent” wash water contains 15% salt and the crude oil contains 5% salt, determine the

concentration of salt in the “washed” oil product if the ratio of crud oil (with salt) to water
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used is 4:1.
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Answers:
1. 333kg
2. 178 kg/hr
3. (a)28% Na»SOys ; (b)33.3
4. Salt: 0.00617; Oil: 0.99393

Supplementary Problems (Chapter Eight):

Problem 1

_ You are asked to measure the rate at which waste gases are being discharged from a stack. |
'The gases entering contain 2.1 % carbon dioxide. Pure carbon dioxide is introduced into the
‘bottom of the stack at a measured rate of 4.0 Ib per minute. You measure the discharge of gases |
leaving the stack, and find the concentration of carbon dioxide is 3.2 %. Calculate the rate of flow, |
(in Ib mol/minute, of the entering wasle gases.

Solution

A convenient basis to use is 1 minute of operation, equivalent to 0.091 Ib mol of pure COy
feed.

This is a steady state problem without reaction.

41b COy | 1 Ib mol CO, =0.091 Ib mol CO,

44 1b COy
P (Ib mol) —
carbon dioxide 0.032
other 0.968
wastegas © © © © 0 090 C =0.091 Ib mol.
mol fr. ........molfr.
carbon dioxide  0.021 1.00

other 0.799 pure carbon dioxide

The unknowns are F and P (all compositions are known).
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CO» balance : 0021F + 0091 = 0.032P (1)

waste gas balance: 0979 F = 0968P 2)
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Solving (1)and (2) P = 8.10 Ib mol/min F = 8.011b mol/min

To check above values, substitute them in the total balance

F + 0091 = 800 = P = 8.00

Problem 2

A crystallizer contains 6420 Ib of aqueous solution of anhydrous sodium sulfate
(concentration 29.6 wt %) at 104 °C. The solution 1s cooled to 20 °C to crystallize out the desired
Na;SOy. 10 H>O. The remaining solution ( the mother liquor) 1s found to contain 16.1 %

anhydrous sodium sulfate. What 1s the weight of this mother liquor.

Solution
This problem will be analyzed as unsteady state problem although it could be treated as a
steady state problem with flows. The concentrations have to be calculated for some consistent
components. Na»SO,4 and H»O are the easiest to use here rather than Na>SO,4-10H»0 and H>O.

F = 6420 Ib

Messto 970 0 0 ©
Na,SO, 0.296
HLO 0.704
1.000

Initial Final P (Ib) Na,SO, *10H,0
b

© 0 O O mol MW [b massfr

Na,SO, 1 142 142 0.441

water 10 118 180 0.559

322 1.000

Mother liquor M (Ib)

Mass fr.
Na,SO, 0.161
H,0O 0.839

1.000

Basis : 6420 Ib of 29.6 wt% Na>SOy4 solution

We need 2 independent balances, and will pick the total balance plus the Na>SOy4 balance.

Accumulation = In - out
Total: P - F - 0 - M (1)
Na>SO4. 0441P - 029 F = 0 - 0161 M (2)
i from (1) [ = 6240 - M
Sllhstil'llting m(2) 0.441 (6240 - M) - 6240(0.296) = -0.161 M
M=33301b P=31001b
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Use H»O balance as a check

H>O balance : 0.704F = 0551P + 0839M
0.704 (6420) = 45201b 0.551 (3100) + 0.839(3330) = 4500 1b
Chapter 9

The Chemical Reaction Equation and Stoichiometry

9.1 Stoichiometry

e The stoichiometric coefficients in the chemical reaction equation
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CHy6(€) + 11 0y(g) = 7 CO,(g) + 8 H,O(g) Is (1 for C7Hie, 11 for Oz and so on).

e Another way to use the chemical reaction equation is to indicate that 1 mole of CO; is
formed from each (1/7) mole of C7H16, and 1 mole of H,O is formed with each (7/8) mole
of COz. The latter ratios indicate the use of stoichiometric ratios in determining the relative
proportions of products and reactants.

For_example how many kg of CO> will be produced as the product if 10 kg of C;Hie react
completely with the stoichiometric quantity of O,? On the basis of 10 kg of C7Hs

10 kg C';HI() ] kg mol C‘;H]f_,

100.1 kg C?Hm

7 kg mol CO,
| kg mol C?Hlf)

44.0kg CO,.
1 kg mol CO,

= 30.8 kg CO,

Example 9.1
The primary energy source for cells is the aerobic catabolism (oxidation) of glucose (CsHi120s, a

sugar). The overall oxidation of glucose produces CO; and H,O by the following reaction

CgH |20 + aO; — b CO,; + ¢ H)O

Determine the values of a, b, and c that balance this chemical reaction equation.
Solution

Basis: The given reaction

By inspection, the carbon balance gives b = 6, the hydrogen balance gives ¢ = 6, and an oxygen
balance

6+2a=6*2+6
Gives a = 6. Therefore, the balanced equation is CgH 104 + 60, — 6CO, + 6H,0
Example 9.2
In the combustion of heptane, CO- is produced. Assume that you want to produce 500 kg of dry ice
per hour, and that 50% of the CO> can be converted into dry ice, as shown in Figure E9.2. How
many kilograms of heptane must be burned per hour? (MW: CO> =44 and C7Hi6 =100.1)

Other Products

€0, Gos
(50%)
l €0, Solid
CHyg Gos (50°
— ReoClor  —
0, Gos S00kg/n Figure E9.2
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Solution

The chemical equation is

CyH ¢ + 110, — 7CO, + 8H,0

Basis: 500 kg of dry ice (equivalent to 1 hr)
The calculation of the amount of C7H1s can be made in one sequence:

500 kg dryice| 1kgCO,

0.5 kg dry ice

1 kg mol CO,
44.0 kg CO,

1 kg mol C;H,,
7 kg mol CO,

100.1 kg C;H,,
1 kg mol C;H 4

= 325kg C,H,q

Example 9.3
A limestone analyses (weight %): CaCO3 92.89%, MgC0O35.41% and Inert 1.70%

By heating the limestone you recover oxides known as lime.
(a) How many pounds of calcium oxide can be made from 1 ton of this limestone?
(b) How many pounds of CO> can be recovered per pound of limestone?
(c) How many pounds of limestone are needed to make 1 ton of lime?
Mol. Wt.: CaCOs; (100.1) MgCOs3(84.32)  CaO (56.08) MgO (40.32)  CO: (44.0)

Solution

,_’COQ

Limestone
l Ca0
Mg0 Lime
Heat s
Chemical Equation:
CaCO; — Ca0 + CO,
MgCO; — MgO + CO,
Basis: 100 1b of limestone
Limestone Solid Products
Component Ib = percent Ib mol Compound ib mol Ib
CaCO,4 92.89 0.9280 Ca0 0.9280 52.04
MgCO, 5.41 0.0642 MgO 0.0642 2.59
Inert 1.70 Inert 1.70
Total 100.00 0.9920 Total 0.9920 56.33

The quantities listed under Products are calculated from the chemical equations. For example, for
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the last column:

1 1b mol CaCO,
100.1 Ib CaCO;4

1 1b mol CaO
1 Ib mol CaCO;

56.08 1b CaO
1 1b mol CaO

92.89 Ib CaCO,

= 52.04 Ib CaO
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5411b MgCO, 40321bMEO _ oo

1 1b mol MgO |

84.32 1b MgCO,

1 1b mol MgCO;| 1 1b mol MgO
1 Ib mol MgCO;

The production of COz is:

0.9280 Ib mol CaO is equivalent to 0.9280 Ib mol CO>
0.0642 1b mol MgO is equivalent to 0.0642 Ib mol CO;
Total 1b mol CO2 =0.9280 + 0.0642 = 0.992 1b mol CO;

44.01b CO,
1 Ib mol CO»

0.992 Ib mol CO,

= 44.651b CO,

Alternately, you could have calculated the Ib COz from a total balance: 100 - 56.33 = 44.67.

Now, to calculate the quantities originally asked for:

- 2
(a) CaO produced = —52'(&- CaO_|20001b _ 1041 1b CaO/ton
100 Ib limestone | 1 ton
3.651b CO _
(b) COzrecovered = DD 0.437 1b CO»/Ib limestone

100 b limestone

20001b 3550 Ib limestone/

100 Ib limestone
56 lton _ tonlime

(c) Limestone required = 56.33 Ib lime

9.2 Terminology for Applications of Stoichiometry
9.2.1 Extent of Reaction

The extent of reaction, &, is based on a particular stoichiometric equation, and denotes how much
reaction occurs.
. . n; — nj,
The extent of reaction is defined as follows: &= . ...9.1
1

Where:

n; = moles of species i present in the system after the reaction occurs

ni, = moles of species i present in the system when the reaction starts

vi = coefficient for species i in the particular chemical reaction equation (moles of species i

produced or consumed per moles reacting)

& = extent of reaction (moles reacting)

e The coefficients of the products in a chemical reaction are assigned positive values and the
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reactants assigned negative values. Note that (n; - ni,) is equal to the generation or

consumption of component i by reaction.
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Equation (9.1) can be rearranged to calculate the number of moles of component i from the value of

the extent of reaction

n; = ng+ &v; ...9.2
Example 9.4
Determine the extent of reaction for the following chemical reaction N, + 3H, — 2NH;4

given the following analysis of feed and product:

N> H» NH3
Feed 100g 50g S5¢g
Product ¢

Also, determine the g and g mol of N2> and H in the product.
Solution

The extent of reaction can be calculated by applying Equation 9.1 based on NH:

90 g NH; |1 g mol NH;
= — = 5.294 g mol NH;

17 g NH,

n:

1

5 gNH;|1 g mole NH;

3 - 02 .
17 g NH, 0.294 g mol NH-

L (5.294 — 0.204)g mol NHj
ATt 2

Mip =

—— = 2.50 moles reacting
2 g mol NHj/moles reacting ©

Equation 9.2 can be used to determine the g mol of N> and H» in the products of the reaction

100 g N2 | 1 g mol N,

ZSgN2

Nyt njg = = 3.57 g mol N,

nn, = 3.57 + (—1)(2.5) = 1.07 gmol N,

_107gmolNy| 2Ny _ o
mn, = 1 g mol N, S
50 g H,|1 g mol Hy
Hy: ngp = 23l g.?lg H-: ~ = 2 gmolb

Ny =25 + (—3)(2.5) = 17.5 g mol H,

_17.5gmol Hy| 2gH,

1 g mol H,

=35gH,
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Note: If several independent reactions occur in the reactor, say k£ of them, § can be defined for each

reaction, with vx; being the stoichiometric coefficient of species i in the kth reaction, the total

number of moles of species i is
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R
n; = N + EV*I é“k e 9.3
=1

Where R is the total number of independent reactions.

9.2.2 Limiting and Excess Reactants

¢ The excess material comes out together with, or perhaps separately from, the product, and
sometimes can be used again.

¢ The limiting reactant is the species in a chemical reaction that would theoretically run out
first (would be completely consumed) if the reaction were to proceed to completion
according to the chemical equation—even if the reaction does not proceed to completion!
All the other reactants are called excess reactants.

Jamount of the excess reactant fed - amount of the excess reactant required to |

| react with the limitingreactant .

% excess reactant = * . . o J%100
{amount of the excess reactant required to react with the limiting

reactant }

% For example, using the chemical reaction equation in Example 9.2,

C,H,4 + 110, — 7CO, + 8H,0

If 1 g mol of C7H16 and 12 g mol of Oz are mixed.

As a straightforward way of determining the limiting reactant, you can determine the maximum

extent of reaction, £™, for each reactant based on the complete reaction of the reactant. The
reactant with the smallest maximum extent of reaction is the limiting reactant. For the

example, for 1 g mol of C7Hi6 plus 12 g mole of Oz, you calculate
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0 gﬂpl O, —12¢g Ti)l_(_)z__

gmux (based on 02) — = 1.09 moles reacting

—11 g mol O,s/moles reacting

0 g mol C;H (—1 g mol C7H,¢
M (based on C7H ) = ——— : — = 1.00 moles reacting
—1 g mol CyH ¢/moles reacting

Therefore, heptane is the limiting reactant and oxygen is the excess reactant.

As an alternate to determining the limiting reactant,

Ratio in feed Ratio in chemical equation
0] 12 11
2 ~ =12 > — =11
C;Hj¢ 1 1
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% Consider the following reaction A 4+ 3B + 2C — Products
If the feed to the reactor contains 1.1 moles of A, 3.2 moles of B, and 2.4 moles of C. The extents

of reaction based on complete reaction of A, B, and C are

—1.1 mol A
M (based on A) = — jllo—_ = 1.
» —3.2 mol B
§"** (based on B) = ——__TO - = 107
—2.4 mol
é_'“'lii:‘( (ba“ed on C) — ]]B. E — ].2

As a result, B is identified as the limiting reactant in this example while A and C are the excess

reactants.

As an alternate to determining the limiting reactant for same example:

We choose A as the reference substance and calculate

Ratio in feed Ratio in chemical equation
B 3.2 3
—= == 2,01 —-—=3
AL < 1
G 2.4 2
—_— —_— = 2_ —_=
AT 12

We conclude that B is the limiting reactant relative to A, and that A is the limiting reactant
relative to C, hence B is the limiting reactant among the set of three reactant. In symbols we

have B<A,C> A (i.e., A<C),sothat B< A <C.

Example 9.5

If you feed 10 grams of N> gas and 10 grams of H» gas into a reactor:
a. What is the maximum number of grams of NHj that can be produced?
b. What is the limiting reactant?
c. What is the excess reactant?

Solution
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NH3 (g)
No() Reactor —H2 00
109 10g
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Ny(g) + 3H,(g) - 2NH;(g)

Given g: 10 10 0
MW: 28 2.016 17.02
Calculated g mol: 0.357 4.960 0

—0.357 g mol N,
—1 g mol Ny/moles reacting

MY (based on Np) = = (0.357 moles reacting

—4.960 g mol H; )
§™* (based on Hy) = —=],65 moles reacting
—3 g mol H»/moles reacting

(b) N2 is the limiting reactant, and that (c) Ha is the excess reactant.
The excess Hy = 4.960 — 3(0.357) = 3.89 g mol. To answer question (a), the maximum amount of

NH; that can be produced is based on assuming complete conversion of the limiting reactant

0.357 g mol N, |2 g mol NH;4

I g mol N,

17.02 g NH;4
1 g mol NH;

= 122 g NH,

9.2.3 Conversion and degree of completion
Xl Conversion is the fraction of the feed or some key material in the feed that is converted into
products.
Xl Conversion is related to the degree of completion of a reaction namely the percentage or

fraction of the limiting reactant converted into products.

Thus, percent conversion is

moles (or mass) of feed (or a compound in the feed) that react

% conversion= moles (or mass) of feed (or a componentin the feed) introduced «1(0

For example, for the reaction equation described in Example 9.2, if 14.4 kg of CO; are formed in

the reaction of 10 kg of C7Hi¢, you can calculate what percent of the C7Hi¢is converted to CO»

(reacts) as follows: CyH 4 + 110, = 7CO, + 8H,0

14.4 kg CO,| 1 kg mol CO,

44.0 kg CO,

1 kg mO] C?H 16
7 kg mol CO,

C7Hi6 equivalent to CO: in the product = 0.0468 kg mol C;H¢

nr

1 kg mol C7H 4
100.1 kg CsH 16

10 kg CTH 16

= 0.0999 kg mol C7H 4
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C7Hi6 in the reactants

0.0468 mol reacted
o ¥ _— = = = g
o conversion 0.0999 ke mol fed 100 ‘ 46.8% of the C4H ¢
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The conversion can also be calculated using the extent of reaction as follows:

Conversion is equal to the extent of reaction based on CO» formation (i.e., the actual extent
of reaction) divided by the extent of reaction assuming complete reaction of C;His (i.c.,

the maximum possible extent of reaction).

) extent of reaction that actually occurs
Conversion=

extent of reaction that would occur if completereaction took place

4

é:max

9.2.4 Selectivity
Selectivity is the ratio of the moles of a particular (usually the desired) product produced to the
moles of another (usually undesired or by-product) product produced in a set of reactions.

For example, methanol (CH30OH) can be converted into ethylene (C2H4) or propylene (C3Hg) by the

reactions

2 CH3OH —— C2H4 + QHQO
3 CH;0H — C3Hg + 3H,0

What is the selectivity of C2Hy relative to the C3Hg at 80% conversion of the CH3;0H? At 80%
conversion: C2Hs 19 mole % and for C3He 8 mole %. Because the basis for both values is the same,

the selectivity = 19/8 = 2.4 mol C>H4 per mol C3Hs.

9.2.5 Yield

No universally agreed-upon definitions exist for yield—in fact, quite the contrary. Here are three
common ones:

¢ Yield (based on feed)—the amount (mass or moles) of desired product obtained divided by
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the amount of the key (frequently the limiting) reactant fed.

Yield (based on reactant consumed)—the amount (mass or moles) of desired product
obtained divided by amount of the key (frequently the limiting) reactant consumed.

Yield (based on theoretical consumption of the limiting reactant)—the amount (mass or
moles) of a product obtained divided by the theoretical (expected) amount of the product
that would be obtained based on the limiting reactant in the chemical reaction equation if it

were completely consumed.
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Example 9.6

The following overall reaction to produce biomass, glycerol, and ethanol

CeH;,04(glucose) + 0.118 NH3 — 0.59 CH | 14N; 5,0 45 (biomass)
+ 0.43 C3HgO5(glycerol) + 1.54 CO, + 1.3 C,H;OH (ethanol) + 0.03 H,0

Calculate the theoretical yield of biomass in g of biomass per g of glucose. Also, calculate the yield
of ethanol in g of ethanol per g of glucose.
Solution

Basis: 0.59 g mol of biomass

0.59 g mol biomass [ 23.74 g biomass | 1 g mol glucose

= 0.0778 g biomass/g glucose

1 g mol glucose |1 g mol biomass| 180 g L;‘I-l.u:ose

I g mol C;HsOH

1.3 g mol C,HsOH 1 g mol glucose

= (0.332 g C,HsOH/g glucose

lg mol glucos;f:_ 180 g glucose

Example 9.7

For this example, large amounts of single wall carbon nanotubes can be produced by the catalytic
decomposition of ethane over Co and Fe catalysts supported on silica
CHg—2C+3H, (a)
NCHy + Hy (b)
If you collect 3 g mol of Hz> and 0.50 g mol of C>H4, what is the selectivity of C relative to C2H4?
Solution

Basis: 3 g mol H, byReaetion{a)
0.50 g mol C2H4 by Reaction (b)

The 0.5 g mol of C,H4 corresponds to 0.50 g mol of H> produced in Reaction (b).
The H> produced by Reaction (a) =3 - 0.50 = 2.5 gmol.

The nanotubes (the C) produced by Reaction (a) = (2/3)(2.5) = 1.67 g mol C

The selectivity = 1.67/0.50 = 3.33 g mol C/g mol CoH4

Example 9.8

The two reactions of interest for this example are
10
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Cly(g) + C3He(g) — C3HsCl(g) + HCl(g) (@)

Cly(g) + C3Hg(g) — C3HeCly(g) (b)

CsHg is propylene (propene) (MW = 42.08)
C3HsCl1 is allyl chloride (3-chloropropene) (MW = 76.53)

10
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C3HeCly is propylene chloride (1,2-dichloropropane) (MW = 112.99)

The species recovered after the reaction takes place for some time are listed in Table E9.8.

species Cly CsHe C;3HsC1 C3HsCla HCI
g mol 141 651 4.6 24.5 4.6

Based on the product distribution assuming that no allyl chlorides were present in the feed, calculate

the following:

a. How much Cl; and C3He were fed to the reactor in g mol?
b. What was the limiting reactant?

c. What was the excess reactant?

d. What was the fraction conversion of C3Hgto C3HsC1?

e. What was the selectivity of C3HsCl1 relative to CzHeClo?
f.  What was the yield of C3HsC1 expressed in g of C3HsC1 to the g of C3Hs fed to the reactor?
g. What was the extent of reaction of the first and second reactions?

Solution

Figure E9.8 illustrates the process as an open-flow system. A batch process could alternatively be

used.
Cl> (g)
Cl, (9) CaHs (9)
—_— Reactor ~ ————— C;H;Cl(g)
CaHs (0) C3HgClz (9)
HCI (g)

Figure E9.8

A convenient basis is what is given in the product list in Table E9.8.

Reaction (a)

4.6 gmol C3HsC1| 1 gmol Cl,
————|————=—7—= = 4.6 g mol Cl, reacts

I g mol C3H;5Cl

Reaction (b)

24.5 ¢ mol C3HgCl 1 g mol Cl
£ Eala £z - 24.5 g mol Cl, reacts

1 g mol C3H6C12

Total = 4.6 + 24.5 = 29.1 g mol Cl; reacts

Clz in product = 141.0 from Table E9.8
10
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(a) Total Cl> fed = 141.0 + 29.1 = 170.1 g mol Cl»
Total C3Hs fed = 651.0 +29.1 = 680.1 g mol of C3Hs

10
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(b)and (c) Since both reactions involve the same value of the respective reaction

stoichiometric coefficients, both reactions will have the same limiting and excess reactants

max . . - —680.1 g mol C3H6 _ T
£ (based on C3Hg) 2 680.1 moles reacting
—1 g mol C3Hg¢/moles reacting

— —170.1 g mole Cl, .
EMX (based on Cl,) = —————————— = 170.1 moles reacting
—1 g mol Cly/moles reacting

Thus, C3He was the excess reactant and Cl, the limiting reactant.

(d) The fraction conversion of C3Hgto C3HsC1 was

—— =676 X 1073
680.1 g mol C3Hg fed 7
(e) The selectivity was
462mol GHSCl_ ' mol CiHC
24.5 g mol C3H4Cly "7 g mol C3H4Cl,
(f) The yield was
(42.08)(680.1)g CsHy g C3Hg

(g) Because C3HsC1 is produced only by the first reaction, the extent of reaction of the first

reaction 1S

Because C3HgC121s produced only by the second reaction, the extent of reaction of the

second reaction is

i~ MNip 245 —
Mg 50 _

Vi |

&=

10
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Example 9.9
Five pounds of bismuth (MW=209) is heated along with one pound of sulfur (MW=32) to form
Bi2S; (MW=514). At the end of the reaction, the mass is extracted and the free sulfur recovered is
5% of the reaction mass. Determine 2Bi + 3S —— BiS;

1. The limiting reactant.

2. The percent excess reactant.

3. The percent conversion of sulfur to Bi>Ss;

10
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Solution
a. Find the Limiting reactant

Ratio m the feed

5.00 1b Bi‘ 1 1b mol B1

Bi | 2091bBi 00239 mol Bi ...
s = 00313mols 0774
1.001b S| 1 1b mol S
321b S
. .
Ratio in the chemical equation ="3'~l"l!;'vb1ﬂlct:ll E’l = 0.667
Compare the two ratios: S is the limiting reactant.
b. % Excess reactant
. ... 1IbS 11bmol S|2mol Bi _ :
Bl lequlled == | 32 lb S | 3 11101 S = 00208 lb 11]01 Bl
239 - 0.02
_ (0.0239 - 0.028) _ 14.9 %

% excessBi = 0.028 X 100

c. We will assume that no gaseous products are formed. so that the total mass of the reaction
mixture is conserved at 6 Ib (51b Bi + 11b S). The free sulfur at the end of the reaction =

5%.

6.00 Ib rxn mass 5.001b S 1 Ib mol S

700 Ib rxn mass| 320105 ~ 000938lbmol S

moles of feed that react

moles of feed introduced 100

% Conversion =

_ 0.03136330933 " 100 = 70.0 %

Questions

1. What is a limiting reactant?
2. What is an excess reactant?
3. How do you calculate the extent of reaction from experimental data?
Answers:
Q.3 Reactant present in the least stoichiometric quantity.
Q.4 All other reactants than the limiting reactant.
Q.5 For a species in

Rout,i — Min,i' _ Nfinal, i

— Minitial, i

Vi

Vi
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Open system: Closed system:

10



Chemical Engineering principles— First Year/ Chapter Nine

Problems
1. Write balanced reaction equations for the following reactions:
a. CoHisand oxygen to form carbon dioxide and water.
b. FeS;and oxygen to form Fe>O3 and sulfurdioxide.
2. If1 kg of benzene (CsHe) is oxidized with oxygen, how many kilograms of O> are needed to
convert all the benzene to COz and H,0?
3. The electrolytic manufacture of chlorine gas from a sodium chloride solution is carried out
by the following reaction:

2 NaCl +2 H,0 — 2 NaOH + H, + Cl,

How many kilograms of Cl can be produced from 10 m® of brine solution containing 5% by

weight of NaCl? The specific gravity of the solution relative to that of water at 4°C is 1.07.

4. Can you balance the following chemical reaction equation?

a,NO; + a,HCIO — a;HNO; + a,HCI

5. For the reaction in which stoichiometric quantities of the reactants are fed

2 C4H,o + 15 0, — 10 CO, + 10 H,0

and the reaction goes to completion, what is the maximum extent of reaction based on

CsHi0? On O2? Are the respective values different or the same? Explain the result.

6. Calcium oxide (CaO) is formed by decomposing limestone (pure CaCO3). In one kiln the
reaction goes to 70% completion.
a. What is the composition of the solid product withdrawn from the kiln?
b. What is the yield in terms of pounds of CO: produced per pound of limestone fed
into the process?
7. Aluminum sulfate can be made by reacting crushed bauxite ore with sulfuric acid, according
to the following chemical equation:

A1,0; + 3 H,SO, — Aly(SO,); + 3 H,0

The bauxite ore contains 55.4% by weight of aluminum oxide, the remainder being
impurities. The sulfuric acid solution contains 77.7% pure sulfuric acid, the remainder being

water. To produce crude aluminum sulfate containing 1798 Ib of pure aluminum sulfate,
10
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1080 Ib of bauxite ore and 2510 1b of sulfuric acid solution are reacted.
a. Identify the excess reactant.

b. What percentage of the excess reactant was consumed?

10
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c. What was the degree of completion of the reaction?

8. Two well-known gas phase reactions take place in the dehydration of ethane:

C,Hg — C,H, + H, (@

C,Hy + H, » 2 CH, (b)

Given the product distribution measured in the gas phase reaction of CoHs as follows
CHe 27%, CoHs 33%, H213%, and CHs27%

What species was the limiting reactant?

IS

What species was the excess reactant?

What was the conversion of CaHgto CH4?

& ©

What was the degree of completion of the reaction?

o

What was the selectivity of C2Hg relative to CH4?

=

What was the yield of CoHa4 expressed in kg mol of C2H4 produced per kg mol of
C2He?

g. What was the extent of reaction of C2Hs?
Answers:

27
L@ cgH + 5 0,=9.CO, + 9 Hy0; () 4 FeS, + 11 0, - 2Fe,0; + 850,
3.08

323
No
(a) 1,
(b) 1,

(¢) The same,

M

(d) The extent of reaction depends on the reaction equation as a whole and not on one
species in the equation.
6. CaCOs: 43.4%, CaO: 56.4%:; (b) 0.308
7. (a) H2SO4

11
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(b) 79.2%j;
() 0.89

8. (a) CoHe (the hydrogen is from reaction No.2, not the feed);
(b) None;

11
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(c) Fraction conversion = 0.184;

(d) 0.45;

(e) 1.22

(f) Based on reactant in the feed: 0.45, based on reactant consumed: 0.84, based on theory:
0.50;

(g) Reaction (a) is 33 mol reacting and reaction (b) is 13.5 mol reacting, both based on 100

mol product.

Supplementary Problems (Chapter Nine):

Problem 1

Gypsum (plaster of Paris : CaSOy4- 2H»0) 1s produced by the reaction of calcium
carbonate and sulfuric acid. A certain lime stone analyzes: CaCO3 96.89 %: MgCO3 1.41 %:
merts 1.70 %. For 5 metric tons of limestone reacted completely. determine:

a. kg of anhydrous gypsum (CaSOy) produced.

b. kg of sulfuric acid solution (98 wt%) required.

¢. kg of carbon dioxide produced.

(MW : CaCO3 100.1: MgCO3 84.32: H2SO4 98: CaSO4 136: MgSO4 120:
H,O 18: CO, 44)

Solution
The problem involves 2 reactions. Both calcium carbonate and magnesium carbonate
react with sulfuric acid. The stoichiometric equations are

CaCO3 + H»S0O4 ------ > (CaS0O4 + HO + CO; (1)
MgCO3z + H»SOy ------ > MgSOy + HO + CO; (2)

mass fr
CaCO; 0.9689 mass fr

MgCOs; 0.0141 CO, 0.1.00
Inerts 0.0171

F 1 i - ; 0 o—; P1
! . Reactor !

F2 —_— mass

mass fr CaSOQy m1

H,SO; 0.98 MgSO, m2
H,0 0.02 H0 m3
Inerts 0.0171 Inerts m4

Basis : 5000 kg limestone

11
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a. CaSOy produced

5000kglimestone [96.89kgCaCO 3£IkgmoICaCO 3£lkgmolC_'aSO 4¢ 136kgCaSO 4
100kglimestone | 100.1kgCaCO 3/IkgmolCaCO 3 lkgmolCaSO 4

= 6600 kg CaSOy
b. Sulfuric acid required

Both CaCO3 and MgCO3 react with sulfuric acid in a | to 1 molar ratio.

5000kg limestone |96.89kg CaCO31kg mol CaCO3 l1kg mol H2SO4| 98kg H2SO4
100kg Iimestonc!l(}O.lkg CaCO 3 kgmolCaCOj3 kgmol H2SOy4

= 4740 kg H2SO4

1 kg mol MgC03|l kg mol HgSO4‘98.0 kg H»SO4
84.32 kg MgC03| kg mol MgCO3 |kg mol H2SOy4

5000 kg limestone| 1.41 kg MgCO3
|100 kg limestone

= 81.94 kg HSO4
total acid required = 4739.9 + 81.94 kg = 4822 kg 100 % acid.

We need to correct for the fact that acid 1s available as a 98 % solution.

4821.84 kg H>SO4 | 100 kg acid solution _
| 98.0kg HSOs  ~ 4920 kg HSOy4 solution

¢. Carbon dioxide generated

Both CaCO3; and MgCOj3 react with sulfuric acid to produce carbon dioxide.

5000 kg limestone |96.83 kg CaCOj3 |1 kg mol CaCO3| 1 kg mol CO» | 44 kg CO,
T00 kg CaCO; |100.1 kg CaCOy3 |T kg mol CaCO3 |1 kg mol COz

1 kg MgCO3 | 1kgmol CO, | 44 kg CO,
84.32 kg MgCO3 |1 kg mol MgCO3 \]kg mol CO>

5000 kg limestone |1.41 kg MgCO3
100 kg MgCO3

= 2128.1 + 36.8 = 2165 kg CO,

The synthesis of ammonia proceeds according to the following reaction
N> + 3H; --—> 2NHj3
In a given plant, 4202 Ib of nitrogen and 1046 Ib of hydrogen are fed to the synthesis reactor
per hour. Production of pure ammonia from this reactor 1s 3060 Ib per hour.

a. What 1s the limiting reactant.
b. What 1s the percent excess reactant.
¢. What 1s the percent conversion obtained (based on the limiting reactant).

Solution
11



Chemical Engineering principles— First Year/ Chapter Nine

Problem 2

11
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F1
H, 4202 Ib/hr

F2E
N, 1046 Ib/hr

NH; 3600 Ib/hr

2 1b mol NH3;
5. I 7316 N> | 716 mol N> = 300 Ib mol NH3

4202 1b N5 | 1 1b mol N>

1046 1b H | 1 1b mol Ha |2 1b mol NH;

‘ 2 1b H> ‘ 316 mol H> 348.6 1b mol NH3

I

If all of the N> were to react, 300 1b mol of ammonia would be produced while if all of
the hydrogen were to react, 348.6 1b mol ammonia would be produced. N is the limiting

reactant.

b. Hj required : based on the limiting reactant

4202 1b N> | 1 Ib mol N2 | 3 1b mol H» ) )
‘ 28 Ib N> ‘ 1 Ib mol N> = 450 Ib mol Hy required
‘ 1046 1b Hy | 1 1b mol H;
H> available : T 210 1> = 523 Ib mol Ha

mol in excess

Yoexcessreactant = ToTrequired fo react with limiting reactant ~ © 100
. (523 - 450)
% excess Ha = 130 x 100 = 16.2 %
. moles (or mass) of feed that react
¢. Percentage conversion = 1075561 mass) of feed introduced x 100
_ 30601bNH;|11bmol NH; | 1lbmolNy | 281bN,
Nateacted = | T7INH; 216 mol NH; [T molN; - 232010
. 2520 1b
% conversion = 7307 1b « 100 = 60.0 %

100
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Chapter 10
Material Balances for Processes Involving Reaction

10.1 Species Material Balances

10.1.1 Processes Involving a Single Reaction

The material balance for a species must be augmented to include generation and

consumption terms when chemical reactions occur in a process.

[mules of moles of moles of § moles of i moles of i moles of §

iatey _ Jiaty . | entering leaving . ) enerated _ ) consumed . 101
in the in the the system the system by reaction by reaction

lsgah-m system between t;and 1 between ¢y and hetween f; and £ between 1 and ¢

Note that we have written Equation (10.1) in moles rather than mass because the generation and

consumption terms are more conveniently represented in moles.
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For example : Figure 10.1 presents the process as an open, steady-state system operating for
1 min so that the accumulation terms are zero. The data in Figure 10.1 are in g mol.
Using Equation 10.1 you can calculate via a value in g mol for the generation or

consumption, as the case may be, for each of the three species involved in the reaction:

L P —— 9H,
15 Ny —————| Reactor ;QN':-I!Z Figure 10.1. A reactor to produce

NH,.
Nz +3 Hz A d 2NH3

NHj3 (generation): 6 — 0 = 6 gmol
H> (consumption): 9 — 18 =- 9 gmol
N2 (consumption): 12 —15=-3 gmol

Here is where the extent of reaction & becomes useful. Recall that for an open system

out

= 1,---N (10)

Where v; is the stoichiometric coefficient of species i in the reaction equation

"NH; =2
VH, = -3
ng - '-'1

And the extent of reaction can be calculated via any species:

102



Chemical Engineering principles— First Year/ Chapter Ten

out in
NNH; — PNH; 6 — 0

€= VNH, B 2 =g
nfy —nfl, 9 - 18

= T = —= =3

_onfy AN, 12 - 15 _

The three species balances corresponding to the process in Figure 10.1 are

Component Out In = Generation or Consumption
i nf" —nin = v; &

NH;: 6 -0 = 2(3)=6

Hy: 9 -18 = -33)=-9

N,: 12 -15 = -13)=-3

The term y; € corresponds to the moles of i/ generated or consumed.

% The value of the fraction conversion f of the limiting reactant;  is related to f by

_ (_f)”{:]miling reactant ... .103

é-'_

Vlimiting reactant

Consequently, you can calculate the value of  from the fraction conversion (or vice versa)

plus information identifying the limiting reactant.

Example 10.1
The chlorination of methane occurs by the following reaction CH, + Cl, — CH;CI + HCI
You are asked to determine the product composition if the conversion of the limiting
reactant is 67%, and the feed composition in mole % is given as: 40% CHa, 50% Cl,, and
10% Naz. Solution

Assume the reactor is an open, steady-state process.
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Reactor
67% Ci i
Feed o LOnversion Product
100 g mol &
40% CH, g
50% Cl, P e
) Achsel
nNZ

Figure E10.1

Basis 100 g mol feed

104



Chemical Engineering principles— First Year/ Chapter Ten

Limiting reactant:

£(CH,) = — = ZH0 _
"Hy -1)
—nd, 50
MaX(Cl,) = 2 .
§(C) — =) =50

Therefore, CHy is the limiting reactant.

Calculate the extent of reaction using the specified conversion rate and Equation 10.3.

_ —fnp _ (-067)(40)
= == Ty = 26.8 g moles reacting

3

Vir

The species material balances (in moles) using Equation 10.2 gives a direct solution for

each species in the product:

ngfi, = 40 — 1(26.8) = 13.2

ngf =50 — 1(26.8) = 23.2

nicr = 0 + 1(26.8) = 26.8

i = 0 + 1(26.8) = 26.8

nt =10 — 0(26.8) = 10.0
100.0 = P

Therefore, the composition of the product stream is: 13.2% CHa, 23.2% Cl,, 26.8% CH;3C1,
26.8% HCI, and 10% N: because the total number of product moles is conveniently 100 gmol.

Example 10.2

A proposed process to remove HS is by reaction with  SOq:

2 H,S(g) + SO,(g) = 3S(s) + 2H,0(g)
In a test of the process, a gas stream containing 20% H>S and 80% CH4 were combined
with a stream of pure SO». The process produced 5000 lb of S(s), and in the product gas the
ratio of SO2 to HoS was equal to 3, and the ratio of H2O to Hz2S was 10. You are asked to
determine the fractional conversion of the limiting reactant, and the feed rates of the HoS
and SO; streams.

Solution
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F Product P
20% H,S , e
80% CH, ,,E;’;
Reactor ”an
Fag, —— B
S
5000 Ib
Figure E10.2
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Basis is 5000 1b S (156.3 1b mol S)

Basis: S =5000 Ib (156.3 1b mol)

Specifications: 4 (3 independent)
xf,s = 0.20 or xty, = 0.80, (nbo/nii,s) = 3, (nfi,0/nfi,s) = 10

The species balances ig: popsgl meles aftegintroduction of most of the spegifications

are: HpS: nf,s = 0.20F — 2¢ (b)
SOy nfp, = Fso, = 1£ (©)
H,O: nfj0 =0+ 2¢ (d)
CHy:  nfy, = 0.80F + 0 (£) ©)

The remaining specifications are

P _ 4 P
n$o, = 3niy,s 43

nﬁzo = 1{}.*Iﬁ25 (g)

If you solve the equations without using a computer, you should start by calculating & from
Equation (a)

_ 1_5_6_:3_mol

= 52.1 mol
3 mol rxn

3

Then Equation (d) gives

nfio = 2(52.1) = 104.21b mol H,0 Next, Equation
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. | y
(2) gives nfys = -l-(-}-nﬁzo = 10.4 b mol H,S And

Equation (f) gives néo, = 3(10.4) = 31.21b mol SO,

If you solve the rest of the equations in the order (b), (c), and (e),
you find F = 573 1b mol Fso, = 83.3 1b mol

ném = 458 Ib mol

Finally, you can identify H»S as the limiting reactant because the molar ratio of SO> to H»S in the

product gas (3/1) is greater than the molar ratio in the chemical reaction equation (2/1).

The fractional conversion from Equation 10.3 is the consumption of H2S divided by the total

feed of H2S
= (_‘f-)nﬁ}ni:iugreacmm _ (¢ (2)(52.1) | Cpha gl cpd skl g Juals
Vlimiting reactant 02F (0.2)(573) B
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10.1.2 Processes Involving Multiple Reactions
For open system, steady-state processes with multiple reactions, Equation 10.1 in moles

becomes for component i

R
H?ul —] n:.“ + EVU §J ...10.4
j=1

Where:

v;jis the stoichiometric coefficient of species i in reaction j in the
minimal set. &; is the extent of reaction for the jth reaction in the
minimal set.

R is the number of independent chemical reaction equations (the size of the minimal set).
What this latter term means is the smallest set of chemical reaction equations that can be
assembled so as to include all of the species involved in the process.

An equation analogous to Equation 10.4 can be written for a closed, unsteady-state
system. The total moles, N, exiting a reactor are
S s

S R
N = Enqu[ = Inin + EE"-’U‘?; ...10.5

i
i=1 i i=1j=1

Where S is the number of species in the system.

Example 10.3
Formaldehyde (CH20) is produced industrially by the catalytic oxidation of methanol
(CH30H) according to the following reaction:

CH;0H + 1/20, — CH,0 + H,0 (1)

Unfortunately, under the conditions used to produce formaldehyde at a profitable rate, a

significant portion of the formaldehyde reacts with oxygen to produce CO and H»O, that is,

CH,0 + 120, — CO + H,0 @)

Assume that methanol and twice the stoichiometric amount of air needed for complete
conversion of the CH3OH to the desired products (CH2O and H>O) are fed to the reactor.
Also assume that 90% conversion of the methanol results, and that a 75% yield of
formaldehyde occurs based on the theoretical production of CH»>O by Reaction 1.

Determine the composition of the product gas leaving the reactor.
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Solution
Figure El0.3 is a sketch of the process with y; indicating the mole fraction of the

respective components in P (a gas).

110



Chemical Engineering principles— First Year/ Chapter Ten

F (CH30H) 1 g mol A (Air) mol. fr.
0, 0.21
N; 0.79
1.00
Formaldehyde
Reactor -
Product P
Yergon
Yo,
Yg
Yeigo
Y0
Yeo
Figure E10.3

Basis: 1 gmol F
The limiting reactant is CH3;0OH.

Use the fraction conversion, Equation 1637 ~— (1) = 09gmoles eacting

The yield is related to & as follows

By reaction 1: n&io = nlio + 1(&) =0 + & = £

. . 12 _ in2 _ 1 _
By reaction 2: neH,0 = ncio — 1(&) = ndio — & =& -

t,2
E‘li{() 51*52_

The yield is

& =0.15 g moles reacting

The entering oxygen is twice the required oxygen based on Reaction 1, namely

1
n{}: = 2(5 ) = 2( )(1 .00) = 1.00 g mol

nd, 100
A Sl ]
021 021 680

nd, = 4.76 — 1.00 = 3.76 g mol

Implicit equation:
syP = | Calculate P

using Equatlon 10 538

En:” + E 21)5_ 5

=1 :—I;—-l

1 +4.76 + EE‘U &;

=1 =
576 + [(—=1) + (='4) + (1) + 0 + (1) + 010.9

+ 104 (=5 + (=) + 0+ (1) + (1)]0.15 = 6.28 g mol
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The material balances:

neon = ycuyon (6.28) = 1 — (0.9) + 0 = 0.10

out
No,

Yo, (6.28) = 1.0 — (14)(0.9) — (*4)(0.15) = 0.475

out
NCH,0

Yoo (6.28) = 0 + 1 (0.9) ~ 1(0.15) = 0.75

A% = yu0 (6.28) = 0 + 1(09) + 1(0.15) = 1.05

W% = yeo (6.28) = 0+ 0 + 1 (0.15) = 0.15
n&]—’; = ,"N‘_* (628) =376 —0—-0=2376

The six equations can be solved for the y; :

YCH;0H = 1.6%, Yo, = 1.6%, yN, = 59.8%,

Y0 = 11.9%, yu,0 = 16.7%, yco = 2.4%.

Example 10.4

A bioreactor is a vessel in which biological conversion is carried out involving enzymes,
microorganisms, and/or animal and plant cells. In the anaerobic fermentation of grain,
the yeast Saccharomyces cerevisiae digests glucose (C¢Hi1206) from plants to form the
products ethanol (CoHsOH) and propionic acid (C.H3CO>H) by the following overall

reactions:
Reaction 1: C4H,,04 = 2C,HsOH + 2CO,

Reaction 2: Cg¢H,,04 — 2C,H;CO,H + 2H,0

In a batch process, a tank is charged with 4000 kg of a 12% solution of glucose in
water. After fermentation, 120 kg of CO; are produced and 90 kg of unreacted glucose
remains in the broth. What are the weight (mass) percent of ethanol and propionic acid in
the broth at the end of the fermentation process? Assume that none of the glucose is
assimilated into the bacteria.

Solution

An unsteady-state process in a closed system

R
inal — _initial
ﬂ{ = n + EHU 6}
=
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N

Bioreactor Bioreactor
Initial Final
Conditions Conditions
H,0 }_@ H.0 CgHi206
CgHi206 CgHsOH cOo,
CzH4COH
Figure E10.4
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Basis: 4000 kg F

. 4000(0.88)

mie" = e on = 1953
y 4000(0.12)

neHios = ~goy = 2665

Specifications: 4 (3 independent)
nffial = 195.3 or n{:’fﬁ{j’;’oﬁ = 2.665 (one is independent, the sum is F in mol)

i 90 i 120
”E:,rl[ia.fgoh = 1801 = 0.500 n(f:‘({.’;" = 0 = 2.727.

The material balance equations, after introducing the known values for the variables, are:

HyO:  nff' = 1953 + (0)¢) + (2)& (a)
CeHpOg: 0500 = 2.665 + (=1)&; + (~1)& (b)
CHsOH:  nfifflon = 0 + 2¢, + (0)&; (c)
CoH3COH:  nfiificon = 0 + (0)€ + (2)& (d
C0,2.727 =0+ (2) £, + (0}, (e)

Solution of equations: (e) (b) simultaneously, and then solve, (a), (c), and (d)

in order. &; = 1.364 kg molesreacting & =0.801 kg moles reacting
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Results Conversion to mass percent

H,O 196.9 18.01 3546.1 88.7
C,H;OH 2.728 46.05 125.6 3i1
C,H,CO,H 1.602 72.03 115.4 2.9
CO, 2277 44.0 120.0 3.0
CgH /504 0.500 180.1 90.1 23

3997 1.00

Note: The total mass of 3997 kg is close enough to 4000 kg of feed to validate the results

of the calculations.
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10.2 Element Material Balances

O Elements in a process are conserved, and consequently you can apply Equation 10.1to the
elements in a process.
O Because elements are not generated or consumed, the generation and consumption terms

in Equation 10.1 can be ignored.

For Example: Carbon dioxide is absorbed in water in the process shown in Figure
10.2. The reaction is

CO,(g) + H,0() — H,CO4(¢)

Three unknowns exist: W, F, and P, and the process involves three element C, H, and O. It would

appear that you can use the three element balances (in moles) [Basis P =100 mol]

W (H,0)

C: W(0) + F(1) = 0.05P (1)

H: W(2) + F(0) = [0.05(2) + 0.95(2)]P = 2P
Absorber

0O: W(1) + F(2) = [0.05(3) + 0.95(1)]P = 1.10P

mol%
5% H,COy

Figure 10.2 Schematic of the CO,
95% H,0 g

F(COp) absorber.

Example 10.5
Solution of Examples 10.1 and 10.3 Using Element Balances: All of the given data for this

example is the same as in Examples 10.1 and 10.3

Solution

1. Example 10.1

The element material balances are:
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C: 100 (040) = ?‘a‘r&_‘lﬁd( l) + ”((JILEEI_qCI(]]
H: 100 (0.40)(4) = ng{i,(4) + nii&i(1) + n&i,a(3)
Cl: 100 (0.50)(2) = ng}(2) + nfiti(1) + nP,a(1)

.

2N: 100 (0.10)(1) = nR¥(1)

The solution of the problem will be the same as found in Example 10.1.
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2. Example 10.3

The element balances are:

C:  1(1) + 4.76(0) = Ply€u,ou(1) + Yeu,0(1) + yfo(1)]

H:  1(4) + 4.76(0)

Il

PlyCuson(4) + ylu,0(2) + ¥h,0(2)]
O:  1(1) +1.00 = Plyluon(1) + y5,(2) + yéuo (1)
+ yio(1) + yEo(1)]

2N:  1(0) + 3.76 Plyk,(1)]

The solution of the problem will not change.

Note: It would be easier to use the term ¥/ 7 = n{ in the equations above in place of the productof

P
. V;
two variables, -* and P.

© Element balances are especially useful when you do not know what reactions occur in a
process. You only know information about the input and output stream components.

Example 10.6

In one such experiment for the hydrocracking (cracking reactions) of octane (CgHis), the cracked
products had the following composition in mole percent: 19.5% CsHs, 59.4% CsHio, and 21.1%
CsHiz. You are asked to determine the molar ratio of hydrogen consumed to octane reacted for this

process.

Solution
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F (CgH1s) 1 l G (Hy)

Lab
Reactor

Product P

19.5% C3Hg
59.4% C4Hqq
21.1% CsHy»

Figure E10.6

Basis: P=100 g mol

Element balances: 2 H, C
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The element balances:

C: F(8) + G(0) = 100[(0.195)(3) + (0.594)(4) + (0.211)(5)]
H: F(18) + G(2) = 100[(0.195)(8) + (0.594)(10) + (0.211)(12)]

And the solution is F=50.2 gmol

G =49.8 g mol The ratio

H, consumed  49.8 g mol
CgH,greacted  50.2 g mol

= 0.992

10.3 Material Balances Involving Combustion

# Combustion is the reaction of a substance with oxygen with the associated release of

energy and generation of product gases such as H,O, CO., CO, and SO,.

¥ Most combustion processes use air as the source of oxygen. For our purposes you can

assume that air contains 79% N> and 21% O:.

Special terms:

1.

Flue or stack gas: All the gases resulting from combustion process including the water
vapor, sometimes known as a wet basis.

Orsat analysis or dry basis: All the gases resulting from combustion process not including
the water vapor. Orsat analysis refers to a type of gas analysis apparatus in which the
volumes of the respective gases are measured over and in equilibrium with water; hence
each component is saturated with water vapor. The net result of the analysis is to eliminate
water as a component being measured (show Figure 10.4).

Complete combustion: the complete reaction of the hydrocarbon fuel producing CO», SO»,
and H20.

Partial combustion: the combustion of the fuel producing at least some CO. Because CO
itself can react with oxygen, the production of CO in a combustion process does not produce
as much energy as it would if only CO; were produced.

Theoretical air (or theoretical oxygen): The minimum amount of air (or oxygen) required
to be brought into the process for complete combustion. Sometimes this quantity is called
the required air (or oxygen).
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6. Excess air (or excess oxygen): In line with the definition of excess reactant given in
Chapter 9, excess air (or oxygen) would be the amount of air (or oxygen) in excess of that

required for complete combustion as defined in (5).
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Orsat analysis Flue gas, stack Dry flue gas on
dry basis gas, or wet basis SO,-free basis

CO, CO, CO,

co co co

0, O, O,

N, . N, "I N,

S0, SO,

H,0 * Figure 10.4 Comparison of a gas
analysis on different bases.

Note: The calculated amount of excess air does not depend on how much material is

actually burned but what is possible to be burned. Even if only partial combustion
takes place, as, for example, C burning to both CO and COa, the excess air (or oxygen) is

computed as if the process of combustion went to completion and produced only COs.

The percent excess air is identical to the percent excess Oz:

%o excess all= excess air 100 ©XCesS 0,/0.21 100
required air required O,/0.21 .. 10.6

Note that the ratio 1/0.21 of air to Oz cancels out in Equation 10.6. Percent excess air may also be

computed as

o . . .
Yo €Xcess air= 0O, entermgprocess—Ozrequlred><

i 100 e
O,required 10.
7
Or
o excess O,
excess . x100
. O, entering —excess O,
air=
10.
Example 10.7 8

Fuels other than gasoline are being eyed for motor vehicles because they generate lower

levels of pollutants than does gasoline. Compressed propane is one such proposed fuel.
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Suppose that in a test 20 kg of C3Hg is burned with 400 kg of air to produce 44 kg of CO»
and 12 kg of CO. What was the percent excess air?

Solution

.. . . . . C;H; + 50, — 3CO, + 4H,0
This is a problem involving the following reaction ° ° = ? S

Basis: 20 kg of C3Hs
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O Since the percentage of excess air is based on the complete combustion of C3Hsto CO2
and H2O, the fact that combustion is not complete has no influence on the calculation of

“excess air.”

. . 20 kg C3Hg | 1 kg mol C3Hg| 5 kg mol O
The required O; is e s B 22— 27 kgmol 0,
44.09 kg C3Hg | 1 kg mol C3Hg
The entering O is
400 kg air|1 k lair| 21k 10
g air| 1 kg mo .an‘ g mo 2 _ 290 KB,
29 kg air | 100 kg mol air

. O,enteringprocess—O,required
% excess air= 2 gp oreq X

The percentage of excess air is O,required

100

2.90 b mol O, — 2.27 Ib mol O,

y 100
2.27 1b mol O,

— = 28%

% excess air =

Note:
In calculating the amount of excess air, remember that the excess is the amount of air that enters the

combustion process over and above that required for complete combustion.

For_example, suppose that a gas containing 80% C;He and 20% O3 is burned in an engine with
200% excess air. Eighty percent of the ethane goes to CO2, 10% goes to CO, and 10% remained
unburned. What is the amount of the excess air per 100 moles of the gas?

Solution

First, you can ignore the information about the CO and the unburned ethane because the basis of
the calculation of excess air is complete combustion. Specifically C goes to CO»; S to SO», H» to
H>0, CO goes to CO> and so on.

Second, the oxygen in the fuel cannot be ignored. Based on the reaction

7
CaHg + -0, —2C0; + 3H;0

Basis: 100 moles of gas

e 80 moles of C2Hg require 3.5(80) = 280 moles of O for complete combustion.
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The gas contains 20 moles of O, so that only 280 — 20 = 260 moles of O, are needed in the

entering air for complete combustion.

Thus, 260 moles of O are the required Oz and the calculation of the 200% excess O2 (air) is
based on 260, not 280, moles of O;:
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Entering with air Moles O»
Required O2: 260
Excess Oa: (2)(260) = 520
Total Oa: 780

Example 10.8
Figure El0.8 is a sketch of a fuel cell in which a continuous flow of methane (CH4) and air

(O2 plus Nz) produce electricity plus CO2 and H>O. Special membranes and catalysts are
needed to promote the reaction of CH4. Based on the data given in Figure EI0.8, you

are asked to calculate the composition of the products in P.

Electric Load
CH, 100% I—WVW\,] Air
F=16.0 kg A =300 kg
Fuel Mol % ’
Cell 0, 210
N, 79.0
100.0
o, -
N, = ?
02 =7
H20 = "
P =? (kg mol)
Figure E10.8

Solution
Assume a complete reaction occurs because no CHy appears in P. The system is the fuel

cell (open, steady state). The necessary preliminary conversions as follows:

300 kg A|1 kg mol A 1035 k A
- — = ) ¥ n
290kg A gmol Ai
16.0 kg CHy4 | | kg mol CH,4 :
_—- —— = 1.00 kg mol CH, in
16.0 kg CH, g Sl
10.35 kg mol A |0.21 kg mol O, ,
— — = =217k 10
I kg mol A gmoLta I
10.35 kg mol A {0.79 kg mol N, : .
- —|— . = 8.18 kg mol Nj in
I kg mol A

Basis: 16.0 kg CH4 entering = 1 kg mol CH4
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Specifications and calculated quantitie [
P q ng, = 2.17, nfy, = 8.18
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Implicit equation: $,f =

The element material balances are (in moles):

Out In

nto,(1) = 1(1)
H:  nfo(2) = 1(4)
0:  ngo,(2) + ng,(2) + nfio(l) = 2172)
2N: g, = 8.8

The species material balances are:

Compound Out In vé g mol
CHy: nfy, = 10 - Ix1 = 0

0y: ng, = 217 - 2x1 = 017
Ny: ng, = 818 - 0x1 = 8.8
COy: rréoz = 0 + Ix1 = 10
H,0: ni”,zo = 0 + 2x1 = 20

The solution of either set of equations gives

néy, = 0,nf, = 0.17, nk, = 8.18, no, = 1.0, nfi,0 = 2.0, P = 11.35

The mole percentage composition of P is

y(_): = 1.5%, )’N_1 = T72.1%, YCO;- = 8.8%, and ¥YH,0 = 17.6%

Problems

1. Hydrofluoric acid (HF) can be manufactured by treating calcium fluoride (CaF,) with
sulfuric acid (H2SO4). A sample of fluorospar (the raw material) contains 75% by weight
CaF; and 25% inert (nonreacting) materials. The pure sulfuric acid used in the process is in
30% excess of that theoretically required. Most of the manufactured HF leaves the reaction
chamber as a gas, but a solid cake that contains 5% of all the HF formed, plus CaSOs, inerts,
and unreacted sulfuric acid is also removed from the reaction chamber. Assume complete
conversion of the CaF: occurs. How many kilograms of cake are produced per 100 kg of

fluorospar charged to the process?
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2. Corrosion of pipes in boilers by oxygen can be alleviated through the use of sodium sulfite.
Sodium sulfite removes oxygen from boiler feedwater by the following reaction:

2Na,S0; + 0, — 2NaS0,

120



Chemical Engineering principles— First Year/ Chapter Ten

How many pounds of sodium sulfite are theoretically required (for complete reaction) to
remove the oxygen from 8,330,000 Ib of water (10° gal) containing 10.0 parts per million
(ppm) of dissolved oxygen and at the same time maintain a 35% excess of sodium sulfite?

3. Consider a continuous, steady-state process in which the following reactions take place:

C¢H;, + 6H,0 — 6CO + 12H,
C¢Hy» +Hy — CcH,
In the process 250 moles of CsHi2 and 800 moles of H>O are fed into the reactor each hour.

The yield of Hzis 40.0% and the selectivity of Ha relative to C¢Hisa1s 12.0. Calculate the

molar flow rates of all five components in the output stream.

4. Consider a system used in the manufacture of electronic materials (all gases except Si)

SiHa4, Si,Hs, SioHe, Ha, Si

How many independent element balances can you make for this system?

5. Methane burns with O; to produce a gaseous product that contains CHas, O2, CO»2, CO, H>O,
and H,. How many independent element balances can you write for this system?

6. Solve the problems (1, 2 & 3) using element balances.

7. Pure carbon is burned in oxygen. The flue gas analysis is: CO2 75 mo1%, CO 14 mol% & O2
11 mol%. What was the percent excess oxygen used?

8. Toluene, C7Hs, is burned with 30% excess air. A bad burner cause 15% of the carbon to
form soot (pure C) deposited on the walls of the furnace, what is the Orsat analysis of the
gases leaving the furnace?

9. A synthesis gas analyzing COz: 6.4%, O2: 0.2%, CO: 40.0% and H»: 50.8% (the balance is
N») is burned with excess dry air. The problem is to determine the composition of the flue
gas. How many degrees of freedom exist in this problem, that is, how many additional
variables must be specified?

10. A hydrocarbon fuel is burnt with excess air. The Orsat analysis of the flue gas shows 10.2%
CO2, 1.0% CO, 8.4% O, and 80.4% N,. What is the atomic ratio of H to C in the fuel?

Answers:
1. 186 kg
2. 8871b

3. (a) CsHi2 = 139 mol/hr; (b) H2O = 453 mol/hr; (¢) CO = 347 mol/hr; (d) H2 = 640 mol/hr;
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(e) CsHis = 53.3 mol/hr.
4. Two
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5. Three

6. See the answers to the problems (1, 2 &3).
7.4.5%

8. 9.1% CO2, 8.9% Oz, 82% N

9.1

10. 0.81

Supplementary Problems (Chapter Ten):

Problem 1

A furnace used to provide heat to anneal steel burns a fuel oil whose composition can be
represented as (CHa),,. It 1s planned to burn this fuel with stoichiometric air.
a. Assume complete combustion and calculate the Orsat analysis of the flue gas.
b. Recalculate the Orsat analysis assuming that 5 % of the carbon in the fuel burns to CO
only.

Solution
F(b) P (mol)
__"_.:" _7__;.‘ }
mol _mol fi. Burner S5 iifcow
| S H>O 11}{‘(;
H 1 0.50 - no:
total 2 1.00 N; 113;:
fgunl) total P
mol fr. mol
02 021 150

N2 0.79 564
total 1.00 714
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i In this problem no flow rates are given. A convenient basis can be selected either F.
A. or P in moles. We will pick
F = 100 mol fuel oil
Calculate A
CHy + 1.505 === >COy + H»O

oxvgen required
100 mol oil ‘ 1.5 mol O,

= 150mol O

‘ 1 mol oil
Nitrogen entering
150mol O; | 79mol N, .
‘ 21 mol O, otumel N,

) The unknowns are P and nco,. ng,0. no,. Ny, . Since Z n, =P is an independent
equation. only 4 unknowns exists.
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In - out + generation - consumption = accumulation = 0
Results
1n Out Generation Consumption njmols  Orsat anal

CH>: 100 - 0 . 0 - 100 = 0 0 0
Oz : 150 - p, + 0 - 150 = 0 0 0
Ny : 564 - llx: & 0 - 0 = 0 564 0.849
COy: 0o - ncc-) ¥ 100 - 0 = 0 100 0.151
H0: 0 - ny, + 100 - 0 = 0 100 0

' 764 1.000

As a check we will redo the problem using element balances. For steady state systems if
element balances are used, they are just

m = out
Element In Out
C 100 100
H2 100 100
o2 150 100 + 1002 =150
N2 564 364
914 914
b.
Now we have 5 mol of CO 1n the exit gas and 95 mol of COs.
Orsat
In_ Our Generation Consumption n;mols  analvsis(in%).
CH» 100 - 0 + 0 - 100 0 0
0, 150 - g, + 0 - 2.5+95+,(100) 2.5 0.4
N, 564 - p, o+ 0 = 10 564 84.6
Co 0 - ne 5 -0 5 0.8
CO» 0 - ne 95 - 0 95 14.2
H,0 0 - nyo + 100 -0 0 0
666.5 100.0
A check via element balances gives
Element In Qur
| B 100 95+5=100
H2 100 100
o2 150 95 +5/2+5/2+100/2=150
N2 364 564
914 914

Your assistant reports the following experimental data for the exit Orsat gas analysis from
the combustion of a hydrocarbon oil in a fumace: CO; 11.8 %: CO 5.0 %: H; 1.5 %: O2 1.0 %
and N> by difference. The oil is being burned with 10 % excess air. Would you compliment him
on his work ?

Solution
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Problem 2
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A convenient basis is the exit stream. Basis : P =100 mol exit gas.

Unknowns : A. the moles of air entering: F. the moles of fuel entering: xc the mol

fraction of carbon in the fuel. and xg the mol fraction of hydrogen in the fuel. or use n¢ and ngg
mnstead of x; and xy.

Four element balances can be made: alson. + ng=F.

W (mol)
mol fi.
H;O 1.00
F (mol) P (mol)
> Furnace > ;
: mol fr.
wol i el CO; 0.118
C xc nc I CcO 0.05
H _xu ny 10% excess | A (mol) H» 0015
1.00 air 0: 0.0l
wel fi. N> 0.807
N2 0.79
1.00
In Out Results (mol)
N2 0.79 A = 0.807 (100) A=102
02 0.21 (102) = (0.118 + 0.05/2+0.01) 100 + W/2 wW=122
G F(xc) =nc = (0.118 + 0.05) 100 ne = 16.8
H F(xg) =ng = (2)(0.015) 100 + 2W ng =274
Oxygenin = 021(102) = 21.4 mol;

Based on the C and H; found in the exit gas stream and the water, the oxygen entering the
furnace is

Required O>:
16.8 mol C| 1molO,

& b B s S Tmol C = 168

Hy + 1202 - > H0 13.7 mol Hy| 1mol O,

2mol H; 6.85
Total required O, = 23.65
10% excess = 2.37
Total O, = 26.00

But the total oxygen supplied as per the O; balance = 21.4 mol.
The answer to the question 1s no. This discrepancy is too large.

Moist hydrogen containing 4 mole percent water is bumt completely in a furnace with 32 %

i,
}

' Problem 10.3
i

iexcess air. Calculate the Orsat analysis of the resulting flue gas.
|

Solution
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Problem 3
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This is a steady state process with a reaction. The data are placed in the figure.

F (mol) P (mol)
> Furnace | -
mol fr:. mol fr. mol
H 0.96
oA H0 xm0  nHo
H.0 0.04 ar E - 2
1.00 A@mol) N2 N N,
mol fi. 02 xo0 10,
N2 0.79 total 1.00 P
02 021
1.00

Basis: 100 mol F

We first calculate the amount of entering air.

Hy + 050 -—--- > H,0
Oxygen required: 96 mol Hy| 1 mol O,
| 2mol H, 38mol
Excess O 48mol Oy | 32mol O,
100mol 0, ~ 15mol
Total oxygen in 63 mol
Nitrogen supplied 63mol O>| 79 mol N»
2 = 5
[ 21 mol O, 237 mol

Unknowns (4): P, the mol of flue gas and ny,0, ny;,, Do,

You can make 3 element balances and know that £n; = P, a total of 4
balances. The solution can be presented in the tabular form using compound balances.

In - Out + Generation - Consumption = 0  (for a steady state system)

Compound In_ Out Generation Consumption mol nj Orsat
) analy(%)
H» 9% -0 + 0 - 96 = 0 0 0.00
H.0 4 -ngo + 96 . 0 = 0 100 0.00
03] 63 - 1o, + 0 - 48 0 15 5.95
N> 237 - my  * 0 . 0 0 237  94.05
352 100.00
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A check can be made by making element balances i moles.

Balance In Out
H2 96 + 4 1153 )
02 63 +(4/2) no, + Nppo/2
N2 237 1y,

400

Note: The Orsat analysis is on a moisture free basis.

Compound
H-O
02
N2

oy
LS s T
~1 tn C.‘:-.L‘::'

(]

oy
L
2
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Chapter 11

Material Balance Problems Involving Multiple Units

e A process flowsheet (flowchart) is a graphical representation of a process. A flowsheet
describes the actual process in sufficient detail that you can use it to formulate material

(and energy) balances.

Figure 11.1a illustrates a serial combination of mixing and splitting stages. In a mixer, two or more

entering streams of different compositions are combined. In a splitter, two or more streams exit,

all of which have the same composition. In a separator, the exit streams can be of different

compositions.
4
3 o 5
T— — 6
Y
. 2 7

Figure 11.1a serial mixing and splitting in a system without reaction. Streams 1

plus 2 mix to form Stream 3, and Stream 5 is split into Streams 6 and 7.

] ]
'3 - 5 ;
: h - ]
' !
i——] -6
\\ lIfi'
________ ;--_--_G—
2 7
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Figure 11.1b the dashed line I designates the boundary for overall material balances made on

the process in Figure 11.1a.
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4
P b
I 1
3 i . 5
L 1 =
[ i
Pl Sl [Pl
i VooN oo s ]
] ]
T i : —>6
Vo _'J ‘——.—--J
n v
¥
2 7

Figure 11.1c Dashed lines II, III and IV designate the boundaries for material balances

around each of the individual units comprising the overall process.

4
’t ------------ \\
' \
3 . M
X -
; I
! 1
1-—.'—.-»J II ——6
A
\‘- ---------- ’/!
v Y
2 7

Figure 11.1d the dashed line V designates the boundary for material balances around a

system comprised of the mixing point plus the unit portrayed by the box.

4
'I- f‘ “\\
[ - \
3 i 5
[ o i
1 ]
' |'
1——&-]l .l —’[—us
A Ed
VI Y
2 7
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Figure 11.1e the dashed line VI designates the boundary for material balances about a system

comprised of the unit portrayed by the box plus the splitter.
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Vil

Figure 11.1f the dashed line VII designates the boundary for material balances about a system

comprised of the mixer plus the splitter.

Example 11.1

Acetone is used in the manufacture of many chemicals and also as a solvent. In its latter
role, many restrictions are placed on the release of acetone vapor to the environment. You
are asked to design an acetone recovery system having the flow sheet illustrated in Figure
Ell.1. All the concentrations shown in Ell.1 of both the gases and liquids are specified in
weight percent in this special case to make the calculations simpler. Calculate, A, F, W, B,

and D per hour. G = 1400 kg/hr.

Solution

This is an open, steady-state process without reaction. Three subsystems exist.

Pick 1 hr as a basis so that G = 1400 kg.
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®

Air
Water (100%) Air 0995 [ Condenser
w A|Water 0.005
(ka)y (kg) 1.00
Absorber Distillation
Column Column
@ @ B (kg)
—— Bottom
Acetone 0.04
G = 1400 Water 0.96
(kg/hr) 100
Eme;\'i?g g gg 1 Acetone 0.19
Acetone  0.03 F(kg) Water 0.81
Water 0.02 1.00
1.00
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D (kg)
Distillate
Acetone 0.99
Water 0.01
1.00

Figure E11.1
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The mass balances for Unit 1 (Absorber Column)

In Out
Air: 1400 (0.95) = A(0.995) (a)
Acetone: 1400 (0.03) = F(0.19) (b)
Water: 1400 (0.02) + W(1.00) = F(0.81) + A(0.005) (c)

Solve Equations (a), (b), and (c) to get A =1336.7 kg/hr, F = 221.05 kg/hr and W =
157.7 kg/hr (Check) Use the total balance (Absorber Column).

G+W=A+F

1400 1336
157.7  221.05
1557.7 = 1557.1

The mass balances for the combined Units 2 plus 3 (Distillation & Condenser) are:

Acetone: 221.05(0.19) = D(0.99) + B(0.04) (d)

Water: 221.05(0.81) = D(0.01) + B(0.96) ()
Solve Equations (d) and (e) simultaneously to get D = 34.90kg/hr and B =
186.1 kg/hr (Check) Use the total balance (Distillation & Condenser)

F=D+Bor221.05=34.90 + 186.1 =221.0

Z
=
-
(¢

As a matter of interest, what other mass balances could be written for the system and
substituted for any one of the Equations (a) through (e)? Typical balances would be the
overall balances

In Out

Air: G (0.95)

1]

A(0.995) ®)

Acetone: G(0.03)

DW0.99) + B(0.04) (g

Water: G (0.02)+ W A0.005) + D(0.01) + B(096) (h)

Total G+W

"

A + D + B ()

Example 11.2
In the face of higher fuel costs and the uncertainty of the supply of a particular fuel, many
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companies operate two furnaces, one fired with natural gas and the other with fuel oil.
The gas furnace uses air while the oil furnace uses an oxidation stream that analyzes: O,

20%; N2, 76%; and COz, 4%. The stack gases go up a common stack, See Figure El1.2.
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Nj: 84.93%  Slack Gas Water
0,: 4.13% P 6205 W 100% H,0
50, 0.10% 1b_mol
C0,: 10.84% hr
100.00%
Ar: A*® 0,:0.20 Figure E11.2
4 0;: 0.21 N, 0.76
Ny: 0.79 Gas il €0,:0.04
1.00 | Furnace Furnace 100%
—{ | —
Nal. Gas Fuel Oil
CHq: 0.96 mol fr C: 0.5C mol fr
¢| CaHa: 0.02 mol fr £| Hp: 0.47 mol fr
C0,: 0.02 moi fr §: 0.03 mol fr
1.00 100

The reserve of fuel oil was only 560 bbl. How many hours could the company operate
before shutting down if no additional fuel oil was attainable? How many lb mol/hr of
natural gas were being consumed? The minimum heating load for the company when
translated into the stack gas output was 6205 1b mol/hr of dry stack gas. The molecular
weight of the fuel oil was 7.91 Ib/Ib mol, and its density was 7.578 Ib/gal.

Solution

This is an open, steady-state process with reaction. Two subsystems exist.

Basis: 1 hr, so that P = 6205 1b mol

The overall balances for the elements are (in pound moles)

In Out
2H: G(1.94) + F(0.47) = W)
2N: A(0.79) + A(0.76) = 6205(0.8493)
20: A0.21) + A%0.20+0.04) 6205(0.0413 + 0.001 + 0.1084)
+G(0.02) = +W('h)
S: F(0.03) = 6205(0.0010)
G(0.96) + (2)(0.02) +0.02
+ F(0.50) +0.04A* = 6205(0.1084)

Solve the S balance for F; the sulfur is a tie component. Then solve for the other four

balances simultaneously for G. The results are: F =207 Ib mol/hr and G =499 1b mol/hr

207 Ib mol
hr

7.911b
b mol

= 5.14 bbl/hr

gal | bbl

Finally, the fuel oil consumption is 7.578 1b|42 gal
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If the fuel oil reserves were only 560 bbl,

560 bbl

—bl:rT = 109 hr
J4—

3 hr
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Example 11.3

Figure E11.3 shows the process and the known data. You are asked to calculate the

compositions of every flow stream, and the fraction of the sugar in the cane that is

recovered.
M Sugor,
10001b/hr
F Cane Crystollizer pm—e- L

16% Sugar Water

25% Water

59% Pulp k| 40% Sugar

£ H p Figure E11.3
Mill T3% Sugar Screen T5%% Sugar Evoporator === 1o
14% Pulp
0 Bogosse Solids ¢ Contain
80% Pulp 95% Pulp

(Bagasse) dry pulpy residue left after the extraction of juice from sugar cane

Solution
Basis: 1 hour (M=10001b)

Let S = sugar, P = pulp, and W = water.

For the crystallizer the equations are
(using @fyy = 1 — 0.40 = 0.60)

Sugar: K (0.40) =L (0) + 1000

Water: K (0.60)=L+0

From which you get K =2500 Ib and L = 1500 Ib.

Check using the total flows: 2500 = 1500 + 1000 = 2500

Using same method for solution: evaporator, screen, and lastly solve the equations for

the mill. The results for all of the variables are:
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b mass fraction
D= 16,755 wf = 0.174
E=17819 ol = 0.026
F=24,574 ol = 0.73
G=1,152 w§ = 0.014
H = 6,667 oy = 0.036
J=4,167 ol = 085
K =2,500 wl = 0.60
L=1500
M = 1000

The fraction of sugar recovered = [product (sugar) / in (sugar)]

= [1000/(24,574)*(0.16)] = 0.25
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Problems
1. A two-stage separations unit is shown in Figure SAT11P1. Given that the input stream F1 is

1000 Ib/hr, calculate the value of F2 and the composition of F2.

0.01 Toluene 0.95 Toluene
(.99 Benzene 0.05 Benzene
P 1' PZD]
F1
0.4 Toluene
0.4 Benzene
0.2 Xylene
0.10 Toluene
0.90 Xylene
Fe P28 Figure SAT11P1

2. A simplified process for the production of SO3 to be used in the manufacture of sulfuric acid
is illustrated in Figure SAT11P2. Sulfur is burned with 100% excess air in the burner, but
for the reaction S+ O — > SOa, only 90% conversion of the S to SO; is achieved in the
burner. In the converter, the conversion of SOz to SOz is 95% complete. Calculate the kg of
air required per 100 kg of sulfur burned, and the concentrations of the components in the

exit gas from the burner and from the converter in mole fractions.

502
| 02 $0,
Air e— Na 503
Burner Converter |m———
5 — 0,
l )
S (Unburned) Figure SAT11P2

3. In the process for the production of pure acetylene, CoH» (see Figure SAT11P3), pure
methane (CHa), and pure oxygen are combined in the burner, where the following reactions

occur:

CH, + 20, —2H,0 + CO, (1)
CH4 + 1;0,—2H,0 + CO Q)
2CH4— C,H; + 3H, 3)

Calculate the ratio of the moles of Oz to moles of CH4 fed to the burner.

b. On the basis of 100 Ib mol of gases leaving the condenser, calculate how many
pounds of water are removed by the condenser.

c. What is the overall percentage yield of product (pure) CoH», based on the carbon in

the natural gas entering the burner?
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Waste Fresh and CzH; Pure
Gases Solvent CoH,

Condenser | }

Absorber

H,O

CO, Stripper

f Boiler ( Boiler
T 0 _T |____ |_, Spent

CH, Solvent Solvent Sovent
002 and CgHg and CEHQ
Figure SAT11P3

The gases from the burner are cooled in the condenser that removes all of the water. The

analysis of the gases leaving the condenser is as follows:

Mol %

C,H, 8.5
H, 25.5
co 58.3
Co, 3.7
CH, 4.0

Total 100.0

These gases are sent to an absorber where 97% of the C2Hz and essentially all the CO; are
removed with the solvent. The solvent from the absorber is sent to the CO; stripper,
where all the CO; is removed. The analysis of the gas stream leaving the top of the CO»

stripper is as follows:

Mol %
C,H, 7.5
CO, 92.5
Total 100.0

The solvent from the CO; stripper is pumped to the CoHo» stripper, which removes all the

C>Hz as a pure product.

Answers:

1. Assume that the compositions in the figure are mass fractions. Then:
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Ib mass fraction

Toluene 396 0.644
Benzene 19.68 0.032
Xylene 200 0.325
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2. 863 Ibair/lb S

Converter Burner
SO, 0.5% 9.5%
SO, 9.4 —
0, 7.4 1.5
N, 82.7 79.0

3. (a) 1.14; (b) 2240 Ib; (c) 9.9%

Supplementary Problems (Chapter Eleven):

Problem 1

A triple effect evaporator is designed to reduce water from an incoming brine (NaCl +
H»0) stream from 25 wt % to 3 wt %. If the evaporator unit is to produce 14.670 Ib/hr of NaCl
(along with 3 wt % H»0). determune:

a. the feed rate of brine in Ib/hr.
b. the water removed from the brine in each evaporator.

The data are shown in the accompanying figure.

Solution
This is a steady state problem. The data has been placed on the figure.

Basis: 14,670 b= 1 hr

There are 6 unknown stream flows: F, V{. Va2, V3. P1_and P>.

Vi

H:O 1.00 0 1 H_t_) 1.00

ﬂ-!"‘ !"
NaCl 0.25
H.O 0.75

14,670 Thihr
imgss fr s jr maxx fr
NaCl 0.33 NaCl 0.50 Nal'l 097

HO 067 H.O 050 H.O 0.03
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Overall balances

Total balance : F =V + Va + Vs + 14670 (1)

Salt balance : 0.25F = 0.97 (14.670) (2)
Evaporator [

Total balance : F=V1+ P (3)

Salt balance : 0.25F = 033 Py 4)
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Evaporator 11

Total balance : Py =V, + P2 (5)

Salt balance : 033 P = 0.50 P> (6)
Evaporator 111

Total balance : P2 = V3 + 14.670 (7)

Salt balance : 0.50 P, = 0.97 (14.670) (8)

By starting the solution with equation (2). the equations become uncoupled.
F = 56,900 Ib/hr

From equation (4) 0.25 (56.900) = 0.33 Py
P1 = 43.100 Ib/hr

From equation (3) Vi = 13,800 Ib/hr
From equations (5) and (6) P> = 28460 1b/hr: V; = 14,700 Ib/hr
From equation (1) 56.900 = 13,800 + 14,700 + V3 + 14,670

Vi = 13,800 lb/hr
Equations (7) and (8) can be used to check the results.

Equation (7) P, =V; + P3
28460 = 13.800 + 14.670 =28.470

Equation (8) 0.5P> = 097P;3
0.5 (28.460) = 0.97 (14.670)
14.2301b = 14.2301b

Problem 2

. Plants in Europe sometimes use the mineral pyrites (the desired compound in the pyrites is
'FeS») as a source of SO» for the production of sulfite pulping liquor. Pyrite rock containing 48.0
% sulfur 1s burned completely by flash combustion. All of the iron forms FesO4 m the cinder (the
solid product), and a negligible amount of SOz occurs in either the cinder or the product gas. The
'gas from such a furnace is passed through milk of lime (CaO in water) absorbers to produce
. bissulﬁte pulping liquor. The exit gas from the absorber analyzes: SO, 0.7 %, O3 2.9 % and N»
96.4 %.
' Calculate the kg of air supplied to the burner per kg of the pyrites burned.

(MW :S 32:Fe56: 0 16; N 14)

Solution

L Falla -+ T -  Faalda -+ B QU
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Basis : P = 100 kg mol

Step 6 LetF be inkg, A and P in kg mol. Z be the kg mol of SO absorbed in the lime solution,
and Y be the moles of Fe3Oy4 in the cinder.

Element balances (in moles)

S:  (04832)F = Z + 0.007(100) (1)
N2 079A = 0.964(100) 2)
r 5 ' (3)

02 021A = Z + 10000007 + 0.029)+ ”101&304} I:EE} 1?5%04
- ~ Ymol Fe304‘ 3 mol Fe 4)

From (2) A = 122 kgmol and from (4): 0.00256F =Y

Substitute Z from equation (1) and Y from equation (4) in terms of F into equation (3) to

021 A = (0.0ISF - 0.70) + 100 (0.036) + (0.00256F)2
Solve for F F = 1130 kg pyrites
Z=0.015(1130) - 0.7 = 16.3kgmol: Y =2.90 kg mol

kg air _ 122 kg mol air ‘ 29 kg air

_ ~3.1 kg air
kg pyrites 1130 kg pyrires‘ kg mol air ' kg pyrites

The flow rates can be checked by applying overall compound balances. The above were
mol balances on the elements so the checks will be in moles also.

Accumulation=1In - out + generation - consumption = 0

Accum-

In Out Generation Consumption ulation
FeS> [(0.91/120)1130] — 0 + 0 — [(0.91/120)1130] = 0
0> 0.21 (122) —~ 2.9 + 0 — (2.90) (8) - 0
N> 0.79(122) — 0.964 (100) + 0 = 0 = 0
Fe;Oy 0 = 2.9 + 2.9 = 0 = 0
SO, 0 — (163 + 0.7) + 17.0 - 0 = 0

Chapter 12
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Recycle, Bypass, Purge, and the Industrial Application of Material Balances

12.1 Introduction
e Recycle is fed back from a downstream unit to an upstream unit, as shown in Figure 12.lc.
The stream containing the recycled material is known as a recycle stream.
e Recycle system is a system that includes one or more recycle streams.
e Because of the relatively high cost of industrial feedstocks, when chemical reactions are
involved in a process, recycle of unused reactants to the reactor can offer significant
economic savings for high-volume processing systems. Heat recovery within a processing

unit (energy recycle) reduces the overall energy consumption of the process.

—_—
Feed Process —— Products

a.

——
Feed Process 1 —| Process 2 —— Products
b.
B Recycle
1 —| P —
Feed Process 1 rocess 2 Products

C.

Figure 12.1: Figure 12.1a shows a single unit with serial flows. Figure 12.b shows multiple
units but still with serial flows. Figure 12.1c shows the addition of recycle.

12.2 Recycle without Chemical Reaction

X/

* Recycle of material occurs in a variety of processes that do not involve chemical reaction,
including distillation, crystallization, and heating and refrigeration systems.

% Examine Figure 12.2. You can write material balances for several different systems, four of
which are shown by dashed lines in Figure 12.2 (Overall balance 1, Mixer balance 2,
Process balance 3 & Separator balance 4).

« The fresh feed enters the overall system and the overall or net product is removed.

¢ The total (gross) feed enters the process and the gross product is removed.
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% In addition, you can make balances (not shown in Figure 12.2) about combinations of

subsystems, such as the process plus the separator (3 plus 4), or the mixing point plus

the process (2 plus 3).

Figure 12.2 Process with recycle (the numbers designate possible system boundaries for the
material balances).

Example 12.1

Figure El12.la is a schematic of a process for the production of flake NaOH, which is

used in households to clear plugged drains in the plumbing (e.g., Drano).

w
H,0

L & F'

A 95% NaOH Filter
10,000 Ib/hr 50 wi% i Cake
=~ Evaporator Crystallllzer _
40 wt% NaOH } NaOH and Filter 5% (a 45 wt%
solution of NaOH)

R
Filtrate 45 wt% NaOH

Figure E12.1a

The fresh feed to the process is 10,000 Ib/hr of a 40% aqueous NaOH solution. The fresh
feed is combined with the recycled filtrate from the crystallizer, and fed to the evaporator
where water is removed to produce a 50% NaOH solution, which in turn is fed to the
crystallizer. The crystallizer produces a filter cake that is 95% NaOH crystals and 5%
solution that itself consists of 45% NaOH. The filtrate contains 45% NaOH.

a. You are asked to determine the flow rate of water removed by the evaporator, and the
recycle rate for this process.

b. Assume that the same production rate of NaOH flakes occurs, but the filtrate is not recycled.
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What would be the total feed rate of 40% NaOH have to be then? Assume that the product

solution from the evaporator still contains 50% NaOH.
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Solution

Open, steady-state process.
a. Basis: 10,000 Ib fresh feed (equivalent to 1 hour)
The unknowns are W, G, P, and R.

Overall NaOH balance
(0.4)(10,000) =0.95 P + (0.45) (0.05) P
P=41131b
Overall H>O balance (0.6) (10,000) = W+ [(0.55)(0.05)](4113)
W= 5887 1b
(or use the overall total balance 10,000 =4113 + W)
The total amount of NaOH exiting with P is [(0.95) +
(0.45)(0.05)](4113) = 4000 1b NaOH balance on the crystallizer 0.5 G =
4000 + 0.45 R

H>O balance on the crystallizer 0.5G=113
+ 0.55 R (or use the total balance G =R +4113)

R =38,870 1b
b. Figure E12.1b.
w
! P
G 95% NaOH
F Ib/h 50 wi% i Flak
Evaporator L2 | Crystallizer | TKes
40 wt% NaOH NaOH and Filter 5% (a 45 wi%
solution of NaOH)

45 wt%
H NaOH

Filtrate

Figure E12.1b

The basis is now P = 4113 Ib (the same as 1 hour)

The unknowns are now F, W,
G, and H. NaOH balance on the
crystallizer

0.5 G =[(0.95) + (0.05) (0.45)] (4113) + 0.45 H

H>O balance on the crystallizer

0.5G = [(0.05) (0.55) (4113)] + 0.55 H
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H =38,8701b
Overall NaOH balance

0.40 F = 0.45(38,870) + 4000
F=53,7301b
Note that without recycle, the feed rate must be 5.37 times larger than with recycle to

produce the same amount of product.
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12.3 Recycle with Chemical Reaction
Xl The most common application of recycle for systems involving chemical reaction is the
recycle of reactants, an application that is used to increase the overall conversion in a

reactor. Figure 12.3 shows a simple example for the reaction

100 gmol/s 1000 gmol/s
A A A

10%8B
90%A

900 gmol/'s A ‘[

Figure 12.3 A simple recycle system with chemical reaction.

100 gmol/s
> B

Reactor Seperator —

If you calculate the extent of reaction for the overall process in Figure 12.3 based on B

100 — 0
€overat = 1 = 100 moles reacting

If you use material balances to calculate the output P of the reactor (on the basis of 1 second) you

get A=900gmol B=100gmol

And the extent of reaction based on B for the reactor by itself as the system is

100 — 0
€reactor = 1 = 100 moles reacting

In general, the extent of reaction is the same regardless of whether an overall material balance is

used or a material balance for the reactor is used.

e Two types of conversion when reactions occur:

1. Overall fraction conversion:

mass (moles) of reactant in the fresh feed - mass (moles) of reactant in the output of the overall process

mass (moles) of reactant in the fresh feed
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2. Single - pass (“once - through”) fraction conversion:

mass (moles) of reactant fed into the reactor-mass (moles) of reactant exiting the reactor

mass (moles) of reactant fed into the reactor

For the simple recycle reactor in Figure 12.3, the overall conversion is

100 — 0
100

X 100 = 100%

136



Chemical Engineering principles— First Year/ Chapter Twelve

And the single-pass conversion is

1000 — 900
———— X 100 = 10%
1000 %

When the fresh feed consists of more than one reactant, the conversion can be expressed for a

single component, usually the limiting reactant, or the most important (expensive) reactant.

¢ The overall conversion and the single-pass conversion can be expressed in terms of the

extent of reaction, &

—Vaé

fresh feed (121)
LY

Overall conversion of species A = fpoas =

: . —vaé
Single-pass conversion = fgp = ator Foed (12.2)
. fSP_ o ﬂgcsh feed 53
f " fresh feed + recycle (12.3)
JOA N na

Example 12.2

Cyclohexane (CsHi2) can be made by the reaction of benzene (Bz) (CsHs) with hydrogen

according to the following reaction:

C(,Hﬁ + 3H2 - C(,H]Z

For the process shown in Figure El2.2, determine the ratio of the recycle stream to the
fresh feed stream if the overall conversion of benzene is 95%, and the single-pass
conversion is 20%. Assume that 20% excess hydrogen is used in the fresh feed, and that the
composition of the recycle stream is

22.74 mol % benzene and 77.26 mol % hydrogen.
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Reactor feed

Product P
E Mixer e
Fresh Feed Ng, Zh _ " L
. eactor |—— t "
20% excess H, 4/ eparator +———» s
nf m
Hz

R Recycle

22.74% Bz
77.26% H,

Figure E12.2 Schematic of a recycle reactor.

Solution

The process is open and steady state.

Basis = 100 mol (g mol or 1b mol) of fresh benzene feed

Excess H> = (in — required)/ required (for complete reaction)
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In H» (Feed):

nfg, = 100(3)(1 + 0.20) = 360 mol

The total fresh feed = 100 + 360 =

460 mol. From Equation (12.1) for 0.95 = :EI:O(;)g

benzene (vg,=- 1)

¢ = 95 reacting moles.

The unknowns are R, n"B"r, nﬂz. and ”g(,H.«-

out — ,.in
: = n" + Vioveral
The species overall balances are : b Thoven

Bz: nf, = 100 + (—1)(95) = 5mol

Hy nfy, = 360 + (=3)(95) = 75 mol

CeHyz  neg,, = 0 + (1)(95) = 95 mol
P = 175 mol

The amount of the Bz feed to the reactor is 100 + 0.2274 R, and &= 95. Thus, for benzene

~(=1)95

020 = 100+ 02274k
and R =1649 mol
Finally, the ratio of recycle to fresh feed is
R 1649 mol
F 460 mol 38

Example 12.3
Immobilized glucose isomerase is used as a catalyst in producing fructose from glucose in a
fixed- bed reactor (water is the solvent). For the system shown in Figure El2.3a, what
percent conversion of glucose results on one pass through the reactor when the ratio of

the exit stream to the recycle stream in mass units is equal to 8.33? The reaction is

C2H20y; — CyoHp0qy
Glucose Fructose
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Recycle
Feed Fixed - Bed Product
40% Glucose 4% Fructose | Reactor
in Water
(a)
Figure E12.3a

Solution

The process is an open, steady-state process with a reaction occurring and a recycle.
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Figure E12.3b includes all the known and unknown values of the variables using appropriate
notation (W stands for water, G for glucose, and F for fructose).
XI Note that the recycle stream and product stream have the same composition, and

consequently the same mass symbols are used in the diagram for each stream.

R (kg)

(ﬂg = 9

ofi=7

oy =?

N 1.00 R
= 100(kg)” 4 \ T(k 7N P=2Ak
g 00( g)'f J + T{ g) Reactor : ‘; R( g)
040 @ 1\ 1 ,,*Q)G =7 \_2 Y, =7
060wy 7 wf=0.04 Sl wf="?
1.00 . 1.00
(b)
Figure E12.3b

Pick as a basis S =100 kg

Overall balances
Total: P=S=100kg

Consequently,

100
R=-= =12
3y = 120ke

[P/R = 8.33]

Overall no water is generated or consumed, hence

Water: 100(0.60) = Pel = 100wk

wfy = 0.60

Mixing point 1
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Total: 100+ 12=T=112
Glucose:  100(0.40) + 1208 = 11205
Fructose: 0 + 12wj = 112(0.04)

Or  of =0373
Also, because wf + wf + ol =1,

wf =1 - 0373 — 0.600 = 0.027
wt = 0.360

Next from the glucose balance
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Reactor plus Separator 2

Total: T=12+ 100= 112 (a redundant equation)

Glucose: 0T — (R + P)(wf) = (f)(w&T)

(0.360)(112) — (112)(0.027) = £(0.360)(112)
40.3 — 3.02 = £(40.32)
=093

Check by using Equation 12.2 and the extent of reaction

= 3‘02_: 49 = 37 f - __(_]ﬁ)_ = 0.93

3

Example 12.4
Reactors that involve biological materials (bioreactors) use living organisms to produce a

variety of products. Bioreactors are used for producing ethanol, antibiotics, and proteins
for dietary supplements and medical diagnosis. Figure E12.4 shows a recycle bioreactor
in which the overall conversion of the proprietary component in the fresh feed to product is
100%. The conversion of the proprietary component to product per pass in the reactor is
40%. Determine the amount of recycle and the mass percent of component in the
recycle stream if the product stream contains 90% product, and the feed to the reactor
contains 3 wt % of the component.

Product stream (P)
10% water

90% product
Recycle Product |Waste stream (W)
Component plus water recovery Water

r Dead cells

Live cell retumn

l ]
Y al
Fresh 3% Component
—-—-[EI———— Bioreactor
Meduim (F) el

10% component e .
90% water Separator

Figure E12.4

Assume that the component and the product have essentially the same molecular weight,

and that the waste contains only water and dead cells.
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Solution

Basis = 100 kg of fresh feed (F).
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Overall balances

Total balance: 100 =P + W
Component balance: 0.10 (100)
=090PP=111kg W=288.9
kg

The reactor plus the product recovery unit balance

Accumulation Input Output  Generation Consumption
0 =[100(0.10) + Rw] — Rw + 0 —0.40[100(0.10) + Rw]
Rw = 15 kg of component in the recycle stream

Mixer balance

Component balance: 100 (0.10) + 15=0.03 &' F' =833 kg

Total bal :R+100=F R=833-100=733 k

otal balance | g
15

= —> = 0.0205
“7 733

12.4 Bypass and Purge
a. A bypass stream—a stream that skips one or more stages of the process an goes directly to
another downstream stage (Figure 12.4).
A bypass stream can be used to control the composition of a final exit stream from a unit by
mixing the bypass stream and the unit exit stream in suitable proportions to obtain the
desired final composition.

Bypass B

Process @ Product

Figure 12.4 A process with a bypass stream.

b. A purge stream—a stream bled off from the process to remove an accumulation of inert or

unwanted material that might otherwise build up in the recycle stream (Figure 12.5).
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Recycle R @
-+ | r

= Purge

Feed \\Miier/ Process | Product

Figure 12.5 A process with a recycle stream with purge.
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Example 12.5

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 E12.5. What fraction of the butane-

free gasoline is passed through the isopentane tower? The process is in the steady state and

no reaction occurs.

Solution

Overall balances

Total material
balance:

De-
butanizer

feed

/
/

|
I
\

\

rlsountune side stream @
-
>

—

i
@{ ®
a-CgHip 100% __—Mix
(®) 100 kg | Butane free _ 7 I——-—-/
®

@ oline plont
90% n-CaHyz

\ ,x

N\

n-CsHyz 80%~ Mix =

i‘C5H|2 20%

~ -
\h‘-\-_--r"’

Figure E12.5

n-pentane isomer; the other two are called isopentane (methylbutane)

i-CsHy2 100%
rd \\
," Iso- \\ Overall
pentane “,"" system
tower \ boundary

To notural gas-

10% i-CsHy2

and neopentane (dimethylpropane)

Basis: 100 kg feed

fn _ Ou
100 S+ P

Component balance for n-Cs (tie component)

Consequently,

100(0.80)

In k ()J_L_H

5(0) + P(0.90)

S=100—-889=11.1 kg
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Balance around isopentane tower:

Let x be the kg of butane-free gas going to the isopentane tower, and y be the kg of the

n-CsHi, stream leaving the isopentane tower.

In _ _Ou ()

Total material balance: PRRETR e

Component balance for n-Cs x (0.80)=y (d)
Consequently, combining (c) and (d) yields x =55.5 kg, or the desired fraction is 0.55.
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Another approach to this problem is to make a balance at mixing points 1 and 2.

Balance around mixing point 2:

Material into junction = Material out

Total material: (100 — x) + y =88.9 (e)
Component (iso-Cs): (100 —x)(0.20) + 0 = 88.9(0.10) €3]
Solving yields x = 55.5 kg as before

Example 12.6
Figure E12.6 illustrates a steady-state process for the production of methanol. All of
the compositions are in mole fractions or percent. The stream flows are in moles.

Overall System Boundory

. e b
673H, | c {
Mix |
Feed F<432.5 CO ! -\  Reoctor Seporalor e CH,0H -
I : 1030% CO + 2H2 - CH-{OH
02 CHy | '
]
: Recycle & Purge P 1
. X Hy * Split !
: y €0 ]
| Z CHy i
B e e e e e e e e e it 1
Figure E12.6

Note in Figure E12.6 that some CH4 enters the process, but does not participate in the
reaction. A purge stream is used to maintain the CH4 concentration in the exit from the
separator at no more than 3.2 mol%, and prevent hydrogen buildup as well. The once-
through conversion of the CO in the reactor is 18%.
Compute the moles of recycle, CH30H, and purge per mole of feed, and also compute the
purge gas composition.
Solution

The mole fraction of the components in the purge stream have been designated as x, y, and z
for Ha, CO, and CHa4, respectively.

Basis: F =100 mol

The variables whose values are unknown are x, y, z, E, P, and R.

z=10.032 (a)
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The implicit mole fraction balance in the recycle stream x+y+z=1 (b)

The overall element balances are (in moles):
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2H: 67.3+02(2)=E @)+ P (x+22) (c)
C: 325402 =E()+P(y+2) (d)
0O: 325 =E()+PQ) (e)
Reactor plus the Separator
In Out Consumed <
' ()

€O 325 + Ryl - (R + P)] = (325 + Ry)(0.18)

Equation (a) can be substituted into Equations (b) through (f), and the resulting five

equations solved by successive substitution or by using a computer program. The resulting

values obtained are (in moles)

E CH;0H 31.25
P purge 6.25
R recycle 705
x H, 0.768
y CO 0.200
z CH, 0.032

Problems

1. How many recycle streams occur in Figure SAT12.1PI?

P1

l———.-
X1
2
X3
\ 1X4
F1 P2
-1 — 3 4 —= o
1 X5

X2

Figure SAT12.1P1

2. The Hooker Chemical Corporation operates a process in Michigan for the purification of
HCI. Figure SATI2.1P2 shows the flow sheet for the Hooker process. The streams from the
bottoms of the five towers are liquid. The streams from the tops of the towers are gases. HCI
is insoluble in the HCB (hexachlorobutadiens). The various stream compositions are shown

in Figure SAT12.1P2.

How many recycle streams are there in the Hooker process?
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Pure H,CI
(Product)

CClg11.5 e Pure HCB
v

HCI and Cl, recycled to chiorination units

Figure SAT12.1P2

3. A ball mill grinds plastic to make a very fine powder. Look at Figure SAT12.2P1.

4 Particle Collector |

Uncollected powder
to waste

Feed

Product (10,000 kg) fine powder

Figure SAT12.2P1

At the present time 10,000 kg of powder are produced per day. You observe that the process
(shown by the solid lines) is inefficient because 20% of the feed is not recovered as
powder—it goes to waste.

You make a proposal (designated by the dashed lines) to recycle the uncollected material
back to the feed so that it can be remilled. You plan to recycle 75% of the 200 kg of
uncollected material back to the feed stream. If the feed costs $1.20/kg, how much money
would you save per day while producing 10,000 kg of fine powder?

4. Sea water is to be desalinized by reverse osmosis using the scheme indicated in Figure
SATI2.2P2. Use the data given in the figure to determine: (a) the rate of waste brine removal
(B); (b) the rate of desalinized water (called potable water) production (P); (c) the fraction of
the brine leaving the reverse osmosis cell (which acts in essence as a separator) that is

recycled.
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Brine Recycle

L

Reverse i
Sea water 4.0% Brine waste (B
1000 lb/hr Y2 osmosis ©)
3.1% salt salt cell 5.25% salt
P
Desalinized Water
500 ppm salt
Figure SAT12.2P2

5. A material containing 75% water and 25% solid is fed to a granulator at a rate of 4000 kg/hr.
The feed is premixed in the granulator with recycled product from a dryer, which follows
the granulator (to reduce the water concentration of the overall material fed into the
granulator to 50% water, 50% solid). The product that leaves the dryer is 16.7% water. In
the dryer, air is passed over the solid being dried. The air entering the dryer contains 3%
water by weight (mass), and the air leaving the dryer contains 6% water by weight (mass).

a. What is the ratio of the recycle to the feed entering the granulator?
b. What is the rate of air flow to the dryer on a dry basis?

6. Benzene, toluene, and other aromatic compounds can be recovered by solvent extraction
with sulfur dioxide (SO»). Figure SAT12.2P4 is the process schematic. As an example, a
catalytic reformate stream containing 70% benzene and 30% nonbenzene material is passed
through the countercurrent extractive recovery scheme shown in Figure SAT12.2P4. 1000 b
of reformate and 3000 Ib of SO» are fed to the system per hour. The benzene product stream
contains 0.15 1b of SOz per Ib of benzene. The raffinate stream contains all the initially
charged nonbenzene material as well as 0.25 Ib of benzene per Ib of nonbenzene material.
The remaining component in the raffinate stream is SO,. How many Ib of benzene are
extracted in the product stream on an hourly basis? How many Ib of raffinate are produced

per hour?
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P T Benzene Product

[ LY
[l s :
L [Wer [iner] :

Raffinate

F

S0, Feed
3,000 Ib/hr C | Catalytic Reformate
1,000 Ib/hr

Figure SAT12.2P4
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7. A catalytic dehydrogenation process shown in Figure SAT12.3P1, produces 1, 3 butadiene
(C4Hg) from pure normal butane (C4Hio). The product stream contains 75 mol/hr of H> and
13 mol/hr of C4Ho as well as C4He. The recycle stream is 30% (mol) C4Hio and 70% (mol)
C4Hs, and the flow is 24 mol/hr.

Pure ———— 04H4 — C4H8 + 2H2

A

Separator |— Ny, = 75 moles/hr

C4Hyo L T NG4Hyo = 13 Moles
F = ? moles/hr - NegH = ?
Recycle Xg,u,, =0.30
xC.;Hs =0.70
Figure SAT12.3P1

(a) What are the feed rate, F, and the product flow rate of C4Hg leaving the process?
(b) What is the single-pass conversion of butane in the process?

8. Pure propane (C3Hsg) from El Paso is dehydrogenated catalytically in a continuous process to
obtain propylene (C3Hg). All of the hydrogen formed is separated from the reactor exit gas
with no loss of hydrocarbon. The hydrocarbon mixture is then fractionated to give a product
stream containing 88 mole % propylene and 12 mole % propane. The other stream, which is
70 mole % propane and 30 mole % propylene, is recycled. The one-pass conversion in the
reactor is 25%, and 1000 kg of fresh propane are fed per hour. Find (a) the kg of product
stream per hour, and (b) the kg of recycle stream per hour.

9. Ethyl ether is made by the dehydration of ethyl alcohol in the presence of sulfuric acid at
140°C:

2C,H,0H — C,H;OC,H; + H,0

Figure SAT12.3P3 is a simplified process diagram. If 87% conversion of the alcohol fed to
the reactor occurs per pass in the reactor, calculate: (a) kilograms per hour of fresh feed, and

(b) kilograms per hour of recycle.

——Pure diethyl ether (1200 kg/hr)

93% H,S04 1

7% H0 ‘ Waste

Sulfuric acid
Ether Alcohol and water
Reactor separation separation

Dilute 4
H2504 solution
Fresh feed Recycle
95% alcohol 92% alcohol

5% water 8% water

Figure SAT12.3P3

10. In the famous Haber process (Figure SAT12.4P1) to manufacture ammonia, the reaction is
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carried out at pressures of 800 to 1000 atm and at 500 to 600°C using a suitable catalyst.
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11.

Only a small fraction of the material entering the reactor reacts on one pass, so recycle is
needed. Also, because the nitrogen is obtained from the air, it contains almost 1% rare gases
(chiefly argon) that do not react. The rare gases would continue to build up in the recycle
until their effect on the reaction equilibrium would become adverse. Therefore, a small

purge stream is used.

3H; + Np — 2NHj

Nz
Ha Reactor Separotor == NHz (Liquid)
Ar

Nz,Ha,A!’

Purge (Gas)

Figure SAT12.4P1

The fresh feed of gas composed of 75.16% Haz, 24.57% N, and 0.27% Ar is mixed with the
recycled gas and enters the reactor with a composition of 79.52% Hj. The gas stream
leaving the ammonia separator contains 80.0 1% H»> and no ammonia. The product ammonia
contains no dissolved gases. Per 100 moles of fresh feed:

a. How many moles are recycled and purged?

b. What is the percent conversion of hydrogen per pass?

Figure SAT12.4P2 shows a simplified process to make ethylene dichloride (C2H4C12). The
feed data have been placed on the figure. Ninety percent conversion of the CoH4 occurs on
each pass through the reactor. The overhead stream from the separator contains 98% of the
Cl entering the separator, 92% of the entering C2H4, and 0.1% of the entering C>HaClo.
Five percent of the overhead from the separator is purged. Calculate (a) the flow rate and (b)

the composition of the purge stream.

Purge
Recycle T

| .

s

e

p

a

r

Feed Reactor ?

C,H, + Cl, == C,H,Cl, s

C5H, 100 molhr 4 '
Cl, 100 mol/hr ﬂ

L Product

Figure SATI12.4P2
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Answers:
1. 2
2.5
3. $2250
4. (a) 591 Ib/hr; (b) 409 1b/hr; (c) 0.55
5. (a) ratio = 3000 kg of recycle/hr and feed = 7000 kg/hr; (b) air = 85,100 kg/hr
6. (a) benzene extracted: P = 625 Ib/hr; (b) raffinate produced: R = 3,281 Ib/hr
7. (a) mol/hr C4Hg= 37.5 and F = 50.5 mol/hr; (b) 0.65
8. (a) 960 kg/hr; (b) 3659 kg/hr
9. (a) 1570 kg/hr; (b) 243 kg/hr
10. (a) 890 recycled and 3.2 purged; (b) 9.2% conversion (errors can be caused by loss of
significant figures)
11. (a) 1.49 mol/hr; (b) Cl2: 0.658; CoHa: 0.338; C2H4Cl12: 0.0033

Supplementary Problems (Chapter Twelve):

Problem 1

Based on the process drawn in the diagram, what is the kg recycle / kg feed if the amount
of W waste 1s 100 kg ? The known compositions are mserted on the process diagram.

Solution
This 1s a steady state problem without reaction comprised of three subsystems, the process,
the separator. and the mixing point.

mass fr.
_ A1.00
Mixing point W (kg)
.'/ [ —
F (kg) G (kg) Separ-’ P (kg)
= > Process ——=> 400 >
mass fr.|" mass fr. e mass Ir.
A020 | A040 - A0.05
B 080 |B 0.60 R (kg) B 0.95
1.00 1.00 IUU

recycle A only: mass fr.
A 1.00

Basis: W = 100 kg
The unknowns are F, R, Pand G
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Ulverall balances
Total F = P + 100 (1)
A 020 F =005 P + 1.00(100) (2)
B 0.80 F =095 P (3)
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Mixing point

Total B+ R =G (4)

A 020 F + (1.00) R = 040G (35)

B 080 F = 0.60 G (6)

Process + Separator

Total G = P+W+R 7

A 040 G = 0.05 P + (1.00)100 + (1.00)R (8)

B 0.60 G = 095 P (9)
Substitute (1) m (2) 0.20(P + 100) = 0.05P + 100 P = 533 kg F = 633 kg
Equation (6) 0.80 (633) = 0.60 G G = 844 kg

Equation (4) 633 + R = 844 R 211k kg R
R = 211kg r-ﬁ“ﬂﬂk—g—r
Equations (7) and (8) can be used to verify the results.
Equation (7) G=P+W+R
844 = 533 + 100 + 211
844 kg = 844 kg
Equation (8) 040G =005P+ W + R
0.40 (844 ) = 0.05(533) + 100 + 211
338 kg = 338 ke

Ch A contact sulfuric acid plant produces 98.0 % sulfuric acid. by absorbing SO3 into a 97.3
%% gﬁh*luic acid solution. A gas containing 8.00 % SOj3 (remainder inerts) enters the SO;
absorption tower at the rate of 28 1b mol per hour. 98.5 % of the SOj is absorbed in this tower.
97.3 % sulfuric acid is introduced into the top of the tower and 95.9 % sulfuric acid from another
part of the process is used as make - up acid. The flow sheet is given in the figure with all of the
known data on it.

Calculate the

a. Tons/day of 95.9 % H>SO4 make-up acid solution required.
b. Tons/day of 97.3 % H>SO4 solution introduced into the top of the tower.
c¢. Tons/day of 98 % H>SO4 solution produced.

mass Ir.
S2 (Ib mol) H)S0O4 0.973
S D) po o 0027
mol fr.
SO; 0.0013 Absorption
inerts 0.9987 Tower
BF (Ib)
S1 (Ib mol) P1 P2 mass fr
A H2504 0.959
mol fr P(b) mo 0041
SO; 0.080 mass fr.
inerts 0.920 HxSOy4 0.980
Problem 2 HO 0020
Solution
This 1s a steady state process.
H,O + SOz -----> H>SO4
Calculate the SOz absorbed in the tower and the composition of S2.
Basis : 100 mol S1
0.08 mol SO; | 100 mol S1 —

1 mol S1 |
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= 7.88 mol (the overall absorption)

SOj absorbed in the tower = 8 (0.985)
= (8 - 7.88) = 0.12 mol

SO;3 mn stream S2

Inerts in stream S2 = 1nerts in stream S1 = 92 mol
Calculate the composition of stream S2 (in mole fraction):

0.12 . 92
SO2= [z F 0.12) = 0.0013 merts = 97 + 0.12) — 0.9987
New Basis : S1 = 28 Ib mol gas with 8 % SOj3 (equivalent to 1 hr).

6 unknown variables : F. G. P. P1. P2. S2.
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Mixing point B
Total : F+P2=G 4)
H>SO0y : 0959 F + 0.980P2 = 0973 G (5)
H-O: 0.041 F + 0.020P2 = 0.027 G (6)
Separation point A
Total : Pl=P2+P @)
Equation (1): 0.959F - 0.980P + 21622 = 0 (8)
Equation (3): 0.041 F - 0.020P - 39.72 = 0 (9)
Solving (8) and (9) F = 2060 Ib P = 2240 1b
Equation (4) : 2060 + P2 = G (10)
Equation (5) : 1975 + 0980P2 = 0973 G (11
Solving (10) and (11) G = 64701b P2 = 44101b
Use equation (6) as a check: 0.041 (2060) + 0.020 (4410) = 0.027 (6470)
84.4 + 88.2 = 1751b
1731b = 1751b

Problem 3

TiCly can be formed by reacting titanium dioxide (TiO3) with hydrochloric acid. TiO5 is
available as an ore contaming 78 % Ti0> and 22 % merts. The HC1 is available as 45 wt% solution
(the balance 1s water). The per pass conversion of TiO is 75 %. The HCl 1s fed into the reactor in

20 % excess based on the reaction. Pure unreacted Ti03 is recycled back to mix with the TiO
feed.

TiO; + 4HCl -----> TiCly + 2H,0
For 1 kg of TiCly produced, determine:
a. the kg of TiO; ore fed.
b. the kg of 45 wt % HCl solution fed.

c. the ratio of recycle stream to fresh TiO; ore (in kg).
(MW : Ti0> 79.9: HCI 36.47: TiCly 189.7)

Solution
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mass fr
HCl 045
H)O 0.55 P (kg) passk
1.00 ;
— Pl
F (kg) G_| Reactor .
mass Ir E
TiO; 0.78 g_
Inerts0.22 z
R (kg)
mass fr mass fr
pure Ti021.00 l el
HO0 o2
inerts __®3
W (kg) 1.00
TiO7 mass. Ir. HCl mass fr. TiCly mass Ir.
Ti 0.599 H 0.0274 Ti 0.252
(6] 0.401 Cl 09726 Cl 0.748

Though P could be selected as the basis. it is equally valid and easier to choose F =
100 kg because F1 can then be calculated immediately.

Calculate F1

1.00 kg F .78 kg TiO2 | 1 kg mol TiO2 4 kg mol HCI 1.20
lkeF | 79.9kgTiO2 1 kg mol TiO3

F1=3.80kg

36.47 kg HCI 1 kg F1 _
1 kg mol HC1 | 0.45 kg HCI

Svstem: Let the system be all of the units and mixing points jointly.

The unknowns are: P, mHCl (or my). mH o (or 02), mmm (or m3). and W.

The element balances are Ti. O, H, Cl, and alsoz m; = W(oeri - 1] and the inerts
balance. If 5 of these are independent, we can solve for the variables whose values are unknown.
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Ti: (0.78) (1.00) (0.599) = (1.00) (P) (0.252)
P = 1.85 kg (tlus value would be sufficient to calculate the answers to parts a and b)

Total: 1.00+3.80=P+W=185+W
W =294 kg

(3.80)(0.55)| 16 (2.94)(w2) | 16

O 1g T (1.00) (0.78) (0.401) = 18
>y =0.83
Cl (3.80)(0.45)35.45 _ 1.85] 413545 | 2.94 (01)[35.45
36.47 189.7 1 1 36.47
m; = 0.096

Inerts: w3 = 0.22 (1.00)/(2.94) = 0.075
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As a check. Zm; = 0.096 + 0.83 + 0.075 = 1.00

a. ke F _ 1.00 kg
== =aaer = 0.54
kg P 1.854 k
: § These values can be calculated solely from
b. ke F1 _ 3.798 _ 205 kg the data given and the Ti balance.
ke P~ 1854 = *0g

To calculate the third part of the problem, we need to involve the recycle stream in the
balances. Let the system be the mixing point. No reaction occurs. The balances are in kg

Total: 100+R=G
TiOz: 100 (0.78) + R (1.00) =mg,
Inerts: 100 (0.22 = m .

Next use the system of reactor plus separator.
Total G+ 3.80 = 185+294+R

The component balances will not add any independent equations, hence the information
about the fraction conversion must be used via a compound balance on TiO:

In Out Generatio Consumption
n
TiO;: 100(0.78) + R(1.00) — R(1.00) + 0 — 0.75[100(0.78) +R] =0
R=26kg

c.

keR 26

keF — 100 - 0.26

Problem 4

Many chemicals generate emissions of volatile compounds that need to be controlled. In the
process shown in the accompanying figure, the CO 1n the exhaust is substantially reduced by
separating it from the reactor effluent and recycling the unreacted CO together with the reactant.
Although the product is proprietary. information is provided that the fresh feed stream contains 40
% reactant, 50 % nert and 10 % CO. and that on reaction 2 moles of reactant yield 2.5 moles of
product. Conversion of the reactant to product is 73 % on one pass through the reactor, and 90 %
for the over all process. The recycle stream contains 80% CO and 20% reactant. Calculate the ratio
of moles of the recycle stream to moles of the product stream.
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mol Ir.
CO0.80
reactant 0.20
R(mol) 1.00
mol fr.
reactant(0.40
inert0.50 =
F(mol) Reactor = = — mol fr.
(4100 kg mol/hr) B y
h product 0.450
mert 0.500
reactant 0.040
co 0.010
1.000

Solution
This is a steady state process with reaction and recycle.
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Basis : 4100 kg mol F
Unknowns : P and its components

Calculate the composition of stream P
Product
4100 kg mol F | 40 mol reactant | 90 mol react | 2.5 mol product
1 100 mol F | 100 mol reactant | 2 mol reactant

= 1845 kg mol product

Inert
4100 kg mol F | 50 mol inert i -

T00 mol £ — 2050 kg mol inert
Reactant
4100 kg mol F | 40 mol reactant | 0.10 mol unreacted N ) _

100 mol F ‘ 1.0 mol reactant = 164 kg mol reactant

Cco
4100 kg mol F | 10 mol CO | 0.10 mol unreacted CO

T00 mol F 1.0 mol CO = 4lkgmol CO

P = 1845 + 2050 + 164 + 41 = 4100 kg mol

Mixing point
No reaction occurs so that a total balance 1s satisfactory: G=4100+R

Reactor plus separator
Because a reaction occurs. an overall balance is not appropriate. but a reactant balance (a
compound balance) 1s.

Reactant:
In Out Gen. Consumption Accum.

0.40(4100) + 0.20R - (0.20R + 0.040(4100)) + 0 - 0.73[0.40(4100) + 0.20R]= 0
R = 6460 kg mol

R 6460

P = 3100 = 1.58

mol recycle 6460
mol product — 1845 ~ 3.5
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Problem 5

. Perchloric acid (HCIOy4) can be prepared as shown in the diagram below from Ba(ClOy)>
(and HCIOy4. Sulfuric acid is supplied in 20% excess to react with Ba(C10y)2. If 17.400 Ib HC1O4
| leave the separator and the recycle is 6125 b Ba(ClOy)2 over the time period, calculate :

. The overall conversion of Ba(ClOy)>.

. The Ib of HC1O4 leaving the separator per Ib of feed.
. The Ib of HpSO4 entering the reactor.

. The per pass conversion of Ba(Cl104)5.

oo

: Note : 20 % HaSOy is based on the total Ba(ClOy4)> entering the reactor.
Ba(ClO4)2 + H2S04 ------ > BaSO4 + 2HClO4
MW: Ba(ClOg)2 336; BaSOy4 233: H2SO4 98: HCIO4 100.5
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Solution
This is a steady state problem with reaction and recycle.
F1 (Ib mol) —
mol fr —e—) P1 (Ib mol)
H:S0s 1.00 e
Hz2504 1.00
S
e
(4]
a —
F (Ib mo}) r P2 (Ib mol)
‘: mol fr
5 BaSO4 1.00
|
mol fr
R (Ib mol) Ba(ClOs); 1.00
{ e
P3 (Ib mol)
. soe s : mol fr
Composition of feed F (given): HCIOs 1.00
mass fr. MW mol fr
Ba(ClO4) 0.90 336 0.729
HClO4 0.10 100.5 0.271

174001b HCIOg |11b mol HClO4 .
| 100.51b HCIO4 — 173.1 Ib mol HCIO 4

61251b Ba(ClO4)2 1 1b mol Ba(ClOy4)2

- = 18.23 g
336 Tb BalClOgs  — 1522 1bamel Ba(CI040

This is a steady state process with reaction.

we will pick P3 = 17.400 1b as the basis equivalent to 17.400/100.5 = 173.13 Ib mol
The unknown are: F. F1, P1. and P2.

We can make 5 element balances: Ba, Cl. O. H. S. hence if 4 balances are
independent, a unique solution exists.

a The overall percent conversion of Ba(ClO4)> is 100% since no Ba(ClOy); leaves the
overall system.

Overall element balances (Ib mol)

F 1b mol |0.729 Ib mol Ba(ClO4)> | 2 1b mol CI
CL ‘ 1 1b mol F ‘ 1 1b mol Ba(ClOy)>
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F 1b mol [ 0.271 1b mol HC104 | 1 1b mol CI
‘ 11b mol F l 1 Ib mol HC1O4

~173.13 1b mol P3 | 1 1b mol HC1O4 | 1 1b mol CI
- ‘ 1 Ib mol P3 ‘ 1 Ib mol HCIOy4

F=100.1 Ib mol
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~(100.1) Ib mol | 0. 729 1b mol Ba(ClO4); | 1 1b mol Ba
Ba: | I Ib mol F | 1 Ib mol Ba(ClOy4)>

~ P21b mol | 11bmol Ba
- ‘ 1 Ib mol P2

P2 =73.0Ib mol

F1 1b mol |1 1b mol HoSO4| 1 1bmol S
| 1 1b mol F1 ‘ 1 Ib mol H>SOy4

_Pllbmol | 11bmolS . _73.01b mol BaSO4 | 11bmolS
= ‘ 1 Ib mol P1 ° ‘ 1 Ib mol BaSOy4

The H and O balances are not independent balances from what we have so far. We need
one more equation.

Mixing point

6125
Total: 100.1 + 336

G = 118.3 Ibmol

Now we can calculate F1 as 1.2 times the Ba(ClOy4); in G. The number of moles of Ba(ClOy4); in
Gis

6125
Ba(ClOg)2:  100.1(0.729) + 53¢ = 91.2

1.2 (91.2)=109 1b mol = F1

Ib HCIO4 17400 1b HC1O, exiting Ib HC1O0,
b F = 7100.1(0.729)(336) + 100.1(0.271)(100.5) ~ 9-64 —T1pb F

i F1=1091bmol or10,700 1b H»SO4

To get the fraction conversion f on one pass through the reactor, we make a compound
balance for Ba(Cl0O4), for the system of the reactor plus the separator.

Accum. In Out Generation Consumption
6125
0 = 91.2 = 336 + 0 —£(91.2)
f=0.80
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