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Chapter 1
Dimensions, Units, and Their Conversion

1.1 Units and Dimensions
Dimensionsare our basic concepts of measurement such as)dige, mass, temperature, and so writs
are the means of expressing the dimensions, sulgeisr centimeters for length, and hours or sdsdaor time.
In this lectures you will use the two most commonted systems of units:
1. SI, formally called Le Systeme Internationale d’Usjtand informally called SI or more often (redurttign
the Sl system of units.
2. AE, or American Engineering system of units.

Dimensions and their respective units are classiie fundamental or derived:

Fundamental (or basic) dimensions/units are those that can éasored independently and are sufficient to

describe essential physical quantities.

Derived dimensions/units are those that can be developtsirims of the fundamental dimensions/units.
Tables 1.1 and 1.2 list both basic, derived, amef@dtive units in the Sl and AE systems. Figurk illustrates the
relation between the basic dimensions and somfeeadérived dimensions.
One of the best features of the Sl system is #hategpt for time) units and their multiples and sultiples are related
by standard factors designated by phefix indicated in Table 1.3.
Table 1.1 SI Units

Physical Quantity Name of Unit Symbol for Unit* Definition of Unit

Basic SI Units

Length metre, meter m
Mass kilogramme, kilogram kg
Time second s
Temperature kelvin K
Molar amount mole mol

Derived SI Units
Energy joule J kg -m?-s2— Pa-m’
Force newton N kg-m-s2—J - m!
Power watt W kg -m?-s3—7J-s7!
Density kilogram per cubic meter kg - m™3
Velocity meter per second m - s~
Acceleration meter per second squared m - 572
Pressure newton per square meter,

pascal N-m=2, Pa

Heat capacity joule per (kilogram - kelvin) J-kg!'-K!

Alternative Units

Time minute, hour, day, year min, h, d, y
Temperature degree Celsius °C

Volume litre, liter (dm?) L

Mass tonne, ton (Mg), gram t.g




Chemical Engineering principles - First Year Dr. Anees A. Khadom

Table 1.2 American Engineering (AE) System Units

Physical Quantity = Name of Unit Symbol

Some Basic Units

Length foot ft

Mass pound (mass) b,

Time second, minute, hour, day s, min, h (hr), day
Temperature degree Rankine or degree Fahrenheit “Ror °F

Molar amount pound mole b mol

Derived Units

Force pound (force) Ib;

Energy British thermal unit, foot pound (force) Btu, (ft)(Ib)
Power horsepower hp

Density pound (mass) per cubic foot Ib, /ft?
Velocity feet per second ft/s
Acceleration feet per second squared ft/s?

Pressure pound (force) per square inch Iby/in.2, psi
Heat capacity Btu per pound (mass) per degree F Btu/(lb,)(°F)

Density
> specific volume /%

Volumetric
Flow \ / \
@ Time Mass

'
Co > Cvaty

Figure 1.1Relation between the basic dimensions (in boxed)anious derived dimensions (in ellipses).




Chemical Engineering principles - First Year Dr. Anees A. Khadom

Table 1.3 Sl Prefixes

Factor Prefix Symbol Factor Prefix Symbol
107 giga G 10-1 deci d
106 mega M 102 centi c
103 kilo k 10—3 milli m
102 hecto h 10-6 micro m
10! deka da 1077 nano n

Operations with Units
The rules for handling units are essentially gsitaple:
Addition, Subtraction, Equality
You can add, subtract, or equate numerical quastinly if the associated units of the quantitiesthe same. Thus,
the operation

5 kilograms + 3 joules
Cannot be carried out because the units as wethegdimensions of the two terms are different. Tuenerical
operation

10 pounds + 5 grams
can be performed (because the dimensions are the, saass) onlafter the units are transformed to be the same,
either pounds, grams, or ounces, or some other nmiss

Multiplication and Division
You can multiply or divide unlike units at will sa@s
50(kg)(m)/(s)
but you cannot cancel or merge units unless theyidantical. Thus, 3 ff60 cm can be converted to 3/h6 m, and

then to 5 m, but in mfsthe units cannot be cancelled or combined.

Example 1
Add the following:

(a) 1 foot + 3 seconds (b) 1 horsepowd00 watts
Solution
The operation indicated by
1ft+3s
has no meaning since the dimensions of the twostena not the same. In the case of
1 hp + 300 watts
the dimensions are the same (energy per unit timé)the units are different. You must transforra ttvo quantities
into like units, such as horsepower or watts, l=tbe addition can be carried out. Since 1 hp =wais,
746 watts + 300 watts = 1046 watts

1.1.1 Conversion of Units and Conversion Factors
The procedure for converting one set of units totla@r is simply to multiply any number and its asated
units by ratios termedonversion factorsto arrive at the desired answer and its associatésl.

5
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If a plane travels at twice the speed of soundufassthat the speed of sound is 1100 ft/s), howigaistgoing 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 2
(a) Convert 2 km to miles.  (b) Convert 40G/day to cn¥min.

Solution
(a) One way to carry out the conversion is to lapka direct conversion factor, namely 1.61 km =ile:m

2km| 1 mile ,
= 1.24 mile
1.61 km
Another way is to use conversion factors you know
2kami| 10° em| 1 1 # | 1 mile _
: — = .24 mile
| kimi |2.54 em| 12 w1l | 5280 ft
400 in>| /254 cm \?| 1 day| 1 hr cm”
(b) : —— = 4.55——
day | in. 24 hr |60 min min

In part (b) note that not only are the numbers ¢onversion of inches to centimeters raisedpoveer, but the units

also are raised to the same power.

Example 3
An example of a semiconductor is ZnS with a pastidiameter of 1.8 nanometers. Convert this valuéajodm

(decimeters) and (b) inches.

Solution

1.8nm| 107 m|10 dm ) -
(a) = 1.8 X 107° dm
I nm I m

1.8nm| 107" m|39.37 in. _ 3.
(b) = 7.09 X 10" In.
1 nm 1 m

In the AE system the conversion of terms involvimndmassand poundorce 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 unitsrieépa those selected for F, m, and a
m = mass

a = acceleration
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In the SI system in which the unit of force is defi to be the Newton (N) when 1 kg is acceleratetl m/$, a

conversion facto€ = 1 N/(Kg)(m)/$ must be introduced to have the force be 1 N:

N l kg1l m

—

F = “|— = IN (1.1)
(kg)(m) s?
.‘42
C m a

Because the numerical value associated with theersion factor isl, the conversion factor seems simple, even
nonexistent, and the units are ordinarily ignored.

In the AE system an analogous conversion factor is requifedimass of 1 1his hypothetically accelerated gift/s?,
whereg is the acceleration that would be caused by grduitput 32.2 ft’sdepending on the location of the mass), we

can make the force be 1;1y choosing the proper numerical value and upitgtfe conversion factor C:

[(1bg)(s%) I 1b,|g ft
= : — | = 11b;
32.174(1b,, ) (ft)

2
C m g

(1.2)

The inverse of the conversion factor with the nuo@value32.174included is given the special symlmgl

(£6) (Ib,,)
(s%) (Iby)

But never forget that the pounchdsg and poundfprce) are not the same units in tA& system.

g, = 32.174

Example 4
What is the potential energy in (ft)(of a 100 Ib drum hanging 10 ft above the surfaicthe earth with reference to

the surface of the earth?
Solution
Potential energy =P =mgh
g = acceleration of gravity = 32.2 flisFigure E1.4 is a sketch of the

system.

+ reference plane

Figure E1.4

(s) (1by)
32.174(ft) (1by,)

100 Iby, 10 ft

32.2 ft
= = 1000 (ft)(1by)

S
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Notice that in the ratio d82.2 ft/$ divided by32.174][(ft)(Ibn)]/[(s>)(Ibs)], the numerical values are almost equal. Many
engineers would solve the problem by saying @i Ib x 10 ft = 1000 (ft)(1bwithout realizing that, in effect, they
are canceling out the numbers in t1g. ratio, and that the Ib in the solution means Ib

Example 5

In biological systems, production rate of glucas®.6 g mol/(mL)(min). Determine the production rate ddapse for

this system in the units of Ib molRftday).

Solution
Basis: 1 min
0.6 ugmol| 1gmol | 11bmol |1000 mL‘ 1L 60 min |24 hr
(mL)(min)| 10° g mol | 454 g mol 1L 3531 X 10723 hr day
— 0.0539 Ib mol
T (£) (day)

1.4 Dimensional Consistency (Homogeneity)
The concept of dimensional consistency can be tiitsd by an equation that represents the

pressure/volume/temperature behavior of a gasisakiibwn as van der Waals’s equation.

(p + %)(V — b) = RT

Inspection of the equation shows that the constantst have the units ¢fpressure)(volumef] for the expression in
the first set of parentheses to be consistent ¢fimout. If the units of pressure aa#m and those of volume amm®, a
will have the units of(atm)(cm)®]. Similarly, b must have the same units\&sor in this particular case the units of

cm’.

Example 6
Your handbook shows that microchip etching roudbliows the relation

d=16.2-162¢00211 <200
where d is the depth of the etch in microns (mictars, m) and t is the time of the etch in seconds. Whatlze units
associated with the numbers 16.2 and 0.021? Cotiventelation so that d becomes expressed in inehdg can be
used in minutes.
Solution
Both values 0ofl6.2 must have the associated units of microms)( The exponential must bedimensionlessso that

fminj|

0.021must have the associated unitsbf

39.27 in.

l m

16.2um| I m

in —

—0.021] 60s
§

[l—exp

106 wm | min

= 6.38 X 10741 — e !2%Mmin) inches
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Non dimensional Groups

As you proceed with the study of chemical engimagryou will find that groups of symbols may be pgether, either
by theory or based on experiment, that have nounés. Such collections of variables or parametaes called
dimensionlessor nondimensional groups One example is the Reynolds number (group) a&isirfluid mechanics.

Dvp

Reynolds number = o NrE

whereD is the pipe diameter, say in cmis the fluid velocity, say in cm/s; is the fluid density, say in g/dmand is
the viscosity, say in centipoise, units that carctweverted tay/(cm)(s) Introducing the consistent set of units Byr
,and intoD / , you will find that all the units cancel out scatithe numerical value df is the result of the

cancellation of the units.

e |em| £ |(em) ()
£ lent| £

Example 7
Explain without differentiating why the followingiféerentiation cannot be correct:

d ——5 2ax
—VI + (¥a’) = —————
dx V1 + (x%a?)

wherex is length and is a constant.

Solution

Observe thak anda must have the same units because the rti8 must be dimensionless (because 1 is

dimensionless).

Thus, the left-hand side of the equation has umiitd/x (from d/dX). However, the right-hand side of the

equation has units of (the product of).

Consequently, something is wrong as the equatianotisiimensionally consistent.

Questions

1. Which of the following best represents the forcedws to lift a heavy suitcase?
a.25N b. 25 kN 260 N d. 250 kN
2. Pick the correct answer(s); a watt is
a. one joule per second b. equal to 1 (k§)&h c. the unit for all types of power
d. all of the above e. none of the &ov
Is kg/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?c. 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. add cm and ft4. add cm and A? j. add 1 and 2 cm?
Why is it not possible to add 1 ft and 12ft
What is g?

Is the ratio of the numerator and denominator éGemversion factor equal to unity?

© N o v

What is the difference, if any, between pound fard pound mass in the AE system?

9
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9. Could a unit of force in the Sl system be kilogrémce?

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

11. What is the weight of a one pound mass at seadewuld the mass be the same at the center of Earth
Would the weight be the same at the center of Rarth

12. What is the mass of an object that weighs 9.80 tki¢a level?

13. Explain what dimensional consistency means in aagon.

14. Explain why the so-called dimensionless group lmaet dimensions.

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

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

Answers:

1. (¢

2. (a)

3. Derived.

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

5. The dimensions are not the same.

6. A conversion factor in the American Engineeringteys of units.

7. Yes.

8. Ib;is force and IR is mass, and the dimensions are different.

9. The unitis not legal in SI.

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

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

12. 1000 kg.

13. All additive terms on the right-hand side of an &fipn must have the same dimensions as those defthe
hand side.

14. All of the units cancel out.

15. Yes.

16. (a) Divide by the radius or diameter; (b) dividethg total time to empty the tank, or by a fixedt wf time.

Problems

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

2. Addlcmandl1m.

3. Subtract 3 ft from 4 yards.

4. Divide 3 m°by 2 n?>.

5. Multiply 2 ft by 4 Ib.

6. What are the value and units qfig the Sl system?

10
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7.

10.
11.
12.
13.

14.

Electronic communication via radio travels at apgrately the speed of light (186,000 miles/secorid)e
edge of the solar system is roughly at Pluto, winscB.6 x 109 miles from Earth at its closest appho How
many hours does it take for a radio signal fromtticer reach Pluto?

Determine the kinetic energy of one pound of floidving in a pipe at the speed of 3 feet per second.
Convert the following from AE to Sl units:

a. 4 lp/ftto kg/m b, 1.00 IR(ft3)(s) to kg/(mi)(s)

Convert the following 1.57 x ¥0g/(cm)(s) to Ik/(ft)(s)

Convert 1.1 gal to 1t

Convert 1.1 gal to fn

An orifice meter is used to measure the rate of {d a fluid in pipes. The flow rate is relatedtt® pressure

drop by the following equation

Where u = fluid velocity
Dp = pressure drop 1force per unit &rea
= density of the flowing fluid
c = constant
What are the units afin the Sl system of units?

The thermal conductiviti of a liquid metal is predicted via the empiricaliation

k=A exp (B/T)

wherek is in J/(s)(m)(K) andA andB are constants. What are the unit&ndB?

Answers:

1.

© ©®© N o g~ DN

I = o =
A W N B O

(a), (d), (e) are correct
Change units to get 101 cm.
Change units to get 9 ft.
1.5m.

8 (ft)(Ib).

1, dimensionless.

5.38 hr.

0.14 (ft) ().

a. b. 16.0 kg/(mM)(s)

. 1.06 * 10° Ib,/(ft)(s)
. 0.15ff

. 4.16*10° m’,

. ¢ is dimensionless

. A has the same units &SB has the units of T.

11
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1.2 Moles, Density and Concentration

1.2.1 Mole
In the SI system a mole is composed of 6.022% (@/ogadro’s number) molecules. To convert the number

of moles to mass and the mass to moles, we makeftisemolecular weight— the mass per mole:

Mass
Mole

MolecularWeight(MW) =

Thus, the calculations you carry out are

mass in g
the g mol = ‘molecular weight
mass in 1b
the Ib mol = molecular weight
and
Mass in g = (MW) (g mol)
Mass in Ib = (MW) (Ib mol)
For example

1 H,O
100.OgH20~ I g mol H,O 5.56 g mol H,O

18.0 ¢ H,0
32.01b 0,
1 1b mol O,

6.0 1b mol O,

=1921b0,

The atomic weightof an element is the mass of an atom based osctie that assigns a mass of exactly 12 to

the carbon isotop¥C.
A compoundis composed of more than one atom, and the maeudight of the compound is nothing more

than the sum of the weights of atoms of which ¢amposed.

Example 8
What is the molecular weight of the following cefl a superconductor material? (The figure represente cell of a

larger structure.)

Barium

. Yitrium

@® Copper

O Oxygen

Figure E2.1

Solution

12
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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 is 1764.3 g/g mol.

Example 9
If a bucket holds 2.00 Ib of NaOH (MW=40), how many

a) Pound moles of NaOH does it contain?

b) Gram moles of NaOH does it contain?

Solution
(@ 2001 NaOH' IbmolNaOH _ (oo o
4001b NaOH ot
2.00 1b NaOH | 1 Ib mol NaOH | 454 g mol
b =227
(by) . 40.0 1b NaOH l [bmol 227 gmol
2.00 1b NaOH |454 g' 1 g mol NaOH
b = 22.
(by) I b | 400gNaon 227 gmol
Example 10

How many pounds of NaOH (MW=40) are in 7.50 g midNaOH?

Solution

40.0 1Ib NaOH
1 Ib mol NaOH

7.50 g mol NaOH | 1 1b mol
= 0.661 1b NaOH

454 ¢ mol

1.2.2 Density
Density is the ratio of mass per unit volume, as for exampgg/n? or Ib/ft. Density has both a numerical
value and unitsSpecific volumeis the inverse of density, such as’gor ft/lb.

densit mass m
= density = =
p ¥ volume vV
y e volume V
V = specific volume = =

mass

For_example given that the density of n-propyl alcohol is @8g/cni, what would be the volume of 90.0 g of the
alcohol? The calculation is

90.0¢g!| 1 cm?

— = 112 em’
0.804 g om

In a packed bed of solid particles containing \&pdces, the bulk density is

total mass of solids

= bulk density =
Ps ensity total empty bed volume

13
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A homogeneous mixture of two or more componentgtidr solid, liquid, or gaseous, is callesiodution.
For some solutions, the density of the solution is

V= EVI- where n = number of components

Psolution =
1%

For others you cannot.

Specific Gravity

Specific gravity is commonly thought of as a dimenkess ratio.
(glem’),  (kgm®),  (/fe),
(gem®),er  (kg/m®),e  (ID/E),,
The reference substance figquids andsolids normally iswater.
The density of water i$.000 g/cr, 1000 kg/mi, or 62.43 Ib/ff at 4°C.

The specific gravity ofjasedrequently is referred tair, but may be referred to other gases.

sp.gr. of A = specific gravity of A =

For Example If dibromopentane (DBP) has a specific gravityldf7, what is the density in (a) g/i&n(b) Ih/ft>? and
(c) kg/nt?

g DBP g H,0

P et M em _gpBP
(a) ) = 157>
10082
cm
1b DBP Ib H,0O
1.57—5—|624—=
®) fit ft _ 4, o, IbDBP
1 op P H0 B S
' ft’
1.57g DBP|/ 100 cm \*| 1kg ,kg DBP
(c) 3 = 1.57 X 10 .
cm Im 1000 g m
or
| 5, ke DBP | 1.00 X 10°%kg H,0
' m’ m’ ,kg DBP
= 1.57 X 10 ;
kg H,O : m
100

14
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Example 11
If a 70% (by weight) solution of glycerol has a sifie gravity of 1.184 at 15°C, what is the dengitiythe solution in

(a) g/cmi? (b) Ibm/fé? and (c) kg/riP

Solution

(a) (1.184 g glycerol/ ciy(1 g water/ crf) * (1 g water/ cr) = 1.184 g solution/ctn

(b) (1.184 Ib glycerol/fy/(1 Ib water/ff) * (62.4 Ib water/ft) = 73.9 Ib solution/ft

(c) (1.184 kg glycerol/f)/(1 kg water/rm) * (1000 kg water/rf) = 1.184 * |G kg solution/m.

The specific gravity of petroleum products is ofteported in terms of a hydrometer scale calledl°ARe equation

for the API scale is

141.5
°APl = ————— — 131. i
. SO°F 315 (API gravity) (2.1)
P8 60oF
or
60° 141.5
gl = 2.2)

'60°  °API + 131.5 .

The volume and therefore thdensity of petroleum products vary witiemperature, and the petroleum industry has
established 6(F as the standard temperature for volume and Adlityr

Example 12

In the production of a drug having a molecular weigf 192, the exit stream from the reactor flows aate of 10.5
L/min. The drug concentration is 41.2% (in watexjd the specific gravity of the solution is 1.0ZA&lculate the
concentration of the drug (in kg/L) in the exitestm, and the flow rate of the drug in kg mol/min.

Solution

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

Basis: 1 kg solution

10.5 L/min
sp.gr. = 1.024
—»  Reactor
Drug 0.412 kg
Water 0.588 kg Figure E2.5
soln H,0
102452211 00052 o
density of solution = 5 M 10242
100054 cm
cm”
0.412 kg drug | 1.024 g soln| 1 kg | 10°cm?®
= 0.422 kg drug/L soln
1.000kgsoln| lem® [10°g| IL & Crugrt. so

To get the flow rate, take a different basis, ngnietinute.
Basis: 1 min = 10.5 L solution

10.5 L soln
1 min

0.422 kg drug
1L soln

1 kg mol drug
192 kg drug

= 0.023 kg mol/min

15
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Flow Rate
For continuous processes tih@wv rate of a process stream is the rate at which materi@hnsported through
a pipe. Themass flow rate(m) of a process stream is théss(m) transported through a line per utiihe (t).

o=
t

Thevolumetric flow rate (F) of a process stream is thelume (V) transported through a line per utiibe.

The molar flow (n) rate of a process stream is the numbemufles (n) of a substance transported through a line per
unittime.
n= ﬁ
t
Mole Fraction and Mass (Weight) Fraction
Mole fraction is simply the number of moles of a particular coonpd in a mixture or solution divided by the
total number of moles in the mixture or solution.
This definition holds fogasesliquids, andsolids
Similarly, themass (weight) fractionis nothing more than thmass (weight)of the compound divided by the
total mass (weight) of all of the compounds inhigture or solution.

Mathematically, these ideas can be expressed as

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

. . mass of A
mass (weight) fraction of A = ————
_ total mass

Mole percentandmass (weight) percenare the respective fractions timez0.

Example 13
An industrial-strength drain cleaner contains Sokgvater and 5 kg of NaOH. What are the mass (wgighctions and

mole fractions of each component in the drain deaontainer?
Solution

Basis: 10 kg of total solution

Component kg Weight fraction Mol. Wt. kg mol Mole fraction
5.00 0.278
. —— = (.50 18. 0.27 —— =,
H,0 5.00 100 500 8.0 278 0403 69
¢ 5.00 0.125
R —— = 0. . 12 — = (.
NaOH 5.00 10.00 0.500 40.0 0.125 0.403 0.31
Total 10.00 1.000 0.403 1.00

The kilogram moles are calculated as follows:

5.00 kg H,0| 1 kg mol H,O

= 0.278 kg mol H,0
18.0 kg H,0 g motth

5.00 kg NaOH | 1 kg mol NaOH
= 0.125 kg mol NaOH

40.0 kg NaOH

16
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Adding these quantities together gives the totalgkam moles.

Example 14

In normal living cells, the nitrogen requirement fbe cells is provided from protein metabolisne.(iconsumption of
the protein in the cells). When individual cell®e arommercially grown, (NSO, is usually used as the source of
nitrogen. Determine the amount of (WSO, consumed in a fermentation medium in which thalfgell concentration
is 35 g/L in a 500 L volume of the fermentation mo@dl Assume that the cells contain 9 wt. % N, drat {NH,),SO,

is the only nitrogen source.

Solution

Basis: 500 L solution containing 35 g/L

: 35 g cell
500 Li gce = 14,850 g (NH,),S0,

L

009¢g Nl 1 gmol N % 1 g mol (NH,),50,| 132 g (NH,),S0,

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

Analyses of Multi Components Solutions and Mixtures

Thecomposition of gasesvill always be presumed to be givennmle percentor fraction unless specifically
stated otherwise.

The composition of liquids and solids will be given bymass (weight) percentor fraction unless otherwise
specifically stated.
For Example Table below lists the detailed composition of dity(composition of air 21% £and 79% N).

Basis 100 mol of air

Component Moles = percent Mol. wt. Lb or kg Weight %
0O, 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 Ib mol = 29.0, or 2900 kg/100 kg mol =29

1.2.3 Concentration
Concentration generally refers to the quantity of some substg@reunit volume.
a. Mass per unit volume (Ib of soluté/fif solution, g of solute/L, Ib of solute/barret kf solute/m).
b. Moles per unit volume (Ib mol of soluté/ff solution, g mol of solute/L, g mol of solute/jm
c. Parts per million gpm); parts per billion gpb), a method of expressing the concentration of

extremely dilute solutiongppm is equivalent to a mass (weight) fraction for gids and liquids

because the total amount of material is of a mughen order of magnitude than the amount of

solute; it is anole fraction for gases

d. Parts per million by volume (ppmv) and parts pdiidni by volume (ppbv)
e. Other methods of expressing concentration with wlyiou may be familiar are molarity (g mol/L),
molality (mole solute/kg solvent), and normalityj(évalents/L).
Example 14
The current OSHA 8-hour limit for HCN (MW = 27.08) air is 10.0 ppm. A lethal dose of HCN in air(feom the
Merck Index) 300 mg/kg of air at room temperatiiew many mg HCN/kg air is 10.0 ppm? What fractidntiee
lethal dose is 10.0 ppm?
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Solution

Basis: 1 kg mol of the air/HCN mixture

100 gmol HCN ~ 10.0 g mol HCN

The 10.0 ppm is =
PP 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 | kg air

a. = 9.32 mg HCN/kg air

27.03 g HCNI 1 g mol air
1 g mol HCN

29 g air

b. 932 _ 0.031
300

Example 15
A solution of HNQ in water has a specific gravity of 1.10 at 25°QweTconcentration of the HNQOs 15 g/L of
solution. What is the

a. Mole fraction of HNQ in the solution?

b. ppm of HNG in the solution?

Solution
Basis: 1 L of solution
15 g HNO 1L 1 cm? HNO
SR AT = 00136452
1 Lsoln [1000cm’|1.10 g soln g soln

Basis: 100 g solution
The mass of water in the solution is: 100 - 0.02398.986 g HO.

g MW g mol mol fraction

a. HNO; 0.01364 63.02 2,164 X 107 3.90 X 1073
H,O 99.986 18.016  5.550 1.00
Total 5.550 1.00

0.01364 13,640
1 = W— or 13,640 ppm

Example 16
To avoid the possibility of explosion in a vessehtining gas having the composition of 40% #56% Q, and 15%

CH,, the recommendation is to dilute the gas mixtyeatiding an equal amount of pure. NVhat is the final mole

fraction of each gas?

Solution
The basis is 100 moles of initial gas
N o . After Addition Final Mixture
Composition Original Mixture mol% .
N Mole Fraction
N> 40 mmmp + 100 140 140/200 = 0.70
0O, 45 45 45/200 = 0.23
CH, 15 15 15/200 = 0.07
Total 100 200 1.00
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Questions

1.

Answer the following questions true or false:

a. The pound mole is comprised of 2.73 X°lfholecules

b. The kilogram mole is comprised of 6.022 ¥%@olecules.

c. Molecular weight is the mass of a compound or efgmer mole.
What is the molecular weight of acetic acid (CH3G9®

For numbers such as 2 mL of water + 2 mL of ethashmés 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 afcony.
5. A cubic centimeter of mercury has a mass of 136arth’s surface. What is the density of mercury?
6. What is the approximate density of water at roompterature in kg/f?
7. For liquid HCN, a handbook gives: sp. gr.@BC = 1.2675. What does this statement mean?
8. Answer the following questions true or false:
a. The density and specific gravity of mercury areshme.
b. Specific gravity is the ratio of two densities.
c. If you are given the value of a reference density 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% ethaBiobuld the percentages be deemed to be by maks, mo
or volume?
10. Answer the following questions true or false:
a) In engineering practice the compositions of liquadal solids are usually denoted in weight (mass)
fraction or percent.
b) In engineering practice the composition of gasesislly denoted in mole fraction or percent.
c) e. A pseudo-average molecular weight can be ca&ulltor a mixture of pure components whether
solid, liquid, or gases.
11. Do parts per million denote a concentration that isole ratio?
12. Does the concentration of a component in a mixtiggend on the amount of the mixture?
13. Pick the correct answer. How many ppm are therg ppb? (a) 1000, (b) 100, (c) 1, (d) 0.1, (e) 0.@1,
0.001?
14. How many ppb are there in 1 ppm?
15. Does 50 ppm represent an increase of five timedwevof 10 ppm?
Answers:
1. @T, 0T, ©T
2. 60.05
3. No
4. @T, (T, (@©T
5. 13.6 g/cm
6. 1000 kg/nf
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10.
11.
12.
13.
14.
15.

The statement means that the density aE 18 liquid HCN is 1.2675 times the density of waae 4C.
(a) F — the units differ; (b) T; (c) T; (d) F.

Mass

@T, )T (T

For gases but not for liquids or solids.

No

0.001

1000

No (4 times)

Problems

1.

a > DN

© © N o

11.

12.

13.
14.

15.

16.

17.

Convert the following:
a) 120 g mol of NaCl to g.
b) 120 g of NaCl to g mol.
¢) 120 Ib mol of NaCl to Ib.
d) 120 Ib of NaCl to Ib mol.
Convert 39.8 kg of NaCl per 100 kg of water to kgl wf NaCl per kg mol of water.
How many Ib mol of NaN@are there in 100 |b?
The density of a material is 2 kginWhat is its specific volume?
An empty 10 gal tank weighs 4.5 Ib. What is thalteteight of the tank plus the water when it itefil with 5
gal of water?
If you add 50 g of sugar to 500 mL of water, howydo calculate the density of the sugar solution?
For ethanol, a handbook gives: sp. gr. 60°F = 8%98Vhat is the density of ethanol at 60°F?
The specific gravity of steel is 7.9. What is tledwne in cubic feet of a steel ingot weighing 4009
The specific gravity of a solution is 0.80 at 70How many cubic feet will be occupied by 100 Ibtbé
solution at 70°F?

. A solution in water contains 1.704 kg of HNKY H,O, and the solution has a specific gravity of 1.282

20°C. What is the mass of HN@ kg per cubic meter of solution at 20°C?

Forty gal/min of a hydrocarbon fuel having a spedravity of 0.91 flows into a tank truck with aad limit

of 40,000 Ib of fuel. How long will it take to fithe tank in the truck?

Pure chlorine enters a process. By measuremenfaund that 2.4 kg of chlorine pass into the pssoevery
3.1 minutes. Calculate the molar flow rate of theodne in kg mol/hr.

Commercial sulfuric acid is 98%,80, and 2% HO. What is the mole ratio of 30, to H,O?

A compound contains 50% sulfur and 50% oxygen bgsmks the empirical formula of the compound (1) SO
(2) SQ, (3) SQ, or (4) SQ?

How many kg of activated carbon (a substance useenioving trace impurities) must be mixed withkgBof
sand so that the final mixture is 28% activatedboa®?

A gas mixture contains 40 Ib of,(25 Ib of SQ, and 30 Ib of S@ What is the composition of the mixture in
mole fractions?

Saccharin, an artificial sweetener that is 3000e$irsweeter than sucrose, is composed of 45.90%rgarb
2.73% hydrogen, 26.23% oxygen, 7.65% nitrogen, Bhd9% sulfur. Is the molecular formula of sacamari
(@) GaH1006N2S,, (b) GH7O3NS, (c) GHgONS, and (d) @HsOsNS?
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18.

19.

A mixture of gases is analyzed and found to haeefttiowing composition: C©12.0%, CO 6.0%, CH
27.3%, B 9.9% and N44.8%. How much will 3 Ib mol of this gas weigh?
A liquefied mixture of n-butane, n-pentane, andemane has the following composition: 4G 50%,
n-CsHi, 30%, and n-gHq4 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.

20. How many mg/L is equivalent to a 1.2% solution @ustance in water?
Answers:
1.
2. 0.123 kg mol NaCl/kg mol pD
3. LI77 Ib mol
4. 0.5 nilkg
5. 46.21b
6. Measure the mass of water (should be about 50@add it to 50 g. Measure the volume of the sotufiaill

N

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.

not be 450 mL). Divide the mass by the volume.

0.79389 g/cm(assuming the density of water is also at 60°F)
8.11 1

2t

870 kg HNQ/m® solution.

132 min

0.654 kg mol/hr

9

SG,

14.8 kg

0, 2 30.19

(d)

7217 b

(a) G: 0.50, G: 0.30, G! " 4057 G 0.28, G " 457, G 28, G ) 66.4 kg/kg
mol

12000 mg/L .

1.3 Choosing a Basis

A basisis a reference chosen by you for the calculatigns plan to make in any particular problem, and a
proper choice of basis frequently makes the probteroh easier to solve.

Thebasismay be geriod of time such asours, or a givermass of material such a$ kg of CO,, or some
other convenient quantity.

Forliguids andsolidsin which amass (weight)analysis applies, a convenient basis is oftem 100 Ib or kg

similarly, 1 or 100 moless often a good choice forgas
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Example 17

Gas mixture 10.0% £140.0% CH, 30.0% CO, and 20.0% GQwhat is the average molecular weight of the gas?

Solution

Basis: 100 kg mol or Ib mol of gas
Percent =kg
Component mol or Ib mol Mol wt. Kgorlb
Co, 20.0 44.0 880
CO 30.0 28.0 840
CH, 40.0 16.04 642
H, 10.0 2.02 20
Total 100.0 2382
] 2382 kg
Average molecular weight = ———— = 23.8 kg/kg mol
100 kg mol

Other Method for Solutian
Average molecular weight = 0.2 * 44 + 0.3 * 28 4 6.16.04 + 0.1 * 2.02 = 23.8 kg/kg mol

Example 18
A liquefied mixture has the following compositiamCsH;o 50% (MW=58), n-GH;, 30% (MW=72), and n-gH;, 20%

(MW=86). For this mixture, calculate: (a) mole fiaa of each component. (b) Average molecular weigihthe

mixture.
Solution
Basis: 100 kg
% =kg wt fr MW kg mol mol fr
n-C4Hjo 50 0.50 58 0.86 0.57
n-CsHypp 30 0.30 72 0.42 0.28
n-CgHyg 20 0.20 86 0.23 0.15
100 1.00 1.51 1.00
Average molecular weight =  total mass = _100kg = 66
total mol 1.51 kg mol
Example 19

In a ternary alloy such as Ngre,;Bigsthe average grain size is about 30 nm. By repla@i@gatoms of Fe with atoms
of Cu, the grain size can be reduced (improved)itom.
(&) What is the molecular formula of the alloy aftedant) the Cu to replace the Fe?
(b) What is the mass fraction of each atomic specigisarmproved alloy?
Solution
Basis: 100 g mol (or atoms) of NgFe,Big s

(a) The final alloy is NglsFess B1gCly 2.
(b) Use a table to calculate the respective massidns.
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Component  Original g mol  Final g mol 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

Example 20
A medium-grade bituminous coal analyzes as follows:

Component Percent
S 2
N |
(0] 6
Ash 11
Water 3
Residuum 77

The residuum is C and H, and the mole ratio in b®duum is H/C = 9. Calculate the weight (massaxtfon
composition of the coal with the ash and the moéstmitted (ash — and moisture — free).

Solution

Take as a basis 100 kg of coal because then perdéloigrams.

Basis: 100 kg of coal

The sumofthe S+ N+O +ash+water 2+1+6+11+3=23kg
We need to determine the individual kgand ofH in the77 kgtotal residuum.

To determine the kilograms of C and H, you havediect a new basis.

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

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

H = 0.90 90 1.008 90.7 0.43
14+9

c 1010 10 i 120 0.57
149 1.00 100 210.7 1.00

H: (77kg) (0.43) = 33.15 kg
C: (77kg) (0.57) = 43.85 kg
Finally, we can prepare a table summarizing thelteen the basis df kg of the coalash-free and water-free

Component kg Wt. fraction
C 43.85 0.51
H 33.15 0.39
N 2 0.02
N 1 0.01
0 6 0.07
Total 86.0 1.00
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1.4 Temperature
Temperature is a measure of the energy (mostly kinetic) ofrii@ecules in a system. This definition tells us
about the amount of energy.
Other scientists prefer to say thamperature is a property of the state of thermal equilibriofrthe system
with respect to other systems because temperatliseus about the capability of a system to transfesrgy
(as heat).

Four types of temperature

Two based on eelative scale degrees Fahrenheit (°FandCelsius (°C) and two based on absolute scaledegree
Rankine (°R) andKelvin (K) .

Temperature Conversion

A°F = A°R
A°C = AK

Also, theD°C is larger than thB°F

a*C = 1.8 or A°C = 1.8 A°F
A°F
AK = 1.8 or AK =18 A°R
A°R

The proper meaning of the symbdIS, °F, K, and°R, as either the temperature or the unit temperatifference,
must be interpreted from the context of the equadiosentence being examined.
Suppose you have the relation:

ToF =a+ bToC

What are the units ad andb? The units ofa must be°F for consistency. The correct units formust involve the

conversion facto(1.8 D’F\IDFC), the factor that converts the size of a intervaboe temperature scale

T + 1.8 A°F T
© = d-° I [}
F F A°C C
N
b
Unfortunately, the units for b are usually ign $ % & "()*
The relations betwe€etC, °F, K, and°R are:
T =T 14 + 460°R
RTF\ ] A°F _or T = Top + 460
T =T % + 273 K
K777\ 1 A°C _Or T =Tec+273
1.8 A°F
Top — 32°F = Tops| ————
F C( 1 A°C )
1 A°C _Or Te=1.8 Toc + 32
Toc = (Teg — 32°F){ ————
c= (T )<1.8 A°F)
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Example 21
Convert 100 °C to (a) K, (b) °F, and (c) °R.

Solution
1 AK
100 + 273)°C ———— =
@ ( )C1A°C 373K

or with suppression of thBsymbol,

1K
(100 +273)°C o= = 373K

() (100°C) 1i8 A‘i;F 1 32°F = 212°F
(© (212 + 460)°F 1 i:}lz = 672°R
or
(373 K)l'lg AR _ 672R
Example 22

The heat capacity of sulfuric acid has the unifg diol)(°C), and is given by the relation
Heat capacity = 139.1 + 1.56 * 1@
where T is expressed in °C. Modify the formula Isat the resulting expression has the associateas aihBtu/(Ib mol)
(°R)and T isin °R.
Solution
Tr=1.8 Tc+ 32mmp Tc=(Te—32)/1.8
Tor = Tog + 460mmp T = To.g — 460
\\ Tec=[T-g—460-32]/1.8

Toe

454 g mol
1 b mol

rc
1.8°R

1
heat capacity = {139.1 +1.56 X 10—1[(7"0R — 460 — 32)%}} g U I 1 B

gmol)(°C)| 10557

conversion factors

= 23.06 + 2.07 X 10?Tq

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

Problems
1. Complete the following table with the proper eqléve temperatures:

°C °F K °R

-40

77.0

698

69.8

2. The heat capacity of sulfur is,G 15.2 + 2.68T, where (s in J/(g mol)(K) and T is in K. Convert this

expression so that,@s in cal/(g mol)(°F) with T in °F.
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Answers:
1.
OC ol‘w K OR
—40.0 —40.0 233 420
25.0 77.0 298 537
425 796 698 1256
—234 -390 38.8 69.8

2. Cy;=93.2+0.186 &
1.5 Pressure

Pressure and Its Units

Pressureis defined as “the normal (perpendiculmce per unitarea (Figure 5.1). The pressure at the bottom
of the static (nonmoving) column of mercury exenbexthe sealing plate is
F
p=;=pw+p0 (50

Where p = pressure at the bottom of the colummefluid, F = force, A = area, = density of fluid

g = acceleration of gravity, h = height of the dwolumn, and p= pressure at the top of the column of fluid

Atmospheric Pressure

Figure 5.1 Pressure is the normal force per up#.afrrows show the force exerted on the respeetigas

For Example, suppose that the cylinder of fluid in Figure & column of mercury that has an area of 1 @nd is 50

cm high. The density of the Hg is 13.55 gicifhus, the force exerted by the mercury alonehenltc section of the
bottom plate by the column of mercury is

P 135521980 cm|50 cm|{lcem?®| 1kg | 1m L(N)(s?)
cm’ s? 1000 g | 100 cm | 1(kg)(m)
=6.64 N

The pressure on the section of the plate coverethéymercury is the force per unit area of the mgr@lus the
pressure of the atmosphere

(100 cm)2
Im

If we had started with units in the AE system, gressure would be computed as [the density of mgrsu845.5
Ib/ft?]

_ 6.64N
1 cm?

(1 m*)(1 Pa)
(IN)

1 kPa + .
1000 Pa, Do = 4 kPa + Do
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_ 845.51b,(32.2ft|50 cm| 1 in. 11t (s)*(1bg)
12 | & 2.54cm| 12 in. |32.174(ft) (1by) P
Ib
= 1388;5 + po

Measurement of Pressure
Pressure like temperature, can be expressed using eithabsoluteor arelative scale

Vacuum b

Absolute
Pressure

Air a
Relative (Gauge) ’

Pressure

Ah=40.90 cm Hg

L

Figure 5.2 (aDpen-end manometershowing a pressure above atmospheric pressurklgi)meter measuring an

s
Ah=11.0in. Hg

3333333333333533313 N IS

l

absolute pressure
The relationship betweerlative andabsolutepressureis given by the following expression:
Gauge Pressure + Bareter Pressure = Absolute Pressure ...b.2

The standard atmosphereis defined as the pressure (in a standard greonttfield) equivalent to 1 atm or
760 mm Hg at 0°C or other equivalent.
Thestandard atmosphereis equal to
1.00 atmospheres (atm)
33.91 feet of water (ft }D)
14.7 pounds (force) per square inch absolute (psia)
29.92 inches of mercury (in. Hg)
760.0 millimeters of mercury (mm Hg)

1.013 * 16 pascal (Pa) or newtons per square meter {NAh , -

For Example, convert 35 psia to inches of mercury and kPa.

35 psia|29.92 in. Hg .
- = 71.24in Hg
14.7 psia
35 psia | 101.
P SR 4l kpa
14.7 psia

For Example, What is the equivalemressureto 1 kg/cnt (i.e., kgi/cm?) in pascal (g = 9.8 nfls
[1 kg/cnf] * [9.8 m/<] * [(100 cm/1 mf] = 9.8 * 10 N/n¥ (or Pa)

Example 23
What is the equivalent pressure to 60 Gpa (gigahpsc
(a) atmospheres (b) psia (c) inches of Hg (d) mm of Hg
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Solution
Basis: 60 GPa

60 GPa|10°kPa| 1 atm
1 GPa |101.3 kPa

(a) = 0.59 X 10%atm

60 GPa | 10° kPa | 14.696 psia
1 GPa | 101.3 kPa

(b) = 8.70 X 10° psia

60 GPa|10° kPa|29.92 in. Hg
1 GPa | 101.3 kPa

(c) = 1.77 X 107 in. Hg

60 GPa| 10° kPa | 760 mm Hg
1 GPa | 101.3 kPa

(d) = 4.50 X 10° mm Hg

Example 24
The pressure gauge on a tank of,@®ed to fill soda-water bottles reads 51.0 psithatsame time the barometer reads

28.0 in. Hg. What is the absolute pressure indh& tn psia? See Figure E5.2.

51 psi
Pad
Figure E5.2
Solution
. 28.0in. Hg| 14.7 psia .
Atmospheric pressure = = 13.76 psia

29.92 in Hg

The absolute pressure in the tank is
51.0 psia + 13.76 psia = 64.8 psia

Example 25
Small animals such as mice can live (although oaotfortably) at reduced air pressures down to 20 &f%lute. In a

test, a mercury manometer attached to a tank,@snsim Figure E5.3, reads 64.5 cm Hg and the baremeads 100

kPa. Will the mice survive?

i

64.5 cm Hg

Figure ES.3
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Solution

You are expected to realize from the figure that tidink isbelow atmospheric pressurebecause théeft leqg of the
manometer is higherthan theright leg, which is open to the atmosphere. Consequentlgetdheabsolute pressure
you subtract the64.5 cm Hgfrom thebarometer reading.

Theabsolute pressuren the tank is

64.5cmHg 101.3 kPa
100 kPa — = 100 — 86 = 14 kPa absolute
76.0 cm Hg

The mice probably wilhot survive.
Differential Pressure Measurements

When the columns of fluids are at equilibrium (§égure 5.3), the relationship among ,, s, and the heights of the

various columns of fluid is as follows:

1P1dig=R+ ,d,g+ 3d39 ...b.3

Fluid 3, py

Fluid 1, py, —

COTITTTITITITTITITITITIN

Fluid 2, p,

Figure 5.3 Manometer with three fluids.

Note
If fluids 1 and 3 arg@ases and fluid 2 ismercury, the density of thgasis so much lesghan that ofmercury that you
canignore the term involving the gas in Equation (5.3) foagtical applications.

Can you show for the case in which= 3 = that the manometer expression reduces to therddiffial
manometer equation:

R-P=(.- )9 .54

Example 26

In measuring the flow of fluid in a pipeline as smin Figure E5.4, a differential manometer wasdusedetermine the
pressure difference across the orifice plate. Tihey frate was to be calibrated with the observedsqure drop

(difference). Calculate theressure drop p - p» in pascals for the manometer reading in Figuré E5.
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, Orifi
Fluid ) , L/ rifice
Water, p =10°kg/m D.
P l / 2
Py T32 mm
d
i10 mm

Manometer fluid,
p,=110x10 kg/m?

Figure E5.4
Solution

In this problem yowcannot ignore the water densityabove the manometer fluid.

p1—py=(ps— plgd

_(1.10 — 1.00)10° kg |9.807 m | (22)(10*)m| 1(N)(s*) | 1(Pa)(m’)
- m’ s’ (kg)(m)| I(N)
=21.6Pa
Example 5.5

Air is flowing through a ductinder a draft of 4.0 cm KD. The barometer indicates that the atmospherispre is 730

mm Hg. What is the absolute pressure of the dimdhes of mercury? See Figure E5.5

Aif ——

4.0 ¢m H0

Figure E5.5

Solution

In this problem yowcan ignore the gas densityabove the manometer fluid and the air above thenand of the
manometer.

At heri 730 mm Hg [29.92 in. Hg 587 in. H
mospneric pressure — = . .
P P 760 mm Hg n-5e
Next, convert 4.0 cm $O to in. Hg:
40cmH,O| 1in. 1ft {29.92in. Hg  012inH
254cm|12in. 3391 ftH,O -0

Since the reading is 4.0 cm®l draft (inder 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 cotalydilled with water. Order the containers froimet

one exerting the highest pressure to the lowesh®in respective base.
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=
g

A, A,

Figure SAT5.1Q2

2. Answer the following questions true or false:
a. Atmospheric pressure is the pressure of the aiosading us and changes from day to day
b. The standard atmosphere is a constant referencesplrere equal to 1.000 atm or the equivalent

pressure in other units.

c. Absolute pressure is measured relative to a vacuum.

d. Gauge pressure is measured upward relative to ptrads pressure.

e. Vacuum and draft pressures are measured downwardetmospheric pressure.

f.  You can convert from one type of pressure measuretoeanother using the standard atmosphere.
g. A manometer measures the pressure difference nimstef the height of fluid (s) in the manometer

tube.
3. What is the equation to convert gauge pressurbdolate pressure?
4. What are the values and units of the standard ainewe for six different methods of expressing pres3

5. What is the equation to convert vacuum pressusbsolute pressure?

Answers:
1. ,( ( W # . # 1 0( # 1( 2 (( # *
dividing the weight of water by the base area.
2. Allare true
3. Gauge pressure + barometric pressure = absoluisyya2
4. See lectures
5. Barometric pressure - vacuum pressure = absoletspre
Problems

1. Convert a pressure of 800 mm Hg to the followingain
a.psia b.kPa c.atm d. ftH
2. Your textbook lists five types of pressures: atnm@spc pressure, barometric pressure, gauge pressure
absolute pressure, and vacuum pressure.
a. What kind of pressure is measured by the devidggare SAT5.2P2A?
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Vacuum

Helium

Figure SATS5.2P2A

b. What kind of pressure is measured by the devi¢egare SAT5.2P2B?
c. What would be the reading in Figure SAT5.2P2C assgirthat the pressure and temperature inside
and outside the helium tank are the same as is fegraind (b)?
An evaporator shows a reading of 40 kPa vacuum.t\lghihe absolute pressure in the evaporator irPkPa
A U-tube manometer filled with mercury is connectaetween two points in a pipeline. If the manometer
reading is 26 mm of Hg, calculate the pressuresdifice in kPa between the points when (a) watéovisng
through the pipeline, and (b) also when air at aheric pressure and 20°C with a density of 1.2nkés

flowing in the pipeline.

5. A Bourdon gauge and a mercury manometer are cagshéota tank of gas, as shown in Figure SAT5.3P2. |
the reading on the pressure gauge is 85 kPa, wimaihi centimeters of Hg?
Figure SATS5.3P2
Answers:
1. )
2. (A)Gaugepr # 3 # #()# #/ # # " (4
3. Inthe absence of a barometric pressure valuenmes401.3 kPa. The absolute pressure is 61.3 kPa.
4. 24(C ( , - ,1 -
5. 63.8 cm Hg.
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Chapter Two
Material Balances

2.1 Introduction to Material Balances

A material balanceis nothing more than the application of the lawthe conservation of mass“Matter is neither

created nor destroyed

Open and Closed Systems
a. System
By systemwe mean any arbitrary portion of or a whpl®cessthat you want to consider for analysis. You

can define aystemsuch as aeactor, asection of a pipe Or, you can define thigmits of thesystemby drawing the

system boundary namely a line that encloses the portion of theeess that you want to analyze.

b. Closed System
Figure 1 shows a two-dimensional view of a thraeatisional vessel holding000 kg of HO. Note that material
neither enters nor leaves the vessehat is,no material crosses the system boundaryfChanges can take plaicside

the system but for aclosed systemno mass exchange occurs with the surroundings

System
boundary

1000 kg
H,0

Figure 1 Closed system.

c. Open System
Figure 2 is an example of apen system(also called dlow systen) because material crosses the system boundary.

System
boundary
N ANANANANANANN
— 1000 kg >
100 kg H,O H,O0 100 kg H,O
min min

Figure 2 Open steady — state system.
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Steady-State and Unsteady-State Systems
a. Steady — State System
Because the rate of addition of water is equahéorate of removal, the amount of water in the eesisown in
Figure 2 remains constant at its original valu®00 kg. We call such g@rocessor systema steady — state
processor asteady — state systerhecause
1. Theconditions inside the process (specifically the amount ofewat the vessel in Figure 2@main
unchanged with timg and
2. Theconditions of the flowing streamsemain constant with time.
Thus, in asteady-state processby definition all of the conditions in the prosés.g.,temperature, pressure,
mass of material, flow rate, etc.yemain constant with time. gontinuous processs one in which material
enters and/or leaves the system without interraptio
b. Unsteady — State System
Because the amount of water in the systhianges with time(Eigure 3), theprocessandsystemare deemed
to be arunsteady — statgtransient) process
For anunsteady-state processot all of theconditions in the process(e.g., temperature, pressure, mass of

material, etc.) remain constant with time, and/or ti@ws in and out of theystemcanvary with time.

. System
boundary
JW /
e 1000 kg >
100 kg Ho0O H,0 90 kg HO
min min

Figure 3 Initial conditions for an open unsteady — statgtesy with
accumulation.

Figure 4 shows the system after 50 minutes of aotation (Fifty minutes of accumulation at 10 kg/min

amounts to 500 kg of total accumulation).

System
boundary
ANNNANNNANN
min min
L 1500 kg o
> H,0 >

Figure 4 The condition of the open unsteady — state syst#magcumulation after 50 minutes.
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Figures 5and6 demonstrat@egative accumulation

Note that the amount of water in the system deemewsth time at the rate 40 kg/min. Figure 6.6 shows the

system afteb0 minutesof operation.

System
boundary
VaVaVaVaVaVaVaVaV
> 1000 kg >
90 kg H>O H,O 100 kg H,O
min min

Figure 5 Initial conditions for an unsteady — state proagsh negative accumulation.

System
boundary
i
90 kg H,0 © 500kg 100 kg H,O
min H,0 min

Figure 6 Condition of the open unsteady — state system métiative accumulation after 50 minutes.

The material balance for a single component process

{Accumulation of material} _ {Total flow into} _ {Total flow out} 61

within the system the system of the system

Equation 6.1 can apply tanoles or anyguantity that isconserved As an example, look &igure 6.7 in which we

have converted all of the mass quantitieBigure 2 to their equivalent values in moles.
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System
/ boundary
VAVAVAVAVAVAVAVAY,
—_ >
555 kg mol Hy0 55'5Hk90m°' 5.55 kg mol HaO
min min

Figure 7 The system in Figure 2 with the flow rates showkgmmol.
If the process is in theteady state the accumulation term by definition iszero, andEquation 6.1 simplifies to a

famous truism
What goes in must come out (In = Out) ...6.2

If you are analyzing an unsteady-state processa¢bemulation term over a time interval can bewdated as

Final material} _ {Initial material} 6.3)

A lati =
{Accumulation } { in the system

in the system

The times you select for the final and initial conditionsnche anything, but you usually selectiaterval such asl

minute or 1 hour rather than specific times.

When you combindequations 6.1 and 6.3you get thegeneral material balancefor a component in the

system in th@bsence of reaction

Final material Initial material Flow into Flow out of

in the system p — ¢ inthesystem p =4q thesystem ; — ¢ thesystem 6.4
at t, at t, fromt, tot, fromt, tot,

Example 1
Will you save money if instead of buying premium 8&ane gasoline at $1.269 per gallon that hasotit@ne you

want, you blend sufficient 93 octane supreme gasdit $1.349 per gallon with 87 octane regular fasat $1.149 per
gallon?
Solution
Choose dasisof 1 gallon of 89 octane gasolinghe desired product. The system is the gasddinle. t
For simplicity, assume thaib gasoline existsn the tank at the start of the blending, am& gallon existdn
the tank at the end of the blending.
This arrangement corresponds touaisteady-state procesClearly it is aropen system

Theinitial number of gallons in the system igero and thefinal number of gallonsis one
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Let x = the number of gallons &7 octane gasoline added, apd- the number of gallons &3 octane added to the

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

\ y=1-x
According to Equation (6.4) the balance on the metaumber is
Accumulation Inputs
’8? Joctane[1gal |87 octane | x gal |93 octane| (1 — x) gal
1 gal 1 gal 1 gal

The solution is x = 2/3 gal and thus y = 1 — x 3 dal.

The cost of the blended gasoline is (2/3) ($).l491/3) ($1.349) = $ 1.216
A value less than the cost of the 89 octane gas¢#h269).
Multiple Component Systems
Suppose the input to a vessel contaimge than one componentsuch as 100 kg/min of a 50% water and
50% sugar (sucrose E1,,01;, MW = 342.3) mixture (see Figure 8). The masstizda with respect to trsugar and

water, balances that we calbmponent balances

System
boundary
100 kg solution kA~
—_— - >
comp. Mass fr. _H?(_) comp. Mass fr.
—_ (initial -
condition)

H.0 0.50
Sucrose  0.50

H20 ®H20
Sucrose  wgcrose

Figure 8 An open system involving two components.

For Example, look at the mixer shown in Figure 9, an appar#tas mixes two streams to increase the conceoirati
NaOH in a dilute solutioriThe mixer is a steady — state open systenmitially the mixer is empty, and after 1 hour it
is empty again.

Basis = 1 hourfor convenience. As an alternate to Hasiswe selected you could seldgt= 9000 ka/hr as the basis,

or F, = 1000 kag/hr as the basisthe numbers for this example would not change — just timits would change. Here

are the components and total balancdgyin

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 kgewsdly dividing each compound by its respective mdég weight
(NaOH = 40 and kD = 18).
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450 500 950
NaOH: — =11.25 —— = 12.50 — =235
! 40 40 40
8550 500 9050
H,0: —— = 475 — = 27.78 — = 502.7
0 18 18 g 0%
Then the component and total balancelggiimol are:
Flow in
Balances F, F, Flow out Accum
NaOH 11.25 12.50 23.75 =
H,0 475 27.78 502.78 =
Total 486.25 40.28 536.53 =0

Feed 1 = 9000 kg/hr Feed 2 = 1000 kg/hr

Component  Mass fr. kg Component  Massfr. K
NaOH 0.050 450 NaOH 050 50
H,O 0.950 8550 H,O 050 50

1.00 1000

Total 1.000 9000 kr_// Total

Product = 10,000 kg

Component  Massfr. kg
NaOH 0.095 950
H,0O 0.905 9050

Total 1.000 10000

Figure 9 Mixing of a dilute stream of NaOH with a concengdistream of NaOH. Values below the stream arrowss a

based on 1 hour of operation.

Example 2
Centrifuges are used to separate particles inahger of 0.1 to 100m in diameter from a liquid using centrifugal force

Yeast cells are recovered from a broth (a liquictane containing cells) using a tubular centrifuge cylindrical
system rotating about a cylindrical axis). Detemnihe amount of the cell-free discharge per ho@®d0 L/hr is fed to
the centrifuge, the feed contains 500 mg cellsfid the product stream contains 50 wt.% cells. Asstimt the feed
has a density of 1 g/cin

Solution

This problem involves ateady stateopen (flow) systemwithout reaction.

Basis = 1 hour
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Feed (broth)
1000 L/h

500 mg cells/L

Concentrated cells P(g)
50% by weight cells

centrifuge

Cell-free
discharge

D(g)
Figure E6.2

M.B. on cells
In (mass) = Out (mass)

1000 L feed { 500 mg cells lg  05gcells|Pg

1Lfeed [1000mg  lgP

P =1000g¢g
M.B. on fluid
In (mass) = Out (mass)

1000 L {1000 cm®| g fluid 1000 g P|0.50 g fluid Do fluid

1L | tlemd 1gP g

D = (1 - 500) g
Accounting for Chemical Reactions in Material Balartes

Chemical reactionin a system requires the augmentatiofcqéiation 6.4 to take into account theffects of
the reaction. To illustrate this point, look a&igure 10, which shows a steady — state system in whi€i1 reacts with
NaOH by the following reaction:

NaOH + HCl—— NaC1l + HO

System
boundary

100 L/min 100 L/min

————— tyt—

1000 kg

1.0 molar HCI H,0 1.0 molar NaOH
2

200 L/min
B ———

1.0 molar NaCl

Figure 10 Reactor for neutralizing HC1 with NaOH.

Equation 4 must be augmented to include terms fordbaeration andconsumption of components by thehemical

reaction in the system as follows

Input Output

Accumulation Generation Consumption
. through through o amp ...6.5
within the - + < within the ;) — within the
svstem the system the system " ,
system system
v boundaries boundaries y Y
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Material Balances for Batch and Semi-Batch Processe
A batch processis used to processfixed amount of material each time it is operatdditially , the material
to be processed is charged into the system. Aftecgssing of the material is complete, the prodaces
removed
Batch processesre usedndustrially for speciality processing applications (e.g., pwidg pharmaceutical
products), which typically operate at relativédyv production rates.
Look at Figurella that illustrates what occurshat $tart of a batch process, and after thorouglingixhe

final solution remains in the system (Figure 11b).

System
boundary

i
i

. System

1

boundary

10,000 Ib
190% H,0
10% NaOH

.
h

h

H

h

i

H

9000 Ib 1000 1o \
100% Hy0 - 100% NaOH !
'

'

i

|

'

\

1

1

1

1

1

'

Figdre 11bThe f{nal state of a
batch mixing process.
Figure 11aThe initial state of a batch mixing process.
We can summarize thkypothetical operation of the batch as a flow system (open system) as follows
(Figure 12):
Final conditions: All values =0 Rls out:
NaOH =1,000 Ib
_HO =9,000Ib
Total = 10,000 Ib
Initial conditions: All value =0 ®Ws in:
NaOH = 1,000 Ib

_HO =9,0001b
Total 10,000 Ib

System
boundary

9000 Ib
100% H,0 [ 17 -

1000 Ib
100% NaOH

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

Figure 12 The batch process in Figure 11 represented asemsystem.
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In a semi-batch processmaterialentersthe process during its operation, but donesleave Instead mass is

allowed to accumulate in the process vessel. Ptagudthdrawn only after the process is over.
A figure 13 illustrates a semi-batch mixing processiInitially the vessel is empty={gure 133d). Figurel3b

shows thesemi-batch systemafter 1 hour of operation.Semi-batch processesre open and unsteady —

state
Only flows enter the systems, angone leave hence the system is ansteady state— one that you can treat

as havingcontinuous flows as follows:

Final conditions: Flows out: All values =0
NaOH = 1,000 Ib
_bD =9,000 Ib
Total = 10,000 Ib Flows in:
NaOH = 1,000 Ib
_ 48 =9,0001b
Initial conditions: All values =0 Total = 10,000 Ib
/ System boandary
/boundary
9000 Ib/hr HeO 1000 Ib/hr NaOH ;3?°,‘:;§
—> -+ 10% NaOH
100% H,O 100% NaOH

Figure 13b Condition of a semi-batch mixing process
Figure 6.13Initial condition for the semi-batch mixing after 1 hour of operation.

process. Vessel is empty.

Example 3
A measurement for water flushing of a steel tangioally containing motor oil showed that 0.15 pantby weight of

the original contents remained on the interior tankace. What is the fractional loss of oil beffiteshing with water,
and the pounds of discharge of motor oil into theirenment during of a 10,000 gal tank truck thatried motor oil?
(The density of motor oil is about 0.80 gm

Solution

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

The initial mass of the motor oil in the tank was
(10000 gal)(3.785 lit/1 gal)(1000 éth lit)(0.8 g/cmi)(1 I1b/454 g) = 66700 Ib
The mass fractional loss®0015 The oil material balance is

Initial unloaded residual dischargedcleaning
66,700 = 66,700 (0.9985) + 66,700 (0.0015)
Thus, the discharge on flushing66,700 (0.00 15) = 100 Ib
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Questions

1.

© N o 0ok~ wDd

10.
11.
12.

Is it true that if no material crosses the bounddrg system, the system is a closed system?
Is mass conserved within an open process?
Can an accumulation be negative? What does a megatcumulation mean?
Under what circumstances can the accumulation itetire material balance be zero for a process?
Distinguish between a steady-state and an unstgaty-process.
What is a transient process? Is it different thamasteady-state process?
Does Equation 6.4 apply to a system involving nthesn one component?
When a chemical plant or refinery uses various $esttl produces various products, does Equatioapfl/
to each component in the plant?
What terms of the general material balance, Equd8cb), 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.
What is the difference between a batch processaholsed process?
What is the difference between a semi-batch proaedsa closed process?

What is the difference between a semi-batch progedsan open process?

Answers:

1.

a M 0D

6
7.
8.
9

10.
11.
12.

Yes

Not necessarily — accumulation can occur

Yes; depletion

No reaction (a) closed system, or (b) flow of a poment in and out are equal.
In an unsteady-state system, the state of thersysanges with time, whereas with a steady-statgesy it
does not.

A transient process is an unsteady-state process.

Yes

Yes

(a) Accumulation; (b) flow in and out; (c) geneaatiand consumption

None

A flow in occurs

None, except in a flow process, usually flows odmoth in and out

Problems

1.

Charge:

Here is a report from a catalytic polymerizatiortun

Ruds per hour

Propanes and butanes 5,500

Production:

Propane and lighter 5,680

Butane

2,080

Polymer missing

What is

the production in pounds per hour of thiymper?
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2. A plant discharges 4,000 gal/min of treated wastemwthat contains 0.25 mg/L of PCB, (polychlorouiate
biphenyls) into a river that contains no measurdBBs upstream of the discharge. If the river fiate is
1,500 cubic feet per second, after the discharga@énhas thoroughly mixed with the river water, Wisathe
concentration of PCBs in the river in mg/L?
Answers:
1. 7,740 Ib/hr
2. 1.49*10°mglL.
2.2 General Strategy for Solving Material Balance Rblems
Problem Solving
An orderly method of analyzing problems and préegrtheir solutions represents training in logittdihking
that is of considerably greater value than merenketdge of how to solve a particular type of problem
The Strategy for Solving Problems
1. Read and understand the problem statement.
Draw a sketch of the process and specify the systmdary.
Place labels for unknown variables and values fawkn variables on the sketch.
Obtain any missing needed data.
Choose a basis.
Determine the number of unknowns.
Determine the number of independent equationscang out a degree of freedom analysis.

Write down the equations to be solved.

© © N o gk w DN

Solve the equations and calculate the quantitiksdafor.
10. Check your answer.
Example 4
A thickener in a waste disposal unit of a plant oges water from wet sewage sludge as shown in &ig0r How
many kilograms of water leave the thickener per k§®f wet sludge that enter the thickener? Thegss is in the

steady state.

100 k 70 k
J Thickener J >
Wet Sludge l Dehydrated Sludge
Water = ?
Figure 10

Solution

Basis: 100 kg wet sludge
The system is the thickener (an open system). Noraglation, generation, or consumption occurs. ftal mass
balance is
In = Out
100 kg = 70 kg + kg of water

Consequently, the water amounts to 30 kg.
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Example 5
A continuous mixer mixes NaOH with,8 to produce an aqueous solution of NaOH. Deterrfieecomposition and

flow rate of the product if the flow rate of NaOBl 1000 kg/hr, and the ratio of the flow rate of Hy® to the product
solution is 0.9. For this process,
1. Sketch of the process is required.
Place the known information on the diagram of therpss.
What basis would you choose for the problem?
How many unknowns exist?
Determine the number of independent equations.

Write the equations to be solved.

N o o s~ DN

Solve the equations.
8. Check your answer.
Solution
1. The process is an open one, and we assumeatgteady state.

System

/boundary

Eee— Mixer

e
H,O NaOH

l Product

Figure E7.2

2. Because no contrary information is provided alibe composition of the J@ and NaOH streams, we will assume

that they are 100% 4@ and NaOH, respectively.

System boundary

Wkg System P F =1000 kg
H,0 100% Mixer NaOH 100%
P kg

Component kg o (add if usefur)
NaOH PNaoH o _ Pnaon
NaOH = ——=—

P

H.0 Puo of,0 _ Puo

Total P 1.00 P

3. Basis (1000 kg or 1 hour or 1000 kg/hr) (all ageivalent)
4. We do not know the values of four variables:RVR zon and Ro.
5. You can write three material balances:

one for the NaOH

one for the HO

one total balance (the sum of the two componerarizais)

Only two are independent.
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Note: You can write as many independent material balanceas there are species involved in the system.
6. Material balance: in =out or in teW

NaOH balance: 1000 = Pyuon or 1000 — Py,og =0 e))
H,0 balance; W = Pio or W —PFy,eo=0 (2)
Given ratio: W =09pP or W —09P =0 3)

Sum of components in P: By,on + Pyo = PorPyou + Puo — P =0 (4)

Could you substitute the total mass balance 1080 = P for one of the two component mass balancdsb@se In

fact, you could calculate P by solving just two &fipns:

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

7. Solve equations:
W = 0.9 P substitute in total balance 1000 + 0:9HP
\ P=10000 kg & W = 0.9 * 10000 = 9000 kg (The basis is still 1 hr (Gox = 1000 kg))

From these two values you can calculate the ammiuftO and NaOH in the product

NaOH balance: By.og = 1000kg
From the you get
H,O0 balance: Py = 9000 kg
Then

~ 1000kg NaOH

“NOH T 70000 kg Total

. 9000kgH,0 _ Note
“HO 7 90,000 kg Total Whaon + who = 1

8. The total balance would have been a redunddand® and could be used to check the answers
Pnaon + Pro =P

1,000 + 9,000 = 10,000

Note: After solving a problem, use a redundant equatiorio check your values.

Degree of Freedom Analysis

The phrase degrees of freedom have evolved frondéisggn of plants in which fewer independent equmtithan
unknowns exist. The difference is called the degret freedom available to the designer to spedibyvfrates,
equipment sizes, and so on. You calculate the nuwiftdegrees of freedom ()Nas follows:
Degrees of freedom = number of unknowns — number afidependent equations
Np =Ny — Ne
When you calculate the number of degrees of freeglomascertain the solve ability of a problenfree

outcomes exist:

Case N Possibility of Solution

Ny = Ne 0 Exactly specified (determined); a solution exist
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Ny > Ne >0 Under specified (determined); more independenttions required

Ny < Ne <0 Over specified (determined)

For the problem ifcxample 6

N =4

N=4
So that

N=Ny-Ne=4-4=0
And aunique solution exists for the problem.
Example 7
A cylinder containing Cll C,Hs, and N has to be prepared containing a,Gél GHg mole ratio of 1.5 to 1. Available
to prepare the mixture is (I) a cylinder containagnixture of 80% B and 20% CH (2) a cylinder containing a
mixture of 90% N and 10% GHe, and (3) a cylinder containing pure.NVhat is the number of degrees of freedom,
i.e., the number of independent specifications thast be made, so that you can determine the régpeontributions
from each cylinder to get the desired compositiothe cylinder with the three components?
Solution

A sketch of the process greatly helps in the amalykthe degrees of freedom. Look at Figure 11.

Fs
N, 0.90
1.00
l Figure 11
F Fy Fs3
CH4 0.20 > CH4 XCH4 - N2 1.00
N, 080 CoHe Xcps |
1.00 N2 XN2

Do you countseven unknowns— three values ofx; andfour values ofF? How many independent equations can be
written?

Three material balances: GHC,Hg, and N

One specified ratio: moles of Gltb GHg equal 1.5 or (¥u4/X c2ne) = 1.5

One summation of mole fractions: XiF4 =1
Thus, there arseven minus five equals two degrees of freeddidp = Ny — Ne = 7 — 5 = 2). If you pick a basis, such
as i = 1, one other value has to be specified to sthiegoroblem to calculate composition af F

Example 8
In the growth of biomass GHOg 5 Ng.1650.0040.0055 With the system comprised of the biomass andsthmstrate, the

substrate contains the carbon source for growtk,Q, plus NH, O,, H,0, CQ, H;PO,, and HSO,. The relations

between the elements and the compounds in thensyse
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CH, 40y 5N .1650.0045F0.00ss CaHpO, NH; O, CO, H,0 H,S0, H;PO,

C 1 o 0 0 1 0 0 0
H 1.8 B 3 0 0 2 2 3
0 0.5 Y 0 2 2 1 4 4
N 0.16 0 1 0 0 0 0 0
S 0.0045 0 0 0 0 0 1 0
P 0.0055 0 0 0 0 0 0 1

How many degrees of freedom exist for this systassiming that the values@fb, andgare specified)?

Solution

Based on the given datix elementbalances exist for th& speciespresent, hence the system Ita® degrees of

freedom.

Questions

What does the concept “solution of a material badgoroblem” mean?

2. (a) How many values of unknown variables can youpate from one independent material balance?
(b) From three independent material balangatons?
(c) From four material balances, three ofchhére independent?
3. If you want to solve a set of independent equatibas contain fewer unknown variables than equatighe
over specified problem), how should you proceedh Wit solution?
4. What is the major category of implicit constraifgguations) you encounter in material balance ok
If you want to solve a set of independent equatibias contain more unknown variable than equatitins
underspecified problem), what must you do to prdcggh the solution?
Answers:
1. A solution means a (possibly unique) set of valieeghe unknowns in a problem that satisfies theagigns
formulated in the problem.
2. (a) one; (b) three; (c) three.
3. Delete nonpertinent equations, or find additioraiables not included in the analysis.
4. The sum of the mass or mole fraction in a streamsde a system is unity.
5. Obtain more equations or specifications, or delatéables of negligible importance.
Problems
1. A water solution containing 10% acetic acid is atlttea water solution containing 30% acetic aadvihg at
the rate of 20 kg/min. The product P of the comtidmeleaves the rate of 100 kg/min. What is the position
of P? For this process,
a. Determine how many independent balances can beexurit
b. List the names of the balances.
c. Determine how many unknown variables can be sdiwed
d. List their names and symbols.
e. Determine the composition of P.
2. Can you solve these three material balances fbr, Bnd P? Explain why not.
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0.1F + 0.3D = 0.2P
0.8P

Il

0.9F + 0.7D
F + D= P

3. How many values of the concentrations and flow sate the process shown in Figure SAT7.2P3 are

unknown? List them. The streams contain two comptné. and 2.

e -~
Wp = 0.2 Wp1= 0.95
Wro= 0.8

P
wpo= 0.1
Figure SAT7.2P3

4. How many material balances are needed to solvelgol3? Is the number the same as the number of

unknown variables? Explain.

Answers:
1. (a) Two; (b) two of these#h! ( (/0 #/ 0 & & 5 ( *6
&t (7& ( ((- 15 ( ( '50 #
Not for a unique solution because only two of thaations are independent.
F, D, P,7p2 7p1

Three unknowns exist. Because only two independetierial balances can be written for the probleng o
value of F, D, or P must be specified to obtairolat®on. Note that specifying values @f, or 7p; will not
help.
2.3 Solving Material Balance Problems for Single Unitsvithout Reaction
The use of material balances in a process allowgajpto calculate the values of the total flows andvBoof
species in the streams that enter and leave tin¢ @dpipment, an¢b) to calculate the change of conditions inside the
equipment.
Example 9
Determine the mass fraction of Streptomycin inelk# organic solvent assuming that no water exith the
solvent and no solvent exits with the aqueous &oiuAssume that the density of the aqueous saiugidl g/cm and
the density of the organic solvent is 0.6 gicRigure E8. 1 shows the overall process.
Solution
This is anopen (flow), steady-stateprocess without reaction. Assume because of thectmcentration of Strep. in the

aqueous and organic fluids that flaw rates of theentering fluids equal the flow rates of thexit fluids.
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Organic solvent S

10L/min p= 0.6 g/cm3

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 agaesmlution)
Flow of exiting aqueous solution (same as existiog)
Flow of exiting organic solution (same as existilogv)

The material balances are= out in grams. Letx be theg of Strep pet of solventS

Strep. balance:

10 g Strep 10L of S
ILof A

OgStrep 200L of A|0.2g Strep | 10L of S|x g Strep
1LofS 1LofA 1LofS

200L of A

x = 196 g Strep/L of solvent
To get the g Strep/g solvent, use the density ®fthivent:

196 g Strep 1LofS lem®of S
= (.3267 g Strep/g of S
ILofS |1000cm’of S| 0.6 gof S g SHepig 0
0.3267
Th fraction Strep = ——————— = 0.246
€ mass rraction >Irep 1+ 03267
Example 10

Membranes represent a relatively new technologyhferseparation of gases. One use that has attrattémtion is the
separation of nitrogen and oxygen from air. FigbBe2a illustrates a nanoporous membrane that i®rbgdoating a
very thin layer of polymer on a porous graphitemnting layer. What is the composition of the wastteam if the

waste stream amounts to 80% of the input stream?

High-pressure| Membrane | Low-pressure

side side
21% O, - - 0,25%
1 (Input) ———»FI N o Product (Output)
79% N, " ow 1 N,75%

O, Ny
waste stream

Figure E8.2a
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Solution
This is anopen, steady-state proceswithout chemical reaction.

F (g mol) P (g mol)
EE—— Membrane
mol fr g mol mol fr g mol
0, 021 nf§, 0, 025 nf,
N, 0.79 n,'f,2 N, 075 nf,
1.00 W (g mol) 1.00
mol fr g mol

02 y02 n%vz
N2 yN2 n ¥\IV2

1.00 w
Basis: 100 g mol = F
Basis: F =100

Specifications: n, = 0.21(100) = 21
nk, = 0.79(100) = 79

y6, = nbJP = 0.25 ng, = 0.25P

&, = nk/P =075  nk =075P
W = 0.80(100) = 80

Il

Material balances: £and N

Implicit equations: Zn}’ = W or Sy = 1

in Out In QOut
0y 021 (100) = 0.25P + y&, (80) or 0.21 (100) = 0.25P + n@,
N,: 0.79 (100y = 0.75P + yf\V; (80) or 0.79(100) = 0.75P + nfy,
1.00 =38, + W, or 80 = nd, + nf,

The solution of these equations is
wo_ \ A W Wo_ _ N
no, = 16 and nY, = 64, or y5, = 0.20 and N, = 0.80, 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 balamcgld be

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

ng, = 16 gmol, and nf§, = 80 — 16 = 64 g mol.

Note (Example 10)

F F _ . . .
no, + nN, = F is a reduntdaguation because it repeats some of the spaoifits.
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Also, "62 + ”II\JIZ = p isredundant. id& the equation by P to @65 + y§2 = ], arelation that is equivalent to the
sum of two of the specifications.

Example 11

A novice manufacturer of ethyl alcohol (denotedea®H) for gasohol is having a bit of difficulty wita distillation
column. The process is shown in Figure E8.3. Iteapp that too much alcohol is lost in the bottowasfe). Calculate
the composition of the bottoms and the mass oatbehol lost in the bottoms based on the data shovirigure E8.3
that was collected during 1 hour of operation.

Solution

The process is ampen systemand we assume it is in teeeady state No reaction occurs.

o

System e AN
Boundury\/ Vapor Heat \
I/ Exchanger |
| /
I //
! Reflux
'l - /7/ Distillate (Product) P = kg
/ 60% EtOH
1000 kg Feed | Distillation 7 o
F 10% EfOH =t—>{  Column - 40% H,0
90% H0 | e P=1/10 feed
\ e
\
\ //
\ +> Bottoms (Waste) 8 = kg
\
\ S/ EYOH ?
N s
S - H,0 2
Figure E8.3

Basis: 1 hourso thatF = 1000 kgof feed
We are given that P is (1/10) of F, so that P #1@Q0) = 100 kg

Basis: F= 1000 kg

Specifications:

mfon = 1000(0.10) = 100
mi,o = 1000(0.90) = 900

0.60P

it

P
MEWOH

mf,o = 0.40P

P =(0.1) (F) =100 kg
Material balances: EtOH and,@

Implicit equations: : =mf = Bor Swf =1
The total mass balance: F=P+B

B = 1000 — 100 = 900 kg

The solution for the composition of thettoms can then be computed directly from the materitditzes:
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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 achecklet's use the redundant equation
B B _ B B _
mgon + ma,0 = B or wgon t+ wp,o = 1

40 + 860 =900=B

Example 12

You are asked to prepare a batch of 18.63% badieid/as follows. A tank of old weak battery acid,$y,) solution
contains 12.43% }$0O, (the remainder is pure water). If 200 kg of 77.H&0, is added to the tank, and the final
solution is to be 18.63%430,, how many kilograms of battery acid have been A&ke Figure E8.4.

Added Solution 200 kg = 4

H,S05 77.7%
HO  22.3%

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

Figure E8.4

Solution
1. An unsteady-state process (the tank initially cimstaulfuric acid solution).
Accumulation = In — Out
2. Steady-state process (the tank as initially bemngtg)
In =O0ut (Because naccumulation occurs in the tank)
1) Solve the problem with the mixing treated asiasteady-state process

Basis = 200 kg of A
Material balances: $¥$0, and HO

The balances will be ikilograms.

Type of Balance Accumulation in Tank In Out
Final Initial
H,S0, P(0.1863) — F(0.1243) = 2000.777) - 0
H,0 P(0.8137) — F(0.8757) = - 20000.223) - 0
Total P - F = 200 - 0

Note that anypair of the three equationsiisdependent P = 2110 kg acid & F =1910 kg acid.
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2) The problem could also be solved by consideringribéng to be assteady- state process

Ain Fin P out
H,S0, 200(0.777) + F(0.1243) = P(0.1863)
H,0 200(0.223) + F(0.8757) = P(0.8137)
Total A + F = P

Note: You can see by inspection that these equatiansi@ardifferent than the first set of mass balarmept for the
arrangement and labels.

Example 13

In a given batch of fish cake that contains 80%ewéhe remainder is dry cake), 100 kg of wateeisoved, and it is
found that the fish cake is then 40% water. Cateuthe weight of the fish cake originally put irttee dryer. Figure

E8.5 is a diagram of the process.

W =100 kg Hz0

/ System Boundary
LT T T

/ 0 kg Hz0

Wet f__T'_,

Fish Cake = 7 kg \ 3/ Burner

0.80 K0 ] B

$o ~ Dry

0.20 BOC™ = 7 ~ T Fish Cake = 7 kg
1 . T -7 0.40 Hy0
I Tie Component .
b L —= 0.60 BDC

*Bone Dry Cake

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=PpB+ 100
mass balances

BDC balance: 0.20A = 0.60B

A = 150 kg initial cake and B = (150)(0.20/0.60%6kg
Check via the water balance: 0.80 A =0.40 B + 100

0.80(1508 0.40(50) + 100

120=120

Note
In Example 8.5 the BDC in the wet and dry fish cakknown as gie componentbecause the BDC goes from a single
stream in the process to another single stne@hout loss, addition, or splitting.
Example 14
A tank holds 10,000 kg of a saturated solution ef00; at 30°C. You want to crystallize from this soluti8000 kg of
Na,COs.10 HO without any accompanying water. To what tempeeataust the solution be cooled? You definitely

need solubility data for NEOs as a function of the temperature:
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Solubility
Temp.(°C) (g Na,C0O4/100 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 ateady-state problemwith flows in and out of the

system (the tank), it is equally justified to tréa process as annsteady-state process

System Boundary \

System Boundary

— -

7 10000 kg /7 N

/ \ [ Noyco \
_____ —— a \

{ Saturated Naz(0s \ i 2¥"3 | | saturated |
| Solution ,' | S?lu’ngn |
\\ 30°C H,0 | ————-— - \\\ H,0

\

\\ A\ \\ -

~ e —

Initial State Final State

Na,COsg - 10 H,0
3000kg

Crystals Removed

Because the initial solution is saturated at 3¢/, can calculate the composition of the initidugion:

38.8 g N32C03
38.8 g Na,CO; + 100 g H,O

= 0.280 mass fraction Na,COj3

Next, you should calculate the composition of thestals.

Basis: 1 g mol NaC0O5.10 H,O

Comp. Mol Mol wt. Mass Mass fr
Na,CO4 1 106 106 0.371
H,0 10 18 180 0.629
Total 286 1.00

Basis: 10,000 kg of saturated solution at 30°C

s ~ - ~
1 N 7 N
/7 N Ve N
/! \ /T N
/ 10,000 kg \ / F=7kg A
; _———— \
| Na,CO,  0.280 ) | Na;CO3  Mpayco, |
1 I ———— 4
L | Ho 0.720 / T [ HO mypo /
\.\ . //
N 7/
N .
AN S -
Initial Final

state
¢

3000 kg
Na,CO3
H,0

0.371
0.629

Crystals
removed
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An unsteady-stateproblem, the mass balance reduces to (the flowQh
Accumulation = In — Out

Basis: | = 10,000 kg

Material balances: N&0O;, H,O

'l = m!, 0 F = mf, and 0,5C = mf
Note that are redundant equations. C = Crystals

Also redundant are equations such as ¢, = | and Sm; =

= Mypal-
M.B.:

Accumulation in Tank

Final Initial Transport out
Na,CO;  mfaco, -  1000000.280) =  —30000.371)
H,0 mhio —1000000.720) = —3000(0.629)
Total F ~ 10,000 = -3000

The solution for the composition and amount offthal solution is

Component » kg
MK, co, 1687
mit, o 5313
F (total) 7000
Check using the total balance: 7,000008 = 10,000

1,687 kg NayCO;  31.8 g Na,CO;
5,313 kg H,0 100 g H,0

To find the temperature of the final solution,

Thus, the temperature to which the solution mustdmed lies betwee20°C and30°C. By linear interpolation

38.8-31.8
30°C — =———(10.0°C) = 26°
388215 100°C) = 26°C

Example 14
This example focuses on the plasma componentseo$tteams: water, uric acid (UR), creatinine (QRga

(U), P, K, and Na. You can ignore the initial fi§j of the dialyzer because the treatment lastarionterval of two or
three hours. Given the measurements obtained frertreatment shown in Figure E8.7b, calculate theng per liter
of each component of the plasma in the outlet mwlut

Solution

This is an open steady-state syst&asis: 1 minute

Sin = 1700 mL/min

Bin = 1100 mL/min ~ Bout = 1200 mL/min
Bljr=1.16 g/L Bo# = 60 mg/L
BEr=2.72 g/L Sou‘l= > B2 = 120 mg/L
B} =18 g/L BoY = 1.51 g/L
Bg‘ =0.77 g/l St = 72 ‘B2 = 40 mg/L
BR =577 g/L sapt =2 B2t = 2.10 mg/L
Bl.=13.0 g/l sgut = 2 BRY =5.21 g/L
Bilater = 1100mML/min sgut= 7 BSY,, =.1200mL/min
sgut="?
SRY =7
SQfter =7

Figure E8.7b
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Theentering solutionis assumed to be essentiakgter.

The water balance in grams, assuming that | migisvalent to 1 gram, is:
1100 + 1700 = 1200 + S%%.. hence: sout . = 1600 mL
The component balances in grams are:

g/L
UR: 1.I(L16) + 0 = 1.2(0.060) + 1.6 SYX S = 0.75

CR: 1.1(2.72) + 0 = 1.2(0.120) + 1.6 S& S = 1.78

U: LI(18) + 0 = 1.2(1.51) + 1.6 SQ" SPt =112
P 1.1(0.77) + 0 = 1.2(0.040) + 1.6 S3" SQ" = 0.50
K: 1.1(577) + 0 = 1.2(0.120) + 16 S St =38
Na: 1.1(13.0) + 0 = 1.2(3.21) + 1.6 S S = 6.53

Questions

1. Answer the following questions true or false:

a. The most difficult part of solving material balangemblems is the collection and formulation of the
data specifying the compositions of the streants amd out of the system, and of the material inside
the system.

b. All open processes involving two components witle¢hstreams involve zero degrees of freedom.

c. An unsteady-state process problem can be analymbdaved as a steady-state process problem.

d. If aflow rate is given in kg/min, you should com/ié to kg mol/min.

2. Under what circumstances do equations or speditsitbecome redundant?

Answers;
1. @T;,(0F@T;F
2. When they are not independent.

Problems

1. A cellulose solution contains 5.2% cellulose by giiin water. How many kilograms of 1.2% solutiar a
required to dilute 100 kg of the 5.2% solution t8%?

2. A cereal product containing 55% water is made atr#tie of 500 kg/hr. You need to dry the producthsa it
contains only 30% water. How much water has tovaperated per hour?

3. If 100 g of NaSQ, is dissolved in 200 g of # and the solution is cooled until 100 g of,8@&,.10H,0
crystallizes out; find (a) the composition of th@maining solution (the mother liquor) and (b) thramgs of
crystals recovered per 100 g of initial solution.

4. Salt in crude oil must be removed before the odargoes processing in a refinery. The crude digédsto a
washing unit where freshwater fed to the unit miwéh the oil and dissolves a portion of the salt@ined in
the oil. The oil (containing some salt but no wateeing less dense than the water, can be remmivée top
of the washer. If the “spent” wash water contaiB8blsalt and the crude oil contains 5% salt, detezntihe

concentration of salt in the “washed” oil produdhie ratio of crud oil (with salt) to water usexd4:1.
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Answers:
1. 33.3kg
2. 178 kg/hr
3. (a) 28% NaSO, "o
4. Salt: 0.0061 (! ,,

2.4 The Chemical Reaction Equation and Stoichiomejr
Stoichiometry
The stoichiometric coefficients in the chemicalaté@n equation
C7H4(€) + 11 05(g) — 7 COy(g) + 8 HO(g) forkhe 11 for Q and so on).
Another way to use the chemical reaction equasao indicate that mole of CG is formed from eacil/7)
mole of GHjs and1 mole of HO is formed with eacki7/8) mole of CQ. The latter ratios indicate the use of

stoichiometric ratios in determining the relative proportions of produand reactants.

For_example how many kg of C@ will be produced as the product if 10 kg ofHgs react completely with the
stoichiometric quantity of O,? On the basis of 10 kg oflds

10kg C7H g1 1 kg mol C7H ¢

100.1 kg C7H16

7 kg mol CO,
1 kg mol C7H16

44.0 kg CO,
1 kg mol CO,

= 30.8 kg CO,

Example 15
The primary energy source for cells is the aeraaitabolism (oxidation) of glucose d€:,0¢, a sugar). The overall
oxidation of glucose produces g@nd HO by the following reaction

C¢H 1,06 + a0, — b CO,; + ¢ H,O

Determine the values of a, b, and c that balarisecttemical reaction equation.
Solution
Basis: The given reaction
By inspection, the carbon balance gives b = 6htltrogen balance gives ¢ = 6, and an oxygen balance
6+2a=6*2+6
Gives a = 6. Therefore, the balanced equation is CeH,0¢ + 60, — 6CO, + 6H,0
Example 16
In the combustion of heptane, €@ produced. Assume that you want to produce 300fldry ice per hour, and that
50% of the CQ@ can be converted into dry ice, as shown in Fige®e2. How many kilograms of heptane must be
burned per hour? (MW: CG= 44 and GH6 = 100.1)

Other Products
€0, Gas
(50%)
€O, Solid
CsHyg Gas (508
——emeepe|  Re0CiOr  f—
0, Gos 500kg/h Figure E9.2
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Solution
The chemical equation is C;H¢ + 110, = 7CO, + 8H,0

Basis: 500 kg of dry ice (equivalent to 1 hr)

The calculation of the amount ofl€;¢ can be made in one sequence:

S00kgdryice| 1kgCO, |1kgmol CO,iLke mol CiHyg | 100.1 kg Crblie _ o cn
0.5 kg dry ice| 44.0 kg CO, | 7kgmol CO, |1 kg mol C;Hyg & M7t
Example 17

A limestone analyses (weight %): Caf¥2.89%, MgC@5.41% and Inert1.70%
By heating the limestone you recover oxides knowltirae.
(&) How many pounds of calcium oxide can be made fraonlof this limestone?
(b) How many pounds of C{ran be recovered per pound of limestone?
(c) How many pounds of limestone are needed to make bftlime?
Mol. Wt.: CaCQ (100.1) MgCQ(84.32) CaO (56.08) MgO (40.32) Q@1.0)

Solution

I—————-»cog

Limestone
I Ca0
Mg0 Lime
Heat Inert
Chemical Equation:
CaCO; — Ca0 + CO,
MgCO; — MgO + CO,
Basis: 100 Ib of limestone
Limestone Solid Products
Component Ib = percent Ib mol Compound 1b mol b
CaCO, 92.89 0.9280 CaO 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 calculfxted the chemical equations. For example, forldsé column:

92.89 1b CaCO,| 1 Ib mol CaCO;| 1 1b mol CaO |56.08 Ib Ca0
= 52.04 Ib CaO
100.1 Ib CaCOs, | 1 Ib mol CaCO; |1 1b mol CaO
541 1b MgCO;, | 1 1b mol MgCO;| 1 1b mol MgO | 40.32 1b MgO
= 2.591b MgO
84.32 1b MgCO, | 1 1b mol MgCO; | 1 1b mol MgO

The production 0€0O, is:

0.9280 Ib molCaO is equivalent t®.9280 Ib mol CQ
0.0642 Ib mol MgOis equivalent t®.0642 Ib mol CQ
Total Ib mol CQ =0.9280 + 0.0642 0.992 Ib mol CQ
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0.992 1b mol CO, | 44.01b CO,

1 1b mol CO,

= 44.651b CO,

Alternately, you could have calculated theCO, from a total balancet00 - 56.33 = 44.67

Now, to calculate the quantities originally asked f

2000 1b
1 ton

52.04 1b CaO

_ = 1041 b CaO/ton
(@) CaO produced = 100 1b limestone

43.651b CO,

——————— = 0.437 1b COy/1b limestone
100 1b limestone

(b) CO, recovered =

100 1b limestone
56.33 1b lime

20001b _ 3550 Ib limestone/
lton  tonlime

(c) Limestone required =

Terminology for Applications of Stoichiometry
Extent of Reaction
Theextent of reaction , is based on a particular stoichiometric equatimg denotes how much reaction occurs.
The extent of reaction is defined as follows: n — ny, ... 9.1
Where: €= —v,—
n; = moles of specidgspresent in the system after the reaction occurs
N, = moles of specidspresent in the system when the reaction starts
v; = coefficient for species in the particular chemical reaction equation (reoté species produced or
consumed per moles reacting)
9 = extent of reaction (moles reacting)
The coefficients of the products in a chemical reaction are assignedsitive values and theeactants
assignechegative values. Note thatn( - n,) is equal to theyeneration or consumption of componeni by
reaction.

Equation (9.1) can be rearranged to calculate thmber of moles of componentfrom the value of the extent of

reaction
n = g+ &V, .29
Example 18
Determine the extent of reaction for the followiclgemical reaction N, + 3H, — 2NH;
given the following analysis of feed and product:
N, H, NH;
Feed 100 g 50¢g 5¢
Product 90g

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

The extent of reaction can be calculated by apgl#guation 9.1 based on NH
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90 g NH; |1 g mol NH;
n = = 5.294 g mol NH;
17 g NH;4
5 gNH; |1 g mole NH;
17 g NH,
n; — n 5.294 — 0.204)g mol NH
£=— 2= ( )¢ 2 = 2,50 moles reacting
Vi 2 g mol NHjs/moles reacting

Equation 9.2 can be used to determine the g mNb@ihd H in the products of the reaction

_ 100 g Ny |1 gmol Np

28¢N,

Ny ny = 3.57 g mol N,

nx, = 357 + (—1)(2.5) = 1.07 g mol N,

1.07 gmol Ny 28 gN»
= =30gN
N, 1 g mol Ny &M
50gH;|1 gmol H
Hy: nyp = g igH22=25gmolH2

NH2 =25+ (—3)(2.5) = 17.5gmol H,

17.5 1 H
mH2 — g mo 2

Note: If several independent reactions occur in thet@asayk of them,9 can be defined for each reaction, with

being the stoichiometric coefficient of speciés thekth reaction, the total number of moles of spetiss
R
np = np + > vii & .39
k=1

WhereR is the total number of independent reactions.

Limiting and Excess Reactants
The excess materiakcomes out together with, or perhaps separateiy,ftbe product, and sometimes can be
used again.
The limiting reactant is the species in a chemical reaction that wohé&btetically run out firstwould be
completely consumell if the reaction were to proceed to completionoading to the chemical equation—

even if the reaction does not proceed to completibAll the other reactants are callercess reactants

amounbf theexcesseactanted- amounbf theexcesseactantequiredo
react withthelimiting reactant

% excesseactant
{amounbf theexcesseactantequiredoreact withthelimiting reactarit

~100

For example using the chemical reaction equatiorExample 9.2
C/H4 + 110, = 7CO, + 8H,0

If 1 g mol of GH.¢ and12 g mol of Q are mixed.
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As a straightforward way of determining thmmiting reactant, you can determine thmaximum extent of reaction
g™ for each reactant based on ttmmplete reactionof the reactantThe reactant with the smallest maximum

extent of reaction is the limiting reactant For the example, fdk g molof C;H 1 plus12 g moleof O,, you calculate

O0gmol O, — 12 gmol O
EM (based on Oy) = — - e-lr —2 = 1.09 moles reacting
—11 g mol O,/moles reacting

0 g mol C7H ,—1 g mol C7H6
" (basedon CyHqg) = - = —————— - = 1.00 moles reacting
—1 g mol CsH,¢/moles reacting

Therefore heptaneis thelimiting reactant andoxygenis theexcess reactant

As analternate to determining théimiting reactant,

Ratio in feed Ratio in chemical equation
0, 12 11
: — =12 > — =11
C7H16 1 1
Consider the following reaction A + 3B + 2C — Products

If the feed to the reactor contaihsl moles of A 3.2 moles of Band2.4 moles of C The extents of reaction based on

complete reaction ok, B, andC are

—1.1 mol A

EM™ (based on A) = —Tmli_ = 1.1
—3.2 mol B

£ (based on B) = #_—r;lo— = 1.07
—2.4mol C

EM¥ (basedon C) = ——_—I;E— =12

As a resultB is identified as thémiting reactant in this example whil& andC are theexcess reactants
As analternate to determining th&imiting reactant for same example:

We choose Aas theeference substancend calculate

Ratio in feed Ratio in chemical equation
R
A 1.1 ' 1
C 24 2
— — = 2 - =
A 1.1 18 > 1 2

We conclude thaB is thelimiting reactant relative to A, and thatA is thelimiting reactant relative to C, henceB is
thelimiting reactant among the set dhree reactant In symbols we havB <A, C > A (i.e., A<C)sothaB <A<
C.
Example 19
If you feed 10 grams of N\gas and 10 grams obldas into a reactor:

a. What is the maximum number of grams of NHat can be produced?

b. What is the limiting reactant?

c. What is the excess reactant?
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Solution
NH3 (g)
Na(g) Reactor  |e——— H21(9)
10g 10g
Ny (g) + 3H,(2) - 2NH;(g)

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

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

£™ (based on N,) = = 0.357 moles reacting
—4.960 g mol H,

MaX (hased H,) =
£ (ase on 2) —3 g mol Hy/moles reacting

= 1.65 holes reacting

(b) N, is the limiting reactant, and that (c) I8 the excess reactant.

The excess H= 4.960 — 3(0.357) = 3.89 g mol. To answer quasfa), the maximum amount of NHhat can be

produced is based on assumamgnplete conversiorof the limiting reactant

0.357 g mol N, | 2 g mol NH,

1 g mol N,

17.02 g NH;
1 g mol NH;

= 122 gNH,

Conversion and degree of completion
Conversionis the fraction of the feed or some key materighie feed that is converted into products.
Conversion is related to thelegree of completionof a reaction namely the percentage or fractiorthef
limiting reactant converted into products.

Thus,percent conversionis

moles(or masspf feed(or acompoundn thefeed)thatreact .
moles(or mass)pf feed(or acomponenin thefeed)introduced

% conversiorr

For example for the reaction equation describedsxample 16 if 14.4 kg of CQ are formed in the reaction of 10 kg
of C;Hy6, you can calculate what percent of thél is converted to CQ(reacts) as follows:

C;Hg + 110, — 7CO, + 8H,0
C;H16 equivalent to C@in the product 14.4 kg CO, | 1 kg mol CO,

44.0 kg CO,

1 kg mol C7H16
7 kg mol CO,

= 0.0468 kg mol CHj;

10 kg C7H16 1 kg mol C7H 16

100.1 kg C7H16

= 0.0999 kg mol C;Hy¢

C;H4¢ in the reactants

0.0468 mol reacted
% conversion = 0.09991; rrrlzellcf;d 100 = 46.8% of the C7H 4

62



Chemical Engineering principles - First Year Dr. Anees A. Khadom

The conversion can also be calculated usingxtent of reactionas follows:

Conversion is equal to the extent of reaction based on, @®mation (i.e., theactual extent of reaction
divided by the extent of reaction assumamnplete reactionof G;H¢ (i.€., themaximum possible extent of
reaction).

extentof reaction hatactuallyoccurs
extentof reaction hat wouldoccurif completaeaction dok place

Conversiorr

Selectivity
Selectivity is the ratio of the moles of a particular (usuahe desired) product produced to the moles of hamot

(usually undesired or by-product) product produicea set of reactions.

For example, methanol (GBH) can be converted into ethylenez) or propylene (gHg) by the reactions

2 CH;0H — C,H, + 2H,0
3 CH30H — C3Hg + 3H,0
What is the selectivity of £, relative to the gHg at 80% conversion of the GEIH? At 80% conversion: £, 19
mole % and for ¢Hg 8 mole %. Because the basis for both values isdnee the selectivity=19/8 = 2.4 mol GH,4
per mol C;He.
Yield
No universally agreed-upon definitions exist yagld—in fact, quite the contrary. Here ateee common ones:
Yield (based on feed)}-the amount (mass or moles) of desired productirddadivided by the amount of the
key (frequently the limiting) reactant fed.
Yield (based on reactant consumed)the amount (mass or moles) of desired productimédadivided by
amount of the key (frequently the limiting) readtaansumed.
Yield (based on theoretical consumption of the lining reactant)—the amount (mass or moles) of a
product obtained divided by the theoretical (expdriamount of the product that would be obtainesbtan
the limiting reactant in the chemical reaction dapraif it were completely consumed.
Example 20
The following overall reaction to produce biomaggcerol, and ethanol
CeHi,04(glucose) + 0.118 NH; — 0.59 CH; 74N, 5,0 45 (biomass)
+0.43 C;HgO5(glycerol) + 1.54 CO, + 1.3 C,HsOH (ethanol) + 0.03 Hy0

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

Basis: 0.59 g mol of biomass
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0.59 g mol biomass

23.74 g biomass

1 g mol glacose

1 g mol glucose

1.3 g mol C,H;OH

1 g mol biomass

46 g C,HsOH

180 g glucose

1 g mol glucose

1 g mol glucose

1 g mol C;Hs;OH

180 g glucose

= 0.0778 g biomass/g glucose

= 0.332 g C,HsOH/g glucose

Example 21
For this example, large amounts of single wall oarlbbanotubes can be produced by the catalytic deasition of

ethane over Co and Fe catalysts supported on silica
CH¢—2C+3H, (a)
~NCoHy + Hp (b)
If you collect 3 g mol of Hand 0.50 g mol of £1,, what is the selectivity of C relative tgh;?
Solution
Basis: 3 g mol Kby Reaction (a)
0.50 g mol 8, by Reaction (b)

The 0.5 g mol of gH, corresponds to 0.50 g mol of iroduced in Reaction (b).
The H produced by Reaction (a) =3 - 0.50 = 2.5 g mol.

The nanotubes (the C) produced by Reaction (aJ3)(25) = 1.67 g mol C
The selectivity = 1.67/0.50 = 3.33 g mol C/g mgHg

Example 22
The two reactions of interest for this example are

Cly(g) + C3He(g) — C3HsCl(g) + HCl(g) (a)
Cly(g) + C3Hg(g) — C3HeCly(g) (b)

C;Hg is propylene (propene) (MW = 42.08)
C3HsC1 is allyl chloride (3-chloropropene) (MW = 76.53)
C3HeCl, is propylene chloride (1,2—dichloropropane) (MWL£2.99)

The species recovered after the reaction takee fitscsome time are listed in Table E9.8.

GHeCl, HCI
245 4.6

CaHs CHsC1
g mol 141 651 4.6

species Cl,

Based on the product distribution assuming thaallyb chlorides were present in the feed, calcuthtefollowing:
a. How much C} and GHg 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 oft{z to GGH;C1?
e. What was the selectivity of8sC1 relative to gHgCl,?
f.  What was the yield of £1sC1 expressed in g of;5C1 to the g of gHe fed to the reactor?
g. What was the extent of reaction of the first antbse reactions?
Solution

Figure E9.8 illustrates the process as an open-<dlgstem. A batch process could alternatively beluse
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Clz (9)
Cl» (g) CaHs (9)
— Reactor ~ ————— C3H;Cl(g)
CaHs (@) C3HeCls (9)
HCI (g)

Figure E9.8

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

Reaction (a)

4.6 g mol C;HsC1| 1 gmol Cl,

1 g mol C3H;Cl

= 4.6 g mol Cl, reacts

Reaction (b)

24.5 g mol C3H6C12 1 g mol C12

1 g mol C3HgCl,

= 24.5 g mol Cl, reacts

Total = 4.6 + 24.5 = 29.1 g mol Oteacts
Cl, in product = 141.0 from Table E9.8
(8) Total Chfed =141.0 +29.1 =170.1 g mol,Cl
Total GHg fed = 651.0 + 29.1 = 680.1 g mol ofH
(b) and (c) Since both reactions involve theme value of the respective reactistoichiometric coefficients
both reactions will have theame limiting andexcesseactants

—680.1 g mol C3H6
—1 g mol C3Hg¢/moles reacting

£ (based on C3Hg) = = 680.1 moles reacting

—170.1 g mole Cl,
—1 g mol Clo/moles reacting

£™ (based on Cl,) = = 170.1 moles reacting

Thus,CsHg was theexcess reactanandCl, thelimiting reactant.

(d) The fraction conversion of s to GHsC1 was

4.6 g mol C3Hg that reacted

=6.76 X 1073
680.1 g mol C;H, fed
(e) The selectivity was
4.6 g mol C3H5Cl g mol C3H;5Cl
24.5 g mol C3HCl, "7 g mol C3H4Cl,
(H The yield was
(76.53)(4.6)g C3HsCl 58 C;3H5Cl
(42.08)(680.1)g CsHg g C3Hg

(g) BecauseC3HsC1 is produced only by thierst reaction, theextent of reactionof the first reaction is

n,-——n,-0:4.6—0=
vy 1

& = 4.6

BecausdC;HgC,, is produced only by theecond reaction theextent of reactionof the second reaction is

n = g _ 245 -0 245
Vi 1 )

&=
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Example 23
Five pounds of bismuth (MW=209) is heated alondhwihe pound of sulfur (MW=32) to form B (MW=514). At

the end of the reaction, the mass is extractedtaadree sulfur recovered is 5% of the reaction anaBetermine
2Bi + 3S—» s

1. The limiting reactant.

2. The percent excess reactant.

3. The percent conversion of sulfur to,8§

Solution
a. Find the Limiting reactant

Ratio in the feed

5.00 1b Bi| 1 1b mol Bi
Bi 2091bBr 0.0239 mol Bi _ ,
s - | = 0.0313 moLs 1711
1.001b S| 1 Ib mol S
37 1h:8
o ’ . 2IbmolBi _
Ratio in the chemical equation I TEmal & = 0.667

Compare the two ratios: S is the limiting reactant.

b. %o Excess reactant

11bS|11b mol S| 2 mol Bi

Bi required = 3716 S | 3molS 0.0208 1b mol Bi

730 _
% excess Bi = (0'0“89023028) X 100

14.9 %

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 1b rxn mass 5.001b S 1 Ib mol S

100 1b rxn mass | 32.01b S 0.00938 Ib mol S

moles of feed that react 100

%, Conversi =
%% Conversion :
moles of feed introduced

0.0313 - 0.00938

0.0313 X 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 fromesimental data?
Answers:
Q.3 Reactant present in the least stoichiometric diyant
Q.4 All other reactants than the limiting reactant.

Q.5For a species in
Open system: £ = Rout,i — Min, i Closed syste £ = Mfinal,i — Minitial, i
v; .
i 66 V;
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Problems

1. Write balanced reaction equations for the followiegctions:
a. CgH;gand oxygen to form carbon dioxide and water.
b. Fe$S and oxygen to form E©; and sulfur dioxide.
2. If 1 kg of benzene (§Hs) is oxidized with oxygen, how many kilograms of &e needed to convert all the
benzene to COand HO?
3. The electrolytic manufacture of chlorine gas frorsaalium chloride solution is carried out by thedaling

reaction:
2 NaCl + 2 H,0 — 2 NaOH + H, + Cl,

How many kilograms of Glcan be produced from 10°raf brine solution containing 5% by weight of NaCl?

The specific gravity of the solution relative tatlof water at 4°C is 1.07.

4. Can you balance the following chemical reactionagigmn?

a,NOj; + a,HCIO — a;HNO; + a,HCl

5. For the reaction in which stoichiometric quantiti#ghe reactants are fed
2 C4H,q + 15 0, — 10 CO, + 10 H,0

and the reaction goes to completion, what is theimmam extent of reaction based ogHze? On Q? Are the

respective values different or the same? Explaréisult.

6. Calcium oxide (CaO) is formed by decomposing limest(pure CaCg). In one kiln the reaction goes to 70%
completion.
a. What is the composition of the solid product witlagn from the kiln?
b. What is the yield in terms of pounds of £@oduced per pound of limestone fed into the psee
7. Aluminum sulfate can be made by reacting crushadibaore with sulfuric acid, according to the @alling
chemical equation:
A1L,O; + 3 H,SO, — AL(SO,); + 3 H,0
The bauxite ore contains 55.4% by weight of aluminoxide, the remainder being impurities. The sudfur
acid solution contains 77.7% pure sulfuric acié, ttmainder being water. To produce crude alumisuifate
containing 1798 Ib of pure aluminum sulfate, 10B®f bauxite ore and 2510 Ib of sulfuric acid sntare
reacted.
a. ldentify the excess reactant.
b. What percentage of the excess reactant was con8umed

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

8. Two well-known gas phase reactions take placeardthydration of ethane:
C,Hy; — C,H, + H, (@)

C,Hq +H, -2 CH, o)
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Given the product distribution measured in the gjzese reaction of £ as follows
CHg 27%, GH, 33%, HI13%, and CH7%

What species was the limiting reactant?

S

What species was the excess reactant?
What was the conversion ofld; to CH,?
What was the degree of completion of the reaction?

What was the selectivity of 8, relative to CH?

-~ 0 a o

What was the yield of £, expressed in kg mol of .8, produced per kg mol of Hg?

What was the extent of reaction ofH?

Q

Answers:

(@) CoH g + %02-—>9 CO; + 9 H0;) 4 FeS, + 11 O, — 2Fe,05 + 850,
3.08

323

No

(a1,

(b) 1,

(c) The same,

a > 0w b PE

(d) The extent of reaction depends on the reaciumation as a whole and not on one specigkein
equation.
6. CaCQl1,15/"! 15 .
(@) SO,
5
(c) 0.89
8. @GHs *# (&H# # (: 1/ &
(b) None;
6# ( %#(; 1
1
(e) 1.22
() Based onreactait & ! 1/ # 1 / #*|
(g) Reaction (a) is 33 mol reacting and reactigrigid3.5 mol reacting, both based on 100 mol pcadu

2.5 Material Balances for Processes Involving Redoh
Species Material Balances
Processes Involving a Single Reaction
The material balance for speciesmust be augmented to includeneration and consumption terms when

chemical reactionsoccur in a process.

moles of moles of moles of i moles of i moles of i moles of i

jate; | fiath _ ) entering ) teaving N generated ) consumed (1)
inthe in the the system the system by reaction by reaction

system system between ¢ and 7, between ¢ and ¢, between /5 and 7, between?, and ¢,
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Note that we have written Equation (1) mmolesrather tharmassbecause thgeneration andconsumptionterms are
more conveniently representednoles

For_example : Figure 10.1 presents the process as an opesqysstate system operating for 1 min so that the
accumulation terms are zero. The data in Figurgé a6 in g mol.

Using Equation 10.1 you can calculate via a vatug imol for thegeneration or consumption, as the case may be, for

each of the three species involved in the reaction:

18 Hy — | 9 H,
15N Reactor 12N> Figure 10.1. A reactor to produce
> 6 NH,
NH,.
N2 +3 H2 L 2NH3

NH; (generation): 6 — 0 =6 gmol
H, (consumption): 9 — 18 = -9 gmol
N, (consumption): 12 — 15 =- 3 gmol

Here is where the extent of reactiohecomes useful. Recall that for an open system

I
&= i=1---N (102)

Vi

Wherey; is the stoichiometric coefficient of specias the reaction equation

VNH3 =2
VH, = -3
VN, T =1

And the extent of reaction can be calculated viaspecies:

out in
_NNH; T NH; 6 -0

¢ = VNH, N 2 =3
nf ~nll, 9~ 18
¢= VH, - -3 -
-l 2-15 _
VN, -1

The three species balances corresponding to tleegson Figure 10.1 are

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

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

H,: 9 -18 = -33)=-9

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

The termy,__ corresponds to the molesiafenerated or consumed

The value of théraction conversionf of thelimiting reactant9 is related td by

¢ = (_f)n{?miting reactant ...10.3

Vlimiting reactant
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Consequently, you can calculate the valud sbm the fraction conversion (or vice versa) pghfermation identifying
the limiting reactant.

Example 24

The chlorination of methane occurs by the followiagction CH, + Cl, — CH,C1 + HC1

You are asked to determine the product composifidhe conversion of the limiting reactant is 67&#d the feed
composition in mole % is given as: 40% £H0% C}, and 10% M

Solution

Assume the reactor is @pen steady-stateprocess.

Reactor
Feed 67% Conversion Product
100 g mol n
o, CH,
40%CH, ¢ b o 4
50% Cl, g,
10% N, Moo
nN2
Figure E10.1
Basis 100 g mol feed
Limiting reactant:
—nié’H _
£ (CH) = <= 0y
VCH, -1)
max _nicr)12 —50
&M (L) = =-——— =50
Ve, -1)

Therefore CH, is the limiting reactant.

Calculate the extent of reaction using the speti@nversionrate and Equation 10.3.

_ —fal (—0.67)(40)
= = — = 26.8 g moles reacting

3

Vir

The speciegnaterial balances(in moles) using Equation 10.2 gives a direct sofufor each species in the product:
nfy, = 40 — 1(26.8) = 132
nll = 50 — 1(26.8) = 232
ndi,cr = 0 + 1(26.8) = 26.8
n =0 + 1(26.8) = 26.8
ny = 10 — 0(26.8) = 10.0
100.0="P

Therefore, thecomposition of the product stream i43.2% CH,, 23.2% Cl, 26.8% CH;C1, 26.8% HCI, and 10%

N, because the total number of product moles is atiendly 100 g mol.

Example 25
A proposed process to removeSHs by reaction with SO 2 H,S(g) + SO,(g) — 3S5(s) + 2H,0(g)

In a test of the process, a gas stream contairdfg 2S and 80% Cklwere combined with a stream of pure,SThe
process produced 5000 Ib of S(s), and in the pitogiag the ratio of SCo H,S was equal to 3, and the ratio ogfCHto
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H,S was 10. You are asked to determine the fractiomaVersion of the limiting reactant, and the featgs of the k5

and SQ streams.

Solution
Product P

20% st B

s
80% CH, b

Reactor nPo

Hx0
F302 — n8H4

S
5000 Ib

Figure E10.2

Basis is 5000 Ib S (156.3 Ib mol S)
Basis: S = 5000 Ib (156.3 Ib mol)

o . xfi,s = 0.20 or xby, = 0.80, (nfo,/nfi,s) = 3, (nf,o/nfi,s) = 10
Specifications: 4 (3 independent)

Thespecies balancem pound moles after introduction of most of thedfications are:

S: 1563 =0+3¢ (a)

H,S: nfys = 020F — 2 ¢ (b)

SOy nko, = Fso, = 1€ ©

HyO0: nfi,0 =0+ 2¢ (d)

CHy:  nfy, = 0.80F + 0 (£) @)

The remaining specifications are

nbo, = 3niys ®

nﬁzo = 10nﬁ25 @

If you solve the equations without using a computeu should start by calculatif®gfrom Equation (a)

156.3 mol
&= —Eﬂ = 52.1 mol rxn

_ _ nf,o = 2(52.1) = 104.2 Ib mol H,0
Then Equation (d) gives

1
~nfi 0 = 10.4 b mol H,S

nﬁzs = 10

Next, Equation (g) gives

P = =
And Equation (f) gives nko, = 3(10.4) = 31.21b mol SO,
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If you solve the rest of the equations in the oi@¢r (c), and (e), you find

E =573 Ib mol Fso, = 83.3 1b mol néy, = 458 1b mol

Finally, you can identify b5 as thdimiting reactant because theolar ratio of SG, to H,S in the product ga8/1) is

greater than the molar ratio in the chemical reactiquatior(2/1).

The fractional conversion from Equation 10.3 is¢basumption of b5 divided by the total feed of,B

- (2)(521)
F=02F (0.2)(573) 091

Processes Involving Multiple Reactions
For opensystemsteady-stateprocesses with multiple reactions, Equation 10.holes becomes for componént

R
n?ut — n}n + Elvij fj ...10.4
j=

Where:
v; is the stoichiometric coefficient of speciea reactiorj in the minimal set.
9 is the extent of reaction for tlja reaction in the minimal set.

R is the number of independent chemical reactioragous (the size of the minimal set).

An equation analogous to Equation 10.4 can beemritbr aclosed unsteady-statesystem. The total moleBhl, exiting

a reactor are

N N S R 10.5
N = En?ut — . ln}n + Ezlvijgj .
i j=

i=1 = i=

Where S is the number of species in the system.

Example 26
Formaldehyde (CKD) is produced industrially by the catalytic oxidat of methanol (CkDOH) according to the

following reaction:
CH;0H + 1/20, — CH,0 + H,0 n

Unfortunately, under the conditions used to prodfemenaldehyde at a profitable rate, a significanttion of the

formaldehyde reacts with oxygen to produce CO aj@, that is,

CH,0 + 120, - CO + H,0 )

Assume that methanol and twice the stoichiometrioant of air needed for complete conversion of@khgOH to the
desired products (C4@ and HO) are fed to the reactor. Also assume that 90%ersion of the methanol results, and
that a 75% vyield of formaldehyde occurs based enttieoretical production of GB by Reaction 1. Determine the
composition of the product gas leaving the reactor.

Solution

Figure EIO.3 is a sketch of the process wjtimdicating themole fraction of the respective components in P (a gas).
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0, 021
N, 0.79
1.00

F (CH3OH) 1 g mol l l A (Air) mol. fr.

r — X

Formaldehyde
Reactor -

Product P

YcHaoH
Yo,
YNo
YcHz0
Yrz0
Yco

Figure E10.3

Basis: | gmol F

Thelimiting reactant is CEDH.
g k0 -0.90

Use the fraction conversion, Equation 10.3: & = 7 (1) = 0.9 g moles

The yield is related to as follows

5 ion 1 ﬂ%u}[l’zlo = n?:]ﬁzo + 1(&) =0+ ¢ =¢§
y reaction 1:

no = nfito — 1(&) = ndto —&=6-&
By reaction 2:

The yield is = 2! =0.75

2=0.15 g moles reacting

The entering oxygen tsvice the requiredxygenbased on Reactidh namely

1 1
ng = 2<5F> = 2(5)(1.00) = 1.00 g mol
no2 1.00
A= = =47 1
021 021 6 ¢ mo

n{, = 4.76 — 1.00 = 3.76 g mol

Sy
It
—_

Implicit equation:

Calculate P using Equation 10.5:

S

S
P=2nf Z}

i=

’j

1+ 476 +

Mo nMw

W

I

10+ (=1%) + (=1) + 0 + (1) + (1)10.15 = 6.28 g mol

The material balances:
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n%‘ﬁ}()H = YCH;0H (628) =1- (09) + 0 =0.10
nPt = yo,(6.28) = 1.0 — (15)(0.9) — ('4)(0.15) = 0.475
n&o = yomo (6.28) = 0 + 1(0.9) — 1(0.15) = 0.75

nl =y (6.28) = 0 + 1(0.9) + 1(0.15) = 1.05

n = yeo (6.28) = 0+ 0 + 1(0.15) = 0.15
n = yy, (6.28) =3.76 — 0 — 0 = 3.76

The six equations can be solved for yhe

YCH;0H = 1.6%, Yo, = 7.6%, YN, = 59.8%,
yCHZO = 119%, yHZO = 167%, Yoo & 2.4%.

Example 27
A bioreactor is a vessel in which biological corsien is carried out involving enzymes, microorgarss and/or

animal and plant cells. In the anaerobic fermeotatif grain, the yeast Saccharomyces cerevisiaestigglucose
(CsH1206) from plants to form the products ethano}figOH) and propenoic acid ¢8;CO,H) by the following overall
reactions:

Reaction 1:  C4H;,04 — 2C,HsOH + 2CO,
Reaction 2: CgH,;,04 — 2C,H,CO,H + 2H,0

In a batch process, a tank is charged with 4006fkg12% solution of glucose in water. After ferraion, 120 kg of
CGO, are produced and 90 kg of unreacted glucose reniaithe broth. What are the weight (mass) percginéshanol
and propenoic acid in the broth at the end of gtenéntation process? Assume that none of the glusoassimilated
into the bacteria.

Solution

An unsteady-state process in a closed system

R
inal _ _initial
nf = 4 X v €
J=1

N Y

Bioreactor Bioreactor
Initial Final
Conditions Conditions
H,O }_® H,O CeH120¢
CgH1206 CgHsOH CO,
C,H;CO,H
Figure E10.4

Basis: 4000 kg F
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. 4000(0.88

! = gy = 1953
3 4000(0.12)

€ = gy - 260

Specifications: 4 (3 independent)

nfiige! = 195.3 or nff{%o, = 2.665

(one is independent, the sum is F in mol)

; 90 : 120
ngé’}'_ﬂZOG = 180.1 = (0.500 ngglzal = H = 2727.

The material balance equations, after introdudigkinown values for the variables, are:

H,O0:  nffs! = 1953 + (0)¢;, + (2)& (a)
CeH 206 0.500 = 2.665 + (—1)& + (—1)& (b)
CoHsOH:  nfiifion = 0 + 2&, + (0)&; )
CoH3COH:  nfiiflcon = 0 + (0)€ + (2)& (d)
C0O,2.727=0+(2) &, + (0§, (e)

Solution of equations: (e) (b) simultaneously, #meh solve, (a), (c), and (d) in order.

9, = 1.364 kg moles reacting 9, = 0.801 kg moles reacting

Results Conversion to mass percent
H,O 196.9 18.01 3546.1 88.7

C,H;OH 2.728 46.05 125.6 3.1

C,H,CO,H 1.602 7203 115.4 2.9

CO, 2277 44.0 120.0 3.0

CeH,,04 0.500 180.1 90.1 2.3
3997 1.00

Note: The total mass @977 kgis close enough t4000 kgof feed to validate the results of the calculation

Element Material Balances

Elements in a process acenserved and consequently you can apply Equation 10.1¢oeflements in a

process.

Because elements an®t generated or consumedthe generation and consumption terms in Equdtibi

can beignored.

For Example: Carbon dioxide is absorbed in water in the prec®wn in Figure 10.2. The reaction is
CO,(g) + H,O(£) — H,CO4(¢)
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Three unknowns exist: W, F, and P, and the proicesdvesthree elementC, H, andO. It would appear that you can

use thehree element balance¢in moleg [Basis P =100 mol]

W (H;0)

C: W(0) + F(1) = 0.05P (1)
Absorber H: W(2) + F(0) = [0.05(2) + 0.95(2)]P = 2P

O: W(1) + F(2) = [0.05(3) + 0.95(1)]P = 1.10P

mol%

: 5%: H,COs Figure 10.2  Schematic of the CO,
F(COp) 95%H0  apsorber.
Example 28

Solution of Examples 24 and 26 Using Element Balances: All of the given data tlois example is the same as in
Examples 24 and 25

Solution

1. Example 24
The element material balances are:

C: 100(040) = @ (1) + n®a(1)

H: 100 (0.40)(4)

H

neh,(4) + nfici(1) + nea(3)

Cl: 100 (0.50)(2) = n}(2) + nf&(1) + n@i,a(1)

2N: 100 (0.10)(1)

g (1)
The solution of the problem will be the same asitbin Example 10.1.
2. Example 25
The element balances are:
C: 1(1) + 4.76(0) = Plyu,on(l) + yfu,0(1) + yeo(1)]

H:  1(4) + 4.76(0)

Plyér,on(4) + yer,0(2) + ¥,0(2)]

O 1(1) + 1.00 = Plyfmon(l) + y6,(2) + yém,o (1)
+ yf,0(1) + y€o(1)]

2N: 1(0) +3.76 = P[yk,(1)]
The solution of the problem will not change.
yiP =nf
Note: It would be easier to use the term In the equations above in place of the prodfi¢tvo variables,

and P. ‘sz

Element balancesare especiallyseful when you daot know whatreactions occur in a process. You only

know information about thimput andoutput stream components.
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Example 29
In one such experiment for the hydrocracking (cirmglkreactions) of octane £B.g), the cracked products had the

following composition in mole percent: 19.5%Hg, 59.4% GHi,, and 21.1% €Hi,. You are asked to determine the
molar ratio of hydrogen consumed to octane redfctethis process.

Solution

F (CgHys) l l G (Hy)

Lab
Reactor

Product P

19.5% C3Hg
59.4% C4Hqg
21.1% CsHy»

Figure E10.6

Basis: P= 100 g mol
Element balances: 2 H, C
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 solutionis F =50.2 g mol G%&lg mol

The ratio H, consumed _ 49.8 g mol

CgH /g reacted 502 g mol

= 0.992

Material Balances Involving Combustion

Combustionis the reaction of a substance wattygenwith the associated release of energy and geoarafi
product gases such as® CQ,, CO, and S@

Most combustion processesiseair as the source abxygen For our purposes you can assume that air
contains79% N, and21% O,.

Special terms:
1. Flue or stack gas All the gases resulting from combustion procesduding the water vapor, sometimes

known as avet basis
2. Orsat analysis or dry basis All the gases resulting from combustion processincluding thewater vapor.

Orsat analysisrefers to a type of gas analysis apparatus in lwthe volumes of the respective gases are
measured over and in equilibrium with water; heaaeh component is saturated with water vapor. Ete n

result of the analysis is &liminate water as a component being measured (show Figure 10.4).
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Complete combustion the complete reaction of the hydrocarbon fuepaing CQ, SG,, and HO.

Partial combustion: the combustion of the fuel producing at leasts@®. Because CO itself can react with

oxygen, the production of CO in a combustion preaes not produce as much energy as it wouldlyf on
CO, were produced.

5. Theoretical air (or theoretical oxygen) The minimum amount ddir (or oxygen) required to be brought into

the procesfor complete combustion Sometimes this quantity is called tiegjuired air (or oxygen.

6. Excess air (or excess oxygenin line with the definition of excess reactantagi in Chapter 9, excess air (or

oxygen) would be the amount of air (or oxygém)excess of that required for complete combustiomas
defined in (5).

Orsat analysis Flue gas, stack Dry flue gas on
dry basis gas, or wet basis SO,-free basis

€O, CO, .~ CO4

co CcO co

0z O, o)

N o N N

SO, SO,

H,O * Figure 10.4 Comparison of a gas
analysis on different bases.

Note: The calculated amount of excess air does notrdkpa how much material iactually burned but what is
possibleto beburned. Even if onlypartial combustion takes place, as, for examp( burning to botiCO andCO,,

the excess air (or oxygen) is computed as if thegss of combustion went to completion and prodecgglCO..

Thepercent excess aifs identical to the percepekcess @

% excessir=—S CCS®I - 150= exces©, /021 .

requiredair - requiredO, /021

100 ... 10.6

Note that the ratid/0.2 1of air toO, cancels out in Equation 10Bercent excesair may also be computed as

O, enteringprocess O,required 1

% excess|ir= . 00 ... 10.7
O,required
Or
. exces®© ,
% excessir= 2 100 ...10.8

O, entering exces®,

Example 30
Fuels other than gasoline are being eyed for maghicles because they generate lower levels ofifawits than does

gasoline. Compressed propane is one such proposkdslippose that in a test 20 kg @Hgis burned with 400 kg of
air to produce 44 kg of C{and 12 kg of CO. What was the percent excess air?

Solution

This is a problem involving the following reaction C3Hg + 50, — 3CO, + 4H,0

Basis: 20 kg of GHg
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Since the percentage of excess air is based ooaothglete combustionof CsHg to CO, andH,0, the fact

thatcombustionis not completehasno influenceon thecalculation of “excess air.”

20 kg C3Hg| 1 kg mol C3Hg| 5 kg mol O,
: . = 2.27 kg mol O,
The required @is 44.09 kg C3Hg | 1 kg mol C3Hg
400 kg air | 1 kg mol air| 21 kg mol O,
ing Qi = 2.90 kg mol O
The entering Qis 29 kg air | 100 kg mol air e

O, enteringprocess O,required 1
O,required

The percentage of excess air is¥0 eXCeSlr= 00

2.90 1b mol O, — 2.27 Ib mol O,
2.27 Ib mol O,

l(E=28%

% excess air =

Note:
In calculating the amount of excess air, rememinatr the excess is the amount of air that entersah@ustion process

over and above that required for complete combustio

For example suppose that a gas containing 80%l{and 20% @is burned in an engine with 200% excess air. Fight
percent of the ethane goes to £/00% goes to CO, and 10% remained unburned. VBltaeiamount of the excess air
per 100 moles of the gas?

Solution

First, you can ignore thinformation about theCO and theunburned ethanebecause the basis of the calculation of
excess air is complete combustiorspecifically C goes to COS to SQ, H, to H,O, CO goes to Cand so on.

Second the oxygen in the fuel cannot be ignored. Basethe reaction
7
C,Hg + 502—>2C02 + 3H,0

Basis: 100 moles of gas

80 moles of GHg require 3.5(80) = 280 moles of, @r complete combustion.

The gas contains 20 moles of,@o that only 280 — 20 = 260 moles of &e needed in the entering air for
complete combustion.

Thus, 260 moles of £are the required £and the calculation of the 200% excesq &) is based on 260, not
280, moles of @

Entering with air Moles O
Requi@sd 6@
Excess £ 0) =520
Tota}:O 780
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Example 31
Figure EIO.8 is a sketch of a fuel cell in whichcantinuous flow of methane (GHand air (Q plus N) produce

electricity plus CQand HO. Special membranes and catalysts are needednmi® the reaction of CHBased on the

data given in Figure EI0.8, you are asked to cateuhe composition of the products in P.

Electric Load
CH, 100% l—\/\/\/\/\/\/] Air
F=16.0 kg A =300 kg
Fuel Mol % )
Cell 0, 210
N, 790
100.0
l ‘ CO, =7
N2 = ?
0, =7
H,O =7
P = ? (kg mol)
Figure E10.8

Solution
Assume aomplete reactionoccurs because no Gldppears in P. The system is the fuel cell (opeady state). The

necessary preliminary conversions as follows:

300 kg A|1 kg mol A .
= 10.35 kg mol A in
29.0kg A
16.0 kg CH, |1 kg mol CH
Rl 2 =100 kg mol CHy in
16.0 kg CHy
10.35 kg mol A |0.21 kg mol O, )
= 2.17 kg mol O, in
1 kg mol A
10.35 kg mol A |0.79 kg mol N, .
= 8.18 kg mol N, in
1 kg mol A

Basis: 16.0 kg CH entering = 1 kg mol CH,

nd, = 2.17,n{, = 8.18
Specifications and calculated quantities: 2

Zn,- =P
Implicit equation:

The element material balances are (in moles):

Out In
C: nfo,(1) = K1)
nf0(2) = 1)
0:  nfo,(2) + nb,(2) + nfo(l) = 2.17(2)
2N: nf, = 818
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The species material balances are:

Compound Out In v, g mol
CHy: néy, = 10 - Ixl = 0

0y: ng, = 217 - 2x1 = 017
Ny: ng, = 818 - 0x1 = 8.8
COy: néo, = 0 + 1x1 = 10
H,0: nho = 0+ 2x1 = 20

Thesolution of either set ofequationsgives

nfy, = 0,nb, = 0.17, nf, = 8.18,nfo, = 1.0, nf 0 = 2.0, P = 11.35

The mole percentage composition of P is

yo, = 1.5%, yn, = 72.1%, yco, = 8.8%, and yy,0 = 17.6%

Problems

1. Hydrofluoric acid (HF) can be manufactured by tirmgcalcium fluoride (Cafy with sulfuric acid (HSQy). A
sample of fluorospar (the raw material) contain%e7dy weight Cafand 25% inert (nonreacting) materials.
The pure sulfuric acid used in the process is ifb3&cess of that theoretically required. Most of th
manufactured HF leaves the reaction chamber as,ebghaa solid cake that contains 5% of all thefétimed,
plus CaSQ inerts, and unreacted sulfuric acid is also resdofrom the reaction chamber. Assume complete
conversion of the CaFoccurs. How many kilograms of cake are producedlpé kg of fluorospar charged to
the process?

2. Corrosion of pipes in boilers by oxygen can bevidited through the use of sodium sulfite. Sodiurdiitsu

removes oxygen from boiler feedwater by the follogvieaction:

2Na,SO; + 0, — 2NaSO,

How many pounds of sodium sulfite are theoreticadiguired (for complete reaction) to remove thegety
from 8,330,000 Ib of water (2@al) containing 10.0 parts per million (ppm) oésblved oxygen and at the
same time maintain a 35% excess of sodium sulfite?

3. Consider a continuous, steady-state process inwth& following reactions take place:

C¢H,, + 6H,0 — 6CO + 12H,
CeHjp +Hy, > CHyy

In the process 250 moles ofHf;, and 800 moles of 40 are fed into the reactor each hour. The yielHl.ois
40.0% and the selectivity of;Helative to GHy4 is 12.0. Calculate the molar flow rates of allkefisomponents

in the output stream.
4. Consider a system used in the manufacture of el@ctmaterials (all gases except Si)

SiH4| Si2H4l SiZHGi H2| Si

How many independent element balances can you foalteis system?
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5. Methane burns with £xo produce a gaseous product that containg Ok CO,, CO, HO, and H. How many
independent element balances can you write forstrstem?

6. Solve the problems (1, 2 & 3) using element balance
Pure carbon is burned in oxygen. The flue gas aisly: CQ 75 mo1%, CO 14 mol% & ©11 mol%. What
was the percent excess oxygen used?

8. Toluene, GHg, is burned with 30% excess air. A bad burner cdi8é of the carbon to form soot (pure C)
deposited on the walls of the furnace, what isQmgat analysis of the gases leaving the furnace?

9. A synthesis gas analyzing G(.4%, Q: 0.2%, CO: 40.0% and #450.8% (the balance isNis burned with
excess dry air. The problem is to determine thepmsition of the flue gas. How many degrees of fomed
exist in this problem, that is, how many additionatiables must be specified?

10. A coal analyzing 65.4% C, 5.3% H, 0.6% S, 1.1% 8I5% O, and 9.1% ash is burned so that all conttiasti
is burnt out of the ash. The flue gas analyzes(P8.CQ, 0.76% CO, 6.17% £0.87% B, and 79.20% N
All of the sulfur burns to SE which is included in the CQOn the gas analysis (i.e., G@ SG = 13%).

Calculate:
a. - & &# )# & #* & *<
b. Ratio of moles of total combustion gases to mofedrpair supplied;
c. 2 &0 #%)#( V# & (& # #( #

d. Percent excess air.
11. A hydrocarbon fuel is burnt with excess air. Thes&@ranalysis of the flue gas shows 10.2%,C0% CO,
8.4% Q, and 80.4% Bl What is the atomic ratio of H to C in the fuel?

Answers:

186 kg
887 Ib
(@) GHyp; ., # 4 21, # "1 # 4 2,1 # " gH14 = 53.3

mol/hr.

w

4. Two

5. Three

6. See the answers to the problems (1, 2 &3).
7. 4.5%

8. 9.1% CQ, 8.9% Q, 82% N

9. 1

10. , v 5D

11. 0.81

2.6 Material Balance Problems Involving Multiple Urits

A process flowsheet (flowchart)s a graphical representation of a process. Adlwet describes treetual

processin sufficient detail that you can use it to formue material (and energy) balances.
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Figure 1l.1a illustrates a serial combination okimg and splitting stages. Inmixer, two or more entering streams of
differentcompositions are combinedin asplitter, two or more streams exit, all of which have shene composition
In aseparator, the exit streams can bedifferent compositions

4
3 _ 5
1 — [—6
\{
* 2 7

Figure 11.1a serial mixing and splitting in a syst@ without reaction. Streams 1 plus 2 mix to form Seam 3, and

Stream 5 is split into Streams 6 and 7.

4
P R \\\
4 \
! v
'
ro3 5
! - - X
! 1
! 1
1
1——||—>A —:-»6
1
\\\ K
1 Y
2 7

Figure 11.1b the dashed line | designates the bouary for overall material balances made on the procgs in

Figure I11.1a.
4
A “\
1 1
3 i 5
L |
rTTT TN L
1 Vs o2 7 )
] 1
T 10 | —>6
v ! . ’_ _ ‘}
I v
Y
2 7
Figure 11.1c Dashed lines II, Il and IV designatehe boundaries for material balances around each dhe

individual units comprising the overall process.
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4
,’ ____________ \\
! 1
.3 , y 5
1 1 -
1 1
1 ]
! ——] | | 6
\\\ ,I
A
2 7

Figure 11.1d the dashed line V designates the bouay for material balances around a system comprisedf the

mixing point plus the unit portrayed by the box.

\\
[ \
N 3 !
T 1
1 1
! !
1 1
1—»1‘ ' —1—>6

AN ,/

VI 1

2 7

Figure 11.1e the dashed line VI designates the bodary for material balances about a system comprisedf the

unit portrayed by the box plus the splitter.

Figure 11.1f the dashed line VII designates the badary for material balances about a system comprigkof the

mixer plus the splitter.

Example 32
Acetone is used in the manufacture of many chemiaall also as a solvent. In its latter role, masjrictions are

placed on the release of acetone vapor to the@mient. You are asked to design an acetone receystgm having
the flow sheet illustrated in Figure EI1.1. All tlmencentrations shown in EI1.1 of both the gases laquids are
specified in weight percent in this special casm#ke the calculations simpler. Calculate, A, F,BVand D per hour.
G = 1400 kg/hr.
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Solution
This is anopen, steady-state processithout reactionThree subsystemsxist.

Pick 1 hr as a basis so that G = 1400 kg.

Air D (kg)
Water (100%) Ar 0995 [ ™ Condenser Distillate
w A|Water 0.005 Acetone 0.99
kg)y  (kg) 1.00 Water 0.01
1.00
Absorber Distillation .
Column Column Flgure E1l.1
@ @ B (kg)
—— Bottom
Acetone 0.04
G = 1400 Water 0_9_6
(kg/hr) 1.00
Entet&lir:g g 3?—, 1 Acetone 0.19
Acetone  0.03 F(kg) Water 0.81
Water 0.02 1.00
1.00 ’
The mass balances fonit 1 (Absorber Column)
In Out
Air: 1400 (0.95) = A(0.995) (a)
Acetone: 1400 (0.03) = F(0.19) ®)
Water: 1400 (0.02) + W(1.00) = F(0.81) + A(0.005) (©)

Solve Equations (a), (b), and (c) to get A =133&/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
1577  221.05
1557.7 = 1557.1

The mass balances for the combingdts 2 plus 3(Distillation & Condenser) are:

Acetone:  221.05(0.19) = D(0.99) + B(0.04) (&
Water: 221.05(0.81) = D(0.01) + B(0.96) ©

Solve Equations (d) and (e) simultaneously to get3%.90kg/hr and B = 186.1 kg/hr
(Check) Use the total balance (Distillation & Condenser)

F=D+Bor221.05=3490+186.1 =221.0

Note
As a matter of interest, what other mass balanoetide written for the system and substitutedaoy one of the

Equations (a) through (e)? Typical balances woelthb overall balances
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In Out
Air: G (0.95) = A(0.995) ®
Acetone: G(0.03) = D099 + B0 (g
Water: G0.02)+W = A0.005 + D@©.01) + B0 ()
Total G+W = A + D + B @

Example 33
In the face of higher fuel costs and the uncewaaftthe supply of a particular fuel, many companiperate two

furnaces, one fired with natural gas and the ottigr fuel oil. The gas furnace uses air while tlilefarnace uses an

oxidation stream that analyzes;/O5 : 5 " 2, 4%. The stack gases go up a common stack, SeeeFig
El1.2.
Np: 84.93%  Slack Gas Water
0, 4.13% P 6205 W 100% Hy0
505 0.10% 16 mol
C0,: 10.84% hr
100.00%
Air; .
Air: A* 0, 0.20 Figure E11.2
4 0,: 0.21 Ny 0.76
No: 0.79 Gos il 0,:0.04
1.00 | Furnace Furnace 100%
m— | ——
Nat. Gos £ Fueloil
CHa: 0.96 mol fr C: 0.50 mol fr
6| CoHz: 0.02 mol fr ] Hy: 0.47 mol fr
C05: 0.02 mal fr S: 0.03 mol fr
1.00 100

The reserve of fuel oil was only 560 bbl. How marmurs could the company operate before shuttingndidwo
additional fuel oil was attainable? How many Ib folof natural gas were being consumed? The minirheating
load for the company when translated into the sgak output was 6205 Ib mol/hr of dry stack gase Wolecular
weight of the fuel oil was 7.91 Ib/Ib mol, and dsnsity was 7.578 Ib/gal.

Solution

This is anopen, steady-state proceswith reaction. Two subsystemsexist.

Basis: 1 hr, so that P = 6205 Ib mol
Theoverall balancesfor theelementsare (in pound moles)
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In Out
2H: G(1.94) + F(0.47) = W)
2N: A(0.79) + A%0.76) = 6205(0.8493)
20: AQ021)  +  A%0.20 +0.04) 6205(0.0413 + 0.001 + 0.1084)
+G(0.02) = +W (')
S: F(0.03) = 6205(0.0010)

G(0.96) + (2)(0.02)+0.02

+ F(0.50) + 0.04A" 6205(0.1084)

Solve theS balancefor F; the sulfur is aie component Then solve for the other four balances simultasgofor G.
The results are:

F =207 Ib mol/hr and G = 499 |b mol/hr

. . o 2071bmol|7.911b| gal l bbl
= 5.14 bbl/hr
Finally, the fuel oil consumption is o b mol |7.578 Ib | 42 gal
If the fuel oil reserves were only 560 bbl,
560 bbl
i 14@ = 109 hr
" hr

Example 34
Figure E11.3 shows the process and the known Wataare asked to calculate the compositions ofyeflew stream,
and the fraction of the sugar in the cane thatdsvered.

‘ M Sugar,
1000 1b/hr
F Cane Crystallizer pms- L
16% Sugar Y Water
25% Water
59% Pulp K 140% Sugar
£ P J Figure E11.3
Mt T3% Sogar Screen 5% SugA I,Evuporofor =" Water
14% Pu|p
[ Bogusse Solids 6 Contain
80% Pulp 95% Pulp

Solution
Basis: | hour (M= 1000Ib)
Let S = sugar, P = pulp, and W = water.
For the crystallizer the equations are (using o = 1 — 0.40 = 0.60)

Sugar: K (0.40) =L (0) + 1000

Water: K (0.60)=L+0
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From which you get K = 2500 Ib and L = 1500 Ib.

Check using the total flows: 2500 = 1500 + 186500

Using same method for solutiogwaporator, screen and lastly solve the equations for thl .

The results for all of the variables are:

b mass fraction
D = 16,755 w? =0.174
E=17819 wh = 0.026
F=24574 wly = 073
G=1,152 w§ = 0.014
H = 6,667 oy = 0.036
J=4,167 ol = 0.85
K =2,500 wl = 0.60
L=1500
M = 1000

The fraction of sugar recovered = [product (sugar)(sugar)]
=[1000/(24,574)*(0.16)] = 0.25

Problems

1. A two-stage separations unit is shown in Figure $21. Given that the input stream Fl is 1000 Ib/hr,

calculate the value of F2 and the composition of F2

0.01 Toluene 0.95 Toluene
0.99 Benzene 0.05 Benzene
P1' PZD]
_./-l._‘— ] 2
0.4 Toluene
0.4 Benzene
0.2 Xylene
0.10 Toluene
0.90 Xylene
F2 P28 Figure SAT11P1

2. A simplified process for the production of $@ be used in the manufacture of sulfuric acidlisstrated in
Figure SAT11P2. Sulfur is burned with 100% excés@ahe burner, but for the reaction S + O SQ,
only 90% conversion of the S £ achieved in the burner. In the converter, theversion of S@to SQ
is 95% complete. Calculate the kg of air required P00 kg of sulfur burned, and the concentratiointhe

components in the exit gas from the burner and fiteerconverter in mole fractions.
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502
l 32 50,
Aiir c—1 2 SO3
Burner Converter |r———
S ] OZ
l "
S (Unburned) Figure SAT11P2

3. Inthe process for the production of pure acetyl€hk, (see Figure SAT11P3), pure methane {CHnd pure

oxygen are combined in the burner, where the fallgweactions occur:

CH; + 20, —2H,0 + CO, )
CH4 + 150, = 2H,0 + CO 0
2CH,— C,H, + 3H, 3

a. Calculate the ratio of the moles of ©® moles of CHfed to the burner.
On the basis of 100 Ib mol of gases leaving theleaser, calculate how many pounds of water are
removed by the condenser.

c. What is the overall percentage yield of productrépuGH,, based on the carbon in the natural gas

entering the burner?

CO,
Waste Fresh and CoH, Pure
Gases Solvent A C,H,
Condenser } }
) )
= S i ]
€ |H0 2 & o
35 < &
@ o (&)
* Boiler Boiler
T O, __? I_____ |—> Spent

CHy Solvent Solvent Sovent
COQ and CZHQ and Csz
Figure SAT11P3

The gases from the burner are cooled in the comddhat removes all of the water. The analysishefdases leaving

the condenser is as follows:

Mol %
C,H, 8.5
H, 25.5
CcO 58.3
CO, 3.7
CH, 4.0
Total 100.0

These gases are sent to an absorber where 97% GfHh and essentially all the G@re removed with the solvent.
The solvent from the absorber is sent to the 6&@pper, where all the GGOs removed. The analysis of the gas stream

leaving the top of the Cstripper is as follows:
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Mol %
Co, 92.5
Total 100.0

The solvent from the CGstripper is pumped to theld, stripper, which removes all theld, as a pure product.

Answers:
1. Assume that the compositions in the figure are rfrassions. Then:

Ib mass fraction
Toluene 396 0.644
Benzene 19.68 0.032
Xylene 200 0.325
2. 863 Ibair/lb S
Converter Burner

SO, 0.5% 9.5%

SO, 94 .

0, 7.4 11.5

N, 82.7 79.0

2.7 Recycle, Bypass, Purge, and the Industrial Applicédn of Material Balances

Introduction
Recycleis fed back from alownstream unit to anupstream unit, as shown in Figure 12.Ic. The stream
containing the recycled material is known ag@ycle stream
Recycle system is a system that includes one oe memycle streams.
Because of the relativelliigh cost of industrial feedstocks, whethemical reactionsare involved in a
processrecycle of unused reactantsto the reactor can offer significaatonomicsavings for high-volume
processing systemsieat recovery within a processing unitefergy recyclg reduces the overall energy

consumption of the process.
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Feed Process —— Products

a.

i
Feed Process 1 —| Process 2 — Products

—_—
b.
Recycle
l_,
Feed Process 1 |——| Process 2 —— Products

C.

Figure 12.1: Figure 12.la shows a single unit witkerial flows. Figure 12.b shows multiple units bustill with

serial flows. Figure 12.Ic shows the addition of ycle.

Recycle without Chemical Reaction
Recycle of material occurs in a variety of processes thatnot involve chemical reaction, including
distillation, crystallization, andheating and refrigeration systems.
Examine Figure 12.2. You can write material balanfoe several different systenfeur of which are shown
by dashed lines in Figure 12(®verall balance 1, Mixer balance 2, Process balaac3 & Separator
balance 4)
Thefresh feedenters the overall system and thwerall or net product is removed.
Thetotal (gross) feedenters the process and tiress productis removed.
In addition, you can make balances (not shown guie 12.2) aboutombinations of subsystemssuch as the

process plus the separato(3 plus 4, or themixing point plus the procesg?2 plus 3.

Figure 12.2 Process with recycle (the numbers desigte possible system boundaries for the material tences).

Example 35
Figure El12.la is a schematic of a process for tloalyxrtion of flake NaOH, which is used in housebold clear

plugged drains in the plumbing (e.g., Drano).
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w

L. :

95% NaOH Filter

10,000 Ib/hr (A 50 wid% i Cake
> Evaporator M Crysta[llzer >
40 wt% NaOH } NaOH and Filter 5% (a 45 wit%
solution of NaOH)

R
Filtrate 45 wt% NaOH

Figure E12.1a

The fresh feed to the process is 10,000 Ib/hr 40% aqueous NaOH solution. The fresh feed is coaabimith the
recycled filtrate from the crystallizer, and fed ttee evaporator where water is removed to produé®% NaOH
solution, which in turn is fed to the crystallizaihe crystallizer produces a filter cake that i¥®NaOH crystals and
5% solution that itself consists of 45% NaOH. Titteate contains 45% NaOH.

a. You are asked to determine the flow rate of wagenaved by the evaporator, and the recycle ratehier
process.

b. Assume that the same production rate of NaOH flaesirs, but the filtrate is not recycled. What Wioloe
the total feed rate of 40% NaOH have to be therduse that the product solution from the evaporstitir
contains 50% NaOH.

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 Ib

(or use the overall total balance 10,000 = 4113)+ W

The total amount of NaOH exiting with P is  fB) + (0.45)(0.05)](4113) = 4000 Ib

NaOH balance on therystallizer 0.5 G =4000 + 0.45R
H,0 balance on therystallizer 0.5G=113+055R
(or use the total balance G = R + 4113)
R =38,870 b
b. Figure E12.1b.
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w
I P
G 95% NaOH
F Ib/h 50 wi% i Flak
Evaporator A Crysta!llzer —»a es
40 wt% NaOH NaOH and Filter 5% (a 45 W%
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 therystallizer
0.5 G = [(0.95) + (0.05) (0.45)] (4113) + 0.45 H
H,0 balance on therystallizer
0.5G = [(0.05) (0.55) (4113)] + 0.55 H
H=238,8701b
Overall NaOH balance
0.40 F = 0.45(38,870) + 4000
F=53,730 Ib
Note thatwithout recycle, the feed rate must He37 times largerthanwith recycle to produce the same
amount of product.

Recycle with Chemical Reaction
The most common application of recycle for systémislving chemical reaction is the recycle of reants, an
application that is used to increase the overalvecsion in a reactor. Figure 12.3 shows a simpésmple for

the reaction

o, 100 gmol/s
100 ?L\mol/s 1}1000 pg‘mol/sA Reactor ;8 L B .| seperator — - z
900 gmol/s A

Figure 12.3 A simple recycle system with chemicakaction.

If you calculate thextent of reactionfor theoverall processin Figure 12.3ased on B

100 — O
Eoverall = - 100 moles reacting

If you use material balances to calculatedbhgput P of thereactor (on thebasisof 1 secondl you get A =900 g mol
B =100 g mol

And theextent of reactionbased onB for thereactor by itself as the system is

100 — 0O
Ercactor = —1 = 100 moles reacting
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In generalthe extent of reactionis thesameregardless of whether averall material balance is used or a material

balance for theeactor is used.

Two types ofconversionwhen reactions occur:

1. Overall fraction conversion:

masgmoles)f reactanin thefreshfeed masgmoles)f reactanin theoutputof theoverallprocess
masgmoles)f reactanin thefreshfeed

2. Single - pass (“once - through”) fraction conversio:

masgmoles)of reactantedinto thereactor masgmoles)of reactanexiting thereactor
masgmoles)of reactanfedinto thereactor

For the simple recycle reactor in Figure 12h@, overall conversionis

100 — 0

X 100 =
100 00 = 100%
And thesingle-pass conversiols
1000 — 900
—_— X = 10%
1000 100 o

When thefresh feed consists oimore than one reactant the conversion can be expressed forsingle component

usually thdimiting reactant, or the most important (expensive) reactant.

Theoverall conversionand thesingle-pass conversioan be expressed in terms of éxtent of reaction .

. . —vaé

Overall conversion of species A = foa = W (12.1)
Single-pass conversion = fgp = —-—_vAf (12.2)

Sp nKactor feed :

fresh feed

fsp L (12.3)

f " tresh feed + recycle :

OA na nA

Example 36
Cyclohexane (gH;,) can be made by the reaction of benzene (BgH{Cwith hydrogen according to the following

reaction:
C6H6 + 3H2 had C6H12

For the process shown in Figure EI2.2, determirer#tio of the recycle stream to the fresh feegasir if the overall
conversion of benzene is 95%, and the single-pasgecsion is 20%. Assume that 20% excess hydragesdd in the
fresh feed, and that the composition of the recgtrieam is 22.74 mol % benzene and 77.26 mol %oigir.
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Reactor feed

Product P
Fresh Feed nf Mixer nk
resh Feed ng, M\ "
> Reactor S \( n
20% excess H, &/ eparator “EZH
812
F

ng,

R  Recycle

22.74% Bz
77.26% H,

Figure E12.2 Schematic of a recycle reactor.
Solution
The process ispenandsteady state
Basis = 100 mol (g mol or Ib mol) of fresh benzerfeed
Excess H = (in — required)/ required for complete reaction
In H, (Feed):

nfy, = 100(3)(1 + 0.20) = 360 mol

The total fresh feed = 100 + 360 = 460 mol.

From Equation (12.1) for benzeng{= - 1) 0.95 = :%(_I)E
= 95 reacting moles.

The unknowns are R, ngz, nﬁz, and néele.

The speciesverall balancesare " = " + Vi€overan
Bz: nk, = 100 + (—1)(95) = 5mol
Hy: nfy, = 360 + (—3)(95) = 75 mol
CeHia  neg,, = 0 + (1)(95) = 95 mol

P = 175 mol

The amount of th&z feed to theeactor is 100 + 0.2274 Rand = 95.Thus, for benzene
-(—1)95

020 = 100 + 02274R
and R = 1649 mol
Finally, the ratio ofecycleto fresh feedis

R 1649 mol

F 460mol 3.58

Example 37
Immobilized glucose isomerase is used as a catalysbducing fructose from glucose in a fixed-lvedctor (water is

the solvent). For the system shown in Figure El2wB@at percent conversion of glucose results onpass through the

reactor when the ratio of the exit stream to tleyeke stream in mass units is equal to 8.33? Taetian is

Ci2H»01; — CpHpnOpy
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 ampen steady-stateprocess with aeaction occurring and arecycle

Figure E12.3b includes all the known and unknowlues of the variables using appropriate notation (W
stands for water, G for glucose, and F for fructose
Note that therecycle streamandproduct stream have thesame composition and consequently the same

mass symbols are used in the diagram for eachnstrea

R (kg)

ol =7

of="?

ol =2

| 1.00 -
S=100kg)” § ™\ Ti{kg) / \ P=7(kg)
+ — Reactor Y } "
0.40 0)% \\ 1 //IO)G =7 N2 /’ g = ?
060 0% 7 wf=0.04 ~= of=7
1.00 oy =? off =7
1.00 . 1.00
(b)
Figure E12.3b

Pick as a basis S = 100 kg
Overall balances

Total: P=S=100kg
Consequently,
100
R = 33 = 12.0kg '/R = 8.33]

Overall nowater is generatedor consumed hence

Water: 100(0.60) = Pl = 1000k

ol = 0.60

Mixing point 1
Total: 100+ 12=T=112

Glucose: ~ 100(0.40) + 12wf = 112%
Fructose: 0 + 120f = 112(0.04)

Or wf = 0373
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Also, because wf + w8 + ol =1

[l

wf =1- 0373 — 0.600 = 0.027

T _
Next from the glucose balance wg = 0.360
Reactor plus Separator 2
Total: T =12+ 100 = 112 (a redundant equation)

Glucose: wET — (R + P)(wk) = (f)(0ET)

(0.360)(112) — (112)(0.027) = £(0.360)(112)
40.3 — 3.02 = £(40.32)
=093

Checkby using Equation 12.2 and thetent of reaction

302 - 40 _ —(=1)@37) _
f="" =3 f=— =095

Example 38
Reactors that involve biological materials (bioteas) use living organisms to produce a variety pobducts.

Bioreactors are used for producing ethanol, ariitép and proteins for dietary supplements and ocadiiagnosis.
Figure E12.4 shows a recycle bioreactor in whi@hdtierall conversion of the proprietary componerthe fresh feed
to product is 100%. The conversion of the propnetamponent to produgter passin the reactor is 40%. Determine
the amount of recycle and the mass percent of caemgoin the recycle stream if the product streamaias 90%

product, and the feed to the reactor contains %wf the component.

Product stream (P)
10% water

90% product
Recycle Product |Waste stream (W)
Component plus water recovery Water

T Dead celis

Live cell return

r ]

F
O,
Fresh m@ 3% Component

- | Bioreactor
Meduim (F)
10% component S Cell | |
90% water eparator
Figure E12.4

Assume that the component and the product haventiethe same molecular weight, and that theteva@entains

only water and dead cells.

Solution
Basis = 100 kg of fresh feed (F).
Overall balances
Total balance: 100 =P + W
Component balance: 0.10 (100) = 0.90 P
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P =11. kg W =88.9 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===p  E= 833 kg

Total balance: R+ 100 <ty R =833 -100 =733 kg
15
= —— = 0.0205
“ 7 733

Bypass and Purge
a. A bypass stream—a stream that skips one or more stageheofptocess amoes directly to another
downstream stage (Figure 12.4).
A bypassstream can be used to control the compositionfofad exit stream from a unit by mixing the bypass

stream and the unit exit stream in suitable propoestto obtain the desired final composition.

Bypass B

Feed

\Tlderf‘ Process @— Product

Figure 12.4 A process with a bypass stream.

b. A purge stream—a stream bled off from the process to renawvaccumulation of inert or unwanted material

that might otherwise build up in the recycle strg&igure 12.5).

3 Recycle R @

Purge

Feed ! Sep-
@ Process Product

Figure 12.5 A process with a recycle stream with pge.

Example 39
In the feedstock preparation section of a plantufasturing natural gasoline, isopentane is remdvaah butane-free

gasoline. Assume for purposes of simplificationt tie process and components are as shown in FiEflRe5. What
fraction of the butane-free gasoline is passedutiinahe isopentane tower? The process is in tlalgtstate and no

reaction occurs.
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_j Isopentane side stream @
~~ "[i-CsHyz 100%
7 N

/ \
De- / Iso- AN Overall
butanizer / pentane " system
tower \ boundary

i

—_—

n-CaHi 100% _—Mix
mturol a5

feed N (D @ oline plant

n'05H|2 80°/0\®\ Mix //, 90% I'I'C5H|2

i‘C5H|2 20% e ‘Oo/o i-C5H|z
Figure E12.5

Solution

Basis: 100 kg feed
Overall balances
Total material balance:

In Out
= (@)
100 S+P
Component balance for ns@ie component)
In _ Out (b)
100(0.80)  S(0) + P(0.90)
Consequently,
0.80
P = 100<*0*.%> = 88.9kg

§S=100—-889=11.1 kg

Balance around isopentane tower:
Let x be the kg of butane-free gas going to the isopentawer, and/ be the kg of the n+{El,, stream leaving the

isopentane tower.

In _ Out ©
Total material balance: x 1ll+y
Component balance for nsC x (0.80) =y (d)

Consequently, combining (c) and (d) yields x = 55.5 kg or the desired fraction is 0.55.

Another approach to this problemis to make a balance miixing points 1 and2.

Balance around mixing point 2:

Material into junction = Material out

Total material: (100 — x) + y = 88.9 (e)
Component (iso-€}: (100 —x)(0.20) + 0 = 88.9(0.10) ®
Solving yields x = 55.5 kg as before
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Example 40
Figure E12.6 illustrates a steady-state processh®rproduction of methanol. All of the compositoare in mole

fractions or percent. The stream flows are in moles

Overall System Boundary

/3 rTTTTTTTTTTTTTTTT T 0
673H, | ; '{
Feed F432.5 C0 —p—DX Reactor SEPOrator  fmemmmmmmenii CH;0H CO + 2H, — CH.OH
1 o, 2 3
02 CHy | I 100%
1
: Recycle R Purge P U
! * Hy  ° Split !
: y €O !
| 7 CHy !
e e e 4
Figure E12.6

Note in Figure E12.6 that some ¢knters the process, but does not participateeimehction. A purge stream is used
to maintain the Cldconcentration in the exit from the separator atmare than 3.2 mol%, and prevent hydrogen
buildup as well. Th@nce-through conversiorof the CO in the reactor is 18%.
Compute the moles of recycle, ¢BH, and purge per mole of feed, and also comp@@tinge gas composition.
Solution
The mole fraction of the components in the purgeash have been designated as x, y, and z $pICB®, and CH
respectively.

Basis: F = 100 mol

The variables whose values are unknown are x,F, P, and R.

z=0.032 (a)
The implicit mole fraction balance in the recycdleeam x+y+z=1 ()
Theoverall element balancesre (in moles):
2H: 67.3+02(2)=E2)+P (x+22) (©)
C: 325402 =E(L)+P@y+2 (d)
O: 325 =EW)+PQ) (e
Reactor plus the Separator
co: In Out Consumed ®)

[325 + Ry] — [y(R + P)] = (32.5 + Ry)(0.18)

Equation (a) can be substituted into Equationsttflugh (f), and the resulting five equations sdhN®y successive

substitution or by using a computer program. Thseiltang 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
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Problems

1. How many recycle streams occur in Figure SAT12.1PI?

P1
l—>
X1
2
l X3
F Fxe |
;
.l 1 ] . P2
T X5

X2

Figure SAT12.1P1

2. The Hooker Chemical Corporation operates a prodesklichigan for the purification of HCI. Figure
SATI2.1P2 shows the flow sheet for the Hooker pssc&he streams from the bottoms of the five towaees
liquid. The streams from the tops of the towersgases. HCl is insoluble in the HCB (hexachlorobigas).
The various stream compositions are shown in FiG#€12.1P2.

How many recycle streams are there in the Hookerges?

Wt %
CCly 9.0
HCI 91.0

Pure H,CI
wt. % (Product)
CCl50.5

HC149.5
3

wt. %

oy —
, 9.
(Feed) Pur/e = oWt %
wt.% [CCl gng ??:g P
52:49(5):2 v 4 i Pure HCB
Cl, 182 wh %
HCB68.5
M CCiy31.5

—— HCl and Cl, recycled to chlorination units

Figure SAT12.1P2

3. A ball mill grinds plastic to make a very fine posvdLook at Figure SAT12.2P1.

-4 Particle Collector |
A
! Uncollected powder

to waste

1
]
1
1
1
]
1
Feed \

Product (10,000 kg) fine powder
Figure SAT12.2P1

At the present time 10,000 kg of powder are prodyser day. You observe that the process (showrhéy t
solid lines) is inefficient because 20% of the féedot recovered as powder—it goes to waste.
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You make a proposal (designated by the dashed) linagcycle the uncollected material back to thedfso
that it can be remilled. You plan to recycle 75%taf 200 kg of uncollected material back to thelfseam.
If the feed costs $1.20/kg, how much money would gave per day while producing 10,000 kg of fine
powder?

4. Sea water is to be desalinized by reverse osmagig the scheme indicated in Figure SATI2.2P2. thse
data given in the figure to determine: (a) the cftavaste brine removal (B); (b) the rate of desaéd water
(called potable water) production (P); (c) the fi@t of the brine leaving the reverse osmosis (@elflich acts

in essence as a separator) that is recycled.

Brine Recycle

\

Seawater (4.0% | Heverse Brine waste (B)
> osmosis

3.1% salt salt cell 5.25% salt

1000 ib/hr

P
Desalinized Water
500 ppm salt

Figure SAT12.2P2

5. A material containing 75% water and 25% solid id fe a granulator at a rate of 4000 kg/hr. The fised
premixed in the granulator with recycled produanira dryer, which follows the granulator (to redtice
water concentration of the overall material feaitite granulator to 50% water, 50% solid). The pobdhat
leaves the dryer is 16.7% water. In the dryerisarassed over the solid being dried. The air exgehe dryer
contains 3% water by weight (mass), and the airitggthe dryer contains 6% water by weight (mass).

a. What is the ratio of the recycle to the feed entpthe granulator?
b. What is the rate of air flow to the dryer on a tasis?

6. Benzene, toluene, and other aromatic compound$eaecovered by solvent extraction with sulfur diex
(SO,). Figure SAT12.2P4 is the process schematic. Aexample, a catalytic reformate stream containing
70% benzene and 30% nonbenzene material is passedjh the countercurrent extractive recovery sehem
shown in Figure SAT12.2P4. 1000 Ib of reformate 8000 Ib of SQ are fed to the system per hour. The
benzene product stream contains 0.15 Ib of 5 Ib of benzene. The raffinate stream contdintba initially
charged nonbenzene material as well as 0.25 Ibenfdne per Ib of nonbenzene material. The remaining
component in the raffinate stream is,SBow many Ib of benzene are extracted in the prbditeam on an

hourly basis? How many Ib of raffinate are produpedhour?

P I Benzene Product

[ f |
|————> Mixer IE)EI I——E

F y Raffinate
SO, Feed
3,000 Ib/hr C | Catalytic Reformate

1,000 Ib/hr

Figure SAT12.2P4

102



Chemical Engineering principles - First Year

Dr. Anees A. Khadom

7. A catalytic dehydrogenation process shown in Figed 12.3PI, produces 1, 3 butadiengHg) from pure

normal butane (§1,0). The product stream contains 75 mol/hr gfdid 13 mol/hr of ¢H,q as well as GHe.
The recycle stream is 30% (mol)HG, and 70% (mol) ¢He, and the flow is 24 mol/hr.

Pure ———»—
C4Hio

C4H4 — C4H6 + 2H2

Y

]

F = ? moles/hr

Recycle x¢,p,, = 0.30
XC4H6 =0.

Figure SAT12.3P1

—»| Separator — Ny, = 75 moles/hr
NEgHye = 13 moles

NG4He = 7

(a) What are the feed rate, F, and the product fate of GHg leaving the process?

(b) What is the single-pass conversion of butartbérprocess?

8. Pure propane ({lg) from El Paso is dehydrogenated catalytically itoatinuous process to obtain propylene

(CsHg). All of the hydrogen formed is separated from thactor exit gas with no loss of hydrocarbon. The

hydrocarbon mixture is then fractionated to giveraduct stream containing 88 mole % propylene abd 1

mole % propane. The other stream, which is 70 elpropane and 30 mole % propylene, is recycled. The

one-pass conversion in the reactor is 25%, and kQ06f fresh propane are fed per hour. Find (a)kifnef

product stream per hour, and (b) the kg of recgtieam per hour.

9. Ethyl ether is made by the dehydration of ethybhtd in the presence of sulfuric acid at 140°C:

2C,H,OH — C,H;0C,H; + H,0

Figure SAT12.3P3 is a simplified process diagran8.7B6 conversion of the alcohol fed to the reactoeurs

per pass in the reactor, calculate: (a) kilograershpur of fresh feed, and (b) kilograms per hdueoycle.

93% H,S04

7% H0 |
Ether Alcohol
Reactor separation separation

Dilute
H2S504 solution
Fresh feed Recycle
95% alcohol 92% alcohol

5% water 8% water

Figure SAT12.3P3

—Pure diethyl ether (1200 kg/hr)

Waste
Sulfuric acid
and water

10. In the famous Haber process (Figure SAT12.4P1) amufacture ammonia, the reaction is carried out at

pressures of 800 to 1000 atm and at 500 to 6007 ws suitable catalyst. Only a small fraction bé t

material entering the reactor reacts on one passecycle is needed. Also, because the nitrogerbtained

from the air, it contains almost 1% rare gasesefhargon) that do not react. The rare gases woaidinue

to build up in the recycle until their effect onetineaction equilibrium would become adverse. Tleesfa

small purge stream is used.
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3Hz + Ny — 2NH3

N2
Ha Reactor Separator [———NH3 (Liquid)
Ar
N2, Ho, Ar
22 Purge (Gas)
Figure SAT12.4P1

The fresh feed of gas composed of 75.16%24.57% N, and 0.27% Ar is mixed with the recycled gas and

enters the reactor with a composition of 79.52% Fhe gas stream leaving the ammonia separatoaiosnt

80.0 1% H and no ammonia. The product ammonia contains sepblied gases. Per 100 moles of fresh feed:
a. How many moles are recycled and purged?

b. What is the percent conversion of hydrogen pssp

11. Figure SAT12.4P2 shows a simplified process to metkglene dichloride (§4,C1l,). The feed data have
been placed on the figure. Ninety percent convarsicthe GH, occurs on each pass through the reactor. The
overhead stream from the separator contains 98#teo€}, entering the separator, 92% of the enterinlg,C
and 0.1% of the entering,B,C1,. Five percent of the overhead from the separatpurged. Calculate (a) the
flow rate and (b) the composition of the purgeatne

T Purge

L

Recycle

Feed Reactor
_’C CoH, + Cly — C,H,Cl,

C,H,4 100 mol/hr
Cl, 100 mol/nr

O - DPTO®

=]

li‘ Product

Figure SAT12.4P2

Answers:

1. 2

2. 5

3. $2250

4. # 1 #

5. #(;, &#* # & ; # #: #

6. < # I # o #&&( Y 1= #

7. (a) mol/hr GHg ; , 6; #

8. # #

9. # 1, #

10. ' #*,)# 5 %#( Hit # & (& & #

1. 1 # " J " LHY " ,H.Cly 0.0033.
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Chapter Three
Gases, Vapors, Liquids, and Solids

Property is meaning any measurable characteristic of atanbs, such gsressureg volume, or temperature,

or a characteristic that can be calculated or dediusuch as internal energy.

State and Equilibrium A system will possess a unique set of properSesh as temperature, pressure,

density, and so on, at a given time, and thusit teabe in a particular state. A change in theestd the

system results in a change in at least one ofdpasties.

By equilibrium we mean a state in which there is no tendencyrbwspontaneous change. When a system is
in equilibrium with another system, or the surromgg, it will not change its state unless the othetem, or

the surroundings, also changes.

A phaseis defined as a completely homogeneous and unitate of matter. Liquid water would be a phase;
ice would be another phase. Two immiscible liguidshe same container, such as mercury and watarldw

represent two different phases because the liduus different properties.

3.1 Ideal Gas Law Calculations

The Ideal Gas Law

Under conditions such that the average distanoseet the molecules in a substance is great enauglkedlect the
effect of the intermolecular forces and the volurhi¢he molecules themselves, a gas can be termatkahgas More

properly, an ideal gas is an imaginary gas thaysleeactly the following relationship

pV = nRT )
Where p = absolute pressure of the gas
V = total volume occupied by the gas
n = number of moles of the gas
R = ideal gas constant in appropriate units
T = absolute temperature of the gas

Sometimes the ideal gas law is written as
\p=RT (1a)

U
WhereV/ is the specific volume (volume per mole or masshefgas.

Table 1 Common Standard Conditions for the Ideal Gas
System T P \7
Sl 273.15K 101.325 kPa 22.415/ky mol
Universal scientific 0.0°C 760 mm Hg 22.415 litgrafol
) 60.0°F 14.696 psia
Natural gas industry 379.4 ft/lb mol
(15.0°C) (101.325 kPa)
American engineering 32°F 1 atm 359.0%ttmol
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Example 1
Calculate the volume, in cubic meters, occupied®kg of CQ at standard conditions.
Solution
Basis: 40 kg of CQ
40 kg CO, | 1 kg mol CG; |22.42 nt CO, =20.4 n¥ CO, atS.C.
| 44 kg CO, |1 kg mol CO,
Example 2

Find the value for the universal gas consfrfor the following combinations of units: For 1 g haf ideal gas when

the pressure is in atm, the volume in*cend the temperature in K.

Solution

At standard conditions we will use the approximate values

p = latm
V = 22415 cm/g mol
T = 273.15K
: atr 2 o S IYYT
R pV_ _ o amm l 22,415 cm = %2 06 (cm’)(atm)
T 273.15 K i I g mol (K)(g mol)

In many processes going from an initial state tbnal state, you can use the ratio of ideal gas iavthe

respective states and elimin&eas follows (the subscript 1 designates the ingttate, and the subscript 2 designates

the final state)

rYi KT

PV, mRIT,

)G -G

or

Example 3
Calculate the volume occupied by 88 IbG#D, at a pressure of 32.2 ft of water and at 15°C
Solution
Stale! Stale 2
88 ft3at | |13 at 322 H H0
b | S.C. o and 15°C

The final volume can be calculated via Equatior2i8.which bothR andn,/n, cancel out:
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T
VZ B ‘/' (.‘L)“L] (‘V%J
P2 I

Assume that the pressure is absolute pressure.

ALS.Co(state 1) Al state 2
p=3391 1t H,0 p=3221tH,0
T=273K T=273+15=288 K

Basis: 88 Ib of CO,

88 Ib CO, | 359 | 288 | 3391 g8 @ co,
441b CO, [Tlbmol| 273 | 322  at 322t H,0 and 15°C
I Ib mol CO,
L |
Calculation ol v,
Another solution
The same results can be obtained by using Eq. 1
7
R =L
)
ALS.C,
p =339 it H,0 V =359 113/1b mol T=273K
T = (It HO) ()
Roo 3391 [ ase o (LHOTL
} 273 (Ib molyK)
Basis: 88 Ib of CO,
y o= MR 88 1h O, l ALS9 (1 1LO) (1) I 288 K
2 44 1b CO), (Ib mol)(K) 32.2 1t H0O

ib mol CQO,

=798 113 CO, at 32.2 fULHLO and 15°C

The Gas Density
Thedensity of a gass defined as the mass per unit volume and caaxpeessed in kilograms per cubic meter, pounds

per cubic foot, grams per liter, or other units

Example 4
What is the density of Nat 27°C and 100 kPa in S| units?

107



Chemical Engineering principles - First Year Dr. Anees A. Khadom

Solution
Basis: Lmdof Ny at 27°C and 100 KPP
L n*] 273K | 100kPa | 1 kgmol | 28kg
l 300 K l 101.3 kPa ‘ 224 ! l I kg mol

=1.123 kg

density = 1123 kp/mbol N, Al 277C (300 K and 100 K P

The Gas Specific Gravity
The specific gravity of a gasis usually defined as the ratio of the densitytted gas at a desired temperature and

pressure to that of air (or any specified refereya® at a certain temperature and pressure.

Example 5
What is the specific gravity of \at 80°F and 745 mm Hg compared to air at 80°F/a@dmm Hg?

Solution

Basis: | t3 of air at 80°F and 745 mm Hg

492 | 745 ||
| 540 | 760 | 359

= (.0721 Ib/ft? at 80°F and 745 mm Hg

Basis: | 13 of N, at 80°F and 745 mm 1lg

|| 492 | 745 | | 28 0.0697 Ib/f® at 80°F and 745 mm Hg
| 540 | 760 | 359

Ib N,/ft3 at 8O°F, 745 H
(sp. gry, = 0.0697  _ 0.967 — - 2 ; \ bl mm Hg
00721 [b air/f air at 80°F, 745 mm Hg

Note: for gases at the same temperature and pressarspétific gravity is just the ratio of the respeximolecular

weights Let A be one gas and B be another.

=R . ) — =RT
pV =Rl o1 I D

Thus Spgr;g: P, mMolwtA T

- _B ()
rs pg molwtB T,

Ideal Gas Mixtures and Partial Pressure
The partial pressure of gas; i defined bypalton, p;, namely the pressure that would be exerted bypgescomponent

in a gaseous mixture if it existed by itself in @me volume as occupied by the mixture and asah®e temperature of

the mixture is

(4)

/’ivn 1= H; I‘)'Imml

olit

Wherep; is the partial pressure of componéentf you divide Eq. (4) by Eq. (1), you find that
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yopt
I)l ‘/lut,ll = ", K lh»!.:l .
yep
,)hrhul ‘/lul;nl ”lnml l\ llnl.ﬂ
or
H,
Vi = Pt = Pt Vi (5)

llulul

Wherey; is the mole fraction of componeint Can you show that Dalton's law of the summatiopantial pressures is

true using Eq. 13.5?

(6)

Pyt SR P =1y .. 2.0
Although you cannot measure the partial pressuectly with an instrument, you can calculate thluggrom Eqgs. 5
and/or 6.
Example 6
A flue gas analyzes 14.0% G®.0% Q, and 80.0% B It is at 400°F and 765.0 mm Hg pressure. Calettla partial
pressure of each component.
Solution

Use Eq, (13.5) pi =pt Vi
Basis: 1.00 kg (or Ib) mol flue gas

Component kg (or Ib) mol p (mm Hg)
CO, 0.140 107.1
0, 0.060 45.9
N, 0.800 612.0

On the basis of 1.00 mole of flue gas, the moletia y of each component, when multiplied by the totasgure,

gives the partial pressure of that component.

Real Gas Relationships
We have said that abom temperature and pressuremany gases can be assumed to aitiesd gases
However, for some gases under normal conditiond, fan most gases under conditionshafh pressure
values of the gas properties that you might obtaing the ideal gas law would be at wide varianié the
experimental evidence. . You might wonder exactbwhthe behavior ofeal gasescompares with that

calculated from théleal gas laws

U
In Fig. 3.2 you can see how the {/ )product of several gaselgviatesfrom that predicted by thieleal gas

laws as thepressure increasesubstantially. Thus it is clear that we need sevag of computinghe p-V-T
properties of a gas that isot ideal, i.e. the real gas
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1.50 I

Hy, 200°C

140 P G A
/ 4r|

— /‘ /CH4,2|00°C

- Hz, 0°C

\
N

1,30

1.20 P -
// 7&__—.—-—

\

110 o
1,00 |eeEm e P 4003, 0°C |

\
\
\l
N

090 P — vaa —

(p? dactuol 908
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/

0 100 200 300 400 500 600 700
Pressure {(atm)

Figure 1 Deviation of real gases from the ideal gas lawigh pressures.

Three methods of getting or predicting real gas prperties in lieu of having experimental data:
1. Compressibility charts
2. Equations of state

3. Estimated properties
Critical State, Reduced Parameters, and Compressility

The critical state for the gas-liquid transitiontlie set of physical conditions at which the degnaitd other
properties of the liquid and vapor become identical

The law of corresponding statesexpresses the idea that in tiwitical state all substances should behave

alike.
Refer to Figure 2 in which the states of water ilustrated. As the temperature increases, theitjeokthe

liquid and vapor approach each other until finalty374.14 °C, the values are the same.
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600 ~
i \Critical point \ Supe{critical fluid
22 MPa \ 100 MPa 500 MPa 2500 MPa

£ 400 )
g 5 374.14°C
=3
g -
2 200 \
£ ! Gas-liquid in equilibrium \
T 273.16 K

. Gas-solid in equilibrium

0 0.20 0.40 0.60 0.80 1.00 1.20 1.40
Density, g/cm?®

Figure 2 Theregions of existence of solid, liquid, gaseous, sungercritical water. At thigiple point solid, liquid, and
gas are all in equilibrium.

A supercritical fluid, that is, a compound in a state above the cripoait, combines some of the properties
of both gases and liquids.

Another set of terms with which you should immeeliatbecome familiar are threduced parameters These

are corrected, or normalized, conditions of temperature, pressure, and volume ared expressed
mathematically as

T
=7
Pr—=

V;_:

Sl Pl

Compressibility Factor (2)

One common way is to modify the ideal gas law Iseiting an adjustable coefficientthe compressibility factor, a

factor that compensates for thenideality of the gas. Thus, thideal gas lawbecomes @eal gas law a generalized
equation of state.

pV=znRT )

Figure 3 shows thgeneralized compressibility chartsor z — factor _chart prepared by Nelson and Obert.
These charts are based on 30 gases.

Figure 3 (e)is a unique chart that, by having several parammgietted simultaneously on it, helps you avoidltand-

error solutions or graphical solutionsregll gas problems One of these helpful parameters is the idealaediwvolume
defined as

=<
1l
c<’| <>

111



Chemical Engineering principles - First Year Dr. Anees A. Khadom

V., the ideal critical volume (not the experiimertal value of the critical volume), or
s RT,
V, =—*

Tp,

Both V_ and V_ are easy to calculate since T, and p_are presumed known.

100

I/
ALY

0.99 >

0.96

0.94

0.92

0.90

0 0.02 0.04 0.06 0.08 0.10
Pr

Figure 3(a) Generalized Compressibility Chart, Very Low ReduPedssure
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Figure 3(b) Generalized Compressibility Chart, Low Pressure

SLENVHD ALI'TIHISSANAWO) ° ° °

;—- Compressitility foctor, Z=pv/RT
1.20

LS

LIO

o f

1.08

|

|

I\

T, =15.0

100 .

120

Lo

—

1.05

Loo

N
s

030
N

085

IR\ N
N

0.rs .(

AT
\

085

0.60

055

050

045

040

-

035

030

020
00 05 1.0 15 20 25

30

3.5

.0

45 50 5.5
Reduced pressure, Py

113

60

65

™

5

80

85

90

9.5

10.0

=t " SIMVHD ALTTIHISSHHANOD



Dr. Anees A. Khadom

Chemical Engineering principles - First Year

Figure 3(c) Generalized Compressibility Chart, Medium Pressure
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Figure 3(d) Generalized Compressibility Chart, High Pressure
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Figure 3 (e)Generalized Compressibility Chart, with SpeciaiSs.

Note

The valuez = 1represent@eality, and the valug = 0.27is the compressibility factor at tlegitical point .

Example 7

In spreading liquid ammonia fertilizer, the chardes the amount of Nklare based on the time involved plus the

pounds of NHinjected into the soil. After the liquid has begmesad, there is still some ammonia left in the sedank

(volume = 120 fi), but in the form of a gas. Suppose that your teiglly, which is obtained by difference, shows a

net weight of 125 Ib of NElleft in the tank as a gas at 292 psig. Becaustatiieis sitting in the sun, the temperature in

the tank is 125°F. Your boss complains that hisudations show that the specific volume of the iga%.20 ft/lb and

hence that there are only 100 Ib of NH the tank. Could he be correct? See Figure E 3.7

292 psig (>

Solution

125°F
V =120 1ft3

Figure E 3.7

Apparently, your boss used the ideal gas law itirgehis figure of 1.20 filb of NH; gas:
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fe 3
R=1073 (psm)(tl{ )
(Ib moh(*R) p =292 + 14,7 = 306.7 psia

l, Ih,

T=125°F + 460 = 585°R ”=m

-

o RT _ 4(10.73)(585)

, =1.20 1t'/1b
P 306.7 X

However, he should have used ttmmpressibility factor, because Nkldoes not behave as @&eal gasunder the

observed conditions ¢émperature and pressure Let us again compute the mass of gas in thettaskime using

pV =zRT
From Appendix D:

T, = 405.5K =729.08

peo= L3 atm = 1636 psia
Then, since z is a function of 7 and p,,

T 585"
[" :.—-:————{ = ().801
T 72997 :

306.7 psic ,
p, =L 0T sty
p. 1636 psia

U
From the Nelson and Obert chart, Fig. 13.3 (b), gauread z = 0.855. Noy can be calculated as
o 12001 ideal | 0855
Ib I I
I 1b NI, l 120 1t}
1.03 13 I

= 1.0% (1'/1b NI,

=117 Ib NI,

Note: Certainly 117 Ib is a more realistic figure thHEBD Ib, and it is easily possible to be in error8dp if the residual

weight of NH; in the tank is determined by difference. As a eratf interest you might look up the specific vokiwf

U
NH; at the conditions in the tank in a handbook. Yaw find that\/ = 0.973 fé/lb, and hence the compressibility
factor calculation yielded a volume with an erréooly about 4%.

Example 13.8
Liquid oxygen is used in the steel industry, in dfemical industry, in hospitals, as rocket fueld dor wastewater

treatment as well as many other applications. hospital a tank of 0.0284%wolume is filled with 3.500 kg of liquid
O, that vaporized at -25°C. Will the pressure inttirk exceed the safety limit of the tank’ (KPa)?

Solution

Basis: 3.500 kg O,
We know from Appendix D that
T.=1544K
pP.=49.7 atm — 5,035 kPa
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00284 m*| 32kg
3.500 kg | I kg mol

Note that the molal volume must be used in calculating V, . Since VCi is a volume per

1% (molal volume) = =0.260 m’/kg mol

mole.
~ 3 . k]
p _RT_ B313) kP | 1544K _ oo m
“ " p (kg mo)(K) 15,035 kPa kg mol
Then
V. = Y _0260 _\
! V;i 0.255
Now we know two parameters, V.. and,
o 248K 6
i544 K
From the Nelson and Obert chart [Fig. 3 (e)],
p,=143
Then "
P =D

= 1.43 (5,035) = 7200 kPa

The pressure of 100 atm will not be exceeded. Evenom temperature the pressure will be less iffskPa.

13.2.2 Equations of State

Equations of state relate tipeV-T properties of a pure substance (or mixtures) bprétecal or empirical
relations.
The simplest example of an equation of state isdbal gas law itself. Table 13.2 lists a few af tommonly
used equations of state (from among the hundreds lthve been proposed) that involve two or more
coefficients.

TABLE 3.2 Equations of State (for 1 Mole)*
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Van der Waals: ' ) Beattie-Bridgeman:
a\ v Y 5 B, vy &
(p Vz) P vov: v
27\R2T? _ Re
“—(6_4) 7. : = KB~ Ao ™
1\RT, RByc
b= (E) P‘. Y = —RTBnb + QAD - “?‘?‘
: RBob
Dieterici: & = 02 l
. T
p= NR‘T ga/VRT Benedict-Webb-Rubin:
V—-9b
Berthelot: p‘?’=RT+£+_£-+;i+,£
V2 Vd- VS
_RT a _ R &
PV =% TV P=Rifemfomm
. . c Y
Redlich-Kwong: o=bRT —a+ 77 exp (— E)
a - ] ¥
+————|(V - b)) =RT = cyex (—.—)
[‘D TV2P(W + b)] . nT e P2
RlT%.S
a = 0.4278 w = au
oo RT.. . . .
b = 0.0867 Z Peng-Robinson:
<
Kammerlingh-Onnes: p= ,.RT - A = =
' V—>b V{(V+b +5b(V—D>b
" 272
pV = RT(I + 2 + g- + .. ) a= 0.45724(R Tc)
\'4 V2 Pe
Holborn: b= 0.0‘7‘780(ch)
pV=RT(1+B'p+C'p2+ - -.) a=[1+ «(1 — TV

Kk = 0.37464 + 1.54226w — 0.26992»*
w = acentric factor (see p. 275)

Van der Waals equationcan easily be solved explicitly f¢p) as follows:

nRT nla

)= ——— — —
! V-nb V?

However, if you want to solve for V (or n), you ceee that the equation becomes cubic in V (or n):

V) =v3 —|nb LRI 2, g, nlab
r r p
And can have multiple roots. We want a positivd reat. Computer programs can solve nonlinear equations and can
be used to solve for if you have a reasonahldtial guessfor V, say from the ideal gas law.
Example 13.9
A cylinder 0.150 min volume containing 22.7 kg of propangHg stands in the hot sun. A pressure gauge shows that
the pressure is 4790 kPa gauge. What is the tetopemaf the propane in the cylinder? Use van deal/aquation.
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Solution
Basis: 22,7 kg ol propane
The van der Waals constants obtained rom any suttable handbook

Gt N2
a =924 x 100 ulm(#”)
£ mol

b=o07-SM

2 mol
P+ ('(/” ) (V—ub) = nRTl

All the additional information you need is as follows:

790 + 10DkPa] 1 amm

=<8, 3 atm abs
\ 101.3 kP’

82.()()( cm ! }atn)
(g mol)(K)

R in the proper units is =
¢

= e 27 =(.516 kg mol propane

44 kg/kg mol

352 6
4534 (0:516x10%) (9.(242><|0 )
(0.150 % 10")

~(0.516 x 10H90.7)] =(0.5106 % I()~‘)(X2.()())('I'K)

]| 0.150 x 10°

T=384K

3.2.3 Gaseous Mixtures

In Kay's method, pseudocritical values for mixtures of gases are calculated onassumption that each
component in the mixture contributes to the psetitical value in the same proportion as the nundfenoles of that

component. Thus the pseudocritical values are ctedpas follows:

Pe=Pe YA+ Dot - (8a)
7
T = TcAyA + TCByB+. .. (8b)
Wherep'. = pseudocritical pressure aiy = pseudocritical temperature. (It has also beemdotonvenient in some

problems to calculate similarly a weighted pseutksl-critical volumeV'.;.)

Then the respective pseudo-reduced values are

,_P
Pr =75
Pc
T
T = =
T
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Example 10
A gaseous mixture has the following compositionnfiole percent):

Methane, CHd 20

Ethylene, GH; 30

Nitrogen, N 50

at 90 atm pressure and 100°C. Compare the volumm@le as computed by the methods of:
(a) the perfect gas law

(b) the pseudoreduced technique (Kay's method)

Solution
Basis: 1 g mol of gas mixture

Additional data needed are:

Component T.(K) P (atm)
CH, 191 45.8
C2H4 283 50.5 *
NZ 126 33.5
a3 M+
R =82.006 (cm” }(atm)
(g mol)(K)

(a) Perfect gas law:

! RT _ 1(82.06)(373)

| V= =340 cm?® at 90 atm and 373 K
2 90

(b) According to Kay’s method, we first calculate the pseudocritical values for the
mixture

pc' = P In FPe W HDe Y = (45.8)(0.2) + (50.5)(0.3) + (33.5)(0.5)

= 41.2 atm

T = T, ya+ Ty + Tepy, = (191)(0.2) + (283)(0.3) + (126)(0.5)

=186 K

Then we calculate the pscudo-reduced values for the mixture

r 90 T 373
) = =-7Y0 =218, —— === =201
Py T; 186

- r_
pc' 41.2 T .

L)
a4

With the aid of these two parameters we can find from  Figure 13.3(c) z=0.965. Thus

ZRT  0.965(1)(82.06)(373)
2] B 90

V= =328 cm” at 90 atm and 373 K
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Note
In instances in which the temperature or presstig gas mixture is unknown, to avoid a trial — andrror solution
using the generalized compressibility charts, yan compute the pseudocritical ideal volume amseudoreduced

ideal reducedvolumeV,; thus

A/ 2 ¢ VG ‘v/
Vo= and V)=

I ' v

4
[

Vi can be used in lieu of py or T'7in the compressibility charts,
Vapor Pressure and Liquids

The termsvapor andgasare used very loosely. From now on, the weagor will be reserved to describe a
gas below its critical point in a process in whibk phase change is of primary interest, whilevthed gasor
noncondensable gasvill be used to describe a gas above the cripicdht or a gas in a process in which it

cannot condense.

If the vapor and liquid of a pure component areduilibrium, then theequilibrium pressure is called the

vapor pressure(see Figure 13.4).

G
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760 i—:t—ﬂ —— el J104.3 .
FoAE T
|
e
526}—E : # o consto ‘d“““___ 70.1
-E -\M o Gas Low
o Ice 3 Liquid Line 108
pe ksolid® {subcooled) &
-kE 5 $€ [ 34 ‘:
- ¢ Vapor
& o5 (supergeuted)
150 § xJ 20.0
@b
Triple point: solid, \pgo‘
liquid and vapor £ e — — —
4 1 o
in equilibrium N
z ¢
! 0.67
> 0 60 90 100
Solid ond vapor 7.°C

in equilibrium

Figure 13.4 Vapor-pressure curve for water.

Any substance has an infinite numberboiling points, but by custom we say tlieormal” boiling point is

the temperature at which boiling takes place urdpressure of 1 atm (101.3 kPa, 760 mm Hg). (sgeréi
13.5)
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When the solid passes directly into the vapor pheisieout first melting to become a liquid (line J-&s
opposed to line L-M-N-O in Figure 13.4) it is saidsublime.

Figureld.5  'Pranstormation o1
Biquid water into vapor at constant
pressure. The 101.3 kPa exerted by
the piston includes the force of the
atmosphere above the piston.

.6

£ =900 mm Hg 250 mm Hg

N | N
n
N | N
\ §
n
\ § Figurel3.6  Transformation of
N \ liquid water into water vapor at a -
NIl Liquid? constant temperature by changing
R 90°C N the imposed pressure.

Another new term you will find used frequently letwordguality . A wet vapor consists of saturated vapor

and saturated liquid in equilibrium. Thaass fraction of vaporis known as thguality (x).

Change of Vapor Pressure with Temperature

You can see from Figure 13.4 that the functiop®ofersusT is not a linear Function (except as an approximativer
a very small temperature range).

We will use theAntoine equation— it has sufficient accuracy for our needs:
B

Inp =A- (9)

WhereA, B, C = constants different for each substafice temperature, K
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Example 11
Calculate the vapor pressure of benzene at 50 tse Antoine Equation. Also estimate the nornmlig point of

benzene (the vapor pressure at 1 atm).
Solution

B

Antoine Equation In(p*=A— C+T

From Appendix G in the text the coefficients are

Benzene: A =159008 T=K
B =2788.51 p* = mmHg
C=-52.36

a. Vapor Pressure of benzene at 50°C

2788.51

In(p®) = 15.9008 — 55 36+ (50 + 273)

p* = 270 mmHg abs

b. At the boiling point the vapor pressure 1s 1 atm (760 mmHg abs.)
In(760) = 15.9008 — _227 i%“llT

Solving, T =353.3K

Liquid Properties

Often making density a linear function of temperatthat is independent of pressure provides saffity accurate

predictions

p=p,—B(T=T) (10)
Where ,and are constants andis the density of the liquid. Most liquids candmnsidered to be incompressible, that
is, their density is independent of pressure.
For compounds with likenolecular structures, such as hydrocarbons of similar molecular weighliedideal liquids,
the density of a liquid mixture can be approximatgdassuming that the weighted specific volumesaduditive:

~ ~ ~ ~ L ~ 11
Vierwge =XV + 0.V, 400,V = D x,V, ()

average n'n
i=1

Wheren is the number of components in the mixture. fRamideal liguids or solids dissolved in liquids, experimental
data or estimation techniques described in mankefeferences, as the specific volumes are natieald

Saturation

Figure below shows that thelume of the air plus thewater vapor increasesuntil the air issaturated with water

vapor, after which stage the volume remains cohstan
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1 otm 1 atm 1 otm
(101.3 kPa) (101.3 kPa) {1013 kPa)

Evaporation of water at constant pressure and tempature of 65°C

Assuming that the ideal gas law applies to bothaaid water vapor with excellent precision, we cap that the

following relations holdat saturation:

oV - o RT
or
Pair _ Ryir _ Pair
Pyyo - _7"H2() " Prowt ™ Pair

in a volume V at temperature T.

Example 12

What is the minimum number of cubic meters of diryah 20°C and 100 kpa necessary to evaporate 6.0 kg of ethy
alcohol if the total pressure remains constantCfl kpa and the temperature remain§CZ0Assume that the air is
blown through the alcohol to evaporate it in suchiay that the exit pressure of the air alcohol migtis at 100 kPa.
(Given:p*a|coho. at 20C = 5.93 kPa, mol. wt. ethyl alcohol = 46.07).

Solution

See Figure E13.12. Assume that the process isisu#i.

100 &Pa
20°C ‘ Soturoted
P ) .
Rl B e I Figure E13.12
g

Basis: 6 kg of alcohol

I’.lh'nhul Hateohol

,,;m “,lll

Pair = Protal = Patcahor = (100~ 5.93) kPa = 94.07 kPa

6.0 kg alcohol l 1 kg mol alcohol i 94.07 kg mol air
l 46.07 kg alcohol l 5.93 kg mol alcohol

= 2.07 kg mol air

) ai % 3
V. = 2.07 kg mol air| 8.314 (kPa)(m’)| 293 K = 50.3 m® at 20°C and 100 kPa

(kg mol)}(K) I 100 kPa
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8§ Another way to view this problem is to say that the final vokigontains

V m° of alcohol at 5.93 kPa and 20°C

V m® of air at 94.07 kPa and 20°C
vm® of air plus alcohol at 100 kPa and 20°C

Thus, the volume could be calculated from the imfation about the alcohol

Vapor-Liquid Equilibria for Multicomponent Systems

In two-phasevapor-liquid mixture at equilibrium , a component in one phase is in equilibrium wlith $ame
component in the other phase. The equilibrium i@tahip depends on the temperature, pressure, @ngasition of

the mixture Figure 13.7illustrates two cases, one at constant pressut¢h@nother at constant temperature.

Ligquid

»

Temperoture

Vapur
]
. 1
0 Mole Fraction of ! 0 Mole Fraction of
One Component Gne Component
(a) Constoni Pressure (b) Constant Temperoiure

Figure 13.17 Vapor-liquid equilibrium for a binary mixture. The dashed lines show the equilibrium

compositions.
Henry's law. Used primarily for a component whose mole frattapproachegero, such as a dilute gas
dissolved in as liquid:
iF Hi Xi (12)

Wherep; is the pressure in the gas phase of the dilutepooent at equilibrium at some temperature, Ends the

Henry's law constant. Note that in the limit whgre 0, p, > 0. Values oH can be found in several handbooks.
Note that

b Hix
p tot l Y tot

Yi =

And sinceHi, is roughly independent gf,, the higher the total pressure, the larger
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Raoult's law Used primarily for a component whoseole fraction approachesunity or for solutions of
components quite similar in chemical nature, sushstaight chain hydrocarbons. Let the subsdripienote the
componentp; be the partial pressure of componéeit the gas phaseg, be the gas-phase mole fraction, anthe the
liquid-phase mole fraction. Then:

Note that in the limit wherg, > 1,p; > p;”.

(13)

Note that in the limit wherg, > 1,p; > p;”.
Equilibrium constant K; is defined using Eqg. (13.13) as follows by assgnrtimat Dalton's law applies to the gas
phase g = p; Yi):

(14)

Equation (14) gives reasonable estimates ofK; values at low pressures  for
components  well  below their critical temperaturesbut vyields values too large for
components  above  their critical  temperatures, at high pressures and/or  for  polar

compounds.

Bubble Point Temperature

Bubble point: The temperature at which a liquid jesarts to vaporize(See Figure 13.%

8§ To calculatethe bubble point temperature (given the total pressure and liquid compositigimy can write

Eqg. (13.14) ay; =K; x; and you know that Y =1 in the vapor phase.
n
1= KX (15)
i=1

In which theK's are functions of solely the temperature anslthe number of components. For an ideal solution

(16)

And you might useAnionie's equation for p*. Once the bubble point temperature is determirted, vapor

composition can be calculated from

17)

Dew Point Temperature

Dew Point The temperature, at which the vapor just beginsdndense at specified pressure, namely temperatur
values along the vapor pressure cuiseg Figure 13.3%

§ To calculate thelew point temperature (given the total pressure and vapor compositigo), can write Eq.

(13.14) ax; =V, /K; and you know X =linthe liquid phase. Consequently, you want teedhe equation
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(18)

In which theK's are function of temperature as explained forkthible point temperature calculation. For an ideal

solution,

(19)

Example 13
A gas containing nitrogen, benzene, and toluerire égjuilibrium with 40 mole% benzene and 60 molelaene liquid

mixtures at 100C and 10 atm. Estimate the gas phase compositiofe (iractions) using Raoult’s law.

Antoine equation constants A B C
Pressure (mm Hg)
Benzene 15.9008 2788.51 -52.36
Temperature (K)
Toluene 16.0137 3096.52 - 53.67
Solution
Inp =A- B ps =Exp 15.9008 _ 278851 =13449mmHg
C+T - 5236+373
p, =Exp 16.0137- _ 309652 =553.8mmHg
- 5367+373
Raoult'slaw p=p x, and p=y pr
* 04" 13449
=X =————=0.071
YePr=XgPs  V¥s (L0)(760
Yo =M=O.O44, Yy, =1- 0.071- 0.044=0.885
10)(760 ’
Example 14

Air and liquid water are contained at equilibriuma closed chamber at 75° C and 760 mm Hg. Caktifeg molar

composition of the gas phageuzo (75° C) = 289 mm Hg
Solution

Since the gas and liquid are in equilibrium, thenaiist be saturated with water vapor (if it was, mebre water would

evaporate), so th&aoult's law may be applied
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Example 15
Use either Raoult's law or Henry's law to solveftiilowing problems.

1.A gas containing 1.00 mole% ethane is in contatt wiater at 20.0° C and 20.0 atm. Estimate the rfnatgion of
dissolved ethane.

2.An equimolar liquid mixture of benzene (B) and toluene (T)risequilibrium with its vapor at 30.0° C. What are
the system pressure and the composition of ther@apo

(Henry's law constant for ethane in water at 208@.&83 x 16 atm/mole fraction)

Solution
1. Hydrocarbons normally are relatively insoluble iater, so that the solution of ethane is probabtyeexely

dilute. Let us therefore apply Henry's law.

2. Since benzene and toluene are structurally sirndarpounds, we may apply Raoult's law.

Inp =A- B

Gibb's phase rule

The rule can be applied only to systemgduilibrium .

F=C-P2 (20)
Where
F = number of degrees of freedom (i.e., the numibé@rdependent properties that have to be specifiedetermine all
the intensive properties of each phase of the sysfanterest).
C = number of components in the system.
P = number of phases that can exist in the systepiage is a homogeneous quantity of material sséhgas, a pure

liquid, a solution, or a homogeneous solid.
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Example 16
Calculate the number of degrees of freedom (howynaatditional intensive variables must be specifiedix the

system) from the phase rule for the following miaiserat equilibrium;

(a) Pure liquid benzene.
(b) A mixture of ice and water only.
(c) A mixture of liquid benzene, benzene vapor, anilhepas.

(d) A mixture of salt and water designed to achievpex#ic vapor pressure.
What variables might be specified in each c&ation

F=C-P+2

(@ C=1,P=1, hencd=1-1+ 2 = 2. The temperature and pressuretriglspecified in the range in which
benzene remains a liquid.

(b) C=1,P =2, henceF =1 -2 + 2 = 1. Once either the temperature erpgiftessure is specified, the other
intensive variables are fixed.

(c) C=2,P=2,hencd=2-2+2=2. Apair from temperature, pressarenole fraction can be specified.

(d) C=2,P=2, hencé =2 -2+ 2 = 2. Since a particular pressure isg@chieved, you would adjust the salt

concentration and the temperature of the solution.

Notein (a) and (b) it would be unlikely that a vapdrage would not exist in practice, increasthgy 1 and reducing

by one.
Problems
1. Calculate the volume in*fof 10 Ib mol of an ideal gas at 68°F and 30 psia.

2. A steel cylinder of volume 2 fncontains methane gas (@Hat 50°C and 250 kPa absolute. How many

kilograms of methane are in the cylinder?

3. What is the value of the ideal gas consmb use if the pressure is to be expressed inthgrtemperature in

Kelvin, the volume in cubic feet, and the quantifymaterial in pound moles?

4. Twenty-two kilograms per hour of GHare flowing in a gas pipeline at 30°C and 920 mg What is the

volumetric flow rate of the CHin n? per hour?
5. What is the density of a gas that has a molecudéght of 0.123 kg/kg mol at 300 K and 1000 kPa?
6. What is the specific gravity of G+at 70°F and 2 atm compared to air at S.C.?

7. A gas has the following composition at 120°F andXiia.

Component Mol %
N, 2
CH, 79
CoHe 19

(&) What is the partial pressure of each component?

(b) What is the volume fraction of each component?
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8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

(a) If the GHg were removed from the gas in problem 7, what wanéldhe subsequent pressure in the vessel?
(b) What would be the subsequent partial pressiiteed\,?
What is the ideal critical volume? What is the attege of usingy/.;?

A carbon dioxide fire extinguisher has a volume46fL and is to be charged to a pressure of 20 aten a

storage temperature of 20°C. Determine the makioigrams of CQ at 1 atm.
Calculate the pressure of 4 g mol O®@ntained in a 6.25 x Fan?® fire extinguisher at 25°C.

You measure that 0.00220 Ib mol of a certain gasipies a volume of 0.95%fat 1 atm and 32°F. If the
equation of state for this gasp¥ = nRT(1 +bp), where b is a constant, find the volume at 2 @twh 71°F.

Calculate the temperature of 2 g mol of a gas ugimgder Waals' equation with a = 1.35 * i®°(atm)(g mol
), b =0.0322 * 10 (m*)(g mol™) if the pressure is 100 kPa and the volume is150F.

Calculate the pressure of 10 kg mol of ethane 4186 ni vessel at 300 K using two equations of state: (a)

ideal gas and (b) Soave-Redlich-Kwong. Compare yoitlr answer the observed value of 34.0 atm.

One pound mole of a mixture containing 0.400 Ib ofdN, and 0.600 Ib mol ¢, at 50°C occupies a volume

of 1.44 f£. What is the pressure in the vessel? Compute goswer by Kay's method.

Use the Antoine equation to calculate the vaporsqree of ethanol at 50°C, and compare with the

experimental value (Experimental = 219.9 mm Hg)
What does the term "saturated gas" mean?

If a container with a volumetric ratio of air tayliid water of 5 is heated to 60°C and equilibrigmdached,

will there still be liquid water present? at 125°C?

A mixture of air and benzene contains 10 mole% berazt 43°C and 105 kPa pressure. At what temperatu

does the first liquid form? What is the liquid?

The dew point of water in atmospheric air is 82What is the mole fraction of water vapor in the i&ithe

barometric pressure is 750 mm Hg?

Ten pounds of KCIQis completely decomposed and the oxygen evolvdldated over water at 80°F. The

barometer reads 29.7 in. Hg. What weight of sadgrakygen is obtained?

If a gas is saturated with water vapor, descrileesthte of the water vapor and the air if it is:
(a) Heated at constant pressure.
(b) Cooled at constant pressure.
(c) Expanded at constant temperature.

(d) Compressed at constant temperature.

Calculate (a) the pressure at the dew point fofdhewing mixture at 100 °F and (b) the liquid cpaosition.

130



Chemical Engineering principles - First Year

24.
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K values at psia of

Component Mole fraction
190 200 210
CHe 0.218 3.22 3.07 2.92
CsHs 0.665 1.005 0.973 0.92
i-C4H1o 0.1073 0.45 0.43 0.41
n- C4H1o 0.0097 0.315 0.305 0.295
Total 1

Is the critical point a single phase? If not, whlaases are present? Repeat for the triple pointgdter).

A vessel contains air: Ng), G (g), and Ar (g).

(&) How many phases, components, and degrees of freatbthere according to the phase rule?

(b) Repeat for a vessel one-third filled with liquidh@&hol and two-thirds filled with Nplus ethanol vapor.

Answers:

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

1883 ff
2.98 kg
1.32

28.3 milhr
0.0493 kg/m
1.02 (Ib CH/ft® at 70 °F and 2 atm)/ (Ib airPfat S.C.)
N *)(  CHJ )(

(a) 11.12 psia at 2%and 76 ) (

C.Hg, 2.62 psia

2 ft* and 120°F

V. =R TJ/P,. It can be used to calcula¥g, which is a parameter on the Nelson and Obertghar
1.65 kg

14.9 atm

V=0.60 ft

314K

262 atm

predicted 220.9 mm Hg

The partial pressure of the vapor equals the vppessure of the gas. Liquid and vapor are in duyilin.
Yes; yes

21°C; benzene

0.0373

4.00 Ib
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22. (a) Both gas; (b) some liquid water, residual is;da) both gas; (d) some liquid water, residugas.
23. ) ( CzHe = 00677, Q"g = 0.66,i'C4H10 = 02415,n- C4H10 = 0.0308.

24. No, gas and liquid in equilibrium. The triple pointthep — T projection in actually a line on the— V - T

surface. The pressure and temperature are fixethbwolume is not fixed.

25. (@)C=3,P=1,F;1 C=2,P=2,F=2
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