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Chapterl
Dimensions, Units, and TheirConversion

1.1 Units and Dimensions
Dimensions are our basic concepts of measurement such as length, time, mass, temperature, andso
on;unitsarethemeansofexpressingthedimensions,suchasfeetorcentimetersforlength,and  hours  or
seconds fortime.
In this lectures you will use the two most commonly used systems ofunits:
1. Sl formallycalledLeSystemelnternationaled’Unites,andinformallycalledSlormore often
(redundantly) the SI system ofunits.
2. AE, or American Engineering system ofunits.
Dimensions and their respective units are classified as fundamental orderived:
e Fundamental (or basic) dimensions/units are those that can be measured independentlyand
are sufficient to describe essential physicalquantities.
e Deriveddimensions/unitsarethosethatcanbedevelopedintermsofthefundamental
dimensions/units.
Tablesl1.1andl.2listbothbasic,derived,andalternativeunitsintheSlandAEsystems.Figure
1.1 illustrates the relation between the basic dimensions and some of the deriveddimensions.
OneofthebestfeaturesoftheSIsystemisthat(exceptfortime)unitsandtheirmultiplesand submultiples are
related by standard factors designated by the prefix indicated in Tablel.3.

1.2 Operations withUnits

The rules for handling units are essentially quitesimple:

1.2.1 Addition, Subtraction,Equality
Youcanadd,subtract,orequatenumericalquantitiesonlyiftheassociatedunitsofthequantities are the
same. Thus, theoperation

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

10 pounds + 5grams
can be performed (because the dimensions are the same, mass) only after the units aretransformed

to be the same, either pounds, grams, or ounces, or some other massunit.
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Table 1.1 SI Units

Physical Quantity

Name of Unit

Symbol for Unit*

Definition of Unit

Length
Mass

Time
Temperature

Molar amount

Energy
Force

Power
Density
Velocity
Acceleration

Pressure

Heat capacity

Time
Temperature
Volume

Mass

Basic SI Units

metre. meter m
kilogramme, kilogram kg
second s
kelvin K
mole mol
Derived SI Units

joule J
newton N
watt W

kilogram per cubic meter

meter per second

meter per second squared

newton per square meter,
pascal

joule per (kilogram - kelvin)
Alternative Units

minute, hour, day, year min, h, d, y

degree Celsius “C
litre, liter (dm?) L
tonne, ton (Mg), gram tg

ke - m?-s2—=Pa-m’
kg m-s2—=7T-m!

kg - m?-s3 7] ¢!

kg - m—

Table 1.2 American Engineering (AE) SystemUnits

Physical Quantity ~ Name of Unit Symbol
Some Basic Units

Length foot ft

Mass pound (mass) Ib,,

Time second, minute, hour, day s, min, h (hr), day

Temperature degree Rankine or degree Fahrenheit °R or °F

Molar amount pound mole Ib mol
Derived Units

Force pound (force) Ib;

Energy British thermal unit, foot pound (force) Btu, (ft)(Iby)

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 Ibg/in.2, psi

Heat capacity Btu per pound (mass) per degree F Btu/(Ib, )(°F)
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Figure 1.1 Relation between the basic dimensions (in boxes) and various deriveddimensions
(in ellipses).

Density
™\ specific volume /%

Volumetric
Flow
X, / N
w Time Mass

Y
e ) Cveoo

Table 1.3 SIPrefixes

Factor Prefix Symbol Factor Prefix Symbol
107 giga G 1071 deci d
106 mega M 10-2 centi c
103 kilo k 10-3 milli m
102 hecto h 10-6 micro n
10! deka da 1077 nano n

1.2.2 Multiplication and Division
You can multiply or divide unlike units at will suchas

50(kg)(m)/(s)
butyoucannotcancelormergeunitsunlesstheyareidentical. Thus,3m?/60cmcanbeconverted to 3 m?/0.6
m, and then to 5 m, but in m/s?, the units cannot be cancelled orcombined.

Examplel.1
Add thefollowing:

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

Solution
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The operation indicatedby
1ft+3s
has no meaning since the dimensions of the two terms are not the same. In the caseof
1 hp + 300watts
the dimensions are the same (energy per unit time), but the units are different. You musttransform
thetwoquantitiesintolikeunits,suchashorsepowerorwatts,beforetheadditioncanbecarried out. Since 1
hp = 746watts,
746 watts + 300 watts = 1046watts

1.3 Conversion of Units and ConversionFactors
Theprocedureforconvertingonesetofunitstoanotherissimplytomultiplyanynumberandits  associated
units by ratios termed conversion factors to arrive at the desired answer andits associatedunits.

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

We formulate the conversion asfollows

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

ft mi mi

s s min

Examplel.2
(a) Convert 2 km to miles.  (b) Convert 400 in.*/day tocm®/min.

Solution

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

mile:
2km| 1 mile ,
= 1.24 mile
1.61 km
Another way is to use conversion factors youknow
2 kmi| 10° emi| 1 b 1 # | 1 mile .
: —— = .24 mile
1 km [2.54 em| 12 u1. | 5280 #
400 in> /254 cm \?| 1 day| 1 hr cm’
(b) ; —— = 4.55—;
day | in. 24 hr |60 min min

Inpart(b)notethatnotonlyarethenumbersintheconversionofinchestocentimetersraisedtoa power, but
the units also are raised to the samepower.
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Examplel.3
An example of a semiconductor is ZnS with a particle diameter of 1.8 nanometers. Convertthis

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

Solution
1.8 nm| 107" m| 10 dm ) g
(a) = 1.8 X 107°dm
]l nm 1l m
1.8 nm| 107 m|39.37 in. _ Y
(b) = 7.09 X 10" in.
]l nm 1 m

Inthe AEsystemtheconversionoftermsinvolvingpoundmassandpoundforcedeservespecial attention.

Let us start the discussion with Newton’sLaw:
F=Cma (1.1)

Where:

F =force

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

anda, m =mass

a =acceleration

In the SI system in which the unit of force is defined to be the Newton (N) when 1 kg isaccelerated

at 1 m/s%, a conversion factor C = 1 N/(Kg)(m)/s®> must be introduced to have the force be 1N:

I N I kg|1m

F = —|— = 1N (1.1)
(kg)(m) s
$2
C m a

Because the numerical value associated with the conversion factor is 1, the conversion factorseems
simple, even nonexistent, and the units are ordinarilyignored.
IntheAEsystemananalogousconversionfactorisrequired.lfamassofl1bmishypothetically

acceleratedatgft/s? wheregistheaccelerationthatwouldbecausedbygravity(about32.2ft/sdepending on
the location of the mass), we can make the force be 1 1bsby choosing theproper numerical value and
units for the conversion factorC:



Chemical Engineering principles— First Year/ ChapterOne

[(Ibg)(s? [ Ib,,| g ft
b= (32‘12485,“))(1‘1))( gsﬁ ) = b (1.2)
C mo g
Theinverseoftheconversionfactorwiththenumericalvalue32.174includedisgiventhespecial
symbolgc(Note: in eq. [1.2], g=32.2 ft/s?)

ft)(1b,,
g, = 32,174 n)
(s7) (Iby)
But never forget that the pound (mass) and pound (force) are not the same units in the AEsystem.
1 Ibf= 32.174 Ibmft/s*

Examplel.4
Whatisthepotentialenergyin(ft)(1bf)ofal00lbdrumhanginglOftabovethesurfaceofthe earth with

reference to the surface of theearth?

Solution

Potential energy =P =m gh

Assume that the 100 Ib means 100 Ib mass; g = acceleration of gravity = 32.2 ft/s®. Figure E1.4 isa
sketch of thesystem.

drum
+ 100 b

10 ft
* reference plane

Figure E1.4

(5*) (1by)
32.174(ft) (1by,)

100 Ib,, 10 ft

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

S

Notice that in the ratio of 32.2 ft/s® divided by 32.174[(ft)(Ibm)J/[(s?)(Ibf)], the numerical valuesare
almostequal.Manyengineerswouldsolvetheproblembysayingthat1001bx10ft=1000
(ft)(Lb)withoutrealizingthat,ineffect,theyarecancelingoutthenumbersintheg/gcratio,and that the Ib in

the solution meanslbs.
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Examplel.5
In biological systems, production rate of glucose is 0.6 pgmol/(mL)(min). Determinethe production

rate of glucose for this system in the units of Ibmol/(ft%)(day).

Solution

Basis: 1min
0.6 ugmol | 1 g mol 1 Ib mol | 1000 mL‘ 1L 60 min | 24 hr
(mL)(min) | 10° wg mol| 454 g mol 1L 3531 X 10723 hr day

- Ib mol
T () (day)
1.4 Dimensional Consistency(Homogeneity)

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

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

V2

<p+ “)(V—b) = RT

Inspectionoftheequationshowsthattheconstantamusthavetheunitsof[(pressure)(volume)®]  for the
expression in the first set of parentheses to be consistent throughout. If the units ofpressure are

atmand those of volume are cm?®, a will have the units of [(atm)(cm)®]. Similarly, b musthave the

same units as V, or in this particular case the units ofcm?®.

Examplel.6
Your handbook shows that microchip etching roughly follows therelation

d=162—162¢00211 <200
wheredisthedepthoftheetchinmicrons(micrometers,um)andtisthetimeoftheetchin
seconds.Whataretheunitsassociatedwiththenumbers16.2and0.021?Converttherelationso ~ that  d
becomes expressed in inches and t can be used inminutes.
Solution
Bothvaluesof16.2musthavetheassociatedunitsofmicrons(um). Theexponentialmustbe

dimensionlessso that 0.021 must have the associated units ofs .
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39.27 in.
1 m

16.2 um| | m

Lqfin —

& 1 min

—0.021 ‘ 60s

Imin j|

1 — exp
10° um { :

= 6.38 X 10741 — ¢ 1*0min) inches

NondimensionalGroups:

Asyouproceedwiththestudyofchemicalengineering,youwillfindthatgroupsofsymbolsmay  be  put
together, either by theory or based on experiment, that have no net units. Such collectionsof
variablesorparametersarecalleddimensionlessornondimensionalgroups.Oneexampleisthe Reynolds

number (group) arising in fluidmechanics.

Dvp
Reynolds number = m = NgE

whereDisthepipediameter,sayincm;visthefluidvelocity,sayincm/s;pisthefluiddensity, say in g/cm?;
and u is the viscosity, say in centipoise, units that can be converted tog/(cm)(s).
IntroducingtheconsistentsetofunitsforD,v,p,anduintoDvp/u,youwillfindthatalltheunits cancel out so
that the numerical value of L_is the result of the cancellation of theunits.

em (erm1) (£)

;

em
£

Examplel.7
Explain without differentiating why the following differentiation cannot becorrect:

d r——5 2ax
—V1 + (x7a’) = —————
dx V1 + (x%a?)

wherex is length and a is aconstant.
Solution
e Observe that x and a must have the same units because the ratio x*/a? must bedimensionless
(because 1 isdimensionless).
e Thus, the left-hand side of the equation has units of 1/x (from d/dx). However, theright-hand
side of the equation has units of x* (the product ofax).

e Consequently, something is wrong as the equation is not dimensionallyconsistent.
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Questions
1. Which of the following best represents the force needed to lift a heavysuitcase?
a. 25N b. 25 kN c. 250N d. 250 kN

2. Pick the correct answer(s); a wattis
a. one joule persecond  b. equal to 1(kg)(m?)/s®>  c. the unit for all types ofpower
d. all of theabove e. none of theabove
3. Iskg/s a basic or derived unit inSI?
4. Answer the following questions yes or no. Canyou
a.divideftbys?b.dividembycm?c.multiplyftbys?d.divideftbycm? e.dividem by (deg) K? f.
add ft and s? g. subtract m and (deg) K h. add cm and ft? i. add cm andm?®?
j.add 1 and 2cm?
Why is it not possible to add 1 ft and 1ft>?
What isgc?
Is the ratio of the numerator and denominator in a conversion factor equal tounity?

What is the difference, if any, between pound force and pound mass in the AEsystem?

© © N o O

Could a unit of force in the SI system be kilogramforce?

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

11. Whatistheweightofaonepoundmassatsealevel?Wouldthemassbethesameatthe center of Earth?
Would the weight be the same at the center ofEarth?

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

13. Explain what dimensional consistency means in anequation.

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

15. Ifyoudivideallofaseriesoftermsinanequationbyoneoftheterms,willtheresulting series of terms
bedimensionless?

16. How might you make the following variablesdimensionless:

a. Length (of apipe). b. Time (to empty a tank full ofwater).

Answers:
1.(c)
2. (a)
3. Derived.
4. () - (e) yes; (f) and (g) no; (h) and (i) no; (j)no.



Chemical Engineering principles— First Year/ ChapterOne

5. The dimensions are not thesame.

6. A conversion factor in the American Engineering system ofunits.

7. Yes.

8. lbis force and lbm is mass, and the dimensions aredifferent.

9. The unit is not legal inSl.

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

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

12. 1000kg.

13. Alladditivetermsontheright-handsideofanequationmusthavethesamedimensionsas those on
the left-hand side.

14. All of the units cancel out.

15. Yes.

16. (a)Dividebytheradiusordiameter;(b)dividebythetotaltimetoemptythetank,orbya fixed unit
oftime.

Problems

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

2. Addlcmand1m.

3. Subtract 3 ft from 4yards.

4. Divide 3 m*by 2m°®°,

5. Multiply 2 ft by 4lb.

6. What are the value and units of gcin the Sisystem?

7. Electroniccommunicationviaradiotravelsatapproximatelythespeedoflight(186,000
miles/second). TheedgeofthesolarsystemisroughlyatPluto,whichis3.6x109miles
fromEarthatitsclosestapproach.Howmanyhoursdoesittakeforaradiosignalfrom  Earth  to
reachPluto?

8. Determinethekineticenergyofonepoundoffluidmovinginapipeatthespeedof3feet per second.

9. Convert the following from AE to Slunits:

a. 4 lbm/ft tokg/m  b. 1.00 Ibm/(ft°)(s) tokg/(m>)(s)
10. Convert the following 1.57 x 107* g/(cm)(s) tolbm/(ft)(s)
11. Convert 1.1 gal toft’.

10
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12. Convert 1.1 gal tom®.
13. An orifice meter is used to measure the rate of flow of a fluid in pipes. The flow rateis

related to the pressure drop by the following equation

Where u = fluidvelocity

Ap = pressure drop 1force per unitarea’

p = density of the flowingfluid

c =constant

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

14. The thermal conductivity k of a liquid metal is predicted via the empiricalequation
k=A exp (B/T)

wherek is in J/(s)(m)(K) and A and B are constants. What are the units of A andB?

Answers:
(@), (s), (d), (e) arecorrect.
Change units to get 101cm.
Change units to get 9ft.
1.5m.
8(ft)(Ib).
1,dimensionless.
5.38hr.
0.14 (ft)(lby).
a. 5.96 kg/m; b. 16.0kg/(m>)(s)
. 1.06 * 10 1bm/(ft)()
. 0.15ft°
12. 4.16 * 10°°m”.

13. c isdimensionless

© o N o g s~ w D oE

e =
[N =)

14. A has the same units as k; B has the units of T

11
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Supplementary Problems (ChapterOne):

Problem1
Convert the following quantities to the ones designated :
a. 42 ft2/hr to cm?/s.
b. 25 psig to psia.
c¢. 100 Btu to hp-hr.

Solution
20ft% 1.0m | |104 cm” | 1 hr

'. 10.8 cm?/s
hr [\3.2808 ft/ [ 1.0m> 3600 s

a.

100 Btu|3.93 x 10* hp-hr
2 - b 3.93 x 10-2 hp-hr

b.

1 Btu
80.01b,[32.174 (b, )(f)| 1ke | 1m IN _ 356N
(b,)sf  [2201b,[3.2808 tt|1 (kgXm)s)> ;
Problem2
cal Btu
Convert the ideal gas constant : R=1.987 (gmo)(K) to (b moD)(°R)
Solution
1.987 cal | 1Bt |454 gmol| 1K _ . Btu
(gmol)(K)l252 cal| 1 Ibmol |1.8 °R 7% (Ib me)(°R)
Problem3

Mass flow through a sonic nozzle 1s a function of gas pressure and temperature. For a
given pressure p and temperature T, mass flow rate through the nozzle is given by

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

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

Solution
a. Calculation of the constant.

12
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The first step 1s to substitute known units into the equation.

lb Ib,

= 0.0549
min (in” )OR

b, |(1b,Xin)’(°R)"’ . (Ib,)
(inz)(oR)n' | (min) Ib, ) (min)

. (Ib_ )(in)’ (°R)"’
Units for the constant 0.0549 are -
(min)(1b;)

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

0.0549 (Ib,,)(in>)(°R)**|(0.454 Lf)| i4?lbffm) [0 min)] x> | (o

(Ib, )(111111] | (11b,,) |101 3 x 10°N/m’| (605s)](1.8 °R)”’[(T)
m = 4.49 x 10-8 (m) (s) (K)0-5 (JT)ROL

Substituting pressure and temperature in SI units

(p )(N m’ ]l 1 l{gf’(m)(s]2

m = 449 »x 108 (m)(s) (K)05 [T)O'S(K)O'Sl T
kg (p)
m = 49 : where p is in N/m? and T is in
(T?% 449« 108303 here p is in N/m2 and T is in K
- Problem4

An empirical equation for calculating the mside heat transfer coefficient, hj, for the
turbulent flow of liquids in a pipe is given by:

0.023 GO-8 K0.67 Cp0.33
D02 1, 047

) =

where h; = heat transfer coefficient, Btu/(hr)(ft)2(°F)

G = mass velocity of the liquid, 1by,/(hr)(ft)?

K = thermal conductivity of the liquid. Btw/(hr)(ft)(°F)
Cp = heat capacity of the liquid. Btw/(Iby,)(°F)

1= Viscosity of the liquid, 1by,/(ft)(hr)

D = inside diameter of the pipe, (ft)

a. Verify if the equation 1s dimensionally consistent.
b. What will be the value of the constant, given as 0.023, if all the variables in the
equation are mserted in ST units and h, 1s i ST units.

13
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Solution

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

b= 0.023((Ib,, ) /()" (hr)] ™ [Bew (hry 1) °F)]"“ [Bew/(1b,, ) °F)]
it} (ft )0_2 [lbm ( f X hl‘)]u_.ﬁ
©0.023(Bw)067  (Iby)08 | (£1)0-47 | (1) | ()04

h =

[(1bw)0330bw)047] [ [(ELS(E)0-67()°2] [[(F)0-S7CF)®33] | ()8 (lr)0-67]

Btu
(hr)(ft)% (°F)

h; = 0.023

The equation is dimensionally consistent.

b. The constant 0.023 is dimensionless; a change in units of the equation parameters will not

have any etfect on the value of this constant.

14
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Chapter2
Moles, Density andConcentration
2.1 TheMole

In the SI system amole is composed of 6.022 x 10°® molecules (Avogadro’s number).To
convert the number of moles to mass and the mass to moles, we make use of the molecular weight
— the mass per mole:

Molecular Weight (MW)=""1 255
Mole

Thus, the calculations you carry outare

| = mass in g
the. B0l = molecular weight
mass in Ib
the b mol = :
molecular weight
and
Massin g=(MW) (gmol)
Massin |b = (MW) (Ibmol)
Forexample

100.0 g Hzo’ I g mol H,0 _ 5.56 g mol H,0

18.0 g H,O
32.01b O,
1 Ib mol O,

6.0 1b mol O,

¢ Theatomicweightofanel ementi sthemassof anatombasedonthescal ethatassi gnsa mass of
exactly 12 to the carbon isotope™“C.
% A compound is composed of more than one atom, and the molecul ar weight ofthe
compound is nothing more than the sum of the weights of atoms of which it iscomposed.
Example2.1
Whati sthemol ecul arwei ghtofthefol | owingcel | of asuperconductormaterial ( Thefigure represents one
cell of alargerstructure.)

. Yitrium

® Copper

O Oxygen

Figure E2.1

15
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Solution
Element Number of atoms Atomic weights Mass (g)
Ba 2 137.34 2(137.34)
Cu 16 63.546 16(63.546}
0 24 16.00 24(16.00)
Y | 88.905 1(88.905)
Total 1764.3

The molecular weight of the cell for each moleis 1764.3 g/gmol.
Example2.2
If abucket holds 2.00 Ib of NaOH (MW=40), howmany

a) Pound moles of NaOH doesit contain?

b) Gram moles of NaOH does itcontain?

Solution

2.001b NaOH | 1 Ib mol NaOH
= = 0.050 1b mol NaOH

(a)

40.0 Ib NaOH
2.00 1b NaOH | 1 1b mol NaOH | 454 g mol
(by) ) 40.0 Ib NaOH ‘ Tbmol 2> gmel
2.00 Ib NaOH | 454 g' 1 gmol NaOH
thy) J I | 400gNaOH _ 2> &mol
Example2.3
How many pounds of NaOH (MW=40) are in 7.50 g mol ofNaOH?
Solution
7.50 g mol NaOH| 11b mol | 40.0 1b NaOH
l454 2 mol | 11b mol NaoH . 0661 Ib NaOH

2.2 Density

Densityistheratioof massperunitvol ume,asforexample kg/m>orlb/ft3. Densityhas both a
numerical value and units. Specific volume is the inverse of density, such as cm®g orft?/Ib.

) mass m
p = density = =
volume |4
B . volume V
V = specific volume = - =—
mass m

For example, given that the density of n-propyl acohol is 0.804 g/cm?®, what would be thevolume
of 90.0 g of the acohol? The calculationis

90.0g! 1cm®
0.804 g

= 112 em?

16
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“+ Inapacked bed of solid particles containing void spaces, the bulk densityis

total mass of solids

= bulk density =
. Wik Gensity total empty bed volume

++ Ahomogeneousmixtureoftwoormorecomponents,whethersolid,liquid,orgaseous,is called a
solution.

For some solutions, the density of the solutionis

n
V= EV:‘ where n = number of components
i=1
n
m = Zm,-
i=1
m
Psoiution = V

For others youcannot.
2.3 Specific Gravity s s Jail
Specific gravity is commonly thought of as a dimensionlessratio.

(g/em’), _ (kg/m’) 4 _ (Ib/fe) 4
(gfcm3)ref (kg/mS)ref (lb/ﬂ3 )ref

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

¢ Thereference substance for liquids and solids normally iswater.

¢ Thedensity of water is 1.000 g/cm®, 1000 kg/m®, or 62.43 Ib/ft® at4°C.

¢ The specific gravity of gases frequently is referred to air, but may be referred to othergases.
ForExamplelfdibromopentane(DBP)hasaspecificgravityof1.57,whatisthedensityin(@ g/cm®? (b)
Ibm/ft3? and (c)kg/m>?

1.578D0BP 1 0o O
’ cm’ T em? g DBP
(a) - = 1.57%—;
100557 o
cm
b DBP ib H,O
1.57—5—|62.4—=
®) ft f_ g5 q,bDBP
| 0o PH:0 RS
' ft
1.57g DBP|/ 100 em \*| 1k kg DBP
(© B '( Cm) S _ 157 x 1025
cm I m 1000 g
or
57 kg DBP | 1.00 X 10°kg H,O
’ m> m3 3kg DBP
g = 1.57 X 10°~=——
1.00 gmf

17
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Example2.4
If a70% (by weight) solution of glycerol has a specific gravity of 1.184 at 15°C, what is thedensity

of the solution in (a) g/em®? (b) Ibm/ft3? and (c)kg/m>?

Solution

(a) (1.184 g glycerol/ cm®)/(1 g water/ cm®) * (1 g water/ cm®) = 1.184 gsol ution/cm®.

(b) (1.184 Ib glycerol /ft%)/(1 b water/ft?) * (62.4 |b water/ft*) = 73.9 |bsolution/ft°.

(c) (1.184 kg glycerol/m®)/(1 kg water/m®) * (1000 kg water/m®) = 1.184 * 10° kgsolution/m?>,

Thespecificgravityof petrol eumproductsi sof tenreportedi ntermsof ahydrometerscal ecalled
°API(American Petroleum Institute). The equation for the API scaleis

141.5
°API = — 131. sravi
60°F Sl (API gravity) (2.1
SP-EL oo
or
60° 141.5
sp.g = : (2.2)

"60° ~ °API + 1315 .
60 °F = 15 °cNote: Top = 1.8 Tog +32Tec= ToF -32/1.8

The volume and therefore the density of petroleum products vary with temperature, andthe

petroleum industry has established 60 'F as the standard temperature for volume and APlgravity.

Example2.5

In the production of a drug having a molecular weight of 192, the exit stream from the reactorflows

atarateof 10.5L/min.Thedrugconcentrationis41.2%(inwater),andthespecificgravityofthe

solutionis1.024.Cal cul atetheconcentrationofthedrug(inkg/L )intheexitstream,andtheflow rate of the

drug in kgmol/min.

Solution

Take 1 kg of the exit solution as a basis forconvenience.

Basis: 1 kgsolution

10.5 L/min
sp.gr. = 1.024
—»  Reactor
Drug 0.412 kg
Water 0.588 kg Figure E2.5
g soln g H,O
1.024 5 1.000——— o soln
density of solution = - C;IHO SLLE 1.024 =~
100052 e
cm
0.412 kg drug | 1.024 g soin| 1 kg | 10°cm?
o E 3 3g = 0.422 kg drug/L soln
1.000 kg soln lem’ 10°gl 1L
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To get the flow rate, take a different basis, namely 1minute.
Basis: 1 min = 10.5 Lsolution

10.5 L soln | 0.422 kg drug | 1 kg mol drug
= 0.023 kg mol/mi
| min ILsoln | 192kgdrug S
2.4 FlowRate

For continuous processes the flow rate of a process stream is the rate at which materialis
transported through a pipe. The mass flow rate (i) of a process stream is the mass (m)transported
through aline per unit time(t).

. m
m = —
t

The volumetric flow rate (F) of aprocess stream is the volume (V) transported through alineper
unittime.

F=r
t

The molar flow (1) rate of aprocess stream is the number of moles (n) of a substancetransported
through aline per unittime.

) n
n=—
{

2.5 Mole Fraction and Mass (Weight)Fraction
Molefractionissimplythenumberof mol esof aparti cul arcompoundi nami xtureor solution
divided by the total number of moles in the mixture orsolution.
Thisdefinitionholdsforgases,liquids,andsolids.
Similarly, the mass (weight) fraction is nothing more than the mass (weight) ofthe
compounddividedbythetotal mass(wei ght)of al | of thecompoundsi nthemixtureor solution.
Mathematically, these ideas can be expressedas

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

mass of A

mass (weight) fraction of A =
~ total mass

Mole percent and mass (weight) percent are the respective fractions times100.

Example2.6
Anindustrial-strengthdrai ncl eanercontai nsbkgofwaterandSkgof NaOH.Whatarethemass (wei ght)

fractions and mole fractions of each component in the drain cleanercontainer?
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Solution

Basis: 10 kg of totalsolution

Cumptment kg Weight fraction Mol. Wt. kg mol Mole fraction
5.00 0.278
H,0 5.00 T 0.500 18.0 0.278 0403 = 0.69
* 5.00 0.125
A === =), ¥ .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 asfollows:

5.00 kg H,0] 1 kg mol H,0

18.0 kg H,0

= (.278 kg mol H,O

5.00 kg NaOH ! 1 kg mol NaOH

40.0 kg NaOH = 0.125 kg mol NaOH

Adding these quantities together gives the total kilogrammoles.
Example2.7
Innormallivingcells,thenitrogenrequirementforthecel | sisprovidedfromprotel nmetabolism
(i.e.,consumptionoftheprotei ninthecel ls).Whenindividual cellsarecommercialygrown, (NH4)2SOs is
usually used as the source of nitrogen. Determine the amount of (NHa4)2SOsconsumed
i naf ermentati onmedi umi nwhi chthefinal cellconcentrati oni s35¢g/Lina500L volumeofthe
fermentationmedium.A ssumethatthecel | scontain9wt.%N ,andthat(NH4)>SOai stheonly
nitrogensource.
Solution

Basis: 500 L solution containing 35 g/L

S00L {35 gcell

L

1 g mol (NH,},50 3 H -
gmol (NH,):50,| 132 g (NH,),80, _ 7425 g (NH, .50,
2gmol N 1 g mol (NH,),S0,

14gN

0.09gN i 1 g mol N

1 g cell

2.6 Analyses of Multicomponent Solutions andMixtures

The composition of gases will always be assumed to be given in mole percent
orfractionunless specifically statedotherwise.

The composition of liquids and solids will be given by mass (weight) percent or
fractionunless otherwise specificallystated.

For Example Table below lists the detailed composition of dry air (composition of air 21% O,and
79%N>). Calculate the average molecular weight of air?
Basis 100 mol ofair
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Component Moles = percent Mol. wt. Lb or kg Weight %
O, 21.0 32 672 23.17
N, 79.0 28.2 2228 76.83
Total 100 2900 100.00

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

2.7 Concentration

Concentration generally refers to the quantity of some substance per unitvolume.

a

Example2.8
The current

M assperunitvol ume(l bof sol ute/ftof sol ution,gof sol ute/L | bof sol ute/barrel, kg
ofsolute/m®).

M ol esperunitvol ume(lbmol of sol ute/ftof sol uti on,gmol of sol ute/L ,gmol of solute/cm?®).
Parts per million (ppm); parts per billion (ppb), a method of expressingthe
concentration of extremely dilute solutions;, ppm is equivalent to a
mass(weight)fractionforsolidsandliguidsbecausethetotalamountof materiali sofamuc
h higher order of magnitude than the amount of solute; it is a mole fraction
forgases.

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

Other methods of expressing concentration with which you may be familiarare

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

Occupational Safety and Health Administration (OSHA) 8-hour limit for Hydrogen

cyanide(HCN)(boils at 25.6 °C) (MW = 27.03) in air is 10.0 ppm. A letha dose of HCNin
airis(fromtheM ercklndex)300mg/kgof ai ratroomtemperature.HowmanymgHCN/kgairis 10 ppm? What
fraction of the lethal dose is 10.0ppm?

Solution

The 10.0 ppm is

10.0 g mol HCN

Basis: 1 kg mol of the airfHCNmixture

10.0 gmol HCN ~ 10.0 g mol HCN
10°(air + HCN)g mol 10° ¢ mol air

1000 mg HCN 1000 g air

10° g mol air

9.32

= 9.32 mg HCN/kg air

27.03 g HCNl 1 g mol air
1 g mol HCN

X
29 g air 1 g HCN 1 kg air

b. —— = 0.031

300

Example2.9

A solution of HNOgzin water has a specific gravity of 1.10 at 25°C. The concentration of theHNOsis
15 g/L of solution. What isthe

a

Mole fraction of HNOsin thesolution?
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b. ppm of HNOsin thesolution?

Solution
Basis: 1 L ofsolution
Density= 1.1 x 1g/lcm’= 1.1 g/lem’(density of solution)
15 g HNO 1L 1 ecm? g HNO
shi i |—_ — 001364 )
1 Lsoln [1000cm’|1.10 g soln g soln

Basis: 100 gsolution
The mass of water in the solution is; 100 — 1.364 = 98.636 gH-0.

o] MW gmol molfraction
HNO3 1.364 63.02 0.02164 0.00394
H-0 98.636 18.016 5.475 0.99606
Tota 5.4966 1

0.01364 13,640 :
7 = _l.(;f’_ or 13,640 ppm

Example2.10
Sulfurtrioxide(SOs)canbeabsorbedi nsul furi caci dsol utiontof ormmoreconcentratedsul furic acid. If the

gas to be absorbed contains 55% SOz, 41% No, 3% SO», and 1% O, how many partsper million of
Oc are there in the gas? What is the composition of the gas on a N2 freebasis?

Solution
1 molO 10 3
(a) —_—1 ————2 mol O or 10* ppm
100 mol gas 10° mol gas
(b) Basis: 100 mol gas
answer
Comp. % = moj mol fr. ormol %
SO, 55 0.932 93.2
S0, 3 0.051 5.1
O, 1 0017 1.7
Total 59 1.000 100.0

Example2.11
To avoid the possibility of explosion in avessal containing gas having the composition of 40%N>,

45% O», and 15% CHg, the recommendation is to dilute the gas mixture by adding an equalamount
of pure N2. What is the final mole fraction of eachgas?
Solution

The basisis 100 moles of initialgas
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o OriginaMixture AfterAddition Final Mixture
Composition _

mol % N> MoleFraction
N2 40 wmp- +100 140 140/200=0.70
07} 45 45 45/200 = 0.23
CHa 15 15 15/200 = 0.07

Total 100 200 1.00

Example2.12

Calculate the empirical formula of an organic compound with the following mass analysis.carbon,
26.9%; hydrogen, 2.2%; and oxygen as the only other elementpresent.

Solution
Basis: 100 g of compound

< H -9
Mass (m) combining / g 26.9 22 709
Molar mass (M) / g mol™ 12 1 16
Number of moles combining 26.9/12 22/1 70.9/16
(mass + molar mass) =224 =220 =443
Ratio of number of moles 2.24/2.20 2.20/2.20 4437220

=1.02 = 1.00 =201
Simplest ratio 1 1 2

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

uestions

1. Answer the following questions true orfal se:
a The pound moleis comprised of 2.73 x 10®molecules
b. Thekilogram moleis comprised of 6.022 x 10®molecules.
c. Molecular weight isthe mass of acompound or element per mole.
2. What is the molecular weight of acetic acid (CH3COOH)?
3. Fornumberssuchas2mL of water+2mL of ethanol ,doesthesumequalto4mL ofthe solution?
4. Answer the following questions true orfalse:
a. Theinverse of the density is the specificvolume.
b. Density of asubstance isthe mass per unitvolume.

c. Thedensity of water islessthan the density ofmercury.
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5. A cubic centimeter of mercury has amass of 13.6 g at Earth’s surface. What is the densityof
mercury?
6. What is the approximate density of water at room temperature inkg/m>?
7. ForliquidHCN,ahandbookgives:sp.gr.10 C/4 C=1.2675.Whatdoesthi sstatement mean?
8. Answer the following questions true orfal se:
a. Thedensity and specific gravity of mercury are thesame.
b. Specific gravity isthe ratio of twodensities.
c. Ifyouaregiventhevalueofareferencedensity,youcandeterminethedensityofa substance
of interest by multiplying by the specific gravity.
d. The specific gravity is adimensionlessquantity.
9. A mixtureis reported as 15% water and 85% ethanol. Should the percentages be deemedto
be by mass, mole, orvolume?
10. Answer the following questions true orfal se:
a) Inengineering practice the compositions of liquids and solids are usually denotedin
weight (mass) fraction orpercent.
b) Inengineering practice the composition of gasesis usually denoted in molefraction
orpercent.
C) e. A pseudo-average molecular weight can be calculated for a mixture ofpure
components whether solid, liquid, orgases.
11. Do parts per million denote a concentration that is a moleratio?
12. Does the concentration of a component in a mixture depend on the amount of themixture?
13. Pick the correct answer. How many ppm are there in 1 ppb? (a) 1000, (b) 100, (c) 1, (d)0.1,
(e) 0.01, (f) 0.0017
14. How many ppb are therein 1 ppm?

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

Answers:
1. @T; T T
2. 60.05
3. No
4. @T: () T:©T
5. 13.6g/cm®
6. 1000kg/m®
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7. Thestatementmeansthatthedensityat10 CofliquidHCNis1.2675timesthedensityof water at4 C.
8. (@) F—theunitsdiffer; (b) T; (c) T; (d)F.

9. Mass

100@T; ()T, (0T

11. For gases but not for liquids orsolids.

12. No

13. 0.001

14. 1000

15. No (4 times)

Problems
1. Convert thefollowing:
a) 120 g mol of NaCl tog.
b) 120 g of NaCl to gmoal.
¢) 120 Ibmol of NaCl tolb.
d) 1201b of NaCl to Ibmol.
Convert 39.8 kg of NaCl per 100 kg of water to kg mol of NaCl per kg mol ofwater.
How many Ibmol of NaNOsz are there in 1001b?
The density of amaterial is 2 kg/m®. What isits specificvolume?

a » WD

An empty 10 gal tank weighs 4.5 |b. What is the total weight of the tank plus the waterwhen
itisfilled with 5 gal of water?

o

Ifyouadd50gof sugarto500mL of water,howdoyoucal cul atethedensityofthesugar solution?

7. Forethanol ,ahandbookgives.sp.gr.60°F=0.79389.Whati sthedensityofethanolat 60°F?

8. The specific gravity of steel is7.9. What isthe volume in cubic feet of a steelingot
weighing 40001b?

9. The specific gravity of asolution is 0.80 at 70°F. How many cubic feet will be occupiedby

100 Ib of the solution at70°F?

10. Asolutioninwatercontai ns1.704kgofHNOs/kgH-O,andthesol utionhasaspecific
gravityof1.382at20° C.Whati sthemassof HN Osi nkgpercubi cmeterof sol utionat 20°C?
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11. Forty gal/min of a hydrocarbon fuel having a specific gravity of 0.91 flows into a tanktruck
with aload limit of 40,000 |b of fuel. How long will it take to fill the tank in thetruck?
12. Pure chlorine enters a process. By measurement it is found that 2.4 kg of chlorine passinto
the process every 3.1 minutes. Calculate the molar flow rate of the chlorine in kgmol/hr.
13. Commercial sulfuricacidis98%H>SO4and2%H»0O.W hati sthemol eratioofH>SO4to H2O?
14. A compound contains 50% sulfur and 50% oxygen by mass. Isthe empirical formula ofthe
compound (1) SO, (2) SOz, (3) SOs3, or (4)S04?
15. Howmanykgof activatedcarbon(asubstanceusedi nremovingtracel mpurities)mustbe
mixed with 38 kg of sand so that the final mixture is 28% activatedcarbon?
16. A gas mixture contains 40 Ib of Oz, 25 Ib of SO, and 30 Ib of SO3. What is thecomposition
of the mixture in molefractions?
17. Saccharin,anartificial sweetenerthati s3000ti messweeterthansucrose,i scomposedof
45.90%carbon,2.73%hydrogen,26.23%o0xygen, 7.65%nitrogen,and17.49%sulfur.ls
themol ecul arformul aof saccharin(a) C14H100sN2S;, (b)) CsH703NS, (¢) CsHoO2NS,and
(d) C7Hs03NS?
18. Amixtureof gasesi sanal yzedandfoundtohavethefol | owingcomposition: C0O212.0%, CO 6.0%,
CHa4 27.3%, H29.9% and N2 44.8%. How much will 3 Ibmol of this gasweigh?
19. Aliquefiedmixtureofn-butane,n-pentane,andn-hexanehasthefollowingcomposition: n-CsH1o
50%, n-CsH12 30%, and n-CsH14 20%. For this mixture,calcul ate:
a) Theweight fraction of eachcomponent.
b) The mole fraction of eachcomponent.
¢) Themole percent of eachcomponent.
d) The average molecular weight of themixture.

20. How many mg/L is equivalent to a 1.2% solution of a substance inwater?

Answers:
1. (a) 7010 g; (b) 2.05 g moal; (c) 7010 Ib; (d) 2.05 [bmoal
2. 0.123 kg molNaCl/kg molH20
3. LI771bmol
4. 0.5mkg5.
46.2 b
6. Measurethemassofwater(shoul dbeabout500g)andadditto50g.M easurethevolume

of the solution (will not be 450 mL). Divide the mass by thevolume.
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7. 0.79389 g/cm® (assuming the density of water is also at60°F)

8. 8.11ft>

9. 21t

10. 870 kg HNOs/m3solution.

11. 132 min

12. 0.654 kgmol/hr

13.9

14.50, 15.

14.8 kg

16. O; 0.62; SO 0.19; SOs0.19

17. (d)

18.72.171b

19. (a) Ca: 0.50, Cs: 0.30, Ce: 0.20; (b) C4: 0.57, Cs: 0.28, C6:0.15;  (c) Ca: 57, Cs: 28, Ce:15;
(d) 66.4 kg/kgmol

20. 12000mg/L

Supplementary Problems (ChapterTwo):

Probleml

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

Solution

50 g mol CaCO3 | 100 g CaCO3 | 11b CaCO3 |11b mol CaCO; )
a- [ Temol CaCO; |454 g CaCO5 | 100 Ib CaCO3 =0.11 1b mol

150 kg CaCO3 |2.205 Ib CaCO3 | 1 1b mol CaCO;
T TkgCaCO; | 10010 CacO3 = 3.30 1b mol

100 b CaCOs3| 1 Ib mol CaCO3
¢ 7100 b CaCO3 =1.00 Ib mol CaCOj3
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Problem2
Silver nitrate (lunar caustic) is a white crystalline salt, used in marking inks, medicine
and chemical analysis. How many kilograms of silver nitrate (AgNO3) are there in :
a. 13.0 Ib mol AgNO3.
b. 55.0 g mol AgNO3

Solution

13.0 1b mol AgNO3 170 Ib AgNO3 ‘ 1 ke = 1002kg or 1000 kg
a. 1 Ib mol AgNO3 | 2.205 Ib

55.0 g mol AgNO3 170 ¢ AgNO3 l kg 9.35 k
b. 1 g mol ;—\gNO3‘ 1000 g 790 K8

Problems3

Phosphoric acid 1s a colorless deliquescent acid used in the manufacture of fertilizers and
as a flavoring agent in drinks. For a given 10 wt % phosphoric acid solution of specific gravity
1.10 determine:

a. the mol fraction composition of this mixture.

b. the volume (in gallons) of this solution which would contain 1 g mol H;POj,.

Solution
a. Basis: 100 g of 10 wt% solution
g MW g mol mol fr
H3PO4 10 97.97 0.102 0.020
H>O 90 18.01 5.00 0.980
o . Psoln S
b. Specific gravity = R The ref. liquid 1s water
Pref
fom?3 fem?3
The density of the solution 1s 1.10 g soln/em” soln ‘1 00 g HyO/em g soln

cm?

1.00 g HEOF':CD.]-% ‘ = 1.10

soln ‘9?.97 g H3POy4 [ 264.2 gal
H3PO4 | 1 g mol H3POs | 106 cm3

1 cm? soln 1
1.10 g soln | 0.1

=0.24 gal/g mol

[ =] if (=]
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Problem4

The density of a liquid is 1500 ke/m3 at 20 °C.
a. What 1s the specific gravity 20°C/4°C of this material.

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

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

Psoln (kg/m*)soln 1500 kg/m>

@ Spectfic gty = 7" = Ggndrer ~ 1000kgm’ 130
1 m3 liquid ‘ 1 kg 35.31 ft3 ‘ 140 by,
TS00kg 22016 | s | = 1.50 ft3

Problem5

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

A laboratory analysis of your household drinking water shows the antimony
concentration to be 4 ppb (parts per billion) and that of nickel to be 60 ppb. Determine if the
drinking water 1s safe with respect to the antimony and nickel levels.

Assume density of water to be 1.00 g/cm?

Solution
Antimony
0.006 mg Sb ‘ 1 L soln ‘ 1 cm3 soln ‘ l g 6 g Sb
ILsoln 1000 cm3 soln | 1-00 g H20 [T000 mg ~ 109 g soln 6 ppb
Nickel
0.1 mg N1 ‘ 1 L soln ‘ 1 cm? soln l g 9 g Ni

I L soln ‘ 1000 cm3 soln ‘ 1.0 g H,O 1000h111g ~7109 ¢ soln =100 ppb

House hold drinking water contains less than the EPA mandated tolerance levels of antimony
and nickel. Drinking water 1s therefore safe.
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Problem6

Wine making involves a series of very complex reactions most of which are performed
by microorganisms. The starting concentration of sugars determines the final alcohol content
and sweetness of the wine. The | specific gravity of the starting stock is therefore adjusted to
achieve desired quality of wine.

A starting stock solution has a specific gravity of 1.075 and contains 12.7 wt% sugar. If all the
sugar 1s assumed to be C12H2201 1. determine

a. kg sugar/’kg H,O

b. Ib solution/ft3 solution
c. g sugar/L solution

Solution
Basis: 100 kg starting stock solution
12.7 kg sugar ‘ 100 kg solution kg sugar
% TT00kgsoln | 873kgH0 145 %g H,0
1.075 g soln/cm?3 |1.00 g H,O/em? ‘ 11b |2.832 x10%cm® 67 1 1b soln
1.0 g HyO/em3 ‘454 g ft3 77 ft3 soln
1.075 g soln/cm3 ‘ 1.0 g HoO/em?® | 12.7 g sugar | 1000 cm? g sugar
€ 1.0 ¢ HoOlem? ‘ 100 g soln | 1L =136 T 5oIn
Problem?

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

Solution
a)
b)

c) Yes, because for solids and liquids the ratm in ppb is mass whereas for gases the
ratio is in mol&s
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Chapter3
Choosing aBasis

+« A basis is areference chosen by you for the calculations you plan to make in anyparticular
problem, and a proper choice of basis frequently makes the problem much easier tosolve.

% Thebasismaybeaperiodoftimesuchashours,oragivenmassofmaterial ,suchasbkg of CO», or
some other convenientquantity.

¢ For liquids and solids in which amass (weight) analysis applies, a convenient basis isoften
1 or 100 1b or kg; similarly, 1 or 100 moles is often a good choice for agas.

Example3.1

Gasmixturel0.0%H>,40.0%CH4,30.0%CO,and20.0%CO-,whatistheaveragemol ecular weight of
thegas?

Solution
Basis: 100 kg mol or Ibmol ofgas
Percent = kg
Component mol or Ib mol Mol wt. Kgorlb
Co, 20.0 44.0 880
Cco 30.0 28.0 840
CH, 40.0 16.04 642
H, 10.0 2.02 20
Total 100.0 2382
A lecular weight = ——o2X2_ _ 23 § ke/kg mol
verage molecuiar we S R = & n
8 ¢ & 100 kg mol BEIIO

Other Method forSolution:

Average molecular weight =0.2* 44+ 0.3* 28+ 0.4* 16.04 + 0.1 * 2.02 = 23.8 kg/kgmol
Example3.2

A liquefied mixture has the following composition: (Butane) n-CsH10 50% (MW=58), (Pentane) n-
CsH1230% (MW=72),and(hexane) n-
CsH1420%(MW=86).Forthismixture,cal cul ate:(aQ)mol efractionofeach  component. (b) Average
molecular weight of themixture.

Solution
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n-C4Hyo
n-CsHja
n-CgHjyg

Basis: 100 kg

% =kg wt fr MW kg mol mol fr
50 0.50 58 0.86 0.57
30 0.30 72 0.42 0.28
20 0.20 86 0.23 0.15
100 1.00 1.51 1.00
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Average molecular weight =  total mass = _100kg = 66
total mol 1.51 kg mol
Example3.3

A medium-grade bituminous coa analyzes asfollows:

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

TheresiduumisCandH,andthemol erati oi ntheresiduumi sH/C=9.Cal culatetheweight (mass) fraction
composition of the coal with the ash and the moisture omitted (ash — and moisture—free).
Solution
Take as abasis 100 kg of coal because then percent =kilograms.

Basis: 100 kg ofcoa
ThesumoftheS+ N+ O+ash+wateris 2+ 1+6+ 11+ 3=23Kkg
We need to determine the individual kg of C and of H in the 77 kg totalresiduum.

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

Basis: 100 kg mol (Because the H/C ratio is given in terms of moles, notweight)

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

H L P 90 1.008 90.7 0.43
1+9

c 1 010 10 | 120 0.57
1+9 100 100 210.7 1.00

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

Finally,wecanprepareatabl esummari zingtheresul tsonthebasi sof 1kgofthecoalash-freeandwater-free.

Component kg Wt. fraction
C 43.85 0.51
H 33.15 0.39
S 2 0.02
N 1 0.01
0 6 0.07
Total 86.0 1.00
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Supplementary Problems (ChapterThree):

Problem1
1 mol of gas containing O2 20%, N2 78%, and SO 2%, find the composition of the gas on an SO-—
free basis, meaning gas without the SO- init.

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

0, 0.20 0.20 0.20 0.20

N, 0.78 0.78 0.78 0.80

SO, 0.02 0.02

1.00 1.00 0.98 1.00

Problem?2

InaternaryalloysuchasNda sFe77B1s stheaveragegrai nsize sabout30nm.Byreplacing0.2 atoms of Fe with
atoms of Cu, the grain size can be reduced (improved) to 17nm.
(d) What isthe molecular formula of the alloy after adding the Cu to replace theFe?
(b) What is the mass fraction of each atomic speciesin the improvedalloy?
Solution
Basis: 100 g mol (or atoms) ofNds sFe77B1ss
(8@ Thefina aloy isNdasFezssB1ss5Cuo.2.
(b) Use atable to calculate the respective massfractions.

Component  Original gmol  Final gmel 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 _185 18.5 10.81 199.99 0.039
Cu _ 02 63.55 12.71 0.002
Total 100.0 100.0 5151.06 1.000

Problem 3 (Basic Principles.... Book, Page87)

Readeachofthefoll owingproblemsandsel ectasui tabl ebasi sf orsol vingeachone.Donotsol ve theproblems.
a. Y ouhavel30kgofgasofthefol | owingcomposition:40%N2,30%CO.,and30%CHasina tank. What is
the average molecular weight of thegas?
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b. Y ouhave25Ibofagasofthefollowingcomposition: CH480%,CoH410%,andCoHe10%. What is the
average molecular weight of the mixture? What is the weight (mass) fraction of eachof the

components in themixture?

c. The proximate and ultimate analysis of coal is given in the following table. What isthe

composition of the “Volatile combustible material” (VCM)? Present your answer in the form ofthe

mass percent of each element in theV CM.

a

Proximate Analysis (%)

Ultimate Analysis (%)

Moisture 32 Carbon 79.90
Volatile combustible material 21.0 Hydrogen 4.85
Fixed carbon 69.3 Sulfur 0.69
Ash 6.5 Nitrogen 1.30

Ash 6.50

Oxygen 6.76
Total 100.0 Total 100.00

d. Afuelgasi sreportedtoanal yze,onamol ebasis,20%methane,5%ethane,andtheremainder COa.

Calculate the analysis of the fuel gas on a mass percentagebasis.

Solution

(2) A gas requires a convenient basis of I or 100 g moles or kg moles (if use SI

units).

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

(c) Use | or 100 kg of coal, or 1 or 100 1b of coal because the coal is & solid and mass

is & convenient basis.

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

Problem 4 (Basic Principles.... Book, Page88)

Choose a basis for the following problem: Chlorine usage at a water treatment plant averages134.2

Ib/day. The average flow rate of water leaving the plant is 10.7 million gal/day. What is theaverage

chlorine concentration in the treatment water leaving the plant (assuming no reaction ofthe

chlorine), expressed in milligrams perliter?

Solution

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

(a) 13421 C1 (b) 10.7 x10° gal water.
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Chapter4Te
mperature

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

* Other scientists prefer to say that Temperature is a property of the state ofthermal
equilibriumofthesystemwithrespecttoothersystemsbecausetemperaturetel | susabout the
capability of asystem to transfer energy (asheat).

Fourtypesoftemperature:
Twobasedonarelativescale,degreesFahrenheit(°F)andCelsius(°C),andtwobasedonan

absolute scale, degree Rankine (°R) and Kelvin(K).
TemperatureConversion

A°F = A°R
A°C = AK

Also, the A°C islarger than theA°F

A L = 1.8 or A°C = 1.8 A°F
A°F
AK
AR = 1.8 or AK =18 A°R

Also, because of the temperature difference between boiling water and ice (Celsius. 100°C — 0°C
=100°C; Fahrenheit: 212°F — 32°F = 180°F), the following relationships hold:

A°C =1.8000 A°F and A K =1.8000 A°F

Thepropermeani ngofthesymbols°C,°F,K,and’R,aseitherthetemperatureortheunit
temperaturedifference, mustbei nterpretedfromthecontextoftheequati onorsentencebe ng examined.
Suppose you have therelation:

Top=a+ bl
Whataretheunitsofaandb ?T heunitsofamustbe®Fforconsi stency. Thecorrectunitsforb
mustinvol vetheconversionfactor(1.8A°F\A°C),thefactorthatconvertsthesi zeofanintervalon one

temperaturescale



1.8 A°F
A°C

(S —)

b

TOF = def + Toc

Unfortunately, the unitsfor b are usually ignored; just the value of b (1.8) isemployed.

* Therdations between °C, °F, K, and °Rare:

1 A°R
TCR = TUF(I AOF) + 4600R g T°R = T°F +46O
|
TK = Toc(lﬁ‘o]((:) + 273K
= o +
1.8 A°F Or Tk = Toc +273
Tn]: - 320F = TOC m
s 1A°C
TQC = (T°F - 32 F)(IS ADF) g ToF = 18 ToC +32
Exampled.1
Convert 100 °C to (a) K, (b) °F, and (c)°R.
Solution
(a) (100 + 273)°C %lé = 373K

or with suppression of the A symbol,

1K
(100 + 273)°C Tc = 373K

1.8 A°F
b) (100°C + 32°F = 212°F
® { ) 1 A°C
1 A°R
212 + 460)°F —— = 672°
or
1.8 A°R .
(373K) A 672°R
Example4.2

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

Heat capacity = 139.1 + 1.56 * 10°'T
whereTisexpressedin®C.M odifythef ormul asothattheresul tingexpressi onhastheassociated units of
Btu/(Ibmoal) (°R) and T isin°R.

Solution



Tor =1.8 Toc+32 — Tec=(T-Fr —32)/1.8
Tor = Top+460 — Top=T-r—460
~ Tec=[T-r—460-32]/1.8

To.

454 g mol
1 lb mol

rrc
18R

heat capacity = {139.1 + 1.56 X 101[(TQR — 460 — 32)%:|} v 1] | 1 Btu
) (gmol)(°C)| 105517

conversion factors

= 23.06 + 2.07 X 10T+

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

Problems
1. Complete the following table with the proper equival enttemperatures:

°C °F K °R

—40

77.0

698

69.8

2. The heat capacity of sulfuris Cp=15.2 + 2.68T, where Cyisin J/(g mol)(K) and T isinK.
Convert this expression so that Cpisin cal/(g mol)(°F) with T in°F.

AnNsSwers:
1.
°C °F K °R
—40.0 —40.0 233 420
25.0 77.0 298 537
425 796 698 1256
—234 —390 38.8 69.8

2. Cp=93.2+0.186T-F

Supplementary Problems (ChapterFour):

Problem1
Complete the table below with the proper equivalent temperatures.

°C °F K °R




Solution

The conversion relations to use are:

=B = 1.8°€C + 32
K = 8¢ + 273
R = &f + 460
°R = 1L.EK
e °F K ‘R
-40.0 -40.0 233 420
25.0 7 298 437
425 197 698 1257
- 235 -390 38.4 69.8
Problem?2
The specific heat capacity of toluene 1s given by following equation
Cp, = 20869 + 5293 x 102T where C;, 1s in Btw/(LB mol) (° F)

and Tism°F
Express the equation i cal/(g mol) (K) with T in K.

Solution

First, conversion of the units for the overall equation is required.

‘ [20.869 + 5.293 x 102(Tep)] Btu |252cal | 1 1b mol | 1.8 °F
Cp T (Ib mol) (°F) TIBtw (454 gmol[ TK

, cal
=[20.869 + 5.293 » 102 (T-P)] (g mol) (K)

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

Teg = (Tg - 273)18 + 32
Cp = 2069 + 5293 x 102 [(Tx - 273)1.8 + 32]

Simplifying  Cp, = -3.447 + 9527 x 102 T
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Chapter5
Pressure

5.1 Pressure and ItsUnits
Pressureisdefinedas* thenormal (perpendicul ar)forceperunitarea(Figure5.1). The pressure at

the bottom of the static (nonmoving) column of mercury exerted on the sealing plateis

F
P=;:P8h+Pn .51

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

Atmospheric Pressure

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

respectiveareas

ForExample,supposethatthecylinderoffl uidinFigure5. 1isacolumnof mercurythathasan
areaof 1cm?andis50cmhigh. ThedensityoftheHgis13.55¢/cm?. Thus,theforceexertedby  the  mercury

alone on the 1 cm? section of the bottom plate by the column of mercuryis

1 cm*®

- 13:55g/980 cm (50 cm lkg | 1m | H(N)(sY)
cm? s2 1000 g| 100 ecm | 1 (kg)(m)
N P=FIA ...F=P*A =pgh*A

Thepressureonthesectionofthepl atecoveredbythemercuryistheforceperunitareaofthe mercury plus the

pressure of theatmosphere

b= 6.64 N (100 cm)2 (1 m*)(1 Pa)
I m

(IN)

1 kPa
1000 Pa,

e + py = 66.4kPa + p,
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IfwehadstartedwithunitsintheA Esystem, thepressurewoul dboecomputedas| thedensityof mercury is
845.5 | bn/ftY]

3221t

SZ

_ 84551b,, 50 cm

P="Tt

= 1388£)~r +
fi2 Po

11t
12 in.

(V)
32.174(ft)(Ib,) 7

1 in.
2.54 cm

5.2 Measurement of Pressure

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

Air a 2
Relative(Gauge)

Pressure Ah=40.90 cm Hg B

L

Figure 5.2 (d) Open-end manometer showing a pressure above atmospheric pressure.(b)
Manometer measuring an absolutepressure.

Absolute
Pressure

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

Gauge Pressure + Barometer Pressure (atmospheric)= AbsolutePressure ...5.2

Pvacuum: patmospheric_ P absolute

Thestandardatmosphereisdefinedasthepressure(inastandardgravitationalfield) equivalent to
1 atm or 760 mm Hg at 0°C or otherequivalent.
The standard atmosphere is equalto
¢ 1.00 atmospheres(atm)
33.91 feet of water (ftH20)
14.7 pounds (force) per square inch absolute(psia)
29.92 inches of mercury (in.Hg)

760.0 millimeters of mercury (mmHg)

® & & o o

1.013 * 10° pascal (Pa) or newtons per square meter (N/m?); or 101.3kPa

For Example, convert 35 psiato inches of mercury andkPa.

35 psia|29.92 in. H ic ,
P - - 71.24 in Hg And, Eup% IQLMQ = 241 kPa
14.7 psia 14.7 psia
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For Example, What is the equivalent pressure to 1 kg/cm? (i.e., kgi/cm?) in pascal (g = 9.8m/s?)
[1 kg/cm?] * [9.8 m/s7] * [(100 c/1 m)?] = 9.8 * 10* N/m? (orPa)

Exampleb.1

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

(d)atmospheres (b)psia (c) inches ofHg (d) mm ofHg
Solution

Basis: 60 GPa

60 GPa|10° kPal 1 at
(a) 2 A - M _ 0.59 x 10°atm
1 GPa |101.3 kPa

60 GPa|10° kPa | 14.696 psia
b = 870 X 10° psi
(b) 1 GPa | 101.3 kPa psia

60 GPa | 10° kPa|29.92 in. Hg
I'GPa | 101.3 kPa

) = 1.77 % 10" in. Hg

GPa|10° kPa|760 mm H
(d) Ll 4 £ = 450 x 10°mm Hg
1 GPa | 101.3 kPa

Exampleb.2
The pressure gauge on atank of CO2 used to fill soda-water bottles reads 51.0 psi. At the sametime

the barometer reads 28.0 in. Hg. What is the absolute pressure in the tank in psia? See FigureE5.2.

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

29.92 in Hg

The absolute pressure in the tankis

51.0 psia+ 13.76 psia= 64.8psia
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Exampleb.3

Small animals such as mice can live (although not comfortably) at reduced air pressures down t020
kPa absolute. In atest, a mercury manometer attached to atank, as shown in Figure E5.3, reads64.5
cm Hg and the barometer reads 100 kPa. Will the micesurvive?

64.5 cm Hg

Figure ES.3

Solution
Y ouareexpectedtoreali zefromthefi gurethatthetankisbelowatmosphericpressurebecause
theleftlegofthemanometerishigherthantherightleg,whichisopentotheatmosphere.

Consequently,togettheabsolutepressureyousubtractthe64.5cmHgfromthebarometer reading.
The absolute pressure in the tankis

64.5cmHg|{ 101.3 kP
100 kPa — et 4 _ 100 — 86 = 14 kPa absolute
76.0 cm Hg

The mice probably will notsurvive.

5.3 Differential PressureMeasurements

Whenthecol umnsofflui dsareatequilibrium(seeFigures.3) ,therel ationshipamongp1,p2,p3, and the
heights of the various columns of fluid is asfollows:
Pi1+p1dig=P2+p2d2g + p3ds g .53

Py Pz

.

Fluid t, p, —

OO T TITTITITITITI

Figure 5.3 Manometer with threefluids.
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Note
Iffluidsland3aregases,andfluid2ismercury,thedensityofthegasissomuchlessthanthat of mercury
that you can ignore the term involving the gas in Equation (5.3) forpractical applications.

% Canyoushowforthecase nwhichpi=ps=pthatthemanometerexpressionreducesto the

differential manometerequation:
P1—P2=(p2-p) g d; - 54

Example5.4
I nmeasuri ngtheflowofflui dinapi pelineasshowninFigureES.4,adifferentialmanometerwas  used  to
determine the pressure difference across the orifice plate. The flow rate was to becalibrated with the
observed pressure drop (difference). Calculate the pressure drop p:1 - p2 in pascals forthe
manometer reading in FigureES.4.

Flui Orifice
Flud \ 3|‘/ é
Water, p=10"kg/m P,
| Ny
P, T32mm
d
JL"IOmm

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

Figure E5.4
Solution
In this problem you cannot ignore the water density above the manometerfluid.

P1—Py=(pr— plgd

(1.10 — 1.00)10%* kg

m3

=21.6 Pa

Example5.5
Airisflowingthroughaductunderadraftof4.0cmH20.Thebarometerindi catesthatthe atmospheric

pressure is 730 mm Hg. What is the absolute pressure of the air in inches ofmercury? See
FigureES5.5

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

1(N)(s?)
(kg)(m)

S2

9.807 m‘ (22)(10)m

Aif —————

g_[l“i4.0cm Hy 0

Figure E5.5
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Solution

Inthi sproblemyoucanignorethegasdensityabovethemanometerfluidandtheairabovethe open end of

themanometer.
B heri 730 mm Hg |29.92 in. Hg S
mos T FESSUIC = | = . . o
ospheric pressure 760 mm Hg in. Hg
Next, convert 4.0 cm H20O to in.Hg:
40cmH,O| 1in. 1ft {2992in. Hg 012 H
254cm|12in |3391 A H,O0 - -0

Sincethereadingis4.0cmH2Odraft(underatmospheric),theabsol utereadinginuniformunits is

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

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

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

- —|
=

A, A,
Figure SATS.1Q2

2. Answer the following questions true orfal se:
a. Atmospheric pressureis the pressure of the air surrounding us and changes fromday
to day
b. Thestandardatmosphere saconstantreferenceatmosphereequaltol.000atmor the
equivalent pressure in other units.
Absolute pressure is measured relative to a vacuum.
Gauge pressure is measured upward relative to atmospheric pressure.

Vacuum and draft pressures are measured downward from atmosphericpressure.

-~ o a o

Y ou can convert from one type of pressure measurement to another usingthe
standard atmosphere.
g. Amanometermeasuresthepressuredifferencei ntermsofthehei ghtoffluid(s)in the

manometer tube.
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3. What isthe equation to convert gauge pressure to absol utepressure?
4. Whataretheval uesandunitsofthestandardatmosphereforsixdifferentmethodsof
expressingpressure?
5. What isthe equation to convert vacuum pressure to absol utepressure?
Answers:
1. 3isthehighestpressure;nextareland2,whicharethesame;and4idlast. Thedecisions are made by
dividing the weight of water by the basearea.
All aretrue
Gauge pressure + barometric pressure = absol utepressure

Seelectures

o b~ w DN

Barometric pressure - vacuum pressure = absol utepressure

Problems
1. Convert apressure of 800 mm Hg to the followingunits:
apsa bkPa cam d. ft H20
2. Your textbook lists five types of pressures. atmospheric pressure, barometric pressure,
gauge pressure, absolute pressure, and vacuumpressure.

a. What kind of pressureis measured by the device in FigureSAT5.2P2A?

Helium

Helium

Figure SAT5.2P2A

b. What kind of pressure is measured by the device in FigureSAT5.2P2B?
c. What would be the reading in Figure SAT5.2P2C assuming that the pressureand
temperature inside and outside the helium tank are the same as in parts (a) and(b)?

3. Anevaporatorshowsareadingof 40k Pavacuum.W hati stheabsol utepressurei nthe evaporator
inkPa?

4. AU-tubemanometerfilledwithmercuryisconnectedbetweentwopointsinapipeline.If the
manometer reading is 26 mm of Hg, calculate the pressure difference in kPa betweenthe
points when (a) water is flowing through the pipeline, and (b) aso when air atatmospheric
pressure and 20°C with a density of 1.20 kg/m®is flowing in thepipeline.
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5. ABourdongaugeandamercurymanometerareconnectedtoatankof gas,asshownin Figure

SATS.3P2. If the reading on the pressure gauge is 85 kPa, what is h in centimetersof Hg?

Figure SAT5.3P2

Answers:
1. (a) 15.5; (b) 106.6; (c) 1.052; (d)35.6
2. (A) Gauge pressure; (B) barometric pressure, absolute pressure; (C) 50 in.Hg
3. Intheabsenceofabarometricpressureval ue,assumel01.3kPa. Theabsol utepressureis
61.3kPa.
4. TheHgisdtatic. (a) 3.21 kPa; (b) 3.47kPa
63.8cm Hg

Supplementary Problems (ChapterFive):

Probleml

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

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

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

c. What will be the new pressure with hexane to indicate that the tank is full.

Solution

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

p=hpg
150 0.909 ¢ styre11e;"cm3‘ 1.0 g H,O/em3 ‘ 103 kg/m?3 ‘ 9 80 m/s2 ‘ 1 Pa
Bt 1.0 g H,O/em3 ‘ ‘ 1 g/cm? ‘ ‘ 1 (kg)(m)-1(s)-2

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

c. Newp=hpg
150 0.659 g hexane/cm3 ‘ 1.0 g HyOlem? ‘ 103 kg/m3 ‘ 9.8 m/s? ‘ 1 Pa
10,0 g HyOkemd | | | | 1(kg)(m)(s) 2
= 96900 Pa=96.9 kPa
Problem?2

A U-tube manometer is used to determine the pressure drop across an orifice meter. The
liquid flowing in the pipe line is a sulfuric acid solution having a specific gravity (60°/60°) of
1.250. The manometer liquid is mercury, with a specific gravity (60°/60°) of 13.56. The
manometer reading is 5.35 inches, and all parts of the system are at a temperature of 6(FF.
What is the pressure drop across the orifice meter in psi.

Solution
First we calculate density of acid and mercury.
1.250 62.4 1b/ft3 1 ft3
o= = 0.0451 1b/in3
Pacid 1.728 x 103 in3 =
13.56  62.4 1b/ft3 1 ftd
= = 0.490 1b/in3
PHg 1.728 x 103 in3 =

Sulfuric acid
sp.gr. 1.250 .

Py
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left column right column
Atzg pp + pahig = py + pahyg + pHgh3g
Py - Py *+ palhp - hy)g = PHgh3 g
Py - Py + pabzg = PHg h3 g
Py - P2 = (PHg - Pa)h3g
(0.490-0.0451)1bg (5.35)in 32.2 ft/s? . .
-pr= - - _ = 2.381b¢/in2 (p:
P1=P2 in? 32.174 (£t)(Ib,)/(s2)(1by) t/in=(psi)
Problem3

The pressure difference between two air tanks A and B 1s measured by a U - tube
manometer, with mercury as the manometer liquid. The barometric pressure 1s 700 mm Hg.

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

Solution
a. AtZp pa T+ Iy Pus& = Py (neglecting the effect of air in the U - tube) (1)
at Z P, = I PHg & 2)

Eliminate py, from the equations
Pa + hlpHg g = hZ pHg g

p, = (ha - h)py,g
= 840 mm Hg absolute

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

b. p, = 840 - 700 = 140 mm Hg
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Chapter6
Introduction to MaterialBalances

6.1 The Concept of a Material Balance
A material balance is nothing more than the application of the law of the conservationof

mass:

“Matter is neither created nordestroyed”
6.2 Open and Closed Systems
a. System
Bysystemwemeananyarbitraryportionoforawhol eprocessthatyouwanttoconsider for analysis.

You can define a gystem such as a reactor, a section of a pipe. Or, you can definethe

limitsofthesystembydrawingthesystemboundary,namel yalinethatencl osestheportionof the process
that you want toanalyze.

b. ClosedSystem
Figure6.1showsatwo-dimensi onal viewof athree-dimensi onal vessel hol ding1000kgofH-O.
Notethatmaterialneitherentersnorleavesthevessel,thatis,nomaterialcrossesthesystem boundary.
Changes can take place inside the system, but for a closed system, no massexchange occurs with
thesurroundings.

System

' o

1000 kg
H,0

Figure 6.1 A closedsystem.
c. Open System

Figure6.2i sanexampl eof angpensystem(al socall edaflowsystem)becausematerial crosses the
systemboundary.

System
boundary

R——e

=] 1000 kg -
100 kg H,0O H,0 100 kg H,O
min min

Figure 6.2 An open steady-statesystem.
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6.3 Steady-State and Unsteady-State Systems
a. Steady-State System
Because the rate of addition of water is equal to the rate of removal, the amount of waterin
thevessel showninEigure6.2remainsconstantatitsoriginal value(1000kg).Wecall such a
process or system asteady-state process or asteady-state systembecause
1. Theconditionsinsidetheprocess(specificallytheamountofwaterinthevesselin Figure
6.2) remain unchanged with time,and
2. Theconditions of the flowing streams remain constant withtime.
* Thus,inasteady-stateprocess,bydefinitionall oftheconditionsintheprocess(e.g.,
temperature,pressure,massofmaterial,flowrate,etc.)remainconstantwithtime. A
continuous process is one in which material enters and/or leaves the systemwithout

interruption.

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

processandsystem are deemed to be an unsteady-state (transient) process orsystem.

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

the system can vary withtime.

System
boundary
T 1000 kg >
100 kg Ho0 H,0 90 kg H,O
min min

Figure 6.3 Initial conditions for an open unsteady-state
system withaccumulation.

* Figure 6.4 shows the system after 50 minutes of accumulation (Fifty minutesof

accumulation at 10 kg/min amounts to 500 kg of totalaccumulation).
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System
boundary
VaAVaVaV VaVaVaVaV
100 kg H20 A(g H20
min min
. 1500 kg _
- H,0 >

Figure 6.4 The condition of the open unsteady-state system with accumulation after50
minutes.

* Figures 6.5 and 6.6 demonstrate negativeaccumulation.
Notethattheamountofwateri nthesystemdecreaseswithtimeattherateof 10kg/min. Figure 6.6 shows
the system after 50 minutes ofoperation.

—

1000 kg g
90 kg Hgo H,0 100 kg Hgo

min min

System
boundary

-

Y

Figure 6.5 Initial conditions for an unsteady-state process with negativeaccumulation.

System
/ boundary
‘;.'____..." VeV VaVaVaVaVaV >
90 kg H,0 " 500 kg 100 kg H-O
min H,0 min

Figure 6.6 Condition of the open unsteady-state system with negative accumulation after50
minutes.
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* The material balance for a single component process is

{Accumulation ot‘material} _ {Total flow into} _ { Total flow out} 61
the system of the system

within the system

Equation 6.1 can apply to moles or any guantity that is conserved. As an example, look atEigure
6.7 in which we have converted all of the mass quantitiesin Eigure 6.2 to their equivalent valuesin

/

moles.

System
boundary

VAVAVAVaVAVAVAWAY
—_— ———
555 kg mol HyO 55'5H"%m°' 5.55 kg mol Ha0
min min

Figure 6.7 The system in Figure 6.2 with the flow rates shown in kgmol.
If the process isin the steady state, the accumulation term by definition is zero, and Equation6.1
simplifiesto afamoustruism
What goes in must come out  (In =Out) ...6.2

Ifyouareanal yzinganunsteady-stateprocess,theaccumul ationtermoveratimeinterval canbe cal cul atedas

Final materia]} : {Initial material} ©63)

A lati =
{Accumulation } { in the system in the system

Thetimesyousel ectforthefinal andinitial conditi onscanbeanything,butyouusual l ysel ectan

intervalsuch as 1 minute or 1 hour rather than specifictimes.

* WhenyoucombineEquations6.1and6.3yougetthegeneralmaterialbalancefora component in

the system in the absence ofreaction

Final material Initial material Flow into Flow out of
in the system ¢ — ¢ inthesystem ; = ¢ thesystem p — { thesystem ; - 6.4
att, att, fromt tot, fromt; tot,
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Example6.1
Will you save money if instead of buying premium 89 octane gasoline at $1.269 per gallon thathas

theoctaneyouwant,youbl endsuffi cient93octanesupremegasolineat$l.349pergal lonwith87 octane
regular gasoline at $1.149 pergallon?
Solution

Chooseabasisof1gallonof89octanegasoline,thedesi redproduct. Thesystemi sthegasoline tank.
e Forsimplicity,assumethatnogasolineexistsinthetankatthestartoftheblending,and

one gallon exists in the tank at the end of theblending.
e Thisarrangement corresponds to an unsteady-state process. Clearly it is an opensystem.
The initial number of gallons in the system is zero and the final number of gallons isgne.
Let x = the number of gallons of 87 octane gasoline added,and
y = the number of gallons of 93 octane added to theblend.
Sincex +y = 1 isthetotal flow into thetank,

Ly=1-x
According to Equation (6.4) the balance on the octane numberis
Accumulation Inputs
89 octane |1 gal |87 octane (I — x) gal

x gal l?iﬁvgtaie_

I gal 1 gal
The solutionisx =2/3 gal and thusy =1 —x = 1/3gal.
The cost of the blended gasolineis (2/3) ($1.149) + (1/3) ($1.349) = $1.216

A value less than the cost of the 89 octane gasoline($1.269).

1 gal

6.4 Multiple ComponentSystems

Suppose the input to a vessel contains more than one component, such as 100 kg/min ofa
50%waterand50%sugar(sucrose,C1oH22011,MW=342.3)mixture(seeFigure6.8). Themass  balances
with respect to the sugar and water, balances that we call componentbalances.

System
boundary
100 kg solution  proA~AnAANNANY
min 1000 kg 100 kg min
B — — &
comp. Mass fr. _H?(_) comp. Mass fr.
= == = (initial = e
condition)
Hgo 0.50 HQO WH20
Sucrose  0.50 Sucrose  @gcrose

Figure 6.8 An open system involving twocomponents.
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ForExample,lookatthemixershowninFigure6.9,anapparatusthatmi xestwostreamsto
increasetheconcentrationof NaOHinadilutesol ution. Themixerisasteady—stateopen system. Initialy
the mixer is empty, and after 1 hour it is emptyagain.

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

=9000ka/hrasthebasis.orF,=1000ka/hrasthebasis:thenumbersforthisexamplewouldnot change —
just the units would change. Here are the components and total balances inkg:

Flow in
Balances F, F, Flow out Accum.
NaOH 450 500 950 =0
H,O 8.550 500 9,050 =0
Total 9,000 1,000 10,000 =0

We can convert the kg shown in Figure 6.9 to kg moles by dividing each compound byits respective
molecular weight (NaOH = 40 and H>O =18).

naoH: 20 _1as 0 pso 20 _ o355
S a0 - ar
8550 500 9050
HIO: 0 =gy <2 =2L78 == S0
0 18 18 18 02.78

Then the component and total balancesin kg molare:

Flow in
Balances F, F, Flow out Accum.
NaOH 11.25 12.50 23.75 =0
H,0 475 27.78 502.78 =0
Total 486.25 40.28 536.53 =0

Food 19000 kght  Feed2-= 1000ign Figure 6.9 Mixing of a dilutestream of
. e o *C et NaOH with a concentratedstream of
omponen ass Ir. _'g omponern ﬂ _g
“Nact  OfEo0 o “tod Cih 5 NaOH. Values below thestream
H,0 0.950 8550 HO 0% 5 arrows are based on 1 hourof
Total 1.000 9000 Total 1.00 1000 operation,
\Ij/ Product = 10,000 kg N

Component  Massfr. kg
NaOH 0095 950
HO 05 W
Total 1.000 10000
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Example6.2

Centrifugesareusedtoseparateparticlesintherangeof0.1to100umindiameterfromaliquid
usingcentrifugalforce.Y eastcel | sarerecoveredfromabroth(ali qui dmixturecontainingcell s)
usi ngatubul arcentrifuge(acylindrical systemrotati ngaboutacylindrical axis). Determinethe
amountofthecell-freedi schargeperhourif 1000L/hrisfedtothecentrifuge, thef eedcontains
500mgcells/L ,andtheproductstreamcontai ns50wt. %cel | s.A ssumethatthef eedhasadensity
of 1g/cm®.
Solution
This problem involves a steady state, open (flow) system withoutreaction.

Basis = 1hour

Concentrated cells P(g)
50% by weight cells

centrifuge

Feed (broth)
1000 L/h

500 mg cells/L

Cell-free

discharge
D(g)
FigureE6.2

M.B. oncells
In (mass) = Out(mass)

1000 L feed 500 mgeells| 1g  O05gcellsiPg

1Lfeed [1000mg  lgP

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

1000 L{ 1000 cm®| 1 g fluid 1000 g P0.50 g fluid P

1L 1 cm? lgP R

D = (10° -500)g

6.5 Accounting for Chemical Reactions in MaterialBalances

Chemicalreactioninasystemrequirestheaugmentationof Equation6.4totakeinto
accounttheeffectsofthereaction.Toillustratethispoint,lookatFigure6.10,whichshowsa  steady—state
system in which HClreacts with NaOHby the followingreaction:

NaOH +HCI —— NaCl + H,O
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System
boundary

100 L/min 100 L/min
—_— l—————
1000 kg

1.0 molar HCI H,0 1.0 molar NaOH

200 L/min
—_—

1.0 molar NaCl

Figure 6.10 Reactor for neutralizing HCI withNaOH.

Equation 6.4 must be augmented to include terms for the generation and consumptionof
components by the chemical reaction in the system asfollows

- Input Output . :
Accumulation th h & i Generation Consumption 6.5
Trou rou
within the = & - g + < within the ; — within the e
- the system the system " 4
system system
. boundaries boundaries ’ ?

6.6 Material Balances for Batch and Semi-BatchProcesses

¢ Abatchprocessisusedtoprocessafixedamountofmaterialeachtimeitisoperated. Initially, the
material to be processed is charged into the system. After processing ofthe materia is
complete, the products areremoved.

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

¢ LookatFigure6.1lathatillustrateswhatoccursatthestartof abatchprocess,andafter thorough
mixing, the final solution remainsin the system (Figure6.11b).

/ System /

boundary

System
boundary

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

9000 b 1000 Ib
100% HyO ki 100% NaOH

Figufe 6.11b Thie finalstate
of a batch mixingprocess.

_______________________________________________________

Figure 6.11a The initial state of a batch mixingprocess.
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¢ We can summarize the hypothetical operation of the batch as a flow system (opensystem)
asfollows (Figure6.12):

Einal conditions: All values =0 Elowsout:
NaOH =
1,0001bH20 =
9,0001b
Total = 10,0001b

Initial conditions: All value =0 Elows in:
NaOH =
1,0001bH20 =
9,0001b
Total 10,000Ib

System
boundary

; 1000 Ib
100% NaOH

9000 tb
100%H,0 | T

A

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

Figure 6.12 The batch process in Figure 6.11 represented as an opensystem.

In a semi-batch process material enters the process during its operation, but doesnot
leave.lnstead, massi sall owedtoaccumul atei ntheprocessvessel .Productiswithdrawn only after
the processisover.

AFigure6.13 illustratesasemi-batchmixingprocess. Initiallythevessel is empty(Figure
6.13a). Figure 6.13b shows the semi-batch system after 1 hour of operation.Semi-batch
processes are gpen and unsteady —state.

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

that you can treat as having continuous flows, asfollows:

Einalconditions: Flows out: All values=0
NaOH = 1,000 Ib
H>O =9,000lb
Total = 10,000 1b Flows in:
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NaOH =
1,0001bH20 =
9,000lb

Initial conditions: All values =0 Total = 10,000lb
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System / System

boundary / boundary

.

9000 Ib/hr H,0 1000 Ib/hr NaOH 10,000 Ib
> -+ 90% H,0
100% H,O 100% NaOH 10% NaOH

Figure 6.13a Initial condition for thesemi-batch Figure 6.13b Condition of asemi-batch
mixing process. Vessel isempty. mixing process after 1 hour ofoperation.
Example6.3

Ameasurementforwaterfl ushingof asteel tankori ginal l ycontai ningmotoroil showedthat0.15
percentbywel ghtoftheori ginal contentsremai nedonthei nteri ortanksurface.Whatisthe
fractionall ossof oil beforeflushingwithwater,andthepoundsof di schargeof motoroilintothe
environmentduringofal0,000gal tanktruckthatcarriedmotoroil 2(Thedensityofmotoroilis about
0.80g/cm®).
Solution

Basis: 10,000 gal motor oil at an assumed77°F
Theinitial mass of the motor oil in the tankwas
(10000 gal)(3.785 lit/1 gal )(1000 cm*/1 1it) (0.8 g/cm®)(1 1b/454 g) = 66700Ib
The mass fractional lossis 0.0015. The oil material balanceis
Initia unloaded residualdischarged oncleaning
66,700 =  66,700(0.9985) + 66,700(0.0015)
Thus, the discharge on flushing is 66,700 (0.00 15) = 100lb.

uestions

1. Isittruethat if no material crossesthe boundary of a system, the system is a closed system?
Is mass conserved within an openprocess?

Can an accumul ation be negative? What does a negative accumul ationmean?
Underwhatcircumstancescantheaccumul ationtermi nthematerial bal ancebezerof ora process?
Distinguish between a steady-state and an unsteady-stateprocess.

o g b~ WD

What isatransient process? Isit different than an unsteady-stateprocess?
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7. Does Equation 6.4 apply to a system involving more than onecomponent?
8. Whenachemical plantorrefineryusesvari ousfeedsandproducesvari ousproducts,does Equation
6.4 apply to each component in the plant?
9. What terms of the general material balance, Equation (6.5), can be del etedif
a. Theprocessisknown to be a steady-stateprocess.
b. Theprocessis carried out inside a closed vessel.
c. The process does not involve a chemicalreaction.
10. What is the difference between a batch process and a closedprocess?
11. What is the difference between a semi-batch process and a closedprocess?
12. What is the difference between a semi-batch process and an openprocess?

Answers:
1. Yes
2. Not necessarily — accumulation canoccur
3. Yes; depletion
4. Noreaction (a) closed system, or (b) flow of acomponent in and out areequal.
5. Inanunsteady-statesystem,thestateofthesystemchangeswithtime,whereaswitha steady-state

system, it doesnot.
6. A transient processis an unsteady-stateprocess.

7. Yes

8. Yes

9. (@) Accumulation; (b) flow in and out; () generation andconsumption
10. None

11. A flow inoccurs

12. None, except in aflow process, usually flows occur both in andout

Problems
1. Hereisareport from acatalytic polymerizationunit:

Charge:

PoundsperhourP
ropanes andbutanes 15,500
Production:
Propane andlighter 5,680
Butane 2,080
Polymer missing

What is the production in pounds per hour of thepolymer?
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2. Aplantdischarges4,000gal/minoftreatedwastewaterthatcontains0.25mg/L of PCB,
(polychloronated biphenyls) into a river that contains no measurable PCBs upstream ofthe
discharge. If the river flow rate is 1,500 cubic feet per second, after the discharged waterhas
thoroughl ymixedwiththeriverwater,whati stheconcentrationof PCBsintheriverin mg/L?

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

Supplementary Problems (ChapterSix):

Probleml

b. The inputis 1.5 kg in one hour.
c. The output is 1.2 kg in one hour.
d. Assume the process is unsteady state. Then the accumulation in the soil is 0.3 kg in one hour.

e. Assume unsteady state. If not, the accumulation would be zero and perhaps some leak from
the closed system occurred (as would likely occur in the field).
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Problem2

Problems3

F = 100 kg/hr

mass fr

EtOH 0.50

MeOH 0.10

H:O0  0.40

1.00 WwW=7? ng’hr
kalhr _ or
EtOH mEtOH
MeOH mMeOH
H:O mH:0
w
An obvious basis is one hour,
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P = 60 kalhr

mass Ir
EiOH 0.50
MeOH 0.10
H:O 0.40
1.00
mass fr
wEtOH
woMeOH
wH0
1.00
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The variables whose values are unknown are either (a) mgiop. myeon. and mi,o plus W,

or (b) ®gron. OMeon. and oy,o plus W. Either set of four 1s acceptable as they are equivalent.
We have four unknowns, and need four independent equations.

Total: F = P + W F = P + W
EtOH: 0.50F = 080P + mpioH 0.50F = 0.80P + opogW
MeOH: 0.10F = 0.15P + mneon or O0.10F = 0.15P +oneogW
H,O:  040F = 0.05p + DH0 0.40F = 0.05P +omoW

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

mE:OH T MveOH T MH20= W or OEtOH T OMeOH T ©OH20 = 1

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

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

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

2

0.40(100) 2 0.
40 = 3

05(60) + 37 or 0.40(100) = 0.05(60) + 0.925(40)
+37 40 3+37
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Chapter?7
A General Strategy for Solving Material BalanceProblems

7.1 ProblemSolving
An orderly method of analyzing problems and presenting their solutions representstraining
inlogi calthinkingthati sof consi derabl ygreaterval uethanmereknowl edgeof howtosolvea particular type

of problem.

7.2 The Strategy for SolvingProblems

Read and understand the problemstatement.

Draw a sketch of the process and specify the systemboundary.

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

Obtain any missing neededdata.

Choose abasis.

Determine the number of unknowns.

Determine the number of independent equations, and carry out a degree of freedomanalysis.

Write down the equations to besolved.

© 0o N o g bk W DN P

Solve the equations and cal culate the quantities askedfor.

10. Check youranswer.
Example7.1
Athickenerinawastedi sposal unitof apl antremoveswaterfromwetsewages udgeasshownin
FigureE7.l.Howmanykil ogramsofwaterl eavethethi ckenerper 100k gofwetsl udgethatenter the
thickener? The processisin the steadystate.

100 k 70 k
J »  Thickener 2 >
WetSludge l DehydratedSludge
Water =7?
FigureE7.1

Solution

Basis: 100 kg wetsludge
The system is the thickener (an open system). No accumulation, generation, or consumptionoccurs.

The total mass balanceis
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In = Out
100 kg = 70 kg + kg ofwater

Consequently, the water amounts to 30kg.
Example7.2
AcontinuousmixermixesNaOHwithH>Otoproduceanaqueoussol utionof NaOH.Determine the
composition and flow rate of the product if the flow rate of NaOH is 1000 kg/hr, and the ratioof the
flow rate of the H2O to the product solution is 0.9. For thisprocess,

1. Sketch of the process isrequired.
Place the known information on the diagram of theprocess.
What basis would you choose for theproblem?
How many unknowns exist?
Determine the number of independentequations.
Write the equations to besolved.

N o g A~ 0D

Solve theequations.
8. Check youranswer.
Solution

1. The processis an open one, and we assume it to be steadystate.

System
/boundary

Mixer -~
H,O NaOH

l Product

Figure E7.2

2. Because no contrary information is provided about the composition of the H2O andNaOH
streams, we will assume that they are 100% H2>O and NaOH,respectively.

System boundary

Wkg System B F = 1000 kg
H,0 100% Mixer NaOH 100%
P kg
Component kg  (add if useful)
NaOH P P
NaOH mEaOH — __NaOH
P
H,0 Ph.0 off,o _ Puo
Total P 1.00 P
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3. Basis (1000 kg or 1 hour or 1000 kg/hr) (all areequivalent)
4. We do not know the values of four variables: W, P, PnaonandPuzo.
5. Y ou can write three materialbal ances:

e onefor theNaOH

e onefor the H2O

e onetota balance (the sum of the two componentbal ances)
Only two areindependent.

Note:Youcanwriteasmanyindependentmaterialbalancesastherearespeciesinvolvedin thesystem.
6. Material balance: in=out or  in—out =0

NaOH balance: 1000 = Pygon or 1000 — Pryop = 0 (D
H,O balance: W = Fo or W —Fyo=0 (2)
Given ratio: W = 09P or W —-09P =0 (3)

Sum of components in P: Py,op + Puo = PorPyon + Puo — P =0 (@)

Coul dyousubstitutethetotal massbal ance1000+W=Pforoneofthetwocomponentmass bal ances? Of
courseln fact, you could calculate P by solving just twoequations:

Total balance: 1000 + W = P
Given ratio: W =09P
7. Solveequations:
W = 0.9 P substitute in total balance 1000 + 0.9 P =P
. P=10000 kg & W = 0.9 * 10000 = 9000kg (The basisis still 1 hr (Fnaon= 1000kg))

From these two values you can cal cul ate the amount of H.O and NaOH in the product

NaOH balance: Paon = 1000k
From the you get
H,0O balance: Fyo = 9000 kg
Then
1000 kg NaOH
“NOH T 10000 kg Total
» _ 9000kgH,0 Note
“i0 7 10,000 kg Total Whaon + @io = 1

8. Thetotal balance would have been aredundant balance, and could be used to check theanswers
Pnaon + Ppo =P

1,000 + 9,000 = 10,000
Note: After solving a problem, use a redundant equation to check yourvalues.
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Degree of FreedomAnalysis
The phrase degrees of freedom have evolved from the design of plants in which fewerindependent

equations than unknowns exist. The difference is called the degrees of freedom available tothe
designertospecifyflowrates,equi pmentsi zes,andsoon.Y oucal cul atethenumberofdegreesof ~ freedom
(Np) asfollows:
Degrees of freedom = number of unknowns — number of independentequations
Nb = Nu-Ne
* Whenyoucal cul atethenumberof degreesof freedomyouascertai nthesol veabilityofa
problem. Three outcomesexist:

Case Np Possibility ofSolution

Nu=Ne 0 Exactly specified (determined); a solutionexists

Nu>Ne | >0 | Under specified (determined); more independent equationsrequired
Nu<Ne | <O Over specified(determined)

For the problem in Example7.2,
Nu=4
Ne =4
So that
No=Nu—Ne=4-4=0
And aunique solution exists for theproblem.

Example7.3
A cylinder containing CHa, C2He, and N2 has to be prepared containing a CHa4 to C2Hs mole ratioof

1.5to 1. Avallable to prepare the mixture is (I) a cylinder containing a mixture of 80% N2 and20%
CHa,(2)acylindercontai ningami xtureof90%N2and10%C-Hs,and(3)acylindercontaining

pureN2.W hati sthenumberof degreesoffreedom,i.e.,thenumberofindependentspecifications that must
be made, so that you can determine the respective contributions from each cylinder toget the desired
composition in the cylinder with the threecomponents?

Solution

A sketch of the process greatly helpsin the analysis of the degrees of freedom. Look at FigureE7.3.
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Fs
C,Hg 0.10
N, 0.90
1.00
l FigureE7.3
Ff F4 F3
CH, 0.20 | CHe oxen o N,  1.00
N,  0.80 " | CoHe xgp, |
1.00 N2 XN2

Do you count seven unknowns — three values of x;and four values of Fi?Howmany independent
equations can bewritten?

¢ Three material balances: CH4, C2Hs, andN2

¢ One specified ratio: moles of CHato CoHeequal 1.5 or (XcHa/X cone) =1.5

¢ Onesummation of molefractions: ¥ x =1
Thus,therearesevenminusfiveequalstwodegreesoffreedom(Np=Nu—Ne=7-5=2).Ifyou pick a basis,

such as F4 = 1, one other value has to be specified to solve the problem tocalculate composition
of F4.

Questions

1. What does the concept-solution of amaterial bal anceproblemimean?

2. (a) How many values of unknown variables can you compute from one independentmaterial
balance?
(b) From three independent material bal anceequations?
(c) From four material balances, three of which areindependent?

3. Ifyouwanttosol veasetofindependentequati onsthatcontai nfewerunknownvariabl es than
eguations (the over specified problem), how should you proceed with thesolution?

4. What isthe mgor category of implicit constraints (equations) you encounter
inmaterial balance problems?

5. If youwant to solve a set of independent equations that contain more unknown variablethan
eguations (the underspecified problem), what must you do to proceed with thesolution?
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Answers:
1. A solution means a (possibly unique) set of values for the unknowns in a problemthat
satisfies the equations formulated in theproblem.
(@) one; (b) three; (c)three.
Delete nonpertinent equations, or find additional variables not included in theanalysis.

The sum of the mass or mole fraction in a stream or inside a System isunity.

o b~ w DN

Obtain more equations or specifications, or delete variables of negligibleimportance.

Problems
1. Awatersolutioncontai ningl0%aceti caci di saddedtoawatersol utioncontaining30% acetic acid
flowing at the rate of 20 kg/min. The product P of the combination leaves therate of 100
kg/min. What is the composition of P? For thisprocess,
a. Determine how many independent balances can bewritten.
b. List the names of thebalances.
c. Determine how many unknown variables can be solvedfor.
d. List their names andsymbols.
e. Determine the composition of P.
2. Canyou solve these three material balances for F, D, and P? Explain whynot.

0.1F + 03D = 0.2P
0.8P

Il

0.9F + 0.7D
F + D= P

3. Howmanyval uesoftheconcentrati onsandfl owratesi ntheprocessshowninFigure SAT7.2P3 are
unknown? List them. The streams contain two components, 1 and2.

F—— +—D
wr =02 wpy=0.95
Wgp=0.8

P
Wpp= 0.1
Figure SAT7.2P3

4. How many material balances are needed to solve problem 3? Is the number the same asthe

number of unknown variables?Explain.
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ANSwWers:

1. (a)Two;(b)twoofthesethree:aceticacid,water,total ;(c)two;(d)feedofthel0%

solution(sayF)andmassfractionmoftheaceti cacidinP;(e) 14%aceti caci dand86% water

Not for a unique solution because only two of the equations areindependent.

F, D, P, op2, op1

Threeunknownsexi st.Becauseonl ytwoindependentmaterial bal ancescanbewrittenfor

theproblem,oneval ueof F,D,,orPmustbespeci fiedtoobtai nasol ution.Notethat specifying values

of wp2 or mp1 Will nothelp.

Supplementary Problems (ChapterSeven):

Probleml

. A continuous still 1s to be used to separate acetic acid, water, and benzene from each other.
' On a trial run, the calculated data were as shown in the figure. Data recording the benzene

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

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

| problem?

Feed

‘Solution

10.9% HAc
M7 HQO Waste
w
67.4 Bz

Aqueous § 80% acetic 3Cid(H“°): :
Solution  { 0% water (H,0) =

Benzene (Bz)
{data not available)

Product P
350 kg HAc/hr

Three components exist in the problem. hence three mass balances can be written down

(the units are kg):

Balance F in W out P out

HAc: 0.80(1 — oz F)F = 0.109W + 350 (a)
H»0: 0.20(1 — oz F)F = 0.217W g 0 (b)
Benzene: opz FF = 0.67W + 0 (c)

The total balance would be: F =W + 350 (in kg).
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Problem2

A liquud adhesive, which is used to make lanminated boards, consists of a polymer
dissolved 1n a solvent. The amount of polymer in the solution has to be carefully controlled for this
application. When the supplier of the adhesive receives an order for 3000 kg of an adhesive
solution containing 13 wt % polymer, all it has on hand is (1) 500 kg of a 10 wt % solution. (2) a
very large quantity of a 20 wt % solution, and (3) pure solvent.

Calculate the weight of each of the three stocks that must be blended together to fill the
order. Use all of the 10 wt % solution.

Solution

This 1s a steady state process without reaction.
A =500 kg

@ © 0 @ 0 o

mass fr o
polymer 0.10
solvent 0.90

P kg

B kg o000 0 B]endingo o] 00 0

mass fr mass fr.
polymer 0.20 polymer 0.13
solvent 0.80 o solvent 0.87
C kg o

mass fr.
pure solvent 1.00

Basis: 3000 kg 13 wt % polymer solution

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

Total balance: 500 + B + C = 3000 (1)
Polymer balance: 0.10 (500) + 0.20B + 0.00(C) = 0.13 (3000) (2)
Solvent balance: 0.90(500) + 080B + 1.00(C) = 0.87 (3000) (3)
We will use equations (1) and (2).

from (2) 0.1 (500) + 0.20B = 0.13 (3000)

B =1700 kg
from (1) 500 + 1700 + C = 3000 A

C =E800 kg

Equation (3) can be used as a check,
090A + 080B + C = 087P
0.90 (500) + 0.80(1700) + 800 = 2610 = 0.87 (3000) = 2610
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Chapter8
Solving Material Balance Problems for Single Units withoutReaction
Theuseof material bal ancesi naprocessallowsyou(a)tocal cul atetheval uesofthetotal  flows and
flows of species in the streams that enter and leave the plant equipment, and (b)to calculate the

change of conditions inside theequipment.

Example8.1
Determinethemassfracti onof Streptomyci ni ntheexitorgani csol ventassumingthatno water exits

with the solvent and no solvent exits with the aqueous solution. Assume that thedensity of the
agueous solution is 1 g/cm® and the density of the organic solvent is 0.6 g/cm®. Figure E8.1 shows
the overallprocess.

Solution

This is an open (flow), steady-state process without reaction. Assume because of thelow
concentrationof Strep.intheaqueousandorgani cflui dsthattheflowratesoftheenteringfluids equal the
flow rates of the exitfluids.

Organic solvent S

10L/min 5 = 0.6 g/em?
No

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

Organic | solvent

Extracted Strep

Figure E8.1

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

Strep.balance:

20Lof Al10gStep  10Lof S|0gStrep 200 L of A|0.2gStrep 101 of S| x g Strep
I Lof A 1Lof S 1LofA 1Lof S

X =196 g Strep/L ofsolvent
To get the g Strep/g solvent, use the density of thesolvent:
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196gStrep| 1LofS [lemiofS
= (0.3267 g Strep/g of S
ILofS [1000 cm® of S| 0.6 gof S SETERR
0.3267
Th fraction Strep = ——————— = 0.246
€ mass Iraction trep 1+ 03267
Example8.2

Membranesrepresentarel ativel ynewtechnol ogyfortheseparati onof gases.Oneusethathas
attractedattenti oni stheseparati onof nitrogenandoxygenfromair.FigureE8.2ail lustratesa
nanoporousmembranethati smadebycoatingaverythinlayerof pol ymeronaporousgraphite
supportinglayer.Whati sthecompositi onofthewastestreamifthewastestreamamountsto80%  of

inputstream?

High-pressure| Membrane | Low-pressure
side side

21% 02 g_ \"'+ 02 25%
1 (Input) T» N 755 Product (Output)
70% N2 " ow ~* N, 75%

waste stream

Figure E8.2a
Solution

Thisis an open, steady-state process without chemicalreaction.

F (g mol) P (g mol)
EE— Membrane b———
mol fr g mol mol fr g mol
02 0.21 n52 02 0.25 n82
Ny 0.79 nf, N, 0.75 nf,
1.00 W {g mol) 1.00
mol fr g mol

O: Yo, ng,
Nz Y, ”_wg
1.00 w

Basis: 100 g mol =F
Basis. F =100
Specifications: n52 = 0.21(100) = 21
nk, = 0.79(100) = 79
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¥6, = nb/P =025  nf =025P
vk, =nk/P =075  nf =075P
W = 0.80(100) = 80

Material balances; O, andN>»

Implicit equations: n = W or Ty = 1

In Out In Out
Oy 021(100) =0.25P + yg, (80) or 0.21(100) = 0.25P + nf¥,
Ny 079(100) =0.75P + yﬁ-’: (80) or 0.79(100) = 0.75P + n,
1.00 = y6, + Y&, or 80 = ng, + nfy,

The solution of these equationsis
ng, = 16 and nY, = 64, or ¥8, = 0.20 and )ﬁ! =080,and P=20¢g mol

Check: total balance 100 =20 + 80 OK

% Another method forsolution
The overall balanceis easy to solvebecause
F=P+W or 100=P+80
Gives P = 20 straight off. Then, the oxygen bal ance wouldbe

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

n(“); = 16 g mol, and n& = 80 — 16 = 64 g mol.

Note (Example8.2)

n& +nk, =F is aredundant equation because it repeats some of thespecifications.
Also, #§, + af, = p isredundant. Divide the equation by P to get o, + ¥k, = 1, arelation thatis
equivalent to the sum of two of thespecifications.

Example8.3
Anovicemanufacturerof ethylal cohol (denotedasEtOH)forgasoholishavingabitofdifficulty ~ with  a

distillation column. The process is shown in Figure E8.3. It appears that too much acoholis
| osti nthebottoms(waste). Cal cul atethecompositi onofthebottomsandthemassof theal cohol
| ostinthebottomsbasedonthedatashowninFigureES8. 3thatwascollectedduringlhourof operation.
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Solution

The process is an open system, and we assume it isin the steady state. No reactionoccurs.

System Vad \\\
Boundary Vapor Heat y
! Exchanger |
i
] f
! /f
| Reflux
|I = g 4 Distillate (Product) P = kg
Fi ; 4 60% E1OH
1000 bo e } Distillation e °
F 10% EtOH =t==1 Column e 40% H,0
90% H,0 P P=1/10 feed

1
! /
i
\

\ s Bottoms {Waste) 8 = kg
¥
\ / E1OH ?

7
R T - H,0 7

Figure E8.3

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

Specifications: mf,qy = 1000(0.10) = 100

r ORI SRR

P=(0.1) (F) = 100kg
Materia balances: EtOH andH2O

Implicit equations: £m? = Bor Twf = 1
The total massbalance: F=P+B
B = 1000 — 100 = 900kg

Thesol utionforthecompositionofthebottomscanthenbecomputeddirectl yfromthematerial balances:

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

Asacheck let’s use the redundantequation
mon + mi,o = B or wfon + of,o = 1

40 + 860 = 900 =B
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Example8.4

Y ou are asked to prepare a batch of 18.63% battery acid as follows. A tank of old weak batteryacid
(H2S04) solution contains 12.43% H>SO4 (the remainder is pure water). If 200 kg of 77.7% H>SO4
isaddedtothetank,andthefinal sol uti oni stobel8.63%H2S04,howmanykilogramsofbattery acid have
been made? See FigureES8.4.

Added Solution 200 kg = A

H,S0s 77.7%
H,0  22.3%

H,80, 12.43% —— H,50, 18.63%
H,0 87.57% . H,0 81.37%
Qriginol Solution £ kg Final Solution Pkg

Figure E8.4

Solution
1. An unsteady-state process (the tank initially contains sulfuric acidsolution).
Accumulation = In -Out
2. Steady-state process (the tank asinitially beingempty)
In = Out (Because no accumulation occurs in thetank)
1) Solve the problem with the mixing treated as an unsteady-stateprocess.

Basis = 200 kg of A

Material balances: H2SO4 andH20 The
balances will be inkilograms.

Type of Balance Accumulation in Tank In Out
Final Initial
H,50, P(0.1863) — F(0.1243) = 20000777y - @
H,0 P(0.8137) - F(0.8757) = - 200(0.223) - 0
Total P - F = 200 -0

Note that any pair of the three equations isindependent.
P=2110kgacid & F=1910 kgacid

2) The problem could also be solved by considering the mixing to be asteady- stateprocess.

Ain Fin P out
H,50, 20000.777) + F(0.1243) = P(0.1863)
H,0 200(0.223) + F(0.8757) = P(0.8137)
Total A + F = P
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Note: You can see by inspection that these equations are no different than the first set ofmass

bal ances except for the arrangement andl abels.

Example8.5
In a given batch of fish cake that contains 80% water (the remainder is dry cake), 100 kg of wateris

removed,anditisfoundthatthefishcakei sthen40%water.Cal cul atethewel ghtofthefishcake  originally
put into the dryer. Figure E8.5 is a diagram of theprocess.

W =100 kg He0

/ System Boundary

-~ '~

Wet A

Fish Cake = 7 kq \\ N ! Burner
0.80 HO \ '@ 5
LIPS S~ Ory
0.20 80C 1 DIy YR T Fish Cake = 7 kg
~——— /

! T - 0.40 H,0
| Tie Component .
L. TiECompont D o s i ~ 0.60 BOC

*Bone Dry Coke

Figure E8.5

Solution
Thisis a steady-state process withoutreaction.
Basis: 100 kg of water evaporated =W

In Out
Total balance: A =B+ W=B8+ 100
mass balances
BDC balance: 0.204 = 0.60B

A =150 kg initial cake and B = (150)(0.20/0.60) =50kg

Check viathe water balance: 0.80 A =0.40 B +100
0.80(150) ~ 0.40(50) +100
120 =120

Note
InExampl e8.5theB D Cinthewetanddryfishcake sknownasatiecomponentbecausethe
BD Cgoesfromasi ngl estreami ntheprocesstoanothersinglestreamwithoutloss,addition,or splitting.
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Example8.6
A tank holds 10,000 kg of a saturated solution of NaeCOz at 30°C. Y ou want to crystallize fromthis
sol ution3000kgof NaxCOs.10H20Owithoutanyaccompanyingwater. Towhattemperaturemust the

solution becooled?
Y ou definitely need solubility data for NaoCOs as a function of thetemperature:

Solubility
Temp.(°C) (g Na,C0,/100 g H,0)
0 7
10 12.5
20 21.5
30 38.8

Solution
No reaction occurs. Although the problem could be set up as a steady-state problem with flowsin

andoutofthesystem(thetank),itisequall yjustifiedtotreattheprocessasan-unsteady-stateprocess.
System Boundary

—_————
Ze s - ~
= 7 ~

S0 kg 7 -
// 10,000 kg \\ / \\
Ve - Na,CO \
|

{ Saturated 49505 | | 2¥73 | |saturated |
i Solution l‘ l Solution |
30°C H,0 | ————— -\ Ho0 r=1 ]

\ /

\\\ \// \\ ,//

Initial State Final Siate

Na,CO5 + 10 HZ0
3000kg
Crystals Removed

Becausetheinitial sol utionissaturatedat30°C,youcancal cul atethecompositionoftheinitial solution:

388 £ Nay O — 0.280 mass fraction Na,CO
388 g NayCO; + 100 g H,O o0 s Taction Faat-ts

Next, you should calculate the composition of thecrystals.
Basis: 1 g mol Na2C0O3.10H.0

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

77



Chemical Engineering principles— First Year/ ChapterEight

Basis: 10,000 kg of saturated solution at30°C

- T~ o T~
- ~ - ~
>4 ~ o ~

/ X ¥ N
./ N\ ¥ N
10,000 kg i f F=7kg A
! | - ! \
! 4 i \
| Na,CO;4 0.280 ‘ Na,CO3  Mya,co, |
\ T e | /
. | HO 0.720 / - H,0 M0 /
\ \ = /
N X S /s
N ~ rd
~ ~ -~
~ ~ f: ~ - -
Initial Final

state
¢

3000 kg
Na,CO,
H,0 0.629

0.371

Crystals
removed

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

Accumulation = In -Out

Basis: | = 10,000kg
Material balances: NaoCO3,H20

Iy . .1 Fpr _ F Cr — . C .
Notethat @' = mi,w; F =m;, and w;"C = m; gre redundantequations.

Also redundant are equations suchas  Sw; = 1 and Sm; = myyy.
M.B.:

Accumulation in Tank

Final Initial Transport out
Na,CO, Marco, 10,000(0.280) = ~3000(0.371)
H,0 mi1,o - 10,000(0.720) = -3000(0.629)
Total F — 10,000 = -3000

The solution for the composition and amount of the final solutionis

Component - kg

mgal Co; 1687

mfi, o 5313
F (total) 7000

Check using the totalbalance: 7,000 + 3,000 = 10,000

1,687 kg__Na2C03
5313 ke H,0

_ 31.8 g Na,CO4

To find the temperature of the final solution, =
100 g H,O
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Thus, the temperature to which the solution must be cooled lies between 20°C and 30°C. Bylinear

interpolation

30°C ~

Example8.7

Thisexampl ef ocusesonthepl asmacomponentsofthestreams:water,uricacid(UR),

38.8-31.8

38.8-21.5

(10.0°C) = 26°C

creatinine

(CR), urea (U), P, K, and Na. You can ignore the initial filling of the dialyzer becausethe

treatmentl astsf orani nterval of twoorthreehours.Giventhemeasurementsobtai nedfromone

treatmentshowninFigureE8.7b,cal cul atethegramsperliterof eachcomponentoftheplasmain  the outlet

solution.
Solution
Thisis an open steady-statesystem.

Basis: 1minute

Sin = 1700 mL/min

|

Bin = 1100 mL/min A

Bijg=1.16 g/L
Bfy=2.72 g/l
B} =18 gL

B =0.77 gL
B =577 glL
Bil,=13.0glL

gout| = ?

Sgh=7
| g
s =7
Sgt =7

BN or = 1100mL/min SRt = 7

Sput=?
St =7

s\?}é‘ter =7

Figure E8.7b

Bout = 1200 mL/min

BSH = 60 mg/L
BY = 120 mg/L
B3=1.51glL
BgY' = 40 mg/L
BU = 2.10 mg/L
BRY =5.21glL
out e =.1200mL/min

e Theentering solution is assumed to be essentiallywater.

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

1100 + 1700 = 1200 + SS9, hence:  Sou.. = 1600 mL

The component balances in gramsare:

g/L
UR: L1(1.16) + 0 = 1.2(0.060) + 1.6 Sk Sk = 0.75
CR: 1.1(2.72) + 0 = 1.2(0.120) + 1.6 S} S = 1.78
U: 1.1(18) + 0 = 1.2(1.51) + 1.6 SP™ St =112
P: 1.1(0.77) + 0 = 1.2(0.040) + 1.6 Sp" S = 0.50
K: 1.1(5.77) + 0 = 1.2(0.120) + 16 S" St =38
Na: L.1(13.0) + 0 = 1.2(3.21) + 1.6 S} SR = 6.53
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Questions

1. Answer the following questions true orfal se:

a. Themostdifficultpartofsol vingmaterial bal anceprobl emsi sthecol l ectionand
formulation of the data specifying the compositions of the streams into and out ofthe
system, and of the material inside thesystem.

b. All open processes involving two components with three streams involvezero
degrees offreedom.

c. Anunsteady-stateprocessprobl emcanbeanal yzedandsol vedasasteady-state
processproblem.

d. If aflow rateisgivenin kg/min, you should convert it to kgmol/min.

2. Under what circumstances do equations or specifications becomeredundant?

Answers:
1. @T;(0F@©T, (dF
2. When they are notindependent.

Problems

1. Acdlulosesol utioncontainsb.2%cel lul osebywei ghtinwater. Howmanykil ogramsof 1.2%
solution are required to dilute 100 kg of the 5.2% solution to4.2%?

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

3. 1f2100gof NaxSO4i sdi ssol vedin200gof H-Oandthesol uti oni scool eduntil 100gof
NaxSO4.10H2Ocrystal lizesout; find(a)thecompositionoftheremai ningsol ution(the mother
liquor) and (b) the grams of crystals recovered per 100 g of initialsolution.

4. Sdtincrudeoil mustberemovedbeforetheoilundergoesprocessinginarefinery. The
crudeoilisfedtoawashi ngunitwherefreshwaterfedtotheunitmixeswiththeoiland
dissol vesaporti onofthesal tcontai nedintheoil . Theoil (contai ningsomesal tbutno - water), being
less dense than the water, can be removed a the top of the washer. Ifthe
“ gpent” washwatercontai ns15%sal tandthecrudeoi | contai ns5%osal t,determi nethe
concentrationofsaltinthe washed” oil productiftherati oof crudoil (withsalt)towater used is4:1.
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Answers:
1. 33.3kg
2. 178kg/hr
3. (a) 28% N&SOs ; (b)33.3
4. Sat: 0.00617; Oil:0.99393

Supplementary Problems (ChapterEight):

Probleml

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

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

This is a steady state problem without reaction.

dle O 1 bmad SO _ 6051 lsal o,

44 1b CO,
P (Ib mol
( ) mol fr.
000000 cabondoxide 0.032
° other 0.968
(o]
(0]
[&]
F (Ib mol) StaCk
wastegas @ @ @ © @ © 0O C =0.091 Ib mol.
mol fr. mol fr.
. o— o000 0 06 6§ ™
carbon dioxide 0.021 1.00
other 0.799 pure carbon dioxide

The unknowns are F and P (all compositions are known).

CO» balance : 0.021F + 0091 = 0.032P ()

waste gas balance: 0979 F = 0968P (2)
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Solving (1) and (2) P = 8.101b mol/min F = 8.011b mol/min

To check above values, substitute them in the total balance

F + 0091 = 800 = P = 8.00

Problem?2

A crystallizer contains 6420 Ib of aqueous solution of anhydrous sodium sulfate
(concentration 29.6 wt %) at 104 °C. The solution is cooled to 20 °C to crystallize out the desired
Na>SOy4. 10 H>0. The remaining solution ( the mother liquor) is found to contain 16.1 %
anhydrous sodium sulfate. What is the weight of this mother liquor.

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

Initial F = 6420 Ib

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

® 0 00 00 © O 0 0N mol MW [b massfr

a : NaZSQ,_1 1 142 142 0441

water 10 118 180 0.559
322 1.000

Mass fr.
Na,SO, 0.296
HO 0.704
1.000

Ib

Mother liquor M (lb)

Mass fr.
Na,SO, 0.161

H,0 0.839
1.000

Basis : 6420 1b of 29.6 wt% Na»SOy4 solution

We need 2 independent balances, and will pick the total balance plus the Na>SO4 balance.

Accumulation = In - out
Total: P - F = 0 - M (D)
NaxSO4. 0.441P - 0.296F = 0 - 0161 M (2)
i from (1) P = 6240 - M
Substituting in (2) 0.441 (6240 - M) - 6240(0.296) = -0.161M
M=33301b P=31001b

Use H»O balance as a check
H>O balance : 0.704F = 0551P + 0.839M
0.704 (6420) = 45201b  0.551(3100) + 0.839(3330) = 45001b
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Chapter 11

Material Balance Problems Involving MultipleUnits

e A process flowsheet (flowchart) is a graphical representation of a process. Aflowsheet
describestheactualprocessinsufficientdetailthatyoucanusei ttof ormul atematerial (and

energy)balances.

Figure 1l.1a illustrates a serial combination of mixing and splitting stages. In a mixer, two ormore
enteringstreamsofdifferentcompositionsarecombined.Inasplitter, twoormorestreamsexit, all  of
which have the same composition. In a separator, the exit streams can be ofdifferent

compositions.

3 _ 5

1 — ———6
\{
2 7

Figure 11.1a serial mixing and splitting in a system without reaction. Streams 1 plus 2 mixto
form Stream 3, and Stream 5 is split into Streams 6 and?7.

; :

! 3 5 .

| - L |

! 1

! 1

1

i— — 6

\\ ,’f
________ I_______",
2 7

Figure 11.1b the dashed line I designates the boundary for overall material balances madeon

the process in Figurell.1a.
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4
PO \
1 1
3 . 5
— : -
il I\ i P2
1 Vs oo s :
. ' >
1 1 A ! 11 : ! 6
L ] \____'f
1 v
Y
2 7

Figure 11.1c Dashed lines I, 111 and 1V designate the boundaries for materialbalances

around each of the individual units comprising the overallprocess.

1 1
.3 , L 5
| X
1 I
| ——] 1 X ——6
\\ 7
Vv A
2 7

Figure 11.1d the dashed line V designates the boundary for material balances arounda

system comprised of the mixing point plus the unit portrayed by thebox.

\\

' \

3 . 5

T o |

1 1

] !

1 1

1————--]k .\ —’,—D—S

VI Y
2 7

Figure 11.1e the dashed line VI designates the boundary for material balances about asystem

comprised of the unit portrayed by the box plus thesplitter.

121



Chemical Engineering principles— First Year/ ChapterEleven

. —_— ==

vil

Figure 11.1f the dashed line V11 designates the boundary for material balances about asystem

comprised of the mixer plus thesplitter.

Examplell.1
Acetone is used in the manufacture of many chemicals and also as a solvent. In its latter role,many

restrictions are placed on the release of acetone vapor to the environment. You are asked todesign
an acetone recovery system having the flow sheet illustrated in Figure El1.1. All theconcentrations
showninEl 1. 1of boththegasesandliqui dsarespecifiedinwei ghtpercentinthisspecialcaseto  make the
calculations simpler. Calculate, A, F, W, B, and D per hour. G = 1400kg/hr.

Solution
Thisisan open, steady-state process without reaction. Three subsystemsexist.

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

Air D (kg)
Water (100%) Ar 0995 [+ Condenser Distillate
w A|Water 0.005 Acetone 0.99
(kg) y (k) 1.00 Water 0.01
] 1.00
Absorber Distillation .
Column Column FigureE1l.1
@ O i
— Bottom
Acetone 0.04
G=1400 Water 0.96
{kg/hr) L 1.00
Ente}g\l‘r:g g Sg ! Acetone 0.19
ir- 0. :
Acetone 0.03 F(kg) Water 0.81
Water 0.02 1.00
1.00
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The mass balances for Unit 1 (AbsorberColumn)

In Out
Air: 1400 (0.95) = A(0.995) {a)
Acetone: 1400 (0.03) = F(0.19) (b)
Water: 1400 (0.02) + W(1.00) = F(0.81) + A(0.005) (c)

Solve Equations (a), (b), and (c) to get A =1336.7 kg/hr, F = 221.05 kg/hr and W = 157.7kg/hr
(Check) Use the total balance (AbsorberColumn).
G+W=A+F

1400 1336
1577  221.05
1557.7 = 1557.1

The mass balances for the combined Units 2 plus 3 (Distillation & Condenser)are:
Acetone:  221.05(0.19) = D(0.99) + B(0.04) (d)
Water: 221.05(0.81) = D(0.01) + B(0.96) ©
Solve Equations (d) and (e) simultaneously to get D = 34.90kg/hr and B = 186.1kg/hr
(Check) Usethe total balance (Distillation & Condenser)
F=D+Bor221.05=34.90 + 186.1 = 221.0

Note
As amatter of interest, what other mass balances could be written for the system and substitutedfor
any one of the Equations (a) through (e)? Typica balances would be the overallbalances

In Out

Air: G (0.95) A(0.995) ®

Acetone: G(0.03)

D099 + B(0.04) (g

Water: G(002)+W A(0.005) + D(0.01) + B9 (h)

Total G+W

A + D + B (i}

Examplell.2
In the face of higher fuel costs and the uncertainty of the supply of a particular fuel,many

compani esoperatetwofurnaces,onefiredwithnatural gasandtheotherwithfuel oil. Thegas  furnace uses
air while the oil furnace uses an oxidation stream that anayzes: O2, 20%; N2, 76%;and CO>, 4%.
The stack gases go up acommon stack, See FigureEl1.2.
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N;: 84.93% Sfack Gas Water
0p: 4.13% P 6205 W 100% H,0
50, 0.10% Ib maol
£0,: 10.84% hr
100.00%
bir .
Lk A% 05:0.20 FigureE11.2
A 0y 0.21 Ny 0.76
Np: 0.79 | Gos oil €0, 0.04
1.00 | Furnace Furnace 100%
——— |-et—
Nat. Gas Fuel Qil
Cmmol fr C: mnl fr
6| CaHz: 0.02 mol fr - £ Hy: 0.47 mol fr
C03: 0.02 mol fr S: 0.03 mol fr
1.00 100

The reserve of fuel oil was only 560 bbl. How many hours could the company operatebefore
shuttingdownifnoadditional fuel oil wasattai nabl e?Howmanyl bmol/hrof natural gaswere
bei ngconsumed?T hemi nimumheati ngl oadf orthecompanywhentransl atedi ntothestackgas output was
6205 |bmol/hr of dry stack gas. The molecular weight of the fuel oil was 7.91 Ib/lbmoal, and its
density was 7.578lb/gal.
Solution
Thisis an open, steady-state process with reaction. Two subsystemsexist.

Basis: 1 hr, so that P = 6205 Ibmol
The overall balances for the elements are (in poundmol es)

In Out
2H: G(1.94) + F(0.47) = Wl
2N: A(0.79) + A%(0.76) = 6205(0.8493)
20: A0.21) +  A%(0.20+0.04) 6205(0.0413 + 0.001 + 0.1084)
+G0.02) = +W('h)
S: F(0.03) = 6205(0.0010)
G(0.96) + (2)(0.02)+0.02
+  F(0.50)+0.04A* = 6205(0.1084)

SolvetheSbal ancefor F;thesulfurisatiecomponent. Thensol vefortheotherf ourbal ances simultaneously

for G. Theresultsare: F = 207 Ibmol/hr and G = 499 Ibmol/hr

207 Ibmol | 7.911b|  gal ’ bbl
i ' ioni = 5.14 bbl/hr
Finaly, the fuel oil consumptionis br | Ibmol |7.578 1b|42 gal
If the fuel oil reserves were only 560bbl,
S60bbl _ o
5142
" hr
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Examplel1.3
Figure E11.3 shows the process and the known data. Y ou are asked to cal culate the compositionsof

every flow stream, and the fraction of the sugar in the cane that isrecovered.

M Suger,
1000 1b/hr
£ Cane Crystallizer e L

16% Sugor Water

25% Water

59% Pulp K | 40% Sugar

£ 4 4 FigureE11.3
Milt T3% Segor Screen T506Sugar Evaporafor f==—e— .o
14% Pulp ‘l
0 Boguosse Solids G Cortain
B80% Pulp 95% Pulp

(Bagasse) dry pulpy residue left after the extraction of juice from sugar cane

Solution
Basis: | hour (M=1000Ib)
Let S=sugar, P = pulp, and W =water.

For the crystallizer the equationsare (using fy = 1 — 0.40 = 0.60)

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

Water: K (0.60) =L +0

From which you get K = 2500 |b and L = 15001 b.

Check using thetotalflows: 2500 = 1500 + 1000 =2500

Using same method for solution: evaporator, screen, and lastly solve the equations for themill.
Theresultsfor al of the variablesare:

b mass fraction
D =16,755 of =0.174
E=7819 ol = 0.026
F=24,574 ol =073
G=1,152 w§ = 0.014
H=6,667 wlf = 0.036
J=4,167 wfy = 0.85
K =12,500 Wl = 0.60
L=1500
M = 1000

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

1. A two-stage separations unit is shown in Figure SAT11P1. Given that the input stream Flis
1000 Ib/hr, calcul ate the value of F2 and the composition of F2.

0.01 Toluene 0.95 Toluene
0.99 Benzene 0.05 Benzene
F1] PZD]
—-)‘.1_&- 1 2
0.4 Toluene
0.4 Benzene
0.2 Xylene
0.10 Toluene
0.90 Xylene
Fe P28 Figure SAT11P1

2. A simplified process for the production of SOz to be used in the manufacture of sulfuricacid
isillustratedinFi gureSATﬁPg.Sulfuri sburnedwith100%excessairintheburner,but  for  the
reaction S+ Oy SOz, only 90% conversion of the S to SOz is achieved inthe
burner. In the converter, the conversion of SOz to SOz is 95% complete. Calculate the kgof
airrequiredper100kgofsulfurburned,andtheconcentrationsofthecomponentsinthe  exit gas
from the burner and from the converter in molefractions.

50,

l 02 50,

Air ee— Nz . X S0;
P Burner onverter o
| )
S (Unburned) Figure SAT11P2
3. Intheprocessfortheproductionof pureacetyl ene, CoH2(seeFi gureSAT11P3),pure methane

(CHg4), and pure oxygen are combined in the burner, where the followingreactions occur:
CH4 + 20, —> 2H,0 + CO, 1)
CH4 + 130, — 2H,0 + CO 0
2CHy— C,H; + 3H, 3)
Calculate theratio of the moles of O2to moles of CH4fed to theburner.
b. Onthebasi sof 100Ibmol of gasesl eavingthecondenser,cal culatehowmany pounds of
water are removed by thecondenser.

c. Whatistheoverallpercentageyiel dof product(pure) CoHz,basedonthecarbonin the
natural gas entering theburner?
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CO,
Waste Fresh and CzH Pure
Gases Solvent f CoH;
Condenser } —'_}
P
b @
3 g 2
] 2 n &
£ H,O ¥l & I
5 < 8 S
[ra) &)
‘f Boiler ) Boiler )
T Oz m | |._ » Spent
CH, Solvent Solvent Sovent
C02 and 02H2 and Csz
Figure SAT11P3

The gases from the burner are cooled in the condenser that removes all of the water. The analysi sof

the gases leaving the condenser is asfollows:

C,H, 8.5
H, 255
cO 58.3
Co, 3.7
CH, 4.0

Total 100.0

These gases are sent to an absorber where 97% of the CoH2 and essentialy al the CO, areremoved
withthesol vent. Thesol ventfromtheabsorberi ssenttotheCO.stripper,whereal ItheCOzis removed. The
analysis of the gas stream leaving the top of the CO stripper is asfollows:

Mol %
C,H, 7.5
Co, 92.5
Total 100.0

The solvent from the CO stripper is pumped to the CoH: stripper, which removes all the CoH» asa
pureproduct.

Answers:
1. Assumethat the compositionsin the figure are mass fractions.Then:

Ib mass fraction

Toluene 396 0.644
Benzene 19.68 0.032
Xylene 200 0.325
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2. 863Ibair/lbS

Converter Burner
S0, 0.5% 9.5%
S0, 9.4 —
0, 7.4 11.5
N, 82.7 79.0

3. (a) 1.14; (b) 2240 Ib; (€)9.9%

Supplementary Problems (ChapterEleven):

Probleml

A triple effect evaporator is designed to reduce water from an incoming brine (NaCl +
H>0) stream from 25 wt % to 3 wt %o. If the evaporator unit is to produce 14,670 Ib/hr of NaCl

(along with 3 wt % H>0), determine:

a. the feed rate of brine in 1b/hr.
b. the water removed from the brine in each evaporator.

The data are shown in the accompanying figure.

Solution
This 1s a steady state problem. The data has been placed on the figure.

Basis: 14,670 1b=1 hr

There are 6 unknown stream flows: F, V1, V2, V3. P; and P».

V1

V3

maiss i

“HH.O 1.00

O el Ss i piass fr
) HO 100 H.O 1.00

F Ib/hr

mass fr
NaCl 0.25
HO 0.75

Pl
Weme 14,670 Ihihr
s fr ey ir maxs fr
NaCl 0.33 NaCl 0.50 NaCl 0.97
H.O 067 H.O0  0.50 H:O  0.03

Overall balances

Total balance : F =V + Vy+ V3 + 14,670 (1)

Salt balance : 0.25F = 0.97 (14,670) (2)
Evaporator [

Total balance : F=V +P (3)

Salt balance : 0.25F =.033'P; 4)
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Evaporator 11

Total balance : P =Vy + Py (2)

Salt balance : 33P1 = 0.30.P> (6)
Evaporator 11

Total balance : P> = V3 + 14,670 (7)

Salt balance : 0.50 P, = 0.97 (14,670) (8)

By starting the solution with equation (2), the equations become uncoupled.
F = 56,900 lb/hr

25 (56,900) = 0.33 Pq

From equation (4) 0.
Py = 43,100 Ib/hr

From equation (3) Vi = 13,800 1b/hr

From equations (5) and (6) P, = 284601b/hr; V; = 14,700 Ib/hr
From equation (1) 56,900 = 13,800 + 14,700 + V3 + 14,670
Vi = 13,800 Ib/hr

Equations (7) and (8) can be used to check the results.

Equation (7) P> = V3 + P3

28,460 = 13,800 + 14,670 =28.470
0.5P> = 097 P3

0.5 (28,460) = 0.97 (14,670)

14,230 1b = 14,230 1b

Equation (8)

Problem2

. Plants in Europe sometimes use the mineral pyrites (the desired compound in the pyrites is
' FeS») as a source of SO» for the production of sulfite pulping liquor. Pyrite rock contamnmg 48.0
% sulfur 1s bumed completely by flash combustion. All of the 1on forms FesO,4 1 the cinder (the
'solid product), and a negligible amount of SO; occurs in either the cinder or the product gas. The
| gas from such a furnace is passed through milk of lime (CaO in water) absorbers to produce
‘bisulfite pulping liquor. The exit gas from the absorber analyzes: SO, 0.7 %, O2 2.9 % and N»
96.4 %.
' Calculate the kg of air supplied to the burner per kg of the pyrites burned.
(MW :S 32:Fe 56: 0 16: N 14)

Solution
3FeS, + 80y ---> Fe;O4 + 650>
Lime + H2O
P (kg mol)
Pyrites A mol fi:
F (ke) b SO, 0.007
Burner -l 8 O 0.029
FeSy + inerts o N2 0964
R r
mass fr : b 1.000
g 0.48 A (kg mol) g
Fe 043 1 "
inerts 0.09 o s
1.00 Cinder + nerts
ol fi Fe3Os Y (kg mol)
Oy 021 W
N2 0.79 v
? 1.00 Bisulfite soln

S0: Z (kg mol)
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Basis : P = 100 kg mol

Step 6 LetF beinkg, A and P in kg mol, Z be the kg mol of SO, absorbed in the lime solution,
and Y be the moles of Fe304 in the cinder.

Element balances (in moles)

S:  (0.48/32)F = Z + 0.007(100) (1)
N2 0.79A = 0.964 (100) (2)

¢ 2 s 3)
02 021A = Z + 100(0.007 + 0.029) + ¥ mol Fe;04| 2 mol O,

| 1 mol Fe;0y

. Y molFe;04 ‘ 3 mol Fe 4)
Fe (0.43/56)F [ 1 sl ey O

From (2) A = 122 kgmol and from (4): 0.00256F =Y

Substitute Z from equation (1) and Y from equation (4) in terms of F into equation (3) to

021 A = (0.015F - 0.70) + 100 (0.036) + (0.00256F)2
Solve for F F = 1130 kg pyrites
Z=0.015(1130) - 0.7 = 163 kgmol; Y =2.90 kg mol

kg air _ 122 kg mol air ‘ 29 kg air % kg air
kg pyrites 1130 kg pyrites‘ kg mol air ) kg pyrites

The flow rates can be checked by applying overall compound balances. The above were
mol balances on the elements so the checks will be in moles also.

Accumulation =In - out + generation - consumption = 0

Accum-

In Out Generation Consumption ulation
FeS> [(0.91/120)1130] — 0 + 0 — [(0.91/120)1130] = 0
(0} 0.21 (122) - 29 + 0 — (2.90) (8) ~ 0
N> 0.79(122) — 0.964 (100) + 0 - 0 = 0
Fe304 O 29 + 2.9 ~ 0 = 0
SO 0 — (16.3 + 0.7) + 17.0 - 0 = 0
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Chapter 12

Recycle, Bypass, Purge, and the Industrial Application of MaterialBalances

12.1 Introduction
e Recycle isfed back from a downstream unit to an upstream unit, as shown in Figurel2.lc.
The stream containing the recycled material is known as arecyclestream.
e Recycle system is a system that includes one or more recyclestreams.
e Becauseoftherelativel yhighcostofindustrialfeedstocks,whenchemicalreactionsare involved
in a process, recycle of unused reactants to the reactor can offersignificant economic
savings for high-volume processing systems. Heat recovery within aprocessing unit

(energy recycle) reduces the overall energy consumption of theprocess.

» = P
Feed Process roducts

a.

Feed Process 1 —| Process 2 —— Products

b.

Recycle

—
Feed Process 1 ——| Process 2 —— Products

C.

Figure 12.1: Figure 12.1a shows a single unit with serial flows. Figure 12.b showsmultiple
units but still with serial flows. Figure 12.lc shows the addition ofrecycle.

12.2 Recycle without ChemicalReaction

+ Recycleofmateria occursinavarietyof processesthatdonotinvol vechemicalreaction, including
distillation, crystallization, and heating and refrigerationsystems.

% Examine Figure 12.2. Y ou can write material balances for several different systems, fourof
whichareshownbydashedlinesinFigurel2.2(Overallbalancel,Mixerbalance2, Process
balance 3 & Separator balance4).

« Thefresh feed entersthe overall system and the overall or net product isremoved.

s Thetotal (gross) feed enters the process and the gross product isremoved.
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+ Inaddition,youcanmakebal ances(notshowninFigurel2.2)aboutcombinationsof
subsystems,suchastheprocessplustheseparator(3plus4),orthemixingpointplus the process

(2 plus3).

il Recycle R R,
,f/ P i e \\\
/ 27 ) \
[ X Total N
Fresh 7 or Gross) S Gross / \ Net Produc_tc ]
Feed F T Feed Product P
\ ~~p- \\ /,,‘ -4-- 'd]
* Tteee_g_---"7 Separator 7
,f
i g - .

Figure 12.2 Process with recycle (the numbers designate possible system boundaries forthe

materialbalances).

Examplel2.1
FigureE12.1ai saschemati cof aprocessfortheproductionofflakeNaOH,whichisusedin  households to

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

w
H,0

P s ;

95% NaOH Filter

10,000 Ib/hr @ 50 wi% i Cake
| Evaporator |[———— | Crystalizer { “O
40 wt% NaOH 4 NaOH and Fitter 5% (a 45 Wi%
solution of NaOH)
R

Filtrate 45 wt% NaOH

Figure E12.1a

Thefreshfeedtotheprocessi s10,000l b/hrof ad0%aqueousNaOHsol ution. Thefreshfeedis
combinedwiththerecycledfiltratefromthecrystallizer,andfedtotheevaporatorwherewateris
removedtoproducea50%NaOH sol ution,whichinturnisfedtothecrystallizer. Thecrystallizer produces a
filter cake that is 95% NaOH crystals and 5% solution that itself consists of 45%NaOH. The filtrate
contains 45%NaOH.
a. Youareaskedtodeterminethefl owrateofwaterremovedbytheevaporator,andthe recycle rate for
thisprocess.
b. Assume that the same production rate of NaOH flakes occurs, but the filtrate is notrecycled.
Whatwoul dbethetotal feedrateof 40%NaOHhavetobethen?A ssumethattheproduct solution

from the evaporator still contains 50%NaOH.
132



Chemical Engineering principles— First Year/ ChapterTwelve

Solution
Open, steady-stateprocess.
a. Basis: 10,000 Ib fresh feed (equivalent to 1hour)
The unknowns are W, G, P, andR.
Overall NaOHbalance

(0.4)(10,000) = 0.95 P + (0.45) (0.05)P
P=4113lb
Overall H2Obalance

(0.6) (10,000) = W+[(0.55)(0.05)](4113)
W=15887 |Ib
(or usethe overall total balance 10,000 = 4113 +W)

The total amount of NaOH exiting with Pis  [(0.95) + (0.45)(0.05)](4113) =
4000IbNaOH balance on thecrystallizer 0.5 G =4000 + 0.45R

H20 balance on thecrystallizer 05G=113+0.55R
(or usethetotal balance G = R +4113)

R =38,870lb
b. FigureE12.1b.
W
I p
G 95% NaCH
F Ib/h 50 wi% i Flak
»| Evaporator J————>» Crysta[fizer —-—a =
40 wt% NaOH NaOH and Filter 5% (a 45 wi%
solution of NaOH)

45 wt%
H NaOH

Filtrate

Figure E12.1b

The basis is now P = 4113 Ib (the same as 1hour)
The unknowns are now F, W, G, andH.
NaOH balance on thecrystallizer
0.5G =[(0.95) + (0.05) (0.45)] (4113) + 0.45H
H>0 balance on thecrystallizer

0.5G =[(0.05) (0.55) (4113)] + 0.55H
H = 38,870Ib
Overall NaOHbalance

0.40 F = 0.45(38,870) +4000
F =53,730lb
Notethatwithoutrecycle,thefeedratemustbe5.37timeslargerthanwithrecycleto produce the

same amount of product.
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12.3 Recycle with ChemicalReaction
Themostcommonapplicationofrecycl ef orsystemsi nvol vingchemical reactionisthe
recycleof reactants,anappli cationthati susedtoi ncreasetheoverall conversionina reactor. Figure

12.3 shows a simple example for thereaction

o 100 gmol/s
100 gi\mo|/s A1000 gmolfs; Roactor 51;,8 % i »| Seperator —— 0
900 gmol/'s A

Figure 12.3 A simple recycle system with chemicalreaction.

If you calculate the extent of reaction for the overall process in Figure 12.3 based onB

100 — 0O

Eoverall = = 100 moles reacting

If you use material balancesto calculate the output P of the reactor (on the basis of 1

second)youget A =900 gmol B =100 gmoal

And the extent of reaction based on B for the reactor by itself as the systemis

100 — 0
= 0 ] = 100 moles reacting

'fre actor

In general, the extent of reaction isthe same regardless of whether an overall material balanceis

used or amateria balance for the reactor isused.

e Two types of conversion when reactionsoccur:

1. Overall fractionconversion:

mass(mol es)of reactantinthef reshfeed-mass(mol es)of reactantintheoutputoftheoveral | processmass (mol es) of

reactant in the freshfeed

2. Single - pass (“once - through™) fractionconversion:

mass(mol es)of reactantfedintothereactor-
mass(mol es)of reactantexitingthereactormass(mol es)of reactantfedint
othereactor

For the ssmple recycle reactor in Figure 12.3, the overall conversionis
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100 — 0
100

X 100 = 100%
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And the single-pass conversionis

1000 — 900

X =
1000 100 = 10%

Whenthefreshfeedconsi stsof morethanonereactant,theconversioncanbeexpressedfora

single component, usualy the limiting reactant, or the most important (expensive)reactant.

¢ Theoverall conversion and the single-pass conversion can be expressed in terms ofthe

extent of reaction,¢.

—vpE
f!gesh feed

Overall conversion of species A = foa = (12.1)

—VAE
reactor feed
A

(12.2)

Single-pass conversion = fgp =

fresh feed
fsp na

fOA - ntzAresh feed e nf{:cycle

(12.3)

Examplel2.2
Cyclohexane (CeH12) can be made by the reaction of benzene (Bz) (CeHs) with hydrogen according

to the followingreaction:

C¢Hg + 3H, — C¢Ha
FortheprocessshowninFigureEl 2.2,determinetheratiooftherecycl estreamtothefreshfeed stream if the
overal conversion of benzene is 95%, and the single-pass conversion is 20%.Assume that 20%

excess hydrogen is used in the fresh feed, and that the composition of the recycle streamis

22.74 mol % benzene and 77.26 mol %hydrogen.

Reactor feed
Product P
Mixer
Fresh Feed nf, P S 5 ﬂEz
- eactor eparator [————n
20% excess H, 3/ P ”Ejﬂ
nF 12
Hz
R  Recycle
22.74% Bz
77.26% H,

Figure E12.2 Schematic of a recycle reactor.
Solution
The process is open and steadystate.

Basis = 100 mol (g mol or Ibmol) of fresh benzenefeed
Excess H2 = (in — required)/required (for completereaction)
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In Ha(Feed):

nfg, = 100(3)(1 + 0.20) = 360 mol

The total fresh feed = 100 + 360 = 460moal.

From Equation (12.1) for benzene (ve= -1) T 100

¢ = 95 reactingmoles.

The unknowns are R, nﬁ?, nfy,, and ngﬁHl,.

. O = a4 pg
The species overall balancesare : T Tibovenl

Bz: nh, = 100 + (—1)(95) = 5mol
Hy: nf, = 360 + (—3)(95) = 75mol
CeHiz  nbgm,, = 0 + (1)(95) = 95 mol

. = 175 mol
The amount of the Bzfeed to the reactor is 100 + 0.2274 F& and5 én = 95. Thus, forbenzene

—(~1)95
100 + 0.2274R

0.20 =

and R = 1649mol
Finally, the ratio of recycle to fresh feedis

R 1649 mol
- M0 — 358

F 460 mol

Examplel2.3
Immobilized glucose isomerase is used as a catalyst in producing fructose from glucose in afixed-

bed reactor (water is the solvent). For the system shown in Figure EI2.3a, what percentconversion
of glucoseresultsononepassthroughthereactorwhentheratiooftheexitstreamtotherecycle  stream  in
mass units is equal to 8.33? The reactionis

Ci2H2,011 — CpHp 04y
Glucose Fructose

Recycle

Feed Fixed - Bed Product

40% Glucose 4% Fructose | Reactor
in Water

{a)

Figure E12.3a

Solution

The process is an open, steady-state process with areaction occurring and arecycle.
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FigureE12.3bincludesalltheknownandunknownval uesofthevariabl es usingappropriate
notation (W stands for water, G for glucose, and F forfructose).
Note that the recycle stream and product stream have the same composition,and

consequently the same mass symbols are used in the diagram for eachstream.

R (kg)

(D(Bj =7

ofi=?

ol =7

» 1.00 1.
S=100(kgy” § \ T(kg) /N P=ko)
=" — Reactor T + T,
0400 N\ 1 Jog=7? L2 /S wg=7
0600% 7 of=0.04 R of=?
100 oy =2 of} = 2
1.00 . 1.00
(b)
Figure E12.3b

Pick as a basis S = 100kg
Overallbalances
Totd: P=S=100kg
Consequently,

100 —
R =270 =120ke [ ]

Overdl no water isgenerated or consumed,hence

Water: 100(0.60) = Pof = 1000k
o = 0.60
Mixing point 1

Total: 100+ 12=T=112
Glucose:  100(0.40) + 1208 = 112§

Fructose: 0 + 12wf = 112(0.04)

Or R =10373
Also, because wf + wf + off = 1,

w§ =1 - 0373 — 0.600 = 0.027
wk = 0.360

Next from the glucosebalance
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Reactor plus Separator2
Totd: T =12 + 100 = 112 (aredundantequation)

Glucose: weT — (R + P)(wf) = (f)(«5T)

(0.360)(112) — (112)(0.027) = £(0.360)(112)
403 — 3.02 = £(40.32)
=093

Check by using Equation 12.2 and the extent ofreaction

_3.02-40 _ 37 f = —(—=1)(37)

= (.93
—1 40

3

Examplel2.4
Reactors that involve biological materias (bioreactors) use living organisms to produce a varietyof

products.Bioreactorsareusedforproduci ngethanol ,antibi oti cs,andproteinsfordietary
supplementsandmedical diagnosi s.Fi gureE12.4showsarecycl ebi oreactorinwhichtheoverall

conversion of the proprietary component in the fresh feed to product is 100%. The conversion ofthe
proprietary component to product per pass in the reactor is 40%. Determine the amount ofrecycle
andthemasspercentof componenti ntherecycl estreamiftheproductstreamcontains90% product, and the
feed to the reactor contains 3 wt % of thecomponent.

Product stream (P)
10% water
90% product

T

Recycle Product |Waste stream (W)
b
Component plus water recovery Water
. T Dead cells
Live cell return
r 3
y F
Fresh 3% Component
_,—_,IE‘___, Bioreactor
Meduim (F)
10% component |  Cel | |
90% water Separator
Figure E12.4

Assumethatthecomponentandtheproducthaveessentiall ythesamemol ecul arwei ght,andthat the waste

contains only water and deadcells.

Solution
Basis = 100 kg of fresh feed(F).
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Overallbalances

Total balance: 100 = P +W

Component balance: 0.10 (100) = 0.90P
P=11Ikg W =88.9kg

The reactor plus the product recovery unitbalance

Accumulation Input Output  Generation Consumption
0 =[100(0.10) + Rw] — Rw + 0 —040[100 (0.10) + Rw]
Rw = 15 kg of component in the recycle stream

Mixerbalance
Component balance: 100 (0.10) + 15=0.03F =—p F =833kg
Totalbalance: R+100=F =—p R =833-100=733kg

15
=2 — 0.0205
“ =733

12.4 Bypass andPurge
a. A bypass stream—a stream that skips one or more stages of the process an goes directlyto
another downstream stage (Figurel2.4).
A bypass stream can be used to control the composition of afinal exit stream from a unitby
mi xi ngthebypassstreamandtheunitexitstreami nsuitabl eproportionstoobtai nthe desired
finalcomposition.

Bypass 8

Feed

Qr'_lde/r Process w » Product

Figure 12.4 A process with a bypassstream.

b. A purge stream—a stream bled off from the process to remove an accumulation of inertor
unwanted material that might otherwise build up in the recycle stream (Figurel2.5).

Recycle R D/\

ivider Purge

Feed : Sep-
@ - Process ‘ Product

Figure 12.5 A process with a recycle stream withpurge.
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Examplel2.5

In the feedstock preparation section of a plant manufacturing natural gasoline, isopentaneis

removedfrombutane-freegasoline.Assumeforpurposesofsimplificationthattheprocessand

componentsareasshowni nFigureE12.5.Whatfractionofthebutane-freegasolineispassed  through the

isopentane tower? The processisin the steady state and no reactionoccurs.

Tlsopentune side stream @
-~ L
Ve

i-CsHy2 100%
~

De- / Iso- N
butanizer / pentane

tower \

)

A
(®) 100 ko | Butane free

Qverall

\/ system

boundary

/
n‘C5H12 '200/0/ Mix

To noturat gas-

feed N (D™ @ oline plant
ﬂ'CsHQ BO‘/OQ Mix P // 90% l'I'CsHﬁ
i~CsHyz 20% ~=——7 10% i-CsHy2

Figure E12.5

Solution

Basis: 100 kgfeed
Overallbalances
Total materialbalance:

[r_t___ Out
100 S+P

Component balance for n-Cs (tiecomponent)

In _ ,,,k,,,.,O”.‘..I
100(0.80)  5(0) + P(0.90)
Consequently,
0.80
P = 100(@) = 889 kg

§5=100-889=11.1kg

Balance around isopentanetower:

(a)

(b)

L etxbethekgofbutane-freegasgoi ngtothei sopentanetower,andybethekgofthen-CsH1ostream leaving the

isopentanetower.

Total materiabalance:

fﬁ . Ou
x 11+ ¥
balance forn-Cs x (0.80) =y

(©) Component

(d)

Consequently, combining (c) and (d)yieldsx = 55.5 kg, or the desired fraction is0.55.
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Another approach to this problem isto make a balance at mixing points 1 and2.

Balance around mixing point2:
Material into junction = Materialout

Total material: (100 —x) +y =88.9 (e
Component (iso-Cs): (100 —x)(0.20) + 0 =88.9(0.10) )
Solvingyields x = 55.5 kg asbefore

Examplel?2.6

FigureE12.6illustratesasteady-stateprocessfortheproductionof methanol .All ofthe compositions are
in mole fractions or percent. The stream flows are inmoles.

Overall System Boundary

% e ——————— A S 3
67.3H, | . i
i Mix |
feed £432.5C0 w—p— Reactor Seporator  pmemmsmmen— CH,0H -

I
: Recycle R Purge P

i x M Split !

! y CO ]

i z CHy H

oo o o s e e B e e e i

Figure E12.6

NoteinFigureE12.6thatsomeCH senterstheprocess,butdoesnotparti ci patei nthereaction.A
purgestreami susedtomai ntai ntheCH4sconcentrationintheexitfromtheseparatoratnomore  than 3.2
mol%, and prevent hydrogen buildup as well. The once-through conversion of the COin the
reactor i518%.
Compute the moles of recycle, CHzOH, and purge per mole of feed, and a so compute the purgegas
composition.
Solution
The mole fraction of the components in the purge stream have been designated as x, y, and z forHy,
CO, and CHa,respectively.
Basis: F = 100mol
The variables whose values are unknown are x, vy, z, E, P, andR.
z=0.032 (a)

The implicit mole fraction balance in the recyclestream

x+y+z=1 (b)

Theoverall element balances are (inmoles):
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2H: 67.3+02Q)=E(2)+ P (x +22) (©)
C: 325402 =E()+P(y+2) (d)
0: 325 =E()+P () (e)
Reactor plus theSeparator
In Out Consumed

()

€O 325+ Byl - D(R + P)] = (325 + Ry)(0.18)

Equati on(a)canbesubstitutedi ntoEquati ons(b)through(f) ,andtheresultingfiveequations  solved by

successive substitution or by using a computer program. The resulting val ues obtainedare (inmoles)

E CH;0H 31.25
P purge 6.25
R recycle 705
x H, 0.768
y CO 0.200
z CH, 0.032

Problems

1. How many recycle streams occur in FigureSAT12.1PI?

I—_—>
X1
2
l X3
F1 TX4 Jr
> 1 N I N P2
T X5

X2

Figure SAT12.1P1

2. TheHookerChemical CorporationoperatesaprocessinMichiganforthepurificationof HCI.
Figure SATI2.1P2 shows the flow sheet for the Hooker process. The streams fromthe
bottoms of the five towers are liquid. The streams from the tops of the towers are gases.HCI
is insoluble in the HCB (hexachlorobutadiens). The various stream compositions areshown
in FigureSAT12.1P2.

How many recycle streams are there in the Hookerprocess?
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wi. %

CCly 9.0
HCi 91.0
Pure H,CI
o (Product)
CCl50.5
HC149.5
>
wi. %
HC190.7 4
Cl, 9.3
(Feed) "
Pure ad
wt. % | CCly
CCl,90.7 CClL11.5 e Pure HOB
HCI 5.6
cl, 182 v M;(% v
HCB68.5

cCl,31.5 7

—— HCl and Cl, recycled to chlorination units

Figure SAT12.1P2

3. A ball mill grinds plastic to make a very fine powder. Look at FigureSAT12.2P1.

4{  Particle Collector |
A

Uncollected powder
to waste

Product (10,000 kg) fine powder

Figure SAT12.2P1

At the present time 10,000 kg of powder are produced per day. Y ou observe that theprocess
(shown by the solid lines) is inefficient because 20% of the feed is not recoveredas
powder—it goes towaste.
Y oumakeaproposal (desi gnatedbythedashedlines)torecycl etheuncol lectedmaterial
backtothefeedsothatitcanberemilled.Y ouplantorecycl e75%ofthe200kgof
uncollectedmaterial backtothefeedstream.Ifthef eedcosts$1.20/kg,howmuchmoney would you
save per day while producing 10,000 kg of finepowder?

4. SeawateristobedesalinizedbyreverseosmosisusingtheschemeindicatedinFigure  SATI2.2P2.
Use the data given in the figure to determine: (@) the rate of waste brineremoval (B); (b) the
rate of desalinized water (caled potable water) production (P); (c) the fractionof

thebrinel eavingthereverseosmosi scel | (whi chactsi nessenceasaseparator)thatis recycled.
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Brine Recycle

A

o Reverse :
1000 to/hr Sea water ¢ 4.0,/; osmosis Brine waste (B)
3.1% salt salt cell 5.25% salt
p
Desalinized Water
500 ppm salt
Figure SAT12.2P2

5. A material containing 75% water and 25% solid is fed to a granulator at a rate of 4000kg/hr.
Thefeedi spremixedinthegranul atorwithrecycledproductfromadryer,whichfollows the
granulator (to reduce the water concentration of the overall material fed intothe
granulatorto50%water,50%solid). Theproductthatl eavesthedryeris16.7%water.In
thedryer,airispassedoverthesolidbeingdried. Theairenteringthedryercontains3%  water by
weight (mass), and the air leaving the dryer contains 6% water by weight(mass).

a. What istheratio of the recycle to the feed entering thegranul ator?
b. What istherate of air flow to the dryer on a drybasis?

6. Benzene toluene,andotheraromati ccompoundscanberecoveredbysolventextraction with
sulfur dioxide (SO»). Figure SAT12.2P4 is the process schematic. As an example,a catalytic
reformate stream containing 70% benzene and 30% nonbenzene material ispassed through
the countercurrent extractive recovery scheme shown in Figure SAT12.2P4. 1000lb of
reformate and 3000 |b of SO are fed to the system per hour. The benzene productstream
contains0.15! bof SO-perlbofbenzene. Theraffinatestreamcontainsal ltheinitially
chargednonbenzenematerial aswellas0.25! bof benzeneper| bof nonbenzenematerial .

Theremai ningcomponenti ntheraffinatestreami sSO..Howmanylbofbenzeneare

extractedintheproductstreamonanhourlybasi s?Howmanyl bofraffinateareproduced per hour?

P W Benzene Product

[ \
@xer |—> 3 2 1
I_,[:, R
Mixer Mixer |—>
F I::l Raffinate
SO, Feed
3,000 Ib/hr C | Catalytic Reformate

1,000 Ib/hr

Figure SAT12.2P4
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7. Acatayticdehydrogenati onprocessshowninFigureSAT12.3P,producesl,3butadiene  (CaHe)
from pure norma butane (CsH10). The product stream contains 75 mol/hr of Hzand 13
mol/hr of C4H1o as well as CsHe. The recycle stream is 30% (mol) C4H1o0 and 70%(mol)
C4He, and the flow is 24 mol/hr.

Pure ———»——» C4H4 — C4H6 + 2H2

y »| Separator —— Ny, =75 moles/hr
C4Hyp NEgHyo = 13 Moles
F = ? moles/hr _ ] Moy =2
Recycle x¢,pn,, = 0.30
XC4H6 =0.70
Figure SAT12.3P1

(a) What are the feed rate, F, and the product flow rate of C4He leaving theprocess?
(b) What is the single-pass conversion of butane in theprocess?

8. Pure propane (CsHsg) from El Paso is dehydrogenated catalytically in a continuous processto
obtainpropylene(CsHe).Allofthehydrogenformedi sseparatedfromthereactorexitgas  with no
loss of hydrocarbon. The hydrocarbon mixture is then fractionated to give aproduct stream
containing 88 mole % propylene and 12 mole % propane. The other stream, whichis
70mol e%opropaneand30mol e%opropyl ene,isrecycled. Theone-passconversioninthe
reactoris25%,and1000kgoffreshpropanearefedperhour.Find(a)thekgofproduct  stream  per
hour, and (b) the kg of recycle stream perhour.

9. Ethyletherismadebythedehydrati onofethylal coholinthepresenceof sulfuricacidat 140°C:

2C,HsOH — C,H;0C,H;s + H,0

Figure SAT12.3P3 isasimplified process diagram. If 87% conversion of the alcohol fedto
the reactor occurs per pass in the reactor, calculate: (a) kilograms per hour of fresh feed,and
(b) kilograms per hour ofrecycle.

—Pure diethyl ether (1200 kg/hr)

93% H,S04 1

7% Hgo l Waste

——

Sulfuric acid
Ether Alcohol and water
Reactor separation separation
Dilute
H2S04 solution
Fresh feed Recycle
95% alcohol 92% alcohol
5% water 8% water
Figure SAT12.3P3

10. InthefamousHaberprocess(FigureSA T 12.4P1)tomanuf actureammonia,thereactionis
carriedoutatpressuresof 800t01000atmandat500to600° Cusi ngasuitablecatal yst.
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11.

Onlyasmallfracti onofthematerial enteringthereactorreactsononepass,sorecycleis needed.
Also, because the nitrogen is obtained from the air, it contains almost 1% raregases
(chieflyargon)thatdonotreact. Theraregaseswoul dconti nuetobuil dupintherecycle

untiltheireffectonthereacti onequilibriumwoul doecomeadverse. Therefore,asmall purge

stream isused.

3Ha + Nz — 2NH3

Ha Reactor Separator = NH3 {Liquid)
Ar
Nz, Hp, Ar
= Purge (Gas)
Figure SAT12.4P1

The fresh feed of gas composed of 75.16% Ha, 24.57% N2, and 0.27% Ar is mixed withthe
recycledgasandentersthereactorwithacompositionof 79.52%H>.Thegasstream leaving the
ammonia separator contains 80.0 1% H> and no ammonia. The productammonia contains no
dissolved gases. Per 100 moles of freshfeed:

a. How many moles are recycled andpurged?

b. What is the percent conversion of hydrogen perpass?

Figure SAT12.4P2 shows a simplified process to make ethylene dichloride (C2H4C12). The
feeddatahavebeenpl acedonthefigure.NinetypercentconversionoftheCoHsoccurson each pass
through the reactor. The overhead stream from the separator contains 98% ofthe Cl. entering
the separator, 92% of the entering C2Hs4, and 0.1% of the enteringC2H4C1,. Five percent of
the overhead from the separator is purged. Calculate (a) the flow rate and(b) the composition

of the purgestream.

Purge

Recycle T

? s

e

p

a

l r

Feed Reactor Y L

"\ CeHs+Cla == CaH,Cl, | / ¢

C,H, 100 mol/hr !

Cl, 100 mol/hr 2

L Product

Figure SAT12.4P2
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Answers:
1. 2
2.5
3. $2250
. (8 591 Ib/hr; (b) 409 Ib/hr; (c)0.55
5. (@) ratio = 3000 kg of recycle/hr and feed = 7000 kg/hr; (b) air = 85,100kg/hr
6. (a) benzene extracted: P = 625 Ib/hr; (b) raffinate produced: R = 3,281lb/hr
7. (8) mol/hr C4He = 37.5 and F = 50.5 mol/hr; (b)0.65
8. (&) 960 kg/hr; (b) 3659%g/hr
9. (& 1570 kg/hr; (b) 243kg/hr
10.(a)890recycledand3.2purged; (b)9.2%conversi on(errorscanbecausedbyl ossof

SN

significantfigures)
11. (a) 1.49 mol/hr; (b) Cl2: 0.658; C2Ha: 0.338; C2H4C12:0.0033

Supplementary Problems (ChapterTwelve):

Probleml

Based on the process drawn in the diagram, what is the kg recvcle / kg feed if the amount
of W waste is 100 kg ? The known compositions are inserted on the process diagram.

Solution
This is a steady state problem without reaction comprised of three subsystems, the process,
the separator, and the mixing point.

mass fr.
A A1.00
_Mixing point W (kg)
F (ke) |G (kg separ— P (k2)
> i\ > Process ——= gfﬂli,al \—1’
mass fr!|' mass fr. e mass [r.
A020 | A0.40 .
B 080 |B 060 R (kg) w B 098
1.00 1.00 1706
recycle A only: mass fr. :
A 1.00
Basis : W = 100 kg
The unknowns are F. R, P and G
Overall balances
Total B = P + 100 (1)
A 0.20 F =0.05 P + 1.00(100) (2)
B 080 F =095 P (3
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Mixing point
Total Bt R: =16 4
A 020F +(1.00) R = 040G (5)
B 080 F = 060 G (6)
Process + Separator
Total G = P+ W+R (7
A 040 G = 0.05 P + (1.00)100 + (1.00)R (8)
B 060 G =095 P 9)
Substitute (1) n (2) 0.20(P + 100) = 0.05P + 100 P = 533 kg F = 633 kg
Equation (6) 0.80(633) = 060G G = 844 kg
Equation (4) 633 + R = 844 R 211 kg kg R
R = 211 kg F “633keg 033k F
Check Equations (7) and (8) can be used to verify the results.
Equation (7) G=P+ W+ R
844 533 + 100 + 211

844 kg — 844 ke

Equation (8) 040G =005P + W + R
0.40 (844 ) = 0.05(533) + 100 + 211
338 kg = 338 kg

Problem?2
A contact sulfuric acid plant produces 98.0 % sulfuric acid, by absorbing SO3 into a 97.3
% sulfuric acid solution. A gas containing 8.00 % SOj3 (remainder inerts) enters the SO;
absorption tower at the rate of 28 Ib mol per hour. 98.5 % of the SOj3 1s absorbed m this tower.
97.3 % sulfuric acid is introduced into the top of the tower and 95.9 % sulfuric acid from another
part of the process is used as make - up acid. The flow sheet is given in the figure with all of the

known data on it.
Calculate the

a. Tons/day of 95.9 % H,SO,4 make-up acid solution required.
b. Tons/day of 97.3 % H;SO4 solution introduced into the top of the tower.
¢. Tons/day of 98 % H»SQy solution produced.

mass Ir.
S2 (Ib mol) H)S04 0.973
_ »G b) Ho 0027
mol fr.
SOs 0.0013 Absorption
inerts 0.9987 Tower
BF (Ib)
S1 (Ib mol) . P1 P:2 C mass fr
’ A H2804 0.959
mol fr P db)  mo  0.041
SO;  0.080 mass fr.
inerts 0.920 H;S0O4 0.980
H-0 0.020
Solution
This is a steady state process.
H,O + SO3 ----- = H>2804

Calculate the SO3 absorbed in the tower and the composition of S2.
Basis : 100 mol S1

0.08 mol SO; | 100 mol S1  _
1 mol S1 | =8 mol SO;
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SOj absorbed in the tower = 8 (0.985) = 7.88 mol (the overall absorption)
SO3 i stream S2 = (8 - 7.88) = 0.12 mol

Inerts in stream S2 = 1nerts in stream S1 = 92 mol
Calculate the composition of stream S2 (in mole fraction):

‘ 0.12 | | 92
S02= [z F 0.12) = 0.0013 inerts = 97+ 0.12) ~ 09987

New Basis : S1 = 28 Ib mol gas with 8 % SOj3 (equivalent to 1 hr).
6 unknown variables : F. G, P. P1. P2, S2.
For steady state systems : In - Out + Generated - Consumed = 0

Overall

) 1 mol H,SO4 | 98 1b HySOy
H>S04:0.959 F - 0.980 P + 28 (0.08) (0.985) ~T 0T S0O3 ‘1 b mol 503 -0-0 (1)

SO3 - 28(0.08) - 28 (0.08) (0.015) + 0 -  28(0.08)(0.985) =0 (2)

1 mol H-O | 18 1b H»O

HO: 0.041F - 0.020P + 0 - 28 (0.08) (0.985) Toor 503 [TThmol 0 =0 )

Mixing point B
Total : F+P2=¢G (4)
H>504 : 0959 F + 0.980P2 = 0973 G (5
H>0: 0041 F + 0.020P2 = 0027 G (6)
Separation point A
Total : P1 =P2+P (7)
Equation (1): 0.959F - 0.980P + 21622 =0 (8)
Equation (3): 0.041F - 0.020P - 3972 = 0 (9)
Solving (8) and (9) F = 2060 1b P = 2240 1b
Equation (4) : 2060 + P2 = G (10)
Equation (5) : 1975 + 0.980P2 = 0973 G (11)
Solving (10) and (11) G = 6470 1b P2 = 4410 1b
Use equation (6) as a check: 0.041 (2060) + 0.020 (4410) Z 0.027 (6470)
84.4 + 88.2 = 1751b
173 1b = 175 1b
Problem3

TiCly can be formed by reacting titanium dioxide (TiO,) with hydrochloric acid. TiO» is
available as an ore containing 78 % TiO> and 22 % inerts. The HCl is available as 45 wt% solution
(the balance 1s water). The per pass conversion of T105 1s 75 %. The HCl is fed into the reactor in
20 % excess based on the reaction. Pure unreacted TiO> is recycled back to mix with the TiO>

feed.
TiO; + 4HCl  --—--- = TiCly + 2H,0
For 1 kg of TiCly produced, determine:
a. the kg of TiO; ore fed.
b. the kg of 45 wt % HCl solution fed.

c. the ratio of recycle stream to fresh T10; ore (in kg).
MW :TiO; 79.9; HC1 36.47; TiCly 189.7)

Solution
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mass fr
HCl 0.45
H)0 0.55 P (kg) s
1.00 :
F1 (kg) | > TiCly 1.00
— P1
F (kg) G | Reactor .
TiO» 0.78 g
. -]
Inerts0.22 -
R (kg)
mass Ir mass Ir
pure Ti021.00 l Ha &y
H-O M2
nerts @3
W (kg) 1.00
TiO2 mass. Ir. HCI mass Ir. TiCly mass Ir.
Ti 0.599 H 0.0274 Ti 0.252
0] 0.401 Cl 09726 Cl 0.748

Though P could be selected as the basis, it is equally valid and easier to choose F =
100 kg because F1 can then be calculated immediately.

Calculate F1
1.00kgF 10.78 kg TiO2 | 1 kg mol TiO,| 4 kg mol HCI1 |1.20
1 kg F | 799 kg TiO> | 1 kg mol TiO3 |
36.47kg HCl | 1 kg F1 . :
] kg mol HCI | 0.45 kg HCI =F1=3.80kg

Svstem: Let the system be all of the units and mixing points jointly.

3 R W ) W . W . r
The unknowns are: P, my, (or @1), my 4 (or 02). my . (or w3), and W.

The element balances are Ti, O, H, CL, and alsoz_ m; = \-V(orz m; = 1) and the inerts
balance. If 5 of these are independent, we can solve for the variables whose values are unknown.

Ti: (0.78) (1.00) (0.599) = (1.00) (P) (0.252)
P = 1.85 kg (this value would be sufficient to calculate the answers to parts a and b)
Total: 1.00+3.80=P+W=185+W
W=294kg

o (3BN033) 18, 00) (0.78) (0.401) =22 16

o (3:80)(0.45) 3545 _ 1.85 435.45 2.94 (w1) | 35.45

36.47 } 189.7} 1 1 ‘36.47

m; = 0.096
Inerts: w3 = 0.22 (1.00)/(2.94) = 0.075
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As a check, Zm; =0.096 + 0.83 + 0.075 = 1.00

a kg F _ 1.00 kg
; = =, = 0.54
kg P 1854 k
- 8 These values can be calculated solely from
b. kg F1 _ 3.798 _ 205 ke the data given and the Ti balance.
ke P~ 1854 “Pkg

To calculate the third part of the problem. we need to involve the recycle stream in the
balances. Let the system be the mixing point. No reaction occurs. The balances are 1n kg.

Total: 100+R=G
TiOy: 100 (0.78) + R (1.00) =mS,

Inerts: 100 (0.22) = nli;errs
Next use the system of reactor plus separator.
Total G+ 3.80 = 1.85+294+R

The component balances will not add any independent equations, hence the information
about the fraction conversion must be used via a compound balance on Ti05:

In Out Generatio Consumption
n
Ti0,: 100(0.78) + R(1.00) — R(1.00) + 0 — 0.75[100(0.78) +R] =0
R=26kg
c.
keR 26
kgt — 100 — 0-26
Problem4

Many chemicals generate enussions of volatile compounds that need to be controlled. In the
process shown in the accompanying figure, the CO in the exhaust is substantially reduced by
separating it from the reactor effluent and recycling the unreacted CO together with the reactant.
Although the product 1s proprietary, information is provided that the fresh feed stream contains 40
% reactant, 50 % inert and 10 % CO., and that on reaction 2 moles of reactant yield 2.5 moles of
product. Conversion of the reactant to product is 73 % on one pass through the reactor, and 90 %
for the over all process. The recycle stream contains 80% CO and 20% reactant. Calculate the ratio
of moles of the recycle stream to moles of the product stream.

mol fr.
CO0.80
reactant 0.20
R(mol) 1.00
mol fr. ;
reactant(.40
inert0.50 ;o_.
= Gl P1 | E P(mol)
F(mol) Y= Reactor s mol fr.
(4100 kg mol/hr) % product 0450
inert  0.500
reactant (0.040
co 0.010
1.000

Solution

This is a steady state process with reaction and recycle.
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Basis : 4100 kg mol F
Unknowns : P and its components
Calculate the composition of stream P

Product
4100 kg mol F | 40 mol reactant | 90 mol react | 2.5 mol product
‘ 100 mol F ‘ 100 mol reactant ‘ 2 mol reactant
= 1845 kg mol product
Inert
4100 kg mol F | 50 mol inert i .
100 mol £ = 2050 kg mol mert
Reactant
4100 kg mol F | 40 mol reactant | 0.10 mol unreacted T _
100 mol F ‘ 1.0 mol reactant = 164 kg mol reactant
0,
4100 kg mol F | 10 mol CO | 0.10 mol unreacted CO B )
T00 mol | T.0 mol CO = 4lkgmol CO
P = 1845 + 2050 + 164 + 41 = 4100 kg mol
Mixing point
No reaction occurs so that a total balance is satisfactory: G=4100+R

Reactor plus separator
Because a reaction occurs, an overall balance is not appropriate, but a reactant balance (a

compound balance) 1s.

Reactant:
In Out Gen. Consumption Accum.

0.40(4100) + 0.20R - (0.20R + 0.040(4100))+ 0 - 0.73[0.40(4100) + 0.20R]= 0

R =6460 kg mol

mol recycle 6460
mol product — 1845 ~ 3.5

Problem5

Perchloric acid (HCIO4) can be prepared as shown in the diagram below from Ba(ClOy)2
dlld HC10Oy4. Sulfuric acid is suppl]ecl in 20% excess to react with Ba(CIO4J2 If 17.400 1b HCIOy4
Ie ave the separator and the recycle is 6125 Ib Ba(ClOy)2 over the time period, calculate :

a. The overall conversion of Ba(ClOy)>.
b. The Ib of HClO4 leaving the separator per b of feed.
c. The Ib of HoSOy4 entering the reactor.
d. The per pass conversion of Ba(ClOy4)s.
: Note : 20 % H2SOy4 is based on the total Ba(ClO4)2 entering the reactor.
Ba(ClOy4)2 + HpSO4 --—---- > BaSOs + 2HCIO4

MW: Ba(ClOg)2 336; BaSOy4 233: HaSO4 98; HCIO4 100.5

152




Chemical Engineering principles— First Year/ ChapterTwelve

Solution
This is a steady state problem with reaction and recycle.
F1 (Ib mol) —
mol fr  e—) ’ P1 (Ib mol)
H;S0s 1.00 mol fr
H2504 1.00
s
e
p
a —
F (Ib mo!) Reactor r P2 (Ib mol)
? mol fr
0, BaSOs 1.00
roe
mol fr
R (Ib mol) Ba(ClOs): 1.00
{ —
P3 (Ib mol)
. . mol fr
Composition of feed F (given): HCIO: 1.00
mass fr. MW mol fr
Ba(C]O4)2 0.90 336 0.729
HCIO4 0.10 100.5 0.271
174001b HC10O4 |11b mol HCIO4
100.5 Ib HCIO; = 173.1 1b mol HCIO 4

61251b Ba(ClO4)2 |1 Ib mol Ba(ClOg)2 _ .
336 Ib Ba(ClOg)y 18.23 Ib mol Ba(ClOy4)2

This is a steady state process with reaction.

we will pick P3 = 17,400 Ib as the basis equivalent to 17,400/100.5 = 173.13 Ib mol

The unknown are: F. F1, P1, and P2.

We can make 5 element balances: Ba, Cl, O, H, S. hence if 4 balances are
independent, a unique solution exists.

a The overall percent conversion of Ba(ClOy4)> is 100% since no Ba(ClOy)> leaves the
overall system.

Overall element balances (Ib mol)

F 1b mol | 0.729 1b mol Ba(ClO4)2 | 2 1b mol Cl
CL: ‘ 1 IbmolF ‘ 1 Ib mol Ba(ClOy4)>

F 1b mol ‘ 0.271 Ib mol HC104 | 1 1b mol C1
11b mol F ‘ 1 Ib mol HC1O4

~173.13 1b mol P3 | 1 1b mol HCIO4 | 1 1b mol CI
- ‘ 1 1Ib mol P3 ‘ 1 Ib mol HC1O4

F=100.1 1b mol
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~ (100.1) Ib mol | 0. 729 Ib mol Ba(C1Oy4); | 1 1b mol Ba
Ba: ‘ I Ib mol F ‘ 1 Ib mol Ba(CIO4)>

_ P2 1b mol | 11b mol Ba
- ‘ 1 Ib mol P2

P2 =73.0 1b mol

F11b mol | 1 1b mol H2SO4| 1 1b mol S

S: ‘ T1b mol F1 ‘ T 10 mol H,50;
_ Pllbmol | 11bmolsS 73.0 1b mol BaSO4 | 11bmolS
- ‘ T1b mol P17 ‘ 1 Ib mol BaSOy4

The H and O balances are not independent balances from what we have so far. We need
one more equation.

Mixing point

6125
Total: 100.1 33 =6 = 1183 Ib mol

Now we can calculate F1 as 1.2 times the Ba(ClO4)> in G. The number of moles of Ba(ClOy4)> in
Gis

6125
Ba(ClOg)2:  100.1(0.729) + 53¢ = 91.2

1.2(91.2)=109 1b mol = F1

Ib HC10,4 17400 1b HC1O, exiting 1b HC10,
b. I6F =~ 100.1(0.729)(336) * 100.1(0.271)(100.5) ~ 964 —1p F

c. F1=109 Ibmol or 10,700 Ib H,SO4

To get the fraction conversion f on one pass through the reactor, we make a compound
balance for Ba(C104); for the system of the reactor plus the separator.

Accum. In Out Generation Consumption
6125
0 = 99 = 336 + 0 —f(91.2)
f=0.80
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