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PREFACE

For along time students have sought out solved problems in addition to those provided as
examples in the textbook. Sources of such problems are related texts and old homework and
examination files, but these alternate sources are usually inconvenient to find and use.

To meet this demand | compiled in this supplement additional problems with detailed
solutions, problems that are quite similar to those in the text. In addition, | have added numerous
unsolved problems with answers (a frequent request for homework problem assignments). Each
set of problems conforms to the arrangement in my book "Basic Principles and Calculations in
Chemical Engineering, 6th edition, published by Prentice Hall, Englewood Cliffs, N.J. The
notation used in the problems and solutions is the same as in the textbook.

To acquaint students with process equipment usually shown as black boxes in example
problems, a series of pictures, line diagrams, and short explanations have been inserted at
appropriate places in the supplement.

How can you use this supplement? For those individuals who after reading a problem look
first for asimilar problem with a worked out solution, this supplement offers numerous examples
to follow. For those who have some confidence in their ability to solve problems but just want to
hone their skills by comparing their answers with known solutions, enough problems with
answers are given to make it impractical to solve all of them before moving on to the next topic.
Students who want to prepare for exams will find the problems with answers helpful. Finally,
those individuals who have trouble in developing consistent and fruitful strategies for problem
solving can make use of the detail solutions provided to improve their particular abilities.

David M. Himmelblau
Austin, Texas



CHAPTER 1

Problem 1.1A
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
q 420 ft2 ( 1.0m )2‘ 1O4cm2‘ 1 hr _ 10.8 cm2/s
© hr 132808ft/ 1.0 m2 | 3600 s '
100 Btu‘ 3.93 x 104 hp-hr _ 5
b. ‘ 1 Btu = 3.93 x 10« hp-hr
. 80.0 |bf‘32.174 (Ibm)(ft)‘ 1 kg ‘ 1m ‘ 1N _ 356N
' . (Ib)(92  |2.201by 3.2808 ft|1 (kg)(m)(s)2
Problem 1.1 B
i D - cd Btu
Convert theideal gasconstant : R= 1.987 (gmol)(K) to (Ib mol)(°R)
Solution
1.987 cal ‘ 1 Btu ‘ 454 gmol ‘ 1K _ 108 Btu
(gmol)(K)| 252 cal| 11b mol | 1.8 °R ~ 777 (Ib mal)(°R)

Problem 1.1 C

Mass flow through a sonic nozzle is a function of gas pressure and temperature. For a

given pressure p and temperature T, mass flow rate through the nozzleis given by
m = 0.0549 p /(T)0> wheremisinlb/min, pisinpsiaand T isin°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 variablesin

the equation are to be substituted with SI unitsand mis calculated in Sl units.




2 Sec. 1.1 Units and Dimensions

NOZZLES

'

Fig. 1a. Ultrasonic nozzle Fig. 1b. A conventional nozzle spraying a fluid
(courtesy of Misonix Inc., Farmingdale, of suspended particles in a flash dryer.
N.J.)

Spray nozzles are used for dust control, water aeration, dispersing a particular pattern of
drops, coating, paintings, cleaning surfaces of tanks and vats, and numerous other applications.
They develop alarge interface between a gas and liquid, and can provide uniform round drops
of liquid. Atomization occurs by a combination of gas and liquid pressure differences. The
Figure below (courtesy of Misonix Inc.) compares the particle sizes from the ultrasonic nozzle
with those from the conventional nozzle.

PARTICLE SIZE COMPARISON

SONIMIST Spray Nozzles | | Conventional Spray Nozzles |
Tobacco Smoke
7
_—l l Bacteria ]
Fumes l [ Clouds l
l Fogs TMist IDrizzle] Rain I
li Dust
| | ! | ] | 1 | I |
0.1 1.0 10 100 1000 10000

PARTICLE SIZE (MICRONS)

Fig. 1c
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Solution
a. Calculation of the constant.

Thefirst step isto substitute known units into the equation.

Ibm _ S
min - 0-0549 (in2)(°R)0.5

We want to find a set of units that convert units on the right hand side of the above expression
to units on the left hand side of the expression. Such a set can be set up directly by
multiplication.

b (bp)(M2CRIS _ (iby)
(i nZ)(oR)O.S‘ (min)(lbr) (min)
i (Ibm)(in)?(°R)9->
Units for the constant 0.0549 are (min)(1br)

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

0.0549 (Ibm) (in2) (*R)05| (0.454 kg)|  (14.7 Ibgfin?) | (Lmin) (1K)O5 | (p)

(Ibr) (min) " (11bm) |(101.3 x 103N/m2) (60 5) |(1.8 °R)0:5(T)05
m = 449 x 108 (m)(s) (K)O5 (T()pc)).s

Substituting pressure and temperature in Sl units

() (N/m?) | 1 kg/(m)(s)2

moo= 449 x 108 (M9 (KO s (K)05| 1 N/m2

(kg) - g (P) ‘i 2 i
m (s) = 4.49 x 10 (T)05 wherepisinN/mfand T isin K
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Problem 1.1 D
An empirical equation for calculating the inside hest transfer coefficient, h; , for the
turbulent flow of liquidsin apipeis given by:

_ 0.023 G0-8 K0.67 Cp0-33
B D02 40.47

where h; = heat transfer coefficient, Btu/(hr)(ft}2(°F)
G = mass velocity of the liquid, Ibyy/(hr)(ft)2
K =thermal conductivity of the liquid, Btu/(hr)(ft)(CF)
Cp = heat capacity of the liquid, Btu/(Ibm)(°F)
W = Viscosity of the liquid, Iby/(ft)(hr)
D =inside diameter of the pipe, (ft)

hj

a. Verify if the equation is dimensionally consistent.
b. What will be the value of the constant, given as 0.023, if all the variablesin the
equation areinserted in Sl unitsand h isin Sl units.

Solution

a. First weintroduce American engineering units into the equation:

_ 0.023[(Ibm)/(f)2(hr)]0-80 [Btu/(hr)(ft) (°F)] 067 [Btu/(Ibm)(°F)]©-33

i (F)02  [lbm/(ft)(hr)]0-47

Next we consolidate like units

_ 0.023(Btu)0-67 (Ibm)0-8\ (ft)047 \ (1) \ (hr)0:47
- [(|bm)0.33(|bm)0.47] ‘[(ft)l.G(ft)0.67(ft)0.2] [(°|:)O.67(°|:)0.33]‘[(hr)O.S(hr)Oﬁ?]

h

Btu

=002z R

The equation is dimensionally consistent.

b. The constant 0.023 is dimensionless; a change in units of the equation parameters will not
have any effect on the value of this constant.




Sec. 1.2 The Mole Unit

Problem 1.2 A
Calcium carbonate is anaturally occuring white solid used in the manufacture of lime
and cement. Calculate the number of Ib mols of calcium carbonatein:
a. 50 g mol of CaCOa.
b. 150 kg of CaCOs.
c. 100 Ib of CaCOs.

Solution
50 g mol CaC03‘ 100 g CaCO3 ‘ 11b CaCO3 ‘1Ib mol CaCO3 _ 0.11 b mol
\1gmol CaC03\454 g CaC03\ 100 b CaCO3 ~—
150 kg Cacog‘ 2.205 1b Cacog‘ 1 1b mol CaCOs3 — 3301b mol

b. ‘ 1 kg CaCO3 \ 100 Ib CaCO3

c 100 1b CaC03‘ 1 Ib mol CaCOs3

‘ 100 Ib CaCOs3 =1.00 Ib mol CaCO3

Problem 1.2 B
Silver nitrate (lunar caustic) isawhite crystalline salt, used in marking inks, medicine
and chemical analysis. How many kilograms of silver nitrate (AgNQ3) are therein:
a 13.0 Ib mol AgNO:s.
b. 55.0 g mol AgNO3

Solution

13.0 Ib mol AgNOg‘ 170 Ib AgNO3 ‘ 1 kg
' 11b mol AgNO3|2.205 Ib

= 1002 kg or 1000 kg

55.0 g mol AgNOg‘ 170 g AgNO3 ‘ 1 kg

b. "1g mol AgNO3 1000 g

=  9.35kg
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Problem 1.3 A

Phosphoric acid is a colorless deliquescent acid used in the manufacture of fertilizers
and as aflavoring agent in drinks. For agiven 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 HsPOg.

Solution
a. Basis: 100 g of 10 wt% solution
g MW g mol mol fr
H3POy 10 97.97 0.102 0.020
H20 90 18.01 5.00 0.980
b. Specific gravity = %;O;fn Theref. liquid is water

Thedengty of the solutionis 1.10 g SOInlcm3 soln ‘100 g H20/0m3 - 110 g soln
1.00 g Ho0/cm3 | ' cm3

1 cm3 soln‘ 1gsoln ‘ 97.97¢g H3PO4‘ 264.2 gal
1.10 g soln \ 0.1¢g H3PO4\ 1 g mol H3PO4 ‘ 106 cm3

= 0.24 gal/g mol

Problem 1.3 B

The density of aliquid is 1500 kg/m3 at 20 °C.
a. What is 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/ns at 4°C.

_ Pooln _ (kgm)soln _ 1500 kg/m®  _ o

a. Specific gravity P (kg/mdrgf 1000 kg/m3

1 m3liquid| 1kg | 35.31ft3) 140 Iby _
1500kg | 2.201b 1m3 M= 150ft3

b.
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Problem 1.3C

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

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

Assume density of water to be 1.00 g/cm3

Solution

The problem may be solved by either converting the EPA standardsto ppb or vice versa. We
will convert the EPA standardsto ppb; ppb isaratio, and thereforeit is necessary for the
numerator and denominator to have same mass or mole units. The mass and volume that the Sb
contributes to the water solution is negligible.

Antimony
0.00Gmng‘ 1L soln ‘1cm3soln‘ 1g _ 6gSb _
1L soln | 1000 cm3soln|1.00 g H2O | 1000 mg ~ 109 g soln 6 ppb
Nickel
0.1 mg Ni‘ 1L soln ‘lcm3soln‘ 1g _ 9gNi - 100 ppb

1L soln | 1000 cm3soln|1.0 g H,O | 1000 mg = 109 g soln

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

Problem 1.3 D

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 al the
sugar is assumed to be C1oH22011, determine

a. kg sugar/kg H,O
b. Ib solution/ft3 solution
C. g sugar/L solution

Solution

Basis: 100 kg starting stock solution
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12.7 kg sugar‘ 100 kg solution 145 kg sugar
100 kg soln | 87.3kg H20 ' kg H20O

1.075 g sol n/cm3‘ 1.00 g HgO/cm3‘ 11b ‘2.832x 104cm3 _ 671 o son
1.0 g Ho0/cm3 | 1454 g| t3 "~ ft3soln

1.075 g sol n/cm3‘ 1.0g H20/cm3‘ 12.7 g sugar‘ 1000 cm3 _ 136 9 Sugar
1.0 g HoO/cm3 | | 100gsoin | 1L ~°° Lsoln

Problem 1.4 A
A liquified mixture of n-butane, n-pentane and n-hexane has the following composition

in percent.

n-C4H1o 50
n-CsHio 30
n-CgHig 20

Calculate the weight fraction, mol fraction and mol percent of each component and also the
average molecular weight of the mixture.

Solution

Note that the hydrocarbon mixtureisliquid so that the composition isthereforein
weight percent. It is convenient to use aweight basis and set up atable to make the calculations.

Basis: 100 kg
% = kg wt fr MW kg mol mol fr
n- CgH10 50 0.50 58 0.86 0.57
n-CsH1o 30 0.30 72 0.42 0.28
n-CeH1g 20 0.20 86 0.23 0.15
100 1.00 1.51 1.00
Average molecular weight = total mass = _100kg = 66

total mol 1.51 kg mol




Sec. 1.5 Temperature

Problem 1.5 A
Complete the table below with the proper equivalent temperatures.
°C °F K °R
-400 0000 e e e
---------- 77.0
-------------------- 698
-------------------------------- 69.8
Solution
The conversion relations to use are;
°F = 18°C + 32
K = °C + 273
°R = °F + 460
°R = 18K
°C °F K °R
-40.0 -40.0 233 420
25.0 77.0 298 437
425 797 698 1257
- 235 -390 38.4 69.8

Problem 1.5 B
The specific heat capacity of tolueneis given by following equation

Cp = 20869 + 5293 x 102T where Cpisin Btu/(LB mal) (° F)
andTisin°F
Express the equation in 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 10-2 (Tof)] Btu 252 cal| 1 Ib mol 1.8 °F
1 (Ib mol) (°F) | 1Btu 454 gmol 1K

Cp:
=[20.869 + 5203 x 102 (Top)] 1 - 0
' ' Pl (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.
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MEASURING TANK PRESSURE

P3
HTG-880 PRESSURE SENSOR — PERSONAL COMPUTER

— POWER

F i issana
RTD H P1 | RS485/RS232
i CONVERTER

SIGNAL
rga
—3F

Fig. 2

The measurement of pressure at the bottom (at P1) of alarge tank of fluid enables you to
determine the level of fluid in the tank. A sensor at P2 measures the density of the fluid, and
the sensor at P3 measures the pressure of the gas above the fluid. A digital signal is sent to the
remote control room where the sensor readings and calculations for volume can be displayed on
aPC. The volume of fluid in the tank is determined by multiplying the known area by the
height of fluid calculated from the pressure and density measurements. Level can be determined
to an accuracy of + 1/8 inch, avalue that leads to an accuracy of about 0.2% in the volume. In
atank containing 300,000 bbl of crude ail, the error roughly corresponds to about $12,000 in

vaue.
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Tep = (T - 273)18 + 32
Cp = 20.69 + 5.293 x 102 [(Tk - 273)1.8 + 32]

Simplifying Cp = -3447 + 9527 x 102 Tk

Problem 1.6 A
A solvent storage tank, 15.0 m high contains liquid styrene (sp. gr. 0.909). A pressure
gaugeisfixed 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 thetank isto be used for storage of liquid hexane (sp. gr. 0.659), will the same
pressure gage calibration be adequate ? What is the risk in 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 isfull.

Solution

a. Theliquidinfull 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 init, or it will break on
expansion at high pressure or collapse at lower pressure.

p=hpg
= 150m 29999 styrene/om3 1.0 g Hp0/cm3 103 kg/m39.80m/s2.  1Pa
. 1.0 g HZO/CmS ‘ ‘ 1 glcm3 ‘ ‘1 (kg)(m)_l(s)_z

= 134 x 103Pa =134 kPa gage

b. Hexaneisaliquid of specific gravity lower than that of styrene; therefore atank full of
hexane would exert a proportionally lower pressure. If the same calibration is used the tank
may overflow while the pressure gage was indicating only a partially full tank.

C. New p= h Py
150 0659 g hexanelem3| 1.0 g Hp0/cm3 103 kg/m3| 9.8 m/s?| 1 Pa
: 1.0.0 g HoO/cm3 ‘ ‘ ‘ ‘ L(kg) (M) 1(8) 2

96900 Pa = 96.9 kPa
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U-TUBE MANOMETER

—» Vacuum

Ah
(mm)

EEEEEREEN

[[[[[[[[]]

L

Ah
(mm)

Fig. 3 Various forms of manometers

Typical liquid manometers consist of a U-shaped tube of glass or polycarbonate plastic
partialy filled with what is called a manometer fluid. The size and height of the manometer,
and the manometer fluid, are selected so as to measure the desired pressure over the expected
pressure range. Typical manometer fluids are mercury, water, the fluid in the system being
measured, and heavy oils with very low vapor pressure. A manometer with the reference end
open to the atmosphere makes gage measurements, i.e., measurements relative to the existing
barometric pressure. A manometer with the reference end sealed so as to contain only the
manometer fluid vapor measures roughly absolute pressure, but more precisely the reference
pressure is the vapor pressure of the manometer fluid, hence the use of mercury which has an
especially low vapor pressure at room temperature (2 x 10-3 mm Hg; 3 x 104 kPa). The
sensitivity of a manometer can be increased by using special oils of specific gravity of 0.8 to
1.0 that also have very low vapor pressures. The accuracy of manometers depends on how
closely you can read the meniscusin the glass tube.
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Problem 1.6 B

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 atemperature of 60°F.
What is the pressure drop across the orifice meter in psi.

Solution
First we calculate density of acid and mercury.
_ 1.250| 62.4 |b/ft3 1 ft3 _ -
padd = 1728 x 103 in3 = 0.0451 Ib/in
_ 13.56 | 62.4 |b/ft3 1 ft3 _ —
PHg = 1728 x 103 in3 = 0.490 Ib/in
Sulfuric acid U
sp. gr. 1.250 —p
p Y
1 h 2 z,
hy
/] hy =} 5.35in.
A
/|

The procedure isto start with p; at z and add up the incremental pressure contributions.

The pressures of the Hg in the left and right columns below A in the tube cancel each other, so
we stop adding at level A.

left column right column
Atz p; + pah1g = p, + pah,g + pHghsg
P - P + palhs - g = pHgh3g
P - P + pah3g = PHgh3g
| T ) = (PHg - Pa)h3g

Subgtitute the densitiesin the final equation

L (0490-0.0451)lby (5.35)in 322U _ o
PP 2 32174 (ft) (b (b >0 PHANE(Ps)
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Problem 1.6 C
The pressure difference between two air tanks A and B is measured by aU - tube
manometer, with mercury as the manometer liquid. The barometric pressure is 700 mm Hg.

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

Solution B
vacuum »
h, =86cm

. -
. ar
ar pb v Z]_
Py fhl =2cm ~

ZO 1 /

\ ‘o

Tank A is connected to tank B through aU - tube and Tank B is connected to the vertical
U - tube. The vertical tube can be used to measure the pressure in tank B and the U - tube can
be used to relate the pressures of tanks A and B.

a. AtZp Pa + hlpHgg = p, (neglectingthe effect of airintheU - tube) (1)

azy Pp = h2 PHg 9 (2

Eliminate pp from the equations
Py, * hlpHgg = h pHgg

Pa = (2 - hy)pyyo
= 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 avacuum.

b. pa = 840 - 700 = 140 mmHg
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Problem 1.7 A

Gypsum (plaster of Paris: CaSOy4- 2H20) is produced by the reaction of calcium
carbonate and sulfuric acid. A certain lime stone analyzes. CaCQOz 96.89 %; MgCO3 1.41 %

inerts 1.70 %. For 5 metric tons of limestone reacted completely, determine:

a. kg of anhydrous gypsum (CaS04) produced.
b. kg of sulfuric acid solution (98 wt%) required.
c. kg of carbon dioxide produced.

(MW : CaCOs3 100.1; MgCOs3 84.32; HoSO4 98; CaSO4 136; MgSO4 120;
H20 18; COy 44)

Solution

The problem involves 2 reactions. Both calcium carbonate and magnesium carbonate

react with sulfuric acid. The stoichiometric equations are

CaCO3 + H2SO4 ------

> CaSO4 + HO + CO2

MgCO3z + H2SO4 ------ > MgSO4 + H)O + COo

mass fr
CaCO3 0.9689

MgCOs 0.0141
Inerts  0.0171

F1

R
Reactor

P2
F2 > > mass
CaSO4 mi
mass fr MgSO4 m2
H2SO4 0.98 H,0 m3
H> O 0.02 inerts m4

a. CaSO4 produced

5000 kg Iimestoné 96.89 kg CaCO;g‘l kg mol CaC03‘1 kg mol CaSO4‘ 136 kg CaSO4

Basis: 5000 kg limestone

ib CO, 1.00

100 kg limestone| 100.1 kg CaCOgz|1 kg mol CaCOg3/1 kg mol CaSO4

= 6600 kg CaSO4

b. Sulfuric acid required

Both CaCO3 and MgCOs react with sulfuric acid ina 1 to 1 molar ratio.

5000 kg Iimestoné 96.89 kg CaCOg‘l kg mol Ca003‘1 kg mol H2804‘ 98 kg H2SO4

100 kg limestone 100.1 kg CaCO3| kg mol CaCO3 kg mol H2SO4

= 4740 kg H2SO4
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5000 kg Iimestonei 1.41 kg M9003‘1 kg mol MgC03‘1 kg mol HZSO4‘98.O kg H2SO4
100 kg limestone84.32 kg MgCOg| kg mol MgCO3z |kg mol H2S04

= 81.94 kg H2SO4
total acid required = 4739.9 + 81.94 kg = 4822 kg 100 % acid.

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

4821.84 kg HZSO4‘ 100 kg acid solution
\ 98.0 kg HoSO4

= 4920 kg H2SO4 solution

c. Carbon dioxide generated

Both CaCO3 and MgCOg3 react with sulfuric acid to produce carbon dioxide.

5000 kg Iimestoné 96.83 kg Ca003‘1 kg mol Ca003‘ 1 kg mol CO» ‘ 44 kg CO»
| 100 kg CaCO3 |100.1 kg CaCO3/1 kg mol CaCO3|1 kg mol CO2

5000 kg Iimeston41.41 kg MgCOg‘ 1 kg MgCO3 ‘ 1 kg mol CO» ‘ 44 kg CO2
1100 kg MgCO3|84.32 kg MgCOg3| 1 kg mol MgCO3z/1kg mol CO2

= 2128.1 + 36.8 = 2165kg CO2

Problem 1.7 B
The synthesis of ammonia proceeds according to the following reaction
No + 3Hp ----- > 2NHs3
In agiven plant, 4202 |b of nitrogen and 1046 |b of hydrogen are fed to the synthesis reactor
per hour. Production of pure ammoniafrom this reactor is 3060 Ib per hour.

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

Solution
F1 5
N 4202 Ib/hr Reactor >
F2
—P NH3 3600 Ib/hr

H, 1046 Ib/hr
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AMMONIA SYNTHESISREACTOR
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Fig. 4 Claude ammonia converter, a continuous flow reactor

Ammoniais acommodity chemical produced in millions of tons each year for fertilizer,
explosives, plastics, chemicals, and many other uses. Figure 4 shows an ammonia reactor that
is1.2 min diameter and 7 m high, and operates at 1000 atm pressure, hence the gases are not
ideal. An ammonia plant is comprised of a sequence of reactors. Each reactor product
discharges into a cooling and condensing process from which liquid ammonia is removed.
Some of the unreacted gasis fed back to the start of the reactor, and the rest is passed on to the
next reactor in sequence. Entering gas contains some inert components, mainly argon and
methane, that do not react, and at the end of the process have to be purged from the system.
Every effort is made in the design of the overall plant to keep the ratio of the hydrogen to the
nitrogen at 3 to 1 at the entrance of the reactor. Varioustypes of catalyst have been developed
to enhance the fraction conversion of the Ho/N2 to NH3 on flow through the reactor.
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4202 |b Nz‘ 1 1b mol NZ‘Z Ib mol NH3 _

1046 Ib Hp | 11b mol Hp| 2 Ib mol NHz  _
" 2IbHz | 3Tbmol Hz = 348.61b mol NH3

If all of the N2 wereto react, 300 Ib mol of ammoniawould be produced whileif all of
the hydrogen were to react, 348.6 |b mol ammoniawould be produced. N2 isthe limiting
reactant.

b. Horequired : based on the limiting reactant

4202 |b Nz‘ 1 1b mol NZ‘B Ib mol H»
‘ 28 Ib N> \1Ibmo| N

450 Ib mol Hy required

1046 Ib Hg‘ 11b mol Hy

H» available: ‘ 21b Ho = 523 Ib mol Ho
_ mol in excess
%0 excess reactant ~ mol required to react with limiting reactant x 100
% excess Hp - (523 450 450) 100 = 16.2 %

moles (or mass) of feed that react

C. Percentage corversion = moles (or mass) of feed introduced

x 100

=3060|b|\|H41|bmo| NH3 1lbmolN, = 281b Ny

N2 reacted " 17IbNHz 21 mol NH3|11b mol N, = 2220 1D N2

% converson = iggg :E « 100 =  60.0%
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Problem 1.7 C

Five pounds of bismuth (MW = 209) is heated along with one pound of sulfur to form
BioS3 (MW = 514). At the end of the reaction, the mass is extracted and the free sulfur
recovered is5 % of the reaction mass. Determine

a. thelimiting reactant.
b. the percent excess reactant. 2Bi + 3S - > BibS3
c. the percent conversion of sulfur to BizSz.

Solution
a. Findthe Limiting reactant
Ratio in the feed
5.00 Ib Bi| 1 Ib mol Bi
Bi  _ 2091bBi 0.0239 mol Bi _
s - = 0.0313mols - 0774
1.00lb S/ 11b mol S
321b'S
. . . 2Ilbmol Bi _
Ratio in the chemical equation =3 bmol S = 0.667
Compare the two ratios; Sisthe limiting reactant.
b. % Excessreactant
Bi required = 1125 11D Mol S 2 mol B 0.0208 Ib mol Bi
%excessBi = (0'02%?0'23028) x 100 = 14.9 %

c. Wewill assume that no gaseous products are formed, so that the total mass of the reaction
mixtureisconserved at 61b (51bBi + 11bS). Thefree sulfur at the end of the reaction =
5%.

6.00Ibrxnmas§ 5.001b S ‘1Ib mol S
1100 Ib rxn mass| 32.01b S

= 0.00938 Ib mol S

moles of feed that react
moles of feed introduced

% Conversion 100

_ 0.031863()1.3(30938 . 100 = 70.0%
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1.1A

1.1B

1.1C
1.1D

1.1E

1.1F

1.1G

Chapter 1. Additional Problems

CHAPTER 1 — ADDITIONAL PROBLEMS
(Answers will be found in Appendix A)

Section 1.1

Convert the following to the desired units:

(@  60mi/hrtom/s () 30 N/m2to Iby/ft2

(© 16.3 Jto Btu (d) 4.21 KW to J's
Change the following to the desired units:

@ 235 g to pounds. (b) 610 L to cubic feet.
() 30g/L to pounds/cubic feet. (d)  14.7b/ir? to kg/cm?

Find the kinetic energy of aton of water moving at 60 min/hr expressed as (ft)(113).

An elevator which weights 10,000 Ib is pulled up 10 ft between the first and second
floors of abuilding 100 ft high. The greatest velocity the elevator attainsis 3 ft/s. How
much kinetic energy does the elevator havein (ft)(lky) at this velocity?

The Colburn equation for heat transfer is

nh o002
lcgk O (DG /)™

where C = heat capacity, Btu/(Ib of fluid)(°F); p = viscosity, Ib/(hr)(ft); k = thermal
conductivity, Btu/(hr)(ft2)(°F)/ft; D = pipe diameter, ft; and G = mass velocity,
Ib/(hr)(ft2) of cross section. What are the units of the heat transfer coefficienth?

Countercurrent gas centrifuges have been used to separate235U from 238U. Therate of
diffusive transport isK = 2rD pr. If K = rate of transport of light component to the
center of the centrifuge, in g mol/(s)(cm of height); D = diffusion coefficient; p = molar
density, g moles/cm3; and = log mean radius, (r> —r1)/In (ro/r1), with r in cm, what
are the units of D?

The density of acertain liquid is given an equation of the following form:
p=(A+BT)e®

where p = density in g/cm3, t = temperaturein °C, and P = pressure in atm.
@ The equation is dimensionally consistent. What are the units of A, B, and C?

(b) In the units above, A = 1.096, B = 0.00086, and C = 0.000953. Find A, B,
and Cif p isexpressed inlb/ft3, Tin °R, and pin Ibs/in2.
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1.2A

1.2B

1.3A

1.3B

1.3C

1.3D

1.4A

1.4B

Section 1.2

@ How many g moles are represented by 100 g of COp?
(b) Calculate the weight in pounds of 3.5 g moles of nitrogen.

Convert the following:
@ 120 Ib mol of NaCl to g. (b) 120 g mol of NaCl to Ib.
(© 120 Ib of NaCl to g mol. (d) 120 g of NaCl to Ib mal.

Section 1.3

A solution of sulfuric acid at 60°F isfound to have asp gr of 1.22. From the tablesin
Perry's Chemical Engineer's Handbook, the solution is found to be 30 percent by
weight HxSO4. What is the concentration of HoSO4 in the following units: (a) 1b
mcI)I/gaI, (b) 1b/ft3, (c) g/L, (d) b H2SO4/Ib H20, and (€) Ib mol H2O/lb mol total
solution?

A mixture of liquid hydrocarbons contains 10.0 percent n-heptane, 40.0 percent n-

octane, and 50.0 percent i-pentane by weight. The specific gravities &%g of the pure
components are
n-heptane=0.685  n-octane = 0.705 i-pentane = 0.622

@ What isthe sp gr %E of 93 |b of this mixture?

(b) How many U.S. gallons will be occupied by 130 Ib of this mixture?

Convert 17.2 ppm NHgz in water to the equivalent number of ppm of NH3 gasin water
vapor.

Five thousand barrels of 28°API gas oil are blended with 20,000 bbl of 15° API fud ail.
What isthe °API (API gravity) of the mixture? What isthe density in Ib/gal and |b/f8?

Section 1.4
A mixture of gasesis analyzed and found to have the following composition:
COy 12.0%
CO 6.0
CHy 27.3
Ho 9.9
N2 44.8

How much will 3 Ib moles of this gas mixture weight?

Y ou have 100 Ib of gas of the following composition:

CHg 30%
Ho 10%
N2 60%

What is the average molecular weight of this gas?
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1.4C What isthe composition of the gasin Problem 1.4A on anitrogen free basis(no Np in
the analysis)?

Section 1.5
1.5A Two thermometers are to be checked against a standard thermometer. The standard
reads —22°F. What should the other two thermometers read if they are calibrated in°C
and K, respectively?
1.5B Mercury boilsat 630K. What isits boiling temperature expressed in°C? In °F?In °R?

Section 1.6

1.6A What isthe gauge pressure at adepth of 4.50 mi below the surface of the seaif the
water temperature averages 60°F? Give your answer in |b (force) per sg. in. Thesp gr
of seawater at 60°F/60°F is 1.042 and is assumed to be independent of pressure.

1.6B The pressure gauge on the steam condenser for aturbine indicates 26.2 in. Hg of
vacuum. The barometer reading is 30.4 in. Hg. What is the pressure in the condenser
inpsia?

1.6C Examinethefigure

Open
v

Tank

Ah=20inHg] 2

The barometer reads 740 mm Hg. Calculate tank pressurein psia.

16D (@ An orificeis used to measure the flow rate of a gas through a pipe as shownin

Fig. P1.6D. The pressure drop across the orifice is measured with a mercury
manometer, both legs of which are constructed of - in. inner diameter (1D)
glasstubing. If the pressure drop across the orifice is equivalent to 4.65 in.
Hg, calculate hy and hz (both ininches) if hy isequal to 13.50 in.

(b) Theright glassleg of the manometer in Fig. P1.6D becomes corroded and is
replaced with glass tubing which isg - in. ID. The manometer is again filled
with a sufficient volume of mercury. For the same pressure drop asin part (a),
calculate hy and hz (both in inches).
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1.7A

1.7B

Flowing
gas

—

| =\

(mus] .

hy N

hy

—f
M N Hg—":
{

adh
\NANNNNNNN

Figure P1.6D

Section 1.7

How many grams of chromic sulfide will be formed from 0.718 grams of chromic
oxide according to the equation
2Cr,0, +3CS, - 2Cr,S, +3CO,

A barytes composed of 100 percent BaSOy is fused with carbon in the form of coke
containing 6 percent ash (which isinfusible). The composition of the fusion massis

BaSOy4 11.1%
BaS 72.8
C 13.9
Ash 2.2
100.%

Reaction:
BaSO, +4C - BaS+4CO

Find the excess reactant, the percentage of the excess reactant, and the degree of
completion of the reaction.
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Problem 2.1A
When Bob came home he found adisaster. Bill and Mary were both lying dead in a
puddle on the floor. Pieces of broken glass were all over the floor. What caused the disaster?

Solution

One way to approach this type of novel problem isto set up amatrix in which the
columns are possible options for solution and the rows are comprised first of the constraints
followed by the criteriafor evaluation. The last row would be the decision as to the best option
based on the weight of evidence presented in the matrix.

If the problem is not novel, then you can recognize valid patterns of successful solution
for related problems, and follow those patterns. With novel problems and lack of data, you
often make assumptions that prove to beincorrect. In this problem you might assume that Bill
and Mary drowned in the water from a waterbed as one option. But what about the glass? A
second option might be that Bill and Mary were in abathroom or kitchen where both water and
glassexist. A third option would require adistinct stretch of the imagination, but is the simplest
solution: Bill and Mary were goldfish and the glass came from the broken goldfish bowl.
Various options can be evaluated in terms of the constraints in the problem: presence of broken
glass, water on the floor, Bill and Mary dead, and so on. A decision based on the data would
eliminate options such as Bill and Mary drowned in a swimming pool or in ariver asthe
congtraints are violated by the meager data available.

Problem 2.1B
Why are 1994 new dimes worth more than 1984 dimes that have been in circulation?

Solution

In thisnovel problem you must focus on what the problemis. Think about it. What is
the unknown? What do the words mean? Perhaps draw afigure. Can you rephrase the
problem?

If you assume that the numbers refer to the year of minting, the question seems to be
nonsense as adime isworth 10 cents no matter what the year of issue. Does the question mean
that circulated dimes, being worn, have less numismatic value than new dimes? Or do the
number simply refer to the number of dimes? Clarifying a problem statement is always the first
step in problem solving. Why solve the wrong problem well?
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Solving Equations

Problem 2.2A
Solve the four linear material balances

X1—X2 +X3—4x4=20
2X1 + X3—X4=15

3x2 +x3=30
2X1—X3+ 2X4=-10

using a computer program

Solution

A number of standard computer programs easily handle problems of this type such as
spreadsheet packages, Matlab, Mathcad, Polymath, and so on as well as symbolic manipulators
such as Mathematica, Maple, Derive, etc. Most statistic packages and equation solvers will also
solve linear equations and have asimple user interface.

The solution for this example was obtained via the Excel spreadsheet. The equations
can be represented in the matrix notation Ax = b where the arrays are

A= 1 -1 1 4 X = x1 b= 20
2 0 1 -1 X2 15
0 3 1 0 X3 30
2 0 -1 2 x4 -10
4x4 4x1 4x1

(4 rows, 4 columns) (4 rows, 1 cal) (4 rows, 1 col)
To solve for the elementsin x, you need to form the matrices (arrays) A, b, and x; calculate the
inverse of A, A-1; and multiply asfollows:
A-lp=x
Excel carries out these operations transparently for you. The first screen showsthe

worksheet with the data entered along with the dark cells reserved for the elements of the

inverse matrix A-1. The next figure show the elements of the inverse matrix A-1 and the
solution (in column H).

AB X7 =MINVERSE(A 1:D4)
=[] Worksheetl
A B C D E
I 1 : - l 1 : _‘4
B C— e — i —
3 1 3 1 1]
— S — - g e —
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Worksheetl i ————————V

A B C D F G H

1 T =1 T oy

yd 7z 1] i =1

3 1] 3 i 1]

4 2 1] - i

5

5 ] 14
RN A A N R S VA L4 oS 2U 25 PEYr5Y
G | U 222222y a0 s 040407407410 25925928 15 551851857
T0 | -0 666667 1 1T IT11 1 =0 22222227 -0 rrriys 1] A 44344444
TT | S0 44444447 0740740741 -0 7481487 -0 1857852 =1 IETEVNET04
12

Problem 2.2B

In the back of the book is adisk containing the program Broyden that can solve sets of
nonlinear equations. (It isactually a minimization program that minimize the sums of the
squares of the deviations between the function values and zero). Solve the following two
eguations using Broyden or another program. Y ou must compile the subroutine containing
these equations via Fortran compiler on your computer before executing the program if you use
Broyden.

25-x2-x2=0
X, +X,-2=0

Solution
The output shows

ITER NFUNCT NDRV FN VALUE X-VALUES
o] S 2  0.457000E+03 -0.200000E+01 0.000000E+00
1 21 4 0.440910E+03 0.199082E+01 -0. 19954 1E+00
2 45 6 0.602136E+02 -0.847026E+00 -0.478122E+01
3 S6 8  0.598039E+02 -0.845112E+00 -0.483793E+01
4 70 10 0.417177E+02 0.825930E+00 -0.508889E+01
S 80 12 0.365274E+02 0.1S70{9E+01 -0.S01562E+01
6 93 14 0.102013E+02 0.33860¥£+01 -0.393178E+01
7 103 16 0.686787E+01 0.322017E+01 -0.383872E+01
8 116 18  0.230040E+01 0.397S99E+01 -0.318019E+01
9 130 20 0.167794E+00 0.427840E+01 -0.252328E+01
10 146 22 0.110081E-02 0.438222E+01 -0.241096E+01
11 156 24 0.288763E-04 0.439219E+01 -0.239034E+01
12 163 26 0.229370E-08 0.43911S5E+01 -0.239120E+01
13 170 28 0.933623E-12 0.439116E+01 -0.239117E+01
14 173 28  0.932459E-12 0.439116E+01 -0.239117E+01
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Problem 2.2C

Y ou are asked to plot the following data and fit the best curve to it to relate G,, the heat
capacity, to the temperature.

T(°Q) Cp[J(gmal) (°C)]

100 40.54

200 43.81
X Axis 300 Y AXxis 46.99
(horizontal) 400 (vertical) 49.33

500 51.25

600 52.84

700 54.14
Solution

A program called DeltaGraph was used to carryout this assignment. The screen after
entry of the datais

and the graph with a superimposed plot of athird order polynominal looks as follows

% File Edit Text Data Chart

= Untitled
Label A
100 40 54
200 43.581
300 46 .99:
400 49 33
SO0 51.25;
600 5284
700 5414

i)

...........................................

<
-
«

50

-

408

30

20

103

100 200 300 400 S00 600 700
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Chapter 2. Additional Problems

CHAPTER 2 — ADDITIONAL PROBLEMS
(Answers will be found in Appendix A)

Section 2.1

The following experiment is carried out in alaboratory. A 1.45 kg copper ball (sp. gr.
8.92) isallowed to fall from 100 cm height into atall vessel containing phenol (sp. gr.
0.789). Will the ball move more rapidly through the phenol if the material isat 25C or
at 100°C? Explain why.

Six beakers are aligned next to each other in arow on atable. Thefirst three beskers are
one-half full of ethanol. The second three beakers are empty. How can you arrange the
beakers so that the half full and empty vessels alternate in the row by moving only 1
beaker?

One evening aman at work saw behind him two masked men. He turned right and ran
straight ahead. Then he turned left and continued running straight ahead, and kept
running while turning left twice more. As soon as he turned the last time he saw in the
distance the two masked mean waiting for him. Who were they?

Section 2.2

Solve the following set of linear equations using a spread sheet program, MathCad,
Matlab, or arelated package:

2X+y+z=7
X—-y+z=2
X+y—-z=0

Solve the following set of nonlinear equations using a spread sheet program, MathCad,
or Matlab, or arelated package:

y =48 -x2
x5 = y2

Create an x-y graph for the following data points, labeling the axes properly, viaa
spread sheet, MathCad, or arelated program

time(s) 3 7 12 22 45 78
distance(min) 10 5 8 2 17 21
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Problem 3.1A

Bioremediation isamethod of cleaning up contaminated groundwater and soil. If adilute
solution of nutrientsis pumped viaawell into a closed soil layer underground at the rate of 1.5
kg/hr, and arecovery well removes 1.2 kg of depleted solution per hour, answer the following
guestions:

a What is the system (draw a picture)?

b. What isthe value of the input per hour?

c. What is the value of the output per hour?

d. What isthe value of the accumulation per hour?
e. What assumption has to be made to answer (d)?

Solution

a. Thesystemisthe soil.

<—n

b. Theinputis1.5kg in one hour.
c. Theoutputis1.2 kg in one hour.
d. Assumethe processis 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).

Problem 3.1B
If 1L of ethy alcohol ismixed with | L of water, how many kilograms of solution result?
How many liters?

Solution
The densities of alcohol and water at 20°C are 0.789 and 0.998 g/cm3, respectively.

Alcohol —— <— Water

!

Alcohol Solution

Basis: 1 L of each compound
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0.998 g| 1000 cm3
cm3 ‘

0.789g | 1000 cm3
cm3 ‘
Thetotal kg are 789 + 998 = 1787 g.

=789 ¢

= 998y

The volumes are not additive. For a 789/1789 = 0.442 mass fraction solution of alcohol in
water, the density at 20°C is 0.929 g/cm3.

1787 g| cm3

- 3
‘0_929 g 1923 cm

Problem 3.2A

A solution composed of 50% ethanol (EtOH), 10% methanol (MeOH), and 40% water
(H20) isfed at the rate of 100 kg/hr into a separator that produces one stream at the rate of 60 kg/hr
with the composition of 80% EtOH, 15% MeOH, and 5% H»O, and a second stream of unknown
composition. Calculate the composition (in %) of the three compounds in the unknown stream and
itsflowrate in kg/hr.

Solution
We will follow the stepsin Table 3.1 in the analysis and solution of this problem.
Step 1

The problem isto calculate the percent of the three components in the unknown stream and
itsflow rate. Assume the processin the steady state over a sufficiently long period of time.

Steps 2, 3, and 4

The figure is shown with all known values entered as numbers (with units) and all
unknown values entered as symbols.

F=100 kg/hl’% Separator ——=>P=60 kg/hr

mass fr mass fr
EtOH 0.50 i EtOH 0.80
MeOH 0.10 MeOH 0.15
H 2O 0.40 W =2?kg/hr H 2O 0.05
1.00 1.00
ka/hr or massfr
EtOH mEOH WEtOH
MeOH mMeOH wMeOH
H 2O mH,0 wH»,0
W 1.00

Step 5
An obvious basisis one hour.
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SEPARATION BY PRESSURE SWING ADSORPTION

Fig. 5a. Pressure swing absorption beds for the dehydration Fig. 5b. Packed bed used in adsorber.
of alcohols (courtesy of Howe-Baker Engineers)

Pressure swing adsorption is a commercia process for separating fluids based on their
different affinities for an adsorbent. A sequence of steps involves more than one vessel ("bed")
packed with adsorbent. Bed No. 1 receivesthe feed at the high supply pressure while bed No. 2 is
opened to the low exhaust pressure. When Bed No. 1 becomes saturated with desired product (the
undesired product leaves the bed at the exit), the supply is switched to Bed No. 2, and Bed No. 1
is opened to the low pressure so that the desired product is recovered. In the meantime desired
product collectsin Bed No. 2. After Bed No. 2 is saturated, the supply is again shifted back to
Bed No. 1, and so on. More than two beds can be employed, and the specific design of the

system and operating conditions are based on economical operation to conserve compression
energy.
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Step 6

The variables whose values are unknown are either (a) MetoH, MMeoH, and My,o plus W,
or (b) WetoH, WmeoH, and wH,o plus W. Either set of four is acceptable asthey are equivalent.
We have four unknowns, and need four independent equations.

Step 7

Four mass balances can be written for each set of variables, one total and three component
balances, but only three of the balances are independent.

Total: F = P + W F = P+ w
EtOH: 0.50F = 0.80P + mgoH 0.50F = 0.80P + wetonHW
MeOH: 0.10F = 0.15P + mmeoH oo 0.10F = 0.15P + wmeoHW
H20: 0.40F = 0.05P + MH0 0.40F = 0.05P + wH2oW

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

MEOH + MMeOH + MH20 =W or WEtOH + WMeOH + WH20 =1
Thus, we have four independent equations, and can get a unigue solution.
Step 8
Because the equations involving the product of w and W are nonlinear, the equations

involving m are often selected for solution of the problem, but if W is calculated first, then both
sets of equations are linear and uncoupled (can be solved independently).

Step 9
The solution of the equationsis (using the total and first two component bal ances)
my (kg/hr) W (mass fr)
EtOH 2 0.050
MeOH 1 0.025
H20 37 0.925
40 1.00
Step 10

As a check, we will use the third component balance, the one for HO, a redundant
equation

0.40(100) 2 0.05(60)+37  or 0.40(100)
40 = 3+37 40

0.05(60) + 0.925(40)
3+37




Sec. 3.2 Strategy of Solving Material Balances 33

Problem 3.2B

A continuous still isto be used to separate acetic acid, water, and benzene from each other.
On atria 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 problemisto
calculate the benzene flow in the feed per hour. How many independent material balance equations
can be formulated for this problem? How many variables whose values are unknown exist in the
problem?

System Boundary.& T
10.9% HAc
/ ‘ ’ aNaste
217 HxOO
. . H \W
BAqueous 080% acetic acid (HAc) \ 67.4 Bz
Solution 20% water (H,0) \
Feed []
F EBenzene (Bz) STILL
(data not available) \ /
N
~_ Product P
350 kg HAc/hr
Solution

No reaction occursin this problem and the processisin the steady state. Values of two
streams, W and F, are not known if 1 hr istaken asabasis, nor is the concentration of the benzene
inF, wezr. (If you know the concentration of benzene in F, you know all the concentrations in
the agueous feed. Thus, we have three unknowns.

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

Balance Fin W out P out
HAC: 0.80(1 — wBzF)F = 0.109W + 350 @
H-0: 0.20(1 — wzF)F = 0.217W + 0 (b)

Benzene: wBz FF 0.67W + 0 (©

The total balance would be: F =W + 350 (in kg). Are the three component balances independent?
Because of the zero termsin the right-hand sides of Egs. (b) and (c), no variation or combination
of Egs. (b) and (c) will lead to Eq. (a). Are Egs. (b) and (c) redundant equations? No constant
exists that when multiplied into Eq. (b) gives Eq. (c), hence the three mass balances are
independent.

A more formal way of establishing independence is to form the coefficient matrix of the
equations (when equated to zero) and determine its rank

F wBZ,FF W
[0.80 -0.80 -0.109[]
%).20 -0.20 -0.2175

O
50 1 -0.674H

Can you show by elementary operations that the matrix is of full rank, hence the three component
mass balances are independent?
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SEPARATION BY DISTILLATION

Downcomer

Bubbling Area

Downcomer

Fig. 6a. Distillation column (courtesy of Fig. 6b. Flow of liquid down the column and
Eickmeyer and Assoc.) across a tray through which vapor
bubbles upward

Fig. 6c. One distillation tray in the column (courtesy of Nutter Engineering)

In a distillation column, vapor and liquid flow in countercurrent directions to each other.
Liquid is vaporized at the bottom, and vapor is condensed from the top product and withdrawn
from the column. A number of trays are placed in the column, or the column is packed with open
material, so that the vapor phase contacts the liquid phase, and components are transferred from
one phase to the other. Asyou proceed up the column the temperature decreases, and the net effect
is an increase in the more volatile component(s) in the vapor and a decrease in the less volatile
components in the liquid. Vapor is withdrawn from the top of the column and liquid from the
bottom. Feed to the column usually enters part way up the column.
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Problem 3.3 A

A liquid adhesive, which is used to make laminated boards, consists of a polymer
dissolved in 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, al 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 al of the 10 wt % solution.

Solution
Steps 1, 2,3and4  Thisisasteady state process without reaction.
A =500 kg
mass fr
polymer 0.10
solvent 0.90
B K . P kg
— N
J mass fr Blending mass fr.
polymer 0.13
g&l\),/er?]?r %%% solvent 0.87
C kg
mass fr.
pure solvent 1.00
Step 5 Basis: 3000 kg 13 wt % polymer solution

Step 6 Two unknowns: B and C . (A isnot an unknown since al of it must be used).

Step 7 and 8 Two component balances and one total balance can be made. Only 2 of the
bal ances are independent.

Total balances 500 + B + C = 3000 Q)
Polymer balance: 0.10(500) + 0.20B + 0.00(C) = 0.13(3000) (2
Solvent balance: 0.90 (500) + 0.80B + 1.00(C) = 0.87(3000) 3
We will use equations (1) and (2).
Step 9
from (2) 0.1(500) + 0.20B = 0.13(3000)
B =1700kg
from (1) 500 + 1700 + C = 3000
C = 800kg
Step 10

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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MIXING (BLENDING)

Fig. 7a. Mixing tank and agitator (courtesy of Fig. 7b. Impeller and motor for a mixing tank
Mixing Equipment Co.)

In mixing and blending various mechanical devices are used to produce agitation. In
addition to rotating impellers illustrated above, mixing can be accomplished with pumps and
recirculation of fluid to the tank, air bubbles, jet mixing, and even flow through a packed pipe as
shown in Figure 7c.

Fig. 7c. Corrugated plate type elements alongside the flanged static mixer body
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Problem 3.3 B

Y ou 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 |b per minute. Y ou measure the discharge of gases
leaving the stack, and find the concentration of carbon dioxideis 3.2 %. Calculate the rate of flow,
in Ib mol/minute, of the entering waste gases.

Solution

Step 5

A convenient basisto use is 1 minute of operation, equivalent to 0.091 Ib mol of pure CO

feed.

Steps1,2,3and4  Thisisasteady state problem without reaction.

41b CO,| 11b mol CO,

=0.091 Ib mol CO;
| 441b CO,
P (Ib mal)
—
carbon dioxide
other
Stack
F (Ib mal)
waste gas
- ol C = 0.0911b mol
carbon dioxide  0.021 -~ -
other 0.979 pure carbon dioxide
Step 6
The unknowns are F and P (all compositions are known).
Steps 7 and 8

mol fr.

0.032
0.968

mol fr.

1.00

The "other" balance (atie component) and the CO, balance are independent equations. We

will use mole balances since all of the compositions are in mole fractions.

COo balance: 0.021F + 0.091

wastegasbalance: 0979 F 0.968 P
Step 9

Solving (1) and(2) P = 8.101b mol/min
Step 10

0.032 P

F =

To check above values, substitute them in the total balance

F + 0.0901

= 8.00

= P = 800

(D)
(2)

8.01 Ib mol/min




38 Sec. 3.3 Material Balances without Reaction

GASFLOW MEASUREMENT
7 rOD > S5 B
Flow Dlv
IA
A—l /‘ éQ é)D SOS
—D 05D,

Fig. 8a. Sharp-edged orifice meter. The pressure loss in the
converging-diverging flow can be related to the mass
flow rate through the pipe.

Fig. 8b. A rotameter consists of a tapered
tube, glass or plastic, enclosing a small
float. The fluid flow (adjusted by a
valve at the bottom) causes the float to
rise. Calibration may be necessary for
different fluids.
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Fig. 8c. Positive displacement meter. The rotating wheel
counts the volume passing through the pipe.

Both gas flow rates and liquid flow rates can be measured by a wide variety of devices
such as bellow meters, Venturi nozzles, nutating disk meters, orifice meters, rotameters, weirs (for
liquids), Pitot tubes, and magnetic meters among others. Some devices measure volumetric flow
directly as with meters in which the space between rotating paddles incorporates small volumetric
displacements of fluid. Other device measure the flows indirectly by measuring the pressure drop
caused by an orifice between two different sites in the pipe, or the change in voltage of a heated
wire.
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MEASUREMENT OF GAS CONCENTRATION

Ground

Fig. 9a. Portable combustion gas analyzer uses fuel Fig. 9b. A Wheatstone bridge circuit as used in
cell technology to measure oxygen, carbon power plants for CO,. It operates by
monoxide and carbon dioxide with 0.2% balancing the output voltage of two
accuracy for O, and CO,, and 1% for CO. circuits, one in a reference gas

concentration, and the other in the gas
to be measured.

Different combustion gases require different instruments for analysis. In addition to the
instruments shown above, carbon dioxide and carbon monoxide can be measured by infrared
analyzers--an infrared source is passed through a cell containing the sample gas, and the absorption
at specific wavelengthsisrelated to concentration. Accuracy is about 1%. Water vapor has to be
eliminated for analysis. Oxygen concentration can be measured by using its paramagnetic
properties or the el ectric potential developed in an oxidation-reduction reaction at high temperature.
Hydrocarbons can be measured by flame ionization, hot wire detectors, and infrared analysis.
Preprocessing scrubbing, etc. is needed to prevent interference in the analysis.
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Problem 3.3C

A laundry can purchase soap containing 30.0 wt % water at a price of $ 7.00 per kg. The
same manufacturer offers a soap containing 5.0 wt % water. If the freight rate is $ 6.00 per 100
kg, what is the maximum price that the laundry should pay the manufacturer for the soap
containing 5.0 wt % water ? Note that the buyer hasto pay the freight.

Solution

Step 1,2, 3and 4

Thefinal cost of the dry soap to the laundry includes the price paid to the manufacturer for
the dry soap plus the cost of shipping the wet soap. When buying the dilute soap (30 wt % water)
the laundry pays more freight on the water whereas buying the more concentrated soap (5 wt %
water) would reduce the freight paid on the water. In this problem a sketch of the processis not
required. The balance isto be made on dollars, hot mass.

Step 5
Y ou can use 100 kg of dilute soap (30 wt % water) asabasis, but it is probably clearer to
use 100 kg of dry soap.

Basis: 100 kg dry soap
Step 6
The only unknown is C, the cost of the 95 wt % soap per kg. The balanceisin dollars.

Steps 7, 8and 9 Theideaisto equate the total cost of two sources of soap.

cost of soap in the 95% $C ‘ 1 kg wet soap ‘ 100kgdrysoap  _ ¢ 40506 C
soln: 1 kg wet soap‘ 0.95 kg dry soap ‘
95 wt % soap: 0.95 kg dry soap | 100 kg wet soap
cost of soap in the $7.00 1 kg wet soap 100 kgdry soap  _ $1000.00
70 wt% soln: 1kgwetsoap | 0.70 kg dry soap
cost of shipping the 100 kg dry soap | 1 kg wet soap $ 6.00 _ $857
70 wt % soap 0.70 kg dry soap | 100 kg wet soap
Cost balance:
cost of 95 w9% soap + cost of shipping = cost of 70 wt % soap + cost of shipping
105.26 C + 6.32 = 1000 + 8.57
solving for C C =$9.52/ kg wet soap

Note that the cost of shipping isavery small factor in thefinal cost.
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Problem 3.3 D

A crystallizer contains 6420 |b 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
NapSO4. 10 H20. The remaining solution ( the mother liquor) is found to contain 16.1 %
anhydrous sodium sulfate. What is the weight of this mother liquor.

Solution

Steps 1,2, 3and 4

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. NapSO4 and H20 are the easiest to use here rather than NgSO4-10H20 and H20.

Initial F = 64201b Final P (Ib)  NasOs - 10H,0
Ib
mass fr. mol MW |b  massfr
Naz2SO4 0.296 Na2SO04 1 142 142 0441
H20 0.704 water 10 18 180 0.559
1.000 322 1.000
Mother liquor M (Ib)
mass fr.
Naz2SO04 0.161
H20 0.839
1.000
Step 5 Basis: 6420 Ib of 29.6 wt% NapSO4 solution
Step 6 The unknowns are the weight of crystals P (Ib) and weight of mother liquor M (1b).
Step 7 and 8
We need 2 independent balances, and will pick the total balance plus the NgSO4 balance.
Accumulation = In - out
Totd: P - F = 0 - M Q)
NapSO4: 0.441P - 0296 F = 0 - 0161 M 2
Step 9
from (1) P = 6240 - M
Substituting in (2) 0.441 (6240 - M) - 6240(0.296) = -0.161M
M =33301b P =3100Ib
Step 10
Use H20 balance as a check
H>0 balance: 0.704F = 0551P + 0.839M

0.704(6420) = 4520lb 0.551(3100) + 0.839(3330) = 4500 Ib

The calculated values do not exactly match, but they are close enough. The difference can be
attributed to rounding errors given the number of significant figuresin the problem.
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CRYSTALLIZATION
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Fig. 10a. Continuous crystallizer (courtesy of Swenson Fig. 10b. Batch crystallizer
Process Equipment). Fine crystals are brought
from the bottom to the surface where the rate is
higher.

Crystalization from an overall viewpoint represents transfer of a material from solution (or
even agas) to asolid phase by cooling, evaporation, or a combination of both. But there is more
to it. Of considerable importance are economics, crystal size distribution, purity, and the shape of
the crystals. Impurities or mother solution are carried along only in the surface or occlusionsin the
crystals. The partical size distribution depends on the distribution of seed crystals, which are
injected into the crystallizer prior to initiation of crystallization (batch) or continuously from
recycled undersized particles, the mixing in the system, the crystal growth rate, and the degree of
supersaturation of the mother liquor. As in shown in the figures, both batch and continuous
crystallization are used in industry.
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Problem 3.4 A
A furnace used to provide heat to anneal steel burns afuel oil whose composition can be
represented as (CHy)p. It is planned to burn this fuel with stoichiometric air.
a. Assume complete combustion and calculate the Orsat analysis of the flue gas.
b. Recalculate the Orsat analysis assuming that 5 % of the carbon in the fuel burnsto CO
only.

Solution

Steps 1, 2, 3and 4

This problem is a steady state problem with reaction. The subscript n in the (CH), merely
indicates that the oil is made up of along chain of CHy units or molecules. The carbon to hydrogen
ratio remains 1 to 2 in the fuel. All of the known compositions are placed in the figure for part (a).

F (Ib) P (mol)
— = mol
mol _mol fr. Burner
= CO2 nco,
C 1 050 O Nevo
H 1 050 o 2
2 No,
A (mol) total P
mol fr. mol
O, 021 150
N, 079 564
tota 1.00 714
Step 5 In this problem no flow rates are given. A convenient basis can be selected either F,
A, or Pin moles. We will pick
F = 100 mol fuel oil
a.
Step 4 Caculate A
CH, + 150, - > CO, + H->0
oxygen required
100 moal ail ‘ 15mol O, _
‘ 1 mol oil = 150madl O,
Nitrogen entering
150mol O, | 79mol N,  _
‘ 21 mol OZ =564 mol N-
Step 6 The unknowns are P and nco,, NH,0, No,, NN, - Since Z n, = P isan independent

equation, only 4 unknowns exists.
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A FURNACE

Fig. 11. Multiple hearth furnace (courtesy of BSP Thermal Systems)

Indirect or direct fired heaters are widely used in the process industries. Heat lossis kept
to aminimum by refractory coatings on the furnace wall. Any material in the fuel that is corrosive
or forms excess soot has to be avoided. Usually 20-25% excess air is required for fuel oil vs. 5-
10% for gaseous fuel, hence the latter is more economic. Energy in the exit flue gas not used to

heat water or a product can be recovered by heat exchangers that generate additional steam or
preheat the entering air.
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FEED SYSTEM
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Steps 7, 8 and 9
The compound balances are in moles. Gas combustion problems can be presented
in tabular form for convenience and to save space. The balances can be written as

In - out + generation - consumption = accumulation = O
Results
In Out Generation Consumption nimols Orsat anal.
CHp: 100 - O + 0 - 100 = 0 0 0
O2 ¢ 180 - ng + 0 - 150 = 0 0 0
No : 564 - ny + 0 - 0 = 0 564 0.849
COy: 0 - nge t 100 - 0 = 0 100 0.151
H20 : 0 - nyo * 100 - 0 = 0 100 0
764 1.000
Step 10

As acheck we will redo the problem using element balances. For steady state systemsiif
element balances are used, they are just

in = out
Element In Out
C 100 100
H2 100 100
02 150 100 + 100/2 = 150
N2 564 564
914 914
b.
Steps 7, 8and 9 Now we have 5 mol of CO in the exit gas and 95 mol of COp.
Orsat
In Out Generation Consumption nimols analysis(in%).
CH» 100 - O + 0 - 100 0 0
O2 10 - ng t 0 - 25+ 95+3(100) 2.5 0.4
N2 564 - nyg + 0 - 0 564 84.6
CO 0 - n + 5 - 0 5 0.8
CO2 0 - ng + 95 - 0 95 14.2
H20 0 - nyo *t 100 - 0 0 0
666.5 100.0
Step 10 (b) A check viaelement balances gives
Element In Out
C 100 95+5=100
H2 100 100
02 150 95 + 5/2 + 5/2 + 100/2 = 150
N2 564 564

914 914
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Problem 3.4 B

Y our assistant reports the following experimental data for the exit Orsat gas analysis from
the combustion of a hydrocarbon oil in afurnace: CO, 11.8 %; CO 5.0 %; Ho 1.5 %; O2 1.0 %
and N> by difference. The ail is being burned with 10 % excess air. Would you compliment him
on hiswork ?

Solution
Steps 1, 2,3and 4

The processis asteady state process with reaction. With 10 % excess air it isunlikely that
thereisany Ho in the exit gases. Based on the given exit gas analysis and given excess air, we can
calculate the fuel analysisand seeif it isreasonable. Do not forget the water in the exit gas!

W (mol)
mol fr.
H>O 1.0
F (mol) P (mol)
———= Furnace [~ mol fr.
ol fr. - mol | CO, 0.118
C X nc CO 005
H X NH 10%excess | A (mol) H, 0.015
1.00 ar O, 0.01
mol fr. N2  0.807
N2 0.79
1.00
Step 5: A convenient basisis the exit stream. Basis: P =100 mol exit gas.

Step 6: Unknowns: A, the moles of air entering; F, the moles of fuel entering; xc the mol
fraction of carbon in the fuel, and x4 the mol fraction of hydrogen in the fuel, or use nc and ny
instead of X¢ and XH.

Steps 7, 8 and 9: Four element balances can be made; alson. + ny = F.

In Out Results (mol)
N2 0.79A = 0.807 (100) A =102
02 0.21(102) = (0.118 + 0.05/2 + 0.01) 100 + W/2 W =122
C F(xc) = nc = (0.118 + 0.05) 100 nc = 16.8
H F(xH) = ny = (2 (0.015) 100 + 2W ny =274
Step 9
Oxygenin = 0.21(102) = 21.4 mol;

Based on the C and Hy found in the exit gas stream and the water, the oxygen entering the
furnaceis
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Required Oo:
16.8 mol C‘ 1mol O,

C+ O - > CO ' 1mol C = 168
Ho + 1207 ----- > H20 13.7 mol Hz‘ 1mol O,
= 6.85
| 2mol H;
Total required O = 23.65
10%excess = 2.37
Totd O, = 26.00

But the total oxygen supplied as per the Oy balance = 21.4 mal.
The answer to the question isno. This discrepancy istoo large.

Problem 3.4 C
Moist hydrogen containing 4 mole percent water is burnt completely in afurnace with 32 %
excess air. Calculate the Orsat analysis of the resulting flue gas.

Solution

Steps1, 2,3and 4
Thisis a steady state process with areaction. The data are placed in the figure.

F (mol) P (mol)
s Furnace | o
mol fr. mol fr. mol
H> 0.96 ) H2O  XH,0 NH20
H20 2_83 ar A (mol) N2 Xnp NN,
' mol fr. G2 Xo Moz
02 0.21
1.00
Step 5 Basis: 100 mol F
Step 4 We first calculate the amount of entering air.
Hp + 0502 - > H0
Oxygen required: 96 mol Hy 1mol O,
2mol H 48 mol
Excess Oz 48mol O, | 32mol O,
100mol 0, = 15mol

Total oxygenin 63 mol
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Nitrogen supplied g3 mol 0, | 79 mol N,
| 21mol O,

= 237 mol

Step 6 : Unknowns (4): P, the mol of flue gas and ny,0, NN, No,-

Step 7, 8and 9 Y ou can make 3 element balances and know thatZnj = P, atotal of 4
bal ances. The solution can be presented in the tabular form using compound balances.

In - Out + Generation - Consumption = 0  (for asteady state system)

Compound In Out Generation Consumption ~ mol nj Orsat
analy(%)
Ho % -0 + 0 - 96 = 0 0 0.00
H>0 4 - o F 96 - 0 = 0 100 0.00
02 63 - ng, + 0 - 48 = 0 15 5.95
N> 237 - ny, + 0 - 0 = 0 237 94.05
352 100.00
Step 10
A check can be made by making element balances in moles.
Balance In Out Compound nj
H2 96 +4 anO HZO 100
o2 63 + (4/2) no, + Nk,o/2 Oz 15
N2 237 NN, N2 237
400 352

Note: The Orsat analysisis on amoisture free basis.

Problem 3.5 A

A triple effect evaporator is designed to reduce water from an incoming brine (NaCl +
H20) stream from 25 wt % to 3 wt %. If the evaporator unit is to produce 14,670 Ib/hr of NaCl
(along with 3 wt % H20), determine:

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

The data are shown in the accompanying figure.

Solution
Steps 1, 2, 3and 4
Thisis a steady state problem. The data has been placed on the figure.
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EVAPORATORS
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Fig. 12a. Multiple effect vertical tube Fig. 12b.

evaporators (courtesy of APV
Crepaco Inc.)

Crossection of a single effect

evaporator (courtesy of Swenson
Process Equipment Co.)

Evaporation as a process operation involves the concentration of one more or solutes by
transfer of the solvent from the liquid into the vapor phase. Evaporation also may be simply
formation of vapor from aliquid. The heating medium, usually steam, isintroduced in the steam
chest connected to a set of tubesinside the evaporator body. The steam condenses causing some
of the liquid outside of the tubesto vaporize. Asamatter of economy, often a multiple series of
evaporators are connected so that the vapor from one evaporator is introduced (at alower pressure)
into the steam chest of the next evaporator where it condenses, and so on. Dissolved solids can be

deposited on the exterior of the heating tubes (scaling) so that different interior evaporator designs
are used to reduce scaling.
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V1 V2 V3
? mass fr /F mass fr /F mass fr

H>0O 1.00 H.O 1.00 H.O 1.00
Brine
e 0 [l
F Ib/hr
mass fr
NaCl 0.25 P2
H:0 0.75 P1 | P3 $14,670Ib/hr
mass fr mass fr mass fr
NaCl 0.33 NaCl 0.50 NaCl 0.97
H,O 0.67 H.O 0.50 H.O 0.03

Step 5: It isbest to choose 1 hr of operation or an arbitrary amount of dry salt produced per hour as
the basis. We will select
Basis: 14,670 lb=1 hr

Step 6:  There are 6 unknown stream flows: F, V1, Vo, V3, P1 and Px.

Step 7and 8

Balances for salt and water and total balance can be written for each unit as a system
aswell as overall balances (not al of these balances would be independent). We will use the salt
and total balances as the simplest ones.

Overdl balances
Tota balance: F=Vy+ Vy+ V3 + 14,670 Q)
Salt balance: 0.25F = 0.97 (14,670) (2
Evaporator |
Tota balance: F=Vi1+ P 3
Salt balance: 025F = 0.33P; 4)
Evaporator 11
Tota baance: PL=Vo+ P (5)
Salt balance: 0.33P1 = 050 P> (6)
Evaporator |11
Tota balance: P> = V3 + 14,670 @)
Salt balance: 0.50 P> = 0.97 (14,670) (8

Any set of 6 independent equations can be used to determine the 6 unknowns. We will use
equations (1) to (6) to solve for all of the unknowns.

Step 9
By starting the solution with equation (2), the equations become uncoupled.
F = 56,900 Ib/hr
From equation (4) 0.25 (56,900) = 0.33 Py

P1 = 43,100 lb/hr
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From equation (3) V1 = 13,800 Ib/hr
From equations (5) and (6) P> = 28,460 Ib/hr; Vo = 14,700 Ib/hr
From equation (1) 56,900 = 13,800 + 14,700 + V3 + 14,670

V3 = 13,800 Ib/hr

Step 10 Equations (7) and (8) can be used to check the results.

Equation (7) P> = V3 + P3
28,460 [ 13,800 + 14,670 = 28,470

Equation (8) 05P; = 0.97 P3
0.5 (28,460) = 0.97 (14,670)
14,2301b = 14,230 1b

Problem 3.5 B

Plants in Europe sometimes use the mineral pyrites (the desired compound in the pyritesis
FeSp) as a source of SO, for the production of sulfite pulping liquor. Pyrite rock containing 48.0
% sulfur is burned completely by flash combustion. All of the iron forms FesO4 in the cinder (the
solid product), and a negligible amount of SOz occursin either the cinder or the product gas. The
gas from such afurnaceis passed through milk of lime (CaO in water) absorbersto produce
bisulfite pulping liquor. The exit gas from the absorber analyzes. SO, 0.7 %, O2 2.9 % and N2
96.4 %.

Calculate the kg of air supplied to the burner per kg of the pyrites burned.

(MW : S 32; Fe56; O 16; N 14)

Solution

Steps 1, 2, 3and4 The problem is a steady state one with areaction occurring, and the system
will be the combination of both units. In this problem the oxidation reaction of pyrites can be
considered to occur as follows.

3FeS, + 80 ----- > Fes04 + 6S0O2

Lime + H.0O
P (kg mol)
Pyrites A mol fr
F (kg) — b | so, 0.007
Burner S Oz 0.029
FeS; + inerts 0 N> 0.964
" 0.964
mass fr b 1.000
S 048 A (kg mol) e
Fe 0.43 r
inerts 0.09 . .
1.00 Cinder + inerts
mol fr FesOs Y (kg mol)
O, 0.21
N2 0.79 L
2 1.00 Bisulfite soln

SO, Z (kg mol)
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FLASH COMBUSTION
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Fig. 13.

Finely divided solids such as coal or pyrites can be burned (or roasted) in a flash
combustion chamber which operates as follows. The raw material isfed into aball mill pulverizer,
and the small particles are swept by air into the combustion chamber where they burn. A tangentiad
gas take off duct from the chamber promotes swirling of the gas, and the layer of burnt particles of
ash settle to the bottom of the chamber from which they can periodically be removed. The hot

gases are cooled in awaste heat boiler where further fines settle out. The cooled gas goes to an
SO, recovery system in the case of pyrites.
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Step 5 Basis: P =100 kg mol

Step 6 Let Fbeinkg, A and Pin kg mol, Z be the kg mol of SO, absorbed in the lime solution,
and 'Y be the moles of Fe304 in the cinder.

Steps 7 and 8
Element balances (in moles)
S (048/32)F = Z + 0.007 (100) (1)
N2 0.79A = 0.964 (100) 2
B Y mol Fe30y4 ‘ 2mol O, (3)
02 021A = Z + 100(0.007 + 0.029) + 1ol FesO,
Y mol FesOy \ 3 mol Fe (4)
Fe (0.43/56) F = "1mol Fe;O,
Step 9
From (2) A = 122kgmoal and from (4): 0.00256F =Y
Substitute Z from equation (1) and Y from equation (4) in terms of F into equation (3) to
get
0.21A = (0.015F - 0.70) + 100 (0.036) + (0.00256F)2
Solvefor F F = 1130 kg pyrites
Z =0.015 (1130) - 0.7 = 16.3kgmol; Y =2.90 kg mol
kgair _ 122 kg mol air ‘ 29 kg air - 31 kg air
kg pyrites ~ 1130 kg pyrites| kg mol air T kg pyrites
Step 10

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 =1n - out + generation - consumption = 0

Accum-

In Out Generation Consumption ulation
FeS, [(0.91/120)1130] — O + 0 — [(0.92/120)1130] = 0
(o)) 0.21 (122) - 29 + 0 — (2.90) (8) == 0
N2 0.79(122) — 0.964 (100) + 0 - 0 = 0
FesO4 O - 29 + 2.9 - 0 = 0
SO, 0 - (163 + 07) + 17.0 - 0 = 0
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Problem 3.6 A
Based on the process drawn in the diagram, what is the kg recycle/ kg feed if the amount
of W waste is 100 kg ? The known compositions are inserted on the process diagram.

Solution
Steps 1, 2,3and 4

Thisis asteady state problem without reaction comprised of three subsystems, the process,
the separator, and the mixing point.

mass fr.
A 1.00
Mixing point W (kg)
F (kg) #a(kg) Separ—| K9
Process W
massfr.’|" massfr. mass fr.
A 020 |A 040
B 080 B 0.60 R (kg) l /Q ggg
1.00 1.00 1.00
recycle A only: massfr.
A 1.00
Step 5 Basis: W = 100 kg

Step 6: The unknownsareF, R, Pand G

Steps 7 and 8

We can make two component balances for the mixing point and two for the combined
system of the process and separator, as well as overall balances. We start with overall balances as
usual. Not all the balances are independent.

Overall balances

Tota F = P + 100 (D)

A 020F =005 P + 1.00(100) 2

B 08O0F =09 P 3
Mixing point

Totd F + R =G (4)

A 020 F + (1.00) R = 040G (5)

B 080F = 060 G (6)
Process + Separator

Totdl G = P+W+R (7)

A 0.40 G = 0.05 P + (1.00)100 + (1.00)R (8)

B 060G =095 P 9

Step 9 We have many redundant equations. Overall, process plus separator, and mixing

point balances have only 2 independent equations each, and of the 3 sets of equations only 2 sets
form an independent equation set . Therefore we can chose a set of four independent equations by
choosing two equations each from two sets.

Substitute (1) in(2) 0.20 (P + 100) = 0.05P + 100
P = 533 Kkg; F = 633kg

Equation (6) 0.80 (633) = 0.60 G
G = 844kg
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Equation (4) 633 + R = 844 R_211 kg _ kg R

R = 211 kg F~ 633kg™ 938 kgF

Step 10 Equations (7) and (8) can be used to verify the results.

Equation (7) G=P+WH+R
844 = 533 + 100 + 211
844 kg = 844 kg
Equation (8) 040G = 0.05P + W + R

0.40(844) = 0.05(533) + 100 + 211
338 kg = 338Kkg

Problem 3.6 B

A contact sulfuric acid plant produces 98.0 % sulfuric acid, by absorbing SOz into a97.3
% sulfuric acid solution. A gas containing 8.00 % SOz (remainder inerts) enters the SO3
absorption tower at the rate of 28 Ib mol per hour. 98.5 % of the SO; is absorbed in this tower.
97.3 % sulfuric acid isintroduced into the top of the tower and 95.9 % sulfuric acid from another
part of the processis used as make - up acid. The flow sheet is given in the figure with all of the
known dataonit.
Cdculate the

a. Tong/day of 95.9 % HSO4 make-up acid solution required.
b. Tons/day of 97.3 % H2>SO4 solution introduced into the top of the tower.
c. Tong/day of 98 % H>SO4 solution produced.

massfr.
mol fr. .
SO; 0.0013 Absor ption
inerts 0.9987 Tower
B F (Ib)
S1 (Ib mol) P1L P2 o
A H>SOs 0.959
mol fr P (Ib) HO  0.041
SOz 0.080 massfr.
inerts 0.920 H2SO, 0.980
H,O  0.020

Solution

Steps1,2,3and4  Thisisasteady state process. The known dataare in the figure. The
reactionis

HO + SOz ----- > HySOy4
Calculate the SO3 absorbed in the tower and the composition of S2.

Step 5 Basis: 100 mol S1

Step 4
0.08 mol SO; | 100 mol S1
1 mol S1 |

=8 mol SO3
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ABSORPTION
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Fig. 14a. Packed column Fig. 14b. Various kinds of packing: (a) Raschig
rings, (b) Intalox saddles, (c) Pall
rings

In apacked column the liquid comes in at the top, or near the top, and enters the column via
a series of nozzles or through a distributor plat. The gas enters below the packing and passes
upward. Packing placed in the columnis held in place by support plates.

In the manufacture of sulfuric acid, the SO, isfirst catalytically oxidized, to SOz whichis
then absorbed into a HoSO4—H20-S0O3 solution (absorption directly into H2O is not feasible
because a mist forms with SO3 that cannot be absorbed). An absorption tower is usually
composed of various kinds of packing, but sometimes trays are used as in a distillation column.
For sulfuric acid manufacture the steel tower is lined with acid proof masonry, and chemical
stoneware is used for the packing. A tower might be 7 or 8 m in diameter and absorb 1,000 tons
per day of SO3. Absorption towers are used to retrieve many other gases from the vapor phase
into the liquid phase (not necessarily water).
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SO3 absorbed in thetower = 8(0.985) = 7.88 mol (the overall absorption)

SOz in stream S2 = (8 - 788 = 0.12moal

Inertsin stream S2 = inertsinstream S1 = 92 mol
Calculate the composition of stream S2 (in mole fraction):
S02= (g3 9;120_12) = 00013 inerts = g 320_12) = 0.9987
Step 5 New Basis: S1 = 28 |b mol gaswith 8 % SOz (equivalent to 1 hr).
Step 6 6 unknown variables: F, G, P, P1, P2, S2.
Steps 7 and 8

We can make component balances for the overall system, the tower, the mixing point, and
the separation point. We will use component balances rather than element balances. Some balances
as are in mass and others in moles.

For steady state systems: In - Out + Generated - Consumed = 0

Overall
1 mol HySO04| 98 Ib HoS04

H2SO04: 0959 F - 0.980 P + 28(0.08) (0.985) 1 $03 ‘1 Ib mol H,S04 " 0=0 (1
SO3: 28(0.08) - 28(0.08) (0.015) + 0 -  28(0.08) (0.985) =0 (2
_ 1mol HoO| 18I1bH0 _
H2O: 0.041F - 0.020P + 0 - 28(0.08) (0.985) 1 g 803‘ 11b mol H20 - 0 3
Mixing point B
Totd : F+P2=G (4)
H2SO4 : 0.959 F + 0980P2 = 0.973G (5)
HoO: 0.041 F + 0.020P2 = 0.027 G (6)
Separation point A
Totd : PL=P2 + P 7)
Step 9 _
Equation (1): 0.959F - 0.980P + 216.22 = 0 (8)
Equation (3): 0.041F - 0.020P - 39.72 = 0 9)
Solving (8) and (9) F = 2060 Ib P =2240 Ib
Equation (4) : 2060 + P2 = G (10)
Equation (5) : 1975 + 0.980P2 = 0.973 G (11)
Solving (10) and (11) G = 6470Ib P2 = 44101b
Step 10

Use equation (6) asacheck: 0.041 (2060) + 0.020 (4410) £ 0.027 (6470)
844 + 88.2 0 1751b
1731b O 1751b
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Problem 3.6 C

TiCl4 can be formed by reacting titanium dioxide (TiOp) with hydrochloric acid. TiOy is
available as an ore containing 78 % TiO, and 22 % inerts. The HCI is available as 45 wt% solution
(the balance is water). The per pass conversion of TiO, is 75 %. The HCl isfed into the reactor in
20 % excess based on the reaction. Pure unreacted TiOp is recycled back to mix with the TiOp
feed.

TiOp + 4HCl  ----- > TiCly + 2H20
For 1 kg of TiCl4 produced, determine;
a. the kg of TiO» ore fed.
b. the kg of 45 wt % HCI solution fed.

c. theratio of recycle stream to fresh TiO, ore (in kg).
(MW : TiOy 79.9; HClI 36.47; TiCls 189.7)

Solution
Steps 1, 2,3and4  The known data have been inserted into the figure. Thisis a steady state
problem with reaction and recycle.

mass fr
HCl 0.45
H.O 0.55 P (k) mass fr
1.00 :
— P1
Reactor
F (ko) G s
mass fr §
TiO2 0.78 %
Inerts 0.22 N
R (kg)
mass fr mass fr
pure TiO2 1.00 $ HCl w1
Hzo w2
inerts  ws
W (kg) 1.00
TiO mass. fr. HCl massfr. TiClg mass fr.
Ti 0.599 H 00274 Ti 0.252
o 0.401 Cl  0.9726 Cl 0.748
Step 5 Though P could be selected asthe basis, it isequally valid and easier to choose F =

100 kg because F1 can then be calculated immediately.




Sec. 3.6 Material Balances with Recycle 59

SLURRY REACTOR

U

lag

| Operating Liquid Height
:%: f~~—L- Stagnant Liquid

i Height (ungassed)

192

iﬁf
=

(o0

meaTs

A

==

O

(
JIE
ELlg
N

Fig. 15. Slurry reactor (courtesy of Howard Rase)

In areaction between aliquid and the solids, the solids have to be agitated and distributed
throughout the liquid either by agitators or by gas bubbles to avoid settling of the solids. Prior to
entering the reactor the solids have to be milled to a suitable size so that good contact with the
liquid reactants is maintained, but not so fine that it is difficult to remove unreacted solids from the
liquid phase in the separator.
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SOLID-LIQUID-VAPOR SEPARATORS
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Fig. 16a. A typical vapor-liquid separator Fig. 16b. Flotation separators remove emulsified oil and
suspended solids (courtesy of EIMCO Process
Equipment Co.)

Fig. 16c. Liquid-vapor separator via centrifugal flow (courtesy of Wright Austin Co.)

Separators are used to segregate solids from liquids and gases, and gases from liquids.
Examples for gas-solid separation are cyclones, dust collectors, electric precipitators, rotary
sprayer scrubbers, and wet separators. The entrainment of liquid drops in evaporators,
crystallizers, distillation columns, and other mass transfer equipment can be a serious problem.
Drops and mist are eliminated by cyclone separators or by coalescing drops by impingement with
baffles or wire mesh pads. Solid-liquid separation is most economical by use of gravity settling or
a centrifuge, but finely divided solids can be removed by floatation or filtration. Liquid-gas
separation takes place in equipment such as shown in Fig 16a. Mixturesin asingle liquid or gas
phase are separated by distillation, absorption, adsorption, and membranes.
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Step 4 Calculate F1

1.00 kg F| 0.78 kg TiO2| 1 kg mol TiO2| 4 kg mol HCI | 1.20
‘ 1kgF ‘ 79.9kg TiO2 ‘1kg mol Tioz‘ ‘

36.47 kg HCI| 1 kg F1
1 kg mol HCI ‘ 0.45 kg HCI

=F1=3.80kg

System: Let the system be all of the units and mixing pointsjointly.

: . w w w
Step 6: The unknowns are: P, my (0r 1), My 5 (OF 2), M;fgs

(or wz), and W.

Step 7 The element balances are Ti, O, H, Cl, and alsoz m, = W(orZooi = 1) and theinerts
balance. If 5 of these are independent, we can solve for the variables whose values are unknown.
Steps 8 and 9 The balances arein kg. The simplest balances to start with are those involving tie
components. |If selected properly, the equations can be solved sequentially rather than
simultaneously.

Ti: (0.78) (1.00) (0.599) = (1.00) (P) (0.252)

P =1.85 kg (this value would be sufficient to calcul ate the answers to parts a and b)

Tota: 1.00+380=P+W=185+W

W = 2.94 kg
o (380005918 (1 00) (0.78) (0.401) = (2.94)(@p). =
wp = 0.83
a (3.80)(0.45)| 35.45 _ 1.85] 43545 _ 2.94 (wy) | 35.45
: 3647 T 189.7 | 1 1 36.47
w1 = 0.096
Inerts: w3 = 0.22 (1.00)/(2.94) = 0.075
Step 10 Asacheck, Zwy = 0.096 + 0.83 + 0.075 = 1.00
a. kg F _ 1.00 _ kg 0
kg P ~1.854 ~ 994 g 0
5 These vaues can be calculated solely from
b. kg F1 _ 3.798 _ 205@ - the data given and the Ti balance.
kg P — 1854 = kg H

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 arein kg.
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Steps 6, 7, 8, and 9
Totd: 100+ R=G

TiOy: 100 (0.78) + R (1.00)

Inerts. 100 (0.22)

Sec. 3.6

G
Mrio,
G
mi nerts

Next use the system of reactor plus separator.

Totd G+ 3.80

185+294+R

Material Balances with Recycle

The component balances will not add any independent equations, hence the information
about the fraction conversion must be used viaa compound balance on TiOp:

In Out Generation Consumption
TiOy: 100(0.78) + R(1.00) — R(1.00) + 0 — 0.79[100(0.78) + R] =0
R =26 kg
C.
kgR _ 26 _
kg F ~ 100 = 0-%6
Problem 3.6 D

Many chemicals generate emissions 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 is 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 theratio
of moles of the recycle stream to moles of the product stream.

mol fr.
CO 0.80
reactant 0.20
R(mol) 1.00
mol fr.
reactant 0.40
inert  0.50 i
(6{0) 0.10 -
F(mol) Loy G PL_| 2
(4100 kg mol/hr) Reactor gﬁ)—

Solution
Steps 1, 2,3and 4

product 0.450

inert  0.500
reactant 0.040
CO 0.010

1.000

Thisis a steady state process with reaction and recycle. The data has been

placed in the figure. (The componentsin P have to be calculated first.) Theinitia systemisthe

overall process.
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Step 5 Basis: 4100 kg mol F
Step 6 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 _ .
100 mol E_ - 2050 kg mol inert

Reactant

4100 kg mol F |40 mol reactant\ 0.10 mol unreacted _ 164 ka mol reactant
100 mol F ‘ 1.0 mol reactant  ~ g mol reactan

CO

4100 kg mol F\ 10 mol CO\ 0.10 mol unreacted CO 41 kg mol CO

‘ 100 mol F ‘ 1.0 mol CO =

P = 1845 + 2050 + 164 + 41 = 4100 kg mol

Use of the inerts as a tie component verifies this value.

Steps 7, 8 and 9 The next step isto calculate the recycle stream by picking a system
involving the recycle stream. To avoid calculationsinvolving P1, select first the mixing point as
the system and then a system composed of the reactor plus the separator.

Mixing point
No reaction occurs so that atotal balance is satisfactory: G=4100+R

Reactor plus separator
Because areaction occurs, an overall balance is not appropriate, but a reactant balance (a
compound balance) is.

Reactant:
In Out Gen. Consumption Accum.
0.40(4100) + 0.20R - (0.20R + 0.040(4100)) + 0O - 0.73[0.40(4100) + 0.20R] = 0
R = 6460 kg mol
R _ 6460 _
P~ 4100 - 18

mol recycle _ 6460 _

mol product ~ 1845 ~ 3.5
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Problem 3.6 E

Perchloric acid (HCIO4) can be prepared as shown in the diagram below from Ba(Cl(y)2
and HCIO4. Sulfuric acid is supplied in 20% excess to react with Ba(ClOy)». If 17,400 Ib HCIOy4
leave the separator and the recycleis 6125 Ib Ba(ClOy)2 over the time period, calculate :

a. Theoveral conversion of Ba(ClOg)».
b. Thelb of HClO4 leaving the separator per |b of feed.
c. Thelb of HySO4 entering the reactor.
d. The per pass conversion of Ba(ClOy)».
Note : 20 % HzSO4 is based on the total Ba(ClOy)» entering the reactor.
Ba(ClOg)2 + H»SO4 ------ > BaSOs + 2HCIOq4

MW: Ba(ClOy)2 336; BaSO4 233; H2SO4 98; HCIO4 100.5

Solution
Thisis asteady state problem with reaction and recycle.
P1 (Ib mol)
—_—— s
| mol fr.
S H,SOs 1.00
F1 (Ib mol) e
mol fr. P
H2SO4 1.00 o a P2 (Ib mol)
r E—
F (Ib mol) G Reactor a mol fr.
t BaSO,; 1.00
o
r
mol fr.
R (bmo) Ba(Q) 100 $ P3 (Ib mol)
mol fr.
HCIO4 1.00
Composition of feed F (given):
mass fr. MW mol fr
BA(ClOa)2 0.90 336 0.729
HCIO4 0.10 100.5 0.271

Steps 1, 2,3and4  All the known data have been placed in the figure. All flows calcul ated
below arein Ib mal.

17400 Ib HCIO4| 1 Ib mol HCIO4

‘ 100.5 b HCIO4 ~ 173.1 Ib mol HCIOq4

6125 [b Ba(ClO4)2| 1 Ib mol Ba(ClO4)2
~ 3361b Ba(ClOy)2

= 18.231b mol Ba(ClOg)2
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Step 5 Thisisasteady state process with reaction. Some thought must be given asto the system
to pick and the basis to use. No obvious basis appears and since we usually make overall balances
first, we will pick P3 = 17,400 |b as the basis equivalent to 17,400/100.5 = 173.13 |b mal.

Step 6 The unknown are: F, F1, P1, and P2.

Step 7 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(ClOy)2 is 100% since no Ba(ClOy)2 leavesthe
overall system.

Overall element balances (Ib mol)

o Flbmol 10.729 Ib mol Ba(ClO4)2| 2 Ib mol Cl
' ‘ 11b mol F ‘ 1 1b mol Ba(ClQOg4)>

, Flbmol 0.2711b mol HCIO4| 1 1b mol CI
‘ 11b mol F ‘1Ib mol HCIO4

_173.13Ibmol P3| 1 Ib mol HCIO4| 1 1b mol ClI
- ‘ 1 1b mol P3 ‘1Ib mol HCIO4

F=100.11b mol

~(100.1) Ib mol | 0. 729 Ib mol Ba(ClO4)>| 1 1b mol Ba
Ba
‘ 11b mol F ‘ 1 1b mol Ba(ClOg4)2

_ P21bmol| 11b mol Ba
- ‘1Ibmo| P2

P2 =73.01b mal

F1 b mol 11bmol H,SO4 1 1b mol S
‘ 11b mol F1 ‘1Ibmo| H2SO4

_Pllbmol| 1lbmolS , 73.0lbmol BaSO4| 1lbmol S
B ‘1Ib mol P1 ‘1Ib mol BaSOq4

The H and O balances are not independent balances from what we have so far. We need
one more eguation.

Mixing point

6125 _

Total: 100.1 + 336 - G = 118.31bmol
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Now we can calculate F1 as 1.2 times the Ba(CIOy)2 in G. The number of moles of Ba(ClOg)2 in
Gis

BaClO)z  100.1(0.729) + S22 = 912

1.2(91.2) =109 Ib mol = F1

Ib HCIOg4 _ 17400 Ib HCIO4 exiting _ 064 Ib HCIO4
Ib F ~ 100.1(0.729)(336) + 100.1(0.271)(100.5) ~ lb F

C. F1 =109 Ib mol 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(ClO4), for the system of the reactor plus the separator.

Accum. In Out Generation Consumption
6125
0 = 91.2 — 336 + 0 —(91.2)

f=0.80
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3.1A

3.1B

3.2A

3.2B

3.2C

CHAPTER 3 — ADDITIONAL PROBLEMS
(Answers will be found in Appendix A)

Section 3.1

State whether the following processes represent open or closed systems.
@ The global carbon cycle of the earth.

(b The carbon cycle for aforest.

(© An outboard motor for a boat.

(d) Y our home air conditioner with respect to the coolant.

Give an example of:

@ An unsteady state process
(b) A steady state process

Draw a picture or explain the process in not more than three sentences. Any type of process
you can think of will be acceptable—a chemical engineering processis not required.

Section 3.2

Determine the rank of the following matrix .

M1 0 20

0
3 0 4g
2 -5 10

Do the following set of equations have a unique solution?

X1+ X2+X3= 4
2X1+5xo—2x3= 3
X1+ 7X2—7x3= 5

Effluent from afertiler plant is processed by the system shown in the figure. How many
additional concentration and stream flow measurements must be made to completely specify
the problem (so that a unique solution exists).
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3.3A

3.3B

3.3C

Chapter 3. Additional Problems

g Cas0, 3%
HZSO4
CaSO, 5% l H,0
HNOs A E 11 kg/s
H,SO, A o
H,O —
H,S0, 1.27%
HNO, 1.27%
C D Inerts4
Inerts 10% H,SO, 1% H,O
H,0 HNO, 2%
H,O

Does only 1 unique set of specifications exist?

Section 3.3

Paper pulp is sold on the basis that it contains 12 percent moisture; if the moisture exceeds
this value, the purchaser can deduct any charges for the excess moisture and also deduct for
the freight costs of the excess moisture. A shipment of pulp became wet and was received
with a moisture content of 22 percent. If the original price for the pulp was $40/ton of air-
dry pulp and if the freight is $1.00/100 Ib shipped, what price should be paid per ton of
pulp delivered?

If 100g of NapSO4 is dissolved in 200g of HoO and the solution is cooled until 100 g of
NapS0O4-10H20 crystallizes out, find

(a) The composition of the remaining solution (mother liquor).
(b) The grams of crystals recovered per 100 g of initial solution.

Thefeed to adistillation column is separated into net overhead product containing nothing
with aboiling point higher than isobutane and bottoms containing nothing with a boiling
point below that of propane. See Fig. P3.3C. The composition of thefeed is

mole %
Ethylene 2.0
Ethane 3.0
Propylene 5.0
Propane 15.0
| sobutane 25.0
n-Butane 35.0
n-Pentane 15.0
Totd 100.0

The concentration of isobutane in the overhead is 5.0 mole percent, and the concentration
of propane in the bottomsis 0.8 mole percent. Calculate the composition of the overhead
and bottoms streams per 100 moles of feed.
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3.4A

3.4B

3.4C

3.5A

Feed Recycle
/ Overhead Product
Separator (Distillate)
Distillation
Column Bottoms (residuum)

Hint: Inthe overhead thereis no nCsH12 or nC4H10, and in the bottoms there in no
CoHgy, CoHg, or C3He.

Section 3.4

A synthesis gas analyzing CO», 4.5 percent; CO, 26 percent; Hp, 13 percent; CHg, 0.5
percent; and N, 56 percent, is burned in afurnace with 10 percent excess air. Calculate
the Orsat analysis of the flue gas.

Solvents emitted from industrial operations can become significant pollutants if not
disposed of properly. A chromatographic study of the waste exhaust gas from a synthetic
fiber plant has the following analysis in mole percent:

CS 40%
SO2 10
H20 50

It has been suggested that the gas be disposed of by burning with an excess of air. The
gaseous combustion products are then emitted to the air through a smokestack. Thelocal
air pollution regulations say that no stack gasisto analyze more than 2 percent SG by an
Orsat analysis averaged over a 24-hr period. Calculate the minimum percent excess air that
must be used to stay within this regulation.

A low-grade pyrites containing 32 percent Sis mixed with 10 kg of pure sulfur per 100 kg
of pyrites so the mixture will burn readily, forming aburner gas that analyzes (Orsat) SOp,
13.4 percent; Oy. 2.7 percent; and N, 83.9 percent. No sulfur isleft in the cinder.
Calculate the percentage of the sulfur fired that burned to SOs. (The SOs is not detected by
the Orsat analysis.)

Section 3.5

A natural gas analyzes CHg4, 80.0 percent and N, 20.0 percent. It isburned under a boiler
and most of the CO» is scrubbed out of the flue gas for the production of dry ice. The exit
gas from the scrubber analyzes COy, 1.2 percent; Oo, 4.9 percent; and No, 93.9 percent.
Caculatethe

(a) Percentage of the CO» absorbed.
(b) Percent excessair used.
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3.5B

3.6A

3.6B

Chapter 3. Additional Problems

A solvent dewaxing unit in an oil refinery is separating 3000 bbl/day of alubricating
distillate into 23 vol percent of slack wax and 77 vol percent of dewaxed oil. The chargeis
mixed with solvent, chilled, and filtered into wax and oil solution streams. The solvent is
then removed from the two streams by two banks of stripping columns, the bottoms from
each column in abank being charged to the next column in the bank. The oil bank consists
of four columns, and the wax bank of three. A test on the charge and bottoms from each
column gave the following results:

percent solvent by volume

to 1st no. 1 no. 2 no. 3 no. 4
column bottoms bottoms bottoms bottoms
Pressed oil 83 70 27 4.0 0.8
Wax 83 71 23 0.5 —

Calculate the following:

@ Total solution per day charged to the whole unit.

(b) Percentage of total solvent in oil solution removed by each column in oil bank.

(© Percentage of total solvent in wax solution removed by each column in wax bank.
(b) Barrels of solvent lost per day (in bottoms from last column of each bank).

Section 3.6

In an attempt to provide a means of generating NO cheaply, gaseous NHgz is burned with
20 per cent excess Op:

4NH3 + 502 [ - 4NO + 6H20

Thereaction is 70 percent complete. The NO is separated from the unreacted NHg, and the
latter recycled as shown Fig. P3.6A. Compute the

Moles of NO formed per 100 moles of NH3 fed.
(b) Moles of NH3 recycled per mole of NO formed.

0, NO
L —
Reactor Separator
NH g O,
Recycle NH4 J/ $

Acetic acid isto be generated by the addition of 10 percent excess sulfuric acid to calcium

acetate. The reaction Ca(AC), + HSO4 [ - CaSOg4 + 2HAC goes on with 90 percent
completion. The unused Ca(Ac), and the HoSO4 are separated from the products of the
reaction, and the excess Ca(Ac), isrecycled. The acetic acid is separated from the
products. Find the amount of recycle per hour based on 1000 |b of feed per hour, and also
the pounds of acetic acid manufactured per hour. See Fig. P3.6B.

H,SO, HAC
>

Reactor
Ca(Ac), ()

H,S0,+ Casq,

Ca(Ac),
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3.6C Thereaction of ethyl-tetrabromide with zinc dust proceeds as shown in the diagram below.

Thereactionis
CoHoBrg+22zn M - CoHo + 2 ZnBrp

Z S

LI % CoH»
Reactor g

F @ ZnBr

CszBM
CoH,Bra

Based on the CoH2Br4, on one pass through the reactor the conversion is 80%, and the
unreacted CoH2Br4 isrecycled. On the basis of 1000 kg of CoH2Br4 fed to the reactor per
hour, calculate

@ how much CyH> is produced per hour (in Ib);

2 the rate of recyclein Ib/hr;

(©)) the amount of Zn that has to be added per hour if Zn isto be 20% in excess,
4 the mole ratio of ZnBr» to CoH» in the products.
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Problem 4.1A
A steel tank having a capacity of 25 m3 holds carbon dioxide at 30°C and 1.6 atm.
Calculate the weight, in grams, of the carbon dioxide.

Solution
T =30°C =30+ 273.15= 303K
p=16am
V =25m3
UsepV = nRT

The gas constant has to be chosen to be consistent with the units of pressure, temperature,

and volume. Use standard conditions to calculate R

_ 1.00am| 22.415m3,
- ‘ kg mol ‘ 273.15K

(atm)(m3)

R (kg mol)(k)

= 0.08206

b EQ)((\!F )) - (O.C()égg(sg,os) = 1.608 kg mol or 1,608 g mol

1,608 gmol | 44gCOp _
‘g mol COp ~

Weight of carbon dioxide = 70.7x103g CO>

Alternate Solution:

UseV =22.415 m3/kg mol at T = 273K and p = 1 atm abs.
g P2V, 0, [T, 0
Hp, BB, B b, BT, B

25 m3| 1.6 atm abs| 273K | 1kgmol | 44 kg CO2 | 1000 g
‘ 1 atm abs ‘ 303K ‘ 22 415 m3‘ 1 kg mol COZ‘ 1kg

=70.7 x 103g CO2
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Problem 4.1B
20 ft3 of nitrogen at 300 psig and 100°F and 30 ft3 of oxygen at 200 psig and340°F are

injected into a 15 ft3 vessel. The vessel is then cooled to 70°F. Find the partial pressure of each
component in the 15 ft3 vessel. Assume that the ideal gas law applies.

Solution
N>
20 ft3
300 psig, 100°F \
15 ft3
70°F
p="
O
30 ft3

200 psig, 340°F

The problem can be solved by determining the number of moles of oxygen and nitrogen
and solving for the total pressure at the final conditions. Then the partial pressures are cal culated
using the mole fractions.

Nitrogen Oxygen
V =20 ft3 V =30ft3
p =300 psig = 314.7 psia p =200 psig = 214.7 psia
T=100"F=560°R T=340'F=800'R
_ PV _ (314.7)(20) _ _ (214.7)(30) _
.= RT = (10.73)(560) - 1.05 b mol Mo, = (10,73)(800) = 0.75 b mol
nT = NN, + No, = 1.80 Ib mol
Fina pressure p = nT\? T_ (180) (12'573)(530) =682 psia
moles mole fr(y;) P = pr(v)
O2 0.75 0.42 286
N2 105 0.58 396

1.80 1.00 682 psia
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Problem 4.1C

A steel container has avolume of 200 m3. It isfilled with nitrogen at 22°C and
atmospheric pressure. If the container valve is opened and the container heated to 200°C,
calculate the fraction of the nitrogen which leaves the container.

Solution

The solution involves determining the number of moles of nitrogen in the tank at the final
given temperature and pressure (T2 and p2), and at the initial conditions, and subtracting.

T1=22°C = 295K T, =200°C = 473K
p1=1am p2=1am
V1=200m3 Vo =200 m3
_p1Va _ V2

M=Rry 2= RT,
m = (1(200) = . (1(200)

1~ (0.08206)(295) 2~ (0.08206)(473)
= 8.26 kg mol =5.15 kg mol

8.26 —5.15 _

The fraction of N2 leaving = = 0.60

5.15

Problem 4.1D o _ _ _
Chlorine gas containing 2.4 percent O is flowing through an earthenware pipe. The gas

flow rate is measured by introducing air into it at the rate of 115 m3/min. Further down the line,

after mixing is complete, the gasis found to contain 10.85 percent O,. How many m3 of the
initial gas were flowing per minute through the pipe?

Solution

The problem is similar to other nonreacting material balance problems. It is convenient
to imagine the pipeline between the point of injection of air to the point of sampling as a mixer.
The process may be considered to be a steady state process without reaction.
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A (mol)
Air mol fr.
O, 0.21
N, 0.79
1.00 mol fr. mol
. F (mol) : P (mol) Cl, Xcl, ni
Chlorine Pipe 0, 01085 n,
mol fr.
N2 XN, N3
Cl, 0.976 1.000 P
O, 0.024
1.000
Step 5 We could use F = 100 mol asthe basisinstead of the given flowrate. All flow

rates can be then be converted to the basis of 1 minute at the end of the problem. However, itis
easier to use the given flow rate in m3 assuming that the temperature and pressure are the same
for all streams so that moles are proportional to m3 in each stream.

A=115m3

Step 6 Let Xc, and Xy, be the respective mole fractionsin P.

The unknowns are: F, P, Xcy, , and Xy, (or n1 and ng).

Step 7 The balances are: Cl, O2, No, and 2x; =1 (or Zn; = P) so the problem has a

unigue solution.

Step 8 Total F+115=P (@]
Oxygen Balance 0.024F + 0.21(115) = 0.1085 P 2
Chlorine Balance 0.976F = X¢1, (P) 3
Nitrogen Balance 0.79(115) = x\,P 4
Y Xxi =1.000 0.1085 + Xcj, + Xn, = 1.000 5)

Steps8and 9

Only 4 of the balances are independent. Substitute the total balance for one component
balance and solve (1) and (2) together to get

P=253m3aTandp
Vin=138m3at T and p
Step 10 Use >x; asacheck
from (4) X, = 0.79(115)/253 = 0.359
from (3)&(1) xqy, = (0.976)(138)/253 = 0.532

from (5) 0.359 + 0.532 + 0.1085 = 1.00
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Problem 4.1E
24.3%; Ho, 14.1%; CH 4, 3.5%; N2, 50.9%.

synthetic gas at the same conditions.

conditions?

(c) Cadculatethe flue gasanalysisfor (a) and (b).

A synthetic gas generated from coa has the following composition: COo, 7.2%; CO,
(@ Calculatethe cubic feet of air necessary for complete combustion per cubic foot of

(b) If 38% excessair were used for combustion, what volume of flue gas at 750°F and
738 mm Hg would be produced per cubic foot of synthetic gas at standard

Solution

The problem isjust a materia balance problem with volumes of inlet and outlet gases
specified instead of moles. We could select ft3 or moles as abasis.

Steps 1, 2,3,and4 Thisisasteady state problem with reaction.

mol fr. mol fr. mol
CO, 0.072 F(Ibmol) P(lbmol) CO2 Xco, Nco,
CO 0243 . ~ H20 xuo NH,0
H, 0.141 Nz XN, NN,
CH4 0.035 A (Ib mol) O  Xo, No,
Nz 0.509 AIrl ol fr. 100 P
O, 021
N, 0.79
1.00
Part (a)
Calculate the required air first.
Step 5 Basis 100 mol F
Step 4
Component mol Reaction mol reqd O»
CO» 7.2
CO 24.3 CO+ %0, - CO2 12.15
Ho 141 Ho+ %, 02 - H2O 7.15
CHgy4 35 CH4+ 202 - CO2+ 2H20 7.0
N2 50.9
100.0 26.3
Accompanying N2: 26.3 (79/21) 98.9

Total

125.2
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A _ 1252molar _ o molar _ 1.25ft3 air
F ~ 100mol feed =~ —“~ mol feed ~ 1.00 ft3 feed

(both at same conditions)

Since the temperature and pressure are the same for both streams, the mole ratio and the
volume ratio are the same.

Next, let us make a material balance for the case in which the air supplied is 38% in
excess. Keep the same basis.

A =125.2(1.38) = 172.7 mol

Part (b)
Step 6 Unknowns: P, and Xco,, XH,0, XN X0, (OF Neo,» Ny 0, N, Mo, )
Steps 7, and 8 The element balances are:
Carbon balance: 71.2+24.3+3.5= PXcp, =Nco, D
Hydrogen balance: 14.1(2) +3.5(4) = 2PXy o = 2Ny o (#4)
Oxygen balance: 7.2(2) +24.3+0.21 (172.7)(2) = 2Pxco, + PXn,0+ 2Pxo, (3
Nitrogen balance(N2): 50.9 + 0.79 (172.7) = Pxn, = Ny, 4
Also; XH,0+ Xco, + XN, T X0, =1 5
or Ny,0 + Nco, + Ny, + No, =P
Step 9
From the above equstions we get
Component mol
CO» 35
H20 211
02 10.1
N2 187.3
Total 253

Vol. of P@ 750°F, 738 mm Hg
T=750°F=1210°R

p =738 mm Hg

_ 253Ibmol | 359 t3 | 1210°R | 760 mm Hg _

3
Ve Libmol 492'R 738 mmHg 2.30 x 10> ft

100 Ib mol | 359 3
‘ 1 1b mol

VE = = 359 x 104ft3
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ft 3 flue gas

Vv 2.30 x 10°
P —6.41matTandp

VF  359x 104
Part (c) Flue gas analysis.

a The water and carbon dioxide are the same as in part b, and thereisno Oy in the flue gas.

mol mol fr

CO» 35 0.23

H-20 211 0.14

N2 98.9 0.63

155 1.00

b. mol mol fr

CO» 35 0.14

H20 211 0.08

N2 187 0.74

O2 101 0.04

253 1.00

Problem 4.1F
An old way of producing hydrogen gasin the laboratory was by the reaction of sulfuric
acid with zinc metal
H2 SO4(I) + Zn(s) — ZnSO4(s) + H2(g)
How many grams of sulfuric acid solution (98%) must act on an excess of zinc to produce 12.0
m3/hr of hydrogen at standard conditions. Assume all the acid used completely reacts.

Solution

Steps 1, 2,3,and4  You first must determine the number of moles of hydrogen produced, and
then calculate the acid required via stoichiometry. Thisis asteady state process with reaction
except for the Zn (which can be assumed to exit the vessel).

Zn

massfr. MW 103gmol  mol fr. mol fr.
29 Ho 100
H,SO, 098 98 10.0 0.90 2
0.02 120 m3SsC
H,0 18 1.111 0.100 G(gmol) | 540 g mol
1.00 11.11 1.00 mol fr.
F(g mal OIONe) P
u%%%OQ%Q%M ZnS04  Xzp so,
2NN HO xP
OOy 2 H,0

Zn XZn

1.00
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Step 5 Basis1 hr (120 m3at SCin G)
_ . _pv
moles of hydrogen=n = RT

12.0 m3| 1000 L
- 1m3

= 5.36 x 102g mol

=1.20 x 104

vol of hydrogen=V =

_ (1atm)(1.20 x 10%)
N=""(0.08206) (273)

Step 6 Unknowns are: F, P, X5,0,, Xf1.0, and xZ,. The only unknown we want to solve
forisF.

Steps 7 and 8 Balances: We can make H, S, O, and Zn element balances (they may not all be

independent) plus Zx; = 1. The easiest balance to make to get F is an H,SO, compound balance,
but other reasonable balances can be used.

In Out Generation Consumption Accum.
0.90F - 0 + 536 - 0 = 0

F =596 g mol HySO4

596 g mol HySO4 soln 10.0 g soln
111.11 x 10-3 g mol 98% soln

= 5.37 x 104 g 98% soln

Problem 4.1G

Polymeric membranes are proposed to be used to reduce the SO, concentration in the
waste gas of a sulfuric acid plant from 1.5% to 0.01%. Hollows fibers (made of polymeric
membrane) fill the separations unit. The waste gas containing 1.5% SO» isthe fresh feed in the
amount of 1000 m3 hr at 25°C and 1 atm (101.3 kPa). To meet the product gas specifications,
part of the product stream has to be recycled to reduce the concentration of SO, entering the
separator itself to 1.10% SO» in G, the process feed. The processisisothermal at 25°C and
isobaric at 1 atm.

@ Determine the recycle stream flow rate R in m3/hr.
(b) Determine the waste stream flowrate W in m3/hr.

Solution

Steps 1, 2,3, and4  Thisisasteady state process with reaction and recycle. All the known
data have been placed in the figure. No reaction occurs.
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Sec. 4.1
25°C A W(mlat T and P)
101.3kPa 25°C
mol fr 101.3kPa
SO, 0.011 1 =[]
25°C others 0,989
101.3kPa 1.000
F(m’atTandP)  G(m’atTand P . S P (maTadP)
1000m mr A [ 25°C mol fr
mel fr ' 101.3kPa SO, 0.0001
SO; 0.015 others 0.9999
others 0.985 1.0000
1.000 . -
R (m’al T and P)
25°C mel fr
101.3kPa SO, 0.0001
others 0.9999
1.0000
Step 5 Basis: F = 1000 m3 at 25°C and 101.3kPa (same basisas 1 hr)
Step 6 Ignore the exit stream from the reactor. Then G, P, W, and R are unknowns and

thelr composit

ions are known.

Since the temperature and pressure are constant throughout, volume balances can be used
(mole fraction is the same as volume fraction). The balances could be made in moles and then

converted to the basis of 1000 m3.

Steps 7, 8,and 9 The system isthe overall process. The balances are

Totd:

1000=P+W

SO,: (0.015)(1000) = 0.0001 P + W (1.000)

Other:

(0.985)(1000) = 0.9999 P (atie component)
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SEPARATION BY MEMBRANES

Feed in Hollow, thin-walled
/' plastic tube

~“ Permeate

Permeate out
Retentate
Tubular out
(multichannel)
Fig. 17a Tubular membrane separator Fig. 17b  Spiral wound membrane separator

Membranes are used to separate gaseous mixtures or liquid mixtures. Membrane
modules can be tubular, spiral-wound, or plate and frame configurations. Membrane materials
are usually proprietary plastic films, ceramic or metal tubes, or gels with hole size, thickness,
chemical properties, ion potential, and so on appropriate for the separation. Examples of the
kinds of separation that can be accomplished are separation of one gas from a gas mixture,
separation of proteins from a solution, dialysis of blood of patients with kidney disease, and
separation of electrolytes from non electrolytes.
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Two of the balances are independent. Solve any two to get

P=985.1 m3/hr at 25°C and 1 atm
W =14.9m3/hr at 25°C and 1 atm

To get R we make a balance on the mixing point where F and R combine to make G
Total: 1000+ R=G
SO,: 0.015(1.000) + 0.0001R = 0.011G
Other: (0.985)(1000) + 0.9999R = 0.989G

(Two of the balances are independent). Solve the first two to get

R =364 m3/hr at 25°C and 1 atm
G = 1364 m3/hr at 25°C and 1 atm

Step 10 Check

0.15(1000) 2 0.001 (985.1) + 14.9
15=15 OK.

Problem 4.1H

In asulfuric acid plant, sulfur is burned in the presence of excess oxygen to produce
sulfur dioxide which in turn is further reacted in the next step with oxygen in a converter to
produce sulfur trioxide.

In the plant SO2 aong with 10% excess air is fed into the converter which operates at
1500°C and 1 atm. The per pass conversion of SO is 75% and overall conversion is 100%. If

106 m3/hr of SO3 at 1100°C and 1 atm is fed to the converter, calcul ate the:

(@ flow rate of the product stream P in m3/hr at 1500°C and 1 atm and its composition
in mole percent;

(b) flow rate of the recycle stream R in m3/hr at 1500°C and 1 atm.

Solution
Thisis asteady state problem with reaction and recycle.

Steps 1, 2, and 3

SOZ+%02 - SO3
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R (kg mol) 100% SO,

/—\ 1500°C, 1 atm

— | Sepaaor = P (kg mol)
mol fr mol
SO3 X% Nso3
02  Xo, No,
N2 X
F(kg mol) e, L
ol fr G(kg mol) 1.00 P
SO, 1.00 Converter
10°m*/hr T
e Akgmo) ol i
25°C 0, 0.21
1 am N2 0.79
1.00
Step 5 Basis: F =106 m3 at 1100°C and 101.3kPa (equivalent to 1 hr)
Step 4 We will make the balance in moles (m3 could also be used if A and F are adjusted
to 1 atm and 1500°C).
pv _ 101.3(106)

N=RT = 8314 (1100 + 273) - 8874 kgmol SOz

Next, calculate the value of A, the entering air.

kg mol
Required O2: 8874 (%):4,437
Excess O3 0.1(4,437) =__444
Total 4,881
0.79
No: — ) = 18,360
2 4881 (0. 5 1)

Step 6 The system isthe overall process. The unknowns are P, ngp,, No,, and Ny, (or P, Xso,, X0,

XN,)

Step 7 Thebalancesare: S, O, N, and =n; = P(or ZXj = 1)

Steps8 and 9 For the overall process the element balances are (units are kg mol):

S 8,874 = P(Xs0p,) = Nso,
N2: 18,360 = P(Xn,) = NN,
O 8,874 (2) + 4,881(2) = 8,874(3) + no,(2)




Sec. 4.1 Ideal Gas Law Calculations 84

Ngo, = 8,874 ny, = 18,360 No, =444
Thus P = 8,874 + 18,360 + 444 = 27,618 kg mol or 27,620 kg mol

a. Apply pV =nRT

v = (27020 B3NS0+ 273) ~ 4 02 x 106m3hr at 1500°C and 1 atm
Atthemixing pointof Fand Rweget G: F+R=G

b. Make the system the reactor plus the separator to avoid having to calculate information
about the converter outlet stream. Use an SO» balance in kg mol.

In Out Gen. Consum. Accum.
(1.00)(8874+R) — R(1.00) + 0 — 0.75(8874+R) = 0

R = 2958 kg mol which corresponds 0.43 x 106 m3/hr at 1500°C and 1 atm
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Problem 4.2A
Seven pounds of N at 120°F are stored in a cylinder having a volume of 0.75 ft3.
Calculate the pressure in atmospheres in the cylinder

@ assuming N2 to be an ideal gas

(b) assuming the pressure of N2 can be predicted by van der Waal's equation
(© using the compressibility factor method

(d) using the Redlich-Kwong equation of state.

Solution

V =0.75ft3

T =120°F = 580°R

. 71bN2|11b mol
- 281bN>

Bass

= 0.251b mol N2

Moo 4

R = 10.73 (psia)(ft3)/(Ib mol)(°R)

a. Using theideal gasrelation pvV = nRT

0= (0.25)(10.73)(580) ( lam

0.75 14.7psia) = 141 atm (2074 psia)

b. Using van der Waals, equation

2
(p+r\]/j) (V—-nb) = nRT

3 \2 3
From the text for nitrogen ~ a= 1.347 x 106 M ) andb=238.6|-"
g mol g mol
3 \2 3 \2
(Cm |) 3.776 X 10-3(Crn |) @ 2
a=1.347 x \9M° MO = 5086
cmd |2 g mol
g mol
3\2 3 \2
38.6( | 160 10-2( o @ 2
b= g %L =06176 ()
i3 |2 g mol
g mol

Then
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( 0+ (0.25)2 5086
(0.75)2

) [0.75-0.25 (0.6176)] = 0.25 (10.73) (580)
(p + 565.1) [0.596] = 1556
p = 20.46 psi (139 atm)
C. Using the compressibility factor
pV =znRT
From Appendix D in the text the critical properties for nitorgen are

pe = 33.5 amand Te = 126.2K (227°R)

' _RTc (0.7302)(227)

= 3
¢~ e (335) = 4.95 fto/lb mol

Vv

_ T _ 580°R _

+_ V. _ 075ft30.251bmol _
Vit T 4ssmoma T O

c

On one of the compressibility charts having the right domain determine the intersection

of the V'r =0.61 and the T; = 2.56 lines. Some approximation may be required. From this point
you can read z on the vertical and py on the horizontal axis:

z=1.05 pr=45

_ zZnRT _ (1.05)(0.25)(10.73)(580)
P=""v = (0.75)

= 2178 psia (148 atm)

Or Usepr: pr = p/pc
p=(P(PQ) = 4.5 (33.5) = 151 am

These answers are close enough in view of the accuracy of the original data.

d. Using the Redlich Kwong Equation of State

D+ (V—b)=RT

TV2V (V + b)

RZT?5 RT
where a=0.4278 and b = 0.0867 EC

Pc
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g (0.7302)2 (227)25
(33.5)

(0.7302) (227)
(33.5)

a=0.427 = 5286 (°R)05 (atm) (ft3/Ib mol)2

b =0.0867 = 0.429 ft3/Ib mol

Substitute these values into the equation

p+ 5286 (3—0.429) = (0.7302) (580)

(580)Y2 3 (3 + 0.429)

(p + 20.96) (2.571) = 4235
p = 144 atm

The pressures determined by three methods are comparable athough not exactly same.

Problem 4.2B . _
A gas analyzes 60% methane and 40% ethylene by volume. It isdesired to store 12.3 kg

of this gas mixture in a cylinder having a capacity of 5-14 x 10-2 m3 at a maximum temperature
of 45°C. Calculate the pressure inside the cylinder by

(@ assuming that the mixture obeysthe ideal gaslaws,
(b) using the compressibility factor determined by the pseudo critical point method.

Solution Basis: 12.3 kg
a. Ideal Gas Law pVvV =nRT

k
av mol wt = Yy;MW; = 0.60 (16) + 0.40 (28) = 20.8 kg r%ol

n= 12.3 kg\ 1 kg mol mixture

| 20.8 kg mixture = 0.591 kg mol

T=45C=318K V=514x102m3 R=8.314 (kPa) (m3)/(kg mol)(K)

o= RT _ 0501 (8314)(318)

v C4x 102 = 30400kPa
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b. Pseudocritical method

IO'C =2 pa Vi T'C =2 TaVi V'c =2 V’d Yi
i i i
Methane Ethylene
Tc=190.7K Tc=283.1K
pc = 45.8 atm (4640 kPa) pc = 50.5 atm (5116 kPa)
V’_&_OQAZLS V’_&_0460L
c” pc T kgmoal c” pe Y kgmol

T, =0.60 (190.7) + 0.40 (283.1) = 227.7K  p, = 0.60 (4640) + 0.40 (5116) = 4830 kPa
- ) 3
Ve =0.60 (0.342) + 0.40 (0.460) = 0.389 | -

T _ 318K
e 227.7K
TC
V. =V _ 5l4x 10-2 m3/0.591 kg mol
PN 0.389 m3/kg mol

=140

=0.22

Using T'r and V'r, we get pr = 5.3 (approximately) so that p = prp'C = (5.3)(4830) = 26,000 kPa
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Problem 4.3A

Calculate the vapor pressure of benzene at 50°C using the Antoine Equation. Also
estimate the normal boiling point of benzene (the vapor pressure at 1 atm), and compare it with
the experimenta value (taken from a handbook).

Solution

: : o _ B
Antoine Equation In(p’) =A - C+T

From Appendix G in the text the coefficients are
Benzene: A =15.9008 T=K

B =2788.51 p* = mmHg
C=-52.36

a. Vapor Pressure of benzene at 50°C

o 2788.51
|n(p ) =15.9008 — 5236+ (50 + 273)

p* = 270 mmHg abs
b. At the boiling point the vapor pressureis 1 atm (760 mmHg abs.)

_ 2788.51
Solving, T = 353.3K

From Appendix D in the text the normal boiling point of benzeneis 353.26K. The two values
agree well.

Problem 4.3B .
Prepare a Cox chart for ethyl acetate. The vapor pressure of ethyl acetate is 200 mmHg
abs. at 42°C and 5.0 atm at 126.0°C. By using the chart estimate the

a boiling point of ethyl acetate at 760 mmHg and compare with the experimental value
(77.1°C).

b. vapor pressure of ethyl acetate at its critical temperature of 523.1K. Compare with the
experimental value of 37.8 atm.

Solution

To construct the temperature scale the following data for the vapor pressure of water are
used:
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T(CO): 30.0 50.0 100.0 150.0 200.0 250.0
p(atm): 0.042 0.122 1.00 4.70 15.36 39.22

The procedure is as follows:

1. First, select alogarithmic vertical scale and place even values of the vapor pressure on the
vertical scale to cover the desired pressure range.

2. Then draw a straight line representing the vapor pressure of water at any suitable angle so
that you cover the range of temperatures and pressures needed for the problem.

3. To locate each integer value of the water temperature (such as 30, 50, 100, etc.) on the
horizontal scale, note the corresponding vapor pressure on the vertical axis, and move
horizontally to the line. Then drop vertically down to the temperature axis and mark the
axis with the selected temperature (the spacing will not be at even intervals). Repeat to
get a series of temperatures.

4, Finally, put the two points given for ethyl acetate on the chart and draw aline between
them for ethyl acetate.

Cox Chart

30.00
20.00 —
10.00 —

Ethyl acetate

4.00 -
200 —
PEm) 700
0.60 —
0.40 —
0.20 —
0.10 —

004 | | | [ ) I I Y I B
0 10 20 30 40 50 75 100 125 150 175 200 250

T(°O)

The normal boiling point is estimated to be between 75°C and 80°C (a bigger chart would
produce a more accurate result), and at the critical point (250°C), the estimated vapor pressure is
about 50 atm.
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Problem 4.4A

If sufficient water is placed in avessel containing adry gasat 15°C and 100.5 kPato
thoroughly saturate it, what will be the absolute pressure in the vessel after saturation? The
temperature and volume of the vessel remain constant.

Solution
Air Saturated air
HO 1 e T=15C
754 mmHg p="7?

Once the air is saturated with water vapor, the water (if the water vapor isin equilibrium with
liquid water) exerts a pressure equal to its vapor pressure at 15°C.

Basis: Dry gas at 15°C and 100.5 kPa

The vapor pressure of H2O at 15°C = 1.7 kPa. Since the temperature and volume remain
constant

PT = Pair + Pr,o = 1005 + 1.7 = 102.2 kPa

Problem 4.4B

A gas saturated with water vapor in atank has avolume of 1.00L at 17.5°C and a pressure
of 106.2 kPa. What is the volume of dry gas under standard conditions? How many grams of
water vapor are present in the gas?

Solution
Sat. Gas Dry Gas Water Vapor
V =1.00L T=273K T=273K
T=175C p = 101.3 kPa p =101.3 kPa
p = 106.2 kPa V=7

At theinitial conditions the total pressure isthe sum of gas pressure and vapor pressure of the
water. Thefirst step in the solution involves determining the pressure of the dry gas assuming

constant temperature and volume. Look up: pu,o = p*Hzo (at 17.5°C) = 2.00 kPa
pr = 106.2 kPa= Py,0 + Pgas = 2.00 + Pgas Pgas = 104.2 kPa

1.00L| 273K |104.2kPa _

1290.5K | 101.3kPa ~ 0.97L at SC

a.

b. One solution technique isto apply pV = nRT to the water vapor.
1.00L | 2.00kPa| 1am | 1(gmol)(K) | 18gH0 _
" 2905K | 101.3kPa | 0.08206 (L)(atm) 1 g mol Hp0 ~ 00159 H20

Another approach isto use pV = nRT to calculate the total moles present and multiply the result
(0.039 g mol) by the mole fraction water (2.00/106.2).
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Problem 4.4C

Dry air at 25°C is saturated with toluene under atotal pressure of 760 mmHg abs. |Is
there adequate air for complete combustion of all the toluene? If so, determine the percent
excess air present for combustion.

Solution

The solution involves first determining the number of moles of toluene and the moles of
oxygen in a specified volume

Steps1,2,3 CyHg+902 - 7CO2 + 4H20

Air + toluene Air
25°C T=25C
760 mmHg p =760 mmHg
Toluene
T=25C, p= 760 mmHg

Step 5 Basis: 1 g mol C7Hg
Step 4 From the chemical equation we see 9 mol of O are need per mol of toluene hence

(9/0.21) = 42.86 mol of air is needed per mol of toluene. The mole fraction C7Hg would be
(1/43.86) = 0.0228.

Steps 6, 7,8and9 At 25°C, C7Hg exerts avapor pressure of

3096.52
—53.67 + (25 + 273.1)

In(p*) = 16.0137 —

p" =28.22 mm Hg abs.
At saturation
760 —28.22 = 731.78 mm Hg abs. = p4r

pa'r — na'r — 73178 —
Ptoluene  Ntoluene 28.22 2593

Since the molar ratio of air/toluene required for complete combustion is 42.9, and under the
given conditions the air/toluene ratio is only 25.93, the amount of air available is not adequate.




93 Sec. 4.5 Equilibria

Problem 4.5A
Assume that Raoult's Law holds for the following mixture
mole%
n-Hexane 20
Benzene 50
Toluene 30

a  What isthe dew point pressure of the mixture if it isat 150°F?

b. What isthe dew point temperature of the mixtureif it isat 85 psia?

c.  What isthe bubble point temperature of the mixtureif itisat 70 psig? The
barometer reads 780 mmHg.

d.  What isthe bubble point pressure if the mixtureis 150°F?

Solution

a. The dew point pressure is the pressure of which the vapor first starts to condense at
150°F. The mixture is assumed to be al vapor and the condensate composition is determined by

L 1 i Yi

— Yi _ Ji

1 - I d - *
pT i:Zl pl* pT i=1 pi

Assume an ideal solution exists and use the Antonine Equation to determine g for the pure

components

« B

In(P)=A-c57
B

A

T =150°F = 338.6K

*

C o Vi yilp;

n-Hexane  15.8366 2697.55 —48.78 684.67 020 2921 x 104
Benzene 15.9008 2788.51 -52.36 472.93 050 1.057x 103
Toluene 16.0137  3096.52 -53.67 171.75 030 1.747x 103

3.096 x 103

1Y - 3006x103
Pr P

pt =333mmHg

b. The dew point temperature is the temperature at which the vapor first condenses when the
vapor and liquid are in equilibrium. For an ideal solution at 85 psia (4395 mmHg) the relation to
useis
1_sV¥
Pr P
B
C+T

p*=exp{A—

1 { 0.2 + 0.5 + 0.3 )]

4394.6 6(15.8366_ 2697.55) 415_9008_ 2788.51) 6(16'0137' 3096.52

-48.78+ T -52.36+T -5367+T
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Solvefor T by trial and error (or on a computer) to get

T =500K pr = 13105 mmHg
T =425K pr = 3842 mmHg T ~435K
T =435K pr = 4321 mmHg

C. The bubble point temperature at a given pressure is the temperature at which the liquid
mixture vapor pressure equals the total pressure. The mixture is assumed to be al liquid and the
vapor composition is assumed to be in equilibrium with the liquid. The relation used under these
assumptions for an ideal liquid is

Pr=) RX

70 psi| 760.0 mmHg _
| 146% psa

3619 mmHg

pt =3619 + 780 =4399 mmHg abs.

2697.55 278851 3096.52
15.8366 - 15.9008 - 16.0137 -
4399 = {0-20 e( 4878+ T) + 0.5 e( 5236+ T) + 0.3 e( 5367 + TH

Solvefor T by trial and error (or on a computer) to get

T = 400K p = 2372 mmHg
T = 425K p = 4070 mmHg T = 429K
T =430K p = 4496 mmHg

d. The bubble point pressure at 150°F (338.6K) is the pressure at which the liquid first starts
to vaporize when the vapor and liquid are in equilibrium

For anideal liquid
Pr=> B

A B C b X; B X

n-Hexane  15.8366 2697.55  48.78 684.67 0.20 136.93

Benzene 159008 2788.51 « -52.36 472.93 0.50 236.47

Toluene 16.0137 3096.52  -53.67 171.75 0.30 51.53
424.9

pr = 425mmHg
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Problem 4.5B
A natural gas has the following analysis at 400 kPa
Mole%
Propane 78.0
Butane 12.0
Pentane 10.0

Its temperature must be kept above what value to prevent condensation? If it were cooled, what
would be the composition of the liquid that first condenses out of the gas?

Solution
Basis: 1.00 mol gas at 400 kPa.

Assumeideal vapor and liquid at the dew point. xj =yiKi 5 x =1 Ki=p; /pr
Z(yi/Ki):lor pTZ(yi /pi*) =1 for an ideal solution.

Procedure
Assume a temperature and obtain values for p,” from the Antonine equation or, a

handbook. Calculate (Z yi ! pi*) pr to seeif the sum equals 1.0. If not, repeat to bracket the
vaue 1.

1st iteration, let T = 310K

P/ (kPa) yi /o’ pTZ(yi / pi*)
Cs3 1269 6.147 x 104
Ca 3434 3.494 x 104 400(1.999 x10-3) = 0.768
Cs 104.7 9.551 x 104

Y =1919x107(kPa) ™

2nd iteration, let T = 290K

p’ /o pTz(yi / pi*)
C3 765 1.020 x 103
Cs4 186.5 6.434 x 10°3 400 (3.644 x 10-3) = 1.457
Cs 50.5 1.980 x 10°3
> =3.644x107(kPa)™
3rd iteraction T = 300K
P yi/p pr (vi/pi")
C3 9935 7.851 x 1074 400 (2.610 x 103) = 1.04
Ca 255.9 4.689 x 104 close enough
Cs 73.76 1.356 x 10°3
S =2610x107°(kPa) ™" T 300K
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At the dew point temperature, the liquid which first condenses has the composition

X; =Yipr I p;’

YiPt

*

Pi

_ (0.78)(400 kPa) _ (314

S~ 9935 kPa
(0.12)(400 kPa)
Xe = =0.
C. 255.9 kPa 0.188

- (010)(400 kPe)
Cs 7376 kPa 0942

in =1.04
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Problem 4.6A
A gas mixture contains 0.0083 g mol of water vapor per g mol of dry CHs at a
temperature of 27°C and atotal pressure of 200 kPa. Calculate the:

a  percent relative saturation of the mixture.

b.  percent saturation of the mixture

c. temperature to which the mixture must be heated at 200 kPa in order that the
relative saturation will be 0.20.

Solution
Basis. 11b mol CHy
Pi,o (27°C) = 3.536 kPa Pota = 200 kPa PHo = Ptotd YH,0
a. Percent relative saturation = p*HZO (100)
PH,0
0.0083

YO = 1 00083 - 0082

o = (200 kPa) (0.0082) = 1.64 kPa

% (100) = 46.4%

Pr—P

TP

b. Percent saturation = (rel. saturation)

) 100

- (0.464) PO=3540 106 _ 4500
[200-1.640

Note that the percent saturation is always less than the percent relative saturation.

C. In the heating at constant pressure, the mole fraction of the water vapor does not change
0 PH,0 = 1.64 kPa.

PH.0 _ 20 or 164 _ 020
PH,0 PH,0

The vapor pressure has to be calculated to get the temperature.

* 164 o
Pro = pop = 82 kPaand from stream table T = 315K (42°C)




Sec. 4.6 Partial Saturation and Humidity 98

Problem 4.6B .
A gasat 200'F and 30 in Hg abs. has amola humidity of 0.10. Calculate:

a the percentage humidity
b. the relative humidity
C. the dew point of the gas (°F)

Solution

Ph,o(at 200°F) = 11525 psia
p; = 30inHg =1.003am =14.74 psia

iy — Nvapor = Pvapor
molal humidity Nvapor freegas  Pvapor gas
0 . p =134 psia
"0 = 010 g -
gas 0
] i Pgas = 13.4 psia
Pr=Puo FPe=s  J :

P -p;
a. Percentage humidity = *Hzo (pT 0

) 100 = 2.79%

szO pT } pHZO
. . Puo
b. Relative humidity —~— (100) = 11.6%
H,0
C. The dew point of the gas can be determined from the steam tables. It isthe temperature

of which the partial pressure is equal to the vapor pressure of vapor (cooling at constant total
pressure)

pHZO = 1.34 psa=p*

The corresponding Tis T =112°F
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Problem 4.7A

Air saturated with water vapor at 80°F and 745.0 mm Hg abs. is passed through an air
compressor and then stored in atank at 25.0 psig and 80°F. What percentage of the water
originally in the air was removed during the processing?

Solution

This problem can be treated as a steady state problem without reaction, or as an unsteady
state problem. We will carry out the solution as a steady state problem. Recall that the water
vapor condenses on compression so that the compressed gas is still saturated.

Steps 1, 2,3, and 4

mol
: P
mol  F(bmol) _ P(bmol) _ %"
nf, ar 80°F Compressor H,0 njj
745 mmH P
= 80°F _
Liguid | W (Ib mol) 2 PS8 e Ha
H,0 100%

Step 5 Severa basis can be considered: F =100 |b mol, P= 100 Ib mol, W = 100 Ib mol, F =
745 Ib mol, and so on, but we will take atie component as a convenient basis

Basis: F=1.00 Ib mol
Step 4 Calculate the gas compositions.

F P
pw a 80°F is 0.5067 psia (26.2 mm Hg abs.) pw= 26.2 mm Hg
p, inF=745-26.2=718.8 mm Hg Pa in P=2053-26.2 = 2027 mm Hg
s _ Ph _ 7188 A _ Ph _ 2027
nf ~ pt 745 n®  pt 2053

Steps 6, 7,8and 9
We can make two component balances and one total balance (F = P + W) of which two
are independent. Two unknowns exist: W and P.

Total balance (Ib mol)
1.00=P+W

Air balance (Ib mol)

[7718.8 027
1.00 =——-—=P—-————sothat P=0.977 |b mol
0745 U [hos3U

W =1.00-0.977 = 0.023 |b mol

100 (0.023/0.0364) = 63%
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GAS COMPRESSORS (TURBO COMPRESSORS)

Impeilers Discharge volutes

Impeller inlet
labyrinth seals

Ll

Ll

s

* I =
‘ =
.

Wetgas cent

Fig. 18a Centrifugal compressor, quarter  Fig. 18b One half section of awet gas centrifugal
section open compressor (courtesy of Sultzer Turbosystems)

Compressorstake in gas at one pressure and release it at a higher pressure. Some axial
flow compressors have adjustable guide vanes such as occur in units for natural gas liquification.
A minimum flow exists below which the compressor operation becomes unstable (surges) and
back flow can occur as well as mechanical damage. A different type of compressor found in
common use is the reciprocating compressor which uses pistons to compress gases to higher
pressures than can be achieved with axial flow units, but can only handle smaller volumes of gas.
Both types of compressors can be used in stages to achieve higher pressures than provided by a
single unit. The approximate range of functioning of compressorsisin Fig. 18c.
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Fig. 18c  Range of operation of compressors 0r T
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INLET FLOW RATE, CUBIC FEET PER MINUTE



101 Sec. 4.7 Material Balances Involving Condensation
and Vaporization

Problem 4.7B

Toluene is evaporated into dry air. The resulting mixture at 40°C and a pressure of 101.3
kPa has a percentage saturation of 50%. It is desired to condense 80% of the toluene in the
mixture by a process of cooling and compressing. If the temperature is reduced to 5°C,
determine the pressure to which gas must be compressed.

Solution

Steps 1, 2, and 3, Thisis asteady state process without reaction.

kg mol
nt o P(kg mol)
Tol 40°C F(kg mol) ® T (kg mol)
nF 101.3 kPa . kg mol
=g (0.50) b= P
= Tol Tol ~ ~  Liquid T=5C nTOl
Toluene nP.
80% of p, =7 el
initial P
Step 4 Use the Antoine Equation for toluene to get p* for toluene
A =16.0137 B = 3096.52 C=-53.67
X B
) =A-ciT
aT=40C P = 58.71 mm Hg abs.
aT=5C PT = 9.118 mm Hg abs.

Proty = 101.3 kPa= 760 mm Hg. At 40°C
Pro = 0.50 p,, = 0.50 (58.71) = 29.36 mm Hg

Step 5 Basis: F =100 kg mol
Step 4 The toluene condensed is
T =0.80(100) (0.0386) = 3.088 kg mol

Calculate the composition of theinlet gas.

n%ol — pq'ol = 29.36 - 00386
nk o 760
ot ot

P P
Step 6 Unknown are: Myip Nor P
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Steps 7, 8, and 9
An overall balance, an air balance, and a toluene balance can be written; only two are

independent. But ny +nf, = Pisthe third equation needed.
Air balance (kg mol): 100 (1-0.0386) = nk,

Toluene balance (kg mol): 100 (0.0386) =3.088+ n-

Note that because of condensation, the toluenein P is saturated, and amounts to 20% of the
original toluene, or 0.77 kg mol. The partial pressure of the saturated toluenein Pis9.118 mm
Hg abs.

Pral - pfl'ol - Ntol - 0.77 — 0.77

Prot  Prot Ntot 0.77+96.14 96.91

_ [06.91_
Prot = 9'118DWD_ 1150 mm Hg abs. (153 kPa)
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Problem 4.7C

A constant-volume vessel contains dry air at 66°F and 21.2 psia. One pound of liquid
water isintroduced into the vessel. The vessal isthen heated to a constant temperature of 180°F.
After equilibrium is reached, the pressure in the vessel is 31.0 psia. The vapor pressure of water
at 180°Fis7.51 psia.

a Did all of the water evaporate?

b. Compute the volume of the vessel in cubic feet.

C Compute the humidity of the air in the vessel at the final conditions in pounds of
water per pound of air.

Solution

Steps 1, 2, and 3 Assume the liquid water occupies a negligible volume in the vessel. The
system is the vessel.

Gas F(lbmol) Initial Fina Gas G (Ibmol)
H.O nf H.O nS

Azir nﬂzo T=66°F T=180°F Aizr n(H;O

A Pair = 21.2 psia Prot = 31.0 psia Al

Totdl rlTot vV ft3 \% ft3 Totdl nTot

- Possible liquid
1ibl H
bliquid H,O H.,0
e
P, o (66°F)=0.3162 psia B, (180°F) = 7.51 psia
2 2

Step 5 Basis: Initial gas at conditions shown in the Figure.

Steps 6,7, 8,and 9

First we have to determine if all the water is vaporized or not in the vessel. We can
calculate the partial pressure of the air in the vessel at 180°F by applying the ideal gas law to
both the initial and final conditions, and using as the material balance the equality of theinitial

and final moles of air, n%;, =n%. .
F F orF
péirv - néirRTG
pAirV nAirRT

oreo 180 + 4607 .
o pgir = piirE.FE: lemmmz 26.9 psia

Thus, the pressure of the water vapor in the air a the final conditionsis
Ph,0=3L1-269=42psa

Because 4.2 < 7.51 psia, the air at the final state is not saturated.
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a. All the water vaporizes
b. We can calculate the volume of the vessel from the final given conditions plus the value
of the partial pressure of the water vapor in the final state

G G
— nHZORT (%8)(0 73)(640) - 908 ft3

H,O =
pﬁzo 4.2

The volume of the water vapor at its partial pressure is the same as the volume of the vessel.

C. The humidity is

421bmol Hy0| 18IbH»0 |11bmol air
26.9Ibmo|air‘1|bmo| HZO‘ 291bair

IbH20
Ibair

= 0.097
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Problem 4.7D

A silicagel drier removes 1000 kg of water per hour. Air issupplied at atemperature of
55°C and adew point of 26.5°C. The air leaves the drier at atemperature of 32°C and a dew
point of 7.2°C. The pressurein the system is constant at 100.0 kPa. Calculate the volume of the
wet air (at theinitial conditions) which is supplied per hour.

Solution

Steps 1, 2, 3and 4 Some of the datain the figure have been calculated in Step 4 below. The
process is a steady state one without reaction. Because gas are involved, the calculations will be
inmoles. The systemsisthedrier.

P mol fr. T=32°C
"~ Air 0.9898 DP=7.2°C
Pro= 100.0 kPa

slicagd HZO 0.0102
T=55°C 1.000
DP=26.5C
Pr = 100.0 kPa
mol fr. F(kg mol)

Air  0.965
H 2O 0.035 W = 55.56 kg mol (1000 kQ)
1.000 mol fr. HZO =1.00

Step 5 Basis: 1 hour
Step 4 p; o (26.5°C) = 3.50 kPa

P, o (7:2°C) = 1.02 kPa
2

Calculate the stream compositions first.

Inlet air Ouitlet air
pHZO = pHZO (26.5°C) = 3.50 kPa pHZO = pH20 (7.2°C) =1.02 kPa
pt = 100.0 kPa pt = 100.0 kPa

Step 6 Unknowns are F and P

Step 7 Balances are H>O and air (or total)

Steps 8 and 9
Air:  F(0.965) = P (0.9898) 0 F=2214kgmol
HoO: F(0.035) = P(0.0102) + 55.56 E

NRT _ (2214)(8.314)(328)

D 100.0 = 6.04 x 10m3/hr

at 55°C and 100 kPa

V =
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4.1A

4.1B

4.1C.

Fresh Feed (Gas) P (gas) CeHg
at 100°C and 150 kPa Reactor > Separator H
260 L/min. of CgHg 2

950 L/min. of H2
41D.

CHAPTER 4 — ADDITIONAL PROBLEMS
(Answers will be found in Appendix A)

Section 4.1

In atest on an oil-fired bailer, it is not possible to measure the amount of oil burned, but
the air used is determined by inserting a venturi meter in the air line. It isfound that 5000
ft3/min of air at 80°F and 10 psig is used. The dry gas analyzes CO», 10.7 percent; CO,
0.55 percent; Oy, 4.75 percent; and No, 84.0 percent. If the oil is assumed to be all
hydrocarbon, calculate the gallons per hour of oil burned. The sp gr of the oil is0.94.

In the manufacture of dry ice, afuel isburned to a flue gas which contains 16.2 percent
CO3, 4.8 percent Oy, and the remainder No. This flue gas passes through a heat
exchanger and then goes to an absorber. The data show that the analysis of the flue gas
entering the absorber is 13.1 percent CO» with the remainder O and N2. Apparently
something has happened. To check your initial assumption that an air leak has developed
in the heat exchanger, you collect the following data with a wet-test meter on the heat
exchanger:

Entering flue gasin a2-min period 47,800 f3 at 600°F and 740 mm of Hg
Exit flue gasin a2-min period 30,000 ft3 at 60°F and 720 mm of Hg

Was your assumption about an air leak a good one, or was perhaps the analysis of the gas
inerror? Or both?

Benzene (CgH ) is converted to cyclohexane (CgH12) by direct reaction with Hy. The
fresh feed to the processis 260 L/min of CgHg plus 950 L/min of H2 at 100°C and 150
kPa. The single pass conversion of Hy in the reactor is 48% while the overall conversion
of Ha in the processis 75%. The recycle stream contains 80% H» and the remainder
benzene (no cyclohexane).

@ Determine the molar flow rates of Ho, CgHg, and CgH 12 in the exiting product.

(b) Determine the volumetric flow rates of the product stream if it exits at 100 kPa
and 200°C.

(© Determine the molar flow rate of the recycle stream, and the volumetric flow rate
if the recycle streamisat 100°C and 100 kPa.

Recycle Gas
Stream, R
80% H,, 20% CgHg

|

CeH1o

A natural gas at 30°C has the composition of
CH4 80%
CoHa4 10
No 10
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4.2A

4.2B

4.2C

4.3A

4.3B

4.4A

Chapter 4. Additional Problems

If the pressure in the lineis 100 kN/m2, what are the partial pressures of the three
components? |If the temperatureisraised to 40°C, will the partial pressures change? |If
so, what will they be?

Section 4.2

Find the molar volume (in cm3/g mol) of propane at 375 K and 21 atm. Use the Redlich-
Kwong and Peng-Robinson equations, and solve for the molar volume using (1) a
nonlinear equation solver, and (2) the compressibility factor method. The acentric factor
for propane to use in the Peng-Robinson equation is 0.1487. Also, check your results
with the value found in a data base or a handbook.

What weight of ethane is contained in a gas cylinder of 1.0 ft3in volume if the gasis at
100°F and 2000 psig? Use (1) an equation of state and (2) the compressibility factor
method.

Calculate the volume occupied by 2.0 |b air at 735 psiaand 392°F.

Section 4.3

Estimate the vapor pressure of aniline at 350°C from the following vapor pressure data
(the experimental vapor pressure is 40 atm):

t{(°C) 1844 2128 2548 2927
pf@@m) 100 200 500 10.00

@ Prepare a Cox chart to solve this problem.
(b) Fit the coefficients in Antoine equation using a nonlinear optimization code or a
nonlinear regression code, and predict the value from the Antoine equation.

Estimate the vapor pressure of benzene at 125°C from the vapor pressure data

T(°F): 102.6 212
p" (psia): 3.36 25.5

by preparing a Cox chart.
Section 4.4

Carbon disulfide (CSp) at 20°C has a vapor pressure of 352 mm Hg. Dry air is bubbled
through the CS; at 20°C until 4.45 Ib of CSp are evaporated. What was the volume of the
dry air required to evaporate this CS; (assuming that the air is saturated) if the air was
initially at 20°C and 10 atm and the final pressure on the air-CS vapor mixture is 750 mm

Hg?
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4.4B

4.4C

4.4D

4.5A

4.5B

4.5C

45D

4.6A

A mixture of acetylene (CoH 2) with an excess of oxygen measured 350 ft3 at 25°C and

745 mm pressure. After explosion the volume of the dry gaseous product was 300 ft3 at
60°C and its partial pressure of 745 mm. Calculate the volume of acetylene and of
oxygen in the original mixture. Assume that the final gas was saturated and that only
enough water was formed to saturate the gas.

An 8.00iter cylinder contains a gas saturated with water vapor at 25.0°C and a pressure
of 102.6 kPa. What is the volume of the gas when dry at standard conditions?

Oxalic acid (H2C204) is burned with 248 percent excess air, 65 percent of the carbon
burning to CO. Calculate the dew point of the flue gas.

Section 4.5

Equilibrium flash vaporization of aliquid mixture of ethane (15 mol), propane (15 mol),
n-butane (15 mol), and pentane (15 mol) at 140°F and 200 psiatakes place in avessel.
What ratio of liquid to vapor exists when vaporization is complete. K-valuesare
respectively 3.70, 1.38, 0.57, and 0.21.

A vapor composed of 30 percent n-hexane, 30% n-heptane, and 40% n-octane is partially
condensed at 100 kPa. Assume that the vapor and liquid are ideal solutions. Calculate
the mole fractions of the three componentsin the vapor at equilibrium if 80 percent of the
original vapor condenses.

A solution containing 12 wt percent of dissolved nonvolatile solid isfed to aflash
distillation unit. The molecular weight of the solid is 123.0. The effective vapor pressure
of the solution is equal to
p=pXx
where p effective vapor pressure of the solution
X mole fraction of water
p" = vapor pressure of pure water

The pressure in the flash distillation unit is 1.121 psia and the temperature is 100°F.
Calculate the pounds of pure water obtained in the vapor stream per 100 Ib of feed
solution and the weight percent of the dissolved nonvolatile solid leaving in the liquid
stream.

Consider atank of water at 0°C under a pressure of 101.3 kPa at the surface of the water.
Would it be possible to maintain ice at the bottom of the water tank at 0°C in equilibrium
with the water?

Section 4.6

Toluene is mixed with air at 21°C in such proportions that the partial pressure of the
vapor is 1.33 kPa. Thetotal pressureis 99.3 kPa. Calculate the following:

@ The relative saturation.

(b) The moles of toluene per mole of vapor-free gas.

(© The weight of toluene per unit weight of vapor-free gas.

(d) The percent saturation.

) The percentage of toluene by volume.
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4.6B

4.6C

4.7A

Chapter 4. Additional Problems

A rigid vessel which is 1 ft3in volume contains 1 Ib of N2 and 1 Ib of H2O at 100F.

@ What is the pressure (psia) in the vessel?

(b) What is the molal humidity in the vapor phase?

(© What mass fraction of the water isliquid?

Around airports jet aircrafts can become major contributors to pollution, and as aircraft
activity increases and public concern brings other sources under control, the relative
contribution of aircraft to pollution could go up. Recently, federal-, state-, and local-
government pressure has speeded the introduction of new combustorsin aircraft. In atest
for an aircraft fuel with the average composition Cq 29H4.40, the fuel is completely
burned with the exact stochiometric amount of air required. Theair issupplied at 24°C
and 100 kPa, with a humidity of 80 percent.

For the entering air, compute the following:
@ The dew point.

@ The mola humidity.

3 The relative humidity.

Section 4.7

Leather containing 100 percent of its own weight of water (i.e., if the dry leather is 1 Ib,
the water is 1 |b) isdried by means of air. The dew point of the entering air is 40°F, and
intheexit air itis55°F. If 2000 Ib of leather are forced through the dryer per hour, how
many pounds of water are removed per hour? The barometer reads 750 mm Hg.

The following is the solution to the problem. Explain whether the solution is correct or
not. If not, what is the solution?

Basis: 750 Ib mol wet air in
Ph,o a 40°F = 6.29 mm Hg
Ph,o at 55°F = 11.05 mm Hg
b mol dry air in = 750 — 6.29 — 743.7 [b mol
Ib mol dry air out = 750 — 11.05 — 739 |b mol

6.29 Ib mol| 18 Ib
11 1b mol

=114 Ib H,O

Dry air balance

11.05 Ib mol|743.7| 18 Ib

H,O = =200 |b H,O

2 out | 739 1 Ib mol 2
H20 absorbed = 200 — 114 =86 |b H20
Comp. mol mol fract mol fract M.W. Ib
Dry Air 743.7 0.991 0.991 29 28.7
H-0 6.29 0.009 0.009 18 0.2

Tota 750 10 1.0 28.9
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Basis: 2000 Ib leather (1 hr)

2000 Ib leather|0.50 Ib H,0[86 Ib H,O removed

—— =754 Ib/hr
1 hr |1 Ib leather | 114 Ib H,O in

4.7B Air at 300K and 100 kPa has a dew point of 289K.

4.7C

4./D

(&)
(0)

(©
@
(€)

What is the percent relative humidity?

To what pressure must this air be compressed to cause condensation to start (the
temperature remains at 300K)?

To what temperature must this air be cooled to remove 25 percent of the moisture
(the pressure stays constant at 100 kPa)?

What would be the percent relative humidity of this air after heating to 340K (at
constant pressure)?

Did the molal saturation change during the heating indicated in part (d)?

Air saturated with water vapor is at 140°F and a pressure of 29.68 in. Hg.

@
(0)
(©

To what temperature must the air be cooled to separate 68 percent of the water in
it asliquid water (pressure is constant)?

To what pressure must the air be compressed to separate 68 percent of the water
init asliquid water (temperature is constant)?

If the temperature is reduced to 100°F and the gas is compressed to 25 psia, what
percentage of the water separates out as liquid?

Soybean flakes from an extraction process are reduced from 0.96 |b of CoHCl3 per pound
of dry flakesto 0.05 |b of CoHCI3 per pound of dry flakes in a desolventizer by a stream
of N2 which vaporizes the CoHCI3. The entering N2 contains CoHCl 3 such that its dew
point is 30°C. The N2 leaves at 90°C with arelative saturation of 60%. The pressurein
the desolventizer is 760 mmHg, and 1000 Ib/hr of dry flakes pass through the drier.

@
(0)

Compute the volume of N2 plus CoHCl 3 leaving the desolventizer at 90°C and
760 mm Hg in cubic feet per minute.

The N2 leaving the desolventizer is compressed and cooled to 40°C, thus
condensing out the CoHCl 3 picked up in the desolventizer. What must the
pressure in the condenser beif the gasisto have a dew point of 30°C at the
pressure of the desolventizer?
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Problem 5.1A
A 100-hp engineis used to pump ground water into an irrigation channel. Calculate the
rate at which the pump is doing work in
(& Btu/hr (b) Js (c) kw.

Solution Basis: 100 hp

100 hp| 0.7068 Btu/s| 3600 s

100 hp| 745.7 Js

= 7.457 x 104 J/s

1hp
. 100 hp 0.7457KW _ -\c -\
1hp
Problem 5.1B
Classify the following variables as intense or extensive.
a) temperature d) specific heat capacity
b) density e) refractive index
C) mass
Solution
a. Temperature: intensive property
b. Density: intensive property
C. Mass: extensive property
d. Specific heat capacity: intensive property

e Refractive index: intensive property
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PUMPS AND BLOWERS

Fig19a Cutaway view of two-vane
impeller with open eye (courtesy
of Nagle Pumps)

Fig19b  Semi-open impeller for handling
fluids containing pulpy solids
(courtesy of Nagle Pumps)

Fig. 19e Flexibleimpeller pump (courtesy of the Hydraulic
Institute)

=]

e CHANNEL OUTSIDE
THE IMPELLER

Fig19c Volute pump

PUMPS

Numerous designs of pumps exist among which afew areillustrated in the figures above
for pumping liquids. Centrifugal pumps have fixed impellers with fairly close clearance between
the impeller and the casing. Flexible impeller pumps have rubber blades that are squeezed
between the shell and the impeller hub. Gear pumps represent a class of positive displacement
pumps whose teeth mesh and force liquid into the outlet. Reciprocating piston pumps operate
much like the piston in an automobile except the latter pressurizes gases.
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Problem 5.1C

Make arough sketch of each of the following processes. Show the system boundary, and
classify the system as open or closed.

a) pump b) storage tank c) windmill  d) internal combustion engine

Solution
The dashed lines represent the respective system boundaries.

a. pump Liquid out

P Liquidin

Electric motor
open system: mass is transferred across the system boundary

b. Storage tank

Closed system: the tank does not exchange mass or energy with
surroundings (except when it isfilled or emptied)
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C. Windmill .
wind <—-—-E <— wind
Open System: wind moves in and out of the system
d. """"""""" K
Fuel ——>1 IC Engine > exhaust
ar
Open System: fuel and air enter the engine, and exhaust gases leave the

engine.

Problem 5.1D

Calculate the potential energy of 1 kg of water located at the surface of alake that is 100
meters above awater turbine which is 200 meters away and used to generate electricity.

Solution

1kg|9.80m|100m| 1J
s 1(kg)(m?)
2

PE = mgh = = 980J
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Problem 5.1E
Anideal gasin atank at 500°C and 100 kPais compressed isothermally to 1000 kPa.

What was the work (in J/g mol) of compression?

Solution
We have to assume that the work done on the gas represents energy transferred solely to
the gas, and no work is done on the equipment containing the gas during the compression.

Basis: 1g mol gas

| sothermal compression

W:J. pdV = J' NRT 4V = nRTIn _2
v,

P2V2  MRTL g Y2 =P 10 g4
piVi  n2RT3 V, p, 1000

Gy— lgmol | 8314 |(500+27315)K
a ‘ 1 (g mol)(K) ‘

In (0.10) = 14,800J

(the positive sign designates work done on the system)

Problem 5.1F
A wall of an annealing oven is made of 10 inch thick forebrick. If the interior of the wall

isat 2550°F and the exterior of the wall is at 392°F, what is the heat loss per hour? The relation
for heat transfer isQ = kA (T2 — T1)/Ax where k isthe thermal conductivity, T is the temperature
in °F, and Ax isthe wall thickness.

Solution
Basis: 1 hour

Y ou have to look up the thermal conductivity in a handbook. It varies with temperature
but assume an average value of 0.81 Btu/(hr)(ft2)(°F)/ft.

0.81(Btu)(ft) | (2550 — 392)F Btu
(P or2yfe) = 219 (a2

Thus, Q=
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ANNEALING OVENS

TO THE HEAT RECOVERY SYSTEM
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Fig20  Reverbatory furnace
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Ovens, kilns, retorts, and furnaces provide away of heating a charge of material. Some
ovens are fixed with the charge loaded and heated, and then cooled and unloaded as a batch.

Others are tunnels in which the charge passes through on trolleys or conveyors with the heating
occurring in the entrance region and the cooling taking place in an exit region. In both case the
heat of combustion is transferred either by direct contact from the flame or combustion gases, or
indirectly by transfer through a containing wall that separates the combustion products from the
charge. The use of direct combustion offers cheaper construction, lower cost of operation and
maintenance, and more rapid heating and cooling. The disadvantages are that the charge can be
contaminated with the dust and components of the combustion gases, and that the charge can be
oxidized/reduced depending on the oven conditions.
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Problem 5.1G

Anideal gasat 50°C and 1 atm is heated to 500°C at constant pressure, and then
isothermally compressed to 10 atm. It isthen isobarically cooled to 50°C, and finaly is
isothermally expanded to back to itsinitial state. For the overall process, determine AH and AU.

Solution

Enthalpy AH and internal energy AU are state functions and since the process returns to
itsinitial state at the end

AU=AH =0

Problem 5.1H

A automobile weighing 2500 Ib istraveling at 55 miles per hour when the brakes are
suddenly applied bringing the vehicle to astop. After the brakes have cooled to the ambient
temperature, how much heat (in Btu) has been transferred from the brakes to the surroundings?

Solution
L et the system be the whole car. The accumulation term in the energy balance is not zero
because the kinetic energy of the vehicleisinitially not zero but after stopping is zero. Also,
energy (heat) is transferred from the vehicle to the surroundings so that the energy transfer term
in the energy balanceis not zero. Therest of the terms presumably are zero. Consequently we
get (in symbols)
Q=AK=K2-K1

Basis: 2500 Ib automobile

Ko=0
<1= () m ,_ 1[2500 Ib,, |55 mne[%D 1 hr (#5280 ft?
1o\ 2| O hr 0|8600 sU|01 mile O
SN[ I T—

32.2(ft)(Ibm) 778(ft)(1by)

=(0-325) =-325Btu  (the minus sign denotes heat transfer out of system)
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Problem 5.1I

In Problem 5.1E, a gas was compressed isothermally. How much heat has to be
transferred to or from the compression equipment to keep it isothermal. Was the transfer into or
out of the equipment?

Solution

In the energy balance the accumulation term is zero because the internal energy of an
ideal gas depends only on the temperature, and the temperature is constant. The energy transport
terms involve heat and work

0=Q+W or hereQ=-W

Q = —14,800J

In other words, the negative sign indicates heat is transferred from the system to the surroundings
to keep the temperature constant in the system.
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Problem 5.2A
A heat capacity equation for acetylene is given by

Cp=9.89 +0.8273 x 10°2T - 0.3783 x 10-3T2 + 0.7457 x 10-9T3
where T isin °F and Cp isin Btu/(Ib mol) (°F).

a Convert the Cy, equation so that T can be inserted in the equation in °R, and the
units of Cp Wiﬁ be Btu/(Ib mol)(°R).

b. Convert the Cy, equation so that T can be inserted in the equation in K and the
units of Cp will be J(g mol) (K).

Solution The units of Cp are already Btu/(lb mol) (°F) and since A°F = A°R, the units are
also Btu/(Ib mol) (°R). To change from T., substitute T.. = T., — 460 in the equation for G,

a  Cp=9.89+0.8273 x 102 (T., —460) —0.3783 x 105 (T., — 460)2 + 0.7457 x 10d
(T.x —460)3
We will delete the cubic term for simplicity in the answer. The error is small.

Cp = 9.89 +0.8273 x 102 (°R — 460) — 0.3783 x 105 (°R—920°R + 2.116 x 10P)
= (9.89 — 0.8273 x 10-2 (460) — 0.3783 x 10-5 (2.116 x 105)) + (0.8273 x 10-2 + 0.3783 x 10°5
x (920))°R — 0.3783 x 105°R2

Cp =5.284 +0.1175 x 102 T, —0.3783 x 10-5 T2, Btu/(Ib mol) ('R

b. First, multiply the entire equation by conversion factors to convert
Btu J
(lbmal)(°F) (g mal)(K)
Btu | 1lb |1.8°F 1055J

(Ib moI)(°F)‘ 4549‘ 1K ‘ 1Bty — 4-184isthemultiplier

Then substitute in the equation for Cy, the following expression for To¢
T.. =1.8Tk —460

Cp=[9.89 + 0.8273 x 102 (1.8 Tk —460) —0.3783 x 10'5 (1.8T —460)2 + 0.7457 x 109
x (1.8Tk —460)3] [4.184] J(g mol) (K)

Cp=6.01+1.86x 102 Ty —1.45% 10 T% +1.34x109 T}
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Problem 5.2B
One of your coworkers has collected experimental values for the heat capacity of air from
0 to 1500°C asfollows:

T(°C) 0 18 25 100 200 300 400 500 600 700
Cp(Jgmol) (°C) 29.062 29.075 29.075 29.142 29292 29514 29.782 30.083 30401 30.711
T(°C) 800 900 1000 1100 1200 1300 1400 1500

Cp(J(gmol) (°C) 31.020 31317 31585 31.865 32108 32338 32556 32761

Use the method of least square to estimate values of the coefficients in the following two
functions that can be used to calculate Cy, in the future.

C,=a+bT +CT?
(Jwhere T is in °C

W 2 4T3
Cp—a+bT+cT +dTQ

Solution
From a computer program to carry out the least squares procedure you can find

a=28.936 a =29.041
b =239 x 103 b”=0.185 x 102
c=162x 107 ¢ =0.339x 10°

d" =-0.270x 108

Problem 5.2C

Two gram moles of carbon dioxide are heated from 400°C to 1100°C. Calculate AH by
integrating the heat capacity equation for carbon dioxide. Compare your result with the value
calculated from the enthal py tables for the combustion gases.

Solution Basis: 2 g mol CO»
— 10 _ ! -2 2 2
a. AH =2 5'415:06.11(1100 400) + 5534. 233x107?)(1100° - 400?)

1 _ 1 i}
- 5(2.887 x10 5)(11003 - 4003) + Z(7. 464 %10 9)(11004 - 4004)5: 7.508 x 104 J

b. By use of the tables of enthalpies we find

T°(C) AH (J(g mol)
1100 55,310
400 17,340

37,970 x 2=75940J
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Problem 5.2D

n-Butane is acommon fuel used in locations where natural gasis not available. 1f 10 1b
of n-butane are cooled from 10 atm and 260°F to saturated liquid at 2 atm, (a) determine the
enthalpy change in Btu, and (b) if the 10 Ib of n-butane were cooled isobarically (at constant
pressure) to saturated liquid, determine the enthalpy change in Btu.

Solution

The easiest way to solve this problem is to use the pressure-enthalpy chart for n-butane
found in the text. Basis: 10 Ib n-butane.

[

T =
N RS e gl
Pressure Enthalpy AN B 1S
DiogromFor
N-Butane =09
7 = Temperaure, NGl
100+ ——{ V= Specific Volume, 113/1b N .
- x=Quality . ~ Q%;
i Reference Conditions AH =0 A T
2 ot 1oim ond 3110°F > o> ‘\
50 <l PR
a0}~ g Yo 20N
=2 = Q-
o Z R KOS
€ A - N 349
£ o b . 27
2 / .
<

?x‘/’

A S
A=A
Pt { = \
7L LA~
sA ol A -3 A
SIS TS of- S/~
AR -
/s
K T T 1 %0

Enthalpy, Blu/Ib

)

Pressure enthalpy diagram for n-butane.

a. The pertinent data are
Initial state (260°F, 10 atm): AH [J260 Btu/lb
Final state (satd. liquid, 2 atm): AH 020 Btu/lb

For the change

AH = (20 — 260) 10 = —2400 Btu

b. Theinitial specific enthalpy is still the same. The final specific enthalpy is AH (satd. lig.,
10 atm) = 87 Btu/lb

For the change
AH =10 (87 — 260) = —1730 Btu

Problem 5.2E
Use the SI data for water to calculate the change of enthalpy that occurs when 5 kg of

water at 70°C in a closed vessel of 0.50m3 in volume are heated to 453.1 K and 1000 kPa. Also
determine the final quality of the steam in the vessel.
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Solution

Even though the initial pressure of the water is not stated (remember, enthalpy is a
function of temperature and pressure), the effect of pressure is negligible so that you can assume
that the initial conditions are saturated water at 70°C (343K) where the specific liquid enthalpy is

AH = 289.9 kJkg. The final conditions are 453.1K and 1000 kPa where the water is still
saturated, hence at the final conditions the vessel contains a mixture of vapor and liquid. The
fraction vapor hasto be calculated first (the quality). Dataat 453.1K and 1000 kPa are:

V jqug = 0.001127 m3/kg

i VKapor = 0.1944 m3/kg
AH

= 762.5 kJkg AH,, =2777.6 kJkg

liquid vapor
Thetotal volume is comprised of the volume of the liquid plus the volume of the vapor. Let x =
fraction vapor.

Basis: 1 kg H20

b 22%=(1-x) (0.001127) + x (0.1944) X =051

The enthalpy of the wet steam is

a. AH =0.49 (762.5) + 0.51 (2777.6) = 1794 kJkg so that the change in the enthalpy of the
water is AH,,, - AH, ., = (1794 —289.9) (5) = 7520 kJ

initial

Problem 5.2F

Use the steam tables in American Engineering units to calculate the quality of 15 Ib of
wet steam at 120 psia when the enthal py of the wet steam has been calculated to be 12,000 Btu
(relativeto liquid water at 32°F which has avalue of 0 Btu).

Solution
Basis: 1 1b wet steam at 120 psia

The enthalpy of the wet steam is 12,000/15 = 800 Btu/lb. From the steam tables for
saturated steam at 120 psia the specific enthalpies of the liquid and vapor are

AH, =312.46 Btu/lb AH,, = 1190.6 Btu/lb

If we let x be the quality (vapor fraction) of the steam
312.46 (1 —x) + 1190.6 (x) = 800
X =0.56
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Problem 5.2G

Energy can be saved by passing the combustion gases from a furnace or boiler through a
heat exchanger in which the air entering the furnace is preheated. Examine the figure.

390K, 100 kPa Combustion gases
ﬁ mol fr.
CO, 0.070 3.12 x 10°m/hr
i H,O 0.140
Fresh air Heat 2 830K
~ “Exchanger | | Furnace N, 0.730 100 kPa
0, _0.060

800 K, '100kPa  Fud A

1.000

The air does not contact the combustion gases directly in the heat exchanger; the streams are
separated by tube walls. Calculate the enthal py change in kJ that occurs for the combustion
gases on passing through the heat exchanger.

Solution

The system is the heat exchanger. The processis steady state without reaction.
Step 5 Basis: 1 hr
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HEAT EXCHANGERS

MY T i et [ Ny
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Fig2la Shell and tube heat exchanger under construction (courtesy of Guston County Dyeing Machine Co.)

Fig2lb Linedrawing of astandard type of shell and tube heat exchanger (courtesy of Patterson-Kelley Co.)

In these types of heat exchangers the two fluids are separated by the tube walls. Asone
fluid flows through the shell-- the region outside the tubes -- the other fluid flows through the
tubes. Heat transfer occurs so as to cool, and perhaps even condense, the hotter fluid, and heat,
and even vaporize, the cooler fluid. Heat exchangers are called by various names depending on
their function such as chillers, condensers, coolers, heaters, reboilers, steam generators,
vaporizes, waste heat boilers, and so on.
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= 100 kPa| 3.12 x 105m3| 1 (kg mol)(K)
\ 830K \8.314 (kPa) (m3)

= 4.52 x 103 kg mol

Steps 1, 2, 3, and 4

All the data needed are in the figure except the specific enthalpy data which are in the
third and fourth columns below. Interpolation in the tablesin the text is needed to get AH a

390K.
AH(kJ/ kgmol)
n(kg mol x 10°%) at 390K at 800K AH =1 (A5 — Al (k)
CO2(0) 0.316 3404 23,710 —6,420
H20(g) 0.633 3456 18,823 —9,730
N2(g) 3.30 4511 15,756 -37,110
O2(9) 0.27 3946 16,564 -3,410
AH =-56,670 kJ
Problem 5.2H
The vapor pressure of benzene can be calculated from the Antoine equation.
o _ 2788.51

wherep” isinmmHg and T isin K. Determine the heat of vaporization of benzene at its normal
boiling point, and compare with the experimental value.

Solution
The normal boiling point of benzene = 353.26K. Use the Clausius Clapeyron equation to
get AHy,
dinp® _ AH,
d — RT2

Differentiate the Antoine equation with respect to T

dinp* O 1 0
= 278851
dT H (~52.36+T)°H

dinp* _ 278851
dr (-52.36 + T)2

(the units of the right hand side are K-1)
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and equate the result with the right hand side of the Clausion Clapeyron equation to get

AH, 278851

\

RT?2 (-52.36+T)2
Substitute T = 353.26 K and R = 8.314 J/(g mal) (K), and solve for AI:|V

Af - 83140 | (35326K)2) 278851 _ 3.195x 104
v~ (gmol) (K), (-52.36 + 353.26) K g mol

or 31.95kJ/gmol  compared with 30.76 from the Appendix in the text.
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Problem 5.2I

Lead isused in anumber of manufacturing industries. To prevent lead vapor from
escaping from amolding unit, the vapors from the unit are passed through a chilling unit to
condense the lead vapor. What is the enthalpy change per kg mol of lead if the lead vapor
entering the chiller is at 1850°C and the product of the chiller is solid lead at 280°C.

Datax
Melting point of lead: 327.4C
Boiling point of lead: 1744°C
Heating capacity datac ~ J/(g mol)(K) with T in K:
Solid 241 +0.049T
Liquid 6.8
V apor 20.8
Heat of fusion: 5.121 kJ/g mal
Heat of vaporization: 175.98 kJ/g mol
Solution

Basis: 1 g mol of lead

The diagram shows figuratively (not to scale) the successive calculations that must be

carried out to get the overall enthalpy change.
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1850
&
1744 - _
AR,
;\}6
.\Q
A%
T(Q)
—~ —~
27 &
\) ~
" A,
280

AH (kJg mol)

~ 1744 3 327.4 3
AH = J'20.8 dT -175.98 x10 +J'6.8 dT -5.121x10
1850 1744

280+273.15

(24.1+0.049T) dT = —195,400 kJ/gmol

il
327.4+273.15
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Problem 5.3A

Determine Q, W, AU and AH for the isothermal expansion of 1.31 mol of an ideal gas
against a constant external pressure of 1.05 atm. This initial conditionsare: T = 276 K and p1 =
4.62 atm; the final pressureisp, = 2.21 atm for the gas.

Solution
Steps 1, 2,3and 4 Thisis an unsteady state closed process without reaction. The energy
balance reducesto Q + W = AU. The system isthe gas plus the sealing barrier.

? W p=105am Initial Final
—— p (atm) 4.62 2.21
T(K) 276 276

Q_ .

Assume that the work done by the gasis done only against the source of the external pressure, and
none is done against the cylinder wall (frictionless piston assumption). We will assume that the
surface enclosing the gas has no weight so that no change in potential energy isinvolved.

Step 5 Basis: 1.31 mol of ideal gas at 4.62 atm and 276 K
Step 6 The unknowns are Q, W, AU and AH

Steps 7, 8and 9 Because the process isisothermal, AH = AU = 0 sincethe gasisideal. To

V2
calculate W we use W:—f pdV = —AV.

vy

UsepV =nRT to calculate theinitial and final volumes: V =nR T/p
Vinitia = 6.42 L Viina = 1343 L

W = —pAV =—1.05 atm (13.43 - 6.42) L =—7.36 (L) (atm) = —745 J
Q=-W =745

Note: The work being done by the system is negative and heat being supplied to the system
IS positive.
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Problem 5.3B

In a paper mill two steam chests are to be operated in parallel. Each has a volumetric
capacity of 1000 cu.ft and each contains 18,000 Ib of steam and liquid water. The first chests
registers a pressure of 200 psia, but owing to an error, it is connected to the second when the
pressurein the latter is 75 psia. What will be the pressure in the system after equilibrium has been
attained. It may be assumed that no heat is exchanged with the surroundings, and no water exitsto
the surroundings.

Solution Thisisaclosed system for an unsteady state process without reaction.

Steps 1, 2,3and 4
The figure shows the initial conditions of the system.

SYSTEM
Chest | Chest 11
18,000 b ) 18,000 Ib
200 psia A 75 psia
V = 100063 V = 1000 ft3
Datafrom the steam tables are;
Data  Ps(psia) Ts(°F) VLig. (ft3/lb) VGas (ft¥/b) AHLjq. (Btu/lb) AHGas (Btu/lb)
200 381.8 0.01839 2.288 355.4 1198.7
75 307.6 0.01753 5.820 277.4 1181.9

The initial specific volumes show that the steam is a saturated mixture of liquid and vapor in each
steam chest at theinitial conditions.

Step 5 Basis: 18,000 Ibs water + steam @ 200 psia, and 18,000 Ibs water + steam @ 75 psia

Steps 6, 7, 8, and 9
The materia balanceis: the 36,000 Ib of water present initially are present at the final state.

The energy balanceis
AE = AU +AP+AK:-A[(|%+|5+|Z) m] +O+W
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STEAM CHEST

OVERHEAD VAPOR  QVERHEAD VAPOR

CONDENSATE } CONDENSATE |

Fig 22  Steam chest in an evaporator

A steam chest is a heat exchanger placed inside another piece of equipment, such asan
evaporator. In the figure steam isintroduced into a set of tubular coils (or straight tubes) place
inside the evaporator shell and submerged in the liquid. Steam condenses and is withdrawn as
liquid condensate. A trap at the chest exit prevents the steam itself from escaping.
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and the terms that are zero are;

AP (no change from the reference plane)
AK (no velocity)

A[(ﬂ +P+ R) m} (no mass flow in or out)

Q (assumed zero)

W (no change in system boundary)

Thus, AU =0, or AUinitia = AUsinal .

Step 6 The unknown isthe fina pressure which will be the equilibrium pressure at
the final temperature of the system.

Step 4 Cdculate theinitial internal energy of the system. If the SI steam tables are
used, AU can be read di rectly in the tables. If the American Engineering Tables are used
AU =AH -A(pV)
hence both p and V aswell asAH areneeded. Recall that at the reference conditions for the steam
tables, p = 0.0886 psiaand T = 32°F, AH = 0.
1000 ft3

The specific volume of the water in both steam chestsis —————— = 0.0556 ft3/Ib
18,000 Ib

Step 5 Basis: 1 |b steam
Step 4

The systemis steam chest I. The initial fraction vapor comes from avolume balance. Let x; =
fraction vapor in steam chest |

0.0556 = (1 - x;) (0.01839) + (x) (2.288) x| = 0.0164
AU, ={0.9836 (355.4) + 0.0164 (1198.7) —[0]} —A(pV)

(Note: A H is0 at 32°F and the vapor pressure of water so that the reference for the pV calculations
is a the same conditions.)

A(p\7) isavery small quantity as can be seen from the following calculations:

_ 0.0886 Ibf 144 in2| 0.01602 ft3| 1 Btu

(PV) 2P = 5z Cafe | Libm 77816 (fo(b) OO0

AU, =369.2—2.06 = 367.2 Btu A(pV) = 2.06 Btu
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Next, the system is steam chest |1.

0.0556 = (1 - ;) (0.01753) + (x;) (5.820)
X = 0.00656 A(p\7) =0.77 Btu

AU | ={[0.99346 (277.4) + 0.00656 (1181.9)| - [0] } — 0.7 = 282.6 Btu

Steps 7, 8, and 9
Thus, AUfing = 367.2 (18,000) + 282.6 (18,000) = 1.170 x 107 Btu

After equilibrium is reached, to get the pressure we need to find two intensive properties to
fix the state of the system (fromamong V, AU, T, and X). Oneis

R 3
v = 200" 0856 i3l
36,000 Ib
We can get an approximate answer by estimating the A(p\7) term as about 1 Btu in calculating AH
- 7
Afing = T2OXI0BW o5 o5 B
36,000 Ib

AH =326 Btullb
Assume afinal pressure of 120 psiaso that AH, = 312.46 Btu/lb and AHg = 1190.6

But/lb; T = 341.26°F; V| =0.0179 ft3/Ib and Vs = 3.728 ft3/Ib; the fraction vapor is

0.0556 = (1 - X) (0.0179) + (X) (3.728)
X = 0.01016

To check the assumption calculate AH
0.98984 (312.46) + 0.01016 (1190.6) = 309.3 # 326 Too low.

Assume afinal pressure of 130 psiaso that AH, = 318.81, and AHg = 1192.0; T = 347.31°F;

V|, =0.0180 and Vg = 3.455,

0.0556 = (1 - x) (0.0180) + (x) (3.455)
x = 0.01094

Check AH again.
0.98905 (318.81) + 0.01094 (1192.0) = 328.4 Too high.

The pressureis about 129 psia.




133 Sec. 5.3 Applications of Energy Balances

Problem 5.3C

A shock tunnel uses hydrogen as its driving gas. The hydrogen at high pressure is
restrained by a metallic membrane. When the membrane is ruptured, the hydrogen bursts into the
evacuated section and a researcher can study high intensity shock waves. Given the data on the
schematic diagram of the tunnel, determine the final temperature and pressure of the gas. The
process occurs quickly, before any appreciable heat transfer can occur between the gas and the
walls of the chamber.

Solution

Steps 1, 2,3and 4 Thisis an unsteady state process without reaction. The system will be
entire chamber, both the high pressure side and the vacuum side. All of the known data have been
placed on the figure.

— system boundary
valve membrane /

clg§d VA

VACUUM

0.3 cubic meter

L Hydrogen gas, 0.01 cubic meters, 27°C, 15 atm

Step 5 Basis: 0.01 m3 of H, at 27°C, 15 atm
Steps 6, 7, and 8

The unknowns are the final temperature and pressure. The mass balanceisjust theinitial
mass of H, equals the final mass of H,. The energy balance

AE = AU +AP+AK:-A[(ﬂ+ﬁ>+R) m] FO+W

reduces to AU = 0 because AP = AK = 0 and all the terms on the right hand side of the equation are
zero (no mass flow, no heat transfer, and fixed system boundary.)

Let us check to seeif the H, can be treated as an ideal gas because we know if AU =0, the
final temperature equalstheinitial temperature for an ideal gas.

pc = 12.8 atm T. = 33.3K
use p. =12.8 + 8=20.8 am T, =33.8+8=418K
p'r=—15 =0.72 T, =300 _ 718
20.8 418

From the compressibility charts z[11.01 so that the assumption of an idea gas holds, andAU =0
so the final temperature = 300K = T. At constant temperature.

Py = plEV_E 15ED 01D—O 48 atm
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Problem 5.3D

A stream of hot water at 150 °F flowing at arate of 50 gal/min isto be produced by mixing
water at 60 °F and steam at 30 psiaand 280 °F in a suitable mixer. What are the required flow rates
of steam and cold water. Assume Q =0.

Solution
Steps 1, 2,3and 4 Thisis a steady state problem. The system is open. No reaction occurs.
The stream properties are placed in the figure

S(Ib)
Steam 30 psia, 280 °F

AH = 1179 Btu/lb

F (Ib)
50 gpm water 150 °F per min
MIXER —
AH =117.87 Btu/lb
W (Ib)
water 60 °F

AH = 28.07 Btu/lb

50gd | 1ft3 | 1lby, 400 /Pm
min | 7.48ga | 0.01634 ft3 min

Step 5 Basis: 50 gpm of hot water at 150 °F (equivalent to 1 min)
Steps 6 and 7 Unknowns are myy, Ms.
Balances (2): Energy balance and overall mass balance. The massbalanceis
S+W=F=409

There is no heat exchange with the surroundings, so that Q = 0. The work W = 0, the kinetic and
potential energies are constant, hence AK = AP = 0, and there is no accumulation in the system so
that AE = 0. The overall energy balance reduces to

AH =0=FAH + SAHg + W AH,
Steps 7, 8and 9
Substitute the enthal py data from steam tables:

28.07 (W) + 1179 (S) = 409 (117.87)
Solve the energy balance with the material balance to get

W = 377 Ib/min; S= 32 Ib/min
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Problem 5.3E

In a waste treatment plant, hazardous chemicals are oxidized to less toxic chemicals by
bubbling air through the waste solution. This processis known as aeration. The rate of aerationis
governed by the COD (chemica oxygen demand). In apilot unit, an air blower supplies 172 g mol
of air/min to the aerator. The blower uses 1.2 kW. The inlet gas flow rate is 3.32 m3/min at a
temperature of 307 K and a pressure of p;. Determine the final temperature of the gas assuming the
processis adiabatic, and that the blower is 100% efficient.

Solution
Steps 1, 2, 3and 4 Thisisasteady state flow problem without reaction. The known properties
of the air are shown in the figure.

¢ Air

172 g mol/min
T= Tf
V= Vf
P= P
) Air ——> ( @
AH=988Jg mal
172 g mol/min
T =307K
V =3.32m3min
P=P Power = 1.2 kW (100% efficient)
Step 5 Basis: 1 min (172 g mol/air)

Steps 6, 7, 8 and 9
The kinetic and potential energy effects can be neglected ( = 0). There is no
exchange of heat with the surroundings (Q = 0). The general energy balance reducesto: AH =W
Note that the value of W is positive (work done on the system) .

J
1000 %
_ 1.2KkW| s| 60s _ .
AH=AH,  —AH, . =(AH ) 172 - 988(172) = 7.2 x 10*

AI:|f = 1407 Jg mol which from tables for the thermodynamic properties air with the same
reference state (273K) corresponds to about 321K

If you assume air is an ideal gas, you can calculate T, by
T
1
AH=n f C,dT =172 (Z) (8.314) (T - 307) = +7.2 x 10

307 2
T = 321K
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Problem 5.4A

Calculate the heat of reaction at standard conditions (T = 25°C and p = 101.3kPa) for 1 mol

of HCI(qg) for the following reaction:

4HCl(g

) +02(9) = 2H20(9) + 2Clx(9)

Solution

The assumption is that stoichiometric amounts of the reactants react completely to form the
products shown in the equation at 25°C and 1 atm.

Daa AH;¢ (k3/ gmol)

gc(l ()g) 92311
29

Hy0(g) -241.826

Clx(9) 0

Basis: 4 g mol HCI(g)

MHyy = SAH; - 3 AH;

products reactants

AHS, . = 2(~241.826) —4(-92.311) = 114.4 kJ

A

AH;

rxn —

_ 1144 _

=4 =-28.6kJ/gmol HCI(g)

Problem 5.4B

Find the standard (25°C and 1 atm) heat of reaction for the following reaction:

C3Hg(g) + 92 Oz(g) — 3 COz(g) + 3H0(1)

Solution

Data

AH; (k3/ g mol)

C3He(9)
0O2(9)

CO2(9)
H2O(1)

20.41
0
-393.51
-285.840

Basis: 1 g mol C3Hg(Q)
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MHyy = SOH - Y DM,
products reactants

AHS, . = 3(-393.51) + 3 (-285.840) - 1(20.41)

AH?,, = -2058.46 kJ/g mol CaHe(g)

Problem 5.4C

The corrosion of aluminum in water is normally prevented by the tightly adhering oxide
layer that forms on the aluminum. If thislayer were absent, as when aluminum is amalgamated
with mercury in an anaerobic atmosphere, the following reaction occurs.

2Al(s) + 6H20(l) — 2A1(0H)3(s) + 3H2(9)

To get the heat of formation of A1(OH)3(s), the reaction is carried out with stoichiometric
guantities of reactants, and after complete reaction occurs you find that heat was liberated. After

applying the energy balance, you calculate (Aern) at standard conditions per 2 moles of A1) was
—837.0 kJ. What isthe heat of formation of A1(OH)3 (s)?

Solution Basis: 2g mol Al(s)
Daa AH; (kJ/g mal)
Al(s) 0
H,0O(l) -285.841
A1(OH)3(s) ?
H2(9) 0
AHY, = Y OHE; - AHE, = -837.0

products reactants
2(aA;) - 6(—285.841) = ~837.0

A

AH; = —1276 k3 /g mol AL(OH),4(s)
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Problem 5.4D

Carbon monoxide and 100% excess water are reacted to form hydrogen and carbon
dioxide. The heat loss from the reactor is 120.2 kJ per kg mole of CO entering. If the exit
temperature is 800K, what is the entering temperature? The pressureis 1.0 atm. Assume complete
combustion.

Solution

Steps 1, 2, 3, and 4 Thisisasteady state process with reaction. The system is the reactor.

H,O(Q) ———= Reactor = CO,(9)
O (9) H;, (@)
v H30 (g)

heat loss: Q =-120.2 kJkg mol CO
CO(g) + H,QA9) 5 CO,(g) + H,(9)

AH:(k¥gmol):  -110.52 —241.826 -39351 0

Step 5 Basis: 1.0 g mol CO entering

Steps 6, 7, 8, and 9 The material balance summary is (in g mol)

Compound In Out
CO 1 0
H,0 2 1
CO, 0 1
H» 0 1
The enthal pies with respect to 25°C and 1 atm can cal cul ate from the tables of the combustion
gases:
Enthalpies (kJ/g mol)
A~ ~T
Compounds In g mol AR AL, AH(kJ)
~T ~T
CO(g) 1 -110.52 (AHCO - 0.728) —110.52(1) + AH (1) —0.728(1)
~T ~T
H,0(g) 2 —241.826 (AHHZO - 0.837) —241.826(2) + OH,, , (2) - 0837(2)
Totd -596.574 + AH , + 2AHH2O
~ 800K
Compounds Out g mol AR AHO e AH(KJ)
CO(g) 1 -393.51 (23.710-0.912)1 39351 +22.798 =-370.71
Ha(9) 1 0 (15.413 - 0.718)1 0 + 14.695 = 14.695
H,0(g) 1 —241.826 (18.823 - 0.837)1 —241.826 + 17.986 = —223.840
Tota -579.867
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The energy balance reducesto

Q =-0.1202 kJ = AH = ZAH; — ZAH;
products reactants

so that
~T ~T _
(-579.867) —(-596.574 + AH ., +2AH , o] +0.1202=0

By choosing successive temperatures, the energy balance can be made to balance at the desired
temperature.

Let T =500K. ThenAH T = 6,652J/g mol and AH[, | =7,752J/g mol from the tables.
2
~579.867 + 596.574 — 6.652 — 15504 + 0.1202 = -5.320 %0  Too low.
Let T =400K. ThenAH, = 3,696 Jg mol and AHY, , = 4,284 Jg mol.

—579.867 + 596.574 — 3.696 — 8.568 + 0.1202 = 4.563 # 0 Too High
However the temperature has been bracketed and linear interpolation gives

4.563 - 0 .
4563(-5.329) (100) = 446K

400 +

Y ou could use the heat capacity equations to get the enthalpy changes for the gaseﬁ,AﬁiT oggs 1°€41
use the sensible heats, but the calculations would take longer than using the tables. However, you
would get an equation (fourth order) containing only one variable, the desired temperature T. By
dropping terms higher than second order (which contribute little toAH), you can solve a quadratic
equation for T.
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Problem 5.4E

Carbon monoxide is reacts with 100% excess water to form carbon dioxide and hydrogen.
The reactants enter the reactor at 500K and 1.0 atm. Because of poor insulation, the heat |oss from
the reactor is 71.21kJ per g/mol of carbon monoxide entering. Find the temperature of the outlet
gas stream from the reactor.

Solution

Steps 1, 2, 3and 4 Thisisasteady state problem with reaction. The system is the reactor.

CO(T)= 500K T=2 0.(9)
g9 — = g
H,0(0) H, (@)

! H,0(9)

heat loss: Q =—71.21 kJ/g mol CO

i CO(g) + H20(g) ~ CO(9) + Hz(9)
AHf (k¥g mol): —110.52 —241.826 -393.51 0

Step 5 Basis: 1 g mol CO entering

Steps 6, 7, 8 and 9
Material Balance In Out
CO(g) 1 0
H20(g) 2 2-1=1
CO2(9) 0 1
H2(9) 0 1

Energy Balance
The energy balance reducesto Q =AH, and AH =n % n; (Aﬁgi + Aﬂ12-98,i)
products
-y n, (Aﬁ o+ AH i). Let T = 298K be the reference temperature.
reactants

Heat capacity equations can be used to calculate the "sensible heatS',Aﬁggs instead of
tables, but use of the tablesis quicker.

In

Compound g mol AR’ (k¥ig mol) AH,.; (kilg mol) AH(kJ)
cOG) T 11057 (6.652 —0.728) —T04.596
H,0(q) 2 _041.826 (7.752 — 0.837) _469.822

-574.418
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Out
Compound g mol AR’ (kJig mol) AH,__ (kiig mol) AH(kJ)
O T 39351 ar o
29) (aHT,, - 0012) AHT,, —394.422
H2(9) 1 0 (aH], —0.718) AHT, -0.718
2 2

H>O 1 —241.826 aT aT

20(9) (aHT, o —0837) AH, , - 242,663

SAHT - 637.803
We need to assume temperatures until we find the temperature that yieldsAﬁiT valuesthat cause the
energy balance to balance:

AH-Q=0or
(LfAHT,, )+ (L(AHT, )+ (1) (AH], o) - 637.803 —(~469.822) + 71.21= 0

Let T = 1000K. Then

T —
(1) AHT, = 34308
(1) AHT, = 21.388
2
OT —
(1) AHL, = 26823
Totd 82.519

Substitute 82.519 in the energy balance and get for the sum of the terms—14.252 kJ. Too low.

Increase the temperature to 1200K:

(1) AHTCO2 +(1) AHLZ +(1) AHLZO = 45.404 + 27.509 + 35.312 = 108.225

and the energy balance sumsto 11.454 kJ: Too high. The temperature is bracketed, however.
Use T = 1100K

()AHL, +(1) AH], +(1)AHT, | =39.802 + 24.426 + 31.011 = 95.239
2 2 2

and the energy balance sums to —1.53kJ.

0—(~1.53)

11454 (-153 ~ 11K

The temperatureis 1100 + 100
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FURNACE

Ambient
Air

5% to
Induced FGR

Combustion
Air Blower

Fig 23 Furnace (with recirculated combustion products)

Combustion of fuel focuses on the production of CO, and H2O, but a small amount of N2
also oxidizes to form various nitrogen oxides, NOy, that are pollutants. Increasingly stringent
federal and local regulations for the permitted NO, emmissionsin flue gas discharge have led to
various technologies for NOy reduction. A combination of combustion staging, premix
combustion, and recirculation make it possible to achieve low NO levels.
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Problem 5.4F

Methane at 100°C is burned with 100% excess air which is at 25°C in an insulated furnace.
From the data given, calculate the adiabatic flame temperature.

Solution

Steps 1, 2, 3and 4
The system is the reactor.

Qf 0
— o T=2
CH,4(@T =100°C out 9,9
Air T = 25°C Furnace = 0,(9)
021 O 1200
0.79 N2 N,(9)
1.00

Thisis asteady state process with reaction

CHa(g) + 2029) = CO,(g) + 2H,0(qg)
AR (k¥gmol):  —74.84 0 —39351 -241.826

Step 5 Basis: 1 g mol CH4 entering
Steps 6, 7, 8and 9

Material Balance Summary

Component gmol in g mol out
CHy(0) 1.0 0
O2(9) 2reqd + 2xs=4 2.0
N2(g) 15.05 15.05
CO2(0) 0 1.0
H,0(g) 0 2.0

The energy balance reducestoAH = 0. Let T = 25°C be the reference temperature. The
sensible heats will be taken from the tables of enthalpies of gases so that atrial and error solution
procedure will be needed. (If heat capacity equations are used to calculate the "sensible heats,”

i.e., Aﬁzgs, then the energy balance reduces to a cubic or quadratic equation in Ty that must be

solved for Tgyt.

Componentsin ~ T(K)  gmol AH«k¥gmol) AHT . (k¥gmol) AH(kJ)
CHO) 373~ 10 a8d ~@/7-0879) =720
05(0) 208 4.0 0 (0.732 — 0.732) 0
No(g) 208 15.05 0 (0.728 — 0.728) 0

Tota —72.00
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o -
ComponentsOut  gmol ~ AH:(kJgmol) AH.  (kJ¥gmol)  AH(kJ)

CO(9) 10 39351 (AﬁT 0. 912) AQTCOZ —394.422
H20(g) 20 -241.82%6 (AHT 0. 837) 2AﬂT — 485326
O2(9) 2.0 0 (AHT 0. 732) 20H ) — 1464

N2(g) 1505 0 (AHT ) 728) 15. 05AHT —10.956

o 5 AT - 392.165

Substitution of the above quantities into the energy balance (AH = 0) gives (AHqy: — AHip)
=0or

HT  +2AHT _+2AHT +1505AHT —892.168 —[-72.00] =
AHT, +20H], + 20H(, +15.05 AH] - 892.168 ~(~72.00 =0

We assume a series of temperatures to bracket the solution, and introduce the correspondi ngAﬁiT
values from the enthal py tables into the equation.

Let T = 1500 K

62.676 + 2 (48.848) + 2 (41.337) + 15.05 (39.145) — 820.168 = 12.010
Let T = 1400K

56.860 + 2(44.237) + 2(37.693) + 15.05 (35.639) — 820.168 = —63.081

(12.010 — 0)
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Problem 5.5A
Nitrogen at S00K and 200kPa absolute is enclosed in a cylinder fitted with a frictionless
piston. The weight of the piston exerts a force of 50.1 kPa on the gas, and the barometer reads

99.0 kPa. The gas moves the piston up expanding the gas volume from 0.50m3 to 0.63m3.
Calculate the work done by nitrogen for two cases:

(a) The expansion is isobaric (constant pressure)
(b)  The expansion is isothermal (constant temperature)

Assume the N2 behaves as an ideal gas.

Solution

Note that the piston has to be frictionless because otherwise work will be done in an
unknown amount against the cylinder wall. The force of the gas in the bottom of the piston is
200 kPa, and the force on the top exerted by the atmosphere and the weight of the piston is 149.1
kPa so that the system is not at equilibrium and the piston must be held in place initially by a
lock. If the piston is released, the gas will expand until the gas pressure reaches some new value
at a new volume (the piston has to be stopped by a lock), but the expansion will not be a
reversible process -- quite the contrary. The system is the gas.

What we will calculate is the upper limit obtainable for the work if the gas expanded
reversibly. The idea of maintaining reversibility during expansion is itself contradicted by the
need for a pressure difference (absence of equilibrium) for expansion to take place! Heat has to
be added to the cylinder to maintain a constant pressure or temperature in the gas.

Steps 1,2, 3 and 4

The figure shows the two cases, a and b, and the calculated data has been placed on the

figure.
p = 149.1kPa
Initial state N, gas
(a) V5, =0.63m
= 149. -
p=149.1 kPa p, =200 kPa
I O, T, =630 K
N, gas 5
V;=0.50m Final State
T, = 500K
p; = 200 kPa p = 149.1 kPa
(b) I
N, gas
V, = 0.63m’>
T, =500 K
py =7
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Step 5 Basis: 0.50m3 of N3 at 500K and 200 kPa
Steps 6,7, 8 and 9

The unknown is the work done by the gas, W. Assume that N7 is an ideal gas so that pV
=nRT.

_pV___ 200kPa lo.Sm3

nn = = =0.024 kg mol
N2 TRT  8.314(kPa)(m’)| 500K s
(kg mol)(K)
Isobaric Process
P2Ys _ DR o 1, =500 (——0'63) - 630K
p1V1 anTl 050

0.63 _ 3
limw = - oy = 290 kPal(O.63 0.50)m>|1000 Pa

0.50 | 1 kPa
N|.]J I
1—|1—
m2| m| 1Kk = —26 K
1 Pall NIlOOO J
Isothermal Process
\'2 (0.50)
=p, — =200 — |=159 kPa
P2=Py) 0.63
0.63 0.63
limW=- [pdV= | nRT denRTln(%:i)
0.50 050 V 0.50

_0.024 kg mol|8-314(kPa)(m3)|500 K|in(1.26)|
| (kg mo)(K) | | |

_ 1
><l(kPa)(mS) 2

Note that the work done by the gas is the sum of the work done is pushing back the
atmosphere by 0.13 m3 plus the gain in the potential energy of the piston relative to a reference
plane.
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Problem 5.5B

A pump delivers water from the bottom of a storage tank (open to the atmosphere)
containing water at 80°F. The bottom of the tank is 100 ft from the ground, and the water is
maintained at a level 10 ft deep in the tank. The pump delivers 100°F water at 1400 psia to a
chamber at a level 10ft off the ground and 25ft away from the storage tank. From a handbook
you can find that the losses of energy in the transit of the fluid because of friction, etc. are
estimated to be 320(ft)(1bf)/Ibm, and for the normal flow rate of 10,000 1b/hr the pump efficiency
is 76.2 percent. What horsepower pump is required to deliver 10,000 1b of water per hour to the
chamber?

Solution
Steps 1,2, 3, and 4

All the data have been placed on the figure. This is a steady state flow process. The
system is the water.

B

Make .
up 14.7psia
water | Water 10ft 1400 psia
80°F 100°F
/._.;/
_ Pump 10ft
Q

25 ft

From the steam tables for saturated liquid
V(80°F) =0.01607 ft>/1b,, V(100°F) = 0.01613 13 /1b,,
so that we can assume water is incompressible at 0.0161 ft3/lby,

Step 5 Basis: 1 hr (10,000 Ib water)
Step 6 The unknown is the work, W, done by the pump.
Steps 7, 8, and 9
Since we know the frictional losses, Evy, we can use the steady state mechanical energy

balance to solve for W.

A oA P2 A A
A(R+P)+ [Vdp-W+E, =0
P1
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10,000 1b,, |320(ft)(Ibs)

Ey= =13.20 x 10°(ft)(Ibs )
| Iby,
AK = 0 (no information on the water velocity, but the value will be very small)
2
Ap~ 10,000 lby|(10 fr—110 ft)|32.2 ftl (S )(lbf)
| 2 [32.2(ft)(1b,,)
= —1.00x10°(ft)(lb;)
1400 , 3 _ in.)?
o P ap=  10.000 1o, [0.0161 f |(1409 214.7)[(12m.2) — 32.1105(t)(Ib;)

14.7 1by, | in. l (1 ft )

W= 3.20x10°+32.1x10° - 1.00 x 10® = 34.3 x 10°(ft)(1bg) or

34.3x 10°(ft)(Ib¢)|  1(hp)(hr)
W=
hr 11.98 x 10°(ft)(Iby)

= 17.3 hp (work done on the water)

If the motor and pump is 75% efficient, the size needed is 17.3 _ 23 hp
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Problem 5.6A
Ammonium dihydrogen phosphate (NH4H7POy) is used in both the chemical and

fertilizer industries. Given the experimental data below for the integral heat of formation of
NH4H,PQO4 in water

a. Plot the standard integral heat of solution curve for NH4H7POy4 in water;
b. What would be the approximate final temperature of the solution if you mix
NH4H7PO4 and H2O each at 25°C to form a 15% solution of NH4H,PO4? The

Cg of NH4H2POy4 (crystal) is 182 J/g mol.

Heat of formation( 12,kJ /g mol H,O in solution)

Mole H,O: 0 11 13 15
AR: -1573.7 ~1565.1 ~1565.0 ~1564.9
Mole H5O: 20 40 100 600
ARC: -1564.6 ~1563.6 -1562.3 ~1560.6
Solution
a. The plot is as follows
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b. To get the final temperature of the solution, make an energy balance. Assume a flow
process for the mixing, or assume AH = AU for a batch process (ApV = 0). Then AHy, = AH gy,
and on the basis of 100 g of a 15% solution of NH4H>PO4 (MW = 115)
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(100)(0.85)
mol H,O _ 18 —36.2
mol NH,H,PO, (100)(0.15) = ™™
115

From the graph, AHn = 9.8. At25°C
12 (soln) = 9.8 + (~1573.7) = —1563.9 kJ /g mol NH,H,PO,

To make the energy balance, we have to know the enthalpy of the 15% solution as a function of
temperature. What value should be used for C,? Usually, for not too concentrated solutions, we
can assume the Cp of the solution is the Cp of water multiplied by the mass fraction of water in
the solution.

AHin AI_Iout
NH4H2PO4 Hzo Solution
(100)(0.15) 3 (0.85) (100)(0.15) 3 T
A 1573.7x1 —(0) =| —2==2|_1563.9x10 0.85)(1 :
( s (-1573.7x10%) + = ) s (-1563.9x )+2J5( 85)(100)(4.184)dT
T-25=-3.6 so that T = 21.4°C
Problem 5.6B

A stainless steel mixing tank contains a steam coil and agitator. One thousand 1b of 20%
H3SO4 solution at 210°F is initially in the tank, and steam at 65.3 psig, 95% quality, is turned on
into the coil. The agitator starts and 385 1b of 93% H,SOy4 solution at 100°F added to the tank.
Measurements from the steam trap attached to the coil should that 167.3 Ib condensate at 312°F
was removed from the coil. Itis estimated that the agitator transmitted 0.10 kWh of energy to
the liquid. What is the final temperature, weight, and composition of the solution in the tank?

Solution
Steps 1,2, 3, and 4

Data required for the solution of this problem are the enthalpies of the steam and the
H7SOy4 solutions (see Appendices C and I in the textbook). The reference states are identical.
The data have been entered on the figure below. Treat the process as a flow process.

. mass fr.
AH=-32 Buu/lb | 3851b 0.93 H,SO,
solution 0.07 H,0O
100°F 1.00 0.1 kWh
OZOrH SO, | 1000 1b i/ /

. 1385 1b
0.80 H;0 | solution > =129
1.00 210°F A v

AH =85 Btu/lb |Saturated | 95% quality | Saturated| 80.0 psia
steam | 80.0 psia liquid | 312°F
167.31b | 312°F 167.3 1b
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Step 5 Basis: Data in diagram
Steps 6,7, 8, and 9

The material balance is simple:

Total balance: 1000 + 385 = 1385 1b H2SOg4 solution leave
H,SO4 balance: 1000 (.20) + 385(.93) = 558 1b H2SO4
£§—(100) =40.3% H,SO, overall
1385

However, some of the water vaporizes (40% is in the two phase region of the enthalpy
concentration chart).

The energy balance is AHiy + 0.1 kWh (3‘413 x10° B“‘) = AH,,, ifQ=0.
1 kWh
Flow %H2S04 TCH)  AH®Bw/lb)  AH(Bw)
1000 1b and 20 210 85 85,000
385 1b and 93 100 32 -12,320
(0.95) 167.3 Ib steam 0 312 1183 188,020
167.3 Ib water 0 312 282 41,179
1385 Ib and 40.3 ? ? ?

(1385)AH,, + 41,179 = 341+ 85,000 — 12,320 + 188,020 + (0.05)167.3(282)

A, =159 Btu/lb

From the enthalpy concentration chart at 40.3% H2SO4 solution and AH =159 Btu/lb, we find
the solution is in the two phase region at ~249°F. The liquid concentration is ~46% HSOq4

solution (Aﬁ =17 Btu/ lb), the vapor is steam at 249°F (AH = 1163.2), and the weight of the
solution (x) is
1385(159) = 220,000 = x(17) + (1385 - x)1163.8

x = 1213 1b of 46 % H,SO4 solution
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Problem 5.7A

a.

Given tpg = 80°F and twg = 73°F, from the psychrometric chart find the

percentage relative humidity

b. dewpoint

c. specific enthalpy

d specific volume

e. humidity
Solution

The two given conditions completely specify the state of the air-water vapor mixture on
the chart, and consequently the other conditions may be read directly from the chart.
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a. 70% relative humidity read from the curve sloping at 45°.
b. 70°F (read left at constant humidity).

Aﬁ(saturated) = 36.8 Btu/lb. Subtract about 0.1 Btu/Ib for less than saturated

(interpolating between the dashed curves) to get 36.7 Btu/lb.
d.  Interpolating between the solid line, V = 13.95 ft> /Ib.

e

Read the value of the humidity from the far right hand axis as about 0.0158 Ib

H,O/1b air.
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Problem 5.7B
Breakfast cereal is being dried in a fluidized bed dryer in which the cereal moves roughly
countercurrent to the air flow. The figure below shows the process with the data placed on the

respective stream flows. Determine the required inlet moist air flowrate in m3/hr if the cereal
must have a water content of no more than 14.0 percent. (DC = dry cereal).

§ kg H,O
9 . kgdryair
Cereal feed—22"C v Air output | kg dry air mass fr.
DC 0.60 twp=28°C | Air 0.9804
H,0 0.40 | 100
1.00 Dryer |
500 kg/hr 5
A. k .
Cereal output Plkg) l it g‘Airinput ! 0.012 H.0 0.0119
mass fr. tpg =82°C ! . O 0.
DC 0.86 tywp = 33°C | Air 0.9881
H,00.14 E 1.00
1.00 |
Solution

Steps 1,2, 3,and4  All the data is in the figure above. The data on concentrations comes from
the SI psychometric chart. Assume p =1 atm.

Step 5 Basis: 1 hr
Steps 6,7, 8, and 9

Dry cereal balance
500 (0.60) =P (0.86) P =348.8 kg

Dry air balance
A;(0.9881) = A,(0.9804)

Water balance
500 (0.40) + Aj (0.019) =348.8 (0.14) + A, (0.0196) Aj =193 x 104 kg

From the psychrometric chart the specific volume is approximately 1.025 m3/kg dry air

1.025 m> |1.93x10% kg wet air|0.9881 kg dry air

=1.96x10* m® / hr at 82°C and 1 at
kg dry airl hr l 1 kg wet air atm




154 Sec.5.7

DRYERS

-Stack

clon
’,Sy es

~~Air filter

Coarse
proQucf
\,

13
Air heater “~Burner
Fig. 24a. Fluidized bed dryer used for materials with high moisture content

A”‘_’q— e D SRR \
Solution 1 0. =

: _-Secondary
collector

v
Nichols Research & Eng. Corp.
Air __ ]
heater (T
— b
L 7. 7. Z
Fig. 24b. Spray dryer used for solutions

Drying is understood as a technology for removing a liquid from a solid by vaporization
of the liquid. The solid product does not have to be entirely dry because any material will reach
equilibrium with the water in the surrounding atmosphere. Two basic types of dryers are (1)
directly heated and (2) indirectly heated. In the former the heat is applied to the wet solid by the
heating medium, usually a hot gas which carries away the vaporized liquid. In freeze drying the
liquid sublimates. In indirect dryers, heat is applied by conduction from the heat source through
an intermediate wall. If a gas is used, its purpose is just to carry away the vapor produced in the
process. Other types of dryers uses infrared heat or microwave heating.
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Problem 5.7C
Air enters a drier at 200°F with a dew point of 80°F. The total pressure is 1 atm.
a. What is the humidity?
b. What is the wet bulb temperature?
C. What is the relative humidity?

The drier operates adiabatically and the air is cooled to 110°F. At 110°F
d. What is the humidity?
e. What is the dew point?

Finally the air is heated at constant humidity to 180°F. At 180°F
f. What is the adiabatic saturation temperature?

g What is the dew point?

h. What is the relative humidity?

i. How much energy is used per 1b of dry air?

Solution
Steps 1,2,3,and4  Refer to the psychrometric chart.
Step 5 Basis: a fixed amount of air at 200°F, 1 atm, and a dew point of 80°F
Steps 6,7, 8, and 9
a. Read on the right hand axis 0.022 1b H,O/Ib BDA.

b. Read up along the adiabatic cooling line to 102°F.

c. Read along the curved line 4.3% relative humidity.

d. Read along the adiabatic cooling line to 110°F and then to the right axis to get
0.044 1b H,O/1b BDA.

€. Read back along the constant humidity line to get 100.7°F.

f. The adiabatic saturation temperature is the wet bulb temperature or 111°F.

g. Dew point is 100.7°F.

h. Relative humidity is 13 %.
i. AH before = 75 — 0.15 = 74.85 Btu/lb BDA
AH after = 95 — 1.35 = 93.65 Btu/lb BDA

Heat added = AH = 93.65 — 74.85 = 18.8 Btu/lb BDA.
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Chapter 5. Additional Problems

CHAPTER 5 - ADDITIONAL PROBLEMS
(Answers will be found in Appendix A)

Section 5.1

5.1A Explain specifically what the system is for each of the following processes; also indicate

5.1B

5.1C

5.1D

which of the two modes of energy transfer, heat and work (Q and W), are involved.

(@) A liquid inside a well insulated metal can is shaken very rapidly in a vibrating
shaker.

(b) Hydrogen is exploded in a calometric bomb, and the water layer outside the bomb
rises in temperature by 1°C.

(©) A motor boat is driven by an outboard-motor propeller.

() Water flows through a pipe at 10 ft/min, and the temperature of the water and the
air surrounding the pipe are the same.

Are the following variables intensive or extensive variables? Explain for each.

(a) Pressure.

(b) Volume.

©) Specific volume.
d Refractive index.
(e) Surface tension.

Suppose that a constant force of 40.0 N is exerted to move an object for 6.00 m. What is
the work accomplished (on an ideal system) expressed in the following:

(a) joules

()  (fr)(lby
(©) Btu

If a pail weighting 1/2 1b is dropped into a well 50 ft deep, what is the kinetic and
potential energy of the pail (a) just before it hits the water, and (b) after it hits the water
surface (at 50 ft)?

A chart for carbon dioxide (see Appendix) shows that the enthalpy of saturated CO»
liquid is zero at —40°F. Can this be true? Explain your answer.
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5.2A

5.2B

5.2C

5.2D

5.2E

5.2F

Section 5.2

Experimental values of the heat capacity Cp have been determined in the laboratory as
follows; fit a second-order polynomial in temperature (determine values for a, b, and ¢ in

the relation Cp = 1 + bT + CT?2):

T,°C Cp cal/(g mol)(°C)
100 9.69

200 10.47

300 11.23

400 11.79

500 12.25

600 12.63

700 12.94

(The data are for carbon dioxide; if a computer is used in the data-fitting process, also
calculate the confidence limits for the predicted value of Cp.)

Your assistant has developed the following equation, to represent the heat capacity of air
(with Cp in J/(g mol) (K) and T in K):
Cp=26.7+7.36x 10-3T - 1.09 x 10-6T2

Derive an equation giving Cp but with the temperature expressed in °C.

Given that the heat capacity Cp for mercury at —20°C is 0.140 J/g, while at 100°C the
value of Cy, is 0.137, compute the change of enthalpy of 10 g of mercury from —20°C to
100°C. Given that the heat capacity at constant volume, Cy, is 0.123 at —20°C and 0.116
J/g at 100°C, compute the change in internal energy for the same temperature range.
Then compute ApV for mercury for the same temperature range. Assume Cp and Cy
change linearly with T.

Calculate the enthalpy change in raising 1 g mole of CO» from 50° to 100°C at 1 atm. Do
this problem by three different methods.

(a) Use the heat capacity equation from the Appendix;
(b) Use the CO» chart in the Appendix;
© Use the data in the Table of Enthalpies of the Combustion Gases.

Use the chart for n-butane to calculate the enthalpy change for 10 1b of butane from a
volume of 2.5 ft3 at 360F to saturated liquid at 10 psia.

The vapor pressure of n-pentane is given by the equation.

In p* _A__ B
(C+T)
where p* = vapor pressure in mm Hg and T is in K. The values of the coefficients are
A = 15.8333
B = 2477.07
C = -39.94

Calculate the heat of vaporization of n-pentane at the normal boiling point in J/g.
Compare with experimental value.
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5.2G

53A

5.3B

5.3C
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Use the steam tables to answer the following questions.

@) What is the enthalpy change needed to change 1 1b of a water-steam mixture of 60
percent quality to one of 80 percent quality if the mixture is at 300°F?

(b) Calculate the AH value for an isobaric (constant pressure) change of steam from
120 psia and 500°F to saturated liquid.

(©) Do the same for an isothermal change to saturated liquid.

@ Does an enthalpy change from saturated vapor at 450°C to 210°F and 7 psia
represent an enthalpy increase or decrease? A volume increase or decrease?

) In what state is water at 40 psia and 267.24°F? At 70 psia and 302°F? At 70 psia
and 304°F?

Section 5.3

One pound mole of an ideal gas whose Cyp is 7 Btu/(Ib mole)(°R) is confined in a
reservoir with a floating top such that the pressure on the gas is 60 psig no matter what its
volume is. In the morning the gas is at SO°F, but late in the afternoon its temperature
rises to 90°F.

(a) Determine how much heat has been transferred into the tank, the work done by
the gas, and the internal energy change for the gas from the morning to afternoon.

(b) If the system returns to its original state in the evening, again find Q, W, and the
internal energy and enthalpy changes for the cooling process.

© What are Q, W, and the internal energy and enthalpy changes for the overall
process of heating and cooling?

Write the simplified energy balance for the following processes. List and number each
assumption or decision made in the simplification.

(a) A fluid flows steadily through a poorly designed coil in which it is heated from
170° to 250°F. The pressure at the coil inlet is 120 psia, and at the coil outlet is

70 psia. The coil is of uniform cross section, and the fluid enters with a velocity
of 2 ft/sec.

(b) A fluid is allowed to flow through a cracked (slightly opened) valve from a region
where its pressure is 200 psia and 670°F to a region where its pressure is 40 psia,
the whole operation being adiabatic.

In one stage of a process for the manufacture of liquid air, air as a gas at 4 atm abs and
250K is passed through a long, insulated 3-in. ID pipe in which the pressure drops 3 psi
because of frictional resistance to flow. Near the end of the line, the air is expanded
through a valve to 2 atm abs. State all assumptions.

(a) Compute the temperature of the air just downstream of the valve.
(b) If the air enters the pipe at the rate of 100 lb/hr, compute the velocity just
downstream of the valve.



Chapter 5. Additional Problems 159

5.3D Your company produces small power plants that generate electricity by expanding a

5.3E

5.3F

waste process steam in a turbine. You are asked to study the turbine to determine if it is
operating as efficiently as possible. One way to ensure good efficiency is to have the
turbine operate adiabatically. Measurements show that for steam at S00°F and 250 psia.

(a) The work output of the turbine is 86.5 hp.

(b) The rate of steam usage is 1000 1b/hr.

©) The steam leaves the turbine at 14.7 psia and consists of 15 percent moisture (i.e.,
liquid H20).

Is the turbine operating adiabatically? Support your answer with calculations.

In a waste treatment plant, wet sludge containing 50 wt% moisture is fed into a rotary,
countercurrent (sludge and air flow in opposite directions through the vessel) dryer at the
rate of 300 1Ib/minute. The air enters at 220°F and has an absolute humidity of 0.007 1b
H»O/1b BDA, and leaves at 100°F and a RH of 100%. The sludge enters the dryer at
70°F and leaves at 97°F with 3 wt% moisture. Assuming adiabatic operation of the dryer
so that the heat loss from dryer to the surroundings can be neglected, calculate:

(a) Pounds per hour of dry air passing through the dryer.
(b) Humidity of the air leaving the dryer in 1b H2O/1b BDA.

A saturated vapor stream of n-butane is available at 2.2 atm for a heat pump application.
The vapor is compressed to 4 atm and 124°F. The heat released when it is condensed to a

saturated liquid at 4 atm is used to heat process B, which requires 10.0 x 106 Btu/hr. The
butane pressure is then reduced to 1 atm where the vapor and liquid streams are sent
separately to another area in the plant. Calculate:

(@) The n-butane flow rate (Ib/hr) required to provide heat to process B.

(b) The vapor flowrate 1b/hr.

() The liquid flow rate 1b/hr.

@ If the n-butane flow rate and all the pressures are maintained constant, but the

process B heat load drops to 7.5 x 106 Btu/hr, what are the new vapor and liquid

flow rates?
system 2
w N
system 1
....;V
F 4 atm w satd @ﬂ vapor
2.2 atm 124°F| [P liq | atm
satd vapor 4 atm
n-butane H>1,
Process B ——liqud

10.0 x 10° Btu/hr
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Section 5.4

Calculate the heat of reaction of the following reaction at 25°C.
CH;OH(g) + %02 — H,CO(g) + H,O(g)
methyl alcohol formaldehyde

When water is formed from H7(g) and O7(g), the reaction is exothermic. How much
steam at 100°C has to be condensed per mole of H2(g) to maintain the vessel in which the
reaction takes place at 25°C?

Calculate the heat of reaction for the synthesis of methanol

CO(g) + 2Hy(g) — CH30H(g)
when the gases enter and leaves the reaction at 400°C and 200 atm.

In a heat treating plant, 10 tons of steel plate are being processed per hour by being
heated from 80°F to 1500°F before quenching. The furnace atmosphere is required to be
a reducing atmosphere to prevent excessive oxidation of the steel surface. Therefore it is
necessary to burn the fuel oil (whose composition is approximately C;gH 34 incompletely
with dry air to produce a stack gas containing a ratio of CO2 to CO of 2to 1. Assume
that all of the hydrogen in the oil is burned to water and there is no O3 in the stack gas
and that 60% of the heat generated from the combustion is lost by radiation and stack
losses. What quantities of oil (in 1b) and air in standard cubic feet (32°F, 760 mm Hg) are
needed per hour?

The reaction SO, + %02 — SO3 would seem to offer a simple method of making sulfur

trioxide. However, both the reaction rate and equilibrium considerations are unfavorable
for this reaction; the reaction is only about 70 percent complete. If the products leave the
reactor at 900K and the reactants enter at 25°C, what is the heat evolved or absorbed from
the system under these conditions (per mol of SO3)?

Propane, butane, or liquefied petroleum gas (LPG) has seen practical service in passenger
automobiles for 30 years or more. Because LPG is used in the vapor phase, it pollutes
less than gasoline but more than natural gas. A number of cars in the Clean Air Car Race
ran on LPG. The table below lists the results and those for natural gas. It must be kept in
mind that these vehicles were generally equipped with platinum catalyst reactors and with
exhaust-gas recycle. Therefore the gains in emission control did not come entirely from
the fuels.

Natural gas, LPC,
avg 6 cars avg 13 cars Fed. Std.
HC (g/mile) 1.3 0.49 0.22
CO (g/mile) 37 4.55 23

NOx (g/mile) 0.55 1.26 0.6
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5.4G

5.4H

5.5A

5.5B

5.5C

5.6A

Suppose that in a test butane gas at 100°F is burned completely with the stoichiometric
amount of air which is at 400°F and a dew point of 77°F in an engine. To cool the
engine, 12.5 1b of steam at 100 psia and 95 percent quality were generated from water at
77°F per pound of butane burned. It may be assumed that 7 percent of the gross heating
value of the butane is lost as radiation from the engine. Will the exhaust gases leaving
the engine exceed the temperature limit of the catalyst of 1500°F?

A power plant burns natural gas (90 percent CH4, 10 percent CoHg) at 25°C and 100kPa
with 70 percent excess air at the same conditions. Calculate the theoretical maximum
temperature (in K) in the boiler if all the products are in the gaseous state.

If CO at constant pressure is burned with excess air and the theoretical flame temperature
is 981°C, what was the percentage of excess air used ? The reactants enter at 93°C.

Section 5.5

Water is being pumped from a pond through a long fire hose. A 50-hp motor drives the
pump, and the overall efficiency of the motor pump is 75 percent i.e. 75 percent of the
energy supplied by the motor is transferred to the water. The nozzle of the hose is 25 ft
above and 250 ft from the pond; 100 gpm are being pumped, and the water velocity at the
nozzle exit is 50 ft/sec. Estimate the temperature change in the water between the pond
and the nozzle exit.

A system consists of 5 kg of water vapor at the dew point. The system is compressed
isothermally at 400K, and 400kJ of work are done on the system by the surroundings.
What volume of liquid was present in the system before and after compression?

Solid carbon dioxide (dry ice) has innumerable uses in industry and in research. Because
it is easy to manufacture, the competition is severe, and it is necessary to make dry ice
very cheaply to be successful in selling it. In a proposed plant to make dry ice, the
gaseous CO7 is compressed isothermally and essentially reversibly from 6 psia and 40°F

to a specific volume of 0.05 ft3/lb .

(a) What is the final state of the compressed CO3?

W) Compute the work of compression.

©) What is the heat removed ?

()] If the actual efficiency of the compressor (relative to a reversible compressor) is
85 percent and the electricity to run the compressor motor costs $0.02/kWh, what
is the cost of compression of the solid CO3 in dollars per pound of dry ice?

Section 5.6

A 10 percent (by weight) sulfuric acid solution at 70°F is placed in an open kettle
evaporator and evaporated at atmospheric pressure to a 60 percent solution. If the steam
leaving the kettle contains no sulfuric acid and is considered as leaving at the average
temperature of the boiling range (arithmetic mean temperature)
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(a) What are the initial and final boiling temperatures?
(b) How much heat must be supplied per pound of 60 percent acid produced?

A dilute sulfuric acid (62 percent by weight) is to be made by diluting concentrated acid
(95 percent) with water; however, due to the highly exothermic nature of the mixing,
some provision is necessary to hold down the temperature of the fluid during mixing.
The scheme shown in Fig. P5.6B is to be used. The concentrated acid is

Steam, 1 atm
? T°F
95% H,S0 ,——> 62% H,S0,
ot 16001% 4 = Cooler = at 100°F
Excess —= Mixer 1000 1b
Water at
100°F

Heat

mixed with an excess of water and the mixture boils, driving off steam (no H,SOq4
evaporates). Hot acid of the desired concentration leaves the mixer (both the steam and
hot acid leave at the same temperature) and is finally cooled to 100°F. Determine the
following:

(@) The amount of concentrated acid required per 1000 Ib of dilute acid produced.
() The amount of steam that leaves.

©) The amount of water added to mixer.

d) The temperature of the contents of the mixer.

(e) The amount of heat removed from the acid by the cooler.

In each of the four cases diagrammed in the figure below, the following data apply:

ream wt % EtOH condition amount
A 80 Unknown Unknown
B 10 70°F Unknown
C 60 Superheated vapor at 800 100 1b
Btu/lb
I —" A A
C—> I I — nr —C Vv —C

Loy 5 0 B ! L .z

Making the necessary material and energy balances for each diagram, and find the mass
flows, compositions, and specific enthalpies of each stream.
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57A

5.7B

5.7C

Section 5.7

Moist air at 1 atm, a dry-bulb temperature of 195°F, and a wet-bulb temperature of 115°F
is enclosed in a rigid container. The container and its contents are cooled to 110°F.

(a) What is the molar humidity of the cooled moist air?
(b) What is the final total pressure in atm in the container?
() What is the dew point in °F of the cooled moist air?
@ What is the final wet-bulb temperature in °F?

A humidifier is conditioning air to 120°F dry-bulb and 90°F wet-bulb by heating outside
air and then passing it through a spray chamber in which it reaches 90 percent humidity,
and then reheating it to the desired temperature. The outside air is foggy at 40°F,

carrying as liquid water 0.0004 1b water/ft3 wet air. What temperature (of the air) must
be reached in each heating operation, and how many Btu are required in each heating
stage per 100 1b of dry air entering from the outside ?

In one of the hotter regions of the country a home owner decides to keep her home at an
average temperature of 80°F and 40 percent humidity. On a typical day the outside
conditions are as follows: dry-bulb temperature = 95°F and wet-bulb = 85°F. The city
water supply is at 70°F and scarce. She therefore decides to use an electric refrigeration
unit to cool the air entering the ventilating ducts. Summary of conditions:

Size of home: 50,000 ft3.

Recirculation rate: one complete change every 3 min.

Average outlet temperature of the air: 82°F.

The increase in humidity in the house may be considered as zero.
Makeup air may be considered at 15 percent of the inlet air.

Give a complete flow sheet of the process and determine the amount of refrigeration and
reheating necessary to maintain the above conditions.
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Answers to Unsolved Problems

Chapter 1

1.1A (@) 26.82 m/s; (b) 0.626 Ibs/ft2, () 1.548 x 10-2 Btu, (d) 4.21 x 103 J's
1.1B (a) 0.518 b, (b) 21.5 13, (c) 1.87 Ib/ft3, (d) 1.034 kg/cm?

1.1C  2.40 x 105 (ft) (Iby)

11D 1.4 x 108 (ft) (Iby)

11E  Btu/(hn) (fd) (°F)

1.1F cm/sor cmZ/(s) (cm of height)

1.1G (a) Aisg/em3, Bisg (cm3)(°C), Cisatmrl; (b) A is 68.4 lby/ft3, B is0.055 Iby/(ft3)(°R),
C is 0.0000648/(Ikx/in?)

1.2A (a) 2.27 g mol, (b) 0.22 Ib N2
1.2 B (a) 3.18 x 10°g, (b) 15.4 Ib, (c) 932 g moal, (d) 4.54 x 1073 Ib mol

1.3A (@) 0.0311 Ib mol/gal, (b) 22.9 Ib/ft3, (c) 366 g/L, (d) 0.428 Ib H2SO4/Ib H20, (€) 0.927
Ib mol H>O/Ib mol total solution

1.3B  (a) 0.659, (b) 15 gal

1.3C 18.2 ppm

1.3D (a) 17.5° API, (b) 7.94 Ib/gal, (c) 59.3 Ib/ft3
14A 72.21b

1.4B 21.81b/ b mal

1.4C CO9:21.7, CO:10.9, CH4:49.5, H2:17.9
1.5A (a) =30°C, (b) 243.2K

1.5B () 356.8°C, (b) 675°F, (c) 1135°R

1.6A 1.07 x 10* lbf/in2

1.6B 2.06 psia

1.6C 4.49 psia

1.6D (a) hz=7.15in., (b) hp = 20.65 in.
1.7A 0.945 g CryS3
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1.7B (@) BaSO4islimiting reactant, C is excess reactant, (b) % xs = 50.6%, (c) degree of
completion = 0.901

Chapter 2
2.1A At 100°C (because phenol freezes at 42.5°Cl)

2.1B Pick up the second beaker from the left, pour all the ethanol into the fifth beaker from the
left, and replace the second besaker in its original location.

2.1C The other team's catcher and the umpire.
22A x=1y=2,z=3
22B x=4,y=32

2.2C
ECO===== HvY GRAPH =—=13|
25+
20 4+
154
10
0 20 40 60 B
5
Chapter 3

3.1A (@) closed, (b) open, (c) open, (d) open if it leaks, closed otherwise
32A rank=3

3.2B NOo; you have 3 unknown variables and two independent equations
3.2C No.

3.3A $51.90/ton

3.3B (&) NapSO4 28%, Ho0 72%, (b) 33.3 g crystals/100 g solution
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3.3C Overhead: CoHy (7.8%), CoHg (11.7%), C3Hg (19.4%), C3Hg (56.0%), iC4H10 (5.1%).
Bottoms. C3Hg (0.8%), iC4Hg (31.9%), nC4H10 (47.1%), nCsH12 (20.2%)

3.4C CO02:17.82%, O2:1.18%, N2:81.0%

3.4B 686%

3.4C 8.98%

35A () 87.6%, (b) 25.0%

3.5B (@) 17,650 bbl, (b) 1:52.45%, 2:40.20%, 3:6.67%, 4:0.68%; (c) 1:49.90%, 2:44.05%,
3:6.05%; (d) 22.14 bbl

3.6A (&) 1mol NO/1 mol NHzin, (b) R =42.9 mol NHz/mol NH3 fed

3.6B (&) R=1111IbCa(Ac) /hr, (b) 760 Ib HAc/hr

3.6C (a) 75.1 kg CoHo, (b) 250 kg, (c) 454 kg (d) 2.00

Chapter 4

4.1A 248 gal/hr

4.1B A leak occurred. The CO, balance indicates the analysisis correct.

4.1C (@) CgHp:1.23 mol/min, CgH12:11.5 mol/min, H2:11.5 mol/min; (b) CeHg:44.5 L/min,
CeH12:452.5L/min, H2:452L /min; (c) CeHg:6.4 mol/min (200L/min), H2:25.8 mol/min
(799L/min)

41D (a) all kN/m2:CHg (80), CoH4 (10), N2 (10); (b) No.

42A (8) RK:1193.1 cm3/g mol, (b) PR:1168.9 cm3/g mol

4.2B (&) van der Waals: 18.3lb, (b) 23.4 b

4.2C (a) Eq. of State: 0.862 ft3, (b) compressibility factor: 0.877 ft3

43A (a) 20am

4.3B 50 psia (340 kPa)

44A 70.7L

4.4B 02:296 ft3 at 745 mm Hg and 25°C; CoHo: 54 ft3 at 745 mm Hg and 25°C

44C 7.2L a SC

44D 44°C (111°F)



Addendix A Answers to Unsolved Problems 167

4.5A
4.5B
4.5C
4.5D
4.6A
4.6B
4.6C
4.7A
4.7B
4.7C

4.7D

L/V =159

Hexane 0.545, heptane 0.280, octane 0.180

(@) 75.21b H2O/100 Ib feed, (b) 48.4 wt% nonvolatile

Yes

(a) 43.6%, (b) 0.0136 mol Tol/mol Ha, (c) 0.043, (d) 42.9%, (€) 1.34%

(a) 219 psia, (b) 0.00435 Ib mol H2O/Ib mol N, (c) 0.999

(8) 20.5°C, (b) 0.024, (c) 0.805

The solution iswrong. The problem is underspecified. No unique solution is possible.
(8) 50.5%, (b) 200 kPa, (c) 11°C, (d) 7%, (€) No

(a) 103.6°F, (b) 80.3in. Hg, (c) 84%

(a) 89 ft3/min, (b) 1180 mm Hg

Chapter 5

5.1A

5.1B
5.1C
5.1D

5.1E

5.2A

5.2B

5.2B

5.2C
5.2D
5.2E
5.2F

(@) system: can pluswater, Q =0, W# 0; (b) system: H> plus bomb, W =0, Q # 0; (¢)
system: motor, Q # 0, W # 0; (d) system: pipe pluswater, Q =0, W £ 0.

All are intensive except the volume

(& 240 J, (b) 177 (ft)(Ibf), (c) 0.226 Btu

(a) KE =25 (ft)(Iby), for reference of the ground level, PE = -25 (ft)(Ix); (b) KE =0,
PE=0

Yes. Thereference for enthalpy changesis arbitrary.

Cp = 8.78 + 0.00963T — 0.00000529T2

Cp=6.852+1.62x 1073 o —0.26 x 106 T2,

Cp=275+6.78x 103 T.c —1.09x 106T2_, J(gmal) (°C)
(@) 39.8cd, (b) 34.2cd, (c) 5.6 ca

(a) 1955 Jg moal, (b) 1640 Jg mal, (c) 1937 Jg mol

—2020 Btu

376 Jg vs. 357 Jg by experiment
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5.3A

5.3B
5.3C
5.3D
5.3E

5.3F

5.4A
5.4B
5.4C

5.4D
5.4E
5.4F
5.4G
5.4H
5.5A
5.5B

5.5C
5.6A

5.6B
5.6C
S5.7A
5.7B
5.7C

Answers to Additional Problems Appendix A

(8) Wrey =—79.5 Btu/lb mol, Q = 280 Btu/lb mol, AU = 200.5 Btu/lb mol; (b) AH=Q =
—280 Btu/lb mol, W = +79.5 Btu/lb mol, AU = -200.5 Btu/Ib moal; (c) Q and W are zero,
andAH=AU=0

@AH=Q, (b)AH=0

(@) T2 = 250K, (b) vo = 3.2 ft/s

No

(@ air = 3915 Ib/min (b) humidity = 0.0425 Ib HoO/Ib BDA

(a) 6.37 x 104 lb/hr, (b) 1.72 x 104 Ib/hr, (c) 4.65 x 104 b/hr, (d) L = 3.16 x 104 Ib/hr,
V =3.21 x 104 Ib/hr

~156.47 kJ
57.5 kg
~122.2 kJ

(a) 488 Ib/hr, (b) 31,240 ft3 at SC

—28,240 J (heat evolved)

T =1278°F < 1500°F

T =982K

276%

About —1.8°F

(a) Before = 0, (b) After = 0.0024 m3

(a) 0.37 gas and 0.63 liquid, (b) 98 Btu/lb, (c) =173 Btu/lb, (d) $6.76 x 10-4/1b
() To = 210°F, Tf = 295°F

(a) 653 Ib, (b) 8.851b, (c) 355.9 Ib, (d) 300°F, (€) 10° Btu

Massesin|b: A =715, B =28.5,AH = Btu/lb; Il and IV are impossible to exist
(8) 0.078, (b) 0.871 atm, (c) 99°F, (d) 100°F

(8 Tp = 166°F, T¢ = 85.2 °F; (b) AH| = 3080 Btu, AH,; = 860 Btu
Refrigeration = 4830 Btu/min; Reheating = 124.5 Btu/min
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Data

TABLE B1 Typical Dry Gas Analyses

Analysis (vol. %—excluding water vapor)

Type CO, 0, N, (6(0] H; CH, C,Hs C;Hs CsHio CsH)+

Natural gas 6.5 71.5 16.0

Natural gas, dry* 0.2 0.6 99.2

Natural gas, wet* 1.1 -87.0 4.1 2.6 2.0 34

Natural gas, sourf (H.S 6.4) ' 58.7 16.5 9.9 5.0 35

Butane 2.0 35 75.4 n-butane
18.1 isobutane

INluminants
Reformed 23 0.7 49 208 498 12.3 5.5 5.5 3.7
refinery oil

Coal gas, by-product 2.1 0.4 4.4 13.5 519 243 34

Producer gas 4.5 0.6 509 27.0 14.0 3.0

Blast furnace gas 54 0.7 8.3 37.0 473 1.3

Sewage gas 22.0 6.0 20 68.0

*Dry gas contains much less propane (CsHs) and higher hydrocarbons than wet gas does.
tSour implies that the gas contains significant amounts of hydrogen sulfide.
SOURCE: Fuel Flue Gases, American Gas Association, New York, 1941, p. 20.

TABLE B2 Ultimate Analysis of Petroleum Crude

Weight %
Type Sp Gr At°C C H N o S
Pennsylvania 0.862 15 85.5 14.2
Humbolt, Kan. 0.921 85.6 12.4 0.37
Beaumont, Tex. 0.91 85.7 11.0 2.61 0.70
Mexico 0.97 15 83.0 11.0 1.7
Baku USSR 0.897 86.5 12.0 1.5

SOURCE: Data from W.L. Nelson, Petroleum Refinery Engineering, 4th ed., McGraw-Hill,
New York, 1958.

TABLE B3 Chemical Analyses of Various Wastes

Garbage Garbage

v Dry Charred  Charred com- com-
Raw Charred Tire sewage sewage animal posite posite
Material paper paper rubber sludge sludge manure A B

Moisture 3.8 0.8 0.5 13.6 1.2 0.0 34 12.3
Hydrogen* 6.9 3.1 4.3 6.7 1.4 5.4 6.6 7.0
Carbon 45.8 84.9 86.5 28.7 48.6 41.2 57.3 4.4
Nitrogen 0.1 — - 26 3.7 1.5 0.5 0.4
Oxygen* 46.8 8.5 4.6 26.5 —_ 26.0 22.1 42.1
Sulfur 0.1 0.1 1.2 0.6 — 04 0.4 0.2
Ash 0.4 2.5 34 349 45.7 25.5 10.2 5.9

* The hydrogen and oxygen values reflect that due to both the presence of water and that contained
within the moisture-free material.
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TABLE B4 Refinery Biological Treatment

Ranges reported*

Chlorides (mg/L) 200-960
COD (mg/L) 140-640
BODs (mg/L) 97-280
Suspended solids (mg/L) 80—450
Alkalinity (mg/L as CaCOs») 77-210
Temperature, (°F) 69-100
Ammonia, nitrogen (mg/L) 56-120
Oil (mg/L) 23-130
Phosphate (mg/L) 20-97

Phenolics (mg/L) 7.6-61

pH 7.1-9.5
Sulfides (mg/L) 1.3-38

Chromium (mg/L) 0.3-0.7

*Values are the averages of the minima and
maxima reported by 12 refineries treating total
effluent. Individual plants have reported data well
outside many of these ranges.
SOURCE: Manual on Disposal of Refinery Wastes,
American Petroleum Institute, New York, 1969,

pp. 2—4.
TABLE BS5 Higher Heating Value of Municipal Refuse (kJ/kg)
As Dry As Dry
Refuse component delivered basis Refuse component delivered basis
Lawn grass 4,780 19,320 Average — 20,050
Meat scraps, cooked 32,260 32,260 Mail 14,150 14,820
Newspaper 18,530 19,710 Cardboard 16,370 17,260
Shrub cuttings 6,290 20,300 Ripe tree leaves 18,550 20,610
Vegetable food waste 4,170 19,220 Magazine 12,210 12,730
TABLE B6 Calorie Counts in Various Foods
Kilo- Kilo-
Food Portion calories Food Portion calories
Beer 12 oz 165 Orange juice 1 glass 56
Chicken, broiled 3 308 Soft drink 1 can 73
Coffee 1 cup 0 Toast 2 pieces 120
Martini 1oz 168 Trout 11b 224
TABLE B7 Higher Heating
Class kJ/kg Btu/lb
Meta-anthracite 26,680 11,480
Anthracite 33,110 14,250
Low-volatile 35,370 15,220
bituminous
High-volatile 27,790 11,960
bituminous
Subituminous 23,330 10,040
Lignite 17,290 7,440
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TABLE BS§ Heating Values of Fue]s

Class Btu/gal
Kerosene 134,000
No. 2 burner fuel oil 140,000
No. 4 heavy fuel oil 144,000
No. 5 heavy fuel oil 150,000
No. 6 heavy fuel oil, 2.7% sulfur 152,000
No. 6 heavy fuel oil, 0.3% sulfur 143,800
natural gas *1,000
liquefied butane 103,300
liquefied propane 91,6000

*103 Bru/ft3 at SCNGI

TABLE B9 Elemental Compositions and Heating Values of Raw and Hydrotreated Coal

Liquids

Heating

Boiling Specific value,
range ( C) gravity (kJ/kg) H C (0] S N
liquid organic liquid 65-205 0.847 42212 11.33 83.77 4.0 0.60 0.30
liquid organic liquid 110-230 0.918 40068 9.93 84.44 5.0 0.40 0.23
SRC-Illinois No. 6 coal 340+ 1.184 37090 5.72 88.50 3.5 0.57 1.71
distillatezsyncrude mode 190-350 0.968 42056 9.14 88.87 1.5 0.10 0.39
fuel oil=Illinois No. 6 coal 260+ 40498 7.94 88.77 2.1 0.42 0.77
distillate syncrude 180-330 0.942 43326 10.46 89.12 0.3 <0.01 0.12

Source: R. H. Heck and M. J. Dabkowski, "Heating Value Correlation for Coal,” Ind. Eng. Chem. Res, 27, 1922 (1988).
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TABLE B10 Thermodynamic Charts Showing Enthalpy Data for Pure Compounds*

Compound Reference’

Acetone 2

Acetylene 1

Air V.C. Williams, AIChE Trans., v. 39, p. 93 (1943); AIChE J., v.
1, p. 302 (1955).

Benzene 1

1,3-Butadiene C.H. Meyers, J. Res. Natl. Bur. Stand., v. A39, p. 507 (1947).

i-Butane 1,3

n-Butane 1,3,4

n-Butanol L.W. Shemilt, in Proceedings of the Conference on
Thermodynamic Transport Properties of Fluids, London, 1957,
Institute of Mechanical Engineers, London, 1958.

t-Butanol F. Maslan, AIChE J., v. 7, p. 172 (1961).

n-Butene 1

Chlorine R.E. Hulme and A.B. Tilman, Chem. Eng. (January 1949).

Ethane 1,3,4 '

Ethanol R.C. Reid and J.M. Smith, Chem. Eng. Prog., v. 47, p. 415
(1951).

Ethyl ether 2

Ethylene 1,3

Ethylene oxide J.E. Mock and J.M. Smith, Ind. Eng. Chem., v. 42, p. 2125
(1950).

Fatty acids
n-Heptane
n-Hexane
Hydrogen sulfide
Isopropyl ether
Mercury
Methane
Methanol
Methyl ethyl

ketone
Monomethyl

hydrazine
Neon

Nitrogen

J.D. Chase, Chem. Eng., p. 107 (March 24, 1980).

E.B. Stuart et al., Chem Eng. Prog., v. 46, p. 311 (1950).
}.R. West, Chem. Eng. Prog., v. 44, p. 287 (1948).
éeneral Electric Company Report GET-1879A, 1949.
.i’l\% gmith, Chem. Eng. Prog., v. 44, p. 52 (1948).

F. Bizjak and D.F. Stai, AIAA J., v. 2, p. 954 (1964).
Cryogenic Data Center, National Bureau of Standards, Boulder,

Colo.
G.S. Lin, Chem. Eng. Prog., v. 59, no. 11, p. 69 (1963).

*For mixtures, see V.F. Lesavage et al., Ind. Eng. Chem., v. 59, no. 11, p. 35 (1967).
*1. L.N. Cajar et al., Thermodynamic Properties and Reduced Correlations for Gases,
Gulf Publishing Company, Houston, 1967. (Series of articles which appeared in the
magazine Hydrocarbon Processing from 1962 to 1965.)

2. P.T. Eubank and J.M. Smith, J. Chem. Eng. Data, v. 7, p. 75 (1962).

3. W.C. Edmister, Applied Hydrocarbon Thermodynamics, Gulf Publishing Company,

Houston, 1987.

4. K.E. Starling et al., Hydrocarbon Processing, 1971 and following. Note: Charts
available separately from Guilf Publishing Company, Houston.
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Heat capacity of hydrogen vapor’
C, = (0.0450K — 0.233) + (0.440 + 0.0177K)(107%) — 0.1520(10%?)

where C, = specific heat of vapor, Btu/(Ib,)(°F)
t = temperature, °F
K = characterization factor

Heat capacity of hydrocarbon liquids®
C, = [(0.355 + 0.128 X 1072API) + (0.503 + 0.117 X 10~2API)(107%1)]

X (0.05K + 0.41)
whe.re API = gravity degrees API and the other units are the same as for vapor heat ca-
pacity.

Specific gravity

141.5 -

P& = 1315 + APl

where sp gr = specific gravity, 60/60°F
°API = degrees API
Pseudo critical temperature 2
t:=ao+ aT + a;T?* + a:AT + a,T? + asT? + asA*T?

where r; = pseudo-critical temperature, °R
T = molal average boiling point, °F
A = degrees API
a; = constants in the correlation (see Table K.3)

Pseudo critical pressure >

pé = bo + blT + b2T2 + bsAT + b4T3 + bsATz + bsAzT + b7A2T2

where p; = pseudo-critical pressure psia
T = mean average boiling point, °F
A = degrees API
b; = constants in the correlation

Constants for Cavett Correlations

a; bl

-~

768.07121 2.8290406

( 0.17133693) (10 ) ( 0.94120109) (1073)
(—0.10834003) (1072) (—0.30474749) (107%)
(—0.89212579) (1072) (—0.20876110) (1074
( 0.38890584) (107°) ( 0.15184103) (1078)
( ( 0.11047899) (10~7)
( (—0.48271599) (1077)

( 0.13949619) (10~°)

0.53094920) (107%)
0.32711600) (10~7)

NOAWNMBAE WN-=O
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Enthalpy. Calculated as

Ty T
AH = f Criig dt + AH sporizsionaiy + f Cp.,, dt
Tref T

Pvap
1

where T, is the mean average boiling point.

Heat of vaporization'
AH ., = 2.303 {(z, — z)R(T)[A + 40TXT, — b)e (T, — b)*]}

where H,,, = latent heat of vaporization, Btu/Ib,,
zg — z; = pressure correction (see Fallon and Watson for table of values)
R = universal gas constant
T. = critical temperature, °R

T, = reduced temperature
A, b = constants (see Fallon and Watson for ways to calculate values)

or (a somewhat less accurate equation) ’
TB 2( 1 — Tr )0,38
vap = 0.95RT;
AH,,, = 0.95 B<TB _43> =7,

where T = molal average boiling point, °R
T, = reduced temperature
T = reduced Tp

Boiling-point relations

(a) 1, = Z Xoitvi

where X,; = volume fraction of the ith component of the petroleum fraction

I, = normal boiling point of the midpoint of the ith volume fraction, °F
or °R
n = number of volume fractions in the distillation curve to characterize the

petroleum product
(b) t= Vit + voutd? + . ..+ Va2l3)3

where ¢ = cubic average boiling point, °F

Vi = volume fraction i of a petroleum product having a normal boiling point
of t;
t; = temperature, °F

© t=xiti+ b+ o+ xuty

where 1, = molar average boiling point, °F

x; = the mole fractions of the narrow boiling range with normal boiling
points ¢
t; = temperature, °F
- L+t
d ty =

2

where 7y is the mean average boiling point, °F.
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Sources of Equations

1. J. F. Fallon and K. M. Watson, "Thermal Properties of Hydrocarbons," Nat. Pet. News (Tech. Sec.),
p. R-372 (June 7,1944).
2. R. H. Cavett.

"Physical Data for Distillation Calculations-Vapor-Liquid Equilibria," Proc. Am. Pet.
Inst. Div. Refining. v. 42, p. 351 (1962).

3. K. M. Watson, "Thermodynamics of the Liquid State,” Ind. Eng. Chem., v. 35, p. 398 (1943).
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DY 105,154
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Evaporator.........ocoviiiiiiiiii 130
Excessreactant ...........ooiiiiiiii 19
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F
Flash combustion............cccoiiiiii 52
FUrnace. ... 44,116,142
G
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GBS MELES ...t 39
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(77 051 [ 15
H
Heat capacity......ccooceiiiiiiiiiiiiiiiiieens 9,119-120
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