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2.1 Units and Dimensions



Unit and Dimensions

All Measured Quantities Consist of a Number and a Unit.

. c Y

Dimension
Value > What’s the difference?
Unit

Allowed car speed on highway is 120 km/h

Dimension is a property that can be measured (such as length, time, mass) or
calculated by multiplying or dividing other dimensions (such as length/time:

velocity)

Value is the numerical value or worth of the dimension.

Unit are the means of expressing the dimension such as: ft or cm for length, and
The | Iniver<itv of lordan

hour or seconds (for time).
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Classification of Dimensions

1. Basic (or fundamental) dimension/units are those that can be measured
independently and are sufficient to describe essential physical quantities.

2. Derived dimension/units are those that can be developed in terms of the basic
dimensions/units.

Refer to book to for examples of Basic and Derived
units. Memorize some samples




2.2 System of Units



Systems of Units

A system of units has the following components:

1. Base units for mass. Length, time, temperature, electrical current, and light
intensity.

2. Multiple units which are defined as MULTIPLES or FRACTIONS of base

units such as minutes, hours, and milliseconds, all of which are defined in
terms of the base unit of a second.

3. Derived units, are obtained in one of two ways:

a) Compounds units obtained By multiplying and dividing base or multiple

. >, Jt kgm
units (cm T

etc.).

b) Equivalent units defined in terms of compound units. Examples:

1N=1 kgm

s2

1dyne=19="

SZ
lbmft The lIniversitv of lordan
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Examples of multiple units

FRACTIONS unit MULTIPLES

Bite (B) kB, MB, GB, TB
um, mm, cm, dm m km
us, ms S min, hour, day
mL L m?3

Multiple Prefixes

Factor Prefix Symbol Factor Prefix Symbol
109 giga G 10~ deci d
106 mega M 102 centi C
103 kilo k 103 milli m
102 hecto h 10-6 micro m
1 , , 9 :
10 deka \ da 10~ _hano n

\ Remember ! /

These are multiples not units

The | Inivarcityvy of lordan
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Examples

What is the type of the following units?

Class duration is 120 min multiple unit (multiple of second)

Speed of car is 100 km/h, _ derived unit (compound)
Temperature is 40°C.  basicunit
Weight is 20 kg-m derived (compound)

s2

derived (equivalent) + multiple

Pressure is 100 kPa.

The | Inivarcityvy of lordan




(1) SI system of units
“Systeme Internationale d’Unites”

(2) The CGS system

(3) American Engineering system
(or English system)

Refer to book to learn the Basic and Derived units
in each system




Operations with Units
Addition, Subtraction, Equality

Remember. Numerical values of two quantities may be added, subtracted or

equated only if the dimensions and units are the same.

5kg+3 joules =? Dimensions are different.
Operation cannot be carried out !
3ecm—1s="7 3x—y=7
3cem—1mm=? Dimensions are the same but units are
not similar.

10 pounds +5 grams =?
P & Operation cannot be completed until

units are the same

3em—1cm=2cm Units are the same.

3y—1x=2x The operation can be completed

The Universitv of Jordan
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Multiplication and Division

Remember. Numerical values and their corresponding units may be always
combined by multiplication or division even if units are unlike. However,
you cannot cancel units until they are identical.

5.0km
INX4d4m = 12N'm m=15kmfh
?.[}EE::{-:I.,]{:EE].;m ImX4m=12m*
y
bem X 5 L 30 em®/s (5.::1 %)/(&2[1)&%)=25 m>/s
)

6g _ 3 (3 is a dimensionless quantity)

2 g The University of Jordan
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Functions

* Trigonometric functions have angular units (radians, degrees).

« All other functions and function arguments, including
exponentiation, powers, etc., must be dimensionless.

. 7T ~N
SiIn | —---
5

log (16 .. ) > (...) means unitless

Vfe--
6~ 0

[ \
\
\'/J

The University of Jordan
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2.3 Conversion of Units



Conversion of Units

g

1000

< > kg

Multiply or Divide???

M
mass <«—— mol

mol

<« 5 molecules

D
mass <«——— volume

/a\

Ad table

mol

o\ /ol

N

6.022x

\ /VO'
1023

o

Not needed
anymore

The University of Jordan
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Dimensional Analysis for unit conversion

Dimensional analysis:
A method that uses a conversion factor to convert a quantity
expressed in one unit to an equivalent quantity in a different unit.

Conversion factor:
States the relationship between two different units.

given quantity x conversion factor = Desired quantity

e

N
Vi AY

# given }'{"t X des:red unit

I
[}
I
I
I
1
1
\
\

Y ," glv/eﬁ unit

-

= ## Desired unit

The | Iniver<itv of lordan
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This table is an
important tool.
Learn how to
use it and
always have a
hardcopy during
lectures

Conversion Table

FACTORS FOR UNIT CONVERSIONS

Quantity Equivalent Values
Mass 1kg = 1000g = 0.001 metric ton = 2.20462 lb,, = 35.27392 oz
1lbm = 160z = 5X 107* ton = 453.593 g = 0.453593 kg
Length Im = 100 cm = 1000 mm = 10° microns (um) = 10'° angstroms (A)
= 39.37 in. = 3.2808 ft = 1.0936 yd = 0.0006214 mile
1ft = 12in. = 1/3yd = 0.3048 m = 30.48 cm
Volume 1m® = 1000L = 10° cm® = 10° mL
= 35.3145 ft> = 219.97 imperial gallons = 264.17 gal
= 1056.68 qt
1ft> = 1728 in3 = 7.4805 gal = 0.028317 m® = 28.317 L
= 28,317 cm?
Force IN = 1kg-m/s* = 10° dynes = 10° g-cm/s? = 0.22481 Ib;
11bs = 32.174 Ibyft/s> = 4.4482 N = 4.4482 x 10° dynes
Pressure 1 atm = 1.01325 X 10° N/m?2 (Pa) = 101.325 kPa = 1.01325 bar
= 1.01325 X 10° dynes/cm?
= 760 mm Hg at 0°C (torr) = 10.333 m H,O at 4°C
= 14.696 Ib¢/in.? (psi) = 33.9 ft H,O at 4°C
= 29.921 in. Hg at 0°C
Energy 1J = 1N-m = 107 ergs = 10’ dyne-cm
= 2.778 X 1077 kW-h = 0.23901 cal
= 0.7376 ft-lby = 9.486 < 10~ % Btu
Power 1W = 1J/s = 0.23901 cal/s = 0.7376 ft-1bs/s = 9.486 X< 10~* Btu/s
= 1.341 X 103 hp

Example: The factor to convert grams to lb,, is (

2.20462 1b,,
1000 g I

niver<itv of lordan
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Exercise 1 How many feet is 39.37 inches?

Conversion factor (from table) equality:
1ft=121in

Applicable conversion factors:

1 ft 12 in
12 in - 1 ft
1 ft
Xft = 39.37% \-5— 3.28 ft
12m\

The units must cancel

The University of Jordan
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Exercise 2

How many kilometers is 15,000 decimeters?

X km = 15000 drq (lé_ﬁ/m)( 1 km )= 1.5 km

The University of Jordan
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Exercise 3

How many seconds is 4.38 days?

Xs=438d" (24\1\

1.d”
378,432 s

S5 /i2 Il0=

)

60 MiA

Th,

)

60 s
1 e

)




Exercise 4

From Chemistry class
1 atm = 760 mmHg = 1.013 % 10” Pa = 1.013 bar = ....

foot (International) ft = 1/3 yd = 0.3048 m

Convert 800 mmHg (pressure) into bars

X bar= 800 mpyflg» 1013 bar . oo

760 n}ﬂ(fg

Convert36 mgto g

pg| 1g = 0.036g (36 mg) X (___ & )=Dﬂ35
| 1000 parg 1000 mg) = 70 8

20




Exercise 5 - Unsolved

a) Convert 5 kg to g

b) Convert 300 g to kg

c) How many meters is 8.72 cm?

d) Convert 250 kPa into atm

The Universitv of Jordan
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Exercise 6

Convert an acceleration of 1 cm/s? to its equivalent in km/yr?

1 cm 1 m 1 km | 36002 s° | 24° h? | 3652day?
s? 100cm | 1000m 12  h? 1?2 day? 1¢ yr?
=9.95x10° km/yr?

The Universitv of Jordan
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Exercise 7

Conversion between Systems of Units

Convert 2 km to miles

2 km 10°cm| 1in | 1ft | I mile |
, = 1.24 mile
"1 km [254cm |12 in | 5280 f
Convert 400 in.3/day to cm3/min
400463 |/ 2.54 cm \*| Ledy| LME cm?
: = 4.55—
;a‘:{y l/rﬁ E{Hﬁ 60 min min

The | Iniver<itv of lordan

23




Exercise 8

A large sport utility vehicle moving at a speed of 125 km/h might use gasoline at a

rate of 16 L per 100 km. What does this correspond to in mi/gal?

SOLUTION
0.6214 mi . 1 gal
B —— = 2. < —4
100 kv Ll 62.14 mi 16 £ 378 1 4.2328 gal
62.14 mi mi
—————— = 1468 —  Round off to 15 mi/gal
4.2328 gal o] I T

Note that extra digits are carried through the intermediate calculations, and only the
final answer is rounded off.

When you become more confident in working multiple conversion problems, you
can set up one large equation in which all unwanted units cancel:

100kkm 378X  0.6214 mi mi
x X — 1468~  Round off to 15 mi/gal
16E ~ 1gal = 1km oAl ol B i g

The Universitv of Jordan
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2.4 Force and Weight



Force and Weight

Newton’s Second Law F=m-q  Force

W=m-g| Weight

 Force is proportional to the product of mass and acceleration
(Iength/time?) of object.

* Weight, is the force exerted on an object by the gravity. It is calculated
using the acceleration of gravity at sea level and 45° latitude (g).

* Force and Weight have similar units

Refer to book to learn the units and values of g in
different systems of units

The | Inivarcityvy of lordan
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(g.) as a Conversion factor for forces

Refer to book to learn about g, its values, and how it is used as
a conversion factor from basic to derived units in different
systems of unit

The | Inivarcityvy of lordan
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Example 1

(a) SI system. Calculate the force in Newtons required to accelerate a mass of
4.00 kg at a rate of 9.00 m/s?.

F=ma

o 400kg|9.00m /iN
|

s

1/9¢

(b) American system. Calculate the force in Ib, required to accelerate a mass
of 4.00 Ib_, at a rate of 9.00 ft/s?.

1 Iby
32.174 1by, - ft/s?

p _ 4001y ‘| Q,t}:}fz i

1/9¢

. 2 Fi el . . .
go = 1 X&WS _ 3217 1w fUS" s simply a conversion factor., . .. ..
1N 1 "Jf 28




2.5 Numerical Calculation and
Estimation: Scientific Notation

29



Numerical Calculation - Scientific notations

* A convenient way to represent very large or very small numbers.

e Scientific notation is small number (0.1 to 10) x 107

D —

123,000,000 =123,000,000. x 107

* The value of power = number of moved stages.

« If decimal moves to left (power increases 1),

=1.23x10°%

* While, if decimal moves to right (the power decreases ).

—

0.00025 = 0.00025x 107"
23,040
0.00304

2.5 x10 4

or 25 x10

Section 2.6
contains
additional data
analysis tools
that are not
required in this
course but are
very useful for
future
reference.

30




2.6 Dimensional Homogeneity

31



Dimensional Homogeneity and Dimensionless
guantities

* Dimensional homogeneity (or unit consistency) means that all additive terms
on both sides of a valid equation must have the same dimensions (or units).

* Dimensional homogeneity can be used to identify the dimensions and units of
terms of quantities in an equation.

u(m/s) = up(m/s) + g(m/s*)e(s)

This equation is dimensionally homogenous, why?

The terms u, uo, and g.t has the same dimension (length/time); or same unit (m/s)

* Ifan equation is dimensionally homogeneous but its additive terms have
inconsistent units, the terms may be made consistent simply by applying the
appropriate conversion factors.

The | Iniver<itv of Jordan
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Example 2.6-1 Dimensional Homogeneity

Consider the equation ~ D(ft) = 3i(s) — 4

1. If the equation is valid, what are the dimensions of the constants 3 and 4?

For the equation to be valid, dimensionally homogeneous, each term must

have the dimension of length.

D(ft) = 3t(s) — 4

The constant 3 The constant 4

length/time

2. If the equation is consistent in its units, what are the units of 3 and 47

For consistency, the constants must be

length

3 ft/s| and _i_t_t_

The | Iniver<itv of lordan
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3. Derive an equation for distance in meters in terms of time in minutes.

Define new variables D'(m) and ¢'(min).

D(ft) = 3I(S) — 4

D'(m) | 3.2808 ft
D(ft) = ()‘J — = 328D’
m
t'(min) | 60 s
t(s) = ( ){ - = 60t
min

Substitute these expressions in the given equation

3.28D' = (3)(60¢') + 4

D'(m) = 55¢'(min) + 1.22

What are the units of 55 and 1.22?

*

Needs attention

The | Inivarcityv

nf lordan
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General procedure for rewriting an equation in terms of new
variables having the same dimensions but different units:

1. Define new variables that have the desired units.
2. Write expressions for each old variable in terms of the corresponding new variable.
3. Substitute these expressions in the original equation and simplify.

Dimensionless quantities

A dimensionless quantity can be a pure number or a multiplicative combination of
variables with no net dimensions.

3
Example: M(g) or Dlem)u(cm/s)p(g/cm ) } Dimensionless Group

My (9) ulg/(cm.s)]

35




Problem Solving



FACTORS FOR UNIT CONVERSIONS
Quantity Equivalent Values

Mass 1kg 1000 g = 0.001 metric ton = 2.20462 lb,, = 35.27392 oz
11by = 160z = 5% 10 ton = 453.593 g = 0.453593 kg

Length 1m = 100cm = 1000 mm = 10° microns (rm) = 10'° angstroms (A)

= 39.37 in. = 3.2808 ft = 1.0936 yd = 0.0006214 mile
1ft = 12in. = 1/3yd = 0.3048 m = 30.48 cm

Volume 1m® = 1000L = 10° cm® = 10° mL
= 35.3145 ft> = 219.97 imperial gallons = 264.17 gal
= 1056.68 qt
1fe8 = 1728in.> = 7.4805 gal = 0.028317 m® = 28317 L
C . = 28,317 cm®
onversion Force IN = 1kg'-m/s* = 10° dynes = 10° g-cm/s? = 0.22481 Ib;
T bl 11bs = 32.174 Ibpft/s* = 4.4482 N = 4.4482 X 10° dynes
a e Pressure 1 atm = 1.01325 X 10° N/m? (Pa) = 101.325 kPa = 1.01325 bar

1.01325 X 10° dynes/cm?

760 mm Hg at 0°C (torr) = 10.333 m H,O at 4°C
14.696 1bg/in.? (psi) = 33.9 ft H,O at 4°C

= 29.921 in. Hg at 0°C

Energy 1J = 1N-m = 107 ergs = 107 dyne-cm

= 2.778 X 1077 kW-h = 0.23901 cal

= 0.7376 ft-lb = 9.486 X 10~* Btu

Power 1W = 1J/s = 0.23901 cal/s = 0.7376 ft-lbg/s = 9.486 X 10~* Btu/s
= 1.341 X 103 hp

2.20462 by, )

Example: The factor to convert grams to lby, is ( 1000 g

The University of Jordan
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Exercise 1
1) Convert 23 |b_.ft/min? to its equivalent in kg.cm/s?. [answer:
2) Convert 400 in.3/day to cm3/min

3) A vehicle consumes gasoline at a rate of 16 L / 100 km. Convert this
consumption rate to gal / mile.

The | Iniver<itv of lordan
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Exercise 2

o . a : B
n the equation, (p+ﬁ)x(V—b)—R><T

What are the dimensions of a and b?

Solution

a [=] (pressure)(volume/time)?
b [=] (volume/time)

The Universitv of Jordan
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Exercise 3

A seed crystal of diameter D (mm) is placed in a solution of dissolved salt

and new crystals are observed to nucleate at a constant rate r (crystal/min).

Experiments with seed crystals of different sizes show that the rate of
nucleation varies with the seed crystal diameter as:

r(crystal/min)=200D - 10D? (D in mm)

a) What are the units of constants of 200 and 10?

b) Calculate the crystal nucleation rate (crystal/s) corresponding
to diameter of 0.050 inch.

c) Derive a formula for r (crystal/s) in terms of D (inches).

40




Exercise 4

In biological systems, enzymes are used to accelerate the rates of certain biological reactions.
Glucoamylase is an enzyme that aids in the conversion of starch to glucose (a sugar that cells
use for energy). Experiments show that 1 pg mol of glucoamylase in a 4% starch solution
results in a production rate of glucose of 0.6 pg mol /(mL)(min).

Determine the production rate of glucose for this system in the units of Ib mol/(ft3)(day).

Solution

0.6 wesml | 1 gamol 60 pih| 24 y

I Ib mol ‘ 1000 et. |

(o) (1) [ 10° ool [454 g ol | Ll [3.531 < 102663 _bw | day
— 0.0539 Ib mol
~ (ft")(day)

The | Inivarcityvy of lordan
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Introduction

Process Unit Process Unit
Inputs | —> Mnass Outputs
> > _ > System =
Volume: | > | Temperature a group of units
JFELLSUre

T Lomposs )47 oo

Consider a familiar “system”: A car

Process: any operation or series of operations by

which a particular objective is accomplished. These ST N ek
operations can cause a physical or chemical change \ f - g A
in a substance or mixture of substances. | / \ : )
eor ot |EXIansE e T pire L L AR
I 20 = | - |
S ’ N2 | o~
-@- Can you think of other Y 1 ,/\\
=/ | processes? T U

The Universitv of Jordan
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Process Variables

Major process variables that will be covered in this course:

1. Mass and Volume
a. Density
b. Specific volume
c. Specific gravity
2. Flow rate
a. Mass flow rate
b. Volumetric flow rate
3. Chemical composition
a. Moles and molecular weight
b. Mass fraction and mole fraction
c. Concentration
4. Pressure

5. Temperature

The Universitv of Jordan

Dr. Hatem Alsyouri 3




Dr. Hatem Alsyouri

3.1 Mass and Volume

This section will define the mass and volume variables and the
associated physical properties such as density and specific
gravity



3.1 Mass and Volume

Density (p = row): is the mass per unit volume of a material (pure compound,

solution, mixture). Sl unit (kg/m?3).

PH20(iq) (4°C)
=1.000g/cm3
= 1000 kg / m?
= 62.43 Ib, / ft3

e Density varies with temperature and pressure.

e Density of liquids is independent of pressure but
varies with temperature.

e Densities are reported at specific reference
conditions in several resources.

o Reference of water is LIQUID phase and 4°C.

Density ( p)
Mass (m) < i P/ ol Volume (V)
9
units (kg, g, Ib,,) N (ﬁ ‘ units (m3, cm3, ft3)

' Mass x 1/ Density = Volume Density is a conversion " Volume x Density = Mass

. 2kg 1 /m? \ = 0.002 m?3 factor between massand | 5m? |1000,'"/<g N~ co00 kg

| | 1000‘\\kg ,I'| I VOIume | | 1 “\m I,'l i The Universitv of Jordan
Dr. Hatem Alsyouri o pod 5




Specific Property: is the amount of property per unit mass of the substance (xx/ kg).

Specific volume ( 74 ): is the volume occupied by unit mass of the substance (m3/ kg).

Density ( p)

()

INVERSE Specific Volume (V)
————> m3
kg

Specific gravity: is the ratio of the density p of the substance to the density
p,.s Of a reference at a specific condition (water @ 4.0°C):

sG =
pref

Dr. Hatem Alsyouri

* Pref is the reference density = p of Liquid water
at 4°C = 1000 kg/m3.

e SGis the value used to obtain densities of several
materials. SG is the conversion factor between p and p;..¢

e SG values are reported in Table B.1 Appendix B

The Universitv of Jordan
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Solution Strategy

This is a general procedure for solving problems

Analyze Check &
the Interpret
system
Define the Apply principles Select Verify solution
problem, identify (engineering, equations, and interpret
knowns/unknown physical, techniques, or results
chemical, etc.) software

)

-

The University of Jordan

Dr. Hatem Alsyouri 7




Exercises on Mass and Volume

Problem. A pipeline transporting oil from a production site to a refinery is 48 inch diameter and 7
100 km long.
1 barrel =
a. How many barrels of oil (volume unit) are required to fill the pipeline? (1 barrel = 42 gallon) 42 gal ~
159 Lit

b. Find the mass in metric ton, assuming the specific gravity is 0.9 (light crude oil)

L=100 km
Answer |< ---------------------- >|
A
a. Volume of oil in pipeline d= 48 inch
1. d(inch = m) ... using known conversion factor (1 m=39.37in.) (ans.d=1.22 m) v
2. L(km > m)... using known multiples (1 km = 1000 m) (ans. L= 100,000 m)
3. Volume in (m3) ... using volume equation (ans. V= 116,899 m3) Volume = Area X Length
4. Volume (m3 - gal = barrel) .... using conversion table (ans. V= 735,267 barrel) 7/
T T -
V=-d?L==—x(dft >m)?xL (km - m)X factor (m3 - gal - barrel) V= L Math
4 4 basics
b. Mass of oil
B . . . — y
1. Densrfy in (kg/m ) ... using ?G and density ch water (ans. pyi;=900 kg/m3) R ! ¢ | What is the material of
2. Mass in (kg) using Volume in (m3) and density (kg/m?3) (ans. m,; = 105,209,100 kg) . e
. . . : o construction of oil pipelines?
3. Mass in (m. ton) using conversion factor (1 m. ton = 1000 kg) (ans. m,;; = 105,209.1 metric ton) =

The | Iniver<itv of Jordan

Dr. Hatem Alsyouri 8




3.2 Flow Rates

This section will define the variables that have a flow nature

Dr. Hatem Alsyouri



3.2 a. Mass and Volumetric Flow Rates

* Flow rate: the rate at which a material is transported through a
process line. Unit of Rate is [property / time]

. mass
Mass: m while Mass flowrate: m (t. )
ime

volume
time

Volume: V  whie Volumetric flow rate: V (

Flow in
—
Pipe/tube/duct

D " m m
ensity: p = — = —
V V The University of Jordan

Dr. Hatem Alsyouri 10




3.2 b. Flow Rate Measurements

is a device mounted in a process line that
provides a continuous reading of the flow rate in the line

Refer to book for more details on
flow measurement devices

Dr. Hatem Alsyouri




Exercises on Flow Rates

Problem. Liquid butane enters a process. By measurement, it is found that 300 kg of butane
pass into the process every 12 minutes. The density of liquid butane is 600 kg/m?.

a. Calculate the mass flow rate (in kg/h) (ans. m= 1500 kg/h)

b. Calculate the volumetric flow rate (in m3h) using the given density. (ans. V= 2.5 m3/h)

The Universitv of Jordan

Dr. Hatem Alsyouri 12
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4/ 3.3 Chemical Composition

This section introduces the different ways to express the
composition of a mixture in mass values, molar values, and
concentration

13



3.3a Moles and Molecular Weight

Mole (n):
The amount of a substance that contains 6.022x10%3 entities.

Sl and CGS unit is (g-mole = mol). British unit is (Ib-mole).
Other multiples of mol is kg-mole = kmol.

Conversion between (g-mole) and (kg-mole) is as conversion between (g)

and (kg). Similarly, convert (g-mole) to (Ib-mole) by using (g) to (Ib,,) conv.
factor

Molecular Weight (M)

- the sum of the atomic weights of the atoms that constitute a
molecule of the compound (same as molar mass).
Units of M, i.e., (g/mol, kg/kmol, or Ib_/lIb-mole).

- Values of M are available in Table B.1 for several species

The Universitv of Jordan
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Exercises on Moles and Molecular Weight

Problem. Liguid butane enters a process. By measurement, it is found that 300 kg of
butane pass into the process every 12 minutes. The density of liquid butane is 600

kg/m?3.
(ans. m= 1500 kg/h)
(ans. V=125
m3/h)
c. Calculate the molar flow rate (in kmol/h). Molecular weight of butane (M) = 58
kg/kmol
Answer

Parts (a) and (b) were solved earlier

C.
1. m =1500 kg/h (kg = kmol) using Molecular weigh (kg/kmol) (ans. d=1.22 m)

‘@’ Where can you obtain molecular

— values from?

4

The Universitv of Jordan
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3.3b Mass and Mole Fractions and Average Molecular Weight

e Process streams occasionally contain one substance, but more often
they consist of mixtures of more than one substance.

e Physical properties of a mixture depend strongly on the composition of
mixture.

e To express the Composition of a mixture we use the fraction of a
species (e.g., for substance A):

Mass fracti __ massof A kg A gA b, A
vop jraction A= total mass \ kg total or g total & lb,, total
(the mass percent of Ais 100X , )
Mol ] _ moles of A kmol A mol A b —mol A
ole fraction  ya = total moles \ kmol total L mol total < [b — mole total

(the mole percent of Ais 100y 4 )

Dr. Hatem Alsyouri

Fraction is always
less than 1

Summation of all
fractions is always 1

Fraction is unit-less

The Universitv of Jordan
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Average Molecular Weight of a Mixture M

- Is used to convert between mass and moles of a mixture.

- The ratio of total mass of a mixture to the total number of moles.
- M unit (kg/kmol, g/mol, or Ib_/Ib-mol).

- It can be calculated from mass fractions or mole fractions

Based on mole fraction (y;)

M = YoM+, M, +...= Zy'M. (y,) is the mole fractions of component i
M.

all components (M.) is the molecular weight of component i

Based on mass fraction (x;)

NSy, X, X,
— = + +...= Z (x;) is the mass fractions of component i
M M, M, M,

all components i
Dr. Hatem Alsyouri 17
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Exercises on the average molecular weight

Problem. Calculate the average molecular weight of air:
a. From its approximate molar composition of 79% N2, 21% 02 (ans. M ;=29 g/mol)

b. From its approximate composition by mass of 76.7% N2 and 23.3% 02 (ans. M ;.= 29 g/mol)

Answer
d. .o M = ZyiMi M — yNZMNZ + yOzMOZ
all components
~0.79 kmol N, | 28 kg N, . 021 kmol O, |32 kg O,
B kmol ‘ kmol kmol ‘ kmol
Y A kg L by, o o
Malr = |29 kmaol (_ 29 Ib-mole 29 H)
b.
| X 0%
1 _ Z % _ e o O.767gN2/g+0.233g02/g: 00035m_01
M all components Mi MNZ M02 28 gNz/ mOI 32 gOz/mOI g

= M_;, = 29 g/mol

The Universitv of Jordan
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3.3c Concentration

Concentration: quantity of a component per unit volume of a mixture.

Mass Concentration: mass of a component per unit volume of the mixture (g/cm3, Ib_/ft3,
kg/in3, etc) = density.

Molar Concentration: number of moles of the component per unit volume of the mixture

Molar
concentration is
analogous to
Density but in
molar unit

(mol/L, kmol/m3, Ib-moles/ft3).

Molarity of a solution: moles / Lit solution C, = Concentration is a conversion
A V factor between mole and volume

Dr. Hatem Alsyouri

The Universitv of Jordan
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Exercises on Concentration

Conversion between Mass, Molar, and Volumetric Flow Rates of a Solution

Problem.

A 0.50 molar aqueous solution of sulfuric acid (H,SO,) flows into a process unit .@.
at a rate of 1.25 m3/min. The specific gravity of the solution is 1.03. -

Mass concentration
is the Density

a. Calculate the mass concentration of H,SO, in kg/m3.
b. Calculate the mass flow rate of H,SO, in kg/s.

c. The mass fraction of H,SO, (tricky)

Note: 0.5 molar solution, means the molarity of the solution is 0.5 molar = 0.5 mol H,SO, /L

Molecular weight (M) of H,SO, is 98 g/mol

The | Inivarcityvy of lordan
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Answer

1. The mass concentration of H,50, in kg/m3.

C (w) 050 mol HyS0,|98¢g| 1kg| 10°L
HySO,\ ™ e L ‘mol| 10°g | 1uwd
— |49 kg ifﬂd

2. The mass flow rate of H,50, in kg/s.

]{g Hg SDJ

=1 1.0

ke 0 ) _ 1.25m® | 49 kg H,SO, | 1 min

g0, (250
H,50, S min ‘ m® ‘605

The Universitv of Jordan
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Answer cont’d

3. The mass fraction of H,SO,.  (tricky)

The mass fraction of H,SO, equals the ratio of the mass flow rate of H,SO, to the total
mass flow rate, which can be calculated from the total volumetric flow rate and the
solution density.

1000 k k
Psolution — (1'03)( m E): 1030 Ega
Y
, ke 1.25 m? solution | 1030 kg | 1 min ke
Mot (—) = : = 21.46 —
RS min ‘ m?® solution ‘ 60 s s
Y
_ Mgso, 1.0 kg HySOufs kg H,S0,
$HESDd © Tisgtion 21.46 kg solution/s 0.048 kg solution

The Universitv of Jordan
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3.4 Pressure

This section defines the pressure variable, units, conversions
“.between units, types of pressures, and measurement devices

23



Pressure (P): ratio of a NORMAL force to the area on which the force acts

O P_Force_ﬂ

Weight Area A
N
<> m
: dynes

CGS Unit > ;
cm

- : Ibs

American Eng. Unit > L = psi
in
F(N)

(pound force per Square inch)

_J'-- - -~ - -
]

— ==l = P(N/M?2) ===

_\i'- SN -
\ )

The University of Jordan
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3.4a Fluid Pressure and Hydrostatic Head

Hydrostatic pressure: pressure of the fluid at the base of a column.
It is the force (F) exerted on the base divided by the base area (A).

Fluid = gas or liquid

P[}(N/m2)
Fluid densi
obgmy B P (kg m (Pa)

h(m) g m3 s2

P(N/m?)

Prove that the term (p - g - h) has a pressure unit
N (s (Pa) or (N/m2)

T v

P: is the pressure exerted at bottom of column

P, is the pressure exerted on the top of the column (surface pressure), In most
cases P, is the atmospheric pressure

The | Iniver<itv of Jordan

g is the acceleration of gravity.
25
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Atmospheric Pressure (P_,,)

The earth’s atmosphere can be considered a very tall column of fluid
(AIR). The pressure at the bottom of the column is atmospheric
pressure (or barometric pressure).

]
\ U

ra\. Itis useful to have a fixed reference value for atmospheric pressure.
“S" The sea-level value is used.

At sea level, P, = 760 mm Hg.
By definition P, = 760 mm Hg = 1 atm = 14.7 psi

See conversion table for other units

Question.

Would atmospheric pressure at the ski resort (mountain) be greater or less than
the atmospheric pressure at sea level? Explain your answer

Answer. LESS atmospheric pressure because of shorter column of air at that height

The Universitv of Jordan
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3.4b. Types of Pressures -@-

Types could be

1. Atmospheric pressure (P,.): is the pressure caused by the confusing to

weight of atmosphere on surface of earth. (Barometric Pressure).

students
2. Absolute pressure (P, .): is total pressure and relative to a
perfect vacuum (P = 0). P.bsolute Poauge
3. Gauge pressure (P,,,..): is the pressure of the fluid relative to
atmospheric pressure; it equals to P,,. minus P, .. Pt
Ref: 1 atm 1atm
— —_— Pvacuum
Pgauge B Pabsolute Patm <1atm
[
A gauge pressure of 0 indicates that the absolute pressure Pet Berfect vacuum i
of the fluid is equal to atmospheric pressure. \ 4

4. Vacuum pressure (P,.): when pressure is below atmospheric
value. Complete vacuum corresponds to zero pressure.

The Universitv of Jordan
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3.4c. Pressure measuring devices

Bourdon
tube \

Bourdon gauge

Refer to book for details the
operation of this device

The Universitv of Jordan
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Manometers

P2=Patm

Manometer

fluid

(a) Open-end

Measures pressure at
one point

Manometers variables

Fluid 1
Density pl\A
Calculations of
manometers will
be discussed in the
Momentum

Transfer course. (a) —>

Dr. Hatem Alsyouri

Iz

/_

_—

— (b)

—
[~

(b) Differential

Measures pressure
difference between
two point in the line

Fluid 2
Density p,

Manometer fluid
Density p,

LT LT L] e

@

1

(]2

h

4
[

(c) Sealed-end

P, = nearly vacuum ~ 0. If
inlet end is exposed to
atmosphere the unit is

called Barometer
(P, = 1 atm).

Py

Fluid 2

/ Density p,

P =Pyt+ p.g.h

Manometer fluid

The | Iniver<itv of Jordan
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Example 3.4-2 Pressure Below the Surface of a Fluid

What is the pressure 30.0 m below the surface of a lake? Atmospheric
pressure (the pressure at the surface) is 10.4 m H,0O, and the density of water
is 1000.0 kg/m?3. Assume that g is 9.807 m/s?.

Solution 1) By using P =P, + pgh

B, = B +pgh

=

B, =

10.4 m H,O | 1.013 x 10° N/m?

Pressure

1 atm

Il

1.01325 x 10° N/m? (Pa) = 101.325 kPa = 1.01325 bar
1.01325 % 10° dynes/cm?

760 mm Hg at 0°C (torr) = 10.333 m H,O at 4°C
14.696 Ibg/in.? (psi) = 33.9 ft H,O at 4°C

29.921 in. Hg at 0°C

1000.0 kg /m® | 9.807 m | 30.0m | 1N

10.33 m H,O

= |3.96 x 10° N/m?(Pa)

By conversion and scientific notation =

Dr. Hatem Alsyouri

F, = 396 kPa

52‘ ‘lkg;-]]]fs2

The Universitv of Jordan
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2) By using | Pu(mm Hg) = Po(mm Hg) + h(mm Hg)| Replace Hg with H,0

Show that two calculated pressures are equivalent.

Pressure 1 atm = 1.01325 X 10° N/m? (Pa) = 101.325 kPa = 1.01325 bar
1.01325 % 10° dynes/cm?

760 mm Hg at 0°C (torr) = 10.333 m H,O at 4°C
14.696 Iby/in.? (psi) = 33.9 ft H,O at 4°C

29.921 in. Hg at 0°C

The University of Jordan
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3.5 Temperature

This section defines the temperature variable, different scales

__and units, conversions between units, and measurement

devices

32



3.5. Temperature

» Temperature is a measure of the average kinetic energy of the molecules of a
substance.

» It is measured indirectly using a scale relative to a measureable physical property
that depends on temperature (electrical resistance, voltage, radiation, etc).

Temperature Scales

» Can be defined in terms of any property or physical phenomena, e.g., volume of a fixed
mass of fluid (thermometer), that takes place at a fixed temperature, e.g., freezing or
boiling points..

» The two most common temperature scales are the Fahrenheit scale and the Celsius scale.

» They are defined using freezing temperature (T;) and boiling temperature (T,) of water at
1 atm at sea level.

The | Inivarcityvy of lordan
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Celsius or centigrade scale (degrees C, or °C)

* T;is assigned a value of (0°C,) and T, a value (100°C).

* Absolute zero: theoretically is the lowest temperature attainable in nature,
where all molecular motion theoretically stops.

* On this scale, absolute zero falls at -273.15°C

Fahrenheit scale ( F)
* T;is assigned a value of (32°F,) and T, a value (212°F).
* Absolute zero falls at -459.67°F

Kelvin (K) and Rankine ( ‘R) scales

* Are defined such that the absolute zero has a value of zero (0)
* |In Kelvin scale, the size of degree Kelvin (K) is same as a °C.

* |In Rankine scale, the size of degree Rankine (°R) is same as a °F.

The | Inivarcityvy of lordan
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Relation between temperature scales

—_—

T(K) = T(°C) + 273.15

T(°R) = T(°F) + 459.67 These are the
TF) = 1.8 T(°C) + 32 — y=gx+b conversion factors
between different

TR} =1.8 T(K) temperature scales

Example. Convert 20°F into °C.

20°F=1.8T(°C) +32 = T =-6.67 °C

The | Iniver<itv of lordan
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Temperature vs. Temp. Interval

* Consider heating from 20°C to 50°C

e 20°Cis a temperature value, while 20°C to 50°C is an interval

* The interval value equals 50 — 20 = 30°C

 Temperature interval is any situation that can be described as AT

Conversion of units for a Conversion of units for a
temperature value (T) temperature interval (AT)
T(K) = T(°C) + 273.15
T(OR) — T(OF) + 45967 ]_BBF ISnR IBF 1GC
T(°R) = 1.8 T(K) 1°C’ 1K "1°R’ 1K
T(°F) = 1.8 T(°C) + 32
Show that
R=8.314 m3.Pa/mol.K
Example. How many °C are there in interval 20°F to 80°F? equals to

0.7302 ft3.atm/Ib-mol.°R

AT =80 - 20 = 60°F (interval).

AT(°C) = 60°F x (1°C / 1.8°F) = 33.33°C What about:
: Q=m CAT?
Dr. Hatem Alsyouri 36
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Example 3.5-3 Temperature Conversion and Dimensional Homogeneity

The heat capacity of ammonia, defined as the amount of heat required to raise the temperature of a

unit mass of ammonia by precisely 1° at a constant pressure, is, over a limited temperature range,
given by the expression

c (22 = 0487 + 2.29 x 10~4T(°F)
P\ib,,-°F) '
Determine the expression for C, in / /(g - °C) in terms of T (°C).

Solution

The Universitv of Jordan
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4.1 Process Classification

This section defines the classifications of chemical processes:
batch, continuous, semi-batch as well as being open, closed,
steady state and unsteady state.
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Chapter 4: Fundamentals of Material Balances —
Learning Objectives

1. Designing new process or analyzing existing one requires accounting for certain restrictions
like law of conservation of mass (e.g., input to a reactor of 1000 g must produce an output
mass of 1000 g)

2. Law of conservation of mass “mass can neither be created nor destroyed” is the basis for
Mass balances or Material balances

3. The mass or material balance states that Total Mass of Inputs = Total Mass of Outputs.
This means the inputs and outputs of the entire process and of each of individual unit satisfy
balance equation.

4. Chapters 4, 5 and 6 outline of procedures for writing material balances on individual and
multiple-unit processes.

5. Chapter 4 presents methods for organizing known information about process variables,
setting up material balance equations, and solving these equations for unknown variables

6. Chapters 5 and 6, introduce various physical properties and law governing behavior of e
process materials and use them in formulating the balance equations. \ 4

The University of Jordan
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4.1 Process Classification

This section defines the classifications of chemical processes:
batch, continuous, semi-batch as well as being open, closed,
steady state and unsteady state
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4.1 Process Classifications

a) Types of systems

Open system
Material flows across the
system boundary during the
interval of time being studied

ﬁ/ 7 Fime / i no input or output
( . { —_— / n [ during the
0 (t—to) ! operation time

t t; At =ty — tg

Closed system
No flows cross the system
boundary, in or out.

b) Classification based on how the process varies with time

Steady state Unsteady state (transient)
Process variables (P, V, T, n, m) Process variables change
do not change with time. with time.

The Universitv of Jordan
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c) Classification based on how materials are added /removed

1. Batch process:

- Add content to system, then remove them later. 7 /—’7
- Closed system (material transfer only during \_I U — L_/
charging and product removal).
Usually unsteady state
Use amount units (kg, mol, etc)

2. Continuous process: —
Materials are continuously added and removed [_J—/—’
System is open,

Usually runs at steady state.
Use flowrate units (kg/s, mol/h, etc)

3. Semibatch process: J"J/

Neither batch nor continuous. / / OR. %f f

Runs unsteady state

The University of Jordan

Dr. Hatem Alsyouri 6




Exercises on Process Classification

Examples of processes.

Batch process:

1) Pharmaceutical manufacturing
2) Baking cakes

3) Soap making

4) Paint production

Continuous process:

1) Oil refining,

2) Electricity generation in power plants,
3) Plastic extrusion

4) Steel production

Semi-batch process

1) Fermentation in food processing »
2) Polymerization,

3) Neutralization reactions,

4) Chemical reactions with gradual feed
Dr. Hatem Alsyouri

Problem. Classify these processes.

1. A balloonis filled with air at a constant rate of 2
g/min. ( )  Semi-batch

2. Wateris putin a closed flask then is boiled.
( ) Semi-batch

3. Production of gasoline from crude oil.

( ) Continuous

Ingredients are sometimes added during the process which involves batch
and continuous characteristics (semi-batch). But process is not fully
continuous

The | Inivercityy of lordan
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4.2 Balances

This section defines the General Material Balance Equation(GMBE)
~“«and explains how it is applied to different types of chemical processes
~““o.account for all species in the feed and product streams -

s =

_—— >

— I
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4.2 Balances

4.2a General Balance Equation

It is based on the Law of Conservation of Mass, i.e. Mass can neither be created nor destroyed

surrounding system surrounding
( )
Accumulation :
Input (+ or-) AL [Units]
—_— — mass, or

Generation (+)

] mass/time
Consumption (-) |

Input - Output + Generation - Consumption = Accumulation

' Generation Consumption Accumulation
Flow In it [ o ] T
through system boundaries within system within system WL System
Flow Out
through system boundaries

This balance equation applies to conserved quantities (total mass, mass of a particular species,
energy, momentum, etc.) in a system (single unit, collection of units, or the entire process).

The | Inivarcityvy of lordan
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» Accumulation : is the rate of change of material with time within the
system. It can be

i. Positive (material is increasing) (un-steady state or transient), 4
ii. Negative (material decreasing), (un-steady state or transient) : :
Differentiate
iii. Zero (steady state). between
Steady state

VS.
Un-steady state

Differential balances Integral balances {or transient)
* Indicates what happen in the system at * Describes what happens between two
any instant in time. instants of time.
* Each term in balance equation is a rate = e Each term in balance equation amount of
property/time. property.
* Applies to continuous process. » Used for batch process.
* Expresses the property change at an * Expresses the property change over a
instant in time period of time (¢, to ty)
am . - 5 ty
el iRl 0w + generation — consumption (m(tf) - m(to)) = .[t (1, — Mo + generation — consumption) dt
Accumulation Accumulation ’

The | Iniver<itv of lordan 10
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Material Balance Equation

* Applying the general material balance equation on masses of materials in a process leads to the
Material Balance Equation. Two material balances are possible: Total Material Balance and

Component Material Balance
System or Process

( )
A Input Regeneration (+) A I output Aout
Tot
Bi, —| Consumption (-) B ote S Bout
in Accumulation =? Cout
Total,, L ) Total

Input - Output + Generation - Consumption = Accumulation

Min — Moyt + Tgen — Teons — d_m
Why 07 Because total mass is conserved
Total Material Balance Total ., — Total _, + T}/Gen Tot;lé,s Total , .,
Component Material Balance on A A=A i tAGen—Acons= A accum
Component Material Balance on B B.n—Bout ¥ B gen— B cons= B accum e i

Dr. Hatem Alsyouri 11




Extra Exercises: General Material Balance Equation

Example 1. Differential balance with Generation (Air Pollution in a Room)

Consider a room where dust particles are Solution
generated by a machine at a rate of 100 g/min.
A ventilation system is removing air from the

A lati
ccumulation All elements of the

. . dmp . . S Co '

room at a rate that carries away 40 g/min of Jp = Min = Moy, + generation — consumption sg;‘;ts'toe”n[‘z;i
dust. No dust enters the room from outside. (kg/min)

. . . . 0
Write a differential material balance for the dmy A . '
mass of dust in the room, accounting for the ar Jtin T Mour + generation — C‘Vé‘mp“‘m
generation and outflow.

dmp g : : .
T =0%—40g/m1n+ 100 g/ min— 0 g/min
Hints
* Unsteady state process dmp g This equation indicates that the mass of dust in
e Reaquire the change in mass at an instant of 5= G the room is increasing at a rate of 60 g/min (or
. 9 g . dt L) 0.06 kg/min) because the rate of dust

time > use the differential method. generation is greater than the rate at which the
e No mass inflow of dUSt, SO min =0 g/min ventilation system removes it.
* mp(t) represents the mass of dust in the room ; ,

. ] . Q. Calculate the dust accumulation rate in kg/h. [ans. 3.6 kg/h)
attime t (|n m|n) The Universitv of Jordan
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Extra Exercises: General Material Balance Equation

Example 2. Integral balance without Generation or Consumption (Tank Filling)

A tank initially contains 100 kg of water. Water
flows into the tank at a rate of m;, =10 kg/s,
and water flows out at m,,; = 8 kg/s. Find the
total mass of water in the tank after 60 seconds.

Hints
» Unsteady state process, because mass changes
with time

* Require the change in mass over a period of
time = use the Integral method

* Generation = consumption =0

* m(ty) is mass of water at initial time = 100 kg

. m(tf) is mass of water after 60 sec. To be
calculated

Dr. Hatem Alsyouri

Solution
Accumulation All terms .of equation have unit of (kg)
k (e.g., Myn(kg/s) X dt (s)=(kg)
(kg) ¢
m(tf ) —m(ty) = (i — Mhoye + generation — consumption) dt

to
0 0

tf )
m(tf) —m(ty) = Jt (min — Mgy + gene//{t‘ion — con}u/;nption) dt
0

ty

m(tf) —m(ty) = (M — Mgye) dt
to
m(t ) —m(ty) = tf(lo —8)dt mass flow rates are constants, so
3 : to take out of the integral
tf=60
m(tr) — m(to) = th X dt mp  m(t) —m(ty) = 2 (t — to)
0:

m(t) =100 =2(60-0)  pu) m(t;) — 100 = 120

m(t ) =220 kg 120 kg is the change in mass|over/the
f : .
time period (60 sec)

The | Inivarcityvy of lordan
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Extra Exercises: General Material Balance Equation

Example 3. Integral balance with Generation (Chemical Reaction in a Reactor)

A chemical reactor initially contains 300 kg of a
reactant. The reactant is supplied at a rate of
m;, = 5kg/s and leaves at m,,;+ = 4 kg/s. Inside
the reactor, the reactant is consumed at a rate
of 2 kg/s. Calculate the change of mass of the
reactant in the reactor after 3 minutes.

Hints

e Unsteady state process

* Require the change in mass over a period of
time = use the Integral method

* m(ty) is mass of water at initial time = 50 kg

* m(t;) is mass of water after 3 minutes (t;= 3
min = 180 sec). To be calculated

Dr. Hatem Alsyouri

Solution

0 0

ty
m(ty) —m(to) = | (in — Mgy + gen?{t‘ion — con%;nption) dt

to

ty

m(ty) —m(ty) = f (Thyy — Moy — consumption) dt

to

t1
Am = (5—4-2)dt
to

t1=180
Am = (—1) dt

t0=0

Am = (1) (t; — to)

Am = (=1) x (180 — 0)

mass flow rates are constants, so
take out of the integral

3min 60 sec
ty = X — = 180 sec
1 min

The negative sign indicates that the
mass inside the reactor is decreasing
with time

The mass of reactor decreased by 180 kg-over
Am = —180 kg the 3 min time period

Q. What is mass in reactor after 3 minutes? This is m(t;)

The | Inivarcityvy of lordan
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4.2b Material balance on continuous steady-state processes

> Steady state = Accumulation =0

continuous

Accuyx&ation = In - Qut + Generation - Consumption J

Input + Generation = OQutput + Consumption

Can be for any species (A, B, or total mass)

Mathematical form dm; . : - All units are [mass/time]
gr = Main = Maout + Gen.,— Cons.,

0 =ThAin—onut+Gen.A— COTlS.A ‘ ThAin+Gen.A=onut+C0nS.A

> (Special case). If the steady state balance is Non-reactive

— _Generation = 0 and Consumption =0

Input + Geyéltion = Output + Consy/ption Steady state,

non-Reactive

Iﬂp“t - O“tp“t My in +/G/n-A = My out +%-A ‘ My in = My out

Dr. Hatem Alsyouri

Steady state
Reactive

The Universitv of Jordan
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isno IN or OUT

Batch Reaction (Reactant— Product)

During the operation
4.2c Integral balances on batch processes St ‘ \

v Consider balance on any species (reactant or product) 7 FLime /_,7

v Feed is charged into a system at time t, = 0, and thus the initial number of f 0| — / iy [
mole of species (reactant or product) is n, ° (t;—to)

v" When reaction is terminated at time t;, the species will be withdrawn at n;. to t

v

Between t, and t;, no species enters (input = 0) or leaves (output= 0)

v Over a period of time (batch) = use integral balance
Mathematical form

Accumulation :
i No No re ; : :
Species balance _ nar(tr) — nao(to) = f (Patn — T4 o + Gen,— Cons., ) dt
Input output to
Ls

Accumulation = Inpiﬁ — Outpuy’+ Generation - Consumption s (tr) = nao(te) = (Géna— Cons,) [ de
to

Accumulation = Generation - Consumption - (1)

Equating nAf(tf) = nAo(to) = (GenA_ COﬁS.A) X At
also  Accumulation = Final output - Initial input .. (2) (1) and (2) (mol) (mol)  (mol/time)x(time) (mol/time)x(time)
nAf(tf) = nAo(to) == GenAX At ~ COﬁS.AX At
Initial input+ Generation = Final output + Consumption ’W, (mol) (mol) (mol) (mol)

Nar(te) — nyo(ty) = Gen.,— Cons., oroan
Dr. Hatem Alsyouri f( f) 0\*0 16
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s
/L 4.3 Material Balance Calculations

/ a. Flowcharts

This section outlines a procedure for reducing and description
of a process to a set of equations that can be solved for
unknown process variables
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A liquid mixture containing 45.0 wt% benzene (B) and 55.0 wt% toluene (T) is
fed to a distillation column (separation unit) operating at steady state. Product
streams leave from the top and bottom of the column. The top product stream
o contains 95.0 wt% B, and the bottom product contains 8% of the benzene fed
Process description to the column. The volumetric flow rate if the feed stream is 2000 liters/h and

4.3a. Flowcharts

. the specific gravity of the feed mixture is 0.872.
A chemical engineer should be Determine the mass flow rate of the overhead product stream and the mass
able to draw a clear process flow rate and composition (mass fraction) of the bottom product.

flowchart from any written
description and interpret

flowcharts to understand the m, (kg/h)
process operation, even when the Benzene (B) 2 >
system is complex.. Toluene (T) 0.95 kg B/kg
0.05 kg T/kg
‘ Thl (kg/h) Distillation
Flowchart 45 wt% B Column
55 wt% T

2000 I/h (SG = 0.872)

~
T

ThB3 (kg B/h) (8% of B in feed)

m._., (kg T/h) i

Dr. Hatem Alsyouri




Simple flowcharts

A flowchart is an illustration of the process using boxes or other symbols to
represent process units and lines with arrows to represent inputs and outputs.

Input

IR el e B e T I —— e ————

O, (9)

SYSTEM

> output

Cu,S (s)

o o ——— e ———— —

— o o o o e o o e o o o oy

O O R M WSS RSN M R S S M RN S S R R S S S M S S R M R M M S S S R R e e e e S e e e o o

Dr. Hatem Alsyouri

The Universitv of Jordan
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More complex flowcharts

Throughout this chapter, you will be to handle calculations of
flowcharts like this for non-reactive and reactive processes

100 kg M 75 kg M
100 kg (2 143.1 kg
»| EXTRACTOR »| EXTRACTOR >
0.500 A mpp (kg A) . 0.053 kg A/kg
0.500 W my, (kg M) 0.016 kg M/kg
my2 (kg W) 0.031 kg W/kg
my (kg) ms (kg)
©| 0-275kg Akg ©| 0.09 kg Akg
(0.725 -xp;1X1(kg W/kg) 0.03 kg W/kg
A 4 m5 (kg) Q
| 0.97 kgA/kg
(4 0.02 kg M/kg
\ | DISTILLATION |  0.01 kg Wrkg
mpy (kg A) COLUMN
Mg (kg M)
lnw4 (kg W) I -
Mg (kg) @

The Universitv of Jordan
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Detailed flowcharts

You will handle mass
balance calculations for
detailed process flow
charts like this one during
your Graduation Project

Dr. Hatem Alsyouri
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Drawing and Labelling Flowcharts

» Organize given process information in a convenient way called flowchart to
have a typical problem for analysis and calculation. Flow chart must be
completely labeled.

» A stream on a flow chart is completely labeled when you can write an
expression for the amount (batch) or flow rate (continuous) of each species in
the stream in terms of numbers and variables written on the flow chart. A flow
chart is completely labeled if every stream on it is completely labeled.

N m (kg/s)
>
0.85 kg CH /kg 0.85 kg CH/kg CH, flow rate=  0.85m
0.15 kg CH/kg 0.15 kg CH/kg CHgflowrate= (157
Not completely labelled. Why? completely labelled

The | Iniver<itv of lordan
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Rules of Labelling Flowcharts

1) Label either a total flow rate (or amount) and component mass or mole
fractions, or individual component flow rates (amounts).

2) Label in the way that makes algebra easier Refer to book

3) If volumes (or volumetric flow rates) of streams are either given or for more details

required, include labels both for them and for mass or molar and practice on
quantities. |abe||ing
4) Use standard labels streams In a
. ol flow chart
e (m) for mass, (m) for mass flow rate
* (n) for mole, (1) for mole flow rate Dot USe
e (V) for volume, (V) for volumetric flow rate = vrandom
e (x) for liquid composition 4, B, C, etc.
e (y) for gas composition

Dr. Hatem Alsyouri 23




Exercise on Material Balance on a Continuous Process

Example 4.2-2 Material Balances on a Continuous Distillation Process

: : B B
One thousand kilogram per hour of a mixture of benzene TEEJZ;::((T)) >
(B) and toluene (T) containing 50% benzene by mass is 450 kg B/h
separated by distillation unit into two fractions (streams). 1000(kg/h) m kg T/h 777
The mass flow rate of benzene in the top stream is 450 kg > DiCStilllation
B/h and that of toluene in the bottom stream is 475 kg T/h. 50 wi% B omn
The operation is at steady state. Write balances on benzene 50 wt% T
and toluene to calculate the unknown component flow rate -
in the output streams (1, and m,). m, kgB/h 777
The mass of reactor 475kg T/h
Solution decreased by 180 kg over
the 3 min time period
Continuous steady state, no reaction 5/
Input + Genglétion = QOutput + Coyé/umption Solving 2 equations with 2 unknowns | £5 <5 1ving 2 unknowns,
¥ s - ~ you need 2 equations from
T- balances B- balances Selbey By O1f s 2 £ 2lces:
my; =25kgT/h * Toluene (T)
Tinput N, Toutput Binput = Boutput * Benzene (B)
, , 1, =50 kg B/h > o
0.5 x1000 =1hy + 475 | 0.5 x 1000 = 450 + m,|
Dr. Hatem Alsyouri \ j
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Exercise on Drawing and labeling Flowcharts

Example. Enriching Air with O,

A stream of pure oxygen, a stream of air (21.0 mole% O,, 79.0% N,), and a stream of
liquid water flowing at a rate of 20.0 cm3/min, are fed to a steady-state evaporation
chamber in which all of the liquid evaporates. The flow rate of the pure oxygen is 20%
of the flow rate of the air. The emerging gas stream contains 1.5 mole% water vapor.

Completely label the flowchart (including the molar flow rate of the liquid water
stream), following the rules!

O, (gas)

A

~

0.015 (mol Hy,O v/ mol

Evaporator
Air

N
7

0.21 mol O,/ mol
0.79 mol N,/ mol

20.0 cm?3/min

Dr. Hatem Alsyouri 25
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Solution — Enriching Air with O,

Use minutes because water flow already
given in minutes - be consistent

A
n,; (mol O, /min)
0, (gas) S
: lai :
e n, (mol air /min) X

0.21 mol O,/ mol
0.79 mol N,/ mol

Dr. Hatem Alsyouri

Evaporator

n, (mol /min) -

liquid water

0.015 (mol H,O v/ mol
wole fractions

v (mol O,/ mol sumto1

(1-0.0150 — y) (mol N,/ mol)

n; (mol H,0 [ /min)

20.0 cm3/min

vol. flow alone is not
sutfielent

The University of Jordan
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—
/L 4.3b. Flowchart Scaling and

/ Basis of Calculation

This section




4.3b Flowchart scaling and basis of calculation
Flow chart scaling

Scaling (up or down) is changing the values of all stream amounts (or flow rates) by
proportional amounts while keeping stream compositions unchanged.

1 kg Ceble Refer to book
I 2 ke . for exercises
g LzHMg ) 0.5 kg C6H6/kg .
0.5 kg C;Hg/kg on scallng
300
X EE called it’s a conversion
scale factor factor
300 kg CgHg
g 600 kg
> ‘ Replace kg with kg/h

300 ke C7Hs 0.5 kg CgHg/kg vk

0.5 kg CyHg/kg X kg

Replace kg with 1lb,,
lb
5 ——m
kg
300 Ib,y/h
a 600 Ib,/h

300 Ibw/h | 0.5 Ib,, CeHg/lby,

05 tbm C?HB/lbm The | Iniver<itv of Jordan
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BASIS of Calculation

» At least one stream quantity or flow rate (mass, moles, volume)
should be specified before any calculations are done.

» If the problem statement does not specify any quantity, you
should choose a convenient basis (an amount of a stream with
known composition.)

1.

Dr. Hatem Alsyouri

If a stream amount or flow rates is given in the problem statement, use it as
the basis of calculation.

If no stream amount or flow rates are known, assume a value for a stream,
preferably a stream of known composition.

If mass fractions are known, choose a total mass or mass flow rate of that
stream (e.g., 100 kg or 100 kg/h)

If mole fraction are known, choose a total number of moles or a molar flow
rate (e.g., 100 mol or 100 mol/h).

The

I Inivercityy of lordan
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Exercise on Flowcharts Basis

Example 2. Decide if we need to assume a basis for each flowchart.

No. Volume flow of input is given

n; (mol 0, /min)
>

n, (mol air /mil;)

0.21 (mol O5/ mol)
0.79 (mol N,/ mol)

Evaporator

ng (mol /min)

0.015 (mol H,O v/ mol)

nz (mol H,0 [ /min)

20.0 cm3/min

Yes. No quantity is specified for any stream

m, (g)

A\ 4

0.30gE/g
0.70gW/g

m, (g)

\ 4

Mixer

m, (g)

060gE/g
Dr. Hatem Alsyouri) 40 g W/ g

v

0.35gE/g
0.65gW/g

No. Volume flow of input is given

m,, (kg/h)
>
0.95 kg B/kg
. 0.05 kg T/kg
m, (kg/h) Distillation
Column
0.45 (kg B/kg)
0.55 (kg T/kg)
2000 L/h (SG=0.872) >
M, (kg B/h)
(=8% of B in feed)
m., (kg T/h)
No. Moles are given
50.0 mol

0.95 mol A/mol
0.05 mol B/mol

100.0 mol

0.60 mol A/mol
0.40 mol B/mol

A 4

12.5 mol A
37.5 mol B

The Universitv of Jordan
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e
e 4.3 Material Balance Calculations

f d. Degree-of-Freedom Analysis

This section outlines a procedure for reducing and description
of a process to a set of equations that can be solved for
unknown process variables

31



4.3d. Degree-of-freedom (DOF) analysis

DOF Analysis is an important tool for analysis of flowcharts. It determines whether
you have enough information to solve the given problem.

Procedure:

1.
2.
3.

4.

Draw and completely label a flowchart.
Count the number of unknown variables in the chart (17, knowns)

Count the number of independent equations relating to them (1, 4¢p egns)

Degrees of freedom of the process is (n;7) where

Can be also

ndf — (nunknowns - nindependent ean) called DOF

There are 3 possibilities for (n,y):

4 = 0.0 The system is completely defined (unique solution ).
ng > 0.0 The system is under-defined (Infinite number of solutions)

s < 0.0 The system is over-defined (Many boundaries).

Dr. Hatem Alsyouri

The | Iniver<itv of lordan
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What does a degree-of-freedom (DOF) analysis help
determine in the context of flowcharts?

A. The number of unknown variables
B. The system is completely defined
C. Whether there is enough information to solve the problem

D. The number of independent equations

Answer
L 4

Correct answer:

Dl[] Multiple Choice

The Universitv of Jordan
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In the context of process balancing, if the number of
unknown variables exceeds the number of
independent equations, what does that indicate?

A. You can easily solve the problem
B. You have sufficient equations
C. You missed a relation or the problem is under-defined

D. You need more inputs

Dr. Hatem Alsyouri 34




If the degrees of freedom (ndf) is greater than O, the
system is considered

Answer
L 4

Dr. Hatem Alsyouri




Source of Equations

1. Material balances (total and component) for a non-reactive process.
v Number of material balance egns = number of components (or species).

v If you have 2 components, then you can make only 2 mass balance eqgns.
Energy balances.

Process specifications given in the problem.

Physical properties and laws.

I S

Physical constraints, for examples, for any stream (i)

zxi=1 zyl'=1
' i

l

6. Stoichiometric relations for reactive processes.
2H,+ 0, - 2H,0

1:10 — 05 le
7 . % fixed
Ny,0 = Ny,

IZIH . 2 I:l The Universitv of Jordan
Dr. Hatem Alsyouri 20 02 36
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/\ e ™
/L 4.3 Material Balance Calculations

e. General procedure for single-unit
f process

This section outlines a procedure to perform material balance
calculations of a single-unit processes

37



4.3e General procedure for single-unit process material =
balance calculations

Keywords
* Basis of calculation
1. Choose as a basis of calculation an amount or flow rate of one of the process streams. o el
2. Draw a flowchart and fill in all known variable values, indicating the basis. Then label unknown ’ Ft””V"abe'ed
. streams
stream variables on the chart.
* Unknowns
3. Express what the problem statement asks you to determine in terms of labeled variables.  Amounts vs. flow

rates
4. If you are given mixed mass and mole units for a stream, convert all quantities to one basis or . Total vs. individual

the other using methods of chapter 2 and 3. components

* Sources of

5. Do the degree of freedom (DOF) analysis.

equations
6. Decide if the equations are to be solved manually or by an equation-solving software and write * DOF
the equations in the desired order. * Logical reasoning

. o ] . . ) * Scale up/down
7. Check your solution by substituting the calculated variable values into any equations you did not P

use. Does the answer make sense?

8. Solve additional equations for quantities requested in the problem statement.

9. Scale up or down based on required result.

The Universitv of Jordan 38
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What is the first step in the general procedure for
conducting material balance calculations in a single-
unit process?

A. Draw the flowchart
B. Choose a basis of calculation
C. Perform a DOF analysis

D. Check your solution

Answer
L 4

Dl[] Multiple Choice

The Universitv of Jordan
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What is the first step in the general procedure for
single-unit process material balance calculations?

A. Perform a degree of freedom analysis.
B. Choose a basis of calculation.
C. Draw the flowchart.

D. Check the solution.

Dr. Hatem Alsyouri 40




Exercise on DOF and material balance

Plla. Identify and define complex engineering problems.

Pl1b. Model and formulate complex engineering problems by

Previous Exercise — Enriching Air with Water

Use the flowchart drawn in a previous exercise to
perform the following:

1) Analyze and define the system [Pl13]

2) Do degree of freedom analysis [Pl13]

3) Formulate the necessary equations [P11b]
4) Solve for unknowns [Pl1c]

n; (mol 0, /min
e i n, (mol /min)

(ny =0.21n;) o
Evaporator | 0.015 (mol H;O v/ mol

v

y (mol O,/ mol)
X (1-0.0150 —y) (mol N5/ mol)

n, (mol air /min)

~
-

0.21 mol O,/ mol

0.79 mol N5/ mol _
n; (mol H,0 [ /min)

20.0 cm?®/min

Dr. Hatem Alsyouri

SO1

applying principles of engineering, science, and mathematics.

Indicators

Plic. Solve complex engineering problems by applying
principles of engineering, science, and mathematics.

Performance

1. Analyze and define the system [Pl1a]

a. Type of System: Continuous steady state, no reaction

= Input = Output

b. Basis of calculation

No need for Basis because flow rate of water stream
is specified

c. Unknowns: 5 (ny,n,,Nn3,N4,y)

d. Number of components: 3 (0,, N,, H,0)

— We can write 3 material balance equations

e. Extra information: 2
Density relationship (for water stream) o

Given specification in stream 1 (n;=0.2n,) 41




n; (mol 0, /min)

n, (mol /min)

(ﬁl = 0.2 1:].2 ) >
Evaporator | 0.015 (mol H;O v/mol

n, (mol air /min) y(mol O,/ mol)

|
|
|
|
|
|
|
|
|
y (1-0.0150 —y) (mol N,/ mol) |
|
|
|
|
|
|
|
|
|

0.21 mol O,/ mol

0.79 mol N,/ mol _
n; (mol H,0 ! /min)

20.0 cm?®/min

N

2. Do degree of freedom analysis [Pl1a]

B Can be also
Ngr = (nunknowns — Nindpendent eqns) called DOF

unknowns 5 (nq,0y,03,04,Y)

Indep. equations -5 —{ 3 mass balance eqns

1 density egns

1 given spec egn

DOF=5-5=0 = The problem is solvable

Dr. Hatem Alsyouri

3. Formulate the necessary equations [Pl1b]

# unknowns: 5

Mass balance 3 components = 3 mass balances

—

Total balance n; + n, + n; = n, (1)

. . . Independent
Oz balance n; + 0.21 Ny =Y -1y e enquear')c?onnsen
N, balance  0.791, = (0.985 —y)-n, ©

—_—

H,O balance n; = 0.015n, } dependent egn (can’t be used)

Additional equations

3 3
Density relationship ., = 20 ) Pw ey 6} £
min) M,, (kg/kmol) =6

Given spec n,=02n, © } dep

eqn

4. Solve for unknowns [Pl1c]

A, =12.16 | | n, = 60.80 || nz = 1.11 | | 1, = 74.07 | figr= 0.337

mol/min mol/min mol/min mol/min kg/kg or [-]

The Universitv of Jordan
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Exercise on material balance calculations

Exercise 4.3-3 Balances on a mixing Unit

SO1

Performance

Indicators

Plla. Identify and define complex engineering problems.

Pl1b. Model and formulate complex engineering problems by
applying principles of engineering, science, and mathematics.

Plic. Solve complex engineering problems by applying
principles of engineering, science, and mathematics.

An aqueous solution of sodium hydroxide contains 20.0% NaOH by mass. It is desired to produce
an 8.0% NaOH solution by diluting a stream of the 20% solution with a stream of pure water.

1. Identify an appropriate basis for the calculation of the dilution process. Explain why you selected this

basis. [Pl1a]

2. Define the dilution process by drawing a fully labeled flowchart. Determine the given key variables
(mass, fraction, volume, etc.) and specify the required unknown variables. [Pl1a]

3. Formulate the necessary equations for the dilution process by applying mass balance principles to

solve for the unknowns. [Pl1b]

4. Solve the formulated equations to calculate the mass and volume of water required for dilution and
the mass of the product. Show all steps, including any necessary unit conversions. [Pl1c]"

5. Calculate the following ratios [Pl1c]:

* liters H,0 / kg feed solution
* kg product solution / kg feed solution

Dr. Hatem Alsyouri

The | Iniver<itv of lordan

43




Solution

1. Identify an appropriate basis for the calculation
of the dilution process. Explain why you selected

this basis. [Pl1a] this step can be also done after
drawing the flowchart

The problem does not specify amounts for the input or
output streams, so an appropriate basis must be chosen.

This can be either the amount or flow rate of any input
or output stream.

Choose a basis of calculation

Amount or mass flow rate of one of the feed or output
streams

a) 100 kg of the 20% feed solution, or
b) a flow rate of 100 :—i’;‘l of the 8% solution, or

c) 10 tons of diluent water

Why the basis (a)? straightforward and is matching the
units of given input variables. A mass flow rate in kg/h
will be also appropriate

J

Dr. Hatem Alsyouri

Process description

It is desired to produce a 8.0 wt% NaOH aqueous solution by
diluting an input stream of concentrated 20 wt% NaOH
solution with a stream of pure water.

2. Define the dilution process by drawing a fully
labeled flowchart. Determine the given key variables
(mass, fraction, volume, etc.) and specify the
required unknown variables. [Pl1a]

4 )
100 kg _ Mixer 1, (kg) .
0.20 kg Naolrkg | (dilution) P e NaOHkg
0.80 kg H,0/kg 0.920 kg H,0/kg

m1(kg H,0)

V(liters H,0)
Given information:
* Composition (or mass fraction) of input concentrated solution
* Composition (or mass fraction) of output diluted solution

Unknown variables

* m;: mass of diluting water

* V;:volume of diluting water

* m,: mass of output diluted solution

\ Frre-tiT

B\
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Solution 100 kg _ Mixer |, g

> dilution)
. 0.20 kg NaOH/kg ( 0.080 kg NaOH/kg
3. Formulate the necessary equations for the 0.80 kg H,0/ke 0.920 kg H,0/kg

dilution process by applying mass balance ‘

o

principles to solve for the unknowns. [Pl1b]

my (kg H50)
V1 (liters H,0)
Unknown variables=3 m,,m, and V/; 3) Diluent water volume:
We need 3 equations to solve the 3 unknowns . . m . k
. (Density relation) v, = 1_Mi kg (3)
Equations: pw 1kg/L
The system contains 2 species (NaOH, and
H,O) - we can write 2 mass balance
equations. Thg 3rd eqt_Jation_ comes from the 4. Solve the formulated equations to calculate the mass
mass and density relationship and volume of water required for dilution and the mass
of the product. Show all steps, including any necessary
1) Total mass balance: unit conversions. [Pl1c]
Batch non-reactive system
input = output Solve the equations formulated in part (3)
[ O e S R (1)] Equation (2) 20 =0.08m,  Solving> Mz = 250 kg solution
2) Component mass balance (NaOH) Equation (1) 100 + m; =m,  Solving using m, > m, = 150 kg H,0
input = output
kg : : v
kg NaOH kg NaOH Equation (3) V — m1 So|v|ng using m1 9 V1 =150 LHZO
() St =(0.080 =—— 1=
(0 20—~ )(100 kg) (0 080~ )mz 1kg/L
The Universitv of Jordan
Dr. Hatem Alsyouri [ 20 =0.08m;  ..(2) ] 45




Solution

5. Calculate the following ratios:

a) liters H,0 / kg feed solution
b) kg product solution / kg feed solution

a) liters H,0 / kg feed solution

oo Vi _ 1501
o = . T 100 kg
L H,0
~ 1.50

kg feed solution

Dr. Hatem Alsyouri

e ——

100 kg

»

Mixer

0.20 kg NaOH/kg

0.80 kg H,O/kg

(dilution) [0.080 kg NaOH/kg

(k) mq = 150 kg H20

-

V1 == 150 L H20
0.920 kg H,0/kg

mq(kg H-0)

m, = 250 kg solution
V1 (liters H,0)

b) kg product solution / kg feed solution

my 250 kg
m; 100 kg

Ratio, =

kg product solution

= 2
5 kg feed solution

The Universitv of Jordan
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Problem 1: Flowchart Calculations

1. Use the flowchart to calculate required unknowns. : (2) calculate |
2. Calculate the values in the boxes for each stream | m_ (kg/h) :
e |
Chloroform (C) | ;(15 :
r—-—————— | Ethyl-acetate (E) > | e |
| (1) calculate | 60 kg C/h | ng |
: Mc | 5 kg E/h : Ye |
m
| 5 § l 80ke/h Distillation | Ye |
| e | | M |
ng | Column | 1
| | 0.8kgC/kg
| yC | _______
x, kg E / kg . -
: Ve | ! m, (kg/h) : (3) calculate :
i | > :
- | m,(kg/h)
- X, kg c/ kg | Thc :
L
| "E I
| Ye |
l Ye |
| M | The University of Jordan
: - .
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Solution

The University of Jordan
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Problem 2 — Flowchart Calculations

1. Use the flowchart to calculate the unknowns.

| I
| I
. .. . L m '
2. Calculate required properties in the boxes correspondingto | ’ |
each stream | XW i
4
gy |
. oy |
Water (W) i eg/h) - : Vi |
Isopropyl alcohol (| - | |
Doy & xyy (kg W/kg) N |
. x, (kg Ukg) M |
e (eg/h) Distillation
T T T T T Column
. (1) caleulate . Yyw= 0.6 mol W/mol
| h (ko/h " yymolmo) [ | e 1
: iy (kg/h) | I. . (3) calculate :
: Xy : n; = 3 kmol/h S : i (kg/h) :
B I 25 kg W/h e |
| mW | | w |
: m, | 25 kg I/h | X i
Y1 : | n |
M J' Yw |
___________ iRl l »
: ]\7[ | The University of Jordan
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Solution
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Problem 3 - Flowchart and Material Balance on a Single Unit

The mixture of acetone (x,=50%) and benzene (x;=50%) enters a distillation column at 1 kg/s. The column
separates the feed into two mixtures; one on the top (called light key) and the other at the bottom (called
heavy key). The upper product is a mixture containing 80 mass % of more volatile component (it is the light
component or the one with lower boiling point) which leaves at a mass flow rate of 0.6 kg/s. The column
operates at steady state. Both products leave as a liquid phase.

a) Decide which component among Acetone (A) and Benzene (B) is more volatile (lighter) by
comparing the boiling points found in Table B.1. The light component moves up in the top
product, while the heavy stays in the bottom product.

b) Draw a completely labeled flowchart of this process.

c) Determine degree of freedom and analyze the situation.

d) Determine the composition of the mixture on the top of the column

e) Determine the flow rates of each component in the mixture on top of the column
f) Determine the composition of the mixture on the bottom of the column

g) Determine the flow rates of each component in the mixture on the bottom of the column

The | Inivercityy of lordan
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Solution
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/L 4.4 Balances on Multiple-Unit

/ Processes

This section




4.4 Balances on Multiple-Unit Processes

> Industrial process rarely involve only one process
o Chemical reactors are often present
o Unit for mixing reactant
o Blending products
o Heating and cooling streams
o Unit for product separation and hazards disposal

We need multiple-unit process

» System: is any portion of a process that can be enclosed
within a boundary

» The inputs and outputs to a system are the process
streams that intersect the system boundary

The | Iniver<itv of lordan
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— T R — _— e T T T e i i i S - - — T

Product 1 Product 2 Feed 3

The system can be:
The entire process: (Boundary A)
Single process : (Boundary C, Boundary E)

>
>
> Point where two or more process streams combine: (Boundary B)
> One steam splits into branches : (Boundary D)

>

Combination of process

You can write material, component, and atom balances:

o Around the entire system, or

o Around any subsystem of the plant.
Dr. Hatem Alsyouri

A subsystem doesn't
have to be a piece of
equipment; it might be
a mixing point (pipe
junction) or splitter

The Universitv of Jordan
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Mixing point and Split point

Mixing point Split point
Two (or more) streams are combined into one a stream is split into two streams.
stream. It's a mixing unit I's not a separation unit
60 kg 100 mol/s L : 60 mol/s >
>\ > 0.70 mol A/mol i | x, (mol A/mol)
Xpa1 = 0.233 0.30 mol B/mol = "| " (1—x;)(mol B/mol)
xp; = 0.767 30 kg 1, (mol/s)
Xpo = 0.3 X, (mol A/mol)
— (1-x,)(mol B/mol)
Xpo = 0.7 v
60 kg my kg 100 mol/s E' ______ | 60 mol/s R
>N > 0.70 mol A/mol ! i 0.70 mol A/mol
Xpy = 0.233 Xpg = 0.255 0.30 mol B/mol  ~--f~==  0.30 mol B/mol
—= Xpo= 0.745 m, (mol/s)
*B1 &% 150 30 kg B3 20.70 mol A/mol
Xpo = 0.3 0.30 mol B/mol
Xpo = 0.7 v
The Universitv of Jordan
Dr. Hatem Alsyouri 5
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Example 1

Two columns in sequence are used to separate the components of a feed consisting of 30%
benzene (B), 55% toluene (T), and 15% xylene (X) by mass. The analysis of the overhead stream
from the first column is: 94.4%B, 4.54%T, 1.06%X by mass.

The second column is designed to recover 92% of the toluene in the original feed in the
overhead stream at a composition of 0.946. The bottom stream is intended to contain 92.6% of
xylene of the original feed at a composition of 0.776.

Compute the composition of all stream.

a B 0.944 P4 B )

—
S
W
O

|
|
|
|
I
|
|
|
oS |
>
|
|
|
|
I
|
|
|

Tl Fh

X 0.776 The | Inivarcityvy of lordan
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5@ my (kg/h)>
SR B 2L S et T T
| ! Xpo = 0.0454 : Xps = 0.946
I b ! I :
L rxz = 0.0106 i | xxi = (1-0.946 -xp,)
! | 1 1 : 1
my (kgh) 1! | | | T+0.92 of T in thy
® : >t D1 ! > D2 | !
| |
xp; = 0.30 kg Blkg i i E ! i
X1 — 0.55 : : : : E :
X =015 ! i i Co
: | 1 L________I 1
| I | o o= o
| s (g | @ s )
| r g
: .
R e g = (1—0.776 —xp; )
X
2 Xy = 0.776
X
X3 % = £Xin i The system can’t be solved with
= 0.926 of X 1n my the current information.
System Unknowns # species  other DOF .
If we assume a basis, e.g., for
(a) (b) specs (a-b-c) m1, it can be solved.
(c) .
A b
Overall 6 3 2 1 .Ssuml‘:'); k as:’
D1 5 3 O 2 m1 - g/ The Universitv of Jordan
Dr. Hatem Alsyouri[[D2 7 3 0 4 7




For each system, you count the unknowns in the input and output streams
which cross the border of the system

Overall system

e |nputs: stream1, Outputs: streams 2,4, 5

e Unknowns: stream 1 (m1), stream 2 (m2), stream 4 (m4, xB4), stream 5
(m5, xB5)

e Number of unknowns: 6

System Distillation 1

e Inputs: stream1, Outputs: streams 2, 3

e Unknowns: stream 1 (m1), stream 2 (m2), stream 3 (m3, xB3, xT3).
Note 1: xX3 is not counted because itis defined as (1- xB3 - xT3)

e Number of unknowns: 5

System Distillation 2

e |nputs: stream3, Outputs: streams 4, 5

e Unknowns: stream 3 (m3, xB3, xT3), see Note 1, stream 4 (m4, xB4),
stream 5 (m5, xB5)

e Number of unknowns: 7

The | Iniver<itv of lordan 8
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th; (kg/h) 1y (kg/h)

=ELS B SHRLL R T
?ggi;gm - %‘M:OMOG xxi:(10.946x34)
System: overall L (kg/h)é . ll Té:o.92 of T in i,
Total mass balance: il —a |
100 = 7 : : =015 | | 5 i1 ]
00 = 1tz + 1My + s s NN T
Component mass balance: g
B: (030)(100) == (094‘4‘)7712 + xB4m4_ + xBSThS __________ s 228}7;(30-776_&5)
T:(0.55)(100) = (0.0454)m, + (0.946)m, + (1 — 0.776 — xgs)ms X =0.926 of X in iy
X:(0.15)(100) = (0.0106)7i1, + (1 — 0.946 — xp, )1, + (0.776)1i15  extra

Other Equations:
(0.92)(0.55)(100) = (0.946)m, — m, = 53.488 kg/h
(0.926)(0.15)(100) = (0.776)ms — ms = 17.90 kg/h

Answer:
m, = 28.612 kg/h
Xgs = 0.0507
xgs = 0.0389

Since m; was assumed and m, is calculated, DOF of Unit 1 turns to zero and m3, xgz3, x73, and xx3 can be found.

The | Iniver<itv of lordan
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/ 4.5 Recycle and Bypass

This section




Recycle: iS @ common practice of chemical process.

The reasons for using the recycle are:
1. Recovering and reusing unconsumed reactants
2. Recovery of catalyst

3. Dilution of a process stream {1 A di

4. Control of a process variable 100 kg B/min

5. Circulation of a working fluid /L

o — —

P-3 Ep——

Fresh Feed P'l P-2 ’( \
100 kg A/min / 60kg A/min | — |
150 kg A/min 120 kg B/min |~ — -
20 kg B/min  Reactor

Recycle stream
50 kg A/min
20 kg B/min

Separator

The | Iniver<itv of lordan
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Bypass

» Bypass: is a fraction of the feed to a process unit that is diverted
around the unit and combined with the output stream. This allows to
vary the composition and properties of the product stream.

Splitter _ Product
ieed 5 s P-3 Mixer A
C
Reactor D
Bypass

Bypassing introduces a splitting point and a mixing point.

The Universitv of Jordan
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Purge

> A purge stream is a small stream bled off form a recycle loop
to prevent building of inerts or impurities in the system

> |t can be neglected because of the size

The University of Jordan
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Make up

> A make up stream is required to replace losses to
leaks, carryover, etc. within the recycle loop

Splitter A
A P-1 P-3 P-4
B —»I Y » B
C
Reactor D
Make
Recvycle o

The University of Jordan
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Example 4.5-1 Material and Energy Balances on an Air Conditioner

Fresh air containing 4.00 mole% water vapor is to be cooled and dehumidified to a water content of 1.70 mole%
H,0. A stream of fresh air is combined with a recycle stream of previously dehumidified air and passes trough
the cooler. The blended stream entering the unit contains 2.30 mole% H,0. In the air conditioner, some of the
water in the feed stream is condensed and removed as liquid. A fraction of the dehumidified air leaving the cooler
is recycled and the remainder is delivered to a room. Taking 100 mol of dehumidified air delivered to the room as
a basis of calculation, calculate the moles of fresh feed, moles of water condensed, and moles of dehumidified
air recycled.

: ng(mol) :

| % 1 |

I 0.983 DA :

| 0.017 W(v) |

N Sy , I

| : I :

I r—=f—n1 r— i |
ny(mol) Lo no(mol) : AIR : na(mol) I Lo 100 mol

: L . ' : L >

0.960DA | ! ! 0977DA | COND. 11 9o9g3pa ! I 0.983 DA
0.040 W(v)] 0.023 W(v) | Jl 0.017 W(v) 10.017 W(v)

Y ]

DA = dry air

W = water Y The University of Jordan

Dr. Hatem Alsyouri nalmol W(D)] 15




o mgmod ]
—
0.983 DA 1
0.017 W(v)
ininininininining
e I Fr=g=3
ny(mol) } 1 no(mol) ' AIR na(mol) I {1100 mol
0.960 DA | 0.977 DA | COND. 0.983DA ' ! 10.983DA
0.040 W(v)! 0.023 W(v) | 0.017 W(v) 10.017 W(v)
e Rk |
oo
Degree-of-freedom analysis: DA = dry air
W = water
Overall System nzlmol W(I)]
2 variables (n4,n3) - 2 balance equations = 0 degrees of freedom
After solving for overall system
Mixing Point
2 variables (n,,ns) - 2 balance equations = 0 degrees of freedom
Cooler
2 variables (n,,n,) - 2 balance equations = 0 degrees of freedom
Splitting Point
2 variables (n4,ng) - 1 balance = 1 degree of freedom

Dr. Hatem Alsyouri 16




o T o 1’15(|TI_0|-)— o S
) 0.983 DA 1
! 0.017 W(v) |
I l |
mmo) L1 TV mpmon M ar |1 matmoh 1777 1100 mol
0.960DA | | ' 0977DA 1| COND. |1 (0og3pa ! ! [0.983DA
0.040 W(v) 0.023 W(v) | I 0.017 W(v) 10.017 W(v)
DA = dry air
W = water \
nzlmol W(I)]
Overall dry air balance:
Input = Output 0.960n,; = 0.983(100 mol) n; = 102.4 mol fresh feed
Overall mole balance:
ny, = nz + 100 mol ns = 2.4 mol H,0 condensed
Mole balance on mixing point: ny +ns =n,
Water balance on mixing point: 0.04n, + 0.017n5 = 0.023n,
Solve simultaneously n, = 392.5 mol ns = 290 mol recycled

The | Inivarcityvy of lordan
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4.6 Chemical Reaction Stoichiometry

4.6a Stoichiometry

2S0,+10,>2S0,

2 mole SO5 generated

1 mole 0, consumed

* Two reactants, A and B, are said to be presentin stoichiometric
proportion if the ratios (moles A present)/(moles B present) equals the

stoichiometric ratio obtained from the balanced reaction equation.

The University of Jordan
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A+2B—->C+3D

Important terminology fd |  Reactor Product
?l conversion of A >
Na o Mol A 30% n, mol A
ng o Mol B ng mol B
nc mol C
np mol D
A + 2B —»> C + 3D
1 |[Feed amount Nag Ngg Nco Npg Notes
2 [Limiting/excess |Limiting| | Excess use 1
3 Stoichiometric 1 and
amount nAStOiC nB stoic St 1 elefledr
4 |[%Excess 0 Y% EX use 1 and 3
5 [Product amount Ny Ng N Np use extent
6 |Conversion fa fg use 1 and 5
Excess = Mio — Mi stoich ﬁ =1 — & _ amount reacted _ny, — ny
nl stoich (nl)Out = (nl)ln i vlf nlO amount in feed Mo

The Universitv of Jordan

n; = Ny £ v;é .
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4.6b Limiting and Excess reactants, Fractional
Conversion, and Extent of reaction

* Limiting reactant

The reactant that would run out if a reaction proceeded to completion. (a
reactant is limiting if it is present in less than its stoichiometric proportion
relative to every other reactant).

 The other reactants are termed excess reactants.

+ Stoichiometric requirement of A = (N, )ich

the amount needed to react completely with the limiting reactant

» Excess of the reactant (ny).eq = (Na)stoich

is the amount of feed exceeding the stoichiometric requirement.

The Universitv of Jordan
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* Fractional excess of a reactant is the ratio of excess to the stoichiometric

requirement;

The Percentage excess of Ais 100 times the fractional exces$4o = feed amount

fractional excess of A =

(nA)feed — (M4 stoich

(nA)stoich

* Fractional conversion (f) of a reactant is the ratio:

Percentage unreacted is Ais 100 times the fraction unreacted.

moles fed

moles reacted nyy— ny ] Ny

Nyo Nyo

The Fraction Unreacted is accordingly 1- f

Dr. Hatem Alsyouri

The | Iniver<itv of Jordan

6




Extent of reaction (¢: called Xi or Zai:) g
Q: What is f,? represents the
A: It's a dummy variable that reflects how far each reaction proceeds. It reflects the amount converted
stoichiometry of the reaction and helps us keep up with generation and consumption. fromretgitg":t”‘”g
» Let v; be the stoichiometric coefficient of the i th species in a chemical reaction,
making it negative for reactants and positive for products. *

V; is

Example: + 2H, > C,H,
Feed: 50 kmol 50 kmol

After some time 30.0 kmol H, has reacted.

—_—

(ni)out — (ni)in i Vl-f Negative (-) for reactants and

Positive (+) for products.

ng =1(n — 2 X
H, ( Hz)o $ Is the same value for all

Ne,H, = (nCsz)O —1x& components in the same
reaction

Ne,He = (nC2H6)O +1x¢ B

Dr. Hatem Alsyouri

Important

Material Balance Equation

Input -output + gen —cons. = 0
output = Input + gen —cons.
(Mdout = (M in +vi§ — Vi

(ni)out = (ni)in +vi§

The | Inivarcityvy of lordan

7




Example 4.6-1 Reaction Stoichiometry 7//\(

Acrylonitrile is produced in the reaction of propylene, ammonia and oxygen: Train for midterm
C3H6 + NH3 + 3/2 02 — C3H3N + 3 Hzo
propylene Acrylonitrile

The feed contains 10.0 mol% propylene, 12.0% ammonia, and 78.0% air. A fractional
conversion of 30.0% of the limiting reactant is achieved. Taking 100 mol of feed as a basis,
determine:

1. Which reactant is limiting?
2. The percentage by which each of the other reactants is in excess.

3. The molar amounts of all product gas constituents for a 30% conversion of the limiting
reactant.

(Use the extent of reaction method)

The | Inivarcityvy of lordan
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Basis: 100 mol feed

Propylene Acrylonitrile

C,Hg + NH, + 1.5 O,— C,H,N + 3H,0
FEED

100 mole Reactor

\ 4

0.10 mol CgHgmol |*OMVeS10 OTER| -y CH,
c (0]
0.12 mol NH,/mol (2 '\(IDHB
n
0.78 mol air/mol NN

n, N,
0.21 mol O,/mol ai} ne CoH N

0.79 mol N,/mol air ng H,0

The Universitv of Jordan
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1.Which reactant is limiting?
2.The percentage by which each of the other reactants is in excess.

Cs;Hy + NH; + 150, —» CiH;N + 3H,0
Nfeed 10 mol 12 mol 16.4 mol
10 12 164
Limiting 1 1 1.5
or _
excess 10 12 10.9 all units are mol
limiting eXCess EXCESS o Example """"""""""""""""""
N T 15 1 mol NH;
Ngoich 10 10x2=10  10x=2=15 | ( M, ) oo = (10-0 Mol CGyHg) o= = 10.0 mol
—___________________________________1_2____1_(; ____________________________ %exceSS (nA)feed ( A)StOlC/’l
10-10 - 16.4-15 =
%EXxcess G x100% (70 stoich
5 NH3)o—(NH3)stoi
0% 20% 9.3% ; Example: (% excess)yy, = ( %’H() 2stoich 5 10004
' 3/stoich

_______________________________________________________________________

Dr. Hatem Alsyouri

= 12-;’;(1)0-0 X 100% = 20% excess NH;

The | Inivarcityvy of lordan
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3. Determine the molar amounts of all product gas constituents for a 30% conversion of the limiting reactant.

= Conversion of limiting reactant = 30.0% = f. 4, = 0.30
(€ Ma)feea = (Mdout
_ 10—711 =7.0 L ' Yhcony = ( Al fee
0.30 = = | ™ me ! (nA)feed

x100 |

= Extent equations

(ni)out =(n), T vg

C4H, 7=10-1x¢& = | §=3
Reactor
NH, np,=12-1x¢§ = | n2=9 mol 10 mol C,H, Convggi)c;/? o ny GHg 7 m;I
12 mol NH, n, NH;
0, HSRESexs = | 16.4mol 0, n; 0,
61.6mol N, Ny N,
N, n, = 61.6 = | ny=61.6 mol ne C,H,N
neg H,0
C,HsN ns=0+1x¢ = | ns=3mol
H,0 ng=0+3x¢ — | ng=9 mol

The Universitv of Jordan

Dr. Hatem Alsyouri 11




Dr. Hatem Alsyouri

4.7 Balances on Reactive
Processes

This section outlines the procedures to calculate process
variables involving a chemical reaction using molecular species
balances, atomic species balances, and extent of reaction.

o —
—_— —
—_— e
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4.7 Balances on Reactive Processes

In a reactive system we have:

1. Molecular species (components)
2. Atomic species (atoms)
3. Chemical reaction(s)

Systems that involve chemical reactions may be analyzed using:

a)

b)

c)

Dr. Hatem Alsyouri

Molecular species balances (the approach always used for

nonreactive systems).
Atomic species balances, and |

Extent of reaction (€).

Note: This method is not required. Self reading

> easier

The | Iniver<itv of Jordan
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4.7a. Balances on Molecular and Atomic species

4 N
C,H,: Ethane CHg = CHy + H,
C,H,: Ethylene
> Reactor >
100 kmol C,Hg/ min n, kmol C,Hg/ min
n, kmol C,H,/ min

\_ 40 kmol H,/ min )

* A number of different balances could be written on this process, including
balances on total mass, C, Hg, C,H,, and H,.

* Balances on atomic species can be written input = output, since atoms can

neither be created (generation = 0) nor destroyed (consumption =0) in a
chemical reaction.

Dr. Hatem Alsyouri
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4 )
. . C,Hg: Ethane C-H C.H,.+H
Note: This method is not CH. Ethylene oHg = CoHy + H,
2" %4
required. It’s for self reading
> Reactor >
100 kmol C,Hg/ min 1y kmol C,Hg/ min

Balance on Molecular Species i, kmol C,H,/ min

\_ 40 kmol H,/ min )

Input + Generation = Output + Consumption (continuous steady-state process)

Molecular H, Balance: generation = output

kmol H, generated ,
eny . = 40 kmol/min
2 min

C,H, Balance: input = output + consumption

min min min

C,H, Balance: generation = output

100 kmol C,bHy, . [kmol C,Hg kmol C,Hg consumed
= n1 + OnSC2H6

min

kmol C;H, generated) . (kmol C3H,
min G

GenC2H4 (

The | Inivarcityvy of lordan
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4 )
C,H¢: Ethane C2H6 - C2H4 + H2
C,H,: Ethylene
> Reactor >
100 kmol C,Hg/ min 1y kmol C,Hg/ min
Balance on Atomic Species 1, kmol C,H,/ min
\_ 40 kmol H,/ min )

Input = Output (continuous steady-state process)

Atomic C Balance: input = output
100 kmol C,Hg 2kmolC \ (. kmol(3Hg 2 kmol C A kmol C,H, 2 kmol C
min 1 kmol C,Hg ) e min 1 kmol C,Hg e min 1 kmol C,H,

Atomic H Balance: input = output

100 kmol C,Hg 6 kmolH \ (40 kmolH;\ (2 kmol H (4 kmol C,Hg 6 kmol H (4 kmol C,H, 4 kmol H
min 1 kmol C,Hg ) min 1 kmol H, e min 1 kmol C,Hg "2 min 1 kmol C,H,

600 kmol H/min = 80 kmol H/min + 6n, + 4n,

Dr. Hatem Alsyouri 16
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e v Pll1a. Identify and defin mplex engineering problems.
Example 1 - Reactive Processes e
® = | PI1b. Model and formulate complex engineering problems by
SO1 g g applying principles of engineering, science, and mathematics.
Identifying |V|O|€CU|ar and AtOmiC SpECiES E g Pli1c. Solve complex engineering problems by applying
o principles of engineering, science, and mathematics.
Part 1. 5 2 C,H, > CHg |
Answer the following questions to identify the key | 100 mol |
. . . . . ! > R t > E
variables and relationships in the presented reactive . C,H, 0.60 eactor CH, n, |
process. The questions help you define the reactor N,  0.40 N, n, !
system and explain how these variables interact to | C,Hy ny !
affect the system's performance. [PI13] e RCICRETEERERERE
1) Molecular species (components) are CH, ~ CHg N,
2) Atomic species are C |, HiesZaN

3) What are the reactive species? CH,  GCHg

4) What are the non-reactive species? N,

5) How many chemical reactions are there?

The | Iniver<itv of lordan
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Example 1 - Reactive Processes [Pl 1a]

Identifying Molecular and Atomic species

Part 2.

Formulate the necessary equations [PI1b] and
calculate the following requirements [Pl1c] in the
reactive process

6) Ratio of C,H,to N, in feed is

Plla. Identify and define complex engineering problems.

o

c £

g .8 Pl1b. Model and formulate complex engineering problems by
SO1 B g applying principles of engineering, science, and mathematics.

©

E £ | Pllc. Solve complex engineering problems by applying

o principles of engineering, science, and mathematics.
-------------------------------------------------- I
: :
i 1
i 2 C,H, = C4Hg |
: 100 mol :

1
, » » 1
1 » »
- Reactor :
1
: C2H4 060 C2H4 n1 :
1

1
' N, 040 N, np
: :
! :

(0.6 x100) / (0.4x100) = 6/4

n,/n
7) Ratio of C,H, to N, in output is 1/,

8) Moles of C atom in feed is 2 x (0.6 x100)

9) Moles of H atom in input is 4 % (0.6 x100)

10) Moles of C atom in output is 2n,+4n,

Dr. Hatem Alsyouri

. Moles of N atom in feed is

. Moles of H atom in output is

2 x (0.4 x100)

4n;+8n,

The | Iniver<itv of Jordan
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4.7b. Independent Equations/Species/Reactions

1. Iftwo are in the same ratio to each other
wherever they appear in a process and this ratio is
incorporated in the flowchart labeling, balances on these
species will not be independent equations.

2. Iftwo occur in the same ratio wherever they
appear in a process, balances on these species will not be
independent equations.

are independent if the stoichiometric
equation of any one of them cannot be obtained by adding
and subtracting multiples of the stoichiometric equations of
the others.

Dr. Hatem Alsyouri




Independent Reactions

Independent reactions:

Chemical reactions are independent if the
stoichiometric equation of any one of them
cannot be obtained by adding and subtracting
multiples of the stoichiometric equations of
the others.

A->B (1)
2A > 2B (2)

Reaction (2) = 2 x Reaction (1)

We have (2) reactions, one of them is dependent
—> Number of independent reactions =1

Dr. Hatem Alsyouri

Dependent Reactions:

Chemical reactions are not independent if
we can get one in terms of the other by
adding, subtracting and multiplying them.

______________________________

A - 2B (1) a4
B> C (2) %jg/g~—?£c i
A 2C B) | 420

______________________________

Reaction (3) = Reaction (1) + 2 x Reaction (2)

We have 3 reactions, one of them is dependent
—> Number of independent reactions = 2

The | Iniver<itv of lordan
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Example 2

Consider the following process in which carbon tetrachloride (CCl,) is vaporized
into a stream of air. Determine how many independent molecular species and
independent atomic species are there.

ny(mol 0y/s) nz(mol 0/s)
@ 3.76n,(mol Ny/s) 3.76n5(mol N,/s)
ng(mol CCly(v)/s)
@ ny(mol CCL(1)/s) ng(mol CCl4(l)/s)‘ @
Molecular species Atomic species
* Number of components =3 * Number of atomic species =4
- O, N,, CCl, s OEN C Cl
* Ratio of N,to O,in ® =3.76 * Ratio of Nto Oin @ and @ =3.76
* Ratioof N,to 0,in ® =3.76 * One of (Nand O) atoms is dependent
* One of (N, and O,) components is « Ratioof (C/ltoC)in @and ® =4
dependent * One of (Cland C) atoms is dependent
 Num. of independent molecular  Num. of independent atomic species =
species =3-1=2 4-2 =2 -

Dr. Hatem Alsyouri 21




4.7c. Molecular Species Balances Note: This method is not

, required. It’s for self reading
Degree of Freedom Analysis

4 )

4+ No. unknown labeled variables

+ No. independent chemical reactions

— No. independent molecular species balances | components in the process

— No. other equations relating unknown variables

= Number of DOF (n;)

N %

Molecular species balances require more complex calculations than
either of the other two approaches and should be used only for simple
systems involving one reaction.

The Universitv of Jordan
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-
Example 3 C,H,: Ethane C,H; > C,H, + H,

C,H,: Ethylene
1) Define the following reactor system by
calculating the degrees of freedom using g Reactor >

the Molecular Species Balance method. 100 kmol C,Hg/ min 1, kmol C,Hg/ min
n, kmol C,H,/ min

A

[Pl1a]
Note: Not required. Self S 40 kmol H, / min )
reading
Degree of Freedom Analysis [Pl 1a]
No. unknown labeled variables 2 unknown labeled variables (}11,712)
+ No. independent chemical reactions + 1independent chemical reaction (C,H, - C,H, + H,)

. — No. independent molecular species balances :> — 3 independent molecular species balances (C,H,, C,H,, H,)

. — No. other equations relating unknown variables . — 0 other equations relating unknown variables

= Number of DOF EDOF:()

____________________________________________________________________________________________

The | Inivercityy of lordan
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Example 3 C,H: Ethane C,H; > C,H, + H,
C,H,: Ethylene
2) Formulate the necessary equations

[PI1b] and calculate the unknown variables > Reactor >
in the reactor output using the Molecular 100 kmol C,Hg/ min 7y kmol C,Hg/ min
Species Balance method. [Pl1c] n, kmol C,H,/ min

\_ 40 kmol H, / min )
Balance on Molecular Species
Input + Generation = Output + Consumption (continuous steady-state process) Brief

Molecular H, Balance: generation = output discussion

<km0l H, generated
enHz

. > = 40 kmol H, /min
min

C,H; Balance: input = output + consumption

min

100 kmol C,Hy (kmol C2H6) N 40 kmol H, generated (1 kmol C,H, consumed
; =ng
min

> — 19 = 60 kmol C;Hy;/min

min 1 kmol H, generated

C,H, Balance: generation = output

40 kmol H, generated (1 kmol C,H, generated . (kmol C,H, _ ]
2 . - Ny = 40 kmol C,Hy/min
min 1 kmol H, generated min

The | Iniver<itv of lordan
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4.7d. Atomic species balances

Degree of Freedom Analysis

+ No. unknown labeled variables

— No. independent atomic species balances | aAtoms in the orocess

— No. independent molecular species balances on nonreactive species| Non-Reactive components
in the process

— No. other equations relating unknown variables

= Number of DOF (n)
-

Balances on atomic species can be written as INPUT = OUTPUT

Important | rhs s because atoms can neither be created (generation = 0) nor destroyed

(consumption = 0) in a chemical reaction.

—_

Atomic species balances generally lead to the most straightforward solution
procedure, especially when more than one reaction is involved.

The Universitv of Jordan
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/
Example 4 C,H: Ethane C,H; > C,H, + H,
C,H,: Ethylene
1) Define the following reactor system by

calculating the degrees of freedom using > Reactor >
the Atomic Species Balance method. [Pl1a] 100 kmol C,Hg/ min 40 kmol Hy/ min
1, kmol C,Hg/ min
\_ n, kmol C,H,/ min )
Degree of Freedom Analysis [Pl 1a]
No. unknown labeled variables 2 unknown labeled variables (114,711,)
— No. independent atomic species balances ' — 2 independent atomic species balances (C and H)
— No. independent molecular species balanceson | — 0 independent molecular species balances on non-reactive
nonreactive species :> species
' — No. other equations relating unknown variables — 0 other equations relating unknown variables
‘= Number of DOF . {DOF=0

________________________________________________________________________________________________________________________________________________________________________________
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/
Example 4. C,H: Ethane C,H; > C,H, + H,
C,H,: Ethylene
2) Formulate the necessary equations

[PI1b] and calculate the unknown variables > Reactor >
in the reactor output using the Atomic 100 kmol C,Hg/ min 40 kmol H,/ min
Species Balance method. [Pl1c] n, kmol C,Hg/ min

\_ n, kmol C,H,/ min )

Balance on Atomic Species
Input = Output (continuous steady-state process)

Atomic C Balance: input = output

100 kmol C,Hg 2kmolC \ (. kmol(;Hg 2 kmol C (5 kmol C,H, 2 kmol C
min 1 kmol C,Hg ) e min 1 kmol C,Hg e min 1 kmol C,H,

200 kmol C/min =21, + 21,
Atomic H Balance: input = output

100 kmol C,Hg 6 kmolH \ (40 kmolH,\ (2 kmol H ol kmol C,Hg 6 kmol H e kmol C,H, 4 kmol H
min 1 kmol C,Hg ) min 1 kmol H, e min 1 kmol C,Hg Mz min 1 kmol C,H,

600 kmol H/min = 80 kmol H/min + 6n, + 4n,

The | Inivercityy of lordan
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4.7e. Extent of Reaction

Degree of Freedom Analysis

~

+ No. independent reactions (one unknown § for each reaction) | Number of Reactions in process

+ No. unknown labeled variables

— No. independent reactive species (one eqn for each species in terms of §)
— No. independent nonreactive species (one balance equation for each)

— No. other equations relating unknown variables

\= Number of DOF (nDF) J

Extents of reaction are convenient for chemical equilibrium problems
and when equation solving software is to be used.

The Universitv of Jordan
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/
Example 5 C,H: Ethane C,H; > C,H, + H,
C,H,: Ethylene
1) Define the following reactor system by

calculating the degrees of freedom using > Reactor -
the Extent of Reaction method. [Pl1a] 100 kmol C,Hg/ min 40 kmol Hy/ min
1, kmol C,Hg/ min
\_ n, kmol C,H,/ min )

Degree of Freedom Analysis [Pl 1a]
+ No. unknown labeled variables 2 unknown labeled variables (114, 71;)
+ No. independent reactions .+ 1independent reaction
' — No. independent reactive species — 3 independent reactive species (C,Hg, C,H,, H,)
— No. independent nonreactive species |:> — O independent nonreactive species
— No. other equations relating unknown variables — 0 other equations relating unknown variables
"= Number of DOF . IDOF=0
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Example 5

2) Formulate the necessary equations
[PI1b] and calculate the unknown variables
in the reactor output using the Extent of
Reaction method. [Pl1c]

n; = n;o + Viz No flow systems

f‘li — hiO + ViE Flow systems

C,H,; Reactant; (v = —1) | =2 |

Dr. Hatem Alsyouri

C,H,; Product; (v = +1) - N = Ny + vié

\_ n, kmol C,H,/ min )

C,H¢: Ethane
C,H,: Ethylene

C,H, > CH,+H,

> Reactor >
40 kmol H,/ min

1, kmol C,Hg/ min

100 kmol C,Hg/ min

_______________________________________________________________________________________

V; Stoichiometric coefficient of species i

¢ Extent of reaction (the amount converted from the limiting reactant)

_______________________________________________________________________________________

Same for all species

i, =100 —1(40) | > |

ny = 60 kmol/h

7, = 0 + 1 (40) >

ny = 40 kmol/h

The | Iniver<itv of lordan
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Example 6

Ammonia is burned to form nitric oxide. Fractional conversion of O, is
0.5. The inlet molar flow rates of NH; and O, are 5 mol/h. Calculate the
exit component molar flow rates using:

a) Extent of reaction method. [~ 4NH, +50, > 4NO + 6H,0 A

b) Atomic balance approach.

Reactor
5 mol/h NH, 'L J ny NH,

5 mol/h O, Conversion of O, nz O,
(fo2) = 0.5 15 H,0
14 NO
- /

The | Inivarcityvy of lordan
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Solution ANH; +50, = 4NO + 6H,0

a) Extent of reaction method

Dr. Hatem

Reactor
* Unknowns: 4 (14,15, i3, 11,) 5 mol/h NH; i, NH;
: 5 mol/h O for=0.5 ity Oz
* Reactions: 1 (4 NH; +50, 2 4NO + 6 H,0) . m ,
ﬂ-z HED
* Reactive species: 4 (NH;, 0, , NO, H,0) iy NO
* Independent species? Yes DOF analysis
* Extent equations: 4 (one per species) 4 unknown variables
* Additional equations? Yes (conversion) +1 +indep reactions
-4 - indep reactive species
Extent of reaction balances -0 - indep nonreactive species
. ; -1 - other equations
n;=mn;, £ v;-§ .
0 = DOF
Vnyz = —4, Vo2 = =5, Vo2 = 4, V20 = 6
* Balance of NH;: 1y = 5 —4¢ We can’t solve without € ... find it.

* Balance of O,: n,=5—-5¢
* Balance of H,0: n3=0+6¢
* Balanceof NO: n,=0+4¢

then continue

eeee

Conversion: 0.50 =1 - n,/5 @

- Find 7, from (5) then & from (2)

The Universitv of Jordan
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5) Conversion: 0.50=1- n,/5 = n, = 2.5mol/h 0,

2) Balanceof O, n, =5-5¢6 = 25=5-5¢&¢ = ¢=0.5mol/h
1) Balanceof NH;: 1y =5 —4¢ = ny =5 —4%x0.5 = ny; = 3.0 mol/h NH,
3) Balanceof H,0: n3=0+4+6¢ = n3;=0+6X%x0.5 = n3 =3.0mol/h

4) BalanceofNO: n,=04+4¢ = n,=04+4%x05 = n, =2.0mol/h

The | Iniver<itv of lordan
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Solution

b) Atomic balance method

Dr. Hatem Alsyouri

e Unknowns: 4 (114, 71,, 13, 14)
Atomic species:3(N , H ,0)
Independent atoms? Yes

# indep atomic balances: 3 (one per atom)

Non reactive species? None

Additional equations? Yes (conversion)

ANH; +50, = 4NO + 6H,0

Atomic balances: Input; = Output;

* Nbalance: 1x5=1xn;+1xn,
T:l,1+7:l4=5 @
* HBalance: 3 x5=3Xxn;+2Xn;

37, +20; =15 (2
* OBalance: 2x5=2xn,+1Xxn;+1xn,

271y +7i3 + 1, =10 (3 #

Reactor
5 mol/h NH; 1, NH;
5 mol'h O3 foa=0.5 1, Oz
iy HaO
n, NO
DOF analysis
4 unknown variables
-3 - indep atomic species balances
-0 - indep nonreactive species
-1 - other equations
0 = DOF

0.50 = 1 — 1,/5

@

The | Iniver<itv of Jordan
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Dr. Hatem Alsyouri

T.l1+7’.l4=5

37, + 27, = 15

27, + 13 +1, =10 (3

0.50 = 1 — 71,/5

@
2

@

Solving 4 simultaneous equations:

1, = 3.0 mol/h NH,
n, = 2.5mol/h O,
n3 = 3.0 mol/h H,0

n, = 2.0 mol/h NO

Same answers to extent of
reaction method

The Universitv of Jordan
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4.7f. Product Separation and Recycle

Overall Conversion:

reactant input to process — reactant ouput from process

reactant input to process

Single-Pass Conversion:

reactant input to reactor — reactant ouput from reactor

reactant input to reactor

\
|
|
Feed : | Product
A | P-4 A
B : —» B
| : G
|
: Reactor : D
|
| =
| 4 N
| < 1/ Y \, : » Purge
! Recycle /

Dr. Hatem Alsyouri

Refer to
textbook for
exercises on
single pass
and overall
conversions
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4.7g Purging

,————————————————————————————-.

)
| 4 "
Feed . Mixer f_ _B_ f)_ _(_; _ E)_ R Sphtter : Product
A P17 P2/ P30T pa A
B T | T
: CLA N E— p AN P : C
: Reactor : D
| o
& N
: ! —> Purge
‘ Recycle % 2 3 g

Why Purging is needed.

>

Inert gases (e.g., nitrogen, argon, etc.) are used in processes because they do not
undergo chemical reactions under given conditions.

Using inert gas in a system prevents undesirable chemical reactions from occurring
(e.g., oxidation, hydrolysis, combustion).
Purging with nitrogen (N,) minimizes hazards of residual solvents or process fluids.

If an inert gas is introduced to the system and it doesn’t react, it has to exit the
system somewhere — otherwise, it builds up and would shut down the process.

The University of Jordan

Dr. Hatem Alsyouri 37

R R R R R R R R R RRRRRRRBRRRRRRrRRrRRRRRERBRRBRBEEBBBEDDIImI=™



LLLLLLLLLLLLL

Elementary Principles of Chemical Processes,
PRINCIPLES OF 3rd or 4th edition,

CHEMICAL Wiley & Sons, Inc.
PROCESSES Richard M. Felder, Ronald W. Rousseau, & Lisa G. Bullard.

ELEMENTARY
PRINCIPLES
OF CHEMICAL
PROCESSES

CHE 0905211

Chemical Engineering
Principles 1

Fall 2025

Dr. Hatem Alsyouri Chapter 4

The University of Jordan
Chemical Engineering Department



4.8 Combustion Reactions

Familiarize your self with the definitions of the following expressions:
 Combustion (definition and reaction chemistry)

* Fuel (types and example)

* Complete vs. Incomplete combustion

e Ratios of air component to each other

 Composition of gas on a Wet-basis and dry-basis

e Stack gas, exhaust gas or flue gas

* Theoretical and Excess Oxygen and Air

The | Iniver<itv of lordan
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Example 4.8-2 Theoretical and Excess Air

100 mol/h of butane (C,H,, ) and 5000 mol/h of air are fed into a
combustion reactor. Calculate the percent excess air.

The stoichiometric equation for complete combustion of butane:

13
C4_H10 + 702 - 4C02 + 5H20

The theoretical air from the feed rate of fuel and the stoichiometric equation

_ 100 mol C4H10

. 6.5 mol 0, required mol 0,
(noz)theoretical h

=6
mol C4H10 h

650 mol O,

. 4.76 mol air mol air
(Mair)theoretical = A -

= 4
mol 0, 5 h

(Tlair)fed - (nair)theoretical X 100% = 5000 — 3094 X 1009% = 61.6%

(flair) theoretical 3094

0% excess air =

mol

_ . mol
(nair)fed = 1.616(Tigir) theoreticat = 1.616 X 3094 T = 5000 h T ——

Dr. Hatem Alsyouri 3




Exercise 1: Incomplete Combustion of Methane

Methane is burned with air in a continuous steady-state combustion reactor to yield a mixture of

carbon monoxide, carbon dioxide, and water. The reactions taking place are

3
CH, + 20, — CO, + 2H,0 (2)

The feed to the reactor contains 7.80 mole% CH,, 19.4% O,, and 72.8% N,. The percentage
conversion of methane is 90.0%, and the gas leaving the reactor contains 8 mol CO,/mol CO. Carry
out a dgree-of-freedom analysis on the process. Then calculate the molar composition of the

product stream using molecular species balances, atomic species balances, and extents of reaction.

The | Inivarcityvy of lordan
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Basis: 100 mol Feed

100 mol

0.0780 mol CH,/mol
0.194 mol O,/mol
0.728 mol N,/mol

>

Degree-of-Freedom Analysis

ney,(mol CHy)
nco(m()l CO)

Snco(m01 COz) <

nHzo(m()l HQO)
noz(mol 0,)
n,Nz(mol N,)

>

This is the CO2 unknown output.

It was represented by the extra
equation given in statement.
Therefore, the unknown and extra
equations are not counted in the DOF

* Molecular species balances: 5 unknown variables + 2 independent reactions — 6 independent molecular
species balances (CH,, O,, N,, CO, CO,, H,0) — 1 specified methane conversion = 0 degrees of freedom

* Atomic species balances: 5 unknown variables — 3 independent atomic species balances (C, H, O) — 1
nonreactive molecular species balance (N,) — 1 specified methane conversion = 0 degrees of freedom

* Extents of reaction: 5 unknown variables + 2 independent reactions — 5 expressions for n, (§) (i = CH,, O,,
CO, CO,, H,0) — 1 nonreactive molecular species balance (N,) — 1 specified methane conversion =0

degrees of freedom

Dr. Hatem Alsyouri
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v" The specified methane conversion can be used to determine ng,:
90% CH, Conversion: 10% remains unconverted

ncy, = 0.100(7.80 mol CH, fed) = 0.780 mol CH,

v" Nitrogen balance to determine the nonreactive species in the process, ny,:
N, Balance: input = output

ny, = 72.8 mol N,

» It remains to determine n.,, n,,o and ny, by each of the indicated methods.

The | Iniver<itv of lordan
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Molecular Species Balances (this method is not required)

This is the most cumbersome method when multiple reactions are involved. We strongly recommended against using it.
Each balance on a reactive species will contain generation and/or consumption terms.

Ccya1(mol CHy) — the consumption of methane in Reaction 1
Gu20,2 (mol H,0) — the generation of water in Reaction 2

Example:

2 mol H,0 generated)

G lH,0 ted in Reaction 1) = C O d in Reaction 1) X
n20.1 (mol H,0 generated in Reaction 1) 02,1(mol 0, consumed in Reaction 1) (1.5 mol 0, consumed

CO Balance: output = generation

Neo = Geor (3)

CO, Balance: output = generation

8nCO = GCOZ,Z (4’) The | Inivarci af Tardan
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CH, Balance: input = output + consumption

7.80 mol CHy = 0.780 mol CHy + Cey, 1 +Cep, 2
Ceny1 = Geog X (1 mol CHy consumed/1 mol CO generated)

1l Ceny2 = Geoa X (1 mol CHy4 consumed/1 mol CO» generated)

7.02 mol CHq, = GC[}_J + GCU;_.E

Equations 3 and 4

7.02 mol CHq, = Neo + SFIC[} = QFIC[}

o T
W

neo = 0.780 mol CO

neo, = (8 X 0.780) mol CO, = 6.24 mol CO,

Nco = Geor = 0.780 mol CO generated  (5)

8nco = Geozz = 6.24 mol CO, generated  (6)

The Universitv of Jordan
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H,0 Balance: output = generation
n,o = G0 + Gu,02

B 2 mol H,O generated 2 mol H,O generated
— O T mol €O oenerated T 00,2 I mol CO, generated

ﬂGC(},l = ().780 mol CO generated, Geo,2 = 6.24 mol CO; generated

Ny,0 = 14.0 mol Hg()

0> Balance: output = generation — consumption
”[}3 = 19.4 mol ()3 — C[}E_-l — CULE
1.5 mol O, consumed 2 mol O, consumed
+ Geo, .2
I mol CO generated 7\ I mol CO; generated

= 19.4 mol O, — Geo (

MGC[}’I = (.780 mol CO generated, Gco,2 = 6.24 mol CO; generated

no, = 5.75 mol O,

In summary, the stack gas contains 0.780 mol CH,4, 0.780 mol CO, 6.24 mol CO». 14.0 mol H,0O, 5.75 mol
0,. and 72.8 mol N,. The molar composition of the gas is therefore

0.78% CHy. 0.78% CO.6.2% CO2, 14.0% H20.5.7% 0>, and 72.5% N,

rsitv of Jordan
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Atomic Species Balances

We will write the C and H balances first (only one unknown), then the O balance to determine
the remaining unknown.

All atomic species balances have the form input = output.

C Balance:

7.8mol CHy | 1mol C 078 mol CH, | 1mol C

Dr. Hatem Alsyouri

| 1mol CH, | 1 mol CH,

‘ I mol C

N nco(mol CO) ‘ Il mol C N Snco(mol CO,)

| 1mol CO

LSD[‘»’E for nco

nco = 0.780 mol CO

nco, = SHL‘[} = (8 X [}?3[}} mol C(}g

6.24 mol CO,

" 1 mol CO,

The | Iniver<itv of lordan
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H Balance:

7.8mol CH, | 4molH _ 0.78mol CH, | 4mol H
| 1 mol CH, | 1 mol CH,

, Mo(mol Hy0) | 2mol H
| 1mol Hy0

— Ny, = 14.0 mol Hg()

O Balance:

[94mol Oy | 2mol O no,(mol Oy) ‘ 2mol O N 0.78 mol CO ‘ 1 mol O

1mol Oy | 1 mol O, | 1 mol CO

N 6.24 mol CO, | 2mol O N 14.0 mol H,O ‘ 1 mol O

" 1 mol CO, " 1 mol H,0

— no, = 5.75 mol ()3

Same: 0.78% CHy. 0.78% CO.6.2% CO3, 14.0% H20.,5.7% O,. and 72.5% N

The Universitv of Jordan
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Extents of Reaction

For the reactions
CHy +2 05 — CO +2H,0 (1)

CH4 + 202 - COE + ZHEO (2)

Equation 4.6-7 (n; = nip + Zvy&;) for the reactive species involved in the process yields the following five
extent of reaction balances [(3)—(7)] in five unknowns (&,.&,. nco. y,0. 10, ):

nep,(= 0.78 mol CHy) = (new, )g + (vems )1 &1 + (vens )2 6o

= 7.80 mol CH4 + (—1 mol CHy)&, + (—1 mol CHy)é&, (3)
= (7.80 - &, — &) mol CHy
nco = (1 mol CO)E, (4)
8nco(= nco,) = (I mol CO,)&, (3
nu,0 = (2 mol H20)&, + (2 mol H20)&, (6)
no, = 19.4mol O, — (3mol 0,)¢&; — (2 mol 0,)&, (7)
1neo, mol CO, 1 mol CO»)é&, E
o, _ 2 _ ( )6 &2 _g 8)
nco mol CO (1 mol CO)¢, &,
The University of Jordan
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Substituting the last of these relationships into Equation 3 and solving:

0.78 = 7.80 — &, — 8¢&,

-.U,
£ =078 = & =6.24

From Equations 4 and 5

neo = 0.78 mol CO
nco, = 6.24 mol C()g

and from Equations 6 and 7

Ny, = 14.0 mol Hg()
nop, = 5.75 mol O,

Same: 0.78% CHy. 0.78% CO.6.2% CO3, 14.0% H20.,5.7% O,. and 72.5% N>

Which method is easy?

The Universitv of Jordan
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Important definitions from section 4.6
Yield and Selectivity

moles of desired product formed

Yield = moles that would be formed if there were no side reactions x 100%  (4.6-5)
and the limiting reactant were consumed completely
moles of desired product formed
Selectivity = =P (4.6-6)
moles of undesired product formed
Dr. Hatem Alsyouri 14
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/L Problem Solving
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Exercise 2:
Yield and selectivity in a dehydrogenation reactor

The reactions
C,H, — C.H,; + H-
CQH.E. + Hz — 2CH4

take place in a continuous reactor at steady state. The feed contains 85.0 mole% ethane (C:Hg)
and the balance inerts (I). The fractional conversion of ethane is 0.501, and the fractional yield of
ethylene 1s 0.471. Calculate the molar composition of the product gas and the selectivity of ethylene
to methane production.

Basis: 100 mol feed Ethane Ethylene
C,H, 2> C,H, + H,
Methane
C, H 455582 CEl
FEED — :
100 mole Dehydrogenation
S Reactor S
0.850 mol C,H¢/mol n, C,Hg
0.150 mol I/mol n, CH,
n; H,
n, CH,

Dr. Hatem Alsyouri ng |
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Solution

From Equation 4.6-6, the outlet component amounts in terms of extents of reaction are as follows:
ni(mol C:Hg) = 85.0mol Co:Hs — & — &
ny(mol C;Hy) = §

ny(mol Hy) = & — &
ny(mol CHy) = 2&
ns(mol I) = 15.0mol I

Ethane Conversion

If the fractional conversion of ethane is (0.501, the fraction unconverted (and hence leaving the re-
actor) must be (1 — 0.501).

_ (1 =0.501) mol C;Hg unreacted ‘ 85.0 mol C,H, fed
mol CyH, fed |
= 424 mol C;Hg = 85.0mol C;Hgs — & — & (1)

m

Ethylene Yield

85.0 mol C>Hg fed | 1 mol C-H,4

maximum possible ethylene formed =
| 1 mol C2H

J

ny = 0.471(85.0 mol C;Hg) = 40.0 mol C;Hy = &

= 85.0 mol

of Jordan
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Solution

Substituting 40.0 mol for & in Equation 1 yields & = 2.6 mol. Then
ny = & — & = 37.4mol Ha
ng = 26 = 5.2mol CHy
ns = 15.0 mol I
Mot = (42.4 +40.0 + 374 + 5.2 + 15.0) mol = 140.0 mol

J

Product: 30.3% C;Hg, 28.6% C,Hy, 26.7% H,, 3.7% CH,, 10.7% 1
selectivity = (40.0 mol C:Hy)/ (5.2 mol CHy)
_ ?.?nm] C-H,
mol CH,
The University of Jordan
Dr. Hatem Alsyouri 18
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Presented in
an earlier
lecture

Exercise 3: Recycle and purge in the synesis of Methanol

Recycle and Purge in the Synthesis of Methanol

Methanol is produced in the reaction of carbon dioxide and hydrogen:
CGE + 3 Hz - CH}GH + HEG

The fresh feed to the process contains hydrogen, carbon dioxide, and 0.400 mole% inerts (I). The
reactor effluent passes to a condenser that removes essentially all of the methanol and water formed
and none of the reactants or inerts. The latter substances are recycled to the reactor. To avoid buildup
of the inerts in the system, a purge stream 1s withdrawn from the recycle.

The feed to the reactor (not the fresh feed to the process) contains 28.0 mole% CO,,
70.0 mole% H,. and 2.00 mole% inerts. The single-pass conversion of hydrogen is 60.0%. Cal-
culate the molar flow rates and molar compositions of the fresh feed, the total feed to the reactor,
the recycle stream, and the purge stream for a methanol production rate of 155 kmol CH;OH/h.

The University of Jordan
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Exercise 3: Recycle and purge in the synesis of Methanol

Basis: 100 mol Combined Feed to the Reactor

n,(mol) n(mal)
xge(mol CO,/mal) 1 x..(mol CO,/mal)
xgy(mol Himol) xzy(mal Hy/mol)
(1 - xgp — xgy) (Mol Ifmal) (1 - xgp — xgy) (Mol I/mol)
ng(mol)

xge(mol COo/mol)
xgy(mol Hy/mol)
{l —IEE —IEH:I {mﬂl I.'rmﬂl}

|
Ao(mol) ¥ 100 mol »| REACTOR »| CONDENSER
xpc{mol COz/mal) 0.280 mol COx/mol ny(mol CO,)
(0.996 — xpc) (mol Hy/mol) - 0,700 mol Ha/mal nz(mol Ha)
0.00400 meol I/moel 0.020 mal Vmaol 2.0mol |
ns(maol CH50H) |
| H,0
ng(mol H0) na(mol CHa0H)
ng(mol H50)
The University of Jordan
Dr. Hatem Alsyouri 20
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° Reactor Analysis
Solution o ek

We will use molecular balances. Recall that the stoichiometric reaction is

CO; + 3H; — CH;0H + H,0
60% Single-Pass H, Conversion: (— 4(0% i1s unconverted and emerges at the reactor outlet)
na = 0.40(70.0 mol H; fed) = 28.0 mol H»

H; Balance: consumption = input — output

Consy, = (70.0 — 28.0) mol H, = 42.0 mol H, consumed

CO; Balance: output = input — consumption

n; = 28.0 mol CO, — 42.0 mol H; consumed ‘ 1 mol CO, consumed

= 14.0 mol CO;
‘ 3 mol H> consumed
CH;0H Balance: output = generation
0y = 42.0 mol H> consumed ‘ 1 mol CH3OH generated ~ 14.0 mol CH,OH
‘ 3 mol H; consumed
H,0 Balance: output = generation
ny = 42.0 mol H; consumed | 1 mol H>O generated ~ 14.0 mol H,O

| 3 mol H> consumed of Jordan
Dr. Hatem Alsyouri
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Condenser Analysis

Total Mole Balance: input = output

CO, Balance:

H, Balance:

n +n+n3;+ng +2.0mol = ny + ng + ns

Unz = 28.0mol, n; = n; = ny = 14.0 mol
ns = 44.0 mol
input = output

q

U = 14.0 mol, n; = 44.0 mol

xs¢ = 0.3182 mol CO»/mol

input = output

Uh = 28.0 mol, ns = 44.0 mol
XsH = 0.6364 mol CO‘)/mOl

— xs5¢c — x5y = 0.04545 mol I/mol

The University of Jordan
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Fresh Feed-Recycle Mixing Point Analysis

Total Mole Balance: input = output
ny + n, = 100 mol

I Balance: input = output
1ny(0.00400) + n,(0.04545) = 2.0 mol 1

Solving these two equations simultaneously yields

ny = 61.4 mol fresh feed, n, = 38.6 mol recycle

CO; Balance: input = output
noxoc + nexse = 28.0 mol CO»

Unﬂ = 61.4 mol, n, = 38.6 mol, x;- = 0.3182 mol CO,/mol

xpe = 0.256 mol CO-/mol

J

XgH = (1 — Xoo — X:}|J = ().740 mol Hy"ITll'.]]

Recycle-Purge Splitting Point Analysis

Total Mole Balance: input = output
ns = N + N

Uns = 44.0 mol, n, = 38.6 mol

The University of Jordan
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Flowchart Scaling

For the assumed basis of 100 mol feed to the reactor, the production rate of methanol is n3
mol CH3OH. To scale the process to a methanol production rate of 155 kmol CH3OH/h, we multiply

each total and component molar flow rate by the factor

( 155 kmol CH3OH/h ) _11.1 kmol/h

14.0 mol CH;OH

mol

The mole fractions remain unchanged by the scaling. The results follow.

Variable

Basis Value

Scaled Value

Fresh feed

61.4 mol

25.6 mole% CO,
74.0 mole% H,
0.400 mole% 1

681 kmol/h

25.6 mole% CO,
74.0 mole% H,
0.400 mole% 1

Feed to reactor

100 mol

28.0 mole% CO;
70.0 mole% H:
2.0mole% I

1110 kmol/h
28.0 mole% CO,
70.0 mole% H-
2.0 mole% 1

Recycle

38.6 mol

31.8 mole% CO;
63.0 mole% H-
4.6 mole% I

428 kmol/h

31.8 mole% CO,
63.6 mole% H,
4.6 mole% 1

Purge

Dr. Hatem Alsyouri

5.4 mol

31.8 mole% CO;
63.6 mole% H»
4.6 mole% I

59.9 kmol/h

31.8 mole% CO,
63.6 mole% H-
4.6 mole% I

S —

The University of Jordan
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Exercise: Multiple unit process and recycle

50 kg/h
0.7 kg A/kg
0.3 kg B/kg
i, 1 i, , . 200 kg/h
> nit g nit >
0.5 kg A/kg u Xa2 U 0.6 kg A/kg Xag
0.5 kg A/kg Xg2 0.4 kg B/kg Xge
60 kg/h
Xas
Xp4
Calculate:

DOF for the mixing point?

Mass flow for the stream 5 (ms)
Composition of the stream 6 (x,5 and Xgg)
Mass flow for the stream 1 (m,)
Composition of the stream 4 (x,, and Xg,)
Mass flow for the stream 2 (m,)

RIS I OO [

Composition of the stream 2 (x,, and xg,)

The | Iniver<itv of lordan
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Exercise: Reactive Multiple units & combustion

A process for methanol synthesis is shown in the flowchart. The potential chemical reactions involved are

CH, + 2H,0 = CO, + 4H, (main reformer reaction) (a)
CH, + H,0 = CO + 3H, (reformer side reaction) (b)
2CO + 0, = 2CO, (CO converter reaction) (c)
CO, +3H, = CH,0H + H,0 (methanol synthesis reaction) (d)

Ten percent excess steam, based on reaction (a), is fed to the reformer, and conversion of methane is 100%, with a 90%
yield of CO,. Conversion in the methanol reactor is 55% on one pass through the reactor.

A stoichiometric quantity of oxygen is fed to the CO converter, and the CO is completely converted to CO,. Additional
makeup CO, is then introduced to establish a 3 to 1 ratio of H, to CO, in the feed stream to the methanol reactor.

The methanol reactor effluent is cooled to condense all the methanol and water, with non-condensible gases recycled to
the methanol reactor feed. The H,/CO, ratio in the recycle stream is also 3 to 1.

Because the methane feed contains 1% nitrogen as an impurity, a portion of the recycle stream must be purged as shown
in the flowchart to prevent the accumulation of nitrogen in the system. The purge stream analyzes 5% nitrogen.

On the basis of 100 mol of methane feed (including the N,), calculate:

i.  How many moles of H, are lost in the purge

ii.  How many moles of makeup CO, are required

iii. The recycle to purge ratio in mol/mol

iv. How much methanol solution (in kg) of what strength (weight percent) is produced.

The | Inivercityy of lordan
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8 Recycle 13 Purge

o
T12
8 10
—| Condenser
CO, makeup 6 7 9
- »Y - Methanol 1
Reactor >
Methanol
5 solution
Oxygen 4
o co
converter
—
3
Methane
Feed 2
—_—
Reformer
Steam 4
_

The Universitv of Jordan
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99 kg mol CH, (

CH, feed is 1% N; or 1 kg mol N

steam feed is 10% excess based on reaction (a).
2 k molH,OJ = 198kgmol steam

kgmolCH,

1.1 (198) = 217.8 kg mol steam

12.25
Step 1.2, 3 and 4:
CO, Makeup 3.1H, /CO, Recycle Pure 5% N,
-~
6 7 8 A 13
?5 3:1H,/CO, 12
4
0. co -] Condenser
Converter 100% 0
99 kg mol CH, o
cOonv,
l ksc": ' Nf;d 3 Methanol .
] = Reactor E——
Reformer
steam 55% Melw-md
100% CH, conversion conversion solution
217.8 kg mol 0% CO; yield
Chemical Reactions
a) CH, +2H,0 —» CO, + 4H, (main reformer rxn)
b) CH, +H, » CO+3H, (reformer side rxn)
c) 2C0O +0, - 2CO, (CO converter rxn)
d} CO,+3H, - CH,O0H+H,O (methanol rxn)

(continued)

Dr. Hatem Alsyouri

Step 5: Basis: 100 kg mol CH, in feed
Steps 6 and 7: Unknowns:

6-CO; makeup
3-reformer product 7-3:1 Hy/CO,
4-0, feed, stoichiometric 8-recycle, Hz/C02=3
5-CO conv. products 9.reactor feed, Hy/CO2=3
Balances: Reformer balance
CO conv. balance
CO32 makeup balance
Feed/recycle balance
Methanoi reactor balance
Steps B and 9: Solve balances serially.

Reformer balance gives stream 3

_ 99kgmol CH, conv.|0.9convby(a)| 1kgmol CO,

10-reactor product
11-Methanol solution
12-condenser tops
13-purge, 5% N,
Condenser balance

purge/recycle balance

CO, = 89.1kgmol CO,
- | lconv. | 1kgmolCH, gmoiLT
C0=99(0.1)=9.9 kg mol CO
1.0 reacted = 2 kgmol H,0) 89.1kg mol CO,
: 1kgmoi CO, |
+1_k§molH29 9,9kg molCO ~ 188.1 kgmol H,0
1kgmo!CO )

28




H,O remaining=217.8 - 188.1 =29.7 kg mol H,O
Hz = 4(89.1) + 3(9.9) = 386.1 kg mol Hz

N2 =1 kg mol

CO conv. balance gives streams 4 & 5:

Stream 4:
9.9 kgmol CO| (1/2)kgmol O,
O = =4.
" | Tkgmol CO 95kgmol O,
Stream 5:

CO, = 89.1 +9.9=99 kg mol CO,
H,0 =29.7 kg mol H,0
H, = 386.1 kg mol H,
N2 =1kg mol N;
CO> makeup gives streams 6 and 7:
stream 7 is 3:1 Hy/CO,

CO, =386.1/3 = 128.7 kg mol CO; needed
Stream 6: CO,=128.7-99=29.7kg mol CO,

purge/recycle gives stream ] 3;

(continued)

Dr. Hatem Alsyouri

N3 is inert species:

stream 13 = 0.05kg m(]).l(;\llzg;rllc:i:;l el 20kgmol instream 13
Stream [3: |
Ho/CO2=3 Let x = mol frac. of CO; in stream 13
1=0.05+3x+ 1x
4x=0.95, x=0.2375
Nz =1 kg mol N,
Hz=20(3) (0.2375)= a.
CO, =20 (0.2375) = 4.75 kg mol CO,
Special balance gives stream 11:
475C
700 3 Gl
386.1 H, -ﬁ-P
1.0N;
1 rxn occurs

CO; reacted = 128.7 - 4.75 = 123.95 kg mol CO; reacted
H, reacted = 386.1 - 14.25 = 371.85 kg mol H; reacted
CH;0H produced = 123.95 kg mol CH30H

H,0 produced = 123.95 kg mol H20

The | Inivarcitys of lordan
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Stream 11:

H,0 =29.7 + 123.95 = 153.65 kg mol H,0

CH;0H = 123.95 kg mol CH;0H

mass stream 11 = 153.65 (18) + 123.95 (32) =|6732.1kg

123.95 (32
o CHs 6732.1

58.9% CH,OH wt. %

Methanol reactor balance for $5% conversion
From special balance, each pass uses 123.95 kg mol CO,

123.95 =0.55 (CO2)in s0 (CO2)in = 225.36 kg mol CO,

Stream 8 = stream 9 - stream 7

Stream 8: CO2=225.36 - 128.7 = 95.66

So recycle _ 95.66 _ 3035
purge 4.75

The

I Inivarcitys of lordan
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Week 9

Chapter 5 : Single-Phase Systems

5.1. Liquid and solid densities Section 5.1
Lecture 1 5.2.ldeal Gases 1,2, 4
a. The ideal gas equation of state
Tobi 5.2. Ideal Gases section 5.2
opics 2. e
Lecture;2 b. Standard temperature and pressure a,p:5,7-9,12,14
5.2. ldeal Gases Section 5.2
Lecture 3 c. ldeal gas mixtures c: 16, 18, 20, 22*, 25, 27, 30, 34%,
Problem solving 35, 39, 47

LO11. Obtain and utilize physical property data for liquids, solids, and gases from reliable sources such as
Learning databases, handbooks, correlations, and experimental or literature data. (SO1)

Outcomes | LO12. Perform pressure-volume-temperature calculations for ideal and non-ideal gases using appropriate
equations of state and gas property charts. (SO1)

The Universitv of Jordan
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Notes

This is only a sample material that does not cover the
entire topics of the chapter.

Please refer to the textbook for full study, and solve the
assigned exercises and suggested problems.

Refer to weekly lesson plan for details of covered topics
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Introduction

» A gas enters a reactor at a rate of 255 SCMH. What does that mean?
standard vol flow rate - actual vol flow

» An orifice meter mounted in a process gas line indicates a flow rate of 24 ft°/min. The gas temperature is
195°F and the pressure is 62 psig. The gas is a mixture containing 70 mole% CO and the balance H,. What is
the mass flow rate of the hydrogen in the gas?
vol flow + Temp + P, = find mol flow - find mass flow

> A reactor feed stream consists of O, flowing at 32 kg/s. The gas is to be compressed from 37°C and 2.8 atm
absolute to 54°C and 284 atm. What are the volumetric flow rates at the inlet and outlet (needed to rate the
compressor)?
mass flow +T1+P1 > T2+ P2 - vol flow

> A pitot tube indicates that the velocity of a stack gas is 5.0 m/s at 175°C. The stack dlameter is 4.0 m. A
continuous stack analyzer indicates an SO, level of 2500 ppm (2500 moles SO, per 10° moles gas). At what
rate in kg/s is SO, being discharged into the atmosphere?

Velocity + T + diameter + concentration - mass flow

> A 70.0 m°tank is rated at 2000 kPa. If 150 kg of helium is charged into the tank, what will the pressure be?
How much more helium can be added before the rated pressure is attained?
V + P + mass 2 P2

Answer Need an equation of state (EOS)

_ relationship between pressure (P), volume (V), number of moles (n), and temperature (T) of a gas.
Dr. Hatem Alsyouri 4
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5.2. ldeal Gases

5.2a. The ideal gas equation of state

ideal gas = perfect gas

The ideal gas (perfect gas) equation of state (relation between state variables) can be
derived from the kinetic theory of gases by assuming that:

1. Gas molecules have a negligible volume, _
assumptions of

2. Exert no forces on one another, and ideal gas

3. Collide elastically with the walls of their container

No need to know

{Idealgaslaw ]{PV=nRT or PV=1'1RT} the type of gas

P = absolute pressure of a gas.

V (V) = volume (or volumetric flow rate) of the gas.

n (n) = number of moles (or molar flow rate) of the gas.

R = the gas constant, whose value depends on the units of P, V, n, and T.

T = absolute temperature of the gas.

Validity of equation: at high temperatures (> 0°C) and low pressures (~ 1 atm)

The Universitv of Jordan
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http://en.wikipedia.org/wiki/Thermodynamic_variable

Note

The gas constant (R)
pressure x volume
Value of R depends on the unitsof P, V, n, and T = energy
S

.
0.08206 L - atm/(mol.K) 8.314 m3-Pa/(mol.K) 10.73 ft3 - psia/(lb — mole.°R)
1.987 Btu/(lb — mole.°R)

R =
1.987 cal/(mol.K) 8.314 J/(mol.K)
(. J
Refer to book for more values of R
Specific molar volume (V)
V = the specific molar volume = volume per unit mol
Vv
V = —=—
n n
The ideal gas can be written as
V =
P-V=n-R-T = P-—=R-T =5 P-V=R-T
n The Universitv of Jordan
Dr. Hatem Alsyouri 6




Relative error (€) of ideal gas law € =

A~

Videal =the ideal specific molar volume calculated using ideal gaslaw P -V =R-T

calculate

[, _Rr )

\ 4

other gases

check condition

y

is Videal ?
> 20 L/mol
> 320 ft3/lbmol

Dr. Hatem Alsyouri

X - X
lde‘;l( T % 100% A brief test to
true check validity
of the ideal

gas EOS

k Videal = P J

CO,, NO,, etc.

A 4

Diatomicgas | N,, H,, Cl, etc.

check condition
Yes Ideal gas law is valid. Yes is Vigour ?
o Gas is ideal e < 19 >5L/mol
> 80 ft3/Ibmol
NO NO

Ideal Gas Law is not valid

Use Real Gas EOS

The Universitv of Jordan
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Density of ideal gas Brief

discussion

startingfrom PV =nRT

p
= _ P=2—RT
PZ§;;RT — Y

2|3

_PM
P=RT
For ideal gas mixture
__PM
P=RT
where M = Z v M;

The University of Jordan
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Example 5.2-1 The ldeal-Gas Equation of State

One hundred grams of nitrogen is stored in a container at 23.0 °C and 3.00 psig.

1. Assuming ideal gas behavior, calculate the container volume in liters.
2. Verify that the ideal gas equation of state is a good approximation for the given conditions.

Solution
1) 1990 9 3.57 mol,T = 296 K,P = 17.7 psia (P 14.7 psia)
= = O. , = , = . = . l
"= 280 g/mol psid \Fatm P
nRT
T (3.57mol)(296 K) R (L - psia)
(L) = 17.7 psia (mol - K)
3.57 mol)(296 K) 0.08206 (L - atm) 14.7 psia
V(L)=( )(. ) ( Y )
17.7 psia (mol - K) atm
BYNS . is a diatomi SN 74 VR = 20.2L/mol >5 L/mol
» Is a diatomic gas ideal = — =357 — = 20. mo mo
The ideal gas equation of state should yield an error of less than 1%. 10
9
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5.2b Standard Temperature and Pressure

Table 5.2-1 Standard Conditions for Gases

System Ta P Vi N

SI : 273K latm 0.022415m* 1 mol
CGS 0°C 1 273K 1latm 22415L 1 mol
American Engineering | 492°R 1 atm  359.05 ft® 1 Ib-mole

» Standard Temperature (T,) and pressure (P,) are referred to as
Standard Temperature and Pressure (or STP)

. PV T
273 K,1atm = V = 0.022415m® = 22415 L — =N
FsVs s

32°F,1atm =V = 359.05 ft3

» Standard Cubic Meters (or SCM) is often used to denote m3(STP).

» Standard Cubic Feet (or SCF) denotes ft3(STP).

» SCMH means Standard Cubic Meters per Hour (m3STP /h).

» A volumetric flow rate of 18.2 SCMH means 18.2 m3/h at 0°C and 1 atm.

The Universitv of Jordan
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General calculations using Ideal gas law

g PV =nRT A
1) Using R gas constant p_RRT  _nRT n=tV L _FV
|74 P RT n R
\ with selection of proper R value j
Transfer from conditions (1) to P, — ny Ty
. . condition (2) PV nq T
2) Using relative method ter
Gas at conditions (2) relative to P, 1 — ny T
standard conditions P,V ngTs

with knowledge of standard. Flexibility in units

4 P M )
Density of a pure gas p = BT
3) Density calculations B
For ideal gas mixture -_PM M Z M
P =—7= — YiMi
\_ RT _/

The University of Jordan
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Exercises — ldeal Gas Law Calculations

1) How many pounds of H,O are in 100 ft3 of vapor at 15.5 mm Hg and 23C?
[ans. 0.0944 |b H,O]

2) One liter of a gas is under a pressure of 780 mmHg. What will be its volume at standard pressure, the
temperature remaining constant? [ans. 1.026 L].

3) A gas occupying a volume of 1 m3 under standard pressure is expanded to 1.200 m3, the temperature
remaining constant. What is the new pressure? [ans. 0.83 atm]

4) Determine the specific mass volume (volume per mass) and specific molar volume (volume per mole) for
air at 78°F and 14.7 psia. [ans. 13.56 ft3/Ibm and 392.7 ft3/Ib-mol]

5) An oxygen cylinder used as standby source of oxygen contains 1.000 ft3 of O, at 70°F and 200 psig. What
will be the volume of this O, in a dry-gas holder at 90°F and 4.00 in. H,O above atmospheric (i.e., p= 4
inH,O + P atm)? The barometer reads 29.92 in. Hg. Note: Barometer is the device that reads the
atmospheric pressure.

[ans. 15.0 ft3].

6) You have 10 Ib of CO, in a 20-ft 3 fire extinguisher tank at 30°C. Assuming that the ideal gas law is valid,
what will be the pressure gauge on the tank read in a test to see if the extinguisher is full? [ans P, = 66.6
psia = 51.9 psig].

The | Iniver<itv of lordan
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Solution

1) How many pounds of H,O are in 100 ft* of vapor at 15.5 mm Hg and 23C? [ans. 0.0944 Ib H,O]

PV _155mmHg 14.7 psia 100 ft*  (15.5)(14.7)(100)
"= RT ~ 760 mm Hg psia ft3  (296)(1.8)°R _ (760)(10.73)(533)
10.73 _
(Ib mol)(°R)
= 0.00524 [b mol

b H,0 = (0.00524)(18) =(0.0944 b H,0|

2) One liter of a gas is under a pressure of 780 mmHg. What will be its volume at standard pressure, the
temperature remaining constant? [ans. 1.026 L].

P1 V1 nq T1 780 mmHg X1L nq Tl
= = —l V.= 1.026 L
Ps Vs ngTs 760 mmHg x Vs ng Ts
Tll — n’S Tl = TS

The | Iniver<itv of lordan
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Solution

3) Agas occupying a volume of 1 m?3 under standard pressure is expanded to 1.200 m3, the
temperature remaining constant. What is the new pressure? [ans. 0.83 atm]

same
PoV2 _na1p P, x 1.2 m?3 _%27}2_1 P2=i=0.83atm
P, Ve ngTy 1 atm x1m?3 *15 7F 1.2

4) Determine the specific mass volume (volume per mass) and specific molar volume (volume per
mole) for air at 78°F and 14.7 psia. [ans. 13.56 ft3/lbm and 392.7 ft3/Ib-mol]

Specific molar volume: 7 = °& R=1073 JE PS8 1 gep_ 5389R P = 147 psi
pecific molar volume:V = 5 SR — i = ,P = 14.7 psia
ft3 - psia 2
_RT (10'73 Ib mole - °R | 38 °R) 5=
p=— = —[392.7 ft
P 14.7 psia fe /b mole

V3927 ft3/lbmol
~ MW 2897 lb,,/lb mole

V., 13.56 ft3/1b,,

The | Iniver<itv of Jordan
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Solution

An oxygen cylinder, used as standby source of oxygen, contains 1.00 ft2 of O, at 70°F and 200 psig. What will
5) be the volume of this O, in a dry-gas holder at 90°F and 4.00 in. H,O above atmospheric (i.e., p= 4 inH,O + P

atm)? The barometer reads 29.92 in. Hg. Note: Barometer is the device that reads the atmospheric pressure.
[ans. 15.0 ft3].

T, =70° + 460 =530 °R T, =90 °F + 460 = 550 °R
atmospheric pressure = 29.92 in. Hg = std atm = 14.7 psia
V=12
iy initial P, = (200 + 14.7)psi 29521n.Hg\ _ 437 in.H
N 4 in. H,Egauge initial pressure P, = Dpsia|—= o in.Hg
' nal P, =2992in.H Y10 \ (229219 ) _ 5995 4029 = 30.21in.H
final pressure P, = 2992 in.Hg + 12in.H,0 |\3391 fem,0) = 2 + 0.29 =30.21in.Hg
ft H,0
70°F Basis V1:1 ft3 of oxygen at 70 °F and 200 psig
215 psia
final volume V, = (1ft3) 220 R ) e Rl 15.0 ft3 at 90 °F and 4 in. H,0
na = = 15. :
mat votume ¥z 530 °R /\30.21 in. H,0 4 Sl 7
: : P\ (T2 .
The same calculation can be made using V, =V | — || = | since ny = 1y The University of Jordan
Dr. Hatem Alsyouri P, I 15




Solution

5)  Solution by the ratio method

T, = 70 °F + 460 = 530 °R T, = 90 °F + 460 = 550 °R
P, =437 in.Hg P, =30.21in.Hg
V=2 S Vy =27
——>l W‘FH
4in, gauge
~ 222
| fit3 same same
P, V5 a 712 T, 30.21 inHg XV 42 X 550R v, =
= = 2 =
P, V4 41 T, 437 inHg x1 ft3 ATSX 530 R
70°F
215 psia

The Universitv of Jordan
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FACTORS FOR UNIT CONVERSIONS
Quantity Equivalent Values

Mass 1kg 1000 g = 0.001 metric ton = 2.20462 lb,, = 35.27392 oz
11by = 160z = 5% 10 ton = 453.593 g = 0.453593 kg

Length 1m = 100cm = 1000 mm = 10° microns (rm) = 10'° angstroms (A)

= 39.37 in. = 3.2808 ft = 1.0936 yd = 0.0006214 mile
1ft = 12in. = 1/3yd = 0.3048 m = 30.48 cm

Volume 1m® = 1000L = 10° cm® = 10° mL
= 35.3145 ft> = 219.97 imperial gallons = 264.17 gal
= 1056.68 qt
1fe8 = 1728in.> = 7.4805 gal = 0.028317 m® = 28317 L
C . = 28,317 cm®
onversion Force IN = 1kg'-m/s* = 10° dynes = 10° g-cm/s? = 0.22481 Ib;
T bl 11bs = 32.174 Ibpft/s* = 4.4482 N = 4.4482 X 10° dynes
a e Pressure 1 atm = 1.01325 X 10° N/m? (Pa) = 101.325 kPa = 1.01325 bar

1.01325 X 10° dynes/cm?

760 mm Hg at 0°C (torr) = 10.333 m H,O at 4°C
14.696 1bg/in.? (psi) = 33.9 ft H,O at 4°C

= 29.921 in. Hg at 0°C

Energy 1J = 1N-m = 107 ergs = 107 dyne-cm

= 2.778 X 1077 kW-h = 0.23901 cal

= 0.7376 ft-lb = 9.486 X 10~* Btu

Power 1W = 1J/s = 0.23901 cal/s = 0.7376 ft-lbg/s = 9.486 X 10~* Btu/s
= 1.341 X 103 hp

2.20462 by, )

Example: The factor to convert grams to lby, is ( 1000 g

The University of Jordan

Dr. Hatem Alsyouri 17
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Solution

6) You have 10 Ib of CO, in a 20-ft 3 fire extinguisher tank at 30°C. Assuming that the ideal gas law is
valid, what will be the pressure gauge on the tank read in a test to see if the extinguisher is full?
[ans P, = 66.6 psia = 51.9 psig]. P, V4 _ ni Ty
9 Ps Vs  ngTs
,E : _ _1lbmol €O, 359 ft®
Vs=101b €O, 441bCO, 11bmol
Tom
101b CO, O same
el 1 U AT
1 S

P Vs ﬁas T,

11bmol CO, 359 ft3
10 LRG0 e v e0, . 1.1b.mol <303 K>

20 ft3 273 K

P, = (14.7 psia) = 66.6 psia

Py gauge = 66.6 —14.7 = 51.9 psig

The Universitv of Jordan
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Example 5.2-2 Conversion from standard conditions

Butane (C,H,,) at 360 °C and 3.00 atm absolute flows into a reactor at a rate of 1100
kg/h. Calculate the volumetric flow rate of this stream using conversion from standard

conditions.

Solution
As always, molar quantities and absolute temperature and pressure must be used.

1100 kg /h

- — 19.0 kmol/h,T = 633 K, P = 3.00 at
" = 581 kg/kmol mot/h, ’ -

PV . T . . TP
From ——= =Tl——>V=TLVS——S
PV, Ts Ts P

. . TP, (19.0 kmol\ (22.4 m3(STP)\ (633 K\ (1.00 atm m3
V=nlVi=——== =329 —
T, P h kmol 273 K/ \3.00 atm h

The | Inivarcityvy of lordan
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Problem 5.15 (3 ed.): Mole Percent of CO, in a Mixed Gas Stream

A stream of air (21 mol% O,, balance N,) flows at 10.0 kg/h h,, =100k /h
and is mixed with a stream of CO,. The CO, enters the mixer at hy;; (kmol /'h) > ool /)
20.0 m3/h, 150°C, and 1.5 bar. Yo, (kmol CO, / kmgl)
P
Determine the mole percent of CO, in the product gas stream. T;’rt"n: =20.0m* /h
[answer: 71.2%)] fco, (kmol /)
150°C, 1.5 bar
Solution
Assume 1deal gas behavior
p —100ke) lkmol .00y mol air/h
h  |29.0 kg air
ey = PV _ 15 bﬂlr 100 kPa [200 m’ / h _ 0853 kmol CO. /h
* RT 8314 mka) Jbar | 4232K -

0853 kmol CO, / h

Yeo, x 100% = _
: [{}.853 kmol CO, / h+0.345 kmol alrfh}

x 100% =T71.2%

The Universitv of Jordan
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5.2c¢ Ildeal Gas Mixtures

» A mixture of ideal gases is itself an ideal gas,

» Suppose you have a mixture of gases, each is ideal, i.e. the mixture is ideal gas
mixture, then

Temp.= T 4 D) Total
A B C ota
Total volume = V ‘ PV = nrRT
N n n
Total pressure =P \_ ° - )
. . Partial
p; : Partial pressure of substance i, e.g., p,
mmm) PV =nRT
v; : pure component volume, e.g., v,

p, :the pressure that would be exerted by n, moles of A alone in the same
total volume V at the same temperature T.

v, :the volume that would be occupied by n, moles of A alone at the total
pressure P and temperature T of the mixture.

The Universitv of Jordan
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Partial pressure of component

PiV = Tll‘RT
PV =, RT ™=

P, n

F:n_T:yl

For species A, B and C in the mixture,

nr =Ny +ng +ng¢

P=py+pp+0pc

Dalton's Law

Pure component volume

Pvl- = TliRT
PV = nTRT

For A, B and C ideal gas mixture:

Dr. Hatem Alsyouri

— p; = y;P

) Nr = YaNr + YpN + YcNir

‘ P:yAP+yBP+pr

— Sl ‘ Ul'=yiV

V:vA+UB+UC

Amagat's Law

The Universitv of Jordan
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Problem 5.25 (3 ed.) — Ideal Gas Mixture

An ideal gas mixture contains 35% helium, 20% methane, and 45% nitrogen by
volume at 2.00 atm absolute and 90°C. Calculate:

(a) the partial pressure of each component [answer: 0.7 atm, 0.4 atm, 0.9 atm]
(b) the mass fraction of methane [answer: 0.1806]

(c) the average molecular weight of the gas [answer: 17.2]

(d) the density of the gas in kg/m?®. [answer: 1.15 kg/m3]

The | Iniver<itv of Jordan
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Solution 5.25 (39 ed.)

5.25 a. Py, =yy.-P=035-(2.00 atm)=0.70 atm
Pey, =¥en, - P=0.20-(2.00 atm) = 0.40 atm
Py, =¥y, -P=0.45-(2.00 atm) = 0.90 atm

b. Assume 1.00 mole gas

0.35 mol He (4‘ﬂﬂ4 EJ =140 g He
mol
16.05 321
0.20 mol CH, ( g] =321 g CH, 117.22 g = mass fraction CH, = ——2- = .186
mol 1722 g =——
28.02
045 mﬂlN,( g]:lE.ﬁlgNz
B mol
—  gofga
c. MW=225%_ 1754/ mol
mol —_—
m  o(MW) P(MW) (2,00 atm)(17.2 kg / kmol) \
d. p,.=—= = = : =115kg/ m
V.oV RT (008206 aw)(3632K) ————
The University of Jordan
Dr. Hatem Alsyouri 24
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Problem 5.26 (3 ed.): Flammability Limits of Propane—Air Mixtures

 LFL of propane in air at 1 atm: 2.05 mol% C;Hsg b.

 UFL of propane in air at 1 atm: 11.4 mol% C;Hg fuel-air mixture >
n,(mol/s :
Mixtures with propane concentration: y:-{n_““ = cr._n%:m:; mol CHy /1 Bamol/s) C.H, /mol
« Below 2.05% — too lean to ignite fe gy, =150mol C,H /s »
+ Between 2.05% and 11.4% — flammable o
« Above 11.4% — too rich to ignite diluting air >
n,(mol/s)
Questions:

a) Which is safer to release into the atmosphere — a mixture that is too lean or too rich? Explain.

b) A propane—air mixture containing 4.03 mol% C;Hg feeds a furnace.
To avoid accidental ignition, the mixture is diluted with pure air.
If propane enters at 150 mol Cz;Hg/s, what is the minimum molar flow rate of the diluting air?

c) The actual diluting-air molar flow rate is 130% of the minimum.
Given the furnace feed conditions (fuel mixture at 125°C & 131 kPa, air at 25°C & 110 kPa),
calculate:

» The volumetric flow ratio (m? diluting air)/(m? fuel gas)
 The mole percent propane in the diluted mixture

(d) Give several reasons why operating the air valve at a rate greater than the calculated minimum
is advisable.

The | Inivarcityvy of lordan
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Solution 5.26 (39 ed.)

a. [t 1s safer to release a mixture that 1s too lean to ignite.
If a mixture that is rich 1s released in the atmosphere, it can diffuse in the air and the
C;H; mole fraction can drop below the UFL, thereby producing a fire hazard.

b.
fuel-air mixture > 150 |C.H 1
i1, (mol / 3) . (mol/5) iy = O T S =3722mol/s
Ve, =0.0403 mol C,Hg / v ‘ s 0.0403 mol C.H
F C3Hy 8 0.0205 mol C,;H, / mol 3778
Ney, = 150 mol C,H, /s >

Propane balance: 150=0.0205-n, = n, =7317 mol /s

diluting air

. Total mole balance: n, +n, =n, =n, =7317-3722 =3595 mol air/ s

n,(mol/s)

c. n,=13n,) =4674 mol/s

min

: ,
v:=46?4mnlfs|3.314m Pa| 3982K _ .o s/ |

| mol-K|131,000 Pa Vi _ 4y m’ diluting air
1 3 V,  m’ fuel gas
¢ - 3722mol 8314 m Pa| 2082K _ .o o, |V g

s mol - K|110000 Pa
150 mol /s 150 mol /

y, =2 MOLTS e x 100% = 1.8%

n, +n, (3722 mol/s+4674 mol/s)

d. The incoming propane mixture could be higher than 4.03%.
If n, =(n, ]rm.n , fluctuations in the air flow rate would lead to temporary explosive
conditions. ~

The University of Jordan
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Problem 5.32 (3 ed.):
Oxidation of Nitric Acid: Batch Reactor & Equilibrium Analysis

The oxidation of nitric oxide

1
NO + 50, = NO, NO+10, < NO,

| mol

takes place in an isothermal batch reactor. The reactor is charged 020 —P r
. . . . . 20 mol NO / mol n, (mol NO)
with a mixture containing 20.0 volume percent NO and the balance air 0.80 mol air / mol] :
o B0 mol air / mo n. (mol O, )
at an initial pressure of 380 kPa (absolute). 0.210, n, (mol N,)
0.79 N, | n, (mol NO,)
(a) Assuming ideal gas behavior, determine the composition of the P, = 380 kPa P, (kPa)

mixture (component mole fractions) and the final pressure (kPa) if
the conversion of NO is 90%.

(b) Suppose the pressure in the reactor eventually equilibrates (levels
out) at 360 kPa. What is the equilibrium percent conversion of
NO? Calculate the reaction equilibrium constant at the prevailing

temperature, Kp[(atm)_o's] ,defined as:

o ___(ono,)
P 0.5
(rnoO) (Poz)

The | Iniver<itv of lordan
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Solution: Problem 5.32 (39 ed.)

NO+50, < NO,

1 mol
0.20 mol NO/ m{:rlh n, (m{:rrN'D}
0.80 mol air / mol n, (mol O, )
0.21 0, n, (mol N, )
0.79N, n, (mol NO,)
P, =380 kPa P, (kPa)

Basis: 1.0 mol feed
90% NO conversion: n, =0.10(0.20) = 0.020 mol NO = NO reacted = 0.18 mol
0.18 mol NO |05 mol O,

mol NO

0, balance: n, = 0.80(0.21) — =0.0780 mol O,

N, balance: n, = 0.80(0.79) = 0.632 mol N,

~ 018 mol NO|1 mol NO,
| 1 mol NO

n, =018 mol NO, = n; =n, +n, +n, +n, =091 mol

YN0 =091 mol mol

vy, = 0695 mol N, Yro, = 0198 MO NOy
mol mol maol

mol O,

Yo, = 0.086

PV RT 0.91 mol
i T . p, =P, L =380 kPa($]=34ﬁkPﬂ
P,V n,BRT n, 1 mol

Dr. Hatem Alsyouri
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n, =ny 2% = (1 mol) 2222 _ 95 mol
) 380 kPa
n; =N, + U8
U

n, (mol NO)=020-¢&
n,(mol O, )= (021)(0.80) - 0.5
n, (mol N, ) =(0.79)(0.80)
n, (mol NO,)=¢&
ng=1-05£=095 = =010
= n,; =010 mol NO, n, =0118 mol O,, n; =0.632 mol N,,
n, = 0.10 mol NO, = yyo = 0105, yo, =0.124, yy, =0.665, yyo, = 0105
(0.20-n,)

NO conversion =

% 100% = 50%

360 kPa

P (atm)=———= 355 atm
(atm) 101.3 %
(Yno,P) (Yo, ) 0.105 s
p- 05 05505 05 o7 = L5l atm®
(YnoPXYo,P)™7 (Yo X¥o,) P77 (0105)(0.124)7(3.55)° —
The University of Jordan
29
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Chapter 5

Chapter 5 : Single-Phase Systems

5.3 Equations of State for Non-ldeal Gases
(brief of no-ideality and EOS models)

5.4 The compressibility factor equation of state Sections 5.4 ab:
. a. Compressibility factor tables 64, 66, 69*, 73
Topics b. The law of corresponding states and

compressibility charts
c. Non-ideal gas mixtures

Problem Solving

Learning LO12. Perform pressure-volume-temperature calculations for ideal and non-ideal gases using appropriate
Outcomes | equations of state and gas property charts. (SO1)

The Universitv of Jordan
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Notes

This is only a sample material that does not cover the
entire topics of the chapter.

Please refer to the textbook for full study, and solve the
assigned exercises and suggested problems.

Refer to weekly lesson plan for details of covered topics
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5.3 Compressibility Factor
Equation



5.3 Equations of State for Nonideal Gases

* The ideal gas is the basis of the simplest and most convenient equation of
state. However, it can be seriously inaccurate at a sufficiently low
temperature and/or a sufficiently high pressure.

* For real “nonideal” gases several more complex but more accurate equations
of state for single species exist:

1. the virial equation.
2. the van der Waals equation.
3. the Soave—Redlich—Kwong equation.

* Another approach to nonideal gas analysis that makes use of the law of
corresponding states and compressibility factors.

The | Iniver<itv of Jordan
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5.3a Critical Temperature and Pressure

 How well or poorly the ideal gas equation of state PVT data for a
species often depends on the values of the system temperature
and pressure relative to two physical properties of the species- the
critical temperature (T_) and critical pressure (P,).

 Suppose a quantity of water is kept in a closed piston-
fitted cylinder.

* |Initially, all the water is vapor.

 the water is compressed at constant temperature by
lowering the piston until a drop of liquid water
appears.

. Report Penalatm), oy (2), o1 (29).

m3 m3

Dr. Hatem Alsyouri

Refer to book to
for details and
examples of this
section




General Phase diagram (P vs. T)

Refer to book to

for details and
SOLID LIQUID _
examples of this
p [SEUERERNS Q\ section
T Melting —> Critical
@ <— Freezing . point
% Vaporization —> i
o Triple point \ <— Condensation |
Pip Q
Sublimation —> | GAS :
<— Deposition : E
e | |
Tip T,

Temperature —
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. _ ’W
5.3b Virial Equations of State exam. No calculations

PV
— =1+
RT

Expresses the quantity (PV /RT) as a power series in the inverse of specific volume in the gas
region (single phase system)

B, C, and D are known as the second, third, and fourth Virial coefficients, respectively. They
are functions of temperature.

Since theoretical and experimental data are not readily available for viral coefficients higher
than the second one, the equation is often used in truncated (short) form.

Te

Py

AP
RT

and B = (By + whBy)

| G

The Universitv of Jordan
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F.I-i;’ B Table 5.3-1 Pitzer Acentric Factors

ﬁ = 1+ F Compound Acentric Factor, w

W Ammonia 0.250

RT. Argon —0.004

B=—(By+wh) Carbon dioxide 0.225

P Carbon monoxide 0.049

where Chlorine 0.073

Ethane 0.098

B. = 0.083 — 0.422 Hydrogen sulfide 0.100

0= 716 Methane 0.008

r Methanol 0.559

- 0.172 Nitrogen 0.040

By = 0.139 — T2 Oxygen 0.021

r Propane 0.152

! Sulfur dioxide 0.251

Ie =1/1 Water vapor 0.344

Ethylene 0.085

T. = The reduced temperature Hydrogen =0.220

W: Is Pitzer acentric faCtor’ d parameter SOURCE: R. C. Reid, J. M. Prausnitz, and B. E.
that reﬂects the geometry and Poling, The Properties of Gases and Liquids, 4th
. Edition, McGraw-Hill, New York, 1986.
polarity of a molecule

The Universitv of Jordan
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Background knowledge

Example

Two gram-moles of nitrogen is placed in a 3 liter tank at -150.8°C.
Estimate the tank pressure using the ideal gas equation of state and then using the
virial equation of state (truncated form). Calculate the percentage error that results

from the use of the ideal gas equation at the system conditions assuming the virial

estimate is accurate.
T =(—-15308+2732)K = 1224 K,

n =2 g-moles =2 mol N, V=3L
.V
V =— = 300 L7200 mol = 1.50 Limol
n

Using the ideal gas equation of state

RT  0.08206 L-atm | 123K | 1 mol

Pigey = — = = 673 atm
denl 0 ol K | | (0L
Using the virial equation equation of state PV _ |+ B
RT 'i';.r The Universitv of Jordan
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The critical properties ~ {Tedy, = 126.2K, (Pe)n, = 33.5 atm Table B.1
wr., = 0.040 Table 5.3-1
T 1224K
) - 0.422 0.422
By = 0.083 ris ) By = 0.083 - o = —0.36
0.172 0.172
By = 0.139 — —= - - = -
| 39~ B = 0139 - s = —0.056
RT,
B=—S(By+wB)
Py

L-atm'
(II].DEE{]ﬁ =AM 1262 K)

’ Background knowledge

— mol - K
B=- T [—0.36 + 0.040(—0.056)]
- - D 1 13 [.."I'I!'IDE The University of Jordan
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’ Background knowledge

L. - atm
. 0.08206 1224 K
P—.E(l,l_E) _( mul-[{)( ) 1+—'D.113Un‘lﬂ| ﬁlﬁlgﬂtm;
v voov) T 1.50 L/mol 1.50 L/mol | E
% error in the pressure
estimated — true
Error (€) = X 100%
true
P; - P
e = m“:p ®* 100% = 8.7% error
The Universitv of Jordan
Dr. Hatem Alsyouri 12
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] ] 5.3c. Only the concepts in final
5.3c Cubic Equation of State exam. No calculations

» Virial equations cannot represent thermodynamic systems where
both liquid and vapor are present.

> A "cubic" EOS is need to do this.

» Cubic Equations of State are PVT relationships when expanded, results in third-order
equations for the specific volume.

» Two Cubic types: (1) Van der Waals and (2) Soave-Redlich-Kwong (SRK)

Van der Waals equation of state:

RT a _ nRT  n'a
P=s—"m: O Py v
where 27TRT? RT.
a = h =

/ 64 P, 8P,

the term a/ V2 accounts for attractive forces between molecules

and b is a correction accounting for the volume occupied by the molecules themselves

The Universitv of Jordan
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Soave-Redlich-Kwong (SRK) equation:
RT ced

Vb V(V+b)

2
where a = 0.42747 (RT) b = 0.08664 RT.

/ P \ P,

the a is a molecular interaction parameter, while the b term is a volume correction

a = [1+m|il - \,"?T,j]

2

m = (.48508 + 1.55171w — 0.1561w" T =T/Te

w: is Pitzer acentric factor, a parameter that reflects the geometry and
polarity of a molecule

Solving the cubic equation typically requires an iterative solution
"TR'AL_AN D_ ERROR" The University of Jordan
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Constants for the Van der Waals and Redlich-Kwong Equations
“Calculated From the Listed Values of the Critical Constants”

van der Waals - Redlich-Kwong
a* . bt at ’ bt
s .
olms) | (%) [eeriEs)] ()

Air 1.33 x 108 36.6 15.65 = 10° 23.3
Ammonia 4.19 % 10 37.3 . 85.00 X 108 25.7
Carbon dioxide 3.60 x 10° 42.8 63.81 % 109 297
Ethane 550 x 108 65.1 o742 X 100 45.1
Ethylene 4.48 = 10° 57.2 76.92 % 10° 399
Hydrogen 0,246 x 10¢ . 26.6 1.439 = 108 18.5
Methane 225 = 10° 42.8 31.59 % 10° 29.6
Nitrogen 1.347 » 10¢ 38.6 15.34 = 108 26.8
Oxygen 1.36'x 108 1.9 17.12 = 10° 22.1
Propane 9,24 = 10° 00.7 180.5 = 10° - 627
Water vapor 548 x 10f 30.6 140.9 = 108 21.1

The Universitv of Jordan
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Background knowledge

A gas cylinder with a volume of 2.50 m3 contains 1.00 kmol of carbon dioxide at T =
300 K. Use the SRK equation of state to estimate the gas pressure in atm.

Example

The specific molar volume

25m* | 10°L | 1 kmol i
m ! \ mnzzj}llter

V =
1.0 kmol J | m® ] 1(F mol mol

V
n

The critical properties
T.=3042Kand P, = 72.9 atm.
w = 0.225.

The Universitv of Jordan
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’ Background knowledge

The constants become

{{0.08206 L.-atm/(mol-K)](304.2 K)}*

a = 0.42747 756 atm

= 3.654 L*-atm/mol®
[0.08 08206 L -atm/(mol- K)1(304.2 K)

b = 0.08664
72.9 atm
= (L02967 Limol
m = 0.8263
T, = 0.986
a = 1.0115
RT (Y il
V=5 V(V+h)
_ [0.08206 L-atm/(mol-K)](300 K) _ 1.0115(3.654 L? -atm/mol?*)
a [(2.50 — 0.02967)L/mol] (2.50 L/mol){(2.50 + 0.02967) L/mol]

r!'&BEatm'

The University of Jordan
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5.4 Compressibility Factor
Equation

18



5.4 Compressibility Factor Equation

The compressibility factor of a gaseous species is defined as the ratio

PV
©  RT
For ideal gas z = 1, the extent to which z differs from 1 is a measure Refer to
of the extent to which the gas is behaving non-ideally.
book to for
The compressibility factor equation of state details and
[ PV = zRT PV = znRT PV = zaRT J examples of

this section
The compressibility factor is a function of temperature and pressure

z=f(T, P)
Values are available in references like: Perry's Chemical Engineers' Handbook

f{Jr air. arg{}“.‘ CG"E, C’D-. H?J CH#; H-E_I {:}11 5team, The | Iniver<itv of Jordan
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The procedure for using the generalized compressibility chart for PVT calculations
is as follows:

1. Determine the critical temperature,T, , and critical pressure,P. , of the species “Table B.1”.

2. Ifthe gas is either hydrogen or helium, determine adjusted critical constants from the
empirical formulas: T¢ =T, +8K

P2 =P, + 8atm

3. Calculate reduced values of the two known variables (temperature and pressure, temperature
and volume, or pressure and volume) using the definitions:

All temperatures and pressures used must be absolute. T

PV

'Vrideal —
RT,

1. Use the compressibility charts to determine the compressibility factor, and then solve for the
unknown variable from the compressibility-factor equation of state.

20
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Generalized compressibility 14} T ey e
fa Ctor Chart L3 Generalized compressibility factors I” [ r i
Ll (z. =0.27) I” .‘ \@90 |
- III "'I'
Figure 5.4-1 11k II / _
T, |_15.00 B
] 1.0 I ————ea SIS/, -
high pressures P ————T—— 00 //
1.80 y
N 03 1.70 / 1
.l s 1.60 }
Difficult to read some 2 osH 1.50 _
(Z) values accurately in = | e z
some pressure ranges Rl o T, ) |
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oo pitect | two
| values
0.4H of
Pressure ranges U ' these
Low P:0to1l :
. 0.2 .
Medium P.:0to 10 |
High Pr: 0to 40 0.1 _| Saxlmated \i 7
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Reduced pressure, P,
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Compressibility factor, z = PV/RT

1.00

0.90

0.80

0.70

0.60

0.50

0.40
0.

3.00]
2.007

~ \’)\ ]
P, > 7needs two values of these SN \\\f.o -
?ideal S \ © ]
Tr ~ \

/ BCS \ -
N s —
\\\ \\ :

| | | | | | | | | ] | | | | | | | A}

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Reduced pressure, P,

Figure 5.4-2 (p. 209)
Generalized compressibility chart, low pressures (P,: 0 to 1)
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Compressibility factor, z = PVIRT

1.20
1.15
1.10
1.05
1.00

1.20
1.15

1.10
1.05

1.00 kg

0.95
0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30

0.25
0.20

5.00

7.00
10.00

-

Z needs two
values of these

00 05 10 15 20 25 30 35 40 45 50 55 60 65 7.0

Reduced pressure, P,

Figure 5.4-3 (p. 210)

7.5

80 85 9.0

Generalized compressibility chart, medium pressures (P,: 0 to 10)
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‘Compressibility factor, z = PVIRT

4.0 E
4
T,
P, = Z needs two
3.0 V,",de“l values of these
y,
2.0
//
v
T'r = 500 -
1.0
\7’%3
0
I\.
vl
0.0 I
0 5 10 15 20 25 30 35 40

Reduced pressure, P,

Figure 5.4-4
Generalized compressibility chart, high pressures (P,: 0 to 40)
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Example 5.4-1

One hundred gram-moles of nitrogen is contained in a 5.00-liter

vessel at -20.6 "C. Estimate the pressure in the cylinder.

Solution

From Table B.1, the critical temperature and pressure of nitrogen are
T. =126.2K, P, =33.5atm

The reduced temperature and volume are calculated from Equations 5.4-6 and 5.4-8 as

T  (—20.6+273.2)K
T, = — — 9.
T, 126.2K 00

yideal _ VP 5L | 335atm mol - K _
" RT. 100mol 126.2K 0.08206L-atm

From Figure 5.4-4, the intersection of T, = 2 and V¢ = (0.161 occurs at approximately
z = 1.77. From Equation 5.4-2a, we can now calculate

(RT  1.77 | 0.08206L -atm | 252.6K |
P=""—= — (734t
7 mol - K 0.05 L /mol 7345tm|

25



5.4c Nonideal Gas Mixtures

e Use the generalized compressibility charts after estimating the
pseudocritical properties (Kay’s Rule):

Pseudocritical Temperature: T =y T, +y,T ,+y.T.+....
Pseudocritical pressure: P'=y P, +y,P,+y P .+..

T
Pseudoreduced Temperature : T = F
, P
Pseudoreduced pressure: P, = —
e z RT
P

Dr. Hatem Alsyouri

The Univers

itv of Jordan
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Example 5.4-2 Kay’s Rule

A mixture of 75% H, and 25% N, (molar basis) is contained in a tank
at 800 atm and -70°C. Estimate the specific volume of the mixture in
L/mol using Kay’s Law.

Dr. Hatem Alsyouri




Critical Constants: From Table B.1:

Solution Hy: T, =
T =

P, =

pr =

Ny,: T. =

Pc —

33K

(33 + 8) K = 41 K (Newton’s correction : Equation 5.4 — 4)

12.8 atm

(12.8 + 8) atm = 20.8 atm (Newton’s correction : Equation 5.4 — 5)
126.2 K

33.5 atm

Pseudocritical Constants: From Equations 5.4-9 and 5.4-10:

T! =y, (T2)g, + yx, (Te)y, = 0.75 x 41K +0.25 x 126.2K = 62.3K
Pl = yn, (P¢)g, + yn, (Pe)y, = 0.75 x 20.8 atm + 0.25 x 33.5 atm = 24.0 atm

Reduced Conditions:
T = (—70 + 273) K =203 K, P = 800 atm
T 203K
1: = Fg = 3K = 3.26
p = L _ B0atm _ 3594
Dr. Hatem Alsyouri Fe 24.0 atm 28
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Solution cont’d

Mixture Compressibility: From Figure 5.4-4:

2 (T! = 3.26, P! = 33.3) = 1.86

Calculation of Spect fic Volume: PV = 2, RT

U

0L\ zmT(K) Latm)  (1.86)(203)(0.08206) T
V( )_ P(atm) X R( ) 800 mol

mol-K

mol

— 0.0387 %

The University of Jordan

Dr. Hatem Alsyouri 29
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Dr. Hatem Alsyouri

/ Problem Solving

Exercises on Sections 5.2 and 5.4
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Exercise 1 — unsolved

Problem 5.34. An ideal-gas mixture contains 35% helium, 20% methane, and 45%
nitrogen by volume at 2.00 atm absolute and 90°C.

Calculate:

(a) the partial pressure of each component,

(b) the mass fraction of methane,

(c) the average molecular weight of the gas, and

(d) the density of the gas in kg/m3.

The | Iniver<itv of lordan

Dr. Hatem Alsyouri 31




Exercise 2

Example 5.2-5. Liquid acetone (C;HO) is fed at a rate of 400 L/min into a heated chamber,
where it evaporates into a nitrogen stream. The gas leaving the heater is diluted by another
nitrogen stream flowing at a measured rate of 419 m3 (STP)/min. the combined gases are then
compressed to a total pressure P=6.3 atm gauge at a temperature of 325C. The partial pressure
of acetone in this stream is P,=501 mm Hg. Atmospheric pressure is 763 mm Hg.

1. Whatis the molar composition of the stream leaving the compressor?

2. What is the volumetric flow rate of the nitrogen entering the evaporator if the
temperature and pressure of this stream is 27°C and 475 mm Hg gauge?

V1(m3/min)
ny(mol No/min)

>

27°C, 475 mm Hg gauge

400 L/min C3HgO (/)

n,(mol/min)

Dr. Hatem Alsyouri

——>|COMPRESSOR

1n4(mol/min)
>

EVAPORATOR

419 m3(STP) N,/min
nz(mol/min)

va(mol C3HgO/mol)

1 -y, (mol No/mol)
6.3 atm gauge, 325°C
p, =501 mm Hg

The lniversitv of lordan
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V1(m3/min)

Solution /i, (mol Ny/min)
> —> COMPRESSOR
27°C, 475 mm Hg gauge

14(mol/min)
>

EVAPORATOR
400 L/min C3HgO (/)

n,(mol/min)

A 4

419 m3(STP) N,/min
nz(mol/min)

va(mol C3HgO/mol)

1 -y, (mol No/mol)
6.3 atm gauge, 325°C
ps =501 mm Hg

You should be able to examine the flowchart and see exactly how the solution will proceed.

1. Perform a degree-of-freedom analysis for the system and verify that the problem can be solved.

2, Calculate 19 (from the given volumetric flow rate and a tabulated density of liquid acetone), n3 (from the ideal-

gas equation of state), and yy (= pa /P).

3. Calculate n4 (overall acetone balance), 121 (overall mass balance), and Vl (ideal-gas equation of state).

Degree-of-Freedom Analysis

6 unknowns (Vl, s 5 ﬁz,ﬁg,ﬁui; 94)
—1 specific gravity relationship (722)

—2 molecular balances (overall, C3HgO)

—1ideal — gas equation of state (V)
—1 partial pressure relationship (yy)

—1ideal — gas equation of state (723)

0 degrees of freedom
Dr. Hatem Alsyouri

The Universitv of Jordan
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Solution cont'd

Determine Mole Fractions from Partial Pressures

In the stream leaving the compressor,

PA mol C3HgO
p mol

6.3 atm | 760 mm H
PZPgauge‘l‘Patm = ‘ s

+ 763 mm Hg = 5550 mm Hg

 latm
so that
_ 501 mm Hg . mol GgHEU
Y4 = 5550 mm Hg 0.0903 mol
1 -y = 0.9097 22
_ _ ‘ 419 m3(STP 1 mol ]
Calculate ng from PVT Information ns — ( ) = 18,700 ﬂ

min 0.0224 m? (STP) min

The University of Jordan
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Overall Mole Balance on Acetone ny; = 14y,

Solution cont’d

Jl

fy = 5450 mol/ min
ys = 0.0903

ng = 60,400 mol/ min

Overall Mole Balance ni + ns + ng = na

n1

Dr. Hatem Alsyouri

ny = 5450 mol/ min
ng = 18,700 mol/ min
n4 = 60,400 mol/ min
= 36,200 mol/ min
Ideal-gas equation of state
T =27°C (300 K)
P; = 475 mm Hg gauge (1238 mm Hg)
Vs 1 Fs

nl Tbg TS Pl

36,200 mol | 0.0224m® | 300K | 760 mm Hg
1mol | 273K 1238 mm Hg

min
U
V1 = 550 m® N, / min

The University of Jordan
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Exercise 3 —unsolved

Problem 5.97. A 30-liter cylinder is evacuated and filled with 5.00 kg of
a gas containing 10.0 mole% N,O and the balance N,. The gas
temperature is 24°C. Use the compressibility chart to solve the
following problems.

 What is the gauge pressure (atm) of the cylinder gas after the tank is
filled?

* A fire breaks out in the plant where the cylinder is kept, and the
cylinder valve ruptures when the gas gauge pressure reaches 273
atm. What was the gas temperature (°C) at the moment before the
rupture occurred?

Dr. Hatem Alsyouri 36 #
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Chapter 6

Chapter 6 : Single-Phase Systems

6.1 Single component phase equilibrium SGCL’[‘GJ:
6.1a. Phase diagrams 2,3,6%7,8
6.1b. Estimation of vapor pressures '

6.2 The The Gibbs Phase Rule Sections 6.2 and 6.3:

6.3 Gas-Liquid Systems: One condensable component 9,10, 12,18, 19, 22, 25, 26, 29, 33,

TOpiCS 6.4 Multicomponent Gas-Liquid Systems £i3 Seh al
a. Vapor-liquid equilibrium data Section 6.4
b. Raoult’s law and Henry’s law a: 43
c. Vapor-liquid equilibrium calculations for solutions b: 45, 46, 49, 50
that obey Raoult’s law
Problem Solving
Learning
Outcomes
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Notes

This is only a sample material that does not cover the
entire topics of the chapter.

Please refer to the textbook for full study, and solve the
assigned exercises and suggested problems.

Refer to weekly lesson plan for details of covered topics

Dr. Hatem Alsyouri




Lo
/L 6.1 Single component phase
w /‘,1 equilibrium

This section outlines the densities of liquid and gases along with
the sources of these physical properties.

Dr. Hatem Alsyouri



Introduction

* Separation processes requires two phases in equilibrium. Components
will distribute between the phases. The phases are then separated.

* Two-phase systems include Vapor-Liquid (V-L), Liquid-Liquid (L-L),
Liquid-Solid (L-S), and Vapor-Solid (V-S).

e Two-phases in contact are in equilibrium when the Temperature (T),
Pressure (P), composition, and other variables do not change with time. @

At equilibrium Equilibrium
concept

Volatility
Solubility
Miscibility

Phase 2 Phase 2

The University of Jordan

Dr. Hatem Alsyouri 5




6.1 Single-Component Phase Equilibrium

Refer to book to for details and examples of
this section

Phase diagram of Water

1 F = force on piston

Supercrinical
Jud

MBI atmb e c e ey e Criticai point
P
Solid
O MM BE - rine
paint

17.535 mm Hg |-

I

|

I

!

\\‘ i :I
4 58 mm Hg |- I A = area of piston
3 mm Hg |- :n H,0 vapor

P | 1 1 o

-5 0.0098 20 100130 374.3 H,0 liquid
T(°C)

The Universitv of Jordan

Dr. Hatem Alsyouri 6




Hz0 — Vapor =
Vapor > :9 Yapaor l_“:)
Liqui Liquid
Tiquid Liquid
- — y |
] Paint C
Paint A Paint B .
20°C, 3 mm Hg 20°C, 17.54 mm Hg 20°C, 760 mm Hg

l

(= = =

Vapor Yapor
Yapor -
Liguid Liguid
L. R
Point E Point D

130°C, 760 mm Hg 100°C, V60 mm Hg

Dr. Hatem Alsyouri

Brief
discussion

218.3 atm

760 mm Hg

17.535 mm Hg
4,58 mm Hg

3 mm Hg

Supercrincal
flued

Critical point

e e e

Soflid

Triple
paint

|

-5 0.0098 20 100 130 374.2
TeC)

The Universitv of Jordan
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Supercrincal
Jlugd
2183 atm b e Critical pont

Vapor-liquid equilibrium , :
Solid |
Vapor pressure 760 mm He |- *’Tm :
oge . T |
Boiling point 17.535 mm Hg |- *“’”'”\t\ :
4,58 mm Hg |- .L
Melting/Freezing point 3 mm Hg - :
. . . . . | 1 q o

Sublimation/desublimation point 500098 20 100130 3743

T=C)

Triple/critical point

Normal boiling point (T,) and melting points (T, ) for many substances
are given in Table B.1 of Appendix B and for many more substances on
pp. 2-7 through 2-47 of Perry's Chemical Engineers' Handbook, and
vapor pressures are tabulated on pp. 2-48 through 2-75 of the
Handbook.

Dr. Hatem Alsyouri

Refer to book to for
details and
examples of this
section
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D

Table B.1 (Continued)

From Textbook: Table B.1 Physical Property Data

SG AH (T ) AH (T ) ( AH)Y™ (AH =)y
Compound Formula Mol. Wt. (20°/4%) Twm(*C)® klimol Tu("C) kl/mol T(K)  P.(atm)* klimol kJl/mol
Chloroform CHCl; 11939  1.489 —63.7 — 6l1.0 536.0 54.0 —131.8(1) —373(1)
Copper Cu 63.54 892 1083 13.01 2595 304.6 — 0{c) —
Cupric CuSQO, 159.61  3.606Y Decomposes = 600°C —T769.9(c) —
sulfate —843.1(aq)
Cyclohexane CeH;: 8416 0779 6.7 2677 B0.7 30.1 5537 40.4 —156.2(1) —3919.9(1)
—123.1(g) —3953.0(g)
Cyclopentane CsH,, 70,13 0745 —03.4 0.609 493 27.30 511.8 44.55 —105.9(1) —3290.9(1)
—77.2(g) —3319.5(g)
n-Decane CypHa 14228  0.730 —29.9 — 173.8 — 619.0 208 —249.7(1) —6TTE.3(1)
— —6829.7(g)
Diethyl ether (CaH:),0 7412 0.708% —-116.3 7.30 34.6 26.05 467 35.6 —272.8(1) —2726.7(1)
Ethane C:H; 30.07 — —1833 2.859 —B8.6 14.72 305.4 48.2 —84.67(g) —1559.9(g)
Ethyl acetate CyHz O, 88.10 0901 —83.8 — 770 — 523.1 378 —463.2(1) —2246.4(1)
—426.8(g) —
Ethyl alcohol C:;H;0OH 46.07 0789 —114.6 5.021 785 38.58 516.3 63.0 —277.63(1) —1366.91(1)
(Ethanol) —235.31(g) —1409.25(g)
Ethyl benzene CgHyg 106.16  0.867 —94.67 9.163 136.2 3598 619.7 37.0 —12.46(1) —4564.9(1)
+29.79(g) —4607.1(g)
Ethyl bromide C;HsBr 10898  1.460 —-119.1 — 382 — 504 61.5 —54.4(g) —
Ethyl chloride C;H5Cl 64.52 0,903 —1383 4.452 13.1 247 460.4 52.0 —105.0(g) —
3-Ethyl CsH;5 11422 0717 — — 118.5 3427 567.0 26.4 —250.5(1) —5407.1(1)
hexane —210.9(g) —5500.8(g)
Ethylene C:H, 28.05 — —169.2 3.350 —103.7 13.54 283.1 50.5 +52.28(g) —1410.99(g)
Ethylene Ca:Hg 0o 62.07 1.113" —13 11.23 197.2 56.9 — — —451.5(1) —1179.5(1)
glycol —387.1(g) —
Ferric oxide Fe Oy 159.70 512 Decomposes at 1560°C —822.2(c)
Ferrous oxide FeO T1.85 5.7 — — — — — — —266.5(c) —
Ferrous FeS 87.92 454 1193 — — — — — —95.1(c) —
sulfide
Formaldehyde H,CO 30.03 0815 —92 — —-193 24.48 — — —115.90(g) —563.46(g)
Formic acid CH:0; 46.03 1.220 530 1268 100.5 2225 — — —409.2(1) —262.8(1)
—362.6(g) —
Glycerol C;H 0, 92.09 1.260°" 1820 1830 290.0 — — — —665.9(1) —1661.1(1)
Helium He 4.00 — —269.7 0.02 —268.9 0.084 5.26 2.26 O(g) —

r. Hatem Alsyouri
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6.1b. Estimation of Vapor Pressures (p*) Brief
discussion

i. Look It Up

/ \ CHARTS

o Perry's Chemical Engineers' Handbook, nth Edition, R. H. TABLES
Perry and D. W. Green, Eds.McGraw-Hill, New York, 1997.

o CRC Handbook of Chemistry and Physics, 79th Edition, D.
Lide, Ed., Chemical Rubber Company, Boca Raton, FL, 1998

N /

ii. Estimate It

\ EQUATIONS

o Interpolation or extrapolation

o Using Correlations, e.g.,

Bruce E. Poling, John M. Prausnitz, John P. O’Connell, The
Properties of Gases and Liquids, 5t Edition, McGraw-Hill, New
York, 2004

N i

iii. Measure It EXPERIMENTS

Dr. Hatem Alsyouri 10
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(1) Vapor pressure of pure water (p*): Table B.3

Can be used to find:

* Vapor pressure (p*) of pure water at a given temperature (T), or
* Boiling point of water (T,) at a given pressure (P)

Table B.3 Vapor Pressure of Water®

po(mm Hg) versus T{°C)
Frample: The vapor pressure of liquid water at 4.3°C 15 6.230 mm Hg

T(°C)

0.0 0.1 0.2 0.3 0.4 (0.5 0.6 0.7 0.8 0.9
l —-14 1361 1348 1336 1324 1312 1300 1283 1276  1.264 1253
~13 1450 1477 1464 1450 1437 1424 [411 1399 1386  1.373
[ce -12 1632 1617 602 1588 1574 1559 1546 1532 1518 1.504
—~11 1785 1769 1733 L7370 L7220 LT 1691 1676 1661 1646
T*Cy 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
| 0 4579 4613 4647 4681 4715 4750 4785 4820 4855  4.890
' 1 4926 4962 4998  5j034 5070 5107 5044 5181 5219 5.256
Liquid 2 5294 5332 5370 SHO8 5447 5486 5525 5565 S605  5.645
water 3. 5685 5725 5766 S5 SB48  5ERD 5931 5973 6015 6.058
AEIOT G 6 IET > 6230 | 6274 6318 6363 6408 6453 6.498
5 6543 63589 6633 L% 6.728 6775 6822 6869 6917  6.965
6 7.013 7062 711 T80 7209 7259 7309 7360 7411 7.462
7 7513 7565 7617 7669 7722 7775 7828 7882 7936 7.990
8 8.045 8.100 84.155 8.211 5.267 5.323 3,380 8.437 8494 8.351
9 R609 8668 8727 RTS8 B845 8005 8965  9.025 0086  9.147

Dr. Hatem Alsyouri
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Vapor Pressures
from Charts / tables

From our Textbook:
Table B.3 Vapor
pressure of pure
water

The Universitv of Jordan
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Dr. Hatem Alsyouri

/ Background learning

A Background learning means it's
for your knowledge and will not be

/\ part of any assessment/exam

Steam Tables

Background knowledge. Not required in exams. You will see
them in details in Principles 2 and Thermodynamics

12



Background learning

7.5b Steam Tables

Tables that contains the compilations of physical properties of liquid water,
saturated steam, and superheated steam.
The reference point for the tabulated values is liquid water at the triple point

[H,0 (1,0.01°C, 0.00611 bar)]

Saturated liquid

Subcooled
liquid
Solid
Saturated steam

Superheated
steam




Ta b u I ated Stea m Ta b I es Table B.5 Properties of Saturated Steam: Temperature Table* Bac I(g round learni ng

V(m3/kg) U(kJ/kg) H(kJ/kg)

Table B.5 Temperature Table T(°C)  P(bar)

Water  Steam Water Steam Water Evaporation Steam

0.01 0.00611 0.001000 206.2 zero 23756 +0.0 2501.6 2501.6
2 0.00705 0.001000 179.9 8.4 23783 8.4 2496.8 2505.2
4 0.00813 0.001000 157.3 16.8 2381.1 168 24921 2508.9
6 0.00935 0.001000 137.8 252 23838 252 2487.4 2512.6
8 0.01072 0.001000 121.0 336 23866 336 2482.6 2516.2

10 0.01227 0.001000 106.4 42.0 23893 420 24779 2519.9
12 0.01401 0.001000 93.8 504 23921 504 2473.2 2523.6
14 0.01597 0.001001 829 588 23948 588 2468.5 25272
16 0.01817 0.001001 734 67.1 23976 671 2463.8 2530.9
18 0.02062 0.001001  65.1 75.5 24003 755 2459.0 2534.3

20 0.0234 0.001002 57.8 83.9 24030 839 24543 25382
22 0.0264 0.001002 51.5 922 24058 922 2449.6 2541.8
24 0.0298 0.001003 45.9 100.6 24085 100.6 24449 2545.5
25 0.0317  0.001003 434 104.8 24099 104.8 24425 25473
26 0.0336  0.001003 41.0 108.9 24112 1089 2440.2 2549.1
28 0.0378  0.001004 36.7 117.3 24140 1173 24354 2552.7

30 0.0424  0.001004 329 1257 24167 1257 2430.7 2556.4
32 0.0475 0.001005 29.6 134.0 24194 1340 2425.9 2560.0
34 0.0532 0.001006 26.6 142.4 24221 1424 24212 2563.6
36 0.0594 0.001006 24.0 150.7 24248 1507 2416.4 2567.2
38 0.0662  0.001007 21.6 159.1 24275 1591 24117 2570.8

40 0.0738 0001008 19.55 1674 24302 167.5 2406.9 25744
42 0.0820 0.001009 17.69 1758 24329 1758 2402.1 25779
44 0.0910 0.001009 16.04 1842 24356 1842 23973 2581.5
46 0.1009 0.001010 1456 1925 24383 1925 23925 2585.1
48 0.1116 0001011 1323 2009 24409 200.9 23877 2588.6

50 01234 0.001012 1205 2092 24436 2093 2382.9 2592.2

52 0.1361 0.001013 1098 217.7 2446 217.7 2371 2595
54 0.1500 0.001014 10.02 226.0 2449 226.0 2373 2599
56 0.1651 0.001015 9.158 2344 2451 234.4 2368 2602
58 0.1815 0.001016 8380 2428 2454 242.8 2363 2606
60 0.1992  0.001017 7.678 251.1 2456 2511 2358 2609
62 0.2184  0.001018 7.043 2595 2459 259.5 2353 2613
64 0.2391  0.001019 6468 2679 2461 267.9 2348 2616
66 0.2615  0.001020 5.947 2762 2464 276.2 2343 2619
68 0.2856  0.001022 5475 2846 2467 284.6 2338 2623

“From R. W. Haywood, Thermodynamic Tables in SI (Metric) Units, Cambridge University Press,
London, 1968. V = specific volume, U = specificinternal energy,and H = specific enthalpy. Note: 14
kJ/kg X 0.4303 = Buu/lb,.



Table B.S (Continued)

T(°C) P(bar)

V(m?/kg)

U(kJ/kg)

H(kJ/kg)

Water

Steam Water

Steam Water

Evaporation Steam

70
72
74
76
78

80
82
84
86
88

90
92
94
96
98
100
102

0.3117
0.3396
0.3696
0.4019
0.4365

0.4736
0.5133
0.5558
0.6011
0.6495

0.7011
0.7560
0.8145
0.8767
0.9429
1.0131
1.0876

0.001023
0.001024
0.001025
0.001026
0.001028

0.001029
0.001030
0.001032
0.001033
0.001034

0.001036
0.001037
0.001039
0.001040
0.001042
0.001044
0.001045

5.045
4.655
4.299
3.975
3.679

3.408
3.161
2.934
2.727
2.536

2.361
2.200
2.052
1.915
1.789
1.673
1.566

293.0
301.4
309.8
318.2
326.4

334.8
343.2
351.6
360.0
368.4

376.9
385.3
393.7
402.1
410.6
419.0
427.1

2469
2472
2474
2476
2479

2482
2484
2487
2489
2491

2493
2496
2499
2501
2504
2507
2509

293.0
301.4
309.8
318.2
326.4

334.9
3433
351.7
360.1
368.5

377.0
385.4
393.8
402.2
410.7
419.1
427.5

2333
2329
2323
2318
2313

2308
2303
2298
2293
2288

2282
2277
2272
2267
2262
2257
2251

2626
2630
2633
2636
2639
2643
2646
2630
2653
2636
2659
2662
2666
2669
2673
2676
2679

Background learning
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Tabulated Steam Tables

Table B.6 Properties of Saturated Steam: Pressure Table*

Table B.6 Pressure Table

V(m¥/kg) U(kJ/kg) H(kJ/kg)

P(bar) T(°C) Water Steam Water Steam Water Evaporation Steam
0.00611 0.01 0.001000 206.2 Zero 2375.6 +0.0 2501.6 2501.6
0.008 3.8 0.001000 159.7 15.8 2380.7 15.8 2492.6 2508.5
0.010 7.0 0.001000 129.2 29.3 2385.2 293 2485.0 25144
0.012 9.7 0.001000 108.7 40.6 2388.9 40.6 2478.7 25193
0.014 12.0 0.001000 93.9 503 2392.0 50.3 24732 25235
0.016 14.0 0.001001 82.8 58.9 2394.8 58.9 2468.4 25273
0.018 159 0.001001 74.0 66.5 2397 4 66.5 2464.1 2530.6
0.020 17.5 0.001001 67.0 73.5 2399.6 73.5 2460.2 2533.6
0.022 19.0 0.001002 61.2 79.8 2401.7 79.8 2456.6 2536.4
0.024 204 0.001002 56.4 85.7 2403.6 85.7 24533 2539.0
0.026 21.7 0.001002 523 91.1 24054 91.1 2450.2 25413
0.028 23.0 0.001002 48.7 96.2 2407.1 96.2 24473 2543.6
0.030 24.1 0.001003 45.7 101.0 2408.6 101.0 2444.6 2545.6
0.035 26.7 0.001003 395 111.8 24122 111.8 2438.5 2550.4
0.040 29.0 0.001004 34.8 1214 24153 121.4 2433.1 2554.5
0.045 31.0 0.001005 311 130.0 2418.1 130.0 2428.2 2558.2
0.050 329 0.001005 28.2 137.8 2420.6 137.8 2423.8 2561.6
0.060 36.2 0.001006 23.74 151.5 24251 151.5 2416.0 2567.5
0.070 39.0 0.001007 20.53 163.4 2428.9 163.4 2409.2 2572.6
0.080 41.5 0.001008 18.10 173.9 24323 1739 2403.2 25771
0.090 43.8 0.001009 16.20 183.3 24353 183.3 23979 2581.1
0.10 45.8 0.001010 14.67 191.8 2438.0 191.8 23929 2584.8
0.11 47.7 0.001011 13.42 199.7 2440.5 199.7 2388.4 2588.1
0.12 49.4 0.001012 12.36 206.9 2442 .8 206.9 2384.3 25912
0.13 51.1 0.001013 11.47 213.7 2445.0 213.7 2380.4 2594.0
0.14 52.6 0.001013 10.69 220.0 24470 220.0 2376.7 2596.7

Background learning
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Tabulated Steam Tables

Tahle B.6 (Continued)

Table B.6 Pressure Table

Vim'kg) ikdikg) Hiklikg)

Plbar) T Water Steam Water Steam Witer Evaporation Steam
1.1 1023 (LOKT (6 1.544 4287 25042 4288 22508 2679.6
1.2 T4 5 (OO 048 1.428 4302 25121 439.4 2244.1 26834
1.3 1071 (L 48 1.325 4401 2514.7 4492 22378 26870
1.4 T LA VAY 1.236 45H.3 25172 4544 23149 el L
1.5 111.4 (LO01053 1.159 467.0 25195 467.1 2226.2 26934
1.6 113.3 (.0010535 1.091 475.2 2521.7 4754 12209 696,72
1.7 115.2 0.001056 1.031 483.0 25237 4832 2157 OGT)
1.8 1169 0.001058 0.577 4510.5 25256 4907 T210.8 2705
1.9 118.6 0.001059 (.520 40765 25275 497.8 T204,1 27040
0 120.2 0.001061 [L.HHS 504.5 25292 L) 22016 27063
22 1233 0,001 064 (LT 5174 2532 4 5176 1930 2706
24 126.1 00,E0 T Dt (L7460 520.4 253154 5206 21849 2745
26 128.7 00,001 (65 (653 5406 2538.1 5409 pA W 27182
28 1312 (L0107 (1640 51,1 25406 5514 2170.1 2721.5
3.0 133.5 0001074 0606 561.1 254300 561.4 21632 27247
3.2 1354 0.00107a L5370 5706 25452 5709 21567 27276
34 1379 0.001078 (L338 5796 25472 5709 20504 27303
36 1309 (.00 080 0310 R 1 25407 5HH.5 444 273249
3% 141.8 0.001082 (0485 5.4 2550100 596.8 21386 27353
4.0 143.6 (.001084 0.462 64,2 25527 604, 7 2133.0 27376
4.2 145.4 0001086 0.442 611.8 25544 6123 21275 27308
4.4 147.1 (.00 D% 0.423 619.1 255590 G196 1223 27419
4.4 487 .00 D89 (3,405 626.2 25574 626.7 2172 27439
4.8 15013 .00 091 0.359 6330 25588 6335 e 2745.7
50 151.8 0001093 0375 6396 25602 L= 2107 .4 27475
55 1555 0001097 0,342 6552 25633 6538 HIE5.9 27517
Bl 1588 (LD LN (315 il 25662 6704 M50 27555
6.5 1620 0001105 0.292 fHiE14 25687 6841 2747 27584

165.0 0000 108 0.273 a%a,3 25711 6071 2649 2Te20

7.0

Background learning
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Tabulated Steam Tables

Table B.7 Superheated Steam

Table B.7 Properties of Superheated Steam®

Background learning

P(bar) Sat'd Sar'd Temperature (°C)—

(Tsa.°C) Water Steam 50 75 100 150 200 250 300 350
0.0 H - — 2595 2642 2689 2784 2880 2978 3077 3177
(—) U — - 2446 2481 2517 2589 2662 2736 2812 2890

v — — — — - — — — — —

0.1 H 1918 2584.8 2563 2640 2688 2783 2880 2977 3077 3177
(45.8) U 1918 24380 2444 2480 2516 2588 2661 2736 2812 2890
v 0.00101 14.7 14.8 16.0 17.2 19.5 21.8 242 26.5 287

0.5 " 3406 2646.0 209.3 3139 2683 2780 2878 2979 3076 3177
(81.3) U 3406 2484.0 209.2 3139 2512 2586 2660 2735 2811 2889
V000103 3.24 0.00101 0.00103 341 3.89 435 483 5.29 5.75

1.0 H 4175 2675.4 2093 3140 2676 2776 2875 2975 3074 3176
(99.6) 0 4175 2506.1 2092 313.9 2507 2583 2658 2734 2811 2889
vV 0.00104 1.69 0.00101 0.00103 1.69 1.94 217 2.40 2.64 2.87

5.0 H 6401 27475 209.7 3143 419.4 6322 2855 2961 3065 3168
(151.8) U 6396 2560.2 209.2 3138 418.8 631.6 2643 2724 2803 2883
vV 0.00109 0.375 0.00101 0.00103 0.00104  0.00109 0.425 0.474 0.522 0.571

10 H 7626 2776.2 210.1 3147 419.7 632.3 2827 2943 3052 3159
(179.9) 0 7615 2582 209.1 313.7 418.7 6314 2621 2710 2794 2876
V000113 0.194 0.00101 0.00103 0.00104  0.00109 0.206 0.233 0.258 0.282

20 H 9086 27972 211.0 3155 420.5 633.1 852.6 2902 3025 3139
(212.4) U 9062 2598.2 209.0 313.5 418.4 603.9 830.2 2679 2774 2862
V000118  0.09950 0.00101 0.00102 0.00104  0.00109  0.00116 0.111 0.125 0.139

40 A 1087.4 2800.3 212.7 3171 422.0 6343 833.4 1085.8 2962 3095
(250.3) 0 10824 2601.3 208.6 3130 417.8 630.0 8488 1080.8 2727 2829
V000125 0.04975 0.00101 0.00102 0.00104  0.00109 000115  0.00125 | 0.0588 0.0665

60 A 12137 2785.0 214.4 318.7 4235 635.6 8342 1085.8 2885 3046
(275.6) 0 12058 2590.4 208.3 3126 417.3 629.1 8473 1078.3 2668 2792
v 000132 0.0325 0.00101 0.00103 0.00104  0.00109 0.00115  0.00125 | 0.0361 0.0422

80 A 13171 2759.9 216.1 3203 425.0 636.8 835.1 1085.8 2787 2990
(295.0) U 13060 25717 208.1 3123 416.7 628.2 8459 1075.8 2593 2750
Vo 0.00139 0.0235 0.00101 0.00102 0.00104  0.00109 000115 0.00124 | 0.0243 0.0299

100 H 1408.0 2727.1 217.8 3229 426.5 638.1 855.9 1085.8 1343.4 2926
(311.0) 0 13935 2547.3 207.8 3117 416.1 6273 8444 10734 1329.4 2702
vV 0.00145 0.0181 0.00101 0.00102 0.00104  0.00109 000115 000124 0.00140 | 0.0224

150 A 16110 2615.0 2221 326.0 4303 641.3 838.1 1086.2 13382 2695
(342.1) U 1586.1 24599 207.0 3107 414.7 625.0 1.0 1067.7 1317.6 2523
v  0.00166 0.0103 0.00101 0.00102 0.00104  0.00108 0.00114  0.00123  0.00138 | 0.0115

200 H 18265 24184 226.4 3300 4340 644.5 860.4 1086.7 13343 1647.1
(365.7) U 17857 23008 206.3 309.7 4132 622.9 837.7 1062.2 1307.1 1613.7
vV 0.00204 0005875 0.00100 0.00102 0.00103  0.00108 0.00114 000122 000136  0.00167

221.2(P.) H 2108 2108 2282 3317 435.7 645.8 861.4 1087.0 1332.8 1635.5
(374.15(T.) O 20378 2037.8 206.0 309.2 412.8 622.0 836.3 1060.0 1302.9 1600.3
vV 000317 000317 0.00100 0.00102 0.00103 000108 000114 000122 000135  0.00163

250 I — — 230.7 3340 4378 647.7 862.8 1087.5 1331.1 1625.0
(—) [/ A — 205.7 3087 412.1 620.8 834.4 1057.0 1297.5 1585.0
|/ — 0.00100 0.00101 0.00103  0.00108 0.00113 0.00122 000135  0.00160

300 [ S— - 235.0 338.1 441.6 650.9 865.2 1088.4 1328.7 1609.9
(—) [/— — 205.0 3077 410.8 618.7 8313 1052.1 1288.7 1563.3
| /2. — 0.0009990  0.00101 0.00103  0.00107 000113  0.00121  0.00133  0.00155

500 A — - 251.9 354.2 456.8 664.1 8754 1093.6 1323.7 1576.3
(—) v — — 2024 304.0 405.8 611.0 819.7 1034.3 1259.3 1504.1
|/A— — 0.0009911 0.00100 0.00102 000106 000111 000119  0.00129  0.00144

1000  — — 2939 394.3 495.1 698.0 903.5 11130 1328.7 1550.5
(—) v - —_ 196.5 295.7 395.1 594.4 795.3 999.0 1207.1 1419.0

v - — 0.0009737  0.0009852  0.001000 000104 0.00108 0.00114 000122  0.00131

“Adapted from R. W. Haywood, Thermodynamic Tables in SI (Metric) Units, Cambridge University Press, London, 1968.
Water is a liquid in the enclosed region between 50°C and 350°C. A
(kJ/kg), V = specific volume (m?/kg). Nore: kJ/kg x 0.4303 = Btwlb,,.

= specific enthalpy (kJ/kg), U = specific internal energy



Table B.7 Superheated Steam Background learning

Table B.7 Properties of Superheated Steam?

P(bar) Sat'd Sat'd Temperature (°C)—
(Tsa.°C) Water Steam 50 75 100 150 200 250 300 350
0.0 H — — 2595 2642 2689 2784 2880 2978 3077 3177
(—) U — — 2446 2481 2517 2589 2662 2736 2812 2890
v — _ — - — _ _ _ _ -
0.1 H 1918 2584.8 2593 2640 2688 2783 2880 2977 3077 3177
(45.8) 0 1918 2438.0 2444 2480 2516 2588 2661 2736 2812 2890
vV 0.00101 14.7 14.8 16.0 17.2 19.5 21.8 242 26.5 28.7
0.5 H 3406 2646.0 209.3 313.9 2683 2780 2878 2979 3076 3177
(81.3) U 3406 2484 .0 209.2 3139 2512 2586 2660 2735 2811 2889
vV 0.00103 3.24 0.00101 0.00103 341 3.89 4.35 483 5.29 5.75
1.0 H 4175 2675.4 209.3 314.0 2676 2776 2875 2975 3074 3176
(99.6) 0 4175 2506.1 209.2 3139 2507 2583 2658 2734 2811 2889
V. 0.00104 1.69 0.00101 0.00103 1.69 1.94 217 2.40 2.64 2.87
5.0 H 640.1 27475 209.7 3143 4194 632.2 2855 2961 3065 3168
(151.8) U 6396 2560.2 209.2 313.8 418.8 631.6 2643 2724 2803 2883
V. 0.00109 0.375 0.00101 0.00103 0.00104 0.00109 0.425 0.474 0.522 0.571
10 H 7626 2776.2 210.1 3147 419.7 632.5 2827 2943 3052 3159
(179.9) U 7615 2582 209.1 3137 418.7 631.4 2621 2710 2794 2876
vV 0.00113 0.194 0.00101 0.00103 0.00104 0.00109 0.206 0.233 0.258 0.282
20 H 9086 2797.2 211.0 3155 420.5 633.1 852.6 2902 3025 3139
(212.4) U 9062 2598.2 209.0 3135 418.4 603.9 850.2 2679 2774 2862
vV 0.00118 0.09950 0.00101 0.00102 0.00104 0.00109  0.00116 0.111 0.125 0.139
40 H 10874 2800.3 2127 3171 422.0 634.3 8534 1085.8 2962 3095
(250.3) U 1082.4 2601.3 208.6 313.0 417.8 630.0 848.8 1080.8 2727 2829
vV 0.00125 0.04975 0.00101 0.00102 0.00104 0.00109  0.00115  0.00125 0.0588 0.0665
60 H 12137 2785.0 2144 318.7 4235 635.6 834.2 1085.8 2885 3046
(275.6) U 12058 2590.4 208.3 3126 417.3 629.1 847.3 1078.3 2668 2792
vV 0.00132 0.0325 0.00101 0.00103 0.00104 0.00109  0.00115  0.00125 0.0361 0.0422
80 H 13171 2759.9 216.1 320.3 425.0 636.8 855.1 1085.8 2787 2990
(295.0) U 1306.0 2571.7 208.1 3123 416.7 628.2 8435.9 1075.8 2593 2750
vV 0.00139 0.0235 0.00101 0.00102 0.00104 0.00109 0.00115  0.00124 0.0243 0.0299



Table B.7 Superheated Steam Background learning

Table B.7 (Continued)

Pibar) Temperature (*C}—

(Tsa,"C) 400 450 S00 550 600 650 700 750
0.0 A 3280 1384 3497 3597 3706 1816 3929 4043
(=) 0 2969 3050 3132 3217 3303 3390 3480 3591

¥ J— — — — —_ — - —_—
0.1 H 3280 3384 1489 3596 1706 3816 3929 4043
(45.8) 0 2969 3050 3132 3217 3303 3300 3480 3571
S 333 35.7 38.0 403 42 6 448 472
0.5 H 3279 3383 3489 3596 1703 3816 3929 4043
(81.3) 0 2969 3049 3132 3216 3302 3390 3480 3571
v 6.21 6.67 7.14 7.58 8.06 8.53 .01 9.43
1.0 H 3278 3382 3488 3596 3705 3816 3928 4042
(99.6) 0 2968 3049 3132 3216 3302 3390 3479 3570
Vo3l 333 357 3.80 4.03 126 4.48 4.72
5.0 A 327 3379 3484 3592 1702 1813 3926 4040
(151.8) U 2984 3045 3128 3213 3300 3388 3477 3569
v 0617 0. 664 0711 (.758 0.804 0850 0.897 0.943
10 H 3264 3371 3478 3587 1697 3800 3923 4038
(179.9) 0 2038 3041 3124 3210 3206 3385 3475 3567
Vo037 0.330 0.353 0.377 0.402 0.424 01.448 0.472
20 H 3249 1358 3467 3578 3689 3802 3916 4032
{212.4) L 2946 3031 3115 3202 3290 3379 3470 1562
vV 0151 0.163 0.175 0.188 0200 0.211 0.223 0.235
40 H 3216 3331 3445 3559 3673 3788 3904 4021
(250.3) oo omn 3011 3100 3188 3278 3368 3460 1554
V00734 0.0799 0.0864 0.0926 0.0987 0.105 0.111 0.117
60 H 3180 3303 1422 3539 3657 3774 3892 4011
(275.6) U 28% 2991 3083 3174 3265 3357 3451 3545
Vo o0.0474 0.0521 0.0566 0.0609 0.0652 0.0693 0.0735 0.0776
80 H 3142 3274 3399 3520 3640 3739 1879 4000
(29500 U 2867 2969 3065 3159 3252 3346 3441 3537
V0034 0.0382 0.0417 0.0450 0.0483 0.0515 0.0547 00578



(3a) Fit a function to the data Vapor Pressures
from Equations

Antoine equation for estimating vapor pressure

A relatively simple empirical equation that correlates vapor pressure-temperature
data extremely well is the Antoine equation.

Antoine Equation

Values of A, B and C for several compounds are listed in Table B.4. Observe the units of
p*and T (mmHg and °C respectively for the constants in Table B.4) and the logarithm base Refer to bOOk
(10 in the case of Equation 6.1-4 and Table B.4).

to for details
Table B.4 Antoine Equation Constants
B and examples

log,pp*=A4A——— p*in mmHg Tin°C ! .
f+e of this section

Example: The vapor pressure of acetaldehyde at 25°C is determined as follows:

1600.017

l0g10 P, 1,0(25°C) = 8.00552 — o —mera = 29551 o pr ) (25°0) = 1022551 = 902 mmHg
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Table B.4 Antoine Equation Constants®

Compound Formula  Range (°C) A 8 C
Acetaldehyde C;H4O —02w3dd 800552 1600017 291.809
Acetic acid C-HaD: 298t 1263 738782 1333313 222.309
Acetic acid® CaH:0- 0 e 36 78807 14167 225
Acetic anhydride CoHeOy 628101394 7.14948 1444718 190.817
Acetone C:H;z0 ~1291t0 553 711714 1210595 229 664
Acrvlic acid CiHLO- 200 to 70.0 505204 BABE.6ZD 154 H83
Ammonia* NH; —83 to 60 755466 1002711 247885
Aniline CeH;N 102.6 o 185.2 7320010 1731515 206049
Benzene CeHs, 14.5 to B0.9 AE9272  1203.531  Z19.8ES
r-Butane n-CaHy =780t =03 hA2485 943453 239711
i -Butane 1=-CyHyp —851to =116 6TEE66  HO9617 241942

)

-
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Table B.4 Antoine Equation Constants®

Dr. Hatem Alsyouri

1-Propanol
2-Propanol

Propionic acid
Propylene oxide
Pyridine

Styrene

Toluene
1,1,1-Trichloroethane
1.1.2-Trichloroethane
Trichloroethylene
Vinyl acetate

Water*

Water*

m-Xylene

o-Xylene

p-Xylene

Cs;HzO
C3HzO
C}HﬁOg
CsHO
CsHsN
CgHg
C;Hs
C,H;Cl5
C,H;Cl;
C;HCl;
C4H502
H,O
H,O
m-CgHyg
0-CgHyp
p-CsHyp

6().2 to 104.6
52.31089.3
72.4to 128.3
-24.2to 348
67.3t0 1529
29.9to 1448
353to0llL5
—5.410169
50.0to 113.7
17.8 to 86.5
21.8t0 72.0
() to 60

60 to 150
59.2 to 140.0
63.5t0 1454
583t0 1393

7.74416
7.74021
7.71423
7.01443
7.04115
7.06623
6.95805
8.64344
6.95185
6.51827
7.21010
8.10765
7.96681
7.00646
7.00154
6.98820

1437.686
1359.517
1733.418
1086.369
1373.799
1507.434
1346.773
2136.621
1314.410
1018.603
1296.130
1750.286
1668.210
1460.183
1476.393
1451.792

198.463
197.527
217.724
228.594
214.979
214.985
219.693
302.769
209.197
192.731
226.635
235.000
228.000
214.827
213.872
215.111

The Universitv of Jordan
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YABLE B4 Antolno Equnlon Constants’

g ' = A

I
T+ C

i mm Hg,

r'in"C

Fxamples The vapor pressure of scetaldehyde ot 25°C is determined as follows:

1081y P10 (25°C) = 800552

1600.017
25 + 291,809

=D P o(25°C) = 1077 = 902 mm llg

- 29551

Compound I-ormuln Rnng» (’(.) A B C
Acctaldehyde GILO 021034 8.00552 1600017 291809
Acetic acid GO, 298101265 738782 1533313 222309
Acctic acid* CHLO; 01036 TA8807 14167 225
Acetic anhydride CiHO; 628101394 714948 1444718 199817
Acetone CH.O ~1291055.3 711714 1210595 229664
Acrylic acid GIHLO: 20010700 565204 648629 154,683
Ammonia* NH, 83 10 60 7.55466 1002711 247.885
Aniline C,ILN 102610 185.2 7.32010 1731515 206,049
Benzene CoH, 145 to 80.9 689272 1203.531 219888
n-Butane n-CiHy, ~780to -03  6.82485 943453 239711
1-Butane 1-CoHy, ~85.110 116  6.78866 899617 241942
1-Butanol CaHigO 892101257 736366 1305198 173427
2-Butanol CiHppO 72410 107.1 7.20131  11S7.000 168279
1-Butene Callg =775t -37 653101 810261  228.066
Butyric acid CiHzO: 20,010 1500 871019 2433014 255189
Carbon disulfide S, 361799 6.94279 1169110 231593
Carbon tetrachlonde OCly 14.1 to 76.0 6.87926° 1212021 226409
Chlorobenzenc CeHsCl 62.010 1317 697808 1431053 217.550
Chlorobenzene* CHsCl D042 7.106% 15000 224.0
Chlorobenzenc* C.HsCl 4210230 694504 141312 21640
Chloroform CHCly ~104t0603 695465 1170966 226232
Chloroform* CHCly =30 10 150 690328 116303 2274
Cyclohexane CeHyy 19.9 10 81.6 684941 1206001 223.148
Cyclohexanol Cell 0 93710 1607 625530 912866 109.126
n-Decane n-CyoHys 94510 175.1 695707 1503568 194738
1-Decene CioHyy 86.810 1716 695433 1497527 197.056
1,1-Dichloroethane C:HyCla 38810176 697702 1174022 229.060
1.2-Dichloroethane GHCl: 30810994 702530 1271254 222927
Dichloromethane CHaCly 40,0 10 40 TAO916 1325938 252616
Diethyl ether CHy O ~60.8 10199 692032 1064066 228799
Dicthyl ketone CsHiO 565101113 702529 1310281 214.192
Dicthylene glycol CiHypO; 1300102430 763666 1939359 162714
Dimethyl ether .H,0 ~78210 249 697603  889.264 241957
Dimethylamine CHN ~7181069 708212 960.242  221.667
N.N-Dimethylformamide  CiH;NO 300 10 90.0 692796 1400869 196434
1.4-Dioxane CHOy 200 1o 105.0 743155 1554679 240337
Ethanol CyHO 19610934 811220 1592864  226.184
Ethanolamine CiHyNO 654101709 745680 1577670 173368
Ethyl acetate YHiO; 15610758 710179 1244951 217881
Ethyl acetate* .0, -20 10 150 TO9808 1238710 2170
Ethyl chloride CHCl -55910125 698647 1030007 238612
Ethylbenzene Calyg 56.5 to 137.1 695650 1423543 213091

"Based on T. Boublik, V. Fried, and E. Hala, The Vapour Pressures of Pure Substinces, Elsevier,
Amsterdam, 1973, If marked with an asterisk (*), constants are from Lange s Handbook of Chemistry,
9th Edition, Handbook Publishers, Inc., Sundusky, OH, 1956,

(contimuwd)
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Chloroform*
Cyclohexane
Cyclohexanol
n-Decane
I-Decene
1,1-Dichloroethane
1.2-Dichloroethane
Dichloromethane
Dicthyl ether
Dicthyl ketone
Dicthylene plycol
Dimethyl ether
Dimethylamine
NAN-Dimethylformamide
1.4-Dioxanc
Ethanol
Ethanolamine
Ethyl acetate

CHCly
CiHyy

C 0
n-C, oHn
Clol'lzn
CHLCly
Gy Cl
CH,Cly
CH 0O
CHyO
CiHy O
C2H,O
C:HsN
C:HNO
CH Oy
5H.0
(5HNO
O

~30 10150
19910816
93.7 10 160.7
945101751
86810 1716
-38810176
~30810994
~40.0 10 40
~60.81019.9
565101113
130.0 10 243.0

~78210 ~249

~71.81069
30.0 1o 90.0
20.0 to 105.0
19610934
654101709
15610758

b, 90328
6.84941
6.25530

6,95707

6.95433
6.97702
7.02530
7.40916
6.92032
702529
7.63666
6.97603
708212
6.9279%6
743155
8.11220
TAS680
7.10179

1163.03
1206001
912 866
1503.568
1497.527

1174.022

1271254
1325938
1064.066
1310.281
1939359

889.264

960,242
1400869
1554679
1592864
1577670
1244 951

109.126
194.738
197.056
229,060
222927
252,616
228799
214.192
162.714
241957
221,667
196.434
240337
226184
173368
217 881




/ 6.2 The Gibbs Phase Rule

This section outlines
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6.2 The Gibbs Phase Rule

The variables that describe the condition of a process system fall into two categories:

Extensive variables: which depend on the size of the system.
Example: mass and volume

Intensive variables: which do not depend on the size of the system.
Example: temperature, pressure, density, specific volume, mass and mole fractions

Degrees of freedom of the system is
The number of intensive variables that can be specified independently for a system at
equilibrium to completely define the system.

The relationship among

DF=2+C—mT—7r DF, m, c,r is called
The Gibbs Phase Rule

where
* ¢ =number of independent chemical species
* 7 =number of phases in a system at equilibrium
* r=number of independent equilibrated chemical reactions among the species
 DF = degrees of freedom

The | Iniver<itv of lordan
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Degrees of freedom
Process system vs. Gibbs phase rule

DOF DOF
Arbitrary process system Using Gibbs phase rule
DOF tells you how many !DOF _tells you the number of
: . intensive variables that must be
process variable (extensive & . e
; . . specified for a system at equilibrium
intensive) must be specified to : :
to calculate all the other intensive
calculate the rest .
variables

The Universitv of Jordan

27

Dr. Hatem Alsyouri
e ——



Example - Application of Gibbs Phase Rule

air

Ar"’f

_— Dy air (DA
P

atm
Evaporation

————

”/‘

-~ HO()

at 25.3°C

Q. Can you calculate the vapor-phase composition at equilibrium from the data given?

Since we know (T = 25.3C) and (P

atm

section)

Dr. Hatem Alsyouri

H.O¢v), air @ 23.3C, 800 torr
¥, [mol HAO{v ¥mol|
{ 1=y ) [mol DA/mol |

|~

|~ HO() @ 25.5C

.ﬂ:{ffﬂj the é:fé?gés f‘%::?;f.- FM-«E 3
DF = 040 -7 = 2 +R-2-0= 2

[

Habaer LV

= 800 torr), then all other set (e.g., p,, and y) can be
calculated from the Equation of state or another relation; e.g., Raoult’s law (to be introduced next

The Universitv of Jordan
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Important Equilibrium Relations
/

This section outlines
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Volatility

Volatility of a species is the tendency to go from liquid (or solid) to vapor.

The vapor pressure (p*) of a species is a measure of its volatility:
* High vapor pressure = high volatility
* Low boiling point = high volatility

At a given temperature and pressure, a highly volatile substance is much more likely
to be found as a vapor than is a substance with low volatility, which is more likely to
be found in a condensed phase (liquid or solid).

Separation processes such as distillation are used to separate more volatile species
from less volatile species by partially vaporizing liquid mixtures.

The vapor product is relatively rich in the more volatile feed components and the
residual liquid is rich in the components with lower volatility.

Engineers who design and analyze separation processes therefore need to know the
vapor pressures of process species as functions of temperature.

Dr. Hatem Alsyouri
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Ideal Gas-Liquid Equilibrium Relations (Raoult’s Law)

Gas film Liquid film

Dalton’s ®

Q@
Ya o Raoult’s
O
@ X
ﬁo © o © 4
Ny OO o] =
@ o @] 5 {
P @
Ccm ©
0] 0] ® °
Gas—liquid
interface
Note:

The same equilibrium relation may be
written using concentration ¢4 instead
of mole fraction x4. The value and unit
of H are adjusted accordingly.

When the gas phase is ideal, Dalton’s law (ideal gas) applies:

Pa = yaP (1)

* where y,is the gas-phase mole fraction and P is the total pressure.

When the liquid phase is ideal, Raoult’s law (idea liquid) applies:
Pa = xaP" (2)
* where p4is the equilibrium partial pressure of A
* Xxyis the liquid-phase mole fraction, and

« P*,isthe vapor pressure of pure A at the systems temperature,
usuallytermed as P*4 (T) <« important

When both phases are ideal, Raoult’s and Dalton’s laws combine (equate Equations 1 = Equation 2)
to give the Raoult-Dalton equilibrium relation:

Dr. Hatem Alsyouri

y.P=x,P* 4| Raoult’s Law
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Ideal Gas-Liquid Equilibrium Relations (Henry’s Law)

Gas film Liquid film
Dalton’s ® o
@
Ya O Raoult’s
O
@ X
ﬁo © o © 4
1'\-"{1 O (0] @] -
@ O O 5 i
P @
o O
o @ ® °
Gas—liquid
interface
Note:

The same equilibrium relation may be
written using concentration ¢4 instead
of mole fraction x4. The value and unit

of H are adjusted accordingly.

Dr. Hatem Alsyouri

For gas-liquid systems involving dilute solutions, equilibrium is

described by Henry’s law:
Pa=H - x4

* where x,is the liquid-phase mole fraction

* His Henry’s law constant at the system’s temperature = Hy (T)

 Inthe same manner as Raoult’s Law, the patrial pressure

P4 can be substituted using Dalton’s, p4 = y4P

yaP =x,4-Hy

Henry’s Law

The | Inivarcityvy of lordan
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Liquid-Liquid Equilibrium (Distribution Law)

Liquid 1 Liquid 2 A similar relation applies to solute partitioning between two
Cara Carz immiscible liquids, known as the distribution law:
(@]
@ o OO ® o
OO o L
f’% Ml Ca, Lig1 = K - €4 Lig2 Distribution Law
S
O o o
e © ®
| * €4 isthe concentration of solute A in the specified liquid phase
T
Gas-liquid * K s the partition or distribution coefficient.

interface

This relation governs liquid-liquid extraction processes and serves the
same equilibrium-linking role as Henry’s law in gas-liquid systems

A comparison point:

* Raoult’s law (y4P = x4 P*4) can be written in a way similar to the Distribution
Law in the form: y, = K x, , where the constant is called K-value and it is a
thermodynamic value used in the design

The | Inivarcityvy of lordan
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Balances on Multiphase Systems
A=B, B=>C A- feedstock, B — desired product, C — byproduct (waste)

B(v)

to puritication and packaging

T Vapry

Distillation Column “
Ag) .g' Alg) . Alg).B(2).C(g) B(). M) /7 '
BOF 900F TOOF some S(1} 5 M
Heater Reactor . :
cay, Some S l hgﬁﬁ{ Condenser £/7 S
s &f?ﬁ}’"ﬂ.f?m) to disposal _ N >
ﬁff¢£££5'{‘§ f&}? To stack
o1 1thHhe £en dﬁﬂ{ﬁz @4 A )
: (9), 150°F 1 B(v), C(v), N
- C | /ﬂ V * P
g{ Ar f/jg,f’ enit ooler to stack vt some S(v)
Cpecies Ty Faver
Crﬁfz_@,{,ﬂ /ﬂ}ir:?._f{'iﬁi al s ] O O i DO{)
Absorber | (O A s O
00 | o—
B & C (dissolved) S(1)
Y J T o sewer
Al®).B(e).Cl) o sey bev and N,
250F : . .
5‘#;,0,&5/ /QE.F}%F/?F af’p/z?ﬂﬁf%f, ]éﬁ’éﬁd’f“ﬂ
This process 15 expensive, wasteful, & inefficient — how would you modify it? e it ot i
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A=->B, B=>C A-feedstock, B—desired product, C—byproduct (waste)

B(v)
to purification and packaging T

1 [ |Distillation Column
Alg) § _@ Alg) ) AB.C(g) Alg) B(1), C(D),
BO'F " O00'F TOOF | 350F I Some S(1)
Heater Reactor v | l
C(l), some S(1)
Heat to disposal Condenser
Exchanger "
T \ Eresh S(1) B(v), EEV; N,
Afg), 150°F 4 some S(v
(2) S) l
| |
[0 |
oY 0
O = O
Absorber O O © Stripper
Q:} (@ I %D
A®, 5@, C,250F I SO, Blsoln) s N M@
S Te R T C(Soln)

The function of most chenfical process units is to separate mixtures into their components, as in the process just shown.

(Q: What types of information do we need to know to design this system?
A SolubriiFeSs 4,BC in Solvernt S (want A 7o be /’/?_‘Tﬁ/mé/f £Zc fa/éﬁ‘é’@f _
V-!?f’éi ‘-"}:_-"-c'}-'r.?'r_?!'ﬁ 5 6 W!d ﬁ K{Wi?ﬂ”‘{’ f—l:'? /2? é}ﬁ" /}?OW /&J/‘Qé /ﬂf/ The Universitv of Jordan
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s
/L 6.3 Gas-Liquid Systems: One

/ condensable component

This section outlines
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6.3 Gas-Liquid systems: One condensable component

- Gas-liquid systems
- Saturation and Humidity

Evacuate a beaker, charge it with water at 23.5 °C, let it reach equilibrium.

| . Vacuum ) - HOM @253C, P Important
a--""| (o an ) p; (T) means
S Sat (T
Evaporation HO H,0 p; 5 (T)
H.O —— notp; X (T)
T JemHOom 13w T l H.O() @ 25.3C
A o Long time
at 25.3°C so equilibrium ""/
is achieved

Q. What is P in the gas in the container at equilibrium?
(Hint: liquid and vapor are coexisting at the same temperature. Think about the phase diagram)

P Pr,0 (T =25.3°C) Pr,o0 (T = 25.3°C) = 24.182 mmHg

The Universitv of Jordan
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TABLE B.32 Vapor Pressure of Water~

pii.o (T = 25.3°C)

Unit of p* in this able is mmHg

T(°C)

25
26
27
28
29
30
3l
32
33
34

35
36
37
3R
39
40
41
42
43
44
45
46
47
48
49

0.0

23.756
25.209
26.739
28.349
30.043
31.824
33.695
35.663
37.729
39.898
42.175
44.563
47.067
49.692
52.442

55.324
58.34
61.50
64.80
68.26
71.88
75.65
79.60
83.71
88.02

0.1

23.897
25.359
26.897
28.514
30.217

32.007
33.888
35.865
37.942
40.121

42.409
44.808
47.324
49.961
52.725

55.61
58.65
61.82
65.14
68.61

72.25
76.04
80.00
84.13
88.46

0.2

25.509
27.055
28.680
30.392

32.191
34.082
36.068
38.155
40.344
42.644
45.054
47.582
50.231
53.009

5591
58.96
62.14
65.48
68.97
72.62
76.43
80.41
84.56
88.90

0.3

----------

27.214
28.847
30.568
32.376
34.276
36.272
3R.36Y
40.569

42.880
45.301
47.841
50.502
53.294

56.21
59.27
62.47
65.82
69.33

72.99
76.82
80.82
84.99
89.34

0.4

-

25812
27.374
29.015
30.745

32.561
34.471
36.477
33.584
40.796

43.117
45.549
48.102
50.774
53.580

56.51
59.58
62.80
66.16
69.69
73.36
77.21
81.23
85.42
89.79

0.5

24.471
25.964
27.535
29.184
30.923

32.747
34.667
36.683
3R.801
41.023
43.355
45.799
48.364
51.048
53.867
56.81
59.90
63.13
66.51
70.05

73.74
77.60
81.64
85.85
90.24

0.6

24.617
26.117
27.696
29.354
31.102

32934
34.864
36.891
38.018
41.251

43.595
46.050
48.627
51.323
54.156

57.11
60.22
63.46
66.86
70.41

74.12
78.00
82.05
86.28
90.69

0.7

24.764
26.271
27.858
29.525
31.281
33.122
35.062
37.099
39.237
41.480

43.836
46.302
48.891
51.600
54.446
5741
60.54
63.79
67.21
70.77

74.50
78.40
82.46
86.71
91.14

0.8

24912
26.426
28.021
29.697
31.461
33.312
35.261
37.308
39.457
41.710

44.078
46.556
49.157
51.879
54.737
57.72
60.86
64.12
67.56
71.14
74.88
78.80
82.87
87.14
91.59

0.9

25.060
26.582
28.185
29.870
31.642
33.503
35462
37518
39.677
41.942
44.320
46811
49.424
52.160
55.030

58.03
61.18
64.46
6791
71.51

75.26
79.20
83.29
87.58
92.05

Dr. Hatem Alsyouri
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Table B.5 Properties of Saturated Steam: Temperature Table*

V(m®/kg) U(kJ/kg) H(k)/kg)

Table B.5 Temper ature Table T(°C) P(bar) Water Steam Water Steam Water Evaporation Steam

0.01 0.00611 0.001000 206.2 zero 23756 +0.0 2501.6 2501.6
2 0.00705 0.001000 179.9 8.4 23783 8.4 2496.8 2505.2
4 0.00813 0.001000 157.3 16.8 2381.1 168 24921 2508.9
6 0.00935 0.001000 137.8 252 23838 252 2487.4 2512.6

° 8 0.01072 0.001000 121.0 336 2386.6 33.6 2482.6 2516.2

Or by using the Steam Tables 0 001227 00000 164 50 s e ame  aes
. ° ° 12 0.01401 0.001000 93.8 504 23921 504 24732 25236
Wlth |nterpo|at|on 14 001597 0001001 829 588 23948 588 24685 25272

16 0.01817 0.001001 734 671 23976 671 2463.8 2530.9
18 0.02062 0.001001 65.1 75.5 24003 755 2459.0 25345

20 0.0234  0.001002 57.8 83.9 24030 839 24543 25382

* — (o)
pH 0 (T == 2 5 . 3 C) 22 0.0264 0.001002 515 922 24058 922 2449.6 2541.8
2 24 === 00208--0.001003 459 100.6 24085 100.6 24449 2545.5
125 0.0317 .001003 434 104.8 24099 104.8 24425 25473

126___0033 __0.001003 410 1089 24112 1089 24402  2549.1
l 2800378 0001004 367 1173 24140 1173 24354 25527
s S 30 00424 0001004 329 1257 24167 1257 24307  2556.4

~
N

A7) 0.0475 0.001005 29.6 134.0 24194 1340 2425.9 2560.0

/4
I . \
, . i34 00532 0001006 266 1424 24221 1424 24212 2563.6
: Example of mterpolatlon i 36 00594 0001006 240 1507 24248 1507 24164 25672
: |38 00662 0001007 216 1591 24275 1591 24117 25708
' TP — o i 0.001008 19.55 1674 24302 167.5 24069 25744
, hi atT = 25.3°C? i 40 00738 0. . . ) . : .
i How much is py 20 |42 00820 0001009 1769 1758 24329 1758 24021 25779
1
: | 44 00910 0001009 1604 1842 24356 1842 23973 25815
i 46 01009 0001010 1456 1925 24383 1925 23925  2585.1
— 1
i OB 0.0336 — 0.0317 |48 01116 0001011 1323 2009 24409 2009 23877 25886
I = .
i » * _ {50 01234 0001012 1205 2092 24436 2093 23829 25922
i 253 =25 P25.3c 0.0317 [ 52 01361 0001013 1098 2177 2446  217.7 2377 2595
: |54 01500 0001014 1002 2260 2449 2260 2373 2599
i 100,000 Pa _ 760 mmH I 56 01651 0001015 9.158 2344 2451 2344 2368 2602
! P55 3c = 0.0323 bar x Pg i 58 01815 0001016 8380 242.8 2454 2428 2363 2606
I ' 1 bar 101,325 Pa |60 01992 0001017 7678 2511 2456 2511 2358 2609
i I 62 02184 0001018  7.043 2595 2459 2595 2353 2613
1 1
: I 64 02391 0001019 6468 267.9 2461 2679 2348 2616
* 1
! Pas3c = 24.23 mmHg I 66 02615 0001020 5947 2762 2464 2762 2343 2619
] | 68 02856 0001022 5475 2846 2467 2846 2338 2623
A ’
S e - “From R. W. Haywood, Thermodynamic Tables in SI (Metric) Units, Cambridge University Press, The Universitv of Jordan
London, 1968. V = specific volume, U = specificinternal energy,and H = specific enthalpy. Note:
Dr. Hatem Alsyouri Kl/kg X 0.4303 = Btulb,,. 39
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Vapor-liquid equilibrium for a multicomponent gas with a single (C)Eas Phase (air+ water)
. Temp (T
condensable species

Pressure (P)

Refer to book to for details and examples of
this section

RAOULT'S LAW, =
System total system o Temp T
ressure N Single Condensable

Species

« LV at equilibrium Liquid Phase (water)

Pi = Vi P = p;k (T) e Saturated vapor

* p; at (T), not p; x (T)

Raoult’s Law  y,P = x4 P*,
Partial pressure

of condensable composition of vapor pressure of Single condensable liquid - x4, = 1
species cond-ensable condensable species
species "
S yaP = (1) Py
= yAP = P*A

Examples of Liquid —=Vapor units:

* Distillation, absorption, stripping

* Evaporation, drying, and humidification (transfer of species from liquid into gas)

* Condensation, dehumidification (transfer of species from the gas to liquid) e
Dr. Hatem Alsyouri 40



at equilibrium

Pw =Yw P = pw(T)  Raoult’s law

Gas Phase (air+ water)

applies only to
condensable species
(H,O not air)

Temp (T) Pressure (P) Pa = YVa P

P=yp,+ps Dalton’s law

2

W= P n
_ba Ny
Ya = P
Temp (T)  Liquid Phase (water)
n
e » Vapor product \
water vy,
Air  (1-vy,)
100 mol (Vapor feed) Condenser Tunit + Punit A
> (Lig/vap) > equilibrium
water ym/z 0.1 Thnh ’ Punit
air Yy = 0.9
n;
Tfeed' Pfeed - = LIC]UId prOdUCt ')
T, P

unit 7 unit
The University of Jordan
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Example - Partial pressure and Vapor pressure

Diry Air What is py, (the partial pressure of nitrogen)?
P =1 atm
Py, = Yn,P = (0.79)(1 atm) = 0.79 atm

Water vapor T = 25°C

At equilibrium, what is the pressure of the vapor in the container?

Lig. water Pure gas phase and liquid phase (no mixtures)

PH,0 = P = pp,o (T = 25°C) = 23.756 mmHg (Table B.3 or Steam table)

Water vapor T=25°C
and At equilibrium, what is py,, (the partial pressure of water)?
nitrogen Single condensable material (x,= 1)

P = pu,0 + 0N, (PH,o <P)

Lig. water PH,0 = Ph,o (25°C) = 23.756 mmHg

Total pressure (P) is higher than py,, due to presence of N,
The University of Jordan
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Example 6.3-1

Composition of a Saturated Gas-Vapor System

H,O (v) + air

Air and liquid water are contained at equilibrium in a closed chamber at 75°C
and 760 mm Hg. Calculate the molar composition of the gas phase.

The gas and liquid are in equilibrium, the air must be saturated with water
vapor

Raoult's Law Pw =Yw P =p0(T) >y,

From Table B.3 in Appendix B, py,o(75°C) = 289 mm Hg.

H,O

_~ 75°C, P=760 mmHg

Yw
(1 'yw)

H,O (/) at 75°C
X, =1

_ pw(75°C)

289 mm Hg | mol H,O
THO T S0 mm Hg 0.380 mol
mol dry air
Ydrv air = 1~ YH,0 — 0.620 H]Gir

Dr. Hatem Alsyouri
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pi > p;(T)
= subcooled liquid

v e2) = p*
Su\[bu,‘O\e"\ Lc\ ‘\‘i) Di Di (T) .
| ¢ Ve = saturated liq
P C or saturated vapor
\(/) |
C'? = : pi <p;(T)
/ € Paz9aP < Py ) = superheated vap

el b

—?

RAOULT'S LAW, Single Condensable Species

* L/V at equilibrium

*k
[ pl — yl P — pl (T) ] » Saturated vapor The University of Jordan
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For gas-liquid systems

Refer to book to for details and examples of
this section
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Degree of subcooling / Degrees of superheat

P

L Y VON (L'

degee of- subloe\\ng

2 \80 -\20 » SOC \Ir\,A‘,\og 3
3 A ,
LUC)\GQ C}Lij),,“,___/_‘_/_‘,,/_v; "/\—’“rm_——_/\_/yf@ gv\,@( hﬁﬂ\"td
R =6 : \ \lc/\_«—’@' .
= \5‘ \ { Il<——d——_’——’——>l
' degree of
\\ Suipex Yaed |
\ = 3 ‘,70 — Q0 ;
|
=2 \q0 \
|
l \
| \
| |
) .v N - A ‘], — ~
I SR e —
Sef— S & =
130 - 3730%- T
\79.9°¢

Degrees of subcooling: The difference between the actual temperature of the subcooled liquid and
the saturation temperature (dew point of a gas) for the same pressure

Degrees of superheat:The difference between the actual temperature of the superheated vapor and
the saturation temperature (dew point of a gas) for the same pressure

The Universitv of Jordan
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Important Concept — Boiling Point of a Pure material and a Mixture

1) Boiling point of a pure material 2) Boiling point of a binary mixture (A + B)
A pure liquid boils when its vapor pressure A liquid mixture boils when the sum of the partial
equals the external (system) pressure: pressures of all volatile components equals the
- external pressure:
p*(T,) =P —
Patpp =P

» p*(T) =vapor (or saturation) pressure of . o _

the pure liquid (an equilibrium property) For an ideal liquid mixture (Raoult’s law applies):
* P=external pressure = ”
« T, =boiling temperature at pressure P (an X4 Pa(Tp) + xp pp(Ty) = P

glibkium property) * p; =partial pressure of component iin the vapor

. ] * x; =mole fraction of component iin the liquid
Physical meaning: « p;(T) =vapor pressure of pure component i
At this condition, vapor bubbles can form * T, = bubble-point (boiling) temperature of the
inside the liquid without collapsing. mixture
Impo rta nt The | Iniver<ity of Jordan
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Exercise on Volatility

Consider two beakers, once containing n-butane, the other n-octane, at room
temperature (T=°25C)

J1— butare n-ociare
T=25°C T=25°C
n'C’a-Hlu “'C.J_[m
T, =-0.6C T, =1255C

What would happen if the lids (covers) were removed?

The butane would boil immediately

The octane would  €vaporate slowly

Dr. Hatem Alsyouri 48
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In the definitions to be given, the term «saturation» refers to any gas-vapor Additional Quantities

combination, while «khumidity» refers specifically to an air-water system. that describe the
Suppose a gas at temperature T and pressure P contains a vapor whose partial pressure composition of a gas
is p; and whose vapor pressure is p;*(T). containing a single
_ . _ N o condensable vapor.
Relative Saturation (Relative Humidity): s, (h,.) = o7 () X 100% These definitions are

related to partial pressure

Example: Relative humidity of 40% [J the partial pressure of water vapor
and vapor pressures

equals 4/10 of the vapor pressure of water at the system temperature.

Di moles of vapor

Molal Saturation (Molal Humidity): hin) = =
olal Saturation (Molal Humidity):  Sm(hm) P —p; molesof vapor — free gas (or dry gas)

Absolute Saturation (Absolute Humidity): ¢ (p ) = 7 p}io >)< >1\</I}VI = T;l;z:f ;iZZZdry)gas
— Pi) X Mary B

M;: molecular weight of the vapor
Mgy, : average molecular weight of the dry gas

S pi/(P —p;)
Percentage Saturation (Percentage Humidity):  Sp(hy) = == X 100% = — -
S p; /(P —p;)

m

X 100%

The | Inivarcitys of lordan
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Exercises on Humidity (Problem 6.13, 3" ed)

The latest weather report includes the following statement: “The temperature is 78°F,
barometric pressure is 29.9 inches mercury, and the relative humidity is 87%.”
From this information, estimate:

The mole fraction of water in the air
The dew point (°F)

The molal humidity of the air

The absolute humidity of the air
The percentage humidity of the air

R W D =
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Solution (Problem 6.13 - 3" ed.)
T = 78°F Ppor =29.9inHg h, =87%
1. Estimate the mole fraction of water in the air

T = 78°F = 25.56°C Ppar = 29.9 in Hg= 759.5 mm Hg h, = 87%

The humid air is a gas containing single condensable vapor which is water vapor.
Use the relation of relative humidity

p * o U
hy =— EVT) > pw = hy Xp,(T) = YwP = hy X p}(25.56°C) Table §-3
Pw p* (25.56°C) =
24.56 mmHg

Yw X 759.5mmHg = 0.87 X 24.56 mmHg
See next slide

y,, = 0.0281

The | Iniver<itv of lordan
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p’ (25.56°C)

Table B.3 Vapor Pressure of Water”

po(mm Hg) versus T (°C)
Example: The vapor pressure of liquid water at 4.3°C is 6.230 mm Hg

T(°C) 0.0 0.1 0.2 03 0.4 05 * 06 0.7 0.8 0.9

Yo 25 23756 23897 24.039 24182 24326 24471 % 24.617 24764 24912 25.060
26 25209 25359 25509 25660 25812 25964 26117 26271 26426  26.582
27 26739 26897 27.055  27.214 27374 27535 27.696 27858  2R.021 28.185
28 28349 28514 28680  28.847  29.015 29184 29354 29,525 29.697  29.870
29 30043 30,217 30392 30568 30,745 30923 31102 31281 31461 31.642

By interpolation, 25.6 — 255  24.617 — 24.471 « Important

25.56 — 25.5  pic oo — 24.471 Example on interpolation

pw(25.56°C) = 24.56 mmHg

The Universitv of Jordan
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Solution (Problem 6.13 - 3" ed.) contd
T =78°F = 25.56°C Ppy-=29.9in Hg = 759.5 mm Hg h, = 87%

2. Calculate the dew point (°F)

Important
Mathematical definition

Dew point (Tg,) is the saturation (or equilibrium) value. At this point p"j\,(po) = Dy «
of the Dew Point

In other words; h,, = 1 or 100%

P (Tap) = pw = YwP = 0.0281 X 759.5 mmHg = 21.34 mmHg

From Table B.3, find the Temperature at which p* = 21.34 mmHg.
This is done by interpolation. This corresponds to T= 23.21°C Tqp = 23.21°C

Table B.3 Vapor Pressure of Water”

po(mm Hg) versus T (°C)
Example: The vapor pressure of liqguid water at 4.3°C is 6.230 mm Hg

1~C) 0.0 0.1 0.2 * 03 0.4 0.5 0.6 0.7 0.8 0.9

22 19.827 19948 20.070 _ 20.193 20316 20440 20.565 20690 20.815 20.941
21.068 21.19d 213240 21.453 P1.583 21714 21.845 21.977 22110 22.243
24 22377 225127 22648 22785 22922 23.060 23198 23337 23476 23.616
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Solution (Problem 6.13 - 3" ed.) contd
T =78°F = 25.56°C Ppy-=29.9in Hg = 759.5 mm Hg h, = 87%

3. Calculate the molal humidity of the air

Refer to part 2 to see calculation of p,, = 21.34 mmHg

Molal Humidity: h pi Pw _ 21.34
m-p—p, P-—p, 7595-—2134

h,, = 0.0289 mole H,0/mol dry air

4. Calculate the absolute humidity of the air

h, = PIX T e R PR
¢ (P —p;) X Mdry i Mdry air : 29
h, =0.0179 gH,0/g dry air EE
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Solution (Problem 6.13 - 3" ed.) contd
T =78°F = 25.56°C Ppy-=29.9in Hg = 759.5 mm Hg h, = 87%
5. Calculate the percentage humidity of the air

We obtained these values from previous parts:
h,, = 0.0289; p,, = 21.4 mmHg; p, = 24.56 mmHg

hm pi/(P o pi)
Percentage Humidity: h, = — X 100% = — — X 100%
p hm pi/(P 7 pi)
Chm hm 0.0289 ]
e = = e (P —pi) ~ 24.56/(7595 — 24.56) 1007

hp = 86.4%

The | Iniver<itv of lordan
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6.4 Multicomponent Gas-Liquid Systems
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6.4 Gas-Liquid systems: Multi-component Gas-Liquid Systems

Refer to book to for details and examples of
this section

Gas Phase
VLE Data

is about distribution of
component (i) between V

and L phases
At equilibrium Raoult’s Law

Relation between

Multi-condensable liquids
Y;and X;

= yuP =x, P,

Liquid Phase

The University of Jordan
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Common examples of separation processes where Vapor and
Liquid Phases co-exist

Vaporization/Condensation: Partially vaporize a liquid mixture of
volatile species or partially condense a vapor mixture. The vapor
product will be richer in the more volatile species, the liquid product

richer in the less volatile species.

71.4 mol/s
P
‘ 0.600 mol C.H ,(v)/mol ﬁ;ﬁfﬁf é—

0.400 mol C,H, (v)/mol Cor f? 27) 6‘/’)25
100 mol/s
>
0.500 mol CH (1)/mol ,{c_» £s
0.500 mol C,H, (Iy/mol Volatsfe.

28.6 mol/s

0.250 mol CH (I)/mol
0.750 mol C.H, (1)/mol

> Corngoonerls

Distillation: Do a series of vaporizations and condensations to improve the
separation of components you can get in a single stage operation. The plate is
the most widely used type distillation column. The number of trays in the

. . . e . (Copyright Vendome Copper& Brass
column is dependent on the desired purity and difficulty of separation. Works, Inc., Louisville, KY)

=

The University of Jordan
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Common examples of separation processes where Vapor and
Liquid Phases co-exist

Absorption or (environmental) scrubbing: Bubble a non-
condensable gas through a liquid solvent or spray a liquid
solvent mist into a stream of gas, generally at low T and higt
P, getting some or essentially all of the gas into solution. The
higher the solubility of the gas at equilibrium, the more
concentrated the product solution can be.

Desorption or stripping: Bring a dissolved species out
of solution into the gas phase at high T and/or low P
(desorption), possibly by bubbling an insoluble gas
through the solution (stripping). Note that absorption
‘;’ and stripping operations may be linked to transfer a (Tri-Mer Corporation,
t“_:g species from one gas mixture to another one. Owosso, Ml)

(Ducon Technologies, Inc.,
Farmingdale, NY)

The Universitv of Jordan
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6.4 a. Vapor-Liquid Equilibrium Data

Refer to book to for details and examples of
this section

The Universitv of Jordan
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Two-phase vapor-liquid mixtures at equilibrium

Refer to book to for details and examples of
this section

The Universitv of Jordan
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6.4 b. Raoult’s Law and Henry’s Law

Provides relationships between the partial pressure of A in the gas phase (p,)
and the mole fraction of A in the liquid phase (x,).

Raoult's law | pa=y.P =x,- pi(T)

where p, (T) is the vapor pressure of pure liquid A at temperature T, y, is the mole
fraction in the gas phase, and x, is the mole fraction in the liquid phase.

Validity:
Raoult’s law is accurate in the following cases:

Mixtures of structurally similar liquids (straight chain alcohols, aromatic hydrocarbons...)

* Pentane, hexane, heptane
* Methanol, ethanol, propanol
* Benzene, toluene, xylene

A component of a liquid mixture for which x4, = 1 (the liquid is almost pure)
Apply with care to dissimilar liquids, never to immiscible liquids (e.g., hydrocarbons and water.

The | Inivarcityvy of lordan
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Henry's law | pa=yaP = x4 Hy(T)

where H,(T) is the Henry’s law constant for A in a specific solvent

VALIDITY

» Henry’s law is used primarily for a component whose mole fraction approaches

zero (dilute solutions). Examples:
o Dilute gas dissolved in a liquid
o Non-dissociating, non-ionizing, non-reactive component of a liquid mixture for
which x, =0.
o Solute in a very dilute solution or absorbed gas with a low solubility.

» Lookup H values in Perry's Chemical Engineers' Handbook.

The Universitv of Jordan

Dr. Hatem Alsyouri 63




Example 6.4-2 Raoult’s Law and Henry’s Law

Use either Raoult’s law or Henry’s law to solve the following problems

1. A gas containing 1.00 mole% ethane is in contact with water at 25.0 °C and
20.0 atm. Estimate the mole fraction of dissolved ethane.

1
: T = 25°C
Liquid v P =20 atm

=> Apply Henry’s Law

pg =Yg P = xg - Hg(T)

Hydrocarbons (ethane: C,H,) are relatively
Gas yg = 0.01 insoluble in water, so that the solution of
ethane is probably extremely dilute

0.01 (20 atm) = xg - H;(25°C)

Henry’s Law constant for ethane in water at 25 °C:  2.67 X 10* atm/mole fraction

0.01 X 20 atm = xg X 2.67 x 10*

_ ygP (0.01)(20 atm)
~ Hg 2.67 x 10* atm/mole fraction

XE

Dr. Hatem Alsyouri

xg = 7.49 X 1076

mol ethane

mol
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Example 6.4-2 Raoult’s Law and Henry’s Law

Use either Raoult’s law or Henry’s law to solve the following problems

Equimolar means same
number of moles

2. An equimolar liquid mixture of benzene (B) and toluene (T) is in equilibrium with its T =30°C
vapor at 30.0 °C. What is the system pressure and the composition of the vapor? P =22
Vapor
Benzene (B) and Toluene (T) are structurally similar compounds pg =? pr =?
. Vg =? yr =?
—=> Apply Raoults’s Law I |T
Benzene Toluene ‘1' | vi
% " Xp = 0.5 Xt = 0.5
pg =¥ P = xp - pp(T) pr =yr P =xr - pr(T) i
pp = 0.5 X pp(30°C) pr = 0.5 X p7(30°C)

Vapor pressures for benzene and toluene using Antoin equation (constants from Table B.4)

l * — 6.89272 1203531 T = 30°C * = 119.2 H
= 0. —_ = - = .
©910PB T + 219.888 ol Pp )
l * = 6.95805 1346.773 T = 30°C * =36.7mmH
= 0. — = - = .
0910PT T + 219.693 o Pt Y
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Constants of
Antoin equation

(Table B.4)

Dr. Hatem Alsyouri

TABLE B.4 Antoine Equation Constants”

logiap” = A

T+C

prinmmHbg Tin®C

Example: The vapor pressure of acetaldehyde at 25°C is determined as follows:
1600017

10810 Py, 0(25°C) = 8.00552

Compound

Acctaldehyde
Acctic acid
Acctic acid*
Acctic anhydnde
Acctone

Acrylic acid
Ammonia*
Aniline

Benzene
n-Butane
t-Butane
1-Butanol
2-Butanol
1-Butene

Butyric acid
Carbon disulfide
Carbon tetrachlonde
Chlorobenzenc
Chlorobenzenc*
Chlorobenzenc®
Chloroform
Chloroform*
Cyclohexane
Cyclohexanol
n-Decane
1-Decene
1.1-Dichlorocthane
1,.2-Dichlorocthane
Dichloromethane
Dicthyl ether
Dicthyl ketone
Dicthylene glycol
Dimethyl cther
Dimethylamine

NN:-Dimethylformamide

1.4-Dioxane
Ethanol
Ethanolamine
Ethyl acetate
Ethyl acetate®
Ethyl chloride
Ethylbenzene

25 + 291.809

== I’E',-u.-.(l"(’) - l”:v“‘ = 902 ""“"S

Iormula

GH0
G0,
CyH,0;
CH.0,
CH0
(‘\Il;();
NI,
CJOLN
Coll,
n-Cyllyg
! -(’4' l;-:-
CH, O
CiH,O
CoHg
CHLO;
oS,
[Sa N
CoHO1
C HO1
C,HO1
CHCL,
CHCL
[ § 1
CHy: O
n .).}' l::
Ciuolly
CH Ol
GHLCL
CHLCL,
CH,,0
Cil,,0
CilOs
H.O
GH:N
( ‘;I I‘N()
CHL0;
GHO
CHENO
C 10,
CHO;
G HO1
(-x“l-z

Range (°C)

021034
298101265
01036
628101394

12910553
20,0 to 70.0

K360
102610 1852
14510809

780t0 03

851t 116
802101257
724101071

775110 37
20010 1500
3610799
14110760
620101317
01042
4210230

10410603

3010 150
19910816
93.7 10 160.7
WSt 1751
8B3t01716

It 176

30810994

40.0 to 40

60810 199
65101113
1300102430

78210 249

Ti8t069
30.0 1o 9.0
200 to 1050
19610934
654101709
15610758

2010 150

§5910125
65101371

A

800552
7.38782
718807
714948
711714
5.65204
7.55466
7.32010
689272
682485
()‘7&\'115
7.36366
7.20131
6.53101
871019
6.94279
687926
6.97808
7.106%0
6.94504
6.95465
6.90328
6.8494)
6.2553%
695707
695433
697702
7.02530
7.40916
6.92032
7.02529
7.63666
6.97603
7.08212
6.9279%
743155
S.11220
745680
7.10179
709808
6.98647
6.95650

= 29551

B

1600017
1533313
1416.7
1444718
1210595
648629
1002711
1731515
1203531
943453
89617
1305.198
1157.000
$10.261
2433014
1169.110
1212.021
1431 053
15000
1413.12
1170.966
116303
1206.001
012866
1503568
1497527
1174.022
1271.254
1325938
1064.066
1310.281
1939.359
89264
9260.242
1400 869
1554679
1592.864
1577.670
1244951
1238.710
1030.007
1423543

c

291.809
222309
225
199817
229664
154683
247885
206,049
219888
239711
241942
173427
168.279
228066
255189
241593
226,409
217.550
2230
2160
226.232
2274
223148
100,126
194738
197056
229060
222927
252616
228799
214.192
162714
241957
221.667
196434
240337
226,184
173,368
217881
2170
238612
213.091

*Based oa 1. Boublik, V. Fried, and E. Hala, The Vapour Pressures of Pure Substances, Elsevier,
Amsterdam, 1973, I marked with an asterisk (* ), constants are from Lange s Handbook of Chemistry,
b Edition, Handbook Publishers, Ing., Sandusky. OH, 1956,

(continued)

Acetone C;H,O 12910553 7.11714 1210595 229.664
Acrylic acid C3HOn 20.0 to0 70.0 5.65204 648.629  154.683
Ammonia* NI, -83 to 60 7.55466 1002711 247.885
Aniline CcH;N 102.6 to 185.2 7.32010 1731515 206.049
Benzene CesHe 14.5 t0 80.9 6.89272 1203.531 219.888
n-Butane n-CyHyg ~78.0to —0.3 6.82485 943.453 239.711
1 -Butane 1-CyHyg -85.1to ~11.6  6.78866 899.617 241.942
1-Butanol CyH,10O 89.210125.7 7.36366  1305.198 173.427
2-Butanol C;Hi O 72.410107.1 7.20131 1157.000 168.279
1-Butene ~sHg -77.5t0 —=3.7 6.53101 810.261  228.066
Pyridine CsHsN 67.31t0 152.9 7.04115 1373.799 214.979
Styrene Colle 209101448 7.06623 1507434 214 985
Toluene C;Hg 353t0111.5 6.95805 1346.773 219.693
L.1.1-Irichloroethane o HACls ~=d4 10169 8.64344  Z2136.621 502,769
1,1.2-Trichlorocthane G, H3Cly 50.0to 113.7 6.95185 1314.410 209.197
Trichloroethylene C,HCl5 17.8 to 86.5 6.51827 1018.603 192.731
Vinyl acetate C4H O, 21.81072.0 7.21010 1296.130 226.655
Water* H,O 0to 60 8.10765 1750.286  235.000
Water* H,0 60 to 150 7.96681 1668.210 228.000
m-Xylene m-CgHyo 59.2 to 140.0 7.00646 1460.183 214.827
o-Xylene 0-CgHyg 63.5t0 1454 7.00154 1476.393 213.872
p-Xylene p-CsHyg 583101393 6.98820 1451.792 215.111

PR
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Example 6.4-2 continued

Use either Raoult’s law or Henry’s law to solve the following problems

2. An equimolar liquid mixture of benzene (B) and toluene (T) is in equilibrium with

its vapor at 30.0 °C. What is the system pressure and the composition of the vapor?

pg = xg X pg = (0.500)(119.2 mm Hg) = 59.6 mm Hg
pr = xr X pr= (0.500)(36.7mmHg) = 18.4mm Hg

P=pg+pr=78mmHg

yg = pg/P 9 0.764 mole benzene/mole

yr = pp/P = 0.236 mole toluene/mole

T = 30°C
P=78mmHg
Vapor
pB - 59.5 pT == 18.35
yg = 0.764 yr = 0.236
1 1
3 \3
Xp = 0.5 Xt = 05
Liquid
K; value = A
Xi

K. is the distribution coefficient for
component (i) between the two phases

0.764
B likes to be in the vapor phase more than the liquid phase <~ Kp = z—B = os0 1.5
B .
: : e yr _ 0.236
T likes to be in the vapor phase more than the liquid phase <« K = i — = 0.5 The | Inivereity of lardan
T .
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6.4c. Vapor-Liquid Equilibrium Calculations for Ideal Solutions

Behavior of single species liquid, in a close vessel, upon heating at constant pressure:

@)

The temperature increases until the boiling point of the liquid is reached,
and thereafter

The liquid vaporizes at a constant temperature.

Once the vaporization is complete, further addition of heat raises the
temperature of the vapor.

Behavior of several component-liguid (mixture), in a close vessel, upon heating at
constant pressure:

©)

Dr. Hatem Alsyouri

The liquid temperature rises until a temperature is reached at which the
first bubble of vapor forms.

The vapor generated generally will have a composition different from that
of the liquid.

As vaporization proceeds, the composition of the remaining liquid
continuously changes, and hence so does its vaporization temperature

Important

Theory

Refer to
book to for
details and
examples
of this
section
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A similar phenomenon occurs if a mixture of vapors is subjected to a condensation
process at constant pressure:
o At some temperature the first droplet of liquid forms, and thereafter
o The composition of the vapor and the condensation temperature both
change.

To design or control an evaporation or condensation process, separation processes
such as distillation, absorption, and stripping requires information on the
conditions at which phase transitions occur and on the compositions of the
resulting phases.

The bubble-point temperature of a liquid at the given pressure is the temperature
at which the first vapor bubble forms when the liquid is heated slowly at
constant pressure.

> Important

The dew-point temperature of a vapor at the given pressure is the temperature at
which the first liquid droplet forms when a gas (vapor) is cooled slowly at
constant pressure.

J
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Exercise (based on Example 6.3-2) -

Calculation of Dew Point (T,,,,)

A stream of air at 100°C and 5260 mm Hg contains 10.0% water by volume. Calculate
the dew point and degrees of superheat of the air.

At dew point (po)

526 [F-m > P : .
: i Pw = pw(po) = 526:pw(po)
b
Tap 100°C From Table B.3 po = 90°C
Dew point Ty, 50°c T(°C)

s on equilib line where

py = Diy(Tap) Degrees of superheat = 100°C — 90°C = 10°C of superheat
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Exercises on Section 6.2-6.4
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Exercise 1 — Vapor pressure

1) Using the Antoine equation, calculate the normal boiling point of diethyl ether.

2) Using the Antoine equation, calculate the vapor pressure of the carbon tetrachloride (CCl,) at 50°C.

Solution

(1) Normal boiling point is the temperature at which ppe(T) = Psys = 1L atm = 760 mmHg

ppg Vs. T, can be obtained from Antoine Equation:

. B
log,op™ =4 “TxC

where the units of P and. T are mmHg and °C respectively

Values of A, B, and C can be found from Table A.4. Constants for Diethyl Ether are:

A =6.92032 B=1064.070 C=228.8
pBE(Tb) V Psys =760 mmHg

Use Antione equation to find T, corresponding ppp =760 mmHg

Dr. Hatem Alsyouri

T, =34.6°C
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Exercise 1 — cont’d

2) Using the Antoine equation, calculate the vapor pressure of the carbon
tetrachloride (CCl,) at 50°C.

Solution

For carbon tetrachloride:

A =6.8941
B=1219.580
C=227.17

The vapor pressure corresponding to a temperature of 50 °C is 312 mmHg.

The Universitv of Jordan
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Exercise 2 — Bubble Point Calculation

Suppose that a liquid mixture of 4.0 mol % n-hexane in n-octane is vaporized. What is the composition
of the first vapor formed if the total pressure is 1 atm? [ans. y,.,.,.=0.164; y_....=0.836].

Solution

The mixture can be treated as an ideal mixture because the components are quite similar.
We can use the Antoine equation to relate p* to T. We have to look up the coefficients of the

Antoine equation to obtain the vapor pressures of the two components:
Important
In this exercise and given

N4 B g
In(p*) =A——— p*isinmmHgand TisinK d
coefficients, the Antoin

I Y N T T sl s bz o

natural logarithm values
n-hexane (C,) 15.8366 2697.55 -48.784 5

(In) instead of log.
N-octane (C,) 15.9798 3127.60 -63.633

The University of Jordan
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Basis: 1 kg mol of liquid

We need to solve the following equation to get the bubble point temperature using a nonlinear
equation solver:

A liguid mixture boils when the sum of the partial
Note: Definition of Boiling point pressures of all volatile components equals the

external pressure: py + pgp = P

For an ideal liquid mixture (Raoult’s law applies):

P = x4 ps(Tp) + xp pp(Ty)

2697.55
—48.784 + T

760 = exp (15.8366 —

) (0.040) + exp (15.9798 - (0.960)

—63.633 + T)
Find T by trial and error or by using a mathematical software

The solution via polymathis T = 393.6 K. At this temperature, the vapor pressure of hexane is 3114 mm
Hg, and the vapor pressure of octane is 661 mm Hg. The respective mole fractions in the vapor phase:

: 3114
PC6 .. = 5 (0.04) = 0.164 Yeg = 1—0.164 = 0.836

Yee =
Ptotal

The | Inivarcityvy of lordan
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Exercise 3 (Example 6.3-1) Composition of a Saturated Gas-Vapor System

H,O (v) + air
Air and liquid water are contained at equilibrium in a closed 75°C, P= 760 mmHg
chamber at 75°C and 760 mm Hg. Calculate the molar H,0 Yu
composition of the gas phase. (1-y,)

The gas and liquid are in equilibrium, the air must be H,O (/) at 75°C

saturated with water vapor.

* (75°C
Raoult's Law Py — Yy P = s (T) = Yw = pW( p )

From Table B.3 in Appendix B, py,o(75°C) = 289 mm Hg

_ 289mmHg N mol H,0
sz0_760‘m‘mHg_ ' mol

mol dry air

Ydry air = 1- YH,0 = 0.620

m0l The Universitv of Jordan
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Exercise 4

A mixture of propane and butane is burned with air. A dry-basis analysis of the flue (stack) gas
gives the following volume (mole) percentages: 0.00527% CsHs, 0.0527% C4H10, 1.48% CO, and
7.12% CO,. The stack gas is at an absolute pressure of 780 mmHg, and its dew point is 46.5°C.

Calculate the molar (mole-fraction) composition of the fuel.

Basis: 100 mol dry stack gas P =780 mm Hg
np (mol C, M) Stack gas: T, =46.5°C
np (ol € Hy, ) 7700 mol iy gas g
2 (mol) 0.000527 mol C,H ;/mol
— < 0.000527 mol C H,/mol )
0.79 NE 0.0148 mol CO/mol
2 \0.0712 mol CO ,/mol )
+ 02 N b

n,, (mol H,O)
C3;Hg + 50, - 3C0, + 4H,0

13
C4H10 + 702 - 4‘C02 + 5H20

The | Inivarcityvy of lordan
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77.6 mmHg mol H,0

0.0995

Dew point = 46.5°C = y,,P = py,(46.5°C) = %y = —o—— Hg mol

ny

~ 100 +n,,

Yw = 0.0995 - n,, = 11.0 mol H,0

C balance: 3np + 4ng = (100)[(0.000527)(3) + (0.000527)(4) + 0.0148 + 0.0712]
> 3np + 4ng = 8.969 (1)

H balance: 8np + 10nz = (100)[(0.000527)(8) + (0.000527)(10)] + (11.0)(2)

— 8np + 10ng = 23.149 (2)
np — 14‘54‘ m0l C3H8 == 56% C3H7
TLB — 1152 mOl C4H10 4‘4‘% C4_H10

The | Iniver<itv of lordan
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Exercise 5 - Unsolved Gibbs Phase Rule Without Reaction

Calculate the number of degrees of freedom (how many additional intensive
variables must be specified to fix the system) from the phase rule for the following
materials at equilibrium:

a) Pure liquid benzene [ans. 2]
b) A mixture of ice and water only [ans. 1]
c) A mixture of liquid benzene, benzene vapor and helium gas [ans. 2]

d) A mixture of salt and water designed to achieve a specific vapor pressure [ans. 2]

What variables might be specified in each case?

BherutenFAmyeitng Department -AUM




Exercise 6 - Unsolved Gibbs Phase Rule With Reaction

Calculate the number of degrees of freedom (from the phase rule for the
following systems at equilibrium:

a) You have a gas composed of CO, CO,, H,, H,0 and CH, [ans. 4]

b) Sulfur can be removed from high temperature gas streams by a bed of zinc
oxide pellets. The results of the decomposition of zinc oxide with carbon
show the presence of the following compounds: ZnO, C, CO, Zn [ans. 1]

The | Iniver<itv of lordan
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Note
Some of the following exercises are obtained from an external reference,

so the terminology may be different. You should achieve the same final
answers based on the terminology of our textbook

The | Inivarcityvy of lordan
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Exercise 7 - Wet gas & Relative humidity

A wet air gas stream at 30°C and 100 kPa with a relative humidity of 75.0%
was compressed to 275 kPa, and then cooled to 20°C.

How many m3 of the original gas was compressed if 0.341 kg of the
condensate (water) was removed from the cooler unit? [ans. 20.3 m?]

Prot =275 kPa
Air Ais
30°C £ (mot) 275kPa _ | P(mo)  Sawrated

[00kPa =1 Compressor [reee—ecie Cooler  po—=——t

IR

0.341 kg H,0

The | Iniver<itv of lordan
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Solution

Dr. Hatem Alsyouri

18.13
Steps 1. 2 &:
Ajr
I kPa — ™ Compressar 2B ].;F..:__ Canler
RH = 75.0% 1
0.341 kg HyO

Puo  =0.6153 psia
=4.24] kPa

Puo = 4241 (.75)=3.18 kPa

System: overall

Step 5: Basis: 0.34] kg H20 (0.341/18) kg mot
Step6and 7: Unknowns: F,P Balances: air, H,0
Steps 8 and 9: Balances are in kg mol

Total: F =P+__u'l3:l ]
Sol
; (100-3.18Y _(275-234 veanytwo toget
S TR A ) '
(318 0.341 234 | F =0.804 kg mol
H.O: F ——-) : H,( . ]
100 18 \275/)

| Pemaly Spturated
ma— ] m

Prog =275 kPa
Air

BH=100%

Puo  =0.3388 psia
=234kPa

v - 0804 kgmol

8.314)303

| 10D

iﬁ.j m’ at 301C and 1'I_Jj} kPa

The University of Jordan
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Exercise 8 VLE single condensable component

Hot air that is used to dry pharmaceuticals is recycled in a closed loop to prevent the
contamination if the moist material from the atmospheric impurities. In the first conditioning
step for the air, 5000 kgmol/h at 105 kPa and 42°C with 90% relative humidity are fed to a
condenser to remove some of the water picked up previously in the process. The air exits the
condenser at 17°C and 100 kPa containing 91 kgmol/h of water vapor. Next, the air enters the
dryer, the pressure of the stream has dropped to 95 kPa and the temperature is 82°C.

H.0
a) How many moles of water per hour i
enters the condenser? & rﬂn‘{EF{ J( =
_ 12°¢C (355K)
b) What is the flow rate of the condenser a5k B
water in kg/h?
c) What is the dew point of the air in the Suo Eﬁml A B
stream exiting the condenser? hre Flumid air 1‘:‘”“5"5'3 Humid air HEATER
L)
d) What is the dew point of the air in the ?g;'f:: I‘WLLH;Q N t‘ﬁ mal HyOfhr
stream entering the dryer? 42.°C (315K) N 7°C (290K)
P*=8.143 kfu o0 & R
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Solution

18.21 Note: This problem will give different results depending
+ on the source of the vapor pressure data (steam tables, Antoine Eq.,

CD, Perry, etc.)

S0 kg mel
hr Flumid air HEATER
‘fn;f.f;& A1 kg mat Hy0/he
05 ki 7
42.°C (315K) W mn':h';““ k)
P*=8.193 kP %

(steam tables p* = 8.214; paper sleam tables p* = 8.143; CD p* = 8.181)
| . . i o -

e e — s R p— —— ——— —— Tl Tl T =1 W T

_— The lniversitv of Jordan
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Exercise 9 VLE using Henry’s law

You are asked to remove 90% of the sulfur dioxide (SO,) in a gas stream of air and SO, that
flows at the rate of 85 m3/min and contains 3% SO,. The SO, is to be removed by a stream
of water. The entering water contains no SO,. The temperature is 290 K and the pressure on
the process is 1 atm.

a) Find the kg of water per minute needed to remove the SO, assuming that the exit water is
in equilibrium with the entering gas.

b) Find the ratio of the water stream to the gas stream. The Henry’s law constant for SO, at
290 K is 43 atm/mol fraction.

Lyn="
HID
0%
H,0
s0, N1* 0.03 y; =0.003 g0
iy ™ Air
G=849m’ 290K
293 ['1': me[ = l atm
=] ann
PTotal l-‘H?O nﬁpf}
Ily},' ? The Univer<ity of lordan
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Solution
19,13 !
|
Stgps 2. 3, and 4;
Lap="
L1
HyO Malerial balance SO; (moles):
¥~ 002 1= 0003 50, : G (0.03 - 0.003) = L {0.00070 - 0)
E?: — e Alr
bt g FIK b, Kl BIOLEO
3K l Prowi™ 1 2tm G g mol ir
.FTI;II.H = | AET ':f
Lt I"Hp“ The respective flow rates are
I:Im.ll I
ted

Sana G- MI|&;$I: = 3540 g mol gas

Step & Bagis: | min (85 m’ enterin ]
{ — L= {35400 (38.4) = |37« 10" g mol water
Steps 6 and J: in terms of kg
Unknowns:  ny ;. g, . Air & L=(136) (18)=
Equations, Material balances: H+0, 805, Air
¥i = Hx;
Steps B and O:
The liquid and vapor are assumed to be in equilibriurm at the exit, and the water is
saturated with 30k so that
v, =Ha,
0.03 = (43) ngo, = s0 that X =0.00070 mol fraction &
(continued) i The University of Jordan
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Exercise 10 VLE - Raoult’s law - Flammability

A tank contains a liquid composed of 60 mol% toluene and 40 mol% benzene in
equilibrium with the vapor phase and air at 1 atm and 60°F.

a) What is the concentration of hydrocarbons in the vapor phase?

b) If the lower flammability limit for toluene in air is 1.27% and benzene is 1.4%,
is the vapor phase flammable?

The Universitv of Jordan
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Solution
1914

Stepsd. 3 and 4

Prow ™ | 2IM and at 60°F the vapor pressures are:
Proce = 16mmHE  ploaw. =60 mmHg |

Assume the mixture to be ideal so that Raoult's Law applies
Step 5: Basis: 1 mol liquid

Steps 6
y =B Bt
Proa  Pras
For toluene: For benzene:
FT.:Q%:uﬂh Yoo T;m:' =[og31d]
The balance is air.

0.0126 Toluene
00316 Benzene {The vapor is flamalle]
00442 Total

The University of Jordan
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Example 11 VLE - Raoult’s law

A vapor phase is equilibrium with a liquid mixture of 20% pentane and 80% heptane at 50°F.
Assume the mixture is ideal one at equilibrium.

a) What is the pressure in the vapor phase?
b) Calculate the composition of the vapor phase.

The Universitv of Jordan
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Dr. Hatem Alsyouri

Use the Antoine equation or the physical property package on the CD to get the vapor
pressure of pentane (P) and heptane (H). Assume ideal liquid and vapor.

Basis: Data given m problem statement

. 2477.07 . .
=15.8333~ = 281.6 Hg {5.48 psi
In p p{mm) =15.8333 T-19.04 pe mm Hg { psia}
~ . .
In p'r(mm) =15.8737 --2—?—]-1—3—"- p x = 20.6 mm Hg (0.40 psia)
T -56.51
asis: i
24 MW gmol mol. fr.
Convert mass fractions to mole fractions: || ;3 g gj; &g
100 .21 1.00

Equations to use,i=Pand H

Zyl =1 yi:sui
Prout

a. ﬂ-x,-l-p"x“-l

Prow Prous
16 [
= — = (0.90
o = 2070
b. w2 0.5
Y e Y= 75070 [o.10
1.00

Prow = (283.6)(0.23) + 20.6(0.77) = |80.95 mm Hg

3.19in Hg
10.8 kPa

1.57 psia

he Universitv of Jordan
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Example 12 VLE - Raoult’s law

Fuel tanks for barbeques contain propane and n-butane. At 120°F, if an essentially full tank
of liquid that contains liquid and vapor in equilibrium and exhibits a pressure of 100 psia,
what is the overall (vapor plus liquid) mole fraction of butane in the tank?

The Universitv of Jordan
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Solution

1915

Use Raoult"s Law, Prens = Prll =X ) + P g

Fram Perry the vapor pressures are:

P topse ™ [6.5 atm P Bese = 4.8 i
By = (100/14.7) atm = 6.80 atm
6.80 = 16.8(1-x,) + 4.8x,

Xy = [0.83| assuming the liguid phase is essentially all of the mixture.

Bhercent-AByowitng Department -AUM

The University of Jordan

93




Example 13 VLE K value

Calculate the fraction of liquid that will remain at equilibrium when a mixture of 68.6%
hexane and 31.4 % of toluene is vaporized at 80°C and 1 atm.[ans. L/F=0.745]

K value =y, /x;

The University of Jordan
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Solution

You can treat the hexane and toluene mixture as an ideal solution, and use
Equation (19.11) in solving the problem.

Steps 3 and 4

Remember that the percentages given in the problem statement are in mass, so
that the first step is to convert the concentrations to mole fractions.

Basis: 100 g solution

Component Grams Mol. wt. g mol Mol fr.

Hexane 68.6 86.17 0.796 0.70

Toluene 314 92.13 0.341 0.30
T100.0 1.137 1.00

Vapor pressure data at 80°C are: Hexane Toluene
p* (mm Hg) 1020 290
The next step is to calculate the values of K.

i Phexane _ 1020 - s 1 —~ 0745 \/
ptohl 760 KW The University of Jordan
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Solution

1

Kiotene = % - o.j_xa_zﬁ = 2621
Steps 8 and 9 o
Introduce the above values into Equation (19.11)to get
= O . Loim
1 - Z(1-0745) 1-2(1-2621)

The solution is
L

= 0.745
F

(The equality of L/F and 1/K,,,.. 1§ purely coincidental.)

The University of Jordan
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