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Chemical Engineering Thermodynamics
Course Logistics

Quizzes: Weekly quiz composed of questions similar to homework and example

problems.
~Every Thursday

Group Homework: Weekly Group Homework. We will go through homework in
a work session.

~Every Wednesday. (Every Wednesday 3 to 5 pm Baldwin 764 (Me)
and 6 to 9 pm Rec Center 3250 (Alex and Zinhui.)
Homework is due Wednesday night at midnight. E-mail a pdf of the homework

to chethermouc@gmail.com

(You can use a smart phone app like “instapdf” to make pdf of homework.)

Final: Comprehensive Final composed of questions from weekly quizzes.
(Weighted as 8 quizzes.)

Grade is 90% Average of Final and Quizzes and 10% Homework.
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Chemical Engineering Thermodynamics

Course Logistics

Final letter grades will be based on class grade using the following scale: Ais

between 90.0 and 100.0;
B is between 80.0 and 89.9;
Cis between 70.0 and 79.9;

D is between 60.0 and 69.

Only whole grades will be given, i.e. the grade is B for 80 or 89.

Those with a "natural” 90 or above from quiz grades before the final do not
need to take the final.

The comprehensive final is worth eight quiz grades.



Homework Group Options

A) Form your own group

Send an email tochethermouc@gmail.com with list of

homework group members and time that you meet. Put
in subject of email: HOMEWORK GROUP Meets Monday

at 6pm.
B) Need a group
Send an email requesting a group and a time that you are

available to meet. Put in subject: REQUEST GROUP
Monday at 6 pm.

C) Prefer to work on your own (not recommended).

Send an email to_chethermouc@egmail.com
Subject: WORK ON OWN

Please do this by Tuesday January 15 (tomorrow).

First Homework is due Wednesday January 16 at midnight.
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Plant Tours
We will have non-mandatory plant tours.
The purpose is to see some of the processes we will study.

Attendance at a plant tour counts for 50 replacement points on a quiz. For
instance, if your low grade is 30/100 this becomes a 65/100.

If you arrange a plant tour for the class you get 100 replacement points.

The timing for plant tours is variable.

Friday afternoon is a good time for me.

1 : f 500 quiz points (five quizzes).



Plant Tours in 2017
Rheingeist Brewery
Miller Brewery (near Dayton)

Nease (Harrison)

Shepherd Catalysts (Norwood)

Steam Plant West Campus
Steam Plant East Campus

Kraus Maffei (Covington)
Cincinnati Water Plant

Este Oleo Chemicals (lvorydale)
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Chapter 1 Background

Energy is the capacity to do work.
Potential, kinetic, molecular, bond, nuclear, magnetic, Coloumbic.

You use energy to do work. You can store energy or expend energy.
You do work.

Work is the integral of force times change in distance.
Surface Energy, it requires energy to make a surface.

Kinetic energy of a gas atom E = 3/2 keT.
(T is in absolute units otherwise we would have negative kinetic

energy.)



Ground state for energy.

We could consider T = 0 but this is inconvenient (impossible to achieve) and
ignores atomic energy, E = mc2, and chemical bond energy.

Often we define the ground state at STP.

In the end we are only interested in changes in energy for an event or process
so the ground state is only important in so far as we use the same ground state

for all components of a calculation.

First Law of Thermodynamics (basis of energy balance)
For any spontaneous process the total energy is constant. That is, in order for
energy to increase we require work or heat to be added to the system.

E = PV for a gas,

to increase the pressure at constant number of gas atoms requires force and a
change in distance, compression, that leads to a reduction in volume. Or you
need to heat the system.



More Definitions:

Internal Energy, U.
Thermal and repulsive/attractive enthalpy of molecular interaction.

lgnores center of mass energy.

Enthalpy, H.
Energy related to specific bonding/reactions, and PV work. So the sum of internal
energy and PV.

Entropy, S.

If you mix two ideal gasses at constant pressure there is no enthalpic interaction
so the enthalpy of the system does not change. However, the system has changed
since it requires a significant amount of work to separate the two ideal gasses

and return to the pure states. This change is a change in entropy. The entropy
change in this case is given by AS = nks(dalnd= +dulnds) and the energy change

AE = -TAS.



More Definitions:

At a given temperature T

A “system” has
Kinetic energy associated with motion KE,
Potential energy associated with its position in a field (gravity) PE

Internal energy, U, associated with microscopic kinetic energies and the energy
of interactions between microscopic components. The microscopic kinetic

energy increases with temperature.

At absolute 0 the “system” has only one state, a perfect and infinite crystal. This

condition is defined as having zero microscopic kinetic energy. At higher
temperatures the “system” has more possible configurations, {2 Boltzmann

proposed that the number of states could be related to the energy of the system

through a thermodynamic parameter, the entropy,
S=ksln

The entropy has a value of 0 at absolute O where only one state is possible. It
increases with temperature and contributes —TAS to the energy.



More Definitions:

Work is the change in energy for the “system”

W = AKE + APE + AU

Mass added to the system results in a change in internal energy associate with the
internal energy and potential energy of the mass transferred (UAM) = AU

Heat, Q, flows from hot to cold. AU=Q



Philosophically How Thermodynamics Works:

We consider a subset of the universe called the system or the control volume.
The system contains many molecular elements that are each subject to 3/2 keT

kinetic energy. There are so many of these elementary units that they are
almost uncountable. The most important step at the start of solving a problem

in thermodynamics is to carefully define the system boundaries.

Closed System:

Thermal transfer but no mass transfer, say an ice cube melts into a puddle and
the ice cube is the system.

Open System:
Mass and thermal transfer occurs, a system is a section of a river.

Isolated System:
No heat or mass transfer. A perfectly insulated box in which a match is lit.



Free Energy:
The energy that is available to do work.

Equilibrium:
A system is at equilibrium when the free energy is at a minimum. Two systems
are at equilibrium with each other when every component of the two systems

have the same chemical potential. (Dynamic equilibrium indicates that there
are always fluctuations about an equilibrium composition due to thermal

motion.)

The chemical potential is the change in free energy when one element
(molecule or mole) of that component is introduced to the system.

Heat Sink/Heat Reservoir:

A component with infinite capacity to absorb or generate heat (transfer of
thermal energy). The heat sink is at a constant temperature. That is, it is

isothermal



Intensive Properties: (Not underlined, V)

Pressure, Temperature, Free Energy, Internal Energy, Specific Volume
Things that do not depend on system size.

State Properties:
These are intensive properties that specify the state of the system.

This is F in the Gibbs Phase Rule.

Extensive Properties: (Underlined in the book,_V)

Volume, Mass, Total Energy
Things that are determined by the system size.



How is thermodynamic equilibrium achieved?

Thermodynamics assumes that large population of small objects, each of which

has energy 3ksT/2 and moves randomly by thermal diffusion, interact with each
other and transfer energy. The system is random in space and time so that
fluctuations in density and speed occur at random in space and time. These

random thermal fluctuations allow the molecules to probe the conditions at
higher and lower concentration, to compare the favorability of conditions at

these different densities and to find the state with the lowest free energy.

Thermodynamics relies on random fluctuations in density, and molecular motion.

The first stage of considering random fluctuations is the kinetic theory of gasses



Ideal Gas Law

A gas is viewed as a collection of particles each with momentum p = mv in a box of
Size L.

The x-component of momentum is px = mvx.

On collision with a wall the change in momentum is 2px for a wall normal to the x
direction.

The particle impacts the wall every <At> = 2L/<v>.

The force is given by F=ma=»Apx/At =Nm<v2>/L for N particles.

We have <v2>=<v2>/3 for random motions (x, y, and z are indistinguishable).
So, F = Nm<v2>/(3L) for 3d.

The pressure,P = F/[2 = Nm<v2>/(3V).

We have m<v2>/2 = Kinetic Energy = 3ksT/2.

So, PV = NksT.



Ideal Gas Law

F=ma=m(dv/dt)=dp/dt

from before Ap is 2 px And At = 2L/vx
So F = m<wi"2>/L

For 3d and N atoms F =1/3 N m <v2>/L
E=3/2KkT =% m<v2>

So m<v2> = 3kT

P=F/A =1/3 N m <v2>/(LA) = NKT/V
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Figure 1.3 Ideal gas behavior at five temperatures.
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Figure 1.4 P-V-T behavior of water at the same temperatures used in Fig. 1.3. The plot
is prepared from the steam tables in Appendix E,



“Quality, q”

When a mixture of two phases (vapor/liquid) exist the fraction vapor is

called the “quality”. The intrinsic properties (M) suchasV, U, H, S can be
calculated for a two phase single component system using the “quality”
and the values for the saturated liquid and vapor phases:

M= (1-g) Mt + g MV
or

M= M+ g (AM) = Mt + g (MV-M)
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Phase Behavior for Single Component, C=1
Water for example.

Critical
Point

pa Solid

Liquid + Solid

TS(II

Figure 1.7 P-T representation of real fluid behavior. Note that only
vapor and liquid behavior is shown in Fig. 1.4 on page 23.

F=C-P+2



Gibbs Phase Rule

F=C-P+2

F free parameters

C components
P phases

So for saturated water vapor we have one component, two phases
and one free parameter. That is if T is known we know the vapor

pressure. If we know the pressure we know the temperature.

For supersaturated steam we have one component, one phase and

we can vary P and T and these will determine the specific volume
or density, internal energy, enthalpy, etc.
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Example 1.3. Introduction to steam tables

For the following states, specify if water exists as vapor, liquid, or a mixture: (a) 110°C and 0.12
MPa; (b) 200°C and 2 MPa; (¢) 0.8926 MPa and 175°C.

Solution

a. Looking at the saturation temperature table, the saturation pressure at 110°C is 0.143
MPa. Below this pressure, water is vapor (steam).

b. From the saturation temperature table, the saturation pressure is 1.5549 MPa; therefore,
water is liquid.

¢. This 1s a saturation state listed in the saturation temperature table. The water exists as
saturated liquid, saturated vapor, or a mixture.

25



Steam Tables
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3067 1.1369
40014 0.945%3
41112 0.6900
44070 0.0000

6.5059
6.4678
6.4302
6.3930
6.3563
6.3200
6.2840
6.2483
6.2128
6.1775
6.1423
6.1072
6.0721
6.0369
6.0016
5.9661
5.9304
5.8944
5.8579
5.8209
5.7834
5.7451
5.7059
5.6657
5.6244
5.5816
5.5372
54908
54422
5.3906
5.3356
5.2762
5.2110
5.1380
50536
49497
4.5012
4.4070
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Two kg of water coexists as vapor and liquid at 280°C in a 0.05 m® rigid container. What is the
pressure, quality, and overall internal energy of the mixture?

Solution: The overall mass volume is ¥ = 0.05 m*/2 kg = 0.025 m*/kg. From the saturation
temperature table, the pressure is 6.417 MPa. Using the saturation volumes at this condition to

find g,

0.025 = 0.001333 + ¢ (0.0302 - 0.0013) m*/ kg

which leads to ¢ = 0.82. The overall internal energy is

U=1228.33 +0.82 - 1358.1 = 2342 kJ/kg
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34 Unit] Firstand Second Laws
boil, but real fluids can. This interplay between kinetic energy, temperature, and potential energy
pervades many discussions throughout the text.

Finally, we can write a generic equation that symbolizes the procedure for interpolation:

I-Il

l“ - A“l +

(M, - M,) 130

12-xl -
A similar equation is used for quality calculations which can be viewed as an interpolation between
saturated liquid and saturated vapor. Throughout Unit |, we refer extensively to the stcam tables
and interpolation to account for deviations from the ideal gas law.

Test Yourself
1. Draw a sketch of the force model implied by the square-well potential, indicating the posi-
tion(s) where the force between two atoms is zero and the positions where it is nonzero.

2. Explain in words how the pressure of 2 fluid against the walls of its container is related to
the velocity of the molecules.

3. What is it about molecules that requires us to add heat to convert liquids to gases?

4. If the kinetic energy of pure liquid and vapor molecules at phase equilibrium must be the
same, and the internal energy of a system is the sum of the Kinetic and potential energics,
what does this say about the intensive internal encrgy of a liquid phase compared with the
intensive internal energy of the gas phase?

5. Explain the terms “energy,” “potential emergy,” “kinetic energy.” and “internal energy.”

6. How is the internal energy of a substance related to the intermolecular pair potentials of the
molecules?

7. Are T and P intensive properties” Name two infensive properties and two extensive properties.

8. How many degrees of freedom exist when a purc substance coexists as a liquid and gas?

9. Can an ideal gas condense? Can real fluids that follow the ideal gas law condense?

10. Give examples of bubble, dew, saturation, and superheated conditions. Explain what is
meant when wet steam has a quality of 23%.

11. Create and solve a problem that requires double nterpolation.

1.7 PRACTICE PROBLEMS

P1.1 Estimate the average speed (mph) of hydrogen molecules at 200 K and 3 bars.
( ANS. 3532)

P1.2 Estimate the entropy (J/g-K) of stcam at 27.5MPa and 425C. (ANS. 5.1847)
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Test Yourself

1. Draw a sketch of the force model implied by the square-well potential, indicating the
position(s) where the force between two atoms is zero and the positions where it is
nonzero.

2. Explain in words how the pressure of a fluid against the walls of its container is related
to the velocity of the molecules.

3. What is it about molecules that requires us to add heat to convert liquids to gases?
4. If the kinetic energy of pure liquid and vapor molecules at phase equilibrium must be the

same, and the internal energy of a system is the sum of the kinetic and potential energies,
what does this say about the intensive internal energy of a liquid phase compared with the
intensive internal energy of the gas phase?

5. Explain the terms “energy,” “potential energy,” “kinetic energy,” and “internal energy.”

6. How i1s the internal energy of a substance related to the intermolecular pair potentials of
the molecules?

7. Are T'and P intensive properties? Name two intensive properties and two extensive
properties.

8. How many degrees of freedom exist when a pure substance coexists as a liquid and gas?
9. Can an 1deal gas condense? Can real fluids that follow the ideal gas law condense?

10. Give examples of bubble, dew, saturation, and superheated conditions. Explain what is
meant when wet steam has a quality of 25%.



Question 4

Microscopic Energy

Internal energy involves energy on the microscopic scale. For an ideal
monoatomic gas, this is just the translational kinetic energy of the linear motion
of the "hard sphere” type atoms , and the behavior of the system is well
described by kinetic theorv. However, for polyatomic gases there is rotational
and vibrational kinetic energy as well. Then in liquids and solids there is
potential energy associated with the intermolecular attractive forces. A
simplified visualization of the contributions to internal energy can be helpful in
understanding phase transitions and other phenomena which involve internal

energy.
. Internal
Systems with the same temperature ner
Y — sanczas
D Translational kinetic monoatomic
energy gas molecular Internal
Vibrational and rotational gas E
g /ee nergy
kinetic energy
. Potential energy from
intermolecular forces
liquid or
solid
‘m!.is.mmm_tws:mmmm‘l Encrgy to heat water
Go
HyperPhysics***** Thermodynamics RNave |[Back
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Internal Energy Example

What is the 1 gram of 1 gram of
same and what water at copper at
is different? 0°C 0°C
. The same temperature
implies that the
average molecular
el e e e kinetic en is
The internal KE o reieinnnns KE : the same'em
energy is < PE
not the same. Specific heat
PE 0.092 cal/gm °C or 386 J/kg"C
Why is the Specific heats are
specific heat of Specific heat | hot the same.
water more than 1 callgm °C or “—
10 times that of 4186 JKkg°C * More precisely, the translational
copper?! kinetic energies are the same. The
rotational and vibrational kinetic

energies are neglected in this
simplified illustration.

When the sample of water and copper are both heated by 1°C, the addition to
the Kinetic energy is the same, since that is what temperature measures. But to
achieve this increase for water, a much larger proportional energy must be
added to the potential energy portion of the internal energy. So the total energy
required to increase the temperature of the water is much larger, i.c., its specific
heat is much larger.
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Question 6

For a 3-D system where particles interact via pairwise potentials, the potential energy of the system can be calculated as follows:1®)
N x
PE = 747rp / reu(r)g(r)dr
0

Where N is the number of particles in the system, /2 is the number density, u(r) is the pair potential.
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Question 10

Mole fraction of component 2

—-
1.0 0.5 0.0
1l
} dew point curve boiling
\ point of
comp. 1
o
3
B
@
—
@
Q. ex ample b bbl .
qE) otherm ubble point curve
—
boiling
point of . -
comp. 2 § 3
> —
1
0.0 0.5 1.0
-

Mole fraction of component 1

Mole fraction vs. temperature diagram for a two-component system,
showing the bubble point and dew point curves.
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Section 1.8  Homework Problems 35

HOMEWORK PROBLEMS

Note: Some of the steam table homework problems invoive enthalpy, H, which is
defined for convenience using properties discussed in this chapter, H = U + PV,
The enthalpy calculations can be performed by reading the tabulated enthalpy
values from the tables in an analogous manner used for internal energy. We
expect that students will be introduced to this property in course lectures in par-
allel with the homework problems that utilize H.

1.1 In each of the following, sketch your estimates of the intermolecular potentials between the
given molecules and their mixture on the same pair of axes.

(a) Chloroform is about 20% larger than acetone and about 10% stickier, but chloroform
and acetone stick to one another much more strongly than they stick to themselves.
(b) You have probably heard that “oil and water dont mix.” What does that mean in
molecular terms? Let's assume that oil can be characterized as benzene and that ben-
zene is four times larger than water, but water is 10% stickier than benzene. If the &,
parameter is practically zero, that would represent that the benzene and water stick to

themselves more strongly than to one another. Sketch this.

1.2 For cach of the states below. calculate the number of moles of ideal gas held in a three liter
container.

(3) T=673K, P =2MPa
(b) T=500K, P =0.7 MPa
(c) T=450K, P = 1.5MPa

A 5 m’ outdoor gas storage tank warms from 10°C to 40°C on a sunny day. If the initial
pressure was (.12 MPa at 10°C, what is the pressure at 40°C, and how many moles of gas
- are in the tank? Use the ideal gas law.

An automobile tire has a pressure of 255 kPa (gauge) in the summer when the tire temper-
ature after driving is 50°C. What is the wintertime pressure of the same tire at 0°C if the
volume of the tire is considered the same and there are no leaks in the tire?

ASm’mwmmm.miﬁiﬁdwmdmmP-l
bar, T = 18°C. Using the ideal gas law, calculate the P following each of the successive
steps.

() | m’ (at standard conditions) is withdrawn isothermally.

{b) The sun warms the tank to 40°C.

(¢) 1.2 m’ (at standard conditions) is added to the tank and the final temperature is 35°C.
{d) The tank cools overnight to 18°C.

Calculate the mass density of the following gases at 298 K and 1 bar.

(a) Nitrogen

(b) Oxygen

(<) Air (use average molecular weight)
@) CO,

() Argon



36 Unit] First and Second Laws

1.7 Calculate the mass of air (in kg) that is contained in a classroom that is 12m x 7m x 3m at
293 K and 0.1 MPa.

1.8 Five grams of the specified purc solvent is placed in 2 variable volume piston. What is the
volume of the pure system when 50% and 75% have been evaporated at: (i) 30°C, (i)
50°C? Use the Antoine equation (Appendix E) to relate the saturation temperature and sat-
uration pressure. Use the ideal gas law 1o model the vapor phase. Show that the volume of
the system occupied by liquid is negligible compared to the volume occupied by vapor.

(a) Hexane (¢f = 0.66 g/em®)

(b) Benzene (o = 0.88 giem’)

(c) Ethanol (¢ = 0.79 g/em®)

(d) Water without using the steam tables (o = | glem’)
(¢) Water using the steam tables

1.9 A gasoline spill is approximately 4 liters of liquid. What volume of vapor is created at | bar
and 293 K when the liquid evaporates? The density of regular gasoline can be estimated by
mﬁngitmM(M,Wp‘zO.&Zchm’)dﬁSKmdlIm.

1.10 The gross lifting force of a balloon is given by (9, = O Wi What is the gross lifting
force (in kg) of a hot air balloon of volume 1.5E6 L, if the balloon contains gas at 100°C
and | atm? The hot gas is assumed to have an average molecular weight of 32 due to car-
bon dioxide from combustion. The surrounding air has an average molecular weight of 29
and is at 25°C and | atm.

1.11 LPG is a useful fuel in rural locations without natural gas pipelines. A leak during the fill-
ing of a tank can be extremely dangerous because the vapor is denser than air and drifts to
low elevations before dispersing, creating an explosion hazard. What volume of vapor is
created by a leak of 40L of LPG? Model the liquid before leaking as propane with p* =
0.24 g/em’. What is the mass density of pure vapor propane after depressurization to 293 K
and 1 bar? Compare with the mass density of air at the same conditions.

1.12 The gas phase reaction A — 2R is conducted in a 0.1 m’ spherical tank. The initial temper-
ature and pressure in the tank are 0.05 MPa and 400 K. After specics A is 50% reacted, the
temperature has fallen 1o 350 K. What is the pressure in the vessel?

1.13 A gas stream entering an absorber is 20 mol% CO, and 80 mol% air. The flowrate is | m*/min
at | bar and 360 K. When the gas stream exits the absorber, 98% of the incoming CO, has
been absorbed into a flowing liquid amine stream.

(a) What are the gas stream mass flowrates on the nlet and outlets in g/min?
(b) What is the volumetric flowrate on the gas outlet of the absorber if the stream is at 320 K
and 1 bar?

1.14 A permeation membrane separates an inlet air stream, £, (79 mol% N, 21 mol% O,), into
a permeate stream, M, and a reject stream, J. The inlet stream conditions are 293 K, 0.5
MPa, and 2 mol/min; the conditions for both outlet streams are 293 K and 0.1 MPa, If the
permeate stream is 50 mol% O,, and the reject stream is 13 mol% O,, what arc the volu-
metric flowrates (L/min) of the two outlet streams?
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1.7. Practice Problems
P1.1. Estimate the average speed (mph) of hydrogen molecules at 200 K and 3 bars. (ANS.

35

P1.2. Estimate the entropy (J/g-K) of steam at 27.5MPa and 425C. (ANS. 5.1847)

32)

M,
I'= —(v ) (for 3D)

P=2500MPa

0.0060
450 0.0092
500 001N
50 00127
600  0.0141
650  0.0154
00 0.0166
75 00178
800 0.0189
850 0.0200
9 0020
950 00221
1000 0.0232
1050 00242
100 002582
180 0062
1200 00N
1250 0.0281
100,091

2428.5
mi2
28873
3020.8
31500
32519
33599
34658
3570.7
36754
37802
3885.5
VLS
40983
42060
ERIER )
4446
45354
46472

25787
29506
31659
33392
3935
36317
37760
19109
438
41756
43071
44385
45702
4702.5
4354
4969.0
$103.5
S2388
$37%8.1

71°() Hm'kg) Ukikg) H(Ag) Skikg-K)

51400
56759
5.9642
6.1816
6.3637
6.5242
6.6702
6.8054
69322
70523
7.1668
1.2765
7.3820
74839
7.5825
16781
17710
18613
79493

Iyp

P=30.00MPa
7l°0 Hm'kg) Ukikg) Hikikg) SkiAg-K)

450

0.0028
0.0067
0.0087
0.0102
0.0114
0.0126
0.0137
0.0147
0.0156
0.0166
00178
0.0184
00192
0.0201
0.0210
0.021%
0.0226
0.023¢
00243

- Ass

2719
26189
28240
20745
31034
17
33343
3436
35512
36580
37646
38714
39786
4086.5
41952
43048
4153
45268
46392

2156.2
221.0
3084.7
N7
36T
3594
39
38854
40200
41549
4288 8
s
4555.8
4689.6
48238
49587
S92
5230.5
§367.6

44808
44
5.7956
6.0402

2373
64074
6.5598
6.6997
68300
69529
10695
71810
7.2880
13910
7496
15871
76807
1116
78602

rm Hm'kg) Ukikg) Hikikg) Stkikg-K)

P=35.00MPa

0.0021
450 0.0050
500 00069
550  0.0083
600  0.0095
650  0.0106
00 00115
750 0014
800 00133
850  0014)
%00 00149
950 00157
1000 00165
1050 00112
1Hoo 001
150 00187
1200 001N
1250 00201
1300

Ll

Y

= ?—’;’(vz) (for 2D) monatomic fluid.

19148
915
27553
20258
3065.6
31909
33083
34212
35315
3640.5
37489
38572
39658
0748
4144
4948
44061
45182
46312

1988 5
26710
2979
32180
33989
3560.7
36
38559
3996.3
41342
42706
4406.2
43415
4676.8
&124
40484
SO85.0
02
$360.1

42142
5.1945
$6331
5.9092
6.1228
6.3030
6.4622
6.6069
6.7409
6.8665
6.9853
10985

2069
13112
T4l
15081
76034
76950
1M1
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1.3. A 5 m’ outdoor gas storage tank warms from 10°C to 40°C on a sunny day. If the initial
pressure was 0.12 MPa at 10°C, what 1s the pressure at 40°C, and how many moles of gas
are in the tank? Use the ideal gas law.

1.4. An automobile tire has a pressure of 255 kPa (gauge) in the summer when the tire
temperature after driving is 50°C. What 1s the wintertime pressure of the same tire at 0°C if
the volume of the tire 1s considered the same and there are no leaks in the tire?

1.5. A 5 m’ gas storage tank contains methane. The initial temperature and pressure are P =
| bar, 7= 18°C. Using the ideal gas law, calculate the P following each of the successive

steps.
a. 1 m’ (at standard conditions) is withdrawn isothermally.
b. The sun warms the tank to 40°C.

¢. 1.2 n?’ (at standard conditions) is added to the tank and the final temperature is
35°C.
d. The tank cools overnight to 18°C.
1.6. Calculate the mass density of the following gases at 298 K and 1 bar.
a. Nitrogen
b. Oxygen
¢. Air (use average molecular weight)
d. CO,

e. Argon



1.8. Five grams of the specified pure solvent 1s placed in a variable volume piston. What 1s
the volume of the pure system when 50% and 75% have been evaporated at: (i) 30°C, (ii)
50°C? Use the Antoine equation (Appendix E) to relate the saturation temperature and
saturation pressure. Use the 1deal gas law to model the vapor phase. Show that the volume
of the system occupied by liquid i1s negligible compared to the volume occupied by vapor.

a. Hexane (p% = 0.66 g/cm’)
b. Benzene (p" = 0.88 g/cm’)
¢. Ethanol (p~ = 0.79 g/cm?)
d. Water without using the steam tables (p” = 1 g/cm’)

e. Water using the steam tables

1.9. A gasoline spill is approximately 4 liters of liquid. What volume of vapor is created at
| bar and 293 K when the liquid evaporates? The density of regular gasoline can be
estimated by treating it as pure isooctane (2,2,4-trimethylpentane p* = 0.692 g/cm’) at 298
K and | bar.
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E.3 ANTOINE CONSTANTS
The following constants are for the equation
" = A

wlwnP“isinmmHg.deisinCe&m.AmﬂlAmoincmmmmwin
Antoine.xls.

A B C T range (°C) Source
Acetic acid 8.02100 1936.01 248 451 18-118 =
Acetic acid 826735 280 300,97 118-227 3
Acetone 763130 1366.69 273419 57-205 =
Acetone 7.11714 1210.595 220,664 -13-55 .
Acrolein (2-propenal) 862876 2158.49 32336 25-52 ®
[Benzene 6.87957 119676 | 219.161 880 .
Benzyl chloride 7.59716 1961.47 236.511 22-180 o
Biphenyl (solid) 13.5354 499337 206.072 2040 ¢
1-Butanol 7.81028 152246 191.95 30-70 ¢
1-Butanol 7.75328 1506.07 191.593 70-120 <
2-Butanone 7.28066 1434201 246.49 —6.5-80 ®
Chloroform 695463 1170.966 226232 ~10-60 :
Ethanol 8.11220 1592 864 226,184 20-93 .
Hexane 6.91058 1189.64 22628 —30-170 .
1-Propancl 837895 178802 227438 ~15-98 s
2-Propanol 387829 201033 252636 —-26-83 s
Methanol 8.08097 15382271 230.726 15-84 .
aphthalene (solid) §.62233 2165.72 198 284 2040 ‘
rﬁm 6.87632 1075.78 233.205 ~50-58 :
3-Pentancae 7.23064 1477.021 237.517 36-102 :
Tolucne 6.95087 134231 219.187 =27-111 O
Water 8.07131 173063 233.426 1-100 s
3. Gmehling, J m7-.wz,-z.b'-n-r - FrasiSort,

DECHEMA.
b Fit to dats from Soull, DR in Pervy 5 Chewicsd Enmgincering Nandhook, Sth ed, McGraw-Hil, pp. 3-46 10 3-62.
¢ Tammenmans, )., 1950 Wc‘“dho—(“.hv-t.m.
d fl»hfmwdm-dhm”ctl(,f-td_cu‘mIOT&B.N'DIOI-D‘.'W.
e Fi o dxa of Ambrose, D., Lawerenson, 1), Sprake, CHS. 1975, J Chew. Therm 7:1173.

E.4 HENRY’'S CONSTANT WITH WATER AS SOLVENT
Selected from the compilation of Sander. KedT) = K= exp(d(In(KVa(1/T) ((1/T) - 14298.15K))

[ Compound [ K¥yfmalkg-bar) | din(Ky¥&(1T) (K) Ref®
0, 130E-03 1500 Lade and Fredrickse (1995)°
H, 7.80E-04 500 Lide and Fredrickse (1995)
NH; 61 4200 Clegg and Brimblecombe (1989)°
N, 6.10E-04 1300 Kavansugh and Trussle (1980)°




1.11. LPG 1s a useful fuel in rural locations without natural gas pipelines. A leak during the
filling of a tank can be extremely dangerous because the vapor is denser than air and drifis to
low elevations before dispersing, creating an explosion hazard. What volume of vapor is created

by a leak of 40L of LPG? Model the liquid before leaking as propane with p~ = 0.24 g/cny’.
What is the mass density of pure vapor propane after depressurization to 293 K and 1 bar?
Compare with the mass density of air at the same conditions.

1.12. The gas phase reaction A — 2R is conducted in a 0.1 m’® spherical tank. The initial
temperature and pressure in the tank are 0.05 MPa and 400 K. Afier species A is 50% reacted,
the temperature has fallen to 350 K. What is the pressure in the vessel?

1.13. A gas stream entering an absorber 1s 20 mol% CO, and 80 mol% air. The flowrate 1s 1

m*/min at 1 bar and 360 K. When the gas stream exits the absorber, 98% of the incoming CO,
has been absorbed into a flowing liquid amine stream.
a. What are the gas stream mass flowrates on the inlet and outlets in g/'min?

b. What is the volumetric flowrate on the gas outlet of the absorber 1f the stream
1s at 320 K and 1 bar?

1.14. A permeation membrane separates an inlet air stream, F, (79 mol% N,, 21 mol% O,), into

a permeate stream, M, and a reject stream, J. The inlet stream conditions are 293 K, 0.5 MPa,
and 2 mol/min; the conditions for both outlet streams are 293 K and 0.1 MPa. If the permeate
stream is 50 mol% O,, and the reject stream is 13 mol% O,, what are the volumetric flowrates

(L/min) of the two outlet streams?

1.13,
a. What size vessel holds 2 kg water at 80°C such that 70% 1s vapor? What are
the pressure and internal energy?

b. A 1.6 m’ vessel holds 2 kg water at 0.2 MPa. What are the quality,
temperature, and internal energy?



1.16. For water at each of the following states, determine the internal energy and enthalpy using
the steam tables.

1°C) P(MPa)
(a) 100 0.01
(b) 550 6.25
(c) 475 7.5
(d) 180 0.7

1.17. Determine the temperature, volume, and quality for one kg water under the following
conditions:

a. U=3000 kJ/’kg, P=0.3 MPa

b. U= 2900 ki/kg, P = 1.7 MPa
¢. U=2500 ki/kg, P=0.3 MPa
d. U=1350 ki/kg, P = 0.03 MPa

1.18. Two kg of water exist initially as a vapor and liquid at 90°C in a rigid container of volume
242 m’.

a. At what pressure 1s the system?

b. What is the quality of the system?

¢. The temperature of the container is raised to 100°C. What is the quality of the
system, and what is the pressure? What are A/ and AU at this point relative to
the initial state?

d. As the temperature 1s increased, at what temperature and pressure does the
container contain only saturated vapor? What is A and AU at this point relative
to the imtial state?

e. Make a qualitative sketch of parts (a) through (d) on a P-V diagram, showing
the phase envelope.
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1.19. Three kg of saturated liquid water are to be evaporated at 60°C.
a. At what pressure will this occur at equilibrium?
b. What is the initial volume?

¢. What 1s the system volume when 2 kg have been evaporated? At this point,
what 1s AU relative to the initial state?

d. What are AH and AU relative to the initial state for the process when all three
kg have been evaporated?

e. Make a qualitative sketch of parts (b) through (d) ona P-V diagram, showing
the phase envelope.

53



e \

[t . % .

10 : i 0\ Femperature (°C)
il “ —— 100 |
L \ \ ;
1 \ ‘ |

= | . : Critical Point et AL
g 30 -} 1 Sllpcrcri\ti.cal/ ______ s |
2 L b oA |
= b P \ A — - —==400 :
2 | e e e |
S 20 - N - |
o o Liquid / N S Vapor — - -— 3500 |
1) Ny |
B N> —s— Sat’d Vapor
i ' \ ---------------- Sy \:§~ ‘
I/ 'Sat’d Liquid el N |
l) N :“$} ol ‘
0 e e e e e .-""\-K\“h‘_m‘ AT —j
| 15 2 2.5 3 35 4 45 5

log, [V (cmy/mol))

Figure 1.4 P-V-T behavior of water at the same temperatures used in Fig. 1.3. The plot
is prepared from the steam tables in Appendix E,
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1.15 (2) What size vessel holds 2 kg water at 80°C such that 70% is vapor? What are the pres-
sure and internal energy?
(b) A 1.6 m" vessel holds 2 kg water at 0.2 MPa. What are the quality, temperature, and
internal energy?

1.16 For water at each of the following states, determine the internal energy and enthalpy using
the steam tables,

o AMP2)
(a) 100 0.01
(b) 550 6.25
() 475 7.5
(d) 180 0.7

1.17 Determine the temperature, volume, and guality for one kg water under the following con-
ditions:

(2) U = 3000 klkg, P = 0.3 MPa
(b) U'=2900 ki’kg, P = 1.7 MPa
(¢) U= 2500 kikg, P = 0.3 MPa
(d) U= 350 klkg, P = 0.03 MPa

1.18 Two kg of water exist initially as 2 vapor and liquid at 90°C in a ngid container of volume
242 m’.

(a) At what pressure is the system?

(b) What is the quality of the system?

(¢) The temperature of the container is raised to 100°C. What is the quality of the system,
and what is the pressure? What are AHf and AL at this point relative to the initial state?

(d) As the temperature is increased. at what temperature and pressure does the container con-
tain only saturated vapor? What is AJf and AL at this point relative to the initial state?

(¢) Make a qualitative sketch of parts (2) through (d) on a P-V diagram, showing the phase
envelope. -

1.19 Three kg of saturated liquid water are to be evaporated at 60°C.

(a) At what pressure will this occur at equilibrium?

(b) What is the imitial volume?

(¢) What is the system volume when 2 kg have been evaporated? At this point, what is AL
relative to the initial state?

(d) What are Al and AL relative to the mitial state for the process when all three kg have
been evaporated?

(¢) Make a qualitative sketch of parts (b) through (d) on a P-¥ diagram, showing the phase
envelope.
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