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| Bllan,lel' 1_ | :
Introduction

1.1 The Scope of Chemical Engineering Thermodynamics

The phenomenon of heating is one of the earliest natural phenomena recognized and
used by human being. In ancient time, our ancestors happened to find that burned foods
taste better, and they managed to keep and use fire in every day life as shown in
Fig. 1.1, and even to make fire by scrubbing two pieces of wood as shown in
Fig. 1. 2. Making fire may be considered as the earliest human activity of energy transfor-
mation from work to heat. The invention of steam engine which could be equipped to a
cart to make it auto-running stimulated the industrial civilization in the 19" century and
eventually developed the modern high speed train, shown in Fig. 1. 3 and Fig. 1. 4. The
science of thermodynamics was born and grown from the study of heat phenomenon and
its applications in life activities. The 1* and 2™ laws of thermodynamics were developed,
which described the conservation of energy and the efficiency of heat engine. These laws and
relevant theories set up the fundamentals of thermodynamics. The application of the principles
and laws of thermodynamics in chemical industry and chemical engineering gave the birth of the
major branch of chemical engineering, say the chemical engineering thermodynamics with
which chemical engineering science developed and huge modern chemical works were designed
and constructed as shown in Fig. 1. 5. Nowadays, the science of chemical engineering thermody-
namics has been developed as one of the most strict and systematic subjects.

Fig. 1.1 The human practice of using Fig. 1.2 The making of fire by scrubbing
fire in the ancient time two pieces of wood

Chapter 1 Introduction 1



Fig. 1.3 The steam engine Fig. 1.4 A modern high Fig. 1.5 A modern
equipped cart in 19" century speed train chemical works

Chemical engineers cope with a variety of problems in the design, the construction and the
operation of chemical processes. Among them are the calculations of heat and work requirement
and the determination of equilibrium conditions for phases and chemical reactions. A qualified
practical chemical engineer must get a sound knowledge of thermodynamics.

Chemical engineering thermodynamics considers the requirement of the transfer of
heat and energy for chemical processing, phase equilibrium for the separation of mixtures
and chemical equilibrium for the conversion of raw materials to products. Fluid proper-
ties are essential to the practical application of thermodynamics. Thermodynamic analy-
sis is a powerful tool for the optimization of a chemical plant. The above topics and the
relative considerations will be the main contents of the textbook.

Thermodynamics is often characterized as a difficult subject. Abstractive concepts,
strict mathematical deductions and complex systems make the subject quite hard to learn.
Indeed, if one’s approach is to memorize every equation developed in the course, the
subject will be very difficult. Learners are encouraged to try to understand the concepts
and develop the ability to apply the basic principles in a systematic way. Then they will
find the subject is intuitive and fun.

1.2 System and Surroundings

In chemical engineering thermodynamics, the materials or a region under study is
called the system, and all of the rest are its surroundings. System and surroundings are
related with respect of mass and energy transfer with which systems can be classified into
isolated, closed and open systems.

Isolated system: A system is referred as an isolated system when there is neither material
nor energy transferred across the boundary between the system and its surroundings.

Closed system: A system is referred as a closed system when there is only energy trans-
ferred across the boundary between the system and its surroundings, but without any material
or mass transfer,

Open system: A system is referred as an open system when there are both material
and energy transferred across the boundary between the system and its surroundings.

1.3 The Chemical State and Fluid Properties

The chemical state is used to describe the macroscopic over view of fluids. Matter appears

2 Chemical Engineering Thermodynamics



in three states, say the solid state, liquid state and gas state, or three phases. A mixture may
be in a homogeneous phase or in a heterogeneous phase. The state of a substance or mixture of
substance can be determined by the values of the following properties:

(D Mass;

@ Composition (mole or mass fraction for each chemical species) ;

@ Phase (solid, liquid, gas);

@ Form (crystalline modification — applied only to solid) ;

& Temperature;

® Pressure.

Once the state of a substance is fixed by giving values of these properties, all the other
properties including volume, internal energy, enthalpy, entropy, Helmholtz energy, Gibbs
energy, density and heat capacity get definite values. The state of a substance is independent of
its position in a gravitational field and its velocity in most of chemical processing where the
changes in potential energy and kinetic energy are negligible.

The equilibrium state plays a central rule in chemical engineering thermodynamics.
The general characteristic of the equilibrium state are;

@ 1t does not vary with time; ,

@ The system is uniform (there are no internal temperature, pressure, velocity,
or concentration gradients), or is composed of uniform subsystems;

@ All the flows of heat, mass or work between the system and its surroundings are
Zero;

@ The net rate of each chemical reaction is zero.

The state of a fluid can be described by some of the parameters such as temperature,
pressure, volume, internal energy, enthalpy, entropy, Helmholtz energy and Gibbs
energy, which are generally named as properties of the system. Properties can be classi-
fied into two types, the measurable properties such as temperature, pressure and vol-
ume and the properties which can not be measured directly such as the others. With an-
other consideration, properties can be intensive which are unrelated with the mass of the
system or extensive which are proportional to the mass of the system. Temperature T,
pressure p and density p are intensive; and volume V', internal energy U, enthalpy H,
entropy S, Helmholtz energy A , and Gibbs energy G of a system are extensive. Any
extensive property divided by the amount of the material (moles or mass) gives an inten-
sive property. Then V., U,, H,, S., A, and G, are intensive properties.

1.4 The First Law of Thermodynamics

The first law of thermodynamics is about energy conversion and conservation.

Energy is the ability of a body for doing work. A moving body possesses kinetic en-
ergy, a high raised body possesses potential energy and a fluid possesses internal energy
related to a reference state.

When a body of mass m, acted upon by a force F, is displaced a distance d/ during
a differential interval of time d¢, the work done is given by:

dW=madl=m %dlzmvdv
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This equation may be integrated for a finite change in velocity from v, to v, :

% 2 2 ?
W = mL vdy = %mv; — %mv} — A(%)

S

The amount of work done by a moving body equals the change in (mz ) term of the

body which was named as kinetic energy by Lord Kelvin in 1856

1
Ex=—m’

2

If a body of mass m is raised from an initial elevation 2, to a final elevation z;, an
upward force at least equal to the weight of the body must be exerted on it, and this
force must move through the distance 2, —=z,. Because the weight of the body is the force
of gravity on it, the minimum force required is given by Newton's law:

F=ma=mg
where g is the local acceleration of gravity. The minimum work required to raise the
body is the product of this force and the change in elevation:
W=F(z;—z)=mg(z,—z)=A0mgz)

Then the work done on a body in raising it is equal to the change in the quantity of
mzg. Conversely, if a body is lowered against a resisting force equal to its weight, the
work done by the body is equal to the change in the quantity of mzg. The quantity of
mzg is defined as potential energy.

Kinetic energy and potential energy are called mechanical energy, and generally re-
ferred as external energy. Both show that the work done is equal to the change in a quan-
tity describing the condition of the body in relation to its surroundings. In each case, for
a rigid body, if the body falls from a high elevation to a lower one freely, its potential
energy decreases, but at the same time, its kinetic energy increases with respect to the
velocity change acquired. The total amount of mechanical energy conserves:

AEK = AEP =0

Another kind of energy of fluid mostly considered is the internal energy relating with
the microscopic energy of ceaseless motion of the system molecules, which can be depic-
ted with Joule’s experiments (1840—1878). In Joule’s experiments, a known amount of
water was placed in an insulated container and agitated with a rotating stirrer. It was
found that a fixed amount of work was required per unit mass of water for every degree of
temperature rise caused by the stirring, and that the original temperature of the water
could be restored by the transfer of heat through simple contact with a cooler object.
Thus Joule demonstrated that a quantitative relationship exists between work and heat
and, therefore, that heat is a form of energy. Energy added to the water as work is lat-
er transferred from the fluid as heat. Where is this energy between its addition to and
transfer from the water? A rational concept is that it is contained within the water in an-
other form, called internal energy to distinguish it from the external energy owing to the
macroscopic velocity and position.

Energy is the ability for doing work, which is commonly regarded as residing in a
body. As discussed above, there are two kinds of energy, the one that can store in the
system and are functions of state such as the kinetic energy, potential energy and inter-
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nal energy, and the other is the energy in transit, never stored in a body or a system,
and is function of process such as work and heat. The generality of the principle of con-
servation of energy in mechanics expended if we look upon work and heat themselves as
other forms of energy. This is clearly permissible, because energy change is equal to the
work done and heat added in producing them. This lead to the statement of the first law
of thermodynamics:

Though energy assumes many forms, the total amount of energy is constant. Ener-
gy can be neither created nor destroyed. It can be converted from one form to other
forms. When energy disappears in one form, it appears simultaneously in other forms.

The description was at first just a postulate, but all the observations of ordinary process
support it. Hence, it has achieved the stature of the first law of thermodynamics.

1.4.1 The first law of thermodynamics for controlled mass system

Isolated or closed systems are usually referred as the controlled mass system where
there is no mass transfer between the systems and the surroundings. The first law of
thermodynamics for a controlled mass system can be expressed by the following equation:

AE=Q+W (1. D

where Q is the heat transferred from the surroundings to the system, W is the work done
by the surroundings on the system and F is the total energy of the system including po-
tential energy, kinetic energy, internal energy, surface energy, electrical energy, and
magnetic energy etc. In chemical process, the change in surface energy, electrical ener-
gy, and magnetic energy of fluid can be ignored. Then, the first law of thermodynamics
applied to controlled mass system can be written as:

AU+ AEx+AE,=Q+W (1. 2)

where AU, AFEx and AEp are the changes in internal energy, kinetic energy and potential
energy respectively.

For stationary control mass, there is no change in potential energy or kinetic ener-
gy. The above equation becomes

AU=Q+W €3

Eq. (1. 3) applies to processes involving finite changes in the internal energy of the sys-
tem. For differential changes:

dU=dQ+dW (1. 9

1.4.2 The first law of thermodynamics for controlled volume system

The applications of Eq. (1. 3) or Eq. (1. 4) are for controlled mass system in which
changes in potential energy and kinetic energy are negligible. But far more frequently we
find continuous processes in chemical industries, through which feeds flow into and the
products flow out of the system continuously. The process is catalogued as open system
or controlled volume system. A typical controlled volume flow system can be schemati-
cally shown in Fig. 1. 6. The feed is pumped into the reactor from the outside of the con-
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trol volume. The product is withdrawn from the control volume. There are four interac-
tions between the control volume and the surroundings: the shaft work done by the
pump, the heat added to the reactor, reactant entering, and product leaving. Now sup-
pose that reactants and products enter and leave the control volume as fluid in pipes with
cross-sectional area of A; and A,, respectively, as shown in Fig. 1. 7. For a continuous
process operated at steady state, at time 0, we select all the materials inside the control
volume plus 1kg of feed as the control mass, which is shown in Fig. 1. 7(a). If the spe-
cific volume of the feed is V;, then the distance /, is equal to

L :%1 (1.5)
At time ¢, the feed has entered the control volume, and the equal mass of product of
specific V, has been pushed out of the control volume a distance

Zz:A—; (1. 6)

The control volume

boundary

Reactor
Reactants

Products

Fig. 1.6 Energy balance for a control volume

Cross sectional area 4, Cross sectional area A4,

kg of feed

(a) Control mass (shaded) at time 0

kg of product

(b) Control mass (shaded) at time 7

Fig. 1.7 Mass and energy flow across the control volume boundary
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The control mass occupies a new location as shown in Fig. 1. 7(b) . Let wy be the shaft work
done by the surroundings to the system per unit mass of reactant, and g be the heat entering
the control volume per unit mass of reactant. Besides wy, there is work associated with push-
ing the reactant into the control volume (w;) and the work associated with the product leaving
the control volume (w,). For the control mass, from Eq. (1.2),

AutACk. e. ) +A(p. e ) =gtwstw, +w, (1.7
All the quantities in Eq. (1. 7) are written in lowercase as the reminder that they refer to
unit mass of material passing through the control volume. And :

k. e. 2%‘027 p.e. =gz, wi=p, AL =p, Vi, w,=—p,Acl,=—p,V>

Substitute the above expressions into Eq. (1. 7), resulting in:

Au-l-%sz—FgAz:q—*—ws—Fp,V] —p, V> (1. 8)
where Au=u, —u, is the internal energy change of unit mass
Cty Vo) — Gy, Vi) 5 AP +g Az =g+ (1.9)

The group of (u+pV) is named as enthalpy and pV is generally referred to as the flow
work. Therefore,Eq. (1. 9) can be written simply as

Ah +%Av2 +gAz=q+w,

(control volume, steady state, unit mass of material) (1.10)
where Ah=h; — h; = hpoguee — Pecacane- 1 the process involves multi-streams of mass, heat
and shaft work,Eq. (1. 10) can be rewritten in terms of flow rate:

ZF,(h,—i—%v,z—FgZ,)—i—z Q,“_z Ws,- =0

(control volume, steady state) (1.1
For unsteady state, the accumulation of energy in the control volume should be consid-
ered:

Cii—lj: = Z Fi(h, +% A -l—gz{)—{— Z Q.+ Z W, (control volume) (1.12)

where F,, Q, and Wy, are the mass flow rate of stream 7, the heat transfer rate of the
heat transfer facility and the shaft work rate added to the control volume for the i™ work
transportation, respectively. For any one of the 3 terms, when it flows into the control
*—" while flows out of the control volume; A;, v; and z;
are the specific enthalpy. flow velocity and horizontal height of stream i. Eq. (1.12) is

the general form of the 1% law of thermodynamics for a control volume system. For most

volume, it is signed “+” or

chemical processes, the changes in kinetic energy and potential energy are much smaller
than that of enthalpy or internal energy changes. So Eq. (1.12) can be reduced to:

E_ SFh+ 3+ W (1.13)
And for steady continuous flow,
ZFi]1;+ZQi+ZWSi=O (1.14)

Eq. (1.13) and Eq. (1. 14) can be used either on mass basis or on mole basis. If F; is
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mass flow rate, the h; must be specific enthalpy of stream i; and if F; is mole flow rate,
the h; must be mole enthalpy of stream i. In accordance with the later discussions, H,;
is preferred instead of A;, then gives:

DIFHw+2,Qi+ 2 Ws =0 (1.15)

[ = Example 1_ 1 .................................................................... et L LTSSt

An insulated and electrically heated tank (Fig.1.8) containing 190 kg of liquid
water at 60°C is serving with hot water when a power outage occurs. If water is fed and
withdrawn from the tank at a steady rate of Fy, =F,=0. 2kg+s ', how long will it take
for the temperature of the water in the tank to drop from 60°C to 35°C? Assume cold

water enters the tank at 10°C, and negligible heat losses from the tank. For liquid water
Cy=C,=C, independent of T and p.

/_\ 5
0.2kg-s 60°C
/, A\ ‘\
190kg FaAN
Well insulated PR
Power outage!
0.2kgs™ 10C T 60°C t0 35°C
=2
S e

Fig. 1.8 An insulated, electrically heated hot water facility
Solution :

Here, after the power outage, Q=Ws=0. Additionally, assume perfect mixing of
the contents of the tank: this implies that the properties of the water leaving the tank are
the same of those of the water in the tank. With the mass flowrate into the tank equal to
the mass flowrate out, m is constant; moreover, the differences between inlet and out-
let kinetic and potential energies can be neglected. Eq. (1.13) is therefore written as:

dE
m E:Flhlv—FZhZ
With C,=C,=C,
dE dT
E:Ca and }Lzﬁhrl:‘C(Tz_Tl )
The energy balance then becomes, on rearrangement,
__ 190, _dT;
dt— O. 2 >< Tz T Tl
Integration from t=0 (where T=T,) to arbitrary time ¢ yield:
_ 190 T, T,
o 2><1n<T0—T1 )

Substitution of numerical values into this equation gives, for the conditions of this problem,
190 ( 35—10

= 0.2 !"60—10
Thus, it takes about 11 minutes for the water temperature in the tank to drop from 60°C

to 35°C.

)=658. 5s=11min
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