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Chapter 7 — Energy and Energy Balances

The concept of energy conservation as expressed by an energy balance equation is
central to chemical engineering calculations. Similar to mass balances studied
previously, a balance on energy is crucial to solving many problems.

System

A “system” is an object or a collection of objects that an analysis is done on. The
system has a definite boundary, called the system boundary, that is chosen and
specified at the BEGINNING of the analysis. Once a system is defined, through
the choice of a system boundary, everything external to it is called the
surroundings. All energy and material that are transferred out of the system enter
the surroundings, and vice versa. In the general case there are very few restrictions
on what a system is; a system can have a nonzero velocity, a nonzero acceleration,
and a system can even change in size with time.

An isolated system is a system that does not exchange heat, work, or material with
the surroundings.

If heat and work are exchanged across a system’s boundary, but material is not, it
is a closed system.

An open system can exchange heat, work, and material with the surroundings.

Examples. Discuss each situation below as approximating an isolated, a closed, or
an open system.

(1) A river.
(i1) The interior of a closed can of soda.
(111) The interior of a closed refrigerator that is turned on.

(iv) The interior of a closed refrigerator that is turned off.
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State of a System

Once a system is defined, a certain number of variables will specify its state fully.
For example, one may need to provide the temperature, pressure, composition,
total amount of material, velocity, and position in order to specify a system’s
“state.” The exact information that is needed to specify the state of a system
depends on the type of system and the analysis to be performed.

State Functions and State Properties

The state of a system can be changed, for example by increasing its temperature or
changing its composition. Properties of the system whose change depends only on
the initial (before) and final states of the system, but not on the manner used to
realize the change from the initial to the final state, are referred to as state
properties or state functions. In other words, the change in a state function or
state property X, between some final (state 2) and initial (state 1) situations, can be
expressed as

AX = X = X = Xaer = X et (D)
O final T iniial

change in X

In equation 1, Xp,, only depends on the final state of the system, and Xj,;;,; only on
the initial state of the system. Equation 1 does not require any information
whatsoever as to how the system got from the initial to the final state, since X does
not depend on the details of the path followed.

Example. Which of the below examples represent changes in state functions?

(1)  Work done to climb from the bottom (state 1) to the top (state 2) of a
mountain.

(1)) Change in gravitational energy of an object when it is raised from the
bottom (state 1) to the top (state 2) of a mountain.

(iii)) Change in density of water in a pot when it is heated from 20 °C (state 1)
to 50 °C (state 2).

(iv) Amount of heat liberated from burning gas in a stove in order to realize a
temperature change of the water in a pot from 20 °C (state 1) to 50 °C
(state 2). (This requires some thought ...)
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Forms of Energy: The First Law of Thermodynamics
Energy is often categorized as:

A. Kinetic Energy
B. Potential Energy
C. Internal Energy

Kinetic Energy

A system’s kinetic energy is associated with directed motion (e.g.
translation, rotation) of the system. Translation refers to straight line motion. The
kinetic energy E; of a moving object of mass m and travelling with speed u is given

by,

E, =%mu2 (2)

Note that u is measured relative to a frame of reference that defines what is
“stationary”. Ey has units of energy, m of mass, and u of length/time.

How could the kinetic energy of a system change?

Is kinetic energy a state function?

Potential Energy

Potential energy of a system is due to the position of the system in a
potential field. There are various forms of potential energy, but only gravitational
potential energy will be considered in this course. The gravitational potential
energy of an object of mass m at an elevation z in a gravitational field, relative to
its gravitational potential energy at a reference elevation z,, is given by

E, :mg(z—z0)=mgz—mgz0 (3)
The quantity g is the gravitational acceleration that defines the strength of the
gravitational field. Often, the earth’s surface is used as the reference and assigned
Zo0 = 0, in which case mgz represents the gravitational potential energy of the object
relative to its potential energy if it rested on the earth’s surface. E, has units of

energy, m of mass, g of length/time’, and z of length.
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How could the gravitational potential energy of a system change?

Is gravitational potential energy a state function?

Internal Energy

All the energy associated with a system that does not fall under the above
definitions of kinetic or potential energy is internal energy. More specifically,
internal energy is the energy due to all molecular, atomic, and subatomic motions
and interactions. Usually, the complexity of these various contributions means that
no simple analytical expression is available from which internal energy can be
readily calculated. The internal energy will be represented by the symbol U.

What types of events would bring about a change in a system’s internal energy?

Is internal energy a state function?

Enthalpy
The enthalpy H of a system is defined by

H=U+PV 4)

where P is the pressure and V is volume. Let’s think about the PV term. We know
that PA, where A is the area subjected to a pressure P, is the force acting on that
area. If a fluid inside a system is displaced through a distance d by the force PA,
then the resultant work W done on the system can be calculated as the product of
this force times the displacement. In other words, W = PAd. Now note that Ad =V,
the volume swept out by the displacement. Thus, an alternate way to write the
displacement work is W = PV. This type of work, where pressure results in the
displacement of a fluid, will be referred to as flow work. If an amount of fluid of
volume V is inserted into a system against a pressure P, the work required to
accomplish this is PV. Enthalpy, therefore, can be viewed as the sum of the internal
energy of this fluid volume added to the system plus the flow work performed on
the system in order to insert the fluid. Enthalpy has units of energy (e.g. J, cal,
BTU).



CBE2124, Levicky

1)
A.
—— X? system boundary
//// I\'w
\
|
| i
d \ \ /Lf—__/“;* - "
\_| \ >\ Volume of fluid swept
- ~ through the area A of the system
boundary

What types of events would bring about a change in a system’s enthalpy?

Is enthalpy a state function?

Specific Properties

The total internal energy, enthalpy, kinetic energy, and potential energy of a
system are extensive properties. An extensive property depends on the total
number of molecules present in the system and on the system’s total size. Often, it
1s more convenient to refer to the amount of a property per mass of the system. For
example, if the system is a fluid phase, one may want to express the amount of
internal energy or enthalpy contained in a unit mass of the fluid. If one refers to an
amount of a property per mass, one is speaking about a specific property. Specific
properties are intensive. Thus, specific volume is volume per mass, specific
internal energy is internal energy per mass, and specific enthalpy is enthalpy per
mass. Specific properties will be identified by a “A” symbol above them; thus, V =
specific volume (units: volume/mass; e.g. m'/kg, ft’/lb,), U= specific internal
energy (units: energy/mass; e.g. J/kg, BTU/Ib,), H = U+ PV = specific enthalpy
(units: energy/mass; e.g. J/kg, cal/g), etc.

Given a mass m of a uniform system with a specific property X , the corresponding
extensive amount of X in the system is found using X = m X . How would you use
this expression to calculate the extensive volume of a system? The extensive
enthalpy of a system?

Reference States
The specific internal energy and specific enthalpy of a material are always defined
relative to a reference state. The reference state can be chosen to refer to any set
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of conditions, although often it is chosen to be 0 °C and 1 atm. Then, one speaks of
U or Hof a material relative to the value of U or H of that material in the
reference state.

What is the value of U or H for the material in its reference state?

Now imagine that a system passes from state 1 to state 2. In general, U or H will
change when the state of the system changes, with the difference being

Aﬁ=02-01andAI:I =I‘}2-I:11

Does the choice of a reference state affect the value of AU or AH ?

Note that, in calculations, we will only be interested in how much the internal
energy or enthalpy changed. That is, we will only need to calculate AU and AH ,
but not the absolute values of internal energy or enthalpy.

Heat

When there is a difference in temperature between two points, heat is transferred
(flows) from high temperature to the low temperature. By convention the
numerical value of heat transferred is positive when it is transferred into the
system, thereby increasing the energy contained in the system. That is, if Q is the
heat transferred from the surroundings to the system, then Q > 0 means that net
heat is transferred to the system so as to increase the energy of the system. If Q <
0, then net heat is transferred from the system to the surroundings, and the system
has lost energy. Note that Q has units of energy (e.g. J, BTU, cal).

Is the heat transferred in going from state 1 to state 2 a state function?
What does “transfer of heat” mean, physically? That is, what are the molecular

level processes that give rise to heat transfer?

Work
When a force is applied to a system and causes a displacement, then work has been
done on that system. By convention the numerical value of work W is positive
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when net work is performed by the system on the surroundings. Thus, W > 0
means that the system has performed work on the surroundings such that the
energy remaining in the system has decreased. If W < 0, then surroundings have
performed net work on the system so as to increase the system’s energy. Work has
units of energy (e.g. J, cal, BTU).

Is work a state function?

Provide two examples of a system undergoing work interactions with its
surroundings.

Rates vs Amounts

Chemical processes use process streams to transport material from one point to
another. Consider a stream with a mass flowrate i (note that we could
equivalently have used molar units). The material in the stream carries its kinetic,
potential, and internal energy with it. Therefore, the mass transport is perforce
accompanied by energy transport. The rates of energy transport (units:
energy/time, e.g. J/s, BTU/h) that accompany the material flow in a process stream
can be calculated as follows:

E, =—mu’ E, =gz U =mU (5)

Heat transport and work can be also expressed as rates, with symbols Q and W,
respectively. The units of 0 and W are energy/time. Note that units of energy/time
are equivalently called units of power.

Example 7.2-1.

Water flows into a process unit through a 2 cm diameter pipe at a volumetric
flowrate of 2.00 m’/h.

(i) Calculate the rate E, at which the water stream brings kinetic energy into the

unit, in J/s.
(i1) What is the reference “‘state” used for kinetic energy?
(i11) If the pipe is at an elevation z = 100 m (relative to the reference elevation z),

what is the rate at which the stream brings potential energy into the process unit, in
J/s?
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The General Energy Balance

“Black Box” Analysis: This method of analysis, in the context of process
modeling, does not concern itself with how individual process units work. The
input and output streams are instead analyzed by applying constraints imposed by
nature, namely conservation of mass and conservation of energy. The inner
workings of the physical apparatus are not relevant. This course treats process units
as black boxes. Future courses will go into detail of how different process units
work.

The First Law of Thermodynamics is a statement of energy conservation.
Although energy cannot be created or destroyed, it can be converted from one form
to another (for example, internal energy stored in molecular bonds can be
converted into kinetic energy; potential energy can be converted to kinetic or to
internal energy, etc.). Energy can also be transferred from one point to another, or
from one body to a second body. Energy transfer can occur by flow of heat, by
transport of mass (transport of mass is otherwise known as convection), or by
performance of work. We’ll see examples of these modes of energy transport
below. The general energy balance for a process can be expressed in words as:

Accumulation of Energy in System =
Input of Energy into System — Output of Energy from System (6)

Now the total energy of a system, as considered above, is composed of kinetic,
potential, and internal energies. These energies can be transferred into or out of the
system by flow of mass through process streams that bring the various forms of
energy with them. In addition, they can be transferred by performance of work, or
by flow of heat. Equation 6, after expressing all terms as rates, thus becomes:

Rate of Energy Accumulation in System =

N U’ ~oul L
2 mj(Uj-l_?j-l_ng - 2w Uf"'?j"'gzj +0-W (7)

input streams output streams

In the first term on the right of equation 7, j runs over all incoming streams, and in
the second it runs over all outgoing streams. Note that all terms in equation 7 have
units of energy/time. Also, recall the conventions with regard to the sign of the
heat and work terms.
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What is the physical meaning of each of the terms in equation 77?7

Equation 7 can be rewritten in various ways. Let us consider a stationary system
(i.e. the system is not experiencing an overall movement in the frame of reference,
although its boundary may be deformable). Such a system will in general
experience two types of contact work interactions with the surroundings. The first
type of work is called shaft work (symbol: W) and arises when a part of the
boundary of the system is displaced. Shaft work takes place at moving parts of a
system’s boundary across which there is no mass transport. The force is often
exerted by some form of machinery. For example, the surface of a rotating impeller
exerts force on the fluid (the fluid being the system) as it stirs the fluid, and hence
performs shaft work on the “system.” Another example is that of a moving wall,
such as a piston. The moving piston exerts force and thus performs shaft work on
the contained fluid (the fluid again being the system).

A second classification of work that we will encounter is flow work. Flow work
occurs at areas of a system’s boundary across which there is material flowing. The
flow work is associated with the force and displacement required to push the
material into the system (input streams), or with the force and displacement
required to push material out of the system (output streams). A fluid cannot flow
unless it creates space for itself when it enters or exits a system. The forces that do
the necessary pushing are exerted by particles of the flowing material inside the
system on the particles of the material outside the system, and are evaluated at the
stream inlets and outlets where the transfer of material into/out of the system takes
place. These forces, expressed per area, are the pressure P in the stream.

The flow work Wy;, performed by the system on stream j in order to transfer
a volume of material V; into or out of the system, is straightforwardly calculated
from the pressure P; in the stream

Wﬂ’j = PJVJ (8)

10
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Equation 8 assumed that the pressure P; is constant for all points at the stream inlet
or outlet. Equation 8 can be expressed as a rate of flow work, using the volumetric
flowrate V,,

W, =-PV, 9)

. VA

Wﬂ 2

minus sign reflects the convention of positive work when the system performs
work on the surroundings). Writing the total rate of work W =W, +W,, and using

is the rate at which flow work is performed by the system on stream j (the

equation 9 for the flow work associated with each incoming and outgoing stream,
equation 7 can be rewritten as

rate of energy accumulation in system =

. AU . AU .
> mj(Uj+PjVj+7"+gzj - > Uj+PjVj+7]+gzj +0-W, (10)

input streams output streams

Equation 10 made use of the fact V, =,V,.

Inserting the definition of specific enthalpy for stream j, A, = U, + P;V,, equation

10 becomes,

rate of energy accumulation in system =

2 2
> m‘{ﬁj+”—2"+gzj]— > rifl‘i[l:lj+u—2j+gzj]+Q'—Ws (11)

input streams output streams

The rate of accumulation term can be broken down into rates of accumulation of
kinetic, potential, and internal energies:

dE, dE, dU s U (A u L
+ +—= m| H, +—-+gz, |— m|H, +—L+gz. |[+0-W.
dt dt dt inpmsztreams J{ J 9 8% z J J > 82 Q s

output streams

(12)

where Ey, Ep, and U are the total kinetic, potential, and internal energies of the
system. Note that the time derivative dE,/dt is the rate of change of the total kinetic
energy of the system with time; by definition, this is the rate of accumulation of the

11
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total kinetic energy. Analogous comments apply to the other two accumulation
terms, dEp/dt and dU/dz.

Integration of equation 12 with respect to time, from an initial to a later (final) time
yields,

(Exs — Exi) + (Eps — Epi) + (U — Uj) =

o L
z m; H<i+7j+gzj - z m; Hj+7]+gzj +Q_Ws

input streams output streams

or,

input streams output streams

2 2
AE +AEp+AU= % mj{ﬁj +u_2j+gzj]_ 2 mj{ﬁj +u_2j+gzj]+Q—Ws
(13)
where AE, = (Exs — Eyi), AEp = (Ep; — Epi), and AU = (U — U;). m; is the amount of

mass transferred into the system by stream j in the period between the initial and
final times. The specific enthalpy H ;» mass flowrate i, flowrate velocity u;, and

elevation z; of each stream are assumed to have remained constant during the
period from the initial to the final time. Finally, Q is the total amount of heat added
to the system, and W; is the total shaft work performed by the system on the
surroundings, between the initial and final times.

Equations 10 through 13 serve as different forms of the general energy balance for
this course.

Examples.
How does equation 13 simplify for an isolated system?

What does equation 13 look like if applied to a closed system at steady state?

How does equation 12 simplify for a closed system at steady state?

12
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How does equation 12 simplify for an open system at steady state?

Comments.

For systems with no significant heat exchange with surroundings Q = 0. Such a
system is said to be adiabatic. The absence of any heat transfer can be due to
perfect thermal insulation or the fact that the system and surroundings are at the
same temperature.

If the system is not accelerating, then AEy = 0. If the system is not experiencing a
displacement in the direction of the gravitational field, then AEp = 0.

If there is no motion along the system boundary, then W, = 0. But note that a
nonzero W is possible even if there is no motion perpendicular to the system’s
boundary, since the motion performing the shaft work could still be tangential to
the boundary.

Steam Tables

The steam tables are a tabulation of the thermodynamic parameters for water in
liquid and vapor phases. Information is provided for saturated liquid, saturated
steam (i.e. saturated water vapor), and for superheated steam (i.e. superheated
water vapor). Saturated liquid and saturated steam can coexist in a vapor liquid
equilibrium. Superheated steam would have to be cooled to its dew point to
become saturated. The steam tables provide the following parameters:

(1) vapor pressure of saturated water as a function of temperature (equivalently, the
boiling point of liquid water as a function of pressure)

(ii) the specific volume V of liquid water and of steam

(ii1) the specific internal energies of liquid water and of steam relative to a
reference state of liquid water at the triple point

(iv) the specific enthalpy of liquid water and of steam relative to a reference state
of liquid water at the triple point

(v) the heat of vaporization of water, given by the difference between the
enthalpies of the saturated steam and of the saturated liquid

There are three steam tables in appendices B.5 through B.7. Tables B.5 and B.6

provide data for saturated steam and saturated liquid. These tables apply to vapor-
liquid coexistence. All of the above intensive properties are presented for both the

13



CBE2124, Levicky

liquid and the vapor phases. Appendix B.7 gives, in addition, the properties for
superheated steam. For any of the tables you may need to use linear interpolation
between the tabulated conditions to estimate the property of interest.

Solving Material and Energy Balance Problems

The following steps are helpful in solving problems that combine material and
energy balance calculations.

). Since material balances have to be obeyed even if an energy balance is to be
performed, the first thing to do is to solve the material balance part of the problem
(i.e. choose a basis, make a flowchart, identify your unknows, perform a degrees of
freedom analysis, write equations, solve).

2). If an energy balance calculation is required in addition, there will be an extra
unknown in the problem. This unknown may be a temperature, amount of heat
added, or some other variable that appears in the energy balance. The extra
equation you’ll use to solve for this additional variable is the energy balance. To
begin, identify the “system” and write the appropriate form of the energy balance
for it (i.e. closed, open, isolated). Also, delete any terms from the energy balance
that are either zero or negligible compared to the other terms. For example, if
df: + a;(t] terms can be set to zero. If no shaft
work is taking place, then W = 0. Other simplifications may apply based on the
given information.

. E
steady state applies then the ddtk -

3). For each species that you need A or U for, you will need to choose a reference
state. If using data from an external source (i.e. tables, graphs) the reference state
will be specified in that source. If you will be calculating the internal energies or
enthalpies yourself (methods for doing this will be discussed in Chapters 8 and 9),
then you will need to decide what reference state to use. Often, it is convenient to
choose one of the inlet or outlet conditions as the reference state, as then the A or
U for that stream become zero, thus simplifying the calculations.

4). Make a list of all the terms in the energy balance that you will need to calculate
or look up in order to solve for the unknown of interest. This list may include
internal energies, enthalpies, elevations, mass flowrates (mass flowrates were
presumably already calculated in step 1), etc.

14
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5). Calculate all the quantities identified in step 4.

6). Solve the energy balance for the remaining unknown of interest. To do so, you
will need to insert the values of all the other terms appearing in the energy balance,
as identified and calculated in steps 4 and 5.

Example 7.3.-1. A gas is contained in a cylinder fitted with a movable piston. The
initial temperature of the gas is 25 °C. The cylinder is next placed in boiling water,
and 2.00 kcal of heat is transferred to the gas, raising its temperature to 100 °C.
During this step, the piston is not allowed to move. What happens to the pressure
of the gas?

In a second step, the piston is released and the gas does 100 J of work in
moving the piston to its new equilibrium position. The final gas temperature is 100
°C (note that the cylinder is still immersed in the boiling water).

Write the energy balance equation for each of the two steps. In each case, solve for

the unknown term in the equation. The gas is assumed to be ideal, and effects due
to gravitational potential energy are negligible.

15
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Example 7.4.-1. The specific internal energy of helium at 300 K and 1 atm is 3800
J/mol, and the specific molar volume at the same temperature and pressure is 24.63
L/mol. Calculate the specific enthalpy of helium at this temperature and pressure,
and the rate at which enthalpy is transported by a stream of helium at 300 K and 1
atm with a molar flow rate of 250 kmol/h.

17
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Example 7.4-2. Five hundred kg/h of steam drives a turbine. The steam enters the
turbine at 44 atm and 450 °C at a linear velocity of 60 m/s, and leaves at a point 5
m below the turbine inlet at atmospheric pressure and a velocity of 360 m/s. The
turbine delivers shaft work at a rate of 70 kW, and the heat loss from the trubine is
estimated to be 10* kcal/h. Calculate the specific enthalpy change associated with
the process.

18
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Example 7.6-3. Saturated steam at 1 atm is discharged from a turbine at a rate of
1150 kg/h. Superheated steam at 300 °C and 1 atm is needed as a feed to a heat
exchanger; to produce it, the turbine discharge stream is mixed with superheated
steam available from a second source at 400 °C and 1 atm, such that the product is
superheated steam at 300 °C and 1 atm. The mixing unit operates adiabatically.
Calculate the amount of superheated steam at 300 °C produced and the required
volumetric flow rate of the 400 °C steam.

20
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Mechanical Energy Balance and The Bernoulli Equation

The general energy balance derived previously can be recast into a “mechanical
energy balance.” The mechanical energy balance is most useful for processes in
which changes in the potential and kinetic energies are of primary interest, rather
than changes in internal energy or heat associated with the process. Thus the
mechanical energy balance is mainly used for purely-mechanical flow problems -
1.e. problems in which heat transfer, chemical reactions, or phase changes are not
present. We start from equation 12, in which we have reverted from specific

enthalpy notation back to internal energy and PV work using H, = U, + P;V,,

dE, dE, dU
+ +
dt dt dt

N . oul . ol o
Z m, Uj+PjVj+7j+ng - Z m; Uj+PjVj+7’+ng +0-W,

input streams output streams

Now we make several additional assumptions. First, we assume steady state, so
that all terms on the left hand side become zero. Second, we assume that the
system has only a single inlet and a single outlet. Moreover, steady state implies
that the inlet mass flowrate must equal the outlet mass flowrate, in order to avoid
accumulation of material in the system. These adjustments lead to

2 2
0 = m(Uin + [)in‘/in + ué” + gZin _Uout - P{JutVout - u;”t - gZout) + Q _WY (14)

In the above equation, subscript "in" refers to the inlet port, and subscript "out" to
the outlet port. Next, we divide the entire equation by i, and write specific
volume (volume/mass) as V= 1/p, where p is the density (mass/volume) of the
flowing material. Moreover, we assume that the flow is incompressible, so that
density is constant. A constant density means that Vi, = Vo, = 1/p. Also, we
define AU = Uqy - Ui, AP = Py - Pi, etc. With these changes, equation 14
becomes

| 2 .
A0 -2y AP A a =W (15)
P 1

i .

The term (A(? —Q/m) — in the absence of chemical reactions, phase changes, or
other sources of large amounts of heat transfer; i.e. under typical conditions of

22
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usage for the mechanical balance equation — will mostly represent heat generated
due to the viscous friction in the fluid. In such situations, this term is called the
friction loss and we will write it as £ . With this last change, equation 15 assumes
the usual form of the mechanical energy balance,

2 »
AP LA | eng+ ="t (16)
m

Note that W is the shaft work performed by the system on the surroundings, per
m

unit mass of material passing through the system.

In many instances, the amount of energy lost to viscous dissipation in the fluid is
small compared to magnitudes of the other terms in equation 16. In such a case,
F = 0. Moreover, many common flows (e.g. fluid flow through a pipe; what is the
system in this case?) do not have any appreciable shaft work associated with them,

so that We = 0. For such inviscid (i.e. frictionless) flows with no shaft work, the

m
mechanical energy balance simplifies to Bernoulli’s equation:

AP Au’
—+

+gAz=0 (17)

Bernoulli’s equation has a wide range of application, despite its simplifying
assumptions.

Finally, it is often necessary to relate the volumetric flowrate V or the mass
flowrate m through a pipe or other conduit to the average fluid velocity u. The
relations are
V =Au (18)
m =V p= pAu (19)
In equations 18 and 19 A is the cross-sectional area of the flow.

Example 7.7-3. Water flows from an elevated reservoir through a conduit to a
turbine at a lower level and out of the turbine through a similar conduit. Note that
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the cross-sectional area of the conduits is constant. At a point 100 m above the
turbine the pressure is 207 kPa, and at a point 3 m below the turbine the pressure is
124 kPa. What must the water flow rate be if the turbine output is 1.00 MW?

Do we need to make any additional assumptions in order to solve this problem?
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