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Energy and Energy Balances
- ________________________________________________________________________________________________________________________|

CHAPTER ONE (1)

This chapter illustrates the fundamental theory of energy balance without
reactions. The concept of energy conservation as expressed by an energy
balance equation is essential to chemical engineering calculations.
Similar to material balances studied in previous chapters, a balance of
energy is important to solving many problems. The chapter begins with
definitions of the first law of thermodynamics, each term in the first law,
and application for closed and open systems. Next, the three forms of
energy, that is, kinetic, potential, and internal, are explained. Mechanical
energy balance and Bernoulli’s equations are also covered in this chapter.
The following items outline the principal learning objectives of this

chapter.

Learning Objectives

1. Calculate energy balance for closed and open systems (Section 1.1).

2. Write mechanical energy balance for a non reacting system (Section
1.2).

3. Use Bernoulli’s equation to solve mechanical energy problems
involving flowing fluids with no work input/output (Section 1.3).

4. Use heat capacities to calculate enthalpy changes (Section 1.4).

5. Use latent heats within energy balances for systems involving phase
changes (Section 1.5).

6. Use psychrometric charts (Section 1.6).

1.1 Energy Balance for Closed and Open Systems

A system is an object or a collection of objects that an analysis is carried
out on. The system has a definite boundary, called the system boundary,

which is chosen and specified at the beginning of the analysis. Once a
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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. An
isolated system is a system that does not exchange heat, work, or material
with the surroundings. A closed system is a system in which heat and
work are exchanged across its boundary, but material is not. An open

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

1.1.1 Forms of Energy: The First Law of Thermodynamics

Energy is often categorized as kinetic energy, potential energy, and
internal energy. 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. Energy can also be transferred from
one point to another or from one body to another one. Energy transfer can
occur by flow of heat, by transport of mass, or by performance of work
[1]. The general energy balance for a thermodynamic process can be
expressed in words as the accumulation of energy in a system equals the
input of energy into the system minus the output of energy from the

system.

1.1.2 Energy Balance for a Closed System

Energy can cross the boundaries of a closed system in the form of heat
and work (Figurel.l). The energy balance of a system is used to
determine the amount of energy that flows into or out of each process
unit, calculate the net energy requirement for the process, and assess
ways of reducing energy requirements in order to improve process
profitability and efficiency [2]. The energy balance for a closed system

takes the form



System boundary
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FIGUREL.1 Energy balance for a closed system.

Q — WoAUHAKEAAPE .ceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseneenne (1.1)

where heat (Q), work (W), internal energy (U), kinetic energy (KE), and
potential energy (PE) are defined as follows.

Heat is the energy that flows due to a temperature difference between the
system and its surroundings and always flows from regions at high
temperatures to regions at low temperatures. By convention, heat is
defined to be positive if it flows to a system (i.e., gained). For systems
with no significant heat exchange with the 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. Work is the energy that flows
in response to any driving force (e.g., applied force, torque) other than
temperature, and is defined as positive if it flows from the system (i.e.,
work done by the system). In chemical processes, work may, for instance,
come from pumps, compressors, moving pistons, and moving turbines.
Heat or work only refers to energy that is being transferred to or from the
system. If there is no motion along the system boundary, then W=0.
Internal Energy is all the energy associated with a system that does not

fall under the earlier definitions of Kkinetic or potential energy. More
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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. An
isothermal system is one where the temperature does not change with
time and in space. This does not mean that no heat crosses the
boundaries. Kinetic Energy is associated with directed motion of the
system. Translation refers to straight line motion. If the system is not
accelerating, then AKE=0. 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. If the system is not experiencing a displacement
in the direction of the gravitational field, then APE=0.
1.1.2.1 Kinetic Energy

Kinetic energy is the energy carried by a moving system because of its
velocity. The kinetic energy KE of a moving object of mass m, traveling
with speed v, is given by

J W _
N-ml]/s_w ................ (12)

KE=l)iuv2=> kj mY) N ~
2 s s kg m/s”

KE has units of energy, m has units of mass flow rate (mass/time), and v

has units of velocity (length/time).

Examplel.1 Kinetic Energy Calculations
Water flows from a large lake into a process unit through a 0.02 m inside
diameter pipe at a rate of 2.0 m® /h. calculate the change in kinetic energy

for this stream in joules per second.



Solution

Known quantities: Pipe diameter (0.02 m), water volumetric flow rate
(2.0 m* /h), density of water (1000 kg/m°).

Find: Change in Kinetic energy

Analysis: First, calculate the mass flow rate from the density and
volumetric flow rate, and, next, determine the velocity as the volumetric
flow rate divided by the pipe inner cross-sectional area. The rate of

change in kinetic energy is calculated by

1 . 2 - 2 2
AKE = E”I.ﬁ.t- =Sm(vs —vi) . (13)

1
2
The mass flow rate, m, is the density (p) multiplied by volumetric flow

rate (V):

1000 kg

%

= pV =

2?{{‘ K =056 kg/s

3600 s

The water exit velocity (v,) is calculated from the volumetric flow rate
(V) divided by pipe inner cross-sectional area of the exit of the pipe (A).
The surface of the lake being large, the water surface can be assumed to

be almost stagnant. Accordingly, the initial velocity is negligible (v;=0):

S n}: 3630'
e > [=177m/s
4-7D% | 314x(0.02m)’
4 4

Substituting the values of mass flow rate and velocities in the kinetic
energy equation,



AKE = Loz —v2)= 1056 BB ) (177 =) —o]| LN
2 2 s s kg

>

g2

1] " .
x(an])—O.SSJ/.

1.1.2.2 Potential Energy

Potential energy is the energy due to the position of the system in a
potential field (e.g., earth’s gravitational field, g=9.81 m/s®). The
gravitational potential energy (APE) 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

APE = mg(z—zp)=> m(kg)g(mf’sz)eﬁz(m) =N-m=] ... (1.4)

To calculate the change in the rate of potential energy (APE), often, the

earth’s surface is used as the reference, assigning z,=0:

APE = ?ii(‘{(z — Z[]) ............................. (15)

The unit of the change in transport rate of potential energy is obtained as
follows:

APE=rh(kg/s)g(m/53)Az(m)=N.m/S=J/S=W ............ (1.6)

Examplel.2 Potential Energy Calculation

Water is pumped at a rate of 10.0 kg/s from a point 200.0 m below the
earth’s surface to a point 100.0 m above the ground level. Calculate the

rate of change in potential energy.



Solution

Known quantities: Water mass flow rate (10.0 kg/s), initial location of
water below the earth’s surface (—200.0 m), and final location of water
above the earth’s surface (100 m).

Find: The rate of change in potential energy.

Analysis: Use the definition of potential energy.

Taking the surface of the earth as a reference, the distance below the
earth’s surface is negative (z;=—200.0) and above the surface is positive
(2:=100): APE = mg(z, — z;)

Substituting the values of the mass flow rate, gravitational acceleration,

and change in inlet and exit pipe elevation from the surface of the earth,

J

—5 =29,430]/s
kg-m-~/s” /s

APE = (10.0 ﬁ)x (9.81 ﬁ,)x(loo.o ~(~200.0)) m
, =

S

The rate of change in potential energy APE ==29. . 43 29 43 KJ/ s= Kw

Examplel.3 Internal Energy Calculation

A cylinder fitted with a movable piston is filled with gas. An amount of
2.00 kcal of heat is transferred to the gas to raise the gas temperature
100°C higher. The gas does 68 J of work in moving the piston to its new
equilibrium position. Calculate the change in internal energy of the

system (Example Figure 1.3.1).

W=68]

o
Q=2.00 kcal

(N)

EXAMPLE FIGURE 1.3.1 Heat added to a cylinder fitted with a
piston.
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Solution

Known quantities: The difference in gas temperature (100°C), work
done by the system (+68 J), and heat added to the system (+2.00 kcal).
Find: Change in internal energy.

Analysis: Use the energy balance equation for a closed system.

System: Gas in the system, closed system

AU+AKE+APE=Q — W

Assumption: No change in kinetic and potential energy; accordingly,
both are set to zero. The equation is reduced to

AU=Q-W
Substitute the values of Q and W to calculate the change in internal
energy (make sure units are consistent). The heat is added to the system
(positive value) and the work is done by the system (positive value as

well):

1000cal 1]
keal 0.239 cal

AU = (2.0 'kqal]{ ‘- 68 ] = 8300 ]

The change in internal energy AU=8.30 kJ. The specific enthalpy

(h=H/m) can be calculated using the following equation:

Substituting the values of specific internal energy (u=U/m), pressure (P),
and specific volume (v) in the earlier equations gives the specific

enthalpy h.
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Examplel.4 Enthalpy from Internal Energy

The specific internal energy of helium at 25°C and 1 atm is 3.80 kJ/mol,
and the specific molar volume under the same conditions is 25 L/mol.
Calculate the specific enthalpy of helium at this temperature and pressure,
and the rate at which enthalpy is transported by a stream with a molar
flow rate of 250 kmol/h.

Solution
Known quantities: Internal energy, pressure, temperature, molar volume,

molar flow.
Find: Specific molar enthalpy (h), rate of enthalpy transport (H ).
Analysis: Follow the specific enthalpy definition. The specific enthalpy
of helium is given by

h= u+Pv
Substituting the values of specific internal energy, pressure (P), and

specific volume (v) in the earlier equations,

s N
3 1.01325x10° —-
i ={3800 —1_ )+ @ atm)f 25 L) | 1™ mt )
mol mol 1000 L 1atm N-m
= 6333 ]/ mol

The enthalpy transport rate (H& ) is calculated by multiplying the molar
flow rate (n&) with the specific molar enthalpy (h):

H=nxh
Substitute the values of molar flow rate (n) and specific enthalpy (h) to

find the enthalpy transport rate (H):

H = (250 K™\, (6333 ] _)[1000mol K |_; 55,105 K)/h
h mol kmol 1000 ]
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1.1.3 Energy Balance for an Open System

In open systems, material crosses the system boundary as the process

occurs (e.g., continuous process at steady state). In an open system, work

must be
')-Iln H-Ioul
KE..\,PE.m Open process I\’E(nu.PEmu
[1 1) " L.Inul,l) "”

m,” n mn out out

i -

Q ‘i,,

FIGURE 1.2 Energy balance for an open system.

done on the system to push input fluid streams at a pressure Pin into the
system, and work is done on the surroundings to push output fluid
streams at a pressure Pout out of the system, as shown in the schematic
diagram in Figure 8.2 [3].

Net rate of work done by the system is

Wem N BVie 3 BVi ) (1.9)

output mput

The total rate of work (W) done by a system on its surroundings is
divided into two parts:

p;r=p;; +1_,i,|_ ............................................... (1.10)

where shaft work (Ws) is the rate of work done by the fluid on a moving
part within the system (e.g., piston, turbine, and rotor), and flow work
(Wy) is the rate of work done by the fluid at the system outlet minus the

rate of work done on the fluid at the system inlet. The general balance
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equation for an open continuous system (Figure 1.2) under steady state in

the absence of generation/consumption term is

Energy input = Uin + KEn + PEin + PiVin

......... (1.11)
Energy output = Uy + KE oy + PE o + PoutVour " (1.12)
Energy transferred =Q-W, ... (1.13)

Under steady state, the accumulation term is set to zero and the following
equation is valid:
Energy input=Energy output

Q—W=AU+AKE+APE-+&(PV) ......................... (1.14)

Enthalpy (H) is the sum of the internal energy (U) of fluid volume added
to the system plus the flow work (PV) performed on the system in order

to push the fluid in/out of the system:

The change in enthalpy transport rate is given by

AP - AU+A(PV) ................................................ (1.16)

Rearranging the earlier equations leads to the first law of thermodynamics
for an open system under steady state:

O-W, =AH +AKE+APE oo (1.17)

Steam turbine is an example of an open system. Electrical generating

plants operate by generating steam at elevated temperatures and
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pressures, then reducing the pressure in a turbine. As the pressure is
reduced, the high pressure, high temperature steam expands (and cools
down), driving the turbine. The shaft work produced by the turbine is
transferred to a generator to produce electricity. One limitation on steam
turbines is that they cannot tolerate small amounts of water in its liquid
state in the gases passing through the turbine. If the liquid content of the
steam is above the threshold limit (a few percentage points), the liquid
droplets damage the turbine blades and lead to failure of the turbine. The
steam tables in Appendix A.3 are used to determine the temperature,
specific internal energy, and specific enthalpy of saturated steam and

superheated steam.

Example 1.5 Energy Balance for an Open System:

The Steam Turbine
Steam flowing at a rate of 10 kg/h enters a steam turbine at a velocity of
50 m/s and leaves at a point 5 m below the inlet at a velocity of 300 m/s.
The heat loss from the turbine is estimated to be 10 kW, and the turbine
delivers shaft work at a rate of 70 kW. Calculate the change in enthalpy
transport rate of the process.
Solution
Known quantities: Steam flow rate, inlet and exit velocity, heat loss, and
work delivered.
Find: Change in enthalpy transport rate.
Analysis: Use the general energy balance equation for an open system.
System: Steam turbine as open system

The energy balance for an open system has been derived as

O -W., = AH + AKE + APE
In this example, heat is lost (negative value) from the system:

15



O=-10kW =-10K]/s

The shaft work is delivered (positive value) by the system:
W, =70 kKW =70Kk]J /s
The change in Kinetic energy
AKE — J1it(vZ —of)
Substitute the values of mass flow rate (m), inlet (v1), and exit (vy)
velocities,

and use conversion factors (make sure units are consistent):

AKE — L(10 k8 h (3002 —502)
2 h 3600 s
2 N k
oy ] )  _o012Kk)
s kg m/s” | IN-m 1000 ]

Change in potential energy ~ APE =1i1¢(z, — z;)

Substitute the values of mass flow rate (m), and inlet and exit heights

from the surface of the earth (z1,2y):

APE—10X8 M ggm
h 3600 s S
x(-5-0)m N S J _ M _0.00014 K]
kgm/s® |N-m [1000 ]

The change in potential energy is almost negligible compared to the
magnitudes of heat and work. Substitute the values of Q, Ws, and changes
in kinetic and potential

energies in the energy balance equation for an open system:
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AH + AKE + APE = Q — W,

af1+0.12 5 000014 X - 108 (70 ﬂ)

5 5 5 5

The change in enthalpy transport AH = -80.12 k] /s rateis

Example 1.6 Use of a Steam Table

Use steam tables in the appendix to determine the temperature, specific
Internal energy and specific enthalpy of saturated steam at 3.0 bar. What
Is the state of the steam at 10 bar and 400°C? (i.e., is it saturated or

superheated steam?)

Solution

Known quantities: Case 1: 3 bar, saturated steam, Case 2: 10 bar,
400°C.

Find: Specific enthalpy (h) and specific internal energy (u), specific
volume (v). The state of steam at 10 bar and 400°C.

Analysis: Two properties are needed to be able to use saturated steam

table and superheated steam table in the appendix.

Case 1. At 3 bar, steam is saturated: use saturated steam table (Appendix
A.3). The temperature is 133.5°C, specific enthalpy is 2724.7 kJ/kg, and
specific internal energy is 2543 kJ/kg.

Case 2: At 10 bar and 400°C: At 10 bar the saturated temperature is
179.9°C, and since the steam is at 400°C, this temperature is higher than
the saturated temperature at 10 bar. Therefore, the state of water is

superheated steam, and hence, the superheated steam table (Table A.5) is

17



used. Specific enthalpy is 3264 kJ/kg, specific internal energy is 2958
kJ/kg, and specific volume is 0.307 m%kag.

1.1.4 Steam Turbine
Steam turbines are open systems used to generate electricity; in most

cases, the turbine operates adiabatically. The exit pressure of turbine is
lower than the inlet pressure. Turbines produce work; by contrast, work
should be provided to a compressor or a pump. The following examples

explain the possible operations for a steam turbine.

Example 1.7 Steam Table and Turbine Work

Steam at a rate of 1500 kg/s enters a turbine at 40 bar and 400°C. It
comes out of the turbine as wet steam at 4 bar. The turbine operates
adiabatically and produces 1000 MW of work. What is the temperature of
the steam leaving the turbine? What is the mass fraction of vapor in the
stream leaving the turbine?

Solution

Known quantities: Steam mass flow rate (1500 kg/s), inlet conditions
(40 bar and 400°C), exit steam conditions (4 bar, wet steam).

Find: Mass fraction of vapor in the stream leaving the turbine.
Assumptions: No change in kinetic and potential energy.

Analysis: Use steam tables to find inlet and exit enthalpy and the first
law for an open system. Inlet and exit steam enthalpies: Saturated steam
(Table A.4), superheated steam (Table A.5).

Inlet steam conditions: at 40 bar and 400°C: the enthalpy of the incoming
steam is 3216 kJ/kg (Table A.5). Exit steam conditions: at 4 bar: steam is
either wet or saturated (Table A.4). Since the steam leaving the turbine is
a vapor-liquid mixture,

it must be saturated. From Table A.4, for saturated steam at 4 bar the
enthalpies of the liquid and vapor are 604.7 and 2737.6 kJ/kg,

18



A = — W,

s

respectively, and the temperature is 143.6°C. The general energy balance
applied to this process, after neglecting the potential and kinetic energy
terms and bearing in mind that the turbine is adiabatic, can be expressed

as

Rearranging the earlier equation,

_V;\fg = AH = Hout - Hin = "-;'I(I'Iout - hin)

Substituting known values of shaft work, mass flow rate, and inlet
specific enthalpy, since the turbine is producing work, the sign of Ws is +:

“W. = ~1000 MW = —1x10° ¥ 1500 X8 (.. 32'16)11;—]

S g
The specific enthalpy of the exit steam is h out = 2549.3 kJ/kg

Let x be the mass fraction of the steam that is in the vapor phase, then

Howr = 2549.3 :—J = hg + xhgy = 604.7 N, x(2133.0kJ/kg)

g kg
The steam quality is X =0.912 — The wet steam is 91.2 wt% vapor. The

wet contains 91.2% water vapor and 8.80 wt% liquid water.

Example 1.8 Steam Turbine
Steam enters a turbine at a pressure of 10.0 bar (absolute) and a

temperature of 600°C. The steam leaving the turbine is at 1 atm
(absolute) pressure and is of 90% quality (90 wt% steam, 10 wt% liquid).
How much steam has to go into the turbine to yield 1.5 x 106 kW of shaft

work?

19



Solution

Known guantities: Steam inlet conditions (10 bar, 600°C), exit steam
conditions (1 atm, 90% quality), shaft work is 1.5 x 106 KW.

Find: Amount of steam that has to go into the turbine.

Assumptions: No change in kinetic and potential energy, turbine is
adiabatic.

Analysis: Use steam tables to find inlet and exit enthalpy and the first

law for an open system. From the first AH + AKE + APE=Q -W,

law,

After applying the earlier assumptions, the equation is reduced to

AFI = if’f(f‘fout - hy, ) =-W,

To find the enthalpy of the steam leaving the turbine, use Table A.4. At 1
atm the enthalpies of saturated water and steam are 419.1 and 2676.0
kJ/kg, respectively.

Thus, the enthalpy of the steam leaving the turbine is
Howt =l + xhgg = 419.1+0.9(2676.0 - 419.1) = 2450.3 k] / kg

The enthalpy of the input steam can be found from Table A.5 to be 3697
kJ/kg.
Substitute the

values ;%;(2450.3 - 3697) = —(1 5x10° kJ /5) of inlet and outlet
specific enthalpy

and shaft work in the first law:
The required steam mass flow rate is m = 1.20 x103 kg/s

20



1.1.5 Heaters and Coolers

Heaters and coolers such as shell and tube heat exchangers are
open systems employed to cool down or heat up certain fluid streams. In
most cases, the external surface of heaters and coolers is insulated and
heat is just transferred between the cold and hot streams across the walls
of the exchanger tubes. The following example illustrates the use of heat

exchangers for cooling and heating purposes.

Example 1.9 Heat Exchanger

Steam at a rate of 60 kg/h, at 200°C, and 1 bar enters the tube side
of a shell and tube heat exchanger. The steam is used to heat cold water
flowing on the shell side; the steam leaves as saturated liquid. Neglect
pressure drop of the steam on the tube side and the water on the shell side
of the heat exchanger. How much heat must be transferred from the steam

to the water side?

Solution

Known quantities: Mass flow rate (60 kg/h), inlet temperature and
pressure (200°C, 1 bar), exit conditions (saturated water, 1 bar).

Find: Heat transfer rate from steam to water.

Assumptions: Pressure drop across the boiler is neglected, so exit
pressure is at 1 bar.

Analysis: Use steam tables to find inlet and exit enthalpy.

Basis: 60 kg/h of feed steam. The schematic diagram of the problem is
shown in Example Figure 8.9.1. From the superheated steam table (Table
A.5),

Inlet: (1 bar, 200°C): hy = 2875 kJ/kg Using saturated steam table (Table
A.4), Outlet: (1 bar, saturated water): h, = hrat 1 bar = 417 5. KJ/kg
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No change in steam mass flow rate: m = m in = m out = 60 kg/h

The general energy balance equation for an open system is

AH + AKE + APE = Q - W,

The following simplifying assumptions for the condenser are used:
No shaft work: Ws = 0.

No change in elevation. The inlet and outlet lines are at the same level:
APE =0.

Since we do not know anything about the diameters of the inlet and exit
pipes, same pipe diameters are used for inlet and exit streams;
accordingly, there is no change in velocity, and change in kinetic energy
is negligible: AKE = 0.

Q

<

60 kg/h steam ) Saturated
200°C, 1 bar " ! ‘ . liquid, 1 bar

Heat exchanger

N

EXAMPLE FIGURE 1.9.1 Schematic of a heat exchanger system.

The simplified form of the energy balance is therefore

Q=AH=Hout _Hi.n

The rate of enthalpy transport (H) as a function of specific enthalpy (h),
AH = mAh
Replacing enthalpy change rate (AH) with specific enthalpy (Ah) at

constant mass flow rate,

Q = mAh = m(howt = hin)

Substituting the values of mass flow rate and exit and inlet specific

enthalpy in the earlier equation,

o= (60 kl—g)(417.5 —2875) 11:_] =-147,450KkJ /h
1 &
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The value of heat transfer is negative; that is, heat is transferred from the

system (steam) to the surrounding (cold water).

1.1.6 Compressors

Compressors are open systems utilized to raise the pressure of gas steams.
The exit pressure is higher than the inlet pressure. Work is required for
the compressor to operate. The following example illustrates the use of a
compressor to pressurize a vapor steam.

Example 1.10 Compressor

The feed to a compressor is superheated steam at 300°C and 20 bar
absolute pressure. It enters the compressor at a velocity of 20 m/s. The
pipe inlet inside diameter is 0.10 m. The discharging pipe, after the
compressor, has a smaller inside diameter and the discharge velocity is
170 m/s. The exit of the compressor is superheated steam at 350°C and
60 bar absolute. Heat loss from the compressor to the surroundings is 5

kW. Determine the compressor horsepower.

Solution
Known quantities: Inlet and exit steam temperature and pressure, inlet
and exit velocities, heat loss from the compressor, inlet pipe diameter.
Find: Compressor horsepower.
Assumption: The system is located on a horizontal plane and no change
in elevation between inlet and exit of the compressor; hence change in
potential energy is negligible.
Analysis: The compressor is an open system. The steady-state energy
balance can be used to describe the compressor system:

AH + AKE + APE = Q - W.
The general energy balance reduces to
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AH + AKE = Q - W,

Determination of the specific enthalpy and specific volume from the
superheated steam table (Appendix A.3):

Inlet stream at P; = 20 bar, T; = 300°C, hy = 3025 kJ/kg, vi =
0.125m3/kg

Exit stream at P, = 60 bar, T, = 350°C, h, = 3046 kJ/kg, v, =
0.0422m3/kg

Mass flow rate of the inlet steam is equal to density multiplied by

volumetric flow rate; the steam density is the inverse of steam specific

2 - 2
m=px‘v’=px(z,rxA)=px(uxﬂf ):ix(uxﬂf )

volume:
Substitute the values of density, velocity, and diameter:

: 1 20m x(0.1m)
= — 5 x X
0.125m” / kg

]—1.25 kg /s

S

The change in enthalpy transport rate H is given by

AH =1it(hy - y) =1.25 k—$(3046 -3025) M 265 ﬁ =26.25kW

S kg S

1.
AKE = —m(z,r;;f - [.'-12)
The change in kinetic energy 2 IS

Substitute the values of mass and inlet and exit velocity:

. . 2 2
AKE=%><1.25 ng(l?’Oln) _(201?(1) |

o N LT LK gy
kg m/s” |[IN-m|1000 ]
AKE =18 kKW
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The change in the kinetic energy is

The heat loss from the system to the surroundings is 5 KW. Since heat is

transferred from the system to the surroundings, Q = —5 kW.

The general energy balance equation AH + AE, = Q-W,
reduces to
Substituting the values of change in enthalpy, kinetic energy, and heat
loss,

26.25 kW+ 18 kW = -5 kW—-Ws

Rearranging and solving for the shaft work,
W, = -49.25 kW

1.341 hp

= 66.04 hp
1 kW

Power = 4925 kW [

The sign of the shaft work is negative since work is done on the system
by compressor blades. To convert the shaft work to horsepower, use the

proper conversion factor.

1.2 Mechanical Energy Balance

The mechanical energy balance is most useful for processes in which
changes in the potential and Kkinetic 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—that is, problems in which heat transfer,
chemical reactions, or phase changes are not present. First, we assume the
steady-state condition 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 flow rate must
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equal the outlet mass flow rate, in order to avoid accumulation of material

in the system. Let us start with the general energy balance equation:

Energy transferred = Energy out — Energy in

Q - W; = (L'Iout + KE,l)llf + [JE,l)llf + Pvut .U'Llf) - (L'Iin + KE,in + [JE,in + P;nl/m) (117)

Rearrange the earlier equation by taking the mass flow rate (m) as a
common factor. In this case, the internal energy and volumetric flow rate
will become specific internal energy and specific volumetric flow rate,

respectively:

2 2
- . Ugut . Uin .
Q - Wa =m Huut + 2 + gzuut + [uufuuut - Hin - 2 - gzin - Iin L}i'ﬂ tee (118)

In this equation, subscript “in” refers to the inlet section, and
subscript “out” to the outlet port. Now, we divide the entire equation by
m, and express the specific volume (volume/mass) as v = 1/p, where p is
the density (mass/volume) of the flowing material. Assuming
incompressible flow rate, so that the density is constant, Vi, = Vour = 1/p.
Also, we define Au = uout — uin and AP = Pout — Pin. With these

changes, the general energy balance equation becomes

W > )2 >,
Ljv" = Al +Al +gAz+AM—$ ...................... (1.19)
m 0 2 m

The term (_u —Q /m) in the absence of chemical reactions, phase changes,
or other sources of large amounts of heat transfer will generally 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 F. With this last
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change, the general energy balance represents the usual form of the

mechanical energy balance

_‘m D )2
I'iﬂi‘/”=Alr-|-A; + Q T F o (1.20)

m 0

where W /m is the shaft work performed by the system on the
surroundings, per unit mass of material passing through the system. The
following example illustrates the use of the mechanical energy balance

equation.

Example 1.11 Mechanical Energy Balance Equation

A water supply tank is capable of delivering 0.3 m%s of water for
firefighting purposes in a chemical plant. The water supply is to come
from a lake, the elevation of the surface of the lake is 800 m and the
elevation of the factory is 852 m from sea level. The water discharge pipe
Is located at a depth of 100 m from the surface of the lake. The frictional
losses in the water line to the plant are given by the relation (0.01 m/s%) L,
where L is the length of the pipe line. The water line to the supply tank
has an inner diameter of 0.15 m and a length of 8000 m. How much
energy must a pump deliver to the water?

Solution

Known quantities: Discharge line volumetric flow rate, initial and final
elevation, friction losses, length and diameter of the pipe.

Find: Pump horsepower.

Assumption: Pressure drop is neglected because the pressure at both

ends of line is atmospheric.
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Analysis: Use the mechanical energy balance equation:

AP AV’ -
—+ + QAz + F = —
I8 2 ' m
The pressure at both ends of the line is atmospheric, so AP = 0. The
velocity at the inlet of the lake is zero but the velocity out of the

discharge end of the pipe is

2

. 1 m° 1
U, =V x =03 X =17 m/s
S ( 2

IT ] 0.15.-rr)
4 4
. 0.3m’> 1000 k
The mass flow m=Vxp= g X m° : =300 kg/s
rate .The L
m ?
0 (17 —) -0 W
~ 5 +981—(152 m)+001—(8000 m) = 7‘"’
o 2 300 kg /s

elevation change is from 800 m (800100 to the lake) to 852 to the
factory, or the difference is equivalent to 152 m. So the mechanical
energy balance becomes

I
Solving for shaft ~W, = 514,686 W x 71}3 =690 hp work,

46

The minus sign indicates that the energy is going into the system.

Example 1.12 Fire Extinguishment Process

A large tank filled with water and open to atmosphere is used for fire
extinguishment in an ethylene production plant. The water is taken from
the tank, passed through a pump, and then delivered to hoses. It is desired
to deliver 1890 L of water per minute at a pressure of 15 bar (gauge). If
there is a negligible elevation change between the water level in the tank
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and the discharge of the pump, no changes in the diameter of the pipes
and hoses, and if the pump has an efficiency of 70.0%, how much work
must be supplied to the pump in order to meet the pressure and discharge
rate specifications?

Solution

Known quantities: Discharge line volumetric flow rate, initial and final
elevation, friction losses, length and diameter of the pipe.

Find: Pump horsepower.

Assumption: Pressure drop is neglected because the pressure at both
ends of the line is atmospheric.

Analysis: Use the mechanical energy balance to solve this problem:

D 2 _A
£+ Av +Q9Az+ F = W‘g
P 2 | m

Because there is no change in elevation or velocity (no change in pipe/

hose diameter) and no frictional losses are given, the earlier equation

reduces to
AP -W,
P m

The water mass flow rate is

=V x p = 1890 = L min

.1 Eg ~315kg/s

min 60s

The discharge pressure is given as 15 bar (gauge). This means that the
absolute pressure is this pressure plus the ambient pressure. Substitute the

known values to get
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10° Pa |- 2
1:(15 bar + P, bient ) _ Jpambient] 10° Pa|l1N/m .
bar Pa W,
1000 X8 o
m S
Simplifying,
W, - 47,250 Nom | ) N 47058 _azos5kw
s |N-m|[1000] S

The pump has an efficiency of 70.0%; accordingly, the actual work (W
s.a) that must be supplied to the pump in order to meet the pressure and

discharge rate specifications is

_pi,;_a - m = 89.5 hp
0.7

The sign of the work is negative, which means that the work is done on
the system. The actual work that must be supplied to the pump in order to
meet the pressure and discharge rate specifications is higher than the
theoretical work.

1.3 Bernoulli’s Equation

In many instances, the amount of energy lost to viscous dissipation in the
fluid is small compared to magnitudes of the other terms in the general
energy balance equation. In such a case, F = 0. Moreover, many common
flows such as fluid flow through a pipe do not have any appreciable shaft
work associated with them; accordingly, W = 0. For such frictionless
flows with no shaft work, the mechanical energy balance simplifies to

Bernoulli’s equation:

2
AL AU L GAZ 20 e (1.21)
0 2

C
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Bernoulli’s equation has a wide range of applications, despite its
simplified assumptions. The following example illustrates the use of

Bernoulli’s equation.

Example 1.13 Bernoulli’s Equation

The pressure difference between the underside of the wing and the top of
the wing that is necessary to lift the weight of an aircraft is 0.08 atm. At
an elevation of approximately 10,000 m, the aircraft velocity is 275 m/s
and the density of air is 0.45 kg/m®. Assume that the velocity of the air on
the underside of the wing is the plane velocity of 275 m/s. What is the
velocity of the air on the topside of the wing, which is necessary to

generate the pressure difference needed to lift the plane?

Solution

Known values: Pressure drop around the wing, velocity of air on the
underside of the wing

Find: Velocity of air on the topside of the wing

Analysis: Use Bernoulli’s equation around the wing (1: topside of the
wing, 2: underside of the wing). Use Bernoulli’s Equation to relate the

pressure difference to a velocity difference so that

D P vl P
2 1 U =14
+

P 2

+9(zp-2)=0

Neglect the effect of wing thickness on change in potential energy. The

equation is reduced to

PB-PB vi-uf
_l,_

P 2

+0=0

31



Substituting the values of pressure drop, air density, and velocity under
the wing,

101,325 Pa
1 atm 2752 —vi
+
0.45 kg /m”> 2

0.08 atm

=0

Solving for velocity on the topside of the wing,

v =334
S
The velocity on the topside of the wing is higher than that on the

underside of the wing.

1.4 Enthalpy Calculations

Change in enthalpy can occur because of change in temperature, change
in phase, or mixing of solutions and reactions.

1.4.1 Enthalpy Change as a Result of Temperature

Sensible heat is the heat transferred to raise or lower the temperature of a
material in the absence of phase change. In the energy balance
calculations, sensible heat change is determined by using a property of
matter called the heat capacity at constant pressure, or just heat capacity
(CP). Units for CP are (J/mol/K) or (cal/g/°C). Appendix A.2 lists CP
values for several organic and inorganic compounds. There are several
methods for calculating enthalpy change using CP values. When CP is
constant, the change in the enthalpy of a substance due to change in

temperature at constant pressure is given by

AH = I'PICP(T — Tref) ............... (1.22)
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Heat capacities for most substances vary with temperature where the
values of CP vary for the range of the change in temperature. Heat

capacities are tabulated as polynomial functions of temperature such as

Cp=a+bT +cT?+dT> (1.23)

Coefficients a, b, ¢, and d for a number of substances are given in
Appendix A.2 In this case, the enthalpy change is

T T

A = n':rrr CpdT = n':rr(rz +bT +cT? +dT? )dT e (1.24)

Sometimes, you need an estimate of specific enthalpy, specific internal
energy, or specific volume at a temperature and a pressure that is between
tabulated values. In this case, one can use a linear interpolation. The
following example demonstrates the determination of internal energy

from heat capacity.

Example 1.14 Internal Energy and Heat Capacity

A closed rigid vessel that contains 200 kg of a fluid is heated from 20°C
to 150°C. Calculate the heat required for this purpose. The constant

volume heat capacity of the fluid is given by the following relation:

kg-°C

Cy ( ad ] =a+bT =0.855+9.42x107*T

Solution

Known quantities: Mass of fluid, initial (20°C) and final temperature
(150°C), heat capacity at constant volume as a function of temperature.
Find: Heat required to heat the content of the closed vessel.

Analysis: Use the general energy balance for a closed system, no change

in kinetic and potential energies as the system is a rigid vessel:
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Q-W=AU
W = 0.0 (rigid vessel; no moving part), the change in internal energy is
Q=AU

The change in internal energy is a function of heat capacity at constant

volume; since the heat capacity is a function of temperature and mass, we

T2

ALl = m‘rrcv dT
1

multiply mass by heat capacity as follows:

Substitute the heat capacity at constant volume:

)
AU =m [ (0.855 +9.42x107*T)dT

1

Integrating the earlier equation as a function of initial and final
temperature, we obtain

2 2
AU =m {0.855(]}_ ~Ty)+9.42x 1074 ( I5 - T, )

Substituting the values of initial (20°C) and final temperature (150°C),

TEn?  an2
Q=AU =200 kg {0.855(150 _20)+9.42x 10+ 150" =20 )]

-24,312 K]

KJ
X -
kg -°C
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Example 1.15 Use of Data from Tables and Reference State

The data shown in Table E1.15 are for a saturated fluid. Calculate Ah and
Au for the transition of saturated vapor from 10°C to —20°C.

Solution

Known quantities: Enthalpy, pressure, and temperature.

Find: Change of specific enthalpy and specific internal energy.

Analysis: The reference is liquid at —40°C, because the enthalpy at this
temperature is zero. Change in specific enthalpy (Ah) and change in
specific internal energy (Au) for the transition of saturated CH;Cl vapor

from 10°C to —20°C can be calculated as

Ah = IT_;_UL‘C - hl[}"“(: =456 -470=-14 kj/kg

The change in specific internal energy starts using h = u + Pv and Ah =
Au + A(Pv).

Rearranging for Au,

Au=Ah - A(Pz:) =Ah _{(PU}—?_U - (PU)'M}}
TABLE E1.15

Properties of Saturated Methyl Chloride

State T(EC) Platm) o ((m¥kg) h(k]J/kg)

Liquid —40 0.47 0.001 0.00
Vapor =20 1.30 0.310 456
Vapor 10 3.54 0.120 470

To calculate the change in internal energy,
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3
Au=-148 _1130x0312-354x 0.12}(211111 x i)

kg kg

X('lO'l.325kN/’r_nz)( K] }

1atm kKN -m

The rounded result of change in internal energy is Au=—12 kJ/kg
1.4.2 Constant Heat Capacity

Keeping P constant and letting T change, we can get the expression for
the constant P part as Ah = JCP dT = CPAT (at constant P). It is not
necessary to know the reference state to calculate AH_ for the transition
from one state to another. Ah from state 1 to state 2 equals h2 — hl
regardless of the reference state upon which hl and h2 were based. If
different tables are used, one must make sure they have the same
reference state. h and u are state properties; their values depend only on
the state of the species, temperature, and pressure and not on how the
species reached its state. When a species passes from one state to another,
both Au and Ah for the process are independent of the path taken from the

first state to the second one.

Example 1.16 Constant Heat Capacity

What is the change in the enthalpy of 100 g/s acid heated in a
double pipe heat exchanger from 20°C to 80°C, if the average heat
capacity at constant pressure is 0.50 cal/g°C?
Solution
Known guantities: Mass of acid, constant heat capacity, initial and final
temperatures.
Find: Change in enthalpy.
Analysis: Use change in enthalpy with constant heat capacity. The

change in enthalpy as a function of specific heat is given by
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T>

AT :J‘:fffcp dT
n

Since the heat capacity (CP) is constant, the earlier equation is simplified
to

AH = -‘f'fClJ(Tz - 1'-'1)
Substitute the values of mass flow rate, heat capacity at constant pressure,

and difference in temperature (the reference temperature is 20°C):

AF = (100 5](0.5 cal ](80 —20)°C = 3000 cal /s

s g°C

The change in enthalpy transport rate is H = 3.0 kcal/s
Example 1.17 Heat Added to a Boiler

Liquid water is fed to a boiler at 23°C under a pressure of 10 bar, and is
converted at constant pressure to saturated steam. Calculate Ah for this
process and the heat input required for producing 15,000 m*h of steam at
the exit conditions. Assume that the inlet velocity of liquid entering the
boiler is negligible and that the steam is discharged through a 0.15 m ID
(inner diameter) pipe (Example Figure 1.17.1). Inlet and exit pipes are at
the same level.

Solution

Known quantities: Water inlet conditions (23°C under a pressure of 10
bar), exit steam conditions (10 bar, saturated steam), exit steam
volumetric flow rate (15,000 m*h), exit pipe diameter (0.15 m).

Find: Change in specific enthalpy (Ah).

Analysis: The reboiler is an open system, and the general energy balance

equation is
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Q - W. = mAh + AKE + APE

Saturated vapor
10 bar

Boiler

Liquid water

23°C, 10 bar ™

EXAMPLE FIGURE 1.17.1 Production of saturated steam.

Since the reboiler does not deliver shaft work, no change is seen in
elevation between inlet and exit steams (change in potential energy is
zero); the energy balance equation reduces to . — ;izAl + AKE
The change in specific enthalpy: Since no value of specific enthalpy is

available at 23°C and 10 bar, the value is taken at 23°C (saturated water):

} T

—96.2 K]/ kg

at 23°C, 10 bar

The specific enthalpy value for the exit conditions at 10 bar, saturated
steam is

12,110 bar, satasteam = 2776-2KJ /K8 The change in specific enthalpy

IS A=, -, Substitute the values of inlet and exit specific enthalpy:
Ah =2776.2 ﬁ —-96.2 ﬂ = 2680 kJ / kg
kg kg

The discharge mass flow rate (m,) is calculated at the exit steam because
exit steam volumetric flow rate and diameter of discharge pipe are given.

The density is calculated from the inverse of specific volume (p = 1N).
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The specific volume (v) at 10 bar, saturated steam is 0.1943 m3/kg (used
saturated steam table, Appendix A.3):
. ’ 3
ity = pxV = — 1 . <15,000 2N
0.1943 m~ / kg h 3600 s

The inlet velocity is negligible as given in the problem statement. The

=21.45kg/s

exit velocity is calculated from the discharge volumetric flow rate divided

by pipe cross sectional area:

. : 3
o V;_Z _ 15, UQU 1;1 /h . h 53579 m /s
oD 7(0.15) m2 3600 s
4 4

The simplified general energy balance equation becomes
Q =mAh + AKE = mAh + %If’.’(?_"% —vf)
Substitute the values of mass flow rate, specific enthalpy, and velocity:

. 2
O =21.45 <8 [ 2680 X cloras ke 235.791“} ol
S kg ) 2 S ] s j

k]
>
1000 J

- 58,082 KkJ/s

The sign of the heat transfer across system boundaries is positive; that is,

heat is transferred from the surroundings to the system.

1.5 Enthalpy Calculations with Phase Changes

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 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 [4].

Phase changes, such as evaporation and melting, are accompanied by

relatively large changes in internal energy and enthalpy, as bonds
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between molecules are broken and reformed. Heat transferred to or from
a system, causing change of phase at constant temperature and pressure,
iIs known as latent heat. The types of latent heats are latent heat of
vaporization, which is the heat required to vaporize a liquid; latent heat of
fusion, which is the heat required to melt a solid; and latent heat of
sublimation, which is the heat required to directly vaporize a solid. Heat
Is released during condensation, and heat is required to vaporize a liquid
or melt a solid. Table A.1 reports these two latent heats for substances at
their normal melting and boiling points (i.e., at a pressure of 1 atm).
Sensible heat refers to heat that must be transferred to raise or lower the
temperature of a substance without change in phase as defined earlier.
The quantity of sensible heat required to produce a temperature change in
a system can be determined from the appropriate form of the first law of
thermodynamics. The heat capacity at constant pressure, CP, for most
incompressible liquids and solids is equal; CP = Cv and for ideal gases,
CP=Cv+R.

Example 1.18 Enthalpy of Phase Change

Steam at a rate of 100 kg/h is used to heat a stream of gas flowing on the
tube side of a heat exchanger. The steam enters the shell side of the heat
exchanger as saturated vapor at 10 bar of 90% quality, and exits as
saturated liquid water at 10 bar. Calculate the rate of heat transfer to the

gas side.

Solution
Known quantities: Inlet (10 bar, 90% quality) and exit (10 bar, saturated

water) steam conditions.

Find: The change in enthalpy transport rate.
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Assumption: No change in potential and kinetic energy, no shaft work.
Analysis: Use the general energy balance equation for an open system
around the heat exchanger. The simplified energy balance is obtained as
follows.

Energy balance for an open system is

AH + AKE + APE = Q - W,

After including the assumptions, the equation is reduced to
AH =Q
Setting enthalpy transport rate (H) in terms of specific enthalpy h,
AH =itg(hy —hy) = Q
The change in specific enthalpy of Ahg = hg, — hg; steam is

The inlet steam specific enthalpy (hs,1) of saturated vapor at 10 bar and
90% quality is

I 1 = hg + xhg =762.6 +0.9x213.6 = 2574.84 k] /kg

1o bar, x=0.9

The exit steam specific enthalpy at 10 bar, saturated water is

hp”z "l[]'bar, satd water 762.6 kJ /kg

Ahg = hgy — hyy =762.6 -2574.84 = -1812.24 k] / kg

The rate of heat transfer from condensed steam to gas stream is

Q = m.Ahs = 100 ﬁ(—1812.24 K] ] h 5034178

h kg ) 3600 s
The sign of Q value is negative; that is, heat is transferred from the

condensed steam to gas stream.
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1.5.1 Energy Balance for Open Systems with Multiple Inputs and
Multiple Outputs

The general energy balance for an open system is
Q- W. = AH + AKE + APE

The change in the rate of enthalpy for multiple streams is

AH = How— > Hw (1.26)

Setting enthalpy transport rate (H[ ) in terms of specific enthalpy h,

Q.H = Z Fj?uut'hout - Z F.‘;Iin;ii‘n (1 27)

Example 1.19 Enthalpy Change of Mixtures and Phase Change

Thousand kilomoles per hour of a liquid mixture of 70 mol% acetone and
30 mol% benzene is heated from 10°C to 50°C in a shell-and-tube heat
exchanger using steam as the heating medium. The steam enters the heat
exchanger in the shell as a saturated vapor at 16 bar of 90% quality, and
exits as saturated liquid water at 16 bar. Calculate the mass flow rate of
the inlet steam required for this purpose.

Solution

Known quantities: Inlet mixture flow rate and composition, inlet and
exit temperature, steam inlet and outlet conditions.

Find: The mass flow rate of inlet steam.

Assumptions: The boiler is adiabatic, no shaft work, no change in inetic
and potential energy, inlet and exit pipe is at the same diameter and level.
Analysis: Use energy balance for
an open system around the heat AFl + AKE + APE = QO —W.
exchanger. Energy balance for an open system is given by
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After including the assumptions, the equation is reducedto  arr —o

Since the system is of multiple inputs and multiple outputs, the change in

enthalpy around the heat exchanger is .= _ o _ S e — S F

Setting the enthalpy transport rate (H) in terms of specific enthalpy h,

AFT — O = 2 PFE at Flaat — 2 PFE ju P50 In more detail’

AH =0 = {-‘”s,ouths,out + -‘”a,outha,out + -‘”b,outhb,out}

- {I”s,inhs,in + "”a,in’!'la,in + "”b,in"{'fb,in}

where
Mg, Mg o are the inlet and exit mass flow rates of steam which are
equal
s in, Mlaou are the inlet and exit mass flow rates of acetone
M in, Mpout are the inlet and exit mass flow rates of benzene

Rearranging the earlier equation,
AH =0= m.;(h.;,mt — Ngin ) + mﬁ(ha,wt — Nain ) + M (hb,mt - hb,-m)

where
My = Main = Maou 15 the mass flow rate of acetone
My = Hlpin = Hipou 1S the mass flow rate of benzene

Rearranging,

AT = 0 = 1it Al + 11, Al + 11, A,

where
Ah_is the change in the specific enthalpy of steam
Al is the change in the specific enthalpy of acetone
Al is the change in the specific enthalpy of benzene

Since the mixture contains 70% acetone and 30% benzene, the mixture
mass flow rate and change of mixture enthalpy can be written as

i = 0.7 11, + 0.3711,
The change in mixture specific enthalpy is given by

Al = 0.7ANR, + 0.3AR,
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The change in the specific enthalpy of steam, Ahs, is Ahs = h 2 = hs 1
given by

The inlet steam specific enthalpy (hs,1) of saturated vapor at 16 bar and
90% quality is

hs,1l,, bar 1209 = he + xhgg = 858.6 + 0.9x1933.2 = 2598.5 kJ / kg

The exit steam specific enthalpy at 16 bar, saturated water is

=858.6 k] / kg

Substituting the values of the specific enthalpies of steam,
Ahg = by, — hg; =858.6 —2598.5 = -1740 k] / kg

5,2 16 bar, sat'd water

The change in specific enthalpy of acetone and benzene mixture, Ahmix,
IS given by

50°C

Ahpix = 0.7Ah, + 0.3Ah, = J‘ Cp.mix AT
10°C

The specific heat capacity of the mixture is given by
Cl’,rnix = E}ficl’i = O‘7Cl’,ac:etone + O—3Cl’,benz.ene

The heat capacity at constant pressure as a function of temperature:

Acetone (liquid): Cp, [%} =123+ 0.1867T
mol “C

Benzene (liquid): Cps, [JO) =126.5+0.234T
mol °C

Substitute the heat capacities of acetone and benzene:
Crmi = {0.7(123) + 0.3(126.5)} + {0.7(0.186) + 0.3(0.234)} T

Rearranging,

Cp omix = 124 +0.20T

Substituting the mixture heat capacity,

50°C 50°C

A = J’ CrndT = J’ (124 + 0.207)dT
10°C 10°C
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Integrating,

s50°C
AR s = f (124 + 0.207T)dT =(124T + 0.207T2)

10°C

50

10

The change in enthalpy of the acetone—benzene mixture, Ahmix, is given

by
0.20

Al = 124(50 —10) + (502 —=10?) = 5200 J / mol

Substituting the values of change in steam enthalpy and mixture enthalpy,

0 = 1 AN, + Tmix A Mmix

= ¥, (_174(] 11:_1) + 1000 klnol( 1000 mol )[5200 J

g h kmol mol

KJ
1000 J

Solving for i, 1, (1740 llz—’l) = (5.20 =< 10° KJ /h).

2
The rounded value of the steam mass flow rate is ms = 2990 kg/h. The
amount of steam required for heating the acetone—benzene mixture is
2990 kg/h.

1.5.2 Enthalpy Change because of Mixing

The thermodynamic property of an ideal mixture is the sum of the
contributions from the individual compounds. The following example
illustrates the thermodynamic property of an ideal mixing.

Example 1.20 Mixing

Hundred kilograms per hour of a saturated steam at 1 bar is mixed with
superheated steam available at 400°C and 1 bar to produce superheated
steam at 300°C and 1 bar. Calculate the amount of superheated steam

produced at 300°C, and the required mass flow rate of the 400°C steam.
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Solution

Known quantities: Stream 1: mass flow rate, saturated steam, 1 bar.
Stream 2: 400°C and 1 atm. Stream 3: superheated steam produced at
300°C, 1 bar.

Find: Volumetric flow rate of stream 2.

Assumptions: No change in kinetic and potential energy, no shaft work.

Superheated steam,

(1 bar, 300°C)
Saturated steam,

. Superheated steam
100 kg/h, 1 bar m—{ T }— > « {2} —mSuP ’
g/h Dar [ 1] Y [ 2] (1 bar, 400°C)

EXAMPLE FIGURE 1.20.1 Mixing of saturated and superheated steam.
Analysis: Use open system energy balance with multiple inputs, single

output. The process flow sheet is shown in Example Figure 1.20.1. The
general energy balance for an open system after applying the assumptions
is reduced to
AH=0
For two inputs, single output,
AH=Hs-H, —-H, =0
Putting the equation in terms of mass flow rate and specific enthalpy,
AH = ti1shs — titghy — tiahs =0
Overall mass balance for the mixing system is

kg

1y 4+ 1 = iy = 100 = + 1 = THia

The specific enthalpy of stream 1 is

| - 26754 K]/ kg

1bar, sat'd steam
The specific enthalpy of stream 2 is

T | =3278k]/ kg

1 bar, 400°C

The specific enthalpy of stream 3 is
s, onn so0ee = 3074 K / kg

The general energy balance for the mixing process is

?'?.11H1 -+ ?’?-’Izﬂz = ?’?"IQH\:},
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Substituting the values,

100 X8 26754 K} 4 i, [ 3278 X
h _ kg \ kg

] =115 (3074 KJ / kg

From the material balance equation,
1z = s — 100
Substitute the value of st in the earlier equation:
100 kg /h(2675.4 K] /kg) + (115 —100)( 3278 kI / kg ) = w13 (3074 kT / kg )
Solving for #is,
100 kg /h(2675.4— 3278 ) kI / kg = #1: (3074 kI / kg ) — mi5 (3278 kI /kg)
Rearranging,

100 x (2675.4 —3278) =L
= ?;I:;

(3074 - 3273}ﬂ
kg

The rounded values of the mass flow rates of streams 3 and 2 are

ity =295 kg /h and i, =195 kg/h

1.5.3 Energy Balance for Bioprocesses
Bioprocesses are unlike many chemical processes. Bioprocesses are not

particularly energy intensive. Fermentation and enzyme reactors are
operated at temperatures and pressures close to ambient conditions, and
energy input for downstream processing is minimized to avoid damaging
heat-labile products. Nevertheless, energy effects are important because
biological catalysts are very sensitive to heat and changes in temperature.
In large-scale processes, heat released during biochemical reactions can
cause cell death of enzymes, if heat is not properly removed. The law of
conservation of energy means that an energy accounting system can be
set up to determine the amount of steam or cooling water required to
maintain optimum process temperature [4].

Examples 1.21 Cooling of Fatty Acids

Problem

A liquid at the rate of 2000 kg/h fat (20 wt% acid, 80 wt% water) at 90°C

is to be cooled to 7°C. Cooling is achieved by heat exchange with
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2000 kg

20% gluconic acid
B80% water

(90°C)

&"[)
2700 kg/h 2700 kg/h

Coolant )—E—* Coolant

(2°C) (50°C)
"
Q]::-ss

Product stream
(7°C)

EXAMPLE FIGURE 1.21.1
Shell and tube heat exchanger.

2700 kg/h coolant fluid initially at 2°C. The final temperature of the
coolant liquid is 50°C. The fat is flowing on the shell side and coolant
liquid is on the tube side. The heat exchanger is not adiabatic, so part of
the heat is lost through the exchanger walls and the rest to coolant fluid.
What is the rate of heat loss from the acid solution to the surroundings?
Assume the heat capacity of acid is 1.463 (kJ/kg°C). The process flow
sheet is shown in Example Figure 1.21.1.
Solution
Known quantities: Inlet and exit conditions of cooling water, inlet and
exit temperature liquid stream.
Assumptions: No change in kinetic and potential energy, no shaft work.
Find: Heat loss through surroundings.
Analysis: Use the first law for an open system:

Q -W. = AH + AKE + APE

The simplified equation is
Q-0=AH+0+0

For multiple input and multiple outputs, this equation is written as

follows:
Q= AH = Zu'?ihi - E ik
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Let the subscript “c” be for coolant, “a” be for acid, and “w"” be for water
associated with the fat:

Q|1'I'-i=i = {”?:h:,-l + ”?aha,z + 'r”\\'h\\'j}ﬁm - {”?:h:,:': + ”?aha,l + m \\'h\\',l}

in
The mass flow rates of coolant, acid, and water are constant. Rearranging,
r

Quoss = e (hea = hes )+ s (ha 2 = hay )+ 13 (a2 = o 1)

The enthalpy of water is found from the steam table as saturated liquid
water. The specific enthalpy of coolant medium at 2°C is 8.124 kJ/kg and
at 50°C is 209.5 kJ/kg. Use the saturated steam table (Table A.4) to find

the specific enthalpy of the water associated with the fat:

3768 n.. L
g

kg

-Ii'-w w1

e =293

i ae k

Substituting the values of mass flow rates and specific enthalpies of cool-
ant, and water associated with steam and acid,

h 3600 s ) kg kg h 3600 s
«[203_3768 X | (4008 N 1.463 | (7°C - 90°C)
__ kg ) | h 3600 || ke°C

Solving for the heat loss O,

Q=151k]/s-193 k] /s —13.49k] /s =-55.49 k] /s
The sign for the heat transfer through the exchanger’s wall is negative;

that is, heat is lost from the fatty acid to the surroundings.

1.6 Psychrometric Chart

The psychrometric chart (Figure 1.3) displays the relationship between
dry-bulb, wet-bulb, and dew point temperatures and specific and relative
humidity. Given any two properties, the others can be calculated. To use
the chart, take the point of intersection of the lines of any two known
factors (interpolate if necessary), and, from that intersection point, follow

the lines
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FIGURE 1.3
Psychrometric chart.

of the unknown factors to their numbered scales to obtain the

corresponding values. The thermo-physical properties found on most

psychrometric charts are as follows.
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Dry-Bulb Temperature

Dry-bulb temperature is the temperature of an air sample, as determined
by an ordinary thermometer, the thermometer bulb being dry. It is
typically the abscissa or horizontal axis of the graph. The SI unit for
temperature is Celsius, the other unit is Fahrenheit.

Wet-Bulb Temperature

Wet-bulb temperature is the temperature of an air sample after it has
passed through a constant-pressure, ideal, adiabatic saturation process,
that is, after the air has passed over a large surface of liquid water in an
insulated channel. In practice, this is the reading of a thermometer whose
sensing bulb is covered with a wet sock evaporating into a rapid stream of
the air sample. The wet-bulb temperature is the same as the dry-bulb
temperature when the air sample is saturated with water.

Dew Point Temperature

Dew point temperature is that temperature at which a moist air sample at
the same pressure would reach water vapor saturation. At this saturation
point, water vapor would begin to condense into liquid water fog.
Relative Humidity

Relative humidity is the ratio of the mole fraction of water vapor to the
mole fraction of saturated moist air at the same temperature and pressure.
Relative humidity is dimensionless, and is usually expressed as a
percentage.

Humidity Ratio

Humidity ratio, also known as moisture content, mixing ratio, or specific
humidity, is the proportion of mass of water vapor per unit mass of dry
air at the given conditions. For a given dry-bulb temperature, there will be
a particular humidity ratio for which the air sample is at 100% relative
humidity. Humidity ratio is dimensionless, but is sometimes expressed as

grams of water per kilogram of dry air.
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Specific Enthalpy

Specific enthalpy, also called heat content per unit mass, is the sum of the
internal (heat) energy of the moist air in question, including the heat of
the air and water vapor within. In the approximation of ideal gases, lines
of constant enthalpy are parallel to lines of constant wet-bulb

temperature.

Specific Volume
Specific volume, also called inverse density, is the volume per unit mass
of the air sample. The SI unit is cubic meters per kilogram of air; the

other unit is cubic feet per pound of dry air.

Example 1.22 Psychrometric Chart

Humid air at 28°C has a dew point of 8°C. Using the psychrometric chart
provided, determine the following: relative humidity, absolute humidity,
wet-bulb temperature, dry-bulb temperature, humid volume, specific
enthalpy, and mass of air that contains 2 kg of water, and volume
occupied by air that contains 2 kg of water.

Solution

Known quantities: Humid air at 28°C has a dew point of 8°C. Air
contains 2 kg of water, and volume occupied by air that contains 2 kg of
water.

Find: Relative humidity, absolute humidity, wet-bulb temperature, dry
bulb temperature, humid volume, specific enthalpy.

Analysis: Use psychrometric chart. Humid air at 28°C has a dew point of
8°C. Using the psychrometric chart provided, determine the following:

1. Relative humidity = 30% (Example Figure 1.22a.1).

2. Absolute humidity = 0.007 kg water/kg dry air (Example Figure
1.22b.1).
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3. Wet-bulb temperature = 16.5°C (Example Figure 1.22c.1). Follow

the constant enthalpy line from the intersection of the dry-bulb and dew
point temperatures.

4. Dry-bulb temperature = 28°C.

5. Humid volume = 0.86 m3/kg (Example Figure 1.22d.1).

6. Specific enthalpy = 46 klJ/kg — 0.3 kJ/kg = 45.7 kJ/kg (Example Figure
1.22e.1).

7. Mass of air that contains 2 kg of water:

kg dry air

2 kg H,O
& 1720.007 kg HL,O

=285.7 kg dry air

8. Volume occupied by air that contains 2 kg of water:

0.86 m°> kg dry air
kg dry air 0.007 kg H,O

2kg H,O=2457 m"”

1. Relative humidity = 30%

Dew point=8°C

Moisture content, kg/kg dry air

10 15 20 25 \ 0 35 40 45 50 55
080 Drybulb temperature,"C  jg= "\ Temperature =28'C 0.90
Below 0°C properties and enthalpy deviation lines are for ice Humid volume, m*/kg dry air

(a)
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Solution
Known quantities: Inlet air flow rate temperature and pressure.

Find: The molar flow rates of water, dry air, and oxygen entering the
process.

Analysis: First, we calculate the partial pressure of water by using the
definition of relative humidity:
0.8 = P10

*
PH:0

The vapor pressure at 25°C is 0.03 bar:

0.8 = P10
0.03

The partial pressure of water (P1,0) is 0.025 bar:
Pi:0 = Yol
Substitute values of partial pressure and total pressure:

0.025 = 11,0 (3.0)
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The mole fraction of water is 0.008 mol water/mole humid air, and the
mole fraction of dry air is 0.992. The molar flow rate of air can be
obtained using ideal gas equation of state using the volumetric flow rate
given in the problem statement. After substituting the known information

into this equation, we have

PV (3 bar)(O.S m?'/h)

 RT 5 be
: 8.314x 10~ M ~bar

=96.87 mol/h

](298 K)
mo

The number of moles of dry air is

mol

Ndry-air = Ydry-air X 11 = 0.992x96.87 Lo 96.1 mol/h

1

Example 1.25 Relative and Absolute Humidity

The dry-bulb temperature is measured as 20°C and the wet-bulb
temperature as 15°C. If the total pressure is 1 atm, what are the relative
humidity and the absolute humidity? Use the humidity chart.

Solution

Known quantities: Dry-bulb and wet-bulb temperatures of air.

Find: Relative and absolute humidity

Analysis: Use the psychrometric chart.

Relative humidity = 59%

Absolute humidity = 0.0087 kg water/kg dry air
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1.7 Summary
The first law of thermodynamics for a closed system is
AU +AE, +AE, =Q -W

The first law of thermodynamics for an open system at steady state (i.e., con-
tinuous) is

AH +AE, +AE, = Q-W,

Procedure for energy balance calculations:

1. Draw and completely label a process flowchart.

2. Perform all material balance calculations.

3. Write the appropriate form of the energy balance equation and remove
any negligible terms.

4. Choose a reference state (phase-gas/liquid, T, P) for each species
involved. If using enthalpy tables, use reference state to generate table. If
no tables are available, choose one inlet or outlet condition as the
reference state for the species.

5. Construct an inlet—outlet enthalpy table.

6. Calculate all required values of ui or hi and insert the values into the
table.

7. Calculate AU or AH (e.g., AH = Zmihi — Zmihi).

8. Calculate any other terms in the energy balance equation (i.e., W, AEK,
AED).

9. Solve for the unknown quantity in the energy balance equation.

Homework Problems

1.1 Liquid methanol at 25°C is heated and vaporized for use in a
chemical reaction. How much heat is required to heat and vaporize 10
mol/s of methanol to 600°C. (744 kJ/s)

1.2 Propane gas at 40°C and 250 kPa enters an adiabatic heat exchanger

and exits the heat exchanger at 240°C. The flow rate of propane is 100
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mol/min. The saturated steam with a flow rate of 6 kg/min at 5 bar
(absolute) enters the heat exchanger. The discharge wet steam (contains
vapor and liquid) is at 3 bar. Calculate the exit steam quality and
temperature. (0.86, 133.5°C)

1.3 Wet steam at 20 bar with 97% quality is passed through a throttling
valve and expands to 1 bar pressure. Calculate the temperature of the
steam that departs from the adiabatic expansion valve. (132.25°C)

1.4 Hundred kilograms per hour of wet steam at 20 bar with 97% quality
Is passed through a throttling valve and expands to 10 bar pressure.
Calculate the temperature of the steam that departs from the adiabatic
expansion valve and the quality of steam. (179.9°C, 0.982)

1.5 Methanol is heated by condensing steam in a concentric double pipe
heat exchanger as depicted in Problem Figure 1.5.1. Methanol flowing
through the inner pipe at 64.0 kg/s enters at 20°C and exits at 60°C.
Steam enters the outer pipe at 350°C and 80 bar (absolute) and leaves the
heat exchanger as saturated water at 1.0 bar. Assume that the outer pipe is
well insulated and no heat is lost to the surroundings. Determine the mass

flow rate of the steam. (2.57 kg/s)

Saturate water

P=1 bar
Methanol 64.0 kg/s _@ .
T=20°C, P=1.0 atm = >
Methanol 64.0 kg/s —
T-60°C, P=10atm € (2)

Concentric double pipe

heat exchanger

PROBLEM FIGURE 1.5.1
Schematic of double pipe heat exchanger.
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1.6 Calculate the heat rate required to heat 32.04 kg/s of liquid methyl
alcohol (CH3OH) at 5°C and 1 atm to vapor at 500°C and 1 atm. The
heat of vaporization of methanol at 64.7°C and 1 atm is 35.27 kJ/mol.
(69.0 MW)

1.7 Determine the total amount of heat required to convert 2.00 mol of
liquid n-hexane (C6H14) at 10°C to vapor at 55°C in a closed container.
Assume that hexane vapor behaves as an ideal gas at the system pressure.
Neglect any effect of a change in pressure on the liquid enthalpy. The
heat of vaporization of hexane at 68.74°C and 1 atm is 28.85 kJ/mol.
(63.26 kJ)

1.8 A volume of 734 cm3 of liquid acetone is contained in a closed
cylinder fitted with a movable frictionless piston at 10°C. The acetone is
heated via heating coil inserted inside the cylinder to vapor at 500°C. The
piston area is 50.0 cm2, and the piston weighs 200 kg. The heat of
vaporization of acetone at its normal boiling point (56.0°C) is 30.2
kJ/mol. Assume the cylinder is perfectly insulated and no heat is lost to
the surroundings. Calculate the heat transferred from the heating process.
(929 kJ)

1.9 A volume of 734 cm3 of liquid acetone is contained in a closed
(vertical) cylinder fitted with a movable frictionless piston at 10°C. The
acetone is heated via heating coil inserted inside the cylinder to vapor at
500°C. The piston area is 50.0 cm2, and the piston weighs 200 kg. The
heat of vaporization of acetone at its normal boiling point (56.0°C) is
30.2 kJ/mol. Assume the cylinder is perfectly insulated and no heat is lost
to the surroundings. If the heat is provided by superheated steam at 550°C
and 1.0 bar, the final condition of the steam is saturated at 100°C. How
much steam is needed? (1.0 kQ)

1.10 A hydroelectric project has a volumetric flow rate of 1.2 m*s. The

water flowing in the river at atmospheric pressure and 20.4°C falls
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vertically for 300 m and then passes through a turbine. The water exits
the turbine at atmospheric pressure and 19°C. What is the power output
of the turbine? (10.1 kW)

1.11 Air at 100 kPa and 10°C enters a compressor and is brought to 1000
kPa and 50°C. The constant pressure heat capacity of air is 1.01 kJ/kg K.
If 15 kg/min of air are to be compressed, determine the power
requirement of the compressor. State your assumptions. (12.625 kW)

1.12 A gasoline engine has an efficiency of 25%. If the engine consumes
0.75 L/h of gasoline with a heating value of 3.0 x 104 kJ/L, how much
power does it provide? Express the answer in kilowatts. (1.56 kW) 1.13 A
liquid stream (10 kg/min) flows through a heat exchanger in which it is
heated from 25°C to 80°C. The liquid specific heat is 4.18 kJ/kg K. The
inlet and outlet pipes have the same diameter, and there is no change in
elevation between these points. Calculate the heat required. (38.3 kW)
1.14 Water (100 kg/s) passes through the gate of a dam and falls on a
turbine 10 m below, which turns a shaft connected to a generator. The
fluid velocity on both sides of the dam is negligible, and the water
undergoes insignificant pressure and temperature changes between the
inlet and outlet. Calculate the work generated by the turbine. (9.81 kW)

1.15 Crude oil is to be pumped at 1000 kg/min through a pipeline 2 km in
length. The pipe inlet is 200 m below the outlet, the pipe diameter is
constant. Neglect the pipe frictional losses. Calculate the work required
by the pump. (32.7 kW)

1.16 A cylinder is fitted with a frictionless floating piston and contains
24.8 L of air at 25°C and 1 bar. The system is then heated to 250°C. (Cv
= 5R/2). How much work was done by the system on the surroundings?
(1.871 kJ)
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1.17 A power plant (800 MW) burns natural gas to boil water producing
saturated steam (100% quality) at 70 bar. This steam is expanded in a
turbine to steam at 100°C and 1 bar. The steam enters the turbine at 10
m/s and exits 5 m below the entrance point level at 100 m/s. The turbine
Is connected to an electrical generator by a shaft. The efficiency of the
turbine is 60%. What is the mass flow rate of steam to the

turbine (kg/h)? (5.05x107 kg/h)

1.18 A large tank that is filled with water is open to the atmosphere.
Water is taken from the tank, passed through a pump, and then delivered
to the hoses of a firefighting extinguisher in a chemical factory. It is
desired to deliver 69.5 lbm of water per second at a pressure of 200 psi
(gauge). If there is a negligible elevation change between the water level
in the tank and the discharge of the pump, no changes in the

diameter of the pipes and hoses, and if the pump has an efficiency of
65.0%, how much work must be supplied to the pump in order to meet
the pressure and discharge rate specifications? (89.7 hp)

1.19 Suppose you are operating a steam turbine where the steam leaving
the turbine is at 5 bar (absolute). This steam contains 95 wt% vapors. If
the shaft work produced by the turbine is 1100 kJ/kg and the high
pressure, high temperature steam enters the turbine at 100 bar (abs), what
Is the temperature of the steam entering the turbine? If water at 10°C is
supplied to the steam boiler to generate steam, how much heat is required
per kilogram of steam produced? You may assume that heat losses from
the turbine are negligible. (3700 kJ/kQ)

1.20 Steam at 60 bar and 500°C enters an adiabatic turbine at a steady
flow rate of 1 kg/s; the turbine outlet stream is at 1 bar and 400°C. The
inlet and exit streams of the turbine are at the same height and the pipes
have the same diameter of 0.15 m. How much work can be obtained from

an adiabatic, continuous-flow turbine? (—144 kJ/s)
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1.21 Consider taking 1000.0 kg of outside air, which is then heated to
make your apartment comfortable in the winter. The outside air has a dry
bulb temperature of 10.0°C and a wet-bulb temperature of 5°C. You want
the air in your apartment to be at a dry-bulb temperature of 25°C and a
relative humidity of 60.0%. (a) How much water must be added to the
1000.0 kg of outside air to reach the desired humidity level? (8.57 kg) (b)
If the water you are using to alter the humidity of the air is coming from a
tap (assume its temperature is 10°C), how much heat must be added to
just the water to attain the desired temperature and humidity level in your
apartment? (2.15 x 104kJ)

1.22 For healthy air quality, it is recommended that a 200 m2 house have
an air exchange rate of 60.0 ft3 bone-dry air/min with the outside. It is
also suggested that the relative humidity in the house be 65%. Suppose
the outside air is at 30°F and a relative humidity of 40%. If this air is
brought into the house and heated to 75°F without addition of water, what
Is the relative humidity? If you desire to maintain a relative humidity of
65%, how much water must be added to the air inside the house (g/min)?
(24.3 g/min)
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2

Energy Balance with Reaction

The large changes in enthalpy and internal energy throughout a chemical
reaction require significant heat transfer (heating or cooling) from the reactor in order
to eventually maintain the reactor under optimum operating conditions. This chapter
demonstrates how to calculate the heat of reaction at a specific temperature and
illustrates how to estimate the heat of reaction from the heat of formation. The energy
balances for a reacting system using two methods are defined. Problems that involve
the application of combined material and energy balances are addressed. Finally, a
few applications, specifically, combustion, bioprocesses, and membrane reactors, are
discussed at length to practice the concepts further. The following items outline the

principal learning objectives of this chapter.

Learning Objectives

1. Calculate the heat of reaction (Section 2.1).

2. Estimate the heat of reaction from heats of formation (Section 2.2).

3. Establish the energy balance for a reacting system (Section 2.3).

4. Write simultaneous material and energy balances for a reacting system (Section
2.4).

5. Write the appropriate balances for combustion processes (Section 2.5).

6. Apply the energy balance to bioprocesses (Section 2.6).

7. Perform material and energy balances for a membrane reactor system (Section 2.7).

2.1 Heat of Reaction

The heat of reaction, AHr(T, P), is the enthalpy change for a process in which
stoichiometric quantities of reactants at temperature T and pressure P react completely
to form products at the same temperature and pressure. Consider the following

reaction:
aA+bB —-cC+dD



The standard heat of reaction (AHRX®) is calculated as the difference between the
product and reactant enthalpies when both reactants and products are at standard
conditions, that is, at 25°C and 1 atm [1]. The symbol “0” denotes standard

conditions. Therefore,

AHEx[kJ / ITlOl] = Hpmducts - Hreacfanfs

= cCAH{c + dAH{p — aAH s —bAH 2

E : )
= V,‘A_H,‘l

where AHf is the standard heat of formation. The reported AHRXx applies to

stoichiometric quantities of each species. Consider the following example:
A+ 2B—3C, HRx (100°C, 1 atm) =—150 kJ/mol

The enthalpy change for the given reaction is

-150 K] _ -150 K] _ -150 k]
1mol A consumed 2 mol B consumed 3 mol C generated

If 150 mol/s of C was generated at 100°C and 1 atm, then

AFT -150 kJ ]( 150 mol C generated = 7500 k] /s

| 3mol C generated s

If AHRX(T) is negative, the reaction is exothermic; that is, energy must be removed
from the reactor to prevent the temperature from increasing. If AHRx (T) is positive,
the reaction is endothermic; that is, energy must be added to the reactor to prevent the
temperature from decreasing. The heat of reaction (AHRx (T, P)) is nearly
independent of pressure. The value of the heat of reaction depends on how the

stoichiometric equation is written and on the phase of the reactants and products.

2.2 Heats of Formation and Heat of Combustion

The standard heat of reaction (AHRX®) can be calculated from the standard heat of
formation (AHf°). The standard heat of formation is the enthalpy change associated

with the formation of 1 mol of the compound at 25°C and 1 atm. The values of AHf°
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for many compounds can be obtained from tabulated data (Table A.2). The standard
heat of reaction (AHRX®) from the heat of formation (AHf°, i) of any reaction can be
calculated as

AHRy = E":‘A-Hf(j:‘

:

where
vi is the stoichiometric coefficient of reactant or product species i
A HFi is the standard heat of formation of species i
The standard heats of formation of all elemental species are zero (H,, Oy, Ny).
The standard heat of reaction (AN HR) of any reaction involving only oxygen
and a combustible species can be calculated as

AHR. = — E vi(AHZ);

T

This is the reverse of determining the heat of reaction from heats of formation,

where vi is the stoichiometric coefficient of reactant or product species i. (A Hc%) is
the standard heat of combustion of species i. If any reactants or products are
combustion products (i.e., CO,, H,0O, SO,), their heats of combustion are equal to
zero. For many substances, it is much easier to measure the standard heat of
combustion (A Hc °) than measuring the standard heat of formation ( A Hf°). Consider
the formation of pentane:

5C)+ 6H2 () = CsHaz AHRx_ =2

Carbon, hydrogen, and pentane can all be burned, and their standard heats of

combustion can be determined experimentally. Therefore,

AHg, = 5AH. c(s) + 6AH 1, (o) — AHC o511 (1)

The standard enthalpy of combustion is the enthalpy change when 1 mol of a reactant

completely burns in excess oxygen under standard thermodynamic conditions. The
standard heat of combustion of a species i, 4Hc’i, is the enthalpy change associated
with the complete combustion of 1 mol of species i with oxygen at 25° C and 1 atm

such that all the carbon forms CO, (g), all the hydrogen forms H,O (1), all the sulfur



forms SO, (g), and all the nitrogen forms NO, (g). The same value of standard heat of
reaction can be used to measure the standard heat of formation of pentane:

AHRx = AHP cgr, 1) — SAHE c(s) — 6AHF 1, (o)
Since carbon and hydrogen are atoms, the magnitude of their standard heats of

formation is zero. Accordingly,
Al-'[T_Il%x = AI_Ifl,)cﬂ—hz (= 0-0

Example 2.1 Heat of Reaction from Heats of Formation
Problem
Consider the combustion of liquid ethanol as shown in the following reaction scheme:

C,HsOH ) + 30, () =2CO; ) + 3H,0

Use heat of formation and heat of combustion to determine the standard heat of
reaction.

Solution

Known gquantities: Reaction stoichiometry.

Find: Standard heat of reaction.

Analysis: Values for standard heat of combustion and standard heat of formation are
available in the appendix.

AHRy = 3AH{ 1,00) + 2AHE co, — 0 — AHY coms0H0)
Substitute the values of the standard heat of formation:

AHR, (k] / mol) = 3(-285.84) + 2(-393.51) - 0 - (~277.63) = 13669 k] / mol

The standard heat of reaction is calculated from the standard heat of combustion as

AHR = AHZ consonay + 3AHE o, — 3AHZ vi,o0) — 2AHE cos g
Substitute the values of the standard heat of combustion, knowing that the magnitudes

of the standard heat of combustion of oxygen, water, and carbon dioxide are zero:

AHR, (k] /mol) = -1366.91+0 -0 -0 = -1366.9 kJ /mol

Results reveal that both values of standard heat of reactions are identical.

Example 2.2

Problem
If 240 mol/s of CO, is produced in the following reaction where reactants and

products are all at 25C, and no CO, is present in the feed stream,
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2C4H10 (g) + 1303 () =8CO; () + 10H,0 g

what is the standard rate of change in enthalpy?

Solution

Known quantities: Molar flow rate of effluent CO, and reaction
temperature.

Find: Standard rate of change in enthalpy.

Analysis: The standard heat of reaction from the heat of formation is as

follows: 470 (25°C, 1 atm) = EVIAH&
The heat of reaction is given by
AHR, (25°C, 1 atm) = 10AH? 1,04) + SAH? co, — 2AHE ca1,y — 13AHE 6,
AHR, (25°C, 1 atm) = 10(-285.84) + 8(-393.5) — 2(-124.7) — 13(0)

AHg, (25°C, 1 atm) = -5757 kJ/ mol

The extent of reaction is calculated using the mole balance of CO2; note that no
carbon dioxide is present in the feed stream before the reaction takes place:

Mo, =0+ 85 =240 =0 + 8&

E =%=301nol/5

The change in enthalpy transfer rate is
AH = £ x AHg, =30x-5757 k] /mol = -1.727 x10% kJ /s

Example 9.3 Butane Combustion

The reaction stoichiometry and standard heat of the reaction on n-butane vapor is

shown here;

CuHyo(g) + ?oz (2) > 4CO, (g) + 5H,O (1), AHR, = 2900 kJ / mol

Assume that 40 mol/s of CO2 is produced in this reaction and the reactants and
products are all at 25° C. The fresh feed to the reactor contains 20 mol/s of CO2.

Calculate the rate of change in enthalpy 4HRx® (kJ/s).



Solution
Known quantities: Inlet and exit CO2 molar flow rate and reaction temperature.
Find: The rate of change in enthalpy.

Analysis: Since inlet and exit streams’ temperature is equal, the change in the

sensible heat is irrelevant. Accordingly, the rate of change in enthalpy is only due to

heat of reaction and is calculated as

AH = EAHR (T, P) at 25°C, AH = EAHR,,

where AHRx° is the standard heat of reaction.

The extent of reaction is calculated using the mole balance of CO2:

NMco, = NcO,, feed + 45

Substitute the values of inlet and exit molar flow rates of carbon dioxide:

40 =20 + 4E
The extent of reaction is & = 404;20 = 24—0 =5mol/s

The standard rate of change in enthalpy, A7 is

AFT = EAH, = (5 mol )( ~2900 k] ) - 1.45x10* KJ /s
S mol

2.2.1 Extent of Reaction

If na, is the moles of A generated or consumed by a reaction at a temperature T and
pressure P, and va is the stoichiometric coefficient of the reactant or product, the

associated enthalpy change is
AH = EAHg (T, P)

The extent of reaction, &, is a measure of how far areaction has proceeded:

(}'If )out = (;'If)in +1’f‘;:

Rearranging, the extent of reaction is expressed as




1.2.2 Reactions in Closed Processes

If the reaction is taking place in a closed system of constant volume, the change in the

internal energy of reaction, A URX, is given as

QLIRX = AHRX — (AFT)RT
The change in the number of moles is equivalent to the change in the number of

stoichiometric coefficients between the product and the reactant.
Substituting Ay — y Vi,
&LIRX =:AHRX—RT E Vi

where vi is the stoichiometric coefficient of the gaseous reactant or product

component (+for product, —for reactant).

Example 2.4 Heat of Reaction from Internal Energy

Calculate the standard heat of the reaction of the following reaction:
C,Hy (g) +2C1, (g) — CGHCL; (1) + H, (g)+ HCL (g)

The internal energy of reaction at standard conditions (25C, 1 atm) is
A URx =-418 kJ/mol.

Solution

Known quantities: Internal energy of reaction.

Find: The standard heat of reaction.

Analysis: Use the following equation for closed system:

AU g (T) = AH g (T) — RTE-vi

Substitute known quantities:

8314 ] 1kJ
mol K 1000 J

—418 KJ /mol = AHR, — x298 15 Kx(1+1+0-2-1)

AHR, = —-420.5 k] /mol



Note that vi is the stoichiometric coefficient (+for product, —for reactant) of the

gaseous reactant or product component only (not liquids or solids components). If a
set of reactions can be manipulated through a series of algebraic operations to yield
the desired reaction, then the desired heat of reaction can be obtained by performing
the same algebraic operations on the heats of reaction of the manipulated set of

reactions (Hess law).

Example 2.5 Standard Heat of Reaction

Calculate the heat of combustion for C,Hg from the following reactions:
C2H4 + 302 - 2(:02 + 2Hzo AHEx'l = -1409.5 kJ/{ In()].

C2H4 + H2 — CzH(), AHExz =-136.7 k] fl‘ﬂ()l
H, + %Oz — H,O AHg.s = —-285.5k]/mol

Solution

Known quantities: Standard heat of reaction.

Find: Standard heat of reaction for the combustion of ethane.
Analysis: Use Hess’ law.

The reaction for combustion of ethane is as follows:

CzH(, + 3502 - 2C02 + 31_.[20 AHEXJ =7

The first reaction minus the second reaction based on one mole reacted

C;}_H4 + 302 —> 2COZ + 2H;}_O, -1409.5 k_'
CoHg — CoHy + Ho, +136.7 k]

C;)_H(, + 302 — 2(:02 + 2H20 + H2 -1272.8 k]

Accordingly, the heat of combustion of C,Hg is —1558.3 kJ.



Example 2.6 Dehydrogenation of Ethane

Calculate the standard heat of reaction from the dehydrogenation of ethane using the
standard heats of combustion:

C?_H() - C2H4 + H?_

Solution

&HEX = AH; CoHg — E?, CoHgy — AH;llz
Substituting the values of standard heat of combustion (from the appendix) yields
_HRX® (kJ/mol) =—1559.9 — (—1410.99) — (—285.84) = 136.93 kJ/mol

2.3 Energy Balance for Reactive Processes

For energy balances with reaction, we have two methods for solving these types of
problems: the heat of reaction method (extent of reaction) and the heat of formation
method (element balance). These two methods differ in the choice of the reference
state [2, 3].

2.3.1 Heat of Reaction Method

The heat of reaction method is ideal when there is a single reaction for which A HRX°
is known. This method requires calculation of the extent of reaction, + &. The extent

of reaction can be obtained by performing material balance for any reactant or product
for which the feed and product flow rates are known. The reference state is such that
all reactant and product species are at 25° C and 1 atm in the states for which the heat

of reaction is known (Figure 2.1).

AH =7
Reactants, 75, » Products, T,

=-Xnh,
n

= Xih,
out

AH
AH

Reactants, 25°C }-erememmmmmmmaeeaaes Products, 25°C
AH = EAHS,

FIGURE 2.1 Rate of change in enthalpy for a reactive process.
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For a single reaction at a reference state of 25°C and 1 atm while reactant and
product are at different inlet and exit temperatures [4],

MANH = EAHRZE,, + E i b, — E 1101
O ir

where hi(J/mol) is the specific molar enthalpy of a definite component. For multiple
reactions, where the reference state is 25° C and 1 atm and the inlet and exit streams

are at temperatures other than the reference states,

AH = E EjAHEx,j —+ E f.?;;?; — E }-T,' :J?,'
reactions o1 im

A reference temperature other than 25° C can be considered in this case, and the heat
of reaction should be calculated at the new reference state:

AH = E:AHRX,,E + i }.IJ:;I,‘ - E }-IJ:.;TJ‘
reactions ol 111

The heat of reaction at any temperature

AHg, = AHS, (25°C) + J‘ AC AT
25°C

where AC, = S‘ 0,Cp,i

2.3.2 Heat of Formation or Element Balance Method

In the heat of formation method, the heats of reaction terms ( AHrxn°) are not

required as they are implicitly included when heats of formation of the reactants are

subtracted from the products [5]. For single and multiple reactions,

QH = Z}IJ_L — E }.I,‘E,‘

where hi accounts for the change in molar enthalpy with T and phase + A Hf ° (Figure
2.2). In this case we find the enthalpy of all of the compounds relative to the elements
at 25° C. No heat of reaction needs to be calculated at all. We then plug these
enthalpies directly into the energy balance expression. In the absence of kinetic and
potential energy, the energy balance equation is

10



AH ="

n

> nh;
out

-a

—

—_

v

Bond

N —
=
e

AH

AH

FIGURE 2.2
Heat of formation or element balance method.

where the specific molar enthalpy of component i in the inlet streams is

'1—‘“'[

H:‘.in = J-Cp.:‘dT + &H?:

Specific molar enthalpy of component i in the exit streams is

1'—C)l.ll

1, o
hf,out = f Cp,de + Mf,f
25

2.4 Simultaneous Material and Energy Balances

Material balances could be written on either compound that requires the extent of
reaction or their elements, which requires only balances without generation terms for
each element. Similarly, we can also write down energy balances using either
compounds or elements. From material balances with reaction that we had discussed,
there are three methods of analyzing these types of reactive processes: atomic species
balances, extents of reaction, and component balances. For energy balances with
reaction, we have two methods for solving these types of problems: the heat of

reaction method and the heat of formation method or element balance method.
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Example 2.7 Gas Phase Reaction

Gas phase reaction is taking place in a continuous reactor. Stoichiometric proportions
of CO, and H2 are fed to the reactor at 400° C. The reaction proceeds to 80%
completion. Given 1 mol of carbon dioxide, estimate the heat that must be provided or
removed, if the gas exit steams are to be kept at 500° C. Perform the energy balance
using the heat of reaction method at two reference temperatures (500° C and 25° C)

and the heat of formation method.

Solution

Known quantities: Inlet and exit temperatures, percent conversion, inlet flow rate of
carbon dioxide and hydrogen.

Find: The amount of heat added or removed.

Analysis: The schematic diagram is shown in Example Figure 2.7.1.

Basis: 1 mol of CO, and 4 mol of H,. The process flow diagram is shown

in Example Figure 2.7.1.

Material balance (Extent of reaction method)

CO, +4H, - 2H,O+CH, &
Component balance is calculated using the extent of reaction method as follows:
COy: neg, =1-§
H,: ny, =4-4&
CHy ney, =048
H)O: 0 =0+28

From the fractional conversion of CO2,
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(8}
f = Nnco, = Necoy

L0
1nco,

_ 1.0 -nco,

1.0

0.8

neo, = 1.0 - 0.8 = 0.2 mol

nco,
1o, =1 mol ",
nfy =4 mol Reactor HcH,
(T;=400°C) ny0
(T, =500°C)

EXAMPLE FIGURE 2.7.1 Process flow diagram of gas phase reaction.

Accordingly, the number of moles of carbon dioxide leaving the reactor
is nCO,= 0.2mol.

The extent of reaction, &, is calculated by substituting nCO,= 0.2mol in
the CO, mole balance equation: 0.2 =1—-¢.

Solving for the extent of reaction, &=10.8.

To calculate moles of exit components, substitute values of the extent
of reaction in the mole component balance equations given earlier. The

following results are obtained:
nH, =0.8, nCH, = 0.8, nH,O0 = 1.6

Energy balance (Heat of reaction method)

The energy balance is performed at two reference temperatures; exit

stream temperature (500° C) and at the standard heat of reaction temperature
(25° C). First, prepare the following data table using the polynomial

form of the specific heat capacity:

Cp(J/mol°C) = a + bT + cT?

The standard heats of formation at 25° C can be obtained from Table A.2
(Appendix A.1). Components of heat capacity (Appendix A.2) and heats

of formation (Table A.2):

13



Components U; a b c AH?
cO, -1 36.11  0.04233 —2.887x 10> —393.5
H, —4 28.84  0.0000765 0.3288 x 10— 00.00
H,O 2 3346  0.006880 0.7604 x10—>  —-241.83
CH, 1 3431 0.054690 0.3661 x10-° —74.85
A -50.24  0.025810 3.4600x 10> —165.00

Note: A=CH,+2H,0-4H,-CO,

The A Hf in the last column is for the heats of formation. The A in the last row is the

difference between the product and reactants based on the stoichiometric coefficient;

for example, the Aais calculated as

Ada = Ezz,ﬂ — —1x36.11-4x28.84 + 2x33.46 +34.31 = —-50.24

The same method is used for calculating the values of Ab, Ac,and AHf.

Reference temperature = 500° C

In this approach, we perform the energy balance using the heat of reaction method at
the reference temperature of 500° C: Tref = 500° C. This requires knowledge of the
heat of reaction at 500° C. The energy balance for this process includes the sensible
heat to change the temperature of everything in the inlet stream from 500° C to 400° C
and the heat of reaction at 500° C times the extent of reaction. Recall that the heat of
reaction was expressed in kilojoules per mole, where the mole basis was per molar
extent of reaction:

Q = :E&HRX (Tref) + Hout - Hin
For multiple input and exit components,

500°C 400°C

- : ; . O .
Q = ”i"(—’Pr' dT —_ ¥ (_,pr- dT + & MRX 500°C
500°C ou 500°C m

Substituting the proper values,

500°C

Q=0+ f E 17 CpdT + & .’_‘\HRX‘ 500°C
aBoec 7
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The heat of reaction at 500° C is then

500°C 500
AHR:(‘_RUUDC = AHR, + f AC, dT = AHR, + I(Azz + AbT + ACTz)dT
25°C 25

The ACp for the reaction is immediately obtained from the A row for use in

integration from one temperature to another:

AHgy|sp0ec = =165 k] /mol +[(=50.24)(500 - 25) + %(0.02581)(5002 - 25%)

+L3.46x105)500% —25%] M _ 1846 k] /mol
3 mol 1000 ]

The heat of reaction at 500°C is

AHg| . = —184.6 k]/mol

500°C

Now the sensible heat term (first terms shown in the earlier equation) includes only
the moles of those compounds in the inlet stream. This gives

400°C SO0y
Hi, = E: P C, . dT = ('1)fcpwsz
500°C ' S00
00y
+ (4)prHZdT —1(—5)+4(—2.95) k] = —-16.80 k]
200
500°C
Hout = E i‘]’;‘cpde=O
500°C !

So finally, substitute estimated inlet, exit enthalpies and heat of reaction in the general
energy balance equation shown here:

Q = :E-AHRx (Tref) + Hout - Hin
Q= (0.8 mol) (—184.6 kJ/mol) + 0 — (—16.80 kJ) =—131 kJ

Reference temperature = 25° C
The energy balance for this process at this reference temperature includes the sensible
heat to change the temperature of everything in the inlet stream from 25° C to 400° C

and also to change everything in the product stream from 25° C to 500° C. Again, the
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heat of reaction at 25° C must be multiplied by the extent of reaction. The heat of the
process at 25° C is

500°C 400°C
Q = Hyu — Hy + EAHZ, = f E 1,Cp, dT — f E neCp; dT + EAHE,
25°C out 25eC In

The enthalpy of inlet stream relative to reference temperature (25° C) is

400°C 400°C
Hi, = f E 17 Cp,dT = (1 mol) f Cpeo,dT
25°C ! 25°C
400°C
+ (4 mol) f Cpi, dT =16.35 + 43.54 = 59.89 K]
Hec

The heat of reaction term at 25° C is found from the A term in the table for the heats

of formation. Likewise, we have already found in method 1 that £ = 0.8 mol. Thus, the

reaction term is

EAHg, = (0.8 mol)(-165k]/mol) = =132 k]

We can now calculate the sensible heat term for heating everything in the outlet
stream from 25° C to 500° C. The enthalpy change of the outlet stream with respect to

reference temperature (25° C) is

500°C 500 500
Hout = f E 1;Cp, dT = (0.2 r_nol)pr co, dT + (0.8 rnol)fcp w, AT
25°C 1 25 25

500 500

+(0.8 r_lfwl)‘f(:pCH4 dT + (1.6 lnol)prHzo dT
25 25

Integration of the earlier equation after substitution of components heat capacity

yields
500°C

Hout = f E 1,Cp, AT = (4.27 +11.06 + 18.48 +27.22) k] = 61.03 K]

25eC i

Finally, we obtain
Q= Hyuw — Hin + EAHR, = E n;h; — E nih; + EAHR,
ou mn

=61.03-59.89-132=-131K]
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The heat transferred from the system is 131 kJ.
Heat of formation method (Element balance)
In this case, no heat of reaction needs to be calculated at all. We write the energy

balance as follows:

Q= E nh; — E 1n;h;
o 1mn

Next, we compute the enthalpy of each component in each stream relative to their
elements. The compound is formed from its elements at 25°C (this is the heat of
formation), and then we raise the temperature of the compound up to the temperature
of the stream.

The specific enthalpy of outlet compounds

500°C
CH.: hen, = AH?(25)+ [ Cp o, dT = -74.85+23.10 = -51.75 kJ / mol

25°C

500°C
H.O : Iio = AHP(25) + f Cpino dT = —241.83 +17.01 = —224.8 kJ / mol

25°C

500°C
COs : heo, = AHP(25) + f Cp, o, dT =-393.5+ 21.34 = -372.2 k] /mol

25°C

500°C
Hy: hy, =0+ Cpyp, dT =13.83 k] /mol

25°C
Thus, the sum of all of the outlet specific enthalpies is

H o = 2 nih; =(0.2)(=372.2) + (0.8)(13.83) + (0.8)(-51.75)

ou

+(1.6)(—224.8) = -464.5 k]

The specific enthalpies of inlet compounds

400°C
CO, : héo, = AHY + f Cs, 0, dT = -393.5+16.35 = -377.2 k] /mol

25°C

400°C

H,: hf, =0+ f Cpu,dT =10.89 k] /mol
25°C
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Thus, the sum of all of the inlet enthalpies is

Hi, = E nih; =(1)(-377.2) + (4)(10.89) = -333.6 k]

imn

Finally, from the energy balance we obtain
Q=H,: —Hj, =—-4645Kk] +333.6 k] =-131Kk]

The heat calculated using the three methods are equal.
Example 2.8 Oxidation of Ammonia

Hundred moles per minute of ammonia (NH3) and 200 mol/min of oxygen (O,) at 25°
C are fed into a continuous reactor in which ammonia is completely consumed. The
product gas emerges at 300° C. Calculate the rate at which heat must be transferred to
or from the reactor to maintain the reactor temperature at 300° C. The standard heat of
reaction for the gas phase oxidation of ammonia is

NH; (g)+1.250, (g) — NO (g)+ 1.5H,O AHg, = -225k]J/mol

Solution

Known quantities: Inlet molar flow rates, inlet temperature, exit temperature.
Find: Rate of heat transferred from or to the reactor.

Analysis: Use the first law of thermodynamics for an open system.

Basis: 100 mol/min of NH3

Reference: 25° Cand 1 atm

Using the first law of thermodynamics for an open system,

Q —W. = AH + AKE + APE

Since there is no shaft work in the process, no moving parts, no change in elevation
between inlet and exit stream, and no change in velocity of inlet and exit streams, the

general energy balance equation is reduced to

Q =AH
Using the extent of reaction or heat of reaction method,

Q = AH = EAHE, + E gl — E 11;:h;

[S1¥1 i
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Material balance (Extent of reaction method)
i = 100 - &
1o, =200 -1.258
nno = 0.0+ &

;"Illlzo =0.0+ ]_5&

Because of complete conversion of ammonia ( f = 1), no ammonia exits in the reactor

exit stream; n - NH; =0
0.0=100 — & = £=100 mol

Substituting the values of the extent of reaction in the material balance equation will

give the following molar flow rate of exit stream components:

r':Nua—:O.O mol/min, 1,=75 mol/min, 7nyo=100 mol/min, 0=
150 mol/min

Energy balance (Heat of reaction method)

Reference temperature: 25° C

Q = AH = EAHS, + 2 by — E 1k

ou in

Heat capacities of components involved in the process C pi (J/mol.C) are

C...=29.1+0.01158T —0.6076 x107°T*

POz
Cono =29.5+0.008188T —0.2925x 107°T?
Cpmo = 33.46 +0.00688T + 0.7604x107°T*

Substitute known values:
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K]

) = AH =100(-225 k D4+ —2F
Q ( J/mol) + 10007

300°C 300 300
x| 75 f Cpo,dT + 100fcpde + 150‘[(:%0(:11*
25 25

25°C

25 25

KJ 100pr wndT + 200fcp02d]*
25 25

"~ 1000 ]

in

The change in sensible heat is in the units of J/mol, so it should be divided by
1000 to convert to the units of kJ/mol to be added to heat of reaction. Accordingly, the

heat transfer rate is

—225K]

Q = AH =100 mol {
mol

] +[75(8.47) + 100(8.45) + 150(9.57) | - 0
=-19,600 kJ/min

The heat released from the reaction processis —19,600 kJ/min (—326 kW).
Example 2.9 Production of Formaldehyde

Formaldehyde is produced in a continuous reactor by oxidizing methane with pure
oxygen (Example Figure 2.9.1). Feed streams of 50 mol/h of methane and 50 mol/h of
pure oxygen are fed to a continuous reactor. The exit stream molar flow rate is 100
mol/h. The mole fractions of formaldehyde and carbon dioxide are 0.15 and 0.05,

respectively. Calculate the rate of heat that must be added to or removed from the

reactor to maintain the reactor temperature at 150° C.

100 mol/h

3

3] CH,
0.15 HCHO
0.05 CO,

50 mol/h - g H,O

CH, = -

= O,
(257C) (150°C)
50 mol/h = \T_/
= 2
o, 121
(100°C)

EXAMPLE FIGURE 2.9.1 Process flow sheet of the methane oxidation process.
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Solution

Known quantities: Inlet and exit streams temperature and molar composition of
formaldehyde and carbon dioxide.

Find: Heat transfer rate from or to the system.

Analysis: Use the extent of reaction method for both material and energy balance.
Basis: 100 mol/h of the exit gas stream

Material balance:

Since carbon dioxide appears in the exit gas stream, the following reactions take place

in the reactor:
CH,(g)+ O, — HCHO (g)+ H,O &
CH_}(g)'l- 202 - C02 + 21_[20 52

To calculate the extent of reaction of the first reaction, select a component that is

available only in the first reaction, which is formaldehyde in this case:
Mpcuo = NéuHo + 51
0.15x100mol/h=0+& =& =15mol/h
The extent of the second reaction is obtained by selecting a component that is only
available in the second reaction, which is in this case carbon dioxide:
nco, = 1’1802 + 52
Substitute inlet and exit molar flow rate of carbon dioxide:

0.05x100mol/h=0+& = & =5mol/h
Knowing the extent of the first and second reactions, the component molar flow rate

can be found easily by performing the extent of reaction balance for each component:
nep, =50-5§ -5 =50-15-5=30mol/h
mpo =0+ & +25 =15+ 2x5=25mol/h

1o, =50-5,-25 =50-15-2x5=25mol/h

Energy balance:
Reference state: 25° C
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The standard heat of reaction for both reactions is calculated from standard
heats of formation as follows:

The standard heat of the first reaction, A HR x°1, is given by
AHR = AHF 1,0 (v) + AHY ncrho () — AHY ¢ (g)
AHR =(—241.83)+ (-115.9) — (-74.85) = —282.88 kJ /mol
The standard heat of the second reaction, A HR x°, is given by
AHRgx> = 2AHY 1,0(v) + AHY co, gy — AHF iy (g)

Overall energy balance of the reactor, no work, no moving parts, no change in

elevation, hence, work, kinetic and potential energy, are neglected:
Q=AH

The rate of change in enthalpy, 4H -, isgiven by

AH = E EAHR. ; + E nh; — E 11;:1;
reactions o in

Heat capacities of all components involved in the process, C pi (J/molYC),
are as follows:

Cperr, =34.31+0.05469T +0.3661x107°T?
Coneno = 34.28 +0.04268T

Cpeo, = 36.11+0.04233T - 2.887 x107°T?
Cpro = 33.46 +0.00688T +0.7604x107°T?
Cpo, =29.1+0.01158T - 0.6076 x107°T*>

In more detail, the energy balance equation is as follows:

- = 0 = o . 1, . 1, . I,
Q =& AHRa + 52AHR o + {”CluhClu + ycnolucio + Mcoslcos

+ My,0M0 + Ho, hoz}out - {f'.'cmhcm + ."fozf'loz}

in

22



Substitute known quantities:

150°C
Q = AH = 5 AHRq + EAHR o + J30 C dT

‘P CHa
l 25%C

150 150 150

+15ch H(_'Ho(g)dT + 5f CPC‘Z)sz + 25f CP Hzod]
25 25 25

150 \[ J 25 100 )
+25pr02dT - 50fcpde+ 50fcpozd1*
s i ] 25 2

Substituting the expressions of the heat capacities and integrating,
Q= {15(—282.88) K 5(—802.31)} + {30(4.9) K 15{4.’75) + 5(4.75)

+25(4.27) +25(3.758)} — {50(0) + 50(2.235)} = ~7923 kJ /h

The rate of heat transfer is —7923 kJ/h (-2.2 kW).

Example 2.10 Methane Combustion

Problem

Methane and oxygen are fed in stoichiometric proportions to a continuous reactor at
25 ° C and 1 atm. The reaction proceeds to completion and the effluent stream is

found to be at 200 C. Calculate the heat transfer rate from the reactor. On the basis

of 1 mol of methane set up an energy balance using the elements balance approach.
The combustion reaction of methane is as follows:

Solution

Known quantities: Inlet temperature and pressure, stoichiometric proportions of
feed.

Find: Heat transfer rate from the reactor, Q.

Analysis: Start by calculating the enthalpy at the stream condition for each individual

compound in each stream relatively to the elements at 25° C. We then plug these

enthalpies into the normal energy balance expression.

Material balance:
Basis: 1 mol/s of methane and 2 mol/s of oxygen
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Since the reaction goes to completion and the feed enters the reactor in stoichiometric
proportions, the exit molar flow rate of methane and oxygen are zero. Based on the
balance reaction stoichiometry for 1 mol of carbon dioxide reacted, 1 mol of carbon

dioxide and 2 mol of water are produced.

l CH HO = 0.0
1.0 mol C .
4 Reactor neo = 1.0
(25°C) ~ ’ "o
MH,0 = =
20mol O, g (200°C)

B
(25°C)

EXAMPLE FIGURE 2.10.1: Schematic of a methane combustion reactor.

The schematic diagram of the combustion process is shown in Example Figure 2.10.1.

Energy balance:
The specific molar flow rate and molar enthalpies of inlet and exit components are

arranged in the following table:

Species ", I, Mo .
CH, T haw(r) 0O -
O, 2 oy (T2) 0 —
CO, 0 — 1 o, (Ts)
H,O 0 - 2 HHzo (T3)

From the following data

AHPch, = —74.85 k] /mol

AHfco, = —393.5 KJ /mol

AH{ 110 = —241.83 k] /mol

Cpeo. J/mol®C) = 36.11 + 0.042337T — 2.887 x 1072

C (J/mol°C)=33.46 + 0.00688T +0.7604 %< 107°>71T7

PH20O
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The general energy balance equation is

Q = ; nih; — 2 nyh; = [i}cozf'fcoz + .f'.'“;_.of'fuzo]
out
ouf, ¥ i C

— | e o, + o hio, |
imn

Specific molar enthalpy of inlet streams at T1 =25° Cis

25°C

CH4: HCll..i (E)= AHECII4 + f Cp(_‘}{__1

25°C

dT = -74.85kJ/mol +0 =-74.85k]/mol

Specific molar enthalpy of inlet oxygen at T2 =25° C s

25°C

Oy ho, (T:) =0 + J‘ Cpo,dT =0+0=0
25°C
Specific molar enthalpies of the exit streams at T3 =200° C are

200°C

COy: heo,(Ts) = AHP co, + i Cpeo,dT = -393.5 + 7.08
1000J J

= —-386.42 kJ/mol

_ 200°C
H,O: Ihino(T:) = AHS .o + % CpiodT = —241.83 + 6.01
25%C

= -—235.82 kJ/mol

Using the values calculated by the procedures shown earlier, we simply plug the

values of specific enthalpies into the general energy balance equation using the

element balance approach:

Q= E 1 — E 1;:1;
o n

Substitute the calculated values of specific enthalpies:

— l:.“.’cu__lf'lcu__l + Hoylo, ]
in

Q= [f'-’cozhcoz + Mpohmo ]out

Q= [l(—386.42 ) +2(-235.82 )] —[1(0) + 1(-74.85 )] = -783.21KJ/s
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2.4.1 Unknown Process Exit Temperature

Another set of problems involves the calculation of outlet temperature when the inlet
conditions and heat input or output are specified. These types of problems require that
the enthalpies be evaluated in terms of the unknown outlet temperature. The resulting
enthalpy expressions are then substituted into the general energy balance equation and

solved for the outlet temperature. The following example explains this case.

Example 2.11 Dehydrogenation of Ethanol
Problem

Dehydrogenation of ethanol to form acetaldehyde is carried out in an adiabatic
reactor. Hundred moles per hour of ethanol at 400° C is fed to a continuous reactor.

The reactor conversion is 30%. The gas average heat capacities of C,HsOH,
CH3CHO, and H2 are 78, 96, and 29 (J/mol K), respectively. Calculate the reactor

exit stream temperature. The following reaction takes place in gas phase:

C,HsOH ——> CH;3;CHO +H;

100 mol/h CoH;OH

. - . CH;CHO
CoyH;OH 1 Reactor H
— 2

(T1=400°C) (Ty=2)

EXAMPLE FIGURE 2.11.1: Ethanol dehydration process, reactor system.

Solution

Known quantities: Inlet ethanol molar flow rate, temperature, and percent
conversion.

Find: The product stream temperature.

Analysis: The exit temperature is unknown, so a simultaneous material and energy
balance is required. The schematic diagram of the dehydrogenation process is shown
in Example Figure 2.11.1.

Basis: One hour of operation, accordingly all calculated flow rates are on per one
hour basis.

Material balance

Using the extent of reaction method,
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nenson =100-8

McH;CHO = 0+&

My, = 0+ S

A 30% conversion of methanol is achieved:

_ 100 — ncson

100

0.3 = nc,n.on = 70 mol

Substitute known values (nC,HsOH) in the ethanol mole balance equation:

70=100 — & = £=30 mol
Substitute the extent of reaction in the material balance equations to get the following

results:
nC,H50H = 70 mol, nCH3CHO = 30 mol, nH2 = 30 mol
Energy balance:

Reference temperature: 25° C
Using the heat of reaction approach, the general energy balance equation is

AH = EAHR, + ZI'II-JTI.; - 2 1,

The standard heat of reaction is calculated from the heats of formation as follows:

0 0 0 0
AHg, = AHf,llz + AHf,ClLaCllO - AHf, CoHs0H

Substituting tabulated standard heat of formation values (from the appendix) yields

AHg, =0+ (-166.2) - (-235.31) =69.11 kJ /mol

Open system, adiabatic process, no change in potential and kinetic energy, ccordingly
the general energy balance is simplified to the following form:
Q=AH:- =0.

The change in enthalpy is a function of heat of reaction and sensible heat as follows:

= o ) 1, ) 1, ) 1,
0=EAHRg, + {”C2115(311h(:2115011 + f"C113C110-"fC113C110 + ”llzhllz} T
out, T2 =7

— 3 Hensonllcn Oll}
{ 205 205 in, 400°C
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Substituting specific molar enthalpies in terms of heat capacities,

J T2 Tz T2
o~ o . = y - ¢
0= S AHRx + ”Czllsollf(-pcz}{so}{d:r + ”Cll.aCllOf(—pu{3C}{c)dT + ”llzfcp}{sz .
l 25 25 25 j
400°C
- ”(_'2}{50}{ ("P(_'z}{5()}{ dT |
| 7 e |

Substitute the values of the molar flow rates of inlet and exit components and heat

capacities of each component:

0=30x69.11 k] /mol + {70 x78(T> —25)+ 30 x96(T> —25)

+30 % 29(T; — 25)} — {100 =x 78(400 — 25)}
Rearranging by taking (T2 —25) as common factor,

kJ 1000 ]
mol k]

0=30x69.11

+ (T2 — 25){70x 78 + 30 x 96 + 30 x 29}
— {100 = 78(400 - 25)}
Simplifying and rearranging leads to the following value of reactor exit temperature:

1, = 851,700 l’_700 +25=117.5°C
9210

Example 9.12 Methanol Dehydrogenation
Problem

Hundred moles per hour of methanol at 675° C and 1 bar is fed to an adiabatic

reactor, where 25% of it is dehydrogenated to formaldehyde. Calculate the
temperature of the gases leaving the reactor, assuming constant average heat

capacities of 17, 12, and 7 cal/mol ° C for methanol, formaldehyde, and hydrogen,

respectively. The dehydrogenation of methanol proceeds according to the following

reaction:

CH;OH (g) — HCHO (g) + H» (g)

The heats of formation in kcal/mol are as follows:

AH{ ycno = -27.7 kecal /mol, AHY cp,on = —48.08 kcal/ mol
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HCHO
100 mol/h

CH;0H
CH;OH Reactor H
2

(675°C) (T,=7?)

EXAMPLE FIGURE 2.12.1: Formaldehyde production in an adiabatic reactor.

Solution

Known quantities: Inlet temperature, pressure, and molar flow rate are known.

Find: Exit stream temperature.

Analysis: The process flow sheet is shown in Example Figure 2.12.1. In the solution

of this example, use the extent of reaction method.

Material balance
Basis: 100 mol/h of methanol

The extent of reaction method is used to calculate exit number of moles:
HCHC) ?‘IllCllO =0+ E
CHgC)H T.ICII;-;OII =100 - 5

Hzi }"1“2 = O + E
The single-pass conversion of methanol

100 - 11crz0m

, e =75mol/h
100 CH;0OH /

f=025=

Substitute n + CH30H = 75mol/h in the methanol balance equation and calculate

the extent of reaction: & = 25 mol/h. Substitute the extent of reaction in the

formaldehyde and hydrogen mole balance equation to get the following results:

Mucro =25 mol/h, #icion =75 mol/h, 7y, =25 mol/h

Energy balance
The system is open so the first law of thermodynamics for open systems is used as

follows:
Q—-W, = AH + AKE + APE
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Neglecting kinetic and potential energies, no shaft work is done, and the reactor is
adiabatic. The energy balance equation is simplified to the following form:
0-0=AH+0+0
The enthalpy consists of enthalpy of reaction and the sensible heat:

Tout Tin

0 = AH = EAH g (Treg ) + Z n; fcp, dT - z n,fcp, dar
product reactant T,

Tret ref

Reference temperature =675°C

T 675°C

675°C T 5 1; Cp,' dT — 5 1 Cpi dT
pioduct ¥ reéactant  g¥5eC

The heat capacity of this problem is constant and the effect of temperature on the heat
capacity is negligible:

AH = EAHg,

A gy

arsec = AH R« + Acp(675 — 25)
The standard heat of reaction at 25°C is

AHEX = AHE[[C[[O -+ AHEIIZ — AHEC113011 =-27.7 +0 — (—48.08)

20.38 kcal / mol

The change in the heat capacity, AC,, is given by

A(“P = Cpu + Cpucno

—

P CH3OH

Substituting known values to calculate the heat of reaction at 675°C,

1 kcal

AHg, e ——
1000 cal

ersec = 20.38 kcal/mol + (7 +12 — 17)[ ] (675 — 25)

=21.68 kcal/mol

The rate of change in enthalpy is

AH = E AHgy

675°C + ( ??llCllocpHCHO + ??CIIBOIICPCH3OH + ﬂllch}{z )(TZ - 675) -0

Substitute the extent of reaction, heat of reaction, and heat capacities to
calculate the exit temperature:

1 kcal

0=25x21.68kcal/mol+(25%x12 +75%x17 + 25%x7)| — ——
1000 cal

](Tz - 675)

Rearranging and simplifying,

0=542 +1.75(T> — 675)

Solving for T,

T =365.3°C
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2.5 Combustion Processes

Combustion or burning is an exothermic chemical reaction between a fuel and an
oxidant accompanied by the production of heat and conversion of chemical species
[4]. For example, the complete combustion of methane is given by the following

reaction:
CH, (g) + 20, (g) — CO, (g) +2H,0 (g)

The result is carbon dioxide and water vapor, with a standard enthalpy of reaction at
25° C and 1 atm being —242 kJ/mol; complete combustion is almost impossible to
achieve. As actual combustion reactions come to equilibrium, a wide variety of major
and minor species will be present, such as carbon monoxide. Total inlet oxygen is the
sum of the theoretical oxygen and excess oxygen. The equation for percent excess air

is as follows:

(moles of air)qgq — (Mmoles of air)ieoretical

% excess air = -
(moles of air)ueoretical
Theoretical oxygen is the calculated amount of oxygen required to oxidize a
compound to its final oxidation products. In the methane oxidation reaction, 2 mol of
oxygen is required to oxidize 1 mol of methane. For 100 mol of CH, the theoretical
oxygen is calculated as follows:

2 mol O,

- - = 200 mol of O,
1mol CH,

Theoretical oxygen demand =100 mol CH, %

If the oxygen fed to the reactor is in excess amount than the theoretical oxy-
gen, then the percent excess oxygen is

% excess O (moles of Oz )feq — (moles of Os )eoretical
SO 5S¢ 2 =

(rnoles of O, )theorefica[

Example 2.13 Combustion of Carbon Monoxide
Problem

Carbon monoxide (CO) at 10° C is completely burned at 1 atm pressure with 50%
excess air that is fed to a burner at a temperature of 540° C. The combustion products
leave the burner chamber at a temperature of 425° C. Given 100 mol/h of carbon

monoxide, calculate the heat evolved from the burner.
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Gas product

CO,
100 mol/h O
CcO = N,
(I=10°C) (T=425°C)
Air T
50% excess ® {Z{

(T=540°C)
EXAMPLE FIGURE 2.13.1: Schematic of the combustion of carbon monoxide.

Solution

Known quantities: CO and air inlet temperature and pressure, complete combustion,
50% excess air.

Find: Heat evolved from the burner.

Analysis: Perform material balance and then energy balance.

Material balance

Basis: 100 mol/h of inlet CO

The following reaction takes place in the burner:

CO () + ;oz (8) — COs (g)

The schematic diagram of the burning process is shown in Example Figure 2.13.1.

0.5 mol O>
1 mol CO

Total inlet oxygen is the sum of the theoretical oxygen and excess oxygen. For 50%

Theoretical O,: 100 mol/h CO ( ) =50mol/h O,

excess air, the total inlet oxygen is the theoretical plus excess oxygen:

1o, = 1.0(50 mol Oz) + 0.5(500 mol Oz) =75mol/h O,
Nitrogen is inert and the total inlet nitrogen is the number of moles of nitrogen in the

air associated with the 75 mol of oxygen. That is,

e = E x Total inlet oxygen = E x 75 mol = 282 mol/h N>
Y21 y 21

Since the reaction goes to completion (i.e., complete composition), no carbon
monoxide leaves the reactor, all is burned. Mole balance of carbon monoxide (CO) is

calculated using the extent of reaction method:
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nco =Nngo —:5
0=100 — & = £=100 mol

Component mole balance
CO,: ngp, =0+ &
O, : np, =nd, —0.58
10, =75-0.5x100 =25 mol/h

The exit number of moles of carbon dioxide is 100 mol; nCO2 = 100 mol. Nitrogen is
an inert gas and is not involved in the reaction. Accordingly, the inlet number of

moles equals the exit number of moles:

1N, =282 mol/h

Energy balance

Reference temperature, Tref =25° C

The standard heat of reaction is calculated as

AHRg. = AHf co, — AHf co — EAHf,o;_'

AHR, = -393.5k]/mol —(-110.52 k] /mol) -0 = -282.98 kJ /mol

Heat capacities C pi (J/mol.C) as a function of temperature of components involved in
the process are

Cpo, =29.1+0.01158T — 0.6076 x 10T+

PO2
Cpny =29 +0.002199T +0.5723x 10717
Cpeo =28.95 +0.00411T +0.3548 x107°T?

Cpco, = 36.11+0.04233T - 2.887 x 10T
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Enthalpies of inlet components:
The enthalpies of inlet components are defined from the following expressions. The

integration is from the reference temperature to the inlet temperature.
Specific molar enthalpy of oxygen is obtained as follows

540°C

1K) J‘thdT—1638M/mﬂl

-‘"_111 o = o -
1 (O2) = 766077

Specific inlet enthalpy of nitrogen is calculated as follows:

540U
— 1k]J .
hin (N, ) = Cy., dT =15.49 k 1
1in(IN>2) 1000 ] 2-.1»:: P o J/mo

Specific inlet enthalpy of carbon monoxide is obtained as follows:

10°C

LkJ Cpeo dT = -0.4353 kJ/ mol

I (CO) = -
1000 ]
25°C

Enthalpies of exit components:
The enthalpies of exit components are defined from the following expressions. The

integration is from the reference temperature to the exit temperature:

425°C
— 1K)
Oxygen: /15,:(O3z) = 1000 ] f Crpo,dT =12.54 KJ/ mol
l k] 425°(C
Nitrogen: Fo(IN2) = W f Cpr,dT =11.92 K]/ mol

425°C

1 kJ f Cpeo,dT =17.58 KJ /mol

Carbon dioxide: Huou(COs) = ——-
1000 J

Summary of the calculated enthalpies is shown in the following table:

Compoundi  n;;, (mol/h) E’,in (kJ/mol)  #; oy (mol/h) E,v, out (KJ/ mol)

O, 75 16.38 25 12.54
N, 282 15.49 282 11.92
cO 100 —0.44 0 —
CO, 0 — 100 17.58

The heat removed from the burner, Q, is given by
Q=AH =EAH}? + 2 1 h; — 2 1,1,

out i
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Substituting inlet and exit moles multiplied by specific enthalpies of inlet and exit
streams, respectively, from the table in the earlier equation yields the heat released
from the burner, Q:

Q=ExAHgR, + {f}ozhoz + 1N, Mg, + ?'-’coszcoz} — {f}ozhoz + N Hin, + ﬁCOhCO}_
O imn

ut

Substitute component specific enthalpies:

0O =100x(-282.98 kJ/mol) + {25(12.54) +282(11.92) + 100(17.58)}

- {75(16.38) + 282(15.49) + 100(~0.44)}
The heat lost from the reactor is

Q=-284,177 k] /h(-78.94 kW)

The negative sign indicates that heat is released from the process.

2.6 Energy Balance in Bioprocesses

Energy contributions of bioprocesses contributions to sensible heat are insignificant
compared with the total magnitude of AHR°x and can, therefore, be ignored without
much loss of accuracy. This situation is typical of most reactions in bioprocessing
where the actual temperature of reaction is not significantly different from 25° C [5-
7].

Example 2.14 Fermentation and Citric Acid Production
Problem
An amount of 2500 kg of glucose and 860 kg of oxygen are consumed to produce

1500 kg citric acid, 500 kg biomass, and other products. Ammonia is used as a
nitrogen source. Power input to the system by mechanical agitation of the broth is
about 15 kW, approximately 100 kg water is evaporated during the culture period.
Estimate the cooling requirements during 2 days of operation. The latent heat of

evaporation of water at 30° C is 2430.7 ki/kg. The heat of reaction at 30° C is —460

kJ/mol O2 consumed. The batch reactor operates at 30° C. The reaction taking place

in the fermenter is given by

Glucose + 02 + NH; —>  Biomass + CO, +H,0 + citric acid
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W, =15 kW

2500 kg glucose

1500 kg citric acid
500 kg biomass
100 kg water vapor

Ammonia
860 kg oxygen

Fermenter
30°C

EXAMPLE FIGURE 2.14.1: Production of a citric acid fermenter.

Solution

Known quantities: Inlet flow and exit mass flow rate, shaft work, fermenter initial
temperature.

Find: Heat transfer from the reactor.

Analysis: The reaction that takes place in the current fermentation process (Example
Figure 2.14.1) follows the reaction shown above

The general energy balance equation is

Q - 1'/\'{; = EAHreaction + }”vAHv
Heat released due to the reaction is

EAH caction = 860 kgO> consumed 1000 & ‘ 1 mol ( —460 k]

=-1.24x107 k]
lkg | 32g

mol

Heat needed for evaporation is

m,AH, = (100 kg)(2430.7 k] / kg) = 2.43 x10° K]
The system shaft work is expressed as

24 h
lday

3600 s
1h

W, = (—15 ﬁ)@ days) = -2.59x10° KJ
S

['he general energy balance equation is
o
Q-W, =EAH,,,, + m,AH,

Substitute known quantities to yield
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0O -(-2.59x10° k]J) =-1.24x 107 k] + 2.43x 10° k]
O=-1.475%x107 k]

The negative sign indicates that heat is removed from the system.

2.7 Energy Balance in Membrane Reactors

A membrane reactor is actually just a plug-flow reactor that contains an additional
cylinder of some porous material within it. Its configuration is similar to that of a
shell-and-tube heat exchanger, with a tube within the shell of the exchanger. This

porous inner cylinder is the membrane that gives the membrane reactor its name.

Example 2.15 Membrane Reactor
Problem
A membrane reactor is used to produce formaldehyde by dehydrogenation of

methanol. The conversion of methanol to formaldehyde takes place on the tube side of

the membrane, which is an endothermic reaction:
CH;OH —- HCHO + H, AHg =853 k]J/mol

The following side reaction takes place as well on the shell side of the membrane. The
reaction is exothermic and its heat is utilized to preserve the temperature of the gas

stream at 150° C:

H> + %Oz > H>-O AHRg. = —241.83 kJ /mol

Methanol vapor stream at a flow rate of 100 mol/min and 250° C enters the tube side

of the membrane. Assume that the entire methanol reacts to form formaldehyde and
the whole produced hydrogen penetrates through the membrane tube walls to the shell
side where sufficient amount of it is burned on the shell side. Sufficient amount of
oxygen from air is supplied and reacts completely with the hydrogen. How much

hydrogen must be burned to keep the reactor effluent temperature at 150° C? What is

the molar flow rate of the stream leaving the reactor?

Data:

The average molar heat capacities of the various materials in this

temperature range are: CH;OH = 0.0568 kJ/(mol © C), HCHO = 0.0380 kJ/

(mol ° C), Hy =0.0289 kJ/(mol © C), O, =10.0309 kl/(mol ° C), N, =0.0296 kJ/
(mol ° C), and H,O =0.0341 kJ/(mol ° C).
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HCHO

0 (150°C)
N |
(150°C)
J
(I';isl;yc) 100 mol/h
i.—- CH,OH
(250°C)

of 150° C. The schematic diagram of the membrane reactor is shown in
Example Figure 9.15.1. The hydrogen reaction takes place on the shell

side with sufficient amount of oxygen associated with inlet air. All inlet
oxygen is consumed.

Solution

Known quantities: Inlet flow of methanol, complete conversion of methanol,
and inlet oxygen.

Find: Amount of hydrogen burned to keep the membrane effluent streams at 150° C.

Analysis: First we need to determine how much heat is required for the methanol to

formaldehyde reaction to be kept at the temperature of 150° C. The schematic

diagram of the membrane reactor is shown in Example Figure 2.15.1. The hydrogen
reaction takes place on the shell side with sufficient amount of oxygen associated with
inlet air. All inlet oxygen is consumed.

Material balance (tube side):

The exit stream from the tube side contains formaldehyde, and hydrogen penetrates
membrane walls to the shell side; since complete reaction is achieved, 100 mol/min of
formaldehyde leave the tube side, and 100 mol/min of hydrogen penetrate the
membrane walls to the shell side. of 150° C. The schematic diagram of the
membrane reactor is shown in Example Figure 2.15.1. The hydrogen reaction takes
place on the shell side with sufficient amount of oxygen associated with inlet air. All
inlet oxygen is consumed.

Material balance (tube side):

The exit stream from the tube side contains formaldehyde, and hydrogen penetrates
membrane walls to the shell side; since complete reaction is achieved, 100 mol/min of
formaldehyde leave the tube side, and 100 mol/min of hydrogen penetrate the
membrane walls to the shell side.
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Energy balance (tube side):
Tube side energy balance

Qub =S AHR, 1 + E nih; —E nih;

out mn

The inlet stream to the tube side contains only methanol, where it reacts
completely:

_n L0
thz = ”Cllg\Olle(_'H3()H (]—i - T;ef)

mn

nii =100 ™ 0.0568 —__ (250 ~25)°C = 12.78 k] /miin
min mol °C

mn

The heat of reaction term for methanol dehydrogenation can be com-
puted from heats of formation of the two compounds. Thus,

AHR, =-115.90 - (-201.2) = 85.3 k] /mol

i 'I.'ri‘hi = (‘”l lCllOCp,HCH() + 'I-'rllch,}{z }(T?_ - Tref)
o

Moles of formaldehyde and hydrogen produced are equal (100 mol/min):

min mol

- ! k _ _
E il = 100221 (0,038 + 0.0289)—(150°C - 25°C) = 836.25 kJ / min

Thus, the heat required to maintain the desired reactor temperature is

k]

min

Qub = EAHR, + E fiih; —E il = (100 x 85.3)

out mn

+836.25 k] /min —12.78 k] /min = 8088.25 k] / min

That is, 8088 kJ/min of heat must be supplied by the hydrogen combustion reaction
taking place on the shell side in order for the temperature at the completion of the
reaction to be 150° C. Since the hydrogen combustion is also occurring at 150° C
we need its heat of reaction at 150° C. This would correspond to the following

enthalpy calculation pathway.
Material balance (shell side)

The following reaction takes place:

H, + 'g;'(:)z_ — H,0O %32
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The specific molar flow rates of components leaving the shell side are

Unreacted hydrogen: sy, =100 — &

Water vapor generated: mino = &>
0.79

Nitrogen (inert): rnn, = 118, = —0.5&

0.21

Oxygen (complete conversion): 11, =0

Energy balance (shell side)
On the shell side, hydrogen is burned with sufficient amount of oxygen from the air

fed to the shell side. The exit stream of the shell side is water vapor, unreacted
hydrogen, and nitrogen; accordingly, the following overall energy balance for the

shell side can be written:
Ochen = E2AHR, > + E nil; — E 1;h;

Inlet stream to the shell

1, o o o
E nih; = {Nuch’uz + 16,Cp o, + 1, Cp, Nz}(]‘} — Tref}

in

17, = 100 mol /min

o 0.79 ,

nN, = ﬁ o,

nih; = J100(0.0289}+ 0.5711, (0.0309) + %05 i1, (0. 02%)1

x(250°C - 25°C)
Simplifying yields

;1 = 650.25 + 15.98n5,,

in

The shell side outlet stream enthalpy:

f’n’fhi = {”112(:1:’112 + 'F.'rllzocl’,llzo —+ .F'.'Nch, Nz}(T4 — Tref}

out

Substituting heat capacity values and molar flow rates of the shell side exit stream
gives
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Enﬁ - {(100 ~5,)(0.0289) + £(0.0341) + %05&_(0.0296)}(150 —25)°C

Thus we would get

2 i, ={2.89 - 0.065, (150 —25)°C

ou

Simplifying further,

n;h; = 361.25 — 7.5,
out

The heat of reaction term is just the heat of formation of water as a vapor; this is -

241.83 kJ/mol. So for the hydrogen combustion reaction we get

. o o —
Qshe]_l =§2&HRX,2+ E 1 — E 1;h;

o1 i

Oshell = £2(—241.83) + 361.25 —7.55>, — 650.25 + 15.985,
Simplifying,
Qshe].l = —2333552 — 289

Since heat lost from the shell side is gained by components on the tube
side to maintain 150°C in the reactor,

Oshell = —Ctube

Substituting heat lost from the shell side and heat gained by the tube
side yields

-233.355, — 289 = —8088.25 kJ / min

Solving for &,,

&, =33.42 mol/min

Thus the combustion rate of hydrogen must be 33.4 mol/min.
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2.8 Summary

The main difference between using a component balance and an element balance is
that we must calculate the heat of reaction when using a component balance, but we
simply use the heats of formation when writing down a balance based on the elements
as the reference.

General procedure for energy balance with reaction

1. Draw the process flow diagram.

2. Complete the material balance calculations for the reactor (using either extent of
reaction or atomic species balances).

3. Prepare the inlet and outlet enthalpy table, inserting known molar

amounts (or flow rates) for each stream component (and phase).

4. Choose your reference state for specific enthalpy calculations.

5. Calculate each unknown stream component enthalpy, hi.

6. Calculate AH + for the reactor.

7. Using the general energy balance equation, solve for the unknown quantity.

Steps 4-6 depend on the energy balance method used (i.e., heat of reaction

or heat of formation).
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Homework Problems

2-1 Determine the heat of reaction for the liquid phase of lactic acid (CsHgO3) with
ethanol (C,HsOH) to form ethyl lactate (CsH103) and liquid water at 25° C. The
heat of combustion of ethyl acetate is —2685 (kJ/mol). (—32.7 kJ/mol) The liquid-
phase reaction of lactic acid with ethanol is

C3H503 + C2H5OH_C5H1003 +H20

The combustion reaction of ethyl lactate is

CsH100;3 + 60, _5CO, + 5H,0 (1)

The following table shows the standard heats of
formation data:

Compound Agyo (kJ/mol)

C;H, O, —687.0
C,H:OH —277.6
C:H;,0, —
H,0O (liquid) —285.8
CO, (gas) -393.5
O, (gas)

2-2 Superheated steam at 40 bar and 350° C is produced from liquid water at 40 bar
and 50° C in a methane-fired boiler. To ensure complete combustion of the methane,
10% excess air is provided. Both methane and combustion air enter the boiler at 25°
C. Determine the outlet temperature of the flue gas from the boiler, if 19.85 kg/min of
superheated steam is produced from the combustion of 1.4 kg/min of methane.

Assume the boiler is perfectly insulated. (458° C)

2-3 Ammonia is synthesized through the reaction of nitrogen with hydrogen. The
reactor feed temperature is 400° C. The fresh feed consists of 1 mol% argon and
stoichiometric amount of nitrogen and hydrogen. The fractional conversion of N2 to
NH; in the reactor is 0.15. The converter is operated adiabatically and the heat of
reaction at 400° C is —53 kJ/mol. Given 100 mol of feed stream, estimate the
temperature of the effluent gases from the converter. The average heat capacities at
the pressure of the reactor for ammonia, hydrogen, nitrogen, and argon are 49.4, 29.5,
31.0, and 20.8 (J/mol ° C), respectively. (467.8° C)

2-4 Toluene reacts to form benzene and o-xylene according to the following
reaction:
2C/Hg ——> CgHg + CgHyp

Toluene may also react with hydrogen in the reactor to form benzene
and methane:
C7H8 +H2 e C6H6 + CH4

In this process, toluene reacts with a fractional conversion of 0.80, resulting in
benzene and xylene yields of 0.505 and 0.495, respectively.
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Here yields are defined as moles of component produced/moles of toluene reacted. If
the fresh toluene stream, fresh hydrogen stream, and product stream are all at 400° C
and 15 bar absolute, determine the heat requirements for the reactor to maintain
reaction temperature at 400° C and a pressure of 15 bar absolute in the vapor phase.
The fresh feed stream contains 225 mol/h of toluene. Average heat capacities:

benzene = 82.44 J/(mol K), toluene = 103.7 J/(mol K), o-xylene = 353.6 J/

(mol K), methane = 35.69 J/(mol K), and hydrogen = 28.82 J/(mol K).

(7725.4 ki/h)

2.5 Methane at 25° C is burned in a boiler furnace with 10.0% excess air. The air
enters the burner at a temperature of 100° C. Ninety percent of the methane fed is
consumed; the product gas is analyzed and found to contain 10.0 mol CO, per 1 mol
of CO. The exhaust gases exit the furnace at 400° C. Calculate the rate of heat
transferred from the furnace, given that a molar flow rate of 100 mol/s CH, is fed to
the furnace. (—58,626 kJ/s)

2.6 A certain bacterium is grown in a continuous culture at 30° C. Glucose is used as
carbon source and ammonia is the nitrogen source. A mixture of glycerol and ethanol
is produced. The reactant contains 36 kg/h glucose and 0.4 kg/h ammonia. The
product stream contains 2.81 kg/h cells, 7.94 kg/h glycerol, 11.9 kg/h ethanol, and
0.15 kg/h water. Estimate the cooling requirement. (1.392 X 104 kJ) Heat of
combustion:

Glucose =—1.558 X 104 kJ/kg

NH; =-2.251 X 104 kl/kg

Glycerol =-1.799 X 104 kJ/kg

Ethanol =—-2.971 X 104 kl/kg

Cell =-2.120 X 104 kl/kg

The reaction:

Glucose + NH; — Biomass + glycerol + ethanol + CO, + H,

2.7 One mole of CgHy, and 14.0 mol of oxygen are placed into a lab scale batch
reactor. The reactor then is placed into a water bath at 25° C; the water bath contains
20.0 kg of water. The contents of the reactor are burned. The CgHy combusts
completely to give H,O and CO,. At the end of the combustion, the water bath and the
reactor and its contents are at 90° C. Under these conditions, the water produced
during the combustion can be assumed to be completely in its liquid form. The

top surface of the batch reactor is insulated such that all heat lost from the reactor
goes to the water bath. What is the standard state heat of combustion of the CgHy4? (—
5500 kJ/mol) The following reaction took place:

CoFls +§oz = 8CO, + 7O

2.8 Natural gas stream contains 90 mol% methane and the balance H,S. The stream
flowing at a molar flow rate of 100 mol/min and 25° C enters a combustor chamber.
Water in the shell side of the combustor is supplied to maintain the combustor exit
stream temperature at 25° C. If 50% excess air is used for the combustion, what is
the molar flow rate of the gases leaving the combustion process and what is the
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heat released from the combustor? (—77,395 klJ/min) The stream is burned completely
where the following two reactions take place:

CH, +20, — CO, +2H,0O
st + 1502 — H20 + \.(302

9.9 Propane (CsHg) enters a combustion chamber at 200° C at a rate of 100 mol/h.
The gas is mixed and burned with 50% excess air that enters the combustion chamber
at 2000C. An analysis of the combustion gases reveals that 90% of the propane
carbon burns to CO2, with the remaining 10% forming CO, if the exit temperature of
the combustion gases is 200° C. The average specific heats of propane, oxygen,
carbon dioxide, carbon monoxide, and water vapor are 73.5, 29.4, 37.4, 28.6, and 34.7
Jimol K, respectively. The standard heats of formation of propane, carbon dioxide,
carbon monoxide, and water vapor are —103.85, —393.51, —110.52, and —241.86
kJ/mol, respectively. Determine the rate of heat transfer from the combustion
chamber. (-54 kW)

2.10 Liquid octane (CgHig) enters the combustion chamber of a gas turbine steadily at
1 atmand 25° C, and it is burned with air that enters the combustion chamber at the
same state. Determine the adiabatic flame temperature for a complete combustion at
400% theoretical air given 1 kmol octane. Assume constant heat capacities 45, 35, 30,
and 30 kJ/kmol K, for CO,, H,0, O,, and N,, respectively. (977 K)
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3

Simultaneous Material and Energy Balances

Material and energy balances are very important in the chemical industries. Material
quantities can be described by material balances. Similarly, energy quantities can be
described by energy balances. If there is no accumulation, what goes into a process
must come out. Material and energy balances are fundamental to the control of
processing, particularly in the control of yields of the products. After completing this

chapter, the following learning objectives should be accomplished

Learning Objectives

1. Understand the basic definitions needed in solving material balance problems, for
example, conversion, yield, extent of reaction, and standard heat of reaction (Section
3.1).

2. Write an energy balance for a reacting system (Section 3.2).

3.1 Material Balances
There are frequently used definitions that should be known when solving material and

energy balance problems involving chemical reactions. As the definitions include
conversion, yield, selectivity, and extent of reaction, these are briefly explained in

subsequent sections. The general material balance equation takes the form [1, 2]

Accumulation = (in — out) + (generation — consumption)

3.1.1 Conversion

Generally, syntheses of chemical products do not involve a single reaction but rather
multiple reactions. The purpose, in this case, is to maximize the production of the
desirable product and minimize the production of unwanted by-products. Conversion
is the ratio of the moles that react to the moles that are fed to a reactor. Relative to
species (i), the fractional conversion can be calculated using the following equation:

Fractional conversion of component i



{moles of component 1'} - {moles of component 1'}

in out

i =

{moles of component 1'}m

Hig — 1;

£ =

1ip
3.1.2 Yield
The yield of a reaction is the ratio of the desired product formed (in moles) to the total

amount that could have been produced if conversion of the limiting reactant was
complete (i.e., 100%) and no side reactions occurred [3].

moles of desired product formed
moles formed if there were no side reactions and === (3-2)
limiting reactant reacted completely

Yield =

3.1.3 Selectivity

The selectivity of a reaction is the ratio of the desired product formed (in moles) to the

undesired product formed (in moles):

. . moles of desired product formed
Selectivity = — ... (3-3)
g moles of undesired product formed

3.1.4 Extent of Reaction (&)

The concept of extent of reaction can also be applied to multiple reactions, with each
reaction having its own extent. The extent of reaction is the amount in moles (or
molar flow rate) that is converted in a given reaction. If a set of reactions take place in

a batch or continuous steady state reactor, we can write



where

vij is the stoichiometric coefficient of substance i in reaction j
& isthe extent of reaction for reaction j

Nig is the inlet molar flow rate of component i

For a single reaction, the earlier equation reduces to the following equation:

;= Flip 4+ DE  veon (3-5)

3.2 Energy Balances
The general energy balance equation for an open system at steady state is as follows

[4]:

O —W. = AH + AKE + APE . (3-6)
1 ./ 5 2% e 3-7
AKE = 5 11 (1,122 — ulz) (3-7)
APE = f-}';rg(zz —Z1) e (3-8)

Methods differ in reference state (and thus in the calculation of AH).
3.2.1 Heat of Reaction Method

In this method, the reference state is such that the reactants and products are
at 25°C and 1 atm:

AH = E ;“‘.}‘AH{%XI}‘ —+ E }.E;E — E }EL',‘H; (3_9)
reactions ou i

T
J1; = fCPJdT ....... (3-10)

Tref

AH(RJx,j — EE’J‘AHE;‘ ........ (3'11)

i

3.2.2 Heat of Formation Method
In this method, the reference state is the elemental species that constitutes the

reactants and products in the states they occur in nature at 25°C and 1 atm:

AFI = 11,015 — E 7 T (3-12)

o imn



The enthalpy in this case includes the sensible heat and the enthalpy of formation:

.
AF; L= AH? + J‘ C,, dT (3-13)

3.2.3 Concept of Atomic Balances
Consider the reaction of hydrogen with oxygen to form water:

H, +O, —>H,0O
We may attempt to do our calculations with this reaction, but there is something
Seriously wrong with this equation. It is not balanced; as written, it implies that an
atom of oxygen is somehow “lost” in the reaction, but this is in general impossible.
Therefore, we must compensate by writing
H, +1/2 0, —> H,0

The number of atoms of any given element does not change in any reaction (assuming
that it is not a nuclear reaction).

3.2.4 Mathematical Formulation of the Atomic Balance

Now recall the general balance equation:

(In —out) + (generation — consumption) = accumulation

Moles of atoms of any element are conserved; therefore, generation = 0. So we have
the following balance on a given element A:

E ?:':A,in —_ E ?:"'A,U'Llf: = O ....... (3‘14)

When analyzing a reacting system you must choose either an atomic balance or a
molecular species balance but not both. An atomic balance often yields simpler
algebra, but also will not directly tell you the extent of reaction, and will not tell you
whether the system specifications are actually impossible to achieve for a given set of

equilibrium reactions.

3.2.5 Degrees of Freedom Analysis for the Atomic Balance

As before, to do a degrees of freedom analysis, it is necessary to count the number of
unknowns and the number of equations one can write, and then subtract them.
However, there are a couple of important things to be aware of with these balances:
when doing atomic balances, the extent of reaction does not count as an unknown,
while with a molecular species balance it does. This is the primary advantage of this

method. The extent of reaction does not matter since atoms of elements are conserved



regardless of how far the reaction has proceeded. When doing an atomic balance, only

reactive species are included, and not inert.

Example 3.1 Natural Gas Burner
Problems
Suppose you have a gas mixture that contains nitrous oxide, oxygen, and methane.

The natural gas is burned. The following chemical reaction occurs in it. How many

atomic balance equations can you write?

CH4 + 202 —_— ZHzo + COZ

Solution

Known quantities: Balanced reaction.

Find: The number of atomic balance equations that could be written.

Analysis: There would be four equations that you can write: three atomic balances (C,
H, and O) and a molecular balance on nitrous oxide (inert and not involved in
reaction). You would not include the moles of nitrous oxide in the atomic balance on

oxygen.

Example 3.2 Equilibrium Reactions
Problem
An amount of 10 kg of compound A is added to 100 kg of 16 wt% aqueous solution

of B, which has a density of 0.90 kg/L. A has a molecular weight of 25 kg/kmol and B
has a molecular weight of 47 g/mol. If the equilibrium constant, K, for this reaction is
200 at 300 K, how much of compound C could you obtain from this reaction? Adding
10 kg of A to the solution causes the volume to increase by 9 L. The following
reaction occurs:

A+B2C+D

Solution
Known quantities: Mass of components A and B.
Find: Amount of compound C that could be obtained from this reaction.
Analysis: The process flowchart is shown in Example Figure 3.2.1. Since all of the
species are dissolved in water, we should write the equilibrium constant in terms of
molarities (mol/L):

K =200 = CcCp/CaCs



10 kg
Pure A

100 kg
.XB’Z - 0.1()

EXAMPLE FIGURE 3.2.1: Schematic diagram of the equilibrium reaction process.
The number of moles of A we have initially is

a0 =10 kg A x % = 0.4 kmol
24

The number of moles of B we have initially is

0.16 kg B 1kmol
kg solution 47 kg

= 0.34 kmol

1o = 100 kg solution x

Now, the volume contributed by 100 kg of 16% B solution is

VB_E_%_HM
P 0.90 &
L

After adding 9 L of A to the volume, the new volume is
Vfinal =111 +9L =120 L
There is no C or D in the solution initially:
Cco=Cpo =0
Plugging all the known values into the equilibrium equation for liquids,

the following equation is obtained:




Simplifyving,
=2
E

200 =010 _=)(034_2)

Rearranging,
200(0.40 -&)(0.34-&)=£&"
27.2 —148E + 20082% = g2
27.2 —148E + 1995* = 0
This equation can be solved using trial and error or any available software package:
¢=0.411 kmol
nc =_=0.411 kmol

A total of 411 mol of component C can be produced by this reaction.
3.2.6 Implementing Recycle on the Separation Process

Recycle may improve reaction conversion enough to eliminate the need for a second
reactor to achieve an economical conversion. Recycle reduces the amount of waste
that a company generates. Not only it is the most environmentally sound way to go
about but it also saves the company money in disposal costs. Using recycle, it is
possible to recover expensive catalysts and reagents. Catalysts are not cheap, and if
we do not try to recycle them into the reactor, they may be lost in the product stream.
This not only gives us a contaminated product but also wastes a lot of catalyst

Example 3.3 Separation of Binary Liquid Mixture
Problem
Fresh feed stream (100 kg/h) contains equal mass fractions of A and B joining a

recycle stream and fed to a separator. The top product stream of the separator contains
60% of A and 50% of the B that is fed to the separator and not that of the fresh feed
stream. The recycle system is set up in which half of the separator bottom product
stream is recycled and recombined with the fresh feed. Calculate the compositions of

Ain all streams.

A Xp >
"y — B I—x,:
(n'60% of entering A)
150% of entering B |

100 kg/h
xa,1=0.5

xg,1=0.5

! Bl—xa6




Solution
Known quantities: Fresh feed stream flow rate and composition.
Find: Exit stream molar flow rates.

Analysis: The process flow sheet is shown in Example Figure 3.3.1. The number of
degrees of freedom (NDF) of each process:

Mixing Separator Splitter Overall

Number of unknowns - 6 6 4

Number of independent 2 2 1 2
equations

Number of auxiliary relations 0 2 1 0

NDF 2 2 - 2

Since none of the units got zero degree of freedom, by contrast, the whole process is
solvable because the number of independent equations plus auxiliary relations (7 + 3)
equals the total number of unknowns (10 unknowns) in the process:

System: Overall

Overall mass balance: 100 kTg = 11, + Mg

k : )
Overall mass balance on A: 50 =8 _ My X Xan + Mg XXpe

We have four unknowns and two equations at this point. First, combine this

information with the splitting ratio and constant composition at the splitter.

Splitting ratio: m, = %

Constant composition: x, g=x, 3

. . . . }’?'13
Plugging these into the overall balances, we have 100 =1, + —
) s
Component balance (A): 50 = x5 + X a3 >

Relations: Translating words in the relations into algebraic equations.

If 60% of A entering the separator goes into stream 2, then 40% of A entering the
separator goes into stream 3, and then

Xaots = 0.6Xp 4114
xA,35;73 = O."—]:IA/;J;'.";

If 50% of B entering the separator goes into stream 2, then 50% of B enter-
ing the separator goes into stream 3, and then

(]_ —_ IA,Z)”;IZ = 0.5(1 — X A4 )”:’.'4

(1 — xa3)rits = 0.5(1 — x5 4 171y



Plugging in all of these into the existing balances, we finally obtain two equations in
two unknowns:

System: Overall

Component balances:

) 0.4 . .
A: 50 =0.6x44my + TXAAW.@ => Xp 4y = 62.5

B: 50=0.5(1-xp4)14 + %(1 — Xaq)ty = 50 = 0.75my —0.75x 5 41114

Substitute x 41, = 62.5 in B component balance equation:

50 = 0.75ri1, - 0.75(62.5)
Solving these equations gives

Vit =129.17 kTg, Xaa =0.484

Systen: Mixer
Total balance

100 + 7715 = 7714 = 12917 = 115 = 29.17 kg /h

System: Splitter
The recycle stream (1s) is half of the separator bottom product stream
(7i13): 1113 = 29715 = 2% 29.17 = 5834 kg /h

Systen: Overall

100 = #13 + 29.165 = 11, = 70.835 kg /h

Relations:

xA,;_.’i;'fz = O.6JCA,4?:;T4
xXa2%x70.835=0.6x0.484x129.17 = x5, = 0.530
xA,3f};'I3 = 0.4XA’4F§'E4

Xa3%x58.34 =04x0484%x129.17 = x5 =0.429



Example 3.4 Methane Oxidization
Problem
Methane and oxygen at 25°C are fed to a continuous reactor in stoichiometric

amounts according to the following reaction to produce formaldehyde:
CH, (9) +0; (99 ——> HCHO (g) +H;0 (9)

In a side reaction, methane is oxidized to carbon dioxide and water:
CH, (9) +20; (9) —> CO; (g) + 2H;0 (9)

The product gases emerge at 400°C, and the number of moles of CO, in the effluent
gases is 0.15, and there is no remaining O2 found in the effluent gases stream.
Determine the composition of effluent gas per mole of CH4 fed to the reactor.

Determine the amount of heat removed from the reactor per mole of CH4 fed to the

e,
Heo,

THCHO

reactor.

ZLEO
(400°C)

EXAMPLE FIGURES3.4.1: Schematic diagram of the methane oxidation process.

Solution

Known quantities: Inlet component molar flow rate and compositions.

Find: The amount of heat removed from the reactor per mole of CH, fed to the
reactor.

Analysis: The process flow sheet is shown in Example Figure 3.4.1.

Material balance
Material balance using the extent of reaction method is given by

tcr, =1—-85 — &
There is no remaining O,:

Mo, =0=1-5, — 25,
Hucro = &1
The number of moles of CO, in the effluent stream is 0.15 mol:
Moo, =52 =0.15
o = &1+ 25

Hence, 1 —;—z—l - Z,ﬁz =0 and #co, = ;‘:z =0.15 )
. Substituting & = 0.15 in the earlier equation and solving for £, we get
& =07

Substitute values of Ez —0.15and &, = 0.7 in the mole balance equations:

10



o, =0.15mol/ s, thcko =0.7 mol/s, 7ico. =0.15 mol /s,

o =1 molfs

The amount of heat remowved from the reactor per mole of CH, fed to the
reactor. The heat capacities are taken from tabulated values as a function
of temperature.

Energy balance
Reference temperature =25°C

The standard heats of reaction for both reactions at 25°C are calculated
from the standard heats of formation.
The heats of formation are

AHY o1, = —74.85 kJ /mol
AH 6, =0

AH; pscno = —115.9 k] /mol
AHE o = —241.83 kKJ /mol
AHY co, = —393.5 K]/ mol

The standard heats of reaction are

AHR. 1 = AHY no(g) + AH neno(g) — AH o (g) — AH 0.(g)

AHR. ; =-115.9 - 241.83 — (-74.85) — (0) = —282.88 k—]]_
mo

AHR, 2 = 2AHY yao(g) + AH con(g) — AHE o, (8) — 2AHY 6. (g)

AFIL. » = 2(—241.83) + (—393.5) — (—74.85) — 2(0) = —802.31—

mol

The sensible heat is calculated using specific heat:

J

— = |=a+bT +cT* +dT?
Cp[m01°C]

The specific heat can be found from Table A.3:
HCHO: a=3428 b=4268=x10", c =00, d=-8694x10"
CH,;: a=3431, bF=5469x10", c=03661=x107, d=-11x10"

COs: a=3611, b=4233x10"%, c=-2887=10"", d=7.464=x107"7

HoO: a=3346, bP=0688x107, c=07604=x10"7, d=-3.593=10"

Calculation of enthalpies of outlet and inlet streams relative to the refer-
ence temperature (i.e., 257C) is shown in the following.
Enthalpy of outlet stream components:

400
Frrcrne = J‘CPdT =J‘|:3-;.25+ 4268 =107 T +0T? - 8694 107° T3 AT

_ 400 - "
Ryrcro = fCPdT = [3—4.28']" + 4. 268 = 10 2%— 3869 = 10 QJTT}
5

Z5

KJ

o2 (4007 — 252)
10007

2

Fppcrio =

[3-4.23(.40-0— 25) + 4268 =1

— BE9 1077 XE—IUU‘*—EE»"']]

3
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Note that (4002—25%) = (400 — 25)?
The results are
k] k]

o =162 4 hen, =17.23 ——, o, =16.35 ,
mol mol mol

KJ

mol

Mo =13.23

The general energy balance equation is

- . 3 . 3 — 0 = 0
Q= E 1 H; — E 1niH; +5:AH iy + E:AH 0
ol m

Substituting known quantities,

Q= {”014 (f'fcm ) + 1o, ( hco, )"‘ IT'fucuD(hucuo)+ ?'-’llzo(f'fuzo )}4uu°c
: 1y : T & 0 < 0
- {Hcm (hcm ) + 110, (h02 )}25°C +51AHRy 1 + S2AHR 2

The enthalpy of inlet stream components is zero because inlet tempera-
ture is at reference temperature; therefore, the enthalpy of inlet compo-
nents relative to reference temperature of 25°C is zero:

O =1{0.15(17.23) + 0.15(16.35) + 0.7(16.2) + 1(13.23)} out — {0+ O}y
+0.7(~282.88) + 0.15(-802.31)
- 288.76K]/s

Example 3.5 Adiabatic Saturation Temperature

Problem

Air at a temperature of 50°C and 10% relative humidity is to be humidified
adiabatically (constant wet-bulb temperature line) to 40% relative humidity. Use the
psychrometric chart to estimate the adiabatic saturation temperature of the air, the rate
at which water must be added to humidify 15 kg/min of the entering air and the final
temperature of air.

Solution

Known quantities: Inlet air temperature and relative humidity.

Find: The adiabatic saturation temperature of the air.

12



Analysis: Refer to a psychrometric chart:
at Ty = 50°C and /i, = 109 — T, = wh — 23 .5°C

kg H.O

Fi, — 0.0077
kg DA

The state of the exit air lies on the line Twb = 23.5°C. From the intersection of this
line and the 40% relative humidity curve, the absolute humidity of exit air is
determined to be

ha = 0.014 kg H2O/kg dry air

The rate at which water must be added to humidify 15 kg/min of the entering air is

0.014 - 0.0077
kg DA

15 kg air

min

1 kg DA
1.0077 kg air

kg H;,_-O

min

=0.0938

From the intersection of the 40% relative humidity curve and the Twb = 23.6°C line,

the dry-bulb temperature of exit gas is found to be around 35°C.

Example 3.6 Partial Condensation of Cyclopentane
Problem

A stream of pure cyclopentane vapor is flowing at a rate of 1550 L/s, at a temperature
of 150°C, and at a pressure of 1 atm it enters a cooler. Seventy-five percent of the
feed is condensed and exits the cooler at 1 atm. What is the temperature of the exiting
streams from the cooler?

Solution

Known quantities: Inlet stream volumetric flow, inlet temperature, and pressure.
Find: Temperature of the exiting streams from the cooler.

Analysis: The process flow diagram is shown in Example Figure 3.6.1. The exit
stream temperature must be 49.3°C for cyclopentane, because the boiling point of
cyclopentane at 1 atm pressure is 49.3°C. Taking the reference temperature at 49.3°C

and cyclopentane in liquid state

Vapor

1550 L/s

Cyclopentane

(150°C;, 1 atm)

Cooler

Condensate
75% of feed

EXAMPLE FIGURE 3.6.1: Partial condensation of cyclopentane.
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(i.e., Tref = 49.3°C, liquid state), the number of moles of inlet cyclopentane in vapor
phase, using the ideal gas law, is

”:PV: lLa_tn:><1550 LL/s _ 44 64 I'II-(_Jl
RT  p.08206 %x (150 + 273.15)K =
Imol -

The inlet specific molar enthalpy of vapor cyclopentane at 150°C relative to reference
temperature (49.3°C, liquid) is shown in the following equation:

150°C
i = Aligap + Cpo, v dT

49 35C

Heat capacity of cyclopentane vapor (Cpv) as a function of temperature is shown
here:

Cpo. _J = 73.39 + 0.3928T —2.554 =<10*7T?2
mol K

The change in specific molar enthalpy of cyclopentane vapor is

150°C l 150
—_— 7
A, = f Cp AT = |aT + 272 + =713 — 11,060 —J
) 2 3 19 300 mol
49 35C -

The heat of vaporization of cyclopentane at 1 atm and its boiling point 49.3°C is

kJ

mol

Altyap = 27.30

= sti i at c raporizati = se i at,
Substituting heat of vaporization and sensible heat
150

i = AT, + Cp, dT =27.3 +11.06 = 38.36 kJ/ mol

49 .3

The resultant enthalpies can be summarized in the following table. Enthalpies

Relative to Reference Conditions (Tref =49.3°C, liquid state, 1 atm)

Substance 11, (mol / s) I'_lin(k] /mol) s (mol/s) Tow (kJ / mol)
Cyclopentane (@) 44 .64 38.36 11.14 27.3
Cyclopentane (I) —_— — 335 0

Total energy balance: Q = E nih; — E 1;h;
ou

m

O=(11.14 290 (2730 X ) _ 4464 DL (3836) 1 _ 14081
s mol s mol S
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Example 3.7 Methanol Combustion Process
Problem
Methanol (CH3OH) is fed at a rate of 297 mol/h and burned with excess air. The

product gas is analyzed, and the following dry-basis mole percentages are determined:
CH50H = 0.45%, CO, = 9.03% and CO = 1.81%. Calculate the fractional conversion
of methanol, the percentage excess air fed, and the mole fraction of water in the

product gas. The equations of the chemical reactions taking place in the heater are
CH,OH + %oz - CO, + 2HLO

CH;OH + 0O, — CO +3H,0O

n, Drygas

Ycr,on = 0-0045

297 mol/h Yeo,=0.0903
. 1 3 Reactor + -
CH,;OH Yco=0.0181
Aldr : s, 2 5 Yo,
YN,
My o

EXAMPLE FIGURE 3.7.1: Schematic of the methanol combustion process.

Solution

Known quantities: Methanol volumetric flow rate, dry gas composition.

Find: The fractional conversion of methanol, the percentage excess air fed, and the
mole fraction of water in the product gas.

Analysis: The labeled flowchart is shown in Example Figure 3.7.1. Degrees of

Freedom Analysis (Atomic Balance)

Number of unknowns —
Atomic balance equations (C, H, O) 3
Number of relations 1
NDF (0]

Atomic balance
Basis: 297 mol/h of inlet methanol

C balance:

297 mol/h

: =2621mol/h
0.1129

Fldry gas =

mol

297 = (0.0045 + 0.0903 + 0.0181)124ry gad

1
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H balance:

CH;OH 4mol H

297 mol x —
h mol CH;OH

4 mol H

=2n +0.0045 mol CH;OH ———— 1141 oas
H=0 ’ mol CH;OH dry g

Mo = 570.3 mol /s

Total moles out=570.3 +2631 =3201 mol

Fraction of water in the product stream = 5705 =0.178
3201
Fractional conversion of methanol = x = 297 ~0.0045x 2631 =0.96

297

Calculation of the amount of excess air:
O balance:

2(0.21x 1145 ) + 297 =(0.0045 + 2 x 0.0903 + 0.0181 + 2 x 1, ) x 2631 + 569.2
N balance:
2(0.79 x a5 ) = 2% (1 - 0.0045 — 0.0903 - 0.0181 - 7, )x 2631
Solving for air, oxygen, and nitrogen,
Haw =2733.41mol/s, yn, =0.822,  yo, =0.065

To calculate the percent excess air, first calculate the theoretical oxygen
using the complete combustion reaction:

297 mol CH;0OH |2 mol O; conusmed mol
h 1 mol CH;OH - " h

Theoretical oxygen =

1o, _ 445.5 mol O, /h

Theoretical air = =
0.21 0.21

=2121.43 mol/h

o . Total inlet air — Theoretical air 2733.41 —-2121.43
Y% Excess air = =

Theoretical air 2121.43

x100% = 28.85
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Example 3.8 Methanol Synthesis
Problem
A fresh feed stream is flowing at 100 mol/h, containing 31% carbon monoxide (CO),

66 mol% hydrogen (H,), and 3 mol% nitrogen. The fresh feed stream joins a recycle
stream, and the combined stream is fed to a catalytic reactor for methanol synthesis.
This stream is mixed with a recycle stream in a ratio of 4 mol recycle to 1 mol of
fresh feed to enter the reactor, and the stream entering the reactor contains 11 mol%
N2. The reactor effluent goes to a condenser, from which two streams emerge: a
liquid stream containing pure liquid CH30OH and a gas stream containing all the CO,
H,, and N,. The gas stream from the condenser is split into a purge stream, and the
remainder is recycled to mix with the fresh feed to enter the reactor. Calculate the
production rate of methanol (mol/h), the molar flow rate and composition of the purge

gas, and the overall conversion of CO.

C() yCO,—/
N, ¥n,7
Hy 1-Yco7-IN,7
100 mol/h
31 mol% CO
Reactor 2 ~> ) Condenser
66 mol% H2
3 mol% N, CO yco2
Hy 1-0:11-956,
Nz 0.11 CH,OH

EXAMPLE FIGURE 3.8.1: Schematic diagram of the methanol production process.

Solution

Known quantities: Fresh feed stream flow rate and composition.

Find: The production rate of methanol (mol/h), the molar flow rate and composition
of the purge gas, and the overall conversion of CO.

Analysis: The process flowchart is shown in Example Figure 3.8.1.

Basis: 100 mol/h of fresh feed

Degrees of Freedom Analysis

Degrees of Freedom

Analysis Overall Process Mixing Point
Number of unknowns 5 (114,117, yco7, Yns 7, &) 5(12, Yco,2, M6, Ynz6: YcO6)
Number of equations 4 4

Number of relations —_ 1

NDF 1 0
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System: Mixing point balances

From the relation recycle stream = 4 times of the fresh feed stream,
n6 = 400 mol/h

> = 500 mol/ h
NS balance:
3+ Yrae <400 = 0.11 < 500

N6 — 013

Siystern: Overall balance
NS balance:

3 = Yra,7 X

Since the composition of recycle stream and purge stream are the same,
YN27 = YUNaz,e = 0.13
The flow rate of purge is

11> =23 mol/h

Atomic C balance:

31 mol COx1 =4 mol CH;zOH + yco,7 x 23
Simplify

s = 31 — 23 % yco,r

Substituting 1,=31-23 Xy in the earlier equation yields
132 = (31 -23yco,7)x 4+ 40.02 - 46yco 7
-32.02 = =138 % yco,7

}/co,7 =0.23

Yis =0.87 ~0.23 =0.64 MO H2

mol

ny =25.71 mol CH;OH

31 mol -0.23x23

Overall conversion = 31 =0.83

Overall, 83% conversion of CO is achieved.

Atomic H balance:

2 =66 mol H-> = (?.'4 mol CHsOH-

4 mol H
mol CH;OH

+((1—0-13—};‘CO,7) 2 mol H 23)

—_— X
mol H-.O
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Example 3.9 Heating of Propane Gas
Problem

Propane gas at 40° C and 250 kPa enters a continuous adiabatic heat exchanger
where no heat is lost from the outside of the unit while heat is transferred between
streams. The stream exits at 240° C. The flow rate of propane is 100 mol/min, and
superheated steam at 5 bar absolute pressure and 300° C enters the heat exchanger

with a flow rate of 6 kg/min. The steam exits the heat exchanger at 1 bar absolute

pressure. Calculate the temperature of the exit steam.

Steam, 1 bar, T =7

&

100 mol/min 100 mol/min

CyHg ._H 2 — C3Hg
(40°C, 250 kPa)

Heat exchanger AT

6 kg/min
(5 bar, 300°C)

EXAMPLE FIGURE 3.9.1: Heating of propane.

Solution

Known quantities: Propane gas temperature, pressure flow rate.

Find: Temperature of the exit steam.

Analysis: The process flow sheet is shown in Example Figure 3.9.1. For a heat

capacity of propane,
a=68032, b=02259, ¢c=-1311x10", d=3.171x10"

Substituting values of a, b, ¢, and d and integrating,

240°C 240°C

AEC3118 = Cp # dT = (a+bT +cT*+dT?)dT
mol °C
40°C 40°C
— 0.2259 -1.311x107*
Ahcyg = 0.68[ T, - T; | + [T° -T2 |+ 3 [’ -1 ]
3.171x10°®
* f[r’-‘; B T'14]
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Substituting the given values of inlet and exit temperatures,

0.2259 1102 _ 407+ —1.31? 107 1 40° — 40°

= 0.68[240 — 40] +

. . . -8
NERVAES BRSSPI

The change in specific molar enthalpy k(J /mol) is

]

mol

ﬁg{:;us =13,606.4 +6325.2 -13 + 26.3 =19, 360

The amount of heat transferred from the steam to heat propane is

mol 19362 _ 1936 X

min mol min

1Al =100

The change in mass specific enthalpy of steam, /(]/g), is

K]

Al = 6 8 [J100 — 3065]
min kg

O=0=1936 k,J +6 kf@’ [Hout — 3065]ﬂ
min min kg

1936 KJ | 3065 K _
6 kg kg

ha

Using the superheated steam table calculate the temperature at 1 bar absolute pressure
and enthalpy, h4 = 2742.3 kl/kg. Since the value of the calculated enthalpy at 1 bar
does not exist in the steam table, interpolation is required to get the value of the exit

temperature:

2776 - 2676 _ 2776 —2742.3 s T, = 133°C

150 -100 150 — Tk
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Example 3.10 Heating of Liquid Methanol
Problem

Liquid methanol at 25° C is heated and vaporized for use in a chemical reaction.

How much heat is required to heat and vaporize 2 kmol/h of methanol to 600° C.

Heater
2 kmol of liquid - Vapor
2 e -1 -2 CH5;OH
CH;OH B
600°C
(25°C, 250 kPa) :
Q==

EXAMPLE FIGURE 3.10.1: Schematic of heating liquid methanol.
Solution

Known quantities: Inlet liquid methanol temperature and flow rate.

Find: Heat required to heat and vaporize 2 kmol of methanol to 600° C.

Analysis: The inlet and exit conditions of the heater are shown in Example Figure
3.10.1. Consider Tref = 25° C and methanol in liquid phase as reference conditions.
The normal boiling point of methanol is 64.7° C. Accordingly, the change of

methanol enthalpy is the sum of change in the enthalpy of the liquid methanol, heat of
vaporization, and the change in enthalpy of vapor methanol from its boiling point to
its final temperature. The enthalpy change for methanol liquid is

64.7°C

ARcir,on = Cpanoms AT = 0.07586[64.7 — 25]

25°C

16.83x107°
+
2

[64.72 —25%] =3.312 kJ/mol

The enthalpy change for methanol vapor is

600°C
Ahcison = C,, dT =0.68[600 —64.7] +

64.7°C

0.2259

5 [600% — 64.72]

-1.31x107*

+
3

=68.21kJ/mol

3.71=x107%

[6007 —64.77]— [600% —64.7

The methanol latent heat of vaporization is

kJ

mol

Alyapor = 36.14

The change in enthalpy of the methanol heated from 25°C to 600°C is

mol 1331246821+ 36.14]— _ 2 15,324 %

O = 2000
1 mol 1
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Example 3.11 Turbine Power Plant
Problem
A hydrocarbon fuel whose composition is unknown but may be represented by the

expression CxHy is burned with excess air. An analysis of the product gas gives the
following results in mol% on a moisture-free basis: 9.51% CO2, 1.0% CO, 5.3% 02,
and 84.2% N2. Given 100 mol/h of flue gas dry gas, determine the molar ratio of
hydrogen to carbon in the fuel, r, where r = y/x, and the percentage of excess air used

in the combustion.
0.095 CO,
= QgL CO
Il g Py
0.842 N,

M Air

_ysz 0.79 =

I')I
| M|

Yo,= 021

EXAMPLE FIGURE 3.11.1: Schematic diagram of burning hydrocarbon.

Solution

Known quantities: Dry gas mole fraction.

Find: The ratio of hydrogen to carbon in the used fluid.

Analysis: The number of independent chemical reactions in the process is two since
the flue gases contain CO, which means that there is a side reaction and the
combustion is not complete.

Basis: 100 mol of flue gases (dry basis).

2Cx+1y/2)
+—"
2

C,H, O, — xCO, + ; H,O

(x+y/2)

C,H, + O, — xCO + %HZO

The flowchart of this process is shown in Example Figure 3.11.1.

Degrees of Freedom Analysis

Degrees of Freedom Analysis Overall Process (Atomic Balance)
Number of unknowns 5 (nc,m,, Mo, X, Y, 12)
Number of independent equations 4

Number of relations —_

NDF 1
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Atomic balance:

C atomic balance: x n CxHy =9.5+ 1.0

H atomic balance: y n n CxHy = 21X { H20

N atomic balance: 2(0.79nAir) = 2(84.2 mol)

nair = 106.6 mol

O atomic balance: 2 X (106.6 X 0.21) =(2X 9.5) + 1.0 + (2X 5.3) + nH20
nH20 = 14.17

The molar ratio of hydrogen to carbon in the fuel r = y/x, and the percentage
of excess air used in the combustion can thus be calculated from the
following equations:

C atomic balance: xn X CxHy =9.5+ 1.0

H atomic balance: y n X CxHy =2X14.17

Divide H atomic balance equation by C atomic balance

y > C A, 2x14.17

xx CH,  95+1.0

L _Yy _2834

x 10.5

For complete combustion, the following reaction is taking place:
. 1y . Y
CH,+|=+x 0, = xCO,; +=H,O
' 4 2
For 106.6 mol air fed, 10.5 mol of CO2 produced, x = 10.5, y = 28.34. The percentage

of excess air used in the combustion:
Moles of CxHy can be found from the equation of C atomic balance:

10.5% e, = 95+1.0

10.5
10.5

=1mol

e, =

Per one mole of C,H, fed to the burner,

(%_/"L 'Y)Oz 28.34
Theoretical O, =1 mol C,H,, 4 =—

- +10.5=17.59 mol O,
mol C.H, 4

Theortical N> = 17.59 mol O, x M =66.15mol N,

0.21 mol O,

The associated theoretical nitrogen is thus calculated.
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Theoretical air =moles of theoretical oxygen + nitrogen
=17.59+66.15= 83.74 mol

Excess air: 106.6 — 83.74 =27.86 mol

22.8 . : . .
x 100% = 27% excess air

Y% excess air =

Example 3.12 Ethanol Production
Problem
Fresh feed containing 20.0% C2H4 and 80.0% H20O is fed to a continuous reactor.

The reaction products are fed to a condenser that has two product streams: a vapor
stream that contains C,H,;, C,HsOH, and water vapor; and a liquid stream that
contains the remaining ethanol, ethylene oxide, and water. The vapor stream from the
condenser is recycled and mixed with the fresh feed to be fed to the reactor. The
overall process yield is 80% of ethanol produced. In the reactor, ethanol (C,HsOH) is
produced by steam (H,O) reformation with ethylene (C,H4). An undesirable side

reaction, ethylene oxide is formed: . .
(_2H4 -+ H"}_O —= (_2H5OH

2(:21__[501__[ — (C2H5)20 -+ Hzo
If the ratio of water in the recycle stream to water in the product stream is 1:10, and

the ratio of the ethylene in the recycle to ethylene in the fresh feed is 4:1. The mole

fraction of ethanol in the reactor exit stream is 0.157. Determine the recycle flow rate

and the single-pass conversion of ethylene in the reactor.

ol
14 ] J\

100 mol/h
80 mol H,O
20 mol C,H, 11,0 Hooitos My 1,0
LeH, - H3.H,0
1,C,H,0H "2,C,H,0H ”3,C_,~H;()H
2,(C,H;),0 M3,(C,H,)0

EXAMPLE FIGURE 3.12.1: Schematic of the ethanol production process.
Solution

Known quantities: Fresh feed containing 20.0% C,H,; and 80.0% H,0 is fed to a
continuous reactor.

Find: The recycle flow rate and the single-pass conversion of ethylene in the reactor.
Analysis: The flowchart of the process is shown in Example Figure 3.12.1. Degrees
of Freedom Analysis
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Degrees of Freedom Analysis Ovwverall Process

Number of unknowns 3 (M3 11,00 M3.Cari:OH - 113, (CaHs 1o O)
Number of reactions 1

Number of atomic balances 3

Number of relations 1 (overall conversion)
NDF 0

Systerrr: Overall process

Owverall yvield : 0.8 = TEC2 O

20
s oo = 16 mol
C atomic balance: 20 =< 2 = 4iizgicopg o + 16 < 2
I3 (Colly e = 2 Mol

O atomic balance: 80 = 2 + 16 + #3110

713 11,0 = 62 mol

Relation: The ratio of water vapor in the recycle stream (4) to liquid water
in the product stream (3) is 1/10:

a0 _ L
13,10 10
1
g 10 = ﬁ M3 H0 = ﬁ x 62

Mar0 = 6.2 mol

Mixing point balance: water in the recycle stream +water in the fresh
stream
.0 = 80 + 6.2 =86.2 mol

Water balance around the condenser:

Mo 1,0 = 62 + 6.2 = 68.2 mol

Ethylene in recycle My, 4
Ethylene in fresh feed 20 1

My CoHy = 80 mol

Also 80 mol C,H, enters the condenser. The exit of the reactor contains
the following:

80 mol C,H,

2 mol(C,H5).O
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68.2 mol H-,O

Ycopson = 0.157

My, oty — Hl2,Cobly
fC2114 =
LS W e = 1
D ; 100 — 80 :
Yo Conversion = —— = 20%
100

Total moles of reactor effluent stream

80+2+68.2=(1-0.157)n,

Solving for ,,

150.2
0.843

=178.10 mol

My =

Total moles of ethanol present in the reactor effluent
12, cnson = 0.157 x178.10 = 27.96 mol
The flow rate of recycle stream is 2796 — 16 =11.96 mol of ethanol:

Recycle = 80 mol C;Hy + 6.2 mol H,O +11.9 mol ethanol = 98.1 mol

Example 3.13 Methanol Combustion
Problem
Methanol (CH30H) at 240 mol/min and oxygen (O2) at a rate of 240 mol/ min are fed

to an isothermal reactor operating at 25° C. The reactor operates at steady state. Two

reactions take place: CH-;OH + O, — HCOOH + H,QO

CH3OH =+ %Oz — C02 + 2H20

The flow rate out of the reactor is 520 mol/min. No oxygen was found in the reactor
product stream. Determine the heat that must be withdrawn to keep the reactor at
constant temperature. Determine the fractional conversion of methanol. Determine the

selectivity for the conversion of methanol to formic acid.
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520 mol/min

CH30H
HCOOH

H,O
CcO,

240 mol/min - T

CH,OH L] J
240 mol/min m—— >
O,

EXAMPLE FIGURE 10.13.1: Process flow sheet of the methanol combustion
process.

Solution

Known quantities: Inlet and product stream flow rates.

Find: The fractional conversion of methanol, selectivity for the methanol.
Analysis: The process flowchart is shown in Example Figure3.13.1.
Material balance

Using the extent of reaction method,

CH-;OH : HcH;0oH = 240 — 51 - 52
HCOOH M Nyucoor = O =+ _51

Hzo M }’11120 =0 + _51 + 252

02 z ?102 = 240 _— ‘51 _— % :-_2

1 _
Fly = 480 + Egz
The total molar flow rate out of the reactor
. 1 .-
Flz = 480 + Egz =520

Solving : &, = 80 gmol / min
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O, mole balance: (note that no oxygen is found in the reactor effluent
stream)

130, = 240 — &, —%E'z —240-& -120=0

Solving for the extent of reaction 1,
&, =120 gmol/min

Energy balance
Since the reactor is isothermal (25°C), the heat released is the heat of
reaction:

Q = AHR.

The standard heat of reaction
Q = AHg, = E‘lﬁﬂgx,l + _Ezﬁﬂgx,z
The standard heat of reaction from the heat of formations
AHgy 1 = AH¢ 11,0 + AH{ ncoon — AHY o, — AHY crison
Substitute standard heat of formation found in Table A.2:
AHR, 1 = —241.83 +(-115.9) -0 — (-238.6) = —119.13 kJ /mol

The standard heat of reaction for the second reaction

3
Ang,z = ZAHEUQO + AHECOQ - EAHEOQ - AH{f},CligOli

Substitute the wvalues of standard heat of formation for the second
reaction:

AHY, » = 2(—241.83) + (-393.5) — %(0) —(-238.6) = —638.56 kJ / mol

The heat evolved from the reactor, Q, is given by
Q = 5 AH R« + 5:AH Ry
Substitute the values of heat of reaction and extent of reaction:
Q=120(=119.13) + 80(—638.56) = —65,380.4 k]/min

£,+&  120+80
711, CH2OH 240
& 120

Fractional selectivity to formic acid: ——— = =0.60
- 5 +& 120 + 80

Fractional conversion of methanol:

=0.833
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Example 3.14 Ethane Combustion
Problem

Ethane (C2H6) at a molar flow rate of 750 mol/h is mixed with 20% excess air and
fed to a burner where the mixture is completely combusted isothermally at 25° C,
using cold water. What is the air flow rate to the burner (mol/h) and what is the

amount of heat released to the cold water?

Mixer -
750 mol/h - 1 ) - : ;Oi
CyHg 2C
Air = 2

20% excess
EXAMPLE FIGURE 3.14.1: Ethane combustion process flow sheet.

Solution

Known quantities: Ethane molar flow rate and percent excess air.

Find: The air flow rate to the burner (mol/h) and the amount of heat released to the
cooling water.

Analysis: The process flowchart is shown in Example Figure 3.14.1.

- . a e

Balanced reaction is CsH, +%Oz — 2CO,+3H-,0

Air flow at 20% above the stoichiometric requirement is calculated as

Theoretical air =
mol ethane

750 mol ethane )( 3.5 mol O, )
h

1 mol air
=

————— | =12,500 mol/h
0.21 mol O,

Excess air:
Excess air = 0.2(Theoretical air) = 0.2(12,500 mol/h) = 2500 mol/h
Total air = Theoretical + excess = 12,500 + 2500 = 15,000 mol/h

The heat released to the coolant is given by
Q =& =< A%
7
AHR, = 3AH{ 11,0 + 2AHP co, — AH? o1, — EAHROZ
AHRZ, = 3(—241.83) + 2(—393.5) — (—84.67) — 0 = —1427.8 kJ / mol

O=750mol/h(-1427.8 k] /mol)=—-1.24 =<10° kJ/h
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Example 3.15 Chemical Reactors with Recycle
Problem
180 kmol/h of propylene (CsHg) is mixed with 240 kmol/h of a mixture containing

50% CO and 50% H, and with a recycle stream containing only unreacted propylene
and then fed to a reactor. A single-pass conversion of propylene of 30% is achieved.
Butanol (C4H80), used to make laundry detergents, is made by the reaction of
propylene (C3Hg) with CO and H,:

C3H6 +CO + H2 - C,_}HHO

71
i

180 kmol/h

CyH, Reactor

240 kmol/h
CO 0.5
H, 0.5

EXAMPLE FIGURE 3.15.1: Process flow sheet for butanol production.

The desired product butanol (B) is removed in one stream, unreacted CO and H, are
removed in a second stream, and unreacted C3Hg is recovered and recycled. Calculate
production rate of butanol (kmol/h) and the flow rate of the recycle stream (kmol/h).

Solution

Known quantities: Inlet stream molar flow rate and compositions.

Find: Production rate of butanol (kmol/h) and the flow rate of the recycle stream
(kmol/h).

Analysis: The process flow sheet is shown in Example Figure 3.15.1. First choose the
entire process as the system. Since no propylene leaves the process, the overall
conversion is 100% (fractional conversion = 1.0).

Basis: 180 kmol/h of propylene feed.

Therefore

__&

- Ta or E£=180kgmol/h

The balance on butanol is simply 75 c 0 = £ =180 kg mol/h.
Butanol (C;HgO) production rate is 180 kmol/h.
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Now choose the reactor as the system. The fractional single-pass con-
version = 0.3. The extent of reaction is the same as that for overall process
because the reactor is the only unit where reaction takes place in the
process. Therefore,

03-_5 _ 180

13,C3He 113,C5H,e

Solving for the molar flow rate of propylene fed to the reactor,
13,11, = 600 kmol /h

From a balance around the mixer, we can find that the recycle rate must be

600 — 180=420 kgmol/h

Homework Problems

3.1 An adiabatic pot is used to cool and condense 10 kg of hot ethanol (150° C, 1.2
atm) by mixing it with cold ethanol (5° C, 1.2 atm). If the final ethanol product is to
be at 25° C and 1.2 atm, the heat capacity of liquid and vapor ethanol is 112 and 65.6
J/mol ° C. Boiling point of ethanol is 78.3° C. The latent heat of vaporization of

ethanol is 36,600 J/mol. How much cold ethanol (kg) must be added? (220 kg)

3.2 A quantity of 100 mol/h acetylene (C,H,) is mixed with 2000 mol/h air (79 mol%
N, 21 mol% O,) and the mixture (at 298 K and 1 atm) fed to a reactor, where
complete combustion takes place. The reactor is equipped with cooling tubes. The
combustion mixture leaving the reactor is at 1000 K and 1 atm. Draw and label the

process flowchart. How much heat (kJ/h) was removed in the reactor? (—82,370 kJ/h)

Suppose the coolant supply was suddenly shut off. What reactor outlet temperature
would be reached?

C =37 ]/mol °C, C =33.6 ] /mol °C,

pPCcoO=2

C

PH20O

=293]/mol~C, C =293TJ/mol °C

PO PNz

Assume these values to be constant and independent of temperature.
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3.3 Ethanol (C2H50H) is dehydrogenated in a catalytic reactor to acetaldehyde

(CH3;CHO), with hydrogen (H,) as a by-product. In an existing process, 100 mol/min

liquid ethanol at 25° C and 1 atm pressure is first heated to 300° C in a heat

exchanger, and then fed to the reactor. One hundred percent of the ethanol is

converted to products, and the product stream leaves the reactor at 300° C and 1 atm

(760 mmHg). The product stream leaving the reactor is cooled to —15° C, and sent to

a flash drum, where vapor and liquid streams are separated (Problem Figure 3.3.1).

How much heat must be supplied to the first heat exchanger? (6400 kJ/min)

How much heat must be supplied to or removed from (state which one) the reactor in

order to maintain a constant temperature of 300° C? (7100 kJ/min)

What are the flow rates of the vapor and liquid streams leaving the flash drum? (126
mol/min, 74 mol/min

T, AH‘,aP(Tb) Cp(liquid) Cp(gas) AH?(25°Q)
Species °C kJ/gmol kJ/gmol °C kJ/gmol °C kJ/gmol
H, —252.76 0.904 — 0.029 0(g
CH,;CHO 20.2 25.1 0.089 0.055 —166.2 (g)
C,H;OH 78.5 38.58 0.158 0.077 —277.63 (L)

—235.31 (g)

Vapor
| Cooler
Flash
Reactor & Acetaldehyde

0

H,
Acetaldehyde _j15°C
H»> 1 atm 5 iqui
s 6 Liquid

1 atm
Ethanol
300°C

1 atm Ethanol
25°C

1 atm

liquid

Heat
exchanger

PROBLEM FIGURE 3.3.1: Ethanol (C,HsOH) dehydrogenation process.

Antoine equation:

1554.3
222.65 + T(°C)

Ethanol: logioPu (mmTig) = 8.04494 —

992

Acetaldehyde : logiolPsa Hg ) = 6.81089 — -
cetaldehyde Og10d% t(mm é,) 230+ T (°C)
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3.4 A gas contains the following compounds: CH,4, C,Hs, 02, CO,, CO, H,0, and H2.
What is the maximum number of independent chemical reactions that can be written

involving these compounds? (Four independent equations)

3.5 Cumene (C9H12) is synthesized from propylene (CsH6) and benzene (C¢He).
Unfortunately, a side reaction also occurs, in which diisopropylbenzene
(C12H18) is generated by reaction of propylene with cumene. The two balanced

reactions are
CH. +C . H_, — C,H,,

CaHey + Gy — CixHs
A block flow diagram for the cumene manufacturing process is shown in Problem
Figure 3.5.1. A quantity of 100 kmol/h of a gas containing 95 mol% Propylene and 5
mol% Inert is mixed with 80 kmol/h benzene plus a recycle stream. The mixer outlet
is fed to a reactor. The fractional conversions achieved in the reactor based on the

reactor feed stream are: the fractional conversion of benzene is 0.9 and the

@—> Purge

C3Hg
C6H6

Inert

Splitter

CaHg
Inert
Mixer '
Reactor Separator
CoHs CoHg
CoHyp
CioHig

PROBLEM FIGURE 3.5.1: Cumene (CgHy,) synthesis process.

fractional conversion of propylene is 0.7. The reactor outlet is sent to a separator,
where all of the propylene, all of the Inert, and 10% of the benzene are recovered in
stream 6, and the remaining benzene and all of the cumene and di-isopropyl benzene
are recovered as bottom product. Stream 6 is sent to a splitter. Eighty-five percent of
the splitter feed is recycled to the mixer and the remainder is purged. Calculate

the following:

(a) Flow rates of propylene and benzene (kmol/h) instream 3. (80.7 kmol/h)

(b) Mol% Inert in purge stream. (46%)

(c) Selectivity for converting benzene to cumene achieved by the overall process.
(0.77)
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3.6 Ammonia is synthesized through the reaction of nitrogen with hydrogen as
follows: N, +3H, —>2NH;

Problem Figure 10.6.1 shows a process flow sheet for the ammonia synthesis process.
In this process, the fresh feed consists of argon (1 mol%) and stoichiometric amounts
of N, and H,. The reactor feed has a molar flow rate of 100 mol/min and a
composition of 15 mol% argon, 21.25 mol% N,, and 63.75 mol% H,. The reactor feed
temperature is 400° C. The fractional conversion of N, to NH; in the reactor is

0.15 mol N, reacted/mol N, feed to the reactor. The hot reactor effluent gas is used to
heat the recycle gas from the separator in a combined reactor effluent/recycle heat
exchanger. After passing through this heat exchanger, the reactor effluent gas passes
through a condenser where the NH; product is condensed. The liquid NH; is separated

from the non-condensable recycle gases. A purge stream is taken

(8) (P)—> Purge
| Heat

exchanger

Condenser

Converter

®

Separator

Liquid
NH;

PROBLEM FIGURE 3.6.1: Ammonia synthesis process.

off the separator off-gas to maintain the level of argon at 15 mol% feed to the reactor.
In this particular process, the converter is operated adiabatically and the heat of
reaction at 400° C was found to be —53.109 kJ/mol at the pressure of the reactor. The
following table gives the heat capacities at the pressure of the reactor. Note that the
given heat capacities are assumed to be constant over the temperature range

found in the reactor:

Compound C, (J/mol °C)

NH, 49 .4
H-, 295
N, 31.0
Argon 20.8
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Determine the flow rates in moles per minute and compositions in mole percent of

(a) Fresh feed stream. (12.5 mol/min)

(b) Separator purge gas stream. (0.74 mol/min)

(c) Recycle gas stream. (87.5 mol/min)

(d) Estimate the temperature of the effluent gases from the converter. (460.776° C)
(e) If the recycle gas stream enters the heat exchanger at 50° C and leaves the
exchanger at 400° C, determine the outlet temperature of the reactor effluent stream
from the heat exchanger. Assume no condensation of ammonia in the heat exchanger.
(147.271° C)

3.7 Toluene (225 kmol/h) is fed to a reactor to produce benzene. In this process
(Problem Figure 3.7.1), toluene reacts with a fractional conversion of 0.80, resulting
in benzene and xylene yields of 0.505 and 0.495, respectively:

Recycled
H, and CH, -

Benzene

Toluene

Distillation
column

Fresh = = =
H,and CH, : Y 3}’%@3}@{6
T Heater Condensor
5
Fresh feed ]

Reactor
toluene

Toluene
Xylene

PROBLEM FIGURE 3.7.1: Process flow sheet of benzene production process.

2C;Hg — CsHg + CgHyp

Toluene also may dealkylate in the reactor to form benzene and
methane:

C,Hy +H, — C,Hy, + CH,

Yields are defined as moles of product/moles of toluene reacted. In this process, the
reactor effluent is condensed and separated. The separator liquid is sent to a benzene
distillation column where benzene with a purity of 99.5 mol% (balance toluene) is
removed as the overhead product. The bottom products contain benzene, unreacted

toluene, and xylene. A purge stream containing 90% hydrogen and 10% methane is
taken off the separator gas stream. The rest of this separator gas stream is combined
with a fresh hydrogen stream containing hydrogen and methane with concentrations

of 95.0 and 5.0 mol%, respectively. These combined hydrogen streams are added
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to the fresh toluene feed and sent to the reactor heater. If the liquid toluene fresh feed
stream, fresh hydrogen stream, and recycled streams are all at 25° C and 15 bar
absolute, determine the heat requirements for the reactor heater to provide the reactor

with a combined feed at 400° C and 15 bar absolute in the vapor phase.

3.8 The dehydrogenation of propane is carried out in a continuous reactor. Pure

propane is fed to the reactor at 1300° C and at a rate of 100 mol/s. Heat is supplied at
a rate of 1.34 kW. If the product temperature is 1000° C, calculate the extent of
reaction. (& = 26)

3.9 A fresh feed stream contains 5% inert (propane) and 95% propylene. The fresh
feed of propylene and inert (propane) is mixed with 210 mol/h carbon dioxide and
same amount of hydrogen. At your reactor conditions, propane (I) is an inert, and it is
too expensive to separate propane from propylene, so you decide to install a purge
stream. The single-pass conversion of propylene in the reactor is 0.3. The production
rate of butanol is 180 kmol/h. An overall conversion of 0.90 can be achieved. The
purge stream is necessary to avoid inert accumulation in the process. Calculate the
flow rate of the contaminated propylene stream to the process (Problem Figure 3.9.1).
(210.5 kmol/h)

3.10 Steam flowing at a mass flow rate of 1500 kg/h, a pressure of 20 bar, and 350°

C is fed to a turbine that operates adiabatically and at steady state. The steam leaves
the turbine at 1.0 bar and 150° C and is cooled in a heat exchanger to a saturated
liquid. Draw and label the process flow diagram. How much work (kJ/h) is extracted
in the turbine? (541,650 kW) How much heat (kJ/h) is removed in the heat
exchanger? (—3.54 X 106 kJ/h)

Splitter
[5 Propylene
17 ] 8

Inert

CcO

o5 g 7
0.95 Propylene Reactor 4 6 H,

0.05 Inert (propane)

210 kmol/h CO Butanal

210 kmol/h H,

)]

PROBLEM FIGURE 3.9.1: Butanal production process.
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4 CHAPTER FOUR

Unsteady-State Material
and Energy Balances

This chapter focuses briefly on unsteady-state processes in which the value of the
state, dependent variable, as a function of time is of interest. The term “unsteady
state” refers to processes in which quantities or operating conditions within the system
change with time. The word transient state applies to such processes. A wide variety
of important industrial problems fall into this category, such as start-up/shut-down of
process equipment, batch processing, the change from one set of operating conditions

to another, and the perturbations that develop as process conditions fluctuate. The

following items outline the principal learning objectives of this chapter.

Learning Objectives
1. Develop unsteady-state material balance equations and solve simultaneous

First-order ordinary differential material balance equations
2. Develop unsteady-state energy balance equations and explain the rational changes
in concentration or temperature versus time (Section 4.2).

4.1 Unsteady-State Material Balance

Unsteady or transient state refers to processes in which quantities or operating
conditions within the system change with time [1-3]. For such processes, the
accumulation term in the mass balance equation cannot be neglected and must be

accounted for (Figure 4.1).

i W @ > Mg
H;IC @ » iiS.out
'F'!;Ig,il'l . @ )'

Flow process
FIGURE 4.1: Open system with multiple input and output streams.

The general material balance equation takes the following form:



dm
dt

= NWlipy — Wy + Mg — 11,

where
m1 is the mass accumulated in the system [mass]
Hiin 1s the inlet mass flow rate [mass/time]
Hiou: 1S thee outlet mass flow rate [mass/time]
1114 is the generated mass flow rate [mass/time]
1. is the consumed mass flow rate [mass/time]

iy = i in

m

Mout = E ”If,out
ou

Example 4.1 Filling Controlled Level Storage Tank

Problem
A storage tank that is 2.0 m in diameter is filled at a rate of 2.0 m*min. When the

height of the liquid is 2 m in the tank, a control valve installed on the exit stream at
the bottom of the tank opens up, and the fluid flows at a rate proportional to the head
of the fluid, that is, 0.4h m3/min, where h is the height of fluid in meters. Plot the
height of the liquid as a function of time. What is the steady-state height of the fluid in

the tank?

2 m3/min

*&)_; 0.4/ m3/min

(a) Control valve

EXAMPLE FIGURE 4.1.1: (a) Schematic of a storage tank.

Solution
Known quantities: Inlet and exit tank volumetric flow rate.

Find: Plot the height of the tank as a function of time.

Analysis: The tank flowchart is shown in Example Figure 4.1a.1. Unsteady-state

mass balance:



Neither generation nor consumption occurs in the process:

dm
dt

= Mlin — Mout

m=pV =p(Ah), A=aD>/4

where
A is the cross-sectional area of the tank

V' is the volume of the system
V' is the volumetric tlow rate

H=pxV

Vm and th are the volumetric flow rates of inlet and exit streams,
respectively. Simplifying the material balance equations in terms of one

variable (1) with time gives

d(pAh) _
dt

Assume density is constant; the equation is then simplified to

pvin - p"'/out

Aﬂ: V.,in - Vout
dt

where
Vin = constant = 2 m3/min
Vour is a function of the height of fluid in the tank, which is 0.4/

10 20

Time offset: O

It can be seen that the height of the tank increases sharply with time at the very
beginning of the process and slowly with time later on until it reaches the steady state,
which is at approximately 5 m. The steady-state height is calculated by setting the

differential term to zero. The height is found to be approximately 5 m.



Example 4.2 Dilution of a Salt Solution

Problem

A tank holds 100 L of a salt—water solution in which 5.0 kg of salt is dissolved.

Water runs into the tank at a rate of 5 L/min, and salt solution overflows at the same
rate. Plot the concentration of the salt versus time. How much salt is in the tank at the

end of 10 min?

Mixer

Pure water

5 L/min ‘ I

Salt solution
L——>» 5L/min

(a)

EXAMPLE FIGUREA4.2.1: (a) Dilution of salt-water solution.

Solution

Known quantities: Volume, mass, and inlet flow rate are known.

Find: The amount of salt in the tank at the end of 10 min.

Analysis: Assume that the solution in the tank is well mixed and the density of the
salt solution is essentially the same as that of pure water. The process flow sheet is

shown in Example Figure 11.2a.1. The general unsteady-state mass balance is

_dm 11 oy + M 1
= Wilin — HMput g — g
df '

Since there are no reactions, generation and consumption terms are dropped and the

general material balance equation is reduced to

dm
df

= My — Mot

The inlet mass flow rate as a function of salt concentration is



IF3‘:/"1(1 = 1"‘:{111(:1[1[:] K

min

kg‘_ kg

,L/ min

The outlet mass flow rate is

)4

min

kgl kg

,L/ T min

Accumulated mass (note that, in the accumulated mass, V is the volume of the fluid in
the tank) is

'F};?C!th = outcout[=]

d () _ d(VC) [=] K%' _ kg

dt dr min min

Substitution of these terms in the simplified material balance equation yields the
following equation:

d(VC) - -
T = ( 1"/vin(:in ) - ( Voutcout )
Assuming the tank is well mixed, the outlet salt concentration equals the
concentration in the tank:

% - (‘u,;’-mcm ) - ( 1";]outc)

The inlet is pure water, which means inlet salt concentration is zero
=>C,, = 0.

Inlet and outlet volumetric flow rates are equal = Viy = V.

Volume of fluid in the tank is constant = V = constant:

vA©) o v,.C
dt

Solving the resulting differential equation requires an initial condition,
which is the concentration of salt in the tank at time zero:

5kg
Clyto=—2-=0.05keg/L
att=0 100 L g/

Integrating the developed ordinary ditferential equation and solving for
concentration at time equal to 10 min will give the analytical solution as
follows:



_ out df
C Vv
Integrating,
11’1£ _ Vout f
C, Vv
Substituting known quantities,
In ¢ __ 5L/min x 10 min
0.05 1L

Rearranging,

5L /min
100 L

C = 0.0Sexp( -

x 10 min] =0.03 kg /L

the salt concentration in the tank decreases with time. At the end of 10 min the salt
concentration in the tank is 0.03 kg/L.

Example 4.3 Dilution of Salt Solution

Problem

The average ocean water of salinity 35 ppt flows into a 100 L tank containing 1.5 kg
salt at a rate of 5 L/min. The salt solution overflows out of the tank at 5 L/min. How
much salt remains in the tank at the end of 15 min?

5 L/min
water '-;
-
‘. EXAMPLE FIGURE4.3.1(a)
C"O 5 L/min ) ) )
( ' . Schematic of a salt dilution



tank.

Solution

Known quantities: Water concentration, exit flow rate are known.

Find: The amount of salt in the tank at the end of 15 min.

Analysis: The dilution process flow sheet is shown in Example Figure 4.3a.l.
Assume the fluid in the tank is well mixed and the density of salt solution is constant
and equal to that of water. If we have 1 g of salt and 1000 g of water, the salinity is 1
ppt.The general unsteady-state material balance is

dm
dt

= Mljy — Mgy + Mg — Mg

Since there are no reactions, generation and consumption terms are
dropped and the general material balance equation is reduced to the fol-
lowing form:

dm
dt

= Mlin — Hlout
Replacing mass flow rates in terms of concentration, as done in
Example 11.2, yields

d(VQO)
dt

= ( Vi.ncin ) - ( Voutcout )

Assuming the solution in the tank is well mixed, the outlet salt concentration equals
the concentration in the tank; this assumption reduces the earlier equation to the
following form:

d(VC)
dt

= (ViaGin ) = (Vo)

Inlet and outlet volumetric flow rates are equal = V-m = ’[}’Dut.
Volume of fluid in the tank is constant = V = constant:

Vdd—c = .i"}tnctn - i"}nutc

Solving the resultant differential equation requires an initial condition,
which is the concentration of salt in the tank at time zero:

1.5 kg

Clasoo—
=" HooL

~0.015kg/L

The ocean salt concentration in kilograms per liter is

| 1g salt

mh[}[}[}g water| 1kg
| 1ppt | L 1000 g

Cin = 35 ppt ~0.035kg/L



0.04
0.035
0.03
0.025
0.02

0.0150 20 40 60 80 100

Time offset: 0

The concentration of saltin the tank after 15 min (90 s) is approximately 0.035 kg/L.
Since the volume of the tank is 100 L, accordingly, the amount of salt is 3.5 kg.

Example 4.4 Sewage Treatment
Problem
In a sewage treatment plant, a large concrete tank initially contains 440,000 L liquid

and 10,000 kg fine suspended solids. To flush this material out of the tank, water is
pumped into the vessel at a rate of 40,000 L/h, and liquid containing solids leave at
the same rate. Estimate the concentration of suspended solids in the tank at the end of
4h.

Mixer

Pure water

oih
40,000 L/h
O 1 ]

R o __am

E— e

[ 40,000L/h

(a)
EXAMPLE FIGURE 4.4.1: (a) Sewage treatment tank.

Solution

Known quantities: Tank volume, initial fine solid concentration, flow rates.

Find: The concentration of suspended solids in the tank at the end of 4 h.

Analysis: The process flow diagram is shown in Example Figure 11.4a.1. The general

unsteady-state material balance equation is

dm

E=min_moul+m — n,

B



Since there are no reactions, generation and consumption terms are dropped, and the
general material balance equation is reduced to the following form:

dm . .
—— = My — Myt
dt

Replacing mass flow rates in terms of concentration, as done in Example 4.3, yields

d(VC)

O (ViaCin ) = (VousCons )

Assuming the solution in the tank is well mixed, the outlet suspended
solid concentration equals the concentration in the tank; this assumption
reduces the preceding equation to the following form:

d(VC)

()

Inlet and outlet volumetric flow rates are equal = Vin = Vou =40,000 L/h.
Volume of fluid in the tank is constant = V = constant = 440,000 L.

Pure water is pumped into the vessel at a rate of 40,000 L/h; concentra-
tion of solids in the inlet pure water is zero, C,, = 0, accordingly, solid
component balance is

d(C)
dtr

Vv

0~ (VouC)

Solving the resultant differential equation requires an initial condition,
which is the concentration of solids in the sewage tank at time zero:

10,000kg

Clysoo=
“=07440,000 L

0.023 kg/L

The analytical solution shows the following results:

@=_hf ]_n&=_vﬂutt=>cf=Coexp(_voult]
V V

C % C,

Substitute known quantities:

kg

C: =0.023 Texp( _20,000 L./h /h

4h|=0.016 kg/L
440,000 L

0.024
0.022

0.02
0.018
0.016

0.0140 3

Time offset: O



The concentration of suspended solidsin the tank after 4 h of operation is
approximately 0.016 kg/L, which is the same as the values of the concentration
obtained analytically.

Example 4.5 Diffusion of a Solid into a Liquid

Problem

A compound dissolves in water at a rate proportional to the product of the amount of
undissolved solid and the difference between the concentration in a saturated solution
and the actual solution, that is, Csat — C(t). The dissolution rate is 0.257 h—-1. A
saturated solution of this compound contains 0.4 g solid/g water. In a test run starting
with 20 kg of undissolved compound in 100 kg of water, how many kilograms of

compound will remain undissolved after 10 h? Assume that the system is isothermal.

—_
Undissolved solid ( SRR

compound

Dissolved solid /

compound

(a)

EXAMPLE FIGURE 4.5.1: (a) Diffusion of solid into water.

Solution

Known quantities: The dissolution rate is 0.257 h—1. A saturated solution of this
compound contains 0.2 g solid/g water.

Find: The kilograms of solid compound that will remain undissolved after 10 h.
Analysis: Example Figure 11.5a.1 is a schematic of the process of diffusion of solids
in water. Let us assign m for the mass of the undissolved compound at any time, mg is
the initial mass of the undissolved compound at time zero, and C is the concentration
of the dissolved compound in water.

General material balance on the undissolved compound is

dm
dt

= Min — Moue + Mg — 1,

There is no inlet or outlet mass flow rate to the tank; m in=m’ out = 0.

There is no generation of the undissolved solid: m" g = 0.
The rate of consumption: mc = km (Csat—C)
Rearranging the general material balance equation leads to the following equation:

10



dm
dt

= _km(csat - C)

Mass of solids in the tank as a function of concentration is

Mg — M

w

C = =M =my—-CxW

-~ Rio 1

W W

Differentiation of this relation leads to

dt W dt

Rearranging so as to replace mass by solid concentration yields

dm .80

dt dt

¢ k:;
e Y EIY
dr W ;

Substituting concentration instead of mass of undissolved compound,

dC  k_(m,-C-W), .
dr W (G =€)

With the following data, solve the earlier equations using Simulink:

k=0.257 k"

W =100 kg “les =100,000 g

C. =02 g solid
=TT g water

1000 g

Initial undissolved solid: m, =20 kg T

=20,000g

The diagram reveals the solid concentration
is increasing with time. The amount of undissolved solid
after 10 h isaround 13.21 kg (13,210 g).

11



4.2 Unsteady-State Energy Balance

Consider the mixing tank shown in Figure 4.2 where heat is added or removed from
the tank through jacketed inlet and exit streams [4, 5]. The general form of the energy
balance under unsteady-state condition takes the form

1111

»
hin )

T CH

i
m > out

Pyt

Jacketed vessel

FIGURE 4.2: Energy balance on unsteady state process.

d(U) . . o
- . = L™ hi.n - L JrI{‘Ju + - w‘;
dt E E Hou +Q

where

U is the internal energy; U =mC.T

h;, is the specific enthalpy of the inlet stream

h, is the specific enthalpy of the exit stream

Q is the heat added to the system (+). If the heat is lost or transferred from
the system to the surroundings, then the sign is negative.

W, is the work done by the system on the surroundings (+). If the work is
done on the system, then the sign is negative (-).

PV) @®0:

For liquids and solids C, = C, because

H=U+PV

dH _du  d(p
dt  dt dt

This leads to ﬂ = dau
dt dt

Example 4.6 Heating of a Closed System

Problem

A kettle used to boil water containing 1.00 L of water at 20°C is placed on an electric
heater (Q = 2200 J/s). Find out the time at which water begins to boil.

12



EHHTA

Electrical heater

(@)

EXAMPLE FIGURE 4.6.1: (a) Schematic of an electrical heater kettle.

Solution

Known quantities: Kettle volume, initial water temperature, heat supplied.

Find: The time at which water begins to boil.

Analysis: The tank flowchart is shown in Example Figure 4.1a.1. The normal boiling
water temperature is 1000C. The kettle heater diagram is shown in Example Figure
4.6a.1. The general energy balance equation is

d(ll)

=Z'”.?in}l.!in -z-[i?ﬂu J.!-“Ll + . —I“;."T.i
CU t t Q

The kettle is batch; inlet and outlet mass flow rates are zero; m in=m’ out = 0.
No shaft work: Ws = 0, For liquids: Cp = Cv, Specific heat of water: Cp =4.18 J/g°C

The general energy balance equation is simplified to the following equation:

d(mC,T)
dt -

Q
The mass of liquid water inside the kettle is
m=pV
Substituting s in the simplified energy balance equation gives
d(mC,T)

TR

Rearranging,

ar __ Q
dt  pvVC,
Solve this ordinary differential equation using the following data:

Heat added to the kettle: Q" = 2200 J/s , Specific heat of water: Cp = 4.18 J/g°C
Volume of the kettle: V =1.0 L, Density of the water in the kettle: p = 1000 g/L

13



The analytical solution is obtained by integrating the first-order energy balance
equation:

Since water boils at 100°C, accordingly T, = 100. Substitute known values
and solve for time:

2200] /s

200 -20 =
%xuilgj/g@

t

80x1000x4.18 s
2200

t =time = 152 s (2.53 min)

50 100

Time offset: 0

The time required to heat the water to its boiling temperature in the mentioned kettle
is171.5 s (2.86 min).

Example 4.7 Heating of a Stirred Tank
Problem

Oil at 20°C is being heated in a stirred tank. Oil enters the tank at a rate of 500 kg/h at
20°C and leaves at temperature T. The tank holds 2300 kg of oil, which is initially at
20°C. The heat is provided by steam condensing at 130°C in coils submerged in the
tank. The rate of heat transfer is given by

Q = h (Tsteam—Toil)

The heat capacity of the oil is given by Cp = 2.1 J/(g °C) and the heat transfer
coefficient is h = 115 J/s °C. The shaft work of the stirrer is 560 W. Once the process

is started, how long does it take before the oil leaving the tank is at 30°C?

14



500 kg/h of oil
enters the tank at
TO: 20°C

500 kg/h of oil
leaves the tank
T=2

Steam condensing at 2.7
atm (130°C) in coils
submerged in the tank

(a)
EXAMPLE FIGURE 4.7.1: (a) Schematic of an oil heating tank.

Oil tank

Solution

Known quantities: Inlet and exit tank volumetric flow rate.

Find: Plot the height of the tank as a function of time.

Analysis: The tank flowchart is shown in Example Figure 4.1a.1. The general energy
balance equation is

d(u) : . -
—_— = 'mj in — ou I ou - Wi
dt Em I Em thou + 0

Reference: Inlet oil temperature (i.e., Tref = TO = 20°C).
System: Oil in the tank (Example Figure 4.7a.1).

For liquids, Cp and Cv are approximately equal.

Specific heat of oil: Cp = 2.1 J/g °C.

The shaft work of the stirrer is 560 W.

The work done on the system Ws = —560 W = —560 J/s.

The heat added to the oil from the steam is Q = h (Tsteam —T).
The heat transfer coefficient is h =115 J/(s°C).

1000 :
Mass of oil in the tank m = 2300 kg ” & _23x 10°g
g
Inlet and exit mass flow rates: i = 500 kg ‘1000 & h =139 ¢g/s
h | 1kg |3600s

The general energy balance equation is simplified to the following
equation:

@ = 2 minﬁtn _2 mouté out +Q - Wn.

15



Rearranging the equation in order to collect and separate variables
leads to

d(T)

me T =0- me(T - Tﬂ) + h(]—_‘cleam - T) - V\‘i

dT _ [D_mCP(T _Tﬂ) + h(rcleam _T) —V\f:]

dt mCP

20
0

Time offset: 0

The result reveals that the temperature of oil reaches 35°C in approximately 123 min.

Example 4.8 Quenching of an Iron Bar
Problem
The volume of a cubic iron bar is 60 cm3 at a temperature of 95°C, the heat transfer

area of the block is 112 cm?® The iron bar is dropped into a barrel of water at 25°C.
Density of the iron bar is 11.34 g/cm®. The barrel is large enough so that the water
temperature rise is negligible as the bar cools down. The rate at which heat is
transferred from the bar to the water is given by the expression

Q (I/min) =UA (T —Tw)
where U is the heat transfer coefficient, which is 0.050 J/(min cm2 °C). The heat

capacity of the iron bar is 0.460 J/ (g °C). Plot the temperature of the bar as a function

of time, and calculate the time for the bar to cool to 30°C.

3
(90°C) (25°C)

Iron bar 60 cm Barrel of water

@)
EXAMPLE FIGURE 4.8.1: (a) Schematic of cooling of iron bar block in a large
tank of water.

16



Solution

Known quantities: Inlet and exit tank volumetric flow rate.

Find: Plot the height of the tank as a function of time.

Analysis: The tank flowchart is shown in Example Figure 4.8a.1. Assume the heat
conduction in iron is rapid enough for the temperature of the bar to be uniform
throughout. This latter concept is an important approximation called lumped
capacitance, and it allows us to considerably simplify the problem because we do not
have to worry about heat transfer within the solid bar itself. Assume also temperature
of water to remain constant.

System: Iron block.

Reference temperature: 25°C

Schematic of the process is shown in Example Figure 4.8a.1.

The general energy balance equation is
w = 2 mmﬁm_z moutﬁout +Q - W‘,

Note that for solids and liquids C, and C, are equal.
No inlet or exit flowing streams: 2 Wi = 2 MoutMour = 0.

The barrel is large enough so that the water temperature rise is neg-
ligible as the bar cools; this means the water temperature remains con-
stant, T,, = constant.

No stirrer or shaft work: W, = 0.

The heat transfer from the iron block: Q(J/s) = —-UA(T-T,,)

Heat transfer coefficient, U = —; 0'05021 = ‘1 o _8.33x10" %
min-cm- - C‘ 60 s s-cm” -°C

The heat capacity of the bar: Cp, =0.460 ] /(g°C).

Heat conduction in iron is rapid enough for the temperature of the bar
to be uniform throughout.

Density of the iron bar: p, = 11.34 g/cm?

Mass of the block: m = p, V,,

Heat transfer area of the block: A =112 cm?

We now rearrange the equation to obtain it in terms of the two vari-
ables T and t (T dependent variable,  independent variable):

dr  Q

dt mCp

Substituting the heat transferred from the block (i.e., Q = —UA(T-T..)).

d.T _ _UA(T _T1‘\-')
dt mC

P

17



Time offset: 0

the time required to cool the block to 30°C, which isaround 2.39 h

Example 4.9 Heating of a Solution

Problem

An electric heating coil is immersed in a stirred tank. The shaft work of the stirrer is
560 W. A solvent at 15°C with a heat capacity of 2.1 J/g °C is fed into the tank at a
rate of 15 kg/h. Heated solvent is discharged at the same flow rate. The tank is filled
initially with 125 kg cold solvent at 10°C. The rate of heating the electric coil is 2000
W. Calculate the time required for the temperature of the solvent to reach 60°C.
Solution

Known gquantities: Inlet and exit flow rate, initial tank temperature.

Find: The time required for the temperature of the solvent to reach 60°C.

Analysis: The tank flowchart is shown in Example Figure 4.9a.1. Assume the tank
reference temperature is 15°C. The general energy balance equation is simplified to

the following equation:

Q W,
mi, =15 kg/h
!
T:=15°C [—— -
|
Il
oo Mgy = 15 kg/h
-
(a) T=60°C

EXAMPLE FIGURE 4.9.1: (a) Schematic of a heating tank.
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Solution

Known quantities: Inlet and exit flow rate, initial tank temperature.

Find: The time required for the temperature of the solvent to reach 60°C.
Analysis: The tank flowchart is shown in Example Figure 4.9a.1.

Assume the tank reference temperature is 15°C. The general energy balance
equation is simplified to the following equation:

@ = 2 minhin - E moulhoul + Q - W,

Rearranging the equation in order to collect and separate variables gives

mcp%w-mcp(T-TﬂnQ-Wg

dT [D-mcp(T-Tn)»,Q-Wg]
dt mC '

P

The schematic diagram is shown in Example Figure 11.9a.1.
Solving the earlier equation necessitates the units to be consistent.

1000 g
lkg

Mass of oil: m=125kg =1.25x10° g.

15kg|1000g| h
h | 1kg |3600s

Inlet and exit oil flow rates: w1 = 417 g/s.

Heat capacity: Cp = 2.1 J/g °C.
Heat added to the oil from the cooling coil: Q = 2000 J/s.
Work applied on the system from the stirrer: Ws = —560 J/s.

2000 4000 6000
Time offset: 0

The time required for temperature to reach 600C is around 5521 s (1.53 h).
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Example 4.10 Heating a Glycol Solution
Problem
An adiabatic stirred tank is used to heat 100 kg of a 45 wt% glycol solution in water

(mass heat capacity 3.54 J/g °C). An electrical coil delivers 2.5 kJ/s of power to the
tank; 88% of the energy delivered by the coil goes into heating the vessel contents.
The shaft work of the stirrer is 500 W. The glycerol solution is initially at 15°C. How

long will the solution take to reach 90°C?

Motor

100 kg of a 45 wt%

glycol in water E

(a)

90°C.

Insulation

FIGURE4.10: (a) Schematic of a glycol heating tank.

Solution

Known quantities: Mass of glycol in the tank, heat capacity, heat supplied from coil.
Find: The time taken for the glycol solution to reach 90°C.

Analysis: Assume a reference temperature of 15°C. The schematic diagram

of the adiabatic stirred tank heater is shown in Figure 4.10a.

The general energy balance equation is simplified to the following equation:

d(u) i i . .
= in'! in — Du'!Dll _W‘:
T E bt E Mouehour + O

% = 2 n"zinlﬁm - 2 ??:Inuthnut + Q - W.,

Note that for solids and liquids C, and C are equal:

@ = 2 m:nl{lrn - 2 ??-Iouthout + Q - m

The system is adiabatic, that is, no heat is transferred to or from the sur-
roundings, but still there is heat added by the electrical coil:

Qnet = Qe + Q,l:ur

Since the system is adiabatic, Q_.:u, — 0. Heat added to the glycol solution
is 88% of that of the heating coil:

Q. =0.88x25k]/s=22Kk]/s

The mass of the glycol solution in the heated tank: m = 100 kg,
The heat capacity of the glycol solution: C, = 3.54 J/g °C.
Rearranging the equation in order to collect and separate wvariables
gives
d7 _ Q- W.]

d# mCp
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Use the following data:

~ 2.2KkJ|1000 ]
s k]

Q —2200]/s

W, =-500]/s, m=100kg

C,=354]/g°C

Time offset: 0

the solution shows that it will take around 10,000 s (2.78 h) for the glycol solution to
reach the temperature of 90°C.

Homework Problems

4.1 A storage tank that is 2.0 m in diameter is filled at a rate of 2.0 m¥ min. The exit
fluid flow rate is proportional to the head of the fluid (0.5h m*min), where h is the
height of fluid in meters. Plot the height of the liquid as a function of time. What is
the steady-state height of the fluid in the tank? (4 m)

4.2 A boiler used to boil water, containing 100 L of water at a temperature of 25°C, is
placed on an electric heater (Q = 3000 J/s). Find the time at which water begins to
boil. (100 min)

4.3 A tank containing 1000 kg water at 25°C is heated using saturated
steam at 130°C. The rate of heat transfer from the steam is given by the
following equation:

Q =UA(T-T)

Q " is the rate of heat transfer to the system. U is the overall heat transfer coefficient,
A is the surface area for heat transfer, and T is the temperature. The heat transfer area
provided by the coil is 0.3 m? and the heat transfer coefficient is 220 (kcal)/m? h°C.
The condensate leaves the coil as saturated steam.

a. The tank has a surface area of 0.9 m2 exposed to the ambient air. The tank
exchanges heat through this exposed surface at a rate given by an equation similar to
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that given earlier. For heat transfer to or from the surrounding air, the heat transfer
coefficient is 25 (kcal)/m® h°C. If the air temperature is 20°C, calculate the time
required to heat the water to 80°C. (5.9 h)

b. How much time can be saved if the tank is insulated? (4.2 h)

4.4 A stirred tank is used to heat 100 kg of a solvent (mass heat capacity 2.5 J/g°C).
An electrical coil delivers 2.0 kJ/s of power to the tank; the shaft work of the stirrer is
560 W. The solvent is initially at 25°C. The heat lost from the walls of the tank is 200
J/s.

a. Write a differential equation for the energy balance.

b. Solve the equation using the available software package.

c. How long will the solution take to reach 70°C? (1.33 h)

4.5 The following series reaction takes place ina constant volume batch
reactor:

A—M B2 ,C
Each reaction is of first order and is irreversible. If the initial concentration of A is 1

mol/L and if only A is present initially, find an expression for the concentrations of A,
B, and C as a function of time (k1 =0.1/s, k2 = 0.2/s).
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Appendix
Physical properties (Appendix A.1), heat capacities (Appendix A.2), and

saturated and superheated steam table (Appendix A.3) are adapted with
permission from the following references:

1. Himmelblau, D.M. (1996) Basic Principles and Calculations in

Chemical Engineering, 6th edn., Prentice-Hall, Upper Saddle River, NJ
(Appendices A.1 and A.2)

2. Haywood, R.W. (1968) Thermodynamic Tables in SI (Metric) Units,

Cambridge University Press, London, U.K. (Appendix A.3).

Appendix A.1

Table A.1 contains physical properties of various organic and inorganic

substances such as molecular weight, critical temperature, critical

pressure, specific gravity, melting temperature, heat of fusion, boiling

temperature, and heat of vaporization. Table A.2 contains standard heats
of formation and standard heats of combustion.

TABLEA.1

Physical Properties of Various Organic and Inorganic Substances

Molecular T, P T, Ak, T, Ahy
No. Compound Formula Weight K am  Sp.Gr. K K]/mol K KJ/mol
1 Acetaldehyde CH,CHO 405 4610 078 1495 2932
I Acetic acid CH,COOH 60.05 5048 571 105 2899 1209 3904 44
3 Acetone GH,0 58.08 508.0 470 079 1782 5.69 3292 30.2
4 Acetylene GH, 2004 309.5 616 191.7 37 1917 17.5
5 Air 1.00
6 Ammonia NH, 17.03 4055 1113 0.81 195.40 5.653 23973 2.3
7 Ammonium carbonate  (NH,),CO,H;0 11411
§  Ammonium chloride ~ NH,(C 33.30 253
9  Ammonium nitrate NH,NO, 80.05 173 4478 54
10 Ammonium sulfate (NH),50, 13214 177 786
11 Aniline CHN 93.12 699 524 2 2660 4574
12 Benzaldehyde CH;CHO 106.12 L5 24716 45216 36.40
13 Benzene CH, 7811 5606 486 088 278693 9.837 35326 30.76
14 Benzoic acid GHO, 1212 132 3954 5230
15 Benzyl alcohol GH0 108.13 105 1578 4784
16 Boron oxide B,0, 69.64 1.83 723 220
17 Bromine Br, 15983 584 102 112 2658 108 3178 310
18 12-Butadiene CH; 54.09 446 065 1367 2833
19 13-Butadiene CH, 5.09 475 427 062 1sdl 2686
20 Butane n-CHy 512 058 1348 4661 27266 23
21 iso-Butane iso-C,H,p 58.12 0.56 113.56 4540 26143 1.9
22 1-Butene CHy 56.10 419.6 397 0.60 87.81 3548 26691 1.9
23 Butyl phthalate CHyO, 278.34 105 613



24 n-Butyric acid n-CyHz 0, 88.10 0.96 267 4371
25 iso-Butyric acid iso-CyH:0, 88.10 0.95 226 277
26 Calcium arsenate Cas(AsOy); 398.06 1723
27 Calcium carbide Ca,C; 64.10 222 2573
28 Calcium carbonate CaCO, 100.09 293
29 Calcium chloride CaCl, 110,99 215 1055 284
CaCl,H,0 129.01
CaCl2H,0 147.03
CaCl-6H,0 219.09 1.78 303.4 373
30 Calcium cyanamide CaCN, 8011 229
3 Calcium cyanide Ca(CN), 9212
32 Calcium hydroxide Ca(OH), 7410 2.4
33 Calcium oxide Ca0 56.08 262 2873 50 3 k!
M Calcium phosphate Ca,(PO,), 310.19 314 1943
35 Calcium silicate CaSi0, 17.17 292 1803 48.62
36 Calcium sulfate Ca50,ZH,0 17218 232
37 Carbon C 12.010 226 3873 46.0 4473
38 Carbon dioxide CO, 4.m 3042 729 217.0 §.32
39 Carbon disulfide C5 7614 1.26 1611 4.39 941 268
40 Carbon monoxide co 28.01 133.0 M5 68.10 0.837 81.66 604
41 Carbon tetrachloride CcCl, 15384 556.4 450 1.60 250.3 25 3499 300
42 Chlorine L, 7091 417.0 76.1 172.16 6406 239.10 2041
431 Chlomwbenzene CH:Cl 1256 632.4 456 1.1 228 40526 365
4 Chloroform CHCl, 119.39 536.0 340 149 209.5 3342
45 Chromium Cr 5201 71
46 Copper Cu 6354 892 13562 130 2855 305
47  Cumene CHy 120.19 0.86 177.125 71 425.56 375
(Continued)
TABLE A.1 (Continued)
Physical Properties of Various Organic and Inorganic Substances
Molecular T. P, T, Al T, Ah,
No. Compound Formula Weight K atm  Sp.Gr K K]/mol K K]J/mol
48 Cupricsulfate CuS0, 159.61 361
49 Cyclohexane CHy, 84.16 553.7 404 0.78 279.83 2677 353.90 01
50 Cyclopentane CHy 70.13 5118 455 0.75 179.71 0.6088 4 27.30
51 Decane CyHgn 14228 619.0 208 0.73 433 470
52 Dibutyl phthalate CH,0, 7834 1.05 613
53 Diethyl ether (CH;,0 7412 467 3B6 071 156.86 7.301 307.76 2605
54 Ethane CH; 30.07 305.4 482 £9.89 2860 18453 1472
55  Ethanol C,H:.OH 46007 516.3 63.0 0.79 158.6 5021 Bl7 Bh
56 Ethyl acetate CH;0, 88.10 5231 78 0.90 189.4 302
57 Ethyl benzene CHy 106.16 619.7 370 0.87 178.185 9.163 409.35 360
58 Ethyl bromide C;H:Br 108.98 504 615 146 1541 4
59 Ethyl chloride CHCl 6452 460.4 520 0.90 13483 4452 28543 5
60 3-Ethyl hexane CiCys 1422 567.0 64 0.72 9169 U3
61 Ethylene CH, 2805 283.1 305 103.97 3301 169.45 1354
62 Ethylene glycol CHO, 62.07 11 260 11.23 4704 56.9
63 Ferric oxide Fe,0, 159.70 512 18313
64 Ferric sulfide Fe.5, 207.90 430
65 Ferrous sulfide FeS §7.92 484 1466
66 Formaldehyde H,CO 30,03 0.81 1549 2539 45
67 Formic acid CH,0, 46.03 1.2 28146 127 77 23
68 Clycerol CH,0, 92.09 126 20136 18.30 5632
69 Helium He 4.00 5.26 226 35 0.02 4216 0.084
70 Heptane GH, 100.20 540.2 70 0.68 182,57 14.03 7159 3169
71 Hexane CHy, 86.17 507.9 299 (.66 177.84 13.03 M190 2885



72 Hydrogen H, 2016 B3 128 1396 012 2039 0.904

73 Hydrogen chloride HCl 3647 346 815 158.94 1.99 188.11 16.15

74 Hydrogen fluoride HF 20.m 503.2 — 1.15 238 293

75  Hydrogen sulfide Hi5 34.08 3736 88.9 187.63 238 212.82 18.67

76  lodine I 1518 826.0 — 493 3865 4574

77 Iron Fe 55.85 — — 770 1808 15 3073 353

78 Ironoxide Fe,0, 23155 520 1867 138

79  Lead Pb 207.21 134 600.6 510 2023 180

80  Lead oxide PbO 231 950 1159 1.7 1745 213

81 Magnesium Mg 2432 174 923 92 1393 132

82 Magnesium chloride MgCl, 95.23 233 987 431 1691 137

83 Magnesium hydroxide  Mg(OH); 5834 240

84 Magnesium oxide MgO 40.32 3.65 3173 774 3873

85 Mercury Hg 200.61 1354

8 Methane CH; 16.04 190.70 458 90.68 0.941 111.67 8.180

87 Methanol CH;OH 2.0 0.79 175.26 317 3379 5.3

88 Methyl acetate CH,.O, 74.08 506.7 46.30 093 1743 3303

89 Methyl amine CHN 3106 4299 7360 070 1805 2663

9 Methyl chloride CH,CI 50.49 4161 65.80 175.3 249

91  Methylethylketone ~ CH,0 7210 081 1841 3526

9 Methyl cyclohexane  CH,, 98,18 077 14658 6751 37410 17

93 Molybdenum Mo 95.95 10.2

94 Napthalene CyHz 128.16 1.15 3532 491.0

95 Nickel Ni 58.69 8.90 1725 3173

96 Nitric acid HNO, 63.02 150 23156 1047 359 30.30

97 Nitrobenzene CH:.ON 12311 120 2787 4839

98 Nitrogen Nz 28.02 126.20 335 63.15 0.720 774 5577

9 Nitrogen dioxide NO, 460 431.0 100.0 263.86 733 29446 14.73

(Continued)
TABLEA.1 (Continued)
Physical Properties of Various Organic and Inorganic Substances
Molecular T, P, T. Al T Ak,

No. Compound Formula Weight K atm  Sp.Gr. K K]/mol K KJ/mol
100 Nitrogen (nitric) oxide  NO 3001 17920 &30 10951 230 121.39 13.78
101 Nitrogen pentoxide No0s 108.02 1.3 303 320
102 Nitrogen tetraoxide N0, 92 4310 90 145 2637 2043
103 Nitrogen trioxide NO; 76.02 145 17 765
104 Nitrous oxide N0 M0 3095 7170 1.3 1821 16844
105 n-Nonane CHy 12825 595 230 072 2194 4138
106 n-Octane CH;; 1422 595.0 125 07 2162 3987
107 Owalic acid CH0, 60.04 1.90
108 Oxygen 0, 32.00 1544 497 54.40 0.443 a0.19 6.820
109 n-Pentane CH;, 7215 46980 333 0.63 14349 8.393 309.23 /.77
110 iso-Pentane iso-C;H;y 7215 4610 34 0.62 1131 3009
111 1-Pentane CH, 7013 474 399 0.64 10796 4937 30313
112 Phenal C,H.0H o411 6921 605 107 31546 11.43 45456
113 Phenyl hydrazine CHN, 108.14 11 29276 16.43 51.66
114 Phosphoric acid H,PO, 98.00 183 31551 105
115 Phosphorus (red) P, 123.90 20 883 8117 863 4184
116 Phosphorus (white) Py 12390 182 3174 25 553 49.71
117 Phosphorus pentoxide P05 14195 239
118 Propane CH, 409 3699 420 8547 354 310 1877
119 Propene CH, 4208 365.1 454 791 3.002 25546 1842
120 Propionic acid CHO, 74.08 09 2522 4144



121 n-Propyl alcohol C;H:OH 60.09 536.7 49.95 0.80 146 3702
122 iso-Propyl alcohol CHO 60.09 508.8 53.0 0.79 1835 3554
123 n-Propyl benzene CHy, 120.19 638.7 31.3 0.86 173.660 8.54 43238 382
124 Silicon dioxide 510, 60.09 2325 1883 8.54 2503
125 Sodium bisulfate NaHSsO, 120,07 274 455
126  Sodium carbonate Na,CO,10H,O 286.15 1.46 306.5
127 Sodium carbonate Na, OO, 105.99 253 1z7 34
128 Sodium chloride NaCl 58.45 216 1081 285 1738 171
129 Sodium cyanide NaCN 40.01 835 16.7 1770 155
130 Sodium hydroxide NaOH 40.00 213 592 84 1663
13 Sodium nitrate NaNO, 85.00 226 583 159
132 Sodium nitrite NaNO; 69.00 217 544
133 Sodium sulfate Nas50, 142.05 2.70 1163 243
1H  Sodium sulfide Na5 78.05 1.86 1223 6.7
135  Sodium sulfite Na50, 126.05 2.63
13 Sodium thiosulfate Na,5,0, 15811 1.67
137 Sulfur (rhombic) S; 256.53 207 386 100 71776 84
13 Sulfur (monoclinic) S 256.53 1.96 392 1417 717.76 84
139 Sulfur chloride (mono) 5,0, 135.05 1.69 193.0 4112 300
140 Sulfur dioxide 50, 64.07 430.7 77.8 197.68 7.402 263.14 2492
141 Sulfur trioxide 50, 8007 4914 8538 260.0 245 3165 418
142 Sulfuric acid H,504 98.08 1.83 283.51 9.87
143 Toluene C,H:CH, 9213 5939 40.3 087 178.169 6.619 383.78 35
144 Water H,0 18.016 6474 2183 1.00 27316 6.009 37316 40.65
145 m-Xylene CgHyp 106.16 619 REX 0.86 225288 11.57 412.26 44
146 o-Xylene CgHyp 106.16 631.5 357 0.88 247978 13.60 417.58 308
147 p-Xylene CegHyp 106.16 619 339 0.86 286423 17.11 411.51 36.1
148 Zinc Zn 65.38 7.4 692.7 6.673 1180 1148
149  Zinc sulfate ZnS0, 161.44 374
TABLE A.2
Heats of Formation and Combustion
MMolecular LY N
Mo, Compoawnd Formmula Weight Seate Kool Kool
1 Avcetbc actd CTH OO SO0S 1 —4B5.2 —E7FL.e9
= — 173
x Acetaldehyde CHOHCY 40052 = —l&6.4 —1192.36
3 Acetone S H O 5808 aq —4 103
B —216.69 —1821.38
4 Aucatylbana CHE, 2604 = 2675 —1290.51
5 Amamsoamia MNH, 17032 1 720
= —de 191 _38>r oH
[ A INaTe oI (P pO s e [~
carbonate aq —Q41 86
T A INaTe oI MH OO S350 [~ —315.4
chiloride
B AT i T BH GO 355 aq
hydroxide
o ANaTe DT mitrabe it I o L HOADS [~
a
1 Acmareramitiem sl ase [T P 132 15 r.':q
a
11 EBenzaldehyde o HLCHRD L5 12 1 1
1z Benzens CoH, FE.11 IS —32ET 6
= —3301 .5
13 Bornom oxbde B L=l [~
14 Brodamdne B, 159 E32 1
15 rr-Bartanea CH,, 5812 IS —F855. 6
= —FEF8 52
L& Isobautame CoHL, 58.12 1 — 284910
= —X8e8.8
17 1-Butens C,H, S&. 104 = —27T1858
18 Calcium arsenate Ca] AT, FE s
1% Calcium carbide Cad, L) [
b 1} Calcium carbonate a0 1000 [~
21 Calcium chloride Ca(l, 11093 [~
2z Calcium cyanamde Ca N, HS0.11 [
23 Calcium hydroxide CallvH), T [
24 Calcium oxide Dy Sa08 [~
25 Calcium phosphate Ca i), 310019 [
26 Calcium silbcase CaSutr, 11617 [~

{Conifmned)



TABLE A.Z2 (Continuwed)
Heats of Formation and Combustion

Molecular o By A ke
Mo Compownd Formula Weighe Setate K]'mol KJimol
xF Calcium sulfate Cas, 136.15 c —14327
aq —1430.5
2B Calciwm sulfate Cas - ZH ALY 17218 c —2021.1
(gypsum)
20 Carbon L 1201 c o —393 .51
30 Carbon dioxide 0, 4401 B —393.51
1 41292
31 Carbon disulfide 5, Ta 14 1 B7 B& —1075.2
B 1152 -1
32 Carbon monoxide oo 28101 o4 —110.52 — X8 99
33 Carbon L, 153 E38 1 —139.5 —3522
tetrachlboride
B — 1. 5% —384. O
34 Chloroethane o HLC] 64 52 B —105.0 —1471.1
1 —41.20 —5215.44
35 Cumsene CHLCHCH 12019 - 392 —5250.59
(=opropy Ibenzene)
B —TE9 B
36 Cupric sulfate CueS00, 159.61 aq —843.12
c 7514
37 Cyclohexane CH 8416 B —123.1 —3953.0
3B Cyclopentame CoH, 0130 1 —105.8 -2 9
B 7.2 —-33195
39 Ethane Lt 30,07 B —Bd BET —1559.9
40 Ethyl acetate CHOOC H, 8810 1 e —2I74.48
41 Ethyl alcohol o HAOH 46065 1 27763 —1366.91
- —235.31 —140% 25
42 Ethyl benzena o HLACH, 1. 16 1 —12.45 —4564 87
B 2979 —4507 13
43 Ethyl chloride o HLC] 64 52 B —105
+ Ethylenes oH, 28052 B 52.2B3 —141099
45 Ethylene chloride CHC] 62 50 - 31.36 -1ZF15
46 3-Ethyl hexane CHL 11422 1 —250.5 =501z
B —210.9 —55M 78
47 Ferric chloride Fell, B —403.34
48 Ferric oxide Feg 15970 B —822 156
449 Ferric sulfide FeS, 11998 - 1779
=] Farrosoferric oxide Fe O, 13155 c —111&67
51 Ferrous chloride Fell, c =342 67 —33.76

{Conitimied)



TABLE A.2 (Confinued)
Heats of Formation and Combustion

Molecular AR A RS
MNo. Compownd Formula Weight State  K]/mol K mol
52 Farrous oxidea Fall 7LB5 [ =267
53 Ferrous sulfide FeS5 Brao2 c —R5Ds
54 Formaldehyda HCOO 3000246 B —115.64 —5A3 46
=1 n-Heptane CoH,, 100 1 —224.4 —4816.91
B —1B7.8 —4853 48
=3 n-Hexane CH,, 86.17 1 —198.8 —41&63.1
B —1&7.2 —4194 753
57 Hydrogen H. 20164 B o —I85 B4
5B Hydrogen bromide HBr 80924 B —36.2%
50 Hydrogen chloride HCl 36465 E —822.311
&0 Hydrogen cyanide HC 2726 B 13054
Gl Hydrogen sulfide HS 34082 1 —.15 —h&2 LHG
6l Iron =ulfide Fes5, 119.93 c 1779
[ Lead ocaode PbO» ke | c —219.2
[ Mapgnesium chloride ML, a95.13 C —641.83
a5 MMagnesium MelOH), 5534 c —R2d 66
hydroxide
B Magnesium oxide Mg 4032 c —501.83
&7 hethane CH, la0dl E —T4.84 —E90.4
[ Methyl alcohaol CHLOH 32047 1 —238.64 —726.55
B —201.25% —T63.96
& Methyl chloride CHLC 5049 E —81.923 —TebE3
T Methyl cyclohexane CH,, 95182 1 —152 —456529
B —154.8 —460068
71 Mlethyl CHy 84154 1 1384 —3937F
cyclopentans
B —10&7F —3969.4
T2 IMitric achd HINCY, 6302 1 —-173.23
aq —26.57
73 Mitric oxide /1 30:01 B 90374
74 MNitrogen dioxide IO, 4501 E 1385
75 Blitroas oalde IO 4402 B El.55
T n-Fentana CH,. 7215 1 —-173.1 —350M5
E —1454 —3536.15
Fri Phosphoric acid H POy, Q.00 c —1281
aq -1Z7B
7B Phosphoruis P, 123 Do) c o
ol Phosphorus Py, 141.95 c —150%

pentoxide



TABLE A.Z (Comtfirnued)
Heats of Formation and Combustion

Molecular A ke A RS
Mo Compownd Formula Weighe Seabe Kool Kl
S Propame OH, 4409 1 —11%. B4 —rMnda
B —103.85 -
81 Propens OHG A2 07 B .41 —N=8 .47
82 n-Propyl alcohol A HLOD &00a B —255 —hk8 &
853 n-Fropylbenzens CH A COH-CH, 120.19 1 —ZE 40 —52182
= 7824 —52£4 5
54 Siboon dioxide S, &00a [ —851.0
85 Sodium bicarbomase 1 2401 [ —Q45 &
=23 Sodium bisulfabe MNakHS, 12007 c —1126
87 Sodium carbomate Pl 00 105 9= [ —1030
BE Sodium chloride Pl 5845 c —4 11 A
=] Sodium cyanide PlarTT 4901 c —&5.79
S Sodium nitrata PBJaPdi, B5 .k c —dbib GE
91 Sodium ndtritse PJalPd, (=R c —359
oz Sodiiim sulfagte Ma, 50, 142 5 [ —1384 &
o3 Sodiim sulfide Ma,S TEAOS [ —373
o4 Sodiim sulfibe Pla, S, 12&.05 [ — 1
o5 Sodium thiosulfase MNa.S50, 158.11 c —1117
= Suilfur 5 320 c o
o7 Sulfur chiloride 5L 13505 1 —&03
= Sulfur dioxkde S0, Gl GG B — G B0
S Sulfur trioxide S0, BO GG B —305. 18
1040 Sulfuric acid H_ S, 9808 1 —811.32
agq .51
101 Toluene CHACH, 9213 1 1193 —3araa
= 50,000 —3947 9
102 Water HO» 180164 1 —ZES. B4
= —241.83&
103 -y bene CHACTH, 10 16 1 —25 .47 —4551 84
B 1724 —45%4 53
104 o-Xylene CHACH, 1016 1 —24 .44 —4552 84
B 9.0 —45%4 29
105 p-Xylenea CHACH, ), 1016 1 —24 4% —4552 84
= 1795 —45%5 25
106 Finc sulfata InSsSOy, 16£1.45 C —QTa55
aq =055 93

Mote: Heats of formation and combustion of compounds at 257 Standard states of produscts
for Y are OO, (gh HAO (I, M, (gl SOy (g), and HCL {aq)-

S —
Appendix A2

Table A.3 contains heat capacity equations for organic and inorganic com-
pounds as a function of temperature.

Farms Heat Capacity
1. e IAimol WK or “C)=a + T+ cT2+dT =
2. e I imol WK or “C)=a + b +cT-7




TABLE A.3
Heat Capacity Equations for Crganic and Inorganic Compounds (at Low Fressures)

Temp.
No. Compound Formula Mol. We State Form T a b C d Hange
1 Acetone CH,COCH, 53.08 | 1 CO1230 0.184 =30 to &
53.08 E 1 TG 0.2 =1278x 10 3476= 10 0-1200
2 Acatylana CH, 2% E 1 T 40243 06053 —5.033 x 10 18200« 10 0-1200
i Adr o} B 1 C MY 0004147 031901 10-= —1.965 = 10-* O=1500
E 1 K 3XB0e 0D01965 0470 105 1965 % 10+ 31800
4 Amamonia NH, 17.03 B 1 “C 3515 0402954 044201 5 10-= —6. 686 = 107 O-1200
5 Ammonium sulfase (MH )50, 132.15 c 1 E 2159 1] X328
& Benzens CH, 7811 1 1 C 1265 0334 BT
B 1 C FADG 0.3295 —2 520 10+ 7757 = 100 O-1200
7 Isobutane CH,, 5812 B 1 0 B9dh 03013 —189] 10+ 4987 « 109 O-1200
B n-Bustana CH,, 5812 B 1 2 230 03788 —1547 x 10+ 3498« 102 O-1200
o Isobasbena C,Hy 5610 B 1 “C  E288 03564 =1727 w10 5050« 109 O-1200
10 Calcium carbide Cal, &4.10 c 2 E 6862 0019 —8.66 x 105 — XE-720
11 Calcium carbonate Cal0, 100,09 c 2 E B34 004975 —12B7 x 10+ — XFi-1033
12 Calcium hydroxide CalCH]), 74.10 C 1 E B35 X373
12 Calcium oxide Cal 5608 c 2 E 41384 00 —452x 105 102731173
14 Carbon L 120 o 2 E 1L.18 oomas —4 B9 x 10-= X1-1373
15 Carbon dioxide oy 4. B 1 2311 004233 —2 BB x 10-= 7464« 102 O=1500
1& Carbon monoxide [ 3.m B 1 “C 2895 000411 03548 5 10-= -2.720 % 10-* O=1500
17 Carbon tetrachloride  (OCI, 15384 1 1 E 12285 00001085  -30B26x10-* 34252« 10+ i3
18 Chlorina a, 7091 B 1 “C 3360 001367 —1.607 w 10-= 6473 1077 O-1200
1% Copper Cu 63.54 c 1 E X7 00006117 X3-1357
0 Cumeng CH,, 120.19 B 1 “C 1392 0.5376 =357 10 1205« 10-7 O-1200
(Comfinmued)
TABLE A.3 (Continued)
Heat Capacity Equations for Organic and Inorganic Compounds (at Low Pressures)
Temp.
Na. Compound Formula Mol Wi State Form T a b © d Range
i | Cyclohexane CH,; Bl6 E 1 *C W40 04982 3%kl B06E3x 10 0-1200
n Cyclopentane CH, .13 g 1 *C 7339 01913 258k AB66< 10 0-1200
i Ethane CH, 007 g 1 *C @37 0132 -58l6x 10 T280<107 0-1200
| Ethyl alcohol CHO 4507 l 1 *C 1588 100
g 1 *C &l3 01572 B0 10 1983107 0-1200
x Ethylens CH, po 11 g 1 *C 07 01147 68010 1 Te6= 10 0-1200
% Ethylbenzena CHCL 08,95 l 1 *C 1820
E 1 *C 1k 0.3
r Ethylene oxida CHO 405 g 1 K 48 0206 ~0.895 5 ]
] Farric oxide Fe,0, 159.70 E 1 K 134 00eTll =17 72 10 — ¥i-10e7
] Formaldehyda CHD 003 g 1 *C M2 004268 00000 - 10 D-1200
ki Helium He 400 E 1 *C N3 All
ki | n-Hexane CH, 817 l 1 K 3421 00e7ele  -23537x 10 30827 10 173400
E 1 *C 13744 0408 -23x 1~ 5Te6x10 0-1200
2 Hydrogen H, 2016 g 1 *C BA 00000765 032810 -DS6RE<10  (O-1500
k] Hydrogen bromide  HEr 2092 E 1 *C B0 0000217 O09887«10=  -4858x10+  O-1200
k| Hydrogen chloside  HCI %47 g 1 *C H13 0001341 05715x10 433510 O-1200
ki Hydrogen cyanida HCN "7m g 1 *C 353 002908 1082 « 10 0-1200



% Hydugensulfide  HS WE g 1 C BSOS 0MIKI0P 3HLA0Y (150
¥ Magnesiumchloride  MgCl, R ¢ 1 K T4 00 710
¥ Magnesumodde MO 0N ¢ 1 K {54 D0SNS  -871.0s TN
M Methane H, B g 1 C M3 00549 036110 -LI00x10¢ 00
g 1 K W& 00 12«10 -L100k10e 7100
& Methyl alcohol CHOH M 11 T A DI 045
8 L CRIT ') NN Y 95T/ S 11 951/ Y .1
4 Methylcyclohexane  CH, W8 g 1 C 13 0% 370t L0107 (-1
£ Methylcyclopentane  CJH,, MIE g 1 C W8 04T 30k 8BLA0e (-0
8 Nitricaod HND, ge 1 1 T o x5
4 Nitric oxide NO m 3 1 *C X530 0008IRE  -02925x10F  03&82x10*  (-3500
£ Nitrogen N, B2 g 1 C B0 0N2W  0FBkI0C 2F1A0Y (150
4 Nitrogen dioxide NCy &M 3 1 T % 00w -288« 10+ TATx 10 -1200
g Nitogentetraodde N, nR g 1 C BT WS 113104 300
£ Nitrows odlde N, “dm 3 1 T W& 00415 -260dx 107 10ET <10 -1200
& Oxygen 0, DO g 1 C B0 00 0WexID* 131x10° (1500
3 n-Pentane CH,; 7215 1 1 K BM 1841 2368710 1T 10 I0-350
g 1 C 148 0HI  -1EWkI0e d6xl0e 010
il Propane CH, dmw 3 1 T 603 010 131000 31700 -1200
51 Propylne CH, QB g 1 C W0 0T 10Tk 260x100 (-1
3 Sodium carbonate Na, OOy 1059 C 1 K 12 288-371
(Comfimued)
TABLE A3 (Continued)
Heat Caparity Equations for Organic and Inorganic Compounds (at Low Pressures)
Temp.
No.  Compound Formula ~ MolWt Stte Fom T 4 ¢ Range
4 Sodumeabonate  NaCOUIHOQ Bels ¢ 1 K 564 HE
% Siymne CH, 1042 |1 1 M0
3 COls0 02
% Sdiw g woo¢ 1 K B2 0 R
e 1 KBS D0 -2
¥ Sulfuric acd HA, W8 I N R N R [ 1045
¥ Sulfur diovide 0, 07 g1 T B9 00O D0dkl0® Bebxl0?  (-1500
# Sulfur triovide 0, 87 g 1 C 83 0mE  -3500® 30 (-0
# Toluena CH, Ak 1 K 1881 081m  -IS127s0 18«10 10370
g1 C Wl 030 U 30N (N0
6 Watar HD BOE 1 1 K 182 0472127 -13ESxI0F 1312k10¢ TR
g1 C D4 OB D76M«l0® 3300 (S0
* Graphite
b Phombic.

© Monoclinic (at | atm).



Appendix A.3: Steam Table

Table A.4 contains properties of saturated steam, specific volume, specific
internal energy, and specific enthalpy. Table A5 contains properties of
superheated steam.

TABLE A.4

Properties of Saturated Steam
v (mkg) u k]kg) h (k] k)

Pibarh TIC)  Water,o; Steam, s, Waterw Steam,n Water b, Evap.l, Steam, I,
0.00611 00 000100 Mel 0.0 JEFET 00 H0lé Llé
0.008 38 0001000 1597 158 107 158 M%2% 585
0.010 70 000100 1292 b k) 1352 01 MED 5144
0.012 97 000100 1087 46 pict.L 06  UTBT PR
0.014 120 0000 939 03 13920 i un2 En5
0.01& 40 Q001001 B28 589 13043 5B Me8d K3
0.013 159 Q001001 740 665 3074 665 Usdl 25304
0.0m 175 000001 &70 735 pic 1 75 M2 34
0.0n 190 Qoo 612 e M7 T Mok 5364
0.024 N4 000102 564 7 34 4 M533 25390
0.02 17 (0o 523 9.1 4054 911 U502 i
0.0 RO 000102 487 6.2 4071 92 W73 3
0.0%0) M1 000l 457 1010 J408 & 010 Mdds A5
0.0%5 %7 QO0lDE 345 118 M122 1118 U385 25504
0.040 X0 00010  MA 1214 153 1214 331 5545
0.045 0 ooe 311 1300 I8l 1300 4281 25582
0.050 129  000loe 182 1378 MM & 1378 MNE T6la

0.060) ¥2 00010k B 1515 UK 1515  Mla0 25675

0.070 Bl Mmooy WA 1634 139 1634 U1 L5724
0.080 415 00moe 1310 1739 4323 I72% MR 5771



O.CFR 43 8 OO O 16240 183 3 X353 1823 2997 O 2581.1

0.1 45 8 1010 14 67 1918 4R ¥ 191 8 2997 2584 B
0.11 7T D001 13. 42 1997 24405 1997 23884 25881
0.1z 494 001012 12 36 e 2440 8§ s D 23843 25912
0.1z 51.1 On101= 1147 3 F T445 00 137 23804 25940
014 52 6 On101= 10 6% AN AT X200 2ATET 2596 7
015 = M UOD1014 10,02 260 24489 2260 prac g Jord 2099
0.1& 553 GUOD1015 @43 3.6 24506 rach i 23700 2adll.é
0aF 56 6 On101s Bl I3 452 3 TE D ) 26038
018 57 8 0010 1é EA45 et )] 453 9 X420 2T D 26059
o019 59 0 0101y B3 Tdn B T455 4 A B 23611 26079
0.20 a1 001017 TAES 515 24569 2515 23584 2099
0.22 22 GUOD101S T a1 2459 .6 2601 23523 261325
0.24 = § On1ors 645 . TaR2 1 IRE T 248 6 26168
026 &5 9 01020 598 75 i Tdnd 4 XST 23442 26199
0.28 &7.5 001021 L X827 24565 XH2TF 238040 28227
0.0 a1 LUT R R i) 513 893 24686 XHe3 23361 26254
0.25 27 On102s 453 3 X473 ki 3 23272 26315
0. 5.9 LUEL )R ey 3 99 3 e XFTL INFT 23192 2359
045 - UOD102S 3158 31296 2ABDT 1296 231240 2e41.7
0.50 8513 0D 1030 £ 3 3805 ZABE4 0.6 o054 2iedi.0
055 = e oo1naz T 3506 et L 506 2r993 26499
O.&0 8650 0010z 73 IS0 B AR T I59 O 293 6 QG536
065 8.0 L00103s 253 58S 2492 2 1686 23883 26569
0.70 Sl DD 034G 235 v 24045 ITEE 23[z3 201
075 918 on10aF X2 384 4 TR0 T Il 5 X786 26630
0.=0 935 On103Is T ET 39 6 T49H 8B T 22741 2658
(ke
TABLE A.4
Properties of Saturated Steam
v (mkg) u (k] kg) h (k] kg
Pibar) T Water, o; Steam,n, Water,u; Steam,n, Water h; Evap.h, Steam,
0.00&11 001 000l M2 oo 1756 0o ) B 25014
0.008 38 Qu0IDD0 1587 158 BE0T 158 R 2508.5
0.010 70 D0lDm 1292 23 13852 3 850 25144
0012 97 000l 1087 &6 13889 d06 M7RT 2519.3
0014 120 0001000 439 503 B0 503 u732 25135
0.01& 40 0001001 E28 L B3 LAY e84 25273
0018 159 0001001 740 665 pii,t 665 sd 1 2530.6
0.020 I75 0001000 &70 735 139946 T35 Me02 25334
00z |0 0000 el2 B MOLT T9E i LTy 25364
0024 N4 0001002 564 857 3.6 857 24533 25380
0.02& 7 00oIo0z 523 a1 M54 911 502 25413
0028 no  oo0ooe 487 952 M7 1 962 473 25436
0.030 M1 0001008 457 [L]K)] 14086 1010 Mide 25456
0.035 5T 0001003 395 1118 M2 1118 385 2550.4
0.040 M0 000100 @ 348 1214 M153 1214 4331 2554 5
0.045 30 0ooos o 311 1300 M18.1 1300 4282 2558.2
0.050 9 0001005 182 1378 M6 1378 MR 25616
0.060 M2 000IDDe 1B 1515 151 1515 160 2567 5
0.070 W0 0001007 M52 1614 MY 1634 4092 25726

0.080 415 00DIoE 1800 1739 Mi13 1739 M2 25771



TABLE A.4 (Continued)

Properties of Saturated Steam
o im kg o (k] kg b k] kg
Pibark Ti"C) Water, vy  Steam, v, Water,w;  Steam,n, Water, k; Evap. ky, Steam,
0.85 052 0001040 1972 3985 T5008 8.6 260 E 26684
0.50 6.7 0001041 1E&D 405.1 I 6 4052 56 26709
0.85 032 0001042 177 4114 it 4115 617 2732
1.00 wg 0001043 1694 4174 2501 4175 579 26754
101325 1000 0001044 1673 4190 I506.5 4191 1569 26760
L1 1m3  olnda 1540 4287 ol 4288 2508 26796
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15 1114 (001053 1159 4670 15195 4671 M52 26954
Lé 1133 (001055 1091 47532 BT 4754 mng 26962
17 1152 (001054 1.031 45830 a7 4332 57 269910
18 1169 QO0I0s8 0977 4905 BS54 4907 2108 705
1 1136  QUOIOS9 D920 497 6 B1S 4978 1M1 270
20 1202 000106l OUEES 5M5 el ST M6 17063
22 133 (00loed DB 5174 1324 5176 21930 7104
24 1261 0001066 D746 5244 15354 5296 kR g F
L6 1287 0001069 D93 5406 3.1 09 umr3a 7182
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3.0 1335 (0I07d Duede 511 IR0 5614 21632 U7
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d.4 1471 D0 108S 0423 &1 F555.9 G196 M223 27419
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6.0 1588 0001101 0315 50 E 2566.2 6704 2085.0 27355
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7.0 1650 0001108 0273 6963 2571.1 6971 2064 B 2762.0
= 1678 Oz 02554 TO8 5 F5ra3 e M55 5 2764 B
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TAELE A.4 (Continued)
Properties of Saturated Steam

= (mkg) u (kg Ik ]kg)
P ibark T ™) Water, v;  Steam, v, Water,w;, Steam,n, Water, Evap. ky, Steam, I,
1 2149 0001181 00949 9175 15089 200 18782 8.2
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[ i 00133z [k e el 1xx72 ISE7T 2 12357 15449 2706
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0 2858 0001351 [iX e 8 1258.0 I5E1.8 12674 15060 27735
72 87T 0001358 D265 12679 59 1277 .6 14933 e
74 2896 0001364 00257 1277.6 5780 13877 1480.5 2T6R.3
76 2914 0LO01ET] 00249 12872 IST59 1297 .6 14679 ITES.5
7B 2932 (Ul ] 00242 12967 5738 13074 14553 27628
B0 295.0 MO0 3EL 00235 13060 STLT 13171 14428 27599
82 2967 0001391 00229 13152 15685 13266 14303 27570
B4 208.4 0001398 ooz 13243 15672 1336.1 14179 27540
B 3001 0001404 00216 13333 15649 13454 14055 27509
BB 3017 0001411 D021 13422 1562 6 1354.6 13932 27478
a0 3033 0001418 L0050 1351.0 I5e1 13637 13809 it EIN
92 304.9 0001435 [LX ] e 13597 IS57.T 13728 1368.6 27414
a4 306.4 0001432 O19ds 13682 ¥555.2 13817 13563 27380
96 308.0 0001439 L1EaT 13767 15526 13906 1344.1 e
] 3095 0001444 DD1ELD 13852 I55000 13993 13319 271z
1D 3110 0001453 DUD1E0Y 1393.5 5473 14080 13197 i
105 3146 0001470 DD1E9E 1414.1 154004 14295 12892 e
110 318.0 0001489 DD 1600 1434 2 ¥533.2 1450.6 12587 27093
115 3214 001507 511 145400 ISIST 14713 12382 26005
12 346 00152 01428 14734 5178 14918 1197.4 26892
125 3xTsa MLO01547 01351 14927 5094 15120 11664 2E7EA
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TABLE A.4 (Continued)

Properties of Saturated Steam
v imikg) u k]kg) h (k]Vkg)
Pibary TI"C) Water, v;  Steam,u, Water,w, Steam,u, Water b, Evap.h;, Steam, b,
1310 3WA8  00D1se7  DUD1ZE0 15114 1506 15320 11350 26670
135 338 00D1sEs  DuDL2LE 15304 24913 15519 1103.1 26550
140 336 DO01S11  QuDD1SD 15491 24E14 15716 o7 26474
145 W4 00DleM  DuDOAD 15675 4710 15913 177 26291
150 21 oDless DuDoad 1586.1 449 16110 10040 26150
155 s DOD1AER  DUDDOS] 1.6 24483 16307 9505 265003
L& W73 00T DuDDaal 16232 24360 16505 9343 25849
l&5 M98 000173 DuDOESRR 1418 11 16705 8RE3 25hEE
170 3513 Q00T Duposa? lshl6 24813 16917 8509 25514
175 e DODIRG DUDOTIR 1818 3046 17133 8N0 25333
160 70 00D1E40 QDO Iz 13784 17348 7l 5134
185 352 0O0D1EEl QD08 7 Bl 17565 Thbh 4931
190 3614 0001926 DuDDesR Ird1 4338 17 &R0 2704
195 Ids  00D19FT DuDdelR 17632 1314 1801LE 642 24a0
200 BT D4 0.00558 17857 it | IE 18265 5919 184
5 TR DmI 000546 18107 144 18539 5315 25864
210 3NE 00020 0.00:02 18400 LA | 18863 4i13 i ol
215 s D34 0.00451 1E7E.6 21981 19289 3b62 M52
1 AT me? 000373 1952 114 an 185 195
mz2 37415 OmIz 0.0m17 38 18 2108 LI 2108
TABLE A5
Properties of Superheated Steam
P (bar) Saturated  Saturated Temperature ("C)
T, " Water Steam 50 75 100 150 200 250 W0 3s0
] B — — 1505 2647 2680 74 2880 2078 w77 377
i— u — — 2445 2481 2517 2580 2662 7% ®12 2800
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{45.8) u 1918 24380 2444 2480 2516 2588 2661 773 w2 2800
v 000l 147 148 160 172 05 218 M2 %5 W7
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(81.3) u 3406 24840 9.2 3139 2512 2586 2660 2735 /I 2880
v o000 3 000l 00010l | 341 380 438 483 520 575
L0 B 4175 26754 93 3140 2676 776 2575 2975 W74 3176
{99.6) u 4175 2506.1 092 3139 2507 2583 2658 7 B11 2880
v 000l 1 000101 000103 Ll 194 217 240 264 187
50 B 601 LTS 9.7 3143 4194 6322 2855 2961 065 3168
{151.8) u EWE 25602 2092 3138 4188 6316 2643 M 803 2883
v 000l® 0375 000101 000103 0004 DO0LR | 0435 0.474 0522 0571
10 R TELG 7762 2101 347 4197 6325 2827 2043 052 3159
{179.9) u  TELS 2582 09,1 3137 4187 6314 2631 2710 74 2876
v 000lE 009 000101 000103 0004 000LR 0206 0233 0258 0382
0 B 9% 7972 2110 3155 4705 6331 8526 2000 025 3139
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v 000118 009950 | 000101 000102 0000 0O0OWA 0D0llE 01l 0125 013
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TABLE A.5 (Continued)

Properties of Superheated Steam
P (bar) Saturated  Saturated Temperature "0
{T,,*C) Water Sigam 50 75 100 150 200 150 00 350
40 k 10874 28003 2127 3171 4270 6343 8534 1085.8 2962 30485
{2503 W W24 %013 | 2086 N30 75 600  BBE 1808 | X 2829
v 000125 004975 | 000101 000102 0004 000109 0005 000125 | 00588 (.06ES
&0 k 12137 7850 2144 3187 4235 6356 854.2 1085.8 2885 3046
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¥ 00164 00103 000101 0.00102 0000104 000108 000114 00123 QODI3E  QuDIIS
20 B 16265 MIB4 | 2264 300 Q40 sM5 B4 18T 133 16471
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@745} w  NOTE NETE | 206D 3092 425 20 EW3 1600 13029 18003
¥ 000317 00317 000100 0.00102 000103 000108 000114 QO0IZ2 000135 QuD0l1&3
50 0 . W7 W0 48 677 S8 1085 1B 16350
—) u - 7 37 4121 608 8M4 10570 1975 15650
v . 000100 000101 DODIO3  ODOWS  OOON3 Q0012 Q00135 000160
0 0 . 70 381 Ml 6509 8652 10BS4 1387 14099
—) u - WO 7T 408 6187 8313 10521 12887 15633
v . 0000%90 000101 D003 ODON7  ODON3 Q00121 Q00133 0055
500 0 - /19 342 4568 664l BG4 IMRE 13B7 1573
— u - W4 M0 M5B 60 8197 10M3 12593 15041
v . 0000WIL 00010 D002 OD0I06 QDO Q009 QO0I29 000144
1000 b - W9 33 951 @80 985 1130 1387 1505
— u - 1965 W57 W51 S4 7953 9990 IN71 W190
v - 00009737 DO009ES2  DODIO0  ODON4  ODOIOS Q00N 000122 00131
P{bar) Satwrated  Saturated Temperature ['C)
(T 0 Water  Steam ™ 150 500 550 600 0 700 750
00 P I 1280 EET M7 37 aM6 36 W9 40
u . 2969 350 AW A7 W W0 MR 3
v o _ _ _ _ _ _ _ _
01 W98 5ME 1M 3 U IW6 I 36 WY 4
{458) w1918 WO 299 3050 AR A7 W W0 MR 3
v 00001 147 211 13 BT 3O 403 46 MB 472
05 hM06 26860 39 3 uW W6 IS 36 WH 43
#13) w o MDE M0 299 49 AR WME |2 B0 U 3
v 34 621 667 74 756 806 85 o0 0.3
10 W dITS w4 3 2 S 36 IW5 386 W 42
(99.6) u 4175 W61 298 349 AR WE |2 WO M@ 30
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TABLE A5 (Continued)

Properties of Superheated Steam
Pibas Saturated  Saturated Temperatute (C)
T, "0 Steam Steam 400 450 500 550 &0 (%)) 700 7l
50 b 8l et K] 3m M a5az e 3813 3024 4040
(151.8) u o 6E 502 2064 s 3128 KK KL 3388 K2 3569
v 0001M 037 17 (bed 071 0.758 0504 (850 (807 0843
10 h Telé el 264 KEr| MR 3587 3697 3809 R 4038
(179.9) u  T6ls 2582 2058 3] 3 30 39 3385 K2 a7
v (00113 0.194 (307 0.330 0353 0.37 0402 (L2 ) 0448 0472
. | h LT my2 3249 3358 M7 3578 3689 380z 3914 4032
(212.4) u e 25982 2945 31 315 3ne 3490 33 M 3562
v (0018 0feaz 0151 1163 0175 0.138 0.200 0211 021 0235
40 h 1087 4 28003 2l 1331 M4 3550 3673 3788 3004 4071
(250.3) u 10824 26013 nn am 3100 3188 378 3358 a0 3554
v RD0LS 057 007 (079 00854 0.2 00587 (0.105 1 0z
&0 h 1213.7 I7ac0 318D KE1 L] M 3530 3657 k] 302 4011
(275.6) u 13058 504 2806 t | 3083 317 3265 3357 3451 3545
v 00132 00325 074 (0521 00566 0,060 0.0652 00693 00735 00776
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100 b 10D nni 3100 24 un 3500 3623 45 BT 1989
{3100y u 13935 473 16 2045 3047 34 KN ] 3336 Ml 354
v Qoolds 08l (u2ed (.0798 0mM2E 0035 00183 M0 QM3s Dodel
150 h a1l 26150 75 3ls0 31 3448 3580 3708 315 4982
(3421 u 15841 M09 Ty 2E83 ol 30s anw amw M7 3507
v (00166 00103 0ms7? (0185 00208 0.0 0me 0267 (L6284 0.0304
L1 b 185 MIE4 380 e Ml 10 3536 3671 3504 3935
{365.7) u 17857 1008 i) 2810 e 3063 nn KA 1382 HE5
v 000204 OO0SETE  0O0OOASD QM7 00148 00lse 00182 Q97 Qi 00z
12iFe) h 2108 a1 s amn 30 3370 3516 3655 3790 1A
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v 000317 0mElT  000B1R7  QunD 0.0130 00147 0ls2 M7a Q190 00202
50 h - — 582 2954 3166 3337 3490 3633 il 3908
—) u — — M 75 B8R 3019 ki 3148 1356 Hea
v - — 000sM3 0017 001 001 (0141 M43 LIl 0mya
30 h — — &2 2RI 3085 7 KL L] 3505 3740 I8E0
—) u - — T 2613 2625 ol 3100 3218 3330 4
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Systems of Units

Systems of units are defined with reference to Newton's second law for a system
of constant mass: F=mu (mass—length,/time")

where F is the force required to accelerate a body of mass, m, at a rate a (length,/ Hme?)

System Length Time Mass Force [

sl Meter m Second = Kilogram kg Mewton N L kg.m)/{M - 52
CGs Centimetercm Second = Gram g dyne L (g cm)/ {dyne.sT)
AES Foot ft Second = Found mass b, Pound force by 3217 {Ib £t)/(Ibp57)

L' M = Force that will accelerate a mass of 1.0 kg by 10 m,/s*
LI dyne=Force that will accelerate a mass of 1.0 g by 1.0 cm/f52
L} Ibg= Force that will accelerate a mass of 1.0 b, by 32.174 fi/s°

Metric prefixes

o= T Tera Trillion 10 d  Ded Tenths

10e G Giga Billion 0=« Centi  Hundredths

108 M  Mega Million 10 m  Mill Thossandihs

1k k Kilo Thousand 10+ u Micro  Millionths

1 h Hector  Hundred 1% n Mano  Billionths

o da Deca Tan -2 p  Pio Trilliomths

Acceleration of gravity  g=%8066 m/s* (sea level, 45° latitude)
g=30174 ft/s*

Cas constant R=10731 psiz-f/Ibmol =07302 atm-#/ Thmiol

R=0.06205 atm-L/mol-K=53143 Fa-m#/ mol-K
R=0.06314 L-bar/mol-K = 1957 Beu/Ib mol =8314.3 ] /kg mol-K
R=83143 ] /mol-K =62.36 L-mmHg/mol-K=1.957 cal/mol-K
Density of water at 'C g (H0, 4°C) =10 g/em? = 1.0 kg/L=1(F kg /m?
p(H/0, 4°C) =81 Ib, /gal =62.43 Ib_ /0

Specific gravity of = 1.0
waker

Specific gravity of Hp =116




Conversion Factors

Density

Pressiins

Temperatune

Energy

Fowrar

1 b, =5 =« 10 ¢ =0453503 kg =453.501 =16 ox

1 kg =1000 g =2 N&2 b, =000 ¢

1 ¢=20001b; 1 t= 1000 kg

1 fi=124n.; 1 f&=0.3048 m=230.48 am; 1 in. =2.54 cm; 1 mile=52E0 f&

1 m =10 A=3037 in_=3 2808 fit = 10834 wd =0UO0E214 mi

1 fi*=7 48] gal = 1728 in*=2E 317 L=28317 cm®

1 gal=231 in% 1 in*= 16367 am®

loc=1ocmd=1 ml; M} ml.=L

1000 L=1 m? =35 3145 #*=20}.53 imperial gallons=264.17 gal = 105668 qt

B fl oz=1 cup; 4 cup=1 gquar; 4 quart =1 gal =128 fl oz

1 gfom®=1 kg L=1000 kg/m® =52 476 b,/ ft*=6345 b,/ zal

1 Bbyy=32 174 bt/ 57=4 44EI72 M =4 4462 10" dyneas

1 M=1 kg-mys*=10F dynes=1{F g-cm/s*=022481 I,

I bar=10= Fa= 10} kFa= 105 M/ /m2

Pascal {Fa) is5 defined as 1 N/m*=1 kg/m-=*

1 atm =1.01325 bar=14.89% Ib/in 2 =7l mmHg at 0°C {torr) =20.62
in Hg at FC

1 p=i =1 b/ in.%; psia {absolute) = psig, (gaugs) + 14606

1 K =158"F (ab=olute temparatiune)

T(AC)=T(K) — 27315

T ("F)=T {"R) — 45967

TI"F)=18T (™) + 32

1J=1M-m=1 kg-m#/5%=1F ergs = 1F dyne-cm=2.778 « 107 EW-h

=023 cal =0.7376 fi-lby =9 486 « 10 B

I cal=4.18&8 [; 1 Btu=778.17 f-1b;=252.0 cal

1 Btu/lb.-F=1 cal/g-"C

1 hp =550 f-b /5 =075 KW

1'W=1]/s=023%01 cal /s =0.7376 fi-lbg/ s =486 w» 10— Btuss

1 EW = 1000 [ /5 =34121 Biu/h=1.341 hp
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