Mohammed H. Msaed-Chemical Engineering Principles - Second Year

Chapter Four — Applications of Energy Balances in
the Absence of Chemical Reactions

24.1 Simplifications of the General Energy Balance

24.2 The Strategy for Solving Energy Balance Problems
24.3 Application of the Energy Balance to Closed Systems
24.4 Application of the Energy Balance to Open Systems

24.1 Simplifications of the General Energy Balance

simplify the general energy balance developed in Chapter 22. We reproduce it
here using concise symbols as in Equation (22.6) with “inside” and “flow” appended
to refresh your memory about the system. “Inside” refers to the system inside the
system boundary while “flow” refers to streams that cross the system boundary.

AEinsidc = A(U + PE + KE)insidc = Q + W - A(H 4+ PE + KE)ﬂow

. (24.1)
=Q+ W — Alm(H + PE + KE)]

The three most commonly used applications of Equation (24.1) are to:

1. closed systems
2. open systems with heat transfer into and out of the process
3. open, steady-state flow systems.

What follows is an analysis of each of these cases along with some physical ex-
amples:

1. Closed system. For closed or batch systems, no mass flow occurs in or out of
the system (m; = m, = 0) so that:

AE=Q+ W (24.2)
If there is no accumulation (AE = 0),

0=~W (24.3)

An example is the initial heating to expand a hot air balloon.
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2. Open system with heat transfer. Many open, steady-state processes in the
chemical processing industries exist, processes that are dominated by heat
transfer, Q. For these cases, AE, W, APE, and AKE can be neglected because
they are small compared to Q and AH or are zero, For these cases, Equation
(24.1) reduces to

0 = AlmH] = AH (24.4)

Equation (24.4) can be applied to heat exchangers (i.e., devices for transferring
heat from a high temperature fluid to a lower temperature fluid) and distillation
columns.

If no heat transfer takes place between the system and the surroundings,
Equation (24 .4) reduces to

Equation (24.5) is sometimes called the “enthalpy balance,” and is used to
mode! the mixing of two fluids at different temperatures.

3. Open, steady-state flow system. For steady-state (AE = 0) flow systems that
do not involve significant heat transfer (Q = 0), Equation (24.1) reduces to

W = APE + AKE (24.6)

You can use Equation (24.6) to size pumps or calculate the pressure drop
through a piping network.

Some special process names associated with energy balance problems
that we have mentioned in previous chapters are worth remembering:

Isothermal (dT = 0): constant temperature process

Isobaric (dp = 0): constant pressure process

Isometric or isochoric (dV = 0): constant volume process

Adiabatic (Q = 0): no heat interchange. If we inquire as to the circum-
stances under which a process can be called adiabatic, one of the following
is most likely:

Ll I 2
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(1) the system is insulated.

(2) Q is very small in relation to the other terms in the energy equation
and may be neglected.

(3) the process takes place so fast that there is no time for heat to be trans-
ferred.

EXAMPLE 24.1 Simplification of the General Energy Balance

Figure E24.1 illustrates a process in which several segments are distinguished
by numbered boundaries. List the simplifying assumptions to make in Equation
(24.1) for the following segments: 1 to 5,4t05,3to4,3t0 5, and | to 3.

Figure E24.1

Here is the analysis for each segment

lto5:+ APE = 0 (no level change)

* Probably AKE = 0

« AE = 0 (process appears to be steady state)
Result: é +W = AH
=W =0
KE=0
E

41t05: ¢ é
A

o

« A
Result: AH = —APE
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Jto5:

>

[ ] [ ]
> >
s PR
™
=2 !

=

Resuit: Al’} =0

Ito3:+ APE =0
« AKE may be approximately 0
¢« AE=0
Result: é +W = AH

24.2 The Strategy for Solving Energy Balance Problems

1. Choose the system, identify its boundary, and then decide whether the system
is open or closed. Write the decision down. Change it if your first decision
proves to be a poor one.

2. Decide if the system is steady state or unsteady state. Write the decision down.

3. Write down the general energy balance, Equation (24.1) or (22.7), for the system
(one for each system if you pick multiple systems) along with the other equations.

4. Simplify the general energy balance as much as possible by using information
in the problem statement and reasonable assumptions based on your under-
standing of the process.

§. Carry out a degree-of-freedom analysis that includes the energy balance as one
equation (that may include more than one additional variable) along with the
material balances.

6. Choose a reference state for your calculations, usually the specification of tem-
perature and pressure, but other variables may be substituted.
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7. Based on the reference state, get any needed physical property data (7, p,
V, U, H) and add the values of the data to the sketch of the process. Be sure to
include phase changes. (We defer until Chapter 28 discussion of mixing
effects.)

8. Solve the energy balance alone or in conjunction wijth the material balances.

EXAMPLE 24.2 Degree-of-Freedom Analysis Including an Energy
Balance
Figure E24.2 shows a hot gas stream at 500°C being cooled to 300°C by trans-
ferring heat to the liquid water that enters at 20°C. You want to find the water flow
rate per 100 kg mol of entering hot gas. Carry out a degree-of-freedom analysis for
this problem to determine if you can solve it based on the information given above
and in Figure E24.2.

Water (20°C)
Hot gas (500°C) 100 kg mol W Cool gas (300“0)__
mol fr
co, 0.2 co,
N, 0.1 N,
CH, 03 Water CH,
1.0

Solution

Because Q = W = 0 and PE = KE = 0 in each stream, with the system
being open and steady state, the energy balance reduces t0 AH = (. Because the
problem has 4 components, you can write four independent material balances. Sup-
pose we take the viewpoint that the flow of each component (stream flow) is a vari-

able. Then, considering all of the variables, the problem involves nine stream flow
variables (some of which are known, of course), and three temperatures. As for the

stream pressures, we have to assume they are specified; implicitly the water will be

at its vapor pressure.
Based on the above preliminary analysis, you can form a table to carry out the

degree-of-freedom analysis,
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Number of variables involved:
Material
Hot gas: 4 component flows, T, and p
Cool gas: 4 component flows, 7, and p
Water in: 1 component flow, T, and p
Water out: 1 component flow, 7, and p
Energy:
Qand W
H, PE, and KE associated with each stream flow
Total

Number of equations and specifications:
Specified values

Hot gas: 7, p, and 4 component flows
Cool gas: Tand p

Water in: 7 and p

Water out: 7T and p

Specified in the energy balance:
Qand W

PE and KE (in 4 streams) .
Material balances: 4 species balances plus water
Energy balance:
H in each stream is a function of the specified T and p

Pl wwo o
SIS

[ I S = 8

Degrees of freedom
24.3 Applications of the Energy Balance to Closed Systems

EXAMPLE 24.3 Application of the Energy Balance

Ten pounds of CO, at room temperature (80°F) are stored in a fire extin-
guisher having a volume of 4.0 ft3. How much heat must be removed from the ex-
tinguisher so that 40% of the CO, becomes liquid?

Solution

This problem involves a closed, unsteady-state system (Figure E24.3) without
reaction. You can use the CO, chart in Appendix ] to get the necessary property
values.
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Steps 1, 2, 3, and 4

The specific volume of the CO, is 4.0/10 = 0.40 ft%/1b, hence you can find on
the CO, chart at V = 0.40 and T = 80°F that CO, is a gas at the start of the process.
The reference state for the CO, chart is —40°F, saturated liquid. The pressure is
300 psia and AH = 160 Btu/lb.

Sysiem Boundary
40 f?
00
Figure E24.3
Step §
Basis: 101b CO,
Steps 6 and 7

The material balance is trivial—the mass in the system is constant at 10 ib. In
the energy balance

AE=Q+W

W is zero because the volume of the system is fixed, hence with AKE = APE = 0
inside the system

Q = AU = AH — A(pV)

You cannot obtain values of AU from the CO, chart, only values of AH, by follow-
ing the constant-volume line of 0.40 ft3/lb to the spot where the quality is 0.6.
Hence the final state is fixed, and all the final properties can be identified, namely

Af}ﬁ“] = 8] Btuw/lb
Pfinal = 140 pSia

You can conclude that the degrees of freedom for the problem are zero, with one
equation in one unknown to be solved for Q.

Steps 7,8,and 9
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(140)(144)(0.40) (300)(14-4)(0.-40)]}10

0= {(8' ~ 160) - [ 7782 778.2

= —672 B (heat is removed)
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24.4 Application of the Energy Balance to Open Systems

As a chemical engineer you will encounter a wide variety of processes in any
plant, Most of the processes will be modeled as open (flow), steady-state systems.
Operations such as the transport of solids and liquids, heat exchange, evaporation,
and so on involve open systems. You will find that even in complex plants the
essentials of analysis reduce to the review of the material and energy flows, as il-
lustrated in Figure 24.3. At each stage there can be loss of material and energy,
losses that can go into the environment, losses that engineers try to reduce eco-
nomically.

> 9000

Energy loss
Recovery 1 !

Energy Energy
loss J ‘ loss T

Energy —— - o

Process 1 . | Recovery
Materials ——»- —

—- 0000

Materialsl 1 Matarialsl

loss loss
Materiale
R@O—— loss
Figure 24.3 General energy and

—>osee  materials flow in 2 complex plant.

EXAMPLE 24.6 Application of the Energy Balance to Pumping Water

Water is being pumped from the bottom of a well 15 ft deep at the rate of 200
gal/hr into a vented storage tank to maintain a level of water in a tank 165 ft above
the ground. To prevent freezing in the winter a small heater puts 30,000 Btu/hr into
the water during its transfer from the well to the storage tank. Heat is lost from the
whole system at the constant rate of 25,000 Btu/hr. What is the temperature of the
water as it enters the storage tank, assuming that the well water is at 35°F? A 2-hp
pump is being used to pump the water. About 55% of the rated horsepower goes
into the work of pumping and the rest is dissipated as heat to the atmosphere.
Assume the heat capacity of water at 35 °F is 1 Btu/(Ib)(°F)
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Solution

Steps 1, 2, 3, and 4
Let the system (assume an open, steady-state system) consist of the well inlet,
the piping, the pump, and the outlet at the storage tank. See Figure E24 6.

B -\'
T, = 35°F System
! boundary Figure E24.6
Step 5§
Basis: 1 hr of operation.
Steps 6 and 7

The material balance is 200 gal of water entering and 200 gal leaving in an
hour. The energy balance is

AE = Q + W — A[(H + KE + PE)m]
You can simplify the energy balance as follows:

1. The process is in the steady state, so that AE = 0.

2. m=m =m,

3. AKE = 0 because we will assume that v, = v, = 0.
Then

0=0Q+W — Al(H + PE)m]
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Steps 8 and 9

The total mass of water pumped is 200 gal 8.331b

hr 1 gal

= 1666 1b

The potential energy change is APE = mAPE = mgAh
_ 1666 Iby, 180 fr| (s%)(by) 1 Btu
32.2(ft)(1by) | 778 (ft)(1bs)

The heat lost by the system is 25,000 Btu while the heater puts 30,000 Btu
into the system; hence the net heat exchange is

0 = 30,000 —25,000 = 5000 Btu

322 ft

s2

= 385.4 Bru

The rate of work being done on the water by the pump is

W = 2hp|0.55‘33.000(ft}(1hf) Btu
a (min)(hp) 778 (ft)(1by)

60 min

= 2800 Btu/hr
hr

hence W = 2800 Btu
AH can be calculated from: 0 + W= AH + APE
5000 + 2800 = AH + 385

AH = 7415 Btu

Because the temperature range considered is small, the heat capacity of liquid
water may be assumed to be constant and equal to 1.0 Btw/(Ib)(°F) for the problem,
Thus,

T,

AH = mAH = mf C,dT = mC,(T, — 35)
T=35°F

7415=AH = mC, AT = 1666(1.0)(T, — 35)

AT = 4,5°F temperature rise, hence, 7, = 39.5°F,
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EXAMPLE 24.7 Application of the Energy Balance to Heating a Biomass

Steam at 250°C saturated (that is used to heat a fermentation broth) enters the
steam chest of a fermentor. The steam chest is segregated from the biomass in the
fermentor. Assume that the steam is completely condensed in the steam chest.
The rate of the heat loss from the fermentor to the surroundings is .5 kJ/s. The ma-
terial to be heated is placed in the fermentor at 20°C and at the end of the heating it
is at 100°C. If the charge consists of 150 kg of material with an average heat capac-
ity of €, = 3.26 I/(g)(K), how many kilograms of steam are needed per kilogram of
charge? The charge remains in the vessel for 1 hr.

Qlloss) = =1.5 kJ/s
System Boundmy\_ %

/ ) b
| Biomass \,
f
/

l‘ Steam Chest

\

LLLLA
\“¥—-F’

Saturated Saturated
Steam 250°C Condensate 250°C

Figure E24.7a
Solution

Steps 1,2,3,and 4

Figure E24.7a defines the system and shows the known conditions. If the sys-
tem is the biomass plus the steam chest, the process is open but not a steady state

one because the temperature of the biomass increases. Zero degrees of freedom
exist so that the problem has a solution.

Step 5

Basis: 1 hr of operation (150 kg of charge)
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Steps 6, 7, and 8

The steam is the only material entering and leaving the system, and m; = m,
of the steam, hence the material balance is simple, The energy balance is

AE=Q + W — A[(H + KE + PE)m) (a)

Let us simplify the energy balance

1. The process is not in the steady state, so AE # 0.

2. We can safely assume that AKE = 0 and APE = ( inside the system,
3. W=0. . _

4. AKE and APE of the entering and exiting material are zero.

Consequently, Equation (a) becomes

AE = AU = Q — A[(H)m] | (b)

(n) AU = AH — A(pV) = AH = Mypmu Cp biomass (373 — 293)K [because we
know that A(pV) for the liquid or solid charge is negligible). Thus

150 kg‘ 326 kJ | (373 — 293)K

AU = AHpjomes = = 39,120 kJ

(kg)(K)
(b) The heat loss is given as Q = — 1.50kJ/s
—1.50k.l]36005 L
8 L hr

(c) The specific enthalpy change for the steam (if the changes consist only of the
A H of condensation) can be determined from the steam tables. The AH,,, of
saturated steam at 250°C is 1701 kJ/kg, so that

AH oo = —1701 kl/kg
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[ntroduction of all these values into Equation (b) gives

kJ
m)(mm kg) — 5400 kJ (c)

39,120kJ = —(—170!
from which the kilograms of steam per hour, m.,, can be calculated as

44,520 kJ ‘ ] kg steam
1701 kJ

Meteam —

= 26.17 kg steam

Thus

26.17 kg steam ; kg steam

150 kg charge "~ kg charge

EXAMPLE 24.9 Use of Combined Material and Energy Balances to Solve
a Distillation Problem

A feed of a mixture of benzene (Bz) and toluence (Tol) is separated as shown
in Figure E24.9a, Calculate the values of the distillate (D), the bottoms (B), the heat
duty (heat removed by the water) in the condenser (Q), and the heat duty (input) to
the reboiler (Qp). The recycle ratio R/D is 4.0.

Solution

The entering and exit streams F, D, and B are all liquids (presumably satu-
rated liquids). The system is open and steady state (AE = 0).
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Feed (F) (Saturated liquid)

Overhead vapor V

Condansar

~<— Waler

—\Water

Condensate (C)
50°C

20,000 kg/h

0.50 Bz
0.50 Tol

1.00

Steps 1, 2, 3, and 4

Figure E24.9a contains most of the information pertaining to the problem. En-
thalpy data will be taken from Figure E24.9b at the cost of some accuracy to save

you time.

Step 5

Distlltation
1 atm

e e
Recycle (R) Distillate (D)

0.98 Bz
0.02 Tol

1.00

Boilup (U)

le— Steam

Waste (W)

— Condensate

Bottoms (B)
Reboller

0.04 Bz
0.96 Tol

1.00

Figure E24.9a

Basis: | hour = 20,000 kg of feed

Steps 6 and 7

Examination of the problem shows that the material balances can be uncou-
pled from the energy balance if you pick the overall process as the system. For the

X

material balances the degree-of-freedom analysis is
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Steps 6 and 7

Examination of the problem shows that the material balances can be uncou-
pled from the energy balance if you pick the overall process as the system. For the
material balances the degree-of-freedom analysis is

Vanables: Band D 2
Material balances: Bz and Tol 2
Degrees of freedom 0
Steps 8 and 9
You can write three material balances, only two of which are independent
Total 20,000 =D+8B
Bz: (0.50)(20,000) = 0.98D + 0.04B

Tol: (0.50)(20,000) = 0.02D + 0.96B
Solve using the last two of the three equations to get
D=98 X 10°kg B=102X10kg
Then R = 4 (D) = 3.92 X 104 kg.
Step 10
Check via the total equation
0.98 X 104 + 1.02 x 104 = 2.00 x 104

Next let's start examining the general energy balance. You can reduce the
number of variables involved by specifying that W = O for the system and PE =
KE = 0 for each stream. The energy balance reduces to Q = AH.

V=R+D=4D+ D =5D =490 X 10*kg
Assume V is in equilibrium with D at 50°C. From Figure E24.8b the enthalpy data are
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Approximate
Variable State kg AH(KJ/kg)
F Saturated liquid, wg, = 0.50 20,000 165
B Saturated liquid, wg, =0.04 10,200 205
D Saturated liquid, 50°C wg, = 0.98 9,800 100
R Saturated liquid, 50°C wg, = 098 39,200 100
4 Saturated vapor, wg, = 0.98 49,000 540
700
850
600 ra
550 : - i :—‘—_
500 - T -~ T
g - ' T
- m p ’J' ‘.l' " .
.E 50 ; 'r "’ ;u_ :
300 i . ‘ I‘
g : Jr ‘J" l’ I
250 ' / ’ ! !
200 93 z B‘m Hqud 'I' :
150 65°C * -
1 sl
50 110°C

0 —0
¢ 01 02 03 04 05 08 07 08B 09 10

Banzans maas fraction

Figure E24.9b The ends of the dashed lines show the
equilibrinm compositions between the liquid and vapor.

An energy balance about the condenser will yield Q..
(39,200 + 9800)(100) — (49,000)(540) = Q. = —2.38 X7 kJ (heat removed)

Chapter Four—Applications of Energy Balances in the Absence of Chemical Reactions 17




Mohammed H. Msaed-Chemical Engineering Principles - Second Year

An energy balance about the whole system is easier to use than a balance
about the reboiler because the values of [/ and W are not involved.
Finally,

(9800)(100) + (10,200)(205) — (20,000)(165) = Q + Q¢ = Qg — 2.38 X 107
Op = 2.36 X 107 KJ

Notice Thl s Home Work: Basic Principles and Calculation in Chemical
~  Engineering, 7" edition, Problems of chapter 24, page 749
- 762.
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