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adiabatic processes. The Camnot engine combines them in a cycle. Consider a piston in the vicinity
of both a hot reservoir and a cold reservoir as illustrated in Fig. 3.1. The insulation on the piston
may be removed to transfer heat from the hot reservoir during one step of the process, and also
removed from the cold side to transfer heat to the cold reservoir during another step of the process.
Camot conceived of the cycle consisting of the steps shown schematically on the P-¥ diagram
beginning from point a. Between points a and b, the gas undergoes an isothermal expansion,
absorbing heat from the hot reservoir. From point 5 to ¢, the gas undergoes an adiabatic expansion.
From point ¢ to 4, the gas undergoes an 1sothermal compression, rejecting heat to the cold reservoir.
From point d to g, the gas undergoes an adiabatic compression to return to the imtial state.
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Figare 3.1 Schematic of the Carnot engine, and the Carnot P-V cyele when using a gas as the process
Shaid.



Macroscopic definition—Intensive entropy 1s a state property of the system. For a differential
change 1in state of a closed simple system (no internal temperature gradients or composition gradients
and no internal rigid, adiabatic, or impermeable walls),? the differential entropy change of the sys-
tem is equal to the heat absorbed by the system along a reversible path divided by the absolute tem-
perature of the system at the surface where heat is transferred.

dQ

1=y 4.1
ds =

sys

where dS 1s the entropy change of the system. We will later show that this definition is consistent
with the microscopic definition.
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3.1 HEAT ENGINES AND HEAT PUMPS - THE CARNOT
CYCLE

thermal efficiency using the symbol 7,:
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Sterling Engine
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Table 3.1 Hlustration of Carnot Cyele Calculations for an Ideal Gas.®

Step  Type 0 . 4
¥V V
a—>b |Isotherm Q, = nRTHIn;f >0 (g |-Q, = -nRTy, 1n7: <0 (ig) .
b ¢ |Adiabat 0 AU = nCy(Te— T <0 (*ig) Isotherm
- b
¢ -—>d |Isotherm Q(_ = nRT In—<0 (ig) —QC = -nRT.In 7d =0 (ig) P | Adiabat
¢ ¢ Adiabat
d-—>a |[Adiabat 0 AU = nC Ty—Tp) = 0 (*ig) d
a. The Camot cycle calculations are shown here for an ideal gas. There arc no requirements that the working Isotherm c

fluid is an idcal gas, but it simplifics the calculations.

Note: The temperatures Ty and T heve refer to the hot and cold temperatures of
the gas, which are not required to be equal to the temperatures of the reservoirs
for the Carnot engine to be reversible. In Chapter 4 we will show that if these
temperatures do equal the reservoir temperatures, the work is maximized.




Adiabatic expansion for an ideal gas

First consider the energy balance. The system will be the gas in the cylinder. The system will be
closed. Since a basis is not specified, we can choose 1 mole. Since there 1s no mass flow, heat
transfer, or shaft work, the energy balance becomes:

B Al A

= -PdV

In this case, as we work down to step 4 in the strategy, we see that we cannot integrate the sides

independently since P depends on 7. Therefore, we need to combine terms before integrating.
_ dv .. Cy . R " .
Cydl = — RT7 which becomes 7dT = - ;,dl (ig) 2.62

The technique that we have performed is called separation of variables. All of the temperature
dependence is on the left-hand side of the equation and all of the volume dependence is on the right-
hand side. Now, if we assume a constant heat capacity for simplicity, we can see that this integrates
to

E.. i

?'-lnT—T’ = ln% (*ig)
1 ((‘I/R) B ,/’ . . 63
Ti = 7 ( lg) ~-




For the isothermal segments AS = Q/T and S is a state function
so Q,/T, +Q,/T,=0.S0Q,/Q, =-T,/T,.
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Figure 2: A Carnot cycle acting as a heat engine, illustrated on a &

temperature-entropy diagram. The cycle takes place between a hot
reservoir at temperature Ty and a cold reservoir at temperature Tg. The
vertical axis is temperature, the horizontal axis is entropy.
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Egn. 3.6 indicates that we cannot achieve 5, = | unless the temperature of the hot reservoir
becomes infinite or the temperature of the cold reservoir approaches 0 K. Such reservoir tempera-
tures are not practical for real applications. For real processes, we typically operate between the
temperature of a furnace and the temperature of cooling water. For a typical power-plant cycle
based on steam as the working fluid, these temperatures might be 900 K for the hot reservoir and
300 K for the cold reservorr, so the maximum thermal efficiency for the process 1s near 67%, theo-
retically. Most real power plants operate with thermal efficiencies closer to 30% to 40% owing to
imherent inefficiencies in real processes.
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Carnot Heat Pump

For a given transfer of heat from the cold reservoir, a Camot heat pump requires the minimum
amount of work for any conceivable process. The coefficient of performance, COP, 1s the ratio of
heat transferred from the cold reservoir to the work required. COP 1s a mirror image of thermal effi-
ciency, reappearing in Units T and TI. We want to maximize COP when the objective is to cool a
refrigerator with as little work as possible.

COP= _QC 3.7
H?S,net
QC _ nRTgln(Vc/ Vd_) _ —i 2 g

QH nRT, In(V, /V,) Ty,
Eqgn. 3.3 still applies, and the COP is given by

&;_w - _{HQ—HJ = (Q'—')’

T
Qc Q¢ c
Qc T -1 T,.
e C _ _[H — C
OCoeﬂicientof COP=- - T— . l) - P 3.9
performance. WS, net C H *¢
p y,ner _ work oupu = iﬁ}net |+Qc - I—E _ Ty T
2:1?,:;."" 7o = FZH = hca]:input' 3.1 7 QH 0, T, T, 3.6 11




Example 3.1 Analyzing heat pumps for housing

Suppose your family is considering replacing your furnace with a heat pump. Work 1s necessary
in order to “pump” the heat from the low outside temperature up to the inside temperature. The
best you could hope for is if the heat pump acts as a reversible heat pump between a heat source
(outdoors in this case) and the heat sink (indoors). The average winter temperature is 4°C, and the
building is to be maintained at 21°C. The coils outside and mside for transferring heat are of such
a size that the temperature difference between the fluid inside the coils and the air is 5°C. We gen-
erally refer to this as the approach temperature. What would be the maximum cost of electricity
in ($/kW-h) for which the heat pump would be competitive with conventional heating where a
fuel is directly burmed for heat. Consider the cost of fuel as $7.00 per 10°7, and electricity as $0.10
per kW-h. Consider only energy costs.

Solution: The Camot heat pump COP, Eqn. 3.9

i = 080 - G707 1) - 5

o (=1-26) _ 27
Wnet = Qur363373.15) ~ 399,159

where Q is the heating requirement in kW. Heat pump operating cost = (0.09)- Q (B h)y[x §/
kW-h], where 6 1s an arbitrary time and x 1s the cost.

Direct heating operating cost = (_2 1 (3600 s/h)-(6 h)-(S7/1 0%kI)
For the maximum cost of electricity for competitive heat pump operation, let heat pump cost =
direct heating cost at the breakeven point.

=5(0.09)- O, (8 hy[x $KW-h]= Q,-(3600 s/h)-(B h)-(§7/106kT)  x = $0.28kW-h

Since the actual cost of electricity is given as $0.10/kW-h it might be worthwhile if the heat
pump is reversible and does not break down. (Purchase, installation, and maintenance costs have
been assumed equal in this analysis, although the heat pump is more complex.)
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3.2 DISTILLATION COLUMNS

focus 1s on mass and energy balances for distillation. A common model in distillation column
screening 1s called constant molar overflow. In this model, the actual enthalpy of vaporization of a
mixture is represented by the average enthalpy of vaporization, which can be assumed to be inde-
pendent of composition for the purposes of this calculation, AH " = (AH‘;GP + AH;GP )/2. Also,
all saturated liquid streams are considered to have the same enthalpy, and all saturated vapor
streams are considered to have the same enthalpy. These assumptions may seem extreme, but the
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Figare 3.3 (a) Overall schematic of a distillation column with a total condenser showing five sections of a
distillation column. and conventional labels: (b) a partial condenser; (c) schematic of liguid
levels on bubble cap trays with the downcomers used to maintain the liguid levels.
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In the constant molar overflow model for a column with one feed, the column may be repre-
sented by five sections as shown in Fig. 3.3: a feed section where the feed enters; a rectifying sec-
tion above the feed zone; a condenser above the rectifying section which condenses the vapors and
returns a portion of the liquid condensate as reflux Ly to ensure that liquid remains on the trays to
induce the liquid-vapor partitioning that enhances the compositions.; a stripping section below the
feed section; and a reboiler that creates vapors from the liquid flowing down the column.

At the bottom of the column, heat is added in the reboiler, causing vapor to percolate up the
column until it reaches the condenser. The heat requirement in the reboiler is called the heating
duty. B is called the bottoms or bottoms product. The ratio V¢/B is called the boilup ratio. The
energy requirement of the reboiler is known as the reboiler duty and is directly proportional to the
moles of vapor produced as shown in the figure.

At the top of the column, Fig. 3.3(a) shows a total condenser where the vapor from the top of
the column is totally condensed. The liquid flow rate leaving the condenser will be Vi = (Lz + D).
D 1s called the overhead product or distillate. Ly 1s called the reflux. The proportion of reflux is
characterized by the reflux ratio, R = Lg/D. A partial condenser may also be used as shown in (b),
and the overhead product leaves as a vapor and the condensed fraction is the reflux. The cooling
requirement of the condenser is called the condenser duty and the duty depends on whether the
condenser is total or partial as shown in the figure.
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Figure 3.3 (a) Overall schematic of a distillation column with a total condenser showing five sections of a
distillation column. and conventional labels;: (b) a partial condenser; (c) schematic of liguid
tevels on bubble cap trays with the downcomers used to maintain the liguid levels.
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Figure 3.3 () Overall schematic of a distillation column with a tolal condenser showing five sections of a
distillation column. and conventional labels; (b) a partial condenser; (c) schematic of liquid
levels on bubble cap trays with the downcomers used to maintain the liquid levels.

The rectifying and stripping sections of the column have either packing or trays to provide
retention of the liquid and contact with vapors. Trays are easier to introduce as shown in Fig. 3.3(c).
At steady state, each tray holds liquid and the vapor flows upwards through the liquid. The trays
can be constructed with holes (sieve trays) or bubble caps (bubble cap trays) or valves (valve trays).
The bubble caps sketched in the figure represent a short stub of pipe with a short inverted “cup”
called the “cap™ with slots in the sides (slots are not shown) supported with spacing so that vapor
can flow upwards through the pipe and out through the slots in the cap. A downcomer controls the
liquid level on the tray as represented by a simple pipe extending above the surface of the tray in
the figure. and in an ideal column each tray creates a separation stage. Using multiple stages pro-
vides greater scparation. By stacking the stages, rising vapor from a lower stage boils the liquid on
the next stage. At steady state, streams Fgand V' are assumed to be saturated vapor unless other-
wise noted. Streams B, Lg, and Ly are assumed to be saturated liquid unless otherwise noted. D is
either assumed to be either a saturated liquid or a vapor depending on whether the condenser is total
or partial, respectively. According to the constant molar overflow model, at steady state the vapor
and liquid flow rates are constant within the stripping and rectifying sections because all the inter-
nal streams in contact are saturated, and change only at the feed section as determined by mass and
energy balances around the feed section.
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A particular bubble cap distillation column for methanol + water has 12 trays numbered from top
to bottom. Each tray is composed of 4 kg of materials and holds 1 kg of liquid. The heat capacity
of the tray materials is 6 J/g-K and the heat capacity of the liquid is 84 J/mol-K = 3.4 1/g-K. Dur-
ing start-up, the feed is tumed off. Roughly 15 mimutes after the reboiler is started, tray 12 has
started to boil and the temperanure on tray 11 begins to rise. The reboiler dury is 6 kW and the
heat loss is negligible. Tray 11 starts at 25 °C and the temperatare of the liquid and the tray mate-
rials is assumed the same during start-up. Assume the liquid inventory on Tray 11 is constant
throughout start-up.

(a) Tabulate and plot the temperature versus time for tray 11 until it starts to boil at 70 °C.
(b) Plot the vapor flow F;; as a function of time.

Solution: (a) First, rccognize that ¥, = () since tray 11 is subcooled. No liguid is flowing down
to tray 11. Ly = 0 since F = () and no vapors arc being condensed yet (L = (), even though the
cooling water may be flowing.

Mass balance on tray 11 (all vapors from below are being condensed during start-up, ¥, =0,
Lig=0):

Vi = Ly, 3.0
Mass balance on boundary around tray 11 + tray 12 (V;,=0, L,, = 0, during start-up):
V” - L|2 311
Statc 11 is subcooled during start-up and will warm until 7y, = 70:
Hyy = HE+ Cp(Ty, = Tif") = HE+ CR(T), - 70) 3.12

Encrgy balance on tray 11 during start-up (no work, no direct heat input, encrgy input by tflow of
hot vapors, negligible heat loss):

dT
(Mo G5+ my Gy = = Vg HY —Ly )y = V(AR —Ch(T, = 70)) 313

where for the last equality we have inserted Eqn. 3.10 and then Egn. 3.12.
An cnergy balance on tray 12 (which is at constant temperature) gives:

- | v
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Example 3.2 Start-up for a distillation column (Continued)

Using Eqn. 3.12 to climinate Hy, Eqn. 3.10 to climinate Ly, and Eqn. 3.11 to climinate L,

0= VH =¥ ,H-+ Vuc;(r,,- 70)— ¥ HY = ¥ HE
3.15

L
= V”AH"“P-V|2AH‘MP+V|2€P(T“ —70)

_ Vi ARTar
Vip = 3.16
AHvap -C;'(T“ -70)

Inserting Eqn. 3.15 into Egn. 3.13, and recognizing the constant vapor flow rate below tray 13,

CL

dT
11
11 p)

(m C;M‘f'm d - V'JAH"‘”’ = VSAH"CP =Q 3.17

mar reboiler

where ‘mat’ indicates column matcrial. Inserting vahuces from the problem statement gives,

G000 J/s = (4000 g (6 J/g-K) + 1000(3.4))d T 1 /dt == dTq¢/der = 13.1 C/min 318
The tray will require approximately (70 — 25)'13.1 = 3.4 min to rcach saturation temperatare. The
plot is shown below.

(b) The vapor flow is given by Eqn. 3.13 using Ty, =25+ 13.1(r— 15). The average heat of vapor-
ization is (40.7 + 35/3)/2 = 38 kJ/mol. Between 15 and 18.4 min, the flow rate in mol/min

I 6000(60) 3.19
127 38000 - 84(13.1(z- 15) - 45)

Note that we neglect details like impertect mixing or bypass heating (vapor that does not get con-
densed) that would round the edges of the temperature profile.
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3.3 INTRODUCTION TO MIXTURE PROPERTIES

AUy = U—Z.\'{U‘ 3.20
H
)
AV, = V=D xF, 322
i
U= Z.trb'r— Aumx 3.23
H
H = ZX,H‘—AH."“. 3.24
H

F= D X+ A gy 3.25



3.4 IDEAL GAS MIXTURE PROPERTIES

A8 _ 1A% A8 _ A8 .
U = Z}'ibi or| U7 = Znibi (ig) 3.26
i i
The total volume of a mixture is related to the number of moles by Amagat’s law:
g
Ve = [RTZnJ/P (ig) 3.27
i
& 2
H® = 3 y.H, (ig) 3.29
)
AUIZ =0  AVZ =0  AHZ =0 3.30

MIxX MIxX

MIX
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3.5 MIXTURE PROPERTIES FOR IDEAL SOLUTIONS

The primary distinction between ideal gas mixtures and ideal solutions is the constraint of the
ideal gas law for the volume of the former. Let us apply the principles of ideal solutions and ideal
gas mixtures to an example that also integrates the principles of use of a reference state.

U = inUi or g” - Z”iUi 3.31
i i
s s
Ve = inVi or V= Z”i Vi 3.32
i I
His = Uis + PVis = Y x (U, +PV,) = > x,H,| |H* = > nH, 3.33
i i i
AU =0 AViS. =0  AHiS. =0 3.34

mix mix mix
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Example 3.3 Condensation of a vapor stream

A vapor stream of wt fractions 45% H,0, 40% benzene, 15% acetone flows at 90°C and 1 bar
into a condenser at 100 kg/h. The stream is condensed and forms two liquid phases. The water
and benzene can be considered to be totally immiscible in one another. The acetone partitions
between the benzene and water layer, such that the K-ratio, K = (wt. fraction in the benzene
layer)/(wt. fraction in the water layer) = 0.9.* The liquid streams exit at 20°C and 1 bar. Deter-
mine the cooling duty, O for the condenser. Assume the feed is an ideal gas and the liquid
streams are ideal solutions once the immiscible component has been eliminated.

Solution: A schematic of the process is shown below. Using 71, as the flow rate of acetone in £
and 1, as the flow rate in stream B, the K-ratio constraint is

iy /(g +40) = 0.9(iy/ (g +45)) = 0.9((15—1ir, ) /(15— 1iny +45))
where the acetone mass balance has been inserted in the second equality.

Using the first and third arguments, a quadratic equation results, which leads to 71, = 6.6 kg/h,
and 7, = 15-6.6 = 8.4 kg/h.

F ' Basis: 100 kg'h Fead Coavested (o kmol'h
A
- ’ ) kmalh | F E B
"/JFT ' kg'h F E B | |
o H,0 43 45 H,0 25 23
"‘.-E Bergens | 40 40 "Bergens | 0.5 | 0.5
f B Acetone | 15 6.6 | X4 Acetone | 0.26 - 011 | 15
-
The energy halunce for the process side of the dotted boundary is:
0 = dph—hghipg— hghip+ O 3.35

We are free (o choose a reference state for each component. Note that if the reference stute is
chosen as liquid at 20°C, then the enthalpies of £ arxd & will both be zero since they are at the
reference stale temperature and pressure and the enthalpy of mixing is zero for the ideal solution
assumption. This choice will greatly reduce the number of calculutions. The energy balunce with
this reference state simplities to the following:

npHg = ~0c 3.36

The enthalpy of F as un ideal gas is given by Eqn. 3.28:

wplip = Z".”.' = A 52085, 520 PF bewcTF bexe " AF, neet TR, sew 3.37
i
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Refer back to Fig, 2.6 on page 65 o review the paths for caleulation relative to a reference state,
The path used here is similar o Fig, 2.6(a). To calculate the enthalpy for components in F, we
can oomstract @ path between the reference state and the feed state going through the normal
bailing point, T, where the heat of vaparization is known,

, i ’W'fcw
.sm-fl;a,a'r Al '

The emthalpy of a compoment in the feed stream is a sum of the three steps
H, p = AHE AR 4 AHY. Nate that Ty, > 90°C for water. The AN teem is calculated with
the sume formula, but results in 4 negative contribution as shown by the dotled lme in the path
caboulation schematic. For benzene and acetone, T, «< 9%0°C, so the path shown by the solid line
is used for ANY . Noate that, although the system is below the normal boiling pomt of water at |
bar, the waler can exist as a companent in a mixture,

Using the heat capacity polynomials, and tabulating the three steps shown i the pathway sche-
matic, programming the enthalpy integrals into Excel or MATLAB provides

Hg .0 = 0SS + 40656 - 342 = 46372 Jimol
Hy pone ™ 8624 4 30765 + 994 = 40383 Nmal
= 4639+ 30200 + 2799 = 37638 Jimol

i F, acal

Note that the last term in the sum is negative for water because the feed temperature of the mix-
ture is below the noemal bailing lemperature, The cooling duty for the condenser is

Q= (2.5(46372) + 0.5(40383) + 0.26(37638)) = 146 kJ'h
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3.6 ENERGY BALANCE FOR REACTING SYSTEMS

V1C| -+ V2C2+ V3C3 + V4C4 =)

dé=dn; /v; 3.39
- _
= v 3.40
Lout in .
ﬂ!- - ni + Vl.": 3.4l
ﬁaut _ ﬁin +§Z v, 342
i

1. The reaction coordinate is in some texts called the extent of reaction. This is misleading because depending on condi-
tions, it can be less than one at complete conversion, or it can be negative.

2. Another common measure of reaction progress is conversion. In reaction engineering, it is common to follow the con-
version of a particular reactant species, say, species 4. If X, is the conversion of 4, then ny =n Ai"(l —X,), and Xy= a f/
n,", where a is the stoichiometric coefficient for A as written in the reaction.
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Example 3.4 Stoichiometry and the reaction coordinate

Five moles of hydrogen, two moles of CO, and 1.5 moles of CH;OI vapor are combined in a
closed system methanol synthesis reactor at 500 K and 1 MPa. Develop expressions for the mole
fractions of the species in terms of the reaction coordinate. The components are known to react
with the following stoichiometry:

: - :
2112(3) + Cch) - CH3OII(5)

Solution: Although the reaction is written as though it will proceed from left to right, the direc-
tion of the actual reaction does not need to be known. If the reverse reaction occurs, this will be
obvious in the solution because a negative value of & will be found. The task at hand is to
develop the mole balances that would be used toward determining the value of £. The table
below presents a convenient format.

nt w
H, 5 | 5-2&
co 2 | 2-¢&
CHOH | 15 | 154¢
ny 85-2&

The total number of moles at any time is 8.5 — 2£ The mole fractions are

!
y _ "y _ 5-2¢
M “ny  85-2¢
- 2-¢
Yco = §3_2¢
154+ ¢&

Yemon ~ 85 _2¢

To ensure that all n{ = (0, the acceptable upper limit of & is determined by CO, and the accept-
able lower limit is determined by CH; 01,

~15<£<2
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Standard State Heat of Reaction

effects. Because enthalpies are state properties, we can use Hess’s law to calculate the enthalpy
change. Hess's law states that the enthalpy change of a reaction can be calculated by summing any
component reactions, or by calculating the reaction enthalpy along a convenient reaction pathway

ments is known as the standard heat (or enthalpy) of formation. The enthalpy change for
“decomposing” the reactants 1s the negative of the heat of formation.

4
—2AHgr yp — AHEp o \.\ / AHPr, chaon

\

4

2Hyg +C +(112) Oxgg)

Figure 3.4 llusiration of the calculation of the standard heat of reaction by use of standard heals
of formation.

We may write this mathematically using the stoichiometric numbers as:

AH; = ZV:’H‘;_.:' = Z"z’AH?'r,i = Z |"AAH})T,F Z |‘d AH?T: 343

products reactants
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T
AHD. = AHG + jACPdT 3.44

Ty

ACp = D vCp ;.

AH?t:Z"i}}ll)t,i:Zvi R Z |"'11AH?R,1'_ Z \‘AAH;M 345

products reactants

state. Almost always, the best reference state to use 1s T = 298.15 K and 1 bar, because this 1s the
temperature where the standard state enthalpies (heats) of formation are commonly tabulated. The
heat of formation is taken as zero for elements that naturally exist as molecules at 298.15 K and |
bar. Then the zero value is set for the state of aggregation naturally occurring at 298.15 K and |
bar. For example, H exists naturally as Hy,, so AHfozgg_ 15 18 zero for Hyg,y. Carbon is a solid, so the
value of AH, f"zg&, 5 18 zero for Cgg). The zero values for elements in the naturally occurring state are
often omitted in the tables in reference books. Enthalpies of formation are tabulated for many com-
pounds in Appendix E at 298.15 K and | bar.
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Energy Balances for Reactions
consider a single inlet stream and single outlet stream flowing at steady state:

0=H""—H"3" +Q+Ws 347

Heat of Reaction method replaces the first two terms in Eqn. 3.47 with the negative sum of the
three steps shown by dashed lines in Fig. 3.5(a). In contrast, the Heat of Formation method uses
an elemental reference state for every component, and the enthalpies of each component include the
heat of formation as illustrated by each branch of Fig 3.5(b). The difference of enthalpies of the
components then includes the generalized steps of Fig. 3.4, and the heat of reaction is included

(@) Concept pathway for the Reactants at 7, P% » Products at 7, p*
energy balance using the Heat of ~AH, . AH, .
Reaction method. The dashed —(H™— H?) (Hout — Ho) '

arrow steps are summed to give R “reactants AHD R? procacts
Houtjout _ fingin in Eqn.3.49. Reactants at Ty, P* R » Products at T, P®
() Concept pathway for the Reactants at T, P » Products at 7%, P
energy balance using the Heatof AH, . AH, .. A
Formation method. The differ- (Hin — -H") (Hour HY) o ducts
ence between the two dashed R ’reactants pe

) andss 3 Products at Ty, P*
arrow paths gives Reactants at Ty, P° R

Houtyout _ pringin }, T‘ ) 'AH}T T,
" * Elements at Ty, P* '

Figure 3.5 Concept pathways for (a) the Heal of Reaction method and (h) the Heat of Formation
method. Details for the steps are omilted as discussed in the text.

27



usually small small

small o Py
n(H—HY). + il . = U (‘_ r+J‘ ¢ )+- |
O Z {(H—HY), e Sidlr (5 A58, P AAH
a mixed stream ' !
where there are no T
phase changes be- - J' C,dT
tween Tgand T. Zn'( Ty P ]

It might not be immediately obvious that Eqn. 3.47 includes the heat of reaction. Considering just
the flow terms of the energy balance, by plugging Eqn. 3.48 into Egn. 3.47 the flow terms become

in .in ut ., out iR .out
H" " - 3™ = Z (n; —n; )HZR-— 3.49

components
Z g (H"—Hp);— Z g (H°™ —HR);
components components

where the inlet temperature of all reactants is the same. The first term on the right of Eqn. 3.49 can
be related to the heat of reaction using Egn. 3.41 to introduce £ and Eqn. 3.45 to insert the heat of

reaction:

Z ("'::"—"’?W)HZR =< Z viH{ g = —S(AHR) 3.50
components components

Therefore, the steady-state energy balance can be calculated using Eqn 3.51 and the balance is
known as the Heat of Reaction method:

0= Y MEP-HY - Y l(H-HR) Q- Ws-AHG | 35

components components

3.48
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0 Enthalpy of

a mixed stream
where there are no
phase changes be-
tween Tgand T
using the Heat of
Formation method.

PHAST LUAUSILIULS DCLWCECTE LIC ICICITHCC SLAC atiu LHC SLUTAL 51w 100KS TIRC LS.

Ty i

small v
N — H2Y + 0 - -
D Al (H-Hy) + AHp TR]!.-H}&HM_Y—an(I CpdT + }:TJ 3.52
i i

When phase changes are involved, the steps along the pathway are included as illustrated by several
examples in Fig. Fig. 2.6 on page 65.
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Work Effects

Example 3.6 Reactor energy balances

Acetone (A) 1s reacted in the liquid phase over a heterogeneous acid catalyst 0

to form mcsityl oxide (MO) and water (W) at 80°C and 0.25 MPa. The reac- M
tionis 2A Z MO + W. Conversion is to be 80%. The heat capacity of mes- A

1ty1 oxide has been estimated to be Cp L mol-K) = 131.16 + 0.27107(K),  mesityl oxide
Cp (L'mol-K) 72.429 + 0.2645T(K), and the acentric factor 1s estimated to

be (.356. Other properties can be obtained from Appendix E or webbook.nist.gov. Ignore pres-
sure corrections and assume ideal solutions.

(a) Estimate the heat duty for a steady-state reaction with liquid feed (100 mol/h) and liquid
products. Use the Heat of Reaction method calculated using liquid heats of formation.

(b) Estimate the heat duty for the same conditions as (a), but use the Heat of Formation method
incorporating heats of formation of ideal gases and Eqn 2.45 to estimate heat of vaporization.
(This method is used by process simulators.)

(c) Repeat part (b) with the modification of using the experimental heat of vaporization.

(d) Estimate the heat duty for the same conditions as (a), but use the Heat of Formation method
incorporating the heat of formation of liquids.
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Example 3.6 Reactor energy balances (Continued)

Solution:
(a) For MO and A, Aquli()s.ls =-221,-249.4 kJ/mol respectively, from NIST. The liquid phase

standard state heat of reaction is —221 — 285.8 — 2(-249.4) = -8 kJ/mol. Using a reference state

of the liquid species at 298.15 K and | bar, the enthalpy of the each component is given by
353.15

I C ﬁd T'; the results are {A, 7.265 kIlimol}, {MO, 12.068}, {W, 4.161}. The mass balance
298.15

for 100 mol/h A feed and 80% conversion gives an outlet of 100(1 — 0.8) = 20 mol/h A, then,
(AgUT=20=100-25) =& = 40, adlt = a4t = £ =40. The ecnergy balance is

0= 3 EUHHR - Y H" - Hy) - SAHG or
components components

Q = (20(7.265) + 40(12.068) = 40(4.161)) — 100(7.265) + 40(-8) = —252kI/h.

(b) The value of & = 40 is the same. The path to calculate the component liquid enthalpies
using the heat of formation for ideal gases is: form ideal gas at 298.15K — heat ideal gas to

353.15K — condense ideal gas at 353.15K (using Eqn. 2.45). For MO A2}, 1o =—1783 kI

mol, from NIST. The enthalpies of each component will be tabulated for each of the three steps:
(A)-215.7+4.320 -27.71 =-239.1 kI/'mol; (MO) —178.3 + 8.72 — 39.0 = -208.6 kI/'mol;
(W) —241.8 + 1.86 — 42.7 =-282.6 kI/mol. The energy balance is

0= A7 Fout Al Fin
= 1 1 i i
components components

= (20(-239.1) + 40(-208.6) + 40(-282.6)) — 100(-239.1) = -520 kJ/h.

In principle, this method should have given the same result as (a), but the value differs signifi-
cantly. The method is sensitive to the accuracy of the prediction for the heat of vaporization.
When this method is used, the accuracy of the heat of vaporization needs to be carefully evalu-
ated.

(c) To evaluate the effect of the prediction of the heat of vaporization, let us repeat with a modi-
fied path through the normal boiling point of the species, using the experimental heat of vapor-
ization. The normal boiling point of MO from NIST is 403 K, and AF*" = 42.7 kI/mol. The
component enthalpy path is modified to: form ideal gas at 298.15 K — heat ideal gas to T, —
condense to liquid at 7y — change liquid to 353.15 K. The enthalpies of each step and totals are:
(A) 2157+ 2.4 -30.2 + 3.3 =-240.2 kI'mol; (MO) —178.3 + 17.3 —42.7 - 11.6 =-2153 kI
mol; (W) 2419 + 2.5 -40.7 — 1.5 =-281.6 kJ/mol. The energy balance is

Q =(20(-240.2) + 40(-215.3) + 40(-281.6)) — 100(~240.2) =660 kJ/h.

Parts (b) - (c) result in different heat transfer compared to (a). Note the difference in the heat of
formation of vapor and liquid MO at 25°C matches the heat of vaporization at the normal boil-
ing point and the difference would be expected to be larger. The original references for the ther-
mochemical data should be consulted to decide which is most reliable.
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Example 3.6 Reactor energy balances (Continued)

(d) This modification will not require heats of vaporization. The component enthalpy path is:
form liquid at 298.15 K and heat liquid to 353.15 K. The sensible heat calculations are the same
as tabulated in part (a). The enthalpies for the two steps and sum for each component are:

(A) —249.4 + 7.265 =-242.1 kI'mol; (MO) 221 + 12.068 =-208.9; (W) 2858 +4.2 =-281.6.

The energy balance becomes:
Q =(20(-242.1) = 40(-208.9) + 40(-281.6)) — 100(-242.1) = -252 kJ'h

Comparing with (a), the Heat of Formation method and the Heat of Reaction method give the
same results when the same properties are used.
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