Chapter 4

Heat Effects

Heat transfer is one of the most common operations in the chemical industry. Consider, for
example, the manufactureof ethylene glycol (an antifreeze agent) by the oxidation of ethylene
to ethylene oxide and its subsequent hydration to glycol. The catalytic oxidation reaction is
most effective when carried out at temperaturesnear 523.15K (250°C). Thereactants, ethylene
and air, are therefore heated to this temperature before they enter the reactor. To design the
preheater one must know how much heat is transferred. The combustionreactionsof ethylene
withoxygeninthecatal yst bed tend to rai sethetemperature. However, heat isremoved fromthe
reactor, and the temperaturedoes not rise much above523.15 K (250°C). Higher temperatures
promotethe productionaof CO,, an unwanted product. Designof the reactor requiresknowledge
of the rate of heat transfer, and this depends on the heat effects associated with the chemical
reactions. The ethylene oxide product is hydrated to glycol by absorption in water. Heat is
evolved not only because of the phase change and dissolution process but also because of
the hydration reaction between the dissolved ethylene oxide and water. Finally, the glycol is
recovered from water by distillation, a processof vaporizationand condensation, which results
in the separation of a solutioninto its components.

All of theimportant heat effectsareillustrated by this relatively simple chemical-manu-
facturing process. In contrast to sensible heat effects, which are characterized by temperature
changes, the heat effectsof chemical reaction, phasetransition,and theformationand separation
of solutions are determined from experimental measurements made at constant temperature.
In this chapter we apply thermodynamicsto the evaluation of most of the heat effects that
accompany physical and chemical operations. However, the heat effectsof mixing processes,
which depend on the thermodynamic propertiesof mixtures, are treated in Chap. 12.

4.1 SENSIBLE HEAT EFFECTS

Heat transfer to a system in which there are no phase transitions, no chemical reactions, and
no changesin composition causes the temperatureof the system to change. Our purpose here
is to develop relations between the quantity of heat transferred and the resulting temperature
change.

When the system is a homogeneous substance of constant composition, the phase rule
indicates that fixing the values of two intensive properties establishes its state. The molar
or specific internal energy of a substance may therefore be expressed as a function of two
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other state variables. These may be arbitrarily selected as temperature and molar or specific
volume:

U=Uu,Vv)
ou olU
=|—1 dT — | dV
Whence, dUu (BT)V +(3V)r

Asaresult of Eg. (2.16) this becomes:
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Thefinal term may be set equal to zeroin two circumstances:

e For any constant-volumeprocess, regardlessof substance.

e Whenever theinternal energy isindependent of volume, regardlessof the process. This
isexactly true for ideal gasesand incompressiblefluids and approximately true for low-
pressure gases.

In either case, dU = CydT

and 5
AU:f CydT @1
T

1

For a mechanically reversible constant-volume process, Q = AU, and Eq. (2.19) may be
rewritten: .
T

Similarly, the molar or specific enthalpy may be expressed as a function of temperature
and pressure:

H = H(T, P)
Whence, dH = (S_H) dT + (QE) dr
arT ) p aP )y

Asaresult of Eq. (2.20) this becomes:

oH
= — ] dP
dH deT-l-(aP)T

Again, two circumstancesallow the fina term to be set equal to zero:

e For any constant-pressure process, regardlessof the substance.

e Whenever the enthalpy of the substance is independent of pressure, regardless of the
process. This is exactly true for ideal gases and approximately true for low-pressure
gases.
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In either case, dH =CpdT

and
n
AH = CpdT 4.2)
n

Moreover, Q = AH for mechanically reversible, constant-pressure, closed-system processes

[EQ. (2.23)] and for the transfer of heat in steady-flow exchangerswhere AEp and AEg are
negligibleand W, = 0. In either case,

F5
n

The common engineering applicationaf thisequation is to steady-flow heat transfer.

Temperature Dependence of the Heat Capacity

Evaluation of the integral in Eg. (4.3) requiresknowledge of the temperature dependence of

the heat capacity. Thisis usually given by an empirical equation; the two simplest expressions

of practical valueare:
Cp

F=oe+ﬁT+yT2 and

Cp
R =a+bT +cT™?

wherea, 8, and y and a, b, and ¢ are constantscharacteristicof the particular substance. With
the exception of the last term, these equations are of the same form. We therefore combine
them to provide asingle expression:

c
%’ = A+ BT +CT?*+ D12 (4.4)

where either C or D is zero, depending on the substance considered. Sincetheratio Cp/R is
dimensionless,theunitsof Cp are governed by the choiceof R.

As shown in Chap. 6, for gases it is the ideal-gas heat capacity, rather than the actual
heat capacity, that is used in the evaluation of such thermodynamic properties as the enthal py.
The reason is that thermodynamic-property evaluation is most conveniently accomplished in
two steps: first, calculation of valuesfor a hypothetical ideal-gas state wherein ideal-gasheat
capacitiesare used; second, correctionof the ideal-gas-state values to the real-gas values. A
real gas becomesideal in the limit as P — 0; if it were to remain ideal when compressed
to finite pressures, its state would remain that of an ideal gas. Gasesin their ideal-gas states
have properties that reflect their individuality just as do real gases. |deal-gas heat capacities
(designated by C5* and C,#) are thereforedifferent for different gases; although functionsof
temperature, they areindependent of pressure.

| deal-gas heat capaciti esincreasesmoothly with increasing temperature toward an upper
limit, which is reached when al translational, rotational, and vibrational modes of molecular
motionarefully excited[seeEq. (16.18))]. Theinfluenceof temperatureon C ;£ for argon, nitro-
gen, water, and carbon dioxideisillustratedin Fig. 4.1. Temperaturedependenceis expressed
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Figure 4.1 Ideal-gas heat capacities of argon, nitrogen, water, and carbon dioxide

analytically by equationssuch as Eq. (4.4), here written:
C¥ 2 ppe2

Vauesof the parametersaregivenin TableC.1 of App. Cfor anumberof common organic
and inorganic gases. More accurate but more complex equationsarefound in the literature.'
Asaresult of EQ. (3.18), thetwo ideal-gasheat capacities are related:

oF e
R R

The temperature dependence of C"}g/R followsfrom the temperature dependenceof C ,’;g/R.

The effects of temperatureon C,;* or C¥ are determined by experiment, most often
calculated by the methods of statistical mechanics from spectroscopic data and knowledge
of molecular structure. Where experimental data are not available, methods of estimation are
employed, as described by Reid, Prausnitz, and Poling.'

-1 4.5)

'See F A. Aly and L. L. Lee, Fluid Phase Equilibria, vol. 6, pp. 169-179, 1981, and its bibliography; see also
T. E. Daubert, R. P. Danner, H. M. Sibul, and C. C. Stebbins, Physical and Thermodynamic Propertiesof Pure
Chemicals: Data Compilation, Taylor & Francis, Bristol, PA, extant 1995.

2R. C. Reid, I. M. Prausnitz, and B. E. Poling, The Propertiesof Gases and Liguids, 4th ed., chap. 6, McGraw-Hill,
New York, 1987.
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Althoughideal-gashesat capacitiesare exactly correct for real gasesonly at zero pressure,
the departure of real gasesfromideality is seldom significant at pressuresbelow several bars,
and here C;* and C;f are usually good approximationsto their heat capacities.

Gas mixtures of constant composition may be treated in exactly the same way as pure
gases. Anideal gas, by definition, is a gas whose molecules have no influence on one another.
This meansthat each gas in a mixtureexistsindependent of the others; its propertiesare unaf-
fected by the presence of different molecules. Thus one calculatesthe ideal-gas heat capacity
of a gas mixture as the mole-fraction-weightedsum of the heat capacities of the individual
species. Consider 1 mol of gas mixtureconsisting of speciesA, B,and C, and let y4. yz, and
yc represent the molefractions of these species. The molar heat capacity of the mixturein the
ideal-gasstateis:

Cci = yACj;ﬁ +y3C;;i +ch;;§ (4.6)

Prnisaure

where C;¥, €%, and C}¥ are the molar heat capacitiesof pure A, B, and C in the ideal-gas
state.
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As with gases, the heat capacitiesof solidsand liquidsare found by experiment. Param-
etersfor the temperaturedependencecf Cp asexpressed by Eq. (4.4) aregivenfor afew solids
andliquidsin TablesC.2 and C.3 of App. C. Correlationsfor the heat capacitiesof many solids
and liquidsare given by Perry and Green and by Daubert et al.?

Evaluation of the Sensible-Heat Integral

Evaluationof theintegral [ Cp dT isaccomplishedby substitutionfor Cp, followed by formal
integrati on. For temperaturelimitsof Ty and T theresultisconveniently expressed asfollows:

B C D (t-1
—a‘T ATy(t — 1) + -Tg(ﬂ D+ RE -+ — (t ) 4.7
Ta 3 Tu T

T
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Given Ty and T, the calculation of Q or AH isstraightforward. Lessdirect is the cal cu-
lationof T,given Ty and Q or AH. Here, aniteration scheme may be useful. Factoring (t — 1)
from each term on theright-hand side of Eq. (4.7) gives:

where T

i
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this may be written:
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We identify the quantity in square bracketsas (Cp) /R, where (Cp),, is defined as a mean
heat capacity:
Cp B C D
{——}- =A+4+— Fg(r 1)+ —TO (2ot e i (4.8)
R T2

Equation (4.2) may therefore be written:
= (Cplu(T - To) (4.9)

The angular bracketsenclosing Cp identify it as a mean value; subscript "' H" denotesa mean
value specificto enthal py cal culations, and distingui shesthis mean heat capacity fromasimilar
quantity introduced in the next chapter.
Solution of Eqg. (4.9) for T gives:
AH

T = + T 4.10
Crin 0 (4.10)

3R. H. Perry and D. Green, Perry's Chemical Engineers Handbook, 7th ed., Sec. 2, McGraw-Hill, New York,
1997; T. E. Daubert et al., op. cir.



122 CHAPTERA4. Heat Effects

A starting value for T (and hence for = = T/T;) alows evaluation of (Cp), by Eq. (4.8).
Substitution of this valueinto Eq. (4.10) provides a new valueof T from which to reevaluate
{Cp)y. Iteration continues to convergence on afinal valueof T.

Use of Defined Functions

Thermodynamic calculations often require evaluation of theintegral [(Cp/R)dT. This sug-
gests that one has at hand acomputer routine for computational purposes. The right-hand side
of Eq. (4.7)is therefore defined as the function, ICPH(TO,T;A,B,C,D). Equation (4.7) then
becomes:

T CP
TdT = ICPH(TO,T;A,B,C,D)

Ty

The function name is ICPH, and the quantities in parentheses are the variables T, and T,
followed by parameters A, B, C,and D. When these quantities are assigned numerical values,
the notation represents a valuefor theintegral. Thus, for the evaluation of Q in Ex. 4.2:

Q = 8.314 x ICPH(533.15,873.15;1.702,9.081E—3,—-2.164E—6,0.0) = 19 778 J

Representative computer programs for evaluation of the integral are given in App. D.
For added flexibility the programs also evaluate the dimensionless quantity (Cp)y /R asgiven
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by Eq. (4.8). Theright-hand side of this equation is another function, MCPH(TO,T;A,B,C,D).
With this definition, Eq. (4.8) becomes:

(Crly

= MCPH(TO,T;A,B,C,D)

A specific numerical vaueof thisfunctionis:
MCPH(533.15,873.15;1.702,9.081E—-3,—2.164E—6,0.0) = 6.9965

representing {Cr )y /R for methanein the calculation of Ex. 4.2. By Eq. (4.9),

AH = (8.314)(6.9965)(873.15 — 533.15) = 19778 J

4.2 LATENT HEATS OF PURE SUBSTANCES

When apure substanceis liquefiedfrom the solid state or vaporized from the liquid at constant
pressure, no changein temperature occurs; however, the processrequiresthe transfer of afinite
amount of heat to the substance. These heat effects are called the latent heat of fusion and the
latent heat of vaporization. Similarly, there are heats of transition accompanying the change
of asubstancefrom one solid state to another; for example, the heat absorbed when rhombic
crystallinesulfur changes to the monoclinic structureat 368.15 K (95°C) and 1 bar is 360 Jfor
each g atom.
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The characteristic feature of al these processes is the coexistence of two phases.
According to the phase rule, a two-phase system consisting of a single species is univari-
ant, and its intensive state is determined by the specification of just one intensive property.
Thus the latent heat accompanying a phase change is a function of temperatureonly, and is
related to other system propertiesby an exact thermodynamicequation:

dPsat
dT

AH=TAV (4.11)

wherefor a pure speciesat temperature T ,

AH = latent heat
AV = volume change accompanying the phase change
P = vapor pressure

Thederivationof thisequation, known as the Clapeyron equation, is givenin Chap. 6.

When Eq. (4.11) is applied to the vaporization of apureliquid, dP**/dT isthesopeof
the vapor pressure-vs.-temperature curve at the temperature of interest, AV is the difference
between molar volumes of saturated vapor and saturated liquid, and A H is the latent heat of
vaporization. Thus valuesof AH may be cal culated from vapor-pressure and volumetricdata.

Latent heats may also be measured cal orimetrically. Experimental values are available
at selected temperaturesfor many substances.* Correlationsfor the latent heats of many com-
pounds as a function of temperature are given by Daubert et a ~Nevertheless, data are not
aways available at the temperature of interest, and in many cases the data necessary for
application of Eq. (4.11) are also not known. In this event approximate methods are used
for estimates of the heat effect accompanyinga phase change. Since heats of vaporizationare
by far the most important from a practical point of view, they have received most attention.
One procedureisuseof agroup-contributionmethod, known asUNIVAP.® Alternativemethods
serveone of two purposes:

e Prediction of the heat of vaporization at the normal boiling point, i.e., a a pressure of
1 standard atmosphere, defined as 101.325 kPa.

e Estimationof the heat of vaporizationat any temperaturefrom theknown valueat asingle
temperature.

Rough estimates of latent heats of vaporization for pureliquids at their normal boiling
pointsare given by Trouton'srule:
A hrn
RT,
where T, isthe absolutetemperatureof the normal boiling point. The unitsof AH,, R,and T,
must be chosen so that A H,/RT,, isdimensionless. Dating from 1884, this rule till provides
asimple check on whether values calculated by other methods are reasonable. Representative

~ 10

4V. Majer and V. Svoboda, IUPAC Chemical DataSeriesNo. 32, Blackwell, Oxford, 1985; R. H. Perry and D. Green,
op. cit., Sec. 2.

5T. E. Daubert et al., op. cit.
5M. Kliippel, S. Schulz, and P. Ulbig, Fluid Phase Equilibria, vol. 102, pp. 1-15, 1994.
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experimental valuesfor this ratio are Ar, 8.0; Ny, 8.7; Oz, 9.1; HCl, 10.4; C¢Hs, 10.5; H,S,
10.6; and H,O, 13.1.
Of the same nature, but not quite so simple, is the equation proposed by Riedel:’

AH,  1.092(ln P, — 1.013)
RT, ~  0930-T,
where P, isthecritical pressurein barsand 7;, isthereduced temperatureat 7,,. Equation (4.12)

issurprisingly accuratefor an empirical expression; errorsrarely exceed 5 percent. Applied to
water it gives:

(4.12)

AH,  1.092(In220.55— 1.013)
RT, 0.930 _ 0.577

= 13.56

Whence, AH, = (13.56)(8.314)(373.15) = 42 065 J mol !

This correspondsto 2334 J g~!; the steam-tablevalueof 2257 J g~ islower by 3.4 percent.
Estimatesdf thelatent heat of vaporization of a pureliquid at any temperature from the

known valueat asingletemperature may be based on aknown experimental valueor on avalue

estimated by Eq. (4.12). The method proposed by Watson® hasfound wide acceptance:

ot _ (k)™ e
AH, \1-T, '

Thisequation is ssmpleand fairly accurate; its useisillustratedin thefollowing example.

7L Riedel, Chem.Ing. Tech., vol. 26, pp. 679-683, 1954.
8K. M. Watson, Ind. Eng. Chem,, vol. 35, pp. 398406, 1943.
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4.3 STANDARD HEAT OF REACTION

Heat effects discussed so far have been for physical processes. Chemical reactions also are
accompanied either by the transfer of heat or by temperature changes during the course of
reaction—in some cases by both. These effectsare manifestationsof thedifferencesin molec-
ular structure, and thereforein energy, of the productsand reactants. For example, thereactants
in acombustion reaction possess greater energy on account of their structurethan do the prod-
ucts, and thisenergy must either be transferredto the surroundingsas heat or produceproducts
a an elevated temperature.

Each of the vast number of possible chemical reactions may be carried out in many
different ways, and each reaction carried out in a particular way isaccompanied by a particular
heat effect. Tabulation of all possible heat effectsfor al possiblereactionsisimpossible. We
therefore calculate the heat effects for reactions carried out in diverse ways from data for
reactionscarried out in a standard way. This reducesthe required data to a minimum.

The heat associated with a specific chemical reaction depends on the temperatures of
both the reactants and products. A consistent (standard) basis for treatment of reaction heat
effectsresults when the productsof reaction and the reactantsare all at the same temperature.

Consider the flow-cal orimeter method for measurement of heats of combustion of fuel
gases. Thefuel ismixed withair at ambienttemperatureand the mixtureflowsinto acombustion
chamber where reaction occurs. The combustion products enter a water-jacketed section in
which they are cooled to the temperature of the reactants. Since no shaft work is produced
by the process, and the calorimeter is built so that changesin potential and kinetic energy are
negligible, the overall energy balance, Eq. (2.32), reducesto

0 =AH

Thus the heat Q absorbed by the water is identical to the enthalpy change caused by the
combustion reaction, and universal practiceis to designate the enthalpy change of reaction
AH astheheat of reaction.

For purposesof data tabulation with respect to the reaction,

aA+bB — IL+mM

the standard heat of reactionis defined asthe enthal py changewhena molesof Aand b moles
of B intheir standard states at temperature T react to form/ molesof L and m molesof M in
their standard states at the same temperature T .

A standard state is a particular state of a species at temperature T

and at specified conditions of pressure, compaosition, and physical

condition as, e.g., gas, liquid, or solid.

Astandard-state pressureof 1 standard atmosphere (101.325kPa) wasin usefor many
years, and older data tabulations are for this pressure. The standard is now 1 bar (10° Pa),
but for purposesof this chapter, the differenceis of negligible consequence. With respect to
composition, thestandard statesused in thischapter arestatesof the pure species. For gases, the
physical stateistheideal-gasstate and for liquidsand solids, thereal state at the standard-state
pressureand at the system temperature. In summary, the standard statesused in thischapter are:

e Gases: The pure substancein theideal-gasstate at 1 bar.
e Liquids and solids: Thereal pureliquid or solid at 1 bar.
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Property values in the standard state are denoted by the degree symbol. For example,
C; isthe standard-state heat capacity. Since the standard state for gasesis the ideal-gas state,
C; for gasesisidentical with C;%, and the data of Table C.I apply to the standard state for
gases. All conditions for a standard state are fixed except temperature, which is aways the
temperature of the system. Standard-state properties are therefore functions of temperature
only. The standard state chosen for gasesis a hypothetical one, for at 1 bar actual gasesare not
ideal. However, they seldom deviate much from ideality, and in most instances enthal piesfor
thereal-gasstate at 1 bar and the ideal-gas state are little different.

When aheat of reactionisgivenfor aparticular reaction, it appliesfor the stoichiometric
coefficients as written. If each stoichiometric coefficient is doubled, the heat of reaction is
doubled. For exampl e, the ammoniasynthesi sreaction may be written:

INa+3H; > NH;  AH5 =—461101
or N, + 3H; — 2NH; AHsp =—92220]

The symbol A H3,, indicatesthat the heat of reactionis the standard valuefor atemperature
of 298.15K (25°C).

4.4 STANDARD HEAT OF FORMATION

Tabulation of datafor just the standard heats of reactionfor all of the vast number of possible
reactionsisimpractical. Fortunately, the standard heat of any reaction can be calculatedif the
standard heatsoffor mati on of thecompoundstakingpart inthereactionareknown. A formation
reaction is defined as areaction which forms a single compound fromits constituent elements.
For example, the reaction C + %02 + 2H, — CH;OH is the formation reaction for methanol.
ThereactionH,0 + SO; — H,S0, isnot aformation reaction, becauseit forms sulfuric acid
not from the el ementsbut from other compounds. Formationreactions are understoodto result
in theformation of 1 mol of the compound; the heat of formation is therefore based on 1 mol
of the compound formed.

Heats of reaction a any temperature can be calculated from heat-capacity data if the
value for one temperature is known; the tabulation of data can therefore be reduced to the
compilation of standard heats of formation at a single temperature. The usua choice for
this temperatureis 298.15 K or 25°C. The standard heat of formation of a compound at this
temperatureis represented by the symbol AH ;. The degree symbol indicates that it is the
standard value, subscript f showsthat it isaheat of formation, and the 298 isthe approximate
absolutetemperaturein kelvins. Tablesof theseval uesfor common substancesmay befoundin
standard handbooks, but the most extensive compilationsavailable arein specialized reference
works.” An abridged list of valuesis givenin TableC.4 of App. C.

9For example, see TRC Thermodynamic Tables—Hydrocarbons and TRC Thermodynamic Tables—Non-
hydrocarbons, serial publications of the Thermodynamics Research Center, Texas A & M Univ. System, College
Station, Texas; "' The NBS Tablesof Chemical Thermodynamic Properties,” J. Physical and Chemical Reference Data,
vol. 11, supp. 2, 1982. See aso, T. E. Daubert et a., op. ciz. Where data are unavailable, estimates based only on
molecular structure may be found by the methods of L. Constantinou and R. Gani, Fluid Phase Equilibria, vol. 103,
pp. 11-22, 1995.
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When chemical equationsare combined by addition, the standard heats of reaction may
alsobeaddedtogivethestandardheat of theresultingreaction. Thisispossiblebecauseenthal py
isa property, and changesin it areindependent of path. In particular, formation equationsand
standard heats of formation may always be combined to produce any desired equation (not
itself aformation equation) and its accompanyingstandard heat of reaction. Equationswritten
for this purpose often include an indication of the physical state of each reactant and product,
i.e., theletter g, [, or s is placed in parentheses after the chemical formulato show whether it
isagas, aliquid, or a solid. This might seem unnecessary since a pure chemical speciesat a
particulartemperatureand 1 bar can usually exist only in onephysical state. However, fictitious
states are often assumed for convenience.

ConsiderthereactionCO,(g) + H,(g) — CO(g) T H,0(g) at 298.15K (25°C). Thiswater-
gas-shift reactioniscommonly encounteredin thechemical industry, thoughit takes placeonly
a temperatureswell above 298.15 K (25°C). However, the data used arefor 298.15 K (25°C),
and theinitial stepin any calculation of heat effectsconcerned with this reactionisto evaluate
the standard heat of reaction at 298.15 K (25°C). The pertinent formation reactions and their
heats of formation from Table C.4 are;

COa(g):  C(s) + O2(g) — CO2(g) AHZ = -393509]
Hy(g): Sincehydrogenisanelement AH; = 0
CO(g):  C(s) + 302(g) = CO(g) AHZ, =—110525]

H,0(g):  Ha(@) +302(e) > Ho0(g)  AHp, = —241818]

Since the reaction is actually carried out entirely in the gas phase at high temperature,
conveniencedictates that the standard states of all productsand reactantsat 298.15 K (25°C)
betaken astheideal-gasstate at | bar, even though water cannot actually exist asagas at these
conditions.

Writingtheformationreactionsso that their sum yiel dsthe desired reaction, requiresthat
the formation reaction for CO, be written in reverse; the heat of reaction is then of opposite
sign to the standard heat of formation:

COx(g) — C(s) + O2(g) AH,",, =393509J
C(s) + 302(g) = CO(g) AHgy, = —110525)
Hy(8) + 502(8) — H0(g) AH,", = —241818J

CO,(g) T Hy(g) — CO(g) + H,0(g) AHj5 =41166J

The meaning of thisresultisthat theenthal py of 1 mol of CO plust mol of H,O isgreater than
the enthal py of 1 mol of CO; plus 1 mol of H, by 41 166 J when each product and reactantis
taken asthe puregas at 298.15 K (25°C) in theideal-gasstate at 1 bar.

In this example the standard heat of formation of H,O is available for its hypothetical
standard stateasagas at 298.15 K (25°C). One might expect the value of the heat of formation
of water to belisted for its actual state asaliquid at 1 bar and 298.15 K (25°C). As a matter
of fact, valuesfor both states are given in Table C.4 because they are both frequently used.
Thisis true for many compounds that normally exist as liquids at 298.15 K (25°C) and the
standard-state pressure. Casesdo arise, however,in which avalueisgivenonly for the standard
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state as aliquid or as an ideal gas when what is needed is the other value. Suppose that this
werethe casefor the preceding exampleand that only the standard heat of formation of liquid
H,0 isknown. We must now include an equationfor the physical changethat transformswater
from its standard state as aliquid intoits standard state as a gas. The enthal py changefor this
physical processis the difference between the heats of formation of water in its two standard
states:

—241.818 — (—285.830) = 44.012kJ

Thisisapproximatelythelatent heat of vaporization of water at 298.15K (25°C).Thesequence
of stepsis now:

CO2(g) — C(s) + O2(g) AH,",, = 393.509kJ

C(s) + 302(g) = CO(g) AHSs = —110.525 kJ
Ha(g) + $01(g) — HO()) AH,", = —285.830k]J
H,0() — H,0(g) AHg, = 44.012 kJ

CO2(g) + Ha(g) — CO(g) + Ho0(g) AHz, = 41.166 k]

Thisresultisof coursein agreement with the original answer.

4.5 STANDARD HEAT OF COMBUSTION

Only afew formation reactionscan actually becarried out, and theref oredatafor thesereactions
must usually be determined indirectly. One kind of reaction that readily lends itself to exper-
iment is the combustion reaction, and many standard heats of formation come from standard.
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heats of combustion, measured calorimetrically. A combustion reaction is defined as a reac-
tion between an element or compound and oxygen to form specified combustion products. For
organic compounds made up of carbon, hydrogen, and oxygen only, the products are carbon
dioxide and water, but the state of the water may be either vapor or liquid. Data are always
based on1 mol d the substance burned.

A reaction such as theformation of n-butane:

4C(s) +5Hz(g) — CiHio(g)

cannot be carried out in practice. However, this equation results from combination of the
following combustionreactions:

4C(s) +40,(g) — 4COx(g) Sos = (4)(—393.509)
5Hy(g) +250,(g) — SH20()) AHgyg = (5)(—285.830)
4C0(g) + SH,O(l) — C4Hio(g) +6302(g)  AHj, = 2,877.396

4C(s) + 5Hz(g) — C4Hi0(g) AH,", = —125.790k]
Thisisthe value of the standard heat of formation of n-butanelisted in Table C.4.

46 TEMPERATURE DEPENDENCE OFAH°

In the foregoing sections, standard heats of reaction are discussed for a referencetemperature
of 298.15 K (25°C). In this section we treat the calculation of standard heats of reaction at
other temperaturesfrom knowledgeof the value at the reference temperature.

The general chemical reaction may be written:

[vi|Ap + [v2]A2 + - = |uz|As + |vg|Ag + -

where |v;| isastoichiometriccoefficient and A; standsfor achemical formula. The specieson
theleft are reactants; those on the right, products. The sign convention for v; isasfollows:

positive (+)for products and negative (—) for reactants

The v; with their accompanying signs are called stoi chiometric numbers. For example,
when the ammoniasynthesisreactionis written:

N, + 3H, — 2NH;
then v, =-1  vm=-3 nm=2

Thissign conventionallows the definition of astandard heat of reaction to be expressed
mathematically by the equation:

AH" = Y vH? 4.14)
where H? is the enthalpy of speciesi in its standard state and the summation is over all

productsand reactants. The standard-stateenthal py of achemical compoundisequal toits heat
of formation plusthe standard-stateenthal piesof its constituent elements. If the standard-state
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enthalpies of all elements are arbitrarily set equal to zero as the basis of calculation, then the
standard-state enthal py of each compound isits heat of formation. In thisevent, H® = AH E
and Eq. (4.14) becomes:

AH°= Y v AHE 4.15)

I

wherethesummationisover al productsand reactants. Thisformalizesthe proceduredescribed
in the preceding sectionfor calculationof standard heatsof other reactionsfrom standard heats
of formation. Applied to the reaction,

4HCl(g) + O2(g) — 2H0(g) +2CL(g)
Eqg. (4.15) iswritten:
AH® = 2AH}H30 - 4AH}HC[
With datafrom Table C.4for 298.15 K, this becomes:
AHjgg = (2)(—241 818) — (4)(—92 307) = —114 408 ] or 114.408 kI

in agreement with the result of Ex. 4.5.
For standard reactions, productsand reactantsare always at the standard-statepressureof
1 bar. Standard-state enthal pies are thereforefunctionsof temperatureonly, and by Eqg. (2.21),

dH} = Cj, dT

where subscript i identifiesa particular product or reactant. Multiplying by v; and summing
over al productsand reactantsgives:

Z Vi dH(-C = E ij;(_ dT
Sincey; isaconstant, it may be placed insidethe differential:
Y dWwiHY) =d Y v Hf = 3 viCpdT

i

Theterm }_; v; H? isthestandard heat of reaction, defined by Eq. (4.14) as AH°. The standard
heat-capacity change of reactionis defined similarly:

ACp= Y viCp (4.16)

Asaresult of these definitions, the preceding equation becomes:

|d AH® = AC3dT | (4.17)

Thisis thefundamental equation relating heats of reaction to temperature. | ntegration gives:

T o
AH® = AHZ + Rf ACE ar (4.18)

Ty

where AH® and AHj; are heats of reaction at temperature T and at reference temperature 7,
respectively. If the temperature dependence of the heat capacity of each product and reactant
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isgiven by Eq. (4.4), then theintegral is given by the analog of Eq. (4.7) (t = T/ Ty):

AD

£ AQS AB A -
f RPdT = (AA)TH(r — 1)+ — T (z* - l)+TCT03{r3- D+ — (t .
Ti

2 TD

] 4

) (4.19)
where by definition, AA= Y A

with analogous definitionsfor AB, AC,and AD.
Analternativeformulation resultswhen amean heat capacity changeof reactionisdefined
in analogy to Eq. (4.8):

(ACp)y AB AC AD
= _AA+._2_TO(r+1)+TTO(r +t+])+;T_§ (4.20)
Equation (4.18) then becomes:
AH® = AHS + (ACR)y(T — Ty) (4.21)

Theright side of Eq. (4.19) providesafunctionfor evaluation of theintegral of interest
herethat is of exactly the sameform as given by Eq. (4.7). The one comesfrom the other by
simplereplacement of C» by ACy and of A, etc. by AA, etc. The same computer program
therefore servesfor evaluation of either integral. The only differenceisin the function name:

T ACg
f 4T = IDCPH(TO,T;DA,DB,DC,DD)
To
where"D" denotes"'A".

JustasfunctionMCPH isdefined torepresent (Cp ),/ R, sofunctionMDCPH by analogy
is defined to represent (AC;), / R; thus,

(A_?)ﬁ = MDCPH(T0,T;DA,DB,DC,DD)
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4.7 HEAT EFFECTS OF INDUSTRIAL REACTIONS

The preceding sections have dealt with the standard heat of reaction. Industrial reactions axe
rarely carried out under standard-state conditions. Furthermore, in actual reactions the reactants
may not be present in stoichiometric proportions, the reaction may not go to completion, and
the final temperature may differ from the initial temperature. Moreover, inert species may be
present, and several reactions may occur simultaneously. Nevertheless, calculations or the heat

effects of actual reactions axe based on the principles already considered and are best illustrated
by example.
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In theforegoing examplesof reactionsthat occur at approximately 1 bar, we havetacitly
assumed that the heat effects of reaction are the same whether gases are mixed or pure, an
acceptable procedurefor low pressures. For reactionsat elevated pressures, thismay not bethe
case, and it may be necessary to account for the effects of pressure and of mixing on the heat
of reaction. However, these effects are usually small.

PROBLEMS

4.1

42,

4.3.

44,

For steady flow in a heat exchanger at approximately atmospheric pressure, what is the
final temperature:

(&) When 10 mol of SO, is heated from 473.15t0 1373.15K (200 to 1100°C)?
(b) When 12 mol of propaneis heated from 523.15 to 1473.15 K (250to 1200°C)?

For steady flow through a heat exchanger at approximately atmospheric pressure, what
isthefina temperature,

(2) When heatintheamount of 800kJ isadded to 10 mol of ethyleneinitially at 473.15K
(200'C)?

(b) When heat in the amount of 2500 kJ is added to 15 mol of 1-butene initialy at
533.15K (260°C)?

(c) When hest in the amount of 1055 GJisadded to 18.14 kmol of ethyleneinitially at
533.15K (260°C)?

If 7.08 m® s~ of air at 322.15 K (50°C) and approximately atmospheric pressureis
preheated for a combustion processto 773.15 K (500°C), what rate of heat transfer is
required?

How much heat is required when 10 000 kg of CaCOj; is hested at atmosphericpressure
from 323.15t0 1153.15K (50°Cto 880°C)?
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4.5.

4.6.

4.7.

4.8.

4.9.

4.10.

If the heat capacity of a substanceis correctly represented by an equation of the form,
Cp=A+ BT +CT?

show that the error resulting when (Cp}, is assumed equal to Cp evaluated at the
arithmetic mean of theinitial and final temperaturesis C(T» — T;)?/12.

If the heat capacity of asubstanceis correctly represented by an equation of theform,
Cp=A+ BT+ DT?

show that the error resulting when (Cp)y, is assumed equal to Cp evauated at the
arithmetic mean of theinitial and final temperaturesis:

D ( T, — T )2
T] TZ Tz + T]
Calculatethe heat capacity of agas samplefrom thefollowinginformation: The sample
comesto equilibriumin aflask at 298.15K (25°C) and 121.3kPa. A stopcockis opened
briefly, allowing the pressure to drop to 101.3 kPa. With the stopcock closed, the flask
warms, returning to 298.15 K (25°C), and the pressureis measured as 104.0 kPa. De-

termine Cp in Jmol~! K~ 'assuming the gas to be ideal and the expansion of the gas
remaining in the flask to be reversibleand adiabatic.

A processstreamis heated asagasfrom 298.15t0523.15 K (25°Cto 250°C) at constant
pressure. A quick estimate of the energy requirement is obtained from Eq. (4.3), with
Cp taken as constant and equal to its value at 298.15 K (25°C). Is the estimate of Q
likely to be low or high? Why?

Handbook valuesfor thelatent heatsof vaporizationinJg~! aregivenin thetablefor a
number of pureliquidsat 298.15K (25°C) and &t 7,,, the normal boiling point (App. B).

AH"™ at298.15K (25°C) | AH" at T,
n-Pentane 366.3 357.2
n-Hexane 366.1 336.7
Benzene 4333 393.9
Toluene 412.3 363.2
Cyclohexane 392.5 358.2

For one of these substances, calcul ate:

(a) Thevaueof thelatent hest at 7,, by Eq. (4.13), given thevaueat 298.15K (25°C).
(b) Thevaueof thelatent heat at 7, by Eq. (4.12).

By what percentagesdo these values differ from the onelisted in the table?

Table 9.1 lists the thermodynamic properties of saturated liquid and vapor tetrafluo-
roethane. Making use of the vapor pressures as a function of temperature and of the
saturated-liquid and saturated-vapor volumes, cal culate the latent heat of vaporization
by Eqg. (4.11) at one of thefollowingtemperaturesand comparetheresult with the value
calculated from the enthal py values givenin the table.

(8) 258.15K (—15°C), (b)272.15K (—1°C), (c) 286.15 K (13°C), (d) 300.15 K (27°C),
(e) 313.15K (40°C).
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411

412

4.13.

4.14.

Handbook valuesfor the latent heats of vaporizationin Jg~! are given in the table for
severa pureliquidsat 273.15 K (0°C) and at 7, the normal boiling point (App. B).

AH" at273.15K (0°C) | AH" at T,

Chloroform 270.9 246.9
Methanol 1189.5 1099.5
Tetrachloromethane 217.8 194.2

For one of these substances, calcul ate:

(@) Thevauedf thelatent heat at 7,, by Eq. (4.13), given the valueat 273.15K (0°C).
(b) Thevauedf thelatent heat at 7;, by Eq. (4.12).

By what percentages do these valuesdiffer from the onelisted in the table?

For onedf thefollowingliquids, determinethe heat of vaporizationat itsnormal boiling
point by application of the Clapeyron equation to the given vapor-pressure equation.
Use generdized correlationsfrom Chap. 3 to estimate AV.

2773.78

. sat = g ] — —
(a) Benzene: In P 5% /kPa = 13.859 T/K — 53.00

3279.47

. InP/kPa=140045— —
(b) Ethylbenzene n P % /kPa T/K — 59.95

2911.32

- : In P /kPa = 13.8587 — ————————
(c) n-Heptane n /kPa T/K — 5651

2447.07

- : sat =138183 - ———
(d) n-Pentane: In P** /kPa T/K — 39.94

(e) Toluene: In P /kPa = 14.0098 — -
' T/K —53.36

A methodfor determinationof the second virial coefficient of apure gasisbased onthe

Clapeyronequation and measurementsof thelatent heat of vaporization A #™, themolar

volume of saturatedliquid V*, and the vapor pressure P*. DetermineB in cm? mol !

for methyl ethyl ketone at 348.15 K (75°C) from thefollowing dataat thistemperature:

AH"™ =31600J mol™! V! = 96.49 cm® mol !
In P /kPa = 48.157543 — 5622.7/T — 4.705041n T [T =K]

One hundred kmol per hour of subcooled liquid at 300 K and 3 bar is superheated to
500 K in asteady-flow heat exchanger. Estimatethe exchanger duty (in kW) for one of
thefollowing:

(@) Methanol, for which T ** = 368.0K at 3 bar.

(b) Benzene, for which T ** = 392.3K at 3 bar.

(c) Toluene, for which T ** = 426.9K at 3 bar.
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4.15.

4.16.

4.17.

4.18.

4.19.

4.20.

4.21.

Saturated-liquid benzene at pressure P, = 10 bar (7;** = 451.7 K) is throttled in
a steady-flow process to a pressure P, = 1.2 bar (I,* = 358.7 K), where it is a
liquid/vapor mixture. Estimate the molar fraction of the exit stream that is vapor. For
liquid benzene, Cp= 162 Jmol~! K~. Ignorethe effect of pressure on the enthal py of
liquid benzene.

Estimate AH;, _for oneof thefollowing compounds asaliquid at 298.15K (25°C).

5

(a) Acetylene, (b) 1,3-Butadiene, (c) Ethylbenzene, (d) n-Hexane, (€) Styrene.

A reversible compressionof 1 mol of anideal gasin apiston/cylinder deviceresultsin
apressureincreasefrom 1 bar to P, and a temperature increase from 400 K to 950 K.
The path followed by the gas during compression is given by

PV'35 = const
and the molar heat capacity of the gasis given by
Cp/R =3.85+057 x 1073T [T =K]

Determinethe heat transferred during the process and the final pressure.

Hydrocarbon fuel s can be produced from methanol by reactionssuch as thefollowing,
which yields 1-hexene:

6CH;0H(g) — CgHja(g) + 6H20(g)

Compare the standard heat of combustion at 298.15 K (25°C) of 6CH;0H(g) with
the standard heat of combustion at 298.15K (25°C) of CsHj2(g) for reaction products
CO;(g) and H>0O(g).

Calculatethetheoretical flametemperature when ethyleneat 298.15K (25°C)isburned
with:

(a) Thetheoretical amount of air at 298.15K (25°C).

(b) 25% excessair at 298.15K (25°C).

(c) 50% excessair at 298.15K (25°C).

(d) 100% excessair a 298.15K (25°C).

(e) 50% excess air preheated to 773.15K (500°C).

What is the standard heat of combustion of n-pentane gas at 298.15 K (25°C) if the
combustion products are H,O(/) and CO,(g)?

Determinethe standard heat of each of thefollowing reactions at 298.15 K (25°C):
(@) Na(g) + 3Ha(g) — 2NHa(g)

(b) 4NHs(g) F 50,(g) — 4NO(g) T 6H,0(g)

(¢) 3NO,(g) + H,0(l) — 2HNOs()) T NO(g)

(d) CaCy(s) + H,0() — CrH,(g) + CaO(s)

() 2Na(s) T 2H,0(g) — 2NaOH(s) + Hy(g)

(f) 6NOx(g) + 8NH(g) — TN (g) T 12H,0(g)

(g) C2Ha(g) + 102(2) — ((CH3),)0(g)
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4.22.

4.23.

4.24.

4.25.

(h) C2Hy(g) + H,0(g) — ((CH2)2)0(g)

(i) CH4(g) + 2H20(g) — COx(g) + 4Ha(g)

(7) COa(g) + 3H2(g) — CH30H(g) + H,0(g)

(k) CH;0H(g) + 10,(g) - HCHO(g) + H,0(g)

() 2H,S8(g) + 302(g) — 2H;0(g) T 2S0,(g)

(m) HyS(g) + 2H20(g) — 3H2(g) + SO2(g)

(n) Na(g) + O2(g) — 2NO(g)

(0) CaCO;s(s) — CaO(s) T COs(g)

(p) SOs(g) + H0() — HySO04(D)

(q) C2Ha4(g) + H20(I) — C2HsOH()

(r) CH3CHO(g) + Hz(g) — C;H50H(g)

(s) CoHsOH() T 0,() — CH3;COOH(l) T H,0())
(t) C,HsCH:CH,(g) — CH,:CHCH:CH,(g) T Ha(g)
(U) C4Hyo(g) — CH,:CHCH:CH,(g) + 2Ha(g)

(v) C;HsCH:CH,(g) T 10,(g) — CH,:CHCH:CHa(g) + H,0(g)
(w) 4NH;(g) + 6NO(g) — 6H,0(g) + SN2(g)

(x) Na(g) + CH,(g) — 2HCN(g)

(v) CgHs.CaHs(g) — CeHsCH:CH,(g) + Ha(g)

(z) C(s) + H,0(l) — Ha(g) + CO(g)

Determine the standard heat for one of the reactionsof Ph. 4.21: Part (a) at 873.15 K
(600°C), Part (b) at 773.15 K (500°C), Part (f) at 923.15 K (650°C), Part (i) at 973.15K
(700°C), Part (j) at 583.15K (310°C), Part (!) at 683.15K (410°C), Part (m) at 850K,
Part (n) at 1300 K, Part (0) at 1073.15K (800°C), Part (r)at 723.15 K (450°C), Part (t)
at 733.15 K (460°C), Part (u) at 750 K, Part (v) at 900 K, Part (w) at 673.15K (400°C),
Part (x) a 648.15K (375°C), Part (y) at 1083.15 K (810°C).

Develop ageneral equationfor the standard heat of reaction as afunction of temperature
for one of thereactionsgivenin parts(a),(b), (€),(f),(g), (h), (), (K), (D), (M), (n), (o),
(r), (@), (W), v), (w), (x), (y), and (z) of Pb. 4.21.

Natural gas (assumepure methane) isdelivered to acity viapipelineat avolumetricrate
of 4.0 meganormal m® per day. If the selling priceof the gasis $5.00 per GJ of higher
heating value, what is the expected revenue in dollars per day? Normal conditions are
273.15K (PC) and 1 atm.

Natural gasesarerarely puremethane; they usually al so containother light hydrocarbons
and nitrogen. Determinean expressionfor the standard heat of combustionasafunction
of compositionfor a natural gas containing methane, ethane, propane, and nitrogen.
Assumeliquid water as a product of combustion. Which of thefollowing natural gases
has the highest heat of combustion?

(a) yen, = 0.95, yc,n, = 0.02, ye,u, = 0.02, yx, = 0.0,

(b) yer, =0.90, ye,u, = 0.05, ye,u; = 0.03, yn, = 0.02.

(C) YcH, = 0.85, Yo, v = 0.07, Yoy, = 0.03, YN, = 0.05.
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4.26.

4.27.

4.28.

4.29.

4.30.

4.31.

4.32.

If the heat of combustionof urea, (NH;),CO(s), at 298.15K (25°C)is631 660 Jmol~!
when the productsare CO»(g), HO(!), and Na(g), what is AH?,  for ureaat 298.15K
(25°C)?

Thehigher heating value (HHV) of afuel isitsstandard heat of combustionat 298.15K

(25°C) with liquid water as a product; the lower heating value (LHV) isfor water vapor

as product.

(a) Explaintheoriginsof theseterms.

(b) Determinethe HHV and the LHV for natural gas, modeled as pure methane.

(c) Determinethe HHV and the LHV for a home-heating oil, modeled as pure liquid
n-decane. For n-decaneas aliquid AH; = —249700J mol ™!,

A light fuel oil with an averagechemical compositionaof C;oH;s isburned with oxygen
in abomb calorimeter. The heat evolved is measured as 43960 J g~! for the reaction at
298.15K (25°C). Caculate the standard heat of combustionof thefuel oil at 298.15 K
(25°C) with H,O(g) and CO,(g) as products. Note that the reactionin the bomb occurs
a constant volume, producesliquid water as a product, and goesto completion.

Methane gas is burned completely with 30% excess air at approximately atmospheric
pressure. Both the methane and the air enter the furnace at 303.15 K (30°C) saturated
with water vapor, and the flue gasesleave the furnace at 1773.15K (1500°C). Theflue
gasesthen pass through a heat exchanger from which they emergeat 323.15K (50°C).
Per mole of methane, how much heat is lost from the furnace, and how much heat is
transferredin the heat exchanger?

Ammonia gas enters the reactor of a nitric acid plant mixed with 30% more dry air
than is required for the complete conversion of the ammoniato nitric oxide and water
vapor. If the gasesenter thereactor at 348.15 K (75°C), if conversionis80%, if no side
reactionsoccur, and if the reactor operates adiabatically, what is the temperature of the
gases leaving the reactor? Assumeideal gases.

Ethylene gas and steam at 593.15 K (320°C) and atmospheric pressure are fed to a
reaction processas an equimolar mixture. The process producesethanol by the reaction:

CyHa(g) + H,0(g) — CHsOH()

The liquid ethanol exits the process at 298.15 K (25°C). What is the heat transfer
associated with this overall processper mole of ethanol produced?

A gas mixture of methane and steam at atmospheric pressureand 773.15 K (500°C) is
fed to areactor, wherethe following reactionsoccur:

CH,tH,0 >CO*+3H, ad CO+H,0— CO,* H,

The product stream leaves the reactor at 1123.15 K (850°C). Its composition (mole
fractions) is:

Yco, = 0.0275 Yco = 0.1725 YH.0 = 0.1725 Yo, = 0.6275
Determinethe quantity of heat added to the reactor per mole of product gas.
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4.33.

4.34.

4.35.

4.36.

4.37.

4.38.

4.39.

A fuel consisting of 75 mol-% methane and 25 mol-% ethane enters a furnace with
80% excessair at 303.15 K (30°C). If 800 GJ per kmol of fuel istransferred as heat to
boiler tubes, at what temperaturedoes the flue gas |eave the furnace? Assume compl ete
combustion of thefuel.

The gas stream from a sulfur burner consists of 15 mol-% SO,, 20 mol-% O,, and
65 mol-% N,. The gas stream at atmospheric pressure and 673.15 K (400°C) enters a
catalytic converter where 86% of the SO, is further oxidized to SO;. On the basis of
1 mol of gas entering, how much heat must be removed from the converter so that the
product gasesleave at 773.15K (500°C)?

Hydrogenis produced by the reaction:
CO(g) +H,0(g) — CO(g) + Ha(g)

Thefeed stream to the reactor is an equimolar mixtureof carbon monoxideand steam,
and it entersthe reactor at 398.15 K (125°C) and atmospheric pressure. If 60% of the
H20isconverted to H; and if the product stream leavesthereactor at 698.15K (425°C),
how much heat must be transferredfrom the reactor?

A direct-fired dryer bums afuel oil with anet heating value of 44 200kJ kg !. [The net
heating value is obtained when the products of combustion are CO,(g) and H,O(g).]
The composition of the oil is 85% carbon, 12% hydrogen, 2% nitrogen, and 1% water
by weight. The flue gases leave the dryer at 477.15 K(204°C), and a partial analysis
shows that they contain 3 mole-% CO, and 11.8 mole-% CO on a dry basis. The fudl,
air, and material being dried enter the dryer at 298.15 K(25°C). If the entering air is
saturated with water and if 30% of the net heating value of the qil is alowed for heat
losses (including the sensible heat carried out with the dried product), how much water
is evaporatedin the dryer per kg of oil burned?

An equimolar mixtureof nitrogen and acetyleneentersasteady-flow reactor at 298.15K
(25°C) and atmospheric pressure. The only reaction occurringis:

Na(g) + C;H; — 2HCN(g)
The product gasesleavethereactor at 873.15K (600°C) and contain 24.2 mole-% HCN.
How much heat is supplied to the reactor per mole of product gas?

Chlorineis produced by the reaction:
4HCl(g) + O2(g) — 2H,0(g) + 2Cla(g)

The feed stream to the reactor consists of 60 mol-% HCI, 36 mol-% O, and 4 mol-%
N,, and it entersthereactor at 823.15K (550°C). If the conversion of HCl is 75% and if
the processisisothermal, how much heat must be transferredfrom the reactor per mole
of the entering gas mixture?

A gas consisting only of CO and N, is made by passing a mixture of flue gas and air
through a bed of incandescent coke (assume pure carbon). The two reactionsthat occur
both go to completion:

co,tc—-2co ad 2ct0,— 2cC0
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4.40.

4.41.

They yield afluegas of composition: 12.8 mol-% CO, 3.7 mol-% CO;, 5.4 mol-% Oy,
and 78.1 mol-% N,. The flue gas/air mixtureis so proportioned that the heats of the
two reactions cancel, and the temperatureof the coke bed is therefore constant. If this
temperatureis 1148.15K (875°C), if thefeed streamis preheatedto 1148.15K (875°C),
and if the processis adiabatic, what ratio of molesof fluegasto molesof air isrequired,
and what is the composition of the gas produced?

A fuel gasconsisting of 94 mole-% methaneand 6 mole-% nitrogen is burned with 35%
excessairin acontinuouswater heater. Bothfuel gasand air enter dry at 298.15K.(25°C).
Water is heated at arate of 34.0kg s~ from 298.15 K(25°C) to 368.15 K(95°C). The
flue gasesleave the heater at 483.15 K(210°C). Of the entering methane, 70% burnsto
carbon dioxide and 30% burns to carbon monoxide. What volumetricflow rate of fuel
gasisrequiredif there are no heat losses to the surroundings?

A processfor the productionof 1,3-butadiene resultsfrom thecatal ytic dehydrogenation
at atmospheric pressureof 1-butene according to the reaction:

C4Hg(g) — CsHg(g) + Ha(g)

To suppress side reactions, the 1-butene feed stream is diluted with steam in the ratio
of 10 moles of steam per mole of 1-butene. The reaction is carried out isothermally
at 798.15 K (525°C), and at thistemperature 33% of the 1-butene is converted to 1,3-
butadiene. How much heat is transferred to the reactor per mole of entering 1-butene?



