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9.5 Process with Unknown Outlet Conditions:
Adiabatic Reactors

O

O

Example 9.5.3 : Energy Balance On an Adiabatic Reactor

The dehydrogenation of ethanol to form acetaldehyde
C,HsOH(v) — CH3CHO(v) + Ha(g)

is carried out in a continuous adiabatic reactor. Ethanol vapor is fed to the reactor at 400°C, and a
conversion of 30% is obtained. Calculate the product temperature.

Basis: 100 mol Feed

> REACTOR >
100 mol C2H50H(V) 70 mol C2H50H(V)
400°C 30 mol CH3CHO(v)
30 mol Hx(g)

Tad(oc)



9.5 Process with Unknown Outlet Conditions:
Adiabatic Reactors

The open system energy balance neglecting kinetic and potential energy changes and shaft work and
( setting Q = 0 for this adiabatic reactor is

AH = EAH + > nowHow = > niphiy = 0

References: C,HsOH(v), CH;CHO(v), H,(g) at 25°C and 1

atm
Rin [_}i Rout ﬁout
Substance (mol) (kJ/mol) (mol) (kJ/mol)
C,HsOH 100.0 H, 70.0 H,
CH;CHO — — 30.0 H,
H, — — 30.0 A,




9.5 Process with Unknown Outlet Conditions:
Adiabatic Reactors

The open system energy balance neglecting kinetic and potential energy changes and shaft work and
( setting Q = 0 for this adiabatic reactor is

AH = EAH + > nowHow = > niphiy = 0

£ = |(”CH3CHO)out - (”CH;CHo)inl _ 130.0 mol - 0 mol

Vs crol 1 = 30.0 mol

AHY = Z v AH{ = (=1)(AH{)c,n50Hm) + (1)(AHS )cn,crow + (1)(Aﬁfo)ﬁz(g)
= [(=1)(—235.31) + (1)(—166.2) ~ (1)(0)] kJ/mol = 69.11 kJ/mol

Calculate Inlet Enthalpy

X 400°C C, from Table B.2
H1 - f

(Cp)c,H.0H > H, = 33.79 kJ/mol
25°C



9.5 Process with Unknown Outlet Conditions:
Adiabatic Reactors

Outlet Enthalpies

G r
H=| CuT)dT, i=1,23

25°C

Solve the Energy Balance for Tyq
AH = £ AH° + (70.0 mol)H, + (30.0 mol)H; + (30.0 mol)A, — (100.0 mol)H; = 0
“/Substitute for & (= 30.0 mol), AH? (= 69.11 ki/mol), A, (= 33.79 kJ/mol), and H, through A,
AH = 5.190 X 107107, + 2.813 X 107°T3, + 7.492 X 10 T2y + 6.673Toq — 1477 = 0

This equatio}l can be solved using an equation-solving program or a spreadsheet.® The solution is

T.a = 185°C




Example 9.5.4: Simultaneous Mass
& Energy

The ethanol dehydrogenation reaction of Example 9.5-3 is carried out with the feed entering at
300°C. The feed contains 90.0 mole% ethanol and the balance acetaldehyde and enters the reactor
at a rate of 150 mol/s. To keep the temperature from dropping too much and thereby decreasing
the reaction rate to an unacceptably low level, heat is transferred to the reactor. When the heat

addition rate is 2440 kW, the outlet temperature is 253°C. Calculate the fractional conversion of
ethanol achieved in the reactor.

2440 kW
150 mol/s
» REACTOR >
0.900 mol C,HgOH(v)/mol ny(mot CoH5OH/s)
0.100 mol CH3CHO(v)/mol ﬁz(mol CH3CHO/s)
300°C nz(mol Hy/s)

253°C
CQH5OH — CH3CH0 + H2



2440 kW

¥

150 mol/s
0.900 mol C,H5OH(v)/mol

> REACTOR

—-

0.100 mol CH;CHO(v)/mol
300°C

,(mol CoH5OH/s)

no(mol CH3CHO/s)

rnz(mol Ho/s)
253°C

CszOH —_— CH3CHO + H2

3 unknown labeled variables (ny, 3, n3)
~ 2 independent atomic species balances (C and H)

~ 1 energy balance
= 0 degrees of freedom




Balance on C

150 mol | 0.900 mol C;HsOH | 2mol C . 150 mol | 0.100 mol CH;CHO | 2mol C

s | mol | 1 mol C,H;0H s | mol | 1 mol CH,CHO
_ /u(mol C;H50H) | 2 mol C . ia(mol CH;CHO) | 2mol C
s | 1 mol C,;H;OH s | 1 mol CH,CHO
ny + ny, = 150 mol/s §))

Balance on H

[(150)(0.900)(6) + (150)(0.100)(4)] mol H/s = 6n; + 4 + 23 (Convince yourself)

J

3ny + 2n; + ny = 435 mol H/s (2)

Energy Balance _ ) )
Q =AH = Z NoutHour — Z ninHip

T
H; = AH; + f Coi(T)dT
25°C



References: C(s), Hy(g), O,(g) at 25°C and 1 atm

~, A,

Nin Hi, Nout H oy

Substance | (mol/s) (kJ/mol) | (mols) (kJ/mol)

C,H;OH 135 -212.19 iy ~216.81
CH;CHO 15 —147.07 A5 —150.90
H, — — 13 6.595

2440 k/s = [~216.817 = 150.90r; + 6.595h; — (135)(~212.19) — (15)(—147.07)] kJ/s

l

216.817y + 150.90; — 6.595r; = 28,412kJ/s (3)
Solving Equations 1 through 3 simultaneously yields
n = 92.0 mol C,HsOHy/s

n; = 58.0 mol CH;CHO/s
ny = 43.0 mol H,/s



9.5¢ Thermochemistry of Solutions

Oo The enthalpy change associated with the formation of a solution from the solute elements

and the solvent at 25°C is called the standard heat of formation of the solution. If a solution
contains n moles of solvent per mole of solute, then

(ﬁﬂ? )solution = (ﬂ'ﬁ? Jsolute + ﬁﬁ: (n) (9.5-3)

In general, the enthalpy of a solution containing  moles H, O/mole solute is for reference states
of pure solute and solvent at 25°C and 1 atm

= 00 (8.5-1)




9.5¢ Thermochemistry of Solutions

Standard Hear of Reaction (AH.°) Involving solutions

O

@
2 HNOs(aq, r = 25) + Ca(OH)y(aq, r = =) — Ca(NOs)y(ag, r = *) + 2 HyO(l)

the standard heat of reaction is

AR = (ABD)caomnaq) + 2AH))H00) — 2(AHE HNOy(aq, r =25) ~ (AHF )Ca(OH);(aq, r =)
= —114.2 kJ/mol

The last equation signifies that if a solution containing 2 mol of HNOj3 in 50 molof H,O(r = 25)
is neutralized at 25°C with 1 mol of Ca(OH), dissolved in enough water so that the addition

of more water would not cause a measurable enthalpy change (r = =), the enthalpy change 1s
-114.2 kJ.

If a standard heat of formation is tabulated for a solution involved in a reaction, the tabu-
lated value may be substituted directly into the expression for AH;; otherwise, (.M?fjmln must
first be calculated by adding the standard heat of formation of the pure solute to the standard
heat of solution.

{ﬁﬁfu )solution = {ﬁﬁ 1? Jsolute + AH 50 (n)




9.5¢ Thermochemistry of Solutions

Standard Hear of Neutralization Reaction (AH,°)

C 1. Calculate AH? for the reaction
H;PO,(aq, r = =) + 3 NaOH(aq, r = 50) = Na;PO,(aq,r = =) + 3 HyO(l)

2. 1£5.00 mol of NaOH dissolved in 250 mol of water is neutralized completely at 25°C with dilute
phosphoric acid, what is the attendant enthalpy change?

1. HiPO4(aq): AH? = —309.3 keal/mol = —1294 kJ/mol [from p. 2-189 of Perry's Chemical En-
gineers' Handbook (see footnote 1)].

NaOH(aq, r = 50): (AH? )naoH(ag) = {ﬂﬁF}Haomsa + AHZ (r = 50)

Table B.1 (AH7)
Table B.11 (AH?)

= (—426.6 — 42.51) kJ/mol = —469.1 kJ/mol

Na;PO.(aq): AHY = —471.9 kcal/mol = —1974 kJ/mol (from p. 2-193 of Perry’s Chemical En-
gineers’ Handbook).

H,O(1): AHS = —285.8 kJ/mol (from Table B.1)
ﬂﬁrﬂ = (ﬁchjﬂa_s,Pﬂuflq} + 3(&1{?1'“]1'!:0“] - (ﬁﬁfajﬁgmq{&qj - E{ﬁﬁia)HnGH{aq. r=50

=| —130.1 kJ/mol |




9.5¢ Thermochemistry of Solutions

Standard Hear of Neutralization Reaction (AH,°)

C 1. Calculate AH? for the reaction
H;PO,(aq, r = =) + 3 NaOH(aq, r = 50) = Na;PO,(aq,r = =) + 3 HyO(l)

2. 1£5.00 mol of NaOH dissolved in 250 mol of water is neutralized completely at 25°C with dilute
phosphoric acid, what is the attendant enthalpy change?

2, If 5 mol of dissolved NaOH is neutralized, then

oo~ 1301k 5.00 ——
AH(25°C) = ol MO ik i

3.00 mol NaOH |




Take home Example 9.5.6

Energy Balance on a Neutralization Process

A 10.0 wt% aqueous solution of H,SOy at 40°C is to be neutralized with a 20.0 wt% aqueous soiu-
tion of NaOH at 25°C in a continuous reactor. At what rate in kJ/kg H,SO, solution must hear be
removed from the reactor if the product solution emerges at 35°C?

Basis: 1 kg H,SO4 Solution

H;S04(aq, 10%) + 2 NaOH(aq, 20%) — Na;S0.(aq) + 2 H,O(1)

1000 g 10% sulfuric acid, 40°C

A 4

my (g) 20% sodium hydroxide, 25°C

0.200 g NaOH/g

MIXER

m (g NaZSOA)
"I3 (g Hzo)
35°C

P

Make sure that you understand all the steps



9.6 Fuels and Combustion

The use of heat generated by a combustion reaction to produce steam, which drives turbines
( to produce electricity, may be the single most important commercial application of chemical
reactions. (See Chapter 14.)
The analysis of fuels and combustion reactions and reactors has always been an important
activity for chemical engineers. In this section, we review the properties of the fuels most often
used for power generation and outline techniques for energy balances on combustion reactors.

9.6a Fuels and Their Properties

Fuels burned in power-plant furnaces may be solids, liquids, or gases. Some of the more com-
mon fuels are:

Solid fuels: Principally coal (a mixture of carbon, water, noncombustible ash, hydrocarbons,
and sulfur), coke (primarily carbon—the solid residue left after coal or petroleum is heated,
driving off volatile substances and decomposing hydrocarbons), and to a small extent wood
and solid waste (garbage).

Liquid fuels: Principally hydrocarbons obtained by distilling crude oil (petroleum); also coal
tars and shale oil. There is also a strong worldwide interest in the use of alcohols obtained
by fermenting grains.

Gaseous fuels: Principally natural gas (80% to 95% methane, the balance ethane, propane,
and small quantities of other gases); also light hydrocarbons obtained from petroleum or
coal treatment, acetylene, and hydrogen (the latter two are relatively expensive to produce).



9.6 Fuels and Combustion

v'Heating value of a combustible material is the negative of the standard

heat of combustion. Since -AH_° is always negative, heating value is
Opositive

v'The Higher Heating Value (HHV) or total heating value or gross
heating value is -AH_° with H20 (1) as combustion product

v'The Lower Heating Value (LHV) or net heating value is the value based
on with H20 (v) as a product

I DL

To calculate a lower heating value of a fuel from a higher heating value or vice versa

you must determine the moles of water produced when one mole of the fuel is burned. If this
quantity s designated n, then

HHY = LHV + n0A,(H,0,25C) (9.6-1)

If a fuel contains a mixture of combustible substances, its heating value (lower or higher) is
HV = > x(HV), (9.6-3)

x; is the mass fraction



9.6 Fuels and Combustion

Example 9.6-1: Calculation of Heating Value

<

D

A natural gas contains 85% methane and 15% ethane by volume. The heats of combustion of
methane and ethane at 25°C and 1 atm with water vapor as the assumed product are given below:

CHa(g) +2 0a(g) = COy(g) + 2 H,0(v): AH® = —802 kJ/mol
CoHs(g) + 302(8) = 2CO4(v) + 3H,0(v): AH® = ~1428 kJ/mol

Calculate the higher heating value (kJ/g) of the natural gas.

Since the heating value per unit mass of the fuel is desired, we will first calculate the composition on

a mass basis:
{ mol fuel = 0.85 mol CHy = 13.6g CH,
0.15mol CG;H, = 45 ggﬁ
18.1 g total
Thus xcw, = 13.6 g CH,/18.1 g = 0.751 g CH,/g fuel

XCHy = 1- ACH, = 0.249 g CgHgfrg fuel



9.6 Fuels and Combustion

Example 9.6-1: Calculation of Heating Value

P

A natural gas contains 85% methane and 15% ethane by volume. The heats of combustion of
methane and ethane at 25°C and 1 atm with water vapor as the assumed product are given below:

CHa(g) +2 O2(g) — CO2(g) + 2 H,O(v): AH°
CaHs(g) + 10:(g) — 2 CO(v) + 3 H,O(v): AH® = —1428 kJ/mol

Calculate the higher heating value (kJ/g) of the natural gas.

—802 kJ/mol

The higher heating values of the components are calculated from the given heats of combustion

(which are the negatives of the lower heating values) as follows:
(HHV)cn, = (LHV)cn, + nuy0(AH, )n,0
= |82 kJ " 2 mol H,O

B mol CHy;  mol CH, (44'{}13

= 55.6 kJ/g

kJ 3 mol H-O
HHV) = | 1428 + :
( GHe = M ol GoH, T Mol CoH, (44,[}13

= 52.0 kl/g

The higher heating value of the mixture is from Equation 9.6-3:

= [(0.751)(55.6) + (0.249)(52.0)] kJ/g =

mol H,O /] 16.0 g CH,

mol H-O

30.0 g C.Hs

54.7 kJ/g |




9.6 Fuels and Combustion

Table 9.6-1 Typical Heating Values of Common Fuels

Higher Heating Value

Fuel kl/g Btu/lbp,
Wood 17 7700
Soft coal 23 10,000
Hard coal 35 15,000
Fuel oil, gasoline 44 19,000
Natural gas 54 23,000

Hydrogen 143 61,000




9.6b Adiabatic Flame Temperature

When a fuel 1s burned, a considerable amount of energy is released. Some of this energy Is
transferred as heat through the reactor walls, and the remainder raises the temperature of the
reaction products; the less heat transferred, the higher the product temperature. The highest
achievable temperature 1s reached if the reactor is adiabatic and all of the energy released by

the combustion goes to raise the temperature of the combustion products, This temperature is
called the adiabatic flame temperature, T 4.

ﬁH = f!f ﬂﬂf + Z ri;Hg{Tnd] - z ﬁ:'HJ'{TfEEd]

out in

@ = AH,or AH = 0 for an adiabatic reactor

> iH(Taa) = —ie AHS + Zﬁiﬁ:{ﬂ*ﬂcd)
in

our



9.6b Adiabatic Flame Temperature

_Calculation of an Adiabatic Flame Temperature

O

Liquid methanol is to be burned with 100% excess air. The engineer designing the furnace must
calculate the highest temperature that the furnace walls will have to withstand so that an appropriate

material of construction can be chosen. Perform this calculation, assuming that the methanol is fed
at 25°C and the air enters at 100°C.

Basis: 1 mol CH,0OH Burned

Assume complete combustion. From Table B.1,
CH;OH(l) + 1 0, — CO: + 2H,O(1): AH? = —726.6 kJ/mol

1 mol CH30H(1). X N
25°c nolmol CO,)
. FURNACE nalmol Ho0(v))
mny(mol E:IE}' nglmaol Og)
3.76 nyimol Nj) ng(mol EIEJ
100°C T3al°C)
Z i Hi(Tag) = —ng -ﬁ-ﬁf —+ Z ﬁiﬁ.’{Tfﬂﬂd)

CRRA L in



9.6b Adiabatic Flame Temperature

¢
O 1 mol CHaOH(I) ) N
EERE - molmol COo)
- FURNACE rrglrmaod HoOd(wh]
F |_'[I"'5I1I:I| 'E:lz} FT g e DE}
3.76 ny(mol MNy) rrs(moi 542.':
100=C Tagl=Ch
Z ﬁfﬁ.‘{Tad) = —41::-[ ﬂ.ﬁg - E ﬁiﬁl‘{chcd)
rRAE -—
Calculate Cﬂmpanenr Amounts {Hﬂg )thmret:::nl = 1.50 mol

nm = (2)(1.50 mol) = 3.00 mol O, fed

I =

(3.76 mol Na>/mol O7)(3.00 mol O;) = 11.28 mol N, fed

Material balances yield

1.00 mol CO,
ny = 2.00 mol H,O
ng = 1.50 mol O,
11.28 mol N>

I

ny

Il

ns



9.6b Adiabatic Flame Temperature

CH>OH(1) + 3 O — CO:z + 2H2O(1): A" = —726.6 kJ/mol

=

L

250 rrolmol O30

1 mol CHaOH)

N FURMACE el Flyevid
rry (ol Oo) gl Oo)
B.76 nyimol MN3) rrlmol Mo)
100°C Toal®C)
> i F N Taa) — —rg AFZ + > A (Ticea)
CFELE in

Calculate Feed Component Enthalpies

References: CH;OH(l), Oz, N, at 25°C
CH;0H(1,25°C): H =10
Air (100°C): H = 2.191 kJ/mol (from Table B.8)

Evaluate the Right Side of Equation 9.6-4

—neAH? + Z n;H; = —(1.00 mol CH;OH) (—?26,6 -]F-'L)

mol

+ (1.00 mol CH3OH) ('D E) + (14.28 mol air) (2.191. E—)
mol mol

757.9 kJ



Calculate Enthalpy of Product Stream

References: CO;(g), O1(g), Na2(g), and H,O(1) at 25°C. (Liquid water is assumed since this is the state
for which AH, is known.)
From Table B.2, the heat capacities of the product gases in kJ/(mol-°C) in terms of T(°C) are

(Cp)co, = 0.03611 +4.233 X 10757 — 2.887 X 107°T% + 7.464 x 1072717
(Cpu,01 = 0.03346 + 0.688 X 107°T + 0.7604 X 107°T* ~ 3,593 X 10~ "7
(Cp)o, = 0.02910 + 1.158 X 107°T = 0.6076 x 107°T* + 1.311 x 107%7?
(Cp)n, = 0.02900 + 0.2199 X 1077 + 0.5723 x 107*T? - 2.871 X 10~ *7°

0.4378 + 2.826 x 107°T + 4178 x 107%T% — 30.14 = 10 1273

Z ﬂr'{:.pi =

UZMZHEH,' ﬂg(&ﬂy]Hlﬂ + ﬁuci E nl-{':pj} dT
= 88.026 + 0.4378T,g + 4.913 x 107°T2, + 1.393 x 107373,
— 7.535 < 1077}, — 11.845
> mH: = 76.18 + 0.4738T,4 + 4.913 X< 107772, + 1.393 x 107572,
st

— 7.535 x 1071213



Energy Balance
From Equation 9.6-4

> mH; = —ng MBS + > nmHi = 757.9kJ

ot
7.535 X 107173, — 1.393 x 107873, — 4.913 x 107°T2, — 0.4738T,4 + 681.7 = 0

This quartic equation may be solved using a spreadsheet, an equation-solving program, or a cal-
culator programmed to solve polynomial equations. The solution is

T = 1256°CJ!




