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Summary:
In this handout, we provide a complete and generic method for finding the chemical equilibrium
of an arbitrary system of reactions. We then provide four example problems and example code.
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. CALCULATING THE EQUILIBRIUM COEFFICIENT FROM PHYSICAL PROPERTIES

A. Given information:

1. Thermodynamic state of system

temperature T
pressure P

2. Reaction Stoichiometry

n where Ni,j is the stoichiometric coefficient of speciesj in reaction i.
njj >0 for products, nj; <O for reactants, Njj = O if speciesj isnot involved in reaction i
N isan NpxN¢e matrix where Ny isthe number of reactionsand Ny is the number of chemical species
The stoichiometric coefficient matrix must be for a complete and independent set of reactions.
3. Given the Gibbs Free Energy of Formation and the Enthalpy of Formation at reference temperature

Gibbs Free Energy of Formation at reference temperature DG¢ (Tyef )

Enthalpy of Formation at reference temperature DH¢ (Tyef )

These properties are given for common materials in the CRC Handbook of Chemistry and Physics.

4. Given Heat Capacity Polynomial Fit

Cp,j(T) =a+bT +cT? +dT3

The constant are given for common materials in various references and texts, e.g. Sandler.

B. Enthalpy of formation at an arbitary temperature

In general:
T
DHy j(T) = DHy j(Tref) + Fp,j(T)T ()
Tref

For the formulation of the heat capacity given above:

.
DH j(T) = DHy (Tret) + (‘{a+ bT +cT? + dT3)dT
Tref

(2.9
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p T
DHy (T) = DH j(Tref) + §aT 402,613 +9T43 (2.b)
2 3 4 Ut o
DH; {(T) = DHy (Tyep) + ST + 272+ 8 T3+ T4u T, £13 +dT4“2
f] = U U ref ga 2 ga ref * ref 3 ref refH( ©)

C. FreeEnergy of formation at an arbitary temperature

We need the temperature dependence of DG f (T). The Gibbs-Helmholtz equation tells us that if we know

the enthal py then we know the temperature dependence of the free energy.

2 ¢DGy,(T)ud
g ee T 3; _ DH¢ ;(T) 3
(;; -
e %

Aside: The Gibbs-Helmholtz relation can be proved as follows:

2,6DG(T)ud

c8 T H _g;E@IDG(T)o ] DG(T)u (4.2
g dT N @Te dT 3 T2 é

€ %

Substitute DG(T) = DH(T) - TDS(T) an &dDG(T)O =-DS, %
e dT %

2,6DG(T)ud

¢ & T H+ _é DS(T) DH(T)- TDS(T)U_ DH(T) @b
¢ AT 2 g T T2 4 T2 |
€ %

Therefore, using the Gibbs-Helmholtz relation (equation (3)), we can express the Free Energy of formation at an
arbitrary temperature as:

T eDGej(Mu_ T DHfj(T)
0 dé 5

eTu = (5.9)

2
Tref © U Tref T
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DGt,j(T) DGt j(Tref) _ T ] DHf,j(T)OI
T Tret

—dT (5.b)
Tref T

DG¢ i(T, T DHg (T
f,j( ref)_ T 2 f,j( )dT

DGf’j (M=T >
ref T

(5.0
Tref

For our form of the Enthalpy of formation, given in equation (2.c), we have:

DG+ (T,
mf'j(T):T f,j( ref)

ref

é6_ b_o c.3 d_squ é b ,c.3 ,d_auU
DHf i(Tref)+@T+ T+ T+ T - @ATpep + T e+ T +—T
T f,j\ref ref ref ref ref
T £ 72 "3 T4 2H g 2 3 Rl
Tref T
T
DGf,j(T)z—T fDGf,j(Tref)
re

é b_» c¢c.3 d_au
7 DHfj(Tref) - gaTref o Trer Y5 Trer *y Trer
T O > Gt (6.0)
Tref T
T
-T O a£+9+ET+ET2dT
T T 3 4
ref

T
DG¢,j(T) = —— DGs j(Tret)
Tref

b 16

i e 2 C_3 d_a Wl T
+{DH i(Trof) - aTref +T2, +oT3 4074 05 1 (6.)
: JUire g’;\ ref =5 Tref T3 Tref T 4 ref %e Trot

[ ey end

éx b C.o> d_306 & b c o d 36U
-Tecaln(T)+ =T+ =T +—T° = caln(Tgf) + =Tref +=Tref” +—T, 3
& ( ) 5 6 12 5 & (Tref) 5 ref 6 ref 12 ref &i

You can check that when T = Tyt , theleft hand side of equation (6¢) is equal to DGy, j(Tref ) -

D. Free Energy and Enthalpy of Formation of reaction at any arbitrary temperature

Explicitly
Nc Nc
DG, i(T) = a n;jDGs j(T) and  DHi(T) = @ n;jPHs j(T) (7)
j=1 j=1

In matrix notation:
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DG, (T) =nDG¢(T)

and  DH,(T) =nDH(T) ®)

E. Equilibrium Constant at an arbitrary temperature

é DG;(T)
Ki(T) = expg ——2—~
' & RT

o\

©)

Aside: It should be pointed out that people frequently relate the temperature dependence of an equilibrium
coefficient to the enthalpy of reaction using the van’t Hoff isochore.

@[InKi]Q :DHr,i(T)
e dT g RT?

(10)

It should be noted that we performed an equivalent operation, but have taken the steps in a more natural and
intuitive order.

Aside: It should aso be pointed out that people frequently write:

€ DHi(Tef)asl 1 U
Ki(T) =Ki(Tref ) €XPE& r"R e =T (11)
ref @

This is an unnecessary approximation of the derivation performed above, because it assumesthat DH, j(T) is not
afunction of temperature.
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[I. CALCULATING THE EQUILIBRIUM COEFFICIENT FROM EXTENTS OF REACTION

We can also calculate the equilibrium coefficient from the extents of reaction. This equilibrium coefficient will be
the same as the equilibrium coefficient calculated from physical properties. Solving the chemical equilibria
problem boils down to finding the extents of reaction and temperature that equate the equilibrium coefficient
calculated both ways.

Consider the reaction
NpaA +ngB « ncC+npD (12)
with initial mole fractions of each species and moles of each species given by

éXA’Ol:I

é a

_&"Boy

20 7 &0l
< C,0

Ve

e yd
&XD,o 0

and Ny =XNg (13)

where N istheinitial total number of moles. It should be noted that we assume the stoichiometric coefficients

are negative for reactants and positive for products.
If the reaction is an elementary reaction, then the rate of the forward reaction is proportional to the
concentration of the reacting species raised to their stoichiometric coefficients.

Al Bl NaAl s @Bl
?JA(J ?JB(J kfé?(A (J E?(B (J

rate; =k;C A"AlcgnBl =k (14.9)
eVg eVg EV g &V g
and the rate of the reverse reaction has the form:
N g"CleaeoN g0
rate, =k gL— ¢ — D (14.b)

g &V g

where K¢ isthe rate constant of the forward reaction and K, isthe rate constant of the reverse reaction, and where

N is the total number of molesin the system at equilibrium and V is the reactor volume. We must put absolute
value signs on the stoichiometric coefficients since we have defined reactants to have negative stoichiometric

coefficients and products to have positive stoichiometric coefficients. The units of the rate constants, K¢ and K,
depend on the particular values of the stoichiometric coefficients. Generally the units of kf and kr are

determined by the fact that the rates, rate€s and rate, , have units of moles/volume/time.
At thermodynamic equilibrium, the forward and reverse rates are equal. Therefore:

rates =rate, (15)
ea d leg a8 wc d"Cle 40

fgL_ gi_ = gL— g—+ (16)
e g e o e g € o
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(17)

Here we have removed the absolute values from the stoichiometric coefficients so the reactants appear in the
denominator. We can pull N/V out of the product sinceit is not a function of i.

D
N &N .a ni D
L=08) - =8 % Ox" ae)
r J=A [4/] evg J=A

The equilibrium coefficient, K, is proportional to the ratio of forward to reverse reaction rates. However, K, is

D D
k 4 ] oles .2, "
dimensionless, while the ratio of -t has units of g——J A, orfor example gasn 9] A . Therefore,
kr eVg e liter g

we need to include a proportionality constant, in order to make the ratio dimensionless.

D
L oad N
D EaNg 9=n
ANg & Mk ESV,T,J R
K=G+j=A t=xS"07 O x" (19)
eV gef Kr Q&EQ - ji=A J
geVdefE;

The reference state is taken at the system temperature.
In the specific example of an ideal gas, N/V = P*RT. In this case, the equilibrium coefficient becomes

IOD D
EoRl OaAnJ (Q)x-nj =EP —JaAnJ Ox;" (20)
gprefRTﬂ j=A ) P ef @ i=A

If we take the reference pressure has a value of 1 of whatever units P is measured in (be it atmosphere, Pascals,
bars or mmHg), then Py disappears from the equation.

Aside: A rigorous derivation of how the equilibrium coefficient can be obtained from mole fractions can be
performed taking advantage of the fact that, at equilibrium,

D D - D
a njm =O=_a nj(Gf’j'FRTmai): a njGt j + a nJRTInaJ (22)
I=A I=A =A =A

where mj isthe chemical potential of speciesj, and éj isthe activity of speciesj. Thefirst term on the |eft hand
side of equation (21) can be rewritten using equation (9)
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D
a anf,j = -RTIn(K) (22
=A

Substituting equation (22) into equation (21) and rearranging for K, yields:

(é j )”j (23)

The activity of speciesj, a j»can be approximated in a variety of ways depending upon the situation. If we have

an ideal gas then:
A _ XjP
Pref

Substituting equation (24) into equation (23) yields equation (20).

D
&P 6° R
K= g—j— Ox;"  forideal gases (20.b)
ref @ j=A

If we have an incompressible liquid with molar density that is constant, regardless of composition then we have
equation (19). If we choose our reference density to be this constant density then equation (19) becomes:

D .
K=0 XjnJ for ideal, incompressible liquids (25)
=A
Other assumptions, provide different forms of the activity coefficient. For nonideal gases, we have
D. .
K=0 fi | for nonideal gases (20.c)
j=A

Regardless of which of the formulations of the equilibrium coefficient employed, we need to find the mole
fractions, X, which give the same value of the equilibrium coefficient as was obtained above from the physical

properties. In the case of our general reaction given in equation (12) we have four mole fractions, and thus four
unknowns. If we have four unknowns we need four equations, which we could then solve numerically. However,
it is practically much more difficult to solve four nonlinear algebraic equations for four unknowns than it isto
solve one nonlinear algebraic equation for one unknown. For this reason, we introduce an extent of reaction, c.
By using the extent of reaction, we reduce the number of unknowns to one, namely c, regardless of how many
species are in the system.

The extent of reaction, c, defines how far the reaction has proceeded. We can write the extent of reaction
in terms of moles or as a dimensionless quantity. Here, we will define the extent of reaction in units of moles. The
extent of reaction is the number of moles generated for an imaginary product with a stoichiometric coefficient of
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one. Thusfor our reaction above, for an arbitrary value of ¢, we would have consumed/produced N iC moles of

component j.
Rigoroudly the extent of reaction is defined as

t
c(t)e v dratef - rater)dt (26)
to

Equation (26) is a mathematical expression describing the total number of moles of a species with n j= 1

produced by the combined forward and reverse reaction over atime period ranging from ty to t. Equation (26)

has units of moles.
The extent of reaction is a bounded variable. Y ou cannot react more than the limiting reactant allows.
The maximum value of the extent of reaction is determined by the limiting reactant.

aN Ngo 6
Cmax :maxg Ao 5o = (27.9)
NA "B g
The minimum value of the extent of reaction is determined by the limiting product.
. aN Npo ©
Cmin = mlng_C,o 20 T (27.b)
Nnc b g

In the event that there is no product initially in the system, equation (14.b) returns a minimum value of zero.

At thermodynamic equilibrium, time = infinity, so the extent of reaction is given by:

ty
c(ty)° V rates - rate, Jdt°® ¢ (28)
to

At this point, we need to relate the mole fractions to the extent of reaction. We write mole balances for
each species.

accumulation =in- out + generation - consumption (29)

The units of the mole balance (and every term in the mole balance) are moles per time. For an arbitrary
speciesj, we have

dN;
dtJ =FinXjin - FoutXj + njVrates - njVrate, 0

If we integrate this mole balance from time O (our initial state) to time infinity (where we have thermodynamic
equilibrium), then we have:
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Nj ty
N;j = dFian,in - FoutXj +njVratey - nerater)dt (31)
Nj'o to
ty ty ty
Nj } Nj,O = d:lnxj,indt' d:Outxjdt+nj dVratef - Vrate, )dt (32)
tO tO to

This last term is the definition of the extent of reaction multiplied by the stoichiometric coefficient.

ty ty
Nj - Nj,O = d:ij’indt- d:OUthdt'*'njC (33)
to to

To further smplify equation (33), then we need to make some assumptions about our system. If the systemisa
batch reactor, then we have no in or out terms, and equation (33) becomes:

Nj = Nj,o +njc for batch reactors only (34)

Equation (34) simply states that the number of moles of | in the system at thermodynamic equilibrium is equal to
the initial number plus the amount generated or consumed by the reaction. We can write equation (34) for all
species in the reaction.

We can obtain mole fractions as follows:

Ni Nig+n;
Xj = - = o (35)
N N
where N isthe total number of moles at thermodynamic equilibrium, given by:
D D
N= &N = & (Njo +nyc) @)
1=A 1=A

Equation (35) isimportant. It tells us that, if we know the extent of reaction, we know all the mole
fractions. If we take the case of ideal gases and we substitute equation (35) into equation (20.b),

D
®P 06° R
K=g—3A  Ox" foridea gases (20.b)
I:)ref ] j=A
.Nj
o # :
&P 06° D Ni, +tnic =
K=g——H=A QE 5 YO L forideal gases (37)
ref @ i=ZAC Q9 :
I=A¢ 3 (Nk,o +nkc)
k=A 2
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then we have one equation and one unknown, C .

If, instead of a batch reactor, we have a continuous stirred tank reactor (CSTR), then the mole balance has
in and out terms, which are not zero. Starting again with the generic mole balance, equation (29), we assume that
the contents of the reactor at any given instant are at thermodynamic equilibrium.

0 =FnXjin - FoutXj * njVrates - n;Vrate, (39)

We again integrate this equation. Since we are at steady state, the inlet and outlet terms are constant

ty ty
0= d:ian’indt- d:Outhdt'*'njC (39)
to to

Since we are at steady state, the inlet and outlet terms are constant and can be pulled from the integral.

FouthDt :Fian’inDt+njC (40)

By selecting our Dt to be in the one unit of whatever time unit the flowrate is given with respect to, (e.g. if Ky, is
givenin moles/sec, then Dt = 1 sec), then FipXjin Dt = NjnXjin = Njin, and we have

Nj,out = Nj,in + njc for CSTRs (41)

Note that thisis the same equation that we had for batch reactors in equation (34), where we have replaced initial
and final conditions with inlet and outlet conditions. Therefore, we can proceed as we did with the batch reactor to
obtain the equilibrium coefficient.

However, the CSTR introduces an additional unknown, the outlet flowrate, Fq ;¢ . If we have an

incompressible liquid then Fy;t =Fp. If wehaveanided gas, Fot =hFn

Extension to multiple reactions:

We can write the equilibrium coefficient, equation (23), for any arbitrary number of reactions. However,
these reactions must form a complete and independent set of reactions for the system. In order to determine a
complete and independent set of reactions, you must perform a numerical analysis of the stoichiometric and atomic
matrices. (This procedure is outlined as an example in the Linear Algebra notes on the ChE 301 website.)

For reaction i, (assuming an ideal gas mixture and a batch reactor) we write:

x n ni'j
2 ¢ N +§in- c
ep g8, M pe Metame -
Ki=g——3A  O¢ =L -+ (42)
ref @ j=A¢ D & o o
¢a MNio+ancit:
k=A% i=1 oy

where our mole balance yielded moles of the form:

10
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Ny
N;j =Njo +a njkCi (43)
i=1

and where the mole fraction was given by:

Ny Ny
o [*)
N Vo tanci Njo +a njcCi
Xj = _J = =1 = =1 (44)
N D D & ny 0
an; a SNgo+aniCi-
k=A k=A& i=1 p

we have N, equations of the type given by equation (42) and N, unknowns, C;, fromi=1to N,.

11
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I11. ANUMERICAL ALGORITHM FOR SOLVING THE CHEMICAL EQUILIBRIUM PROBLEM

Our goal isto find the mole fractions that equate the equilibrium coefficient cal culated from physical

properties (equation (9)) to the equilibrium coefficient calculated from mole fractions, for example (equation (42))
for ideal gases.

Ki(T) =expg ——— 9
i(T) pg RT H ©)
e n f.jni'j
D S N +Anmc -
ep 58 Mipe heTAMC -
Ki=g=—37A OF¢ =L : (42)
ref @ =A% D @ A o~
¢a SNgo+a nikCi
Sk=Ag =1 gy

We will distinguish these two formulations of the equilibrium coefficientsas K ipp and K imf . The equation we
need to solveisthen:

fi=KPP- K™ =0 fori=1t0n,. (45)

A. Isothermal Case

First assume the reactor is operating at a known, constant temperature. The algorithm to obtain the
unknowns, the extents of reactions, is as follows:

1. Obtain needed physical and system properties.
a. stoichiometry of a complete and independent set of reactions
b. Free Energies of formation at a reference temperature
c. Enthalpies of formation at a reference temperature
d. Heat Capacity asafunction of T

e.l. Batch reactors. initial number of moles of each component
e.2. CSTRs. feed flowrate and composition of feed

2. Calculate Kipp from equation (9)

3. Guess extents of reaction, Cj fori=1to N,

4. Calculate Kimf from equation (42) fori=1to N,

5. Evaluate objective functionsin equation (45) fori=1to N,

6. If values of objective functions are less than a desired tolerance, stop. Otherwise, loop back to step 3.,
and pick new values of C;, using some numerical root-finding technique, e.g. the multivariate Newton-
Raphson method.

12
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B. Adiabatic Case

Assume the reactor is operating under adiabatic conditions. Then we have N, +1 unknowns, where the

additional unknown is the temperature of the reactor at thermodynamic equilibrium. In order to solve for this
additional unknown, we need an additional equation. The additional equation is an energy balance. The energy
bal ance has the general form:

accumulation =in- out + generation - consumption (29)

dH(T '

—d(t ) = FinHin (Tin) - FOU'[H(T) + Va DHr,i (T)(ratef'i - rater'i) (46)
i=1

The units of this energy balance and every term in the energy balance are energy per time, e.g. J/s. The enthalpies
are all given in units of energy per mole. The enthalpy of reaction at an arbitrary temperature is given by equation
(7). The other enthalpies need to be determined. For ideal mixtures,

Nc Nc
Hin(Tin) = @ Ht j(Tinpxj  and  H(T) = @ H¢ j(T)x; (47)
j=1 j=1

The enthalpies of formation at arbitrary temperatures are given for a general case by equation (1) and for a
particular case by equation (2.c). The point is that if we know the temperature and compositions, we know the
enthalpies.

If we have a batch reactor, we can integrate this energy balance from the initial time to the
thermodynamic infinite time limit, just as we did with the mole balance. Doing so yields

Nc
Hj(T) - Hj,o(To) =a Hf’j(T)Xj for batch reactors only (48)
=1
The additional objective function for the temperature is then:
Nc
o
fap +1 =Hj(T) - Hjo(To)- _ale,j(T)Xj =0 (49)
J:
For a CSTR, the additional objective function for the temperature is then:
Nc
o
fa, +1 = FoutHj(T) - FinHjin(Tin) - @ Hs,j(T)xj =0 (50)
=1

where the in and out pure component enthalpies are given as:

13
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.
Hj(T)= Cp,j(T)dT (51)
Tref

The algorithm to obtain the unknowns, the extents of reactions and the adiabatic temperature, is as follows:
1. Obtain needed physical and system properties.

a. stoichiometry of a complete and independent set of reactions
b. Free Energies of formation at a reference temperature

c. Enthalpies of formation at a reference temperature

d. Heat Capacity asafunction of T

e.l. Batch reactors. initial number of moles of each component
e.2. CSTRs. feed flowrate and composition of feed

3. Guess the temperature, and the extents of reaction, Cj fori =1to N,

2. Calculate K ipp from equation (9) using the guessed temperature

4. Calculate Kimf from equation (42) fori=1to N, using the guessed C;j

5. Calculate mole fractions for all components from equation (44) using the guessed C;

6. Evaluate objective functionsin equation (45) fori=1to N,

7. Evaluate objective function for temperature in equation (49)

8. If values of objective functions are less than a desired tolerance, stop. Otherwise, loop back to step 3.,
and pick new valuesof Cj and T, using some numerical root-finding technique, e.g. the multivariate
Newton-Raphson method.

C. Numerical Tricks

Even though we have outlined the algorithm, it is not a simple plug-and-chug problem. The resulting
objective functions are highly nonlinear, in both the isothermal and adiabatic cases. Y ou require very good initial
guesses to converge to the solution. With abad initial guess, typically the program simply crashes or does not
converge.

How do you get around this?

1. Pick consistent initial guesses.
Make sure your extents of reaction are within the allowable maximum and minimum limits given by
equation (27). If aproduct from reaction 1 is areactant in reaction 2, then the extent of reaction 2 is limited by

your guessat Cq1. Asan example consider the following 2 reactions, a dimerization and trimerization reaction,

2A « B
B+A« C

Assume the system initially contains 1 mole of A, no B and no C.

14
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N
Thelimitson ciare 0 £cCq £ % . Thelimitsof C, are 0 £C» £ Cq, because you can't use
more moles of B in reaction 2 than were generated by reaction 1. Also, you can find additional constraints,
N
Of£ci+co £ % because you can't use more A than wasiinitially in the system. Your initial guesses

should fall within these constraints. If they do not, then you are in a physically unreasonable starting position and
the convergence algorithm is not likely to converge to the physical root.

2. Parameter-Sepping
Let's say we are solving an isothermal system. If you solve the system at one temperature, then use that
converged solution as the initial guess for a slightly higher temperature. Then using that technique, you can obtain

solutions easily through the entire temperature range. The best place to start is atemperature where all the C; are

in the middle of the range. Asthe C; approach their upper and lower limits, the values of the equilibrium
coefficents approach 0 and positive infinity, making convergence much more difficult.

We will demonstrate these algorithms and these tricks in the following 2 examples.

15



D. Keffer, Dept. of Chemica Engineering, University of Tennessee, Knoxville, February 19, 2001

V. EXAMPLE WITH ONE REACTION

Consider the reaction of benzene and ethylene to form ethyl-benzene

CgHg + CoH,4 « ethylbenzene

We have a batch reactor initially at a pressure of 5 atm and a Temperature, T with 1.0 moles of benzene and 2.0
moles of ethylene.

The matrix of stoichiometric coefficientsis given by: (benzene, ethylene, ethyl-benzene)

nu=[-1 -1 1];

The heats of formation at T,ef = 298.1 K are (benzene, ethylene, ethyl-benzene) in units of Kcal/mole
DHf ref = [19.820; 12.496; 7.120];

The heats of formation at T,ef = 298.1 K are (benzene, ethylene, ethyl-benzene) in units of Kcal/mole

DG ref = [30.989; 16.282; 31.208];

For a heat capacity function of the form (cal/mole/K)
Cp,j(T) =a+10"2pT +107°cT? +10™7dT>

The constants are ( columns = benzene, ethylene, ethyl-benzene, rows = a,b,c,d)

Cpcon = [-8.650 0. 944 -8.398
11. 578 3.735 15. 935
-7.540 -1.993 -10. 003
18. 54 4.220 23.95];

A. Isothermal Case

Find the extent of reaction and composition of the reaction under isothermal conditions, where the initia
temperature, Ty, isthe same as the isothermal temperature, Tigg . Do thisfor the

range450K £ Tigo £1600K..

Using the system of nonlinear algebraic equation solver, syseqn_all.m, we are required to create an input
file with the objective equations. Thisinput fileis givenin Appendix A. It performsthe calculations given in Part
I. and Il. of this handout.

To solveonly at 1 temperature, say Tigg =900 K, we simply use syseqn_all.m. For help on how to use

sysegn_al.m, type hel p syseqn_al | at the Matlab command line prompt. At the command line prompt, we
type:

» syseqn_all(1,[0.5]);

16
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The first argument, 1, tells sysegn which solution technique to use, in this case method 1, which isthe MATLAB
intrinsic function fsolvem. The second argument is a vector of initial guesses. In this case we only have one

unknown, so we have only oneinitial guess, C1 = 0.5. The code returns:

Attenpting solution with MATLABs fsol ve function
VARl ABLE | NPUT QUTPUT
1 5.0000000e-001 5.0989046e-001

The program has converged with a value of the extent of reaction: €, = 0.5099 . How did | know to try
thisinitial guess? Just trial and error. If we try other initial guesses, we find that some converge to the root and
some do not.

| tried avariety of initial guesses until | found one that allowed the code to converge to a reasonable

solution. | do not want to perform this trial and error more than once. Now that | have the solution at Tjgg =900

K, I will usethat as an initial guessfor Tijgo =910 K. Then I will use that guessfor a Tig, ten degrees higher

until I reach my upper limit of interest.

| do not want to do all this by hand, so | have written a short code which loops through these
temperatures, and updates the initial guess, and finally plots the extent of reaction and the compositions as a
function of temperature. The code, chemeq_loop.m is given in Appendix B.

A plot of the extent of reaction as a function of the isothermal temperature is shown in Figure 1. We can
see that as the temperature increases, the conversion decreases. This makes sense because, for exothermic

kJ
reactions, likethisone, DH, ;(T =500) = -104.5—I , increased temperature favors the reactants.
' mo

A plot of the mole fractions as a function of the isothermal temperatureis shown in Figure 2. At
temperatures below 600 K, the reaction proceeds to nearly 100% completion. Our composition in this regimeis
50% ethylene (which was present in excess) and 50% ethyl-benzene. At temperatures above 1600 K, thereis
virtually no reaction. We have 2/3 ethylene and 1/3 benzene as was our initial condition.
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Figure One. Ethyl-Benzene reaction. Extent of reaction as a function of temperature.
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Figure Two. Ethyl-Benzene reaction. Composition as a function of temperature.
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B. Adiabatic Case

In the adiabatic problem, the outlet temperature and the extent of reaction are unknown. However, for
whatever temperature satisfies the energy balance, the extent of reaction is given by Figure One. Therefore, we can
give aconsistent initial guess by choosing a temperature and determining the extent of reaction from the
isothermal case.

In running the code, | changed the variable, adiabatic, to avalue of 1 in the code sysegninput.m. Alsoin

sysegninput.m, | uncommented the line specifying Tigq , Which is used asthe initial temperature.

If I want to find the equilibrium temperature and compositions for an adiabatic system with initial
temperature in the batch reactor of Ty =900 K, we can guess that the adiabatic temperature is 1000K. From
Figure 1, we see that this corresponds to an extent of reaction of roughly 0.1.

» syseqn_all (1,[0.1,1000]);
Attenpting solution with MATLABs fsol ve function
VARI ABLE | NPUT QUTPUT

1 1. 0000000e-001 2.8787619e-001

2 1. 0000000e+003 9. 7169524e+002

This guess converges and yields the final extent of reaction of 0.288 and the equilibrium temperature of 971.7 K.
The compositions can be obtained from the extent of reaction using equation (35). They will correspond to the
compositions at 971.7 K on Figure Two.

In general, it is easier to solve the isothermal problem first. Then, we can use those converged solutions
asinitial guessesto solve the adiabatic problem. If we don’t solve the isothermal problem first, then it becomes
more difficult to obtain good initial guesses for the adiabatic problem.
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V. EXAMPLE WITH MULTIPLE REACTIONS
Consider the reaction of steam and solid carbon (coal).
C(S) +2H20 ® COZ +2H2
C(s) tH2O0® CO +H;y
C(S) +2H2 ® CH4

We have a batch reactor initially at a pressure of 1 atm and a Temperature, T with 1.0 moles of water and an

excess of solid carbon. Because carbon is a solid in excess, we do not need to consider it in the analysis which
follows.

The matrix of stoichiometric coefficientsis given by:

% CH4 co o H20 H2
nus[0 0 1 -2 2

0 1 0 -1 1

1 0 0 0 -2 1;

The heats of formation at Tygf = 298.1 K arein units of Kcal/mole

% CH4 co o H20 H  s)
DHfref = [-17.889; -26.416; -94.052; -57.7979; 0.0];

The heats of formation at Tygf = 298.1 K arein units of Kcal/mole

% CH4 co o H20 H  s)
DG ref = [-12.140; -32.808; -94.260; -54.6351; 0.0];

For a heat capacity function of the form (cal/mole/K)
Cp,j(T) =a+10"?pT +107°cT? +10™7dT>

The constants are ( columns = chemical species, rows = a,b,c,d)

% CH4 co o H20 H2 q(s)
Cpcon = [4.750  6.726  5.316  7.700  6.952

1.200  0.04001 1.4285 0.04594 -0.04576

0.3030 0.1283 -0.8362 0.2521 0.09563

-2.630 -0.5307 1.784  -0.8587 -0.2079];

A. Isothermal Case

Find the extent of reaction and composition of the reaction under isothermal conditions, where the initia
temperature, Ty, isthe same as the isothermal temperature, Tigg . Do thisfor the

range400K £ Tigo £1600K ..

Using the system of nonlinear algebraic equation solver, syseqn_all.m, as we did in the previous example,
we simply change the values in sysegninput.m to reflect the fact that we have 3 reactions, 5 species, and new
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values of the parameters specified above. A copy of thefirst portion of the input file (where al the changes occur,
isgivenin Appendix C.)

To solveonly at 1 temperature, say Tigg =900 K, we simply use syseqn_all.m. For help on how to use

sysegn_al.m, type hel p syseqn_al | at the Matlab command line prompt. We have three unknowns, the
three extents of reaction. We must guess these. | guess[0.25, 0.25, 0.25]. Why? Because| first tried a bunch of
other values that didn’t work. At the command line prompt, we type:

» syseqn_al | (1,[0.25,0.15,0. 25]);

Attenpting solution with MATLABs fsol ve function
VARI ABLE | NPUT QUTPUT

1  2.5000000e-001 2.3335443e-001

2 1. 5000000e- 001 3.6799636e-001

3  2.5000000e-001 1.4003904e-001

€0.2333
So the problem converged to a solution of C = 20.3680

£0.1400§

Thistells us that carbon dioxide, carbon monoxide, and methane were al formed. More CO was formed that CO..
The amount of methane was formed.

To solve this system for arange of temperatures, we write a short code analogous to that in Appendix B.

A plot of the extent of reaction as a function of the isothermal temperature is shown in Figure 3. A plot of
the mole fractions as a function of the isothermal temperature is shown in Figure 4. At low temperatures, the
reaction generating carbon dioxide over carbon dioxide is favored. At low temperatures, the hydrogen produced in
reaction 1 islargely converted to methane. At high temperatures, the reaction producing carbon monoxide is
favored. At high temperatures, the hydrogen produced in reaction 2 does not react to form methane.

ey en Y enid

B. Adiabatic Case

We can also solve the system under adiabatic conditions. Assume the steam comesin at 900 K. Then
find the equilibrium temperature and extents of reaction. We guess an equilibrium temperature and estimate the
extents of reaction from Figure Three.

» syseqn_all (1,[0.23,0.37,0.14,800]);

Attenpting solution with MATLABs fsol ve function
VARI ABLE | NPUT QUTPUT

. 3000000e-001 2.6697026e-001

. 7000000e- 001 2.1278728e- 003

. 4000000e- 001 2.3549123e-001

. 0000000e+002 6. 3354374e+002

A WNPF
Ok WN

This says with steam at 900 degrees in an adiabatic reactor, we converge to a temperature of 633 K. This
is because the first two reactions are endothermic. These extents of reaction do indeed match those given by the
isothermal case at 633 K in Figure Three. The equilibrium composition of the can be determined from the extents
of reaction.

Reminder: Trying to find initial guesses which will converge for the adiabatic problem, without solving
the isothermal case first, islike trying to find a needle in a haystack.
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Figure One. Steam-carbon reactions. Extent of reaction as a function of temperature.
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Figure Four. Steam-carbon reactions. Composition as a function of temperature.
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VI. TWO MORE EXAMPLESTO WORK YOURSELF
The equilibria of any reactive system can be determined using this technique. Here are two other

examples that you might try yourself.

Consider the reaction of benzene and ethylene to form ethyl-benzene

1 3
—N»s +—=H> « NH
2 2 2 2 3

We have a batch reactor initially at a pressure of 1 atm and a Temperature, T with 0.5 moles of nitrogen and 1.5
moles of hydrogen.

The matrix of stoichiometric coefficientsis given by: (benzene, ethylene, ethyl-benzene)

% N2 H2 NH3
nu=[-1/2 -3/2 1];

The heats of formation at Tyef = 298.1 K are (benzene, ethylene, ethyl-benzene) in units of Kcal/mole

% N2 H2 NH3
DHfiref = [0; 0; -10.960];

The heats of formation at Tyef = 298.1 K are (benzene, ethylene, ethyl-benzene) in units of Kcal/mole

% N2 H2 NH3
DG ref = [0.0; 0.0; -3.903];

For a heat capacity function of the form (cal/mole/K)
Cp,j(T) =a+10"2pT +107°cT? +10™7dT?

The constants are ( columns = benzene, ethylene, ethyl-benzene, rows = a,b,c,d)

% N2 H2 NH3

Cpcon = [6.903 6. 952 6. 5846
-0. 03753 -0.04576 0.61251
0. 1930 0. 09563 0. 23663
-0. 6861 -0. 2079 -1.5981];

Figures Five and Six show plots of what the solution ought to look like:
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Figure Five. Ammoniareaction. Extent of reaction as a function of temperature.
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Consider the reactions of an acetylene torch

2CO+0, « 2CO,
2HCCH+30, « 2CO+2CO, +2H,

HCCH+20, « CO+CO, +H,0

We have an acetylene torch at a pressure of 1 atm and a Temperature, T with 1.0 moles of acetylene and
2.5 moles of oxygen.

The matrix of stoichiometric coefficientsis given by:

% HCCH O2 CO CO2 H2O H2

nus[0 -1 -2 2 0 0
-2 -3 2 2 0 2
-1 -2 101 1 0 1;

The heats of formation at Tygf =298.1 K arein units of Kcal/mole

% HCCH O2 CO CO2 H2O H2
DHf ref = [54.194; 0.0; -26.416; -94.052; -57.7979];

The heats of formation at Tygf =298.1 K arein units of Kcal/mole

% HCCH O2 CO CO2 H2O H2
DG ref = [50.000; 0.0; -32.808; -94.260; -54.6351; 0.0];

For a heat capacity function of the form (cal/mole/K)
Cp,j(T) =a+10"?pT +107°cT? +10™7dT?

The constants are ( columns = chemical species, rows = a,b,c,d)

% HCCH O2 CO CO2 H2O H2

Cpcon = [5.21 6. 085 6. 726 5. 316 7.700 6. 952
2.2008 0. 3631 0. 04001 1.4285 0. 04594 -0.04576
-1.559 -0.1709 0.1283 -0.8362 0.2521 0. 09563
4. 349 0. 3133 -0.5307 1.784 -0.8587 -0.2079];

Figures Seven and Eight show plots of what the solution ought to look like.

Y ou will notice that the plots only cover a small temperature range at very high temperatures. Itisonly at
these conditions that the equations are numerically solvable. At higher temperatures, reaction 3 is negligible and
reactions 1 and 2 have the same extent, reducing the system of equations to a single unknown, the extent of
reaction 1 or 2. We could continue the plot, solving for only this single unknown.

The numerical convergence problem at the lower temperature is that all of the acetyleneisused. This
gives an acetylene mole fraction less than 108, When this is squared in the denominator to calculate the
equilibrium coefficient for reaction 2, we drop below machine precision, and we can’t converge. If we want the
solution at this point, we need to assume all HCCH is gone and write 2 reactions for the equilibrium between CO
with CO, and H2 with H,O. We could then proceed to lower temperatures.

Extending these plots is left as an exercise to the reader.
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Appendix A. sysegninput.m MATLAB Code for Example 1.

function [f] = syseqgni nput (x0)
gl obal Tiso xE nc

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

chemical reaction equilibria calculation
Benzene plus ethylene to ethyl-benzene
(Sandl er, Second Edition, Illustration 9.7-2 page 561)

Checkl i st.
(1) Make sure you have entered the correct nunber of reactions (nr)
(2) Make sure you have entered the correct nunber of conponents (nc)
(3) Set adiabatic = 1 for adiabatic system set adiabatic = 0 for isothermal system
(4) If the systemis isothermal, set the isothermal tenperature , (Tiso)
(5) Enter initial nole anobunts of each component (fl ow n)
(6) Enter initial tenperature of each conponent (Tin)
(7) Enter reactor pressure in atnospheres (pressure)
(8) Enter the stoichionetric matrix
(9) Enter the heats of formation (Kcal/nol)
(10) Enter the free energies of formation (Kcal/nol)
(11) Enter the heat capacity constants

% STEP ONE. ENTER PROBLEM SPECI FI CATI ONS

%
%
%
nr
%
%
%
nc
%
%
%
%
%
%
%
%

(1) nunber of independent chem cal reactions
= 1;
(2) nunber of conponents

:3;

in all of the code bel ow
conmponent 1 is benzene
conponent 2 is ethyl ene
conmponent 3 is ethyl-benzene

(3) specify whether the systemis adiabatic or isothermnal
adi abatic = 0 for isothermal, adiabatic = 1 for adiabatic,

adi abatic = 0O;

%
%
%

(4) i sothermal tenperature
comment this out if you are going to |loop through a bunch of tenperatures
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%

% so = 600;

%

% (5) inlet flowates or initial amounts (noles)
%

fl owi n=zeros(nc, 1);

flowi n(1) = 1.0;

flowi n(2) = 2.0;

%

% (6) inlet tenperatures (K)

%

Ti n=zeros(nc, 1);

Tin(1l) = Tiso;

Tin(2) = Tiso;

%

% (7) reactor pressure in atnospheres

%

pressure = 5.0; %put this in atnospheres

pref =1.0; % atnospheres: this is the reference pressure
%

% (8) stoichionmetric matrix

%
%
%
nu=[ -1
%
%
%

the order is

benzene et hyl ene et hyl benzene

-1 1];

ref erence tenperature

Tref = 25 + 273.1;
% constants
R = 8.314; %[ J/ nol /K]

%
%
%

(9) heats of formation at the reference tenperature
from Sandl er (Kcal /nol)

D. Keffer, Dept. of Chemica Engineering, University of Tennessee, Knoxville, February 19, 2001

% benzene ethyl ene ethyl benzene

DHf ref = [19.820; 12.496; 7.120];

DHf ref = DHfref*4.184*1000; % (Joul es/ nol)

%

% (10) free energies of formation at the reference tenperature

% from Sandl er (Kcal/nol)

% benzene ethyl ene ethyl benzene
D& ref = [30.989; 16.282; 31.208];
DG ref = DEref*4.184*1000; % (Joul es/ nol)
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%

% (11) heat capacity constants from Sandl er Appendi x

% Each col umm contains paraneters for a given conponent.

% The four rows contain the four paraneters a, b, c, d for
% Cp = (a + b*T/10"2 + c*T"2/ 1075 +d*T~3/1079) [cal/nol e/ K]
% benzene ethyl ene ethyl benzene

%

Cpcon = [-8.650 0.944 -8.398
11.578 3.735 15.935
-7.540 -1.993 -10.003
18. 54 4.220 23.95];

for k = 1:nc

Cpcon( 2, k) = Cpcon(2,k)*1.0e-2;

Cpcon( 3, k) = Cpcon(3,k)*1.0e-5;

Cpcon( 4, k) = Cpcon(4,k)*1.0e-9;
end

% convert to correct units (J/nole/K)
Cpcon = 4.184*Cpcon
%
% you won't need to touch anything bel ow here.
%
%
% STEP TWO. LET THE PROGRAM DO | TS WORK
%
%
% STEP TWD A:  ldentify unknowns
%
%
% nr extents of reaction
%
X=zeros(nr,1);
for i = 1:nr
X(i) = (x0(i));
end
%
% 1 Tenperature
%
if (adiabatic == 1)

T = x0(nr+1);
el se

T=Ti so;
end

%
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% STEP TWO B. DEFI NE KNOWAS

%

% enthalpy and free energy of formation at arbitrary T

% (need this for flow out of the reactor termin energy bal ance)
%

Cpint _T = zeros(1,nc);

Cpint_Tref = zeros(1,nc);

Cpint_Tin = zeros(1,nc);

for k = 1:1:nc

Tenmp = T,
Cpi nt _T(k) = Cpcon(1, k)*Tenp + Cpcon(2, k)/2*Tenp”2 + Cpcon(3, k)/3*Temp”3 + Cpcon(4, k)/ 4* Tenp”4;
Temp = Tref;

Cpi nt _Tr ef (k)
Temp = Tin(k);

Cpcon( 1, k) *Tenmp + Cpcon( 2, k)/2*Tenmp”"2 + Cpcon(3, k)/3*Tenp”3 + Cpcon(4, k)/4*Tenp”4;

Cpint _Tin(k) = Cpcon(1,k)*Tenp + Cpcon(2,k)/2*Temp”2 + Cpcon(3, k)/3*Tenp”3 + Cpcon(4, k)/4*Tenp4;
end
DHf = zeros(1, nc);
D& = zeros(1,nc);
for k = 1:1:nc
erm2 = Cpcon(1,k)*log(T) + Cpcon(2,k)/2*T + Cpcon(3,k)/6*T*2 + Cpcon(4, k)/12*T"3;
ternB = Cpcon(1,k)*log(Tref) + Cpcon(2,k)/2*Tref + Cpcon(3,k)/6*Tref”r2 + Cpcon(4, k)/12*Tref"3;
DHf (k) = DHfref (k) + Cpint_T(k) - Cpint_Tref(k);
D& (k) = T/ Tref*DEref(k) + (DHfref(k) - Cpint_Tref(k))*(1 - T/ Tref) - T*(tern2 - ternB);
end

%
% enthalpy and free energy of reaction, equilibriumcoefficient at arbitrary T

for i = 1:1:nr
DHr (i) = 0.0;
DG (i) = 0.0;
for k = 1:1: nc
DHr (i) = DHr(i) + nu(i,k)*DHf (k);
DG (i) =D& (i) + nu(i,k)*D& (k);
end

Ka(i) = exp(-DG(i)/(R'T));
Wprintf(l,'" % DHr = % DG =% K =% \n',i,DH (i), DG (i), Ka(i) );
end
%
% define nolar conposition based on extent of reactions
%
XE = fl ow n;
for i = 1:nr
for k = 1:nc
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XE(K) = xE(K) + nu(i,k)*X(i);
end
end
E = sum(xE);
XE = xE/ E;
%
% stream ent hal pi es
%
heatin = zeros(nc, 1);
heat out = zeros(nc, 1);
for k = 1:nc
heatin(k) = flowi n(k)*(Cpint_Tin(k) - Cpint_Tref(k));
heat out (k) = E*XE(k)*(Cpint_T(k) - Cpint_Tref(k));
end
heatintot = sum(heatin);
heat outt ot = sun{heatout);
%
% Step Three. Wite down nr+l1 equations
%
%
% nr equilibriumcontraints
%
for i = 1:nr
Kcalc(i) = 1;
for k = 1:nc
Kcal c(i) = Kcal c(i)*(xE(k)" nu(i,k));
% fprintf(1,"rxn =% conp= % nu = % XxE = % fac= %\n',i,k, nu(i, k), xE(K), (XE(k)nu(i,k)));
end
pfac(i) = (pressure/pref)”(sum nu(i,:)));
Kcal c(i) = Kcal c(i)*pfac(i);
% (i) = log(Kcalc(i)/Ka(i));
f(i) = 1log(Kcalc(i)/Ka(i));
YWprintf(l,' % DH = % DG =% K= 9% Kcalc =% f = % x = %\n',i,DH (i), D& (i), Ka(i), Kcalc(i),
f(i), x0(i));
end
%
% 1 energy bal ance, used if systemis adiabatic
%
convaid = 0.001;
heatrxn = 0.0;
for i = 1:nr
heatrxn = heatrxn + DHr(i)*X(i);
end
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if (adiabatic == 1)
f(nr+l1) = convaid*(heatintot - heatouttot - heatrxn);
end
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Appendix B. chemeq_loop.m MATLAB Code for Example 1.

%

% chemeq_| oop

%

gl obal Tiso XE nc
%

% define limts on Tenperature range
%

Tl ow = 450;
Thi gh = 1600;
dT = 20;

T vec = [Tl ow dT: Thi gh];
nT = [ ength(T_vec);
%
% make first initial guess;
%
x0
%
nx
%
%
%
X_store = zeros(nT, nx);
for i = 1:1:nT

% get current tenperature

Tiso = T _vec(i);

% call syseqn_all to solve system

X = syseqn_all (1, x0, 0);

% make new initial guess, old converged val ue

x0 = x;

% store variables for plotting |ater

x_store(i,1:nx) = x0(1:nx)";

[ 9.999998e-001]; %at T = 420

| engt h(x0);

oop over tenperatures
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%call file once to get conpositions at converged val ue of extent of reaction

syseqni nput ( x0) ;

XE store(i,1l:nc) = xE(1l:nc)";

% print output to screen

fprintf(1,'% 9% % % % % \n', i, Tiso,
end

%
% pl ot results
%



pl ot _des{1} = "k-';
pl ot _des{2} = "r-";
pl ot _des{3} = "'b-';
pl ot _des{4} = "'g-';
pl ot _des{5} = "m"';
pl ot _des{6} = 'ko';
pl ot _des{7} = "'ro";
pl ot _des{8} = 'bo';
pl ot _des{9} = 'go’;

pl ot _des{10} = 'no';
%
% Figure one plots extent of reaction vs Tenperature
%
figure(l)
for i = 1:1:nx
pl ot (T _vec,x_store(:,i),plot_des{i});
hol d on;
end
x| abel (" Tenperature (K)');
yl abel (' extent of reaction (noles)');
| egend(' extent of reaction 1');
hol d of f;
%
% Figure one plots nole fractions vs Tenperature
%
figure(2)
for i = 1:1:nc
pl ot (T_vec, XE_store(:,i),plot_des{i});
hol d on;
end
x|l abel (" mol e fractions');
yl abel (' extent of reaction (noles)');
| egend(' benzene', ' ethyl ene', ' ethyl - benzene');
hol d of f;
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Appendix C. portion of sysegninput.m MATLAB Code for Example 2.

function [f] = syseqgni nput (x0)
gl obal Tiso xE nc

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

chemical reaction equilibria calculation
Benzene plus ethylene to ethyl-benzene
(Sandl er, Second Edition, Illustration 9.7-2 page 561)

Checkl i st.
(1) Make sure you have entered the correct nunber of reactions (nr)
(2) Make sure you have entered the correct nunber of conponents (nc)
(3) Set adiabatic = 1 for adiabatic system set adiabatic = 0 for isothermal system
(4) If the systemis isothermal, set the isothermal tenperature , (Tiso)
(5) Enter initial nole anobunts of each component (fl ow n)
(6) Enter initial tenperature of each conponent (Tin)
(7) Enter reactor pressure in atnospheres (pressure)
(8) Enter the stoichionetric matrix
(9) Enter the heats of formation (Kcal/nol)
(10) Enter the free energies of formation (Kcal/nol)
(11) Enter the heat capacity constants

% STEP ONE. ENTER PROBLEM SPECI FI CATI ONS

%
%
%
nr
%
%
%
nc
%
%
%
%
%
%
%
%

(1) nunber of independent chem cal reactions
= 3;
(2) nunber of conponents

:5;

in all of the code bel ow
conmponent 1 is benzene
conponent 2 is ethyl ene
conmponent 3 is ethyl-benzene

(3) specify whether the systemis adiabatic or isothermnal
adi abatic = 0 for isothermal, adiabatic = 1 for adiabatic,

adi abatic = 0O;

%
%
%

(4) i sothermal tenperature
comment this out if you are going to |loop through a bunch of tenperatures
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%

% so = 500;

%

% (5) inlet flowates or initial amounts (noles)
%

fl owi n=zeros(nc, 1);

flow n(4) = 1.0;

%

% (6) inlet tenperatures (K)

%

Ti n=zeros(nc, 1);

Tin(4) = Tiso;

%

% (7) reactor pressure in atnospheres

%

pressure = 1.0; % put this in atnospheres

pref =1.0; % atnospheres: this is the reference pressure
%

% (8) stoichionmetric matrix

% the order is

% CH4 co o H2O H  s)
%
nus[0 0 1 -2 2

0 1 0 -1 1

1 0 0 0 -2 1;

%

% reference tenperature

%

Tref = 25 + 273.1;

% constants

R = 8.314; % [J/ nol/K]

%

% (9) heats of formation at the reference tenperature
% from Sandl er (Kcal/nol)

% CH4 CO coz H20 H2 C(s)
DHf r ef [-17.889; -26.416; -94.052; -57.7979; 0.0];
DHf r ef DHf r ef *4. 184*1000; % (Joul es/ nol)

%

% (10) free energies of formation at the reference tenperature
% from Sandl er (Kcal/nol)

% CH4 CO cx2 H20 H2 C(s)
DG r ef [-12.140; -32.808; -94.260; -54.6351; 0.0];
DA r ef D& ref*4.184*1000; % (Joul es/ nol)
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%
% (11) heat capacity constants from Sandl er Appendi x
% Each col umm contains paraneters for a given conponent.
% The four rows contain the four paraneters a, b, c, d for
% Cp = (a + b*T/10"2 + c*T"2/ 1075 +d*T~3/1079) [cal/nol e/ K]
% CcH4 CO co2 H20 H2 C(s)
%
Cpcon = [4.750 6. 726 5. 316 7.700 6. 952

1. 200 0. 04001 1.4285 0.04594 -0.04576

0.3030 0.1283 -0.8362 0.2521 0.09563

-2.630 -0.5307 1.784 -0.8587 -0.2079];
for k = 1:nc
Cpcon( 2, k) = Cpcon(2,k)*1.0e-2;
Cpcon( 3, k) = Cpcon(3,k)*1.0e-5;
Cpcon( 4, k) = Cpcon(4,k)*1.0e-9;
end

% convert to correct units (J/nole/K)

Cpcon = 4.184*Cpcon,

%

% you won't need to touch anything bel ow here.
%

%

% STEP TWO. LET THE PROGRAM DO | TS WORK

%

[Everything below here is unchanged from Appendix A.]
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