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|. Introduction

In this project, we investigate how the steady-state and transient behavior of chemical
reactors are modeled. We derive the mass and energy balance equations from which we build the
model. We show how steady-states are solutions to a system of nonlinear algebraic equations.
We show how the transient behavior of the reactor is a solution to a system of nonlinear ordinary
differential equations.

This project requires the ability to

solve a system of nonlinear algebraic equations and
solve a system of nonlinear ordinary differential equations.

II. Objective:

The objective of this project isto model the steady-state and transient behavior
(temperature and concentration of reactants and products in the reactor effluent) of a
homogeneous liquid-phase reaction of the form

u,A+u,B® u.C+uy,D (B.1)

taking place in a continuous stirred-tank reactor (CSTR) under non-isothermal and non-adiabatic
conditions.

[11. Project Description

In the first project of the semester, we obtained the reaction rate prefactor constant, k ,
the activation energy, E_, and the heat of reaction, DH, , for areaction of the type givenin

equation (A.1) These reaction parameters were obtained under isothermal conditionsin a batch
reactor. However, they are constants and can be used to describe the reaction in any type of
reactor under any sort of conditions. (In truth, these factors may be functions of temperature.
For the purposes of this project, we neglect this functionality.)

In this project we are going to examine the reaction in a continuous stirred-tank reactor
(CSTR). CSTR’s can operate continuously and provide several advantages over batch reactors.
The CSTR of interest isjacketed and has some degree of temperature control, therefore the
reactor is not adiabatic. However, the temperature control is not so perfect that the temperature
remains constant in the reactor, therefore the reactor is not isothermal.

A schematic of our processis shown in Figure One. The nomenclature used in the
diagram will be used through-out the project. Further definition of the nomenclature is givenin
the next section.
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Figure 1. Process diagram for non-isothermal, non-adiabatic ideal stirred-tank Reactor with
homogeneous liquid-phase reaction.
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[VV. Nomenclature and Units

Species: component A isreactant 1
component B is reactant 2
component C is product 1
component D is product 2
component S is non-reactive solvent
component X is coolant in jacket of reactor

Flow Streams.
stream 1 is feed stream of reactant A
stream 2 is feed stream of reactant B
stream E is reactor effluent
stream X is reactor coolant

Flowrates: F, F,, K., F, [literdminute]
(subscript indicates stream)

Concentrations: CA,l’ CA,E’ CB,Z’ CB,E’ CS,l’ Cs,z’ CS,E’ CC,E’ CD,E’ Cx,x[m0|e5/|iter]
(first subscript indicates species, second subscript indicates stream)

Temperatures: T,, T,, Tz, Ty
(subscript indicates stream)

Ty ou [Kelvin]

Jin?

Volume of the reactor: V [liters]
Heat transfer rate (from jacket to reactor): Q [Joules/minute]

Stream Volumetric Enthalpies: H,, H,, H, H, [Joules/liter]

A A A

Component Molar Heat Capacities: C,,, C,5, C, ¢, CA:pYD, CA:pYS, épyx [Joules/mole/K]

Reactor-Jacket heat transfer areaz A [m7]

Reactor-Jacket heat transfer coefficient: U [Joules/sec/K/m?]
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V. Reaction Specifications
Y ou are modeling the same reaction as in the first computer project.
u,A+u,B® u.C+uy,D (B.1)

Y ou are to use the same stoichiometric coefficients that you used in computer project 01. The
rate of reaction per unit volume, r(t), is of the form:

-E,
r(t) = Cc,"'c, "k e R (B.2)

where A isthe concentration of species A in moled/liter, B is the concentration of speciesB in
moles/liter, k, isthe reaction rate prefactor constant, E, isthe activation energy, R isthe gas
constant, 8.314 Jmol/K, and T isthe temperaturein K. The units of r(t) are moles/liter/sec.

The rate of production or consumption of an individual speciesis, for example for species
Al

-E,
=0 =u,c,"c) ke (B3

where the stoichiometric coefficient, u, , is negative for reactants and positive for products. The

units of equation (B.3) are moleg/liter/sec. We can write equation (B.3) for all components of
interest. The rate of heat production/consumption per unit volumeis given by

dH =
= DHr = DH,.C,"*'C, "k e 7 (B.4)

where DH, isthe heat of reaction. An exothermic reaction has a negative DH, so we include a
negative sign in (B.4) to ensure that an exothermic reaction generates hesat, a positive O(lj_t . The

units of equation (B.4) are Joules/liter/sec.
The change in total moles per unit volume in the reactor is proportional to the number of
moles created or destroyed.

N

4 . Ea
‘ZN = é ur(t) = %aé TE R (B.5)
%]

The units of equation (B.5) are Jouled/liter/sec. If this change in the number of moles is non-zero,
it causes a change in the volume of material inside the reactor. This change in the volume per unit
volumeisgiven as
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4 .. Ea
V- LA un=28 ukvc wke ™ (B.6)
t CT i=1 CT =1 @

The units of equation (B.6) areinversesec. C. istheinverse molar volume of the mixture. It

has units of concentration. In this model we assume it is afunction neither of composition nor of
temperature.
Y ou are to use the same values of the reaction rate prefactor constant, Kk, the activation

energy, E,, and the heat of reaction, DH, , that you calculated in computer project O1.

V1. Material Balances:

We can write molar balances for each of the five species in the reactor. They all follow
the general balance equation form.

accum. =in- out +generation

Ea
AV d;A =FCp;- RCue +U,CrlCk e RT (B.7)
. dc, _ -
B: VS =RCq,- RCoe + ULl Clllke (B.8)
. dC. _ il o Y
C: Ve =0- RCoe+uClCltkye (B.9)
. dC, _ el o R
D: V2 =0- Rl +uCliCi ke (B.10)
dc, _
VESE =FC,, +F.Cs, - RiCop +0 (B.12)

The units of equations (B.7.1) to (B.7.5) are moles/sec.
VIl. Energy Balances:

We can write energy balance for the reactor. It follows the genera balance equation form.

~

E. .
VO(;—:' =FH, +FH, - RA, - DHCCiek e 7T +Q (B.12)
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The units of equation (B.7.6) are Joules/sec. The enthalpies are per unit volume. The heat

transferred from the jacket to the reactor, Q , will be negative if the jacket is cooling the reactor.
The heat transferred can be determined with an energy balance on the jacket.

~

dF, __ - S
i dtx = I:xHx,in - I:xHx,out - Q (B-13)
where
. T )T, - T
Q - UAD-I—Im - UA (TX,In :I—rxtr) ( X,out ‘ rxtr) (Bl4)
Ing(TX,in - Trxtr) ljl
u

A

éTX,out - Trxtr u

This formulation of the log mean temperature difference will be undefined for the case where
Ccases:

TX,in = Trxtr ’ in Wthh Case DT|m = OO
T

X,out = Trxtr ! in WhICh case DTlm = OO
Tx,out = TX,in’ in which case DTlm = X,out ~ T

rxtr

VIIl. Constraints:

When we use moles we know: the sum of the mole fractions for any stream must be one.

én X; =1 (B.15)

x= &/ = % (B.16)
2 T
ac
i=1

Cpy+Csy =C; (B.16.1)

Co, +Cs, =C; (B.16.2)

CA,E + CB,E + CC,E + CD,E + CS,E = CT (8163)

Cyx =C; (B.16.4)
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We have assumed that C. isthe same for each stream. C. isthe inverse molar volume of the

mixture. It has units of concentration. In this model we assume it is afunction neither of
composition nor of temperature.

IX. Assumptions
1. Heat Capacities are independent of temperature.

2. The volumetric enthalpy of a mixture [Joules/liter] for stream K, is:

é C (B.17)

p,i~~ik

Flk:(Tk_T)

ﬁ moz

Thus, for example, the following streams have enthal pies given by:

He =(Te- T, )(ép,AcA,E +C,5Cse +CoCer *+ConCos + ép,ScS,E) (B.18.1)
Ho=(T,- T )(cpAcAl +cpScSl) (B.18.2)
H,=(T,- T, )(chch +cpscsz) (B.18.3)
Hun = (T = To)CoxCox @ Fy oy = (Tyou - To)CoxCoix (B.18.4)

3. The heat exchange between the coolant jacket and the reactor is 100% effective. (Thereisno
heat loss. Therefore the Therefore Q in the reactor energy balance equation (B.12) is the same
asthe Q in the jacket energy balance equation (B.13).

4. All species have the same molar volume. Molar volumes are independent of temperature and
composition. The molar volume is designated % , Where C. isthetotal concentration of any
T

stream in [moles/liter].

5. The reactor iswell stirred so the concentrations and temperatures of the exit stream are the
same as those inside the reactor tank.

CA :CA,E’ CB :CB,E’ CC:CC,E’ CD :CD,E’ CS :CS,E’ T:TE

and therefore
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X. KNOWN Physical Propertiesand Problem Specifications

Flowrates: F, =20, F, =10, F, =100 [liters/min] (need to convert these to per second)
Concentrations. C,, =4.0, C;, =3.0 [moles/liter]

Cs1,Cs,, Cy x - known from equation (B.16.1), (B.16.1), & (B.16.4) [moles/liter]
Temperatures: T, =298, T, =350, T, =273 [Kelvin]
Volume of the reactor: V =200 [liters]
Volume of the jacket: V, =20.0 [liters]

Areafor heat transfer: A =0.0615 [meters’]

Heat transfer coefficient U = 1000.0 [Joules/sec/K/meters’]
Heat transfer rate: Q - known from equation (B.14) [Joules/sec]

Stream Volumetric Enthalpies: F|l, H,, He, H. functional forms known from equations
(B.18.1), (B.18.2), (B.18.3), & (B.18.4) [Joules/liter]

N

Component Molar Heat Capacities: CA:p,A =3.0, CA:pYB =5.0, C,. =6.0, CA:p,D =7.0,
C,s =4.184, C,, =4.184 [Joulesmole/K]

Molar Volume: }/ = 1 =0.018 literdmole (the molar volume of water)
C; 5555556

stoichiometric coefficients: u,, ug, U, Uy, reaction rate prefactor: K, reaction activation
energy: E, and heat of reaction: DH, - given or obtained in computer project 01.

Initial Conditions: (We need 7 because we have 7 ordinary differential equations.)

concentrations in reactor: C,(t,) =Cg(t,) =C.(t,) =C(t,) =0,
Cs(t,) =Cs
temperature in reactor: T(t,) =Ty

outlet temperature of coolant: T, (to) =Ty

9
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X1. UNKNOWN Variables

We have eight independent unknowns. The flowrate of the reactor effluent, the
composition of the reactor effluent (5), the temperature of the reactor effluent, and the
temperature of the jacket exit stream.

I:E’ CA’ CB’ CC’ CD’ CS’T’TX,Out

The enthal pies are not independent unknowns because, if we know the 8 variables above,
then we can calculate the enthalpies. Similarly, the rate of heat transfer from the reactor to the

jacket, Q, isnot an unknown. If we know the reactor and jacket temperatures, we can calculate
the heat transfer.

If we have 8 independent unknowns, then we need 8 independent equations. These
equations are five material balances, equations (B.7) to (B.11); areactor energy balance equation
(B.12); ajacket energy balance, equation (B.13); and a constraint on the mole fractionsin the
reactor, equation (B.16.3).

Of these equations 7 are first-order nonlinear ordinary differential equations. Oneisa
linear algebraic equation.

10
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XIl. STEADY-STATE ANALYSIS

At steady state, all time derivativesin our 8 independent equations are zero. The 8
eguations then become:

A:  0=FC,,- R.C,c +u,CilCi=lk e *T (B.19)
E
B:  0=F,Cs,- FCyr +UsChtlCielk e R (B.20)
C:  0=-FC.p+ucChrlciek, e ® (B.21)
E
D:  0=-FCpye +U,CiolCiek e RT (B.22)
S 0= FlCS,l + cms,z - FECS,E (B-23)
L B
0 =FH, +FH, - RH, - DHC*Cl ke T +Q (B.24)
0= I:xlﬂ:lx,in - FXFIX,out - Q (B.25)
CA,E + CB,E + CC,E + CD,E + CS,E = CT (826)

Thisisaset of 8 nonlinear algebraic equations, with 8 unknowns. We know how to solve
this. Your task is to determine the steady-state values of the six unknowns: F., C,, C;, C.,

C,, Cs, T,and T ,. State what initial guesses you used to converge to the steady state

solution. Provide as an appendix to your report a copy of the input file you used for sysegn.m.
Y ou do not need to include a copy of sysegn.m, unless you changed it substantialy.

Note: Thistechnique will always work in theory. However, in some cases, thereisa
problem that arises depending upon which numerical method you use to solve the system of
equations. The problem is due to the fact that the right hand side of energy balances equation
(B.24) and (B.25) can deviate from zero by 100,000 times the magnitude of the mass balances.
Therefore, the solver tries only to minimize the energy balances, ignoring the mass balances. This
isaproblem of poor scaling. It can be remedied in avariety of ways. Oneway isto make all of
the equations dimensionless. A second, less systematic but quicker method, isto look after one
iteration at the deviations from O for the 8 equations and stick in constant factors to account for
the differencesin magnitudes. For this case, only the energy balances need these factors and
would result in energy balances of the form:

11
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>® - - - B
0=10"° >§F1Hl +F,H, - F.H, - DHC*'Celk e RT +Q (B.24)

1]
0 :10_5 ><(Fxlﬂ:lx,in - I:xlﬂ:lx,out - Q) (B-25)

The equations are still true since multiplying zero by a constant is still zero. What it doesdo is
make the deviation from zero on the same order of magnitude for al eight equations.

Y our second task, isto find the steady states for the adiabatic system (Use U=0.0.)

12
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XI. TRANSIENT ANALYSIS

We have our eight equations.

Ea
A: Vv d;A =FCu,- RCpp + uAC‘:A‘C‘;B‘koe RT (B.7)
. dC, _ ual~lul, o R
B: Vv ” =F,Cy, - F:Cqe +U,Ch*'Cyk e (B.8)
. dCe _ al ey, R
C: V + =0- F.Cer +uCht'Cok e (B.9)
. dC, _ ual il o R
D: V o =0- F.Cyr +U,Cht'Cok e (B.10)
_ dCg _
S: Vv ” =FCs, +F,Cs, - R:Cs: +0 (B.11)
dA_ .~ .= = el g BT 4 ¢
VE =FH, +F,H, - FH. - DH.C4Ic®k e RT +Q (B.12)
dH ~ = :
VJ' dtx =FHyin - FHyou - Q (B.13)
C,+C,+C.+C,+Cs =C, (B.16.3)

There are two practical problems with this formulation. First, equation (B.16.3) is not an ODE.
We can rearrange it

C,=C,-C,-C,-C.+C, (B.27)

If we do this, then the ODE for dgts , equation (B.11), isredundant. The solution isto discard

equation (B.16.3) in favor of (B.11) because we will need dgts later on. Moreover, we have no

way to determine the flowrate, F.. We need some other way to calculate the volumetric flow-

rate of the effluent stream. We can do this smply enough by writing a consistent volume balance.
There is no accumulation of volume in the tank so

13
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.. E
1a8 0 e
F. =F +F, +—£3 u;:C,"c, "k e "7 (B.28)
C g

T i=1

We can solve this agebraic equation at each time step so we then have avalue of F., needed to

solve the ODEs. Equation (B.28) must be evaluated before we try to evaluate the time
derivatives.

The second problem is discovered when we look at the reactor energy balance. If we
substitute in for the enthalpy we obtain:

\% d(T - T, )(ép,ACA + ép,BCB + CA:p,ccc + cA:p,DCD * épvscs)
dt (B.29)

E. .
=FH, +F,H, - F.H, - DH.C*IClk e "7 +Q

We take the derivative on the left hand side of the equation and we eliminate the reference
temperature, To, by setting it to 0 Kelvin, on the right hand side of the equation to obtain:

dC, ~ dC, ~ dC. ~ dC, ~ dC.0
Varse A+C B+C, .—=+C D +C Sh
A Tgr PB g PCTdr PP dt P dt g
(€0uCa+€paCo +CpcCe +8oCo +C,eCo) S
+VI|C,,\C, +C,zC +C,C +C,,Cp +C Cs m (B.30)
E, .
=FH, +F,H, - F.H, - DH.C*IClk e *T +Q
We arrange this in the following form:
e dC, ~ dC, ~ dC. ~ dC dC, au
& VT, , —2+C 2 +C ——c+C 0+ s
g P4 gt PP gt PC gt PP gt P g
S Ef +EfL . EF bl el o R 4 ¢ u
d_T _ §+F1 ,+RH, - FeHe - DHrCAA CBBkoe "T+Q Q (B.31)
dt v(é‘:p,AcA +C,5Cqs +C,cCc +C,oCp + épyscs)

This equation requires that you aready know the time derivatives of the concentrations.

Performing the same substitution and rearranging the energy balance on the jacket we
obtain:

V. d(TX,out - To )ép,XCX,X

i at =k (Tx,in - To)ép,XCX,X - I:x(Tx,out - To)ép,XCX,X -Q (B.32)

14
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We take the derivative on the left hand side of the equation and we eliminate the reference
temperature, To, by setting it to 0 Kelvin, on the right hand side of the equation to obtain:

- ATy, . . .
Vij,xCx,x —o = FXTX,inCp,XCX,X - FXTX,outh,XCX,X -Q (B.33)

We didn’'t encounter the same trouble with the energy balance on the jacket as we did with the
energy balance on the reactor because there is only one component in the jacket so the
concentration doesn’t change with time.

We can solve this system of equations using the standard sysode.m code if we order the
equations properly in the input file. First we put equation (B.28) to obtain F.. Then we put
eguations (B.7) through (B.11) and (B.13) to obtain al of the concentration time derivatives and
the jacket temperature time derivative. Lastly, we put equation (B.31) to obtain the reactor
temperature time derivative.

The task here is to solve the system of nonlinear ODES. Generate plots of

CA’ CB’ Cca CDi CS’T’TX,out

as afunction of time for the non-isothermal, non-adiabatic case. Comment on your
physical understanding of the plots. Y ou will need to determine the duration of your solution (the
time at which you quit solving the ODES) based upon how long it takes for your particular system
to reach steady-state. Y ou should show the unambiguous approach to a steady-state.

15
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