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|. Introduction

In this project, we investigate how reaction rate constants, activation energies, and
enthalpies of reaction are obtained from experimental data. We derive the mass and energy
bal ance eguations on which we will perform the regression. We show how the reaction rate
constants, activation energies, and enthalpies of reaction are fitted from the equations.

This project requires the ability to

perform linear least squares regression and
perform numerical integration of data.

II. Objective:

The objective of this project is to obtain the reaction rate constant, energy of activation,
and heat of reaction for the homogeneous liquid-phase reaction

u,A+u,B® u.C+uy,D (A1)

given typical experimental data, namely (i) concentration of one species as a function of time and
temperature and (i) the inlet and outlet temperatures of the reactor coolant fluid.

[11. Project Description

In order to determine the reaction rate constant, energy of activation, and heat of reaction
for the homogeneous liquid-phase reaction, we choose the smplest reactor system possible. The
values we obtain for the reaction parameters from this simple system will hold for more
complicated systems. Therefore we choose to obtain the reaction rate constant, energy of
activation, and heat of reaction for the homogeneous liquid-phase reaction

u,A+u,B® u.C+uy,D (A1)

taking place in an isothermal, jacketed, batch reactor. The rate of reaction, r(t), isof the form:

a

r(t) = A" Bk e R (A.2)

where A isthe concentration of species A in moled/liter, B isthe concentration of speciesB in
moled/liter, k, isthe reaction rate prefactor constant, E, is the activation energy, R isthe gas

constant, 8.314 Jmol/K, and T isthe temperaturein K.
The rate of production or consumption of an individual speciesis, for example for species
A,

Ea
‘jj—‘t\ = u,r(t) = u, A" Bk e ’T (A.3)
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where the stoichiometric coefficient, u, , is negative for reactants and positive for products. The

units of equation (A.3) are moles/liter/time. We can write equation (A.3) for all components of
interest. The rate of heat production/consumption is given by

Ea
O(Ij_lt* = DH AMBE g T (A.4)

where DH, isthe heat of reaction. An exothermic reaction has a negative DH, so we include a

negative sign in (A.4) to ensure that an exothermic reaction generates heat, a positive (jj—:' :

Therefore, we need to determine 3 constants:
o1 |ua |- |ug|
) . ol .
k, , the reaction rate constant prefactor (units of gafnTQ s
e

@
E, , the activation energy (units of Jmol), and

DH, , the heat of reaction, (units of JJmol), and

The physical meaning of E, and DH, are shown in Figure One.

3.5
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Figure One. The Reaction Path
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V. Experimental Method

We cannot directly measure the rate of the reaction. We can only sample the
concentration and temperature in the reactor as afunction of time. We measure the concentration
by taking a small sample at each sample time and submitting it to some sort of analysisto
determine the composition of the fluid. The analysis can be as simple as arefractive index or as
complicated as aliquid chromatography or mass spectrometry anaysis.

The reactor has ajacket around it through which coolant fluid flows to maintain a constant
temperature within the reactor. In the experiment we keep the flow-rate of coolant constant. We
also keep the inlet coolant temperature, T, , constant. The other property we can directly

in?

measure is the outlet temperature of the coolant fluid, T, . The amount of heat removed by the

coolant fluid is determined by examining the difference in temperature of the coolant fluid used to
keep the reactor isothermal. If we write a ssmple energy balance on the coolant fluid we have

accumulation =in- out + generation

Vj d(r Cp (Tjj;:et - Tref )) = I:X,inr Cp(Tin - Tref ) - I:X,outr Cp (Tout - Tref ) + generation (A5)

Each term in this equation has units of energy per time. Whatever coolant flows in must flow out
S0 Fy i, = Fyou = Fx- Thegeneration term is heat transferred to the coolant fluid from the reactor

and is equal to the heat generated by the reaction.
This entire procedure is repeated for severa different reactor temperatures.

V. Obtaining k, and E_

Since Equation (A.3) isin terms of the rate of disappearance of species A, rather than the
concentration of A itself, we must integrate equation (A.3) into a form where we can obtain the
rate constants from the experimental data. First, let us show that we can write all of the other
concentration as a function of the concentration of species A.

-E,
9B () = u A Bk e 7T = e 9A (A.6)
dt u, dt
Integrating, we obtain:
B(t) A(t)
FB == yA (A.7)
Blt.) YA A,)
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B(t) - B(t,) :%[A(t)- At,)] (A.8)
B(t) =B(t,) + E_B [A®)- At,)] (A.9)

We substitute equation (A.9) into equation (A.3)

dA _ A‘“A‘ B(t)+ 5 [A(t)- At u* e_RET (A.10)
dt U, g '

Now eguation (A.10) is only afunction of the concentration of species A. We rearrange equation

(A.10)
dA =
UB‘ =k, e RT dt (A.11)
u A B(E,) A0~ Al )]
i b
and integrate
A(t) t -E,
d : dA o= el (A.12)
M)y AR+ [AM) - At
) Up %
Theintegral on the right hand side of equation (A.12) is
t -Ea -E,
Ko expRT dt=k.e R (t- t,) (A.13)
t

o

The integral on the Ieft hand side is somewhat trickier. Let's massageit into shape. Let

a_

where

, b=B(t,)- A(t) n=|u,|, m=|ug|, x = A. With these substitutions we have

A
A(t) «
dA 1 dx
C =- = ¢ =1 (A)-1 (A)) (A.14
A(C)) JUB‘ nx?m n,m( ) n,m( o)( )

A‘“A‘. B(t, )+ [A(t) Alt, )]%
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17 dx
== — A.15
"0 8ok +b) M
Regardless of the particular form of the left-hand-side integral, the analytical function can be
obtained. Check the Appendix for some examples of the analytical evaluation of thisintegral for
realistic values of n and m.
After the integration, equation (A.12) becomes

_Ea

m(A) - 1 (A) =k e R (t-t,) (A.16)

We linearize this so that we can perform alinear |least squares regression to obtain k, and E, :

-E

6 0
Il (A) - 1, (A,)] = Ingk e 7T (t- t,)g (A.17)
e g
é “Eu
Infl, o (A) - hn(Ag)] = Infk,] +Inge * g +1n[t- t,] (A.18)
e ¢
il (A)- 1 (A)] = nfk, ]+ = +inft - t,] (A.19)
* * RT
éln,m(A)_ In,m(Ao)g: ﬂ
|ng SR In[k, ]+ = (A.20)
Lety= Ing”’m(A)_ 'nvm(A°)3, x=- ,m=E_, b= In[ko]. With these substitutions, we see
é t-t, Q RT

that our equation isin the form
y =mx +b (A.21)

We can perform alinear |east-squares regression to obtain the parameters of best fit for the slope
and the intercept. From these we can obtain K, and E.

VI. Obtaining DH,

We start with equation (A.5). We assume that the density and heat capacity of the coolant fluid
are constant with respect to temperature. We take the thermodynamic reference temperature to
be 0 K. We equate the generation term in equation (A.5) to the heat generated by the reaction in
equation (A.4). With these assumptions, we have
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p "out

dT. “Ea
VrC, —2* = rC T, - Fr C,T,, - V,DH,A“Bl*k erT (A.22)
dt

The unknowns in this equation are DH, and T, , the temperature of the coolant in the jacket.

If we assume that the jacket temperature is spatially uniform and heat transfer from the reactor is
much faster than the residence time of the coolant in the jacket, then we have T, =T, , Which

we measured. (Remember, we measured the outlet temperature of the coolant. Of course, we
also assume we measured the inlet temperature of the coolant which remains constant during the
experiment.) We have two different volumes, the volume of the jacket, V,, and the volume of the

reactor, V,.
_Ea
|ualm|us| RT
dTout = F_XTin _ F—XTout _ i DHrA B koe (A23)
dat V, \% rc,
-E,
lual g |us| RT
F_XTOUt N dT,, _ F—XTm V., DHA™B k,e (A.24)
V, dt V, \% rc,
Use the method of the integrating factor:
FXt&r—‘ dT, XteF _V, DHA"B"k, en U
To t t— OUt i =e’ X |n '] (A25)
V, dt p eV Vj rc, u
g’ A
%%t 9
dgeij“— unlglisly, gy Rt
Uap|Us RT
e e \Y eFX T Vr Dl_IrA B ko eXp l:| (A26)
dt ey, " v rc, u
g’ ¢!
t ?'\%Xt O t '\:/lté V Dl_'A‘uA‘B‘UB‘k exp RETl‘:ld
MGeV T T:\ j"_xT'n t A.27
tajg OUtB t@ gvj i VJ rC H ( )
'\:7><t %Xto F FXt Xt v, DHA\UA\B\UB\k exp RET
e’ Tout(t)- e’ Tout(to):—cp T dt- 09 dt (A.28)
Vj t, to Vj r Cp
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-E,
F F A F
-2t t,) e -fx(t-to)o Xtt Ua|m|Us] RT
T, 0=e" T,t)T,-e" 09 'V, DHA™B™k,exp™™
G . V rc,
e ﬂ o]
(A.29)
) & )0 TV K exp% R
Tout(t):e ! Tout(to)+-|—ingl' e’ - DHre j —ro—c\? j A‘UA‘B‘UB‘dt
¢ - - rC
e [] J p
(A.30)
The remaining integral probably is not analytically integrable. Let’srewrite thisas
Py
Feyy) x ‘(t t )O
Tul)=e VT t)+Tod- e ™ THDHAWT) (A.31)
e 2

We can determine f(t, T) for each data point using a numerical integration technique, where

_Ea

RT t DX
K, ?)c(:p c\pvj Alualglusl gt (A.32)
p

t

<\X

V
ft,T)=-e 7 —~
(t,T) v

o

This numerical integration must be done for every data point.

Ry Fx -
" 1,) & B0
If we assign the substitutions y = T, (t)- e ¥ T,,(t,)- T,%1-e L x =1 T),

m =DH,, b =0, our equation isin the form
y=mx+Db (A.33)

We can perform alinear |east-squares regression to obtain the parameters of best fit for the slope
and the intercept. From these we can obtain DH, .
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VIl. Report Requirements

This project requires awritten report. In thisreport, you must present a description of
what you have done so that a chemical engineer studying the system after you can easily
determine what you were studying, what your results were, how you obtained those results, what
assumptions you made in obtaining those results, and what conclusions you made based upon
those results.

To write atechnical report takes practice. | suggest that you follow the instructions given
in "Writing Guidelines for ChE 310 & 410" by Dr. Fred E. Weber & Dr. Duane D. Bruns, a copy
of which can be found on the course website at http://clausius.engr.utk.edu/che301/text/cp.html .

In presenting technical information, you will need to reply on plots and other graphical
aids. These plots should present your results as clearly and objectively as possible. Guidelines for
technical plots can be found at "Plot Formatting Guidelines for Research Reports' by Dr. David
Keffer, a copy of which can be found on the course website at
http://clausius.engr.utk.edu/che301/text/cp.html .

A collection of computer codes, print-outs, and hand-written notes is totally unacceptable
and will not be accepted.

There are afew mandatory elements of the report:

vauesof k,, E,, and DH, obtained from linear |east-squares regression

the standard deviationsfor k, E, , and DH,

expressions of the two equations upon which linear |east-squares regression was
performed

the form of the integrand which you numerically integrated
afew sample values of the numerical integration

Do not include in the report:

pages and pages of program output, (not even 1 page)
MATLAB code, unless you made significant changes worth pointing out. In that case,
include your code as an appendix.
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VIII. Experimental Specifications

The experimenta data can be obtained from the course website once you have obtained
your team identification number from the instructor. This datais unique to your team.

Other parameters are common to all teams. Use the following values in your evaluation of
the reaction rate parameters. The coolant fluid is water.

coolant heat capacity: C, = 4.184i = 4184L
g kg K
1
coolant flow rate: F, =0.5—
S
coolant inlet temperature: T,=50"F=10"C
jacket volume: V, =100.0¢
reactor volume: V. =100.0/
coolant density: r =1.0 93
cm
We have the following initial conditions at time t, =0
concentration of A in reactor: Alt,)= 2.0m70l
concentration of B in reactor: B(t,)= 2.5mTOI
outlet temperature of coolant: T.(t.)=T,
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| X. Nomenclature and Units

Mo oow>

x

x
o
c
B

A nnn:m
X
=}

o

concentration of component A
concentration of component B
concentration of component C
coolant heat capacity

concentration of component D
activation energy

flowrate of coolant

inlet flowrate of coolant

outlet flowrate of coolant
reaction rate prefactor constant

reaction rate

gas constant

time

reactor temperature

inlet coolant temperature

coolant temperature while in jacket
outlet coolant temperature
thermodynamic reference temperature
jacket volume

reactor volume

heat of reaction
stoi chiometric coefficient of speciesi

coolant density

10

mol/liter
mol/liter
mol/liter
Jkg/K

mol/liter
Jmol

liter/sec
liter/sec
liter/sec

amol (-jl‘\“A\‘\UB\
&l g
mol/liter/sec
Jmol/K

XXXXX@

liters

liters
Jmol
dimensionless

kg/liter
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Appendix I.

Examples of analytical evaluations of integrals of the form: 07 These can be

n=1, m=1

n=2, m=1
n=3, m=1
n=1, m=2
n=2, m=2
n=3, m=1
n=1, m=3
n=2,

m=3

n=3, m=3

"(ax+b)"
evaluated using the technique of partial fraction expansions.
A dx :E"‘]& X 9
Oclax+b)" b &ax+bg
s odx 1 a aax+b
Ox”(ax+b)m bx b? 8 X g
. dx :2ax-b+a_2|naex o
Ofax+b)” ~ 20’ b &ax+bg
N dx _ 1 +i|nae X 0
O rfax+b)” bax+b) b? ax+bg
. dx o a 1 2a|ae1x+bo
Oc(ax+b)” b*ax+b)  bix b & x o
. dx (ax +b)*>  3a(ax +b) a’x 3a°, ag@ax+bo
O m o a2 T 4 T4 - e -
X" (ax +b) 2b*x b*x b'ax+b) b* & x g
. dx a’x? 2ax 1 g@x+bg
O m: 3 3 BInQ
W(ax+b)"  2b%(ax+b)? bi(ax+b) b & X g
- dx _ -a ) 2a 1 SaInaeax+bo
Ofax+b)"  20%(ax+by? b'(ax+b) bx b' & X g
. dx __a'x®*  4a’x  (ax+b)y® 6@’ Inaeatx+bo
Opfax +b)"  2b°(ax+b)? b’(ax+b) 20  b° &
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Table of Relevant Integrals
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(1.1)

(1.2)

(1.3)

(1.4)

(1.5)

(1.6)

(1.7

(1.8)

= (1.9)



