The Complications of the Rate Equation. Since more than one phase is present,

the movement of material from phase to phase must be considered in the rate equation. Thus the
rate expression in general will incorporate mass transfer terms in addition to the usual chemical
kinetics term. These mass transfer terms are different in type and numbers in the different kinds of
heterogeneous systems; hence, no single rate expression has general application. Here are some

simple examples.

THE BURNING OF A CARBON PARTICLE IN AIR
Describe the how many rate steps are involved. The Kinetics is given by and ignore

the possible formation of CO.

C + 0,—CO,



Two steps in series are involved-

* Mass transfer of oxygen to the surface

* Reaction at the surface of the particle.

Model




How many steps are involved when air bubbles through a tank of liquid which
contains dispersed microbes and is taken up by the microbes to produce

product material

* There are up to seven possible resistance steps

* Only One involving the reaction.

Air
bubble




Overall rate Expression

Microbial
cell

To get an overall rate expression, write the individual rate steps on the same
basis (unit surface of burning particle, unit volume of fermenter, unit volume of
cells, etc.).

_1dN, _ mol A reacted
V dt volume of reactor fluid - time

Fa



AEROBIC FERMENTATION

Air

bubble | J Microbial
1 cell

1 dN, _ mol A reacted
W dt  mass of solid - time

, _ _1dN, _ mol A reacted
S dr interfacial surface - time



AEROBIC FERMENTATION

Air . : o
bubble ! Microbial
cell

Now put all the mass transfer and reaction steps into the same rate form and
then combine. Thus




AEROBIC FERMENTATION

Air

bubble ! Microbial
cell

and if the steps are in series,

If they are in parallel




OVERALL RATE FOR A LINEAR PROCESS

Dilute A diffuses through a stagnant liquid film onto a plane surface consisting
of B, reacts there to produce R which diffuses back into the mainstream. Develop
the overall rate expression for the

L/S reaction
A(l) + B(s) > R(J)

which takes place on this flat surface,

Plane surface
of solid B

of liquid

Equilibrium concentration

|
|
|
|
|
Main body :
|
|
: of A on surface, Cpp=0




OVERALL RATE FOR A LINEAR PROCESS

A(D) + B(s) >R())

2

Plane surface
of solid B

Main body
of liquid

Equilibrium concentration
of A on surface, Cpp=0

By diffusion, the flux of A to the surface is

dN
3":5.1=1 A=

S dr - % (Car— Cas) = k{(Cay — Cyy) (i)

Reaction is first order with respect to A, so based on unit surface

, _ LdNy

™\~ 4 k" Cy (ii)



OVERALL RATE FOR A LINEAR PROCESS

A(D) + B(s) >R())

£

Plane surface
of solid B

Main body
of liquid

Equilibrium concentration
of A on surface, Cpp=0

At steady state the flow rate to the surface is equal to the reaction rate at the
surface (steps in series). So

Far = T'a2
and from Egs. (i) and (ii)

ki (Car — Cm) = k" C.-!u



OVERALL RATE FOR A LINEAR PROCESS

A(D) + B(s) >R())

£

Plane surface
of solid B

Main body
of liquid
Equilibrium concentration
of A on surface, Cpp=0
from which
k

C,,=——C i

Ag k{ + kn‘ Al ( )

Replacing Eq. (iii) into either Eq. (i) or Eq. (ii) then eliminates C,, which cannot
be measured, giving

1

mol
" _ 1 [ — —_— = ==
Far = Fpaa = Fp = CA.I - I’{‘{i:nrvs:rali Cﬁ“ |:m2, S]



OVERALL RATE FOR A NONLINEAR PROCESS

A(D) + B(s) >R())

2

Plane surface
of solid B

Main body
of liquid

Equilibrium concentration
of A on surface, Cpp=0

with just one change: let the reaction step be second order with respect to A, or
rha = —K'Ch
Combining the reaction steps to eliminate C,;,

k;
2k"

" ___H __H' —
—IAT TFha T TP T

QK" Co+ k- VI T AKKCL), [ mol ]

m-=-s



Residence Time Distribution

The residence time distribution (RTD) of a chemical reactor is a probability
distribution function that describes the amount of time that a fluid element could
spend inside the reactor.

Prof. Danckwerts introduced the concept of "fluid element', meaning a small
volume of fluid where continuous properties, such as concentration, can still be
defined. The RTD function, external residence time distribution, E(t), measures the
time that the various fractions of "fluid element' reside in the reactor (macromixing);
it gives no information about the mixing details at a molecular level (micromixing).
The expressions of the RTD functions can be derived for the ideal reactors, as well
as for any association of PFR and CSTR elements.

Chemical Engineers employ the RTD to characterize the mixing and flow
within reactors and to compare the behavior of real reactors to their ideal models.
This 1s useful, not only for trouble shooting existing reactors, but in estimating the
yield of a given reaction and designing future reactors.

The concept was first proposed by MacMullin and Weber in 1935, but was not
used extensively until Prof. P.V. Danckwerts analyzed a number of important RTDs

in 1953.

Theory
An RTD curve for a reasonably well-mixed reactor

The theory of residence time distributions generally begins with three assumptions:



1. The reactor is at steady-state,
2. Transports at the inlet and the outlet takes place only by advection, and
3. The fluid is incompressible (V = constant).

The incompressibility assumption is not required, but compressible flows are
more difficult to work with. A further level of complexity is required for
multi-phase reactors, where a separate RTD will describe the flow of each phase,
for example bubbling air through a liquid.

The distribution of residence times is represented by an external residence
time distribution or an exit age distribution, E(t). The function E(t) has the units

of time™! and is defined such that:

j: E(t)dt =1

E()

A typical CSTR RTD curve.
The fraction of the fluid that spends a given duration, t inside the reactor is
given by the value of E(t)dt.

The fraction of the fluid that leaves the reactor with an age time less that t; is



F(t,)= j; E(t)dt

where F(t) is called “cumulative distribution”.

Thus, the fraction of the fluid that leaves the reactor with an age greater that t; is:
I-F(t)=1-["E@dt= [ Eadt
! 0 t,

The average residence time is given by the first moment of the age
distribution:

| “tE(t)

t =2 ——

jo E(t)dt

If there are no dead, or stagnant, zones within the reactor, then t;, will be

= I:tE(t)dt

equal to 1, the residence time calculated from the total reactor volume and the
volumetric flow rate of the fluid: 7=V /v=1,

The higher order central moments can provide significant information about
the behavior of the function E(t). For example, the second central moment indicates

the variance (6°), the degree of dispersion around the mean.
o’ = [ (t-t,)’ E(t)dt
0 m

The third central moment indicates the skewness of the RTD and the fourth
central moment indicates the kurtosis (the "peakedness").
One can also define an internal age distribution I(t) that describes the reactor

contents. This function has a similar definition as E(t): the fraction of fluid within



the reactor with an age of t is I(t)dt. As shown by Danckwerts, the relation between

E(t) and I(t) can be found from the mass balance:

(1) = %(1 —j; E(t)dt); E(t) = —r%

Determining the RTD Experimentally

Residence time distributions are measured by introducing a non-reactive tracer
into the system at the inlet. The concentration of the tracer is changed according to
a known function and the response is found by measuring the concentration of the
tracer at the outlet.

The selected tracer should not modify the physical characteristics of the fluid
(equal density, equal viscosity) and the introduction of the tracer should not modify
the hydrodynamic conditions. A suitable tracer material for RTD-experiments
should exhibit similar physical properties, i.e. viscosity, diffusion coefficient,
density, to the flow medium and in particular the materials used should behave
inertly, not adhere or adsorb on to the reactor walls and be easily detectable. In
particular this last aspect is of critical importance for the design of an optimal
system to measure residence time distributions in microreactors.

The experimental determination of the residence time distribution requires a
well-defined introduction of a tracer species into the reactor inlet and the detection
of its transient concentration leaving the reactor outlet. In general, the change in
tracer concentration will either be a pulse or a step. Other functions are possible,

but they require more calculations to deconvolute the RTD curve, E(t).



Pulse Experiments

This method required the introduction of a very small volume of concentrated
tracer at the inlet of the reactor, such that it approaches the dirac delta function.
Although an infinitely short injection cannot be produced, it can be made much
smaller than the mean residence time of the vessel. If a mass of tracer, M, 1is
introduced into a vessel of volume V and an expected residence time of t, the
resulting curve of C(t) can be transformed into a dimensionless residence time

distribution curve by the following relation:
vC(1)

0

E(t) =

dN =vC(t)dt; N, = j:vc:(t)dt

where Ny, v, C(t) indicate the total amount of tracer, volume flow rate, and

concentration of tracer measured at outlet with residing time = t.

C(t)
| “C(t)dt

0

E(t) =

Step Experiments
In a step experiment, the concentration of tracer at the reactor inlet changes
abruptly from 0 to C,. The concentration of tracer at the outlet is measured and

normalized to the concentration C, to obtain the non-dimensional curve F(t) which

0

goes from 0 to 1:

The step- and pulse-responses of a reactor are related by the following:



Fiy=[ Emdt  E@®) =%

The value of the mean residence time and the variance can also be deduced

from the function F(t):
t, = [ tEt)dt = joltdF (t) = — Ioltd [1-F(]=["[1- F(tdt

o* = [ (t-t,)* E(tydt = jol (t—t )2dF(t) = joltzdF(t)—t; =2 - Fo)dt-t;

A step experiment is often easier to perform than a pulse experiment, but it
tends to smooth over some of the details that a pulse response could show. It is easy
to numerically integrate an experimental pulse response to obtain a very
high-quality estimate of the step response, but the reverse is not the case because
any noise in the concentration measurement will be amplified by numeric

differentiation.

RTDs of ideal and real reactors

The residence time distribution of a reactor can be used to compare its
behavior to that of two ideal reactor models: the PFR and the CSTR (or mixed-flow
reactor). This characteristic is important in order to calculate the performance of a

reaction with known kinetics.

Plug Flow Reactors
In an ideal PFR, there is no mixing and the fluid elements leave in the same

order they arrived. Therefore, fluid entering the reactor at time t will exit the reactor



at time t + 1, where t i1s the residence time of the reactor. The residence time
distribution function is therefore a dirac delta function at .
E)=c(t—-17)

The variance of an ideal plug-flow reactor is zero.

The RTD of a real reactor deviate from that of an ideal reactor, depending on
the hydrodynamics within the vessel. A non-zero variance indicates that there is
some dispersion along the path of the fluid, which may be attributed to turbulence,
a non-uniform velocity profile, or diffusion. If the mean of the E(t) curve arrives
earlier than the expected time 7, it indicates that there is stagnant fluid within the
vessel. If the RTD curve shows more than one main peak, it may indicate

channeling, parallel paths to the exit, or strong internal circulation.

CSTRs

An ideal CSTR is based on the assumption that the flow at the inlet is
completely and instantly mixed into the bulk of the reactor. The reactor and the
outlet fluid have identical, homogeneous compositions at all times. An ideal CSTR

has an exponential residence time distribution:

t

Et)=1e -
T

In reality, it is impossible to obtain such rapid mixing, especially on industrial
scales where reactor vessels may range between 1 and several tens of cubic meters,
and hence the RTD of a real reactor will deviate from the ideal exponential decay.

For example, there will be some finite delay before E(t) reaches its maximum value



and the length of the delay will reflect the rate of mass transfer within the reactor.
Just as was noted for a PFR, an early mean will indicate some stagnant fluid within
the vessel, while the presence of multiple peaks could indicate channeling, parallel
paths to the exit, or strong internal circulation. Short-circuiting fluid within the
reactor would appear in an RTD curve as a small pulse of concentrated tracer that

reaches the outlet shortly after injection.
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