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Differential Flow and Reaction Applications

4.1
Introduction

4.1.1
Dynamic Simulation

The main process variables in differential contacting devices vary continuously
with respect to distance. Dynamic simulations therefore involve variations with
respect to both time and position. Thus two independent variables, time and po-
sition, are now involved. Although the basic principles remain the same, the
mathematical formulation for the dynamic system now results in the form of
partial differential equations. As most digital simulation languages permit the
use of only one independent variable, the second independent variable, either
time or distance, is normally eliminated by the use of a finite-differencing pro-
cedure. In this chapter, the approach is based very largely on that of Franks
(1967), and the distance coordinate is treated by finite differencing.

In this procedure, the length coordinate of the system is divided into N finite-
difference elements or segments, each of length AZ, where N times AZ is equal
to the total length or distance. It is assumed that within each element any varia-
tion with respect to distance is relatively small. The conditions at the mid-point
of the element can therefore be taken to represent the conditions of the element
as a whole. This is shown in Fig. 4.1, where the average concentration of any
element n is identified by the midpoint concentration C,. The actual continuous
variation in concentration with respect to length is therefore approximated by a
series of discontinuous variations.

The dynamic behaviour of element n is affected by the conditions in its
neighbouring elements n-1 and n+1, and each original partial differential
equation is approximated by a system of N simultaneous difference differential
equations. In practice, the length of each element AZ may be kept constant or
may be varied from segment to segment. A greater number of elements usually
improves the approximation of the profile, but the computational effort required
is also greater. The approach is demonstrated in the simulation examples
DISRET, DISRE, AXDISP, CHROMDIFF, MEMSEP, HEATEX, DRY, ENZDYN,
BEAD, SOIL and LEACH.
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Fig. 4.1 Finite-differencing a tubular reactor with the stepwise approximation
of the continuous concentration profile.

4.1.2
Steady-State Simulation

Under steady-state conditions, variations with respect to time are eliminated
and the steady-state model can now be formulated in terms of the one remain-
ing independent variable, length or distance. In many cases, the model equa-
tions now become simultaneous first-order differential equations, for which so-
lution is straightforward. Simulation examples of this type are the steady-state
tubular reactor models TUBE and TUBEDIM, TUBTANK, ANHYD, BENZHYD
and NITRO.

Some models, however, take the form of second-order differential equations,
which often give rise to problems of the split boundary type. In order to solve
this type of problem, an iterative method of solution is required, in which an
unknown condition at the starting point is guessed, the differential equation in-
tegrated. After comparison with the second boundary condition a new starting
point is estimated, followed by re-integration. This procedure is then repeated
until convergence is achieved. MADONNA provides such a method. Examples
of the steady-state split-boundary type of solution are shown by the simulation
examples ROD and ENZSPLIT.

In order to overcome the problem of split boundaries, it is sometimes prefer-
able to formulate the model dynamically, and to obtain the steady-state solution,
as a consequence of the dynamic solution, leading to the eventual steady state.
This procedure is demonstrated in simulation example ENZDYN.
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4.2
Diffusion and Heat Conduction

This section deals with problems involving diffusion and heat conduction. Both
diffusion and heat conduction are described by similar forms of equation. FicKs
Law for diffusion has already been met in Section 1.2.2 and the similarity of
this to Fourier's Law for heat conduction is apparent.

With FicK's Law

. dCa
="z
and Fourier's Law
q= —kd—T
dz

Here j, is the diffusional flux of component A (kmol/m? s), D is the diffusion
coefficient (m?/s), C, is the concentration of component A (kmol/m?), q is the
heat transfer flux (kj/m? s), k is the thermal conductivity (k/m s K), T is the
temperature (K) and Z is the distance (m).

In diffusional mass transfer, the transfer is always in the direction of decreas-
ing concentration and is proportional to the magnitude of the concentration gra-
dient, the constant of proportionality being the diffusion coefficient for the sys-
tem.

In conductive heat transfer, the transfer is always in the direction of decreas-
ing temperature and is proportional to the magnitude of the temperature gradi-
ent, the constant of proportionality being the thermal conductivity of the sys-
tem.

The analogy also extends to Newtor's equation for momentum transport,
where

_dv
T=py

where, for Newtonian liquids, u is the viscosity, 7 is the shear stress, v is velocity
and Z is again distance.

4.2.1
Unsteady-State Diffusion through a Porous Solid

This problem illustrates the solution approach to a one-dimensional, non-
steady-state, diffusional problem, as demonstrated in the simulation examples,
DRY and ENZDYN. The system is represented in Fig. 4.2. Water diffuses
through a porous solid, to the surface, where it evaporates into the atmosphere.
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Fig. 4.2 Unsteady-state diffusion through a porous solid.

It is required to determine the water concentration profile in the solid, under
drying conditions. The quantity of water is limited and, therefore, the solid will
eventually dry out and the drying rate will reduce to zero.

The movement of water through a solid, such as wood, in the absence of
chemical reaction, is described by the following time-dependent diffusional
equation.

oc_ e
o T oz?
where, at steady state, C/dt = 0, and
d?c

integrating

¢ = constant
dz —

Thus at steady state the concentration gradient is constant.

Note that since there are two independent variables of both length and time,
the defining equation is written in terms of the partial differentials, dC/0t and
O0C/JZ, whereas at steady state only one independent variable, length, is in-
volved and the ordinary derivative function is used. In reality the above diffu-
sion equation results from a combination of an unsteady-state material balance,
based on a small differential element of solid length dZ, combined with FicKs
Law of diffusion.

To set up the problem for simulation involves discretising one of the indepen-
dent variables, in this case length, and solving the time-dependent equations,
obtained for each element, by means of a simulation language. By finite-differ-
encing the length coordinate of the solid, as shown in Fig. 4.3, the drying pro-
cess is approximated to that of a series of finite-differenced solid segments.
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Fig. 4.3 Finite-differenced equivalent of the depth of solid.
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Fig. 4.4 Diffusional fluxes from segment to segment.

The diffusional fluxes from segment to segment are indicated in Fig. 4.4.

Note that the segments are assumed to be so small, that any variation in con-
centration within the segment, with respect to length, can effectively be ignored.
The effective concentration of the segment can therefore be taken as that at the
midpoint.

A component material balance is written for each segment, where

flow out

Rate of accumulation)  /Diffusional Diffusional
o flow in

in the segment

or

dC, . .
AVHE = (]n+1 - ]n)A

Here j, is the mass flux leaving segment n (kg/m” s), C, is the concentration
of segment n (kg/m?), A is the cross-sectional area (m?), t is time (t) and AV, is
the volume of segment n (m?).

By Fick's Law T dc
dz
with dimensions M _ L:ﬁ
L2T TIL3L

The concentration gradient terms, dC/dZ, both in and out of segment n, can be
approximated by means of their finite-differenced equivalents. Substituting
these into the component balance equation gives
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an _ (Cn+1 _ Cn) (Cn — Cnfl)
AV, Frabe D A7 A-D A7

A

where AZ is the length of the segment and AV,=A AZ. Thus

& -D (Cn+1 - 2Cn + Cn—l)
dt AZ?

The above procedure is applied to all the finite-difference segments in turn. The
end segments (n=1 and n=N), however, often require special attention accord-
ing to particular boundary conditions: For example, at Z=L the solid is in con-
tact with pure water and Cy,1=Ceq where the equilibrium concentration Ceq
would be determined by prior experiment.

At the air-solid surface, Z=0, the drying rate is determined by the convec-
tive heat and mass transfer drying conditions and the surrounding atmosphere
of the drier. Assuming that the drying rate is known, the component balance
equation for segment 1 becomes

) Rate of input Rate of
Rate of accumulation s .
. = by diffusion - drying
in segment 1
from segment 2 from surface

Alternatively, the concentration in segment 1, C;, may be taken simply as that
in equilibrium with the surrounding air.

The unsteady model, originally formulated in terms of a partial differential
equation, is thus transformed into N difference differential equations. As a re-
sult of the finite-differencing, a solution can be obtained for the variation with
respect to time of the water concentration, for every segment throughout the
bed.

The simulation example DRY is based directly on the above treatment,
whereas ENZDYN models the case of unsteady-state diffusion combined with
chemical reaction. Unsteady-state heat conduction can be treated in an exactly
analogous manner, though for cases of complex geometry, with multiple heat
sources and sinks, the reader is referred to specialist texts, such as Carslaw and
Jaeger (1959).

4.2.2
Unsteady-State Heat Conduction and Diffusion in Spherical
and Cylindrical Coordinates

Although the foregoing example in Section 4.2.1 is based on a linear coordinate
system, the methods apply equally to other systems, represented by cylindrical
and spherical coordinates. An example of diffusion in a spherical coordinate
system is provided by simulation example BEAD. Here the only additional com-
plication in the basic modelling approach is the need to describe the geometry
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of the system, in terms of the changing area for diffusional flow through the
bead.

423
Steady-State Diffusion with Homogeneous Chemical Reaction

The following example, taken from Welty et al. (1976), illustrates the solution
approach to a steady-state, one-dimensional, diffusion or heat conduction prob-
lem.

As shown in Fig. 4.5, an inert gas containing a soluble component S stands
above the quiescent surface of a liquid, in which the component S is both solu-
ble and in which it reacts chemically to form an inert product. Assuming the
concentration of S at the gas-liquid surface to be constant, it is desired to deter-
mine the rate of solution of component S and the subsequent steady-state con-
centration profile within the liquid.

Under quiescent conditions, the rate of solution of S within the liquid is de-
termined by molecular diffusion and is described by FicK's Law, where

P dCS 2
Js = — E kmol/m S

At steady-state conditions, the rate of supply of S by diffusion is balanced by
the rate of consumption by chemical reaction, where assuming a first-order
chemical reaction

Inert gas and solute S
Z=0,Cg=Cgp
z AZ
Z=L
Cso |
Cs
]
0 —> 2z L

Fig. 4.5 Steady-state diffusion with chemical reaction.
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Is = —I(Cs
with typical units of kmol/m?>s.

Thus considering a small differential element of liquid volume, dV, and depth,
dZ, the balance equation becomes

isAs = ].’st

where Ag is the cross-sectional area of the element and dV=AgdZ.

Hence
dCs
—D—Ag = —kCgAgdZ
az S SAg
or
d®Cg K

where each term has the dimensions mass/time or units (kmol/s).

The above second-order differential equation can be solved by integration. At
the liquid surface, where Z=0, the bulk gas concentration, Cso, is known, but
the concentration gradient dCs/dZ is unknown. Conversely at the full liquid
depth, the concentration Cso is not known, but the concentration gradient is
known and is equal to zero. Since there can be no diffusion of component S
from the bottom surface of the liquid, i.e., js at Z=L is 0 and hence from FicKs
Law dCgs/dZ at Z=L must also be zero.

The problem is thus one of a split boundary value type, and it can be solved
by an iterative procedure based on an assumed value for one of the unknown
boundary conditions. Assuming a value for dCs/dZ at the initial condition Z=0,
the equation can be integrated twice to produce values of dCs/dZ and Cg at the
terminal condition, Z=L. If the correct initial value has been chosen, the inte-
gration will lead to the correct final boundary condition, i.e., that dCs/dZ=0 at
Z=L and hence give the correct values of Cs. The value of the concentration gra-
dient dCs/dZ is also obtained for all values of Z throughout the depth of liquid.

Further applications of this method are given in the simulation examples
ENZSPLIT and ROD.

4.3
Tubular Chemical Reactors

Mathematical models of tubular chemical reactor behaviour can be used to pre-
dict the dynamic variations in concentration, temperature and flow rate at var-
ious locations within the reactor. A complete tubular reactor model would how-
ever be extremely complex, involving variations in both radial and axial posi-
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tions, as well as perhaps spatial variations within individual catalyst pellets.
Models of such complexity are beyond the scope of this text, and variations only
with respect to both time and axial position are treated here. Allowance for axial
dispersion is however included, owing to its very large influence on reactor per-
formance, and the fact that the modelling procedure using digital simulation is
relatively straightforward.

4.3.1
The Plug-Flow Tubular Reactor

Consider a small element of volume, AV, of an ideal plug-flow tubular reactor,
as shown in Fig. 4.6.

Component Balance Equation
A component balance equation can be derived for the element AV, based on the
generalised component balance expression, where, for any reactant A

Rate of Mass Mass Rate of
accumulation | = flow - flow + formation
of A of Ain of A out of A by reaction

The rate of accumulation of component A in element AV is (AV dC,/dt), where
dC,/dt is the rate of change of concentration.

The mass rate of flow of A into element AV is F C,, and the rate of flow of A
from element AV is F Cp + A(F C,), where F is the volumetric flow rate. The
rate of formation of A by reaction is raAV, where 14 is the rate per unit volume.

Ff, CAf

Naf

FCa F Ca + A(F Ca)

AZ

Fig. 4.6 Component balancing for a tubular plug-flow reactor.
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Substituting these quantities gives the resulting component balance equation as

dC

AthA =FCp — [F Ca + A(FCp)] + 1aAV
or
dCy _ A(FCy) |
a4 av

The above equation may also be expressed in terms of length, since
AV = AAZ

where A. is the cross-sectional area of the reactor.
Allowing AV to become very small, the above balance equation is transformed
into the following partial differential equation, where

dCx 1 9(FCp)

o A, 0z A

For constant volumetric flow rate, F, throughout the reactor

0Ca F 0Ca

ot Aoz ™
where F/A. is the superficial linear fluid velocity v, through the reactor.

Under steady-state conditions

=0
and hence, at steady state
dCy 1
dz v

This equation can be integrated to determine the resulting steady-state variation
of Ca with respect to Z, knowing the reaction kinetics rp=£f(C,) and the initial
conditions C, at Z=0.

Cases with more complex multicomponent kinetics will require similar bal-
ance equations for all the components of interest.

The component balance equation can also be written in terms of fractional
conversion, X,, where for constant volumetric flow conditions

CA = CAO (1 — XA)
and Cyy is the inlet reactor feed concentration. Thus

dCp = —CpodXa
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The material balance, in terms of X,, is thus given by

dXa 1

Crogz =™

Reactant A is consumed, so r, is negative, and the fractional conversion will in-
crease with Z.

In terms of molar flow rates

A AL
Nao iz TA
and
dXa
Mgy T

where Ny is the molar flow of reactant A entering to the reactor.

Energy Balance Equation
The energy balance for element AV of the reactor again follows the generalised
form, derived in Section 1.2.5. Thus

Rate of energy Rate of
] Rate of
Rate of required to energy
) ) ) energy
accumulation | = | heat the incoming | + | generated | — b
ou
of energy stream from by reaction Y
transfer
TtoT+ AT atT 4+ AT

Referring to Fig. 4.7, the general energy balance for segment n with S compo-
nents and R reactions is

Ty1+AT

S dTn S R
(nincpin) F = - Z Ninfl / CpinfldT + Z
—1 i=1 j

=1
Tt !

Ri'n
‘]‘ (_AHjn) —Qn

Vij

1

With more complex cases, ¢, and AH are functions of temperature, then the
substitutions would be as shown in Case C of Section 1.2.5.3. This general
form, which may give rise to very complex expressions, may be important for
gas phase reactions (see also Section 4.3.3). Simplifying by assuming only one
reaction (R=1) and constant cp; gives

5 T, 5 Rin
Z(nincpin)? = — Z(Nin—lcpin—lATn) + 71 (*AHH) — Qn

i=1 i=1
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_od

Fs, T¢

Nif

Th-1, Nin-1

Fig. 4.7 Energy balancing for the tubular plug-flow reactor.

s
Assuming the total heat capacity to be constant, Y (Njcy) = Fpcp, and replac-
s i=1
ing > (NinCpin) by AV pcp, the total heat capacity of one element gives
i=1

dTx = —Fpc, AT, +AV1L§(—AHn) - Qn

A
Ve dt Vi

The heat loss through the wall to the jacket is
Qu = UAA(T, - T))

The term AT can be approximated by (dT/dZ)AZ (see also Section 4.3.5). For a
tube

AA drnAZ 4

& ay o d
(g) nAZ

where d is the tube diameter. Noting further that AV=A_AZ, that the linear ve-
locity v=F/A. and letting AZ approach zero, gives the defining partial differen-
tial equation

oT oT 1 I AH 4U

[ AT e A T

(T-T))
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For steady-state conditions, the above equation reduces to

dT 1 i 4U
SZA

H) - (T-T)

Eivpcpvii B vpcpd
This equation can be integrated together with the component balances and the
reaction kinetic expressions where the kinetics could, for example, be of the
form

I = l(i C:l = 1(() eiE/RT Cfl

thus including variation of the rate constant k with respect to temperature.

The component material balance equation, combined with the reactor energy
balance equation and the kinetic rate equation, provide the basic model for the
ideal plug-flow tubular reactor.

432
Liquid-Phase Tubular Reactors

Assuming the case of a first-order chemical reaction (ra=-kC,) and a non-
compressible liquid system, the generalised mass and energy balance equations
reduce to

dCa k
aZ T v
and
dT _(-AH), . 4U r-T)

dz VPG A vpcpd

where v, p and ¢, are assumed constants and k is given by the Arrhenius equa-
tion k=kye ¥/RT.

Ca Ca@)

. Component balance for A

Fig. 4.8 Flow diagram for the simultaneous integration of the balances.
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The general solution approach, to this type of problem, is illustrated by the
information flow diagram, shown in Fig. 4.8. The integration thus starts with
the initial values at Z=0, and proceeds with the calculation of ra, along the
length of the reactor, using the computer updated values of T and C,, which
are also produced as outputs.

The simultaneous integration of the two continuity equations, combined with
the chemical kinetic relationships, thus gives the steady-state values of both, Cx
and T, as functions of reactor length. The simulation examples BENZHYD, AN-
HYD and NITRO illustrate the above method of solution.

433
Gas-Phase Tubular Reactors

In gas-phase reactors, the volume and volumetric flow rate frequently vary, ow-
ing to the molar changes caused by reaction and the effects of temperature and
pressure on gas phase volume. These influences must be taken into account
when formulating the mass and energy balance equations.

The Ideal Gas Law can be applied both to the total moles of gas, n, or to the
moles of a given component of the gas mixture n;, where

PV =nRT

and
in = IliRT

Here P is the total pressure of the system, p; is the partial pressure of compo-
nent i, V is the volume of the system, T is temperature and R is the Ideal Gas
Constant.

Using Dalton's Law
pi = yiP

the relationship for the concentration C;, in terms of mole fraction y;, and total
pressure is obtained as
_ni_yP

TV ORT
This can also be expressed in terms of the molar flow rate Nj, and the volu-
metric flow rate G, where

N;
RT
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NA R Na+ ANA
—

Fig. 4.9 Material balancing for a gas-phase tubular reactor.

Assuming first-order kinetics for the reaction A > mB

kyaP
=—kCyp = —
A KCA RT
and by stoichiometry
mky, P
=mkCy =
rg = mkCpy RT

The steady-state material balance — for a volume element, AV, as shown in Fig.
4.9, for reactant A — is given by

0= N, — (NA + ANA) + raAV

which, since AV = A AZ, then gives

dN

@ A
Similarly for component B

dN

@ A

where A is again the cross-sectional flow area of the reactor.
The variation in molar flow can be written as
YAPG
dN, d( RT

dz dz

which for constant temperature and pressure conditions becomes

dNa _ P d(yaG)
dZ ~RT dz

Substituting this and the reaction kinetics ra into the component balance equa-

tion for reactant A gives
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d(yaG)

o7 kA (I
Similarly for B
d(ysG)

The volumetric flow rate depends on the total molar flow of the gas and the
temperature and pressure of reaction, where

(NA + NB + Ninerts)RT

G= III
- (1)
where the molar flow rates of A and B are given by
N YAGP
Na = RT (1v)
and
N YB GP
No =Rt V)

The model equations, I to V above, provide the basis for solution, for this case
of constant temperature and pressure with a molar change owing to chemical
reaction. This is illustrated by the information flow diagram (Fig. 4.10). The
step-by-step calculation procedure is as follows:

1.The initial molar flow rates of each component at the reactor inlet, (yaG)o
and (ygG)o, are known.

2.The component balance equations (I) and (II) are integrated with respect to
distance to give the volumetric flow rate of each component, (yaG)z and
(v8G)z, at any position Z, along the length of the reactor.

3.The total molar flow rate of each component, (Ns)z and (Np)z, can then be
calculated at position Z, from equations (IV) and (V).

4. The total volumetric flow rate G is calculated at each position, using equation
(I11) and hence:

5.The composition of the gas mixture at position Z is obtained by dividing the
individual molar flow rate by the volumetric flow rate.

The results of the calculation are thus the mole fraction compositions y, and
ys, together with the total volumetric flow rate G, as steady-state functions of re-
actor length.

The step-by-step evaluation is, of course, effected automatically by the compu-
ter, as shown in the simulation example VARMOL.
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u
G
YA
(YaGlo |
_> :
(yBGlo ygG
<
y © y
vB B

Fig. 4.10 Information flow diagram for a gas-phase tubular reactor with molar change.

To obtain the fractional conversion at any position along the reactor the ap-
propriate equation is
Na = Nao(1 —Xa)
where
YaNTot = yaoNToro(1 — Xa)

In the case of non-isothermal situations with significant pressure drop through
the reactor, the term
inP
d
(&)

dz

must be retained in the model equations. The variation of reactor pressure with
reactor length, (P)z, can be obtained by the use of available pressure drop-flow
correlations, appropriate to the reactor geometry and flow conditions. The varia-
tion in temperature, with respect to length, (T)z must be obtained via a steady-
state energy balance equation, as described in Section 4.3.1.

434
Batch Reactor Analogy

The ideal plug-flow reactor is characterised by the concept that the flow of liquid or
gas moves with uniform velocity similar to that of a plug moving through the tube.
This means that radial variations of concentration, temperature and flow velocity
are neglected and that axial mixing is negligible. Each element of fluid flows
through the reactor with the same velocity and therefore remains in the reactor
for the same length of time, which is given by the flow volume of the reactor di-
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vided by the volumetric flow rate. The residence time of fluid in the ideal tubular
reactor is thus analogous to the reaction time in a batch reactor.

With respect to reaction rates, an element of fluid will behave in the ideal tu-
bular reactor, in the same way, as it does in a well-mixed batch reactor. The sim-
ilarity between the ideal tubular and batch reactors can be understood by com-
paring the model equations.

For a batch reactor, under constant volume conditions, the component materi-
al balance equation can be represented by

dCa _
a A

For a plug-flow tubular reactor, the flow velocity v through the reactor can be re-
lated to the distance travelled along the reactor or tube Z, and to the time of
passage t, where

at = 42
v

Equating the time of passage through the tubular reactor to that of the time re-
quired for the batch reaction, gives the equivalent ideal-flow tubular reactor de-
sign equation as

dCA N A

dz v

435
Dynamic Simulation of the Plug-Flow Tubular Reactor

The coupling of the component and energy balance equations in the modelling of
non-isothermal tubular reactors can often lead to numerical difficulties, especially
in solutions of steady-state behaviour. In these cases, a dynamic digital simulation
approach can often be advantageous as a method of determining the steady-state
variations in concentration and temperature, with respect to reactor length. The
full form of the dynamic model equations are used in this approach, and these
are solved up to the final steady-state condition, at which condition

dT_dcy

dt dt0

The procedure is to transform the defining model partial differential equation
system into sets of difference-differential equations, by dividing the length or
volume of the reactor into disc-shaped segments. The concentrations and tem-
peratures at the boundaries of each segment are approximated by a midpoint
average. Each segment can therefore be thought of as behaving in a similar
manner to that of a well-stirred tank.
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J) ) ) ) ) )

Fig. 4.11 Finite-differencing for a dynamic tubular reactor model.

This is shown above in Fig. 4.11, where segment n, with volume AV, is identi-
fied by its midpoint concentration Cp, and midpoint temperature T,,.

The concentration of reactant entering segment n, from segment n-1, is
approximated by the average of the concentrations in the two segments and is
given by

Can-1 + Can
2

Similarly, the concentration of reactant leaving segment n, and entering seg-
ment n+1, is approximated by

Can + Cant1
2

This averaging procedure has the effect of improving the approximation. Alter-
natively, each segment may be treated as a well-mixed tank with the outflow
variables equal to the tank values. This simpler approach would require a great-
er number of segments for the same accuracy.

Applying the generalised component balance equation for component A to
each segment n gives

Rate of Flow of Flow of Rate of
Accumulation | = | reactant | — | reactant | + | Production
of reactant in out of reactant

and results in

AV dCAn - F CAnfl + CAn _ CAn + CAn+1
dt 2 2

) + I'AnA\/

where AV = A AZ.
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The application of the energy balance equation to segment n results similarly in
the relationship

dTn Tn— Tn Tn Tn n
AVpCP E = chp ( 12+ _ +2 +1) + % (—AH)AV — UAAt(Tn — T])

where the outer surface area for heat transfer in segment n is given by

A
AAt :7t
N

A, is the total surface for heat transfer and for a single tube is given by
At = nDAZ
where D is the tube diameter and AZ is the length of segment.

The resulting forms of the component and energy balance equations are thus

dCan  Can-1 — Can+1
dt 2T, + Tan

dTn Tnfl — Tn+1 TAn (*AH) UAAt(Tn — T])
j— + P— —
dt 21, VA PG AVpc,

The above equations are linked by the reaction rate term ra, which depends on
concentration and temperature.

In the above equation, 7, is the mean residence time in segment n and is
equal to the volume of the segment divided by the volumetric flow rate

v

Tn F

The modelling of the end sections, however, needs to be handled separately, ac-
cording to the appropriate boundary conditions. The concentration and tempera-
ture conditions at the inlet to the first segment, n=1, are, of course with no ax-
ial dispersion, identical to those of the feed, Cao and Ty, which gives rise to a
slightly different form of the balance equations for segment 1. The outlet
stream conditions may be taken as Cay and Ty or, more accurately, as sug-
gested by Franks (1967), one may assume an extrapolated value of Cay,q and
Ty through segments N—1, N and N+1. This is treated in greater detail in
the following section.
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43.6
Dynamics of an Isothermal Tubular Reactor with Axial Dispersion

Axial and radial dispersion or non-ideal flow in tubular reactors is usually char-
acterised by analogy to molecular diffusion, in which the molecular diffusivity
is replaced by eddy dispersion coefficients, characterising both radial and longi-
tudinal dispersion effects. In this text, however, the discussion will be limited to
that of tubular reactors with axial dispersion only. Otherwise the model equa-
tions become too complicated and beyond the capability of a simple digital sim-
ulation language.

Longitudinal diffusion can be analysed using the unsteady-state diffusion

equation
oc_ o (e
ot 9z\ oz
based on FicKs Law.

In the above case, D is an eddy dispersion coefficient and Z is the axial dis-
tance along the reactor length. When combined with an axial convective flow
contribution and considering D as constant the equation takes the form

where v is the linear flow velocity.

Written in dimensionless form, this equation is seen to depend on a dimen-
sionless group vL/D, which is known as the Peclet number. The inverse of the
Peclet number is called the Dispersion Number. Both terms represent a mea-
sure of the degree of dispersion or axial mixing in the reactor. Thus low values
of the Peclet number correspond to high dispersion coefficients, low velocities
and short lengths of tube and thus characterise conditions approximating to
those of perfect mixing. For high values of the Peclet number the converse con-
ditions apply and thus characterise conditions approximating to perfect plug
flow.

In the extreme, the Peclet number corresponds to the following conditions:

Pe -0 perfect mixing prevails
Pe —» oo plug flow prevails

4.3.6.1 Dynamic Difference Equation for the Component Balance Dispersion Model
The development of the equations for the dynamic dispersion model starts by
considering an element of tube length AZ, with a cross-sectional area of A, a
superficial flow velocity of v and an axial dispersion coefficient or diffusivity D.
Convective and diffusive flows of component A enter and leave the element, as
shown by the solid and dashed arrows, respectively, in Fig. 4.12.
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iAn
CAan| Cap
AZ
Fig. 4.12 Fluxes for the axial dispersion model.
For each element, the material balance is
Rate of Convective Convective Diffusive
accumulation | = flow of - flow of —+ flow of | —
of A Ain A out Ain
Rate of
Diffusive
loss of A
—| flowof | —
due to
A out .
reaction

As before, the concentrations are taken as the average in each segment and the
diffusion fluxes are related to the concentration gradients at the segment
boundaries.

The concentrations of reactant entering and leaving section n are

Can— Can
Capy = A=t T Can
2
and
Cor Can + Cant1
Aout — f

The concentration gradients at the inlet and outlet of the section are

(dc) _ CAnfl - CAn

az AZ

in
and

dC\  Can—Canp1
()~
The convective mass flows in and out are obtained by multiplying the respective
concentrations by the volumetric flow rate, which is equal to Av. The diffusive
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mass flows are calculated from the inlet and outlet concentration gradients
using the multiplying factor of A.D.

Dropping the A subscript for concentration, the component balance for reac-
tant A, in section n, becomes

dcn _ Cn—l + Cn Cn + Cn+1
AAZ AT ACV< 7 - 7 +
Ch1—C C,—C
+ACD< n Zz n_n AZ““) — knChAAZ

where here the reaction rate is taken as first order, 1=k C,.

Dividing by A.AZ gives the defining component material balance equation for
segment n, as

—k,Cy

% _v Cho1 — G +D (Cn—l —2C, + Cn+1)
dt AZ 2 AZ2

A dimensionless form of the balance equation can be obtained by substituting
the following dimensionless variables

The model for section n, now in dimensionless form, yields

dén _ En—l - Cn+1 + B (En—l - ZEn +En+1) _ kniL
dt  2AZ vL A7’ vCp

where D/Lv=1/Pe, is the inverse Peclet number.

The boundary conditions determine the form of balance equation for the inlet
and outlet sections. These require special consideration as to whether diffusion
fluxes can cross the boundaries in any particular physical situation. The physi-
cal situation of closed ends is considered here. This would be the case if a smal-
ler pipe were used to transport the fluid in and out of the reactor, as shown in
Figs. 4.13 and 4.14.

Since no diffusive flux enters the closed entrance of the tube, the component
balance for the first section becomes

gy Diffusion
Co :
- Co

;—> Convection

Fig. 4.13 Inlet section for the tubular reactor.
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Diffusion ...z

CN-1

Convection —Jp»

Fig. 4.14 Outlet section of the tubular reactor.

dc Ci+C C,—C
ACAZd—tl:ACV<C0— 12 2)—ACD%—1<1C1ACAZ

Dividing by A.AZ gives

dC1 V(ZCO — C] — Cz) C] — Cz
== -D —k
dt 207 AZ? 1G

Similarly, the outlet of the reactor is closed for diffusion as shown in Fig. 4.14.
An extrapolation of the concentration profile over the last half of element N
is used to calculate the outlet concentration Cgy, giving

Cn-1—Cy

Cout = CN - 2

with the balance for section N becoming

dCy

AD
dt

AAZ A7

= ACV(CN_l — CN) + (CN—l — CN) — kNCNACAZ

dcC Cy1—C Cy1—C
N O N, p S N

iy —k
dt AZ AZ2 NCN

A similar finite-differenced equivalent for the energy balance equation (includ-
ing axial dispersion effects) may be derived. The simulation example DISRET
involves the axial dispersion of both mass and energy and is based on the work
of Ramirez (1976). A related model without reaction is used in the simulation
example FILTWASH.

43.7
Steady-State Tubular Reactor Dispersion Model

Letting the element distance AZ approach zero in the finite-difference form of
the dispersion model, gives

C C 2C
9Ca _ _ 0Ca  0°Ca

ot oz 072 kCa
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dCp
+—» -DAc ( )
dZ /5_
FCAO Z=0
' (FCalyy
Z=0 Z=L

Fig. 4.15 Convective and diffusive fluxes at the entrance (Z=0) and exit
(Z=L) of the tubular reactor.

(FCa) z=L

c
AD 3
™,
h
“\.D/Lv = 0 (Plug flow)
(Ca0)z=0 DALv = Ir;iarquiate value
‘-\.H"-.
T DAv=w (Well mixed)

0 z

Fig. 4.16 Concentration profiles in the tubular reactor for extreme and
intermediate values of the dispersion number.

Defining the following dimensionless variables

_ Ch = Z _ t

Cao=—,Z=—,1=-

A CAO7 L T
where 7= L/v.

The dimensionless form for an nth-order reaction is

~krCy' (Ca)

ar oz

9Ch _ 3dCy (D) Cy
W) gz*

n

At steady state 9Cp/0t can be set to zero and the equation becomes an ordi-
nary second-order differential equation, which can be solved using MADONNA.

Again the entrance and exit boundary conditions must be considered. Thus the
two boundary conditions at Z=0 and Z=L are used for solution, as shown in Fig.
4.15. Note that these boundary conditions refer to the inner side of the tubular re-

actor. A discontinuity in concentration at Z=0 is apparent in

Fig. 4.16.
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Balancing the material flows at the inlet gives a relation for the boundary condi-
tions at Z=0

dCa
FCA() - (FCA)Z:O - DAC (E) o

The zero flux condition at the closed outlet requires a zero gradient, thus

dcy\
(Tz) ol

According to the boundary conditions, the concentration profile for A must
change with a discontinuity in concentration from Cyg to (Cag)z-o Occurring at
the reactor entrance, as shown in Fig. 4.16.

In dimensionless form the boundary condition at Z=0 is represented by

- dCyu
datZ=1by — =0.
and a y 7

The solution requires two integrations as shown in Fig. 4.17.

Referring to Fig. 4.15, it is seen that the concentration and the concentration
gradient are unknown at Z=0. The above boundary condition relation indicates
that if one is known, the other can be calculated. The condition of zero gradient
at the outlet (Z=L) does not help to start the integration at Z=0, because, as
Fig. 4.17 shows, two initial conditions are necessary. The procedure to solve this
split-boundary value problem is therefore as follows:

. dCa .
1.Guess (Ca),_, and calculate <T)7 from the boundary condition rela-
tion. 2=0

= dc
2. Integrate to Z=1 and check whether d—ZA _ equals zero.
Z-1
3.Vary the guess and iterate between Z=0 and Z=1 until convergence is ob-
tained.
32 T 1 - Ca
) “: Intggratlon i ) In‘teg‘ravtlonv )

Fig. 4.17 Flow diagram for solving the second-order differential equation
from the axial dispersion model.
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4.4
Differential Mass Transfer

This section concerns the modelling of countercurrent flow, differential mass
transfer applications, for both steady-state and non-steady-state design or simu-
lation purposes. For simplicity, the treatment is restricted to the case of a single
solute, transferring between two inert phases, as in the standard treatments of
liquid-liquid extraction or gas absorption column design.

4.4.1
Steady-State Gas Absorption with Heat Effects

Figure 4.18 represents a countercurrent-flow, packed gas absorption column, in
which the absorption of solute is accompanied by the evolution of heat. In order
to treat the case of concentrated gas and liquid streams for which total flow
rates of both gas and liquid vary throughout the column, the solute concentra-
tions in the gas and liquid are defined in terms of mole ratio units and related
to the molar flow rates of solute free gas and liquid respectively, as discussed
previously in Section 3.3.2. By convention, the mass transfer rate equation is
however expressed in terms of mole fraction units. In Fig. 4.18, G,, is the molar
flow of solute free gas (kmol/m?s) and L, is the molar flow of solute free liquid
(kmol/m?s), where both Ly, and G,, remain constant throughout the column. Y
is the mole ratio of solute in the gas phase (kmol solute/kmol solute free gas),
X is the mole ratio of solute in the liquid phase (kmol solute/kmol solute free
liquid), y is the mole fraction of solute in the gas phase, x is the mole fraction
of solute in the liquid phase and T is temperature (K).

Cm Lim

B ——
Yout, TG out { Xin, TL in

Lm
Yin, TG in Xout: Tout

-

Fig. 4.18 Steady-state gas absorption with heat effects.
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Mole ratio and mole fraction contents are related by

YZ—Y and X = X
1-y 1-x

Y X
x=—— and y=——
14+Y 1+X

Subscripts L and G refer to the liquid and gas phases, respectively, and sub-
scripts ‘i’ and ‘out’ refer to the inlet and outlet streams.

4.4.1.1 Steady-State Design

In the steady-state design application, the flow rates L, and G,, and concentra-
tions Yin, Xin, Your and X, will either be specified or established by an overall
steady-state solute balance, where

LinXin + Ginn = LinXout + GmYout

Temperatures Ty, and Tgi, will also be known. The problem then consists of
determining the height of packing required to obtain the above separation.

Component Material Balance Equations
For a small element of column volume dV

Rate of loss Rate of gain Rate
of solute from | = | of solutein | = | of solute
the gas the liquid transfer

—GpAdY = Ly AdX = Kiza(x' — x)dV

Here Kp,a (kmol/m’s) is the overall mass transfer coefficient for the liquid
phase, based on mole fraction in the L-phase, x" is the equilibrium liquid phase
mole fraction, and A, is the cross-sectional area of the column (m?). Hence with
dv=A.dZ

dY _ Kpa(x" —x)
dz ~ Gn
and
dX _ Kpa(x" —x)
dz =~ Ln
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Energy Balance

It is assumed that there are no heat losses from the column and that there is
zero heat exchange between the gas and liquid phases. Consequently the gas
phase temperature will remain constant throughout the column. A liquid phase
heat balance for element of volume dV is given by

Rate of gain of heat)  (Rate of generation of
by the liquid ~ \_ heat by absorption

or
LA ¢, dTp = Kiga (X" — x) dVAH,s

where L is the total mass flow rate of liquid (kg/m” s), ¢, is the specific heat ca-
pacity of the liquid (kJ/kg K) and AH,,s is the exothermic heat of absorption
(kJ/kmol solute transferred). Hence

@ _ Kixa(x* — x)AHqps
dz Lep

The temperature variation throughout the column is important, since this af-
fects the equilibrium concentration x , where

X' = feq (y,To)

Solution of the required column height is achieved by integrating the two com-
ponent balance equations and the heat balance equation down the column from
the known conditions Xi,, Your and Tri,, until the condition that either Y is
greater than Y;, or X is greater than X, is achieved. In this solution approach,
variations in the overall mass transfer capacity coefficient both with respect to
temperature and to concentration, if known, can also be included in the model
as required. The solution procedure is illustrated by the simulation examples
AMMONAB and BIOFIIT.

Using the digital simulation approach to steady-state design, the above design
calculation is shown to proceed naturally from the defining component balance
and energy balance equations, giving a considerable simplification to conven-
tional text book approaches.

4.4.1.2 Steady-State Simulation

In this case, the flow rates L, and G,,, concentrations Y;, and X;,, tempera-
tures Tgi, and Ty, are known and in addition the height of packing Z is also
known. It is now, however, required to establish the effective column perfor-
mance by determining the resulting steady-state concentration values, Y, and
Xout, and also temperature Ty, The problem is now of a split-boundary type
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and must be solved by assuming a value for Y, integrating down the column
for a column distance Z and comparing the calculated value for Y;, with the
known inlet gas concentration condition. A revised guess for the starting value
Your can then be taken and the procedure repeated until convergence is
achieved. This is easy using MADONNA'’s split boundary tool.

442
Dynamic Modelling of Plug-Flow Contactors: Liquid—Liquid Extraction
Column Dynamics

A plug-flow, liquid-liquid, extraction column is represented in Fig. 4.19. For
convenience, it is assumed that the column operates under low concentration
conditions, such that the aqueous and organic flow rates, L and G, respectively
are constant. At low concentration, mole fraction x and y are identical to mole
ratios X and Y, which are retained here in the notation for convenience. This
however leads to a more complex formulation than when concentration quanti-
ties are used, as in the example AXDISP.

Consider a differential element of column volume AV, height AZ and cross-
sectional area, A, such that AV=A_AZ. Component material balance equations
can be written for each of the liquid phases, where

Rate of Convective Convective Rate of
accumulation | = flow of — flow of + | solute
of solute solute in solute out transfer

AZ

z ¢ A
Y+{dY/dZ)AZ

\ X+{dX/dZ)AZ

I

L, Xout G, Yin

Fig. 4.19 Liquid-liquid extraction column dynamic representation.
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The actual volume of each phase in element AV is that of the total volume of
the element, multiplied by the respective fractional phase holdup. Hence con-
sidering the direction of solute transfer to occur from the aqueous or feed phase
into the organic or solvent phase, the material balance equations become:

For the aqueous phase

oX oX
pLhLAVE = —LAC EAZ — I(LX a (X — X*)AV
for the organic phase
oY oY .
thGAV§ = GAcaszZ + KLX a (X - X )AV

where each term in the equations has units of kmol solute/s and where the
symbols are as follows:

a is the specific interfacial area related to the total volume (m?/m?>)

A. is the column cross-sectional area (m?)

G is the molar flow rate of the light, organic phase per unit area
(kmol/m?s)

hg  is the volumetric holdup fraction of the light organic phase (-)

hy  is the volumetric holdup fraction of the heavy aqueous phase (-)

Kixa is the overall mass transfer capacity coefficient based on the aqueous
phase mole ratio X (kmol/m?s)

L is the molar flow rate of the heavy aqueous phase per unit area (kmol/m?s)

X is the aqueous phase mole ratio (kmol solute/kmol water)

X*  is the equilibrium mole ratio in the heavy phase, corresponding to light
phase mole ratio Y (kmol solute/kmol water)

Y is the organic phase mole ratio (kmol solute/kmol organic)

Z is the height of the packing (m)

AV is the total volume of one column segment with length AZ (m?)
pc  is the density of the solute-free light phase (kmol/m?)

pL  is the density of the solute-free heavy phase (kmol/m?>)

The above balance equations simplify to

0X 0X
h)—=L—=-K X —X*
PL Lat o7 an( )
oY oY .
thGE——G87+I<ma(X—X)

with the equilibrium relationship represented by

X" =feq(Y)
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G -—

Fig. 4.20 Finite-difference element for the two-phase transfer system.

Thus the system is defined by two coupled partial differential equations, which
can be solved by finite-differencing.

Consider a finite-difference element of length AZ as shown in Fig. 4.20.

Approximating the concentrations entering and leaving each section by an ar-
ithmetical mean of the neighbouring concentrations, as shown in Section 4.3.5,
the component balance equations for stage n become

dX, (Xn-1+Xn)  (Xn+Xnt1)
prhiAAZ dt LAC( 2 - 7 —Qn
and
thGAcAZ% — GA. <(Yn+12+ Yn) B (Yn +2Yn,1)> s

where Q, (kmol solute/s) is rate of solute transfer in element n given by
Qu = Kixa (X — X*)AV

Hence with AV=A.AZ

an _ (Xn+1 - anl) %
phigr =l T Kxe X=X
dYn _ (Yn+1 - Ynfl)

+Kixa (X — X*)

e Vi

The boundary conditions are formulated with the help of Figs. 4.21 and 4.22
and in accordance with the methodology of Franks (1967).

This gives for stage 1

dX; L

h—=——(2Xy —X; — X;) — K X; — X¥
prhe— ZAZ( 0 — X1 —X3) — Kixa (X; — Xj)

dy; G

thG?: E(YZ +Y1 — ZY()) =+ KLXa(X1 —X;)
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XN+1

YN+1

Fig. 4.22 Aqueous and organic phase streams at the outlet.

The balances for the end stage N thus become

dX L
pLhLTtN = E(XN—I — Xy — 2Xn41) — Kixa (Xn — Xy)
Yy G )
pche Tk E(YNJA —Yn — Yno1) + Kixa Xy — X3)

The representation of the boundary conditions for both the top and bottom of
the column are really more mathematical than practical in nature and fail to
take into account the actual geometry and construction of the upper and lower
parts of the column and the relative positioning of the inlet and outlet connec-
tions. They may therefore require special modelling appropriate to the particular
form of construction of the column, as discussed previously in Section 3.3.1.10.

443
Dynamic Modelling of a Liquid-Liquid Extractor with Axial Mixing in Both Phases

Axial mixing is known to have a very significant effect on the performance of
agitated liquid-liquid extraction columns, and any realistic description of col-
umn performance must take this into account. Figure 4.23 represents a small
differential element of column volume AV and height AZ. Here the convective
flow rates, as in Fig. 4.19, are shown by the solid arrows, and the additional dis-
persion contributions, representing axial mixing, are shown by dashed arrows.
It is assumed that axial mixing in both phases can be described by analogy to
FicKs Law, but using an effective eddy dispersion coefficient appropriate to the
respective liquid phase.
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A e BRI Dl :
! Lv G ' -

iLn#+1 iGn

Fig. 4.23 Differential element of height, AZ, for a liquid—liquid extractor
with axial mixing in both phases.

Writing unsteady-state component balances for each liquid phase results in
the following pair of partial differential equations which are linked by the mass
transfer rate and equilibrium relationships

oX X X .
pLhLa = _L872+pLhLDLﬁ — Kixa (X — X )
oy oY *Y .
P g = G+ paheDa g+ Kixa X=X

Here the nomenclature is the same as in Section 4.4.2. In addition, D is the
effective eddy dispersion coefficient for the organic or extract phase (m”/s) and
D, is the effective eddy dispersion coefficient for the aqueous or feed phase
(m?/s). The above equations are difficult to solve analytically (Lo et al., 1983)
but are solved with ease using digital simulation.

Referring to Fig. 4.23, the extractor is again divided into N finite-difference
elements or segments of length AZ. The convective terms are formulated for
each segment using average concentrations entering and leaving the segment,
as shown in Section 4.4.2. The backmixing terms j are written in terms of dis-
persion coefficients times driving-force mole-ratio gradients. The resulting equa-
tions for any segment n are then for the aqueous feed phase with each term in
kmol solute/s.

ax,

pLthAZAC dt

LAC (Xn +2Xn—1 _ Xn+12+ Xn> +

Xns1 — Xn  Xn — Xoo X
+pLDLthAc( n+iz L= AZn 1) - KLXH an (XH 7Xn)AZAC
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Rearranging
dX, L Dy
— = = (Xns1 — X 5 (Xng1 — 2X, +Xno1)—
&t~ 2hiop Az Kot T Xee) 575 (e ARESY
K
S (X — ;)
hrnpy

Similarly for the light solvent—extract phase

AZAhgnpe % _AG (Yn +2Yn+1 B Yn712+ Yn) n

+ peDchenAc (Yn,gz— Yo Ya Z ;ml) + Kixn an (X — X5)AZA
Rearranging
dd% = ﬁ (Yot1 — Yno1) + % (Y1 —2Yn + Yn1) — iﬁlpi“ (Xo — X3)

Note that the above formulation includes allowance for the fractional phase
holdup volumes, h; and hg, the phase flow rates, L and G, the diffusion coeffi-
cients Dy and D¢, and the overall mass transfer capacity coefficient K;x a, all of
which may vary with position along the extractor.

Boundary Conditions

The column end sections require special treatment to allow for the fact that
zero diffusive flux enters through the end wall of the column. The equations
for the end section are derived by setting the diffusion flux leaving the column
to zero. In addition, the liquid phase outlet concentrations leaving the respective
end sections of the column are approximated by an extrapolation of the concen-
tration gradient from the preceding section. The resulting model equations give
the concentrations of each segment in both phases as well as the outlet concen-
trations as a function of time. The resulting model formulation is shown in the
simulation example AXDISP.

4.4.4
Dynamic Modelling of Chromatographic Processes

Preparative chromatographic processes are of increasing importance particularly
in the production of fine chemicals. A mixture of compounds is introduced into
the liquid mobile phase, and this then flows through a packed column contain-
ing the stationary solid phase. The contacting scheme is thus differential, but
since the adsorption characteristics of the compounds in the mixture are simi-
lar, many equivalent theoretical stages are required for their separation. Chro-
matographic processes are mostly run under transient conditions, such that
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concentration variations occur with respect to both time and space, but steady-
state and quasi-steady-state systems are also being applied increasingly to over-
come the inherent disadvantages of batch operation. The transient operational
mode is essentially a scaled-up version of the usual analytical chromatography,
but whereas analytical systems are usually run with low concentrations to avoid
non-linearities, preparative industrial systems are highly loaded to increase pro-
ductivity. Countercurrent chromatography is still not available, but simulated
moving bed chromatography with switching between a series of columns is
used increasingly industrially. An important feature of chromatographic process
behaviour is that it is generally governed more by the adsorption equilibrium
than by the kinetics of adsorption.

The modelling of chromatographic processes is treated in great detail by
Ruthven and Ching (1993) and by Blanch and Clark (1996), with two alternative
approaches being available. In a most rigorous approach the chromatographic
separation column is considered as a plug flow contactor with axial dispersion
analogous to previous descriptions in this chapter (Section 4.3.6). The second
approach is to represent the column as a large number of well mixed stages,
with a treatment similar to that shown in Chapter 3.

The interaction of the two phases can be accomplished either through the as-
sumption of equilibrium or through a transfer rate that will eventually reach
equilibrium. The transfer rate approach is closer to the real process and simpli-
fies the calculations for nonlinear equilibrium. This is similar to the modelling
of extraction columns with backmixing as found in Section 4.4.3. For linear
equilibrium, simplifications in the models are possible. In the following section,
the dispersion model is developed and is presented as a simulation example
CHROMDIFF. A further simulation example, CHROMPLATE, considers the
stagewise model for linear equilibrium. Dynamic modelling and simulation of
simulated moving bed chromatography has been studied by Storti et al. (1993)
and Strube et al. (1998).

4.4.4.1 Axial Dispersion Model for a Chromatography Column

Generally for modelling chromatograph systems, component mass balances are
required for each component in each phase. The differential liquid phase com-
ponent balances for a chromatographic column with non-porous packing take
the partial differential equation form

8CL _ 8CL ach 1—¢
o~ oz PPoz Ty T

where Cy is the liquid phase concentration of each component and D is the ax-
ial dispersion coefficient.

The linear superficial flow velocity in the packing voids v is calculated from
volumetric flow rate L;,, voidage fraction of the adsorbant bed ¢ and column di-
ameter d as
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i
" end?

The transfer rate of the sorbate from the liquid phase to the solid adsorbant r,4s
can be written as

Ihds = k(C5 — Cs)

Here the rate is specific to a unit volume of solids (g/cm’s) and k is a mass
transfer rate coefficient (1/s).

The solid phase concentrations are influenced only by the rate of mass trans-
fer, with convection and dispersion effects both being zero for this phase.

aCs - 1 —Er
ot = e ads

Equilibrium relations are required to calculate the values of Cg, the solid phase
equilibrium concentrations, for each component. For very dilute systems these
relations may be of linear form

L =KCp

where K is the equilibrium constant for the particular component.
For concentrated systems the Langmuir adsorption form may be appropriate
and for an interacting two-component system (A and B) may take the form

. KaCra
SA 1 4+ baCra + bpCrs

. _ KgCrp
S8 ™ 1 + baCra + bsCrp

Here the constants by and bp account for the competitive adsorption effects be-
tween components A and B.

Writing the model in dimensionless form, the degree of axial dispersion of
the liquid phase will be found to depend on a dimensionless group vL/D or
Peclet number. This is completely analogous to the case of the tubular reactor
with axial dispersion (Section 4.3.6).

4.4.42 Dynamic Difference Equation Model for Chromatography

Instead of the partial differential equation model presented above, the model is
developed here in dynamic difference equation form, which is suitable for solu-
tion by dynamic simulation packages, such as MADONNA. Analogous to the
previous development for tubular reactors and extraction columns, the develop-
ment of the dynamic dispersion model starts by considering an element of tube

209
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Fig. 4.24 Finite difference axial dispersion model of a chromatographic column.

length AZ, with a cross-sectional area A, a superficial flow velocity v and an ax-
ial dispersion coefficient or diffusivity D. Convective and diffusive flows of com-
ponent A enter and leave the liquid phase volume of any element n, as indi-
cated in Fig. 4.24 below. Here j represents the diffusive flux, L the liquid flow-
rate and Cgp and Cpa the concentration of any species A in both the solid and
liquid phases, respectively.

For each element, the material balance in the liquid phase, here for compo-

nent A, is
Rate of . . . .
lati Convective Convective Diffusive
acumulation
= flow of — flow of + flowof |—

of component ) .

Ain A out Ain

A
Diffusive Rate of
—| flowof | + | lossof A due
A out to transfer

As before, the concentrations are taken as the average in each segment and the
diffusion fluxes are related to the concentration gradients at the segment
boundaries.

The concentrations of reactant entering and leaving any section n are

Cran-1+Cian

Cra,in = 5
and

Cian + Cra nt1

CLA, out — 2
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The concentration gradients at the inlet and outlet of the section are

dCia\  Cian1—Cian
z ).~ Az

and

dCia\ _ Cian—Ciann
dzZ AZ

out

The convective mass flows in and out of the segment are calculated by multiply-
ing the respective concentrations by the constant volumetric flow rate, L;,,. The
diffusive mass flows are calculated from FicKs Law, using the inlet and outlet
concentration gradients and the area ¢A..

The transfer rate of A, Tra (g/s), from liquid to solid is given by
TIA = rAadsAVs = keff dp (CEA — CSA)(l — S)AZAC

where keg (cm/s) is a transfer coefficient, a, is the specific area of the spherical
packing (6/d,) and AVs is the volume of the solid phase. Cs, is given by the
equilibrium relation

CEA = fequil (CLA)

The component balance for reactant A in the liquid phase, in any section n, be-
comes

eAAZ

dCian _ L (Can-1+Cian  Cian + Cian n

dt " 2 2

Cian-1—Cian  Cian—Crann
AZ AZ

+ eAcD< ) — (1 — &)raaasAZA,
Here the specific transfer rate r,q is related to the solid phase volume.

Dividing by ¢ A.AZ gives the defining component material balance equation for
segment n as

dCLA,n _ Lin CLAin—l - CLA,H-H +
dt eAAZ 2

CLA4 -1 — ZCLA + CLA, 1 1—¢
+ D( E AZZH u ) - - TAads,n
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A dimensionless form of the balance equation can be obtained in the same way
as described for the tubular reactor (Section 4.3.6).

The balance equation for component A in the solid phase balance for any ele-
ment n is

dc
(1—£)AAZ 5: = (1 = &)AcAZ Tpg
or simply
dCsan _ .
dt Aads,n

The formulation of the end section balances needs special attention as already
discussed in Section 4.3.6.1.
The axial dispersion coefficient may be calculated from a knowledge of the
Peclet number, where
_ ALinDp
~ Pegnd?

The Reynolds number for a particle with diameter D, is defined as

__pvDy
n

Re

and this is used to determine the Peclet number from a suitable correlation,
such as

Pe =—+
& €

0.2 0.011 <Re> 048
&

These equations are applied in the simulation example CHROMDIFF to the
case of a two-component separation with linear equilibrium. The situation of a
non-linear equilibrium is considered as an exercise in the example.

The simulation program CHROMPLATE uses the plate model for the same
column conditions as the simulation model CHROMDIFF. The results obtained
are very similar in the two approaches, but the stagewise model is much faster
to calculate.

With high concentrations, heat effects in the chromatographic column may
be important. This would require the simultaneous application of an energy bal-
ance and the introduction of a term reflecting the influence of temperature on
the adsorption equilibrium.
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4.5
Heat Transfer Applications

4.5.1
Steady-State Tubular Flow with Heat Loss

Here a steady-state formulation of heat transfer is considered (Pollard, 1978). A
hot fluid flows with linear velocity v, through a tube of length L, and diameter
D, such that heat is lost via the tube wall to the surrounding atmosphere. It is
required to find the steady-state temperature profile along the tube length.
Consider an element of tube of length AZ, distance Z from the tube inlet as
shown in Fig. 4.25. If the temperature at the inlet to the tube element is T, then
the temperature at the outlet of the element can be written as T+ (dT/dZ) AZ.

The energy balance for the element of tube length can be stated as

Rate of Heating of
) ) Rate of
accumulation inlet stream
= — | heatloss
of enthalpy to element
. to the wall
in the element temperature

As shown in Section 1.2.5 the heat balance equation, assuming constant fluid
properties, becomes

Mcp%:pr<T— (T+%Az>> ~UA(T-Ty)

where

is the heat transfer surface area for the element = 2D AZ (m?)

is the tube diameter (m)

is mass of fluid in the element = (7 D*/4) pAZ (kg)

is the wall temperature (K)

is the temperature of the wall (K)

is the heat transfer coefficient between the fluid and the wall (kj/m?s)
is the linear velocity of the fluid (m/s)

is the mass flow rate along the tube = (1 D?/4) pv (kg/s)

£<cdbdzo»>

dT
T+ — AZ
az &

z
Fig. 4.25 Tubular flow with heat loss.
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Simplifying the above equation gives

dT dT 4U
dat _Vﬁ_pch (T=Tw)

Under steady-state conditions, %=0, and the resulting temperature profile
along the tube is given by

dT+ 4U
Ve
dZ * pcpD

(T_Ts):()

Assuming constant coefficients, both the dynamic and steady-state equations de-
scribing this system can be solved analytically, but the case of varying coeffi-
cients requires solution by digital simulation.

452
Single-Pass, Shell-and-Tube, Countercurrent-Flow Heat Exchanger

4.5.2.1 Steady-State Applications

Figure 4.26 represents a steady-state, single-pass, shell-and-tube heat exchanger.
For this problem W is the mass flow rate (kg/s), T is the temperature (K), c, is
the specific heat capacity (kj/m” s), A (=xD?Z) is the heat transfer surface area
(m?), and U is the overall heat transfer coefficient (kJ/m? s K). Subscripts ¢ and
h refer to the cold and hot fluids, respectively.

Heat balances on a small differential element of heat transfer surface area, AA,
give

Rate of
. Rate of
accumulation
= heat transfer
of enthalpy

to the element

in the element

Thin —>

A TTc: in

Fig. 4.26 Steady-state, countercurrent flow heat exchange.



4.5 Heat Transfer Applications

Thus for the hot fluid

(W ), ATy = —U(Ty — To)AA
and for the countercurrent cold fluid
(Wep) AT = —U(Ty, — Tc)AA
In the limit, the defining model equations for countercurrent flow become

dT,  U(Th—To)

dA T (Wep),
and

dT.  U(T, ~To)

dA (Wep).

where for cocurrent flow the sign in cold-fluid equation would be positive.

For design purposes the two equations can be integrated directly starting for
the known temperature conditions at one end of the exchanger and integrating
towards the known conditions at the other end, hence enabling the required
heat exchange surface to be determined. This procedure is very similar to that
of the steady-state mass transfer column calculation of Section 4.4.1.1. The de-
sign approach for a steady-state two-pass exchanger is illustrated by simulation
example SSHEATEX.

However, the simulation of the steady-state performance for a heat exchanger
with a known heat transfer surface area will demand an iterative split boundary
solution approach, based on a guessed value of the temperature of one of the
exit streams, as a starting point for the integration.

4.5.2.2 Heat Exchanger Dynamics

The modelling procedure is again based on that of Franks (1967). A simple, sin-
gle-pass, countercurrent flow heat exchanger is considered. Heat losses and heat
conduction along the metal wall are assumed to be negligible, but the dynamics
of the wall (thick-walled metal tube) are significant.

Figure 4.27 shows the temperature changes over a small differential element
of exchanger length AZ.

In this problem W is the mass flow rate (kg/s), T is temperature (K), ¢, is the
specific heat capacity (kJ/kg K), D is the diameter (m), U is the heat transfer
coefficient (kJ/m?sK), Q is the rate of heat transfer (kJ/s), V is the volume (m>),
p is the density (kg/m?) and A is the heat transfer area (m?). The subscripts are
as follows: t refers to tube conditions, s to shellside conditions, and m to the
metal wall.
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[
Ts out [ Ws |
l

I—) AZ Tsin | Ws

Shellside fluid

Tube wall

—
= Tubeside fluid

\ \
\ \

Fig. 4.28 Finite-differencing of heat exchanger length.

Heat balance equations on the element of heat exchanger length AZ accord-
ing to enthalpy balance relationship

Rate of Flow rate Flow rate
. Rate of
accumulation of enthalpy of enthalpy
= ) — + | heat transfer
of enthalpy into out of
) to the element
in the element the element the element

lead to three coupled first-order partial differential equations, which can be con-
verted into difference equations for simulation language solution using standard
finite-difference formulae as mentioned in Section 4.6.
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Alternatively, the difference-equation model form can be derived directly by
dividing the length of the heat exchanger into N finite-difference elements or
segments, each of length AZ, as shown in Fig. 4.28.

The heat balance equation can now be applied to segment n of the heat ex-
changer. The heat transfer rate equations are given by the following terms:

Rate of heat transfer from tube contents to the metal wall
Qtn = UtAAt(Ttn - Tmn)

where U, is the tubeside film heat transfer coefficient and AA, is the incremen-
tal tubeside area

AAt =T DtAZ
Rate of heat transfer from the metal wall to the shellside contents
an = UmAAm (Tmn - Tsn)

where U,, is the film heat transfer coefficient from the wall to the shell and
AA,, is the incremental metal wall outside area

AA,, = 1D AZ

Using a similar treatment as described previously in Section 4.3.5, the resulting
finite difference form of the enthalpy balance equations for any element n be-
come

dT, _ Wtht (Ttnfl - Ttn+1) - Qum
dt 2 AVthtpt

dTmn (Qtn - an)

dt  AVimCompm

den _ Wscps (Tsn+1 - Tsnfl) + an

dt 2 AVcpspg
where
AZ n(D? — D?

av, _ AZx(D:—D2)

4

AV — AZ~n th

A1
AZ 7 (D2, — D?
AVm — T ( m t)

4
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T Tso

Fig. 4.29 Tube inlet and shell outlet segment.

Boundary Conditions
The consideration of the boundary conditions again follows Franks (1967). The
position at the tube inlet and shell outlet section, segment number 1 is shown
in Fig. 4.29.

Considering segment 1, the temperature of the entering shell side fluid is
(Ts2+Ts1)/2. The outlet shellside fluid temperature can also be approximated,
either as

TsO = Tsl
or
Tg —T
TsO = Tsl + %

The heat balance equations for end segment 1 thus become

dT T +T
CpsPsAVs TSI = Ws ps (SZ#SI - Tso> + Qmi
and
dT Ty +T
CPtptAthittl = Wiy (TtO - %) —Qu

Similar reasoning for the tube outlet and shell inlet segment, number N, give
for the tubeside fluid

thN (Tthl — TtN

AVthtptF = Wtht ) - TtN+1) - QtN
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and for the shellside fluid

deN

TsN - Tstl
dt

AV CpsPs 7

= Wscps <TSN+1 - > + QmN

Note that the outlet approximations must be consistent with a final steady-state
heat balance. Note also that it is easy to allow in the simulation for variations in
the heat transfer coefficient, density and specific heats as a function of tempera-
ture. The modelling methods demonstrated in this section are applied in the
simulation example HEATEX.

4.6
Difference Formulae for Partial Differential Equations

As shown in this chapter for the simulation of systems described by partial dif-
ferential equations, the differential terms involving variations with respect to
length are replaced by their finite-differenced equivalents. These finite-differ-
enced forms of the model equations are shown to evolve as a natural conse-
quence of the balance equations, according to Franks (1967), and as derived for
the various examples in this book. The approximation of the gradients involved
may be improved, if necessary, by using higher order approximations. Forward
and end-sections can be better approximated by the forward and backward dif-
ferences as derived in the previous examples. The various forms of approxima-
tion based on the use of central, forward and backward differences have been
listed by Chu (1969).

a) First-Order Approximations

Central difference as extensively used in this chapter

aiU _ Un+1 - Unfl
oX),  2AX

U\ Upy —2Uy + Uy
oxx) AX?

Forward difference

87U _ Un+1 - Un
ox).  AX

aZU _ Un+2 - 2ljn+1 + Un
ox2), AX?
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Backward difference

U\ _ Un—
oxX). ~—  AX

Unfl

OX?

AX?

(82U>  Un—2Un 1 + Uny
n

b) Second-Order Central Difference Approximations

oX

n

12AX

(BE) ~ —Uny2 +8Upy1 —8Up 1+ Upn

X2

4.7
References Cited in Chapters 1 to 4

Aris, R. (1989) Elementary Chemical Reac-
tor Analysis, Butterworth Publ., Stone-
ham.

Bird, R.B., Stewart, W.E. and Lightfoot,
E.N. (1960) Transport Phenomena, Wiley.

Biwer, A., Heinzle, E. (2004) Environmental
Assessment in Early Process Develop-
ment. J. Chem. Technol. Biotechnol. 79,
597-609.

Blanch, H.W. and Clark, D.S. (1996) Bio-
chemical Engineering, Marcel Dekker,
New York.

Brodkey, R.S. and Hershey, H.C. (1988)
Transport Phenomena, McGraw-Hill.

Carslaw, H.S. and Jaeger, J.C. (1959) Con-
duction of Heat in Solids, Clarendon
Press.

Chu, Y. (1969) Digital Simulation of Contin-
uous Systems, McGraw-Hill.

Coughanowr, D.R. and Koppel, L.B. (1965)
Process Systems Analysis and Control,
McGraw-Hill.

Dunn, I.]., Heinzle, E., Ingham, J. and Pre-
nosil, J.E. (2003) Biological Reaction Engi-

neering: Principles, Applications and Mod-

elling with PC Simulation, 2nd edition,
VCH.

Dunn, L.]J. and Mor, J.R. (1975) Variable
Volume Continuous Cultivation. Biotech-
nol. Bioeng. 17, 1805-1822.

12AX?

(62U)  —Upys +16Upns1 — 30U, + 16U, 1 — Uy

Draper, N.R. and Smith, H. (1981) Applied
Regression Analysis, Wiley.

Fogler, H.S. (2005) Elements of Chemical
Reaction Engineering, 4th edition,
Prentice-Hall.

Franks, R.G.E. (1967) Mathematical Model-
ing in Chemical Engineering, Wiley.

Franks, R.G.E. (1972) Modelling and Simu-
lation in Chemical Engineering, Wiley-
Interscience.

Froment, G.F. and Bischoff, K. B. (1990)
Chemical Reactor Analysis and Design,
Wiley.

Grewer, T. (1994) Thermal Hazards of
Chemical Reactions, Elsevier Science.

Heinzle, E., Biwer, A.P. and Cooney, C.L.
(2007) Development of Sustainable Bio-
processes — Modelling and Assessment,
Wiley.

Heinzle, E. and Hungerbiihler, K. (1997)
Integrated Process Development: The Key
to Future Production of Chemicals,
Chimia, 51, 176-183.

Heinzle, E., Weirich, D., Brogli, F.,
Hoffmann, V., Koller, G., Verduyn, M. A.
and Hungerbiihler, K. (1998) Ecological
and Economic Objective Functions for
Screening in Integrated Development
of Fine Chemical Processes. 1. Flexible
and Expandable Framework Using



Indices. Ind. Eng. Chem. Res. 37,
3395-3407.

Ingham, J. and Dunn, 1.]. (1974) Digital
Simulation of Stagewise Processes with
Backmixing. The Chem. Eng., June,
354-365.

Joshi, J.B., Pandit, A.B. and Sharma, M. M.
(1982) Mechanically Agitated Gas-Liquid
Reactors. Chem. Eng. Sci. 37, 813.

Kapur, J.N. (1988) Mathematical Modelling,
Wiley.

Keller, A., Stark, D., Fierz, H., Heinzle, E.
and Hungerbiihler, K. (1997) Estimation
of the Time to Maximum Rate Using
Dynamic DSC Experiments. J. Loss Prev.
Process Ind. 10, 31-41.

Keller, R. and Dunn, I.]. (1978) Computer
Simulation of the Biomass Production
Rate of Cyclic Fed Batch Continuous
Culture. J. Appl. Chem. Biotechnol. 28,
508-514.

Koller, G., Weirich, D., Brogli, F., Heinzle,
E., Hoffmann, V., Verduyn, M.A. and
Hungerbiihler, K. (1998) Ecological and
Economic Objective Functions for Screen-
ing in Integrated Development of Fine
Chemical Processes. 2. Stream Allocation
and Case Studies. Ind. Eng. Chem. Res.
37, 3408-3413.

Levenspiel, O. (1999) Chemical Reaction
Engineering, Wiley.

Luyben, M. L. and Luyben, W.L. (1997)
Essentials of Process Control, McGraw-
Hill.

Luyben, W.L. (1973) Process Modeling,
Simulation, and Control for Chemical
Engineers, McGraw-Hill

Luyben, W.L. (1990) Process Modelling,
Simulation, and Control for Chemical
Engineers, 2nd edition, McGraw-Hill.

Maria, G. and Heinzle, E. (1998) Kinetic
System Identification by Using Short-Cut
Techniques in Early Safety Assessment of
Chemical Processes, J. Loss Prev. Process
Ind. 11, 187-206.

Moser, A. (1988) Bioprocess Technology:
Kinetics and Reactors, Springer.

Nash, J.C. and Walker-Smith, M. (1987)
Nonlinear Parameter Estimation: An Inte-
grated System in Basic, Marcel Dekker.

Noye, J. Ed. (1984) Computational Tech-
niques for Differential Equations, North-
Holland.

4.7 References Cited in Chapters 1 to 4

Oosterhuis, N.M.G. (1984) PhD Thesis,
Delft University, The Netherlands.

Perlmutter, D.D. (1972) Stability of Chemi-
cal Reactors, Prentice-Hall.

Pollard, A. (1978) Process Control, Heine-
mann Educational Books.

Prenosil, J.E. (1976) Multicomponent Steam
Distillation: A Comparison between Digi-
tal Simulation and Experiment. Chem.
Eng. J. 12, 59-68.

Press, W.H., Flannery, B.P., Teukolsky, S.A.
and Vetterling, W.T. (1992) Numerical
Recipes: The Art of Scientific Computing,
Cambridge University.

Ramirez, W.F. (1976) Process Simulation,
Lexington Books.

Ruthven, D.M. and Ching, C.B. (1993)
Modeling of chromatographic processes.
Preparative and production scale chroma-
tography. In: Chromatographic Science
Series, Vol. 61. Eds. Ganetos, G., Barker,
P.E. Marcel Dekker, pp. 629-672.

Seborg, D.E., Edgar, T.F., Mellichamp, D.A.
(1989) Process Dynamics and Control,
Wiley.

Shaw, J.A., The PID Control Algorithm:
How It Works and How To Tune It., 2nd
edition, eBook, Process Control Solutions
(www.jashaw.com).

Sheldon, R.A. (1994) Consider the environ-
mental quotient. Chem. Tech. 24/3, 38—47.

Shinskey, F.G. (1996) Process Control Sys-
tems: Application, Design, and Tuning 4th
edition, McGraw-Hill.

Smith, C.L., Pike, R.W. and Murrill, P. W.
(1970) Formulation and Optimisation of
Mathematical Models, Intext.

Smith, R. (1995) Chemical Process Design,
McGraw-Hill

Stephanopoulos, G. (1984) Chemical Pro-
cess Control, Prentice-Hall.

Stoessel, F. (1995) Design thermally safe
semibatch reactors. Chem. Eng. Prog. 9,
46-53.

Storti, G., Masi, M., Morbidelli, M. (1993)
Modeling of countercurrent adsorption
processes. Preparative and production
scale chromatography. In: Chromato-
graphic Science Series, Vol. 61. Eds.
Ganetos, G., Barker, P.E. Marcel Dekker,
New York, 673-700.

Strube, J., Schmidt-Traub, H., Schulte, M.
(1998) Chem.-Ing.-Tech. 70, 1271-1279.

221



222

4 Differential Flow and Reaction Applications

Sweere, A.P.]., Luyben, K.Ch.A.M. and
Kossen, N.W.F. (1987) Regime Analysis
and Scale-Down: Tools to Investigate the
Performance of Bioreactors. Enzyme
Microb. Technol., 9, 386-398.

Ullmann’s Encyclopedia of Industrial Chem-
istry (1995) Production-integrated environ-
mental protection, B8, 213-309, VCH.

Walas, S.M. (1989) Reaction Kinetics for
Chemical Engineers, McGraw-Hill,
reprinted by Butterworths.

4.8
Additional Books Recommended

Al-Khafaji, A.W. and Tooley, J.R. (1986)
Numerical Methods in Engineering Prac-
tice, Holt-Rinehart-Winston.

Aris, R. (1978) Mathematical Modelling
Techniques, Pitman.

Aris, R. and Varma A. (1980) The Mathe-
matical Understanding of Chemical Engi-
neering Systems: Collected Papers of Neal
R. Amundson, Pergamon.

Aris, R. (1999) Mathematical Modeling
A Chemical Engineer’s Perspective,
Academic Press.

Babatunde, A., Ogunnaike, W., Harmon Ray
(1994) Process Dynamics, Modelling and
Control, Oxford University Press.

Beltrami, E. (1987) Mathematics for
Dynamic Modelling, Academic Press.

Bender, E.A. (1978) An Introduction to
Mathematical Modelling, Wiley-Inter-
science.

Bequette, B.W. (1998) Process Dynamics:
Modeling, Analysis and Simulation,
Prentice Hall.

Bequette, B. W. (2003) Process Control:
Modeling, Design and Simulation,
Prentice Hall.

Bronson, R. (1989) 2500 Solved Problems
in Differential Equations, McGraw-Hill.

Burghes, D.N. and Borris, M.S. (1981)
Modelling with Differential Equations,
Ellis Horwood.

Butt, J. B. (2000) Reaction Kinetics and
Reactor Design (Chemical Industries),
Marcel Dekker.

Carberry, J.J. (1976) Chemical and Catalytic
Reaction Engineering, McGraw-Hill.

Walas, S.M. (1991) Modelling with Differen-
tial Equations in Chemical Engineering,
Butterworth-Heinemann Series in Chemi-
cal Engineering.

Welty, J.R., Wicks, C.E. and Wilson, R.E.
(1976) Fundamentals of Momentum, Heat
and Mass Transfer, Wiley.

Wilkinson, W.L. and Ingham, J. (1983)

In: Handbook of Solvent Extraction, Eds.
Lo, T.C., Baird, M.H.I., and Hanson, C.,
Wiley, pp. 853-886.

Carberry, J.]J. and Varma, A. (Eds.) (1987)
Chemical Reaction and Reactor Engineer-
ing, Marcel Dekker.

Champion, E.R. and Ensminger, ]. M.
(1988) Finite Element Analysis with
Personal Computers, Marcel Dekker.

Chapra, S.C. and Canale, R.P. (1988)
Numerical Methods for Engineers,
McGraw-Hill.

Constantinides, A. (1987) Applied Numeri-
cal Methods with Personal Computers,
McGraw-Hill.

Courriou, J.-P. (2004) Process Control,
Springer.

Cross, M. and Mascardini, A.O. (1985)
Learning the Art of Mathematical Model-
ling, Ellis Horwood.

Darby, R. (2001) Chemical Engineering
Fluid Mechanics, CRC Press.

Davis, M.E. (1984) Numerical Methods
and Modeling for Chemical Engineers,
Wiley.

Denn, M. M. (1987) Process Modelling,
Longman Scientific and Technical Pub-
lishers.

Douglas, J.M. (1972) Process Dynamics and
Control, Vols. 1 and 2, Prentice Hall.

Douglas, J.M. (1988) Conceptual Design of
Chemical Processes, McGraw-Hill.

Finlayson, B.A. (1980) Nonlinear Analysis
in Chemical Engineering, McGraw-Hill.

Fishwick, P.A. and Luker, P.A. (Eds.) (1991)
Qualitative Simulation, Modelling and
Analysis, Springer.

Gates, B.C. (1992) Catalytic Chemistry,
Wiley.



Geankoplis, C.J. (1983) Transport Processes
and Unit Operations, 2nd edition, Allyn
and Baker.

Guenther, R.B. and Lee, ]. W. (1988) Partial
Differential Equations of Mathematical
Physics and Integral Equations, Prentice-
Hall.

Hannon, B. and Ruth, M. (1994) Dynamic
Modeling, Springer.

Hayes, R.E. (2001) Introduction to Chemi-
cal Reactor Analysis, Gordon and Breach
Science Publishers.

Himmelblau, D.M. (1985) Mathematical
Modelling. In: Bisio, E. and Kabel, R.L.
(Eds.) Scaleup of Chemical Processes, Wiley.

Hines, A.L. and Maddox, R.N. (1985) Mass
Transfer, Prentice-Hall.

Holland, C.D. and Anthony, R.G. (1989)
Fundamentals of Chemical Reaction Engi-
neering, 2nd edition, Prentice-Hall.

Holland, C.D. and Liapis, A.I. (1983) Com-
puter Methods for Solving Dynamic Sepa-
ration Problems, McGraw-Hill.

Huntley, I. D. and Johnson, R.M. (1983) Lin-
ear and Nonlinear Differential Equations,
Ellis Horwood.

Hussam, A. (1986) Chemical Process Simu-
lation, Halstead/Wiley.

Kaddour, N.(Ed.) (1993) Process Modeling
and Control in Chemical Engineering,
Marcel Dekker.

Kocak, H. (1989) Differential and Difference
Equations Through Computer Experi-
ments, with Diskette, Springer.

Korn, G.A. and Wait, J.V. (1978) Digital
Continuous System Simulation, Prentice
Hall.

Lapidus, L. and Pinder, G.F. (1982) Numeri-
cal Solution of Partial Differential Equa-
tions in Science and Engineering, Wiley-
Interscience.

Leesley, M.E. (Ed.) (1982) Computer Aided
Process Plant Design, Gulf Publishing
Company.

Lo, T.C., Baird, M. H.I., and Hanson, C.
(1983) Handbook of Solvent Extraction,
Wiley.

Loney, N.W. (2001) Applied Mathematical
Methods for Chemical Engineers, CRC
Press.

Luyben, W.L. (2002) Plantwide Dynamic
Simulators in Chemical Processing and
Control, Marcel Dekker.

4.8 Additional Books Recommended | 223

Marlin, T.E. (2000) Process Control: Design-
ing Processes and Control Systems for Dy-
namic Performance, 2nd edition, McGraw-
Hill College.

Missen, R. W., Mims, C.A. and Saville, B. A.
(1999) Introduction to Chemical Reaction
Engineering and Kinetics, John Wiley &
Sons, Inc.

Morbidelli, M and Varma, A. (1997) Mathe-
matical Methods in Chemical Engineering,
Oxford University Press.

Naumann, E.B. (1987) Chemical Reactor
Design, Wiley.

Naumann, E.B. (1991) Introductory Systems
Analysis for Process Engineers, Butter-
worth-Heinemann.

Naumann, E.B. (2001) Chemical Reactor
Design, Optimization and Scaleup,
McGraw-Hill.

Neelamkavil, F. (1987) Computer Simula-
tion and Modelling, Wiley.

Ogunnaike, B.A. and Ray, W.H. (1994) Pro-
cess Dynamics, Modeling, and Control,
Oxford Univ. Press.

Palazoglu, A. and Romagnoli, J.A. (2005)
Introduction To Process Control, Marcel
Dekker.

Peters, M.S., Timmerhaus, K.D., and West,
R.E. (2003) Plant Design and Economics
for Chemical Engineers, 5th edition,
McGraw-Hill.

Ramirez, W.F. (1989) Computational Meth-
ods for Process Simulation, Butterworth-
Heinemann.

Rase, H.F. (1977) Chemical Reactor Design
for Process Plants, Vol. 11: Case Studies
and Design Data, Wiley.

Richardson, J.F. and Peacock, D.G. (1994)
Coulson & Richardson’s Chemical Engi-
neering, Vol. 3: Chemical & Biochemical
Reactors & Process Control, Pergamon.

Riggs, J.B. (1988) An Introduction to Nu-
merical Methods for Chemical Engineers,
Texas Techn. Univ. Press.

Robinson, E.R. (1975) Time-Dependent
Chemical Processes, Applied Science.

Russell, T.W.F. and Denn, M. M. (1972)
Introduction to Chemical Engineering
Analysis, Wiley.

Seider, W.D., Seader, J.D., Lewin, D.R.
(2004) Product and Process Design Prin-
ciples, Synthesis, Analysis, and Evaluation,
2nd edition, Wiley.



224

4 Differential Flow and Reaction Applications

Schmidt, L.D. (1998) The Engineering of
Chemical Reactions, Oxford Univ. Press.
Shuler, M. L.and Kargi, F. (2002) Bioprocess
Engineering. Basic Concepts; Prentice

Hall: USA

Smith, C.A. and Corripio, A.B. (1985) Prin-
ciples and Practice of Automatic Process
Control, Wiley.

Smith, J.M. (1981) Chemical Engineering
Kinetics, McGraw-Hill.

Smith, J.M. (1987) Mathematical Modelling
and Digital Simulation for Engineers and
Scientists 2nd edition, Wiley-Interscience.

Stewart, W.E., Ray, W.H. and Conley, C.C.
(1980) Dynamics and Modeling of Reac-
tive Systems, Academic Press.

Szekely, J. and Themelis, N.J. (1971)

Rate Phenomena in Process Metallurgy,
Wiley.

Tarhan, M. O. (1983) Catalytic Reactor
Design, McGraw-Hill.

Turton, R., Baillie, R.C., Whiting, W.B. and
Shaeiwitz, J.A. (2002) Analysis, Synthesis,
and Design of Chemical Processes, 2nd
edition, Prentice Hall.

Ulrich, G.D. and Vasudevan, P.T. (2004)
Chemical Engineering Process Design and
Economics: A Practical Guide, 2nd edition,
Process Publishing, Durham.

Vemuri, V. and Karplus, W.]. (1981) Digital
Computer Treatment of Partial Differential
Equations, Prentice-Hall.

Wankat, P.C. (1990) Rate Controlled Separa-
tions, Elsevier Applied Science.

Woods, D.R. (1995) Process Design and
Engineering Practice, Prentice-Hall.

Zwillinger, D. (1989) Handbook of Differen-
tial Equations, Academic Press.



