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Abstract: The aim of this work is to present in a systematic way a novel general methodology to
develop the design equations (heat and mass balances) for networks of ideal reactors, that is, Plug-
Flow Reactors (PFRs) and Continuous Stirred Tank Reactors (CSTRs). In particular, after introducing
the general definition of conversion to be used for reactor networks, several case studies of interest
in chemical engineering are presented as topic-examples of application: (i) adiabatic-stage reactors
with recycle, (ii) adiabatic-stage reactors with split, (iii) adiabatic-stage reactors intercooled by
reactants and (iv) adiabatic-stage reactors with interstage distributed feed. More generally, the
presented methodology can also be applied to develop the design equations for complex networks of
interconnected reactors, not restricted to those considered in the present work. The motivation behind
the present study lies in the fact that, to the best of our knowledge, a systematic development of the
design equations of single reactors in reactor networks is currently missing in the open literature as
well as in the reference textbooks of chemical reaction engineering and reactor design.

Keywords: reactor networks; design equations; conversion; reaction extent; ideal reactors

1. Introduction

Nowadays, to increase the performance of existing production processes as well as to
develop innovative and more efficient ones, there is a need to rethink the approach to the
design of reaction units.

Chemical reactors represent the core of the production processes, in which lower-
value raw materials are upgraded to higher-value products. Such a transformation occurs
through several steps that generally involve a number of complex chemical reactions,
which most of the time would be convenient to carry out in different reactors to maximise
selectivity, and are pointed out in the textbook of Ming et al. (2016) [1-3].

Moreover, the increasing interest in modular and compact micro-reactors in chemi-
cal, biochemical and pharmaceutical processes [3,4], as well as the related technological
enhancements, including complex reactor configurations [5], make a question arise about
the need to develop a general design methodology for such systems.

The field of designing efficient reaction systems starting from complex reaction
paths through more or less advanced techniques of Mixed-Integer Non-Linear Program-
ming (MINLP) is called Attainable Region Theory, whose main topic is to deal with complex
reactor networks [3]. MINLP techniques are necessary because the design of an optimal
reactor system involves not only real variables like conversion, yields and selectivities but
also integer variables like the number of reactors and their position in the network. A few
literature examples of efficient reactor networks are reported in Figure 1 [6].
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Figure 1. Examples of complex reactor networks from (a,b) Rooney and Biegler (2000) [5] and (c) Xie
and Freund (2018) [7]. Rearranged with the permission of Elsevier.

Objectives and Motivations

The objective of the present work is to present in a systematic and general way the
design methodology of complex reactor networks with ideal reactors operated in steady
state, that is, CSTRs (Continuous Stirred Tank Reactors) and PFRs (Plug-Flow Reactors). The
target readers are chemical and process engineers involved in the design and optimisation
of chemical reactors, as well as scientists and students in their advanced courses who may
need a systematic approach to the development and analysis of reactor networks.

The reason for presenting this work is based on the fact that there are currently no
systematic and specific approaches dealing with writing the design equations of the single
reactors of complex reactor networks in terms of conversion or, more generally, of reaction
extents [1,4,7-53]. The extension of the present approach to non-ideal reactors or other
types of reactors is straightforward.

To approach the design of reactor networks in a systematic way, we first generalise
the concept of conversion as well as the concept of reaction extents in the case of multiple
reactions. Then, we develop and report in detail the design equations—that is, mass and
energy balances—for different key types of reactor networks.

For these purposes, the paper is organised to present and discuss the final equations
directly in the body of the text, reporting the details of the systematic procedure in the
corresponding appendices. This is performed to avoid weighing down the body of the
work owing to the unavoidable presence of a high number of equations.
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2. Methodology of the General Design Approach

The following sub-sections report the description of the main steps leading to the
correct formalisation of the design equations, including a brief introduction to the reactor
networks along with the general definition of conversion and reaction degrees.

2.1. Reactor Networks

A generic reactor network consists of a number of reactors and mix/split nodes
appropriately connected to each other, whose connections represent the branches of the
network (Figure 2).
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Figure 2. Example of a generic reactor network connected to each other in series/parallel through
several oriented branches.

In this paper, we consider just the ideal PFRs and CSTRs, as all the other reactive
systems can actually be obtained by appropriate modifications/combinations of them. Each
reactor represents a reactive node, characterised by a single functioning point in the case of
the CSTRs and by a continuous working profile in the case of the PFRs.

Based on The Theory of Graphs [43], a reactor network can be represented by a directed
graphs since the particular orientation of the arrows connecting the nodes does matter in
determining its performance since a change in the connection direction causes a change in
the network’s functioning.

By definition, the design equations of a device are relationships pairing mass, energy
and momentum balances expressed in terms of convenient independent and dependent
variables. In this work, time is not included in the independent variables, as we consider
ideal reactors working in steady-state conditions. The independent variables represent
a measure of the system size—usually volume, length, catalyst mass or catalytic area—
whereas the dependent variables measure the extent of mass or molar flow rates, mass or
molar fractions and similar.

In the description of this general approach, the momentum balance—which determines
the fluid dynamics of the stream in the reactor—will not be considered because the velocity
field is already fixed in the ideal PFRs and CSTRs by hypothesis. Furthermore, for pressure,
the well-known Ergun equation (or its various modifications) can be satisfactorily used to
calculate the pressure drop.

Depending on whether we know the values of the dependent variables or the inde-
pendent ones, we have to address:

(i) a design problem—in which the dependent variables are known (in terms of final
performance, conversion or a general productivity index) and the independent variables
need to be evaluated;
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(ii) a verification problem—in which the independent variables are known in terms of
system size (volume, catalyst mass, catalyst volume, etc.) and the dependent ones need to
be evaluated and compared to the target performances.

In general, we can write the mass balances either in terms of the flow rate of the species
or in terms of reaction extents as well as conversion or yield in the case of a single reaction.
In the following sections, the following notation is adopted to indicate the characteristic
number of network objects along with the corresponding indices:

{n, i} = {Number of Species, Related Index};

{m, j} = {Number of Reactions, Related Index};

{r, k} = {Number of Reactors, Related Index};

{b, I} = {Number of Network Branches, Related Index}.

2.2. General Extension of the Definition of Conversion

To approach the reactor network design in a systematic way, we introduce the exten-
sion of the general definition of conversion (x5 ), which from now on refers to the limiting
reactant, indicated by the subscript ‘A’.

In particular, starting from considering that each [-th branch of the network is provided
with a certain non-null conversion value, we extend the general definition of conversion by
taking the working conditions occurring in that branch in the absence of reaction as the
reference state based on which conversion is defined (Equations (1) and (2)):

h th
Flow Rate of A in (1% branch) Flow Rate of A (I branch)
the Non — Reactive — < in the Reactive
c . (1" branch) _ Network Network
0Nnversion , = : (7 branch)
Flow Rate of A in
the Non — Reactive
Network
(1) (1) @
*
() _ Fa” —Fa (1) _ px(D) 0]
W=t B = (1-x) )
A

where F is the molar flow rate of the species A and the asterisk * indicates the molar flow
rate of A in the I-th branch of the network (superscripted) in the absence of reaction.

In the case of multiple reactions, it is not possible to write the design equations in
terms of the sole conversion since we have as many design variables as many independent
reactions. To face this problem, analogously to what is performed in the single-reaction
case, we can use the molar reaction extents (&;, Equation (3)), which are design parameters
measuring the extent to which each reaction proceeds forward in each I-th branch of
the network.

=R+ Y vae 3)
=1

In cases where it is convenient to work with dimensionless parameters instead of
using &;, which have units of a molar flow rate, we can define the here-called reaction degrees
Xj in the generic I-th branch of the network as the ratio of the reaction extents E,j and the
molar flow rate of the key-reactant (A) in the same branch of the network in the absence of
reaction (Equation (4)).

(4)

] F;“(Z)

Such a definition is suggested by the form of Equation (3) and is chosen in analogy
with the definition of conversion (see Equation (2)). By definition, the parameters x; can
also assume values higher than unity.
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For the purposes of the present paper, we will focus on the single-reaction case, which
implies the use of the conversion to express the mass balances. The extension to the
multi-reaction system is straightforward.

Once given the general definition of conversion, we can express the molar flow rates
of the species in terms of the conversion itself as follows (Equation (5)):

) _ (@ i ()

F=F 9i+%xA) (5)
- Fi*(l)

0; = ok a=—vpa>0

where 0; is the feed ratio of the i-th species, defined with respect to the key-reactant A. We
remind you that the stoichiometric coefficient of the limiting species A, v,, is negative.

It is necessary to put in evidence that, in the absence of reaction and in the presence of
a single feed to the network, the feed ratio 6; is the same in all the branches of the network,
as the mixing and split nodes do not provide a selective separation among species.

On the contrary, in the case of separate feed streams, like in the distributed-feed
system analysed in Section 3, the feed ratios 6; evaluated at the beginning of the network
are different from those in the various network branches.

We underline that the here-presented general definition of conversion implies
a paradigm change. In fact, the stoichiometric table, which represents the mass balances for
all the species involved in the system, has to be written not between the inlet and outlet of
the reactor but “between” the non-reactive and reactive cases on each I-th branch of the
network (see Table 1).

Table 1. General stoichiometric table written on the [-th branch of the network.

Stoichiometric Table on the I-th Branch of the Network

Species i Non-Reactive Case Reactive Case
A (limiting species) FZ(I ) F/(\U = Fzm (1 - xX) )
. *(1 . *(1 1 *(1 . l
1 Fi():FA(>9i Fl():FA<)<91+%x(A))
: *(1 . *(1 1 *(1 / 1
V4 £ = Vg, B =B (07 + %x)

It is easy to demonstrate that the general definition of conversion reported in
Equations (1) and (2) includes the definition of conversion in single reactors as well as
in the simplest reactor networks, that is, a series of reactors and reactors in parallel, as
reported in Sections 2.3.1 and 2.3.2. Figure 3 shows the general algorithm to systematically
obtain the design equations of the reactors in a network.

Algorithm to write the Design Equations in terms of Conversion or Reaction Extents

Write the Mass Balances
in the network in the
absence of reactions

Write Mass and Energy Express the Molar Express mass and

» Balances in the original - Flow Rates in terms » energy balances in
network in terms of of Conversion or terms of Conversion
Molar Flow Rates Reaction Extents or Reaction Extents

Figure 3. Systematic procedure to write the design equations for a reactor network.
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2.3. Approach Validation Using Simple Reactor Networks

In this section, we report our general approach applied to the simplest reactor network,
thatis, a series of reactors and reactors placed in parallel in order to show that such networks
can be seen as particular cases of more general configurations.

2.3.1. Series of Reactors in a Row

As for the series of reactors, the reference flow rate of A corresponds to the flow rate
at the beginning of the series, and as in the non-reaction case, all the flow rates entering
and exiting the reactors are equal (Figure 4).

Fi(O) Fi(l) Fi(r—l) Fi(r)
7 VRl S ’ VRr —'f>

MASS BALANCES IN THE REACTIVE CASE

!

LI A T fo ) vy o

MASS BALANCES IN THE NON-REACTIVE CASE

Figure 4. Scheme of reactors in series in reactive and no-reaction cases.

Using the general definition stated in Equations (1) and (2), we obtain the conversion in
the I-th branch (Equation (6)), which is found to be equivalent to the conventional expression
reported in almost all the reference textbooks on reactor design (see, e.g., [1,9-33]).

Af
! ©®)

2.3.2. Reactors in Parallel

As for reactors in parallel (Figure 5), using the same procedure, we obtain the expres-
sions reported in Equation (7).

#(1) _p(D) ()
() = Far —Fay _ SFao=Fyy | p() N0
Yaf = gD T Sifa = Fap = StFao (1 fo) )
xp = o By = Fag(1—x,)
1 (1)
By =S.Fo [y F) SFe [y S,
R Ry
L B K| | Fo |
_ (r)
(a) Fi(rJr) =S5, \Y% Fy (b) | S:F \Y% S, Fio
r R R
DS =1
k=1
MASS BALANCES IN THE REACTIVE CASE MASS BALANCES IN THE NON-REACTIVE CASE

Figure 5. Scheme of reactors in parallel in (a) reactive and (b) no-reaction cases.
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From the mass balance on the outlet mixing node, we can demonstrate that the optimal
working conditions for reactors in parallel correspond to having the same conversion in all
the outlet branches, as demonstrated by some algebraic calculations in Equations (8)—(10):

L) _ LY g _
l%l Fy=1L SiFao(1—x}}) = Fa = Fao(1 - x,)
O g _ ) _(1_ (8)
Els,(1 fo) (1=xp) = L 81— L Sy = (1- %)
[S—
iSlx(l) = X4, Maxxy = %A _ 0 )
I=1 af I 95

r—1 I r—1 ’ I ’ 10
;[lelxg}+<1—l): Sl)xg}] :xg}—xg}:0:> (10)

2.3.3. Adiabatic-Stage Reactors with Recycle (See Appendix A.2)

This configuration is already present in several textbooks on chemical reactor design
(see, e.g., Levenspiel, 1999 [9]) and is considered here for validation purposes. Figure 6a,b
show the scheme of a series of adiabatic-stage reactors with recycle along with the corre-
sponding scheme in the absence of reaction.

5 ! r- r r r
o I O AN It
7 o : /
T)((O) Tol) T(l) Tj(cl) T}(cl"*l) T(Er) T( ) T( )

REACTION CASE

(a) T1(21) P‘I(;) :R1FI(}) @ T(l) T}({ ) E(_;) — R1 i('f ) @ T(r)

(0) Rl
_____ 9 (R Ry B

k

(0)
(b) RE
MASS BALANCES IN NO-REACTION CASE

Figure 6. (a) Scheme of adiabatic-stage rectors with recycle (the position of the exchangers can be
conveniently different based on the particular reactions considered) and (b) scheme of the generic
k-th stage with explicit mass balance (in terms of molar flow rates) in the no-reaction case.

It is pointed out that we denote as “stage” the repeating unit of the series, consisting of
a reactor along with the recycle stream. The subscript ‘f” indicates the outlet of the stage to
distinguish it from the outlet of reactor (i.e., the stream just before the split node). In fact,
in this type of system, it is convenient to express the design equations as functions of the
stage variables instead of those of the reactor.



8 of 39

Processes 2024, 12, 107

Using the aforementioned extended definition of conversion, we can express the
flow rates in the k-th branch of the reactor network as functions of conversions as follows

(Equation (11), see Equation (A6) in the Appendix A):

k *(k k 0 k
By = B (1-x50) = Re+ DR (1-240) an
B =F9(1-x0) = Re+ DR (1-x0)

The mass balance on the mixing nodes leads to the following relation among inlet
outlet and stage conversions (Equation (12), see Equation (A8) in the Appendix A):

& 1 (k1) R (k)
A0 = R A f + (Rk-ku)xA,f (12)
w0 — (k)

A Af

)
Xpf
VR, d

jas )
Af 1y
Re+1) A f

whereas the mass balance on CSTR is (Equation (14))

(k) (k=1)
VRk — (fo xA'f ) (14)
(=

T Ay )

As for the energy balance on the mixing nodes, the final resulting inlet temperature is
found, as expected, to be a weighted average of both entering temperatures (Equation (15),

see Equation (A17) in the Appendix A):
(k)
T
) ! (1)

~ ~ k—
Cps+ACp,2y " . Cps+ACp,aY)
(RkH) Cps+ACp 4x)

k) _ __1
Iy = ®+1

T® =T, ACp, = 22

Under the hypothesis of negligible ACp 4, the following relation is obtained (Equation (16)

(‘fps-&-Aprx/&k}) f

see Equation (A18) in the Appendix A):
1 (k-1) Ri (k) (16)

(k)

Ty = ——=T —T

" TRAD S TR

The energy balance on the k-th PFR is (Equation (17), see Equation (A21) in the

Appendix A):
dT —AH, 5 ) (=74) ~_AH
( ) , AH, A = p ! (17)

dV (Oj)r(Rk-i-l) <6p5 +A5prA)

As for the energy balance on the k-th CSTR, we can express it either in terms of stage
conversions or temperatures (Equation (18), see Equation (A25) in the Appendix A):
~ k) ~ (k) (k=1)
Cps(T® — T Cps (T — T
(o) _onfm o)

(k) k=1 _
(fo Xy f ) = (Rg+1) (—AITIV,A) = (-AHr/A)
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Geometrical Interpretation of Mass Balance

In order to show the geometrical meaning of the integral form of the mass balance on
PER (Equation (13)), we obtain the k-th recycle ratio Ry and (Ry + 1) as functions of the inlet
and outlet conversions as follows (Equation (19)):

k) _ 1 (k—1) Ry (k)
A0 T R XA f T R VA f
k-1)__(K) k-1)__(K) (19)
o xA,f 7xA/O - xA,f 7xA/f
Re=-t—mw Retl=——m"
A0 TXAF AL TAf

Substituting Equation (19) into Equation (13), Equation (20) is obtained, which can be
interpreted geometrically as shown in Figure 7.

0]
(k) (k=1)  *as

®)
VR _ *Af ~*af / dxa ) (k1) T |"Af
= . — x —x . (20)
k k _ A A, —
ro gy | e AR gl
A0
11 N
-r
(=na) R, —0=> PFR
R, o= CSTR
— N - - Va
1 ol ‘ \\J
(_rA)x;k()) ‘
N ‘
(k-1) 0<R, (k) R oo )
O XA’f < XA,O XA,f 1

Figure 7. Sketch of the geometrical interpretation of the integral form of the design equation of PFR
for a generic k-th reactor with recycle. The red area represents the ratio of the reactor volume and the
flow rate of the limiting reactant A in that branch in the absence of reaction.

As already demonstrated in several reference books for a single reactor (see, e.g.,
ref. [9]), the V//F g ratio is found to be the product of the inlet-outlet conversion difference
and the mean value of the reaction rate inverse calculated between inlet and outlet. It can
also be noted that, in the limit value of Ry = 0, we obtain the usual design equation of PFR,
whereas, for Ry — oo, the k-th reactor behaves as a perfectly mixed CSTR.

3. Application to Other Case Studies of Interest

To describe the systematic procedure for achieving the design equations for a reactor
network, in the following sub-sections, we report the following three cases of a particular
interest in chemical engineering, from which other possible and more complex cases can be
constructed and analysed if required:
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—_

Adiabatic-Stage Reactors with Split;
Adiabatic-Stage Reactors Intercooled /Interheated by Reactants;
3.  Adiabatic-Stage Reactors with Distributed Interstage Feed.

N

The main assumptions of the presented systematic procedure, along with the details
of the intermediate calculation steps, are reported in the Appendix A.

3.1. Adiabatic-Stage Reactors with Split (See Appendix A.3)

The system considered here is similar to the previous one, with the important differ-
ence that now, in each stage, a partial split of feed is included in the inlet stream instead of
a partial recycle of the outlet stream (Figure 8).

(0) (1) _ (0) 1 (1) (r-1) _ ) r (r)
E) Fy=(1 Sl)EfEVR BBy EVED=(1-S, )F@, EY F
T}O) T}O) 1 T(l) Tf(l) T}(CV 1) T(r—l) I T(’) }(rr)

(0) 1) _ ¢ gl REACTION | T(1) r-1)
(a) Tf Fi,S SiE f CASE Tf I,S SrFl f
(0) (0) (0) g
..... Fis (1_Sk)Fi.f Vi (1_Sk)Fi.f Fir
k

v | = S.E)

MASS BALANCES IN NO-REACTION CASE

Figure 8. (a) Scheme of adiabatic-stage reactors with split and (b) scheme of the generic k-th stage
with explicit mass balance (in terms of molar flow rates) in the no-reaction case.

The mass balance on the mixing nodes after the reactor is stated by the following
relation among stage conversions (Equation (21), see Equation (A28) in the Appendix A):

®_ 1w Sk (k-1
AT A T g A

(21)
The mass balance on the k-th PFR, expressed in terms of stage conversions, is obtained
as follows (Equation (22), see Equation (A31) in the Appendix A):

NS (k=1
15,("/(&)]: 1kskx§xjf)

Vi dx
o=a-s [ 2 @)
FA,f =D A

Af

whereas the mass balance on the k-th CSTR can be obtained in the following two forms
(Equation (23), see Equations (A34) in the Appendix A):

k k k k—1
Vi, (8 —xkn) (= =sY)
o= (1= Sp)~—— = (23)
£ (=7a.) (~7a,)

As for the energy balance on the mixing nodes, it can be expressed as follows
(Equation (24), see Equation (A36) in the Appendix A):

~ (Cps+aCpux) ) T/ = 5e(Cps + aCp " ) T (24)

(k)
! [(Cs + 8Co,T)) — 54 (Cps + 8Cp )]
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In the hypothesis of negligible ACp, we obtain Equation (25) (see Equation (A37) in
the Appendix A):

1 k) Sk (k1)
Tk = T T 2
1=S)/ (A=) / )
In combination with Equation (21), Equation (25) states the linearity of the working
points of the streams at the mixing node in a {x vs. T} plane.
The differential form of the energy balance on the k-th PFR is obtained as follows
(Equation (26), see Equation (A39) in the Appendix A):

dT . <_AHr,A)(_rA)
av (0 ~ AC,
E)(1 = 8) (Cps + 2, )
whereas the energy balance on the k-th CSTR is (Equation (27), see Equations (A43) and (A44)
in the Appendix A):
GPS (T(k) . T(k*1)>

(xiy —xns) = (i i Hr,Af)

(26)

(27)

Geometrical Interpretation of Mass Balance

In order to show the geometrical meaning of the integral form of the mass balance
on PFR (Equation (22)), we obtain the k-th split ratio and its complement to the unity as
functions of the inlet and outlet conversions (Equation (28)):

k k k-1
qu’} = (1 — Sk)x‘g‘) + Skqu’f )
(k) _ (k) (k) _(k=1) (28)
Xy =Xy Xy Xy
Sk = 3] (z?—fnr (1-5) = 7/&{ @fl)
—x 20 _
A Af A Af

Substituting Equation (28) into Equation (22), Equation (29) is obtained, which can be
interpreted geometrically as shown in Figure 9.

0 (k-1)  x

VR,  *af —Xaf / dxa (k) (k1) T ™
= . =(x,—x C— (29)
0 k k—1 — Af T XAf — ~
F{E"J)( qu) o xi},f ) O rA) ( ) ( VA) xxc,fl)

xA/f

In particular, analogously to what was seen for the reactors with recycle, in this case,
the V/F ratio is found to be the product of the inlet-outlet conversion difference and the
mean value of the reaction rate inverse calculated between the inlet and outlet conversion.
It can also be noted that in the limit value of Sy = 0, we obtain the usual design equation of
prr, Whereas for Sy = 1, there is a complete bypass of the reactor, which implies no reaction
in the k-th reactor.

3.2. Adiabatic-Stage Reactors Intercooled/Interheated by Reactants (See Appendix A.4)

The third reactor network considered is a series of adiabatic reactors in which part of
the feed of each reactor is split forward into the feed of the next one (Figure 10), with the
main purpose of cooling down (for exothermic reactions) or heating up (for endothermic
ones) the reactor inlet, thus pushing forward the thermodynamic equilibrium.
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(=) S, —>0= PFR
S, — 1= Bypass

1S, (k) S,—>0 (k)

0 XA()) Xaf Xy 1

Figure 9. Sketch of the geometrical interpretation of the integral form of the design equation of the
generic k-th PFR with split. The red area represents the ratio of the reactor volume and the flow rate
of the limiting reactant A in that branch in the absence of reaction.

F.(l) EF.(é) F_(l) F_(Z) F.(Z) F_(?(;) F.(3)
Corl Y Favtel YR Ceveal B @
T, T(l) Téz) T( ) Té ) T

0 0 2) |70 (3)| m(0)
o O K ©  Fs|T 4 =5, 70
T (2) REACTION CASE
. EO s, . RO FO)
s O R 9 R 0 YRy
17
(0) (0) X
F© SaF; 53k, ZSk =1
] k=1

e o/
(b) MASS BALANCES IN NO-REACTION CASE

Figure 10. (a) Scheme of a series of adiabatic-stage reactors intercooled/interheated by reactants
(example of three reactors) and (b) corresponding scheme of network with explicit mass balance (in

terms of molar flow rates) in the no-reaction case.

The mass balance on the (k — 1)-th mixing node is obtained as follows (Equation (30),
see Equation (A48) in the Appendix A):

k—1
S
® _ s e (k) _ k=1 k-1 30
W0T % A T YAg s T Tk A (30)
Y Sp
h=1

It can be noted that, in the case of equal split ratios, the inlet conversion is not
a function of the split ratio itself but just of the number of splits. The mass balance
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on the k-th PFR is obtained as follows (Equation (31), see Equations (A51) and (A52) in the
Appendix A):

k

X
VRe _ a . ¢ dxg
ol L B 0

=1

S
0= e
A0 k s A
W (31)
0
X
VR, ; dxp
| =kse [ Sy
A 1§=S x%:k‘lefl)

The total volume of the series is the sum of all reactor volumes or the series, as reported

in Equation (32):
N
VRT VRk r dxa
Yer _ —y ks (32)
r k:zl r kzzl (—74)

k) _ k—1.(k=1)
YA0= & YA

The mass balance on the k-th CSTR is reported in Equation (33) (see Equation (A55) in

the Appendix A):
k (k)_(“ > (k1)
ﬁ _ [(hgl S;,) A hgl 51 ) A
0 _
FA) Ek)VA)le ) (33)
VR, _ [kxA —(k=1)x, ]
FIE‘O) S=S (*M)\Rk

As for the energy balance on the mixing nodes, we obtain the following relations
among temperatures (Equation (34), see Equation (A59) in the Appendix A):

SkCps

k-1 N -
< )y Sh) [CPS + x,(gk 1)ACPA}
Ték) V= T(k=1) |

> p TO (34
(Eon)[ersesbiocra] (L) [ers+sitbacrn

Under the hypothesis of constant enthalpy of reaction (ACp4 = 0), the following
simplified expressions are obtained (Equation (35), see Equation (A60) in the Appendix A):

(£5)
70— W= e Sc__(0)
") (B -

k — _
| e 4 170)

0 ’sk=s

Taking into account the expression previously reported for the conversion in Equation (30),
we can observe a linear functionality between conversion and temperature on the mixing
nodes. However, it is stressed that such a linearity holds only if the enthalpy of the reaction
can be considered constant.



Processes 2024, 12, 107

14 of 39

As for the energy balance on the k-th PFR, it assumes the following form (Equation (36),
see Equation (A62) in the Appendix A):

dT __ <_AHr,A)(_rA)
aV = 7k 0/~ -
(,2 Sh)FA (Cps+ACpaxy) (36)

T(Vi =0) = TV

which becomes Equation (37) in the case of an equal split ratio (see Equation (A63) in the
Appendix A):

__ (8H ) ()
Si=S kS FY (Cps+ACpax,) (37)
T(Vi = 0) = T,V

The energy balance on the k-th CSTR (Equation (38), see Equations (A64) and (A65) in
the Appendix A):

daT

_

9 A, (137)
0 _ _ Cps () _ ) A0 ) (k)
AT A, (1%) (10" - 1)+ ARD, (T0) A0 (38)

In the case of constant enthalpy of reaction, Equation (38) can be simplified as follows
(Equation (39), see Equation (A66) in the Appendix A):

0 _ 0] — _CPs (709 _
[XA,O XA } Y (To T ) (39)
where the expressions previously obtained for xgi)o and Ték) can be used to express the

energy balance in terms of just outlet parameters, that is, xfjf), T(k), xgc_l) and T*-1).

3.3. Adiabatic-Stage Reactors with Distributed Interstage Feed (See Appendix A.5)

The last system considered in this analysis is depicted in Figure 11a. In particular, it
involves the distributed feed of one component along a series of adiabatic reactors, with
insertion in a mixing node located between two consecutive reactors. Such an interstage
distributed feed can be used, for example, when the reaction rate is favoured by a low
concentration of reactants and/or in the case of highly exothermic/endothermic reactions,
for better and more efficient temperature control.

It must be highlighted that, in principle, the distributed stream, which we have
considered here to be composed of a single species, can actually be composed of more than
one species. However, the design equations related to the latter case can be easily obtained
as a straightforward extension of the former one.

The scheme with the mass balance in the absence of reaction is reported as usual
to express the flow rates as functions of conversion (Figure 11b). To obtain the design
equations for this system, we suppose that species A is the key limiting species and the
other reactants are in excess. Therefore, the feed of species A is distributed along the series
at the mixing nodes placed between the inlet and outlet of two consecutive reactors.

The mass balance on the k-th mixing node is obtained as follows (Equation (40), see
Equations (A69) in the Appendix A):

k-1

k hgl Sh 1) k=1 (k-1
xl(%}) = ; xg = xg ) (40)
X S o
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(b) MASS BALANCES IN NO-REACTION CASE

Figure 11. (a) Scheme of a series of adiabatic-stage reactors (example of three reactors) with the
feed of one species distributed between two consecutive reactors and (b) corresponding scheme of
network with explicit mass balance (in terms of molar flow rates) in the no-reaction case.

In Equation (40), we also report the particular case in which all the split ratios are
the same, where it can be observed that the inlet conversion of the k-th reactor depends
on the number of splits as well as on the conversion exiting the preceding reactor. All
these expressions are needed to obtain the design equations for PFR and CSTR in terms
of conversion.

As for the mass balance of the generic species i # A, which is required for the energy
balance (see next sub-section), we first need to write down the molar flow rate of the generic

species as a function of conversion, recalling the definition of the feed ratio 01»(1) on the I-th
branch of the network in the absence of reaction and its relation with the feed ratio 0; at the
beginning of the network (Equation (41)):

A ’ A A (41)
BV = 0o+ 0], Y = F (1-2))

(k)

In fact, in this particular network configuration, the quantities 6; are different from 6,"’,
since the ratio between the generic species i and the limiting species A in the absence of
reaction is not the same in all network branches because of the partial insertion of the initial
split flow rate in each reactor inlet stream.

As we wish to work with the quantities 6; instead of 91-(k) because they are known and
fixed at the inlet of the network, we can express such a relation starting directly from their

respective definitions (Equation (42)):

1,i=A
(k)
K _F
9( = L = #(0)
i (k) F 91 o 91 .
F, *(S 2 =—,i#A
ROLs LS, 42)
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Therefore, by writing down the mass balance at the mixing nodes for a generic species
i different from the limiting one A, we obtain Equation (43), in which we remind that the
species is are not contained in the split branches F% :

EO, = FY,
SO G

z;«éA i#A0 (43)
(k 1) _ p(k)
Fz;éA Fz;&A 0

To prove the consistency of the definitions used in Equation (41), we express Equation (43)
in terms of conversion, expecting to reach the same expressions as those previously obtained
in Equation (40). The result of this checking is reported in Equations (44) and (45), which
just state the full consistency of the expression reported above.

0 =0 (Mix node 1, trivial : no conversion yet)
(1) [4(1 (D] 2 (2
£ 0, 53] - £ o+ 25

.F.j(kfl) [9.(1(71) n %xgcfl)} _ Fz(k) [Q(k) n %x(k)}

i#A i#£A0 A0
(44)
0. .
ez(;kéAl) = 6z(QAo kI#A
Y Sy Z Sh
h=1
k1)
Fy Y z S Fyp) = z S
PO g | bz | up =) _ pO) § g | Gan v ()
A L k1+x =F 000 Sn| 7+ 3Xa)
h=1 L S h= X Sn
717 ‘ h=1
k-1 (k
Orzat Z Syl )} = |:9i7£A+h>;1 Snixlyy (45)
Z Sh
xigh = a7V
Y Sy
h=1

As for the mass balance on the k-th PFR, it is reported in Equation (46) for both variable
and equal split ratios (see Equations (A72) and (A73) in the Appendix A):

v £y
Rk _ dx g
FO ( L Sh) f (=ra)r,

A k)—:ls
W=t " (k1)
£ s, (46)
h=1
)
X
VRk _ kS 4 dxA
7O - N
A 1§5.=S k1 (k—1) k
k A

The mass balance on the k-th CSTR can be written as follows (Equation (47), see
Equations (A76) and (A77) in the Appendix A):

VR, <):Sh)xA <ZS>( !

r
U Crake =R (47)
Ve, I R
70 E P VC R CES
A 1§.=S k=1
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The energy balance on the k-th mixing node is obtained as follows (Equation (48), see
Equation (A85) in the Appendix A):

O = @1 pk-1) 4 w2 T(0)

0 w1y +wy w1y +wy

k-1 - nooL k-1 S (k=1) (48)
o= (50 s Eocos (£9)acnt™]
YUZES](CVPA

If ~ Cp 4 is negligible, we obtain Equation (49) (see Equation (A86) in the Appendix A):

T o w1 pk-1) 4 _© T(0)

0 w1y +wy w1 +wy
k=1 ~ noo (49)
wy = [( D 5h>CPA + L GiCPz‘]
Ji=1 i=2
Wy = SkCPA
For equal split ratios, we obtain the following expression (Equation (A50), see Equation
(A87) in the Appendix A):
~ n ~ ~
{(k -1)SCpa+ 1 eicpl} T*1 + SCp,TO
k =
Té ) ‘s — i=2 (50)
=

~ noo ~
{(k —1)SCpa+ ¥ 0:Cp; + SCPA]
i=2

The energy balance on the k-th PFR is obtained as follows (Equation (51), see Equation (A92)
in the Appendix A):

Thermal contribution of the feed Non—linear contribution Reaction Contribution

G0+ () + () |5 (§:) an ] 5

Contributic.)n Contribution of
of the species the species A
| other than A |
(51)
Thermal )
contribution Non — linear Reaction
of the feed contribution Contribution
Standalone PFR : Cps + xAAépA % - {_Aﬁr,A} %

In particular, in Equation (51), the energy balance of the standalone PFR is also reported
for comparison in order to highlight analogies and differences. As for the analogies, the
structure of the equations is similar, with the presence of terms identifying the thermal
contribution of the feed, the non-linear contribution, and the reaction contribution to the
overall thermic extent of the system.

As for the differences, analysing the thermal contribution of the feed, it is clear the
split of this contribution into two parts, respectively related to (1) the reactants fed in an
all-in-one mode and (2) the part of the key-species (A) that is fed in a distributed way along
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the reactors series up to the k-th reactor. That is the reason why the overall contribution of
species A is lower than in the standalone case.

We can make an analogous consideration for the non-linear contribution and for
the reaction contribution, which are both lowered by the fraction of species A fed up to
that reactor.

As for the energy balance on the k-th CSTR of the series, it is obtained as follows
(Equation (52), see Equation (A96) in the Appendix A):

[(éps — épA) + (hé Sh) épA] (Ték) _ T(k)>
(£ 50) [15hat, 0 (107) ~ x0af, o (10)] =0

If the enthalpy of reaction can be considered constant, the previous expression is
simplified as follows (Equation (53), see Equation (A100) in the Appendix A):

(52)

k _ —
(£30) [0t - 2

—
=0
k ~ S 53)
( Z 5h>CPA+(CPs—CPA) (
= =l _ (k) _ (k-1)
(7AHr,A) <T T )

+% (T<k—1> _ T(o>)

_AHr,A

where it is also reported as the initial (null) conversion to highlight the analogy between
conversion and temperature differences.

Figure 12 shows a numerical example of the calculation of the intermediate inlet
conversions of the three reactors in the scheme. As input data, we consider certain values
of conversions at the reactor’s outlet and the split ratios as known, calculating the corre-
sponding missing conversion data from setting and solving the mass balances at the mixing
nodes written in terms of conversion.

(1) 1) 0 (2) ,3) (3)
NA=x, EOJE(A,O v X,(q)f\XA,O v Xy AXA.O v X4
R1 d R2 e R3
1) =, (2) — ,(0) (3) =,
Xys =Xy Xys =Xy Xps =Xy
(0)
X4
(4 A
o _E-RY
X;o) =0 A0 F(l)
” S, =1/3 oS
Jxi =04 _ 0 St
Input Data:q , 18,=1/2 = Calculated Data:{ x,, = x, =0.160
qu)=0.7 s, =1/6 $1+S,
3) s
x¥'=09
X0 =(5,+5,)xP =0.583

Figure 12. Example of application of the presented approach in terms of calculation of inlet conver-
sions to reactors.

Overall, we highlight that, for an infinite number of infinitesimal reactors—composed
of either PFRs or CSTRs—this system in fact coincides with a reactor that in the literature is
referred to as Differential Sidestream Reactors (DSR) [3], which is of practical importance in
a number of applications of interest, especially in the pharmaceutical industry.
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4. Conclusions

In this work, a novel systematic way to obtain the design equations (heat and mass
balances) of networks of ideal reactors (PFRs and CSTRs) was presented. For this purpose,
a general definition of reaction degree and conversion was provided, considering, after
validation with well-known reactor systems, several case studies of real systems of interest
in chemical engineering as examples of application: (a) adiabatic-stage split reactors,
(b) adiabatic-stage reactors intercooled by reactants and (c) adiabatic-stage reactors with
interstage distributed feed. The methodology illustrated in this work also allows one to
combine different types of reactors in the same network, widening the generality of the
presented approach.
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Abbreviations

6,, Specific heat, J mol 1 K1

F Flow rate, mol s !

H Molar enthalpy, | mol 1 K1

{n, m, r, b} Number of: {species, reactions, reactors, network branches}
rA Reaction rate (of the key-species A), mol s~! m~3
Ry Recycle ratio (at the k-th reactors)

Sk Split ratio (at the k-th reactors)

T Temperature, K

1% Volume, m?

XA Conversion (of the key-species)

Greek Symbols

0; Feed ratio, mol; moly !

Vij Stoichiometric coefficients

& Reaction extent for the jth reaction

Final (with respect to a stage with recycle or split)
Indices for: {species, reactions, reactors, network branches}
Reaction (enthalpy of) or number of reactors

A Reaction enthalpy expressed per mole of A consumed
“ref Reference (temperature)

‘s’ Summation (referred to specific heat)

* Refers to the network in the absence of a reaction

o Reference state (enthalpy)

AG. Ideal gas

/Res’

Residual quantity (with respect to the ideal-gas state)
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Appendix A. Detailed Development of Design Equations
Appendix A.1. Enthalpy and Flow Rate Expressions

In general, the enthalpy rate of the i-th species in the I-th branch of the network can be
written in molar form as follows (Equation (A1)):

N Enthalpy Rate of
Fi(l)Hi(l) = ¢ i—th Species on (A1)
the [—th Branch

By neglecting any possible mixing enthalpy, which is usually negligible in chemical
reactors, the enthalpy rate of the i-th species can be expressed as a function of pressure and
temperature as (Equation (A2)):

- H!G(T), Ideal Gas

H;(T, P) HIG( ) -+ AHR® (T, P), Real Gas
HE(T), Liquid

_ ~ _ - (A2)

H/S(T) = AHfl ( ref> +Cpj© (T - Tref> = AH]'C + Cp|S (T - Tref)

HL(T) = fl( ,ef) +Cpt (T - T,ef> = AR + Cpt (T - Tref>
AH Z.Res (T, P) < Equation of State for Real Gases

where we suppose that all specific heats are constant with temperature within the tem-
perature range considered. Should such a hypothesis become too strong—and this occurs
typically for highly exothermic/endothermic reactions in the gas phase—we would need
to evaluate the integral of specific heats using, for example, temperature-dependent poly-
nomial forms.

Provided that, neglecting also the non-ideal contribution for the real gases (which
anyway is usually small unless working at relatively high pressure), the enthalpy of the
i-th species in the [-th branch of the network can be expressed as (Equation (A3)):

Y = [AH? +Cp,( 70 — T,ef)] (A3)

where Aﬁ%i and T, are the standard enthalpy of formation and the corresponding refer-
ence temperature (usually 298.15 K), respectively.

According to the extended definition of conversion reported in Equations (1) and (2),
the flow rate of the i-th species is expressed in terms of conversion as follows (Equation (A4)):

() _ g (g o Vi ()
B = E(0+ ) (A4)

1
where Fz(l) is the flow rate of the limiting reactant (i.e., the key-species) in the I-th branch
of the network in the absence of a reaction. Therefore, combining the previous expressions,
we obtain Equation (A5):

1) (1 Vi (1 I =~
FIEY = ()(9 +4 “) [AH? —|—Cpi(T— Tref)} (A5)

Equation (A5) is the expression of the enthalpy rate that will be used to obtain the
design equations for all the cases considered in this work, given that it can also be used to
develop the design equations for other systems.
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Appendix A.2. Adiabatic-Stage Reactors with Recycle
Appendix A.2.1. Mass Balances
Mass Balance on the Mixing Nodes

The flow rates in the k-th branch of the reactor network can be expressed as functions of
the conversion and of the respective no-reaction flow rates in that branch (Equation (A6)):

k *(k k 0 k
P = F (1) = (R DB (1) "
(k)

B =R (1-x0) = Re+ DR (1-x0)

To obtain the design equations in canonical form, beside the mass and energy balances
on the reactors, it is also necessary to make balances on the mixing node. This holds not
only for this type of reactor network but also for other ones, some of which are reported
in the present work. Specifically for this case, the mass balance in the mixing node can be
expressed as follows (Equation (A7)):

k—1
Fo !+ RSy = Y ( . )
0 k 0 k
Flg}(l—ng )) Rka\}(lfxf&}) - (Rk+1)FA}(1foIO)

Equation (A7) leads to expressing the conversion at the reactor inlet as a function of
the conversion at the reactor outlet, which coincides with that at the outlet of the stage
(Equation (AS8)):

01 ey Re
AT R A T Re+1) A

It is useful to show that, if we write Equation (A7) for a generic species of the stream
(reported in Equation (A9)), we obtain the same expression as that reported in Equation (A8):

(A8)

Fif"‘” LR F(k) a
(k=1) _ Jx(k=1) v (=1 _ 10 (o, v (k-1)
Ei{) _iof (9 +<k) oA <))_F f(eaj A )
sz { 0; + lef = f(G—i— ’fo> k
Ey = (6 + 4xll) (Rk—i—l)F(O) (9,+%xg;1>)
(A9)
bk 1) FO v () _ ©) (5, v (k)
Af(9+ o ) £(6+ f)_(Rk+12F f(91+axA,0>
(6 + 4 ) + (0:+ %xﬁ\}f) = (Ri+1) (0 + 42

) (k=1) R (k)
Ya0 = (Rlirl)xA,f T R A f

This occurrence indicates once more the self-consistency of the so-extended definition
of conversion.

Mass Balance on PFR

The general design equation for the generic k-th PFR, expressed in terms of the key-
species A, mostly taken as the limiting reactant, is (Equation (A10)):

dFu
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which can be expressed in terms of conversion as follows (Equations (A11)):
R, + 1\F©dxg _
( r+1)F A f av ( VA)
(k)
YA All)
d 4 (
(Re+1) [ 545 =
w A Fay
*A0 "

The final expression of the PFR design equation, obtained by replacing the inlet “local”
(k) (k)

conversions x 45 and x,” with its expression in terms of stage conversions xgi;l) and xg(’)f,
is (Equation (A12)):

V dx
F% = (Ri+1) A (A12)
A, _
/ R+ S <Rf§1> “f
Mass Balance on CSTR
As for CSTR, the mass balance can be written as follows (Equation (A13)):
k k
Fiip = Fy) +ra Ve, =0 (A13)
In terms of conversion, we have the following (Equations (A33) and (A34)):
0 k
(Ri+ DECG (1= 284 ) = (Re + D) (1= %) + 74, Vi, = 0 (A14)
(k) _ (k)
VR ( A *xAA())
ﬁ = (Rt _’Ak)
- _ (A15)
Py (=)

Appendix A.2.2. Energy Balances
Energy Balance on the Mixing Nodes

The energy balance on the mixing nodes of the generic k-th stage is stated in
Equation (A16):

L EAVE (1Y) + 2 FRH (T z F A (15)

0 0+ 525+ R (0 + 52)) = (Re+ DEL) (81 5
Fﬁf}é (01 + Y [AF + Cpi (THY = T )|
+RkF1(£])(é (6 + 22, ) [AFD + Cpi (TR — Toeg ) | 16

= (Re+ DL (6 -+ %xil ) [AF0 + Cpi (T — Trog )|

CpsTy ) +x ;Y [AH + ACpa (T Y — Ty )
+Re [Cps Ty + 20 [AHD, + ACpA (T = Ty )|
= (R +1) [Cp T + ), [AHOA + ACpA( T® — Trefﬂ]
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Inserting Equation (A8) into the last of Equation (A16), the exiting temperature Ték) fi-
nally results in a weighted average of the temperatures of the entering streams
(Equation (A17)):

Tk — _1 Cps+aCp,xy " k=1 L Ry Crs+0Cp pxuy T®
0 Rt 1) \ Epsracp,l, |/ (Ret1) \ Cps+acpaly |/ (A17)
Tk — T}k)

In the particular case in which ACp 4 can be neglected with respect to Cps (conversion
is always lower than unity), Equation (A17) is simplified as follows (Equation (A18)):

o1 (k—1) Ri (k)

(
W ERADY TR D

(A18)
which have the same form as the previously obtained one for conversion (Equation (A8)).

This confirms that in a {xs vs. T} plot, the working points of the three streams of a mixing
node are connected by a straight line.

Energy Balance on PFR
The energy balance for a PFR is expressed as follows (Equation (A19)):

% <Zn: Fiﬁl) =0 (A19)
i=1

which leads to Equation (A20) if expressing it in terms of conversion:

4 (;1 [(Re -+ D)FLp (0 + ) | [AFD + Cpi (T - Tref)]) =0
dﬁ,(li (6; + Lx,) [AH —|—Cpl(T T,ef)D ~0
iv([cps(T Tref) +AHO xA+ACprA(T Tref)]) 0 (A20)

/

~ ~ d
Cps +AcprA) % = (-sH,,) 5

(Cps+ACprA)

_u
~

2y
<

Inserting the mass balance (Equations (A11)) into Equation (A20), we finally obtain
a canonical form of the energy balance for an adiabatic PFR (Equation (A21)).

dT <_AHr,A)(_rA)
v~ .0 ~ AC (A21)
Fp(Re+1) (Cps + 2x, )
Energy Balance on CSTR
The energy balance for a CSTR can be written as follows (Equation (A22)):
n - n -

Y FH;| — ) FH; =0 (A22)
i=1 IN i=1 our

which leads to Equation (A23):
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O LRI ALY
SR - £ o301 o o

1
wxin) [ (Toy) LCP( = )] = & (0 50) [8H(Tup) + Cpy (10 = Top) | = 0

Simplifying appropriately the previous expressions, we obtain (Equation (A24)):

Cps (13" = T®) + [{4al, o (T37) V8l o (T0)] =0

(k) _ (k-1) R (k) (k) _ (k)
Xp0 = (Rlirl)xA,f T w®RaD A YA = XA

It=Ir=Ls
/N
S
T+
s
=
>

(A24)

If the reaction enthalpy can be considered the same at inlet and outlet, Equation (A24)
assumes the following form in terms of stage conversions (Equation (A25)):

~ (k) (=AH,.) ( (k) (k1)) _
Cps (T = T09) + St (x ==, V) = 0

r 1 Cps(T® _7lk (A25)
(=) —xir ") = <Rk+1>((_mw§ )

Appendix A.3. Adiabatic-Stage Reactors with Split
Appendix A.3.1. Mass Balances
Mass Balance on the Mixing Nodes

The flow rates along the branches of the k-th stage of the series are expressed in terms
of conversion as follows (Equation (A26)):

B = B0 (1-x8) = (- o (1-x))

=B (-8 =s pw}(l_xgﬁg) (A26)
k k

g>:FAU(1_xg>):<1 soFyy(1-2)

where the split ratios Sy are generally different from each other.

The mass balance on the mixing nodes just after the outlet of each reactor is needed to
express the conversion at the outlet of the k-th reactor as a function of the conversions at
the inlet and outlet of the stage. Equation (A27) reports the steps from the mass balance to
the final expression of the outlet conversion x4 g:

EY 45 (f) £
(1— S)F ( xgﬂ)l +SkF ( xff)s) = Fy} (1 —xjf}) (A27)

x(k) S x/&)—i—S kXA f *fo
which leads to the following final expression (Equation (A28)):

®_ 1 ® Sk _(k-1)

X5 _1—SkxA'f 1_Skfo (A28)
Mass Balance on PFR
We start again from the generic k-th PFR, expressed in terms of the limiting reactant A
(Equation (A29)):
dFa
(A29)

av o
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which can be expressed in terms of conversion as follows (Equation (A30)):

U—&)H%*:Pm)

d Vr (A30)
(1—5S) f = xA = F(oﬁ

A
x of

Z=
o

The final expression of the PFR design equation, obtained by replacing the inlet
conversion with its expression in terms of stage conversions, is (Equation (A31)):

el Sl
K
Vi
R = (1-8y) (d_’;/‘) (A31)
F A, f L= A
Af
Mass Balance on CSTR
As for CSTR, the mass balance can be written as follows (Equation (A32)):
Fih = i 474, Vi, =0 (A32)
In terms of conversion, we have the following (Equations (A33) and (34)):
0 k 0
(1- sk>F,g,}(1 _ xgg) —(1-5 )Ff\}(1 - xg)) 474 VR, =0 (A33)
Ve, (xi” =)
oy = (1= 5x)
A (k) (k—l)( rAk) (A34)
VR _ (ki)
Ry ()

Appendix A.3.2. Energy Balances
Energy Balance on the Mixing Nodes

The energy balance on the mixing nodes can be expressed as follows (Equation (A35)):

£ RO (1) £ RO ) - £ AR

E R0 (1) « £ st V(1) < £ R (1)

ié(l SeEy (6 + xl)) [AHD + Cpy (TO) — Ty )]

+ 1 SeEp (00t ) [+ Cpi (T~ Ty )| (A35)
= 5 B0 (0 + 4 ) [AF2 + Cpi (T — Tier )|

I\
MR

(1= 5¢)[Cps T + VAR, ,(Ty)]
+5i|Cps T 2 VA, , ﬁT}kl))}

= [CpsT}” + 28, , (T1)



26 of 39

Processes 2024, 12, 107

which leads to the following explicit expression (Equation (A36))

(6;95 + AéprX()]() T}k) — S (éps + A&pr(kfl)) T}k Y (A36)
k

[(Cps+Cp,yxly) = Sk(Cps +8Cp k)]

TM) —

If ACp 4 can be neglected with respect to Cps, Equation (A36) can be simplified as

follows (Equation (A37)):
k) Sk 7(k=1) (A37)

Tk — _
(1-8) f (1-S;) f

Energy Balance on PFR
The energy balance on the generic k-th PFR is written as follows (Equation (A38))

(6; + ”le)} {AITI?Jrépi(T— Tref)D -0

(£ [0 0k
dx

( ps—i—ACprA)de ~AH, ,) 5 (A38)

ar _ (AH )dV

AV " (Cps+ACpaxy)

Combining Equation (A30) (differential mass balance) and Equation (A38), we finally

obtain the following expression (Equation (A39))
— AH ( —ra )
(=F,4) (A39)

ar _
dv. - L0 ~ AC
Fli}(l — Sk) (CPS + Tpr>
Energy Balance on CSTR
The general expression of the energy balance on the generic k-th CSTR is (Equation (A40))
n . n .
Y FH;| — ) FEH; =0 (A40)
i=1 IN =1 our

which leads to Equation (A.41) when expressing the flow rates in terms of the respective

conversions:
;[ (1= 5 (6 + 4l ) A (T3] - é [0 = s0) (0 + 220 ) B (T0)] =0
(e Gxa)A(n)] - Do i) (1) =0
A4l
Simplifying appropriately the previous expressions and expressing the outlet co(nver)—

sion as a function of the stage conversions, we obtain (Equation (A42)):

~ (k) _ (k) (k) ()Y _ (k) )\ —

ol 1)+ et (T ()) - iﬁ?ﬁf{ A(T)]=0

k k
xg)— lskxgx,)f skfo ’

If the reaction enthalpy can be considered the same at the inlet and outlet (ACp 4, ~ 0),
Equation (A42) assumes the following form in terms of stage conversions (Equation (A43)):

- Cpe (T _T®
(<% - xff,f”) = (1- so”s((mm;)

(A43)
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Expressing inlet and outlet temperatures as functions of the respective stage temper-
atures, we obtain the following expression (Equation (A44)), in which there is no formal
dependency on the split ratio:

0 _ 1) ® 5 (k1)
T =Ty T = 2y Ty — oy Ty

(A44)

_ Cps (T -1V
(o =47") = 2

Appendix A.4. Adiabatic-Stage Reactors Intercooled/Interheated by Reactants
Appendix A.4.1. Mass Balances

Mass Balance on the Mixing Nodes
Similarly to what was performed in the previous cases, we make here the mass
balance on the mixing nodes to express the inlet conversion as a function of the outlet ones

(Equation (A45)):
F £ = £f)

FEY 4 5 FO = ) (A%
Such a balance can be serialised to the k-th node, as shown in Equation (A46):
1 *(1 1 0 1 0
b= 5 (1) = S (1) = rf)
(1) _ ;(1) 1_— xg)) — Slpj(f) (1 _ xg))
F}\) B (1= x2p) = (51 +5)FY (1- %))
F? = FA( (1-27) = s+ 5)R) (1-x2)
(A46)
k *(k k k 0 k
= (1) = (£ )50 (- <5)
. k
R =FY(1-x0) = <h§1 sh> B (1-x0)
Y Sy=1
h=1

Therefore, we obtain the following compact form stating the relationship among
conversions (Equation (A47)):

(Z&) (1-x") +5c= (Z&) (1) (A47)

Making the inlet conversion explicit, we obtain (Equation (A48)):

)
X X
AR (A48)

Mass Balance on PFR
The differential form of the mass balance on PFR is (Equation (A49)):

dF,

Ry
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Using the general definition of conversion on the reactor branch, we obtain Equation (A50):

Fo= (£ s )0

o (A50)
(z sh) Oty (Zra)lg,

The corresponding integral form is obtained (Equation (A51)):

VRk _ <25h> / (d’;i) (A51)

For equal values of split ratio, we can simplify Equation (A51) as follows

(Equation (A52)):
MO
V A
FA Sk=S k-1, (k-1
k A
Mass Balance on CSTR

The mass balance on the k-th CSTR is written as follows (Equation (A53)):

FE) — FY = Ve (=74) g, (A53)

Expressing the flow rates as functions of the respective conversions, we obtain
(Equation (A54)):

FP — (

=

I =
95)

=
N———
]
>3
A/ N
—

[

=
>
N——

m
>
2=

I
<
M~

n

(hg Sh)FA (1 - on) R h§1 Sh>FA (1 ~ A ) = VR (=74)lg,
e (k) ()

=z 1) S

Expressing the inlet conversion as a function of the outlet conversion of the previous
stage, we obtain Equation (A55):

Lo 0 (k1)
v _ (58w -(E )4

F( (VA)k A55
N ) (%9

@ (=ra)k

$p=S

Appendix A.4.2. Energy Balances
Energy Balance on the Mixing Nodes
The energy (enthalpy) balance on the mixing nodes is reported in Equation (A56):
n

3 E Y A (100) +Z RO, (10) = Y RO, (107) (A56)
i=1

i=1
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Expressing Equation (A56) in terms of conversions, Equation (A57) is obtained:
n k—1 ) B - n ~
> ( v sh>Ff£) (6 -+ 42 ) B (T00) 4 £ 5,08, (TO)
i=1 \h ] i=1
L k k
_ (; sh) 0 (6;+ 42 A (T99)

i=1

(A57)

Using some algebraic calculations, Equation (A57) is expressed in terms of specific
heat and enthalpy of reaction (Equation (A58)):

~ k—1 k—1
{CPST(’(_U<Z Sh) + a7V ( X Sn AHrA<T( )” + 5 CpsTO)
h=1 h=1
k k
{CPS T )(Z Sh) +x1(xk,)o( X Sh)AHrA<T(§k))]
h=1 h=1 (A58)
~ k—1 k—1
{cpsﬂk 1>< sh) + ”(z S )[AcpA(ﬂ ) Tg"))H +5,CpsT© = {CPST (z sh)]
\n=1 h=1
A P

Finally, we obtain the inlet temperature as the weighted mean value of the outlet
temperature of the previous stage and the initial temperature (Equation (A59)):

(5,50 [Ers + 28 Vacha] 5,
Tk = M= T KPS T (A59)
( )» 5h> [éps + XX()OAEPA} ( )3 Sh) [CPS + 25 pACP4
h=1 ’ h=1
If ACpsy =~ 0, we obtain the following expressions for the inlet temperature
(Equation (A60)):
(kil Sh>
Ték) _ h;l T(k-1) + kSk T(0)
(&) (&) (A60)
TH| = L7k 4 170
Sk=S
Energy Balance on PFR

The energy balance on PFR is expressed as follows (Equation (A61)):

(£ (E3) 00 i) o En(r-To)]) =0
(500 ) [A78, G (7 Tug) + £ (04 )i =0
%épi (T - Tref)} gllg (91‘6}71‘ + %fpixA> =0 (A61)

‘%\R

-
I

n
Z["lAHJ?l
AH iy Cps + AC ar _
raay T\ CPs T ACPAX, | gy
dxA

<5p5 +A5prA>§—‘T, = (—Aﬁr’A)W

Aav
i
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After substituting the expression of the conversion derivative in terms of reaction rate
the differential equation reported in Equation (A62) is obtained:

(- AHr A)( ra)
k
( g ) 6ps+ACprA) (A62)
If the split ratios are equal, Equation (A62) turns into Equation (A63)
dl ( AHr A)( rA)
Vs s ks FC O (Cps+Cpaxy) (A63)
T(Vp =0) = Tok

Energy Balance on CSTR
The energy balance on a generic adiabatic CSTR of the series is stated in the expressions

reported in Equations (A64) and (A65):
k n ~ ~
FY (hzl Sh) (E (6 + 420 A (T87) - & (60 + Z"xﬁ‘))Hi(T(k))) =0

i=1 i=1

£ o s+ e (7))
|

—lfl (9 + v:xgg) [AH? —i—Cpl(T() ref)

n vl-AI?IO,. k ~ .Cp; k
El[(GAHJQIJr ﬂffxg)> (6:Cpi+ “’xg{))(Té)TM)b

& [ (g 0] (i ) (10 - o) | = (a6)
[(AH0, 58 ) + (Cps+ aCpaxily) (T — Tes) | +
- (AH;{AxX‘)) + (Cpo+8Cpax)) (TO — T,pp )] =0

AHS yxih — A0 4x) + Cpy (T — T

+ACpax) (T( ) ref) — ACpx¥ (T(k> - T,ef) =

Cpo(1y? = T0) 4+ XAl (1) — 28R, (T) = 0

AR, (T0O) = Cpo (7 = T0) + 9aR0, (157)
(A65)

© _ G (70 _ g0 4 ABa(R) o
AT AHE/AI(JT(k))(TO - Tt ))+AH0 (T0) *A0

The previous equation is simplified into Equation (A66) if the enthalpy of the reaction
can be considered constant with temperature:
| = Cps (1" — 1) (A66)
—AH, 4

k k
- o0
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Appendix A.5. Adiabatic-Stage Reactors with Distributed Interstage Feed
Appendix A.5.1. Mass Balances
Mass Balance on the Mixing Nodes
The mass balance of A on the mixing node before the entrance of each reactor allows us
to express the inlet molar flow rate FX% as a function of the outlet one exiting the preceding
reactor F/E\k_l) and of the initial split flow rate Fgf)s =S szgO) (Equation (A67)).
5,70 = )
FV 4 5,rY = FY)
"' (A67)

The flow rates at the inlet and outlet of reactors are expressed in terms of conversion
as follows (Equation (A68)):

1 *(1 1 0 1
Ff«,()) = FAFO) gl - xg})) = 5iF (1 - x&,%)

F&l) — FZ(U

Foy =BG (1= x20) = (51 +50)F (1-x2))

Y =FP(1-27) = (s1+5)r) (1- ) e
k +(k k k 0 k

Ay = FAEO)(1 _xgx,)o> = (El Sh>F£«)(1 x?o)
k «(k k k 0 k

R =FY(1-x) = (]El sh)F/g)(l )

Y S, =1

h=1

where the split ratios Sy are generally different from each other and can be subjected to
optimisation to maximise the reactive network performance. Substituting the mass balances
reported in Equation (A68) into Equation (A67), we obtain the inlet conversions xy o as
functions of the outlet ones (Equation (A69)), in analogy to the previously detailed case of

recycle reactors.
(1

xA}) =0

xf}) = slilszxg) = %xz(xl) = %xg)
- (A69)
h=1

Mass Balance on PFR

In the same way as performed before, we first write the general differential mass
balance inside the generic PFR in terms of the key-species A (Equation (A70)):

dF,y

CA =14 (A70)
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Then, for each k-th reactor, we express the molar flow rate as a function of the respective
conversion—defined as usual with respect to the molar flow rate of A in the absence of
reaction (Equation (A71)):

51F1(§0>‘%‘ :o (=ra);
(S1+ S)FV 8 — (1),

L (A71)
(Bi sk) B4 = (=ra)
FY S8 = (—ra),

From these expressions, we finally obtain the design equation for the generic k-th
reactor written in its canonical integral form along with the necessary integration upper
and lower limits (Equation (A72)):

5055 %A
12 (A72)

In the particular case in which all the split ratios are equal, we obtain the following
simplified expressions (Equation (A73)):

dx VR
S A 'R
] e =
MR
25 [t — U
oy Tl B (A73)
27A

Mass Balance on CSTR
The mass balances on the CSTRs of the series are (Equation (A74)):

s = SiFY (1= 2) = (=ra), Vi,

(S1+ Sz)Flgo) (1 — xg%) —(S1+ 52)1‘1&0) (1 - xf?) = (—74), VR,

=
(£ 500 (1-8)
h=1 ’

(A74)

k
- (2 sh)Fff) (1-x%4) = (=ra)Ve,
h=1
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After a further simplification, Equation (A74) becomes (Equation (A75)):

Slpéo)qul) = ( T’A) VR1
(51 + SQ)FAO) (XEL‘Z) — x(AZz)) ( VA)ZVRZ

(A75)
k
( x Sh)Fff) (X(:) - x%) (—7A)k VR,
h=1
Eliminating the inlet conversions x4 o, we finally obtain (Equation (A76)):
S F( )qu) = ( T’A) VRl .
(<51 +52)x) = Sixll)) = (=ra)p—it
A
T/ k k=1 3 v
K )y Sh>x§f) - < D 5h>xf§ 1)] = (‘M)k% (A76)
h=1 — F,
k k-1 _
v, _ (55 -(E )
@ a (=ralk
If all split ratios are equal, we obtain (Equation (A77)):
FI(A )xfa (—=ra) VR,
+@ _ WY Z(_, Vry
( A Xa ) ( A) F[g)
k-1 4
[kxﬁx) — (k—1)x§ )} = (_T’A)kFTI;k) (A77)
A
VR, _ S {kquk)—(k—l)xx(flq
F[go) - (=ra)x

Appendix A.5.2. Energy Balances
Energy Balance on the Mixing Nodes

Applying Equation (A41) to the generic branches entering and exiting the mixing
node just before the k-th reactor, the energy balance on the k-th mixing node is written as
a function of conversion as follows (Equation (A78)):

i Fi(k—l)ﬁi(T(k—1)> +F§1’f?5 HA<T(O) zil Fl(k) <T<k>>

- © (E sh> (1-x4") i=a ) FY (E sh> (1-+4Y) i=a

i F (Zj sh> (0%, +ux), i 2 A | R0 <9i L4t zil sh”;xﬂ“”) i £ A (A78)
o (B0 [ (E8)0

v F§°><§lsh>(9§Alg+ uxlly), i # A - pg))(l#ﬂzshwxm) i£A

Developing Equation (A78) through the algebraic calculations detailed in Equations
(A79)—(A84), we obtain Equation (A85), which states, as expected, that the resulting temper-

ature Ték) exiting the mixing k-th node is comprised between the temperature entering the
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(0)

node from the preceding reactor T(*~1) and the temperature of the split initial feed e T )\
the limiting reactant A.

of

(1)« B () () - £ ()

i=2

k-1 ~ n k-1 ~
D (515) 0 D) ¢ o () )

i=2

= (£ ) (i (1) B0 £ o (£ ) 2] (0)

=2

(A79)

(zgi Sh) [Aﬁf,A + CVPA(T(kil) - Tr)} - (kil Sh> [Af‘jf,A + EPA(T( 1 _ Tr>} (k 1)

1
+§2[9i [AHp; +Cpi(T6D - T, ) | + <k1 Sh)ﬁ[Aﬁf,i+€pi( T — )y 1)}

+8¢[Ad7 4+ Cpa (T - 1,)] (A80)
T ome st ) (£) e

n

+1 [91, |aHp +Cpi(TY - )| + <hé Sh> 4 [aHg +Cpi(Ty - T,)| xf;()o}

~ k—1 ~ k—1 . k—1

(% Ww%aﬂmﬁwﬂw%@@%aﬁ“%gﬂWwwwwﬂw

n n . k—1 n - — n ~
+{>: 0,0H; + (T*-1) - T,) v GiCpl} + < Y sh>x§f*1> Y UAHp, + (TUH) - T,)xﬁj‘*” ( v sh> ¥, uCp;

= i=2 h=1 i=2 =1 /i=2
—|— HfA + SkaA <T<0) — Tr>:| (A81)

k Z k _ k ~

= (hgl Sh)AHf,A + (hgl Sh)CpA (Ték) — Tr) + ( 21 Sh)xgi)ol%AHf,A + (121 Sh) VTACPAXEAT,)O (T(gk) _ Tr>

E O AT+ 3 0.8 (T® . )
+ ¥ 0,0Hp; + ¥ 0.Cpi(T¢) —T,) + < » sh>xA0
i=2 i=2 h=1

k=1 _ k=1 _ k=1 _ 3 _ .
(hz Sh)AHf’A * (h): Sh) Cpa <T<k71) B T,) + < Lz Sh) %AHf’Axg( U+ <h21 Sh) %CPAXX( ! <T(k71) - T’)
=1 =1 =

n ~ n ~ — n ~ k-1 n ~
+ ¥ 08+ (TOD = T,) ¥ 0,Cpi + (2 ) VT SaH + (TED -T2l (z sh) Y, 4Cp,
i=2 _ _ =2 i=2 h=1 i=2
+[SeAFy A+ 8¢Cpa (TO - T,) | (A82)
k k k—1 k-1
_ 5 (70 (k=1) vy va & D (70
- (/El sh)AHf,A + (h; Sh)CpA (9 -1)+ (hz Sh)xA 4 AHf g+ (hzl sh) aCpaxy V(1 - )

1

n ~ nooo k-1 n ~
+ L 0AHy; + ;ze,.Cpi(TO(k) ~T,) + (hgl Sh)x z YAHy; + ( » sh>x§{‘ Uy ulp(n? - 1)
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(k=1)

_ — - k—1

; )CpATk 1) (z )CpAT,—i— (z sh) YA AHp oxy
(i )VACPAX( R (Z Sh> YaCpax ¥ VT,
L0

AHp; + zecpl T(k=1) ZG‘CpiT,—i-(Z sh) 2D 5 YAHj,

i=2

+xy <ZS>ZJCPiTk1) W) £ ue
i i=2

=2
+ [skAHf A+ S CpaT® —5,Cp ATr] (A83)

k—1 ~
= SyAHf A+ < 5 sh> CpaTH - (z sh) CpaT, + <z sh>x§{“”V;AHﬁA

+<zsh>”Acp R (2 >;Cp Ax VT,

= o
+26AHfZ+ZGCpZ ) (2) )’Z%AHL,‘
() e (o) nn

k—1 - - ~ ~
( Y sh> CpaTh-1 4 [cps - cpA] Tk + 5.CpsTO 4 Tk ( Y sh)Acpr“‘ 1)
h=1

_rol[ (5 \e 5 4 G (k=1)
=T, Y Sn|Cpa+S5kCpa+Cps —Cpa + Z Si ) ACpaxy

h=1 (A84)
Kzis ) pA+Z 0; Cp, ();1 S;I)A(fp,qxff*l) T<k*1>+sk(prT(0)
0 - — k-1 - _ ~
(T )CPAf;Zeicw(h;l S )aCpaxs ™ | +5Cpa
(k) _ k—1 0
TO - wlzilwz Tk + ﬁ’r( )
Lo\ A nox (k=1) (A85)
wy = h21 Sn|Cpa+ ,22 0:Cpi + Z S ) ACpaxy
M= =
Wy = SkaA
If ACp, can be neglected with respect to the other terms of the sum, we obtain
Equation (A86):
k-1 ~ n ~ ~
[( z 511>CPA+ L 9iCPi] T 45, Cpat®
T(k) o h=1 i=2
0 k-1 ~ noo ~
K )y 511>CPA+,Z GiCPi] +5kCpa
h=1 i=2
k ~
Té ) = wlzi]wz T¢D) + Titw; w1+w2 T (A86)

k—1 ~ n ~
w1 = K )y Sh) Cpa+ X 91‘@%}
=1 i=2
wy = S5Cpa

If the split ratios are the same, we obtain the expression reported in Equation (A87):

el (A87)

~ n ~ ~
{(k —1)SCpa+ ¥ 6:Cpi + SCPA]
i=2
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Energy Balance on PFR
The general energy balance for a PFR is recalled here from Equation (A19):

% <Xn: Fiﬁl) =0 (A88)
i=1

For the k-th reactor of the series, expressing this balance in terms of conversion, we
obtain the final expression (Equation (A92)) through Equation (A89)-(A91):

‘ﬁ/<|:FA[ HY , +Cpa(T—Top)|| + i[ F][AH, + Cpi(T - Tref)D:o

=2

F/(*O)(ésh)(l_“)[ )+ Cpa(T - T’ef)H

d _
av n k
0) ;
+r [p/g (91. cat K Si A)] (MY, + Cpi(T — Ty )| (A89)
FO (5 _
Dl LSy )(1—xy),i=A
F = h=1 , in the k—th reactor

at );sh xA>,z;£A

(
{F}P(f 5 )(1—xA)[ HY , +Cpa(T - T,ef)]]>+

k v; 0 ~
Opat L shaxAﬂ [AHY, +Cpi(T - Tref)D =0
(A90)

Cps + (Z Sh>xAACpA - (1 ~ Z Sh>CpA (i > [ } [‘Zj} (A91)

h=1

Thermal contribution of the feed Non—linear contribution Reaction Contribution
~ k . k ~ |dT k ~q[dx
(Cps —Cpa) + (2 sh> Cpa + (Z sh> xABCpa | = <2 sh> [~8H, ] [d‘;‘} (A92)
h=1 h=1 h=1

Contribution
of the species
| other than A

Contribution of
the species A
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Energy Balance on CSTR
The energy balance on the k-th CSTR is obtained starting from Equation (A93):

Al ()] + 6] 1)
-, (10)] - £ [ [(r)] -o

i=2

(A93)

After some algebraic calculations (see Equations (A94), (A95) and (A99)), we can
finally obtain the form reported in Equation (A96).

P (£,50) (148 [Fa (1)
o (e o) [ (V)]
(£ 5) (1) [Aa (1) +

_é:z Ff(x()) <9i7éA 4 hil Shflixg‘)) {ITIZ(T("))} =0

(A94)

(A95)

(@ = (£ 51)em] (1 1)

k k) ATT (k) k) 7 © (A96)
+<h§1 Sh) [XA'OAH’/A (TO ) —xa AH, 5 (T )} =0

(Cp—Cpa) + (5 ) Cpa (1) - 7)

. ) 1 (A97)
(£ 50) [ ]a8, =0



Processes 2024, 12, 107 38 of 39

We remind that, from the previously obtained mass and energy balance on the mix-
ing nodes, the following relationships hold for the inlet conversion and temperature
(Equations (A98) and (A99)):

k=1
k h§1 K k—1
qu’)o == xfﬁf ) (A98)
Y. Sp
h=1

=1\ - N _
K )y 5h>CPA + f QiCPi] T*=1) 4 S, CpaT©
h=1 i=2

1%

70

p (A99)

k-1 -~ n ~ ~
[(h21 Sh) Cpa+ ‘22 eicpi:| + S5kCpa
= 1=
Substituting Equations (A98) and (A99) into Equation (A97), we obtain the following
expression (Equation (A100)):

k

—
=0

Tk — T(kfl))

k ~ ~ ~
(£ 5)Cra+(Cr—cra) (A100)
(7AHr/A)

(
+(—Sfﬁ (1t — 1)
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