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Abstract

Process scale-up remains a considerable challenge for environmental applications of non-thermal
plasmas. Undersanding the impact of reactor hydrodynamics in the performance of the process is
a key step to overcome this challenge. In this work, we apply chemical engineering concepts to
analyse the impact that different non-thermal plasma reactor configurations and regimes, such as
laminar or plug flow, may have on the reactor performance. We do this in the particular context
of the removal of pollutants by non-thermal plasmas, for which a simplified model is available.
We generalise this model to different reactor configurations and, under certain hypotheses, we
show that a reactor in the laminar regime may have a behaviour significantly different from one
in the plug flow regime, often assumed in the non-thermal plasma literature. On the other hand,
we show that a packed-bed reactor behaves very similarly to one in the plug flow regime.
Beyond those results, the reader will find in this work a quick introduction to chemical reaction

engineering concepts.

Keywords: non-thermal plasma, chemical engineering, dielectric barrier discharge (DBD),
corona discharge, plug flow reactor, volatile organic compounds

1. Introduction

According to the 2017 Plasma Roadmap [1], “process selectiv-
ity, conversion and /or energy efficiency are still not sufficient to
justify the large-scale use of non-thermal plasmas’ for many
environmental applications. Examples of such applications
include the conversion of CO, [2-5], the production of syngas or
hydrogen [6-9], liquid fuels [10-12], ozone [13-15] or the
removal of volatile organic compounds or other pollutants from
air streams [16-21]. These applications usually involve the use
of a plasma reactor where both desired and undesired reactions
may take place during or following a non-equilibrium electric
discharge, eventually with the help of a catalyst. Most studies in
non-thermal plasma literature try to optimise selectivity, con-
version and/or energy efficiency by acting on:

* the inlet parameters, such as gas temperature, composi-
tion or flow rate;

1009-0630/18,/065512+11$33.00

e the plasma parameters, such as the applied voltage
waveform, its amplitude and frequency, the electrode
configuration or the type of discharge (gliding-arc,
dielectric barrier discharge, corona);

* the catalyst, its support and its position with respect to the
discharge.

On the other hand, very few studies evaluate the impact
of the reactor’s geometry and its hydrodynamic characteristics
on the process efficiency. Two main reasons may explain that.
First, changing the geometrical parameters of a laboratory
reactor requires the fabrication of a new reactor or a more
complicated modular design. Second, non-equilibrium plasma
processes usually involve a wide range of spatial and tem-
poral scales, as well as complex kinetic mechanisms. This
makes the coupling with computational fluid dynamic models
and therefore the numerical investigation of the hydro-
dynamics of a plasma reactor rather challenging (never-
theless, we can find such studies in [13, 22]). But filling the
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Figure 1. Some different reactor models used in chemical
engineering mentioned in this paper: batch reactor (a), continuously
stirred tank reactor (b), plug flow reactor (c).

gap in our knowledge of how the hydrodynamics and the
geometry of the reactor may impact the performance of a
plasma process is a fundamental step not only towards pro-
cess scale-up, but also towards a better understanding of
laboratory experimental results.

Chemical reaction engineering, a branch of chemical
engineering concerned with the design and operation of
classical chemical reactors, could help us in filling this gap.
Indeed, chemical reaction engineering is a well-established
discipline, with lots of concepts and methods developed for
the design, the modelling and the understanding of homo-
geneous or heterogeneous reactors. Most interestingly, some
simple analytical results in chemical reaction engineering
provide powerful insights for the design of chemical reactors.
In this work, we try to extend these results to plasma reactors.

Our study is not the first one to look into how hydro-
dynamic aspects can impact the chemical performance of
plasma reactors or to apply chemical engineering concepts to
such reactors. For instance, Gonzalez-Aguilar et al [8] model
the reforming of n-octane in a non-thermal plasma torch by a
network of OD well-stirred reactors (WSRs) and plug flow
reactors (PFRs) to represent the hydrodynamics of the torch.
Similarly, Lietz and Kushner [23] use two 0D WSRs to model
the plasma treatment of liquid-covered tissue. More generally,
Pinhdo et al [6] describe the influence that gas expansion
inside a non-thermal plasma PFR may have on process
parameters such as the residence time, the specific energy
input (SEI) or the material balances. Also, Meichsner et al
[24] present some non-thermal plasma reactor models: the
plug flow model, the back-mixing model and the closed
reactor model, which we call in this paper PFR, continuously
stirred tank reactor (CSTR) and batch reactor, respectively.
Bogaerts et al [25] explicitly mentions the equivalence
between the batch and the PFR as a convenience for the
modelling of plasma reactors.

Researchers in the plasma domain often use a batch
reactor model when studying detailed kinetic mechanisms
[15, 26, 27] or a PFR model when interested in global
quantities such as removal or yield rates [28-30]. Further,
sometimes the PFR model is implicitly assumed, without any
mention of it [31-34]. However, the PFR hypothesis does not
necessarily hold, as most of the plasma reactors at laboratory

scale have a low Reynolds number, being closer to the laminar
regime than to the plug flow regime, which requires turbulence to
homogenise the fluid in the cross-flow direction and/or a very
long tube (high aspect ratio), as we will see in the following.
Further, electro-hydrodynamic effects such as the so-called ‘ionic
wind’ may induce flow recirculation [35-37].

In this context, we attempt to propose a short and
accessible introduction to chemical reaction engineering to
the plasma community. The goal is to make easily available
some basic concepts which are essential to the design of
plasma reactors, but also to the analysis of experimental
results. Moreover, we seek to show with simple analytical
models how reactor hydrodynamics may have an important
impact on non-thermal plasma reactors for environmental
applications. In particular, we use the treatment of atmo-
spheric pollutants by non-thermal plasmas as an example,
adopting a simplified kinetic model to evidence that impact.

2. Basic chemical reaction engineering concepts

Chemical reaction engineering deals with transformation and
transfer processes taking place inside a reactor. Such pro-
cesses may be impacted by the nature of reactants and inlet
conditions, as well as reaction thermodynamics and kinetics,
hydrodynamics, circulation and mixing inside the reactor or
heat transfer within and across the reactor’s walls [38]. Outlet
products and conditions will then be intimately related to all
those aspects.

2.1. Ideal reactors

With the goal of simplifying the approach to complex real
reactors, ideal reactor configurations may be analysed. Three
of the simplest configurations are the batch reactor or WSR,
the CSTR and the PFR. They are shown in figure 1.

In a batch reactor, a certain quantity of mass reacts over
time with perfect mixing of the reactor’s content. Due to the
perfect mixing, all properties in the reactor such as species
concentrations and temperature are uniform. Without inlet or
outlet fluxes, the species balance can be written [38, 39]:

% = Vw; @))]
dr !
I’lj(f =0) = njo ()

where 7, is the number of moles of species j inside the reactor,
V the volume of the latter and w; the rate of production of
moles of j per volume. «; is given by:

wJ: ZVUI", (3)

where v;; is the number of moles of j produced (or destroyed if
negative) per mole of reaction i, whose rate is r;.

The CSTR is similar to a batch reactor, but working in a
continuous manner, with inlet and outlet flows. It can be
considered to be in a stationary regime, which is often a good
approximation of real conditions. Similarly to the batch
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reactor, properties are uniform in the CSTR due to the perfect
mixing. Logically, outlet properties are the same as those
inside the reactor. The species balance is then written
[38, 39]:

Fiin + Vwj = Fj o “)

where Fjj, /00 are the inlet and outlet molar flow rates of j.

In the PFR, the reacting fluid flows in a tube without
axial dispersion. All properties inside the reactor, including
the flow velocity or species concentrations, are supposed to be
uniform in a given cross-section of infinitesimal thickness dx.
In this case, the species balance is written [38, 39]:

dF; Si )
— = Sw;:
dx )j
where S is the cross-sectional area of the tube. Further, the
following boundary conditions apply:
Fi(x =0) = Fjjn (6)
Fj,out = F](x =1L) @)

where L is the length of the tube. We can learn more in the
case of a single first-order reaction of type A — B with rate
r = kCy4, where C4 is the concentration of A. For the sake of
simplicity, we consider the rate constant k to be fixed. In that
case, the concentration C4 can be obtained for each type of
reactor according to equations (1), (4) and (5), respectively
[38, 39]:

Batch:  C4/Cyo = exp (—kt) ®)
CSTR:  Ci/Cpin= 1/ + k1) 9)
PFR:  Ca/Cain = exp (—kT) (10)

where 7 = V/Q is the so-called space time (Q is the inlet
flow rate).

From equations (8) and (9) we can see that a batch flow
reactor and a PFR are analogous, as if there is no change of
fluid density with pressure, temperature or composition (due
to reactions), ¢ and 7 are equivalent. It means that exper-
imental results obtained with a batch reactor can be trans-
posed to a PFR with the same residence time. Further, from
equations (9) and (10) we can show that for a first order
reaction, conversion of A is higher with a PFR than with a
CSTR for the same value of 7 [38, 39]. In general, for a
reaction A — products with reaction order n (and without
changes in fluid density), higher conversion of A is obtained
with a PFR if n > 0 and with a CSTR if n < 0 if 7 is fixed.
Conversions with PFR and CSTR are equal in case n = 0.

Finally, it is important to note that k7 is the main para-
meter governing conversion in both CSTR and PFR. This
parameter is the so-called Damkohler number Da, which
gives the ratio between the flow and the chemistry char-
acteristic times. In general, for a nth order reaction, the
Damkohler number is defined as Da = k, CX;HIT.

(a) _l — |Reactor | — f F(r)
(b) _A —> | Reactor| — —K E(t)

Figure 2. Scheme of tracer step (a) and impulse (b) responses of a
reactor and their relation to E(f) and F().

Table 1. Dimensionless residence time distributions (RTDs) Ey(0)
obtained analytically [39, 40].

Reactor type Ey(0)
CSTR exp (—6)
PFR 1 - 11)
; ; NON-
N CSTR in series N(N— o exp (—Nb)
LFR—circular tube {0, 0<1/2
1
e 02172
LFR—parallel plates 0, 0<2/3
1 2\—0.5
w(-%) " 0223

2.2. Non-ideal reactors

2.2.1. Residence time distribution. Real reactors always
differ from ideal PFRs or CSTRs because of existing
recirculation and channelling of fluid and stagnation zones,
no matter what efforts are made to approach either of these
ideal configurations. One of the means to account for these
non-ideal behaviours are residence time distributions (RTDs).

The RTD E() corresponds to the fraction of fluid which
stays in the reactor for a time between ¢ and ¢ + dr. If a tracer
is introduced at the inlet of the reactor and its concentration
measured at the outlet, the RTD corresponds to the response
to an impulse input. That could be a droplet of colourant
introduced in the inlet, for instance. The response to a step
input is denoted by F(#) and is related to E(¢) by:

F(1) = fot E()dr. (11)

Figure 2 is a scheme of both impulse and step response
experiments. RTDs obtained experimentally are useful to
diagnose the existence of recirculation, channelling of fluid
and stagnation zones, as well as to develop a flow model for
the reactor. More information on that can be found
on [39, 40].

Some common RTDs obtained analytically for a variety
of reactors are given in the equations in table 1. They are
given in dimensionless form Ey4(f) = TE(f), where 0 = t/.
The corresponding dimensionless step responses F(6) = F(f)
are given in table 2 and shown in figure 3 as an illustration.
LFR refers to laminar flow reactors, which will be described
in section 3.4.1.

Under certain hypotheses, it can be shown that the
conversion for any reactor can be found from the conversion



Plasma Sci. Technol. 20 (2018) 065512

P Affonso Nobrega et al

Table 2. Dimensionless step responses F() obtained
analytically [39, 40].

Reactor type F(0)
CSTR 1 — exp(—6)
PFR 0, 0 <1
I, 0>1
N CSTR in I- EXP(*NH)[I +NO+ Wy Uzvvg)Nf:]
series | W=D
LFR—cir- {Q 0<1/2
lar tub 1
cular tube L-h ezap
LFR—parallel 0, 0<2/3
plates ) 505
(1+35)(1-5)" 02273
1.0 T T
,::.:)‘:--
0.8 - e
A/
)
0.6 Iy
D 5
' . CSTR
/ —-- 5 CSTR in series
027 ./' """ LFR - circular
A LFR - parallel
0.0 Lt
T T I I I
0=t/

Figure 3. Tracer step responses for F(6) for different reactor models.
F(0) expressions are given in table 2.

in a batch reactor and the RTD:
Cy

f+oo [
-~ Jo Ca,in

+00
- ( Ca ) Ey(6) do.
0 CA,in batch

Equation (12) is only valid for the so-called macrofluid
regime, where small elements of fluid go through the reactor
without mixing with each other. In this case, each of these
elements behave as a tiny batch reactor. On the other hand, in
the microfluid regime, small elements of fluid are very well
mixed. The mathematical treatment of the microfluid regime
is more complex than that for the macrofluid regime. For that
reason, we will avoid it in the scope of this work, even though
gases generally behave as microfluids. According to Viller-
maux [38], equation (12) may be used as a first approximation
for the microfluid regime if C4/Cy;, is not very low. For
instance, for a first order reaction, applying equation (8) to
equation (12) would yield:

G
Ca,in

Ca
Ch,in

) E(r)dr
batch

12)

+00 +o0
f exp (—kNE(1) dt = f exp (—k1)Ey(6) db.
0 0
(13)

G-

Figure 4. Scheme of CSTRs in series used to model axial dispersion.

The remarks made on section 2.1 are of major importance
here: we can obtain the batch reactor conversion from a PFR.

2.2.2. Axial dispersion. Deviations from the ideal PFR model
may occur in real reactors due to some mixing in the axial
direction. This mixing may be due to a radial velocity profile,
molecular diffusion in laminar flow, turbulent diffusion in
turbulent flow or the irregular path of the fluid in a packed-
bed reactor. This behaviour may be modelled by a diffusion
coefficient D and the resulting species balance for species j is:

(14)

where u is the flow speed, supposed constant along the axial
direction x. This is the so-called axial dispersion model,
which can be used to model turbulent flow in pipes, laminar
flow in long pipes or packed bed reactors. The importance of
axial dispersion in the reactor behaviour is characterised by
the dispersion number D/uL. If D/uL > 1, then dispersion
dominates and the flow tends to be mixed. On the other hand,
if D/uL < 1, convection dominates and the flow tends to
behave as ideal plug flow. The reciprocal of the dispersion
number is often called the Péclet number, even though this
nomenclature should be applied only when the diffusion
coefficient accounts for molecular diffusion alone.
Correlations for the value of D can be found in Perry’s
Chemical Engineers’ Handbook [41] and in [40]. Solving
equation (14) may be quite complicated depending on the
boundary conditions and the reaction rate dependency on C;.
An alternative model is to use a number N of CSTRs of
volume V; in series where the total space time is equal to the
sum of the space time of each reactor:

Vv NV
T=—=N1= V.

Q Q
Figure 4 shows a scheme of the tank-in-series model, as it is
also called: Villermaux [38] suggests the following relation
between N and the dispersion number D/uL:

N= ().
2\D

According to that author, if we put aside the physical meaning
of the tank-in-series model, a non-integer value of N can be
used by replacing the factorial term in the RTD given in
table 2 by the Gamma function:

15)

(16)

+o00

xNTexp(—x) dx. (17)

(N — 1)! = T(N) :f

0

With this approach, Villermaux [38] states that equivalence
between equation (14) and the tank-in-series model is
‘excellent’” for N > 50. In any case, several authors
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recommend the use of the tank-in-series model rather than the
axial dispersion model due to its greater simplicity.

3. Application to pollutant removal by non-thermal
plasmas

If the hydrodynamics of the reactor can significantly impact
the performance of a reactor for a simple homogeneous
reaction, that should also be the case for any plasma reactor.
In this section, we will use the concepts presented above to
analyse non-thermal plasma reactors. We focus on the use of
such reactors for the removal of small concentrations of
pollutants from air streams, one of the promising environ-
mental applications of non-thermal plasmas.

3.1. A simplified model for PFRs and definition of a Damkéhler
number

In our analysis, we make use of the four-reaction simplified
kinetic model proposed by Rosocha and Korzekwa [31] and
Yan et al [42]:

Radical production M — R r=GP (18)
Pollutant removal X+R—A r=kxCCgr (19)

Radical linear termination M+ R—B r=kyCyCg
(20)

Radical non—linear termination R + R — C r = kgg C,%
(21

where P = P/V is the specific power input, with P the power
dissipated in the plasma and V the reactor volume, ky, k;; and
krr are the reaction rate constants for equations (19) to (21),
Cy, Cr and C), the concentrations of X, R and M, respectively,
and G the number of radicals produced per energy unit. For
the sake of simplicity, we assume the following hypotheses:

* Reaction rate constants, the gas density or the specific
power input are constant and do not vary, particularly
with temperature. In reality, if some amount of the
dissipated plasma power is converted to heat, and heat
transfer from the reactor to the environment is not
efficient, temperature variations can be significant inside
the reactor. In such a situation, this hypothesis may
not hold.

* The gas density does not change due to reactions. Gas
density changes due to reactions are indeed negligible if
we consider that at most a few parts per thousand of
radicals are produced and of pollutants are removed.

* The concentration Cy, does not change due to reactions.

Radicals are continuously produced in the whole reactor

volume.

e Radical concentration is low and therefore, radical non-
linear termination is not a significant pathway for radical
loss. In other words, ky; Cyy Cr > kgr C,%.

* Radical concentration is stationary. That means that
radicals produced by the plasma are consumed instanta-
neously either by pollutant removal or radical linear

Table 3. Summary of dominant mechanisms for radical loss
depending on the ratio z.

Value Dominant mech- Pollutant Reaction

of z anism for radical loss  removal rate order

2> 1 Radical linear % =< First order
termination

<! Pollutant removal Lo Zero order

dDa

termination reactions. We can then write:
dCp

d—ZGP—kXCXCR—kMCMCRZO (22)
1t
o= — 9P (23)
kx Cx + ky Cy

From equation (19) we can obtain the pollutant removal rate:

wy = dd% = —kxCGCr = _—kxé}:?-(f/:CM. (24)
We use normalised variables:
§=G/CGein (25)
7= kuCy /kx G in (26)
where Cy;, is the pollutant’s inlet concentration.

& = Cx/Cx;n is commonly called the residual fraction of X.
The SEI, which is a widely used parameter in plasma
applications, can be obtained from the specific power input
by:

dSEI = P dt 27
SEI = Pr. (28)
We rewrite equation (24) by applying equations (25) to (27):
de = - ¢ G . 29)
dSEI E+ 272G

We can then define the characteristic energy as:

B=Cin(l +2)/G (30)
and a Damkdohler number:

pa=SEL _ __GPT 31)

8 Gn(l+2)

to obtain the final normalised form of the pollutant removal
rate:

d¢ :_§(l+z). 32)
dDa E+z
We may analyse the importance of each parameter. The value
of z defined by equation (26) gives the relative importance of
radical loss by linear termination and by the pollutant removal
reaction. If z > 1 radical linear termination dominates. On the
contrary, if z < 1 pollutant removal is the main mechanism
for radical loss. From equation (32) we can see that the
pollutant removal has respectively either a first order or a zero
order behaviour in these limits. Table 3 summarises this
analysis.
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Another important parameter is the characteristic energy
0. This parameter is very often used in plasma literature
[19, 31, 32, 42-44] as an indicator of the efficiency of pol-
lutant removal by a non-thermal plasma process. It corre-
sponds to the energy needed to decompose 63.2% of the
pollutant’s initial concentration. It can be obtained from plots
of log ¢ as a function of the SEI. Indeed, experimental results
show that the residual fraction ¢ usually follows an expo-
nential decay exp (—SEI/[(3), at least for values of £ close to
unity (>80%). One of the advantages of the mechanism
model described by equations (18) to (21) is that it allows us
to reproduce that behaviour, as we will see in the next session.

Finally, Da gives the ratio between the SEI and the
characteristic energy (. The numerator is the product of the
specific power input P and the space time 7. The denominator
can be viewed as the product of the same specific power input
P by a chemistry characteristic time 7.. The plasma Dam-
kohler number Da is therefore a ratio between flow and
chemistry characteristic times:

_SEl _Pr _ T (33)
ﬂ P, Te

Da

The main advantage of using the Damkohler number is that it
allows a quick comparison with chemical engineering con-
cepts, where this dimensionless number is widely used.

3.2. Pollutant removal in a PFR

The first kind of reactor we analyse is the PFR. Beyond the
fact that it is one of the simplest ideal reactor models used in
chemical engineering, most non-thermal plasma reactors for
pollutant removal have a tubular shape and are often com-
pared to a PFR, implicitly or explicitly [28-34]. However,
Trambouze [45] suggests that a PFR requires the following
conditions on Reynolds number Re and aspect ratio L/d,:

Re = ud, /v > 10* (34)
L/d, > 100 (35)

where d; is the tube’s inner diameter and v the kinematic
viscosity of the fluid. Rosocha and Korzekwa [31] implicitly
used a PFR model to integrate equation (24) and obtain an
expression for & Indeed, combining equations (24) and (5),
we have the balance for the pollutant X in a PFR:

dFyx . kx CxGPS

_— SCUX = -

dx kx Gy + ky Cy
If there is no density change, the flow velocity inside the
reactor is the same, so that we can write dFy = uS dCx and
dx = udr. Equation (36) is therefore equivalent to
equation (24), and as a consequence, to equation (32). We can

rearrange the latter in order to integrate with initial conditions
¢&=1and Da = 0:

R

which yields after integration:

(36)

37

1.0 -

0.8 1

0.6 1

0.4 -

Residual fraction - £

0.2 1

0.0

2 4

Damkholer number - Da

O H

Figure 5. Residual fraction £ of X as a function of the Damkdhler
number Da = SEI/3 for a PFR. Different curves represent different
values of z, logarithmically ranging from 1073 to 10° and increasing
according to the direction of the arrow.

E—1 Lz

z+1  z+1
This is the same expression obtained by Rosocha and Kor-
zekwa [31]. One needs to solve it in order to find the residual
fraction ¢ at the outlet of the reactor for a given Damkohler
number Da and a given value of z. Some remarks:

In¢ = —Da. (38)

* If £ is close to unity, which means low pollutant removal:

_ 2 _ 3
R N Gl Vi

§=E-1 5 3 ()
(39
and in that case equation (38) reduces to
Iné = —Da 40)
or in a widely known form:
&= G exp(—g). (41)
CX.in 5

This is the exponential decay law observed experimen-
tally for low conversion.

*If z > 1 or z < 1, we have respectively the PFR first
order and zero order behaviours:

& = exp (—Da) 42)

£=1— Da. (43)

Figure 5 shows the residual fraction ¢ as a function of the
Damkohler number Da = SEI/ 3 for different values of z for a
PFR (obtained from equation (38)). z values are logarith-
mically spaced from 107> to 10°. The arrow indicates the
direction of increase of z. For z < 1, the curves come close to
the zero order behaviour defined by the linear function given
by equation (43). Conversely, when z > 1, the curves
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approximate the first order behaviour given by equation (42)
for a PFR.

3.3. Pollutant removal in a non-ideal reactors

From the pollutant removal in a PFR, we can obtain the
pollutant removal in non-ideal reactors if the RTD is known.
Applying changes of variables 6 = t/7 and { = Cx/Cx;, to
equation (12) we obtain:

+00
E= [ G @En0) o (44)
0

where &paen (6) is the residual fraction obtained with a batch
reactor after a reduced time 6. As we have seen in section 2.1,
if there is no change of density in the fluid, that residual
fraction is the same as the one obtained with a PFR with a
residence time which corresponds to a Damkdohler number
Da, = 0Da, as made explicit below:

pa,— Pt _1_GPT __yp, s
Gin(1 +2)  7Gin(1 +2)
We can then write equation (12) for pollutant removal:
+00
€= fo Epp (0Da) Ey(0) df (46)
where &ppr may be obtained from equation (38):
Sprr — | <
+ In = —6Da. 47)
z+1 z+1 e

3.4. Some reactor configurations used in environmental
applications of non-thermal plasmas

The reader familiar with the literature of non-thermal plasma
for environmental applications will notice that conditions for
a plug flow behaviour given by equations (34) and (35) are
not always satisfied in laboratory-scale reactors. For instance,
the reactor used by Takaki et al [46] operates with a Reynolds
number of 25.7, being clearly in a laminar regime. In this
section, we analyse two common types of reactors used in
studies of pollutant removal by non-thermal plasmas: the
laminar flow reactor and the packed-bed reactor.

3.4.1. Laminar flow reactor. Laminar flow in a tube is a
common configuration for non-thermal plasma reactors in
laboratory, where flow rates are small (Re < 2300). Laminar
flow is characterised by a parabolic velocity profile as
schematised in figure 6.

Three different models may be used to represent a laminar
flow depending on flow conditions according to Levenspiel [40].
These flow conditions are characterised by the Bodenstein
number and the aspect ratio. The Bodenstein number is given by

Figure 6. Scheme of a laminar flow reactor with a parabolic velocity
profile.

Table 4. Numerical values used in the analysis of the circular tube
reactor.

Parameter Symbol Value
Molecular diffusion coefficient D, 02cm?s !
Inlet flow rate 0 11/min
Inlet speed u 0.11ms™!
Hydraulic diameter dy 14 mm
Tube’s length L 140 mm
Bodenstein number Bo = ud,/D,, 76
Aspect ratio L/d, 10

the product of the Reynolds number and the Schmidt number:

Bo=Re-Sc=%- v
v Dy,

(48)

where D, is the molecular diffusivity coefficient. The aspect
ratio is given by the ratio between the tube’s length L and its
diameter d,. Levenspiel suggests the following criteria for the
choice of the laminar flow model [40]:

e For a short tube with high flow rate, the molecular
diffusion effect is negligible and the flow is in a pure
convection regime, with a parabolic velocity profile. This
regime holds for Bo > 450L/d,. In this case, one should
use the RTDs given in table 1 for a laminar flow reactor,
either circular tube or parallel plates.

For a long tube, radial molecular diffusion tends to distort
the parabolic profile and the axial dispersion model
may be applied. This regime holds for L/d, > 6 and
D/uL < 10 and Bo < 4L/d,. In that case, one should use
the axial dispersion or tank-in-series model, with
dispersion coefficient D given by equations (49) (circular
tube) or (50) (parallel plates). If the tank-in-series model
is used, N can then be obtained from equation (16).

utd?
Circular tube: D = D,, + L (49)
192D,
u*h?
Parallel plates: D = D, + ———. 50
p m oD, (50)

For very low flow rates, molecular diffusion dominates.
We will not treat this case here as it seldom happens in
plasma reactors. This regime holds for D/uL < 10.

In what follows, we analyse the impact of different
models using a typical laboratory non-thermal plasma reactor
as an example (taken from [33]). The reactor is considered to
be an empty circular tube. This assumption neglects the effect
of the central electrode on the flow, which should be taken
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Figure 7. Residual fraction as a function of the Damkdohler number for plug flow (PFR), axial dispersion/tank-in-series model and pure

convection for z = 0.2 (a) and z = 5.0 (b).

Table 5. Numerical values for axial dispersion parameters.

Parameter Symbol Value
Dispersion coefficient D 6.2 cm*s™!
Dispersion number D/uL 0.04
Number of CSTRs in series N 13

into account in a more detailed analysis. The numerical values
used are given in table 4.

We begin with the comparison between pure convection
and axial dispersion regimes. Indeed, for the parameters given
in table 4, the reactor should be in an intermediate regime
between pure convection (Bo > 450L/d, = 4500) and axial
dispersion (Bo < 4L/d, = 40), although closer to the latter.
We obtain residual fractions by using equation (46). For pure
convection, we apply the laminar flow reactor RTD given in
table 1. For axial dispersion, we use a tank-in-series model,
with RTD also given in table 1. The number of CSTRs in
series is given by equation (16) for a dispersion coefficient D
calculated from equation (49). The values for axial dispersion
parameters D, D/uL and N are given in table 5.

Figure 7 shows the resulting comparison between pure
convection and axial dispersion regimes for z = 0.2 (low z,
close to zero order behaviour) and z = 5.0 (high z, close to first
order behaviour). For both cases, we can see that in the axial
dispersion regime (tank-in-series model) the residual fraction is
closer to the one obtained with a PFR. That is due to the low
value of the dispersion number D /uL. However, the difference
between pure convection and PFR models is more significant,
particularly for residual fractions under 0.50. The residual
fraction for this reactor in an intermediate regime between axial
dispersion and pure convection regimes is expected to be
within the limits set by the corresponding curves in figure 7.

We now investigate the difference between two reactor
shapes: circular tube and parallel plates. These two configura-
tions have been used in laboratory experiments for removal of
pollutants by non-thermal plasmas. Due to the different velocity
profiles in circular and parallel plates (two-dimensional

Table 6. Numerical values used in the analysis of the parallel plates
reactor.

Parameter Symbol Value
Channel’s height dy 7 mm
Bodenstein number Bo = ud,/Dy, 76
Aspect ratio L/d, 10
Dispersion coefficient D 1.6 cm*s™!
Dispersion number D/uL 0.01
Number of CSTRs in series N 49

channel), the RTDs differ. Furthermore, correlations for axial
dispersion coefficients are also different. Therefore, we should
expect different performances for each reactor shape. For the
parallel plates, we consider the same numerical values as those
given in table 4 for a circular tube, but we replace the tube
diameter d; by the channel’s height /4 and the corresponding
hydraulic diameter d;, = 2h. The numerical values used as input
are given in table 6. We consider z = 5.0.

In figure 8, we see that there is little difference between
residual fractions for circular tube and parallel plates in both
axial dispersion and pure convection regimes, although the
difference is more noticeable in the latter. Furthermore, for
the axial dispersion regime, residual fractions for both circular
tube and parallel plates are very close to the residual fraction
for the PFR model.

3.4.2. Packed-bed reactor. Packed-bed reactors are much
used in environmental applications of non-thermal plasmas,
as coupling non-thermal plasma and heterogeneous catalysis
may increase the performance of several processes [29,
47-49]. According to Villermaux [38], packed-bed reactors
behave as PFRs if L/d, > 50 and L/d; > 0.5, where d,, is the
diameter of the packing particles. But the packed-bed reactor
may be subjected to some axial and radial dispersion due to
the flow path in the void space left by the packing particles.
According to Delgado [50], the axial dispersion coefficient is
5 times higher than the radial dispersion coefficient for a
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Figure 8. Residual fraction as a function of the Damkohler number for plug flow (PFR), circular tube and parallel plates for two different

regimes: axial dispersion (a) and pure convection (b), for z = 5.0.

particle Reynolds number Re = ud,/v > 10. Levenspiel [40]
suggests using a tank-in-series model to account for axial
dispersion in packed-bed reactors where the number of
CSTRs in series is roughly N ~ L/d,, if the fluid is a gas.

Chang and Lin [29] used a packed-bed reactor for
removing toluene or acetone from an air stream. We take their
reactor as an example. Its parameters are given in table 7. We
also consider the hypothetical case where the reactor would
have a length of 50 mm for comparison. Residual fractions are
shown in figure 9 for z = 0.2 (a) and z = 5.0 (b). We can see
that for both lengths, 50 mm and 140 mm, residual fractions
for the packed-bed reactors are very close to the ones for an
ideal PFR, even though the condition L/d,, > 50 proposed by
Villermaux [38] is not satisfied.

If the choice N~ L/d, can be used as a first
approximation for modelling a packed-bed reactor, more
detailed correlations to obtain the dispersion coefficient D
(and hence N) are provided by Levenspiel [40] which take
into account particle porosity or adsorption on the packing
particles. Delgado [50] also provides correlations for the
dispersion coefficient D that fit experimental data.

3.5. Model limitations

The application of chemical engineering concepts to non-
thermal plasma reactors set out in this work presents several
limitations in its current form. The first one is not taking into
account the effects of temperature variations, especially the
change of reaction rates and gas expansion inside the reactor.
Temperature variations may indeed be significant due to
the heat released by electric discharges. Another limitation
is the assumption that radicals are continuously produced in
the whole reactor volume. Most of the electric discharges
used to produce non-thermal plasmas for environmental
applications are rather filamentary and spatially hetero-
geneous. As a result, radicals are generated in a reduced
fraction of the reactor volume. That leads to species

Table 7. Numerical values used in the analysis of the packed-bed
reactor.

Parameter Symbol Value
Inlet flow rate 0 0.6 1/min
Tube’s diameter d, 20 mm
Tube’s length L 140 mm
Packing particle diameter d, 5 mm
Number of CSTRs in series N 28

concentration gradients, which may have an important impact
on non-linear reaction rates. This is also true for heat, which
may also be released in a reduced fraction of the reactor
volume, leading to strong temperature gradients.

More detailed models could take into account the effects
of temperature variations and spatial heterogeneity, but they
would imply an increased complexity that we preferred to
avoid in the scope of this work. To take into account temper-
ature effects, one needs to know which fraction of the specific
power P is converted to heat, how much heat is lost to the
environment (heat transfer coefficient) and how reaction rates
change with temperature (activation energies and/or temper-
ature exponents). Plasma heterogeneity could be taken into
account by using a reactor network model such as the one used
by Gonzalez-Aguilar et al [8]. But in that case, one would need
to define the volume of each reactor of the network and how
they exchange mass and energy (diffusion coefficients). In all
cases, modelling complexity quickly increases along with the
number of input parameters, which are not necessarily avail-
able from experimental data and so must be guessed.

4. Conclusions
Hydrodynamics of non-thermal plasma reactors may have a

significant impact on the performance of plasma processes. Fully
understanding this impact helps us to design better plasma
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Figure 9. Residual fraction as a function of the Damkdhler number for plug flow (PFR) and packed-bed reactors with lengths of 50 mm or

140 mm, for z = 0.2 (a) and z = 5.0 (b).

reactors, from laboratory to industrial scale, and to improve our
comprehension of experimental results. Chemical engineering
provides invaluable concepts to help understand how hydro-
dynamics affects chemical reactors in general. We applied some
of these concepts to non-thermal plasma reactors in the particular
context of pollutant removal by non-thermal plasmas. We did this
by generalising the model originally proposed by Rosocha and
Korzekwa [31] and Yan et al [42] for pollutant removal by non-
thermal plasmas in PFRs to other reactor models. Furthermore,
we defined a Damkdohler number for the non-thermal plasma
reactor, based on the SEI and the characteristic energy (3. The
Damkohler number allowed us to us establish a link with
chemical engineering concepts, where this dimensionless
number is widely used. We have shown that under certain
conditions, a laminar flow reactor may behave differently from
the plug flow model. This result deserves consideration since a
number of laboratory scale non-thermal plasma reactors work in
the laminar regime. On the other hand, we have shown that
packed-bed reactors behave very similarly to PFRs. Even
though the model used in our analysis is quite simple and does
not take into account temperature variations or spatial hetero-
geneity, it is enough to give us an insight into how reactor
hydrodynamics may impact its performance. Finally, we hope
that this work will inspire more detailed analysis on plasma
reactor hydrodynamics in a wider range of plasma applications.
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