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Abstract

A new concept of a reverse flow reactor with side feeding is studied for NH, oxidation to produce N,
NO, and N,0O. In the conventional reverse flow operation, where the feeds are alternately introduced
from either end of the reactor, the conversion always decreases when compared to steady state, once-
through operation. The new concept of reverse flow operation with side feeding is therefore proposed
to avoid the drop of conversion. The reactor behavior is simulated for three regimes (quasi-steady
state, dynamic, sliding) with varying feed positions. The development of spatio-temporal patterns
inside the reactor with side feeding shows completely different behavior compared to conventional
reverseflow, leading to the possibility of conversion and selectivity manipulations.

Keywords: Ammonia oxidation, Conversion and selectivity improvement, Reverse flow reactor, Side
feeding

Abstrak

Suatu konsep baru dari reaktor aliran balik dengan pengumpanan samping telah dipelajari dengan
kasus oksidasi NH, untuk menghasilkan N, NO, dan N,O. Pada operasi aliran balik konvensional
dimana umpan secara bergantian dimasukkan dari ujung reaktor, konversi vang dihasilkan selalu
menunjukkan penurunan ketika dibandingkan dengan keadaan tunaknya dalam satu tahap operasi.
Konsep baru aliran balik dengan pengumpanan samping dimaksudkan untuk menghindari
penurunan konversi. Perilaku reaktor disimulasi dalam 3 rejim aliran (quasi-steady state, dynamic,
sliding) dengan memvariasikan posisi umpan. Pembentukkan pola spatio-temporal di dalam reaktor
dengan pengumpanan samping menunjukkan perilaku yang berbeda dibanding aliran balik
konvensional. Hal ini memungkinkan untuk memanipulasi konversi dan selektivitas.

Kata Kunci: Oksidasi Ammoniak, Pengumpanan Samping, Peningkatan Konversi dan Selektivitas,
Reaktor aliran bolak-balik
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1. Introduction

Periodically changing the flow direction
through a reactor, known as Reverse Flow
Operation (hereinafter referred to as RFO), is a
typical example of forced unsteady state operation.
[t was proved beneficial for exothermic reactions
from a viewpoint of energy saving (Matros, 1990
and 1996). However, this technique has not been
widely applied for improvement of conversion or
selectivity.

RFO with side feeding has already been
considered to trap strongly adsorbing NH, species
during the selective catalytic reduction of NO by
NH, (Agar, 1988). Simulations showed that side
stream NH, addition enables better mass trapping
compared to addition from the ends and better
control of axial adsorbate profiles (Synder, et al.,
1998). A correlation was found between the
reversal time to prevent the escape of the adsorbing
species and the concentration of the non-adsorbing
species. As a result, RFO with central introduction
of adsorbing species could be more efficient than a
conventional RFO (Falle, 1995). A RFO for NO
reduction with central NH, introduction was also
used for safety considerations in relation to
ammonium salt formation on the catalyst (Noscov,
etal, 1993 and Mearns, et al., 1984).

As the dynamics of RFO for manipulation
of conversion and selectivity are much faster than
their equivalents in the case of energy saving, it
requires considerably more frequent flow
reversals with a switching time in the same order of
magnitude as the residence time is. This kind of
operation induces a serious decrease of the
conversion, which is mainly caused by an outflow
of highly concentrated, unconverted reactant
shortly after reversing the flow direction. This
amount of gas actually has a shorter residence time
and higher reactant concentration compared to the
rest of the reactor's gas hold-up. To overcome the
conversion decrease, a new concept of RFO with
periodically lower feed concentration seems very
promising (Budhi, et al, 2003).

Another option to improve the conversion
in RFO is considered here by applying the concept
of side feeding. The feed gas does not enter the
reactor at z = 0 (forward flow) or z= 1 (backward
flow) as usual, but at certain axial coordinates in
between. The reactor outlet still flows out from the
normal positions atz=0 orz = 1, depending on the
flow direction. Such an approach might be feasible
to avoid the decrease of conversion because the gas
with high reactant concentration that entered the
reactor shortly before the flow direction is
changed, now still may contact the catalyst before
flowing out of the reactor. Moreover, the 'dead’ gas

volume in the reactor center, that exists if the
switching time between flow reversals is smaller
than the residence time, could possibly be avoided
aswell.

2.Fundamental

The research field of dynamic reactor
operation is deliberately devoted to the
developments of transient operation and control
procedures for catalytic reactors with the objective
to improve their performance. In transient reactor,
one great challenge is to increase the reaction's
conversion or selectivity through manipulation of
the catalyst's surface coverage or heat storage
capacity by suitable perturbations of the reactant
inlet conditions or by dedicated flow reversals.
From this research emerged the idea that under
deliberately and artificially created unsteady state
conditions, it is possible to increase the
productivity, conversion, or selectivity, and to
reduce the heat consumption of a catalytic process
as a whole when compared to steady state
performance. This issue is interesting from a
viewpoint of process intensification (Stankiewicz
and Moulijn, 2004).

Among the various options for transient
operation, periodic operation offers the combined
benefits of a permanent unsteady-state regime and
a constant time-average regime. Periodically
changing the flow direction through the reactor,
better known as Reverse Flow Operation
(hereinafter referred to as RFO), has been widely
applied for exothermic reactions from a viewpoint
of energy saving and for improvement of
conversion or selectivity. The use of the reverse
flow principle as transient operation procedure for
a catalytic reactor becomes interesting by the
combination of dynamic properties at a microscale
(catalyst) and at a macroscale (reactor). It may
produce more favourable concentration and
temperature profiles for the catalytic process
(Ferreiraetal., 1999).

Former applications of reverse flow reactor
were focused on the energy saving (Boreskov et
al., 1982; Boreskov and Matros, 1983; Matros and
Bunimovich, 1996; Matros, 1985, 1989; Froment,
1990; Neophytides and Froment, 1992). Further
study on transient kinetic studies were performed
to identify the relevant elementary reaction steps
and to quantify the kinetic rate coefficients that are
used in supporting modeling studies (Bobrova,
Budhi, 2004). Basically, this might be achievable
by a dedicated operation procedure for a fixed bed
reactor with periodic flow reversal, aiming at
selectivity improvements with respect to the
desired product, or avoiding that the undesired
products are detected at the reactor outlet.
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Figure 1. The principle diagram of reverse flow reactor: a. normal operation; b. with side feeding.
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Figure 2. A scheme of the modeled reverse flow reactor with side feeding.

3. Methodology A dynamic, pseudo-homogeneous, one-

A comparison between a conventional RFO dimensional model of a fixed bed reactor was
and RFO with side feeding is shown in Fig. 1. Fig. developed, assuming plug flow and isothermal
1a shows that during the 1" half of each cycle, the conditions (Egs. 1, 2, and 3). Axial dispersion was
flow passes through 1-2-R-3-4 and during the 2 included only for reason of numerical stability.
half of each cycle, the flow passes through 1-2'-R- The axial dispersion coefficient was set to a value
3'-4. Fig, 1b and Fig. 2 show the scheme with side of 107 m’/s, and it was verified that this value did
feeding, defining the axial positions of the feeds not affect the simulation results. Pressure drop
and the distinct zones in the reactor. Feeds are along the reactor bed was ignored. The complete
positioned at axial coordinatesz=g andz=1-ain model was solved numerically with the software
terms of dimensionless reactor length. The regions package FlexPDE (PDE Solution Inc., 2001). The
0<z<agand 1 —a <z <1 are referred to as steady state situation for once-through operation
'interrupted flow region', where the flow is was used as initial condition (Eq. 4), while
alternately stopped or in one direction only. In the conventional Danckwerts boundary conditions
‘reverse flow region', @ < z < 1 — g, the flow were applied for the gas phase equations (Eq. 5 for
direction is periodically reversed. forward flow, Eq. 6 for backward flow). The model

Table 1. Model equations for the pseudo-homogeneous one-dimensional model, isothermal

i _ 1 op; azpi o _ 5§ 0SS

M —_r——a_z_+D‘?/?+E;prTzrk (1) | p=p" and 0;=6; 4
do; p; p; ul, (o i

_ ) . 2 pcsth =0, ’\—l =—"{pf -pi ) — =0 5
=¥ o |G 0.3 -prl-n) 5

a; p; ul, ( , op;
0 _1_ ts hs _1_ hs pcaldl =0, = =" i — D a2 =0
8% =1->0% and 6® =1-3 0] ® | =, & _ Dgf@ p,) i (6)

- 544




A

JURNAL TEKNIK KIMIA INDONESIA, Vol. 6 No. 1 April 2007 : 542 - 548

Table 2. Catalyst properties and operating conditions

Bed bulk density (kg/m,’) 1230
Void fraction (m,/m") 0.45
Total number of sites (mol) 6.85-10°%
Feed position a varied 0.1-04
Switching time ¢, (s) varied 2-15

Inlet temperature T}, (K) 800
Total pressure (atm) 1
Superficial velocity u (cm/s) 0.135
NH; in feed (mol %) 1
O, / NH; ratio in feed 2:1

equations are shown in Table 1.

Computer simulations were carried out on
the basis of elementary steps with two different
sites, notably top and hollow sites. The kinetic
scheme for NH, oxidation over Pt/Al,O, to produce
N,, NO, and N,0 was taken from literature
(Rebrov, et al., 2003). Table 2 shows the operating
conditions. Focus is on a comparison of
conversion and selectivity, obtained in a RFO with
both normal feeding and side feeding. Three kinds
of regime are considered, i.e. quasi-steady state,
dynamic, and sliding regimes.

4. Results and Discussion

Fig. 3 a2, b2, and c2, provides typical
examples of the simulated NH; partial pressure at a
= 0.1 for three different regimes, represented by
different switching times. The base case (Fig. 3 al,

(a1)

(b1)

bl, cl) represents results at similar conditions,
with the feed position at the ends of reactor (z= 0
and z = 1). After reversing the flow direction in the
quasi-steady state regime (Fig. 3 al), the outlet
concentration profile of the base case reaches the
steady state value as shown by the horizontal part
of the profiles.

When side feeding is applied (Fig. 3 a2), the
concentration profiles in between the inlet points
are also able to reach the steady state, while the
concentration profiles in the interrupted flow
region stay in the unsteady state. Shifting the feed
position toward the reactor’s center causes a higher
concentration of NH, in the interrupted flow region -
if flown through, and a lower concentration due to
the continuing reaction if not flown through.
Although this concentration is lower, it remains
lower only for a short while after the flow direction
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Figure 3. Gas phase NH, profiles as function of time at discrete positions in the reactor during one cycle.
Operating conditions as mentioned in Table 2: (al). quasi-steady state (1, = 15 s), base case; (b1).
dynamic (¢, = 10 5), base case; (cl). sliding (¢, =2 s), base case; (a2). quasi-steady state (£, = 155),a =0.1;
(b2). dynamic (£,=105),a=0.1; (c2). sliding (£, =2 s), a =0.1.
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is reversed and the interrupted flow region is flown
through. The behavior in the dynamic regime looks
similar as in the quasi-steady state, but just before
reaching the steady state, the reactor is perturbed
by reversing the flow direction (Fig. 3 bl). With
side feeding, the interrupted flow region
concentration is a little higher than in the quasi-
steady state due to faster switching (Fig. 3 b2).

In the sliding regime, the concentration
profiles look completely different. All profiles
remain in the unsteady state and depend strongly
on the ratio of switching time over residence time.
When this ratio approaches unity, the behavior
looks similar as in the dynamic regime. Fora=0.1,
the concentration levels in the sliding regime are
higher than in the other regimes, but the opposite
holds for a-values over 0.3.
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Fig. 4 shows the conversion of NH; and the
selectivities toward N,, NO, and N,O as function of
the feed position at different switching times,
which reflect the various operation regimes. In
general, there are two effects that have an influence
on the conversion when moving the feed positions
to the reactor center: a). the volume of the
interrupted flow region increases, which causes a
higher conversion of more residing gas, and less
outflow of unreacted gas shortly after a flow
reversal; b).the volume of the rest of the reactor
decreases, which lowers the conversion obtained
in this part. In the quasi-steady state, the
conversion of NH, decreases non-monotonously
when the feed positions are shifted to the reactor
center. This behavior is rather complicated,
possibly caused by an interaction of the effects a)
and b) mentioned before.
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Figure 4. Conversion of NH, and selectivity of N, N,O, and NO as function of the feed positions in term
of dimensionless reactor length. Operating conditions as mentioned in Table 2.
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Figure 5. Gas phase NH, profiles along the axial dimensionless reactor axis at discrete time during the

period of one half-cycle in the sliding regime. Switching time is 2 s. Other operating conditions as
mentioned in Table 2: (a). base case, (b). side feeding; a=0.3.

The behavior in the dynamic regime looks
similar as in the quasi-steady state, but the general
trend is now increasing. The influence of the feed
position in quasi-steady and dynamic regimes is
not impressing, contrary to the effects in the sliding
regime. Here, two different switching times of 5
and 2 s were applied. In both cases, the conversion
of NH, shows a large increase when the feed
positions are shifted to the reactor center. The
effect is most pronounced if the switching time is
shorter, causing the gas to reside longer in the
interrupted flow region. Shifting the feed positions
to the reactor center may avoid the occurrence of a
dead gas volume in the center. If a dead gas volume
does exist, its band becomes narrower, which has a
negligible influence compared to the effect of a
longer residence time in the interrupted flow
region.

RFO with side feeding also affects the
selectivity of the products. Although the
conversion level itself has an influence on the
selectivity, the differences in product distributions
result from RFO as shown by a comparison to the
steady state at constant conversion (Budhi, et al.,
2003). Fig. 4 b, ¢, and d show the effect of side
feeding on the selectivity. The selectivity of N,
increases slightly in the quasi-steady and dynamic
regimes if the feed positions shift to the reactor
center. It decreases, however, significantly in
sliding regime, especially at high flow reversal
frequency. The selectivity of N,O shows similar
behavior as N, in the sliding regime. In the other
regimes, the feed position hardly has an influence.
The selectivity of NO also shows minor changes in
the quasi-steady and dynamic regimes if the feed
positions shift to the reactor center, but the NO

selectivity increases considerably in the sliding
regime.

-

Fig. 5 shows how the NH, profiles along
the dimensionless reactor axis develop in time at
four discrete time values during one half-cycle in
the sliding regime. Normal RFO is shown in Fig.
5a and RFO with side feeding at a = 0.3 in Fig. 5b.
At the end of the half-cycle, the flow direction is
reversed by feeding at the other inlet position. The
profile existing at the start of every half-cycle is .
the mirror image of the profile developed at the
end of every half-cycle. With normal feeds, a zero
NH, concentration level appears in the reactor
center, which is caused by the full conversion of
the trapped gas in the central reactor part. It
exhibits the presence of the dead gas volume,
which is an ineffective use of the catalyst. This
dead gas volume can be flushed regularly with
fresh feed gas after some cycles of RFO, leading to
aconversion increase (Budhi, et al., 2003). By side
feeding, the presence of the dead gas volume can
be avoided permanently if the feeds are positioned
at suitable points. This may lead to an effective
catalystuse in the sliding regime.

5. Conclusions

A reverse flow reactor with side feeding
was modeled and simulated for quasi-steady,
dynamic, and sliding regimes for particular case of
NH, oxidation. The concept shows a promising
way to affect the distribution of products as well as
the conversion in case of a sliding regime. Also,
the dead gas volume can be permanently avoided.
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Notation

D, axial dispersion coefficient, m’s"
L, dimensionless reactor length, mm’'
P partial pressure of gas, atm

R ideal gas constant, | atm mol" K'
¥ reactionrate, s’

t time, s

A switching time, s

T : temperature, K

u . superficial velocity, ms’

z . dimensionless axial position
Greek letters

g, : bedporosity,m’,,m”’ .,

p, : beddensity, kg, m’ ..

8, : surfacecoverage

g . catalystmolsite, molkg",,,

T . residencetime, s

Superscripts

hs : hollowsite

ts : topsite

Subscripts

b : bed

k . elementarystep,k=1,2,3,...,13
r reactor

s switching
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