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Abstract

The paper is devoted to studies of gas flows and mass transfer in a two-stage catalytic system recently applied in ammonia oxidation
at nitric acid plants. Numerical studies are performed by reducing a system to a flat-periodical set of slit channels. Mathematical model
based on two-dimensional Navier—Stokes equations with periodicity boundary conditions is used. Dependence of a system performance
on a distance between stages is investigated and found to have a non-monotonous character.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction 2. Problem statement

Honeycomb monolith catalysts are widely used for gas Honeycomb channels are square section, rectilinear,
phase catalytic reactioii$,2]. Particularly, they have found  co-directional and orthogonal to the gauze pad. Simulation
recently an application as the second catalytic stage in am-of real three-dimensional processes in a two-stage catalyst
monia oxidation reactors in nitric acid plarf]. In these system is a rather intricate problem. To simplify the task
reactors the conventional platinum-rhodium gauze pad geometrically, one may reduce it to a single-plate model,
serves as the first catalytic stage. But a number of gauzeswhich considers the catalytic system as a two-dimensional
in the two-stage system is significantly reduced comparing infinite flat-periodic structure and assumes the channel walls
with a single-stage ong]. to be impenetrable solid plates of finite thickness. We have

We failed to find any literature data on gas flow and mass studied this two-dimensional problem.
transfer in the above-mentioned two-stage system, although The two-stage catalytic system geometry under the study
each stage is known and has been studied previously. Thusis illustrated inFig. 1, which shows one single-plate period.
when there is a considerable distance between the gauzdhe gas flow at the inlet boundary of the calculation domain
bed and the frontal surface of the structured bed, the stagess considered as flat-parallel and directed from left to right,
may be considered independently. However, if the catalyst but not certainly parallel to the longitudinal axis.
beds are arranged at a short distance, they may interact The mathematical model based on two-dimensional
dynamically and produce a combined effect on the reaction Navier—Stokes equations coupled with a mass balance
gas flow and mass-transfer intensity. equation for a key reagent is formulated for the above

So, ad hoc theoretical analysis of the two-stage ammo- geometrical object in thé\ppendix A The mass balance
nia oxidation process is needed. We have implemented aequation accounts for diffusion in both directions. Boundary
study of the problem by the computational fluid dynamics conditions of periodicity (i.e. equality of function values on
methods. The main object of our work is to clarify how the upper and lower boundaries), Dirichlet conditions on inlet,
conversion and other process characteristics depend on theero Neumann outlet conditions and zero-slip conditions on
distance between the catalytic stages. solid walls were used. Closing models are only applicable
to the 2p domain.

The gas flow is assumed to be viscous, laminar, isother-
mal, and incompressible (last two assumptions justification
ax: +7-38%.9-3018.78 is a result of engingering_evaluations). The gauze pad_ is
E-mail addressesxap@catalysis.nsk.su (V.P. Zakharov) supposed to have |sotrop|c and homogeneous properties.
zol@catalysis.nsk.su (I.A. Zolotarskii), kva@catalysis.nsk.su Only heterogeneous reactions are assumed to proceed over
(V.A. Kuzmin). both catalyst stages. The catalyst activity is suggested to be
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Nomenclature

dimensionless key reagent concentration
gauze wire diameter (m)

diffusion coefficient (n/s)

cell feed flow rate (1#s)

space-integration step (mm)

period of honeycomb monolith structure (mm)
thickness of honeycomb monolith wall (mm)
(D08C/8x2)/V10, local mass transfer rate on
lateral surface of plate

gauze pad thickness (mm)

pressure (kg/(n?)

static pressure at the axis of channels inlet
reference pressure (atm)

pressure drop through gauze pad (kg/fm s
pOVlOH/MO, intrachannel Reynolds number
po(|\7|/s)d/uo, intrapore Reynolds number
coefficient of gas flow force interaction with
porous medium (kg/(fhs))

ulpDo, Schmidt number

time (s)

reference temperature (K)

Vi/ Vlo, dimensionless longitudinal gas
flow velocity component

longitudinal § = 1) and transversal & 2)
gas flow velocity components (m/s)

gas flow velocity (m/s)

gas velocity vector

axial ¢ = 1) and transversal & 2)

spatial coordinates

Greek letters

mass transfer coefficient at the gauze catalyst
surface (m/s)

calculation domain boundaries

interstage distance (mm)

gauze pad porosity

total ammonia conversion over the gauze pad (
total ammonia conversion increment over

the frontal surface of plate (%)

total ammonia conversion increment over

the lateral surface of plate (%)

effective length of recirculating flow zone (mm)
molecular viscosity (kg/(ms))

((Po — Pia) — Px)/ P, dimensionless

inlet static pressure drop in channels

density (kg/nd)

specific surface area of gauze catalyst {jn
time-integration step (s)

stream-function

min(y/Gp), relative intensity of back

flow in recirculating flow zone

wall of honeycomb monolith channel

%)

porous medium (gauze pad)

extremely high that imposes the mass transfer limitation and
provides zero concentration at a catalyst surface. Gas flow
force and chemical interaction within the gauze pad are de-
scribed in terms of effective porous medium approximation
with a closing models for the computation %f [4] and 8
[5].

Resulting numerical solution of the model equations are
time dependent two-dimensional fields of gas flow velocity
vector, pressure and key reagent concentration.

3. Numerical procedure

An original numerical code was developed for the simu-
lation.

The model equations were solved using primitive physi-
cal variables. The equations were approximated on the base
of the finite element principle. The velocity components
and concentration were represented on piecewise-bilinear
basis, pressure on piecewise-constant basis. In the evolu-
tionary algorithm, linearization and decoupling of particular
model equations was based on the Rounge—Cutta scheme
of second order of accuracy. An implicit Euler scheme was
used to approximate the diffusion terms. Discrete diffu-
sion/convection autonomous equations were solved using a
version of the ORTHOMIN methofb]. The pressure field
was determined by an original unpublished SIMPLE-like
procedure (prototype see [ii]). The SLAE scaling8] was
applied to provide the convergence of iteration algorithms.

4. Flow conditions

Calculations were performed using model constants cor-
responded to the air flow with operation parametBgs=
7 atm andTp = 900°C, typical for reaction zone in a real
catalytic reactor for ammonia oxidation in high-pressure
nitric acid plants. Under such conditiopg = 2.12 kg/n?
po = 5.04 x 10-°kg/(ms), Do = 3.66 x 10> m?/s. Gas
flow velocity Vl0 was equal to 4.3m/s that corresponds
to laminar gas flow between plates (i.e. within structured
catalyst channelsRe ~ 1200.

The model geometry corresponded to those of conven-
tional monoliths and woven gauze pads generally used in
Russian nitric acid plantstp = 0.0018 m,d = 10~*m,

e = 0.8, ando = 10*m~1. Flat-periodic cell sizing was
performed by two different ways. The first is characterized
by walls of the same thickness as in honeycowlydriani:

Hp = 2mm. In another one, a structural period has the same
value as that in a real monolitlB (varian): H# = 7 mm. An
open frontal area of a model structure always has the same
value as for honeycomb bed, thiis = 4 mm in A variant
andHp = 3.5 mm inB variant Since the main attention was
focused on processes in the vicinity of honeycomb channel
inlet, Lo = 0.01m andL_ = O were set. At varying, the

Ly value was set so thdt; + § = 0.005m.
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Fig. 1. Calculation domain.

5. Simulation results Since non-stationary pulsating regimes were detected,
time-averaging of numerical solutions was realized. A
Preliminary investigation was devoted to problem of de- time-integration step was adjusted equal te 10~°s. The
termination of refracting properties of the first oxidation decision to terminate the averaging was adopted based on
stage. Calculations showed almost absolute refracting prop-visual inspection of the averaged flow and concentration
erties of the gauze pad with the specified parameters. Itfields, as well as on the control of such numerical charac-
means that the porous bed with given properties inhibited teristics as the rate of the fields’ change and the stability
the transversal component of the gas velocity so heavily thatof integral mass transfer. To accomplish a computation
the gas flows downstream the gauze pad almost in parallelprocedure, 19time steps were needed sometimes.
to the monolith channel axis independently on the angle of
flow attack. This result proves the validity of our local prob- 5.1. Gas flow structure
lem statement and is confirmed analytically.
Therefore, further studies were only reasonable for the The gas flow structures were first studied. Some qualita-
case of the longitudinal gas flow upstream the gauze pad. Intive results are exemplified iRigs. 2 and 3
this case the gas flow is symmetric about the longitudinal It was discovered that when both stages touch with each
axis and the computations were only performed in the upper other, gas flow is stationary and free of any recirculating
region of the calculation domain. In this regard, the boundary flow zones Fig. 39. When the gap between stagess a
periodicity conditions were substituted for the symmetry and small non-zero value, gas flow keeps the property of sta-

non-penetration flow conditions. bility but small and low-intensive clockwise recirculating
The computations were performed using quite fine flow zone appears just behind the edge of the channel inlet.
computational grid with an equal-sized spatial step= As the gap is further widened, the gas flow mode becomes

1/40 mm. In such a way, the number of nodes finally was unsteady pulsating and a sequence of separated vortexes
669 x 141 for B variant and total number of unknown is generated from the recirculating flow zoréd. 2). The
variables including two velocity vectors and pressure and separated vortexes move downstream and dissipate. At the
concentration field vectors reached about 260 000. same time the effective recirculating flow zone lengthens

émm

_variant

Fig. 2. Momentary streamlines: = 0.5mm. Contour interval for dimensionless streamfunction®\ig = 0.1 for basic stream andy = 0.02 for
recirculating stream. Streams separating line is drawn thickly.
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Fig. 3. Time-averaged streamlines: ¢a}= 0 mm; (b)§ = 0.5mm; (c)§ = 4.0 mm. Contour intervals correspond to onesFig. 2

(Fig. 3b although remains comparatively short against the  Fig. 5aillustrates the effective length of recirculating flow
length of the vortexes existence region. When the distancezones. The plot ifrig. 5Sbshows the effective intensity of re-
between stage$ increases, the flow keeps the pulsation circulating flows in these zones defined as a relative amount
nature, while its instability diminishes, intensity of vortexes of gas moving there from right to left. In other words, these
generation relaxes, and the effective size of the recirculating are dependencies of extremal negative values of dimension-
flow zone decreases to a non-zero valgg(39. Conse- less streamfunctions (scale unit@g). It is interesting that
guently, numerical results show that the nature of flow about
honeycomb wall changes in nhon-monotonous manner with
increasings. An interesting distinctive feature of the flow
under study is the presence of tertiary counter-clockwise vor-
tex within secondary clockwise separated convection zone
(seeFig. 3b).

5.2. Gas flow characterization

B variant

Velocity distributions through channel inlet are repre- 0l— , : ,
sented irFig. 4. It is important, that they are very multiform: 20 25 30 35
the “inverted” profiles (i.e. one with an apparent maximum Transversal coordinate, mm
ne_arby the channel W{?III_) of longitudinal Ve_|OC|ty &R_O Fig. 4. Time-averaged dimensionless longitudinal velocity profiles on
(Fig. 4a and bscale unit |sV1°) but almost uniform profiles  channels inlet: (@ = 0mm; (b) 5 = 0.Lmm; (c) 8 = 0.5mm; (d)
ats > Hy (Fig. 46 are observed. 5§ =1.0mm; (e)5 = 4.0mm.
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. . - _ to penetration of non-stationary stream perturbations into
Fig. 5. Time-averaged gas flow characteristics: (a) effective length of he bulk of th d. that i if h |
recirculating flow zones; (b) effective intensity of recirculating flows; (c) the u of the gauze pa g t ".it Intensifies the process. In-
inlet pressure drop. terestingly, the reagent diffusion along the flow causes a

considerable (1-3%) decrease in the reagent concentration

instantaneous convection intensity in each single vortex is at the upstream side of gauze catalyst ksl
several times higher than that in the time-averaged stream.

From analysis of pressure distribution within the chan- 5.3.2. Monolith reactor
nels, pad-to-monolith distancé effects essentially the As regards time-averaged mass transfer intensity at the
pressure drop at the channel inlétid. 5¢ scale unit is entrance region of the second oxidation stage channel on
Py ~ —940kg/(m<s%). At a small gap, there is a very distance, itis strongly non-monotonous for the lateral plate
significant inlet pressure drop but, &increases, decreases surface and slightly non-monotonous for the frontal one
quickly from large values t®.. This kind of dependence  (Fig. 6D. These effects culminate at~ 0.5mm, when
can influence gas flow velocity distribution on the macro Vorticity is maximal. Minimum values are attainedsat O,
scale of the whole reactor dramatically and must be takenwhen the flow is steady-state and the plate is flowed about
into consideration when designing two-stage catalytic sys- Py & very depleted stream. The depletion concentration
tems. Notice that experimental pressure drop values mea-ayer along the lateral plate surface lasts for a quite long
sured with real monoliths and gauze pads for the cases ofdistance because of the above-mentioned inlet Iongitudinal
zero- and non-zero inter-stage distances at the bench scal¥elocity profile Fig. 49. At § > 0.5mm mass transfer rate
are not so different as the calculation show but~:30% at the channel inlet comes down because of subsiding flow

only (Vostrikov, private communication). fluctuations.
Local mass transfer ratg) (distributions along the lat-
5.3. Mass transfer eral plate surface are extremely non-monotondtig. (7).
They have minimums at recirculating flow zones and
5.3.1. Mesh reactor maximums—at reattaching flow ones. Values of these ex-

The total conversion over the gauze pad was found to tremums have an extremal dependence’ as well. This

be almost monotonic and strongly dependent on the dis- happens due to described above flow structure evolutions.
tance between catalyst beds when this distance is smallAt large § asymptotic dependence is reached. It is shaped
(Fig. 69. The minimum conversion corresponds to zero in qualitative coincidence with mass transfer measurements
distance. This effect is accounted for by the character of performed by Hwang et a[9] for a turbulent regime and
power dependence @f on Re (exponent is less then 1, i.e.  contradict significantly to recognizddl0,11] or more novel

the dependence is convex upwards). Thus, the mass transfejl2—14] monotonic correlations. All these correlations are
intensity decrease nearby the plate frontal surface, whereapplicable for a gas flow about a plate with a zero thickness.



254 V.P. Zakharov et al./Chemical Engineering Journal 91 (2003) 249-255

| . Appendix A. Mathematical model formulation
0.00154 J B variant
0.00104 Momentum equations:
. A% A% aVy
0.00051 £ po| o=+ Vla—x1 + Vza—x2
' d V1 3 V1
0.0000 . . =—|-P+ R [ =) — RV,
0 5 10 0x1 < Ho 8x1> 0x2 <MO 8xz) !
Channel wall length, mm Vs Vs Vs
i 1 £0 |:— +Vi—+ Vz—]
Fig. 7. Time-averaged local mass transfer rate: {a}= Omm; (b) ot dx1 0x2
§ =0.1mm; (c)6 =0.5mm; (d)§ = 4mm. P Vs P Vs
=—|mo— )+ —|-P+po— )RV
0x1 0x1 0x2 0x2

We have performed computations for the case of zero wall  Continuity equation:
thickness to demonstrate the importance of influence of

channel wall thickness on the mass transfer process at the 9 (poV1) + o (poV2) =0
honeycomb channel. The calculated curve is plotted with 9x1 0x2

dotted line inFig. 7. One can see that mass transfer ina 1555 transport equation:
real honeycomb is very different from what is commonly

used in correlations even when a distance between stagesC v aC aC

is large enough. B M ox dxo

a D aC n 0 D aC 5C
= — — — — ) -0
0x1 Oaxl dx2 Oaxz

Boundary conditions:

6. Conclusion

The two-dimensional model is developed for the numer-

ical calculation of the non-steady-state laminar-vortex mass Vilr, = Vilp,,  Vilp = Vlo’ % =0,
transfer in the flat-periodic channels system. Mathematical dx1 11y
modeling of ammonia oxidation on a two-stage catalytic Vi|p, =0, Vol = Volpn, Volm = VZO,
system corresponding to high pressure nitric acid plant was Volr = 0. Vol =0 Clr =C
performed. The regularities obtained characterize variations 2lr. =0, aém’ ’ In I
in local and total mass transfer rates both on frontal and |, =1, —| =0, Clp =0
lateral surfaces of the channel walls and within the gauze dx1 110
pad. Non-steady vortex generation is shown to have the Closing modelg4,5]:
important role in mass transfer processes.
i ing: 1/1-¢ 1—¢ -
The main results of the study are the following: "= 5 ( . ) [150’” - T 1.75,00|V|i| ’

e Channel stream structure has a remarkably non-mono-
tonous dependence on a distance between two catalyticg — &039@@-64350»33
stages. There may be either steady-state non-separated
convection or pulsating one with recirculating flow zones.
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