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The method of the designing of industrial reactors with metal cellular catalysts is considered
in the article. The proposed catalysts can be used for the low-temperature purification of
exhaust gases from nitrogen oxides using ammonia. The advantages of catalytic blocks are
shown in comparison with the catalysts AVC-10 that is widely used in industry. The
procedures of physicochemical study and analytical control are developed. Based on
laboratory tests, the sizes and structure of the proposed reactors are determined. Required
amount of catalyst in the form of metal cellular blocks is determined for two types of
reactors: with rectangular and circular cross-sections. The length of catalytic units is
calculated and production technology is proposed. Hydrodynamic calculations demonstrate
that block catalysts have lower flow resistance that the granulated ones. The reactors of
circular cross-section need catalytic units of smaller volume than rectangular ones; however,
the latter have a lower resistance to gas flow. The study shows that the metal cellular
catalytic blocks would allow avoiding the use of additional compressors for excessive
pressure to purge gases through the catalyst bed, which should reduce economic costs,

and, ultimately, reduce the cost of the product.
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Introduction

The process of nitric acid production is
accompanied by the formation of residues of toxic
nitrogen oxides as a mixture of NO and NO, which
must be disposed. At nitric acid plants, this process
is carried out using low-temperature reduction with
ammonia on the aluminum vanadium catalyst AVC-
10. The main disadvantage of this scheme is an
excessive resistance to the gas flow due to the layer
of a granular catalyst. This complicates the high-
quality purification under conditions of high
volumetric rate of gases.

This issue may be solved by the replacement of
granulated AVC-10 catalyst by metal block catalysts
of a cellular structure. Such systems have a number
of significant advantages, namely: metal blocks are
easy to produce; they have higher mechanical
strength and thermal conductivity, and show
enhanced resistant to rapid changes of temperature.
The use of metal blocks allows reducing the contact
time up to a few milliseconds and adjusting the
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temperature of the system almost instantly. The ability
to quickly vary the temperature regime is extremely
important to control unwanted adverse reactions.
Block catalysts differ from granular ones in terms of
high porosity, and their catalytic layer cannot be
damaged. Application of blocks provides a more
efficient use of the surface. The mass of reactors
with such carriers is significantly low, and ease of
loading. The absence of dust and the possibility of
regeneration indicate that block reactors are more
promising than modern industrial reactors.

The preparation of catalysts concerned is based
on coating methods that combine high uniformity
of the obtained layer with technological simplicity,
the possibility of applying a small amount of the
active component and high activity [1,2]. The MOM
(metal-oxide-metal) system is an example of such a
catalyst. From technological point of view, this
system is a titanium carrier covered with a porous
oxide coating formed by means of electrochemical
anodization. The active substance in the form of
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platinum is deposited on the TiO, surface from a
water-soluble complex H,[PtCls]. For platinum
reduction and highly dispersed Pt-black preparation,
the carrier is additionally modified with formic acid
[3].

Experimental, results and discussion

Pilot tests for the reduction of NO, in the
exhaust gas were carried out using a flow-type quartz
reactor (Fig. 1). The laboratory reactor consists of a
reactor vessel 1 hermetically sealed by a lid 2. The
lid provides loading of a catalyst plate 4 into a reaction
zone 3. The studies were conducted on a catalyst
plate of size 10 cmx2 cmx0.2 cm with a catalytic
layer length of 8 cm. To ensure the required
temperature regime, the reactor was installed in a
tube furnace, which is not shown in the Fig. 1. The
exhaust gas (=0.12% NO,) was delivered into the
tube 7, heated to the operating temperature in the
coil 5 and entered from the bottom up into the
reaction zone through the opening 6. Ammonia was
blown downward through the tube 8 which was long
enough to deliver reducing agent directly into the
reaction zone. Technical holes 9 and 10 were used
for gas extraction for analysis.

The temperature was controlled by means of a
thermocouple, the flow rate of the reacting gases
was maintained based on the measurements
performed by rheometers. Gas was extracted by
means of vacuum vessels. Gas analysis was carried
out by specified photocolorimetry. Activity tests
showed that the catalyst reduction was equal to
96.5%, which means that it can be used for the
production of purification system.

Industrial catalyst is a cassette made of

Fig. 1. Diagram of the reactor for laboratory research

corrugated and anodized titanium plates coated with
a catalytically active substance. This is the way of
common catalytic block formation. The tape from
the roll enters the roll-forming machine where it is
corrugated, and then the prepared plate is cut with a
guillotine up to the desired size. Two corrugated
plates form a set of components through which the
gas mixture passes. Next, the plate is subjected to
anodizing, coated with a catalytically active
substance, and collected in the block. The plates are
fixed by welding in the points of corrugations contact.
After that, the block is wrapped in a titanium sheet
of the required length from a roll of 800 mmx1 mm
in size and fixed by welding [4].

The parameters of industrial purification reactor
were calculated based on laboratory data taking the
flow rate of exhaust gas under the conditions of HNO;
production (50,000 m? hour™).

The linear gas velocity for each volumetric flow
rate was determined according to preliminary
experimental study. The volume of the reactor was
derived from the formula (1):

_ Vi
VA (1)

g

T

where V, is the volume of reaction zone (m?); and
V, is the gas flow rate (m® hour™);

The cross-section area was found based on the
formula (2) considering the industrial gas flow
(=14 m3 s7!):

w=—

Iz (2)

where w is the gas linear velocity in a pipeline (m s™');
Q, is the gas volume flow rate under flow conditions
(m? s7!); and F is the cross-section area of the flow
(pipe) (m?).

The results of calculation are given in Table 1.

The reactor is a block-containing cassette with
a required number of prepared titanium plates coated
with catalytic substance. The following calculations
were used to determine the distance between the
plates (5):

dC k'-D .
——=——F-(C -C |,
dt D+k'-d ( " p) (3)
or if r stands for the reaction rate:
k'-D-F-(C -C
—d—C=r= ( - p). (4)
dt D+k'-d
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Table 1
Calculation results for an industrial reactor
Volumetric flow| Contact time, Gas flow rate, Reactor volume | Linear velocity, | Cross-section area ¢
rate, hour™! T,8 V,, m's! Vi, m’ W, m s reactor, F, m?
15000 0.12 14 3.36 4.38 3.2
10000 0.18 14 5.04 2.81 498
5000 0.36 14 10.08 1.35 10.34
The size of interface can be found as:
8.5 mm 6 mm I mm

\ 1
(k'-D-F-(CH—Cp)-j—D

5= r
= o ,
where k' is the calculated reaction rate constant
(s7"); D is the molecular diffusion coefficient

(cm? s7!); & is the distance from the catalyst wall to
the middle (cm); F is the calculated surface area

(3)

(cm?); C.’ is the initial concentration of NO,
(mol L™); and C, is the equilibrium concentration
of NO,.

The distance between the plates is taken as a
double value of the interface, that is, 5’=2x8. The
calculations showed that the optimal distance
between the plates was 6 mm.

Based on the obtained data, the parameters of
the reactor were calculated, previously assuming that
the cross section of the reactor was square. The
calculation results show that the optimal size of the
reactor, which can provide a contact time of about
0.12—0.18 s in production, is 2.23 mx2.23 mx1.01 m.
The design features of the catalyst should be taken
into account (size, shape and volume) and its location
in the device. In this case, the following form is
proposed: titanium rolled sheets with a standard size
of 1000 mmx2000 mmx1 mm, corrugated at an angle
of 90° on the larger side. After corrugation, the plate
sizes are 1000 mmx1430 mmx5.25 mm. The prepared
sheets are laid in the reactor in such a way as the
triangles of two corrugations form one reactor unit
of square section. The number of these components
(i.e., reactor units) depends on the number of plates,
the length and the width of the reactor, but its height
is always constant and equals to 1 m. Thus, catalytic
tunnels are constructed from two corrugated plates,
and the thickness of one block is the sum of the
thickness of two corrugated plates, which is 10.5 mm
(Fig. 2).

The following equation was used to determine
the length of the catalytic plate:

dx
—=k-F-(1-x).
0] dl (I-x)

p

(6)

Fig. 2. Arrangement of catalyst sheets in the reactor

Taking integral of equation (6), the following
equation was obtained:

1

1 1
dx
fo.-fi i

k-F J1-x

The solution of the equation coupling the
surface area with number of the plates is as follows:

| T In(1-x) g

P k-n-F (8)
where o is the gas flow rate (cm?s™'); k is the reaction
rate constant per surface unit (m?s™'); F is the surface
area (cm? g'); x is the degree of reduction (fr. unit);
1, is the length of plate (¢cm); and n is the number of
plates.

Using the above formula, two parameters can
be defined, namely the plate length 1, and the number
of plates n, but it must be borne in mind that the
reactor is planned to be used under actual production
conditions; therefore its parameters must strictly
follow the requirements for industrial reactors. These
requirements include the following issues: maximum
productivity and intensity of work; high yield and
the highest selectivity of the process ensured by the
optimal mode of operation of the reactor
(temperature, pressure, concentration of the initial
substances and effective use of the catalyst); minimal
energy costs for mixing and transporting substances
through the reactor; optimal use of energy of
exothermic reactions or heat supplied to the reactor
for heating the reacting substances; easy operation
and safety of work ensured by the design of the reactor
and small fluctuations in the technological mode;
low cost of manufacture of the reactor and ease of
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repair; and stability of operation of the device in
case of significant alterations in the main parameters
of the regime (concentration, temperature, etc.). In
view of the above, calculations of the reactor
parameters were mostly based on experimental data,
and idealized models were used to apply the results
fully.

When calculating the reactor parameters, the
maximum contact time was taken as 0.18 s, which
corresponds to a gas flow rate of 10,000 h™'. The
calculation was performed according to the estimated
reactor volume of 5.04 m? and cross-section of 4.98 m?.
Calculations have shown that maximum cleaning
efficiency with a gas flow rate of 50,000 m? h™! can
be provided by reactor with the following parameters:
width of 1.43 m; length of 3.52; and height of 1 m.
The reactor in the reaction zone contains 670
corrugated plates of size 1000 mmx1430 (corrugated)
mmx1 mm. Thus, by carrying out corresponding
calculations based on a square reactor, we obtained
a rectangular reactor. Its construction is shown in
Fig. 3.

The reactor consists of a rectangular reactor
vessel 1, which contains a metal catalyst block 7.
There is a heating zone 6 between the reactor vessel
and the catalyst. The hot steam is fed into heating
zone 6 through holes 5. Below the reactor, there is a
bottom 10, which has the holes: 8 — for nitrogen
oxides; and 9 — for ammonia. Reacting substances
are mixed in the volume of the bottom 10 and are
fed into the reaction zone heated up to the process
temperature, where catalyst 7 is installed. The gas
mixture passes through the catalyst bed, reacts with

the formation of nitrogen and water which passing
through the opening 3, located at the top of lid 2,
are released into the atmosphere.

Considering the possibility of stagnant zones
formation in a rectangular reactor, and in order to
bring the process equipment to a standard type, the
parameters of a circular catalytic reactor were also
calculated based on common initial data and those
obtained for a rectangular reactor. Thus, the
dimensions of the previous reactor were taken as the
basis for determining the diameter of the apparatus,
followed by conversion to an equivalent diameter
using the following formula:

g _2ab_ 214335
¢ a+b 1.43+3.52

m, (9)

where a and b are the sides of the pipes of the reactor
units (m).

The height of the reactor was calculated in such
a way as to make its volume capable to provide
efficient operation under the conditions of industrial
exhaust gas flow (50,000 m? h™'). The calculations
results allowed us to determine the following
dimensions of the reactor catalytic region: diameter
@=2 m, and height h=1.6 m.

The reactor consists of a cylindrical shell with
a conical lid on the one side and bottom on the
other. The reaction zone is filled with corrugated
plates from the center of the reactor to its walls.
Because of circular cross-section of the reactor, the
size of each subsequent plate will be different from
the previous one. The change in the length of the

6 =0.006

o— —®
2

Fig. 3. Design of the rectangular-type purification reactor
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plates from the center to the periphery can be
calculated by the following formula:

I, =2R> -1,

where R is the radius of reactor; and 1, is the distance
from the center to the periphery.

(10)

ly=n-1-1", (11)
where n is the number of plates starting from the
center; and I’ is the plate thickness.

The solution of these equations allowed us to
determine the required number of plates: 382 pcs.
Thus, the plate metal catalyst for a circular reactor
is proposed to be manufactured from titanium roll
with a thickness of 1 mm and a width of 800 mm.
The calculations showed that 427 m of titanium tape
of 0.8 m wide and 0.001 m thick was needed for one
catalyst unit: 420.3 m for a titanium catalyst
manufacturing and 6.3 m for bonding plates with a
shell.

As the length of the reactor is 1.6 m, two blocks
should be installed one above the other. The design
of the cylindrical reactor is shown in Fig. 4.

The reactor consists of a vessel 1, which
contains a metal catalyst block 7. There is a heating
zone 6 between the reactor vessel and the catalyst.
The hot steam is fed into heating zone 6 through
holes 5. Below the reactor, there is the conical bottom
10, which has the ducts: 8 — for nitrogen oxides;
and 9 — for ammonia. Reacting substances are mixed
in the volume of the conical bottom and are fed into

Fig. 4. Design of the cylindrical reactor

the heated reaction zone, where catalyst 7 is installed.
The gas mixture reacts with the formation of nitrogen
and water and releases into the atmosphere through
the opening 3, located at the top of lid 2.

Offering two types of reactors, rectangular and
cylindrical ones, we calculated the number of pipes:
reactor units for each of them, by applying the
formula (11). At the same time, calculations strictly
depended on the constant parameters: flow rate of
gas mixture, volumetric flow rate, and, accordingly,
the contact time, and reaction rate constant. The
results are shown in Table 2.

Table 2
Required number of reactor units (pipes)

Gas flow | Plate |Surface area|Number
Reactor . .
. rate, w, | length, | of one side, |of pipes,
design 3 2
cm’ s I, cm F, cm n, pcs
Rectangular | 1.4-107 | 100 60 26209
Cylindrical 1.4-107 160 96 16380

The actual number of reactor units was
determined according to the accepted reactor models:
for a rectangular reactor — by the number of plates,
and for a cylindrical reactor — according to formula
(11). The results are shown in Table 3.

Table 3
Actual number of reactor units
Total required Actual number| Variance
Reactor number of
. . of reactor | percentage,
design reactor units, . o
units, pcs %
pcs
Rectangular 26209 27917 +6.12
Cylindrical 16380 17512 +6.90

The data show that the number of actual reactor
units exceeds the calculated required number by more
than 6%, which can be regarded as a reserve.

The flow resistance of the developed catalyst
was calculated by the Darcy-Weisbach formula [7]
in pressure units:

l-p-w?

AP =\ ,
d,-2-g

(12)

where A is the flow coefficient (Darcy friction factor);
1 is the pipe length (m); d, is the hydraulic diameter
(m);r is the medium density (g L™"); w is the linear
velocity (m s7'); and g is the acceleration of gravity
(m s7?).

The hydraulic diameter of pipes with non-
circular cross section was found by the formula (9).
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Table 4

Flow resistance of the developed reactors as compared to the industrial reactors with AVC catalyst

Type of reactor Darcy friction factor, | Pipe length, | Hydraulic diameter, | Linear vel?lcity, AP, MPa my,.”"
A L, m d, m W, m S Y
Rectangular reactor 0.09 1.0 0.006 4.4 9.81-107
Cylindrical reactor 0.09 1.6 0.006 4.4 1.92-10°
Industrial reactor 12.67 0.8 0.006 2.8 2.3-10°
It equals to 0.006 m for the catalyst concerned. REFERENCES

The Darcy coefficient (1), which depends on
the hydrodynamic regime, was found using the
Poiseuille formula [8] for the reactor units of square
cross section under laminar flow conditions:

n=27.
Re
We determined the flow resistance of the
AVC-10 granulated catalyst layer, which is used in
an industrial purification reactor, in order to compare
the developed block catalyst with the industrial one.
The calculations of AP for granular materials were
carried out according to the method described
elsewhere [9]. The pressure loss for the catalyst layer
AVC-10 was found by the following formula:

APZX3'1'(DZ'p'(1_8)2'(p¢

d-2ge (13)

where ¢ is the fractional free volume (fr. unit).

The results of the calculations of reactors
parameters for the developed catalyst blocks in
comparison with industrial rectors for AVC-10 are
given in Table 4.

Conclusions

The obtained data showed that the developed
plate catalyst has a lower flow resistance than the
industrial granulated catalyst AVC-10. To unify the
presented data, they were recounted for a catalyst
layer with 1 m length. Thus, flow resistance of catalyst
block installed in a cylindrical reactor was 12 times
lower, and the resistance of block in rectangular
reactor was 23 times lower than those typical of
catalyst AVC-10. This allows significantly reducing
the energy costs for compressors to make overpressure
for pumping the gas mixture through the reactor.
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TEXHIYHA XAPAKTEPUCTUKA CTIVIBHUKOBOT'O
KATAJII3ATOPA BIJTHOBJIIEHHS OKCUAIB HITPOTEHY
(II), (IV) TA PO3PAXYHOK PEAKTOPA JJI1 HbOT'O

B.O. Bexwun, €.P. Ipaboseyvka, JI.11. Abpamosa

Po3zensnymo memoouky po3paxynKy npomMuciogux peaKkmopie
05 Memanesux Kamanizamopie cminbHUK080i CMpyKmypu, siKi npo-
NOHYEMBCA GUKOPUCIOBYBAMU 8 NPOUECAX HULKOMEMNEPAMYPHO-
20 ouUUeHHs 8UKUOHUX 2a3ieé 6i0 okcudie Himpoeeny 3a donomoeoro
amiaky. Tlokaszani nepesaeu kamanimuvHux 610Ki6 6 NOPIGHAHHI i3
cyvacHumu npomucarosumu kamanizamopamu ABK-10. Hagederno
Memoouky 30iliCHeHHs1 Qi3UKO-XIMIMHUX docaiOdiceHb ma aHarimu4-
Ho20 Koumpoar. Ha ocnosi nabopamoprux eunpo6yeans eusHaveHi
PO3MIpU ma po3pobaeHo KOHCMPYKYiI0 3anpONOHOBAHUX PeaKmopie.
s deox munie peakmopie — 3 K8AOpamHuM i Kpyeaum nepepizom
— PO3paxoeano HeoOXIOHy KinbKicms Kamanizamopa y eueisioi me-
manesux 040Ki6 cminbHuK08oi cmpykmypu. Busnaueno doexcuny
KamanimuyHux 6A0Ki6 i 3anpoONOHOBAHO MeXHOA02I0 iIX 8UPOOHUY-
mea. Ha ocroei eidpodunamiunux po3paxyHkie 3’1co8ano, uio 6a0uHi
Kamanizamopu maroms 6iabul HU3bKULL 2i0paeaiMHull onip, NopieHs-
HO 3 epanyavosanumu. Ilokasarno, wo s peakmopie Kpy2ioeo ne-
pepizy nompibui KkamanimuyHi 610KU MeHW020 00°emy, Hidc 0
K8aopamuux, npome 0CMAOCMAHHi MAOMb HAOHU3bKULL 2i0pasii-
YHULL Onip 2a3060My NOMOKY. 30ilicheni docaiOiceHHs nokasanu,
W0 3aCMOoCy8aHHs Memanesux KamanimuuHux 010Ki6 cminbHUKo-
6020 Mmuny 003604UMbs GIOMOGUMICH 8i0 HeOOXIOHOCMI BUKOPUCMAHHS
000amKo8uUxX KOMNPecopie CMBOoPeHHs: HAOAUUKO08020 MUCKY 015 NPo-
0y6aHHsA 2a3ié Kpizb wiap Kamanizamopa, wio Mae 3HU3UMu eKo-
HOMIuHI eumpamu, ma, epewimi pewm, npusecmu 00 3MeHUIEeHHs
cobisapmocmi npodyKmy.

KimouoBi cioBa: okcuau, HOCiil, KaTajizatop, peakrop,
ouniueHHs, HitporeH, ctpykrypa.
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is proposed. Hydrodynamic calculations demonstrate that block
catalysts have lower flow resistance that the granulated ones. The
reactors of circular cross-section need catalytic units of smaller volume
than rectangular ones; however, the latter have a lower resistance to
gas flow. The study shows that the metal cellular catalytic blocks
would allow avoiding the use of additional compressors for excessive
pressure to purge gases through the catalyst bed, which should reduce
economic costs, and, ultimately, reduce the cost of the product.
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