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This article describes the influence of various design modifications of the ammonia oxidation reactor operating in
nitric acid plant TKIV in Kedzierzyn-Kozle on flow distribution of an air-ammonia mixture. The CFD (Compu-
tational Fluid Dynamics) simulations of turbulent flow were carried out with SST k-w turbulence model to close
the system of RANS (Reynolds Averaged Navier-Stokes) equations. The simulation results show that the properly
selected perforated plate screen and the conical diffuser ensure uniform flow of gas on the ammonia oxidation
catalysts and on the catalysts for nitrous oxide decomposition. It was proved experimentally achieving uniform
temperature of nitrous gases in different locations under the catalytic gauzes and high efficiency of ammonia

oxidation and nitrous oxide decomposition
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INTRODUCTION

Nitric acid is an important product of large-scale chemi-
cal industry. It is mainly used to produce fertilizers. The
technology based on Ostwald process has been known
for more than one hundred years'™.

Nowadays, two plants called TKIV and TKYV, both
based on dual pressure technology work in Grupa Azo-
ty ZAK S.A. The nitric acid plant TKV was designed
and delivered by Chemoprojekt a.s./Czech Republic
and started-up in 2010/2011% The second one TKIV
started-up in 1995. Its daily capacity is 530 t/24 h per
100% nitric acid.

Ammonia oxidation in the nitric acid plant TKIV is
carried out under the gauge pressure of 0.38 MPa, whe-
reas absorption is carried out under the gauge pressure
of 1.1 MPa. Raw materials for producing nitric acid with
the concentration of 60 *3% wt. are: ammonia, air
and water. Ammonia is fed into the plant in the liquid
form. The atmospheric air undergoes the duel filtration
process and it is divided into two streams: the primary
air which is directed into mixer and so called “secon-
dary air” which is directed into the bleaching tower.
Additionally, a small amount of air is fed into nitrous
gas stream in order to accelerate oxygenation of NO to
NO,. Oxidation of ammonia to nitrous oxide is carried
out at the temperature of 890°C with the efficiency of
96-97%*%. The heat of nitrous gases is used for pro-
duction of steam with the pressure of approx. 2.5 MPa.
Nitrous gases cooled in heat exchangers are directed
into the absorption column. In this column, the parallel
reactions of NO, absorption in water and oxidation of
secondarily formed NO to NO, take place. The formed
nitric acid solution after prior degassing and removal of
nitrogen oxides, so called bleaching of the nitric acid,
is directed to the storage tank. Gases after absorption,
so called tail gases are decompressed in the expansion
turbine and then released into the atmosphere through
the chimney.

The basic reaction in nitric acid technology is the cata-
Iytic oxidation of ammonia. Usually, platinum-rhodium
catalyst gauzes with variable thickness of mesh, most

frequently with diameter of 0.06-0.92 mm and variable
density of knitting, most frequently of 1024 meshes/
cm? are used as a catalyst™™. These gauzes are placed
in the reactor with the diameter of 2-6 m. Currently,
apart from catalyst for ammonia oxidation, the second
catalyst is applied in the reactor in order to decompose
a greenhouse gas — nitrous oxide which is formed as
a byproduct during ammonia oxidation’. Exploitation of
gauzes has a significant impact on cost-effectiveness of
the nitric acid production process. During exploitation,
the efficiency of oxidation of NH; to NO is gradually
lowered®. The determination of life-time of catalyst gauzes
operation in the plant, so-called campaign duration, de-
pends on the process parameters (pressure, temperature;
and catalyst load) and it is the subject to optimization.
It is necessary to ensure proper operational parameters
including provision of feedstock (ammonia, air) free
from impurities and to provide its uniform distribution
on the entire surface of gauzes. The reaction mixture
composed of ammonia and air with a given stable ratio
at the relevant temperature and pressure (p, T) is fed
into the feeding pipeline. The reactor’s diameter is
several times bigger than the feeding pipeline diameter.
Therefore, it is necessary to apply a special design of the
burner’s head in order to ensure uniform distribution of
gas onto the entire surface of catalyst gauzes. Improper
mixing of ammonia with air and mal-distribution of air-
ammonia mixture can directly affect suboptimal work of
the reactor and catalyst. Long-term local overloading of
a catalyst package can lead to its overheating and to the
increased catalyst losses, and as a consequence, to the
excessive lowering of NH; to NO oxidation efficiency.

The supplier of TKIV nitric acid plant did not provide
the license for producing nitric acid and the process was
developed by Instytut Nawozow Sztucznych in Putawy
(now Instytut Nowych Syntez Chemicznych) and Biuro
Projektowo-Konstrukcyjne in Kedzierzyn Kozle (BPK).
A number of detailed designs of equipment were de-
veloped in order to ensure an effective operation of
the plant.
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This unit is characteristic of low ammonia consump-
tion and low impact on the environment. Thanks to the
solutions applied, it meets all requirements of modern
nitric acid plant contained in Best Available Techniques
BAT with a large safety margin®.

The CFD RANS (Reynolds Averaged Navier-Stokes
Computational Fluid Dynamics) simulations is a useful
tool for modelling fluid flows in chemical engineering. It
is used for prediction of distribution of flow parameters
(including temperature) in different types of reactors'® ",
hydrocyclones' and boilers in power plants™**. The CFD
RANS simulations allow for determination of a flow
structure and they enable to verify the influence of design
modifications in case of inadequate reactor operation.

Simulation definition (Experimental)

This paper presents the analysis of the effect of various
designs of the burner head (application of screens made
of perforated plates, cone diffuser and guide vanes) on
making the flow through catalyst gauzes uniform in the
reactor operating in nitric acid plant TKIV. The simu-
lation domain geometry was developed based on basic
engineering documentation of the reactor and it included:
the inlet pipe with the elbow feeding the gas from the
ammonia and air mixer, the elbow feeding the gas to the
reactor composed of the conical and cylindrical parts and
the packet of catalyst gauzes as well as the catalyst layer
for N,O decomposition. The general view of the domain
was presented in Fig. 1. The primary configuration did
not include elements which would make the flow struc-
ture uniform. In next stages of CFD RANS simulations,
elements making the flow uniform were included such
as: internal diffuser, perforated plate screen and guide
vanes placed in the feeding elbow (Fig. 2).

Steady state simulations of the flow in the inlet pipeline
and in the burner head were done using the ANSYS CFX
solver. The flow was turbulent with Reynolds number
ranging from Re = 3.66 - 10° in the cylindrical part of
the burner head to Re = 1.74 - 10° at the pipeline inlet.
Therefore a set of RANS (Reynolds Averaged Navier-
-Stokes) equations was solved with SST (Shear Stress
Transport) turbulence model. Due to low flow velocity
of gas, the fluid was treated as incompressible with
parameters (temperature, pressure, density, viscosity)
for the ammonia-air mixture fed to the reactor. As the
heat transfer to the reactor wall was neglected and no

Figure 1. Calculation domain geometry

Figure 2. Cross-section of the burner head with marked ele-
ments: 1 — the perforated plate screen 2 — conical
diffuser, 3 — guide vanes

chemical reaction was considered, the flow was treated
as isothermal (T = 481.8 K).

A complete, detailed solution of the flow structure
through the holes of the perforated plate screen, catalyst
gauze and catalyst bed was not taken into account due
to its huge computing requirements. However, simplified
simulations were successfully carried out where these
elements were treated as porous material layers with
thicknesses corresponding to the real thicknesses of these
elements. The resistance coefficient of porous layer sub-
stituting the screen was C = 1018 and it was equivalent
to the perforated plate 3 mm thick, with holes of ¢ =
8 mm in diameter and their square layout every 32 mm.

Parameters assumed to the model of the porous layers
substituting the catalysts are as follows: catalytic gauze:
porosity € = 0.5 and permeability x = 0.556 - 10 m?,
catalyst deN,O: porosity € = 0.421 and permeability
% = 1.953 - 10~ m?% These values result from the real
pressure drops in two catalysts which were Ap, = 100
Pa and Ap, = 3400 Pa, respectively.

The boundary condition for total pressure equal to
0,48 MPa was imposed at the pipe inlet.

The outlet boundary condition with the mass flow rate
corresponding to the flow rate equal to 80280 Nm’/h
was assumed. Side walls of the reactor were assumed as
smooth. A good quality numerical solution was reached
with RMS (Root Mean Square) residuals of the transport
equation below 2 - 10~ as well as the imbalance of mass
and momentum flows below 0.05% (numerical imbalance
at the domain boundaries versus a maximum flow value).

RESULTS

The major objective of the project was to analyze the
gas velocity distribution in the reactor, the aim of which
is to maximize the operation time of catalyst gauzes.
Three different arrangements of the burner head were
studied in order to verify their impact on the uniformity
of the velocity of the fluid stream entering the catalysts.
Simulations results were presented in Figs. 3, 4 and 5.

Simulation 1

In this simulation, the conical internal diffuser was
used as an element contributing to the stream align-
ment. However, due to disturbances generated in the
elbows (secondary flows and separations) the velocity



determined at the burner head is highly non-uniform
(Fig. 3). Locally, the highest velocity value is observed
near the inlet edge of conical diffuser. Such a location
of the diffuser cone causes only slight straightening
of the main gas stream flowing to the reactor. Strong
inertia forces causes deflection of the gas jet entering
the reactor from the axis of the burner head toward the
diffuser wall at the external radius side of the second
elbow. Approx. 30% of the gas flows between the dif-
fuser and the reactor wall. Inside the conical head, the
flowing gas stream is highly non-uniform. The clear jet is
observed, and despite the fact that some diffusion effect
can be observed along the flow path, the flow velocity
on the catalyst gauzes ranges from 0.2 to 6.3 m/s. Due
to resistance of the catalytic gauze, a significant part of
the fluid jet is reflected, and large vortex structures are
formed in the burner head.
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Figure 3. Velocity distribution on the symmetry plane of the
burner head (top) and the catalytic gauze (bottom)
for simulation I

Simulation 11

The perforated plate screen placed at the outlet of
the conical burner head was added in the second design
configuration. As there is no modification of the conical
burner head, the distribution of gas velocity in the inlet
pipeline and behind diffuser cone is similar to the one
in the previous case. There is a high pressure drop of
930 Pa on the perforated plate screen and the jet is
mainly deflected due to its relatively low porosity. As in
the previous case, large vortex structures are formed in
the burner head. However, high resistance of the screen
causes the flow velocity downstream of this element to
be much more uniform. The gas flow velocity beneath
the screen in the whole cross-section ranges from 0.65
to 0.95 m/s. The further stream straightening is observed
due to catalyst resistance and the velocity of the fluid
entering the catalytic gauze ranges from 0.72 to 0.76 m/s.
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Simulation II11

In this design, the guide vanes were added in the el-
bow of the inlet pipeline. They have a significant effect
on the flow structure uniformity at the entrance of the
conical diffuser. However, these vanes affect the general
performance of the burner head only to a small degree.
Due to higher uniformity of the flow at the entrance
of the conical head, the jet flow is almost symmetrical
along the burner axis and the conical diffuser works more
effectively. However, due to huge angle of the burner
head, separations of the flow at walls are still present.
It is obvious that for such a wide angle of the head,
it is not possible to make the flow uniform. Thus, the
screen with relatively high resistance (pressure drops) is
indispensable. The gas flow velocity beneath the screen
is similar as in the previous case and it ranges from 0.65
to 0.95 m/s but is more axially uniform. The gas velocity
on the surface of catalyst is not much different than in
the previous case being from 0.71 to 0.77 m/s.

The design composed of the perforated plate screen
and the conical diffuser was used in the TKIV plant.
As a result, a uniform distribution of the flow through
ammonia oxidation catalyst is achieved. Therefore, the
same temperature of nitrous gases was measured with
three thermocouples located in different positions in
ammonia oxidation reactor directly under the catalytic
gauzes. During exploitation, the temperature difference
does not exceed 5°C.
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Figure 4. Velocity distribution on the symmetry plane of the
burner head (top and middle) and the catalytic gauze
(bottom) for simulation IT
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Figure 5. Velocity distribution on the symmetry plane of the
burner head (top and middle) and the catalytic gauze
(bottom) for simulation III

CONCLUSIONS

A wide angle of the burner head makes it difficult to
achieve the uniform flow in this element. The internal
conical diffuser failed to expand the gas stream and it
globally influenced the head performance to a very small
degree. The additional application of the guide vanes in
the elbow of the inlet pipe influenced the flow, making
it more axially symmetrical, but it did not prevent sepa-
rations at the burner walls. Thus, the application of the
perforated plate screen with relatively high resistance was
indispensable to achieve high flow uniformity through the
catalyst bed. It did not straighten the fluid flow in the
conical part of the burner head, but it highly reduced
non-uniformities beneath.

It was found out that the accurately selected perfora-
ted plate and the conical diffuser solved the problem of
ensuring the proper flow of gas on ammonia oxidation
catalysts and catalysts for nitrous oxide decomposition.
It was confirmed with the achievement of the identical
temperature of nitrous gases in different spots under the
catalytic gauzes and high efficiency of ammonia oxidation
and nitrous oxide decomposition.
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