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Abstract

The paper presents the results of physical and numerical tests of fluid flow through the filling of a rotary air heater (RAH). A
laboratory-scale test bench was used to measure flow resistance across a fragment of a RAH. Seven types of RAH modules
were tested---one steel and six ceramic (as catalyst carriers). The relationship between pressure drop and velocity (Re
number) of flow was used to deduce the flow characteristics for each of the RAH modules tested.

Measurements carried out on the test bench were used to create a substitute mathematical model, which in the CFD code
Ansys Fluent enables accurate mapping of pressure drop and velocity distribution full fit to the real flow conditions.

Numerical calculations were used to validate measurements for an alternative model, to create guidelines for the substitute
model of the porous zone and to optimize application checking the correctness of created guidelines for simplified calculations.
Flow simulations were performed for various turbulence models. Results were compared to the test-bench measurements to
determine the best adjustment for this specific type of reverse flow inside the air duct.

This research is part of an ongoing research project: “Hybrid Technology of Flue Gas Denitrification System in Steam and
Hot Water Boilers”. The aim of the project is to investigate the concept of using rotary air heater fillings as a carrier for catalytic
coatings to reduce nitrogen oxides. In the further part of the research project, the replacement porous zone substitute models
will make it possible to precisely calculate the entire RAH and will significantly reduce the calculation time as the basis for
further project work.
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1. Introduction

Due to the Industrial Emissions Directive (IED) and Best
Available Techniques Conclusions (BAT) [1, 2] more atten-
tion is being paid to emissions of nitrogen oxides (NOx). The
energy industry is faced with the challenge of fulfilling exact-
ing legal requirements by August 2021---reducing NOx emis-
sion to below 150 mg/m3

n, referred to flue gases with a 6 %
content of O2, for existing power units producing more than
100 MW from fossil fuel combustion.
Until now, measures to reduce NOx emissions have included:
Selective Catalytic Reduction (SCR) and Selective Non-
Catalytic Reduction (SNCR), combined with primary meth-
ods (e.g., an Over-Fire Air system). However, the contin-
ual tightening up of regulations requires the development of
more efficient technologies; for example, Hybrid Denitrifica-
tion System (HDS) which combines SNCR with SCR.
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Previous research with catalytic metal elements added to
the RAH has shown promising NOx reduction results [3–5].
The combined SNCR and SCR method, with SCR located in
the RAH, has been subject to research for roughly 30 years.
Analysis performed within [3, 4] concerns mostly the chem-
istry of reactions and the temperature dependence of the cat-
alyst selectiveness as well as its structure along the temper-
ature profile, while in [5] full-scale tests of installation were
performed in an existing Swedish power plant, resulting in
90% NOx reduction. That was obtained thanks to the NOx re-
duction process occurring in parallel with partial oxidation of
ammonia at the catalyst surface located in the RAH. Oxida-
tion means more reactant can be used in SNCR installations,
which also improves NOx reduction at the SNCR stage. Un-
fortunately, erosion problems impacting metal sheets coated
with catalyst have stopped these technologies from being in-
stalled in coal-fired boilers [6].

Commercially available HDS technologies consist of the
SNCR stage followed by the SCR stage, which is usually
an integral part of the boiler secondary duct. These systems
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are characterized by high NOx reduction levels (up to 90%)
with relatively small operating costs compared to a traditional
SCR and/or SNCR, due to the lower ammonia requirement.
When the SNCR and SCR are combined, the furnace NH3
slip from the SNCR is used as the reductant in the down-
stream SCR. This also results in the simultaneous reduction
of NH3 emissions. Due to the SNCR NOx reduction, the SCR
size can be reduced, lowering catalyst maintenance costs
and flue gas flow resistance [7].
The greatest obstacle to implementing hybrid systems in ex-
isting boiler units is lack of space for the SCR system, even
though its size has been significantly reduced. That became
the basis of a project realized by the Consortium of SBB EN-
ERGY S.A. and Institute of Power Engineering and Turbo-
machinery, Silesian University of Technology. On the basis
of previous studies performed at laboratory and then semi-
technical scale [8, 9] concerning the heat transfer and reduc-
tion efficiency of catalytic elements, the concept of placing
them in a rotary air heater (RAH) was proposed to enable
HDS to be installed economically in most existing boilers.
This paper presents the first stage of this investigation and
concerns analysis of pressure drop across metal and cat-
alytic elements in relation to their porosity and shape. Fol-
lowing an initial numerical analysis of the air flow distribution
in the duct, the laboratory-scale research facility required a
redesign. The previous laboratory-scale RAH system intro-
duced measurement uncertainty due to radial and axial leaks
and the influence of temperature changes of fluids on the dy-
namics of pressure changes.
The main aim of the study was to determine the equations
expressing flow resistance, turbulence and pressure drop
dependence on the type of catalytic input, based on the mea-
surement results. These equations were then used to sim-
plify a numerical analysis of NOx reduction and heat trans-
fer in the full-scale RAH, thereby reducing the computational
time while maintaining acceptable accuracy of the results.

2. Methodology

2.1. Laboratory-scale stand description
Pressure drop measurements were performed on the

laboratory-scale stand which is illustrated in Figure (1). The
stand is a pie-shape 12 m length duct (cross-sectional
area = 0.066 m2), supplied with air by a centrifugal fan (1). It
is equipped with a flow straightener (3) before which the stub
pipe is located (2) enabling the injection of hot gas from a gas
burner into the channel. About 3 m after the flow straightener
the pie-shaped catalytic or metal investigated elements (Fig-
ure (2)a) are mounted (5).
The measurement system is equipped with pressure and ve-
locity devices (4 and 6). Before the insert placement the
velocity, pressure and temperature of the fluid were mea-
sured and the pressure after the placement as well. All data
was collected and remotely communicated to the main con-
trol and acquisition unit (Figure (2)b).

Measurement of the pressure drop at the facility enables
precise characterization of any type of RAH inner elements,

while avoiding measurement inaccuracy associated with ra-
dial and axial fluid leaks.

Exponent of the medium. The equation shows that the
only parameter of engine performance is the compression
ratio.

2.2. Numerical simulation
The second stage of the research was to conduct a series of
numerical calculations using the FVM finite volume method
in the ANSYS Fluent program. Numerical calculations were
investigated in order to:

• validate the measurement results,

• determine an alternative model,

• create guidelines for the substitute model of the porous
zone and optimization of its application,

• check the correctness of the guidelines for simplified
calculations.

Flow simulations were performed for various turbulence
models. Results were compared to measurements to deter-
mine the best adjustment for this specific type of reverse flow
inside the air duct. The following turbulence models were
evaluated:

• k −Ω / SST

• k −Ω / standard

• k − ε / standard

• k − ε / RNG

• k − ε / realizable

• Reynolds stress

By considering the results for the various turbulence mod-
els, the overall correctness of the numerical model could be
evaluated. Moreover, these comparisons allowed a correc-
tion to be introduced to match the numerical calculations to
the measurements. A series of simulations were carried out
to best match the numerical model to the results of mea-
surements and to determine the influence of the mesh re-
finement. An example of the catalyst insert shape and its
discretized model are shown in Figure (4)a and Figure (4)b.

3. Results

3.1. Results of physical investigation
During physical tests at this stage of the research project,

6 types of catalytic fillings (Element 1 - 6) and 1 steel (Ele-
ment 0) were tested (Figure (5)).
The laboratory installation makes it possible to measure the
relationship between fluid velocity and pressure drop for any
flow and shape of insert. While the relationship between ve-
locity and pressure drop can be calculated, it is better to use
empirical results over CFD calculations as regards the cor-
rugated metal insert. This is due to the advanced and com-
plicated boundary layer (Figure (5)).
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Figure 1: Scheme of laboratory stand: 1---fan, 2---stub pipe, 3---flow straightener, 4 and 6---measuring points, 5---investigated elements placement

Figure 2: a) One of the exanimated steel elements, b) The main control and
data acquisition unit

Figure 3: a) Engine performance according to [5]

3.2. Optimization of lab-stand performance conditions

The first measuring series provided for steel insert nr 0
gave a correlation between fluid velocity and pressure drop
on Figure (6).

Analysis of the results shown on Figure (6)a indicates a
slight analytical error, because the relationship between ve-
locity and pressure drop does not converge to zero. Two
possible sources for this non-realistic result are: 1. problems
with the measurement devices and 2. problems with the de-
sign of the ductwork.

Potential error provided by measurement devices was
quickly excluded by replacement with a newly calibrated de-
vice. To determine the reason for a non-physical result it was
crucial to calculate flow at all ducts within the flow straight-

Figure 4: a) One of the investigated catalytic elements, b) Mesh generated
for the catalytic element

Figure 5: Pressure drop depending on fluid velocity for 7 types of fillings

ener (Figures: (7), (8), (9)).
The relationship shown on Figure (5) was used to create a
porous zone model. The porous zone model is commonly
used in CFD calculations due to its simplicity. A set of equa-
tions were created for each insert tested.
Superficial Velocity Porous Formulation is part of ANSYS
Fluent code. This formulation allows users to calculate the
pressure drop for calculated mixture velocities based on the
volumetric flow rate in a specially declared porous region.
Porous media are modeled by the addition of a momentum
source term to the standard fluid flow equations. For the
case of homogeneous porous media the viscous loss term is
included on the first term on the righthand side of the Eq. (1),
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Figure 6: Pressure drop for element nr 0 (metal insert) depending on fluid
velocity---before the re-design of the lab-stand

and internal loss term on the second term on the righthand
side of Eq. (1).

S i = −
(
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2ρ |v| vi

)
S i

S i = −
(
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1
2ρ |v| vi

) (1)

where: S i---source term for the i th (x, y, or z); vi---direction
velocity; v---magnitude of the velocity,
alpha, C2---internal resistance factor.
Alpha and C2 are calculated from the laboratory measure-
ments. In indicated cases of fluid flow in the catalytic layer,
the above equation has to be implemented in the fluid main
flow direction. In other directions the values are enlarged
(e.g., 100 000) to stop or to reduce flow at real catalytic in-
put.
All calculated cases presented show a vortex at measure-
ment point 1 after the flow straightener. This result was com-
mon to all cases, independent of the turbulence model and
mesh refinement.
Examples of results for tested insert nr 0 are shown on Fig-
ure (7) to Figure (10). Series of measurements were taken
at Measurement Point 1 (on Figure (7)) as a representative

place to investigate best correlation between the theoretical
calculated model and real measurements. This measuring
domain is located 50 mm from the flow straightener at the
center of the tested duct.

Figure (10) shows a comparison between (i) the cross-
section velocities obtained (Measuring Point 1) for different
turbulence models, and (ii) data from real measurements.
Values closest to those measured during the measurements
at the station are shown in the model k - ε / realizable. This
model was adopted as a reference.
In tests [10, 11] for the parameter verifying the convergence
of the model with the results of measurements or literature
data, the reattachment flow length (RFL) was adopted---the
distance between the backflow-step and the position. In [10]
it was shown, on the basis of measurements in the wind tun-
nel, that for backflows characterized by low Re values (from
133 to 3693, of which Re = 380 can be regarded as lam-
inar), there was relatively high convergence of the k - Ω /
SST model with experimental results, with none of the k - ε
models correctly predicting RFL.
In [11] on the other hand, for Re equal to 9000, the k - Ω /
SST model is also recommended, comparing the results to
the literature data, with the k - ε models being found to have
very low convergence. For higher Re (13200) both model
k - Ω / SST, and k - ε / standard show satisfactory conver-
gence [12]---model k - Ω / SST for RFL, while model k - ε /
standard for mean velocity profile. In [13], for Re = 38,000,
the k - Ω / SST model was also recommended as being
closer to the measurement results.
However, the station tests described in this paper indicate
greater accuracy of the k - ε / realizable model. The speed
profiles obtained in numerical simulations were compared
with data obtained during the measurements. This confirms
the thesis, contained in [10x], that k - ε models reproduce
the velocity of the fluid quite accurately.
An additional result of the numerical calculations was find-
ing the cause of measurement errors during the first series
tests. These errors resulted from the design defect of the
test stand.
Completed calculations and detailed measurements of indi-
vidual inserts (catalytic and steel) were used to determine
accurate and validated replacement models. In the subse-
quent part of the HDS research project, the replacement
porous zone models will enable precise calculation of the en-
tire regenerative rotary air heater RAH and will significantly
reduce the calculation time as the basis for further project
work.

4. Conclusion

The aim of the laboratory work and the numerical calcula-
tions based on them was to create a corrected and simpli-
fied model of mathematical catalytic contribution based on
real flow measurements. Measurements carried out on the
test bench enabled the creation of a substitute mathematical
model, which in the computing environment of Ansys Fluent
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Figure 7: Results of numerical analysis for element nr 0---air velocity

Figure 8: Velocity vectors in the flow straightener for Element 0

makes it possible to accurately map pressure drop and ve-
locity distribution while maintaining the model’s full fit to the
actual flow conditions.
A substitute mathematical model is at the stage of being im-
plemented into a full scale numerical model and is being
tested and evaluated using measurements from RAH.
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Figure 9: Velocity contours in flow straightener for Element 0
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