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Abstract

Air preheaters make a considerable contribution to the improved overall efficiency of fossil-fuel-fired power plants. In this study we
used a combination of fluid dynamics and a newly developed three-dimensional numerical model for heat transfer as the basis for a the-
oretical analysis of a rotary air preheater. The model enables studies of the flue-gas flow through the preheater and the adjoining channels
as well as the regenerative heat transfer and the resulting temperature distribution in the matrix of the preheater. Special attention was
focused on the influences of leakages on the flue-gas parameters in the preheater. The numerical analysis and the experimental results
showed an obvious dependence of the flue-gas parameters on various seal settings. Based on the results a method for online monitoring
of the tightness of the radial seals is proposed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

High efficiency is the key feature in the operation of any
energy-conversion device, and this includes large fossil-
fuel-fired steam boilers. It is therefore very important to
recover as much energy as possible from that available in
the fuel. Air preheaters have proved to have an important
influence on the efficiency of the entire steam boiler. Their
primary task is to return considerable amounts of waste
heat, carried by the flue gas, back to the combustion pro-
cess. Due to their compactness and high performance,
rotary regenerative air preheaters are very common in
fossil-fuel-fired steam boilers. Rotary preheaters have a
specific operating principle where the heat is transferred
from the flue gas to the air by means of a rotating matrix.
A significant weakness of this type of heat exchanger is the
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unavoidable leakages between both streams caused by the
pressure difference between the streams and by the rotation
of the matrix. At the same time there is a need for the
constant monitoring of the seals’ settings in order to
ensure their optimum operation under various working
conditions.

An efficient sealing system is therefore a prerequisite for
the high performance of an air heater and, consequently,
the high efficiency of the steam boiler. The main side effect
of the leakage is the need for larger flow rates of air enter-
ing the heater and, consequently, larger flow rates of flue
gas exiting the heater. The increased flow rates also require
more ventilation power.

This article presents a method that makes possible the
online monitoring of the air preheater’s seal tightness.
The method is based on the results of numerical simula-
tions. A numerical method was developed that makes it
possible to simulate the operation of the rotary air pre-
heater, including the influences of various seal settings on
the properties of the flue gas after the preheater. The
numerical results were confirmed by measurements.
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Nomenclature

c specific heat, J/kg K
i index in radial direction
j index in tangential direction
k index in axial direction
N number of grid divisions
r radial coordinate, m
T temperature, �C
w velocity, m/s
z axial coordinate, m

Greek symbols

a convective heat-transfer coefficient, W/m2 K
b heat-transfer surface in unit volume of matrix,

m2/m3

h tangential coordinate, rad
k thermal conductivity, W/m K
q density, kg/m3

r solid fraction of matrix volume, m3/m3

u solid fraction of matrix cross-section, m2/m2

x rotational speed, rad/s

Subscripts

amb ambient
g gas
m matrix
p constant pressure

lower pressure
hot gas

higher pressure
cold gas

A

P

R

A
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R

Fig. 1. Typical arrangement of the seals in a rotary heat exchanger
(A – axial seals, P – peripheral seals, R – radial seals).
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2. Leakages in rotary heat exchangers

The basic element of a rotary heat exchanger’s operation
is a rotating matrix in a compact casing that transfers the
heat from the hot flue gas to the cold combustion air.
The rotation of the matrix requires an appropriate sealing
system to prevent mixing of the flue gas and the air, com-
monly referred to as leakage. The importance of sealing
and leakage and its influence on air-preheater performance
was studied by several authors. MacDuff and Clark, for
example, present an overview of radial sealing systems
[1]. A lot of research was carried out by Skiepko, who
studied the influence of leakage on a heat exchanger’s per-
formance [2]. He also presented methods for calculating the
mass flows of gas through the seals [3], a method of
measuring and adjusting the seal clearances in radial seals
[4–6], and the irreversibilities caused by leakage [7]. The
general conclusion is that the sealing system is an impor-
tant part of a rotary heat exchanger. Although the leakages
in the air preheater do not significantly affect the boiler’s
overall thermal efficiency [8], excessive leakages can reduce
the effectiveness of the air preheater itself by over 10% [2].
At the same time, leakages require more air to be trans-
ported to the preheater and more flue gas to be transferred
from the preheater, and larger quantities of gases require
more power for the air and flue-gas fans. These fans typi-
cally use up to 1.5% of all the power produced. An
increased amount of power required for the fan results
directly in a noticeable drop in the power plant’s overall
efficiency. It is therefore important to pay special attention
to the adjustment of the seals and to monitor their
tightness.

Fig. 1 schematically shows a typical arrangement of
seals around the rotor of a rotary heat exchanger. The
three types of seals in Fig. 1 prevent leakage due to pres-
sure differences between certain locations in the heat
exchanger.
Radial and axial seals reduce the amount of air that is
leaking into the flue-gas channel. Typically, the pressure
on the air side is considerably higher than the pressure of
the flue gas: the difference can reach several thousand Pa.
Peripheral seals, on the other hand, prevent the bypass flow
of air or flue gas around the matrix. This flow does not con-
tribute to the heat exchange and should also be reduced.

Mass flow rates through the peripheral seals are rela-
tively small since the pressure gradients in the axial direc-
tion are much smaller than the pressure difference
between the hot and cold gas streams. The axial seals are
usually several times shorter than the radial seals, so the
majority of the gas is expected to pass through the radial
seals.

Both the radial and axial seals are adjustable. During
start-up or after changing the boiler’s load the rotor is
deformed due to temperature differences at the hot and
cold ends of the rotor. The seals need to be adjusted after
any change in the temperature conditions in the exchanger.
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Therefore, a suitable means of monitoring the sealing qual-
ity should be provided.

In rotary heat exchangers another type of leakage
occurs, i.e., carry-over leakage. This carry-over leakage
means there is always some gas, hot or cold, caught within
the matrix’s empty space as it moves from one stream to
another, which means it is transferred to the opposite
stream. The carry-over leakage can be reduced by an
appropriate design of the air preheater and the adjoining
air and flue-gas channels.
3. Numerical analysis

The effects of various radial-seal settings on the flue-gas
properties after an air preheater have been theoretically
researched using a numerical model. The model is a combi-
nation of fluid-flow simulation and heat-transfer simula-
tion in a three-dimensional geometrical model of a rotary
regenerative heat exchanger.

The fluid-flow simulations are based on solving a system
of transport equations, which is done with commercial
CFD software. An new, additional model was used to sim-
ulate regenerative heat transfer within the matrix of the
heat exchanger.
3.1. Heat-transfer model

The CFD analysis produces a three-dimensional flow
field in the computational domain. While most of the
heat-transfer models proposed by several authors are only
two-dimensional, a three-dimensional model must be used
in this case. The benefits of three-dimensional analyses
were discussed by Franković [9], so a similar three-dimen-
sional heat-transfer model was developed for analysing the
operation of an air preheater. The model is based on energy
conservation in a differential control volume, as shown in
Fig. 2. The use of a cylindrical coordinate system is sug-
gested by the cylindrical shape of the matrix and its rota-
tional motion.

There are five heat fluxes entering the control volume as
well as five heat fluxes exiting the control volume (see
dz

dr

r dθ

A, C

D

B, E

Fig. 2. Heat fluxes through a differential control volume (A – heat carried
by gas; B – heat carried by matrix; C, D and E – heat conducted through
matrix material in axial, radial and tangential directions, respectively).
Fig. 2). All of them are combined into a single heat-balance
equation for a differential control volume:
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The first term on the left-hand side of Eq. (1) represents the
heat conveyed by the gas, the second term represents the
heat conveyed by the matrix, and the entire third term on
the left-hand side represents the heat conduction in the ma-
trix material in all three coordinate directions. Parameters
ur, uh and uz are the fractions of solid material in the ma-
trix cross-section in the respective directions.

Besides heat convection and conduction through the
control volume there is also heat transfer from the gas to
the matrix, or vice versa, taking place within the control
volume. The heat transfer is described with the following
equation:

�wgqgcpð1� uzÞ
oT g

oz
� abðT g � T mÞ ¼ 0 ð2Þ

The first part on the left-hand side is the heat flux to or
from the air or flue gas, and the second part is the heat flux
to or from the matrix. The coefficient b represents the heat
transfer surface in a unit volume of the matrix.

For the purpose of the numerical simulation, Eqs. (1)
and (2) are combined and expressed in terms of finite
differences instead of partial derivatives. This yields the
expression
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The transformation is done by employing standard numer-
ical methods for parabolic partial differential equations.
Since rotational speed of the rotor is constant time coordi-
nate that is commonly used was replaced by rotational
angle h. The implicit scheme was used with the first order
derivatives to ensure stability of the model [10].

The computational domain is covered with a grid that
coincides with the cylindrical coordinates r, h and z. Each
grid point is described with the indices i, j and k, which
describe its radial, tangential and axial positions, respec-
tively. Boundaries and respective index values are shown



Table 1
Boundaries of computational domain and respective index values of
numerical model

Boundary Index value

Inner wall of the rotor i = 0
Outer wall of the rotor i = Nr

Starting angle of current regeneration phase h = 0
Ending angle of current regeneration phase h = Nh

Gas inlet surface z = 0
Gas outlet surface z = Nz
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in Table 1. The matrix temperature at any point (i, j,k) can
be calculated using Eq. (3).

The heat-transfer coefficient, a, depends on the proper-
ties of the gas; the model allows it to have a constant or
variable value. Thorough investigations of the dependence
of the heat-transfer coefficient on other gas properties were
published Stasiek et al. [11,12]. Their findings were used to
define the heat-transfer coefficient in terms of the Reynolds
number for the presented simulations.

Since two unknown temperatures are sought for each
computational point, the temperature of the matrix and
the temperature of the gas, the solution can only be
achieved iteratively. Several boundary conditions must also
be set in order to enable an iterative simulation of the heat
transfer using the model represented by Eq. (3).

At the boundaries of the computational domain matrix
temperatures with indices less than 0 or more than Nr, Nh

or Nz are required in Eq. (3). Since these values do not exist
their virtual values are defined with several boundary
conditions:

• radial direction
– inner wall (i = 0) is adiabatic: Tm(�1, j,k) =

Tm(0, j,k),
– heat loss through outer wall (i = Nr) with known

(estimated) heat-transfer coefficient aamb towards
flue gas in

flue gas ou
carry-over leakage

of flue gas

rotor
height

rotor diameter

Fig. 3. Computational domain w
the ambient air: T mðNr þ 1; j; kÞ ¼ T mðNr; j; kÞ
�Dr aamb

kg
ðT mðNr; j; kÞ � T ambÞ,
• tangential direction – temperatures are transferred from
the previously calculated side of the heat exchanger
– matrix entering computational domain (j = 0):

T mði;�1; kÞ ¼ Tþmði;N h;N z � kÞ,
– matrix exiting computational domain (j = Nh):

T mði;N h þ 1; kÞ ¼ Tþmði; 0;N z � kÞ, (+ denotes results
from the previously calculated side of the preheater),
• axial direction – both inlet and outlet surfaces are
adiabatic
– gas inlet (k = 0): Tm(i, j,�1) = Tm(i, j, 0),
– gas outlet (k = Nz): Tm(i, j,Nz + 1) = Tm(i, j,Nz).
Eq. (3) and the above boundary conditions form the
numerical model that was used for simulations of the tem-
perature distribution within the matrix of a rotary air
preheater.
3.2. Geometrical model of an air preheater

The computational domain for the CFD simulations
included the flue-gas section of the air preheater’s rotor
as well as a part of the inlet and outlet channels, as depicted
in Fig. 3.

The dimensions of the simulated air preheater (Table 2)
are comparable to an existing, real-air preheater on which
measurements were performed in order to confirm the
results from the numerical simulation.

The boundary conditions were also set to be similar to
real conditions in order to achieve comparability between
the numerical and measurement results. The numerical
model was applied to six cases in which only the radial
seals’ settings were varied. All the radial seals were set as
an inlet boundary condition with a specified mass flow.
The mass flow was determined with respect to the pressure
radial seals

let

tlet

peripheral seals

carry-over
leakage of air

direction of rotation

matrix (rotor)

ith boundary surfaces.



Table 2
Dimensions of the air preheater in the numerical simulation

Rotor outer radius (m) 4.6
Rotor height (m) 1.8
Inlet/outlet channel width (m) 8.0
Inlet/outlet channel depth (m) 3.6
Inlet/outlet channel – rotor joining piece height (m) 1.7
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differences between the flue gas and the air in the channels,
and the seal clearance. In the first case all the seal clear-
ances were equal. For the second case all the seal clearances
were doubled to achieve the effect of non-optimised seal
settings. In each of the other four cases only one of the
clearances was doubled, while the others were left at their
initial setting from the first case.

3.3. Results of the numerical simulation

The final results of the CFD simulation, customized
with the described heat-transfer model, are three-dimen-
sional distributions of the flue-gas velocity, the temperature
and the fraction of CO2 in the flue gas over the entire com-
putational domain. Measurements of the flue-gas proper-
ties for the calculation of the boiler’s efficiency should
take place after the air preheater, Fig. 8. The results of
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Fig. 4. Temperature and distribution of the fraction of CO2 on the flue-gas outl
the numerical simulations are therefore also presented on
the flue-gas outlet surface, Fig. 3. The results show the
expected values of particular flue-gas properties at any
location on the outlet surface.

Fig. 4 shows the temperature and the distribution of the
fraction of CO2 at the outlet surface for the case of small
clearances for all the radial seals. Both parameters have
very high gradients at the inner edge of the surface. This
is caused by irruption of the air that usually has a consid-
erably higher pressure than the flue gas into the flue-gas
channel.

If the seal clearances are increased, more air rushes into
the flue-gas channel and, consequently, both the tempera-
ture and the fraction of CO2 at the inner wall of the outlet
channel decrease. Fig. 5 shows the temperature and the dis-
tribution of the fraction of CO2 for the second case, where
all four radial seals had increased clearances.

The main difference in the distributions of the tempera-
ture and the fraction of CO2 occurs at the edge of the chan-
nel cross-section that is closer to the axis of rotation.
Therefore, a sampling line was set at about 0.2 m from
the edge of the channel. The temperatures and CO2 frac-
tions on the sampling line are compared in Fig. 6 for the
initial case (thin black line) and for the four cases
where each of the radial seals’ clearance was increased
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Fig. 5. Temperature and distribution of the fraction of CO2 on the flue-gas outlet surface of a rotary air preheater with increased radial seal clearances.
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individually (coloured lines).1 Since the left- and right-hand
side seals only affect their respective sides of the channel,
only half of the lines are drawn for these cases.
1 For interpretation of color in Figs. 6 and 7, the reader is referred to the
web version of this article.
Obviously, the increased seal clearance affects the frac-
tion of CO2, which is decreased for all four cases. It is pos-
sible to determine whether the increased leakage occurred
at the left- or right-hand side of the rotor. But it is not pos-
sible to distinguish the leakages through the seals at the hot
end and the cold end of the rotor.

The air that is mixed with the flue gas at the hot end of
the rotor has a much higher temperature than the air that is
0 1 2 3 4 5 6 7 8
Channel width / m

110

Fig. 7. Calculated distribution of temperature along the inner wall of the
flue-gas channel.
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mixed at the cold end. The temperature of the flue gas at
the sampling line should therefore depend on whether the
leakages are increased at the hot or cold end of the rotor.
The numerical simulation confirmed these assumptions,
as is shown in Fig. 7. The increased leakage at the cold
end significantly lowered the flue-gas temperature (the
green and blue lines in Fig. 7). On the other hand, the
increased leakage at the hot end has virtually no effect on
the flue-gas temperature. The red and yellow lines in
Fig. 7 practically coincide with the thin line representing
the initial setting of the radial seals.

4. Measurements

In order to confirm the theoretical results of the numer-
ical simulation, measurements were performed on an
existing air preheater. The measurements took place in a
275-MW pulverized-coal-fired power plant in Slovenia.
Two identical rotary air preheaters provided the hot air
for the combustion process, which represents approxi-
mately 80% of the total combustion-air flow rate.

The dimensions of the preheater roughly match those of
the numerically analysed preheater. The rotor diameter and
height are 9358 mm and 1775 mm, respectively. The con-
struction of the preheater and the adjoining channels did
not make it possible to make measurements on the same
plane that was analysed numerically. As a result, the mea-
suring plane was further down the flue-gas channel, as
shown in Fig. 8.

A combined probe for simultaneous measuring of the
temperature, the gas composition and the velocity was
designed for the presented measurements [13]. Both mea-
suring instruments for the temperature and the CO2 frac-
tion have a measuring error within ±0.1% of full scale.
The properties of the flue gas were only measured at a sin-
gle point with the probe, so a series of measurements had to
be performed to cover the entire measuring plane. Due to
the repositioning of the probe and the large dimensions
of the flue-gas channel the errors in identifying the exact
Flue gas
channel

Flue gas

Air

Air preheater

Measuring
plane

Fig. 8. Positions of the measuring plane, the measuring poi
location of the probe were bigger than the errors of the
measuring instruments.

The same measuring procedure was performed before
and after a general overhaul of the air preheater, at which
time the sealing system was also improved. The measure-
ments before the overhaul therefore represent the case of
an improper seal setting, while the measurements after
the overhaul represent the case of a tight seal setting.

4.1. Measuring procedure

The flue-gas properties were measured at 42 points over
a cross-section of the preheater’s outlet channel, Fig. 8,
according to VDI guidelines [14]. The entire series of mea-
surements took approximately 2 hours. During this time all
the operating parameters of the power plant were kept at
constant levels.

The locations of all the measuring points on the measur-
ing plane are shown on the right-hand side of Fig. 8. The
results from all 42 measuring points give distributions of
the flue-gas properties over the entire measurement plane.
A detailed presentation of the measuring methods and
results can be found in [15].

The seven measuring points on the sampling line (right-
hand side of Fig. 8) were used for a comparison with the
numerical results in Figs. 6 and 7. The distance of the sam-
pling line from the channel’s wall is approximately 0.2 m,
while the distance between the neighbouring points is 1.2 m.

4.2. Results and discussion

A comparison of the numerical and experimental results
is shown in Fig. 9. Obviously, both results follow the same
principles. Both the fraction of CO2 and the temperature
increase from the left-hand side towards the right-hand side
of the channel. There is also a noticeable drop in both
parameters at the left- and right-hand edges of the channel.

On the left-hand side of the channel the fraction of CO2

is smaller due to additional air that is being carried over
Rotor

Air channel

Channel width

Direction of rotation

Sampling line

nts and the sampling line in the flue-gas outlet channel.
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5008 B. Drobnič et al. / International Journal of Heat and Mass Transfer 49 (2006) 5001–5009
from the air channel with the rotor matrix. In the middle of
the channel almost pure flue gas is observed in the numer-
ical simulation since no leakage is simulated at the rotor
axis.

The left-hand diagram in Fig. 9 shows an increase in the
fraction of CO2 by 1.5–2% after the overhaul. This clearly
indicates that a lot less air is being mixed with the flue gas.
The noticeable difference between the profiles shown in
Figs. 4 and 5 already showed the significant effect that
the amount of air that is being mixed with flue gas has
on the distribution of the fraction of CO2. If only one of
the four radial seals has an increased clearance the differ-
ences are smaller, but still noticeable, and they only appear
on the side of the channel where the increased leakage
occurs.

The new sealing system performs a lot better than the
old one. However, the right-hand diagram in Fig. 9 shows
very little change in the temperature of the flue gas. The
numerical simulation showed that increased leakages at
the hot end, the left- and the right-hand sides of the rotor
had virtually no effect on the flue-gas temperature, Fig. 7.
On the other hand, increased leakages at the cold end
noticeably reduced the flue-gas temperature. The findings
of the numerical simulation therefore lead to the conclu-
sion that the majority of the leakage taking place before
the overhaul occurred at the hot end of the rotor. This is
because it is common to have a lot of abrasion damage
at the hot end of air preheaters’ rotors. The abrasion is
caused by the particles of ash that are carried by the flue
gas flowing through an air preheater. This damage is the
most likely cause of the increased leakage.

Both the numerical and experimental results show that
combined measurements of the fraction of CO2 and the
temperature at the inner wall of the flue-gas outlet channel
make it possible to accurately detect which of the four
radial seals is not optimally set. It is necessary, though,
to know the temperatures and the fractions of CO2 at the
sampling points for the optimal seal setting. In other
words, the thinner line in Figs. 6 and 7 needs to be known.

For online monitoring of the radial-seal settings at least
two pairs of probes need to be installed in the flue-gas out-
let channel. With respect to the results of the numerical
simulation and the measurements, the proposed areas
where the measuring probes should be positioned are
shown in Fig. 10. The actual shape and size of the areas
might vary for preheaters with different geometries of the
flue-gas channels. But in general the measuring probes
should be placed in the left- and right-hand parts of the
channel near the wall of the channel that is closest to the
axis of matrix rotation.

Each pair of probes consists of a probe for measuring
the temperature and one for measuring the fraction of
CO2. The measurement results need to be compared to
the results of an initial setting to provide an estimation of
the radial seals’ tightness or the distribution of leakages
among all four radial seals. An increased fraction of
CO2 indicates a reduced tightness of the sealing on the



B. Drobnič et al. / International Journal of Heat and Mass Transfer 49 (2006) 5001–5009 5009
respective side of the rotor. The change in temperature can
further indicate whether the increased leakage occurs at the
hot or the cold end of the rotor.

5. Conclusions

The importance of an appropriate radial-seal tightness
in rotary regenerative air preheaters requires a suitable
method for monitoring the seal settings. To study the
effects that various seal settings have on the flue-gas prop-
erties a new numerical heat-transfer model was developed.
The model enables three-dimensional flow and heat-trans-
fer simulations within any rotary regenerative heat exchan-
ger, including large steam-boiler air preheaters. In the
presented study the model was used to calculate the frac-
tion of CO2 and the temperature distributions at the flue-
gas outlet of an air preheater. The results show the obvious
effects of increased leakage through the radial seals on both
parameters. Furthermore, it is shown that combined mea-
surements of the fraction of CO2 and the temperature at
the proposed locations in the outlet channel can provide
sufficient information about how well each of the four
radial seals is set. The presented monitoring method is also
simple enough to be used during everyday operation in
power plants.
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