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Abstract
The aim of air pre-heaters is to raise the temperature of the combustion air in boilers, using heat recovered from the power plant
combustion gases. On the one hand, this paper compares the eﬀects of the acid dew point temperature (ADT) on pre-heaters in a reference thermal power plant for two types of fuel, ‘‘fuel No. 2’’ and ‘‘low sulphur fuel’’ respectively and on the other hand, it shows how a
changeover to this latter fuel would increase the useful lifetime of this equipment, reducing this way cost of maintenance due to the considerable decrease in the area exposed to ADT with the subsequent increase in the boiler’s performance.
 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
When analyzing requirements for installation of a heat
recovery device, speciﬁcally a boiler economizer, there are
three important items that must be considered [1], namely
• the sulphur content of the fuel being burned,
• the amount of excess air in combustion and
• the temperature of the inlet feedwater.
Downstream of the economizer there is an air pre-heater, which is susceptible to acid dew point corrosion as
the temperature of gases decreases through it. This is commonly a rotating regenerator (as the ones considered here)
but may be another form of gas–gas heat exchangers.
Fuel oil contains the elements carbon and hydrogen but
also a certain amount of sulphur. During the combustion
process, these elements are rapidly oxidized and the sulphur present in the fuel, will be combined with oxygen to
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form sulphur dioxide (SO2) in a partial oxidation and sulphur trioxide (SO3) in a full oxidation, respectively. It is the
presence of these sulphur oxides (SOx) in the ﬂue gas that
represents the largest potential cause for extra corrosion
[2].
SO2, for example, will dissolve in any free moisture that
may be present in the ﬂue gas to form sulphurous acid
(H2SO3) a powerful corrosive. Approximately 1–2% of
the SO2 is further oxidized into SO3. Which combined with
superheated water vapour, forms sulphuric acid vapour
(H2SO4).
This is the main reason why the ‘‘acid dew point temperature’’ (ADT) could be reached, as the SO2 contained in
combustion exhaust gases does not condense, except
through dissolution in water [3]. Consequently, this can
only occur at temperatures lower than the water dew point
(referred to in some literature as ‘‘physical dew point temperature’’), which is the result of partial steam pressure on
combustion gases and is not therefore likely to occur at
temperatures higher than 60 C. In other words, there is
a possibility of dissolving SO2 in water, if use is made of
the steam’s latent heat of condensation contained in combustion gases [4].
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Nomenclature
a
A
ADT
CO2
cp
DG
F
Fa
H2SO3
H2SO4
L
LCV
m
M
NOx
SO2
[SO2]m
[SO2]V
SO3
SOx
T
V
x

 
2
k
thermal diﬀusivity
 qcp (m /s)

pﬃﬃﬃﬃﬃ
p
wave amplitude ðhmax  hav Þ  ex  aT
acid dew point temperature (C)
carbon dioxide
speciﬁc heat at constant pressure
dry gases
 pﬃﬃﬃﬃﬃ

p
2p


t
phase x  aT
 T pﬃﬃﬃpﬃ 
damping factor ex aT
sulphurous acid
sulphuric acid
length (m)
lower caloriﬁc value (kJ/kg fuel)
mass (g)
molecular weight (g)
nitrogen oxides
sulphur dioxide
sulphur dioxide mass concentration (g/N m3)
sulphur dioxide volume concentration (ppm)
sulphur trioxide
sulphur oxides
wave period
volume (N m3)
distance from surface (mm)

k
q
D
K
p
h

thermal conductivity of the baskets (W/mK)
density of the panels (kg/m3)
incremental  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
wave length 2  p  a  T
number Pi (3.141516)
temperature (C)

Subscripts
a
relative
av
relative
c, e
relative
F
relative
g
relative
h,e
relative
i
relative
LS
relative
m
relative
max
relative
o
relative
s
relative
V
relative

to
to
to
to
to
to
to
to
to
to
to
to
to

air
the average value
the cold end temperature
the fuel
the exhaust gases
the hot end temperature
the inlet
low sulphur fuel
mass
a maximum value
the outlet
the surface
volume

Greek symbols
a
total rotation angle of the rotating regenerator
()
a1, a2 sectors of baskets directly aﬀected by ADT for
‘‘fuel No. 2’’ and ‘‘low sulphur fuel’’ ()

These condensations take place with concentrations of
around 98% and in these circumstances are not very aggressive. However when boilers are shut down, the highly waterrepellent H2SO4 adsorbs atmospheric water vapour and
reaches concentrations of around 40%, whereupon it
becomes especially aggressive with regard to any metal wall.
The amount of SO3 formed depends on the actual combustion conditions, with the following factors having the
greatest inﬂuence [5–8]:
• Increase in excess oxygen in combustion.
• Fall in ﬂame temperature.
• Presence of catalysts (V2O5, etc.).
Clearly, the greater the mass composition of sulphur in
the fuel, the greater the partial pressure of SO3 will be in
the combustion gases and, consequently, the temperature
for the formation of the ADT will rise [9,10] and, therefore,
for the same operating conditions, the area of the heater
exposed to extra corrosion will also be greater.
On one hand, this paper compares the eﬀects of ADT
formation on rotating regenerators in a reference 377

MW thermal power plant, depending on the type of fuel
used. The purpose of these regenerators is to increase the
temperature of the air that will subsequently be burned in
the power plant’s boilers [11].
On the other hand, the fuel referred to as ‘‘fuel No. 2’’,
formerly used in Spanish thermal power plants, has a mass
percentage of sulphur of around 2.9% whereas ‘‘low sulphur
fuel’’ should have <1% (in fact, it tends to be around 0.7%).
This paper also shows that replacement of ‘‘fuel No. 2’’ by
‘‘low sulphur fuel’’ will signiﬁcantly reduce maintenance on
the rotating regenerator, due to the considerable reduction
in the area exposed to further corrosion, so there will even
be a possibility of withdrawing a number of other air preheaters from service which, in view of the extra consumption of steam in the boiler, are used to increase the ‘‘cold
end’’ temperature of the regenerator [12–14] with the subsequent improvement in boiler performance.
2. Description and methodology
Condensation of these above mentioned acid vapors
from the ﬂue gas is the result of the ﬂue gas contact-
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Fig. 2. Experimental curve of ADT (C) vs. [SO3]V (ppm).
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Fig. 1. Simpliﬁed layout of the rotating regenerator in the power plant.

ing the metal heating surfaces in the rotating regenerator
unit.
The power plant of reference has two air pre-heaters of
the rotary regenerative type, which receive the combustion
gases from an economizer, as shown in the layout of Fig. 1.
The combustion gases pass through the metallic baskets
(heat exchange panels), where they lose part of their sensible heat and the baskets, in turn, release the heat into the
air in regular cycles of approximately 60 s. The air preheated in this way ﬁnally reaches the boiler where it is
ﬁnally used as a combustion air.
The analysis method to be applied here, may be grouped
into several stages
• Design of a new method for predicting ADT formation
on rotating regenerators baskets, depending on the type
of fuel used.
• Detailed analysis of the process of heat transfer inside a
rotating regenerator.
• Appraisal of the sectors of the rotating regenerators baskets that are potentially exposed to the ADT for both
‘‘fuel No. 2’’ and ‘‘low sulphur fuel’’, respectively.
3. Determination of the acid dew point temperature (ADT)
Fig. 2 has been obtained experimentally over the power
plant of reference. It shows the formation of the ADT on
the clean metal plate vs. the SO3 concentration (ppm) in
the combustion gases.
In the combustion of standard fuel-oils in Spanish
power plants, the concentration of SO3 in terms of volume
in combustion products tends to be between 5 ppm and
25 ppm. By observing the ADT formation curve in the
above ﬁgure, it can be seen that for a volume concentration

of SO3 exceeding the value of 5 ppm the curve follows a
logarithmic path. However, for lower values, the curve follows a parabolic path [15,16]. The salient data for ‘‘fuel No.
2’’ (LCV = 40,035.66 kJ/kg fuel) and ‘‘low sulphur fuel’’
(LCV = 40,630.68 kJ/kg fuel) are featured in Table 1 [17].
We now proceed to analyse what speciﬁcally occurs with
the two above mentioned types of fuel.
3.1. Burning ‘‘fuel No. 2’’
Via combustion calculations for our reference power
plant, we have obtained both the mass and volume concentration of SO2 in the combustion gases. Nevertheless, given
that the gas analysers of the combustion gases do not provide mass results (they receive gases already cooled, so the
analysis is performed on dry gases), this will be the basic
value used for ensuring consistency with the data from
the combustion gas detectors [18,19]. Thus
ð1Þ

mSO2 ðDGÞ : 0:0583 kg=kg F
3

V DG : 10:7928 N m =kg F
ð2Þ
0:0583
¼ 0:0054017 kg=N m3 ¼ 5:402 mg=N m3
½SO2 m
10:7928
ð3Þ
It should be noted how SOx emission values may be rigorously obtained by means of combustion calculations [20].
Anyway in this case, this calculation value has been compared with that provided by the combustion gas analyser
in the power plant of reference and the result is very similar. This has enabled us to verify the analyser (correct sitting of the probe, etc.).
Table 1
Typical mass composition of a ‘‘fuel No. 2’’ and ‘‘low sulphur fuel’’ and
their main combustion reactions
% Mass

‘‘fuel No. 2’’

‘‘low sulphur fuel’’

Basic combustion reactions

C
H
S
N
O
H2O

85.40
10.38
2.92
0.55
0.00
0.45

85.98
10.91
0.81
0.46
1.81
0.00

C + O2 ! CO2
H2 + 1/2O2 ! H2O
S + O2 ! SO2
–
–
–
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In order to obtain the volume concentration (ppm), on
the basis of mass concentration [21], the following expression is used (4), whereby (5):

120
100

ppm  M SO2
mg SO2 =Nm ¼
22:412
½SO2 V : 1890 ppm
3

ð4Þ

½SO3 V : 18:90 ppm

ð6Þ

80
ADT (°C)

ð5Þ

Furthermore, considering that it has already been noted
that SO3 formation [22] amounts to 1% of the sulphur oxides (SOx) formed in the combustion products

60
40
20
0
0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

SO3 (ppm)

As mentioned earlier, a correlation curve with a logarithmic trend has been obtained for values greater than
5 ppm, which provides the formation temperatures of
ADT with greater accuracy than that achieved through
Fig. 2. Fig. 3 is then obtained.
Finally, the logarithmic calculation expression gives the
following equation:
hADT;1 ¼ 12:065  ln½SO3 V þ 107:46

ð7Þ

By applying the value obtained in (6) to Eq. (7), the ADT
ﬁnally obtained for ‘‘fuel No. 2’’ is
hADT;F No: 2 ¼ 142:92  C

ð8Þ

3.2. Burning ‘‘low sulphur fuel’’

Fig. 4. Improved parabolic curve of ADT (C) for [SO3]V > 5 ppm.

If, as noted above, we consider that SO3 accounts for 1% of
the sulphur oxides (SOx) formed in the combustion products. This gives
½SO3 V : 4:55 ppm

ð11Þ

As mentioned earlier, a parabolic correlation curve has
been obtained for values below 5 ppm, which provides
the formation of the ADT with greater accuracy than
achieved through Fig. 2. We thus obtain Fig. 4.
The calculation expression ﬁnally obtained is the following equation:
hADT;2 ¼ 0:1297  ½SO3 4V  0:7236  ½SO3 3V  5:2272

In this case, there are no analytical data on the mass
concentration of SO2 in dry combustion gases, because
the relevant combustion calculations have not been carried
out. However, we do have the value provided by the combustion gas analyser, which is acceptable, as its measurement results have been considered as validated, as
mentioned above.
½SO2 m : 1300 mg=Nm3

ð9Þ

As seen in (4), this gives the following equation:
½SO2 V : 455 ppm

ð10Þ

155

150

145

ADT (°C)

140

140

 ½SO3 2V þ 45:912  ½SO3 V þ 36:269

By applying the value obtained in (11) to Eq. (12), this ﬁnally gives the acid dew point temperature for ‘‘low sulphur
fuel’’:
hADT;LS ¼ 124:38  C

ð13Þ

4. Theoretical time dependent study of the heat transfer
process inside the rotating regenerators
The heat transfer process between the air and gas zones
in the regenerators (Ljungstrom type), details of which may
be seen in Fig. 5, responds to the case of ‘‘walls subject to
regular changes in surface temperatures’’ [23,24].
The time dependence temperature all over a plane within
the wall (metal panels) can be deduced from Eq. (14), corresponding to one-dimensional conduction in transient
state.
oh
o2 h
¼a 2
ot
ox

135

ð12Þ

ð14Þ
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Fig. 3. Improved logarithmic curve of ADT (C) for [SO3]V < 5 ppm.

The solution of this diﬀerential equation provides the following expression (15) for the periodic time dependence
temperature on a plane within the wall at a distance of x
considering oscillation around an average temperature
(hav) [25].
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period (T) as on the surface, but its amplitude (A) decreases
exponentially with the distance to the surface (x), as may
be seen in Fig. 6.
The envelopment of all the families of curves presents an
exponentially decreasing value with distance, as noted in
the ﬁgure itself for a moment in time (t). In turn, as time
elapses, the curve also alters in a sine-wave manner both
on the surface, where the maximum values are located,
and towards the inside of the piece, with a decrease in
amplitude, as mentioned above.
5. Results and discussion

Fig. 5. Description of the heat transfer process inside a regenerator (Tipe
‘‘Ljungstron’’).

ðh  hm Þ ¼ ðhmax  hav Þ  e

pﬃﬃﬃpﬃ

x

aT

 rﬃﬃﬃﬃﬃﬃﬃﬃﬃ

p
2p
t
 cos x 

aT
T
ð15Þ

From this equation it is deduced, on the one hand, that at a
speciﬁc moment the temperature distribution through the
metallic walls depicts a sine wave that is exponentially absorbed and, on the other hand, that the temperature variation at a point inside the metallic walls presents the same

θ

In practice, the trend in the surface temperature of the
metallic panels that make up the baskets (heat transfer panels) on the air heaters is not a sine-wave function such as
the one we have just addressed, but rather a parabolic-type
function in heating and a logarithmic-type function in cooling, as may be seen in Fig. 7.
The mathematical expression that governs the temperature trend in the panels of the rotating regenerators cannot
therefore be determined analytically. Nonetheless, empirically obtained calculation expressions exist that can do
this.
The temperature of the panels on the heater baskets
obviously cannot be measured directly either with thermocouples or with other direct contact devices, as the panels
have a uniform circular movement [26,27]. Nevertheless,
it can be ascertained with suﬃcient accuracy by means of
the algebraic sum of the air and gas temperature readings
on each side of the mechanical seals on the rotating regenerators, in the air outlet and combustion gases inlet zone

(θ − θ m ) = (θ máx − θ m )⋅ e

−x

π
aT

Λ
T

θ máx

A

θS
θm

x
θ min

t
Fig. 6. Time dependent theoretical temperature ﬁeld over the metallic baskets.
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θ s (ºC)

temperature, without taking into account the mechanical
seal zones that separate the air and gas zones, is a = 180.
The temperature data on cold end and hot end obtained
in the above mentioned table provide a temperature
increase at the ends of

(1 cycle ~ 60 s.)

CEG
GASES

CEG
GASES

θh,e

DhðendsÞ ¼ ðhh;e  hc;e ÞFO No: 2 ¼ 225:75  C

ð16Þ

Furthermore, the diﬀerence between the formation of
‘‘ADT’’ and the ‘‘cold end’’ temperature is:
DhðADTc;eÞ ¼ ðhADT  hc;e ÞFO No: 2 ¼ 43:17  C
θc,e
ADT area affected

180

0

AIR

AIR

ADT area affected

α (º)

360

Fig. 7. Time dependent empirical surface temperature ﬁeld over the
metallic baskets.

that constitutes the lowest temperature area over the panels, referred to as the ‘‘cold end’’ temperature (hc,e) [28],
and on the combustion gases outlet and air inlet zone that
records the highest temperature on the basket panels,
known as the ‘‘hot end’’ temperature (hh,e).
In this case, the aim is to obtain a ‘‘relative value’’ consisting of the diﬀerence between the ﬁgure for the sector of
heater baskets exposed to ADT with ‘‘fuel No. 2’’ and the
corresponding ﬁgure for the exposed sector with ‘‘low sulphur fuel’’ [13]. Consequently, no signiﬁcant error is made
if the temperature trend is considered ‘‘linear’’ in heating,
which is the critical zone in the basket sector exposed to
ADT. There follows a discussion of the results for each
of the two fuels.

ð17Þ

These data have been used to consider a proportion by
means of similar triangles, as shown in Fig. 8a.
Consequently, for the case of ‘‘fuel No. 2’’, keeping the
pre-heaters in service, the sector (a1) of baskets exposed
to ADT works out ﬁnally as follows:
225:75  C 180
¼
43:17  C
a1

) a1 ¼ 34:42

ð18Þ

5.2. Identifying sectors exposed to ADT, burning ‘‘low
sulphur fuel’’
The average measurements of a high number of temperature readings for the power plant of reference operating at
full capacity with ‘‘low sulphur fuel’’ provide the values
shown in Table 3, which are used to obtain temperatures
hc,e and hh,e, respectively.
The temperature data on cold end and hot end obtained
in the above table provide a temperature increase at the
ends of
DhðendsÞ ¼ ðhh;e  hc;e ÞLS FO ¼ 235:0  C

ð19Þ

Furthermore, the diﬀerence between the temperature of
formation of ‘‘ADT’’ and the ‘‘cold end’’ temperature is
DhðADTc;eÞ ¼ ðhADT  hc;e ÞLS FO ¼ 33:38  C

‘‘Fuel No. 2’’

Area affected
for the ADT
(fuel Nº 2)

Hot end values

ha,i = 43.0 C
hg,o = 156.5 C

ha,i = 286.5 C
hg,o = 364.5 C

180º

hc;e ¼

ha;i þhg;o
2

¼ 99:75  C

hh;e ¼

ha;i þhg;o
2

¼ 325:5  C

Area affected
for the ADT
(low sulphur
fuel)

α2

α1

Cold end values

235.0 ºC

b

33.38 ºC

Table 2
‘‘Cold end’’ and ‘‘hot end’’ temperatures for ‘‘fuel No. 2’’, obtained from
the power plant

a

225.75 ºC

The average measurements of a high number of temperature readings for the power plant of reference operating at
full load with ‘‘fuel No. 2’’ provide the values which are
used to obtain both temperatures hc,e and hh,e, respectively,
as it is shown in Table 2.
As previously seen in Fig. 7, the angle of rotation
between the ‘‘cold end’’ temperature and the ‘‘hot end’’

ð20Þ

These data have been used to consider a proportion by
means of similar triangles, as shown in Fig. 8b. Consequently, for the case of ‘‘low sulphur fuel’’, keeping the

43.17 ºC

5.1. Identifying sectors exposed to ADT, burning
‘‘fuel No. 2’’

180º

Fig. 8. Area of the baskets directly aﬀected for the ADT; (a) burning ‘‘fuel
No. 2’’, (b) burning ‘‘low sulphur fuel’’.
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Table 3
‘‘Cold end’’ and ‘‘hot end’’ temperatures for ‘‘low sulphur fuel’’, obtained
from the power plant
‘‘Low sulphur fuel’’
Cold end values

Hot end values

ha,i = 32.5 C
hg,o = 149.5 C

ha,i = 287.0 C
hg,o = 365.0 C

hc;e ¼

ha;i þhg;o
2

¼ 91:0  C

hh;e ¼

ha;i þhg;o
2

¼ 326:0  C

pre-heaters in service, the sector (a2) of baskets exposed to
ADT works out ﬁnally as follows:
235:0  C 180
¼
33:38  C
a2

) a2 ¼ 25:56

ð21Þ

Which is a lower value than the one obtained in the previous case. It means that replacing ‘‘fuel No. 2’’ with ‘‘low
sulphur fuel’’ decreases the sector of baskets directly
exposed to acid corrosion as has been demonstrated here.
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is caused largely by the formation of nitrogen oxides
(NOx) and sulphur oxides (SOx) produced by the burning of fossil fuels. The operating data provided by the
gas analyser on the power plant combustion gases suggests that, as far as SO2 emissions are concerned, burning ‘‘low sulphur fuel’’ results in reductions of more than
75% with regard to the same cycle scheme burning ‘‘fuel
No. 2’’.
7. Experimental values obtained for the power plant of reference are very close to the theoretical values given in
this paper, so this has proven to be a very good method
for measuring the environmental impact of these fuels.
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