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Abstract Distribution of the exhaust gas temperature within the fur-
nace of a grate boiler greatly depends on its operating parameters such as
output. It has a considerably different character than temperature distribu-
tions in other types of boilers (with pulverised or fluidised bed), as it varies
considerably across the chamber. Results presented in this paper have been
obtained through research of a grate-fired hot water boiler with a nominal
rating of some 30 MW. Measurements have been taken by introducing tem-
perature sensors into prearranged openings placed in the boiler side walls.
Investigation has been carried out for different output levels. Tests involved
thermocouples in ceramic coating and aspirated thermocouples. The lat-
ter were used to eliminate influence of radiative heat transfer on measured
results. Values obtained with both methods have been cross-checked.

Keywords: Exhaust gas temperature measurement; Grate boiler; Aspirated thermo-

couple

1 Introduction

Stoker fired boiler plants are common throughout Eastern Europe. The
small- and mid-sized coal combustion plants utilize travelling grate stokers
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to produce steam or hot water that is used by district heating companies
and industries.

In Poland within 272 heating utilities which operate heat generation
systems with capacities exceeding 20 MW, there are 874 stoker fired hot
water boilers [1]. Despite their considerable popularity in industrial appli-
cations, there are few published studies presenting results of measurements
of exhaust gas parameters within the furnace. This knowledge is necessary
to improve understanding of processes occurring during fuel combustion in
this type of furnace, mainly in terms of searching opportunities for reducing
harmful emissions, including those of NO, and CO |[2].

According to the generally accepted theory, in stoker boilers following
processes occur from the place where the coal is fed to the moving grate:
coal heating and drying, coal devolatilisation, ignition, char combustion and
burn out [3,4]. Character of individual processes depends on the type of fuel
(volatile matter content), as well as on boiler control. Consumption of fuels
rich with volatile matter leads to a considerable temperature increase in the
front part of the furnace, which may lead to intensive formation of nitrogen
oxides. In order to prevent that it is necessary to aim at better equalisation
of the exhaust gas temperature across the chamber through better distribu-
tion of air between the grate zones, and also between primary and secondary
air flows. Of course the temperature distribution within the furnace is also
affected by the furnace design, e.g., shape of the ignition arch. Angle of the
front arch and its length affects the coal devolatilisation process [5].

This paper attempts to determine the temperature distribution within
the furnace basing on temperature results obtained upon introducing tem-
perature sensors into prearranged application openings on the side walls
of a boiler. The tests have been performed for different boiler output lev-
els. Both ceramic-coated and aspirated thermocouples were used. Neither
output control methods nor air distribution used by the crew in normal
operation were adjusted.

2 Measurement of exhaust gas temperature
distribution within a furnace

Measuring flue gas temperature within a furnace of a solid fuel boiler is
a difficult task due to harsh conditions — high temperature, often in excess
of 1000°C, high dust content, chemically aggressive environment, as well
as considerable dimensions of the chamber [5]. Nonetheless the fundamen-
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tal difficulty is due to the fact that every temperature sensor introduced
into the furnace undergoes a heat transfer with its surroundings not only
through convection, but also through radiation, which can considerably dis-
tort the measured results. For this reason alternative measurements meth-
ods have been developed, including optical methods (optical pyrometry) |7]
or acoustic methods (acoustic pyrometry) [8-10]. An acoustic temperature
field measurement (AGAM) is used in the boiler industry.

The acoustic method is based on the thermoacoustic phenomenon where
the speed of acoustic wave propagation in gaseous environment depends on
temperature. Acoustic-based measurement is an indirect method, as the
directly measured value is time of propagation of an acoustic pulse from
the signal emitter to the receiver. In order to determine temperature it is
necessary to know chemical composition of the environment, i.e., concen-
tration of exhaust gas components and their spatial distribution at the time
of measurement. Unfortunately obtaining such information is not possible.
Therefore following simplified assumptions need to be made to apply this

method [6]:

known and constant gas composition,

homogeneous environment,

straight-line trajectory of sound,

thermodynamic properties of the exhaust gas, i.e. specific heat capac-
ities independent of temperature (average values are used).

With these assumptions, acoustic method may also lead to inaccurate re-
sults. Other flaws of this method important in the context of this paper are
high cost and necessity to adapt the boiler for measurements by enabling
installation of signal transmitters and receivers on furnace walls.

For these reasons the testing process discussed below used:

e method based on introducing thermocouples into the furnace for long-
term measurements (about 2 weeks),

e aspirated thermocouple for short-term verification measurements.

Thermocouples are widely used in measurements carried out within the
furnace of power boilers (e.g., [7,11]).

Results presented in this paper have been obtained through research of
a grate-fired hot water boiler with a nominal rating of some 30 MW (Tab. 1).
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Table 1: Basic technical data of tested boiler.

Parameter Value
Rated power 29 MW
Efficiency 85%
Fuel type Coal
The calorific value of the fuel 21 MJ/kg
The temperature of exhaust gas for maximum power | 1554+10°C
Minimum temperature of feed water 70°C
The water flow for maximum power 90.0 kg/s

Of course the authors are fully aware that the measurements taken with
thermocouples introduced into the furnace suffer from inaccuracy attributable
to thermal radiation. In order to estimate magnitude of this error, also a flue
gas temperature by siphoning out was made (with aspirated thermocouple).

2.1 Carrying out of temperature measurements with
ceramic-coated thermocouples

In order to execute long-term measurements of exhaust gas temperature
within the furnace, holes were made in the side walls of the boiler to enable
introducing thermocouples with a diameter not exceeding 15 mm (including
coating) into the furnace. Three equally spaced holes were made in each
wall, approximately 2 m above the grate level. Thermocouple arrangement
is schematically presented in Fig. 1.

Back wall

Thermocouple
number 3

Thermocouple

Thermocouple
number 6

Thermocouple

number 2 number 5
Thermocouple Thermocouple
number 1 number 4

Front wall

Figure 1: Arrangement of thermocouples on a furnace cross-section.
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Continuous temperature measurement was performed with NiCr-NiAl ther-
mocouples in ceramic coating with transducers and recorder. Thermocou-
ples diameters were 10 mm. The thermocouples were installed in application
ports in such a way, that their tips were some 0.7 m from the boiler screen
wall. Thermocouple installation and a view from the inside of the furnace

are shown in the photographs below (Figs. 2 and 3).
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Figure 2: Thermocouple installation on boiler’s side wall.

Thermocouple
number 2

Figure 3: Installed thermocouple seen from the inside of the furnace of investigated boiler.
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2.2 Temperature measurements with aspirated
thermocouple

As already mentioned, the measurements used to verify validity of those
taken with ceramic-coated thermocouples, aimed at estimating method’s
error attributable to thermal radiation, have been made with an aspirated
(suction) thermocouple [12]. Within this method, a thermocouple (NiCr-
-NiAl) was placed in a contactless manner in a shielding tube with an outer
diameter of some 15 mm, so it could be introduced into the furnace through
the same application ports. Then the pipe was blanked from the front
to ensure better protection against measurement distortion attributable to
thermal radiation. The exhaust gas was fed into the tube through large
ports spread along its circumference (Fig. 4). The tip of the thermocouple
was deeper in the tube than the inlet ports.

Casing pipe

Figure 4: Tip of the aspirated thermocouple designed for the described temperature mea-
surements.

In the described method, the sensor was introduced into the furnace, and
then the flue gas was fed into its interior using an external pump. The gas
flowing inside the shielding tube at high velocity was flowing over the tip of
the thermocouple, which in this arrangement only measured temperature
of gas. Unfortunately this method is not as easy and cheap to apply for
long-term applications, as the one previously described. For this reason
it had been decided to only use it for short periods, in order to estimate
errors of the primary method employed. The figure below (Fig. 5) shows
the aspirated thermocouple used in the measurements, along with auxiliary
components: exhaust gas suction pump, valve for controlling flue gas flow
and thermocouple’s transducer.
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Figure 5: Aspirated thermocouple assembly during a measurement.

3 Measurement results

Measurements with a set of six ceramic-coated thermocouples (three per
boiler side) were performed in December 2014 (about 2 weeks). During the
measurements the boiler was run according to the consumer heat demand.
Its output varied considerably during that period: from some 8 MW to
almost 25 MW. Temperature readings from thermocouples were automated
and the results were recorded by a recording device, with a resolution of
12 min. Preliminary analysis of obtained results revealed no considerable
differences between the left and right hand side results (average temperature
result did not exceed 40°C). In order to facilitate further analytical work,
it was therefore decided to average results across thermocouple pairs, i.e.:

e 1 and 4 — first pair,
e 2 and 5 — second pair,

e 3 and 6 — third pair.

Obtained results are shown in Fig. 6, as a function of boiler output.
Analysis of the presented results reveals that the exhaust gas tem-
perature as measured by thermocouples across the furnace, depends on the
boiler output and grows along with it. For almost entire range of outputs,
the highest — by fair margin — value was recorded by the pair of thermocou-
ples closest to the front wall of the boiler. Values measured by the second
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Figure 6: Distribution of the temperatures (averaged as explained in the text) within the
furnace. Results of measurements taken with ceramic-coated thermocouples.

and third pair were considerably lower. Temperatures at both those pairs
were also quite close to each other within large part of the output range.
Only upon exceeding some 22 MW the difference between values measured
by those pairs grows, and the temperature recorded by the second pair of
thermocouples approaches that from the first pair. In opinion of the authors
this proves that the distribution of exhaust gas across the boiler is varying
considerably during part-load operation. High temperatures start to extend
to the centre of the furnace only for outputs exceeding 22-23 MW.

Collected measurement data was subsequently divided into eight output
ranges, from 9 to 25 MW. A width of single range was assumed as 2 MW.
For each range and for each thermocouple pair the measured temperatures
were averaged across entire measurement period. Data processed in this way
were then plotted (Fig. 7) as a function of chamber length (thermocouple
pair index). Data presented in such manner confirms earlier observations.
For outputs below 20 MW, the highest — by far — value has been recorded
by the first pair of thermocouples. Values measured by the second and
third pair are much lower and close to each other. Only for output of some
23-25 MW this changes, and values recorded by the second pair approach
those from the first pair. Exhaust gas distribution across the furnace be-
comes more equalised.
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Figure 7: Temperature distribution in the boiler furnace as a function of location for
a various boiler output levels — results of measurements with ceramic-coated
thermocouples. Data processing and averaging described in the text.

This investigation proves that in case of a grate boiler change of load affects
not only the temperature distribution along the height of the furnace, but
also along its length. Temperature changes at boiler width are basically
negligible.

When the above mentioned measurements were being performed, also
verification measurements were made with an aspirated thermocouple for
two selected boiler output levels, i.e., 18 and 25 MW. Those measurements
were taken by introducing a thermocouple through application ports, other-
wise used by fixed thermocouples, to the same depth, i.e., some 0.7 m from
the screen wall. The duration of each measurement was from 5 to 8 min
(until constant temperature was reached). Each measurement was repeated
three times. The results were then averaged. Results of the measurements
are shown in the Tab. 2 below and on a chart (Fig. 8).

It has been revealed that for lower outputs, i.e., lower exhaust gas
temperatures, differences between results obtained with both measurement
methods are not large. This applies in particular to the measurements made
at 18 MW and application ports 5 and 6, as well as output of 25 MW and
application port 6. The situation is different for high temperatures. Simple
and cheap measurement method using ceramic-coated thermocouples yields
results lower by some 120 to even 170°C. This is a considerable difference.
In authors’ opinion it is caused by thermocouple being cooled in a process
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Table 2: Comparison of results made with fixed thermocouples and the aspirated ther-
mocouple for selected boiler output levels.

Thermocouple Fixed Aspirated Fixed Aspirated
application thermocouple — | thermocouple — | thermocouple — | thermocouple —
port index output 18 MW output 18 MW output 25 MW output 25 MW

4 841 1002 864 1035

5 640 650 886 990

6 610 625 690 720
1100

Ttemperature [C]
~J
[an]
(]
A/

= =
600 ——
500
400
4 5 6
Thermocouple application port index
=—&— Fixed TC — output 18 MW == Aspirated TC — output 18 MW
Fixed TC — output 25 MW == Aspirated TC — output 25 MW

Figure 8: Results of temperature distribution measurements within the furnace made
with an aspirated thermocouple.

of radiative heat transfer to boiler water walls. Those differences notwith-
standing with the aspirated thermocouple do not change the general con-
clusion about considerable variability of gas temperature distribution across
the investigated plane. Moreover, the verification results reveal that in fact
the differences are even greater. The exhaust gas temperature close to the
front wall may be even by 350-400 °C higher than in central and rear zones.
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4 Conclusion

Measurement results presented in the paper prove that in case of a grate
boiler, changes of boiler load not only affect exhaust gas distribution as
a function of furnace height, but also as a function of furnace length. At the
same time variability across the width of the furnace is negligible. Results
demonstrate that temperature gradient at the investigated cross section is
very large, especially for medium and high load. Differences in temperature
values may reach even several hundred degrees Celsius across 1 m of furnace
length. Such large gradients cannot have positive influence for example on
reducing NO, emissions. It seems that it would be reasonable to attempt
equalising temperature distribution within the furnace of the investigated
boiler, for example by using more optimal distribution of primary air below
the grate or introduction of the secondary air in a way ensuring induction of
more intense turbulences in the exhaust gas flow (e.g., overfire air — OFA or
Ecotubes nozzles) [13,14]. Such solutions are known and successfully used
for example in pulverised bed boilers.

The applied measurement method with ceramic-coated thermocouples
fixed within the furnace proved to be reasonably concurrent with the method
involving aspirated thermocouple for lower boiler loads and resulting lower
gas temperatures. For higher exhaust gas temperatures this cheap and easy
method was unduly lowering the results by 120 to even 170 °C in reference
to the results used with aspirated thermocouple, and the latter should be
considered more credible, as it almost completely eliminates influence of ra-
diative heat transfer between the thermocouple and other objects. In opin-
ion of the authors observed differences of measured values are attributable
to radiative cooling of the fixed thermocouple — by transferring heat to
much colder boiler water walls. In their further research, the authors will
endeavour to estimate impact of thermal radiation on measured results in
a more accurate manner.
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