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ABSTRACT. The presented work summarizes the results of the measurement of solid particle emissions
from an experimental 30 kW combustion unit. This unit has been used for the research of oxy-fuel
combustion of biomass in a fluidized bed, which, when accompanied with carbon capture technologies,
is one of the promising ways for decreasing the amount of CO, in the atmosphere. To implement a
carbon capture system, it is first needed to separate various impurities from the flue gas. Therefore,
the goal of this work was to identify solid particles contained in the flue gas.

Part of the apparatus used for this measurement was an ejector dilutor. To evaluate the results of
this measurement, it is key to know the dilution ratio of the dilutor. For this purpose, a method for
determining the dilution ratio of an ejector dilutor was proposed and experimentally verified.
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1. INTRODUCTION

As global warming is becoming an increasingly press-
ing issue, people are starting to look for new ways
of decreasing carbon dioxide emissions. According to
EPA [1], CO, is widely considered the most impor-
tant anthropogenic greenhouse gas. Still, coal is one
of the main energy sources and it contributes with
approximately 40 % to the total energy production [2].
Replacing or cofiring coal with biomass fuels and uti-
lization of carbon capture systems is one of the ways
to reduce CO4 emissions. We recognize two carbon
capture systems: carbon capture and storage (CCS)
and carbon capture and use/utilization (CCU). By
combusting biomass with CCS or CCU system im-
plemented, we can achieve negative or neutral CO,q
emissions, respectively [3].

The goal of this work was to identify solid parti-
cle emissions from the process of oxy-fuel biomass
combustion in a fluidized bed. As a part of Research
Center for Low-Carbon Energy Technologies project,
this measurement was performed to get data for an
efficient solid particle separation. This measurement
took place on an experimental 30 kW combustion unit,
which is shown in Figure [l The fuel used for the
experiment were spruce wooden pellets with 6 mm
diameter.

A part of the apparatus is an ejector dilutor. To
get the correct data from such a measurement, it is
needed to know the actual dilution ratio of the dilutor.
Although this ratio is provided by the manufacturer
of the dilutor (in our case Dekati®), the real dilution
ratio may differ. As stated in [5], the dilution ratio is
influenced by the composition of the gas. Thus, when
the nominal values of the dilution ratio are obtained
using air, it is clear that these values will not be
appropriate when diluting flue gas, as in our case. The
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FIGURE 1. Scheme of the 30 kWth BFB experimental
facility 1) fluidized bed region, 2) distributor of the
fluidizing gas, 3) gas burner mount, 4) fluidized bed
spill way, 5) fuel feeder, 6) cyclone separator, 7) flue
gas fan, 8) flue gas vent, 9) and 10) water coolers, 11)
condensate drain, 12) primary fan, 13) air-suck pipe,
14) vessels with oxygen [4].

composition of the gas may change the dilution ratio
by 20 %, which would cause a quite significant error in
the results. Specifically, the composition of the flue gas
in our case was ca. 90 % COs, 6 % O, and some minor
gases in the dry flue gas. Wet flue gas had around
40 % vol. water vapour content. This composition
can be calculated using equations from [6], where the
authors described the oxy-fuel combustion specifics.
The secondary goal of this work was, therefore, to
set and verify a method to obtain a more accurate
dilution ratio for gases different from the calibration
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FIGURE 2. Operating principle of Dekati® dilutor [7].
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FIGURE 3. Scheme of experimental set-up of solid
particle emission measurement.

gas. The operating principle of the ejector dilutor is
shown in Figure [2| Pressurized dilution air enters the
dilutor and is accelerated in the orifice ring, which
causes a vacuum in front of the sample nozzle and the
sample gas is sucked in. These two gases are mixed
and then leave the dilutor.

2. METHOD

2.1. SOLID PARTICLE EMISSION MEASUREMENT

To determine the properties of solid particles contained
in the flue gas, we used the gravimetric analysis. The
apparatus used was a three-stage impactor with an
ejector dilutor, both from Dekati® company. The
scheme of the experimental set-up can be seen in Fig-
ure [3] The impactor classifies the solid particles into
three fractions, which are PM10, PM2,5 and PMI1.
The use of the dilutor provides a longer running time
for each measurement. That is desirable, because the
impaction plates of the impactor have a limited mass
capacity, about 1 mg each. Additionally, it helps to
avoid condensation of water vapour, which is useful
here, because the flue gas from this combustion tech-
nology is specific for its high water vapour content
(around 40 % vol.). The dilutor was heated up to
the temperature of the flue gas in the vent (200°C).
The dilution air had an ambient temperature and was
dried before feeding into diluter.
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2.2. CORRECTION OF THE DILUTION RATIO
FOR A GAS OF GENERAL COMPOSITION

The following method is based on the theory of gas
flow through a nozzle. To use it, we have to know
the nominal dilution ratio (obtained with air) and the
composition of the gas we are diluting. The method
consists in comparing the air flow rate and the desired
gas flow rate through the entry nozzle. The procedure
is as follows. On the basis of the theoretically calcu-
lated air and gas flow rates, the air flow rate measured
during the calibration is corrected to correspond to
the case when the different gas would enter the nozzle
under the same conditions (temperature and pressure).
To calculate the mass flow rate through the nozzle, we
use Saint-Venant-Wantzel equation [§] in the following
form:
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Index 1 in equation indicates the point of en-
try into the dilutor, index 2 is the narrowest point
of the nozzle — its outlet. p, is the density, A, flow
cross section, Py static pressure, ks Poisson’s constant
and K, coefficient, which takes into account the in-
ternal friction and contraction of the flow. It follows
from equation that the flow rate depends on the
composition, here expressed by density and Poisson’s
constant, and the state of the gas.
Mass flow rates obtained using equation are first
converted to volume flow rates and then their ratio
is expressed:

VR = Vair,teor ) (2)

Vgas,teor

This calculated V R ratio is then used to convert
the measured air flow rate to the desired gas flow rate:
Vair (3)
VR’

Vgas =

Now, with the knowledge of the gas flow Vs and
the dilution air flow Vp 4, it is possible to determine
the dilution ratio as given by equation :

VDA + Vgas

Vgas W

Ngas =

By adjusting equations and , an equation for

a direct conversion between the dilution ratio with air
Ngir (nominal) and with gas Nyqs can be obtained:

Nyas = (Nair —1)VR+ 1. (5)

2.2.1. EXPERIMENTAL VERIFICATION
To verify the method described in the previous section,
an experimental measurement was performed using
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FIGURE 4. Scheme of the experimental set-up.

carbon dioxide as the diluted gas. Dekati® dilutor in
Figure [2] was used. The overpressure of the dilution
air was set to nominal 2 x 10° Pa. The flow rate and
pressure were measured at the sample inlet and both
dilutor outlets. A heater preceded the sample inlet
and the measurement was performed in the range from
room temperature to a temperature of about 200 °C.
This temperature was measured using a thermocouple
placed in the gas stream before the entrance to the
dilutor. The dilution air had ambient temperature
during the whole experiment. The experimental set-
up is shown in Figure [d] To calculate the flow rate
according to equation , it is necessary to determine
the static pressure P, 2, which causes the suction of
the sample gas. This can be achieved by blocking
the sample inlet to the dilutor and measuring the
static pressure there without the sample gas flowing
in. Similarly, the dilution air flow rate Vp4 can be
determined, again, by blocking the sample inlet and
measuring the two outlet flow rates of the dilutor.

3. RESULTS AND DISCUSSION

3.1. SOLID PARTICLE EMISSION
CHARACTERISTICS

With the apparatus described, we performed five sep-
arated measurements and specified the concentration
and particle size distribution in the flue gas. Cut-off
diameters of the impactor were corrected according to
temperature. The acquired particle size distribution
is shown in Figure [5] with a curve plotted with the
average values. Our results showed a relatively small
mass median aerodynamic diameter of 1.6 pm. The
solid particle concentration in the flue gas was found
to be cca 30mg/mn?. It is important to add that
these results were influenced by the fact that the flue
gas goes through a cyclone before exhausting to the
vent, as can be seen in Figure[[] According to differ-
ent theories, the cut-off diameter of this cyclone was
estimated to lay between 3 and 5 um. That explains
the relatively small median and concentration found.

Images of the particles captured in the impactor
have been taken with an electron microscope. In
Figure [0} there is an image of particles captured in
the second stage of the impactor. This picture shows
many particles larger than 2.5 pm, which should be
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FIGURE 5. Particle size distribution curve.
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F1GURE 6. PM2,5 particles captured in the impactor.

the cut-off diameter of this stage. These particles
correspond to particles penetrating from the previous
stage.

3.2. EVALUATION OF THE PROPOSED METHOD
FOR DILUTION RATIO CORRECTION

Experimental measurements with CO,, the results of
which can be seen in Figure [7] showed a very good
agreement between the presented method and the ex-
periment. The average value of the deviation between
the measured and calculated values of the dilution
ratio is, on average, about 1% over the entire tem-
perature course. The largest deviation was found at
room temperature, where it reaches about 3 %. Fig-
ure [7] also demonstrates how a significant error can
be caused by using the air dilution ratio N, for a
different gas. In the case of CO,, the error is almost
20%. The same figure also shows that the dilution
ratio also varies with the sample gas temperature,
which is another factor that should be remembered
during field measurements.
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FIGURE 7. Values of dilution ratio obtained using the
given method and experimentally by measurement as
a function of sample gas temperature.

4. CONCLUSIONS

A measurement on the experimental 30 kW boiler dur-
ing a biomass combustion in oxy-fuel regime was car-
ried out to specify the solid particle emission present in
the flue gas. We found a relatively small mass median
aerodynamic diameter of 1.6 pm and a concentration
of 30 mg/mn3. Both these values were affected by the
presence of a cyclone at the outlet of the boiler. The
results of this measurement will be used for the de-
sign of an appropriate precipitator for this combustion
technology. To correctly interpret the data acquired
during the solid particle emission measurement, there
rose a need to specify the dilution ratio of the ejector
dilutor we used for the measurement. Therefore, in
this paper, we also proposed and experimentally veri-
fied a method for a correction of the nominal dilution
ratio to fit the actual case during a field measure-
ment. The experimentally obtained data differ from
the proposed method by an average of about 1 %. This
method could find good use wherever the sample gas
composition differs from air (calibration gas) and the
knowledge of accurate concentrations of the sample is
important. Such cases might be, for example, boiler
flue gases or car exhaust gases.

340

ACKNOWLEDGEMENTS
This work was supported by projects Research
Center for Low-Carbon  Energy  Technologies

CZ.02.1.01/0.0/0.0/16_019/0000753 and Optimization of
HVAC systems SGS22/154/0OHK2/3T/12. We gratefully
acknowledge the support from these grants. We would
also like to thank Ing. Stanislav Slang, Ph.D. for providing
us the electron microscope photos of the impactor stages.

REFERENCES

[1] EPA. Greenhouse gases. [2021-10-18], https://www.
epa.gov/report-environment/greenhouse-gases|

[2] S. Black, J. Szuhdnszki, A. Pranzitelli, et al. Effects of
firing coal and biomass under oxy-fuel conditions in a
power plant boiler using CFD modelling. Fuel
113:780-786, 2013.
https://doi.org/10.1016/j.fuel.2013.03.075,

[3] T. Mendiara, F. Garcia-Labiano, A. Abad, et al.
Negative CO, emissions through the use of biofuels in
chemical looping technology: A review. Applied Energy

232:657-684, 2018.
https://doi.org/10.1016/j.apenergy.2018.09.201,

[4] M. Vodicka, N. E. Haugen, A. Gruber, J. Hrdlicka.
NOx formation in oxy-fuel combustion of lignite in a
bubbling fluidized bed — Modelling and experimental
verification. International Journal of Greenhouse Gas
Control 76:208-214, 2018.
https://doi.org/10.1016/j.ijggc.2018.07.007.

[5] B. Giechaskiel, L. Ntziachristos, Z. Samaras.
Calibration and modelling of ejector dilutors for
automotive exhaust sampling. Measurement Science
and Technology 15(11):2199-2206, 2004.
https://doi.org/10.1088/0957-0233/15/11/004

[6] P. Skopec, J. Hrdlicka. Specific features of the oxyfuel
combustion conditions in a bubbling fluidized bed. Acta
Polytechnica 56(4):312-318, 2016.
https://doi.org/10.14311/AP.2016.56.0312.

[7] Dekati Ltd. Ejector diluter in exhaust measurements:
Technical note, 2001.

[8] A. J. C. Barré de Saint-Venant, P. L. Wantzel.
Mémoire et expériences sur I’éccoulement de lair,
déterminé par des différences de pression considérables.
Journal de UEcole polytechnique 27:85-122, 1839.


https://www.epa.gov/report-environment/greenhouse-gases
https://www.epa.gov/report-environment/greenhouse-gases
https://doi.org/10.1016/j.fuel.2013.03.075
https://doi.org/10.1016/j.apenergy.2018.09.201
https://doi.org/10.1016/j.ijggc.2018.07.007
https://doi.org/10.1088/0957-0233/15/11/004
https://doi.org/10.14311/AP.2016.56.0312

	Acta Polytechnica 62(3):337–340, 2022
	1 Introduction
	2 Method
	2.1 Solid particle emission measurement
	2.2 Correction of the dilution ratio for a gas of general composition
	2.2.1 Experimental verification


	3 Results and discussion
	3.1 Solid particle emission characteristics
	3.2 Evaluation of the proposed method for dilution ratio correction

	4 Conclusions
	Acknowledgements
	References

