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One of the important parameters describing pneumatic liquid atomisation is the air to liquid mass
ratio (ALR). Along with the atomiser design and properties of the liquid it has extremely important
influence on parameters of atomised liquid such as: mean droplet diameter, jet range and angle.
Knowledge about real characteristics of an atomiser in this respect is necessary to correctly choose
its operating parameters in industrial applications.
The paper presents results of experimental research of two-fluid atomisers with internal mixing built
according to custom design. Investigated atomizers were designed for spraying a urea aqueous
solution inside the power boiler combustion chamber. They are an important element of SNCR
(selective non-catalytic reduction) installation which is used to reduce nitrogen oxides in a flue gas
boiler. Obtained results were used by authors in further research, among others to determine the
boundary conditions in the SNCR installation modeling.
The research included determining mean droplet diameter as a function of ALR. It has been based
on the immersion liquid method and on the use of specialised instrumentation for determining
distribution of droplet diameters in a spray – Spraytec by Malvern. Results obtained with both
methods were later compared. The measurements were performed at a laboratory stand located at
the Institute of Heat Engineering, Warsaw University of Technology. The stand enables extensive
investigation of the water atomisation process.
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1. INTRODUCTION
Liquid atomisation is a process very significant to many areas of engineering, including power
engineering e.g. in flue gas denitrification technology for power boilers (Krawczyk and Badyda 2014;
Wrzesińska et al., 2015), chemical industry, automotive industry, air-conditioning, agriculture and
medicine (Broniarz-Press et al., 2015; Sosnowski and Żołądkowicz 2011).
Atomisers may be used as standalone systems or as parts of larger assemblies, such as a boiler burner,
agricultural sprinkler, a component of a fire-suppression system etc. Depending on the function,
atomiser design and operating parameters may considerably vary.
One of the essential features of any atomiser which characterise its operation is spray quality defined
through parameters such as mean diameter of a droplet in the spray or atomisation spectrum (Ashgritz,
2011; Orzechowski and Prywer, 1994). Knowledge of these properties is necessary to correctly choose
an atomiser design. It also enables running calculations concerning droplet movements or heat and
mass transfer between droplets and surrounding fluid. Nonetheless, despite atomisers being commonly
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used in various industrial applications, published sources do not propose methods for comprehensive
and unambiguous description of the spray mechanism or theoretic determination of relations between
operating parameters on one hand, and e.g. droplet diameter on the other for most atomiser designs.
Sizes of droplets obtained by liquid atomisation depend partially on uncontrollable parameters, e.g.
interference, vibrations, liquid turbulence (Broniarz-Press et al., 2009; Liu et al., 2006; Orzechowski
and Prywer 2008; Ramesh et al., 1984). Thus the atomisation process yields droplets of different
diameters and the process has a statistical character.
There is an extensive literature on two-fluid atomisers. In the publication (Lefebvre, 1992) the principal
factors governing the mean drop sizes produced by two-fluid atomisers were indicated. According to
this paper the principal factors governing the fineness of atomisation are: air velocity, air/liquid ratio,
and surface tension.
The authors of the publication (Ferreira et. al., 2009) have carried out the research on two-fluid
atomisers with an internal mixing chamber for heavy fuel oils. They also indicate ALR as one of the
important parameters describing pneumatic liquid atomisation.
In the publication (Nguyen and Rhodes, 1998) semi-empirical correlations for volume median drop
diameter with atomiser geometry and operating conditions for two-fluid type atomiser (dedicated for
producing fine drops) was presented.
Most available information concerning characteristics of atomiser operations is a result of experimental
research. This paper is an attempt to fit into this trend by presenting results of experimental tests carried
out on custom-designed internal mixing two-fluid atomisers (Krawczyk and Badyda, 2015). Presented
results focus on mutual relation between the amount of air supplied to the atomiser and mean diameter
of droplets formed by atomisation. Investigated atomisers were designed for spraying a urea aqueous
solution inside the power boiler combustion chamber during SNCR system operation. No information
concerning parameters of atomisers dedicated for this type of application has been found in scientific
literature.
The Selective Non-Catalytic Reduction (SNCR) technology for NOx emission abatement from
industrial boilers involves injecting a reducing agent directly into a high temperature zone of the
combustion chamber. Reaction between the NH2 radical and nitrogen oxides contained in the flue gas
yields nitrogen, carbon dioxide and water (Thanh et al., 2008). Radicals are generated through thermal
decomposition of reducing agents e.g. urea. Reagent injection parameters (such as the diameter of a
droplet) should be changed along with the change of boiler operating conditions. Therefore, it is
extremely important to know the relationships between atomiser design as well as their operating
parameters and the atomisation quality.

2. EXPERIMENTAL RESEARCH
2.1. Investigated atomisers
In two-fluid atomisers the flows may be arranged in different ways. One of the main methods for
classification of such devise may be based on the dominating phase (gas or liquid).
The main components of the tested atomisers were:
• mixing chamber – volume in which gas-liquid contact occurs,
• exhaust nozzle – which leads the gas-liquid mixture outside the atomiser,
• duct connecting the mixing chamber to the exhaust nozzle.
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Fig. 1. Schematic drawing of the investigated atomiser: 1 – liquid flow, 2 – gas flow, 3 – orifices through which
liquid is injected into gas in the mixing chamber

In the investigated type of atomiser, gas flows through the main duct in the mixing chamber, while the
liquid is introduced perpendicularly to the gas flow direction. Such a design is schematically shown in
Fig. 1.
In this type of atomiser, liquid jet is atomised within the mixing chamber. Then increasing velocity of
gas-liquid mixture within the converging section of the nozzle leads to the droplets being further
broken into smaller pieces. General information about the internal mixing two-fluid atomisers can be
found in (Ashgritz, 2011; Chin and Lefebvre, 1995; Orzechowski and Prywer, 1994).
The investigated atomiser had a modular structure, which enabled replacing individual components.
The tests involved analysis of five different design variants. The difference between them was diameter
of the outlet nozzle, which had following values in individual test series:
• d1 = 1.5 mm,
• d2 = 2 mm,
• d3 = 3 mm,
• d4 = 3.5 mm,
• d5 = 4 mm.
Remaining geometric parameters of the atomiser, such as diameter of the mixing chamber and length of
the duct connecting mixing chamber to the exhaust nozzle were not changed. Using several different
nozzle diameters allowed to extend the range of ALR values which could be investigated. The test stand
was provided with a source of compressed air with a maximum supply pressure of 6 bar. Atomised
liquid was water supplied at ambient temperature (20 °C). Investigation covered flows from 20 to 40
litres per hour.
2.2. Test stand
The measurements were performed at a laboratory stand located at the Institute of Heat Engineering,
Warsaw University of Technology. The stand enables extensive investigation of the water atomisation
process. Its main components include:
• water and compressed air supply systems, along with relevant instrumentation and control
components,
• mount for the investigated atomiser,
• injection chamber with dimensions ensuring free water distribution.
Equipment of the stand permits determining and controlling both flows and pressures of media supplied
to the atomiser.

cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe

463

P. Krawczyk, K. Badyda, S. Młynarz, Chem. Process Eng., 2016, 37 (4), 461-471

The supply-instrumentation section consists of:
• rotodynamic water pump with a lift height up to 90 m,
• buffer tank for atomised water,
• compressor with a buffer tank (pressure in tank 7.5 bar),
• compressed air pressure reduction station,
• two rotameters with different measured ranges for water (1-10 l/h and 10 – 100 l/h),
• two rotameters with different measured ranges for air (1.2-12 m3/h and 4 – 40 m3/h),
• one bimetallic thermometer for air and one for water (measurement range -20 – 60 °C),
• four control valves (two for air and two for water),
• two electronic pressure gauges (one for air and one for water),
• isolation valves,
• control valve on pump bypass.
Figure 2 presents a schematic of the test stand configuration and instrumentation. Water was delivered
with Warsaw water supply network (pure, potable water).

Fig. 2. Schematic of the test stand configuration and instrumentation;
1- compressor, 2 - air buffer tank, 3- shut-off valve, 4- compressed air pressure reduction station; 5- flow control
valve, 6- rotameter, 7- manometer, 8- thermometer, 9- water service line, 10- water storage tank, 11- by-pass flow
control valve, 12- pump, 13- atomiser, 14- mount for the investigated atomiser, 15 - injection chamber

2.3. Measurement methodology
The goal of the research was to determine the influence of atomiser’s operating parameters (air to liquid
ratio, ALR) on atomisation quality expressed by the mean droplet diameter. ALR was defined as:

ALR =

m A
m W

(1)

The mean droplet diameter is a conventional value which characterises a set of homogenous droplets
used as an equivalent of a real set (atomisation spectrum).
Depending on the calculation method, mean droplet diameter may be determined as an arithmetic
mean, area mean or volumetric mean. The parameter most frequently adopted for analysing heat and
mass transfer processes is d32 diameter (Sauter mean diameter). It describes a diameter of droplets
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within a homogenous equivalent set with the same total volume and area of all droplets as the real set
(Barreras et al., 2006).

 d ΔN
 d ΔN
3

d 32 = SMD =

2

(2)

The Sauter mean diameter was used in our analysis.
In order to achieve the aim of the research, a series of measurements was taken for each of the tested
design variants. During each series:
• water flow was changed – values of 0.02, 0.03 and 0.04 m³/h were used,
• air flow was changed in such a way that the overpressure in the atomiser’s mixing chamber for
each liquid flow would take consecutive values from 1.5 to 5 bar, with resolution of 1,
• droplet sizes in the spray were measured with two method: by immersion liquid method or with
Spraytec analyser.
Then the results of measurement of mean droplet diameter were assigned to relevant ALR values.
2.3.1. Measurement of droplet size by catching in immersion liquid
The method of droplet catching by immersion liquid involves depositing droplets on a plate or vessel
coated with a thin layer of immersion liquid. Such a liquid should be chemically inert, transparent and
have lower density than that of the atomised liquid (Broniarz-Press et al., 2013). It also may not mix
with the atomised liquid, it must have low evaporation pressure and low surface tension. The tests
described here used LEDA silicone oil.
The procedure for taking measurements was as follows:
• a layer of silicone oil was applied to a microscopic slide,
• slide with the coat of oil was mounted on an extension arm,
• arm with the slide was introduced into relevant spray area, with the slide’s back turned towards
the spray,
• the slide was quickly rotated with its face towards the incident spray and then back to original
position,
• after being cleaned from water accumulated below, the slide was placed under microscope and
2 – 6 photographs with representative view of drops from the sample were made.
Samples of droplets were collected within the core of the spray, 1 m from the nozzle exhaust.

Fig. 3. Exemplary droplet photographs – images from the microscope and after processing with ImageJ software
cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe
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Droplet photographs made during measurements were subsequently analysed with ImageJ picture
processing software. ImageJ is one of multiple graphic suites which enables to determine enable
determining distribution of droplet diameters. The programme enables automatic calculation of surface
areas occupied by individual droplets visible in the photo. In order to permit this operation,
a photograph must be prepared in a proper way: the image must be converted into 8-bit and binary
format; also proper settings like circularity of analysed objects and minimum droplet size need to be
set. Figure 3 presents exemplary photographs of droplets made using a microscope and processed with
ImageJ software.
Measurements made by catching droplets on a layer of immersion liquid were very labour-intensive,
both at the stage of sampling and analysing photographs, and statistical calculations.
2.3.2. Droplet size measurements with Spraytec analyser
Except for the immersion liquid method, also Malvern’s Spraytec device was used to measure the
droplet diameters. This analyser performs measurements based on laser diffraction method. Spraytec
automatically measures diameters of droplets within aerosol or spray with high density. It permits real
time measurements of droplet size spectrum. Distribution of droplet sizes is generated immediately and
shows changes of spray properties over time (Hoffmann et al., 2013). Files with a full set of measured
data are recorded in computer memory. This is a considerably more convenient and faster method of
measuring parameters than the method presented before. This method also needs to be seen as more
accurate, averaging results across entire section of spray, instead of only measuring a small area as in
case of using immersion liquid. The photograph below (Fig. 4) presents the Spraytec device during
measurements at the test stand. Just like in case of the immersion liquid method, measurements were
made at a distance of 1 m from the nozzle outlet. The measurements were performed in a continuous
mode. The frequency of droplet sampling was 1 s and the averaging time of measured size distributions
was 60 s. During measurements, 300mm lens system, covering a 0.1 - 900 micron dynamic range was
used. According to the manufacturer, Spraytec measurement accuracy is better than +/- 1% on the
Dv50.

Fig. 4. Spraytec device during measurements at the test stand
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3. MEASUREMENT RESULTS
Each of investigated atomiser configurations permitted a different range of compressed air flow,
therefore also different range of ALR values. The range of possible gas flows is strictly dependent on
the exhaust nozzle diameter. Detailed information on recorded extreme values of air flow and ALR is
shown in Table 1 below.
Table 1. Extreme values of air flow and ALR obtained for individual investigated atomiser configurations

Nozzle diameter

Minimum tested
air flow (kg/s)

Maximum tested
air flow (kg/s)

Minimum ALR

Maximum ALR

1.5 mm
2.0 mm
3.0 mm
3.5 mm
4.0 mm

1.7
2.09
6.6
10.1
13.3

4.3
9.39
25
30.8
32.1

0.048
0.052
0.2
0.3
0.3

0.213
0.47
1.3
1.5
1.6

All the results showing dependency between the mean droplet diameter and flow of compressed air
supplied to the atomiser obtained during the tests for all analysed configurations are presented in charts
below (Figs. 5 and 6). Also presented are results of measurements of mean droplet sizes obtained with
both methods discussed above.

Fig. 5. Mean diameter of droplets of dispersed spray as
a function of ALR. Results obtained with immersion
liquid for different nozzle diameters

Fig. 6. Mean diameter of droplets of dispersed spray
as a function of ALR. Results obtained with Spraytec
analyser for different nozzle diameters

Analysis of the above diagrams reveals that:
• there is a correlation between the amount of compressed air supplied to the atomiser and the
mean droplet diameter in the spray. It can be clearly seen that increase of ALR value leads to
decrease of the mean droplet size for all investigated atomiser configurations. This conclusion
appears also in other works on this subject (Li et al., 2012; Watanawanyooa et al., 2011; Yudav
cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe

467

P. Krawczyk, K. Badyda, S. Młynarz, Chem. Process Eng., 2016, 37 (4), 461-471

•

•
•

and Kushari, 2011). For low ALR values (up to some 0.4) the dependency between droplet size
and ALR is stronger (curves are steeper),
mean droplet diameters measured with Spraytec device are considerably lower than those
obtained by catching in immersion liquid (MCI). In authors’ opinion the differences may result
from:
• the fact that the measurement with immersion liquid was performed locally in the centre of
the spray, while Spraytec measured diameters across the whole horizontal section of the
spray,
• insufficient number of droplets (poor statistics) for measurement with immersion liquid,
• insufficient resolution of optical instruments (smallest droplets not visible),
• short observation depth (some droplet may be out of focus and cannot be recognized by the
software),
• low sampling efficiency (small droplets can avoid inertial catching on the surface of
immersion oil).
results obtained with immersion liquid method have much weaker correlation with ALR than
those obtained with Spraytec (smaller scatter of measurement points),
differences between mean droplet diameter values obtained with Spraytec and those obtained
with MCI method are largest for low ALR values and diminish as the air flow increases.
However, it should be assessed that the differences between mean droplet diameter values
obtained with both methods are very high in the whole analysed ALR range. In addition, MCI
method is extremely labour-intensive compared to Sprytec analyser. Therefore it seems that
immersion method is inapplicable for realistic determination of SMD.

Analysis of the presented data leads to a conclusion that the nozzle diameter as a design parameter does
not directly influence atomisation quality. It only influences it indirectly by restricting achievable ALR
values. Based on presented results it may be concluded that atomisers working with nozzles of different
diameters, but at the same ALR value will achieve the same d32 mean droplet diameter (SMD).
In addition, exemplary information (obtained with Spraytec) about the size droplet distribution in
dispersed spray for different ALR values is shown in the following charts (Figs. 7 and 8).

Fig. 7. Droplet size distribution (cumulative volume)
in dispersed spray for different ALR values. Results
obtained with Spraytec analyser
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Fig. 8. Droplet size distribution (volume frequency)
in dispersed spray for different ALR values. Results
obtained with Spraytec analyser
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According to the above data, higher ALR value leads to:
• reduction of droplet diameters,
• reduction of a range of variation in the droplet diameters – span.
These observations are reflected in values of spray quality parameters Dv10, Dv50 and Dv90 (Fig. 9).

Fig. 9. Diameters of droplets of dispersed spray (Dv10, Dv50, Dv90) for different ALR values. Results obtained
with Spraytec analyser.

4. CONCLUSIONS
Measurement results presented in the paper concern internal mixing two-fluid atomisers of our own
design. Performed research focused on determining relation between the mean droplet diameter and air
to liquid ratio (ALR) for atomisers designed for spraying a urea aqueous solution inside the power
boiler combustion chamber.
Obtained results demonstrated that there is a strong correlation between the amount of compressed air
supplied to the atomiser and quality of liquid spray understood here as the d32 mean droplet diameter.
Increase of air flow leads to reduction of this diameter. It is especially pronounced for low ALR values,
up to some 0.4.
Out of the two droplet size measurement methods – with Spraytec analyser and by catching in
immersion liquid – the former proved much more accurate (smaller scatter of measured points,
measurement accuracy better than +/- 1% on the Dv50 ) and convenient. On the other hand the
immersion liquid method is cheaper and may be applied in any conditions.
Diameter values measured with Spraytec analyser are smaller than those obtained with the alternative
method. In the authors’ opinion those differences may result from the fact that the immersion liquid
measurement was taken locally in the centre of the spray, while Spraytec analyser measured droplet

cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe

469

P. Krawczyk, K. Badyda, S. Młynarz, Chem. Process Eng., 2016, 37 (4), 461-471

diameters across the entire horizontal section. Besides, in the immersion liquid method randomness
plays a considerable role, both at the stage of sample collection and when taking representative
photographs. Thus this method is by its very nature burdened with errors and in authors’ opinion may
only be used for preliminary quick estimation of droplet size. For any ultimate research, however, it
needs to be seen as insufficient.
This research is supported by the POIG.01.03.01-14-035/12 project which is co-financed by the
European Regional Development Fund under the Operational Programme Innovative Economy.

SYMBOLS
ALR
D
Dv10
Dv50
Dv90
p

air to liquid ratio, kg/kg
diameter, m
the diameter below which 10% of the liquid volume is atomised into smaller droplets
the diameter below which 50% of the liquid volume is atomised into smaller droplets
the diameter below which 90% of the liquid volume is atomised into smaller droplets
mass flow rate, kg/s
pressure, Pa

Subscripts
A
W

air
water
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