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MATHEMATICAL KINETIC MODELLING AND REPRESENTING 

DESIGN EQUATION FOR A PACKED PHOTOREACTOR WITH 

IMMOBILISED TiO2-P25 NANOPARTICLES ON GLASS BEADS 

IN THE REMOVAL OF C.I. ACID ORANGE 7 
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In this work, a design equation was presented for a batch-recirculated photoreactor composed of a 
packed bed reactor (PBR) with immobilised TiO2-P25 nanoparticle thin films on glass beads, and a 
continuous-flow stirred tank (CFST). The photoreactor was studied in order to remove C.I. Acid 
Orange 7 (AO7), a monoazo anionic dye from textile industry, by means of UV/TiO2 process. The 
effect of different operational parameters such as the initial concentration of contaminant, the 
volume of solution in CFST, the volumetric flow rate of liquid, and the power of light source in the 
removal efficiency were examined. A rate equation for the removal of AO7 is obtained by 
mathematical kinetic modelling. The results of reaction kinetic analysis indicate the conformity of 
removal kinetics with Langmuir-Hinshelwood model (kL-H = 0.74 mg L-1 min-1, Kads = 0.081 mg-1 L). 
The represented design equation obtained from mathematical kinetic modelling can properly predict 
the removal rate constant of the contaminant under different operational conditions (R2 = 0.963). 
Thus the calculated and experimental results are in good agreement with each other. 

Keywords: heterogeneous photocatalysis, batch-recirculated photoreactor, design equation, 
mathematical kinetic modelling, TiO2-P25 nanoparticles, C.I. Acid Orange 7

1. INTRODUCTION 

Coloured wastewater generated by textile industries is an important source of environmental 
contaminations (Behnajady and Modirshahla, 2006; Daneshvar et al., 2007; Gupta et al., 2011; Sauer et 
al., 2002). It is estimated that about 1-20% of the total world production of dyes is lost during the 
dyeing process and is released into wastewater (Akpan and Hameed, 2009; Konstantinou and Albanis, 
2004). Colour removal from wastewater is often more important than its removal from other colourless 
organic substances (Grzechulska and Morawski, 2002). Heterogeneous photocatalysis seems to be an 
interesting treatment method for the removal of toxic pollutants from industrial wastewaters due to its 
ability to convert them into innocuous end products such as CO2, H2O and mineral acids (Damodar and 
Swaminathan, 2008). A variety of semiconductors such as TiO2, ZnO, CdS, and WO3 have been 
studied as photocatalysts (Gupta et al., 2007; Gupta et al., 2012; Ismail et al., 2011; Lin et al., 2005; Liu 
et al., 1998). TiO2 is the most extensively used effective photocatalyst, owing to its high efficiency, 
photochemical stability, non-toxic nature, and low cost (Ismail et al., 2011). In most cases, TiO2 is 
applied in the form of suspension or slurry (Behnajady et al., 2007a). From a practical point of view, 
using slurry systems involves several major problems such as: (a) separation of the catalyst from the 
slurry is difficult, (b) suspended particles especially in high concentrations tend to aggregate, (c) using 
the suspensions in systems with continuous flow is difficult, and (d) due to the high absorption by TiO2

Chemical and Process Engineering 2015, 36 (3), 355-363

DOI: 10.1515/cpe-2015-0025

A design procedure for “liquid to Air” type Atomisers 
bAsed on Air And wAter mixture outflow velocity

Piotr Krawczyk*, Krzysztof Badyda

Warsaw University of Technology, Institute of Heat Engineering, 21/25 Nowowiejska Str.,  
00-665 Warsaw, Poland

The paper proposes a procedure which enables to determine selected geometric and operating 
parameters for twin-fluid liquid-to-air atomisers with internal mixing. The presented approach assumes 
that in order to ensure proper operation of an atomiser it is necessary to design its structure and flow 
parameters in such a way so that the flow inside the mixing chamber has a dispersive character. In 
order to calculate a required exhaust cross-section for the analysed atomiser, conditions within the 
exhaust plane: pressure, density and outflow velocity were estimated. In order to determine diameter 
and number of orifices supplying the liquid to the mixing chamber of the investigated atomiser type, 
a multi-parameter analysis based on numerical fluid mechanics was performed. The final part of the 
paper presents selected results obtained from experimental stand measurements made on an atomiser 
designed according to the presented procedure.
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1. INTRODUCTION

Popular use of liquid-to-air atomisers is not accompanied by adequate development of computational 
techniques. When attempting to design such an atomiser, one encounters a number of difficulties 
attributable to the character of a two-phase flow system. Because of that, in most cases calculations are 
based on empirical formulas or directly on test results (Orzechowski and Prywer 2008). Experimental 
testing becomes an essential part of the process leading towards a final solution within the engineering 
process. Calculations are used in the first stage of such a process, but their reults may not be considered as 
final information on the design and parameters of the investigated solutions. This paper proposes a design 
procedure for twin-fluid internal mixing atomisers, where the gaseous phase is dominating (liquid-to-air 
atomisers). General information about liquid-to-air atomisers can be found in (Ashgritz, 2011; Chin and 
Lefebvre, 1995; Orzechowski and Prywer, 1994). Regardless of design details, each atomiser of this type 
comprises of (Jedelsky et al., 2007):

 • components restricting liquid and gas flows before the contact zone (pipelines, chambers etc.);
 • mixing chamber – a volume where contact between gas and liquid occurs;
 • nozzle – transporting created gas-liquid mixture outside the device;
 • duct between the mixing chamber and the nozzle.

Liquid-to-air atomisers are used in many branches of industry, e.g. in flue gas denitrification technology 
for power boilers (Krawczyk and Badyda 2014). Among other parameters that dictate the spray qualities of 
a twin-fluid atomiser are geometry (Liu et al., 2006), operating parameters, and liquid properties (Broniarz-
Press et al., 2009; Ramesh et al., 1985).
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The presented approach is aimed at finding certain geometric parameters (diameters of the mixing chamber, 
duct leading to the nozzle and nozzle, as well as number and diameter of orifices supplying liquid to the 
gas flow) and operating parameters (supply pressure of liquid and air, air flow) for the assumed flow of 
dispersed liquid.

2. DESIGN PROCEDURE

In the presented approach it is assumed that in order to ensure proper operation of an atomiser it is necessary 
to design its structure and flow parameters in such a way so that the flow inside the mixing chamber has 
a dispersive character. Results of two-phase flow structures in the pipes were presented among others by 
Koch and Noworyta (1992) or Troniewski (1989).

2.1. Determining diameter of the mixing chamber

In the first step the discussion aims at determining diameter of the mixing chamber of the designed atomiser, 
which would ensure a desirable flow character within possibly a wide range of the operating parameters. 
To fulfil that condition, the values describing character of the air-water mixture flow, i.e. Gg/l and  
λy(QL/QA) must remain within specific limits defined for example by Chin and Lefebvre (1995). For 
a specified flow of the liquid this requires choosing appropriate diameter of the mixing chamber, proper 
pressure inside that chamber, and proper air flow. The two latter parameters may vary, but only in such 
a way that the two-phase flow is maintained within a specified regime. Individual parameters which define 
the character of the two-phase flow may be expressed by the following equations (Chin and Lefebvre, 1995).

 • air mass flow Gp:
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 • volumetric liquid flow QL:
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Assuming that the liquid in question is water, and the gas is air, the coefficient y takes a value of 1. For 
the parameters mentioned above, i.e. water flow, air flow, chamber pressure and chamber temperature, 
it is possible to additionally determine characteristic parameters of the two-phase flow in pipes, such as:

 • volumetric air fraction in the air-water mixture α;
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 • air to liquid ratio – ALR
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2.2. Determining diameter of the exhaust nozzle

In order to determine the required outflow cross-section for the analysed atomiser, conditions within that 
cross section: pressure, density and outflow velocity need to be calculated. Pressure in the exhaust plane 
of the nozzle is a function of pressure in the mixing chamber and volumetric fraction of air. If the ratio 
of pressures in the chamber and in the space to which the mixture is released (ambience) is lower than 
a critical value, then the pressure at the exhaust plane is equal to the ambient pressure. For higher values of 
the pressure ratio, the pressure in the exhaust plane is equal to the critical pressure and the mixture velocity 
is equal to the speed of sound in that mixture. Critical pressure ratio for a two-phase flow (air, water) is 
a function of air volumetric fraction in the mixture. For α = 1 it is the same as for the air, i.e. 0.528. For  
α < 1 its value reduces. As studies show (Brennen, 2005), in the investigated range of α above 0.95, 

variability of the pressure ratio in question is small. Critical pressure for the air-water mixture in the exhaust 
plane may be calculated using Eq. (8) (Crowe, 2005):
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Knowing the exhaust pressure it is then possible to determine gas density at the same plane. Speed of sound 
in the exhaust plane may be calculated using the following formula (Brennen, 2005):
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The parameter α* in the presented calculation procedure has been determined from the published literature 
data (Brennen, 2005), which link its value to the value of the parameter αc. According to the research 
results (Brennen, 2005) for α* > 0.4 it is justified to assume a linear relation between both discussed air 
fraction values.
 3.07.0 +=∗

cαα   (10)

Speed of sound in the air-water mixture strongly depends on the volumetric air fraction in the mixture. For 
α = 1 it is the same as for the air. For α < 1 its value reduces considerably. When α = 0, it sharply grows 
to the value of speed of sound in water (Brennen, 2005).

For the ratios of mixing chamber pressure to the ambient pressure higher than the critical value, the mixture 
velocity in the exhaust is equal to the speed of sound within the mixture (M = 1).

Knowing density of gas in the exhaust plane and its velocity it is possible to determine the volumetric 
flow across that plane as a sum of the liquid flow QL and the air flow QA. Assuming that both components 
of the two-phase mixture pass across the exhaust plane with identical velocities, it is possible to calculate 
required cross-section of this exhaust. 
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An orifice with an area of A* enables the required amount of liquid and air to flow for a given mixing 
chamber pressure.
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2.3. Determining cross-sectional area of orifices supplying liquid to the mixing chamber

Because no principles for choosing area, diameter or number of orifices supplying liquid into the mixing 
chamber of the investigated atomiser type had been found in the literature, the authors employed ANSYS 
Fluent computational fluid dynamics tool to determine these values. The analysis was based on the Discrete 
Phase Model used to track droplet trajectories. A mixing chamber fragment with a length of ten diameters, 
i.e. 0.1 m, where the water was injected to the main air flow through 1 orifice was a subject of the numerical 
analysis. Water injection point was located 0.02 m from the domain inlet (Fig. 1).

Fig. 1. Geometry of the computational area

Calculations were time-independent and turbulence was modelled using a RANS model. Uniform velocity 
distribution was assumed at the inlet cross section. Uniform static pressure was assumed at the outlet. The 
model took into account the effects of the water stream breakup (primary breakup), water droplet breakup 
(secondary breakup), and possible droplet collisions. It did not take into account effects of contact between 
droplets and walls; in particular film creation was ignored. The used models and settings are listed in Table 1.

Table 1. Main models and settings used for Ansys Fluent modelling

Solver type pressure-based, steady
Energy equation on
Turbulence model realisable k-e, enhanced wall treatment
Discrete phase discrete phase model with unsteady particle tracking
Injection type plain orifice-atomiser
Breakup model stochastic secondary droplet model – SSD
Air density ideal gas model

The analysis did not extend to the narrowing exhaust section of the nozzle. Because the analysed case was 
simplified – i.e. with fixed diameter of mixing chambers with only one liquid inlet – the results should be 
interpreted in the context of design assumptions of a specific atomiser, such as:

 • diameter of the mixing chamber,
 • length of the mixing chamber,
 • relative position of water inlets into the mixing chamber.

The aim of the presented numerical analysis was a selection of optimal operating parameters of the mixing 
chamber, such as:

 • liquid injection velocity;
 • diameter of the injection orifices;
 • liquid injection angle.

The design was considered acceptable if it ensured that droplets would not strike into the chamber walls 
and liquid streams would not collide each other. Penetration of the droplet trajectories in the direction 
perpendicular to the pipe axis was analysed.

Modelled geometry is shown in Fig. 1. Uniform velocity across the inlet was set at the inlet (Velocity Inlet 
type condition), with velocity value from 10 to 30 m/s, depending on the investigated case. Other inlet 
parameters were: total temperature 300 K, turbulence intensity 5% and hydraulic diameter 0.01 m. As for 
the exhaust, fixed static pressure equal to reference pressure was assumed. Reference pressure was set at 
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either 3 or 6 bar, depending on analysed case. As already mentioned, water injection was implemented 
using DPM model and Plain Orifice Atomiser sub-model. Parameters assigned to each injection point 
included water mass flow, orifice diameter, injection direction and temperature (300 K).

The calculation geometry was discretised with 359,195 hexahedral finite volumes of high quality. Prior to 
starting an analysis it was ensured that the solution would be independent of the assumed discretisation. To 
ascertain that, some calculations had been made using a denser grid of 1,257,295 finite volumes. Observed 
results (jet penetration, average droplet diameter) obtained with both models were found to be identical, 
therefore the variant with lower computational cost was selected for further analysis. 

Calculations were performed for all possible combinations of:
 • air velocities – 10 m/s, 20 m/s and 30 m/s;
 • water velocities – 1 m/s, 2 m/s and 3 m/s;
 • angle between injection direction and chamber axis of 30°; 60°; 90°;
 • mixing chamber pressure of 3 bar, 6 bar.

The obtained results from modelling clearly indicate that:
 • increasing water injection angle increases droplet penetration depth;
 • increasing water injection velocity increases droplet penetration depth;
 • diameter of formed droplets is directly proportional to the water inlet orifice – average diameter of 

droplets in the mixing chamber is similar to that of the orifice;
 • increasing pressure in the mixing chamber reduces droplet penetration depth.

Of course, the depth of penetration observed in the modelling results depends on the distance from injection 
location and grows along with this distance.

The chart below (Fig. 2) presents an exemplary relation between the depth of penetration 30 mm from 
the injection point, and ratio of water velocity at injection orifice to the air velocity in central pipe before 
the mixing chamber.

Fig. 2. Depth of penetration 30 mm from the injection point as a function of ratio of water velocity at injection 
orifice to the air velocity in central pipe before the mixing chamber (dw= 0.2 mm pc= 6 bar)

Results of the simulations indicate that for the investigated range of parameters (air velocity 10, 20, 30 m/s, 
water velocity 1, 2, 3 m/s; orifice diameter 0.2 – 1 mm, pressure 3, 6 bar) relation of the water velocity at 
the orifice to the air velocity in the central duct which ensures correct structure of the jet varies. It mainly 
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depends on the water orifice diameter, pressure within the mixing chamber, and the chamber diameter, as 
well as water injection angle. According to the simulation results, value of the searched velocity ratio varies 
from some 0.04-0.05 for a 1 mm orifice to ca. 0.1 for 0.2 mm orifice (diameter of the mixing chamber 
6-10 mm, pc = 6 bar).

Having identified the required ratio between the water velocity at the orifice and the air velocity in the 
mixing chamber for the assumed orifice diameter, it is possible to determine water velocity at a single 
orifice. This in turn enables to find liquid flow through single orifice.

This value in turn, combined with the assumed liquid flow mL enables to determine the number of orifices. 
If the obtained number seems questionable (too high or low from technical point of view), the diameter 
needs to be changed and the process needs to be repeated. Based on our own experience the authors suggest 
to use diameters dw within range 0.6-1 mm in order to avoid operational problems, e.g. with clogging. 
Orifices should be uniformly distributed along the circumference of the mixing chamber.

3. EXPERIMENTAL VERIFICATION

In order to verify the correctness of the presented design procedure, an atomiser was built with a geometry 
and operating parameters determined using this process. The characteristic parameters of the atomiser are 
as follows:

 • nominal liquid flow mL    – 20 kg/h;
 • mixing chamber diameter dc  – 6 mm;
 • nozzle exhaust diameter d*  – 2.5 mm;
 • diameter (dw) and number of orifices (n) supplying water: 1 mm, 8;
 • minimum mixing chamber pressure  – 4 bar(a);
 • minimum air flow mA   – 9 kg/h.

Fig. 3. Schematic diagram of an atomiser with characteristic dimensions marked

The first step of the experimental testing involved verification of compliance of the measured parameters 
with the calculated data obtained for exhaust nozzle diameter. The measured values included the liquid 
flow, air flow and mixing chamber pressure. The required nozzle diameter was calculated from these values. 
The measurement results are shown in Table 2.

Table 2. Exhaust nozzle diameter d* calculated from the measurement results

Measurement 
number

Mixing 
chamber 

pressure [bar]

Water flow
[kg/h]

Air flow 
[kg/h]

ALR
[kg/kg]

Calculated diameter of 
the exhaust nozzle d* 

[mm]
1 4 20 9.35 0.47 2.55
2 5 20 12.33 0.62 2.50
3 6 20 15.26 0.76 2.47

Nozzle exhaust diameter d* calculated from the measurement results is complaint with the value used 
during measurements, i.e. 2.5 mm. This confirms that the presented calculation scheme is correct in 
this context.
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The results of the measurements of the average droplet diameter obtained from the designed atomiser are 
presented below. The measurements were performed at a laboratory stand located at the Institute of Heat 
Engineering, Warsaw University of Technology, using a specialised equipment for determining the droplet 
diameters distribution in a two-phase flow Spraytec made by Malvern company. The monitored parameter 
was the Sauter Mean Diameter.

Fig. 4. Mean diameter of droplets of dispersed spray as a function of ALR

Analysis of data presented in Fig. 4 leads to a conclusion that quality of atomisation achieved in the 
designed equipment considerably depends on the amount of air supplied to the atomiser. The higher the 
air-to-liquid ratio, the lower the diameter of droplets in the spray. This conclusion seems to be consistent 
with the literature (Li et al., 2012; Watanawanyoo et al., 2011; Yudav and Kushari, 2011). According to the 
performed calculations, in order to maintain a desirable dispersive flow character in the designed atomiser, 
the air-to-liquid ratio should be not lower than 0.46. The measurement data reveals considerable reduction 
of the mean droplet size after exceeding that ALR value.

4. CONCLUSIONS

As already mentioned, the available procedures for designing liquid-to-air atomisers are based on certain 
simplifications and assumptions and do not allow precise determination of the liquid droplet size upon 
atomisation. For this reason it is ultimately not possible to determine desirable operating point of the 
atomiser without experimental testing. The presented approach, provided the original assumptions are 
kept, enables to determine certain geometric and operating parameters of an atomiser for required flow of 
sprayed liquid. It is based on the results of research on the two-phase flows and own analysis involving 
computational fluid dynamics. The results of laboratory testing of an atomiser unit designed according 
to the presented procedure confirm that the method for determining required exhaust nozzle diameter or 
minimum pressure in the mixing chamber yield correct results. They also reveal clear drop of an average 
volumetric-surface diameter d32 of droplets (i.e. better atomisation) obtained upon exceeding certain 
minimum air-to-liquid ratio as indicated by calculations. Liquid-to-gas atomisers are currently subject to 
intensive research by the authors of the paper.

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.
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SYMBOLS

A cross-section area, m2

ALR air to liquid ratio, kg/kg
c speed of sound, m/s
D diameter, m
G mass velocity, kg/(s·m2)
m mass flow rate, kg/s
n number of orifices supplying water
p pressure, Pa
k isentropic exponent
M Mach number,
R individual gas constant, kJ/(kg·K)
T temperature, K
Q volumetric flow rate, m3/s
v velocity, m/s

Greek symbols
α volumetric air fraction
l coefficient
ρ density, kg/m3

y coefficient
σ surface tension N/m
μ viscosity, Pa·s

Superscripts
* exhaust nozzle cross-section

Subscripts
A air
c mixing chamber
g gas
L liquid
st normal conditions
w water
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