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Nozzle sprays are used in wide range of application. The used of nozzle application is 
depend on the spray characteristics, by which to suit the particular application. This 
project studies the effect of the air blockage ratio to the spray characteristics. This 
research conducted into two part which are experimental and simulation section. The 
experimental was conducted by using particle image velocimetry (PIV) method, and 
ANSYS software was used as tools for simulation section. There are two nozzles were 
tested at 1 bar pressure of water and air. Nozzle A (with blockage ratio 0.316) and nozzle 
B (blockage ratio 1.000). Both of the sprays performances generated by the nozzles was 
examined at 9 cm vertical line from 8 cm of the nozzle orifice. The validation result 
provided in the detailed analysis shows that the trend of graph velocity versus distance 
gives the good agreement within simulation and experiment. From result, nozzle A 
generated a wider spray angle and higher water droplet velocity which are 31.41 degree 
and 37.317 m/s compared to nozzle B which has produced 27.13 degree of spray 
penetration angle and 16.49 m/s water droplet velocity. As a conclusion, blockage ratio 
has affected the spray system by increasing the velocity of air inside the spray system. 
This is happened at a condition of 1 bar air pressure. 
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1. Introduction 
 

The term "water mist" is refers to very fine particle of water sprays in which 99% of the volume 
of the spray is in drops with diameters less than 1000 microns and that remains suspended in air for 
an extended period of time [1]. The first finding of the application on water mist is during 1950's and 
1960'S about water mist fire protection system [2]. This water mist system is rather cheap and 
effective system compared to available system such as conventional sprinklers and halon gaseous 
agent [3]. The principle of this system is by applied the high pressure to the water to generating very 
fine droplet of water and delivering them to the fire zone in fact due to its high specific heat and heat 
of vaporization coupled with the increases surface area allowing faster heat absorption [4]. 
Technically the mist system raised concerns due to the high pressures required to produce a fine 
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spray, the potential for blocking of the small orifice nozzles and doubts the long- term ability to 
maintain the equipment [5]. The performance of water-mist nozzles is greatly influenced by the 
behavior of sprays that produced. Hence, the characterization of sprays is essential to predict and 
evaluate the behavior of sprays produced by nozzles using the CFD [6]. The nozzle is designed based 
on the characteristic’s method and the CFD method for various performance parameters analysis [7]. 
The dimensions used in the simulations are obtained from the theoretical relations developed and 
were verified experimentally to successfully produce mist spray [8]. Due to the nature of the complex 
atomization process, CFD analysis had become a very useful tool to solve the atomization process, 
However, there are not much application for small-scale low-pressure atomizer as indicated by Fung 
et al., [9] Thus this research applied low pressure of water and air to produce water mist by using 
external mixing technique to suitable used in industry sector. This project studies the effect of the air 
blockage ratio to the spray characteristics. This research conducted into two part which are 
experimental and simulation section 
 
2. Methodology  
 

In this study, ANSYS software and Particles Image Velocimetry (PIV) were used to conduct the 
project in order to observing the velocity and penetration angle generated by the nozzle A. ANSYS 
16.1 software was used to simulate the output result generated by the virtual nozzles model 
meanwhile PIV method was used to analysis the output result generated by the nozzle A. The same 
method was adopted in previous study, especially in determining the validity of the results [10]. 
Selected value of air pressure and water pressure was set at 1 bar. The Boundary condition setup for 
the simulation model is based on previous researcher [11]. 

Simulation was conducted by using ANSYS Fluent 16.1, the nozzle model was constructed using 
SOLIDWORKS. The nozzle designed and modeled for three-dimensional (3D) domain to get a better 
result [12]. Two types of fluids were used in this simulation and experiment which are water and air. 
Water and air temperature are set to 293K and 300K, the flow rate of the water for pressure 1bar 
was at 0.00128 kg/s, meanwhile for air pressure 1 bar was set as 0.00087 kg/s. 

Figure 1 show the simulation model of nozzle system, this set of nozzles consist of three outlets 
orifice holes which are one for water orifice another two for air orifice. The diameter of each nozzle 
orifices was 0.5mm. 
 

 
Fig. 1. Show the details of water and air outlet of the nozzle system 

 

Water outlet 
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Meanwhile for Figure 2, it shows the computational meshing for the whole simulation domain, 
the domain was mesh by a combination of course and fine mesh. In details, at the middle part of the 
domain, the fine meshing was applied in order to get precession in the result. Based on the grid 
independence test on the model, it is clearly shows that, this model consists of two inlets namely as 
water inlet and water outlet as labeled in the Figure 2. 
 

 
Fig. 2. Computational meshing domain  

 
Grid independency test was a method to investigate by comparing the result produced using 

difference meshes level in mesh sequencing. The importance of mesh independency test was to 
ensure that the discretization errors in the particular simulation were relatively small. Generally, the 
grid independency test was the study of mesh quality prior to the result of the solution. In this test, 
the nozzle was tested under 3 different classes of grid. The grid was classified into three types which 
were coarse, medium and fine grid. Details of the number of elements and nodes for each type of 
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Water inlet 
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grid were shown in Table 1. The velocity of air was measured along the x-axis from the centre nozzle 
tips. 
 

Table 1 
Grid independency test 
Item course medium fine 

Nodes 192878 452668 878471 
elements 452668 2519119 5055593 

 
It was clearly seen that the trend of velocity versus distance of each set of meshing has almost 

similar trend in Figure 3. However, the average velocity of each mesh was 743.8565 m/s, 821.443 
m/s and 825.3102 m/s respectively. Since the changes between medium to fine mesh was relatively 
small compared to the changes between medium to coarse mesh, which are 0.47% and 0.45%, thus 
medium mesh setup was selected to run all the nozzle. 
 

 
Fig. 3. Grid independency test 

 
The simulation numerical setup and the boundary condition for this simulation was set as in the 

Table 2 and Table 3. 
 

Table 2 
Numerical setup 
Item Physical Properties 

General Steady State 
Turbulence Model k-epsilon realizable 
Nozzle A Blockage ratio:0.316 
Nozzle B Blockage ratio:1.000 

 
Table 3 
Boundary Condition 
Pressure 
(bar) 

Mass flowrate (kgs-1) 
Water Air 

1.0 0.00128 0.00087 
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3. Experiment Setup 
 

This section will discuss the apparatus, set up and rig setting to carry out this experiment, the 
schematic diagram of the experiment facility is shown in Figure 4 and the real setup shown in Figure 
5. The experiment setup as illustrated in the schematic diagram in Figure 3 was follow by the previous 
researcher [13]. There are consist of 5 important devices to run this project which are air compressor, 
pressure tank, pressure gauge, flow meter, 6 mm tube pipe, atomizer nozzle and lastly is spray catch 
basin. Clean water was placed in pressure tank; the air from the air compressor was supplied to give 
some pressure to the water in the pressure tank. Thus, the water in pressure tank then flows out 
from the pressure tank through a 6 mm tubing pipe. An inline pressure gauge was connected at the 
pressure tank and water flow rate was connected to the 6mm tube where the water flow rate and 
water pressure could be measure. The 6 mm tubing then connected to the inlet of the water nozzle. 

 
i. The assist agent to atomize the water was supplied from the air compressor. The clean air 

from the air compressor then connected to the air flow rate through 6mm tube where the air 
flow rate could be read before supply to the inlet of nozzle spray. The water-air mixture was 
at the exit of the orifice nozzle. By controlling the pressure regulator of the water pressure 
and the air pressure, various spray pattern and droplet size could be produced. 

ii. The pressure tank used was from Spray System Co. the water in pressure tank was pressurized 
using the air supplied from the air compressor. An inline pressure regulator was mounted at 
the top of pressure tank then 6mm tube connected to flow rate meter. 

 

 
(1) Air compressor (5) Pressure gauge (liquid) (9) CCD camera 
(2) Pressure gauge (air) (6) Flow meter (liquid) (10) Transverse 
(3) Flow meter (air) (7) Nozzle (11) Power supply 
(4) Pressure tank (8) Laser (12) Computer 

Fig. 4. Schematic diagram of the apparatus to observe the velocity of droplet and flow pattern 
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Fig. 5. Experiment Setup 

 
4. Results  
 

Two nozzles were tested and the results were compared between experimental and simulations 
in order to observe the similarity of the water spray penetration angle, water droplet velocity and 
water droplet size. From Figure 6, it shows the graph of water particles velocity versus distance at 
1bar of water and air pressure. The graph consists of two lines which plotted depending on the 
experiment and simulation data. Based on the graph in Figure 6, the result for experimental and 
simulation has almost similar trend. At this pressure condition the highest velocity generated by the 
experiment and simulation are 48.0224 ms-1 and 50.1340 ms-1. The highest water droplet velocity 
happened at the center of the orifice. However, the water droplet was decreased from point 0 to 4 
and 0 to -4. Figure 7 shows the water droplet velocity contour, it is clearly shows that the water 
droplet velocity was decreased from the high velocity to low velocity as the particles flowing out from 
the nozzle orifice. The result validated by standard deviation as defined in Eq. (1) [14]. 
 

 
Fig. 6. Droplet velocity versus distance (1bar) 
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Fig. 7. Water droplet velocity contour and water droplet capture by camera (1bar) 

 

𝜎 =
√∑(𝑈𝑥𝑖𝑛𝑢𝑚−𝑈𝑥𝑖𝑒𝑥𝑝)

2

N
                        (1)

          
where  
Ux num = numerical droplet velocity 
Ux exp = experimental droplet velocity 
N = numbers of data 
 

By comparing the velocity simulation values to the experiment values, the standard deviation for 
this validation is 0.451 where it relatively small less than 5 %, thus it shows the simulation giving high 
validity to the present simulation [15]. Hence, the current simulation approach was satisfactory and 
validated. 
 
4.1 The Effect of Blockage Ratio 
 

As the Nozzle A model was validated, then the domain model of nozzle A was modified in order 
to eliminated the blockage ratio to form a new nozzle which is known as nozzle B, two nozzles were 
studied and the results were compared in order to observe the effect of the blockage ratio to the 
water droplet velocity angle of penetration. Figure 8 and Figure 10 show the qualitative and 
quantitative results of water droplets velocity produced by nozzle A and nozzle B. There were two 
spray patterns were illustrated by as the outcome of each nozzle. Based on the Figure 8, it was 
obviously shown that the result generated by the nozzle A and nozzle B has a different spray pattern. 
Nozzle A has a random splash particle distribution compared to nozzle B which is more organized. 
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 (a) (b) 

Fig. 8. Spray patterns generated by nozzle A and nozzle B 

 
The water droplets velocity continuously decreased as droplet move way randomly far from the 

exit of the nozzle. This phenomenon represented by the sequences changes of velocity contour from 
the red colour to the blue colour. The droplet water velocity was measured 9 cm from the nozzle 
orifice and 9 cm from vertical y-axis as shown in Figure 9. All the nozzles were tested under 1 bar 
pressure of water and 1 bar pressure of air. 
 

 
Fig. 9. Water droplets analysis location as it exiting the nozzle 

 
Based on the graph in Figure 10, it is clearly shows that nozzle A has higher water droplet velocity 

at all the point, thus this give nozzle A a higher average droplet velocity compares to nozzle B which 
are 37.31657 m/s and nozzle B 16.49 m/s respectively. The highest velocity was achieved at center 
of the nozzle. The maximum droplet velocity for nozzle A and nozzle B are 50.154 m/s and 30.96 m/s. 
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Fig. 10. Water droplet velocity of nozzle A vs water droplet velocity Nozzle B 

 
Figure 11 illustrated the water droplet particle diameter generated by each nozzle. The 

characteristic of the water droplet diameter was different compared to the characteristic of the 
water droplet velocity phenomena. As for the water droplet velocity, the velocity decreased while 
the water droplet moves way far from the nozzle orifice. Meanwhile, for droplet diameter, the water 
droplet diameter significantly unchanged even it moves away far from the nozzle exit. However, both 
nozzles generated difference water droplet diameter values. 
 

   
 (a) (b) 

Fig. 11. Water droplets particle diameter of nozzle A vs water droplet velocity Nozzle B 

 
Figure 12 represent the water droplets diameter for nozzle A and nozzle B, it is clearly shows that 

nozzle A has bigger water droplet diameter at all the point, thus this give nozzle A smaller average 
water droplet diameter compare to nozzle B which are 1.24199E-06 mm and nozzle B 6.79216E-07 
mm respectively. 
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Fig. 12. Water droplet diameter vs distance of nozzle A and nozzle B 

 
Other than water droplet size and water droplet velocity, Penetration angle also one of the 

important aspects to be included in this analysis, ImageJ Software were used to measure the spray 
penetration angle [16]. The penetration angle was measured 4 cm from the nozzle orifice. As shown 
in Figure 13(a) and Figure 13(b), the picture illustrated the differences angle of penetration of both 
nozzles, as can be seen nozzle A has wider penetration angle compare nozzle B, angle of penetration 
of nozzle A and nozzle B is 31.41 degree meanwhile for nozzle b is 27.13 degree. 
 

  
(a) (b) 

Fig. 13. Water droplet diameter penetration angle of (a) nozzle A and (b) nozzle B 

 
5. Conclusions 
 

As a conclusion, the effect of the blockage ratios was investigated through the simulation. The 
simulation study concluded that the blockage ratio gives a significant effect to the spray penetration 
angle for each type of nozzles, by reducing the air blockage ratio from 1.000 to 0.316, it was affecting 
the spray physical characteristic. Figure 10 clearly shows that reducing the air blockage ratio increases 
the water droplet velocity, as compared to the blockage ratio 1.000, consequently, affected the 
penetration angle and water droplet diameter as in Figure 12 and Figure 13. It was found that Nozzle 
A has the best spray performance compared to Nozzle B. Thus, it was concluded that Nozzle A has 
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the optimum performance characteristic of the spray. The wider the spray angle means a smaller 
droplet size is produced and more space to distribute the droplets. 
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