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Spray coating technology is an advanced manufacturing process to break the liquid down 
into small droplets and disperse these droplets uniformly on the target substrate. The 
nozzle used in this fabrication process rapidly disintegrates the liquid jet at a direction of 
motion governed mainly by the prevailing airflow pattern in the spray region 
environment. According to Navier–Stokes energy equation, the fluid and environmental 
temperature capable of supplying additional energy to the droplet imparted the ejected 
liquid jet from the nozzles. With a view to understanding the liquid droplet behaviour at 
elevated temperatures, this study investigates the jet velocity, pressure, and 
temperature of ethanol at its evaporation temperature of 360 K using commercial CFD 
software (ANSYS FLUENT 2020). A numerical simulation of a simple nozzle system with a 
cone angle of 56° and an outlet radius of 0.1966 mm was modelled at 1 bar inlet pressure 
to study the effect of the environment temperature on the liquid jet. The result from the 
temperature profile showed that the liquid jet exhibited turbulence or a swirling effect 
at elevated temperature as the liquid absorbed thermal energy. The liquid jet 
temperature increased to the maximum temperature of +3K at a liquid jet distance of 10 
cm when compared with normal environment temperature. This numerical study showed 
that environmental conditions such as temperature can impact the liquid jet quality and 
properties, which are difficult to observe during experimental work. It is expected that 
the finding from this work would benefit the industries, leading to better spray nozzle 
design for future coating applications. 
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1. Introduction 
 

Computational fluid dynamics (CFD) is the numerical study of fluid dynamic problems underflows. 
CFD development allows scientists and engineers to understand complex fluid phenomena in many 
applications such as fluid flow in spray, pipe, vehicles, surface, pump, or ventilation systems [1]. The 
fluid dynamics of spray involved several topics from evaporation, atomization, combustion and 
freezing. Zheng et al., [2] investigated the dynamic process of single splat formation for optimizing 
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the plasma spraying process. They have developed a 3D model consisting of heat transfer and phase 
change by CFD simulation to understand the impact, flattening and solidification of a molten droplet 
on a solid substrate. Alhulaifi et al., [3] performed a CFD numerical investigation for various nozzle 
geometries and flow conditions to produce successful coating adhesion on a metal substrate. 

Understanding the physics of fluid dynamics and applying it to real-world problems can permit 
the development of newly emerging technology and ecosystems as (as essential) will benefit and 
increase productivity. The spray technologies have been utilized in the recent development of a 
family of carbon such as carbon nanotube (CNT) and graphene by using carbon sources, namely 
ethanol, palm oil and castor oil which have low hydrogen contents. The technique has successfully 
fabricated a multi-wall carbon cube with large yields at varying diameters of 20-60 nm and large-area 
single-layer graphene with coverage up to 97% of the measured area size of 6400 μm2 [4-6]. 

Development of new carbon material such as CNT, graphene oxide (GO) and reduced-GO (RGO) 
for new applications such as sensors, electronic devices, superconductors, catalysts, etc. have been 
widely investigated due to their high thermal and chemical stability, high aspect ratio and unique 
electronic properties, see studies by Zhang and Nicolosi [7], Szuromi [8], and Zhu et al., [9]. The 
fabrication methods used to form a film or layer on the glass or silicon substrate of these unique 
materials were chemical vapor deposition (CVD), spray coating, sputtering, or dipping techniques. 
Salleh et al., [10] successfully grow dense and high-quality carbon nanostructure on Ni (nickel) layer 
by using CVD method. On the other hand, in 2019, Firdaus et al., [11] has continuously produced CNT 
by using the same method in a rotary reactor. Furthermore, Hussin et al., [12] has fabricated and 
characterized graphene on silicon substrate by using spray coating technique for advanced power 
electronic design. 

Spray coating processes are well known for their advantages to yield a high production rate with 
good uniformity because of simplicity and low cost. Application such as electronics and chemical 
catalysts with required large surface interaction areas will benefit these fabrication routes. However, 
optimizing the spray processes can be challenging since the chaotic nature of millions of high-velocity 
spray droplets ejected from the nozzles that concurrent continuously with the spray environment 
and the final target substrates [13]. Alternatively, second to the CFD approach is a preference means 
to determine the optimal parameters of the spray process [14]. 

There are several models of fluid instability during spray processes such Kelvin-Helmholtz and 
Rayleigh-Taylor that predict the breakup of the liquid. The fluid breakage better known as 
atomization reduce the fluid internal energy causing a temperature and pressure drop along the path 
of the ejected droplets. In isolated chamber system such as combustion chamber, the deviation of 
fuel temperature and pressure led to reduction of engine performance and increased the toxic 
emission [15]. 

Inspired by these problems, a numerical study of the ethanol spray process for the development 
of CNT based material using CFD was conducted using commercially available software ANSYS Fluent 
2020. The ethanol liquid was ejected from the nozzle at two different environment temperatures of 
300 K and 360 K. Ethanol have low density and viscosity at this temperature range [15]. At 360 K, the 
ethanol will start to evaporate, which allows us to understand the liquid droplet and vapor mixture 
of the ejected jet [16]. This work comprised a numerical method, the result of velocity, pressure, and 
temperature of the jet and finally, the thermal conductivity of the ethanol vapor. From the result of 
this work, the environment temperature of 360 K has affected the velocity and temperature of the 
jet, thus reducing the thermal conductivity of the jet at the outlet end of the nozzles. Further down 
from the nozzles, the velocity and momentum of the jet vary slightly due to the thermal heat of the 
environment. 
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2. Methodology 
 

In this work, CFD commercial code ANSYS FLUENT 2020 have been used. Generally, the simulation 
in ANSYS FLUENT involves three main stages: pre-processing, solver, and post-processing. The design 
of the nozzle used in this study is only focused on the spray nozzle, substrate, and environment. 
Figure 1 shows the overall simulation and the analysis flow chart, while Figure 2 shows the schematic 
diagram of the cross-sectional of the spray nozzle. The nozzle cone angle is 56°, with an outlet radius 
of 0.1966 mm. 
 

 
Fig. 1. Modelling flowchart in ANSYS FLUENT 

 

 
Fig. 2. The schematic diagram of the cross-sectional 
spray nozzle 
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For the geometry model, a 2D ANSYS workbench was used, and a 2D planar body is considered in 
this work. Numerical simulations were carried out on a 2D axisymmetric mesh with quadrilaterals 
shape and dimensions of 120 mm × 25mm. The quality of the mesh is controlled by the skewness 
value, 0.9 with a high smoothing condition. The computational domain is divided into seven 
subdomains, as shown in Figure 3. 
 

 
Fig. 3. Mesh modelling with seven subdomains 

 
The total number of cells, 19550 and total binary node, 19896 have been used. Table 1 listed the 

total area of each section in the domain. 
 

Table 1 
The surface area of the mesh 
Domain Surface area (mm2) 

1 189.18 
2 81.589 
3 28.311 
4 1522.2 
5 171.74 
6 160.83 
7 38.098 

 
From the seven domains, subdomains 1, 2 and 4 is the environment or the farfield with 

temperature parameters, 300 K and 360 K. Subdomain 3 is the spray nozzle with air and ethanol as 
the solvent, and the injected parameter condition is incompressible. This subdomain is divided into 
four functions, namely inlet, outlet, wall and axis. The inlet nozzle is known as the convergent section, 
and the outlet nozzle is known as the divergent section. The significance of the convergent-divergent 
area is to convert from the potential energy inside the nozzle into kinetic energy before the solvent 
is coated on the substrate. Subdomain 6 and 7 is the location of the substrate. 

Navier–Stokes energy equation was adopted in the model of the simulation. The calculation was 
coupled with pressure-velocity coupling with a full implicit 2nd order gradient-, pressure-, 
momentum- and energy-time scheme together with 2nd order spatial discretisation scheme. For 
viscous models, laminar flow is used due to no viscosity effect during incompressible flow of the fluid. 
Table 2 shows the boundary condition setting that has been applied in the ANSYS FLUENT to conduct 
the simulation. 
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Table 2 
The boundary conditions used in ANSYS FLUENT 
Solver 2 D axisymmetric Density-based 
 Steady time (compressible) 
 Velocity combination Absolute 
Model Viscous Laminar 
 Energy equation On 
Material (Fluid) Air  
 Ethanol  
 Ideal gas  
 Viscosity by Sutherland law  
Domain/ 
Boundary Condition 

Inlet Pressure inlet: 1 bar 

  Temperature: 300K 
 Outlet Pressure outlet: 1 bar 
  Temperature: 300 K 
 Wall Wall 
 Farfield/environment  Temperature: 300 K and 360 K 
   
Solution initialization Standard From Inlet 
Reference value From inlet (fluid surface body)  

 
In order to improve the calculation accuracy, a high-resolution orthogonal mesh has been used 

for the entire domain. The simulation was done on AMD Ryzen 5 3600 with 64 GB memory. The test 
conditions of the work are namely, ethanol solvent injected at 1 bar and the ambient temperature of 
300K and 360K. 
 
3. Results and Discussion 
 

Figure 4 shows the temperature contour profile of the air’s jet when the environment 
temperature is 300 K in Figure 4(a) and 360 K in Figure 4(b). As indicated by the temperature colour 
profile from Figure 4(a), the injected air is kept at the same temperature of 300 K when the jet of the 
air passes through the space. Compared to Figure 4(b), when the air is ejected from the outlet of the 
nozzle, no distortion or turbulence effect is observed at the beginning. When the jet of the air passed 
through space, the temperature of the jet was found to increase at a steady state but just a few 
degrees (≈4K). The observed temperature gradient at the wall of the nozzle is due to the heat 
conduction of the nozzle material made from aluminium to the environment producing a region of 
swirling flow as the cool air from the nozzle inlet is denser than the hot air of the environment. 
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(a) 

 
(b) 

Fig. 4. The temperature profile using air of (a) 300 K and (b) 360 K environment 
temperature 

 
Figure 5 shows the temperature profile of the simulation using ethanol as the source at 300 K in 

Figure 5(a) and 360 K in Figure 5(b). The injected air is kept at the same temperature of 300 K. When 
the environment temperature is 300 K, the temperature of the ejected jet displays no significant 
difference than a jet of air in Figure 5(a), as there are no temperature gradients across the space of 
the simulation. Compared to the environment temperature of 360 K, the temperature profile 
exposed several patterns from the beginning of the fluid inlet to the location of the substrate. There 
are considerable temperature differences observed at the nozzle outlet as the fluid temperature is 
cooler at this side. As it travels across space, the temperature of the fluid jet gains to about a 
maximum of 3 K to the end of the space as it absorbs the heat energy from the environment as shown 
in Figure 6 creating a large fluid to droplet breakage at distance about 2.4 cm from nozzle outlet. This 
increased the spray penetration length to almost 6 cm from the nozzle outlet. The spray cone angle 
beyond the nozzle outlet where the ethanol droplets concentration is higher was found widen to 
about 40ᵒ compared to Figure 4(b). This indicated the turbulent dispersion of ethanol droplet in 
higher environment temperature. 
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(a) 

 
(b) 

Fig. 5. The temperature profile using ethanol at (a) 300 K and (b) 360 K environment 
temperature 
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Fig. 6. Temperature as the function of spray position of the air and ethanol at 300K and 
360K 

 
Figure 7 shows the pressure of the ejected jet air and ethanol from the nozzle for 300 K and 360 

K. The source pressure of the jet is 100k Pa (1 bar). When the jet discharged from the nozzle, it lost 
its energy to space. The ejected air and ethanol jet at 300K continued at 2800 Pa with a small 
fluctuation at 0.1 m and beyond as it travelled through space. It indicated the formation of backflow 
of the ejected ethanol’s jet when the pressure is fluctuated, which displayed less back-flow due to 
high momentum since it has a higher mass than air. For the environmental temperature of 360K, 
greater pressure fluctuations were observed almost steady to environment pressure with higher 
backflow. It is because hot air is much lighter than cool jets (mixture of air and ethanol vapour). 
 

 
Fig. 7. The pressure of the ejected air and ethanol at 300K and 360K 
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Figure 8 shows the velocity of the air and ethanol ejected out of the nozzle. The magnitude of the 
velocity for both 300 K and 360 K was almost the same, but it was found that velocity of the air jet 
loss was a bit greater as it travelled across space. The momentums of the air jet were lesser than 
ethanol thus received more velocity variation. From the result, the air jet has a higher velocity than 
ethanol as the drag experienced by the ethanol droplets in the environment is much higher than the 
air. This result indicated that the droplets velocity / kinetic energy depends on the thermal energy of 
the environment. A comparative numerical observation from Jumadi et al., [17] demonstrated the 
velocity of the gasoline droplets reduced accordingly with environment pressure primarily due to 
drag that restrict the droplet from travelling in much faster rate and distances. 
 

 
Fig. 8. The velocity of the ejected air and ethanol at 300 K and 360 K 

 
For analysing the effect of environment temperature, the mass of the fluids used in the simulation 

should be considered an important parameter affecting the fluid flow behaviours. Generally, when 
the mass of the fluids is heavy, the temperature perturbation is higher, and the velocity of the fluid 
reaching the substrate will decrease further [18]. This situation will lead to turbulence or a swirling 
effect as it passes through space [19]. 
 
4. Conclusion 
 

Simulation study on spray coating model is investigated with the help of software ANSYS FLUENT 
2020. Simulation was done on two different material, ethanol and air at two different environment 
temperature. The fluid flow properties of the ethanol spray system such as fluid breakage length, 
spray angle and penetration length were about 6, 40ᵒ and 2.4 cm respectively. The velocity, 
temperature and pressure of the droplet revealed the environment temperature and type of fluid 
affect the formation of droplet in spray system. The momentum and kinetic energy of the droplet 
have been discussed to explain the findings. The significant results of this study can be summarized 
as follows 
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i. By increasing the environment temperature, a significant temperature difference can be 
observed when ethanol was ejected and evaporated at the outlet of the nozzle. 

ii. When the fluid passes the space, the velocity and the momentum of the jet with heavier 
mass vary slightly due to the thermal heat of the environment. 
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