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Rigid spray polyurethane (RSPU) was commercially used as an injection in crack walls or
soil surfaces to enhance material performance, increase lifetime, and save operating
costs. The limitation of the RSPU nozzle was reported as easily clogging when sprayed
out to the insulation and crack surface area and the finished product was less
aesthetically pleasing. In this study, the RSPU nozzle of flat fan nozzle, 180° angle
(Design A), Hollow cone nozzle, 60° angle (Design B), and Full cone nozzle, 90° angle
(Design C) were prepared by using the SOLIDWORKS software. The effect of different
pressures for RSPU nozzle design at the ranges of 4Mpa, 5MPa, and 6MPa was examined
by ANSYS FLUENT software. The velocity of the outer spray nozzle shows a significant
increase with increasing inlet pressure of the RSPU nozzle. The results reveal that the
highest velocity of RSPU was obtained at the Hollow cone nozzle (Design B) as compared
to (Flat fan nozzle) Design A and (Full cone nozzle) Design C at 394.249 m/s at 4MPa,
442.327 m/s at 5MPa and 485.37 m/s at 6MPa, respectively. The distribution droplet
area shows the Design B spray formation had wider area coverage at 60° and exhibited
that the injection nozzle spray was scatted and uniform at 6MPa. RSPU shows the
velocity increased, distribution droplet increased, and output volume spray was
decreased at the increasing of injection pressure. Hence, in this study was suggested
that the size of RSPU nozzle design must be made at the ranges of 60° to 90° of outlet
nozzle to obtain a good RSPU area. In conclusion, design B is the most effective for RSPU
nozzle and is useful in injection cracking and insulation materials applications.
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1. Introduction

Spray polyurethane (SPU) was commercially used as insulation in industrial equipment in pipes,
tanks, and ducting to enhance energy efficiency, increase lifetime, and save operating costs. It may
also be used to seal and protect surfaces against corrosion, wear and tear, and other sorts of damage,
such as those found on machinery and equipment. SPU is one of the most popular methods of
insulation in the manufacturing and geotechnical industry. SPU is utilized in a range of manufacturing
applications, including insulation for industrial equipment and facilities, product sealing and coating,
and surface protection. The previous research reported that the use of the cold spray process for
depositing a range of powder particles including metals, polymers, composites, and ceramics on
diverse substrates since its first application as a coating technology more than 30 years ago [1].

Most of the SPU materials are the rigid polyurethane (PU) foams. These rigid polyurethane foams
have excellent thermal insulation, low density, high specific strength, good dimensional stability, and
adhesion strength as well as aging resistance, which makes them attractive high-performance
materials for offering numerous applications [2]. SPU is a very effective thermal insulation material
that is utilized in a variety of commercial construction applications such as internal and external wall
insulation, basement and ceiling insulation, and floor and flat roof insulation [3]. SPU is a stiff foam
that is currently employed in residential and commercial structures as wall insulation [4]. SPU
insulation has two components, component ‘A’ as isocyanate and component ‘B’ as polyol It expands
many times its volume and solidifies in seconds sealing the wall [4].

However, in SPU the part of spray nozzles has been utilized in a range of industrial applications
such as spray blasting, spray cooling, spray coating, and agricultural spray, and they come in single-
spray, twin-spray, and multi-spray forms [5]. SPU is a very effective thermal insulation material that
has had significant market expansion over the last decade. SPU is also used as spray-applied
insulation that has the ability to decrease air infiltration through cracks, seams, and joints [6]. PU
spraying consists of projecting the PU into a surface or a cavity. It is normally used for insulation
layers on flat surfaces such as roofs [7].

In current practice, on-site applications, SPU exhibited the issues with two-component PU foam
systems in practice on-site used in the manufacturing sector. The main problems reported in the
spray application of PU, caused by the finished product depend primarily on the proper application
and properties of the in-place foam. This is also due to foam hardens in a two-component system in
a very short period of time via chemical reaction with the reaction of polymerization isocyanate
hardener, the guns must be cleaned immediately after use [8].

SPU nozzle is commonly clogged when PU flow particles move through the nozzle, the PU liquid
occasionally collides with the nozzle's inner wall, causing particle-to-nozzle wall bonding and,
eventually promoting the nozzle blockage [9]. This is due to the ability of PU flow to give effect to the
outlet nozzle in order to produce aesthetically pleasing products and achieve faster cycle times and
higher yields, fundamentally the processing techniques are frequently compromised, resulting in
unexpected failures [10].

Hence, to prevent the clogging in outer nozzle issues, this study focused attention on studying
the maximum value of the velocity and pressure applied on spray nozzles used to apply polyurethane
foams directly to the rigid surface and at the same time to improve the surface finishing product. This
SPU nozzle selection is critically needed to prevent spray drift and improve the efficiency of the
insulation repair application. Hence, the objectives of this study were to examine the effect of
pressure and velocity on the SPU nozzle at three different designs with the outlet nozzle angle 60°,
90°, and 180° with the injection pressure of 4MPa, 5MPa, and 6MPa by using the CFD method.
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2. Methodology
2.1 Geometry Development

The purpose of this study was to examine how varying pressures affected the flowability of a rigid
PU spray nozzle that had three different sizes of nozzles design at different angles of 60°, 90°, and
180° as referred to in Figure 1. The rigid PU spray nozzle was designed based on the developed model
from the previous research by Barman et al., [11]. The different types of rigid PU spray nozzle designs
were set as a baseline on the length dimension of 20mm. Whereas the modified design involved the
size of the rigid PU spray nozzle with a shapes design flat fan (Design A), hollow cone (Design B), and
full cone (Design C). The study by Barman et al., [11] used a cylindrical shape with a diameter of
47.1mm. The rigid PU spray nozzle size was created using the usual arrangement depicted in Figure
1 and the dimension of the spray nozzle in Table 1.

10mm 7mm 7mm
< > 20mm [ - 20mm - . 20mm
! !
I Y%
% | A
T 60° » | i
180 7| 90° |
DESIGN A DESIGN B DESIGN C

Fig. 1. Three types of rigid PU spray nozzle (a) Nozzle design A (b) Nozzle design
B and (c) Nozzle design C

Table 1
Dimensions of the spray nozzle
Parameter nozzle Angle (°) Diameter (mm) Length (mm)
Design A 180 10 20
Design B 60 7 20
Design C 90 7 20
2.2 Boundary Condition

The model's area restrictions are defined in boundary conditions as shown in Figure 2. In this
model, there are three boundary conditions which are inlet flow, outlet flow, and wall. In this analysis,
the water fluid domain was selected and represents the rigid PU fluid spray and was set to collect at
the inlet selection before being injected into the chamber. The next boundary condition is the
injection of rigid PU fluid spray into the chamber through the outflow. Finally, the last boundary
condition is the wall, which has no motion. As a result, the rigid PU spray nozzle and chamber walls
can be declared stationary as shown in Table 2.

Table 2

The parameters used throughout the whole simulation

Nozzle Injection inlet Solver Time Viscous model  Fluid material
design pressure (MPa)

Design A 4,586

Design B 4,586 Pressured based  Steady K -epsilon Polyurethane
Design C 4,586
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Fig. 2. (a) Boundary conditions in 3-Dimensional view (b) Location of nozzle orifice and spray
(sectional view)

2.3 Governing Equation

CFD includes the numerical solution of conservation equations. The Reynolds-averaged Navier-
Stokes (RANS) equations were simultaneously solved using the finite control volume with cylindrical
coordinates was applied. The governing equation in the simulation study included mass conservation
and conservation of momentum in Z, R, and 0O direction as formulated in Eq. (1), Eq. (2) and Eg. (3)
respectively [12,13].

In Z-direction
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p (E + U£+ V; +7%) = —§+ [;a(rl-rz) +;£ng + ETZZ] + pFz (1)
In R-direction
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In 6-direction
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Where p is the density at the point considered in the continuum (for which the continuity equation
holds), T is the stress tensor, and pF contains all of the body forces per unit mass (often simply
gravitational acceleration).

2.4 Grid Development

The meshing construction involved the breakdown process of domain into thousand or more
shapes each representing an element of the component. The meshing process for the present study
was developed for each component domain in the rigid PU spray nozzle as depicted in Figure 3. The
mesh type of solid mesh has been applied and every core surface and volume meshing were used in
this meshing model. The element size for a mesh-based curvature is numerically approximated by
the average number of elements that fit inside a hypothetical circle, while taking into account the
user-specified minimum and maximum element sizes [14]. Table 3 shows the generated meshing
properties of the present model. The total number of elements generated was 2161069 for design A,
123699 for design B and 128261 for design C, respectively.
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oS

Fig. 3. The result of the generated of mesh PU spray nozzle model

Table 3

Mesh property

Parameter nozzle Mesh type Total nodes Total element
Design A Solid mesh 400660 2161069
Design B Solid mesh 24985 123699
Design C Solid mesh 123699 128261

3. Results
3.1 Model Validations

Figure 4 shows the distribution of the velocity magnitude model of the simulation generated with
a water spray nozzle under an inlet pressure of 24 bar using the ANSYS simulation. The present results
were validated with the previous study as shown in Figure 5. The created domain is cylindrical in
shape with a radius of 23.55 mm and a length of 60 mm. Figure 5 shows that the present study is in
good agreement with the Barmen, et al., [11]. According to Barmen, et.al [11] mentioned that the
nature of the spray produced at the nozzle exit is a hollow cone spray and the maximum velocity of
exit at the nozzle outlet is found to be in the range of 55 - 60 m/s.

Fig. 4. The distribution of
velocity in simulation nozzle
chamber
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The present results showed a deviated value of few percentages with Barmen, et al., [11] at the
position of the same injection pressure. The deviation seems to be caused by the different fluid
properties used on the inlet of the simulation chamber was 158.3 m/s for Barmen, et al., [11] and
192.6 m/s for the present result. The percentage error was 17.8% which is below 20%. The value of
percentage error was close to the previous study from Joanna et al., [15] which also performed spray
injection simulations and suggested that 18% was the relative error between the experimental with
the mathematical model. Hence, this evidently was considered that our percentage value is
acceptable to be used for simulation in this study [15].

250
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Fig. 5. Comparison of simulation result between previous study by Barman
[11] and present study

3.2 Effect of Velocity at a Different Inlet Pressure of PU Spray Nozzle

Figure 6 illustrate the velocity contours at different inlet pressure of 4MPa, 5MPa, and 6MPa of
spray nozzle Design A, Design B, and Design C.

Pressure Design A Design B Design C
Velocit i
4MPa Velocity Plane ¥ ‘,!{i,‘,?g'ﬁy
! 305.72 ' 395.50 H 379.4
229.29 - 296 .63

284.5

H 197.75

- 98.88

I 0.00

[m s™-1]

76.43

0.00

[m s?-1] %0

[m s";1]
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Fig. 6. Velocity contours at 4MPa, 5MPa, and 6MPa of different rigid PU spray nozzle of Design
A, Design B, and Design C

From the observation, the volume of the rigid PU fluid spray nozzle from the outlet nozzle spray
shows the distribution area of injection was lowest at design C followed by design B and design A.
However, at Design B with 60° outlet nozzle angle gives a uniform distribution flow and long-distance
flow as compared to Design C with 90° outlet nozzle angle. This is may due to the effect of the
different sizes of the outer spray nozzle design angle which is at the range 180° (Design A), 60° (Design
B), and 90° (Design C) distribution direction respectively.

The velocity of rigid PU fluid spray result of this research study was a similar trend to previous
research by scholar [16]. This previous research mentioned that the higher spray velocity results of
smaller droplet size give more uniform droplet distribution and a more consistent and uniform spray
pattern. However, the value of velocity results of this simulation is different from previous research
which is 60 m/s as the material and boundary condition used for this simulation may be different
than the previous work.

Moreover, the relationship between rigid PU spray velocity and the spray formation was complex
and influenced by several factors. As the velocity increases, droplets become smaller, and droplet
distribution becomes more uniform, which improves the overall surface finish, but it also increases
the chances of overspray and rebound. Therefore, it is important to consider the trade-offs and find
the optimal rigid PU spray velocity that balances the benefits and drawbacks for the specific
application and manufacturing process.
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Figure 7 shows the summary of the maximum velocity of different nozzle designs of Design A,
Design B, and Design C at different pressures from 4MPa, 5MPa, and 6MPa, respectively. The result
shows the maximum velocity of the spray nozzle significantly increased with increasing inlet pressure.
However, the velocity of the distribution droplet also influenced by the nozzle shape which is a
different design of the spray nozzle due to smallest spray area gives the good performance of spray
fluid distributions. The spray velocity at an inlet pressure of 6MPa, for example, has the maximum
value for design A. When the injection pressure is increased, the velocity of the fluid out increases.
These suggested that a velocity increase contributed to the volume of fluid that was sprayed out from
the spray nozzle when injection pressure increased. So, the PU performance spray may become more
efficient with the optimum pressure and angle of spray nozzle.

485.374
500 471,096
=
h
£
s 394.249 =@=—Design A
S 400 379, .
- 246,746 359.736 «=@==Design B
E ' — Design C
> 305M
300
4MPa 5MPa 6MPa
Pressure

Fig. 7. Maximum velocity of different nozzle design of Design A, Design B, and
Design C at different pressure from 4MPa, 5MPa, and 6MPa

Overall, the velocity effect on the distribution droplet of the rigid PU fluid spray shows that Design
B, with a maximum velocity of 442.327 m/s, would likely produce the smallest droplet size and most
uniform droplet distribution. However, it is important to consider other factors such as nozzle
geometry, fluid properties, and environmental conditions before determining the best spray nozzle
design.

3.3 Effect of Formation at Different Injection Pressure of Rigid PU Spray Nozzle

From the study, the volume of rigid PU fluid in a spray-out pattern shows not uniform and
scattered droplet distribution at Design A, Design B, and Design C as shown in Figure 8. Based on the
pressure effect, the pattern shows with increasing the volume of rigid PU fluid, the droplet
distribution also increased with increasing injection pressure of 4MPa, 5MPa, and 6MPa at Design A,
Design B, and Design C, respectively. Design B shows a higher volume of rigid polyurethane fluid spray
at 4MPa, 5MPa, and 6MPa as compared to Design A and Design C. This is due to the angle of the
spray nozzle Design B being 60 degrees gives more direction to inject and spread the rigid
polyurethane fluid according to the nozzle shapes and insulation surface areas.

The spray formation of the study was a similar trend to previous research by author [17]. These
previous research findings have shown that spray formation is greatly influenced by the nozzle
design, fluid properties, and operating conditions. The volume of spray out from the nozzle is affected
by the fluid velocity and pressure at the nozzle exit. As the velocity increases, the spray formation of
the spray nozzle, also becomes wider, while the droplet size decreases slightly to the spray nozzle
design.

66



CFD Letters
Volume 16, Issue 12 (2024) 59-71

Spray formation is a critical aspect of the design and development of spray nozzles. It refers to
the way in which fluid is dispersed from a nozzle into droplets or a spray pattern. The volume of spray
out from the nozzle is dependent on various factors such as fluid properties, nozzle geometry, and
operating conditions. Generally, a higher volume of rigid polyurethane fluid spray at 4MPa, 5MPa,
and 6MPa for Design B compared to Design A and Design C. The spray formation and the volume of
spray out from the nozzle are closely related and are dependent on several interrelated factors.

Pressure Design A Design B Design C
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Fig. 8. The spray formation contour at 4MPa, 5MPa and 6MPa of 3 different nozzle design

which is of Design A, Design B and Design C
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3.4 Effect of Spray Cone Angle at a Different Injection Pressure of Rigid PU Spray Nozzle

Figure 9 shows the spray cone angle for 4MPa, 5MPa, and 6 MPa pressure of 3 different nozzle
designs which are Design A, B, and C. The result uncovers that the spray cone angle of the spray-out
pattern shows different outcomes of the spray nozzle design. Design B reached the highest cone
angle followed by Design C and Design A. This is may due to various factors, including fluid properties,
nozzle geometry, and operating conditions.

From the previous research, the trend of the result is similar to the [18]. Previous research has
shown that the spray cone angle is directly related to the volume of spray out from the nozzle. An
increase in the spray cone angle results in a larger volume of rigid polyurethane fluid spray, while a
decrease in the spray cone angle leads to a smaller volume of fluid spray. This relationship is due to
the relationship between the spray cone angle and the fluid velocity, which directly affects the
volume of rigid polyurethane fluid spray.

Table 4 shows the spray cone angle of Design B is the highest at 38.2° at 4MPa, 39.2° at 5MPa,
and 39.8° at 6MPa. The spray cone angle and the volume of spray out from the nozzle are closely
related, with changes in the spray cone angle resulting in changes in the volume of fluid spray.

Table 4

The angle of spray nozzle at different inlet pressure

Inlet pressure 4MPa 5MPa 6MPa
Design A Angle (°) 15.6 16.1 16.9
Design B Angle (°) 38.2 39.3 39.8
Design C Angle (°) 21.5 22.2 23.1

The velocity and penetration angle of a new development nozzle exhibited that increasing the
pressure of water and air increases the velocity of the water droplet. Hence, changing the ratio of
water and air flow rate can considerably increase water droplet velocity and water droplet angle
penetration performance [19]. Previous research also reported that airflow velocity measurement of
the electrostatic for spray coating application at the pressure from 0.2 to 0.8 MPa and selected in
accordance with the established operating spraying condition [20].

Pressure Design A Design B Design C
4MPa
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5MPa

6MPa

Fig. 9. The spray cone angle at 4MPa, 5MPa and 6MPa of 3 different nozzle design which is of Design
A, Design B and Design C

4. Conclusions

In conclusion, the objective of this study is to compare the spray nozzle of rigid PU spray nozzle
as a function of insulation by using the ANSYS software for insulation materials applications. The
results reveal that the highest velocity of rigid PU spray was obtained at Design B with an outer nozzle
angle is 60° as compared to Design A and Design C. The velocity of Design B shows 394.249 m/s at
4MPa, 442.327 m/s at 5MPa, and 485.37 m/s at 6MPa, respectively. The distribution droplet area
shows the Design B spray formation had wider area coverage at 60° and exhibited that the
distribution droplet of the injection nozzle spray was scattered and uniform at 6MPa. This study
suggested that the size of rigid PU spray nozzle design must be made at the ranges of 60°until 90° of
outlet nozzle to obtain a good spray area. When compared to the other designs, design B is the most
efficient in terms of spray velocity, spray formation, and spray cone angle and possibly the most
suitable to use in the manufacturing and geotechnic industry to improve the use of SPU and was
suggested way to solve the current problem of clogging the outer nozzle during the insulation soil
cracking installations.
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