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Abstract:

This article presents the results of numerical flow simulations, taking
into account heat transfer in water nozzle components. Analyses were
conducted using computer simulations, including the finite volume
method in Siemens FLOEFD for NX. A free surface function was used
to ensure free water flow through the nozzle outlet. Flow simulations
were performed for four calculation cases. Identical air parameters
outside the nozzle were assumed for all calculation cases. The first two
calculation cases, for pressures of 15 bar and 40 bar, respectively,
considered the swirler and atomizer material as MO58, while the next
two, also for pressures of 15 bar and 40 bar, considered the nozzle
components as Al,O3; — 98%. The volumetric flow rate of water through
the nozzle was determined to be 3.7 I/min for pressures of 15 bar and
6 I/min for pressures of 40 bar. For each flow simulation, maps of the
temperature, pressure, and velocity distribution of the water and air
flowing through the nozzle were presented. Additionally, for each
simulation, the temperature distribution on the outer surface of the
nozzle, within the outlet opening and in the YZ cross-section was
presented.
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1. Introduction

The growing interest in winter physical activity in mountainous regions requires snowmakers to be
more efficient, especially at temperatures above 0°C. The basic design element of a snowmaker is the
water nozzle, which is manufactured based on a combination of theoretical formulas, laboratory tests,
numerical modelling, and industrial verification. The nozzle geometry directly affects the efficiency of
the jets, which are then used for subsequent applications such as spraying, cleaning, cutting, and
drilling [1, 2, 3]. Due to the time-consuming process of preparation and laboratory testing, the fluid
mechanics and heat transfer analysis of the designed water nozzle is performed using numerical
modelling. Li et al. [4] performed three-dimensional numerical simulations of round-rectangular
nozzles using Fluent 6.0 CFD software with user-defined functionality. Based on their studies, they
found that the outlet height-to-width ratio has a significant impact on flow and heat transfer in round-
rectangular nozzles. Too small a ratio disrupts the flow field in the nozzles and leads to high
temperature points and even nozzle burnout. Reis and dos Santos Gioria [5] conducted a CFD study of
the nozzle diameter, nozzle outlet position, mixing length, diffuser curve, and diameter in a water-
water ejector. Kus and Madejski [6] developed an axisymmetric CFD model of an ejector condenser to
investigate the ejector efficiency and condensation intensity for different design modes. In their
research, they used Simcenter STAR-CCM+ software based on the finite volume method. Buska et al.
[7] used Ansys Fluent Meshing software and the Poly-Hexcore Mosaic mesh to investigate water
nozzles of varying shapes and their effects on water jet flow, concentration, dispersion, and range.
Regarding nozzle structure, Wen and Chen [8] investigated the jet characteristics of nozzles with
different structures using a simple conical nozzle model. Jiang et al., [9] numerically studied the
discharge field of various nozzles with different inlet velocities and different convergence angles.
They found that a nozzle with a convergence angle of 10 or 15° and three times the outlet diameter was
characterized by a longer flow core, better agglomeration efficiency, and a higher discharge coefficient.
Pan et al. [10] used Fluent software, in which the k-¢ turbulence model was used to simulate the flow of
nozzles with different sizes and nozzle arrangements in the pipeline. Martinez and Gaukel [11] modelled
pneumatic atomizers using experimental data collected for different air pressures and feed fluid
viscosities.

2. Finite volume method

The finite volume method (FVM) is a numerical method for solving partial differential equations.
The method is based on representing the differential equation as a system of algebraic equations. The
search values are computed at nodes. This method uses a mesh that approximates the shape of the
object. A control region is constructed around a given node [12]. In this region, a condition described
by a differential equation is required. This condition need not be satisfied for the entire volume of the
object. The control region is equivalent to a grid mesh or is constructed independently of it. The
discussed method uses the Gauss-Ostrogradsky theorem to convert a volume integral into a surface
integral. This theory states that the output flux of a vector field passing through a closed surface is equal
to the volume integral of the divergence of this vector field in the volume enclosed by the surface [13].
This method is commonly used in fluid mechanics.

In this article, geometric models were prepared in ANSYS Discovery SpaceClaim software. The
numerical model for flow calculations was built using the Siemens FLOEFD tool for NX. The results
were also presented in the Siemens FLOEFD software. The aforementioned Siemens FLOEFD
numerical software enables, among other things, thermal analyses and CFD flow analyses using the
finite volume method described above. The numerical analyses presented in the article included
simulation of water flow through a water nozzle and analysis of heat transfer through nozzle elements,
taking into account the flow of air.
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3. Numerical modeling
3.1. Nozzle geometry and material

The subject of the modeling was a water nozzle (Figure 1) consisting of the following elements:
a 2020 version IV water nozzle nut - 2 mm holder, a flexible nozzle expansion holder, a nozzle swirler
mounting washer, a 2020 swirler - 3x30stx1.5x1.5 + ¢1x1 hole, and a nozzle sprayer. The surface
roughness was assumed to be Ra 3.2.
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Fig. 1. Nozzle components: a) 3D view; b) nut; ¢) nozzle; d) swirl element; ) flexible expansion
holder; f) mounting washer; g) seal
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For the numerical analysis, it was assumed that the nozzle material would be manufactured in two
variants (Table 1). Table 2 presents the material data for all materials defined in the numerical
analyses [14, 15]. All materials are considered homogeneous throughout.

Table 1. Nozzle component materials for analysis
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Brass MO58
. (according to PN) Stainless Brass
Material electrochemically Rubber steel 1.4401 Brass MOS8 MO58 EPDM
nickel-plated
Analysis |1
Brass MO58 Aluminum Aluminum
Material (according tc.’ PN) Rubber Stainless oxide Al,Os oxide EPDM
electrochemically steel 1.4401 - 08Y% Al20Os -
nickel-plated 0 98%
Table 2. Material data
Material Density [kg/m®] Specific heat Thermal conductivity
[J/(kg*K)] coefficient
[WI/(m*K)]
Al203 98% 3817 880 30.59
MO58 8430 0.377 113
1.4401 8000 500 15
Rubber 1200 1000 0.15

The physical properties of alumina Al.Os; - 98% were calculated based on the values from the
material certificate for Al.Os - 94%, Al,Os - 96%, Al.Oz — 99.5% provided by SUPERSNOW [16].

3.2. Computational model

The computational model consisted of a geometric model (Figure 2a) and a numerical (discrete)
model (Figure 2b) built for CFD flow and thermal analyses. The discrete models were built based on
the geometric models. Figures 3a-3f present the discrete models used in the numerical analyses.
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Fig. 3. Discrete model: a) computational domain - cross-section 1; b) computational domain - cross-
section 2; ¢) Solid elements - cross-section 3; d) Fluid elements - cross-section 4; e) visualization of
the computational mesh on the surface of nozzle 1; f) visualization of the computational mesh on the
surface of nozzle 2

3.3. Boundary conditions

For all analyses, the water temperature inside the nozzle is 0.3°C, while the air temperature flowing
through the nozzle is -20°C. The air velocity in the Y direction is 40 m/s for all analyses. The axis of
the water nozzle outlet is directed at a 30° angle to the air flow direction vector (Figure 4).

For each analysis (I and 1), calculations were performed for two design cases: a pressure of 15 bar
(Figure 5) and a pressure of 40 bar at the nozzle inlet (Figure 6). The analyses were performed for the
same boundary conditions. Only the material data changed. All material data, depending on the
analysis, were assumed in accordance with the information presented in Tables 1 and 2.

water temperature 0.3°C

—_—
—_—
air
. -_—
* temperature -20°C
* velocity 40 m/s in the Y direction
—
—

—

|

Fig. 4. Temperature and velocity values for all analyses performed,
water temperature 0.3°C

The pressure set at the nozzle inlet for the first calculation case is 15 bar. Analyses were performed
using the free surface function. The pressure outside the nozzle was set to 1 atm for the air medium.
The medium conditions were set as shown in Figure 5.
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Fig. 5. Boundary conditions — inlet pressure 15 bar, free surface at the nozzle outlet

The pressure set at the nozzle inlet for the second design case is 40 bar. The pressure set at the
outlet is 1 atm. The medium conditions are set as shown in Figure 6.

Free surface
¥ \"

Fig. 6. Boundary conditions — inlet pressure 40 bar, free surface at the nozzle outlet

4. CFD modeling results

CFD flow simulation results, taking into account heat transfer in nozzle components, were
performed for four simulations: Analysis I, including nozzle components (swirler and nozzle atomizer)
made of MO58 brass:

- nozzle inlet pressure: 15 bar,
- nozzle inlet pressure: 40 bar.

Analysis 11, including nozzle components (swirler and nozzle atomizer) made of 98% Al.O3
alumina:

- nozzle inlet pressure: 15 bar,

- nozzle inlet pressure: 40 bar.
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The input parameters for Analysis | and Il are presented in Tables 3 and 4.
Table 3. Input parameters for analysis |

Pressure 15 bar

Pressure 40 bar

Swirler and atomizer material

Parameter

Water temperature 0.3°C 0.3°C
Nozzle inlet pressure 15 bar 40 bar
Water density 1000.54 kg/m® 1001.79 kg/m?®
Temperature of the air flowing through the -20°C -20°C
nozzle
The velocity of the air flowing through the 40 m/s 40 m/s
nozzle

MO58 MO58

Table 4. Input parameters for analysis |1

Pressure 15 bar

Pressure 40 bar

Parameter
Water temperature 0.3°C 0.3°C
Nozzle inlet pressure 15 bar 40 bar
Water density 1000.54 kg/m? 1001.79 kg/m?
Temperature of the air flowing through the -20°C -20°C
nozzle
The velocity of the air flowing through the 40 m/s 40 m/s
nozzle
Swirler and atomizer material Al;O3 - 98% Al20s - 98%

The air flow conditions around the nozzle are the same for all simulations, therefore the air flow
distribution is presented only for the first simulation, but it applies to all presented analyses (Figure 7).

|
1

A

Figures 8-17 present the results for two materials: MO58 and Al.Os, at pressures of 15 bar and 40

bar, in particular:

- nozzle volumetric efficiency for a given pressure - Figures 8a-8d,;

Fig. 7. Distribution of the air flow around the nozzle
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- medium pressure distribution on a scale of 1-15 bar and 0-40 bar - Figures 9a-9d;
- medium pressure distribution — cross-section along the swirl groove axis - Figures 10a-10d;

- velocity distribution — YZ cross-section view of the nozzle - Figures 1la-11d, 12a-12d
(enlarged);

- velocity distribution — cross-section along the swirl groove axis - Figures 13a-13d,;

- medium temperature distribution from -20°C to 0.3°C - YZ cross-section view of the
nozzle - Figures 14a-14d;

- temperature distribution on the surface at the nozzle outlet - Figure 15a-15d;
- temperature distribution on the nozzle nut surface - Figure 16a-16d,;

- temperature distribution of solid elements - YZ cross-section view of the nozzle - Figure
17a-17d.

Volume Flow Rate of Water | 3.6978 limi A [SufaceParameterst |
EET T R Voo ow ot o0 i}

Fig. 8. Nozzle volumetric efficiency for pressure: a) 15 bar (analysis 1); b) 40 bar (analysis I);
¢) 15 bar (analysis I1); d) 40 bar (analysis II)

© 2025 Author(s). This is an open access article licensed under the Creative

Publisher: KOMAG Institute of Mining Technology, Poland
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2025, Vol. 43, pp. 182-196 -

Frssuolc o0
Frceus 35c o]

Fessunl 001
Frssn 11003 Frssunl i oo
Froceel s 1000

40.00

1500
1344
f 1189 3133

27.00

1033

|
27.67 bar
122 = \ 18.33
567 & 14.00
256 533 Pressure| 14.01 b:
Pressure [bar] i Pressure [bai] = 6.08 bar
CutPlot 5. contours m ' ey e 5 32.49 bar
(70 R T |
P 36.17 b
" \ oo
3 g 13900 N
Frsau 151014 [Faia] oo \

c) d)

Fig. 9. Pressure distribution of the medium on a scale: a) 1-15 bar, swirler and atomizer material:
MO58 (analysis 1); b) 0-40 bar, swirler and atomizer material: MO58 (analysis I); ¢) 1-15 bar, swirler
and atomizer material: Al,O3 — 98% (analysis I); d) 1-40 bar, swirler and atomizer material:
Al;O3 — 98% (analysis I1)
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Fig. 10. Pressure distribution of the medium — cross-section in the axis of the swirler groove:
a) swirler and atomizer material: MO58 (analysis 1) 15 bar; b) MO58 (analysis I) 40 bar; c) swirler and
atomizer material: Al,O3 — 98% (analysis 11) 15 bar; d) swirler and atomizer material: Al>2Oz — 98%
(analysis 1) 40 bar
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Fig. 11. Velocity distribution — YZ cross-section view of the nozzle: a) on a scale of 0-50 m/s, swirler
and sprayer material: MO58 (analysis ) 15 bar; b) on a scale of 0-80 m/s swirler and sprayer material:
MO58 (analysis 1) 40 bar; ¢) on a scale of 0-50 m/s swirler and sprayer material: Al,O3; — 98%
(analysis 1) 15 bar; d) on a scale of 0-80 m/s swirler and sprayer material: Al,Oz —98% (analysis I1) 40 bar
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Fig. 12. Velocity distribution — YZ cross-section view of the nozzle (enlarged): a) on a scale of
0-50 m/s, swirler and sprayer material: MO58 (analysis 1) 15 bar; b) on a scale of 0-80 m/s swirler and
sprayer material: MO58 (analysis 1) 40 bar; ¢) on a scale of 0-50 m/s swirler and sprayer material:
Al;O3 — 98% (analysis I1) 15 bar; d) on a scale of 0-80 m/s swirler and sprayer material: Al,Oz; —98%
(analysis I1) 40 bar

Commons BY-NC 4.0 (https:

Publisher: KOMAG Institute of Mining Technology, Poland
© 2025 Author(s). This is an open access article licensed under the Creative
creativecommons.or

licenses/by-nc/4.0/)


https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2025, Vol. 43, pp. 182-196 -

50.000 50.000 ]
;;f;; 44.444 > [Velocity| 16.140 mis
J o= y 38.889
B Y (T
i . 033 gy NeloGi] 13547 s
2222 21778 T
:f:?: [¥ae] + 579 mvs}. 22222
S
S 16687
s !
11
I T T ‘ & 555
0
Velacity mis)

Velocity: contours

g

Cutpla 4 contours [Vetociy| o 150 mis
I Ty
o 23
8. is 2

a)

50.000

50000
44.444 N
38.889 s
32333 e
27778 [Velocity 2.547 mis i
2222 o
16567 |Veloeity]11.230 mis B
a1
- #
ity[9.509 mis .
5556
0

0 8.325mfs
Velocity [m/s]
Velocity [mis]
ity]8.239 mis

| Velocity| Velocity: contours

Velocity: contours:
)
-n

c) d)
Fig. 13. Velocity distribution — cross-section in the swirler groove axis: a) in a scale of 0-50 m/s,
p = 15 bar, swirler and atomizer material: MO58; b) p = 40 bar, swirler and atomizer material: MO58;
c) swirler and atomizer material: Al,O3 —98%, d) p = 40 bar, swirler and atomizer material: Al,Os; — 98%
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Fig. 14. Medium temperature distribution from -20°C to 0.3°C - YZ cross-section view of the nozzle:
a) p = 15 bar, swirler and atomizer material: MO58; b) p = 40 bar, swirler and atomizer material: MO58;
c) swirler and atomizer material: Al,Oz —98%, d) p = 40 bar, swirler and atomizer material: Al.Os; — 98%
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Fig. 15. Temperature distribution on the surface at the nozzle outlet: a) p = 15 bar, swirler and
atomizer material: MO58; b) p = 40 bar, swirler and atomizer material: MO58; c) swirler and atomizer
material: Al,Os; —98%; d) p = 40 bar, swirler and atomizer material: Al,Oz — 98%
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Fig. 16. Temperature distribution on the nozzle nut surface: a) p = 15 bar, swirler and atomizer
material: MO58; b) p = 40 bar, swirler and atomizer material: MO58; c) swirler and atomizer material:
Al,O3 — 98%; d) p = 40 bar, swirler and atomizer material: Al.O; — 98%
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Fig. 17. Temperature distribution of solid elements - YZ cross-section view of the nozzle: a) p = 15 bar,
swirler and atomizer material: MO58; b) p = 40 bar, swirler and atomizer material: MO58; c¢) swirler and
atomizer material: Al,O3z — 98%; d) p = 40 bar, swirler and atomizer material: Al.Os; — 98%

5. Conclusions

Considering the fundamental importance of optimizing water nozzles in snowmakers, based on
numerical modeling performed using Simcenter FLOEFD for NX, it can be concluded that:

- the temperature distribution maps presented on the nozzle outlet surface indicate that the
nozzle will not freeze within the outlet for the specified boundary conditions;
- the nozzle design allows for free water flow within it. To optimize flow parameters, it is

recommended to introduce a fillet radius at the transition from cylinder to cone geometry in
the nozzle element.

Both the swirler and atomizer materials, MO58 brass and Al,Oz; 98% aluminum oxide, for
pressures of 15 bar and 40 bar, can be successfully used in industrial environments. The choice of
a specific solution will depend not only on atmospheric conditions but should also take into account
the criteria of material wear, replacement, availability, and economic competitiveness.

The article was prepared as part of project no.: POIR.01.01.01-00-0522/19-00
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