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INTRODUCTION

The refurbishment of large-scale steel struc-
tures, such as ship hulls and storage tanks, relies 
primarily on abrasive blasting methods. In ship 
repair yards, abrasive blasting remains widely 
used because it enables efficient surface prepa-
ration at relatively low operating costs. How-
ever, the process generates high concentrations 
of airborne dust, including respirable fractions. 
Although copper slag is commonly regarded as 
safer than quartz sand because of its low free 
silica content, its disintegration during impact 
with the treated surface may generate fine dust 

containing heavy metals and particles smaller 
than 5 µm. These particles can penetrate deep into 
the respiratory tract of operators [1].

Surface preparation is particularly important 
in the maritime sector, where protective coatings 
on ship hulls protect against corrosion, fire-related 
hazards and biofouling but degrade under harsh 
environmental conditions. Periodic dry-docking 
and coating renewal require the removal of old 
paint layers, rust and surface contaminants, most 
commonly by abrasive blasting [1]. This process 
generates substantial quantities of spent abrasive 
and paint residues. T may lmit the usabilityhe 
quantity of abrasive blasting media waste may 
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range from 20 to 200 kg/m2 of cleaned surface, 
with typical values of 40–50 kg/m2. This waste 
may contain toxic components originating from 
both the abrasive medium and the removed anti-
fouling coatings [1].

Environmental and occupational safety 
requirements have increased interest in tech-
niques for reducing dust emissions at source. 
Wet abrasive blasting and slurry blasting can 
reduce airborne dust, but they introduce addi-
tional wastewater and sludge streams that must 
be collected and treated. Ultra-high pressure 
water jetting can reduce the mass of solid waste, 
but it may generate toxic paint sludge containing 
elevated concentrations of metals such as copper 
and zinc [1]. Therefore, in shipyard applications, 
a dust-suppression system should reduce air-
borne emissions while limiting water consump-
tion, waste generation, added mass and mainte-
nance requirements.

The use of mobile and semi-automated sys-
tems for abrasive blasting introduces addition-
al design constraints. Mobile magnetic robots 
intended to operate on ferromagnetic surfaces 
must maintain stable adhesion and mobility on 
vertical, inclined or inverted structures. Conse-
quently, any additional equipment mounted on 
the robot, including spraying or shielding sys-
tems, must be lightweight and compact while 
ensuring sufficient operational reliability. Exces-
sive weight, complex auxiliary systems or sensi-
tivity to contamination of the water supply may 
limit the usability of the robotic platform under 
shipyard conditions. For this reason, the design of 
water-curtain heads for mobile abrasive-blasting 
robots requires a balance between hydraulic per-
formance, serviceability and structural simplicity.

Several dust-suppression mechanisms have 
been reported in the literature, including the use 
of nanofluids to improve wetting and the use of 
magnetised or charged droplets [2, 3]. The use 
of surfactants to improve wetting and agglom-
eration, as well as composite dust suppressants, 
has also been investigated [4, 5]. Recent research 
has also focused on systems for mitigating sub-
micron dust, foam-air curtain arrangements, and 
negative-pressure-assisted supersonic atomisa-
tion [6–8]. These approaches can improve the 
capture of fine particles under selected condi-
tions. However, their implementation in mobile 
robotic systems may be limited by the need for 
additional dosing, charging or flow-control devic-
es, as well as by increased mass and maintenance 

complexity. In abrasive blasting applications, the 
working environment is also characterised by 
dust exposure and variable water quality, which 
may affect the durability of fine atomising com-
ponents. Macroscopic spray visualisation studies 
make it possible to assess spray penetration and 
spray angle [9]. Studies on ultrasonic dry-fog 
nozzles have examined the relationship between 
operating conditions, atomisation characteristics, 
and dust-suppression efficiency [10]. Device-ori-
ented studies have also investigated magnetised 
water spray devices and plasma-activated super-
sonic water fog [11, 12].

These spray characteristics are relevant to 
maintaining a continuous protective water barrier 
near the abrasive discharge zone. At the same time, 
spraying systems intended for abrasive-blasting 
robots should use nozzle designs that are resist-
ant to clogging, easy to replace and suitable for 
operation under standard industrial water-supply 
conditions. This requirement favours mechani-
cally robust and serviceable designs over highly 
sensitive atomising systems. 

Computational fluid dynamics is widely used 
to support the analysis and optimisation of spray-
ing and dust suppression systems. Numerical 
models enable the assessment of flow fields and 
dust-suppression performance prior to prototype 
testing [13, 14]. Further studies have investigated 
wind-assisted electrospraying, CFD-based dust–
droplet coupling for the control of dust generat-
ed by tunnel blasting and wind-fog coupling in 
tunnel drilling and blasting operations [15–17]. 
The influence of nozzle structure on atomisation 
characteristics, as well as the wind-responsive 
adjustment of dust-suppression parameters, has 
also been examined [18, 19]. CFD methods have 
also been applied to the design of spray dust 
control devices [20]. Studies of multi-nozzle 
headers in other fluid systems have shown that 
header geometry affects outlet flow uniformity 
[21]. However, compact water-curtain heads 
dedicated to mobile magnetic robots used in 
abrasive blasting remain insufficiently described, 
particularly with respect to hydraulic balance and 
nozzle-supply repeatability under strict mass and 
serviceability constraints.

The present work continues the authors’ 
research on numerical methods supporting the 
development of mobile magnetic robotic systems. 
Previous studies by the authors concerned finite 
element post-processing and topology-based 
mass reduction [22, 23]. Subsequent work 
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focused on the validation of robot-frame models 
using virtual strain gauges [24, 25]. In the pres-
ent study, the focus shifts from the load-bearing 
structure of the robot to the hydraulic behaviour 
of a modular water-curtain head integrated with 
the cleaning module. The analysed head uses six 
full-cone spray nozzles supplied by a compact 
manifold intended to generate a water barrier near 
the abrasive discharge zone.

The aim of this study is to assess how the inlet 
position in the supply manifold affects flow sta-
bility, pressure distribution and the uniformity of 
mass flow rate through individual nozzles. Two 
design variants were analysed using ANSYS CFX 
under identical boundary conditions and mesh 
settings. The results are intended to support the 
selection of a manifold configuration suitable for 
a mobile magnetic robot used in abrasive blast-
ing, with particular attention to hydraulic balance, 
compactness and operational reliability.

MATERIALS AND METHODS 

The robotic system designed to support spe-
cialised operations (Figure 1) is an advanced 
mobile platform developed for operation under 
demanding industrial conditions, including oper-
ation on surfaces covered with thick corrosion 
layers and environments with high concentrations 
of respirable dust. One of its main functional fea-
tures is the ability to move on ferromagnetic sur-
faces in any spatial orientation.

A key component of the platform is a hybrid 
locomotion system integrated with a magnetic 
adhesion system, which enables stable motion on 
vertical and inverted ferromagnetic surfaces, such 
as ship hulls and large-scale storage tanks. The 
platform combines an abrasive blasting module 

(Figure 2a) with a water-curtain system intended 
to reduce pollutant emissions at source. This solu-
tion addresses the need to limit dust dispersion 
during surface preparation while maintaining 
compatibility with the operational constraints of 
a mobile magnetic robot.

The modular water-curtain head (Figure 2b) 
was designed to combine low structural mass and 
compact geometry with the stable generation of 
a protective water barrier. The system is based 
on a supply manifold feeding six full-cone noz-
zles fitted with a G1/8″ thread. This arrangement 
enables the spraying parameters to be selected 
according to the abrasive blasting conditions and 
the required dust-suppression intensity. The inter-
nal channel geometry was assessed using CFD 
simulations performed using ANSYS CFX. The 
analysis focused on the occurrence of stagnation 
zones and the uniformity of the mass-flow-rate 
distribution across the outlets, as these factors are 
important for maintaining the continuity and sta-
bility of the generated water curtain under oper-
ating conditions.

The design procedure for the water-curtain 
head included the development of a three-dimen-
sional model, preparation of the fluid domain, 
CFD analysis of the internal flow, and assessment 
of the pressure drop and flow-rate distribution 
across the nozzles. The analysed configurations 
differed in the position of the inlet connector 
relative to the nozzle channels. In variant A, the 
working medium was supplied adjacent to the 
first nozzle channel, whereas in variant B, the 
inlet was located between the nozzle channels. 
The comparison was intended to assess whether 
the proposed compact manifold geometry could 
provide stable and repeatable outlet-flow condi-
tions for all six nozzles. The number of nozzles 
was selected to balance the limits on total water 

Figure 1. Robotic system for supporting specialised operations on ferromagnetic surfaces
(Polish Patent No. P.436523): (a) rendering of version 5.0; (b) photograph of version 4.0 during operation



135

Advances in Science and Technology Research Journal 2026, 20(10), 132–146

consumption, as defined by shipyard operating 
requirements, with the need to ensure sufficient 
overlap between the spray cones to form a contin-
uous and stable water curtain.

At the prototype stage, the head was 
designed to use commercially available G1/8″ 
full-cone nozzles mounted in a modular body. 
This approach enables the nozzle parameters to 
be selected according to the required water-cur-
tain characteristics and the permissible water 
consumption. The adopted modular design also 
enables the numerical results to be verified 
experimentally by flow-rate measurements and 
spray-pattern observations.

Wet abrasive blasting can reduce airborne 
dust, but its use in shipyard robotic applications is 
limited by additional water supply requirements, 
wastewater and sludge generation, increased 
system mass and higher maintenance demands. 
Therefore, the proposed solution was devel-
oped as a compact water-curtain head intended 
to suppress dust near the working zone without 
modifying the abrasive blasting process itself. 
Commercial wet blasting heads offer an alterna-
tive solution in which water is introduced near 
the blasting nozzle to reduce dust dispersion. 
However, such systems increase the complexity 
of the supply system, often require an addition-
al pump and a high-pressure water supply, and 
may reduce serviceability. They can also increase 
water consumption and generate additional liquid 
waste. Under shipyard conditions, component 
wear, contaminant deposition and clogging of 
water nozzles may further limit operational dura-
bility. Therefore, for a mobile magnetic robot, 
the dust-suppression system should combine 

emission reduction with compact geometry, low 
mass, simple assembly and ease of maintenance.

Figure 3a shows the cleaning module of ver-
sion 4.0 of the magnetic robot, equipped with four 
oscillating nozzles and a dedicated water-injec-
tion head mounted between the abrasive supply 
hose and the working unit. The head introduces 
water near the abrasive discharge zone in order 
to reduce dust emissions without modifying the 
basic abrasive blasting process. 

The single nozzle-head assembly, which rep-
resents the basic working unit of the earlier sys-
tem, is shown in cross-section in Figure 3b. In 
this configuration, each abrasive blasting nozzle 
was equipped with an individual water-injection 
system, enabling local dust suppression in the 
abrasive-jet impact zone. Operational experience 
with this solution showed, however, that its dura-
bility was limited, as the water nozzles required 
replacement after a relatively short service period. 
This indicated the need for a more robust and ser-
viceable design adapted to the requirements of a 
mobile magnetic robot. In the proposed approach, 
the water-curtain head is not intended to modify 
the abrasive blasting process itself, but to provide 
an additional protective barrier that limits dust 
dispersion near the working zone.

The water-curtain head developed for robot-
ic abrasive blasting is shown in Figure 4. The 
design was adapted to the constraints of a mobile 
magnetic robot, with particular attention paid 
to reduced mass, compact dimensions, ease of 
handling and operational durability. The head 
uses replaceable spray nozzles with a standard 
G1/8″ thread, allowing the nozzle diameter to be 
selected according to the required water-curtain 

Figure 2. Cleaning module of the magnetic robot with the spray head for water-curtain generation indicated 
(Polish Patent Application No. P.451835): (a) view of the cleaning module; (b) water-curtain head
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characteristics and permissible water consump-
tion. The modular structure provides access to 
the internal channels after removal of the circlip 
and enables replacement of the sealing rings. The 
solution is based mainly on commercially availa-
ble components, while the custom-manufactured 
components are limited to two body elements. 
The geometry includes six seats for full-cone noz-
zles and was developed to provide a stable water 
curtain while maintaining low system mass.

The water-curtain head was designed to use 
commercially available FullJet® B1/8HH-2 
full-cone nozzles with a standard G1/8″ thread 
[26]. The internal swirl element supports the for-
mation of a full-cone spray with uniform drop-
let distribution. According to the manufactur-
er’s data, the nozzle operates within a pressure 
range of 0.4–10 bar and provides a flow rate of 
0.59–2.6 L/min. This allows the nozzle param-
eters to be selected according to the required 

water-curtain characteristics and permissible 
water consumption.

The selected nozzle arrangement was intend-
ed to generate a protective water barrier near the 
abrasive discharge zone without modifying the 
abrasive blasting process itself. The modular 
head design allows replacement of the nozzles 
and sealing elements, facilitates maintenance and 
supports adaptation of the water consumption to 
the operating conditions of the robotic system.

To assess the hydraulic performance of the 
developed head, the fluid domain was prepared in 
Solid Edge 2020 Classic and analysed in ANSYS 
CFX. Two inlet-location variants were compared 
with respect to pressure losses, flow distribution 
and the uniformity of nozzle supply.

Both variants (Figure 5) were discretised 
using comparable unstructured tetrahedral mesh-
es with local refinement in regions of curvature, 
constrictions and geometric transitions, where 

Figure 3. Cleaning module of the magnetic robot: (a) four abrasive blasting nozzles with spray heads;
(b) single abrasive blasting nozzle combined with a spray head

Figure 4. Head developed for the magnetic robot: (a) 3D visualisation; (b) cross-section
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higher flow-field gradients were expected. The 
mesh density in the inlet region and in the branch-
es leading to the nozzles was kept similar for both 
configurations. Therefore, differences observed 
in the numerical results can be related primarily 
to the change in inlet location rather than to dif-
ferences in discretisation.

The water-inlet region is important because 
the flow begins to divide between the branches 
leading to the individual nozzles before enter-
ing the main manifold, as shown in Figure 6. In 
variant A, the inlet is positioned adjacent to one 
of the nozzle channels, which results in a more 
directional flow path near the first bifurcation. In 
variant B, the inlet is located between the nozzle 
channels, giving a more symmetrical arrange-
ment with respect to the manifold axis. In both 
cases, mesh continuity was maintained in the 
regions of bends and geometric transitions, 
where increased pressure and velocity gradients 
were expected.

The nozzle inlet channel is another region rel-
evant to the reliability of the numerical model, as 
it affects the uniformity of medium supply to the 
nozzle seat and the local hydraulic losses before 
the outlet (Figure 7). In both variants, the mesh 
was refined near the channel walls and in regions 
of geometric transition, where increased veloc-
ity gradients and local flow acceleration were 
expected. The discretisation quality in this region 
remained comparable for both configurations, 
indicating that the change in inlet location did not 
adversely affect the mesh representation of the 
nozzle inlet channels.

The mesh parameters and quality indica-
tors for both configurations are summarised in 
Table 1. Both variants were based on the same 
fluid-domain volume and a comparable level 
of discretisation, with approximately 554,000 
nodes and 1.35 million elements. Identical 
global mesh settings were applied, including 
curvature-based sizing, local refinement and 

Figure 5. Mesh in isometric view: (a) inlet channel adjacent to one of the nozzle channels;
(b) inlet channel located between the nozzle channels

Figure 6. Mesh cross-section through the water inlet: (a) inlet channel adjacent to one of the nozzle channels;
(b) inlet channel located between the nozzle channels
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automatic boundary-layer generation. The aver-
age skewness values were similar for both con-
figurations, indicating comparable mesh quality 
on the global scale. Local maximum skewness 
values were associated with individual cells 
in regions of pronounced geometric variation; 
however, these regions did not dominate the 

computational domain. The mesh quality was 
therefore considered suitable for the compara-
tive assessment of the two inlet configurations. 
The adopted mesh and model parameters were 
kept consistent for both configurations to ensure 
that the comparison reflected the influence of 
inlet location.

Figure 7. Mesh cross-section through the nozzle inlet channel: (a) inlet channel adjacent to
one of the nozzle channels; (b) inlet channel located between the nozzle channels

Table 1. Summary of configuration parameters and mesh quality

Parameter
(a) Inlet channel adjacent to the first 

nozzle channel
(b) Inlet channel between nozzle 

channels I and II
Geometry

Volume 8921.4 mm3 8921.4 mm3

Mesh statistics

Number of nodes 553,932 554,314

Number of elements 1,353,456 1,353,751

Global settings

Physics preference / solver preference CFD / CFX CFD / CFX

Relevance center Fine Fine

Element midside nodes Dropped Dropped

Sizing

Size function Curvature Curvature

Min size 0.20 mm 0.20 mm

Max face size 1.20 mm 1.20 mm

Max tet size 1.50 mm 1.50 mm

Growth rate 1.150 1.150

Quality

Mesh metric Skewness Skewness

Min skewness 1.071e-003 4.7964e-004

Max skewness 0.97112 0.97646

Average skewness 0.33978 0.33807

Standard deviation 0.17241 0.17236

Inflation

Use automatic inflation Program controlled Program controlled

Inflation option Smooth transition Smooth transition

Maximum layers 10 10

Growth rate (inflation) 1.2 1.2
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The boundary conditions applied in the CFX 
computational domain are shown in Figure 8 for 
the two analysed inlet configurations. In configu-
ration A, the inlet was positioned adjacent to the 
channel leading to the first nozzle, whereas in 
configuration B, it was located between the chan-
nels leading to the left and right nozzle branches. 
This difference affects the initial division of the 
flow within the manifold. Configuration A pro-
vides a shorter supply path to the nearest branch 
and may therefore promote local flow asymmetry. 
Configuration B represents a more centrally sup-
plied arrangement, which is expected to support a 
more balanced distribution of the working medi-
um. The comparison of these two configurations 
was used to assess the influence of inlet location 
on the uniformity of nozzle supply.

The simulation setup adopted for both model 
variants is summarised in Table 2. A steady-state, 
isothermal analysis was performed for water at 18 
°C using the k-ε turbulence model with scalable 
wall functions. The High Resolution advection 
scheme and an RMS convergence criterion of 1.0 
× 10-4 were applied. Identical boundary condi-
tions and solver settings were used for both con-
figurations, including an inlet total pressure of 6 
bar and an outlet average static pressure of 0 bar. 
This ensured that the comparison reflected the 
influence of inlet location rather than differences 
in numerical setup.

The same numerical setup was applied to 
both configurations so that the influence of factors 
unrelated to geometry was limited. As a result, dif-
ferences in the obtained flow parameters can be 
attributed primarily to the change in inlet position.

The volumetric flow rate at each nozzle outlet 
was calculated from the corresponding mass flow 
rate according to Equation 1. The outlet flow rates 
were then used to compare the uniformity of noz-
zle supply, while the total flow rate was determined 
as the sum of the individual outlet values. This ena-
bled both local differences between nozzles and 
the overall flow balance of the head to be assessed. 
The volumetric flow rate at each outlet is calculat-
ed according to the following equation [27]: 

	 𝑄𝑄𝑖𝑖 =
|𝑚̇𝑚𝑖𝑖 |
𝜌𝜌𝑤𝑤

∙ 60,000 	 (1)

where:	Qi – volumetric flow rate at outlet 
𝑖, 	 [L/min], ṁi – mass flow rate at 
outlet 𝑖, [kg/s], ρw – water density 	
[kg/m3]; ρw = 998.2 kg/m3.

The monitoring points were defined to evalu-
ate both the flow rate at individual nozzle outlets 
and the total flow rate of the head. This made it 
possible to assess local non-uniformity in noz-
zle supply as well as the overall flow balance. In 
variant A, the monitored outlets were defined as 
Qfirst, QleftI, QleftII, QrightI, QrightII and Qlast. In variant 
B, the outlets were arranged as QleftI, QleftII, QleftIII 
and QrightI, QrightII and QrightIII reflecting the differ-
ent inlet position and flow-division scheme. This 
monitoring approach enabled a direct compar-
ison of the two configurations in terms of total 
flow rate and distribution of the working medium 
between the individual branches.

The mesh and simulation setup were defined 
to provide a consistent basis for comparing the 
two inlet-position variants. The discretisation was 

Figure 8. Inlet and outlet boundary conditions in the CFX simulation: (a) inlet channel adjacent to one
of the nozzle channels; (b) inlet channel located between the nozzle channels
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prepared with local refinement in regions relevant 
to internal-flow behaviour, including the inlet 
zone, nozzle supply channels, bends and near-
wall regions. Identical boundary conditions, solv-
er settings, flow-rate definitions and monitoring 
points were applied to both configurations. This 
approach enabled the influence of inlet location 
on pressure distribution, flow stability and nozzle 
supply uniformity to be assessed without intro-
ducing differences related to the numerical setup.

The numerical analysis included pressure 
and velocity fields, turbulence quantities, and 
time histories of the monitored nozzle and total 
flow rates. These results were used to evaluate 
flow stabilisation, identify possible disturbances 

within the manifold and compare the repeatability 
of medium distribution among the nozzle outlets.

The convergence behaviour of both inlet con-
figurations was assessed using monitor plots for 
momentum and mass, turbulence quantities, indi-
vidual nozzle flow rates and total flow rate. This 
enabled the stabilisation of the numerical solution 
to be verified before analysing the pressure and 
velocity fields.

In configuration A (Figure 9a), the initial flow 
response showed more pronounced disturbances 
and stronger oscillations, which can be attributed 
to the asymmetric supply of the working medium 
through the channel adjacent to one of the nozzles. 
After the initial transient phase, the monitored 

Table 2. Simulation configuration summary

Parameter
(a) Inlet channel adjacent to the first nozzle channel/
(b) Inlet channel between nozzle channels I and II

Boundary conditions

Analysis type Steady-state

Material Water, 18 °C, isothermal

Reference pressure 1 atm

Turbulence model k-ε model, scalable wall functions

Advection scheme High resolution

Convergence criterion RMS = 1.0 × 10-4

Surface: connection Inlet total pressure (stable) = 6 bar

Surface: nozzle Outlet average static pressure = 0 bar

Surface: wall No-slip wall, smooth wall

Convergence settings (Solver Control)

Timescale Factor 0.2

Minimum No. of iterations 111

Maximum No. of iterations 999

Monitor residuals Full

Domain models Non buoyant / Stationary

Figure 9. Momentum and mass convergence plots: (a) inlet channel located adjacent to one of the
nozzle supply channels; (b) inlet channel located between the nozzle supply channels
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variables gradually approached a stable level, and 
the fluctuations progressively decreased. In con-
figuration B (Figure 9b), the monitored profiles 
were more evenly distributed and the oscillations 
were damped more smoothly. This behaviour is 
associated with the inlet position between the 
nozzle channels, which promoted a more sym-
metrical flow division and reduced local distur-
bances. Since identical numerical settings were 
applied in both cases, the observed differences 
can be attributed mainly to the inlet geometry.

In configuration A (Figure 10a), the ini-
tial increase in turbulent kinetic energy was 
followed by a gradual decrease to a relatively 
stable level. In configuration B (Figure 10b), a 
rapid initial decrease was also observed; how-
ever, the intermediate part of the plot showed 
a more pronounced local increase and greater 
divergence between the monitored curves. This 
indicates a less uniform stabilisation process 
during the intermediate stage. Nevertheless, 
both configurations ultimately approached a 
similar level of convergence.

The nozzle flow-rate profiles for all monitor-
ing points are shown in Figure 11. In both con-
figurations, the monitored flow rates approached 
a quasi-steady level after a short transient phase, 
with no persistent oscillations in the final stage of 
the calculations. In configuration A, greater scat-
ter between the curves was observed, indicating 
less uniform flow distribution among the nozzles. 
In configuration B, the profiles were more closely 
grouped, which indicates a more balanced dis-
tribution of the working medium. The enlarged 
plots support the assessment of the stabilisation 
process and make it possible to identify minor 
differences in the final flow-rate levels.

The monitor plots obtained during the sim-
ulation confirmed that both configurations were 
solved under comparable numerical conditions. 
Therefore, the subsequent analysis of pressure 
and velocity fields could be interpreted primarily 
in relation to the inlet geometry and its influence 
on the internal flow distribution.

RESULTS

To compare the distribution of the working 
medium within the developed head, the pressure 
and velocity fields were analysed using contour, 
streamline and vector plots. Particular attention 
was paid to the uniformity of nozzle supply, local 
pressure variations within the manifold, and the 
occurrence of regions of acceleration, stagnation or 
disturbed flow. The analysis was supplemented by a 
comparison of the outlet flow rates of the individual 
nozzles, which enabled a quantitative assessment of 
supply uniformity in both design variants.

In configuration A (Figure 12a), the pres-
sure field shows a local region of elevated pres-
sure near the inlet, followed by gradual pressure 
equalisation along the manifold. Although no 
abrupt pressure discontinuities are observed fur-
ther downstream, a more pronounced asymme-
try is visible in the inlet region and near the first 
branch, indicating a higher local hydraulic load. 
In configuration B (Figure 12b), the pressure field 
is distributed more uniformly around the mani-
fold, with less pronounced dominance of one side 
of the system. This suggests a more balanced 
redistribution of flow energy and a lower tenden-
cy for local concentration of pressure losses near 
the inlet. In both configurations, the pressure field 

Figure 10. Turbulent kinetic energy convergence plots: (a) inlet channel located adjacent to one of the
nozzle supply channels; (b) inlet channel located between the nozzle supply channels
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remains stable and no clear indication of adverse 
flow behaviour is observed. However, from the 
point of view of uniform nozzle supply, configu-
ration B provides a more balanced pressure distri-
bution within the manifold.

In configuration A, shown in isometric view 
in Figure 13a, the streamlines indicate an ordered 
flow pattern. Local acceleration and preferential 
supply to the nearest branches can be observed in 
the inlet region. Further along the manifold, the 
streamline pattern remains stable, with no clear 
evidence of flow separation or extensive recircu-
lation zones. This indicates continuity of medium 
transport within the manifold.

In configuration B (Figure 13b), the stream-
lines are distributed more uniformly around the 
manifold. This indicates a more balanced supply 
to the branches and a lower tendency for local 
dominance of one side of the system. Both con-
figurations show an ordered flow pattern without 
significant disturbances. However, configuration B 
provides a more symmetrical flow division with-
in the manifold, understood as a more balanced 

hydraulic loading on both sides of the inlet and a 
more uniform distribution pattern along the ring.

In the isometric view (Figure 14), the veloc-
ity vector field shows an ordered flow pattern 
throughout the manifold. In configuration A, a 
higher concentration of vectors is visible near 
the inlet, which results from its position relative 
to the first branch. In configuration B, the vector 
distribution is more balanced over the manifold, 
indicating a greater degree of flow symmetry. 
In both cases, no clear recirculation structures 
or distinct stagnation zones are observed, which 
confirms that the internal geometry provides sta-
ble supply conditions for the nozzles.

In the side view (Figure 15), the flow with-
in the main channel remains continuous and 
ordered, with no clear signs of abrupt direc-
tional changes that could increase local energy 
losses. In configuration A, stronger alignment of 
the velocity vectors is visible in the inlet region, 
indicating a higher hydraulic load in the initial 
section of the manifold. In configuration B, the 
velocity field is distributed more evenly around 

Figure 11. Nozzle flow-rate monitor plots: (a) inlet channel located adjacent to one of the
nozzle supply channels; (b) inlet channel located between the nozzle supply channels

Figure 12. Pressure contours: (a) inlet channel located adjacent to one of the nozzle supply channels;
(b) inlet channel located between the nozzle supply channels
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the manifold circumference. Both configurations 
provide stable flow conditions; however, con-
figuration A is more consistent with the design 
assumption of preferential supply to the front 
zone of the robot.

In the top view (Figure 16), the distribution 
of flow energy among the individual branches is 
shown most clearly. In configuration A, the ini-
tial section of the manifold is more dominant, 

resulting in a greater proportion of the flow being 
directed towards the region closest to the inlet, 
whereas the more distant branches are supplied in 
a progressively more even manner. In configura-
tion B, the vector distribution is more symmetri-
cal with respect to the system axis. However, this 
does not correspond to a substantially different 
level of nozzle-supply uniformity, as the observed 
differences remain local rather than global.

Figure 13. Velocity streamlines in isometric view: (a) inlet channel located adjacent to one of the
nozzle supply channels; (b) inlet channel located between the nozzle supply channels

Figure 14. Velocity vectors in isometric view: (a) inlet channel located adjacent to one of the
nozzle supply channels; (b) inlet channel located between the nozzle supply channels

Figure 15. Velocity vectors in side view: (a) inlet channel located adjacent to one of the nozzle supply channels; 
(b) inlet channel located between the nozzle supply channels
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Overall, the analysis indicates that both 
configurations provide stable flow conditions 
without significant disturbances (Table 3). Con-
figuration B provides a more balanced flow 
distribution within the manifold, whereas con-
figuration A is more consistent with the design 
assumption of preferential supply to the front 
zone of the robot, corresponding to the direction 
of dispersion of material removed from the sur-
face during operation

DISCUSSION

The numerical results showed that the inlet 
position in the compact manifold influenced the 
local pressure distribution, velocity field and 
flow-rate distribution across the nozzle outlets. 
Both analysed configurations provided stable 
internal flow conditions, without distinct stag-
nation zones, extensive recirculation regions or 
persistent flow disturbances. The total flow rates 
were comparable, indicating that the inlet loca-
tion had a limited effect on the overall hydraulic 

capacity of the head. However, differences were 
observed in the local distribution of the working 
medium within the manifold.

Configuration B, with the inlet located 
between the nozzle channels, produced more 
balanced pressure and velocity distributions and 
reduced the dominance of one side of the mani-
fold. This resulted in a more uniform supply of 
the individual nozzles. Configuration A generat-
ed greater local asymmetry near the inlet, but its 
flow pattern remained stable and may be advanta-
geous when preferential supply to the front zone 
of the robot is required. Therefore, the selection 
of the manifold variant should consider both flow 
uniformity and the functional orientation of the 
head relative to the abrasive discharge zone.

The results indicate that the proposed com-
pact manifold geometry is suitable for supplying 
six full-cone nozzles under the adopted bound-
ary conditions. In comparison with more com-
plex dust-suppression systems requiring addi-
tional dosing, charging or flow-control devic-
es, the analysed solution is based on standard 
nozzles and a serviceable modular body. This 

Figure 16. Velocity vectors in top view: (a) inlet channel located adjacent to one of the nozzle supply channels; 
(b) inlet channel located between the nozzle supply channels

Table 3. Comparison of volumetric flow rates at individual nozzle outlets

Measurement point
(a) Inlet channel located adjacent to one 

of the nozzle supply channels [L/min]
(b) Inlet channel located between the 

nozzle supply channel [L/min]
First nozzle 1.571 -

Left nozzle I 1.350 1.365

Left nozzle II 1.392 1.383

Left nozzle III - 1.422

Right nozzle I 1.351 1.366

Right nozzle II 1.392 1.384

Right nozzle III - 1.426

Last nozzle 1.426 -

Total flow 8.481 8.347
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supports its integration with a mobile magnet-
ic robot, where mass, compactness and ease of 
maintenance are important design constraints. 
The CFD analysis enabled the differences 
between the inlet configurations to be identified 
before prototype testing, particularly in terms of 
pressure distribution, flow symmetry and noz-
zle-supply uniformity.

CONCLUSIONS

The study assessed two inlet-location vari-
ants of a modular water-curtain head intended for 
integration with a mobile magnetic robot used in 
abrasive blasting. The analysed head consisted 
of a compact manifold supplying six replaceable 
G1/8″ full-cone nozzles.

The CFD simulations performed using 
ANSYS CFX showed that both inlet configura-
tions provided stable flow distribution within the 
manifold. No distinct stagnation zones, extensive 
recirculation regions or flow disturbances affect-
ing nozzle-supply continuity were observed under 
the adopted boundary conditions.

The inlet position affected the local hydrau-
lic behaviour of the head. Configuration B, with 
the inlet located between the nozzle channels, 
provided a more balanced pressure and velocity 
distribution and a more uniform nozzle supply. 
Configuration A, with the inlet located adjacent to 
one nozzle channel, produced greater local asym-
metry near the inlet, but remained consistent with 
the assumption of preferential supply to the front 
zone of the robot.

The results indicate that CFD analysis is a 
useful tool for the design assessment of com-
pact spraying heads before prototype testing. The 
developed water-curtain head provides a compact 
and serviceable solution to support dust suppres-
sion near the abrasive discharge zone without 
modifying the abrasive blasting process itself.
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