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Abstract. At the current stage of development of precision agriculture, there is an important task of creating and
justifying energy-efficient working bodies capable of implementing the main ideas and tasks of Agriculture 5.0.
This article presents a bench-based investigation of transient pneumatic transport of a discrete portion of granular
mineral fertilizer from an autonomous field robot for plant-by-plant application. The experimental matrix included
four tube inner diameters (10, 12, 16 and 20 mm), six air pressures (400-900 kPa) and 10 replications for each
combination, giving 240 tests. Two synchronized chronographs recorded particle velocity at the inlet and outlet of
a 1.0 m tube inclined at 45 degrees. The outlet velocity increased from 16.78-22.64 m-s™ at 400 kPa to 23.14-
30.07 m-s™! at 900 kPa, while the transport retention ratio increased from 75.0-87.2% to 77.4-88.8% depending on
the tube diameter. The most stable and practically suitable regime for the tested fertilizer was 800-900 kPa with
16-20 mm tubes, where the system combined high outlet velocity, lower relative speed losses and satisfactory
repeatability (CV = 1.59-2.15%). The results justify the constructive and technological parameters of prototype
pneumatic working unit under controlled bench conditions; field agronomic performance, long-term reliability and
fertilizer-formulation effects are identified as future research tasks.
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Introduction

Precision fertilisation has become a key requirement of sustainable crop production because nutrient
inputs must be matched to plant demand while limiting losses, labour costs and treatment of non-
productive zones [1-3]. Recent reviews show that modern fertiliser systems increasingly combine
variable-rate control, sensing, machine vision and robotic execution, particularly in row crops where
plant-specific application is technically feasible and agronomically justified [4-7].

Within solid input delivery systems, pneumatic applicators are attractive because compressed air
can convey granular material rapidly through closed pipelines, centralise metering, and place fertiliser
at several outlets or directly near the target plant [4-6]. At the same time, recent literature identifies
unstable discharge, particle retention, pressure losses, row-to-row maldistribution and the limited
availability of reliable real-time mass-flow sensing as the bottlenecks of pneumatic fertilization [8; 9].

Recent CFD-DEM and bench studies also show that feeder geometry, spiral conveying paths and
particle-material interaction parameters can markedly affect discharge stability, tube accumulation and
branch-to-branch uniformity in pneumatic fertilizer systems [21, 22]. Therefore, for robotic plant-level
application the remaining engineering gap is not only dose metering, but also fast and repeatable
transient transport of a single metered portion through a short applicator tube.

Modern applicators are also becoming more intelligent at the control level. A self-calibration
variable-rate fertilisation system reduced the steady-state error of fertiliser-shaft speed to 0.13 r-min™
and improved distribution stability across vehicle speeds, while an Al-enabled site-specific applicator
placed fertiliser near detected plants at the recommended dosage [10]. Recent horticultural reviews
therefore identify machine vision, multimodal sensing and implement interoperability as decisive for
plant-specific fertilisation in perennial crops [6; 7].

This tendency is especially relevant for blueberry plantations, where fertilising the spaces between
bushes is economically inefficient and environmentally undesirable. In a recent study on low-bush
blueberry fertilisation, a screw-based dispenser designed for Yara Mila Cropcare NPKS-8-11-23-29
achieved the desired 20 g target range in 90% of cases, showing that discrete dose formation can already
be performed with acceptable accuracy [11] and in combination with an unconventional static flight
screw solution could possibly provide increased throughput efficiency [12].

Accurate metering alone does not guarantee accurate placement, because the discrete dose must be
transported through the applicator tube within a predictable time window. Lillerand et al. proposed a
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two-stage pneumatic device for an agro-robot, in which a single fertiliser portion is accumulated in a
chamber and then ejected through an inclined tube by compressed air; preliminary validation reported a
relative error of about 3% for a 0.01 kg portion and about 9.5% for a 0.04 kg portion [13].

The aim of the article is to propose the schematic design and operating parameters of a pneumatic
working unit for precise application of technological materials by validating mathematical model with
experimental measurements obtained from a test bench and determining optimal operating regimes.

Materials and methods

This study combines theoretical modelling with experimental validation of a pneumatic working
unit for precision fertilization. In the first stage, the motion of a metered portion inside the applicator
tube is described mathematically. In the second stage, the model is verified against measurements
obtained on a laboratory test bench. The general approach follows the previously reported theoretical
treatment of a pneumatic precision fertilization device, in which a discrete portion is accelerated and
transported through the applicator tube by compressed air [13]. Under these conditions, the most
important output variables are the portion transit time and its exit velocity. In practical site-specific
application, the transport process must also be synchronized with the control signal and the spatial
coordinates of the target point so that the metered portion reaches the root zone at the correct moment
[7]. From the engineering point of view, this means that the pneumatic unit cannot be evaluated only as
a flow device; it must also be considered as a time-sensitive delivery system [13].

A simplified description of the process may be written by considering the transported portion as a
body subjected to the driving force generated by the air stream and the opposing effects of gravity,
friction, and local resistances. In a general form, the equation of motion may be expressed as:

m® ~F, ~F,~F, -mgsina, (1)
dt ‘
where m — mass of the metered portion, kg;
v — instantaneous particle velocity, m-s™;
Fai» — pneumatic driving force, N;
Fj. — friction force, N;
Fes — local-resistance and particle-wall interaction force, N;
g — gravitational acceleration, m-s?;

o — tube inclination angle, deg.

Equivalent particle diameter D was calculated as the geometric mean of the particle length, width
and thickness. This parameter was used to represent the size of irregular granules by a single
characteristic dimension for further analysis of pneumatic transport behaviour [14].

D=RLwT, )

where L, W, T — particle length, width and thickness accordingly, mm.

Sphericity was calculated as the ratio of equivalent particle diameter to particle length. It was used
to describe the particle shape by indicating how closely the granule approached a spherical form [13;
14].

D, 3)
L

¢:

where @ — sphericity.

The experimental material was a commercial granular complex fertilizer, YaraMila Cropcare
NPK(S) 8-11-23(29), with nominal nutrient composition N-P,0s-K,O-SO; = 8-11-23-29. The metered
portion was treated as a discrete dose of one fertilizer batch; consequently, particle size and sphericity
were controlled material properties rather than independent experimental factors. The 2-4 mm size
fraction prevailing in this type of product is important for pneumatic transport, because it affects drag,
wall collisions and the probability of temporary retention. The influence of fertilizer morphology is
therefore discussed separately and proposed as a variable for future multi-material tests.
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The timing sequence used in the pneumatic transport experiments is shown in Fig. 1. It shows the
relation between the valve control signal, the air pulse, and the moments when the fertilizer portion
passes the first and second chronographs, which makes it possible to determine the transport time,
average conveying velocity, and the total response time of the system. The experimental material and
the laboratory equipment used in the pneumatic transport study are presented in Fig. 2. Test dosages
were weighed using a Kern ABJ 220-4NM scale. The figure provides an overview of the sample
preparation procedure and the test bench used for evaluating the movement of a metered granular portion
under controlled pneumatic conveying conditions.
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Fig. 1. Timing logic from command impulse to outlet
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Fig. 2. Equipment used for testing: a — fertilizer; b — dosage for testing; ¢ — test bench; 1 — valve
control system; 2 — compressed air source; 3 — solenoid valve; 4 — collecting chamber;
5 — chronograph 1; 6 — applicator tube; 7 — chronograph 2

Table 1 summarizes the experimental factors, measured signals and derived response variables used
in the study. From the measured timestamps, the transit time was calculated as ¢, = #, — t1, the average
transport velocity as Vi = [/t», the speed loss as Av = vi—w,, the transport retention as
7:= (v2/ v1):100%, and the repeatability as CV = (S /x)-100%. Where ¢, and ¢, are the inlet and outlet
timestamps, / is the measurement-section length, vi and v, are particle speeds at the two chronographs,
S'1s the standard deviation, and X is the mean value.

The compressed-air line was operated with a pressure regulator in the 400-900 kPa range, and the
pressure setting was checked directly before each test series. The same normally closed solenoid valve,
control unit and compressed-air source were used in all experiments; therefore, their response delay was
constant within the factorial comparison. Applicator tubes were smooth transparent polymer tubes with
the inner diameters listed in Table 1, the same length / = 1.0 m and the same inclination angle o = 45 deg.
The chronographs were synchronized to the valve-control signal and checked before the test series to
maintain a common time base. All tests were conducted under stable indoor laboratory conditions;
temperature and relative humidity were not deliberately varied.

For each pressure-diameter combination, the test sequence consisted of pressure stabilization, dose
placement in the collecting chamber, valve activation, registration by chronograph 1 and chronograph
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2, and complete emptying of the tube before the next repetition. Each combination was repeated
10 times. The statistical processing included the mean value, standard deviation, coefficient of variation,
speed loss, transport retention ratio and pressure sensitivity. The pressure effect was additionally
summarized by least-squares linear regression of outlet velocity versus pressure for each tube diameter.
Because the objective is engineering parameter justification, the statistical interpretation is limited to
bench repeatability and trend consistency rather than field-scale inference.

Table 1
Proposed experimental-factor and response matrix for the pneumatic transport study

Group Symbol Description Role in model or experiment
Material B Granular fertilizer in the current Blocking factor for particle-
bench dataset property effects
Pressure p, kPa 400, 500, 600, 700, 800, 900 Main driving factor
Tqbe inner d, mm 10, 12, 16,20 Coqtrols pressure loss and
diameter particle-cloud confinement
Geometry La [= 1.0 m; o= 45° Transport distance and gravity
effect
Signals t, t,p), T Common time base for time Used to derive #, and Vay,
stamps, pressure and temperature
Derived Vi, V2, Av, Used for performance
Calculated parameters .
responses n,CV comparison
. 10 tests for each tube and o
Replications n pressure. A total of 240 tests Ensures repeatability assessment
Results

The tests showed a clear and mechanically consistent effect of both operating pressure and
applicator tube diameter on the response of the pneumatic working unit. To address the complete-factor
processing, the full mean response matrix for all pressures and diameters is reported in Table 2.

Table 2
Results of experimental studies and statistical parameters
Tube inner diameter d, mm
Pressure p, kPa: 10 12 16 20
Vi, m-s’ V2, m-s”’ Vi, m-s”’ V2, m-s”’ Vi, m-s”’ 2, m-s”’ Vi, m-s”’ v, m-s”’
400 22.38 | 16.78 |23.89 | 18.76 |25.62 |21.18 | 2597 |22.64
500 23.88 | 18.05 | 2541 |20.11 |27.08 |22.57 |27.55 [24.13
600 2539 119.32 2692 |21.45 |28.53 2396 |29.13 |25.61
700 26.89 |20.60 |28.44 |22.80 |29.99 |2535 |30.71 |27.10
800 28.40 | 21.87 2995 |24.14 |31.44 |26.74 |32.29 | 28.58
900 2990 |23.14 |3147 |2549 3290 |28.13 |33.87 |30.07
kv2, m-s™ per 100 kPa 1.26 1.34 1.43 1.45
Mean #,, % 76.0 79.9 84.5 87.4

The values correspond to the processed mean chronograph data used to prepare Figs. 3-6; retention
is calculated as 7; = v2/ v;-100%. The numerical results given in Table 2 support this interpretation by
condensing the low- and high-pressure behaviour and linking the high-pressure regime to its practical
engineering assessment [8; 9; 15].

As shown in Figs. 3 and 4, the chronograph readings increased with pressure at both positions,
while the tube diameter influenced the magnitude and stability of the response. The largest outlet values
were obtained with the 16 and 20 mm tubes at the higher-pressure, indicating more favourable conditions
in this operating range. Figs. 5 and 6 further evaluate the same results in terms of transport loss and
retention behaviour, which allows the outlet performance to be interpreted more quantitatively [9; 15].
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The mean effect of the tube diameter at both measuring positions is illustrated in Fig. 7, whereas
Fig. 8 shows the outlet-response operating map and identifies the most suitable working region. The
10 mm tube was consistently the least favourable option, while the 12 mm tube improved the response
but still exhibited a larger drop between inlet and outlet than the two wider configurations. The
repeatability of the measurements was generally satisfactory. For the first chronograph, the average
coefficient of variation remained between 1.24 and 1.86% depending on the tube diameter, while for the
second chronograph the corresponding range was about 1.59 to 2.15%. Similar sensitivity to the
interaction between transport geometry and actuation control has been reported for portable variable-
rate applicators developed for perennial crops [16].
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From a systems perspective, temporal repeatability of this kind is important because automated
experimental platforms and field validation environments require consistent synchronisation between
control signal, vehicle motion, and material release [17]. The present results primarily justify the
pneumatic scheme and range of operating parameters rather than proving agronomic benefit directly.

Nevertheless, transport behaviour must ultimately be considered together with fertiliser
formulation, because eco-friendly and controlled-release fertilisers can change the optimal balance
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between fast delivery, local placement, and post-placement nutrient release [18; 19]. Biochar-based
formulations further underline that delivery hardware and fertiliser chemistry have to be co-designed
when the goal is to reduce nutrient losses while maintaining local application accuracy [20].

Comparison with the theoretical description confirms the expected signs of the main terms in Eq.
(1). Raising the air pressure increases the pneumatic driving force, and the measured outlet speed
increased by 32.8-37.9% when the pressure was raised from 400 to 900 kPa, depending on the tube
diameter. Increasing the tube diameter reduced the relative role of wall contacts and local losses: at
400 kPa the retention ratio grew from 75.0% for d = 10 mm to 87.2% for d =20 mm, and at 900 kPa
from 77.4% to 88.8%. Thus, the simplified model is adequate for selecting the operating region, although
it is not a particle-resolved CFD-DEM model for predicting every collision or rebound event.

Particle size and sphericity affect the results through aerodynamic drag, rolling and sliding friction,
collision angle, wall rebound and the probability of arching or temporary retention. Less spherical
granules have less repeatable contact geometry and can show stronger interaction with the tube wall;
larger granules require higher drag force for acceleration, whereas fine fractions may increase
segregation and dust-related losses. Because one commercial fertilizer batch was used, these properties
were fixed rather than varied independently. Future tests should therefore separate the batch into sieve
fractions and compare at least two fertilizer products with different sphericity and coating strength. This
is especially important for controlled-release, organic and brittle granules, because recent studies
connect particle phenotype, mechanical strength and interaction parameters with handling, transport and
application quality [23-26].

Compared with continuous pneumatic centralized fertilizer-discharge systems, the present study
focuses on the transient delivery of a single dose through a short robotic applicator. Consequently, the
outlet-speed coefficient of variation (about 1.59-2.15%) should not be interpreted as the same quality
indicator as branch mass-distribution CV. Nevertheless, the observed timing repeatability is compatible
with the engineering aim of synchronizing valve opening with robot motion. Recent CFD-DEM and
bench or field studies report branch or field CV values of about 3.96-5.27% after structural optimization,
confirming that suitable tube geometry and controlled airflow can considerably improve pneumatic
fertilizer distribution [21; 22]. The proposed 16-20 mm and 800-900 kPa operating region is therefore
consistent with the broader trend toward larger effective flow passages and stable air-fertilizer mixing,
while still requiring validation under robot vibration, field humidity and different fertilizer formulations.

Conclusions

1. The tests showed that the proposed pneumatic working unit can reliably transport and deliver
granular technological material under controlled bench conditions.

2. Air pressure and applicator tube diameter had the strongest effect on transport performance. Higher
pressure increased particle velocity, while larger tube diameters improved outlet conditions and
reduced transport losses.

3. For the tested fertilizer and bench setup, the most suitable operating range was 800-900 kPa with
16-20 mm applicator tubes, where the system gave the best overall outlet response.

4. The experimental trends agreed with the theoretical description: higher pressure increased the
pneumatic driving term, while larger tube diameters reduced relative outlet losses. The model is
therefore suitable for engineering parameter selection, but detailed particle-resolved prediction
requires additional CFD-DEM or multi-material calibration.

5. The conclusions are limited to the laboratory bench and one fertilizer batch. Field synchronization,
agronomic response, long-term clogging or abrasion, and the effect of different particle-size and
sphericity classes should be addressed in further research.
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