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Abstract

Localized powder feeding requires a controllable flow even for fine or agglomeration-prone materials. This paper presents a
vibratory feeder in which magnetic granules are excited by an alternating electromagnetic field and agitate powder near the
feeding path. The study reports operating observations across magnetic-granule counts, experimental flow-rate curves versus
magnetic induction for WC, Al,Os, TiN, and Bro-10, and ten gravimetric measurements for each of six powder materials in a
separate repeatability series at one fixed magnetic-field setting and 50 Hz. The six-material results are summarized by their
arithmetic mean, sample standard deviation, and coefficient of variation. The measurements characterize prototype operation
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and repeatability; they do not establish absolute dosing error or a validated theoretical flow law.
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1. Introduction

etal and non-metal powders are used in additive manufactur-
M ing, powder metallurgy, coating deposition, assisted sintering,
and electro-discharge processes. In these applications, a feeder does
more than transport material from a reservoir. It must generate
a controllable flow and introduce powder into the working zone
without large variations in flow rate.

Powder flow is determined by particle size and shape, particle-size
distribution, bulk density, roughness, moisture, electrostatic charge,
and interparticle cohesion [1, 2]. Consequently, the same outlet
geometry can produce different flow rates for different materials. The
characterization of metal powders confirms that static and dynamic
flow indicators must be interpreted together rather than separately
[2].

At low flow rates, reducing the outlet opening promotes stable
arch formation, local compaction, and intermittent discharge. Vi-
bration can alter the network of contacts between particles, limit
agglomeration, and mobilize material near the opening [3, 4, 5, 6, 7].
However, this effect is not universal; it depends on amplitude,
frequency, fill level, geometry, and powder properties.

An earlier study examined powder-dosing systems and the
limitations of existing feeders. The present work describes an original
electromagnetic feeder and presents a preliminary experimental
evaluation. The reported tests examine operating behavior as
a function of magnetic-granule count, powder-flow response to
magnetic induction, and repeated gravimetric measurements for
selected powders. Further validation across calibrated clearance
settings, reservoir fill levels, and actuator thermal conditions remains
necessary before the results can be generalized.

1.1. Literature Review

The literature confirms that microdosing cannot be separated
from powder properties. Fathollahi et al. showed that changes in
effective density during feeding alter the flow rate and require
material-specific calibration [8]. Later studies demonstrated that
the control strategy must account for both material properties and
process disturbances [9]. For cohesive powders, Hou et al. achieved
continuous low-rate feeding by means of a dedicated design and
reduced flow-rate variation [10].

For additive manufacturing, vibratory feeders offer the advantages
of low inertia and rapid response to changes in the control signal.
Sinclair et al. correlated flow rate with feeder parameters and the
properties of metal powders [4]. Rothfelder et al. used vibratory
microfeeding for localized delivery of metal and polymer powders
[5]. Breese et al. emphasized that the flow supplied by a vibratory
feeder can vary and that real-time monitoring is necessary when
the process requires high repeatability [11].

Recent results reinforce this conclusion. Pasha et al. showed that
ultrasonic vibration intensity, the initial amount of powder in the
hopper, and the interaction between these variables significantly
influence the powder dispensing rate [12]. Sanders et al. found in
2026 that active mechanical stirring can improve the consistency of
cohesive-powder discharge [13]. These findings justify separating
geometric adjustment from dynamic activation in the proposed
device.

1.2. Functional Requirements

The requirements were formulated from the localized-feeding
function and the failure modes encountered with fine powders.

30

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

54

55

56

57


https://orcid.org/0009-0003-0821-7108
https://orcid.org/0000-0003-3779-4564
https://openalex.org/I4210101280
mailto:ungureanusp5@gmail.com
mailto:eugeniu.ungureanu@stud.fiir.upb.ro
mailto:pavel.topala@gmail.com
https://doi.org/10.34257/GJREA278188

58
59
60
61

62

63

64
65
66
67
68
69
70
71
72
73
74
75

76

7

78

79

80

81

82

UNGUREANU ET AL.

Table 1. Functional requirements of the vibratory feeder

Functional requirement Adopted solution

Intended effect

Flow-rate adjustment

Flow activation
beneath the conical plug

Localized discharge

Geometric repeatability

Maintainability

Low mass

Axially adjustable cone forming an annular gap
Ferromagnetic balls excited by an electromagnetic field

Central lower outlet and coaxial geometry

Parametric CAD model, tolerances, and standardized fasteners
Removable covers, fittings, gasket, and electromagnet

Main components made of aluminum alloy

Continuous change in cross-section without replacing
the outlet

Break-up of powder agglomerates and local suspension
formation

Guiding the powder to a restricted processing zone
Maintaining the relative positions of the components
Cleaning, inspection, and powder replacement
Efficient transmission of vibration

The device must permit continuous adjustment of the outlet cross-
section, transmit vibration without significant parasitic deformation,
maintain the coaxiality of the active components, and be removable
for cleaning. Table 1 summarizes the adopted design responses and
their intended effects.

1.3. Design and Operating Principle

For contact electro-discharge deposition of metal powders, the
Elitron-22 installation used a conventional feeder mounted on the
vibrating tool electrode holder. The metal-powder channel was
adjusted by raising or lowering a dosing needle, which formed a gap
between the needle and the hopper body (Figure 1). Approximately
20 g of metal powder were placed in the hopper while the dosing
nozzle was closed. After the adjustment screw had been set to a
minimum flow rate in the vibrator operating mode, the discharge
time was measured and the powder collected through the nozzle
was weighed using an analytical balance with 0.0001 g resolution.
Once the required flow rate (g/min) had been established, dosing
screw 1 was locked with nut 2 so that vibration could not alter the
powder flow through the gap.

1, dosing screw; 2, locking nut; 3, feed opening; 4, hopper cover; 5, metal-powder

granules; 6, hopper; 7, clearance AS between the hopper body and the dosing screw; 8,
powder outlet nozzle.

Figure 1. Powder dosing device of the Elitron-22 installation.

The systems used in the Razread-M installation, like those
described above, have several disadvantages. Adjusting the powder
flow rate from the hopper requires the installation to be disconnected
in order to raise or lower the dosing needle. In addition, powder
flow can be interrupted by particle agglomeration at the outlet, a
frequent occurrence when powders contain non-spherical particles.
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In the design described in [23, 24, 25], the powder flow rate is
adjusted without stopping the installation by changing the current
intensity (Figure 2).

E
2

1, dosing screw; 2, locking nut; 3, hopper cover; 4, feed opening; 5, body;

6, electromagnetic coil; 7, clearance between body and hopper; 8, hopper; 9, powder
discharge opening; 10, magnetized granules; 11, reservoir; 12, suspension outlet nozzle
[26].

Figure 2. Powder dosing device of the Razread-M installation.

The device operates by forming a powder suspension inside the
feeder. When coil 6 is connected to an alternating-current source,
the magnetic field causes the granules to oscillate. Powder enters the
feeder through the annular clearance formed by the threaded conical
plug and the surrounding body. The axial position of the cone is
adjusted by screwing or unscrewing it. The nominal geometric range
stated for this clearance is 1.5d-0.8D, where d is the powder-particle
diameter and D is the magnetic-granule diameter. The clearance
limits are set to allow powder to enter from the reservoir while
preventing magnetic granules from entering the powder-feed space.
The powder-particle and magnetic-granule dimensions were known
during the measurements. The clearance was set with screw 1 by
bringing components 8 and 11 into contact and then turning the
screw in the reverse direction to obtain the calculated clearance. The
numerical value of the actual clearance was not measured. During
each measurement series, the cone was fixed at one axial position
and held constant.

2. Simplified Dynamic Model

The actual assembly is a distributed, nonlinear mechanical system.
For a preliminary structural analysis, it was represented as a
single-degree-of-freedom system [15, 16]. The equivalent mass
m, includes the body, covers, cone, and components that move
together. The equivalent stiffness is k., while total damping c,
includes structural losses. Interaction between the field, magnetic
balls, and powder additionally introduces apparent mass, impacts,
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and variable damping. In Equation (1), Fy is the equivalent force
amplitude, w = 27 f is the excitation angular frequency in rad/s,
and c, is an equivalent viscous damping coefficient in N - s/m. In
the initial approximation, electromagnetic excitation is represented
by an equivalent harmonic force:

MeX + c.X + kox = Fy sin(wt) (1)

The undamped natural angular frequency and the frequency
expressed in hertz are:

wn
w, = _— = —
n m, ’ Ja Pl

@

For the steady harmonic regime, displacement amplitude can be
written as:

X= Fo/ke ®3)
VA =r2)2 +(28r)?
where the frequency ratio and damping factor are:
w c
r=—2,  {=-—r— )
Wn 2\ k.m,

The model explains why the excitation frequency cannot be
chosen independently of the mass and stiffness of the assembly.
Approaching resonance can produce large amplitudes but may
increase sensitivity to the amount of powder, screw tightening, and
damping. Therefore, the stable operating regime must be established
experimentally, not by calculation alone.

The powder and magnetic balls introduce nonlinear effects
through impact, sliding, rotation, and contact reorganization. The
response can change as the reservoir level decreases or when the
number of balls changes. Studies of silos and vibratory conveyors
show that vibration can either intensify or reduce flow depending
on the dynamic regime and geometry [6, 7]. In the single-degree-of-
freedom model, X is the structural displacement of the assembled
feeder. Because the cone and body are treated as moving together, X
does not directly modulate the cone-to-body clearance. The proposed
effect on powder flow is indirect: motion of the assembly changes
the motion and contact dynamics of the magnetic granules, whose
impacts can transfer momentum to powder particles and alter their
mobility and discharge. No quantitative relationship between X and
P was measured in the present study.

3. Experimental Validation and Results

A design review confirmed that the documentation defines the parts,
materials, tolerances, fasteners, and actuator integration. This check
demonstrates the feasibility of manufacture and assembly, but it does
not replace flow-rate validation. In the experimental series reported
here, mass flow rate was determined gravimetrically:
my; . My; )

where m; is the mass of the collection vessel before collection,
my; is its mass after collection, and ¢ is the dosing time. For ¢ = 1 min,
the mass difference in grams is numerically equal to the flow rate
in g/min. The Bro-10 magnetic-induction sweep comprised ten
repetitions at each reported B level. The six-material repeatability
series comprised ten measurements per powder at one fixed B setting
and 50 Hz; the same 60 s dosing duration was used. Data processing
included the mean, sample standard deviation, and coefficient of
variation.

Pi=

The gravimetric method is suitable for prototype verification
because it directly measures discharged mass. In recent literature,
weighing is used both for the calibration of microfeeders and for
the development of control strategies [8, 9, 11]. ISO 4490 may
additionally be used to comparatively characterize the flow of metal
powders through a calibrated funnel [22].

The experimental program comprised: (i) tests of feeder behavior
and flow rate as a function of magnetic-granule count (Table 2);
(ii) an experimental Bro-10 flow-rate sweep over several magnetic-
induction levels (Figure 3); and (iii) ten gravimetric measurements for
each of six powder materials at one fixed magnetic-induction setting
(Table 3). Frequency was 50 Hz and each gravimetric measurement
lasted 60 s. The conical plug position was held constant within each
series. Clearance, reservoir fill level, and actuator thermal stability
were not systematically varied.

3.1. Effect of the Number of Magnetic Granules on Feeder
Powder Flow

The magnetic granules used as agitation bodies in the feeder are
made of BrFey and are spherical. In the absence of an external
magnetic field, they can agglomerate and form clusters. It is therefore
necessary to determine the number of granules for stable operation.
In the electromagnetic field, they perform translational oscillatory
motion at the field frequency (50 Hz); at the limit points, they
rotate and align their magnetic poles with the applied field lines.
The granule diameter was 2.68 mm. The number of magnetic
granules loaded into the feeder was established by counting. For
Table 2, “continuous” means that no interruption of discharge
was observed during the run; “intermittent” means that at least
one interruption was observed. The measurement and observation
results are presented in Table 2.

Powder flow was classified as continuous or intermittent (with
interruptions) based on the trace left on a strip of paper as the
operating feeder was moved. In the recorded tests, 15-40 magnetic
granules produced uninterrupted discharge in the low-count range.
Continuous discharge was also observed at several larger counts,
while intermittent discharge occurred in other count ranges. The
results therefore do not establish a single continuous operating range
or a monotonic threshold based on granule count alone.

3.2. Effect of Magnetic Induction B on Feeder Powder Flow

The Bro-10 series was used to determine the experimental depen-
dence of powder flow rate on magnetic induction B. The tested
magnetic-induction levels were 9, 10, 12, 15, and 18 mT at a supply
frequency of 50 Hz. The protocol reported ten 60 s determinations
per level; the Figure 3 curve represents the retained experimental
results, and individual raw readings are not reproduced here.

Figure 3 presents the four experimental curves for tungsten
carbide (WC), aluminum oxide (Al,O3), titanium nitride (TiN), and
bronze (Bro-10), with particle diameters of 63-100 pm. The curves
were digitized from the original graphical plot and redrawn with
corrected axes and a key. They are used for qualitative comparison;
the plotted point coordinates should not be treated as a substitute
for the missing primary measurement records.

Across the plotted range, the experimental curves show an
increase in flow with magnetic induction for each displayed material.
This observation is limited to the tested setup and does not establish
a universal material-independent power law.

3.3. Repeatability of the Six-Powder Measurements

For each of the six powder materials in Table 3, ten individual mass-
flow measurements were made at one fixed magnetic-induction
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Table 2. Feeder operating behavior and powder flow rate as a function of the number of magnetic granules

No. Number of Flow rate [g/min] Operating behavior Number of Flow rate [g/min] Operating behavior
granules granules
1 5 - Continuous 120 0.0240 Continuous
2 10 - Continuous 130 0.0256 Intermittent
3 15 0.0026 Continuous 140 0.0310 Intermittent
4 20 0.0142 Continuous 150 0.0390 Intermittent
5 25 0.0227 Continuous 160 0.0467 Intermittent
6 30 0.0436 Continuous 170 0.0508 Intermittent
7 35 0.0252 Continuous 180 0.0612 Intermittent
8 40 0.0274 Continuous 200 0.0624 Continuous
9 45 0.0179 Intermittent 250 0.0625 Continuous
10 50 0.0195 Intermittent 300 0.0650 Continuous
11 55 0.0209 Intermittent 350 0.0676 Continuous
12 60 0.0200 Intermittent 400 0.0841 Continuous
13 65 0.0191 Intermittent 420 0.0844 Continuous
14 70 0.0210 Intermittent 450 0.0846 Continuous
15 75 0.0211 Continuous 460 0.0850 Continuous
16 80 0.0320 Continuous 480 0.0874 Intermittent
17 90 0.218 Continuous 500 0.0878 Intermittent
18 100 0.0220 Continuous 550 0.0950 Intermittent
19 110 0.0224 Continuous 580 0.0918 Intermittent

14 from one operating regime to another without changing the outlet

opening or dismantling the reservoir.

12 The design novelty results from integrating the following ele-
= ments into a compact assembly: a cylindrical-conical chamber, an
E 107 axially adjustable annular gap, localized central discharge, a mobile
f layer of magnetic balls placed beneath the conical plug, and an
g 81 electromagnetic actuator separated from the powder path. The balls
c transform field variation into local volumetric agitation, not merely
H ® wall vibration. The design documentation enables reproducible,
E 4l controlled modification of the geometry.

2 The solution also has limitations. Cone position cannot be directly
2 converted into flow rate without calibration. Wear and deposits
can alter the effective gap. Transmitted vibration depends on the

0 . ; . . . assembly, powder level, and material properties. Research from

Magnetic induction, B (mT)

Figure 3. Experimental mass flow rate P versus magnetic induction B at
50 Hz, digitized from the original graph for replotting: (1) WC; (2) Al,05;
(3) TiN; (4) Bro-10. The curves are for qualitative comparison because
tabulated coordinates were unavailable.

setting, 50 Hz, and a 60 s dosing duration. The arithmetic mean
was calculated using Equation (6). The sample standard deviation
and coefficient of variation were calculated from the same ten
values. Because no independent target flow rate or reference value
was specified, these statistics describe repeatability and are not an
estimate of absolute dosing error.

2?21 P;

n

P= ©)
For the six-material series, n = 10. The sample standard deviation
Vi, (Pi—P)2

n-1

was calculated as s = , and the coefficient of variation

100s
asCV=—.

The profoosed solution differs from a simple vibrated hopper
because it includes an active geometric adjustment element. The
cone establishes the available cross-section, while the electromagnet
modifies the dynamic state of the powder. The device can change

+ i
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2025 and 2026 shows that the initial hopper mass and the form
of mechanical activation must be treated as experimental variables
rather than secondary conditions [12, 13].

At a later stage, a scale for cone position, a displacement sensor,
and a feedback controller may be integrated. Closed-loop control
is justified when the technological process requires automatic
flow-rate maintenance [9, 11]. These developments should follow
characterization of the basic device.

237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257

258



259

260

261

262

263

264

265

266

267

268

269
270
271

272

273

274

275

276

277

278

279

280

281

282

283

284

285
286

287

288
289
290
291

292

THE USE OF ELECTROMAGNETIC SUSPENSIONS IN IMPROVING THE DOSING EFFICIENCY OF POWDERS

Table 3. Ten gravimetric flow-rate measurements and repeatability statistics for six powder materials

No. TiC [g/min] HfO, [g/min] WC [g/min] Al O3 + TiO, (60:40) [g/min] B4C [g/min] Mo [g/min]

1 0.0478 0.0836 0.0745 0.02908 3.540 0.0814

2 0.0480 0.0858 0.0738 0.02906 3.5414 0.0819

3 0.0492 0.0826 0.0742 0.02906 3.5421 0.0820

4 0.0483 0.0839 0.0745 0.02907 3.5418 0.0819

5 0.0497 0.0850 0.0744 0.02907 3.5427 0.0823

6 0.0480 0.0854 0.0741 0.02908 3.5421 0.0818

7 0.0488 0.0855 0.0743 0.02907 3.5418 0.0819

8 0.0489 0.0850 0.0740 0.02906 3.5423 0.0823

9 0.0490 0.0856 0.0739 0.02908 3.5427 0.0820

10 0.0470 0.0855 0.0742 0.02907 3.5421 0.0821

Mean, P 0.04847 0.08479 0.07419 0.02907 3.54190 0.08196

Sample SD, s 0.00080 0.00106 0.00024 0.00001 0.00078 0.00026
CV (%) 1.642 1.252 0.327 0.028 0.022 0.316

Conditions for Table 3: one fixed magnetic-induction setting By = 12 mT; supply frequency 50 Hz; dosing duration 60 s; n = 10 per material. The threaded cone was adjusted
axially and held at the same setting for all repetitions. The nominal clearance range is 1.5d-0.8D; the numerical value of the actual clearance was not measured.

4. Conclusions

The design description and experimental results support the follow-
ing conclusions:

The feeder combines an axially adjustable conical clearance
with electromagnetic agitation by magnetic granules.

The simplified single-degree-of-freedom model describes struc-
tural response; it does not directly predict powder flow or
clearance modulation.

The Bro-10 measurements show an experimental change in
flow rate across the tested magnetic-induction levels at 50 Hz.

For six powder materials tested at one fixed magnetic-induction
setting, ten repeated gravimetric measurements were summa-
rized by mean, sample standard deviation, and coefficient of
variation.

The present results characterize prototype operation and
repeatability. Because the numerical value of the clearance was
not measured, absolute dosing accuracy cannot be assessed;
generalization to other process conditions requires further
validation under calibrated clearance settings.
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## 1. Introduction

Metal and non-metal powders are used in additive manufacturing, powder metallurgy, coating deposition, assisted sintering, and electro-discharge processes. In these applications, a feeder does more than transport material from a reservoir. It must generate a controllable flow and introduce powder into the working zone without large variations in flow rate.

Powder flow is determined by particle size and shape, particle-size distribution, bulk density, roughness, moisture, electrostatic charge, and interparticle cohesion [@1; @2]. Consequently, the same outlet geometry can produce different flow rates for different materials. The characterization of metal powders confirms that static and dynamic flow indicators must be interpreted together rather than separately [@2].

At low flow rates, reducing the outlet opening promotes stable arch formation, local compaction, and intermittent discharge. Vibration can alter the network of contacts between particles, limit agglomeration, and mobilize material near the opening [@3-7]. However, this effect is not universal; it depends on amplitude, frequency, fill level, geometry, and powder properties.

An earlier study examined powder-dosing systems and the limitations of existing feeders. The present work describes an original electromagnetic feeder and presents a preliminary experimental evaluation. The reported tests examine operating behavior as a function of magnetic-granule count, powder-flow response to magnetic induction, and repeated gravimetric measurements for selected powders. Further validation across calibrated clearance settings, reservoir fill levels, and actuator thermal conditions remains necessary before the results can be generalized.

### 1.1 Literature Review

The literature confirms that microdosing cannot be separated from powder properties. Fathollahi et al. showed that changes in effective density during feeding alter the flow rate and require material-specific calibration [@8]. Later studies demonstrated that the control strategy must account for both material properties and process disturbances [@9]. For cohesive powders, Hou et al. achieved continuous low-rate feeding by means of a dedicated design and reduced flow-rate variation [@10].

For additive manufacturing, vibratory feeders offer the advantages of low inertia and rapid response to changes in the control signal. Sinclair et al. correlated flow rate with feeder parameters and the properties of metal powders [@4]. Rothfelder et al. used vibratory microfeeding for localized delivery of metal and polymer powders [@5]. Breese et al. emphasized that the flow supplied by a vibratory feeder can vary and that real-time monitoring is necessary when the process requires high repeatability [@11].

Recent results reinforce this conclusion. Pasha et al. showed that ultrasonic vibration intensity, the initial amount of powder in the hopper, and the interaction between these variables significantly influence the powder dispensing rate [@12]. Sanders et al. found in 2026 that active mechanical stirring can improve the consistency of cohesive-powder discharge [@13]. These findings justify separating geometric adjustment from dynamic activation in the proposed device.

### 1.2 Functional Requirements

The requirements were formulated from the localized-feeding function and the failure modes encountered with fine powders.

Table 1: Functional requirements of the vibratory feeder.

| Functional requirement | Adopted solution | Intended effect |
| :--- | :--- | :--- |
| Flow-rate adjustment | Axially adjustable cone forming an annular gap | Continuous change in cross-section without replacing the outlet |
| Flow activation | Ferromagnetic balls excited by an electromagnetic field beneath the conical plug | Break-up of powder agglomerates and local suspension formation |
| Localized discharge | Central lower outlet and coaxial geometry | Guiding the powder to a restricted processing zone |
| Geometric repeatability | Parametric CAD model, tolerances, and standardized fasteners | Maintaining the relative positions of the components |
| Maintainability | Removable covers, fittings, gasket, and electromagnet | Cleaning, inspection, and powder replacement |
| Low mass | Main components made of aluminum alloy | Efficient transmission of vibration |

The device must permit continuous adjustment of the outlet cross-section, transmit vibration without significant parasitic deformation, maintain the coaxiality of the active components, and be removable for cleaning. Table 1 summarizes the adopted design responses and their intended effects.

In the design described in [@23-25], the powder flow rate is adjusted without stopping the installation by changing the current intensity (Figure 2).

### 1.3 Design and Operating Principle

For contact electro-discharge deposition of metal powders, the Elitron-22 installation used a conventional feeder mounted on the vibrating tool electrode holder. The metal-powder channel was adjusted by raising or lowering a dosing needle, which formed a gap between the needle and the hopper body (Figure 1). Approximately $20\,\mathrm{g}$ of metal powder were placed in the hopper while the dosing nozzle was closed. After the adjustment screw had been set to a minimum flow rate in the vibrator operating mode, the discharge time was measured and the powder collected through the nozzle was weighed using an analytical balance with $0.0001\,\mathrm{g}$ resolution. Once the required flow rate ($\mathrm{g/min}$) had been established, dosing screw 1 was locked with nut 2 so that vibration could not alter the powder flow through the gap.

![Powder dosing device of the Elitron-22 installation](media/image1.png)

Figure 1: Powder dosing device of the Elitron-22 installation: 1, dosing screw; 2, locking nut; 3, feed opening; 4, hopper cover; 5, metal-powder granules; 6, hopper; 7, clearance $\Delta S$ between the hopper body and the dosing screw; 8, powder outlet nozzle.

The systems used in the Razread-M installation, like those described above, have several disadvantages. Adjusting the powder flow rate from the hopper requires the installation to be disconnected in order to raise or lower the dosing needle. In addition, powder flow can be interrupted by particle agglomeration at the outlet, a frequent occurrence when powders contain non-spherical particles.

![Powder dosing device of the Razread-M installation](media/image2.png)

Figure 2: Powder dosing device of the Razread-M installation [@26]: 1, dosing screw; 2, locking nut; 3, hopper cover; 4, feed opening; 5, body; 6, electromagnetic coil; 7, clearance between body and hopper; 8, hopper; 9, powder discharge opening; 10, magnetized granules; 11, reservoir; 12, suspension outlet nozzle.

The device operates by forming a powder suspension inside the feeder. When coil 6 is connected to an alternating-current source, the magnetic field causes the granules to oscillate. Powder enters the feeder through the annular clearance formed by the threaded conical plug and the surrounding body. The axial position of the cone is adjusted by screwing or unscrewing it. The nominal geometric range stated for this clearance is $1.5d\text{--}0.8D$, where $d$ is the powder-particle diameter and $D$ is the magnetic-granule diameter. The clearance limits are set to allow powder to enter from the reservoir while preventing magnetic granules from entering the powder-feed space. The powder-particle and magnetic-granule dimensions were known during the measurements. The clearance was set with screw 1 by bringing components 8 and 11 into contact and then turning the screw in the reverse direction to obtain the calculated clearance. The numerical value of the actual clearance was not measured. During each measurement series, the cone was fixed at one axial position and held constant.

## 2. Simplified Dynamic Model

The actual assembly is a distributed, nonlinear mechanical system. For a preliminary structural analysis, it was represented as a single-degree-of-freedom system [@15; @16]. The equivalent mass $m_e$ includes the body, covers, cone, and components that move together. The equivalent stiffness is $k_e$, while total damping $c_e$ includes structural losses. Interaction between the field, magnetic balls, and powder additionally introduces apparent mass, impacts, and variable damping. In Equation (1), $F_0$ is the equivalent force amplitude, $\omega = 2\pi f$ is the excitation angular frequency in $\mathrm{rad/s}$, and $c_e$ is an equivalent viscous damping coefficient in $\mathrm{N\cdot s/m}$. In the initial approximation, electromagnetic excitation is represented by an equivalent harmonic force:

$$
m_e \ddot{x} + c_e \dot{x} + k_e x = F_0 \sin(\omega t) \tag{1}
$$

The undamped natural angular frequency and the frequency expressed in hertz are:

$$
\omega_n = \sqrt{\frac{k_e}{m_e}}, \qquad f_n = \frac{\omega_n}{2\pi} \tag{2}
$$

For the steady harmonic regime, displacement amplitude can be written as:

$$
X = \frac{F_0/k_e}{\sqrt{(1 - r^2)^2 + (2\zeta r)^2}} \tag{3}
$$

where the frequency ratio and damping factor are:

$$
r = \frac{\omega}{\omega_n}, \qquad \zeta = \frac{c_e}{2\sqrt{k_e m_e}} \tag{4}
$$

The model explains why the excitation frequency cannot be chosen independently of the mass and stiffness of the assembly. Approaching resonance can produce large amplitudes but may increase sensitivity to the amount of powder, screw tightening, and damping. Therefore, the stable operating regime must be established experimentally, not by calculation alone.

The powder and magnetic balls introduce nonlinear effects through impact, sliding, rotation, and contact reorganization. The response can change as the reservoir level decreases or when the number of balls changes. Studies of silos and vibratory conveyors show that vibration can either intensify or reduce flow depending on the dynamic regime and geometry [@6; @7]. In the single-degree-of-freedom model, $X$ is the structural displacement of the assembled feeder. Because the cone and body are treated as moving together, $X$ does not directly modulate the cone-to-body clearance. The proposed effect on powder flow is indirect: motion of the assembly changes the motion and contact dynamics of the magnetic granules, whose impacts can transfer momentum to powder particles and alter their mobility and discharge. No quantitative relationship between $X$ and $P$ was measured in the present study.

## 3. Experimental Validation and Results

A design review confirmed that the documentation defines the parts, materials, tolerances, fasteners, and actuator integration. This check demonstrates the feasibility of manufacture and assembly, but it does not replace flow-rate validation. In the experimental series reported here, mass flow rate was determined gravimetrically:

$$
P_i = \frac{m_{1i} - m_{0i}}{t}, \tag{5}
$$

where $m_{0i}$ is the mass of the collection vessel before collection, $m_{1i}$ is its mass after collection, and $t$ is the dosing time. For $t = 1\,\mathrm{min}$, the mass difference in grams is numerically equal to the flow rate in $\mathrm{g/min}$. The Bro-10 magnetic-induction sweep comprised ten repetitions at each reported $B$ level. The six-material repeatability series comprised ten measurements per powder at one fixed $B$ setting and $50\,\mathrm{Hz}$; the same $60\,\mathrm{s}$ dosing duration was used. Data processing included the mean, sample standard deviation, and coefficient of variation.

The gravimetric method is suitable for prototype verification because it directly measures discharged mass. In recent literature, weighing is used both for the calibration of microfeeders and for the development of control strategies [@8; @9; @11]. ISO 4490 may additionally be used to comparatively characterize the flow of metal powders through a calibrated funnel [@22].

The experimental program comprised: (i) tests of feeder behavior and flow rate as a function of magnetic-granule count (Table 2); (ii) an experimental Bro-10 flow-rate sweep over several magnetic-induction levels (Figure 3); and (iii) ten gravimetric measurements for each of six powder materials at one fixed magnetic-induction setting (Table 3). Frequency was $50\,\mathrm{Hz}$ and each gravimetric measurement lasted $60\,\mathrm{s}$. The conical plug position was held constant within each series. Clearance, reservoir fill level, and actuator thermal stability were not systematically varied.

### 3.1 Effect of the Number of Magnetic Granules on Feeder Powder Flow

The magnetic granules used as agitation bodies in the feeder are made of $\ce{BrFe6}$ and are spherical. In the absence of an external magnetic field, they can agglomerate and form clusters. It is therefore necessary to determine the number of granules for stable operation. In the electromagnetic field, they perform translational oscillatory motion at the field frequency ($50\,\mathrm{Hz}$); at the limit points, they rotate and align their magnetic poles with the applied field lines. The granule diameter was $2.68\,\mathrm{mm}$. The number of magnetic granules loaded into the feeder was established by counting. For Table 2, "continuous" means that no interruption of discharge was observed during the run; "intermittent" means that at least one interruption was observed. The measurement and observation results are presented in Table 2.

Table 2: Feeder operating behavior and powder flow rate as a function of the number of magnetic granules.

| No. | Number of granules | Flow rate ($\mathrm{g/min}$) | Operating behavior | Number of granules | Flow rate ($\mathrm{g/min}$) | Operating behavior |
| :---: | :---: | :---: | :--- | :---: | :---: | :--- |
| 1 | 5 | — | Continuous | 120 | 0.0240 | Continuous |
| 2 | 10 | — | Continuous | 130 | 0.0256 | Intermittent |
| 3 | 15 | 0.0026 | Continuous | 140 | 0.0310 | Intermittent |
| 4 | 20 | 0.0142 | Continuous | 150 | 0.0390 | Intermittent |
| 5 | 25 | 0.0227 | Continuous | 160 | 0.0467 | Intermittent |
| 6 | 30 | 0.0436 | Continuous | 170 | 0.0508 | Intermittent |
| 7 | 35 | 0.0252 | Continuous | 180 | 0.0612 | Intermittent |
| 8 | 40 | 0.0274 | Continuous | 200 | 0.0624 | Continuous |
| 9 | 45 | 0.0179 | Intermittent | 250 | 0.0625 | Continuous |
| 10 | 50 | 0.0195 | Intermittent | 300 | 0.0650 | Continuous |
| 11 | 55 | 0.0209 | Intermittent | 350 | 0.0676 | Continuous |
| 12 | 60 | 0.0200 | Intermittent | 400 | 0.0841 | Continuous |
| 13 | 65 | 0.0191 | Intermittent | 420 | 0.0844 | Continuous |
| 14 | 70 | 0.0210 | Intermittent | 450 | 0.0846 | Continuous |
| 15 | 75 | 0.0211 | Continuous | 460 | 0.0850 | Continuous |
| 16 | 80 | 0.0320 | Continuous | 480 | 0.0874 | Intermittent |
| 17 | 90 | 0.218 | Continuous | 500 | 0.0878 | Intermittent |
| 18 | 100 | 0.0220 | Continuous | 550 | 0.0950 | Intermittent |
| 19 | 110 | 0.0224 | Continuous | 580 | 0.0918 | Intermittent |

Powder flow was classified as continuous or intermittent (with interruptions) based on the trace left on a strip of paper as the operating feeder was moved. In the recorded tests, 15–40 magnetic granules produced uninterrupted discharge in the low-count range. Continuous discharge was also observed at several larger counts, while intermittent discharge occurred in other count ranges. The results therefore do not establish a single continuous operating range or a monotonic threshold based on granule count alone.

### 3.2 Effect of Magnetic Induction B on Feeder Powder Flow

The Bro-10 series was used to determine the experimental dependence of powder flow rate on magnetic induction $B$. The tested magnetic-induction levels were 9, 10, 12, 15, and $18\,\mathrm{mT}$ at a supply frequency of $50\,\mathrm{Hz}$. The protocol reported ten $60\,\mathrm{s}$ determinations per level; the Figure 3 curve represents the retained experimental results, and individual raw readings are not reproduced here.

![Experimental mass flow rate versus magnetic induction at 50 Hz](media/image3.png)

Figure 3: Experimental mass flow rate $P$ versus magnetic induction $B$ at $50\,\mathrm{Hz}$, digitized from the original graph for replotting: (1) WC; (2) $\ce{Al2O3}$; (3) TiN; (4) Bro-10. The curves are for qualitative comparison because tabulated coordinates were unavailable.

Figure 3 presents the four experimental curves for tungsten carbide (WC), aluminum oxide ($\ce{Al2O3}$), titanium nitride (TiN), and bronze (Bro-10), with particle diameters of 63–100 $\mathrm{\mu m}$. The curves were digitized from the original graphical plot and redrawn with corrected axes and a key. They are used for qualitative comparison; the plotted point coordinates should not be treated as a substitute for the missing primary measurement records.

Across the plotted range, the experimental curves show an increase in flow with magnetic induction for each displayed material. This observation is limited to the tested setup and does not establish a universal material-independent power law.

### 3.3 Repeatability of the Six-Powder Measurements

For each of the six powder materials in Table 3, ten individual mass-flow measurements were made at one fixed magnetic-induction setting, $50\,\mathrm{Hz}$, and a $60\,\mathrm{s}$ dosing duration. The arithmetic mean was calculated using Equation (6). The sample standard deviation and coefficient of variation were calculated from the same ten values. Because no independent target flow rate or reference value was specified, these statistics describe repeatability and are not an estimate of absolute dosing error.

$$
\overline{P} = \frac{\sum_{i=1}^n P_i}{n}. \tag{6}
$$

For the six-material series, $n = 10$. The sample standard deviation was calculated as $s = \sqrt{\frac{\sum_{i=1}^n (P_i - \overline{P})^2}{n - 1}}$, and the coefficient of variation as $\mathrm{CV} = \frac{100s}{\overline{P}}$.

Table 3: Ten gravimetric flow-rate measurements and repeatability statistics for six powder materials.

| No. | TiC ($\mathrm{g/min}$) | $\ce{HfO2}$ ($\mathrm{g/min}$) | WC ($\mathrm{g/min}$) | $\ce{Al2O3 + TiO2}$ (60:40) ($\mathrm{g/min}$) | $\ce{B4C}$ ($\mathrm{g/min}$) | Mo ($\mathrm{g/min}$) |
| :---: | :---: | :---: | :---: | :---: | :---: | :---: |
| 1 | 0.0478 | 0.0836 | 0.0745 | 0.02908 | 3.5400 | 0.0814 |
| 2 | 0.0480 | 0.0858 | 0.0738 | 0.02906 | 3.5414 | 0.0819 |
| 3 | 0.0492 | 0.0826 | 0.0742 | 0.02906 | 3.5421 | 0.0820 |
| 4 | 0.0483 | 0.0839 | 0.0745 | 0.02907 | 3.5418 | 0.0819 |
| 5 | 0.0497 | 0.0850 | 0.0744 | 0.02907 | 3.5427 | 0.0823 |
| 6 | 0.0480 | 0.0854 | 0.0741 | 0.02908 | 3.5421 | 0.0818 |
| 7 | 0.0488 | 0.0855 | 0.0743 | 0.02907 | 3.5418 | 0.0819 |
| 8 | 0.0489 | 0.0850 | 0.0740 | 0.02906 | 3.5423 | 0.0823 |
| 9 | 0.0490 | 0.0856 | 0.0739 | 0.02908 | 3.5427 | 0.0820 |
| 10 | 0.0470 | 0.0855 | 0.0742 | 0.02907 | 3.5421 | 0.0821 |
| Mean, $\overline{P}$ | 0.04847 | 0.08479 | 0.07419 | 0.02907 | 3.54190 | 0.08196 |
| Sample SD, $s$ | 0.00080 | 0.00106 | 0.00024 | 0.00001 | 0.00078 | 0.00026 |
| CV (%) | 1.642 | 1.252 | 0.327 | 0.028 | 0.022 | 0.316 |

Conditions for Table 3: one fixed magnetic-induction setting $B_0 = 12\,\mathrm{mT}$; supply frequency $50\,\mathrm{Hz}$; dosing duration $60\,\mathrm{s}$; $n = 10$ per material. The threaded cone was adjusted axially and held at the same setting for all repetitions. The nominal clearance range is $1.5d\text{--}0.8D$; the numerical value of the actual clearance was not measured.

The proposed solution differs from a simple vibrated hopper because it includes an active geometric adjustment element. The cone establishes the available cross-section, while the electromagnet modifies the dynamic state of the powder. The device can change from one operating regime to another without changing the outlet opening or dismantling the reservoir.

The design novelty results from integrating the following elements into a compact assembly: a cylindrical-conical chamber, an axially adjustable annular gap, localized central discharge, a mobile layer of magnetic balls placed beneath the conical plug, and an electromagnetic actuator separated from the powder path. The balls transform field variation into local volumetric agitation, not merely wall vibration. The design documentation enables reproducible, controlled modification of the geometry.

The solution also has limitations. Cone position cannot be directly converted into flow rate without calibration. Wear and deposits can alter the effective gap. Transmitted vibration depends on the assembly, powder level, and material properties. Research from 2025 and 2026 shows that the initial hopper mass and the form of mechanical activation must be treated as experimental variables rather than secondary conditions [@12; @13].

At a later stage, a scale for cone position, a displacement sensor, and a feedback controller may be integrated. Closed-loop control is justified when the technological process requires automatic flow-rate maintenance [@9; @11]. These developments should follow characterization of the basic device.

## 4. Conclusions

The design description and experimental results support the following conclusions:

- The feeder combines an axially adjustable conical clearance with electromagnetic agitation by magnetic granules.
- The simplified single-degree-of-freedom model describes structural response; it does not directly predict powder flow or clearance modulation.
- The Bro-10 measurements show an experimental change in flow rate across the tested magnetic-induction levels at $50\,\mathrm{Hz}$.
- For six powder materials tested at one fixed magnetic-induction setting, ten repeated gravimetric measurements were summarized by mean, sample standard deviation, and coefficient of variation.
- The present results characterize prototype operation and repeatability. Because the numerical value of the clearance was not measured, absolute dosing accuracy cannot be assessed; generalization to other process conditions requires further validation under calibrated clearance settings.
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| Low mass | Main components made of aluminum alloy | Efficient transmission of vibration | The device must permit continuous adjustment of the outlet cross-section, transmit vibration without significant parasitic deformation, maintain the coaxiality of the active components, and be removable for cleaning. Table 1 summarizes the adopted design responses and their intended effects. In the design described in [@23-25], the powder flow rate is adjusted without stopping the installation by changing the current intensity (Figure 2).  1.3 Design and Operating Principle For contact electro-discharge deposition of metal powders, the Elitron-22 installation used a conventional feeder mounted on the vibrating tool electrode holder. The metal-powder channel was adjusted by raising or lowering a dosing needle, which formed a gap between the needle and the hopper body (Figure 1). Approximately $20\,\mathrm{g}$ of metal powder were placed in the hopper while the dosing nozzle was closed. After the adjustment screw had been set to a minimum flow rate in the vibrator operating mode, the discharge time was measured and the powder collected through the nozzle was weighed using an analytical balance with $0.0001\,\mathrm{g}$ resolution. Once the required flow rate ($\mathrm{g/min}$) had been established, dosing screw 1 was locked with nut 2 so that vibration could not alter the powder flow through the gap. ![Powder dosing device of the Elitron-22 installation](media/image1.png) Figure 1: Powder dosing device of the Elitron-22 installation: 1, dosing screw; 2, locking nut; 3, feed opening; 4, hopper cover; 5, metal-powder granules; 6, hopper; 7, clearance $\Delta S$ between the hopper body and the dosing screw; 8, powder outlet nozzle. The systems used in the Razread-M installation, like those described above, have several disadvantages. Adjusting the powder flow rate from the hopper requires the installation to be disconnected in order to raise or lower the dosing needle. In addition, powder flow can be interrupted by particle agglomeration at the outlet, a frequent occurrence when powders contain non-spherical particles. ![Powder dosing device of the Razread-M installation](media/image2.png) Figure 2: Powder dosing device of the Razread-M installation [@26]: 1, dosing screw; 2, locking nut; 3, hopper cover; 4, feed opening; 5, body; 6, electromagnetic coil; 7, clearance between body and hopper; 8, hopper; 9, powder discharge opening; 10, magnetized granules; 11, reservoir; 12, suspension outlet nozzle. The device operates by forming a powder suspension inside the feeder. When coil 6 is connected to an alternating-current source, the magnetic field causes the granules to oscillate. Powder enters the feeder through the annular clearance formed by the threaded conical plug and the surrounding body. The axial position of the cone is adjusted by screwing or unscrewing it. The nominal geometric range stated for this clearance is $1.5d\text{--}0.8D$, where $d$ is the powder-particle diameter and $D$ is the magnetic-granule diameter. The clearance limits are set to allow powder to enter from the reservoir while preventing magnetic granules from entering the powder-feed space. The powder-particle and magnetic-granule dimensions were known during the measurements. The clearance was set with screw 1 by bringing components 8 and 11 into contact and then turning the screw in the reverse direction to obtain the calculated clearance. The numerical value of the actual clearance was not measured. During each measurement series, the cone was fixed at one axial position and held constant.  2. Simplified Dynamic Model The actual assembly is a distributed, nonlinear mechanical system. For a preliminary structural analysis, it was represented as a single-degree-of-freedom system [@15; @16]. The equivalent mass $m_e$ includes the body, covers, cone, and components that move together. The equivalent stiffness is $k_e$, while total damping $c_e$ includes structural losses. Interaction between the field, magnetic balls, and powder additionally introduces apparent mass, impacts, and variable damping. In Equation (1), $F_0$ is the equivalent force amplitude, $\omega = 2\pi f$ is the excitation angular frequency in $\mathrm{rad/s}$, and $c_e$ is an equivalent viscous damping coefficient in $\mathrm{N\cdot s/m}$. In the initial approximation, electromagnetic excitation is represented by an equivalent harmonic force: $$
m_e \ddot{x} + c_e \dot{x} + k_e x = F_0 \sin(\omega t) \tag{1}
$$ The undamped natural angular frequency and the frequency expressed in hertz are: $$
\omega_n = \sqrt{\frac{k_e}{m_e}}, \qquad f_n = \frac{\omega_n}{2\pi} \tag{2}
$$ For the steady harmonic regime, displacement amplitude can be written as: $$
X = \frac{F_0/k_e}{\sqrt{(1 - r^2)^2 + (2\zeta r)^2}} \tag{3}
$$ where the frequency ratio and damping factor are: $$
r = \frac{\omega}{\omega_n}, \qquad \zeta = \frac{c_e}{2\sqrt{k_e m_e}} \tag{4}
$$ The model explains why the excitation frequency cannot be chosen independently of the mass and stiffness of the assembly. Approaching resonance can produce large amplitudes but may increase sensitivity to the amount of powder, screw tightening, and damping. Therefore, the stable operating regime must be established experimentally, not by calculation alone. The powder and magnetic balls introduce nonlinear effects through impact, sliding, rotation, and contact reorganization. The response can change as the reservoir level decreases or when the number of balls changes. Studies of silos and vibratory conveyors show that vibration can either intensify or reduce flow depending on the dynamic regime and geometry [@6; @7]. In the single-degree-of-freedom model, $X$ is the structural displacement of the assembled feeder. Because the cone and body are treated as moving together, $X$ does not directly modulate the cone-to-body clearance. The proposed effect on powder flow is indirect: motion of the assembly changes the motion and contact dynamics of the magnetic granules, whose impacts can transfer momentum to powder particles and alter their mobility and discharge. No quantitative relationship between $X$ and $P$ was measured in the present study.  3. Experimental Validation and Results A design review confirmed that the documentation defines the parts, materials, tolerances, fasteners, and actuator integration. This check demonstrates the feasibility of manufacture and assembly, but it does not replace flow-rate validation. In the experimental series reported here, mass flow rate was determined gravimetrically: $$
P_i = \frac{m_{1i} - m_{0i}}{t}, \tag{5}
$$ where $m_{0i}$ is the mass of the collection vessel before collection, $m_{1i}$ is its mass after collection, and $t$ is the dosing time. For $t = 1\,\mathrm{min}$, the mass difference in grams is numerically equal to the flow rate in $\mathrm{g/min}$. The Bro-10 magnetic-induction sweep comprised ten repetitions at each reported $B$ level. The six-material repeatability series comprised ten measurements per powder at one fixed $B$ setting and $50\,\mathrm{Hz}$; the same $60\,\mathrm{s}$ dosing duration was used. Data processing included the mean, sample standard deviation, and coefficient of variation. The gravimetric method is suitable for prototype verification because it directly measures discharged mass. In recent literature, weighing is used both for the calibration of microfeeders and for the development of control strategies [@8; @9; @11]. ISO 4490 may additionally be used to comparatively characterize the flow of metal powders through a calibrated funnel [@22]. The experimental program comprised: (i) tests of feeder behavior and flow rate as a function of magnetic-granule count (Table 2); (ii) an experimental Bro-10 flow-rate sweep over several magnetic-induction levels (Figure 3); and (iii) ten gravimetric measurements for each of six powder materials at one fixed magnetic-induction setting (Table 3). Frequency was $50\,\mathrm{Hz}$ and each gravimetric measurement lasted $60\,\mathrm{s}$. The conical plug position was held constant within each series. Clearance, reservoir fill level, and actuator thermal stability were not systematically varied.  3.1 Effect of the Number of Magnetic Granules on Feeder Powder Flow The magnetic granules used as agitation bodies in the feeder are made of $\ce{BrFe6}$ and are spherical. In the absence of an external magnetic field, they can agglomerate and form clusters. It is therefore necessary to determine the number of granules for stable operation. In the electromagnetic field, they perform translational oscillatory motion at the field frequency ($50\,\mathrm{Hz}$); at the limit points, they rotate and align their magnetic poles with the applied field lines. The granule diameter was $2.68\,\mathrm{mm}$. The number of magnetic granules loaded into the feeder was established by counting. For Table 2, "continuous" means that no interruption of discharge was observed during the run; "intermittent" means that at least one interruption was observed. The measurement and observation results are presented in Table 2. Table 2: Feeder operating behavior and powder flow rate as a function of the number of magnetic granules. | No. | Number of granules | Flow rate ($\mathrm{g/min}$) | Operating behavior | Number of granules | Flow rate ($\mathrm{g/min}$) | Operating behavior |
| :---: | :---: | :---: | :--- | :---: | :---: | :--- |
| 1 | 5 | — | Continuous | 120 | 0.0240 | Continuous |
| 2 | 10 | — | Continuous | 130 | 0.0256 | Intermittent |
| 3 | 15 | 0.0026 | Continuous | 140 | 0.0310 | Intermittent |
| 4 | 20 | 0.0142 | Continuous | 150 | 0.0390 | Intermittent |
| 5 | 25 | 0.0227 | Continuous | 160 | 0.0467 | Intermittent |
| 6 | 30 | 0.0436 | Continuous | 170 | 0.0508 | Intermittent |
| 7 | 35 | 0.0252 | Continuous | 180 | 0.0612 | Intermittent |
| 8 | 40 | 0.0274 | Continuous | 200 | 0.0624 | Continuous |
| 9 | 45 | 0.0179 | Intermittent | 250 | 0.0625 | Continuous |
| 10 | 50 | 0.0195 | Intermittent | 300 | 0.0650 | Continuous |
| 11 | 55 | 0.0209 | Intermittent | 350 | 0.0676 | Continuous |
| 12 | 60 | 0.0200 | Intermittent | 400 | 0.0841 | Continuous |
| 13 | 65 | 0.0191 | Intermittent | 420 | 0.0844 | Continuous |
| 14 | 70 | 0.0210 | Intermittent | 450 | 0.0846 | Continuous |
| 15 | 75 | 0.0211 | Continuous | 460 | 0.0850 | Continuous |
| 16 | 80 | 0.0320 | Continuous | 480 | 0.0874 | Intermittent |
| 17 | 90 | 0.218 | Continuous | 500 | 0.0878 | Intermittent |
| 18 | 100 | 0.0220 | Continuous | 550 | 0.0950 | Intermittent |
| 19 | 110 | 0.0224 | Continuous | 580 | 0.0918 | Intermittent | Powder flow was classified as continuous or intermittent (with interruptions) based on the trace left on a strip of paper as the operating feeder was moved. In the recorded tests, 15–40 magnetic granules produced uninterrupted discharge in the low-count range. Continuous discharge was also observed at several larger counts, while intermittent discharge occurred in other count ranges. The results therefore do not establish a single continuous operating range or a monotonic threshold based on granule count alone.  3.2 Effect of Magnetic Induction B on Feeder Powder Flow The Bro-10 series was used to determine the experimental dependence of powder flow rate on magnetic induction $B$. The tested magnetic-induction levels were 9, 10, 12, 15, and $18\,\mathrm{mT}$ at a supply frequency of $50\,\mathrm{Hz}$. The protocol reported ten $60\,\mathrm{s}$ determinations per level; the Figure 3 curve represents the retained experimental results, and individual raw readings are not reproduced here. ![Experimental mass flow rate versus magnetic induction at 50 Hz](media/image3.png) Figure 3: Experimental mass flow rate $P$ versus magnetic induction $B$ at $50\,\mathrm{Hz}$, digitized from the original graph for replotting: (1) WC; (2) $\ce{Al2O3}$; (3) TiN; (4) Bro-10. The curves are for qualitative comparison because tabulated coordinates were unavailable. Figure 3 presents the four experimental curves for tungsten carbide (WC), aluminum oxide ($\ce{Al2O3}$), titanium nitride (TiN), and bronze (Bro-10), with particle diameters of 63–100 $\mathrm{\mu m}$. The curves were digitized from the original graphical plot and redrawn with corrected axes and a key. They are used for qualitative comparison; the plotted point coordinates should not be treated as a substitute for the missing primary measurement records. Across the plotted range, the experimental curves show an increase in flow with magnetic induction for each displayed material. This observation is limited to the tested setup and does not establish a universal material-independent power law.  3.3 Repeatability of the Six-Powder Measurements For each of the six powder materials in Table 3, ten individual mass-flow measurements were made at one fixed magnetic-induction setting, $50\,\mathrm{Hz}$, and a $60\,\mathrm{s}$ dosing duration. The arithmetic mean was calculated using Equation (6). The sample standard deviation and coefficient of variation were calculated from the same ten values. Because no independent target flow rate or reference value was specified, these statistics describe repeatability and are not an estimate of absolute dosing error. $$
\overline{P} = \frac{\sum_{i=1}^n P_i}{n}. \tag{6}
$$ For the six-material series, $n = 10$. The sample standard deviation was calculated as $s = \sqrt{\frac{\sum_{i=1}^n (P_i - \overline{P})^2}{n - 1}}$, and the coefficient of variation as $\mathrm{CV} = \frac{100s}{\overline{P}}$. Table 3: Ten gravimetric flow-rate measurements and repeatability statistics for six powder materials. | No. | TiC ($\mathrm{g/min}$) | $\ce{HfO2}$ ($\mathrm{g/min}$) | WC ($\mathrm{g/min}$) | $\ce{Al2O3 + TiO2}$ (60:40) ($\mathrm{g/min}$) | $\ce{B4C}$ ($\mathrm{g/min}$) | Mo ($\mathrm{g/min}$) |
| :---: | :---: | :---: | :---: | :---: | :---: | :---: |
| 1 | 0.0478 | 0.0836 | 0.0745 | 0.02908 | 3.5400 | 0.0814 |
| 2 | 0.0480 | 0.0858 | 0.0738 | 0.02906 | 3.5414 | 0.0819 |
| 3 | 0.0492 | 0.0826 | 0.0742 | 0.02906 | 3.5421 | 0.0820 |
| 4 | 0.0483 | 0.0839 | 0.0745 | 0.02907 | 3.5418 | 0.0819 |
| 5 | 0.0497 | 0.0850 | 0.0744 | 0.02907 | 3.5427 | 0.0823 |
| 6 | 0.0480 | 0.0854 | 0.0741 | 0.02908 | 3.5421 | 0.0818 |
| 7 | 0.0488 | 0.0855 | 0.0743 | 0.02907 | 3.5418 | 0.0819 |
| 8 | 0.0489 | 0.0850 | 0.0740 | 0.02906 | 3.5423 | 0.0823 |
| 9 | 0.0490 | 0.0856 | 0.0739 | 0.02908 | 3.5427 | 0.0820 |
| 10 | 0.0470 | 0.0855 | 0.0742 | 0.02907 | 3.5421 | 0.0821 |
| Mean, $\overline{P}$ | 0.04847 | 0.08479 | 0.07419 | 0.02907 | 3.54190 | 0.08196 |
| Sample SD, $s$ | 0.00080 | 0.00106 | 0.00024 | 0.00001 | 0.00078 | 0.00026 |
| CV (%) | 1.642 | 1.252 | 0.327 | 0.028 | 0.022 | 0.316 | Conditions for Table 3: one fixed magnetic-induction setting $B_0 = 12\,\mathrm{mT}$; supply frequency $50\,\mathrm{Hz}$; dosing duration $60\,\mathrm{s}$; $n = 10$ per material. The threaded cone was adjusted axially and held at the same setting for all repetitions. The nominal clearance range is $1.5d\text{--}0.8D$; the numerical value of the actual clearance was not measured. The proposed solution differs from a simple vibrated hopper because it includes an active geometric adjustment element. The cone establishes the available cross-section, while the electromagnet modifies the dynamic state of the powder. The device can change from one operating regime to another without changing the outlet opening or dismantling the reservoir. The design novelty results from integrating the following elements into a compact assembly: a cylindrical-conical chamber, an axially adjustable annular gap, localized central discharge, a mobile layer of magnetic balls placed beneath the conical plug, and an electromagnetic actuator separated from the powder path. The balls transform field variation into local volumetric agitation, not merely wall vibration. The design documentation enables reproducible, controlled modification of the geometry. The solution also has limitations. Cone position cannot be directly converted into flow rate without calibration. Wear and deposits can alter the effective gap. Transmitted vibration depends on the assembly, powder level, and material properties. Research from 2025 and 2026 shows that the initial hopper mass and the form of mechanical activation must be treated as experimental variables rather than secondary conditions [@12; @13]. At a later stage, a scale for cone position, a displacement sensor, and a feedback controller may be integrated. Closed-loop control is justified when the technological process requires automatic flow-rate maintenance [@9; @11]. These developments should follow characterization of the basic device.  4. Conclusions The design description and experimental results support the following conclusions: - The feeder combines an axially adjustable conical clearance with electromagnetic agitation by magnetic granules.
- The simplified single-degree-of-freedom model describes structural response; it does not directly predict powder flow or clearance modulation.
- The Bro-10 measurements show an experimental change in flow rate across the tested magnetic-induction levels at $50\,\mathrm{Hz}$.
- For six powder materials tested at one fixed magnetic-induction setting, ten repeated gravimetric measurements were summarized by mean, sample standard deviation, and coefficient of variation.
- The present results characterize prototype operation and repeatability. Because the numerical value of the clearance was not measured, absolute dosing accuracy cannot be assessed; generalization to other process conditions requires further validation under calibrated clearance settings.

