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Abstract. The considered electric furnace with a mobile base is the most 
innovative power unit providing energy consumption of 48…52 mJ/m3 
during the process of vermiculite firing which has never been achieved 
before. New power unit was developed for all mechanical shortcomings of 
the test prototype were eliminated. By eliminating the resonating base plate 
and switching to the platform with forced excitation of its vibrations, the 
influence of fluctuations in the excitation frequency of the oscillatory 
system on its technological parameters, ensuring the duration of 
vermiculite heat treatment, has been eliminated. The activity of high 
sensitivity of the oscillations of the base platform to the change in friction, 
which appears during operation, is also completely removed. In addition, 
the problem of a controlled and regulated vibrational method of supplying 
raw materials to the furnace without the use of drum doses has been 
solved. It simplifies the design and cost of new power units, which are 
characterized by doubled productivity and dynamic balance. 

1 Introduction 
The research of technologies and equipment for expanded vermiculite production and 
products from it have been carried out from the 40s of the last century to the present, both 
in our country and abroad [1-6]. It indicates the importance of this product and the 
incompleteness of above-mentioned research. 

In the early 2000s, in connection with the economic recovery that began in Russia, the 
activity of producers of vermiculite concentrates revived, the Kovdorsky mining and 
processing plant in the Murmansk region, which produced high-quality concentrates, began 
to operate. Raw materials became available. And in 2003, the first electric modular- trigger 
furnace started to operate. 
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The further development of new furnaces for that time during almost twelve years, 
including the use of so-called «zero» modules [7] and the use of advanced overhead heating 
systems [8], led to the achievement of the highest indicator of their efficiency – specific 
energy consumption of vermiculite firing depending on the used concentrate, equal to 
170...182 mJ/m3. But this reached the limit, and this concept did not allow move over it. 

The idea of developing a fundamentally different concept of power units for vermiculite 
firing with a mobile base plate, put forward by the authors, appeared in 2015 and turned out 
to be very productive. These units replaced the modular-trigger furnaces. A one-module 
prototype of such a furnace was designed and tested in 2016. It showed a specific energy 
consumption of 48…52 mJ/m3 during tests when firing of vermiculite of the 
Koksharovskoye field [9]. But when testing the shortcomings associated with the 
mechanical part of the furnace unit – its mobile base plate, were identified.  

The purpose of the research is to create the alternative mechanisms and processes for 
maintaining platform vibrations to implement the vibrotransport effect and dosing of 
vermiculite concentrate, as well as to analyze the design and dynamic characteristics of 
these new systems. 

1.1 Furnace with the resonant base plate 

Figure 1 shows a single-module version of an electric furnace with a resonating base plate 
and a drum type vermiculite concentrate dispenser. It consists of an electric furnace an 
oscillating system formed by a base plate 1 with a total mass of all its elements M and 
springs 2 and 3 with a total stiffness equal to N/m: 

сΣ = с1 + 4с,       (1) 

where с1– spring stiffness 2 of the eccentric drive 4, с – spring stiffness 3. 
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Fig. 1. А single-module version of an electric furnace with a resonating base plate 

The platform is installed by its rollers 5 in the guides 6 of the frame of the furnace 7 and 
is driven into vibrational movement х1 by an eccentric 4 with a frequency ω of the drive 
motor 8 through the pusher 9 and the mentioned spring 2. 

This dynamic system is linear. It has a high quality factor in the resonant mode of 
oscillations of the order of 20 dB [10] and this indicates its high quality. The resonance 
peak in such systems is almost symmetrical, narrow and elongated [11], but in our case this 
is a drawback. 
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The oscillations of the base plate х2, inclined at an angle of 19…20° to the horizon, 
provide a vibrotransport effect, i.e., the movement of the heat-treated vermiculite 
concentrate in the heat field of electric heaters which are located under cover 10 and held 
by mounting heads 11 of a single-module furnace unit (Fig. 1), during 2.8…3.2 s which are 
sufficient for concentrates with particle sizes from 3 to 6 mm. 

Figure 2 shows the amplitude-frequency characteristic (AFC) of the considered linear 
oscillatory system with the parameters of a single-module prototype: 

с1 = 39876 N/m, с = 47970 N/m, сΣ = 239756 N/m; M = 105.4 kg. 

Moreover, its natural frequency, taking into account formula (1), is equal (rad/s): 

0 47.7,с
М
Σω = =       (2) 

and expressed equals (Hz): 

0
0 7.59

2
f

ω
= =

π
.       (3) 

The disadvantage of high-quality dynamic systems, both linear and non-linear is their 
high sensitivity [11-14]. Let’s consider the ratio for the right side post-resonant branch of 
the frequency response (dB/Hz): 

3.7,A
f

∆
≈

∆
 

where ΔА – is the amplitude increment at a change in the excitation frequency by Δf. 
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Fig. 2. Frequency response of the base plate 

Since the resonance peak, as mentioned above, is almost symmetrical, for the left side 
below-preresonant branch this ratio is somewhat larger – 4.3. 

Obviously, a slight fluctuation in the excitation frequency f will lead to a significant 
change in the oscillations amplitude A (Fig. 2) of vibration velocities ωA and vibration 
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accelerations ω2A, which determines the intensity of the vibrotransport effect. In this case, 
it is the movement of vermiculite flow along the base plate 11 of platform 1 (Fig. 1). 
Therefore they determine the speed and time of firing of vermiculite concentrate. This is the 
technological parameters of the main process, deviation from which is unacceptable. 

In nonlinear oscillatory systems, due to the tilt of frequency response, the sensitivity to 
fluctuations of excitation frequency is slightly less (ΔА/Δf =1.8...2.5 [15]), but this is still a 
lot, and to obtain strongly presented nonlinear oscillations using, for example, conical 
springs – impossible. Special and more complex elastic elements are required [16-18]. 

To reduce the sensitivity of the system, the operating point should be located as low as 
possible – in the region of point b and below (Fig. 2). In this part, the amplitude of 
vibrations A of the base plate of the furnace prototype during testing was about 2 mm. 

So, a furnace with a resonating base plate cannot provide stationary oscillations of the 
platform without any tracking system. 

Another condition that make us to stop using the resonating platform is the significant 
sensitivity of the system to changes in friction, which was observed during testing of a 
single-module prototype shown in Fig. one 

The rollers 5 are fixed on the bottom platform 1 and move together with the platform, 
rolling in the guides 6. When firing vermiculite, a lot of finely dispersed material is 
released, which gradually settles on the frame guides. It leads to a gradual increase in 
friction and this reduces the high quality factor of the oscillating system and reduces the 
amplitude. 

The damping coefficient of oscillations by friction is determined by the formula 

12 (4 )М c c
α

ξ =
+

      (4) 

and for such dynamic systems on rolling bodies under conditions of good lubrication it is 
approximately 0.07...0.075 (α is the coefficient forming the force of viscous resistance: 
α 2х ). 

Therefore, this is a high quality system but remains sensitive to changes in friction. 
The deviation of the oscillation mode caused by friction leads to a decreased speed of 

vermiculite transportation on the base plate 12 and to an increased firing time. The result is 
the same - a change in the technological parameters of the firing process. 

Another drawback which typically have modular-launch furnaces [7, 8] is the metering 
system with a drum dispenser 13 with a drive 14, Fig. 1, which feeds the raw material to the 
base plate 12 of the furnace. This system makes the furnace more complex and more 
expensive. 

1.2 Furnace with a forced base plate movement 

Above we discussed a single-phase version of the furnace, Fig. 1, which can be considered 
as a universal modular unit for industrial power units. 

Fig. 3 shows the simplest coupled unit, consisting of two furnaces with a vertical layout 
of inclined modular units without drum dispensers. 

It consists of a common frame 1, modular blocks, including a platform 2 with a base 
plate 3, where the heat-treatable material run, a thermo-cover 4, suspended electric heaters 
5, rollers 6 and tilted trays for removing expanded vermiculite 7. A hopper 8 for raw 
material concentrate is fixed on the frame with trigger trays 9, equipped with slide gate 10. 

The pressure of bulk materials on the bunkers walls defies the law of hydrostatic 
pressure, as liquids, and is evenly distributed along the height [17]; therefore, it is the same 
for both the upper and lower trays. 

4

MATEC Web of Conferences 298, 00020 (2019) https://doi.org/10.1051/matecconf/201929800020
ICMTMTE 2019



е

е

?

Second furnace 

I

I

First furnace

Vermiculite
concentrate

 Elevation А

8

12
8

1

3

10

4

2

6

1

11

6

9 9

7

5

5

2

А- А

М

f

А

14

13

13

с

А

М

х

АА

х

 
Fig. 3. Coupled power unit for the furnaces with vertical format 

But, in order to eliminate its influence and reduce friction at the connection places with 
the base plates 3, the diversion trays 9 are elongated. A slight pressure from the particles of 
vermiculite concentrate on the base plate can be approximately determined by the formula: 

V gp
f

ρ⋅ ⋅
= ,       (5) 

where ρ is the bulk density of the concentrate (800…1100 kg/m3), V is the material volume 
in the tray (m3), f is the area of the outlet of the tray (m2). 

Assuming an average density value (950), volume V (with a bottom plate width of 1 m) 
equal to 0.018 and area f equal to 0.04, we obtain a pressure p=4194 N/m2. Then the friction 
force acting on the surface of the base plate during platform oscillations can be expressed 
as: 

Ffr=р·f·μ,        (6) 

where μ is the friction coefficient of vermiculite concentrate, approximately equal to 
0.52 [10]. 

Then, according to formula (6), the transversely directed friction force Ffr on the base 
plate will be approximately equal to 87.2 N. At this value, even when using a resonating 
base platform in the furnace, this force can be not considered. And in our case, it will not be 
able to influence the parameters of the oscillations of the base platform with forced 
movement. 

The feeding of concentrate to the base plate 3 is controlled by gates 10, which changes 
the thickness of the moving layer which coming out of the laying chute 9. In this case, the 
feed must conducted in such way that the expanded grains of vermiculite move in a dense 
single-layer flow without gaps and layers. Otherwise, productivity will either be reduced or 
some of the material may not be fully expanded. 

This method of feeding raw materials excludes the drum dispenser and its drive from 
the system and simplifies the design and cost. Taking into account the fact that the base 
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platforms of the modules make oscillations transverse to the direction of vermiculite 
movement, it becomes possible to create a coupled power unit (Fig. 3). 

The oscillatory system of the coupled power unit consists of a base platform with the 
total mass of all its structural elements M and springs 11, which provides only return 
movement, and the excitation of the base platform oscillations is set by a shaft 12 which is 
connected to the only drive motor in this design (not shown in Fig. 3) by means of bearings 
13 which are eccentrically placed on the shaft. 

The coupled design not only doubles productivity with one drive, but makes the entire 
unit dynamically balanced. Coupled eccentrics of the shaft 12 are made with a relative 
rotation of 180°, therefore, the inertia forces are balanced on each pair and don’t affect the 
common drive shaft. 

Since there is no elastic connection between the eccentrics and the base platforms, the 
movement of the left and the right platforms (see section A–A) is kinematically determined. 
Moreover, their oscillations are synchronous, antiphase and are described by a simple 
harmonic function: 

• for left platform: х = – е·sinωt; 

• for right platform: х = е·sinωt. 

Double time differentiation and multiplication by the mass of all elements of the base 
platforms gives the corresponding inertia forces: 

F l = еω2М·sinωt;       (7) 

Fr  = – еω2М·sinωt.      (8) 

When the platform is in the extreme left position and its spring is fully compressed then 
inertia force reaches its maximum, it is directed to the left, and is equal to module 

F l max=еω2М.       (9) 

At this moment, the right platform is in the extreme right position and its inertia is 
directed to the right and is equal to 

Fr max=еω2М.       (10) 

Both forces are placed in common frame, which is a closed system, so inertial loads do 
not cause oscillations of the frame structure. When both platforms, oscillating 
synchronously and antiphase, «stand» in antiphase to themselves, then their maximum 
inertia forces in these positions are taken by eccentrics and the drive shaft and are closed on 
them. Here, vibrotransport can only be controlled by the frequency ω in the range from zero 
to the natural frequency, which is determined in this case by the formula, rad / s: 

0
2 .с
М

ω =        (11) 

At M=105.4 kg and a changed value of spring stiffness to c=119800 N/m, we obtain the 
previous value of the natural frequency of oscillations – 47.7, so that the system would fully 
correspond to the tested prototype. If the excitation frequency is greater than the natural 
frequency ω>ω0, then on each revolution of the shaft 12 (Fig. 3), there will be a separation, 
and then the impact of the platforms on the eccentrics 13, so it is necessary to fulfill the 
condition: 

6

MATEC Web of Conferences 298, 00020 (2019) https://doi.org/10.1051/matecconf/201929800020
ICMTMTE 2019



Returning to fig. 2, it can be noted that when testing a single-module prototype in the 
ΔA range, the amplitude of the platform oscillations was approximately 2 to 3.2 mm, 
therefore, the eccentricity e should be taken equal to 3.5 mm, and the setting for the 
required firing time (2.8…3.2 s) perform by changing the excitation frequency ω. 

Let’s determine the power consumed by the vibrator to maintain the oscillations of one 
base platform at a natural frequency of 47.7 rad/s, equal to the excitation frequency. At the 
viscous friction, the power dissipated during oscillations is determined by the expression 
(W) [11]: 

2 20.5 .N еα = ⋅α ω       (12) 

Based on the formula (6), we determine the coefficient of viscous resistance 
α=692 kg/s. At e=0.035 m, the power Nα is 964 W. 

We add the power loss to overcome the friction force (6) in the interface of the tray with 
the base plate. At one half-cycle, the negative work of A fr of this force will be determined 
by the product of the force by displacement (J): 

Аfr = 2еFfr = 2·0,035·87,2 = 6.1. 

When the oscillation frequency expressed in hertz is 7.59 (3), the platform will make 
twice as many full half-moves – 15.18, therefore, the additionally dissipated power will be 
equal to (W): 

Nad = Аfr·15,18 = 92.6, 

and the total – 1057 W. 
Given the loss in the bearings of the drive shaft through their efficiency (0.98), we 

obtain the value of the mechanical power consumed by one modular unit (W): 

mb
1057 1078.6
0.9

.
8

N = =  

For the entire coupled power unit, the power consumed by its mechanical systems will 
be six times greater – 6.5 kW. The power of six electric heating systems is 135 kW, so the 
part of the mechanical systems of the unit is only 4.8%. 

It is obvious that the energy consumption of the six drum dispensers eliminated from 
the design would be much greater, so the use of forced-running base platforms will also 
save energy. 

3 Conclusion 
The design of an electric furnace with a movable base platform is a forward-looking 
technological solution. After testing one of the samples of such a furnace, which showed a 
specific energy consumption of 48-52 mJ/m3 during vermiculite firing, they replaced their 
precursors - electric modular-trigger furnaces. However, some disadvantages connected 
with dosing systems of vermiculite concentrates and expanded material movement in the 
firing space, forced to review some design features and significantly simplify them. 

By eliminating the resonating base platform of the furnace and turning to the platform 
with forced kinematic excitation of its oscillations, the influence of fluctuations in the 
excitation frequency of the oscillatory system on its vibration velocity and vibration 
acceleration, which determine the intensity of the vibrotransport effect of the movement of 
the flow of expanded vermiculite in the thermal field of electric heaters, has been 
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completely eliminated. In addition, the manifestation of a significant sensitivity of 
oscillations of the base platform of the furnace to the change in friction that occurs during 
its operation is eliminated. 

The influence of these factors led to a change in the technological parameters of the 
material firing process – the speed of movement of the expanded particles and the firing 
time, which is unacceptable. So the first task was solved. 

The second task, simpler and more obvious, it is the use of a controlled vibrational 
method of feeding raw materials to the furnace. It allows to exclude drum doses and their 
drives, significantly simplifies the design and cost of such furnaces, and taking into account 
the fact that the base platforms in the new electric furnace perform lateral vibrations, it 
becomes possible to create a coupled power unit which characterizes by doubled 
productivity, simple design and dynamic balance of coupled oscillatory systems – base 
platforms. 
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