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In this study the methods and device for "in real time mode" measurements of ponderomotive interactions, created in the working area of MDI by the volumetric electromagnetic forces is developed and tested. The pragmatic models of the ponderomotive interactions and electromagnetic force/pressure (f em /p em ) , in dependence from voltages (U ind , U em ) supplied on the coils of inducers and electromagnet has been studied and developed. Shown, that real efficiency T-shaped WA of MDI EM-pump makes 8÷12%, and inefficient losses and redistributions of the total volumetric electromagnetic force and created by it dynamic pressure makes up to 76%, that for seriously modernization of existing WA geometry is required. In addition, the value and dependence of the ponderomotive interactions, caused by the normal constituent of the AC (I) in the channel with magnetic field of inducer has been estimated and for dynamic control and improving of melt heating processes and stirring in induction furnaces and existing MDI can be applied.

Introduction

Improving of technological capabilities of the magnetodynamic installations for aluminium alloys (MDI) [START_REF] Polishchuk | Kyiv (Ukraine)[END_REF][START_REF] Lee | Proceedings of the 12th International Conference on Aluminium Alloys[END_REF] on today is focused on performance, it industrial application and satisfying to requirements in modern foundry both in Ukraine and abroad. Application of the existing MDI (on example MDN-6A) are known as mixer-batchers and die casting equipment.

In the induction channel furnace with electromagnetic pump, such as MHD-installation, the melt heating control, it electromagnetic transportation, mixing and processing there is provide by electromagnetic systems (inducers and an electromagnet) by changing the voltages, applied to it coils. Thus, in the classical application in MDN-6A for aluminum alloys, heating system is designed as a twin W-shaped induction channel with two inducers (Fig. 1), and creation of electromagnetic pressure performed in the area of it connection with central channel, that to forms the classic Tshaped (tee) working area (WA). WA by a both sides of the C-shaped electromagnet poles enclosed (Fig. 1) [START_REF] Polishchuk | Kyiv (Ukraine)[END_REF]. To monitor and control the intensity of heating of molten aluminum (TC/min) and creating of the electromagnetic pressure (Pem) previously has been used simple experimental empirical relations and indirect static models [START_REF] Lee | Proceedings of the 12th International Conference on Aluminium Alloys[END_REF][START_REF] Slazhniev | [END_REF]. Such models has been determined experimentally by measuring the rate of melt heating in the crucible (using inertial internal thermocouples) in depending from the suppling to inducers voltage (40 to 80 V), at inducing in the melt in induction channel the AC current from 5 to 15 kA. The electromagnetic pressure (Pem) in MDN-6A has been determined by measuring of the height of the metal level in metallduct (Fig. 1), at its rising above the surface in the crucible and further enumeration to the hydraulic pressure (P em = ρgh). At this for calculation the averaged density melt (ρ) in the molten state for set temperature (e.g. for aluminium alloy A356 at 700C density to be 2450 kg / m 3 ) has been used. But, such static (indirect) models doesn't provided the dynamical (in real time) monitoring and control of melt heating process and creating electromagnetic pressure (Pem), and did not providing the accuracy at discrete and continuous casting of aluminum into the crystallizer or casting mold, and has been a very high error (up to 20% or above). Additionally it cannot be use for automatic control (SAC) of the casting technologies [START_REF] Slazhniev | [END_REF][4][5], for example at controllable filling of chill-mold cavity at casting under low electromagnetic pressure and die-casting. Before by researchers of PTIMA NASU the row of theoretical mathematical models [START_REF] Polishchuk | Kyiv (Ukraine)[END_REF]6], based on Navier-Stokes equations, was developed. However, it practical application for operating of magnetodynamic pumps (such as MDN-6A) has been impossible, that the real component of p (pressure), u (flow velocity), ρ (density) and others too difficult for calculation at in-time mode and is need fitting the pragmatic model, based on measurements of performed on real industrial channel furnaces with electromagnetic pump. In order to this, from the technological view point, control and regulating of electromagnetic pressure at casting under low electromagnetic pressure to need, as primary, the direct measuring in-time electromagnetic force value in the WA of the magnetodynamic pump. Along with this, in work the develop of method and apparatus for direct real-time measurements of generated in the working area MDI electromagnetic force, by means measurement of ponderomotive interactions at using of the developed weighing equipment was set as primary a task. Such an approach the on-line measurement of the electromagnetic force would allow is perform the further control and regulation value of electromagnetic pressure in the EM-pump of MDI in dependence from voltages that are suppling the coils of electromagnet and inducer. Second task in measurements the real value of efficiency T-shaped WA for determining the efficient operation of EM pump in MDI and hydrodynamic redistribution of dynamic pressure was consist. Because the main problem of improving performance of the MDI to provide expense of created pressure (from 30 kPa to 50 kPa) are need. Third, in order to optimize and intensify heating the melt in induction channels of MDI (from 3 to 10 C/min) in accordance with the Navier-Stokes equations and Maxwell it was necessary in the first phase of work to develop the pragmatic models, based on the measurement of ponderomotive interactions in industrial MDN-6A at it working in the pump mode.

Developing methods and device for ponderomotive interactions measurements.

For providing of controlled electromagnetic pouring and discrete dosage the set portions (mass) of aluminium alloy (in a range 2÷400 kg with accuracy from 2.0% to 0.5%) in PTIMA NAS of Ukraine the magneto-weighting installation (MWI) [8] was designed. The MWI is a MDI (MDN-6A) which are combined with a weight measuring system (WMS), that allow to produce the continuous static and dynamic (in real time mode) high-precision measurement of the molten melt weight in crucible and channels with accuracy 0.1%. Especially for improving of the measurement accuracy, up to 0.2%, the MDI with integrated digital weight-measuring system (IWMS) [9] has been developed (Fig. 1). In this case, for measurement of melt weight in MDI-IWMS is used the four strain gauges sensors (BSA Shear beam load cell 500 kg, with accuracy 0.02%), mounted on chassis MDI and located under the crucible with W-shaped induction channel and aluminum molten melt inside. Each load cells was connected to a digital weight measuring indicator (microprocessor device CAS CI-8000V) for measuring and operating of dosage process at electromagnetic pouring of melt from MDI to casting mold via metalduct (for example). By such solution, the integrated digital weighting system (IWMS) measured only weight of crucible, metal-duct, W-shaped channel and lining inside and the variable mass of molten alloy (m crucible , m lining , m metduc , m melt ), and does not produce the weighting the inducers and electromagnet, that are divided from crucible and channel through air gap (Fig. 1). At the working MDI in the pumping mode on the aluminium alloy in crucible and W-shaped channel, there are acting a complex non-stationary magnetic fields and electromagnetic forces, named as a ponderomotive interactions [4,5,7]. Such ponderomotive interaction is directed vertically (unidirectionally with electromagnetic force Fem) and by means of the developed method and device it are measured, in weight equivalent (kg), by integrated weighting system as a "unload" impact (ΣF em.pond ). Additionally the ponderomotive interaction is proportional to the "rms value" of the pulsating electromagnetic forces Fem, which the hydraulic pressure (P) in molten aluminum alloy are create. ΣF em.pond -is a vector sum of vertically directed components of ponderomotive force, that is consist: F em.force -electromagnetic force, created in WA, N; F reac.constr -interaction of a magnetic field (B) with metallic case of W-shaped channel, near from poles of the C-shaped electromagnet, N; F rad.felectromagnetic interaction, caused by the tangential component of the AC (I) in aluminum alloy located in the channel with inducers magnetic fields, named as "radial force", N. In this case, the balance equation (1) do not include the constituent of the mass of the chassis and electromagnetic systems (m chassis + m em.systems = 0), but at the creation of electromagnetic force/pressure has of additional vertical "normal" constituent of ponderomotive interactions (F(m IWMS )×g -the value, measured by the IWMS, N):
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[(m crucible + m metduct + m melt + m lining ) -(F emf + F reac.constr + F rad.f ) = F(m IWMS )] × g, Newton, (1) 

Experimental researching of electromagnetic ponderomotive electromagnetic interactions

For developing of the pragmatic models of ponderomotive electromagnetic interaction in MDI is performed the experimental researches, at using of the magnetodynamic installation MDN-6A-0.25-M, that are equipped by IWMS (Fig. 1), with molten aluminum alloy (A356), mass from 100 to 250 kg, and at it temperature in range 680÷740C. For measure only of the ponderomotive electromagnetic interactions (in weight equivalent), before switching of MDI to "pump" mode, on the indicator of IWMS has been set zero value of "packaging", that determine as a static load ((m crucible + m met- duct + m melt + m lining ) × g = 0) [START_REF] Polishchuk | Kyiv (Ukraine)[END_REF]. In this case, on the indicator of IWMS the value (m IWMS ) was showing, that as a sum value of dynamic ponderomotive interaction in a weight equivalent, in "kg" by (1), and force balance was as (F emf + F reac.constr + F rad.f )/g = m IWMS was defined. At researching (ΣF em.pond ) as a primary argument (operating parameter) the voltage on inductors (U ind ) and electromagnet (U em ) was selected (ΣF em.pond = f(U ind , U em )). In addition, such model for developing of automatic control system (ACS) for next automation casting technologies can be use. Experimental dependences (ΣF em.pond = f(U ind , U em ) at switching MWI-IWMS in "pump" mode (inductors in common mode (AB-AB)) at stages of step-down transformer 1, 3 and 5 (42, 60 and 80 Volts on each) and at the variable voltages on the electromagnet coils, from 40 to 80 Volts (steps 1, 2, 3, 4, 5), had been researched. For each combination of U ind , U em the data from digital weight indicator (CI8000) are recording and fixing through an analog-digital converter (ADC) to a computer, for next recording it to dataset. In further the obtained dataset has been processed by means of mathematical programs (Mathcad, Matlab). The registered and statistically processed experimental data of ponderomotive interactions (ΣF em.pond ) had a ratio from -7.7 to -29 kg (75.5÷285 N), in range variation of U ind and U em from 40 to 80 Volts. The negative value of ΣF em.pond are explained that the electromagnetic force action at pumping aluminum alloy in WA MDI was directed vertically, that was impacted as a "unload" on IWMS (Fig. 1), [START_REF] Polishchuk | Kyiv (Ukraine)[END_REF]. At simplifying to two-factor dependence (ΣF em.pond = f(U ind , U em )), experimental data is most appropriate and was interpolated to 2nd degree quadratic polynomial pragmatic model ( 2) (correlation coefficient R = 99.5%). by velocity head [7], that at the creation of the maximum "passport" pressure in MDN-6A (p em = 30kPa) the maximal linear melt velocity (v melt ) in outside of WA are equaled to 4.9÷5.1 m/sec. This value in agreement to the maximal flow rate of Al-alloy from MDI (q = 13.5 kg/sec) at it pumping from WA via output cross-section (S out.tube =9.42×10 -4 m 2 ) to central channel (Fig. 2) and by Torricelli [START_REF] Slazhniev | [END_REF] (q = v melt S out.tube  Al ) has been set 5.1÷5.6 m/s. However, that p em =F em /S out.tube , that necessary for pressure 30÷35kPa the "effective" electromagnetic force (f* em ) makes 23.55÷31.84 N. This force is create the hydraulic pressure H (Fig. 1) in aluminum melt column in metallduct up to 1.25 m. However, the comparison of the effective electromagnetic force (f* em ) and measured by IWMS (ΣF em.pond ) the more than in 10 times differ (f* em ≈ (23.55÷31.84 N) << ΣF em.pond ≈ (260÷284.5 N) was shown, or in "ponderomotive weight equivalent" to relate as a 2.4÷3.25 kg up to 29.5 kg. This effect can be explained that the generated in WA volumetric electromagnetic force (F em.force ) is affected on upper projection (cross-section) T-WA. Because it total projection of EMF action is wider than output hole (S out.tube ) as shown on Fig. 2. Due to the non-optimal redistribution of F em.force and velocity head (v em ) in WA the double vortexes with vertical directions of rotating of melt in WA is appearing. It the main hydraulic losses and reasons of instability working of WA (for example -appearing of EM pressure oscillation from 0.4 to 4Hz [START_REF] Slazhniev | [END_REF]) is formed, and the real efficiency of Tshaped WA (efficient operation of EM-pump of MDI) in the hydraulic system "WA-central branch W-shaped channelmetallduct" have ≈ 8.2 ÷ 11.2% ( hydr ≈ 0.08 ÷ 0.12).

To convert the measured by IWMS ponderomotive interactions (ΣF em.pond (U ind , U em ) to the effective (useful) electromagnetic force (f* em = k loss ×∑F em.int ) and hydraulic pressure (h em ) to equation ( 2) has been calculated and in it has been inputted the correlation coefficients (k loss ), which characterizing the "total" losses in the T-shape WA -[h(ΣF em.pond ) = k loss × (ΣF em.pond / S out.tube )/( Al × g), meter] (Fig. 3). Wherein, k loss ≈ 0.083÷0.112 at 660÷760C of aluminium alloys. By developed method the other components of the ponderomotive interactions in MDI, such as radial forces (F rad.f ), interactions with the construction (F reac.constr ) has been researched and processed up to pragmatic models [START_REF] Slazhniev | [END_REF]4).

F rad.f (U ind ) = -( 0.021739 × U ind + 0.1391)×g, N (3) 
F reac.constr (U em ) = -(6.1×10 -4 U em 2 -0.373×U em + 1.1687)×g, N

Range of F reac.constr (U em ) (4), in depending from the voltages on electromagnet windings, has makes from -7 to -18 N (-0.7 to -1.8 kg) and makes of the 6 ÷ 7% of external magnetic flux irretrievable losses inside the metallic construction and parts of MDI (Fig. 3). The magnitude of "engine effect", named in study as a F rad.f (U ind ) (3), in the weight equivalent of ponderomotive interaction makes from -1.1 to -1.8 kg (-10.7 ÷ -17.7 N) (Fig. 3). During researching F rad.f (U ind ) there are indicated a vertical ponderomotive interactions, that is equaled to the equidistant (in experiment 50 mm) of inducers in relation to liquid-metal coil with electric current (AC) and it density (j). Scientific and practical interest of radial ponderomotive interactions can be used for continuous dynamic monitoring and control of the melt heating process and it stirring into channel-induction furnaces and in it crucibles. By performed study, the obtained pragmatic models (2-4) can be used for next further optimization of MDI modes of using, for developing the ACS for different casting technologies with MDI applying, and for further developing of the numerical model of fluid flow located in non-stationary magnetic field, fully coupling between Navier-Stokes and Maxwell equations can be applied also.

Conclusion

By measurements of ponderomotive interactions at using of the weighing equipment, the original method and apparatus for direct real-time measurements of generated in the working area MDI electromagnetic force first was developed and tested. For just developed device the balance force equation, including the detail analysis by ponderomotive force interactions in magnetodynamic installation (MDN-6A) was performed. The pragmatic models of the ponderomotive interactions and electromagnetic force/pressure (f em /p em ), in dependence from voltages (U ind , U em ), supplied on the coils of inducers and electromagnet studied and developed. The study of the redistribution of the electromagnetic forces in MDI for creation useful pressure are shown that real efficiency T-shaped WA of MDI EM-pump makes 8÷12 %. The inefficient losses of the total volumetric electromagnetic force makes up to 76% that the geometry of existing WA in MDI is required. From the practical interest of obtained pragmatic models application, it is can be used for further developing of the numerical model of fluid flow located in non-stationary magnetic field for aluminum induction channel furnaces with EM-pump, and for optimization of casting technologies with using of magnetodynamic installations for aluminum alloys.
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 1 Fig. 1: Structural and functional diagram of MDI with integrated weight-measuring system (MDI-IWMS).
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 23 Fig. 2: Scheme EM-interactions redistribution and hydraulic features in T-shaped WA MDI