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General Theory of the Magnetic Densimeter

The magnetic levitation densimeter described here is based upon a design created by Jesse Beams and improved upon by Rogers Ritter, both working at the University of Virginia.  The system involves magnetically levitating a buoy, which contains a permanent magnet, within a liquid, using a feedback system, until an equilibrium buoyancy point is achieved.  The primary principle of the instrument, which will be explained in more detail below, is that the current necessary to create this equilibrium is directly related to the density of the liquid in which the buoy rests.  It is this relationship which can allow the instrument, through precise monitoring of the current, to produce density calculations.

The basic setup involved is the buoy, placed within the liquid whose density is to be measured, exposed simultaneously to permanent magnets directly above the sample and to two solenoids of reversed coil rotation, placed above and below the sample at equal distances.  The metal casing of the system is photographed closed in FIG 5, as well as open in FIG 8.  The plastic casing of the buoy is photographed in FIG 6 and FIG 7, in this case with the temperature control attachment, which, though not yet completed, is discussed briefly at the end of this section.  The magnetic field created by the solenoids is monitored by an LED that is shone upon the buoy, casting its shadow upon a photodiode.  This photodiode becomes the basis of the feedback system, which increases or decreases the current of the solenoids according to the position of the buoy, so that eventually the damping of the liquid creates an equilibrium for the buoy, at which point current measurements are collected. The signal traveling from the LED to the solenoid is manipulated by the control panel, shown in FIG 4, which allows, through Gain, DC offset, and Invert controls, for the appropriate solenoid level for stable equilibrium to be attained.  This control panel is discussed more extensively in the section concerning Electrical Components.  This setup also has applications in viscosity measurement, based upon the principle, described by Ritter in his article from the Review of Scientific Instruments,
 that the phase shift encountered by a buoy driven, in this case by magnetic force, into oscillation, is directly related to the viscosity of the liquid responsible for the damping.

The following description of the physical relationships involved in the magnetic levitation equilibrium condition are excerpted from a symposium presented by RC Ritter and colleagues
, which is included in the reference section in full form.  The possibility of equilibrium in this situation is restricted by the following conditions, established by Earnshaw in the Nineteenth Century.  In these equations, F represents the force upon the object, and r represents the object’s position: 
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These equations describe the basic necessity for equilibrium of a potential curve that increases the uplifting magnetic force as the position declines.  This situation is, as Earnshaw explained, impossible for paramagnetic objects.  Diamagnetic objects are the only objects with induced magnetism that can achieve this equilibrium.  This case of induced magnetism is offered in the Ritter symposium as an alternative and equally valid situation for the densimeter.  For reasons of simplicity, however, the situation utilized here involves a permanent magnet, whose magnetization is strong enough not to be affected by the field.  Following the argument posed by Ritter, this is situation a), in which 
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 is constant.  Since the magnetic force in this situation, where the buoy is centered along the x- and y-axes, is strictly in the z-direction, the relationship can be simplified to that one axis.  The magnetic field affecting the buoy can be expressed as the sum of the permanent magnet field and the solenoid field, and the output force transferred to the buoy is described by the following formula:
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In this formula, Hp represents the field of the permanent magnet, Hc refers to that of the solenoids, and Wbuoy refers to the weight of the buoy.


The application of this relation for practical purposes can be seen at equilibrium, when the left side of the equation goes to zero.  By establishing that the field of the permanent magnet and the magnetization of the buoy remain constant, a direct relationship between the field of the solenoids and the weight of the buoy is established.  Next, establishing that the mass and volume of the buoy are constant, a direct relationship between the weight felt by the buoy and the density of the liquid is created.  Linking these two together, and adding the fact that the solenoid magnetic field is directly related to the current observed through the wires, a relationship between the solenoid current at equilibrium to the liquid density is noticed.  This relation is the foundation of the magnetic levitation densimeter.


Some inherent limitations of this method are apparent here.  This situation creates a direct relationship between the current and density which allow, once the system is calibrated, for very precise calibrations.  The system, however, can only produce results once calibrated, which requires the use of a sample of a liquid of known density, such as water, before measuring the density of the liquid in question.  The requisites of an unchanging position for the field of the permanent magnet, as well as for a uniform buoy, complicate the transfer of liquids from the control to the experimental liquid.  Observing the bulky casing of the densimeter, shown in FIG 5, this change becomes very difficult.  Other minor difficulties that have been encountered have included the tendency of gas bubbles to collect upon the surface of the buoy, adding a buoyant force to it that would affect density measurements.


There are several possibilities for bypassing the difficulty involved in disassembling the setup to change liquids while maintaining calibration.  One such possibility is to install a system of pumps to flush out the control liquid before adding the experimental liquid.  This system would necessarily operate without removing the lid from the system, and would require a nearly entire flushing of the control liquid from the plastic sample casing.  A second possibility would be to use the system to observe minor fluctuations that coincide with temperature changes of the liquid.  A prototype system to simultaneously monitor and control the liquid temperature has been created, and is illustrated in FIG 6 and 7.  Third, the densimeter is accurate enough to observe the density changes associated with biological or chemical reactions, which could be performed without having to remove the densimeter shell.


What follows in these pages is a description that focuses primarily upon the electrical components of the densimeter.  The remainder of this section will be devoted to a discussion of the history of the densimeter at the University of Virginia, as well as an explanation of the primary alternative techniques for density measurement that exist today.  The following section contains an analysis of the electrical systems that are involved in the feedback system, as well as an analysis of the data collected for the purpose of calibrating the system.  Also included are the circuit diagrams and photographs illustrating the structure of the densimeter, as well as the data that has been collected to assist in understanding the function of the control panel, and to provide approximate values for the magnetic field that is created within the test area.  Finally, written materials, primarily from JW Beams and RC Ritter, relating to the magnetic levitation densimeter and its development, have been included for reference.
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