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1 Abstract

We observe and record the trajectories of liquid oxygen drops in the Leidenfrost state under the
influence of an inhomogencous magnetic ficld. As oxygen is paramagnetic, we expect a deviation in

its path. Using video motion analysis and computational tools, it is shown that the presence of the o
‘magnetic field changes the velocity of the drops, in both direction and magnitude. We explain this
deviation in the drop’s trajectory in terms of classical mechanics and compare the experimental
results with Q[{z theoretical predictions.
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2 Introduction [
e late 19" century

The paramagnetic behaviour of oxygen was discovered by James Dewar in t

who showed that liquid oxygen is attracted by the poles of an electromagnet |_3D In this experiment,
liquid oxygen drops are obtained by means of condensation on the surface of ‘a copper cone, that has
been cooled down to —196° C using liquid nitrogen. As the boiling point of oxygen is -183°C, we
see liquid droplets condense on the surface of the cone. At this temperature, other components of

air th ight-be_present in the liquid droplets are argon, which liquefies at —186°C, water vapour
in roughly around 5% land carbon dioxide making up r ughly—i%.—Hewevngh@para_mggnetiM ;
5 obscrved is only duc to oxygen. (ﬁoom temperature which is significantly @

hotter than its boiling point, an oxygen drop on a substrate rapidly evaporates and as a result,is

seen to hover over a thin film of insulating vapour, a phenomena known as the Leidenfrost effect. N
This remarkably reduces frictional effccts on the drops due to which they are seen to maintain a P P A
rounded shape and constant velocity'*ggniﬁcant deceleration is not observed till the drop with an

initial speed of a fow tens of centimeters has traveled several meters [4].

In this article, we obtain a classical equation of motion for the drop by conservation of energy
considerations. This allows us to predict the peripheral radius of the trajectory from the center of

the magnet rp, and its angle of deflection . We then compare the predicted values with the ones—

“obtuined experimentalh( :.13.; ‘]V\I\,W(-\@:’C g\}«(;\,. .

3 Theory

The molecular orbital theory explains the paramagnetismm of oxygen [5]. As the oxygen molecule
has two unpaired electrons, and each electron acts like a magnetic dipole due to its sping,in the
presence of an external magnetic field these align in the»gi_\rection of the applied magnetic field.
Hen i i :

The magnetic energy per unit volume HFr~region is defined as:

B 2
Emag = l_| \—(\)f.
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where B is the magnetic field in the region and g the permeability, defined as the product of
the relative permeability of the mediumn g, and of the permeability of free space g {The relation
between the relative permeability of the material g, and its volume magnetic susceptibility x is

_defined by,
P o .“T‘=1+X q ~ LO‘\“PQ)/\J-’V
IBJ*

v o
A = Lmag = —7+——~
Ed‘ eeded 9 2p0(1 + x)
At —183°C, x = 0.0035 for oxygen\ As y <« 1, we expand (3) using binomial expansion up to

O(x),
|BJ?
240
We can ignore the first term on the right hand side of (4) as it just represents the magnetic
cnergy density in vacuum. The second term is the contribution to the magnetic encrgy from the
, baramagnetic substance. Hence, the magnet exerts an attractive force on liquid oxygen, which

IBI® _ xIBI® @)

1 “1x
(1+x) 2ug 210

v
A W X
Qlﬁ\ ‘;QJ )gd.r) Emag = __32
Tl 210 J " ‘,03“&
— Ywm  net A N
Using a Gaussmeter, B is measured and values for E,,,, plotted against radial distance from the
center of magn t\é |Emag| is-greatest Tight-abeve the magnet, whereas far from the magnet, B
is classically found to vary(o r% = Enu x 4N Using these limiting relations, Einq.e can be

T
expressed as:

~ b
¢+ (5)°

7o

(6)

Emu.y =

where the constants Ey, g and 7y are determined by least-square fitting £,,,, found from measured
values of B.
The drop has kinetic energy per unit volume,

———
0 1 A 1 2.2
Eyinetic = % = §p(1*’f' +169)% = 5,0(7"2 +1r°6%) (M)

where p is the density of liquid oxygen, and v; its velocity. The energy per unit volume is thus
Emag + Ekinetic that is equal to the initial kinetic energy of the drop (we ignore its gravitational
potential energy as the drop moves on a horizontal plate),

Eqy
g+ =°

0

T :
5,ov2 = 5p(* +7%0°) - (8)

where V is the initial velocity of the drop.
Our setup is invariant under rotation in the horizontal plane as we are using cylindrical magnets,

hence angular momentum is conserved (see Fig. 1.),

L = m|f|V|sin@ = m|7sin 6|V = mbV (9)

wher&l is the mass of the drop. Along the trajectory, its angular momentum is,

L= m|7|Vtangentiat| = mr(ré) = mr2f (10)
&~ Equating (9) and (10),
0 =bV = 9‘=i—‘,_,/ (11)

Substituting (11) in (8), we get our final form for the equation of motion of the drop:

"2 pv2

> T
: P3+chf(7”)= 5 (12)
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where Boy(r) = S5 - i = B + Bnap- wae Slanfe M olion v\\l»e, .4
qy ¢ < 4)
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At 1y,
2
r=0 = Ee”('r)=% (13)

. . 2 . .
Hence, the intersection of Eers and % plotted against r correspond to r,, for corresponding
values of b.

The deflection « can be calculated by integrating § along the trajectory. From (11) and (12),
drdf bV d
;= _Wdr 7 -

T dodt  r2d
bdr

‘t f bf?J

Pk mem( ey e

3 f‘”‘&ﬁ L (14)

df =

NG &/Ct’\“"r'

_ [ dr . : i
’= f 2 W fuwcdm N
I

The angle of deflection is then (see Fig. 1),

/ e dr
- -7
Y Ao

a=2 (15)

Figure 1: The angle of deflection a and the peripheral radius rp, [1]

4 Experimental Setup

nitrogen fumes

STy o

' copper cone |7

H w. 0xygen drops
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Figure 3: Simplified diagrammatical view of
Figure 2: Experimental setup in lab [1] | schematic (2] |
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The schematic of the apparatus is shown in Figure 2. A copper sheet is folded and welded to
form a cone of about 10 cm in height and width. Liquid nitrogen is then poured into it, and the
cone quickly reaches —196° C. A film of liquid is scen collecting on its external surface which then
collects at the tip forming a drop of typical radius 1 mm. The drop then drips into a depression
that runs along the length of an aluminium bar placed under the cone. The bar rests on top of a /
triangular block support allowing its height above the table and inclination to be varied, that in
turn varies the velocity of the incoming drop. The height of the cone can also be adjusted to vary
the velocity. i

The drop runs down the aluminium rod and onto a horizontal Plexiglas plate with a thickness
of (3 40.5) mm, underneath which a cylindrical neodymium magnet (measuring 2 cm in diameter
and 1.5¢cm. in height) is attached.The magnetic field is on the order of 0.223 T at the center and
decreases on a distance comparable to its size.

Using a Gaussmeter, B was measured in the horizontal planc and values obtained for Ejnag <
as a function of the radial coordinate (r), with the origin of our coordinate system placed at the 7
center of the magnet.

We measured the deflection o and the distance 1367 to the pericenter of the trajectory (where v
the radial velocity is equal to zero), as a function of b'for V = (17 £ 2) em/s. This was done using v
video tracking software. The data obtained was then extracted to Matlab, and the quantitics of
interest obtained computationally.

Figure 4: Top views of oxygen drop trajectories on a horizontal Plexiglass plate below which a
magnet has been placed (its position marked with a white dot). Changing the impact parameter
changes the amount of deflection. In b) (b= 8.7mm, V = (174 2) cm/s) the drop is seen orbiting

around the magnet.  , ¢ ’o M JAs Jvay ederes (4 ), i) B o)
Whil & o dighewed odfigace, wefoun 7

5 Results and Discussion

Fig. 5/ shows the values obtained for Emmag and its best fit, from which values for the constants
Ey, q and ry were determined in Eq. (6).

Fig. 6. shows E.s; as a function of the radial distance from the center of the magnet, for
different impact parameters b. On the same graph is plotted the initial kinetic energy for V =17
cm/s. The points of intersection of the two graphs give the predicted values for r,. g

The calculation of 7, from solving (13) was done numerically; for a range of values ofbb oints
of intersection of the two curves on both &ides of the equation were found on Matlab and?:; was
extracted from the data for cach value of‘bThis theoretical prediction for r, is represented by the
curve in Figure 7, The experimentally measured values of 7, using tracking software are shown on

the same plot by circles. N
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Figure 5: Measured magnetic energy around the magnet and its fit, including parameters of best

fit.
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*Figure 6: Effective magnetic energy E.;; per unit volume as a function of the drop-magnet 0
distance r, for V = (17 £ 2) e¢m/s and different impact parameters b. m~ew‘b.4, S gt lf‘\\if,\.\

BINS
Likewise, (15) was solved by numerical integration and « found for varying values of b. The
resulting graph has been plotted in Fig. 8. Experimentally obtained valued for a using tracking
software arc shown on the same graph as circles.
From Fig. 7, it is seen that p is discontinuous at b~ 8.7mm. In Fig. 7, a singular behaviour
appears for this point as deflection scems to diverge. This represents the ‘capture’ situation, where
drops were seen to orbit around the magnet. Looking al Fig. 6., this happens for approximately
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Figure 7: Distance 7, between the magnet and the pericenter of the trajectory as a function of b.
The curve represents the model.
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Figure 8: Angle of deflection a as a function of b for V' = (17 £ 2) cm/s. The circles represent the
experimentally measured values.

the same value of b (& 8.7mm) for which the pericenter is located on top of the local maximum
of E.;s(r). This corresponds to a point of unstable equilibrium; both the radial velocity and the
radial acccleration are zero, hence the drop ‘orbits’ around the magnet (sec Fig. 4.(b)) )
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6 Conclusion and Discussion

It has been previously shown that the topology of-sutfaces can be manipulated to induce self
propelled motion of Leidenfrost drops [6]. W& show that it is possible to alter trajectories of
paramagnetic drops by the application of an external inhomogeneous magnetic field. This can
have a range of applications where the control of small liquid droplets is important e.g. in thermal
exchange, spray cooling, ink-jet printing, micro heat exchange in microchips etc.

However, there is sufficient room for improvement in the experimental design to probe further
into a quantitative analysis. During video motion analysis it was observed that the drops were
deformed when in close proximity of the magnet, resulting in energy dissipation. This effect needs
to be taken into account while deriving the equation of motion. Experimental apparatus needs
improvement too; while recording the video the aluminum rod was displaced by hand to vary the
impact parameter, making the results very prone to human error. Instead of using a Plexiglas
sheet, glass can be used with a grid printed on it to better adjust the impact parameter. As the
drops were highly mobile, even small errors in estimates of the impact parameter resulted in very
different trajectories, hence a better set up is needed to vary the impact parameter (Fig. 4.a) and
as a result improve accuracy.
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