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Using a Cartesian diver to measure the surface tension

of liquids and demonstrate the “Cheerios effect”
ABSTRACT

The experiment apparatus is equipped with a Cartesian diver by using a glass tube with air
trapped inside that floats or submerses in a closed vessel containing liquid.

The external pressure may be varied with a syringe and measured with a water manometer.
The maximum pressure P; inside the vessel is measured when the diver is just about to sink, where
the surface tension that acts on the diver is upward. Then the pressure P; of the vessel is measured
when the diver is just beneath the liquid surface, where no surface tension acts on the diver. Finally,
the surface tension is calculated from Py, P, and the radius of the diver, R.

When the pressure inside the vessel is decreased, the diver will rise. As the diver is about to
emerge from the liquid, we get the minimum pressure P; inside the vessel, and the surface tension
that acts on the diver is downward. By measuring Ps, P, and R, the magnitude of surface tension is
found to be the same as above.

When the diver is just about to sink into the liquid, it floats to the center of the vessel. When
the diver is about to emerge from the liquid, it sticks to the wall of the vessel. This phenomenon is
named the “Cheerios effect.” Our results again strongly support that the cause of the effect is due to
the different contact angles between the diver and water, as well as the balance of gravity and surface
tension in the case of the sinking diver, and the balance of buoyancy and surface tension in the case
of rising diver as Vella claimed in his paper (AJP 73, 817 (2005)).
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Cartesian Diver, Interfacial Phenomena, and

the Cheerios Effect

ABSTRACT

A Cartesian diver is used to study the liquid-solid-air interfacial phenomena.
We found that the surface tension of the liquid can be related to the two critical
pressures, at which the diver is about to sink and about to emerge. Frequently,
the measured surface tension is within 1% that of the well-recognized value,
demonstrating that Cartesian diver is a simple, trustworthy, and inexpensive
classroom apparatus for surface tension study.

In the critical regime on sinking, a capillary wave, consisting of progressively
shrinking rings, may be created. The number of rings was found to increase with
increasing sinking depth. We believe that this phenomenon is created by the
competition between the solid-liquid interfacial dragging force, the surface
tension of the liquid, and the pressure gradient.

Upon sinking by increasing vessel pressure, the diver moves to the center
due to the appearance of repulsive forces between the diver and the vessel wall,
which drives the system into an equilibrium state, prior to forming the capillary
wave. On reducing pressure, the diver moves to the side due to attractive forces
created as the contact angle between the diver and the liquid was greater than
90°. These phenomena are known as the Cheerios effect. Apparently, the
Cheerios effect can be distinguished into the stable repulsive and attractive
phases. We found that it is easy to create the two phases of the Cheerios effect
by changing the internal pressure of the vessel.



INTRODUCTION

The Cartesian diver, an old science toy, which is placed in a vessel
containing water, will sink when the pressure in the vessel is increased, and rise
when pressure is decreased. It is always used to illustrate Archimedes’s principle,
Pascal’s principle, and Boyle’s law.

Our experiment is equipped with a Cartesian diver made of an acrylic tube
with air trapped inside that floats or submerses in a closed vessel containing
liquid. We measure the two critical pressures, at which the diver is about to sink
and about to emerge. The surface tension is calculated accurately from these
two critical pressures and the effective radius of the diver.

In the critical regime on sinking, a capillary wave consisting of progressively
shrinking rings may be created. We believe that this phenomenon is created by
the competition between the solid-liquid interfacial dragging force, the surface
tension of the liquid, and the pressure gradient.

When the diver is just about to sink into the liquid, it floats in the center of the
vessel. As the diver is about to emerge from the liquid, it moves toward and
finally sticks to the wall of vessel. These phenomena are known as the Cheerios
effect. We can control the attraction or repulsion of the Cheerios effect by

changing the internal pressure of the vessel. #
THEORY 56—
1. An acrylic tube of length L, radius R, mass m, density d, V=m/d. The diver i_l
not completely filled with air, is inverted in a vessel containing liquid, as (a)

shown in Fig.1. (a) L
M: The weight of the diver, |_|

B=mg=1,4Apg + n(R* —r*)}(L-0)pg ... (1)

(b)
p: density of liquid. "
If we increase the pressure in the vessel, and measure the maximum ‘B
pressure P; when the diver is just about to sink, where the surface tension that §H5
acts on the diver is upward, in Fig.2 (b), a=90" we get: (c)

Veopg+ 1, Apg +27Ry =mg ... (2)

. . . Fig. 1 The Cartesian
Then add more pressure and the diver will sink. Now decrease the 9

pressure when the diver is just beneath the liquid surface, as in Fig. 1(c), diver in liquid
where no surface tension acts on the diver. In this situation, the pressure of the
vessel is P,.We get Vi, pg+ [,Apg =mg ... (3)
By using Boyle's law: P,(I+1,)A=PlLA=P,LA ... (4)
2. When the pressure inside the vessel is decreased, the diver will rise. As the
diver is about to emerge from the liquid, we measure the minimum pressure P;



inside the vessel. The surface tension that acts on the diver is downward.
Veopg + 1, Apg =mg + 2Ry ... (5)

Boyle’s law: Pl;A=P,l,A ... (6)

Combine Equations (2), (3), and (4), we get the equation for measuring the
_B=P)n-V.,p)g o
27RP,
3. Combine Equations (3), (5), (6), we get another equation for measuring
(P =P)m=Veplg o
27RP,

4. The equation of the interface is determined by the condition that the

surface tension ¢y : y

the surface tensiony: y =

pressure change across the interface due to the surface tension is:

2

d*h
y—— =pgh...(9)

ax®
Let h=Ae™ +Be™™ ... (10) The cartsian }
diver @
h'(X)—@—AﬂeM—B/ie_i" (11) g
dh 0 fold Fig.2. Physical
h (x) - 2 =AXe" + BA e .. (12) B parameters associated
0 > . .
Combine Eq. (11) and Eq. (14), we get ¢ x with the Cheerios
effect

/1=\/E...(13)
4

Let the region on the left hand side of the diver be the region between the
diver and vessel be region 2.

"."h(=)=0 - dah =cotf,
dx

h(x)=Ae™ +Be™ satx=—o > h(x)=0=B,=0 >
cot 6,

h (x)= AJe™ =B ie™ > h'(0)=coth, weget 4, =

() = SOz 0y = SO

.. (14)

*."at x=0, ﬁ=—c0t1 » at x=d, ﬁ=cot02
x dx
h,(x) = A,e™ + B,e™

h, (0) = 4,4 — B,A =—coté, ... (15)

h, (d) = A,Ae™ —B,Ade™ =cot0, ... (16)



Combine eq. (15) and Eq. (16), we get
_cotd, +e“ cot,
? 2Asinh Ad
_cotf, +e“ cot6,
? 2Asinh Ad
t h - t h
.'.hz(x)=lco 6, cos i(d' X) +cot 8, cosh Ax L (17)
A sinh Ad
The value of the horizontal force per unit length act on the diver, Fh
1y (0) 1
Fy ==, pehdh = pelh 0" =1, (07’]

h (0)

_ 7 (cot 8, cosh Ad +cot 6, )’

= — +cot’ 6,
2 sinh~ Ad

__ycot’ 6 +cot’ 6, +2cot coté, cosh Ad (18)
2 sinh® Ad

Where the sign convection is such that Fy <0 corresponds to attraction

between the diver and vessel. In Eq. (18) the values of: cot’ &, » cot’ 8, -
sinh® Ad > cosh Ad are all positive. The effect of repulsion can occur only if
cot &, cot 8, <0.



Fig.3. Apparatus employed in this study.
APPARATUS

1. An acrylic tube of length 7cm, radius 0.5cm, mass 4.58g, acrylic volume 2.48

cma3.

2. A cylindrical vessel of radius 5cm, length 30cm, the top of the vessel is
removable with screw.

3. A digital manometer.

4. An air supply for increasing or decreasing the pressure in the vessel.

EXPERIMENT

1. A Cartesian diver, not completely filled with distilled water is inverted in a beaker
also containing distilled water; and the diver emerges above the water surface
about 0.5mm. Then, cover the mouth of the tube with a thin plastic film. Clean the
diver with distilled water.

2. Pour distilled water into the vessel, and remain an air column about 2cm high. Take
the clean diver with a clip, and put it into the vessel.

3. Close the vessel tightly, and then measure the maximum pressure P, when the
diver is just about to sink. Add a little pressure, and the diver will sink. Now,
decrease the pressure, till the diver is just beneath the water surface, and measure
the pressure P..

4. By measuring the value of P4, P, and the effective radius, we can calculate the
surface tension of water.

5. Replace water with ethyl alcohol and glycerin, and repeat the same process.

5



RESULTS

Table 1. The surface tension of water at 25°C

No. 1 2 3 4 5
P1(cm-H20) 1156.4 1148.3 1152.6 1157.0 1153.7
P2(cm-H20) 1074.1 1066.2 1070.9 1074.2 1070.8

Y(dy/cm) 71.9 72.2 71.6 72.3 72.6
v=(72.1 £ 0.2) dy/cm

2. Table2. The surface tension of ethyl alcohol at 25°C

No. 1 2 3 4 5
P2(cm-H20) 1095.8 1101.2 1099.3 1093.7 1098.9
P3(cm-H20) 1059.1 1063.4 1062.9 1056.0 924.8

y(dy/cm) 21.9 225 21.7 22.6 22.0
v=(22.1 £ 0.2) dy/cm

3. Table3. The surface tension of glycerin at 25C

No. 1 2 3 4 5
P2(cm-H20) 1143.2 1145.2 1146.7 1141.8 1144.2
P3(cm-H20) 1054.8 1055.4 1057.3 1053.8 1055.6

Y(dy/cm) 62.3 63.2 62.8 62.1 62.4

Y= (62.6 £ 0.2) dy/cm




Fig.4 Repulsion of the Cheerios effect Fig.5 Progressive shrinking rings
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Fig. 7(h)

Fig. 7 are from a time lapse video (30
frames per second) taken with a digital
camcorder. Fig. 7(a) is taken just as the
diver floats to the center of the vessel. Fig.
(b) ~ (g). are photographed after 2 seconds.
Fig. 7(h) ~ (j) are in the time interval of 1/30
second. The fringes of capillary wave
increased with depth as in Fig. (a) ~ (9).

Fig.7 (i) is 1/30 second before the | Fig. 7()
water film breaks away from the diver. In
Fig.7(j). the film has just broke away, as the contact angle was 0°. We can get the
effective radius R of the diver from this picture, and get the maximum pressure p1
from manometer. Using equation (7) we can calculate the surface tension of water.
The time interval of Fig.7 (i) to (j) is 1/30 second, the vertical displacement of the film
is 0.2cm, which means that the vertical velocity of the film is 60cm/s. The phenomena
of progressively shrinking rings of the diver sinking in ethyl alcohol is the same as in
water, but it's surface tension is smaller than water, so, the number of fringes is less
than in water. The viscosity of glycerin is 1,000 fold higher than water, the diver sinks
very smoothly, so unfortunately we can’t find the fringe of capillary wave.



Fig. 8(b)
Fig. 8(a)

Fig. 8(d)

Fig. 8(f)
Fig. 8(e)



Fig.6 shows the Cartesian diver as it’s attracted toward the wall of the vessel. The
surface on the right hand side of the diver is in the incline angle of 35 ° downward with
horizontal. The left hand side is almost horizontal. Since the net forces \s

acting upon the diver was to the left, the diver was attracted to the left

B
side. E =1
Fig.8 was taken from the video (30 frames per second). The E i
Cartesian diver sticks to the wall of the vessel at atmospheric pressure. - - _
The top of diver is attracted toward the wall by the surface tension, e ﬁ‘,:': e
where the dragging force of viscosity pulls the diver beneath the water
surface. At the wall of the vessel, the meniscus effect pulls the diver Fig.9. Displacement of the
toward the upper left. Fig.9 shows the displacement of the top of the diver  §iver as a function of time
as it floats..
DISCUSSION

1. The measured values of surface tension have three significant figures, and within
1% that of the recognized values. The error may be due to: (1) purity of the chemical, (2)
disturbance of liquid when the diver is sinking, which may be reduced by very slowly
varying the pressure, and (3) contact angle of the liquid film with the diver is not controllable
as it about to sink.

2. In the sinking process, the disturbance of liquid creates a capillary wave. The wave
numbers increase with sinking depth of the diver. The radius of the progressive rings is
reduced due to the pressure gradient. The moment at which the liquid film breaks away
from the diver, the pressure reaches P4, and the “effective radius” may be measured
from Fig.7. (c) Thereby the surface tension can accurately be
calculated. P<P, P>p,

3. The diver in the vessel is at atmospheric pressure Py, as in ==
Fig. 8(a), so that cot & 1cot @ ,>0. The pressure p just inside that the

meniscus of the liquid-air interface near diver and vessel is lower

than atmospheric pressure Pg ; the diver is attracted toward the

wall of the vessel. When we press air to increase the pressure in the

vessel, 61 becomes larger than 90°, as shown in Fig.8. (b) The @ (b)

pressure near the diver is larger than PO, so that cot & 1cot 6 <0, Fig.8 Contact angles of water

the diver is repelled by the wall of the vessel. with the vessel and the diver are
4. In the attractive Cheerios effect, the diver is initially inthe  gepicted in cross section diagram

unbalance equilibrium and experiencing an imbalance force that

triggers the motion. The upper portion of the diver is attracted toward the wall by surface

tension; where as the dragging force of viscosity pulls the diver beneath the surface. At the

wall of the vessel, the meniscus effect pulls the diver toward the upper right.
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CONCLUSION
The Cartesian diver is a common toy. Here, we've given it a new life. This new life
enriches the Cartesian diver to show more new physics phenomena than what we
previously knew, such as the Cheerios effect and capillary wave. We have also established
the Cartesian diver as a surface tension indicator.
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