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Abstract. A glass of water covered with a disk with a hole in it can be turned upside

down without spilling the water in the glass, provided the hole is small enough and the

disk is pressed against the rim of the glass. A quasistatic numerical simulation based

on hydrostatic pressure and surface tension of water was used calculate the critical

hole diameter when the water will begin to drain. The model predicts a critical hole

diameter of 15.25 mm. Experimentally it was found tha a hole diameter of 15.1 mm

was still small enough to keep the water from draining.
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1. INTRODUCTION

There is a classic experiment with a glass filled with water kept upside down. If the

glass is covered by a sheet of paper or plastic no water is spilled, although the opening

of the glass is facing down and nothing seemingly keeps the sheet in place. When a

sheet is used there is in principle no limitation to how large the area can be. A bath

tub filled with water could be kept upside down, provided it was covered by a sheet.

Pressure is the explanation to the fact that the water stays in the glass. The vessel,

when upside down, is closed from above and from below by the sheet. A hydrostatic

water pressure acts on the sheet from the inside and the ambient air pressure of one

atmosphere is acting from the outside. The pressure of one atmosphere corresponds

roughly to the pressure at the depth of 10 m in water, seen .e.g by solving P = ρgh,

where ρ is the density of water, g the acceleration due to free fall and P = 105 Pa

≈ 1 atm. Ten centimeters of water would be roughly 0.01 atmospheres. Thus, as the

ambient pressure exceeds the hydrostatic pressure by two orders of magnitude, the sheet

covering the glass does not move.

One may ask why only hydrostatic pressure matters inside the vessel, as the pressure

immediately beneath the free surface of the vessel before turning the vessel upside down

is one atmosphere. Perhaps this is best understood when one looks on the situation

where the vessel is already turned around. If the water would move ever so slightly

downwards a ”vacuum bubble” would form in the vessel, as the flow of air into the

vessel is blocked at the sheet, which forms a boundary to the ambient. The imaginary

”vacuum bubble” helps us also to understand that the contents on the vessel can only

act on the sheet through the hydrostatic pressure, as the pressure inside an imaginary

vacuum bubble is zero. However, as the atmospheric pressure acts from the outside,

the net pressure in the practically incompressible water will rise to match that of the

ambient, as the net force acting on the sheet must be zero. Here one can think that the

sheet would immediately bulge inwards, if a vacuum bubble really would form inside

the vessel. Thus the sheet quickly flexes to achieve static equilibrium. The situation

does not change if there are a few air bubbles inside the vessel. When the vessel is

turned upside down they can expand, but then the pressure drops quickly inside them

and above reasoning still holds.

In this paper the role of the sheet is questioned. Water is already covered by

thin surface layer consisting of more tightly packed water molecules owing to surface

tension[1]. The question that is addressed, is how large a water area covered by nothing

but surface tension can still keep the water inside the glass. Surface tension creates

a kind of flexible membrane in the interface between air and the bulk of the water.

Owing to surface tension a laminar stream of water ultimately breaks up into drops, the

smallest which are practically spherical. Surface tension is also utilized e.g. by water-

strider insects of the Gerridae genus to ”walk on water” or in well-known experiment,

in which a penny or a metallic paper clip is kept floating on the water surface[2].
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2. EXPERIMENTAL

A set of circular plastic disks with diameters of 72 mm were manufactured. Holes were

drilled through the center of each disk having diameters ranging from 4.5 to 15.0 mm.

Most of the disks were made from a 1.2 mm-thick polycarbonate sheet, but one disk

with a hole of 15.5 mm was drilled through a 2.0-mm thick polycarbonate disk and a

0.15 mm thick sheet of stiff plastic was used for making disks with variable hole sizes.

A glass filled with cold tap water was covered by one disk at the time. The glass

was turned upside down with a finger covering the hole. Then the hole was uncovered

while the glass was upside down with the disk firmly pushed against the rim of the

glass. Successively, disks having larger holes than the preceding ones were used. For

diameters larger than 14.0 mm the hole was covered by a small plastic blade. The blade

was slowly withdrawn uncovering the hole completely. The experiments were repeated

several times and an attempt was deemed successful if the water remained in the glass.

3. Theory

A quasistatic situation was assumed when modeling the behavior of the water in the

glass. It was assumed that the shape of the surface of the water in the hole was governed

by surface tension, the minimum of which corresponds to a flat water surface inside the

hole, and variations in the hydrostatic pressure inside the glass caused by buckling of

the surface. Variations in the hydrostatic pressure could be both negative or positive

depending on the direction of the buckling, in relation to the flat surface, that was taken

as the reference. Ignoring contact angles[3] at the edge of the hole the surface should

indeed be rather flat in the static situation when water remains in the glass. Naturally

the surface may buckle slightly outwards or inwards inside the hole, depending e.g. on

the flexing of the polycarbonate disk when pressed against the rim of the glass.

The shape of the water surface is partially governed by the Young-Laplace equation,

which gives the pressure pγ exerted by the surface tension on the bulk of the liquid[4]

pγ = γ(T )

(
1

Rx

+
1

Ry

)
, (1)

where γ(T ) is the temperature-dependent surface tension and Rx, Ry are the radii of

curvature of the water surface. Taking z = z(x, y) as the vertical perturbations of the

water surface, the two curvatures are mathematically defined as[5]

R−1
x =

∂2z
∂x2[

1 +
(
∂z
∂x

)2]3/2 , (2)

and likewise along the y direction

R−1
y =

∂2z
∂y2[

1 +
(
∂z
∂y

)2]3/2 . (3)



Upside Down Glass of Water Experiment Revisited 4

If the surface of the water in the hole buckles the hydrostatic pressure p varies.

This can be modeled using the expression

p = ρgz(x, y), (4)

where ρ = 1.0 · 103 kg/m3 is the density of water and g = 9.81 m/s2 the acceleration

due to free fall. Both p and pγ can be positive or negative as z(x, y), Rx and Ry can be

either positive or negative numbers. The net pressure acting on the water surface in the

quasistatic case is given by the sum

ptot = pγ + p. (5)

In a situation were the water surface is perfectly flat pγ = 0 holds and as the ambient

pressure always exceeds the hydrostatic pressure inside the glass an arbitrarily large

vessel filled with water and held upside down should be at least metastable. The question

is of course how stable such a situation is in reality. From a molecular point of view the

water surface is not very sharply defined, as molecules are constantly leaving or entering

the surface, and hence, perturbations will always be present. If small perturbations of

the flat surface leads to an increasing and uncontrolled buckling of the surface under

the combined influence of pγ and p, then the vessel will be drained. If, on the other

hand, perturbations do not grow uncontrollably the water will remain inside the vessel.

As perturbations on the surface can have arbitrary shape we decided to use Eq. 5 for

a numerical simulation of the behavior of the water for various hole sizes, instead of

attempting an analytical solution.

For the computer simulation the hole was modeled using a discreet grid of 101×101

points representing the xy plane. The program was written in Fortran 77 and comprised

only ∼ 100 lines. The center of the hole was placed in (x0, y0) = (51, 51). All grid points

within the range
√

(xi − x0)2 + (yj − y0)2 ≤ 49, with i, j = 1, . . . , 101, were considered

to be inside the hole. An initial buckling with a maximum amplitude of ±0.4 mm was

introduced using various smooth functions allowing both negative and positive values for

the coordinate z(xi, yj), Fig. 1. As the curvatures due to spiky random perturbations are

extremely small and hence ”quickly flattened out by pγ” a smooth initial buckling was

considered more realistic. In fact, the initial buckling was chosen to be to be symmetric

in relation to the flat surface, i.e initially
∑
i,j z(xi, yj) = 0. For grid points outside

the the hole z(xi, yj) was fixed to zero. Before numerically calculating the 1st and 2nd

derivatives ∂z
∂x

, ∂z
∂y

, ∂2z
∂y2

, and ∂2z
∂x2

the grid inside the hole was scaled to match the physical

dimensions of a suitable hole size. After that the simulation proceeded as follows. For

all grid points (xi, yj) within the hole the sum pγ(xi, yj) + p[z(xi, yj)] was calculated.

For each round the largest absolute value of ptotmax found and stored. After that each

the z coordinate inside the hole was updated as follows:

z(xi, yj)→ z(xi, yj) + (0.04 mm)
ptot(xi, yj)

ptotmax

. (6)

The procedure was repeated 15,000 times for each hole size after which the final surface

profile was examined.
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Figure 1. Initial buckling of the water surface in the hole. The z axis scale is greatly

exaggerated.

4. RESULTS AND DISCUSSION

Experimentally it was found that with a hole diameter of 15.0 mm it was still possible to

keep to water in the glass without spilling it using the 1.2 mm thick polycarbonate disks,

Fig. 2. Incidentially, the central hole of a CD disk is exactly 15.0 mm, which makes the

necessary equipment for verifying the result easily available to anyone. For diameters

beyond 14.0 mm several attempts were needed and the largest hole required putting

the glass with the plastic disk facing downwards on a scaffolding and withdrawing the

plastic blade very slowly, indicating the closeness to the critical diameter. The 15.5 mm

hole in the 2.0 mm thick disk still held water, but only for a limited amount of time.

When left on the scaffolding the water drained suddenly after about five minutes. It is

possible that a contact-angle effect related to adhesion between the hole edge and the

water molecules helped in stopping the glass from draining. Using the 0.15 mm plastic

sheet a 15.1 mm hole barely stopped the glass from draining and experimentally the

largest hole diameter of 15.5 mm held water only for about 30 s. The buckling of the

water surface slowly changed until the water began to flow and the glass was drained.

The shape of water surface was not unlike that of Fig. 4. A slow evolution of the water

surface close to the critical diameter was also seen in the computer simulations, see

below.

The computer simulation was run for several values of the hole diameter and a

surface tension of 72 mN/m, which corresponds to a temperature of 25 ◦C[7]. The main
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Figure 2. A cup of water covered by a polycarbonate disk held upside down. The

hole in the disk has a diameter of 14.0 mm. The water is prevented from spilling by

the surface tension of the water in the hole.

objective was to find the diameter of the largest hole, which would still keep the water

without a spill. Below the critical diameter the water surface would flatten after a few

simulation rounds. In Fig. 3 a 3D plot of the surface is shown after 15,000 simulation

steps for a hole with a diameter of 15 mm. Above the critical diameter the water surface

would buckle increasingly. With a hole diameter of 17 mm the perturbations begin to

grow in proportion to the number of simulation steps, which would ultimately lead to

the draining of the water, Fig. 4. In order to find the critical limit dc between 15 and 17

mm the number of iteration steps had to be increased further to 150,000 and the result

was that a hole diameter of d = 15.25 mm would still hold water, but d = 15.264 mm

would be too large. The critical diameter is therefore close to dc = 15.25 mm

According to theory[6] and experimental data in Ref. [7] the surface tension of water

is linear in temperature and ranging from γ = 75.93 mN/m at 0 ◦C to γ = 61.07 mN/m

at 100 ◦C for water in contact with air at ambient pressure. Therefore, simulations

were performed to check the influence of surface tension on the critical diameter. The

result is given in Fig. 5. As the relation between dc and γ(T ) was nonlinear the area

of the hole vs. γ(T ) is plotted instead. That the critical area (and not the critical hole

diameter) scales with the surface tension is probably not surprising. In order to confirm

the linearity the simulations were extended beyond the surface-tension values of liquid

water, which experimentally could be done e.g by mixing ethanol into the water and/or

using another liquid.

With practically no discrepancy between the experimental result and the prediction

of the computer simulation, it seems the quasistatic model for simulating the critical
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Figure 3. Simulated water surface in a hole with a diameter of 15 mm. Only small

perturbations remain after 15,000 simulation steps.

diameter is surprisingly good. In a dynamical model both the influence of viscosity,

representing dissipative damping, and an effective body of water should be included. The

dynamics of the water body would require solving a differential equation numerically,

but it seems the static model is adequate, justifying the use of this simpler model.

One may even speculate, judging by the experimental results, that the dynamics of the

surface are very slow even close to the critical surface rendering the inclusion of time

dependent phenomena superfluous.

4.1. Square holes

With a slight modification of the Fortran code simulations for holes in the shape of

squares could be performed. Using the same iteration scheme it was found that a hole

with side length a = 14 mm would hold water, where as for a side length of a = 14.25 mm

the glass would drain. It is no surprise that the circular hole could almost be inscribed

in the the square hole. It also not surprising that the area of the square hole will be

larger than that of the circular hole, as in the corners of the square the surface tension

will have a ”firm grip” on the water surface due to the small curvature.
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Figure 4. Simulated water surface in a hole with a diameter of 17 mm. The buckling

of the surface increases uncontrollably and surface tension can no longer stop the

draining of the glass.

5. Conclusions

Keeping a glass of water covered with a disk with a circular hole with the diameter of

15.1 mm upside down can be achieved by holding the glass steadily. For larger hole

diameters the glass will be drained as the surface tension no longer can hold back the

water. Computer simulations using a quasistatic model based on surface tension and

hydrostatic pressure predicts a critical hole diameter of 15.25 mm. For a square hole the

critical side length is 14.0 mm as indicated by the simulations. The square of the critical

diameters was found to depend linearly on the surface tension, making it straightforward

to extend the experiments to other liquids.
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