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The conventional dunking bird is a heat engine that relies on the temperature difference between the
head and the tail of the bird for its operation. We describe a new type of dunking bird that is not a
heat engine, but one that directly uses the chemical potential difference between liquid water and its
vapor. © 2004 American Association of Physics Teachers.
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I. INTRODUCTION

The dunking bird is arguably one of the most success
physics toys of all time. It was invented by Miles V. Sulliva
in 1945,1 and in spite of its somewhat silly appearance, i
sophisticated and elegant device. It consists of two join
glass bulbs~see Fig. 1!, containing a low boiling point fluid,
such as methylene chloride. If the bottom bulb is warm
than the top, the fluid condenses in the head, making the
top heavy. It then tips forward, dipping the beak into a co
tainer of water and wetting the head, allowing the worki
fluid to return to the bottom bulb. The now bottom hea
bird then rights itself and the cycle repeats. Evaporat
cooling of the head results in a temperature difference
tween the bulbs, which drives the motion.

In addition to being a popular candidate for a perpet
motion machine and its proposed use as a device for pu
ing water in Egypt,2 the dunking bird has received conside
able attention in the scientific literature.3–19 Because it relies
on the temperature difference between its head and its tai
its operation, the classic dunking bird is a heat engine;
shall refer to it henceforth as a dunking bird of the first kin
In this note, we describe the results of our effort to des
and build a dunking bird that is not a heat engine, and t
does not require a temperature difference for its operat
We shall refer to this device as a dunking bird of the seco
kind.

II. DESIGN AND CONSTRUCTION

Our goal is to create a dunking device that obtains ene
from the evaporation of water, but is not a heat engine.
achieve this device, we designed a bird with a triangu
‘‘wing’’ made of a sponge. When the wing is dry, the bird
top heavy, so it tips forward and dunks its head so that the
of the sponge comes into contact with the water. Water t
permeates the sponge due to capillary action and rises. E
tually, due to the weight of water in the sponge, the b
becomes bottom heavy and rights itself. The sponge w
then dries due to evaporation, the bird tips forward aga
and the cycle repeats.

Our prototype dunking bird of the second kind is shown
Fig. 2. We used simple and readily available materials for
construction: popsicle sticks, plastic drinking straws, wa
ers and a dishwashing sponge. The details of the device
shown in Fig. 3. Large popsicle sticks were used for the l
and torso, as well as for the base. Superglue was use
fasten the sticks together in the base and to attach the le
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the base. The body of the bird consists of a portion o
plastic drinking straw, bent to form a tail in such a way as
prevent the bird from tipping too far back. The straw is glu
to a piece of popsicle stick. The triangular wing was cut fro

a quick-drying thin (189 dry! cellulose dishwashing sponge
Because gluing a sponge interferes with its capillarity,
wing was sewn to the popsicle stick using cotton thread
second piece of drinking straw, glued transversely to the p
sicle stick in the torso, served as an axle. The tops of the
were concavely rounded slightly to help keep the axle str
in place. The curved portion of a partially straightened pa
clip was inserted between the sponge wing and the pops
stick of the torso, and the straight portion, bent upward, w
used to hold small metal washers as weights.

When the wing was dry, washers were added until the b
tipped forward. The plastic glass holding the water was s
ated so that the tip of the sponge just dipped into the wate
the tipped position. To monitor the height of the bird, a sm
cardboard square was glued to the torso to act as a
shutter for a photovoltaic cell. The signal from this cell i
dicated the orientation of the bird’s torso and was contin
ously recorded. The water level in the glass in front of t
bird was kept nearly constant by a drinking straw siphon t
connected the glass to a large covered plastic container fi
with water.

III. OPERATION AND PERFORMANCE

When the bird with dry wings is in the ‘‘head up’’ posi
tion, it is top heavy~primarily due to the washers!, and tips
forward to the ‘‘head down’’ position. In the latter position
water is drawn into the sponge due to capillary action, a
because the head is lower than the tail in the head do
position, water moves up toward the broad bottom edge
the wing. As the water moves up into the wing, the b
becomes bottom heavy, and rights itself, raising its head
lowering its tail until the bottom of the straw tail contacts i
supporting surface, and the bird again assumes the hea
position.

The motion of the bird was monitored by recording t
output of a photovoltaic cell that was illuminated by a tab
lamp in such a way that the shutter on the bird’s tail cove
the cell when the bird was in the head up position. T
number of dips as a function of time is shown in Fig. 4. T
symbols indicate times when the bird assumes the head
position. The average time between dips is 442 min, with
average time of 405 min in the head up position and 37 m
782© 2004 American Association of Physics Teachers
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in the head down position. As can be seen in Fig. 4,
interval between dips varied with time, probably due
changes in the relative humidity. The bird is capable of do
work during its motion from head up position to head dow
position as well as during its motion from head down po
tion to head up position. Therefore these may both be
garded as power strokes.

IV. PRINCIPLES OF OPERATION

Although the operation of the device is relatively simp
it is interesting to consider the relevant underlying proces
The idealized operation of the bird consists of four steps

~1! drinking process in the head down position;
~2! rising stroke, as the bird moves from the head down

the head up position;
~3! drying process in the head up position;
~4! dunking stroke, as the bird moves from the head up

the head down position.

In the first step, drinking water is drawn into the sponge
capillary action. Cellulose sponges are made from co
pressed wood fibers reinforced ith nylon fibers. Capillary
tion is caused by the relatively high cellulose/nylon-air int
facial energy,gsa, of the sponge. This interfacial energy
reduced when water is drawn into the sponge. Capillary
measurements suggest that the sponge may be thought
a collection of capillary tubes with characteristic lengths
the order of microns. An interesting project would be
study the height of water drawn into a sponge by capill
action as a function of time, and compare this height with
results for capillary tubes.20,21

If we assume that water completely wets the spon
Young’s law givesgsa5gsw1gwa wheregsw andgwa are the
interfacial energies of the sponge-water and water-air in
faces. The energy gain/area when water wets the spon
gwa57.2831022 N/m at 20 °C.22 Some of this energy~one-
half, for the case of vertical rise in a uniform capillary23! is

Fig. 1. A classic dunking bird of the first kind.
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dissipated by viscous shear. The portion that is not dissipa
is available for lifting the water and, at the end of the drin
ing step, is stored as gravitational potential energy of
water in the sponge.

The second step is the rising stroke. Here, the cente
mass shifts as water is absorbed, and when it has move
the other side of the axle, the bird tips, lifting its head. T
gravitational potential energy of the system~water in the
sponge and the bird! is reduced as the center of mass
lowered. All of this energy is available to do mechanic
work.

The third step is the drying process, where the liquid wa
in the sponge evaporates. This process is driven by
chemical potential difference between the liquid water in
sponge and the water vapor at the corresponding height

The fourth step is the dunking stroke, when the bird, n
top heavy because the sponge is dry, lowers its head. H
again, the gain in gravitational potential energy due to
lowering of the center of mass of the system is available
do mechanical work.

In principle, the four processes can take place isoth
mally. In practice, there may be small temperature diff
ences due to evaporative cooling, viscous dissipation,
thermo-capillary effects, but these may be made vanishin
small and are not essential to the operation of the dev

Fig. 2. Photograph of our prototype dunking bird of the second kind;~a!
starting to drink; side view;~b! finished drinking, side view;~c! finished
drinking, top view.
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Also, in practice the four steps are not clearly separated,
overlap. For example, the center of mass of the water in
sponge continues to move due to capillary action even a
the rising stroke, and the drying process continues thro
the dunking and drinking stages.

Step 3, the drying process in the head up position, may
thought of as the recharging stage; due to evaporation,
surface energy of the sponge is increased again togsa, and
the system is again capable of doing mechanical work.
dynamics of wetting and de-wetting is a fascinating but co
plex subject24,25 and will not be treated here.

After one cycle, the bird is again in its initial state. Durin
a cycle period, some water has evaporated, and some

Fig. 3. Schematic drawing of our prototype dunking bird of the second k
~a! side view and~b! top view. The width of the 7 mm outside diamete
drinking saw indicates the scale.

Fig. 4. Number of dips as a function of time. The points indicate times w
bird stops.
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chanical work has been done. The free energy change a
ciated with evaporation is the maximum work that the s
tem is capable of doing. The total chemical potent
gain—or free energy change—must therefore be greater
the mechanical work done by the system.

The four processes describe the oscillations of the b
between the stable states of head down and head up.
bistability arises as a result of friction, which must be ov
come before motion can start, and as a result of nonunifo
water absorption in the sponge, which causes the cente
mass to shift well beyond the axle during the first~drinking!,
second~rising! and even third~drying! steps. The period of
oscillation is dominated by the drying time, until the cent
of mass moves back over the axle far enough to overco
friction. We therefore expect the period to be inversely p
portional to the evaporation rate.

V. THE FREE ENERGY OF EVAPORATION

At constant pressure, the maximum mechanical work t
evaporating water molecules are capable of doing is equa
the change in their chemical potential. The chemical pot
tial in the liquid and vapor phases can be estimated from
Helmholtz free energy density given by the van der Wa
model26

F52
9

8
rckTcFr2

rc
2 1

8

9

r

rc

T

Tc
lnS 3r

rc
21D G , ~1!

wherer andT are the number density and temperature, a
the subscriptc indicates critical values. The chemical pote
tial m(r,T)5]F/]r, and, becausePc53/8rckTc , the
chemical potential difference between the liquid water a
water vapor,Dm5m(r l ,T)2m(rv ,T), can be written as

Dm
rc

Pc
526S r l2rv

rc
D2

8

3

T

Tc
lnS 3rc /r l 21

3rc /rv 21D
1

8

3 F 1

12 r l /3rc
2

1

12 rv/3rc
G , ~2!

where the subscriptsl andv denote the liquid and vapor. In
equilibrium, the water vapor is saturated,rv5rv

sat, the two
phases coexist, and the chemical potential difference is z
If we write the relative humidity asx5rv /rv

sat, and assume
that rv!rc , the chemical potential difference is given by

Dm
rc

Pc
.26

r l

rc
2

8

3

T

Tc
ln

xrv
sat

r l
S 12

r l

3rc
D

1
8

3 S r l /3rc

12 r l /3rc
D52

8

3

T

Tc
ln x, ~3!

or

Dm52kT ln x. ~4!

Equation~4! gives the free energy per molecule available
work from evaporation, in agreement with the elegant res
of Ref. 15 obtained by different considerations. At a relat
humidity of 50%, the corresponding free energy density
water at room temperature is a considerable 96 kJ/kg,
proximately one-half of the 50 Wh/kg energy density of
fully charged Ni–Cad battery.

Because the evaporation rate is proportional to the che
cal potential difference between the liquid and the vapor,

;

n
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~4! suggests that the frequency of dunking is proportiona
the logarithm of the relative humidity. An interesting proje
would be to study the accuracy of this prediction, and
usefulness of dunking birds as hygrometers.

VI. SUMMARY

We have designed and constructed a dunking bird of
second kind that is not a heat engine. The device uses re
available materials in its construction and is simple to ma
Experiments with our prototype indicate that, with an a
equate water supply, such a dunking bird is able to do w
indefinitely. Our device is slower than dunking birds of t
first kind, with a period of hours rather than seconds. It no
theless demonstrates the possibility of extracting mechan
work from water in an environment where the relative h
midity is less than 100% without using a heat engine.27
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