A dunking bird of the second kind
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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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[. INTRODUCTION the base. The body of the bird consists of a portion of a
. o lastic drinking straw, bent to form a tail in such a way as to

The dunking bird is arguably one of the most SUCC(?SS‘CUBrevent the bird from tipping too far back. The straw is glued
physics toys of all time. |t was invented by Miles V. Sullivan {5 3 piece of popsicle stick. The triangular wing was cut from
in 1945; and in spite of its somewhat silly appearance, is a . . A . .
sophisticated and elegant device. It consists of two joinedt duick-drying thin ¢’ dry) cellulose dishwashing sponge.
glass bulbgsee Fig. 1, containing a low boiling point fluid, Because gluing a sponge interferes with its capillarity, the
such as methylene chloride. If the bottom bulb is warmeing was sewn to the popsicle stick using cotton thread. A
than the top, the fluid condenses in the head, making the birdécond piece of drinking straw, glued transversely to the pop-
top heavy. It then tips forward, dipping the beak into a con-sicle stick in the torso, served as an axle. The tops of the legs
tainer of water and wetting the head, allowing the workingWere concavely rounded slightly to help keep the axle straw
fluid to return to the bottom bulb. The now bottom heavym_place. _The curved portion of a par'uallyl straightened paper
bird then rights itself and the cycle repeats. EvaporativesliP was inserted between the sponge wing and the popsicle
cooling of the head results in a temperature difference beStick of the torso, and the straight portion, bent upward, was
tween the bulbs, which drives the motion. used to hold small metal washers as weights.

In addition to being a popular candidate for a perpetual. When the wing was dry, washers were added until the bird
motion machine and its proposed use as a device for pumpioped forward. The plastic glass holding the water was situ-
ing water in Egyplz, the dunking bird has received consider- ated_so that th_e_ tip of the sponge just_d|pped into _the water in
able attention in the scientific literatufe!® Because it relies the tipped position. To monitor the height of the bird, a small
on the temperature difference between its head and its tail fgfardboard square was glued to the torso to act as a light
its operation, the classic dunking bird is a heat engine; Wé_hutter for a p_hotov_oltalc cell. 'I_'hg signal from this cell in-
shall refer to it henceforth as a dunking bird of the first kind. dicated the orientation of the bird's torso and was continu-
In this note, we describe the results of our effort to desigrPusly recorded. The water level in the glass in front of the
and build a dunking bird that is not a heat engine, and thu§ird was kept nearly constant by a drinking straw siphon that
does not require a temperature difference for its Operaﬂorﬁqnnected the glass to a large covered plastic container filled
We shall refer to this device as a dunking bird of the secondvith water.
kind.

IIl. OPERATION AND PERFORMANCE

II. DESIGN AND CONSTRUCTION . . . L .
When the bird with dry wings is in the “head up” posi-

Our goal is to create a dunking device that obtains energyion, it is top heavy(primarily due to the washersand tips
from the evaporation of water, but is not a heat engine. Tdorward to the “head down” position. In the latter position,
achieve this device, we designed a bird with a triangulamwater is drawn into the sponge due to capillary action, and,
“wing” made of a sponge. When the wing is dry, the bird is because the head is lower than the tail in the head down
top heavy, so it tips forward and dunks its head so that the tiposition, water moves up toward the broad bottom edge of
of the sponge comes into contact with the water. Water thethe wing. As the water moves up into the wing, the bird
permeates the sponge due to capillary action and rises. Evehecomes bottom heavy, and rights itself, raising its head and
tually, due to the weight of water in the sponge, the birdlowering its tail until the bottom of the straw tail contacts its
becomes bottom heavy and rights itself. The sponge wingupporting surface, and the bird again assumes the head up
then dries due to evaporation, the bird tips forward againposition.
and the cycle repeats. The motion of the bird was monitored by recording the

Our prototype dunking bird of the second kind is shown inoutput of a photovoltaic cell that was illuminated by a table
Fig. 2. We used simple and readily available materials for itdamp in such a way that the shutter on the bird’s tail covered
construction: popsicle sticks, plastic drinking straws, washthe cell when the bird was in the head up position. The
ers and a dishwashing sponge. The details of the device areimber of dips as a function of time is shown in Fig. 4. The
shown in Fig. 3. Large popsicle sticks were used for the legsymbols indicate times when the bird assumes the head up
and torso, as well as for the base. Superglue was used fmsition. The average time between dips is 442 min, with an
fasten the sticks together in the base and to attach the legs &werage time of 405 min in the head up position and 37 min
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Fig. 1. A classic dunking bird of the first kind.

in the head down position. As can be seen in Fig. 4, the
interval between dips varied with time, probably due to

changes in the relative humidity. The bird is capable of doing
work during its motion from head up position to head down

position as well as during its motion from head down posi-

tion to head up position. Therefore these may both be re-
garded as power strokes.

(c)

IV. PRINCIPLES OF OPERATION
Fig. 2. Photograph of our prototype dunking bird of the second kiad;

Although the operation of the device is relatively simple, starting to drink; side view(b) finished drinking, side view(c) finished
it is interesting to consider the relevant underlying processeglrinking, top view.
The idealized operation of the bird consists of four steps:

(1) drinking process in the head down position; dissipated by viscous shear. The portion that is not dissipated

(2) rising stroke, as the bird moves from the head down tqs available for lifting the water and, at the end of the drink-
the head up position; ing step, is stored as gravitational potential energy of the

(3) drying process in the head up position; water in the sponge.

(4) dunking stroke, as the bird moves from the head up to The second step is the rising stroke. Here, the center of
the head down position. mass shifts as water is absorbed, and when it has moved to

) . ) . . the other side of the axle, the bird tips, lifting its head. The
In the first step, drinking water is drawn into the sponge viagrayitational potential energy of the systewater in the
capillary action. Cellulose sponges are made from comgponge and the bidis reduced as the center of mass is
pressed wood fibers reinforced ith nylon fibers. Capillary acigyered. All of this energy is available to do mechanical
tion is caused by the relatively high cellulose/nylon-air inter-yq k.
facial energy,ys,, of the sponge. This interfacial energy is  The third step is the drying process, where the liquid water
reduced when water is drawn into the sponge. Capillary risgh the sponge evaporates. This process is driven by the
measurements suggest that the sponge may be thought of @emical potential difference between the liquid water in the
a collection of capillary tubes with characteristic Iengths Ofsponge and the water vapor at the Corresponding he|ght
the order of microns. An interesting project would be to  The fourth step is the dunking stroke, when the bird, now
study the height of water drawn into a sponge by capillarytop heavy because the sponge is dry, lowers its head. Here,
action as a function of time, and compare this height with theagain, the gain in gravitational potential energy due to the

results for capillary tube€:*! lowering of the center of mass of the system is available to
If we assume that water completely wets the spongego mechanical work.
Young's law givesyss= YswT Ywa Whereys, and yy, are the In principle, the four processes can take place isother-

interfacial energies of the sponge-water and water-air intermally. In practice, there may be small temperature differ-

faces. The energy gain/area when water wets the sponge ésices due to evaporative cooling, viscous dissipation, and
Ywa=7.28<10 2 N/m at 20 °C??> Some of this energjpne-  thermo-capillary effects, but these may be made vanishingly
half, for the case of vertical rise in a uniform capilldlyis  small and are not essential to the operation of the device.
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chanical work has been done. The free energy change asso-
ciated with evaporation is the maximum work that the sys-
tem is capable of doing. The total chemical potential
gain—or free energy change—must therefore be greater than
the mechanical work done by the system.

The four processes describe the oscillations of the bird
between the stable states of head down and head up. The
bistability arises as a result of friction, which must be over-
come before motion can start, and as a result of nonuniform

water absorption in the sponge, which causes the center of
sponge base mass to shift well beyond the axle during the fifdtinking),
(@) second(rising) and even thirddrying) steps. The period of
oscillation is dominated by the drying time, until the center
. of mass moves back over the axle far enough to overcome
straw tail ——— friction. We therefore expect the period to be inversely pro-
== portional to the evaporation rate.
sponge 1 I thread
SIS V. THE FREE ENERGY OF EVAPORATION
o |
straw axle ] popsicle stick At constant pressure, the maximum mechanical work that
evaporating water molecules are capable of doing is equal to
O washer weights the change in their chemical potential. The chemical poten-
held in place by tial in the liquid and vapor phases can be estimated from the
paperclip Helmholtz free energy density given by the van der Waals
(b) modef®
Fig. 3. Schematic drawing of our prototype dunking bird of the second kind; Fe— 2 KT P_2 I § ﬂ lln 3_P 1 1)
(a) side view and(b) top view. The width of the 7 mm outside diameter 8pC c pg 9 p. T, Pe )

drinking saw indicates the scale.

wherep andT are the number density and temperature, and
the subscript indicates critical values. The chemical poten-

Also, in practice the four steps are not clearly separate_d, byta w(p, T)=3dFldp, and, becauseP.=3/8pkT., the
overlap. For example, the center of mass of the water in thepemical potential difference between the liquid water and

sponge continues to move due to capillary action even aft _ _ ;
the rising stroke, and the drying process continues througe};ilater vaporAu=u(pi.T) = p(py ), can be written as
pl—pv) 8T (3pc/p|—1)

the dunking and drinking stages.
Step 3, the drying process in the head up position, may be P 3T n 30./p —1
. . . c c Pcl Py
thought of as the recharging stage; due to evaporation, the
1 1
1-pf3p. 1- pU/3PJ’

Pc
e
MPC

surface energy of the sponge is increased agaipip and 8

the system is again capable of doing mechanical work. The + 3

dynamics of wetting and de-wetting is a fascinating but com- _ .

plex subjed*?° and will not be treated here. where the subscriptsandv denote the liquid and vapor. In
After one cycle, the bird is again in its initial state. During equilibrium, the water vapor is saturates],=p;", the two

a cycle period, some water has evaporated, and some mphases coexist, and the chemical potential difference is zero.

If we write the relative humidity ag=p, /p%®, and assume

v

thatp,<<p., the chemical potential difference is given by

@

40 t
Pe pp 8T Xp° P )
" Ap—=—6——5=In 1- —
-'. H Pc pe 3T Pi 3pc
30 o
- 8 pil3pc 8T
" sl——5—|=— 3 =Inx, 3
q - 3\1-pi/3pc 3T,
g 20 . .l. or
. n
2 - Au=—kTInx. (4
101 _." Equation(4) gives the free energy per molecule available for
=" work from evaporation, in agreement with the elegant result
o of Ref. 15 obtained by different considerations. At a relative
Py Culll i i ' i ‘ humidity of 50%, the corresponding free energy density of
0.0  20x10° 4.0x10° 6.0x10° B8.0x1G° 1.0x10° water at room temperature is a considerable 96 kJ/kg, ap-

proximately one-half of the 50 Wh/kg energy density of a
fully charged Ni—Cad battery.

Fig. 4. Number of dips as a function of time. The points indicate times when BecaUS? th? evaporation rate Is pr_opprtlonal to the chemi-
bird stops. cal potential difference between the liquid and the vapor, Eq.

Time (s)
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