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THE

" TEAPOT EFFECT

... a problem

By Markus Reiner

Markus Reiner teaches applied mechanics ot the Israel Instituie af
Technology in Haifa, or the “Technion” as it is also Enown. By pro-
jession a civil engineer, ke los worked as such for @ whele Lifetime—
“doing science,” he explains, a5 a kobby? When Prof. Bingham of
" Lafayeite College, Easton, Pa., learned about his waork, ke invited him
‘to do research there, and Prof. Reiner spent bwo Years (1931-1933) at
Lafayette as research professor, cooperating with Binghum in the es-
tabliskment of rheology as o new branch of physics, He is now head
of Technion's rheological laboratory, where he ireats concrele as @
liguid and air as o solid. He has recently designed and built a cen-
tripetal airpump besed on the fact that, as foreseen by Maxwell, air
can be considered as o viscoelustic solid with a time of relazation of

ghout 107" seconds.

AS probably everybody bas experienced to his or
her dismay, when tea is poured out of a teapot,
the jet, more often than not, has a tendency not to flow
in-a nice ballistic curve, as intended, into the cup, but
to follow the underside of the spout, and soil the table

cloth, Euvery physicist from a large number whose

opinion I asked on the possible reason for this phe-
nomenon, replied it must be due to surface tension or,
in other terminology, capillary action or adhesion. Now,
surface tension is one of the most nebulous terms of
physics; many textbooks on the subject will tell the
student that there is no such thing, and that the proper
term is surface energy. We need not go into this ques-
tion here, suffice it to say that whea the physicist is
pressed to express himself more - clearly, he will say
that this teapot effect is obviously due to the adhesion
between the lguid (tea) and the solid (spout), and
that the “phenomenon” was no problem and not worth
another minute's thought. - _

Now it can easily be shown that this explanation is
incorrect, I do mot wish to sey that there is no ad-
hesion between the Hquid and the solid but when the

. spout is coated with some water-repellent material, 2.g.,

peraffin wax, the phenomenon persists without -any
noticeable change. Therefore it cannot be due. t
hesion, end the problem arises as to what physic
property might be involved. o L
But perhaps I should first tell how 1 came to bus
myself with this problem, because I also, of course, di
not give it a minute’s thought when pouring out m
tea, being convinced, as every other physicist, thal
well knew its reason, which was adhesion. ~ :
This is the story: '

LL those who know their Bible and others W

know geography, lkmow that the southeast. cod
of the Dead Sea is a vast salt desert, with huge masse
of crystalline salt covering the ground. Now ks
strange to note that there are great stretches af “suc
ground where the upper surface s absolutely horizont!
This posed a problem to Dr. R. Bloch, Chief Chemist
of the Dead Sea Worls Ltd., Jerusalem. He guessed that
this peculiarity might be due to the manner in whi
the -dissolution of the salt of the upper layers b
place, and proceeded to investigate the question
experiment. o
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When a NaCl crystal is put into a beaker with stand-
g-water the following can be observed:
Let the crystal be placed as shown in Fig. 1. Dissolu-
on taies place in such z way that the horizontal top
urface only is attacked while the verfical surfaces are
rotected by films of saturated salt solutions running
bwn the sides. This can very well be seen when a
ermanganate fragment (2) is placed on the top of the
rystal coloring the path (b) of the streaming salt
Iution. After several hours the crystal has been re-
uced to the height of the dotted line (e).
If the crystal is put into the water as shown in
.2, it eventually takes on the form indicated by
e dotted line (d). The faces (e} therefore also re-
ain upattacked. Dr. Bloch thus discovered the sur-
sing fact that the protecting film of concentrated
alt-solution sticks to the salt crystal against the kinetic
eiergy of the stream (f) and against the action of
gravitation. The explanation which suggested itself was
dhesion”; the salt solution film adheres to the selid
crystal surface To check this theory, an Erlenmeyer
flask was immersed in a vessel filled with fresh water,
Upside ‘down. A concentrated salt sofution. was slowly
Tun into the upper surface (= the bottom) of the
fask. A piece of permanganate served to show the
stream of the NaCl solution (see Fig. 3). A film of lesg
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than one mm thickness of the heavier-than-water salt
solution runs down the slope of the flask, and sticks to
it on the surfece, keeping on against gravitation. After
a few centimeters. of flow the flm starts to wriggle, de-
taches itself from the surface, and sinks slowly down
with turbulent eddies. This confirmed the phenomenon .

seen in the dissolution of the salt crystal in Fig. 2, with

- the generalization of solid glass taking the piace of
- solid salt, s0 that one could assume the phenomenon to

be present with any lguid stream in contact with any
solid surface. But was it due to the adhesion between
the lquid and the solid? ]

In the experiment shown in Fig. 4, the Erlenmeyer
was immersed in the upright position in a concentrated
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NaCl solution. Fresh water was now run through & U--
tube (g) to the bottom of the Aask; being lighter than
the NaCl solution, it rose agdin along the slope of the

_flask sticking to the wall against gravitation. Again,

efter a few centimeters fiow, detachment and turbulence
could be observed.

Since in the first experiment the NaCl snlutlon
seemed to adhere to the solid wall in preference of and
displacing fresh water, while in the second experiment
fresh water seemed to adhere to the solid wall in prefer-
ence of and displacing salt water, adhesion as a surface-
tension property has to be excluded as an explanation
of the effect,

When he had progressed so far, my friend, Dr. Bloch
who is a chemist, turned to me, Lhe theologist.

: THERE is no necessity of describing in detail fur-

ther experiments which confirmed the result of
excluding adhesion and supplied additional data. Suf-
fice it to mention that instead of salty and fresh water,
hot and cold water could be used. Also instead of glass
1 used metal surfaces making sharp angles between the
horizontal and the sloped surface, avoiding the round-
ing off transition at the flask, and varied the degree of
slope; the resuits were of the same kind. It could also
be observed that the length of the stream along the
sloped surface was smaller the smaller the slope, hut
never vanished. Even when the “sloped” surface was
horizontal, there was a small length on which the
stream followed this horizontal surface before detach-
ing itself for the natural downward course.
But then I thought: why do all this in water, why
not in air? And immediately it occurred to me: but
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Fig. 5

that is what the teapdt does. Fig. § shows the teapol in

‘action. It is fed from a tap above, and the water
emerges from the spout sticking to the wall of spout,
and going off when the bottom of the pot is reached.
.Sometimes it can be observed that water flows even
along the bottom of the pot uphill. However, when the
supply of water is increased, this effect is joined by
-another one. Part only of the issuing water sticks to the
-wall, but another part flows' down more or less vertically
{Fig. 6). But looking more closely we see that this
downward jet shows a curious diversion from the
vertical: curious in that it is directed opposite to what
one would expect. Now increase the supply of water
from the tap still more (Fig. 7); the “sticking” flow of
water disappears but the jet persists in the wrong
direction, only the more so. Increase the flow of the
water still more, and you get the picture of Fig 8,
with the jet practically vertical Still greater supply of
water, and therefore increase of the wvelocity of the
flow, results in the ballistic curve which we all expected
and which iz desired when pouring the tea into the cup;
there is no necessity to take up space with an additional
figure. _ _

The teapot experiment accordingly did not supply a
clue; on the contrary, we see that there are fwo phe-
nomena present where we originally saw one only.
There is (1) the phenomenon of a Hquid layer “stick-
ing” to a solid wall. There is (2) the phenomenon of an
“antiballistic” jet. :

ET us first treat the first. When a layer of viscous
_ liquid flows along a. solid surface, it is sheared.
The layer can be imagined as consisting of laminae,
The ‘velocity of the lamina adjacent to the wall is
zero*, and it increases linearily to V at the outermost
lamina. Let % be the thickness of the lazyer, then a
velocity gradient y = ¥/ is produced. By virtue of its
viscosity the liquid resists its shearing deformation

* This con be mssumed even when the liguid does not ‘‘wet” the '

surfnce as shown by the fact that Poisenille’s formuln can be applied
in the cose of mercury fowing through a capillary. Hers o very thin
layer of air separates the ].Eq&.lid mercury from the solid wall of the
capillary, but this does not affect the result. .

Fig. 7

through internal shearing stresses r =y where 5 Is the
coefficient of viscosity. However, as everyone who hag
had a course in elasticity or hydredynamics knows, the
shearing deformation just described does not exhaust
the kinematics of the case. In addition to the shearing
deformation which continuously reduces the right angles
formed in the liquid by the lines of flow parallel tg
the solid surface and the normals to it, there also take
place rotations of the elements of the liquid defined
by vortices as shown in Fig. 9. Note that these rota-
tions are of the nature of rigid bodies’ rotations. .

Fip. ¢

Now let gravity cause or maintain the laminar flow
of the liquid layer; it will produce work equal to - the
loss of potential energy resulting from the fall of the
liquid mass from a higher to a lower level. This work
iz expanded in two different ways. Part of it is used up;
dissipated, and converted into heat in the continuous
shearing of the layer. Another part, however, is con
verted into the kinetic energy of the rotating elements
As the rotation is not accompanied by any deforma
tion this part is not dissipated, but persists in a steady
state, and can only decline with the velocity V. _

It is suggested that this is the mechanism. for the
“sticking” of the liquid to the solid wall which actually
is no sticking at all, but a kind of being pressed agnins
the wall through the rotational kinetic energy of the
vortices. The vortices also help the layer to tw®
COFNELs. :

If my explanation is correct, this disposes of th
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rst effect. There are many other phenomena where it
.ay be operative. For instance in order to safely pour
“liquid from one receptacle into another, the experi-
nced chemist uses a plass rod along which the liquid
" made to flow. Or put your finger under a jet issuing
rom a tap, and watch the curious way in which the
aater is diverted from its course. Here, however, an-
ther hydrodynamical effect may be involved.* Another
smample is supplied by the drip . groove which the
rchitect provides in the windowirame to prevent rain-
“ater from finding its way into the room (see Fig. 10).

Fig, 10

¢ Inows that oiling the underside will not help; he
akes an incision (h) in order io break the kinetic
nergy. S
Before leaving this subject, we may dispoze of an-
ér explanation for the “gticling-on” effect in which
was suggested that air pressure active upon the outer
iirface of the layer, but absent where # is in contact
ith the solid wall, presses the layer on to the wall,
However, this same air pressure does not prevent the
layer from detaching itself $rom the wall when the
locity V has fallen so much that the kinetic vortex
ergy is insufficient for preventing it. Besides, as was
escribed above, the effect is also present with a liquid
alt ‘solution) fowing within a liquid (fresh water).

Compare Lighthill (19458)..°

Fig. 11
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f WE now come to the second teapot effect, T must

confess that in this case T do not know of any
convincing explanation, and for this reason I have given
this little paper its subtitle. But I have a suggestion to
make.

Before that, note that this second effect also can be
performed with a liquid flowing within another liquid.
In Fig 11, a’jet of salt water flows downwards in
fresh water, in Fig. 12, a jet of fresh water flows up-
wards in salt water: both have exactly the same shape;
as o matter of fact only the free surface of the liquid
in the receptacle can show which is which,

Fiere we have no laminar layer to which we could
apply our previous reasoning. True, at the opening of
the spout there is & short distance over which the is-
suing liquid is sheared with a vortex in the Tight direc-
tion accompanying it. But is the Iinetic energy of this
vortex sufficient to revert the curvature of the jet?
This may be doubted. When we look at Fig. 11, we see
that the curvature of the issuing jet is first anticlock-
wise zs it should be in a ballistic curve. In such a curve
the curvature is pradually reduced but its sense i5 not
changed. Here, however, it reverts to clockwise for no
obvious reason. Could it be that the tigquid can support
one-dimensionel stresses? I do not mean van der Waals
forces which act isotropically sn three dimensions, and
are the cause of the well-known isotropic strength of
liquids. I understand that the present view on the in-
ternal structure of water and similar liquids is that it
is a kind of polycrystal with an intercrystalline amor-
phous phase, the whole difference with a solid poly-
crystal consisting in the temporary nature of the crys-
tals which constantly lose and attach molecules. If

. this were so, there might be one-dimensional tension in

the jet, and the jet would behave not differently from
an elastic steel chain, as shown in an experiment de-
scribed by Pohl. In order to produce in the issuing jet
en exaggerated anticlockwise curvature, a cenirifetal
acceleration must be present, in addition to the respec-

Fig. 12
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tive component of the gravitational acceleration. How-
ever, no centripetal force exists to account for this.
_ But if tangential tensions in the jet were present, they
would have a resultant towards the center of curvature
-causing an acceleration in this direction (see Fig. 13).

. joH - rch.sv'
fen s j } . : b
- ‘ Y

center
Fip, 13

When the anticlockwise curvature has gone far
enough, gravitation prevails, and now produces a clock-
wise curvature in a reversed ballistic curve.

1 have performed experiments under controiled con-
ditions trying to find quantitative results, for instance
by changing the temperature of a jet of water issuing
from a horizontal tnbe made of a water-repellent
plastic, However, it is very difficult to get rid of the

" first teapot effect. I bad to give up, being occupied with
other problems. But T thought it worth while to draw
the attention of others to the complicated phenomena
underlying such an every-day-observation. When I told
an eminent physicist who has made the structure of
water his special field, this story, he tock a beaker,
went to the sink in his room, and put the beaker
under the tap.* When he opened the tap and let the
water flow into the beaker and out of it, he could ob-
serve the second teapot effect and exclaimed:; “I never
saw this,” Later I told the story to another colleague
while riding in the London Underground. Suddenly he
exclaimed: “Look here,” and pointed to an advertise-
ment above our heads. And here it was as a com-
mercial artist had seen it (see Fig. 14).

% Ag z matter of fact the experiments which I have shewn for his-
torical reasons with a teapot can os well, or even better, be performed
witk any lnboratory besker. .

K
“ahrs peip RTS8

& AN gayse oF EHCIWE

“Fig. 14

I RETURNED home to Israel from Englapg
France. One day I was standing before a nige fol
tain on the main square of Annecy. There wey, o
lions at the four corpers spouting water—angd :
one showed the teapot effect in a di_Eerent stage. Ha;
are two photographs (Figs. 15 and 16). When ke, B
ample flow of water, the jet shows a ballistic: ¢y

Iip, 15

Fig. 16

‘When the supply is less, a teapot effect accompanies
(Fig. 15). When the flow is still more reduced, th
ballistic curve disappears, and the teapof effect r
mains (Fig. 16). It was winter, and the poor lion’s
forefeet were completely frozen in. . ... -
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