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Buoyant Pot Method

——A new device for auto-irrigation——
(Research note)
By

Mamoru YosHmMOTO®

Summary : A complicated instrument composed of a balance and a connected water
supplier is indispensable for any conventional device for auto-irrigation based on the
constant weight method. The balance can be omitted by floating the pot in water, as
it moves up and down with water loss by evapo-transpiration and with water gain by
irrigation, respectively, and this up-and-down movement can be used for starting and
stopping the water supplier. Further, the water supplier can be also omitted by supply-
ing water through an open tube attached to the bottom of the pot which is opend and
closed by the movement of the pot with a valve at a definite depth in water. A simple
and efficient device for auto-irrigation based on this principle consists of a buoyant pot
which has, at its bottom, an open tube with a rough or grooved inner wall and a
buoyant regulater which has mercury as a valve in a cup suspended from floats. The
structure of the pot and the regulator is described in detail, stability of the pot in water
is examined, and the means of evaluation of sensitivity and precision are presented.
Advantages and disadvantages are also discussed.

Preface

It is often necessary or desired to keep the soil moisture in pots constant by supplying
automatically as much water as the water loss by evapo-transpiration in various re-
searches pertaining to plants and soils as well as practical cultivation. Various methods?
have been reported since the beginning of this century, and the constant weight method
is one of them. Tamai® suggested in 1956 that the method seemed to be rather unpromis-
ing because of its expensive complicated instruments for insufficient accuracy which was
inevitable as the weight measured included the varying weight of growing plants. In fact,
no remarkable development has been made in the method since then. However, the method
is, according to the author’s opinion, not useless as the accuracy can be improved by cor-
rection of the weight if an information is available about the weight of growing plants.
Improvements should be made in the simplicity and cost of the devices employed in the
method. The device reported here is such a trial. A pot in the device floated on water,
moving up and down with change in weight. replaces the balance for starting and stopping
the connected water supplier, and even the water supplier is replaced by an open tube
attached to the bottom of the pot, opened and closed by the up and down movement of
the pot with a valve at a definite depth in water. Thus simplicity and inexpensiveness

are realized in this device.
1. Principle

A buoyant pot with an open tube at its bottom is set just above mercury in a cup at
definite depth under the water surface. While the lower end of the tube is in contact with
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mercury, water does not enter the pot. When the pot becomes lighter with water loss by
evapo-transpiration, it rises due to the difference between buoyancy and gravity. As soon
as the tube leaves the mercury surface, water enters the pot through the tube. Then it
becomes heavier and sink until the tube end touches the mercury again and the water
supply stops. This up and down movement of the pot is repeated and the weight of the
pot is kept constant so long as the water depth to the mercury surface (h) is kept constant,
since gravity is equal to buoyancy as the pot is floating, and buoyancy which corresponds
to the volume of the under-water part of the pot is constant when h is constant.

Instead of the mercury which works a valve, any valve can be used with the tube of
the buoyant pot if it can efficiently open and close the tube when the pot moves up and
down. Any other water supplying device can be connected to a buoyant pot without tube
at its bottom, if the up and down movement of the pot can, directly or indirectly, start
and stop the water supply. However, this paper does not deal with these modifications,
as the combination of a buoyant pot with a tube and mercury is considered at present
to be the most efficient and the cheapest.

2. Pot

Structure of the pot: There is no restriction of shape, size, weight, and material of
the pot so long as gravity and buoyancy are balanced and stability is secured. A float is
attached to the upper part of the pot to give extra buoyancy when the outside volume of
the pot is insufficient. A ballast is attached to the bottom of the pot to give extra weight
when the weight of the pot (including soil and plants) is insufficient or to secure sufficient
stability to prevent capsizing, if necessary. The side and the bottom of the pot should be
coated to make it completely water-proof if the material is permeable. The diameter of
the tube should be large enough to allow free entry of water and mercury, and its length
should be slightly larger than the possible
height of mercury inside the tube, that is

/ \ h/13.6.* A tube with a smooth inner wall
\ is not desirable and it is recommended to cut

V-shaped grooves in it for rapid water supply,

as shall be described later. The upper end

. of the tube should be covered with an ap-
- .. ) propriate plate of porous material so that the
pot 8- /

.

/ soil particles do not fall into the tube. It is

\ .. recommended that for smooth water move-

ment spongy strings or perforated tubes are

—_ - 1. . . 4 _ led from the upper end of the tube to the

tube soil surface through the soil. It is not nec-

—_ _%_"_-_-.._ essary to attach the tube to the center of the
mercury o

(valve) L bottom of the pot; any positibn on the bottom
_— - = = = = = - or even on the side near the bottom is fine
Fig. 1. Principle of the buoyant pot as long as the pot does not become inclined.

method The only stipulation is that the tube is vertical

* All dimensions are expressed in c.g.s. system; and the specific gravity of mercury is 13.6 and that of
water 1.0; through all discussions in this paper.
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Fig. 2. Centers of gravity and buoyancy

G and E are the center of gravity and buoyancy of the whole, respectively ;
and other symbols are explained in the text.

and its lower end is horizontal.

Stability of the pot: The condition of stability of the buoyant pot is that the center
of buoyancy is above that of gravity. Assuming a buoyant pot which is symmetric against
a vertical axis, the following inequality and equations should be realized:

(g—ﬂ)N-i' (g_f)F+ (g_p)P+ (g_s)s_|_ (g._b)B=0 ( 2)
(e—ﬁ')P'—i— (e_f')F'+ (e_b')B'=0 ( 3)

N+F+P+S+B=P'+F'+B' reeenee(4)
where g, n, f, p, s, and b are the distance of the center of gravity of the whole, the plant,
the float, the pot, the soil and the ballast from an arbitrary horizontal plane, respectively;
N, F, P. S, and B are their gravity, respectively; e, p', f', and b' are the distance of the
center of buoyancy of the whole, the pot, the float, and the ballast from the plane, respec-
tively; P!, F', and B', are their buoyancy, respectively; and the distances above the plane
are negative, the others being positive. Then,

nN+fF+pP+SS+bB>p'P'+f'F'_|_b'B' (5)
This inequality is the condition of stability of the buoyant pot. When the horizontal plane
is taken on the level with the lower end of the float, the pot is divided into two parts by
the plane, and p,’ and p,’ are the distance of the center of buoyancy of the upper part
and the lower part of the pot from the plane, respectively, and P,' and P,' are their
buoyancy, respectively. When the cross-sectional area of the float is Ap, and that of the
upper part of the pot is A, their sides being vertical, P,' and F' are expressed as —2Af"
and —2Afrf', respectively, because p,' is equal to f'. Then the equations (3) and (4) and
the inequality (5) are replaced by the followings:

(e—pd )Y Py —2f (e—f") (A+AF) + (e—B')B' =0 - covrevrrrmeninccnannnc (37)

N+F+P+S+B=p"_2f’(A+AF)+B’ veenerannnensenseeaienens (41)
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AN+ fF+pP+5sS+bB>py' Py —2f "3 (A+AFp) +1' B’ wereveerevrevnenenenn (57)
They lead to the following inequalities:
2
r<s SZ"——z(AiAF) ermeenensensessses s (6)
S>P'+B'—N—-F—-P—-B—s(A+Ar)+V's?(A+Ar)?—2(A+AF)]
Here, J=G—p"YP'+(s—b)B' — (s—m)N—(s—f)F— (s—p)P— (s—b) B.

These inequalities (6) and (7) indicate the lower limit of the underwater part of the float
and of the weight of the soil, respectively, for securing stability of a given buoyant pot
in which plants are grown to a definite size. When no float is attached to the pot, the
horizontal plane is taken on an appropriate level under the water surface and the terms
pertaining to the float are excluded. When no ballast is attached, the terms pertaining to
the ballast are excluded.

3. Regulator

Structure of the regulator: The depth to the mercury surface can be kept constant
either by keeping the water surface at a constant level above the fixed mercury cup or by
moving the mercury cup as to follow the shift of the water surface. The former is well
known and the latter is, therefore, described here.

A mercury cup is suspended from floats by slender arms which are movable up and
down as to adjust the water depth to the mercury surface. When the arms are fixed, the
mercury surface is always at a constant depth under the water surface. The total basal
area of the fioats is 12.6* times the inside basal area of the mercury cup and the sides
of the floats and the inner side of the cup are vertical so that the water depth to the
mercury surface is not changed by the varied quantity of mercury in the cup. The basal
area of the cup should be large enough to have a flat surface of mercury larger than the
cross-sectional area of the tube of the pot. The tube should always be on the flat surface
and never be on the curved surface near the wall of the cup; then, some kind of stopper
is attached to the regulator (or the pot) to restrict the horizontal movement of the pot
(or the regulator) if they otherwise move freely. The initial quantity of mercury in the
cup should be large enough to secure the remaining mercury in the cup after removal of
possible amount of mercury in the tube of the pot. Some weihts are loaded on the floats
for adjustment and correction as shall be mentioned later.

Adjustment of the regulator: The proper water depth (h) to the mercury surface can
be given by changing the length of the arms of the regulator so that the distance between
the lower end of the floats and the mercury surface (or the bottom of the empty cup if
the bottom is horizontal), becomes %4 in the following equation, when the total weight of
the regulator at that time is R, the solid volume of the cup and arms is C4, and the basal
area of the floats is Agrp;
Otherwise, adjustment of the regulator can also be done by adding or removing appropriate

ha=h—

weights. A gauge shown in Fig. 3 is recommended to be used for adjustment of the re-

gulator. It consists of a scale and two straight tubes connected with a flexible tube. One

* Difference in specific gravity between mercury and water.
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of the straight tubes which is similar to the

tube of the pot is fixed vertically inside a

¢ d water container, and the other which is trans-
parent is movable along the scale which is
fixed vertically outside the water container.
The joints of the tubes are situated at the
upper end of the fixed tube and the lower end

of the movable tube. The lower end of the

fixed tube is on a level with the zero of the
scale. All of the tubes are filled with water

TETENETENNINX ¢

pdb i e e Thi gl

- b and the water level is set nearly 2 above the
. ero on the scale. A regulator loaded with
Fig. 3. Adjustment of the regulator z g

with the gauge excess weights on the floats is put so as to
1: weights, 2: float, 3: arm, 4 : mercury place the mercury cup under the fixed tube
cup, a:fixed tube, b: flexible tube, c: and the water level is set just to & above the

movable tube, d : scale .. .
zero on the scale by raising or lowering the

movable tube. Then, the movable tube is lowered slightly and the lowered meniscus of
water in the tube is spontaneously raised very closely to the former level. After taking
off a weight from each float of the regulator, the movable tube is raised so as to bring the
meniscus of water in the tube to the same level as before, and is lowered again. This
procedure is repeated till the water flow from the container is stopped by the mercury
surface in contact with the fixed tube and consequently the meniscus of water in the
movable tube is not raised. At that time the adjustment of the regulator is completed.

4. Correction

The whole weight of the buoyant pot including the soil and the plants is kept con-
stant, and the weight of soil water correspondingly decreases with the increase of the
weight of the growing plants. The difference should be corrected. Besides. the weight of
soil water is sometimes needed to be changed according to the design of the experiment
or to the growing program in which the soil moisture content is to be changed from one
level to another at a certain stage of plant growth. In such cases, correction is made
easily by changing the water depth to the mercury surface of the regulator.

This can be done by putting (or taking) appropriate weights on (or off) the floats of
regulator, instead of changing the length of the arms of the regulator. The amount of
weight to be added or removed (4W) is calculated from the following equation:

L ARE
aw = “LEAN (9)

when Agrr is the total basal area of the fioats of the regulator, A is the cross-sectional area

of the pot (and of the fioat of the pot, if attached), and 4N is the desired amount of

correction.
5. Sensitivity and precision

Sensitivity and precision of the buoyant pot with proper posture: When a buoyant pot
is raised up because of water loss by evapo-transpiration and the tube end of the pot leaves

the mercury surface, the lowest part of the mercury column in the tube is exposed to
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water; but it does not fiow out and is held as a column with slightly curved surface by
the the surface tension of mercury. At that time, the water pressure outside the tube is
greater than the pressure of the mercury in the tube at the tube end, because the water
pressure decreases from h to (A—d) and the mercury pressure decreases from 4 to 2—13.6d,
when d is the opening between the tube end and the mercury surface. This difference in
pressure between outside and inside the tube increases with increasing opening between
the tube end and the mercury surface, and it makes water intrude into the tube with
smooth inner wall against the surface tension of mercury around the tube end as soon as
the opening exceeds the threshold shown in Fig. 4. The decrease in the weight of the pot
at that time is dA when the opening is 4 and the cross-sectional area of the pot (and the
float if attached) is A. This indicates the sensitivity of the buoyant pot which has a tube
with a smooth inner wall.

On the other hand, water intrusion into a tube with a rough inner wall occurs as soon
as the tube end leaves the mercury surface, because fine cavities on the inner wall are
not filled with mercury and serve as channels for water. A buoyant pot with such a tube
is extremely sensitive but it is not necessarily precise. The rate of water intrusion is too
slow, while the opening is small, to gain enough water against the rapid water loss by
vigorous evapo-transpiration, and the pot continues to be raised up increasing the rate of
water intrusion until the water gain compensates for the water loss. It is rational to
assume that the rate of water intrusion (v) is directly proportional to the difference be-
tween outside and inside water pressure and inversely proportional to the length of water
channels along the mercury column in the tube. The former is z—d—t and the latter is
m—d when ¢t is the length of the tube, m is the whole height of the mercury column, and

d is the opening between the tube end and the mercury surface.

02—

Opening between the tube end and the mercury surface
o
—
T
®)

1.0 20 cm
Diameter of the tube

Fig. 4. Thresholds of water intrusion into tubes with
smooth inner walls
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o k(h—d—t)
m—d

The value of k is proportional to the square of d, according to the results of experi-
ments with polyethylene tubes which have different diameter and different grooves, as
shown in Fig. 5.

k=kyd? B PR ¢ & §)
Here, k, is a constant specific to the tube and it depends upon roughness of the inner wall
of the tube or the number and size of the V-shaped grooves, as shown in Fig. 6.

The total pressure of the whole mercury column and the overlaying water on the
mercury column is always balanced with the pressure of the outside water on the mercury
surface in the cup.

13.6m+ {t~ (m—d)} =h (12)

Consequently,

(10)

T
T

(6
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™ 1 } 1 1 1 ) 1
0.02 Q.05 0.1 0.2 0.05 0.1 0.2
d d

Fig. 5. The value of & related to the opening d

(1) non-grooved, (2) 10 fine grooves, (3) 20 fine grooves, (4) 20 medium
grooves, (5) 30 medium grooves, (6) 30 coarse grooves, (7) non-grooved, (8)
10 medium grooves, (9) 20 medium grooves, (10) 40 coarse grooves; (A)
0.9cm in diameter, (B) 1.4 cm in diameter
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- (0.07X0.07)
05
10
B (0.05X0.05)
=
k |
05}
= (0.03X0.03)

Q ] ] L ]

10 20 30 40
Number of grooves

Fig. 6. The increasing value of %k, with increasing number
and size (width X depth) of V-shaped grooves on
the inner wall of polyethylene tubes

QO :l4cm in diameter, @:0.9cm in diameter:

2 —f—
v=—1——“—_‘2-3lki£hl3.zdd> (13)

The following equation gives an approximate value of v as d is usually far smaller

than h:
v=12.6k,d? (14)

When the maximum rate of evapo-transpiration of a buoyant pot in a growing period
iS ¥max, the rate of water intrusion should be also vp.x to compensate for the water loss
of the pot, and the opening between the tube end and the mercury surface should be dpyax
in the following equation:

— Umax
d”‘“"\/ 12.6k, (15)

The decrease in the weight of the pot at that time is dpnazxA, when A is the cross-
sectional area of the pot (and the fioat if attached). The ratio of dn.xA to the weight of
the soil or the soil water in the pot indicates the precision of the buoyant pot. Thus the
precision of a buoyant pot depends upon the rate of evapo-transpiration as well as the

structure of the pot.
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water surface

directon of
inclination

Fig. 7. Volume of the underwater part of an inclined pot

For example, assuming that the cross-sectional area of a buoyant pot is 540 cm?, the
value of %k, of the tube is 1.5, and it contains 12 kg soil including 5 kg soil water, the
maximum error of the pot is 0.07% of the soil weight or 0.18% of the soil water content
when the maximum evapo-transpiration rate is 0.005 g/sec, and it is 0.19% of the soil weight
or 0.249;, of the soil water content when the maximum evapo-transpiration rate is 0.01g/
sec. In any case, the precision of the buoyant pot is enough for most experiments as well
as practical cultivation.

Errors of an inclined pot: Another consideration is needed assuming that the pot is
inclined by asymmetric growth of the plant. The volume of the underwater part of the
inclined pot is different from that of the pot with proper posture, even if the tube end is
situated in the same depth. When the former is V' (excluding the tube) and the latter is
Vi (also excluding the tube), the angle of inclination is «, the angle from the direction of
inclination to the direction from the center of the bottom to the center of the tube on the
bottom of the pot is §, the distance between the center of the bottom and the center of
the tube is ¢, the length and the radius of the tube are ¢ and r, respectively, the basal
area of the pot is A, the length of the axis of symmetry between the surface of water
and the bottom is k%, and the side of the pot is vertical to the bottom,

Vi=(h—8A e, (16)
Vi'=hpA e an
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bottom of the pot

_________ top of the over-
laying water

_________ top of the mercury column

VN o
3 L‘ 1‘3'1 mercury surface

Fig. 8. The tube end of an inclined pot

hy+t+(ccos g—r) tan a= cos @ ceveraienenn (18)
Then,
' —_— 1 Sesmisescernanatne santes
V' — V;,—A{h( cosa —1>— (ccos g—r) tan a} 19)

As the difference in the volume of the underwater part is equal to that of the weight
of the pot, the equation gives the error in the weight of the inclined pot at its full weight.

Further, the condition of water intrusion into the inclined pot is different from that
into the upright one. When the inclined pot is a little raised up, the lower part of the
inclined tube end is still under the mercury surface and is not effective for water intru-
sion. Furthermore, the water pressure inside the tube, namely the height to the top of
the overlaying water from the tube end, and the length of water channels through the V-
shaped grooves on the inner wall of the tube, namely the oblique distance to the top of
the mercury column from the tube end, vary continuously from the uppermost point to
the lowermost points on the arc of the tube end above the mercury surface. Thus, the
following equations (23), (24), (25), and (26) replace the previously mentioned equations
(10), (11), (12), and (13), respectively:

__d
cosy=——RE et s (20)
r
di=rsin a( su; T _cos T> T 3D
— . 1 3singy }
2= 2 —_—— 3 tesseraisecacraarerurrasraenan
dii=nrisin a{ 2 pm + cos?r (22)
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Fig. 9. The needed lift (dyax) for the maximum rate of evapo-transpiration
(¥max) of an inclined pot

The parenthesized figures show the value of 7 sin .

_ ki{(h—dy) — (tcos a—2rsin a+d—d;)}

.. (23
m—d; (23)

cos a

e
ki="Ld, (24)
3
13.6m+ (tcosa—2rsina—m—+d) =h oo (25)
— i —dYd:2

vim 12.67ky (—t cos @427 sin a—d)d;*cos a - (26)

7 (h—tcos a+2rsin a—d—12.6d;)
when « is the angle of inclination, y is half of the central angle against the arc above the
mercury surface (radian), d, d;, and d;2 are the maximum, the mean, and the mean square
of the distance from the arc of the tube end to the mercury surface, m is the height

of the mercury column, and ¢ and » are the length and the radius of the tube, respectively.
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Assuming that a is not large and d is too small compared with 4,
vg':l&ﬁ%k.d? et (27)

The lift of the inclined pot, namely d in the above mentioned equations, should be
dmax corresponding to vm,yx in Fig. 9, which is derived from the equation (27), when the
maximum rate of evapo-transpiration of the inclined pot is vyax. Then, the water depth
to the uppermost point of the tube end of the inclined pot at the maximum rate of evapo-

transpiration is 2—dpag, which replaces # in the formerly mentioned equation (19):

Vi dmax— Vi - dimax=A { (h—dnax) <——1— - 1) —{ccos f—7) tan a}-

cos a

cevneeseenns (28)

Vi—Vhcdmae=0maxAd e (29)

V'h-doax— Vo= (V' h-dmez— Vi-dmer) = (Vo= Vi-dmez) -oooeeeeeeo (30
, vyl dmex _ |

V' h—dmex Vk_Al cos & h—(ccos B—7) tanaf (31)

The last equation gives the error in the weight of the inclined pot at the maximum
rate of evapo-transpiration. When the errors exceed the limit of allowance, the posture
of the pot should be corrected with an appropriate counter-balance.

Strictly speaking, another error is made by the buoyancy of mercury for the part of
the tube end of the inclined pot under the mercury surface. But it is negligible and not

further discussed.
6. Advantages and disadvantages

The advantages of this device are considered to be as follows:

This device can be easily constructed with commonly available materials at a low cost.

The amount of soil and the soil moisture content can be varied in a wide range, and
it is easy to correct or change the soil moisture content at any time of growing. It is
very sensitive to the water loss by evapo-transpiration and keeps soil moisture very close
to the desired level.

No energy is needed for water supply and it can be used where electricity is not
available. It can be moved easily from one place to another if needed.

No care is required except an intermittent supply of water to the water container in
which the device is placed. Any accident can never happen as no complicated mechanical
or electrical device is used.

The disadvantages of this device are considered to be as follows:

The correction should be made repeatedly while the plants are growing and information
about the weight of the plants at various growth stages are indispensable for correction.

The device should be always protected from wind and rain which create errors even
if the pot does not capsize or sink.

It is not suitable to grow too tall plants with heavy foliage or fruit at the crown.
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Appendix

The buoyant pot and regulator manufactured for trial by the author are shown in the
following photographs.

The materials used for them are a 360 cc polyethylene cup as the pot, a chip of poly-
ethylene straw as the tube of the pot, plates of foam-polystyrene as the floats of the pot
and the regulator, a little polyethylene dish as the mercury cup, pieces of wire as the
arms of regulator, and metal paper-clips as the weights on the floats.

The device worked as successfully as expécted, keeping the weight of the pot constant
throughout the 3 week experiment period, while the control pot (without tube at the bottom)
placed in the same water container decreased in weight from 270g to 210 g through eva-

poration.

Side view Floating situation, overlooked

The loop of wire attached to the
regulator is a stopper to restrict the
pot.




