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INTRODUCTION

A vacation trip in 1962 provided my first personal contact with
an underdeveloped country -- a brief 4-day visit in Egypt as an
ordinary tourist, awed by the grandeur of the archaeological dis-
coveries and intrigued by the local culture and customs. Most of
the all-too-brief visit was spent in the vicinities of Alexandria
and Cairo; but air travel permitted one full day in and around Luxor,
some 350 miles farther up the Nile above Cairo. The severe time
constraint, of course, precluded any detailed observation and inquiry
of Egypt's cultural and economic problems. However, even this very
brief initial visit of an aeronautical engineer to an underdeveloped
country suggested circumstances in which the application of technological
knowledge at the grass-roots level might result in very significant
benefits to mankind by directly alleviating human drudgery and per-
mitting more useful and productive employment of the agricultural labor
force. This paper describes my observations concerning such a develop-
mental problem in Egypt (a problem that is similarly prevalent in many
of the underdeveloped countries) and a suggested possible solution

resulting from very limited spare-time study and experimentation.

*Any views expressed in this paper are those of the author.
They should not be interpreted as reflecting the views of The RAND
Corporation or the official opinion or policy of any of its govern-
mental or private research sponsors. Papers are reproduced by The
RAND Corporation as a courtesy to members of its staff.

I am indebted to numerous associates for their helpful comments
and suggestions -- particularly to W. R. Elswick of the RAND staff
for suggesting appropriate ways of improving the heat engine's
‘efficiency and to Dr. Joseph Barnea of the United Nations for direct-
ing my attention to the very pertiment and useful information in
Reference 1. ‘



It is written in hope of stimulating others having appropriate skills
and resources to consider the problem in greater depth, to conduct

, further analytic and/or experimental investigation of the suégested

- ~solution, or to devisé other potential solutions that might Have more

universal applicability.

A PROBLEM OF HUMAN DRUDGERY AND LOW PRODUCTIVITY

From general background knowledge, most of us are aware that much
human dirudgery exists in the agricultural methods utilized in under-
developed nations, but the problem often seems too remote to be of
sufficient personal concern to impel us to serious thought or action
in search of solutions. However, some form of personal‘involvement
can change our attitudes sharply. For instance, my few brief days of
direct observation in Egypt literally compelled active consideration
of possible ways of alleviating the life-long drudgery experienced by
many thousands of Egyptian peasants (fellaheen) in tending their crops.
In particular, there seems to be an enormous waste of manpower devoted
to endless hours of lifting water from the canals or near-surface water
table adjacent to the Nile to irrigate the low-lying fields. The
"machines” in use today are still those of antiquity -- the Archimedean
screw, the Persian wheel, the counterpoise lift (also termed shadoof
and swape) and similar primitive inventions -- powered by human or
animal labor under conditions of severe physical discomfort.* Additionally,
operation of the man-powered devices requires considerable strength and
stamina, so that the most robust of the young men are the ones generally

diverted to this task of irrigation.

Of course, conditions have in many ways been vastly improved over
the years. The flow of the Nile is under considerable control exerted
by the Aswan low dam; and the new Russian-sponsored Aswan high dam,
when finished, will add bountifully to both flow control and hydro-

- electric power capacity. The Nile barrages and the canals, mi#inly
built in British protectorate days, also control the flow and make

water readily available at the fields or but a few feet underground.

%*
Many such devices are described in Reference 1.



No longer are the fellaheen in constant threat of severe drought, but
the endless human drudgery still remains in lifting the water the

. final 1-1/2 to 6 feet or so to the level of the fields. It seems
doubtful that the accoutrements of advanced technology (inte;nél
combustion engines, electric power and motors, pumps, etc., together
with the necessary technical operating and maintenance skills) will
soon, if ever, be sufficiently supplied and distributed to supplant
the fellah as a source of motive power for these primitive water
lifts because he is so incredibly cheap and trouble free. Similarly,
it seems unlikely .that the present river-level canals will be supplanted
by sluiceways from the high dam, far up the river, to bring gravity-
flow water to the fields in the agriculturally predominant lower Nile
and delta regions. True, the new dam will permit additiomnal acreage
to be brought under cultivation through irrigation in uppervggypt,
but the increase is scarcely expected to match the additional food
demands created by_Egypt;s-natural population increase during the dam's
10-year construction period. Thus, aside from being more assured of
a constant water supply, the fellaheen of the lower Nile are not apt
to be directly benefited by the high dam. The screw, the wheel, and
the shadoof will still squeak in the hot sun far into the future ‘
unless someone can devise a near-zero-cost method of lifting water a
mere few feet. Further, the problem is far from unique to Egypt --
the same crude, man-powered machinery is in extensive use throughout

the Mid-East and many other regions of the world.

This problem stimulated immediate casual inquiry of a successful
Egyptian business man (a chance acquaintance) as to the utility of a
near-zero-cost technical solution, presuming that ome could be devised.
Asked whether the result would be good or bad -- that is, would the
fellaheen benefit by being thus supplanted as motive power, or would
they lose their source of livelihood? -- he conjectured that such a
solution would be distinctly beneficial, the displaced manpower being
readily absorbable in improving production through increased culti-
vation, fertilization, and prophylaxis of the crops. Of course, this

is only one man's opinion; yet it seems realistic. The fellaheen are
both expert and industrious farmers who are not unlikely to exploit such
opportunities for increasing their meager incomes.



POSSIBLE SOLUTIONS

Possibilities for suitable technical solutions to the low-water-1lift
problem are severely limited by the primitive conditions involved. Con-
ventional power sources seem unsuited to the scarcity of fuel, the lack
of technical skills and resources for maintenance and repair, and the
competition with extremely low-cost human labor. Somehow, however,
available natural sources of energy must surely be capable of being
employed in situ to accomplish this low-power-requirement task with a
bare minimum of investment and, especially, operating cost. Initial
investment is probably less critical than the recurring operating cost;
it might be borne, at least in part, by the government or by philanthropic
organizations. But operating cost should be near-zero -- particularly
the need for technical maintenance skills and equipment, since these

are simply non-existent among the fellaheen.

Most notioms for the in situ employment of natural energy sources
are highly dependent upon local climatological conditions. In many
respects, these appear to be quite favorable for exploitation in Egypt
and similarly arid regions. In Egypt, the main concern is the primary
agricultural region -- the delta and valley of the Nile as far south
as Aswan (see Fig. 1). The climate is predominantly extremely dr ;
with scant rainfall in the delta region below Cairo concentrated in a
few winter months of the year.* At other times in the delta and
throughout the year southward of Cairo, rainfall is almost totally
lacking. The air is relatively dry, the skies are generally cloudless,
and the unhindered sun provides boundless energy that promotes pro-
digious crops and uncomfortably high mid-day temperatures. An alleviating
condition is provided by fairly persistent, moderate dry winds (averaging
5 to 10 mph throughout the year), which sometimes rise to gale levels,
-creating violent sandstorms. In shaded locations, these breezes
provide refreshing respite from the heat; being quite dry, they promote
high evaporation rates with resulting rapid cooling of any wetted

surfaces. Thus, drinking water is readily cooled by storage in slightly

*

Alexandria, on the Mediterranean coast, is the wettest locality
in all Egypt, yet has only 7 inches mean annual rainfall; Cairo has
only 1 inch.
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porous clay receptacles exposed to the breeze in shady locations.

The atmosphere becomes progressively drier, hotter, and clearer along
the river valley southward from the Mediterranean coast. Conditions
around Cairo typify the average of the entire cultivated delta and

Ay
valley region to Aswan, with representative values approximately as

follows:
Annual mean Spring-summer mean
Day Night Day Night
Dry bulb temp °F 80 68 86 72
Wet bulb temp °F 65 61 68 63
Relative humidity % 45 67 39 61
Humidity ratio
(1b of water per
1b of dry air) .0098 .0098 .0104 .0104

One naturally thinks of the time-honored ways of employing
natural energy sources -- conventional solar engines, windmills,
and the like. These seem too expensive for the present purpose, both
in investment cost and particularly in operating cost. Involving
mechanical gadgetry, as they do, they would create demands for peri-
odic replacement of worn components and for umavailable mechanical
maintenance manpower and skills. Further, they tend to result in
sizable fixed installations as opposed to the desirable portability
of some of the current machines =-- particularly the Archimedian
screw, which the fellaheen move from field to field as the occasion
demands. Windmills have probably been given serious consideration
in the past, but none was in evidence -- perhaps in addition to the
above factors, because the winds are of insufficient magnitude or

reliability so that large elevated storage tanks would be necessary.

As a result of limited spare-time effort devoted to this
problem, only one potential solution has evolved that appears to

merit further serious consideration, at least to the point of

*
This problem would be aggravated by the frequent occurrence of
wind-blown sand.

“



determining its practicability. Direct experiment demonstrates that

it works on a very small scale and does so particularly well under the
naturally occurring arid climatological conditions of Egypt -and many
other underdeveloped countries. It is a long-known, unconventional
form of heat engine that has its most familiar embodiment in the common
"drinking bird" toy, which, seemingly with no motive power, alternately
bobs itself forward into drinking position at a glass of water, then
returns to erect standing position, the cycle being repeated "endlessly."
The unique simplicity of both construction and principle of operation
of this engine is vitally important to its potential for usefulness in
primitive enviromments; hence, rather detailed description is necessary

for the understanding of those unfamiliar with the device.

Figure 2 illustrates the essential features of this toy and
will help to explain its near-perpetual motion behavior as follows.
The dotted lines indicate the fixed support structure (legs) on each
side, having cutouts as indicated that serve as fulcrums for the
simple knife edge pivots adjoined externally to each side of the
central tubular "neck" of the "bird." The neck, "body," and "head"
may be made of any convenient liquid-and-gas-tight material; glass,
plastic, or metal are commonly used. The head is 2 hollow chamber
sealed flush to the top end of the neck tube, with which it inter-
connects internally. It is covered with a water-absorbent material
such as felt, which also covers the externally mounted "beak.'" The
body is a similar, somewhat larger hollow chamber also'seaied to and
interconnecting internally with the neck tube. Note, however, that
the neck tube extends well into the body nearly to the opposite wall.
The neck tube is simply open at each end. The Bird (body-neck-head
part) is initially purged of air and partially filled with a volatile
liquid preferably having a low heat of vaporization, high density and
vapor pressure, and near-ambient boiling temperature, then sealed.
Freon 11 serves very nicely (boiling point about 75°F at atmgfpheric
pressure; specific gravity about 1.5). Figure 2a shows the initial
erect static position, with liquid level almost filling the body and
lower portion of the neck. Note that the bird leans slightly forward

of the vertical alignment because of ‘the distribution of masses about
the pivot points (or it can be so positioned by means of a travel-
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Fig.2—OQperation of drinking bird toy
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limiting stop). Local temperatures throughout the bird are the same
(ambient) and the gas pressures are equal in all volumes above the
liquid leQel (somewhat above ambient pressure because of the vapor
pressufe at ambient temperature of the particular liquid employed).
The static position is maintained indefinitely until the bird is
"primed" by wetting the absorbent covering of its beak or head with
water. Evaporation of moisture from the head causes a local cooling
of the head chamber, resulting in vapor condensation and decreased
pressure in the head and neck chambers relative to that in the body
chamber above the liquid level. This pressure difference causes the
liquid to rise in the neck tube toward the head chamber. The resulting
loss of liquid from the body chamber creageé“é'démaﬁa fér additional
vaporization of liquid in this chamber to maintain the vapor pressure
corresponding to ambient temperature. This demand is met by heat
absorption by the body from the surrounding ambient temperature air.
In fact, with the proper liquid, active boiling takes place in the
body chamber, and the liquid is rather quickly pumped out of the body
into the head to the level shown in Fig. 2b, at which point the bird
becomes top-heavy and tips forward to the nearly horizontal position
shown in Fig. 2c. Note that the longitudinal axis of the bird still
slopés slightly, with the body chamber slightly lower than the head
chamber. This position is determined and fixed by a rotation-limiting
stop (for instance, as shown here, by the flat side of the knife edge
pivots coming into contact with the edge of the cutout in the fixed
supporting structure (legs). This position causes the beak to be
inserted into watir contained to the proper level in a cup, thus
rewetting the beak and head covering. It also causes the lower end

of the neck tube to unport (rise above the level of the liquid
remaining in the body chamber). 1In this tipped~forward position,

the height of the internal fluid column is very much reduced from

the original height to which it was lifted by the higher-pressure

—_—— .

gas in the body chamber. This permits the gas to rush through the
liquid in the neck tube into the head chamber, thus equalizing the
gas pressure throughout the bird. Gravity flow through the neck

tube then immediately restores the liquid to the body chamber,



-10-

relieving the top-heavy condition, and the bird rotates back to the
nearly vertical static position as in Fig. 2d. Here the cycle starts
all over again by virtue of the self-renewed moisture supply to the
absorbent head covering and subsequent evaporative cooling. The
minute amount of water evaporated from the head is the only "fuel"
that this engine consumes. Further, the engine requires practically
no attendance or servicing, and its useful life is virtually endless,
because its essential features are hermetically sealed and involve

no frictional wear to create demands for lubrication, maintenance,

or replacement. The engine's operating cost is thus near-zero.

Seemingly, this odd-ball heat engine (like Hero's engine, the
150 B.C. forerunner of the steam turbine) has served only as a
curiosity or source of amusement, without being applied to perform
any serious amount of useful work. This is understandable, because
it operates on a relatively small temperature differential with
resulting very low thermal efficiency, making it a very marginal
device when compared with other powegblants of modern industrial
civilization. However, in primitive environments such as the one
under consideration here, its potential for competing with similarly
inefficient man-powered machines cannot be summarily dismissed. The
basic principle of its operatiom is quite old, and the device is
amply described in a number of expired patents, most of which deal

with particular details of design, improved liquids, and methods of

manufacture -- see, for example, U.S. Patent Numbers 2,384,168 (1945)

and 2,402,463 (1946). Other patents, both recent and ancient, seek

to improve the mechanical efficiency of the simple oscillatory engine

by devising continuous rotary motion engines operating onm the same basic

vaporization, condensation and mass-shifting principle. Examples are
*
U.S. Patent Numbers 2,597,890 (1952), 2,513,692 (1950), and 389,515

(1888). 1In general they appear to involve an impractical degree of

mechanical complexity to be suitable for use in primitive environments-

where maintenance skills and resources are lacking. For these circumstances,

the oscillatory engine offers unique simplicity. Perhaps, like Hero's

plaything, it can be developed into a utilitarian device, because

%
This patent disclosure involves vapor transfer and resulting changes

in bouyancy of elements of the device immersed in water to produce rotation.
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even in its toy form it is capable of producing useful work, however
minute. Is there hope for speeding up the development cycle from

the 2000 years required for Hero's machine to become useful?

Quite a few factors influence the performance of this heat
engine. Obviously, it won't operate at all in a static, constant-
temperature, fully saturated environment (100 per cent relative
humidity) because no evaporative cooling takes place to provide the
necessary differentials in temperature and pressure. However, it
can be made to operate even under such saturated atmospheric condi-
tions by applying a source of heat to the body chamber. For instanée,
arrangements can be made so that the head chamber is shaded while the
body chamber is exposed to direct sunlight to absorb heat, thus
creating the desired differentials in temperature and internal pres-
sure. This use of differential shade and sunlight exposure can, of
course, be used to improve performance in a normal atmosphere (the
rate of operation or the height to which the liquid is pumped in a
taller bird, providing greater overturning moment). Similarly, 4
improvements in rate of operation or overturning moment are obtain-
able by other conditions or techniques for enhancing the desired
differential heating or cooling or the rate of heat transfer, such
as (a) a very dry atmosphere, (b) air flow over the head chamber,
(c) black surface coloring, (d) construction materials having high
thermal conductivity such as aluminum or copper, and (e) internal
baffles and external fins on both the head and body chambers (or,
preferably, efficient radiators or similar heat exchangers for these
members) to further enhance heat flow. Performance may also be
improved by judicious selection of the internal fluid as well as the

design configuration of the engine.
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SMALL-SCALE EXPERIMENTS

Simple home workshop experiments were undertaken to determine
crudely the influences of some of these factors on the performance
of a very small-scale engine adapted for lifting water as a conven=-
ient means of measuring its work outpﬁt. An ordinary commercial toy
drinking bird served as the basic engine. The interconnected body-
neck-head chambers are made of glass, and the absorptive head cover-
ing is thin felt. The internal working fluid is unknown. The body
was painted black to enhance its heat absorption capability. The
experimental engine is shown in Figs. 3a and 3b, together with the
minor modification for water lifting (a simple scoop and water dis-
charge tube) and the upper and lower reservoirs (representing field
level and canal or water-table level, respectively, in the irrigation
problem). As shown, the exit of the discharge tube is positioned so
that the discharge water wets the absorbent covering of the head

chamber; thus the bird need not have a beak or drinking cup. The

e e

standpipe-syphon érrangement serves to prevent the upper reservoir
from overflowing by automatically returning any excess water to the

lower reservoir.

The influence of sun heating on the body chamber was simulated
by means of a small electric light source positioned to shine on the
body chamber from various distances corresponding to the desired
stabilized temperature increment as measured by a black-coated dry
thermometer placed at the location of the body chamber in the erect
position. During the cyclic operation, the body chamber moved away
from the light source; hence, of course, stabilized body temperature
increments were not actually achieved. The influence of wind speed
was simulated by means of a small electric blower with its outlet
nozzle directed at the head chamber, normal to the direction of
cyclic @otidn, from various distances corresponding to the desired
wind ﬁélocity as measured by a small pith-ball anemometer. Repre-

sentative positions of these simulators are shown in Fig. 3c.



(a) Erect position

(b) Tipped position

(c) Positions of
sun=simulating
light source and
wind=simulating
blower nozzle.
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Fig. 3— Small=scale experimental configuration
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To alleviate some of the undue effects of surface tension forces
on such a small-scale experiment, a few drops of a wetting agent, Kodak

Photoflow'200, were added to the reservoir water.

Physical characteristics of interest in the experiments are as follows:

Overall length of bird f:;:?::;;“" ?:228 o
Head diameter 1,000 in
Body diameter 1,250 in
Neck tube outside diameter .250 in
Pivot height above baseboard 3.625 in
Maximum height water lifted above baseboard 4,313 in
Discharge exit height above baseboard 3.313 in
Lower reservoir water level above baseboard 1,188 in
Gross water lift height 3.125 in = ,260 ft
Net water 1ift height 2.125 in = ,177 ft
Upper reservoir water level above baseboard 3,000 in
Weight of water lifted per cycle 16,5 grains = ,00235 1b
Weight of bird (body, head, neck, - 392 grains = ,05600 1b
working fluid)
Weight of pivot arm 20 grains = ,00285 1b
Weight of scoop and discharge tube (very 136 grains = ,01940 1b
- much overstrength) .
Weight of leg supports (very much 278 grains = ,03970 1b
overstrength)
Estimated weight of complete engine 1.0 oz = 0625 1b

(less support and with properly designed
lightweight scoop and discharge tube)

gross work per cycle )
avg.. time per cycle

.00235 #/cycle x .260 ft
- (sec/cycle)

.000612 ft 1b/sec

-z .

P, = Gross useful power output

_ Det work per éycle
;avg. time per cycle

P = Net useful power output

- -00235 #/cycle x ,177 ft

.t . (sec/cyele) |
- :000416 ft 1lb/seec [

i m—— . [ o e
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Test conditions were established to simulate (within bounds of
convenience and practicability) Nile delta and valley conditions (with
variations) as previously described. These, with accompanying measured
cycle times and power outputs, are summarized in Table 1. Net useful
power output is plotted versus wind velocity in Fig. 4. and versus

the simulated sun temperature increment in Fig. 5.

Note that even a very light wind of 2 to 5 mph is very effective
in increasing performance by continually removing the locally saturated
air surrounding the damp head, thus increasing the rate of evaporation
and the accompanying rate of cooling of the head chamber. However,
further doubling of the wind speed from 5 to 10 mph (the annual average
Nile condition) gives but small additional improvement in performance.
This diminishing return characteristic versus wind velocity results
because only a little air movement suffices to lower the head surface
temperature rapidly* to the wet bulb value (the minimum attainable
value). It is likely to remain a basic characteristic of similar

engines even though they are of more efficient design.

Performance shows an even stronger diminishing return character-
istic versus the simulated sun temperature increment, particularly
with a light wind velocity. The experimental engine acts as though
the heat flow through it were severely restricted; thus it is not
capitalizing on the full potential of sun heating. This result is
probably caused by the obviously inefficient design of the small-scale
toy used in the experiments. The vaporizing and condensing chambers
(body and head), being spherical, have a low ratio of surface area
to volume -- unfavorable for the necessary transmission of heat,
as is the glass material used in their construction. A more nearly
linear curve should result if efficient heat exchangers were utilized
for the body and head chambers. These should be constructed of
materials having high thermal conductivity such as aluminum or copper -
(230.£6.560 times the value for glass) and have a high ratio of surfac;
area to volume such as is achieved in automotive radiators (for given

volume, 10 to 40 times the ratio for a spherical shape) in order to

*
"Rapidly", being a relative term, here signifies a comparison with
the considerably slower transfer processes of heat and mass that also
influence the cycle time (hence, the power output).



~16-

*uogjom SFIoLd JO UWOFIVAITP 3yl 03 VwWiou ‘ST JPYI—IPIE IYJ WOIF PEIY IV PIJOSATP WEIIIE ITP YITA IaM0Tq DJIIDB[d TTeuUS £q poyiddns purm (q)
.UNHUGMDEUU PIZITIqeIs urelle
jou pIp 3T *9ouay !uoTjom SFIoAd Bupanp a0anoe IYBY] Woiy Lemw panom Apog °3juelsip saejewep Apoq 7 03 1 Inoqe L[uo Ioxnos US| 0FI3IV9TI VWS ® WO ISIMBTP
Apoq uwyl 133v918 Jeymauos 1939wefp JO Weaq IYBIT £q paiwdy ‘uoy3ysod 33918 ujl Apoq Jo uoj3Iysod v 193IWOWIIYI Kip PRIBOD-YOBIqQ JO IEEOIJU} danjvaddwol PIzZITIqEIS (®)
098
ocez* | ocezlorez {eeet” |ossz [s09z" |ogoz® [0611° [009z* [stvz® |ceLT®|$260° to1£2° [0681° |009T°|2T90°|SSTT®| £980°| 9180°| #£Z0 ") T#90° | 00S0°{ SBE0"| 6900° 0u Ny Auﬁx q1 uuv
and3no
oLen* | ozowloove® lossz® |0Loye|0ese” [ogoe* losz1” [0z8E” [009e” [0ssz" 09€T* JoovE" {08iz"|0s€2" {0060 JooLT®|€L2T"| 00Z1"| ZOYO"| Z060°| SELO"| 9950° 2010°} s80IB 7 ﬁnwnwm
%1 [ 8T | 42 [31 91 0z [13 91 L1 b 3] 81 zz 9z 89 9¢ ] 6| 26T 9 €8 | 801 | 209 x4y
o1 | ST | 8T | €2 ST | ST | o2 | %€ | 91| Lt | wc | €| o1 | € | sz | € e[ 67| €| ovi| 59 88| COT | - g uny
998
L2 ST 81 | S¢ ST 91 61 8¢ 91 i we | 81 43 [17 <9 9¢ 15 T6 | 881 | ¥6 % [ 01t | --—- | ¢ unx (239)
our
1| %1 8T | %2 ST [3] 0z 9¢ 91 53 e 8% 8T [X3 53 €9 8¢ | 0G 05 | oZT | 9 88 | GOL | 099 H unx omu
)
%1 | st 81 [ 3 3 0z | %€ 91 i1 73 X3 T | ¢t [£3 19 [13 87 | 05 | €cL | €8 8L | 01| 809 € unt H °
Y1 ST 8T | ST 91 91 (13 33 1 1 [ 9% i1 [44 82 €l SE| %% TS| 0T [ 99 SZ | 01T | 8¢¢ Z ona | 3
S1 3 8T | €2 ST i1 61 3 91 8T [$3 33 8T [43 9z L we| 9% 05 [ esT | SS sL| SIT| 019 T unx
01 S z 0 01 3 2z 0 o1 < z 0 01 3 3 0 01 3 [4 0 | o1 3 T 0 (@) (4dw) “1oA pufA 'A
of 0z 01 [3 0 0 (¥) (4,) aour dwey uns «mﬂ
NOS NI AQof ‘3AVAS NI QVaH AQVHS NI RnS ON NOS OL JDAdSEY
HIIM ROIIVDOT
010° 010" o13ey AITpPIwVH|
[ 317 %9 (%) &3tpuny aAT3eTsy
99 29 &) duey qrng JoM
8 0L {d,) &3 qinq A1
. va IH9IN

SNOTILIGNOD INATTRY

T 919l

SITASTY TVINAWIYAIXT



mc:mec uns M:Qm.s mucm.sgotmn_lm.mm

(do) 1v ::.mEmLoc_ ainjpiadway c:‘m vm*c_:E_w.
0§ )4 0g 0l oo
010°0  ouod Ajipruny \e
%G° Ty AHtpiuny aalp|ay
4099 “dway qinq ioM
4028 “dws} ginq A
Aoq suoL1puo) \
\e\ \w
: /
L] \\
o}
® o)
1/
£C 2’0
]
L /
T /4
| &
T\ ] A 0l
(dy/1w) A
|\\
(o sl _ _ €0

) Ng “indjno uemod |njesn yop

03S
a

(0L %

AJ20[8A PUIM SNSJIBA 3oUBW.I0JI9d —1 "I

(44/10) A “Anoojon puipm

0l G 0,
-
/]
\\
1R
- “d
- -—— “‘0-\\.\0 \
mom e —— y.
(0]
® \ \ m
e c
o | 1 B \ 8
10 ) w—.c <
L, e
0l0°0  0L0"0  oup1 Aypiwny , o
L %Y9 %S Ty Aupluny sayp|ay 5
4029 4099 dwsi q[nq jopm / \ \ c
| 402 4028 ‘dway qinq Aig_| 7 ,d
yBIN=== AoQ suoy41puo) z
AV TAR
pd op X
7 4 ¢'0'
\\ \ \\\ _/n.uw_r
o \l\\\ ON\\ . .
B o
O \
L+ (do) LV
O _ _ m”.O




-18-

improve the rate of heat flow through the engine. For daylight opera-
tion, the body heat exchanger might profitably be enclosed in a simple
solar heat trap that can be opened for night operation. This need be
only a simple transparent plastic or glass enclosure such as those used
in experimental solar evaporators to heat water to 150°F or more at the ;
latitude of Boston. Efficiently designed engines should thus achieve
considerably higher power outputs under all conditions, but particularly

at sun temperature increments of 20 to 40°F, which are believed to be

realistic for daylight conditions along the Nile or in similar desert areas.

Two other inefficiencies should be noted in the experimental
machine. First, the small scale of the experimental device resulted
in the large differentials between gross and net useful power out-
puts evident in Table 1. These are attributable to the fact that
the relatively small diameter water discharge tube would not empty
.promptly (due to the effects of capillary attraction) unless it had
quite a large slope in the emptying position; hence, it was necessary
for the engine to lift the water nearly 507 higher than the mnet discharge
1ift height to achieve sufficiently rapid emptying. Second, no attempt
was made in the experiments to utilize the power output potential of the
recovery stroke to the upright position. By positioning the engine to
oscillate parallel rather than perpendicular to the canal bank, a second
water scoop could be arranged to lift a similar amount of water during
this recovery stroke. The discharge tubes from the two scoops could be
joined and turned through 90° near the pivot point to permit discharge
in the proper direction over the canal bank. These two power losses should

be largely recoverable in a properly designed large-scale engine.

SPECULATIONS CONCERNING USEFULLY LARGE ENGINES

The useful power outputs of the experimental engine are very
minute =-- but then, so is this 1 oz. toy. An intuitively desirable
goal fSE a usefully large engine might be to achieve the same work
output during a 24-hr day as does a man during his normal 8-hr work
day, for about the same weight as a man -- say 200 1b or so. Such an
engine would maintain the desirable portability of some of the antique

man-powered machines historically and currently in use along the Nile.
and would be reasonably low in unit cost. For instance, the bulk

Y
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cost of Freomn 11 is 20 cents per 1b; consequently, the internal

working fluid for such an engine (by far the greatest part of the total
weight) would cost something less than $40.00 if it were pure Freom 11.
However, only a small portion of the internal working fluid needs to

be vaporized and condensed to develop the differential pressure --
necessary to move the bulk of the fluid from the body chamber into

the head chamber; hence, it is very likely that this cost of the
working fluid could be substantially reduced by employing a suitable
mixture of Freon 1l and a compatible low-cost diluent. Possibly
satisfactory diluents might be carbon tetrachloride (specific gravity
8% higher and unit cost about 50% lower than the values for Freon 11)
or naptha (specific gravity 42% lower and unit cost about 90% lower
than the values for Freon 11). Thus, working fluid for a 200-1b

engine might range in cost from about $20 to $40. Quantity production
costs of the engine itself might be anticipated to fall somewhere in
this same range, depending upon the manufacturing locale and such
things as the degrees of refinement necessary in materials selection,
design configuration, heat exchangers, and similar improvements soon

to be discussed to o§ercome the inéfficienciesvof the experimental

toy engine. Adding a further 257 contingency allowance then would
bring the total cost of the engine into the $50 to $100 range, as a

very approximate, first-order estimate.

If such an engine could achieve about the same daily work output
as does a man, then its time required to accomplish a given water-
lifting task would be compatible with that required by one of the
currently used man-powered machines such as the Archimedean screw or
the shadoof (counterpoise lift). The simple comparative cost analysis
of such devices contained in Ref. 1 may then be extended to indicate
the relative economic merit of such a speculated heat engine. Ref. 1

is some ten years old and thus may not reflect the generally higher cur-

*
rent costs that prevail in many areas. It should also be noted that the

*

vide directly comparable results. In areas where capital cost increases
have predominated, the comparison tends to favor the high-cost devices;
where labor cost increases have predominated, it tends to favor the
devices having large man-hour requirements.

However, the cost assumptions of Ref. 1 are retained here to pro- g

A}
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data of Ref. 1 are usually composites obtained from.different locales,
principally from the rice-growing areas of the world (including Egypt),
and that rather wide variations in man-hour requirements as well as
labor and material costs are likely to be encountered in specific
locales. The following cost comparisons based on these data can thus -
be viewed only as crude, first-order approximations when applied to

the specific Egyptian environment being discussed.

The cost analysis of Ref. 1 is quite simple. A unit water volume
of 1 hectare-centimeter (100 cubic meters or .973 acre-inch or 3531
cubic ft weighing 220,334 1b) is specified to be lifted 1.5 meters
(4.9215 ft) corresponding to a unit work output of 1,084,376 ft-1b.
The labor manhours required to fulfill this work output with each
machine are estimated from representative field data, and their cost
is estimated at $0.04 each.* This labor cost plus a repair cost of
$0.03 per unit of work output constitutes the operating cost per unit
of work output. Annual overhead costs consist of interest on the
capital investment (6% annually on one-half the initial investment) plus
annual depreciation (initial capital investment divided by the esti-
mated useful life of the machine). For various annual values of work
output (volumes of water lifted 1.5 meters), these operating and over-
head costs are combined to yield the total cost per unit of work out-
put, which is used as a basis of economic comparison of the devices.
Table 2 summarizes the pertinent information based on the data of Ref. 1
for the bullock-powered Persian wheel, the Archimedean screw, and the
shadoof, together with similar information estimzted for the speculated
heat engine at unit investments of $50 and $100. The non-~-portable,
bullock-powered Persian wheel is the lowest-cost, non-man-powered device
shown in Ref. 1 except for small kerosene-engine-powered pumps, which
begin to excel for annual volumes greater than 100 hectare-centimeters.
According to Ref. 1, this is about the upper limit of annual volume
lifted by individual Persian wheels because of time constraints. Tt
correspoﬁds to about 2 months of operation per year. The Archimedean
screw and the shadoof are the two lowest cost, man-powered devices
shown in Ref. 1. Because they require greater time of operation per

, 1e Persian wheel powered by two bullocks driven by a boy, the
labor costs are taken as $0.01 per hour for the boy and $0.03 per hour
per bullock for feed.

f
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hectare-centimeter lifted, their practical upper limits of annual
volume lifted may be lower than that of the Persian wheel. Ref. 1
states That the annual volume of water lifted with the 2-man shadoof
seldom exceeds 30 hectare-centimeters, again corresponding to about

2 months of operation per year.

Fig. 6 illustrates these comparative costs graphically. Of the
existing devices, the man-powered machines show a cost advantage for
small annual volumes (less than about 20 ha-cm). Their low initial
capital investments and their portability (particularly for the
Archimedean screw) are also strong inducements to their use by individ-
ual farmers operating small plots. The Persian wheel has an increasing
cost advantage as annual volume increasingly exceeds about 20 ha-cm.
Near the upper limit of its practical work output at around 100 ha-cm
annually, the Persian wheel achieves unit water-lifting costs about
half those of the man-powered machines. The estimates for the specu-
lated heat engine show its unit water-lifting cost to be about half
that of the Persian wheel so that it offers a decided cost advantage
over all the existing devices essentially throughout the useful range
of annual volume considered here.* Note that when the initial capital
investment is doubled (either because the investment cost per machine
is doubled or because two machines are purchased and used simultaneously),
each kind of device achieves a given unit water-lifting cost at twice
the former annual volume of water lifted. Consequently, one can

-readily visualize on Fig. 6 the effect of such changes in assumptions.
For instance, if the speculated heat engine were to cost $200 initially

(or if two $100 heat engines were required to provide the desired rate

*Caution must be observed in comparing the cost curves because of
possible differences in annual volume limitations. The cost estimate
assumed that the daily work output of the heat engine equals that of the
shadoof operated by one man. At this rate of output, the upper limit of
useful annual volume lifted per heat engine would only be about 20 ha-cm
if it can be utilized only 2 months annually as is the non-portable ™t
Persian wheel. At this level of output, the unit water-lifting cost of
the heat engine is still decreasing rapidly as annual output increases, .
because of its relatively high annual overhead charges resulting from
high initial investment. Higher annual utilization is thus very de-
sirable economically; so also, then, is portability if it can induce
more frequent use of an individual heat engine to irrigate several
fields rather than one.

N
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of work output), then the heat engine would become slightly inferior

in unit water-lifting cost to the Persian wheel for annual volumes less
than 50 ha-cm. However, if it can be kept portable, thus competing
directly with the Archimedean screw, it might still offer cost advantages

in addition to freeing people of drudgery. -

These crude cost estimates serve only to reinforce the credibility
of the intuitively desirable goal previously exbressed -- that is, that
a large-scale heat engine of this simple type would appear to be a
decidely useful device if, for about a man's weight, it can achieve
about the same daily work output as does a man operating the existing
water-lifting machines. Consequently, it appears to be of considerable

technical research interest to determine whether such a goal is achievable.

Limited inquiry has failed to disclose that such research has previously been

accomplished,* and lack of suitable resources has precluded extension of
the cursory investigation reported herein. Thus, the remaining discussion
offers only some further qualitative delineation of the desirable

design features that should be incorporated plus some highly speculative
indications of work output based on simple direct scaling of the experi-

mental toy's characteristics.

In designing larger engines, it is almost certainly undesirable to
maintain the configuration and proportions of the small-scale toy. For
instance, one possible concern in increasing size is whether serious
limitations exist on height to which the internal working fluid can be
lifted by its difference in vapor pressure in the head and body chambers.
For Fieon 11, which appears to be a desirable working fluid, the limiting

liquid column height for the expected conditions are as follows:

*Mechanical Energy From Solar Energy, by Richard C. Jordan and Warren
E. Ibele, is a paper contained in Ref. 2 that summarizes information con-
cerning solar-mechanical power systems developed during the past century.
It makes only slight mention of heat engines of the type discussed here
and gives no quantitative information; however, it does suggest that such
engines might be useful in arid regions. The paper's extensive biblio- '
graphy may provide sources of pertinent quantitative information.

i
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t, temp.(oF) pspressure (psi)|h, liquid

column
— Body | head | At body | head | Ap | height(ft
Night - 68 61 7 13 11 2 3.2
D In shade 80 65 15 | 16,5 12 | 4.5 7.2
3Y  |Head in shade body
;)
heated 20°F by sun 100 65 35 24 12 12 19,2

These limiting liquid column heights appear to offer no serious obstacles
to the design of usefully large-scale engines whose.proportions, how-
ever, might desirably differ from those of the toy experimental engine.
Particularly for the night condition, it may be necessary to employ a
larger relative volume of internal working fluid pumped to lesser
relative height or to select some more appropriate working fluid than

Freon 11. v

Another influence on the proportions of larger engines is the
necessity of keeping surface area to volume ratios at least comparable
to those of the small experimental engine in the interest of achieving
at least its heat flow rates. As previously observed, the experimental
toy's performance indicates that it is quite inefficient in this
regard; hence, improved performance should be sought by employing much
larger surface area to volume ratios such as are customarily achieved
in automotive radiators and similar efficient heat exchangers. Also,
high thermal conductivity materials should be used rather than glass
of which the toy is constructed. This approach to improved performance
would, of course, entail greater fabrication complexity and deaé weight
of structural material with resulting increase in total weight and cost
per unit volume compared to that of the simple toy. The use of effi-
cient but relatively heavy and expensive heat exchangers might best
be confined to small auxiliary body and head chambers for efficient
vaporization and condensation, respectively, of only the very small
portionof the total internal working fluid needed to develop the dif--
ferential pressure neceésary to move the bulk of the fluid from the

body chamber into the head chamber.

1
o~
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These ramlfxcatLons 1nvolved 1n.en1arg1n° the dev1ce of eourseu
.make the direct appllcatlon of scale factors .to the toy ] character-
istics a highly speculative method of predicting the characterlstlcs.
to be expected of usefully large machines. In the absence of theo-
retical or experimental results at larger scale however some notiom
of the larger-scale characteristics may be gleaned from such 31mple
direct scallng to see whether the work output at reasonable sizes 15'
sufficiently interesting to warrant any further con31derat10n "If we
‘assume that design modifications such as dlscussed above can "’e1ﬂ
large engines whose cycle t1mes are the same’ as those of thre experl-.
mental toy, then for a given llnear scale - factor F, the scale factor

for area is Fz, for volume and welght F3'-énd for work and‘powef Fa,

Representatlve conditions selected from the experlmental results
are 12 hours of daytime operation with sxmulated sun temperature 1n-:
crement of 20° F and wind speed of 5 mph-plus 12 hours, of nlghttlme
operation with wind speed of 5 mph. To express- the results as equlv-
alent man days, the net work output of a man for an 8- our day is
taken as 360,000‘£t‘}b (AS,QOO,ftulb per hr = ¥2.5 ft-1b per sec or )
about 1/40th of a horsepower). As sho@n in Tablerzl(based on the data
of Ref. 1) this corresponds to workmen operating:such aevices as
shadoofs and Archimedean screws as in current~Nile}praetice without

%
benefit of treadmills.

The results of such simple direct scaling are shown ia Table 3.

This speculatlve direct scallng indicates that a machine 20 times as

large as the exper1menta1 toy mlght achleve a dally net useful work

Ref 3 (circa 1922) cites data 1nd1cat1ng that experlenced workmen
operating these machines can achieve an 8-hour daily work output of
about 480,000 ft-1b; however, the conditions as to locale, lift height,
etc., are much less exn11c1t than those described in Ref. 1. The lattar
reference is believed to be preferred because it is more recent.and _con-
siders the subject in much greater detail. Accordlng to Ref..3, the -
use of treadmllls would increase the fellaheen's work output by about’
:304, but apparently they are deemed to be too expensive, complex or
;lmmoblle oecause they were not lD evidence.
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Table 3

)

30

F (linear dimensions) 1 10 * 20 )
Scale
Factors F3’ (areas) 1 100 400 900
F” (volumes & weights) ' 1 1,000 8,000 27,000
F° (power and work) 1 10,000 160,000 810,000
Length (without scoop) (ft) .500 5.00 10.00 15.00
Length (with scoop) (ft) .603 6.03 12.06 18.09
Head diameter (ft) .083 .83 1.67 2.50
Body diameter (ft) .104 1.04 2.08 3.12
Gross water lift height (ft) .260 2.60 5.20 7.80
Net water lift height (ft) 177 1.77 3.54 5.31
Weight of water lifted per cycle (1b) . 00235 2.35 18.80 63.45
Weight of machine (less support) (1b) . 0625 62.50 500.00 1,687.50
Net Useful | p . .00002605 .2605 4.17 21.10
Power .
Output .
(£t/1b/sec) Night .00000500 } .0500 .80 4.05
Net Useful | 45 hr day 1.125 11,250 180,000 911,000 .
Work ] .
Output _ .
(£t/1b) 12-hr night .216 2,160 34,600 175,000
Daily Total 1.341 13,410 214,600 |1,086,000
Equivalent man days .00000373 .0373 .597 3.010
‘Equivalent man days per 200 1b .01195 .1195 .239 .358
of machine weight ISt

-

N
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output of about 60% that of a man for about 2 1/2 times a man's weight -=
about 2578 of the previously expressed goal of a man's daily work for

a man's-weight. The larger 30-scale machine might achieve 35% of this -
goal. The crude scaling above indicates that both of these machines

would have to be sectionalized for easy portability.

As previously discussed (page 18), two inefficiencies in the
experimental device should be largely avoidable in a properly designed
large-scale machine. These inefficiencies result from the capillary
attraction difficulty in the water discharge tube and the failure to
utilize any of the power potential of the recovery stroke. It seems
likely that the elimination of these two inefficiencies would increase
the daily net useful work output per unif weight by a factor of 2 to
2.5. This would bring the output indications derived from direct
scaling up to at least 50% of the expressed goal for a usefully large-

scale machine.

These crude prognostications are merely interesting -- not sacro-
sanct -- as is the expressed goal, which is a highly intuitive one
reinforced by simple cost comparisons rather than one resulting from
extensive social and economic analysis. They serve only to indicate
that a possibility exists for achieving a capability that appears to be
in the right ballpark for providing economiél(as well as humanitarian)
benefits in primitive environments. Hopefully, improvements in design
and construction stemming from analytic and experimental research might
yield machines whose daily work outputs per unit weight comsiderably
exceed those indicated by scaling these crude experimental results

of a rather obviously inefficient toy.

RESEARCH POTENTTIAL

Can the drinking bird heat engine be further developed into a
useful wachine, capable of solving the Egyptian low-water-lift problem;
to relieve the fellaheen for more useful endeavors or of performing
other low-power-requirement tasks in primitive environments? In many

ways it seems ideally suited:
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(a) 1Its principle of operation thrives on the naturally
occurring arid climatic conditions of Egypt and many
other underdeveloped countries. The intense and per-
sistent sunlight and dry winds should suit it ideally
during daylight hours, and the latter factor should
enable its continued operation at reduced rate during
darkness.

(b) Its construction is extremely simple with no requirement
for complicated moving precision parts or close tolerances,
and suitable working fluids such as Freon 1l are readily
available in large quantity at moderate cost. The machine
should thus be quite simple and inexpensive to manufacture,
possibly even locally in underdeveloped countries having
meager industrial facilities.

(c) Its installation and operation require no technical
skills and little manpower.

(d) It requires no fuel and almost no maintenance, since
it is hermetically sealed with essentially nothing
to wear out. The simple knife edge pivots should
last a very long time without replacement (or the
engine could be suspended like a torsion balance to
dispense entirely with wearing surfaces). The absor-
bent covering of the head chamber merely requires
periodic water flushing to clean it of accumulated
dirt, with occasional cheap replacement by unskilled
labor.

Crude direct scaling of the small-scale experimental results re-
ported herein indicates that useful large-scale, possible portable,
machines may be achievable, particularly if well-known, efficient heat
capture, absorption, transfer, and dissipation practices are exploited
to improve performance. However, the.technical feasibility of the device
as a useful power source for low—power-requié}ment applications hinges
on two primary questions that need research to determine proper answers:

(1) Do any serious technical obstacles inhibit scaling up the
device to useful sizes?

(2) What amounts of useful power per unit weight and cost can
be achieved through improvements in design, counstruction,
and materials? '
The first question can probably be fairly readily answered, perhaps by
analysis, or by testing a few simple experimental machines of increasing

size, built from laboratory-type components (small automotive radiators,
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tubing, and a bit of miscellany). The second question demands more
elaborate research of both analytic and experimental nature; still,
it should not require a particularly significant level of expense or

manpower.

Another area of necessary research concerns more elaborate con-
siderations of economic and social utility of the device, granting
technical feasibility, than my brief experience and limited reading

have permitted.

If the device can be developed into a successful solution to the
Egyptian problem, it seemingly should have wide applicability elsewhere
in primitive agricultural regions wherever arid climatological condi-
tions prevail -- notably all of North Africa and the Mid-East and
perhaps parts of India, Pakistan, Australia, and the western United
States (for instance, in some of our Indian communities). The engine's
applicability need not be limited to water lifting; it could serve as
a basic power source for many other low-power-requirement tasks
currently using human labor, such as threshing, milling, and so on, or
for recharging the batteries vital to communication systems in primi-

tive environments.
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