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ABSTRACT

Salt has been made by solay evaporation for thousands of yeavs, but the evaporation process
has become properly undeysiood only during this century.

The theovetical basis of the natuval evaporation prorcess evolved from the sink strength the-
ovy through the enevgy balance theory of the classical Penman-Feyguson combined sink stvength-
energy bulmmce theovy in which evapovation is deteymined from four meteorological pavameters --
net gain of radianl eneygy, air fempevature, humidity and wind.

Under given meteovological conditions the evaporation vale of brines falls off with increasing
salindty. This is caused by lowered vapour pressuve, and it involves higher brine lemperaiure --
as the theory requives.

This theovy, developed for an evaporating surface of small extent and for steady values of the
parameters, can be applied to a lavgey avea with fluctuating parameters, provided that the pownd is
shallow, that the parametevs are avervaged over seveval davs, ond thal the appropriate empivical
sink strength formuls is used in the combined equalion,

Reconciliation of the theory with actual salilfield conditions is salisfactory wheve the bvine is
unsaturated, but affer the Salting Poini the conditions may deviale from the ideql owing to loss of
yadiani energy by veflection. This can be largely covrected by the addition of a suilable dye o the
brine.

The theoyy is tested in some expevimental work carvied out by the author on both the smail
and the large scale. Agveement is good at low salinities, buf theve is significant divevgence af
fiigh salinities. Some inferesting devivations of the theovy ave also lested expovimentally.

INTRODUCGTION

Solar evaporation of brines in shallow ponds in the present conrext is a particular case of
natural evaporation from a free water surface. Liguid water is able 1o gain sufficient energy,
under appropriate conditions, to change into the vapour state and to dissipate into the atmosphere.
Doing this with any rapidity calls for a substantial supply of energy which is usually derived from
solar radiation -- hence the prefix "solar.”

Anticipating some conclusions, the facts are that evaporation rate per unit area falls off as
the size of the evaporaring bady increases, and that (in the case of saline waters) evaporation rate
falls off as the salinity increases. Pond depth variation has lttle effect. The salinity effect is duc
o the lowering of the water vapour pressure by the dissolved solids. The evaporation process is
conirolied by its energy balance {see Bunython, 1956); the lowering of vapour pressure by salinity
may be considered to start off by permitting less energy to escape as latent heat of vaporization --
owing to the reduced driving force in the mass transfer phase -- so causing build-up of sensible
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heat, or g temperature rise. In being warmer, the saline water will fare adversely in the
exchange of sensible heat and long-wave radiation between its gurface and the atmosphere.. The
resultant shift in the energy balance towards greater losses {or lesser gaing), and towards less
efficient conversion of available energy into latent heat, finally makes the rate of evaporation of a
saline water lower than that of fresh, or of a iess salme, water exposed 10 the game meteoroiogi-
cal conditiona. . i ah . R : .

The process of natural evaporanon in HS general fo;rm operates a.'il D?vax_'__the globe from
oceans, lakes, rivers, small pools, and a variety of ther surfa»::es (mz‘hximg snow and ice}; it is
an essential part of the hydrologic cycle. {Thornthwm«te, 193?) “This paper dea!s with its partxcular
application to the conceniration of sea water and other 1:: ines to produce commcn salt and other

salrs.
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DEVELOPMENT OF ‘BVAR

There were found to be empirical relations _
evaporimeters, pans, ponds, etc.) and the meteoromgical parameters ‘wind and humidity. They
were shown to be dependent on the difference betwes th& pressure of water vapour af the water
surface and in the air above, together with an'a turbulence factor closely related to
wind speed affecting the air layer through whic] pour ‘way pae.smg it LOUICI be ex-
presged in an eguation of mass transier termeﬁ e ]
written:

E = fup, - Do) oveviiiiiiinin,
where E = evaporation rate

where k = coefficient of mass transfer from water to air

Barometric pressure was another factor recognized {Rohwer, 1931} as influencing evapora-
tion rate. Later work {Millar, 1932), (Hickox, 1946) sugg‘ears that E is inversely proportional to
the 0. 25 power of P, total barometric pressure.

The importance of surface temperature in determining water vapour pressure was hence ;
underatood, but the factors that in turn contredled the temperature were pot understood. The vol-
ume of work done during the late 19th Century and early 20th Century was enormous, the investi-
gators including Symons {1863), Fitzgerald {1886) Bzgelow (190?) and Meyer (1915).

flu) = a function of the horizonta
pPw = vapour pressure of the water surfa:ce
p: = partial pressure of water vapou in the an: 5
or in another form: _ E
E o= K{Pu - Pad corrriininniiiiiinns PR (2) s
¢
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The importance of the energy balance in evaporation was probably first recognized by
Angstiom (Angstfom. 1920), and then during the 1920's the theory was developed by Bowen, Cum-
mings, Richardson, et al. (Bowen. 1926), {Cummings % Richardson, 1927). The first form of the
energy balance equarion (as applied to lakes) was:

paeloBo S oKl (3)
where B = rate of evaporation
I = ipcoming radiation (short- and long-wave)
B = back radiation to the sky (long-wave)
§ = change of heat stored in the water
K = heat interchange between air and water
C = combined correction factor for leakage, expansion, etc.
L. = latent heat of vaporization of water
1t was later modified ro:
Bl S @)
where 8 = the Bowen ratio

The Bowen ratio was a relation that Bowen had noted berween the amount of energy passing
out as latent heat of vaporization and that passing between the air and the warer as sensible heat.
[t can be expressed as:

8, - 6,
ﬁ = 0.46 [
w ~ Pa
where €, = water temperature, deg. C

Oa

i

air temperature, deg. C
and p,, and p, are in mm. of mercury

It had been discovered empirically, and the fact that it had a basis in theory (see Ferguson, 1952}
was not clear at the time,

Two incomplete evaporation concepts had therefore been developed by the 1930s:

1. The mass transfer {Dalion)} concept, which showed the dependence upon water tempera-
ture, air humidity, and atinospheric turbulence, but which was incomplete insofar as it
gave no indication of the nature of the control of water temperature.

2. The energy balance concept, which showed the ultimate dependence upon energy supply,
but which failed to speci{y (other than empirically} how energy would be apportioned be-
{ween that used as larent heat of vaporization and that exchanged as sensible heat,

The problem of reconciling the two concepts and producing a single, comprehensive rela-
ticnship was solved around 1930 by two independent researchers. H. L. Penman (Penman, 1948}
and J. Ferguson (Ferguson, 1932), following different approaches, reached virtually the same
zoal in an expression of the combined mass transfer -- energy balance theory. Only four meteor-
clogical parameters, viz. net gain of radiant energy, air temperature, humidity and wind, are
involved in the equation. The development of the equation will be setr out in some detail subse-
quently.

TRANSFER PROCESSES OVER AN EVAPORATING SURFACE

There has been much investigarion during the last three decades on the (ransfer of matter
and heat in the lower layers of the atmosphere (see Priestley, 1959} and numerous "aerodynamic”
equations have been elaborated. In the application to the case of evaporation, the air which is
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moving across & pond is rarely isothermal, and it is also undergeing shear in that its horizontal
velocity increases with height above the water surface -- usually exponentially. - Escaping water-
vapour first passes by molecular diffusion through the laminar boundary layer of surface air (mil—
limelres thick), and then by eddy diffusion through a very much deeper layer of overlying air. A
a point on the water surface a short distance downwind from the leading edge of the'pond the major
part of the resistance to the escaping water vapour is due to the laminar layer, the water vapour
being rapidly dispersed through the less resistant eddy diffusion layer. With intreasing downwind
distance the wateyr vapour tends to build up ahove the pord, and a greater proportion of the regist-
ance is shifted to the eddy diffusion layer. An increasing depth of the atmosphere hence becomes
effectively involved in the transfer process. 'The extreme case is found over the oceans, where
most of the resistance is offered by the eddy diffusion layer, now effectively thousands of feet
deep. In the aerodynamic equations developed mainly for the latter situation account has to be
taken of factors like the thermal stability of the atmosphere and the "hydrodynamic roughnéss" of
the water surface. Similar considerations apply to the transfer of heat in the lower atmcsphere.

It now remains to be ascertained whether and to what extent these extensions of transfer
theory have to be taken into account in the evaporation from the comparatively limited surfaces of
solar evaporation pends. When in a transfer process there are two Or more remstances in series,
and one is distinctly larger than the others, that resistance is found virtually to “control” the.
process. With an evaporating surface of small downwind dimension -- a few feet, say -- the
laminar layer wil! probably control; when the dimension is one of many miles the eddy diffusmﬁ
laver is likely to control. Somewhere in between there will be a transition from one control e
the other. The large-scale evaporation investigations at Lake Hefner, U.S. A. {where the dorwm-
wind dimension is 12, 000 feet} (3, 700 m.) have shown (Marciano and Harbeck, 1952} that atmas<:
pheric water vapour content at § m. above the water i close to the upwind value, and that evapo~
ration can be computed quite accurately by using values of the meteorological parameters .
measured at normal height upwind of the lake. These and other observations indicate that mass
transfer in the evaporation process of a water body of this dimension can be described sufficiently
accurately for practical purposes using a simple equation of the Dalton type and ignoring compli-
cations like atmosgpheric stability. Presumably the laminar layer is still controlling the process.

The downwind dimensions of ponds used in solar salimaking range from, say, 100 feet
(30 m.} vo 10, 800 feet (3, 000 m.) and so fall within the limits between which the simple transfer
equations, such as Equns. (1) or (2), can be uged. The f {u) of Equn. {1} can be replaced by ¢.u.
where ¢ is a factor related to both pond downwind dimension, D, and to the height, z, above the
ground at which wind speed is measured, and u is mean wind speed. Figure ! shows the change
of ¢ with D for wind speeds measured in m. /sec. at z = 10 m. (or extrapolated to 10 m., using
the "1/7 power law™ of wind shear). It shows that after falling to a value of about 7. 5 X 10~4 at
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D = 10 feet {3 m.) the rate of decrease of ¢ becomes very much slower. In the dimension range
2 - 10 feet (0.6 ~ 3 m.) for pans, not only is ¢ undergoing rapid change, but unpredictable effects,
Iike the height and shape of the pan rim. play a part; this is only one of the prohlems associated
with the use of small pans in evaporation investigations (Bonython, 1936}, (Hounam, 1936),
{(Nimmo, 1964).

THE COMBINED MASS TRANSFER -~- ENERGY BALANCE EGUATION

The Penman Equation:

This iz written:

Then it is inserted in Equn. (3}, Apart from the physical constants the components in Equns. (8)
and (6} consist of the four meteorological parameters -~ net gain of radiant energy, air tempera-
ture, humidity and wind -- or are derivatives of them.

g =03 By (5)
Aty
where & = rate of evaporation under the particular conditions
E, = fictitinus rate of evaporation assuming the water surface 10 be at air
temperature
H = net gain of radiant energy
A = fthe slope of the vapour pressure vs. temperature curve at air
temperature
v = the constamt of the wet-and-drv bulb hygrometer equation
First E, must be derived from
E, = {6, = €4) T{) i, R (6)
where e, = saturation water vapour pressure in the air ar air temperature
g = saruration water vapour pressurc in the air at the Dew Point
f {u) = mass transfer coefficient for water vapour as a function of wind speed
!

The Ferguson Equation:

In its simplest form it is:
2h |

;
H
E

)

B =T(f' (QMh + 2p, + ©,) - Pa) - (7}
where Q = net gain of radiant energy
h = coefficient of heat rransfer
' = a function of the vapour pressure vs. lemperatyre curve for water

and the other symbols are as already defined.

In its derivation Ferguson combined three expressions:

(1) E = k@, = B,) vreeeeennnrs, {which is Equn. 2)
where k is the mass transfer coefficient already defined.
(2 B/LK = 0050 i e (8)

which is the interrelation between the coefficients of heat and mass transfer across a
common interface.
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(3) Q= Lk (py -~ pad + 0 (O, ~ @) i %)
the basic energy balance equation, which can be rearranged as:
2py B, = QM o+ 2p, 4 O, L {10}
when k is replaced by its equivalent in terms of h in Equn. (8)

In the operation of combining the expressions the unknown parameters p,, and &, are removed by
introducing the function, f', which is actually the relationship between py, and (2 Pve + ©y) de-
rived from the standard vapour pressure vs. temperature relationship.

h is used in the final equation in preference to k because of the more convenient value of the
former in customary umits. -

Comparison and Consequences of the Equations

The Penman ¢quation involves an assumption which can be a source of error under certain
conditions -- that the value of 4 is constant over the range between air and water temperature,
Since A changes in value by 307 between 20° and 25°C. it is clear that the assumption is not war-~
ranied when (8,, ~ ©,) is appreciable, — '

The temperature of evaporating fresh water is usually not very different from that of the air
above, but with some lakes in dry, inland surroundings -- like Lake Mead, U.5. A, -~ the air may
be congiderably warmer (Harbeck, 1958). Conversely, in the case of strong brines evaporating
in pormal environments, the brine temperature is likely to be several degrees above that of the
air. The objection concerning A holds in these cases, and for this reason the Perguson equation .
ig 1o be preferred for describing the evaporation of hrines in solar saltmaking. (It will be shown
that, in the case of highly saline brines, yet another refinement of the equation is required.)

The combined mass transfer -energy balance equation was derived on the basis of small
evaporating areas of shallow depth. Ferguson (Ferguson, 1952), investigated the problem thor-
oughly by inserting flucriaring values of the meteorological parameters and also heat storage
terms, into simultaneous equations fed into and solved by the differential analyzer. He showed
that the use of mean values of the parameters, and the neglect of heat storage, was valid provided
that the period of time raken was long enough -- say, three days or move, and that the pond was
shallow -- say, no more than two feet or so deep. -

A question of considerable interest is the effect of changes in the individual parameters
upon the resultam evaporation.

Ferguson (unpublished) applied partial dlfferennaticn to Equn. (7) and obtained these re-
sults:

%‘S‘ - &fﬁ = 0.00117 em. /cal.

'g_"g_..: O'Tésh = {.00116 h cm. /hr. /°C.

:;3 = ..Q:.I.?ih = 0,000l h cm. /hr. /mm. of Mercury
-

SE L oes -al. /* |

<1 =7 (0.688, - 0.64p, - 0.9)cm. /cal./*C.

The results apply to a water temperature in the general vicinity of 20°C. The result for
change of evaporation with wind is the most complicated; under certain conditions (low tempera-
ture and high humidity) an increase of wind can actually decrease evaporation.

An example of the effect on evaporation of changes in the parameters is given when, taking
the mean meteorological conditions at three widely divergent Australian localities in the summer
month of Jamiary, each parameter is varied in turn by 10% of its value. The effect of these
changes on evaporation rate itself is shown in Table 1.
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TABLE 1§
Effect of Varying Parameters Separately

''''''' Effect on Evaporation
Locality Values of Parameters of 10% Variation in
Parameter
Dy Creex Q, 23.0cal. /em. 2/nr. 8%,
{ncar Adelaide) o. 21.7°C. 59,
p. 2. .3mm. of merc. %%
h 0.7 cal. fem. 2far. /°C. 37,
Darwin Q, 17.0cal. /em.2/br. 109,
s 8, 28.7°C. 8%
; p, 23.5mm. of merc. 6%
h  0.5cal. /em. %/hr. /°C. 1%
Hobart Q, 18.5cal fom. 2/hr. 9%
8, 16.1°C. 5%
p, B8.0mm. of merc. 3%
h 0.7 cal. fem. 3/hr. /°C. X7

b has been compued forc = 5.5 x 107

Radiant energy is clearly the dominant factor, followed by air temperature. The least im-
portant is humidity or wind -- depending upon whether the climare is dry or humid.

In practice, and in the short term, the effect of a change of wind speed may seem 10 have a
striking effect, but this is transitory, for the compensating effect of the energy balance mechanism
soon modifies the longer term result. Wind -- consider T (u) of Equn. {1} -- was long loosely sup-
posed to be the controlling factor in the evaporation process, but it is not, because py can vary in
a way that can nullify the effect of wind.

Ferguson {1952} has shown that the varying of pond depth has only a minor effect upon evapo-
ration -~ always agsuming that there is complete absorption of solar radiation entering the water.
As compared with a pond of depth six inches (15 cm.), a shallow one of, say, one inch (2.5 cm.)
will have an evaporation rate approximately 4% greater, and a deep one of, say, 40 inches
{106 c¢m.) will have an evaporation rate approximately 4% less, under the climatic conditions de-
fined in Table 1 for Dry Creek, South Australia. Over the depth range current in solar salt prac-
rice the evaporation variation is theoretically only about half this, and because under field condi-
tions imperfect absorption of solar radiation in the shallower range is likely to frustrate the
attainment of the full evaporation theoretically possible there, the variation of evaporation with
depth can be virtually neglected. This conclusion has support on both theoretical and experimental
grounds (Bloch, Farkas, and Spiegler, 1951).

THE THEORY APPLIED TO THE EVAPORATION OF SALINE WATERS

Theoretical consideration of the aspects of the problem of the evaporation of saline wafers
fllggal;een given by other authors {Bloch, Farkas, and Spiegler, 1951), (Ferguson, 1932), (Harbeck,

The Ferguson equation in he form of Equation (7) is readily adapted for use with brines
whose vapour pressure differs from that of water by using a set of values of the function f " obtained
from the relevant vapour pressure vs. temperature data. It involves preparing a set of f values
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for ¢ach case. However, another form of the equation provides a more rigorous treatment of the
problem necessary after the transition to the saline waters case. The energy balance of Equa-
tion {9) can be more precisely written:

Q; ~ {®, - 8,) = LEk(Pw - pa) + h{By -~ 8,) .......... (11)
where Q; = net gain of radiant energy by a hypothetical water surface at air
temperature
r = an emission coefficient for black body radiation (the change of rate of

emission per unit temperature change}
and this can be rearranged as:
2py - O, (1 + r/h) = Qu/b + 2ps + 6, (1 + x/h) ... (12)
The refinernenis are justified because (8,, - ©,) is now liable to reach appreciable magmtude
Equation (12) can be solved graphically in this way: R

The values of Q,, 9,. p,. h and the emission coefficient, r, are substituted, leaving p, and O,

as the unknowns. The expression can be plotted ag a straight line on the vapour pressure vs,
temperature chart on which is already drawn the curve of p,, vs. 9y for the brine in questiot. -

The point of intersection of the two lines is the solution p,,, &, of the evaporation problem.: In
practice one may use a chart with a family of vapour prcssure vs. temperature curves (see Fig. 2)
permanently drawn on it; the straight line, Equation (12), may be lightly ruled across it to inter-
sect points cbtained by arbitrarily selecting values of either p,; or 6, and solving for the other,
Having found the unique value of p,,, evaporanon itself may be wmputed from Equation (2) or its
more canvenient equivalent:

E = Tf (Du = Pa) oo (13

30 T
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159




The Meteorological Parameters and the Units of Expression

Q.. Net Gain of Radiant Energy: It is possible to measure the combination of incoming and
outgoing radiant energy directly, using a pet radiometer, but actually it has several component
atreams some of which may be measured separately. [t can be expressed:

Q, = L, -1y + Ry, - R, - Ry v {L4)
where I, = incoming short-wave solar radiation (insolation)
In = insclation reflected at the water surface
R, = incoming long-wave radiation
R, = outgoing long-wave radiation
Ry = incoming long-wave radiation reflected ar the water surface.

1. is measured at many meteorological stations; Ix varies with the time of day, latitude, cloudi-
ness and water surface disturbance, but for general purposes, and for periods of several days, it
may be taken as roughly 4% of 1,; R,, R, and Ry may be measured directly or estimated by
methods like that of Penman {Penman, 1948) or Anderson (Anderson, 1932) from 8,, p, and cloudi~
ness. Q, s expressed as cal. /em. 2/hr. Q. may also be measured by means of the Cummings
Radiation Integrator -~ an evaporation pan interpreted in reverse (Koberg, 1958).

6,, Air Temperature: This is dry bulb temperature, as measured in the regular meteoro-"
logical screens, and it is expressed in °C.

.. Warer Vapour Partial Pressure of the Air: This is as measured in the regular metéoro‘--
logical screens by, say, wetr-and-dry bulb thermometers, and it is expressed in mm. of mercury,

h, Heat Transfer Coefficient; This ig a function of wind, which is the primary meteoro-
logical parameter, and it serves to represent either of the transfer coefficients, being derivable
from k through Equation (8). It is empirically related to mean wind speed the height of measure-
ment, z, of which must be specified. It also varies according 1o the downwind dimension (D) of
the evaporating surface involved, and it may be found from ¢ in Fig. 1, and from mean wind speed
at, or extrapelated to, standard meteorological beight for wind measurement (10 m.) and expressed
inm. /sec. Its units are cal. /em. 2/hr. /2 C.

k, Mass Transfer Coefficient: This is related to h through Equation {8), and may in the same

way be found from ¢ in Fig. L. I is expressed in g. /om. 2/hr. Jram. of mercury.

r, Emission Coefficicnt for Black Body Radiation: This, the rate of change of emission per
unit temperature change, is expressed in cal. /em. 2/hr. /°C. Ferguson (Ferguson, 19532) has
shown that r = 14,400 ¢ T,3 approximately. At ordinary temperatures its value remains close
to 0. 5.

Further Derivations of the Equation Relating to Brine

It has been shown how ~-- mainly on theoretical grounds bur with some secondary empirical
derivations -- evaporation can be computed for water and brines under a range of merecrological
conditions and for ponds of varying size. To test the theory in practice the author {Bonython, 19536)
made measurements with concentrated sea water in thermally-insulated ten-foot diameter pans
with the particular purpose of investigating the fall off in evaporation rate with increasing salinity.
The theoretical and measured curves for the change in evaporation rate with salinity {denoted by
means of density of solution) are reproduced in Fig. 3. It is seen that the agreement between
them, good at low salinities, is less satisfactory at the high concentrarions, especially after salt
has begun to crystallize.

In Fig. 4 the change of evaporation rate with salinity is shown against the more fundamental
basis of the vapour pressure of the saline solutions relative to water. The 1956 data were ex-
tended by the author in February 1963, to higher salinities by measuring the evaporation of con-
centrated solutions of calcium chloride. To ensure uniformity of meteorological conditions for
all tests a group of four specially-made U. 5, Class A Land Pans insulated with polyurethane solid
foam, and provided with thermographic measurement of brine temperatures, were exposed
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simultaneously side by side for ten days. The pans were blackened and the brine dyed. The
evaporation vs. salinity curve is also plotted in Fig. 4. It does not follow precisely the earlier
one for concentrated sea water, but it is not greatly different and it extends to lower vapour pres-
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The brine/water evaporation ratio ve. salinity relationship is not constant, but varies with
the values of the climatic parameters, as shown by the author (Bonython, 1956). Harbeck (1955)
explained the same effect in different terms. 'The concept of evaporation ratio has been much used
in solar saltrnaking, but while it is a useful generalization its limitarions should be recognized by
quoting, whenever it is used, the relevant climatic parameters. The data in Figs. 3 and 4 have
been adjusted by calculation to the "mean summer conditions” for Dry Creek, Scuth sustralia

{(Bonython, 1956, p. 69), viz.

18 cal. /em. 2/hr.

= 20°C.

9 mm. of mercury

0.85 cal. /em. 2 /hr. /*C.

An interesting feature of the evaporation of brines {s the concurrent rise in equilibrium
emperature with increasing salinity. The expression:

i

T oo O

il

L
Op - Oy =m(Ew N (13)
where 9, &, = brine and water temperatures respectively
B, E, = evaporation rate from water and brine respectively

is a consequence of Equation (11), and ir shows that the relation between temperature difference
and evaporation difference is independent of Q,, ©,, and p,. Flgure 5 shows the plot of such re-
lations taken from the concentrated sea water and calcium chloride data, and also from some data
on highly-concentrated solutions saturated with carnallite and exhibiting even larger water-brine

temperature differences.
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Figure 5. The evaporation difference -- termpersture dif-
ference relationsiip of Eguanion 1&,

APPLICATION TO FIELD CONDITIONS
Effect on Location and Design

The insight inwo the solar evaporation process that the foregoing treatment has given should
help in the choice of the optimum climatic location for a saltfield, and of the best pond layout and
operating methods. The first and most important factor to consider is rainfall -- the antithesis of
evaporation. It is essential to have a locality with tow annual rainfall, or at least one with low
rainfall in the season having adequate evaporation.

For the evaporation itself high sunshine rate and air temperature are the most important
factors, and while they usually tend to be correlated with each other, the choice of a site to which
relatively hotter inland or desert air is being advected will be advamageous.

umidity is next in importance; if the hot air referred to is also dry, as is probable, this
will be beneficial, but the benefir conferred by the heat will be more important than that conferred
by the dryness. Wind -- often the least significant factor -- can assume considerable importance
in combination with hot, dry air.

Once the location -- and hence the climate -- is fixed there is litile scope for altering the
meteorological parameters, but a minor advantage can be taken in the conditions observed 10 pre-
vail by, for instance, aligning the ponds normal to the prevailing wind, rather than parallel with
it. There would also be another minor advantage here in placing the ponds containing the highly
concentrated brines on the windward side. Nothing can be done to alter the principal factors, Q,,
G,, but an important field for iruprovement is where a practical loss of some of the potential Q,
is occurring.

Sa far it has been assumed that all the solar radiation penetrating the pond surface is avail-
able for the evaporation process, This is probably true in the ponds containing unsaturated brines
hecause the floors usually consist of mud of low albede which will absord residual radiation and
transfer it to the brine above. {Little heat is permanently exchanged through the earth beneath an
evaporating pond, although there may be an appreciable, reversible seasonal effect.) Even in
those ponds in the later stages of brine concentration, where there is a deposit of crystalline gyp-
sum upon the floor, the loss of radiation by upward reflection is very tow. However, when it
comes to the salr crystallizing ponds the floors of which are covered with a highly-reflective erust
of crystalline sodium chloride the logses of radiation may be considerable. (Bloch, Farkas, and
Spiegler, 1951.) A six-inch laver of saturated narural brine over such a bed can allow as much
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as 209 of the insolation to escape back into space, and this means a similar loss of evaporation.
In practice the achieved evaporation rate in salt-crystaliizing ponds may be well below the theo-

retical {see Fig. 3).

Frequently the brine of the c:rystalhzing ponds is coloured a natural red by certain micro-
gcopic flagellate organisms, and also by bacteria, capable of thriving in it. These wilt help to
absorb some of the radiation and go reduce the losses, but as they are in the form of a suspension
rather than a frue solution they cause a secondary loss by back-scattering. Some salifield opera-
tors have considered encouraging the growth of the organisms by feeding them with nutrients, and
so0 reducing the evaporation losses. Some actually add an organic dye to the brine with the object
of emtrapping all the incoming radiation.

The dye most commonly used is of the 2-Naphthol Green type. Green is not the ideal spec-
tral colour for optimum radiation absorption, but this particular dye has adequate abgorptive .
power, and has a combination of properties leading to its choice for the duty (Bloch and Schnerb,
1945}, (Kane and Kulkarni, 1950}. It is commercially available at a competitive price, it remains
dispersed in true solution in natural brine and it is reasonably resistant to fading in sunlight, '
Concerning the last, while it does slowly fade under constant exposure to the sun and atmosphere
as do all orgenic dyes, it has better fading resistance than other dyes tried. . o

Direct ways of measuring the effectiveness of dye in reducing radiation losses are by meas-
uring absorption in the cell of an absorptiometer, or by immersing a radiometer upright in bring.
exposed to the sun and determining the absorption at different depths. However, these tend 1o
give a spurious result owing to light scattering caused by the particulate organisms in the brine,
ard they give quite faise results in a brine that contains the organisms but lirtle or no dye. An-
other way is to use a downward-facing radiometer above the pond and measuxe the reflected radia-
tion. Inthis case an allowance has to be made for radiation reflected from the pond surface it-
self -~ radiation normally lost in any case to the evaporating process, The author developed a
method using & horizontal, immersed disc 36 inches in diameter, and painted white. With the
white surface -- shown to have a similar reﬂectance to the salt laver -~ facing upwards the radio-
meter measures total radiation reflected by the brine surface and by the disc. By immersing the
white disc at the appropriate depth below the brine surface -- usually gix inches, which is a custo-
mary brine depth in crystallizing ponds -- it was possible to determine the minimurmn dye dosage
needed to achieve approximate full entrapping of thé radiation entering the pond. A concentration
of 3 ppm. of "Solivap Green 150™ in a six-inch Tayer of brine over salt crust was found to be the
oprimum dosage. Figure 6 shows measurements with a dyed and an undyed brine, using the radic-

meter and white disc.

,, L/

PER CENT RADIATION REFLECTED

o 1
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COSINE OF SUNS ZENTH ANGLE.

Figure 8, Radiation 1o by reflection in & shallow crystailizing pond.
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The effectiveness of dosing with dye can be found by direct overall measurements. At Dry
Creek, South Australia, in the 1948-49 summer, a group of 58 acres of salt-crystallizing ponds
rreated with dye (at 1. 4 times the optimum dosage that was determined only subsequently) was
compared with 87 acres of an untreated control group. {(See Fig. 7.} Both groups were supplied
during the season with saturated brine. The result was arrived at by a materials balance for
water, by measurement of the relative salt crust thicknesses and by weighing the tonnages of salt
recovered per acre. The dyed ponds showed an increase in performance, salt thickness and yield
of 15-20% over the undved ones.

Dye ig best introduced into the brine as it is being pumped to the crystallizing ponds. When
the ponds are operated in series flow the effect is a neat ane; the loss of colour by slow fading in
sunlight is almost exactly counterbalanced by the rendency of the decrease of brine volume under
evaporation to increase the colour concentration, with the result that the consequent degree of
colour in the brine remains pracrically steady through the series of ponds.

Application 1o Pond Control

Knowledge of evaporation rate ¢an be used in the design and operation uf a solar saltfield.
The simplest arrangement for the control of pumping or flow operations is o use a small,
meteorological-pattern evaporation pan {preferably employing fresh water), its readings being
equated to the evaporation of the various ponds by means of a pan "coefficient” and a salinity fac-
tor. Although inveolving an oversimplification -- pan coefficients and salinity evaporation ratios
may vary seasonally -- this method has been found quite satisfactory in practice.

o

Figure %, Dry Crzek, Sonth Aostralia, in 1043 aovial view of ponds rroarcd
with dye {derk) fanied By uatreated ponds (Hght -coloured),
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At the other end of the scale use may be made of evaporation calculated from first principles
using the sort of equations described in this paper. It requizes the accuraxe measurement of l:he
four meteorological parameters which, in turn, calls for the appropriat 3 inst;rum, LAt
skilled assistance. Because of these, and also the time factor, this method i$ less suited for
short-term control but it is valueble for research and for historical confirmation of performance.

The firgt method is improved by installing a simple pan adjacent to the solar pond; taking
measurements of pan evaporation, pan temperature, air temperature and wind -~ or earth tem-
perature in the case of a sunken pan -- and so making possible the correction of the pan coefficient
for heat flow through the pan walls (see Kohler, Nordenson and Fox, 1958},

A simplification of the method of calculating from basic parameters is the zakmg of measm
urements of evaporatmn temperatures and wind, and using a thermally-insulated pan (used as a
“radiarion integrator” -- Koberg, 1958}, to determine indirectly the net radiant energy parameter.
This is used, together with the other more readily determined parameters, in the fundamental:
equation to calculate evaporation rate,

SYMBOES AND LINITS OF EXPRESSION

Symbol Description . [{&;::eggxfﬁseig?

z factor relating f{u} with uand D

2, saturation waler vapour pressurs in the air at air emperature

84 da. ar the Dew Point

£ a function of the vapour pressure and temperarure of water

flu} 4 funcrion of horizontal wind speed for mass transfer coetficient)

h heat trensfer coefficien . cal. fom. T/, SO

k mags transter oefticient ' £ Jem. 3hr. /mm. of mercury

T, partial presgure of water vapour in aly mm. of mercury

Pw yapour pressure of water surface o C mim. of mercury

T aminsion coefficient for hlack body radiation cal. fomm. 2fhr. /U0

u harizontal wind speed m. feac.

z height aboee zurface at which wind speed is muasured ft. o7 m.

B back long-wave radiation o aky

C cornivined correction facnr in snergy Lialance

N downwisd dimension of saiar pond . . ) ft. or m.

o) evaporatiin raw

oy da. agguming &, = 9,

E, de. specitically for brine . cr, Jhr.

E, do, specHically for water : cm. Shr.

H net gain of radiant energy

1 micorming radiation {both types)

I, 1ncoratng emiiation (shori-wave}

I shory-wave radiation reflected at water aueface

K heae ineerchange berween air amt water

L latent hear of vapurization cul. /2.

fa) net incoming radiant epergy cal. fem. 3 /hr.

Q. do. agsuming €. - &, cal. fem. 3.

R, inzoning icng-wave radiation

Ry do. reflected at water surface

R. mitgoing jong-wave radiation

5 chasige of hesi storage

T, air wmperature ‘K. :

z Bowen Ratio }

¥ constant of the wet-gnd-dry bulb hygrometer equation !

a si:é‘;ﬁe of yapouy preseure —- tEmperature curve at g temperature i

- Stefan’s constant 5,7 % 102 wanssem. 20K, ’

B, air EmperaiLre " ;

By brine temperature ' i
i

B water temperature *C
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