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ABSTRACT

A parameter fundamentul i1 the understanding of solor pond
svstems is the brire evoporation rote during the concentration
PrOCess,

it is known that ihe evaporation rate diminishes as salinity in
the brine increases, due to the influence of the dissvived solids on
the water vapor pressure. The decline of water vapor pressure os
agueous solutions become imore concentrated resulls in a lower
quantity of energy leaving the solurion as latenr heat of vaporiza-
itnn, due to the lesser aoifvity of muss transference in the (nter-
phase. The tncidenr energy is vransformed into latent heatr, so
that as salinity rcveases, a fower evaporarion rate takey place,

Muny empirvical amd theoretical correlotions huve been devel-
oped between the rare of evapararion and the main gffecting pa-
ramieters—wind, air and brine femperatures. und alr relative
humidity. It has been_found that the brine evaporation rate di-
minishes as density increwses, the (gtter being normally ussoci-
ated with increasing quantitics of dissolved salts,

A fairly siyde system to determine the evaporation rate in
small metaitic pans for afkall and ofkaline earth brines of differ-
ent compositions and densitivs is propused ond does nor attempt
to exfrapoliote these resulis 1o industrial solar ponds, a subject to
he discussed in arother paper.

INTRODUCTION

The papet attempts to predict the behaviour of brine
evaporation rates through successive mathematical and
empirical approximations as a function of dissolved sal-
ids, in particulzr magnesium chboride. It is only an ap-
proximation because the activity of water is affected by the
different dissolved o and not the salts.

DEVELOPMENT OF SGLAR
EVAPORATION THEORY

Initial studies in this ficld stared thai the rate of evapo-
ration could be expressed by the Dalton cquation:

E = k{Pw - Pa} (1
where

k = mans transfer coefficient, a function of horizon-
tal wind speed, from water to air
Pw == vapor pressure of the water surface
Pa = parial pressurc of water vapor in the air.

Ferguson stated the following {1952):
E = (2h/L){f -[(Q/h + 2Pa + 8a)} — Pa} (2)

Q = net gain of radiant energy
h = heat transfer ceefficient
f' = afunction of the vapor pressure vs, lemperature
curve for water
_fa- = air temperature {°C)
L = latent heat of vaporization of water,

Also, we have
h = .48 + 083V
where
V = wind speed {ft/s).

A simplified version of the last equation (2}, can be stated
as

E = 2h/L-{Pw — Pa)L (3h
As it can be observed, the estimation of evaporation rate
as # function of meteorclogical parameters is 2 long and

tedious task that requires a comprehensive and expensive
data gathering process.
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EVAPORATION RATE AS A FUNCTION
OF CONCENTRATION

When evaporztion rate measurements are taken on a
ser of brines at different concentration in small metallic
pans of equal size and shape, concentration is the only
variable.

Thus, we have the following:

Ho « 2h/L{Pwo — Pa) {4}
where

Fo == evapuration rate of pure water

The gvaporation of a brine can be expressed as

E = 2h/1(Pw ~ Pa) (3.
Dividing (5) by (4}, we have
E/Eo = {Pw — Pa)/(Pwo ~ Pa) = m-{Pw — Pa). (6}

It is known that vapor pressure Pw is a function of salin-
itv. Tt can be observed in tables showing the relationship
between the vapor pressure of agueous solutions and the
concentrations of various salts thar for alkali and alkaline
earth salt solutions an approximate linear relation takes
place between the decrease of vapor pressure of the brine
and concentration, at levels under 4 moles of salt per liter
of solation,

That is to sy, we have roughiy the following fnear refa-
tionship:

Pw = 8, + 8, CX (7
where

dpand 8; = constants and
CX == concenlration of a dissolved salt.

Studies by Lee (1927), Rohwer (1933), Adams (1934)
and Young (1947), have presented papers indicating that
the rate of evaporation of sodium chioride solutions de-
creases by 1% for each | % salinity increase. These results
are compatible with Equation (7).

Bonython and Myers (1958) in their paper The Theory
of Recovering Salt From Sea Water by Solar Eveporation,
have expressed the rafe of evaporation as & function of a
coefficient called “salinity” (wi.% of Mg divided by the
volume of the bring).

‘The rate of evaporation would follow a linear relation-
ship with “salinity” for sodinm chioride saturated brines,
which before further evaporation haye the compesition of
seawater {Figure 1). During the concentration of nonsatu-
rared brines, the refationship between relative evaporation
rates and safinity is practically finear as well (Figure 2).

Garrett {1906) provides information on tests rin in New
Zealand and Pakistan on the evaporation rates of sea brines
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Figure 1. 'The rate of evaporation for sodinm chloride saturated
brines,
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Figure 2. The relative rate of evaparation versus density.

within a density range between 07 and 35° Be. The results
of these tests, expressed as the relative evapeoration rate
{brine evaporation rate divided by puce water evaporation
rate), versus MgCl, concentration, show the co-existence
of two lines of different slopes, the change in siope oceur-
ring at the saturation point of sadium chioride (Figure 3},
These tests, run with a multicomponent brine system, in-
dicate that a linear relationship exists between the brine
relative rate of evaporation and some distinet parameter,

Through a successive set of approximations, it will be
shown that MgCl; cancentration is the parameter which
exhibits a linear relationship with the refative rate of evap-
oration for sodium chleride satuvated brines.
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Figure 3. Effect on MeCl concentration on evaporation rate.

APPLICATION OF THE FERGUSON EQUATION
TO PREDICT EVAPORATION RATES OF BRINES

In industrial operalions the sedium chloride saturation
point in solar ponds does not represent the final stage. On
the contrary, it marks the beginning of a series of solar
ponds and industrial processes. Where NaCi is the main
salt to be recovered from a brine, it cotresponds to crystal-
Heutlon and harvesting ponds. {n other cases, where other
more valuabie products are the main recovery goal, such
as potassium, iodine, bromine, magnesium, sufate, it is
an intermediate stage.

Beyond. its saturation point sodium chloride concentra-
tion declines as evaporation continues, with the concen-
tration of other compounents in the brine increasing until
thev reach saturation.

Within concentration ranges under 4 gram moles per
lifer, the effacl of atkali and atkaline carth salis (chiorides,
sulfates, nitrates) in the decrease of the partial vapor pres-
sure of water follows & roughly linear refation with concen-
tration. This same relationship holds for most of the saks
fhal are harvested from sofar ponds. (See Tablke 1),

There are two clear cxceptions: MgSQO, and MgCly. The
effect of the first salt in the decrease of vapor pressure of

TABLE 1

Lowering of Partial Water Vapor Pressure ar 100°C Due to the
Concentration of Differcnt Salts

e Giram Moles _ .
9.5 1.0 2.0 3.0 4.0 50 6.8__
H;B0, 6.0 123 251 380 510
KCl 127 244 488 744 1009 1285 13522
LiCI 120 2585 ST4 95.40 1325 1755 2198
LipSOyq 13.3 28.1 568 89.0
MgS0, 65 1.0 245 475
MeCh 16.8 39.0 100.5 1833 277.0 377.0
Nacl 123 252 521 B0 1O 1430 1765
NaNO; 10,6 22.5 462 680 3 HLS 1317
KNG, 103 211 400 376 745 882 1021

Soures: Smithsonian Tabies.

water is approximately half of the majority of the alkali
and alkaline carth salts; and the latier shows an influence
that is higher than the average by 80% to 10%.

Two alternatives are possible when a brine during its
concentration process has achieved the sodium chioride
saturation stage, and further evaporation proceeds, when
there is no magnesium in the brine. They are as foliows:
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1. If upon further evaporation, the concentration of
the dissoived solids in the brise increases, the
relative rate of evaporation will continue to deciine,
but the decline wilt show a slower rate afier the
sodiium chloride saturration point.

2. If the concentration of the dissoived solids remains
roughly constant, the evaporation rate beyond the
sodium chioride concentration will be fairly stable.

When magnesitum is present in a brine this jon concen-
trates during the evaporation process and its concentration
turns out to be the main parameter affecting evaporation,
As indicated, the influence of MgCl in the decrease of the
vapor pressure of water is much higher than the remain-
der of the alkali and alkaline earth salts, and this infiu-
ence is very elear when magnesium concentration is over
10g/1{0.5 gram mol/1). Equation (6) was expressed as

/Fo = (Pw — Pa)'m (6},

Lot Pw = {(C MgCh, C other salts),

As a first approximation, alf the alkali and alkaline
carth salts except MgCh will be considered 1o exert the
same influence on vapor pressute. Accepting the latter
statement, we have

Pw= £ F(CXD

where CXi = concentration of salt (grams/1}. It has been
szated that the following applies:

Pwi= {59)5 — {3} CXi (M)
Then for a muiticomponent system

Pw == L {(Bok — (B (CXD} (8)
Replacing (B) in {6) the following is obtained:
E/Eo = m-[L{{8g} — (B (CXD) ~— Pal  {9)
E/Eo = m+[v; — £ (8);- (CX1)] (1)
Where v, = L3¢} — Pa, and (11)
LB, (CXD) = (8;); CKCL + (8),* CNaCl
+ (8} CMeCl,
+ o T {81, CXn (12},
As indicated
&3 = AMgChL = 2-8KC1 = 2-3NaCl = 2-8K,;50,
= gte, = 2+85 ... = 4- BMgSO, {13).
Then
E(8:)-CXi = 83§ CMaCly + 12 L(CXi% ) (14)

where CXi = total dissolved solids minus MgCly. Then
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(8- CXi = (8,)-CMgCh + 12+{8;) - (Z(CX##)
= b2+(83) {2CMgCl, + L(CXi*) }
= 11+(3;) { CMgCl, + CMgCh
+ LHCXit) )}
tae(83) {CMgCl, + L(CXD) } (15).
If B(CXi) = constant, then
LB (CXD) = 283} { CMgCly + ZICXi) ) (16).
Replacing (16} into (10}, it can be decived
E/Eo = m-{yy — 12+(87)-[CMgCL, + L(CXD]} (7.

Then i L{CX); is approximately constant, equation (17)
bacomes

E/Bo = m'{u:u - al'C MgCXE} (18)
where
anp = {ye) — l,"z'(ﬁ_;)‘{E(CXi)}
a = 2 (By).

If LACXi} is not constant, equation (17) becomes
E/Eo = m-|ap - a;*C MgCly — ;- SCXD] (19}
where

&% = To
oy ‘/3‘63 2= .

FIELD AND EMPIRICAL TESTS

In an effort to evaluaie the proposed approximation,
data from various independent tests run in Austrafia
{Bonython 1966), the United Stares {Kayser Aluminium
and Chemical Corp.} and Chile (CORFQ, Salar de Ata-
cama) were examined.

Bonython experimented with seawater within a density
range of 1.03 o 1.24 g/cc. The composition and densities
of the brines utilized in the test at Bonnevitle {Kayser,
t1.5.A.} and at the Salar de Atacama {CORFO, Chile) are
shown in Tables 2 and 3.

In these tests, the evaporation rates of water and brines
at different compositions were measured for a cerfain pe-
riod of time. Kayser's test lasted three months, The exper-
iment at the Salar de Atacama was run for 3.5 years (in
this paper only the first two years have been included) and
Bonython's test lasted a year.

Metallic pans were used in each of the three trials, They
were placed side by side and had uniforin size and physical
characteristics (shape, color, location. size, ¢tc.) In the
Salar de Atacama the following precautions were taken:

1. Keep the brines colored,

2. Keep the metallic pan walls with a salt crust, in or-
der to diminish energy losses and to have z white in-
side colored wall.

;
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TABLE 2

Initial Compaositions for Brines Used in the Bonnevilie
Evaporation Experiment {Uiah, U.S.A)

{in Wt. %)
. Rehifive
Density KO MgCh,  Nel 5Dy Evaporation
120 4,20 513 15.65 0.9 59
1.24 548 15.7% 58 1.80 57
1.26 3.83 1717 1o 1.B9 {7
1.28 3.63 22.88 2.8 237 39
1.30 2.80 25.82 1.83  2.581 27.5
1.32 .28 3078 8.67 217 15
134 0,22 32.20 e 225 jLH
1.0 1

TABLE 3

Average Compositions for Brines Used in the Salar de Atacama
Evaporation Experiment®

N gr/bier -
) Relutive
Denskéy K1 MgCi, NaCl  MgSO, Evaporation
1.234 63 40 197 2% K
1.267 80 86 114 56 59
1.30¢ K 160 48 3% 43
1.312 13 189 14 - k¥4
1.330) 5 356 3 -_ 28
1.33G — 415 i — 15
1.008 e — — - 100

*Aba in soluiion is Lia8Q; (and H,BO5),

EVARORATION
ol

Results from other experiments were available byt not
used due to the lack of knowledge of the systems emploved
and the accuracy of the data provided. In his report Bony-
than {1968) explains the different major sources of error in
the determination of evaporation rates, specifically if the
tests are not run accurately.

The results of the three cited experiments expressing the
rate of evaporation versus density are shown in Figure 4.
From that figure the nfluence of MgSQ, can be noticed:
for any piven density, the evaporation rate is higher for the
brines that started with the higher MgSQO, concentration
i the feed brine.

The relative rate of evaporation of different sodium
chloride saturated brines versus MgCly concentration is
seen in Figure 5. This was done to verify whether the ap-
proximations derived previoisly in this paper could be uti-
lized as a useful too} for the prediction of the evaporation
rates of briges during their evaporation process, A value
equal to 100 was given to the rate of evaporation of pure
water and 73 for a sodium chioride saturated brine,

According to previous studies, the relative rate of evap-
orationn for a NaCl saturated- brine- should be close to
73.5%. At the Salar de Atacama the same value was ar-
rived at, and in Awustralia the value obtained was 72.5%
(Rowher, 1933; Lee, 1927; Adams, 1934).

REGRESSIONS

A regression correlating relative rates of evaporation
with conceniration of MgCl (in moles/mole of water) was
performed,

X— — = Salar ds Atacama (with sulfale ions)
[ ] Kayser Bonnevilie {without sulfate ions}
Aemeanns Bonythoh (seawater)

]
LG Lt 1.2

Density {gicc)

Figure 4. Results of Salar de Atacama, Kayser Bonnevitie and Bonyihon experiments expressing the eate of evaporation versus density.
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Figure 5. The relative rate of evaporation of different sodium chloride saturated

brines versus MgCly concentration.

In Appendices 1 throngh 3, the compasitions of the
brines used in the experiments performed in the United
States, Australia and Chile are given. In Appendix 4, Ta-
bie 1, the reselfs of the three experiments are shown in
terms of relative evaporation vates vs, MgCh concentra-
tion. Regression results are given in Tables 2 and 3 of Ap-
pendix 4.

The confidence tests performed {Student t and Fischer-
Schnedecor) show that there exists a highly linear refa-
tionship between the relative rate of evaporation and the
concentration of MgCl, up to four moles per liter. The
probability of crror, if the linear relationship hypothesis is
accepted, is less than .1%.

A second regression was performed, assuming that the
affect of MgCl, in the relative rate of evaporation did not
follow a {inear refation but a geometric one (y = a-xv),

D—ev.—ev¥=A-CB
where

ev, = relative evaporation
C = MgCl, concentration
D = 74 (Rohwer's value for relative evaporation rate
for a solution saterated in NaCl).

As in the previous case, confidence test analysis shows a
high correlation between the relative evaporation rate and
MgCly coneentration for the modet developed. The proba-
bility of error, if the geometrical relationship hypothesis i
accepted, is less than .1%.,

it can be deduced from the previous caleulations, which
are vajidated by experiments performed in Chile, Austra-
fia and the United States, that a good correlation exists
between relative evaporation rates and the concentration
of MgCl; in solutions saturated in Na;Cl; which also con-
tain other atkali and alkaline earth salts,

FINAL COMMENTS

The relative evaporation rates for sofutions saturated in
Na{ll, which are concenirated in solar ponds, possess a
higlh correlation with MgCly concentration, which can be
expressed in finear or geometrical forms.

An approximation for the rapid determination of relative
evaporation rates for NaCl saturared solutions that are con-
cenirated in solar ponds and contain high levels of magne-
sivm ion is presented. Given vnly the evaporation rate of
pure water and of sodium chloride saturated solutions asa
check, the form of this curve can be estimated to be

ev®d = gy + oy U MgCh

where C MyrCl, is in moles of MgCly/ 1000 moles of water,
where

ay = 70.7 {relative evaporation rate of a solution satu-
rated only in NaCl)
o = .5906.

This eguation, as has been shown, can be used as a first
approximation to determine relative evaporation rates for
concentrations of magnesium less than 4.0-3.0 gram
moles/liter of water (90-110 grams of Mg/liter of solution).
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Appendix 1
TABLE 1t TABLE 2
Composition of Bonneviile Experimental Brines Relative Evaporation Rates as a Function of MgCl, Concentration®
(In Wt.%) Moles MgC! Relative
Tatal Density per 1000 moles H,O Evaporation
Density MgCh, KCI  NaCl  MgSO.*  Solids Water 1.2 13.15 69
1.20 513 42 1565 1.12 %4 730 }ig j%;?b 37
£.24 1545 548 58 216 2915 70.88 Y _3'91 47
126 1719 583 616 227 31,45  68.55 L b4 63. L
128 22.88 363 285 2.84 322 67.8 1-32 73—22 213
130 2582 2.80 1.8  3.01 3346 66.54 L . £8.81 13
132 3078 028 067 260 34.33 65,67 i(];o 94.91 “1)3

134 3220 022 060 270 31572 6428

*The original work pave concentrations in terms of suffate; here it is
assumed that the sulfufe is in the form MaS0,.

*1he evapuration datz was taken from the curve of evagoration rae as
a funetion of density.

Appendix 2
TABLE |
Composition of Safar de Atacamy Experimental Brines
S . . Hn Wt %) _
Dengity MgCls Kl NaCl MgS0, Other Total Solids Water
L0006 —_ - e —_ — - —
£.200 — — 26,00 —_ — 26,00 74,00
1.238 3.32 4.90 17.64 2.58 1.67 30.13 69.87
1.268 7.34 6.35 9.03 5.13 4.42 32.26 67.74
1.29%9 14,72 3.82 4.1 3.16 B.63 34,64 £5.36
1.310 22,85 219 214 — R.51 35.80 64.20
1,314 271 1.16 1.16 - 7,33 36.76 63.24
1.340 3102 0.57 .57 — 6.63 38.81 61.19
TABLE 2
Relative Evaporation Rates as a Function of MgCly Concentration
ales MgCl, Relative
Tiensity per 1006 Moles H,0 Eraporation
1.238 9.0 13
1.268 20.5 69.3
1.29% 43.0 50.0
1.310 66.0 39.2
1.314 84.4 8.6

1.340 96,0 15.G
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Appendix 3
TABLE 1
Composition of Austrafian Experimental Brines®

(In We.%)
Density Mgy, KC NaCl MgS0, MgBr, Tatsl Salids Water
1.208 2.2 6 21.9 2.8 0.06 27.40 1256
1.234 4.0 1.2 13.8 4.3 0.1G 28.88 71.12
1.247 6.3 L5 16.7 5.0 0.15 29.87 70.13
1.260 8.7 1.9 2.5 6.1 0.1K 29.38 70.62
138 1.5 0.5 4.1 4.9 G.5¢ 31,39 68,61

Tt was ot possibie to obtain brine compesitions for Bonython's experiments. These figures were estimated from curves given by Don

Garreti in the Sccond Salt Symposium (Val, 2, pape 179,

TABLE 2
Helatwe Bvaporation Rates s a Function of MgCl, conventration
Males MgCl, Relative
Density pex 1000 Moles H,0 Evaporstion®
1.208 3.7 723
1234 12.73 68.0
1.247 17.86 67.0
1.260 23.24 64.0
1.000 — 100

*Source: Bonython: Factor Determining the Rate of Evaporation in

the Production of Salt. Second Salt Symposium (page 761).

TABLE 3

Approximate Seawater Composition Concentrated to a Density

of up to 1.208

Moles/ 1000
Prodact Wi g/t Muolecalar Wi Moles Molkes H,0
Na,Cl, 21.87 264.2 17 2.2581 46,37
MzCly 2.18 26.13 85 0.2768 5.68
MgSO, 275 J3.2 120 0.2767 5.68
K»Cl; .58 7.0 149 0.0470 .97
MgBr; £.0a1 0.74 184 0.0040 (.08
Subtotal 27.44 - — - —
Water 72.56 876.5 18 48,694 1.000
Toyal 1400 1208.0 — —_ —

TABLE 4
Approximate Seawater Composition Concentrated (o 4 Density of up to 1.234

Moles/ 10060
Praduct W, % g/ Molkcalsr Wt Males Moles .0
Na,Cly 18.82 232.2 117 1.9849 40.469
Mg(ls 4.50 57.7 o8 {1.5928 12.084
Mg50, 428 525 120 0.4373 8.915
K,Cl, 1.15 14.2 14 0.0952 1.942
MgBr 0.06 1.3 184 9.0071 0,144
Subrotal 28.88 357.9 - — -
Water 71.12 &76.1 18 48.67 1.00¢
Tatal 100.0 1234.0 - — —
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Approximate Seawarer Compasition Concentrated to a Density of up ro 1.247

FTABLE 5

Males/ 1000
Produet Wt.% gl Molecolar Wi Moles Moles H,0
NasCh 15,66 2078 117 1.7761 36.56
MLl 6.53 B1.4 95 0.8568 17.64
MgS50, 5.00 62.4 120 6.5200 10.70
Kl 1.528 14.} 149 01282 2.64
MeBry G.153 1.90 184 0.0104 .21
Subtotal 25.87 —_ — - —
Water 70.13 8745 18 48.38 1.000
Total 100.0 12476 — —

TABLE 6
Approximate Seawater Composition Concentrated to a Density of ap to 1.26()

Moles: 1000
Produect W% g Melecular Wi Moles Moles H,0
MazCly 2.5 157.5 117 1.3462 27.23
MpCls 87 H9.6 95 1.1539 23.34
MeSQy 6.3 76.9 120 f).6465 12.95
Ky 1.9 239 149 G.1607 3.25
MgBr, 0.18 227 184 0.0123 0.25
Subtotal 29.38 37.02 e — —
Water 70.62 BB .3 18 49.433 1.000
Total LILE 126010 — — -

TARBLE 7
Approximate Seawarer Compasition Concentrated to a Density of up to 1.318

Mukes, 1600
Product Wt.% gl Malecular Wt Moles Moles H,O
NaaCly 407 33.6 17 0.4581 9.12
MgCh 2047 283.0 a5 2.978%6 59.29
MgSO. 4.88 64.3 120 0.5358 10.66
K.Cl .48 6.3 146 0.0424 0.84
MgRry 0.4% 6.5 184 6.0351 0.70
Subtotal 31.3% 413.7 - —_— -
Water 68.61 904.3 18 50.24 1040
Total 100.0 13:18.0 — —

415
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Appendix 4
TABLE 1
Relative Evaporation Data as 2 Function of MgCly .
Coneentraton® TABLE 1
Linear Regression of Relative Evaporation Rate aya
. {In mules per 1060 moles of witer} Function of MgCh
Relative Mg, 74-Relative - -

No. Evaporation Rate Concentmlion Evaporation Rate The foliowing regression mode! was propased:

1 72.5 5.7 1.3 e, = A+ B-C

:.i zgg ]gg gg where A and B are constants

4 65.0 12.1 6.0 € = MgCl; concentration (in moles MgCl /1000 moles H,()

2 g-q’_g %gg ,5?0 The following was obtained:

7 64.0 2.2 10.0 ev, = 767 SW6KC

B 570 41.% 17.8 2 = 9703

9 50.0 43.0 24.0 Sc = 26,5308 {Standard Deviaton)
10 47.0 47.8 7.0 Sey = 15,9777 {Standard Deviation)
11 39.6 62.9 35.0 by = 57.03 (Student t)
12 39.0 66.0 354 tg = 19.8¢ (Student t)
13 0.0 B4.4 44,8 F = 392.37 (Fischer-Schnedecor)
i4 275 73.5 48.5
*Summary of three experiments (U, 5. A., Chile, Austrafia}.

TARBLE 3

Exponential Regrussion (geometrical) of Retative Evaporation
Rate as a Function of MgCl,

The following regression model was proposed:
74— ey, = A-CE = oy
Infevy* = A +BXInC
The following was obtained:
evi = 0,202308 » 1887

fnevd = —1.597963 + 1.23537 ¥ In C
1 = OASERD
S IniC) = .Rolad
Sln(evr)‘ = 1.08313
tin A} = 6.9768 (Student U
(n B) = 18.4316 (Student t)
F == 339.72 {Fisher-Schnedecor)
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