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ABSTRACT

The sucrvess of an idea! salt works depends mainfy on the np-
tirnum design und layout, Maximum yield uad higher puriiv of
salt can be uchieved by proper layoui. Based on rhe gross yearly
and seasonal evaporarion rarve. percolation losyes, tuitial density
of brive or sewater, number af available days, evaporuiion rate
aof differenr density brines and expected production. empirical
relationships between these parameters are worked oul. Evapo-
ration rare of different densizy brines is correloted with freskh-
wirter ewporation rare in g standard evaporimetar v obtain the
appropriate surface areq requived for each pond holding o spe-

cific density runge. Percoluion losses are compuied by taking
15 em depih of saruraved brine as the basis por calvuiorions.
Viscosity, density und the depeh of brine are takern fnto consid-
eration ta obrain net losses of brine due fo percoluiion in an
eareh-lined pond. The effect of fnitial density of incoming sex-
witer on the ratio af crysicliizer dreis fo the remaining areu is
wisn showt in the colculations.

These compurations furm a guideline whepever a pew sult
works i3 fa be faid out oF improvement Is sought in an existing
sall works.

INTRODUCTION

The present process of salt manufacture by solar evap-
oration is based on the cxperience gathered through cen-
turies and on the background of scientific knowledge of
the chemistry involved in the separation of different con-
stituents of seawaicr or svhsoil brines. With the charac-
teristic constancy of composition of the raw maietials. the
process of salt manufacture involves the same general
principles. However, the lotal area requircment, the ratio
of the area of other cvaporating ponds to that of crystal
lizers and operationzl controls vary with climatological
conditions and soil nature.

Melcrological factors such as maximum/mmimum
temperatures, relative humidity, wind velocity, incident
solar radiation, rainfall and total number of clear days
have been considered so far to estimate the exavt evapo-
ration rate of hrine. Most of the time these extremely
elzhorate formulae fail to give ultimate correct values in
spite of taking every factor into consideration. What is
needed is the exact gross eviporation rate of fiesh water
from a standard evaporimeter which can be used for com-
puting brine evaporation rate.

Percolation of brine through a soll bed at all evaporat-
ing stages is an elusive but important factor that has been
neglected so far because of its complexity. Though it is
impracticable {0 measure permeability of the entire arcu
under consideration, percolation values computed from

the particle size analysis of representative soil samples
will definitely lead to a falrly accurate approximation of
brine lost through the seil.

This paper summarizes the importance of these two
factors in designing a solar sall works with the help of
empirical formulae for caleulating arca of any pond for a
given evaporation rate, percolation and nominal design
production level.

RATE OF BRINY. EVAPORATION

Fresh Waier Evaporalion

Fairly accurate values of the rate of brine evaporation
can be calculated if gross fresh water evaporation rate is
known from a standard cvaporimeter, The calculations
in subsequent paragraphs arc based on the values ob-
tained from a standard U.5. ‘A’ pan cvaporimeter of
1220 mm dia and 250 mm water depth. The evaporimeter
ts kept on a wooden frame of 100 mm thickaess. The re-
corded gross evaporation rate is found o be 237 to 35%
higher than the actual rate of evaporation from large
bodies of waler {Houk, 1966). To obtain the net evapora-
tion rate, the ohserved gross values, £{mm/day} are mul-
tiplied by an average factor of 0.7 (F)},

The bring evaporation rate is lower than that of fresh
water, It is proportional to the lower vapour pressure of
brine (Bonython, 1966}, Another factor, £, is used to ob-
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tain brine evaporation rate from fresh water evaporation
rafe. The values of Fy are shown in Table 1 for 0 to 30°Be’
density brines of marine-origin (Bawdekar, 1964).

Basis: £y = 1 —~ 0.012 x (for 0-25°8e")
Fy = 1.450 ~ 0.03 x {for 25-30°Be")

where x = density of brine in “Re’
Brine evaporation rate = £ X F; X £y mm (1)

where

E = gross evaporation rate of fresh water, mm

F, = Conversion factor {value ranging from 0.65-0.77
but taken as 0.7}

F5 = Conversion {actor from Table 1 for the required
density of brine.

Volume-density Relaiionship

In a system where no solids separate out, the product of
{d — I)andy is constant where d is the density of brine in
g/em? and y is the volume. During the crystallization
stage, the volume first changes rapidly and then more
gradually as the vapour pressure rises. Based on these
two facts the density-volume relationship has been com-
puted and is presented in Table 2.

Data from Table t and 2 are used in calculating the
area of individual compartment and velume requirement
of desired density brine.

PERCOLATION

Brine teakage from solar evaporation ponds constitutes
one of the major factors in the design, operation and eco-
nomics of salt recovery. Study of the nature of the seil
used in lining the ponds is therefore an essential step be-
fore designing a salt werks. The majority of the soils near
the seacoast are alluvial in narure showing strong stratifi-
cation. This property makes exact measurement of per-
colation very difficult, But a designer, with some broad

TABLE |

Density-Evaporation Relationship (Valeus of Fa}
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TABLE 2

Density-Volume Kelationship

Penstty Evapora-  Densily  Evapora-  Dessity Evapora-

“Hea’ Hon “Be’ thon Be’ tion
4] §.000 143 {.880 2 0,748
1 {1,988 11 (18,1351 22 0.736
2 0.876 12 0.856 23 0.724
3 0.964 13 0.544 24 G.712
3.5 0,958 14 0.832 25 0.700
4 (1952 I5 0.820 26 0,670
s 0.940 i1 0.308 7 0648
f 0.928 17 0.796 28 0.610
? (.96 I8 0.784 29 {.580
& (3.904 19 0.772 30 0.550
4 0,892 20 6.760

Densily Density
“Be” Volume “Re’ Valume
i 3.5618 16 0.1995
2 1.7686 17 0.1863
3 11708 18 0.1746
3.3 1.0000 19 §.1641
4 0.8719 20 0.1546
5 (0.6926 21 aJ.1461
6 0.5731 12 0.1383
7 0.4877 23 0.1312
8 0.4236 24 0.1246
9 0.3738 25 01188
18 0.3340 26 0.0721
i1 0.3013 7 0.0521
12 0.2742 28 0.0403
13 4.2512 2% 0.0330
14 32315 28,5 0.0280
15 0.2144

guidelines, should be able to design a fairly reasonable
plag.

Solf Classification

Classification of soils based on the Infernational Soda
Pipette Method (Fiper, 1950} is the most suitable guide-
fine to predict the extent of leakage of brine. It is based
on particle size classification into four types, depending
on particle diameter. The mineral matter of the soif is
separated from organic matter, gypsum, calcium carbon-
ate and soluble salts, i is then classified into four groups
of coarse sand by wet sieving and then into fine sand, silt
and clav by the sedimentation method.

Coarse sand 0.2-2.0 mm
Fine sand 4.02—-0.2 mm
Skt 6.002—0.02 mm
Clay Below 0,002 mm

A gradation curve is obtained by plotiing particle diame-
ter on a Jogarithmic scale and cumulative percentage cn
an arithmetic scale. Porosity factor, »n, at field density is
estimated by standard procedure. Average particle
diameter, D, is vead from the gradation curve. Uni-
formity coefficient, C,, which is the ratio of Dy, to Dyg is
also obtained from the gradation curve, Based on Ko-
zeny's equation (Kozeny, 1927) and its further modifics-
tion {Joshi, 1970) the permeability coefficient is caleu-
fated with the help of the following equation:

J’Jj (Dsﬁ)z

where

k = permeability coefficient, mm/day

g o
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Dy = Average particle diameter at 30% on the grada-
tion curve, mm
€, = Uniformity coetficieni, Dy /D 5.
Based on the particle size distribution in the three groups
{sand, sift and clay) soils have been classified into three
major classes and ten differcnd types as shown in Table 3.

Percolation Rate

1lsing Equation 2, the average rate of percolation of
brine of 25“Be’ {(density of brine at the salting point} is
calculated and shown in the fast column of Table 3. The
first three soils have very high percolation rate. They are
unsuirable for sait works, Nexi three {No. 4, 5 and 6) are
moderately suitable, whereas the last {four are most suit-
able as far as loss due o percolation is concerned. The
vaiues of percolation are calculated from the average of
each type of particles with ideal particle size distribution
and smooth gradation curve. Highest values of the uni-
formity coefficient are assumed. Il would be necessary,
therefore, to compute the percolation losses from actual
analysis of the soil using Fguation 2.

As the brine proceeds progressively from reservoir to
crystailizer ifs depth decrcases {unless new brine is
added) and density and viscosity increase. Because these
three properties have pronounced effect on the quantity
of brine lost through the sol bed. appropriate cotrections
are made to arrive at absolute values of percolation.

AREA REQUIREMENT

The area of a solar salt works is subdivided into differ-
ent compartments to facilitate the flow of brine and to

‘FABLE 3
Classificaiion of Soils apd Their Percolalion Rage
Percolation
Perventages of saturaled
hrine,
Class Type  Sand  Sik  Clay  mum/day
Sandy (1) Sand 92-10¢  0-8 0-8 480.00

2} Sandy  70-92 0-12 0-12 47,34
ivam

(37 Loamy  62-65 5-25 B-33 5.78
sand
{4) Sandy 50-7% 0-7 2%-50 0.45
clay
Loamy (3} Leam  S0-75 1028 10-25 0.36
(6 Siliy G-75  23-100  0-25 8.24
ioam
(7} Sifwy 0-50  23-7%  25-40 .20
clay
tnam
8y Clay J3-7¢ 8.25 5-d0 0.13
hoam
Ctayey (9 Siity 0-35  25-60 46-75 0.12
clay

(E0)  Clay 0-64  0-23 30-100 0.10
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control the density. The different evaporating ponds,
their density range and average depth of brine are shown
in Table 4,

The area of crystaliizers forms the basis for comput-
ing the area of other evaporating ponds. The crystaifizer
area ix directly proportional to the nominal production
tevel and inversely proportional to the rate of evaporation
and number of crystallization days, Oncee the crystallizer
aves is known, the relative area of other ponds can be
computed.

Area Calcalations

To derive an empirical formula to caleuniate the ervstal-
lizer area, the following factual data of the Bhavnagar
Salt Works is considered. A model salt works with a pro-
duction capacity of 5000 tonnes per annum is assumed.

Average daily evaporation (Oct-May)} = 7.4712 mm
Number of erystallization days = 150
Targeted production per year = 5000 tonnes
Daily average production = 33.333 tonnes.

Samrated Brine Requirement

Tray experiments indicate that one litre of satarated
brine (25°Be’) yields 222 g of sodiwn chloride on reach-
ing 29.5°Be” or { t of salf produciion will require 4.5 m?
of suturated brine, Asswining 90% cfficiency of salt har-
vesting, the saturated brine required ta produce 33.333 ¢/
day wotks out to be 166.67 m¥.

Crystallizer Area

Volume of 25°Be’ brine = 166,67 m”!
166.67 X (.028
0.1188

= 39,28 m?

Volume of water to be evaporated = 166,67 — 39,28
= 1R739m’
Averageevaporation rateof 27.25¢Be” = 7.4712 X 0.7 % 0.6325
(Equation )
(Value of £y

from Table 1)

= J.308 mm/day

Volume left at 29,.5°Bg’ = tief. Table 2}

Area = §27.39 + 0.003308
38510 m?,

l

Avea of Other Ponds

Using the method described above, the area of evapo-
rating pond compartments B to J is calculared and pre-
sented in Table 3.

Empirical Formula for Crystallizer Arvea

Using the data and assumptions made in the preceding
paragraphs, an empirical formula is worked out to com-
pute crystallizer area. All the factors are listed below:
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Nominat annual production = T tonnes
2. Volume of saturated brine required per tonne =
3
m
3. Volume of bittern left at 29.3°He’ per tonne =
m3

4

5. Gross evaporation rate of fresh water/day = £ mm
6. Conversion factor for fresh water evaporation
{eguation 1) = F,

Caonversion factor for brine evaporation = F;

8. Efficiency factor of salt harvesting = 0.9,

. T{Q-5 1000 4
Area for crystallizer 5 0% b FXF, XF, n

Substituting values of the known factors, i.e.,
g =45m3 § = 106806 m? F, — 0.7
and F, = 0.6325

T (4.5 — 1.0606) 1000
A= = X
D 3.9

. . _ 2
EX07 %0635 ©

Avres of Other Pond Compartments

Once the area of ¢rystallizer is known, the area of the
other pond compartments (# to J) is obtained by multi-
piying A with the values of R shown in the last cotamn of
Tahle 3.

0. T
Area of any compartreent (8 o J) = —%i ha (4)

AREA REQUIREMENT WITH PERCOLATION
Because brine is lost continuously due to percolation,
rakeup brine and addisional area for it must be provided
1¢ achieve the targeted production. To compute the area
of different compartmenss the following four assump-
tions are made based on practical experience in the field:
1. Percolation through the crystallizer beds is assumed
to be zero, as the initial salt layer makes the bed

TABLE 4

Details of Pends

Sixth internationgl! Sympasium on Salt, 1883~ Vol It

Pensity Average

Range Densify Depth
Compartment Code “Be’ “Be’ mm
Crystallizer A 25-25.5 27.25 150
Condenser | B 23-25 24.0 130
Condensger 1§ C 17-23 200 200
Condenser HI 3] 14-17 15,5 250
Condenser IV E 103-14 12.0 375
Condenser V F 6-10 5.0 366G
Reservoir 1 {5 1.5-6 4.75 400
Reservair 11 H 3.0-3.5 3.25 400
Reservoir 111 i 2.5-3.0 275 430
Reservoir 1V i 20-25% 225 400

TABLE 3
Area of Crystaliizers and Other Evaporating Ponds
Ratio of compars-

Density ment area {o

ratige Areg crysinlijzer
Compariment Code “Be’ . area R
Crystallizer A 15-29.5 34514 1.06K0
Condenser 1 B 23-25 4,665 21211
Condenser 11 C 17-23 19,445 0.5049
Condenser 111 D 14-17 14,892 0.3867
Condenser IV E i0-14 32,502 0.8338
Condenscr V F 6-14 73,930 1.8418
Reservoir } G 1.5-6 £,21,395 31522
Reservorr 11 H 3.0-15 47,064 1.2377
Reservoir Il I 2.5-3.0 46,303 1.7217
Reservolir 1V I 2.0-25 98,858 2.5870

almost impervious. However, in the beginning of
every crop, some percolaton is experienced which
may amount to a fraction of 2 millimeter for a few
days. 1f the salt works is laid on pervious soils, the
crystallizer area is given clay treatment, as ope can-
not afford to iose the saturated brine,

2. Inthe compartments B and C, density-viscosity cor-
rection not applied becanse the brine of the penulti-
maie compartment (B) is very near to saturation.
Compartment C is lined by the deposition of gyp-
sum (17-23°Be’), which checks percolation to
some gxtent.

J. In condensers ) to ¥, an increase in depth and de-

crease in viscosity enhance the percolation 1.67

times compared fo saturated brine of 25°Be” with

150 mm depth. Stmilarly, in compartments F to J,

the ponds containing the least coneentrated waters,

the enhancement is 2.088 times. These two correc-
tions have been considered in calculating the neces-
sary pond area.

Percolation rates of 0.5 to 3.0 mm/day with an in-

crement of 0.5 mm are considered for calculations

with 150 mm depik of saturated brine.

i<y

Area of Cendenser B (23-25°Be’)

To feed the required quantity of saturated brine to the
crystallizers, an additiona! gquantity of 23°Be’ brine
equivalent fo percolated (kost) brine has to be made up in
order to maintain production. Obviously an additional
concentration ares also would be needed. Table & shows
the volume of average 24°Be’ brine lost and total area
required for each percolation rate. Data from Tables |
and 2 are used in these calculations.

Area of Comgpurtments C ta }

In a similar way, the brine requirement for the remain-
ing compartments has been calcuiated from the preced-
ing compartment area and is presented in Table 7.

{
i
;
5
:

e TR ———
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TABLE 6
Area for B (23-25°Be’) for Different Percolation Rates f
Percolated Pereolated Fatal {
Perco- Vohume of volurae of voluree of votume of ¥
tatlon 23°Be’ 24°Be’ 3°Be’ 25°Be’ Area
mm/day m? r? m? m? m? i
0.0 184.05 Nit Nil 184,050 4683
0.3 184.05 2.332 2.453 186.503 4727 8
1.0 1B4.05 4.604 4.906 188856 4788 ‘
L3 184,05 6.966 7.359 151,409 4851 ?
2.0 184.05 Q.328 9.812 193.862 4914
.5 §84.05 11.660 12,265 196315 4976
3.0 184.05 13.992 14.718 198 768 5038 :
;i
}
:
TABLE 7 é
Arey of Compartments (m?) for Different Percolation Rates ;
Pervolntion Rate, mm/day of 25°Be’ brine H
Cornpart- Density  — ;
meni *Be’ 0.0 0.5 1.0 1.5 1.0 2.5 3.0
A 25-29.5 38510 85100 38,510 38,510 38,510 38,510 38,510
B 23-25 4,665 4,727 4.789 4,831 4,914 4976 5,038 ;
C 17-23 19,445 20,575 21.704 22,836 23,966 25,009 26,229 :
[h 14-17 14,842 16,394 £7,899 19,403 20,907 32,4114 23,913
E 10-14 32,042 37,590 43,171 48,553 54,035 39,513 64,9095
F 6-10 70,930 93,897 1.13,651 i.33,497 F.54,712 1.75,658 1,956,604
G 3.5-6.0 1.2§.395 172,114 2.24.265 2,73, 200 3,24 282 3,75.013 4,125,732
H 3.8-3.5 47,664 59,143 a1,205 1,151,986 1,313,611 1,55.094 1,760,576
i 23-3.0 66,303 99,235 1.33,004 1.64.568 1,98,200 2,331,033 2,631,865
I 2.0-2.5 98,838 1,52,504 2.08,195 2.60,777 351,149 3,649,158 423,211

TABLE 8

Arza For Condenser + Reservoir for Different Starting Densities and Percolation Rates and
Ratio of Condenser + Reservoir o Crystallizing Area

Percotation Inilial Azea m?
mm/ day deaskty 3.5%Be’ 30°He’ 2.5%Re’ 2. R8e’
0.0 Aren 2.63,439 31,0103 377,406 4,76,264
Rutio 4.84 B.08 9.80 12.37
(5 Area 3,43,297 4.12,438 3,11.673 664,577
Ratio 8.91. 10,71 3.2 18.56
1.0 Area 4.25.479 5, 16,684 6,49 OHE 5,583,882
Ratio 11.83 13.42 16,87 2228
1.5 Area 5,02.400 6. 14,386 7,793,384 (0,400,131
Ratio 13.05 15.95 2029 27.01
2.0 Area 5,52 8ip 710,427 3,114,527 12,653,676
Hatio 15,13 [8.60 23.75 3287
2.5 Area 6.62,600 §,17,763 50,458,796 14, 17,951
Ratio 17.21 212 27.23 36.82
3.0 Area 7.42.5158 G.19.094 11,583,059 16,008,270

Rufie 19.28 2387 30,72 41,71
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Effeci of Initial Density of Seawaier

I£ the initial density of seawater is below 3.5°Be’, L.e.,
the seawater is somewhat diluted by mefcoric inflow, ad-
ditionab area must be provided to ariain seawater concen-
tration {3.5%Be’ ). The ratio of the area of the other neces-
sary evaporating ponds o that of crystallizer will increase
with lowering of the initial density, Considering this fact,
such ratios have been caleulated for four initial densities
(3,5, 3.0, 2.5 and 2.0°Be’} and for all the percolation
rates (0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mm/day), as shown
in Table B,

The extent fo which the percolation rate and the initial
density of seawater affect the area of reservoir and con-
denser is shown in Figure 8. The ratio of area of reservoir
+ condenser to area of crystaliizer increases from 0.84
for 3.5°He’ initial density without percolation to 41.71
for 2°Be’ initial density with 3.0 mm/day percolation.

Production of salt per hectare of area calculated from
the 3000 ¢ per annum model salt farm is given in Table 9,
Production values in the box indicate economical produce-
fion, which is 80 ¢ per heectare fo the conditions of evapo-
ration rate, number of days and F, values mentioned in
Table 9,

Area of Dther Ponds with Percolation

To caleulate the area of any condenser or reseyveir for a
given percolation rate, vakues in Tables S and 7 are used
in the following formula:

_ 0.8631 T RR’

am e T {5)

DFE
where

A = Area of the compariment in hectares
T = Nominal annuval production in tonmes
R == Ratio of evaporating ponds to crystailizers area
(Table 5)
R s= Ratio of area obrained from Table 7.

Area for £ mm percolation
Area for zere percolation

) = Number of erystaliization days per annum.
E = Gross fresh water evaporation rate, mm/day,

An example given below shows the acteal calculations.

Compartment under consideration—Condenser of 10-
14°Be’

Nominat annual production—1,00,000 ¢

Gross evaporation of fresh water—6 mm/ day

Number of crystailization days—200

Expected percolation rate—1.5 mm/day

Sixth international Symposium on Sart, 1983-Vol. i

_ 0.8631 % 1,00.000 X 0.8338
- 200 X &

48533

48333 .

v R’ = cw—— (from Tabie 7
alue of PID {from Tabie 7}
In this way, area of any other necessary compariment

sizeg can be worked out,

SEAWATER REQUIREMENT

Daily requirement uf seawater is based un three pa-
rameters, (1) Volume lost due (o percolation, (2) volume
lost through evaperation, and {3) volume charged in the
crystallizers. The first parameter is almost constant, de-
pending on the soil nalure, but evaperation rate in winter
is sbout 40% of the rate in summer. Therefore, in order
to find out the daily requirement of seawater, the follow-

formula is ased:
v:vp+vax.% ()

wherc

V = Volume of sea water required on 3 particular
day
V, = Volume percolated equivalent to sca water
Va = Average daily reguirement
E = Gross average fresh water evaporation rate
Ed = Gross fresh water evaporation on the particular
day,

CONCLUSION

In designing 2 solar salt works, evaporation rate of
fresh water, number of clear days in a year, soil nature,
initial seawaier density, nominal production level and
pereolation rate are considered as governing factots.

TABLE §

Production of Salt per Heciare of Total Area
(E = 74M2 mmiday, D = 150, Fy = 4.7

Produciion ger hectare for inttlal density af

Percalation ——
mct. day 3,5°Be’

3.0°8e’ 2.5°Be”’ LirBe’

0.0

0.5 1 130.93 110.88  90.88 | 7L
(0 | 10796 90.06 [ 7265 8578
LS 9237 658 61.43 16,35
20 (8047 | 6623 52,46 38.34
2.5 .33 58.39 45.98 34.53
3.0 84.02 52.1a 40.93 30.40
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PBased on this data the area of crystallizers, condensers
and reservoirs is ealeulated by employing empirical for-
mulae. Volume density relationships and brine evapora-
tion rate with respect to fresh water evaporation rate form
the hasis for computing pond area requirement and daily
seawaier requirernent for an optimai lay-out of 2 simple
solar salt works.
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