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ABSTRACT

The solar evaporative crystallization process at Lake Katwe was studied using brine evaporation rates,
thermal, convection, and radiation energy losses as well as reported meteorological data around the salt
lake basin. A simulation model of a salt pan was developed on a lumped basis to study its behaviour with
the effects of the different factors affecting the evaporation process investigated. Moreover, an analysis to
assess the possibility of increased productivity of the salt pans through implementation of parabolic solar
collector technology to enhance brine evaporation was done. Results showed that the brine evaporation
rates and temperature of the salt pan are strongly influenced by in-situ weather conditions. Furthermore, a
thermal-fluid analysis of the proposed system showed that the pond solution layer temperature increases
thereby increasing the evaporation flux hence leading to increased salt production rate.
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Introduction

Lake Katwe is a closed hypersaline lake located within the Katwe-Kikorongo cluster of phreatomagnetic
explosion craters in the western arm of the East African rift system in south-western Uganda. At an
elevation of 885 m, the lake occupies a maximum area of 2.5 km2, circumference of 9 km, and a depth
ranging from 0.4 to 1.6 m. The lake comprises a circular western portion about 1.5 km in diameter from
which an arm branches off to the northeast. It has been preliminary estimated that there is a total of 22.5
million tonnes of crystalline salts present in Lake Katwe (UDC, 1997). The lake natural brine is hydrochemically of a carbonate type, forming a mineral assemblage characterized by alkaline minerals rich in Na+,
K+, Cl-, SO42-, CO32-, and HCO3-. The brine represents an important source of mineral salts suitable for
domestic and industrial uses. The salts are composed of mainly halite mixed with other impurities such as
carbonates, bicarbonates, and sulfates of sodium and potassium respectively. Thermodynamic calculations
based on Pitzer’s ion interaction model indicate that the lake brine is under-saturated with respect to the
major dissolved mineral salts (Kasedde et al., 2014).
Presently, the salts are recoverable by traditional solar evaporation techniques from over 10,000 salt pans
located around the periphery of the lake which vary in surface area from less than 24 m2 to around 400 m2,
and in depth from 0.3 to 1 m. Quality is highly variable and uncontrollable and as such, the crystallized salts
are generally impure and of small yields. The salts are classified into three grades (I, II, and III) based on the
visible impurities. They are mainly used as animal feed supplements, fertilizers, and for industrial uses such
as leather tanning and textile production. Salt is extracted only during hot, dry seasons, from February to
April, and July to September every year when a considerable amount of energy is required to heat up the
brine in the salt pans. Figure 1 shows the flow chart of the traditional salt extraction process at Lake Katwe.
Although there is no comprehensive record keeping at the site, current production is reported at 15,000
tonnes with the value only increasing slightly over the past 50 years (Kirabira et al., 2013). It should also be
noted that there is direct mining of salt crusts from the lake bed using iron bar levers.
Solar energy is an important energy resource for salt precipitation from Lake Katwe brine. This is due to its
remote location and the local climate conditions with isolation levels of up to 965 W m-2, annual
evaporation and precipitation levels of 2,160 and 900 mm respectively (Kirabira et al., 2013). Moreover,
solar energy is one source of free energy that is inexhaustible in supply and use. Many processes in the
mining and mineral processing industry, such as fractional crystallization and leaching lend themselves to
solar applications. These operations constitute a major portion of the chemical processing employed in the
purification and concentration of salts from brine. Enhancing brine evaporation in the solar ponds can be
used not only as a means to offset energy costs to improve efficiency, but also to provide a suitable
processing environment (Lesino et al., 1991; Folchitto 1991; Guijt et al., 1999).
A number of experimental and modeling investigations directed towards the utilization of solar energy to
enhance brine evaporation have been reported in literature. Abdel-Aal and Al-Naafa, 1993 investigated the
enhanced evaporation of saline water in multi-purpose solar desalination units using flat-plat solar
collectors. Their results showed that the concentrated solar energy input was estimated to be 3.5 times
than that of direct solar flux allowing separation of soluble mineral salts such as NaCl, MgCl2 and others.
Zhang et al., 1993 presented a simulation model of evaporating brine by solar radiation for salt production
where the different parameters involved in the behavior of the salt pan were studied. Huang et al., 1999
investigated the effect of a black insulation sheet on the evaporation rate from a shallow salt pan. Results
showed that the evaporation rate of the salt pan increased by 10%. In another attempt, Collares-Pereira et
al., 2007 demonstrated an advanced solar dryer to optimize the recovery of salts from brine effluent of a
desalination plant. Tamimi and Rawajfeh, 2007 modeled the thermal performance of solar evaporative
ponds charged from Dead Sea water. The model results showed that the efficiency of any solar evaporator
is limited by the optical absorptivity of the saline water as an upper limit. Zeng et al., 2011 demonstrated a
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strategy for solar evaporation enhancement using floating light-absorbing magnetic particles. In their
investigation, evaporation was enhanced by a factor of 2.3 in the solar evaporation of 3.5% water. Diaz et
al., 2012 described an analysis to assess the increased productivity of sea salt from Southern Spain by using
concentrated solar thermal energy systems. Their results showed that the enhanced system could
evaporate water six to ten times faster than the natural evaporation process. More recently, Horri et al.,
2014 modeled the solar evaporation process assisted by floating light porous materials. The model results
showed that the evaporation rate can be enhanced by approximate factors of 2.3, 2, and 1.8 when using
0.045, 0.023, and 0.015 g of light absorbing material respectively.

Brine from the Lake
.

Precipitation of salts in the salt pans

Evaporative crystallization of brine by solar evaporation

Harvesting and washing of crude salt

Drying, bagging, and sale
of crude salt

Figure 1. Current (traditional) salt processing methods at Lake Katwe.
Although the solar evaporation technique has been used to extract salt at Lake Katwe for several decades,
little efforts have been made to date to assess the possibility to intensify the brine evaporation process in
the shallow pans to produce salt. As a result, the production continues to depend mainly on the daily
ambient temperature and prevailing winds to promote evaporation hence very low productivities. Thus, the
main objective of this work is to: (a) study the evaporation rate of brine under natural field conditions at
Lake Katwe in relation to various parameters, (b) to propose and analyze a method designed to provide a
brine evaporation rate enhancement over the present conventional method hence leading to the
improvement in the current traditional salt extraction industry.
2.

Experimental and modeling methods

2.1 Experimental methods
A standard class A circular evaporation pan (model 255-200 Novalynx, USA), 1,024 mm in diameter and 254
mm deep was used to measure evaporation rates. The pan was installed on level ground at the end of the
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cause-way into the salt lake to simulate the evaporation conditions as close as possible. It was inspected for
leaks before the start of the experiment followed by filling it with natural brine to within 2.5 inches of the
top. The brine drop in the pan due to evaporation was monitored by a meter stick. Type K thermocouples
(TJ1-CAXL-IM45U-1000/5000) and a smart Reader Plus 6 data logger (SRP-6-1.5M) were used for brine
temperature measurements with an accuracy of ± 0.5% and resolution of 0.3oC. The daily brine levels in the
pan were monitored every after three hours starting at 0900 hours up to 1800 hours for seven consecutive
days during the dry season in March 2012. Daily evaporation rates were computed using the level readings
in the pan and daily rainfall figures reported from a Davis Vantage Pro 2 weather station. Moreover, the
weather station was used to measure and record in-situ wind speeds, ambient temperature, rainfall, solar
radiation, and relative humidity every 30 minutes during the experimental period.The weather station was
installed on the rooftop of a building near the cause-way into the salt lake, 5 meters from the ground level.
The data was processed using WeatherLink software. The accuracy of the integrated sensor suite (ISS) of the
weather station for measuring each climatic variable was 0.5oC for ambient temperature, ±5% for wind
speed, ±5% for rainfall, ±4% for solar radiation, and ±3% for relative humidity.
At the same time, a 50 ml brine sample was taken from the evaporation pan at the end of each day for the
determination of the physico-chemical parameters such as; the electrical conductivity, salinity, and NaCl%
which were measured using an electrode probe meter (HANNA instruments HI 98360, Woonsocket, RI, USA)
with an accuracy of ± 0.5%. Brine density was measured by a portable densito-meter (DMA 35 Anton Paar,
Graz Österreich, Austria) with an accuracy of ± 0.001 g cm-3.
2.2 Model development
The cross section of the evaporation pan system studied is shown in Figure 2. The depth of the brine layer
was very thin and therefore, it was appropriate to apply the lumped heat capacity analysis as the governing
equation of the system. For the system equilibrium, it is also assumed that temperature and salinity are
uniform. The thermal energy balance equation (1) represented by a time and temperature dependence
equation is used with the heat gains or losses due to ground water seepage not being considered. The
mathematical model is developed according to Chiasson et al., 2000.

qin  qout  vcp

dT
dt

(1)

The heat transfer mechanisms considered are expressed in equation (2). Heat loss due to ground water
seepage was negligible compared to the other losses in the analysis.



dT qsolar  qthermal  qconvection  qground  qground water  qevaporatio n

dt
vcp



(2)

The solar radiant heat gain is the major contributor of energy to the system. Parameters considered include
the insolation and brine reflectance taken as 10 % (Tamimi and Rawajfeh, 2007). Considering a circular pan
area as the physical model studied in this work, the solar radiant heat gain is computed:
qsolar I(1  p)Apan

(3)

The heat transfer at the pan surface due to the long wave or thermal radiation is modeled as shown by
equation (4)
qthermal hr Apan (Tsky  Tpan )

Where hr is calculated as:

(4)
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3

 Tpan  Tsky 

hr  4
2



(5)

Figure 2. Cross section view of the physical model of the evaporation pan system
A similar approach is used to estimate the convective heat transfer between the soil and the brine in the
pan since the impact of the heat transfer from the soil to the brine is relatively small compared to others.
Equation (6) models the convective heat transfer at the pan surface.
Tsky  0.055 Ta1.5

(6)

qconvection hc Apan(Tair  Tpan )

(7)

Where ℎ𝑐 is calculated as:
hc 

Nuk
L

(8)

For wind velocities, the convective heat loss coefficient is based on (Duffie and Beckman, 2006)

hc  2.8  3.0U0

(9)

Considering free convection, when there is no wind, two empirical relations for the Nusselt number are
used in the model:

hc  2.8  3.0U0

(9)

1

(104<Ra<107)

Laminar flow (10a)

1

(107<Ra<1010)

Turbulent flow (10b)

Nu=0.54Ra4
Nu=0.15Ra3
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The heat transfer due to evaporation is determined after estimating the various parameters in the
evaporation heat transfer equation:
qevaporation Hfg Apondmw

(11)

where m w is the water mass transfer due to evaporation which is calculated as:

mw hd (wair  wsurf )

(12)

hd is the mass transfer coefficient and calculated as:
hd 

hc
cpL e2 / 3

(13)

L e is the Lewis number determined by equation determined by:
Le 


DAB

(14)

The heat gain from the ground by conduction is determined as:
qground Hcg Apond Tsoil  Tb 

(15)

The mass of the theoretical crystallized salt is given by the following expression (Akridge, 2008):
ms =mw (1.52×10-4 S2 +9.50×10-3 S)

(16)

2.3 Computational methodology
The model equations were coded into Engineering Equation Solver (EES) simulation program (Alvarado and
Klein, 2012) and solved iteratively. The measured meteorological data including the ambient temperature,
wind speed, dew point temperature, solar radiation flux, and relative humidity was used as input to the
model. To solve the overall energy balance equation, a differential equation was integrated using the initial
brine temperature measured at 303 K. The heat transfer equations required the mean brine temperature at
each particular run in order to compute the respective heat transfer quantities. The brine temperature was
determined iteratively with a convergence criterion of 8.9×10-3 K.
3.

Results and discussion

3.1 Evaporation rates
To investigate the evaporation rates, physico-chemical parameters of the brine samples collected at the end
of four experimental days were measured and reported in Table 1. Furthermore, average daily measured
meteorological data is reported in Table 2.
Results from Table 1 above indicate the brine electrical conductivity, salinity, NaCl (%), and density ranged
between 127 to 127.4 mS cm-1, 63.4 to 63.7 g l-1, 24.84 to 24.95 % and 1.213 to 1.234 g cm-3 respectively.
These results indicate that the brine in the pan concentrated with time. It is evident that under given
meteorological conditions, the evaporation rate of brine falls with increasing salinity due to the lowered
vapour pressure as a result of higher brine temperature. Furthermore, the molecular activity of the water is
reduced as its salinity increases because molecules of dissolved solids interfere with the motion of water
molecules. Evaporation rates also decline as density of the brine increases. Moreover, the average number

1158

KASEDDE et al.

of water molecules in contact with the air becomes smaller as salinity increases because part of the surface
area is occupied by salt molecules. It has also been demonstrated that the rate of evaporation decreases
with an increase in salt content until the salt content reaches about 30 percent, at which point a thin salt
crust tends to form on the brine surface unless the solution is agitated (Turk, 1970).
Table 1. Physico-chemical parameters of the brine samples
Sample
1
2
3
4

Electrical Conductivity (ms cm-1)
127.0
127.1
127.0
127.4

Salinity (g l-1)
63.4
63.5
63.6
63.7

Density (g cm-3)
1.220
1.213
1.234
1.227

NaCl (%)
24.84
24.88
24.86
24.95

Table 2. Meteorological data used for the calculation of the evaporation rates
Day

Wind speed(m s-1)

1
2
3
4
5
6
7

1.47
2.05
1.47
1.58
2.25
0.73
1.34

Solar
Irradiation
(Wh/m2/day)
2,115
4,617
4,512
7,063
3,394
4,635
1,840

Solar
Evaporation
(mm/day)
4.8
5.8
3.9
1.9
1.9
2.9
1.9

Ambient
Temperature
(°C)
31.15
28.60
28.95
28.65
29.75
29.25
26.80

Relative Humidity
(%)
45.0
55.0
52.0
49.5
47.5
51.5
57.0

crystallized_salt_evaporated_water

6

Evaporation (mm)

5

Observed
Analytical

4

3

2

1
1

2

3

4

5

6

7

Days
Figure 3. Comparative evaporation rates
The brine physico-chemical parameters were used to determine the analytical evaporation rates which
were compared with the experimental evaporation rates (Figure 3). Results indicate that the observed and
analytical evaporation rates are within the same range with the exception of the first four days. It is
observed that the values differed slightly in the first four days which can be attributed to uncertainty in the
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determination of the brine physico-chemical properties, uncertainty in the measurement of the
meteorological data such as rainfall and wind speeds. Other causes of the discrepancies could be due to the
characteristics of the evaporation pan used such as the pan coefficient and the influence of local conditions
at the evaporation pan site.
The theoretical salt crystallized during the evaporation period was estimated and compared with the
amount of brine evaporated as shown in Figure 4. It can be deduced that as more water is evaporated,
more salts crystallize. With time, as salinity increases, less water is evaporated and thus, less salt is
crystallized. The model predicts that less salt is crystallized compared to the water evaporated although
crystallized_salt_evaporated_water 11:22:43 AM 2/27/2015
giving a similar trend.
-5

2 10

-5

Mass (kg)

1.5 10
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Evaporated water
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5

6

7

Days
Figure 4. Brine evaporated and theoretical crystallized salt
3.2 Model results
3.2.1

Predicted brine temperature variation

Figure 5 shows a comparison between measured and calculated brine temperatures. As can be seen, the
peaks depicted in the model temperatures correspond to daytime hours while the troughs correspond to
night hours. During the day, evaporation increases as a result of the combination between wind and solar
radiation to promote this effect. The variation in maxima and minima is explained by varying weather
conditions. In comparison to the measured brine temperatures, the maximum brine temperature predicted
by the model was 306.9 K compared to 307.4 K while the minimum temperature predicted was 294 K
compared to 300.97 K respectively. The difference between the average measured brine temperature and
simulated brine temperature for the entire test period was 3.3 K. The brine temperature fell considerably
during the night because the pan depth was small implying that sufficient energy was not stored in the
brine. It can also be observed that the model temperatures are lower than the measured temperatures, but
they follow a similar pattern which ascertains that the model fairly predicts the brine temperature. The
exception of the two troughs is as a result of the model iteration at these points not solving within the set
tolerance. However, the differences between measured and predicted brine temperatures could probably
be due to the assumption of one dimensional time dependent steady state heat flow in the pan. Another
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reason for the discrepancy could also be due to the difference between the theoretical value of solar
radiation in the brine and that which can be observed experimentally.
310

Day time hours

Temperature (K)

305

300

295
Night time hours
290

Actual_temperature
Model_results

285

280
0

20

40

60

80

100

120

140

160

Time (hours)

Figure 5. Comparisons between measured and model brine temperatures
3.2.2

Effect of evaporation

The heat transfer due to evaporation compared with reported solar insolation is shown in Figure 6.
Solar_insolation

Q_Evaporation (W)
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Q_Evaporation (W)

20
600

0
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800
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Figure 6. Heat loss due to evaporation variation with time
It is observed that most of the evaporation takes place during day with high insolation levels. During day,
most of the incident solar insolation received by the pan is used for evaporation and little energy is stored.
Furthermore, the thin layer of the brine depth implies a small thermal capacitance and storage thermal
storage capacity which leads to a shorter response time to solar insolation (Zhang et al., 1993). The thin
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brine layer is heated up immediately and the absorbed radiation is used to evaporate the brine
immediately. Negative evaporation is observed during the night owing to low ambient temperature and
high relative humidity levels hence condensation of water on to the surface of the brine layer. This is
explained by the possibility of the vapour pressure of the water being less than the partial pressure of the
water in the air which stops evaporation or the reversal of the flow of vapour. Moreover, it should be noted
that because of the heat storage in the pan, some evaporation occurred overnight.
3.2.3

Effect of convection

Figure 7 shows the convection heat rate as a function of time. Results show that heat loss due to convection
is dependent on the variation in the onsite wind regimes. It should be noted that during the experimental
period, the wind regimes at Lake Katwe were intermittent ranging from 0 m s-1 to peak speeds of up to
10 m s-1 with surges at times. The convective heat losses increased sharply with increasing wind speeds
observed most especially during daytime. To explain this, some parts of the ground are heated up more
than others or are shadowed by clouds during the daytime. This effect leads to a temperature gap which
causes movement of air masses expressed as wind. During night hours, the temperature gaps are not wide
implying that the displacement of air is not noticeable, hence the low convective losses. However, there is
convection heat loss during the night where ambient temperatures are lower than during daytime. At night,
most of the energy stored by the brine is most likely to be lost by convection and radiation rather than
evaporation.
Q_convection (W)

Wind_speed(m/s)
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100

80
6
60
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Q_convection (W)
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0
0

20
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60

80

100

120

140

0
160

Time (hours)

Figure 7. Heat loss due to convection and the observed wind speeds
3.2.4

Effect of heat flow rate from the ground (pan base)

Figure 8 shows the variation of heat gain from the ground with time. The average soil temperature at this
locality was higher than the brine temperature which resulted in a net heat gain in the pan. When the
ambient temperature varies, the soil (heat sink) temperature does not vary significantly.

Q_ground (W)
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Figure 8. Variation of heat gain from the ground with time
3.2.5

Radiation effects

Figure 9 shows the thermal heat variation with time. The pan surface radiated heat to the surroundings
because the sky temperature was always higher than the brine temperature. This was more pronounced at
night when the brine temperatures were significantly higher than the sky temperature. In this locality which
is semi-arid, the skies are open duringQ_Thermal
the night(W)
leading to a drop in the sky temperature in the night and an
crystallized_salt_evaporated_water 3:02:28 PM 2/27/2015
increment during day.

Q_Thermal (W)

50

0

-50

-100
0

20

40

60

80

100

120

Time (hours)
Figure 9. Thermal heat variation with time

140

160

OPTIMIZATION OF SOLAR ENERGY FOR SALT EXTRACTION FROM LAKE KATWE, UGANDA

3.2.6

1163

Solar energy gain variation with time

Figure 10 shows the solar energy gain variation with time. The solar radiation incident on the brine surface
was highest during daytime between 1200 and 1500 hours when the sunshine is most intensive, the
ambient temperature highest and the relative humidity lowest corresponding to the peaks. The low values
close to zero correspond to night hours with low ambient temperature and insolation.
Q_solar (W)

T_ambient (K)

1000

308

304

Q_solar (W)

600
302
400
300
200

Ambient Temperature (K)

306

800

298

0
0

20

40

60

80

100

120

140

296
160

Time (hours)

Figure 10. Solar energy gain variation with time

4.

Proposed system and working principle

Generally, according to the model description and experimental results, in sections 2 and 3 above of this
paper, brine evaporation is enhanced essentially by the difference in the humidity ratio of the ambient air
and the saturated air at the brine surface. This implies that an increase in the evaporation rate can be
achieved by:


Heating the brine which promotes a decrease in the latent heat of vaporization hence increasing the
saturated vapour pressure at the brine temperature;



Increment in the convection coefficient, by increasing the air flow velocities over the air/brine
contact layer;



Reduction of the relative humidity implying a proportional increase of the saturated vapour
pressure through the heating of air.

In order to promote a more efficient concentration of the brine in the salt pans as compared with the
present conventional production method at Lake Katwe, the present work proposes the implementation of
parabolic trough solar collectors. These collectors are light structures that can achieve high temperatures
with high efficiencies at low costs (Kalogirou, 1998). The proposed system consists of a concentrating solar
collector, a working fluid storage tank, and a heat exchanger. A schematic representation of the proposed
system is shown in Figure 11. In this system, incoming solar radiation is converted into useful heat by the
solar concentrator. The working fluid is circulated through the tubes of the collector receiver where it
absorbs heat and fed into the storage tank. The hot working fluid from the storage tank is then circulated
into the heat exchanger. In the heat exchanger, heat is transferred to the brine pumped from the salt pan.
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The heated brine is later sprayed back over the open area of the salt pan at a higher temperature thereby
promoting an enhanced evaporation.

Figure 11. Schematic diagram of the proposed system configuration
4.1 Analysis
The heat transfer behavior of the parabolic trough solar collector is based on the following equations (Duffie
and Beckman, 2006). The heat gain by the working fluid is expressed as:
Q  c I  K

(17)

Assuming a constant heating condition on the tube surface, the outlet temperature of the working fluid
after absorbing heat from the collector
Tmo  Tmi 

DLQ
mcp

(18)

The heat exchanger is assumed to be perfectly insulated so that there is no heat loss to the surrounding.
Heat transfer occurs only between the working fluid and the brine. The outlet temperatures for fluids are
expressed below:
Tbo  Tbi 

q
mbcb

(19)

Two  Twi 

q
mw c w

(20)

In the present work, the evaporation flux is computed according to the modified version of the Meyer
equation (Manganaro and Schwartz, 1985) given as:

re  0.00853Cp1  p3 1  0.1V3 

(21)

Where:

p1  pw 1  0.7c1 

(22)

 17.421.8Tb  54  
pw  31.82 exp

 1.8Tb  492 

(23)
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The proposed system analyzed comprises of a 4 m parabolic trough collector with a 1.2 m wide aperture
with a concentration ratio of 156. The receiver has a reflectivity of 0.7 with a correction factor of 0.8. Water
is used as the working fluid circulating through the parabolic trough collector, and the heat exchanger in
12.7 mm diameter tubes. The working fluid enters the collector at 30oC. The specific heat capacity of the
water is modeled as 4210 J/kgK with a mass flow rate of 0.32 kg s-1. The cold fluid entering the heat
exchanger is brine from a salt pan at 30oC having a specific heat capacity of 3400 J/kgK with a mass flow rate
of 0.2 kg s-1. The evaporation flux is computed taking the constant C of 0.5 for shallow pans. Inputting the
data with the reported meteorological data
for each day in11:07:20
EES produced
the plot shown in Figure 12 which
avrami_particle_size
AM 2/11/2015
shows the evaporation rate of brine from Lake Katwe during this period.
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Figure 12. Results showing the evaporation rates of the enhanced model versus the conventional system
A comparison between the evaporation flux resulting from the enhanced system and the present traditional
methods over time is done. The average evaporation flux from the traditional system is about 0.02 kg/m 2-hr
while that of the enhanced system is about 1.68 kg/m2-hr, corresponding to a brine temperature increment
from 30 °C to 50 °C. The results show that the evaporation of the brine is increased with the
implementation of parabolic solar concentrator as compared to the natural process. The increment in the
evaporation flux implies a decrease in the number of days for the crystallization process thus improved
productivity. Moreover, the added heat would provide evaporation even during periods where simple solar
radiation does not suffice.
5.

Conclusions and future developments

The following conclusions can be made regarding the solar evaporation of brine for salt extraction at Lake
Katwe:
1. The brine density affects its evaporation rate in a predictable manner most especially in the dry
seasons. In addition, condensation occurs on heavier brines during the rainy season and during the
night with low ambient temperature and high humidity. The high humidity and low ambient
temperature create an inverted vapour pressure gradient.
2. A thin salt crust on the brine surface may retard evaporation from heavy brines. Moreover, wave
action in the pans helps to prevent such crusts from forming.
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3. The developed model accounted for the effect of the different heat transfer mechanisms involved in
the evaporation of brine in salt pans. It showed that evaporation rates increase with increasing
brine temperatures while negative evaporation or condensation occurs due to low relative
humidity. At high brine temperature than the ambient temperature, sky temperature and soil
temperature, the heat due to convection, radiation and ground is lost to the surrounding and vice
versa.
4. The implementation of the parabolic trough solar collector technology coupled with heat
exchangers has the potential to increase the salt production from the salt pans at Lake Katwe
through reduction in the salt crystallization days. Moreover, the proposed system offers added
advantages in the fact that it is simple, environmentally friendly, and competitive with other salt
extraction techniques. The construction of the system is feasible and does not require significant
maintenance costs.
The potential for optimizing the use of solar energy in the improvement of the salt quality and productivity
at Lake Katwe exists and as a result, the work reported in the present study will have the following
developments:
1. Further investigations of evaporation rates from natural brines of different densities to be
estimated by monitoring a single freshwater control evaporation pan placed onsite at Lake Katwe.
2. Detailed economic research to consider pay back analysis and return on investments following
implementation of parabolic trough collector technology.
3. The proposed design will be built and tested thereby allowing further refinements in the model.
Issues to be considered are material selection for heat exchanger and a study of the behavior of
working fluid. Moreover, ground insulation to prevent brine loss by permeation would be
investigated.
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Nomenclature

A pan
a
c
c1

Area of the evaporation pan (m2)
Ambient
Concentration ratio
Salt concentration in solution bulk

cp

Air specific heat capacity of the pan film temperature (Jkg-1K-1)

cb,w

Specific heat capacity of brine and water (Jkg-1K-1)

D AB

Binary coefficient evaluated at the pan temperature (-)
Tube diameter (mm)

D

dT
dt
H fg

Rate of change of the pan temperature with time.
Latent heat of vaporization of the brine in the pan (kJ kg-1)

H fg

Heat transfer coefficient at the grund surface (Wm-2K-1)

hc

Convective heat transfer coefficient (Wm-2K-1)
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hd
hr
I

k
K

L
Le
m

ms
mw
Nu
𝑝
p1
p3
pw
q
Q
Ra
re

S
T
Tb

Tbo
Tbi
Tmi
Tmo
Uo

v
v3
w
Symbols
β

Mass transfer coefficient (Wm-2K-1)
Linearized radiation heat transfer coefficient (Wm-2K-1)
Solar radiation flux (Wm-2)
Thermal conductivity of the air evaluated at film temperature (Wm-1K-1)
Correction factor
Characteristic length defined as the ratio of the area to the perimeter for flat plates (m)
Lewis number (-)
mass flow rate of working fluid (kg s-1)
Mass of salt crystallized (kg)
Mass of the water evaporated (kg)
Nusselt number (-)
Solar reflectance
Vapour pressure of water over the pan solution (mmHg)
Partial pressure of water vapour in air (mmHg)
Vapour pressure of pure water (mmHg)
Heat (W)
Useful heat gain (Wm-2)
Rayleigh number
Evaporation flux (Kgm-2hr-1)
Initial salt concentration of the brine in wt % of sodium chloride
Temperature (K)
Temperature of pan solution layer (K)
Temperature of brine leaving the heat exchanger (K)
Temperature of brine entering the heat exchanger (K)
Inlet temperature of working fluid to collector
Outlet temperature of working fluid from collector
air flow velocity (ms-1)
Pan volume (m3)
Velocity of wind (ms-1)
Air humidity ratio





Reflectivity
Brine density in the evaporation pan (kg m-3)
Stefan-Boltzmann constant (5.67 * 10-8 Wm-2K-4)
Emissivity coefficient of the brine in the pan (-)
Thermal diffusivity of the air (m2 s-1)

Subscripts
air
convection
evaporation
groundwater
in
out
pan
sky
solar

Air
Convective heat transfer at the pan surface
Evaporation at the pan surface
Ground water inflow or outflow
inflow
outflow
Evaporation pan
Sky
Solar radiant heat gain
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surf
Surface
thermal Thermal radiant heat transfer at the pan surface
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