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ABSTRACT: The increase in fresh-water demand due to the rapid population growth and climate
changes with severe droughts highlights the protection of limited fresh-water resources. In arid regions,
evaporation accounts for a significant fraction of losses from water reservoirs. Among different methods
for suppressing evaporative loss, the use of modular floating elements offers a simple and reliable
technique. Despite numerous studies on application of floating elements, performance of this method
in the presence of surface flows is not yet addressed comprehensively. Hence, the present study aims
to investigate the effect of surface flows on evaporation from covered reservoirs. For this purpose, a
500-liter water reservoir was covered with white and black balls and a water-pump provided surface flows
at different rates. The results show that evaporation decreases monotonically with increasing surface
flow rate until a specific flow rate, called optimal flow rate. The increase in surface flow more than
this optimal rate results in increase in evaporative loss. Regardless of surface flow condition, the results
indicate that the lowest water evaporation occurs for the coverage with white balls while coverage using a
mixture of black and white balls and only with black balls showed higher evaporation rates, respectively
(the highest evaporation is of course for the uncovered surface). The experimental findings demonstrate
that surface flows with appropriate rates can effectively enhance evaporation suppression efficiency of
floating elements. Comparison of the modeling results with experimental outputs highlights application of
the physically-based energy balance model in estimating surface evaporation for covered and uncovered
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1. INTRODUCTION

Freshwater supply is one of the major concerns in many
parts of the world due to increasing droughts, reducing rainfall,
population growth and development of industries highlighting
the need for optimizing consumptions and suppressing losses.
Evaporation is the reason of significant losses in open water
reservoirs thereby suppressing it with different techniques
such as the use of physical covers [1], windbreaks [2],
and chemical coatings [3] have been among the common
practices. Investigations show that modular floating elements
provide a rather simple and efficient solution for suppressing
evaporative losses [4]. While most studies have often focused
on the effect of covers with different geometrical, physical
and thermal properties on suppression of evaporation rate
from water bodies, surface flows and their impact on thermal
mixing of water layers and energy exchange with covers
could potentially alternate evaporation suppression efficiency
of floating elements [5]. Therefore, the main objective of the
present study is modelling and experimental investigation
of the evaporation suppression using floating covers in the
presence of surface flows.

*Corresponding author’s email: akbarzad@ut.ac.ir;
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2. METHODOLOGY

Figure 1 shows the schematic drawing of the equipment
and the experimental set up. A Polyethylene basin of
106 x 107 x 50 cm3 and 6 mm wall thickness was filled
with water. Surface flows were generated with a pump. A
pressure transmitter in the bottom of the Marriott bottle
recorded the hydrostatic pressure changes. In order to
measure air temperature, relative humidity, and wind speed,
a psychrometer-anemometer device (C310, KIMO: £0.1°C
& +1.5% FS-RH & +3.05% FS-Vel accuracy) was utilized.
The water temperature was monitored by four thermocouples
(KTT320, KIMO: £0.1°C accuracy) at depths of 0, 12, 24
and 36 cm from the water surface. Humidity and velocity
sensors were also installed 30 cm above the water surface.
Six 500 watts tungsten-halogen lamps, with uniform
radiation of 600 to 700 W/m2 , mimicked radiative flux on
the surface of the reservoir (the spectrum is similar to the
sunlight with a peak of 0.9 pm at 3200 K). A Pyranometer
(SL100 KIMO: 0~1300 W/m2, £0.5 W/m2 accuracy) was
used to measure radiation intensity on the surface of the
reservoir.
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Fig. 1. Schematic drawing of the equipment and the experimental
set up: (1) Polyethylene reservoir, (2) Pump, (3) Marriott bottle,
(4) Pressure transmitter, (5) Psychrometer and Anemometer
device, (6) Thermometer, (7) Lamps, (8) Monitor for displaying
and storing measured values, (9) Floating covers, (10) Pressure
recording and processing device, (11) Pyranometer.

3. RESULTS AND DISCUSSION

Seven different surface water flow rates including 1,
3,45, 6.5, 8, 10, and 12 I/min created by the pump were
tested. In each flow rate, evaporation of uncovered, covered
with white balls, covered with black balls, and combined
coverings (in the form of an equal mixture of black and white
balls) conditions were measured for a period of six hours. As
seen in Figure 2, floating balls have a significant effect on
reducing evaporation. In addition, by increasing the flow rate
and consequently increasing the mixing of the stratified water
layers, evaporation decreases until an optimum flow rate. For
example, for uncovered condition, the rate of evaporation
decreases from 0.915 mm/hr (when there is no flow) to
about 0.685 mm/hr when the flow rate is about 6.5 I/min (as
the optimum flow rate). Then the evaporation increases by
passing the flow rate from the optimum value. To analyze this
phenomenon, it is necessary to provide further explanations
for the boundary layer of air created on the surface of basin.
In the presence of surface flow, the stagnant air layer above
the water is forced to move due to the no-slip condition
forming an aerodynamic boundary layer with thickness of &,
. Since the value of s, is proportional to the inverse of the
air velocity near the surface [6], increasing the surface flow
rate results in decreasing of 5, and the thickness of the mass
boundary layer (i.e., 5, =scs, , Where Sc is Schmidt number)
[6-7]. Accordingly, the gradient of vapor concentration
increases between the surface and air flow, and eventually the
evaporation rate increases. Also, according to the results of
Aminzadeh and Or [7] and Haghighi and Or [8], the sensible
heat flux coefficient is inversely proportional to the thickness
of the air boundary layer. Thus, by increasing the surface
flow-rate, the heat transfer from the air flow to water surface
increases for a condition where the surface temperature is
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Fig. 2. Results obtained by the surface evaporation test for

various surface flow-rates. (a) Surface evaporation for the last

two hours from total of six hours of experiment (b) Evaporation

reduction efficiency. Here the evaporation from covered surfaces

in no-flow condition (i.e., £-0915[mm/nr] ) is used as the reference
evaporation to calculate the efficiency.

lower than the air temperature (often in summers). In this
way, the energy needed to increase the evaporation rate is
provided. Therefore, by passing the optimal flow-rate, the
role of increasing the evaporation rate due to the reduction
of the thickness of the air boundary layer exceeds from the
role of the mixing of the water layers in suppressing the
evaporation rate and it decreases the evaporation efficiency.

4. CONCLUSION

The present study focuses experimentally on the effect of
surface flows on evaporation from covered reservoirs. For
this purpose, a water reservoir was covered with white and
black balls and a water-pump provided surface flows at
different rates (i.e. 1, 3, 4.5, 6.5, 8, 10, and 12 I/min). The
results show that in the presence of surface flows evaporation
decreases to a specified rate, called optimal-flow-rate, and
then increases with increasing the flow rate from the optimal
case. Regardless of surface flow condition, the results indicate
that the lowest water evaporation occurs for the coverage with
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white balls while coverage using a mixture of black and white
balls and only with black balls showed higher evaporation
rates, respectively (the highest evaporation is also for the
uncovered surface).
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Fig.1: Schematic drawing of the equipment and the experimental set up: (1) Polyethylene reservoir, (2) Pump, (3) Mar-

riott bottle, (4) Pressure transmitter, (5) Psychrometer and Anemometer device, (6) Thermometer, (7) Lamps, (8) Moni-

tor for displaying and storing measured values, (9) Floating covers, (10) Pressure recording and processing device, (11)
Pyranometer.
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Fig.2: Schematic drawing of the lamps arrangement above the water surface: (a) Dimensions and spacing between the
lamps (b) The height of the lamps from the water surface
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Fig.3: The actual image of the laboratory equipment and different covering conditions to evaluate the rate of evaporation
reduction: (a) Reservoir without cover (b) Covering with black balls (¢) Covering with white balls (d) Mixed covering

DVF] 003 mmeas 3 US4 (V) alaly jo Lalls 2l Cansly oo

R, =R, +[1-(1=p)r,—pr. ]S~
o{(l—p)ngw4 +ngTC4]—[(l—p)r;, +prc’]Ra

(())

Soyd P by gl 5l ol zae b ulSeil o po 1 &S
Pl s T g iy 9o cayd 6, iphe B3ESs
oo T, 5 o gl gloo T, gy mhaw 5l ailizge i
il olSail 5 e lillas ST 45 bl e iy pelans
BsSzye 8 sl s /oY pn b 52 (7)) O s 5l aibizge
DTSV | R3 AY V- JPPUER SNFCSNRY AN CIRYRS Jon
e 5> e (1) gy gl ) siligse G0 oIS
bl Slasle ;5 olyd 500 4 Cosd (99 S5 9 0398
Gl j90s g el culps Voo)leds Joaz jo [VF] sgi e
sl oas i)l IS (59,5 (slaids 5 ol sl elisS T
Sl L) ol gl @ gl I Guguome &)l Jlisl &5
L¥Y] 0,57 sty (8) alasl, 51 olgas |y (0] )0 o 0,53

DA 5 18] 095 0 o)l

R, =(1-r,)S+R, —[rVLRa+8WO'(TW)4} M

ilizge 5 obsS e il ulSal calyd s 4 1y o T, &S

T, (8,0 bsSzee (b 5 S Olygas uyps €,
Wl ca p ol maw Gloo T copolS coaw p lon slos
zoe Job b R, o' eides il ol cr:a/?vX\.'A%

sl oo Cawdas (V) alayly 5l a8 ol (5 ] 0y
R, =¢,0(T,) )

a a

U] ML?!A 6‘): as ML)‘SQ ‘9.2 9o w)..o ga (\“) d.la.:l) PO
Ival o5 oolal (F) alal, 51 olg o0

£,=0919x10°(T,) )

g ooliiul (e mhw (59) yold slagilg 5l axlz

1  Stefan—Boltzman constant

1494



Yore BRAY Slxio ATAA JLo ¥ olad @Y 0,93 S yual SlSo owodigen & il

9 Cugh) b Gy s pFojlnl gl g mhaw 525 WY Jgua
OOg 3N 9 oMbodld gy (335 gk gy 198 sloo
Table 2: Height of surface roughness and elevation of
wind speed, humidity, and air temperature measurement
for the reservoir with/without covers

5 Lo (g So3luil glas v s el
M) Sl zlass 5l lsn e s m) ol
Al HARRRR s (e o o
-I¥ -1 by o Ol elan

ol o S bl sl g ol GlaaY sl (1 Sile
Sy 03,5 00 Oe Dl o)l e il (ze oz Gl
T 3 8095 bz gld DS b (b o
Slals 08 it O Jlade Sl olg e oalpln 5 00 ezl O

:Aﬂ‘sa Cewdy (1) abaly 5155 Jases 4y 550 (sloo,lgao 51 1>

AT
Qwall = _MW (Ej (%)
. c . . W
AT‘u)?cno)‘y\)u_:Lo)Sw‘Aﬁwfo =/ ¥A— a5
mK

LSLQO)‘}’.‘) wl.?ho AX 9 u)m 6(0‘9.10 g_9).‘4 50 Q“" Lm) d)L-"
5 2l g ;0 @5 eVl dolae Jlasl 5l am sl ge (35
OB ln i el pleddly el £ drle 5 Gl
S EO) 3y9) Cawoas (V+) adal, OlFsr 1) 00l oandy

7] (sl ol 9 Ll yo e g o35 |
E

e=1-| — )
EO

g b -F
Slogtalejl 5l osel cossy s Jolod 5 oy 41 G250 0l o
oolitl alawlgay o (s y5e5 &5 (1l (gal g 00 plovl
Debge Aoy e lyx jea> b jld sl il
Bas ol a olows Glp wus ) S Y s 0 S jgbles
By VY g Ve A SO ED X ) Jeld il o s
O35 de sl Sl plaSye )0 a5 sgdi e dlml Ol aey Ly
SO ey (g Sl o (xS E S Cunsg
5 P PIn g ok Sloosi b (B b wie oo b
Oleiide ;5 (b g ol Sl 5l solaw byl &)50u)

1444

S iisy 3 T H9so 05 9 olgTE g0 Ml (WSl 3 ) Jour
95
Table 1: Coefficients of the reflection and emissivity radia-
tion for water and spherical covers.
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Fig. 4: Image of the amount of the radiation applied to the
reservoir surface under equilibrium conditions
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Fig. 5: Relative humidity and air temperature changes on the water surface in the last two hours of the experiment: (a) No
cover and no flow condition (b) No cover condition with 6.5 lit/min surface flow-rate (c) Coverage mode with white balls
without surface flow (d) Coverage mode with white balls with 1 lit/min surface flow-rate.
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Fig. 6: Results obtained by the surface evaporation test for various surface flow-rates. (a) Surface evaporation for the last
two hours from total of six hours of experiment (b) Evaporation reduction efficiency. Here the evaporation from covered
surfaces in no-flow condition (i.e., ) is used as the reference evaporation to calculate the efficiency in equation (10).
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Table 3: Details of the surface evaporation rate and evaporation reduction efficiency in different conditions for experi-

mental and modeling methods
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Fig. 7: Comparison of experimental and energy balance modeling results of the evaporation test for no cover and coverage
mode with white balls in all seven surface flow-rates
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Table 4: Details of absolute and relative errors between experimental and modeling results
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Fig. 8: Variations in the temperature of the four different layers measured during the test, (a) No cover and no flow condi-
tion (b) No cover condition with 6.5 lit/min surface flow-rate (c) No cover condition with 12 lit/min surface flow-rate (d)
Coverage mode with white balls without surface flow (e) Coverage mode with white balls with 1 I/m surface flow-rate (f)
Coverage mode with white balls with 12 lit/min surface flow-rate. (Here T_w is the water surface temperature and T_MI1,
T_M2, and T_B are the water temperature at distances 12, 24, and 36 cm from water surface, respectively.)
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Fig. 9: Uncertainty results in three replications of evaporation test: (a) No cover condition (b) Covered with black balls;
(c) Covered with white balls; (d) Combination covering by an equal mixture of black and white balls.
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