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Experimental Evaluation of Influence of Air
Injection Rate on a Novel Single Slope Solar Still
Integrated with an Air Compressor

Khaoula Hidouri * & Dhananjay mischra®

Abstract- In this paper, experimental evaluation and
mathematical modeling of single slope hybrid solar still
integrated with an air compressor at a different air injection
rate within water basin. A compressor unit is used to inject air
with different flow rate viz. 0.01, 0.03, 0.05 and 0.06 Kg/s in
sea water within the basin area of hybrid solar still.
Compressed air injection in water influences the performance
parameters such as the temperatures and different modes of
heat transfer rate. Rate of convective heat transfer between
water and air reaches 2.2 W / m2 ° C, between air and glass
the convective heat coefficient equal 0.6 W/ m2 ° C. The
temperature difference between water and inner glass surface,
with an addition of dry air inside the basin will enhance
cumulative productivity (Pcu) of the hybrid single slope solar
stil and recorded 16 L/m2.day. A comparative study of
convective, evaporative heat transfer coefficients also has
been reported.

Keywords: effect of air injection; hybrid solar still; heat
transfer coefficients.

[. [NTRODUCTION

he demand for potable clean water is increasing
Tday by day due to the growing population and

industrialization across all over the world. Air
heating is one of the most important applications of
solar energy [1]. Pandey [2] has given the bubbling
effect of ambient air along with the simultaneous air
bubbling and cooling of the glass cover, He has also
compared an enhancement in distillate output which
was reported 33.5 and 47.5 percent respectively on
conventional single slope solar still. Al-Sulaiman et al.
[8] studied the performance of two different
configurations of deployment of an air heater before and
between humidifier and dehumidifier (HDH) system.
The study demonstrates that the HDH configuration with
the air heater placed between the humidifier and the
dehumidifier will give better performance and higher
productivity as compared to the system when air heater
is placed before the HDH. They have also reported the
case when saline water is directly heated by the incident
solar radiation and air enters into the humidifier through
the nozzles, mixes with the water, gats humidified. Part
of the air has condensed in the glass cover and the
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remaining air condensed in the dehumidifier system.
The experiments have been carried out with the effect of
solar air heater without turbulator and with the turbulator
water heater. The maximum specific humidity gains
were recorded 0.187 KQuawe/KQa: Whereas the humidifier
integrated with the solar air heater without turbulator has
given maximum specific humidity gain of 0.11 KQuate/
kg.. The peak distillate of 20.61 kg/m?day were
collected and reported [4]. Evacuated solar water heater
integrated with the desalination unit by Kabeel et al. [5].
Air has been circulated either by natural or forced
circulation (The effect of three types of forced circulating
air: up, down and up-down) in conventional solar still. It
has been reported that the forced down air circulation
system gives a higher performance as compared to
forced up, forced up-down and natural air circulation.
Agouz [6] has experimentally evaluated the effect of
water temperature, air flow rate and water level on
productivity in HDH desalination system. He has
observed maximum productivity of the system which
reaches to 8.22 kg/h at water temperature 86 °C and air
mass with a flow rate of 14 kg/h. An experimental
investigation of HDH desalination system has been used
for water and air heating simultaneously during the
distillation process. The heated air and water from the
collector supplied to the humidifier, where the air gets
humidified and moves towards dehumidifier for
condensation. The system ability was investigated by
varying the flow rate of air, hot water in the humidifier
and cooling water in a dehumidifier. The system
distillation capacity enhances the air and water
temperature and flow rate of air, hot water, and cold
water. The highest productivity was recorded 12.36,
14.14 and 15.23 kg/m?.day for the without turbulators,
convex and concave turbulators in absorber plate
respectively [7]. Kabeel et al. [8] investigated an
experimental study of a double passes solar air
collector—coupled modified solar still, with phase
change material (PCM). A comparison between
modified still and PCM, forced hot air injection and
conventional still was conducted to evaluate the
development in the freshwater productivity under the
same atmospheric conditions. The experimental results
have revealed that the daily freshwater productivity of
the modified still higher than that of conventional solar
still. The freshwater productivity reached 9.36 L/m? day
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for modified solar still, which was 108% higher than that
of the conventional solar still. Nada et al. [9] were
proposed a hybrid air-conditioning and HDH
desalination system. The effect of fresh air ratio, space
supply air temperature, outside air wet bulb temperature
on the freshwater productivity, refrigeration capacity,
compressor power and percentage of power saving are
also presented. Their analysis shows that the locating of
an evaporative cooler after the mixing of fresh air with
return air remarkably increased the productivity of the
distiller unit. Ghazy et al. [10] have undertaken an
analytical study of a direct solar distillation system that
combined solar still with an air heating humidification-
dehumidification subsystem. Various procedures have
been employed to improve the thermal performance of

the integrated system by recovering heat losses from
one component in another component of the system.

This research work depicts experimental evaluation
results, viz. productivity, the behavior of heat transfer
coefficients for active solar still hybrid with an air
compressor for different flow rates of air within the
hybrid single slope solar still integrated with the air
compressor, to augment the production of drinking
water.

[I. THEORETICAL BACKGROUND

Energy balance equations for evaluation of the
heat and mass transfer coefficients within the hybrid
solar still can be written as:

dT
dtg (mgcpg)(“ (1= 2)G+(Oey + U g + Aewg) = U g-a ~Gog-a) (1)
de S > N ) 5
dt (rneCpe) ch—f qeww— qev,f ( )
dT, Sy
dt B (mNCpW) ((1_ ag )(1_ wg )awG + qc,b—w + qc o qr,w—g - qew - qC,W*Q N qer*f B qe""'w’f - qc'wff) ©)
dT,
S % ey (- 4)1-0,)(0- )68~ 8~ Uo) @
dm
at zcll_ﬂ ©
MATLAB software is used for evaluation of  Therefore,

different mode of heat and mass transfer (conduction,
convection, radiation, and evaporation), variation in
temperature within the distiller unit and the distillate flow
rate. In the forced convection mode, the relation
between Nusselt (Nu), Reynolds (Re) and Prandtl
number (Pr) was given by [11]

Nu = "= " = 0,683 Re®#66 pr1/3 6)

Where, h,, is the convective heat transfer
coefficient that can be evaluated as,

The evaporative heat transfer coefficient (h,, )
can be written as [11]:

A v (7)

The ratio of the heat transfer coefficient and the
mass transfer coefficient is equal to the specific heat per
unit volume at a constant pressure of the mixture. Either
the Lewis relation [12].

ha,

— =1 ®)
hmpf Cp

us)

me
K = hm (pw - pg)
Substituting Egs. 7 and 8 in Eq.9 one can get,

m _ M,

A p:C, RT( %)

(10)

[II. CONSTRUCTION OF EXPERIMENTAL

SETUP

The test rig is made with the help of stainless
steel material of 3mm thick plate, which has 0.4 m? of
the basin area. Lower and higher wall of distiller units
are kept 480 mm and 610 mm high to make 30°
inclination of the glass cover, considering latitude
33°52'53" N and Longitude 10°05'53" E of city Gabés.
Transparent 4 mm thick glass material is used as a
cover for the basin area with about 90% transmittance.
Gasket rubber material is used in between basin top
and glass cover and further sealed with window putty to
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prevent the leakage of vapors from basin to ambient.
The condensation water is collected in a collector
channel, which is deposited at the lower end of the
glass cover and small plastic pipe will be used to
terminate collector channel. Fresh water is finally
collected in an externally graded cylinder attached at the
end discharge pipe. Feed raw/ saline water pipe has
been connected to another side wall for feedina the

brackish water into a distiller unit. Fig. 1a shows that the
air compressor is connected to a screen equipped with
holes for diffusing air into the seawater basin of distiller
unit. It has been added in order to increase the
evaporation rate of water containing in the basin by
hybrid distiller unit. The air blower connected to an air
screen, further it is connected to tap of a compressor.

1-Compressor, 2-Evaporator, 3- Water collector , 4- Regulator, 5-Inner saline water ,
6- Condenser, 7- Saline water, 8- outer saline water , 9-Insolation . 10-regulation
system <»Position Thermometer, 11-compressor of air, 12 -air flow.13-air stream

Figure 1a: Schematic arrangement of SSDHP with air pump

SR < g
g o

Figure1b: Actual photograph of SSDHP with air pump

Different parameters viz., air flow rate, water
temperature, water level and relative air humidity and
temperature within the basin inlet and on the water
surface, were recorded during the experiments. The
water temperatures in the basin were also measured
using the thermometer-Pt100 which works in the range
from —20 to +260°C with an uncertainty of 2.6%. The

relative humidity and temperature of air streams were
measured using 2 thermo-hygrometers which work in
the range from 0 to 100% RH and from—40 to+120°C

and its uncertainty is 1.4% tabulated in Table 1, Table 2
shows  operating  characteristics  of  different

components.
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Table 1: Details of measuring equipment and its range along with their accuracy

Measuring Number | Range Accuracy
Equipments
K-type o -0.2°C
thermocouple ° -20001250°C to+2°C
Digital differential o
pressure 2 (+-)2bar —i/;;o
manometer °
Dlglta| thermo ) 0% to 100% RH -1.4%
hygrometer +1.4%RH
Thermometer- 4 —20to +260C 26%.
Pt100
Tabel 2: Operating characteristics
Parameter Symbol Value Unit
Mass of glass My 10.12 kg/m?
Mass of water m,, 20.6 kg/m?
Mass of basin My 15.6 kg/m?
Calorific heat capacity of glass Cyuq 800 J/kg°C
Calorific heat capacity of water Cou 4178 J/kg°C
Calorific heat capacity of basin Coo 480 J/kg°C
Absorbability of cover glass o 0.075
Water absorbability o, 0.05 ----
Basin absorbability o, 0.95
Glass emissivity €q 0.88
Water emissivity €y 0.95 ----
Basin emissivity €5 0 ----
Glass reflectivity Py 0.0735
Water P 0
Basin Po 0 o
Thermal conductivity of basin Ko 16.30 W/m°K
Thermal conductivity of losses ki 0.039 W/m°K

V.

The experimental setup is designed and
constructed to investigate the effect on the productivity
of hybrid solar still at a different flow rate of air within the
test rig through compressor wunit. While the
experimentation temperature of the glass cover, water,
and evaporator was recorded with the help of K type
thermocouple, whereas the flow rate of air was recorded
with the help of Rotameter and control with the help of
regulatory valve. Distillate output is recorded with the
help of graduated cylinder on an hourly basis. Each
series of experiments were conducted for four different
air flow rates (0.01, 0.03, 0.05 and 0.06 kg/s) at a
constant water level of 10 cm. Incident solar radiation is
recorded with the help of pyranometer.

V.

Using economic analysis, estimation of the cost
of one-litre distillate water has been made. In addition to
the capital cost (P) of the hybrid solar still, other
parameters such as sinking fund factor (SFF), annual
salvage value (ASV), annual maintenance cost (AMC),
and interest rate per year should be also considered. At
this stage, the Capital recovery factor (CRF) is defined in

EXPERIMENTAL PROCEDURE

ECoONOMIC ANALYSIS

© 2017 Global Journals Inc. (US)

terms of the interest per year i and also the number of
life years of the system n [13,14]

i(1+i)"
(1+i) -1

CRF = (11)

The interest per year i and the number n of life
years of the system are assumed 12% and 10,
respectively.
Fixed annual cost (FAC) becomes:

FAC = P(CRF) (12)

Where, P is the capital cost of solar still. The
capital cost includes the cost of the hybrid solar still and
air compressor as well as the costs of labor cost ( for
the active system). In this work the capital cost P
becomes 1026.$ By taking the salvage value of system
S equal to 20% of capital expressed respectively as
[15]:

S (13)
(1+i) -1

Sinking fund factor (SFF) and annual salvage value
(ASV) can be



ASV = (SFF)S (14)

For, S = 0.2P (15)

Sinking fund factor (SFF) and annual salvage
value (ASV) can be for the passive unit, 0.0569 and
0.1769 $ (by considering 205.20 $ for the pump price)
for the active one. The AMC which is annual
maintenance operational cost of the system consists of
collecting the fresh water, cleaning the glass cover,
washing inside the unit to remove the deposited salt,
and maintenance of DC fan. Here, 15% of fixed annual
cost is considered as maintenance cost:

AMC = 0.15(FAC) (16)

Therefore the annual cost (AC) is:
AC = FAC+ AMC - ASV (17)

Finally, the cost of fresh water per liter can be calculated
as:

Where M is the average annual yield of the solar
still, Cost per liter of fresh water is shown in Table.3 for
the hybrid distiller unit with and without an air
compressor.

Table 3: Distilled water cost calculation

Cost per
Type of Agnutgl Annual | " gf
g production,
distiller K cost ($) fresh
g
water/$
With air 5840 19713 0.031
compressor
Without air 3285 154.43 0.047
compressor
VI.  RESULT AND DISCUSSION

During working hour incident solar radiation on
glass cover surface was recorded with the help of
pyranometer for different air velocity during the test
days, shown in Fig.2. It is observed that the maximum

cp|_2£ (18) solar incident radiation on glass cover during 12 h and
M 14 h around 900 W/m 2 for all air velocity.

1000 -
&
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E’ 800 A
=
=
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=
& 600 -
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=
.E. 500 - -I—0.0lkgjs
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= 400 4 =—={).05kg/s
3 _
2 300 -
]

200 L] L] L] L] L] L] 1
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Figure 2: Variation of experimental solar flux with True Solar Time

Variation of water temperature at a different flow
rate of air with respect to the time is shown in Fig. 3. It
shows that the water temperature initially increases as
solar radiation increases and further decrease as per the
incident radiation.
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Figure 3: Variation of water temperature at a different flow rate of air with respect to time

The temperature of water ranged from 45.7°C to  the temperature of water starts to decline with air flow
89°C with airflow rate 0.06 kg/s and reaches its rate increases (70°C). Whereas glass temperature
maximum value at 13 hours. It has been observed that  decrease due to the enrichment of air flow rate.
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Figure 4: Variation of convective heat transfer coefficient at a different flow rate of air with respect to time
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The convective heat transfer coefficient between
the water surface and the flowing air at a different flow
rate of air has been evaluated and shown in Fig.4.
Maximum heat convective heat transfer coefficient is
recorded 0.0698 W/m=°C, 0.42 W/m=°C, 0.803 W/m=°C
and 1.25W/m=°C at air flow rate of 0.01 kg/s, 0.03 kg/s,
0.05 kg/s and 0.06 kg/s respectively. It has been
recorded 34. 71%, 40.81%, and 10.83% higher as
compared to the air flow rate of 0.01 kg/s, 0.03 kg/s,
and 0.05 kg/s respectively. Convective heat transfer
coefficient at an air flow rate of 0.06kg/s will maintain its
lead throughout the experimentation which causes to
higher yield as compared to the lower mass flow rate of
air. The convective heat transfer coefficient between the

water surface and the flowing air at a different flow rate
of air has been evaluated and shown in Fig.3. Maximum
heat convective heat transfer coefficients are recorded
0.0698 W/m2°C, 0.42 W/m2°C, 0.803 W/m2°C and
1.26W/m2°C at air flow rate of 0.01 kg/s, 0.03 kg/s, 0.05
kg/s and 0.06 kg/s respectively. It has been recorded
34. 71%, 40.81%, and 10.83% higher as compared to
the air flow rate of 0.01 kg/s, 0.03 kg/s, and 0.05 kg/s
respectively after the third hour of the time. Convective
heat transfer coefficient at an air flow rate of 0.06kg/s will
maintain its lead throughout the experimentation which
causes the higher yield in comparison with the lower
mass flow rate of air.

20
5 15 7 0.06kgs —=—0.05kgs ﬂ,{}_;l[.)_lcg;'g ——0.01kg/s
h -
S 16 -
E (G_; 14 4
N
s 12 -
= S 107
FE s
sz .
& 67
=0 i=-.=::3:::i-gf‘"'“___““‘"““humuhh,___*
2 -
0 Fr—r———r—————r———r——rr————

13 15 17 19
T(h)

Figure 5: Variation of evaporative heat transfer coefficient at a different flow rate of air with respect to time

Variation in the evaporative heat transfer at
different air flow rate of air at a one-hour interval of time
is evaluated and shown in Fig.5. Which clearly shows
that evaporative heat transfer coefficient during the
mass flow rate of air 0.06 kg/s is higher as compared to
the lower flow rate of air. It also depicts that
enhancement of the flow rate of air will boost the
evaporative heat transfer coefficient which results in
higher yield. An evaporative heat transfer coefficient
record 74.4%, 35.19% and 24.57% higher at flow of air
0.06 kg/s as compared to the air flow rate of 0.01 kg/s,
0.03 kg/s and 0.05 kg/s respectively.
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Figure 6. Variation of yields due to different air flow rate with respect to time

Effect on the yield of active solar still hybrid with
an air compressor with corresponding time interval is
shown in Fig.6. after a one-hour interval of time test-rig
fed with an air of 0.06kg/s maintain a significant lead in
distillate out as compare to the other those are fed with
a lower flow rate of air. Throughout experimentation
hybrid solar still integrated with an air compressor fed
with 0.06kg/s air flow rate maintain its superiority over
the others and maximum yield recorded 0.6 kg/h,
0.2kg/h, 0.25kg/h and 0.35kg/h at an air flow rate of 0.01
kg/s, 0.03 kg/s, 0.05 kg/s and 0.06 kg/s respectively. At
eighth hour interval of time test rig which has air flow
rate of 0.6 kg/s will give 48.333%, 13.3% and 94.44%
higher yield as compared to the other cases of 0.01
kg/s, 0.03 kg/s, and 0.05 kg/s respectively.

VII.

Influence of variation in air velocity within the
hybrid solar still will greatly influence the production rate
of the newly developed hybrid solar still. The rate of heat
and mass transfer is enhanced due to the formation of
water bubbles within the distiller unit whereas fall in
basin water temperature observed due to increase in
wind flow rate. But the overall productivity of distiller unit
was significantly improved as compared to hybrid solar
still without air.

CONCLUSION

Nomenclature

Cp: specific heat of air, J/kgK

h.,, : Convection heat transfer coefficient, W/m.K
h.,, : Evaporative heat transfer coefficient, W/m.K
hm: Mass heat transfer coefficient, W/m.K

k : Thermal conductivity. W/m.K

L: Specific length, m

L, : latent heat , W/kg

© 2017 Global Journals Inc. (US)

M: Molar weight, mol/g

me : Specific mass, kg/m

Nu: Nusselt Number

Re : Reynolds Number

P : Pressure, N/m?

Pr : Prandtl Number

S: Surface, m2

T, : Water temperature, °C

T, : Glass temperature, °C
Induce

a:air

b : basin

cw : Convection,

ew : Evaporator

g : Glass

w : Water

symbol

p: Reflectivity

B : Inclination °

p : dynamic viscosity KJ/m°K
A : difference

A : Thermal conductivity W/m°K
Cost nomenclature

As: Area of basin in solar still m?
AC: Annual cost

AMC: Annual maintenance operational cost of the
system

ASV: Annual salvage value
CPL: Cost of fresh water ($/lit)
CRF: Capital recovery factor

ANNEXURE

Appendix A: Physical characteristics of humid air
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Lv = 2.560x10°(647.3- T |°*

C_ =999.2+0.1434T +1.01x10" *T2 —6.7581x10 8T,
P w

A =0.0244 + 0.6773x10~ 4TW
353.44

Pw =T 127315
w
353.44

y2)

g T +273.15

© =1.718x10" ° + 4.620x10" 8TW
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