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Abstract — Humidifiers and dehumidifier are heat and mass exchanger devices. It is used to transfer energy by both heat
and mass simultaneously between two fluid streams at different temperatures and concentrations. Mass transferred will
occur through the fluid streams when they come in thermal contact or direct contact They can exchange energy
alternatively and intermittently where two fluid streams are flow through the same flow passages. The direct contact heat
and mass exchange may be liquid-vapor type or gas-liquid type. Heat and mass transfer are also depending on the flow
configuration. The air heated ,closed air cycle where the water in the humidifier cannot be cooled to a much lower
temperature .result as air is not saturated The closed-water and open-air (CWOA) cycle which is air heated ,the wet
bulb temperature is much lower and hence the water in the humidifier can be cooled to a much lower temperature. Also
in dehumidifier humidifier air cool which result in condensation and fresh water production achieve .Thus, one might
expect that the humidifier and dehumidifier effectiveness will influence the cycle performance, unlike in the closed air
cycle. From the literature survey have been found that no attempts done to improve the cycle performance by modifying
the humidifier as well as dehumidifier. Hence, the objective of this paper is to study of the thermodynamic behavior of
humidifier to propose novel method for high-performance

Keywords- Humidification, Solar Radiation, Circular Solar Collector, Dehumidification, Air Heater, Dehumidifier,
Exchangers, thermal balancing, humidifiers.

1. Introduction

The simplest form of the HDH process divide in to three part (1) solar energy is used to heat an air /or water by heater,
which work with;(2) an evaporator or a humidifier and (3) a condenser or the dehumidifier . The HDH process are two
types one is an open air cycle with close water where the water is re circulated, and another type is open-water cycle
with closed air where air is circulated in a closed loop between the humidifier and the dehumidifier. The air in these
systems may be circulated by mechanical blowers. Also, these HDH systems are sub classified based on the type of
heating used as water or air heating systems. The air heater at a higher temperature it can be observed that it is easier to
raise the temperature of saturated air than at a lower temperature which can be seen from the properties of moist air So by
a smaller heat input a given top temperature can be attained easily Also, the heat recovered ratio is high in the
humidifier since the water stream is cooling he air stream (and humidifying it) in the humidifier. This cycle can be
worked in two ways, closed air or closed water. We describe the open air cycle below.
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Figure 1  air-heated CWOA HDH process on psychometric chart

The air after getting heated in the solar collector (line 1-2) Air humidified in the evaporator (line 2-3) it is dehumidified
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in the condenser. Many such regions are found in the developing world in regions of high incidence of solar radiation
available for 300 day in a year. For small-capacity water desalting for remote regions, lack of skilled personnel or
erection and maintenance facilities. Several advantages of this technique can be presented which include flexibility in
capacity, moderate installation and operating costs, simplicity, and possibility of using low-grade thermal energy (solar,
geothermal, recovered energy or cogeneration).

2 Thermodynamic behavior of humidification dehumidification process on psychometric chart

Heating, humidifying and dehumidification process of air shown in H-X diagram which is also known as psychometric
behavior on psychometric chart
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Figure 2 Heating, humidifying and dehumidification process of air on H-X diagram

An airstream with 25°C and 10g of water per kg of dry air having initial humidity and initial temperature as shown in the
chart at position (1), now it can be heated up to 80°C which is gain position (2) and after injection of water adiabatically
to increase its humidity up to 30g/kg of air and get humidified .Humidification process result in lower the temperature of
air. 1 kg of dry air can carry 0.5 kg of vapor and about 670 kcal the vapor carrying capability of air increases with
temperature when its temperature increases a certain quantity of vapor is extracted by air when flowing air is in contact
with salt water which provide cooling. The humid air bringing with contact to a cooled surface and condensation of part
of the vapor in the air takes place. On the other hand distilled water may be recovered

3  Principles of the HD Process

The HD process is based on the fact that the vapor carrying capability of air increases progressively with temperature.
For example 1 kg of dry air can carry 0.5 kg of vapor when its temperature increases from 30 to 80°C.The HD unit is the
distillation under atmospheric conditions by an air loop saturated with water vapor, and has three main sections: the
humidifier, dehumidifier and heat source. In the humidifier, air and water, where one or both of them have been heated
by an external heat source, are in contact and a certain amount of vapor, extracted by air. Hot and humid air leaves the
humidifier and enters the dehumidifier. In this section, water vapor is distilled by bringing the humid air in contact with a
cooled surface which causes the condensation of the vapor in the air and production of fresh water. The HD unit with a
closed air cycle and water heating. Latent heat of condensation is used for preheating The HD process can be used in a
closed or open air cycle. In an open air cycle, the amount of fresh air feed to the unit increases water productivity while
the closed air cycle has the higher thermal efficiency. The next section is the heat source for providing the heat required
for increasing air temperature and surface evaporation in the humidifier. In order to provide it air or water or both of
them can be heated. Water heating techniques are more available and cheaper than air heating. Water heating system also
leads to corrosion and decrease its efficiency . The HD process will be used in ambient pressure and there is no necessity
for high temperature in the evaporation process. That is why a low-grade heat source such as solar energy or waste heat
from other processes can be used. Solar energy is available in areas that need drinking water and as energy source is very.
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Figure3 Practical model of humidifier & dehumidifier for (WOA) using circular solar collector of
humidification-dehumidification process

4 Mass balances in humidifier.

When air is passing through the air heater the relative humidity of air will reduce due to sensible heating which is shown
in fig. 2 When the hot air having mass flow rate ‘m’ kg/sec with temperature t, and specific humidity w, kg/kg of dry air
passing through falling water drops, it absorb the water vapors m, , for which mass balance is given by,
wz3Mm=w, m+ m,
m, = m(w; — ;)
Where specific humidity w

_0.622P,
®=T10p,
And relative humidity g o= :_V

Where P, saturated vapor is pressure at corresponding temperature, and P, is partial vapor pressure in dry air.

5 Energy and mass balances Dehumidifier

Energy and mass balances are applied to a segment of height Ay as shown in Fig.
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Figure4 . An element of the dehumidifier
Mcw Cpcw (Tcwo - Tcwi) = Ma (Ho - Hc) (1)

Mcw Cpcw (Tcwo - Tcwi) = UCACLMTDC (2)

The logarithmic mean LMTDc = {2 _TC‘?'T‘)E‘O)_(TISE;TCW”

n (m)

The production of distilled water is given by the following balance equation

Md = Ma(Wo — Wc¢)

Dehumidifier effectiveness n

_ T3-Ty
T3—=Tamb

Figure 5 humidifier & dehumidifier

6 Data collection

The temperatures of the water and air (dry and wet bulb) at different locations in the system were measured by using the PT100 RTD,
connected to 8 channel digital temperature indicator recording device. One PT100 RTD, having a minimum scale division of 1°C was
used to measure the ambient temperature. Wet-bulb temperature of the air was measured by using a specially prepared RTD. The
accuracy of the millimeter is £0.1%. The process air velocity and wind speed were measured by using a digital battery-powered mini
thermo anemometer .The accuracy of the anemometer is +2%. The mass flow rate of the process air was calculated by using the air
velocity. An analog thermo hygrometer was used to measure the relative humidity of the ambient air. Response time of the hygrometer
is one minute and its accuracy is +2%

7 Result and discussion

The experimental setup was run from 21 Jan 2016 to 25 may 2016 during 8:00 am to 6:00 pm and from that excellent
data collected for the result and discussion. The experiments are conducts by varying mass flow rate of air
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Humidifier Performance

Table 1:24/4/2016 Volume flow rate =0.033 m3/s

Sr.no | Time Dry Bulb Wet Bulb DBT- | Relative Dry Bulb Wet Bulb DBT- | Relative
temperature | temperature | WBT | humidity | temperature | temperature | WBT | humidity
At At At At
Humidifier Humidifier Humidifier Humidifier
Inlet Inlet out let outlet
1 8 35 25 10 44 33 32 1 93
2 9 43 29 14 37 37 35 2 87
3 10 50 32 18 34 40 38 2 84
4 11 52 35 17 31 44 41 3 83
5 12 53 35 18 29 46 43 3 82
6 1 54 36 18 29 47 43 4 78
7 2 55 35 20 27 48 44 4 79
8 3 51 34 17 31 47 44 3 83
9 4 49 33 16 34 46 43 3 84
10 5 47 32 15 37 45 43 2 85
11 6 43 30 13 40 41 39 2 87
Relative humidity At Humidifier Inlet
v/s Time
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Figure 6 24/04/2016 Volume flow rate =0.033 m3/s
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Relative humidity At Humidifier outlet v/s Time
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Figure 7 24/04/2016 Volume flow rate =0.033 m3/s
Table 2:25/4/2016 Volume flow rate =0.029 m3/s
Sr.no | Time Dry Bulb Wet Bulb DBT- | Relative Dry Bulb Wet Bulb DBT- | Relative
temperature | temperature | WBT | humidity | temperature | temperature | WBT | humidity
At Humidifier At At Humidifier At
Inlet Humidifier out let Humidifier
Inlet outlet
1 8 34 21 13 31 33 32 1 93
2 9 43 26 17 26 37 35 2 88
3 10 48 29 19 26 40 37 3 83
4 11 49 30 19 26 44 41 3 83
5 12 52 33 19 25 46 42 4 78
6 1 53 33 20 24 47 41 6 70
7 2 54 34 20 24 50 45 5 75
8 3 53 33 20 24 49 46 3 84
9 4 50 31 19 26 47 44 3 86
10 5 47 29 18 27 46 44 2 89
11 6 44 26 18 28 44 43 1 94
@IJAERD-2017, All rights Reserved 691




International Journal of Advance Engineering and Research Development (IJAERD)
Volume 4, Issue 4, April -2017, e-ISSN: 2348 - 4470, print-ISSN: 2348-6406

Relative humidity At Humidifier Inlet v/s Time
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Figure 8: 25/04/2016 Volume flow rate =0.029 m3/s
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Figure 9: 25/04/2016 Volume flow rate =0.029 m3/s
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Table 3: 26/4/2016 VVolume flow rate =0.026 m3/s

Sr.no | Time Dry Bulb Wet Bulb DBT- | Relative Dry Bulb Wet Bulb DBT- | Relative
temperature | temperature | WBT | humidity | temperature | temperature | WBT | humidity
At Humidifier At At Humidifier At
Inlet Humidifier out let Humidifier
Inlet outlet
1 8 37 26 11 40 34 33 1 93
2 9 44 30 14 37 36 35 1 93
3 10 50 34 16 34 40 37 3 82
4 11 51 36 15 34 41 37 4 78
5 12 53 37 16 33 44 38 6 69
6 1 55 37 18 32 46 41 5 73
7 2 54 35 19 26 47 43 4 79
8 3 52 34 18 32 47 44 3 84
9 4 51 34 17 33 46 44 2 89
10 5 50 33 17 33 45 43 2 89
11 6 43 30 13 35 40 39 1 94
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Figure 10: 26/04/2016 Volume flow rate =0.026 m3/s
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Relative humidity At Humidifier outlet v/s Time
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Figure 11: 26/04/2016 VVolume flow rate =0.026 m3/s
Table 4 : 27/4/2016 VVolume flow rate =0.0202 m3/s
Sr.no | Time Dry Bulb Wet Bulb DBT- | Relative Dry Bulb Wet Bulb DBT- | Relative
temperature | temperature | WBT | humidity | temperature | temperature | WBT | humidity
At At At At
Humidifier Humidifier Humidifier Humidifier
Inlet Inlet out let outlet
1 8 40 30 10 40 33 31 2 86
2 9 44 31 13 40 35 32 3 81
3 10 50 34 16 34 40 36 4 77
4 11 52 36 16 34 44 39 5 73
5 12 54 37 17 33 46 41 5 69
6 1 55 38 17 33 47 41 6 69
7 2 55 39 16 37 47 43 4 78
8 3 53 38 15 37 47 44 3 83
9 4 52 37 15 37 46 43 3 83
10 5 51 36 15 37 44 42 2 89
11 6 43 31 12 40 43 41 2 89
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Relative humidity At Humidifier Inlet v/s Time
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Figure 12 27/04/2016 Volume flow rate =0.0202 m3/s
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Figure 13 27/04/2016 Volume flow rate =0.0202 m3/s
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Dehumidifier Performance

Table 5:24/4/2016 VVolume flow rate =0.033 m3/s

Time Dry Bulb Wet Bulb Dry Bulb Wet Bulb Airinlet Efficiency of | Quantity of
temperature | temperature | temperature | temperature | temperature | Dehumidifier water
At At At At
dehumidifier | dehumidifier | dehumidifier | dehumidifier
inlet(°C) inlet(°C) outlet(°C) outlet(°C)
(°C) (ml)
8 35 24 34 33 31 0.25 0
9 37 29 36 35 34 0.333333333
10 41 31 39 39 36 0.4 5
11 44 35 40 41 37 0.571428571 12
12 46 37 41 42 38 0.625 28
1 48 39 43 43 42 0.833333333 41
2 50 41 43 42 41 0.777777778 31
3 49 39 44 42 42 0.714285714 20
4 48 39 43 41 40 0.625 13
5 47 38 43 41 39 0.5 9
6 46 37 42 40 37 0.444444444 6
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Figurel4:24/4/2016 VVolume flow rate =0.033 m3/s
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Efficiency of Dehumidifierv/s Air inlet
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Figurel15:24/4/2016 Volume flow rate =0.033 m3/s

Table 6:25/4/2016 VVolume flow rate =0.029 m3/s

Time Dry Bulb Wet Bulb Dry Bulb Wet Bulb Air inlet Efficiency of | Quantity
temperature | temperature | temperature | temperature | temperature | Dehumidifier | of water
At At At At
dehumidifier | dehumidifier | dehumidifier | dehumidifier
inlet(°C) inlet(°C) outlet(°C) outlet(°C) (°C) (ml)
8 35 25 34 33 29 0.166667 0
9 38 27 36 34 34 0.5 0
10 43 32 40 38 37 0.5 7
11 47 35 43 42 40 0.571429 11
12 49 37 43 42 41 0.75 29
1 50 39 43 44 42 0.875 40
2 46 39 43 42 42 0.75 31
3 45 38 42 42 40 0.6 21
4 44 38 41 41 39 0.6 11
5 42 37 40 38 37 0.4 6
6 40 35 38 36 34 0.333333 4
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Figurel16:25/4/2016 VVolume flow rate =0.029 m3/s
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Figure 17:25/4/2016 Volume flow rate =0.029 m3/s

@IJAERD-2017, All rights Reserved 698



International Journal of Advance Engineering and Research Development (IJAERD)
Volume 4, Issue 4, April -2017, e-ISSN: 2348 - 4470, print-ISSN: 2348-6406

Table 7: 26/4/2016 VVolume flow rate =0.026 m3/s

Time Dry Bulb Wet Bulb Dry Bulb Wet Bulb Airinlet Efficiency of | Quantity
temperature | temperature | temperature | temperature | temperature | Dehumidifier | of water
At At At At (ml)
dehumidifier | dehumidifier | dehumidifier | dehumidifier
inlet(°C) inlet(°C) outlet(°C) outlet(°C)
(°C)
8 35 25 33 32 29 0.3333333
9 37 28 35 34 32 0.4
10 41 32 39 38 37 0.5
11 43 34 40 39 38 0.6 16
12 45 36 41 40 39 0.6666667 28
1 47 38 42 41 41 0.8333333 38
2 48 39 43 42 41 0.7142857 32
3 47 38 43 41 41 0.6666667 23
4 45 38 41 40 38 0.5714286 18
5 43 37 40 39 37 0.5 11
6 41 36 38 37 34 0.4285714 4
Efficiency of Dehumidifier v/s Time
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Figurel8: 26/4/2016 Volume flow rate =0.026 m3/s
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Figurel9: 26/4/2016 Volume flow rate =0.026 m3/s

Table 8: 27/4/2016 VVolume flow rate =0.0202 m3/s

Time Dry Bulb Wet Bulb | Dry Bulb | Wet Bulb | Air inlet | Efficiency of | Quantity
temperature | temperature | temperature | temperature | temperature | Dehumidifier | of water
At At At At
dehumidifier | dehumidifier | dehumidifier | dehumidifier
inlet(°C )- inlet(°C) outlet(°C)/ | outlet(°C) °C) (m)
31 26 30 30 28 0.333333333 0
38 30 36 34 33 0.4
10 41 33 39 39 37 0.5 7
11 45 37 42 43 40 0.6 11
12 46 38 44 43 43 0.666666667 25
1 47 39 44 43 43 0.75 31
2 48 38 44 44 42 0.666666667 21
3 48 37 45 44 43 0.6 14
4 47 37 44 43 41 0.5 11
5 45 36 43 42 40 0.4
6 42 35 41 39 39 0.333333333
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Figure20: 27/4/2016 Volume flow rate =0.0202 m3/s
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Figure 21: 27/4/2016 Volume flow rate =0.0202 m3/s
@IJAERD-2017, All rights Reserved 701



International Journal of Advance Engineering and Research Development (IJAERD)
Volume 4, Issue 4, April -2017, e-ISSN: 2348 - 4470, print-ISSN: 2348-6406

6 Conclusion

Graphs between Relative humidity At Humidifier Inlet to Time indicate that in the morning relative humidity is near
40 % then decrease up to 12 o’clock and afterward it is increase in the evening . Another graphs for Relative humidity
At Humidifier outlet to Time shows that, humidity in the morning is near 90% and small change in it to noon then
increase up to narrow with 93%.

Efficiency of dehumidifier increase from 8.00 to 12.00 noon and achieve maximum value then reduced to evening at
6.00pm.,in other graphs air inlet temperature increase efficiency of dehumidifier moderately increase at 1.00pm then
decline in value The ambient condition also influence on the performance of humidifier and dehumidifier.

7 References

[1] United Nations, 2008. The Millenium Development Goals Report. United Nations, New York.

[2] El-Dessouky, H.T. and Ettouney, H.M., 2002. Fundamentals of salt water desalination. Elsevier.

[3] Wilf, 2007. The guidebook to membrane desalination technology. Balaban Desalination Publications, L’Aquila,
Italy.

[4] Strathmann, H., 2004. lon-Exchange Membrane Separation Processes. Elsevier, New York.

[5] Alshareff, F.F., 2008. Investment opportunities in the desalination sector of the Kingdom of Saudi Arabia resulting
from privatization and restructuring. Saudi Water and Power Forum, Jeddah, 1-4 November.

[6] Sauvet-Goichon, B., 2007. Ashkelon Desalination Plant - A Successful Challenge. Desalination 203, 75-81

[7] Cath, T.Y., Childress, A.E., Elimelech, M., 2006. Forward osmosis: Principles, applications, and recent
developments. Journal of Membrane Science 281, 70-87.

[8] Qiblawey, H.M., Banat, F., 2008. Solar thermal desalination technologies. Desalination 220, 633-644.

[9] Trieb, F., et al., 2007. Concentrating solar power for seawater desalination. Final Report, German Aerospace Center
(DLR), Stuttgart.

[10] Peter-Varbanets, M., Zurbru, C., Swartz, C., Pronk, W., 2009. Decentralized systems for potable water and the
potential of membrane technology. Water Research 43, 245-265.

[11] Mdiller-Holst, H., 2007. Solar Thermal Desalination using the Multiple Effect Humidification (MEH) method, Book
Chapter, Solar Desalination for the 21st Century, 215-225.

[12] Tiwari, G.N., Singh, H.N., Tripathi, R., 2003. Present status of solar distillation. Solar Energy 75(5), 367-373.

[13] Fath, H. E. S., 1998. Solar distillation: a promising alternative for water provision with free energy, simple
technology and a clean environment. Desalination, 116, 45-56.

[14] Lawand, T.A., 1975. Systems for solar distillation. Brace Research Institute, Report No. R 115.

[15] Houcine, I., Amara, M. B., Guizani, A., Maalej, M., 2006. Pilot plant testing of a new solar desalination process by a
multiple-effect-humidification technique. Desalination 196 105-124.

[16] Chafik, E., 2004. Design of plants for solar desalination using the multi-stage heating/humidifying technique.
Desalination 168, 55-71.

[17] Miiller-Holst, H., Engelhardt, M., Herve, M., Scholkopf, W., 1998. Solar thermal seawater desalination systems for
decentralized use. Renewable Energy 14(1-4), 311-318.

@IJAERD-2017, All rights Reserved 702



International Journal of Advance Engineering and Research Development (IJAERD)
Volume 4, Issue 4, April -2017, e-ISSN: 2348 - 4470, print-ISSN: 2348-6406
[18] Chafik, E., 2003. A new type of seawater desalination plants using solar energy. Desalination 156, 333—348.
[19] Klausner, J.F., Mei, R., Li, Y., 2003. Innovative Fresh Water Production Process for Fossil Fuel Plants, U.S. DOE -
Energy Information Administration annual report.
[20] Hamieh, B.M., Beckmann, J. R., 2006. Seawater desalination using Dew-vaporation technique: theoretical
development and design evolution. Desalination 195, 1-13.
[21] Ben-Bacha, H., Damak, T., Bouzguenda, M., 2003. Experimental validation of the distillation module of a
desalination station using the SMCEC principle. Renewable Energy 28, 2335-2354.
[22] Garg, H.P, 1975. Year round performance studies on a built-in storage type solar water heater at Jodhpur, India.
Solar Energy 17, 167-172.
[23] Garg, H.P, 1985. Solar Water Heating Systems. Proceedings of the Workshop on Solar Water Heating Systems,
New Delhi, India.
[24] Eggers-Lura, A., 1978. Solar Energy for Domestic Heating and Cooling: A Bibliography with Abstracts, and a
Survey of Literature and Information Sources. Pergamon Press.
[25] Rojas, D., Beermann, J., Klein, S.A., Reindl, D.T., 2008. Thermal performance testing of flat-plate collectors, Solar
Energy, Volume 82, Issue 8, Pages 746-757.
[26] Ho, C.D., Yeh, H.M., Wang, R.C., 2005. Heat-transfer enhancement in double-pass flat-plate solar air heaters with
recycle. Energy 30 (15), 2796-2817.
[27] Lof, G.O.G., EI-Wakil, M.M.,; Chiou, J.P., 1963. Residential heating with solarheated air - Colorado solar house,
ASHRAE Journal 5 (10), 77-86.
[28] Gupta, C. L., Garg, H. P., 1967. Performance studies on solar air heaters. Solar Energy, 11(1), 25-31.
[29] Whillier, A. 1963. Plastic covers for solar collectors. Solar Energy 7 (3), 148-151.
[30] Bansal, N.K., 1987. Thermal performance of plastic film solar air and water heaters. International Journal of Energy
Research 11 (1), 35-43.
[31] McCullough, R. W., 1977. Solar Air Heater. US Patent 4262657.
[32] Satcunanathan, S., Deonarine, S., 1973. A two-pass solar air heater. Solar Energy 15(1), 41-49.
[33] Severson, A. M., 1978. Solar Air Heater. US Patent 4085730.
[34] Schmidt, R.N., 1976. Solar Air Heater. US Patent 4085729.
[35] Vincent, O.W., 1977. Dome Solar Air Heater. US Patent 4236507.
[36] Choudhury, C., Garg, H. P., 1993. Performance of air-heating collectors with packed airflow passage. Solar Energy
50 (3), 205-221.
[37] Sharma, V. K., Sharma, S., Mahajan, R. B., Garg, H. P., 1990. Evaluation of a matrix solar air heater. Energy
Conversion and Management 30(1), 1-8.
[38] Mittal, M.K., Varshney, L., 2006. Optimal thermo hydraulic performance of a wire mesh packed solar air heater.
Solar Energy 80 (9), 1112-1120.
[39] Mohamad, A. A., 1997. High efficiency solar air heater. Solar Energy 60 (2), 71-76.
[40] Esen, H., 2008. Experimental energy and exergy analysis of a double-flow solar air heater having different obstacles
on absorber plates. Building and Environment 43(6), 1046-1054.
[41] Romdhane, B.S., 2007. The air solar collectors: Comparative study, introduction of baffles to favor the heat transfer.
Solar Energy, 81 (1), 139-149.

@IJAERD-2017, All rights Reserved 703



International Journal of Advance Engineering and Research Development (IJAERD)
Volume 4, Issue 4, April -2017, e-ISSN: 2348 - 4470, print-ISSN: 2348-6406

[42] Ramadan, M.R.1., El-Sebaii, Aboul-Enein, S., El-Bialy, E., 2007. Thermal performance of a packed bed double-pass
solar air heater. Energy 32(8), 1524

[43] Koyuncu, T., 2006. Performance of various designs of solar air heaters for crop drying applications. Renewable
Energy 31(7), 1073-1088.

[44] Matrawy, K. K., 1998. Theoretical analysis for an air heater with a box-type absorber. Solar Energy 63(3), 191-198.

[45] Duffie, J.A., Beckmann, W.A., 1974. Solar energy thermal processes. Wiley, NY.

[46] Treybal R. E., 1980. Mass Transfer Operations. 3rd edition, McGraw-Hill, NY.

[47] Kreith F. and Bohem R. F., 1988. Direct-contact heat transfer, Hemisphere Pub. Corp., Washington.

[48] Younis, M.A., Darwish, M.A., Juwayhel, F., 1993. Experimental and theoretical study of a humidification-
dehumidification desalting system. Desalination 94, 11- 24.

[49] Ben-Amara, M., Houcine, 1., Guizani, A., Maalej, M., 2004. Experimental study of a multiple-effect humidification
solar desalination technique. Desalination 170, 209- 221.

[50] El-Agouz, S.A. and Abugderah M., 2008. Experimental analysis of humidification process by air passing through
seawater, Energy Conversion and Management, Vol. 49 (12), 3698 — 3703.

[51] Lydersen A. L., 1983. Mass Transfer in Engineering Practice, John Wiley & Sons, NY.

[52] Orfi, J., Laplante, M., Marmouch, H., Galanis, N., Benhamou, B., Nasrallah S. B., Nguyen, C.T., 2004.
Experimental and theoretical study of a humidification dehumidification water desalination system using solar
energy. Desalination 168, 151.

[53] Wallis, J.S. and Aull, R.J., 1999. Improving Cooling Tower Performance, Hydrocarbon Engineering, pp. 92-95,
May.

[54] Mirsky, G.R. and Bauthier, J., 1993. Evolution of Cooling Tower Fill, CTI Journal, Vol. 14, No. 1, pp. 12-19.

[55] Aull, R.J., and Krell, T., 2000. Design Features of Cross-Fluted Film Fill and Their Effect on Thermal Performance,
CTI Journal, Vol. 21, No. 2, pp. 12-33.

[56] Kloppers, J.C., 2003. A critical evaluation and refinement of the performance prediction of wet-cooling towers. PhD
dissertation. University of Stellenbosch.

[57] Kroger D. G., 2004. Air-cooled heat exchangers and cooling towers thermal-flow performance evaluation and
design, Tulsa, Okla. Penwell Corp.Vol | and Il.

[58] ASHRAE Handbook: Fundamentals, 2005. Society of Heating, American, Refrigerating, Air-Conditioning
Engineers, and Inc., ASHRAE.

[59] Farid M.M., Parekh S., Selman J.R., Al-Hallaj S., 2002. Solar desalination with humidification dehumidification
cycle: mathematical modeling of the unit, Desalination 151, 153-164.

[60] Nawayseh, N.K., Farid, M.M., Al-Hallaj, S., Tamimi, A.R., 1999. Solar desalination based on humidification
process-Part I. Evaluating the heat and mass transfer coefficients. Energy Conversion Management, 40, 1423-1439.

[61] Bourouni K, Chaibi M, Martin R and Tadrist L, 1999. Appl. Energy, 64, 129.

[62] Klausner JF, Li Y, Darwish M and Mei R., 2004. Innovative Diffusion Driven Desalination Process. ASME J
Energy Resources Technology, 126, 219-225.

[63] Farid, M.M. and Al-Hajaj, A.W., 1996. Solar desalination with humidification dehumidification cycle. Desalination
106, 427-429.

[64] Li Y, Klausner JF, Mei R and Knight J, 2006a. Direct contact condensation in packed beds, International Journal of
Heat and Mass Transfer 49, 4751-4761.

@IJAERD-2017, All rights Reserved 704



International Journal of Advance Engineering and Research Development (IJAERD)
Volume 4, Issue 4, April -2017, e-ISSN: 2348 - 4470, print-ISSN: 2348-6406

[65] Li Y, Klausner JF, Mei R, 2006b. Performance characteristics of the diffusion driven Desalination process,
Desalination 196, 188-209

[66] Threlkeld, J.L., 1970. Thermal environmental engineering. Prentice-Hall Inc. Edition 2, 254-265.

[67] Pacheco-Vega, A., Diaz, G., Sen, M., Yang, K.T. and McClain R.L., 2001. Heat Rate Prediction in Humid Air-
Water Heat Exchangers Using Correlations and Neural Networks. ASME J Heat Transfer, 123, 348-354.

[68] McQuiston F.C., 1978. Heat, mass and momentum transfer data for five plate-fintube heat transfer surfaces,
ASHRAE Trans., 84 Part 1, 266-293.

[69] McQuiston F.C., 1978. Correlation for heat, mass and momentum transport coefficients for plate-fin tube heat
transfer surfaces with staggered tubes, ASHRAE Trans., 84 Part 1, 294-3009.

[70] Beckmann, J. R., 2005. Method and apparatus for simultaneous heat and mass transfer utilizing a carrier gas. US
Patent No. 6,911,121.

[71] Beckmann, J. R., 2008. Dew-vaporation Desalination 5,000-Gallon-Per-Day Pilot Plant. Desalination and Water
Purification Research and Development Program Report No. 120.

[72] Klausner, J.F., Mei, R., 2005. Diffusion driven desalination apparatus and process. US Patent No. 6,919,000.

[73] Khedr, M., 1993. Techno-Economic Investigation of an Air Humidification- Dehumidification Desalination Process,
Chemical Engineering Technology 16, 270- 274.

[74] Wahlgren, R.V., 2001. Atmospheric water vapor processor designs for potable water production: a review. Water
Research 35, 1-22.

[75] Narayan, G. P., Elshargawy, M.H., Lienhard J.H., Zubair, S.M., 2009. Humidification dehumidification desalination
cycles. Manuscript under preparation.

[76] Al-Hallaj, S., Farid, M.M., Tamimi, A.R., 1998. Solar desalination with humidification-dehumidification cycle:
performance of the unit. Desalination 120, 273-280.

[77] Garg, H.P., Adhikari, R.S., Kumar, R., 2002. Experimental design and computer simulation of multi-effect
humidification (MEH)-dehumidification solar distillation.,Desalination 153, 81-86.

[78] Nafey, A.S., Fath, H.E.S., El-Helaby, S.O., Soliman, A.M., 2004. Solar desalination using humidification—
dehumidification processes- Part Il. An experimental investigation. Energy Conversion Management 45(7-8),
1263-1277.

[79] Al-Enezi, G., Ettouney, H.M., Fawzi, N., 2006. Low temperature humidification dehumidification desalination
process. Energy Conversion and Management 47, 470-484.

[80] Dai, Y.J., Zhang, H.F., 2000. Experimental investigation of a solar desalination unit with humidification and
dehumidification. Desalination 130, 169-175.

[81] Dai Y.J., Wang R.Z., and Zhang HF, 2002. Parametric analysis to improve the performance of a solar desalination
unit with humidification and dehumidification, Desalination 142 107-1 18.

[82] Yamali, C., Solmus, I., 2008. A solar desalination system using humidification— dehumidification process:
experimental study and comparison with the theoretical results. Desalination 220, 538-551.

[83] Guofeng Yuan, Zhifeng Wang, Hongyong Li , Xing Li, —Experimental study of a  solar desalination
system based on humidification — dehumidification processl ,Desalination 277 (2011) 92-98.

[85] CemilYamale, Ismail Solmusf —A solar desalination system using humidification—dehumidification process:
experimental study and comparison with the theoretical resultsl Desalination 220 (2008) 538-551, Received 14
December 2006; accepted 3 January 2007.

@IJAERD-2017, All rights Reserved 705



International Journal of Advance Engineering and Research Development (IJAERD)
Volume 4, Issue 4, April -2017, e-ISSN: 2348 - 4470, print-ISSN: 2348-6406
[84] Bourounia, M.T. Chaibib, L. Tadrist, —Water desalination by humidification and dehumidification of air:
state of the art,Desalinationl 37 (2001) 167-176, Received 3 November 2000; accepted 17 November 2000.
[86] EfatChafik, —A new seawater desalination process using solar energyl, Desalination 153 (2002) 25 -37, Received
15 April 2002; accepted 30 April 2002.
[87] G. Prakash Narayan, Mostafa H. Shargawy, Edward K. Summers, John H. Lienhard, Syed M. Zubair, M.A. Antar,
—The potential of solar-driven humidification— dehumidification desalination for small-scale decentralized
water production Renewable and Sustainable Energy Reviews 14 (2010) 1187-1201.

@IJAERD-2017, All rights Reserved 706



