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ABSTRACT

Experimental investigation on humidification-dehumidification (HD) desalination system is
carried out with half-perforated circular inserts incorporated in the air heater. These
half-perforated circular inserts are provided with the orientation angle of 45, 90, and 180°
with two pitches, 114 and 152 mm. Experiments are conducted in the HD desalination unit
for various combinations of parameters in the air heater. The productivity of the HD
desalination system is based on the mass flow rate, temperature of air and saline water, and
also the pitch ratio and orientation angle of the circular inserts. Maximum productivity of
0.82 kg/h is obtained for the orientation angle of 180°, pitch ratio (pitch length/diameter of
the pipe) of 3 and the air flow rate of 21 kg/h. The economic analysis is also carried out
and the payback period of such a system is found as 171 d.

Keywords: Desalination; Humidification-dehumidification desalination; Air heater; Heat

transfer enhancement; Friction factor; Perforated inserts

1. Introduction

Multieffect, multistage flash, reverse osmosis,
vapour compression and electro dialysis desalination
systems need high capital cost, and the maintenance
cost is also very expensive. So, these systems are unaf-
fordable for most of the developing countries. Humid-
ification-dehumidification (HD) desalination systems
provide better output with less running cost. In order
to enhance the performance of the HD desalination
system, various research works had been carried out.

Ghazi-Al Enezi et al. [1] analysed the effect of
operating parameters in productivity of the HD desali-
nation system which consists of plain electrical air
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heater. Summers et al. [2] produced consistent air out-
let temperatures throughout the day and night in the
air heater of the HD desalination system using the
phase-change material storage. Yamali et al. [3]
proved that the HD desalination system with double-
pass solar air heater showed the increased productiv-
ity of 8% when compared with single-pass air heater.
Xiong et al. [4] claimed that the heat transfer process
in the shell and tube desalting column could be
greatly enhanced by baffle plates. Liebenberg and
Meyer [5] concluded that the heat transfer can be sub-
stantially increased by providing a micro fin tube or
helical wire inserts. Bilen et al. [6] experimentally
studied the heat transfer rate and the friction factor in
the flow of rectangular cross-sectional channel by
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using the cylindrical fins. Tijing et al. [7] analysed the
effects of star-shaped fin inserts on the heat transfer
and pressure drop in a concentric tube heat exchanger
provided with various configurations and found that
the straight-fin configuration gave good performance.
Eimsa-ard et al. [8] investigated the performance of a
double-pipe heat exchanger fitted with regularly
spaced twisted-tape elements and proved that the heat
transfer coefficient increases with the increase in twist
ratio and friction factor. Tanda [9] studied the heat
transfer enhancement from a hot flat plate with rectan-
gular blocks at different orientation angles, and
observed that the heat transfer enhancement depends
on the space between the blocks and the orientation
angle. Ko and Anand [10] experimentally studied the
average heat transfer coefficients of a uniformly
heated rectangular channel with wall-mounted porous
baffles. The use of the porous baffles increased the
heat transfer as high as 300% compared to the straight
channel without baffles. Suresh et al. [11] experimen-
tally studied the heat transfer and friction factor char-
acteristics of CuO/water nanofluid under turbulent
flow in a helically dimpled tube.

Most of the previous works dealt with the
improvement of heat transfer rate in the air heater
using various inserts without discussing the effect of
enhancement of heat transfer rate in the overall pro-
ductivity of the HD desalination system. Also, it has
been noted from the previous work that the produc-
tivity enhancement depends on higher air and water
temperature in the humidifier. The objective of this
research is to augment the productivity of the HD
desalination system by means of developing flow
turbulence in the passage of air heater using the cir-
cular inserts with perforations on half-side. Experi-
ments are carried out with two pitch ratios and
three different orientations of the half-perforated
circular inserts, and also by varying the mass flow
rate of the process air.

2. Mathematical model

The mathematical model for the HD-desalination
process includes energy and material balances for all
the components of the system.

Following assumptions are considered in the
model analysis.

(1) Steady-state operation is assumed.

(2) No heat loss takes place in the humidifier as
the wall is fabricated by PVC.

(3) Air leaves the humidifier at
condition.

saturated
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As is shown, during humidification, water evapo-
rates from the water stream into air. This is also asso-
ciated with the removal of latent heat for evaporation
from the water stream as well as the transfer of sensi-
ble heat from the water to the air stream. During the
dehumidification process, the heat and mass transfer
processes are reversed, where water condenses from
the air stream. Also, latent and sensible heat is trans-
ferred from the air stream to the cooling water stream.

Applying energy balance at the air heater, the heat
generated in the air heater was found to be equal to
the sum of the heat transferred to the air and the
losses.

Qgen = Qa + Losses 1)

The losses are due to convection and radiation
from the air heater to the surrounding. The air flows
through the circular tube with uniform heat flux con-
ditions. At the steady state, the heat absorbed by the
air is assumed to be equal to the convective heat
transferred from the test section. Considering negligi-
ble heat losses due to perfect insulation, for finding
out the internal convective heat transfer coefficient,
only the sensible heat absorbed by the air is consid-
ered. No phase change occurred during the process of
heating [8], then

Qa = Qcon (2)

Heat absorbed by the air from the electrical air
heater is given as

Qa =maCpa(T2 — Th) 3)

Heat transferred to the air by the convection as
given as

Qcon = hA(Ts - Tb) 4)

By equating the above two equations, the heat
transfer coefficient can be found out

maCPﬁa(TaZ - Tal) = hA(Ts — Tb) 5)

The energy balance in the water heater is given
above.

The energy available at the inlet of the water
heater is,

Q = Energy from the heater electrical (VI)
+ Energy from recycling from tank 3 and 4 (6)
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The energy available at the output of the water heater
is as follows:

Heat absorbed by the water from the electrical
heater is (Fig. 1).

Qw = meP,w(T4 - T3) (7)
Heat transferred to the water by the convection is

Qu = hA(T, — Ty) (®)

Energy available in the saline water collected in
tank 3 is

Q = mw9cp,w(T9 - Tatm) (9)

Available energy in the tank 4 is

Q = mcwcp,w(T6 - Tatm) (10)
Available energy in the tank 2 is
Qi = mw9CpAw(Tw9 - Tatm) + mcwcp,w(Tw6 - Tatm) (11)

The condenser heat transfer area Ac can be calcu-
lated by the following equation

MewCpw(Ts — Ts) = U ALMTD, 12)

[(T; — Ts) — (Ts — T5)]

LMTD, = (13)

T77T(,
In (TrTs)

Tank 1

condenser
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The humidifier energy balance is given below as,

mep,w(T4 — Tg) = ma(H7 — Hz) (14:)
Condenser energy balance is
mcwCP,w(T6 - T5) = ma(H7 - HS) (15)
The overall mass transfer coefficient is
My (Hy — Hy) — (Ho — Hy)
—|(Hy —Hy) =m (16)
(i) = o | ER=
(Ho — Ha)
The production flow rate is
Maw = Ma(Wy — Wg) (17)

The water vapour pressure at the dry-bulb temper-
ature is
Py = P (18)

Absolute humidity of air is given in the following
relation as

W =0.62198 . b, (19)
The air enthalpy is given by
H, = (Cpa + 1.88) T, + W,/ (20)

Water heater from tank 3
T Tw
e T —e L
from tank 4
Air | Water
| Sensible
heat
| Latent T Tu
Ta Tes heat (<3 <
% » Air heater
Tank 5 Tank 4 Tank 3

Fig. 1. Mathematical modeling of the system.
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The water specific heat at constant pressure is
given by

Cp = (4206.8 — 1.1262T + 1.2026 x 10>T* + 6.877
x1077T%) x 1073 (1)

The latent heat for water evaporation is given by

4= 2501.89 — 2.4070T + 1.1922 x 10°T* — 1.5863
x 107°T° 22)
Eq. (5) is used to calculate the heat transfer coeffi-
cient in the air heater. Eq. (12) is used to calculate the
overall condenser heat transfer coefficient. Eqs. (14)
and (15) give the energy balance in the humidifier and
condenser, respectively. Eq. (16) is used to calculate
the overall mass transfer coefficient. Eq. (17) is used to
calculate the production rate of fresh water.

3. Experimentation

A laboratory-scaled HD desalination system is con-
sidered for this study, which mainly consists of air
heater, water heater, humidifier chamber and double-
pipe condenser unit. Fig. 2(a) shows the schematic dia-
gram of the HD desalination system.

The air heater chamber consists of the pipe of
1,000 mm in length and 38 mm in diameter, and elec-
tric band heater of 500 W to supply constant heat. In
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order to enhance heat transfer rate in air heater of the
HD desalination system, half-perforated circular
inserts are used.

The half-perforated circular plates mounted on a
stiff central rod are shown in Fig. 2(b). In each circular
plate, 15 holes are drilled on a semi-circular pattern.
Two pitch ratios of 3 and 4 with orientation (angle of
rotation between successive inserts from the point of
reference) of 45°, 90°, and 180° are considered. The
various types of baffles used in the present study are
represented in Table 1.

The first three digits represent the baffle orienta-
tion angles in degrees and the next three digits repre-
sent its pitch distances in mm.

The water heater consists of an electrical band hea-
ter of 1 KW fitted over a galvanized iron pipe of
13 mm diameter and 500 mm length. The humidifier
chamber is made of a plastic cylinder of 152 mm
diameter and 800 mm height. This humidifier chamber
is provided with well-oriented gunny bags as packing
material in order to increase the contact period
between the process air and the saline stream. The
double-pipe condenser with its condensation zone
made up of an aluminium pipe with 32 mm diameter
and 1,000 mm length, and the outer tube channel of
63.5 mm diameter and 1,000 mm length. The saline
water in tank 3 and tank 4 is recycled to tank 2 to
extract the energy available in the exit saline water.

The blower is switched on and the mass flow rate
of process air is set by the valve V;. The process air
enters the air heater and gets heated, and the saline

m U Tube Manom eter
&

"Pressure tap

Orificemeter

probe

Distilled water tank

Fig. 2(a). Schematic diagram of experimental system.

1
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Packing m aterial
Aspestos Rope
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Half perforated insertswith 45°orientation

90"#

Half perforated inserts with 90%orientation

99 e e
o

Half perforated inserts with 180°orientation

Fig. 2(b). Circular inserts with various orientation

water passing through the water heater is heated by
the electrical band heater and sprinkled from the top
of the humidifier. The hot process air enters the
humidifier and moves upwards, where it becomes
humidified due to the heat and mass transfer between
the hot saline water and hot air.

The moist air from the humidifier chamber enters
the double-pipe condenser for condensation. The saline
water in tank 1 flows into the outer tube of the con-
denser through valve V, and absorbs heat from the
humid air which is flowing in the inner pipe of the con-
denser. Counter flow is maintained between the above
two fluids to achieve the maximum rate of heat transfer.
The condensed water is collected at the distillate tank.

After reaching the steady state, the air temperature
at inlet and outlet of air heater, humidifying chamber,
condenser and temperature of water at inlet and outlet
of water heater, humidifying chamber and condenser
are measured. “K” type thermocouples are used to
measure the temperatures. The relative humidity at

Table 1
Configurations of circular inserts arrangements
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the inlet and outlet of humidifier, mass flow rate of
the hot water inlet to the humidifier and the mass
flow rate of hot air inlet to the humidifier are also
measured. A hygrometer is used to measure the rela-
tive humidity and the manometer is used to measure
the pressure drop of the air. Orifice meter is used to
measure the flow rate of the process air.

Heat transferred to the air by the convection can
be determined by [8],
Qeon = hA(Tw - Tb) (23)
using Eq. (2), the average heat transfer coefficient can
be calculated and the fully developed Nusselt number
is evaluated using the relation [8],

Nu:y

. (24)

The Darcy friction factor can be determined by [8],

_ 2dAP

= W (25)

f

The thermal performance factor Ir can be used to
compare the heat transfer coefficient of the air heater
with and without inserts. It is the ratio of the heat
transfer coefficient with and without the circular
inserts to the friction factor with and without the cir-
cular inserts.

fiyt

I — Hwot
E 0.272170
)

wot

(26)

Experiments were conducted for various combina-
tions of parameters like: the mass flow rate of air,
orientation of the half-perforated circular inserts and
the pitch ratio of inserts. Mass flow rate of air is
varied between 14 and 21 kg/h. The Reynolds number
discussed in the graphical analysis of the result
analysis is given by [8],

Circular insert types

Orientation angle (f) in degrees

Pitch distance (H) in mm Pitch ratio (PR)

180050 180
180100 180
090050 90
090100 90
045050 45
045100 45

50 1.5
100 3
50 1.5
100 3
50 1.5

100 3
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Re == 27)

All the thermo-physical properties of air are deter-
mined by the overall bulk mean temperature of air.

3.1. Error analysis

Error analysis is carried out for the thermometer,
temperature indicator, manometer, voltmeter and
ammeter. The minimum error that occurs in any
instrument is equal to the ratio of its least count to the
minimum value of output measured.

The uncertainties in the measurements are defined
[12] as the root sum square of the fixed error of the
instrumentation and random error observed at various
measurements.

The characteristics of the various measuring instru-
ments used in the experiments are given in Table 2.

Uncertainties associated with the dependent vari-
ables like Reynolds number, friction factor and
Nusselt number are also estimated using the following
equations [11]. Uncertainty in a measurement consists
of two major components such as bias error and ran-
dom error. Bias error is a constant and systematic
error in the process. Random error is the repeatability
error. The uncertainty in the experimental measure-
ments is defined as the root mean square of the fixed
error and the random error.

Uncertainity = /(B2 + R2) (28)
0.5

ARe Am\?  [(Ad\?

Re — <7) + (7)] @)

ANu
Nu

(AV)\?  [AIN?  [Ad\?
Vv I d
05

4 AT ’ + & ’

T Ty

The calculations pointed out that the uncertainties
involved are +0.5% for Reynolds number, +1.4% for
friction factor and +0.14% for Nusselt number. The

experimental results are reproducible within these
uncertainty ranges.

4. Results and discussion

The effect of half-perforated circular inserts
equipped in the air heater on the performance of all
the components of the HD desalination system at dif-
ferent stages is discussed here.

4.1. Performance analysis of air heater

Half-perforated circular inserts with various angles
of orientations are used to make the turbulent motion
of air in the air heater which leads to enhance the heat
transfer.

4.1.1. Variation of Nusselt number with Reynolds
number

Fig. 3 shows the comparison of Nusselt number
and Reynolds number for the inserts with pitch ratios
of 3 and 4. The Nusselt number quantifies the amount
of heat transfer taking place in the air heater unit. The
orientation angles between successive plates in the
half-perforated circular inserts as 45°, 90°, and 180°,
and two pitch ratios of 3 and 4 are considered for anal-
ysis. It is identified that the heat transfer coefficient of

05
g B (A(AP))2 4 (Al)z 4 (3 A_d)Z i (2 &) air in an air heater with the circular inserts is directly
f Ap I d Re proportional to Reynolds number and the angle of ori-
30) entation, and inversely proportional to pitch ratio.
Table 2
Accuracies and ranges of measuring instruments
Instrument Range Accuracy Uncertainty (%)
Temperature indicator 0-500°C *+1°C 3.3
Manometer 500 mm 1 mm 4
Orifice meter 500 mm 1 mm 4
Ammeter 0-20 amp 0.01 amp 0.2
Voltmeter 0-220 V 01V 0.2
Hygrometer 0-100 =1 1
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Fig. 3. Nusselt number with Reynolds number.

As the pitch ratio decreases from 4 to 3 the pres-
sure drop increases which increase the residence time
of air in the air heater. Higher orientation angle cre-
ates more turbulence effect on air resulting in the
higher air outlet temperature. From the experiment,
the maximum heat transfer rate is shown for Reynolds
number of 9,800 with a pitch ratio of 3 and the orien-
tation angle of 180°. The maximum order of the
enhancement of the circular inserts was found nine
times of the plain tube.

4.1.2. Effect of Reynolds number on friction factor

It is customary to express the pressure drop in
flow through pipe is related to the friction factor.
Experiments on the air heater proved that the friction
factor increases with increase in orientation angle and
the decrease in pitch ratio of the inserts, and decreases
with increase in Reynolds number. It can be seen from
Fig. 4, the friction factor is higher for pitch ratio of 3.
Because short pitch ratio increases the pressure drop
which also leads to increase in friction factor. The
maximum friction factor in the air heater is obtained
for the pitch ratio of 3, orientation angle of 180° and
the lowest Reynolds number of 6,800.

4.1.3. Comparison of thermal performance factor and
friction loss

Fig. 5 shows the variation of thermal performance
factor Ir in the air heater with Reynolds number for
the different orientation of baffle inserts f=45°, 90°

and 180° with PR=3 and 4. The thermal performance
factor relates the ratio of the heat transfer coefficient
to the ratio of friction factor compared to the plain
tube.

The half-perforated baffles of 180° orientation gives
the highest thermal performance at all Reynolds num-
bers and gives the maximum of 4.8 for PR=3 and 3.4
for PR=4. The perforated baffles of 45° orientation
give the lowest thermal performance factor at all
Reynolds numbers. In addition, the thermal perfor-
mance factor increases as the pitch ratio decreases.

4.2. Performance analysis of humidifier

The humidifier performance greatly depends on
the inlet mass flow rates and the temperature of water
and air. Observations are made about the humidifier
based on various orientations, pitch ratios of the
inserts in air heater and also mass flow rate of the air
in the air heater.

4.2.1. Effect of air temperature on relative humidity

Fig. 6 shows the effect of air temperature on the
relative humidity. At constant mass flow rate of air,
the increase in air temperature leads to increase the
productivity. As explained in Section 4.1.1, with the
aid of half-perforated circular inserts in the air heater,
the increase of residence time and the turbulent
motion created in the air heater simultaneously
increases the air outlet temperature. At higher air tem-
perature, the decrease of relative humidity leads to
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Fig. 4. Friction factor with Reynolds number.
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Fig. 5. Variation of Reynolds number and thermal perfor-
mance factor.

increase the capability of air to absorb the water
vapour from the feed water and simultaneously
increases the output distillate flow rate. The maximum
relative humidity of 90% was attained for pitch ratio
of 3 and orientation angle of 180°. The increase of
humidity ratio increases the productivity.

4.2.2. Effect of water temperature on productivity

Fig. 7 expresses the relation between the mass of
distilled water production and the mass of air for vari-
ous hot water temperatures in the humidifier for the

and the relative humidity of hot and humid air pass-
ing through the inner tube of the condenser have an
effect over the mass of condensate produced.

The productivity of the HD desalination unit is
directly proportional to the outlet humidity of the
humidifier. The increase of air temperature due to the
integration of half-perforated circular insert in the air
heater increases the moisture absorption in the humid-
ifier which leads to increase the extraction of distilled
water in the condenser.

In Fig. 8, the effect of the mass flow rate of air on
the productivity is shown for the PR=3 and 4 of
inserts in the air heater. It is seen from the plot that
the mass flow rate of air is directly proportional to the
mass of condensate obtained. This is due to the
increase of mass transfer coefficient, and it also
increases the possibility of mixing water in the humid-
ification chamber which leads the capacity of holding
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4.4. Water analysis
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i e . =42kgh The chemical analysis of input salt water and final
o L ’ condensed distilled water is conducted at the research
®-T =70°C . . :
S S centre of Sethu Institute of Technology, Kariapatti to
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poses. The analysis details are given in Table 3.
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m, kgh

Fig. 7. Effect of water temperature on mass of condensate.

more water vapour at high flow rate. The heat transfer
augmented in the air heater with 180° orientation
angle with a mass flow rate of air 21 kg/h yields the
maximum productivity.

Based on the blower capacity and valve arrange-
ment in this work, the air flow rate is ranged from
14 to 21 kg/h. From the figure, it can be concluded
that the increase in mass flow rate of air increases
the production of distilled water. The productivity
can be increased for further increase in mass flow
rate of air.

cost includes all expenditure involved other than
equipment cost.

a= [M} (32)

The payback period of the experimental set-up
depends on the overall cost of fabrication, operating
cost and maintenance cost. Fabrication cost includes
cost of air heater, water heaters, humidification cham-
ber, condenser, blower, valves and stands.

The overall fabrication cost (present experimental
setup) = 27,500 (136%)

Air heater (500 mm length), water heater (500 mm
length) and humidifier (0.75 m)
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Fig. 8. Variation of mass of condensate with mass flow rate of air.

Table 3
Water analysis

Total suspended solids

Type of water PH (mg/L) Hardness (mg/L) Chloride (mg/L) Turbidity (NTU)
Salt water 8.2 40 158 32.90 11

Distilled water 7.8 8 147.5 3.19 7

Drinking water 6.5-8.5 100-200 300 250 10

(as per IS 10500)

Condenser (1 m length inner pipe and shell, water
storage tanks)

Cost per litre of distilled water = 210 (0.18$)

Output per hour = 820 ml/h

Daily productivity of the desalination unit (8 h) =
6.56 1

Cost of water produced = ¥65.6(1.25$)

Electrical power used per hour = 1.9 units

Electricity charges = %1.5 per unit (0.0271%)

Cost of electricity per hour = %2.85 (0.0516%)

Cost of electricity per day (8 h) = 22.80 (0.412$)

Cost of mineral per litre = 20.20 (0.0036$)

Total cost of mineral per day = %1.36 (0.024%)

Net earnings per day = (Cost of water produced—
(electricity charges+ cost of minerals)) = (65.6-(22.80 +
1.36)) = T41.44 (0.81%)

Payback period = Investment/net earnings = 7,500
(136%)/741.44 (0.81$%) =171 d

The economic analysis is done by considering
overall fabrication cost for the increased scale of unit;

the overall running cost increased for the increased
mass flow rate is considered by the simultaneous
increase of the electric power cost, but it can be justi-
fied by the corresponding production of the distilled
water.

5. Conclusion

The productivity of the HD desalination system is
augmented by the air heater equipped with the half-
perforated circular inserts kept with three different
orientations and two pitch ratios. It is found that, the
heat transfer enhancement in the air heater is 900%
higher than the plain tube and also the maximum pro-
ductivity of distilled water (0.82 kg/h) can be attained
at the optimum mass flow rate of air of 21 kg/h for
the angle of orientation of the inserts of 180° and pitch
ratio 3.

The distillation yield increases with the increase of
mass flow rate in water, air and friction factor and the
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decrease of pitch ratio of the inserts. Due to the
increase in friction factor, the outlet temperature of air
in the air heater increases and it simultaneously leads
to increase the evaporation rate of water.

Without huge investment, the productivity in the
HD desalination system is augmented. The economic
analysis is also carried out and the Payback period is
also within a year (171 d).

Symbols
— amortization factor
— area, m?
— bias error
— specific heat at constant pressure, J/kg K
— inner diameter of the air heater, m
— friction factor
— heat transfer coefficient, W/m? K
enthalpy, J/kg
— annual interest rate
—_ current, amps
— thermal conductivity, W/m K
— length of the pipe, m
— mass flow rate, kg/s
mass transfer coefficient, m?/s
Nusselt number
— plant life
— water vapour pressure of air, Pa
— saturated water vapour pressure, Pa
atmosphere pressure, Pa
— heat, W
— random error
— reynolds number
— temperature, K
overall heat transfer coefficient, W/m? K
— velocity, m/s
— voltage, volts
— specific humidity, kg water/kg dry air
Greek symbols
O] — relative humidity
— latent heat of vapourization, J/kg K
— density, kg/ m®
— dynamic viscosity, kg m™'s”
ubscripts
— air heater input
— air heater output
— water heater input
water heater output
— cooling water input
— cooling water output
— vapour input to condenser
— distilled water output from condenser
— saline water output from humidifier
— air
atm — ambient
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b — mean temperature
C — condenser

cw — cooling water

con — convection

dw — distilled water
gen — generated

S — surface

v — vapour

w — water

wt — with turbulator
wot — without turbulator
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