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Abstract

The process of air-water interaction is seen in many engineering applications. In hot
dry climates, water is sprayed through air to cool the air down by replacing part of its
sensible load by a latent load. The air temperature variation inside a vertical enclosure as a
result of an interaction with downward water spray was experimentally investigated. In this
investigation, different operating conditions such as air inlet temperature, water spray
temperature, air-water mass ratio, air inlet velocity, and the way air is introduced to the
interested domain were considered.

The results showed a distinct difference when water droplets are sprayed over a
porous medium (pad), through which air passes, from being directly sprayed into the
upward flow of air. This wet porous medium increases the surface area and retards the air
flow allowing an enough time of contact with the water droplets. When using a 100 mm
pad, a 30% increase in the air moisture content was noticed rather than the no-pad case.
Further, a significant decrease in the air axial temperature was noticed in the lower half of
the tower, where air enters, compared to the upper half. This decay would become almost
asymptotic in the upper half. Accordingly, this might help optimizing the tower height.
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Nomenclature
enclosure interested height, mm

pressure, kPa.
temperature, °C
elevation, m

NZ  number of spray nozzles

H
mr water-air mass flow rate ratio (my/m, )
P
T
z

Subscripts

a air

dis discharge

in inlet

ex exit

w water

Greek Letters

0 Air dimensionless temperature ratio (T;, — T(z))/(Ti, — Tex)

Introduction Packing material is used as an

The process of water —air interaction
arises in many engineering applications.
Cooling towers, evaporative humidifiers,
air washers, and evaporation coolers are
some examples. The driving force during
the interaction is the temperature and
density difference between both streams.
Macroscopically, air cooling process takes
place on the expense of water droplets
vaporization. Therefore, the process
involves both heat and mass transfer. The
main feature of this process is to
substitute the air high sensible load by a
latent load. In an adiabatic process, the
total energy of air before and after
moisture addition to air remains constant.
Therefore, the wet-bulb temperature also
remains constant [1]. The water to air
mass flow rate ratio is a crucial parameter
that controls the process of heat and mass
transfer. Under a steady state condition,
the amount of vapor leaving the water by
evaporation equals the gained humidity by
air [2]. This agrees with the assumption of
unity Lewis number.

intermediate porous media splashes the
falling water spray into droplets forming a
wet film region on the surface facing the
falling water and a rainy downward
flow region against the upward air flow.
The existence of this porous material
would enhance the heat and mass transfer.
The enhancement is due to increasing the
contact surface area and retarding the
flow. The packing material breaks up the
falling drops, thereby reducing the
average water velocity and drop diameter.
In [3] a comparative study between spray
and pad types humidifiers showed that the
evaporation rate was almost similar for
100 mm pad thickness and mass ratio
ranges from 0.8 to 5.6. However, in the
same study, the authors reported that the
pad type gave substantially higher
evaporation rates than the spray type for a
300 mm pad and higher mass ratios.

The spray nozzles diameter and
arrangement have a direct effect on the
evaporative cooling process. Hence, care
is required in determining the layout of
the nozzles to insure as little as possible



of the water spray migration to the wall
allowing almost one percent of the total
water flow to be carried up to the
eliminator [4]. The air dry-bulb

temperature change (ATgp) decreased with
increasing the spray nozzle(s) diameter.
The pump discharge pressure had a strong
effect on spray water flow rate change for
a 4.8 mm nozzle diameter than for a
3.2 mm nozzle diameter. Therefore, the
water to air mass flow rate ratio, at a
given water discharge pressure, increased
with increasing the nozzle diameter [5].
Dreyer and Ernes [6] mentioned that
reducing the water droplet diameter and
velocity increases the interface area and
the residence time. They also added that
any reduction in the surface tension of the
circulating water results in increasing the
cooling capacity and pressure drop across
the packing material due to reducing the
drop sizes.

The available previous literatures
are concerning with the effect of packing
material and water spray characteristics
on the evaporation process. The
temperature distribution due to heat and
mass transfer during the interaction was
briefly handled. There is a belief that the
enclosure height, in which air and water-
spray interact, would play an important
role in the air axial temperature variation.
Therefore, the present study focuses on
studying the effect of air inlet
temperature, pad thickness, spray water
temperature, and number of spray nozzles
on air axial temperature variation and
accordingly its moisture content change.

Experimental Set-up

The experimental setup focusing on
the interested domain is shown in Figure
(1). As shown in the figure, there is a
pump 0.55 kW (0.75 hp) circulates the
water from a tank, made of a galvanized
sheet painted with anti-rust material, to
the spray nozzle(s) near the top of the

tower. A thermostatic electrical heater, to
control the water temperature, is mounted
inside the tank. The air enters the tower
from two symmetric side inlets. The
section where measurements take place is
transparent. Two valves are mounted in
the pump discharge pipe to control the
water flow-rate to the spray nozzle(s). A
pressure gauge indicator (up to 5 bar) is
connected to the pump discharge pipe.
An eliminator made of corrugated plates
is fixed near the tower exit to prevent
water droplets from escaping with the
exit air.

The used spray nozzle geometry is
shown in Figure (2). The shown internal
tangential passage increases the swirl
action of water and consequently,
increases the spray cone angle enhancing
the spray atomization. Fine droplets and
larger cone angles provide larger surface
area of contact leading to effective heat
and mass transfer process. The water
spray constitutes a conical shape that
would cover the upper tray area. The
cone angle depends upon the pump
discharge pressure, nozzle diameter,
water flow rate, and water passage shape
inside the spray nozzle. A certain pipe
arrangement was designed to allow using
more than one nozzle. In case of having a
bank of nozzles, an overlap would occur
among water spray cones. Corrugated
plastic sheets, formed in a certain deck,
with 50 mm or 100 mm thickness are
used as packing material.

The air dry-bulb temperature
measurements inside the spray humidifier
required a particular arrangement and
precaution to isolate the thermocouple
junctions from being exposed to the
falling water droplets. The isolation is
achieved by using a shield around the
thermocouple junction. The shield was
made of small plastic tubes (10 mm
diameter and 70 mm length). The
thermocouple junction was fixed at the



center of the tube. Internal baffles were
properly placed to prevent water droplets
from reaching the thermocouple junction.
Figure (3) illustrates the thermocouple
distributions and an enlarged view of the
used shield. Upward air and downward
water flow across these shields. While air
1S moving up, it enters the small cavity,
formed by the plastic tube, through its
both open ends, reaching the
thermocouple junction.

Results and discussion

The temperature measurements inside
the domain of interest were taken at two
planes. Nine points were measured at
each plane, then the average axial
temperature was calculated. In addition,
the air inlet and exit dry and wet bulb
temperatures were also measured. The
domain height, H, was considered as
shown in Figure (1), and an assumption
was made that the air temperature right at
the spray nozzle axis equals that at the
exit plane neglecting any losses in section
above the nozzles.

Figure (4) shows the variation of the
dimensionless air temperature,8( z ) , at

different air inlet dry-bulb temperatures.
The  figure 1illustrates  that  the
dimensionless temperature ratio increases
as air moves upward, meaning that the air
average temperature decreases or the air
gets cooler. The heat of evaporation of
water spray would offset the air sensible
heat causing the air dry-bulb temperature
to decrease. It is observed from the
overall trend that the dimensionless
temperature profiles are nearly steeper at
the lower half of the test section than at
the upper half where the profile
approaches asymptotic trend. This
observation is similar to that mentioned
and presented by Kachhwaha, S. S. et al.
[5]. The figure illustrates further that if
air receives some heat before entering the
spray chamber and interacting with the

water spray, the local axial air
temperature would be quantitatively
higher, keeping the spray water
temperature constant. Heating the air
leads to increasing its enthalpy potential.

To study the effect of placing pad
material inside the spray chamber on the
air axial temperature variation, a
comparison was held and presented with
the no-pad case, Figure (5). The figure
illustrates that using a pad of 100-mm
thickness, located at almost z/H = 0.5,
lead to a reduction in the air temperature
by almost 40%, while this percentage was
nearly, 15% for the case of using a 50
mm-pad, compared with the no-pad case.
This means that the axial air temperature
decreases as the pad thickness increases,
noticing that increasing the pad thickness
would add more flow resistance on the
air-handling unit. The thicker the pad, the
more flow-retardation and longer contact
time between upward air and water spray.
Definitely, there should be an
optimization for the pad thickness and
shape.

In order to study the effect of varying
the number of spray nozzles, with a
certain arrangement, on the axial air dry-
bulb temperature inside the chamber, one,
two, and four nozzles were tested at the
same pump discharge pressure. As shown
in Figure (6), the trends are similar and
the differences are close. The figure
shows that the one nozzle case yielded a
lower axial temperature compared to the
four nozzles, which seems illogic. This
behavior might be explained as; for the
same discharge pressure, the flow rate
passing through one nozzle is higher than
that through two and four nozzles. This
would create a larger cone angle and
accordingly a larger contact area.

The water inlet temperature is an
important parameter that would affect the
heat and mass transfer process between



the air and water spray. Three different
water temperatures were considered.
General speaking, changing the water
phase from liquid droplets to vapor
would enhance the mass transfer to the
air, leading to an increase in the air
moisture content. When water receives
some heat before spraying into the air,
this results in heating the air. Figure (7)
indicates that increasing the water
temperature resulted in increasing the air
local temperature, as the shown
dimensionless temperature ration
decreases.  Increasing  the  water
temperature closer to or slightly higher
than the air temperature would decrease
the availability for heat transfer due to
decreasing the temperature difference.
The figure indicates that increasing the
water temperature to 45°C decreases the
overall temperature by almost 15% while
further heating of water (65°C) decreased
the overall temperature difference by
nearly 37%.

In this study, air was supplied to the
test section through either a single or dual
duct. The objective was to investigate the
effect of inlet flow pattern on the
evaporative cooling process. Therefore,
the inlet air direction effect on moisture
content change is shown in Figures (8).
The experimental results showed that
supplying the air from two symmetric
side ports enhances the mixing process
compared to the one side port. The two
side ports resulted in improving the mass
transfer of vapor to the air, increasing its
moisture content by nearly 10%
compared to the one side port for a water-
air mass flow rate ratio of 0.93. This
percentage decreased by increasing the
water-air mass ratio. Air supply from the
two side ports resulted in more
homogenous flow pattern and less-
fluctuating flow structure. Ramadan [7]
mentioned that a symmetrical flow
pattern with small regions of secondary
losses would be existed for flow from

dual inlets to a non-circular vertical
enclosure. He reported that a high rate of
turbulence production and accordingly
dissipation was reported in case of the
one port inlet compared to the dual
symmetric inlets.

Increasing the air inlet velocity
greatly affects the air-water spray
interaction process. The effect of air inlet
velocity on its moisture content change is
presented in Figures (9). Air inlet
velocity varied for constant airflow rate
by changing the hydraulic diameter.
Increasing the air inlet velocity would
lead to speeding up the air flow inside the
space allowing inadequate time of contact
with water spray droplets for the no-pad
case. This agreed well with the results
presented by Kachhwaha, S. S. et al. [4].

Conclusions

The present study has focused on
investigating some of the parameters that
are expected to affect the air—spray water
interaction in an air evaporative cooling
process. The study showed that the major
part of air evaporative cooling rate, and
accordingly heat and mass transfer
processes occurred in the lower half of
the enclosure, where air enters, compared
to the upper half, near the spray nozzle
(or nozzles). This, as a result, would help
optimizing the enclosure height, as in the
case of cooling towers and spray
humidifiers. In addition, inlet airflow
direction has a noticeable effect on the
evaporative  cooling  process.  The
experimental  results showed that
supplying air from two symmetric side
ports enhances the evaporative process
compared to the one side port. This is
attributed to the more homogenous
structure of air pattern with small regions
of secondary losses in case of the dual
inlets. Under constant airflow rate,
decreasing the air inlet velocity resulted
in improving the mixing process between



water spray and air, and hence the
evaporative cooling improves. This,
accordingly, allows a more air residence
time to effectively transfer its load to the
spray water.
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