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ABSTRACT- The evaporative humidifier is an energy efficient unit
that can be an alternative to other costly cooling systems; depending on
climate conditions and building load characteristics. Heat and mass
transfer processes occur inside the humidifier as a result of air contact
with water spray. The present experimental study aims at investigating
some common parameters that have a direct or indirect effect on the
evaporative humidifier performance. Among these parameters are: the
number of spray nozzles, nozzle arrangements, water-air mass flow rate
ratio, and packing material specifications such as: location, z, thicknesst,
and number of trays.

The results showed that the water-air mass flow rate ratio has a
significant effect on the humidifier performance. The results also
indicated that an increase in the humidifier saturation efficiency, ¢, was
noticed as the number of spray nozzles increased for the same water flow
rate. However, when keeping the water spray supply pressure constant, a
decrease in the saturation efficiency was recorded as the number of spray
nozzles increased. Furthermore, placing a packing material inside the
humidifier results in enhancing the efficiency due to increasing the mass
transfer surface area and air residence time.

INTRODUCTION

Humidity is a major concern for researchers inahmeonditioning field due to
its important role in many industrial applicatioasd its impact on human comfort.
Typical industrial applications of air conditionirzge in laboratories, printing plants,
the manufacturing of precision parts, textilesektpharmaceuticals, and photographic
products. Very recent micro-scale technologies &gy sensitive to surrounding
environment humidity variation. The applicationtbis technology is obvious in many
fields such as communication, data collection, mrgystems, and office hardware
(copier machines, phone systems, computers, anthdakines) [1]. People feel more
comfortable when relative humidity (RH) lies betwe8&5-55 % under normal
temperature condition. Too low RH results in peogiscomfort due to dry nose,
throat, lips, and skin. High level of humidity cagddifficult in breathing, skin itching,
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NOMENCLATURE

m mass flow rate, kg/s Subscripts
mr water-air mass flow rate ratio a air

(my/my) db dry-bulb
n number of packing material trays  dis discharge
P pressure, kPa. dp dew-point
T temperatureC i inlet
t packing material thickness, m e exit
z tray vertical location, m max maximum
NZ number of spray nozzles wb wet-bulb

w Water
Greek symbols
€ saturation eﬁiciency,(M ) %
Ti,db - po

and feeling of temperature rise. Feeling of temjpeearise means that a person feels
warm because of the very low rate of sweat evajmoréitom the skin surface. So there
is a necessity for adjusting air humidity eitherotigh air humidification or
dehumidification. Air humidification can be attathevhen water vapor is added to the
air increasing the air moisture content. This pssc&an be achieved through
evaporative humidifier, steam vaporizer, water atem and air washer. Direct
evaporative unit (evaporative humidifier) cools layrdirect contact with water, either
by an extended wetted surfaces material or withrig#s of sprays. Indirect evaporative
units cool air in a heat exchanger, which transfeat either to a secondary air stream
that has been evaporatively cooled (air to aifjoowater that has been evaporatively
cooled [2].

In the evaporative humidifier, the moisture is ganitted into the air while
flowing through a moistened absorbent materialhsag a belt, wicks, or filter. In
addition, the wetted material works as filters thalp removing incoming pollutants
[3]. In all evaporative humidifiers, water vaporzand the minerals in the water
remain in the equipment. This type of coolersdisal because it can provide high
relative humidity at lower temperatures. The evapee cooler consumes only one
fourth of the electrical energy required to operateechanical air conditioner or heat
pump [4]. The evaporative cooler operates effidjerih hot and dry weathers.
However, it has some disadvantages such as, theetatare control in space is not
adequate, and the supply air to the humidifier khba from outside

The maximum possible mass flow rate ratio of théewapray and air, mg,
for different operating conditions is presented5h This ratio is required to obtain
the maximum saturation efficiency. The authors stwwhat for lower values of
dimensionless temperature ratios, defined as tieelvatween the difference between
the inlet and exit water temperatures to the diffiee between the inlet water
temperature and inlet air wet-bulb temperaturentegmum mass flow rate ratio was
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very high. The results showed that for temperatat® up to 0.1, the value of the
maximum mass flow rate ratio is very high. However,values greater than 0.4, the
required maximum mass flow rate ratio decreaseidlsap

An analytical and experimental study was carriet @uthe mixing process
between air and water droplets in a vertical uiibhwo internal packing material. The
results showed that at any height, all sprayed ldtepwere not at the same
temperature. The arrangement of spray nozzles lthseet effect on the humidifier
performance. Hence, care is required in determittiedayout of the nozzles to insure
as little as possible of the water spray migrationthe wall allowing almost one
percent of the total water flow to be carried uph® eliminator [6].

The shape effect of the packing material on the treasfer was marginal [7].
It was noticed that placing packing material inhe tairflow passage yields about a
three-time increase in the wall to air heat transf¢e compared to that of an empty
duct [7].

Surfaces of the packing material with reduced dynatontact angles would
increase the performance in terms of cooling eiffeness in the direct evaporative
cooling system. However, only those surfaces wighiScant wicking capacity could
increase this performance depending on water fiie. The increase is significant for
certain value of water mass flow rate and theninlceesase is symptomatic to a high
value [8].

Previous available published literatures interesiad water droplets-air
interaction process revealed the shortage of hasinborough and comprehensive
study about the evaporative humidifier performaridest of the previous work has
tackled this interaction process from the coolimgvdr point of view analysis.
Theoretically, both cooling tower and humidifiereadevices with an air-water
interaction process. However, the function of tbeling tower is to cool water, as a
working fluid, on the expense of rejecting its sblesand latent heat to the air. But the
humidifier aims at substituting the high sensildad in the air by a latent load from
water droplets evaporation, resulting in air terap@e decrease. Some researchers
have studied the enthalpy and moisture contenatian; others have considered the
water spray and packing material effect on the eratpre humidifier performance.
The effect of mass flow ratio on air dry-bulb temradare and moisture content change
has been studied as well. Some others have coedidlee spray water pressure, and
droplet size on heat and mass transfer process.

It is important for the HVAC engineer as well as ttesigner to have a thorough
insight into the different parameters that couldeetf the performance of the
humidifier.

EXPERIMENTAL SET-UP

Figure 1 shows a general layout of the experimental seffine. experimental set-up
mainly includes: a blower, an air pre-heater, aagpnumidifier, and duct system
equipped with the appropriate measurements. Thevdolos a radial type with a
constant speed of 2890 rpm and a maximum air dglig0.1n¥/s. It is driven by a
single phase AC electric motor of 1.1 kW (1.5hpheTair pre-heater consists of an
electric coil shaped inside a copper tube. Itsl fwbaver is 3000 W. The shape insures
having two planes normal to the air flow and orenplparallel to the flow.
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Fig. 1: Layout of the experimental set-up.
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The spray humidifier consists of a transparent diema bank of spray
nozzles, water tank equipped with thermostatic magaters, centrifugal water pump,
and eliminators. The transparent chamber is madglads walls mounted in an
alumetal frame. The dimensions of this chamber0abx0.5x0.5 i A number of
packing material trays can be variably mounteddmshe chamber. The trays can be
easily moved up and down through vertical slotsnia side walls of the transparent
chamber to adjust the interspaces between the. tidys spray nozzle (or nozzles)
connected to the pump discharge pipe is (are)liedtat the upper section of the
humidifier above the upper tray.

The pump is a centrifugal type of 0.6 kW (0.75hp)hva constant speed of
2800 rpm. It is driven by a single-phase AC 220 lgceic motor. It provides a
manometeric head of 44 to 12 m with a correspondischarge of 10 to 40 | /min.

A fine deck packing material made of recycled ptastvith certain
configurations was used inside the spray humidifiénis deck is manufactured from
PVC sheets arranged all together to form a coreagahape. The porosity of this
packing material measured in the present study és6. The surface area per unit
volume was 1.922 ffm*based on calculation.

The air supply duct was made of 0.001m thick gdheth steel sheets and
coated with anti-rust paint. The aspect ratio @ thuct is one (0.25x0.25%n A bell-
like-shape inlet section was connected to the bicsuetion side through a circular
duct 0.15 m in diameter and 0.4 m in length. Taoedthe duct heat loss (or gain) with
its surrounding, a blanket of glass wool of thick®®.03 m was wrapped around the
duct walls and humidifier’s side walls.

Dry and wet-bulb temperature measurements weréedaout along the duct
before and after each unit of the system using Kxpeermocouples. Air temperature
and velocity patterns at a cross-section of a niemdar duct are non-uniform.
Therefore, an average dry-bulb temperature achessltict was obtained by placing
and parallel connecting four junctions of thermqules at different four places in the
duct cross-section area. In measuring wet-bulb ésatpres, the thermocouples were
placed downstream of the dry-bulb thermocoupleavioid the effect of evaporated
water from the wetted wick around the junction. fthecouples used to measure wet—
bulb temperatures were installed in places whaweoper air velocity over the wetted
junction is guaranteed. The wet-bulb thermocouplese placed in the downstream of
the dry-bulb thermocouple to avoid the effect gbmazation on recording the dry-bulb
temperature. Inside the humidifier the air dry-bwétmperature distributions were
measured, in addition to the inlet and exit dry amd bulb temperatures to locate the
process of air humidification on the psychromethart.

There was a configuration for measuring the webhkeimperature. A small
plastic bottle, filled with water and raised atextain distance above the junction, is
connected to a small plastic tube that is connetded small copper tube through
which a cotton wick containing the junction waserned. The small copper tube with
the junction extended outside is placed insidestiyfgply duct and downstream of the
dry-bulb junction.

All necessary properties of air can be directlywndrom the psychometric
chart based on determining these two independemepties, the dry and wet-bulb
temperatures.
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The supply airflow rate was measured using a standaflow nozzle (0.038 m
throat diameter). The nozzle was constructed argfalied in accordance with
ASHRAE standards. Because the duct is not circiitan;, static pressure tabs were
placed, at a standard distance, upstream and dmanstof the nozzle plate. The
pressure drop was measured using a water manohetielg one side connected to a
manifold of the four static pressure tabs in thettgam and the other side similarly
connected downstream. The velocity of air pasdimgugh the nozzle was calculated
based on the measured pressure drop across tHe parel.

The Experimental Procedure

The test rig is left to run for approximately 45nmies before recording any
measurement. The outdoor air conditions (Tdb, Twbje measured and located on
the psychrometric chart. At the same time, inled arit conditions to the humidifier
(Tdb, Twb) and airflow rate were measured. The yspreaater temperature was
controlled using two heaters equipped with adjustestmostats. A gauge pressure
indicator on the pump discharge tube was used &sure the pump discharge pressure
before water flowing to the spray nozzle (s). Thmeshed-trays, equipped with nine
thermocouple junctions each, were placed insidehtiraidifier at different vertical
distance to measure the air temperature distribufilhese junctions were shielded
using plastic tubes to isolate the junctions from flalling water droplets.

A by-pass valve is mounted at the pump discharge [This valve is used to
control the water discharge pressure. This pressdiows a certain flow rate to pass to
the nozzles. Having a constant discharge presswrel@anging the number of nozzles
results in having a more fine droplets and largarecangle in the case of single nozzle
than in the case of four nozzles. However, a constater flow rate for all number of
nozzles results in having a larger contact arghdrcase of the four nozzles than in the
case of the single nozzle.

RESULTS AND DISCUSSION

Figure 2 shows the effect of inlet air temperature variatim the evaporation
rate for three different water-air mass flow raé¢ias (mr). The evaporation rate is
defined as the difference between exit and inlestace content multiplied by the air
flow rate. The figure illustrates that there isimikr trend for the dependence of
evaporation rate on the air dry-bulb temperatuteerg is almost a linear increase in
the evaporation rate as the air inlet dry-bulb terafure increased. A quantitative
increase in the evaporation for the higher mass vas noticed compared to the lower
mass ratio. This would indicate that, for the sdnbet air flow, increasing the mass
ratio leads to an increase in the water spray coat@a and accordingly this enhances
the mass transfer process.

The saturation efficiency is defined as the rafithe actual evaporation rate to
the maximum possible evaporation rate. This efficye as shown iFigure 3, was
slightly affected by the air inlet temperature cemga to the mass ratio variation
effect. The slight change is due to the relativatien of the evaporation rate to the
maximum possible evaporation in calculating thersdion efficiency.
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Figure 2: Effect of air inlet dry-bulb temperature on the evaporation rate
for different mass-ratios.
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The effect of varying the number of spray nozziaeghe evaporation rate and
humidifier saturation efficiency is shown #Figures 4 and5, respectively. When
keeping the nozzle discharge pressure constamgasing the number of nozzles leads
to a decrease in the water spray flow rate, andrdowly a decrease in the spray cone
angle and contact area. This illustrates the deeréa both evaporation rate and
saturation efficiency as nozzle number increasedth® other hand, when keeping the
flow rate of the water spray constant, increashgriumber of spray nozzles leads to
an improvement in the evaporation rate, as showkigares 6 and7. This could be
attributed to the increase in the water spray diggd pressure from NZ=1 to NZ=4,
which yields more fine drops that shortly evaponateen come into contact with the
air stream. In another detailed scenario, a by-pabge is mounted at the pump
discharge line. This valve is used to control tlaenw discharge pressure. This pressure
allows a certain flow rate to pass to the nozatssing a constant discharge pressure
and changing the number of nozzles results in lggaimore fine droplets and larger
cone angle in the case of the single nozzle thahéancase of the four nozzles. This
leads to a better evaporation rate for the singlezle compared to the four nozzles.
However, a constant water flow rate for all numbienozzles results in having a larger
contact area in the case of the four nozzles thaina case of the single nozzle.
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Figure 4: Effect of number of spray nozzles on the evaporation rate for constant
nozzle discharge pressure.
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Figure 7: Effect of number of spray nozzles on the saturation efficiency for
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Figure 8 indicates the effect of how close or far the pagkied from the spray
nozzle on the saturation efficiency. The objectifehis figure is to see the effect of
pad location. This might help reaching acceptahbteration efficiency over a certain
height. Hence, this would optimize the humidifieidht. As shown from the figure,
having the packing bed close to the spray nozzleldvoause the spray cone to early
disperse and splash resulting in minimizing thepevation rate. However, moving the
packing bed some distance downward from the spoayle improves the evaporation
rate and saturation efficiency. In addition, thieeff of varying the number of packing
trays or beds on the saturation efficiency is showfig. (9). Increasing the number of
trays resulted in improving the humidifier efficen on the expenses of the air
pressure drop that adds a resistance on the adlihgrunit. This increase in the
number of trays would increase the contact areaaémettardation time. However, an
optimization should be achieved according to thgtteof the humidifier to choose the
proper number of trays.

The packing tray or bed thickness was thought tecathe evaporation rate.
Therefore, a comparison between 0.05 m thick, afidnOthick, as used in industry
with the case of no packing is shownHigure (10). The figure illustrates a noticed
improvement in the evaporation rate as the pactiitness increases. This could be
attributed to increasing the residence time fordhewhile passing through a wetted
volume. It can be noticed from the figure that dmghthe thickness resulted in nearly
20% increase in the evaporation rate at the lowenlat temperature. This percentage
decreased to almost 8% as the air gets hotter agiirg the water spray temperature.
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CONCLUSIONS
The present study has focused on investigating sirtiee parameters that are
expected to affect the evaporative humidifier pemf@ance. Some significant
conclusions are drawn out from the analysis ofdéiselts as follows:

1. Increasing the water spray flow rate and its tewpee significantly affect the
humidifier performance compared with preheatingitihet air temperature.

2. The humidifier saturation efficiency is increasedthe number of spray nozzles
increased for the same water flow rate. Howeverenwkeeping the water supply
pressure constant, a reverse effect was noticed leecasing the number of spray
nozzles.

3. Increasing the tray thickness or the number of jpackays resulted in improving
the humidifier performance. However, placing a tdgse to the spray nozzle
would lead to spray splash and disperse causiregiedse in the evaporation rate,
and accordingly the saturation efficiency.
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